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This study examined the effects of the oxygen partial pressure on the properties of tin oxide (SnOx�
thin films deposited by radio frequency magnetron sputtering using a SnO target. The properties of
the samples were characterized by Hall Effect measurements, dynamic-secondary ion mass spec-
trometry, X-ray photoelectron spectroscopy (XPS), X-ray diffraction, and atomic force microscopy.
All the samples exhibited dominant Sn2+ XPS peaks, indicating that SnO with p-type conductivity
was the main composition regardless of the oxygen partial pressure. The samples deposited with an
oxygen partial pressure of 12% showed the best p-type characteristics, which included a maximum
hole mobility of 1.94 cm2/Vs, carrier concentration of 3.83× 1017/cm3, Sn2+ peak area percent-
age of 91.34%, Sn4+ peak area percentage of 2.35%, and Sn0 peak area percentage of 6.31%.
As the oxygen partial pressure was increased to more than 12%, the Sn2+ peak area percentage
decreased while the Sn4+ peak area percentage increased. This was attributed to the reduction of
the SnO phase and the growth of the SnO2 phase in the samples due to the incorporation of more
oxygen. These results are expected to contribute to the development of p-type SnO-based TFTs
with good performance.

Keywords: Tin Oxide (SnO) Thin-Films, Sputtering, Process Parameters, Sn2+ Peak Area
Percentage.

1. INTRODUCTION

Recently, oxide thin-film transistors (TFTs) have been lim-

ited to n-channel devices because oxide semiconductors

(OSs) are mainly n-type. n-Type OSs have large electron

mobility because their electron transporting paths [con-

duction band minima (CBM)] are formed mainly from

the isotropic and delocalized s orbitals of metal cations,

whereas p-type OSs have low hole mobility because their

hole conduction paths (valence band maxima (VBM))

consist mainly of anisotropic and strongly localized 2p
orbitals of oxygen ions.1–13 On the other hand, transpar-

ent complementary metal oxide semiconductor (CMOS)

circuits, which is a key element to fuel the microelectron-

ics revolution by offering great advantages over n-channel
MOS (NMOS), such as low power dissipation and higher

density of logic functions on a chip, can be realized if

both high performance n- and p-type oxide TFTs can be

developed.4�11�12�14–20 As a result, an exploration of high

∗Author to whom correspondence should be addressed.

performance p-type OSs is an essential issue for the devel-

opment of giant microelectronics.

Tin monoxide (SnO) is one of the most attractive p-type
OS with high hole mobility owing to its Sn 5s nature

at the VBM.1�2�4�6–13 The spatially spread and spheri-

cal Sn 5s orbitals, which are hybridized with O 2p
orbitals to form pseudo-closed ns2 orbitals at the VBM,

are isotropic, resulting in high hole mobility by reduc-

ing the localization of the VBM. SnO thin films have

been prepared using various techniques, such as pulsed

laser deposition,1�3 evaporation,2�12 radio frequency (RF)

or direct current (DC) sputtering,5–11�13�15–17�19–22 solution

processes,23 and physical vapor deposition.18 Among them,

sputtering is the most effective process to fabricate large

area devices and can produce multi-state oxides, such as

p-type SnO, n-type SnO2, and metallic Sn.13 Understand-

ing these multi-states is essential because a phase impu-

rity always impedes the control of the film performance.

In addition, an increase in the number of oxygen atoms

within the SnO thin films results in an increase in Sn4+
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Table I. Summary of the Hall Effect measurement results for the series

of samples prepared in this study.

Oxygen ratio Resistivity Hall mobility Carrier concentration

of samples (%) (� ·cm) [cm2/(V · s)] (1/cm3�

0 Immeasurable owing to very high resistance

8 28�69 0�289 7�51×1017

12 9�154 1�94 3�51×1017

16 40�12 0�109 1�43×1018

20 39�25 0�0185 8�58×1018

ions, giving the film n-type conductivity, which in turn

degrades the device performance.24 Nevertheless, details

of the properties of sputter-deposited SnOx thin films are

unclear and the device properties of SnO-based TFTs are

still far from acceptable for practical applications. Further-

more, there are few reports on the effects of the sput-

tering process parameters on the properties of SnOx thin

films deposited using a SnO sputtering target. Therefore,

this study examined the effects of important parameters,

such as the oxygen partial pressure and film thickness on

the properties of sputter-deposited SnOx thin films using a

SnO sputtering target.

2. EXPERIMENTAL DETAILS

SnOx thin films were deposited on 400-�m-thick Si or

glass substrates at room temperature (RT) using a SnO

(99.999%, 2 inch diameter) sputtering target under the

following conditions: a radio frequency (RF) power of

50 W, working pressure of 0.533 Pa, and oxygen ratios of

0 to 20%. Pure argon (99.999%) and oxygen gas mixtures

were used as the reaction gas and the total flow rate was

25 sccm. The target-to-substrate distance was kept con-

stant at 10 cm for all depositions. The substrate was rotated

at 13 rpm to deposit the SnOx thin films with a uniform

thickness. The SnOx film thickness was increased from

58 to 181 nm by decreasing the oxygen ratio.

The contents (at.%) and chemical bonding states of Sn

and O in the SnOx thin films were analysed by X-ray pho-

toelectron spectroscopy (XPS). The changes in the depth

profiles of Sn, Si, and O in the samples were examined by

dynamic secondary ion mass spectrometry (D-SIMS). The

electrical properties of SnOx thin films were measured at

RT using a Hall Effect measurement system according to a

van der Pauw configuration after forming the Ohmic con-

tacts with a 100-nm-thick Al layer using a sputtering sys-

tem, followed by alloying at 150 �C in air for 1 hour. The

structures and surface morphologies of the films were char-

acterized by X-ray diffraction (XRD) with a Cu K�1 radia-

tion source (�= 0.15406 nm) and atomic force microscopy

(AFM, nanoscope IV multimode), respectively.

3. RESULTS AND DISCUSSION

Table I lists the Hall Effect measurements, which revealed

the electrical properties of a series of samples prepared

in this study. All samples exhibited p-type conductivity,

regardless of the oxygen ratio. At oxygen ratios of 0–12%,

the product of the mobility (�� and hole carrier concentra-

tion (p) increased with increasing oxygen ratio, resulting

in a decrease in resistivity (	�, as listed in Table I. In con-

trast, those of the product decreased with increasing oxy-

gen ratio, resulting in an increase in 	 for oxygen ratios in

the range of 12–20%. This result followed the equation,

	= 1

pq�
(1)

where q is the charge of an electron. In the case of oxy-

gen ratios in range of 0–12%, the large increase in �
with increasing oxygen ratio was attributed mainly to a

decrease in 	 owing to a decrease in the amount of car-

rier scattering by the reduced defect and carrier concen-

trations. On the other hand, an opposite argument was

applicable for oxygen ratios in range of 12–20%. A large

increase in the oxygen ratio causes an increase in the

defect and carrier densities in thinner SnOx, resulting in

a large increase in carrier scattering, which increases 	
and in turn decreases �. Note that the diffusion of oxy-

gen into the SnOx films produced in-band gap defects and

caused an increase in resistance.24 This suggests that the

high resistance of SnOx thin films prepared at oxygen con-

centrations of 12–20% is related to the introduction of

O into the SnOx thin films. As indicated in Table I, the

SnOx thin films deposited with an oxygen ratio of 12%

showed the best electrical properties, which includes a Hall

mobility of 1.94 cm2/(V ·s), a hole carrier concentration of

3�51×1017 1/cm3, and a resistivity of 9.154 � · cm.

The SIMS depth profiles (Fig. 1) exhibit typical inten-

sity variations in Sn, O, and Si concentrations in the SnOx

thin films prepared at different oxygen ratios. As shown

in Figure 1, the SnOx film thickness decreased from 181

to 58 nm with increasing oxygen ratio from 0 to 20%.

During the deposition process, sputtered Sn and O atoms

ejected from the target by energetic sputtering Ar atoms

can deposit on the substrates. At higher oxygen ratios, the

collision of the sputtered atoms with the oxygen atoms

increases, resulting in the deposition of thinner oxide films

on the substrates. In the case of the samples deposited at

oxygen concentrations of 0–12%, the composition of the

samples was close to the p-type tin monoxide (SnO). This

supports the Hall Effect measurements in that the samples

deposited with oxygen ratios in range of 0–12% exhib-

ited p-type conductivity. When the samples are deposited

with low oxygen ratios in range of 0–12% by a mono-SnO

ceramic target instead of a Sn metallic target, the chemical

reaction between sputtered Sn and O atoms before coating

the substrate is minimized. The deposited film is therefore

similar to the target material, which cause the SnO com-

position in samples deposited with oxygen ratios in range

of 0–12%.

On the other hand, as shown in Figure 1, in the case

of the samples deposited with oxygen concentrations of
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Figure 1. Intensity variations in the tin (Sn), oxygen (O), and silicon (Si) concentrations in the SnOx thin films prepared at oxygen ratios of (a) 0,

(b) 8, (c) 12, (d) 16, and (e) 20%, which were obtained from the SIMS depth profiles.

12–20%, a larger amount of O diffused into the SnOx

thin films with a thinner thickness during deposition with

increasing oxygen concentration. Therefore, the increased

O concentration apparently causes unbalanced concentra-

tions in Sn and O and an increase in the number of

O-related defects. Consequently, the O concentration is

higher than that of Sn in the SnOx surface while it is

lower than that of Sn near the SnO/Si interface, which in

turn results in a multi-states oxide, such as p-type SnO,

n-type SnO2, and metallic Sn, in the case of the samples

deposited at oxygen concentrations of 12–20%, as shown

in Figure 1.

Figure 2 shows the XRD patterns of SnOx films

deposited at various oxygen ratios. At room substrate tem-

perature, the adatom mobility and the reaction between Sn

and O are restricted on the substrate surface, which results

in a large number of defects in SnOx films. Therefore,

very fine nanocrystalline or amorphous films are formed.

As shown in Figure 2, the samples with an oxygen ratio of

0% revealed a single halo peak centered at ∼29� 2
, while
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Figure 2. X-ray diffraction (XRD) patterns of SnOx films that were

deposited at various oxygen ratios.

those with oxygen ratios of 8 and 12% showed two halo

peaks centered at ∼29� and ∼51� 2
, respectively. These
two halos can have two SnO and SnO2 phases because they

are very broad. However, the peak positions of these halos

are apparently identical to those observed from a tetrag-

onal SnO phase.11�13�18–20 This suggests that the samples

with oxygen ratios of 0–12% are mainly the p-type SnO

phase, as confirmed by the Hall and SIMS results. On the

other hand, as the oxygen ratio was increased further to

16 and 20%, three additional broad XRD peaks at ∼26.3,

(a) (b)

(c) (d)

Figure 3. AFM images of SnOx films prepared at various oxygen ratios as a function of oxygen ratio; (a) oxygen ratio = 8% (RMS roughness =
1.622 nm), (b) oxygen ratio = 12% (RMS roughness = 1.205 nm), (c) oxygen ratio = 16% (RMS roughness= 1.484 nm), and (d) oxygen ratio = 20%

(RMS roughness = 1.285 nm).
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Figure 4. Root mean square (RMS) of surface roughness of SnOx films

prepared by various oxygen ratios.

∼34.3, and ∼52.5� 2
, corresponding to the (110), (101),

and (211) orientations of nanocrystalline SnO2, respec-

tively, were obtained.8�9�11�21�22 This suggests that in the

case of the samples deposited with oxygen ratios higher

than 12%, the n-type SnO2 phase grows and multi-phases,

such as SnO, SnO2, and Sn, coexist in the SnOx films, as

shown in Figures 1 and 2.

Figures 3 and 4 show AFM images and the root mean

square (RMS) of the surface roughness of SnOx films as

a function of the oxygen ratio, respectively. In Figure 4,

we inserted the statistical bars to verify our reproducible

data. The surface roughness of the SnOx films changed
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Figure 5. Typical Sn 3d5/2 narrow-scan XP spectra fitted using three

Gaussian peaks for the SnOx thin films prepared at oxygen ratios of (a) 0

and (b) 12%.

notably with increasing oxygen ratio. As shown in Figure 4,

the RMS decreased continuously with increasing oxygen

ratio, reaching the minimum value at an oxygen concentra-

tion of 12%, and increased suddenly with further increases

in the oxygen concentration. The decrease in surface rough-

ness also resulted in an increase in the conducting path in

the films and a decrease in the effective surface area of

films as well as the number of absorption sites for oxygen,

which lead to a decrease in film resistivity.25 Therefore, the

smoothest surface morphology observed in the films pre-

pared at an oxygen concentration of 12% will result in the

lowest resistivity in those films, as shown in Table I.

All binding energies determined by XPS were calibrated

using the carbon (C) 1s reference peak at 284.6 eV. Two

Sn 3d narrow-scan XPS peaks for the SnOx thin films

were observed at binding energies of 486.3 and 494.7 eV,

which are related to the spin orbit of Sn 3d5/2 and Sn 3d3/2,

respectively.8�9�11�13�18�19�21�23 The Sn 3d5/2 narrow-scan

XP spectra of the SnOx thin films were fitted using three

Gaussian peaks (GPs) associated with the Sn0, Sn2+, and
Sn4+ peaks centered at approximately 485–485.6, 486.2–

486.8, and 486.9–487.6 eV, which represent metallic Sn,

p-type SnO, and n-type SnO2, respectively.

Figures 5(a) and (b) present typical examples of the

Sn 3d5/2 narrow-scan XP spectra fitted using three GPs

in the samples prepared at oxygen ratios of 0 and 12%,

respectively. The fitting of the Sn 3d5/2 peaks using three

GPs was outstanding. As shown in Figure 5(a), for the

SnOx films prepared at an oxygen ratio of 0%, the per-

centage areas of the Sn0 peaks centered at approximately

485 eV, Sn2+ peaks at 486.3 eV, and Sn4+ peaks at 487 eV

were 5.97, 90.65, and 3.37%, respectively. Figure 5(b) also

shows that the percentage areas of the Sn0 peaks centered

at approximately 485.6 eV, Sn2+ peaks at 486.8 eV, and

Sn4+ peaks at 487.5 eV were 6.31, 91.34, and 2.35%,

respectively, for the SnOx thin films prepared at an oxygen

concentration of 12%.

Figure 6 shows the percentage areas of the three GPs

as a function of the oxygen concentration for the sam-

ples prepared at various oxygen gas ratios, which were

obtained after fitting the Sn 3d5/2 peaks using the three

Sn0, Sn2+, and Sn4+ GPs, as shown in Figure 5. As shown

in Figure 6, for the samples prepared with oxygen ratios

of 0–12%, the Sn2+ peak area was dominant and almost

unchanged with increasing oxygen ratio, which suggests

that the in-diffusion of O from the chamber to the sam-

ple surface decelerates during deposition, as confirmed by

Table I and Figures 1, 2, and 4. As the oxygen ratio

was increased to more than 12%, the Sn2+ peak area per-

centage decreased while the Sn4+ peak area percentage

increased, which were associated with a decrease in the

SnO phase and an increase in the SnO2 phase in the sam-

ples, respectively, due to the incorporation of more oxy-

gen. This is in agreement with a recent report showing that

an increase in the amount of oxygen within the SnO thin

films results in an increase in the Sn4+ ions.24 Figure 6

also shows that the p-type SnO was the main composi-

tion regardless of the change in oxygen ratio. The samples
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Figure 6. Percentage area characteristics of three Gaussian peaks as a

function of the oxygen ratio obtained from the Sn 3d5/2 narrow scan

XP spectra of SnOx thin films prepared with various oxygen ratios. This

result was obtained after fitting the 3d5/2 peaks using the three Sn0, Sn2+,
and Sn4+ Gaussian peaks, as shown in Figure 5.
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deposited with an oxygen ratio of 12% showed the best

p-type characteristics, which included the Sn2+ peak area

percentage of 91.34%, the Sn4+ peak area percentage of

2.35%, and the Sn0 peak area percentage of 6.31%.

The O 1s narrow-scan XP spectra of the SnOx thin films

were also fitted using three GPs related to the low, mid-

dle, and high peaks (LP, MP, and HP) centered at approx-

imately 529.8–530.1, 531–531.1, and 531.6–531.9 eV,

respectively. The LP was assigned to O2− ions surrounded

by Sn and O metal atoms in a fully oxidized stoichio-

metric SnOx system. The MP can also be associated with

O2− ions in the oxygen-deficient regions within the SnOx

matrix and is related to Vo defects, whereas HP is related

to chemisorbed or dissociated oxygen or to O–H bonding

near the film surface.26–29

Figures 7(a) and (b) present typical examples of the O

1s narrow-scan XP spectra fitted using the LP, MP, and

HP GPs in the samples prepared at oxygen ratios of 0 and

12%, respectively. The fitting of the O 1s peaks using the

three LP, MP, and HP GPs was excellent. As shown in

Figure 7(a), for SnOx films prepared at oxygen ratios of

0%, the percentage areas of LP centered at approximately

530 eV, MP at 530.96 eV, and HP at 531.94 eV were

Figure 7. Typical O 1s narrow-scan XP spectra fitted using three LP,

MP, and HP Gaussian peaks for the SnOx thin films prepared with oxygen

ratios of (a) 0 and (b) 12%.
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Figure 8. Percentage area characteristics of three Gaussian peaks as

a function of the oxygen ratio obtained from the O1s narrow scan XP

spectra of SnOx thin films prepared at various oxygen ratios. This result

was obtained after fitting the O 1s peaks using the three LP, MP, and HP

Gaussian peaks, as shown in Figure 7.

45.57, 30.45, and 23.98%, respectively. On the other hand,

Figure 7(b) shows that the percentage areas of LP centered

at approximately 530.63 eV, MP at 530.91 eV, and HP at

532.01 eV were 48.15, 29.11, and 22.74%, respectively, for

the SnOx thin films prepared at an oxygen ratio of 12%.

Figure 8 also shows the percentage areas of the three

GPs as a function of the oxygen ratio for the samples pre-

pared at various oxygen ratios, which were obtained after

fitting the O 1s peaks using the three LP, MP, and HP

GPs, as shown in Figure 7. In the case of the samples with

oxygen ratios of 0–12 %, with increasing oxygen ratio,

the LP and MP areas increased and decreased slightly,

respectively, which indicates that the in-diffusion of O to

the sample surface is retarded during sample deposition,

as listed in Table I and Figures 1, 2, 4, and 6. On the

other hand, for the samples with oxygen ratios greater than

12%, the LP and MP increased and decreased notably with

increasing oxygen ratio areas, respectively. The decrease

in MP area can be explained by the following argument.

When the SnOx thin films were prepared at oxygen ratios

greater than 12%, the in-diffusion of O from the cham-

ber into the film increased with increasing oxygen ratio,

resulting in the annihilation of oxygen vacancies (Vo� in

the films, which causes a decrease in the number of Vo .

The increase in LP area for the samples with oxygen ratios

greater than 12% was also related to the enhancement of

the reaction of Sn metal with O due to in-diffused O, as

confirmed by Table I and Figures 1, 2, 4, and 6. As indi-

cated in Figure 8, however, the HP area was almost con-

stant at approximately 23.8%, regardless of the change in

oxygen ratio. This suggests that the same amount of O or

H appears near the surfaces of the SnOx thin films.

4. CONCLUSION

This study examined the effects of parameters, such as

the oxygen partial pressure and film thickness on the

1306 J. Nanosci. Nanotechnol. 19, 1301–1307, 2019
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properties of sputter-deposited SnOx thin films using a

SnO sputtering target. For the samples with oxygen ratios

of 0–12%, the in-diffusion of O from the chamber to the

sample surface was retarded during deposition, as con-

firmed by the Hall Effect, SIMS, XRD, and XPS results.

This reduced the defect and carrier concentrations in the

SnOx thin films, resulting in a decrease in carrier scattering

and a decrease in resistivity, which in turn increased the

mobility of the samples significantly. On the other hand, in

the case of samples with oxygen ratios higher than 12%,

the in-diffusion of O from the chamber to the sample sur-

face accelerates during film deposition, which enhanced

the defect and carrier concentrations in the thinner SnOx

thin films. This caused an increase in carrier scattering

and an increase in resistivity, giving rise to a decrease

in the mobility of the samples. The Hall Effect, SIMS,

XRD, and XPS results showed that all samples showed the

p-type conductivity regardless of oxygen ratio. The sam-

ples deposited with an oxygen ratio of 12% showed the

best p-type characteristics, which include a maximum hole

mobility of 1.94 cm2/Vs; carrier concentration of 3�83×
1017/cm3; and Sn2+, Sn4+, and Sn0 peak area percentages

of 91.34, 2.35, and 6.31%, respectively.
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