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Si-doped B-Ga,0s films are fabricated through metal-organic chemical vapor deposition (MOCVD). Solar-blind
ultraviolet (UV) photodetector (PD) based on the films is fabricated by standard photolithography, and the photodetection
properties are investigated. The results show that the photocurrent increases to 11.2 mA under 200 uW-cm ™2 254 nm
illumination and +20 V bias, leading to photo-responsivity as high as 788 A-W~!. The Si-doped 8-Ga,O3-based PD is
promised to perform solar-blind photodetection with high performance.

Keywords: Si-doped 3-Ga; 03, metal-organic chemical vapor deposition (MOCVD), solar-blind, high respon-

sivity
PACS: 73.30.+y, 85.25.0j, 85.60.Dw

1. Introduction

Since ultraviolet (UV) radiation was discovered by Jo-
hann Ritter in 1801, it has received extensive research for its
influence on the survival and development of humankind.!-!
According to the International Commission on Illumination,
the ultraviolet spectrum could be divided into three bands:
UVA, UVB, and UVC.P! Due to the strong absorption of
the protective ozone layer, the UVC region is also called
as the solar-blind region, which means the noise signal of
the UVC radiation in natural background is very weak and
the radiation signal could be very accurately detected.!!
Thus, solar-blind photodetectors (PDs) have plenty of appli-
cations in flame sensing, information communication, chem-
ical/biological analysis, etc.[>®! Among various solar-blind
photodetectors, GapO3 is deemed as a promising candidate
for UVC detection because of its proper bandgap (~ 4.9 eV),
good reliability, and availability.[”-#! Up to now, various kinds
of Ga,03 based PDs are extensively investigated.[”] Metal—
semiconductor-metal (MSM) structured devices are fabricated
on f, a, and € phase GayOs films to study their photo-

[10-14] Schottky junction, heterojunction,

detective abilities.
and van der walls junction between various materials and

Gay03 films are also exploited to explore the relevant pho-

DOI: 10.1088/1674-1056/abe37a

toconductive and photovoltaic properties.!'>~2!) Metal-oxide—
semiconductor field effect transistor structured Ga,O3; PDs
are also fabricated to investigate their behaviors as solar-blind

[2223] In addition, as the defects and doped

phototransistors.
elements affect the carrier transport properties significantly,
doping could also be an effective way to enhance the perfor-
mance of PDs.[>*-26] For instance, Zhao et al. investigated the
photoelectric characteristics of Sn-doped Ga,0j3.>’! Kokubun
et al.®® and Tian et al.*®! studied the behaviors of In-doped
Gay 03 based photodetector. Grundmann et al. demonstrated
UV PDs based on a Si-doped (In,Ga;_,)>0Oj3 thin film by PLD
methods.*%! Cui et al.®Y and Wuu et al.3?) investigated the
photodetector characteristics of Al-doped Ga;03. Zhao et
al.®3 and Alema et al.3* observed the improved photoelec-
tric performance in Zn-doped 3-Ga, O3 films. Guo et al. in-
vestigated the Mg-doped p-type B-Ga, O3 thin film for solar-
blind ultraviolet photodetector.>>) Moreover, Fang et al. fab-
ricated high quality p-type B-Ga,O3 films by doping N ele-
ments and paved a novel way to fabricate super sensitive oxide
semiconductor photodetectors.3®! However, although doping
Si elements is as an effective way to enhance the conductiv-
ity of GaOs, reports about Si-doped Ga, O3 PDs are limited.

Currently, Kim et al.l’7! and Pearton et al.!*¥! have studied
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the photoresponse properties of the Si-implanted Ga;O3. The
metalorganic chemical vapor deposition (MOCVD) is an ef-

$.39 More inves-

fective way to deposit Si-doped Ga;O3 film
tigation about the Si-doped Ga;O3 PDs is still required.

Thus, in this paper, Si-doped Ga;O3 films were deposited
on sapphire substrate by MOCVD methods. An MSM struc-
tured PDs device was fabricated and the electric behaviors of
the device were measured under dark and 254 nm illumina-
tion. With /-V and /-t measurements, the results indicate that
Si-doped Ga,Os films have great potential in solar-blind pho-

todetector fields.

2. Experimental details

Si-doped Ga;0O3 films were deposited on (0 0 0 1) sap-
phire substrate by MOCVD methods and obtained from Bei-
jing Gallium Family Technology Co., Ltd. Triethylgallium
(TEGa), tetraethyl orthosilicate (TEOS), and high purity O,
were used as metalorganic precursors for Ga elements, Si el-
ements, and oxidation, respectively, while high purity Ar was
used as the carrier gas. During the deposition, the flow rates
of the TEGa and TEOS were fixed at 490 sccm and 15 sccm,
respectively. The pressure of the chamber was kept at 25 Torr
and the deposition temperature was set at 590 °C.

To characterize the crystal structure of the deposited
films, x-ray diffraction (XRD) was executed by a Bruker D8
Advance x-ray diffractometer with Cu Ko (A ~ 1.5405 A)
radiation. Furthermore, the element contents of the de-
posited films were analyzed by secondary ion mass spectrom-
etry (SIMS, TOF-SIMS, IONTOF 5) and x-ray photoelectron
spectroscopy (XPS) measurements (ESCALAB 250Xi, Ther-
moFisher Scientific). Moreover, ultraviolet visible (UV-vis)
absorption spectrum was utilized to investigate the absorbance
and calculate the optical bandgap of the Si-doped Ga; O3 films.
Spectroscopic ellipsometry (SE) (SE-VE, Eoptics) was per-
formed to estimate the thickness of the deposited films, and
the ellipsometry measurement was performed with a wave-
length ranging from 400 nm to 800 nm at an incidence an-
gle of 65°. To further study the photoelectric behavior of the
deposited films, an interdigital Ti/Au electrode was grown on
the Si-doped Ga;0Os3 films through standard photolithography,
magnetron sputtering deposition, and lift-off process succes-
sively. As shown in Fig. 4(a), the interdigital electrode was
composed of 54 pairs of electrode fingers, and the length,
width, and space gap of the electrode fingers were designed
as 3300 wm, 10 wm, and 20 pum, respectively. The Ti/Au
electrode was grown by magnetron sputtering and the thick-
ness of Ti/Au was around 20 nm/70 nm. After the device was
fabricated, Keithley 4200 semiconductor characterization sys-
tem was employed to investigate the electric and photoelectric
properties, while a UV lamp was placed over the device to
provide 254 nm illumination.

3. Results and discussion

As shown in Fig. 1(a), Si-doped Ga;0O3 films grown on
(0001) Al,O5 substrates have a monoclinic § phase crys-
tal structure as determined by XRD 6-26 scan (JCPDS card
No. 43-1012). In addition to the diffraction peak of the sap-
phire substrate, three main peaks located at around 18.90°,
38.32°, 59.0° are observed and can be assigned as 200,
(4 02), (6 0 3) planes of B-Ga,0;.1*"1 Moreover, peaks with
relatively low intensity are found at around 44.59° and 60.4°,
which can be ascribed to the (6 0 1) and (8 0 1) planes of j3-
Gay 03, indicating that the films grown by MOCVD under this
deposition condition mainly are poly-crystalline with the dop-
ing of Si elements. Figure 1(b) displays the UV-vis absorbance
of the Si-doped Ga, O3 films. From the profiles, it can be found
that the sample shows a significant absorption edge at around
268 nm while exhibiting no obvious absorbance in UV-B, UV-
A, and visible regions. Hence, (Ochv)2 is plotted against the
photon energy (hV) in the inset and the optical band gap is ex-
tracted to be 4.75 eV by fitting the linear region. The results
imply that the doped Si element does not significantly change
the absorption edge and the optical band gap of the Ga,O3
films. Moreover, XPS and SIMS measurements were utilized
to further identify the chemical components of the films. Be-
fore analyzing the XPS results, the charge shift spectrum is
calibrated through the core level energy of C 1s from the sur-
face absorbate.
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Fig. 1. (a) XRD scan and (b) UV-vis absorbance spectrum of the de-
posited Si-doped Ga, O3 films. The corresponding plot of (athv)? ver-
sus hv for the sample is shown in the inset.
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To find of the Si signal in XPS spectra, a fine scan was
carried out in the range of 90-173 eV with a measuring step of
0.05 eV, and the results are displayed in Fig. 2(a). As shown in
this figure, the black line-symbol plot represents the original
measured data, while the red line and the green line represent
the fitting curve and the background, respectively. From the
fitting curve, it can be found that the XPS peaks at ~ 105.7 eV
and ~ 109.3 eV could be divided into three components: Ga
3p 1/2(109.2 eV), Ga3p 3/2 (105.7 V), and Si 2p (102.7 eV).
The peak at around 161.1 eV is deduced to be Ga 3s (161 eV).
In addition, a small peak at around 153.7 eV is derived from
Si 2s (153.7 eV) from the XPS fitting results. Furthermore,
compositions as a function of the film thickness are presented
in the SIMS depth profile in Fig. 2(b), intensities of both Si
and Ga ion counts remain almost constant, indicating that Si
is actually uniformly distributed in the Si-doped Ga;O3 film.
Combined with the XRD results, it can be concluded that the
deposited films are mainly composed of Ga;O3 components
and Si dopant instead of other element forms.
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Fig. 2. (a) XPS spectra fine scan of the Si-doped Ga, O3 films ranging
from 90 eV to 173 eV. (b) SIMS depth profiles of Si and Ga elements in
the Si-doped Ga, O3 thin films.

Figure 3 presents the spectroscopic ellipsometry data for
the grown films. In SE measurement, as the light reflects from
the sample, its polarization changes, which can be described
by an amplitude ratio (¥) and a phase difference (A). They
are investigated by the equipment, and the film thickness and

refractive index () could be deduced through a model fitting
of the measured data.[*!! As shown in Fig. 3(a), ¥ (red line)
and A (blue line) are measured for a light wavelength ranging
from 400 nm to 800 nm. Due to the excellent transparency of
the Ga;03 films in the measured wavelength range, Cauchy
relation is used as the ellipsometric analysis model to simulate
the SE results[#?!

n(k):A+%+%, )
where A is the wavelength, and A, B, and C are the correlated
coefficients. As seen in Fig. 3(a), a nonlinear curve simula-
tion (black short dash curve) is performed perfectly when A,
B, and C are equal to 1.916, 0.007, and 0.0005, respectively.
Moreover, the variations of the refractive index (n) and extinc-
tion coefficient (k) with wavelength are obtained during the
SE analysis. As shown in Fig. 3(b), the extinction coefficients
of the Si-doped Ga,Os3 films are set to zero and the refrac-
tive index n decreases slightly from 1.98 to 1.92, which are
in agreement with the reported results.[*1*31 With the SE mea-

surement and analysis, the thickness of the deposited Si-doped
Gay O3 films is estimated to be 532.4 nm. The thickness of the

films suggests that the device could efficiently absorb the illu-
44]

mination in the UVC range.|
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Fig. 3. (a) SE signals ¥ (red line) and A (blue line) for f-Ga, O3 films
at an incidence angle of 65.48°. The black short dash curve represents
the simulated data produced by Cauchy model. (b) Refractive index n
and extinction coefficient k of the 3-Ga, O3 thin films.

As for the photoelectric properties, the carrier transport
behavior of the device is measured by 4200 sourcemeter in-
strument under various illumination environments, and the re-
sults are plotted in Fig. 4. Figure 4(b) displays the current—
voltage correlations under dark, 365 nm, and 254 nm radia-
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tion. It can be seen in the inset of Fig. 4(b) that the dark cur-
rent (Igark) Of the device increases linearly with the voltage,
suggesting good Ohmic contact between Ti/Au electrode and
Si-doped Ga, O3 films. The resistivity of the device is calcu-
lated to be 0.55 MQ, which is smaller than the majority of
undoped Ga; 03 films (~ TQ). Hence it can be concluded that
the dopant Si elements have efficiently enhanced the electric
conductivity of the Ga; O3 films. Moreover, the device shows
slight photo-response under 365 nm illumination with a photo-
to-dark current ratio of ~ 6. When the films are exposed un-
der 254 nm radiation, the photo-current approaches 16 mA
under 20 V bias, which is two orders of magnitude larger
than that measured in dark. Figure 4(c) illustrates the detailed
photo-electrical characteristics of the device under different il-
lumination intensities. As the light intensity increases from
200 uW/cm? to 2000 uW/cm?, the photo-current Iphoto in-
creases gradually from 11.2 mA to 21.7 mA at the bias of 20 V.
In order to quantitatively gauge the optoelectrical properties of
the photodetector, the responsivity of the device is calculated,
and the results are drawn in Fig. 4(d). The responsivity, which
is a basic parameter to evaluate how well the photo-generated
electron—hole pairs are generated, can be figured out by the
following equation: !

Iphoto - Idark 7 (2)
PS
where P is the light intensity and § is the effective irradi-

R =

ated section of the device. According to the schematic di-
agram of the device, the effective area is calculated to be

0.02} )
~ 0.01f
2
-
8 0 ——dark
b ——200 pW/cm?
= ——404 pW /cm?
O —0.01 ——600 W /cm?
——800 pW/cm?
—1000 pW /cm?
—0.02 ——1500 pW /cm?
X . ——2000 uW /cm?
—20 —10 0 10 20

Voltage (V)

3.57 x 1072 cm?. As seen in Fig. 4(d), when the device is
exposed under 254 nm UV illumination with a light inten-
sity of 200 uW/cm?, the responsivity ranges from 5.6 A/W to
788.9 A/W with the increase of the voltage. As the responsiv-
ity results are compared under the same applied voltage, it is
found that the responsivity declines slightly with the increase
of the light intensity. This phenomenon could be ascribed to
the larger phonon—electron scattering and higher electron—hole
recombination possibility induced by the self-heating behav-
ior at the higher light intensity and the larger concentration of

20451 From these phenomena, it can

non-equilibrium carriers. !
be concluded that the Si-doped Ga;Oj3 films exhibit excellent
photo-response properties in the solar-blind region.

To assess the transient response time of the device, the
time-dependent photo-response of the device is investigated
with on/off switching of 254 nm light under various condi-
tions, and the results are present in Fig. 5.

Figure 5(a) illustrates the current of the device under var-
ied light intensities at the forward voltage of 1 V. When the
200 uW/cm? 254 nm radiation is turned on, the current goes
up instantaneously to 0.39 mA. After the light is turned off,
the current descends immediately. With the increase of the
254 nm light intensity, the photo-current of the detector rises
monotonically from 0.39 mA to 0.94 mA. Moreover, when the
films are exposed to 254 nm illumination with the light in-
tensity of 1000 uW/cm?2, the time-dependent photo-response
diagram with various applied voltage is depicted in Fig. 5(b).

-1 b
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= 104
100
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Fig. 4. (a) Schematic diagram of the MSM structured Si-doped Ga, O3 photodetectors. (b) Semi-logarithmic /-V characteristics of the device
under dark, 365 nm, and 254 nm illumination, the inset shows the corresponding /-V curve under the dark condition in linear scale. (c) Linear
scale I-V behaviors of the device under 254 nm illumination with the intensity increased from 200 uW/cm? to 2000 pW/cm?. (d) Detailed
responsivity of the photodetector to 254 nm radiation under various light intensities.
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Fig. 5. The time-dependent photo-response of the detector (a) at 1 V bias under 254 nm illuminations with various light intensities, (b) under 1 mW/cm?
254 nm UV light illumination at various biases. (c) The original transient response data and nonlinear fitting about the rise and decay time of the
device. (d) Response time of the device under various light intensities at a bias of 1 V. (e) Response time of the device under various voltages under
1000 uW/cm? 254 nm illumination. (f) Schematic diagram illustrating the photoelectric mechanism in Si-doped Ga, O3 films.

With the increase of the applied voltage, the photo-current
of the Si-doped Ga;0O3 films increases from 1.5 mA to
17.9 mA correspondingly. Stable photo-response characteris-
tic in Figs. 5(a) and 5(b) shows that the device exposed under
various light intensities can be switched between on and off
states with good reproducibility. Furthermore, the response
time could be deduced by the fitting rise and decay edges of
the time-dependent photo-response curve with a biexponential
relaxation equation!!?!

I=1Iy+Ae™"/% 4 Be™'/®, 3)

where [ represents the stable photo-current, A and B are con-
stants, T; and T, are two relaxation time constants. The rise
time and decay time of the photodetector are denoted by 7.

and 7g4, respectively. To quantitatively extrapolate the re-
sponse time in rise edge and decay edge, one cycle of the
time-dependent photo-response of the device at 1 V bias and
1000 LLW/sz circumstance is extracted, and the fitting re-
sults are shown in Fig. 5(c). It is clear that the rise time (7;1)
and decay time (74;) of the Si-doped Ga,O3 films are 0.63 s
and 0.44 s, respectively, indicating the decent response speed
in UV detection. In addition, the response time of the de-
vice under various voltage and light intensity is figured out,
and the results are plotted in Figs. 5(d) and 5(e). It can be
found that the response time (74q; and 7;;) decreases slowly
with the increase of the light intensity, which may be attributed

[46

to the large carrier transport velocity.[*®! Furthermore, the re-

sponse time (7q; and 7;1) increases gradually with the increase
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of the applied voltage, which could be ascribed to the persis-
tent photoconductivity effect of the Si-doped Ga; O3 films un-

e.1*7] To further elucidate the excellent photo-

der high voltag
response performance of the device, a schematic diagram is
illustrated in Fig. 5(f). As Si elements are doped to Ga,03
films, Si prefers substituting to the tetrahedral coordination of
the Gal site, leading to systematical increase of free electron
density. 8] Moreover, Si dopants also behave as efficient shal-
low donor levels (less than 50 meV) in the energy band di-
agram. In Fig. 5(d), the upward solid arrows represent the
generation of non-equilibrium carriers, while the downward
dashed arrows denote the pathway for the carriers’ recombi-
nation. As the 254 nm UV illuminate on the Si-doped Ga;03
films, electron—hole pairs are generated and drifted to the elec-
trode by the outside voltage. During this process, some photo-
generated electrons jump from the valence band to the con-
duction band (process (1)), some electrons jump to the donor

level (process (2)) and then transit to the conduction band
(process (2)) because of the relatively low activation energy
(£ 50 meV). Hence more electron—hole pairs could be more
easily generated. Meanwhile, doping Si elements may effec-
tively reduce the contact resistance, and more photo-generated
carriers could be transferred to the outside electrode before
recombination again. Thus, the device exhibits a larger photo-
current and responsivity. Ga;0Oj3 film-based PDs are summa-
rized in Table 1.[27:30:31,34.35.37.491 Compared with pure Ga; O3
and GapOs doped with various impurities, Si-doped Ga;O3
films in this work give decent response time and large pho-
tocurrent (up to mA order of magnitude), leading to large re-
sponsivity (up to 788 A/W). It is noted that the performance
of the Si-doped Ga,;O3 based photodetector may also be en-
hanced by optimizing the fabrication parameters of the films

or the structure of the photodetector.

Table 1. A brief summary of film-based Ga, O3 photodetectors.

Type Grown method ,Rlse Pecay Bias (V) Responsivity Reference
time (s) time (s) (A/W)
B-Ga,O3/sapphire MOCVD 0.48 0.18 1 26.1 [49]
a-Sn doped Ga,O3/sapphire MBE 3.88 8.73 5 - [27]

Si doped (In,Gaj_y)>O3/sapphire PLD - - —4 0.3 [30]
Mg doped Ga;O3/sapphire RF-magnetron sputtering 0.33 0.02 1 0.024 [35]
Al doped Ga;O3/sapphire MBE 1.26 1.99 1 1.4 [31]
Zn doped Ga,Os3/sapphire MOCVD 32 1.4 2 210 [34]

Si implanted Ga, O3/sapphire MOCVD 0.58 1.2 5 1.45 [37]
Si doped Ga,O3/sapphire MOCVD 0.78 0.62 1 350(10V) this work
788 (20 V)

4. Conclusion

The Si-doped Ga, O3 films based MSM structured solar-
blind photodetector is demonstrated. The refractive index of
the grown films is extracted to be 1.98-1.92 by spectroscopic
ellipsometry measurement. The device gives large photocur-
rent ranging from 11.2 mA to 21.7 mA at 20 V bias and high
photo-responsivity of 788 A-W~! under the illumination of
200 uW-cm~? intensity. Moreover, the rise and decay relax-
ation times are found to be 0.63 s and 0.44 s, indicating a de-
cent response to UV illumination. All these results suggest the
promising future in solar-blind photodetectors.
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