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With the rapid advancement of optoelectronic technology, high-performance photodetectors are increasingly in de-
mand in fields such as environmental monitoring, optical communication, and defense systems, where ultraviolet detection
is critical. However, conventional semiconductor materials suffer from limited UV-visible detection capabilities owing to
their narrow bandgaps and high dark currents. To address these challenges, wide-bandgap semiconductors have emerged
as promising alternatives. Here, we fabricated a horizontally structured n–n heterojunction photodetector by growing β -
Ga2O3 on Si–GaN via plasma-enhanced chemical vapor deposition. The device exhibits a self-powered photocurrent of
3.5 nA at zero bias, enabled by the photovoltaic effect of the space charge region. Under 254-nm and 365-nm illumination,
it exhibits rectification behavior, achieving a responsivity of 0.475 mA/W (0 V, 220 µW/cm2 at 254 nm) and 257.6 mA/W
(−5 V), respectively. Notably, the photodetector demonstrates a high photocurrent-to-dark current ratio of 105 under −5-V
bias, highlighting its potential for self-powered and high-performance UV detection applications.

Keywords: Si–GaN/β -Ga2O3, horizontally structured, n–n heterojunction, self-powered

PACS: 85.30.–z, 85.30.De, 85.25.–j

DOI: 10.1088/1674-1056/adee8d CSTR: 32038.14.CPB.adee8d

1. Introduction

In recent years, remarkable progress in optoelec-
tronic technology has driven significant advances in high-
performance photodetectors, enabling diverse applica-
tions ranging from environmental monitoring to defense
systems.[1,2] While conventional semiconductors such as sili-
con and gallium arsenide have served as fundamental materi-
als, their limited bandgaps and carrier mobilities restrict their
performance in ultraviolet-to-visible spectral detection.[3]

This challenge has motivated substantial research into wide-
bandgap semiconductors, particularly gallium nitride (GaN)
and gallium oxide (Ga2O3), which offer superior physical and
chemical properties.[4–7]

GaN has exceptional characteristics including a direct
bandgap of 3.4 eV and high electron saturation velocity,
whereas Ga2O3 has an ultra-wide bandgap (∼ 4.9 eV) mak-
ing it particularly suitable for deep-ultraviolet detection.[8–11]

Among its polymorphs, β -Ga2O3 stands out for its excel-
lent thermal and chemical stability, making it ideal for opera-
tion in extreme environments involving high temperatures and
radiation.[2,12]

The performance of lateral heterojunction photodetectors
critically depends on the conductivity of materials. While Mg-
doped GaN typically suffers from high resistivity which hin-
ders efficient carrier extraction,[9] Si-doped n-type GaN has

proven effective in reducing resistivity without compromising
optoelectronic performance.[13] This understanding led to our
innovative approach of constructing an n–n heterojunction us-
ing n-type-doped GaN and intrinsic n-type Ga2O3. Through
precise energy band alignment engineering, we achieved per-
formance comparable to conventional p–n junction photode-
tectors.

This study employed plasma-enhanced chemical vapor
deposition (PECVD) to epitaxially grow β -Ga2O3 on Si–GaN
substrates and fabricated a horizontally structured n–n het-
erojunction photodetector. The device demonstrated excellent
performance metrics, including a specific detectivity (D∗) of
8.6× 108 Jones and responsivity (R) of 0.475 mA/W under
254-nm illumination (220 µW/cm2) at zero bias. Notably, at
a bias of −5 V, the device observes an outstanding photo-to-
dark current ratio (PDCR) of 105. These results not only vali-
date the potential of n–n heterojunction architectures for high-
performance optoelectronics but also open new avenues for
device optimization and application development in this field.

2. Experimental details
The β -Ga2O3 thin film was deposited via plasma-

enhanced chemical vapor deposition (PECVD) on a pre-
patterned sapphire substrate with a pre-grown Si-doped
GaN epitaxial layer.[14,15] High-purity gallium particles
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(99.99999%) and oxygen gas were used as precursors, with
argon (Ar) as the carrier gas. The deposition process was
conducted at approximately 870 ◦C for 45 min, with the ra-
dio frequency (RF) power, oxygen flow rate, and argon flow
rate maintained at 250 W, 20 sccm, and 20 sccm, respec-
tively. As illustrated in Fig. 1(a), a horizontal n–n hetero-
junction structure was successfully fabricated. Subsequently,
two indium electrodes (1 mm×1 mm) were deposited on the
film surface to fabricate the PD. The surface morphologies of
both β -Ga2O3 and Si-doped GaN thin films were character-
ized by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The crystalline structures of the samples
were investigated using x-ray diffraction (XRD) analysis. Op-
tical absorption measurements were performed through UV-
visible (UV-vis) spectroscopy to determine the optical band
gaps of the deposited films. In addition, the energy band align-
ment was precisely determined by ultraviolet photoelectron
spectroscopy (UPS) measurements. To comprehensively eval-
uate the optoelectronic characteristics of the device, photore-
sponse measurements were performed under 254-nm and 365-
nm ultraviolet illumination using a Keysight B1505A power
device analyzer.

3. Results and discussion
The surface morphologies of the Si–GaN and β -Ga2O3

films are characterized by scanning electron microscopy
(SEM) (Figs. 1(b) and 1(c)), which exhibit relatively uniform
and smooth surfaces. The AFM images of Si–GaN and Ga2O3

are inserted in Figs. 1(b) and 1(c) respectively and show the

surface morphology of the thin film with a scanning area of
2 µm×2 µm. The root-mean-square (RMS) surface roughness
values are 0.44 nm and 2.79 nm, respectively. The surface of
Ga2O3 thin film is rougher than that of the Si–GaN thin film,
which may be caused by the large lattice mismatch between
Ga2O3 and the underlying GaN during PECVD growth. A dis-
tinct interfacial boundary between the two materials is clearly
observed in the cross-sectional SEM image (Fig. 1(d)). The
measured thicknesses of the GaN film and PECVD-deposited
β -Ga2O3 layer are determined to be 4.25 µm and 377 nm, re-
spectively.

(c) (d)Ga2O3 377 nm

4.25 µm

RMS = 2.79 nm

RMS = 0.44 nmSi-GaN

Sapphire substrate
Si-GaN

Ga2O3

UV

In electrons

(a)  
(b) 

Fig. 1. (a) Schematic diagram of the Si–GaN/β -Ga2O3 heterojunction PD.
The SEM (b) surface image of the Si–GaN (the inset is the AFM image) and
(c) β -Ga2O3 film (the inset is the AFM image); (d) cross-section image of
the Si–GaN/β -Ga2O3 heterojunction.
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Fig. 2. (a) XRD patterns of the Si–GaN/β -Ga2O3 heterojunction. (b) Absorption spectra of β -Ga2O3 and GaN films. (c) Optical band gaps of
β -Ga2O3 and GaN films. (d) The UPS spectrum of the Si–GaN film.
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Fig. 3. (a) I–V characteristic curve of the Si–GaN/βGa2O3 n–n junction photodetector under 254-nm light illumination, (b) the log-scale I–V
curves of Si–GaN/βGa2O3 PD under different wavelength light; I–V characteristic curve of (c) In/Si–GaN/In MSM structure in dark, under
365-nm light and 254-nm light illumination; (d) In/βGa2O3/In MSM structure in dark, under 365-nm light and 254-nm light illumination.

The x-ray diffraction (XRD) analysis of the Si–GaN/β -
Ga2O3 heterojunction is shown in Fig. 2(a). In addition to the
prominent diffraction peaks originating from the sapphire sub-
strate, three characteristic peaks located at 18.88◦, 38.37◦, and
58.92◦ are identified, which are indexed to (2̄01), (4̄02), and
(6̄03) crystallographic planes of β -Ga2O3, respectively.[16]

Furthermore, an additional diffraction peak is observed at
34.65◦, corresponding to the (002) plane of wurtzite GaN.[6]

The UV-vis absorbance spectrum of β -Ga2O3 and Si–GaN
were illustrated in Fig. 2(b), from which the optical Eg of the
β -Ga2O3 and Si–GaN thin films can be evaluated according to
the Tauc’s relationship[16]

(αhν)2 =C(hν−Eg), (1)

where C is a constant and hν is the photon energy of the in-
cident light. By extrapolating the function of (αhν)2 and hν ,
Eg of the β -Ga2O3 and Si–GaN thin films are determined to
be 4.88 eV and 3.41 eV respectively (Fig. 2(c)). Moreover,
UPS was conducted to identify the energy band diagram of
Si–GaN, as shown in Fig. 2(d). The calculated work function
of Si–GaN is 21.22−16.40 = 4.82 eV, where 21.22 is the en-
ergy value of helium discharge lamp photons. Additionally,
the valence band edge values (relative to the Fermi level) is
extracted to be 3.05 eV.

The linear I–V characteristics of the heterojunction pho-
todetector under dark and 254-nm light illumination with vari-
ous light intensities are demonstrated in Fig. 3(a). Under 254-
nm illumination, the PD exhibits rectification behavior, with
an open-circuit voltage (Voc) of approximately 400 mV, con-
firming the presence of a built-in electric field and its self-
powered operation capability. The semilog I–V characteris-
tics of the heterojunction photodetector under dark, 254-nm
and 365-nm illumination are displayed in Fig. 3(b). Under a
bias voltage of −5-V and 254-nm illumination, the photocur-
rent increases sharply, achieving a PDCR of 105, which is two
orders of magnitude higher than that obtained under 365-nm
illumination.

Additionally, to exclude the influence of the contact be-
tween the thin film and the electrode on the device per-
formance, we studied the contacts at the In/Si–GaN/In and
In/βGa2O3/In interfaces. The I–V curve of the In/Si–GaN/In
MSM structure is shown in Fig. 3(c) and the schematic dia-
gram of the MSM structure device is shown in the inset. The
linear characteristic of the I–V curve indicates an Ohmic con-
tact between the Si–GaN and In electrodes.[17] Under 254-nm
and 365-nm light illumination, the photocurrent shows a slight
increase compared to those under dark conditions. Mean-
while, the relatively low resistance of the GaN thin film leads
to a high dark current in the GaN film. The I–V curve of
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the In/βGa2O3/In MSM structure is shown in Fig. 3(d). The
results confirm that the In electrode forms an Ohmic contact
with the βGa2O3 thin film, and the photoresponse under 254-
nm light illumination is more sensitive than that under 365-nm
light illumination. These results validate confirming the device
response is dominated by the n–n heterojunction itself.

As illustrated in Fig. 4(a), the I–t characteristics of the
photodetector under 254-nm illumination with different light
intensities at zero bias are presented. The photogenerated
electron–hole pairs are effectively separated by the built-in
electric field, with electrons drifting from GaN to Ga2O3, re-
sulting in a negative current. When the light intensity increases
to 220 µW/cm2, Iphoto gradually increases and reaches up to
3.5 nA.

Furthermore, as shown in Fig. 4(b), under identical illu-
mination intensity, the current generated under 254-nm illu-
mination is significantly higher than that under 365-nm illu-
mination. This phenomenon can be attributed to the higher
density of photogenerated carriers produced in the heterojunc-
tion under 254-nm illumination, leading to a more efficient
separation of electron–hole pairs by the built-in electric field.
Moreover, the built-in electric field induced under 254-nm illu-
mination is stronger, which not only enhances the carrier sep-
aration efficiency but also provides a greater driving force for
charge transport while suppressing electron–hole recombina-
tion, thereby generating a larger self-powered current.

At the same time, it can be seen from the figure that the
self-powered current generated under zero bias voltage has an

obvious overshoot phenomenon. When the ultraviolet lamp
is turned on, the carrier concentration overshoots due to the
rapid injection of photogenerated carriers, producing an obvi-
ous spike before the current reaches a stable state. However
this process is very short, and the current will soon return to
stability. When a bias voltage is applied, the photogenerated
electrons and holes are propelled by the external electric field
to drift in the antiparallel directions. This directional migra-
tion effectively eliminates the overshooting phenomenon, as
shown in Fig. 4(c).

Under the 254-nm light illumination with a light inten-
sity of 220 µW/cm2, the transient response speed at zero bias
voltage was estimated by fitting the equation[18]

I = I0 +Ae−t/τ1 +Be−t/τ2 . (2)

As shown in Fig. 4(d), the device exhibits non-competitive
rise times (τr1 = 0.19 s and τr2 = 1.41 s) and decay times
(τd1 = 0.25 s and τd2 = 2.94 s). The relatively long response
time can be primarily attributed to lattice mismatch during
the heterojunction epitaxy. This structural mismatch intro-
duces interfacial trap states that temporarily capture the car-
riers. When these trapped carriers are subsequently released
or recombined, they introduce additional delays in carrier sep-
aration. Furthermore, the energy band discontinuities at the
heterojunction interface form potential barriers, thereby caus-
ing electron accumulation at the interface and prolonging the
rise time.
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Figure 5(a) shows the band structure diagram of Si–GaN
and β -Ga2O3 before contact. Due to the difference in electron
affinity between the two materials, an offset exists in their con-
duction band minimum positions. When an interface is formed
between them (Fig. 5(b)), a sudden energy level shift occurs
at the conduction band edge. This conduction band step hin-
ders electron transport from β -Ga2O3 to Si–GaN.[19,20] In the
absence of an external electric field, electrons spontaneously
migrate from the material with a higher Fermi level to the ma-
terial with a lower Fermi level until the Fermi levels of both
materials reach equilibrium.[21] During this process, electrons
are transferred from the β -Ga2O3 side to the Si–GaN side, re-
sulting in the formation of an electron depletion layer at the
β -Ga2O3 interface and an electron accumulation layer at the
Si–GaN interface. This charge redistribution creates a built-
in electric field directed from β -Ga2O3 to Si–GaN, accom-
panied by upward band bending in Si–GaN and downward

band bending in β -Ga2O3. Under illumination, photogener-
ated carriers (electron–hole pairs) are effectively separated by
the built-in electric field and electrons are driven toward the
β -Ga2O3 side, generating a self-powered current flowing from
β -Ga2O3 to Si–GaN. As shown in Fig. 5(c), when a forward
bias (Si–GaN connected to the positive electrode) is applied,
the external electric field opposes the built-in electric field,
thereby reducing the overall field strength. In this case, the
separation efficiency of the photogenerated carriers is reduced,
and the conduction band step further impedes electron back-
flow to Si–GaN, resulting in a relatively small photocurrent.
Conversely, under reverse bias (Fig. 5(d)), the external electric
field aligns with the built-in electric field, enhancing the over-
all field effect. The carrier separation efficiency is improved
and the carrier recombination process is suppressed, thereby
yielding a larger photocurrent. This asymmetric current char-
acteristic demonstrates a typical rectification.
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To comprehensively explore the performance of the Si–
GaN/β -Ga2O3 photodetector, we determined the R, D∗, and
external quantum efficiency (EQE) at zero bias as they vary
with different light intensities. The R, EQE, D∗, and PDCR
were derived as follows:[22,23]

R =
Iphoto− Idark

P ·S
, (3)

D∗ =
R
√

S√
2eIdark

, (4)

EQE =
hcR
eλ

, (5)

PDCR =
Iphoto− Idark

Idark
, (6)

where P is the light intensity, S is the effective illuminated
area of the PD, e is the electron charge, h is Planck’s con-
stant, λ is the wavelength, and c is the speed of light. As
shown in Fig. 6(a), with increasing incident light intensity,
more electron–hole pairs are generated and a self-heating ef-
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fect is introduced. The probability of charge carrier scatter-
ing and recombination increases, resulting in a decrease in R.
According to the formula, it can be seen that both EQE and
D∗ will decrease as R decreases. Under the 254-illumination
with a light intensity of 64 µW/cm2, R, EQE, and D∗ are
calculated to be 0.475 mA/W, 0.24%, and 8.6×108 Jones at
0 V, respectively. As illustrated in Fig. 6(b), the photocur-
rent grows with increasing light intensity, which can be fitted
to the power law I ∝ Pθ ,[15] with θ = 0.52. The parameter θ

serves as an exponent characterizing. The photoresponse mag-
nitude. This phenomenon implies the existence of abundant
intrinsic defects within the heterojunction. These defects are
presumably induced by oxygen plasma bombardment during
PECVD growth of β -Ga2O3 on Si–GaN, which degrades the
Si–GaN surface and introduces defects, and interfacial states
generated by lattice mismatch at the heterojunction interface.
The trap states capture the photogenerated carriers, leading
to nonlinear recombination processes. This effect is notably

pronounced under low light intensities, exhibiting sublinear
photoresponse behavior (θ < 1).[13] Additionally, figure 6(c)
shows the PDCR values under different light intensities as they
change with the applied bias voltages. The PDCR, which char-
acterizes the detector’s signal-to-noise ratio, exhibits a sub-
stantial increase as the light intensity rises. When a−5-V bias
is applied and the device is illuminated with 254-nm light at
an intensity of 220 µW/cm2, the PDCR reaches a remarkable
∼ 105, highlighting the n–n type heterojunction photodetec-
tor’s exceptional photoresponse.

The comparison between the performances of the Si–
GaN/β -Ga2O3 heterojunction photodetector in this work and
Ga2O3-based heterojunction photodetectors in other reports is
listed in Table 1, demonstrating that our heterojunction ex-
hibits lower dark current, relatively good responsivity at an
applied voltage of 0 V, and demonstrates certain potential for
applications in the field of self-powered photodetectors.
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Fig. 6. (a) Responsivity, external quantum efficiency, and detectivity as a function of the light intensities at 0 bias under 254-nm light illumination.
(b) The fitted nonlinear relation curve of the photocurrent with the light intensities; (c) photo-to-dark current ratios as a function of applied bias voltages
under various 254-nm light intensities of the heterojunction photodetector.

Table 1. Comparisons of the performances of Ga2O3-based heterojunction photodetectors.

Photodetector Idark (A) PDCR R (mA/W) D∗ (Jones) Ref.

Si–GaN/β -Ga2O3 2.96×10−11 (0 V) 1×105 (220 µW/cm2) 0.475 (0 V) 8.6×108 (0 V) this work
La2O3/ε-Ga2O3 – 2.68×104 (220 µW/cm2) 1.67 (0 V) – [24]

β -Ga2O3 nanoflakes/p-Si 2.33×10−9 (0 V) 4.8×104 (7000 W/cm2) 0.16 (0 V) – [25]
β -Ga2O3/NiO 3.35×10−11 (0 V) – 0.245 (0 V) 1.81×108 (0 V) [26]

PEDOT: PSS/Ga2O3 9.5×10−7 (0 V) – 0.24 (0 V) – [27]
Ga2O3/CuGaO2 5.1×10−14 (0 V) 2.3×104 (1000 µW/cm2) 0.025 (0 V) 9×1010 (0 V) [28]
Ga2O3/CuCrO2 6.1×10−14 (0 V) 3.5×104 (1000 µW/cm2) 0.12 (0 V) 4.6×1011 (0 V) [28]

4. Conclusion

An n–n heterojunction photodetector based on Si–
GaN/β -Ga2O3 is successfully fabricated via PECVD. The de-
vice exhibits outstanding detection performance under 254-nm
ultraviolet illumination: at zero bias with 64-µW/cm2 inten-
sity, it achieves an R of 0.475 mA/W and a specific D∗ of
8.6× 108 Jones. A significant self-powered photocurrent of
3.5 nA is observed at 220 µW/cm2, demonstrating a linear re-
sponse to increasing light intensity. Under −5-V reverse bias,
the device shows exceptional photoresponse characteristics,
including an ultrahigh photo-to-dark current ratio (PDCR) of
∼ 105. This study demonstrates a cost-effective fabrication

strategy for n–n heterojunction photodetectors. The device de-
livers p–n junction-comparable performance in self-powered
UV detection, highlighting the substantial potential of n–n
junction architectures for optoelectronic applications.
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