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ABSTRACT

Gay0; is considered as a candidate for the preparation of solar-blind photode-
tectors due to its large direct band gap. Developing low-cost preparation
methods of high-quality Ga,Oj; films is of importance for large-scale applica-
tions. In this work, we investigate the preparation of Sn doped B-Ga,Oj films by
using simple and cheap sol-gel method under ambient condition. It is found
that Sn doping induces a growth mode transformation from (201) to (311)
oriented texture on the c-plane sapphire substrates. With an optimal Sn pro-
portion, high-quality B-Ga,O; films consisting of needle-like grains are
observed. Compared with the undoped films, the Sn-doped films with needle-
like grains obtained a low dark current of 0.76 nA, performed an on/off ratio as
high as ~ 6000, responsivity, R of 164 mA/W and D* of 3.21 x 10'* Jones at a
bias voltage of 30 V in the configuration of metal-semiconductor-metal solar-
blind deep ultraviolet detectors. This is the highest on/off ratio of Ga,Oj3 solar-
blind photodetectors fabricated by sol-gel method reported up to now and has
the potential to be applied in practical use.
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Introduction

Deep ultraviolet (DUV) solar radiation with wave-
length between 200 and 280 nm is hard to reach the
earth’s surface due to the strong absorption by
stratospheric ozone [1, 2]. Solar-blind DUV detectors
have the advantages of low background noise and
high sensitivity, have been widely used in military
and civil fields, e.g., military surveillance, missile
launch detection, power grid security detection,
medical imaging and biochemical detection [3-5].
Gallium oxide (GaOj3) is a wide bandgap (~ 4.9 eV)
semiconducting material with the light absorption
band covering the range of solar-blind ultraviolet
light [6, 7], which is considered to be an ideal material
for DUV detectors.

To grow high-quality Ga,O; thin films for fabri-
cating DUV detectors with high performance, various
thin film preparation techniques have been
employed, including molecular beam epitaxy (MBE)
[8-10], metal-organic chemical vapor deposition
(MOCVD) [11, 12], pulsed laser deposition (PLD)
[13, 14], magnetron sputtering [15, 16] and so on.
However, these strategies often involve expensive
vacuum equipment and complex operation steps. On

the other hand, the sol-gel method is a relatively
inexpensive manufacturing procedure, which has
been previously applied in the perpetration of oxide
semiconductor films such as ZnO, TiO, and ITO
[17-20]. The sol-gel method was also applied to the
preparation of Ga,Oj; thin films. It was reported that
the choice of precursor chemicals, solution environ-
ment and substrate surfaces is highly related to the
structure and morphology of obtained Ga,O; films
[21-24]. In addition, researchers have also tried to
change the crystalline phase, conductivity, light
transmittance of obtained Ga,O; films and corre-
sponding response performance to light or oxygen by
doping Mn, Cu, Zn, In, W and so on [25-28]. Ga,0O;
films prepared by the sol-gel method have been used
for fabricating DUV photodetectors. For example,
Shen et al. fabricated p-Ga,Oj; films with the sol-gel
method and found that the film annealed at 700 °C
had the best photoelectric performance along with
fast response speed [29]. Furthermore, Yu et al.
demonstrated the growth of o/ GayO; thin films
based on the sol-gel method and achieved high-
performance solar-blind photodetectors by optimiz-
ing the annealing atmosphere and temperature [30].

However, in comparison with the Ga,O; films
prepared under vacuum conditions, currently the
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films obtained by the sol-gel method usually exhibit
poor crystalline quality and device performance. To
improve the crystallinity, the films need to be
annealed to a high temperature, which may lead to
diffusion of atoms from the substrate into the gallium
oxide film, resulting in the complicated film compo-
sition and suppressed photoelectric performance [31].
In this work, we synthesized Sn doped Ga,Oj; films
with improved crystalline quality through the sol-gel
method with a post-annealing temperature of 700 °C.
The Sn/Ga ratio can be easily adjusted by changing
the solvent composition of the precursor solution.
Moderate Sn doping changes the crystal growth
mode on sapphire substrate and induces the forma-
tion of needle-like-grain B-Ga,O; films with
improved crystallinity. Compared with the undoped
B-Ga,O; films mainly composed of nanoparticles, the
optimally doped films exhibit better detection per-
formances for DUV device with a low dark current of
0.76 nA, reaching an on/off ratio as high as ~ 6000.
This is the highest on/off ratio of Ga,O3 solar-blind
photodetectors fabricated by the sol-gel method
reported up to now and has the potential to be
applied in practical use.

Experimental section
Materials

All the chemicals used in this work were purchased
from commercial chemical reagent companies and
were used directly without further purification
treatment. 2-methoxyethanol (C3HgO,, 99.8% purity)
was purchased from Aladdin. Ethanolamine
(CoH7NO, 99.5% purity) was purchased from Mack-
lin. Isopropyl alcohol gallium (~ 99%) and isopropyl
alcohol tin [~ 99% (metals basis), 10% W/V iso-
propanol solution] were purchased from Alfa Aesar.

Figure 1 Schematic Isopropyl alcohol gallium

illustration of preparation Isopropy! alcohol tin
procedure of Ga,0; films by

sol-gel method.
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Preparation of Ga,0; films and DUV
photodetector

The preparation procedure of Ga,Oj; films is illus-
trated in Fig. 1. Firstly, C3HgO, was mixed with
C,H;NO at room temperature and then heated to
60 °C for 1 h. Then, isopropyl alcohol gallium and
isopropyl alcohol tin were added to the mixture in
turn. The concentration of C;H;NO was kept to be
0.5 mol/L, and the total amount of metal alkoxide
was maintained at 1:1 to C,H;NO, where the Sn/Ga
ratios are listed in Table 1. The samples are labeled as
51-56 in the order of increasing Sn concentration.
After that, the mixture was stirred at 60 °C for 1 h
until it became clear and homogeneous, and then
aged for 2 days at room temperature.

Secondly, the mixture was dropped onto a c-sap-
phire substrate (10 mm x 10 mm) and spin-coated at
a rate of 3000 r/min for 20 s, followed by baking at
100 °C for 10 min and 300 °C for 20 min. The above-
mentioned film preparation procedures were repe-
ated 10 times to increase the film thickness. At last,
the samples were annealed in a muffle oven at 700 °C
for 2 h. During the experiments, the solution prepa-
ration and spin-coating procedures were carried out
in a glove box, while the baking and annealing pro-
cesses were carried out under ambient conditions
with humidity of 45-50%.

The DUV photodetector electrodes (5 nm Ti /
60 nm Au) were deposited by physical vapor depo-
sition through a shadow mask, in which 13 pairs of Ti
/ Au interdigital electrodes (100 pm width, 150 pm
gap and 2800 pm length) were fabricated onto all the
samples to form metal-semiconductor-metal (MSM)
photodetectors.

Characterization

All the as-prepared thin films were characterized by
X-ray diffraction (XRD, Panalytical X'Pert Pro),
UV — VIS spectrophotometer (UV 3600 Plus), atomic

Precursor

— 63203 film

Annealing

Spin-coating
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Table 1 Composition and

characterization of B-Ga,0; Samples S1 S2 S3 S4 S5 S6

thin films Sn/Ga ratio (precursor) 0 0.02 0.05 0.12 0.18 0.25
Sn/Ga ratio (by XPS) 0 0.018 0.042 0.078 0.14 0.22
Sn/Ga ratio (by EDS) 0 0.014 0.044 0.099 0.18 0.26
RMS roughness (nm) 0.58 1.42 2.28 6.86 6.32 6.92
Bandgap values (eV) 5.05 4.94 4.88 4.78 4.68 4.63

force microscope (AFM, OXFORD Cypher ES), scan-
ning electron microscope (SEM, ZEISS AURIGA),
energy-dispersive spectroscopy (EDS, ZEISS AUR-
IGA) and X-ray photoelectron spectroscopy (XPS,
Thermo-VG Scientific ESCALAB 250) to reveal their
crystal structures, optical properties, surface mor-
phologies, chemical bonding states and compositions.
The current-voltage (I-V) properties and time-de-
pendent photocurrents of the DUV devices were
tested by a Source Meter Keysight 2902 to obtain data
in dark and under illumination of a Hg lamp (254 nm
UV) with power density of 0.3 mW/cm ™2 at a dis-
tance of ~ 1.5 cm from the lamb under ambient
condition.

Results and discussion

Figure 2 shows the XRD patterns of undoped Ga,O3
and Sn doped Gay,Os; thin films with various Sn
contents. The diffraction peaks located at 20.5°,
37.5°and 41.7°are assigned to the (003), (110) and
(006) planes of c-Al,O; substrates [32]. For the
undoped Ga,O; film, obvious peaks at 18.9°, 38.4°
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Figure 2 XRD patterns of -Ga,O; thin films with various Sn
doping contents.

and 59.2° were observed, which are attributed to the
diffraction of (201), (402) and (603) planes of p-
Gay0;, respectively [31]. With Sn doping into the
films, the diffraction intensities of (501), (102) and

(603) planes decreased gradually and disappeared
completely when the Sn/Ga proportion increased to
0.05. However, a new peak located at 38.1° indexed as
(311) of B-Ga,O; was observed when the Sn/Ga
proportion increased to 0.12. The intensity of the peak
increased gradually with the Sn/Ga proportions
increased from 0.12 to 0.25 (S4-S6 in Fig. 1). At the
same time, the peak slightly shifted toward a smaller
angle with increasing doping of Sn in B-GayOj,
indicating the lattice expansion caused by the sub-
stitution of Ga ions (radius of 0.062 nm) by Sn ions
(radius of 0.069 nm) [33, 34].

To reveal the morphology evolution of the samples
with Sn doping, AFM characterization was per-
formed on S1-56 samples. As shown in Fig. 3a, the
pure B-Ga,O; film consists of tiny nanoparticles,
exhibiting a smooth surface with a root mean square
(RMS) roughness of 0.58 nm. With a 0.02 Sn/Ga
proportion, the nanoparticles are in a smaller size
with an increased roughness of 1.42 nm in compar-
ison with those in the pure B-Ga,Oj; film, as shown in
Fig. 3b, which indicates a degrading crystallinity
consistent with the XRD result. With further
increasing the Sn/Ga proportion to 0.05, an amor-
phous film instead of crystalline nanoparticles with a
roughness of 2.28 nm was observed, as shown in
Fig. 3c. However, when the Sn/Ga proportion
reaches (.12, the film is mainly composed of needle-
like grains as shown in Fig. 3d, displaying a rough
surface with an RMS value of 6.86 nm. Compared
with the nanoparticles, the needle-like grains have
larger grain size and better atomic arrangement
ordering in long range. Figure 3e shows the mor-
phology of S5 with a Sn/Ga proportion of 0.18, where
a film composed of needle-like grains with improved
ordering of internal needles was obtained. The
roughness of the film was calculated to be 6.32 nm,
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Figure 3 a—f AFM
topographies of B-Ga,0s5 films
(S1-S6) with various Sn/Ga
proportions.

slightly smaller than that of S4. The morphology of S6
in Fig. 3f shows that the film is the roughest one and
a new kind of short rod structure is formed when the
Sn/Ga proportion increases to 0.25. The detailed
RMS values of S1-56 are listed in Table 1. To further
confirm the change of the film morphology with Sn

doping, SEM measurements were taken, as shown in
Figure SIla for S1 with a smooth surface. As a com-
parison, the needle-like grains of S5 were observed by
SEM (Figure SI1b).

To reveal the chemical bonding states and com-
position of the films, XPS characterization of the

(b)
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samples was carried out, and the results are shown in
Fig. 4. XPS survey spectra of S1-S6 are shown in
Fig. 4a, where photoelectron spectra containing Ga
(3d, 3p, 3 s, 2p and LMM), Sn (3d), O (25, 1 s, KLL
and KVV) and C (1 s) peaks are detected [35, 36]. The
C 1s core levels fitted at 284.8 eV, 286.4 eV and
288.5 eV in Figure SI2 are related to the binding
energy of C—C bond, C-O bond and C = O bond,
respectively [37, 38]. All the binding energies are
calibrated by the C-C bond at 284.8 eV from adven-
titious surface contamination [39]. Figure 4b shows
the high-resolution spectrogram of the peak located
at 20.2 eV, which is attributed to the Ga®* with Ga-O
bond. Besides the peak, a weak O 2 s peak located at
23.1 eV is also observed [36, 40]. The core level of O
1 s in Fig. 4c can be fitted into two components. The
main one located at 530.6 eV represents O-Ga bond
for lattice O*~ions, while the shoulder peak is related
to the bonds originated from surface contamination,
e.g., C-O and H-O bonds [35, 40]. Figure 4d shows
the typical Sn 3d peaks at 486.5 and 494.9 eV with an
energy difference of ~ 8.4 eV, which are corre-
sponding to the Sn 3ds,, and 3dj,» levels in the
tetravalent Sn** oxidation state, respectively [41, 42].

Additionally, the atomic ratio of Sn and Ga can be
roughly estimated through the XPS spectra. The
estimated Sn/Ga ratios obtained by XPS are shown in
Table 1, and the obtained values are approximated to
the ones of the initial quantity ratio of isopropyl
alcohol gallium and isopropyl alcohol tin. Further-
more, energy-dispersive spectroscopy (EDS) was also
employed to measure the Sn/Ga ratio of the samples
as listed in Table 1, consistent with the results of XPS
(see Figure SI3). Our work indicates that f-Ga,O; thin
films with various doping content of Sn can be
obtained by directly adjusting the proportion of Sn in
the precursor solution.

Figure 5 Schematic
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With the doping of Sn, the morphology of the -
Gay0O; films switched from particle-like to needle-
like. At the same time, Sn doping induces a growth
mode transformation from (201) to (311) oriented
texture on the c-plane sapphire substrates. We
believe that the growth mode transformation is rela-
ted to the lattice mismatch between epitaxial -Ga,O3
film and the sapphire (0001) surface. Figure 5a shows
the atomic arrangement schematic diagrams of the
(0001) plane of sapphire substrate, where the unit cell
is marked by dash lines. The right part shows the
atom arrangement of (201) plane of p-Ga,O;, where
the lattice mismatch of B-Ga,O;[102] along AlOj
[1120] direction with the lattice ratio of 1:3, is esti-
mated to be 3.2%, while the value of B-Ga,Os [010]
along ALO; [1100] with the lattice ratio of 83 is
estimated to be -1.6%. Similarly, the lattice matching
relationship between the (311) plane of B-Ga,O; and
(0001) plane of Al,O3 is shown in Fig. 5b, where the
lattice mismatches of B-GayO; [121] along AlLO;
[1120] direction with the lattice ratio of 1:3 and B-
GaO; [011] along ALO; [1100] with the lattice ratio
of 5:4 are estimated to be -4.3% and -0.68%, respec-
tively. Obviously, B-Ga,O; thin film without doping
may be favorably and simultaneously grown with
(201)-B-Ga,O5 on substrate as the XRD result of S1
because of the relatively small mismatch of (201)-p-
Gay03/c-AlL,O3,  forming consisting  of
nanoparticles [32, 43, 44]. With the doping of Sn ions,

films

the lattice mismatch of B-Ga,O; (311) plane on sap-
phire would gradually decrease due to the larger
radius of doped Sn ion (0.069 nm) compared with
that of Ga ion (0.062 nm) [34], resulting in the for-
mation of B-GayO; films consisting of needle-like

@ Springer



Figure 6 a Transmittance (a) (b)
spectra of f-Ga,Os thin films 120 541
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grains when the Sn concentration increased to a cer-
tain value.

Figure 6a shows the transmission spectra of S1-S6.
All the films exhibit high transmission of above 90%
to UV-Vis light with wavelength above 300 nm. The
spectrum of undoped Ga,Oz; has a sharp intrinsic
absorption edge located at about 250 nm. With the
increasing Sn content, the absorption edges slightly
shifted toward longer wavelength [34]. The optical
band gap (E;) can be calculated by the Tauc method
according to the formula

ohv = C(hv — Eg)l/2

where C is a constant, while « and hv are the
adsorption coefficient and incident photon energy,
respectively [45, 46]. The inset of Fig. 6a shows the
plots of (ahv)* versus hv of sample S1 and S5, and E,
values are estimated by extrapolating the straight-
line portion to the axis of photon energy [47, 48]. The
bandgap of pure B-Ga,Os; was calculated to be
5.05 eV. Similarly, the bandgaps of doped samples
can also be calculated (see Figure SI4). The plot of E,
verse Sn/Ga proportion is shown in Fig. 6b, which
decreases monotonously from 5.05 to 4.63 eV when
the Sn/Ga proportion increased from 0 to 0.25.

To investigate the optoelectronic performance of
those fabricated B-Ga,O; films, MSM photodetectors
with 13 pairs of Au interdigital electrodes (with
electrode width of 100 pm and gap of 150 pm) were
fabricated on the obtained B-Ga,Oj; films by thermal
evaporation under vacuum condition. A typical
structure diagram of the DUV device is shown in
Fig. 7a. Figure 7b shows the current-voltage (I-V)
curves of S1, 53 and S5 with bias voltage varying
from 0 to 30 V, where the dark currents I, are
measured to be 263, 131 and 0.76 nA, respectively.
Note that the I, of pure B-Ga,O3 fabricated by our
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method is much larger than those prepared by epi-
taxial growth methods in vacuum, as well as those
prepared by the sol-gel method by employing gal-
lium nitrate hydrate as precursor. We speculate that
the large I, is attributed to the poor crystallization
quality due to the relatively low annealing tempera-
ture (700 °C). The dark currents decrease with the
doping of Sn (sample S3 and S5) due to the crystalline
and surface morphology change [49]. The samples
were illuminated by a mercury lamp with the power
density of 0.3 mW/cm ™2 at a distance of 1.5 cm to test
the photocurrent Ij;g,. Different Ij;gp/lari Tatios can
be obtained at the same bias voltage. Sample S5
obtains the largest value of 6039 at a bias voltage of
30 V, while the corresponding values of S1 and S3 are
1.34 and 2.08, respectively. All the I, ljjgn: and on/
off ratios of the samples from S1 to S6 are summa-
rized in Table 2 at a bias voltage of 30 V. Obviously,
the improved crystallinity of the film leads to a large
photoelectric response owing to the low density of
defect traps. In this case, less charge carrier might be
captured during the charge transport process.
Furthermore, the responsivities R of the films at a
bias voltage of 30 V were calculated by the formula:

R = (Light — Liarc) /(P x S)

where P; is the irradiation power density, and S is the
effective illuminated area [50]. The R of the samples
of S1, S3 and S5 were calculated to be 3.19, 5.09 and
164 mA /W, respectively.

Detectivity (D*) was calculated to evaluate the
detection ability of those devices to DUV through
equation

Dx = Al/zR/(‘LkoT/Rdark + qudm‘k)l/z

where A is the active area, R is the responsivity, ko is
the Boltzmann constant, T is the temperature, Ry, is
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Figure 7 Photoelectric (a)
properties of S1, S3 and S5
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S5 0.76 4590 6039 164 321 x 102 042  0.20
S6 6.27 2580 411 92.2 6.27 x 10" 0.53 0.22

the equivalent resistance, g is the elementary charge
and I, is the dark current [51, 52]. The calculated D*
values are listed in Table 2 and the highest value is
321 x 10'2 Jones from S5. Our result indicates that,
by adjusting the Sn doping content to an optimal
value, the performance of the photodetectors can be
significantly improved.

Figure 7c shows typical time-dependent photo-
electric response curves of S1, S3 and S5 by shining
the sample under a mercury lamp with the light
source switched on and off every 5 s. The dark cur-
rent of all the samples can go back to a low value after
the light was turned off, showing fine repeatability of
those obtained devices.

The response speed directly reflects the response-
ability of a photoelectric device to optical signal when
shown by UV light or cut off the light. The response
rise time (f,) is defined as the time required for the
Liign: of a photodetector to increase from 10 to 90% of
the peak value when the light is turned on [53], while
the decay time (t,) is the time for a photodetector to
reduce I}z, from 90 to 10% when the light is turned
off. Figure 8a—c shows the single-cycle response

curves of the DUV devices based on 51, S3 and S5,
and the extracted t, and t; are estimated to be 0.41 s /
0.155,0.62 s / 0.10 sand 0.42 s / 0.20 s, respectively.
The response speed is highly related to the genera-
tion and recombination of photogenerated carriers,
which is dependent on the crystalline quality of the
film as well as the transmission of carriers through
the electrodes. The t, retains a similar value of the
three samples, while the f; increases with the doping
of Sn due to the introduced Sn*" in the lattice struc-
ture of B-GayOj; acted as traps to delay the release of
photogenerated carriers. Similarly, the sample of S2,
54 and S6 exhibits similar behavior as shown in
Figure SI5.

Table 2 summarizes the performance of typical
MSM photodetectors based on B-Ga,Oj thin films
with and without Sn doping. One can find that slight
doping of Sn has little effect on the performance of
the devices. But when the proportion of Sn in the
precursor reaches 0.12, the growth mode transfor-
mation of B-Ga,Oj3 induced the great improvement in
device performance, including the reduced dark
current Iy and improved Ijgne/lgam ratio, R and D*.
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Figure 8 Single-cycle (a)

response curves of 440 ——S1
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However, excessive Sn doping (56) might lead to the
decline of gallium oxide crystalline quality, resulted
in deteriorating device performance. Although the
photodetector performance is not as good as the ones
fabricated under vacuum conditions, it is much
improved of the sample with 0.18 Sn doped B-Ga,Os
films compared with those without Sn doping pre-
pared by sol-gel method reported in the literature
[29, 30]. Our work develops a low-cost method to
prepare B-GaOj; thin films for solar-blind detectors
under ambient condition.

Conclusions

In summary, we have prepared -GaO; films by the
sol-gel method with various Sn doping contents. A
novel needle-like grain structure has been obtained in
the doped films deposited on c-plane sapphire sub-
strates. The B-Ga,O; films consisting of needle-like
grains show better crystallinity than that of pure p-
Gay0O; films. The growth mode transformation is
attributed to the better lattice matching of B-Ga,Oj
(311) plane to c-sapphire (0001) than that of B-Ga,Os
(201) due to the increased ion diameter of doped
Sn**. The optimally doped films with needle-like
grains exhibit highly improved solar-blind deep
ultraviolet detection performance, e.g., dark current
of 0.76 nA, on/off ratio as high as ~ 6000, respon-
sivity R of 164 mA/W and D* of 3.21 x 10" Jones at
a bias voltage of 30 V in the metal-semiconductor—
metal configuration. Our work paves the way for the
preparation of solar blind DUV photodetectors with
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low cost and high performance under ambient
condition.
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