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Abstract

The ultraviolet (UV) photoresponses of Wurtzite GaN, ZnO, and 6H-SiC-based
Optical Field Effect Transistor (OPFET) detectors are estimated with an
in-depth analysis of the same considering the generalized model and the
front-illuminated model for high resolution imaging and UV communication
applications. 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 (AgO,) for ZnO. The results indicate significant improvement in the
Linear Dynamic Range (LDR) over the previously investigated GaN OPFET
(buried-gate, front-illuminated and generalized) models with Au gate. The
generalized model has superior dynamic range than the front-illuminated
model. In terms of responsivity, all the models including buried-gate OPFET
exhibit high and comparable photoresponses. Buried-gate devices on the
whole, exhibit faster response than the surface gate models except in the
AgO,-ZnO generalized OPFET model wherein the switching time is the low-
est. The generalized model enables faster switching than the front-illuminated
model. The switching times in all the cases are of the order of nanoseconds to
picoseconds. The SiC generalized OPFET model shows the highest 3-dB band-
widths of 11.88 GHz, 36.2 GHz, and 364 GHz, and modest unity-gain cut-off
frequencies of 4.62 GHz, 8.71 GHz, and 5.71 GHz at the optical power densi-
ties of 0.575 uW/cm?, 0.575 mW/cm?, and 0.575 W/cm”® respectively. These
are in overall, the highest detection-cum-amplifi-cation bandwidths among
all the investigated devices. The same device exhibits the highest ZDR of 73.3
dB. The device performance is superior to most of the other existing detectors
along with comparable LDR, thus, emerging as a high performance photode-
tector for imaging and communication applications. All the detectors show
considerably high detectivities owing to the high responsivity values. The re-
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sults have been analyzed by the photovoltaic and the photoconductive effects,
and the series resistance effects and will aid in conducting further research.
The results are in line with the experiments and the commercially available
software simulations. The devices will greatly contribute towards single pho-
ton counting, high resolution imaging, and UV communication applications.

Keywords

UV, OPFET, GaN, SiC, ZnO, Au, ITO, AgO,, High Dynamic Range,
Imaging, Photon Counting, Communication

1. Introduction

This paper is an extension of work originally presented in 10th International
Conference and Workshop (MULTICON-W 2019), International Conference on
Trends in Electronics and Communications (TELCON) [1].

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. UV
high dynamic range imaging and single photon counting applications require pho-
todetectors capable of resolving slight variations in light intensity without much
compromising the responsivity, response time, bandwidth, and detectivity. On the
other hand, UV communication requires photodetectors with high gain-bandwidth
product with least compromising the other parameters. Wide-bandgap materials
such as GaN, SiC, and ZnO open the door for UV detection and communica-
tion. The properties of semiconductor materials which decide their fate are the
absorption coefficient, carrier lifetimes, saturation velocities, Schottky barrier
height, and carrier mobilities. The external factors which influence the device
performance incorporating these materials are the structural dimensions, doping
concentration, optical power, operating wavelength, bias voltage, and the illu-
mination model employed. Thus, the semiconductor properties along with the
external factors, on the whole, determine the performance of the investigated
device. The detectors are evaluated based on their performance metrics such as
responsivity, gain, external quantum efficiency (EQE), sensitivity, switching
time, bandwidth, LDR, detectivity, dark current, and unity-gain cut-off frequen-
cy. The devices that can function as photodetectors include p-n junction diodes,
p-i-n diodes, avalanche photodiodes (APDs), metal-semiconductor-metal (MSM)
photodiodes, Schottky barrier diodes, photomultiplier tubes (PMTs), phototran-
sistors, photoFETs, heterostructure diodes, resonant cavity enhanced (RCE)
photodiodes, nanostructured diodes, hybrid diodes, and travelling wave detec-
tors. High dynamic range UV imaging and UV communication involve state-of-art
photodetectors such as APDs and PMTs [2] [3] [4] [5]. However, APDs exhibit
gain upto limited modulation frequencies after which the gain reduces signifi-
cantly. PMTs offer high gain and bandwidth, but are bulky and fragile. To ad-
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dress these issues, a photo FET device viz. Optical Field Effect Transistor (OPFET)
or optically-controlled Metal-Semiconductor Field Effect Transistor (MESFET) is
suggested, which has so far delivered high gain and moderately high bandwidth
[6]-[11]. The performance can be further improved through optimization. Several
optimization procedures can be employed such as structural, material, illumina-
tion model, bias, wavelength, optical power, or a combination of the above.

In this paper, material, illumination model, and optical power-based optimi-
zation are adopted for enhancing the performance of the device towards high
resolution UV imaging and UV communication applications. The materials
chosen for this purpose are Wurtzite GaN, 6H-SiC, and ZnO. These materials
have distinct electrical and optical properties which make the exploration of the
devices incorporating these materials even more interesting. The work analyzes
in-depth the performance of the OPFET UV detectors based on the material
properties and external factors applied. The illumination models employed are
the generalized model and the front-illuminated model. The gate materials being
used are the gold (Au) and Indium-Tin-Oxide (ITO) for GaN, Au for SiC, and
Au and silver dioxide (AgO,) for ZnO. The key changes of the present work with
respect to the conference paper are that the original work only presented the
performance evaluation and analysis of the generalized and the front-illuminated
GaN OPFET models with Au gate and compared that to the previously pub-
lished results on the GaN buried-gate OPFET models [12] towards high resolu-
tion UV imaging and UV communication applications. These devices could re-
solve subtle variations in light intensity better than the buried-gate devices and
comparable to the reported literature [13]-[21] without much compromising the
other detector parameters which were also superior to most of the existing de-
tectors.

The characteristics of the detectors obtained depend largely on the photo-
conductive and the photovoltaic effects being developed limited by the voltage
drop incurred across the series resistances. At certain instances, negative sensi-
tivity is being observed ie. increase in depletion width with illumination. Pres-
ence of traps largely slows down the response ie. carrier lifetime is increased
since significant amount of time is being spent on filling and emptying (trapping
and de-trapping) of the carriers. However, this conversely increases the gain of
the device since gain is directly proportional to the lifetime. On the other hand,
illuminating the device can cause photoionization of the traps (i.e. release of car-
riers from traps) reducing the de-trapping time and hence, speeding up the re-
sponse. But, photoionization does not fully compensate the effect of traps.

All the material properties depend upon the doping concentration. Hence, it
determines the material properties to some extent as well as contributes to
charge induced by doping, and in turn, the device current. Suppressing the dark
current is an important aspect of the present technology. This enhances the
photoresponse or photocurrent, improves the Signal-to-Noise ratio [22] and the
device performance [23], enables high and low temperature operation [24], and
allows functioning of detectors with standard CMOS readout circuits [23]. One
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way of suppressing the dark current is to employ a higher Schottky barrier height
metal contact with the semiconductor. This decreases the depletion width, in-
creases the series resistance, and lowers the current. Since the reverse saturation
current density is inversely proportional to the barrier height, it is also signifi-
cantly reduced. This, in turn, boosts the photovoltage, since the photovoltage is
inversely proportional to the saturation current density. High Schottky barrier
height also increases the depletion area for photogeneration and adds to the
photoresponse. Employing a lower gate length also reduces the dark current.
This can be explained as follows: The elongation of the gate length propor-
tionally increases the active layer thickness and the gate width, and hence, the
dark current. Depending upon the properties, each material may suit to a par-
ticular application better than the others. Thus, each material has its own sig-
nificance.

This paper provides an in-depth analysis of SiC, GaN, and ZnO-based OPFET
UV illumination models for high dynamic range imaging and communication
applications. In GaN MESFET, due to the presence of deep traps, there is a cur-
rent collapse under dark condition [25], due to the creation of depletion region,
which reduces the current. However, the current is restored under sub-bandgap
or bandgap illumination [26]. The deep electron traps do not alter the minority
carrier (hole) lifetime in n-type material since electrons are in abundance but
significantly modify and create long lifetimes of the majority carriers, since traps
take significant time to trap and release the carriers. GaN is a direct bandgap
material involving band-to-band radiative and Auger recombination processes.
Hence, the hole lifetime in n-type GaN is of the order of 1 ns whereas the elec-
tron lifetime is of the order of 1 ps which is reflecting the value of majority car-
rier lifetime under illumination, lower than its value under dark, due to pho-
toionization of traps under sub-bandgap or bandgap illumination. In 6H-SiC,
there has been no evidence of electron and hole traps present in the material
which is implanted with He" ions. However, there are four significant recombi-
nation centres viz. Z,/Z,, S or E,/E,, R, and RD5 centres [27] [28]. These possess
activation energies of 0.65 eV, 0.4 eV, 1.27 eV, and 0.43 eV respectively with re-
spect to the conduction band. Since, SiC is an indirect bandgap material, the
band-to-band radiative and Auger recombination processes contribute negligi-
bly to the recombination lifetime. The only major recombination processes are
through the involvement of traps. As such, the net recombination lifetime is of
the order of 9.19 ns. The absence of electron or hole traps in the material results
in equal majority and minority carrier lifetimes. In ZnO, which is a direct band-
gap material, the major phenomena contributing to recombination are the
band-to-band recombination processes. There has been observation of two elec-
tron traps in hydrothermal grown ZnO with activation energies of 0.22 eV and
0.47 eV with respect to the conduction band [29] which only alter the majority
carrier electron lifetime in n-type material. As such, the minority carrier hole
lifetime is of the order of 1 us whereas the electron lifetime under dark condition
is of the order of 0.176 ms. But, due to illumination, the electron traps are pho-
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toionized and results in release of carriers, thus, reducing the de-trapping time,
and consequently reducing the lifetime of majority carriers ie. the lifetime be-
comes around 1 ys at an optical power density of 0.575 W/cm”.

Although there has been significant research on MESFET-based photodetec-
tors, optically-controlled amplifiers, oscillators, switches, and mixers, over the
past few decades, the research focused on GaAs as the semiconductor which
primarily operates in the visible to near-infrared region [6]-[11]. Hardly any re-
search has been carried out on the UV responses of OPFET detectors. To the
best of the authors” knowledge, this is the first report and analysis of wide band-
gap material-based OPFET UV detectors for communication and high dynamic
range imaging applications.

The previous works on GaN-based buried-gate OPFET, generalized model of
OPFET and front-illuminated OPFET UV detectors with Au gate showed excel-
lent photoresponse, fast response times, high detectivity along with enhanced
bandwidth [1] [12]. The sensitivity or dynamic range of the buried-gate OPFET
was low down to 14 dB. This was improved using the front-illuminated model
and the generalized model and was found to be 24 dB and 55 dB respectively. In
this paper, further improvement in the linearity range upto 65 dB using different
gate material (ITO) for GaN OPFET and upto 73 dB with other semiconductor
materials (SiC, and ZnO) was achieved. Also, the bandwidth, response times,
responsivity, and detectivity were greatly enhanced.

The rest of the paper is organized as follows: At first, a brief theory is pre-
sented followed by the results and discussion, and finally the conclusion of the

work done.

2. Theory

The two models considered in this work (front-illuminated OPFET and generalized
model of OPFET) are schematically shown in Figure 1 and Figure 2 respectively.
In the 1% case, only the transparent gold (Au)/Indium-Tin-Oxide (ITO)/Silver dio-
xide (AgO,) gate is illuminated whereas in the 2™ case, the spacings between the
gate and source, and the gate and drain are illuminated in addition to the gate
area. The absorption of photons with energy greater than the bandgap of GaN in
the regions below the gate (1 case and 2™ case) and the sidewalls of the gate
depletion region (2™ case) creates electron-hole pairs in the respective regions.
The photogenerated holes travel toward the junction while the electrons move
toward the channel. A forward photovoltage is developed when the holes cross
the junctions, reducing the depletion width and increasing the drain to source
current (photovoltaic effect). On the other hand, the electrons move along the
longitudinal area of the channel when the drain to source voltage is applied and
contribute to the conductivity of the channel (photoconductive effect). The se-
ries resistances present in the area between the gate and source, and the gate and
drain, limit the total current through voltage drops developed across these resis-

tances. Thus, the photovoltaic and the photoconductive effects, and the series
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Figure 1. Schematic of the front-illuminated OPFET.
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Figure 2. Schematic of the generalized model of OPFET.

resistances effect can provide a complete explanation of the performance of these
detectors.

In the practical devices, only the gate depletion region exists in the channel.
The p-n junction depletion region extension in the channel ceases to exist ow-
ing to the combined effect of moderate channel doping concentration (5 x
10*/m?) and low substrate impurity concentration (~10"/m’) substrate being
semi-insulating. This also results in the complete depletion of the substrate re-
gion.

The space charge region extension in the channel measured from the surface

is written as,

Veq :{ﬁ(cDB —A+V(X) =V —VOF,l)}2 (1)
aN,

where N, is the doping concentration, @, is the Schottky barrier height, A is the
position of Fermi level below the conduction band, ¢ is the permittivity of semi-
conductor, Vy,, is the photovoltage generated across the Schottky junction and
Wx) is the channel voltage which varies from 0 at the source end to Vj; at the

drain end. V)is the drain to source voltage and v, is the gate to source voltage.
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Photovoltage calculation in the front-illuminated OPFET model

In the gate depletion region, the hole continuity equation is written as
o, p adexp(-ay)

s =0 (2)
6y VyTwP Vy

where p is the hole density, v, is the carrier saturated velocity, a is the absorption
coefficient, @ is the photon flux density, 7, is the hole lifetime under ac condi-
tion, and yis the distance from surface towards the substrate.

Its analytical solution is given as

p(y)=A+adr,,B|1- 1 exp[— y ] (3)
(l—avyrwp) VyTup
a®z, exp(-—
where A1={ Fop P ay)} and Blzexp{—(a—L]ydg}, using the
l-avz,, VyTphp

boundary condition at y = y,,
p=adr,, exp(-ayy, ).

The photovoltage is obtained as

0
Vopy = K 1+qu—p() 4)
q ‘]sl

where p(0) is the hole density computed at y = 0, J; is the reverse saturation
current density across the Schottky junction, g is the electronic charge, & is the
Boltzmann constant and 7'is the temperature.

Photovoltage calculation in the generalized OPFET model

To calculate the hole density in the sidewalls of the gate depletion region for
the generalized model of OPFET, we define extension of the sidewall depletion
regions in the channel as at the source end Yy, = (yggo -x )1/2 and
Yags = (yggv -X )1/2 at the drain end, where y, is the value of y,, at W(x) = 0 and
Vagr-is the value of y,, at fx) = V), (assuming that the sidewalls are quarter arcs).
x, is the linearly varying distance from 0 to y,, and x, varies linearly from 0 to
Yagr- We can then calculate the hole density in the sidewalls at the source end, by
substituting y,, instead of y,, in the hole density equation (p(y)), and at the
drain end, by substituting y,,, instead of y,, in the same equation (p(y)), thus
giving hole densities, p,(y) and p;(y).

To calculate the photovoltage in the case of the generalized model of OPFET,
we perform the following: We integrate p,(0) and p,(0) from 0 to x, and 0 to x,
to give the number of holes per square metre crossing the junction, denoted by
P»(0) and py,(0) respectively, by numerical integration using the Trapezoidal
method. We can then write the photovoltage equation for the generalized OPFET
model as:

KT N qv,Z ( P (0)+Lp(0)+ psy (0))

V., =—1In|1 5
1 g J,ZL )
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where Zis the gate width and L is the gate length.

Photogenerated electron density calculation in the neutral channel region

The electron continuity equation in the channel region is expressed as
n_n . a®exp(-ay)
° Dz D,

n~"wn n

(6)

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

wn

the lifetime of electrons under ac condition.

The solution of Equation (8) obtained analytically is expressed as

n(y)=a®z,,A exp[—%}— B, 7)
Nw
a7, exp(-—
where A, = 14— 1 | and B, = Fun XP(~aY) , L,, is the ac diffu-
(e, -1) (a1, -1)
sion length of electrons, L, =(D,z,, )1/2 :
The boundary condition used is at y= 0,
n=adr,,

Photogenerated electron density calculation in the depletion region

The continuity equation is represented by

on__n a®exp(-ay)

- 8
oy VT, v, ®)
Its solution is given as
adrz,, exp(—
(1+ av,7,, )

Drain to source current calculation

The total conducting charge is expressed as,
Qn = Qd + Qch + Qdepl + Qdepz (10)

Here Q,is the charge due to doping; Q. Qg1 and Q,,, are the charges due to
photogeneration in the channel, Schottky junction depletion region and the sub-
strate depletion region respectively.

Then Q, can be evaluated as:

tsm tsm Ydg d
Qn = _[ Ndrdy+ _[ nchdy+ J‘ ndepldy+ I ndepzdy (11)
0

Ydg Ydg tsm

where n., n,,, and n,,, are the photogenerated electron densities in the chan-
nel, Schottky junction depletion region and substrate depletion region respec-
tively.

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]:

l g = Iy tanh (77Vp ) +Vis /Ry, (12)
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The drain to source saturation current is calculated as:
lges =0V, 2Q, (0) (13)
where Q,(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 eva-
luated at V= 0 to the drain to source saturation current.

The drain to source conductance can be estimated as
Gch

Gpy=—"—""—— (14)
1+(Ry +Ry; ) Gy,
where G, is the channel conductance evaluated at V= 0 and is given by
z
G,y =42, (0) (1)

L

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 resis-
tances 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]. The above current is
applicable to the front-illuminated OPFET. In the case of the generalized model
of the OPFET, the additional components of the current due to the contribu-
tions from the sidewalls of the gate depletion region are given as follows:

At the source end,

_ a0, (1P Yoo )

Idepls - (16)
4L (1+ av,t,, )
At the drain end,
qZnv, @7, (1_ EXp(_a Yaov ))
Idepld = (17)
4 (l+ av,7,, )
Calculation of gate depletion region and sidewall space charge
The net space charge in the gate depletion region can be obtained as:
L Ydg
Qdepsc ZQZIdX j (Ndr _ndepl(y))dy (18)
0 0

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.

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

estimated as:
b b
Qsigse = EgZ (q)B —A=Vg _V0P1)+Egz (cDB —A=Vy _VOPI)

(1_ exp(_aydgo )) Yago

T
-qZ Z@Twn (1+aVmin) (19)
—qZEdbr (l_exp(_aydgv )) Yagv

4 (1+avyz,,)
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Thus, the total net space charge is:
Qdeptsc = Qdepsc + Qsidsc (20)

The above calculation of the space charge is required for the estimation of the
switching time.

Calculation of carrier lifetimes in the presence of traps

The SRH (Schockley Read Hall) recombination lifetime of carriers in the

presence of traps is given by [32]:
T=7,+7, [1+T?/Tt:| (21)

where the symbols have the same meaning as in [32].
The definitions of various detector parameters along with their equations are
presented in Table 1 from which the necessary concurrences and interrelation-

ships can be derived.

3. Results and Discussion

The simulations have been performed using MATLAB Software with MEX cod-
ing feature. We set the gate-source voltage to 0 V and the drain-to-source vol-
tage 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 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 (10", 10'°, and 10*/m?*-s) correspond to optical power densities of
0.575 pW/cm?, 0.575 mW/cm?, and 0.575 W/cm?® respectively. The performance
evaluation of the GaN, SiC, and ZnO-based illumination OPFET models consi-
dered in this work (generalized model and front-illuminated model) with respect
to the performance metrics along with the previous work results [1] [12] is pro-
vided in Table 2. The comparison of our simulations with the reported work is
presented in Table 3. The parameters employed in calculation are listed in Table
4. Figure 3 shows the validation of the present model with the experimental re-
sults given in [6] portraying close resemblance. The results have been compared
with the commercially available software (Visual TCAD)-based simulations and
have shown close match (Figures 4-7). Figure 8 presents the drain to source
current-voltage characteristics for the ITO-gated generalized model of GaN
OPFET device at different flux densities showing the clear sensitivity to optical
illumination. Figure 9 demonstrates the frequency response of the device at dif-
ferent flux densities indicating the bandwidth dependence upon flux.

The performance and the analysis of the buried-gate, generalized, and
front-illuminated GaN OPFET models with Au gate has already been presented
in [1] [12]. The results are repeated here in Table 2 along with the present si-

mulation results for comparison. In this paper, an in-depth discussion of the
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Table 1. Various detector parameters.

Equation

Definition

I, =l (illumination)— 1, (dark)

ph

R=1,/P

P =Adhv/(1-1)(1-T,)

EQE (%) = (Rhv/q)x100%

M=1,/1,

I, = Aqd(1-exp(-ad))

Sen (@, )%

Ids (q)hlgh)_ Ids (q)low)

— s nen) el o) 100%
I (@

high

T= Qdeplsc/lds

3 dB Bandwidth

D =(ABw)” /NEP
NEP =(i2)"* /R
i, = 4KTBW[YR +1/R +1/R,
+YR, +YR, +1/R, +YR]

LDR =20In(J,,/J, )dB

f = gm/angs
g, =0l /ov, \V,, = const

Cy = 0Q, e [0V, \Vys = CONSE

Photocurrent
It is the difference in the drain-to-source currents under illumination
and dark condition (no illumination).

Responsivity
Photocurrent generated per incident optical power.

A being the illuminated device area, A is the Planck’s constant, v is the frequency of radiation,
r, is the reflection coefficient at the metal-semiconductor interface, and r,, is the reflection coefficient
at the metal entrance. It is a complete parameter considering all the internal and external factors.

External Quantum Elfficiency (EQE)
It is the number of electron-hole pairs generated per incident photon of energy Av.

Thus, it depends only on the photocurrent, the incident photon flux, and the illuminated
device area and is independent of the photon energy or the wavelength of radiation.

Photocurrent Gain
Ratio of the photocurrent and the primary photocurrent. Primary photocurrent is the
photocurrent resulting from power absorption in the device. It describes whether or
not the device will exhibit amplification.
dbeing the surface to substrate thickness.

Sensitivity (Sen)
Sensitivity at a particular flux density is the ratio of difference between the drain to source currents
at two different flux densities to the value of the drain to source current at the higher flux density.
It depicts the sensitivity of the device to slight or large variations in the optical power.

Switching time
It is the ratio of the gate depletion region and the sidewall space charge to the total drain to source

current and is the average of the rise and fall times of the pulse response. This corresponds to
how fast the device responds to transition between light off to light on and vice versa.

Bandwidth (Bw)

Frequency at which the photocurrent reduces to 0.707 times its DC response.
It is the frequency upto which the device can detect without errors.

Detectivity
Describes the smallest detectable signal or the ability to detect weak signals.

NEPbeing the noise equivalent power, 7, is the noise current wherein R; is the load resistance,

R, is the gate bias resistance, Ry is the drain resistance, R, is the source series resistance,

R is the drain series resistance, Ry is the drain to source resistance, and R; is the input resistance;
R, is the change is the reciprocal of the change in the drain to source current with respect to

the change in the drain to source voltage at constant gate to source voltage.

The output channel conductance, g is the reciprocal of R,

Linear and Dynamic Range (LDR)
It depicts the linearity between the photocurrent and the optical power over a certain

dynamic range expressed in dB. It is required to detect both weak and strong light.
LDR gives the extent of high resolution imaging and sensing. /,, is the photocurrent
density measured at an optical power density of 1 mW/cm? and J, is the dark current density.

Unity-gain cut-oft frequency
It is the highest frequency below which the device exhibits amplification and is given by the ratio

of the transconductance and 2 times the gate to source capacitance. Transconductance is the
variation in the drain to source current with the change in the gate-to-source voltage and is the
amplification parameter. Gate to source capacitance is the variation in the gate depletion region

and sidewall space charge with the change in the gate to source voltage and is the switching parameter.

In both the cases, the drain to source voltage is maintained constant. Thus, unity-gain cut-off
frequency denotes the amplification bandwidth of the device.

DOI: 10.4236/cn.2019.114007

93 Communications and Network


https://doi.org/10.4236/cn.2019.114007

J. V. Gaitonde, R. B. Lohani

Table 2. Performance comparison of GaN, SiC, and ZnO OPFET illumination models.

GaN buried-gate front illuminated OPFET with Au gate (v,,=0V, V=10V, 1=350 nm) [12]

Photon Flux ~ Photovoltage Responsivity Photocurrent EQE Sensitivity =~ Switching Bandwidth  Detectivity fr
Density (/m?*-s) (V) (A/W) Gain (%) (%) time (s) (Hz) (cmHz"?W™) (Hz)
0 0 - - - - 67 ps - - 7.37 GHz
10 0.346 V 1.1 x 10° 2 x 10" 3.8 x 10" 15.06 53.6 ps 10.1 GHz  7.73 x 10'*¢ 6.1 GHz
10% 0.525V 1.6 x 10° 3.1 x 107 5.8 x 108 7.13 48 ps 33.4 GHz 1.17 x 10* 5.8 GHz
10* 0.7V 3.69 x 10° 6.92 x 10* 1.31 x 10° 20.85 34 ps 4.87 MHz 2.6 x 10" 11.8 GHz

GaN buried-gate back illuminated OPFET with Au gate (v,,=0V, V=10V, 1= 350 nm) [12]

Photon Flux ~ Photovoltage Responsivity ~Photocurrent EQE Sensitivity ~ Switching Bandwidth  Detectivity fr
Density (/m?*-s) (V) (A/W) Gain (%) (%) time (s) (Hz) (cmHz"?W™) (Hz)
0 0 - - - - 67 ps - - 7.37 GHz
10 02V 5.6 x 10° 1.06 x 10%° 2 x 10" 8.7 60 ps 16.34 GHz 3.95x 10  7.25 GHz
10% 0.38V 1.2 x 10° 2.2 x 107 4.2 x 108 8.63 54 ps 28.5 GHz 8.2 x 10" 7.1 GHz
10* 0.56 V 1.57 x 10* 2.94 x 10° 5.56 x 10° 67.1 4 ps 0.846 MHz 9.97 x 10" 16.2 GHz

GaN front illuminated OPFET with Au gate (v,,=0V, V=10V, 1 =350 nm) [1]

Pho‘ton Flux  Photovoltage Responsivity Photocrlrrent EQE (%) Sensitivity Sv.vitching Bandwidth  Detectivity fr
Density (/m?*-s) (V) (A/W) Gain (%) time (s) (Hz) (cmHz"?W™) (Hz)
0 0 - - - - 1.25ns - - 5.2GHz
10'¢ 0.2696 V 2.9 x 108 1.916x10° 1.0 x 10" 62.31 0.45 ns 5.8 GHz 6.57 x 10' 6.2 GHz
10" 0.4483 V 5.8 x 10° 3.9x10° 2.1 x 108 38.66 0.268 ns 12.87 GHz  1.17 x 10* 6.7 GHz
10% 0.6271 V 4.42 x 10° 2.9x10* 1.57 x 10° 83.5 38 ps 0.78 MHz  7.55x 10"  4.95 GHz

GaN generalized model of OPFET with Au gate (v,, =0V, V=10V, A= 350 nm) [1]

Pho‘ton Flux  Photovoltage Responsivity Photocgrrent EQE(%) Sensitivity Sv?fitching Bandwidth DetectivitY t
Density (/m?*-s) (V) (A/W) Gain (%) time (s) (Hz) (cmHz"?W™) (Hz)
0 0 - - - - 1.25 ns - - 5.2 GHz
10% 0.65V 5.25 x 10® 6.94 x 10° 3.7 x 10" 85.7 0.16 ns 2.836 GHz 9.145 x 10'® 7.6 GHz
10" 12V 1.29 x 10° 1L71x107 9.2 x10° 55.67 58ps  1097GHz 1.78x10“  7.76 GHz
102 1.724V 2.91 x 10° 3.85x10°  2.07 x 10° 53.94 22 ps 327MHz 39x10" 744 MHz

GaN generalized model of OPFET with ITO gate (v,,= 0V, V,;= 10V, A= 350 nm) [This work]

Pho‘ton Flux  Photovoltage Responsivity Photoc%lrrent EQE(%) Sensitivity Sv?fitching Bandwidth DetectivitY t
Density (/m?*-s) %) (A/W) Gain (%) time (s) (Hz) (cmHz'"?W1) (Hz)
0 0 - - - - 1.91 ns - - 5.4 GHz
10'6 091V 1.66 x 10° 12x10°  59x10" 94 91ps  2.836GHz 24x107  6.9GHz
10 1.44V 2.71 x 10° 2% 107 9.6 x 10° 374 49ps  1915GHz 3.77x10" 8.8 GHz
102 1.98 V 5.33 x 10° 3.87 x 10°  1.89 x 10° 48 21 ps 045GHz 7.23x10" 86 MHz

SiC generalized model of OPFET with Au gate (v,,=0V, V=10 V, A =350 nm) [This work]

Pho‘ton Flux  Photovoltage Responsivity Photocrlrrent EQE (%) Sensitivity Sv.vitching Bandwidth  Detectivity fr
Density (/m?*-s) (V) (A/W) Gain (%) time (s) (Hz) (cmHz"?W™) (Hz)
0 0 - - - - 4 ns - - 0 GHz
10 222V 1.56 x 10° 6.21 x 10" 5.5x 10" 96.8 79 ps 11.88 GHz 3.4 x 107 4.6 GHz
10% 2.76 V 2% 10° 7.8 x 107 6.9 x 108 19.7 57 ps 36.2 GHz 4.2 x 10" 8.7 GHz
10* 33V 2.35 % 10° 9.35 x 10* 8.3x10° 16.3 43 ps 364 GHz 5x 10" 5.7 GHz
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Continued

SiC front-illuminated model of OPFET with Au gate (v,,=0V, V=10V, 1= 350 nm) [This work]

Pho‘ton Flux  Photovoltage Responsivity Photocrlrrent EQE (%) Sensitivity Sv.vitching Bandwidth  Detectivity fr
Density (/m?*-s) (V) (A/W) Gain (%) time (s) (Hz) (cmHz"?W™) (Hz)
0 0 - - - - 4ns - - 0 GHz
10'¢ 0.79V 2.39 x 10® 8.64 x 10° 8.5 x 10" 81.12 700 ps 1.62GHz  7.75x 10" 2.8 GHz
10" 097V 3.9 x 10° 14x107 137 x10° 333 400 ps 31GHz 1.13x10% 32GHz
10% 115V 6.05x10*°  219x10*  2.15x 10° 332 288ps  242GHz 1.59x 10" 4.2 GHz

ZnO generalized model of OPFET with Au gate (v,,=0V, V=10V, A =350 nm) [This work]

Pho‘ton Flux  Photovoltage Responsivity Photocgrrent EQE(%) Sensitivity Sv?fitching Bandwidth DetectivitY fr
Density (/m?*-s) (V) (A/W) Gain (%) time (s) (Hz) (cmHz"?W™) (Hz)
0 0 - - - - 837 ps - - 2.7 GHz
10'¢ 1.61V 1.38 x 10° 5.52 x 10° 4.9 x 10" 85.9 77.3 ps 38.6 MHz  3.12 x 107 5.4 GHz
10" 2,15V 1.8 x 10° 7 x 10° 6.2 x 10 19.2 56.7 ps 0.13 GHz 3.9 x 10" 7 GHz
10% 2,67V 4x10° 1.6 x 10* 1.4 x 10° 52.9 7.8 ps 3.84MHz 7.74 x 10" 0.5 GHz

ZnO front illuminated model of OPFET with Au gate (v, =0V, V=10V, 1= 350 nm) [This work]

Pho.ton Flux  Photovoltage Responsivity Photoc%lrrent EQE(%) Sensitivity Sv?fitching Bandwidth DetectivitY fr
Density (/m?*-s) %) (A/W) Gain (%) time (s) (Hz) (cmHz'"?W1) (Hz)
0 0 - - - - 837 ps - - 2.72 GHz
10'6 0.58 V 6.47 x 10° 235x10° 2.3 x10" 72.2 197ps  7.85MHz 1.65x 107 3.2GHz
10" 0.76 V 8.4 x10° 3.1x10° 3 %108 17.97 150 ps 49 MHz 2 x 10" 3.3GHz
10% 093V 4.24 x 10° 1.54 x 10* 1.5x 10° 75.64 11 ps 3.84MHz 8.35x10" 7.86 GHz

ZnO generalized model of OPFET with AgO, gate (v,, =0V, V=10V, A= 350 nm) [This work]

Pho‘ton Flux  Photovoltage Responsivity Photocrlrrent EQE (%) Sensitivity Sv.vitching Bandwidth  Detectivity fr
Density (/m?*-s) (V) (A/W) Gain (%) time (s) (Hz) (cmHz"?W™) (Hz)

0 0 - - - - 2.73 ns - -- 2.46 GHz
101 2.96 V 2.1 x 10° 84x10°  7.5x10!" 96.6 48ps  0.625GHz 4.75x 107 5.8 GHz
10" 35V 2.4 x 10° 9.4 x 10° 8.4 x 10° 10.5 39 ps 42GHz  53x10% 58GHz
102 401V 3.98 x 10° 159 x 10° 1.4 x 10 40 9 ps 62MHz  7.9x10" 283 MHz

Table 3. The comparison of simulations with the literature.
Type of photodetector Detector performance

EQE of 47%, detectivity of 2 x 10"* cmHz"*W™!, bandwidth of 3 MHz, and ZDR of 100 dB

Hybrid Perovskite [13
4 vekte [13] at an optical power density of 1 mW/cm?® at 0.1 V reverse bias at 350 nm wavelength

Responsivity of 240 A/W, EQE of 8.5 x 104%, detectivity of 3.72 x 10" cmHz"*W™,

Organic-Inorganic hybrid [14] and LDR of 60 dB at a bias of —10 V

Responsivity of 3 mA/W, on/off ratio of ~10* at 0 V bias under 370 nm illumination
Se/ZnO p-n heterojunction [15] at an optical power density of 0.85 mW/cm?, rise and decay times of 0.69 ms and 13.5 ms
respectively, and LDR of 80 dB

Responsivity of 2.4 A/W, detectivity of 6.8 x 10> cmHz"*W™" at 1 V bias at an optical
ZnO/Ag nanowires/ZnO composite film [16]  power density of 10 pW/cm?, response and recovery times of 3.53 s and 3.67 s respectively
at 4.9 mW/cm? optical power density, and ZDR of 64 dB
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Continued

Se/n-Si Heterojunctions [18]

Graphene plasmonic [19]

Terpolymers photodiodes [20]

Sn-rich perovskites [21]

EQE of 1.52 x 10°%, responsivity of 936.05 A/W at a bias of 10 V, rise time of 162 ps,

O ic [17
rganic [17] fall time of 7.9 ms, bandwidth of 0.5 MHz, detectivity of 10** Jones, and LDR of 110 dB

Responsivity of 37.4 mA/W, rise time of 235 ps, fall time of 1.74 ms,
detectivity of 10" Jones, and LDR of 72.6 dB

Responsivity of 360 A/W, EQE of 29%, and bandwidth of greater than
110 GHz at a bias of 2.2 V

Responsivity of 22.7 A/W, EQE of 8038%, and LDR of >100 dB at a bias of 2 V
Detectivity of 3.6 x 10" Jones at a bias of 0.5 V

Responsivity of 0.1 A/W, detectivity of 10" Jones, LDR of 110 dB,
and bandwidth of 1 MHz at 350 nm wavelength

Table 4. Parameters used in calculation.

Parameter Name Value Unit
z Channel Width 100 x 107° (m)
L Channel Length 3x107° (m)
a Active layer thickness 0.15x 107° (m)
d Surface-to-substrate thickness 1x10° (m)

N, Ionized impurity concentration 4.95 x 10% (/m?)
GaN parameters
U Low field electron mobility 0.1 (m?*/V-s)
Dy Schottky Barrier Height (Au-GaN) 0.88 (eV)
[0 Schottky Barrier Height (ITO-GaN) 0.965 (eV)
v Carrier velocity in the y direction (electrons/holes) 2 x 10°/4 x 10* (m/s)
7, Lifetime of holes 0.9 x 107 (s)
7, Lifetime of electrons 1.15x 107° (s)
€ Permittivity 9.21 x 1071 (F/m)
a Absorption Coefficient @ 350 nm 8 x 10° (/m)
ZnO parameters
i Low field electron mobility 0.032 (m?/V.s)
[0 Schottky Barrier Height (Au-GaN) 0.65 (eV)
[0 Schottky Barrier Height (AgO,-GaN) 1.11 (eV)
v, Carrier velocity in the y direction (electrons/holes) 2.8 x 10°/1.8 x 10° (m/s)
7, Lifetime of holes 1x10° (s)
7, Lifetime of electrons 1x10°° (s)
£ Permittivity 7.97 x 1071 (F/m)
a Absorption Coefficient @ 350 nm 2.7 x 107 (/m)
SiC parameters
U Low field electron mobility 0.037 (m?*V.s)
[0 Schottky Barrier Height (Au-GaN) 1.37 (eV)
v, Carrier velocity in the y direction (electrons/holes) 2 x 10°/9 x 10* (m/s)
7, Lifetime of holes 9.19 x 107 (s)
7, Lifetime of electrons 9.19 x 107¢ (s)
£ Permittivity 8.55x 1071 (F/m)
a Absorption Coefficient @ 350 nm 1.06 x 10° (/m)
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Figure 3. Comparison of the present model results with the experiments [6].
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Figure 4. Comparison of the present model results with the simulations using
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Figure 9. Frequency responses of the ITO-gated generalized GaN OPFET device.

performance of the investigated devices and the relative comparison, analysis
with the devices previously studied will be provided. The superiority of the in-
vestigated devices with respect to the performance metrics over other detectors
and comparable LDR values are clearly depicted from Table 2 and Table 3.

Note that the unit of detectivity wherever mentioned in the results and discus-
sion 7e. Jones corresponds to cmHz"*W™,

Beginning the discussion with 6H-SiC OPFET considering the generalized
model, it was found that this device exhibits very high photovoltages (2.22 V,
2.76 V, and 3.3 V) at the flux densities of 10'%, 10", and 10*/m*-s respectively.
This is attributed to the large Schottky barrier height of the Au-SiC contact (1.37
eV) which effectively reduces the reverse saturation current density across the
Schottky junction and in turn, boosts the photovoltage since the photovoltage is
inversely related to the saturation current density. This effect is assisted by the
significant saturated hole velocity (9 x 10* m/s) since photovoltage is directly re-
lated to the saturated velocity. Although SiC possesses moderately low absorp-
tion coefficient (1.06 x 10°/m) and low hole lifetime (9.19 ns) upon which the
photogenerated hole density is directly dependent and which tend to reduce the
photovoltage, the supporting effects greatly supersede the limiting effects result-
ing in very high photovoltages. One more reason for the developed photovoltag-
es is owing to the contributions of the photogenerated hole density from the si-
dewalls of the gate depletion region in addition to the gate depletion region it-
self. The large barrier height also greatly reduces the dark current by rendering
the channel width to zero and substantially raises the series resistances. The dark
current contribution from the channel is zero and a small current flows owing to
the contribution from the shunt resistance. Under illumination, the series resis-
tances are considerably reduced due to very high photovoltages. Thus, on ac-
count of the very high photovoltages and low dark current, the photocurrents
generated are high (3 mA, 3.8 mA, and 4.5 mA). The sensitivity is very large at
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the lower flux density (96.8%) due to large photocurrent and very low dark cur-
rent. However, as the flux density is increased, the current involved is larger but
is limited by the voltage drop incurred across the series resistances, hence, the
sensitivity falls at the higher intensities (19.7% and 16.3%) assisted by the fact
that the device current is not significantly higher as compared to that at the pre-
vious flux density. The transconductances attained are (0 mS, 1.7 mS, 1.5 mS,
and 1.1 mS). The transconductance ought to have increased with illumination
explained by the fact that at a fixed doping concentration, the depletion width
sensitivity to the applied gate-to-source voltage is larger at higher photovoltages.
But, the series resistance limits the said sensitivity at higher flux densities leading
to a fall in the transconductance with illumination. It will be worth mentioning
here that the drain-to-source conductance evaluated as drain-to-source voltage
tends to zero is almost insensitive to the change in the flux density (0.08 mS,
0.87 mS$, 0.88 mS, 0.88 mS) since zero drain-to-source voltage means zero
drain-to-source current which incurs no voltage drop across the series resis-
tance. In other words, it means that the channel charge is calculated in the ab-
sence of series resistances. Thus, the conducting charge at the source end of the
device upon which the conductance depends is almost the same at all the three
flux densities since the large photovoltages render the depletion width to zero
and maintain constant channel charge. This charge determines the internal
conductance. However, the external conductance is limited by the series resis-
tances but is insensitive to illumination due to lesser variation in the series resis-
tances. This effect would have affected and limited the transconductance (due to
the zero depletion width making it insensitive to the applied gate-to-source vol-
tage) through the parameter eta (7) which is the ratio of the said conductance to
the drain-to-source saturation current under the hyperbolic tangent expression
in the drain-to-source current equation if the device was biased in the linear re-
gion of operation. However, in the present case, since the device is biased in the
saturation region of operation, this effect is evaded. The gate-to-source capacit-
ances achieved are (0 pF, 0.06 pF, 0.028 pF, 0.031 pF). Again, the capacitance
ought to have increased with illumination, however, owing to the same reason
(depletion width sensitivity) as in the case of the transconductance there is a fall
in the capacitance initially and then remains almost constant. As such, the uni-
ty-gain cut-off frequencies attained are (0 GHz, 4.62 GHz, 8.71 GHz, and 5.71
GHz). The obtained high 3-dB bandwidths of (11.88 GHz, 36.2 GHz, and 364
GHz) have been attributed to the very high photovoltaic effect and the short hole
lifetime (9.19 ns) with the photoconductive effect contributing negligibly to the
response due to the short electron lifetime (9.19 ns) which tend to reduce the
bandwidth when it is comparable to the photovoltaic effect. The bandwidth rises
with illumination as the photovoltage is boosted with the increase in the optical
power. This can be explained as follows: The fact that the depletion width sensi-
tivity is increased at higher photovoltages is translated in the form of roll-off
slope of the frequency response curve to be gentler as the flux density increases
thus, widening the response and incrementing the bandwidth. The series resis-
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tance although limits the sensitivity at dc or low frequencies, as the frequency
increases, the current significantly drops which reduces the effect of series resis-
tance and allows the device to utilize the full potential of the available sensitivity
at or near the 3-dB point. The response or the switching times are as (4 ns, 79 ps,
57 ps, and 43 ps). The value under dark is comparatively large owing to the
complete depletion of the channel due to large barrier height which induces
maximum space charge under the gate and its sidewalls and the low dark current
which altogether increase the switching time, switching time being given by the
ratio of the space charge to the drain-to-source current. Under illumination,
there is a significant improvement in the response time owing to the large pho-
tovoltaic effect which induces high currents and the same simultaneously de-
creasing the space charge through a reduction in the depletion width. The pho-
toconductive effect does not play any role at any of the flux densities since the
short electron lifetime makes it negligible compared to the photovoltaic current.
On account of the high photovolatges, the responsivities attained are high (1.56
x 10° A/W, 2 x 10° A/W, and 2.35 x 10° A/W). The photocurrent gain and the
external quantum efficiency (EQE) are also high which follow a similar explana-
tion since they are strongly dependent on the photocurrent as the responsivity
does. The drain-to-source resistance, R, and the channel conductance, g, which
are the reciprocals of one another significantly decrease (103 k(2, 40.97 kQ2, 18.26
kQ, and 9.28 kQ) and increase (0.0097 mS, 0.024 mS, 0.055 mS, and 0.11 mS)
with illumination since although the drain-to-source conductance is insensitive
to illumination, the saturation current increases significantly with the optical
power and it has been observed that the value of hyperbolic tangent expression is
more sensitive to the applied drain-to-source voltage when the saturation cur-
rent is higher. The drain to source resistance, source and drain series resistances,
and various other resistances (gate bias resistance, load resistance, input resis-
tance, and the drain resistance) are useful in determining the noise current. The
noise current also depends upon the absolute temperature and the 3-dB band-
width. Higher the bandwidth, higher the noise current and the noise current is
inversely proportional to the resistances. Since the drain-to-source resistance
and the series resistances decrease with illumination and the bandwidth increas-
es with illumination, the noise current increases with optical power (0.75 pA,
2.31 pA, and 23.6 pA). The noise equivalent power (NEP) is given by the ratio of
the mean squared noise current to the responsivity. Due to a significant decrease
of responsivity by three orders of magnitude with periodic increase in the inten-
sity, the NEP considerably increases with the optical power (0.55 fW, 0.78 pW,
and 2.1 nW). The parameter detectivity which depicts the ability to detect weak
signals in the presence of noise is expressed as the ratio of the square root of the
product of detector area and the bandwidth to the noise equivalent power. Al-
though the bandwidth rises with illumination, the effect of periodic increase in
NEP js felt more resulting in a periodic decrease in detectivity (3.4 x 10" Jones,
4.2 x 10" Jones, and 5 x 10" Jones). The detectivities are high due to high res-
ponsivities. The SiC OPFET device exhibits a large LDR of 73 dB owing to its

DOI: 10.4236/cn.2019.114007

101 Communications and Network


https://doi.org/10.4236/cn.2019.114007

J. V. Gaitonde, R. B. Lohani

low dark current and high photocurrent.

ZnO is a known for its high absorption coefficient (2.7 x 10’/m), long carrier
lifetimes (1 ps) (in the present work), and high hole saturation velocity (1.8 x 10°
m/s). This tends to increase the photovoltage developed in ZnO OPFET (genera-
lized model) even higher as compared to that in SiC OPFET device but its low
barrier height with the Au metal (0.65 eV) pegs its little back in developing the
said photovoltage. Nevertheless, it generates considerably high photovolatges
(1.616 V, 2.15 V, and 2.67 V). The contribution from the sidewalls of the gate
depletion region also adds to the response. The dark series resistances are sub-
stantially lower than that in SiC OPFET owing to the lower barrier height. Un-
der illumination, the resistances are significantly reduced but are comparatively
higher than that in SiC OPFET due to lower photovoltages. Also, the dark cur-
rent is substantially higher owing to the lower barrier height (0.425 mA). Al-
though the photovoltages developed are lesser as compared to that in the SiC
OPFET producing lesser photovoltaic charge, the ZnO device contributes signif-
icantly to the response (3.1 mA, 3.8 mA, and 8.1 mA). This is ascribed to the
higher electron saturation velocity (2.8 x 10°> m/s) of ZnO in contrast with that
of SiC (2 x 10° m/s) upon which the saturation current depends. In contrary to
the SiC device, the ZnO OPFET exhibits large photoconductive effect at the flux
density of 10*/m®-s. This has been enabled by the high absorption coefficient of
ZnO and the long electron lifetime which directly boosts the photoconductive
effect. It has been observed that the device exhibits negative sensitivity at this in-
tensity. This is because, the large photoconductivity develops high current which
develops significantly high voltage drop across the series resistance reducing the
channel width to zero by superseding the effect of high photovoltage at this in-
tensity. In this case, the saturation current grows without bounds since the pho-
toconductive effect is independent of the depletion width and reaches a large
value. The drain-to-source conductance being evaluated at Vs = 0, the zero
depletion width due to the high photovoltage results in high photovoltaic charge
which is higher than the photoconductive contribution from the neutral channel
region which ought to have produced substantially high conductance but due to
the lower electron mobility of ZnO (320 cm?/(V-s)) and significant series resis-
tances limits the conductance to 0.8 mS at this intensity. The high saturation cur-
rent has both an enhancing as well as a limiting effect (through the ratio of con-
ductance and saturation current (parameter ;) in the hyperbolic tangent expres-
sion) which along with a moderate conductance results in a high drain-to-source
current (8.1 mA). The conductance remains almost insensitive to the change in
flux density (0.28 mS, 0.796 mS, 0.8 mS, and 0.8 mS) due to the reasons stated
earlier. The sensitivities attained are (85.9%, 19.2%, and 52.9%). At the intensity
of 10'/m?-s, the high sensitivity is owing to high photocurrent. As the flux den-
sity is increased to 10'*/m’-s, the sensitivity drops to 19.2% owing to the effect of
the series resistance as well as the device current at this intensity is not signifi-
cantly enhanced as compared to that at the previous flux density. The increase in
sensitivity at the flux density of 10*/m’-s is due to the large photoconductive ef-
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fect. The ZnO OPFET shows response times of (0.837 ns, 77.3 ps, 56.7 ps, and
7.8 ps). The considerably lower switching time under dark as compared to that
in SiC (4 ns) is attributed to the lower barrier height which reduces the space
charge and due to the higher dark current. With the device illuminated, the
switching times are nearly the same in both the ZnO and the SiC devices at the
lower intensities since the higher barrier height in SiC is compensated by the
higher photovoltage and the lower photovoltage in ZnO is compensated by the
lower barrier height resulting in almost equal currents and space charges assisted
by the higher electron saturation velocity in ZnO. However, at the flux density of
10%/m’-s, there is significant improvement in the response time in ZnO OPFET
(7.8 ps) as compared to that in SiC OPFET (43 ps) owing to the large photocon-
ductive electron densities reducing the space charge in the depletion region in
addition to increasing the current in ZnO device whereas the photoconductive
current is negligible as compared to the photovoltaic effect in SiC OPFET. The
transconductances observed are (1 mS, 1.7 mS, 1.5 mS, and 25.5 ps). The finite
transconductance in the ZnO OPEFT under dark (1 mS) as opposed to the zero
transconductance in the SiC OPFET is due to the finite channel width in ZnO
OPFET owing to the lower barrier height whereas the SiC OPFET is completely
and deeply depleted on account of the high barrier height which fails to register
any change with the applied gate-to-source voltage. The equal transconduc-
tances under illumination at the lower intensities is due to the compensation
mechanism of the barrier height and the photovoltage as discussed earlier along
with the higher electron saturation velocity in ZnO and these decrease with il-
lumination due to the voltage drop induced across the series resistance. The sig-
nificant fall in the transconductance in ZnO OPFET device at the intensity of
10*/m?-s is owing to the complete depletion of the channel resulting in the in-
sensitivity of the saturation current to the applied gate-to-source voltage whereas
the conductance remains almost unaltered due to the large photovoltage main-
taining zero depletion width. The gate-to-source capacitances estimated are (0.06
pF, 0.05 pF, 0.033 pF, and 7.43 fF). These are near to that in SiC OPFET at the
lower intensities due to the compensation effects previously discussed. At these
intensities, the capacitance falls with the increase in optical power due to the ef-
fect of series resistance. At the higher intensity, the capacitance falls as compared
to that in SiC OPFET device and also with respect to the lower flux densities
since the large photoconductive effect in the depletion region neutralizes the
charged donor ions in the space charge region at this intensity in addition to the
complete depletion of the channel which restricts the sensitivity of the depletion
width to the applied gate-to-source voltage. Thus, the £ values achieved are
(2.72 GHz, 5.38 GHz, 7 GHz, and 0.546 GHz). The long carrier lifetimes in ZnO
result in 3-dB bandwidths of (38.6 MHz, 0.13 GHz, and 3.84 MHz) as opposed
to that in SiC OPFET (11.88 GHz, 36.2 GHz, and 364 GHz) since bandwidth is
inversely proportional to the lifetime. At the lower intensities, only the large
photovoltaic effect contributes. The bandwidth increases with illumination due

to the enhancement of the photovoltaic effect which makes the roll-off slope of
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the frequency response curve gentler as discussed earlier. At the higher intensity,
the bandwidth falls due to the following: In this case, under dc conditions or at
low frequencies, only the large photoconductive effect contributes. But, as the
modulation frequency is increased, the photoconductive current reduces which
opens the channel wide enough from the fully depleted state as a result of re-
duced voltage drop across the series resistance, thus, at or near the 3-dB point,
both the photovoltaic and photoconductive effects contribute significantly and
comparably. It is noted from self-analysis that when two independent pheno-
mena with almost equal or comparable magnitudes and almost equal frequency
responses emanating from equal carrier lifetimes are added to each other, the
resulting net frequency response has a bandwidth which is lower than that of the
independent processes. Since both the photoconductive and the photovoltaic ef-
fects have comparable magnitudes with equal electron and hole lifetimes, the net
frequency response is narrower with respect to the individual responses resulting
in a fall in the bandwidth (3.84 MHz). The responsivities are high (1.38 x 10°
A/W, 1.8 x 10° A/W, and 4 x 10° A/W) due to high photovoltaic effect and the
photoconductive effects at the respective intensities. These are slightly lower
than that in the SiC OPFET at the lower intensities due to lower photovoltages
and higher at the flux density of 10*/m*-s due to the significantly high contribu-
tion from the photoconductive effect. The photocurrent gains and the quantum
efficiencies are also high. The drain-to-source resistance and the channel con-
ductance both significantly decrease (103 kQ, 32 kQ, 14.4 kQ, and 1.25 kQ) and
increase (0.0097 mS, 0.031 mS, 0.069 mS, and 0.8 mS) with illumination owing
to the same reasons as described earlier for SiC OPFET. However, at the intensi-
ty of 10**/m’-s, there is a considerable enhancement of conductance since at this
intensity, the saturation current is independent of the depletion width sensitivity
due to complete depletion of the channel owing to large photoconductive effect
and hence, the saturation current increases without bounds which results in li-
near relationship between current and voltage even at high voltages enhancing
the conductance. The noise currents in the ZnO OPFET are comparatively lower
than that in the SiC OPFET owing to the lower bandwidths (2.24 fA, 7.68 fA,
and 0.274 fA). This results in lower NEPs since the responsivities are either
comparable or significantly higher (0.0345 fW, 0.05 pW, and 4.4 pW). But, due
to the effect of lower bandwidths at the lower intensities, the detectivity is
slightly lower in ZnO OPFET (3.12 x 10" Jones, and 3.9 x 10" Jones). At the
higher intensity, the detectivity is considerably enhanced owing to both lower
noise current and higher responsivity leading to much lower NEP superseding
the effect of lower bandwidth (7.74 x 10" Jones). In the ZnO OPFET, the large
depletion thickness in the substrate region (0.75 pm) ought to have produced
high photoconductive effect but since the absorption coefficient of ZnO is high
(2.7 x 107/m) corresponding to an absorption depth of 0.037 um, only the chan-
nel experiences significant photogeneration whereas the carriers are severely de-
graded upon reaching the substrate region due to the exponential dependence of
the generation rate on the distance. The LDR exhibited by the device is mod-
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erately high (41 dB) owing to the large photocurrent but higher dark current.

In the SiC OPFET considering the front-illuminated model, the photovoltages
developed are lower (0.79 V, 0.97 V, and 1.15 V) due to the contributions only
from the gate depletion region. Hence, the series resistances are comparatively
higher. The dark current is the same due to the same structure (surface gate).
Under illumination, the drain-to-source currents are lower owing to the lesser
photovoltages. The sensitivities attained are (81.12%, 33.3%, and 33.18%). The
high sensitivity at the lower intensity is due to the significant photocurrent and
the low dark current. With the increase in the flux density, the sensitivity drops
to moderate 33.3% and remains 33% at the higher intensity, since the enhance-
ment of photocurrent with respect to the previous flux density is not significant-
ly high. The response times in the front-illuminated model are higher as com-
pared to that in the generalized model (0.7 ns, 0.4 ns, and 0.288 ns) due to the
lower currents involved and higher space charges on account of the lesser pho-
tovoltages. The transconductances (0 mS, 1.2 mS, 1.7 mS, and 3 mS) and the
gate-to-source capacitances (0 pF, 0.0658 pF, 0.0836 pF, and 0.113 pF) in the
front-illuminated model exhibit their normal behavior of periodically rising val-
ues with the increase in the intensity due to the usual fact that the depletion
width sensitivity increases at the higher photovoltages since in this case, the sen-
sitivity is not limited by the voltage drop across the series resistance owing to the
currents involved being lower. Hence, the unity-gain cut-off frequencies ob-
tained are (0 GHz, 2.87 GHz, 3.25 GHz, and 4.18 GHz). It is noticed that the
drain-to-source conductance significantly varies with illumination (0.0616 mS,
0.366 mS, 0.46 mS, and 0.59 mS) as opposed to the insensitivity observed in the
generalized model. This is because, here, the photovoltages developed are consi-
derably lower which maintain finite depletion width thus, clearly showing the
contrast in the sensitivities and the conductance is less affected by the series re-
sistances due to the lower charges involved. The 3-dB bandwidths are substan-
tially lower (1.625 GHz, 3.1 GHz, and 2.42 GHz) than that in the generalized
model due to the inferior photovoltaic effect. This effect also reduces the respon-
sivity (2.39 x 10° A/W, 3.9 x 10° A/W, and 6.048 x 10> A/W), the gain, and the
EQE. The drain-to-source resistance (103 kQ, 103 kQ, 103 k€, and 102.3 kQ)
and the channel conductance (9.71 pS, 9.71 uS, 9.71 pS, and 9.77 uS) are insensi-
tive to illumination due to the lower currents involved as discussed earlier. The
noise currents are greatly reduced owing to the narrower bandwidths (0.0463
PA, 0.11 pA, and 0.105 pA). The corresponding NEPs are (0.9 fW, 0.85 pW, and
0.536 nW) which are larger than that in generalized model at the lower intensi-
ties due to the inferior responsivities but reduced at the higher intensity, since in
this case, the effect of higher noise current due to large bandwidth (364 GHz) in
the generalized model is felt more than the effect of lower responsivity in the
front-illuminated model. As such, the detectivities obtained are (7.75 x 10%°
Jones, 1.13 x 10" Jones, and 1.59 x 10" Jones). A moderate LDR of 41.4 dB is
achieved owing to the low dark current and significant photocurrent.

The overall performance of the ZnO OPFET detector considering the front-
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illuminated model falls with respect to the generalized model since excluding the
illumination in the spacings of gate and drain/source restricts the photovoltaic
contribution to the gate depletion region only resulting in lesser photovoltages
(0.58 V, 0.76 V, and 0.93 V). Hence, the drain-to-source currents obtained are
significantly lower (1.6 mA, 1.9 mA) at the intensities of 10'* and 10"/m?-s whe-
reas these are slightly lower (7.8 mA) at the flux density of 10*/m?-s, since at this
intensity, the current is independent of the photovoltaic effect owing to the neg-
ative sensitivity resulting from large photoconductive effect which completely
depletes the channel and since the channel thickness is the same in both the cas-
es, the photoconductive contribution from the gate depletion region is the same.
However, the slight difference in currents is attributed to the exclusion of the
photoconductive effect from the sidewalls of the gate depletion region in the case
of the front-illuminated model. In addition, although the saturation current is
unaltered, and the internal drain-to-source conductance is the same owing to
equal channel charges resulting from the developed photovoltage rendering the
depletion width to zero in both the cases, there is slight reduction in the
drain-to-source conductance emanating from the higher series resistances in the
front-illuminated model which restricts the external conductance. It is worth
noting here that in spite of the device biased in the saturation region, the
drain-to-source current depends upon the conductance. This can be explained
by the fact that at this intensity, the saturation current has increased to a large
value without bounds since the channel is totally depleted owing to large photo-
conductivity and the depletion width sensitivity has no role to play in this case.
Since the saturation current is large, it acts as a limiting factor (through the pa-
rameter 77 as discussed earlier) and this results in the current dependence upon
the conductance. However, these currents and the photocurrents are considera-
bly enhanced as compared to that in the SiC OPFET. This is due to the higher
electron saturation velocity in ZnO and the lower barrier height of Au-ZnO
junction inducing more channel charge surpassing the effect of lower photovol-
tages at the lower intensities and significantly high photoconductivity in the
ZnO OPFET as compared to negligible photoconductivity in the SiC OPFET at
the higher intensity. The sensitivities exhibited by the device are (72.2%, 17.97%,
and 75.64%). The drop in sensitivity at the moderate intensity is owing to the se-
ries resistance limiting effect as well as the lesser enhancement of photocurrent
with respect to the previous flux density. The switching times are degraded
(0.197 ns, and 0.15 ns) as compared to the generalized model at the lower inten-
sities owing to the lesser photovoltages which reduce the currents as well as en-
hance the space charges whereas there is slight change in the response time at
the higher intensity (11 ps) due to almost same photoconductive effect. Despite
of the inferiority of the front-illuminated model of ZnO OPFET device realized
so far, there is a significant improvement in the transconductance (2.8 mS, 1.9
mS, and 0.864 mS). This emanates from the reduced effect of series resistance at
the lower intensities due to the currents involved being lower which allows the

device to substantially explore the available sensitivity. At the higher intensity,
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the improvement is owing to the following: the saturation current is large and
the same in both the cases, but it is insensitive to the applied gate-to-source vol-
tage due to completely depleted channel as discussed earlier. The large satura-
tion current which acts as a limiting factor allows the conductance to decide the
value of the net current. In both the cases, the internal conductance is largely in-
sensitive to the applied gate-to-source voltage since the large photovoltage rend-
ers the depletion width to zero leading to significantly reduced transconduc-
tance. However, in the front-illuminated model, it has been observed that the se-
ries resistances undergo greater change with the variation in the gate-to-source
voltage. This in turn, results in larger variation in the external conductance as
compared to the generalized model comparably improving the transconduc-
tance. The fall in the transconductance from 2.8 mS to 1.9 mS as the flux density
is varied from 10'%/m’-s to 10"/m*-s is owing to the effect of series resistance.
The gate-to-source capacitance first increases with the increase in flux density
from dark to 10'/m*-s (0.06 pF, and 0.14 pF) due to the photovoltaic sensitivity
and then decreases with the further increment in the optical power (0.0891 pF,
and 0.0175 pF) owing to the limitation by the series resistance as well as due to
the photoconductive effect neutralizing the space charges especially at the flux
density of 10*/m’-s, the photoconductive effect being comparable to the doping
induced space charge as a result of the high absorption coefficient of ZnO and
the long electron lifetime. These transconductance and the capacitance values
result in the £ values of (3.256 GHz, 3.346 GHz, and 7.86 GHz) which are infe-
rior to both SiC OPFET and ZnO OPFET considering the generalized model at
the lower intensities since although there is substantial improvement in tran-
sconductance, the capacitance is also increased by a similar factor and are com-
parable to the SiC OPFET (front-illuminated model) since similar scenarios exist
in this case. Whereas at the higher intensity, the £; is superior to all the other
cases, since in ZnO OPFET (generalized model) even though the photoconduc-
tive effect is comparable which reduces the space charges, the transconductance
has substantially reduced and in SiC OPFET models, the photoconductive effect
is negligible which maintains higher capacitance.

The drain-to-source conductance shows sensitivity to illumination as the in-
tensity is raised from dark to 10'/m’-s (0.278 mS, and 0.62 mS) due to the pho-
tovoltaic reduction of the depletion width. As the intensity is raised to 10'/m’-s,
the conductance increments to 0.75 mS due to higher photovoltage limited by
the series resistances. With the further increase in the flux density, the conduc-
tance is slightly increased (0.78 mS) owing to the previous value of the photo-
voltage had already reduced the depletion width to zero and hence, any further
rise in photovoltage as in this case, the internal conductance remains the same;
however, the external conductance or the drain-to-source conductance is limited
by the series resistances which are lower in the case of the higher intensity thus
producing slightly higher conductance. The 3-dB bandwidth has dropped sig-
nificantly at the lower intensities as compared to the generalized model (7.85
MHz, and 49 MHz) due to the reduced photovoltaic effect which makes the
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roll-off slope of the frequency response curve steeper owing to decreased deple-
tion width sensitivity thus, narrowing the bandwidth. At the intensity of 10**/m’-s,
the bandwidth remains unaltered since in the generalized model case as ex-
plained earlier at or near the 3-dB point, both the photoconductive and the
photovoltaic effects contribute equally well thus, reducing the net bandwidth.
But, in the case of the front-illuminated OPFET, lesser photovoltage induces
comparable but non-equal contributions at or near the 3-dB point which tend to
decrease and increase the bandwidth respectively thus, balancing each other and
maintaining the same bandwidth. The responsivity decreases with respect to the
generalized model at the lower intensities (6.47 x 10* A/W, and 8.4 x 10> A/W)
since the photovoltages developed are lesser whereas at the higher intensity, the
responsivity is slightly enhanced (4.24 x 10° A/W) since this front-illuminated
model utilizes less optical power to develop almost the same magnitude of the
photoconductive effect. Similarly, the gain and EQE follow the responsivity. The
drain-to-source resistance (103 kQ, 94.6 kQ, 91.65 kQ, and 1.29 kQ) and the
channel conductance (0.0097 mS, 0.0106 mS, 0.0109 mS, and 0.7769 mS) show
slight sensitivity to illumination at the flux densities of 10'® and 10"/m?-s owing
to lower currents involved but exhibit greater sensitivity at the flux density of
10%/m*-s owing to considerably high photoconductive effect. The noise currents
(0.361 fA, 2.7 fA, and 0.265 fA) are lower owing to lesser bandwidths. The noise
equivalent powers realized are (0.0293 fW, 0.061 pW, and 4.06 pW) which ac-
count for the lower noise currents and the lower responsivities (except at the
higher intensity) leading to detectivities of (1.65 x 10'” Jones, 2 x 10" Jones, and
8.35 x 10" Jones). The LDR achieved is moderately low (25 dB) owing to signif-
icant photocurrent and dark current.

To overcome the deficiencies of the ZnO OPFET device viz. low bandwidth
and significant dark current as well as further enhance the device performance
considering the generalized OPFET model, we employ a transparent gate elec-
trode made of AgO, with a large barrier height of 1.11 eV with ZnO. This in-
duces large photovoltages (2.96 V, 3.5 V, and 4.016 V) emanating from the bar-
rier height-photovoltage relationship apart from the essential features of ZnO as
discussed earlier and the contributions from the sidewalls of the gate depletion
region in addition to the space charge region. These photovoltages are consi-
derably higher as compared to the all the previous models. The series resistances
under dark are substantially raised as compared to the generalized ZnO OPFET
model with Au gate but significantly reduce when illuminated. The dark current
is significantly decreased (0.14 mA). The high photovoltages enhance the pho-
tocurrents at the lower flux densities (4.1 mA, and 4.6 mA) whereas the response
slightly drops (7.8 mA) at the intensity of 10*/m*-s in spite of the large photo-
conductive effects in both the cases maintain the same and high saturation cur-
rent, because the external conductance has slightly dropped due to the higher
drain series resistance although the internal conductance is the same due to the
large photovoltage in both the cases maintaining zero depletion width. This re-
sults in sensitivities of (96.6%, 10.5%, and 40%). The drop at the moderate in-
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tensity is due to the limitation by the series resistance. Whereas the drop at the
higher intensity is owing to the fact that even though the photovoltaic effect has
enhanced, the photoconductive effect has been maintained almost the same
(slightly lesser). Reduced space charges owing to larger photovoltages and higher
current densities accelerate the switching times at the lower flux densities (48 ps,
and 39 ps) whereas the response time is almost the same (9 ps) at the higher in-
tensity due to the almost same photoconductive effect. The dark condition
switching time is considerably increased (2.73 ns) due to larger barrier height
substantially augmenting the space charges as well as lowering the dark current.
The high current densities boost the series resistance effects leading to signifi-
cantly lower transconductance values (0.98 mS, and 0.981 mS) at the lower in-
tensities whereas the large insensitivity of the saturation current and the con-
ductance to the applied gate-to-source voltage as discussed earlier results in very
low transconductance (2.7 ps) at the higher intensity. The capacitances are also
reduced (0.027 pF, and 0.027 pF) and follow the same explanation as that for the
transconductances at the lower intensities whereas both the series resistance ef-
fect and the photoconductivity-based deionization of the space charge ions re-
sults in the fall in the capacitance at the higher intensity (0.015 pF). Thus, the
device exhibits unity-gain cut-off frequencies of (2.46 GHz, 5.8 GHz, 5.84 GHz,
and 28.3 MHz). The external drain-to-source conductances (0.77 mS, 0.77 mS,
and 0.77 mS) are insensitive to the change in the flux densities due to the large
photovoltages maintaining zero depletion width. There is significant improve-
ment in the 3-dB bandwidth at all the flux densities (0.625 GHz, 4.2 GHz, and
6.2 MHz). At the lower intensities, this is attributed to the higher photovoltaic
effect which maintains gentler slope of the frequency response curve at or near
the 3-dB point owing to its sensitivity. At the higher intensity, the rise in the
bandwidth is due to the enhanced photovoltaic charge at or near the 3-dB point
and comparable but lesser contribution from the photoconductive effect main-
taining largely non equal charges widening the bandwidth. The larger photovol-
taic effect produces higher responsivities (2.1 x 10° A/W, and 2.4 x 10° A/W) at
the lower intensities whereas the almost same photoconductive effect results in
equal responsivity (4 x 10° A/W) at the higher flux density. The parameters, R,
(103 kQ, 91.7 kQ, 61.7 kQ, and 12.9 kQ) and g, (0.0097 mS, 0.11 mS, 0.162 mS,
and 0.77 mS), show significant variation with illumination due to higher cur-
rents involved with the additional factor of non-saturation behavior of the cur-
rent-voltage relationship at the higher intensity even though the device is biased
in saturation as discussed earlier. Owing to higher bandwidths, the noise cur-
rents are considerably enhanced (34.9 fA, 0.235 pA, and 0.35 fA) which also raise
the NEPs (0.091 fW, 0.21 pW, and 5.5 pW) wherein the effect of larger respon-
sivities is lesser. But again due to the higher bandwidths under consideration, the
detectivities obtained are higher (4.75 x 10" Jones, 5.3 x 10" Jones, and 7.9 x
10" Jones). The LDR has been significantly boosted to 69.7 dB due to high pho-
tocurrent and reduced dark current.

Comparing the previously investigated GaN front-illuminated OPFET model
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(with Au gate) with the SiC and ZnO models, we observe that in this case, the
photovoltages developed are considerably lower (0.27 V, 0.45 V, and 0.63 V).
This is ascribed to the moderate barrier height (0.88 eV), moderate absorption
coefficient (8 x 10°/m), low hole saturated velocity (4 x 10* m/s) and low hole
lifetime (0.9 ns) in GaN. This results in lower photocurrents and reduced res-
ponsivities at the lower intensities (2.9 x 10° A/W, and 5.8 x 10° A/W) with re-
spect to the ZnO model assisted by the higher electron saturation velocity in
ZnO (2.8 x 10° m/s) as compared to that in GaN (2 x 10° m/s) with the device
biased in the saturation region. But, at the higher flux density, the response is
almost the same (4.4 x 10> A/W) which can be explained as follows: At this in-
tensity, the device exhibits negative sensitivity in both the cases due to large
photoconductive effect. The photovoltaic effect has no role to play at this inten-
sity. The photoconductive charge in the GaN model is lesser as compared to that
in the ZnO model owing to the higher absorption coefficient of ZnO (2.7 x
107/m) as opposed to that of GaN (8 x 10*/m). This results in a large unbounded
saturation current in ZnO (60.6 mA) and high saturation current in GaN (8.6
mA). These high currents suggest that although the device is biased in the satu-
ration region, since these currents act as limiting factors the value of the net
current will be decided by the value of the external drain-to-source conductance.
The conductance is moderate in the case of ZnO OPFET (0.78 mS) due to lower
electron mobility (320 cm?/(V-s)) whereas it is high in the GaN OPFET (1.4 mS)
owing to higher mobility (1000 cm?/(V-s)). These saturation currents and the
conductances compensate each other to maintain constant response in both the
devices. However, the GaN OPFET shows improved response over that in the
SiC OPFET response at all intensities. At the lower intensities, the inferior re-
sponse in the SiC OPFET is attributed to the higher series resistances which sig-
nificantly limit the photocurrents even though the photovoltages developed are
higher. Whereas at the higher intensity, the inferiority is owing to the effect of
series resistance as well as negligible photoconductive effect in SiC OPFET due
to low electron lifetime (9.19 ns). One important feature of the GaN OPFET
model, is the lower series resistances as compared to the ZnO and SiC models
owing to much higher electron mobility (1000 cm?*/(V-s)) in GaN as opposed to
that in ZnO (320 cm?/(V-s)) and in SiC (370 cm?/(V-s)) and the moderate barrier
height in GaN (0.88 eV). The sensitivities attained in the GaN OPFET are
(62.3%, 38.66%, and 83.5%) as compared to that in ZnO OPFET (72%, 18%, and
75%) and in SiC OPFET (82%, 33%, and 33%) accounting for the generated cur-
rent relative to that at the previous flux density. The GaN device operates at
higher speeds (0.45 ns, 0.268 ns, and 38 ps) than the SiC device (0.7 ns, 0.4 ns,
and 0.288 ns) due to the moderate barrier height (0.88 eV), moderate photovol-
tages, and lower series resistances which result in reduced space charges and
higher drain-to-source currents whereas in the SiC OPFET, the high series re-
sistances limit the drain-to-source current as well as the space charge reduction
assisted by the higher barrier height (1.37 eV) although the photovoltages de-
veloped are higher. But, the ZnO device surpasses the GaN OPFET device in
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terms of the response times (0.197 ns, 0.15 ns, and 11 ps) owing to the larger
currents involved, higher photovoltages, and lower barrier height (0.65 eV)
which significantly reduce the space charges. On the whole, substantially higher
values of transconductances in the GaN OPFET (1.4 mS, 2.5 mS, 3.4 mS, and 3.1
mS) as compared to that in ZnO OPFET (1 mS, 2.8 mS, 1.9 mS, and 0.864 mS)
and in SiC OPFET (0 mS, 1.2 mS, 1.7 mS, ans 3 mS) are due to the lower series
resistances in GaN OPFET thus, enhancing the sensitivity. The capacitances are
comparable to each other in all the cases reason being still under investigation.
This results in higher unity-gain cut-off frequencies in overall, in the GaN
OPFET (5.2 GHz, 6.2 GHz, 6.7 GHz, and 4.95 GHz) as opposed to that in the
ZnO OPFET (2.72 GHz, 3.256 GHz, 3.346 GHz, and 7.86 GHz) and in the SiC
OPFET (0 GHz, 2.87 GHz, 3.256 GHz, and 4.18 GHz). The GaN OPFET has an
edge over the ZnO OPFET and the SiC OPFET at the lower intensities in terms of
the 3-dB bandwidth (5.8 GHz, and 12.87 GHz-GaN; 7.85 MHz, and 49 MHz-ZnO;
1.625 GHz, and 3.1 GHz-SiC) owing to the low hole lifetime (0.9 ns) in GaN as
compared to that in ZnO (1 ps) and in SiC (9.19 ns). Whereas at the higher flux
densities, in the GaN device, the photoconductive and the photovoltaic effects
contribute almost equally at or near the 3-dB point with a hole lifetime of 0.9 ns
and an electron lifetime of 1.15 s, but the dc contribution is only by the photo-
conductive effect, resulting in the fall in the bandwidth (0.78 MHz). In the ZnO
device, the same phenomena occur but here the contributions are higher in
magnitude and with equal carrier lifetimes, thus, exhibiting higher bandwidth
(3.84 MHz). In the SiC device, the photovoltaic effect is the sole contributor re-
sulting in a bandwidth of 2.42 GHz. The drain-to-source conductances are high-
er in the GaN OPFET (0.488 mS, 0.812 mS, 1.1 mS, and 1.4 mS) as compared to
that in the ZnO OPFET (0.278 mS, 0.62 mS, 0.75 mS, and 0.78 mS) and in the
SiC OPFET (0.0616 mS, 0.366 mS, 0.46 mS, and 0.59 mS) owing to the higher
electron mobility in GaN and the lower series resistances in the GaN OPFET.
The detectivities are found to be (6.57 x 10' Jones, 1.17 x 10™ Jones, and 7.55 x
10" Jones) in the GaN OPFET which are lower than that in ZnO OPFET (1.65 x
10" Jones, 2 x 10" Jones, and 8.35 x 10" Jones) due to the lower responsivities
and the higher bandwidths in the GaN device which enhance the NEPs and
noise currents respectively. On the other hand, the detectivities are comparable
at the lower intensities in the GaN and the SiC OPFET devices owing to the
comparable responsivities and the comparable bandwidths but it is inferior in
the case of the SiC OPFET at the higher intensity on account of the much lower
responsivity in the SiC OPFET due to the negligible photoconductive effect. It is
worthy to mention that the substrate depletion region also adds to the photo-
conductive response significantly at the higher intensity resulting from the
moderate absorption coefficient of GaN and large substrate thickness.
Comparing the GaN OPFET generalized model with the ZnO and the SiC
OPFET generalized models, the comparison in general will hold similar explana-
tion as that in the case of the front-illuminated model. However, we state here

the differences: The currents involved are much higher in the generalized model,
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owing to the much higher photovoltages. The high photovoltages result in high
responsivities, high sensitivities, low switching times, and large detectivities. The
series resistance effects come into play due to larger currents. These resistances
limit the enhancement of the transconductance and the gate-to-source capacit-
ance as the flux density increases. The cut-off frequencies are enhanced. The
conductances are also boosted. The 3-dB bandwidths are reduced in the case of
GaN OPFET (explained in [1]) whereas these are enhanced in the case of the
ZnO and the SiC OPFETs as explained earlier.

To further improve the device high contrast imaging performance as well as
the detection-cum-amplification bandwidth response for communication in the
GaN OPFET, the UV characteristics of Indium-Tin-Oxide (ITO)-gated GaN ge-
neralized OPFET model are studied, motivated by the fact that ITO forms a
larger Schottky barrier height with GaN (0.965 eV) as compared to the gold (Au)
metal (0.88 eV) which can lower the dark current (by decreasing the channel
width) as well as increase the photovoltage (by increasing the depletion area for
photogeneration and reducing the reverse saturation current density). The re-
sults are depicted in Table 1.

The photovoltages obtained with ITO gate (0.91 V, 1.44 V, and 1.98 V) in the
generalized model are significantly higher than that with Au gate (0.65V, 1.2V,
and 1.724 V). The dark current is slightly lower with ITO gate (0.2 mA) as com-
pared to that with Au gate (0.3 mA). The source series resistance plays an im-
portant role in limiting the output response of the device through the voltage
drop incurred upon it. As such, the bandwidths attained with ITO gate are (2.8
GHz, 19.15 GHz, and 0.45 GHz). The bandwidth at 10'/m’-s flux density (2.8
GHz) is unaltered as compared to that with Au gate (2.8 GHz) since the photo-
current is considerably higher with ITO gate (3.2 mA) as opposed to that with
Au gate (1.8 mA) thus, the series resistance substantially limits the bandwidth.
As the flux density is increased to 10'°/m?-s, there is significant enhancement in
the bandwidth (19.15 GHz) over that with Au gate (10.87 GHz). This is attri-
buted to the considerably higher photovoltage (1.44 V) assisted by the lesser dif-
ference between the photocurrents with the two gates (5.2 mA (ITO gate) and
4.5 mA (Au gate)) limited by the series resistance. Although the photocurrents
are restricted under dc condition, as discussed earlier, at or near the 3-dB point,
the device can fully contribute to its advantage through the available photovol-
tage sensitivity (1.44 V) thus, widening the response, in turn, boosting the
bandwidth (19.15 GHz). At the flux density of 10*/m*-s, there is considerable
improvement in the bandwidth (0.45 GHz) as compared to that with Au gate
(3.27 MHz). This is because, in this case, the photoconductive currents highly
contributing under dc condition reduce significantly at or near the 3 dB point
and the photovoltaic currents rise significantly due to opening of the channel
width augmenting the bandwidth (0.45 GHz). This phenomena has no positive
effect on the bandwidth attained with Au gate since the photovoltage developed
is not high enough (1.724 V) for this process to take place.

The responsivities are higher than that with Au gate owing to the higher pho-
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tovoltaic effect. The photocurrent gain and the external quantum efficiency
(EQE) which are closely related to the responsivity follow the same dependence.
The sensitivities attained are (94%, 37.4%, and 48%) as compared to that with
Au gate (85.7%, 55.7%, and 53.9%). This difference is observed on account of the
significant enhancement of photovoltaic current with ITO gate at the lower flux
density compared to the dark whereas the photovoltaic responses are limited by
the series resistance effect (relative to the lower intensities) at the higher flux
densities. The switching times obtained are (1.91 ns, 91 ps, 49 ps, and 21 ps) as
opposed to that with Au gate (1.25 ns, 160 ps, 58 ps, 22 ps). The longer switching
time under dark is attributed to the fact that the space charge is more owing to
the larger barrier height and the dark current is lower as explained earlier. Under
illumination, the switching time improves with ITO gate since the space charge
is considerably reduced with the substantially higher photovoltage thus, reduc-
ing the depletion width and the photocurrents are simultaneously boosted due to
the photovoltage with contributions from the photoconductive effect as well at
higher intensities overwhelming the effect of series resistance.

The detectivities obtained are larger with ITO gate owing to higher responsiv-
ities as well as larger bandwidths although the detectivity is both inversely and
directly proportional to bandwidth under the square-root sign through the mean
squared noise current and the product of detector area and bandwidth respec-
tively with the directly proportional term having greater consequence.

The transconductances attained are (1.2 mS, 6 mS, 3.2 mS, and 15.43 pS) in
contrast to that with Au gate (1.4 mS, 5.3 mS, 3.5 mS, and 26.6 puS). The lower
transconductance under dark is due to the lower dark current and the larger bar-
rier height. The enhancement of the transconductance at the flux density of
10'°/m’-s is owing to the significant photovoltaic response. At the higher intensi-
ties, the transconductance drops owing to the sensitivity to the gate-to-source vol-
tage being limited by the considerable series resistance effect. The gate-to-source
capacitances attained are (33.9 fF, 0.14 pF, 0.06 pF, and 0.03 pF) as opposed to
that with Au gate (42 {F, 0.11 pF, 0.072 pF, and 0.057 pF). The significant reduc-
tion in the capacitance as the illumination power increases is due to the substan-
tial photovoltaic effect which decreases the depletion width so also the series re-
sistance effect which limits the sensitivity to gate-to-source voltage. As such, the
f; values attained are (5.45 GHz, 6.98 GHz, 8.86 GHz, and 0.086 GHz) as op-
posed to that with Au gate (5.2 GHz, 7.6 GHz, 7.76 GHz, and 74.4 MHz).

The LDR value obtained with ITO gate is 64.96 dB as compared to that with
Au gate (55 dB). This improvement is due to the lower dark current and en-
hanced photocurrent.

4. Conclusion

An in-depth analysis of the UV photoresponses of GaN, 6H-SiC, and ZnO
OPFET models viz. the front-illuminated and the generalized models was car-
ried out with gate materials being Au and ITO for GaN, Au for SiC, and Au and
AgO, for ZnO. The applications explored are high dynamic range UV imaging
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and UV communication. The basic detector parameters such as the photovol-
tage, drain-to-source current, responsivity, switching time, sensitivity, detectivi-
ty, unity-gain cut-off frequency (£;), and Linear and Dynamic Range (LDR) were
evaluated. The photoconductive and the photovoltaic effects and the series re-
sistance effects play an important role in explaining the observed dependence of
the device characteristics on the material, structural, illumination model, and the
external factors applied such as bias, wavelength, and optical power. The genera-
lized and the front-illumination models exhibited a significant improvement in the
linear dynamic range over the previously investigated GaN buried-gate OPFET il-
lumination models. The generalized model is superior to the front-illuminated
model in terms of the dynamic range. The buried-gate GaN OPFET models
showed faster responses and higher bandwidths however, with some exceptions.
The responsivities were considerably high and comparable in all the devices with
the generalized OPFET showing better response than the front-illuminated
OPFET at the lower intensities, and vice versa at the higher intensity. The de-
tectivities were substantially high in all the cases due to high responsivity val-
ues. The SiC OPFET considering the generalized model exhibited the highest
3-dB bandwidths of 11.88 GHz, 36.2 GHz, and 364 GHz and the highest detec-
tion-cum-amplification bandwidths of 4.62 GHz, 8.71 GHz, and 5.71 GHz at the
optical power densities of 0.575 pW/cm?, 0.575 mW/cm?, and 0.575 W/cm” re-
spectively. The LDR obtained was also the highest (73 dB). The lowest response
times were attained in the AgO,-ZnO generalized OPFET model (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 absorption coefficient of
ZnO (2.7 x 10’/m), its long electron lifetime (1 ps), and high electron saturated
velocity (2.8 x 10° m/s) which assist in enhancing the photoconductivity at the
high optical intensity of 0.575 W/cm®. In overall, the ZnO OPFET exhibits high
responsivity, moderate to high LDR values ranging from 24 dB to 69 dB, modest
fyvalues and 3-dB bandwidths ranging between low MHz to low GHz frequen-
cies. Whereas the GaN OPFET is observed to show high responsivities, band-
widths in the sub-megahertz to high gigahertz ranges, modest to high cut-off
frequencies and LZDR in the 24 dB to 65 dB range. Employing ITO gate in the
GaN generalized OPFET model and AgO, gate in the ZnO generalized model of
OPFET (both possessing large barrier heights) improves the performance of
these devices over that using conventional Au gates. The results also show supe-
rior performance to most of the other existing detectors with comparable dy-
namic range. The in-depth analysis provided in this work will aid in conducting
further research. The results are in line with the experiments and in close match
to commercially available software simulations. The devices show great potential

towards high resolution UV imaging, and UV communication applications.
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