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ABSTRACT The effect of ultraviolet/Ozone (UV/O3 )-assisted annealing process on the structural, chemical,
and electrical properties of sol-gel-processed SnO2 films is investigated in this study. Via the UV/O3 -assisted
annealing processes, mixed-phase SnO2 films composed of amorphous SnO2 and polycrystalline SnO were
obtained. Furthermore, the XPS spectra indicate an increase in the SnO2 /SnO ratio and a substantial decrease
in the number of -OH groups (serving as trap sites). This results in an increase in the conductivity and
field-effect mobility of the films. The field-effect mobility of the UV/Ozone-assisted 300 ◦ C-annealed SnO2
thin film transistor (TFT) increases considerably (by ∼500×), yielding a device with a field-effect mobility
of 3.09 cm2 /Vs. In addition, flexible SnO2 TFTs with Al2 O3 insulator and Au gate on Polyimide substrate
fabricated via gate electrode engineering shows a decreased conduction bandgap offset, compared to the
SnO2 TFTs on SiO2 , and enhancement mode operation properties (normally off at zero gate voltage) with a
field-effect mobility of 1.87 cm2 /Vs.
INDEX TERMS Sol-gel, SnO2 , UV/Ozone, thin film transistors, enhancement mode.
I. INTRODUCTION

Metal-oxide semiconductors have attracted attention as
promising active channel materials for transparent displays,
flexible, and wearable optical and electronic devices, due to
their high mobility, large bandgap, CMOS process compatible stability, and good uniformity. Generally, n-type metaloxide semiconductors, such as ZnO, In2 O3 , and SnO2 , have
been used in these applications [1]–[4]. Among these semiconductors, SnO2 has the highest mobility and the largest
bandgap [5]–[7]. The melting point of this material is lower
than that of the other semiconductors, and hence the crystallization of SnO2 is easier. This relatively easy crystallization leads to improved conductivity without the use of
Indium, a costly rare metal found in only a few mining sites
worldwide [8]. In addition, the SnO2 semiconductor films are
The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.
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characterized by excellent electrical properties [9]–[14]. Solgel processing represents a promising fabrication method for
obtaining high-quality SnO2 films without the use of a conventional vacuum-based deposition process, which requires a
complex vacuum system [12]–[14]. Unfortunately, in sol-gel
processing, a relatively high-temperature (>500 ◦ C) annealing process is needed for developing high-quality and pure
metal oxides. An ultraviolet/ozone (UV/O3 ) treatment represents a promising process that compensates for the hightemperature annealing process. During a UV/O3 treatment,
the generated oxygen radicals are more diffusive and reactive
(than O2 ) at relatively low temperatures, thereby promoting metal-oxide bonding during low-temperature annealing
processes [15]–[17]. In this work, we investigate SnO2 thin
film transistors (TFTs) fabricated for the first time ever
through a UV/O3 -assisted sol-gel process at temperatures
below 300 ◦ C, which is sufficient for fabrication on flexible polymeric substrates. The mobility of the SnO2 TFT
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annealed for 3 h with an optimized UV/O3 process increases
significantly (by ∼500×), delivering a device with a field
effect mobility of 3.09 cm2 /Vs. In addition, enhancement
mode flexible SnO2 TFTs are successfully fabricated on a
Polyimide substrate, via gate electrode engineering.
II. EXPERIMENTAL PROCEDURES

The inverted coplanar SnO2 TFTs were fabricated. A SnCl2
solution (concentration: 0.03 M) was obtained by dissolving tin (II) chloride dihydrate (SnCl2 ·2H2 O, 0.001 mol) in
ethanol (30 ml). The precursor solution was then spin-coated
at 3000 rpm for 50 s to prepare the SnO2 films, following
pre-annealing process in air at 150 ◦ C for 10 min using a
hot plate. Subsequently, the films were treated under four
different UV/O3 -assisted annealing conditions: (i) annealing
at 300 ◦ C for 1 h; (ii) annealing at 300 ◦ C for 2 h (90-s UV/O3
process after 1 h of annealing); (iii) annealing at 300 ◦ C for 3 h
(90-s UV/O3 process after each hour of annealing);
(vi) annealing at 300 ◦ C for 3 h. (A UV lamp with a wavelength of 254 nm and a photon flux density of 16 mW/cm2
was used. The distance between samples and lamp was set
to 3 cm). Flexible SnO2 TFTs were fabricated on Polyimide (PI) substrates. Poly(vinyl alcohol), PVA, was used
as a sacrificial layer for easy detachment of PI from the
carrier substrate (glass). Afterward, 0.1 g of PVA (Mw
89,000-98,000, 99 hydrolyzed) was dissolved in 40 mL
of deionized (DI) water. The prepared PVA solution was
spin-coated at 2000 rpm for 30 s on a glass substrate. After
coating, the films were annealed at 110 ◦ C in air for 90 s
using a hot plate. The PI solution was then spin-coated at
3000 rpm for 30 s on a PVA/glass. After coating, the PI
films were pre-annealed at 90 ◦ C in air for 5 min, and then
thermally solidified in a furnace at 300 ◦ C for 30 min. The
bottom gate Au/Cr (50/5 nm) electrode was deposited by
a thermal evaporator and 30-nm-thick Al2 O3 deposited via
plasma atomic layer deposition (PALD: Lucida M200-PL)
was used as a gate insulator. Au was deposited (thickness:
50 nm) on Al2 O3 as a source/drain electrode. The channel width and length were 1000 µm and 100 µm, respectively. The prepared 0.1 M SnCl2 solution was spin-coated at
3000 rpm for 50 s. After coating, the films were pre-annealed
in air at 150 ◦ C for 10 min using a hot plate. The films
were annealed at 300 ◦ C with UV/O3 treatment in air. The
flexible SnO2 TFTs fabricated on the PI substrate were
detached from the glass by dissolving the PVA layer in DI
water. The structural characteristics of the SnO2 films were
investigated via GIXRD (Philips X’pert Pro) with CuKα
radiation (λ = 1.54 Å), where samples were irradiated at
an angle of 0.3◦ . The chemical composition of the films
were investigated by XPS (Quantera SXM), performed with
a monochromatic AlKα (1488 eV) source and a pass energy
of 40 eV. The surface morphology of the films was obtained
by scanning probe microscopy (SPM; Park NX20 (Park Systems, Suwon, Korea), tapping mode). The electrical properties of the TFTs were examined using a Keithley 2636B
semiconductor parameter analyzer and a probe station in air.
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III. RESULTS AND DISCUSSION

The GIXRD spectra obtained for the SnO2 films annealed for
various periods, with/without a UV/O3 treatment, are shown
in Figure 1. Each peak of the spectra corresponds to SnO
(77-2296). The two different diffraction peaks at 2θ =31.60◦
and 45.46◦ correspond to the (020) and (024) planes of SnO,
respectively, [18]. The full width at half maximum (FWHM)
of the SnO (020) peak is smaller than that of other peaks,
suggesting that SnO crystallites grew initially in the (020)
plane. The crystallite size (D) of the films was estimated using
the Scherrer formula, D = 0.9λ/(βcosθ), where, D, λ, β, and
θ denote the crystalline size, CuKα wavelength (1.54 Å),
FWHM of the peak, and position of the peak, respectively.
Crystalline sizes of 16.7, 24.4, 29.1, and 18.3 nm were estimated for the (020) phase of the SnO thin films subjected
to different annealing conditions; the films annealed for 3 h
and subjected to a UV/O3 process (Process iii: 90-s UV/O3
process after each hour of annealing) exhibited the highest
crystalline size. The SnO2 peak is absent from the GIXRD
◦
spectra. The melting point of SnO (1080 C) is lower than
◦
that of SnO2 (1680 C); hence, the crystallization of SnO
would be easier. Due to the low annealing temperature, SnO2
crystal growth was insufficient, thereby resulting in a small
crystallite size or an amorphous phase.

FIGURE 1. GIXRD spectra, of the annealed SnO2 films, subjected to
different annealing processes.

The chemical compositions of the films annealed under
different conditions were determined via XPS, where the Sn
and O compositions were evaluated by assessing the Sn 3d5/2
and O1s spectra (see Fig. 2). The Sn 3d5/2 spectrum consists
of two peaks, which occur at 485.6 and 486.2 eV, corresponding to Sn2+ and Sn4+ , respectively. The O 1s peak consists of
three peaks, which occur at 529.2, 529.9, and 530.8 eV, corresponding to O (SnO), O (SnO2 ), and–OH groups, respectively. An increase in the annealing time resulted in increase
in the SnO2 /SnO ratio and a reduction in the number of
–OH groups. Also, the UV/O3 -assisted annealing process
led to a significant increase in the SnO2 /SnO ratio and a
significant decrease in the number of –OH groups, as defects
(process iii).
The SPM images (250 nm × 250 nm) of the deposited
films subjected to different annealing processes are shown
in Figure 3. The films subjected to annealing and UV/O3
process show smoother surface property.
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FIGURE 3. SPM images of annealed films, subjected to different
annealing processes.

FIGURE 2. (a)–(d) Sn 3d5/2 XPS spectra and (e)–(h) O 1s XPS spectra of
SnO2 films subjected to different annealing processes. (i) Sn 3d5/2 and
(j) O 1s compositions.

To investigate the electrical properties of UV/O3 -treated
SnO2 thin films, we fabricated bottom-gate TFTs on SiO2 /Si
substrates. Figure 4 a)–e) show the output characteristics of
the fabricated SnO2 TFTs subjected to different annealing
conditions. The TFTs exhibit conventional n-type semiconductor characteristics and operate in depletion mode (normally on state). The field effect mobility in the saturation
region is obtained from the drain current equation, which is
given as follows:
W
(VG − Vth )2
(1)
2L
where Ci is the gate insulator capacitance, W the channel
width, L the channel length, and Vth the threshold voltage.
IDS = µCi
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FIGURE 4. (a) – (d) IDS -VDS plots and (e) transfer curves of TFTs,
consisting of SnO2 , for different annealing conditions. (f) Extracted
mobility and Vth , for different annealing conditions.

The SnO2 TFTs annealed at 300 ◦ C for 1 h, without a
UV/O3 process (process (i)), exhibited poor electrical performance (field effect mobility: 7.0 × 10−3 cm2 /Vs). When we
increased the annealing time to 3 h at 300 ◦ C without an additional UV/O3 process (process (iv)), the mobility of the TFTs
increased by ∼10-fold. This delivered a device with a field
effect mobility of 7.0 × 10−2 cm2 /Vs. Moreover, the device
performance improved considerably when a UV/O3 process
was employed. The mobility of the SnO2 TFT subjected to a
UV/O3 process (process (ii)) increased by ∼140-fold (field
123015
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FIGURE 6. SPM images of thermally grown SiO2 and PALD-based Al2 O3
on Au gate electrode.

FIGURE 5. (a) Schematic of the fabricated flexible SnO2 TFTs on PI
substrates and (b) optical image of the TFTs on an acrylic rod. (c) and
(d) show the representative electrical characteristics of the TFTs (normally
off state).

effect mobility: 9.5 × 10−1 cm2 /Vs), and 3 h of annealing
(process (iii)) increased by ∼500-fold (field effect mobility:
3.09 cm2 /Vs). The UV/Ozone process is the main factor for
improving the performance of the SnO2 TFT.
The major carrier transport mechanism (i.e., the percolation conduction mechanism) operating inside the metaloxide semiconductors is improved by filling the trap state
at high carrier concentrations [19]. The improved field effect
mobility and on-current result from an increased free carrier
concentration accompanying a decrease in the number of OH groups, which act as trap sites. Furthermore, the UV/O3 assisted annealing process resulted in a significant increase
in the SnO2 /SnO ratio and a significant decrease in the
number of –OH groups (as defects), owing to the oxygen
radicals generated during the UV/O3 process. These resulted
in an increase in the number of carriers, as well as in
stronger n-type semiconductor properties. The subthreshold
swing (SS) values are inversely proportional to interface trap
density. The UV/O3 assisted annealing process successfully
reduced the interface trap density.
◦
The low-temperature (<350 C) annealing process enabled
the use of flexible substrates such as PI, hence, we fabricated flexible SnO2 TFTs on PI substrates. After the 10-min
◦
solvent drying process in the air at 150 C, we performed
the aforementioned optimal annealing process (process (iii)),
◦
annealed for 3 h at 300 C with a 90-s UV/O3 process,
after each 1 h annealing process). Figure 5 a) and b) show a
schematic image of the fabricated flexible SnO2 TFTs on PI
substrates and an optical image of the TFTs on an acrylic rod,
respectively. The channel width and length were 1000 µm
and 100 µm, respectively. The offset between the gate and
the source/drain electrode was around 10 um. Figure 5 c)
and d) show the representative electrical characteristics of the
flexible TFTs. The gate voltage was applied at 4.0 V intervals
from −2.0 to 18.0 V. A field effect mobility of 1.87 cm2 /Vs in
123016

the saturation region was determined using the transistor current equation. The obtained on-off current ratio and threshold
voltage were 5.39 × 103 and 6.84 V, respectively. To our best
knowledge, the field effect mobility obtained in this study is
higher than or similar to in the previous reports [20]–[23].
However, the fabricated device exhibited a high gate leakage
current. To solve this issue, there is a need to optimize the
deposition process [24]–[26].
Figure 6 shows the SPM images of the thermally grown
SiO2 and PALD-based Al2 O3 . The films on Al2 O3 show
3.5 times higher surface roughness.
Figure 7 a) and b) show the Sn 3d5/2 and O 1s XPS spectra
for the SnO2 films on SiO2 and PALD processed Al2 O3 .
The fabricated SnO2 films on the PALD-based Al2 O3 films
were characterized by a larger SnO2 /SnO ratio, however, it
showed a greater number of –OH group, which act as traps
(Figure 7). These may lead to poor SS and a reduction in
the field effect mobility. In addition, the degraded field effect
mobility of the device is consistent with the increase in the
roughness of the top of the insulator layer (Figure 6) [27]. The
fabricated flexible SnO2 TFT exhibited enhancement mode
operation (normally off state) Figure 7 d) shows the XPS
spectra obtained from regions near the valence band. The
conduction bandgap offset (1ECB = EG − 1EVB ), which
is strongly correlated with the carrier concentration [28],
can be determined from these spectra. Figure 7 e) shows
band energy diagram of the isolated metal, insulator, and
SnO2 semiconductors obtained via the XPS. The Vth can be
determined from the following equations [29], [30]:
Vth = 8ms −
8F =

EF −E i
q

Qd
Qi
−
+ 28F
Ci
Ci

(2)
(3)

where, 8ms , Qi , Qd , Ci , Ei , and EF are the metal–semiconductor
work function potential difference, effective MOS interface
charge per area, depletion region charge per area, insulator
capacitor per area, Fermi intrinsic level, and equilibrium
Fermi level, respectively. The significant shift in the Vth
resulted from the increased gate electrode work function,
reduced Ci , and increased 8F .
In addition, not only the electrical performance but also
stability of TFTs is another important factor to be considered. Ambient light, bias voltage and gases can change the
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FIGURE 7. (a) Sn 3d5/2 XPS spectra and (b) O 1s XPS spectra of SnO2
films on Al2 O3 annealed optimal process (process iii). (c) Compositional
variation, as determined from XPS spectra, of the annealed SnO2 films
(process iii) on SiO2 and Al2 O3 . (d) XPS spectra collected from regions
near the valence band. (e) XPS-determined band energy diagram of the
isolated metal, insulator, and SnO2 semiconductors.

performance of oxide-based TFTs. Further investigation is
needed to elucidate the nature of the defects affecting the
instability.
IV. CONCLUSION

In this study, SnO2 TFTs were fabricated via the UV/Ozoneassisted sol-gel process. The effect of a UV/O3 -assisted
annealing process on the structural, chemical, and optoelectrical properties of the sol-gel processed SnO2 films was
investigated via GIXRD, SPM and XPS. The mobility of the
UV/O3 -assisted 300 ◦ C-annealed SnO2 TFT increased substantially (by ∼500×), delivering a device with a field effect
mobility of 3.09 cm2 /Vs. In addition, the fabricated flexible
SnO2 TFTs with Al2 O3 insulator and Au gate on Polyimide
substrate exhibited a decreased conduction bandgap offset,
relative to SnO2 TFTs on SiO2 , and enhancement mode operation properties with a field effect mobility of 1.87 cm2 /Vs.
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