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Gas_,Sn, 03 thin films were deposited on c-plane Al,O3 (0001) substrates with
different Sn content by laser molecular beam epitaxy technology (L-MBE). The
Sn content x was varied from 0 to 1.0. (201) oriented f-phase Gas_,Sn, O3 thin
films were obtained at the substrate temperature of 850°C in the vacuum
pressure of 5 x 10° Pa. The crystal lattice expanded and the energy band-gap
decreased with the increase of Sn content for Sn** ions incorporated into the
Ga site. The n-type conductivity was generated effectively through doping
Sn** ions in the Gay0j lattice in the oxygen-poor conditions. The solar-blind
(SB) photodetectors (PDs) based on Gas_,Sn, O3 (x = 0, 0.2) thin films were
fabricated. The current intensity and responsivity almost increased by one
order of magnitude and the relaxation time constants became shorter for
x = 0.2. Our work suggests that the performance of PD can be improved by
doping Sn** ions in Gay0j5 thin films.
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INTRODUCTION

The terrestrial ozone layer has a strong absorp-
tion for ultraviolet (UV) radiation (200-280 nm)
from the solar light radiation through the atmo-
sphere; this waveband of UV radiation nearly does
not exist both at the surface of the earth and in the
atmosphere near sea level, the so-called SB
region.®® The PD produces that accordingly by
operating in the SB region and is named the solar-
blind photodetector (SBPD). The SBPD is used in
many fields, for instance, fire detection, missile
tracking, electrical arcing, chemical-biological anal-
ysis, and so forth.> At present, the transparent
semiconducting oxides (T'SOs) have been applied in
the field of SBPD. The TSOs constitute a kind of
material that combines almost 90% visible-light
transparency with electrical conductivity.* Due to a
small energy band-gap (~3.2 eV), the conventional
TSOs such as ZnO, SnO; and In;O3 are opaque in
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the UV region (1 < 300 nm). With the improvement
of the epitaxial growth and the process techniques,
the wide band-gap semiconductors are applied in
SBPDs, for instance, AlGaN, diamond and ZnMgO.
Although AlGaN alloys have a high Al content to
serve as the active light absorption layer, the
quality of the epitaxial layer deteriorates rapidly
with increasing Al content.” Meanwhile, the pho-
tocurrent sensitivity of the diamond is restricted to
the wavelengths below 225 nm because of the band-
gap energy (E,) is 5.5 eV.® In addition, it is difficult
to grow the single ZnMgO with high Mg content
because of the p7hase segregation that occurs in both
ZnO and MgO.’ Thus, new TSOs materials need to
be explored so as to increase the performance of
SBPD.

Gay03 has recently attracted increasing interest
as a kind of TSO, which occurs in various phases
like o-, f-, 7-, 6-, and ¢-phase.® Among them, p-
phase Gay0O3 is considered to be in common use
with it being the most stable thermally and
chemically.® Its melting point (~1740°C) determi-
nes the possibility of working at a high
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temperature.'® The f-phase Ga,0j single crystal
belongs to the monoclinic system with space group
C2/m, in which Ga®* ions occupy both tetrahedral
and octahedral sites, and the lattice parameters
area = 12.23 A, b =304 A,c=5.08A, f=103.83°,
respectively.' 12 It is an indispensable material for
SBPD because of the band-gap energy of fS-phase
Gay0s5 is 4.9 eV.? In fact, pure f-phase GayOs thin
film has been demonstrated in SBPD.'*'® So far,
the fabrication of high performance PD using p-
Gay0s3 thin film is still challenge. There are some
factors affecting the performance of PD based on f-
Gay0O3 thin film, for instance, quality of films,
interface of metal-electrode/semiconductor,'® struc-
ture of electrodes, and defects and doping. Both
defects and doping affect the conductivity of thin
films significantly, which makes it one of the most
basic factors for increasing the performance of
PD.'" It is found that the undoped GasO; thin
films are of n-type conductivity as they grow in
lower oxygen partial pressure.'® The oxygen vacan-
cies have been regarded as the origin of intrinsic n-
type conductivity,'® and the conductivity up to 1 S
cm ' was obtain by Orita under low oxygen partial
pressure.?’ The density of the oxygen vacancies is
strongly dependent on the deposition temperature
during the deposition process. The opto-electronic
properties, including E,, electron affinity and
charge carrier density are found to be influenced
by the oxygen vacancies.?! Recent research found
that a shallow donor level was achieved by doping
Sn** ions in Gay03 thin films. The conductivity of
Sn-doped GayOgz thin films decreased with the Sn
content change in a certain range.?”?* We set a
low oxygen partial pressure of ambient atmosphere
and a high substrate temperature, which could
enlarge the chemical potential of oxygen in the
lattice resulting in the formation of oxygen defects
and Sn** ions into the lattice effectively at a high
substrate temperature by releasing oxygen gas into
the atmosphere.

At present, Sn-doped fS-phase GayOjz thin films
have been prepared by many methods, such as
metal organic chemical vapor deposition,?? *
pulsed laser deposition,?® radio frequency mag-
netron sputtering (RFMS),?® and so on. Compared
to these methods, L-MBE possesses a closed vacuum
system to insure high-purity source materials and a
pollution-free environment. Moreover, the atomic-
layer growth can be monitored by in situ reflection
high energy electron diffraction (RHEED) so that
fabrication of the films with high crystal quality for
more excellent device properties can occur.?® In this
work, we prepared f-phase Gas_,Sn,O3 thin films
on Al,O3 (0001) substrates with different Sn content
by L-MBE. Meanwhile, a prototype device of SBPD
with metal-semiconductor-metal (MSM) structure
based on f-phase Gas_,Sn,O3 (x = 0, 0.2) thin films
was fabricated and compared with the UV photore-
sponse of two SBPDs.

EXPERIMENTAL

The Sn-doped GayO; target was prepared from
Gay0s3 (purity, 5 N) and SnO,, (purity, 5 N) powders.
The Gay03 and SnO, powders were thoroughly
mixed on the basis of the composition ratio x (x = 0,
0.2, 0.6, 1.0), pressed into a disk, and then sintered.
A substrate of c-plane Al;O3 (0001) single crystal
was put in the deposition chamber and the vacuum
pressure in the chamber was 5 x 107° Pa. The
Gas_,Sn, 03 (x = 0, 0.2, 0.6, 1.0) sintered body was
irradiated by focused KrF excimer laser beam with
a wavelength of 248 nm. The laser pulse energy
density was 4 J/cm® and the target-substrate dis-
tance was 50 mm. The substrate was rotated in
order to improve the film’s uniformity during the
deposition process. The structural properties of
f-phase Gay_,Sn, O3 thin films were characterized
by a Hitachi S-4800 field emission scanning electron
microscope (FE-SEM) operating at 10 keV. An
energy dispersive x-ray (EDX) spectrum of the
samples was also measured. The crystallinity and
orientation of the as-grown films were investigated
by x-ray diffraction (XRD) at 0-20 scan using a
PANalytical X’pert PRO diffractometer with Cu Ka
(A = 1.5405 A) radiation and in situ RHEED. An
ultraviolet—visible (UV-vis) absorption spectrum
was recorded using a Hitachi U-3900 UV-vis spec-
trophotometer. For the fabrication of SBPD, the
interdigital AwTi electrode was deposited on the
thin film surface using a shadow mask by a RFMS
system. The size of the interdigitated electrode was
2.8 mm long, 0.2 mm wide, and the finger spacing
was 0.2 mm. The current—voltage (I-V) and time-
dependent photoresponse of f-phase Gas_,Sn,O;
PD were measured by a Keithley 2450 system. An
UV lamp served as the light source with a wave-
length of 254 nm and the effective irradiated area of
PD was 0.045 cm?.

RESULTS AND DISCUSSION

Figure 1la exhibits XRD patterns of Gas_,Sn,O3
thin films deposited on AlyO5 (0001) substrates with
different Sn content at the substrate temperature of
850°C in vacuum pressure of 5 x 107° Pa. It is
observed that the diffraction peaks are located at
around 19°, 38°, and 59° except for the diffraction
peaks of Al;O3 substrates. According to the powder
diffraction file, all of them belong to Gas_,Sn,O3 and
no peaks come from Sn metal clusters, Sn oxide, or
Sn,Ga, phases.'*®’ It can been seen from an
enlarged view (Fig. 1b) of the peaks’ position at
about 38° that the peaks are located at 38.27°,
38.19°, 38.12°, and 37.92° for x equal to 0, 0.2, 0.6,
and 1.0, respectively, indicating the peaks’ position
moves to smaller 20 gradually with the increase of
Sn content. The moved peaks’ position is attributed
to an increase in the lattice constants with the
increase of Sn content (Ga®* and Sn** ionic radii are
0.62 A and 0.69 A, respectively).'®>?®2° Based on the
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powder diffraction file, the peaks’ position of about
19°, 38°, and 59° is corresponding to (201), (402),
and (603) of monoclinic f-phase GasOs3, respectively
(PDF# 43-1012). The full width at half maximum
(FWHM) of the peaks increases for x = 0.6 and 1.0
(Fig. 1c), which reveals the serious decline of the
crystalhne quality of th1n films. The radius of Sn**
is blgger than that of Ga®* the order of the f-phase
lattice is affected with the Ga ions replaced by too
many Sn** ions, leading to aGayO5; lattice being
destroyed. The clear and stripy RHEED patterns of
p-phase Gas_,Sn, O3 (x =0, 0.2) thin films are
shown by the inset to Fig. 1a, indicating that the
thin films are of single phase with very flat and
smooth surfaces. Figure 1c also shows the relation-
ship between (402) plane distance and Sn content;
the spacing d is almost linear with increases in Sn
content x.

Figure 2a shows the optical absorption spectrums
of the f-phase Gas_,Sn, O3 thin films with different
Sn content. The absorption coefficient of
Gas_,Sn, 03 thin films obviously increases with the
increase of Sn content at the same wavelength. The

E, of thin films can be derlved according to the
energy exponential relation®’

ohv = B(hv — Eg)", (1)
where o is the absorption coefficient, Av is the
energy of the incident photon, B is the constant, and
the exponent n is equal to 0.5 for direct transitions,
respectively. The E,; of thin films is obtalned
through fitting the linear region of the («Av)? versus
hv plot showing by the inset to Fig. 2a. The E, is
4.97 eV, 4.86 eV, 4.52 eV, and 4.24 eV for x equal to
0, 0.2, 0.6 and 1.0, respectively, and Sn content x is
almost equal to the measured value by EDX spec-
trum (not shown). Figure 2b depicts the pattern of a
linear relatlonshlp between E, and Sn content, and
the E, is fitted with a linear relatlonshlp equation®!
as follows
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The decrease of the E; 11, can be ascribed to the
narrower E, of SnO, is 3.6 eV, 32 which is lower than
that of f- phase Gay05.%% Due to the E; correspond-
ing to the cut-off wavelength, we could adjust the
cut-off wavelength from 249 nm (E; ~ 4.97 eV) to
292 nm (E; ~ 4.24 eV) through increasing Sn con-
tent. The modulation of the E, through controlling
Sn content also offers an efficient way toward the
development of the longer wavelength UV PDs.

The top-view FE-SEM images of [-phase
Gas_,Sn, 03 (x = 0, 0.2) thin films, which have fine
crystalline quality, are exhibited in Fig. 3a and b.
The Gas_,Sn, 03 (x = 0.2) thin film obviously has a
relatively smooth and flat surface, and there are
some cracks or pits on the surface of the Ga,_,Sn,O3
(x = 0) thin film. Figure 3¢ and d show the cross-
sectional images of Gay_,Sn,O3 (x =0, 0.2) thin
films; the interface between substrate and thin film
can be observed. The heteroepitaxy grown film is
compact, and the interface is flat for the Ga,_,Sn,O;
(x = 0.2) thin film, indicating that the lattice mis-
match ratio decreases between f-phase Ga;Osz and
Aly,O3 through doping SnO,. This characteristic is
beneficial for stable and reliable device operation.
The thicknesses of the two thin films are all about
250 nm, corresponding to a growth rate of 0.28 A/
pulse. The EDX spectrum indicates that the film
surfaces contain only Ga, O and Ga, Sn, O, indicat-
ing no impurities contamination during the deposi-
tion process.

The thin films for x = 0, 0.2, which have fine
crystalline quality, are chosen as the PD and the
schematic illustration is shown in Fig. 4a. A four-
pair interdigital electrode is deposited on the sur-
face of the thin film through a shadow mask for
detecting the UV photoresponse. The UV-lamp with
the wavelength of 254 nm is illuminated on the
fabricated PD with an effective irradiated area of
~0.045 cm?. Figure 4b and ¢ show the measured I-V
characteristic curves of f-phase Gas_,Sn,Os PDs
with x = 0, 0.2, respectively. It can be seen that the

Eg(Gag—.Sn,03) = (1 — x/2)Eg(Gaz03) + (x/2)E¢(SnOy). current linear response increases with the increases
(2) of bias voltage both under different illumination
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Fig. 1. (a) XRD patterns of the -phase Ga,_,Sn,O3 films with different Sn content x and the RHEED patterns of -phase Ga,_,Sn,O3 (x = 0,

0.2) films (insert). (b) Enlarged view of the peaks’ position at about 38°. (c) Plot of both (402) plane distance and FWHM versus Sn content x.
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Fig. 2. (a) Absorption spectrums of -phase Ga,_,Sn,Os thin films with different Sn content x, the Ey can be derived by fitting the linear region of
the (xzhv)? versus hv plot shown by the inset. (b) Plot of E, versus Sn content x.

Fig. 3. Top-view FE-SEM images of (a) f-phase Ga,Os thin film and (b) -phase Ga, gSng 203 thin film, cross-sectional FE-SEM images of (c)

p-phase GayO3 thin film and (d) p-phase Gaq gSng 203 thin film.

conditions and in the dark, indicating that a good
ohmic contact has formed between Au/Ti electrode
and thin films. The measured I-V curve in the dark
shows the dark current of Gas_,Sn, O3 (x = 0.2) thin
film is slightly more than Gay_,Sn, O3 (x = 0) at the
same bias voltage, and there is a more significant
increase in the photocurrent to Gas_,Sn, O3 (x = 0.2)
thin film when illuminating with the 254 nm UV
light. Figure 4d shows the responsivity of two PDs
under different illumination conditions, calculated
by:

R = (Ilight _Idark)/(P : S), (3)

where R is the responsivity of irradiation, Iiight, Jdark
represent the light current and the dark current, P

is the irradiation power density, and S is the
effective area of PD, respectively. The responsivity
of Gag ,Sn, 03 (x=0.2) PD is 3.61 x 10 > A/W
under 254 nm UV illumination (140 xW/cm?) at
50V, and it almost increases by one order of
magnitude greater than that of Gas_,Sn, O3 (x = 0)
PD. Increases in current intensity and responsivity
are caused by the increase of conductivity, the Ga®*
ions located in the lattice are replaced by Sn** ions
or the Sn** ions themselves will act as interstitial
atoms, both of which play the role of donor and
cause an increase in conduction electrons. Mean-
while, the ionic radii difference between Sn** ions
(~ 0.69 A) and Ga®* ions (~0.62 A) would result in a
slight lattice expansion and enhanced -carrier
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mobility. In addition, a decrease in (E) is beneficial
to the interband transition of the carrier.

Figure 5a and b exhibit the time-dependent pho-
toresponse of f-phase Gay_,Sn, O3 (x = 0, 0.2) PDs to
254 nm illumination with different optical input
power by on/off switching at 50 V. To the f-phase
Gay_,Sn, 03 (x = 0) PD, the current of around 1 nA in
the dark increases to 23.89 nA, 27.04 nA, and 35.66
nA for incident optlcal power of 80 uW/cm 100 uW/
em? and 140 yW/cm?, respectively. However the
current increases 1nstantane0us1y from about 10 nA
to 121.09 nA, 148.18 nA and 205 70 nA with 1nc1dent
optical power of 80 yW/em?, 100 yW/cm? and
140 yW/cm? for p-phase Ga, xSnx03 (x =0.2) PD.
The photocurrent almost linearly increases with
increasing optical input power. The photoresponse
process of f-phase Gas_,Sn, O3 (x = 0,0.2) PDs under
254 nm illumination (140 xW/cm?) is well fitted with

a bi-exponential relaxation equation as shown in
Flg 5¢ and d, and the bi-exponential relaxation
equation’®3? is as follows:

I=1Ip+Ae /"' £ Be /2, (4)

where I is the steady state current, A and B are two
constants, ¢ is the time, and 7 is the relaxation time
constant, respectively. 7, and t; represent the
relaxation time constants for the rising edge and
falling edge in Fig. 5¢ and d. The 7, and 7,5 of
two PDs are estimated to be 1.04 s/13.92 s and
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0.94 s/10.04 s, and the 1, is estimated to be 12.13 s
and 1.37 s, respectively. To the t,, the fast-re-
sponse component is caused by the rapid change of
the carrier concentration as soon as the light is
turned on/off, and the slow-response component is
attributed to the carrier trapping/releasing owing
to the existence of oxygen vacancy defects in thin
films. The carriers captured by the trapping states
would be released and generated. Usually, the
traps 1n a wide E; semiconductor are extremely
deep.?* The time constant of the transient decay is
governed by the depth of these traps and can be
very long. In our case, the presence of numerous
trapping states prevents carriers’ %eneration that
may cause the slow recovery time.”” In addition, a
decrease in the relaxation time constants for
x =0.2 is ascribed to an increase in the carrier
and interband transition easily done with the
narrower K.

Table I shows the characteristic parameters of
the two PDs under different illumination conditions
at 50 V. Generally, the PD exhibits an excellent SB
UV characteristic with higher responsivity and
shorter relaxation time constants for the
Gay_,Sn, 03 (x = 0.2) thin film. The responsivity is
6.41 x 10°° A/W for Gas ,Sn, O3 (x = 0) thin film,
and increases to 3.61 x 10°2 A/W for Gas_,Sn,Os
(x = 0.2) thin film under 254 nm UV illumination
(140 uW/cm?) at 50 V. Both 7, and 14 of Gas_,Sn,O5
(x = 0.2) thin film are estimated to be 1.33 s/14.05 s,
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Fig. 4. (a) Schematic illustration of f-phase Ga,_,Sn,O3 PD. |-V characteristic curves of (b) f-phase Ga,O3; PD and (c) f-phase Ga; gSng O3

PD. (d) Responsivity of two PDs under different illumination conditions.
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Table I. The characteristic parameters of g-phase Gas_,Sn,03 (x = 0, 0.2) PDs under different illumination

conditions (All the measurements are at 50 V)

Items

Current (nA)[Dark]

Current (nA)[80 yW/cm?]
Current (nA)[100 yW/ecm?]
Current (nA)[140 pW/cm?]
Responsivity(A/W) [80 yW/cm?]
Responsivity(A/W) [100 xW/cm?]
Responsivity(A/W) [140 pW/cm?]
Tr1/Tr9 (8) [80 W/em?]

Tr1/Tr9 () [100 pW/em?]

Tp1/Tyg () [140 pW/em?]

14 (s) [80 uW/em?]

74 (s) [100 pW/cm?]

74 (8) [140 W/cm?]

Gas03 Ga; gSng 203
1.04 10.79
23.89 121.09
27.04 148.18
35.66 205.70

564 x 1072 2.72 x 1072
5.78 x 10*2 3.05 x 10*2
6.41 x 10~ 3.61 x 10~
1.50/15.86 1.33/14.05
1.42/14.02 1.03/12.46
1.04/13.92 0.94/10.04

15.90 3.17
15.71 2.71
12.13 1.37

3.17s; 1.03s/12.46s, 2.71 s and 0.94 s/10.04 s,
1.37 s for the incident optical power of 80 yW/cm?,
100 xW/cm? and 140 yW/cm?, respectively, which is
shorter than that of Gas_,Sn, O3 (x = 0) thin film.
These results suggest the performance of SBPD
could be improved by doping Sn** in GayO; thin
films.

CONCLUSIONS

(201) oriented p-phase Gas_ ,Sn,Os; thin films
were grown on Al;O3 (0001) substrates with differ-
ent Sn content. The crystal lattice expands, and the
energy band-gap decreases with the increase of Sn
content. The n-type conductivity generates by dop-
ing Sn** ions in Ga,03 thin films in the oxygen-poor
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conditions. The SBPD with a MSM structure based
on f(-phase Gas_,Sn, O3 (x = 0.2) thin film shows
excellent SB UV characteristics with higher respon-
sivity and shorter relaxation time constants under
254 nm UV light irradiation. The results suggest a
potential application in SBPD for Sn-doped GasOs;
thin films.
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