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Abstract−The effect of oxygen flow rate on the electrical and optical characteristics of dopantless tin oxide films pre-
pared by low pressure chemical vapor deposition (LPCVD) was investigated. A decrease in the sheet resistance of the
film with increasing oxygen flow rate in the range of 200-300 sccm was attributed to an increase in the film thickness
(and correspondingly, in the grain size); while at oxygen flow rates higher than 300 sccm, the increase in the sheet
resistance of the film resulted from an increase in the X-ray diffraction peak intensities of the (110), (101), and (201)
planes. The optical bandgap of the film decreased when the oxygen flow rate was increased from 200 to 300 sccm, but
it remained nearly constant for oxygen flow rates higher than 300 sccm. A maximum figure-of-merit was achieved for
films prepared with an oxygen flow rate of 300 sccm.
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INTRODUCTION

Tin oxide (SnO2) has drawn much attention for its high electri-
cal conductivity, high optical transparency in the visible wave-
length region, high reflectivity in the infrared wavelength region
and good mechanical and chemical stability [1-5]. Tin oxide is an
n-type semiconductor with tetragonal rutile structure, where oxy-
gen vacancies give rise to charge carriers. Thus, tin oxide films have
potential applications in transparent conducting electrodes, solar
cells, gas sensors, flat panel displays and heat reflection coatings
[6-13]. These applications require a precise control of the electri-
cal and optical properties of tin oxide films tailored for the spe-
cific application.

Different deposition methods, such as sputtering, evaporation,
spray pyrolysis, and chemical vapor deposition (CVD), have been
used to prepare tin oxide films [1-4,14-18]. Among these meth-
ods, the CVD process is relatively simple, inexpensive, and affords
a good control over the film properties. Particularly, low pressure
chemical vapor deposition (LPCVD) has the advantage of produc-
ing films of uniform thickness with low impurity concentrations.

Electrical properties (e.g., sheet resistance) of tin oxide films are
usually varied by introducing dopants such as fluorine and anti-
mony into the film. However, these dopants are detrimental to the
environment. Recently, we reported the preparation of dopantless
tin oxide films grown by LPCVD, where we investigated the effects
of the deposition temperature on the film properties [19].

As an extension of our previous work, this study reports on the

electrical and optical characteristics of dopantless tin oxide films
deposited by LPCVD with different flow rates of oxygen. The oxy-
gen flow rates ranged from 200 to 500 sccm. The changes in the
sheet resistance and the optical bandgap of the films were ana-
lyzed by the modification of crystallography and surface morphol-
ogy of the films.

EXPERIMENTAL

LPCVD of tin oxide films was performed in a horizontal hot-
wall reactor system, which was described in detail in a previous
report [19]. Tin oxide films were deposited on Si substrates. The
substrate was a p-type Si (100) wafer that was cut into a 10×10 mm2

square.
Dibutyl tin diacetate (DBTDA, C12H24O4Sn) and oxygen were

used as tin source and oxidant, respectively. Tin oxide films were
formed by the following reaction:

C12H24O4Sn+17O2→SnO2+12CO2+12H2O (1)

DBTDA is a liquid at ambient conditions and therefore argon
was used as a carrier gas to transport the vaporized DBTDA to
the reaction chamber. The flow rate of argon was 50 sccm. The
chamber pressure and the deposition temperature were fixed at
4 Torr and 450 oC, respectively. The oxygen flow rate was varied
from 200 to 500 sccm to investigate its effect on the electrical and
optical characteristics of the tin oxide films.

The thickness of the tin oxide film was measured with a thick-
ness meter (K-Mac, Spectra Thick 2000). The sheet resistance was
measured by using a four-point probe (Advanced Instrument Tech-
nology, CMT-SR1000N). Optical absorption of the film was mea-
sured by using a UV-VIS spectrometer (Jasco, V-650). Surface
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morphology of the tin oxide films was examined by field emis-
sion scanning electron microscopy (FE-SEM, JEOL, S-4800). Micro-
structural analysis of the film involved using a high power X-ray
diffractometer (XRD, Rigaku, Ultima III), which used a CuKα radia-
tion (wavelength=0.154 nm) as an incident beam.

RESULTS AND DISCUSSION

Fig. 1 shows the deposition rates of the tin oxide films depos-
ited at various flow rates of oxygen. The deposition time was 1 h in
all cases. The deposition rate monotonically increases from 326 to
554 nm/h as the oxygen flow rate increases from 200 to 300 sccm
before reaching a plateau for flow rates higher than 300 sccm. This
behavior of the deposition rate with respect to the oxygen flow
rate is similar to results from other studies on the LPCVD of tin
oxide films using other precursors such as tetramethyl tin (TMT)
and tin tetrachloride (SnCl4) [20].

The CVD of tin oxide films is a heterogeneous reaction during
which gaseous reactants react with a solid substrate. A heteroge-
neous reaction is generally controlled by either the mass transfer of

reactants to the substrate surface or by a surface reaction, depend-
ing on the process conditions. In the present study, an increase in
the deposition rate of the tin oxide films with oxygen flow rate up
to 300 sccm implies that the deposition is limited by mass transfer
in this regime. With increasing flow rates of oxygen, the mass trans-
fer coefficient increases. At oxygen flow rates higher than 300 sccm,
mass transfer is sufficiently faster than the surface reaction, result-
ing in a nearly constant deposition rate with oxygen flow rate. There-
fore, the deposition is limited by surface reaction in this regime.

Fig. 2 shows the sheet resistance of the tin oxide films as a func-
tion of oxygen flow rate. The sheet resistance of the film drastically
decreases from 1,126 to 272Ω/□ as the oxygen flow rate increases
from 200 to 300 sccm. For oxygen flow rates higher than 300 sccm,
the sheet resistance is increased to 442Ω/□. It is known that the
electrical conductivity of tin oxide films increases with film thick-
ness because of an increase in grain sizes and a corresponding de-
crease in the number of grain boundaries [1]. Therefore, a decrease
in sheet resistance of the tin oxide films with increasing oxygen
flow rate up to 300 sccm results from an increase in the film thick-
ness. However, the sheet resistance of the film increased for oxygen
flow rates higher than 300 sccm even though the film thickness was
nearly constant with oxygen flow rate in this range (see Fig. 1). This
implies that factors other than film thickness affect the sheet resis-
tance of tin oxide films at high oxygen flow rates (higher than 300
sccm).

The dependence of grain size on the film thickness can also be
determined from SEM images. Fig. 3 shows SEM images of the
tin oxide films deposited at various flow rates of oxygen. The aver-
age grain size increases from 50 to 100 nm with oxygen flow rates
of 200-300 sccm, and the films deposited at oxygen flow rates of
300-500 sccm show no discernible change in grain size. This result
is in accordance with the change in the film thickness with oxy-
gen flow rate.

To explain the reason why the dependence of sheet resistance of
the tin oxide film on the oxygen flow rates higher than 300 sccm
did not follow that of the grain size, microstructural analysis was
undertaken. Fig. 4 shows the X-ray diffraction (XRD) patterns of
the tin oxide films prepared by LPCVD at various flow rates of oxy-
gen. For all the different oxygen flow rates, the diffraction patterns
of the tin oxide films show only SnO2 peaks corresponding to the
(110), (101), (200), (211), and (220) planes. At all flow rates of oxy-
gen, the tin oxide films show the (200) plane as the preferred ori-
entation. This agrees with other studies on CVD of the tin oxide
films using DBTDA as a tin source [21]. The intensity of the (200)
peak increases slightly with oxygen flow rate. In contrast, the intensi-
ties of the peaks other than the (200) plane show no discernible
changes with oxygen flow rate in the 200-300 sccm range. The
intensity of the (110) peak starts to increase with oxygen flow rate
higher than 300 sccm and the intensities of the (101) and (211)
peaks also increase with oxygen flow rate higher than 400 sccm.
This structural variation of the film can explain why the sheet resis-
tance of the tin oxide films increases with oxygen flow rate in the
300-500 sccm range. It has been found that films grown along planes
other than the (200) plane produce deep-lying trapping centers,
which decreases the concentration of charge carriers, leading to a
corresponding reduction in the conductivity of the film [21]. There-

Fig. 1. Deposition rate of tin oxide films at different flow rates of
oxygen.

Fig. 2. Sheet resistance of tin oxide films as a function of oxygen
flow rate.
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fore, the sheet resistance of the tin oxide films increases with oxy-
gen flow rate in the 300-500 sccm range due to increased crystal
growth for the (110), (101), and (211) planes as shown by the XRD
results.

Optical absorption measurements were conducted to investigate
the dependence of the optical bandgap of the tin oxide films on the
oxygen flow rate. The optical bandgap of the film was obtained using
the relationship between the absorption coefficient and the photon
energy. It is known from previous work that tin oxide with the rutile
structure has a direct bandgap [22]. For a film with a direct band-
gap, the absorption coefficient is given by the following equation:

(αhν)2=B(hν−Eg) (2)

In Eq. (2), a is the absorption coefficient, Eg is the optical band-
gap, B is a constant, and hν is the photon energy where h is the
Planck’s constant and ν is the frequency. Since (αhν)2 has a linear

Fig. 3. SEM images of tin oxide films deposited at oxygen flow rates of (a) 200, (b) 250, (c) 300, (d) 400, and (e) 500 sccm.

Fig. 4. XRD patterns of tin oxide films prepared with different flow
rates of oxygen.
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relation with hν, the optical bandgap can be estimated by extrapo-
lating the linear portion of the graph of (αhν)2 vs. hν to (αhν)2=0.
Fig. 5 shows a representative curve of (αhν)2 vs. hν to calculate the
optical bandgap of tin oxide film. In this figure, the flow rate of
oxygen is 200 sccm. A linear fit of the curve in the photon energy
range of 4.0-4.5 eV is used to estimate the optical bandgap from
the intercept of the straight line on the x-axis (Fig. 5).

The optical bandgaps of the tin oxide films deposited with dif-
ferent flow rates of oxygen are calculated using the above-men-
tioned procedure and are shown in Fig. 6. As can be seen, the optical
bandgap decreases as the oxygen flow rate increases from 200 to
300 sccm. For oxygen flow rates higher than 300 sccm, the band-
gap remained almost unchanged. It has been reported that the
optical bandgap of tin oxide films decreases with increasing film
thickness [17]. Therefore, it can be concluded that a decrease in
the optical bandgap with increasing oxygen flow rates of 200-300
sccm results from an increase in the thickness of the film, while a
constant optical bandgap with oxygen flow rates higher than 300
sccm results from a constant film thickness.

One of the most interesting applications of tin oxide is in trans-
parent conducting electrodes. For the practical use of tin oxide films
as a transparent conducting electrode, both the conductivity and
transmittance of the films need to be as high as possible. In gen-
eral, these are inversely related to each other [1]. The optimum
values of these two parameters (conductivity and transmittance)
can be considered together by introducing a parameter of a ‘fig-
ure of merit’. For transparent conducing films, the figure of merit
is defined as [23]

ΦTC=Tr10/Rsh (3)

where Tr is the transmittance at a particular wavelength and Rsh is
the sheet resistance of the film. Fig. 7 shows the figure of merit of
the tin oxide films deposited at various flow rates of oxygen. In
this figure, the transmittance of the film was measured at the wave-
length of 600 nm. The figure of merit has maximum value of 6×
10−4

□/Ω when the oxygen flow rate is 300 sccm. This implies that
under the process conditions used in this work, the tin oxide film
deposited with an oxygen flow rate of 300 sccm has the best per-
formance as a transparent conducting electrode.

CONCLUSIONS

Dopantless tin oxide films were prepared at different flow rates
of oxygen by LPCVD, and the electrical and optical characteristics
of the films were investigated. Changes in the deposition rate of
the tin oxide films with oxygen flow rates revealed that the film
deposition was limited by mass transfer for oxygen flow rates from
200 to 300 sccm and by surface reaction for higher flow rates (300
to 500 sccm).

Sheet resistance of the tin oxide films decreased as the oxygen
flow rate increased from 200 to 300 sccm due to an increase in the
film thickness and a corresponding increase in the grain size as
verified by SEM measurements. Although the film thickness was
nearly constant for oxygen flow rates higher than 300 sccm, the
sheet resistance of the film increased with oxygen flow rate in this
range. This was because of higher grain sizes as demonstrated by

Fig. 6. Optical bandgap of tin oxide films as a function of oxygen
flow rate.

Fig. 7. Figure-of-merit for tin oxide films as a function of oxygen
flow rate.

Fig. 5. Plot of (αhν)2 vs. hν to estimate the optical bandgap by ex-
trapolating the linear part of the curve. The flow rate of oxy-
gen is 200 sccm.
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the increase in the peak intensities of the (110), (101), and (201)
planes in the XRD for oxygen flow rates in the 300-500 sccm range.

The optical bandgap of the tin oxide films decreased when the
oxygen flow rate was increased from 200 to 300 sccm, and was
nearly constant for higher oxygen flow rates, which is due to the
dependence of the film thickness on the oxygen flow rate. The figure-
of-merit of the tin oxide film, which is a measure of the superior
performance of a transparent conducting electrode, had a maxi-
mum value when the oxygen flow rate was 300 sccm.

This work demonstrates that LPCVD is well adapted to the fab-
rication of dopantless tin oxide films and enables the optimization
of the electrical and optical properties by controlling process parame-
ters such as oxygen flow rate.
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