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ABSTRACT: Uniform nanocrystalline films of tin oxide have been deposited on glass and silicon substrates by a solution spin-
coating method followed by annealing under flowing oxygen at different temperatures. Complete conversion of the coated
tin(IV) chloride solution to tin oxide at a post-oxygen-anneal temperature greater than 120 °C is confirmed by energy-dispersive
X-ray analysis and depth-profiling X-ray photoemission measurements. Transmission electron microscopy and X-ray
diffraction studies further reveal that the onset of SnO, nanocrystallite formation in the amorphous film occurs at 350 °C.
The resulting nanocrystallites that are accompanied by the observed granular structures and voids throughout the film as a result
of crystallization and grain growth exhibit a narrow size distribution. The average nanocrystallite size is found to slowly increase
from 7 nm at 350 °C to 10 nm at 500 °C (likely due to a strain-limited growth mechanism) and to grow exponentially above a
second onset at 500 °C with a concomitant growth of the grains and a rapid increase in the roughness of the granular films. X-ray
diffraction and Raman experiments further show a largely uniform depth distribution of nanocrystallites throughout the film,
with a higher density near the surface. The facile physical control in the average size of the nanocrystallites by post-oxygen-
anneal temperature in a desirable size regime (7—30 nm) promises a cost-effective, easily scalable fabrication method of SnO,

film for gas-sensing and nanoelectronic applications.

1. Introduction

Transparent conducting oxide materials have been widely
used in a variety of applications due to their unique physical
and chemical properties. Some of the important transparent
conducting oxides are SnO,, ZnO, In,03, Ga,03, and CdO. 1.2
The wide band gap in these oxides gives rise to their transparency,
while the presence of metal interstitials and oxygen deficiency
in their lattices generally leads to high n-type conductivity.
Transparent conducting oxides can also take up a high level
of oxygen deficiency while keeping the lattice structure almost
intact. Furthermore, oxygen exchange reactions on their highly
chemically stable surfaces could generate strong gas sensing
and catalytic activities.® All these properties make transparent
conducting oxides attractive materials for solar cells, displays,
catalysts, and gas sensor applications.

The two most common phases of tin oxide (TO) are tin(II)
or stannous oxide (SnO) and tin(IV) or stannic oxide (SnO,)
with tin having an oxidation state of +2 and +4, respectively.
SnO, has a band gap of 3.6 ¢V and is more stable than SnO in
thermal conditions of interest for most known applications
of this material.** SnO, has also been found to be one of the
most chemically stable materials among the aforementioned
transparent conducting oxide materials. Fluorine and anti-
mony doped SnO; show a very low resistivity on the order of
107* Q-cm, comparable to those of the highly conductive
indium—tin-oxide and doped ZnO films.' > Homogeneous,
pristine, or doped layers of SnO, with noble metal ions or their
oxides are the most commonly used materials in solid-state gas
sensors.’ SnO, gas sensors have a high sensitivity, and the poro-
sity of the films and the crystallite size have proven to be very
important factors in improving the sensitivity and response
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time of these sensors. In particular, the gas-sensing properties
of SnO, have been found to increase by decreasing the crystal-
lite size below 10 nm for both pristine and doped SnO,
sensors.®” The adsorbed gases create space-charge layers on
the surface of the crystallites, which generate an electric field
that bends the energy band to create a barrier for carrier
transport through the film. Decreasing the size of crystallites
below 10 nm makes the thickness of this space-charge layer
comparable to the size of the grain, which drives the transport
toward a “neck-controlled” regime or even a total carrier-
depleted grain regime with further decrease in the crystallite
size.®® Reducing the SnO» crystalline grain size and narrowing
its size distribution will therefore greatly increase the sensitivity
of the gas sensors.

In addition to the importance of the SnO; crystalline grain
size for gas-sensing applications, the conductivity of the film is
also of great interest to their applications as transparent con-
ducting electrodes or active semiconducting layers in organic
electronics’ ! and in transparent thin-film transistors.'? There
are several challenges in modifying or improving some of the
properties of the SnO, layers for these applications. In
particular, controlling the surface roughness and the unifor-
mity of the SnO, film are crucial for minimizing current
leakage problems in device applications, while improving
the quality of the interface between the SnO, layer and other
layers would enhance the charge transport and functionality
of the device. Understanding the structural, physical, and
chemical properties of SnO, and the changes that can be induced
in its structure and consequently its other properties can
offer new routes to address the challenges associated with this
material.

Extensive studies have been conducted on TO films devel-
oped on different substrates by a variety of methods, including
radio frequency magnetron sputtering,'*'* electrodeposition, '

sol—gel, ' successive ionic layer deposition,?*?!' spray
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pyrolysis,>*?? and pulsed laser deposition.>*** Depending on
the deposition method, postannealing, calcination, or manip-
ulation of the substrate temperature and gas pressure can be
used to control the size of the crystallites and to produce the
desired morphology. In the present work, we demonstrate
the preparation of continuous, smooth, granular TO films on
glass and Si substrates by using a simple, easily scalable spin-
coating procedure followed by annealing in oxygen. We
identify the onset of crystallization and the growth evolution,
as well as a simple means to control the nanocrystallite size
and density in the layers. Extensive characterization is also
performed in order to explore the relationship of the mor-
phology, crystallinity, and nanocrystallite size and distribu-
tion to the chemical composition and defects of the films. The
present study shows that the present preparation technique
could be an attractive alternative to the commonly used methods
of producing nanocrystalline TO films based on spin-coating
of presynthesized SnO, nanoparticles onto an insulating
substrate.'®!®

2. Experimental Details

Thin uniform TO films were prepared on glass and Si substrates by
spin-coating an appropriate amount of a precursor solution [first in a
low-speed (600 rpm) step followed by a high-speed (1800 rpm) step
for even spreading] by using a programmable spinner (Headway
Research PWM32). The precursor solution consisted of 0.5—2.0 M
SnCly- SH>0 in isopropanol. Ethanol and water have also been used
as the solvent, but they do not give better results than isopropanol for
glass substrates. The 2 x 2 cm? glass (Corning No. 0211) substrates
(0.2 mm thick) were cleaned by thorough washing and sonication in
acetone and then isopropanol. To improve the adhesion of the
coating to the glass substrate, the glass was roughened by etching
ina 1 M NaOH solution for 10 min followed by thorough washing
and sonication in isopropanol. In the case of Si substrates, the original
RCA method?® was used to produce a clean Si surface with a thin
oxide layer. The spin-coated films were subsequently transferred into
a quartz tube furnace and annealed for 1 h in a flowing oxygen
atmosphere (with a flow rate > 70 sccm) at 100—900 °C, during which
SnCl, underwent a single-replacement reaction (with O,) to form tin
oxide, SnOy (x =1, 2). A gentle heating ramp of 10 °C min~ ' was
used in order to minimize the formation of cracks in the films.

The surface morphology of the films was examined by scanning
electron microscopy (SEM) in a LEO FESEM 1530 microscope, while
surface roughness was determined under ambient conditions by tapping-
mode atomic force microscopy (AFM) in a Digital Instruments
Dimension 3100 Nanoscope IV. The structure of the films was
analyzed by using glancing-incidence X-ray diffraction (GIXRD)
at an incidence angle of 0.3° in a PANalytical MRD X’pert Pro
diffractometer using the Cu Kat line (1.54 A) with a Cu mirror in the
incident beam optics and a parallel plate collimator in the diffracted
beam optics. Local nanostructures were also studied by transmission
electron microscopy (TEM) in a JEOL 2010F scanning TEM oper-
ated at 200 kV. Surface composition of the as-formed films was
characterized by X-ray photoelectron spectroscopy (XPS) using a
Thermo-VG Scientific ESCALab 250 Microprobe with a monochro-
matic Al Ko source (1486.6 eV), capable of an energy resolution of
0.4—0.5 eV full width at half-maximum (fwhm). Raman vibrational
spectra of the samples were measured by using a Bruker Senterra
Raman spectrometer with an excitation wavelength of 532 nm and a
spectral resolution of 3—5 cm™ .

3. Results and Discussion

3.1. Surface Morphology and Roughness. SEM studies
have been performed on all the films, of which minor charg-
ing was observed for those prepared with a postanneal
temperature below 350 °C, reflecting their nonconducting
nature. Subsequent EDX studies on these nonconducting
films (obtained with a postannealing temperature of 120—300 °C)
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revealed no detectable chlorine signal in the samples, which
indicates the completion of the oxygen replacement reaction.
Itis important to note that the oxygen flow plays an essential
role in this replacement reaction, because it drives the reac-
tion toward completion even at a postanneal temperature as
low as 120 °C. If the annealing was performed without oxygen
flow, evaporation of the solvent would occur, causing re-
crystallization of stannic chloride salt appearing as a white
powder on the glass surface. For the spin-coated film
obtained with a 2 M [SnCl,] solution and postannealing at
450 °C, continuous uniform deposition on the glass substrate
was observed (Figure 1a). As is commonly found in a spin-
coating process, a minor material build-up was noted near
the edges of the substrate due to surface tension. The crack
formation that has often been reported in sol—gel coated
films'®!® can be minimized by optimizing the initial anneal-
ing rate. Close examination at a higher magnification of the
sample postannealed at 400 °C reveals the granular mor-
phology of the film with grain sizes below 50 nm (Figure 1b).
Similar morphologies have also been obtained for films
postannealed at 350, 450, and 500 °C (not shown). As shown
in the cross-sectional SEM image (inset of Figure 1b, and
further confirmed by low resolution TEM images in Figure 4
below), grains are also found throughout the thickness of
the film, similar to that observed for the surface. For a spin
speed of 1000—1800 rpm and duration of 5—10 min, the
concentration of the precursor solution, [SnCly], used in the
spin-coating process is found to play an important role in
controlling the thickness of the resulting TO films (after post-
annealing). The film thickness can be varied from 130 nm
using a 0.5 M solution to 218 nm using a 2.0 M solution, the
latter of which isillustrated in the cross-sectional SEM image
of the sample postannealed at 400 °C (inset of Figure 1b).
Repeating the spin-coating and postannealing cycle in suc-
cessive steps can be used to create thicker films, with the film
thickness reproducible to within 30 nm.

Figure 1 also shows AFM images of the glass substrate
with (Figure 1¢) and without etching (Figure Ic, inset), and of
the TO films as-deposited and upon postannealing at different
temperatures on the etched glass substrates (Figure 1d—i).
Table 1 summarizes the corresponding root-mean-square
(rms) surface roughness of these samples over a fixed scan
area of 1 um? As expected, the surface roughness of the
etched glass (Figure 1c), with a rms value of 0.4 nm, is con-
siderably larger than that of the nonetched glass (Figure 1c,
inset), with a rms value of 0.2 nm. The rms roughness of the
deposited films is found to increase with increasing post-
anneal temperature, from 0.9 nm over 1 /Lmz at 250 °Cto 2.2 nm
over 1 ,umz at 500 °C on the etched glass substrate, and to
6.6 nm over 1 um? at 600 °C on Si substrate (Table 1). Small
round grains are found to emerge on the surface of the film
prepared with a postanneal at 350 °C (Figure 1f), suggesting
the onset of a structural evolution at this temperature.
Raising the postanneal temperature to 400, 450, and 500 °C
increases the granularity of the film, with a concomitant in-
crease in the size of these grains (Figure 1g—i) and in the rms
roughness (Table 1). It should be noted that the rms rough-
ness values of the films synthesized below 500 °C by the
present method are among the smallest when compared to
those of films prepared by other methods, for example,
electron beam evaporation®” and spray pyrolysis,''** mak-
ing the present procedure not only a facile and cost-effective
but also a superior method for device fabrication. Further-
more, the apparent granular structure appears homogeneous
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Figure 1. SEM images of tin oxide films prepared with a post-oxygen-anneal at (a) 450 °C and (b) 400 °C (with a cross-sectional image of the
film shown in inset). AFM images of (c) glass substrate with and without etching (inset) and (d—i) tin oxide films prepared with post-oxygen-
annealing at different temperatures. Roughness (height) scale and scale bar are the same for all the AFM images.
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Figure 2. Glancing-incidence XRD patterns of tin oxide films pre-
pared with different post-oxygen-anneal temperatures with peak
assignments in accord with the SnO, reference pattern (ICDD
PDF# 00-041-1445). The patterns are shown on a linear scale and
have been offset for clarity. Inset shows the change in the nanocrys-
tallite size, deduced by Scherrer analysis based on the (110) peak
width, with increasing postanneal temperature. The straight line in
the inset corresponds to an exponential fit to the data on the high
temperature side (500—900 °C). The films obtained at 600, 700, and
900 °C are prepared on Si substrates, while the rest obtained at a
lower postanneal temperature are prepared on glass substrates.

over the entire sample. This granularity along with the
pores observed in the cross-sectional SEM image (inset of
Figure 1b, and further shown in low-resolution TEM images

in Figure 4 below) helps to increase the surface area of
the film.

3.2. Crystal Structures. Figure 2 compares the GIXRD pat-
terns of the deposited films (spin-coated with a 2 M [SnCly]
solution) postannealed for 1 h at different temperatures.
For the films obtained with a postanneal temperature below
350 °C, diffraction patterns with broad features are observed,
indicating an amorphous film structure (Figure 2). On the
other hand, the films obtained with a postanneal tempera-
ture at or above 350 °C exhibit prominent diffraction peaks,
the peak positions and relative intensities of which are in
excellent accord with the reference tetragonal SnO, profile
(ICDD PDF# 00-041-1445). This indicates that the onset of
crystallization occurs near 350 °C. The peak observed at 26
= 56.12° for the sample postannealed at 600 °C and the weak
shoulder at 20 = 51.12° correspond to diffraction features of
the Si(100) substrate. The peak intensities of the TO film
obtained at 400 °C are found to be considerably higher than
those at 350 °C, while a postanneal temperature in the range
of 400—500 °C does not significantly increase the respective
intensities. Applying the Scherrer analysis to the strongest,
(110), diffraction peak of the films enables us to estimate the
corresponding average crystalline grain sizes. As shown in
Table 1, the average crystalline grain size is found to increase
from 3.8 nm at 350 °C to 4.8 nm at 500 °C on the glass
substrates. The growth trend has also been studied at higher
temperatures by preparing TO films on Si substrates with
postannealing at 600, 700, and 900 °C. It should be noted
that deposition below 600 °C has also been performed on Si


http://pubs.acs.org/action/showImage?doi=10.1021/cg1011814&iName=master.img-000.jpg&w=335&h=334
http://pubs.acs.org/action/showImage?doi=10.1021/cg1011814&iName=master.img-001.jpg&w=184&h=151

250 Crystal Growth & Design, Vol. 11, No. 1, 2011

(a)

=
=

=]

o

£

£

X 900 °C
2

§ 400 °C
‘E 1 1 L 1 1 1 "

T 20 40 60 80 100

2 @ ( degree)

i
—

Bazargan et al.

Figure 3. (a) Glancing incidence XRD profiles and (b, ¢, d) TEM images of a tin oxide film prepared on a Si substrate with post-oxygen anneal
at 400 °C (a, b), followed by a second anneal of the same film at 900 °C (a, ¢, d).

Table 1. Root-Mean-Square (RMS) Surface Roughness over 1 ﬂmz Area
Measured by AFM, Full Width at Half Maximum (fwhm) of the (110)
Peak and the Corresponding Crystallite Sizes Estimated by the Scherrer
Analysis, and Compared to Those Obtained from TEM Data, for the
Pristine and Etched Glass Substrate and for Tin Oxide Samples Prepared
with Different Post-Oxygen-Anneal Temperatures on Etched Glass
Substrates (250—500°C) and Si Substrates (600, 700, 900°C)

rms fwhm of the crystallite size crystallite size
roughness (110) peak  from XRD  from TEM

samples (nm) (deg) (nm) (nm)
glass substrate 0.2 £ 0.1 NA NA NA
etched glass 0.4 +0.1 NA NA NA

substrate

250 °C 0.9+0.1 NA NA NA
300 °C 0.7+0.1 NA NA NA
350 °C 1.6+0.3 2.55 3.8 6.6+ 1.0
400 °C 1.7+£0.3 2.14 4.6 8.7+ 1.6
450 °C 22403 2.24 4.4 94+ 14
500 °C 22403 2.08 4.8 9.7+1.5
600 °C 6.6 +2.0 1.47 7.6 NA
700 °C NA 1.12 11.3 NA
900 °C NA 0.72 25.5 30+9.9

substrate, and the resulting films are found to exhibit mor-
phology and properties similar to those prepared on glass
substrates. This similarity is likely due to the existing native
oxide layer (~10 nm thick) on the Si substrates (as a result of
the RCA cleaning method). The corresponding XRD pat-
terns (Figure 2) show an increase in the peak intensities along
with a notable decrease in the peak width. Scherrer analysis
further indicates a considerable increase in the average
nanocrystallite size to 7.6, 11.3, and 25.5 nm with the respec-
tive increasing postanneal temperature (Table 1).

The observed trends in the intensities of the diffraction
peaks and the average nanocrystallite sizes with increasing
postanneal temperature suggest a two-step growth mecha-
nism with onsets at 350 and 500 °C. Depending on the syn-
thesis methods, there are different reports about the onset
temperature of crystallization for SnO,. In particular, Shukla
et al."” annealed a dip-coated film at 600 °C to create nano-
crystallites in the layer (as shown in their TEM images), while

Jin et al.'” obtained crystalline samples upon annealing

a spin-coated tin oxide gel at 400 °C. Chang et al."” reported
the formation of a crystalline phase in electrodeposited films,
which they subsequently annealed at 400 °C for 4 h in order
to increase the crystallinity of the samples. The presently
observed crystallization onset at 350 °C is therefore in good
accord with these earlier studies. Above the onset of nano-
crystallite formation at 350 °C, a minor increase in the post-
anneal temperature, for example, 400 °C, dramatically in-
creases the amount of crystalline material. Further increase
of the postanneal temperature to 450 and 500 °C, however,
does not significantly change the amount of crystalline
material. In order to determine whether the conversion of
amorphous to crystalline TO is complete, we compare the
XRD patterns of a TO film prepared on a Si substrate, in a
separate experiment, with postannealing at 400 °C before
and after a second postanneal at 900 °C (Figure 3a). The
apparent increase in the peak area of the (110) diffraction
peak after the second anneal at a higher temperature (900 °C)
indicates that a substantial amount of amorphous phase
remains in the TO films obtained with a postanneal at
400—500 °C (Figure 3a). However, further annealing a sample
obtained by postannealing at 400 °C (for 1 h) for extended
time periods (24 and 96 h) at the same postanneal tempera-
ture (400 °C) produces essentially unchanged XRD patterns,
that is, without any discernible changes in the peak intensity
and width (Supporting Information, Figure S1). These ex-
periments show that although the amorphous-to-crystalline
conversion in this temperature range (400—500 °C) is in-
complete, no further detectable nucleation and nanocrystal-
lite growth occur with prolonged annealing at the same
temperature. This indicates the heterogeneous nature of
nucleation within the amorphous TO phase and that the
resulting nanocrystallites in the amorphous matrix are re-
strained from further growth. The nanocrystallite size also
exhibits a very slow increase with increasing postanneal tem-
perature from 3.8 nm at 350 °C to 4.4—4.8 nm at 400—500 °C
(inset of Figure 2). However, increasing the postanneal


http://pubs.acs.org/action/showImage?doi=10.1021/cg1011814&iName=master.img-002.jpg&w=300&h=236

Article

Crystal Growth & Design, Vol. 11, No. 1, 2011 251

Figure 4. TEM images of the tin oxide films prepared on glass substrates with post-oxygen-annealing at (a, b) 350 °C, (c, d) 400 °C, (e, f) 450 °C
and (g, h) 500 °C. Insets show the respective magnified areas of the images, with the lattice planes and their spacings (b, f), and selected area
electron diffraction patterns, with the crystalline planes identified for individual rings (a, ¢) for samples prepared with postannealing at 350 and

450 °C.

temperature to 600, 700, and 900 °C leads to an exponential
increase in the nanocrystallite size, along with a concomitant
decrease in the amount of amorphous phase, indicating a
new growth mechanism above 500 °C. We hypothesize that
the change in density near the nucleation sites during the
conversion of amorphous phase to crystalline phase creates
strain, which in turn limits the nanocrystallite growth to less
than 5 nm in size below the second onset temperature (500 °C).
Above 500 °C, sufficient energy is available to overcome the
barrier in this “strain-limited”” growth step, and the subsequent
growth step follows the Arrhenius-like (exponential) trend.

Figure 4 shows the bright-field TEM images of the TO
films obtained on the glass substrates with different post-
anneal temperatures. The TEM images have been obtained
from different parts of the film to ensure a general sampling
of the entire film. Evidently, the size distributions of the
nanocrystallites obtained over the postanneal temperature
range (350—500 °C) for the present TEM study appear to
be quite narrow (typically £1.5 nm). The as-grown grains are
generally found to be spherical, with a diameter smaller than
10 nm. This granular structure also leads to formation of
pores throughout the film thickness. This is consistent with
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the observed spherical grain morphology and the increasing
trend in the surface roughness of the films with increasing
postanneal temperature, as observed in the respective SEM
and AFM images (Figure 1). The average sizes of these
crystalline grains are estimated from the high-resolution
TEM images (Figure 4, right) by fitting circles or ellipses
around the crystallites, and they are summarized in Table 1.
The average grain size is found to increase from 6.6 nm at 350 °C
to 8.7—9.7 nm in the 400—500 °C range. The present TEM
analysis gives a similar trend of increasing crystallite size with
increasing postanneal temperature, but with larger nano-
crystallite sizes than those given by the XRD Scherrer
analysis. Given that peak broadening in XRD is due to both
crystallite size and local defects and strain in the nanocrys-
tallites, Scherrer analysis will give smaller grain sizes for
nanocrystalline films with more crystalline defects. The dis-
cernibly larger grain sizes extracted from the TEM images
than those obtained from the XRD patterns therefore sug-
gest the presence of a considerable amount of defects in the
nanocrystallites.

The lattice spacings are also measured from the high-
resolution TEM images shown for the samples obtained
with postanneal temperatures of 350 and 450 °C (insets of
Figure 4b,f). The corresponding lattice spacings of 2.64 and
3.37 A are well matched to the respective lattice spacings of
the (101) plane (2.6427 A) and (110) plane (3.347 A) of the
reference bulk tetragonal SnO, (ICDD PDF# 00-041-1445).
These two lattice spacings are the largest found in the SnO,
structure, making them the easiest to identify in the TEM
images. Careful inspection of the lattice spacings indicates
that within a single grain, the lattice spacings may vary
around an average value, indicating the presence of crystal-
line defects, such as vacancies, dislocations, and local strains.
The high-resolution images therefore support our conclusion
that the observed larger average crystalline grain size than
those deduced by Scherrer XRD analysis is largely due to the
presence of crystalline defects. Closer examination of the
high-resolution images reveals the presence of a large density
of point and line defects in the observed crystallites, which is
particularly evident in the sample postannealed at 350 °C
(Figure 4b). The observed crystallites for the samples prepared
at temperatures below 500 °C have less distinct boundaries,
and in spite of the large number of defects appear to exhibit a
single crystalline orientation individually (Figures 3 and 4).
However, for the sample postannealed at 900 °C, there are
individual crystallites with different crystalline orientations
(Figure 3c,d). Evidently, the regions with different orienta-
tions are separated by contrasting fringes (marked by
arrows), which show the change in the crystal orientation
and the stress and defect lines in their boundary. Moreover,
the distorted shape of the crystallite, together with the
observed different crystal orientations at which distortions
are observed, clearly show that fusion of crystallites with
different initial crystalline orientations could be a plausible
mechanism for grain growth at a higher temperature.

For the samples obtained with postanneal temperatures of
350 °C (Figure 4a) and 450 °C (Figure 4e¢), distinct diffraction
rings originating from different planes found in the respective
selected area electron diffraction patterns further indicate the
polycrystalline nature of the SnO, phase in the sample. The
bright rings at the center of the respective patterns correspond to
the (110) and (101) planes, while the (211) ring is also visible
in both patterns. Similar diffraction patterns exhibiting the
(110), (101), and (211) planes have also been reported by
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Chang et al.'* and Chen et al.”® Additional weak (310) and
(112) rings are also observed for the samples postannealed at
350 and 450 °C, respectively. The observed diffraction rings
indicate the presence of only polycrystalline phase of SnO,,
without a discernible amount of crystalline SnO or metallic
Sn, in good accord with the GIXRD results.

3.3. Composition. Our X-ray diffraction data indicate that
there are significant amounts of both crystalline and amor-
phous phases present in the TO film obtained with post-
annealing at 400 °C (on a glass substrate). Unlike the films
obtained at a higher postanneal temperature of 600—900 °C
(on a Si substrate), this granular film contains monodisperse
nanocrystallites with sizes below 10 nm, which are of poten-
tial interest to new applications and are especially desirable
for gas-sensing applications. This film also represents the
type of stable TO films with similar structural and composi-
tion characteristics that can be obtained on a transparent,
low-heat resistant substrate like glass in this temperature
range (400—500 °C). We therefore conduct further composi-
tion analysis of this film by depth-profiling XPS. The survey
spectrum of the film (Supporting Information, Figure S2)
shows prominent Sn and O features, with no discernible
intensity for Cl features, confirming the completion of the
replacement reaction.

Figure 5a shows the XPS spectra of the Sn 3ds;; and O 1s
regions at different sputtering times for the TO film obtained
with postannealing at 400 °C (Figure 1b,g). The Sn 3ds),
peak at 487.4 eV for the as-prepared film starts to shift to a
lower binding energy after 60 s of sputtering and settles at
487.0 eV for longer sputtering times (> 120 s). This minor
shift toward a lower binding energy is also observed for the
O Ispeak, from 531.3 eV for the as-prepared film to 530.8 eV
upon sputtering for > 120 s. These binding energy shifts in
the Sn 3ds), and O 1s peaks may be due to surface charging
caused by the presence of a carbonaceous layer as a result of
sample handling in air. A closer examination of the spectra
(Figure 5a) reveals the presence of a high-energy tail of the
O Is peak, which has been attributed to “chemisorbed oxygen”
on the surface by Szuber et al.>” in their XPS study of the surface
treatment of SnO,. To assign the Sn 3ds), features, we have
measured the XPS spectra of SnO, and SnO powders (Aldrich,
99.9% and 99% purity, respectively) as reference, which, after
sputtering for 200 s to remove the carbonaceous layers, exhibit
Sn 3ds), binding energies of 487.0 and 486.6 eV, respectively. In
accord with these reference spectra (Supporting Informa-
tion, Figure S3), we assign the observed Sn 3ds), peak at
487.0eV to Sn*" (in SnO,). This assignment is also consistent
with the reported binding energy values for tin oxide synthe-
sized by different procedures,***? all found with an energy
difference of less than 1 eV between the Sn*™ and Sn®" states.

In Figure 5, we also plot, as a function of sputtering time,
the relative peak intensities of Sn 3ds/, (at 487.0eV) and O 1s
(at 530.8 eV), as well as the corresponding O-to-Sn ratio
obtained after appropriate correction by the respective sen-
sitivity factors (4.725 for Sn 3ds;; and 0.711 for O 1s).** The
presence of chemisorbed oxygen could account for the slightly
higher stoichiometric ratio (2.1) found for the as-prepared
sample. After sputtering for 60 s, a considerable reduction in
the O 1s peak intensity is observed primarily due to the
removal of the high binding energy tail, which also supports
the presence of chemisorbed oxygen on the surface of the as-
prepared film. On the other hand, sputtering for 60 s has
markedly increased the Sn 3ds, peak intensity by 20%,
which then slowly decreases with increasing sputtering
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Figure 5. (a) XPS spectra of the O Is and Sn 3d;), regions for the
as-deposited tin oxide film prepared with post-oxygen-annealing at
400 °C as a function of sputtering time, (b) relative intensities for
O Is and Sn 3ds), peaks, and (c) comparison of the corresponding
O-to-Sn ratio (after appropriate correction of the relative sensitivity
factors) to the relative area intensity of the (110) XRD peak as a func-
tion of sputtering time (with the corresponding sputtering depth
shown at top).

(Figure 5b). These intensity changes reduce the stoichoi-
metric ratio to ~1.6 (Figure 5c¢). Further sputtering to 120
and 210 s causes minor changes to the O 1s and Sn 3ds),
intensities and reduces the ratio further to 1.4. The observed
O-to-Sn ratio of 1.4—1.6is in accord with those reported for TO
films prepared by different methods.”***> Continued sputter-
ing to greater than 400 s reduces the ratio to 1.3—1.2, which
remains essentially unchanged even upon sputtering to 3470 s. It
should be noted that our reference SnO, powder sample had a
similar O-to-Sn ratio after long sputtering (1.3 after 400 s).
Furthermore, like the reference SnO, powder sample, the
positions of the Sn 3ds, and O 1s peaks for our TO sample
remain effectively unchanged with continued sputtering.
The smaller than expected stoichiometric ratio has been
discussed in the literature and is attributed to preferential
sputtering of O compared to Sn atoms in SnO, films.** 3¢
In addition, it has been reported that sputtering of SnO powder
causes reduction of Sn*>" (at 485.6 eV binding energy) to
metallic Sn° with a lower binding energy (483.8 eV),** which
has also been observed in the spectrum of our reference SnO
powder with a shift to the binding energy of 485.0 eV.
Evidently, SnO, is very stable and reduction to lower oxidation
states at our sputtering energy of 3 kV was not observed. The
absence of a metallic Sn° peak in the TO film even after sput-
tering for 3470 s therefore further supports the conclusion that
SnO; is the predominant composition throughout the film.
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Figure 6. Comparison of Raman spectra of the tin oxide films pre-
pared with post-oxygen-annealing at 350, 400, 450, 500, 700, and
900 °C with reference spectra of SnO, powders and sapphire sup-
port (scales for the 900—2000 cm ™' region for the reference sapphire
support and SnO, powders have been changed for clarity). Open
and solid circles mark the observed additional sample peaks not
found in the reference spectra, while the star symbol identifies the
peak position of crystalline Si. Spectra are offset for clarity.

In order to determine the distribution of nanocrystallites
as a function of depth, we collected GIXRD profiles at
selected sputtering times, all of which resemble the profile
for the sample obtained with postannealing at 400 °C (shown
in Figure 2). Figure S5c compares the relative intensity of the
(110) XRD peak with the respective O-to-Sn ratio (determined
from our XPS experiment) as a function of sputtering depth.
In a separate experiment, we estimated the sputtering rate to
be ~1 nm/min by completely sputtering away a test TO thin
film postannealed at 400 °C on a glass substrate. Evidently,
the crystalline phase persists after removal of ~20% of the
film, which suggests that the formation of nanocrystallites
occurs throughout the thickness of the layer. However, the
intensity reduction of the (110) diffraction peak is found
to be more pronounced for the first 670 s of sputtering
(Figure 5c), suggesting the presence of a higher density of
nanocrystallites in the near-surface region compared to the
bulk of the film (or ion-sputtering induced damage to the
nanocrystallites at the near-surface).

In order to further elucidate the role of defects and the
amorphous phase in the SnO, nanocrystalline film forma-
tion, we perform Raman spectroscopy on the samples pre-
pared with postannealing at 350, 400, 450, and 500 °C on glass
substrates and at 700 and 900 °C on Si substrates. The TO
films were scraped off from the glass/Si substrates and
transferred to a sapphire support in order to avoid the
large background scattering from the substrate and to
provide more reflection from the collected film material than
the as-deposited transparent TO film. Figure 6 compares
the Raman spectra of the TO films with the reference spectra
of SnO, powders and of the sapphire support. Evidently, an
intense broad band in the 400—800 cm ™' region is observed
in the spectra for the TO films obtained with the postanneal
temperature between 350 and 700 °C. For the TO film
prepared with postannealing at 350 °C, the observed broad
band appears to center near 560 cm ', and there is no
discernible peak associated with crystalline SnO, observed
in this range (positions of these SnO, characteristic peaks are
marked by bars in Figure 6). For the TO films prepared with
postannealing at 400—900 °C, new peaks are found to emerge
on top of the observed broad band. Evidently, the well-resolved
peak at 634 cm~! is in good accord with the intense
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Figure 7. Schematic summary of the spin-cast-postannealing method for synthesizing tin oxide film, and the resulting distribution and size-

vs-temperature relation of nanocrystallites in the amorphous matrix.

characteristic A, peak at 631 cm™ ! of SnO, powder. The relative
intensity of this peak is found to increase with the postanneal
temperature. In spite of the considerably lower intensities,
the other two characteristic SnO, peaks at 473 and 772 cm ™ I
corresponding respectively to E, and B,, modes, are also
observed, with the latter near a prominent sapphire feature at
750 cm ™', Our characteristic SnO, Raman peaks and the
observed broad band are in good agreement with the results
for the SnO, nanoparticles calcinated at different tempera-
tures reported by Dieguez et al.*” The Raman spectrum of
the sample prepared at 350 °C does not show any of the
characteristic peaks of the crystalline SnO, phase. This is
consistent with our XRD result (Figure 2), which shows that
the TO film prepared at the crystallization onset (350 °C)
contains a very small amount of crystalline material with
small nanocrystallite size of 3.8 nm. The observed broad
band at 400—800 cm ™! and the features at 1040, 1300, and
1440 cm ™" (open circles, Figure 6) are therefore signatures of
defects and the amorphous phase, which constitutes a sig-
nificant proportion of the TO films prepared at 350—500 °C.
For the films postannealed at 400—500 °C, an additional
Raman feature is observed at 1055 cm ™! (solid circles, Figure 6),
and this new feature could be attributed to a nanocrystalline
surface mode or to an interaction between the nanocrystal-
line and amorphous regions. These amorphous-phase-related
features are not observed in the reference spectrum of SnO,
powders. For TO films prepared at 700 and 900 °C, the inten-
sities of these amorphous-phase-related features have evidently
diminished substantially, which is consistent with the onset
of the exponential nanocrystallite growth step above 500 °C
and the corresponding decrease in proportion to the amount
of the amorphous phase in the TO films. Dieguez et al. have
attributed the broad Raman band that they observed in the
400—800 cm ' for SnO, nanoparticles to overlapping dis-
order-activated surface modes.*” While the nature of the other
Raman features observed at 1040, 1055, 1300, and 1440 cm ™!
remains unknown, it appears likely that they are due to inter-
grain or interfacial defect/disorder activated modes resulting
from the nanocrystallite growth in an amorphous matrix or
from the amorphous phase itself. More detailed investiga-
tions would be of interest to further elucidate these spectro-
scopic phenomena.

4. Summary

A simple facile method, involving spin-coating a SnCly
solution followed by post-oxygen-annealing at 350—500 °C,
has been developed for synthesizing uniform granular TO
films with monodisperse nanocrystallites of 7—10 nm in size
(dia.) on glass substrates (Figure 7). The present method is

easily scalable for any large-area thin-film deposition and can
be used for other substrates including silicon. The resulting
films are found to be granular throughout the thickness of the
films, with the rms surface roughness (1.6—2.2 nm) among the
smallest of the reported TO films. The XRD data shows the
formation of SnO, nanocrystallites in an amorphous matrix
with increasing postanneal temperature above the onset at 350 °C.
Furthermore, the nanocrystallite size is found to increase slowly
from 7 nm at 350 °C to 10 nm at 500 °C, likely due to a strain-
limited growth mechanism, and exponentially above a second
onset at 500 °C. The corresponding TEM measurements give
a similar trend in the nanocrystallite size with increasing post-
anneal temperature, while the generally larger sizes deter-
mined from TEM than those by XRD Scherrer analysis
indicate the presence of defects in the nanocrystallites. The
TEM result also confirms the remarkably narrow size dis-
tribution of nanocrystallites obtained in the strain-limited
growth regime (350—500 °C). Depth-profiling XPS study
supports the single-replacement reaction as the synthesis
mechanism, and the complete conversion of the precursor
SnCly to SnO, throughout the entire film. The companion
XRD data obtained at different sputtering depths shows a
relatively uniform density with increasing depth (i.e., throughout
the film) except near the surface where a higher density of
nanocrystallites is found. The intensity increase in the char-
acteristic Raman features for SnO, below 900 cm ™! with
increasing postanneal temperature is consistent with the ob-
served nanocrystallite growth. The presence of defects and the
disordered amorphous phase could give rise to the broad band
at 400—800 cm ™' and the other Raman peaks observed above
1000 cm ™!, which begin to diminish with increasing postan-
neal temperature at 500 °C. Simple control of nanocrystallite
growth with postanneal temperature in the 7—10 nm average
size range with a narrow size distribution and a relatively
uniform bulk density makes the present method of synthesiz-
ing SnO, nanocrystalline film particularly useful for gas-
sensing applications. Further increase in the nanocrystallite
size to 25 nm and greater crystallinity in the film can also be of
potential interest to solar cell and nanoelectronic applications.

Supporting Information Available: Figure S1: Glancing-incidence
XRD patterns of a tin oxide film after long anneals; Figure S2:
XPS survey spectra of tin oxide films; Figure S3: Sn 3ds;, and O 1s
reference spectra of SnO, and SnO powders. This material is
available free of charge via the Internet at http://pubs.acs.org.
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