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ABSTRACT: In this paper, SnOx films were produced by reactive radio
frequency magnetron sputtering under various oxygen partial pressure (PO) in
conjunction with a thermal annealing at 200 °C afterwards. The obtained SnOx
films were systematically studied by means of various techniques, including X-ray
diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy, spectroscopic
ellipsometry, and Hall-effect measurement. The structural, chemical, and electrical
evolution of the SnOx films was found to experience three stages: polycrystalline
SnO phase dominated section with p-type conduction at PO ≤ 9.9%; amorphous
SnO2 phase dominated area at PO ≥ 12.3%, exhibiting n-type characteristics; and conductivity dilemma area in between the above
mentioned sections, featuring the coexistence of SnO and SnO2 phases with compatible and opposite contribution to the
conductivity. The polycrystalline to amorphous film structure transition was ascribed to the enhanced crystallization temperature
due to the perturbed structural disorder by incorporating Sn4+ into the SnO matrix. The inversion from p-type to n-type
conduction with PO variation is believed to result from the competition between the donor and acceptor generation process, i.e.,
the n-type behavior would be present if the donor effect is overwhelming, and vice versa. In addition, with increasing PO, the
refractive index decreased from 3.0 to 1.8 and the band gaps increased from 1.5 to 3.5 eV, respectively.
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■ INTRODUCTION

Stannic oxide (SnO2), because of its excellent n-type
semiconductor with low electrical resistance and high optical
transparency in the visible range, is widely explored in various
applications, such as transparent electrodes,1 n-type thin film
transistors (TFTs),2 solar cells,3 gas sensors,4 etc. As another
important tin oxide, stannous oxide (SnO) has also attracted
ever-increasing attention for the applications as active layer in
gas sensors,5,6 as anode material for lithium rechargeable
batteries,7−9 and as a precursor for the production of SnO2.

10

Especially, p-type TFTs have been fabricated by using SnO as
p-channel material,11−14 and ambipolar SnO TFTs have been
demonstrated by controlling the channel thickness.15 Very
recently, we reported SnO-based ambipolar TFTs as well as
ambipolar inverters, manifesting that the stoichiometry of the
nominal SnO has a big impact on the ambipolar symmetry of
the TFTs.16

Tin oxides (SnOx) films can be prepared by various
techniques, such as electron beam evaporation,12 pulsed laser
deposition,13 chemical vapor deposition,17 aqueous solution
process,18 hydrothermal synthesis,19 magnetron sputter-
ing,11,20,21 etc., among which magnetron sputtering technique
was utilized intensively. But whereas, most of research
endeavors on tin oxides were mainly focused not on SnO,
but on SnO2 or foreign element dopped SnO2. Muranaka et
al.20 and Beensh et al.21 respectively produced SnOx films by
magnetron sputtering using Sn metallic target at different
oxygen partial pressure, and in particular, β-Sn and α-SnO
phases were obtained at low oxygen partial pressure. However,

their main concerns were on the performance of SnO2 films,
without systematically studying on the physical properties of
SnO. Recently, Fortunato et al.11 prepared p-type SnOx films by
reactive rf magnetron sputtering at different oxygen partial
pressure for the usage of TFT channels, but a thorough
investigation of the material’s properties is still lacking.
In this study, SnOx films were fabricated by reactive rf

magnetron sputtering through controlling the oxygen partial
pressure, and the structural, chemical, optical, and electrical
properties of the films were comprehensively investigated. The
results can provide a robust addition to the knowledge base for
the fabrication and the physical properties of SnOx films, which
is indispensable whether for the fundamental research or the
market-driven applications.

■ EXPERIMENTAL SECTION
A series of SnOx films were prepared on quartz glasses by reactive rf
magnetron sputtering, applying a 2 in. Sn metallic target (99.99%) at a
power of 60 W. Prior to deposition, the substrates were cleaned by
organic solvents (alcohol and acetone), deionized H2O, and
subsequently dried in N2 gas flow. After evacuating below 1 × 10−4

Pa, SnOx films were deposited at room temperature through
controlling the O2 and Ar gas flux at a constant working pressure of
0.46 Pa. The oxygen partial pressure PO (PO = O2/(O2+Ar)%) varied
from 4.8 to 15.3%. Films with a thickness in the range of 190−230 nm
were obtained by fixing the deposition time for 30 minutes. The film
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thickness increases monotonously with PO due to more O2-induced
weight and volume variation.20 Finally, the as-deposited SnOx films
were subjected to a thermal annealing at 200 °C for 2 h in air.
The phase composition of the films was characterized by X-ray

diffraction (XRD, Bruker D8 Advance X-ray diffractometer) with Cu
Kα radiation. The microstructure was elucidated by a confocal
microscope Raman spectrometer (Renishaw inVia-Reflex) using a
532 nm excitation line which is created by second harmonic generation
(SHG) element from a line of 1064 nm generated by Nd:YAG laser.
The wavenumber is changed from 50 to 900 cm−1 and the light-spot
size is about 1 μm in diameter. The chemical composition was
examined by X-ray photoelectron spectroscopy (XPS, Kratos
Analytical Ltd., UK) using Al−Kα radiation. The optical properties
were analyzed on a spectroscopic ellipsometry (SE, J.A. Woollam Inc.)
in the range of 300−1700 nm. The electrical measurements were
carried out at room temperature using a Hall-effect measurement
system (HL5500).

■ RESULTS AND DISCUSSION
Phase and Microstructure Characteristics. Figure 1

shows the XRD patterns of the SnOx films at various PO. At PO

= 4.8%, both α-SnO phase (α-PbO structure, P4/nmm, JCPDS
card No.06-0395) and β-Sn phase (I41/amd, JCPDS card
No.19-1365) were observed in the films, but the former one
dominated. As PO increased, the intensity of β-Sn phase tapered
and disappeared eventually at PO = 6.5%, in completely contrast
to the variation trend of α-SnO phase. As PO changed from 6.5
to 9.9%, only α-SnO phase with more attenuated peak intensity
was observed. When PO ≥ 10.7%, there were no characteristic
peaks for any phases perceived, suggesting the amorphous
nature the films.
Raman measurements were utilized to identify Raman active

phonon modes of the films, as displayed in Figure 2. Only two
peaks located at 112 and 210 cm−1 which were indexed to the
vibrational modes of SnO were observed for the polycrystalline
SnOx films (PO ≤ 9.9%), whereas no Raman-active mode

(∼42.4 and 126.6 cm−1)22−24 of β-Sn was present for the films
even with the highest metallic Sn content (PO = 4.8%), which is
probably related to the intensive light absorption caused by the
metallic particles or/and clusters. Moreover, no SnO2
characteristic peaks (∼474, 632, 774 cm−1)25,26 were identified
as well. SnO2 phase, if presented and dominated at higher PO
(≥10.7%), is still in the amorphous format, because 200 °C is
too low to make SnO2 crystallized (>400 °C).27 As shown in
Figure 2, the Raman characteristic peaks disappeared
completely at PO ≥ 10.7% as the polycrystalline films were
converted into amorphous ones. As a result, it is reasonably
believed that the phonon scattering volume related to SnO2 in
this case is under the observation threshold of the Raman
equipment. The designation of the two observed characteristic
peaks of SnO will be discussed in the following.
The vibrational modes of SnO described by the group theory

can be expressed as follows:28

Γ = + + + + +A B 2E A E 3 acoustic modes1g 1g g 2u u

(1)

of which A1g, B1g, Eg are Raman active, whereas A2u, Eu are
infrared-related modes. Figure 3 manifests the atomic displace-

ments of A1g, B1g, and Eg modes. A1g mode is polarized in the z
direction, in which Sn atoms are vibrating along z axis toward
or away from the x−y plane. B1g mode is also polarized in the z
direction, but the O atoms are vibrating out of the x−y plane.
By comparison, two Eg modes, which are polarized within the
x−y plane, involve vibrations within each sublattice and of one
sublattice with respect to the other, respectively.24 The peak at
210 cm−1 was assigned to A1g mode definitely, in line with the
theoretical calculations and experimental reports.24,28,29 How-
ever, there is a bifurcation on the identification of the peak at
112 cm−1. Geurts et al. believed that this peak can be ascribed
to the B1g mode.

28 The phonon frequency of B1g was calculated
to be 370, 350, and 357 cm−1 through ab initio full-potential
linear-muffin-tin-orbital method, linear augmented-plane-wave
calculation, and shell model, respectively.24,29 Moreover, it is
unreasonable that B1g has a frequency (ω) lower than A1g,
considering that the mass (m) of O is smaller than Sn, because
B1g and A1g modes are, respectively, O and Sn displacements, as
the schematic illustrated in Figure 3 (in this case, ω ≈ m−1/2).24

In fact, the phonon frequency of Eg
low ranges from 113 to 143

cm−1 on the basis of the theoretical calculations. Thus, it is
logically believed that the Raman peak at 112 cm‑1 should be
allotted to the low frequency Eg

low mode.

Figure 1. XRD patterns of the SnOx films deposited at different
oxygen partial pressure (PO).

Figure 2. Raman spectra of the SnOx films fabricated at various oxygen
partial pressure (PO).

Figure 3. Schematic diagram to describe the atomic displacements of
A1g, B1g, and Eg vibrating modes.
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Chemical Composition Analysis. XPS measurements
were performed to further confirm the chemical composition
of the films. High doses of argon ions (Ion energy of 2 KeV,
current density of 5 μA/cm2 roughly) were used to sputter
away the outmost layer, to get rid of the carbon contamination
as well as the hydrated layer so as to obtain the actual
composition of the SnOx films. The binding energy data were
calibrated with respect to the C1s signal of ambient
hydrocarbons (C−H and C−C) at 284.8 eV.
Panels a and b in Figure 4 illustrate the typical core-level

spectra of Sn 3d and O 1s, respectively. At PO = 4.8%, the Sn 3d

spectrum depicts a spin-orbit doublet peak located at ∼485.9
eV (Sn2+ 3d5/2) and ∼494.3 eV (Sn2+ 3d3/2) with two shoulders
centered at ∼484.4 eV (Sn0 3d5/2) and ∼492.8 eV (Sn0 3d3/2).
As PO increased, the two shoulders gradually disappeared,
whereas the chief peaks shifted to higher binding energies due
to the presence of Sn4+ (486.6 eV and 495.0 eV for 3d5/2 and
3d3/2, respectively). Along with continuously increasing PO, the
content of Sn4+ became more and more, and gradually
dominated at PO ≥ 12.3%. Correspondingly, the evolution of
O 1s spectra agrees well with that of Sn 3d spectra, as shown in
Figure 4b. At PO = 4.8%, the O 1s spectrum only showed one
peak at 529.8 eV assigned to O−Sn2+. As PO increased, another
peak centered at 530.4 eV (O−Sn4+) presented and gradually
became dominant. The binding energies of all the components
in this experiment are consistent with the previously reported
values.30,31

The contents of SnO2, SnO, and Sn in the SnOx films were
respectively calculated and illustrated in Figure 5. As PO
increased to 6.5%, the Sn content decreased from ∼14% to 0
nearly, whereas the SnO content increased to a maximum value
(∼96%), in a good agreement with the XRD observation that
the β-Sn phase faded away and the α-SnO-related peaks
stretched out significantly. After that, the SnO content dropped
persistently, approaching ∼18% at PO = 15.3%, whereas the
SnO2 content increased from 0 till ∼82% with PO. Moreover, it

was noted that, a crystallization transition from polycrystalline
to amorphous was confirmed by XRD technique at PO = 10.7%,
at which the SnO2 content was ∼27%. In other words, although
having considerably high crystallization temperature (>
400°C).27 SnO2 was not the dominant phase at PO = 10.7%
so that itself could not account for the crystallization transition
exclusively. It is suggested that the involvement of Sn4+ boosted
the structural disorder in the SnOx matrix since Sn4+−O and
Sn2+−O bonds have distinct coordination number, bond angle,
and bond length, and so on, consequently improving the
crystallization temperature.

Optical Properties. Optical constants were obtained by
fitting the SE data in the wavelength range of 300−1700 nm.
Tauc-Lorentz dispersion function was employed to generate
the refractive index n and extinction coefficient κ of the
transparent films.32 For films deposited at low PO with low
transmittance, effective medium approximate (EMA) layer
model with the intervention of metal tin layer was used to
generate the optical constants. The EMA approach, as a very
robust approach to describe the electromagnetic response of
the heterogeneous system when the feature size of the
nonuniform composition is smaller than the wavelength, is
based on the Lorentz cavity concept for the determination of
the polarizability of an individual inclusion and Clausius-
Mossotti relation.33

Figure 6a presents the refractive index of the films with PO.
For clarity, the refractive index at 550 nm was selected and
plotted in the inset of Figure 6a. At PO = 4.8%, the films with β-
Sn and α-SnO phases involved showed a lower refractive index
than α-SnO dominated films in the short wavelength range
(<400 nm), simply owing to the smaller refractive index of β-Sn
(0.37−1.0) in such range.34 Whereas the refractive index of β-
Sn increases dramatically with wavelength, for example,
approaching ∼3.15 at 930 nm.34 Thus the films incorporated
with β-Sn phase presented higher refractive index in the long
wavelength range (greater than ∼500 nm). With increasing PO,
however, the refractive index of the films decreased gradually,
which was attributed to the increasing content evolution of
SnO2.

12 As reported, SnO2 has a smaller refractive index (1.7−
2.0 at 550 nm) than SnO (2.5−2.8 at 550 nm).32,35,36 As
expected in our experiment, the SnO-dominated films (PO ≤
9.9%) exhibited a refractive index (2.3−3.0 at 550 nm) higher
than the SnO2-dominated (PO ≥ 12.3%) films (1.8−2.0 at 550
nm).
Optical band gaps Egap of the films were obtained on the

basis of a graphical method (as shown in Figure 6b) using the
following equation

α ν ν= −h A h E( ) ( )2
gap (2)

Figure 4. XPS spectra of (a) Sn 3d and (b) O 1s for the SnOx films
under various oxygen partial pressure (PO). Step lines and smooth
lines are representing raw data and fitting data, respectively.

Figure 5. Content evolution of SnO2, SnO, and Sn in the films as a
function of oxygen partial pressure (PO).
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where α is the absorption coefficient calculated via α = 4πκ/λ
(λ is the wavelength of incident light), and A is a constant. The
films at low PO have a very narrow band gap (1.5−2.0 eV),
because β-Sn phase, acting as metallic particles or clusters,
absorbs the light intensively. As PO increased, the Egap values of
the films increased almost linearly (as presented in the inset of
Figure 6b) from 2.0 to 3.5 eV because there is more SnO2
available, because SnO2 (3.6 eV) has a broader band gap than
SnO (2.5−2.8 eV).28

Figure 6c shows the transmittance spectra of the films
measured by SE at different PO. As expected, the films with β-
Sn phase included displayed a low transmittance in the whole
spectra because of the intensive light absorption of the metal
ingredient. The films without β-Sn phase incorporated
illustrated a marginal difference in the transmittance at long
wavelength (>800 nm), whereas the band edge shifted
gradually to the shorter wavelengths as PO increased, which
was consistent with the blue-shift of the band gaps. Hence, the
average transmittance first increased rapidly and then tended to
be saturated around 87% as PO varied (as shown in the inset of
Figure 6c).
Electrical Performances. Figure 7 manifests the depend-

ence of resistivity, Hall mobility and carrier concentration on

different PO. The SnO-dominated films (PO ≤ 9.9%) exhibited
p-type conduction behavior with the mobility, the hole
concentration, and the resistivity in the range of 0.3−1.3
cm2/(V s), 1 × 1017 to 1 × 1020 cm−3, and 0.5−35 Ω cm,
respectively. Generally speaking, the hole concentration
displayed a decreasing trend with increasing PO in the range
of 4.8−9.9%. On the basis of first-principle calculations, the p-
type conductivity of SnO films originates from the excess of
oxygen or/and the tin vacancy (VSn);

37 meanwhile, exper-
imental results also confirmed that a SnO film with a high O/
Sn ratio favors the formation of acceptors VSn, which thus
produces more mobile holes.38 However, this suggestion can
not interpret the decreasing trend of the hole concentration in
the SnO-dominated films, instead a carrier compensation effect
is believed to account for that. According to the XPS results, a
certain amount of Sn4+ ions were involved into the SnO-
dominated films yet, and the Sn4+ content increased persistently
with PO. It is speculated that, the Sn4+ ion and/or its relate
defect state acting as donors or hole killers, would compensate
and/or capture a portion of free holes generated in the SnO-
dominated films, consequently the hole concentration dropped
with increasing PO. When the number of free electrons has
approximately the same order of magnitude with the free holes,
the SnOx films would display the maximum resistivity, which
were observed for the films at PO around 10.7% as named
“conductivity dilemma area”. The carrier concentration and
mobility of the films fabricated at PO = 10.7% and 11.5% were
not available because of their high resistivity (∼1 × 104 Ω cm),
which is beyond the capability of the Hall-effect measurement.
As PO kept increasing, a conductivity inversion from p- to n-
type was observed. For example, when PO ranged from 12.3 to
15.3%, the SnO2-dominated films demonstrated n-type
conduction behavior unambiguously with a mobility in the
range of 0.5−1.3 cm2/(V s), an increasing electron concen-
tration ranging from 1 × 1017 to 1 × 1019 cm−3, and a
decreasing resistivity from 108 to 0.3 Ω cm, respectively.

■ CONCLUSION
SnOx films were fabricated by reactive rf magnetron sputtering
followed by a low temperature annealing at 200 °C, and the
influence of oxygen partial pressure (PO) on the various
properties of the films was systematically investigated. It can be
roughly divided into three PO regions to describe the structural

Figure 6. (a) Refractive index of the SnOx films under different oxygen
partial pressure (PO) as a function of wavelength. Inset is the refractive
index at wavelength 550 nm vs. oxygen partial pressure. (b) (αhν)2 as
a function of photon energy hν. Inset is the calculated band gap vs.
oxygen partial pressure. (c) The transmittance spectra of the SnOx
films with different oxygen partial pressure (PO). Inset shows the
average transmittance of the films.

Figure 7. Resistivity ρ, hole/electron concentration Nh/Ne, and hole/
electron mobility μh/μe vs. oxygen partial pressure (PO).
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and electrical evolution of the films: (1) PO ≤ 9.9%, the films
presented a p-type conduction, in which polycrystalline SnO
phase dominated. (2) 9.9% < PO < 12.3%, the films exhibited a
characteristic of “conductivity dilemma area”, where the
crystallization temperature was improved so that a transition
from polycrystalline to amorphous occurred, because the
involvement of Sn4+ augmented the structural disorder in the
SnOx matrix. (3) PO ≥ 12.3%, the films displayed an n-type
behavior with increasing electron concentration as PO
increased, in which amorphous SnO2 phase took the privileges.
Moreover, the optical parameters presented a monotonic
variation with increasing PO, i.e., the refractive index decreased
from 3.0 to 1.8 and the band gap increased from 1.5 to 3.5 eV,
because of increasing content evolution of SnO2. These results
supply a comprehensive investigation on the structural,
chemical, optical, and electrical property evolutions for the
community of tin oxides, which would offer an opportunity to
boost their further exploration and development.
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