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a  b  s  t  r  a  c  t

High-quality  uniform  SnO2 thin  films  were  successfully  prepared  by  pulsed-spray  evaporation  chemical
vapor  deposition  (PSE-CVD)  method,  using  a  cost-efficient  precursor  of nBu2Sn(acac)2.  The volatility
and  stability  of nBu2Sn(acac)2 were  studied  through  thermogravimetric-differential  thermal  (TG-DTA)
analysis  and  mass  spectrometry,  indicating  the  good  adaptability  for  the  CVD  process.  Deposition  of
SnO2 films  was  made  in  the  range  of  250–450 ◦C to  investigate  the  effect  of  substrate  temperature  on
their  structural  and  physical  properties.  The  film  growth  activation  energy  changes  from  66.5  kJ/mol  in
the range  of  250–330 ◦C  to  0 kJ/mol  at 330–450 ◦C, suggesting  the  change  of  the  rate-limiting  step  from
surface  kinetics  to  diffusion  control.  All  films  possess  the  rutile-type  tetragonal  structure,  while  a  change
of preferred  orientation  from  (1 1 0) to (1  0 1)  plane  is observed  upon  the  increase  of  the  deposition
temperature.  The  different  variation  of  the  nucleation  and  growth  rates  with  the  deposition  temperature
VD is  proposed  to  explain  the  observed  unusual  change  of  crystallite  size.  A  significant  deterioration  of
the electrical  conductivity  was  observed  upon  the increase  of  the  deposition  temperature,  which  was
tentatively  attributed  to the  non-specific  decomposition  of  the  precursor  at high  temperature  leading  to
carbon  contamination.  Optical  measurements  show  transparencies  above  80%  in the  visible  spectral  range
for all  films,  while  band  gap  energy  increases  from  4.02  eV  to  4.08  eV  when  the  deposition  temperature

 450
was  raised  from  250 ◦C to

. Introduction

As one of the most widely exploited metal oxides, tin oxide
SnO2) has attracted a considerable attention due to its unique
hysical and chemical properties, such as wide band gap, good
hemical stability, high electrical conductivity and excellent func-
ionality [1–6]. Uniform SnO2 films are particularly useful for gas
ensing, solar cells and nanoelectronic devices, since the unifor-
ity of films is crucial for minimizing current leakage in device

pplications.
It is well accepted that the physicochemical properties of func-

ional films strongly depend on the selected preparation method
7]. Up to date, various physical and chemical techniques have been
tilized to prepare SnO2-based films, including chemical vapor
eposition (CVD), sputtering, thermal evaporation, pulsed laser

eposition (PLD), ion-beam deposition, spin-coating and sol–gel
8–18]. Some of these techniques are usually associated with the
ecessity of high temperatures either during deposition or dur-

∗ Corresponding author. Tel.: +86 57187952730; fax: +86 57187952366.
E-mail address: mse yanmi@zju.edu.cn (M.  Yan).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.05.014
◦C.
© 2011 Elsevier B.V. All rights reserved.

ing a post-deposition annealing, which damages the surface of the
films and negatively effects on the optical properties [19]. CVD
is a universal technique that was  widely used in the deposition
of SnO2 either in experimental research or industrial processes
[20].

In a conventional CVD process, gaseous precursors are trans-
ported to a heated substrate on which they react yielding a
solid film on the substrate. Naturally, the volatility and decom-
position mechanism of a precursor largely determine the final
quality and physical properties of the films [21]. Various types
of precursors have been applied in the deposition of SnO2 films,
including SnCl4, Sn(NO3)4, dimethyltindichloride ((CH3)2SnCl2,
DMTC), monobutyltintrichloride (n–C4H9SnCl3, MBTC), Me4Sn,
Et4Sn, Me2Sn(NMe)2, Bu2Sn(O2CMe)2, Sn(O2CMe)2, and Sn(NMe)2
[22]. Inorganic precursors generally need high deposition tem-
perature and tend to result in halide contaminations, while
organometallic precursors are air/moisture-sensitive, toxic and/or
quite expensive [21,22].  Therefore, exploring the suitability of

volatile and liquid metal-organic potential precursors is very
important for the development of SnO2-based films.

In the present study, we provide for the first
time an evaluation of the suitability of nBu2Sn(acac)2

dx.doi.org/10.1016/j.jallcom.2011.05.014
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mse_yanmi@zju.edu.cn
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Fig. 1. Thermal analysis curves for nBu2Sn(acac

(n–C4H9)2Sn(CH3COCHCOCH3)2) as a precursor for the chemical
apor deposition of SnO2 films. This potential precursor is a cost-
ffective liquid source with sufficient volatility and is conveniently
ir/moisture stable and non-toxic. The thermal behavior of the pre-
ursor was examined by thermogravimetric-differential thermal
nalysis (TG-DTA) and mass spectrometry (MS). The structural,
lectrical and optical properties of SnO2 films were investigated
s a function of deposition temperature, with the consideration of
he nucleation and growth processes.

. Experimental

The schematic set-up of the pulsed-spray evaporation chemical vapor deposi-
ion (PSE-CVD) apparatus for the growth of SnO2 thin films was described elsewhere
7].  This process runs in a pulsed way by injecting a liquid feedstock in the form
f  a spray, which is an innovative technique for the fabrication of metal and metal
xide films [2,7,23–25].  The deposition was performed in the range of 250–450 ◦C on
lass substrates. In this set-up, the evaporation and transport zones were set above
he cold-wall CVD chamber, the temperatures of which were kept at 180 ◦C for the

vaporation and 210 ◦C for the transport of the precursor. The nBu2Sn(acac)2 (Strem
hemical) compound was  dissolved in ethanol at a concentration of 2.5 mmol/L and
sed as a liquid feedstock, which was introduced into the evaporation section as

 spray in a pulsed mode (pulse width: 25 ms,  pulsing frequency: 1 Hz) with an
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Fig. 2. Typical mass spectrum of nBu2Sn(acac)2 taken at 200 ◦C.
re (ºC)

ir, 10 ◦C/min: (a) TG curve; and (b) DTA curve.

average delivery rate of 1.50 mL/min. N2 (225 sccm) and O2 (750 sccm) flows were
used  as carrier and reaction gases, respectively. The working pressure in the reactor
during deposition was  stabilized at 50 mbar.

The precursor was characterized by TG-DTA, which was conducted in air flow
of  80 mL/min at ambient pressure, with a heating rate of 10 ◦C/min from 40 ◦C to
500 ◦C using TG/Shimadzu TGA-50H and DTA/Shimadzu DTA-50. A mass spectrom-
eter (Agilent 6890/Micromass GCT-MS) was used to analyze the gas-phase species
released from nBu2Sn(acac)2 when heated in vacuum at the rate of 10 ◦C/min from
150 ◦C to 400 ◦C. The sampled gas was  ionized by electron impact (EI) and the mass
was  scanned up to 800 m/z. X-ray diffraction (XRD) patterns of the grown films were
recorded with a Philips X’Pert Pro MDR  X-ray diffractometer, using Cu K� radiation.
The thickness of the grown films was estimated gravimetrically with a precision
microbalance and assuming the full density of SnO2. The so-determined nominal
thickness was kept around 190 nm for all films deposited at different tempera-
tures. The electrical conductivity measurements were performed in air atmosphere
at  room temperature using a four-probe d.c. equipment. The optical transmittance
and absorption were measured with a Shimadzu UV-5001PC UV–visible spectropho-
tometer in the wavelength range of 300–900 nm.

3. Results and discussion

3.1. Volatility and stability of nBu2Sn(acac)2

In order to obtain the optimal deposition conditions and
provide useful information regarding the thermal behavior, the
nBu2Sn(acac)2 precursor was  analyzed by TG-DTA in air, as shown
in Fig. 1. Since nBu2Sn(acac)2 is liquid at room temperature, it
evaporates steadily with the temperature increase. Nevertheless,
increasing the temperature above 200 ◦C induces a steep weight
loss, Fig. 1a, that corresponds to a series of exothermal processes
as shown in Fig. 1b. These results show that the precursor evapo-
rates much more quickly since the temperature of 200 ◦C is above
the boiling point. Worthy of noting is that there is a high resid-
ual amount as 15% of the initial weight and meanwhile a sharp
exothermic peak around 450 ◦C in the DTA curve, which repre-
sents decomposition and oxidation of the sample [26] and might
cause the organic residues in the films. Therefore, film deposition
at high temperatures might induce carbon/organic contamination.
In our case, the temperature of the evaporation zone was set
around 200 ◦C, which favors the evaporation without decompo-

sition in the gas-phase. The acquired mass spectrum at 200 ◦C,
Fig. 2, shows that the precursor is still dominantly intact, with
the presence of six major peaks at m/z = 375, 332, 292, 218,
178 and 135, corresponding to +C4H9Sn(acac)2, +CH3Sn(acac)2,
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is almost temperature-independent above 330 C indicating trans-
Fig. 3. The Arrhenius plot of the deposition rate.

CH3Sn(acac)2COC3H7, +Sn(acac)2, +SnCOC3H7, and +SnO respec-
ively.

.2. Growth kinetics of SnO2 films

The effect of the substrate temperature on the growth rate was
nvestigated using glass substrates in the range of 250–450 ◦C.

he deposition rate (r) was dramatically enhanced from 0.2 to
.6 nm/min when the substrate temperature was increased from
50 to 350 ◦C. Deposition rate complies well with the Arrhenius

aw, r = Aexp( − Ea/RT), where A, Ea, R and T are a constant, the appar-
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Fig. 4. XRD patterns of as-deposited SnO2 films obtained at different substrate
temperatures.

ent activation energy, the gas constant and the substrate absolute
temperature, respectively. The Arrhenius plot of the deposition
rate, Fig. 3, indicates two different deposition regimes. In the low-
temperature regime (<330 ◦C), the deposition takes place with an
apparent activation energy of 66.5 kJ/mol, which is likely to corre-
spond to the kinetically controlled growth mode. The growth rate

◦

port limitations. The surface kinetic processes become so rapid that
the deposition process became limited by the diffusion of the active
gaseous species through the boundary layer.
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except for the shift of the absorption edge. The detailed optical
band gap of Eg for the direct transition was determined from the
following equation, (˛h�)2 = B(h� − Eg) where  ̨ is the absorption
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.3. Effect of nucleation and growth processes on the
haracteristics of the grown films

The nucleation and growth process also play a key role on the
orresponding structural and morphological properties of SnO2
lms. Fig. 4 shows the XRD patterns of the obtained 190 nm-thick
nO2 films at substrate temperatures in the range of 250–450 ◦C.
ll films were identified as rutile-type SnO2 (JCPDS #88-0287). The

imited surface diffusion of the precursors at 250 ◦C prevents the
urther growth of the formed growth nuclei, which justifies the poor
rystallinity of films obtained at this temperature. The XRD pat-
ern of the grown film at 300 ◦C exhibits intense diffraction peaks
uggesting the enhanced crystallinity. Generally, the acquired XRD
atterns show a preferred (1 1 0) orientation of films grown below
00 ◦C, which leads to the exposure of the face with low surface
nergy. Nevertheless, an excessive thermal activation enables the
ormation of surfaces with higher energies (1.29 J/m2 for (1 1 0) and
.6 J/m2 for (1 0 1)) [1].

Using the Scherrer equation, d = 0.89�/(B cos �), where d, �, B,
nd � are respectively the crystallite size, X-ray wavelength, the
ull-width-at-half-maximum height and Bragg angle, the variation
f the crystallite size was determined, giving more information
bout the nucleation and growth process, as shown in Fig. 5d. The
rystallite size undergoes an abnormal change with the increase
f deposition temperature. From 250 to 350 ◦C, the crystallite
ize increases from 5 nm to 38 nm.  However when the deposi-
ion temperature increases further, the crystallite size decreases
ramatically to around 18 nm,  which contrasts with the usually
bserved continuous increase of crystallite size with the temper-
ture [7].  The temperature dependency of the nucleation (rn) and
rowth (rg) rates might be the primary reason for this behavior.
hereas the nucleation step is necessary for the growth of crystal-

ite films, an excessively high nucleation rate relative to the growth
ate disturbs the growth process and leads to the formation of films
ith poor crystallinity and small crystallite size. In the present case,

he growth rate increases continuously from 250 to 350 ◦C and then
eaches a constant value at higher temperatures (Fig. 5a), while the
ucleation rate is expected to increase steadily in the entire range of
eposition temperature (Fig. 5b). With this assumption, the further
rowth of individual nuclei, expressed as rg/rn, is then expected to
ollow the trend sketched in Fig. 5c, which is similar with that of
rystallite size. That is to say, in the low-temperature range the fur-
her growth of nuclei increases faster with the temperature then the
ate of nucleation, which results in the increase of crystallite size.
bove 350 ◦C, however, the nucleation rate predominates, leading

o the decrease of crystallite size.

.4. Electrical and optical properties of SnO2 films

Fig. 6 shows the variation of electrical resistivity of the as-grown
nO2 films on glass substrates at different deposition temperatures.
ilms deposited at 250 ◦C show the lowest electrical resistivity that
ies at 0.21 � cm.  With the increase of deposition temperature,
he electrical resistivity gradually increased to reach a value that
s 35 fold higher at 450 ◦C. It is worth noting that the evolution
f the crystallite size with the temperature shows a maximum at
50 ◦C, and the SEM surface inspection did not show any signifi-
ant morphological impact of the growth temperature. Therefore,
he trend of the electrical resistivity is unlikely to be related to the
tructure/texture variations. The most likely cause of the degraded
lectrical conductivity of films obtained at higher temperature is
he presence of carbon impurities, which is indicated in the discus-

ion of TG-DTA part.

The transmission spectra of SnO2 films deposited at 300–450 ◦C
re shown in Fig. 7a. The measurements were conducted in the
avelength range of 300–900 nm at room temperature using glass
Substrate temperature / °C

Fig. 6. Resistivity SnO2 films as a function of deposition temperature.

substrate as background. In general the average transmittance in
the visible spectral range is above 80%. There are no evident dif-
ferences observed for films deposited at different temperatures,
Deposition temperature (ºC)

Fig. 7. (a) The transmission spectra of SnO2 films deposited on glass substrate at
different substrate temperatures; (b) Band gap energy Eg vs deposition temperature.
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oefficient, B is a material-specific constant, and h� is the incident
hoton energy. Fig. 7b shows the extracted band gap energies using
auc plots. It is noted that Eg increases from 4.02 eV to 4.08 eV with
he increase of deposition temperature. These values exhibit an
lmost 0.5 eV blue shift from that of bulk SnO2 (3.6 eV), which might
e associated with the incorporation of contaminants in the films as

 results of high temperature decomposition of the precursor. Rel-
tive to the electrical resistivity, the optical properties of the SnO2
lms are less sensitive to the growth temperature; nevertheless a
teady trend is observed in both cases which rules out their cor-
elation with the crystallite size. The obtained result corroborates
ith the incorporation of carbon contamination into the film upon

he less selective decomposition at high temperature. Therefore,
he suitability of nBu2Sn(acac)2 for the application as precursor for
he thermal CVD is restricted to low growth temperatures.

. Conclusions

Uniform nanocrystallite SnO2 thin films were successfully pre-
ared at 250–450 ◦C by PSE-CVD technique, using nBu2Sn(acac)2 as
recursor. The TG-DTA analysis and mass spectrometry suggest the
ood volatility and stability of nBu2Sn(acac)2, properties that are
dvantageous for potential CVD precursors. The film growth acti-
ation energy changes from 0 kJ/mol to 66.5 kJ/mol at 330 ◦C with
ecreasing deposition temperature, indicating the rate-limiting
tep changing from diffusion control mode to surface kinetics
ontrol one. Films deposited at different temperatures show a
utile-type tetragonal structure based on XRD patterns, while the
ncrease of deposition temperature could activate the growth of
rystallite planes with different surface energies, leading to the
hange of preferred orientation. The difference of nucleation rate
nd growth rate is thought to be the main reason for the change
f crystallite size. The electrical resistivity was found to increase
rom 0.21 � cm to 7.58 � cm when the deposition temperature
as increased from 250 to 450 ◦C, which might be associated with

he increased carbon impurities for films deposited at high tem-
erature. Optical measurements show that all films are largely

ransparent in the visible spectral region, with an average trans-
arency of 90%. The band gap energy increases from 4.02 eV to
.08 eV when the deposition temperature increases from 300 to
50 ◦C.
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