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pound semiconductors with a wide 
band gap (3.6-4.0 eV) at room tem-
perature and intrinsic n-type electri-
cal conductivity.[3] Given their low 
electrical resistivity (10-2-10-4 Ωcm), 
high chemical resistance, thermal 
stability and mechanical strength,[4] 
SnO2 nanostructures offer promi-
sing potential for improved chemical 
sensing behaviour due to its redox 
switching between different states, 
which facilitates a reversible transfor-
mation of the surface composition 
from Sn4+ cations on the surface into 
a reduced surface with Sn2+ cations 
depending on the oxygen chemical 
potential of the system.[5]

Tin oxide nanostructures have been 
synthesized by a number of methods 
such as chemical vapor transport at 
high temperatures,[6] thermal eva-
poration of tin oxide powders[7] and 
plasma enhanced chemical vapor de-
position.[8] Although a large body of 
data is available on the synthesis of 
tin oxide nanostructures (particles, 
films, nanowires and nanobelts) in 
pure and doped compositions, syn-
thetic pathways for their controlled 
growth and modification remains an 
overarching task. We have recently 
reported a molecule-based chemical 
vapor deposition (CVD) process for 
the synthesis of tin oxide and other 
semiconductor nanowires.[9-11]
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Detecting small quantities of gases 
and chemicals is becoming increasin-
gly important for consumer, health 
and security applications such as mo-
nitoring the ecological constituents 
and to control the concentration of 
toxic and hazardous gases.[1] Nan-
ostructures are especially attractive for 
detector and quantifier applications, 
particularly due to their high surface-
to-volume ratio and higher sensitivi-
ty towards surface reactions, which 
results in charge penetration layers 
being comparable to nanostructure 
dimensions.[2] Tin oxide (SnO2)
represents the class of IV-VI com-
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nanoplates to a sputter-redeposition 
process in low power Ar/O2 plasma, 
in order to modulate the defect con-
centration and the Sn:O stoichiome-
try followed by investigations on the 
chemical sensing properties of as-de-
posited and plasma treated samples.

Growth of tin oxide nanoplates: 
Crystal structure, composition and 
morphology

Tin oxide nanoplatelets were depo-
sited by CVD of [Sn(OtBu)4] in the 
temperature range 700-725 °C. Post-
deposition modification of tin oxide 
nanostructures have been carried out 
by treating the samples (3 min) in r.f. 
plasma, as a versatile nano-modifica-
tion and fabrication tool, containing 
reactive oxygen gas and argon carrier 
gas in 3:1 ratio. To study the influence 
of plasma treatment over the physical 
and chemical properties of the CVD 
grown tin oxide nanostructures (S1), 
samples were treated with the plasma 
powers of 25 (S2), 40 (S3), 55 (S4) 
and 125 (S5) W. 

XRD patterns (figure 1) of as-depo-
sited and plasma treated SnO2 nano-
plates showed a Casseterite tetragonal 
rutile structure. No other crystalline 
impurities were detected in the sam-
ples. The intensity of the peaks cor-
responding to the SnO2 phase was 
found to gradually diminish upon 

The pre-formed Sn-O units in the 
precursor molecule [Sn(OtBu)4] and 
the facile and clear stripping of or-
ganic ligands resulted in single crys-
talline SnO2 nanowires at relatively 
low temperatures. [9] Herein we de-
scribe the controlled growth of single 
crystal tin oxide platelets followed by 
modulation of their morphology and 
composition induced by argon and 
oxygen plasma.

Semiconductor oxide nanostructures 
with ideal stoichiometric balance 
(electro-neutrality) are poor transdu-
cers for chemical sensing due to low 
signal-to-noise ratio, making excessi-
ve signal amplifications and/or high 
operating temperatures mandatory 
for optimal sensing performance. 
Since electrical properties of tin oxide 
depend on oxygen vacancies, mobili-
ty and concentration of charge car-
riers and surface states, an effective 
lowering of operation temperature 
and enhanced gas sensing ability can 
be obtained by modifying surface 
and chemical composition of stoichi-
ometric nanostructures, for instance, 
through incorporation of metallic 
impurities in the oxide semiconduc-
tor. For example, an effective band 
bending effect can be achieved by in-
creasing the concentration of donor 
atoms or defects in the material. We 
have exposed CVD grown tin oxide 

Fig. 1: XRD patterns of as-deposited
(S1) and SnO2 nanoplates treated
with plasma powers 25 W (S2),
40 W (S3) and 55 W (S4), for 3
minutes.



101

a selective and preferential etching of 
certain facets in the nanoplates. Sam-
ples treated at higher plasma energy 
showed the formation of nanoglo-
bular particles (samples S3 and S4), 
indicating advanced etching pheno-
menon and/or sputter-redeposition 
process. Given the reduced pressure 
in the plasma chamber (~4 Pa), the 
mean free path of the etched species 
was rather short which can lead to 
redeposition and rearrangement of 
etched tin and oxygen species on 
the surface of tin oxide platelets. At 
much higher plasma power (125 W), 
a large number of pores were found 
in the surface of the sample S5, exhi-
biting a predominant etching effect 
with suppressed redeposition.

XPS characterization of the samples 
S1, S3 and S5 (figure 3) confirmed 
the inherent changes observed in 
XRD, in the tin oxide CVD samp-
les after exposure to r.f. plasma. As-
deposited SnO2 sample exhibited the 
characteristic double peak for the Sn 
3d orbital with the main peak (Sn 
3d5/2) at binding energy 486.6 eV 
(FWHM 1.4). Upon plasma treat-
ment at 40 W, the appearance of 
an additional peak at lower binding 
energy (484.7 eV) was observed, 
which corresponds to the metallic tin 
phase.[12] The peak surface area ana-
lysis of the metallic phase revealed 

plasma-treatment with increasing 
plasma power, which was accompa-
nied by incipient crystallization of 
tin sub-oxides. Samples treated at 25 
W plasma power (S2) revealed X-ray 
diffraction peaks corresponding to 
mix- and sub-valent tin oxide species 
(Sn2O, Sn3O4 and SnO) possibly for-
med by the etching of lattice oxygen 
atoms from the SnO2 deposits. With 
further increase in plasma power (40 
W), intensity of the peaks attributed 
to Sn3O4 and Sn2O3 were decreased 
apparently due to progressive reduc-
tion reactions, which was supported 
by the observation of metallic tin 
phase. Apparently, the enhanced et-
ching of oxygen by high momentum 
particles impinging on the surface is 
responsible for the observed reduc-
tion of tin oxide.[8] It was also noted 
that the content of metallic Sn was 
proportional to the increase in ap-
plied plasma power. Treatment of tin 
oxide with pure Ar plasma produced 
samples with high tin content and 
conductance, which were not suita-
ble for sensing applications.

The SEM analysis of S1 (figure 2)
showed uniform SnO2 nanoplates 
with the thickness of 30-40 nm,
which were transformed to elongated 
granular structures by the ion bom-
bardment at 25 W. The inhomogene-
ous morphological change suggested 

Fig. 2: SEM micrographs of (a) as depos-
ited and (b) plasma-treated SnO2

nanoplates along with their cor-
responding surface wetting be-
haviors.

Fig. 3: XPS analysis of as-deposited and 
plasma-treated SnO2 nanoplates.
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wers (S3 and S4) showed an increase 
in wetting behaviour with a decre-
ase in the contact angles of 86° and 
56°, respectively. The determination 
of contact angle on samples treated 
with 125 W was not possible and ex-
treme hydrophilicity of the surface, 
evident in immediate film formation 
was observed.

Sensing characteristics

For chemical sensing experiments, 
100 ppm ethanol in synthetic air was 
fed into the chamber with 15 sccm 
flow rate. The sensitivity of the SnO2

samples was calculated as the ratio of 
its base resistance (Rair) to the shift 
due to ethanol exposure (Reth).

Temperature dependent sensitivity 
of the samples treated at different 
plasma power conditions were mea-
sured by exposing the samples to air/
ethanol/air cycles, in the tempera-
ture range 220 – 250 °C (figure 4). 
At 250 °C, the sensitivity towards 
ethanol molecules in samples S1, S2 
and S3 was found to be 1.6, 2.1 and 
5.9, respectively indicating a subs-
tantial augmentation of the gas sen-
sing ability of SnO2 deposits upon 
plasma treatment. Further increase 
in plasma power resulted in enhan-
ced reduction of tin oxide as confir-
med by higher metallic content (cf. 

approximately 3.0 at.% Sn(0) in 
the sample. XPS investigation of the 
sample S5, evidently showed that in-
creased plasma energy (125 W) pro-
duced higher amount of metallic tin 
(up to 15.6 at.%), in accordance to 
the higher degree of chemical trans-
formation.

Wetting behaviour and contact an-
gle measurements 

Interfering effects of water vapor in 
the detection of gaseous species on 
metal oxide surfaces is a well-known 
limitation (cross-sensitivity). Enhan-
cement of gas sensing response in the 
presence of water vapor is commonly 
accepted although the corresponding 
mechanisms are complex and dif-
ficult to model. Since plasma treat-
ment of SnO2 surface can influence 
the degree of chemisorbed and roo-
ted –OH groups (groups including 
lattice oxygen), the wetting proper-
ties of samples S1-S5 were investiga-
ted. Contact angle of water droplets 
on as-deposited and plasma treated 
nanoplates (Inset, figure 2) revealed 
a hydrophobic nature for as-deposi-
ted samples, with a contact angle of 
108°. No notable changes were ob-
served in the water repellent nature 
of sample S2 (contact angle 104°) 
treated at low plasma power (25 W). 
Samples treated at higher plasma po-

Fig. 4: Dependence of electrical response
of tin oxide samples against op-
eration temperature.
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over stoichiometric surfaces (S1). 
On exposure to ethanol gas at 250 
°C, the sheath resistance of S3 (~29 
kΩ) was lower than that found in S1 
(~67 kΩ) possibly due to redox reac-
tion induced shift in the Fermi ener-
gy on the surface.[5] This also indica-
ted the presence of partially reduced 
tin oxide species in S3, supporting 
higher chemisorption and therefore 
increased the molecular interactions 
between the reducing analyte and the 
surface, when compared to S1. As 
the chemisorbed oxygen atom does 
not attract the electrons so strongly 
as lattice atoms do, the resulted filled 
energy level is bent above the valence 
band. Since the segregated Sn atoms 
are expected to be less electropositive 
when compared to lattice bound Sn 
atoms, their energy levels are lower 
than the conduction band levels in 
stoichiometric tin oxide, as schema-
tically described in figure 6.

As a result, new donor levels, created 
by plasma induced reduction, act as 
a source of additional charge carriers, 
which can be promoted to the sur-
face with lower threshold energies, 
thus facilitating an effective redox 
reaction at lower temperature.

Plasma treatment at elevated pow-
er (55 W) apparently etched larger 
number of bridging oxygen atoms 
leading to pronounced SnO2 reduc-

XRD), which reduced the sensitivity 
of the sample S4 to 3.6. In general, 
plasma treatment showed a positive 
effect on the gas sensing behaviour 
of as-deposited tin oxide deposits, 
which allowed to achieve substantial 
sensitivity of the samples even at lo-
wer operating temperature. However 
an increasing metallic character alters 
the conduction behaviour suppres-
sing the semiconductor properties, 
detrimental for the transduction me-
chanism.

At room temperature, S3 (24.2 kΩ) 
showed lower resistance in compa-
rison to S1 (44.1 kΩ), which can 
possibly be attributed to increased 
surface charge carriers in the oxy-
gen deficient layers created through 
interaction of energetic species with 
surfacial –Sn–O– units. The sensing 
response cycles (figur 5) of S3, at 
250 °C showed the base resistance 
of S3 was found to be higher than 
that of S1 apparently due to oxy-
gen chemisorption at the newly ge-
nerated active sites, which trap the 
electrons on the surface. Effective 
oxygen chemisorption, was favoured 
in non-stoichiometric S3 (cf. XRD 
and XPS), because neutral oxygen 
molecules adsorb in a more facile 
manner on plasma induced lattice 
oxygen vacancies and consequently, 
show better adsorption behaviour 

Fig. 5: Sensing response of S1 and S3 for
ethanol at 250 °C.

Fig. 6: Surface energy level model for
SnO2 suggesting the work func-
tion: (a) before and (b) after plas-
ma treatment.
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tion with formation of in-plane oxy-
gen vacancies, which reduced the se-
miconductor properties and thus the 
sensitivity of the samples. The gra-
dual chemical transformation model 
(figure 7), in as-deposited sample is 
evidented by the emergence of Sn(0) 
peak as shown in the XRD and XPS 
data.

The response and recovery times were 
defined as the time needed for the 
resistance of the sensors to reach its 
final equilibrium value (± 10%) for 
given reaction conditions (figur 8).
Response time was nearly identical 
for all samples within the range of 10 
seconds. Recovery time for S2 and S3 
increased proportionally with higher 
plasma power used for surface modi-
fication whereas abrupt increase in 
recovery time for S4 suggested that 
removal (desorption) of chemisorbed 
oxygen in oxygen-deficient samples 
is energetically less favoured thereby 
demanding a longer time period to 
reach the equilibrium condition.

In summary, the plasma-chemical 
transformation of metal oxide nan-
ostructures is a versatile strategy to 
modify the morphology, compositi-
on and functional behaviour of ad-
vanced ceramics with wide-reaching 
technological implication in the field 
of sensors and transparent conduc-
ting oxides.

Fig. 7: Schematic representation of Sn:O
stoichiometry in as-deposited and
plasma-treated samples.

Fig. 8: Response and recovery times of
SnO2 nanoplates for ethanol 
sensing.


