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Abstract: Sn  doping  is  an  effective  way  to  improve  the  response  rate  of  Ga2O3 film  based  solar-blind  detectors.  In  this  paper,
Sn-doped Ga2O3 films were prepared on a sapphire substrate by radio frequency magnetron sputtering. The films were charac-
terized  by  X-ray  diffraction,  scanning  electron  microscopy,  X-ray  photoelectron  spectroscopy  and  ultraviolet  visible  spec-
troscopy, and the effect of annealing atmosphere on the properties of films was studied. The Ga2O3 films changed from amor-
phous to β-Ga2O3 after annealing at 900 °C. The films were composed of micro crystalline particles with a diameter of about 5–20 nm.
The β-Ga2O3 had high transmittance for wavelengths above 300 nm, and obvious absorption for solar-blind signals at 200–280 nm.
The  metal  semiconductor  metal  type  solar-blind  detectors  were  prepared.  The  detector  based  on  Sn-doped β-Ga2O3 thin  film
annealed in N2 has the best response performance to 254 nm light. The photo-current is 10 μA at 20 V, the dark-current is 5.76 pA,
the photo dark current ratio is 1.7 × 106, the response rate is 12.47 A/W, the external quantum efficiency is 6.09 × 103%, the spe-
cific detection rate is 2.61 × 1012 Jones, the response time and recovery time are 378 and 90 ms, respectively.
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 1.  Introduction

The background radiation of the solar-blind ultraviolet sig-
nal  (wavelength  200-280nm)  is  very  low,  and  the  interfer-
ence  from  the  sun  can  be  almost  ignored.  It  has  the  advan-
tages of high detection sensitivity, strong anti-interference abil-
ity,  and  high  communication  accuracy,  and  is  widely  used  in
military,  aerospace  and  civil  fields[1−3].  Gallium  oxide  (Ga2O3)
has  a  band  gap  of  4.4–5.3  eV,  corresponding  to  234–282  nm
wavelength, which can cover the sun-blind band, making it  a
natural solar-blind detection material[4, 5]. The cost of Ga2O3 sin-
gle crystal  substrates is  very high.  The preparation process of
Ga2O3 nanomaterials  is  complex  and  difficult  to  produce  in
batches.  Therefore,  Ga2O3 thin  film-based  solar-blind  detec-
tor has the most commercial application prospect[6]. The prepa-
ration  methods  of  Ga2O3 thin  films  include  metal-organic
chemical vapor deposition (MOCVD)[7−9], molecular beam epi-
taxy  (MBE)[10, 11],  atomic  layer  deposition  (ALD)[12−14],  pulse
laser deposition (PLD)[15, 16],  plasma-enhanced chemical vapor
deposition  (PECVD)[17],  radio  frequency  magnetron  sputter-
ing  (RFMS)[18−21] and  so  on.  The  MOCVD,  MBE,  PLD  and  ALD
methods  can  strictly  control  the  thickness,  composition,  and
doping  concentration  for  high  quality  Ga2O3 thin  films,  but
the equipment is  complicated or  the growth rate  is  relatively
slow  with  a  high  production  cost.  PECVD  has  advantages
such  as  low  cost,  high  deposition  rate,  and  good  uniformity
of film thickness, but it is difficult to achieve controllable dop-
ing. The RFMS method is challenging to obtain high quality sin-
gle crystal Ga2O3 film, but the produced films have the advan-

tages  of  good  uniformity,  high  density,  and  strong  adhesion.
Besides, it has the advantages of simple equipment, easy oper-
ation, high deposition rate, low process cost and less environ-
mental pollution, making it suitable for industrialization.

The  Ga2O3 film  prepared  by  the  RFMS  method  is  amor-
phous,  and  the  obtained  devices  can  exhibit  obvious  photo-
electric  response.  For  example,  Zhang et  al.[22] fabricated  a
deep ultraviolet photoelectric detector with a metal–semicon-
ductor–metal  (MSM)  structure  based  on  the  amorphous
Ga2O3 film  prepared  by  RFMS.  The  fabricated  device  shows
ultra-low  dark  current  (1.41  ×  10−11 A),  where  the  response
rate  is  1.77  A/W, and  the  response  time  is  114  ms.  They
believe  that  a  large  number  of  oxygen  vacancies  in  the  film
can  provide  carriers  and  increase  the  responsiveness.  Mean-
while,  it  is  also  the  trap  center  of  photo-generated  carriers
and  increases  the  response  time.  Annealing  treatment  will
reduce  the  oxygen  vacancy  concentration  and  improve  the
response speed, but at the same time, decrease the response
rate.  It  has  also  been  pointed  out  that  the  high  resistivity  of
amorphous  Ga2O3 films  and  the  small  photo-current  of  the
solar-blind  detector  devices  limit  the  response  rate  of  the
devices, such as the amorphous Ga2O3 films prepared by Li[23]

using  the  RFMS  method,  with  a  photo-current  of  0.846  nA
and response rate of  0.12 mA/W at  30 V bias,  and the photo-
electric  response  of  the  annealed β-Ga2O3 films  disappeared.
In  contrast,  the  response  rate  of  Sn-doped β-Ga2O3 films
increased  to  40  mA/W  at  30  V.  Both  the  undoped  amor-
phous  Ga2O3 and β-Ga2O3 films  prepared  by  the  equipment
used in this work have no obvious photoelectric response.

To  increase  the  carrier  concentration  of  Ga2O3 films,  ele-
ments  such  as  Sn  can  be  used  for  doping.  For  example,  Mi
et  al.[24] prepared  Sn-doped β-Ga2O3 thin  films  (Sn  doping
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atomic  ratio  of  0−20%)  on  sapphire  substrates  using  the
MOCVD method, and the film resistivity decreased with increas-
ing  Sn  doping  concentration  by  five  orders  of  magnitude
when  the  doping  concentration  was  15%.  Feng et  al.[25] pre-
pared  Sn-doped β-Ga2O3 microfilaments  by  the  conventional
chemical vapor deposition technique, and prepared MSM pho-
toelectric  detectors  based  on  a  single β-Ga2O3 microwire,
with  a  response  rate  of  12  A/W  and  external  quantum  effi-
ciency  of  5887%.  Zhao et  al.[26] prepared  Ga2–xSnxO3 (x =  0,
0.2,  0.6,  1.0) thin film solar-blind photo detectors using the L-
MBE  method,  and  under  the  same  bias  conditions,  the
response  rate  of x =  0.2  sample  to  254  nm  light  was  several
orders of magnitude higher than that of x = 0 sample. Hou[27]

prepared  undoped  and  Sn-doped β-Ga2O3 film-based  solar-
blind  UV  detectors  using  MBE,  and  Sn  doping  increased  the
response rate of the devices from 8.11 to 127.89–444.51 A/W.
We would use the RFMS method to prepare Sn-doped Ga2O3

thin  films  and  investigate  the  effect  of  annealing  atmo-
sphere on the photoelectric  detector  performance.  Using the
RFMS method to  develop photoelectric  detectors  with  stable
performance  and  high  response  is  research  with  significance
and application value.

In  this  paper,  Sn-doped β-Ga2O3 thin  film  materials  were
prepared  on  a  c-plane  sapphire  substrate  using  RFMS.  The
quality  of  the  films  was  improved  by  annealing  treatment.
The structure  and optical  properties  of  Ga2O3 thin  films  were
characterized  using  an  X-ray  diffractometer  (XRD),  field  emis-
sion  scanning  electron microscope  (SEM),  energy  dispersive
spectrometer  (EDS),  X-ray  photoelectron  spectroscopy  (XPS)
and ultraviolet-visible (U-vis) spectroscopy. MSM type devices
were  prepared,  the  photoelectric  response  performance  of
the  devices  under  254  and  365  nm  illumination  was  tested,
and the corresponding working mechanism was analyzed .

 2.  Experiment

 2.1.  Materials and devices preparation

The 1.5 × 1.5 cm2 sapphire substrates were cleaned ultra-
sonically  for  10  min  using  acetone,  anhydrous  ethanol,  and
deionized  water  in  that  order.  The  surface  was  blown  dry
with  high  purity  N2.  The  films  were  deposited  on  the  sap-
phire substrates using a Sn-doped Ga2O3 target (Ga2O3 :  SnO2

=  95  :  5  at%),  research  RFMS  method,  setting  the  sputtering
power  to  140  W,  sputtering  gas  of  high-purity  Ar2,  gas  flow
rate to 40 sccm, working air pressure to 1.0 Pa, sputtering con-
tinuously  at  room  temperature  for  2  h.  The  produced  films

were  annealed  at  900  °C  for  2  h  in  nitrogen  (500  sccm)  and
air  atmosphere  respectively.  Ti/Au  (80  nm/50  nm  thickness)
interdigital electrodes (300 μm in length, 50 μm in width, and
30 μm  in  pitch)  were  deposited  on  the  prepared  Ga2O3 films
using  standard  lithography  and  electron  beam  evaporation
process.  The  MSM  type  solar-blind  photoelectric  detectors
had been prepared based on Ga2O3 films, and the device struc-
ture is shown in Fig. 1.

 2.2.  Performance characterization

The structural  properties were characterized by the X-ray
diffraction (XRD, model: Bruker D8 Advance). The surface mor-
phology  and  thickness  of  the  films  were  tested  by  a  scan-
ning  electron  microscope  (SEM,  model:  JSM-7610FPlus).  The
chemical  composition  of  the  films  was  determined  by  the  X-
ray  photoelectron  spectroscopy  (XPS,  model:  Thermo  SCIEN-
TIFIC  ESCALAB  Xi+).  The  transmission  spectra  of  the  Ga2O3

films  were  measured  by  ultraviolet-visible  spectroscopy  (UV-
vis,  model:  UV-2400),  and the I–V and I–t electrical  properties
of  the  solar-blind  photoelectric  detectors  under  different
photo conditions were tested by a semiconductor device ana-
lyzer (model: Keysight 1505).

 3.  Result and discussion

Fig.  2 shows  the  XRD  patterns  of  the  unannealed,
annealed in nitrogen and annealed in air Ga2O3 films, the test
method  was  grazing  incidence,  and  the  incidence  angle  was
1°. The unannealed film had no obvious diffraction peaks and
only had large wave packets in the diffraction angle range of
20°–40°,  which  indicate  that  the  crystalline  quality  of  the
films grown under this condition was poor. After annealing in
nitrogen or air, sharp diffraction peaks were observed, indicat-
ing  that  the  crystal  quality  was  significantly  improved.  There
were  three  strongest  diffraction  peaks  located  at  30.41°,
31.52°  and  64.81°,  corresponding  to  the  [−401],  [−202]  and
[−712]  crystal  orientation  of β-Ga2O3 (JCPDS  Card  No.  87-
1901),  while  the  other  obvious  diffraction peaks  belong to β-

 

Fig. 1. (Color online) Schematic diagram of solar-blind photodetector
with MSM structure.

 

Fig. 2. (Color online) XRD spectrum of Ga2O3 films.
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Ga2O3 too.  The  diffraction  peaks  of  the  sapphire  substrate
and  tin  were  not  found  in  the  figures,  indicating  that  the
films were uniform and dense,  and the tin dopants were well
dissolved  in  Ga2O3 without  the second-phase  segregation,  or
the  concentration  of  second-phase  was  lower  than  the  test-
ing accuracy of XRD.

Figs.  3(a)–3(c)  show  the  SEM  surface  and  cross-sectional
images of Ga2O3 films: unannealed, annealed in nitrogen atmo-
sphere,  and  annealed  in  air  atmosphere.  It  can  be  seen  that
the surface of the unannealed film was composed of tiny parti-
cles  about  5–20  nm  in  diameter,  with  a  uniform  thickness  of
about  278  nm  and  a  good  bond  with  the  substrate.  After
annealing  in  nitrogen  atmosphere,  the  size  of  the  tiny  parti-
cles  was  more  uniform,  and  the  thickness  of  the  film  slightly
increased  to  about  300  nm.  Due  to  the  lattice  mismatch
between  the  Ga2O3 film  and  the  substrate,  and  the  different
thermal expansion coefficients at high temperatures, the adhe-
sion  between  the  film  and  the  substrate  was  reduced.  The
uneven  thickness  of  the  film  after  being  annealed  in  an  air
atmosphere  was  probably  due  to  the  reaction  between  oxy-
gen in the air and the film at high temperatures.

From the results of XRD, it can be seen that high-tempera-
ture  annealing  makes  the  film  transform  from  amorphous  to
polycrystalline.  In  the  process  of  crystallization,  the  anneal-
ing atmosphere had a certain effect on regulating the atomic
percentages of  gallium, oxygen and tin.  As shown in the EDS
results  (Fig.  3(d)),  the  peaks  of  Sn  elements  existed  in  all
three  Ga2O3 film  samples.  Sn  ions  may  be  a  substitution  or
interstitial  doped  in  Ga2O3.  The  atomic  ratios  of  Ga  :  Sn  were
40.8  :  1  (unannealed),  48.9  :  1  (N2 annealed)  and  43.1  :  1  (air
annealed)  respectively,  Sn  decreased  after  annealed  both  in
N2 and air, and Sn content was lower in the N2 annealed sam-
ple. The atomic ratios of O :  Ga were much greater than 3 :  2,
so  there  were  many  other  absorbed  oxides  on  the  surface  of
Ga2O3 films,  including  physical  adsorption  and  chemical
adsorption, such as carbon, hydrogen or others.

To  reveal  the  chemical  bonding  states  and  compositions
in  thin  films,  the  typical  XPS  survey  spectra  of  the  unan-
nealed,  annealed  in  N2 and  annealed  in  air  Ga2O3 thin  films
were  shown  in Fig.  4(a),  which  were  dominated  by  the  spec-
tra  of  Ga  (2s,  2p,  3s,  3p,  3d),  Sn  3d,  O  1s  and  C  1s,  the  auger
peaks  from  the  gallium  (Ga  LM1,Ga  LM2)  and  the  oxygen  (O

 

Fig. 3. (Color online) SEM of Ga2O3 thin films: (a) unannealed, (b) annealed in nitrogen, (c) annealed in air. (d) EDS spectra of Ga2O3 thin films.
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KL1)  were  clearly  observed  too[28−30].  The  peak  of  Ga  3d  at
20.4 eV indicates the lattice Ga–O bond in the Ga3+ oxidation
state,  and  the  weak  O  2s  peak  was  observed  at  the  23.1  eV,
as  shown  in Fig.  4(b)[28, 31]. Fig.  4(c)  shows  the  typical  Sn  3d
peaks  at  ~495.1  eV  (3d3/2)  and  ~486.7  eV  (3d5/2)  with  an
energy difference of ~8.4 eV from the Sn4+ oxidation state cor-
responding to its  substitution on the lattice Ga site[28, 30].  The
peak at ~ 491.4 eV was also detected due to the 3d core level
of  metal  Sn  (Sn0).  The  existence  of  Sn0 indicated  that  Sn
dopants  were  not  fully  oxidized[28].  The  peak  area  ratios  of
Sn4+:Sn0 were  42.5%  :  57.5%  (unannealed),  55.6%  :  44.4%  (N2

annealed)  and 57.4% :  42.6% (air  annealed).  O 1s XPS spectra
of  Sn-doped  Ga2O3 films  were  resolved  into  three  compo-
nents  centered  at  530.6,  531.4,  and  532.1  eV  for  lattice  oxy-
gen (Ga–O and Sn–O bonds), oxygen vacancy, and O–H (C–O)
bonds,  respectively[28−32] (as  shown  in Fig.  4(d)).  The  peak
area  ratios  of  lattice  oxygen  :  oxygen  vacancy  :  O–H  (C–O)
were  38.5%  :  48.8%  :  12.7%  (unannealed),  64.1%  :  12.2%  :
23.7% (N2 annealed) and 71.4% :  11.4% :  17.1% (air annealed)
respectively.  The  concentration  of  lattice  oxygen  increased
and  oxygen  vacancy  decreased  during  the  crystallization  of
the film. The ratio of O–H (C–O) increased in the N2 annealed
sample  and  decreased  in  the air  annealed  sample,  which
caused  the  changes  of  oxygen  concentration,  in  agreement
with the EDS results.

It  can  be  speculated  that  high-temperature  annealing
made  the  process  of  crystallization  of  the  films,  the  oxygen
vacancies  and  atomic  ratio  of  Sn  reduced  after  annealing

both in N2 and air atmosphere, while the Sn4+ substitution dop-
ing ratio increased.

Fig.  5(a)  shows  the  transmission  spectra  of  Ga2O3 films:
unannealed,  N2 annealed  and  air  annealed,  with  wave-
lengths  set  from  200  to  800  nm.  At  365  nm,  the  transmit-
tance  of  the  unannealed  sample  dropped  to  73%.  In  the
250–300  nm  range,  the  transmittance  of  all  three  samples
dropped  sharply,  indicating  that  the  samples  absorbed  light
in  this  wavelength  range  significantly.  A  plot  of  (αhν)2–hν is
shown  in Fig.  5(b),  where  the  absorption  coefficient α is
derived using Eq. (1)[33]: 

α = 
τ ln(/T), (1)

where τ is the thickness value of the film and T is the transmit-
tance. After the absorption coefficient is derived, it is brought
into Eq. (3): 

hv = hc
λ
, (2)

 

(αhv)/n = B (hv − Eg) , (3)

where h is  Planck's  constant, ν is  the  incident  photon  fre-
quency  and λ is  the  wavelength. n is  taken  as  1/2  and Eg is
the  band  gap  of  the  semiconductor  material.  The  band  gaps
of  the  unannealed,  N2 annealed,  and  air  annealed  samples
were estimated to be 4.86, 4.94 and 4.89 eV, respectively. The

 

Fig. 4. (Color online) The XPS analysis for the Ga2O3 thin films: (a) survey peaks, (b) Ga 3d spectra, (c) Sn 3d spectra, and (d) O 1s spectra.
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band  gap  increased  due  to  the  reduction  of  Sn  atomic  ratio
after  annealing.  The  N2 annealed  sample  had  the  best  crys-
talline quality and the largest band gap.

Figs.  6(a)–6(c)  show  the I–V characteristic  curves  of  the
photoelectric  detectors  made  from  three  thin  film  samples,
unannealed,  annealed  in  nitrogen  and  air  atmosphere,  res-

pectively.  The  detectors  after  annealed  exhibited  good
Ohmic  contact  in  the  bias  voltage  range  of  –20  to  20  V,  and
the current shows a good linear relationship with the bias volt-
age. Fig. 6(a) shows the I–V curves under dark conditions, the
three samples had dark current of pA level at 20 V, and the cur-
rent-voltage curve slightly deviates from Ohm's law. Figs. 6(b)

 

Fig. 5. (Color online) (a) Transmission spectra of Ga2O3 thin films. (b) The plot of (αhν)2–hν.

 

Fig. 6. (Color online) (a) I–V curve in dark condition. (b) I–V curve at 254 nm wavelength illumination. (c) I–V curve at 365 nm wavelength illumina-
tion of Ga2O3 thin films.
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and 6(c)  show  the I–V curves  of  the  fabricated  devices  under
254  and  365  nm  illumination,  with  currents  of μA  level  and
nA  level  respectively. Figs.  7(a)–7(c)  show  the  logarithmic
curves  of  the  photo  current  and  dark  current  of  the  devices
at  –20  to  20  V  bias  voltage,  from  which  it  can  be  seen  that
the  photo-to-dark  current  ratio  (PDCR)  of  the  unannealed
and  annealed  in  air  atmosphere  devices  at  20  V  bias  voltage
were  105,  while  the  PDCR of  the  annealed in  nitrogen device
was 106.

In  comparison,  the unannealed device had the minimum
dark  current  and  photo  current  at  254  nm  illumination,  and
the maximum photo current at 365 nm illumination. The dark
current  of  the  annealed  devices  increased  because  the  crys-
talline quality of the films improved, making the carrier mobil-
ity  higher.  The  dark  current  of  the  nitrogen  annealed  device
was  smaller  than  that  of  the  air  annealed  device  due  to  the
lower  Sn  doping  concentration.  There  were  strong  grain
boundary  potential  barriers  in  polycrystalline  Ga2O3 films,
resulting  in  the  dark  current  as  low  as  the  pA  level.  At  254
nm  illumination,  a  large  number  of  photogenerated  carriers
reduced the grain boundary potential barrier, causing the pho-
tocurrent  up  to μA  level.  The  photo  current  of  the nitrogen
annealed  device  was  maximum.  This  may  be  due  to  the  fact
that  the  quality  of  films  annealed  in  nitrogen  atmosphere
was better, the grain size and thickness distribution were uni-
form,  and  the  excited  carriers  were  less  scattered  by  lattice

and  grain  boundary,  meanwhile,  slightly  higher  concentra-
tion of oxygen vacancy might provide more carriers. The unan-
nealed device had the smallest band gap and the lowest trans-
mittance  to  365  nm  illumination,  thus  absorbing more
energy,  causing  obvious  photocurrent,  while  the  nitrogen
annealed  device  had  the  minimum  photo  current  at  365  nm
illumination,  due  to  the  lowest  Sn  doping  concentration  and
largest  band  gap.  It  can  be  inferred  that  Sn  doping  reduced
the selectivity properties of the detector to the solar-blind sig-
nals.

All  three  solar-blind  photoelectric  detectors  had  certain
responses to 365 nm light,  and more significantly,  to 254 nm
light.  The photo-current of  the nitrogen annealed device was
10 μA  at  254  nm  illumination  and  20  V  bias  voltage  condi-
tions (dark  current  was 5.76 pA at  20 V),  PDCR was 1.7  × 106,
while  the  response  to  the 365  nm  photo  was  the  weakest.  It
can  be  inferred  that  the  nitrogen  annealed  device  had  the
best response rate and selectivity to solar-blind signals.

However,  the  photo-current  of  the  undoped  Ga2O3 films
prepared  by  the  same  process  was  nearly  the  same  as  their
dark-current.  The photoelectric  responses of  Sn-doped Ga2O3

films  were  significantly  improved,  indicating  that  Sn  doping
effectively  increased  the  carrier  concentration  and  reduced
the grain boundary potential barrier.

Figs.  8(a)–8(c)  show  the I–t curves  of  the  three  Ga2O3

solar-blind  photoelectric  devices  under  20  V  bias  voltage  for

 

Fig.  7. (Color  online)  Photocurrent  at  254,  365  nm  illumination  and  dark  current  logarithmic  curves  of  Ga2O3 thin  films:  (a)  unannealed,  (b)
annealed in nitrogen, (c) annealed in air.
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unannealed, annealed in nitrogen and air atmosphere, respec-
tively.  By setting the switching duration of the 254 nm photo
source to 5 s, the devices showed good consistency over multi-
ple photo-dark cycles, indicating that the devices had good sta-
bility  and  repeatability. Figs.  8(d)–8(f)  are  partial  images  of
Figs.  8(a)–8(c),  respectively,  which show the response (τr)  and
recovery  (τd)  time  characteristics  of  the  devices  to  light.  The
response  and  recovery  time  of  the  unannealed  device  could
be divided into two periods, the fast response period and the
slow response period,  so the time was longer, τr was 540 ms,

and τd was 600 ms. τr for the air atmosphere annealed device
was  390  ms  and τd was  124  ms; τr for  the  nitrogen  atmo-
sphere annealed device was 378 ms and τd was 90 ms.  It  can
be inferred that nitrogen atmosphere annealing was an effec-
tive  way  to  improve  the  response  and  recovery  speed  of  the
device.

Fig.  9 shows  the  PDCR  curve  of  the  devices  unannealed,
nitrogen annealed and air annealed with a bias voltage range
of  –20  to  20  V.  The  PDCR  of  the  devices  was  above  105 in
most  voltage  ranges.  The  PDCR  varied  slightly  in  the  ranges

 

t (s) t (s)

t (s) t (s)

t (s) t (s)

Fig. 8. (Color online) I–t curves of Ga2O3 solar-blind photoelectric devices: (a) unannealed, (b) annealed in nitrogen, (c) annealed in air, (d) unan-
nealed (part of (a)), (e) annealed in nitrogen (part of (b)), (f) annealed in air ((part of (c)).
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of –20 to –7 V and 4 to 20 V,  indicating that the photodetec-
tors  had  a  wide  operating  voltage  range  and  could  maintain
high  sensitivity  at  smaller  driving  voltages.  When  measuring
the dark current, the contact resistances between the two elec-
trodes  and the  material  below the electrodes  were  large  and
slightly  different,  which  caused  the  current–voltage  curve  to
deviate from Ohm's law (as shown in Fig. 6(a)). When measur-
ing  the  photo  current,  the  symmetry  of  the  curve  was  good,
due  to  the  reduction  of  the  contact  resistances.  Therefore,
the  PDCR  of  the  unannealed,  nitrogen  atmosphere  annealed
and  air  atmosphere  annealed  devices  achieve  the  maximum
at –3.6, –2.4, and –2 V respectively.

In  addition,  the  response  rate  (R),  external  quantum  effi-
ciency  (EQE)  and detection rate  (D*)  are  also  three  important
pieces  of  data  in  the  performance  of  solar-blind  detection
devices. The response rate is obtained from Eq. (4)[34]: 

R =
Ilight − Idark

PS
, (4)

where P254 is the optical power density of 254 nm UV (10 W/m2)
and S is  the effective area (8.1 × 10−8 m2).  The external quan-
tum efficiency is given by Eq. (5)[34]: 

EQE = hcR
qλ

× %, (5)

where c is  the  speed  of  light,  and q is  the  total  electronic
charge.  As  a  parameter  characterizing  the  ability  of  the
device  to  detect  noisy  optical  signals,  the  specific  detection
rate is given by Eq. (6)[35]: 

D∗ = R√
qIdark/S . (6)

Under 254 nm UV illumination and 20 V bias voltage, the
calculated results are shown in Table 1. Among them, the nitro-
gen annealed β-Ga2O3 thin film solar-blind photoelectric detec-
tor  had  the  best  performance:  PDCR  (1.75  ×  106), R
(12.47A/W),  EQE  (6.09  ×  103%), D*  (2.61  ×  1012 Jones), τr/τd

(0.39  s/0.12  s).  It  is  worth  noting  that  the  distance  between
interdigital  electrodes  of  the  photoelectric  devices  prepared
in  this  paper  is  30 μm,  and  the  distance  can  be  further
reduced  to  obtain  a  higher  response  and  detection  rate.  At
present, there have been a large number of relevant research
reports[36−48] and  reviews[49, 50] on  gallium  oxide  solar-blind
photoelectric  detection  devices.  The  performance  indicators
of some devices are listed in Table 1. Compared with the litera-
ture,  the  devices  made  in  this  work  had  a  good  comprehen-
sive performance.

 4.  Conclusion

In  this  paper,  Sn-doped  Ga2O3 films  were  prepared  by
the  RFMS  method,  and  photoelectric  detectors  were  fabri-
cated  by  photolithography,  electron  beam  evaporation  and
other  processes.  The  experiment  results  show  that  the  three
kinds  of  photoelectric  detectors  have  good  repeatability  and
stability,  and  have  obvious  response  to  254  nm  light.  The
PDCR  value  is  105 or  higher,  and  the  response  to  365  nm
light  is  weak,  and  the  response  and  recovery  time  are  less
than 1 s. Sn doping effectively increased the carrier concentra-
tion  and  reduced  the  grain  boundary  potential  barrier,  but
also reduced the selectivity of the detectors to the solar-blind
signals.

However, among the three as produced devices, the nitro-
gen  annealed  device  has  the  lowest  Sn  concentration,  the

 

Table 1.   Key parameters of Ga2O3 thin film photoelectric detector.

Material Structure PDCR R (A/W) EQE (%) D* (Jones) τr/τd Ref.

Ni/Au/β-Ga2O3 MSM 103 1.4 × 10−3 0.5 2.0 × 1012 1.1 s/0.3 s [36]
Au/β-Ga2O3/Si MSM 6.13 96.13 4.77 × 104 – 32 ms/78 ms [37]
Ni/Au/β-Ga2O3/Ti/Au MSM 104 9.78 4.25 × 103 3.92 × 1014 5.19 μs [38]
Au/Graphene/β-Ga2O3/In MSM – 6.1 2.98 × 103 – 0.62 s/0.67 s [39]
Graphene/β-Ga2O3 wafer MSM 2.28 × 102 0.01 5 – 30 ns/2.24 μs [40]
α/β-Ga2O3 NRAS PEC 2.0 × 103 2.6 × 10−4 – 2.8 × 109 0.54 s/1.63 s [41]
β-Ga2O3 NRAS PEC 28.97 3.8 × 10−3 1.86 0.29 s/0.16 s [42]
LIG(Graphene)/Ga2O3 – 3.72 × 103 0.043 – 6.73 × 1012 0.4 s/0.06 s [43]
Ti/Au/β-Ga2O3 MSM 510 0.06 28.3 – 2.92 s/2.97 s [44]
Ti/Au/β-Ga2O3 MSM 773 91.9 – 7.2 × 1013 5.4 s/2.1 s [45]
Au/β-Ga2O3/Au MSM 1.6 × 103 18.23 – – 0.44 s/0.72 s [46]
α-Ga2O3/Cu2O PEC – 4.2 × 10−4 – – 10.3 s/10.1 s [47]

MSM@Unannealed 4.21 × 105 1.86 9.08 × 102 4.94 × 1011 0.54 s/0.6 s
β-Ga2O3 thin films MSM@N2 annealed 1.75 × 106 12.47 6.09 × 103 2.61 × 1012 0.37 s/0.09 s This work

MSM@Air annealed 9.44 × 105 8.56 4.18 × 103 1.59 × 1012 0.39 s/0.12 s

 

Fig. 9. (Color online) Curve of photo-dark current ratio (PDCR) chang-
ing with bias voltage.
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largest  band  gap,  and  the  best  comprehensive  performance.
The  high-temperature  nitrogen  atmosphere  annealing  may
be  an  effective  method  to  reduce  defects  and  improve  the
crystalline  quality  of  the  film.  In  addition,  this  work  did  not
compare  the  samples  with  different  doping  concentrations
and  did  not  explore  the  best  Sn  doping  concentration  for
solar-blind photoelectric detection performance.

In  summary,  the  device  fabricated  by  the  nitrogen
annealed  film  has  excellent  performance  (the  photo-current
is 10 μA and the dark-current is 5.76 pA at 20 V, PDCR is 1.7 × 106,
response rate is 12.47 A/W, response time is 378 ms, and recov-
ery  time  is  90  ms).  This  prepared  by  the  RFMS  method.  The
Sn-doped  Ga2O3 thin  film  based  solar-blind  photoelectric
detector has a low cost, high response rate and stable perfor-
mance, and has promising practical application prospects.

 Acknowledgements

This  work  was  supported  by  the  National  Natural  Sci-
ence  Foundation  of  China  (Grant  No.  62204203)  and  the
Shaanxi  Natural  Science  Basic  Research  Program  (Grant  No.
2022JQ-701).

References 

Xu J J, Zheng W, Huang F. Gallium oxide solar-blind ultraviolet
photodetectors: A review. J Mater Chem C, 2019, 7, 8753

[1]

Xie C, Lu X T, Tong X W, et al. Ultrawide-bandgap semiconduct-
ors: Recent progress in solar-blind deep-ultraviolet photodetect-
ors based on inorganic ultrawide bandgap semiconductors. Adv
Funct Mater, 2019, 29, 1970057

[2]

Chen X H, Ren F F, Gu S L, et al. Review of gallium-oxide-based
solar-blind ultraviolet photodetectors. Photon Res, 2019, 7, 381

[3]

Wang J,  Xiong Y Q,  Ye L  J,  et  al.  Balanced performance for  β-
Ga2O3 solar blind photodetectors: The role of oxygen vacancies.
Opt Mater, 2021, 112, 110808

[4]

Oh Y Y, Ji J H, Kim S H, et al. Innovative Infrared-pulsed laser as-
sisted RF sputtered β-Ga2O3 thin film at low temperature process.
J Alloys Compd, 2021, 879, 160435

[5]

Guo D Y, Li P G, Chen Z W, et al. Ultra-wide bandgap semicon-
ductor of β-Ga2O3 and its research progress of deep ultraviolet trans-
parent electrode and solar-blind photodetector. Acta Phys Sin,
2019, 68, 078501

[6]

Xu R, Ma X C, Chen Y H, et al. Effect of oxygen vacancies in het-
eroepitaxial β-Ga2O3 thin film solar blind photodetectors. Mater
Sci Semicond Process, 2022, 144, 106621

[7]

Wu C, Wu F, Ma C, et al. A general strategy to ultrasensitive Ga2O3

based self-powered solar-blind photodetectors.  Mater  Today
Phys, 2022, 23, 100643

[8]

Liu Z, Zhi Y S, Zhang S H, et al. Ultrahigh-performance planar β-
Ga2O3 solar-blind Schottky photodiode detectors. Sci China Tech-
nol Sci, 2021, 64, 59

[9]

Zhang T, Li Y F, Cheng Q, et al. Influence of O2  pulse on the β-
Ga2O3  films deposited by pulsed MOCVD. Ceram Int, 2022, 48,
8268

[10]

Sasaki K, Higashiwaki M, Kuramata A, et al. MBE grown Ga2O3 and
its power device applications. J Cryst Growth, 2013, 378, 591

[11]

Liu W M, Zhu X D, He J B, et al. Atomic-layer-Ti-doped Ga2O3 thin
films with tunable optical properties and wide ultraviolet opto-
electronic responses. Phys Status Solidi RRL, 2021, 15, 2100411

[12]

Gu L, Ma H P, Shen Y, et al. Temperature-dependent oxygen an-
nealing effect on the properties of Ga2O3 thin film deposited by
atomic layer deposition. J Alloys Compd, 2022, 925, 166727

[13]

Zhang X Y, Yang Y, Fan W H, et al. Growth and characterization of
Si-doped Ga2O3 thin films by remote plasma atomic layer depos-

[14]

ition: Toward UVC-LED application. Surf Coat Technol, 2022, 435,
128252
Huang Y F, Deng G F, Saito K, et al. Current-controlled electrolu-
minescence from light-emitting diodes based on Tm, Er, and Eu
codoped Ga2O3 thin films. Appl Phys Express, 2022, 15, 081005

[15]

Zhang J Y, Willis J, Yang Z N, et al. Deep UV transparent conduct-
ive oxide thin films realized through degenerately doped wide-
bandgap gallium oxide. Cell Rep Phys Sci, 2022, 3, 100801

[16]

Wu C, Guo D Y, Zhang L Y, et al. Systematic investigation of the
growth kinetics of β-Ga2O3 epilayer by plasma enhanced chemic-
al vapor deposition. Appl Phys Lett, 2020, 116, 072102

[17]

Hou X H, Zhao X L, Zhang Y, et al. High-performance harsh-envir-
onment-resistant GaOx solar-blind photodetectors via defect and
doping engineering. Adv Mater, 2022, 34, 2270009

[18]

Gu K Y, Zhang Z L, Tang K, et al. Effect of a seed layer on micro-
structure and electrical properties of Ga2O3 films on variously ori-
ented Si substrates. Vacuum, 2022, 195, 110671

[19]

Li S F, Jiao S J, Wang D B, et al. The influence of sputtering power
on the structural,  morphological  and optical  properties  of  β-
Ga2O3 thin films. J Alloys Compd, 2018, 753, 186

[20]

Singh A K, Yadav S, Kulriya P K, et al. Sapphire substrate induced
effects on β-Ga2O3 thin films. J Mater Sci:Mater Electron, 2022, 33,
12629

[21]

Zhang T, Guan D G, Liu N T, et al. Room temperature fabrication
and post-annealing treatment of amorphous Ga2O3 photodetect-
ors for deep-ultraviolet light detection. Appl Phys Express, 2022,
15, 022007

[22]

Li S F. Study on GaO thin films prepared by magnetron sputter-
ing and their photoelectric properties. M. S. Dissertation, Harbin
Institute of Technology, 2018 (in Chinese)

[23]

Mi W, Li  Z,  Luan C N, et al.  Transparent conducting tin-doped
Ga2O3 films deposited on MgAl2O4 (100) substrates by MOCVD.
Ceram Int, 2015, 41, 2572

[24]

Feng Q J, Dong Z J, Liu W, et al. High responsivity solar-blind UV
photodetector based on single centimeter-sized Sn-doped β-
Ga2O3 microwire. Micro Nanostructures, 2022, 167, 207255

[25]

Zhao X L, Cui W, Wu Z P, et al. Growth and characterization of Sn
doped β-Ga2O3 thin films and enhanced performance in a solar-
blind photodetector. J Electron Mater, 2017, 46, 2366

[26]

Hou S, Liu Q, Xing Z Y, et al. Effect of Sn doping on the perform-
ance of Ga2O3 based solar blind UV detector. Opto-Electr Engin-
eering, 2019, 46, 190011

[27]

Fan M M, Lu Y J, Xu K L, et al. Growth and characterization of Sn-
doped β-Ga2O3 thin films by chemical vapor deposition using sol-
id powder precursors toward solar-blind ultraviolet photodetec-
tion. Appl Surf Sci, 2020, 509, 144867

[28]

Shen Y,  Ma H P,  Gu L,  et  al.  Atomic-level  Sn  doping effect  in
Ga2O3  films using plasma-enhanced atomic  layer  deposition.
Nanomaterials, 2022, 12, 4256

[29]

Du X J, Li Z, Luan C N, et al. Preparation and characterization of
Sn-doped β-Ga2O3 homoepitaxial films by MOCVD. J Mater Sci,
2015, 50, 3252

[30]

Yang Y, Liu W M, Huang T T, et al. Low deposition temperature
amorphous ALD-Ga2O3 thin films and decoration with MoS2 mul-
tilayers toward flexible solar-blind photodetectors. ACS Appl Ma-
ter Interfaces, 2021, 13, 41802

[31]

Tao J J, Lu H L, Gu Y, et al. Investigation of growth characteristics,
compositions, and properties of atomic layer deposited amorph-
ous Zn-doped Ga2O3 films. Appl Surf Sci, 2019, 476, 733

[32]

Ma H L, Su Q. Effect of oxygen pressure on structure and optical
band gap of  gallium oxide thin films prepared by sputtering.
Acta Phys Sin, 2014, 63, 116701

[33]

Li Z M, Jiao T, Li W C, et al. Solar-blind ultraviolet photodetectors
based on homoepitaxial  β-Ga2O3  films.  Opt Mater,  2021,  122,
111665

[34]

Liu Z, Zhang M L, Yang L L, et al. Enhancement-mode normally-[35]

Journal of Semiconductors    doi: 10.1088/1674-4926/44/6/062805 9

 

 
L J Li et al.: Preparation of Sn-doped Ga  2O3 thin films and their solar-blind photoelectric ......

 

https://doi.org/10.1039/C9TC02055A
https://doi.org/10.1002/adfm.201970057
https://doi.org/10.1002/adfm.201970057
https://doi.org/10.1364/PRJ.7.000381
https://doi.org/10.1016/j.optmat.2021.110808
https://doi.org/10.1016/j.jallcom.2021.160435
https://doi.org/10.7498/aps.68.20181845
https://doi.org/10.7498/aps.68.20181845
https://doi.org/10.1016/j.mssp.2022.106621
https://doi.org/10.1016/j.mssp.2022.106621
https://doi.org/10.1016/j.mtphys.2022.100643
https://doi.org/10.1016/j.mtphys.2022.100643
https://doi.org/10.1007/s11431-020-1701-2
https://doi.org/10.1007/s11431-020-1701-2
https://doi.org/10.1007/s11431-020-1701-2
https://doi.org/10.1016/j.ceramint.2021.12.031
https://doi.org/10.1016/j.ceramint.2021.12.031
https://doi.org/10.1016/j.jcrysgro.2013.02.015
https://doi.org/10.1002/pssr.202100411
https://doi.org/10.1016/j.jallcom.2022.166727
https://doi.org/10.1016/j.surfcoat.2022.128252
https://doi.org/10.1016/j.surfcoat.2022.128252
https://doi.org/10.35848/1882-0786/ac851d
https://doi.org/10.1016/j.xcrp.2022.100801
https://doi.org/10.1063/1.5142196
https://doi.org/10.1002/adma.202270009
https://doi.org/10.1016/j.vacuum.2021.110671
https://doi.org/10.1016/j.jallcom.2018.04.196
https://doi.org/10.1007/s10854-022-08212-x
https://doi.org/10.1007/s10854-022-08212-x
https://doi.org/10.35848/1882-0786/ac48d9
https://doi.org/10.35848/1882-0786/ac48d9
https://doi.org/10.1016/j.ceramint.2014.11.004
https://doi.org/10.1016/j.micrna.2022.207255
https://doi.org/10.1007/s11664-017-5291-5
https://doi.org/10.12086/oee.2019.190011
https://doi.org/10.12086/oee.2019.190011
https://doi.org/10.12086/oee.2019.190011
https://doi.org/10.1016/j.apsusc.2019.144867
https://doi.org/10.3390/nano12234256
https://doi.org/10.1007/s10853-015-8893-4
https://doi.org/10.1007/s10853-015-8893-4
https://doi.org/10.1021/acsami.1c11692
https://doi.org/10.1021/acsami.1c11692
https://doi.org/10.1021/acsami.1c11692
https://doi.org/10.1016/j.apsusc.2019.01.177
https://doi.org/10.7498/aps.63.116701
https://doi.org/10.1016/j.optmat.2021.111665
https://doi.org/10.1016/j.optmat.2021.111665


off β-Ga2O3: Si metal-semiconductor field-effect deep-ultraviolet
phototransistor. Semicond Sci Technol, 2022, 37, 015001
Pratiyush A S, Krishnamoorthy S, Kumar S, et al. Demonstration of
zero bias responsivity in MBE grown β-Ga2O3  lateral  deep-UV
photodetector. Jpn J Appl Phys, 2018, 57, 060313

[36]

Arora K, Goel N, Kumar M, et al. Ultrahigh performance of self-
powered β-Ga2O3 thin film solar-blind photodetector grown on
cost-effective Si  substrate using high-temperature seed layer.
ACS Photonics, 2018, 5, 2391

[37]

Xu Y, Chen X H, Zhang Y F, et al.  Fast speed Ga2O3  solar-blind
Schottky photodiodes with large sensitive area.  IEEE Electron
Device Lett, 2020, 41, 997

[38]

Kalita G, Mahyavanshi R D, Desai P, et al. Photovoltaic action in
graphene –Ga 2O3 heterojunction with deep-ultraviolet irradiati-
on. Phys Status Solidi R, 2018, 12, 1800198

[39]

Chen M Z, Ma J G, Li P, et al. Zero-biased deep ultraviolet photo-
detectors based on graphene/cleaved (100) Ga2O3 heterojunc-
tion. Opt Express, 2019, 27, 8717

[40]

Wu C, He C, Guo D, et al. Vertical α/β-Ga2O3 phase junction nanor-
ods array with graphene-silver nanowire hybrid conductive elec-
trode  for  high-performance  self-powered  solar-blind  photo-
detectors. Mater Today Phys, 2020, 12, 100193

[41]

Chen  K,  Wang  S  L,  He  C  R,  et  al.  Photoelectrochemical  self-
powered solar-blind photodetectors based on Ga2O3 nanorod ar-
ray/electrolyte solid/liquid heterojunctions with a large separa-
tion interface of photogenerated carriers. ACS Appl Nano Mater,
2019, 2, 6169

[42]

Wu C, Wu F M, Hu H Z, et al. Work function tunable laser induced
graphene electrodes for Schottky type solar-blind photodetect-
ors. Appl Phys Lett, 2022, 120, 101102

[43]

Huang L, Feng Q, Han G Q, et al. Comparison study of β-Ga2O3[44]

photodetectors grown on sapphire at different oxygen pressures.
IEEE Photonics J, 2017, 9, 1
Liu X Z, Liu Q, Zhao B W, et al. Comparison of β-Ga2O3 thin films
grown  on  r-plane  and  c-plane  sapphire  substrates.  Vacuum,
2020, 178, 109435

[45]

Wang Q L, Chen J, Huang P, et al. Influence of growth temperat-
ure on the characteristics of β-Ga2O3 epitaxial films and related
solar-blind photodetectors. Appl Surf Sci, 2019, 489, 101

[46]

He C R, Guo D Y, Chen K, et al. α-Ga2O3 nanorod array–Cu2O mi-
crosphere p–n junctions for self-powered spectrum-distinguish-
able photodetectors. ACS Appl Nano Mater, 2019, 2, 4095

[47]

Guo D, Chen K, Wang S, et al. Self-powered solar-blind photode-
tectors based on α/β  phase junction of Ga2O3.  Phys Rev Appl,
2020, 13, 024051

[48]

Wu C, Wu F M, Hu H Z, et al. Review of self-powered solar-blind
photodetectors based on Ga2O3.  Mater  Today Phys,  2022,  28,
100883

[49]

Kaur  D,  Kumar  M.  A  strategic  review on gallium oxide  based
deep-ultraviolet photodetectors: Recent progress and future pro-
spects. Adv Optical Mater, 2021, 9, 2002160

[50]

 

 
Lijun Li got her PhD degree in 2010 at  East
China Normal University. Then she joined Xi’an
University  of  Post  and  Telecommunications.
Her  reaserch  focuses  on  semiconductor  thin
film  materials,  photoelectric  detectors  and
power devices.

10 Journal of Semiconductors    doi: 10.1088/1674-4926/44/6/062805

 

 
L J Li et al.: Preparation of Sn-doped Ga  2O3 thin films and their solar-blind photoelectric ......

 

https://doi.org/10.1088/1361-6641/ac38bd
https://doi.org/10.7567/JJAP.57.060313
https://doi.org/10.1021/acsphotonics.8b00174
https://doi.org/10.1109/LED.2020.2998804
https://doi.org/10.1109/LED.2020.2998804
https://doi.org/10.1002/pssr.201800198
https://doi.org/10.1364/OE.27.008717
https://doi.org/10.1016/j.mtphys.2020.100193
https://doi.org/10.1021/acsanm.9b00992
https://doi.org/10.1021/acsanm.9b00992
https://doi.org/10.1063/5.0080855
https://doi.org/10.1109/JPHOT.2017.2731625
https://doi.org/10.1016/j.vacuum.2020.109435
https://doi.org/10.1016/j.vacuum.2020.109435
https://doi.org/10.1016/j.apsusc.2019.05.328
https://doi.org/10.1021/acsanm.9b00527
https://doi.org/10.1103/PhysRevApplied.13.024051
https://doi.org/10.1103/PhysRevApplied.13.024051
https://doi.org/10.1016/j.mtphys.2022.100883
https://doi.org/10.1016/j.mtphys.2022.100883
https://doi.org/10.1002/adom.202002160

	1 Introduction
	2 Experiment
	2.1 Materials and devices preparation
	2.2 Performance characterization

	3 Result and discussion
	4 Conclusion
	Acknowledgements
	References

