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nsing performance of Ce-doped
SnO2 thin films through a cosputtering method†

Yuan-Chang Liang,* Chia-Min Lee and Ya-Ju Lo

SnO2 thin films doped with various concentrations of Ce were grown by cosputtering Sn and Ce metallic

targets in an Ar/O2 mixed atmosphere. The cerium concentrations in the SnO2 films were varied from 1.2

to 4.5 at% by varying the Ce sputtering power during thin-film growth. Surface morphology analysis

revealed that the surface roughness of the Ce-doped SnO2 thin films increased with an increase in

cerium concentration. X-ray diffraction and transmission electron microscopy analysis results indicated

that the Ce-doped SnO2 thin films were highly crystalline. Furthermore, Ce ions in the SnO2 thin films

had mixed valence states; moreover, the oxygen vacancy density increased with an increase in Ce

concentration. An increased Ce concentration in the SnO2 thin films engendered the roughening of the

Ce-doped SnO2 film surface and increased the concentration of Ce4+ ions and oxygen vacancy number

near the film surface. These factors are advantageous for enabling the adsorption of a relatively large

number of oxygen ions on the film surface; therefore, increased ethanol vapor sensing responses of Ce-

doped SnO2 thin films with an increase in Ce concentration were observed in this study.
Introduction

Tin dioxide (SnO2) is an n-type semiconductor with excellent
optical and electrical properties. This semiconducting metal
oxide is commercially used because of its numerous advan-
tages, including low cost, high chemical stability, high
sensitivity to various toxic gases, and compatibility with
microfabrication processes.1–3 However, for application in gas-
sensing devices, its gas-sensing performance requires further
improvement for the specic detection of particular gases with
high sensitivity. Several methods have been adopted for
improving the efficiency of SnO2-based gas sensors. Morpho-
logical control has been widely used to fabricate SnO2 with
a high specic surface area, thus enhancing its gas-sensing
performance. Hierarchical SnO2 nanoowers have exhibited
visible acetic acid gas-sensing responses.4 SnO2 nanorods and
nanowires exhibit visible H2 gas-sensing behavior.5,6 SnO2 sea-
urchin nanostructures show visible hydrogen gas detection
ability at room-temperature.7 Furthermore, the incorporation of
some additives into SnO2 is another approach for improving the
gas-sensing performance of SnO2 because doping can alter its
structure and grain size or introduce surface defects. These
factors are advantageous for enhancing the gas-sensing
responses of SnO2 toward specic test gases. Ce-Doped SnO2

nanoparticles have been used as a sensing material for
Taiwan Ocean University, Keelung 20224,

tion (ESI) available. See DOI:
ammonia and a comparison has been made with its undoped
form.8 Ce-Doped coral-like SnO2 nanostructures exhibit
a promising candidate of highly sensitive and selective gas
sensors for toluene.9 Pd and Ce codoped SnO2 thick lms
exhibit visible ethanol vapor detection ability;10 Ni and Ce
codoped SnO2 thick lms are of potential for sensing acetone
vapor.11 Pr-Doped SnO2 hollow nanobers exhibit an increased
surface area, adsorbed oxygen species, and oxygen vacancy
intensity; therefore, these nanobers exhibit improved gas-
sensing properties toward ethanol vapor.12 The formation of
acceptor energy levels with the incorporation of Zn2+ ions into
SnO2 improves the electrical conductivity of SnO2 nanospheres;
therefore, Zn-doped SnO2 nanospheres exhibit a threefold
increased response compared with undoped SnO2.13

Cerium as a dopant has received considerable attention
because of its valuable properties arising from the availability of
the 4f shell.14 This dopant has been incorporated into various
metal oxides, for example, ZnO nanoparticles,15 In2O3 nano-
spheres,16 and SnO2 hollow nanobers17 for improving their
gas-sensing properties. Although SnO2 with various nano-
structural morphologies exhibits a high specic surface area
and is advantageous for improving gas-sensing performance,
the incorporation of such low-dimensional nanomaterials into
practical gas-sensing devices for obtaining high reliability
remains a technological challenge. By contrast, the thin-lm
structure is a relatively well-established morphology for use in
sensor materials with satisfactory device reliability and feasible
commercial production. The doping of SnO2 thin lms with Ce
ions is thus valuable for understanding the correlation between
thematerial design and gas-sensing performance of SnO2-based
This journal is © The Royal Society of Chemistry 2017
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thin-lm materials. Sputtering is the most widely used oxide
thin-lm growth process.18,19 It is compatible with the current
processes used for manufacturing semiconductor devices.
However, a limited number of reports on cosputtering growth of
Ce-doped SnO2 thin lms and the correlation between micro-
structures and gas-sensing properties are available. In this
study, Ce-doped SnO2 composite thin lms with varying
concentrations of cerium were grown by cosputtering Sn and Ce
metallic targets. The microstructural evolution and reducing
gas-sensing properties of the as-grown Ce-doped SnO2

composite lms with varying concentrations of cerium were
investigated to study the effects of cerium doping on the
material characteristics of the composite thin lms.
Experiments

Undoped and Ce-doped SnO2 thin lms were fabricated onto
the 300 nm-thick SiO2/Si substrates using dual-gun sputtering
system. Sn and Ce metallic discs with a size of 2 inches were
used as sputtering targets to prepare Ce-doped SnO2 thin lms.
During growth of Ce-doped SnO2 thin lms, the DC sputtering
power of Sn target was xed at 30 W; moreover, the RF sput-
tering power of Ce target varied from 20 to 60 W. The thin-lm
growth temperature was maintained at 300 �C with an Ar/O2

ratio of 25 : 15; the gas pressure during sputtering thin-lm
deposition was xed at 2.67 Pa.

The surface morphology of various thin lms was investi-
gated by scanning electron microscopy (SEM; Hitachi S-4800)
and atomic force microscope (AFM; Veeco D5000). Sample
crystal structures were investigated by X-ray diffraction (XRD;
Bruker D2 PHASER) using Cu Ka radiation. X-ray photoelectron
spectroscopy (XPS; PHI 5000 VersaProbe) analysis was used to
determine the chemical binding status of constituent elements
of undoped and Ce doped SnO2 lms. The microstructures of
the thin-lm samples were characterized by high-resolution
transmission electron microscopy (HRTEM; Philips Tecnai
Fig. 1 SEM images of the Ce-doped SnO2 thin films prepared at various

This journal is © The Royal Society of Chemistry 2017
F20 G2). To measure reducing gas sensing properties, the silver
paste was coated onto the surface of the undoped and Ce-doped
SnO2 thin lms to form electrodes for gas sensing measure-
ments. The gas sensors made from undoped and Ce-doped
SnO2 thin lms were placed in a closed vacuum chamber, and
various concentrations of ethanol vapor (50, 100, 250, 500, and
750 ppm) were introduced into the test chamber, using
synthetic air as the carrier gas. The gas sensing response of the
thin-lm sensors to ethanol vapor is dened as the Ra/Rg. Ra is
the sensor electrical resistance in the absence of target gas and
Rg is that in the target gas.
Results and discussion

Fig. 1(a)–(d) depict the SEM micrographs of undoped and Ce-
doped SnO2 thin lms grown using various Ce sputtering
powers. The surface of the pure SnO2 thin lm consists of
uniformly distributed grains measuring 10–35 nm (Fig. 1(a)).
The lm surface has tightly packed grains without any visible
voids or cracks. Fig. 1(b)–(d) illustrate that the morphology of
the surface grains of the SnO2 thin lms with Ce doping is
slightly coarser than that of the pure SnO2 thin lm. Notably,
grain boundaries among the surface grains of the SnO2 thin
lm became visible and broad with an increase in Ce sputtering
power. The surface of the Ce-doped SnO2 thin lms became
rougher with an increase in Ce sputtering power. Fig. 2(a)–(d)
depict the AFM images of the undoped and various Ce-doped
SnO2 thin lms. The root-mean-square surface roughness
values are 4.53, 4.93, 5.14, and 6.31 nm for the undoped SnO2

thin lm and Ce-doped lms grown with Ce sputtering powers
of 20, 40, and 60 W, respectively. The surface roughness eval-
uation results indicated that the surface roughness is correlated
with the concentration of Ce in the SnO2 thin lms; an increase
in the concentration of Ce in the SnO2 deteriorates the
smoothness of the lm surface. In this study, an increase in the
grain size engendered an increase in the surface roughness of
Ce sputtering powers: (a) 0 W, (b) 20 W, (c) 40 W, (d) 60 W.

RSC Adv., 2017, 7, 4724–4734 | 4725
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Fig. 2 AFM images of the Ce-doped SnO2 thin films prepared at various Ce sputtering powers: (a) 0 W, (b) 20 W, (c) 40 W, (d) 60 W.
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the Ce-doped SnO2 thin lms with an increase in Ce sputtering
power. A similar surface roughening effect of doping was re-
ported for other impurity-doped SnO2 thin lms.20 A rougher
surface feature of oxides is benecial to increase interaction
degree between the material surface and target gas molecules.21

The SEM and AFM observations indicated that SnO2 thin lms
doped with Ce at a higher sputtering power of 60 W might be
promising for improving their gas-sensing performance.

The XRD patterns of undoped and Ce-doped SnO2 thin lms
prepared under various Ce sputtering powers are depicted in
Fig. 3(a)–(d). The spectral lines exhibit diffraction peaks
centered at approximately 26.6�, 33.8�, 37.9�, 51.7�, and 54.7�.
All the Bragg reections are ascribed to the tetragonal crystal-
line phase of tin oxide, and the Bragg reections correspond to
the SnO2 (110), (101), (200), (211), and (220) planes, respectively.
No diffraction peaks of the CeO2 phase are visible in the XRD
patterns (Fig. 3(b)–(d)), revealing that Ce might act as a substi-
tutional ion on the Sn site in the SnO2 lattice. Similar XRD
structural features were reported in Ce-doped SnO2 thin lms
prepared through a sol–gel synthesis method with a low Ce
concentration range.22 In the current work, the undoped and
Ce-doped SnO2 thin lms were polycrystalline with a single
SnO2 phase. The SnO2 (110) plane was the dominant crystallo-
graphic orientation in the SnO2 thin lms grown with Ce
sputtering powers of 20 and 40 W and without Ce doping.
However, the high Ce sputtering power of 60 W caused SnO2

(200) to become the dominant crystallographic orientation of
the SnO2 thin lm. The peak intensity ratios of SnO2 (110) Bragg
reection to all crystallographic planes, I(110)/[I(110) + I(101) +
I(200) + I(211) + I(220)], in the polycrystalline undoped and Ce-
doped SnO2 thin lms were calculated. The background inten-
sity of the Bragg reections was deducted before calculating the
intensity ratio of Bragg peaks.23 The intensity ratio decreased
4726 | RSC Adv., 2017, 7, 4724–4734
from 0.53 to 0.22 when the Ce sputtering power was increased to
60 W. The crystallographic orientation feature of the Ce-doped
SnO2 thin lms changed with the Ce sputtering power. An
appreciable difference in the ionic radius of Ce and Sn ions
might engender lattice distortion of the SnO2 thin lm with the
addition of Ce dopants; this might be crucial in affecting the
crystallographic plane growth feature during thin-lm
growth.24,25 A similar impurity dopant-dependent crystallo-
graphic feature change inmatrix materials has been observed in
other impurity-doped oxide lms created using various
synthesis methods.26,27

The microstructures of undoped and Ce-doped SnO2 thin
lms with Ce sputtering powers of 40 W and 60 W were further
characterized through TEM. Fig. 4(a) shows a low-
magnication, cross-sectional TEM image of the pure SnO2

thin lm, which is composed of distinct columnar grains and
has a thickness of approximately 120 nm. Various-sputtering
deposited oxide thin lms have been reported to exhibit
a columnar grain feature.28,29 The lm is dense and does not
have visible pores. The top region of the lm is smooth. High
resolution TEM (HRTEM) images of local regions of the pure
SnO2 thin lms are shown in Fig. 4(b) and (c). The ordered and
marked lattice fringes with special orientations are distributed
in the local regions of the lm, revealing that the lm is crys-
talline and polyoriented. A lattice spacing of approximately
0.17, 0.26, and 0.33 nm illustrated in Fig. 4(b) and (c) corre-
sponds to the interplanar spacing of the SnO2 (211), (101), and
(110) planes, respectively. Fig. 4(d) depicts the energy-dispersive
X-ray spectroscopy (EDS) spectra of the lm, conrming that Sn
and O are the major elements in the lm's composition. A low-
magnication, cross-sectional image of the Ce-doped SnO2 thin
lm prepared under a Ce sputtering power of 40 W is shown in
Fig. 5(a). The Ce-doped SnO2 thin lm is homogeneously thick
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XRD patterns of the Ce-doped SnO2 thin films prepared at various Ce sputtering powers: (a) 0 W, (b) 20 W, (c) 40 W, (d) 60 W.
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throughout its cross section. The surface of the lm is slightly
rougher than that of the pure SnO2 lm. Fig. 5(b) and (c) depict
HRTEM images of local regions of the Ce-doped SnO2 thin lm.
Fig. 4 TEM analyses of the SnO2 thin film: (a) low-magnification TEM ima
the film. (d) EDS spectra of Sn, and O elements taken from the film.

This journal is © The Royal Society of Chemistry 2017
Distinct and ordered lattice fringes distributed over the lm
indicated that the as-synthesized Ce-doped SnO2 lm still
exhibits a high degree of crystallinity. The atomic lattice fringes
ge of the film. (b) and (c) HRTEM images taken from the local regions of

RSC Adv., 2017, 7, 4724–4734 | 4727

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25853k


Fig. 5 TEM analyses of the Ce-doped SnO2 thin film prepared at 40 W: (a) low-magnification TEM image of the film. (b) and (c) HRTEM images
taken from the local regions of the film. (d) EDS spectra of Sn, Ce, and O elements taken from the film. TEM analyses of the Ce-doped SnO2 thin
film prepared at 60 W: (e) low-magnification TEM image of the film. (f) and (g) HRTEM images taken from the local regions of the film. (h) EDS
spectra of Sn, Ce, and O elements taken from the film.
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with intervals of approximately 0.23, 0.26, and 0.33 nm could be
identied and were associated with the interatomic distances of
the SnO2 (200), (101), and (110) planes, respectively. Fig. 5(d)
depicts the EDS spectra, which indicate that the lm mainly is
composed of Sn, Ce, and O; the cerium concentration of the lm
is approximately 2.2 at%. Fig. 5(e) shows a low-magnication,
4728 | RSC Adv., 2017, 7, 4724–4734
cross-sectional TEM image of the Ce-doped SnO2 thin lm
prepared at a Ce sputtering power of 60 W; the thin lm surface
is visibly undulated. Fig. 5(f) and (g) show HRTEM images
recorded from the local regions of the lm. Marked atomic
lattice fringes corresponding to the interatomic distance of the
SnO2 (220), (211), (101), and (110) planes are also visible. The
This journal is © The Royal Society of Chemistry 2017
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TEM analysis results are consistent with the aforementioned
XRD pattern. The 4.2 at% cerium concentration of the Ce-doped
SnO2 thin lm was evaluated from the EDS spectra presented in
Fig. 5(h). The cerium concentration in the SnO2 lm was highly
correlated with the Ce sputtering power during thin-lm
growth.

Fig. 6(a)–(d) show a symmetric Sn 3d5/2 peak centered at
approximately 486 eV and a Sn 3d3/2 peak centered at approxi-
mately 495 eV; no signal from the metallic Sn was observed. The
analysis of XPS narrow scans of the Sn 3d core-level doublet
indicated that the Sn4+ valence state existed in the form of
SnO2.30 Fig. 7(a)–(c) depict the Ce 3d XPS spectra of the SnO2

thin lms doped with various concentrations of Ce. Notably, the
Ce 3d spectrum intensity increased and became substantially
visible with an increase in the Ce concentration in the SnO2 thin
lm. Moreover, a visible ve-peak feature in the Ce 3d XPS
spectra was observed in the Ce-doped SnO2 thin lms prepared
using Ce sputtering powers of 40 and 60 W. The Ce 3d XPS
spectra can be divided into two series of subpeaks according to
the Ce 3d spin–orbit states, as illustrated in Fig. 7(b) and (c);
eight Gaussian deconvolution subpeaks corresponding to Ce3+

(red peaks) and Ce4+ (blue peaks) were used to t the Ce 3d XPS
spectra.31 The Ce ions in the SnO2 thin lms clearly exhibited
a mixed valence state. The cerium concentrations of the Ce-
doped SnO2 thin lms with various Ce sputtering powers were
evaluated through XPS analyses, and the concentrations were
1.2, 2.3, and 4.5 at% for the Ce sputtering powers of 20, 40, and
60W, respectively. Fig. 8(a)–(d) depict the XPS spectra of O 1s for
the undoped and Ce-doped SnO2 thin lms synthesized using
various Ce sputtering powers. The O 1s spectra have an asym-
metric curve feature. Two Gaussian curves t the O 1s spectra,
Fig. 6 XPS narrow scans of Sn 3d core level doublet of the Ce-doped SnO
(c) 40 W, (d) 60 W.

This journal is © The Royal Society of Chemistry 2017
and they are centered at approximately 530.5 (peak I) and
531.8 eV (peak II), which are associated, respectively, with the
oxygen ions in the tin oxide lm and an oxygen vacancy within
the tin oxide lattice.32 The relative size of the peak at high
binding energy increased gradually with an increase in Ce
sputtering power for the lm, indicating that the oxygen
vacancy content of the Ce-doped SnO2 thin lms increased with
Ce concentration. The relative oxygen vacancy content in the
crystalline undoped and Ce-doped SnO2 thin lms was evalu-
ated according to the following intensity ratio of these two
Gaussian deconvolution peaks: (peak I)/(peak I + peak II).30,33

Fig. 8(e) summarizes the change in the relative oxygen vacancy
content of the SnO2 thin lms grown with and without various
Ce sputtering powers. The oxygen vacancy content increased
from 15.9% to 31.8% as the Ce sputtering power increased to
60 W. The relevant ionic radii (Sn4+ ¼ 0.069 nm, Ce3+ ¼
0.103 nm, and Ce4+ ¼ 0.096 nm) differed substantially between
Ce and Sn ions.34–36 The partial substitution of Sn4+ by Ce3+ and
Ce4+ in the SnO2 crystallites further caused the formation of
oxygen vacancy defects in the SnO2 lattices. The increased
number of oxygen vacancy defects in impurity-doped oxides,
because of differences in radii between the doping ions and
parent ions, has been observed in In-doped ZnO lms and Al-
doped SnO2 nanotubes.37,38

Fig. 9 illustrates the variation of gas-sensing responses of the
SnO2 thin lm at the various operating temperatures on expo-
sure to ethanol vapor at 500 ppm. The gas-sensing response of
the SnO2 thin lm reached the maximum value at 225 �C and
exhibited a decrease above that operating temperature. The
changes in gas-sensing responses of the SnO2 thin lm with
operating temperature are attributable to the fact that the
2 thin films prepared at various Ce sputtering powers: (a) 0 W, (b) 20W,

RSC Adv., 2017, 7, 4724–4734 | 4729
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Fig. 7 Ce 3d XPS narrow scan spectra of the Ce-doped SnO2 thin films
prepared at various Ce sputtering powers: (a) 20 W, (b) 40 W, (c) 60 W.
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adsorption of oxygen molecules onto the surfaces of the SnO2

thin lm is a chemisorptive behavior at elevated temperatures.
The optimal operating temperature of oxide thin-lm sensors
depends on the balance between the temperature-related
chemical reactions and gas diffusion speed.19 The operating
temperature-dependent gas-sensing response of the SnO2 thin
lm in this work revealed that both surface reaction with
ethanol vapor and the diffusion of ethanol vapor to the surface
of the thin lm reached an equilibrium at 225 �C; therefore, the
gas-sensing response of the SnO2 thin lm reaches a maximum
value at this temperature. Fig. 10(a)–(d) depict the typical
dynamic gas-sensing response curves of undoped and Ce-doped
SnO2 thin lms toward various concentrations of ethanol vapor
4730 | RSC Adv., 2017, 7, 4724–4734
(50, 100, 250, 500, and 750 ppm). The gas-sensing behaviors of
the undoped and Ce-doped SnO2 thin lms on exposure to
ethanol vapor were visibly different. This is due to the n-type
nature of SnO2, which reduced the electrical resistance of the
undoped and Ce-doped SnO2 thin lms on exposure to ethanol
vapor; the resistance returned completely to the initial state on
removal of the vapor. The adsorbed oxygen molecules on the
surfaces of the SnO2 thin lm extracted electrons from the
conduction band of the SnO2 and formed surface-adsorbed
oxygen ions. Further introducing the ethanol vapor into the
gas-sensing test chamber caused the surface of SnO2 thin lm to
readily react with the oxygen ions and liberate electrons to the
conduction band; these effects were accompanied by an
increase in conductivity of the SnO2 thin lm according to the
following reaction: C2H6O + 6Oad

� ¼ 2CO2 + 3H2O + 6e�.39,40

Fig. 10(e) summarizes the gas-sensing response values of the
undoped and Ce-doped SnO2 thin lms to various concentra-
tions of ethanol vapor. Notably, the gas-sensing response of the
SnO2 thin lm was enhanced through Ce doping. The gas-
sensing responses of undoped SnO2 thin lms were 1.9, 2.1,
2.5, 2.9, and 3.2 at ethanol vapor concentrations of 50, 100, 250,
500, and 750 ppm, respectively. The gas-sensing responses of
the Ce-doped the SnO2 thin lm prepared using a Ce sputtering
power of 20 W increased to 2.5, 2.8, 3.2, 3.5, and 3.7 at ethanol
vapor concentrations of 50, 100, 250, 500, and 750 ppm,
respectively. From the aforementioned composition analysis,
adding a trace amount of Ce (1.2 at%) into the SnO2 thin lm
engendered slight improvement of the gas-sensing response of
the SnO2 thin lm toward ethanol vapor. On further increasing
the Ce concentration in the SnO2 thin lms, a substantial
enhancement of the gas-sensing response was observed for the
SnO2 thin lms with a Ce concentration higher than 2.3 at%.
The Ce-doped SnO2 thin lms prepared using a Ce sputtering
power of 60 W contained approximately 4.5 at% Ce and
exhibited the highest gas-sensing responses toward the ethanol
vapor concentrations of 50–750 ppm. Notably, employing a Ce
sputtering power higher than 60 W did not increase the gas-
sensing response of the Ce-doped SnO2 thin lm further.
Employing a Ce sputtering power of 80 W reduced the gas-
sensing response of the Ce-doped SnO2 thin lm to approxi-
mately 2.6 on exposure to ethanol vapor at 500 ppm (Fig. 10(f)).
This result indicated that the gas-sensing response increased
with an increase in Ce concentration in the SnO2 thin lms
below 4.5 at%; this Ce concentration represented an optimal
value in the SnO2 thin lm for obtaining superior ability to
detect ethanol vapor in the present work. The possible reason
for the decreased gas-sensing sensitivity of the Ce-doped SnO2

thin lm prepared at 80 W Ce sputtering power might be
associated with the deteriorated crystalline quality of the SnO2

thin lm under Ce doping at a relatively high sputtering power;
this is supported by the XRD pattern with the markedly
decreased intensity and broadened full-width at half-maximum
of SnO2 Bragg reections (ESI†). The responses and recovery
times of undoped and Ce-doped SnO2 thin lms were dened as
the durations required for the occurrence of a 90% change in
resistance upon exposure to ethanol vapor (response) and to air
(recovery), respectively.41 The response times of undoped and
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 XPS narrow scans of O 1s core level of the Ce-doped SnO2 thin films prepared at various Ce sputtering powers: (a) 0 W, (b) 20W, (c) 40W,
(d) 60 W. (e) Relative oxygen vacancy content vs. Ce sputtering power of the Ce-doped SnO2 films.

Fig. 9 Gas sensing response value vs. operating temperature of the
SnO2 thin film.
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various Ce-doped SnO2 thin lms on exposure to various
ethanol vapor concentrations (50–750 ppm) were prompt and in
the range of 4–8 s. No marked differences in response time were
observed among the various thin-lm samples. By contrast, the
recovery times of the Ce-doped SnO2 thin lms with various Ce
concentrations were in the range 43–135 s, whereas those of the
undoped SnO2 layers were in the range 30–41 s. The fact that the
recovery time was longer than the response time of the thin-lm
samples in this study revealed that the desorption reaction of
oxygen ions with ethanol vapor molecules in the sensing-
response process is faster than the adsorption of oxygen mole-
cules from air in the sensing-recovery process.39 Furthermore,
increased adsorption sites on the surface of the Ce-doped SnO2

thin lm might have caused it to require a longer duration to
completely readsorb oxygen molecules from ambient air onto
This journal is © The Royal Society of Chemistry 2017
the thin-lm surface reaction sites; therefore, longer recovery
times were observed in the Ce-doped SnO2 thin lms than in the
undoped SnO2 thin lms. Table 1 summarized gas-sensing
performance of other metal-doped SnO2 thin lms prepared
by various methods.42–45 Comparatively, the 4.5 at% Ce-doped
SnO2 thin lms herein is of potential for applications in
detecting ethanol vapor. The enhanced gas-sensing responses of
the SnO2 thin lms through moderate Ce doping were attrib-
utable to the factors associated with their microstructures and
Ce ions in the lms. Fig. 11 illustrates the possible mechanism
for the higher gas-sensing response of Ce-doped SnO2 than that
of undoped SnO2 in this study. From the aforementioned XPS
results, the cosputtering growth of Ce-doped SnO2 thin lms
indicated a coexistence of Ce3+ and Ce4+ ions in the lm.
Moreover, the amount of Ce4+ ions and oxygen vacancy in the
SnO2 thin lms increased with an increase in the Ce concentra-
tion. The oxygen vacancies are posited to be favorable adsorption
sites in oxide surfaces for oxygen molecules. Recent work on Al-
doped SnO2 has shown that doping SnO2 with Al engenders
oxygen vacancies at the surface of SnO2, which facilitates oxygen
adsorption and the formation of surface catalytic active O�–O�;
thus, the gas response is markedly enhanced.38 Furthermore,
Ce4+ ions have been shown to exhibit satisfactory catalytic
behavior toward oxygen molecules.14 The Ce4+ ions near the
surface of the Ce-doped SnO2 thin lms can promote charge
transfer of the surface-adsorbed oxygen molecules, thereby
further increasing the number of adsorbed oxygen ions on the
surface of the Ce-doped SnO2 thin lms. An increased Ce
concentration in the SnO2 thin lms also engendered the
roughening of the SnO2 lm surface. These factors are benecial
because they caused a relatively large number of oxygen ions to
be adsorbed on the Ce-doped SnO2 prepared with a Ce sputtering
power of 60W in this study. Therefore, it is reasonable to assume
that the surface depletion layer of the Ce-doped SnO2 thin lm is
thicker than that of the SnO2 thin lm on exposure to ambient air
RSC Adv., 2017, 7, 4724–4734 | 4731
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Fig. 10 Gas sensing response curves of the Ce-doped SnO2 films prepared at various Ce sputtering powers on exposure to various concen-
trations of ethanol vapor (50, 100, 250, 500, and 750 ppm): (a) 0 W, (b) 20 W, (c) 40W, (d) 60W. (e) Gas sensing response values vs. ethanol vapor
concentrations for various Ce-doped SnO2 films. (f) Gas sensing response curve of the Ce-doped SnO2 film prepared at 80 W Ce sputtering
power on exposure to 500 ppm ethanol vapor.
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because of the larger number of adsorbed oxygen ions on the Ce-
doped SnO2 thin lm surface. By comparison, when the ethanol
gas was introduced into the test chamber, a higher degree of
depletion thickness variation of the Ce-doped SnO2 was expected
because a higher number of surface adsorbed oxygen ions would
react with ethanol gas molecules. A larger variation of the
Table 1 Comparisons of gas-sensing performances of various metal-dop
of target gas and Rg is that in the target gas)

Materials
Deposition
technique

Target
gas

Operating
temperature

W-Doped SnO2 thin lm Spray pyrolysis NO2 225 �C

Cu-Doped SnO2 thin lm Cosputtering Ethanol 180 �C

Ru-Doped SnO2 thin lm Spray pyrolysis Ethanol 250 �C

Pt-Doped SnO2 thin lm Spray pyrolysis CO 300 �C

Ce-Doped SnO2 thin lm Cosputtering Ethanol 225 �C

4732 | RSC Adv., 2017, 7, 4724–4734
depletion thickness of the Ce-doped SnO2 thin lms engendered
a larger variation in electric resistance on exposure to the ethanol
vapor. Therefore, the gas-sensing responses of the Ce-doped
SnO2 thin lm prepared using a Ce sputtering power of 60 W
were superior to those of the undoped SnO2 thin lm and
ed SnO2 thin films. (Ra is the sensor electrical resistance in the absence

S: sensor response
Response
time (s)

Recovery
time (s) Ref.

132 (400 ppm) 2 25 42
S ¼ [(Rg � Ra)/Ra] � 100
�4 (100 ppm) 140 N/A 43
S ¼ Ra/Rg

87.2 (100 ppm) N/A N/A 44
S ¼ [(Ra � Rg)/Ra] � 100
12 (200 ppm) N/A N/A 45
S ¼ Ra/Rg

5 (100 ppm) 4 45 This work
S ¼ Ra/Rg

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 A schematic of gas sensing mechanisms for the undoped and
Ce-doped SnO2 thin film on exposure to ethanol vapor. The size of
black arrows represented the number of electrons extracted by
adsorbed oxygenmolecules and liberated from adsorbed oxygen ions.
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SnO2 thin lms prepared using Ce sputtering powers of 20
and 40 W.
Conclusions

Ce-Doped SnO2 thin lms with various cerium concentrations
were prepared using cosputtering of Sn and Ce metallic targets
with different Ce sputtering powers. The as-prepared Ce-doped
SnO2 thin lms contained cerium in the concentration range
1.2–4.5 at% and exhibited a columnar grain feature with a high
crystallinity. The surface roughness of the Ce-doped SnO2 thin
lms increased with the cerium concentration in the lms.
Increasing the Ce sputtering power led to the formation of an
increased number of oxygen vacancies and Ce4+ ions near the
Ce-doped SnO2 thin lm surface. The increased number of
oxygen vacancies and Ce4+ ions and surface roughness of the 4.5
at% Ce-doped SnO2 thin lms prepared using a relatively high
Ce sputtering power considerably improved the ethanol-gas-
sensing responses of the lms.
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