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Abstract: Pure phase -(AlGa),0s films were deposited utilizing pulsed laser deposition (PLD)
on a sapphire (0001) substrate under the assistance of tin element. High resolution X-ray
diffraction (HRXRD) reveals the presence of out-of-plane compressive strain in £-(AlGa), 03
films. From XPS and TEM measurements, an increase in oxygen pressure causes a reduction
in Al content and a rise in the film growth rate. Moreover, the £-(AlGa),03 films achieve a
wider bandgap with a decrease in oxygen pressure, determined by the transmittance spectra and
responsivity. For oxygen pressure increasing from 0.006mbar to 0.01mbar and 0.03mbar, the
responsivity of the MSM photodetectors are 0.86A/W, 1.87A/W, and 4.38A/W, and an external
quantum efficiency (EQE) of 448%), 946%, and 2114%, respectively, indicating larger gains in
£-(AlGa), 03 devices.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recently, the growth of Ga,Os3 film and the fabrication of Ga,;O3; devices have received
considerable attention owing to the Ga,O3 exceptional properties, such as large bandgap
(E,=4.55-5.03 €V), high theoretical breakdown electric field (E,-=8MV/cm) and physical and
chemical stabilities [1]. £-Gay O3 is one of metastable forms of Ga,; O3, a high symmetry hexagonal
system with space group P63mc [2-3]. Therefore, £-Ga,;O3 possesses a high polarization-induced
two-dimensional electron gas with high sheet carrier densities up to ~10'*cm~2 in heterostructures
with other materials [4]. With Al or In element incorporated into Ga, O3, the bandgap of ternary
alloys can be tuned by changing the mole fractions. Al,Oj3 is very suitable to alloy with e-Ga;03
because Al,O3 has an extraordinarily large bandgap (8.8 €V) [5] and the electron configuration
of Al atom is similar to that of Ga atom. Till now, the pure phase £-Ga;O3 film has been
achieved by halide vapor phase epitaxy (HVPE) [6], metal organic chemical vapor deposition
(MOCVD) [7-10], pulsed laser deposition (PLD) [11-12], mist chemical vapor deposition
[13—14] and molecular beam epitaxy (MBE) [15]. Furthermore, the single phase £-(AlGa),03
and &-(InGa), 03 films have been grown on AIN and sapphire substrates, respectively [16—19].

Solar-blind deep-UV (DUYV) photodetectors have various applications in monitoring ozone
holes, detecting flame, space communication, and inspection of UV leakage [20-24]. £-Ga;03
is a promising candidate for deep-UV or solar-blind photodetector applications owing to the
large absorption coefficient of about 10> cm™! for the wavelength shorter than 260 nm. Bandgap
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engineering of £-(AlGa),03 or £-(InGa), O3 ternary alloying films enables detection wavelength
of the ultraviolet photodetectors to be modulated in the deep ultraviolet band [25]. However, there
have been few reports on the fabrication and characterization of £-(AlGa),O3 or e-(InGa), 03
devices.

Herein, the single crystal e-(AlGa), O3 film was deposited on sapphire substrate by pulsed laser
deposition (PLD) under the assistance of tin element and the influence of oxygen pressure on the
film properties was studied. In addition, the metal-semiconductor-metal (MSM) photodetectors
were fabricated on e-(AlGa), O3 epilayers and the electrical characteristics were also investigated.

2. Experimental details

The £-(AlGa),03 films were grown by PLD under the assistance of Sn on double-polished
(0001)-oriented sapphire substrates with e-Gay O3 as the buffer layer. Using a KrF excimer laser
(A =248 nm, 20 ns pulse duration), the (AlGa),03 ceramic target with Al atom percent of 6% and
Sn atom percent of 1% was used for the film growth and the Ga, O3 ceramic target with Sn atom
percent of 1% for the buffer layer deposition. The base pressure in the chamber was 7 x 1078
mbar. During growth, the temperature was fixed at 570°C, the laser energy density was 2.0 J/cm?
and the repetition rate was 3 Hz for a total deposition of 8000 pulses, 2000 pulses for e-Ga,O3
buffer layer and 6000 pulses for £-(AlGa), 03 film, respectively. The oxygen partial pressure was
kept at 0.01mbar during £-Ga, O3 buffer layer deposition while the e-(AlGa), 03 epilayers were
deposited at different oxygen pressure of 0.006 mbar (Sample A), 0.01 mbar (Sample B) and 0.03
mbar (Sample C), respectively. Growth conditions for the samples used in this work are listed
in Table 1. The crystal structures of £-(AlGa), O3 films were investigated by x-ray diffraction
(XRD) measurement utilizing theta-2theta (0-20) scans with Cu Ko radiation (A =0.15406 nm),
while the scan range between 10° and 70° and scan speed is 8 (deg/min). The transmission
electron microscopy (TEM) was done with HT7700 equipment, x-ray photoelectron spectroscopy
(XPS) measurements were performed using a Kratos Analytical Axis Ultra XPS equipped
with monochromatic Al Ka (hv = 1486.6 eV) x-ray radiation source, the optical transmittance
was measured with a Lambda 900 double-beam UV-vis-NIR spectrophotometer. The metal-
semiconductor-metal (MSM) photodetectors were fabricated with standard photolithography
and lift-off techniques. Figure 1 shows cross-sectional device with MSM structure. The total
length of interdigital Ti/Au (10 nm/100 nm) metal electrodes is 1.75 mm and finger spacing is
100 pm. The current-voltage (I-V) and time-dependent photo-response measurements of the
MSM photodetectors were carried out using an Agilent BIS00A Semiconductor Device Analyzer.
The responsivity R was measured with a SPEX scanning monochromator employing a Xe lamp
as the illumination source.

Table 1. The growth conditions with sample A, B and C

Pulse P(O,) for Ga,0, Pulse P(O,) for (AlGa),04 Pulse
Samples  number for Ga, 0, buffer number  (AlGa),0; buffer energy
P Ga.O. buffer Growth  Thickness for Growth ~ Thickness  density
23 (mbar) (nm) (AlGa),04 (mbar) (nm) (J/ecm?)
Sarzple 2000 0.01 98 6000 0.006 158 2.0
Sa"gple 2000 0.01 97 6000 0.01 167 2.0
Sample 2000 0.01 98 6000 0.03 196 2.0
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Fig. 1. The crossing sectional schematic diagram of the fabricated &-(AlGa), O3 solar-blind
photodetector with MSM structure.

3. Results and discussion

3.1. Material characterization

As shown in Fig. 2(a), the peak at 41.68° is the diffraction of the sapphire (0006) planes, the peak
at 19.20° is indexed as £-Ga, O3 (0002) and those around at 39° and 60° can be fitted by two
Gaussian curves with peaks at 38.90° and 39.02°, 59.86° and 60.12°(Sample A), the former are
attributed to the diffraction of the £-Ga; 03 and £-(AlGa), 03 (0004) planes while the latter to the
(0006) planes, respectively. Figure 1(b) and (c) show the magnified image of the (0004) planes
and (0006) planes resolved into two separate peaks corresponding to £-Gay O3 and g-(AlGa),0s.
Considering all the fitting procedures, experimental errors etc., the error estimation of degree
and plane spacing with the £-Ga; 03 and &-(AlGa), 03 (0002), (0004) and (0006) planes are
presented in Fig. 2(d) and (e). It was observed that degree and plane spacing values are consistent
and repeatable with very slight and negligible changes over all the films. The diffraction peak at
19.19° cannot be resolved into two separate peaks, owing to the diffraction peaks of e-Ga, O3
and e-(AlGa),;03 (0002) planes are too close to be distinguished. The diffraction angles of
€-Gay 03 are larger than those of powder £-Gay;O3 (PDF#06-0509), which may be due to an
in-plane tensile strain and out-of-plane compressive strain in the £-Ga;O3 buffer layers [11].
Furthermore, we can clearly observe that e-(AlGa), 03 peaks are right next to those of £-Ga;03,
indicating that £-(AlGa), O3 epilayer has smaller interface distance than e-Ga;O3. With oxygen
partial pressure increasing (Sample A-C), the diffraction peaks of £-(AlGa),O3 shift to the
lower angle side, such as 39.02°, 39.00° and 38.96° for (0004) planes while 60.12°, 60.08° and
60.03° for the (0006) planes of Sample A, B and C, respectively. According to Bragg’s law, the
spacings of -(AlGa), 03 (0004) and (0006) planes are 0.2306 nm, 0.2308 nm, 0.2310 nm and
0.1538 nm, 0.1539 nm, 0.1540 nm for Sample A-C, respectively, which are 0.36%, 0.32%, 0.30%
and 0.32%, 0.30%, 0.29% smaller than that calculated based on the data in [16,18], indicating
that e-(AlGa), O3 suffers out-of-plane compressive strain for a smaller ionic radius of Al than
that of Ga and with oxygen pressure increasing, the compressive strain gradually decreasing.
Furthermore, the full-width at half-maximum (FWHM) value of the (0006) diffraction peak of
€-(AlGa),03 were 0.143°, 0.118° and 0.114° for three simples respectively, implying that the
crystal quality of e-(AlGa), 03 were improved with oxygen pressure increasing.

Figure 3 depicts the TEM image of £-(AlGa),O3 film (Sample B). It is obvious that e-
(AlGa),;03 and &-Ga, 03 films present columnar contrasts, demonstrating a columnar growth
of the material. Figure 3(b) presents a magnified view of the interface between e-(AlGa),03
and &-Ga, 03, indicating that single crystal -(AlGa),; 03 is grown on £-Ga; O3 buffer layer and
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Fig. 2. (a) HRXRD diffraction curves (logarithmic scales) of e-(AlGa), O3/e-Ga, O3 samples
deposited on sapphire (0001) substrate under the assistance of Sn element. Magnified image
of (b) (0004) and (c) (0006) diffraction peak can be resolved into two separate peaks
corresponding to £-Gap 03 and -(AlGa),03. The XRD degree (d) and (e) plane spacing of
the £-Gap O3 and &-(AlGa), 03 planes with various growth pressures.

there is no serious generation of dislocations at the interface. As described in reference [9,11], a
polycrystalline Ga; O3 transition layer can be discerned at the £-Ga, O3/sapphire substrate interface.
The thickness of the £-Ga; O3 buffer layer is about 98 nm while those of the e-(AlGa),03 films
are 158 nm, 167 nm and 190 nm for three samples respectively. With higher oxygen partial
pressure, the higher growth rate can be realized for suppressing (AlGa), O3 decomposition into
suboxide and the following desorption from substrate surface. Therefore, the higher the oxygen
pressure, the less the suboxide formation and the higher the growth rate.

The chemical states of the elements in £-(AlGa),03 epilayers were characterized by XPS.
Before XPS measurement, several atomic layers of the film surface were etched by in situ Ar*
plasma. All spectra were calibrated with standard Cls peak (284.6eV). The Al2p, Ga2p3/2 and
Ols spectra are presented in Fig. 4. Gaussian-Lorentzian mixed function is used to simulate
the experimental spectra by the fitting program Thermo Avantage. Based on the peak area and
taken the sensitivity factor into account, the Al to Ga atom ratios in e-(AlGa),;0O3 films are
5.4:94.6, 4.5:95.5 and 0.8:99.2 for Sample A, Sample B and Sample C, respectively. For low
oxygen pressure, aluminum atoms are more likely to be incorporated than Ga atoms due to higher
dissociation energy of the Al-O bond compared to the Ga-O bond. In addition, gallium forms
volatile sub-oxides being desorbed [18,26]. With oxygen pressure increasing, more gallium gets
incorporated into the thin film and the Al percentage was reduced which is consistent with AFM
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Fig. 3. TEM images of (a) an overview of Sample B, (b) and (c¢) High resolution TEM
images of the selected regions in blue dashed and blue solid boxes in (a), respectively,
showing the single crystallinity of £-(AlGa),; O3 and &-Gay O3 layers.

results. The Al2p spectra of e-(AlGa),03 films are shown in Fig. 4(a). As oxygen pressure is
increasing, the Al2p peak intensity becomes weaker and the peak shifts towards lower binding
energy, illustrating less Al percentage in the epilayer to form Al-O-Ga bonds. The shift can
be ascribed to the fact that Ga has a more ionic character than Al in &-(AlGa),Oj3 films [27].
Furthermore, the Ga2p3/2 can be decomposed into two Gaussian peaks, the Ga-O bond of
(AlGa), 03 and that of (AlGa),O(x<3) suboxide, respectively. The FWHM of the fitted peak
positions and atomic ratio for Ga2p3/2 spectra obtained from Fig. 4(b) are summarized in Table 2.
From Fig. 4(b), we can calculate the ratios between (AlGa),O(x<3) suboxide and (AlGa),03 are
0.11, 0.08 and 0.06 for Sample A, B and C, respectively. Therefore, higher oxygen pressure can
restrain the formation of (AlGa),0Oy suboxide and promote the growth of (AlGa),03;. Moreover,
the binding energy peak of Ols at 531.08 eV for £-(AlGa),03 is similar to that of e-Ga,O3[11].
Specially, the oxygen percent in -(AlGa), O3 samples was between 42.3% and 46.6%, indicating
that there are lots of oxygen vacancies in the £-(AlGa), O3 films. Figure 4(d) depicts XPS fitting
results for spectra of sample A. The Sn3d peak is fitted as three sub peaks assigned to Sn**3ds 2
(~488.1¢eV), Sn’(~491.1eV) and Sn**3d3, (~495.8 eV), respectively [28]. The Sn** to Sn°
atom ratio in sample A is 97.5:2.5, indicating majority of Sn atoms exhibit the tetravalent Sn**
oxidation state in e-(AlGa),Os3 films. Sn atoms occupy the octahedral lattice site and promote the
formation of e-phase with more octahedral lattice site, like the catalyst [11-12].

Table 2. The Ga atomic percentages and bonding analysis of sample A, B and C

(AlGa),0, B.E. FWHM Area Ratio%
Sample A 1115.3 2.71 56281.63 10.27
Sample B 11154 2.51 60627.16 7.57
Sample C 1115.7 2.18 31031.19 6.07
(AlGa),0, B.E. FWHM Area Ratio%
Sample A 1117.3 2.49 489086.58 89.73
Sample B 1117.4 1.93 500095.63 92.43

Sample C 1117.4 1.96 478938.82 93.93




Research Article

~
()
~
98]

Intensity(10° a.u.)

0 Ll s

N

[a—

Aterals EXPRESS

Vol. 11, No. 2/1 February 2021/ Optical Materials Express 224
4

W

-

| O Sample A O Sample B % Sample C === Fitting Ga2p3/2 linel
L— Fitting Gallium suboxide line

Fitting line

— e e e e e o e o o e e o o o e o )
(@) Ap ()3 #% Ga2p3/2]
o~ —_ 7 3 T
5 d 3
E < OL.
= 4 =5
=) 2
= 4
= = 2
1
0 vy

72 73 74 75 76 77

Binding Energy (eV)

Intensity(10° a

(7°)

528 530 532 534
Binding Energy (eV)

(d)15

u.)
[y
[\°)

=

1114 1116 1118 1120
Binding Energy (eV)

\O
™

Sn3d-

Sn3d3/2
495.8ev

{

500
Binding Energy (eV)

80

Fig. 4. XPS spectra of (a) Al2p, (b) Ga2p3/2, and (c) Ols spectra of &-(AlGa), O3 samples
(d) Sn3d of sample A. Gray dash line are guides to the eyes.
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Figure 5 shows the surface morphology of £-(AlGa), O3 epilayers using atomic force microscopy
(AFM) with scanning area of Sumx5um and the pixel size of 256x256. The root-mean-square
(RMS) roughness of Sample A, Sample B and Sample C are 0.919 nm, 0.820 nm and 0.594 nm,

respectively, that is, with oxygen partial pressure increasing, the surface roughness decreasing
may result from the increase of the films thickness [12].

O;Im 5|1m

Fig. 5. AFM images of &-(AlGa), O3 films grown at different oxygen partial pressure (a)
Sample A, (b) Sample B, (c) Sample C.

Figure 6 depicts the transmittance spectra of e-(AlGa), 03 films. As can be seen from Fig. 6(a),
there is a sharp absorption edge located at around 250 nm and with Al composition increasing,
the absorption edge of e-(AlGa), 03 shifts towards shorter wavelength. It is obvious that the
average transmittance is over 70% as the wavelength longer than 300nm. The absorption
coefficient @ can be calculated by the equation a = (1/£)In[(1 — R¢)?/T] and the plots of (ahv)?
vs hv also can be obtained on the basis of ahv = (hy — Eg)2 [29], where «, t, h, v, R. and
T are absorption coefficient, film thickness, Planck constant, frequency, the reflectance and
transmittance, respectively. The thicknesses of the epilayers were determined by HRTEM. The
optical bandgap can be extracted by extrapolating the linear region of the plots (ahv)? vs hv to

the horizontal axis, as shown in Fig. 6(b), about 5.27 eV, 5.20eV and 5.07 eV for Sample A, B
and C, respectively.
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Fig. 6. (a) Transmittance spectra of £-(AlGa); O3 films (Sample A-C) deposited on sapphire
substrate with e-Gay O3 as buffer layer. Inset: Magnified view of transmittance spectra of
£-(AlGa),03. (b) (ahv )2 vs hv curves and linear extrapolation for estimating the optical

bandgap, Inset: Bandgap variation of &-(AlGa),O3 thin films deposited at with various
growth pressures.
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3.2. Photoelectric characteristics of the devices

To investigate the photoelectric characteristics of the £-(AlGa),O3 UV photodetectors, we carried
out the current-voltage (I-V) measurements under dark (I4,,+) and illuminated by 254 nm light
with various light intensities (,z010), such as 50, 100 and 200 uW/cm?, as presented in Fig. 7.
The photocurrents increase almost linearly with bias voltage (Vy;a5) and illumination power
density for three samples. The linear I-V curve showed ohmic contact characteristics with the
Ti/Au electrodes, may be ascribed to the oxygen vacancies in the £-(AlGa),O3 film near the
Ti/Au and &-(AlGa),0s3 interface [30]. The Fermi level of &-(AlGa),03 can be pinned close
to the defect levels of oxygen vacancies, which causes the depletion region between Ti/Au and
£-(AlGa),03 to become narrower. The narrow depletion region allows the electrons to tunnel
through the barrier, thus leading to an Ohmic electron transport [31]. It is found that the dark
current gradually decreases with the increases in oxygen pressure from 0.006mbar to 0.0l mbar
and 0.03mbar. Owing to the reduction of oxygen vacancies which provide a mechanism for
charge hopping, the sample grown at higher oxygen pressure becomes more resistive, hence
leading to the lower dark current [32-33]. The photocurrent increases from 1.16x1078 A to
2.36x1078 A as the oxygen pressure increases from 0.006mbar to 0.03mbar at V;,,=20V and
Piigne =200 uW/cm?. With higher oxygen pressure, superior crystalline quality of the e-(A1Ga), O3
film results in the photocurrent increment of the e-(AlGa), O3 photodetector. The photo to dark
current ratio (PDCR) of Sample C is about 305, higher than other two devices, calculated by
(Iphoto = Ldark) [ aark €xpression.

15 1.6
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2.4
1.2} Py,,=50,100, 2] Pra=so.100, Pyip1=50,100,
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Fig. 7. Characteristics of Ipe versus voltage(a)(b)(c) and (d) Igak versus voltage (e)
PDCR for the £-(AlGa), O3 photodetectors of Sample A-C.

Figure 8 depicts the time-dependent photoresponse characteristics of the photodetectors.
During measurements, an illumination A4 of 254 nm square-wave light was used with Vy;,g of
20V, Piigh; of 200 ,uW/cm2 and period of 60s. After several periods, the photodetectors still
exhibit almost the same photoresponse characteristics, indicating the device of high stability and
excellent repeatability. Under UV illumination, the photocurrents rise to around 16 nA, 18 nA
and 24 nA for Sample A, Sample B and Sample C, respectively. When the UV light is turned off,
the currents decrease rapidly. The rise and decay processes usually can be divided into a fast
response and a slow response [34], the fast response associated with the band to band transition
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while the slow-response related to the recombination of photo-generated carriers captured by
the defect levels. For the quantitative analysis, the rise and decay processes were both fitted by
bi-exponential relaxation curves, based on the following equation [35-36]:

I=1Iy+Ae™"/™ + Be™'/™

where [y is steady state photocurrent, A and B are constants, t, 71 and 7;, are time and time
constants, respectively. Figure 8(b-d) depicts the fitting curves and two time constants during rise
and decay processes for Sample A-C. With oxygen pressure increasing, the decay time constants
T4z decreases from 4.84s to 4.09s and 2.75s, demonstrating much more defects in Sample A than
the other two samples, thus causing more significant persistent photoconductivity (PPC).
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Fig. 8. (a) Time-dependent I, characteristics for e-(AlGa), 03 photodetectors under a
Vyias 0f 20V (b-d) the current response and recovery bi-exponential fitting of Sample A-C.

Figure 9 shows the variation of responsivity R with the illumination wavelengths A for the
&-(AlGa), 03 photodetectors. The maximum responsivity (R,,,y) at the bias voltage of 40 V are
0.86A/W, 1.87A/W and 4.38A/W for Sample A-C, respectively, that is, Sample C achieves the
highest responsivity among the three samples. As the cutoff wavelength is defined as where the
responsivity equals MR,,W, the bandgaps were determined to be 5.28 eV (235nm), 5.18 eV
(239nm), and 5.08 eV (244 nm), which is in consistent with the transmittance results. The
external quantum efficiency (EQE) for the e-(AlGa),03 photodetectors is calculated by

hCRmax _ hc(lphot(} - Idark)

EQE =
0 ed eAPS

(6)

where R,y is the responsivity of a photodetector, £ is Planck’s constant, ¢ is the velocity of light,
e is the basic electron charge, and A is the incident light wavelength, I, is the dark current,
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Lark 1s the dark current, P is the power density of incident light, and S is the effective illuminated
area [37]. The external quantum efficiency (EQE) of three photodetectors were 448%, 946%, and
2114%, respectively. The EQE of the £-(AlGa),03 photodetector with an oxygen pressure of
0.03mbar can reach 2114%, which is ~3.91 times greater than that of the £-Ga; O3 photodetector
and ~2.71 times than that of 8-(Aly 12Gap g3)2O3 photodetector, indicating there is larger gains
in e-(AlGa),; 03 device than in 8-(Aly.12Gag gg)203 [11,38].
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Fig. 9. The dependence of R versus illumination wavelengths A for the different photodetec-
tors at Viias =20 and 40 V.

The decay time of e-(AlGa), O3 photodetectors decreased with the oxygen pressure increasing.
On the one hand, with higher oxygen pressure, the reduction of decay time might originate from
superior crystalline quality of the e-(AlGa),O3 film. On the other hand, with higher oxygen
pressure, a reduction decay time of £-(AlGa),03 photodetectors indicates that £-(AlGa), 03
thin films have less surface and bulk traps preventing carriers’ recombination [31]. Fewer
photogenerated carriers are trapped and the effective lifetime of those carriers in the £-(AlGa),03
photodetectors gets longer under increasing oxygen pressure. Moreover, the photoconductive
gain can be expressed as G =t/t, where T is the carrier recombination time and t is the carrier
transit time. It is obvious that photoconductive gain is positively correlated with the carrier
lifetime [39]. Therefore, the higher photoconductive gain of e-(AlGa), 03 photodetectors can be
obtained under higher oxygen pressure.

4. Conclusion

The single crystal e-(AlGa),03 films with e-Ga; O3 as buffer layer were deposited on sapphire
(0001) substrates using PLD under the assistance of Sn element. The HRXRD reveals that
£-(AlGa), 03 interplane spacing is smaller than the theoretical values. The XPS and TEM
illustrate that the Al composition decreases and thickness of £-(AlGa),03 increases with oxygen
pressure increasing. As Al content increasing, the photocurrent apparently decreases, which may
be ascribed to defects trap much more photo-generated carriers. The EQE of the £-(AlGa),03
photodetector with an oxygen pressure of 0.03mbar can reach 2114%, which is ~3.91 times
greater than that of the e-Ga; O3 photodetector and ~2.71 times than that of 5-(Alg 12Gag.gg)203
device.
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