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A B S T R A C T   

This study investigated the effect of deposition parameters on the properties of tin oxide (SnOx) thin films 
deposited by direct current magnetron sputtering using a Sn metal target. As confirmed by optical bandgap, X-ray 
photoelectron spectroscopy, high-resolution X-ray diffraction and Hall effect measurements, as-grown samples 
deposited at 7.5 and 10% oxygen partial pressure (OPP) and post-annealed samples deposited at 5% OPP had a p- 
type SnO phase, whereas samples fabricated with 7.5 and 10% OPP and annealed at 400◦C had a n-type SnO2 
phase. Post-annealing at 400◦C increases the bandgap and injects more oxygen into the SnOx thin film, further 
oxidizing the sample. In addition, post-annealing greatly increased the carrier concentration of the SnOx thin 
film, which increased carrier scattering and, in turn, greatly reduced the mobility of the sample. The SnOx thin 
film deposited at 7.5% OPP and not heat treated showed the best p-type properties, with a Hall mobility of 5.11 
cm2/Vs, a hole carrier concentration of 1.13 × 1015 cm− 3, and a resistivity of 1082 Ωcm.   

1. Introduction 

Recently, tin-oxide (SnOx) thin films have attracted great attention as 
hole or electron transport layers for solar cells [1–4] and organic light 
emitting diodes [5–7], as p- and n-type conductive layers for bipolar 
transistors, or as p- and n-type active layer of flexible oxide thin film 
transistors (TFTs) [8]. In addition, SnOx thin films are promising can
didates for producing complementary metal oxide semiconductor 
(CMOS) devices with high-performance n- and p-type oxide TFTs [9,10], 
thereby realizing a huge microelectronics revolution [11–18]. This is 
because the SnOx film is a bipolar oxide semiconductor capable of both 
n- and p-type doping in the same SnOx film. Furthermore, they exhibit 
low cost, thermal durability, chemical inertness, non-toxic features, 
natural abundance and mechanical stability [11–15,17–30]. 

Therefore, in order to implement a high-performance CMOS circuit, 
a high-performance p-type SnOx is highly desirable. However, to date, 
the implementation of high-performance p-type SnOx TFTs with high 
field-effect mobilities, sharp sub-threshold swings, and large on/off- 
drain current values is much more difficult [31]. This is mainly 
because the fabrication of SnOx films with a single p-type SnO phase is 
still difficult. 

Direct-current (DC) magnetron sputtering is the most effective 

process for fabricating large area devices, and it can easily produce 
multi-state oxides such as p-type SnO, n-type SnO2 and metallic Sn. 
Understanding these multi-states is important because phase impurities 
always impede control of film performance. Nevertheless, the details of 
the microstructure, elemental and DC electrical transport characteristics 
of sputter-deposited SnOx thin films are unclear, and the device char
acteristics of SnOx-based TFTs are still not suitable for practical appli
cations [32]. Therefore, in this study, we investigated the effect of 
oxygen partial pressure (OPP) on the properties of SnOx thin films 
deposited by reactive DC magnetron sputtering on Sn metal targets. 

2. Experimental details 

SnOx thin films were deposited on 400-μm-thick Si (100) 
(RNDKOREA Corp.) or soda-lime glass (Corning Inc.) substrates at a 
room temperature of 25 ◦C using a Sn (99.99%, 4 inch diameter) sput
tering target under the following conditions: a DC power of 50 W, 
working pressure of 0.2 Pa, deposition times of 30 to 100 min, and ox
ygen partial pressures (OPPs) [ = {oxygen /(oxygen + argon)} × 100] 
of 0 to 10%. Pure argon (99.999%) and oxygen (99.999%) gas mixtures 
were used as the reaction gas and the total flow rate was 40 sccm. The 
target-to-substrate distance was kept constant at 10 cm for all 
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depositions. The substrate was rotated at 2.25 rpm to deposit the SnOx 
thin films with a uniform thickness. In addition, post annealing at a 
temperature of 300–400 ◦C for 30 min. was provided in an atmospheric 
environment inside the furnace to some as-grown SnOx thin films for 
comparative purposes. 

The optical band gap of the films was determined by exploring the 

absorption coefficient in the films at wavelengths between 300 and 900 
nm, using a UV-Vis spectrophotometer (Shimadzu Co., Ltd, Japan, UV- 
2600i). The thicknesses of the samples were measured by using Dek
tak 1500 (Veeco). The electrical properties of SnOx thin films were 
measured at room temperature using a Hall Effect measurement system 
(Ecopia, Korea, HMS-3000) according to a van der Pauw configuration. 

Fig. 1. (Color online) Characteristic of (αxhν)2 versus hν of SnOx films obtained from the results of the optical transmittance versus wavelength curves by making use 
of Eqs. (1) and (2). The SnOx films were deposited at various oxygen partial pressures of 5, 7.5, and 10%. Here, the extrapolation method was used to determine 
optical band gap Eg. 

Fig. 2. Deposition rate characteristics as a function of oxygen partial pressure (OPP) for SnOx films deposited using 50 W direct-current power and 100 min 
deposition time and post annealed at 400◦C. 
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The structures of the films were characterized by high resolution X-ray 
diffraction (HR-XRD) (Rigaku-Smartlab, Japan) of Bragg–Brentano ge
ometry with a Cu Kα1 radiation source (λ = 0.15418 nm). The atomic 
percentage changes in the depth profiles and chemical bonding states of 
Sn and O in the SnOx thin films were analysed by X-ray photoelectron 
spectroscopy (XPS) (Thermo Fisher Scientific, USA, K-Alpha). XPS data 
were recorded after in-situ etching of the surface with 1 keV Ar+ ions 

bombardment for 20 sec. Samples were analyzed by XPS using an Al Kα 
x-ray (hν= 1486.6 eV) source. The surface morphologies and composi
tions of the films were directly observed on the films by scanning elec
tron microscopy (SEM) (Tescan, Czech, LYRA3) at an operating voltage 
of 10 kV, a working distance of 9 mm, and a magnification of 100 kX 
without any kind of sample preparation. 

Fig. 3. (Color online) Atomic percentage changes in Sn 3d, O 1s, Si 2p, and C 1s concentrations in as-grown SnOx thin films prepared at (a) 5, (b) 7.5, and (c) 10% 
oxygen partial pressure (OPP), and in SnOx thin films fabricated at (d) 5, (e) 7.5, and (f) 10% OPP and then annealed at 400◦C, which were obtained from X-ray 
photoelectron spectroscopy depth profiles. 
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3. Results and discussion 

Since photons with energies less than the optical band gap are 
transmitted, the results of the optical transmittance (T) versus wave
length (λ) curves of SnOx films gives an accurate measure of the band 
gap energy. The optical band gap energy was determined using the 
following Tauc formula for direct allowed transitions given by Refs 
[33–36].: 

(α × hν)2
= A

(
hν − Eg

)
, (1)  

where α is the absorption coefficient of SnOx films, h is Planck’s con
stant, ν is the photon’s frequency, A is a proportionality constant, and Eg 
is the optical band gap energy of SnOx films. Here α can be estimated 
using the following equations [37]: 

α ≈
1
d

ln
(

1
T

)

, (2)  

where T is the transmittance and d is the thickness of SnOx films. 
Fig. 1 shows the (α × hν)2 versus hν curves of SnOx films obtained 

from the results of the optical T versus λ curves of SnOx films prepared in 
this study by making use of Eqs. (1) and (2). In Fig. 1, the extrapolation 
method [38] was used to determine Eg. As shown in Fig. 1, as-grown 
SnOx films deposited at OPPs of 5, 7.5 and 10% had lower band gaps 
of 1.7, 3.33, and 3.42 eV, while those prepared at OPPs of 5, 7.5, and 
10% and post annealed at 400 ◦C had larger band gaps of 2.84, 3.85, and 
3.87 eV, respectively. It is well known [7,39,40] that the SnO phase is 
p-type with band gaps of 2.7–3.4 eV, while the SnO2 phase is n-type with 
band gaps of 3.6–3.8 eV. Therefore, this suggests that as–grown samples 
deposited at OPPs of 7.5 and 10% and post-annealed samples deposited 
at an OPP of 5% had a p-type SnO phase, while samples fabricated at 
OPPs of 7.5 and 10% and post annealed at 400 ◦C had a n-type SnO2 
phase. In addition, Fig. 1 shows that post annealing at 400 ◦C shifts the 
optical band gap to the right, thus increasing the band gap. 

Fig. 2 shows the deposition rate characteristics as a function of OPP 

for SnOx films deposited using 50 W DC power and 100 min deposition 
time and post annealed at 400 ◦C Fig. 2. indicates that the deposition 
rate increases with increasing the OPP. The increase in the deposition 
rate with a higher OPP can be explained as follows. In general, during 
the deposition process, sputtered Sn atoms ejected from the Sn target by 
energetic sputtering Ar atoms can deposit on the substrates. At higher 
OPPs, the collision of the sputtered Sn atoms with the oxygen atoms 
increases, resulting in the decrease in the deposition rate of SnOx films. 
On the other hand, the electronegativity difference between Sn4+

(1.706) and O (3.758) is large [41]. This strong binding of Sn to O makes 
it easier for Sn atoms to diffuse into the SnOx films during the sputtering 
process, which causes the increase in the deposition rate of SnOx films 
with a higher OPP. Therefore, in our case, we conclude that the large 
electronegativity difference between Sn and O overwhelms the number 
of collisions between sputtered Sn and oxygen atoms, leading to an in
crease in the deposition rate of SnOx thin films with higher OPP. Ac
cording to the results of ref [42]., up to about 5 sccm O2, OPP remains 
low due to the getter effect of the metal. In this elemental mode, the 
average sputtering yield of the target is close to that of pure metal, and 
deposition of metal oxides that are less dense than metal occurs, 
increasing the deposition rate as the OPP increases. On the other hand, 
at O2 above 6 sccm, the target operates in reactive sputtering mode with 
a high level of OPP, which reduces the deposition rate with increasing 
OPP. Therefore, we believe that in our case using 2 – 4 sccm O2, the 
target operates in elemental mode with low levels of OPP, increasing the 
deposition rate with increasing OPP, as shown in Fig. 2. 

Fig. 3a, b, and c show XPS depth profiles which exhibit atomic per
centage changes in Sn 3d, O 1s, Si 2p, and C 1s concentrations in as- 
grown SnOx thin films prepared at OPPs of 5, 7.5, and 10%. As shown 
in Fig. 3, with increasing OPP from 5 to 7.5%, the atomic percentage 
value of the Sn content decreased from 56 to 47% while the atomic 
percentage value of the O content increased from 31 to 45%. During the 
deposition process, Sn atoms released from the target by Ar atoms 
sputtered with energy can be deposit on the substrate. At higher OPPs, 
the collision of sputtered Sn atoms with oxygen atoms increases, 

Fig. 4. (Color online) Typical Sn 3d5/2 narrow-scan X-ray photoelectron spectroscopy spectra compared using three Sn peaks in the SnOx thin films deposited at 
different oxygen partial pressures, 5, 7.5, and 10%, without and with post-annealing at 400 ◦C. 
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resulting in the formation of SnOx films with less Sn and more O content. 
However, even when the OPP was further increased to 10%, the atomic 
percentage values of oxygen and Sn contents were almost constant1 

Fig. 3. also shows the composition ratio of tin and oxygen elements 
according to the XPS depth profile analysis. As-grown samples with 
OPPs of 5, 7.5, and 10% had composition ratios of tin and oxygen ele
ments of 1:0.56, 1:0.97, and 1:1.01, confirming that they had compo
sition ratios of SnO0.56, SnO0.97, and SnO1.01, respectively. Therefore, 
from the results in Fig. 3a, b, and c, we conclude that the compositional 
transition from Sn-rich metallic SnO0.56 to p-type SnO occurs as the OPP 
increases from 5 to 7.5%. This is in good agreement with the Eg result 
shown in Fig. 1. 

Fig. 3d, e, and f also show atomic percentage changes in Sn 3d, O 1s, 
Si 2p, and C 1s concentrations in SnOx thin films fabricated at 5, 7.5, and 
10% OPP and then annealed at 400◦C, which were obtained from XPS 
depth profiles. For samples prepared with 5% OPP, as can be seen from 
the results in Fig. 3a and d, after post-annealing at 400◦C for 30 min, the 
composition of the sample changed from Sn-rich metal SnO0.56 to p-type 
SnO0.9. In contrast, the composition of the samples fabricated at 7.5 and 
10% higher OPP was converted from p-type SnO to oxygen-enriched n- 
type SnO1.2 after post-annealing at 400◦C. Therefore, we conclude from 
the results in Fig. 3 that post-annealing in air at 400◦C introduces more 
oxygen into the sample, resulting in a more oxidized sample. 

All XPS binding energies were calibrated using the a carbon (C) 1s 
reference peak centered at 284.6 eV. The Sn 3d5/2 narrow-scan XPS 
spectra of SnOx thin films were detected at binding energies of 484.3 to 
487 eV [15–17,24,25,27,30] and were compared using three Sn peaks 
related to Sn0, Sn2+, and Sn4+ peaks centered at about 484.3, 486.3, and 
487 eV, respectively, corresponding to metallic Sn, p-type SnO, and 
n-type SnO2

2 Fig. 4. shows typical Sn 3d5/2 narrow-scan XPS spectra 
compared using three Sn peaks in the SnOx thin films deposited at 
different OPPs, 5, 7.5, and 10%, without and with post-annealing at 400 

◦C. As shown in Fig. 4, for as-grown SnOx films prepared at an OPP of 5 
% without post-annealing, a metallic Sn0 peak at ~484.3 eV and a Sn 
peak at 485.8 eV were observed, suggesting the presence of multiple 
phases of tin-rich SnOx in the films. As OPP increased to 7.5 and 10 %, 
the Sn2+ peak at the ~486.4 eV position grew and dominated the whole, 
while a Sn0 peak at ~484.3 eV and a Sn peak at 485.8 eV disappeared, 
indicating that a single phase of p-type SnO exists in the films. Therefore, 
Fig. 4 shows that the phase transition from tin-rich SnOx to p-type SnO 
occurs with increasing OPP from 5 to 7.5 and 10 % for as-grown SnOx 
films. 

The effect of 400◦C post heat treatment in air on the phase in the 
SnOx thin film was studied, which is also well shown in Fig. 4. As shown 
in Fig. 4, in the case of the SnOx thin films deposited with an OPP of 5 %, 
after 400◦C heat treatment, a Sn0 peak at ~484.3 eV and a Sn peak at 
485.8 eV disappeared and Sn2+ peaks at 486.3 eV appeared. This sug
gests that the phase transition from tin-rich SnOx to p-type SnO occurs 
after post heat treatment for samples deposited with an OPP of 5 %. On 
the other hand, in the case of the SnOx films deposited with OPPs of 7.5 
and 10 %, after post heat treatment, a Sn2+ peak at 486.4 eV disappeared 
and a Sn4+ peak at 487 eV appeared. This suggests that the phase 
transition from p-type SnO to n-type SnO2 occurs after post heat treat
ment for samples deposited with OPPs of 7.5 and 10 %. It can be seen 
from Fig. 4 that the post annealing at 400◦C resulted in a higher amount 
of oxygen injected into the SnOx thin film. This is in good agreement 
with the Eg and XPS results in Fig. 1 and Fig. 3, respectively. 

Fig. 5 shows the HR-XRD patterns of SnOx films deposited at different 
OPPs, 5, 7.5, and 10%, without and with heat treatment at 400◦C. As 
shown in Fig. 5, the as-grown samples with 5% OPP without annealing 
exhibited two broad halo peaks centered at 30.87 and 44.67◦ 2θ, which 
were assigned to Sn(200) and Sn(211) phases, respectively [43,44] and 
a small peak centered at 52.94◦ 2θ, which was related to a Sn2O3(041) 
phase [45,46]. This indicates that Sn-rich metallic SnOx films were 
deposited for the samples prepared at 5% OPP and without 

Fig. 5. (Color online) High resolution X-ray diffraction patterns of SnOx films deposited at different oxygen partial pressures, 5, 7.5, and 10%, without and with post- 
annealing at 400 ◦C. 

1 Put period (.) here.  
2 Put a period here. 
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post-annealing, which supports the XPS results shown in Fig 3a3 Fig. 5. 
also shows that as the OPP increases from 5 to 7.5%, these Sn halo peaks 
and a Sn2O3 peak weaken and disappear, and only one sharp Si(311) 
peak centered at 56.64∘2θ [47] attributed to the Si substrate appears. 
The same situation persisted even after raising the OPP to 10%. This 
suggests that only the amorphous phase is present in the samples 
deposited at 7.5 and 10% OPP and not post-annealed. The adatom 
mobility and the reactions between Sn and O are restricted on the un
heated substrate surface during deposition, which induces a large 
number of defects in the SnOx films. Therefore, very fine nanocrystalline 
or amorphous films are formed. Fig. 5. also exhibited that after the 
samples with 5% OPP were post-annealed at 400◦C they revealed one 
strong peak centered at 29.54◦ 2θ and two small broad halo peaks 
centered at 33.39 and 50.94◦ 2θ, which were assigned to SnO(101), SnO 
(110), and SnO(112) phases, respectively [15–18,30,43–45,48,49] and 
five small halo peaks at 26.45, 34.02, 54.28, 57.97, and 62.26◦ 2θ, 
which were attributed to a SnO2(110), SnO2(101), SnO2(220), 
SnO2(002), and SnO2(310) phases [15–18,30,43,45,50], respectively. 
This suggests that the p-type SnO phase predominates in the samples 
prepared in 5% OPP and post-annealed, which supports the XPS results 

shown in Fig. 3d. On the other hand, for the samples made with 7.5 and 
10% OPP, due to post-annealing at 400◦C, a strong and sharp SnO2(220) 
peak appears at 54.43◦ 2θ, and four small SnO2(110), SnO2(101), 
SnO2(200), and SnO2(211) halo peaks appear at 26.88, 34.38, 38.41 and 
52.32◦ 2θ, respectively [15–18,30,43,45,50]. This confirms that the 
phase formation of n-type SnO2 occurs for samples fabricated at 7.5 and 
10% OPP and post-annealed at 400◦C. All the Sn, SnO, SnO2, Sn2O3, 
Sn3O4, and Si diffraction peaks in Fig. 5 were indexed using JCPDS cards 
# 86-2265, # 06-0395, # 41-1445(or # 78-1063), # 25-1259, # 
20-1293, and # 27-1402, respectively. It is worth noting that the XRD 
results shown in Fig. 5 are also in good agreement with the XPS results in 
Figs. 3 and 4 and the Eg results in Fig. 1. 

Fig. 6 shows SEM top images of SnOx films deposited at different 
OPPs, 5, 7.5, and 10%, without and with heat treatment at 400◦C as a 
function of OPP. As can be seen, the films made with higher OPPs had a 
smoother surface morphology. This suggests that the higher the OPP, the 
greater the amount of oxygen injected into the SnOx thin film, leading to 
the growth of crystal grains. The results also indicate that the various 
grain sizes (the lateral lengths of the grain sizes ranged from 1 to 2 μm) 
were mixed with each other; in particular, the grains overlapped each 
other and some large grains consisted of many smaller ones. However, 
all films had similarly sized grains regardless of post annealing at 400◦C. 

Table 1 shows Hall effect measurements representing the electrical 

Fig. 6. Scanning electron microscopy top images of as-grown SnOx thin films prepared at (a) 5, (b) 7.5, and (c) 10% oxygen partial pressure (OPP), and SnOx thin 
films fabricated at (d) 5, (e) 7.5, and (f) 10% OPP and then annealed at 400◦C. 

3 Put a period here. 
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properties of a series of SnOx samples prepared in this study. As listed in 
Table 1, as-grown samples deposited at 7.5 and 10% OPP and not post- 
annealed and post-annealed samples with 5% OPP exhibited p-type 
conductivity. However, as-grown samples deposited at 5% OPP and not 
post-annealed and post-annealed samples with 7.5 and 10% OPP 
showed n-type conductivity. The inverse transformation mechanism of 
the carrier type can be described as follows. Post-annealing in air at 
400◦C for 30 min introduces more oxygen to the sample, resulting in a 
more oxidized sample as confirmed by the XPS data shown in Fig. 3. 
Therefore, for samples prepared with 5% OPP, after post-annealing, the 
carrier type of the sample was changed from n-type Sn-rich SnO0.56 to p- 
type SnO. In contrast, oxidation of samples by post-annealing caused 
carrier transitions from p-type SnO to oxygen-enriched n-type SnO2 for 
samples fabricated at 7.5 and 10% OPP. 

Table 1 also shows that the samples have highly conductive prop
erties with much higher carrier concentration, low resistivity, and low 
mobility after post annealing at 400◦C. This is caused by the growth of 
crystallites due to post annealing. Therefore, without post-annealing, 
the carrier concentration of the SnOx thin film decreased by four or
ders of magnitude, which decreased carrier scattering and, as a result, 
significantly increased the mobility of the sample. As indicated in 
Table 1, the SnOx thin films deposited at 7.5% OPP and not heat treated 
showed the best p-type electrical properties, with a Hall mobility of 5.11 
cm2/Vs, a hole carrier concentration of 1.13 × 1015 cm− 3, and a re
sistivity of 1082 Ωcm. 

4. Conclusion 

In this study, the effect of oxygen partial pressure on the properties of 
SnOx thin films deposited by DC magnetron sputtering using a Sn metal 
target was investigated. As-grown samples deposited at 7.5 and 10% 
OPP and post-annealed samples deposited at 5% OPP had a p-type SnO 
phase, as confirmed by optical bandgap, XPS, HR-XRD and Hall effect 
measurements. On the other hand, samples fabricated from 7.5 and 10% 
OPP and annealed at 400◦C had a n-type SnO2 phase. Annealing at 
400◦C shifts the optical bandgap to the right, increasing the bandgap 
and injecting more oxygen into the SnOx thin film, which further oxi
dizes the sample. In addition, post-annealing increased the carrier con
centration of the SnOx thin film by four orders of magnitude, which 
increased carrier scattering and, as a result, greatly reduced the mobility 
of the sample. The SnOx thin film deposited at 7.5% OPP and not heat 
treated showed the best p-type electrical properties, with a Hall mobility 
of 5.11 cm2/Vs, a hole carrier concentration of 1.13 × 1015 cm− 3, and a 
resistivity of 1082 Ωcm. 
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