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We report the electrical and optical characteristics of SnO2 thin films irradiated by microwaves (MWs) and
grown using atomic layer deposition in a commercial MW oven operating at a frequency of 2.45 GHz. The
properties of the MW-irradiated SnO2 thin films were compared with those of the as-deposited SnO2 thin films.
After MW irradiation, the conductivity and transparency of the thin films were enhanced. In addition, the
samples irradiated for 5 min showed optimal carrier concentration, Hall mobility, resistivity, and transmittance
values of 1.5 × 1020 cm−3, 4.6 cm2/V s, 8 × 10−3 Ω cm, and 95.77%, respectively. The improved properties of
the MW-irradiated samples were attributed mainly to the formation of an oxygen vacancy in the SnO2 lattice
during MW irradiation. Our results can be applied for the fabrication of pure SnO2-based transparent conductive
oxides; these oxides are generally doped with other elements.

1. Introduction
Materials with high electrical conductivity (> 103 Ω−1 cm−1) and
optical transparency (> 80%) in the visible light range are called
transparent conducting oxides (TCOs). These materials can be are used
in many applications including touch screens, light-emitting diodes,
solar cells, transistors, and transparent electronic electrodes [1–3].
Historically, TCO thin films of SnO2 and In2O3 have been developed
using chemical or physical deposition techniques. In particular, Sb or Fdoped SnO2 and In2O3:Sn (indium tin oxide, ITO) films are extensively
used for practical applications [4,5].
In particular, ITO thin films have served as transparent electrodes
for most transparent applications owing to their low resistivity
(~1 × 10−4 Ω cm) and high transmittance (> 80%) [6,7]. Nevertheless, these films have several inherent drawbacks. ITO is expensive
and brittle, and films are easily damaged by mechanical stress during
deposition processes like pulsed laser deposition or sputtering [8–10].
To overcome the mechanical weakness associated with ITO films,
ZnO- and SnO2-based TCOs with better mechanical properties have

recently become attractive materials [11,12]. In contrast to In, Zn and
Sn are earth-abundant, nontoxic, and inexpensive, suggesting that they
are good alternatives to ITO. Regarding ZnO, Al-doped ZnO (AZO) and
Ga-doped ZnO (GZO) have low resistivity of 0.85 × 10−4 and
0.81 × 10−4 Ω cm, respectively, which are close to that of ITO [13,14].
However, the high reactivity of Al to oxygen can degrade the electrical
properties during deposition [15]. Because the Ga3+ dopant is less reactive to oxygen than the Al3+ dopant, GZO is electrically more stable
than AZO [16]. However, GZO is unstable in humid conditions, which
may adversely affect its electrical and optical properties [17].
Conversely, because of its excellent electrical, optical, and chemical
properties, SnO2 is used in many applications such as transparent
electrodes, surface coatings, field-effect transistors, photovoltaics, gas
sensors, and catalysts [12,18–22]. SnO2 is highly transparent because of
its wide band gap (3.37 eV) and has high conductivity resulting from its
high carrier concentration [23,24]. Doping is a good method for enhancing the electrical properties; for example, fluorine-doped tin oxide
has a low resistivity of 5.8 × 10−4 Ω cm [25]. However, the carrier
concentration and conductivity are lower than those of ITO [26].
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Doping is generally performed under wet conditions and ultimately
requires an additional post-annealing process to disperse the dopants
uniformly. Consequently, pristine SnO2 has several advantages, including a relatively simple composition, fewer side effects than doped
TCOs [27,28], and robustness to microwave (MW) irradiation, which
improves its electrical and optical properties. High-energy beam treatment is a unique strategy to modify the structural, optical, and electrical characteristics of various materials [29]. In this context, radiation
sources such as electron beams [30–33], gamma rays [34], ultraviolet
(UV) radiation [35], pulsed lasers [36], MWs [37,38], and ultrasonic
waves [39] have been employed to modify the properties of various
materials by irradiation techniques. Different irradiation techniques
which are a kind of non-contact treatment technology, are allowed for
fast, precise, and selective heating [40]. When solid-state materials
were irradiated with high frequency beam (i.e. UV, electron beam,
gamma rays), their high-energy possessing brings about morphological
and structural changes and sometimes deteriorate the materials easily
[40]. However, MW has low frequency and cannot damage the materials easily, if target materials have a sufficient amount of free electrons.
This unique characteristic of MW can change the properties of materials
in a less destructive manner. In addition, it is much less expensive than
other irradiation techniques, and MW irradiation ovens are commercially available worldwide. MW irradiation that uses radiation instead
of conduction or convection, is faster and more efficient than conventional heating [41]. Because there is no direct interaction between MWs
and heated materials, the materials can obtain energy from the MWs
directly. At a frequency of 2.45 GHz, oscillations occur at 4.9 × 109
s−1, and molecules affected by this radiation are strongly agitated,
generating strong internal heat that can increase very rapidly (10 °C/s).
Here, we report the optical, electrical, and chemical characteristics
of SnO2 thin films after MW irradiation. Atomic layer deposition (ALD)
was used to deposit SnO2 thin films on substrate. The MW-irradiated
SnO2 thin films exhibited better electrical properties (mobility, carrier
concentration, and conductivity) and transparency than non-irradiated
samples.

Fig. 1. XRD patterns of SnO2 thin films after MW irradiation for various times:
(a) no irradiation, (b) 1 min, (c) 3 min, (d) 5 min, and (e) 8 min.

2. Experimental procedure

in the range of 1–8 min; changes in the material properties, such as the
appearance of the secondary phase, were obtained most efficiently at an
irradiation time of 5 min [43].

2.1. Synthesis of SnO2 thin films
SnO2 thin films were successfully coated on three types of substrates: p-type Si, a 290-nm-thick thermally oxidized SiO2 thin layer on
p-type Si, and glass (Eagle 2000 glass, Corning Inc.). The latter two
substrates were carefully cleaned by ultrasonication in a bath of
acetone, methanol, and deionized (DI) water for 15 min, followed by
drying with N2 gas. The p-type Si was cleaned using hydrofluoric acid
for 60 s and then dried with N2 gas.
SnO2 thin films were deposited by ALD. To deposit the SnO2 thin
films, tetrakis(dimethylamino) tin (TDMASn; [(CH3)2N]4Sn) and DI
water were employed as Sn and oxygen sources, respectively. TDMASn
was injected for 1 s, followed by Ar purging for 20 s; then DI water was
injected for 1 s, and a final Ar purge was performed for 20 s. The procedure was similar to that reported previously [42]. During the ALD
procedure, the temperature (150 °C) and pressure (1.4 Torr) were constant. The bubbler gas (Ar, 30 sccm) was used to inject the Sn precursor
into the chamber, and 500 cycles of ALD were used to deposit SnO2 thin
films; the approximate thickness of the films was 60 nm.

2.3. Characterization
To explore the electrical and optical properties of the MW-irradiated
SnO2 thin films, UV–visible spectroscopy (SHIMADZU, UV-3600) in
transmittance and absorbance modes at wavelengths of 200–800 nm
was utilized to investigate the optical properties of the MW-irradiated
samples, and Hall measurement (Ecopia Co., Model AHT55T5) was
used to study the carrier concentration at room temperature. X-ray
diffraction (XRD; X′pert PRO, PANalytical) was used to investigate the
phase and crystal structure after MW irradiation. The oxygen content
was analyzed using X-ray photoelectron spectroscopy (XPS; Theta
Probe Base system, Thermo Fisher Scientific Co.).
3. Results and discussion
3.1. X-ray diffraction (XRD) studies

2.2. Microwave irradiation process

Fig. 1 provides the XRD patterns of as-deposited and MW-irradiated
SnO2 thin films. In a previous study [42], pristine SnO2 thin films grown
using ALD were amorphous after annealing at 150 °C, which is in
agreement with our results presented in Fig. 1(a). The three sharp
peaks, at 26.9°, 38.6°, and 52.6°, correspond to the (110), (200), and
(211) planes, respectively [44,45], and their intensity increased with
increasing irradiation time. This result shows that the crystallinity was

A commercial MW oven (LG, Model LGMM-M301) was used for MW
irradiation. As-prepared SnO2 thin films were placed in the middle of
the MW oven. The frequency and MW power were fixed at 2.45 GHz
and 1 kW, respectively, and the MW irradiation time was varied from 1
to 8 min. Previously, we reported MW-assisted fabrication of
graphene–SnO2 nanohybrides [43]. We varied the MW irradiation time
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1.50 × 1020 cm−3 after 5 min of MW irradiation because of oxygen
vacancy generation. As shown in Fig. 2, the resistivity dropped as the
carrier concentration increased. According to Eq. (3), there is an inverse
relationship between the carrier concentration (n) and resistivity ( )
[43]:

enhanced by MW irradiation; the reason is that thermal energy was
transferred directly to the target material, and energy was absorbed
throughout the entire volume of the material [46,47]. Fig. 1(d) shows
that the samples irradiated for 5 min exhibit relatively sharp peaks.
Fig. 1(e) indicates the XRD peaks of SnO2 thin films after 8 min of MW
irradiation. After 5 min of MW irradiation, the intensity of the SnO2
peaks decreased slightly. We propose that the oxygen content decreased
during MW irradiation and was generally low at an irradiation time of
5 min, indicating that a Sn-rich (O-deficient) region can be formed and
becomes larger with increased MW irradiation time. However, after
8 min of MW irradiation, the intensity of the XRD peaks decreased again
because the generated Sn-rich regions can be transformed into the
amorphous phase at 225 °C [48].
The crystalline size is one of the most important characteristics of
TCO materials because grain boundaries degrade the electron mobility
via electron scattering and trapping phenomena [49]. The crystalline
size was obtained using the Scherrer equation as follows:

D=

0.9
cos

=

(1)

3.3. X-ray photoelectron spectroscopy (XPS) studies
XPS is a powerful technique to study the surface chemistry of metal
oxides. To investigate the concentration of oxygen vacancies, XPS
analysis was performed. Fig. 3 displays the O 1s core-level spectra of the
as-deposited samples. In all the O 1 s spectra, a noticeable peak and
prominent shoulder appear. The lower binding energy peak of oxygen
in the SnO2 lattice is located at 530.8 eV, whereas the higher binding
energy peak of surface-adsorbed oxygen species and hydroxyl ions is
located at 532.0 eV [54]. Oxygen vacancies at higher concentrations
will reportedly adsorb more surface oxygen species [55]. Accordingly,
the variation of the oxygen vacancy concentration can be calculated by
comparing the ratio of the two peaks [56]. In Fig. 3, the ratio of the two
peaks was increased from 0.216 to 0.341 by increasing the MW irradiation time from 0 to 5 min, indicating that the overall oxygen content
of SnO2 was decreased by MW irradiation. In contrast, the ratio of the
two peaks decreased after 8 min of MW irradiation. Owing to the lowtemperature process, many chemisorbed or physisorbed oxygen species
such as O2-, O-, and O2- are present in the SnO2 thin films grown using
ALD [57]. The chemisorbed oxygen species effectively trap the electrons from SnO2; this behavior is the main mechanism of metal oxide
gas sensors [58]. When SnO2 thin films crystallize, the chemisorbed
oxygen species are desorbed; thus, the electrons trapped by those
oxygen species are released, effectively generating oxygen vacancies. In
addition, oxidation is not thermodynamically dominant during lowtemperature annealing because the ambient oxygen does insufficient
energy to overcome the surface energy barrier and diffusion energy
[49].

3.2. Electrical properties of microwave-irradiated SnO2 thin films
Fig. 2 shows the carrier concentration, Hall mobility, and resistivity
derived from Hall measurement of SnO2 thin films versus the MW irradiation time. The thin films showed n-type behavior, where the
electron was the main charge carrier. In comparison with those of the
as-deposited thin films, the resistivity of the SnO2 thin films was 1500
times lower, and the carrier concentration was four orders higher after
5 min of MW irradiation. These differences can be attributed to the
oxygen vacancy variation in SnO2. Ke et al. [50] reported the relationship between the annealing temperature and oxygen vacancy
variation of SnO2 thin films. They found that competition exists between oxygen species desorption and annihilation of oxygen vacancies
during annealing. During annealing at 500 °C, generation of oxygen
vacancies was dominant over the oxidation effect [50]. Notably, annealing using MW irradiation was performed at a low temperature
(< 100 °C) [51]. As shown in Eq. (2), oxygen vacancies (V **
O ) generate
two free electrons [52]:

1
**+ 2e
O2(g) + V O
2

(3)

where µ and q are the mobility and charge of electrons, respectively.
The resistivity of the thin films was 13.65 Ω cm immediately after
deposition and decreased to 8.99 × 10−3 Ω cm after 5 min of MW irradiation. Although a mobility factor is present in Eq. (3), the mobility
was not significantly changed after MW irradiation. The mobility generally decreases with increasing carrier concentration because of scattering [53]. In contrast, in our experiment, the carrier concentration
was four orders higher than that of the as-deposited thin films, whereas
the mobility decreased slightly, from 14 to 2 cm2/V s. It can be assumed
that, after MW irradiation, several scattering centers such as grain
boundaries can degrade the mobility. The increase in crystalline size
and decrease in grain boundaries could have caused the observed trend
in the mobility.

where D is the crystalline size, 0.9 is a constant, λ is the wavelength of
X-ray radiation, is the full width at half-maximum, and is the Bragg
angle. The crystalline size was obtained using the (211) peak of SnO2
and was ~2.9 nm for the sample irradiated for 5 min.

OOx =

1
nµq

(2)

According to this equation, the carrier (electron) concentration is
increased by generation of oxygen vacancies. The carrier concentration
of the as-deposited thin film was 3.21 × 1016 cm−3 and increased to

3.4. Optical properties of microwave-irradiated SnO2 thin films
Fig. 4(a) indicates a digital photograph of an MW-irradiated transparent SnO2 thin film. SnO2 thin films deposited on glass substrates
were used to measure the optical properties in transmittance and absorption modes. Fig. 4(b) shows the absorption coefficient versus incident photon energy. The relationship between the absorption coefficient and the photon energy is plotted using Eq. (4) [59]:

( h ) n = A (h

Eg )

(4)

where n is the transition probability (n = 2 for direct transitions), and A
is a constant. The optical band gap (Eg) was calculated by extrapolating
the linear region of the graphs to the x axis. Fig. 4(c) reveals the extracted optical band gap for the samples after MW irradiation for various times. The optical band gaps of the SnO2 thin films were 3.75,

Fig. 2. Carrier concentration, Hall mobility, and resistivity of SnO2 thin films as
a function of irradiation time.
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Fig. 3. O 1 s XPS spectra of SnO2 thin films after MW irradiation for various times: (a) no irradiation, (b) 1 min, (c) 3 min, (d) 5 min, and (e) 8 min.

4.07, 4.13, 4.36, and 4.21 eV for the samples with MW irradiation times
of 0, 1, 3, 5, and 8 min, respectively. These results were affected by the
Burstein–Moss (BM) effect, expressing by Eq. (5) [60]:

Eg = Eg 0+ EgBM ,

EgBM =

2

2m vc*

(3 2n ) 2/3

increased by MW irradiation. Fig. 4(d) reveales the optical transmittance of SnO2 thin films that were MW-irradiated for different time
periods. The transmittance data were obtained by normalizing the
pristine glass to 100% transmittance. The transmittance at a wavelength of 550 nm of the samples after MW irradiation for 0, 1, 3, 5, and
8 min were 88.21%, 92.19%, 92.74%, 95.77%, and 94.51%, respectively. These results can be explained by oxygen vacancy generation
caused by MW irradiation [61]. In addition, the oxygen vacancies can
affect the transmittance; incident photons have less chance to be scattered in the presence of oxygen vacancies in the SnO2 lattice and thus

(5)

where Ego is the band gap energy,
is the BM widening shift, and n
is the carrier concentration. Accordingly, the band gap energy increases
as the carrier concentration increases. The carrier concentration results,
presented in Fig. 2 show that the band gap energy of the SnO2 films was

EgBM
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Fig. 4. (a) Digital photograph showing the transparency of the film. (b) UV–visible spectra, (c) direct optical band gap, and (d) transmittance of SnO2 thin films after
MW irradiation for various times.

is greatest. The wavelength of the MWs was calculated as
(6)

c=f
8

where c is the speed of light (3 × 10 m/s), f is the frequency of the
MWs (2.45 GHz), and λ is the wavelength of the MWs. The wavelength
of the MWs was found to be 12.5 cm. Fig. 5(b) schematically illustrates
the effect of MW irradiation on the SnO2 lattice. As the MWs penetrate
the SnO2 thin films, the external MWs transfer kinetic energy directly to
charged particles such as electrons, and then Joule heating is generated
by collisions between electrons and atoms in the SnO2 lattice. Furthermore, to calculate the MW dose at different exposure times, we
hypothesized that the energy dispersion per unit area was the same
everywhere in the MW oven. Using this hypothesis, the dose could be
calculated as follows:

D = 1000 W

J
1 cm2
×
× t (sec)
sec
5530 cm2

(7)

where D is the dose, the MW oven has a power of 1000 W (Joule/s), the
sample area is 1 cm2, the inside of the MW oven has an area of
5530 cm2, and t (s) is the exposure time. According to this equation, the
dose was 10.8, 32.4, 54, and 86.4 J for MW irradiation times of 1, 3, 5,
and 8 min, respectively.
4. Conclusions

Fig. 5. (a) Illustration of MW irradiation experiment, and (b) schematic image
of SnO2 lattice under MW irradiation.

Briefly, the electrical, chemical, and optical characteristics of MWirradiated SnO2 thin films were reported. Thin films were prepared by
ALD, and a commercial MW oven was used to irradiate the samples.
Various characterization techniques (XRD, Hall measurement, XPS,
UV–visible spectroscopy) were applied to determine the crystallinity,

can be easily transmitted.
Fig. 5(a) shows a photograph of the inside of the MW oven we used.
As shown in Fig. 5(a), the sample was placed where the MW amplitude
7727
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carrier concentration, Hall mobility, chemical bonding of oxygen, resistivity, band gap, and transmittance of the samples. Compared to the
as-deposited SnO2 thin films, the MW-irradiated films had better crystallinity, a higher carrier concentration, lower resistivity, a larger band
gap, and improved transmittance. The enhanced electrical and optical
properties were related mainly to the generation of oxygen vacancies.
In this study, for the first time, we demonstrated the effects of MW
irradiation on SnO2 thin films grown using ALD and their potential for
use as TCO materials.
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