
RESEARCH ARTICLE Open Access

Microscopic and chemical analysis of room
temperature UV laser annealing of solution-
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Abstract

As a promising transparent semiconducting oxide (TSO) candidate, zinc-tin-oxide (ZTO) thin films were fabricated
by combining solution coating and ultraviolet (UV) laser annealing. Instead of external heating, an intense UV laser
was applied to transform sol-gel coatings via surface heating and photoexcited dissociation into oxide films. The
laser-induced phase transformation was extensively investigated with synchrotron-based X-ray photoelectron
spectroscopy (XPS), transmission electron microscopy (TEM), and electron energy loss spectroscopy (EELS). The
chemical states and microscopic distributions of oxygen, zinc, and tin were significantly modified during the laser
irradiation. Relative oxidation and surface migration between zinc and tin gradually evolved toward a combination
of ZnO1−x host and SnO2−y grains. Our results present deeper insight into the use of UV laser annealing for
developing a room temperature (RT) fabrication method of TSO thin films and other relevant solution coatings.
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Introduction
Transparent flexible electronics highly demand compat-
ible new materials, such as transparent conductors and
semiconductors. Indium-tin oxide (ITO) is the most
widely used for transparent conducting oxides (TCOs)
or semiconducting oxides (TSOs) (Minami, 2008; Noh
et al., 2016; Hong et al., 2017). However, the high cost of
indium has led to extensive efforts to find alternative
materials, such as zinc oxide (ZnO) (Banerjee, 2006; Kim
et al., 2012), BaSnO3 (Seo et al., 2014), or graphene (Bae
et al., 2010; Kang et al., 2016; Choi et al., 2015). Metal
oxide candidates require a new kind of low-temperature
oxidation process for application to the thermally un-
stable flexible substrates. Therefore, low-temperature
oxidation for solution-based oxide thin film fabrication
is one of the highly demanded process technologies for

flexible electronic device applications (Banerjee, 2006;
Kim et al., 2012; Fernandes et al., 2018).
Among many TCO/TSO candidates, ZnO is one of

the most studied materials, along with its other applica-
tions in photocatalysis (Kang et al., 2016; Lee et al.,
2017) and photovoltaics (Izaki et al., 2007), due to its
semiconducting properties, such as direct bandgap and
photoluminescence (Oh et al., 2018). All these applica-
tions rely on the band structure and defect properties in
the solution-derived ZnO thin films, which are typically
fabricated at low temperature. In addition, chemical
doping, such as Sn or In, gives rise to the carrier injec-
tion and electrical conductivity even in the amorphous
phase. Local distribution of dopant in the film geometry
further influences the interfacial electrical contact prop-
erties or electrical mobility due to charge scattering
(Sandu et al., 2003). Thus, it is important to investigate
the electronic structure, chemical distribution, and de-
fect characteristics of zinc-tin-oxide (ZTO) during low-
temperature synthesis (Lim et al., 2012).
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Sol-gel film synthesis requires high-temperature an-
nealing above 400 °C for both chemical bond dissolution
and densification. Different approaches have been taken
to reduce the annealing temperature, including ultravio-
let (UV) lamp, or UV laser irradiation. UV light has
enough energy to stimulate the chemical bonds to break
apart so that UV lamp annealing reduces the annealing
temperature down to 150 °C. Unfortunately, UV lamp
annealing is only applicable to a few kinds of solution, of
which optical absorption is significant at the given UV
wavelength. Overcoming this limitation requires more
intense UV light, such as UV laser. The intense laser
light can stimulate the solution coating with even small
absorption coefficient due to multiple light scattering.
The absorbed laser light is then transformed into heat
inside the coated layer without damaging the underlying
substrates.
During the UV laser annealing, the short pulses (20 ns)

of the excimer laser rapidly dissociate the molecular
bondings followed by surface heating. Such rapid chem-
ical and physical transformation requires precise chem-
ical and physical analysis. Previous works have identified
the chemical dissociation and inorganic bond formation
by using X-ray photoemission spectroscopy (XPS) (Kim
et al., 2012; Kim et al., 2019). Unfortunately, high-
resolution chemical and microstructure analyses have
not been performed for precisely monitoring the chem-
ical states of oxygen and cations. Especially, core levels
of Zn and Sn change very little in energy (0.8 and 0.65
eV, respectively) during oxidation. Comprehensive un-
derstanding of the laser-induced process necessitates re-
search into such chemical and morphology changes for
both the surface and interior regions.
Herein, we report the chemical and morphological

changes of the ZTO thin films during the UV laser an-
nealing. We prepared the ZTO thin films via UV laser
irradiation, varying the number of laser pulses at room
temperature (RT). We investigated the bonding and
microstructural structural properties of the surface and
the interior region of the ZTO thin film by using high-
resolution XPS measurements and transmission electron
microscopy (TEM), along with electron energy loss spec-
troscopy (EELS) and energy dispersive X-ray spectros-
copy (EDS). The UV laser pulses modified the bonding
characteristic of zinc, tin, and oxygen, effectively con-
verting the sol-gel coating to oxide films for a short
period of time without external heating.

Methods/experimental
We prepared sol-gel films on SiO2/Si wafer by the fol-
lowing steps. We spin coated the ZTO solution, in
which ZnCl2 and SnCl2 salts are dissolved in 2-ME solv-
ent, with 3000 rpm for 1 min to fabricate coated films
with a uniform thickness of ~ 100 nm. Then, we applied

the UV laser pulse using an excimer laser (COMPEXPro
201, KrF, λ = 248 nm) on the samples kept in a vacuum
chamber with a controlled oxygen pressure of 100
mTorr. During the UV laser irradiation, we only chan-
ged the number of pulses, but the power of the UV laser
and the repetition rate were fixed at 20 Hz and 0.8W,
respectively. No external heating was applied. The over-
all procedure of fabrication of the ZTO films using the
excimer laser is illustrated in Fig. 1a.
We analyzed the physical properties of the films using

optical spectroscopy, synchrotron-based XPS, and TEM.
To study the optical properties, we performed spectro-
scopic ellipsometry (V-VASE (J, A. Wollam Co., Inc.)) in
the range of 0.74–5.5 eV at RT. To examine the changes
of the chemical bonding and the stoichiometry, we per-
formed XPS measurements at beamline 4A1 of Pohang
Light Source. In the XPS experiment, we introduced the
samples into an ultra-high vacuum analysis chamber,
with a base pressure of under 5 × 10−10 Torr, without
any prior surface treatments. The energy resolution was
100 meV for the synchrotron XPS data. The position of
the Fermi level (EF) was calibrated by measuring the
photoemission spectra of the sputter-cleaned polycrys-
talline gold surface, which was in electrical contact with
the sample. For TEM measurements, the cross-sectional
TEM samples were prepared by mechanical polishing
and ion beam milling. The ion beam milling was done
using a Gatan model 691 precision Ion Polishing System.
To minimize ion beam damages from the milling, a fine
milling at 2.0 kV was performed after typical ion milling
operation. The conventional high-resolution TEM ex-
periment was performed using JEOL-3000F operated at
300 kV, and the scanning transmission electron micros-
copy (STEM) and EELS/EDS were performed using
JEOL-2200FS operated at 200 kV. The inner cutoff angle
for HAADF detector was 100 mrad for STEM imaging.

Results
Optical property
To investigate the electronic structure change during the
UV laser annealing process, we analyzed the optical ab-
sorption spectra, as shown in Fig. 1b. We plotted the
Tauc plot with the squared optical absorption coefficient
multiplied by the photon energy under the assumption
of being an indirect bandgap semiconductor, i.e., indirect
bandgap in SnO2 and direct bandgap in ZnO (Lim et al.,
2012; Mishra et al., 1995). The as-coated ZTO sol-gel
film and the 1p sample did not show an inter-band ab-
sorption edge near 4 eV, whereas the 30p and 20,000p
samples showed bandgap absorption edges at 4.0 and
3.9 eV, respectively. These observations indicate that
only a few laser pulses (~ 30 pulses) were needed to con-
vert the sol-gel film into crystallized bonding states with
bandgap formation. Between the 30p and 20,000p
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samples, the extended laser annealing may have in-
creased the fraction of laser annealed crystalline phases,
which is discussed below in detail.

Chemical state changes of oxygen, zinc, and tin
Figure 2 shows the relative composition of the ZTO
films measured by XPS over the number of excimer laser
pulses. The relative stoichiometry changes of the ZTO
films were estimated by normalizing the integrated in-
tensities of the Zn 3d, Sn 3d, O 2p, and Cl 2p peaks with

atomic sensitivity factors. In addition to the typical XPS
measurement geometry with photoelectron emission
angle of 0°, i.e., surface normal direction, the photoelec-
tron emission with 60° to surface normal was used to
obtain more surface sensitive signals. Since this low-
angle emission contains more surface sensitive signals
compared to the typical emission angle, we refer to the
emission angle of 0° (surface normal) as the “near-sur-
face” spectrum and to the emission angle of 60° as the
“top-surface” spectrum. Comparing these two emission

Fig. 1 a Schematic figure of excimer laser annealing of sol-gel thin films at room temperature. b Optical absorption spectra (α) of the ZTO
(ZnSnOx) films with variation of laser annealing duration. The red lines represent the linear extrapolation of (αhν)2 to the x-axis, for estimating the
bandgap values

Fig. 2 Relative composition of ZTO films for a the near-surface region (photoelectron emission angle of 0°) and b the top-surface region (60°). As
the number of laser pulse increases, oxygen content increases and chlorine content decreases for both measurement geometries.
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angles enabled us to compare the chemical information
between the near-surface and top-surface regions.
The composition ratio of the ZTO film was signifi-

cantly changed after the long (20,000 pulses) UV laser
annealing. The oxygen content showed the most sig-
nificant increase in both photoelectron emission an-
gles. Comparably, the top-surface region showed a
more drastic increase of oxygen content from 43 to
75%, as shown in Fig. 2b, implying that the UV laser
annealing process effectively dissociates the molecular
bonding with the chlorine and promotes the oxidation
of metals from the top-surface region. Due to the in-
crease of oxygen, the relative concentrations of Zn
and Sn were decreased, as expected, at the top-
surface, as shown in Fig. 2b (Sn 24% ➔ 8% and Zn
27% ➔ 14%). In contrast, at the near-surface region
in Fig. 2a, the Zn concentration slightly increased (Zn
17% ➔ 20%), whereas the Sn concentration decreased
(Sn 15% ➔ 10%) after long UV laser annealing. The
Zn/Sn ratio increased both at the near-surface and
top-surface regions, which is attributed to the signifi-
cant decrease of Sn concentration. Overall, the ZTO
films showed dramatic variation of surface stoichiom-
etry after the pulsed laser irradiation.
We investigated the chemical state of each element in

the ZTO film via detailed analysis of XPS spectra
(Wencka et al., 2018). Figure 3 shows the XPS spectra
(emission angle of 0°) of O 1 s, Zn 3d, and Sn 3d, which
changed over the number of pulsed laser irradiation.

The O 1 s core-level spectrum contained three different
forms of oxygen: M–Ov(531.4 eV), M–O(530.2 eV), and
M–OH(532.7 eV). The peak labeled M–Ov was assigned
to the bonding between metal and the oxygen vacancy,
whereas the peaks M–O and M–OH originated from
the metal-oxygen and metal-hydroxy bonding, respect-
ively (Kim et al., 2012; Kwoka et al., 2005). In the case of
Zn and Sn, the Zn 3d and Sn 3d spectra were deconvo-
luted into two peaks by peak fitting. For Zn, the metal
Zn and ZnO phases were found for the Zn 3d peak,
whereas two forms of oxide were observed for the Sn 3d
peak: SnO and SnO2 phase. Interestingly, the metal Sn
phase was not observed in the XPS result; however,
cross-sectional TEM and EELS results revealed the metal
Sn phase in the form of a nanocrystalline phase that is
distributed inhomogeneously near the bottom of the
ZTO film, which is discussed below.
After peak fitting, we analyzed the changes of

chemical state quantitatively for both near-surface
and top-surface regions, as displayed in Fig. 4. As the
number of laser pulse was increased, the amounts of
M–OH and M–O bondings decreased, whereas that
of M–Ov bonding increased. The decrease of M–OH
bonding is attributed to the decrease of moisture and
residue in the ZTO film, which is due to the heating
and dissolving effect of UV. The M–O bonding de-
creased despite the increase in the oxygen content
after laser irradiation on the ZTO film, suggesting
that the ZnO and SnO formed by laser irradiation

Fig. 3 The changes of XPS core-level spectra of a O 1 s, b Zn 3d, and c Sn 3d in ZTO thin films over the number of laser pulses (photoelectron
emission angle of 0°)
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mostly contained M–Ov bonding in their oxide form.
In case of Zn, the relative concentration of ZnO de-
creased from 83 to 59%, while that of Zn metal in-
creased from 17 to 41% in the near-surface region
after 30 pulses. Further irradiation caused no notice-
able changes, resulting in a final composition of ZnO:
Zn = 61:39. In the top-surface region, however, the
concentration of ZnO continued increasing during
UV laser annealing, so the mostly ZnO phase was
formed on the top surface (ZnO:Zn = 98:2). We note
that the intensity difference of ZnO and Zn between
the top surface and the near surface is significantly
larger than that of O and Sn in Fig. 4. We speculate
that Zn at the top surface can easily change its oxida-
tion state sensitively to the exposed atmosphere dur-
ing the given temperature rise. Contrast of ZnO

ratios between the top surface and near-surface re-
gions can be understood with lack of enough oxygen
supply in the deeper region, where metal-oxygen
bonding is also reduced for SnO and M–Ov compo-
nents. We also note that such enhanced oxidation at
the top surface provides significant implication for
understanding the electrical properties at the oxide-
metal junctions, such as complex heterostructures in
display devices.
Finally, Sn showed very different behavior from Zn.

After long UV laser annealing, the relative intensity of
SnO increased from 49 to 77%, while that of SnO2 de-
creased from 51 to 23% in the near surface. In the top-
surface region, Sn showed similar behavior: more SnO
phase was formed than SnO2 phase after long UV laser
annealing. The decrease of SnO2 concentration over the

Fig. 4 The changes of chemical state of a O, b Zn, and c Sn in ZTO as a function of the number of laser pulses
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laser irradiation is attributed to the reduction environ-
ment for SnO2, which is caused by the laser heating ef-
fect at the surface (for example, surface temperature
range of 600 K~1700 K for laser density of 0.1~0.5 J/cm2,
respectively) (Grigoropoulos et al., 1996; Lee et al.,
2016a; Nakajima et al., 2010). Indeed, it has been shown
that SnO2 can be reduced into SnO at high temperature,
which is part of the well-known thermochemical cycle
reaction for producing hydrogen fuel for solar energy
applications (Charvin et al., 2008). We believe that the
reduced SnO could then be transformed into metallic
Sn, leaving nanocrystalline metallic Sn phases found in
the bottom of the ZTO film, which is shown in the
TEM images below.

Microscopic morphology change and chemical
redistribution
In order to observe the overall morphology of the ZTO
film, TEM was performed. The ZTO sample irradiated
by the excimer laser with 20,000 pulses was chosen for
the TEM observation. Figure 5 a shows a low magnifica-
tion cross sectional TEM image of the ZTO thin films
on SiO2/Si substrate. The ZTO film was grown with a
uniform thickness of ~ 40 nm on the SiO2/Si substrate.
However, a higher magnification image revealed that the
contrast of the ZTO film was not uniform: the contrast
appears brighter near the surface of the ZTO film,
whereas the bottom of the ZTO film shows a relatively
dark contrast, as displayed in Fig. 5b. In addition, some
secondary phases appearing as dark particles are ob-
served near the film/substrate interface region, as indi-
cated by the arrows in Fig. 5b. The secondary phases
appear as oval shapes, a few tens of nanometer wide and
~ 10 nm high, and are distributed irregularly near the
film/substrate interface. The high magnification image in
Fig. 5c shows nanocrystalline phases in the dark region
of the ZTO film.
Figure 6a shows a STEM image of the ZTO film. The

STEM image shows some dark spots with a diameter of
~ 4 nm, which are mostly found near the film surface.
The dark spots extend into the bottom of the ZTO film
in some areas. The contrast of the ZTO films appears
not uniform, as shown in the TEM image (see Fig. 5b),
which is attributed to the inhomogeneous distributions
of ZnOx and SnOx with different densities due to nano-
scale aggregation during the pulsed laser irradiation. On
the other hand, the bright contrast region was observed
in some areas of the bottom of the ZTO film. Since the
contrast of the STEM image was proportional to ~ Z2

(Pennycook, 2002; Pennycook et al., 2018), this bright
contrast region in the STEM image is ascribed to the
higher atomic number of Sn, i.e., Sn-rich phase (atomic
numbers of Sn and Zn are 50 and 30, respectively). This

Fig. 5 a Low magnification TEM image of ZTO thin films on SiO2/Si
substrate. The film is grown in uniform thickness of 40 nm. b TEM
image of ZTO film. Some dark contrast regions are observed near
the film/substrate interface. c High magnification image of ZTO film,
showing some nanocrystalline phases
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bright contrast region in STEM image was consistent
with the secondary phases observed in TEM mode.
In order to identify the secondary phases, low-loss

EELS experiments were performed across the ZTO film
containing the bright contrast region in the bottom, as
shown in Fig. 6a. Figure 6 b shows a low-loss EEL spec-
tral map of the ZTO film. The low-loss EEL spectral
map revealed the ZTO film to be composed of two dis-
tinctive regions: an upper region (region A) with a plas-
mon peak at 21 eV and a lower region (region B) with a
peak at ~ 14 eV in addition to the peak at 21 eV. Al-
though the upper region (region A) exhibited a contrast
variation in the STEM image, no discernible change was
found in the low-loss spectrum within the upper region,
suggesting that the contrast variation in the STEM
image was caused by the different film density rather
than the different phases. The plasmon peak at ~ 14 eV
is consistent with metallic Sn or Zn (Seiler et al., 1991;
Widder et al., 1997), supporting the presence of metallic

nanosized grains at the bottom. Furthermore, in Fig. 6 d
and e, the EDS measurements showed that the Sn signal
was distributed more in the bottom while the Zn signal
dominated near the surface region. To address more
about the complicated polycrystalline phases in the ZTO
film, we performed structural analyses using high-
resolution TEM image and its fast Fourier transform
(FFT). In Fig. 7, we found that the ZTO film is com-
posed of many different phases, such as metals (Zn and
Sn) and oxides (ZnO, SnO, SnO2, ZnSnO3, and
Zn2SnO4). Each of the measured d-spacings in the re-
gions A and B of Fig. 7a could be found in one of the
candidate phases, which confirms that the regions A and
B contain many different phases. Based on the EELS,
EDS, and structural analysis results, we concluded that
the secondary phases observed in the STEM image were
metallic Sn phase located in the bottom of the ZTO
films, while supporting a higher Zn concentration in the
surface region, as observed in the XPS analysis.

Fig. 6 a STEM image of the ZTO thin films on SiO2/Si substrate after excimer laser irradiation. b Low-loss EEL spectrum image across the ZTO thin
film along the line scan in a. The ZTO film is composed of two distinctive regions: upper (region A) and lower (region B) region. The region B
contains additional plasmon peak at ~ 14 eV. c Low-loss spectrum from region A and region B, respectively. d STEM image of ZTO thin films
where EDS line scan was performed. e EDS results: Zn, Sn, and oxygen profiles along the line scan drawn in d
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Discussion
We extensively analyzed TSO films during the RT
UV laser annealing process, which effectively and
quickly transformed sol-gel coatings into oxide films.
Extensive XPS analysis revealed not only surface de-
pletion of Sn, but also oxygen-reduced phase forma-
tion at the top surface, and thus provided important
information on this electrical conducting surface layer
for developing heterostructure devices with similar
characteristics of TSO materials (Kim et al., 2012;
Kim et al., 2019; Chang, 2018; Lutz et al., 2018). As
complementary approaches, detailed cross-sectional
TEM analysis provided microscopic evidence of a gra-
dient density distribution from the surface to the bot-
tom of the films. The STEM and EELS/EDS analyses
clearly showed chemical migration to form Zn-rich
surface and Sn-rich bottom regions, which was con-
sistent with the XPS results. Based on the observation
of inhomogeneous distribution of Zn and Sn in the
films, we can relate the compositional difference to
temperature profile during the UV laser annealing.
The top surface temperature rises up much higher
than the deeper region, and such thermal gradient
may redistribute more Zn near surface regions and
more Sn toward bottom regions. In addition, such
Zn-rich phases at the top surface should play an im-
portant role for determining the interfacial electrical

contact properties, such as contact resistance or work
function (Sandu et al., 2003). Hence, our extensive
XPS and TEM analyses demonstrated both chemical
and microscopic understanding of the UV laser an-
nealing process and provided valuable insights for un-
derstanding the resulting electrical performance,
which are applicable to the relevant fabrication pro-
cesses on such TSO films (Hasan et al., 2012; Lee &
Cho, 2016b).

Conclusions
In summary, we utilized UV laser pulses to anneal a
sol-gel ZTO coating into transparent oxide films at
RT. After UV pulsed laser irradiation, ZTO thin films
were successfully fabricated. The synchrotron-based
XPS and detailed TEM measurements showed that
the chemical state of oxygen, Zn, and Sn was signifi-
cantly changed, along with their redistribution, after
laser irradiation. Our results demonstrated that RT
UV laser annealing is applicable for sol-gel-derived
fabrication of oxide films due to both fast metal-oxide
formation by changing oxygen stoichiometry and
chemical redistribution among different metals. Such
detailed microscopic and chemical information will
enhance our understanding of the resulting electrical
properties of such relevant TSO films.

Fig. 7 a High-resolution image of a ZTO film. b Fast Fourier transform (FFT) of the region A (red) and region B (green). c List of d-spacing values
in the regions A and B
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