
Microstructural, Optical, and Electrical
Properties of SnO Thin Films Prepared on
Quartz via a Two-Step Method
Ling Yan Liang,† Zhi Min Liu,† Hong Tao Cao,*,† and Xiao Qin Pan‡

Division of Functional Materials and Nano Devices, Ningbo Institute of Material Technology and Engineering,
Chinese Academy of Sciences, Ningbo 315201, People’s Republic of China, and Department of Materials Science
and Engineering, University of Michigan, Ann Arbor, Michigan 48109

ABSTRACT A simple, cost-effective, two-step method was proposed for preparing single-phase SnO polycrystalline thin films on
quartz. X-ray diffraction (XRD) analysis demonstrated that the annealed films were consisted of polycrystalline R-SnO phase without
preferred orientation, and chemical composition analysis of the single phase in nature was analyzed using X-ray photoelectron
spectroscopy (XPS). Transmittance spectra in UV-vis-IR range indicated that the average transmittance of both the as-deposited
and the annealed SnO thin films was up to 70%. The optical band gap decreased from 3.20 to 2.77 eV after the annealing process,
which was attributed to the crystalline size related quantum size effect. Photoluminescence (PL) spectrum of the annealed film showed
only a weak peak at 585 nm, and no intrinsic optical transition emission was observed. Moreover, the p-type conductivity of SnO
film was confirmed through Hall effect measurement, with Hall mobility of 1.4 cm2 V-1 s-1 and hole concentration of 2.8 × 1016

cm-3.
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INTRODUCTION

Two stoichiometric tin oxide compounds, SnO and
SnO2, are known to be wide band gap oxide semi-
conductors with tetragonal litharge and rutile type

structures, respectively (1). Of these, SnO2 has been widely
explored in applications of gas sensors, solar cells, transpar-
ent electrodes and thin film transistors (TFTs) (2-4). Nev-
ertheless, in the past decades, SnO was the key material as
anode material (5, 6), coating substance (7), catalyst (8), and
precursor for the production of SnO2 (9, 10), because of its
properties of gas-sensitivity and metastability to transform
into SnO2 at O2-rich ambient. Recently, SnO has been drawn
back into attention simply because of the difficulty in obtain-
ing high-quality p-type materials, including p-type doped
ZnO (11), NiO (12), Cu2O (13), etc. Compared to those
materials, SnO could be a better native p-type oxide semi-
conductor because of Sn 5s nature at the valence band
maxima (VBM), which might result in a more effective hole
transport path and higher hole mobility (14, 15). In fact,
previous studies show that the maximum hole mobility of
SnO films is about 2.6 cm2 V-1 s-1, fairly high among p-type
conductive oxides, and it can be further improved via proper
doping (16). Those properties endow SnO a promising
candidate to be a next p-type oxide semiconductor utilized
for novel optoelectronic and electronic devices. Especially,
the fabrication of p-channel TFTs based on epitaxial SnO

films, marks the beginning of SnO’s application in comple-
mentary inverters and more complicated logic circuits
(14, 17).

Device application requires the control of the chemical
composition and microstructure which determine the optical
and electrical properties of film. Even though epitaxial SnO
film has been obtained, the conditions of expensive sub-
strates (like single-crystalline yttria-stabilized zirconia and
R-sapphire), and narrow growth window confine the com-
mercial applications. In addition, the microstructure and
composition of the films are affected by substrate through
the lattice mismatch and thermal expansion coefficient
mismatch (18). As a consequence, the optical band gap of
SnO is reported to be scattered in a wide range, i.e., 2.5-3.4
eV (1, 14, 15). This variation in band gap was believed to be
closely associated with the structural defect and impurity
phase,ormoreconcretelywiththeexistenceofSnO2(19-21).
However, no unambiguous evidence has been given so far
for those assertions. Therefore, there is a need for further
study of the optical properties of SnO films with respect to
their microstructure, chemical composition, etc.

Several techniques have been adopted in the growth of
SnO films on various substrates, including reactive rf mag-
netron sputtering (22), e-beam evaporation (11), laser abla-
tion (9, 14), atomic layer deposition (5), etc. However, the
prepared SnO films are often mixed with some impurity
phases, including metallic �-Sn, SnO2, and intermediate
oxides containing both 2+ and 4+ oxidation states (23-25).
The reason is that, SnO can decompose according to the
disproportionation reaction: 2SnOf �-Sn + SnO2, even in
the absence of oxygen at suitable temperature (1, 9). And
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thus, deposition ambient and growth temperature are of
great importance in the fabrication of single phase SnO
films.

In the present work, single-phase polycrystalline SnO thin
films were fabricated on quartz by a two-step method, i.e.,
e-beam evaporation from high-purity SnO2 source first and
a subsequent vacuum annealing. The morphology, crystal
phase, chemical composition, optical, and electrical proper-
ties of the obtained SnO thin films were characterized by or
by using atomic force microscopy (AFM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), UV-vis-IR
spectroscopy, photoluminescence (PL) spectroscopy, and
Hall effect measurement, as detailed below.

EXPERIMENTAL METHODS
Before being put into the e-beam evaporation UHV system,

quartz wafers were cleaned by organic solvents (alcohol and
acetone), deionized H2O, and subsequently dried in N2 gas flow.
After evacuating to 5.0 × 10-6 Pa, SnOx (The subscript x stands
for the unidentified phase) thin films were evaporated on quartz
wafers from a high-purity SnO2 source at room temperature
(RT). The nominal film thickness and the deposition rate were
around 250 and 2.5 nm/min, respectively. The film thickness
was monitored by a quartz crystal oscillator which was formerly
calibrated with R-step stylus profiler. Then the films were
subjected to thermal annealing at 600 °C for 30 min (the
optimum condition) in a vacuum chamber with base pressure
of 2.0 × 10-4 Pa.

The surface morphologies of the samples were observed by
using atomic force microscopy (AFM, Veeco Dimention V). XRD
patterns were obtained in θ-2θ mode by using a multipurpose
X-ray diffractometer (Bruker, D8 Advance) working with Cu-
KRradiation. The phase composition of the SnOx thin films was
analyzed on an Axis Ultra X-ray photoelectron spectroscopy
(XPS, Kratos Analytical Ltd., UK) equipped with a standard
monochromatic Al-KR source(hν ) 1486.6 eV). The binding
energy data were calibrated with respect to the C1s signal of
ambient hydrocarbons (C-H and C-C) at 284.8 eV. Transmit-
tance and reflectance spectra were recorded via a UV-vis-IR
spectrophotometer (Perkin-Elmer, Lambda 950) equipped with
an integrating sphere, using BaSO4 as reference. PL measure-
ments were performed by using a 30 mW He-Cd laser for
ultraviolet excitation (λ ) 325 nm). Electrical properties were
examined by Hall effect measurement system (ACCENT,
HL5500). All measurements were performed at room tem-
perature.

RESULTS AND DISCUSSION
As shown in Figure 1a, no extra peak was observed for

the as-deposited SnOx sample except the strong background,
which indicates that the film is either amorphous or nanoc-
rystalline (grain size less than 5 nm) in nature. For the
annealed one (Figure 1b), all the diffraction peaks can be
indexed to R-SnO phase with lattice constants of a ) 3.802
Å and c ) 4.836 Å (P4/nmm, JCPDS card 06-0395), imply-
ing that the annealed SnO film has polycrystalline structure
without preferred orientation. Based on the analysis of 〈101〉
peak by using Scherrer formula, the average crystallite size
is about 55 nm, which is in agreement with both the AFM
images from this paper and earlier report (10). No charac-
teristic peaks of impurities, such as elemental Sn or other
tin oxide phases, were observed, indicating that the level of
impurity is lower than the resolution limit of XRD (∼5 at %).

Besides, it should be noted that the phase structure of the
acquired samples was stable at different annealing temper-
atures, whereas higher deposition rate or/and longer anneal-
ing duration would lead to the emergence of �-Sn and SnO2

phase (seen in the Supporting Information, Figure S1 and
S2), which might result from the disproportionation of SnO
phase.

Figure 2 shows the surface morphologies of the as-
deposited and the annealed SnOx thin films grown on quartz.
Small grains with a mean size of ∼25 nm (extracted from
the phase images, seen in the inset of Figure 2a) are
uniformly distributed on the film surface of the as-deposited

FIGURE 1. XRD patterns of the SnOx samples on quartz: (a) as-
deposited, (b) annealed.

FIGURE 2. AFM morphologies of the SnOx samples grown on quartz
with a scan area of 1 µm × 1 µm (a) as-deposited, (b) annealed. The
inset is the phase image.
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sample. However, it is clearly visible that ellipsoid-shaped
grains with grain size of 50-120 nm (the inset of Figure 2b)
are fused together compactly to form valleys and peaks
along the annealed SnOx film surface. Root-mean-square
(rms) roughness of the as-deposited and the annealed SnOx

thin films is 1.91 and 9.07 nm, respectively. Those signifi-
cant changes in grain shape and grain size can be attributed
to the enhanced atom rediffusion and migration during
annealing process, in which crystal grains grow along low
stress directions, resulting in faceted surface and larger rms
roughness. Moreover, this morphology is slightly different
from its counterparts grown on R-sapphire (15), suggesting
that the deposition methods and lattice mismatch between
the film and the substrates ultimately determined the mi-
crostructure and surface morphology. It should be noted that
determination of grain size by using AFM might be some-
what imprecise, because it can only detect the signal from
the surface, and the observed inclusions can be consisted
with aggregates rather than bulk grains.

Because the SnOx films had been exposed to ambient air
for an extended period, the surface layer could be oxidized
before being introduced into the spectrometer (the reaction
from SnO to SnO2 is spontaneous in air based on the
standard Gibbs energy of formation). To obtain the actual
chemical composition of the SnOx samples, we used high
doses of argon ions (Ion energy of 2 KeV, current density of
5 µA/cm2 roughly) to sputter away the top air-oxidized SnO2

layer, the carbon contamination, as well as the hydrated
layer. Figure 3 exhibits the XPS spectra of the fresh surfaces
of two SnOx samples and the air-oxidized SnO2 surface layer
of the as-deposited sample, in which the last one is taken as
a reference (the spectra are thus comparable). As seen from
the survey scan spectra in Figure 3, only Sn and O elements
were observed except for a very small amount of C due to
air contact. Regarding the air-oxidized SnO2 layer, the
dominant signals corresponding to Sn 3d5/2, Sn 3d3/2 were
found at 486.6 eV, 495.0 eV (Figure 3c), matching very well
with those reported for SnO2 (26), and the other two peaks
at 485.6 eV and 494.0 can be assigned to SnO (27). As for
O 1s, the O 1s peak at 529.7 eV could be assigned to O in
SnO and 530.4 eV for O in SnO2 (26). Besides, the extra peak
of O 1s at 531.9 eV can be indexed to -OH groups, which
is thought to stem from the hydrated water. The peak
deconvolution of both Sn 3d and O1s suggests that the
coexistence of SnO and SnO2 in the air-oxidized SnO2 layer.
Quantification gave the atomic ratio of Sn and O elements
as 35.4/64.6 based on the areas of the Sn and O peaks within
the experimental error, also indicating the existence of
residual SnO in the air-oxidized SnO2 layer.

After Ar+ ion etching with diverse duration, the Sn 3d core
levels and O 1s between two SnOx samples are similar. The
main band of Sn core levels 3d5/2 and 3d3/2 were observed
at 485.6 and 494.0 eV, and the dominant bonding peak for
O 1s is located at 529.7 eV, all in agreement with the
reported value for SnO (27). In addition, two marginal
component peaks at the Sn 3d spectra were also observed,
i.e., metallic Sn and SnO2, which is probably formed by the

ion etching of SnO, as previously described by Themlin et
al. (28, 29). Concerning O 1s, no similar band of absorbed
oxygen-containing species was observed after Ar+ ion etch-
ing, suggesting the complete removal of the top hydrated
layer. The main band is associated with the lattice oxygen
from the SnO structure, while the shoulder at higher energies
accounts for O-Sn4+ species, which is also ascribed to the
Ar+ ion etching, in line with the Sn 3d signals. The [Sn]/[O]
ratios were determined to be 49.5/50.5 for the as-deposited
sample and 49.7/50.3 for the annealed, all close to the ideal

FIGURE 3. The survey scan, Sn 3d and O 1s core level XPS spectra
of SnOx samples: (a) as-deposited and after etching, (b) annealed
and after etching, (c) air-oxidized SnO2 layer as reference. The
spectra have been normalized to equal height. The irregular lines
stand for the raw data, and the smooth lines are the result of a curve
fitting into various components.
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stoichiometric ratio of SnO. Consequently, the two SnOx

sample could be indentified as single phase SnO on the basis
of XRD and XPS results. Moreover, as far as the air-oxidized
SnO2 layer is concerned, it will also necessitate the packaging
and surface passivation for the optoelectronic and electronic
applications.

For further evidence, the XPS spectra of the valence band
(VB) and the Sn 4d core level are presented for the air-
oxidized SnO2 layer and two etched SnOx samples. As shown
in Figure 4, the most notable difference between two etched
SnOx samples and the SnO2 layer is the presence of a
prominent peak characteristic of SnO (labeled with A), at the
low-energy side of the VB. This additional state at the VBM
is attributed to long pair Sn 5s states (28, 29), as confirmed
by density of states calculations (30). In addition, the Fermi
levels (marked with EF) is very close to the VBM of SnO,
whereas for the air-oxidized SnO2 layer, the energy band gap
(labeled with B) is observed below EF, which supports the
p-type electronic structure in SnO film and n-type one in
SnO2 (17). Moreover, the closing of the band gap and the
associated increase in the separation between the valence
band leading edge (A and B) and the Sn 4d core level are
also clearly observed, i.e., 23.6 eV for two etched SnOx

samples and 21.3 eV for the air-oxidized SnO2 layer, in
accordance with previous report (31). This increase in energy
separation for SnO is mainly due to the smaller band gap of
SnO compared to SnO2.

The formation of SnO can be easily explained by assum-
ing the following equilibrium at the surface of the crystallites:
2SnO2 h 2SnO + O2(g). In high vacuum conditions, the
reaction production O2(g) was pumped out immediately,
which shifts the equilibrium to the right and leads to the
formation of SnO. This process is also understandable from
the lattice structure point of view. In the SnO2 rutile structure,
each Sn atom has six oxygen neighbors, which forms a
distorted octahedral with Sn-O nearest neighbor distance
of 0.206 nm. In SnO, each Sn atom has four oxygen
neighbors which located on the same side of the Sn atoms.
The Sn-O bands have a length of 0.222 nm. Accordingly,
the SnO2 phase can be easily transformed into the SnO

phase by removing the O atoms from SnO2 and slightly
adjusting the position of the Sn atoms (32). As for the
disproportionation of SnO, it has been reported that SnO is
metastable and decomposes into Sn and SnO2 in vacuum
at annealing temperature above 300 °C with noticeable rate
(33, 34). However, all of those treatments were conducted
on SnO powder samples, it is speculated that the relative
smaller surface area is the reason for the thermal stability
of SnO thin films in the present work.

Both SnO thin films have a yellowish color with an
average optical transmittance of 70% in the wavelength
range from 300 to 1700 nm, as shown in the Figure 5. The
difference, though, is that the as-deposited SnO film exhibits
a maximum transmittance value of about 93%, whereas the
other shows a lower value of 91%, which is ascribed to the
scattering light loss caused by the rough surface. Addition-
ally, the absorption coefficient can be calculated from the
following equation (35):T ) ((1 - R)2e-Rt)/(1 - R2e-2Rt),
where R is the reflectance, t the film thickness. The optical
measurement results were used to calculate the optical band
gap (Eg) using Tauc’s plot, which consists of extrapolating
the linear part of (Rhv)2 curves to zero. As seen in the inset
of Figure 5, the Eg for the as-deposited and the annealed SnO
thin films are estimated to be ∼2.77 and 3.20 eV (with
uncertainties 0.02 eV obtained from 5 repeated experiments
and regression analysis), close to the reported band gap of
tetragonal SnO (2.5-3.4 eV) (1, 14, 15). Previous studies
indicate that the optical properties near the absorption edge
are strongly influenced by the quality of films, which com-
bined many factors including chemical composition, crystal-
line size, and the amount of structural defects (19, 36). In
this case, the chemical composition in those samples does
not change much. Also, because the reduction of structural
defects caused by annealing process would lead to the
decrease of band tail states and the blue-shift of the band
gap, this redshift of band gap after annealing could be
attributed to the crystalline size related quantum size effects,
as reported on several different systems including CdS (37)
and SnO2 (38, 39). According to Brus model, when the grain
size is comparable to or below the exciton Bohr radius, the
energy difference ∆Eg between the nanocrystalline semi-

FIGURE 4. Photoelectron spectra of the Sn 4d core level and the
valence band of SnOx thin films: (a) as-deposited, (b) annealed, (c)
air-oxidized SnO2 layer. The VB region has been magnified with
respect to the Sn 4d region on which the data have been normalized.

FIGURE 5. Optical transmittance spectra of the as-deposited and the
annealed SnO samples in the range of 300-1700 nm. The inset
shows (Rhν)2 vs photon energy (hν) spectra for the two samples,
where R is the absorption coefficient.
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conductor band gap and the bulk energy gap versus crystal-
line radius R can be represented as (37, 40)

where the correction term was neglected, Eg (Rf ∞) is the
bulk energy gap, and me*and mh* () 2.05me in SnO (17), me

the mass of rest electron) are the effective masses of
electrons and holes, respectively. However, the electron
effective mass of SnO is not available, so me* ) 0.27me of
SnO2 was taken into calculation tentatively (38). Assuming
the mean grain sizes of 5 nm for the as-deposited sample
and 55 nm after annealing, a notable redshift as much as
0.54 eV was obtained, which is even bigger than the
experimental value in the present work (0.43 eV). Taking
both the grain size and electron effective mass into account,
it is entirely possible that the increase in grain size could be
responsible for the discrepancy of the optical band gaps
between the as-deposited and the annealed SnO thin films.

Moreover, the PL spectra of the as-deposited and the
annealed SnO thin films were measured at RT using a
He-Cd laser (λ ) 325 nm), as displayed in Figure 6.
Unfortunately, no intrinsic optical transition luminescence,
except a weak yellow emission at 585 nm was observed in
the spectrum for the annealed sample. These PL properties
are very similar to SnO2 nanorods which prepared by
solution synthesis (41) or SnO2 nanoribbons by laser ablation
(42). In those works, the luminescence centers around 580
nm were generally assigned to crystal defects or defect levels

associated with oxygen vacancies, or tin interstitials that
have formed during growth process (41). In addition, it is
noticed that specific treatment like outgassing or vacuum at
temperatures exceeding 300-400 °C can remove surface
framework oxygen atoms and lead to the formation of
surface oxygen vacancies: VO

••, VO
• , and VO ( 25, 43). Likewise,

in our case of SnO, we suspect that the formation of
nonstoichiometric SnO is not accompanied by the formation
of oxygen vacancies at the surface of the solid, whereas the
vacuum annealing process leads to the removal of surface
framework oxygen atoms and the formation of surface
oxygen vacancies, and those oxygen vacancies finally result
in the yellow emission at 585 nm for the annealed sample.
Meanwhile, the relatively lower surface area is also the
reason for the weaker peak when compared with the yellow-
emission peak in SnO2 powder.

The electrical properties of the SnO thin films were
studied by Hall effect measurement using a van der Pauw
configuration, as seen in Table 1. Hall effect measurements
indicated that the annealed SnO film shows a p-type behav-
ior, with resistivity of 156 Ω cm, hole mobility (µh) of 1.4
cm2 V-1 s-1 and hole concentration (Nh) of 2.8 × 1016 cm-3.
However, the as-deposited film has a high resistivity of 4 ×
104 Ω cm, which is beyond the measuring range of the Hall
effect measurement. On the basis of first-principle calcula-
tions, Togo et al. suggested that the p-type conductivity of
SnO films originated from the excess of oxygen or/and the
tin vacancy (44, 45). Meanwhile, experimental results also
verified the relation between the p-type conductivity and the
degree of the off-stoichiometry in epitaxial SnO films (15).
In the present case, both the as-deposited and the annealed
SnO thin films have an excess of oxygen, in line with those
above-mentioned reports. However, quantitatively analyz-
ing, the less conductive as-deposited film ([Sn]/[O] ) 49.5/
50.5) has similar oxygen content with the annealed one
([Sn]/[O] ) 49.7/50.3), according to the chemical composi-
tion determined by XPS. This discrepancy in conductivity
can be interpreted by the improvement of film quality.
During the vacuum annealing process, an increase in grain
size takes place, which reduces the carrier scattering from
grain boundary, thereby giving rise to the improvement of
carrier mobility and film conductivity. Particularly, the value
of hole concentration is nearly an order of magnitude lower
than those reported by Ogo et al. (14), which might lead to
larger field effect mobility and make it more suitable for
p-type TFT application.

FIGURE 6. PL spectra for SnO thin films on quartz, (a) as-deposited,
(b) annealed.

Table 1. Hall Effect Parameters of Available SnO Films

substrate deposited method
resistivity
(Ω cm) carrier type Nh (cm3) µh (cm2 V-1 s-1) ref

quartz EB, as-deposited 4 × 104 present work
quartz EB, annealed at 600 °C 156 p 2.8 × 1016 1.4 present work
R-sapphire EB, annealed at 600 °C 58 p 5.6 × 1016 1.9 present worka

R-sapphire EB, as-deposited 195 p Pan et al.(15)
yttria-stabilized zirconia (YSZ) PLD 10.4 p 2.5 × 1017 2.4 Ogo et al.(14, 17)

a Sample deposited on R-sapphire at the same batch.

∆Eg(R) ) Eg(R) - Eg(R f ∞) ) p
2π2

2R2 ( 1
me*

+ 1
mh*)

(1)
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CONCLUSIONS
In summary, SnO thin films have been synthesized from

routine semiconductor processes based on e-beam evapora-
tor and vacuum annealing facility, with a character of large
area, ease in operation and scale up, and low thermal budget
with respect to in situ high temperature deposition method.
The as-deposited amorphous or nanocrystalline SnO was
converted to polycrystalline SnO phase after optimum
vacuum annealing condition. The SnOx samples could be
indentified as single phase SnO, because the [Sn]/[O] ratios
of the fresh surface were obtained to be 49.5/50.5 for the
as-deposited sample and 49.7/50.3 for the annealed one, all
close to the ideal stoichiometric ratio of SnO. The formation
mechanism of SnO thin films was presented on the basis of
both thermodynamics of reactions and atomic configuration
in the crystal structures. The optical bandgap of the as-
deposited and the annealed SnO thin films was determined
to be 2.77 and 3.20 eV, respectively, and the optical band
gap difference was interpreted tentatively based on Brus’s
model. No near band edge emission, but only a weak peak
at 585 nm was observed in PL spectrum at room tempera-
ture. Moreover, the obtained film exhibited a hole mobility
of 1.4 cm2 V-1 s-1 and a hole density (Nh) of 2.8 × 1016 cm-3.
In this article, we suggest that the reasonable optical, electri-
cal properties of SnO film and the easy preparation process
make it suitable for optoelectronic and electronic device
applications.
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