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Theoretical Study on the Role of Gating and
Photoconduction on Ga2O3 Phototransistors

Chuankai Hu, Peng Li , Longpu Wang, Siqi Li, Bowen Lv, Yanjie Wang, and Jiangang Ma

Abstract—Gallium oxide (Ga2O3) phototransistors with
low dark current and high ON-OFF ratio have been attracting
considerable attention for UV-C light detection applications.
However, the joint influence of photoconduction and gating
on their photoresponse behaviors makes the photodetection
mechanism experimentally ambiguous. Herein, a theoretical
study on Ga2O3 phototransistors is performed with technol-
ogy computer-aided design (TCAD) Silvaco software to reveal
the role of gate bias and external UV-C light illumination on
their electrical characteristics. The analyses on the transfer
curves before and after 250-nm light illumination figure out
that the responsivity increases and then decreases with the
gate bias, and the gate bias required to achieve the maximum
responsivity increases with Ga2O3 thickness. Interestingly, under weak light irradiation, the current density of Ga2O3
phototransistors is found to be obviously enhanced by the gate bias owing to the effective separation of photo-generated
electron-hole pairs. However, this gating effect is weakened upon strong UV-C light illumination. Our theoretical work
clarifies the synergism and competition relationships between photoconduction and gating effects and offers a reference
for the design of high-performance Ga2O3 phototransistors.

Index Terms— Gallium oxide (Ga2O3), gating, photoconduction, phototransistor, responsivity, UV-C light detection.

I. INTRODUCTION

GALLIUM oxide (Ga2O3) has a large band gap, tunable
electron concentration, high solar-blind light absorption

coefficient, and excellent stability toward temperature, radi-
ation, and electric field, and thus has been attracting much
attention from the academic and industry communities [1],
[2], [3], [4], [5]. Especially, Ga2O3 phototransistors with large
ON-OFF current ratio and high responsivity show great poten-
tial for UV-C photodetection which are widely used in the mili-
tary and civilian fields such as missile guidance, environmental
monitoring, and short distance secure communication [6].
In the recent decade, various fabrication and characterization
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techniques have been used to study the physical properties
of Ga2O3 material and devices [7], [8], [9], [10]. The
performance of Ga2O3 phototransistors has been enhanced
remarkably via the optimization of crystalline quality
and the design of device configuration. For example,
Liu et al. [11] fabricated a Ga2O3 nanosheet based photo-
transistor that exhibited a dark current of 5 pA, the ON-OFF
ratio of 106, the responsivity of 4.79 × 105 A/W, and a decay
time of about 25 ms.

Although great progress has been made toward high-
performance Ga2O3 phototransistors, the modulation
mechanism of the gate voltage (VGS) remains ambiguous.
On the dark condition, the transfer characteristic curves
of Ga2O3 phototransistors can be turned from OFF-state to
subthreshold region, to linear region, and then to fully ON-state
with the increase of VGS. Once the UV-C light is illuminated,
the electron concentration in Ga2O3 increases and the thresh-
old voltage decreases [12]. Then, the drain current (ID) will be
controlled by the thickness of the Ga2O3 film, the VGS, and the
illuminated light intensity, which arouses some questions as
follows:

1) Are there optimal Ga2O3 thickness and VGS that can
balance the UV-C light absorption and carrier transport
controllability?

2) How to distinguish the contribution and take full advan-
tages of photoconduction and gating effects to the ID?

Although a few pioneering experimental works have studied
the UV-C light intensity- and VGS-dependent response of
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Fig. 1. (a) Transfer characteristic curves at different drain voltages.
Inset is the structure schematic of the Ga2O3 phototransistor. (b) Output
characteristic curves at different gate voltages.

Ga2O3 phototransistors [13], there is no consensus due to
the complex and interrelated relationship between gating and
photoconduction, along with the difficulties in systematically
screening extensive experimental parameters.

Numerical simulation can complement the experimental
data and is suitable for mechanism analyses owing to the
controllable parameter variation and visual current density.
However, the theoretical study of the emerging wide bandgap
semiconductor, Ga2O3 is rare up to date [14]. Given that
technology computer-aided design (TCAD) Silvaco is mature
software in the semiconductor industry that can be used for
simulating the field effect transistors (FETs) and diodes [15],
this work reports the theoretical study of Ga2O3 phototran-
sistors that clarifies the evolution rule of Ga2O3 thickness-
and VGS-dependent responsivity. Importantly, the simulations
of current density under a wide range of VGS and continuously
variable light intensity enable the revelation of photoconduc-
tion and gating impacts on the photoresponse behavior of
Ga2O3 phototransistors.

II. SIMULATION METHOD OF Ga2O3
PHOTOTRANSISTORS

The Ga2O3 phototransistors have a top-gate structure con-
sisting of SiO2 substrate, Ga2O3 channel, Si3N4 dielectric
layer, source and drain electrodes with a work function of
4.6 eV, and a top gate electrode with a work function of 5.0 eV.
The structure parameters of the device are shown in the inset
of Fig. 1(a) and the defined parameters of Ga2O3 are shown in
Table I [16], [17], [18]. In the code, Ga2O3 is n-type and has
traps. Ga2O3 material has interface defects and body defects.
In this article, the trap is set to be studied as a body defect.
The transfer characteristics have been studied by varying the
mobility of the electrons and holes. The results show that the
mobility of holes does not affect the curves, indicating that
the traps within the Ga2O3 bind the holes.

The models used in the simulation include the drift-
diffusion, carrier mobility, trap, etc. The drift-diffusion model
mainly consists of three equations: Poisson’s, carrier continu-
ity, and carrier transport [19]. ψ is the electrostatic potential,
ε is the local dielectric constant, ρ is the local space charge
density, Jn is the current density of the electrons, q is the
magnitude of the charge on the electrons, Jn is the electron
mobility, Dn is the diffusion coefficient of the electrons, n is
the concentration of the electrons, Gn is the rate of generation
of electrons, and Rn is the electron complexation rate

TABLE I
PARAMETERS OF Ga2O3 USED IN THE SIMULATION

Poisson equation: div(ε∇ψ) = −ρ

electron transport equation: J⃗n = qµn E⃗nn + q Dn∇⃗n

electron continuity equation: ∂n/∂t = 1/q∇⃗ · J⃗n+Gn − Rn.

The mobility model is a critical model that affects the
accuracy of device modeling. There is more than one scat-
tering mechanism for the mobility of Ga2O3 transistors. The
following focuses on the bulk mobility model used [20]

µconst = 118 ×

(
T

300K

)−1.5

.

In the trap model, the trap cross-sectional area significantly
affects the rate at which the trap captures carriers, and variation
of this parameter will have a corresponding effect on the
lifetime of the minority carrier in some regions of the material,
as shown in the following equation. Ntrap is the trap density, νth
is the carrier saturation rate, and σ is the trap cross-sectional
area [21]

τtrap =
1

Ntrapvthσ
exp

(
Ec − Etrap

kT

)
.

The transfer and output curves of the 100 nm thick Ga2O3
phototransistor are shown in Fig. 1(a) and (b), respectively.
The right y-axis is shown to describe the relationship between
gm and VGS [22] so that the different areas of the device can be
distinguished. The transfer characteristic curves under different
VDS show significant rectification behavior with an ON-OFF
ratio of about 104 and a turn-on voltage of 0 V. The output
characteristic curves exhibit linear and saturation regions as
the VDS increases. The simulated electrical properties are
consistent with the experimental transfer and output curves of
Ga2O3 FETs [23] and thus lay a foundation for the following
investigation.

III. UV-C PHOTODETECTION
PERFORMANCE MODULATION

The light absorption characteristic of Ga2O3 is crucial for
their photodetection performance and thus is studied at first.
As shown in Fig. 2(a), the absorptivity of Ga2O3 gradu-
ally increased with the wavelength decreases from 400 to
200 nm, and strong absorption is achieved in the UV region.
We observed that the intersection of the blue tangent line with
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Fig. 2. (a) Simulated light absorptivity of 100 nm Ga2O3 film changes
with the wavelengths of light. (b) Saturated photocurrent of Ga2O3
phototransistor at different incident light wavelengths, the 250 nm light
intensity is 1 µW/cm2 and the VDS = 3 V. (c) Transfer characteristic
curves with different wavelengths of light irradiation, the light intensity
is 1 µW/cm2, and the VDS = 3 V. (d) VGS-dependent responsivity with
different wavelengths of light irradiation.

the x-axis in the figure is about 260 nm, and we calculated
that Eg is about 4.8 eV. Fig. 2(b) shows the photocurrent
of the Ga2O3 phototransistor change with the wavelength of
incident light. The highest photocurrent was obtained at the
wavelength around 250 nm, which consists well with the
bandgap of Ga2O3. The transfer characteristic curves at dark
and at incident light wavelengths of 200, 250, and 300 nm are
shown in Fig. 2(c). The corresponding responsivity changing
with VGS is shown in Fig. 2(d). The responsivity (R) is
obtained according to the equation R = (Ilight – Idark)/(PlightS),
where Ilight and Idark represent the current recorded with and
without light irradiation, Plight is the power density of light, and
S is the area of the channel [24]. The responsivity of Ga2O3
phototransistors increases sharply in the threshold region and
reaches the highest value in the initial ON-state of the device.
Additionally, the strongest photoresponse behavior occurs at
250 nm which agrees with the change of photocurrent with
light wavelength.

The VGS-dependent photodetection performance of Ga2O3
phototransistors with different Ga2O3 thicknesses was studied.
As shown in Fig. 3(a)–(e), under 254 nm wavelength light
irradiation, the transfer curve moves upward for about one
magnitude while VGS > 2 V and for more than four magnitudes
while VGS < 0 V. These light response behaviors are consistent
with experimental light detection results [11] and confirm
the accuracy of our theoretical simulation. When 254 nm
light is applied, a large number of photogenerated carriers
are produced which will participate in the conduction. As a
result, the ON/OFF ratio in the OFF-state is several orders

Fig. 3. (a)–(e) Transfer characteristic curves with and without 250 nm
light irradiation. (f) VGS-dependent responsivity (R) with different Ga2O3
thicknesses. In (a)–(e), the 250 nm light intensity is 1 µW/cm2 and the
VDS = 3 V.

of magnitude higher than in the ON-state. We calculated
the VGS-dependent responsivity with Ga2O3 thickness ranging
from 100 to 200 nm. In Fig. 3(f), when the thickness is
constant, the responsivity first increases slowly, then increases
rapidly, and finally decreases. The variation tendency of R
under different VGS is determined by the difference between
Ilight and Idark. At high VGS, the decrease in R is ascribable
to the faster increase rate of Idark. Furthermore, the max R
first increases and then decreases with the increase of Ga2O3
thickness. This is caused by the trade-off between the light
absorption and the gate control [25]. The light absorption
efficiency increases with the channel thickness whereas the
gate control is weakened.

From Fig. 3(f), the article also finds out that the responsivity
of the Ga2O3 phototransistors finally decreases with the VGS
increasing when the thickness of the Ga2O3 layer is lower
than 170 nm. This is because as the number of intrinsic carriers
increases with thickness, the increase in VGS causes the gate
electrode to attract more intrinsic carriers, increasing dark
current. However, due to the significant decrease in absorption
of the thinner Ga2O3 layer, the number of photogenerated
carriers is limited, resulting in trivial changes in photocurrent
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Fig. 4. Relationship between maximum responsiveness, gate voltage,
and thickness.

with increasing VGS. In contrast, when the thickness of the
Ga2O3 layer is 200 nm, the responsivity does not appear to
decrease. This is due to the simultaneously increased number
of photogenerated carriers, making the light current match
the increase in dark current. Therefore, the responsivity curve
remains relatively flat with the VGS increasing. More interest-
ingly, as shown in Fig. 4, the maximum R increases and then
decreases as the thickness increases. The VGS corresponding to
the maximum R increases and shifts to the right. These obser-
vations indicate that the combined effect of photoconduction
and gating determines the photoresponse behaviors. Based on
the above results, the parameters at the highest responsivity
were chosen for better results in subsequent experiments. The
thickness is 170 nm and the VGS is 6 V.

IV. ROLE OF GATING AND PHOTOCONDUCTION

Photoconduction is defined to describe the enhancement in
ID under a fixed VDS by the photo-generated carriers [26].
The photoconduction is modulated by the gating because
once a VGS higher than the threshold voltage is applied,
the carrier distribution changes and the conduction channel
forms at the Ga2O3/gate dielectric interface, and thus, the
photoconduction is weakened. To verify this, the total current
density of the Ga2O3 phototransistors changing with VGS and
light intensity was investigated, as shown in Fig. 5(a) and (b).
The current density was used as a study indicator rather than
current to make the results more intuitive and comparable.
As the gate voltage or light intensity increases, the maximum
total current density increases, indicating that the gating or
photoconductance effect plays an increasingly strong role.

To properly regulate the gating, we test different dielectric
layer thicknesses and dielectric layer materials. As shown
in Fig. 6(a) and (b), as the thickness is reduced, the curves
become parallel earlier, indicating that this operation effec-
tively improves the gating effect. Similarly, different dielectric
layer materials also affect the distribution of electric field lines
due to their different dielectric constants, which ultimately
leads to varying levels of attraction to carriers in the channel.
As shown in Fig. 6(c) and (d), we changed the dielectric mate-
rials to Al2O3 and SiO2 and found that the change in the curves
of the Al2O3 material is not apparent. The current density in
the curves of the SiO2 material is reduced, and the curves
reach parallel later. This is because the dielectric constant size
of Si3N4 and Al2O3 are about 7, so the capacitance is similar

Fig. 5. (a) Maximum total current density under 250 nm light irradiation
when the light intensity is 1 µW/cm2. (b) Maximum total current density
for different light intensities when VGS = 6 V.

Fig. 6. Total current density as a function of gate voltage. Si3N4
dielectric layer thickness is 200 nm (a) and dielectric layer thickness
is 100 nm (b). Al2O3 dielectric layer thickness is 200 nm (c) and SiO2
dielectric layer thickness is 200 nm (d). The Ga2O3 thickness is 170 nm
and the VDS = 3 V.

to the identical results. The dielectric layer material of Si3N4
and a thickness of 100 nm were selected for the subsequent
studies in this article.

To further reveal the interaction between gating and photo-
conduction and their impacts on the photoresponse behaviors,
we simulated the current density in the Ga2O3 channel layer
in the following circumstances: 1) under different UV-C light
intensities with VGS of zero; 2) under different UV-C light
intensities and a constant VGS of 6 V; 3) under different VGS;
and 4) under different VGS and constant UV-C light intensity.
For cases 1 and 2, the simulated total current density as a
function of UV-C light intensity is illustrated in Fig. 7(a).
When no gate voltage is applied, the number of photogen-
erated carriers increases with the light intensity, and the
slope is nearly stable. Under VGS, the current density at the
same light intensity becomes higher. At high light intensities
(≥30 µW/cm2), the difference in current density between
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Fig. 7. Logarithmic total current density as a function of UV-C light
intensity (a) and gate voltage (b). The Ga2O3 thickness is 170 nm and
the VDS = 3 V.

cases 1 and 2 is small, indicating that the gating effect is
weakened.

For cases 3 and 4, the simulated total current density as
a function of VGS is illustrated in Fig. 7(b). Without UV-C
light illumination, the current density increases rapidly at low
VGS region and slowly in the high VGS region due to the
finite number of intrinsic free carriers in the Ga2O3 channel
layer [27]. After UV-C light is applied, the current density
increases sharply owing to the contribution of photo-generated
carriers. As VGS increases further, the current density curves
are parallel. This is because the photogenerated carriers are all
attracted by the high VGS (≥8 V). The attracted intrinsic car-
riers with increasing VGS eventually contribute to the current
density, thus leading to an equal slope. Based on the above
observations, the competitive relationship between gating and
photoconductivity can be summed up as the gate control
under weak light and the photoconduction dominates under
strong light. On the other hand, the theoretical simulation
has the advantage of performing extreme conditions that are
difficult to achieve in experiments but could provide a refer-
ence for experimental study. For instance, operating voltages
(VGS) above 500 V were performed to check the current
density change tendency. The results are consistent with those
shown in Fig. 7(b). Furthermore, similar gating control can
be obtained at lower VGS by decreasing the dielectric layer
thickness.

According to our current density distribution simulations,
a synergistic relationship was also observed from the above
competing. As shown in Fig. 8(a)–(c), the current density of
the Ga2O3 phototransistor under both VGS and UV-C light
illumination is much higher than the sum of those under only
VGS and only UV-C light illumination. As the mechanism
schematics shown in Fig. 8(d)–(f), gate voltage can attract
a small number of free electrons from the Ga2O3 layer and
make them accumulate at the Ga2O3/dielectric layer to form a
conduction channel [28]. Under UV-C light irradiation, some
of the photo-generated electrons and holes will participate
in conduction with the others recombine before being col-
lected by the source and drain electrodes [29]. In contrast,
if both VGS and UV-C light are applied, the recombination
of photo-generated electrons and holes will be suppressed
because of the vertical gate electric field-driven space sepa-
ration. The photo-generated electrons will be more efficiently
collected by the source and drain electrodes. When exposed

Fig. 8. Logarithmic current density distribution and corresponding
mechanism schematic of the Ga2O3 phototransistors obtained under
(a) and (b) only VGS = 6 V, (b) and (e) only 100 µW/cm2 UV-C light, and
(c) and (f) both VGS = 6 V and 100 µW/cm2 UV-C light. The VDS is 3 V
for (a) and (c), and the region in (a)–(c) are selected from the center
of the Ga2O3 channel beneath the gate electrode. The light source is
located under the substrate. The direction of light incidence is below
the substrate. The source and drain electrodes are on the left and right
sides, respectively.

to UV-C light, traps in the material capture photo-generated
carriers and mainly photo-generated holes. Therefore, higher
current density is achieved, and better photodetection per-
formance than the two-terminal devices could be realized.
Additionally, similar results were obtained in aluminum gal-
lium nitride (AlGaN) based devices, suggesting that our
simulation method and proposed mechanism are applicable to
other semiconductor-based phototransistors.

According to the simulation results, the UV detection
capability of the Ga2O3 phototransistor can be applied in
the fields of UV guidance, missile warning, fire warning,
and environmental detection. Yoon et al. [30] examined the
impact of light and gate voltage on the device. They produced
β-Ga2O3 synaptic FETs with Sn doping, which imitate optical
and electrical spike stimulation. In biomimicry, our work has
the role of advancing neuromorphic computing in the future.

V. CONCLUSION

In summary, the UV-C photodetection performance of
Ga2O3 phototransistors was simulated with TCAD. We found
that the thickness of the Ga2O3 channel layer plays a crucial
role in balancing the trade-off between the UV-C light absorp-
tion efficiency and gate control function. Further, the gate
voltage required to achieve the maximal responsivity should
be adjusted to match the thickness of the Ga2O3 channel.
The gate voltage- and UV-C light intensity-dependent current
density analyses figure out that the photoresponse behaviors of
Ga2O3 phototransistors are determined by the synergism and
competition between the photoconduction and gating effects,
which dominate under strong and weak light irradiation con-
ditions, respectively. Our theoretical simulation provides a
reference for the experimental design of high-performance
Ga2O3 phototransistors and offers profound insights into
their UV-C photodetection mechanism. The simulation results
have also been verified to be valid for other semiconductor
photoresistors.
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