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High-quality uniform SnO, thin films were successfully prepared by pulsed-spray evaporation chemical
vapor deposition (PSE-CVD) method, using a cost-efficient precursor of "Bu;Sn(acac),. The volatility
and stability of "Bu,Sn(acac), were studied through thermogravimetric-differential thermal (TG-DTA)
analysis and mass spectrometry, indicating the good adaptability for the CVD process. Deposition of
SnO, 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 0kJ/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 (110) to (101) plane is observed upon the increase of the deposition
temperature. The different variation of the nucleation and growth rates with the deposition temperature
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

was raised from 250°C to 450°C.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As one of the most widely exploited metal oxides, tin oxide
(Sn03) has attracted a considerable attention due to its unique
physical and chemical properties, such as wide band gap, good
chemical stability, high electrical conductivity and excellent func-
tionality [1-6]. Uniform SnO, films are particularly useful for gas
sensing, solar cells and nanoelectronic devices, since the unifor-
mity of films is crucial for minimizing current leakage in device
applications.

It is well accepted that the physicochemical properties of func-
tional films strongly depend on the selected preparation method
[7]. Up to date, various physical and chemical techniques have been
utilized to prepare SnO,-based films, including chemical vapor
deposition (CVD), sputtering, thermal evaporation, pulsed laser
deposition (PLD), ion-beam deposition, spin-coating and sol-gel
[8-18]. Some of these techniques are usually associated with the
necessity of high temperatures either during deposition or dur-
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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 SnO, 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 SnO, films,
including SnCly, Sn(NOs3)4, dimethyltindichloride ((CH3),SnCl,,
DMTC), monobutyltintrichloride (n-C4HgSnCl3, MBTC), Me4Sn,
Et4Sn, Me,Sn(NMe),, Bu,Sn(0,CMe),, Sn(0,CMe),, and Sn(NMe),
[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 SnO,-based films.

In the present study, we provide for the first
time an evaluation of the suitability of "BuySn(acac),
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Fig. 1. Thermal analysis curves for "Bu,Sn(acac); in air, 10°C/min: (a) TG curve; and (b) DTA curve.

((n-C4Hg),Sn(CH3COCHCOCH3),) as a precursor for the chemical
vapor deposition of SnO-, films. This potential precursor is a cost-
effective liquid source with sufficient volatility and is conveniently
air/moisture stable and non-toxic. The thermal behavior of the pre-
cursor was examined by thermogravimetric-differential thermal
analysis (TG-DTA) and mass spectrometry (MS). The structural,
electrical and optical properties of SnO, films were investigated
as a function of deposition temperature, with the consideration of
the nucleation and growth processes.

2. Experimental

The schematic set-up of the pulsed-spray evaporation chemical vapor deposi-
tion (PSE-CVD) apparatus for the growth of SnO, thin films was described elsewhere
[7]. This process runs in a pulsed way by injecting a liquid feedstock in the form
of a spray, which is an innovative technique for the fabrication of metal and metal
oxide films [2,7,23-25]. The deposition was performed in the range of 250-450 °C on
glass substrates. In this set-up, the evaporation and transport zones were set above
the cold-wall CVD chamber, the temperatures of which were kept at 180 °C for the
evaporation and 210 °C for the transport of the precursor. The "Bu,Sn(acac), (Strem
chemical) compound was dissolved in ethanol at a concentration of 2.5 mmol/L and
used as a liquid feedstock, which was introduced into the evaporation section as
a spray in a pulsed mode (pulse width: 25 ms, pulsing frequency: 1Hz) with an
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Fig. 2. Typical mass spectrum of "Bu,Sn(acac), taken at 200 °C.

average delivery rate of 1.50 mL/min. N; (225 sccm) and O, (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 "Bu,Sn(acac); 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 Ko radiation.
The thickness of the grown films was estimated gravimetrically with a precision
microbalance and assuming the full density of SnO,. 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 "Bu,Sn(acac),

In order to obtain the optimal deposition conditions and
provide useful information regarding the thermal behavior, the
"BuySn(acac), precursor was analyzed by TG-DTA in air, as shown
in Fig. 1. Since "Bu,Sn(acac), 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 *C4HgSn(acac),, *CH3Sn(acac),,
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Fig. 3. The Arrhenius plot of the deposition rate.

*CH3Sn(acac);COC3H7, *Sn(acac),, *SnCOC3H7, and *SnO respec-
tively.

3.2. Growth kinetics of SnO, films

The effect of the substrate temperature on the growth rate was
investigated using glass substrates in the range of 250-450°C.
The deposition rate (r) was dramatically enhanced from 0.2 to
1.6 nm/min when the substrate temperature was increased from
250 to 350°C. Deposition rate complies well with the Arrhenius
law, r=Aexp( — E1/RT), where A, E;, Rand T are a constant, the appar-
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Fig. 4. XRD patterns of as-deposited SnO, 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
is almost temperature-independent above 330 °C indicating trans-
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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Fig. 5. Effect of deposition temperature on the growth rate (a), nucleation rate (b), rg/ry (c) and crystallite size (d).
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3.3. Effect of nucleation and growth processes on the
characteristics of the grown films

The nucleation and growth process also play a key role on the
corresponding structural and morphological properties of SnO,
films. Fig. 4 shows the XRD patterns of the obtained 190 nm-thick
SnO, films at substrate temperatures in the range of 250-450°C.
All films were identified as rutile-type SnO, (JCPDS #88-0287). The
limited surface diffusion of the precursors at 250°C prevents the
further growth of the formed growth nuclei, which justifies the poor
crystallinity of films obtained at this temperature. The XRD pat-
tern of the grown film at 300 °C exhibits intense diffraction peaks
suggesting the enhanced crystallinity. Generally, the acquired XRD
patterns show a preferred (1 10) orientation of films grown below
400°C, which leads to the exposure of the face with low surface
energy. Nevertheless, an excessive thermal activation enables the
formation of surfaces with higher energies (1.29]/m? for (11 0)and
1.6]/m2 for (101)) [1].

Using the Scherrer equation, d=0.891/(B cos#), where d, A, B,
and 6 are respectively the crystallite size, X-ray wavelength, the
full-width-at-half-maximum height and Bragg angle, the variation
of the crystallite size was determined, giving more information
about the nucleation and growth process, as shown in Fig. 5d. The
crystallite size undergoes an abnormal change with the increase
of deposition temperature. From 250 to 350°C, the crystallite
size increases from 5nm to 38 nm. However when the deposi-
tion temperature increases further, the crystallite size decreases
dramatically to around 18 nm, which contrasts with the usually
observed continuous increase of crystallite size with the temper-
ature [7]. The temperature dependency of the nucleation (r,) and
growth (rg) rates might be the primary reason for this behavior.
Whereas the nucleation step is necessary for the growth of crystal-
lite films, an excessively high nucleation rate relative to the growth
rate disturbs the growth process and leads to the formation of films
with poor crystallinity and small crystallite size. In the present case,
the growth rate increases continuously from 250 to 350 °C and then
reaches a constant value at higher temperatures (Fig. 5a), while the
nucleationrate is expected to increase steadily in the entire range of
deposition temperature (Fig. 5b). With this assumption, the further
growth of individual nuclei, expressed as rg/ry, is then expected to
follow the trend sketched in Fig. 5¢, which is similar with that of
crystallite size. That is to say, in the low-temperature range the fur-
ther growth of nuclei increases faster with the temperature then the
rate of nucleation, which results in the increase of crystallite size.
Above 350°C, however, the nucleation rate predominates, leading
to the decrease of crystallite size.

3.4. Electrical and optical properties of SnO, films

Fig. 6 shows the variation of electrical resistivity of the as-grown
SnO, films on glass substrates at different deposition temperatures.
Films deposited at 250 °C show the lowest electrical resistivity that
lies at 0.21 Q2 cm. With the increase of deposition temperature,
the electrical resistivity gradually increased to reach a value that
is 35 fold higher at 450°C. It is worth noting that the evolution
of the crystallite size with the temperature shows a maximum at
350°C, and the SEM surface inspection did not show any signifi-
cant morphological impact of the growth temperature. Therefore,
the trend of the electrical resistivity is unlikely to be related to the
structure/texture variations. The most likely cause of the degraded
electrical conductivity of films obtained at higher temperature is
the presence of carbon impurities, which is indicated in the discus-
sion of TG-DTA part.

The transmission spectra of SnO, films deposited at 300-450°C
are shown in Fig. 7a. The measurements were conducted in the
wavelength range of 300-900 nm at room temperature using glass
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Fig. 6. Resistivity SnO, 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,
except for the shift of the absorption edge. The detailed optical
band gap of E; for the direct transition was determined from the
following equation, (cthv)? =B(hv — Eg) where « is the absorption
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Fig. 7. (a) The transmission spectra of SnO; films deposited on glass substrate at
different substrate temperatures; (b) Band gap energy E; vs deposition temperature.
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coefficient, B is a material-specific constant, and hv is the incident
photon energy. Fig. 7b shows the extracted band gap energies using
Tauc plots. It is noted that Eg increases from 4.02 eV to 4.08 eV with
the increase of deposition temperature. These values exhibit an
almost 0.5 eV blue shift from that of bulk SnO; (3.6 eV), which might
be associated with the incorporation of contaminants in the films as
a results of high temperature decomposition of the precursor. Rel-
ative to the electrical resistivity, the optical properties of the SnO,
films are less sensitive to the growth temperature; nevertheless a
steady trend is observed in both cases which rules out their cor-
relation with the crystallite size. The obtained result corroborates
with the incorporation of carbon contamination into the film upon
the less selective decomposition at high temperature. Therefore,
the suitability of "Bu,Sn(acac); for the application as precursor for
the thermal CVD is restricted to low growth temperatures.

4. Conclusions

Uniform nanocrystallite SnO, thin films were successfully pre-
pared at 250-450 °C by PSE-CVD technique, using "Bu,Sn(acac), as
precursor. The TG-DTA analysis and mass spectrometry suggest the
good volatility and stability of "BuySn(acac),, properties that are
advantageous for potential CVD precursors. The film growth acti-
vation energy changes from 0 kJ/mol to 66.5 k]J/mol at 330°C with
decreasing deposition temperature, indicating the rate-limiting
step changing from diffusion control mode to surface kinetics
control one. Films deposited at different temperatures show a
rutile-type tetragonal structure based on XRD patterns, while the
increase of deposition temperature could activate the growth of
crystallite planes with different surface energies, leading to the
change of preferred orientation. The difference of nucleation rate
and growth rate is thought to be the main reason for the change
of crystallite size. The electrical resistivity was found to increase
from 0.21 2cm to 7.58 Q2 cm when the deposition temperature
was increased from 250 to 450 °C, which might be associated with
the increased carbon impurities for films deposited at high tem-
perature. Optical measurements show that all films are largely
transparent in the visible spectral region, with an average trans-
parency of 90%. The band gap energy increases from 4.02eV to
4.08 eV when the deposition temperature increases from 300 to
450°C.
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