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Introduction

Ultra-wide bandgap gallium oxide (Ga,0;), with remarkable
thermal and chemical stability, is suitable for many promising

Structural and optoelectronic characteristics
of B-Ga,O3 epitaxial films with Zn alloying
and subsequent oxygen annealingf

*3 Xing Chen,?® Qichao Hou,? Zhen Cheng,?
2 Yongxue Zhu, €22 Binghui Li,?° Lei Liu @ ®° and

Xuan Sun,?® Kewei Liu,
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Pure and ~7.5 at% Zn alloyed B-Ga,Os3 epitaxial films were epitaxially grown by metal organic chemical
vapor deposition choosing sapphire (c-plane) as substrates, followed by 600 °C annealing in an oxygen
atmosphere. We have characterized the structural, optical and electrical properties of the four prepared
samples including as-grown pure B-Ga,Os, annealed pure B-Ga,Os, as-grown B-Ga,Os:Zn and
annealed B-GayOz:Zn films in detail. Furthermore, solar-blind UV photodetectors with metal-semicon-
ductor—metal structures fabricated from these epitaxial thin films have been demonstrated. A giant per-
formance enhancement can be observed for B-Ga,Oz photodetectors by Zn alloying and subsequent
oxygen annealing. The device fabricated from the annealed B-Ga,Oz:Zn film shows a low dark current
of ~3.7 x 107 A, a high responsivity of 2.8 x 10> A W~ and a high UV-vis rejection ratio of 5.6 x 10°
at 10 V bias. And an ultra-high specific detectivity up to 5.9 x 10 cm HzY? W™ (Jones) is observed.
Such excellent photodetection performance of annealed Ga,0Os:Zn devices can be explained by the
donor compensation effect and the deep level trap removal effect by the introduction of Zn. Our
findings contribute a roadmap for realizing high-performance Ga,Oz-based solar-blind photodetectors,
and provide a sturdy foundation for future applications.

the doping and/or alloying technology should be an effective
choice to adjust the performances in many aspects of B-Ga,O;
films, thereby leading to a breakthrough in f-Ga,0; devices, which
has attracted more and more attention.’®*! Stannum, silicon and

areas of applications, such as solar-blind photodetectors, gas
sensors, solar cells, power electronic devices, and so on."”’
There are six different crystalline structures of Ga,0;, including
o-, B-, v-, 8-, &- and k-Ga,05.5'° In comparison, the most stable
phase among them is monoclinic B-Ga,O; with a direct band-
gap of ~4.9 eV."""* Because of the oxygen vacancy donors, the
intrinsic B-Ga,0, shows n-type conductivity.”** It has been
shown that impurities can have a decisive influence on the
physical and chemical properties of semiconductor materials by
theoretical research and experimental research.’®™® Therefore,
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germanium are commonly selected as available n-type dopants,
and n-type B-Ga,O; with high electron concentration has been
successfully achieved by doping them.**** In contrast, lots of
researchers have investigated Zn, Mg and Cu as potential p-type
dopants, but they have not achieved much success due to the deep
acceptor energy levels."***” still, it is noteworthy that doping with
Zn, Mg or Cu could transform Ga,O; from a conductive state to a
semi-insulating state due to both the suppression of oxygen
vacancy defects and the donor compensation effect.’®*° In parti-
cular, owing to the similar ion sizes between Zn>" and Ga®', Zn
doped/alloyed B-Ga,O; has been comprehensively investigated
recently.*® Chikoidze et al. realized the ultra-high critical electrical
field of Ga,0; films by doping 0.5% Zn.** Guo et al. grew single
phase Ga,0s:Zn thin films with Zn components from 0.69% to
3.03% and found that 3.03% Zn doped films exhibit better solar-
blind UV photodetection performance.>® Moreover, single-phase
high-component Zn-doped/alloyed Ga,O; seems to have more
attractive optical, electrical and photoelectric properties.**** How-
ever, as the content of Zn in Ga,0; increases to more than ~ 5%,
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the transition from Ga,O; to ZnGa,0, or two-phase coexistence
can be observed obviously, which makes its performance worse.**
Till now, there have been few studies on single-phase Ga,0;:Zn
materials with high Zn content, and most of the reported compo-
nents are less than 4%.>*%

In this work, we report the epitaxial growth of single phase
B-Ga,O; films without and with ~7.5 at% Zn alloying by metal
organic chemical vapor deposition (MOCVD) on sapphire
(c-plane) substrates. The composition of these films was eval-
uated by X-ray energy dispersive spectroscopy (EDS) as shown
in Fig. S1 (ESIt). The pure B-Ga,O;3 and B-Ga,0;:Zn films were
characterized and investigated with and without 600 °C oxygen
annealing. And the metal-semiconductor-metal (MSM) detec-
tors based on these thin films have been demonstrated on our
previously prepared samples. Among these detectors, the device
based on annealed -Ga,0;:Zn films shows the greatest com-
prehensive photodetection properties with a high specific
detectivity of 5.9 x 10 cm HzY?> W' (Jones). We then
discussed the detailed physical mechanisms of this phenom-
enon. Our findings suggest that single-phase high Zn content
B-Ga,O; has great potential in preparing high-performance
solar-blind UV photodetectors.

Experimental section

The pure and ~7.5 at% Zn alloyed B-Ga,O; epitaxial films were
prepared by MOCVD on sapphire (c-plane) substrates. Oxygen
gas, triethylgallium (TEGa), and diethylzinc (DEZn) were
selected as the oxygen, gallium, and zinc precursors, respec-
tively. In the choice of carrier gas, we used high-purity nitrogen
gas. The flow velocity of TEGa, DEZn and oxygen were kept at
10, 1 and 180 standard cubic centimeter per minute (sccm),
respectively. TEGa and DEZn bubblers were kept at 10 and
—9 °C, respectively. The growth conditions have been opti-
mized, and the films were grown at a 680 °C substrate tem-
perature and a 3000 Pa chamber pressure. After 90 minutes of
epitaxial growth, the prepared samples were annealed for
120 min at a temperature of 600 °C in an O, atmosphere. The
crystal structure was measured using a Bruker D8GADDS X-ray
diffractometer (XRD) with the radiation source of Cu Ko
(4 = 0.154 nm). The optical properties and the morphological
properties of films were investigated using an UV-3101PC
scanning spectrophotometer and a scanning electron micro-
scope (SEM) (HITACHI $-4800), respectively. The chemical
composition of the films was measured by X-ray photoelectron
spectroscopy (XPS). Raman spectra were recorded using a
DU970P-BVF spectral detector at room temperature.

To further explore the photodetection function of the
B-Ga,0; films without and with Zn alloying, photolithography
and lift-off processes were carried out to fabricate Au inter-
digital electrodes on these films, thus realizing MSM photo-
detectors. The time-dependent photocurrent (I-¢) curves and
current-voltage (I-V) characteristic curves of the devices were
determined using a semiconductor device analyser (Agilent
B1500A). The photoresponse of the detectors was tested using
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a monochromator with an UV-enhanced Xe lamp of 200 W as
the source of light.

Results and discussion

The XRD patterns of pure and Zn alloyed B-Ga,O; epitaxial
films with and without annealing are shown in Fig. 1a. The
sharp and strong peak at 20 = 41.68° can be identified to be the
(0006) diffraction plane of the substrate we used (c-face
sapphire). Obviously, similar XRD patterns are shown for the
four samples, and only three diffraction peaks located at
20 = ~19.0°, ~38.2° and ~59.0° can be observed, which
corresponds to the (—201), (—402) and (—603) diffraction
planes of the monoclinic structured p-Ga,O; (JCPDS No. 043-
1012), respectively. After Zn alloying, no new diffraction peaks
appeared, but the intensities of the (—201), (—402) and (—603)
peaks are obviously weakened. Moreover, the ratio of the
intensity of the (—201) peak to that of the (—402) peak
decreases obviously after the introduction of Zn into Ga,Os;.
These phenomena indicate that the crystalline quality of Ga,03
is obviously reduced after Zn alloying, but no obvious change is
found in the structure.”” Normalized (—201) diffraction peaks
are shown in Fig. 1b, and a slight shift towards lower 26 angle
can be clearly observed. This is due to the fact that the radius of
the Ga®" ion (0.61 A) is slightly smaller than that of the Zn** ion
(0.74 A).*® When Zn*" with a larger radius is in the substitu-
tional position of Ga*", it will lead to lattice expansion, which is
manifested as a smaller angle shift of the XRD diffraction peak.
Besides, when Zn is in the interstitial position, the lattice will
also expand.

Fig. 1c shows the optical transmission properties of our
samples. In the wavelength range from 300 to 800 nm, the
average transmittance is over 85% of each sample. Furthermore,
steep absorption edges can be clearly observed at ~255 nm.
According to the plots of (xhv)* versus hv in the inset of Fig. 1c,
the optical bandgap (E,) of pure -Ga,0s, B-Ga,0O;:Zn, annealed
B-Ga,O; and annealed B-Ga,0;:Zn can be evaluated to be 5.23,
5.21, 5.19, and 5.15 eV, respectively. The calculated optical
bandgap of B-Ga,O; is slightly reduced after alloying and anneal-
ing, which may be associated with the change in lattice stress.””

The cross-sectional and the top-view SEM images of pure
and Zn-alloyed B-Ga,O; with and without annealing at 600 °C in
an oxygen atmosphere are shown in Fig. 2. It is obvious that the
thickness of all four samples is about 230 nm. In addition, the
grain size on the surface of Ga,O; thin films is obviously
reduced after Zn alloying.

As shown in Fig. S2 (ESIt) and Fig. 3, to analyse the chemical
characterization of these samples, XPS characterization has
been performed on pure f-Ga,0; and B-Ga,0;:Zn films without
and with annealing. Fig. 3a exhibits the high-resolution Ga 2p
core-level spectra of the four samples. According to previous
reports, the peaks at 1117.85 eV and 1144.7 eV can be asso-
ciated with Ga 2p*? and Ga2p'?, respectively.>*”° The spin-
orbit splitting of 26.85 eV can be observed, corresponding to
B-Ga,0,.*° After Zn alloying and/or annealing, no obvious

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) XRD patterns, (b) normalized (-201) diffraction peaks, and (c) optical transmission spectra of pure B-Ga,Oz and B-Ga,Os:Zn films with and
without annealing. Plots of (xh1)? against hv for the films are shown in the inset of (c).

Fig. 2 SEM images of pure B-Ga O3 (a), annealed B-GaOs (b), B-GaoOs:Zn (c), and annealed B-Ga,Os3:Zn films (d).

change can be found in the Ga 2p XPS spectra. Fig. 3b shows
the high-resolution Zn 2p;/, core-level spectra of Zn-alloyed
B-Ga,O; thin films without and with annealing. The Zn 2p*>
core-level spectra could be fitted by two peaks, which are
respectively located at 1021.6 and 1022.1 eV. The constituent

This journal is © The Royal Society of Chemistry 2023

(Zn,) at lower binding energy (BE) could be attributed to the
Zn-O bonds and the higher BE constituent (Zng) can be
ascribed to the Zn interstitials.*" Obviously, Zn substitution
on the Ga sites (Zng,) and Zn interstitial atoms coexist
in the as-grown Ga,03:Zn film. After high-temperature oxygen

J. Mater. Chem. C, 2023, 1, 3227-3234 | 3229
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Fig. 3 High-resolution XPS spectra of (a) Ga 2p, and (b) Zn 2p*2, and (c) O 1s core-level spectra of pure p-Ga,Os and B-Ga,Os:Zn films without and with

annealing.

annealing, the signal of Zny almost completely disappears,
illustrating that all Zn impurities are efficiently introduced in
the lattice and turn into a part of chemical bonding.

Fig. 3c shows the XPS spectra of high-resolution O 1s core-
level of the samples. Obviously, two nearly Gaussian compo-
nents could be used to fit the O 1s peak. The peak which
was located at about 530.5 eV (O,) can be assigned to lattice
oxygen (O>7), while the 531.5 eV (Op) peak is related to
oxygen vacancies.*? It can be seen that the formation of oxygen
vacancies could be inhibited by the introduction of Zn into
B-Ga,0;. In addition, 600 °C annealing in an oxygen atmo-
sphere could provide oxygen atoms to fill the oxygen vacancies,
resulting in the significant reduction of oxygen vacancies in
B-Ga,0; with and without Zn.

The room temperature Raman spectra ranging from
100 cm ™" to 900 cm ™' of pure B-Ga,0; and B-Ga,03:Zn films
without and with annealing and sapphire are presented in
Fig. 4. Except for the signals from the sapphire substrate, the
Raman peaks related to the B-Ga,O; can be divided into
three categories: high-frequency sections at 661.5 cm ' and
770.1 cm ™ are ascribed to the stretching and bending vibration
modes of GaO,; medium frequency sections at 351.0 cm™ " and
480.7 cm™ " are associated with the GaOs bending vibration
modes; the low-frequency sections at 147.4 ecm™*, 172.0 cm ™ *
and 203.6 cm ! can be pertained to the vibration and transla-
tion modes of the GaO,-GaOg chains.**** After Zn alloying, due
to the local strain caused by the introduction of impurities, the
intensity of all peaks becomes weak, and some even disappear
completely.*>*®

3230 | J Mater. Chem. C, 2023, 11, 3227-3234
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Fig. 4 Raman spectra of pure and Zn-alloyed B-Ga,O5 films without and
with annealing and sapphire substrate at room temperature.

200 800

To examine the solar-blind UV photodetection properties of
these films, we constructed MSM detectors consisting of twenty-
five pairs of gold interdigitated electrodes (thickness controlled at
~ 50 nm) using photolithography and lift-off processes. The device
structure is schematically shown in Fig. 5a. Fig. 5b and c present

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) MSM device structure schematic diagram. /-V curves of the devices in the dark (b) and under illumination of 254 nm UV light (c). (d) The

spectral response of the photodetectors.

the I-V curves of the devices in the dark and under illumination of
254 nm UV light, respectively. In Fig. 5b, it can be found that Zn
alloying could slightly increase the dark current of the p-Ga,O;
photodetector, which may be associated with the Zn interstitial
related donors. After annealing in oxygen, the dark currents of
both pure B-Ga,O; and B-Ga,0;:Zn photodetectors decreased
significantly due to the reduction of oxygen vacancy donors.
Moreover, all donor-type Zn interstitials in f-Ga,0;:Zn have been
converted to acceptor-type Zn substitution Ga, and thus the
reduction of donors and the compensation effect of Zng, deep
level acceptors further decreased the dark current to 37 pA at 10 V.
As shown in Fig. 5c, the current of all four devices exhibits a
significant increase under 254 nm UV light illumination
(650 uW cm?). Interestingly, among these four devices, the
annealed B-Ga,0s;:Zn photodetectors have the largest photocurrent
of ~2.7 mA at 10 V bias.

The photoresponse spectra of the detectors are shown in
Fig. 5d at 10 V bias. The response peaks appeared at ~245 nm
for all devices with —3 dB cutoff edges of 254 nm, which
corresponds to the calculated bandgap energies of the films.
In addition, the highest peak responsivity (Rpeai) of 2.8 x 10° AW "
among them can be observed in the annealed Ga,0;:Zn device with
a UV-visible rejection ratio (Rpear/Raoonm) Of 5.6 X 10°, indicating
high gain and excellent intrinsic solar blindness. Furthermore, the
specific detectivity (D*) is also a crucial parameter for a photode-
tector, which is calculated to be 5.9 x 10'® cm Hz"?> W~ (Jones) for
the device based on annealed Ga,0;:Zn using the following equa-
tions:*

D' = VAN [\pp @
NEP =11/ 2

where A is the effective area of the device, Af is the electrical
bandwidth, NEP is the noise equivalent power, I, is the noise

This journal is © The Royal Society of Chemistry 2023

current and R is the responsivity. Typically, for a MSM UV photo-
detector, dark noise (shot noise) is usually regarded as the main
source of noise.***

To further investigate the photoresponse properties of MSM
photodetectors fabricated from pure B-Ga,0;, annealed f-
Ga,03, f-Ga,05:Zn, and annealed B-Ga,0;:Zn films, the time-
dependent current characteristic measurement has been
carried out under illumination of 254 nm light at 10 V bias
(see Fig. S3, ESIt). And the light power densities were between
0.7 and 630 uW cm > Under several different light power
densities, all the photodetectors present excellent ON/OFF
switching performance, reflecting good repeatability and stabi-
lity. Fig. 6 presents the relationship between the photocurrent
and the incident illumination intensities at 10 V bias of our
four devices. The photocurrent versus illumination intensity
could be fitted by the power law relationship:>°

Iphoto o APO (3)

2.5
® Experiment data 0=085
~ 20
<
g 15
§ 1.0
E‘ 05 6=10.82
2 6=10.81
s 0.0 6=0.83
é 05 ——f-Ga,0, Annealed f-Ga,04
7} ——p-Ga,05:Zn Annealed f-Ga,05:Zn
10 0 200 400 600 800
Power density (uW/cm?)

Fig. 6 The function relationship between the photocurrent and illumina-
tion intensity.
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where P is the light intensity, A is a constant and the 0 is a
parameter that reflects the trapping and recombination of the
photo-induced carriers of photodetectors. As we can see, the
fitting result shows a nearly linear behaviour for all four
detectors, and the 0 values is calculated to be 0.81, 0.82, 0.83
and 0.85 for pure B-Ga,03, annealed B-Ga,03, B-Ga,03:Zn, and
annealed B-Ga,0;:Zn photodetectors, respectively. Clearly, Zn
alloying and oxygen annealing could slightly increase the 0
values of the devices, which can be explained by the contribu-
tion of more photogenerated carriers to the photocurrent and
the reduced trapping and recombination. In addition, this is
also the main reason why the annealed -Ga,O;:Zn device has
the highest responsivity as shown in Fig. 5d.

To examine the response speed of the device, we tested the
I-t curves of the devices at 10 V bias under 254 nm UV light
illumination (650 uW cm™>) as shown in Fig. 7. Obviously, all
four devices exhibit excellent reproducibility and stability with
quick response speed. Moreover, the 10-90% increase and 90—
10% decay times (¢, tq) are estimated to be (0.96 s, 0.28 s),
(1.04'5,0.48 s), (0.40 s, 0.20 s), and (0.40 s, 0.24 s) for the devices
based on as-grown B-Ga,Os;, as-grown B-Ga,03:Zn, annealed
B-Ga,0; and annealed B-Ga,0;:Zn films, respectively. It can be
found that the Zn alloying could slightly slow down the
response speed of B-Ga,O; photodetectors. In addition, high

temperature annealing in an oxygen atmosphere can reduce the
response time to some extent.

Table 1 shows the comparison between our annealed Zn-
alloyed Ga,O; device and some reported solar-blind photo-
detectors fabricated from Ga,O; thin films. In comparison,
our device shows a superior solar-blind photodetection perfor-
mance, implying that the combination of ~7.5 at% Zn alloying
and high-temperature oxygen annealing is an effectual method
to realize excellent -Ga,O; solar-blind UV photodetectors.

Conclusions

In a word, B-Ga,03 and B-Ga,03:Zn epitaxial films have been
prepared on sapphire (c-face) by MOCVD with and without
subsequent 600 °C annealing in an oxygen atmosphere. The
experimental results illustrate that f-Ga,0;:Zn films with a Zn
content of ~7.5 at% still maintained a single monoclinic
structure. More interestingly, the MSM solar-blind UV photo-
detector fabricated from an annealed B-Ga,0;:Zn film exhibits
a superior performance to the devices based on other films.
A low dark current (3.7 x 10~'" A), a high photoresponse
(2.8 x 10> AW ") and a large UV-visible rejection (5.6 x 10°) can
be observed for the annealed -Ga,03:Zn photodetector at 10 V.

Table 1 Performance comparison of various solar-blind photodetectors based on Ga,Os films

Materials Voltage (V) Dark current (pA) Responsivity (A W) UV-vis rejection ratio Detectivity (Jones) Ref.
a-Ga,0, 20 9.2 1099 9 — 51
a-GaO, 12 0.046 66.7 1.8 x 10’ 8 x 10’ 52
£-Ga,0; 6 23.5 230 1.2 x 10° 1.2 x 10"° 53
B-Ga,0, —40 — 1.2 x 10° >10° 2 x 10¢ 54
B-Ga,0; 5 ~6 x 10° 96.13 >10% — 55
B-Ga,0, 10 0.082 1.93 >10% 6.53 x 10" 56
B-Ga,0, 10 0.1 29.8 9460 1.5 x 10'? 57
B-Ga,0, 20 0.15 46 3.7 x 107 9.8 x 10%° 58
B-Ga,0, 20 ~0.5 371 1.1 x 10° 6.6 x 10'° 59
B-Ga,05:Zn 10 1.45 ~0.3 — — 60
B-Ga,05:Zn 5 16 1.05 — 4.9 x 10" 61
B-Ga,05:Zn 20 ~10 210 5 x 10* — 62
B-Ga,0;:Zn 10 310 — — — 32
B-Ga,05:Zn 10 37 2.8 x 10° 5.6 x 10° 5.9 x 10'° This work

3232 | J Mater. Chem. C, 2023, 1, 3227-3234
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The excellent photodetection performance of the annealed
B-Ga,053:Zn device may be derived from the donor compensation
effect and the deep level trap removal effect by the introduction of
Zn. And the suppression of oxygen vacancy donors by the intro-
duction of Zn and subsequent oxygen annealing should be another
important reason. The present studies and results provide gui-
dance for obtaining high performance Ga,0;-based solar-blind
photodetectors.
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