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Electrode-Dependent Electrical Properties of Detection-
Band Tunable Ultraviolet Photodetectors Based on Ga,03/

GaN Heterostructures

Guangi Li, Ruifan Tang, Na Gao,* Cheng Li, Jinchai Li, Kai Huang,* Junyong Kang,

and Rong Zhang

The polycrystal Ga,O3; on GaN was realized by high-temperature oxidization of
the GaN films with oxidation time 1 and 10 h, and the metal-semiconductor-
metal photodetectors based on the Ga,O3/GaN heterostructure were fabricated
by using Ti and Au metal electrodes. A comparative study of different electrodes
and oxidation time on the performance of ultraviolet photodetector is performed.
Among the devices prepared by 1 h oxidation, it is found that the device fabri-
cated with Au electrode shows a lower dark-current and higher photocurrent than
the one with Ti electrode. This is mainly due to the higher Schottky barrier height
of sample with Au electrode. As for the device that experienced 10 h oxidation
with Au electrode, the solar-blind responsivity with the full width at half maxima
of 12 nm was obtained, which can be attributed to thicker Ga,0O; film. The
devices exhibit excellent performance, including low dark-current and satisfactory
responsivity, even under ultra-weak signal. The authors attribute these excellent
properties to the Ga,O; film, as it has a large grain size and a porous structure.
The results provide a simple method that is low-cost and high-output with large-
area production of high-performance ultraviolet photodetectors.

ZnMgO,b”! 1aAl0® etc.”) The alloying
process is indispensable for the controlla-
bility of the detection wavelengths of
solar-blind PDs. However, the manufactur-
ing process is complex and leads to inevita-
bly phases segregation, which will degrade
the performance of solar-blind PDs.

The emergence of Ga,0; semiconduc-
tors has shown unique advantages in avoid-
ing the alloying process because of its
ultrawide bandgap of 4.5-4.9 eV, covering
the solar-blind regime and processing high
thermal stability, chemical stability, and
thermal conductivity.'>™”) Also, a variety
of thin-film growth methods have emerged
in the past dacades."®*”! Wu et al. have
recently fabricated self-powered UVC
PDs on the grown B-Ga,0O; film by laser
molecular beam epitaxy (MBE) on ZnO

1. Introduction

UV detection can be precisely divided into UVA, UVB, and UVC;
the UVC detection, particularly, solar-blind photodetectors (PDs),
has demonstrated great potential applications in flame detection,
ozone hole monitoring, and secure communication. For most
studies, the solar-blind PDs were fabricated based on
wide-bandgap alloying semiconductors, such as AlGaN,[!'™
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substrate, which appears low dark current

and a responsivity of 0.763 mAW ! without

bias.”® Chen et al. have reported the

B-Ga,0Os films on diamond substrates by
plasma-enhanced chemical vapor deposition (PECVD) with the
device’s faster response speed and the responsivity of
2.6mAW ! at zero bias."! Qian et al. have revealed that the
PDs based on amorphous Ga,0j3 films by magnetron sputtering
had better performance than the f-Ga,03.*”! Guo et al. fabricated
self-powered UV PDs through depositing an n-type Ga,O5 thin
film onto an Al,O; single-crystal substrate shielded by a p-type
GaN thin film, and the device has a high UV/visible rejection
ratio  (Rys4nm/Raconm = 5.9 x 10>) under zero bias.’”
However, these methods are high cost, low efficiency, and diffi-
cult for large-scale production.

Recently, the growth of Ga,0; films by oxidization of GaN
films at a high temperature is proposed as an effective method
that is easy to control, low cost, and available for large-size pro-
duction.?** A recent work by Weng et al. has reported the
B-Ga,03/GaN-based solar-blind and visible-blind dual-band
PDs by furnace oxidization, achieving a deep-UV to a near-UV
contrast ratio of 4.6 x 10” at a bias of 1V.”? Tang et al. have
implemented the surface-plasmon-enhanced PDs through
depositing Rh nanoparticles onto the surface of the Ga,O; by
thermal oxidation, indicating the potentials in material
preparation.®) On the other hand, the structures of the PDs
play a key role in acquiring high-performance PDs. The lateral
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metal-semiconductor—metal (MSM) structure is a widely used
electrode pattern in PDs, and the metal-semiconductor is a critical
matter to determine the carrier transport and then affect the device
performance *>~% Recently, Liu et al. have fabricated the p-Ga,O;-
based ohmic- and Schottky-contacted detectors by comparing their
optoelectrical behaviors and the fundamental physical mechanism
between these two contacts.*”) Guo et al. have grown the PDs
based on p-Ga,0s films by MBE, which presents good Schottky
behaviors with lower dark current and faster rise time than ohmic
detectors.*"! In contrast, the Schottky contacts achieve better per-
formances by engineering the Schottky barriers by different work
functions between the metal electrode/semiconductor interface.
Zhou et al. have utilized different electrodes on SrTiO; with
the largest Schottky barrier height devices, enabling the lowest
dark current and the highest responsivity.*?) Li and Anderson
have also pointed that the reduced dark current of the silicon-
based MSM PDs could be attributed to higher Schottky barrier
height due to the thermionic emission.**! However, the influence
and inherent physical mechanism of different electrodes on the
optoelectrical performance of Schottky-contacted PDs based on
thermal oxide Ga,0; films needs to be further studied.

In this work, the Ga,0; films with different thicknesses were
grown by thermally oxidizing GaN epitaxial films to form Ga,05/
GaN heterostructures. The MSM PDs were fabricated through
controlled oxidation time and exhibited tunable response of
broadband 250-370 nm and a solar-blind detection for oxidizing
1 and 10 h, respectively. By depositing Ti/Au and Au electrodes
on the MSM PDs, the Schottky barrier height at the metal
electrode/semiconductor interface is engineered, leading to
the reduced dark current as low as 107'?A and a high
detectivity of ~1.28 x 10" Jones at 260 nm. This work provides
a simple and effective pathway for the realizations of detection-
band tunable UV PDs with low cost, large scale, and high
performances.
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2. Results and Discussion

Four samples of Ga,0O3/GaN heterostructures were fabricated
with the epitaxial GaN films thermally oxidized for 1 h (samples
A and B) and 10h (samples C and D), respectively. As shown
from the top-view and cross-sectional images in Figure la—c,
the surface morphologies of the GaN films have remarkably
become rough after thermal oxidation, with the presence of
large-size grains of Ga,0Os on the surface. Furthermore, there
exhibit more grains, and the surface becomes rougher, as the
oxidation time increases. From the SEM images, the thicknesses
of Ga,0; films in samples A and B are determined ~500 to
700 nm, as described in our previous work.”*! For samples C
and D, the averaged thickness of Ga,O; film corresponds to
~3.7 to 3.9 pm. Due to the transformation of GaN, the initial
thickness of GaN is 5.1 to 5.2um, and then achieves 4.8 to
4.9 pm after oxidation for 1 h. However, the GaN layer thickness
is ~2.4 to 2.6 pm after 10h oxidation. Obviously, the oxidized
GaN layer thickness is not varied linearly, as the thermal oxida-
tion time increases. This is most likely due to the saturated oxi-
dation rate during growth at the surface, which significantly
slows down the oxidation process between O, and GaN. The
large-size grains on the surfaces are facilitated to improve the
optical absorption by the increased surface-to-volume ratio.
Meanwhile, the energy dispersive spectroscopy (EDS) analysis
in Figure 1d,e represents the elemental N, O, and Ga distribu-
tions before and after oxidation, which indicates a large propor-
tion of Ga and O elements and the switching from GaN to Ga,03
structure. The appearance of aluminum may be caused by pol-
lution in the oxidation furnace.

Based on the aforementioned Ga,0;/GaN heterostructures, a
series of MSM PDs were fabricated by varying metal electrodes
on different Ga,03 thicknesses simultaneously. Four MSM PDs
were prepared based on the grown Ga,03/GaN heterostructures;

GaN I

Sapphire

After oxidation

Interdigital electrode

Ga,0,
GaN
Sapphire

Figure 1. a-c) The cross-sectional and top-view (inset) FE-SEM images of the prepared Ga,O3/GaN heterostructures under 1 and 10 h oxidation time.
d,e) The EDS spectrum before and after oxidation, respectively. f) Schematic diagram of the MSM-structured PD.
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for samples A and B, the thicknesses of Ga,03/GaN heterostruc-
tures are the same, but with different electrodes of Ti/Au
(20/40 nm) and Au (40 nm), respectively. For samples C and
D, the thickness of Ga,0; is ~3.7-3.9 pm for oxidizing at about
10 h, and the electrodes of Ti/Au (20/40 nm) and Au (40 nm) are
also deposited. Figure 1f shows the 3D schematic of the designed
structure of the representative device.

Figure 2 shows the [-V characteristics of the fabricated MSM
PDs based on Ga,03/GaN heterojunctions for samples A-D.
Figure 2a shows the dark current and photocurrent under
260nm illumination. Notably, the dark I-V curves and the
I-V curves under illumination all exhibit Schottky features.
The dark current is estimated to be as low as 107'* A under
the low bias for four samples, indicating that our devices have
low noise. When the bias increases to 15V, the dark current
of sample D is still as low as 107'* A, whereas that increases
to 10 %A for samples A and B and 10 "' A for sample C.
The low dark current in samples C and D can be attributed to
the thicker Ga,0js film, enabling the electrons channel to almost
attenuate in the Ga,O; layer rather than in the GaN layer. In con-
trast, the dark current of sample A increases faster with the
increasing bias than sample B, which may attribute the lower
Schottky barrier height determined by the work functions of
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the Ti than the Au electrode. Moreover, samples C and D also
exhibit the same behavior. Obviously, the Schottky barrier height
formed by different electrodes has an effect on the dark current
of the device.

Figure 2b shows the photocurrent of four samples under
360 nm illumination. Due to the depletion layer reaches the
GaN with the increase of the bias, the photocurrent of samples
A and B at 360 nm rises rapidly, so that the electrodes could col-
lect the photogenerated carriers in the GaN, whereas the photo-
current of samples C and D at 360 nm only has a little rise due to
the thicker Ga,0O; layer. In addition, two sets of samples exhibit
almost the same photocurrent at 260 nm with a low bias of 0-2 V.
As the bias increases, the depletion layer will reach to the GaN
layer, resulting in a rapidly increased photocurrent due to the
excellent conductivity of GaN for samples A and B.

To quantify the Schottky barrier height and the band structure
of Ti electrode and Au electrode on Ga,03, the in situ XPS was
carried out to detect photoelectrons from a shallow surface depth,
respectively.l**~*% The position of the valence band maximum of
Ga,0; concerning the Fermi level (0 eV in the XPS spectra) can
be directly measured. Figure 3a shows the valence band structure
of the Ga,0;, and the cutoff was estimated at ~3.51eV
separation from the Fermi level to valence band maximum.
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Figure 2. a) llluminated and dark I~V characteristics of Ga,03/GaN MSM UV PDs for samples A-D under 260 nm. b) Photocurrent of the four devices
under 360 nm. The light intensities of 260 and 360 nm after calibration by the Si standard detector are 2.3 yWcm™2 and 1 x 10~* Wem ™2
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Figure 3. a) Valence band structure of Ga,0s. b) The core-level spectra of Ga 3 d for Ga,O; and Ga,O; with Ti and Au.
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The core-level spectra of Ga 3 d for the initial Ga,0j3 surface, Ti,
and Au depositions are shown in Figure 3b. It clearly observes a
red shift to the higher binding energies after the metal deposi-
tion. The Schottky barrier height is determined from the red shift
to 0.4 and 0.85 eV for Ti electrode and Au electrode on Ga,0s,
corresponding to all samples. Thus, the lower dark current of
samples B and D aforementioned in Figure 2 can be explained
by the higher Schottky barrier than the height of samples A and
C. After the metal Au is deposited, the core level spectrum of Ga
3 d for Ga,03 with Au presents additional features. The features
are located between 22.5 and 25 eV and are possibly related to the
defect states of Ga or arising from the other compounds of Ga
during the thermal process, or other defects formed during the
Au deposition.

The key figures-of-merit responsivity (R) and detectivity (D*)
are used to evaluate the performance of the PDs. As shown in
Figure 4a—d, samples A and B show a broad spectrum UV
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response, whereas samples C and D exhibit a large 260 nm/
360nm rejection ratio exceeding 10%. It is worth noting that
the responsivity spectrum of the MSM PDs is located at
250-370 nm for samples A and B, covering a broad range from
UVC to UVA. The values of the responsivity are given by the fol-
lowing equation

Iph - IDark

R= (1)

P, optical

where I, and Ip,« denote the photocurrent and the dark cur-
rent, respectively, and popiica is the incident optical power at
the specific wavelength.

Obviously, the spectral responsivity reaches as high as 4.69
and 7.78 AW ' at a bias of 7V for samples A and B, showing
sharp cutoff drops by two orders of magnitude at ~375nm.
As the dark current of sample D is lower, the responsivity of
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Figure 4. a-d) Spectral responsivity of Ga,03 MSM UV PDs for all samples. All the devices are measured under 7 V. e,f) The energy band mechanism

diagrams of samples with different electrodes and oxidation times.
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sample D has also been enhanced. It can be seen that the
Schottky barrier of the metal electrode/Ga, O3 interface has a sig-
nificant influence on the performance of the device. When the
height of the Schottky barrier is improved by ~0.45 eV, the dark
current decreases by one order of magnitude, and the responsiv-
ity of the device will be enhanced. Meanwhile, the spectral
responses were tunable to a narrowband wavelength of
260 nm for samples C and D, with the full-width at half-maxi-
mum (FWHM) as narrow as 17 and 18 nm. The responsivity
is determined as 1.57 and 1.8 AW ' at a bias of 7V. Wang
et al. has reported a solar-blind UV PD based on the poly(3,4-eth-
ylenedioxythiophene) and polystyrene sulfonate acid (PEDOT:
PSS)/B-Ga,0s5 structure, which shows a sharp cutoff wavelength
at 263 nm with the FWHM as narrow as 17 nm."*’! Liu et al. have
fabricated the B-Ga,Os-based solar-blind PD, and the response
spectrum also presents a narrowband behavior.[*¥! In this work,
the optical power density of the incident light is much lower com-
pared with the reported work, particularly below the wavelength
of 230 nm. Thus, in addition to the depletion layer attenuated to
the Ga,0j; layer, the fewer photons absorption at the shorter
wavelength is probably leading to the narrowband detection.
The detectivity (D*) could be expressed as
R
Do— 2)

V 2EIDau'k/S

where S (2.88 x 10™* cm?) is the effective area under illumina-
tion. The shot noise from Ip,, is regarded as the major compo-
nent in the total noise. The detectivity for sample A at a
wavelength of 260 nm is calculated as 1.26 x 103 Jones, which
is of one order magnitude lower than sample B (1.28 x 10™*
Jones).

Figure 4e,f represents the schematic band structures of the
metal/semiconductor contacts. The formation of Au electrode
on Ga,0; (sample B) leads to a higher Schottky barrier than
Ti metal on Ga,0; (sample A), facilitated to suppress the dark
current and improve the performances of the MSM PDs.
Thus, the Au electrode is fabricated onto the surface of sample
C that thermally oxidizing GaN films for 10 h. One can deduce
from Figure 4f that the photogenerated carriers with relatively
slow mobility in the Ga,0; film enable only the UVC light
absorbed by the Ga,0; depletion layer, and the photocurrent
exhibits lower than the other two PDs. Among the four PDs, sam-
ple B is expected to process the most stable performance, partic-
ularly showing a significant improvement in responsivity. Due to
the lower dark current and higher photocurrent, the detectivity
D* for sample B at 260 nm is determined 1.28 x 10** Jones at
~260nm, which is much larger than that of sample A
(1.26 x 10"*Jones).

3. Conclusion

In this work, we obtain the polycrystal Ga,O3 by a simple process
of high-temperature oxidization of GaN film with different oxi-
dation times (1 and 10 h), and simple MSM structure PDs were
fabricated. The PDs exhibited excellent performance, including
low dark current (=107'?A) and satisfactory responsivity
(778 AW™') even under ultraweak signal (4.6 x 107'°W).
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Moreover, the devices fabricated by 1 h oxidation exhibit a broad
spectrum UV response, and the sample with Au electrode has
higher responsivity and lower dark current than the one with
Ti electrode. When the bias exceeds 5V, the dark current is
far suppressed due to the formation of the higher Schottky bar-
rier, which is consistent with the results obtained by XPS mea-
surement. Due to lower dark current and higher photocurrent,
the detectivity D* for sample B at 260nm is calculated as
1.28 x 10 Jones, which is much larger than that of sample A
(1.26 x 10"%Jones). The solar-blind responsivity with the
FWHM of 18 nm was obtained when an oxidizing time of
10 h hour is performed. Due to the thickening of the Ga,Os film,
the photocurrent and the dark current are maintained at a low
value compared with the devices prepared by 1h oxidation.
The good performance, along with the low-cost fabrication,
and availability in solar-blind or broad-spectrum UV detection,
indicates that our finding reveals additional pathways for devel-
oping UV PDs for various applications.

4. Experimental Section

The complete Ga,03/GaN heterostructures were initiated with the
n-type GaN film grown along with the c-plane sapphire substrates.
Before the oxidation process, the GaN/sapphire was ultrasonically
cleaned with acetone and alcohol in sequence and then immersed into
a dilute aqueous hydrochloric acid solution (HCl:H,O =1:1) to remove
the oxides on the surface. Subsequently, the samples were placed in a
quartz tube furnace, with 50 standard-state cubic centimeter per minute
(sccm) oxygen passed through at 1000 °C for 1 h and 10 h at atmospheric
pressure, respectively. A series of characterizations were carried out to
deeply understand the structural properties of the grown Ga,O;/GaN
heterostructure. The surface morphology, crystalline quality, and element
distribution of the samples were investigated by a Hitachi S-4800
field-emission scanning electron microscope (FE-SEM). The valence
band and the electron binding energy were performed by an X-ray
photoelectron spectroscopy (XPS; PHI Quantum 2000) using
monochromatic Al Ka X-rays.

Based on the grown Ga,0;/GaN heterostructures, a series of standard
processes, such as photolithography (Karlsuss MA6/BA6), direct-current
magnetron sputtering (Denton Explorer-14), and liftoff process, were car-
ried out to fabricate MSM PDs. For the interdigitated MSM structures
reported in this work, the fingers were 300 pm long and 10 pm wide with
a spacing of 10 um. Ti/Au (20/40 nm) and Au (40 nm) were then sputtered
to form Schottky contacts. The fabricated PDs were finally annealed by
rapid thermal annealing (RTA 300) under a N, atmosphere at 400°C
for 300 's. I-V characteristics and the photocurrent response spectra were
measured using a combination of a 450 W Xe arc lamp, Keithley 2410
source meter, and a Keithley 6514 programmable electrometer. The sys-
tem was calibrated with a UV-enhanced Si detector. The devices were all
illuminated from the front metal/semiconductor contact side, and the
effective illumination area was ~2.88 x 10~* cm?. All measurements were
carried out at room temperature.
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