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Abstract

This thesis embodies the work on optimization of Optical Field Effect Transis-
tor (OPFET) or optically-controlled Metal-Semiconductor Field Effect Transistor
(MESFET) for optical communication and other related applications. OPFET
has been known for its inherently high gain-bandwidth product apart from its
significantly fast response speed. Here, extensive simulation results have been
presented which cover the different aspects of optimization. The optimization
procedures involve manipulating the structural dimensions, using different chan-
nel and gate materials, choosing different illumination models, varying the ex-
ternal control factors such as bias, optical power, wavelength, and modulation
frequency. A semi-analytical method is employed using MATLAB software to
evaluate the OPFET characteristics. These results have been validated with
experiments reported elsewhere and Visual TCAD software simulations. This
research establishes an important relationship between 3-dB bandwidth and gate
length i.e. the 3-dB bandwidth of OPFET increases with gate length with other
factors kept constant, whereas the device dimensions and doping concentration
are subject to scaling rules. It proves graphically that the 3-dB bandwidth is
directly proportional to the depletion width sensitivity, which increases at the
gate length increases or as the doping concentration decreases.

The work performs structural, material, and illumination model optimization
of the OPFET detector-cum-amplifier for Visible-Light Communication (VLC)
applications. A wide range of medium to long gate lengths (3 pm to 25 pm); semi-
conductor materials involving Si, InP, and GaAs; gate materials involving Indium-
Tin-Oxide (ITO) and gold (Au); and illumination models featuring buried-gate
front-illumination, generalized model, and surface-gate back-illumination have
been considered for optimization. The work has been extended in the Ultraviolet

(UV) domain with gate lengths from 3 pum to 8 psm; semiconductor materials
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such as GaN, 6H-SiC, and ZnO; gate materials such as Au, ITO, and Silver-
Oxide (AgOs); and illumination models involving buried-gate front- and back-
illumination, generalized model, and surface-gate front-illumination. In the UV
domain, the device has also been studied for high dynamic range imaging or high
resolution imaging applications. To indicate the robustness of the device towards
electro-migration failure, the reliability of OPFET illumination models has been
evaluated.

The visible/UV and infrared /visible contrast features of GaAs and In0.53Ga0.47As
back-illuminated OPFETSs, switching and frequency responses of GaAs OPFET
models, potential of GaN OPFET for microwave/terahertz detection, and the
different operating frequency ranges of GaAs back-illuminated OPFET detector
have been studied.

Further, the gate Schottky junction of OPFET has been modeled for the first
time for photodetection applications under UV and visible illumination and bias-
selective dual-mode operation of OPFET has been proposed for functioning in
diode mode and transistor mode. The potential of OPFET as a photodetector,
oscillator, amplifier as well as gain and phase-shifting element in smart antenna
for optically-driven 5G applications has been demonstrated. The OPFET has
also been studied under solar (AM0) illumination for solar energy harvesting,
laser-power beaming, and solar-based communication applications.

This work establishes the feasibility of graphene as a semiconductor material
for OPFET structure. The basic characteristics of graphene OPFET are com-
puted and analyzed under dark and illumination. Furthermore, the graphene
OPFET is structurally optimized and studied under incident solar illumination.
The results have been contrasted with graphene FET.

Last but not the least, the simple, accurate, and computationally efficient
Finite-Difference Method (FDM) has been proposed as a numerical method for
modeling the OPFET device.



Introduction/Motivation

There is a huge demand for high-speed optical devices in the present arena, due to
immunity of optical domain to electromagnetic interference and the availability of
wide spectrum bandwidth. More specifically, the three modes of optical commu-
nication i.e. Visible-Light Communication (VLC), Ultraviolet-Communication
(UVC), and Infrared-Communication (IRC) are emerging as promising alterna-
tives to RF/5G communication, since RF/5G technology suffers from congested
bandwidth, regulatory spectrum use, and interference with nearby RF access
points. These issues can be resolved by opto-electronic integration with RF elec-
tronics or using the optical domain alone. Further, very high speeds are possible
with optical communication than RF/5G communication due to the ultrafast
dynamics of optical sources (Lasers and Light-Emitting Diodes (LEDs)) and
photodetectors (photodiodes, transistors, and Photomultiplier Tubes (PMTs)).
Also, the optical signal provides an additional degree of freedom to control the
device characteristics, thus catering to a diversity of applications. Optimiza-
tion is a powerful means to enhance the performance of any system or device.
This is where, the simulation and modeling tools have a great significance and
can provide a great deal of insight into the device internal physics and char-
acteristics. The heart of any optical communication system or any standalone
optical set-up is the photodetector. Thus, it is imperative to critically improve
the performance of photodetector so that maximum throughput is delivered by
the system. The Optical Field-Effect Transistor (OPFET) or optically-controlled
Metal-Semiconductor Field-Effect Transistor (MESFET) —based photodetector is
certainly a high potential device due to its inherently high gain-bandwidth prod-
uct. In this thesis, the performance of OPFET is optimized considering various
detector parameters such as responsivity, 3-dB bandwidth, gain, External Quan-
tum Efficeincy (EQF), detectivity, unity-gain cut-off frequency (fr), Linearity
and Dynamic Range (LDR), dark current, rejection ratios etc. to suit various

communication and other related applications.
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Chapter 1

Literature Survey with Gap Analysis

1.1 OPFET as an Optically-Controlled Device

OPFET has been extensively studied in the past several decades for its potential
use as photodetectors, optically-controlled amplifiers, oscillators, and switches. In
the late 1970s, OPFET was identified as a fast as well as sensitive optical detector
with the detection mechanism being photoconductivity [12, 13]. In the 1980s, the
photoeffects on the common source and common-drain microwave GaAs OPFET
oscillators were studied revealing that the optically-induced oscillation frequency
shift in common-source mode is approximately five times larger than the common-
drain mode [14]. Later, Forrest et al. (1982) [15] explained more precisely the
relative contributions from the photoconductive and photovoltaic effects. The
authors stated that at low frequencies, the prevalent mechanism is photoconduc-
tivity, whereas at high or microwave frequencies, the photovoltaic effect domi-
nates when the gate bias resistance is high. De Salles (1983) [7] demonstrated
theoretical and experimental findings on GaAs opaque gate MESFET under il-
lumination showing close agreement. Significant variation of gain of amplifier
and frequency of oscillator were achieved with a little change in optical power.
The optical injection locking of oscillator was also demonstrated. Two alternative
structures i.e. the back-illuminated and buried-gate MESFETSs were proposed for

enhanced absorption in the device active region. Mizuno (1983) [9] investigated



the microwave performance of GaAs MESFET under illumination showing that
the drain current, S-parameters, and gain variation with optical power similar to
that with the gate-to-source voltage. The author, as a consequence of this phe-
nomenon, presented the functioning of optical/FM and optical/AM microwave
transformers, and optically switched amplifier. In 1984, Sun et al. [16] exper-
imentally reported the optical tuning and optical switching features of GaAs
MESFET oscillators. The highest tuning ranges were observed by using com-
mon source mode followed by common gate mode and common drain mode. The
light influence on the S-parameters and transconductance of GaAs OPFET was
studied (1985) [8]. Maximum effect was observed on the parameter Sy; when
biased near the pinch-off point. At lower gate voltages in the reverse bias regime,
the transconductance was unaffected with illumination. The transconductance
decreased at higher gate voltages whereas it increased near the pinch-off volt-
age. Later on, Papaionannou et al. (1986) [17| demonstrated some effects of
optical radiation on the GaAs OPFET wherein they explained the relative con-
tributions from the hole traps in the channel, device geometry, and backgating.
The trapping of holes (minority carriers) determined the low frequency response;
mid-frequency response was due to the trap-free lifetime, whereas the amplified
photovoltage at the gate junction through the transconductance of the device
determined the high frequency response. Simons et al. (1986) [18] analytically
obtained the photovoltage and the sensitivity of the drain-to-source current to
illumination for InP and GaAs MESFETs, GaAs PBT, and Aly3Gag7As/GaAs
HEMT devices. It was observed that the GaAs MESFET and GaAs PBT exhibit
larger sensitivity than InP MESFET, whereas the AlGaAs/GaAs HEMT deliv-
ered the largest sensitivity. Further, the design is discussed for the realization
of GaAs MESFET SPST switch controlled optically with high isolation and low
insertion loss. In 1987, Darling et al. [19] described experimentally the large
signal performance of epitaxial GaAs OPFET with uniform doping. Electrical

bias, optical flux, position, and spot size-dependent optical gain was analyzed
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and it was concluded that the governing dc gain phenomena are the transit time
photoconductivity along with a variation in the pinch-off voltage through the
photovoltaic effect. Blanchflower et al. (1989) [20] showed that the accurate con-
trol of the phase and frequency of a GaAs MESFET oscillator can be achieved
by the combination of optical injection locking and closed-loop optical frequency
tuning. Lakshmi et al. (1990) |21] computed and analyzed the photoresponse
of enhancement mode GaAs OPFET in two modes: (i) the usual mode wherein
the energy of photon is higher than the bandgap with the light flux high enough
to create above turn-on threshold conduction and (ii) the subthreshold mode
with the photon energy between that of the Schottky barrier height and the
bandgap of the material. In the second mode, the device functions by internal
photoemission from gate metal to the semiconductor. It was observed that in the
usual mode, the square root of the drain current under illumination varies as the
logarithm of the incident flux, whereas in the sub-bandgap mode, the photocur-
rent directly changes with the increase in light intensity. Later on, Mishra et
al. (1990) |22] theoretically studied the effect of optical illumination and surface
recombination on the performance of ion-implanted GaAs OPFET. The results
depicted the drain-to-source current sensitivity to optical illumination, which re-
duced to some extent with surface recombination. Further, the threshold voltage
is observed to decrease in enhancement mode and increase under depletion mode
due to photogeneration, while surface recombination reverses the effect. In 1992,
Chakrabarti et al. [23] reported the characteristics of an ion-implanted GaAs
OPFET using a semi-numerical model. The previous model was corrected for by
including the dependence of the depletion widths on the channel voltage and the
photovoltage generated at the Schottky gate. Highly sensitive saturation drain
current was observed under illumination with the photogenerated carriers being
negligible compared to the doping charge and the dominant photovoltaic effect
at low to medium fluxes. In 1994, Chakrabarti et al. [24| demonstrated the

switching characteristics of OPFET using analytical techniques by considering
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(1) the photovoltage generated across the gate junction, (ii) the excess photogen-
erated charge in the gate depletion region for calculation of the gate-to-source
capacitance, (iii) effect of illumination on the minority carrier lifetime, and (iv)
the various losses of the incident optical radiation due to reflections at various
interfaces. The results showed that the OPFET parameters significantly change
with illumination. The RC time constant and the unity-gain cut-off frequency
were improved with illumination. These parameters were studied as a function
of doping concentration and gate length providing usefulness for designing. The
parameters tended to saturate at higher optical flux densities due to the satura-
tion of the photovoltaic and photoconductive effects. A time-dependent analysis
of the characteristics of ion-implanted GaAs OPFET was carried out (1994) [25].
The study considered the light turning on and off at a time ¢ = 0 as a reference.
The parameters reach their steady state value after increasing with time upon
light being turned on. Upon turning off the light, the parameters decrease with
time and settle to their corresponding dark condition values. The time is less
under on condition than that under off condition. Further, Pal et al. (1996) [26]
suggested a rule for scaling the ion-implanted GaAs OPFET. They considered
a 1-D model and the rule was consistent with the 2-D modeling analysis even
for the devices with a short channel. These rules serve as a guideline to minia-
turise and integrate OPFET in an appropriate manner. A complete analytical
model was presented accounting for the photovoltaic and photoconductive ef-
fects, surface recombination effect, illumination-dependent lifetime, photovoltaic
effect at the channel-substrate junction, semi-insulating nature of the substrate,
and losses of optical flux at various interfaces (1996) [27]. This model also in-
cluded the effect of photogeneration in the substrate region. It was concluded
that substrate photogeneration significantly affects the RC time constant and the
unity-gain cut-off frequency of OPFET. Zebda et al. (1997) 28] used a pertur-
bation technique to study the time varying characteristics of ion-implanted GaAs

OPFET. The device was modeled considering the photogenerated concentration-
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dependent carrier lifetime. The gate-to-source capacitance, threshold voltage,
and the current-voltage characteristics were studied as a function of frequency
and bias voltages. It was observed that the capacitance, threshold voltage, and
drain current decreased with the increase in modulation frequency. Saxena et al.
(1998) [29] discussed the analytical modeling and dc performance of a generalized
ion-implanted GaAs MESFET model, showing enhanced response as compared
to opaque gate OPFET due to the photovoltages generated at the Schottky junc-
tion and the active layer-substrate junction. It is observed that the radiation has
a strong influence on the channel conductance, photovoltages, and the transcon-
ductance. A numerical model of an ion-implanted GaAs OPFET was presented
(1998) [30] based on physics by considering the channel photoconductive effect,
and the gate Schottky and the channel-substrate barrier photovoltaic effects.
The position-dependent channel voltage and depletion width variations at the
gate and the channel-substrate barriers were estimated for a non-uniform doped
channel. It was observed that the channel voltage increases with illumination due
to the photovoltaic effect. The photovoltage generated at the channel-substrate
junction is much more enhanced as compared to that at the gate barrier. The
gate-to-source capacitance and transconductance are observed to decrease with
increase in the reverse gate voltage and increase under illumination for a fixed
gate voltage. Further, Shubha et al. (1998) [31] presented an analytical model
for an ion-implanted opaque gate GaAs OPFET. The photovoltages generated
across the gate junction and the channel-substrate junction greatly influence the
device characteristics. Under the dark condition and low optical power, the cur-
rent saturates at a larger value of drain-to-source voltage beyond 1.0 V due to
the non-linearity imposed by the impurity profile. The effect of illumination and
biasing voltages on the channel conductance and transconductance of the device
were studied. In 2000, Bose et al. [32] investigated the illumination effects on the
threshold voltage of short channel GaAs OPFET with non self-aligned architec-

ture. They presented a new analytical model by solving 2-D Poisson’s equation by
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implementing Green’s function technique. The illumination shifts the threshold
voltage increasingly in the negative direction due to generation of excess carriers,
constituting a large current and acting as a leakage current. Later on, Roy et
al. (2000) |33] evaluated and discussed analytically, the frequency-dependence of
OPFET under back-illumination showing significant enhancement over previously
reported research on front-illumination. Both the photovoltages were unaffected
up to 100 GHz, after which there was a roll-off with frequency. The drain-to-
source current decreased at higher frequencies due to roll-off of carrier lifetime
with frequency. Increasing the active layer thickness increased the drain current.
Transconductance was observed to be lower for higher frequency at a particular
gate-to-source voltage. The transconductance increases gradually as the device
mode is switched from depletion to enhancement mode. Further, Verma et al.
(2001) [34] evaluated the dc characteristics of buried-gate GaAs OPFET under
dark and front illumination. They observed enhanced performance compared to
OPFET under front-illumination and back-illumination with surface gate. The
device will be suitable for optical communication and optical computing. A new
integrated optoelectronic device was presented based on a n-GaAs OPFET and
a p-AlGaAs/p-GaAs/n"-AlGaAs surface emitting double heterostructure light
emitting diode (DH-LED) vertically integrated on a p*-GaAs substrate and sep-
arated by a semi-insulating (SI) GaAs layer (2004) [35]. They referred this device
to as a light-source integrated OPFET (LSI-OPFET). The LED generates the
optical radiation when biased which is fed to the OPFET as back-illumination.
The bias current of the LED serves as the controlling parameter of the intensity
of back-illumination, and hence the control of gate-to-source, gate-to-drain ca-
pacitances and the transconductance of OPFET. The proposed device is demon-
strated for designing common-source and common-drain microwave oscillators.
Narsimha Murty et al. (2006) |36] presented a novel analytical model for eval-
uating the light-dependent S-paramters of GaAs OPFET. It was observed that

the light has significant effect on S7; and S9; parameters, whereas the effect is
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insignificant on the Sis and Sy parameters. Also, it was noticed that in the near
pinch-off region, the effect of light on S1; and S5 parameters is very prominent.
In 2006, Jit et al. [37] studied analytically the effects of illumination on the
high pinch-off microwave n-GaAs OPFET oscillators in the common-source and
common-drain configurations. The investigation simulates the variations in the
gate-to-source and gate-to-drain capacitances by the developed photovoltage at
the Schottky junction under illumination to study the optical effects on the os-
cillation frequency of the oscillators. It was observed that in the common-source
configuration, the oscillation frequency is greatly modulated by the gate-to-source
capacitance, whereas in the common-drain configuration, the oscillation frequency
is sensitive to the gate-to-drain capacitance. Chattopadhyay et al. (2007) [38|
presented an analytical model to investigate the optically-controlled character-
istics of Si OPFET considering diffusion process of doping. The results were
compared to that of ion-implanted OPFET showing degradation of drain current
due to larger ion-implantation process-induced defects. The dc parameters such
as drain-to-source current, switching response, threshold voltage, and gate capac-
itances were computed under dark and illumination. It was observed from the
simulations that the threshold voltage shows linear reduction when the impurity
flux density in case of diffusion process is increased. Under dark condition, the
OPFET functions as an enhancement mode device for specific low densities and as
a depletion mode device for specific high densities. Further, the threshold voltage
decreases to more negative values under illumination. The light-induced carriers

tend to shift the device mode to depletion regardless of the doping concentration.

1.2 Comparison of OPFET with APD

The OPFET usually provides higher gain-bandwidth product than APD because
of the internal gain of the phototransistor using the photovoltaic effect which is

amplified through the transconductance of the device, along with its high speed



operation emanating from fast generation, transport, and collection of carriers
using drift mechanism of transport with no limiting factors except series resis-
tance to some extent at lower to moderate intensities. At higher intensities,
the photoconductive effect significantly adds to the gain but with the adverse
effect of reduced speed. On the other hand, APD works on the principle of
impact ionization at high reverse bias voltages which provide high multiplication
gain. However, as the gain increases with increased ionization, simultaneously the
avalanche build-up time increases which limits its speed and bandwidth. Hence,
the APD provides high gain (>100) upto 1-3 GHz after which the gain reduces
significantly. Thus, the APD offers inferior gain-bandwidth product. Whereas,
OPFET has the tendency to provide gain from (10%-10") with speed ranging
from 2 MHz to >10 GHz. Discussing about noise characteristics, in APD, as the
avalanche process creates many fluctuations of generated carriers, the SNR can
degrade, through excess noise created. Whereas, in OPFET, the noise can be
easily controlled by optimizing the resistive components, thus, suppressing the
Johnson noise as well as reducing the gate leakage current noise and reducing ca-
pacitances. Since the gain of OPFET is high, the SNR is enhanced as compared
to APD. Because of the transistor gain, the responsivity and sensitivity is higher
in OPFET. The speed and response time of APD varies from us to ns, whereas
the response speed of OPFET is usually from ns to ps for high performance

devices.

1.3 Visible-Light Photodetectors

Monolithic integration of photodetectors and transistors in Opto-Electronic In-
tegrated Circuit (OEIC) receivers offer several advantages such as improved re-
sponse, greater functionality, and manufacturability, suppression of the input
capacitances and bond-wire inductances enhancing the response speed and sen-

sitivity, and ease of manufacturing. Heterojunction bipolar transistors (HBTs)



employed in OEICs have the advantage of producing fast transistor with easily
implemented optical lithography. In [39], K. D. Pedrotti et al. (1991) demon-
strated monolithically integrated GaAs PIN-HBT OEIC with a bandwidth of 13
GHz at 0.8 um wavelength enabling up to 17 Gbit/s data rate operation. The
PIN photodiode showed a FWHM pulse response of 25 ps corresponding to a
3-dB bandwidth of 35 GHz. A dark current of 40 nA at a -3 V bias was observed.
The responsivity was 0.244 A /W corresponding to EQE of 35.6%.

Optical interconnects with low cost and wide-bandwidth are necessary for
productive opto-electronic systems such as that of computer chips. Two most
important components of a receiver are the photodetector and the low noise am-
plifier. The choice of these components depends upon the technology maturity,
ease of monolithic integration, and sensitivity, noise, and frequency response per-
formance. A. A. Ketterson et al. (1993) [40], demonstrated the performance of
0.85 um-sensitive OEIC photoreceiver based on GaAs/InGaAs/AlGaAs pseudo-
morphic MODFET and MSM PD. The quarter-micrometer MODFETs had fr
of 70 GHz which were implemented in a two-stage trans-impedance amplifier.
The results revealed a trans-impedance amplifier bandwidth of 14 GHz and a
receiver bandwidth of 11 GHz, which were the largest reported bandwidths so far
for monolithic OEIC receivers. Thus, the superior receiver performance can be
obtained through the opto-electronic monolithic integration of low-capacitance
PD i.e. MSM, and high-performance FETs i.e. sub-micrometer MESFETSs or
MODFETs in a TZ design. The MSM PD exhibits a 3-dB bandwidth of 9 GHz
and a responsivity of 0.6 A/W.

The simplified growth and fabrication processes of the MSM PD and MESFET
amplifier provide viable solutions for low cost manufacturing technology. The
MSM PD structure consisting of interdigitated metal fingers is consistent with
the MESFET gate metal process enabling their integration in monolithic OEIC
receivers. The typical responsivities of MSM PDs are 0.2 A /W sufficient for short-
distance communication. C. G. Shih et al. (1996) [41] presented a 1 Gb/s GaAs
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OEIC receiver integrating MSM-PD and 0.6 um gate length D-mode MESFET
technology. The MSM PD showed a maximum 3-dB bandwidth of 8 GHz and a
detector capacitance of 45 fF at a finger width of 1 um and finger spacing of 2
pm. The corresponding values for 2 pym and 3 pm width and spacing were 6.2
GHz and 33 {F and for 3 pym and 5 pm width and spacing were 4.2 GHz and 29
fF. The overall receiver bandwidth was 1.2 GHz.

Fast and sensitive PIN-finger PD with broadband response from UV to NIR
was realized in integrated Si modified 0.5 pm BiCMOS technology (A. Nemecek
et al. (2005)) [42]. The finger structure was created by using a finger anode with
pt-doping decorated in a thick intrinsic region with low n~-doping placed within
an n"-doped region. In the finger structure design, the spacing between p*-fingers
allows effective carrier separation and extraction due to the low-doping-induced
high field intrinsic region with fast drift enhancing the quantum efficiency and
bandwidth. An increase in the reverse-bias voltage increases the built-in poten-
tial, extending the space-charge region towards the substrate, causing faster drift
and thus, increasing the speed. The designed PD shows responsivities of 0.25
A/W, 043 A/W, and 0.27 A/W at 410 nm, 660 nm, and 850 nm wavelengths
respectively due to the finger structure and large intrinsic region. The capaci-
tance decreases as reverse-bias is increased till complete depletion of the active
region. The photodiode, at 410 nm wavelength and 17 V reverse bias exhibited
a simulated rise time/fall time of 116 ps/98 ps, measured response times of 228
ps/211 ps and a 3-dB bandwidth of 1.34 GHz. The corresponding values at 660
nm were: 140 ps/126 ps, 88 ps/187 ps, and 3 GHz, and at 850 nm were: 247
ps/205 ps, 285 ps/215 ps, and 2.21 GHz.

The advantages of perovskite-based films are the long carrier lifetime and diffu-
sion length, with very high External Quantum Efficiency (EQF) in the spectrum
300 to 800 nm, and a low trap and defect concentration within the bandgap,
reducing the leakage dark current. The absorption coefficient of these hybrid

films is of the order of 10* cm™!, implying that the thickness of the active layer

10



can be only a few hundred nanometers for complete light absorption, which in
turn reduces the transportation distance for the photocarriers and increases the
speed. L. Dou et al. (2014) [43] presented a solution-processed hybrid perovskite
photodetector based on the following combinations: ITO-coated glass, above
which an organic/inorganic hybrid C'H3N H3Pbl;_,Cl, layer was sandwiched
between PEDOT:PSS (hole-transportation p-type layer) and PCBM (electron-
transportation n-type layer). To suppress the dark current and the carrier re-
combination significantly under reverse bias, a hole-blocking contact buffer layer
based on poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene)| (PFN) was introduced. Al was utilized as a top electrode. The
device exhibited a good rectification ratio of ~ 10° (£1 V) and a very large
detectivity of 8x10'3 Jones at -0.1 V. When the bias was reduced to 0 V, the
detector was self-powered with an increased detectivity of 4x10' Jones since the
dark current is reduced. The device showed a broadband photoresponse from 300
to 800 nm with a maximum EQE of 80%. The detector also showed an excel-
lent linear response over a wide range of optical power densities corresponding
to an LDR of larger than 100 dB, comparable with Si photodetectors (120 dB)
and larger than other photodetectors such as InGaAs (66 dB). A maximum 3-dB
bandwidth of 3 MHz was obtained using a 0.01 c¢m? area device with rise time of
180 ns and fall time of 160 ns. The active-layer optimum thickness for achieving
simultaneous high FQF, small dark current, and fast response speed was around
300 nm. The device was studied at an optical wavelength of 550 nm.
Semi-polar and non-polar InGaN/GaN multiple quantum-well (MQW)-based
devices show narrower emission linewidth, lower efficiency droop, shorter carrier
lifetime, and higher temperature-stability than the traditional c-plane (polar)
devices. With these advantages, C. H. Kang et al. (2019) [44] demonstrated 1.55
Gbits/s VLC operation with a 3-dB bandwidth of semi-polar InGaN/GaN u-PD
of 347 MHz at -10 V bias at 405 nm wavelength as compared to their previous

work on c-plane devices demonstrating 3.2 Gbit/s operation with a 3-dB PD
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bandwidth of 71.5 MHz. The previous work used orthogonal frequency-division
multiplexing, which needs larger computational effort for obtaining high data rate
capacity. So in the present work, the authors used a simple non-return-to-zero on-
off keying modulation scheme. The investigated detector exhibited a significant
responsitivity of 0.191 A/W, and a low dark current of 1.6 pA at -10 V bias at
400 nm. The detector also presented wavelength-selective characteristics (340-
420 nm) with substantial rejection ratio (53-fold), thus providing low noise and
high SNR characteristics. A detectivity of 3.41x10'? emH z'/2W ! was obtained
at 0 V bias at 400 nm and reduced to 1.89x10'? emHz'?W =1 at -10 V bias.
Traditional Si-based PDs have wide coverage in VLC systems due to their low cost
and CMOS compatibility. However, their broadband absorption hinders their
performance in wavelength-selective and high SNR, VLC communication links.
Also, their responsivity is low (< 0.1 A/W) at or below 400 nm wavelengths
due to lower absorption depths. The compositionally tunable Group-III-nitride-
based PDs can overcome the drawbacks of these Si PDs. However, the previously
reported Group-IIl-nitride PDs were characterized as separate devices and not

demonstrated in VLC systems.

1.4 Ultraviolet Photodetectors

Solar-blind response with 100 times enhancement of UV response over visible
response was achieved in Schottky and np-diamond diodes when measured in the
wavelength range 120 nm to 600 nm (1991) [45].

UV photodetectors were built on 6H-SiC photodiodes with two different struc-
tures: SiC Schottky barrier structures and SiC shallow p-n junctions (1992) [46].
The responsivity of Schottky barrier photodetectors was 0.15 A/W at 215 nm,
whereas that of p-n junction photodetectors was 0.13 A/W at 225 nm. These
high sensitivities were supported by low leakage currents and the detectors could

be used in high temperature environments. For p-n junctions, it was observed
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that shortening the active-layer thickness of n-layer shifts the photoresponse max-
imum towards short wavelengths. Further, rendering the n-layer thickness same
as the space charge thickness drives the UV sensitivity to a maximum.

The various advantages of GaN-based compounds are the high breakdown
strength enhancing scaling and frequency response of transit time-limited de-
vices. Further, employing high voltages reduces the depletion capacitance at the
Schottky contacts. Low leakage currents improve the Signal-to-Noise Ratio and
allow high-temperature operation. High electron peak velocity and large opti-
cal photon energies are crucial for transient transport. Large photo-absorption
depths avoid surface recombination and surface scattering. The inherent bene-
fits of MSM photodiodes are fabrication ease, fabrication process compatibility
with that of FETs, high bandwidth potential, and lower capacitance. With this
scenario, Joshi et al. (1994) [47] reported on the high-speed response of GaN
MSM photodetectors based on Monte Carlo computations with inclusion of hole
and electron transport, electric field effects, circuit loading and the dependence
on intensity. The transient impulse response favorably compares with a 0.25 um
GaAs MSM device, with better performance at lower intensities. At higher in-
tensities, performance enhancement is realizable by raising the applied voltage
and through ballistic regime operation at electric fields around 150 kV /em. A
bandwidth of about 100 GHz was realized.

GaN photoconducting UV sensors fabricated by electron cyclotron resonance
molecular beam epitaxy with interdigitated electrodes were reported (1995) [48].
The detector exhibited a high responsivity of 125 A /W, a gain-quantum efficiency
product of 600 at 254 nm and 25 V. The device showed fast response of the order
of 20 ns corresponding to 25 MHz bandwidth. A sharp long wavelength cut-off
at 365 nm was observed in the spectral response, whereas the response remained
constant in the range 200 nm to 365 nm.

High-speed photodetectors are vital in missile tracking and intercept, as well
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as in space-based optical communications. Usually, GaN-based photodetectors
exhibit slow response due to high density of traps. Carrano et al. (1998) [49]
overcame this issue by fabricating high-quality single-crystal based GaN MSM
UV photodetector and with transit time-limited response. The device showed
a fast rise time of ~23 ps corresponding to a 3-dB bandwidth of ~16 GHz. A
slow component was observed in the temporal and frequency response due to the
slower hole drift velocity of GaN.

ZnO is a wide bandgap material (E,=3.3 eV) suitable for UV detection with
high radiation robustness for harsh environments. It has a large exciton binding
energy (60 meV) showing potential for low-threshold blue/UV lasers which can be
integrated with photodetectors. However, p-n junction based devices are difficult
to realize due to the lack of reliable p-type ZnO. Thus, only MSM UV detec-
tors with either ohmic or Schottky contacts were reported. Alloying MgO with
Zn0O results in Mg,Zn;_,O with the same material benefits as pure ZnO but
with composition-dependent tunable bandgap. This opens it up for applications
such as solar UV radiation monitoring, airborne missile warning systems, and
ultra-high temperature flame detection. Yang et al. (2001) [50], for the first time
reported on the high quality epitaxial Mg,Zn;,_,Os films on c-plane sapphire
by pulse laser deposition, as well as fabricated and characterized photoconduc-
tive MgZnO UV MSM detectors. Mgy 342n¢660 thin films were grown with a
bandgap of 4.05 eV. The MSM detector exhibited a large responsivity of 1200
A/W at 308 nm at 5 V bias, and UV /visible rejection ratio (R3ps nm/ Ry nm)
of more than 4 orders of magnitude. Fast rise times of 8 ns and slow fall times
of 1.4 us were recorded. The rise time was limited by the excitation laser which
possessed a Full Width Half Maximum (FWHM) of 4 ns. The slow component
in the fall time was attributed to the excess lifetime of trapped holes in n-type
semiconductors, which in turn resulted in large responsivity. The origin of traps
is related to the device processing-induced surface damage or the interface states

associated with the Wurtzite-cubic phase separation and alloy fluctuation.
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Solar-blind photodetectors are crucial for applications such as engine/flame
monitoring, missile warning and tracking, covert space-to-space communication,
and chemical /biological agent detection. AlGaN-based solar-blind detectors have
been thoroughly studied with MSM structures exhibiting low dark current, low
noise, and high responsivity. The highest 3-dB bandwidth of solar-blind MSM
photodetector to date was 100 MHz. This value was also one order lower than
that using Schottky photodetectors. Thus, N. Biyikli et al. (2003) [51] demon-
strated multi-gigahertz bandwidth (5.4 GHz) solar-blind AlGaN-based MSM de-
tectors fabricated on Metal-Organic Chemical Vapour Deposition (MOCVD)-
grown epitaxial AlyssGagg2N layers. The dark current leakage densities were
below 1x107% A /em? at 40 V reverse bias. The device exhibited a peak photore-
sponse of 1.26 A/W at 264 nm accounted by photoconductive gain mechanism.
Also, a three orders of magnitude rejection of visible light at 350 nm was obtained.

Previously published reports on monolithic opto-electronic integration of pho-
todetectors and transistors were basically in the InP, Si, or GaAs material sys-
tems. M. Mikulics et al. (2011) [52] reported on the integration of opto-electronic
circuit in the GaN material system using MSM photodetector and MESFET am-
plifier. These components were integrated in coplanar strip lines in the GaN /AIN/SiC
material system. Ultrafast response was obtained with MSM photodetector with
a response time as short as 0.9 ps and a 3-dB bandwidth of 410 GHz. The ul-
trafast response was attributed to the existence of carrier traps in the GaN layer
that were formed due to the relatively low molecular beam epitaxy (MBE) growth
temperature of 650 °C. The MESFET amplified the 6 mV peak signal from MSM
photodiode into 35 mV peak signal with a 4 ps wide response. The comparatively
slower response of MESFET was due to the limitation by the input capacitance.
The 3-dB bandwidth of MESFET was 55 GHz, much larger than the expected
value of frequency cut-off of GaN MESFET, primarily due to the very high max-
imum frequency of oscillation ( f,,4) representing the power gain of MESFET as

opposed to fr which corresponds to current gain. At low frequencies, the OEIC
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exhibits ten times higher response than just the MSM diode, and delivers a power
gain up to 150 GHz.

The disadvantage of conventional PIN or MSM diodes is that obtaining high
internal quantum efficiency (/QF) from UV to NIR is difficult on account of the
large absorption depth of silicon at high wavelengths. Various approaches were
utilized to overcome this issue based on reach-through structures; arsenic diffu-
sion within the p-type Si substrate; graded doping epitaxial region and rear-side
surface field in a rear-side illuminated CMOS sensor; using pinned photodiode
topology and providing two new regions in the standard process; utilizing molec-
ular beam epitaxy technology; and using lateral trench structures. A. Ali et
al. (2016) [53] further improved the IQF of the device using through silicon via
(TSV) connection in the MSM device in CMOS technology. The TSV connec-
tion is created by first etching a trench, and filling that trench with a conductive
metal. The employment of TSV contact within silicon substrate forms a Schot-
tky junction, which develops a large radial electric field distributed uniformly in
the space charge region. The advantage of the Schottky contact is that it allows
the phenomenon of photoemissive detection at photon energies lower than the
bandgap, thus enabling high IQF in a wide spectral region. Also, this contact
in TSV configuration overcomes the drawback of large absorption depth of Si
at high wavelengths. The authors obtained a minimum IQFE of 98.24% in the
300 nm-1000 nm spectral region at 3 V bias, with a dark current of 83.8 fA, a
3-dB bandwidth of 41.4 GHz, and a maximum cross talk noise of 57.73%. The
other proposed photodetector with a TSV included inside a p-well diffused in an
n-substrate showed a 3-dB bandwidth of 635.6 GHz and a maximum cross talk
noise of 0.37%.

Given the high cost and limited detectivity (< 5x10'® Jones) of GaN, Si,
or SiC p-n junction UV photodetectors, and the low UV /visible rejection ratio,
large and bulky nature, and high operating voltage of the PMTs, research efforts

have been devoted to the development of organic-inorganic lead halide perovskite
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materials-based photodetectors with comparatively lower cost, and showing ex-
cellent detectivity (10'3-10'* Jones), a large LDR (over 100 dB), and fast speed
of response (in the microseconds range). Despite this progress, their detectivity is
lower compared to PMT due to the absence of efficient gain mechanism, and their
toxicity along with environmental instability. Hence, D. Shao et al. (2020) [54]
fabricated a visible-blind perovskite-polymer hybrid photodetector based upon
the combination of 1,1-bis|(di-4-tolyamino)phenyl|cyclohexane(TAPC) and novel
wide-bandgap, vacancy-ordered, Pb-free inorganic perovskite: CsoSnClg doped
with Nd*" nanoparticles (NPs) (C'soSnClg: Nd*T). This detector exhibited high
speed, large detectivity, and large LDR. This superior response is attributed to
the electron confinement effect resulting in interfacial charge-controlled hole in-
jection. The device showed a high rectification ratio of 6362 for the dark current
at £5 V, a high photocurrent-to-dark current ratio of ~ 10° at -15 V at 280
nm. Further, it exhibited a maximum photoresponse of 2103.8 A/W and FQE
of 7.01x10°% at 372 nm wavelength. A LDR of 118 dB under 280 nm UV illu-
mination was observed. The 3-dB bandwidth was recorded to be ~300 kHz with
rise time and decay times of 2.5 and 1.8 us, respectively. The detectivity was
measured to be ~ 6.3 x 10 Jones at 372 nm. Moreover, this UV photodetector

is environmentally stable.

1.5 Graphene and Graphene-based Photodetectors

Photodetectors based on traditional semiconductors such as Si and InGaAs suf-
fer from low transmittance, non-resilience, limited spectrum, low resolution, and
CMOS-inconsistency. The excellent optical and electronic properties, mechani-
cal resilience, and wafer-scale development and consolidation of two dimensional
materials viz. Transition metal dichalcogenides (TMDs), graphene, and their uni-
fied systems can overcome the above limitations. 2D heterostructure photodiodes

provide ultrafast and broad visible to infrared response. Ultrasensitiveness and
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broadband photodetection can be registered using 2D hybrid systems-based pho-
totransistors when integrated with other systems such as perovskites, quantum
dots, plasmonic nanostructures, or organic materials. Further, integration of 2D
PDs with Si and CMOS-based systems can lead to high performance, broadband
detection, low cost, and imaging modalities [55].

Photodetectors can be classified as photodiodes, photoconductors, and pho-
totransistors. Photodiode either administers the built-in electric field via a p-
n junction or a metal-semiconductor Schottky junction. Ultrahigh mobility of
graphene leads to ultrafast response from picoseconds to nanoseconds, and high
bandwidth in the GHz range [56] in graphene photodiodes. However, the Exter-
nal Quantum Efficiency (EQFE) of photodiodes is below 100% except in Avalanche
photodiodes (APDs), wherein impact ionization occurs near breakdown resulting
in multiplication gain, but at the expense of high voltages of 50-100 V. 2D mate-
rials viz. MoSs,, InSe, and BP-based APDs offer multiplication gains of 100-1000
[57]. Photoconductors provide gain by the movement of photoexcited electrons or
holes several times across the source and drain ohmic electrodes before their re-
combination when an external field is applied across the electrodes with the gain
defined by the ratio of carrier lifetime to the transit time. While the prolonged
lifetime of one type of carriers due to the trapped sites results in high gain, this
conversely degrades the temporal and frequency response.

There exist noise-related issues in photodiodes and photoconductors. To ad-
dress these issues as well as provide high gain and simultaneous large bandwidth,
phototransistors are employed. As an extension of the photoconductor, the pho-
totransistor consists of a third gate terminal, wherein a thin dielectric electrically
isolates the gate from the channel in 2D material-based photodetectors [58|. The
charge density can be controlled and varied by the gate bias through the field
effect and the dark current can be restrained using depletion mode operation.

The 2D photodetectors without gain can be classified into 2D PDs with photo-
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induced bolometric and thermoelectric effects and 2D photodiodes in heterostruc-
ture configuration based on photovoltaic effect. Carrier transport in graphene be-
ing dominated by hot carriers and the electron-electron interactions being strong,
the photothermoelectric effect is exhibited by p-n junctions in graphene [59]. Cer-
tain PDs in metal-graphene-metal (MGM) configuration reported dominance by
photovoltaic effect [60]. Graphene photothermoelectric detectors showed high
bandwidth of 40 GHz, but limited responsivity of 6.1 mA/W on account of the
low absorption and non-existence of gain [56]. Graphene with its feeble phonon-
electron coupling and small electronic heat capacity when incorporated in bolome-
ters as bilayer graphene exhibited high sensitivity (33 fWHz_1/2) at 5 K and
(> 1 GHz) very fast speeds at 10 K [61]. 2D heterojunction photodiodes are
grown either by locally doping through chemical modifications or electrostatic
interactions or by using transfer processes in both planar and orthogonal direc-
tions. These devices are characterized by ultrafast response but without gain.
The sandwich structures based on Gr-TMD-Gr out-of-plane configurations were
investigated for use as a photodetector. Graphene served as transparent elec-
trode in the top and bottom positions for extracting charges, whereas the TMD
absorbed photons and assisted in the transport of carriers. The advantages of
the materials utilized were the capability of TMDs of strong interactions between
light and matter and the possibility of tuning the Fermi level of graphene based
on the bias applied. For example, Gr-Ws2-Gr structure showed good performance
with sensitivity of 0.1 A/W and EQE above 30% [62].

Since the earlier type of PDs showed limited responsivities and gains, 2D
hybrid PDs were demonstrated. The photoresponse depends on the photocon-
ductive gain from the difference between the majority carrier electron transit
time and the minority carrier hole lifetime. For further enhancement of photore-
sponse, techniques such as surface doping [63], sensitizations with quantum dots
(QDs) [64], perovskites [65], or metal nanostructures [66] were employed. The

cost of photoconductive gain is the 1 kHz order or lower bandwidth. These types
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of PDs suffice for steady state spectroscopy, sensing, and video imaging appli-
cations. The photogating effect in graphene detectors can be enhanced using
the combination of optical waveguides, optical microcavities, and the plasmonic
field proliferation. Other methods are sensitizing graphene hybrid phototransis-
tors with colloidal quantum dots (CQDs), other 2D materials, organic materials,
perovskites etc.

CQDs have distinct properties viz. strong light absorption, UV to short
wave infrared (SWIR) broad absorption range, and quantum confinement effect-
induced tunable bandgap by changing size. The detector is formed by covering
monolayer or bilayer graphene with a thin film of CQDs. Upon illumination, the
photogenerated holes move toward graphene and undergo drift toward drain by
voltage bias. The electrons remain trapped in the quantum dot layer. The pho-
togating effect is the result of the trapped carriers whereby the conductance of
graphene is modulated by these charges, and the Dirac point is shifted to higher
back-gate voltage. The detectors of hybrid graphene-PbS CQDs show high quan-
tum efficiency of 25%, high gain up to 10% (responsivity of 107 A/W) in the
SWIR region up to 1.6 pum. Also fast video-imaging speed (<10 ms) and high
detectivity of 103 Jones were obtained [64]. Integration of CQD photodiode on
top of a graphene phototransistor and biasing the CQDs film, the depletion width
and the charge collection efficiency is raised by the extra electrical field normal
to the graphene-CQDs interface. EQE exceeding 70%, Linear Dynamic Range
(LDR) of 110 dB, and 3-dB bandwidth of 1.5 kHz were attained [67].

Graphene FETs (GFETs) act as excellent transducers on account of the very
sensitive channel currents to variations in potential and charge densities at graphene
channel or interfaces. This feature is enabled by the shift in the Dirac point de-
pending upon the gate and graphene work-function difference, charge density and
type at the graphene-substrate interface, and the level of impurity doping [68].
The ultrahigh mobility of graphene results in high speed operation of GFET pho-
todetectors, which outperform Si MOSFETSs and exhibit comparable performance
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to the InP or GaAs HEMTs in terms of cut-off frequency.

Under visible light illumination of 532 nm wavelength, the responsivity of
GFETs can reach to ~10 mA/W [60]. Using hybrid GFETS, higher photore-
sponse is possible due to the combination of high absorption characteristics of
other semiconductor materials and the ultrahigh carrier mobilities of graphene.
Using PbS Ds on graphene, produced visible responsivities of ~ 2.8 x 10® A /W
at a negative gate bias and ~ 1.7 x 10> A/W at a positive gate bias [69]. The
mechanism of detection was characterized by the efficient transfer of photogen-
erated holes in the PbS QDs into the conductive graphene channel, enhancing
hole density in the p-doped region and reducing electron density in the n-doped
region. The variation in carrier densities leads to the photocurrent. The high
carrier mobilities of graphene are vital in achieving the high responsivities.

Even more efficient absorption of light is possible with organic materials than
inorganic semiconductors. For instance, graphene-chlorophyll hybrid FET exhib-
ited a high responsivity of 10° A/W and a high gain of 10° electrons per photon
at 683 nm wavelength [70]. The hole transfer from chlorophyll to graphene is
electrostatically prominent and creates significant charge separation in the hy-
brid film. The electrons maintained in the chlorophyll layer act as a negative
gate voltage and produces field-effect p-type doping in graphene. Even further
improvement was attained using one of the family of TMDs i.e. MoS;. MoS,
possesses strong light absorption of (1x107 /m) in the visible region. Ultrahigh
responsivities of 5x10% A/W at room temperature under 635 nm illumination
were recorded using M oS, /graphene bilayer film based GFETs [71].

On the other hand, UV photodetectors based on hybrid GFETs with combina-
tion of wide bandgap oxide semiconductors such as T@0, and ZnO and graphene,
integrated the high UV absorption characteristics of oxides and the high carrier
mobilities in graphene. ZnO QDs/graphene hybrid GFETs recorded responsiv-
ities and gains up to 10* A/W and 10 respectively [72|. Adsorption of oxygen
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molecules from air on the surface of ZnO QDs attract electrons in ZnO QDs
forming negatively charged anions. The electron-hole pairs are generated in ZnO
QDs upon illumination, and the holes travel toward the surface and release the
adsorbed oxygen anions turning into oxygen molecules. The electrons proceed

toward the graphene channel and create n-type doping in graphene.

1.6 Overview of Modeling Methods for OPFET

In relation to device physics, modeling refers to solving a partial differential equa-
tion (PDE) with the solution representing the relationship between the cause and
the effect in the presence of numerous causal factors. Applying suitable boundary
and initial conditions as well as appropriate assumptions are imperative in the
PDE solving process. Analytical methods of solution give close to exact answers
being directly representing the various attributes involved as well as existence
of fewer errors. In contrast, numerical methods are based upon approximations.
The disadvantages of analytical methods are their limited applicability due to
the modeling complexity involved, non-existence of analytical solution in certain
cases, and the requirements of regular geometry, equation linearity, constant co-
efficients etc. The two main broad classifications of numerical techniques are the
deterministic and the stochastic methods. Deterministic method always produces
the same output for a given input. Whereas, the stochastic method can produce
different outputs for the same input based on the number of times the computa-
tion is carried out and other factors, and relies on statistical principles [73]. The
stochastic methods such as the widely used Monte Carlo method |74], although
suited to complex environments is overlooked due to its inherent statistical er-
ror and the necessity of performing a group of calculations. Hence deterministic
methods are preferred. The three main categories of deterministic methods are
the Finite-Difference Method (FDM), Finite-Volume Method (FVM), and Finite-
Element Method (FEM).
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Finite-Difference Method (FDM) is based on the concept of finite differences
so that the PDE should be satisfied over a set of interconnected points (within
the domain area) called as nodes [73|. For solving the PDE, it should satisty
the suitable boundary conditions. The finite differences are framed based upon
the Taylor series expansions. The advantages of the FDM approach are their
simplistic nature, and adaptability to any form of PDEs. Further FDMs are ad-
vantageous in terms of stability, convergence, and accuracy for 1D systems [75].
Also, manipulation of geometry and performing local calculations is straightfor-
ward due to the uniformity of the spatial relation to neighbouring nodes |76].
FDM also offers higher-order approximations, and hence higher-order accuracy
[77]. However, it has a drawback of non-handling complex geometries in various
dimensions. Also, the FDM approach does not easily handle material disconti-
nuities, and cannot produce local grid refinements.

Finite-Volume Method (FVM) enables approximating the PDE over finite-
sized control volumes rather than at points. This approach allows to create cells
of arbitrary structure, although regular geometries are used traditionally such as
convex polygons (in 2D) or polyhedrons (in 3D). The cells are bounded by planar
surfaces (in 3D) and straight edges (in 2D). The data is stored in the centroid of
the cells, and the perpendicular gradients at the faces are based upon the approx-
imations of the cell center values of the dependent variable. The Taylor series
expansions are used traditionally for this purpose. Unlike FDM method, where
PDE is solved directly, in FVM approach, the PDE is solved by first integrating
it over the control volume, and then approximated and solved. Further, due to
the absence of cell centers at the boundaries, the boundary conditions cannot be
directly satisfied. Hence, the solutions obtained using FVM method are known
as weak form solutions [73]. One remarkable feature of the FVM method is the
conservation property. The property physically stems from the fact that the net
rates of the quantities leaving and that being produced within the control volume

are the same. The strength of the FVM method lies on the flux computation only
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at the cell boundaries, holding also for non-linear problems. The adaptive mesh
refinement is possible with FVM approach. FVM method utilizes constant shape
functions, and inherently conserves current, and hence solves for the current den-
sity of charge carriers with utmost accuracy. However, the FVM approach suffers
from the disadvantage as compared to the FDM and FEM approaches of not able
to make the approximating functions of higher order |78].

Finite-Element Method (FEM) relies on the variation of parameters approach
[79]. It involves converting the strong PDE form to weak form, and then using
finite-sized elements to discretize and obtain solution to the weak form problem.
The weak form is obtained by multiplying the PDE with test function, and then
performing integration of the equation over the complete computational domain.
The suitable boundary conditions need to be applied. The finite-sized elements
chosen could be traditionally of convex elements, namely that of arbitrary poly-
gons in 2D or arbitrary polyhedrons in 3D. In the past, triangular elements in
2D and tetrahedral elements in 3D were preferable due to the simple mathemat-
ical structures. The FEM method involves describing the solution and the test
function in each element by a linear combination of basis functions with unde-
termined coefficients. The mathematical processing results in a linear system of
algebraic equations, and should be solved to give the undetermined coefficients,
and finally the solution of the dependent variable. The attractive feature of the
FEM method is that it allows the manipulation of the type and degree of the basis
functions. The accuracy enhancement can be carried out either by h-adaptivity
(reduction of the element size), p-adaptivity (increasing the basis function degree)
or by a combination of the two (hp-adaptivity), which is not possible in FVM
and FDM methods [73]. Further, the FEM approach enables faster computation
than the FVM method due to fewer degrees of freedom. Also, combining with
other physics interfaces is straightforward and allows differentiation of the vari-
ables using the d operator. One more feature of the FEM method is its energy

conservation and not current conservation. In the linear FEM approach, there

24



is poor current conservation, whereas in the log formulation, it is much better
but inferior as compared to the FVM approach. The quasi-Fermi level approach
works better for wide bandgap systems or low temperature environments. The
density gradient formulation offers quantum physics computations with the drift-
diffusion method. The additional advantages of the FEM method are its general
nature, the freedom to increase the order of elements for accurate physical fields
approximation, and the adaptive mesh refinement. Mixed formulations are pos-
sible with FEM method and can be straightforwardly handled. Both FEM and
FVM approaches are suited for curved and irregular geometries. The disadvan-
tage of the FEM method is the quite involved and advanced mathematics behind
it, and requires mathematical expertise for its implementation. On the other
hand, FVM and FDM methods are relatively straightforward in implementation
|78, 80].

1.7 Gap Analysis

Optical control of MESFET has a crucial advantage over other technologies:
e With OPFET, simultaneous detector-cum-amplifier operation is possible.
e It offers inherently high gain-bandwidth product.

e [t has the capability to achieve simultaneous high gain, bandwidth, respon-
sivity, FQF, detectivity, LDR, sensitivity, fr, and low switching time, power

dissipation, and operating voltage.

e OPFET provides a large number of degrees of freedom to tune the device
characteristics such as structure, material, illumination model, modulation

frequency, bias, optical power, wavelength etc.

e In other devices especially photodiodes, there is a trade-off between vari-
ous parameters and simultaneous superior values of all parameters are not

possible.
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Its high gain-bandwidth product caters to long-haul optical communication

applications.

As compared to diodes, there is an extra terminal (gate) to control (optically

and electrically) the device characteristics.
Diversity of applications are possible using OPFET-based optical systems.

There is a lot of scope for improvement in OPFET performance through

optimization.

OPFET operating as a high-speed photodetector or an optical demodulator,
has many attractive advantages such as low noise, low bias voltage, medium
internal gain, wide dynamic range, wide spectral response, resistive output
impedance, and others. In MESFET, the channel current is controlled by
a Schottky gate, which has a much bigger coupling capacity with the semi-
conductor conductive channel, and accordingly better gate-control ability.

Also, MESFETSs can be easily fabricated and integrated.

OPFET gives the possibility of bias-dependent dual-mode operation of the
device. (Schottky junction diode mode or transistor (OPFET) mode).

Some extra processing /addition /new structures/complex structures etc. are

needed to improve the performance in other devices.

OPFET can cater to wide number of applications so that large scale inte-

gration and fabrication possible.

In most of the other devices, either of photovoltaic or photoconductive effects
dominate, whereas in OPFET, the maximum sensitivity could be achieved

through both effects simultaneously at high optical power levels.

In OPFET, photoemissive effect can be administered when the photon en-
ergy is below the bandgap but above the Schottky barrier height, but in

most of the other devices, it is absent.
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e Disadvantage of High Electron Mobility Transistor (HEMT): The need for

precise growth methods for HEMT increases the fabrication cost.

Visible-Light Communication (VLC) has gained tremendous importance in
recent years as a promising alternative to RF-based communication. With the
growing demand for higher communication bandwidth, the RF with its narrow
bandwidth is insufficient to cater to the requirements. With a spectrum range of
385 THz to 800 THz, VLC’s bandwidth is a thousand times larger than the RF
spectrum. The important benefits of VLC are cost efficiency, energy efficiency,
and unregulated large bandwidth [81]. Its potential applications include Li-Fi
(Light-Fidelity) Networks, robots in hospitals, vehicle to vehicle communication,
information displayed on signboards, and underwater communication [82].

VLC receivers require photodetectors with high sensitivity, large bandwidth,
and low dark current. Presently, the state-of-art photodetectors being employed
in VLC include the p-i-n photodiodes |83, 84, 85| and avalanche photodiodes
(APDs) [86, 87, 88, 89, 90|. The p-i-n photodiodes provide high-speed detection
but without amplification. APDs offer gain upto a modulation frequency of 1
GHz, beyond which the photocurrent gain reduces significantly. In certain cases,
the APDs may also require amplification depending upon applications. Further,
photodiodes require high bias voltages for operation. The 3-dB bandwidth of pho-
todiodes limits the VLC system bandwidth. But the raw data rate transferable
in a VLC link can far exceed the VLC system bandwidth or detector bandwidth.
For detectors with low bandwidths, the data rates can be maximized by adding
an adaptive equalizer to the presented analog front end at the receiver [91].

High-performance Optoelectronic Integrated Circuit (OEIC) receivers for visi-
ble light communication are a technology that monolithically integrates optoelec-
tronic and electronic devices on a common semiconductor substrate. Against dis-
crete devices, OEICs offer advantages of multifunction capabilities, better speed

and noise performance, besides the use of fewer components. These advantages
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enable a simpler assembly procedure, as well as more compact and reliable sys-
tems at low cost [92]. At present, OEIC receivers use separate detector and
amplifier components for VLC, resulting in increased cost and system complex-
ity. The most commonly used amplifiers for VLC are the transimpedance am-
plifiers (TIAs) [83, 84, 85, 86, 87, 88, 89, 90, 91| with high bandwidth and low
noise [93]. GaAs Optical Field-Effect Transistor (OPFET) or optically-controlled
Metal-Semiconductor Field-Effect Transistor (MESFET) is a device capable of
the dual functions of detector and amplifier. It is compatible with OEICs and
can provide high gain and large bandwidth along with a high unity-gain cutoft
frequency (fT). In addition, in contrast to its photodiode counterparts, it has
an added advantage of operating at lower bias voltages. Reference [94] stud-
ied OPFET-based OEIC receivers in the InGaAs material system at 1.6 um
wavelength operation. The study showed that the OPFET-based detector-cum-
amplifier exhibits higher sensitivity at 10 Gb/s and 20 Gb/s data rates than
other combinations of photodetectors and amplifiers. These latter combinations
included p-i-n photodiodes, APDs, Metal-Semiconductor-Metal (MSM) photo-
diodes, MESFET, High-Electron Mobility Transistor (HEMT), Heterojunction
Bipolar Transistor (HBT), and Metal-Insulator-Semiconductor Field-Effect Tran-
sistor (MISFET). The study has stimulated interest in exploring MESFET-based
detector-cum-amplifier at other wavelengths of operation.

The authors have come across no reported work in the literature survey under-
taken by them on the optimization of OPFET devices in regard to any application.
Moreover, the optimization of these devices can assist in achieving specific VLC
requirements or specifications in addition to improving their overall performance.
GaAs buried-gate front-illuminated OPFET device has been studied as a highly
sensitive photodetector as compared to front- and back-illuminated surface-gate
OPFETs [34]|. Buried-gate OPFET has the distinguishing features of the gate
being buried into the channel and channel side illumination. These features ob-

viate the requirement of a transparent gate. Elimination of the requirement of
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transparent gate results in zero wastage of light at the metal film and thereby
improves responsivity. To the best of our knowledge, buried-gate OPFET has
not yet been explored as a detector-cum-amplifier in regard to any application.

On the other hand, Ultraviolet (UV) reflectance imaging is a well-known appli-
cation in biomedical engineering. It requires photodetectors with high visible/UV
contrast ratios along with high visible sensitivity and low dark current. There is
no much information available on the visible/UV contrast features of any pho-
todetector. The contrast ratio should be high in order to appropriately control the
ambient visible light in the presence of background UV radiation during imag-
ing and enabling erroneous Both the applications have one thing in common:
they need photodetectors operating in the visible range. Three most featured
materials capable of operating in the visible region include Si, GaAs, and InP.
These possess distinct electrical and optical properties which motivate one to
conduct research using these materials. One potential candidate to cater to high
gain-bandwidth product applications is a phototransistor or a photoFET. Opti-
cal Field Effect Transistor (OPFET) or optically controlled Metal-Semiconductor
Field Effect Transistor (MESFET) has been a widely studied device over the past
few decades for its applications as photodetectors, optically-controlled amplifiers,
oscillators, and switches |7, 9, 12, 24, 29, 31, 33, 34, 95, 96]. However, the re-
search lacks the assessment or the impact of the OPFET device incorporating
these materials from the optimization point of views i.e. material and struc-
tural optimization. Further, analysis of the attained results and the correlation
of the detector responses with the material and the structural parameters can
substantiate further research.

Also, no significant research has been reported so far on the applications of
GaAs OPFET or AlGaAs/GaAs High Electron Mobility Phototransistor (PHEMT)
as photodetector-cum-amplifier. Known studies neither investigate in depth nor
analyze the bandwidth performance and its optimization. For long haul com-

munications, the very high responsivity of OPFET gives it an edge over the
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reported devices. In high data rate VLC applications, even with lower 3-dB and
detection-cum-amplification bandwidths in some cases, the OPFET devices have
higher gain-bandwidth product. An additional advantage is that a single device
acts as a detector-cum-amplifier as compared to other OEIC receivers, which
employ distinct detectors and amplifiers. Published reports on the GaAs-based
detectors and amplifiers in OEIC receivers are several years old. Most of the
reported research on InP-based OEIC receivers is limited to the 1.33-1.55 pm
infrared region.

Ultraviolet (UV) photodetectors are useful in applications such as chemical,
environmental and biological analysis and monitoring, flame and radiation de-
tection, astronomical studies, missile detection and optical communication [97].
Typical harsh environment applications of the UV photodetectors are solar ob-
servations, ultraviolet (UV) astronomy, military defence, automatization, short-
range communications security as well as environmental and biological researches
[98]. Suitable materials for these applications involve wide-band-gap materials
viz. GaN, SiC, and ZnO. These materials possess high saturation velocities, high
breakdown voltages, mechanical robustness to harsh environments, and good di-
electric strength sufficing for such purposes. Significant studies are underway to-
wards the improvement of performances of the various detectors. Devices such as
Metal-Semiconductor-Metal (MSM), photoconductors, photodiodes, phototran-
sistors, Schottky-barrier, nanostructure, hybrid, organic, etc are the various de-
tectors in this arena. Photodetectors employ photoconductive, photovoltaic or
photoemissive effect or a combination of all to convert light signals into elec-
trical signals. The state-of-art photodetectors employed in UV communication
include mainly the photomultiplier tubes (PMTs) and the avalanche photodiodes
(APDs) [99, 100, 101, 102, 103]. PMTs offer high gain and low dark current
but are bulky and fragile. APDs are miniaturized and exhibit high gain. How-
ever, they are expensive. These devices offer gigahertz or sub-gigahertz band-

width. Photodetectors utilized for other applications such as photoconductors,
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MSM photodiodes, Schottky diodes, p-n junction detectors, and p-i-n detectors
have significant trade-off between either of gain, bandwidth, response speed, de-
tectivity, dark current or exhibit lower gains than the transistor photodetectors
[104, 105, 106, 107]. Combination of the excellent properties of the wide-band-gap
materials and the FETs can fulfill much of the requirements of the UV industry.
To the authors’ best knowledge, there has been lack of optimization procedures
in such structures towards UV applications. The buried-gate structure employed
in various devices, in general, is known for its high speed, power and stability.
It is one of the most sensitive models of OPFET for photodetector applications.
Besides that, and a few more contributions, there has been no notable published
work on such devices, especially concerning optimization.

Traffic security is an important scenario for various outdoor applications [108].
These include Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure (V2I)-based
systems. These systems are implemented by using techniques such as pulse posi-
tion (PPM) /variable PPM (VPPM), on—off keying (OOK) [109], and orthogonal
frequency division multiplexing (OFDM) [110]. The road accidents can be pre-
vented by employing these (V2V and V2I) Intelligent Transportation Systems
(ITS). Further, these can control, ease, and mobilize the traffic which are widely
dispersed in the entire world. Apart from vehicular communication, building-
tobuilding (B2B) simplex and duplex VLC communications [111| can be estab-
lished in bank buildings, campuses, and headquarters to enable access to data,
information, and media. The Li-Fi application can be extended by utilizing street
and park lights as access points implemented in either hybrid or aggregate sys-
tems [112]. The solar panels can be deployed to simultaneously harvest energy
and act as a communication receiver [113|. In V2I communication system, the
traffic lights are used as VLC transmitters, whereas in V2V system, the head-
lights and rear lights act as transmitting sources [108|. Generally arrays of LEDs
are employed as optical sources in these applications.

In VLC V2V and V2I systems, the commercially used detectors are either pixel
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image sensors, single photosensitive elements (photodiodes (PDs)) or a matrix
of PDs (cameras) [108]. Compared to image sensors and camera devices, the
single PDs offer advantages of very high speed, high sensitivity, low noise, very
low system complexity, very low sensor complexity, low energy consumption,
and low production cost. The drawback is that these PDs cannot carry out
spatial separation of the sources. This feature may not be needed in many of
the applications. Hence, single PDs have a significant edge over that of image
sensors and camera devices. This functionality of PDs can be further enhanced
by employing FET-based photodetectors.

V2V and V2I communications [114] should possess fast switching, and high
gain-bandwidth product photodetectors. The presently available devices are
based on the p-i-n, avalanche photodiodes (APDs), Metal-Semiconductor- Metal
(MSM) PDs, and Schottky PDs as photodetectors [41, 89, 90, 115]. They em-
ploy various kinds of Field Effect Transistors (FETs) as amplifiers to form Opto-
Electronic Integrated Circuit (OEIC) receivers. These devices operate at nanosec-
onds to picoseconds speed range but are inferior in terms of gain-bandwidth
product.

The disadvantage of the communication system presented in [114] and the
detectors/amplifiers currently used is that the transmitters and receivers have to
be aligned. Further, the vehicles need to be close to each other with a constant
distance between them. These systems work only when the vehicles have stopped
and fail under the naturalmovement of cars.

To foster these challenges, there is a need for a detector/amplifier combination
which can detect very weak signals resulting from the natural motion of cars along
with high-speed operation.

The major advantage of OPFET is the high gain-bandwidth product enabling
long haul communications, thus, greatly increasing the transmitting distances

and allowing flexibility in the traffic lighting and communication systems. The
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most widely investigated material system for this device has been GaAs. GaAs
possesses high electron mobility, high carrier saturation velocity, moderately high
absorption coefficient in the visible region, short lifetime of holes in n-type ma-
terial and long electron lifetime.

5G and beyond 5G i.e. 6G communications are the emerging technologies for
mobile-based and other related telecommunications. The frequency spectrums
used by 5G are the sub-6 GHz (450 MHz to 6 GHz), and the millimeter-wave
frequencies (24.250 GHz to 52.600 GHz), and also include unlicensed spectrum.
Further, there may be frequencies in the 5925 to 7150 MHz range and 64 GHz
to 86 GHz range [116]. 6G and higher versions may use the 95 GHz to 3 THz
bands [117]. 5G and 6G communications have been expected to offer high ca-
pacity, security, connectivity, and quality links apart from low latency and low
power consumption networks [118, 119, 120]. But, communicating in the RF do-
main alone has several limitations such as restricted spectrum band, regulatory
spectrum use, and interference with nearby RF access points [121]. Thus, oper-
ating in the optical domain or an integration of RF and optical wired or wireless
communication is the expected viable solution. Optical wired communication
is achieved with the deployment of optical fibers and can provide high capacity
links of around 100 Gbps or higher [122]. Optical wireless communication uses
visible, infrared or ultraviolet light as a propagation media. This is broadly classi-
fied as visible light communication (VLC), Light-Fidelity (Li-Fi), optical camera
communication (OCC), free space optical communication (FSOC), and light de-
tection and The ultimate data rate of the communication system is limited by the
3-dB bandwidth of the photodetector used at the receiving end. The state-of-art
photodiodes used for communication have limited gain-bandwidth product which
also restricts transmission distance.

Graphene is an emerging 2-D material with outstanding properties such as
high optical transmittance, high mechanical flexibility, high robustness, bias-

dependent tunable work function, ultra-high carrier mobility, light weight, high
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saturation velocity, zero effective mass of carriers, excellent chemical/physical
stability etc. Because of the absence in bandgap in monolayer graphene under
zero bias conditions, it is considered a semi-metal. It forms an excellent trans-
parent electrode apart from its outstanding resilience to adverse environments
such as high temperatures. GaAs is a semiconductor with moderate bandgap,
high saturation velocity, high mobility, moderate to high optical absorption coef-
ficients, and short minority carrier lifetime. It also has the potential to withstand
certain high temperatures [123]. Thus, the combination of graphene and GaAs as
electrode-semiconductor materials certainly have the edge over other commonly
used materials under hostile environments like elevated temperatures. These en-
vironments are typical of automotive, space, and aeronautics 5G applications.

The control of adaptive antennas can be achieved either electronically or op-
tically. The optical control has the advantages of higher bandwidth and lower
losses as compared to electronic control [124]. Further, electrical beam-forming
require bulky devices [125]. Optical phased arrays allow fast, stable, and precise
beam steering [126]. Integration of photonics with electronics leads to low-cost,
compact, and light-weight solutions with immunity towards electromagnetic in-
terference [127|. Further, optical control provides additional degrees of freedom
as compared to electronic control such as optical power, wavelength, and the way
in which the device is illuminated (illumination model). This increases the given
data and helps in greater and efficient control of the dynamically steered phased
array antenna.

The solar cells are used in applications such as toys, calculators, watches, elec-
tric fences, remote lighting systems, water pumping, water treatment, emergency
power, portable power supplies, satellites, and space vehicles. These devices used
as arrays are powerful converters of renewable source of energy i.e. sun (solar
energy) into electricity. Generally, solar cells are based on diodes i.e. p-n junc-
tion photodiodes, Schottky diodes, p-i-n diodes, heterojunction diodes etc and

in some cases phototransistors such as Bipolar Junction Transistors (BJTs) and
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Heterojunction Bipolar Transistors (HBTs) with large areas since capacitance and
response times are of less importance. However, the response times may be im-
portant for some specific applications and when the conversion time is to be kept
short. Apart from this, solar cells can be used as receivers in laser power beaming
applications [128]. Power beamed to a photovoltaic array could power a satellite,
an orbital transfer vehicle or a lunar base. Understanding solar cell response to
the pulsed output of a free-electron laser (FEL) is important for evaluation of
power-beaming applications. In this case, the switching and capacitances are of
vital significance. Various device structures with different materials have been
widely investigated over the past several decades [129, 130, 131, 132] which have
delivered significant solar responses. However, to the best of the authors’ knowl-
edge, no work addresses the performance of FET-based detectors for solar cell
applications.

There are numerous efforts towards Visible Light Communication under back-
ground solar illumination using solar cells [133, 134, 135, 136]. However, they
either fail under high solar intensity or the system data rate is restricted to
tens of Mbits/s. Further, these systems require separate Laser Diodes (LDs) or
Light-Emitting Diodes (LEDs) as sources for communication purposes. As an
alternative, we suggest to use modulated sunlight for communication. This idea
has been implemented in [137, 138]. The modulated sunlight was first utilized
in space communication [139]. Communication bandwidth of up to 10 MHz is
recorded with further enhancement possible through optimization. The sunlight
communication system is even now in its infancy. Instead, of simple photodiodes
and photosensors used in [137, 138] to detect modulated sunlight, we can employ
a FET based photodetector such as Metal-Semiconductor Field Effect Transistor
(MESFET), also called as Optical Field Effect Transistor (OPFET).

Graphene is an excellent material for opto-electronic applications and the
present photodetectors/modulators based on graphene include mainly Graphene

MOSFET (Metal-Oxide Semiconductor Field Effect Transistor), metal-graphene-
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metal PDs, plasmonic PDs, heterostructure PDs, etc [56, 71|. However, the
progress of graphene devices is hindered by the high metal-graphene contact re-
sistance, Fermi level pinning in metal-graphene contacts, low absorption in mono-
layer graphene, and the absence of bandgap in monolayer graphene [140, 141, 142,
143]. Surface treatments, modifying fabrication processes, edge-contacts, intro-
duction of defects in graphene surfaces, UV /ozone treatments, O2 low power
plasma treatments, rapid thermal annealing, increased surface bonding of metal
and graphene, lowering barrier height, and increasing the doping density in
graphene by biasing etc. are some of the methods used to lower the contact
resistance in metal-graphene contacts [144, 145, 146, 147, 148|. The Fermi level
pinning in metal-graphene contacts can be reduced by Surface Charge Trans-
fer Doping, construction of 2D/metal vdWs (Van-der Waals) contacts, or cre-
ating edge contacts [149]. Reduced quantum efficiencies due to low absorption
can be increased by utilizing graphene in transistor configuration, proliferation
of hot carriers through Photo-thermoelectric effect (PTE), hot carrier-induced
resistance change through biased Photo-bolometric effect (PBE), and /or by inte-
grating graphene with other semiconductors or quantum dots |64, 150, 151, 152].
The issue of zero bandgap in monolayer graphene can be overcome by biasing bi-
layer graphene, constrainment of graphene in one dimension to produce graphene
nanoribbons (GNRs) or quantum dots, or by chemically modifying graphene
[153]. These issues were the main reasons for non-exploration of graphene-based
MESFET for a diversity of applications. Since the research shows that these is-
sues can be resolved by suitable means (may not be completely), graphene MES-
FET has come into the limelight. The notable feature of the graphene MESFET
is that the high dipole capacitance at the interface of metal and graphene can
induce significant sensitivity to applied gate bias as well as high magnitude of
carrier density very suitable for intra-band absorption based photodetection, and
modulation. Further, the high dipole capacitance induced large carreir density

in graphene creates a highly intensified electric field between contacted and non-
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contacted graphene as well as large temperature, conductivity, potential, and
resistance gradients greatly suited for photovoltaic (PV), photo-bolometric (PB),
and photo-thermoelectric (PT) current responses. Thus, graphene-MESFET has
a great scope for opto-electronic applications and there are also a lot of degrees

of freedom for optimization.

37



Chapter 2

Objectives and Main Contributions of

Research

2.1 Objectives

The objectives of this research are:

¢ Optimization of high speed optical devices as detector cum amplifier in opti-
cal communications application based on OEIC receivers. Proposing a new

model for the optimized high speed optical device.

e Investigating the feasibility of the use of different materials than the existing

ones for the device.

2.2 The Main Contributions of Research

The main contributions and observations of this research are as follows:

e The OPFET device, in overall, shows better gain-bandwidth performance
than the state of art devices such as p-i-n photodiodes, PMTs, APDs, and
integrated PDs-FET/HBT configurations.

e The proposed study remarkably shows/establishes an important relationship
between gate length and 3-dB bandwidth in OPFET (with the structural
dimensions and the doping concentration subject to scaling rules) is that the

bandwidth increases with the elongation of gate length at least for medium
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to long gate length devices. The principle behind this finding is that as the
gate length increases, the doping concentration reduces (according to scal-
ing rules). Further, the depletion width sensitivity to applied illumination
increases as the doping cocnentration decreases. It is pointed out for the
first time that the frequency response curve widening is directly related to
the depletion width sensitivity enhancement under photovoltaic conditions
when the limiting factors such as series resistances and photoconductive
effects are kept to a minimum. This fact occurs irrespective of other neg-
ative factors such as decrease in magnitude of doping concentration, and
increase in the gate length itself. The reduction in depletion width sensi-
tivity at higher doping concentrations is explainable by the fact that for a
fixed photovoltage generated, since the higher doping concengtration means
occupying higher energy bands, more energy is required to attain the same
sensitivity. The relatively new aspect of relating the depletion width sen-
sitivity to the bandwidth of the device is demonstrated graphically in the

proposed research.

The effective cancellation of the barrier height by the induced photovoltage;
compensation of the higher depletion width sensitivity occuring at lower bar-
rier height devices by the lower photovoltages in these devices; de-ionization
of the space charge ions by the photocondcutive electrons in the gate deple-
tion region; effect of squared lifetime term as opposed to the non-squared
lifetime term in the equation for photogenerated hole density on the 3-dB
bandwidth (the squared lifetime term produces steeper frequency response
as opposed to non-squared lifetime term which reduces the bandwidth); the
dominance of the higher photovoltage magnitude over the gentler roll-off
rate arising from non-squared lifetime term at lower intensities whereas the
roll-off rate is comparable to the photovoltage magnitude in short lifetime

devices such as GaAs OPFET (7, = 107® s) and dominates at higher inten-
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sities; the large photovoltage reducing the depletion width beyond the zero
point, thus maintaining the roll-off point of photovoltage with frequency at
a wider location increasing the bandwidth; at intensities where photovoltaic
and photoconductive effects are comparable, the net bandwidth is dependent
upon the relative contributions of the two effects not only at the dc frequency
but also at or near the 3-dB point; the device parameters are closely related
to the individual contributions from the saturation and conductance compo-
nents of current; are some of the relatively new aspects encountered which

can have significant effect on the OPFET characteristics.

At higher intensities, in most of the cases, negative sensitivity is registered
since the high photoconductive effect increases the voltage drop across the
series resistance which completely depletes the channel and eliminates pho-

tovoltaic effect.

The external factors applied as well as the intrinsic material properties, the

photoconductive, photovoltaic, and the series resistance effects can explain

the performance of OPFET.

In many cases, there is a compensation of the effects arising due to one
set of material parameters with the other set of parameters, thus showing

comparable performance.

It has been investigated from the simulations that the buried-gate structures
have lower series resistances under dark than the surface-gate structures
of same dimensions, and hence higher dark current (in-line with reported

lietrature).

The response times increase with the elongation of the gate length since
although the drain current rises with gate length, the space charge increases

at a greater rate.
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e [t has been observed that the depletion width sensitivity is higher when the

dielectric constant is lower with other factors constant.

e The photovoltaic response of Schottky junction in GaN OPFET in the UV
region is higher than the photoconductive response since the photovoltage-
induced forward thermionic emission current is high compared to the reverse

drift-diffusion photocurrents.

e The Schottky junction in MESFET offers greater 3-dB bandwidth under
high background lighting conditions as opposed to MESFET itself which
offers greater 3-dB bandwidth under low background lighting. This occurs
when the gate length is sufficiently high (subject to scaling rules) so that the
doping concentration is reduced and becomes comparable or lesser than the
photogenerated excess carrier density, thus the effect of illumination on the
minority carrier lifetime is perceived which reduces the hole lifetime. This
lowered lifetime as well as lesser contributions from the photoconductive
reverse drift and slow diffusion currents result in the increased bandwidth
in Schottky junction in MESFET under high background lighting. In the
OPFET device, the bandwidth is low at these intensities owing to the pres-

ence of slow photoconductive effect.

e Both transconductance and gate to source capacitance increase with gate
length, but the rate of rise of capacitance is higher resulting in decrease of

unity-gain cut-oft frequency.

e Both transconductance and gate to source capacitance increase with opti-
cal power, but the transconductance increases at a higher rate causing an

increase of unity-gain cut-off frequency with optical power.

e Depletion width sensitivity and 3-dB bandwidth or the frequency response

curve have one-to-one correspondence with each other.

e The responsivity decreases with an increase of gate length.
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e Photovoltage remains constant with gate length (for GaAs OPFET).

e Generalized and buried-gate front-illuminated models have been perceived
as highly sensitive models at lower intensities. At higher intensities, the
surface gate back-illuminated and the buried-gate back-illuminated models

deliver higher photoresponse.

e Graphene OPFET delivers good terahertz detection-cum-modulation and
photovoltaic performance at high gate bias levels and considerable mid-
infrared photoconductive performance at low bias levels. Whereas, graphene

FET shows better mid-infrared photoconductive performance.

e The frequency response study of the OPFET device for example of GaAs
OPFET at different flux densities suggesting the different frequency ranges
of operation can be stored in the form of a look-up table. The different
frequency responses at various flux densities serve to indicate the relative
contributions of the photovoltaic and photoconductive effects as a function
of frequency and thus, can be used to tune the device to appropriate fre-
quencies. The look-up table can be used to access the desired frequency
depending upon the application for RF /microwave/terahertz imaging spec-
ctroscopy and the frequency response can also be crucial for photodetector

application.

e For OPFET photodetector in 5G smart antenna applications, the device di-
mensions, gate to source voltage, drain to source voltage can be the control
factors for variabl gain, variable phase detectors with large extent of vari-
ation. On the other hand, optical power and choice of illumination model
can be the control factors for constant gain, variable phase detectors but the
extent of variation is less within 10 to 20 degrees. The gain and phase tend
to decrease with device dimensions as well as with gate voltages, except the

gain which tends to increase at higher drain voltages. The gain and phase
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significantly increased with the increase in the drain voltage whereas they
decreased with the increase in optical power except at higher drain voltages

where there is a slight increase in gain.

In the UV region, in the case of 6H-SiC buried-gate OPFET, there is no
significant effect of the elevated temperatures on gain, responsivity, switch-
ing time, and detectivity, except the 3-dB bandwidth which decreases as the
temperature increases. The GaN buried-gate OPFET models when com-
pared tgo ZnO and 6H-SiC models show that GaN models in overall exhibit
better performance, with the SiC OPFET showing superior gain-bandwidth
performance, and the ZnO OPFET is perceived as a high optical power

detector.

The OPFET devices show high solar energy harvesting efficiencies as well as
wider 3-dB bandwidths under modulated solar illumination than the state

of art devices used in solar communication.

In the buried-gate front-illuminated OPFET, as the dimensions increase,
the photovoltaic charge tends to reduce whereas the photocondcutive charge
tends to increase. The depletion width sensitivity rises with the elongation

of gate length and saturates at longer gate lengths.

Surface-gate devices exhibit higher LDR than buried-gate devices due to
lower dark current, thus showing potential towards high dynamic range or

high resolution imaging.
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Chapter 3

Theory/OPFET Models

3.1 Structure of OPFET and its Equivalent Circuit

Optically-controlled Metal-Semiconductor Field Effect Transistor also known as
OPFET (Optical Field Effect Transistor) is a transistor structure based on the
metal-semiconductor contact wherein the field effect is obtained from the deple-
tion region formed between the metal gate and the underlying semiconductor
acting as a capacitance. The device consists of N-type moderate doping of the
channel layer on slightly p-type semi-insulating substrate. The channel is epitax-
ially grown on the substrate. Two highly doped n, regions are diffused on both
sides of the channel layer to form the source and the drain. The source and drain
metal ohmic contacts composed of metal are made on these n, regions. The gate
metal forming a Schottky contact is laid down on the channel layer. These steps

utilize lithography and lift-off techniques for fabrication.

The OPFET is characterized by various illumination models: (i) Surface-
gated front-illuminated OPFET wherein the surface gate is transparent or
semi-transparent to light and the illumination is allowed to enter the device
through the metal gate-contact shown in Fig.3.1a. (ii) Generalized OPFET is
a superset of the front-illuminated OPFET in which the spacings between the gate

and source as well as the gate and drain are illuminated in addition to the metal
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gate (see Fig.3.1b).(iil) Opaque-gate OPFET is another subset of the General-
ized Model wherein the gate is made opaque i.e. the illumination only falls in the
spacings (refer Fig.3.1c). (iv) Buried-gate front-illuminated OPFET repre-
sents the OPFET model with gate buried into the channel and the illumination
enters the device through the front-surface of the active layer shown in Fig.3.1d
and the gate is made opaque.(v) Buried-gate back-illuminated OPFET is
similar to the buried-gate front-illuminated OPFET in terms of structure but
differs from the way of illumination. This device is illuminated from the rear
side through the substrate by inserting a fiber up to the gate-substrate interface
(see Fig.3.1e) with the gate being transparent or semi-transparent. (vi) Surface-
gated back-illuminated OPFET (without substrate effect) refers to the
model wherein the metal gate contacts the front active-layer surface but the radi-
ation is allowed to fall through the rear side of the active layer by inserting a fiber
up to the active-layer substrate interface shown in Fig.3.1f.(vii) Surface-gated
back-illuminated OPFET (with substrate effect): This model is similar to
the previous model except that the fiber is inserted partially into the substrate

(see Fig.3.1g).
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Figure 3.1: Schematic structures of OPFET illumination models

The equivalent circuit of OPFET is presented in Fig.3.2. In Fig.3.2, g4 is the
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Figure 3.1: Schematic structures of OPFET illumination models
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channel conductance; g, is the transconductance; vy, is the gate-to- source volt-
age; Cys, Cys, and Cyyq are the gate-to-source, drain-to-source, and gate-to-drain
capacitances respectively; Rs and R4 are the parasitic series source and drain
resistances respectively; R, is the gate resistance; R; is the internal gate resis-

tance; Ly, Lg, and Lg are the parasitic series gate, source and drain inductances

respectively.
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Figure 3.2: Equivalent circuit of OPFET

3.2 Brief Operation of OPFET

Under Dark: The MESFET operates either in enhancement mode (normally-
off mode) or depletion mode (normally-on mode). The gate bias modulates the
device characteristics by controlling the width of the depletion regions at the
Schottky junction and the active layer-susbtrate junction. When the gate voltage
is above the threshold voltage, the positive bias applied between drain and source
attracts electrons from the channel towards the drain terminal thereby producing
the drain-to-source current depending upon the effective active-layer thickness.
With a small applied drain bias below the pinch-off voltage, the drain current
increases linearly with the drain voltage (linear or ohmic region). In this region,
the channel acts as a resistance. As the drain voltage approaches pinch-off, the

device exhibits non-linear behaviour (pinch-off region). At this point, the channel
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at the drain side of the gate is pinched-off. With the further increase in the drain
voltage, the current tends to saturate to a constant value (saturation region). The
total depletion of the channel which was initially at the drain end at the pinch-oft
point, increases towards the source as the drain voltage increases such that the
electrons move at their saturation velocity to maintain constant current. In the
enhancement mode, the device is off under zero gate bias i.e. the channel is fully
pinched-off. Thus, the application of a positive gate bias shrinks the depletion
region and allows the current between drain and source. The threshold voltage is
positive for normally-off MESFET. In the depletion mode, the device is on even
under zero gate bias. The application of a negative voltage extends the depletion
region towards the semi-insulating substrate thus limiting the current.

Under Illumination: When the incident light with photon energy greater
than the bandgap of the semiconductor is allowed to fall on the device, the ra-
diation will be absorbed in the neutral (channel and substrate) regions and the
depletion (Schottky junction and active layer-susbtrate) regions depending upon
the illumination model employed. In the front-illuminated OPFET, the absorp-
tion will occur in all the regions except the sidewalls of the gate depletion region,
whereas in the generalized model, the absorption will take place in all the regions
including the sidewalls. In the opaque-gate OPFET, the absorption regions are
similar to the generalized model except the depletion region below the gate. In
the buried-gate front-illuminated OPFET, the absorption occurs in the neutral
channel and Schottky junction depletion regions. Since the gate is opaque, the ra-
diation does not pass to the substrate region. In the buried-gate and surface-gate
back-illuminated (without substrate effect) configurations, the absorption regions
are same as that of the buried-gate front-illuminated model. In the surface-gate
back-illuminated model, the absorption occurs in the neutral channel, part of the
neutral substrate, the Schottky junction depletion and the active layer-substrate
depletion regions. Upon absorption, electron-hole pairs are generated in the re-

spective regions. The photogenerated electrons are driven towards the channel
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while the holes travel in the opposite direction. With the applied drain bias, the
electrons produce drain-to-source current (photoconductive effect). The holes
crossing the junction develop a photovoltage decreasing the depletion width and
in turn, increasing the drain-to-source current (photovoltaic effect). In the mod-
els where substrate effect is involved, since the substrate is made semi-insulating
and the channel is moderately doped, the p-n junction depletion width at the
channel-substrate interface extends completely into the substrate whereas the
depletion width is zero on the channel side. The photovoltage generated across
the p-n junction depletion region has no effect on the detector characteristics.
The drain-to-source current is limited by the voltage drop developed across the
series resistances. Under modulated optical signal, wherein the light is modu-
lated by a signal of frequency w, the lifetime of carriers will also be modulated
as also the generation rate, and the photogenerated carriers by the same fre-
quency. Thus, the drain to source current will also be modulated. When the
photon energy is less than the bandgap but greater than the Schottky barrier
height, the OPFET operates by internal photoemission of metal electrons into

the semiconductor giving rise to a photocurrent.

3.3 Brief Operation of Schottky junction in OPFET

Under Dark: Under low to moderately-doped conditions at room temperature,
the transport mechanism prevailing across the Schottky junction is thermionic
emission. The Fermi level difference between the semiconductor and the metal
enables the transfer of electrons from the semiconductor to the metal until the
equilibrium is established. This leaves behind immobile positive donor ions which
collectively form a depletion layer or region at the metal-semiconductor interface
presenting a barrier to the further flow of electrons into the metal. This barrier
is represented in the theory in terms of the Schottky barrier height or the built-

in potential. Under the dark condition, with applied forward bias, the current
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initially rises with voltage and eventually saturates at higher forward voltages
due to contribution from the parasitic series resistance. When the reverse bias
is applied, the current rises with voltage at the very low values of voltage and
saturates at its reverse saturation current density value at the higher voltages.
The reverse saturation current density depends upon the parameters such as the
absolute temperature, the Richardson constant, and the barrier height.

Under illumination: Under illumination, with photon energy greater than
the bandgap, the device can be operated in either the photovoltaic mode or the
photoconductive mode. The incident illumination is absorbed in the channel and
the depletion regions creating electron-hole pairs. The holes advance toward the
junction while the electrons travel in the direction of the channel. The holes gen-
erated in the depletion region are enabled to cross the Schottky junction by the
built-in electric field in the depletion region producing a photovoltage. With the
gate shorted to the source (zero bias or the photovoltaic mode), this photovoltage
acts as a positive bias constituting a forward current. The photocurrent generated
is significant subject to considerable photovoltage owing to the forward-bias oper-
ation and the low dark current resulting in high responsivities. The dependence of
this photocurrent on the modulation frequency is due to the frequency variation
of the photovoltage with frequency and more specifically due to the modulation
of the hole lifetime with frequency. The drift and the diffusion phenomena also
constitute a photocurrent which tends to reduce the forward photocurrent when
its contribution is comparable to the forward current since these currents flow
in the reverse direction. The drift photocurrent is due to the separation and
drift of the photogenerated carriers in the gate depletion region by the built-in
electric field in this region which are eventually collected at the contacts. The
diffusion photocurrent arises from the diffusion of the minority carriers (holes)
generated in the neutral channel region within their diffusion length to the edge
of the depletion region which are then drifted by the electric field towards the

junction and collected at the contacts. The photovoltage reduces the depletion
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width, hence, the drift photocurrent is also slightly reduced. The diffusion pho-
tocurrent decreases for both low and high values of the depletion width and there
exists an optimum depletion width at which the diffusion photocurrent is max-
imum. The drift phenomenon is much faster than the diffusion phenomenon in
terms of the response time since the drift occurs in the presence of electric field.
Both these processes depend upon the modulation frequency owing to the influ-
ence of the photovoltage, in turn, the depletion width on these processes. The
drift photocurrent initially is constant for the lower frequencies and increases at
the higher frequencies due to the increase in the depletion width owing to the
lower photovoltage developed at the higher frequencies. However, the variation
of the diffusion photocurrent with the frequency is determined by whether the
increase in the depletion width with frequency ranges below or above the opti-
muin depletion width at which the diffusion photocurrent is maximum. Another
contribution to the frequency variation of this current emanates from the modu-
lation of the hole lifetime with the frequency. The net combined effect of the two
contributions will define the overall frequency variation of the photocurrent. In
the reverse bias mode i.e. with a suitably large negative voltage applied across the
gate and the source terminals, the depletion area for photogeneration is signifi-
cantly increased resulting in considerable drift current while the diffusion current
depends upon the criteria described earlier. In this mode, the drift of carriers
due to the built-in electric field in the depletion region is assisted by the field
generated owing to the applied reverse bias, thus, enabling faster operation. The
photovoltage has no effect on the thermionic emission current since the device is
operating at its reverse saturation current density. However, it can affect the drift
and the diffusion currents depending upon the negative voltage applied through
a reduction in the depletion width. Since the device is operating in the reverse
bias mode (photoconductive mode) where the contributions are from the drift
and the diffusion photocurrents only, the currents involved are much lower than

that in the forward bias mode, and hence, the responsivities that can be attained
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are lower. The dark current is low but comparatively higher than that in the
zero bias mode. When the photon energy is less than the bandgap, but greater
than the Schottky barrier height, the device functions by internal photoemission
of metal electrons into the semiconductor.

The OPFET device working and physics is illustrated in the energy band
diagrams presented below:

The following parameters are defined:

Ec=Conduction band; E;=Intrinsic Fermi Level; Ep,,=Metal Fermi Level;

Ey=Valence band; EFrp=Fermi Level; V};;=Channel-substrate Built-in potential

Channel-
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Figure 3.3: Energy-band diagram of OPFET under dark and without bias

The energy band diagrams presented show the interaction between the vari-
ous regions of the OPFET device under dark and illumination with and without
bias. The two basic building blocks within the OPFET device are the metal-
semiconductor contact i.e. the gate-channel junction and the p-n junction at the
interface of channel and substrate. Under dark and no bias conditions, the metal
gate upon forming intimate contact with the n-type semiconductor channel, the
energy bands modify themselves to adapt the changes occurring due to trans-
fer of charges thus, attaining equilibrium. The gate-semiconductor contact is a

rectifying contact i.e. it allows the current to flow in one direction and blocks
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Figure 3.4: Energy-band diagram of OPFET under dark and with bias (at source end)

Vir(Reverse) = vgs + Lgss X Ry
Vri(Reverse) = —ups + Lgss X Ry

Ep, and Fp,=Quasi Fermi Levels for channel and substrate respectively
vps—Substrate bias

Channel-
Schottky (n-type) Substrate S. L.
GATE Dep Reg. Channel Dep. Reg. Substrate (p-type)
. I W.
Yae Drain end | 2 >
4—
A
qds A(VuitVe2) Ec

. Ec

Eem d(Viis+Vrs) /

: A L T

U N 1 Ve P o — Erp
K / J' l‘_,.—""- l QVes E,

Figure 3.5: Energy-band diagram of OPFET under dark and with bias (at drain end)

Vra(Reverse) = vy + Vps + Lass X Ry

Vrs(Reverse) = —ups + Vg + Liss X Ry
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Figure 3.6: Energy-band diagram of OPFET under illumination and with bias (at source end)
Vra(Forward) = —vgs + Vopr — Iass X R

Vrs(Forward) = vps + Vopa — Liss X Ry

Vope=Photovoltage generated across the channel-substrate junction
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Figure 3.7: Energy-band diagram of OPFET under illumination and with bias (at drain end)

VR6<R€UGTS€) = Ugs + Vps — Vor1 + Liss X Ry

Vr7(Reverse) = —uvps + Vps — Vops + Lass X Ry
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the current in the reverse direction. For rectifying contacts, the work function
of metal is greater than that of the semiconductor which means that the semi-
conductor Fermi level is at a higher position than that of the metal. To bring
the system in equilibrium, the electrons from the highest occupied states in the
conduction band of the semiconductor move into the metal till the semiconductor
Fermi level is aligned with that of the metal. The movement of electrons from
semiconductor to metal leaves behind positive ionized donor charges near the
metal-semiconductor contact extending into the semiconductor forming a region
devoid of mobile carriers called as the depletion region. This transfer of electrons
creates at the interface on the semiconductor side a layer of positive charges
whereas a layer of negative charges is formed on the metal side. An electric field
is established pointing from semiconductor to metal and correspondingly a po-
tential barrier opposing this electric field to prevent further transter of electrons.
This potential barrier is called as the built-in voltage or contact potential. Since
the separation between the conduction band edge and the Fermi level increases
with decreasing electron concentration and in thermal equilibrium Fermi level
remains constant throughout, the conduction band edge bends up. The existence
of varying potential from the edge of the depletion region up to the contact es-
tablishes a non-zero electric field within this region and linearly increasing from
the edge up to the contact which creates the band bending. In other words, the
band bending represents a potential barrier i.e. the contact potential which the
electrons from the semiconductor have to overcome to move into the metal. On
the other hand, the electrons from the metal see a barrier ®5 to move into the
semiconductor called as the Schottky barrier height. This parameter is given by
the difference between the metal work function and the electron affinity of the
semiconductor. The equilibrium is established when the diffusion of electrons
from the semiconductor to metal is exactly balanced by the drift of electrons
generated by the electric field representing the separation of charges at the inter-

face of gate and semiconductor. The greater the doping density of the channel
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the smaller is the depletion width.

Similarly, when the n-type channel is in intimate contact with the semi-
insulating p-type substrate, transfer of carriers occurs to bring the system in equi-
librium. The majority carrier electrons from channel diffuse into the substrate
whereas the majority carrier holes from the substrate diffuse into the channel
where they recombine with oppositely charged carriers. This movement causes
a region of positively charged ions near the junction extending into the channel
and a region of negatively charged ions on the substrate side. This region which
is devoid of mobile carriers is called as the depletion region. An electric field
is established from the channel to substrate preventing further diffusion of car-
riers. The movement of carriers occurs until the diffusion of carriers is exactly
balanced by the drift of carriers driven by the electric field separating the charges
and the Fermi levels of both the sides are aligned. This alignment of the Fermi
levels causes the conduction and valence bands in the depletion region to band
upwards from the channel to substrate. A built-in potential or a potential bar-
rier is developed across the junction which opposes the electric field separating
the charges. Since the channel is moderately doped and the substrate is of high
resistivity, the built-in potential across the channel-substrate junction is lesser
being directly proportional to the doping densities of both the sides. However,
the semi-insulating substrate creates wider depletion region on the substrate side

and shorter depletion region on the channel side.

The above description represents the state in equilibrium with no applied bias
and under dark condition. In realistic device such as OPFET, with the applied
bias, the equilibrium is disturbed which creates the longitudinal drain-to-source
current to flow through the control of the depletion width in the lateral direction
by using gate and substrate bias. The OPFET is either operated in zero gate bias

mode or small to moderate reverse gate bias mode to facilitate separation and col-
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lection of photocarriers generated within the depletion regions thus, contributing
to photocurrent. With applied drain-to-source bias across the device, the channel
voltage almost linearly varies from 0 at the source end to Vpg at the drain end.
Thus, there is a gradual increase in the depletion widths from the source end until
the drain end. This drain bias or channel voltage acts as a reverse bias across the
gate-channel junction as well as the channel-substrate junction over and above
the reverse gate bias and voltage drop across the series resistance in the case of
gate junction and voltage drop across the series resistance in the case of channel-
substrate junction. This net reverse biases acting across the junctions tend to
widen the band bending, increase the potential barrier and widen the depletion
widths. Thus, the dark current is significantly suppressed. With the reverse volt-
age acting across the gate junction, some more electrons from the neutral channel
region are pushed deeper into the semiconductor thus, increasing the amount of
positive donor ions and widening the space charge region. Thus, the potential
barrier seen by the electron in the channel is the built-in voltage plus the reverse
bias applied whereas the metal electron sees the same barrier as earlier (®p).
It is only the energy bands which are shifted in response to the disturbance in
equilibrium whereas the relative position of the Fermi level with respect to the
conduction band in the neutral region remains the same decided by the doping
density of the n-type semiconductor. In the case of channel-substrate junction,
when the bias is applied, the Fermi level in case of zero bias condition splits into
two quasi-Fermi levels: one for the n-type semiconductor and one for the p-type
substrate. The quasi-Fermi level for the channel is lowered with respect to that
for the substrate by an amount equal to the reverse voltage applied. More of
electrons from the n-side are pushed deeper into the channel whereas holes from
p-side are attracted deeper into the substrate thus, widening the depletion region

and reducing the diffusion current flow from substrate to channel.

The equilibrium is also disturbed when the device is illuminated with pho-
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ton energy greater than the bandgap of the semiconductor. The case we have
considered is a simple front-illuminated OPFET where the light enters the de-
vice through the transparent gate contact. With photon energy greater than the
bandgap, electron-hole pairs are generated in the depletion regions as well as the
neutral regions of the OPFET device. Since electric field is present in both the
depletion regions, this field separates the electron hole pairs generated within
these regions. The holes move towards the junctions whereas the electrons move
towards the channel. The crossing of holes across the junctions creates a forward
leakage photocurrent which can be modelled as a forward photovoltage superim-
posed over the applied gate and substrate voltages. The separation and collection
of carriers also contribute a reverse drift current and a reverse diffusion current
(arising from diffusion of minority carriers from channel /substrate to the edge of
the depletion regions which are eventually drifted across the junctions). These
reverse drift /diffusion currents tend to reduce the forward current, however, their
magnitude is comparatively lower in most of the cases and hence the forward cur-
rent remains unaffected. The generation of the photovoltages across the junctions
tend to reduce the potential drop across the depletion regions thus, the electrons
and holes in the channel and substrate respectively see a lower barrier as well as
reduced bending of the energy bands. Hence, these changes result in diffusion of
electrons from the channel to the metal side to make up for the reduced barrier.
The same diffusion of carriers occurs across the channel-substrate junction. The
depletion widths are greatly reduced as compared to their dark values, thus, the
drain-to-source current is enhanced when a positive drain-to-source bias is ap-
plied. The photovoltage developed across the gate junction is amplified by the
OPFET through the transconductance of the device. The above phenomena can
be collectively called as photovoltaic effects. The photovoltaic effects are charac-

terized by shifting of the energy bands.

One more effect which contributes to photocurrent is the photoconductive ef-
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fect. Here, after the generation of free electron-hole pairs in the various regions,
the majority carrier photogenerated electrons increase the conductivity of the
device by shifting the Fermi level closer to the conduction band. Thus, when
a positive drain-to-source voltage is applied across the device these carriers are
drifted across the drain and source terminals generating a photoconductive cur-

rent.

3.4 Modeling of OPFET

For surface-gated OPFETS, the space charge region extension in the channel

measured from the surface is written as,

Yag = (¢ — A +v(x) — vgs — Vor1) (3.1)

where Ny, is the doping concentration, ®p is the Schottky barrier height, A
is the position of Fermi level below the conduction band, € is the permittivity of
semiconductor, Vpp; is the photovoltage generated across the Schottky junction
and v(x) is the channel voltage which varies from 0 at the source end to Vpg at
the drain end. Vpg is the drain to source voltage and v, is the gate to source
voltage.

For buried-gate OPFETS, yq, is written as:

Ydg = bsm — (¢ — A +v(x) — vy — Vop1) (3.2)

where tg,, is the effective active layer thickness.
3.4.1 Photovoltage calculation in the front-illuminated, buried-gate

front-illuminated, generalized, and opaque-gate OPFET mod-

els

In the gate depletion region, the hole continuity equation is written as:

0 ape YW

0 3.3
oy vyT, vy (3:3)
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where p is the hole density, v, is the carrier saturated velocity, « is the absorption
coefficient, @ is the photon flux density, 7, is the hole lifetime under ac condition,
and y is the distance from surface towards the substrate.

Its analytical solution is given as:

1 y
= A wpB1 |1 — e 3.4
P) I { (1- avyﬂup)] ‘ &4
where
Ay = 90T ey (3.5)

(1 — avyTyp)

By = e (@ s o (3.6)
using the boundary condition at y = yq,
p = adr,e (3.7)

Then the photovoltage is calculated as:

kT 0
Vopr = ~—In [1 20 )] (3.8)
q Jsl
for front-illuminated OPFET.
kT tom
Vopt = ——In [1 + M()] (3.9)
q Jsl

for buried-gate front-illuminated OPFET.

kT quy Z( /4(ri +13)p(0) + Ltnp(0))
=—In|l L 1
Vop1 q n [ + ZLtst81 (3 0)
for the generalized model of OPFET.
kT quyZ (7 /4(ri + 13)p(0))
Vor = —In |1 y 3.11
ort q " [ i ZLtstsl ( )

for opaque-gate OPFET,
where p(0) is the hole density computed at y = 0, p(ts;,) is the hole density
computed at y = tg,, Js is the reverse saturation current density across the

Schottky junction, ¢ is the electronic charge, £ is the Boltzmann constant and T'
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is the temperature. Z is the gate width and L is the gate length. r; and r, are
the depletion region widths at the source and drain sides of the gate respectively,

given by:

1 = Yig(v(z) = 0) (3.12)

and
re = Yag(v(z) = Vis) (3.13)

3.4.2 Photovoltage calculation in the surface-gate and buried-gate

back-illuminated OPFET models

The hole continuity equation for back-illumination in the depletion region is rep-

resented as follows:

a _a(tsm_y)
O, p _agc —0 (3.14)
oy vyTy vy

Its analytical solution can be expressed as:

Ofgb/rwp e_a(tsm_y) (315)
1 4 avyTp)

p(y) = (

where the constant arising while solving the continuity equation is assumed zero

from physical condition. Then, the photovoltage is calculated as:

kT 0
o= T 1 000 a1
q Jsl
for surface gate back-illuminated OPFET.
Vopr = ~—In [1 1 2 ltm) )] (3.17)
q Jsl

for buried-gate back-illuminated OPFET. For surface-gate back-illuminated OPFET
(with substrate effect), g, in Eq.3.14 and 3.15 should be replaced by d, the ef-

fective surface-to-substrate thickness.
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3.4.3 Photogenerated electron density calculation in the neutral chan-
nel region for front-illuminated, buried-gate front-illuminated,

generalized, and opaque-gate OPFET models

The electron continuity equation in the channel region is expressed as

9%n n abe Y
— =0 3.18
9% Duron | Dy (3.18)

Here n is the electron density, D,, is the diffusion constant of electrons, 7, is the

lifetime of electrons under ac condition. The solution of Eq.3.18 is given by:

n(y) = a®r,,Aze e — By (3.19)
where
1
Ay = |1 3.20
= [ 520
and
adT,
By = g 3.21
@, - o2

L, is the ac diffusion length of electrons:
an - (l)nTwn)l/2 (322>
The boundary condition used is at y = 0,

n = adr,, (3.23)

3.4.4 Photogenerated electron density calculation in the neutral chan-

nel region for surface-gate and buried-gate back-illuminated

OPFET models

The continuity equation in the neutral channel region is given by:

82n n a®6_a(tsm_y)
— =0 3.24
93  Durw D, (3.24)
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Its solution is obtained as:

Yag—v)

n(y) - Oé(bTwnA2eia(tsmiydg)€_ Lnw — — B3 (325)
where Aj is given by Eq.3.20 and Bj is stated as:
adT,
By = 2 gt —) 3.26
@ -0 20
The boundary condition used is at y = yqq,
n = adr,,e i) (3.27)

For surface-gate back-illuminated OPFET (with substrate effect), ¢, in Eq.3.24

and 3.25 should be replaced by d, the effective surface-to-substrate thickness.

3.4.5 Photogenerated electron density calculation in the depletion
region for the front-illuminated, buried-gate front-illuminated,

generalized, and opaque-gate OPFET models

The electron continuity equation in the depletion region is represented as:

on n abe~ W

— =0 3.28
0y VyTum Uy (3.28)
The solution of the above equation is given by:
adr,,e
n(y) = (3.20)

(1 + avyTin)

3.4.6 Photogenerated electron density calculation in the depletion

region for the surface-gate and buried-gate back-illuminated

OPFET models

The electron continuity equation is expressed as:

a @ _a(tsm_y)
AL LR ~0 (3.30)
oy VyTun vy
The solution of the above equation is given by:
adr,,e"tm=y)
n(y) = (3.31)

(1 — avyT,n)
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3.4.7 Drain to source current calculation

In general, the total conducting charge is expressed as,

Qn=Qa+ Qe + Qdepl + Qdep? (332)

Here Qg is the charge due to doping; Qn, Quepr and Qgep2 are the charges due
to photogeneration in the channel, Schottky junction depletion region and the
substrate depletion region respectively.

Then @,, can be evaluated as:

tsm tsm Ydg d
Qn = /Ndr + /nch + /ndepl + /ndep2 (333)
Ydg Ydg 0 tsm

where ngp, Ngep1 and ngepo are the photogenerated electron densities in the chan-
nel, Schottky junction depletion region and substrate depletion region respec-
tively. The charge equation 3.33 is applicable to the front-illuminated, back-

illuminated (with substrate effect), and generalized OPFET models.

For buried-gate models, the charge is calculated as:

Ydg Ydg tsm
0 0 Ydg
For surface-gate back-illuminated model (without substrate effect), the charge is
given as:
ts’m tsm Ydg
Qn = /Ndr + /nch + /ndepl (335>
Ydg Ydg 0

The charge in the case of opaque-gate OPFET is computed as:

tsm tSm d
Qn = /Ndr + /nch + /ndepQ (336)
Ydg Ydg t

sm

All the integrations concerned with the computation of charge are performed
numerically using the Trapezoidal method. The total drain to source current is

then calculated using the model described in [30]:

v
Lis = Isstanh(nVps) + RDS (3.37)
sh
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The drain to source saturation current is calculated as:

Liss = quy ZQn(0) (3.38)

where ,,(0) is the total conducting charge at the source end in the presence
of series resistances. 7 is the parameter giving the ratio of the drain-to-source
conductance evaluated at Vpg = 0 to the drain to source saturation current. The

drain to source conductance can be estimated as

. Gch

Geon (3.39)

where G, is the channel conductance evaluated at Vpg = 0 and is given by

G = % .(0) (3.40)

(Q,(0) is again the total conducting charge at the source end, however, in the
absence of series resistances. R, and R, are the series source and drain resistances
and R, is the drain to source shunt resistance.

The parasitic series source and drain resistances involved in the calculation
are obtained following a similar procedure as given in [31]. In the case of the
generalized and opaque-gate model of the OPFET, the additional components
of the current due to the contributions from the sidewalls of the gate depletion

region are given as follows: At the source end,

qZmVpsPru, (1 —e )
Idepls =
AL(1 + ooy Tyn)

(3.41)

At the drain end,

qZm0y P, (1 — e"?)
4(1 + awyTn)

Liepra = (3.42)

3.4.8 Calculation of gate depletion region and sidewall space charge

The net space charge in the gate depletion region can be obtained as:

Ydg

L
Qdepsc =qZ | dx (Ndr — Nepl (y))dy (343)
[“]
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which is the difference between the doping-induced space charge and the pho-
togenerated electron density in the depletion region since the photogenerated
electrons deionize the space charge ions. The above equation is applicable for all
the models except opaque-gate model since in this model, there is no generation
below the gate.

Similarly, the net space charge in the sidewalls of the gate depletion region is

estimated as:

T T
Qsidsc - EGZ(CI)B — A — Vgs — VOPl) + 562((1)3 — A — Vgd — VOPl)
. _ 3.44)
1 _ ary 1 _ Qarg (
- qZE(I)Twn( ¢ )7"1 — QZE(I)Twn( € )TQ
4 (1 4+ avyTun) 4 (14 avyTyn)

where v44 is the gate to drain voltage. In Eq.3.44, the third and fourth terms
are applicable only to the generalized and opaque-gate OPFET models since it is
only in these models that the photogeneration in the sidewalls takes place. Thus,

the total net space charge is:

Qdeptsc — Qdepsc + Qsz’dsc (345)

3.5 Modeling of Schottky junction in OPFET

3.5.1 Calculation of Thermionic emission current

The prevailing mechanism of carrier transport across the Schottky junction for
moderately-doped semiconductors is Thermionic emission. The equation of Thermionic
emission for Schottky junction in OPFET with zero drain bias under illumination

is given by:
q(vgs+Vop1—IRs)
JTE == Jsl [6( %E ) — 1] (3.46)

where Jg is the reverse saturation current density:

_qé%-s-qA@B(V)}

Jo = A*T%[ o (3.47)

I is the current through the Schottky junction, A* is the Richardson constant,
Adp(V) is the voltage-dependent modulation of the Schottky barrier height,
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applicable only in the case of graphene metal gate given as:

1h €Ny (Vi + V)
Ad _ - 3.48
1ALp(V) = =3 QWVF\/ 2qng (348)

where h is the Planck’s constant, Vg is the Fermi velocity in graphene, Vj; is the

built-in potential at the Schottky junction (Vi = &5 — A), V = —vys — Vop1 +

IR, and ng is the graphene extrinsic residual doping density.

3.5.2 Calculation of drift current

In this thesis, we have modeled the Schottky junction in OPFET for the front-
illuminated, buried-gate front-illuminated, generalized, and the back-illuminated
(without substrate effect) OPFET models.

For the front-illuminated and the generalized models, the drift current is given

by:

Ydg

Jarift = —Q/Oéq)e_aydy (3.49)
0
Eq.3.49 can be evaluated as:
Jarigt = —qP(1 — e~ ") (3.50)

For the buried-gate front-illuminated model, the drift current is written by:

ts’m
Jarift = —q/o@eaydy (3.51)
ydg

Eq.3.51 can be computed as:
Jarift = —qP(e” Wi — e~ Otsm) (3.52)

For the surface-gate back-illuminated model, the drift current is stated by:

Ydg
Jarift = —Q/Oéq)e_a(tsm_y)dy (3.53)
0
Eq.3.53 can be calculated as:
Jd?"lft — _q@(e_a(tsm_ydg) _ e_atsm) (354)
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3.5.3 Calculation of diffusion current

For front-illuminated, generalized, and the buried-gate front-illuminated OPFETS,
the diffusion current density is obtained by solving the second order continuity
equation for minority carriers density (holes) given by:

P p-
p P PP

PO T Fate =0 (3.55)

where D), is the diffusion constant for holes. Eq.3.55 is solved using the boundary
conditions: p = 0 at y = y4, and p = py at y = oo where py is the equilibrium

hole density and the solution is expressed as:

o adrem n
p - (angw . 1) pO
€= (3.56)
(ydLg;y) n ad®r, e Wise\ L
— poe
(@®Ly, —1)
Then, the diffusion current density is obtained as:
Op
Lhﬁf::—qu(__> (3.57)
ay Y=Ydg
It can be evaluated as:
qa®L,, _ Dp]
Jaitf = — | ———————=e Y 4 gqpp—— 3.58
dif f [(1 tal,) qupr ( )
where Ly, is the ac diffusion length of holes:
Lyw = (D7) > (3.59)

For back-illuminated OPFET, the corresponding continuity equation, hole den-
sity, and diffusion current density are expressed respectively as follows:

0* —
pYP _PTPo

—« tsm_ R
T + ade ) = (3.60)

a@r]—wpe_a(tsm _y)

P = (042L223w — 1) + Do (3 61)
(m) qu)Twpe—Oé(tsm—ydgk(%) .
— poe\ e )+ (@PI2 — 1)
aly, —
qa@pr o (t _ ) Dp
Jgirr = | ———2 e ltsm—Yag —= 3.62
dif f (1+apr)€ +QP0LW (3.62)
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3.5.4 Current due to internal photoemission

Internal photoemissions occur for photon energies between the bandgap energy
of the semiconductor and the barrier height of the Schottky junction. In this
thesis, the photon energy is considered to be greater than the bandgap, hence no

internal photoemission will take place.

3.5.5 Calculation of total current density

The total current density across the illuminated Schottky junction is the sum of

the Thermionic emission, drift and diffusion current densities:

Jr = Jre + Jaripe + Jaisy (3.63)
3.6 Scaling rules
The scaling rules for the MESFET device as stated in [154] are reproduced here:

3.6.1 Constant gate length-doping concentration product

LNy = 1.6 x 1017 (3.64)

3.6.2 Maximum effective active layer thickness

L
tsm(mao:) - ; (365)

3.6.3 Minimum effective active layer thickness

tsm(min) =do+6Lp (366)
where
26%2' 0.5
do = 3.67
! qur ( )

69



is the zero-bias gate-depletion width and

kT |05
Lp = 3.68
b q2Ndr ( )
is the Debye length for the channel material.
3.6.4 Maximum breakdown voltage
4.4 x 10"(V/m?
Yy = 24X 0(V/m) (3.69)

Ndrtsm

3.7 Y-parameters and S-parameters modeling

From the equivalent circuit, the Y-parameters of the intrinsic device have been

obtained [36]:

Vi = juCpu+ 5 j;"ﬁ; = (3.70)

Yip = —jwCyq (3.71)

Yy = —Ime T jwClyg (3.72)
(14 jwCysR;)

Yoo = jw(Cyq + Cas) + 1/ Rys (3.73)

The intrinsic Y-parameters are converted to intrinsic ABCD-parameters [155]:

Yoo
A== 3.74
v (3.74)
B (3.75)
Yo '
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C_ 3.76
Yar (3.76)
Y1
D=—— 3.77
Yar (3.77)

The intrinsic ABCD parameter matrix is multiplied by the ABCD represen-

tation of the gate and drain leads as given in [36]:

A B 1 R, + jwL, A B 1 Ry+ jwLg

C D 0 1 C D 0 1
MESFET gate Intrinsic drain

(3.78)

The resultant matrix is converted to Z parameters [155]:

70— _g (3.79)
Zig = —AD+BC (3.80)
Zﬂ:—é (3.81)
Zm:_g (3.82)

The resulting matrix is added to the Z-matrix of the source to give the complete

Z-parameters of the OPFET [36]:

221 Z22 complete 221 Z22 MESFET RS+]WLS Rs+]WLS source

(3.83)

Z11 Lo Z11 Lo N Rg+ jwLs Rs+ jwLy
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Finally, the Z-parameters are converted to complete S-parameters under suit-

able source/load impedances [155]:

(Z11 — Z§1)(Zag + Zo2) — Z12Z9

St = 3.84
H (Z11 4+ Zo1)(Zog + Zoe) — Z12 7 (384)
2719(Ro1 Rya) 2
S,y = 12( Ro1 Ro2) (.85)
(Z11 4+ Zo1)(Zog + Zog) — Z12 7
2741 (Ro1 Roz) Y2
Sy — 91(Ro1 Ro2) (5.56)

(Zv1 + Zo1)(Zog + Zyo) — Z1a 7o

S,y — (Z11+ Zo1)(Zag — Zy) — Z12Z9 (3.87)
(Z11 4+ Zo1)(Zog + Zoo) — Z12 7

where Zj; is the source impedance and Zy, is the load impedance.

3.8 Design of Optically-controlled Amplifier and Oscillator

using S parameters

3.8.1 Design of Amplifier

One important factor which is necessary but not sufficient for unconditional sta-
bility [156] is the Rollett’s stability factor (K-factor). It should be greater than

unity for all frequencies under consideration. It is given by:

_ 1= Sul = [Se + AP

K
2[S12|[ 521

(3.88)
where
A = 511522 — 512321 (389)

This parameter should be less than 1 for all operating frequencies. One more
additional criterion is that there should be no RHP poles in network terminated
with defining impedances.

In case the K-factor is less than 1, then the device is conditionally stable at a
particular set of load and source impedances. This can be ensured if the following

conditions are satisfied [156]:
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No RHP poles in network terminated with defining impedances,
|S22| < 1 for all frequencies,

IT;n| < 1 for all frequencies,

where
S12591 1L

Iy,==5 e 3.90
BT STy, (3.90)

is the input reflection coefficient, and

Zoa — Zo

=— 3.91
L Zyo + 2y ( )

is the reflection coefficient of the load. Zj is the characteristic impedance of 50

ohms.

3.8.2 Design of Oscillator

One important factor which is necessary but not sufficient for oscillation is the
Rollett’s stability factor (K-factor). It should be less than unity [157]. The
oscillation frequency and the combination of source/load impedances that will
produce stable oscillation are determined by the S-parameter characterisation
approach. In this approach, the device will produce stable oscillations if the

following condition is satisfied [157]:

Tol|Tin] =1 (3.92)
where
Zon — Zy
S 3.93
¢ Zo1 + 2 ( )

is the reflection coefficient of the source. If the condition given by Eq.3.92 is

satisfied implies that its dual condition at the other port is also satisfied:

ITL||Tout] = 1 (3.94)
where
S1251 '
Ly =S —_— 3.95
t 22 + 1 — SuTe ( )
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is the output reflection coefficient. The frequency at which the oscillations condi-
tions are satisfied is the resonance or the oscillation frequency, and the source /load

impedances are the resonance or tuned circuits.

3.9 Structure of Graphene OPFET

i i VDR
l WW' hv Drain
= VYV Y

| ]

/

Gate

Graphene

Substrate
Wire shorting gate and source

Figure 3.8: Structure of graphene OPFET

The schematic sketch of the transparent gate graphene OPFET (GOPFET) under
optical front-illumination is depicted in Fig.3.8. Graphene is grown using either
epitaxy [158|, Chemical Vapour Deposition (CVD) [159], Reduced Graphene Ox-
ide (RGO) method [160], or mechanical exfoliation [161]. The difference between
graphene OPFET and the well known graphene FET (GFET) is the presence
of a physical oxide/insulated layer between the gate and graphene acting as a
capacitor in graphene FET, which is absent in graphene OPFET and is replaced
by an electrical dipole capacitance with equilibrium separation distance of the or-
der of Angstroms as opposed to the sub-micrometer thickness of the oxide layer.
Thus, the graphene OPFET is a special case of the graphene FET [162]. The
GFET fabrication process is as follows: a) transfer of graphene onto the Si/SiOs
substrate, b) application of resist coating Poly(methyl methacrylate)(PMMA),
¢) Physical Vapour Deposition (PVD) of metal (e.g. Ti/Au) on the sample, d)
Lift-off, e) Dielectric (AloOs) deposition by Atomic Layer Deposition (ALD), f)

application of resist coating (PMMA), g) Using PVD of metal-combination on
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the sample, h) Lift-off. The GOPFET fabrication is similar to GFET produc-
tion except there is no dielectric deposition on the graphene channel instead the
PMMA resist coating is adjusted to enable metal gate contact directly onto the

graphene.

3.10 Operation of GOPFET

Under Dark: The GOPFET functions analogous to conventional OPFET un-
der dark except that the graphene is a zero bandgap material and the metal gate
induces doping into the underlying graphene channel by transfer of carriers (ei-
ther n- or p-type) depending upon the metal used which results in an interfacial
potential step and hence a dipole capacitance. Further, the carrier density below
the gate in the graphene channel can be electrically tuned by applying a gate volt-
age relative to the Dirac point. The device functions by capacitively modulating
the charge carrier density in the graphene channel through applied gate voltage
which is then collected at the contacts upon the application of drain-to-source
voltage. The induced carrier density and hence the current are strong functions
of the bias-dependent Fermi level, dipole capacitance, the quantum capacitance,
and the diffusion to drift current ratio.

Under illumination: Photovoltaic effect, photoconductive effect, photo-
induced thermoelectric effect, field-effect doping and bolometric effect are the
various sensing mechanisms in graphene-based photodetectors.

1. Photovoltaic effect The photovoltaic effect results from the generation of
photocurrents in the vicinity of metal contact with graphene or in the junctions
created by p- and n-regions of graphene [163, 164|. These photocurrents are
produced from the generation of excitons in graphene when exposed to light,
and the separation of electrons and holes by the built-in electric fields near the
junctions.

2. Photoconductive effect This effect contributes due to the inter-band
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absorption of the photons with energy greater than twice that of the Fermi level
resulting in the generation of electron-hole pairs in the neutral region of graphene
rather than in junctions [1|. The generated carriers produce a photocurrent de-
pending upon the bias applied to the source and drain contacts of graphene FETs.

3. Photothermoelectric effect The photothermoelectric effect emanates
from the induction of temperature difference when exposed to light, eventually
leading to a thermoelectric voltage [5, 165] . Hot carriers are generated upon
illumination to form a hot Fermion distribution on account of the slow relaxation
of electrons and lattice in graphene and the thermal decoupling of photocarriers
from the crystal lattice. The photothermoelectric voltage occurs in the junction
of regions with different Seebeck coefficients [5, 166].

4. Field-effect Doping This effect occurs in gated photodetectors such as
graphene FETs. The gate voltage-induced variation of the channel current and
the trapping of charges at certain interfaces due to this variation is called as field-
effect doping. Under light exposure, the trapping of some of the photo-carriers
in the channel or at interfaces will lead to electrostatic production of free carriers
in graphene. There is a horizontal shift of the transfer curve on account of the
change of the effective gate voltage [167].

5. Bolometric effect This effect occurs through thermally-induced heating
of the active element under illumination, which alters the resistance of the active

element depending upon the temperature [168].

3.11 Modeling of GOPFET/GFET |1, 2]

3.11.1 Carrier statistics

2D density of states in graphene is given by:

2e]
92p(e) = 2 (3.96)
F

where ¢ is the energy, and A is the reduced Planck’s constant (A—h/(27)).
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Electron density at a chemical potential (p.) is given by:

ne(te) = ni + W‘/FQ (3.97)
where n; is the intrinsic carrier concentration in graphene:
2
n; = g (?7?) (3.98)
Hole density,
n(fie) = ne(—He) (3.99)
Full charge density or charge imbalance is given as:
Ng = Ne — Ny, (3.100)
Total carrier density,
Ny, =n, +ny, (3.101)

3.11.2 Quantum capacitance

Quantum capacitance of graphene charge sheet is expressed as:

2 (¢ fic
— 2 (L _)kpTIn(2+2cosh 3.102
Co=2 (i) ot (22 (7)) oo

3.11.3 Basic equation of graphene planar electrostatics

2 2
Vo =¢ EFp = MEp +
qVa Ft c +Oox F F 9.

(3.103)

where V; is the gate bias applied, ep = ( is the proper electric charge-independent
chemical potential, Cj; is the interface trap capacitance, m is the dimensionless
ideality factor (m =1+ C;;/C,,), and &, is the characteristic energy scale,

WﬁZV]%COI

T (3.104)

Eaq =

Coy 18 the oxide capacitance (C,; = €,.€0/d,,) for GFET and should be replaced

by the dipole capacitance (Cq = €pe9/zq) in the case of GOPFET where €,
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is the oxide dielectric constant, d,, is the oxide layer thickness, €, is the free
space permittivity, z4 represents the effective distance between the charge sheets
of metal gate and graphene (zq = dey — dp), deq is the equilibrium separation
distance between gate and graphene, dy—=0.24 nm and €, = 1 [25].
3.11.4 Self-consistent solution of basic electrostatic equation
Electron Fermi energy as a function of gate voltage:

ep = (M2 4 2e,qVe)Y? — me, (3.105)

Charge density,

gng (VG) - Coz

B 1/2
Ve — Vel + W (1 (sz) )] (3.106)
0

where V) is the characteristic voltage given as,

- (3.107)

and Vyp is the voltage corresponding to the electrical charge neutrality point.
3.11.5 Gate and intrinsic channel capacitances

The low frequency gate capacitance,

1 1 -1
O — 3.108
G (Coz + 0Q+Cit) (3-108)

Channel capacitance,

Con = HCC—"”;C (3.109)
Ca
3.11.6 I-V and amplification characteristics
Drain current,
Ip = q%DonS(O)% <1 - e(—@‘i?)) (3.110)
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where Dy is the diffusion coefficient (—puep/q), p is the mobility, e p is the diffusion

energy,

dn
D = Nen/ ( ;ﬂ“) —p)2 (3.111)

k is the ratio of diffusion to drift current which can be shown to be:

Coz
k= m (3.112)
Transconductance, g, is given by:
Im = %NVDCCH (3.113)
Unity-gain cut-off frequency, fr is expressed as:
fr=-Im (3.114)

B 2nCq

3.11.7 Optical effects: photoinduced carriers

If ng is the electron density under dark i.e. radiation field Fy = 0, then under

illumination i.e. Fy # 0, the electron density becomes
Ne = g + Ane (3.115)

From the theory of conservation of charge number, An. = n;, hole density
under illumination. Thus, n. = ng + ny. The photogenerated electron and hole

densities can be expressed as:

2 T T
Ne = p~; / S ReT § 1d:1: (3.116)
0
2 T T
np =mne—ng= p—; / G ReT lda: (3.117)
0

where v = hVp is the band parameter. Using the mass balance equations, the
quasi chemical potentials p; and pj for electrons and holes can be determined

and then the photo-induced electron and hole densities can be obtained.

79



3.11.8 Mass balance equation

FOr 4+ F27 = FO7 + 2T (3.118)
where
co,+
F (3.119)
describe the absorption (4) and emission (—) of photons and
cp, £
F; (3.120)
describe the absorption (—) and emission (4) of phonons.

" 2 2 i e
Foot = Bq%;;f ( ) [1 — £, < )] (3.121)

denotes optical absorption from the valence band to the conduction band, w is

the radiation frequency.

co,— __ q2F2 huw —hw
P = oo (7) ll—f— (T)] (3.122)

denotes optical emission from the conduction band to the valence band.

hwo

/ drx(hwy — x) fo(x)[1 — f_(x — hwp)] (3.123)

0

2(N0 + 1)

Fcp T
i 27 hry?

represents phonon emission with transition from the conduction band to the

valence band,
fuwg

/ doz(hwy — 2)f (=)L — f (hwo — o) (3.124)

Fcp — 2JVO
B 2Wh7

represents phonon absorption with transition from the valence band to the con-

duction band.
) = [1 + ele-m)/keT) -1 (3.125)

A = +1 denotes conduction band or higher energy band or electron and A = —1

denotes valance band or lower energy band or hole, p3 is the quasi Fermi level
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for holes or electrons under illumination.

hBb?
2,0FLW()

g = (3.126)

where p = 6.5 x 1078 g/cm? is the areal density of graphene sheet, wy=0.196 meV
is the optical phonon frequency at the I'-point, B 2, b = a/\/§ is the equilibrium
bond length in graphene, and

Ny = [eMwo/ksT _ 1]~1 (3.127)

3.11.9 Inter-band optical conductance

Ointer(w) = 2Pop/Fy = 8hw x Y (F\%" = F\5))/FS (3.128)
AN
where
Pop = 4hw x Y (B =B (3.129)
AN

is the energy transfer rate induced by optical absorption in the steady state.

3.11.10 Intra-band optical conductance

Tintra(w) = 2Pop1 | F§ = 8hw x F\5" /F§ (3.130)
where
pos_ TR wn 7OdEE AOE)L = HOAE)] (3.131)
AN 8kt (1+ (wTr)?) A A :
0

specifies intra-band optical absorption in the conduction band (A = 1) and va-
lence band (A = —1) with 7, being the energy relaxation time for an electron or

a hole in different bands.
Popy = 4hw x Fy%" (3.132)

is the energy transfer rate for intra-band absorption.
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3.11.11 Photobolometric effect (PBE) [3, 4]

The carriers within graphene stay away from equilibrium with lattice for a com-
paratively longer time (7;) than the time required to produce the thermalized
distribution between the electrons (7..). The inelastic e-e scattering rate under
high doping concentration with the Fermi level (Er) greater than kpT is given
by:

2 2
Tee HEr (3.133)

Here T, is the electron temperature in graphene, and « is defined as

q2

B EhVF -

a 1 (3.134)

This is followed by the electron energy dissipation or relaxation towards the
lattice via e-1 coupling or by diffusion of electrons far from the heated zone. The

e-1 scattering rate is defined as:

(Ey — Ep)D*kpTry,
4pv2h3V3E

7 (Ey) = (3.135)

where v,—2.6x10* m/s is the phonon velocity in graphene, D—18 eV is the de-
formation potential, 77, is the lattice temperature, and Ej, is the carrier energy.
The resistance ratio AR/ R, a key performance metric of the graphene-based

bolometer is written as:

AR . nabsPinTel
R - QEFnSWlLl

(3.136)

where P;, denotes the input power, 1y, is the efficiency of absorption, Wi and
Ly are the width and length of graphene respectively that absorb light, 7; is
the electron-lattice scattering time. FEp is related to the carrier density n as
Ep = hVp(mng)Y2.

Incorporating the length (L) and width (W) of the photodetector,

AR 1ue’? 1 : P-)(W1/2L3/2)
R~ 2hVpr /2,2 st T

(3.137)
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The PB current is absent under zero bias voltage. With applied bias between
the metallic contacts, the variation in graphene resistance can be sensed through

the variation of photocurrent flowing across the graphene sheet as:

Vw W ARV,
R R+AR R R+ AR

Lpy=AI =151, = (3.138)

The PB photodetector speed is restricted by the electron-lattice scattering-induced

hot carrier relaxation.

The PB effect analysis discussed earlier is mostly true for AR < R. For AR
> R, the electron temperature should be calculated directly.

The general PB photocurrent is obtained from the electron temperature AT,

and lattice temperature AT}, as:

I _E oo
P\ ot

where 0o /0T, and 0o /0T, are the conductivity variation rates with variations

ATL> (3.139)
T.=T;, =T, T.=T; =T,

in electron and phonon temperatures, and Ty is the initial temperature at equi-
librium without radiation field. The absorbed power emanates from light absorp-
tion as well as from electrical Joule heating. The Joule heating power is given
by Pus = Vi?/R. The heat transfer equation governing the absorbed power-
dependence of carrier concentrations and the hot electron temperature (7,) is

stated as:
kN?T, — go_y(T, — Ty) + P* =0 (3.140)

where g._; is the electron-lattice thermal coupling (g.—; = vCe), k. denotes the
thermal conductivity of graphene, C, is the heat capacity of electrons, v is the
cooling rate of electrons towards lattice, Tj represents the substrate temperature
and P* is the power absorbed by the electrons per unit area.

The thermal conductivity k. of electrons is given by:

k3T,
k, = T (3.141)
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where T, represents the temperature of operation, and o is the graphene electrical
conductivity. The heat capacity of electrons, C, = AT, decides the initial
temperature elevation, where A denotes the graphene sheet areal density, and
v = (477'5/2]{72371;/2)/(3]1‘/{«‘) is the Sommerfeld coefficient.

Because of much higher heat capacity of the lattice, C,, compared to the heat
capacity of the electrons, C¢, the absorbed power propels the electron tempera-

ture (7¢) above the lattice temperature (7p).

The heat equation solution is expressed analytically over the detector length

as:

B _ sinh((0.5 x L — |y])/§) P*€?
ATely) = Tely) = To = = 5005 x L) €12k,

(3.142)

where £ is the e-1 hot carrier cooling length. The cooling length is represented as
¢ = (ke/ge—1)"/?. For maximum photobolometric output, the external electrodes
should be placed from the photogenerated carriers at a distance exceeding the

electron mean free path.

3.11.12 Photothermoelectric effect (PTE) and Photovoltaic effect (PVE)
5]

The carrier multiplication (CM) induced by intrinsically occuring Auger and im-
pact ionization processes of the photogenerated carriers in graphene is even more
profilerated by the energy transport mediated by hot carriers which stay at an
elevated temperature above that of lattice for a long time due to the inefficient
electron cooling towards the lattice.

Hot carrier-based thermoelectric currents show non-monotonic dependence
upon the gate voltage with multiple sign changes and is a fingerprint of the
carrier multiplication gnd the hot carrier regime. CM process enables fast car-
rier generation, whereas the carrier drift towards the contacts from the region of

excitation is a long charge harvesting stage.
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The processes accounted by optical phonons, occuring on picoseconds time
scale, become damped when the photoexcited carrier energies fall well below the
Debye energy, wp=200 meV. For these carriers, the prevalent cooling process is

assisted by acoustic phonons, producing a slow cooling rate. For cooling rate

defined as dT,;/dt = —y1(Ty — Tp), Te—T), Reference [169] finds

B 3D B 0.87(uc[m6V]/100)3n8_1
 AmR3pViAkpT, T.,[K]/300

" (3.143)

The energy transport effects prevail over the conventional photovoltaic effect.
The current density in the hot-carrier domain is expressed by the local current

density
Jj=0E —enng(r)VU,(r) + osV1y (3.144)

The photovoltaic effect (PVE) is represented by the initial two terms in Eq.3.144
(here n, is the equilibrium density of photogenerated carriers and 7 is the mo-
bility at energy e—(1/2)hf, f is the frequency of radiation). The readjustment
of carriers with respect to this local photocurrent establishes an electric field
E = =V (¢ — p./e) that propels the current from the excitation region towards
the contacts. The final term in Eq.3.144 denotes the thermoelectric current con-
tributed by the gradient of electron temperature. In Eq.3.144, ¢ and s are the
electrical conductivity and Seebeck coefficient respectively. The energy flux which

determines the temperature profile is given as:
W = (¢ — pe/q)j —1Ij — ke VT (3.145)

where II = sT is the Peltier coefficient.

Considering a rectangular domain with width W and length L, with an inter-
face step in carrier density between regions 1 and 2. The two contacts are placed
at y = +L/2 where the photocurrent is collected.

Utilizing the continuity relation V - J = 0 and Eq.3.144, the photocurrent is
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written as:

w L/2
dydx
I :/ / (s(y)VTy — o (y)gnn.VU,) ];JW (3.146)
0 —L/2
L/2
where R = () [ o '(y)dy represents the total resistance, and the contacts
_L)2
L/2
are kept at same potentials, [ E,dy = 0. The first term in Eq.3.146 gives
—L/2

the hot-carrier (HC) contribution through the average elevation of the electron

temperature along the interface:

S1— S
Loy = ( 1R 2) AT, AT = T3 — T (3.147)
where Ty denotes the temperature of lattice, s; and sy represent the Seebeck
coefficients in domains 1 and 2, and the notation ave specifies the average value

over 0 < z < W,y = 0. The heat transport equation given below determines the

spatial profile of T;:
V-W+~Cuy(Ty —Ty) = acgN,e9g = hf (3.148)

where C; is the electron specific heat, v is the electron cooling rate towards the
lattice (Eq.3.143), and N denotes the photon flux absorbed in the laser spot per
unit area.

The chemical potentials, f; 2, and the conductivities, oy 2, give the estimate

of (s1 — s9)/R in Eq.3.147 using R = (5%) (m> and the Mott formula

k5T 1 do
)= — - 3.149
s(fe) 30 o (3.149)
12
o () = Tpmin <1 + A_62> (3.150)

where kT < max(u,A). Here A specifies the neutrality region width, and o,
represents the minimum conductivity.

The photovoltaic effect is represented by the second term of Eq.3.146:
Iip // r)gnng(r)VU,(r)dzdy (3.151)
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The laser spot size being larger with respect to the depletion width,ly > wy,
the integration in Eq.3.151 simplifies. Setting eUy(r) = p.(r), using Eq.3.149,

and replacing the integration over y by that over p., gives:

o UA ( -1 ﬂ - —1 @) ave _
Iipyy = p—" tan A tan A ) T (y=0) (3.152)

Since j has zero divergence, we can write Eq.3.145 as:
V-W=-—0ctj*-37-VII-V- (kVT) (3.153)

The first term (quadratic in j) can be ignored. The Peltier cooling effect, de-
scribed by the second term of Eq.3.153, is substituted in Eq.3.148 giving:

-V (k?eVT@l) + ’YCGZ(Tel — T()) = 0460N —|—j - VII (3154)

Since the Peltier term j-VII spans over a distance of the order of the p-n junction
width (typically < 0.1 pm in the devices studied till now), it can be replaced by
a delta function source confined at the 1-2 interface.

Eq.3.154 can be simplified by averaging the quantities along the device width
0 < < WL T () = () [ Tuli s, N“(4) = () | Nz p)d

For cooling length & = (k,/vCy)'/? greater than L/2, Eq.3.154 can be solved
by approximating v = 0 producing temperature profile 679"(y) = (1-2|y|/L)AT
with the average temperature elevation along the interface:

AT = - %OZOJ\T[% (3.155)
= (k1 + ko) + W(Sl — 89)?

This gives the temperature elevation of order AT for & > W (narrow device)
and of order (W/&)AT for & < W (wide device).

For a general system size L, the solution can be expressed as:

0T (y < 0) = Aysinh((y + L/2)/&) (3.156)

9y > 0) = Agsinh((L/2 — y)/&) (3.157)
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After the boundary values and derivatives matching at y = 0, we get

AT = acolo Ny (3.158)
Mocoth & + &2 coth L 4 2o (5) — s55)2 '
g Moy T g 26 T RwlS1 = 52

The above result agrees with Eq.3.155 for small system size L < ;5. At large
L, it gives a saturated value of:

l age
7 = 2500 y=0 (3.159)

(8+8)
3.12 Theory of Numerical Modeling Methods

3.12.1 Finite-Difference Method (FDM)

The discretization of finite-difference domain is shown in Fig.3.9 [170].

Ui
®)
| Ef -1
|
Ui 4 | (l)
Q | |
| I |
| | |
o—f—o—f o f o F—dF 1 o1 o =
1 Xi—1 Xi Xi +1 Xn
~g
/
X.'—% Xr'—!—%

Figure 3.9: The discretization of domain for FDM.

There are many instances where continuous domain representing exact solution
has to be replaced by discrete domain giving approximate solution.

For one dimensional case, given the function u(z) and a set of points x; ; i =
1,...,N as shown in 3.1, the numerical output is represented by a discrete set of
function values uy,...,uy that approximate u at these points, i.e., u; = u(x;); i =

1,..,.N.
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Consider that the points are equidistant along the domain with a distance Ax
= xip1-x; 1 = 1,...,N-1. Thus, u;1=u(x;r1)=u(x; + Az). This partitioning of
the domain is called as a mesh or grid.

The forward, backward and centred finite difference approximations of w,|;,

respectively are defined as [170]:

Ug|; = % (3.160)
Ui = U_A—z_l (3.161)
Ui = u”; A::Zl (3.162)
The second order derivative is written as:
Ugz|i = AR _z?;— il (3.163)

The above approximations are substituted in the partial differential equation
representing the physical phenomenon and the resulting matrices-based equation

is solved for the unknowns.

3.12.2 Finite-Volume Method (FVM)

The finite volume method approximates the governing PDE over finite-sized con-
trol volumes called as cells, rather than at points, as shown in Fig.3.10 [73]. These
discrete bounding surfaces are known as cell faces and the cell vertices are called
as nodes. All data is saved at the centroids of the cells, known as cell centers.
The finite volume method begins by integration of the governing PDE over
the cells forming the computational domain. For Poisson equation VZ¢ = Se,

this yields

/ VipdV = / SsdV (3.164)
Vi Vi
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Figure 3.10: 2D Computational Domain and Mesh for FVM

where V; is the volume of the i-th cell. The volume integral on the LHS of Eq.
3.164 can be simplified by writing the Laplacian, as V?¢ = V - V¢, and by using
the Gauss divergence theorem, to yield

/ (Vo) - hdA — / S,dv (3.165)

S Vi

where S; is the surface area of the surface bounding the cell 4, and dA is the
differential area with outward pointing unit surface normal n. The RHS of Eq.
3.165 can be simplified by using the mean value theorem and by considering that
the mean value of S4 over the volume Vj is the same as the value of Sy estimated
at the cell centroid 7. This yields

/(V¢) -ndA = S;V; (3.166)

S;

The cells are generally bounded by a set of discretized faces. Therefore, the LHS
integral of Eq. 3.166 can be substituted by a summation over the faces enclosing

the cell 17, to give
Nfl Ny,
/w - hdA = Z Vo) -1iA; = SV (3.167)
f= Ls,
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where the index “f 7 refers to cell faces, Ny ; is the total number of cell faces 4, and
Ay is the area of face f. The quantity, (V¢); - s gives the average value of the
normal component of the gradient of ¢ at face f, i.e., (Vo) -nAfALfo(V@ -ndA.

For FVM, the normal gradients at the faces are approximatedf by the cell
center values of ¢. Conventionally, for this purpose, Taylor series expansions are

used. This approximation, followed by substitution into Eq. 3.167, gives a set of

discrete linear algebraic equations of the form

N¢
Z A o = SiVi (3.168)
i=1

for all 1=1,2,...N¢, where N¢ is the total number of cells. In FVM, the PDE is

first integrated over the control volume and then approximated and solved.

The quantity under consideration is conserved. These conservation laws may
be mathematically represented as J = —I'V @, where J is the flux, ¢ is the driving
potential, and I' is the proportionality constant. If I'=1, then J = —V ¢, thus
Eq. 3.167 may be written as

Ny,

> JpenifAr = =5V, (3.169)
f=1

Noting that Jy - ny expresses the transport rate of the quantity under consider-
ation, such as charge, energy, or mass, leaving the control volume through the
face f per unit area, the LHS of Eq. 3.169 expresses the net rate that leaves the
control volume. Eq. 3.169 represents a fundamental conservation property at

steady state.

3.12.3 Finite-Element Method (FEM):

The finite element method is based on the variation of parameters principle, first
proposed by Ritz and Galerkin [79]. The method converts the strong form of
the PDE to the weak form and then uses finite-sized elements to discretize and

solve the resulting weak form problem. The extraction of the weak form begins
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by multiplying the PDE with a so-called test function, and then integrating the

entire equation over the whole computational domain [73].

/ [VZplvdV = / SgvdV (3.170)
Vs, 6>
where V5~ is the volume of the whole computational domain, and v is the test
function: v=wv(z,y) in 2D and v=v(z,y,2) in 3D. The test function is a scalar
function. Noting that V - (vV¢) = vV?¢ + (Vv) - (V¢), Eq. 3.170 may be

written as

/ V- (V) — (Vo) - (Ve)|dV = / S,vdV (3.171)

Next, using the Gauss-divergence theorem for the first term of Eq. 3.171, we get

/ (0V6) - hdA — / (Vo) - (V)| dV = / S,vdV (3.172)
Sy Vs Vs
where 7 is the outward pointing surface normal on a differential area dA on the
enclosing surface of the control volume. The total surface area of the enclosing
surface is denoted by [. Eq. 3.172 presents the generalized weak form of the
Poisson equation. .
Before applying the finite element method, the computational field is dis-
cretized into a set of convex elements as shown in Fig.3.11 [73]. The further

step is to represent the solution and the test function in each element by a linear

combination of basis functions:

N

o(z,y) = D_ai(v,y) (3.173)
N

v, y) = 3 bivi(z,y) (3.174)
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Figure 3.11: 2D Computational Domain and Grid for FEM

where N is the number of nodes and ); are the basis functions. These basis
functions can have arbitrary order, with the minimum order being the order
of the PDE being evaluated. These basis functions are linearly combined using
undetermined coefficients a; and b; in Eq. 3.173 and 3.174. Substituting Eq. 3.173
and 3.174 in Eq. 3.172, followed by simplification and rearrangement produces a

linear system of algebraic equations of the nature

N
> Kirar=F, (3.175)
k=1

for all +=1,2,..., N, which may be solved to obtain the undetermined coefficients a;.
Substituting these coefficients back into Eq. 3.173 and 3.174 will produce the final
solution for ¢. The square matrix K j is known as the stiffness matrix, while the
column matrix (vector) F; is known as the load vector. With the contributions
from all elements, results in a large sparse matrix equation system that can be

solved for the final output.
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Chapter 4

Structural, Material, Illumination Model,

and External Control Factor Optimization

4.1 Validation of the employed Semi-Analytical Model with
the Experiments and Visual TCAD Software Simula-

tons

Fig.4.1 compares the Si front-illuminated OPFET characteristics obtained using
the employed model with that given in experiments in [6] showing reasonable
agreement. The discrepancy is attributed to the fact that the series resistance-
dependence on drain voltage is not considered in the employed model. This is
true for high current operated and high series resistance devices (due to low mo-
bility of Si) as in the present case. Tabled.1 gives the parameters employed in
the experiments and validation. The source of optical illumination is white light
laser diode modulated by a signal of frequency 2.5 MHz. Under another set of
operating conditions with (vys=—10 V, Vpg=24 V, A=850 nm, and P=5 mW),
a responsivity of 0.24 A/W is obtained from the semi-analytical model as com-
pared to 0.27 A/W from the experiments thus, validating the model. Fig.4.2
shows the validation of the present model with the experimental results given in
|7] and with Visual TCAD software simulations, both of which show close resem-

blance. The illumination model employed in the experiments and for validation
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is the opaque-gate model. The parameter values used in experiments and for
validation are specified in Table4.2. The I-V characteristics under dark show a
saturation drain voltage of around 1.32 V as opposed to a predicted value of 1.69
V due to the negative shift on account of the series resistance-induced voltage
drop. The same is the case under illumination. Fig.4.3 shows the comparison of
the present simulation results with another set of experimental results given in
[8]. The illumination model used for validation is the opaque-gate OPFET, while
the parameter used for comparison is the transconductance. Table4.2. lists the
parameters used in validation. The graphs in Fig.4.3 show reasonable agreement.
The discrepancy in the values of transconductances between the measured and
calculated values is due to the presence of short channel effects in practical de-
vices with gate lengths shorter than 2 um. These effects cause a negative shift
in the threshold voltage and consequently a suppression of the transconductance.
The shift in threshold voltage hinders the gate control ability over the channel.
With higher applied gate voltages, the depletion width reduces greatly, and con-
sequently, the variation in depletion width with gate bias is a small fraction of
the large channel area compressing the transconductance. Since the present work
employs a semi-analytical model suitable for medium- and long-channel devices,
the two-dimensional effects such as short channel effects are not apparent in the
theoretical plots. In the simulated plots, the transconductance is significantly en-
hanced at larger gate voltages because there is no shift in the threshold voltage.
At higher gate voltages, the zero threshold voltage-shift amplifies the depletion
width sensitivity. The change in the depletion width is still a larger fraction
of the total channel area. At zero gate bias voltage, the gate junction, forward
biased by the developed photovoltage attracts a significant number of electrons
away from the drain, lowering the transconductance. The above two effects are
not apparent in practical devices due to the short channel effects. The threshold
voltage of the device is obtained by extending the drain-to-source current graph

to negative gate-to-source and is the voltage at which the drain current is zero as
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depicted in Fig.4.4. The graphical value is matching with the predicted value of
—2.154 V. Yet another set of experimental results [9] is compared to demonstrate
the simulation results in this work Fig.4.5. The illumination model in both the
cases is the front-illuminated OPFET, wherein the transparent surface gate is
illuminated and not the spacings. In Fig. 4, the drain-to-source current is plot-
ted as a function of the photon flux density. The measured and simulated values
show close agreement. Refer to Table4.2 for the parameter values used in exper-
iments and calculation. Figures 4.2, 4.3, and 4.5 are sufficient to demonstrate
the responsivity and partly the other parameters since the responsivity only de-
pends upon the photocurrent which is clearly understood from these graphs. To
further demonstrate the validity of 3-dB bandwidth and f7, the Sy; parameter is
compared at a range of frequencies from the experimental works [7, 8] with that
obtained using our model showing close resemblance (Figs. 4.6 and 4.7). The Sy
parameter incorporates all the individual parameters i.e. g,,, Cys, and modula-
tion frequency which are significant enough to validate the 3-dB bandwidth and
fr of the device.

There is no sufficient data available for comparing the experimental plots of
switching time with the present simulations. However, the switching time from
the present model is contrasted with that from the reference model [38] showing
close agreement as presented in Table4.3. The parameters employed in calculation

are given in Table4.4.
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Table 4.1: Parameters employed in Chattopadhyay experiments/validation

Parameter Name Value Unit
m Low field electron mobility (0.08) (m?/V.s)
Vbi Gate built-in potential (0.44) (V)
Vyn Saturated electron velocity 9.4 x 10* (m/s)
Vyp Saturated hole velocity 6.3 x 10% (m/s)
Tp Lifetime of holes 35 x 106 (s)
Tn Lifetime of electrons 35x 106 (s)
€ Permittivity 1.036 x 1010 (F/m)
L Gate length 13x 1076 (m)
Z Gate width 200 x 106 (m)
Lgs Gate-to-source spacing 4x10°6 (m)
Lga Gate-to-drain spacing 4x10°6 (m)
tsm Active layer thickness 0.3x10°6 (m)
Nar Channel doping concentration 7 x 1022 (/m3)

180,

—&— Present Model
—<&— Gautier Experiments

210

270

Figure 4.7: Comparison of the Sy; parameter from [8] and the present model under illumination
(2 x 10° /m?-s) in the frequency range 2 GHz to 8 GHz at —2 V gate to source voltage and

3.7 V drain to source voltage

The validations with Visual TCAD software are also provided in the UV region
for Au-gated GaN, 6H-SiC, and ZnO front-illuminated OPFETs as shown in
Figures. 4.8, 4.9, and 4.10 respectively showing close agreement. The parameters

used in validation are provided in Table4.5. In the case of GaN OPFET, the high
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Table 4.2: Parameters employed in De Salles, Gautier, Mizuno experiments/validation

Parameter Name Value (De Salles) Value (Gautier) Value (Mizuno) Unit
W Low field electron mobility (0.45) (0.45) (0.4) (m?/V.s)
Vai Gate built-in potential (0.76) (0.75) (0.73) (V)
Vyn Saturated electron velocity 1.2 x 10° 1.23 x 10° 1.15 x 105 (m/s)
Vyp Saturated hole velocity 0.7 x 10° 0.73 x 10° 0.65 x 10° (m/s)
Tp Lifetime of holes 1079 1078 1078 (s)
Tn Lifetime of electrons 1076 106 1076 (s)
€ Permittivity 1.1 x 10710 1.16 x 10710 1.14 x 10710 (F/m)
L Gate length 0.5x 106 1.3x 106 0.5x 106 (m)
Z Gate width 300 x 106 300 x 106 280 x 106 (m)
Lys Gate-to-source spacing 3.5%x10°6 1.85x 106 0.8x10°6 (m)
Lgq Gate-to-drain spacing 1.5x 106 2.5x10°6 2.3x10°6 (m)
tsm Active layer thickness 0.15x 106 0.18 x 106 0.15x 106 (m)
Ng, Channel doping concentration 1.5 x 1023 1.3 x 102 2.5 x 1023 (/m?)
Na Substrate doping concentration 1019 1019 1019 (/m3)
o Absorption Coefficient @ 750, 870, 830 nm 1 x 106 2 x 10° 9.5 x 10° (/m)

Table 4.3: Comparison of Switching time in Si OPFET using the employed model with that
in [38] at vy,=0 V and Vps=1.5'V

Photon Flux

Switching time (Present model)

Switching time (Reference model)

(/m?-s)
0 6.1x10" g 51x 1071l g
1017 1.66 x 10711 g 1x10-11 g
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Table 4.4: Parameters employed in Chattopadhyay Si OPFET model [38]

Parameter Name Value Unit
m Low field electron mobility (0.12) (m?/V.s)
Vii Gate built-in potential (0.40) (V)
Vyn Saturated electron velocity 1 x 10° (m/s)
Vyp Saturated hole velocity 1 x 10° (m/s)
Tp Lifetime of holes 85 x 106 (s)
Tn Lifetime of electrons 85 x 106 (s)
€ Permittivity 1.036 x 1010 (F/m)
L Gate length 1x10°6 (m)
Z Gate width 60 x 106 (m)
Lys Gate-to-source spacing 0.8x10°6 (m)
Lga Gate-to-drain spacing 0.8x10°6 (m)
tsm Active layer thickness 0.3x10°6 (m)
Ngr Channel doping concentration 1.7 x 10?2 (/m3)
@ Absorption Coefficient @ 850 nm 6.4 x 10% (/m)

series resistances due to the wide bandgap and low mobility as well as moderate
doping concentration causes the difference in the graphical and calculated values
of the drain-to-source saturation voltage (Vpsar=0.25 V (under dark-graphical);
Vpsar=0.1876 V (under dark-calculated); Vpgar=1.5 V (under illumination-
graphical); Vpsar=0.62 V (under illumination-calculated)). The same is the
case with SiC OPFET. This is because the series resistance-dependence on drain

voltage is not considered in the present model.
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Figure 4.8: Comparison of the present model results with the simulations using Visual TCAD
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Figure 4.9: Comparison of the present model results with Visual TCAD (Au-SiC front-
illuminated OPFET)
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Table 4.5: Parameters employed in calculation for GaN, 6H-SiC, and ZnO OPFETs validation
with Visual TCAD results

Parameter Name Value (GaN) Value (ZnO) Value (6H-SiC) Unit
© Low field electron mobility 0.1 0.032 0.037 (m2/V.s)
dp Schottky Barrier Height (Au-gate) 0.88 0.65 1.37 (eV)
vy Carrier velocity in the y direction (electrons/holes) 2 x 10°/4 x 10 2.8 x 10°/1.8 x 10° 2 x 10°/9 x 10*  (m/s)
T Lifetime of holes 0.9 x 107° 1x 106 9.19 x 1079 (s)
Tn Lifetime of electrons 1.15 x 1076 1x 106 9.19 x 1079 (s)
€ Permittivity 9.21 x 10~11 7.97 x 10711 8.55 x 1011 (F/m)
a Absorption Coefficient @ 350 nm 8 x 10° 2.7 x 107 1.06 x 103 (/m)
Z Channel Width 100 x 10~ 100 x 10~ 100 x 10~ (m)
L Channel Length 3x 1076 3x 1076 3x 1076 (m)
tsm Active-layer thickness 0.15 x 10~ 0.15 x 10~ 0.15 x 10~ (m)
d Surface-to-substrate thickness 1x 106 1x 106 1x 106 (m)
Nar Ionized impurity concentration 4.95 x 1022 4.95 x 1022 4.95 x 1022 (/m3)
2 %103 _
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Figure 4.10: Comparison of the present model results with Visual TCAD (Au-ZnO front-
illuminated OPFET)

Further, the modeled Schottky junction of OPFET under dark and illumina-
tion has been validated with experiments reported elsewhere |7| (Fig.4.11) and
with Visual TCAD simulations (Fig.4.12).
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Figure 4.11: Validation of the Schottky junction model with the experiments 7] under 750 nm

illumination at a flux density of 10*?/m?-s
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Figure 4.12: Verification of the Schottky junction model with commercially availabe Visual

TACD software under reverse bias conditions with and without 600 nm illumination

The parameter values employed in experiments (DeSalles) and for validation
are same as that given in Table4.2. For Visual TCAD software validation us-
ing Au-GaAs front-illuminated OPFET, the parameters used are specified in
Tabled.6.
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Table 4.6: Parameters employed in Schottky junction model validation (Au-GaAs OPFET)
with Visual TCAD software

Parameter Name Value Ref. Unit
o Absorption Coefficient @ 600 nm 4 x 106 [32] (/m)
€ Permittivity 9.21 x 10711 [3] (F/m)
L Channel Length 4x107%  [33] (m)
Z Channel width 4x107%  [33] (m)
tsm Active layer thickness 0.3x 1076 [33] (m)
N, Tonized donor concentration 4 x 10?2 (/m3)
vy Carrier velocity in the y direction 1.2 x 105  [33] (m/s)
dp Schottky Barrier Height 0.865 [34] (eV)
Tp Lifetime of holes 1x107% [33] (s)

4.2 Structural Optimization and Analysis of the GaAs Buried-

gate Front-illuminated OPFET for Visible-Light Com-
munication (VLC)

The optimization problem: Consistent with the scaling rules, the gate length
and the active-layer thickness have a definite relation to each other. The gate
length-doping concentration product is constant. The minimum and the maxi-
mum values of the active layer thickness have been defined for a given gate length.
The maximum drain voltage that can be applied below the breakdown voltage is
also stated.

Previous research did not establish whether there is a trade-off between band-
width and fr in OPFET as the gate length increases. The variation of the
bandwidth with gate length has a complex dependence on various factors. These
include the type of the gate and the semiconductor material used, the illumina-
tion model employed, the structural parameters utilized, the photon flux density
used, and the values of series resistances. Cumulatively, these factors determine

the relative contributions of the photovoltaic and the photoconductive effects and

106



hence the bandwidth. The bandwidth depends upon the magnitude and the rel-
ative variation of the photovoltaic and the photoconductive effects vis a vis the
frequency. The degree of influence of the above listed factors on the transconduc-
tance and the gate-tosource capacitance of the device determines the dependence
of fr on gate length. The two photoeffects also have a significant bearing on
the responsivity. The foregoing discussion delineates the parameters of the opti-
mization problem. Although the above contributions affect the bandwidth and
fr-dependence on gate length, as a general rule, this work reveals for the first
time that the 3-dB bandwidth has a direct relationship with gate length when
the limiting factors such as series resistances and photoconductive effects are kept
to their optimum values. Further, it is well established in literature that the fp
and responsivity decrease with the increase in gate length. Thus, a trade-off is
established between bandwidth and f; as well as between gain and bandwidth
which calls for optimization.

The main aim of this work is to achieve simultaneous high-speed detection and
amplification using GaAs buried-gate OPFET for OEIC-based VLC applications.
The model has been studied by imposing a constraint on responsivity of greater
than 2 x 10° A/W. The dimensions and the doping concentration have been
appropriately varied to switch the photocontributions on and off. The value of
the constraint has been adopted at the highest value reported for an APD in
the visible region (Gaberl et al. 2014). The optimization is discussed under two
conditions, namely, with and without constraints on the dark current.

Objective Function:

Mazimize( Bandwidth and fp) — f(structure) — f(L,Ztsm,Nay)

Subject to: Responsivity > 2 x 10° A/W.
Where: tgn(mar)=2; tsmmin) = do + 6Lp; LNy = 1.6 x 10'7;
L=(3 pm,... 25 pm); Z=(100 pm,...,1200 pm); ts,=(0.26 pm,...,7.8 pum);

The large values of gate lengths are considered for optimization to cover a
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wide range of medium to long gate lengths on the basis that the 3-dB band-
width increases with gate length as proposed in this work. Generally, devices
with gate length shorter than 2 pum are short channel devices and vice versa
for long channel devices. Short channel devices are known for their higher fr,
but the bandwidth-dependence is not known. In this case too, the same bear-
ing of bandwidth-dependence on gate length as that for long channel devices is
expected and will be investigated in a future work. The scaling rules take into
account the relationship between gate length, doping concentration, minimum
and maximum active layer thickness, and the breakdown voltage at the chosen
active layer thickness. There are no constraints on the gate width. Also, accord-
ing to the authors’ literature survey, there are no scaling rules in correlation with
the reference (Golio 1988) which state the relation between the above parameters
and the gate width. Thus, to cover a wide range of dimensions, the gate width is
chosen between sufficiently low (100 pm) to sufficiently high (1200 pm) values.
The simulations from medium gate lengths of 3 um to 8 ym and long gate lengths
of 8 um to 25 pum are presented. The active layer thickness is chosen to satisfy
the minimum and maximum values (0.26 pm to 7.8 um) for each device. The
structural optimization is carried out over the range of dimensions and doping
concentrations as given in the objective function as well as below the breakdown

voltage and only the most relevant eight sets of results are provided for analysis.

The performance metrics of the GaAs buried-gate OPFET have been evaluated
using the MATLAB 2015a software. The device is biased in the saturation region
of operation with the gate shorted to the source. There are no restrictions on the
drain bias voltage except that it should be below the breakdown voltage. The gate
to source voltage is set to a constant value of 0 V to avoid additional power supply
and since the author intends to demonstrate clearly the fact the 3-dB bandwidth
increases with gate length which can be understood only at a fixed gate-to-source

voltage and photovoltage. The drain bias has no significant influence on the
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dark current, bandwidth, and responsivity until it is biased in the pinch-off or
saturation region of operation. The drain bias has a significant bearing on the
unity-gain cut-off frequency. The amplification bandwidth (f7) increases at high
drain voltages since the gate-to-source capacitance reduces significantly although
the transconductance remains almost constant. This decrease in capacitance is
attributed to the complete depletion of most of the channel regions at high drain
voltages, thus inducing insensitivity. The high fr, at larger drain voltages is the
reason for high voltage operation. Since fr, tend to decrease with gate length, the
bias voltages are scaled upwards. Generally, the avalanche photodiodes operate at
high reverse bias voltages of about 24 V to 100 V [86, 87, 89]. Thus, the maximum
bias voltage was limited to 50 V to keep it comparable to the photodiodes and to
contrast the performance with that of the photodiodes while at the same time not
significantly limiting the effective detection-cum-amplification bandwidth. The
photon flux densities of 106, 10¥, and 10?* /m?2-s correspond to optical power
densities of 0.33 uW/em?, 0.33 mW/cm?, and 0.33 W/cm?, respectively at an
operating wavelength of 600 nm. Results of the structural optimization from the
medium gate lengths (3 pum) to long gate lengths (25 pm) are listed in Table4.7
and 4.8 at the bandwidth frequency. The parameters employed in the calculation
are presented in Table4.9.

In the figures to follow, PV stands for photovoltaic and PC for photoconduc-
tive. The first component of the total charge under illumination (see Eq.3.34)
represents the PV charge, while the second and third components the photocon-
ductivity. Figures 4.13, 4.14, and 4.15 depict respectively the variations of g,,,
Cys, and fr with gate length at different photon flux densities. Figures 4.16,
4.17, 4.18, 4.19, 4.20, and 4.21, present the dependence of depletion width sen-
sitivity, dark current/photocurrent, photogenerated charge, and bandwidth on

gate length.

The device photocurrent gain accrues from two basic effects: the photovoltaic

109



ZHD TL'E ZHIN 981 M/V (0T X 8T'T zz01
ZHD 9'C ZHD L9F M/V 0T X 86T 6101
ZHD '3 ZHD 6'L M/V 0T X GF'T o101
ZHD 18°C zH 0 M/V 0 VW 9°6Z PU® A 09 0 (gw/ 0T X 6'8 = PN ‘wrf 9°0 = W7 ‘wrd 9gg = 7 ‘wr! 8T = 7T) 398 Y39
ZHD 77 ZHIN €9T1°1 M/V 0T X 8L°T 2201
ZHD €°¢ ZID 9'¢ M/V 0T X €L°C 6101
ZHD € ZHD 9.°1 M/V 0T X 86'T 0101
ZHD 95°¢ z[ () M/V 0 VW §'9% Pue A 0¥ 0 (gW/ 20T X L90'T = “PN ‘wirf g0 = W3 ‘umd gL = 7z ‘wirl ¢T = 7) 398 Y3g
ZHD §') ZHIN T°T M/V 0T X LGF 2201
ZHD 6°G ZHD 9'¢ M/V 0T X LG8 6101
ZHD €°G ZHD 629'1 M/V 0T X CT'9 9101
ZHD 9°¢G zH () M/V 0 VW L'€g Pu® A 0¢ 0 (gW/7z0T X g = “PN ‘wid gjrQ = W8 ‘wrf 0gg = 7 ‘wrl § = 7T) 39S Yy
ZHD 6°€1 ZHIN €91°1 M/V 01 XTT'6 2z01
ZHD 7'6 ZHD 92E'E M/V o0T X 6'T 6101
ZHD 1'6 ZHD 98¢°1 M/V 60T X 9¢'T 9101
ZHD ¥'8 ZH 0 M/V 0 VU 8'gg Pue A 0€ 0 (gW/ 7201 X ' = PN ‘Wil 0 = &3 ‘unl gog = 7 ‘Wl ¢ = 77) 398 pag
ZHD ¥'Gl ZHIN 8%l M/V (01 X G'6 201
ZHD %01 ZHD 9°¢ M/V 401 X 69T 6701
zHD 0T ZHD $39°1 M/V 0T X 16T o70T
ZHD 89°01 ZH 0 M/V 0 vV I'¢T pue A 6z 0 (/0T X ¥ = “PN ‘wrl g9 = W8 ‘wrf oG] = 7z ‘wrl § = 7) 325 pug
ZHD 91 ZHIN 9'1 M/V 0T X¥'T 2201
ZHD 111 ZHD 1'E M/V o0T X LTF 6101
ZHD 801 zHD §'1 M/V (01 x¢ 0101
ZHD 8507 Z[ M/V 0 vw g0 Pu® A 0T 0 (gw/ 20T X €8°¢ = “PN ‘wrl Lg°0 = W3 ‘wirf 00T = 7z ‘wrf ¢ = 7T) 908 3s]
(V) yuewano yaeq pue  (s-w/) serisuep
(zH) &f  (zH) Wpwpueg (M /V) Lnasuodsey (A) o8eyon se1g xny uojoyd SUOISURWIIP PUE “ON 108

Aouenbaxy yyppueq oy je woryeziurydo [RINIONIIS JO SHNSIY :)F 9[qR],

110



ZHD 9 ZHIN 87'1 M/V 0T X TL0 20T

ZHD ¥6'T ZHD L8°F M/V 0T X2T'T 6101

ZID ¢8'T ZHD €907 M/V 0T X T8 9101

ZHD G6°1 ZH M/V 0 VW ¢'¢E pue A 0 0 (gwW/ 10T X F'9 = PN ‘wrf g0 = W3 ‘wrl gogT = Z ‘Wil gz = 7T) %08 I8

ZHD 6°C ZHIN 9¢°1 M/V 0T X 9T'T 2201

ZHD €¢ ZHD L8'F M/V 0T X LT 6101

ZHD T ZHD 6'T M/V 0T X ZT'T 0101

ZHD 9T ZH 0 M/V 0 VU 9'p¢ pue A 06 0 (gwe/1Z01 X 8 = “PN ‘wurf 10 = “s7 ‘wrf 0g6 = 7z ‘Wl 0z = 7) 308 Y.
(V) yuermd yaeq pue  (s-;wi/) serysuop

(zg) Lf  (zH) yipmpueg (A/V) Ly1aisuodsey (A) a8eyon serg XN uojoyJ SUOISUSWIP PUR "ON 195

(penurjuon) Aduenbery Yipimpueq oy Je worezIII)do [RINYONIYS JO SHMSAY :§°F 9[RBT,

111



Table 4.9: Parameters employed in calculation for structural optimization of GaAs Buried-gate

OPFET for VLC

Parameter Name Value Ref. Unit

w Low field electron mobility (0.5-0.64)  [10] (m?/V.s)

dp Schottky Barrier Height (Au-GaAs) (0.86-0.9) [171] (eV)

Vyn Saturated electron velocity ~1.2x10% [33] (m/s)
Vyp Saturated hole velocity ~09x105 [33] (m/s)
Tp Lifetime of holes 10~8 [33] (s)
Tn Lifetime of electrons 10-6 [33] (s)
€ Permittivity 1.14 x 10710 [10] (F/m)
e Absorption Coefficient @600 nm 4 x 108 [172]  (/m)

and photoconductive effects. In the depletion and neutral channel regions, the
transport mechanisms are the drift and the diffusion respectively. The built-
in electric field enables the photogenerated holes in the space charge region to
cross the junction by inducing a drift and generating photovoltage. The photo-
voltaic gain arises from the fact that the device amplifies the photovoltage devel-
oped across the Schottky junction through transconductance. Photoconductivity
arises from the drift of photogenerated electrons towards the drain under a posi-
tive drain-to-source voltage. The gain, expressed as the ratio of electron lifetime
to transit time results from prolonged electron lifetimes and /or short transit times
between source and drain. The photogenerated electron density in the neutral
channel region reduces slightly owing to surface recombination.

At 3 pm gate length, the dark current is the lowest (10.2 mA) since the active
layer thickness is low (0.27 pm) (Table4.7). Since the device is operated in the
saturation region, the currents involved are large. The photovoltage developed is
high (~0.52 V, ~0.7 V, and ~0.88 V) at the corresponding three flux densities of
10%, 10, and 10*? /m?>-s owing to the buried-gate structure. In this structure,
the additional factor of (o x v, X 7,,) in the equation for hole density (refer

Eq.3.4) relative to the primary hole density induces the amplification effect. Due
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to high photovoltage, responsivity is high (> 10 A/W, > 10 A/W, and > 10*
A /W) with contributions from photoconductive effect especially at higher flux
densities (10?2 /m%s). The photoconductive contributions arise from the chan-
nel side illumination with improved absorption in the neutral channel region.
The reduced depletion width due to the photovoltage boosts the photoconduc-
tive current. The photoconductive current arising from photogeneration in the
neutral channel region is comparable to but significantly higher than that in the
gate-depletion region. This fact is attributable to the relatively wider zero-bias
effective channel thickness in comparison to the depletion region thickness. The
bandwidth being inversely proportional to lifetime, and hole lifetime being of the
order of nanoseconds, the bandwidth resulting from photovoltaic effect is large.
On the other hand, the electrons with a lifetime of microseconds result in mod-
erate photoconductive bandwidth. When the photovoltaic effect is the dominant
mechanism, the bandwidth increases with the increase in the photovoltage. As
such, the bandwidths achieved at the gate length of 3 um at the corresponding
three flux densities are 1.5 GHz, 3.1 GHz, and 1.6 MHz (Table4.7).

The transconductances are moderate (10.1 mS, 13 mS, and 16.5 mS) at the cor-
responding flux densities and are the lowest among all the sets (Fig.4.13). As
the gate length increases, the doping concentration reduces (Golio 1988). In
the absence of the series resistances, the change in depletion width with the
gate-to-source voltage significantly increases with the decrease in doping concen-
tration. However, in practical devices, such as OPFET, series resistances exist.
At increasing gate lengths, the series resistances, source series resistance, in par-
ticular, limit the sensitivity of the depletion width to the applied gate-to-source
voltage. Thus, the junction width sensitivity slightly rises at the lower gate
lengths and saturates at the higher gate lengths as depicted in Fig.4.16. Larger
currents saturate the sensitivity at higher gate lengths. Assisted by a decrease
in the doping concentration, the saturation reduces the variation in the channel

charge with the gate-to-source voltage. Although the junction width sensitivity

113



increases at the lower gate lengths, the channel charge experiences a periodic
decrease in its value due to the reduction in doping concentration (Fig.4.17). But
the gate width increases proportionally to the gate length. As a result, the drain-
to-source saturation current which is the product of the electronic charge, the
saturated electron velocity, the gate width, and the channel charge at the source
end, proportionally increases with the gate length (Fig.4.17). Also, the elongation
of gate length offers more longitudinal area for the channel charge. In spite of
the periodic reduction in the doping concentration, as the gate length increases,
the above-discussed factors raise the sensitivity of the drain-to-source current to
gate-to-source voltage. Illumination enhances transconductances caused by the

boosting of the photoconductive and photovoltaic effects (Fig.4.13).
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Figure 4.13: Transconductance versus gate length at different photon flux densities
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gate length at different flux densities
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Figure 4.17: Photogenerated charge (left) and dark/photocurrent (right) as a function of gate
length at different flux densities

For reasons stated above in connection with the discussion on transconduc-
tance, the gate-to-source capacitance is also the lowest at the gate length of 3
pm (0.13 pF, 0.15 pF, and 0.16 pF) (Fig.4.14). The only exception, however,
is that the depletion charge replaces the drain-to-source current. Photovoltaic
effect is the only factor responsible for the increase in capacitance with illumi-
nation (Fig.4.14). Capacitance is independent of the photoconductive effect as
it is related only to space charge and independent of the channel charge. At the
gate length of 3 um, the fp, which is the cumulative effect of moderate g, and
low Cjs, remains high (12.36 GHz, 13.79 GHz, and 16.41 GHz) (Fig.4.15). The
fr shows an increase with illumination since the rate of rise in transconductance
with illumination is higher than that in the gate-to-source capacitance (compare

Figs.4.13 and 4.14). Modulation of the input signal also modulates the device
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parameters. At first, the parameters under consideration remain constant till the
frequency attains to a certain level, beyond which they undergo a fall in values.
Thus, at this gate length, the device can simultaneously detect and amplify the
frequencies upto 1.5 GHz, 3.1 GHz, and 1.6 MHz with responsivities of 3 x 10°
A/W, 4.27 x 10° A/W, and 1.4 x 10* A/W at the corresponding three flux den-
sities.

When the gate length is increased from 3 um to 4 pm, the dark current in-
creases (13.1 mA) (Table4.7) whereas the photovoltage remains almost constant.
The constant photovoltage results from a decrease in doping concentration, which
widens the depletion region and enables photogeneration. Also, the moderate ab-
sorption coefficient of GaAs (4 x 10° /m) corresponding to an absorption depth
of 0.25 pum is sufficient enough for photogeneration to take place in the deple-
tion region. The photovoltage remains constant at all the gate lengths. The
enhancement of the dark current is due to the higher device dimensions at the
gate length of 4 ym. The higher gate length also boosts the photovoltaic and the
photoconductive effects. The photocurrent generated due to photovoltage and
the transconductance of the device are analogous to each other. Relative to the
dark current, variation in the drain-to-source current with photovoltage generates
photocurrent. On the other hand, transconductance represents the variation in
the drain-to-source current with gate bias. Thus, the same reasons hold good
for the increase in transconductance with gate length as well as the photovoltaic
effect. Elongation of the gate length increases the active-layer thickness propor-
tionally [154], besides increasing the gate width and the longitudinal area for
the photoconductive charge. However, increasing the gate length prolongs the
transit time of electrons between the source and the drain, but does not alter the
lifetime. The prolonged transit time reduces the photoconductive gain. But this
effect is not significant enough in comparison to the positive effect of the gate
length on the photoconductive current. The electron mobility and the electron

saturation velocity play but a minor role in the increase of photocurrent. The
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enhancement in photovoltaic effect with the increase in depletion width sensi-
tivity has a significant edge over that in the photoconductive effect resulting in
increased bandwidth at the flux densities of 106 and 10* /m?-s (1.625 GHz and
3.6 GHz) (see Figs.4.17 and 4.20 for correlation of PV and PC charge, photocur-
rent, and bandwidth). The series resistances and photoconductive effects play a
minor role with lower currents involved and lesser area for photogeneration. For
reasons stated earlier and because of availability of high optical power, at the flux
density of 10*? /m?-s, the increase in the photoconductive current supersedes the
increase in photovoltaic effect. Hence there is a net reduction in bandwidth (1.48
MHz) (see Figs.4.19 and 4.21 for similar correlation as above). The transconduc-
tance is increased compared to that at 3 um gate length (13.2 mS, 16.1 mS, and
21.2 mS) (Fig.4.13). The gate-to-source capacitance also increases (0.16 pF, 0.19
pF, and 0.215 pF) (Fig.4.14). However, the increase in the capacitance is more
pronounced than the rise in the transconductance, causing a net decrease in the

fr value with this gate length (13.1 GHz, 13.35 GHz, and 15.7 GHz) (Fig.4.15).

—E&— DWS (9=1022 /m2-s)
] %1077 —<— Dark current

—10.12
—&— Photocurrent (CD=‘1022 /mz-s)

- 05T 10.1

£

g 2
5 or 10.08
Zz 5
2 3
Z 2
S -05F {006 £
@ =
£ c
2 2
2 =
g At {004 <
- @
%_ (=]
[

[a}

-15F 10.02
-2 ! 0
1076 10° 10

Gate Length (m)
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gate length at the flux density of 10%? /m?2-s
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Figure 4.21: Dark/photocurrent (left) and 3-dB bandwidth (right) versus gate length at the
flux density of 10%* /m?-s

With total illumination of the device area, although the photocurrent inten-
sifies with gate length, the total optical power applied to the device area (Zx L)
is considerably higher since the device area itself increases. Thus, the device
generates lesser photocurrent per incident optical power with the elongation of
the gate length signifying slightly reduced responsivity values (1.91 x 109 A/W,
2.69 x 105 A/W, and 9.5 x 10> A/W). The responsivities decrease further as the
gate length increases. At the next higher gate length (5 pm), the active-layer
thickness employed (0.4 pm) is much higher as compared to the first two sets.
Hence the dark current is considerably larger (22.8 mA) (Table4.7). Owing to
a large channel thickness, the photoconductive effects are significantly enhanced
at all flux densities. However, the photovoltaic effect is still dominant at the
lower intensities. At the flux densities of 101 /m2s and 10! /m?2-s, the high
drain-to-source saturation current through the series resistance effect causes a
significant reduction in the photovoltaic channel charge. In addition, insufficient
gate width and length restrain production of significant photovoltaic effect. As

a consequence of the above two factors, the bandwidth reduces (1.386 GHz, and
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3.326 GHz) (refer Figs.4.17 and 4.20 for the correlation as stated previously along
with the dark current). At the flux density of 10%2 /m?-s, the photoconductive
effect is dominant, and hence the bandwidth decreases (1.163 MHz) (see Figs.4.19
and 4.21). The transconductance and the gate-to-source capacitance increase fur-
ther (Figs.4.13 and 4.14) while the fr continues to decrease (Fig.4.15).

With further increase in the gate length from 5 to 8 pm and so on till 25 pum, the
dark current rises (Table4.7). At the lower intensities, the photovoltaic currents
significantly increase owing to the employment of larger gate widths and lengths
(see Fig.4.17). The photoconductive effects are also boosted. In fact, at larger
intensities, as the gate length elongates, the photoconductive contribution from
the gate-depletion region begins to increase since the higher currents involved
increases the depletion width under illumination. In contrast, the contribution
from the neutral channel region starts to decrease due to a decrease in the effec-
tive channel thickness (see Fig.4.19). At 8 um gate length, there is an increase
in the bandwidth (1.625 GHz and 3.6 GHz) owing to significant photovoltaic ef-
fect as compared to that at 5 um gate length (refer Figs.4.17 and 4.20). At the
higher gate length of 15 pm, the bandwidths are (1.76 GHz and 3.6 GHz). The
increase in bandwidth at 10'% /m?-s occurs from the enhancement of photovoltaic
current with gate length and due to insignificant photoconductive effect at this
intensity. At this juncture, remarkably, the photoconductive effect is fairly com-
parable to the photovoltaic effect at the flux density of 10! /m?-s (Fig.4.17). The
bandwidth remains constant since the augmentation of photovoltaic effect exactly
balances the boosting of the photoconductive effect. At 18 um gate length, the
depletion width sensitivity as well as both the photovoltaic and photoconductive
effects increase considerably (Fig.4.17) due to the significantly higher gate width
(850 pm) and length. But, the former supersedes the latter to give increased
bandwidth (1.9 GHz and 4.57 GHz) (Fig.4.20). At longer gate lengths, there
is almost saturation of the bandwidth. This is attributed to: the saturation of

sensitivity of the depletion width to illumination (Fig.4.16); considerable reduc-
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tion of photovoltaic charge causing significant saturation of photovoltaic current
(Fig.4.17); and the significant boosting of photoconductive effect at these gate
lengths (Fig.4.17). The photovoltaic and photoconductive effects exactly cancel
each other out to maintain constant bandwidth. The phenomenon of saturation
is evident from the near saturation of transconductance under the dark condition
at higher gate lengths (Fig.4.13). Further, non-saturated transconductance under

illumination emanates from the photovoltaic and photoconductive contributions.

At the higher flux density of 10?2 /m?-s under dc conditions, the devices with
gate lengths from 15 to 25 um experience a negative sensitivity, i.e. increase in
depletion width with illumination (Fig.4.18). This can be ascribed to the very
high photoconductive currents developed due to the high power levels involved
and the reasons already explained. These currents introduce large voltage drops
across the source series resistances, which are significantly higher than that un-
der dark, giving negative sensitivity and producing zero photovoltaic currents
(Fig.4.19). At high frequencies, the photoconductive current falls to lower val-
ues, the voltage drop developed is comparatively less, and significant photovoltaic
effect exists. But since the dc current is only contributed by the photoconductive
effect, with the elongation of the gate length, the boosting of this effect increases
the bandwidth (Fig.4.18). The transconductance and the gate-to-source capac-
itance increase further (Figs.4.13 and 4.14) while the fr continues to decrease
(Fig.4.15). Overall, there is an increase in bandwidth at the lower intensities
(101% /m2s and 10" /m%s). The increased bandwidth emanates from the fact
that at a fixed gate-to-source voltage, the depletion width sensitivity due to the
developed photovoltage is larger at lower doping concentrations (Fig.4.16). It
further results in a gentler slope of the roll-off of the frequency response curve as
the gate length increases. This fact broadens the frequency response and hence
the bandwidth. This work addresses an important novel finding i.e. the 3-dB

bandwidth is directly related to the depletion width sensitivity and hence, the

123



gate length at least at low to moderate intensities, when the limiting factors such

as series resistances and photoconductive effects are kept to their minimum or

optimum values. We demonstrate this relationship more specifically with the help

of (Figs.4.22 and 4.23). Correlating Figs.4.22 and 4.23, it is observed that there is

a one-to-one correspondence between depletion width sensitivity and bandwidth

as the gate length increases. The intermediate and higher gate lengths have been

purposefully excluded in these figures where the limiting factors play a significant

role.
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Figure 4.22: Depletion width sensitivity (DWS) versus modulation frequency at different gate
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Figure 4.23: 3-dB bandwidth at different gate lengths at the flux density of of 101 /m?2-s

In the present work, the illumination has a negligible effect on the minority
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carrier lifetime since the photogenerated carrier density is negligible compared to
the doping concentration.

The optimized values are indicated in bold in Table4.7. At a flux density of
106 /m2-s, the optimum value of gate length is 18 um. At this gate length, the
device exhibits a responsivity of 1.45 x 108 A/W or higher up to a detectable
modulation frequency of 1.9 GHz (with simultaneous amplification) and a dark
current of 29.6 mA (Table4.7). The optimum gate length value for a flux density
of 101 /m?-s is 4 pm with the device responsivity of 2.69 x 106 A/W and above
and a gain of greater than one till the detectable modulation frequency of 3.6
GHz and a dark current of 13.1 mA. On the other hand, for a flux density of 10?2
/m?-s, the constraint on responsivity is not satisfied. For lower dark currents, the
optimum gate lengths are 3 um and 4 pm. In the former case, at flux densities
of 1016 /m?2-s and 10' /m2-s respectively, the device exhibits detection-cum-
amplification bandwidths of 1.5 GHz and 3.1 GHz, responsivities of 3 x 10° A /W
and 4.27 x 105 A/W or above and a dark current of 10.2 mA. In the latter case,
the corresponding values are: responsivities of 1.91 x 10 A/W and 2.69 x 10°
A/W or higher, bandwidths of 1.625 GHz and 3.6 GHz and a dark current of
13.1 mA (Table 4.7). Operation in the linear region can further reduce the dark
current with little compromise in responsivity, bandwidth, but a significant re-
duction in fr. The comparison of the present work with the reported results on
photodiodes shows significant improvement (Table 4.10). The comparison also
illustrates that the buried-gate OPFET has a low power detection efficiency as
compared to detectors reported [86, 87, 89] which enables a larger transmission
distance for communication. Further, the OPFET device has an higher fr than
that of the TIAs employed in [84, 87, 173]. The above results suggest that the
device is capable of simultaneous detection and amplification at speeds greater
than 1 Gb/s suiting the VLC applications. It can also provide a high sensitivity
of greater than 10° A /W, which is much higher than the state-of-art p-i-n and

avalanche photodiodes and is useful, especially in noisy environments.
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Table 4.10: Performance comparison of the structurally optimized buried-gate front-

illuminated OPFET with state-of-art photodetectors and amplifiers for VLC

Ref. Detector type Optical Power Density — Responsivity (A/W)  Bandwidth (Detector) (Hz) Amplifier Type and fr (Hz)
(W/cm?) @ Wavelength (nm)

[83] PIN NP 0.36 A/W @ 660 nm 1.35 GHz TIA (25 GHz)

[91]  Photodiode (PD) NP 0.21 A/W @ 660 nm 70 MHz TIA (NP)

[173] PD NP 0.36 A/W @ 670 nm 60 MHz TIA (4.5 GHz)

[84] PIN NP 0.52 A/W @ 660 nm 720 MHz TIA (0.622 GHz)

[85] PIN NP 0.54 A/W @ 675 nm 995 MHz TIA (NP)

86] APD 0.147 W/em? 27.9 A/W @ 670 nm 700 MHz NP

[87] APD 0.016 W/cm? 30 A/W @ 670 nm 850 MHz TIA (0.731 GHz)

[88] APD NP 0.28 A/W @ 450 nm 650 MMz NP

[89] APD 0.75 mW /cm? 14.2 A/W @ 675 nm 960 MHz TIA (NP)

[90] APD NP 2.61 A/W @ 450 nm >90 MHz TIA (NP)
This work OPFET 0.33 mW/cm? 2.69 x 108 A/W @ 600 nm 3.6 GHz OPFET (10.2 GHz)

With further investigation, it is observed that the drain bias can be lowered
for the first four sets of results substantially below the breakdown voltage to an
optimum value without affecting the dark current, bandwidth, and responsivity,
simultaneously lowering the fT but sufficient enough to maintain the same effec-
tive detection-cum-amplification bandwidth. At the last four set of dimensions,
the drain voltage needs to be increased for maintaining the effective bandwidth.
Thus, the optimum values of bias voltages for the corresponding eight sets are
found to be 4.5 V, 3.7V, 554 V, 7.14 V, 17.31 V, 19.23 V, 67.31 V, and 90 V.
With the above results, the optimized device (lower dimensions) shows signifi-
cant enhancement over that of PIN/PD detectors (Table 4.10) at comparable bias
voltages whereas over that of APDs (Table 4.10) at much lesser voltages. The de-
vices with higher dimensions show even better effective bandwidth performance

at the cost of larger bias voltages.
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4.3 Relatively New Aspects of Physics investigated from

Structural Optimization

e At a fixed photovoltage, the change in the depletion width with gate-to-
source voltage is larger at lower doping concentrations or in other words, at

higher gate lengths.

e Although the depletion width sensitivity increases with gate length, the vari-
ation in the channel or the space charge decreases owing to the reduced dop-
ing concentration at higher gate lengths superseding the effect of depletion

width sensitivity.

e The variation of the drain-to-source current increases as the gate length is

increased due to the corresponding increase in the device dimensions.

e The photovoltage remains almost constant even though the gate length is

increased.

e The transconductance and the gate-to-source capacitance rise with the elon-
gation in gate length; however, the capacitance rise is more pronounced, re-

sulting in the reduction in the unity-gain cut-off frequency with gate length.
e Responsivity decreases with the increase in the gate length.

e At a fixed doping concentration, the depletion width sensitivity to variation
in the gateto- source voltage is larger at higher photovoltages as a result of
which the transconductance and the gate-to-source capacitance rise with the

increase in optical power.

e At a fixed gate-to-source voltage, the depletion width sensitivity to the de-
veloped photovoltage is larger at lower doping concentrations or in other

words, at longer gate lengths.
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e Bandwidth on the whole, at the lower flux densities (10'® /m?-s and 10"
/m?-s) increases with the gate length. More specifically, the slope of the
roll-off of the frequency response curve becomes gentler as the gate length is
elongated. At these flux densities, the photoconductive effect plays a minor

role, only affecting the net bandwidth at long gate lengths.

e As the gate length increases, both the photovoltaic and the photoconduc-
tive effects are boosted. When the two effects are comparable, they tune
the net bandwidth to lower values to a certain extent depending upon the

contribution from the photoconductive effect.

e At the flux density of 10?2 /m?2-s, the photoconductive effect is significantly
high, relegating the bandwidth to much lower values as compared to that
at lower intensities. As the gate length increases to 15 pm and above, the
photoconductive contribution from the depletion region begins to increase

while that from the neutral channel region begins to decrease.

e At the flux density of 101 /m?2-s, the bandwidth saturates above 18 um gate

length.

e Above 15 um gate length, at the flux density of 10?? /m?-s, under dc condi-
tions, the device exhibits negative sensitivity, i.e. it exhibits increase in the

depletion width with illumination.

The factors limiting the process of optimization are the series resistances and the

photoconductive effect.

4.4 Structural and Material Optimization of the GaAs Back-
illuminated OPFET for Visible-Light Communication

High gain-bandwidth product and visible/UV contrast photodetectors are vital

in Visible Light Communication (VLC) and Ultraviolet (UV) reflectance imaging
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Table 4.11: Parameters employed in calculation for structural and material optimization of

back-illuminated OPFET for VLC

Parameter Name Value (ITO-Si) Value (Au-InP) Value (ITO-GaAs)  Unit
I Low field electron mobility (~0.09) (~0.43) (~0.5) (m?/V.s)
dp Schottky Barrier Height (~0.71) (~0.8) (~0.98) (eV)
Vy1 Saturated electron velocity ~ 9.4 x 10* ~ 7.6 x 104 ~ 1.2 x 10° (m/s)
vy Saturated hole velocity ~ 6.3 x 10% ~ 5.6 x 10% ~ 9 x 104 (m/s)
o Lifetime of holes 75 x 1076 0.3 x 106 1x1078 (s)
Tn Lifetime of electrons 75 x 1076 0.3 x 1076 1x 1076 (s)
€ Permittivity 1.04 x 10710 1.11 x 10710 1.14 x 10719 (F/m)
e Absorption Coefficient @600 nm 7.5 x 10° 1 x 107 4 x 108 (/m)
a Absorption Coefficient @350 nm 1 x 107 7.6 x 107 8 x 107 (/m)

applications respectively. Material and structural optimization is adopted to per-
ceive such photodetectors with back-illuminated Optical Field Effect Transistor
(OPFET).

The wavelengths used are 600 nm for the visible light and 350 nm for the UV
radiation. The photon flux densities of 101°, 101%, and 10*? /m*s used in these
simulations correspond to optical power densities of 0.33 uW/cm?, 0.33 mW /cm?,
and 0.33 W/cm?, respectively at 600 nm and 0.57 W /em?, 0.57 mW /em?, and
0.57 W/em? respectively at 350 nm. The structural optimization is performed
over a wide range of medium gate lengths from 3 um to 5 um. However, only the
four most relevant sets are provided here for comparison. The design variables are
chosen based on the scaling rules stated in [16]. The materials being employed
are Si, GaAs, and InP for the back-illuminated OPFET device with the gate
electrodes being Indium-Tin-Oxide (ITO) for Si and GaAs, and gold (Au) for
InP. The parameters used for calculation are given in Table 4.11. The simulated

optimization results are presented in Tables 4.12, 4.13, 4.14, and 4.15.
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4.4.1 Series resistance and photovoltage analysis in Si, InP, and GaAs

OPFETs

Beginning the discussion with the Si back-illuminated OPFET, this device ex-
hibits the largest series resistances among all the material devices with similar
dimensions in the visible range. The low electron mobility (~0.09 cm?/(V.s))
in Si substantially reduces the current in the gate to source and gate to drain
spacings. This raises the series resistance value to compensate for the fall with
the increment in the depletion width through the voltage drop across the series
resistance. Other materials, GaAs and InP exhibit lower and almost equal series
resistances attributed to the higher mobility of GaAs (~0.5 em?/(V.s)) and InP
(~0.43 ¢cm?/(V.8)). The series resistances play an important role in limiting the

photocurrent. The series resistances decrease with illumination.

The photovoltage generated is almost the same in both Si and InP devices
(~0.27 V, ~0.46 V, and ~0.61 V) in the visible range considering most of the
sets. This can be explained as follows: InP possesses a high absorption coeffi-
cient of 1 x 107 /m corresponding to an absorption depth of 0.1 ym. Hence, the
hole density experiences a considerable exponential decrease with distance upon
crossing the Schottky junction. On the other hand, the moderate absorption co-
efficient of 7.5 x 10° /m in Si results in a large absorption depth (1.33 ym), thus,
causing a lesser degradation of hole density. Further, the lower magnitude of ab-
sorption coefficient (7.5 x 10° /m), higher hole lifetime (75 us), higher saturated
hole velocity (~ 6.3 x 10* m/s), and lower barrier height (~0.71 €V) in the Si
OPFET partly compensate the higher absorption coefficient (1 x 107 /m), lower
hole lifetime (0.3 us), lower saturated velocity (~ 5.6 x 10* m/s), and the larger
barrier height (~0.8 ¢V) in the InP device. As a cumulative effect of the above
described factors, the photovoltages saturate to same values in both the devices.

On the other hand, the photovoltage generated in GaAs OPFET is enhanced
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(~0.398 V, ~0.576 V, and ~0.755 V). This is due to the moderate absorption
coefficient of GaAs in the visible region (4 x 10% /m), the higher saturated hole
velocity (~ 9 x 10* m/s), and the significantly higher Schottky barrier height of
the ITO-GaAs junction (~0.98 eV) superseding the effect of lower hole lifetime
(1078 s).

At the lowest gate length under consideration of 3 ym and the highest doping con-
centration of 5 x 10%? /m3 (gate length-doping concentration product is constant
from scaling rules [16]) with an active layer thickness of 0.15 pum, the OPFET
devices exhibit the lowest dark and photocurrents among all the sets as described

in the earlier sections.

4.4.2 Analysis of Si OPFET at 3 uym gate length and 0.15 ym channel

thickness

The drain-to-source currents obtained using Si OPFET are (0.36 mA, 0.9 mA,
1.7 mA, and 15.6 mA). The large series resistances owing to the small active
layer thickness (0.15 pum) and significantly high barrier height (~0.71 eV) limit
the said currents. At the flux density of 101°® /m?-s, the photovoltaic effect is
significant (0.28 V) whereas the photoconductive effect is negligible as compared
to the photovoltaic effect (due to the lower power level) resulting in a current of
0.9 mA. As the flux density is increased to 10! /m?-s, the photoconductive effect
also contributes in addition to the photovoltaic effect (0.46 V) owing to the higher
power level and the long electron lifetime (75 us). Most of the photoconductive
contribution emanates from the depletion region since the major portion of the
channel is depleted owing to high barrier height, small channel thickness, and
the large series resistance which incurs significant voltage drop across it. This
results in a quite high current of 1.7 mA. At the flux density of 102 /m?2-s, the
current is significantly enhanced (15.6 mA) owing to the boosting of the photo-
conductive effect. There is no photovoltaic contribution; instead the device shows

negative sensitivity i.e. increase in depletion width with illumination. As such,
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the responsivities attained are (5.3 x 10* A/W, 1.32 x 105 A/W, and 1.49 x 10*
A /W) which are significantly high owing to the above discussed phenomena and
the low dark current. The 3-dB bandwidths exhibited by this device are (0.16
MHz, 0.136 MHz, and 0.57 MHz). These megahertz range bandwidths are due
to the long electron and the hole lifetimes (75 ps) upon which the bandwidth is
inversely related through the modulation of carrier lifetime with frequency. At
the lowest flux density, the bandwidth is 0.16 MHz due to the contribution from
the photovoltaic effect alone. At the higher flux density, the bandwidth falls to
0.136 MHz due to both photovoltaic and photoconductive effects adding to the
response. This can be explained by the fact that when the identical frequency
responses of two independent comparable effects are added, the net frequency
response exhibits reduced bandwidth as compared to the individual ones. As the
flux density is increased further, the bandwidth rises to 0.57 MHz. This is at-
tributed to the sole and substantially high contribution from the photoconductive
charge as compared to the previous responses. The transconductances (1.4 mS,
2.4 mS, 3.9 mS, and 29.1 mS) and gate-to-source capacitances (0.0546 pF, 0.084
pF, 0.105 pF, and 0.0076 pF) obtained are the lowest among all the sets and
increase with optical power as discussed in the earlier sections. However, at the
highest flux density, the saturation component of current is insensitive to gate to
source voltage, channel being completely depleted, but the transconductance is
high due to the sensitivity of the conductance component of current evaluated at
zero zero drain-to-source voltage. There is a significant drop in the gate to source
capacitance at this flux density due to the de-ionization of the space charge ions
in the depletion region. As such, the unity-gain cut-off frequencies attained are
(4.08 GHz, 4.53 GHz, 5.89 GHz, and 606.7 GHz). Under UV illumination of 350
nm, the photovoltage is slightly enhanced (0.31 V, 0.49 V, and 0.61 V) as com-
pared to that under visible light since Si possesses a larger absorption coefficient
of 1 x 107 /m at the UV wavelength. The smaller active layer thickness (0.15

pm) enables significant number of holes to cross the junction before the gener-
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ated carriers experience degradation due to the dependence on the distance. The
series resistances experienced by the device are almost the same due to the slight
difference between the photovoltages. The drain-to-source current is almost the
same at the lower intensity (1 mA) whereas there is a considerable boosting of
the current at the higher intensities. This is attributed to the large absorption
coefficient of Si under UV light which augments the photoconductive charge in
the depletion region. The currents so obtained are 7.9 mA and 16.1 mA. The
lesser enhancement of current at the flux density of 10%* /m?-s is due to the limi-
tation of the drain-to-source conductance by the series resistances, and the large
saturation current limiting the factor n defined in the theory section, restrict-
ing the total drain-to-source current. As such, the responsivities attained are
(3.53 x 10 A/W, 4.33 x 10° A/W, and 9 x 10°> A/W). The visible/UV rejection

or the contrast ratios are very low (1.5, 0.3, and 1.65).

4.4.3 Analysis of InP OPFET at 3 um gate length and 0.15 ym chan-

nel thickness

In the InP OPFET, the photovoltage is slightly enhanced (0.297 V, 0.476 V,
and 0.65 V) as compared to the Si OPFET due to the small active layer thick-
ness which eliminates the degradation of the generated carriers with distance as
would occur in other cases. The series resistances are significantly lower than the
Si OPFET but comparatively higher than that at higher gate length devices. The
InP OPFET exhibits slightly larger photovoltage-induced currents (1.3 mA, and
2.2 mA) and higher transconductances (4.3 mS and 5.6 mS) than the Si OPFET
at the lower intensities emanating from the lower series resistances, higher mobil-
ity, slightly larger photovoltages, and lower dark current in the InP device. At the
flux density of 102 /m?2-s, the photoconductive charge from the depletion region
alone contributes significantly with the channel totally depleted. The InP detec-
tor generates a current of 27.8 mA as opposed to 15.6 mA in the Si OPFET. This

can be explained by the larger absorption coefficient of InP producing substantial
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amount of carriers in the depletion region along with the lower series resistances
which do not limit the conductance as in the case of Si OPFET. However, the
transconductance is significantly lower at this intensity in InP OPFET (6.7 mS)
due to the lower electron saturated velocity in InP and the larger insensitive sat-
uration current in Si OPFET enabling greater modulation of the drain to source
current with gate bias through sensitivity of the much lower conductance compo-
nent. The 3-dB bandwidths achieved are (67.35 MHz, 0.26 GHz, and 3.84 MHz).
These bandwidths are higher than that in Si OPFET owing to the shorter hole
and electron lifetimes (0.3 ps) in InP as compared to 75 us in Si. The boosting of
the photovoltage as the intensity is increased from 101° to 101 /m?-s also boosts
the bandwidth from 67.35 MHz to 0.26 GHz. At the flux density is raised to
102 /m?-s, the bandwidth drops to 3.84 MHz due to the following: Under dc
conditions or at lower frequencies, the photoconductive effect is significantly high
and is the sole contributor. However, as the frequency is increased, the photo-
conductive contribution starts decreasing due to the dependence of the electron
lifetime on frequency. This reduces the voltage drop across the series resistance
thus, widening the effective channel width and increasing the photovoltaic con-
tribution. Hence, at the juncture of the 3-dB point, both the effects effectively
contribute causing the drop in the bandwidth. The responsivities attained are
(9.97 x 10% A/W, 1.9 x 105 A/W, and 2.710* A/W) which are higher than that
in the Si device due to larger photocurrents. The gate-to-source capacitances
attained in the InP device are (0.034 pF, 0.0695 pF, 0.092 pF, and 0.016 pF).
These values are lower than that of Si device. This is explained by the fact that at
a constant or slightly varying photovoltage and a fixed doping concentration, the
depletion width sensitivity to the applied gate-to-source voltage is larger for the
lower barrier height (and dielectric constant) device i.e. Si OPFET. The unity-
gain cut-off frequencies thus obtained are (10.76 GHz, 9.74 GHz, 9.65 GHz, and
65.4 GHz). Under UV illumination, the photovoltages developed are substan-
tially lower (0.0943 V, 0.27 V, and 0.44 V) than that in the visible region owing
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to the very high absorption coefficient of InP in the UV region (7.6 x 107 /m)
corresponding to an absorption depth (0.013 pm)). The drain-to-source currents
obtained are (0.272 mA, 0.54 mA, 1.2 mA, and 30.1 mA). Due to the lesser pho-
tovoltages, the currents obtained are lower in the UV region upto the intensity
of 1019 /m%-ss. At the flux density of 10*? /m?-s, the current is higher (30.1 mA)
owing to the substantially high contribution from the photoconductive effect in
the depletion region emanating from the larger absorption coefficient of InP in
the UV region. The responsivities obtained are (1.53 x 108 A/W, 5.2 x 10° A /W,
and 1.71 x 10* A/W) based on the above photocurrents. The visible/UV contrast
ratios obtained are (6.516, 3.65, and 1.58).

4.4.4 Analysis of GaAs OPFET at 3 ym gate length and 0.15 ym

channel thickness

This device develops photovoltages of (0.41 V, 0.58 V, and 0.76 V) which are
substantially higher than the Si and the InP devices. Under dark, the channel
is totally depleted on account of a large Schottky barrier height of ITO-GaAs
junction (0.98 V). Thus, the current from the device channel ceases to exist but
there is a small current flowing in the device due to the presence of the shunt
resistance. The higher photovoltages ought to have produced larger photovoltaic
charge responses as compared to the other detectors (InP OPFET). However,
since the channel is deeply depleted (beyond the active-layer thickness), the de-
veloped photovoltages do not open the channel wide enough (also limited by the
series resistances) as opposed to the InP device. The InP device is partially
depleted under dark and the generated photovoltages (0.297 V, 0.476 V, and
0.65 V) are able to significantly reduce the depletion width thus yielding greater
photovoltaic charges than the GaAs device. In spite of this, the drain-to-source
currents (97.1 pA, 1.4 mA, 2.5 mA, and 54.9 mA) and the transconductances (0,
5.5 mS, 7.5 mS, and 67.2 mS) achieved in GaAs OPFET under illumination are
higher than the InP device. This is attributed to the higher electron saturated
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velocity (1.2 x 10° m/s) of GaAs as compared to InP (7.6 x 10* m/s) and the
lower dark current. At the flux density of 10?2 /m?2-s, the photocurrent as well
as the transconductance are considerably enhanced due to the substantially high
contribution from the photoconductive effect in the depletion region as a result
of moderate absorption coefficient of GaAs and one order of magnitude higher
lifetime (1 ws). The gate-to-source capacitances under illumination (0.064 pF,
0.086 pF, and 0.018 pF), on the whole, are lower than the other devices due to
the earlier stated fact that the sensitivity of depletion width to the change in
the gate-to-source voltage is higher with devices bearing lower barrier height and
lower dielectric constant when other factors are almost constant. As such, the
fr values attained are (13.68 GHz, 13.79 GHz, and 596.5 GHz). The 3-dB band-
widths exhibited by the device are (1.5 GHz, 6.3 GHz, and 1.1 MHz) which are
considerably higher than the other two detectors at the lower intensities owing
to the significant photovoltaic effect and lower hole lifetime (107 s) with the
photovoltage increasing with the optical power. However, at the higher intensity,
the bandwidth falls due to the significant sole contribution from the photocon-
ductive effect with a large electron lifetime of 1 us. The responsivities obtained
are (1.24 x 109 A/W, 2.4 x 105 A/W, and 5.37 x 101 A/W) which are larger than
the other two devices due to larger photocurrents. Under UV light, the response
falls significantly (1.57 x 108 A/W, 6.4 x 10° A/W, and 2.56 x 10* A/W), due to
the lower photovoltages (0.19 V, 0.37 V, and 0.55 V) emanating from the larger
absorption coefficient of GaAs (8 x 107 /m) which enables lesser hole density
to traverse the Schottky junction. In this case, the significantly high generation
takes place only at or near the absorption surface. The photoconductive charge
contribution at the high intensity of 1022 /m?2-s is comparable to that in the vis-
ible region since the absorption coefficients and absorption depths in the visible
and UV regions compensate each other. The currents obtained are as (97.1 pA,
0.37 mA, 1.2 mA, and 44.9 mA). The contrast ratios obtained are (7.9, 3.75, and
2.1).
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4.4.5 Comparative Analysis of Si, InP, and GaAs OPFETs at 3 ym

gate length and 0.27 ym channel thickness

As the active layer thickness is widened to 0.27 pm, keeping the gate length con-
stant at 3 um, the series resistances are significantly reduced owing to the wider
thickness. However, they are still higher in the Si device as compared to the
other two devices. The photovoltage remains almost the same in the Si and the
GaAs OPFETSs whereas it is slightly decreased in the InP OPFET explained by
the possession of moderate absorption coefficient by Si and GaAs which enables
significantly high hole density to cross the Schottky junction even if the chan-
nel thickness is increased. On the other hand, the high absorption coefficient
of InP results in lesser hole density to traverse the junction when the channel
is widened. With the increase in active-layer thickness, the drain-to-source cur-
rents and the photocurrents are substantially enhanced due to the increment in
the conducting charge as well as the reduction in the series resistances, however,
with some exceptions at higher intensity of 10?2 /m?2-s. At this flux density, in
InP OPFET, due to the low series resistance, and the moderate Schottky barrier
height, the increase in the channel thickness leads to the partial depletion of the
channel. Hence, both the neutral channel and depletion regions contribute to
the photoconductive effect significantly. However, owing to the large absorption
coefficient or small absorption depth of InP, the contribution from the depletion
region is lesser as compared to that at the lower active-layer thickness. But, it
is still larger than the neutral channel contribution attributed to the factor in
the denominator of the electron density equation in the depletion region which
is absent in the equation for electron density in the neutral channel region. This
results in one order higher density in the case of depletion region considering
the same thicknesses for their contribution (by inspection of the two equations).
At this intensity, the photovoltaic effect also contributes to the response, due to

partial depletion of the channel and the device does not exhibit negative sensi-
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tivity. However, in overall, the response falls as compared to that at the lower
channel thickness resulting in a lower current of 16.8 mA. In the other two de-
tectors, these phenomena do not occur as the series resistance is sufficiently large
in Si OPFET and the barrier height is considerably high in the GaAs OPFET
thus maintaining complete depletion of the channel thickness at this flux density.
Further, due to the moderate absorption coefficient of Si and GaAs (absorption
depth is large), the photoconductive effect from the whole of the depletion region
contributes significantly, thus, boosting the photocurrent. The devices exhibit
negative sensitivity as usual at this intensity, thus, eliminating the photovoltaic
response. The transconductances, in overall, are boosted as the channel thick-
ness is increased owing to the larger currents involved and the lesser limitation of
the depletion width sensitivity due to the lower series resistances. One anoma-
lous behavior is observed at the flux density of 10Y /m%s in the InP OPFET,
wherein the transconductance falls to 4.9 mS from its previous value of 5.6 mS
at the lower active layer thickness and is also lower than its value (5.3 mS) at
the flux density of 10'® /m?-s. The reason behind this is still under our own
investigation. The gate-to-source capacitance values increase with the increase
in the channel thickness owing to the fact that at the lower channel thickness,
with the applied drain-to-source voltage of 10 V, significant channel area is de-
pleted as compared to that with the higher channel thickness. Thus, the change
in the space charge with the change in the gate-to-source voltage is greater in
the structure possessing larger channel thickness leading to the enhancement of
the gate-to-source capacitance. As such, with the obtained tranconductance and
capacitance values, the Si OPFET experiences an overall rise in fr whereas the
InP and the GaAs devices perceive a drop in the fr with the widening of the
channel thickness. With the enhanced photocurrents, on the whole, all the detec-
tors show increased responsivities with the increment in the channel thickness.
The 3-dB bandwidths obtained using Si device jare as (0.66 MHz, 84.16 kHz,

and 0.57 MHz) as compared to its previous values at the lower channel thickness
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(0.16 MHz, 0.136 MHz, and 0.57 MHz). The boosting of the bandwidth at the
lower flux density is owing to the increase in the photovoltaic effect whereas the
fall at the flux density of 10' /m*s is due to the rise in the photovoltaic effect
but simultaneous augmentation of the photoconductive effect due to widening
of the channel thickness, thus, causing the drop. The reason for the constant
bandwidth at the intensity of 10?2 /m?-s is still under our own study. The fre-
quency responses of the InP device are (32.9 MHz, 0.39 GHz, and 4.156 MHz) at
the higher active layer thickness as opposed to (67.35 MHz, 0.26 GHz, and 3.84
MHz) at the lower channel thickness. At the intensity of 10Y /m?2-s, the rise in
the bandwidth is due to the increase in the photovoltaic effect. The slight increase
in the bandwidth at the flux density of 1022 /m?2-s can be discussed as follows:
At the lower channel thickness, at dc or lower frequencies, the photoconductive
effect alone contributes but as stated earlier at the juncture of the 3-dB point,
both the photovoltaic and the photoconductive effects are equally contributing.
This results in a bandwidth of 3.84 MHz. On the contrary, at the higher channel
thickness, under dc or lower frequencies, both the effects contribute significantly
but the photoconductive charge is higher. As the frequency increases, the pho-
tovoltaic charge starts incrementing whereas the photoconductive charge starts
decreasing. Thus, at the juncture of the 3-dB point, the photovoltaic charge
has rose to significantly high value but the photoconductive charge has decreased
significantly. Hence, the non-equally contributing charges results in a wider band-
width (4.156 MHz).The reason behind the drop in the bandwidth at the optical
intensity of 101® /m?-s is still being investigated (shows anomalous behavior be-
ing contrary to the increase in the photovoltaic effect). On the other hand, the
bandwidths attained using GaAs OPFET are (12.87 GHz, 16.34 GHz, and 0.72
MHz) as compared to that at the lower channel thickness (1.5 GHz, 6.3 GHz, and
1.1 MHz). At the lower flux densities, the enhancement of the photovoltaic effect
results in the rise in the bandwidth whereas at the higher intensity, the device

shows anomalous behavior being contrary to the increase in the photoconductive
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effect alone. The UV responses of the Si OPFET device (4.8 mA, 5.9 mA, 9.9
mA, and 28.1 mA) are almost the same as that in the visible region except at the
flux density of 10* /m?2-s (higher in the UV region) due to similar photovoltages
and photoconductivity on account of the absorption coefficient of Si at the UV
wavelength (1 x 107 /m) being sufficient enough to create substantial photogen-
eration. Due to the almost same photovoltages as that in the visible region, the
series resistances almost remain unaltered. The responsivities and contrast ratios
attained are (6.43 x 10° A/W, 2.94 x 10° A/W, and 1.33 x 10* A/W) and (1.45,
0.826, and 1.73) respectively signifying that the Si detector can function well in
both the visible and UV regions. In the InP OPFET, there is significant degra-
dation of photovoltage (0.105 mV, 42.1 mV, and 0.2107 V) and photocondcutive
response at the UV wavelength owing to the very large absorption coefficient of
InP (7.6 x 107 /m) and the higher channel thickness (0.27 gm). Due to the low
photovoltages, the series resistances are higher. The currents involved are (5.9
mA,; 5.9 mA, 6.1 mA, and 6.9 mA) leading to responsivities of (0.0764 A/W,
1.02 x 10° A/W, and 5.4 x 10> A/W). The contrast ratios thus obtained are
(1.75 x 109, 22 and 19.7). This shows that the InP device with the structure
under consideration can detect visible light with high responsivity under back-
ground UV radiation with rejection ratio of 1.75 x 10'° at the intensity of 10
/m?-s. At the higher intensities, the ratios are not high but can suffice in certain
instances of applications. In the GaAs OPFET, similar situation occurs under
UV illumination since the absorption coefficient of GaAs (8 x 107 /m) is identical
to that of InP (7.6 x 107 /m) signifying small absorption depth. With this, the
photovoltages produced are (2.6 mV, 0.12 V, and 0.3 V), the currents induced
are (7.5 mA, 7.5 mA, 8.2 mA, and 9.5 mA) and the responsivities registered are
(48.88 A/W, 4 x 10° A/W, and 1.15 x 103> A/W) rejecting UV wavelength with
the factors of (5.21 x 107, 10.25, and 68.7).Thus, the rejection ratio is inferior to

the InP OPFET at the lower intensities and vice versa at the higher intensity.
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4.4.6 Comparative Analysis of Si, InP, and GaAs OPFETs at 4 ym

gate length and 0.3 ym channel thickness

When the gate length is elongated from 3 pym to 4 um with a proportionate in-
crease in the active layer thickness from 0.27 ym to 0.3 um and a corresponding
increment in gate width from 100 um to 150 pum, the doping concentration is
reduced to from 5 x 10?2 /m3 to 4 x 10?2 /m3 considering constant gate length-
doping concentration product from scaling rules [16]. These changes in the struc-
tural parameters have a significant change in the device parameters as discussed
in the previous sections. At first, the series resistances are reduced due to the
larger channel thickness. Secondly, the photovoltages remain almost unaltered
owing to the materials’ absorption depths which are sufficient enough to cause
the hole density crossing the junction to experience very less carrier decay with
distance. The drain to source currents are enhanced as also the photocurrents
superseding the lower doping induced charge. The transconductances and gate to
source capacitances are boosted. The photoconductive effects are also augmented.
The resposivities decrease. However, in the case of Si and GaAs OPFETs, at the
intensity of 1022 /m?-s the responsivity increases due to large photoconductive
effects. The bandwidths exhibited by the devices are: In Si OPFET, with the
elongation of the gate length, the bandwidths attained are (0.72 MHz, 44.5 kHz,
and 0.41 MHz) as opposed to (0.66 MHz, 84.16 kHz, and 0.57 MHz) at the lower
gate length. The slight rise in the bandwidth at the intensity of 10 /m%-s is
attributed to the fact that the depletion width sensitivity increases at lower dop-
ing concentration. The fall in the bandwidth at the flux density of 101 /m?2-s
in spite of the roll-off slope of the photovoltaic effect being gentler is owing to
the increase in the photoconductive contribution due to larger channel thickness.
The reason behind the drop in the bandwidth at the intensity of 10?2 /m?-s is
still under study. On the other hand, in the InP OPFET, the bandwidths ob-
tained are (92.6 MHz, 0.36 GHz, and 3.84 MHz) as compared to (32.9 MHz,
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0.39 GHz, and 4.156 MHz) at the lower gate length. The same principles apply
for the attained bandwidths at the flux densities of 10 and 10 /m?2-s, how-
ever, the slight fall in the bandwidth at the intensity of 101 /m?-s is due to the
limitation by the series resistance. Whereas at the flux density of 10?2 /m?2-s,
there is slight drop in bandwidth. The 3-dB bandwidths attained with the GaAs
OPFET device are (4.57 GHz, 42.4 GHz, and 0.615 MHz) as compared to (12.87
GHz, 16.34 GHz, and 0.72 MHz) at the lower gate length. The reduction in the
bandwidth at the lower intensity is contrary to the fact of gentler roll-off slope of
photovoltaic charge frequency response (reason behind it is under study) whereas
it is in line with the said fact at the intensity of 101 /m?2-s. The slight drop in
the bandwidth at the flux density of 10?2 /m?-s is contrary to the increment in
photoconductive response with gate length and is under investigation. Under UV
illumination, in the Si OPFET, the photovoltages are almost the same as that in
the visible region for reasons described at the lower gate length. The responsiv-
ities obtained are (3.5 x 108 A/W, 2.34 x 10° A/W, and 2.4 x 10* A/W) with
the visible/UV contrast ratios as (1.71, 0.8, and 1.74). This shows again that at
this gate length, the Si device can detect both the visible and UV wavelengths
with high sensitivities. The InP OPFET can reject very well the UV radiation
and detect visible light with the rejection ratios as (Very High, Very High, and
28.556) at this gate length ascribed to the significant degradation of photovolt-
ages at the lower intensities and considerable response at the higher intensity
owing to the higher optical power level. On the other hand, the GaAs OPFET
exhibits rejection ratios of (Very High, 16.05, and 137.54). This can be explained
as follows: Although the absorption coefficient of GaAs is almost the same as
that of InP, the photovoltages generated in GaAs are slightly higher than that in
InP owing to the larger barrier height. Hence, the GaAs device produces zero re-
sponse (due to very low photovoltage) at the lower intensity whereas substantial
responses (due to reasonable photovoltages and photoconductivity) at the higher

intensities which account for the obtained ratios.
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4.4.7 Comparative Analysis of Si, InP, and GaAs OPFETs at 5 ym

gate length and 0.4 ym channel thickness

As the gate is elongated from 4 um to 5 um, with a corresponding increase in the
active layer thickness from 0.3 um to 0.4 um, and the gate width from 150 pum
to 200 pm, the doping concentration is reduced to 3.2 x 10?2 /m3. This tends to
increase the depletion width sensitivity but is significantly limited by the voltage
drop across the series resistances since the large channel thickness induces high
conducting charge under dark which considerably raises the dark current. The
series resistances are substantially lowered due to large active layer thickness.
The photovoltaic currents, transconductances, and the photovoltaic bandwidth
tend to increase with the elongation of gate length as discussed earlier, but ex-
hibit reduced or constant values at certain instances due to the series resistance
limiting effects. The gate to source capacitances and photoconductive effects are
enhanced. The responsivities attained at this gate length are (5.54 x 108 A/W,
1.63 x 10° A/W, and 4.07 x 10* A/W) which are lower than that at the previ-
ous gate length as the device uses more illuminated area for achieving the said
photoresponse. In the UV region, the Si OPFET device generates slightly lower
photovoltages due to the large channel thickness. The responsivities achieved are
(2.55 x 10 A/W, 1.14 x 10° A/W, and 2.26 x 10* A/W). As such, the contrast
ratios obtained are (2.17, 1.43, and 1.8). In the InP OPFET, the currents are
further enhanced at the lower intensities whereas at the higher intensity, the pho-
tocurrent drops owing to the limited sensitivity caused by the presence of large
dark current. This large dark current, in addition to the photocurrent creates
large voltage drop across the series resistance. Thus, with a finite channel width
due to moderate barrier height of Au-InP junction and the high absorption coeffi-
cient of InP, the photoconductive effect contributes non-significantly as compared
to the lower gate length. In this case, the contributions are divided between the

neutral channel region and the depletion region, with depletion region still the

147



major contributor. Hence, both the photovoltaic and photoconductive effects fall
at this flux density at this gate length causing a drop in the photocurrent. The
bandwidths drop at the lower flux densities (62.2 MHz, and 0.33 GHz) owing to
the series resistance limiting effects. At the higher flux density, the bandwidth
is raised (6.2 MHz). This can be discussed as follows: Under dc or lower fre-
quencies, both the effects contribute significantly but here the photovoltaic effect
contribution has increased and the photoconductive contribution has decreased
(still photoconductive charge is higher). But as the frequency increases, the pho-
tovoltaic charge starts incrementing whereas the photoconductive charge starts
decreasing. Thus, at the juncture of the 3-dB point, the photovoltaic charge
has rose to significantly high value but the photoconductive charge has decreased
significantly. Hence, the non-equally contributing charges results in a wider band-
width (6.2 MHz). The responsivities attained are (5.1x10% A/W, 9.3 x10° A/W,
and 3.5 x 10> A/W) which account for the generated photocurrents and the opti-
cal power used under visible light. Under UV illumination, the photovoltages are
severely degraded and the photoconductive responses are negligible owing to the
very large absorption coefficient of InP and the larger active layer thickness which
produce zero responsivities. Thus, the visible/UV contrast ratios are very high.
This shows that the InP OPFET with a gate length of 5 um is a high sensitivity
detector with a very high contrast between visible and UV wavelengths but at
the expense of a larger dark current. On the other hand, the GaAs OPFET de-
vice exhibits the same photovoltages as that with other gate lengths owing to the
moderate absorption coefficient of GaAs even if the channel thickness is increased
to 0.4 um. The responsivities achieved are (1.18 x 10 A/W, 2 x 10 A/W, and
7.59 x 10* A/W) which account for the generated photocurrents utilizing larger
illuminated areas. Under UV light, the photovoltages are significantly degraded.
owing to the very large absorption coefficient of GaAs and wider channel thick-
ness (0.4 pm). This produces zero photoresponses at the lower flux densities but

at the higher flux density since the optical power level is high and on account of
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the very high absorption coefficient of GaAs, the photoconductive effect from the
depletion region is large. This is because the photovoltage is very low and the
high photoconductive current develops significant voltage drop across the series
resistance thus, making the channel totally depleted and producing high response
(4.42x 10* A/W). Hence, the visible/UV rejection ratios attained are (Very High,
Very High, and 1.72). Thus, the GaAs OPFET is comparable to the InP OPFET
at the lower intensities in terms of contrast ratio whereas it is inferior to the InP

OPFET at the higher intensity.

4.5 Material and Illumination Model Optimization of the
OPFET for Visible-Light Communication

Through material and illumination model optimization, the performance of Op-
tical Field Effect Transistor (OPFET)-based detector-cum-amplifier in Visible
Light Communication (VLC) applications has been enhanced. This work studied
Si, InP, and GaAs materials and the buried-gate front-illuminated and generalized

OPFET models.

4.5.1 Simulation set up and representation of results

The gate-to-source voltage has been set to 0 V while varying the drain-to-source
voltage from 0 to 25 V. The operating wavelength is 600 nm. The device dimen-
sions of 4 pum gate length, 150 um gate width, 0.3 um active layer thickness, and
doping concentration of 4 x 10?* /m? used in this work satisfy the scaling rules
[20] and are amongst the sets of optimum dimensions investigated in our work
[8]. The specific device parameters have been obtained for the condition when
the device is biased in the deep saturation region (25 V) for larger amplification
bandwidth. At high drain voltages, even at constant transconductance, the am-
plification bandwidth (fr) increases due to the reduction in the gate-to-source

capacitance. Complete depletion of most of the channel regions induces insensi-
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tivity suppressing the capacitance.

Table4.16 and 4.17 presents the performance metrics of the Si, InP, and the
GaAs OPFETs. The material parameters used in calculation are the same as
that given in previous section in Table4.11. Table4.18 and 4.19 represents the
performance metrics of the detectors at bias voltages suitable for Signal-to-Noise

ratio calculations.

4.5.2 Series resistance

The lower electron mobility in Si (0.09 m?/(V.s)) as compared to InP (0.43
m?/(V.s)) and GaAs (0.5 m?/(V.s)) reduces the current flow in the spacings.
As a result, the series resistance rises to compensate the fall in current. The se-
ries resistances, therefore in Si OPFET (Buried-gate (86.7 €2, 53.5 Q); generalized
(192.9 €2, 308.15 2); back-illuminated (192.9 €2, 308.15 ) (all values under dark
condition)) are higher than the InP (Buried-gate (18.2 €, 22.2 Qs); generalized
(51.4 Qs, 69.9 Q); back-illuminated (51.4 2, 69.9 Q)) and the GaAs OPFETs
(Buried-gate (15.16 €2, 21.7 Q); generalized (47.4 Q, 68.71 Q); back-illuminated
(47.4 Q, 68.71 )). On the other hand, with comparable mobilities, the InP and
the GaAs devices exhibit similar series resistances. The values listed above are
for dark condition. Resistances reduce under illumination due to the photovoltaic

effect.

Compared to the surface gate devices, the buried-gate structures exhibit lower
series source and drain resistances. On account of the lower series resistances,
the dark current is higher in the buried-gate device. The buried gate prevents
the formation of a free surface depletion region to a large extent. In contrast, the
surface gate devices induce considerable depletion width in the spacings. These
findings are line with the reported literature [21,22] and can be explained by the

existence of the fringing electric field between gate and source/drain in surface
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gate devices, which enhances the depletion width, and hence the series resistances.

4.5.3 Photovoltage

The buried-gate and generalized models develop higher photovoltages than the
back-illuminated OPFETs. The higher photovoltages are attributed to the ad-
ditional factor of (o X v, X 7,,) in Eq.3.4 for hole density in buried-gate front-
illuminated and generalized OPFETs which is absent in Eq.3.15 for hole density
in back-illuminated devices. In addition, the high absorption coefficients and
depths (1.33 pm, 0.1 pum, and 0.25 pm) in Si, InP, and GaAs materials along
with the other pertinent factors generate a significantly large number of holes
in the depletion region. The additional contribution from the sidewalls of the
gate depletion region raises the photovoltages in the generalized model above the

buried-gate model.

The InP and GaAs devices feature similar photovoltages in the front-illuminated
models. In InP, the high absorption coefficient (1x 107 /m), and moderate barrier
height (0.8 eV) neutralize the shorter hole lifetime (0.3 us) and low saturated hole
velocity (5.6 x 102 m/ s). Similarly in GaAs, the moderate absorption coefficient
(4% 105 /m) and the short hole lifetime (10 ns) counterbalance the high saturated
velocity (9 x 10* m/s) and the barrier height (0.98 ¢V). In the case of Si OPFET,
at lower intensities, the slightly larger photovoltages are brought about by the
long hole lifetime (75 us). On the other hand, at higher intensity, the minority
carrier lifetime under illumination [3] falls yielding constant photovoltages. For
reasons explained in [8], the Si and InP devices in back-illuminated OPFET show
identical photovoltages, but the GaAs device registers slightly larger photovolt-

ages.
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4.5.4 Drain-to-source current and frequency response

The drain-to-source currents are greatly sensitive to illumination. Depending
upon the presence or otherwise of series resistances, the current given by Eq.3.37
is determined by the charge in the effective undepleted channel area at the source
end of the device [16,17]. Two quantities constitute the total drain-to-source cur-
rent: the saturation current and the drain-to-source conductance evaluated at
Vps = 0 V. Refer to the Theory Section of Chapter 3 for the factors determining
the current components. Under dark and photovoltaic conditions, the conducting
channel charge is higher in the InP OPFET due to the lower barrier height of
Au-InP junction (0.8 eV) unlike the ITO-GaAs junction (0.98 eV). Compared to
other material models, the higher series resistances in the Si OPFET models set
the channel charge to lower values. Despite higher charge, the InP devices gener-
ate moderate currents because of lower mobility (0.43 m?/(V.s)) and saturation
velocity (7.6 x 10* m/s). In the GaAs detector, the high electron saturation
velocity (1.165 x 10° m/s) and mobility (0.5 m?/(V.s)) produce larger currents.
Whereas, in the Si OPFET, lower charge and reduced mobility (0.09 m?/(V.s))
produces lower currents. At the flux density of 10?2 /m?-s, due to the large photo-
conductive contribution, the Si, GaAs, and InP OPFETSs generate large currents.
The generated currents are in the decreasing order of magnitude on account of
the long electron lifetime (75 ps) in Si as opposed to GaAs (1 us) and InP (0.3
ps). In the generalized OPFET model, the currents involved are higher due to

the large photovoltages developed.

Series resistances being equal in surface gate devices, the back-illuminated and
generalized models produce the same dark current. However, owing to the higher
series resistances that they have, surface gate devices generate lower dark current
than the buried gate devices. In the back-illuminated model, at lower intensities,

the low photovoltages increase the series resistances and reduce the photocur-
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rents and drain-to-source currents. Eqgs.3.29 and 3.31 make it apparent that
under dc conditions, the magnitude of electron density in the depletion region is
one order higher than the front-illuminated models. Factors (1 + o x vy X Top)
and (1 — o X vy X 7,,) in Egs.3.29 and 3.31 have the same significance as in
[15]. High electron density brings about large saturation current in Si OPFET at
higher intensity through negative sensitivity. Total current, however, is limited
to an inferior value than in the other two models due to the reduced conductance
on account of lower photovoltages. In the InP back-illuminated OPFET, the
modest photoconductive charge arising from lower electron lifetime is insufficient
to induce negative sensitivity. With low photovoltage, the InP OPFET gen-
erates nearly the same current as the buried-gate OPFET, whose photovoltaic
charge compensates for the relatively low photoconductive contribution. The
photovoltage-boosted photoconductive and photovoltaic charges push up current
in the generalized InP model. GaAs back-illuminated OPFET records the high-
est current amongst all the devices and models since the large saturation current
induced by negative sensitivity assisted by a high conductance enhances the total
current. The high conductance in GaAs OPFET results from the higher photo-

voltage, as also from high electron mobility, and low series resistances.

Bears as it does an inverse proportion to the carrier lifetime, bandwidth is
the highest under photovoltaic conditions in GaAs OPFET with a shorter hole
lifetime (10 ns) as compared to InP (0.3 us) and Si (75 us). Boosted by optical
power, the photovoltage elevates the device sensitivity and bandwidth. Influenced
by large photovoltages, the generalized model overall shows a superior bandwidth
performance to the buried-gate and back-illuminated OPFETs. Currents gener-
ated in the three generalized models are shown in Table 4.17. At the flux density
of 1016 /m2-s, the photovoltage of 1.76 V reduces the depletion width at the source
end to zero in the GaAs and InP devices. Increased optical power does not affect

the effective channel thickness and maintains a constant photovoltaic charge. As
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a consequence, at the intensity of 101 /m?-s, the GaAs generalized model band-
width increases to 68.4 GHz in comparison to the back-illuminated OPFET (42.4
GHz) and the buried-gate model (10.1 GHz). The same is the case with the InP
OPFET. The result is the outcome of the very high photovoltage in the general-
ized model (2.3 V), which reduces the depletion width at the source end below the
zero point. Though both the photovoltage and photocurrent experience roll-off
with frequency, the photocurrent starts roll-off at a higher frequency. Initially,
when the photovoltage drops with frequency, the depletion width is still zero
maintaining constant current. With further increase in frequency, the depletion
width returns to its finite value and begins to increase. Thus, the current shows
rolloff at a wider point than that under normal circumstances. This phenomenon,
combined with the influence of the high photovoltage results in enhanced band-
width. At the intensity of 101® /m?-s, as opposed to the back-illuminated device
(4.57 GHz) and buried-gate OPFET (4.57 GHz), the drop in the bandwidth in
GaAs generalized OPFET (1 GHz) arises from a large current enhancing the se-
ries resistance effects. In the generalized model, the gate depletion region and its
sidewalls contribute identical frequency responses to lower the bandwidth. On
the other hand, in the Si generalized OPFET device, the non-equal photocurrents
at lower intensities (16 mA, 19.1 mA, and 125.7 mA) are due to the non-zero de-
pletion width at the source end maintained by the large series resistances. Thus,
the effect of bandwidth enhancement observed in the InP and GaAs OPFETs at

the intensity of 10! /m?2-s is not registered in the Si device.

An important feature of the back-illuminated OPFET under photovoltaic con-
ditions is the differential roll-off rate of the frequency response curve. It varies
as (a X @ x 7,,) in contrast to the buried-gate and generalized models which
2

X ® x v, x 72) (see Eq.3.4 and 3.15). In the generalized model,

vary as (a o

two more similar contributions from the sidewalls of the gate depletion region

add to this primary roll-off rate. The fact that the squared lifetime term pro-
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duces steeper slope than the non-squared, the frequency response curve is wider
for back-illuminated OPFET. In the buried-gate model, at lower intensity, the
larger photovoltaic effect on the bandwidth assisted by the lower series resistances
dominates the roll-off rate. However, when the intensity increases, the effect of
roll-off rate is felt more than the magnitude of the photovoltage. With some
exceptions, the above features are evident from the values of 3-dB bandwidths
as shown in Tables 4.14, 4.16, and 4.17. At the intensity of 10* /m?2-s, the Si
back-illuminated OPFET exhibits lower bandwidth than the other two models.
As explained earlier, the reduction in bandwidth is caused by a boost in the pho-
toconductive charge at this intensity also, with comparable contributions from
the photovoltaic effects. When two comparable effects with equal carrier lifetimes
add in terms of frequency responses, the resulting net bandwidth is lower than
the individual bandwidths. Another exception occurs at the flux density of 10'6
/m?-s in the GaAs back-illuminated OPFET. The bandwidth remains constant
as that of the buried-gate OPFET (4.57 GHz), but increases as compared to the
generalized OPFET (1 GHz). This phenomenon is explainable by the fact that
when the hole lifetime is very short, as in the case of GaAs, the roll-off rate dom-
inates the photovoltage. Also, the photovoltage in the GaAs back-illuminated
OPFET is enhanced as compared to the other material detectors [8]. These two
factors hold the bandwidth at constant values in the GaAs back-illuminated and
buried-gate OPFETs. For reasons stated earlier, the bandwidth in the general-
ized model drops. Even more exceptions occur at the intensity of 101 /m?2-s, at

which the GaAs and InP generalized models exhibit enhanced bandwidths.

The illumination level of 10 /m2-s used in this work (2250 1x) is higher
than the minimum illuminance standard of 200 lx specified in ISO/CIE 8995.1
for indoor work places with continuous work. It is also lower than the safety
limit specified in ISO 8995-1: 2002. However, the background light (~400 Ix)

photocurrent is comparable to the photocurrent at the illumination level of 10
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/m?-s. Also, the illuminance level of 10 /m?2-s (2.3 Ix) is lower than the min-
imum illuminance standard. Thus, the devices can be used under dark or very
low background lighting conditions. Alternatively, the same high frequency mod-
ulated optical source can be used for lighting the room as well as for VLC com-
munication (at 10! /m%s). To increase the illuminance, the number of optical

sources can be increased without exceeding the safety limits.

High background lighting conditions, on the other hand, require optical sources
of high brightness. This work, therefore, has also considered OPFET devices un-
der optical flux density of 10%* /m?-s. At this flux density, against the generalized
model (48.2 kHz) and the back-illuminated OPFET (0.41 MHz), Si buried-gate
OPFET exhibits a bandwidth of 14.6 kHz. In the Si back-illuminated OPFET,
with large photoconductive effect, as the frequency increases, the photoconduc-
tive contribution reduces while the photovoltaic effect increases. At or near the
3-dB point, the contribution is still dominated by the photoconductive effect
since the photovoltage is low. With unequal contributions from the photocon-
ductive and photovoltaic effects, the bandwidth level is high. In the Si buried-gate
OPFET, as compared to the back-illuminated OPFET, the inferior photoconduc-
tivity modulated by the higher photovoltage results in comparable contributions
and a reduction in bandwidth. On the other hand, in the Si generalized model,
there is a high photoconductive contribution from the semi-insulting substrate
in addition to the gate depletion region. Despite the high photovoltage, its less
pronounced effect than that of the photoconductive effect, shifts the bandwidth
to lie between those of the buried-gate and back-illuminated models. In the case
of the InP back-illuminated OPFET, the bandwidth is 2.6 MHz in contrast with
the buried-gate model (9.2 MHz) and the generalized model (9.97 MHz). The
only dominant mechanism of photocurrent in the InP back-illuminated model is
the photoconductive contribution from the depletion region with a bandwidth

of 2.6 MHz. In the buried-gate OPFET, under dc conditions, the photoconduc-
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tive effect from the neutral channel region and the photovoltaic effect contribute
comparably. As the frequency increases, the photoconductive contribution de-
creases with a concomitant reduction in the series resistance effect. The pho-
tovoltage also reduces with frequency. But due to the lower series resistance
effect and with the large photovoltage effectively cancelling the barrier height,
the photovoltaic charge is maintained at a constant level upto a wide frequency
range. The combined effect of the two contributions results in a broadening of
the bandwidth. In the generalized model, similar criteria hold good, resulting
in a bandwidth comparable to the buried-gate model. In the GaAs buried-gate
and the generalized OPFETS, various regions contribute with similar magnitudes
of charges. Hence, almost the same bandwidths are observed. But, the back-
illuminated model exhibits reduced bandwidth due to the higher magnitude of

photoconductive charge.

4.5.5 Transconductance, gate-to-source capacitance, and unity-gain

cut-off frequency (fr)

The dc transconductances of GaAs buried-gate OPFET devices are higher than
those of the InP and Si devices. With analogous photovoltages and series re-
sistances in the InP and GaAs devices, the transconductance would have been
higher in the InP device. This derives from the fact that at fixed doping concen-
tration and constant photovoltage, the depletion width sensitivity to the applied
gate bias is larger in the device with lower barrier height, i.e. InP OPFET. But,
the factors mentioned earlier for the enhancement of the drain-to-source current
account for the attained transconductances. The higher series resistances and
other factors stated earlier for Si OPFET limit the sensitivity to the applied
gate bias, causing a fall in the transconductances. The transconductance bears
a direct proportion to the optical power since at a fixed doping concentration,
the depletion width sensitivity to the gate to source voltage is higher at larger

photovoltages. At the higher flux density, the channel of Si OPFET, depleted by
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a large photoconductive effect reduces the transconductance to zero. The gate to
source capacitances attained in the GaAs detector in contrast with InP detector
and Si detector are as shown in Table 4.16. The tabulated values follow the same
rationale as of the transconductance, but with a difference that the space charge
in the gate depletion region and its sidewalls replace the drain-to-source current.
Photovoltages in the Si OPFET are either equal or marginally higher. Capaci-
tance of the device is independent of saturation velocity and electron mobility,
but dependent on Schottky barrier height and dielectric constant. For any device
with lower barrier height and dielectric constant which is true for Si OPFET,
with the photovoltage held constant, the depletion width sensitivity to applied
gate-to-source voltage is larger for a given doping concentration. This relation
reflects in higher capacitance values in Si OPFET followed by the InP and GaAs
detectors. At higher intensities, however, an anomalous behaviour marked by
arbitrary values and capacitance drops are observed. The drops in capacitances
are caused by (i) the effective cancellation of the depletion width by the devel-
oped photovoltage or (ii) by the de-ionization of the space charge ions by the
photoconductive electrons. GaAs OPFET has the highest unity-gain cut-off fre-
quencies brought about by larger transconductances followed by the InP and Si

OPFETs.

The dc transconductances of the generalized GaAs OPFET is reduced at the
lower intensity and severely degraded at the higher optical power levels. The
large currents in the GaAs generalized model besides the depletion width values
nearing zero and the higher series resistances in surface-gate devices limit the
sensitivity at the lower intensity. At higher intensities, the depletion width is be-
yond the zero point at the source end. Thus, any variation in the gate-to-source
voltage is of no consequence. Similar results hold good for the InP OPFET. In
the Si OPFET, there is no significant degradation of the transconductance since

the depletion width is finite. The gate-to-source capacitances are unaffected but
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decrease slightly with optical power at lower intensities, but drop significantly at
higher intensity. The values are typically smaller than in the buried-gate device.
The large photovoltages reduce the depletion width to zero in some of the channel
regions. Additionally, with increased optical power, the depletion width reduces
to zero in several other regions, causing a fall in capacitance. At the higher
intensity, the drop in capacitance is attributed to the de-ionization process as

discussed earlier.

The Si back-illuminated OPFET exhibits comparable dc transconductances
to those in buried-gate OPFET at lower intensities. This phenomenon occurs in
spite of the fact that at a fixed doping concentration and other constant parame-
ters, the depletion width sensitivity to the applied gate to source voltage is larger
in the device with higher photovoltages, such as the buried-gate OPFET. Also,
in the buried-gate device, in spite of larger currents, the lower series resistances
induce voltage drops of smaller magnitude. The comparable transconductances
of Si back-illuminated OPFET are explainable by the negligible sensitivity of
channel conductance to the applied bias at the source end of the device in the
buried-gate OPFET. This fact occurs due to the effective cancellation of the bar-
rier height by the induced photovoltage, although the magnitudes of conductance
and saturation current are higher. In the back-illuminated model, the photovolt-
ages are small, thus showing variation in conductance with applied bias. At the
higher intensity, the transconductance rises to 72.6 mS as compared to 0 mS in
the buried-gate OPFET. In the latter case, the saturation current and conduc-
tance are alike insensitive to applied bias due respectively to negative sensitivity
and zero depletion width. On the contrary, in the back-illuminated OPFET, the
large saturation current and the sensitive conductance results in high transcon-
ductance in spite of the insensitive saturation current. The depletion width sen-
sitivity reduced by the lower photovoltage brings down the capacitance at the

lower intensity. The lower photovoltages in back-illuminated OPFET rule out
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the effective cancellation of the depletion width by the photovoltage. At higher
intensities, therefore, the back-illuminated device capacitances exceed those in the
buried-gate OPFET. At lower intensities, the dc transconductances are higher in
the buried-gate OPFET models than in the back-illuminated models of the InP
and GaAs materials. These findings are explained by the larger photovoltages,
lower series resistances, and by the fact that the photovoltages do not effectively
cancel the barrier height in the buried-gate OPFETSs. The analysis and the find-
ings apply commonly to the capacitances and transconductances. At the higher
intensity, the transconductance in the InP back-illuminated OPFET is enhanced
as compared to the buried-gate model since both the conductance and the sat-
uration components of current are sensitive to the applied bias in the former
case. The latter case displays insensitivity of the conductance parameter. For
GaAs OPFET, the insensitive, large saturation current and sensitive conductance
in the former case balance out the sensitive, modest saturation current and in-
sensitive conductance in the latter case. The corresponding transconductance,
therefore, in the GaAs OPFETs remains the same in both cases. At higher in-
tensity, the capacitance in the InP back-illuminated OPFET is comparable to
the buried-gate model. The magnitude of the deionization process in the back-
illuminated model, and similar effect of the effective cancellation of barrier height
in the buried-gate OPFET explains the finding. Contrarily, the de-ionization
process ensures that the capacitance of the GaAs back-illuminated model is less
than that of the buried-gate model. The de-ionization process is absent in GaAs
buried-gate OPFET as the magnitude of photoconductive charge is small. The
back-illuminated model undergoes no effective cancellation of the depletion width
by the photovoltage. It occurs to a smaller extent in the buried-gate model. The
larger photovoltage in the buried-gate model thus enhances the capacitance. The
similar transconductances observed in the Si generalized and back-illuminated

models at the lower intensities are attributable to the same reasons as for buried-

gate OPFET.
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At the bandwidth frequency i.e. under ac conditions, the unity-gain cut-
off frequency remains constant, or decreases, or increases as compared to the dc
values depending upon the relative contributions of the transconductance and the
gate-to-source capacitance. The unity-gain cut-off frequency is severely degraded
in the InP and GaAs generalized OPFETs under dc conditions. But, operation
at the bandwidth frequency registers high fr values (Table 4.17) due to the
restoration of the depletion width to its finite value through the photovoltage
roll-off.

4.5.6 Responsivity

All the material models display high reponsivities. GaAs device with its large
photovoltaic and photoconductive effects attains to the highest responsivities
among the models, followed by the InP and Si devices. The buried-gate and
generalized Si OPFETs at the flux density of 10%2/m?-s are an exception to this
finding. The generalized model exhibits larger responsivities than the other two
models in all the three material systems, whereas the back-illuminated OPFET

shows the least responsivities.

4.5.7 Operating at lower drain voltages

The lowering of drain voltage significantly improves the 3 dB bandwidth perfor-
mance in Si OPFET. At the lower intensities, the reduction in operating currents
with the consequent reduction of series resistance and improvement of sensitivity
explains the finding. At the higher flux density, the minimized series resistance
effect greatly reduces the photoconductive current. It also induces substantial
photovoltaic effect at the 3 dB point, improving the bandwidth. Conversely, the
reduced transconductance and increased gate-to- source capacitance lower the
unity-gain cut-off frequency at lower drain voltages. Causes for the decrease in

transconductance are still being investigated by the authors. The reasons behind
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the fall in capacitance have been stated earlier. The detection-cum-amplification
bandwidth is large at lower voltages with some decrease in responsivity. The
dark current is considerably reduced. Specifically, among all the Si OPFET mod-
els, the Si back-illuminated OPFET exhibits the highest 3 dB-cum-amplification
bandwidth of 38.2 MHz at a flux density of 10'® /m*s and a bias of 2.48 V.
The generalized OPFET, on the other hand, shows the largest bandwidths of
73 MHz and 2.79 MHz respectively, at the flux densities of 10 /m?2-s and 10%*
/m?-s at the same bias voltage. The detection-cumamplification bandwidth per-
formance is superior at higher voltages in the GaAs and InP buried-gate and
back-illuminated OPFET models at lower intensities. This is because the 3 dB
bandwidth is almost unaffected with the change in bias due to relatively lesser
series resistance effect. The amplification bandwidth is larger at higher voltages
as discussed earlier. The same is the case with the InP generalized OPFET. In
the GaAs generalized OPFET, the 3 dB bandwidth improves at lower voltages,
but at the cost of considerably reduced amplification bandwidth. Remarkably,
in S1 OPFET, there is a substantial enhancement of 3 dB bandwidth at the flux
density of 10%2 /m%s for the reasons stated earlier. At this intensity, the InP
generalized OPFET exhibits the highest combined bandwidth of 22 MHz at a
bias of 2.48 V.

4.5.8 Signal-to-Noise Ratio

Referring to Tables 4.18 and 4.19, the performance metrics are calculated at the
bias voltages appropriate or valid for Signal-to-Noise ratio computations as given
in the theoretical model presented in [174]. At these voltages, i.e. at the gate bias
of —1 V and a drain bias of 1.9 V, the GaAs back-illuminated OPFET exhibits
ultra-high bandwidths of 46 GHz and 208.5 GHz at the intensities of 106 /m?>-s
and 10Y /m?-s respectively. With the GaAs OPFET possessing comparatively
lesser series resistances, these findings are explained by the lower bias-driven sup-

pression of the dark current and the drain-to-source currents under illumination,
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thus reducing considerably the series resistance effects.

Fig.4.24 depicts the computed Signal-to-Noise ratios in the various detectors as
a function of modulation frequency. The ratios exceed 10!V in all the cases which
is equivalent to 200 dB suited for very noisy applications. The high ratios are
attributable to the large photovoltages which not only boost the gain through the
transconductance, but also reduce the diffusion noise current sources. The shot
noise current sources are reduced too since the gate leakage current is maintained
at its minimum level through the counter effect of the forward photovoltage over
the reverse flowing drift-diffusion currents. In addition, the thermal noise is
suppressed due to the presence of large bias, input resistances and high drain-to-
source resistance. The Signal-to-Noise Ratio decreases at higher frequencies due

to the roll-off of the photovoltage with frequency.
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Figure 4.24: Signal-to-Noise Ratios in the various detectors as a function of modulation fre-

quency

4.5.9 Applications

The GaAs OPFET is suitable for high data rate VLC applications such as Light-
Fidelity Networks (Li-Fi) and other communication applications with data rate
of 100 Gbits/s and higher. The InP device can serve in moderate bandwidth

applications such as in hospitals and health-care, under-water communication,
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defence, security etc. The Si OPFET device can operate in low data rate appli-

cations such as general positioning, vehicle and transportation, smart lighting etc.

Table 4.20 provides comparison of the GaAs OPFET performance with the
state-of-art Si and GaAs detectors and amplifiers in OEIC receivers. The 3-dB
bandwidth and responsivity of the OPFET device are superior to the reported
devices. Responsivities of the latter detectors are sufficient for short-distance
communications. For long haul communications, the very high responsivity of
OPFET gives it an edge over the reported devices. In high data rate VLC applica-
tions, even with lower 3-dB and detection-cum-amplification bandwidths in some
cases, the OPFET devices have higher gain-bandwidth product. An additional
advantage is that a single device acts as a detector-cum-amplifier as compared to

other OEIC receivers, which employ distinct detectors and amplifiers.

4.6 Material and Illumination Model Optimization of the
OPFET for Ultraviolet High Dynamic Range Imaging

and Communication

The ultraviolet (UV) photoresponses of Wurtzite GaN, ZnO, and 6H-SiC-based
Optical Field Effect Transistor (OPFET) detectors are estimated considering
the generalized model, the front-illuminated model, buried-gate front- and back-
illumination models for high resolution imaging and UV communication applica-
tions. The gate materials considered for the proposed study are gold (Au) and
Indium-Tin-Oxide (ITO) for GaN, Au for SiC, and Au and silver dioxide (AgOs)
for ZnO.

The gate-source voltage is set to 0 V and the drain-to-source voltage to 10 V
(saturation region). The wavelength of operation is 350 nm. This UV wavelength

falls in the range of UV Type A radiation (315 - 400 nm) which is least harmful
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to the humans and accounts for 95% of the sun’s radiation reaching the earth’s
surface. However, there is some risk of damage caused by this type of radiation,
hence, preventive measures need to be taken. The other UV ranges (Type B (280
- 315 nm)) and Type C (100 - 280 nm) are significantly damaging and hence,
should be avoided. The photon flux densities used in the simulations (106, 10,
and 10?2 /m?-s) correspond to optical power densities of 0.575 uW/cm?, 0.575
mW /em?, and 0.575 W /cm? respectively. The performance evaluation of the
GaN, SiC, and ZnO-based illumination OPFET models considered in this work
is provided in Tables 4.21, 4.22, 4.23, and 4.24. Refer to Table 4.5 for the param-

eters employed in calculation.

The basic detector parameters such as the photovoltage, drain-to-source cur-
rent, responsivity, switching time, sensitivity, detectivity, unity-gain cut-off fre-
quency (fr), and Linear and Dynamic Range (LDR) are evaluated. The gen-
eralized and the front-illumination models exhibit a significant improvement in
the linear dynamic range over the GaN buried-gate OPFET illumination models
due to higher dark current in the buried-gate models. The generalized model
is superior to the front-illuminated model in terms of the dynamic range. The
buried-gate GaN OPFET models show faster responses and higher bandwidths
however, with some exceptions. The responsivities are considerably high and
comparable in all the devices with the generalized OPFET showing better re-
sponse than the front-illuminated OPFET at the lower intensities, and vice versa
at the higher intensity. The detectivities are substantially high in all the cases due
to high responsivity values. The SiC OPFET considering the generalized model
exhibits the highest 3-dB bandwidths of 11.88 GHz, 36.2 GHz, and 364 GHz and
the highest detection- cum-amplification bandwidths of 4.62 GHz, 8.71 GHz, and
5.71 GHz at the optical power densities of 0.575 uW /cm?, 0.575 mW /em?s, and
0.575 W /cm? respectively. The LDR obtained is also the highest (73 dB). The

lowest response times are attained in the AgO,-ZnO generalized OPFET model
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(48 ps, 39 ps, and 9 ps). The ZnO OPFET is perceived as a high optical power
detector from its large sensitivity and responsivity ascribed to the high absorp-
tion coefficient of ZnO (2.7 x 107 /m), its long electron lifetime (1 us), and high
electron saturated velocity (2.8 x 10° m/s) which assist in enhancing the photo-
conductivity at the high optical intensity of 0.575 W/em?. In overall, the ZnO
OPFET exhibits high responsivity, moderate to high LDR values ranging from 24
dB to 69 dB, modest fr values and 3-dB bandwidths ranging between low MHz
to low GHz frequencies. Whereas the GaN OPFET is observed to show high re-
sponsivities, bandwidths in the sub-megahertz to high gigahertz ranges, modest
to high cut-off frequencies and LDR in the 24 dB to 65 dB range. Employing
ITO gate in the GaN generalized OPFET model and AgO, gate in the ZnO gen-
eralized model of OPFET (both possessing large barrier heights) improves the

performance of these devices over that using conventional Au gates.

4.7 Strutural and Material Optimization of the Buried-
gate Front-illuminated OPFET for Ultraviolet (UV)

Communication

Buried-gate front-illuminated OPFET is structurally and materially optimized
to enhance its performances for use as Ultraviolet (UV) photodetectors in UV
communication, high noise, high speed, high gain, and high power applications.
This work considers the effects of four relevant sets of structural dimensions rang-
ing from 3 pum to 5 um gate lengths and three distinct semiconductor materials
(GaN, 6H-SiC, and ZnO) in analyzing the optimization of OPFETs. The opti-
mum gate length and active layer thickness are found to be 3 pym and 0.27 um
respectively. The simulation results reveal that on the whole, the GaN OPFET
with Indium-Tin-Oxide (ITO) gate exhibits reasonably high 3 dB bandwidth
(20.7 GHz, 30.88 GHz), fast switching (69.6 ps, 64.2ps), and high amplification
bandwidth (8.2 GHz, 7.8 GHz) at the optical power densities of 0.575 uW /cm?
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and 0.575 mW /cm?s. The other parameters show reasonably high values. The
ZnO OPFET with silver oxide (AgO3) gate is an established highly sensitive and
high speed detector with responsivities (1.69 x 10° A/W, 2 x 10° A /W, 9.2 x 103
A/W), EQEs (6 x 101'%, 7.2 x 103%, 3.26 x 105%), response times (58 ps, 57.6
ps, 20.6 ps), and detectivities (2 x 107 Jones, 2.5 x 10 Jones, 1.1 x 10'? Jones) at
the intensities of 0.575 uW/em?, 0.575 mW /em?, and 0.575 W /cm? respectively.
However, the photocurrent gain is much inferior to the SiC OPFET. The 3-dB
bandwidth at the lower intensities is in the gigahertz or sub-gigahertz range. The
frs are inferior to the other devices. Over the range of applied optical power den-
sities of 0.575 uW /em?, 0.575 mW /em?, 0.575 W /em?, and 57.5 W /em?, the SiC
OPFET with gold (Au) gate exhibits much higher photocurrent gain (1.02 x 10,
1.2 x 108, 1.45 x 10°, and 1.69 x 10%) as well as larger 3-dB bandwidth (20.7
GHz, 33.4 GHz, 500 GHz, and 151.7 GHz) as compared to the GaN and the ZnO
OPFET detectors.

The parameter values at the optimum dimensions are depicted in Table 4.25.
The gate bias is 0 V, whereas the drain bias is 25 V. The operating wavelength
is 350 nm. The photon flux densities used in the simulations (106, 10, 10%2,
and 10** /m?-s) correspond to optical power densities of 0.575 pW/cm?, 0.575
mW /em?, 0.575 W /em?, and 57.5 W /em? respectively. The parameters used in

calculation are to be referred from Table 4.5.

4.8 Reliability and the Effect of Elevated Temperatures
on the Characteristics of 6H-SiC Buried-gate Front-
illuminated OPFET for UV Applications

In the backdrop of the established characteristics of SiC OPFET as a high gain
and high bandwidth device, the study further investigates the effect of elevated

temperature on the device parameters. These harsh environments are typical of
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industrial applications. At 300 K, i.e. at room temperature, apart from high gain
and bandwidth, reasonably large values for the other parameters are obtained,
except the low sensitivities and long switching times. The effect is studied at

temperatures of 300 K, 400 K, 500 K, and 600 K.

Figure 4.25 shows the influence of temperature on the photocurrent gain at
different radiation flux densities. It depicts the immense immunity of the SiC
detector gain to the elevated temperatures at all intensities. The responsivities
and the EQEs follow the photocurrent gain. Temperature effect on the other
distinct parameters i.e. the switching time and the detectivity is shown respec-
tively in Figures 4.26 and 4.27. Both switching time and detectivity exhibit quite
stable responses. At higher flux densities and temperatures, the switching time
improves significantly. The above results show that the device is capable of de-
livering reasonably high gain, fast response, and good detectivity even at higher
temperatures up to 325 degrees Celsius. On the downside, there is a significant
reduction in the 3-dB bandwidth from up to hundredths of gigahertz at 300 K to
lower values at elevated temperatures. At 400 K, the bandwidth is in gigahertz
or sub-gigahertz whereas at 500 K and 600 K respectively, it is in megahertz and
kilohertz. This is attributed to the emptying out of recombination centres at such
high temperatures which were otherwise responsible for the short lifetime at 300
K. The transconductances, the gate-to-source capacitances, and the unity-gain

cut-off frequencies also show reasonable stability.
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Figure 4.25: Photocurrent gain as a function of temperature in 6H-SiC OPFET at different

radiation flux densities
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4.8.1 Effect of Temperature on Device Parameters

With temperature elevation, the photovoltage remains constant or slightly rises
(0.81 'V, 1.046 V, 601 1.28 V, and 1.42 V) at 400 K. It remains almost unaltered
(0.68 V, 0.976 V, 1.27 V| and 1.43 V) at 500 K, before increasing significantly
(1.37 V, 1.726 V, 1.88 V, 1.89 V) at 600 K. The above phenomenon is explain-
able as follows: At 400 K, the photogenerated hole density is orders of magni-
tude higher than at 300 K because of the higher absorption coefficient, and the
longer hole lifetime, although the hole saturation velocity is lower. Table 4.26
presents the temperature-dependent values of the parameters. Simultaneously,
the reverse saturation current density across the Schottky junction is considerably
raised from (~ 6 x 1071 A /m?) at 300 K to (~ 6 x 1077 A/m?) at 400 K. The
photovoltage is directly proportional to the temperature. Its relationship with
saturation current is one of inversely logarithmic while that with saturation ve-
locity and hole density is directly logarithmic. The photovoltage thus undergoes
compensating effects from the various parameters and results in either constant
or slightly raised photovoltages at 400 K. As the temperature rises to 500 K, with
the other compensating factors, the photovoltages remain constant. The value

of the are greatly enhanced as the temperature is raised to 600 K by the consid-
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erably increased hole lifetime. The reverse saturation current density at 600 K
is 0.8241 A/m?. Photovoltages saturate at larger intensities due to the effect of

illumination on the minority carrier lifetime [1].

The series resistances increase considerably with temperature (~Rs—488 (2,
890 €, 1.12 x 103 Q, and 9.4 x 10% Q) on account of the degradation of mobility
with temperature. One more factor affecting the series resistances is the differ-
ence between the gate and p-n junction built-in voltage. While the gate junction
voltage is constant at ~1.27 V, even upon increasing the temperature, the p-n
junction voltage drops significantly with temperature. The drop in voltage occurs
because the intrinsic carrier concentration rises at elevated temperatures. The
difference is higher at 400 K, drops to a minimum at 500 K, and then again rises
to some reasonable value at 600 K. Thus the voltage-drops across the spacing
follow the difference in the two built-in voltages. The attained mobilities and
the voltage drops determine the series resistances. The drain-to-source currents
and the photocurrents undergo reduction at 400 K and 500 K except at the flux
density of 10** /m?2-s on account of the slightly higher photovoltages but signifi-
cantly raised series resistances, lower mobilities, and reduced electron saturation
velocities. At this intensity, there is a significant improvement in the response

resulting from the larger absorption coefficients and the longer electron lifetimes.

The responsivities, the photocurrent gains, and the EQFEs follow the pho-
tocurrents generated. Response times increase, transconductances fall, whereas
capacitances remain at nearly the same level at lower flux densities; the unity-
gain cut-off frequencies decrease, and detectivities reduce. The 3-dB bandwidths
periodically decrease at the lower intensities but are comparable at higher inten-

sity.
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Table 4.26: Temperature-dependence of 6H-SiC parameters

Parameter Name Temperature (300 K) 400 K 500 K 600 K Unit
I Low field electron mobility (~0.037) (~0.020) (~0.016) (~0.009) (m?2/V.s)
op Schottky Barrier Height (Au) (~1.37) (~1.37) (~1.37) (~1.37) (eV)
Vyn Saturated electron velocity ~2x10° ~15x10° ~1.3x10° ~1.1x10° (m/s)
Vyp Saturated hole velocity ~9x 104 ~T7.7x10% ~6.9x10* ~6.3x10* (m/s)
Tp Lifetime of holes 9.19 x 107° 2.25x 1077 3.1x107? 9.3 x107* (s)
Tn Lifetime of electrons 9.19 x 107° 2.25x 1077 3.1 x107° 9.3 x 1074 (s)
€ Permittivity 8.5 x 107! 8.5x 1071 85x 10711 85x 1071 (F/m)
o Absorption Coeflicient @ 350 nm 1.06 x 10° 1.45 x 10> 1.7 x 10> 2.4 x 10° (/m)

The scenario is quite different at 600 K. There is an improvement in the pho-
toresponse over that at 400 K and 500 K. The response is comparable at lower
intensities to that at 300 K, whereas it increases at higher intensities. This im-
proved response comes at the cost of much reduced bandwidth in the kHz range
at the lower intensities. At higher intensity, the bandwidth is raised to MHz
range owing to the effect of illumination on the minority carrier lifetime. The
same hole/electron lifetime responsible for bandwidth reduction conversely leads

to the high photoresponse through the gain.

The above results show that the device response is stable at elevated temper-

atures and can operate at frequencies ranging from kilohertz to gigahertz.

4.8.2 Reliability of the SiC OPFET at Elevated Temperatures

One of the primary factors responsible for the device failure is the electromigra-
tion at the gate Schottky contact [176]. The Mean-Time-to-Failure (MTTF) is

governed by well known Arrhenius equation:

E

A
MTTF = AJ "eFsT (4.1)
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where A is the proportionality constant, J is the current density, n is a con-
stant, F4 is the activation energy. At zero gate and drain bias, and under dark
condition, the activation energy is the same as the Schottky barrier height [10],
i.e. 1.37 eV and the current density is the reverse saturation current density.
At elevated temperatures, the Schottky barrier height remains constant [177],
whereas the current density increases significantly. Assuming A and n to be

unity, the MTTF as a function of temperature is plotted in Figure 4.28.

1040
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Figure 4.28: MTTF in 6H-SiC OPFET at elevated temperatures under dark condition at zero

gate and drain bias

The graph in Figure 4.28 shows that the Mean Time to Failure is far above
par values even at elevated temperatures, thus showing its reliable operation un-
der dark and zero bias conditions. These long failure times arise mainly from
the large activation energy of 1.37 eV apart from the comparatively lesser con-
tributions from the saturation current density. Under illumination and positive
drain-to-source bias in the deep saturation region, which are the conditions of
normal operation of this device as a photodetector, the activation energy either
increases further or maintains its original value, but never deteriorates. The de-
veloped photovoltage acting as a forward bias tends to decrease the activation
energy. Voltage drops across the source series resistance and the channel, com-

pensate or overcompensate the loss of activation energy. The Schottky junction
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thus functions in reverse bias.

The drift and the diffusion phenomena in the Schottky diode greatly increase
the reverse photocurrents as the optical power increases. As the depletion width
is at its maximum, it remains unaffected with temperature changes. The only
remaining effect of temperature changes on drift current, therefore, comes from
the absorption coefficient. On the contrary, the diffusion photocurrent is affected
by temperature through the absorption coefficient, the hole diffusion length, the
depletion width and the intrinsic carrier concentration. But the diffusion pho-
tocurrent ceases to exist due to almost complete depletion of the channel. At
lower flux densities and higher temperatures, the contribution still comes from

the reverse saturation current density.

Thus fuelled by the drift currents and the reverse saturation current, the diode
net current density significantly rises with optical power as well as with tempera-
ture. Considering these factors and the least value of the activation energy (1.37
eV), the MTTF is plotted as a function of temperature in Figure 4.29 under
different illumination conditions at zero gate bias and 25 V drain bias. As is
apparent from Figure 4.29, the MTTF reduces both with the optical power and
temperature. The highest value lies at the temperature of 300 K at the flux den-
sity of 1010 /m%s (2.1 x 10*" h), whereas the lowest value is at 600 K under the
flux density of 10** /m%s (3.1 x 107 h), which is 695 still very high.

The above-observed results show the suitability of the device and its high
reliability in elevated temperature environments under normal operating bias

voltages and radiation flux densities.
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Figure 4.29: MTTF in 6H-SiC OPFET at elevated temperatures under different illumination

conditions at zero gate bias and 25 V drain bias

4.9 Switching Performance and Frequency Response of GaAs
OPFET Models

The switching and frequency responses of the buried-gate front-illuminated, and
the generalized models with ITO gate are examined for VLC applications such

as traffic lighting and compared with that using Au gate.

The gate bias is set to 0 V whereas the drain bias is variable. The device is
studied under deep saturation region of operation for higher sensitivity and larger
amplification bandwidth. The optical radiation has a wavelength of 600 nm. The
radiation flux densities of 10'%, 10, 10, 10*', and 10?* /m2-s employed in
the simulations are equivalent to power densities of 33 pW /em?, 33 nW /cm?,
33 uW/em?, 33 mW /em?, and 33 W /em? respectively. Structural optimization
of the switching and frequency responses of the buried-gate model is carried
out over a wide range of dimensions with gate length from 3 um to 8 um; the
structural parameters being chosen from the scaling rules [38]. The analysis
considers only the 4 most relevant sets. Refer to Table 4.27 and 4.28 for the

frequency response comparison of the OPFET models. Parameters used in the



calculation are specified in Table 4.9.

At first, the photo-induced voltages developed in the studied illuminated mod-
els are compared. As seen from Figure 4.30, the devices with ITO gates exhibit
enhanced photovoltages over that of the Au gates. This enhancement is attributed
to the larger Schottky barrier of the ITO-GaAs junction (0.98 e€V) as compared
to that of Au (0.865 eV), which decreases the reverse saturation current density

and boosts the photovoltage.

35T & Buried-gate Front-lluminated (ITO gate)

—<O— Generalized (ITO gate)
3| —=~A— Buried-gate Front-illuminated (Au gate) /0 i
—#— Generalized (Au gate)

25

N
T

Photovoltage (V)
&

051

0
1010 1010 1020 102
Photon Flux Density (/m?-s)

Figure 4.30: Photovoltage versus radiation flux density in the buried-gate and generalized

models (with Au and ITO gates)

For switching applications, an important parameter, the switching time is
defined as the ratio of the total gate depletion space charge and the sidewalls
charge to the total drain current and is the average of the rise and fall times of
the pulse response. The effect of structural parameters and the optical power on
the switching time in buried-gate OPFET model with ITO gate is demonstrated
in Figure 4.31. The figure shows that with the increase in gate length, i.e. with
the corresponding increase in dimensions and a decrease in the doping density
from scaling rules [154], the response time considerably increases. As can be seen

from Figure 4.32, the space charge increases with gate length, so also the drain-to-
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source current (Figure 4.33), but the rate of increase of the space charge is higher
than that of the current (compare Figures 4.32 and 4.33) resulting in the increase
in the switching time. The space charge enhancement with the gate length is due
to the increase of the longitudinal, lateral, and transverse domains of the device
superseding the effect of lower doping-induced charge. With the elongation of
the gate length, the depletion width increases due to decrease in the doping
concentration, which also enhances the space charge. The increase in dimensions
augments the drain current too, with the gate length acting as both enhancement
and limiting factor. This boost of current is assisted by the fact at a constant
photovoltage, the junction width sensitivity to applied illumination is larger at
lower doping concentration. The above effects surpass the effect of lower doping
induced charge. It can be seen from Figure 4.32 that the space charge remains
constant with applied optical power except at the highest flux density of 10%*
/m?-s. This phenomenon occurs due to the deep saturation region of operation
causing depletion of most of the channel area and due to the de-ionization process

at the higher intensity.
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Figure 4.31: Switching time versus radiation flux density in the buried-gate model with ITO
gate at different gate lengths
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Figure 4.33: Drain current versus radiation flux density in the buried-gate front-illuminated

model with ITO gate at various gate lengths

In contrast, the drain current increases with illumination. This is due to the
fact that the current as opposed to space charge depends upon the channel charge
and not on the depletion charge. By raising the applied optical power, the pho-
tovoltage is significantly boosted which decreases the junction width at or near
the source end of the device and increases the channel current. The series re-
sistance limits the current to some extent. At the highest intensity, there is a
significant boost in current, which is accounted by the large photoconductivity

in the junction region of the device. This effect incurs considerably high voltage
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drop across the series resistance, thus totally depleting the channel and inducing
negative sensitivity. Although almost constant space charge is maintained, the
significant increase of the drain current with illumination results in the decrease

in the switching time as the optical power is increased (Figure 4.31).

The comparison of response time of both the illumination models with ITO
and Au gates as a function of photon flux density for a 4 pum device is pre-
sented in Figure 4.34. The switching response, on the whole, remains unaltered
for both ITO and Au gates with respect to both the illumination models, how-
ever, with some exceptions. The devices with I'TO gate experience decrease in
the dark current compared to that with Au gate due to larger barrier height
of ITO-GaAs junction, which enhances the depletion width. As discussed ear-
lier, the photovoltages generated in the ITO-gated devices are higher, resulting
in larger photocurrents. In most of the cases, these are not sufficient enough to
produce larger drain-to-source currents. Co-incidentally, the ITO-gated detectors
exhibit the same drain-to-source currents as for the Au-gated detectors except
at the highest flux density. At this flux density, the magnitude of the current
depends upon the relative values of the saturation and conductance components
of current. The saturation component is affected by the large photoconductive
effect, whereas the conductance is affected by both the large photovoltaic and the
photoconductive effects. The same drain currents and unaltered space charges
result in equal switching times in both the ITO and Au-gated devices upto the
flux density of 102! /m?-s. The exception to this is with the generalized OPFET
wherein the response time decreases significantly upto the intensity of 10'° /m?-s
when ITO gate is employed. The decrease in switching time results from the
very large photovoltaic effect in the generalized model, which causes a signifi-
cant increase in the drain current along with a reduction in the space charge (see
Figure 4.35). After that, the switching time matches that with Au gate. This

is because the drain current no longer further increases with optical power since
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the photovoltage at the previous flux density had rendered the junction width to
zero. Thus, increasing the optical power does not induce any more sensitivity,
and there is a saturation of current at the intensity of 101® /m?-s. The increase in
the current at the flux density of 102! /m?2-s is due to the significant contribution
from the photoconductivity in the neutral channel region. The photovoltaic ef-
fect remains saturated at this intensity. Unlike in other model wherein the space
charge remains constant with optical power at the lower intensities (see Figure
4.32), the space charge in the generalized model exhibits a negative slope with
optical power (see Figure 4.35). This is again due to the very high photovoltaic
effect, which causes a significant portion of the depletion width to be reduced.
In the other model, the space charge remains constant, but the drain current in-
creases substantially with optical power. In contrast, in the generalized OPFET,
the space charge undergoes reduction, whereas the current increases at a slower
rate. These effects in the two sets of models compensate each other maintaining
a similar slope for the switching time with the applied optical power in both the
models. The consequence of the reduced space charges and the higher currents at

the lower intensities in the generalized model is the lowest switching times among

both the models.
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Figure 4.34: Switching time versus radiation flux density in the buried-gate and generalized

models (with Au and ITO gates) for a 4 ym device
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Figure 4.35: Gate-depletion and sidewall space charge (left) and drain-to-source current (right)

versus radiation flux density in the generalized model (with Au and ITO gates) for a 4 u device

In contrast to the switching time which remains in overall, almost constant in
both the ITO and Au-gated devices, the 3-dB bandwidth in the ITO-gated de-
tectors is enhanced as compared to that with Au gate (refer Table 4.27 and 4.28).
This is attributed to the fact that unlike the response time, which depends upon

the drain current, the bandwidth is obtained from the photocurrent response.
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Since the photocurrent is larger with the devices employing ITO gate due to the
higher photovoltages, the bandwidth is enhanced. It has been estimated that
the bandwidth at the lower intensities shows more than 32% increase over that
of Au gate with an average of 50%. At the highest intensity, the corresponding
figures are 8% and 11% respectively. The structural dimensions and doping con-
centrations profoundly affects the bandwidth of the device as seen in Table 4.27
for the buried-gate OPFET. Ideally, when all the limiting factors such as series
resistances, dark current, and in some cases the photoconductive effect are kept
to their minimum or optimum values, the 3-dB bandwidth increases with the gate
length. In other words, it increases with the decrease in the doping concentration
as discussed in the earlier sections. This is not fully achieved in the present case
due to the limiting factors discussed above are not at their optimum or minimum
values. At the flux densities of 102, 10, and 10'® /mZ-s, only the photovoltaic
effect prevails, whereas at the intensities of 102! and 10**-s, both the photocon-

ductive and the photovoltaic effects contribute.

At the second group of flux densities (10*! and 10**-s) in the case of buried-
gate device with ITO gate and front-illumination, the scenario is slightly different
from the discussions in the earlier sections where the power level was 10%? /m? as
the gate length is elongated to higher values. At the gate length of 3 um, 3-dB
bandwidths of (1.625 GHz, and 3.84 MHz) are observed. The moderately high
bandwidth of 1.625 GHz at the flux density of 10*! /m?-s is due to still dominant
contribution of the photovoltaic charge resulting from the higher doping concen-
tration. This bandwidth is lower than that at the intensity of 10 /m?2-s since
at the current flux density, the photoconductive effects from the depletion and
the channel regions also contribute partially. The bandwidth significantly falls
to 3.84 MHz at the intensity of 10?* /m?2-s due to the sole contribution from the
photoconductivity in the totally depleted channel region. With the elongation of

gate length to 4 pm and so on till 8 um, the bandwidths periodically fall to lower
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values at the intensity of 102! /m?2-s. This is because the photovoltaic charge
decreases, whereas the photoconductive charge is either boosted or remains con-
stant with gate length. At the higher intensity, there is at first, a fall in the
bandwidth at the gate length of 4 um (2.03 MHz) attributed to not sufficient en-
hancement of the photoconductive charge from the gate depletion region as the
gate length is increased. At 5 um gate length, the bandwidth is 2.8 MHz since the
photoconductive charge is significantly enhanced surpassing the bandwidth at the
4 pm gate length. The negative photovoltaic charge emanating from the higher
optical power level significantly boosting the photoconductive charge at this gate
length reduces the bandwidth to some extent. In the 8 i gate length device, the
bandwidth rises to 6.2 MHz since the photoconductive depletion contribution is
significantly high with low negative photovoltaic charge emanating from lower
doping concentration. In the buried-gate front-illuminated device employing Au
gate, the bandwidths follow the similar dependence upon the gate length as that
in the ITO-gated device but in overall with the bandwidths showing reduced val-
ues. This is due to the lower photovoltaic charges from the lesser photovoltages
which add to the constant photoconductive charges at the intensity of 10*! /m?-s.
The Au gate has a lower barrier height than the ITO gate. This produces larger
negative photovoltaic charges at the higher intensity, which compensate the con-
stant photoconductive charges slightly more than that with I[TO gate leading to
a fall in the bandwidth.

In the generalized model with ITO gate, the bandwidths observed at the corre-
sponding five flux densities under consideration are (0.455 GHz, 0.625 GHz, 39.2
GHz, 394.1 GHz, and 5.71 MHz). As shown in Figure 4.35, the drain-to- source
currents involved in this case are higher because of large photovoltages. Thus,
at the intensities of 1012 and 10 /m?-s, the comparatively lower photovoltaic
effects and larger currents inducing considerably high voltage drops across the se-

ries resistance substantially limit the bandwidths to sub-gigahertz values. At the
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next higher intensity of 101® /m?-s, there is a significant boost in the bandwidth
since the very high photovoltage reduces the depletion width beyond the zero
point. Thus, even if the frequency is increased above the roll-oft point of the pho-
tovoltage, the photocurrent remains constant until the frequency brings the pho-
tovoltage to a level which is low enough to maintain finite depletion width. This
occurs at a much farther point than that under normal circumstances enhancing
the bandwidth. At the intensity of 10*! /m?-s, the still higher photovoltage fur-
ther reduces the depletion width deeply beyond the zero point. Thus, the point of
rolloff shifts further to the right producing even higher bandwidth. Note that the
photoconductive effect from the channel region is comparable to the photovoltaic
effect at this intensity, limiting the bandwidth to some extent. At the highest
intensity of 10%* /m?>-s, there is a significant drop in the bandwidth (5.71 MHz)
due to the sole photoconductive contributions from the totally depleted channel
and substrate regions. The similar conditions exist in the generalized model with
Au gate, but the bandwidth values are comparatively lower emanating from the

lower photovoltaic effects and constant photoconductive effects.

The parameter unity-gain cut-off frequency (fr) shapes the amplification re-
sponse of the device and depends upon the parameters viz. the transconductance
and the gate-to-source capacitance. Employing Au gate registers same transcon-
ductances and capacitances as that with [TO gate under illumination in buried-
gate OPFET (Table 4.27). Under dark, these parameters are higher with Au
gate attributed to the fact that at a fixed doping concentration and a constant
photovoltage, the junction width sensitivity to applied gate bias is larger in the
device with lower barrier height, i.e. the Au gate device in the present case. Un-
der illumination, the above fact and the higher photovoltages in the ITO-gated
device exactly balance each other to maintain constant transconductances and
capacitances. It has been observed that the unity-gain cut-off frequencies calcu-

lated at the bandwidth frequency are either constant or higher than that at dc
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frequencies. This is because both the transconductance and capacitance decrease
with the increase in the modulation frequency but the rate of decrease of the

capacitance is either constant or higher than that of the transconductance.

In the generalized OPFET model with ITO gate, the transconductances at
the lower intensities are higher than that in the buried-gate front-illuminated
OPFET due to significantly large photovoltaic effects (Table 4.27 and 4.28). But
at the higher intensities, the transconductances are severely degraded due to the
reduced the depletion width beyond the zero point by the photovoltages. Thus,
the change in the gate bias has no effect on the effective channel width and hence,
on the current. The gate-to- source capacitances are comparable to that in the
buried-gate device at the lower intensities since the effect of high photovoltages on
the capacitance is compensated by the significant decrease of the depletion width
by the photovoltage. This effect significantly drops the capacitance value. The
capacitance is further reduced at the higher intensities due to the de-ionization
process. Thus, there is a significant boost in the unity-gain cut-off frequency at
the lower intensities but is severely degraded at the higher flux densities. The
degraded cut-off frequencies are restored to their high values when the device
is operated at bandwidth frequencies. Analogous phenomena occur for the Au-

gated device.

All the devices showed high responsivities in the range 10 A/W to 103 A/W
with a periodic decrease as the flux density was varied between 10 /m?-s to 10%*
/m?-s. The ITO-gated devices showed superior responsivities than Au-gated de-

vices.

Among both the illumination models, the generalized model with ITO gate ex-
hibits larger detection-cum-amplification bandwidths of 21.2 GHz and 17.4 GHz
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respectively at the intensities of 101® and 10?! /m?-s at the gate length of 4 pm.
The switching times are also lower ranging from 43.5 ps to 0.193 ps. The photore-
sponse is significantly higher or comparable to the buried- gate model spanning
from 5.05 x 1013—1.456 x 10> A/ W, thus proving to be a high-performance
detector. The optimum 3-dB as well as detection-cum-amplification bandwidths
for the buried-gate front-illuminated device are 2.836 GHz and 6.3 GHz at the
gate length of 5 um at the intensities of 10 and 10'® /m?-s respectively. The
response times span from 73.6 ps to 0.22 ps. The devices show great potential

for VLC applications such as traffic lighting.

4.10 Reliability of GaAs OPFET Illumination Models un-

der Visible-Illumination

The reliability of the front-illuminated, buried-gate front-illuminated, and gen-
eralized models with Au gate is analyzed at the gate length of 4 ym. At zero
gate and drain bias, and under dark, the activation energy is the same as barrier
height [10] which is 0.865 €V and the current density is the reverse saturation
current density (2.06 x 107> A /m?). At room temperature, referring to Eq. 4.1,
assuming A and n to be unity, the above values correspond to a Mean-Time-
to- Failure (MTTF) of 1.3 x 10 hours which is a very large value. When the
device is illuminated, with zero gate bias and 16.4 V drain bias, the activation
energy tends to decrease significantly by the forward photovoltage developed in
all the devices. But due to the substantial voltage drop across the source series
resistance as also the voltage drop across the channel with the device biased in
the deep saturation region, this reduction is nullified. Specifically, most of the
regions of the gate-semiconductor contact are experiencing large barrier in the
form of reverse bias. As a result, the activation energy never deteriorates if not

enhanced. In the regions of gate-semiconductor contact close to the source end
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of the channel wherein the barrier experiences considerable reduction through
photovoltaic effect, the current densities are larger and flow in the forward di-
rection. In contrast, small current densities flow in the regions farther from the
source end emanating from the reverse drift-diffusion currents. Since the total
current is an integration of the individual current densities through the contact
area under consideration, the total current is dominated by the photovoltaic cur-
rent itself. Considering the above facts and the least value of activation energy,
the MTTF under the operating conditions stated earlier and at different radia-
tion flux densities are plotted in Figure 4.36 for all the three models. The current
densities exhibited by the models are depicted in Figure 4.37. It can be seen from
the above figures that the current densities and the MTTFs of the buriedgate
and the front-illuminated models are almost the same due to similar photovolt-
ages. They exhibit large MTTF's since the current densities involved are of lesser
magnitude. In contrast, in the generalized model, on account of the very high
photovoltages, the current densities are greatly boosted which correspondingly
decrease the MTTFs. The current densities and the MTTF's saturate at higher
intensities due to the effect of series resistance. The significant reduction of bar-
rier at the source end of the channel along with increase in current density would
have caused electro-migration. But since the larger portion of the contact is
under high reverse bias, the flux created by the forward current densities is over-
compensated. On the whole, all the devices show substantially high MTTFs and

thus, reliable operation.
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Chapter 5

Optimization of Schottky Junction in

OPFET

5.1 Comparative Analysis of Graphene-GalN/GaAs and Au-
GaN /GaAs Schottky Junctions in OPFET for UV Pho-

todetector Applications

A comparative study of the photovoltaic, forward, and reverse characteristics of
graphene and Au-gated GaN/GaAs Schottky junctions in OPFET for Ultraviolet

(UV) photodetector applications is presented.

Refer to Tables 5.1 and 5.2 for various parameters of the 4 devices calculated
under 350 nm UV illumination. Tables 5.3 and 5.4 give the various parameters
used in calculation.

The flux densities shown correspond to optical power densities of 57.5 pW /cm?,
57.5nW /em?, 57.5 uW /em?, 57.5 mW /em?, and 57.5 W /em? respectively. Graphene-
GaN and Au-GaN Schottky junctions, under photovoltaic conditions exhibit al-
most the same maximum photoresponse of about 36 A/W, a photocurrent gain
of about 1.17 x 10% and external quantum efficiency of 131.09 x 102%, which is
highest among all the 4 devices. This is because, at 0 V bias, the depletion width

is nonzero, hence a forward photovoltage is developed across the junction which
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Table 5.1: Performance characteristics comparison of Schottky devices under UV illumination

and photovoltaic conditions

Graphene-GaN Schottky junction

=102 /m?2-s 1015 1018 1021 1024
Photovoltage (V) 1.06 x 10~° 0.0089 0.156 0.334 0.513
36.9 36.8 35.3 32.83 5.81

Responsivity (A/W)
1.12 x 103 1.04 x 103 184.72

Photocurrent Gain 1.17 x 103 1.17 x 103

130.77 x 102 125.28 x 102 116.51 x 102 20.62 x 102

External Quantum Efficiency (%) 131.08 x 102

Au-GaN Schottky junction

=102 /m?2-s 1015 1018 1021 1024
Photovoltage (V) 0.0092 0.156 0.335 0.514 0.693
36.45 36.45 36.45 36.01 5.57

Responsivity (A/W)
1.16 x 103 1.14 x 103 177.14

Photocurrent Gain 1.16 x 103 1.16 x 103

External Quantum Efficiency (%) 129.37 x 102  129.38 x 102 129.39 x 102 127.81 x 102 19.77 x 102

Graphene-GaAs Schottky junction

=102 /m?2-s 1015 1018 1021 10%4

Photovoltage (V) 1.66 x 10—° 0.013 0.167 0.346 0.525

Responsivity (A/W) 0.335 0.333 0.305 0.269 0.203
Photocurrent Gain 1.2 1.2 1.1 0.97 0.73

120 118.2 108.3 95.5 72.2

External Quantum Efficiency (%)

Au-GaAs Schottky junction

=102 /m?2-s 1015 1018 1021 10%4

Photovoltage (V) 2.7 x 1074 0.063 0.24 0.42 0.6
Responsivity (A/W) 0.178 0.177 0.177 0.177 0.157
Photocurrent Gain 0.64 0.64 0.64 0.64 0.64
63.1 63 63 63 55.7

External Quantum Efficiency (%)
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Table 5.2: Performance characteristics comparison of Schottky devices under UV illumination

and reverse-bias conditions

Graphene-GaN Schottky junction

®=10'2 /m2-s 10> 1018 1021 10%*

Photovoltage (V) 83x 10~  0.0072 0.15 0.33 0.507
Responsivity (A/W) 0 0 0.075 0.075 0.075
Photocurrent Gain 0 0 23 24 24

External Quantum Efficiency (%) 0 0  25.75 26.72 26.72

Au-GaN Schottky junction

®=10'2 /m2-s 10> 1018 1021 10%

Photovoltage (V) 0.0091 0.156 0.335 0.514 0.692

Responsivity (A/W) 0.075 0.075 0.075 0.075 0.075
Photocurrent Gain 2.4 2.4 24 24 24
External Quantum Efficiency (%) 26.7 26.7  26.7 26.7 26.7

Graphene-GaAs Schottky junction

®=10'2 /m2-s 10> 1018 1021 10%*

Photovoltage (V) 9.44 x 1079 0.008 0.15 0.33 0.51
Responsivity (A/W) 0.276 0.276 0.278 0.278 0.278
Photocurrent Gain 0.99 0.99 1 1 1

External Quantum Efficiency (%) 98.03 98.14 98.73 98.74 98.74

Au-GaAs Schottky junction

®=10'2 /m2-s 105 1018 102! 10

Photovoltage (V) 2.62x 1074  0.062 0.24 0.42 0.596
Responsivity (A/W) 0.278 0.278 0.278 0.278 0.278
Photocurrent Gain 1 1 1 1 1

External Quantum Efficiency (%) 98.74 98.74 98.74 98.74 98.74
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Table 5.3: Various parameters used in the calculation for GaN-based Schottky junction pho-

todetector performance under UV illumination

Parameter Name Value Ref.  Unit
a Absorption Coefficient @ 350 nm 8 x 10°  [178] (/m)
€ Permittivity 9.21 x 10711 [10] (F/m)
L Channel Length 3x107%  [33] (m)
Z Channel width 100 x 1076 [33]  (m)
tsm Active layer thickness 0.15x 107% [33] (m)
Ny, TIonized donor concentration 4.95 x 1022 (/m3)
vy Carrier velocity in the y direction 2 x 10> [179] (m/s)
Pp Schottky Barrier Height 0.7 [180] (eV)

(Graphene-GaN)

dp Schottky Barrier Height 0.88 [181] (eV)
(Au-GaN)

\%5 Fermi velocity in graphene 1.1 x 108 [180] (m/s)

no Graphene extrinsic 5x 106 [180] (/m?2)

residual doping density

Tp Lifetime of holes 0.9 x 1072 [182] (s)
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Table 5.4: Various parameters used in the calculation for GaAs-based Schottky junction pho-

todetector performance under UV illumination

Parameter Name Value Ref.  Unit
a Absorption Coefficient @ 350 nm 8 x 107 [172] (/m)
€ Permittivity 1.1 x 10719 [10] (F/m)

L Channel Length 3x107% [33] (m)

Z Channel width 100 x 1079 [33]  (m)
tsm Active layer thickness 0.15x 107% [33] (m)
Ny, Tonized donor concentration 4.95 x 1022 (/m3)

Uy Carrier velocity in the y direction 1.2 x 10>  [33] (m/s)
dp Schottky Barrier Height 0.78 [180] (eV)

(Graphene-GaAs)

dp Schottky Barrier Height 0.86 [171] (eV)
(Au-GaAs)

\%3 Fermi velocity in graphene 1.1 x 108 [180] (m/s)

ng Graphene extrinsic 5x 106 [180] (/m?)

residual doping density

s Lifetime of holes 1x10~8 [33] (s)
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causes a forward current to flow in a direction opposite to that of photocurrent
arising from drift and diffusion of photogenerated carriers. The photocurrent
arising from drift and diffusion of photogenerated carriers is negligible compared
to that arising from the developed forward photovoltage. The Schottky barrier
height of graphene-GaN junction is 0.7 eV whereas that of Au-GaN junction is
0.88 V. Hence the depletion width under dark condition of graphene-GaN junc-
tion is less compared to Au-GaN junction. Hence more photovoltage is developed
across the Au-GaN junction compared to that of graphene-GaN junction, due to
more area available for photogeneration (holes) which drift and cross the junc-
tion developing photovoltage. Another reason for more photovoltage in Au-GaN
junction is low reverse saturation current density of Au-GaN junction due to high
Schottky barrier height of the junction (0.88 eV); since photovoltage is inversely
proportional to reverse saturation current density. However, still the responses
of graphene-GaN and Au-GaN junction are almost the same. This is because the
reverse saturation current density of graphene-GaN junction is higher compared
to Au-GaN junction owing to the lower Schottky barrier height of the former
than the latter. This increases the thermionic emission current at a given pho-
tovoltage. The fall of the response at higher intensities is due to the saturation
of current at higher photovoltages because of the series resistance. In addition
to the series resistance, the fall in response in graphene-GaN junction is due to
the decrease in Fermi level of graphene with forward photovoltages, increasing
the Schottky barrier height, due to removal of electrons from graphene. Thus
series resistance and the increased barrier height cause a deviation from linearity

in response.

When graphene-GaN and graphene-GaAs Schottky junctions are compared
under 0 V bias conditions, graphene- GaN junction exhibits far better response
than graphene-GaAs junction although the forward photovoltages developed across

the junction in both the cases are comparable. This is because the reverse satu-
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ration current density of graphene- GaN junction is higher compared to that of
graphene-GaAs junction owing to the lower Schottky barrier height of graphene-
GaN junction (0.7 eV) as compared to graphene- GaAs junction (0.78 eV); also,
due to higher effective mass of GaN (0.27) as compared to GaAs (0.063). This
makes the current arising from forward photovoltage in graphene-GaN junction
higher than that of graphene-GaAs junction. The photocurrent arising from
drift as well as diffusion components is negligible compared to that arising from
developed photovoltage in case of graphene-GaN junction. Hence there is no
degradation of forward current. However, in case of graphene-GaAs junction,
the drift component of photocurrent is comparable to that arising from forward
photovoltage mainly due to the higher absorption coefficient of GaAs compared
to GaN. Hence, there is degradation of forward current to some extent. This is
the second reason of lowered photoresponse in graphene-GaAs junction. The fall
of response at higher flux densities is due to the contribution of series resistance

and voltage dependent barrier height as discussed earlier.

When graphene-GaN and Au-GaN Schottky junctions are compared in the
reverse bias conditions, graphene-GaN junction has zero photoresponse at lower
flux densities, and Au-GaN has positive moderate response. This is because, in
graphene-GaN junction, graphene Fermi level is bias-dependent unlike in other
metal-semiconductor junctions where the Fermi level of metal stays constant due
to a high density of states at the Fermi level. (Note: graphene-GaN junction
has large dark current. Thus, a small reduction in response may be significant to
reduce the net response to zero). The photovoltage increase with illumination has
no effect on the exponential term appearing in the thermionic emission equation,
since the device is conducting at its reverse saturation current density at the ap-
plied reverse voltage and the induced photovoltage. However, due to the reason
described earlier, the reverse saturation current density goes on decreasing with

increased illumination. At the applied illumination, the drift and diffusion com-
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ponents exist. Since there is a decrease in response due to the voltage-dependent
barrier height with increased illumination and there is an increase in response due
to the drift and diffusion components, the net response is the addition of the two.
But, at lower flux densities, the drift and diffusion components are negligible com-
pared to the voltage-dependent barrier height-induced reduced response. Thus,
the graphene-GaN junction shows zero response at these intensities. At higher
intensities, the voltage-dependent barrier height-induced response is negligible or
slightly comparable to the drift and diffusion components. Thus, the device net
response is moderate positive response at these intensities. In case of Au-GaN
junction, it shows moderate positive response at all intensities because the drift-
diffusion components-induced increased response is present whereas there is no
voltage-dependent barrier height-induced reduced response due to the absence
of bias-dependent Fermi level in Au metal. The photovoltage increase with il-
lumination has no effect on the exponential term appearing in the thermionic
emission equation, since the device is conducting at its reverse saturation current
density at the applied reverse voltage and the induced photovoltage. The zero
bias barrier heights of graphene-GaN and Au-GaN junctions are different being
0.7 eV and 0.88 eV respectively. Hence the zero bias depletion width is larger in
Au-GaN junction than graphene-GaN junction. However, at the reverse bias ap-
plied along with the induced photovoltages, the depletion width is same in both
cases and is maximum. Hence the difference in zero bias depletion widths in the
two junctions does not have any effect on the drift and diffusion components,
since the area is the same, the material is same. Thus, the absorption coefficient
and other parameters are same. Hence, the drift and diffusion components are

same in both cases at all intensities.

When graphene-GaN and graphene-GaAs junctions are compared in the re-
verse bias conditions, the graphene-GaN junction shows the response as shown in

Table 5.2 due to the reasons discussed earlier. However, graphene-GaAs junction
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has positive moderate response at all intensities. This is because, the dark current
of graphene-GaAs junction is much low due to the higher barrier height (0.78 eV)
and lower effective mass (0.063). Thus, a decrease in response due to the barrier
height increase as illumination increases may not be significant to lower the net
response. There is little reduction in response due to the photovoltage induced
barrier height increase as illumination increases. However, the drift component of
graphene-GaAs junction is high due to the large absorption coefficient of GaAs.
The decrease in response is negligible compared to the increase in response due
to the drift component. Hence the device shows a positive moderate response
at all intensities. The photovoltages developed in both junctions are compara-
ble. They don’t affect the exponential term in the thermionic emission equation
because the device is conducting at its reverse saturation current density at the
applied reverse bias and the induced photovoltage. The dark zero bias depletion
width of graphene-GaN junction is lower than that of the graphene-GaAs junc-
tion due to the lower zero bias barrier height of graphene-GaN junction (0.7 eV)
as compared to graphene-GaAs junction (0.78 e¢V) and lower dielectric constant
of GaN (10.4) as compared to GaAs (12.9). However, at the applied reverse
bias and the induced photovoltages at all intensities, the depletion width is same
in both cases and is maximum. Hence, the difference in characteristics of both
the junctions is due to the reasons described earlier. The maximum response of
graphene-GaAs junction is higher than that of graphene-GaN junction because
the drift component of graphene-GaAs junction is higher than that of the drift-
diffusion components of graphene-GaN junction owing to the larger absorption
coefficient of GaAs. The maximum response is obtained at the intensities where
there is negligible degradation of response due to the voltage-dependent barrier
height. However, the maximum gain of graphene-GaN junction is higher than
that of graphene-GaAs junction because graphene-GaN junction generates more

photocurrent for a given primary photocurrent, than the graphene-GaAs junction.
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When Au-GaAs junction is compared with other junctions in 0 V bias condi-
tions, Au-GaAs junction exhibits moderately low response. This is because, the
reverse saturation current density of Au-GaAs junction is low due to the higher
Schottky barrier height of the junction (0.86 eV) and low effective mass of GaAs
(0.063). This reduces the photovoltage-induced thermionic emission current at
the illumination applied. The photovoltage induced is large but less than that
of Au-GaN junction. The high photovoltage is due to the large photogenera-
tion area owing to the high Schottky barrier height of Au-GaAs junction (0.86
eV) and high dielectric constant of GaAs (12.9). Also, due to the high Schottky
barrier height of the junction and low effective mass of GaAs, the reverse satu-
ration current density is low. Since the photovoltage is inversely proportional to
reverse saturation current density, it helps in increasing the photovoltage. The
high photovoltage assists in increasing the response but other factors reduce the
response of the junction to low response. Because of the large absorption coeffi-
cient of GaAs, the drift component of Au-GaAs junction is high. This reduces the
photovoltage-induced dark current to certain extent. This is another reason for
reduced response of Au-GaAs junction. The reduced response at high intensities
is due to the contribution of series resistance as described earlier. The Au metal

Fermi level is bias-independent, hence its contribution is absent.

When Au-GaAs junction is compared to other junctions in the reverse bias con-
ditions, the Au-GaAs junction exhibits moderate response higher than Au-GaN
and graphene-GaN junctions, but almost equivalent to graphene-GaAs junction.
It shows constant response of 0.2782 A/W at all intensities. Due to the absence
of voltage-dependent barrier height in Au-GaAs junction, there is no reduction
of response i.e. there is no negative response. There is only a positive response
i.e. from the drift component of Au-GaAs junction. The drift component of
Au-GaAs junction is high because of the large absorption coefficient of GaAs.

This increases the response. The photovoltage induced is high due to the reasons

210



described earlier. However, it does not affect the thermionic emission current,
since the barrier height is voltage-independent and the device is conducting at
its reverse saturation current density at the applied reverse bias and the induced
photovoltage. The depletion width of the junction at the applied reverse bias
voltage and the induced photovoltage is maximum and same as that of other
junctions. Hence maximum response is drawn with respect to area as in other

junctions.

Under forward bias, the photodetectors have zero response. This can be ex-
plained as follows: Under this condition, the depletion width reduces to zero
eliminating the possibility of photogeneration in the depletion region, thus, caus-

ing zero response at this bias condition.

5.2 Visible Range Characterization of Au/Graphene-GaAs
Schottky Junctions in OPFET

The visible range characteristics of Au-GaAs Schottky junction and graphene-
GaAs Schottky junction in MESFET are discussed and analysed under zero bias,
forward bias and reverse bias conditions and compared those with the UV char-

acteristics.

The parameter values used in computation are given in Table 5.4. In ad-
dition to these, the absorption coefficients at 450 nm and 650 nm respectively
are 9 x 10° /m and 3.5 x 10° /m. The detector parameters (photocurrent gain
and the external quantum efficiency (EQF)) of Au-GaAs Schottky junction and
graphene-GaAs Schottky junction at 450 and 650nm illumination under photo-
voltaic conditions are presented in Table 5.5.

The device parameters are calculated at different photon flux densities. The

dark currents in the Schottky devices are negligible compared to the photocur-
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Table 5.5: Schottky junction detector parameters under zero bias conditions in the visible

region

Au-GaAs Schottky junction (A= 450 nm)

®=10'2 /m?-s  10'5 1018 102! 1024

Photocurrent Gain 3.81 x 103 3.81 x 103 3.81 x 10° 3.53 x 103  153.47

External Quantum Efficiency (%)  2.79 x 10> 2.79 x 10° 2.79 x 105 2.58 x 10°> 1.12 x 10*

Au-GaAs Schottky junction (A= 650 nm)

=102 /m2s  10%° 1018 102! 1024

Photocurrent Gain 6.1 x 103 6.1 x10% 6.1 x10® 5.7 x 103 270.31

External Quantum Efficiency (%)  2.46 x 10°  2.46 x 10° 2.46 x 10° 2.3 x 10> 1.1 x 10*

Graphene-GaAs Schottky junction (A= 450 nm)

=102 /m2-s  10'° 1018 1021 10%4

Photocurrent Gain 4.08 x 103 3.88 x 103 3.64 x 10% 3.15 x 103 156.52

External Quantum Efficiency (%)  2.98 x 10°  2.84 x 10° 2.66 x 10° 2.3 x 10° 1.14 x 10*

Au-GaAs Schottky junction (A= 650 nm)

©=10'? /m2-s 105 1018 102 1024

Photocurrent Gain 6.25 x 102 5.96 x 103 5.59 x 103 4.88 x 102 271.7

External Quantum Efficiency (%)  2.52 x 105 2.4 x 10° 2.25 x 10° 1.97 x 105 1.1 x 10%
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rents generated under both zero bias and reverse bias conditions in UV as well as
visible regions. The dark current at zero bias is of the order of 1072 A whereas
the dark current in reverse bias ranges from 107! to 107'® A. Low dark cur-
rent improves the signal-to-noise ratio [183| and the device performance [184]. It
allows the functioning of detectors with standard CMOS readout circuits [184].
It also enables very low and very high temperature operation [185]. Au- GaAs
Schottky junction and graphene-GaAs junction develop far greater photovoltage
in the visible region than that in the UV region under both photovoltaic and
reverse bias conditions (Figure 5.1). This is because the absorption coefficient of
GaAs in the UV region is high in contrast to its moderate absorption coefficient
in the visible region. In the UV region, on account of high absorption coefficient
of GaAs, high light absorption takes place within a small depth fromthe surface
generating electron—hole pairs there exponentially decaying with distance from
the surface. Due to a large volume density of carriers, bulk recombination time
is short. Hence, significant recombination occurs in this case, which reduces the
density of carriers. On the other hand, in the visible region, owing to moderate
absorption coefficient of GaAs, absorption is moderate upto a large depth from
the surface. Since the volume density of carriers generated is moderate, recom-
bination is insignificant. As a total contribution from the carriers occupying a
larger volume in the visible region case as compared to contribution from the
carriers occupying a smaller volume in the UV region case, photovoltage devel-
oped in the visible region is far more than that in the UV region.However, the
reverse saturation current density in Au-GaAs junction is less compared to that
in graphene- GaAs junction owing to lower Schottky barrier height of Au-GaAs
junction as compared to that of graphene- GaAs junction. Photovoltage is in-
versely proportional to reverse saturation current density and hence the simulated
difference between photovoltages in Au-GaAs junction and graphene-GaAs junc-
tion. There is no significant difference between photovoltages in photovoltaic and

reverse bias conditions because of the following: In the Au-GaAs junction, since
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the channel is totally depleted at zero bias due to high dielectric permittivity of
GaAs and high barrier height of Au-GaAs junction, the zero bias and the reverse
bias depletion widths under dark condition are the same. On the other hand, in
graphene-GaAs junction, in the dark condition, the channel is partially depleted
at zero bias, but the deeply generated carriers in reverse bias have insignificant
effect on the photovoltage. The above reasons are applicable in the case of visible
region. In the UV region, since the carriers are generated within a small depth
from the surface, the width of the depletion region under dark condition at zero
bias and reverse bias doesn’t come into picture and the photovoltages are same

in photovoltaic and reverse bias conditions in both junctions.

0.8 - —H&— Au-GaAs (Visible)
: —<&— Graphene-GaAs (Visible)
07 | —©—Au-Gaa (V)

—%— Graphene-GaAs (UV)

ty=0.15 pm
05} WI/L Ratio=33.3
Ng,=4.95x 1072 /m3

Photovoltage (V)
o
>

1010 10'% 1020 1025
Photon Flux Density (/mz—s)

Figure 5.1: Photovoltage versus flux density in various Schottky junctions under visible and

UV illumination

Under photovoltaic conditions, the high photovoltage developed in the visible
region induces large forward thermionic emission current in opposition to neg-
ligible drift-diffusion photocurrent. This results in a high responsivity, of the
order of 10> A/W (maximum), in both junctions (Figure 5.2). The photovoltage
produced at A= 450nm is slightly more than that at A= 650nm owing to higher
absorption coefficient of GaAs at 450nm than that at 650 nm. This generates
more photocurrent at 450nm than that at 650 nm. Still the responsivity is greater

at 6500nm as compared to that at 450 nm. This signifies that the junctions pro-
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duce more photocurrent for a given optical power falling on the device at 650nm
than that at 450 nm. However, the EQFE obtained is higher at 450 nm as com-
pared to that at 650 nm since it depends only upon the photocurrent generated
and the number of incident photons and is independent explicitly of the photon
energy and the power level falling on the device. The junctions induce more
photocurrent at 450nm than that at 650nm for a given photon flux and hence,
the result. The maximum EQE attained is of the order of 10°%. The gain at
650 nm is higher than that at 450 nm. This is because the junctions induce more
photocurrent at 650nm for a given primary photocurrent than that at 450 nm.
Owing to higher absorption coefficient of GaAs at 450nm as compared to that at
650 nm, the primary photocurrent at 450 nm is higher as compared to that at
650 nm. The maximum gain obtained is of the order of 103. This eliminates the

need for external amplifying stages for the detectors.
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—8— Au-GaAs (450 nm and 0 V)
—<0— Au-GaAs (650 nm and 0 V)
——&6— Graphene-GaAs (450 nm and 0 V)
4001 5 Graphene-GaAs (650 nm and 0 V)
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Figure 5.2: Responsivity versus flux density in Schottky junctions in the visible region under

photovoltaic conditions

The photovoltaic response of Au-GaAs junction and graphene-GaAs junction
in the UV region is inferior to that in the visible region (Figure 5.3) due to
much lower photovoltage developed in the UV region as compared to that in
the visible region (Figure 5.1). This produces lower photovoltage-induced for-
ward thermionic emission current in opposition to comparable drift photocurrent.

Since the drift-current is comparable to the forward thermionic emission current,
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there is degradation of the response to some extent. Thus, the responsivity is of
the order of 107! in both junctions. The drift-current is high in the UV region
owing to the large absorption coefficient of GaAs which generates large amount
of carriers. The drift photocurrent is the current arising from the drifting of
photogenerated carriers (due to built-in electric field in the space charge region)
prior to recombination. Thus, this current is independent of the recombination
phenomenon. The diffusion photocurrent is absent in both junctions in the UV
region since the carriers are generated only upto a small depth from the surface.
The drift-diffusion photocurrent is moderate in the visible region owing to the

moderate absorption coefficient of GaAs.

- —+H&— Au-GaAs (650 nm and 0 V)

10°F —&— Au-GaAs (350 nm and 0 V)
—6— Graphene-GaAs (650 nm and 0 V)

| —>— Graphene-GaAs (350 nm and 0 V)

X—X\X\{m
\4
107! :

1010 1015 1020 1025
Photon Flux Density (/mz—s)

Responsivity (A/W)

Figure 5.3: Responsivity in the UV and the visible regions in Schottky junctions under photo-

voltaic conditions

Although there is significant difference between photovoltages in the two junc-
tions (the photovoltage in Au-GaAs junction is greater than that in graphene-
GaAs junction), the responsivity, the gain, and the EQE recorded are compara-
ble in the visible region (Figure 5.2, Table 5.5). Under photovoltaic conditions,
this is attributed to the high reverse saturation current density in graphene-GaAs
junction as compared to that in Au-GaAs junction — the same reason which made
the difference in photovoltages which raises the thermionic emission current. The

fall in response in Au-GaAs junction at higher flux densities is due to the con-
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tribution of series resistance. At higher flux densities, the photovoltage induced
is high resulting in high current. Thus, the voltage drop across the series resis-
tance is significant causing saturation of current and hence, the fall in response.
The fall in response in graphene-GaAs junction is owing to both the contribu-
tion of series resistance and the voltage-dependent barrier height of the junction.
In graphene-semiconductor contacts, with applied reverse bias, there is an addi-
tion of electrons to graphene, the Fermi level shifts upwards, and the Schottky
barrier height is reduced. With forward bias, there is removal of electrons from
graphene, the Fermi level shifts downwards, and the Schottky barrier height is
increased. With illumination, photovoltage is induced. This photovoltage acts
as a forward bias and increases the barrier height of the junction, thus, reduc-
ing the reverse saturation current density and hence, the thermionic emission
current. This phenomenon contributes to the fall in response. Under zero bias
conditions, with UV illumination, the responsivity, gain and FQFE in graphene-
GaAs junction are higher than that in Au-GaAs junction (Figure 5.3, Table 5.5)
even though the photovoltage is significantly more in Au-GaAs junction. This is
because the difference between photovoltages in the two junctions is overcompen-
sated by the higher reverse saturation current density in graphene-GaAs junction
as compared to that in Au-GaAs junction. The high drift-current is the same
in both junctions, the carriers being generated within a small depth from the
surface. Thus, the degradation in response due to the drift-current is equal in
both cases. The maximum responsivity, maximum FQFE and maximum gain in
graphene-GaAs junction are 0.3356 A/W, 119.9%, and 1.2061 whereas in case
of Au-GaAs junction are 0.1777 A/W, 63.09%, and 0.6389 respectively. Thus,
graphene-GaAs device shows some amplification whereas Au-GaAs device does
not. The fall in response in graphene-GaAs junction is due to the contribution
of series resistance and voltage-dependent barrier height. In Au-GaAs junction,

only factor involved in the fall in response is the series resistance.
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Under reverse bias conditions, moderate responses are obtained in both UV
and visible regions (Figure 5.4). The only contributing factor towards positive
photoresponse is the drift photocurrent. Diffusion photocurrent ceases to exist
since the channel is totally depleted at the applied reverse bias and the gener-
ated photovoltage. The drift current is high in the case of UV region owing to
the high absorption coefficient of GaAs whereas it is moderate in visible region
due to the moderate absorption coefficient of GaAs. The exponential term in
the thermionic emission equation does not induce negative responses due to the
developed photovoltage because the device is conducting at its reverse saturation
current density at the applied reverse bias and the induced photovoltage. How-
ever, negative responses are recorded in only graphene-GaAs junction, barrier
height being voltage-dependent. The produced photovoltage acts as a forward
bias and increases the barrier height, thus reducing the reverse saturation cur-
rent density, and hence the thermionic emission current. This induces negative
response and its effect is felt only at lower flux densities wherein this response
is greater than or is comparable to the drift current- induced positive response,
hence showing zero or reduced response at these intensities. At higher flux den-
sities, drift-current completely dominates and maximum response is attained at

these intensities.
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Figure 5.4: Responsivity in the UV and the visible regions in Schottky junctions under applied

reverse bias
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The reverse biased maximum response of Au-GaAs junction and graphene-
GaAs junction vz. responsivity (Figure 5.4), gain (1), and EQFE (73.14% @450
nm, 40.33% @650 nm, and 98.74% @350 nm) is the same in both UV and visible
regions. This is because the channel being totally depleted, the drift photocurrent
is equal in both junctions. Full device area has been utilized for photogeneration.
Hence, optimum value of drift-current is obtained. Unity maximum photocur-
rent gain is attained in both junctions in UV and visible regions, drift-current
(the only contributing factor) being at its optimum, thus equalling the primary
photocurrent value. Unity gain indicates that external amplifying stages will be
required for the detectors. The maximum responsivity and maximum FQFE in
the visible region are more at 450nm (0.2652 A/W and 73.14%) than that at
650nm (0.2117 A/W and 40.33%). This is because the drift-current is higher at
450nm compared to that at 650nm owing to the higher absorption coefficient of
GaAs at 450 nm. The graphene-GaAs devices exhibit reduced responses at the
lower intensities (10 and 10" /m? s) in the visible region, responsivity (Figure
5.4), (Gain (0, 0.82), and EQE (0%, 60.4%)) at 450nm and (Gain (0, 0.69) and
EQE (0%, 27.9%)) at 650 nm. This is attributed to the voltage-dependent bar-
rier height in graphene whose effect is felt at the lower flux densities since the

photovoltage is low and drift-currents are also lower.

The UV maximum responsivity (Figure 5.4), and maximum FQE (0.2782
A/W and 98.74%) are greater than that in the visible region under applied re-
verse bias, drift current being higher in the UV region due to larger absorption

coefficient of GaAs.

The potential profile of the investigated Au-GaAs MESFET device obtained
using Visual TCAD software at a reverse gate-to-source bias voltage of —0.9V
and zero drain-to-source voltage is shown in Figure 5.5. The profile clearly depicts

that the potential is negatively high at regions near the gate where the reverse
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bias is applied and falls at the regions farther from the gate.

potential(V)

Figure 5.5: Potential profile of Au-GaAs MESFET device

Under forward bias conditions, the devices exhibit zero photoresponse. This is
attributed to the following: At the applied voltage, the depletion width reduces
to zero. This eliminates the possibility of photogeneration in the depletion region

and the subsequent development of photovoltage. Hence the result.

The devices show good UV /visible contrast of the order of 107 (maximum)
which is highly suitable for detecting under background radiation. Also, the de-
vices can function as dual-band operating photodetectors (i.e. UV and visible)
since the responses attained are significant in both cases. Further, the device can
be switched between diode mode (Schottky junction) and transistor mode (MES-
FET) by suitably changing the bias conditions thus, operating as a dual-mode

device.

The performance comparison of the investigated detectors with that reported
in the literature is depicted in Table 5.6, 5.7, and 5.8. The present work shows

comparable or enhanced performance than the reported literature.
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5.3 Bias-dependent Dual Mode Buried-gate GaAs/GaN
OPFET for VLC/UV Communication

5.3.1 Dual mode GaAs OPFET for Visible-Light Communication

A dual-mode buried-gate GaAs OPFET for Visible-Light Communication (VLC)
is proposed which can be switched to high background light immunity applica-
tions or to applications in which the same optical source is used for lighting as
well as communication by simply changing the biasing conditions. The device
can be operated either in the diode mode wherein the Schottky junction can act
as photodetector at zero gate and drain bias or in the transistor mode whereby
the OPFET itself functions as photodetector at positive drain bias and zero gate
bias. The individual detectors are studied at a wide range of optical power densi-
ties. The detector parameters such as responsivity, bandwidth, unity-gain cut-off

frequency, and dark current are calculated.

The operating wavelength is 600 nm. Table 5.9 depicts the comparative study
of the Schottky junction photodiode and the OPFET detector in terms of respon-
sivity, bandwidth, unity-gain cut-off frequency (fr), and dark current for a gate
length of 25 um and at different radiation flux densities. Refer to Table 4.9 for
the parameters employed in calculation.

The advantage of the Schottky junction over the OPFET is the low dark cur-
rent and the ability to function in the self-powered mode i.e. zero-bias operation.
Further, it exhibits larger bandwidth at the higher flux densities as shown in
Table 5.9. The responsivities are significantly high owing to the considerable
photovoltage generated but comparatively lower than that in the OPFET. In
other words, both the devices show tremendous gain, thus, avoiding the need for
additional amplification. The frequency range in which the Schottky photodiode

can amplify signals is determined from the plot of photocurrent gain versus fre-
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Table 5.9: Performance comparison of the Schottky photodiode and the OPFET detector under

visible illumination

Schottky junction (Ige,.x=10719 A)

Photon Flux  Responsivity (A/W) Detection Bandwidth (Hz) Amplification Bandwidth (Hz)
Density (/m?2-s)

1016 1.265 x 106 62.2 MHz 3 GHz
101? 4.5 x 10° 79 MHz 3.5 GHz
1022 308.9 0.22 GHz 5.2 GHz
1024 44.98 0.86 GHz 7 GHz

OPFET (Igarx=33 mA)

Photon Flux  Responsivity (A/W) Detection Bandwidth (Hz) Amplification Bandwidth (Hz)
Density (/m?2-s)

1016 8.1 x 107 2.06 GHz 1.54 GHz
101? 1.12 x 10° 4.57 GHz 1.67 GHz
1022 720 1.48 MHz 2.3 GHz
1024 81.21 7.85 MHz 0 GHz
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quency and is given by the frequency at which the gain is unity. In the case of
the OPFET, the frequencies upto which the device exhibits amplification is given
by the parameter, f7. Since the OPFET device is operated with a very long gate
length of 25 um, the fr is considerably decreased (Table 5.9). This relation of
fr with gate length is well established in theory. Thus, operating at longer gate
lengths limits the detection-cum-amplification bandwidth of the OPFET device.
However, this adversely increases the detection bandwidth of the Schottky junc-
tion at the higher intensities owing to the significant effect of the illumination on

the minority carrier lifetime.

The basis of the investigation of the bandwidth enhancement in the Schottky
photodiode at higher flux densities is that the photoconductive contribution is
considerably less in photovoltaic mode. The photoconductive effect can greatly
reduce the overall bandwidth due to the slow diffusion and the fast drift com-
ponents adding negatively to the photovoltaic current. In addition, the diffusion
current follows the combined net dependence of the depletion width and the hole
lifetime on the frequency whereas the drift current only depends upon the deple-
tion width. When the optical illumination is modulated with a small signal of
frequency, w, the lifetime of electrons and holes is also modulated. The fast drift
of the photogenerated holes across the junction by the built-in electric field in
the depletion region and the short lifetime of holes (10 ns) greatly increase the
photovoltaic bandwidth, bandwidth being inversely proportional to the carrier
lifetime. Further, the change in the lifetime of the minority carriers (holes) under
illumination also plays a significant role in the augmentation of the bandwidth
due to the insignificant photoconductive effect. The hole lifetime decreases with
illumination when the excess carrier density is comparable to or greater than the
doping density. In the present work, this occurs at the flux density of 1022 /m?-s
and significantly at the flux density of 10** /m2-s. However, at the lower in-

tensities, the bandwidth is moderate since the excess carrier density is negligible
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compared to the doping density.

On the other hand, in the OPFET device, the device is operated in photovoltaic-
cum-photoconductive mode wherein the photovoltaic current contributes signifi-
cantly at the lower flux densities owing to the high photovoltage being developed
attributed to the buried-gate structure and the moderate absorption coefficient
of GaAs at 600 nm (4 x 10° /m). This photovoltage is amplified through the
transconductance of the device and results in a high bandwidth (in the giga-
hertz range). As the flux density is increased, since the photoconductive effect
starts contributing considerably, the response is positively high, and owing to
its sole contribution, the bandwidth falls in the megahertz range. The effect of

illumination on the lifetime of the minority carriers does not affect the bandwidth.

The non-saturation of the photocurrent at higher flux densities evident in the
Schottky photodiode and the OPFET detector is depicted in Figure 5.6. This
phenomenon is of vital importance in the photodiode as being proposed to be
used in high background light immunity applications. The effect of illumination

on the lifetime of the minority carriers is portrayed in Figure 5.7.
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Figure 5.6: Photocurrent as a function of photon flux density in Schottky photodiode and the
OPFET
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Figure 5.7: Tllumination-dependent lifetime of minority carriers

The photodiode can simultaneously detect and amplify modulation frequen-
cies upto 0.22 GHz and 0.86 GHz at the flux densities of 10*? and 10** /m%s
respectively whereas the OPFET device shows detection-cum-amplification upto

1.54 GHz and 1.67 GHz at the flux densities of 101% and 10! /m?-s respectively.

5.3.2 Dual mode GalN OPFET for Ultraviolet Communication

The same principle of the dual-mode OPFET presented in the previous subsec-
tion is reproduced at UV wavelengths using GaN-based OPFET. The diode mode
(Schottky junction mode) caters to high background light immunity applications
whereas the transistor mode (OPFET mode) serves in applications in which the
same optical source is used for imaging/treatment as well as communication. The
operating wavelength is 350 nm. Table 5.10 summarizes estimated performance
metrics of the Schottky junction photodiode and the OPFET detector. The
material properties of GaN at the employed doping concentration are moderate
absorption coefficient (8 x 10° /m) [178], low minority carrier lifetime (1 ns) [182],
high saturation electron velocity (2.3 x 10° m/s) [179], high majority carrier life-
time (1.25 us) [202], low saturation hole velocity (4.3 x 10* m/s) [203], moderate
mobility (0.1 m?/V.s) [204], high Schottky barrier height with Au metal (0.95
eV) [205], and high effective electron mass (0.27) [10].
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Table 5.10: Performance comparison of the Schottky photodiode and the OPFET detector

under Ultraviolet illumination

Schottky junction (Ige.x=1.4 x 10712 A)

Photon Flux  Responsivity (A/W) Detection Bandwidth (Hz) Amplification Bandwidth (Hz)
Density (/m?2-s)

1016 291.4 0.73 GHz 68.13 GHz
101° 289.8 0.73 GHz 68.13 GHz
1022 74.1 1 GHz 68.13 GHz
1024 2.47 2.2 GHz 63.2 GHz

OPFET (Iarie=14.9 mA)

Photon Flux  Responsivity (A/W) Detection Bandwidth (Hz) Amplification Bandwidth (Hz)
Density (/m?2-s)

1016 1.05 x 107 24.3 GHz 0.38 GHz
101? 1.9 x 10* 16.3 GHz 0.61 GHz
1022 565.3 0.615 MHz 1.29 GHz
1024 9.45 57.4 MHz 2.23 GHz
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Figure 5.8 shows the forward gate characteristics of the MESFET under differ-
ent illumination conditions. The drain to source current voltage characteristics

of the OPFET detector at different radiation flux densities are depicted in Figure
5.9.
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Figure 5.8: Gate current versus gate source voltage in OPFET at various flux densities.
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Figure 5.9: Drain-to-source current-voltage characteristics of the OPFET detector at different

flux densities

The photovoltage perceived in the GaN buried-gate OPFET is considerable in
the UV region (0.34 V, 0.52 V, 0.697 V, and 0.81 V), on account of the moderate
absorption coefficient and high barrier height with Au, but is substantially lesser
than that generated with GaAs buried-gate OPFET in the visible range (0.53 V,
0.71V,0.88 V, and 0.99 V) |24] owing to the higher absorption coefficient of GaAs
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(4 x 10% /m) along with longer lifetime of holes (10 ns), and higher saturation
hole velocity (1.085 x 10° m/s). The substantial photovoltage developed in the
GaN OPFET device results in high responsivities in both the diode mode and the
OPFET mode detectors. However, the difference in responsivities between the
diode and transistor mode devices (transistor mode superior) in GaN OPFET is
significantly higher than that in the GaAs OPFET owing to the substantial differ-
ence in the photovoltages (higher in the visible region). Thus, for a particular flux
density, due to the exponential dependence of the thermionic emission current on
the forward voltage, the effect of the higher photovoltage in the GaAs OPFET is
felt more severely in terms of higher Schottky diode responsivities comparable to
the OPFET device responsivities. On the other hand, in GaN OPFET, the lower
photovoltage renders the Schotttky diode photoresponse to lower levels than the
OPFET detector response. Owing to the absence of exponential dependence on
the photovoltage of the OPFET mode device current (the OPFET device current
exhibits dependence on photovoltage as understood from the modeling laid down
in the referred works earlier — — — — — — — the photovoltage is amplified through
the transconductance of the device), the OPFET mode device is less sensitive to
the difference in photovoltages in the UV and visible regions (as compared to the

Schottky mode device) resulting in comparable responsivities in both the ranges.

Although the low hole lifetime is one of the contributing factors for reducing
the photovoltage in GaN OPFET devices, this parameter inversely increases the
photovoltaic bandwidth of the device since bandwidth is inversely proportional
to the lifetime. This factor thus, establishes the trade-off between the efficiency
and the bandwidth. Hence, the photovoltaic bandwidth is in the multi-gigahertz
range (tens or twenties of gigahertz) in GaN OPFET mode device as opposed to
in the gigahertz range in GaAs OPFET mode device and in the sub-gigahertz or
gigahertz range in the GaN diode mode device in contrast to sixties or eighties of

megahertz or sub-gigahertz range in the GaAs diode mode device (Tables 5.9 and
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5.10). This clearly depicts the bandwidth enhancement in GaN-based devices.

The same principles apply as discussed in the previous subsection in the case
of GaAs OPFET in regard to larger 3-dB bandwidths exhibited by Schottky junc-

tion at higher intensities and vice versa by OPFET at lower intensities.

As can been observed from Figure 5.8, the forward Schottky diode charac-
teristics at different optical power levels notify that the device exhibits highest
sensitivity at zero bias since it is at this bias condition that the photovoltage
generated is maximum as compared to increased forward voltages where the pho-
tovoltage drops due to the reduction in the depletion width. The graph also shows
that the characteristics saturate at high forward voltages due to the contribution
of the source series resistance wherein the high currents involved produce signif-
icant voltage drop across the series resistance thus limiting the current. Further,
the point of saturation shifts to lower levels of the forward applied voltage as
the flux density increases. This is because, as the optical power increases, the
photovoltage generated rises which is superimposed on the applied forward bias

voltage thus, creating saturation at lower effective bias voltages.

Figure 5.9 depicts the saturation behavior of the OPFET device at low inten-
sities at higher drain voltages and deviation from saturation at higher intensities.
This is due to the photovoltaic effect being the mechanism at the lower intensities
and the photoconductive effect dominance at the higher intensities. The large
difference between the phototovoltaic and the photoconductive currents is owing

to the significant enhancement of the photoconductive effect at high power levels.

The photodiode can simultaneously detect and amplify modulation frequencies

up to 1 GHz and 2.2 GHz at the flux densities of 10?* and 10** /m?2-s respec-
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tively whereas the OPFET device shows detection-cum-amplification up to 0.38
GHz and 0.61 GHz at the flux densities of 106 and 10 /m?>-s respectively. The
detection only bandwidths for the OPFET detector were 24.3 GHz and 16.3 GHz

respectively.

The typical applications of the diode mode would be under-water communica-
tion in the presence of high background sunlight. The transistor mode would be
employed in Li-Fi (Light-Fidelity) networks while the same optical source would

be used for biomedical imaging or treatment applications.
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Chapter 6

OPFET for 5G Applications

6.1 Graphene/Au-gated GaAs Front-illuminated OPFET

Photodetector and Oscillator for 5G Applications

With the advancement of technology, the RF communication bandwidth is switch-
ing towards 5G and 6G communications. To relieve the congestion of traffic im-
posed on RF communication, operating in the optical domain or integrating RF
and optical communication is imperative. The core components in this scenario
are the oscillators as transmitters and photodetectors as receivers. These devices
should be capable of high-speed and high-gain operation simultaneously. In this
regard, the potential of graphene/Au-gated GaAs front-illuminated OPFET (Op-
tical Field Effect Transistor) as oscillator and detector towards 5G applications

is explored.

The device is studied at an operating wavelength of 600 nm. The drain bias is
varied between 1.3 V to 25 V. The gate bias is set to 0 V. The device dimensions
are suitably chosen from scaling rules [154]: 4 pum gate length, 150 pum gate
width, 0.3 um active layer thickness, and doping concentration of 4 x 10%2 /m3.
The surface to substrate thickness is 1 pm [33]. The parameters utilised for
calculation are to be referred from Table 4.9. The Schottky barrier heights of
Au and graphene with GaAs are 0.865 ¢V and 0.795 eV respectively. Table 6.1
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Table 6.1: Characteristics of Graphene-GaAs front-illuminated OPFET

Photon Flux  DC Responsivity (A/W) 3-dB Bandwidth (Hz) DC Transconductance DC Gate-to-source Unity-gain cut-off
Density (/m?2-s) (S) capacitance (F) frequency (Hz)
@ DC/BW freq

1016 2.29 x 109 1 GHz 12.3 mS 0.367 pF 5.33/5.5 GHz
10%° 3.3 x 108 2.234 GHz 14.3 mS 0.51 pF 4.46/5.33 Gz
1022 1.37 x 104 1.48 MHz 21.3 mS 0.28 pF 9.42/8.25 GHz

presents the estimated performance metrics of the graphene-gated GaAs OPFET
photodetector at a drain-to-source bias of 3.94 V.

The graphene-gated GaAs front-illuminated OPFET exhibits photovoltages of
(0.45 V, 0.63 V, and 0.81 V) at the corresponding flux densities of (10'%, 1017,
and 10%* /m?2-s) as opposed to (0.52 V, 0.7 V, and 0.88 V) in the Au-gated device.
The high photovoltages arise from the extra amplification factor of (aw,7,,) in
the equation for hole density over the primary hole density and the decreasing
denominator term (1-awv,7,,) by one order magnitude. Additionally, since the
device is illuminated from the surface side, at the optical wavelength of 600 nm,
the moderate absorption coefficient of 4 x 10° /m corresponding to an absorption
depth of 0.25 pum is sufficient enough to create a significant number of photocar-
riers in the gate depletion region. The contrasting photovoltages in the graphene-
and Au-gated devices are attributed to the higher barrier height in the Au-gated
device (0.865 €V) as opposed to graphene-gated OPFET (0.795 ¢V). This higher
barrier height decreases the reverse saturation current density across the Schot-
tky junction, thus, boosting the photovoltage. Due to the high photovoltages
in both cases, large photovoltaic currents are generated. The dark current is
higher in the graphene-gated device (12 mA) in contrast with Au-gated OPFET
(11.3 mA) due to larger depletion width in the Au-gated device arising from the
higher barrier height with analogous series resistances in both cases. The drain

currents under illumination are equal in both cases (16.7 mA, 18.8 mA, and 39.9
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mA). It is known that when the barrier height apparent to the carriers is lower,
the sensitivity of the depletion width to applied photovoltage is more than com-
pared to the higher barrier height device. In the present case, since the device
with graphene gate possesses a lower barrier height with a larger dark current,
whereas the photovoltages are higher in the Au-gated device, the compensation
mechanisms induced by these opposite effects result in equal currents. However,
the photocurrents generated by the Au-gated device are higher due to the lower
dark current. These larger photocurrents produce wider 3-dB bandwidths in the
Au-gated device (1.62 GHz and 3.1 GHz) as compared to (1 GHz and 2.23 GHz)
in the graphene-gated device at the lower intensities. At the higher intensity, the
photoconductive effects from the gate junction region, the neutral channel region,
and the substrate depletion region also contribute significantly with almost equal
contributions in both cases. The equal contributions emanate from the com-
pensation mechanism discussed earlier, which maintains equal depletion widths
in both cases, thus, extracting similar photoconductive charges. The minority
hole carrier lifetime being of the order of nanoseconds produces 3-dB bandwidths
in the GHz range under photovoltaic conditions. The photoconductive lifetime
being of the order of microseconds results in MHz range bandwidths (1.6 MHz
in the Au-gated device and 1.477 MHz in the graphene-gated OPFET) at the
higher intensity. The higher photocurrents also produce higher responsivities in

the Au-gated OPFET (2.6 x 10 A/W, 3.7 x 105 A/W, and 1.39 x 10* A/W).

The dc transconductances and gate-to-source capacitances exhibit almost equal
values in both the graphene-gated and Au-gated devices. The equal values arise
from the compensation phenomena stated earlier. The transconductances in-
crease with optical power (Figure 6.1) due to the increase in photovoltages and
the additional contribution from the photoconductivity at the higher intensity.
The capacitances show a similar behaviour except at the higher intensity due to

the effective de-ionization of the space charge ions by the photogenerated electrons
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in the junction region since the photogenerated electron density is comparable
to the depletion charge density at this power level (Figure 6.2). The moderately
high transconductances and moderate capacitances result in moderate unity-gain

cut-off frequencies in both cases.
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Figure 6.1: Transconductance versus modulation frequency at different optical flux densities
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The oscillation performance of the graphene-gated OPFET is shown in Ta-
ble 6.2 at a drain-to-source bias of 3.94 V after the stability factor (K-factor)
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for oscillation and other oscillation conditions at the ports have been satisfied.
The Au-gated device also shows the same performance since the oscillation pa-
rameters are dependent upon the transconductance, gate-to-source, gate-to-drain,
and drain-tosource capacitances, the drain-to-source resistance, and the drain-to-
source saturation current, which are estimated to be equal in both the devices.
This is attributed to the reasons discussed above. The device exhibits resonance
at a source resistance of 270 €2, source inductance of 8 nH, load resistance of 27
), and load inductance of 17 nH. At the flux density of 10!® /m2-s, the OPFET
device resonates over a narrow band of frequencies ranging from 1.47 GHz to 1.8
GHz. This is possible when the oscillation conditions are satisfied at a band of
frequencies instead of a single frequency. This can be improved by optimisation.
As the flux density increases to 101 /m?2-s, the oscillation frequency reduces to
1.63 GHz with respect to the highest frequency (1.8 GHz) at the previous flux
density. This observation is in line with previous studies [14, 35, 37|. Since the
oscillation frequency is dependent only upon the intrinsic capacitances and is in-
dependent of the transconductance and the intrinsic resistances |37], the increase
in optical power boosts the capacitances (Figures 6.2 and 6.3) and reduces the
resonant frequency. At the higher flux density of 10?2 /m?-s, there is an increase
in the oscillation frequency to 1.8 GHz. Although the dc gate-to-source capaci-
tance undergoes a fall in its value, at the frequency of oscillation, the capacitance
increases (Figure 6.2). This is ascribed to the significant reduction in the de-
ionization process at high frequencies due to the modulation of electron lifetime
with frequency. Additionally, the high photovoltage, although modulated with
frequency, is sufficient enough to open many of the depleted regions, thus register-
ing sensitivity. Also, there is a significant boost in the gate-to-drain capacitance
at the higher intensity (Figure 6.3). Even though the capacitances increase, the
oscillation frequency increases. The reason behind this is still being investigated

by the authors.
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Table 6.2: Oscillation parameters of graphene-GaAs OPFET

Photon Flux  Source Impedance Load Impedance Oscillation Frequency  Gain Phase
Density (/m?-s) (ohms) (ohms) (Hz) (S21 dB) (S21 degrees)
1016 270 /8 nH 27 Q/17nH  (1.47,1.63, 1.8 GHz) 4.1dB 144.3°
101? 270 /8 nH 27 /17 nH 1.63 GHz 4.5 dB 137.12°
1022 270 /8 nH 27 Q/17 nH 1.8 GHz 3.94 dB 115.95°
7 X10_14. : : : : :
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Figure 6.3: Gate-to-drain capacitance as a function of modulation frequency at various photon

flux densities
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Figure 6.4: Polar plots of Sy; at different flux densities

The oscillator gain initially increases from 4.1 dB to 4.5 dB as the flux density
is varied from 10 to 10! /m2-s and then reduces to 3.94 dB at the flux density
of 10*2 /m?2-s. The gain, which is directly proportional to transconductance and
inversely related to capacitance, exhibits an initial increase due to the significant
boost of the transconductance with optical power while the capacitance increases
at a slower rate (compare Figures 6.1, 6.2, and 6.3). At the higher flux density,
the gain falls since the transconductance increases at a slower rate than the ca-
pacitances at the oscillation frequency. The significant boost of capacitances is
due to the reasons stated earlier. It is further observed that the oscillator phase
reduces when the optical power increases. Thus, the oscillation frequency, gain,
and phase can be suitably tuned with optical power. Figure 6.4 presents the
simulated polar plots of the device at different radiation flux densities indicating
that the gain and phase of the FET can be controlled to a larger extent when
the optical power increases. This can have a significant bearing on the oscillator
design when performing optimisation. The performance metrics estimated here
are in line or close to the basic industrial standards for IoT (Internet of Things),

i.e. IEEE802.15.4 based on Zighee Technology operating in there frequency bands
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(868MHz in Europe, 915MHz in the USA | and 2.4 GHz globally) [206, 207]. These
standards are further divided into standards such as WirelessHART (2007) and
ISA100.11a (2009) for employment in ultra-high reliability and ultra-low power
industrial harsh environments. The performance also suits for two of the three
frequency bands (183-683 MHz, 1640-2140 MHz, and 2200-2700 MHz) studied in
[208] for indoor industrial applications. Further optimisation of the investigated

devices will ensure complete compatibility with these standards.

The device performance metrics, together with the ability of the graphene and
GaAs materials to resist harsh environments such as high temperatures suggest
that this device will prove useful in sub-6 GHz harsh environment 5G applications
viz. handheld 5G devices and industrial Internet of Things (IoT)-enabled systems

in smart cities, automotive, space, and aeronautics applications.

6.2 Configurable OPFET-based Photodetector for 5G Smart

Antenna Applications

The optical control of phased array smart antennas is possible with the help
of lasers, modulators and photodetectors. Among these components, the pho-
todetectors play a major role since these are the ones which directly control the
voltages to be applied to the phased arrays. Photodetectors convert the intensity-
modulated continuous-wave optical signal into microwave signal which is directly
fed into the antenna. Depending upon the relative amplitudes and phases of the
photodetector output current, the main beam will be directed in a specific direc-

tion and the nulls will be set to other directions.

Since the OPFET possesses high gain-bandwidth product, this work investi-
gates and analyzes the extent to which the gain, phase, and bandwidth, of the

GaAs OPFET-based photodetector can be varied by varying the drain bias, gate
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bias, optical power, modulation frequency, as well as by choosing different illu-
mination models and different structural dimensions. From these investigations,
the optimum (Signal-to-Noise+Interference Ratio) in the desired direction can
be derived. This work involving adaptive signal processing and the complete im-
plementation of the optical phased array antenna system will be considered for

future work.

The wavelength of optical source is considered to be 600 nm. The drain bias
is varied between 0 to 10 V whereas gate bias is set between —2 V to 0 V. The
radiation flux densities of 101°, 1017, 10!, 10%!, and 10* /m?-s used in the simu-
lations correspond to the optical power densities of 0.033 uW/ecm?, 3.3 uW /cm?,
0.33 mW/cm?, 33 mW /em?, and 3.3 W /em? respectively. The gate material is
assumed to be transparent ITO (Indium- Tin-Oxide). The parameters utilized
in calculations are listed earlier in Table 4.11. The device dimensions chosen for
structural optimization are obtained from scaling rules [29]. Only the four most

relevant sets are shown for comparison. The source/load impedances being con-

sidered are (300 Q4527w(19.7 nH))/(300 Q+j27w(73 nH)).

At first, the 3-dB bandwidth performance of the OPFET detector with re-
spect to the different illumination models as well as the different dimensions is
estimated, as this parameter will decide the maximum frequency of operation
of the individual antenna elements. The bandwidth performance is tabulated
in Table 6.3. Referring to Table 6.3 with the listed performance metrics, the
earlier discussions and analysis of the 3-dB bandwidth performance with respect
to various illumination models, different dimensions, and different optical input
power levels are verified. It is also observed that the bandwidth is high at the
lower intensities in all the cases (greater than 1 GHz) suitable for 5 G applica-
tions. There is no excessive dark current even with the device pos-sessing the

highest dimensions since the drain bias voltage is in the lower range (less than
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Table 6.3: Bandwidth Performance of GaAs OPFET illumination models

Bandwidth (Hz) at the Gate Length (L=4 pm), Gate Width (Z=150 pm), Active-Layer Thickness (¢s,=0.3 pm),
and Doping Concentration (Ng,.=4 x 1022 /m3), Vps~0.42 V and vgs~—1V

Photon Flux Surface-Gate Buried-Gate Surface-Gate Buried-Gate
Density (/m?-s) Front-Illuminated Front-Illuminated Back-Illuminated Back-Iluminated
101° 3.1 GHz 2.62 GHz 4.57 GHz 6.81 GHz
1017 5.8 GHz 8.64 GHz 17.7 GHz 39.2 GHz
1019 12.87 GHz 13.9 GHz 53.9 GHz 129.3 GHz
102! 3.1 GHz 3.326 GHz 45.2 MHz 2.031 MHz
1023 13.71 MHz 5.71 MHz 4.156 MHz 23.93 MHz

Bandwidth (Hz) of buried-gate front-illuminated OPFET at Vpg~0.42 V and vgs~—1V

Photon Flux  (L=3 pm, Z=100 pm, (L=4 pm, Z=150 pum, (L=5 pm, Z=200 pym, (L=8 um, Z=350 pm,
Density (/m?2-s) tsm=0.27 pum, tsm=0.3 pm, tsm=0.4 pm, tsm=0.45 um,
Ng-=5.33 x 1022 /m3) Ng.=4 x 1022 /m3)  Ng.=3.2 x 1022 /m3)  Ng.=2 x 1022 /m3)

1015 3.6 GHz 2.62 GHz 3.326 GHz 4.22 GHz
1017 7.98 GHz 8.64 GHz 5.8 GHz 8.64 GHz
101? 11.88 GHz 13.9 GHz 11.88 GHz 17.7 GHz
1021 3.326 GHz 3.326 GHz 0.62 GHz 0.53 GHz
1023 4.5 MHz 5.71 MHz 5.71 MHz 7.25 MHz

4 V). The transconductances and gate-to-source capacitances are also boosted
with the increase in dimensions. But, the slope of transconductance increase is
lower than that of the capacitance resulting in decreased gain and phase. Thus,
there is a trade-off between bandwidth and gain-phase relationship, which can be

optimized by properly choosing the dimensions.

Now, the extent of the gain and phase variation with respect to the control
parameters such as the drain bias, gate bias, modulating frequency, and optical
power, the choice of illumination model, as well as the device dimensions is dis-
cussed. Figure 6.5a and 6.5b respectively show the simulated gain and phase of

the different illumination models as a function of drain bias at a gate to source
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voltage of —1 V, a modulation frequency of 1 GHz, and an optical flux density of
10'® /m2-s. The entire analysis can be carried out based on the relative contribu-
tions of the transconductances and the gate-to-source, gate-to-drain, and drain-
to-source ca-pacitances under the influence of the various control parameters since
these parameters dominate the contributions to the intrinsic Y-parameters. The
analysis will also be assisted by the contribution from the photovoltaic effect.
The gain increases with drain bias in all the cases and eventually saturate at the
higher drain voltages. This is ascribed to the fact that at lower drain voltages,
as the voltage increases, the transconductance increases due to the boosting of
the drain to source current whereas all the capacitances decrease due to the in-
crease in the depletion width. Since the transconductance is directly related to
the real part of the Y51 and hence the Sy parameter whereas the reduction in
capacitances suppresses the imaginary parts of Y-parameters, and hence boosts
the imaginary part of S9; parameter, the gain increases. The saturation of the
gain at higher voltages is due to the saturation of transconductance following
the saturation of the drain-to-source current. The differences observed in the
gains of different illumination models are owing to the differences in photovolt-
ages which affect both the transconductances and the capacitances along with
the differences in series resistances between surface- gated and buried-gate de-
vices. At a considerable drain bias of 0.6 V, the surface gate front-illuminated
OPFET shows the least gain due to the high photovoltage which although boosts
the transconductance, also simultaneously boosts the capacitances, and along
with the contribution from the higher series resistances. The next lowest gain
is exhibited by the surface-gate back-illuminated OPFET on account of its low
photovoltage which suppresses the transconductance along with series resistance
effects. The buried-gate front-illuminated device shows higher gain due to the
high photovoltage and lower series resistances. The highest gain is exhibited
by the buried-gate back-illuminated OPFET on account of the lower photovolt-

age which suppresses the capacitances and also due to lesser series resistances.
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Though there is variation in gain amongst these illumination models at this drain
voltage of 0.6 V, for practical purposes it can be considered as constant and as
such at low drain voltages, the device functions as a constant gain detector. At
higher drain voltages, there is significant variation in gain since the capacitances
are suppressed to a large extent, which means the gain is highly amplified by the
combination of high transconductances and suppressed capacitances. At these
voltages, the device behaves as a variable gain detector. Also, the gain can be

varied between —15 dB to +14 dB by varying the drain bias from 0.2 V to 3.8
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Figure 6.5: Gain (a) and phase (b) versus drain bias for different illumination models at a gate

voltage of —1 V, modulation frequency of 1 GHz, and flux density of 10* /m?*-s.

On the other hand, the phase also shows significant increase as the drain bias
increases. This can be explained by the fact that with the increase in voltage,
the transconductance is enhanced while the capacitances decrease. This increases
the real part of So; parameter so also the imaginary part, but the rate of rise of
imaginary part is higher than that of the real part, increasing the phase. The
back-illuminated devices show higher phases than the front-illuminated OPFETSs
on account of the lower transconductances and suppressed capacitances. There
is around 5 degree variation in phase with the change in the illumination model

at a particular drain bias so that the total variation is around 15-20 degrees. The
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phase can be varied between 20 degrees to 142 degrees with a change in bias from

0.2V to3.8V.

Figure 6.6a and 6.6b respectively are the gain and phase plots obtained at
the same set of control parameters as that in Figure 6.5a and 6.5b but at a
higher modulation frequency of ~5 GHz. The consequence of higher modulation
frequency is the significant reduction in the transconductance due to roll-off of
photovoltage with frequency. Also, the higher frequency increases the imaginary
components of the Y-parameters although the capacitances decrease with the
modulation of photovoltage with frequency. Thus, both the real and imaginary
parts of the S9; parameter are reduced resulting in degraded gain. The gain also
reduces through the transconductance delay component at high frequencies. The
phase also shifts towards negative directions mainly because of the significant
boost of the imaginary components of Yparameters along with the transconduc-
tance delay. It is observed that at high frequencies, both the gain and phase
can be controlled to a larger extent with the change in illumination model. The
increase in gain and phase with drain bias remained almost the same as that with

low frequencies.
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Figure 6.6: Gain (a) and phase (b) versus drain bias for different illumination models at a gate

voltage of —1 V, modulation frequency of ~5 GHz, and flux density of 10* /m?-s.
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Figure 6.7a and 6.7b represent the gain and phase responses versus drain
bias of the buried-gate front-illuminated OPFETs with different dimensions at
a gate voltage of —1 V, modulation frequency of 1 GHz, and flux density of
10 /m%-s. It can be seen from the above plots that the gain reduces with the
increase in dimensions at the lower drain biases and tends to increase at higher
voltages. This can be explained by the fact that at the lower voltages, both the
transconductances and capacitances increase with dimensions (depletion width
sensitivity being larger at lower doping concentrations), but the rate of increase of
capacitances is higher than that of the transconductances. At larger voltages, the
gain tends to increase attributed to the significant boost of transconductances and
suppression of capacitances. The phase reduces with the increase in dimensions.
At the lower voltages, this is ascribed to same reason as that for the gain response.
At higher voltages, the boost of transconductances is higher than that of the
suppression of capacitances, thus reducing the phase. It is also observed that the
gain and phase can be controlled to a large extent by varying the dimensions. The
phase range that can be controlled with the increase in dimensions is (52 to 150
degrees) and (20 to 130 degrees) for gate lengths of 3 yum and 4 pm respectively as
the drain bias is varied between 0.2 to 3.8 V, (0 to 97 degrees) for gate length of 5
pm with drain bias variation from 0.2 to 5.1 V and (—25 to 70 degrees) for 8 pum
gate length with change in bias from 0.2 to 6.5 V. This shows the versatility of the
choice of dimensions on the phase responses; the dimensions should be carefully
chosen along with the consideration of the dependence of 3-dB bandwidth and
gain on gate length to give optimum results for a particular application.

Figure 6.8a and 6.8b show the gain and phase plots as a function of drain
bias for buried-gate front-illuminated OPFET with a gate length of 8 um at
different gate voltages, modulation frequency of 1 GHz, and flux density of 10
/m?%s. The plots clearly show that the gain and phase can be controlled to
a large extent with gate bias. The gain is lowered with the increase in gate

voltages at the lower drain bias since both transconductance and capacitances
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Figure 6.7: Gain (a) and phase (b) versus drain bias for different dimensions of buried-gate
front-illuminated OPFET at a gate voltage of —1 V, modulation frequency of 1 GHz, and flux
density of 10" /m?-s.

increase with gate voltage, but the slope of increase of capacitances is larger
than that of the transconductances. The transconductances are low at low drain
biases due to the smaller magnitude of drain-to-source currents. Whereas, the
capacitances being independent of drain-tosource currents, show large values.
At higher drain bias, the gain increases with gate voltage due to the significant
boost of transconductances and suppression of capacitances. The phase response
shows a decrease with gate voltage at all drain biases due to the same reasons as
mentioned above.

Figure 6.9a and 6.9b depict the gain and phase plots of the buried-gate front-
illuminated OPFET with a gate length of 4 yum at different flux densities, mod-
ulation frequency of 1 GHz, and gate bias of —1 V. It is observed that the gain
slightly reduces with the increase in optical power at the lower drain voltages since
the rate of increase in capacitances is slightly larger than that of the transconduc-
tances. Almost equal gains are recorded at the higher drain voltages, the reason
still being investigated. For practical purposes, the gain can be considered con-
stant with optical power. The phase responses are shown to reduce by 5 degrees
with a step increase in optical power with a total variation of 10 degrees due to

the same reasons as mentioned above.
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Figure 6.8: Gain (a) and phase (b) versus drain bias for buried-gate front-illuminated OPFET
with a gate length of 8 um at different gate voltages, modulation frequency of 1 GHz, and flux
density of 10'° /m?-s.

In the plots represented in Figures 6.5 to 6.10, the x-y plots were used to
depict individually the gain and phase responses since the comparative analysis
using three or more values for control parameters were better represented using
x-y plots. Polar plots on the other hand, give superior pictorial depiction, but
when the number of values for control parameters is less as in the case of Figure
6.10a and 6.10b. Through these figures, we demonstrate that positive phase re-
sponses are also possible at high frequencies through optimization. Specifically,
using higher value of gate voltage (0 V) and a source/load impedance value com-
parable to the frequency of operation would serve the purpose. Also, larger gains
are achieved at higher drain voltages. The source/load impedances used for this

purpose were (300 §2 + j27mw(1 nH)).

In all the above plots, the stability analysis has been done and it is found in
overall that the device will produce unconditional stable response at the low to
mid drain voltages. The unconditional stable response can be achieved at all drain
voltages with further optimization. Nevertheless, the device produces conditional

stable responses at the source and load impedances under consideration at all
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drain voltages.
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Figure 6.9: Gain (a) and phase (b) versus drain bias for buried-gate front-illuminated OPFET
with a gate length of 4 um at different flux densities, modulation frequency of 1 GHz, and gate
bias of —1 V.

Figure 6.10: Polar plots (a) as a function of frequency (1.7 GHz to 13.2 GHz) for buried-gate
front-illuminated OPFET with a gate length of 4 um at a gate bias of 0 V, a drain bias of 0.63
V, and an optical intensity of 10'7 /m?2-s, and (b) as a function of drain bias (0.2 V to 3.8 V)

at a frequency of ~5 GHz with other control parameters maintained the same.

The frequency range of operation of these devices show that they will serve
better purpose in 5G Internet of Things (IoT) or Optical Wireless Communication
(OWC) based smart applications such as smart home, airport, train station and
railway, smart shopping, plant and industry, smart healthcare, smart automobiles

etc.
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Chapter 7

OPFET under Solar Illumination

7.1 GaAs and Si OPFET Photodetectors for Solar Cell

Applications

The potential of the GaAs and Si-based OPFET photodetectors for use in solar
cell applications has been examined. The solar power spectrum with the air mass
(AMO0) suitable for satellite and space vehicle applications is provided as an in-
put. The detectors parameters such as responsivity, External Quantum Efficiency
(EQFE), and switching time are calculated. The photocurrent and photovoltage
generated as a function of wavelength are plotted and deeply analyzed. The
comparative study of the Si and the GaAs OPFET detectors is presented. The
analysis is based on the structural, material parameters, and the external factors
applied. The gate materials utilized are Indium-Tin-Oxide (ITO) for Si and gold
(Au) for GaAs. Two distinct illumination models: Buried-gate front-illuminated

OPFET and the generalized model of OPFET are being considered for the study.

The drain bias is set to 3.45 V and the gate is shorted to the source (0V). A
wavelength sweep of the input solar power spectrum considering air mass condi-
tions (AM0) suitable for satellite and space vehicle applications is carried out.
The power spectrum is shown in Figure 7.1. The corresponding average photon

flux density is calculated to be 2 x 102! /m?-s. A sufficiently large gate length
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of 4 pm, gate width of 150 pm, active layer thickness of 0.3 pum, and a doping
concentration of 4 x 10*2 /m? are being employed for the devices to deliver the
necessary gain. The photovoltage and photocurrent as a function of wavelength
for the two models and for the two materials (Si and GaAs) are plotted in Figures
7.2 to 7.5. The parameters employed in calculation are to be referred from Table

4.11. The Schottky barrier height of Au-GaAs junction is 0.865 eV.
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Figure 7.1: Solar power spectrum [10]

It is observed that the photovoltage spectra (Figure 7.2 and 7.3) are close
replica of the input solar spectrum (Figure 7.1). Similarly, the photocurrent
responses (Figure 7.4 and 7.5) are efficient reproduction of the input spectrum.
This shows that the Si and GaAs devices have high potential of converting the
solar energy into electricity as a combined function of the power (or the photon
flux) and the wavelength of radiation. The average photocurrents generated in
the Si and the GaAs generalized OPFET devices are 7.7 mA and 15 mA whereas
in the buried-gate detectors are 6.2 mA and 5 mA respectively. These values
are significantly high stating that these detectors are efficient converters of solar

energy into electrical energy. The series resistances and the load resistances
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can be optimized through various optimization procedures especially structural
optimization to deliver maximum output power which can surpass the existing
solar cells. These detectors when combined in series in the form of arrays can

substantially generate large amount of electricity to power the satellites and the

space vehicles.

vgs=0 \
Vpg=3.45V
tsm=0.3 pm
WI/L Ratio=37.5
Ng,=4x 1022 /m3
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Figure 7.3: Photovoltage comparison of the Si and GaAs buried-gate OPFET models
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Figure 7.6: Absorption coefficient in Si and GaAs as a function of wavelength [12]

The photovoltages generated in the Si OPFET models are significantly larger
than the GaAs devices mainly due to the fact that the hole lifetime in Si is consid-
erably longer (75 us) more than 3 orders of magnitude than that in GaAs (10 ns)
(refer Figure 7.2 and 7.3). These higher photovoltages ought to have produced

larger photocurrent responses in Si OPFET models. However, the fact is in the
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case of generalized model, the GaAs OPFET greatly supersedes the Si OPFET
in the whole of the spectrum (see Figure 7.4). This can be explained by the fact
that in the Si OPFET, the electron mobility is much lower (0.09 m?/V.s) as com-
pared to that in GaAs OPFET (0.52 m?/V.s), which draws very small current
in Si OPFET in the spacings thus, considerably raising the series resistances. In
GaAs OPFET, the series resistances are maintained to lower values (Ry ~26 )
and Ry ~35 Q) as compared to that in Si OPFET (R, =117 Q and Ry ~85 (2).
On account of the lower series resistances in the GaAs OPFET, the limitation of
the photovoltaic and the photoconductive currents due to the voltage drop across
the series resistances is lesser in the GaAs device. Since in the wavelength region
below 900 nm, the photovoltages generated in GaAs device are very high, the
absorption coefficient is large (see Figure 7.6), the photon flux is high enough,
and the electron lifetime is long (1 us), large photovoltaic and photoconductive
charges are perceived. These charges assisted by the higher mobility and higher
saturation velocity in GaAs develop much larger photocurrents in the GaAs de-
tector than that in the Si OPFET below 900 nm. In this region, in the Si OPFET,
since the incident optical power is high, the absorption coefficient is large (Figure
7.6), the electron lifetime is much longer (75 us), considerable photoconductive
current is developed. This current develops large voltage drop across the se-
ries resistances owing to the high series resistances involved thus, increasing the
depletion width with illumination and exhibiting negative sensitivity. The pho-
tovoltaic currents have no role to play in this wavelength region in the Si OPFET
owing to negative sensitivity. The photoconductive contribution is from the gate
depletion region at instances where the photon flux is high and eliminating the
contribution from the neutral channel region due to the complete depletion of the
channel. In this case, the saturation current increases without bounds since the
contribution is from the gate depletion region which increases with illumination
and the series resistances play an enhancing role instead of the limiting role. How-

ever, the much lower electron mobility in Si greatly suppresses the conductance
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component resulting in lower current (Figure 7.4). As the wavelength is extended
above 900 nm, the photovoltages significantly drop owing to the substantial fall
in the absorption coefficient in both the Si and the GaAs devices (photovolt-
ages still higher in the Si device). But due to the earlier mentioned factors of
higher mobility, larger saturation velocity, and lower series resistances in GaAs
OPFET, the photovoltaic currents are enhanced as compared to that in the Si
OPFET. This produces larger photocurrent response in the GaAs device also at
the wavelengths above 900 nm. The photoconductive currents are negligible in
this region since the absorption coefficients have dropped considerably. On the
other hand, in the buried-gate OPFET, the scenario is different (see Figure 7.5).
The photovoltages generated are high but significantly lower than that in the
generalized model owing to the additional contribution from the sidewalls of the
gate depletion region in the generalized model. In the region below 900 nm, the
photovoltaic current drops considerably in the GaAs OPFET due to the lower
photovoltages whereas the photoconductive current is maintained at almost the
same level. This is because in the GaAs generalized model of OPFET, the large
photovoltages and the lower series resistances decrease the depletion width to
zero thus, the photoconductive effect in the neutral channel region contributes
at its potential. In the GaAs buried-gate OPFET, the illumination begins from
the active layer side, hence, in this case too the photoconductive effect from the
neutral channel region contributes substantially. Thus, in both the cases, the
similar conditions exits resulting in almost equal photoconductive currents. But
due to the lower photovoltaic currents in the buried-gate OPFET, the overall
response drops significantly. In the Si buried-gate OPFET, the photovoltaic con-
tribution is again eliminated due to the large photoconductive effect from the
gate depletion region and high series resistances induce negative sensitivity. The
photoconductive effect is almost sustained at the same level, since in both the
cases the contribution is from the gate depletion region. Hence, in the region

below 900 nm, due to similar conditions, the photocurrent response in the Si
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buried-gate OPFET is in close resemblance to that in the generalized model of
OPFET. Due to the above facts, the photocurrent responses below 900 nm in the
Si and the GaAs buried-gate OPFETs are almost equal (Figure 7.5). However,
above 900 nm, the considerable drop in the absorption coefficients eliminates the
photoconductive contribution but significant photovoltaic effect still exits. The
photovoltage is higher in the Si OPFET. But due to the factors mentioned earlier

in the case of the generalized model, the photocurrent response is higher in the

GaAs OPFET device.

The average responsivity in the wavelength range 200 nm-2600 nm for the Si
and the GaAs generalized OPFET models is 4.54 x 10* A/W and 6.8 x 10* A/W
respectively. The corresponding FQFE values are 4.33 x 10°% and 8.91 x 10%%.
For the buried-gate OPFET models, the responsivity values in the Si and the
GaAs OPFETs are 2.13 x 10* A/W and 3.1 x 10* A/W whereas the EQE values
are 3.86 x 105% and 4.5 x 105% respectively. These high values show the potential
of the devices as converters of solar energy into electrical energy. The response
times which are vital for certain applications such as power beaming are observed
to be in the range of nanoseconds to picoseconds depicting very fast response.
The Si OPFET delivers significantly quick response (of the order of picoseconds)
in the visible wavelength range (400 nm-700 nm) due to the large absorption
coefficients, high photon flux, and substantially long electron lifetime, producing
significantly high photoconductive effect in the gate depletion region greatly de-
ionizing the space charge ions thus, reducing the switching times, switching time
being the ratio of the space charge below the gate and its sidewalls to the drain-
to-source current. In overall, the high photovoltages greatly reduce the space
charge width along with the high drain to source currents considerably reduce

the response times.

257



7.2 GaAs Front-illuminated OPFET for Solar Communi-

cation

Green energy technology using solar energy is gaining importance over the re-
cent years due to its renewable nature. The present scenario reveals that the
photovoltaic modules and the photodiodes used for communication under solar
illumination have limited 3-dB bandwidth in the sub-megahertz range. Also, they
require separate optical sources for modulation. In this research work, an OPFET
(Optical Field Effect Transistor)-based photodetector is proposed which over-
comes these limitations wherein modulated sunlight is used for communication.
The proposed device with a GaAs surface-gate structure with front-illumination
exhibits a 3-dB bandwidth of 1.386 GHz under air mass (AM0) solar illumination.
The AMO spectrum is used for satellite, space vehicle, and space communication

applications.

The parameters used in calculation are as follows: Gate length (4 pum), gate
width (150 pm), active layer thickness (0.3 pm), and doping concentration (4 x
10?2 /m3) |154]; low field electron mobility (0.52 m?/(V.s)) [10]; Schottky barrier
height (gold (Au)- GaAs)(0.865 eV) [171]; saturation electron velocity (~ 1.2x10°
m/s) [33]; saturation hole velocity in the y-direction (~ 0.9 x 10° m/s); electron
lifetime (1 ps), hole lifetime (10 ns) [33]; permittivity (1.14 x 1071 F/m) [10];
absorption coefficient [11]. The AM0 solar spectrum is represented in Figure 7.7

[10], and the absorption spectrum of GaAs is depicted in Figure 7.8 [11].
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Figure 7.7: Air mass (AM0) solar spectrum [10]
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Figure 7.8: Absorption coefficient of GaAs versus wavelength [11]

It is observed from the above graphs that the power density as well as ab-
sorption coefficient, are significantly high at visible to near-infrared wavelengths
(NIR) (400 nm to 900 nm). Therefore, mostly the device responses will be limited
to these wavelengths. Figure 7.9 depicts the photovoltage-dependence on wave-
length for the front-illuminated model at low (dc) and high frequencies. These
plots clearly show the high response at visible-NIR wavelengths spanning from 400
nm to 900 nm. The observations are accounted by the high power density, mod-
erately high value of absorption coefficient, and correspondingly a large enough
absorption depth for substantial photogeneration to occur in the junction region
with the carriers eventually crossing the Schottky junction. Apart from this, there
are significant contributions at the Ultraviolet (UV) wavelengths of 250 nm to 350
nm. At these wavelengths, the absorption depth is very short due to very high

absorption coefficients. Despite this fact, the photovoltage is significant at these
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wavelengths since the generation of carriers begins from the metal-semiconductor
contact side inside the depletion region. In contrast, at wavelengths higher than
900 nm, the absorption coefficient drops considerably resulting in reduced pho-
tovoltage. The lower photovoltages at higher frequencies are due to the fact with
the modulation of the incident radiation, the lifetime of carriers is also modu-
lated and decreases after certain frequency. The front-illuminated model exhibits
high photovoltage due to the additional factor (avy7,,) in the numerator of the
photo-induced hole density equation over the primary hole density which induces
the amplification effect. One more aspect affecting the photovoltage is the factor
(awvyT,p) in the denominator term (1-aw,7,,). The factor aw,7,, is to be treated
as it is when aw,7,,<1 and is to be substituted with the nearest fractional value
to unity when awv,7,,>1. This factor also contributes to high photovoltage. The
high photovoltages result in large photovoltaic currents in the front-illuminated
OPFET. In the discussion to follow, ‘PV’ stands for photovoltaic and ‘PC’ stands

for photoconductive.
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Figure 7.9: Photovoltage-wavelength spectrum of front-illuminated model at low (dc¢) and high

frequencies

The solar spectrum has a range of wavelengths from 250 nm to 2600 nm. Thus,
the solar response of the OPFET device is an integration of the responses at the
individual wavelengths. The high average power density and the moderately high

absorption coefficient greatly enhance the photoconductive charges and are com-
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parable to the photovoltaic charges.

At the shorter wavelengths, the magnitude of photoconductivity is more in
the neutral channel region and lesser in the depletion and substrate region along
with lower photovoltaic effect. As the wavelength increases from 400 nm to 700
nm, the photoconductive contribution decreases and the photovoltaic contribu-
tion gradually increases accounting for the fall in series resistance effect. This
is attributed to the wavelength-dependence of the absorption coefficient and ab-
sorption depth and to the value of diffusion length. The wavelength range 400
nm to 700 nm is purposely chosen since the response is the greatest at these
wavelengths. At lower wavelengths, the absorption coefficient is larger than at
higher wavelengths and vice versa for the absorption depth. Although the ab-
sorption begins from the metal contact side, the diffusion length is long enough
along with high absorption coefficient to produce significantly high carrier density
in the channel region at these wavelengths. These features are observed under
dc conditions. As the frequency increases above dc levels, the photoconductive

charges decrease significantly, and the photovoltaic charge dominates.

The transformation of the photo-induced charges into the photocurrent is
depicted in Figure 7.10. As is apparent from this figure, at the majority of
wavelengths, the photovoltaic effect has a greater impact, especially at higher
frequencies resulting in a moderately high bandwidth of 1.386 GHz. The band-
width would have been considerably more in the absence of photoconductive effect
since the photoconductive lifetime is longer than the photovoltaic lifetime. This
performance is critical of Li-Fi applications using modulated solar illumination.
The present device will be useful as photodetector in future solar communication

systems.
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Chapter 8

Graphene-based OPFET and its

Optimization

8.1 Feasibility Study of using Graphene as Semiconductor
Material for OPFET

Graphene is an emerging material in the electronics industry due to its outstand-
ing electrical, optical, mechanical, transport, structural, physical, chemical, and
electronic properties. To name a few, it has ultra high carrier mobility (1,00,000
cm?/(V.s)), high carrier saturation velocity (4 x 107 ¢cm/s), ultrafast carrier dy-
namics, broadband absorption from Ultraviolet (UV) to Infrared (IR), high me-
chanical flexibility, robustness to harsh environments, high optical transmittance
(97.7%), tunable Fermi level or bandgap, ambipolar nature, good chemical and
physical stability. Despite these excellent properties, its use in practical devices
is hindered by the high metal-graphene contact resistance, Fermi level pinning in
metal-graphene contacts, absence of bandgap and low absorptance in monolayer
graphene [140, 141, 142, 143]. The absence of bandgap in monolayer graphene
results in low on/off ratios in digital logic devices affecting their high speed op-
eration. On the other hand, high contact resistance in ohmic source and drain
contacts in graphene FETs (Field Effect Transistors) resulting from low density

of states at the Dirac point can cause fluctuations in the device parameters and
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degrade the transconductance and unity-gain cut-off frequency. The low absorp-
tion in monolayer graphene (2.3%) leads to very low quantum efficiencies in pho-
todetectors. Metal-graphene contacts based on physisorption metals such as Au
(gold), Ag (silver), Cu (copper), Al (aluminium), Pt (platinum) tend to modulate
the Fermi level by charge transfer depending upon the relative work functions of
metal and graphene. They form a dipole layer and a voltage step at the in-
teface, thus pinning the Fermi level [140]. Fermi level pinning (FLP) prevents
effective modulation of the carrier density in graphene by applied gate voltages.
These issues have been handled in numerous ways in the past two decades. The
issue of zero bandgap in monolayer graphene can be overcome by biasing bi-
layer graphene, constrainment of graphene in one dimension to produce graphene
nanoribbons (GNRs) or quantum dots, or by chemically modifying graphene
|153|. Contact resistance is dependent upon fabrication processes, device con-
figuration and design, structure, type of metal, interface properties, contami-
nants, quality of contacts etc. [209]. Surface treatments, modifying fabrication
processes, edge-contacts, introduction of defects in graphene surfaces, UV /ozone
treatments, Oy low power plasma treatments, rapid thermal annealing, increased
surface bonding of metal and graphene, lowering barrier height, and increasing
the doping density in graphene by biasing etc. are some of the methods used to
lower the contact resistance in metal graphene contacts [144, 145, 146, 147, 148].
In fact, the contact resistance can be engineered to suit a particular application
using one or more of these developed methods. Usually, the contact resistance
required for high-performance transistors is less than or equal to 100 €2 — pym as
it impacts the device f,,,, for analog and radio frequency applications and the
propagation delay of digital gates [210]. The contact resistance limit according to
the International Technology Roadmap for Semiconductors (ITRS) is 80 €2 — pum
per contact. With graphene, the R, values vary from 69 Q — um to 10 Q — um
ascribed to the measurement conditions, fabrication procedures, and variations

in graphene carrier density [211]. Some researchers have indicated that for radio
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frequency devices and ultra-low power sensor applications, the desirable ohmic
contact resistivities are in the range (0.2 to 1 k2 — um) [212]. On the other
hand, quantum efficiencies can be increased by utilizing graphene in transistor
configuration, proliferation of hot carriers through Photo-thermoelectric effect
(PTE), hot carrier-induced resistance change through biased Photo-bolometric
effect (PBE), and by integrating graphene with other semiconductors or quan-
tum dots [64, 150, 151, 152|. Finally, the Fermi level pinning in metal-graphene
contacts can be reduced by Surface Charge Transfer Doping, construction of
2D /metal vdWs (Van-der Waals) contacts, or creating edge contacts [149]. The
development of the above-discussed methods by various researchers to overcome
the issues pertaining to graphene establishes the feasibility of the use of graphene

as a semiconductor material for OPFET.

8.2 Analysis of Graphene OPFET for Photodetector, Am-
plifier, and Terahertz Modulator Applications and its

Optimization

The graphene FET which is well known for its operation as photodetectors or
terahertz modulators [150] can be made more electric field intensive or with more
enhancement of electrostatic doping by simply modifying the structure to form
a graphene MESFET (Metal-Semiconductor Field Effect Transistor). MESFET
is also called OPFET (Optical Field Effect Transistor) when controlled optically.
OPFET is known for its high gain-bandwidth product based on other semiconduc-
tors such as GaAs, GaN, SiC etc. The graphene MESFET is a special case of the
graphene FET wherein the oxide/insulated layer capacitance between the gate
and graphene in graphene FET is replaced by a dipole capacitance in graphene
MESFET [162]. Since in this case, the equilibrium separation distance between
the gate and graphene is of the order of angstroms, the dipole capacitance gets

highly proliferated as compared to oxide/insulator cpapcitance. This results in a
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large value of the dark carrier density in graphene MEFSET when the gate volt-
age is applied away from the Dirac point. This effect is undesirable under certain
conditions since the photoconductive interband performance is highly affected
with large dark carrier density. But the same is expected to be advantageous
for the conditions when the device is used as a photovoltaic, photothermoelectic,
or photobolometric detector wherein the high electric field encountered between
large gate induced electrostatic doping and the doping induced in the uncovered
part can create significant potential, temperature, conductivity, and resistance
gradients thus enhancing the photoresponse. Further, the high frequency per-
formance can be positively affected by this effect. Also, the high dark carrier
density is greatly suited for the intra-band absorption characteristics for oper-
ating as a terahertz modulator [1]. On the other hand, incorporation of oxide
between gate and channel in graphene FETSs results in better power consumption,

higher breakdown voltage, and low dark current. High K-dielectrics are advisable.

With the above viewpoints, in this work, the dark and photoconductive char-
acteristics of graphene-based MESFET are modeled and comparatively analyzed
with those of graphene FET for photodetector applications. The optical con-
ductivities (inter-band and intra-band) of graphene FET and MESFET in the
infrared and terahertz regions of spectrum are also distinguished. The high fre-
quency amplification performance under dark and illumination is addressed. The

effect of interface trap capacitance on these characteristics is analyzed.

Although significant research has been administered in standalone graphene-
based transistor photodetectors [56, 213, 214, 215, 216, 217] in the UV, visible,
terahertz and infrared ranges, the responsivity is limited to 980 A/W. This limits
its use in practical high gain applications, although the communication band-
widths achievable using graphene FETs (Field Effect Transistors) span from tens

of gigahertz to far gigahertz ranges. To overcome this issue, the photoconductive
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characteristics are at first investigated at the optimum wavelength of operation
i.e. the wavelength at which there is resonance effect induced by the optical
phonon emission (6.3 pm) [1]. This ensured that the maximum photogeneration
was obtained to give maximum output. Secondly, the device was biased close to
the Dirac point to minimize the dark carrier density and prevent quenching of
inter-band absorption, which led to a significant enhancement of photocurrent.
Further, the device characteristics could be modulated by varying the device
dimensions and considering different mobility samples. However, a trade-off is
expected between the gain, bandwidth, unity-gain cut-off frequency, and dark
current. This paper, adopts structural and mobility-based optimization to en-
hance the device gain-bandwidth performance without creating excessive dark

current.

Graphene MESFET creates greater potential and conductivity gradients be-
tween gate-contacted and free space graphene than graphene FET. This is because
the dipole capacitance between gate and graphene in the MESFET structure is
higher than the oxide capacitance in the FET configuration. Thus, it is ex-
pected that the graphene MESFET would produce larger photovoltaic current
than graphene FET because it relies on the strength of the built-in electric field
at the junction of gate-covered and uncovered graphene when the illumination is
allowed to fall within the junction and other factors kept constant. This fact led
to the investigation of the factor by which the photovoltaic current in MESFET
differs from that in the FET.

The Graphene-FET (GFET) and Graphene-MESFET (GMESFET) devices
with drift-diffusion approach under dark and optical stimulation [1, 2] using MAT-
LAB software have been simulated. The gold (Au) metal gate is considered to
be optically transparent. The charge neutrality Dirac point is calculated to be

0.133 V. The gate is biased very close to the Dirac point (0.15 V) so that the
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Table 8.1: Parameters used in calculation for Graphene FET/MESFET simulations

Parameter Name Value Unit
m Low field electron mobility (0.5-1.5)  (m?2/V.s)
(i3 Gate Work Function (Au) (5.54) (eV)
o Graphene Work Function (4.5) (eV)
€ox Oxide Dielectric Constant 4) —_—
L Gate length (0.1-1) (pm)
Z Gate width (1-100) (pm)
dox Oxide Thickness (0.3) (pm)
Vp Fermi Velocity (1x10%)  (m/s)
Cit Interface Trap Capacitance (1x1073) (F/m?)
deg Equilibrium separation distance between Au and graphene  (0.331) (nm)

dark current is suppressed. The drain bias is varied between 0 V to 1 V. The
optical wavelength under consideration is 6.3 um. The devices are studied under

dark and radiation fields of 1 kV/m and 2 kV/m at room temperature of 300 K.

The parameters used in calculation are presented in Table 8.1.

The photoconductive characteristics along with the dark current have been
evaluated for both the devices as shown in Figure 8.1 and 8.2 for radiation fields
of 1 kV/m and 2 kV /m respectively for the dimensions of gate length (1 um), gate
width (1 pm), and carrier mobility (0.5 m?/(V.s)). The graphs clearly contrast
the performance of both the devices. The dark current is in the lower regime for
GMESFET as compared to that for GFET. Note that the devices are biased close
to the Dirac point (0.15 V) for suppression of dark current. Hence, the Fermi
levels and carrier densities are maintained relatively at the lowest level in both
cases. Further, the dipole capacitance in GMESFET is much higher than that
of the oxide capacitance in GFET, which implies that the diffusion component
of current dominates the drift component which suppresses the dark current and

vice versa for GFET. Although the devices are biased close to the Dirac point,

268



the large difference in the said capacitances leads to higher dark electron density
in the GMESFET. Thus, under illumination the inter-band absorption is higher
in GFET resulting in more photogenerated carriers producing larger photocon-
ductive current. The graphs also depict that high sensitivities are attained in
both devices. Another reason for this is that the operating wavelength of 6.3 um
corresponds to the optical phonon emission resonance, at which the photon and
phonon absorption and emission processes are exactly balanced at higher quasi
Fermi levels. The higher dark electron density in GMESFET induces significant
Pauli blocking effects to limit the excitation of carriers and thus shows only 0.87
1A sensitivity. In contrast, in the case of graphene FET, due to the much lower
oxide capacitance, the dark electron density is very low, and enhances the inter-
band transitions resulting in photocurrent of 38.52 pA. The universal inter-band
optical conductivity is estimated to be (60 uS). The optical conductivities in
case of graphene MESFET and FET are calculated as 57.25 uS and 57.5 uS re-
spectively at the radiation field of 1 kV /m due to similar net energy transfer rate
induced by compensation of higher dark carrrier density and lower excited carrier
density in GMESFET with the lower dark carrier density and larger photogen-
erated carrier density in GFET. At the radiation field of 2kV /m, the graphene
MESFET now shows a larger sensitivity of 2.29 uA whereas the graphene FET
delivers much higher current of a few milliamps. This shows the clear distinction
of the two devices under inter-band conditions for photodetector applications.
However, the inter-band conductivity is lesser in case of graphene FET (3.12 uS)
but graphene MESFET still shows a significant conductivity (55.6 pS). This dif-
ference is due to the higher excitation Fermi level in case of graphene FET which
reduces the energy transfer rate due to absorption of photons at steady state and

hence the conductivity.

Figures 8.3 and 8.4 show the high frequency amplification performance char-

acteristics of the devices (GMESFET and GFET respectively) under dark, 1

269



kV/m field, and 2 kV/m field when the interface trap capacitance is assumed
to be 1 fF/um?. fr is given by (g,/(2m x W x LxCg)) where (g, = W/L x
uxCeorxVp), (Com = Co/(14+(Co+Cit)/Coz)), and (Co=(Co+Cit)/(1+(Co+
Cit)/Coz)).Under dark condition and under radiation field of 1 kV /m, the graphene
MESFET and graphene FET exhibit similar values and also least sensitivities to
illumination attributed to the slight difference in Fermi levels, the devices be-
ing biased close to the Dirac point and the radiation field is not sufficient to
create significantly large variation in Fermi levels, thus maintaining similar quan-
tum capacitances and identical ratios of the channel and gate capacitances. The
quantum capacitance is also fairly comparable to the interface trap capacitance,
thus causing differences in gate and channel capacitances (gate capacitance is
higher) and reducing the value of fr. At the higher radiation field of 2 kV/m,
as the quantum capacitance is much larger than the interface trap capacitance
in GFET due to significant interband absorption, by inspection of the equations
for channel capacitance and gate capacitance, we observe that these capacitances
tend to the same value and cancel each other. Thus, the fr is nearly independent
of all the capacitances in this case and depends upon the structural dimensions,
the carrier mobility, and the applied drain voltage. This leads to an fp of ~77.7
GHz in the case of graphene FET at a drain voltage of 1 V, close to the ideal
value of 79.6 GHz which is obtained when the gate and channel capacitances are
exactly equal. On the other hand, in GMESFET at the radiation field of 2 kV /m,
the fr is close to the values under dark and at 1 kV/m field on account of slight

enhancement of Fermi level under illumination.
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Figure 8.1: I-V Characteristics of the GFET and GMESFET devices under dark and illumi-
nation (1 kV/m field)
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Figure 8.2: I-V Characteristics of the GFET and GMESFET devices under dark and illumi-
nation (2 kV/m field)
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Figure 8.3: fr of GMESFET under dark and illumination (1 kV/m and 2 kV/m fields)
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Figure 8.4: fr of GFET under dark and illumination (1 kV/m and 2 kV/m fields)

The high frequency amplification characteristics are also studied when the in-
terface trap capacitance is increased to 10 fF/um? (see Figures 8.5 and 8.6). This
caused the fr to deteriorate to 37.3 GHz, 39.8 GHz, and 44.2 GHz under dark
condition and radiation fields of 1 kV/m and 2 kV /m respectively at a 1 V drain
voltage in the case of graphene MESFET since the trap capacitance is closer to the
quantum capacitance greatly increasing the gate capacitance whereas the chan-
nel capacitance remains constant. On the other hand, in the case on graphene
FET, the fr under dark decreased (34.8 GHz) whereas under illumination, it
decreased under 1 kV/m field (39.7 GHz) and decreased to a lesser extent under
2 kV/m field (64.2 GHz). Under dark and at 1 kV/m field, this is attributed to
the enhancement of gate capacitance through the trap capacitance. When the
radiation field is raised to 2 kV/m, since the quantum capacitance is enhanced
and is dominant over the trap capacitance, there is lesser degradation of fr. This
shows that under illumination, the graphene FET has a greater tolerance or im-

munity towards the interface trap capacitance at certain radiation fields.
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Figure 8.5: fr of GMESFET under dark and illumination (1 kV/m and 2 kV/m fields) at

interface trap capacitance of 10 fF/pum?
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Figure 8.6: fr of GFET under dark and illumination (1 kV/m and 2 kV/m fields) at interface
trap capacitance of 10 {F/um?

Further, the RC-limited photoconductive bandwidth, amplification bandwidth
(fr), photoconductive responsivity, photovoltaic current, and the dark current
have been calculated for both devices over a discrete set of dimensions and mo-
bilities as depicted in Table 8.2 and 8.3 at a drain voltage of 1 V and radiation
field of 1 kV/m. The RC-limited bandwidth is calculated at a matched load
resistance (Ry) of 50 ohms and is given by (1/(27R;C¢)). Note that the gate
capacitance depends upon the quantum capacitance, dipole/oxide capacitance,
and the interface trap capacitance. In the present work, the interface trap capac-
itance is maintained constant. The quantum capacitance in both cases exhibit
similar values due to the compensation effects of higher dark carrier density and
lower photoconductive effect in GMESFET with the lower dark carrier density

and higher photoconductive effect in GFET. Thus, the gate capacitance value is
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decided by the dipole/oxide capacitance which is larger in the GMESFET thus
increasing the gate capacitance. Thus, for similar dimensions and mobilities, the

bandwidth is larger in GFET.

The unity-gain cut-off frequency (fr) is maintained at the same level in both
devices under the present operating conditions due to the reasons discussed ear-

lier.

The responsivities are comparatively larger in the GFET devices due to larger
photoconductive currents. The photovoltaic currents are comparable due to the
compensation effects as discussed earlier for quantum capacitance which create
similar built-in electric fields. The dark currents are much smaller in the case of

GMESFET which is the major advantage of the device over GFET when biased

close to the Dirac point.

Apart from the above observations, the other observations are that the opti-
mum dimensions and mobility for GMESFET as detector-cum-amplifier with low
dark currents are W=1 um, L=0.5 pm, p=0.5 m?/(V.s) wherein it exhibits a
detection-cum-amplification bandwidth of 289.6 GHz, a responsivity of 2.62 x 103
A/W, and a dark current of 3.67 pA. On the other hand, the GFET shows op-
timum bandwidth of 867.8 GHz, a responsivity of 3.48 x 10° A/W, and a dark
current of 16.07 mA at the dimensions and mobility of W=60 pym, L=0.5 um,
p=1.5m?/(V.s).

Table 8.4 depicts the intra-band optical conductivities of the devices at 300
K in the far infrared region (80 um) where the interband conductivities are
quenched. It is seen that the graphene MESFET shows both wide modulation of

conductivity with small change in gate bias and also high magnitude of conduc-
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Table 8.2: Structural and Mobility Optimization Results for GMESFET

Device Dimensions and Mobility Bandwidth (Hz)  fr (Hz)  Responsivity (A/W) Photovoltaic Current (A) Dark Current (A)

W=1 pym, L=1 pum, 319.3 GHz 72.4 GHz 654.3 A/W 0.11 nA 1.83 pA
u=0.5 m?/(V.s)

W=10 pm, L=0.5 um, 63.86 GHz  280.6 GHz  2.62 x 10° A/W 2.17 nA 36.67 pA
p=0.5 m?/(V.s)

W=1 um, L=0.5 um, 638.6 GHz 289.6 GHz 262 x 10° A/W 0.217 nA 3.67 uA
u=0.5 m2/(V.s)

W=1 pm, L=1 pm, 319.3 GHz 144.8 GHz 1.31 x 10> A/W 78.31 pA 3.67 pA
u=1m?/(V.s)
W=100 pym, L=0.5 pm, 6.386 GHz 579.3 GHz 5.13 x 103 A/W 15.6 nA 0.73 mA
pn=1 mg/(V.S)
W=40 pm, L=0.1 pm, 79.83 GHz 14.5 THz 1.31 x 10° A/W 31.3 nA 1.46 mA
p=1m?/(V.s)
W=40 pm, L=0.1 um, 79.83 GHz 21.7 THz 1.96 x 105 A/W 11.1 nA 2.2 mA

pu=1.5 m?/(V.s)

W=60 pm, L=0.5 pm, 10.64 GHz 868.9 GHz 7.85 x 103 A/W 3.32 nA 0.66 mA
u=1.5 m?/(V.s)

W=60 pm, L=0.1 pm, 53.2 GHz 21.7 THz 1.96 x 105 A/W 16.6 nA 3.3 mA
pu=1.5 m?/(V.s)
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Table 8.3: Structural and Mobility Optimization Results for GFET

Device Dimensions and Mobility Bandwidth (Hz)  fr (Hz)  Responsivity (A/W) Photovoltaic Current (A) Dark Current (A)

W=1 pum, L=1 pm, 27.2 THz 72.3 GHz 2.9 x 10* A/W 0.11 nA 44.65 pA
u=0.5 m?/(V.s)

W=10 pm, L=0.5 pm, 5.45 THz 289.3 GHz 1.16 x 105> A/W 2.22 nA 0.89 mA
p=0.5 m?/(V.s)

W=1 ym, L=0.5 pm, 54.5 THz 289.3 GHz  1.16 x 10° A/W 0.22 nA 89.3 puA
u=0.5 m?/(V.s)

W=1 pm, L=1 pm, 27.2 THz 144.6 GHz 5.8 x 10* A/W 84.8 pA 89.3 pA
p=1 m?/(V.s)
W=100 pym, L=0.5 pum, 545.1 GHz 578.5 GHz  2.32 x 10° A/W 16.9 nA 17.86 mA
pn=1 mg/(V.S)
W=40 pm, L=0.1 pm, 6.81 THz 14.46 THz 5.8 x 106 A/W 33.9 nA 37.7 mA
u=1m?/(V.s)
W=40 pm, L=0.1 um, 6.81 CHz 21.7 THz 8.7 x 10 A/W 15.3 nA 53.6 mA

pu=1.5 m?/(V.s)

W =60 ym, L=0.5 ym, 908.5 GHz 867.8 GHz 3.48 x 10° A/W 4.6 nA 16.07 mA
u=1.5 m?/(V.s)

W =60 pm, L—0.1 um, 4.54 THz 21.7 THz 8.7 x 105 A/W 92.97 nA 80.37 mA
p=1.5 m?/(V.s)
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Table 8.4: Intra-band conductivities of graphene devices

Gate Voltage (V) Intra-band conductivity (uS) Intra-band conductivity (uS)

Graphene MESFET Graphene FET
04V 76.22 uS 7.64 uS
0.45V 92 S 7.67 pS
0.5V 109.34 puS 7.73 uS
0.55V 127.2 pS 7.81 puS
0.6 V 146.5 pS 7.86 uS

tivity (~76-146 uS) suitable for both photodetector and terahertz modulation
applications. In contrast, graphene FET exhibits slight variation of conductivity
with gate bias so also lower magnitude of conductivity (~7.6-7.86 uS). This is
because of the higher value of dipole capacitance in graphene MESFET which
greatly improves the sensitivity to applied gate bias. Also, the large dark carrier
density is favourable to intra-band absorption since large amount of free carriers
are available for excitation to higher energy bands upon absorption of the inci-
dent photon energy. Although the amount of photogenerated carriers generated

are lesser at this wavelength, a significant photoconductive responsivity is still

registered in GFET.

To indicate the terahertz photovoltaic detection capability of the two devices,
the devices were studied at an operating wavelength of 80 ym and at a gate bias
of 0.6 V. Table 8.5 depicts the photovoltaic responsivities (as a function of di-
mensions in both devices). It can be observed that the responsivities, in overall,
are more than one order magnitude higher in the GMESFET for the same set of
dimensions and mobility. This show the higher strength of the built-in electric
field created at the junction of gate-covered and uncovered graphene by the high
gate voltage of 0.6 V. This all comes at the expense of much higher dark cur-

rent (~750 mA). The significant boosting of the dark current is attributed to the
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Table 8.5: Photovoltaic Performance Comparison of GFET and GMESFET at a gate bias of
0.6 V and a wavelength of 80 um.

Device Dimensions and Mobility Photovoltaic Current (A) Responsivity (A/W) Photovoltaic Current (A) Responsivity (A/W)

GFET GFET GMESFET GMESFET

W=1 pm, L=0.5 um, 0.22 nA 0.33 A/W 0.474 nA 0.357 A/W
u=0.5 m?/(Vs)

W =100 pm, L=0.5 pm, 23.5 nA 0.35 A/W 0.3 uA 4.6 A/W
u=1m?/(V.s)

W=60 um, L—0.5 um, 12.56 nA 0.315 A/W 0.326 pA 8.19 A/W

p=1.5 m?/(V.s)

higher dark electron density and the enhancement of the Fermi level. Thus, the
devices can be switched from photoconductive detection-cum-amplification mode
at low bias levels and mid-infrared wavelengths to modulation-cum-photovoltaic

detection mode at high biases and terahertz wavelengths.

Table 8.6 presents the performance comparison of the State-of-Art standalone
graphene FET photodetectors with the present work. Although this is a theo-
retical work and most of the reported works are based on experiments, the much
higher gain and bandwidth of the presently investigated GFET in the theoretical
limit as compared to the reported work means that our device can still surpass

the state-of-art photodetectors.
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Table 8.6: Comparative Study of the State-of-Art GFET PDs with the present work

Device Wavelength (m) Responsivity (A/W) Bandwidth (Hz)/Time Constant (s) Ref
Mechanically exfoliated FLG or SLG 1.55 pm ~0.5 mA/W 40 GHz [213]
Mechanically exfoliated BLG 300 nm-6 pm ~6.1 mA/W 16 GHz [56]
Mechanically exfoliated BLG or SLG 1.3-17 pm 0.05 A/W ~18 GHz [214]
3D Graphene FETs UV-Visible >1A/W >1 MHz [215]
GFET 532 nm 980 A/W [216]
GFET (0.1-10) THz =~ ————— —— <1 ns [217]

GFET 6.3 um 3.48 x 105 A/W 908.5 GHz/0.175 ps This Work

279



Chapter 9

Finite Difference Simulations of the GaAs

Front-Illuminated OPFET device

The Poisson’s equation in the depletion region in the spacings between the gate
and drain, and gate and source of front-illuminated OPFET is first solved nu-
merically using FDM to give the currents in the spacings and hence the series
resistances. For this purpose, the FDM approximation for the second order dif-
ferential equation for the potential is substituted and solved for the unknown
channel voltage for the assumed value of depletion width by applying proper
boundary conditions. The calculated channel voltage is used to calculate the
spacing current under illumination using the well known current equation. The
estimated current is, in turn, used to obtain the depletion width from the voltage
drop equation along the channel length wherein the channel is divided into strips
of equal width. The process is repeated iteratively until the solutions converge.
The same procedure is followed for the gate depletion region to give the channel
voltage.

Similarly, the continuity equations in the channel, and depletion regions of
the OPFET under illumination are converted into finite difference domain using
backward-difference approximation for the depletion region equation and second
order approximation for the channel equation. After applying the proper bound-

ary conditions, the discretized equations so obtained form a system of sparse ma-
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trix equations which are solved for the electron densities using MATLAB. Then
the charges and the total drain current are obtained from the earlier calculated
channel voltage and using the numerical Trapezoidal method. The results are pre-
sented below and compared with the presently used semi-analytical model-based

results.
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Figure 9.1: FDM versus Semi-Analytical model for GaAs front-illuminated OPFET at the flux
density of ® = 10?2 /m?
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Figure 9.2: FDM versus Semi-Analytical model for GaAs front-illuminated OPFET at the flux
density of ® = 10%* /m?

The above figures, Figure 9.1 and 9.2, depict the comparison of the results ob-
tained using Finite Difference Method and the presently employed semi-analytical
method at two different flux densities showing close agreement. This shows the
accuracy of the FDM method. It is also simple to learn and implement and com-
putationally efficient. The slight oscillations in the graphs of FDM may be due
to the inherent instability of the approximation method. The parameters used in

calculation are the same as that for the 4 pm gate length, and 150 pm gate width
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device as studied earlier for Au-gated GaAs OPFET under 600 nm illumination,
at 0 V gate bias.
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Chapter 10

Conclusion

This thesis presented extensive simulation results on the structural, material,
and illumination model optimization of OPFET in the presence of various ex-
ternal control factors such as bias, optical power, wavelength, and modulation
frequency. The applications targeted were detector-cum-amplifier in OEIC-based
receiver for Visible Light Communication and Ultraviolet Communication, as
well as other discrete applications. These discrete applications included UV re-
flectance imaging, Near-infrared imaging, high dynamic range or high resolution
imaging, high speed switching, traffic lighting, automotive, solar-energy harvest-
ing, and solar communication applications. Apart from these, the OPFET was
studied for optically-driven 5G applications such as photodetector, oscillator, and
detector-cum-amplifier. The extent to which the gain, phase, and bandwidth of
the OPFET-based detector-cum-amplifier could be varied was evaluated for its
possible use in configurable 5G smart antenna applications.The variation was
carried out by manipulating the structural dimensions, illumination model, gate
voltage, drain voltage, modulation frequency, and optical power. Further, this re-
search established an important relationship that the 3-dB bandwidth is directly
proportional to the gate length or inversely related to the doping concentration,
subject to scaling rules atleast at medium to long gate lengths. This observation
is based on the fact that the slope of the frequency response curve can be inversely

correlated with the depletion width sensitivity to applied illumination, which in-
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creases at lower doping concentration, provided that the limiting factors such as
series resistance effects and photoconductive effect are kept to their minimum.
At higher optical power levels, negative sensitivity was perceived in OPFET with
certain material systems andd illumination models, wherein the depletion width
increases with illumination. Under dc conditions, the only prevalent phenomenon

in such cases is the photoconductive effect.

The study of Si, InP, and GaAs OPFET detectors for Visible Light Commu-
nication revealed that these detectors show potential for low, moderate, and high
data rate VLC applications respectively. The InP and GaAs visible light detectors
in the back-illuminated configuration exhibited good UV-visible contrast under
background UV light, suitable for UV reflectance imaging, whereas Si-based de-
vices detected both UV and visible light. The Ings3Gags7As back-illuminated
OPFET showed good infrared detection under background visible light, sufficing

for Near-Infrared imaging applications.

When the generalized, buried-gate, and back-illuminated models were com-
pared for Visible Light Communication, the GaAs generalized OPFET exhibited
superior detection/amplification bandwidth performance (68.4 GHz/22.2 GHz)
when biased at zero gate bias and 25 V drain bias under low background lighting
conditions. When biased at —1 V gate bias and 1.9 V drian bias, the GaAs back-
illuminated OPFET emerged as a high-speed detector (208.5 GHz bandwidth).
All the models showed substantially high Signal-to-Noise Ratios exceeding 200
dB. Under high background lighting, the InP and GaAs generalized models pro-
duced better bandwidth responses (22.2 MHz and 57.4 MHz respectively) when
biased at 0 V and —3 V gate voltages and low drain voltages. With the other pa-
rameters held constant, the lower barrier height and dielectric constant and larger
photovoltages enhances the depletion width sensitivity to applied bias and hence

the bandwidth. Under comparable conditions, the back-illuminated OPFET ex-
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hibits gentler frequency response roll-off as compared to front-illuminated models.
At lower intensities, the larger photovoltage values in the buried-gate model tends
to dominate the roll-off rate in back-illuminated OPFET and vice versa occurs

in the GaAs case where the minority carrier lifetime is short.

For Ultraviolet high dynamic range imaging and communication, the gener-
alized and front-illuminated models exhibited a significant improvement in the
Linear Dynamic Range (LDR) over the buried-gate OPFET models. The gener-
alized model was superior to front-illuminated model in terms of dynamic range.
The 6H-SiC generalized OPFET model exhibited the highest detection band-
widths ranging from tens of GHz to hundredths of GHz and also high combined
detection-cum-amplification bandwidths in the sub-10 GHz range along with the
highest LDR of 73 dB. The AgO,-ZnO generalized model attained the lowest
response times. The ZnO OPFET was perceived as a high optical power detector
from its large sensitivity and responsivity. In overall, the ZnO OPFET exhibited
moderate to high LDR values ranging from 24 dB to 69 dB, modest fr values
and 3-dB bandwidths ranging between low MHz to low GHz frequencies. On the
other hand, the GaN OPFET produced bandwidths in the sub-megahertz to high
gigahertz ranges, modest to high cut-off frequencies and LDR in the 24 dB to 65
dB range. All the devices showed considerably high responsivities (>10% A/W).
Employing large barrier height gate materials such as ITO and AgO; in GaN
and ZnO generalized models respectively, improved the performance over that of

conventional Au gates.

The work on structural and material optimization of the buried-gate front-
illuminated OPFET towards UV communication applications revealed that the
optimum gate length and active layer thickness are 3 pm and 0.27 um respec-
tively. It is established that the GaN OPFET with ITO gate exhibits overall bet-
ter performance with simultaneously larger 3-dB bandwidths (20.7 GHz, 30.88
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GHz), frs (8.2 GHz, 7.8 GHz), and lower response times (69.6 ps, 64.2ps) at
the lower intensities and reasonably high values for other parameters. The ZnO
OPFET with AgO- gate showed higher responsivities, F()Es, gains, detectivities,
and lower response times except the photocurrent gain which was much inferior
to the 6H-SiC OPFET. The 3-dB bandwidth at the lower intensities was in the
gigahertz or sub-gigahertz range. The SiC OPFET with Au gate emerged as a
very high gain-bandwidth product photodetector at all intensities with gains of
(1.02 x 10M, 1.2 x 108, 1.45 x 10°, and 1.69 x 10%) and 3-dB bandwidths of (20.7
GHz, 33.4 GHz, 500 GHz, and 151.7 GHz) sufficing for long haul communica-
tions. The other parameters showed reasonably high/low values. Further, the
investigation of the effect of elevated temperatures viz. 400 K, 500 K, and 600 K
on the SiC OPFET device stability showed significantly stable response in terms
of gain, switching time, and detectivity. The examination of the reliability of
the gate metallization contact of the Au-6H SiC OPFET revealed an estimated
Mean-Time-to-Failure (MTTF) of around 3.14 x 10 hours even at 600 K and

high flux density of 10?* /m?-s, thus showing reliable operation.

Considering traffic lighting applications, for Vehicle-to-Vehicle (V2V) and Vehicle-
to-Infrastructure (V2I) communication and high speed switching, the GaAs buried-
gate front-illuminated, and the generalized models with I'TO gate showed signifi-
cant improvement in the 3-dB bandwidth over that of Au gate but almost constant
switching and amplification performance. The responsivity was enhanced with
the employment of ITO gate. Thus, the gain-bandwidth product was boosted in
the ITO-gated devices with reasonably fast response in the range of nanoseconds
to picoseconds. The devices with reduced dimensions produced the least switch-
ing times. The investigation of the reliability of the gate metallization contact
in the GaAs generalized, buried-gate front-illuminated, and surface-gate front-

illuminated models revealed above par MTTF values depicting reliable operation.
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Further, an in depth comparative analysis of the graphene-GaN/GaAs and
Au-GaN/GaAs Schottky junctions in OPFET under UV illumination at zero
bias, forward and reverse bias conditions was carried out. The graphene-GaN
and Au-GaN Schottky junctions showed high response under photovoltaic condi-
tions whereas graphene-GaAs and Au-GaAs junctions showed better response in
reverse bias conditions with zero response under forward bias. Also, the visible
range characteristics of Au-GaAs Schottky junction and graphene-GaAs junction
in OPFET under zero bias, forward bias and reverse bias conditions were ob-
tained. High photovoltaic response and moderate reverse biased response were
obtained in the visible region as compared to the moderate response under both
photovoltaic and reverse bias conditions in the UV region. Zero forward bias
response was recorded in both visible and UV regions. Due to high UV /visible
contrast, the detectors can detect visible light under background UV radiation.
In addition, the detectors can operate as dual-band photodetectors (i.e. UV and
visible) owing to significant responses in both cases. The research explored dual-
mode buried-gate GaAs/GaN OPFET based detector-cum-amplifier for suiting
high background and low background lighting VLC/UV communication respec-
tively. The device can be switched between diode mode (Schottky junction) and
transistor mode (OPFET) by adjusting the biasing conditions. The Schottky
photodiode showed superior bandwidth performance at the higher intensities,
whereas OPFET produced better frequency response at the lower intensities.
The transistor mode will suit to applications wherein the same optical source is

used for lighting /imaging, treatment as well as VLC/UV communication.

Furthermore, the graphene- and Au-gated GaAs front-illuminated OPFETs
were modeled as detector and oscillator towards optically-driven 5G applica-
tions. The study revealed that graphene- and Au-gated devices delivered the
same amplification and oscillation performance, whereas the graphene-gated de-

vice showed inferior response with respect to bandwidth and responsivity. A
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maximum oscillation frequency of 1.8 GHz and a minimum of 1.63 GHz were
obtained, tuned with optical illumination. The gain could be varied between 3.94
dB to 4.5 dB, and the phase could be tuned between 115.95° to 144.3°, with a
change in the flux density. As a detector, the device exhibited a maxomum 3-dB
bandwidth of 2.234 GHz, a dc responsivity of 3.3 x 10° A/W, and an fr of 5.33
GHZ. The devices will serve good purpose in sub-6 GHz 5G applications such as
handheld 5G devices and industrial Internet of Things (IoT)-enabled systems in

smart cities, automotive, space, and aeronautics applications.

For 5G phased array smart antenna applications, the GaAs OPFET device
acts as almost constant gain variable phase detector withe the variation of op-
tical power or by the choice of different illumination models, but the extent of
variation is within 10 to 20 degrees. On the other hand, the device can be con-
figured as a variable gain variable phase shift detector by varying the drain bias,
gate bias, or by the choice of different dimensions, and the extent of variation
is large. At higher frequencies, the gain is significantly reduced and phase is
shifted to negative directions. The positive phase shifts at these frequencies were
achieved by proper optimization. The buried-gate front-illuminated device with
the longest gate length under consideration of 8 um exhibited the highest band-
widths of 4.22 GHz, 8.64 GHz, and 17.7 GHz at the lower intensities. The gain
and phase decreased with device dimensions as well as the gate voltages except
the gain which tends to increase at higher drain voltages. The gain and phase
significantly increased with the increase in the drain voltage whereas they de-
creased with optical power except at higher drain voltages where there is a slight
increase in gain. The studied devices show potential for 5G Internet of Things
(IoT) or Optical Wireless Communication (OWC) based smart applications such
as smart home, airport, train station and railway, smart shopping, plant and in-

dustry, smart healthcare, smart automobiles etc.
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In regard to solar cell applications, the solar energy harvesting capability of the
Si and the GaAs generalized and the buried-gate front-illuminated OPFET mod-
els were explored. The devices efficiently reproduce the input solar power spec-
trum with high average photocurrents in the milliamperes to tens of milliamperes
range, high responsivity of the order of 10* A/W, high EQFE of the order of 10°%
and low switching times in the nanoseconds to picoseconds range. The GaAs
generalized OPFET device has the highest conversion efficiency amongst all the
devices. The GaAs front-illuminated OPFET device for solar-based communi-
cation was studied with a 3-dB bandwidth of 1.386 GHz under air mass (AM0)
solar illumination suitable for satellite, space vehicle, and space communication

applications.

This research also investigated the feasibility of the use of new material "graphene"
as a channel material for the OPFET device. The investigation suggested that the
graphene-OPFET can be functional if certain issues such as high metal-graphene
contact resistance, and Fermi-level pinning at metal-graphene contacts can be
handled using numerous techniques as provided by various researchers. Further,
the dark and photoconductive characteristics of the graphene OPFET in the in-
frared region at 300K under 1 kV/m and 2 kV /m radiation fields near the charge
neutrality point were evaluated andd contrasted with that of graphene FET. The
dark current was lower for graphene OPFET than that for graphene FET, but
with large dark electron density due to high dipole capacitance. The photocurrent
was considerably higher in graphene FET due to larger inter-band absorption.
The devices showed similar inter-band conductivities at 1 kV /m field, but lowered
conductivity in graphene FET under 2 kV /m field. The amplification performance
of the devices was studied under dark, 1 kV/m, and 2 kV /m fields, at an interface
trap capacitance of 1 fF/um?, revealing similar response under dark and 1 kV/m
field with least sensitivity to illumination. Whereas, under 2 kV/m field, the fr

increased to a certain extent in graphene FET close to its ideal value which is
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capacitance-independent. When the interface trap capacitance was increased to
10 fF/um?, fr, fr deteriorated at all intensities in graphene OPFET, whereas
graphene FET had lesser degradation of fr at 2 kV/m field, showing its toler-
ance or immunity towards trap capacitance. The structural and mobility-based
optimization of the graphene OPFET and FET devices at 1 kV /m field showed
that for similar dimensions and mobilities, the RC limited bandwidth is larger in
GFET. The fr is maintained at the same level in both devices. The responsivities
were larger in GFET, the photovoltaic currents were comparable , whereas dark
currents were much smaller in graphene OPFET. Considering low dark currents,
the graphene OPFET exhibited an optimum detection-cum-amplification band-
width of 289.6 GHz, a responsivity of 2.62 x 10> A /W, and a dark current of 3.67
pA at gate width of 1 um, gate length of 0.5 um, and mobility of 0.5 m?/(V.s).
On the other hand, the GFET showed optimum bandwidth of 867.8 GHz, a re-
sponsivity of 3.48 x 105 A/W, and a dark current of 16.07 mA at gate width
of 60 um, gate length of 0.5 pm, and mobility of 1.5 m?/(V.s). The graphene
OPFET delivered better terahertz detection and modulation capability based
upon its much higher intra-band conductivity, which could be tuned to a large
extent with gate bias. The photovoltaic responsivities were larger in graphene
OPFET at terahertz wavelengths (80 pum) and a gate bias of 0.6 V, for the same
set of dimensions and mobility, but at the cost of much higher dark current. The
devices can be switched from photoconductive detection-cum-amplification mode
at low bias levels and mid infrared wavelengths to modulation-cum-photovoltaic

detection mode at high bias levels at terahertz wavelengths.

Finally, the finite difference method was successfully applied to the OPFET
device computational domain and the results were compared to that with the
presently used semi-analytical method. The FDM approach was found to be sim-
ple to understand and use, highly accurate, and computationally efficient, and

suited well to the rectangular geometry of the OPFET device.
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Thus, this research extensively covered all aspects of optimization, came up
with an alternative method for the modeling of OPFET device, as well as estab-

lished the feasibility of the use of graphene for OPFET device and showed its

potential for opto-electronic applications.

The simulation results were thoroughly analyzed based on photovoltaic, pho-
toconductive, series resistance, and the scaling rules-induced effects, and the ef-
fects of depletion width sensitivity, barrier height, etc. The performance metrics
were compared with the reported literature showing enhanced or comparable
performance with boosted gain-bandwidth product. The simulation model was
validated with experiments reported elsewhere as well as with Visual TCAD Soft-

ware simulations.
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Chapter 11

Extension of Research and Future Scope

This research work can be extended in the optimization domain. The OPFET
device offers several distinct degrees of freedom which can be explored suitably
through optimization techniques discussed to suit a particular application. The
inherently high gain-bandwidth product and fast response times can be further
optimized. It has been established that the 3-dB bandwidth increases with gate
length as also the switching time. The fr decreases with gate length so also
the responsivity. Thus, a trade-off is established between 3-dB bandwidth and
fr, switching time, responsivity simultaneously, which can be minimized through
structural optimization. The gate and semiconductor material have significant
bearing on the detector characteristics and can be suitably chosen to suit a partic-
ular application. The material properties cannot be manipulated except to some
extent by doping. The materials in the limelight of VLC are Si, GaAs, and InP
with distinct electrical and optical properties. In the UV domain, the materials

of interest are GaN, ZnO, and 6H-SiC.

The future scope of this work is the real time analysis of the sensitivity, bit
rate and bit error rate (BER) of the VLC and Ultraviolet Communication (UVC)
systems at large using the optimized detector obtained in this work, thus, demon-
strating a practical scenario of the communication systems. The other compo-

nents of the system models can be chosen from the state-of-art investigations.
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Since the gain-bandwidth product of OPFET is higher than its photodiode and
other counterparts, it can suffice for long haul communications. Hence, the trans-
mission distance can be greatly increased. By optimizing the gain-bandwidth

product, the transmission distance can also be maximized. This will induce high

flexibility in the VLC and UVC applications.

The VLC and UVC systems using OPFET device can also be studied in the
presence of interference sources such as ambient light from sunlight, fog, snow etc.

Further, the integration of Wi-Fi with Li-Fi can enhance the system capabilities.

For solar cell applications, the series resistances and the load resistances, and
the overall device response could be optimized using optimization procedures es-
pecially structural optimization to deliver maximum power output. The devices

could function in arrays to generate large amount of electricity.

The present work investigated and analyzed the extent to which the gain,
phase, and bandwidth, of the GaAs OPFET-based photodetector can be varied
by varying the drain bias, gate bias, optical power, modulation frequency, as
well as by choosing different illumination models and different structural dimen-
sions for 5G smart antenna applications. From these investigations, the optimum
(Signal-to-Noise+Interference Ratio) in the desired direction can be derived. This
work involving adaptive signal processing and the complete implementation of the

optical phase array antenna system will be considered for future work.

Further, the photoconductive, photovoltaic, photothermoelectric, and photo-
bolometric characteristics of the graphene-based OPFET and FET devices could
be thoroughly investigated. The devices could be studied under solar illumina-

tion.
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