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We investigated the effects of the post-annealing treatment (PAT) on the properties of Ga-doped
tin-oxide (Ga-SnOx) thin films grown at room temperature by using a radio-frequency magnetron
sputtering technique. On the basis of X-ray photoelectron spectroscopy (XPS), dynamic secondary-
ion mass spectrometry, X-ray diffraction (XRD), and Hall Effect measurements, we conclude that
n-type SnO2 is the dominant phase in all samples regardless of PAT at low temperatures (25–
200 ◦C). The Sn2+ area decreased to 32.5% with increasing temperature up to 150 ◦C, with a
simultaneous increase in the Sn4+ area to 59%. This was attributed to a decrease and an increase
in the Ga and the oxygen contents in the samples, respectively, which also caused a decrease in the
number of oxygen vacancies in the samples treated at higher temperatures. In contrast, XPS on the
samples post-annealed at temperatures higher than 150 ◦C showed results opposite to those of the
samples treated at temperatures lower than 150 ◦C. This indicates that the Ga ions in Ga-doped
SnOx films act as hole acceptors and that heat treatment is useful for controlling the number of
oxygen vacancies, Sn2+ ions, and Sn4+ ions in Ga-doped SnOx films. In addition, XRD showed
that post-annealing did not affect the amorphous phase in the samples.
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I. INTRODUCTION

The giant microelectronics revolution requires the pro-
duction of complementary metal oxide semiconductor
(CMOS) elements with high performance n- and p-type
oxide thin-film transistors (TFTs). This is because of
their advantages, such as low power dissipation and
higher density of logic functions on a chip, over n-channel
MOS (NMOS) elements [1–8]. As a result, the realization
of high-quality n- and p-type oxide semiconductors is an
essential issue for the giant microelectronics revolution.

Recently, tin-oxide (SnOx) thin films have attracted
great attention as the active layer in the implementa-
tion of flexible TFTs. This is because SnOx films are
bipolar oxide semiconductors (OSs), in which both n-
and p-type doping are probable in the same material. In
addition, they are inexpensive, thermally durable under
oxidizing conditions, and mechanically stable [1–5,7–19].
However, tin-oxide has several problems. Its high carrier
concentration has been reported to make TFTs very easy
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to turn ON. It can also be crystallized easily, producing
non-uniformity in the display [18]. These challenges can
be solved by doping with appropriate cations acting as
carrier suppressors and crystallization stoppers due to
the bipolar characteristic of SnOx. Some dopants, such
as aluminum [17,20], zirconium [21], hafnium [22], and
fluorine [23], have been studied to enhance the proper-
ties of SnOx-based TFTs. Nitrogen [24,25], indium [25,
26], antimony [25,26], and gallium [27] have also been re-
ported to be good p-type elements in tin dioxide (SnO2).
On the other hand, Bi-doped SnO2 films [18,28,29], N-
doped SnO [26], and Sb-doped SnO2 films [30–33] reveal
n-type properties. Therefore, the same dopants can have
different effects on the properties of SnOx thin films.
Among these dopants, Ga appears to be the most ef-
fective p-type dopant for tin-oxide films because of its
having an ionic radius (0.62 Å) similar to that of Sn4+

(0.69 Å) [27]. In particular, tin-oxide films doped with
various dopants were prepared using high-temperature
(>200 ◦C) processes, suggesting that the properties of
low-temperature-processed SnOx films need to be opti-
mized to improve the device properties and stability of
flexible SnOx-based TFTs. Hence, we explored in this
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study, the effects of post-deposition thermal annealing on
the properties of Ga-doped SnOx films post-annealed at
low temperatures (≤200 ◦C) by using a radio-frequency
(RF) magnetron sputtering technique.

II. EXPERIMENTS

SnOx thin films were grown on 300-nm-thick SiO2-
coated 400-μm-thick Si or corning glass substrates at
room temperature (RT; 25 ◦C) by using RF magnetron
sputtering from a 99.999% pure SnO (90 atomic%)-Ga
(10 atomic%) mixed target with a 2-inch diameter. Mix-
tures of 99.999% pure argon (Ar) and oxygen (O2) gases
were used as the reaction gases. The O2 fraction, de-
fined as O2

Ar+O2
× 100, was fixed at 4%. The target RF

power and the working gas pressure were 50 W and 0.667
Pa, respectively. The substrate was rotated at 13 rpm
to deposit uniformly thick SnOx thin films (≈120 nm).
For the examination of the effects of thermal annealing
on the properties of the samples, the Ga-doped SnOx

thin films were treated by using a hot plate at different
temperatures of 25(RT), 125, 150, 175, and 200 ◦C for 1
hour in air after deposition.

X-ray photoelectron spectroscopy (XPS) measure-
ments were conducted to analyze the contents (at.%)
and the chemical bonding states of Ga, Sn, and O in
the Ga-doped SnOx thin films. Dynamic secondary-ion
mass spectrometry (D-SIMS) analyses were also carried
out to examine the changes in the depth profiles of Ga,
Sn, and O in the samples. The electrical properties of the
Ga-doped SnOx thin films were measured at RT by using
a Hall-effect measurements system in the van der Pauw
configuration after Ohmic contacts had been formed by
sputtering of 100-nm-thick Al, followed by alloying at
150 ◦C in air for 1 hour. The structures of the films were
characterized by using X-ray diffraction (XRD) with a
Cu Kα1 radiation source (λ = 0.15406 nm).

III. RESULTS AND DISCUSSION

Table 1 summarizes the contents (at.%) of Ga, Sn,
and O, as obtained from XPS, for the series of Ga-doped
SnOx films treated at different temperatures of RT and
125, 150, 175, and 200 ◦C for 1 hour in air after sample
deposition. As indicated in Table 1, the O concentration
was higher than the Sn concentration in all the prepared
samples, implying that an O-rich phase, such as SnO2,
was dominant. A Ga content of 7.15 at.% was observed
in the samples prepared without heat treatment (pre-
pared at RT), indicating that some Ga had diffused into
the SnOx matrix during sputtering deposition. The dif-
fusion of Ga into the SnOx films can be explained as
follows: The electronegativity difference between Ga3+

(1.579) and O (3.758) is larger than that between Sn4+

Table 1. Summary of the contents (at.%) of Ga, Sn, and
O, as obtained from XPS, for the series of Ga-doped SnOx

films prepared in this study.

Post-annealing Ga O Sn

temperature (◦C) (at.%) (at.%) (at.%)

25 (RT) 7.15 67.89 24.96

125 6.18 68.40 25.42

150 6.16 68.48 25.36

175 6.60 68.15 25.25

200 6.64 67.77 25.59

(1.706) and O [34]. The stronger binding of Ga to O
than that of Sn to O makes it easier for Ga atoms to
diffuse into the SnOx films during sputtering by form-
ing Ga2O3, which causes the in-diffusion of Ga into the
SnOx films. Furthermore, the standard enthalpy of for-
mation of Ga2O3 (−1089.1 kJ/mol) [35] is much greater
than that of SnO2 (−577.63 kJ/mol) [36], indicating that
the formation of Ga2O3 is easier than the formation of
SnO2, which induces the in-diffusion of Ga to the SnOx

films. The Ga content decreased with increasing treat-
ment temperature to 150 ◦C owing to the out-diffusion
of Ga from the samples during heat treatment. This out-
diffusion of Ga can be explained as follows: The melt-
ing point of Ga is 30 ◦C [37], which makes it easier for
Ga atoms to vaporize from the samples during the low-
temperature treatment. The samples treated at 150 ◦C
also have an amorphous structure, in which the many
point vacancy defects and the short-range order make
the diffusion of Ga atoms out of the SnOx films during
the heating process easier and allow more open space in
the samples [38]. The diffusion of Ga in disordered ma-
terials is much faster than that in ordered materials be-
cause disordered materials contain many open spaces for
diffusing atoms to migrate by the random jumping about
[38]. This causes a lower Ga concentration in the samples
treated at a higher temperature. On the other hand, as
listed in Table 1, the Ga density in the sample increased
with increasing treatment temperature for temperatures
higher than 150 ◦C. This is related to a decrease in out-
diffused Ga due to an increase in the amount of Ga metal
reacting with O with increasing temperature. Table 1
also indicates that the O content increases with increas-
ing temperature up to 150 ◦C owing to the diffusion of
O into the samples during heat treatment because of the
O concentration gradient (an abundance of O is outside
the sample, but relatively little O is in the sample). On
the other hand, the O content decreases with increas-
ing temperature for temperatures higher than 150 ◦C.
This is because the rate of out-diffusion of O due to the
enhancement of vaporized O at a higher temperature is
greater than the rate of in-diffusion of O owing to the
O gradient. In general, a higher O content increases
the annihilation of oxygen vacancy (Vo) donor defects in
the films while a larger Ga concentration increases the
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Fig. 1. (Color online) Sn 3d5/2 XPS spectra were well-
fitted using three Gaussian peaks in the Ga-doped SnOx thin
films post-anneal treated at (a) RT (25 ◦C) and (b) 150 ◦C.

number of acceptor defects. Therefore, fewer donor and
acceptor defects will exist in the samples treated at tem-
peratures from RT to 150 ◦C whereas more will exist in
the samples treated at temperatures greater than 150 ◦C.
We should mention that the contents of Ga, O, and Sn
for the series of Ga-doped SnOx films treated at 300 ◦C
were determined from XPS results to be 6.70, 67.38, and
25.92 at.%, respectively. This result suggests that the
properties of the films treated at 200 ◦C are comparable
to those of the films treated at 300 ◦C.

The carbon (C) 1s reference peak at 284.6 eV was used
to calibrate all XPS binding energies. Two Sn 3d XPS
peaks, one at 486.3 and the other at 494.7 eV, were ob-
served for all prepared samples, which were related to
the Sn 3d5/2 and the Sn 3d3/2 spin orbits, respectively
[2,6,7,14,15,17,18,39]. Then, the Sn 3d5/2 XPS spec-
tra of all samples were fitted by using three Gaussian
peaks (GPs). Here, three groups of GPs, 485.2–485.6,
486.0–486.4, and 486.5–486.9 eV, were associated with
the Sn0 (metallic Sn), Sn2+ (p-type SnO), and Sn4+ (n-
type SnO2), respectively.

Fig. 2. (Color online) Percentage areas of the three Gaus-
sian peaks (GPs) as functions of the post-annealing tempera-
ture for samples post-anneal treated at various temperatures,
which were obtained after fitting the Sn 3d5/2 XPS peaks us-

ing the three Sn0, Sn2+, and Sn4+ GPs (see Fig. 1).

Some examples of the Sn 3d5/2 XPS spectra well-fitted
using three GPs for the samples treated at RT and 150 ◦C
are shown in Figs. 1(a) and 1(b), respectively. Fig-
ure 1(a) shows that the percentage areas (PAs) of the
Sn0 peaks at 485.4 eV, the Sn2+ peaks at 486.3 eV, and
the Sn4+ peaks at 486.7 eV were 8.5, 40.2, and 51.3%,
respectively, for samples treated at RT. In the case of
samples treated at 150 ◦C, the PAs of the Sn0 peaks
at 485.6 eV, the Sn2+ peaks at 486.4 eV, and the Sn4+

peaks at 486.9 eV were 8.5, 32.5, and 59.0%, respectively,
as is evident in Fig. 1(b).
The PAs of the three GPs as functions of the post-

annealing temperature for samples treated at various
temperatures were obtained after fitting the Sn 3d5/2
peaks with the Sn0, Sn2+, and Sn4+ GPs (see Fig. 1) and
are shown in Fig. 2. The PAs of the Sn4+ and the Sn2+

peaks were 51.3 and 40.2%, respectively, for the samples
treated at RT (Fig. 2), suggesting that the amount of the
SnO phase in the sample is smaller than the amount of
the SnO2 phase. This agrees well with the results listed
in Table 1. The PAs of the Sn4+ and the Sn2+ peaks in-
creased and decreased, respectively, with increasing post-
annealing temperature up to 150 ◦C. These were associ-
ated with an increase in the number of Sn4+ ions caused
by the introduction of more O and a decrease in the num-
ber of Sn2+ ions due to the out-diffusion of Ga acceptors
during heat treatment, as shown in Table 1. This result
agrees well with the fact that an increase in the amount
of O within the SnOx thin films causes an increase in
the concentration of Sn4+ ions [40]. Results opposite
those for the samples treated at temperatures lower than
150 ◦C were observed when the post-annealing temper-
ature was increased to more than 150 ◦C. Figure 2 also
suggests that the amount of the n-type SnO2 phase on
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Fig. 3. (Color online) O 1s XPS spectra were well-
fitted using the low Gaussian peak (LGP), middle Gaussian
peak (MGP), and high Gaussian peak (HGP) for Ga-doped
SnOx thin films post-anneal treated at (a) RT (25 ◦C) and
(b) 200 ◦C.

the sample is larger than the amount of p-type SnO, re-
gardless of the change in the post-annealing temperature,
as is supported by the data in Table 1.

The O 1s XPS peaks of all samples were also fitted
by using three GPs which are correlated to the low GP
(LGP) at around 529.8–530.2 eV, the middle GP (MGP)
at 530.4–531.1 eV, and the high GP (HGP) at 531.6–
531.9 eV. The LGP was associated with O2− ions in the
oxygen-rich regions within the Ga-doped SnOx matrix
whereas the MGP was attributed to O2− ions surrounded
by Ga and Sn metal atoms in the oxygen-deficient Ga-
doped SnOx film and was related to Vo defects. The
HGP was attributed to chemisorbed or dissociated O or
to O-H bonding near the surface of the film [41,42].

Figures 3(a) and 3(b) show some examples of the O
1s XPS peaks fitted using the LGP, MGP, and HGP in
the samples treated at post-annealing temperatures of
RT and 200 ◦C, respectively. As plotted in Fig. 3(a), for
samples treated at RT, the PAs of the LGP at around
530 eV, the MGP at 530.8 eV, and the HGP at 531.6 eV

Fig. 4. (Color online) Percentage areas of the three Gaus-
sian peaks as functions of the post-annealing temperature for
samples post-anneal treated at various temperatures, which
were obtained after fitting the O 1s XPS peaks using the low
Gaussian peak (LGP), middle Gaussian peak (MGP), and
high Gaussian peak (HGP) (see Fig. 3).

Fig. 5. (Color online) Ga 2p XPS spectra for the Ga-doped
SnOx thin films treated at different post-annealing tempera-
tures from RT to 200 ◦C.

were 57.5, 25.2, and 17.3%, respectively. On the other
hand, Fig. 3(b) shows that the PAs of the LGP at 530 eV,
the MGP at 530.7 eV, and the HGP at 531.9 eV were
53.7, 33.6, and 12.7%, respectively, for samples treated
at 200 ◦C.
The PAs of the LGP, MGP, and HGP as functions

of the post-annealing temperature for samples treated
at various temperatures were obtained after fitting the
O 1s peaks with three GPs and are shown in Fig. 4.
For samples treated at post-annealing temperatures from
RT to 150 ◦C, the PAs of the LGP and the MGP in-
creased and decreased, respectively, with increasing tem-
perature. The decrease in the MGP area suggests that
the in-diffusion of O from the outside the film increased
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Fig. 6. (Color online) Intensity variations in the tin (Sn), oxygen (O), and gallium (Ga) concentrations with depth in the
Ga-doped SnOx thin films post-annealed at (a) 25(RT), (b) 125, (c) 150, (d) 175, and (e) 200 ◦C, which were obtained from
the D-SIMS depth profiles.

during heat treatment, as confirmed by the data in Ta-
ble 1, which caused a decrease in the number of Vo’s
in the films through their annihilation. The increase in
the LGP area was also related to the magnification of
the reaction of O with Sn metal caused by in-diffused
O and out-diffused Ga with increasing temperature, as
evidenced by the data in Table 1. However, for the sam-
ples treated at post-annealing temperatures higher than
150 ◦C, a decrease in the LGP area and an increase in
the MGP area were observed with increasing tempera-
ture. The decrease in the LGP indicated a decrease in the
amount of Sn metal reacting with O due to out-diffused
O and a decrease in out-diffused Ga with increasing tem-
perature. The increase in the MGP was also attributed

to an increase in the number of Vo’s, resulting from the
increase in out-diffusion of O from the film, as confirmed
by the data in Table 1. Figure 4 shows that the HGP
area decreased from 17.4 to 12.7% with increasing tem-
perature from 150 to 200 ◦C. This indicates that the
amount of O or H located near the surfaces of the Ga-
doped SnOx thin films decreased with increasing temper-
ature from 150 to 200 ◦C, which was due to a decrease
in the number of defects on the film’s surface caused by
an increase in in-diffused Ga.
Figure 5 shows the results of XPS analyses for Ga 2p

obtained from Ga-doped SnOx thin films treated at dif-
ferent post-annealing temperatures. For the films treated
at RT, two Ga peaks, a Ga 2p3/2 core level at 1117.7 eV
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Fig. 7. (Color online) Intensity variations in Ga concen-
trations with depth in the samples post-annealed at various
temperatures, which were obtained from the D-SIMS depth
profiles shown in Fig. 6.

and a Ga 2p1/2 core level at 1144.57 eV (split difference
= 26.87 eV.), were observed and can be attributed to
pure Ga2O3 [27,43]. Moreover, as the Ga content was
decreased due to an increase in post-annealing tempera-
ture from RT to 150 ◦C (see Table 1), the intensities and
positions of the two Ga 2p peaks, respectively, decreased
and shifted to a higher binding energy. With increas-
ing Ga content, however, their intensities and positions
increased and shifted to lower binding energy, respec-
tively, due to an increase in the post-annealing temper-
ature from 150 to 200 ◦C, as shown in Table 1. The
observed position changes with Ga content are in good
agreement with those reported elsewhere [43]. Hence,
the Ga ions in the Ga-doped SnOx films are in the Ga3+

chemical state and act as acceptors in the films, which
indicate the substitution of Ga for Sn in the host SnO2

lattice.
The D-SIMS depth profiles shown in Fig. 6 exhibit

the variations in the Ga, Sn, and O concentrations in
the Ga-doped SnOx films for post-annealing treatments
at different temperatures. As shown in Fig. 6, the tin
concentration was lower than the oxygen concentration
in all the prepared samples, confirming the XPS result
(Table 1) in that a tin-poor phase, such as SnO2, was
dominant. The Ga content in the samples decreased with
increasing temperature up to 150 ◦C whereas further in-
creases in temperature resulted in an increase in Ga con-
tent, which confirmed the result shown in Table 1 and
Fig. 5. However, observing the change in the Ga con-
tent with temperature with a tendency shown in Fig. 6
was difficult. Therefore, the intensity variations with Ga
concentration in the samples post-annealed at various
temperatures were obtained from Fig. 6 and are shown
in Fig. 7. The changes in the Ga content with increasing
temperature shown in Fig. 7 are in good agreement with
the data listed in Table 1.

Fig. 8. (Color online) XRD patterns of (a) Ga-doped SnOx

films and (b) pristine SnOx films undoped with Ga, which
were post-annealed at various temperatures from RT (25 ◦C)
to 200 ◦C.

Figure 8(a) shows the XRD patterns of Ga-doped
SnOx films post-annealed at different temperatures from
RT (25 ◦C) to 200 ◦C. In general, a large number of de-
fects in the samples can be produced by the fact that the
adatom mobility and reactions among Sn, Ga, and O are
impeded on the unheated substrate surface during depo-
sition, resulting in the creation of ultrathin nanocrys-
talline or amorphous films. All samples treated at differ-
ent annealing temperatures revealed a broad halo peak
at around 31.2◦ 2θ, which was related to a SnO2 (111)
phase (Fig. 8(a)) [2, 6–8, 17]. This indicates that the
main n-type SnO2 phase existed in all samples regard-
less of post-anneal treatment at low temperatures from
RT to 200 ◦C, which confirmed the XPS result (shown
in Table 1 and Fig. 2) and the D-SIMS result (shown in
Fig. 6). The XRD patterns of pristine SnOx thin films
undoped with Ga are also shown in Fig. 8(b) to compare
their XRD patterns with those of Ga-doped SnOx films
shown in Fig. 8(a). As shown in Fig. 8, the XRD pat-
terns of the Ga-doped SnOx films were similar to those
of the pristine SnOx thin films.
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Table 2. Summary of the Hall effect measurement results at RT for the series of samples post-annealed at different temper-
atures.

Sample description
Resistivity Hall mobility Electron carrier

(Ω·cm) [cm2/(V·s)] concentration (1/cm3)

Ga-doped SnOx thin films
20.52 5.72 5.49 × 1016

post-annealed at RT (25 ◦C)

Ga-doped SnOx thin films
40.56 7.36 2.34 × 1016

post-annealed at 125 ◦C

Ga-doped SnOx thin films
94.32 3.95 1.92 × 1016

post-annealed at 150 ◦C

Ga-doped SnOx thin films
33.12 4.81 4.27 × 1016

post-annealed at 175 ◦C

Ga-doped SnOx thin films
16.08 7.17 5.78 × 1016

post-annealed at 200 ◦C

The electrical properties for the series of Ga-doped
SnOx films post-annealed at temperatures from RT to
200 ◦C were obtained from Hall-effect measurements and
are summarized in Table 2. Table 2 shows that the re-
sistivity (ρ), the electron concentration (n), and the mo-
bility (μ) follow the relation ρ = 1

nqμ well, where q is the

charge of an electron. Table 2 also shows that n-type
conductivity was observed in all samples, regardless of
the post-annealing treatment, which supports the XPS,
D-SIMS, and XRD results, as shown in Figs. 2, 6, and 8,
respectively. As listed in Table 2, with increasing post-
annealing temperature from RT to 150 ◦C, the electron
carrier concentration decreased while the resistivity in-
creased. This was attributed mainly to a decrease in
the number of oxygen vacancies caused by the introduc-
tion of a larger amount of O into the Ga-doped SnOx

thin films, as shown in Table 1 and Fig. 4. That the
diffusion of O into the Ga-doped SnOx films produces
in-band gap defects and causes an increase in resistance
is worthy of note [18,29]. On the other hand, increas-
ing the post-annealing temperature to more than 150 ◦C
produced results opposite those for the samples treated
at temperatures lower than 150 ◦C, as shown in Fig. 2
and Table 1.

IV. CONCLUSION

In this study, we explored the effects of post-deposition
thermal annealing on the properties of Ga-doped SnOx

thin films deposited using a RF magnetron sputtering
technique and annealed at low temperatures (≤200 ◦C).
The XPS, D-SIMS, XRD, and Hall effect measurement
results suggest that an oxygen-rich n-type SnO2 is the
dominant phase in all samples, regardless of the post-
anneal treatment at low temperatures. Furthermore,
XRD showed that post-anneal treatment did not affect
the amorphous phase in the samples. In the samples
post-annealed at temperatures from RT to 150 ◦C, with

increasing temperature, the increase in O and the de-
crease in Ga in the samples resulted in an increase in
the concentration of Sn4+ ions and a concomitant de-
crease in the concentration of Sn2+ ions, a decrease in
the MGP area and an increase in the LGP area, which
in turn caused a decrease in the number of donor and
acceptor defects, respectively. In contrast, in the sam-
ples post-annealed at temperatures greater than 150 ◦C,
opposite results were obtained in that the concentrations
of donor and acceptor defects increased due to a decrease
in O and an increase in Ga.
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