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a  b  s  t  r  a  c  t

Tin  dioxide  thin  films  were  prepared  successfully  by  pulsed  laser  deposition  techniques  on  glass  sub-
strates.  The  thin  films  were  then  annealed  for 30 min  from  50 ◦C to  550 ◦C at 50 ◦C  intervals.  The  influence
of  the  annealing  temperature  on  the  microstructure  and  optical  properties  of  SnO2 thin  films  was  inves-
tigated  using  X-ray  diffraction,  optical  transmittance  and  reflectance  measurements.  Various  optical
vailable online 26 July 2011
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parameters,  such  as  optical  band  gas  energy,  refractive  index  and  optical  conductivity  were  calculated
from  the  optical  transmittance  and  reflectance  data  recorded  in the wavelength  range  300–2500  nm.  We
found  that  the SnO2 thin  film  annealed  at temperatures  up to  400 ◦C is  a good  window  material  for  solar
cell  application.  Our  experimental  results  indicated  that  SnO2 thin  films  with  the  high optical  quality
could  be synthesized  by pulsed  laser  deposition  techniques.
icrostructure

ptical properties

. Introduction

Tin dioxide (SnO2) is a promising wide band gap oxide material
ecause of its higher electronic mobility and wide-band-gap (3.6 eV
t 300 K) [1].  It is one of the most important strategic materials and
s used for very diverse technological applications such as gas sens-
ng [2],  UV sensors [3],  electrode materials [4],  energy storage and
onversion etc. [5,6]. In recent years, the size- and shape-dependent
ptical and electronic properties of semiconductor nanocrystals
ave attracted considerable attention. From an application point
f view, the use of nanocrystalline particles with a high surface-to-
olume ratio made it possible to improve the properties of devices
uch as gas sensing and optoelectronic devices [7].  Thus, control of
ize, shape, and microstructure of the nanoparticles are amongst
he most important issues in the synthesis of nanomaterials. SnO2
s widely used under various forms in a broad range of important

pplications, which have found applications including recharge-
ble, catalyst supports [8],  lithium batteries [9],  photovoltaic cells
10].
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anjing University of Information Science & Technology, Nanjing 210044, People’s
epublic of China. Tel.: +86 25 5873 1090; fax: +86 25 5873 1089.
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Z.W. Chen).
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© 2011 Elsevier B.V. All rights reserved.

Being an important n-type semiconductor, SnO2 is transparent
in the visible and reflective in the infrared regions. The mate-
rial possesses high optical transparency in the visible range (up
to 80%), low resistivity (10−4–10−6 � cm−1), and excellent chem-
ical stability [11]. Recently, SnO2 thin films have attracted much
attention due to their unique microstructures and potential tech-
nological applications. It has been showed that SnO2 thin films as
electrodes in organic semiconductors based devices or as electrodes
in solar cells covering the front surface of these devices [12]. The
immense technological importance keeps SnO2 thin films under
active focus of the research community, and new techniques to
modify the properties and behavior are being continually inves-
tigated. There are many different techniques used for depositing
SnO2 thin films, for example, electron beam evaporation, reactive
thermal evaporation, spray pyrolysis, plasma polymerisation, glow
discharge decomposition of tin compounds [13] and other chemi-
cal methods [14]. As reported there, all available methods require
high substrate temperature or post deposition annealing for the
fabrication of good quality polycrystalline films. The influence of
annealing temperature on material properties is especially remark-
able. High temperature, however, damages the surface of thin films
and increases the interface thickness, which has negative effects on
optical properties, particularly on waveguide properties.

Pulsed laser deposition (PLD) is a growth technique in which

photonic energy is coupled to the bulk starting material via elec-
tronic processes [15]. An intense laser pulse passes through an
optical window of a vacuum chamber and is focused onto a tar-
get. Above a certain power density, significant material removal

dx.doi.org/10.1016/j.jallcom.2011.07.053
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hegang@jlonline.com
mailto:zwchen@shu.edu.cn
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ccurs in the form of an ejected luminous plume. The threshold
ower density needed to produce such a plume depends on the
arget material, its morphology, and the laser pulse wavelength
nd duration, but might be of the order of 10–500 MW/cm2 for
blation using ultraviolet excimer laser pulses of 10 ns duration.
aterial from the plume is then allowed to re-condense on a sub-

trate, where thin film growth occurs. The growth process may  be
upplemented by a passive or reactive gas or ion source, which may
ffect the ablation plume species in the gas phase or the surface
eaction [16]. The diversity of thin films grown using PLD is enor-
ous and it arguably offers more flexibility than anything else. The

ationale for using PLD in preference to other deposition techniques
ies primarily in its pulsed nature, the possibility of modifying sur-
ace chemistry far from thermal equilibrium, and under favorable
onditions, the ability to reproduce in thin films the same elemental
atios of even highly chemically complex bulk ablation targets [17].
he physical processes in PLD are highly complex and interrelated,
nd depend on the laser pulse parameters and the properties of the
arget material [18]. PLD offers many advantages of reduced con-
amination due to the use of laser light, control of the composition
f deposited structure and in situ doping. It is a versatile and pow-
rful tool for the production of nanoparticles with desired size and
omposition under appropriate control of the experimental deposi-
ion conditions [15]. PLD techniques have been successfully applied
or growing quality tin oxide thin films. They were produced by
blation of either a Sn target in an oxidizing oxygen atmosphere or

 SnO2 target [19].
In order to provide guidance for the search of better sensor mate-

ials with suitable optical properties, it is necessary to investigate
he temperature effects of the semiconductor oxide gas sensors.
n this paper, the microstructural properties of SnO2 thin films
eposited on glass substrates by pulsed laser deposition tech-
iques were investigated before and after thermal annealing in
he temperature range from 50 ◦C to 550 ◦C at 50 ◦C intervals. X-
ay diffraction results confirmed that the various SnO2 thin films
onsisted of nanoparticles with average grain size in the range of
3.7–28.9 nm.  An interesting effect can be achieved by shining UV

ight onto SnO2 to create electron and hole carriers, which allows
witching between states of high (UV on) and low (UV off) conduc-
ivity [20]. The transmittance measurements indicated that present
nO2 thin films can be used as a window material for solar cell
pplication due to their best transmittance of films is around 85%.
arious optical parameters such as optical band gas energy, refrac-

ive index and optical conductivity were calculated from the optical
ransmittance and reflectance data recorded in the wavelength
ange 300–2500 nm.  It is well established that in ordinary semi-
onductors electron–electron interactions are essential to explain
heir optical properties. We  found that the optical band gas energy
nd refractive index of SnO2 thin films annealed at various tempera-
ures presented approximately linear behavior, and SnO2 thin films
xhibited high optical conductivity. These findings revealed that
resent SnO2 thin films annealed up to 400 ◦C are a good window
aterial for solar cell application.

. Experimental details

The as-grown SnO2 thin films were synthesized by the laser ablation method
eported elsewhere [8].  The target for pulsed laser deposition (PLD) was  a sintered
nO2 disc. The method employed to synthesize the pure SnO2 powder is described
y the direct oxidation reaction at 1050 ◦C, viz.: Sn + O2 → SnO2, carried out in a
orizontal quartz tube. The circular target consisted of high-purity cassiterite SnO2

99.8%). The size of the target was about �15 mm × 4 mm,  and it was cleaned with
ethanol in an ultrasonic cleaner before installation to minimize contamination.
he  laser used was  a KrF excimer laser (Lambda Physik, LEXtra 200, Germany) pro-
ucing pulse energies of about 350 mJ  at a wavelength of 248 nm and a frequency
f  10 Hz. The duration of every excimer laser pulse was 34 ns. The laser energy
as  transmitted onto the target in a high-vacuum chamber through an ultravio-

et (UV)-grade fused silica window using an UV-grade fused silica lens. During the
Fig. 1. XRD patterns of SnO2 thin films annealed at different temperatures for
30  min. (a) As-prepared thin film; (b) 100 ◦C; (c) 200 ◦C; (d) 300 ◦C; (e) 400 ◦C; and
(f)  500 ◦C.

experiment, the target was rotating at a rate of 15 rpm to avoid drilling. The fluence
was set at 5 J/cm2 per pulse, corresponding to a total of approximately 1.5 × 105

laser pulses. The growth rate was estimated to be about 3 × 10−1 nm/s (or about
1  �m/h). The ablated substance was collected on a clean glass substrate, which was
mounted on a substrate holder 2.5 cm away from the target. The high vacuum in
the deposition chamber was  achieved by using a cryopump (Edwards Coolstar 800).
The base pressure prior to laser ablation was about 1 × 10−6 mbar, and the working
pressure during laser ablation was about 2 × 10−6 mbar.

The as-prepared thin films were annealed at various temperatures ranging from
50 ◦C to 550 ◦C at 50 ◦C intervals for a fixed time of 30 min  at each temperature.
Structure of these thin films was determined by recording X-ray diffraction (XRD)
patterns at room temperature using a Philips X’pert diffractometer equipped with
Cu  K� radiation (1.5406 Å) in reflection geometry. Proportional counter with an
operating voltage of 40 kV and a current of 40 mA was used. XRD patterns were
recorded at a scanning rate of 0.05 s−1 in the 2� ranges from 20◦ to 60◦ . Optical
transmittance and reflectance of as-prepared and annealed thin films were recorded
at  room temperature by a DUU-3700 spectrophotometer in the wavelength range
300–2500 nm.

3. Results and discussion

SnO2 has a tetragonal rutile crystalline structure (known in
its mineral form as cassiterite) with point group D14

4h
and space

group P42/mnm. The unit cell consists of two metal atoms and
four oxygen atoms. Each metal atom is situated amidst six oxy-
gen atoms which approximately form the corners of a regular
octahedron. Oxygen atoms are surrounded by three tin atoms
which approximate the corners of an equilateral triangle. The lat-
tice parameters are a = b = 4.7382(4) Å, and c = 3.1871(1) Å [21]. The
study of microstructural properties of SnO2 thin films is signifi-
cant for the understanding of whole structural features and the
fabrication of novel functional materials with favorable properties.
Fig. 1 shows the XRD patterns of SnO2 thin films annealed at dif-
ferent temperatures for 30 min. The XRD patterns show that the
thin film deposited at room temperature is predominantly amor-
phous as indicated by the broad diffraction peaks shown in Fig. 1a.
When the annealing temperature reaches 100 ◦C, the amount of the
amorphous phase is reduced. With further increase of the annealing
temperature, the thin films become more crystalline as manifested
by the sharper peaks. It can be seen that all the thin films are poly-
crystalline with the SnO2 tetragonal structure shown in Fig. 1b.
No characteristic peak such as tin oxide crystals or impurities is
detected. The (h k l) peaks observed are (1 1 0), (1 0 1), (2 0 0), (2 1 1),
and (2 2 0). The high intensity of these peaks suggests that these

thin films mainly consist of the crystalline phase. As the anneal-
ing temperature is increased, the crystallinity of the thin films is
enhanced as manifested by the intensity and sharpness of the XRD
peaks of the SnO2 thin films annealed at 200, 300, 400, and 500 ◦C
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hown in Fig. 1c–f, respectively. The temperature dependence can
e interpreted mainly by the mobility of the atoms in thin films at
ifferent temperatures. At low temperature, the vapor species have

 low surface mobility and will be located at different positions on
he surface. The low mobility of the species will prevent full crys-
allization of the thin films. However at high temperatures species
ith high enough mobility will arrange themselves at suitable posi-

ions in the crystalline cell [22–24].  The SnO2 average grain sizes
ere calculated using the Scherrer formula:

 = K�

 ̌ cos �
,  (1)

here D is the diameter of the nanoparticles, K = 0.9,
(Cu K�) = 1.5406 Å, and  ̌ is the full-width-at-half-maximum
f the diffraction lines. The results show that the average grain
izes of the as-prepared and the annealed SnO2 nanoparticles are
n the range of 23.7–28.9 nm.  SnO2 nanoparticle size decreases
rom 27.6 nm (at room temperature) to smaller than 23.7 nm at
00 ◦C. It then sharply increases to 27.1 nm at 300 ◦C, followed
y a gradual decrease to 25.7 nm at 400 ◦C. It finally increases to
8.9 nm upon further annealing at higher temperatures. In fact,
etal oxide nanostructures can work as sensitive and selective

hemical sensors. Nanostructured sensor elements can be config-
red as resistors whose conductance can be modulated by charge
ransfer across the surface or as a barrier junction device whose
roperties can be controlled by applying potential across the

unction. Functionalizing the surface further offers a possibility to
mprove their sensing ability.

The information of optical transmittance is important in evalu-
ting the optical performance of semiconducting oxide thin films.
ig. 2 shows the optical transmittance spectra for (a) the as-
repared thin film, and those annealed for 30 min  at the following
emperatures: (b) 100 ◦C, (c) 200 ◦C, (d) 300 ◦C, (e) 400 ◦C, and (f)
00 ◦C. It can be seen that the transmittance behavior of all thin
lms was similar in the wavelength range 300–2500 nm.  The val-
es of transmittance for the as-prepared thin film and the thin films
nnealed up to 400 ◦C are larger (>75.3%) than that for the thin film
nnealed at 500 ◦C (<48.7%) in the wavelength range 300–750 nm.
t was also found that the best transmittance of films is around
5%. However, here are two strong peaks in this figure which is dif-
erent from other reports, one is near by 530 nm the other in the
icinity of 730 nm.  This wavelength range almost covers the entire
olar spectrum. Tin oxide film presents high transmittance in visi-
le region being suitable for several applications where one needs
ood transparency and conductivity. So the observation confirm
hat these SnO2 films expect annealed 500 ◦C are highly transpar-
nt oxide relatively to the common solar spectra. Thus, the thin
lms annealed up to 400 ◦C can be adopted as a window material

or solar cell devices due to its high transmittance. The large and
low decrease of transmittance in the infrared (IR) region can be
ttributed to free carrier absorption. Similarly optical characteri-
ation also was found by Bhatti and co-authors in their SnO2 thin
lms by using different method: rf-magnetron sputtered technique
25]. Our experimental results indicated that SnO2 thin films with
he high optical quality could be synthesized by PLD techniques. If
here is absorption or scattering then by conservation of energy we

ust have that [26]

 + R + T = 1, (2)

 ≈ ˛L, (3)

Fig. 3 shows the optical reflectance spectra of (a) the as-prepared

nO2 thin film and those annealed for 30 min  at the following tem-
eratures: (b) 100 ◦C, (c) 200 ◦C, (d) 300 ◦C, (e) 400 ◦C, and (f) 500 ◦C.
he reflectance of the as-prepared and annealed thin films shows
ery similar behavior in the entire wavelength range. When the
Fig. 2. Optical transmittance spectra of SnO2 thin films annealed at different tem-
peratures for 30 min. (a) As-prepared thin film; (b) 100 ◦C; (c) 200 ◦C; (d) 300 ◦C; (e)
400 ◦C; and (f) 500 ◦C.

thin film was annealed at 500 ◦C, the transmittance of the thin film
decreased. We  speculate that any variation in transmittance and
reflectance caused by the annealing process might be related to
the rearrangement of atoms and/or grain growth, etc. to remove
residual stresses/defects formed during thin film deposition [25].

A solar cell is basically a semiconductor diode. It is known that
semiconductor material absorbs the incoming photons and con-
verts them into electron–hole pairs. The determinative parameter
is the band-gap energy Eg of the semiconductor in this photo-
generation step [27]. To calculate the band gap energy (Eg) of all
the thin films, the following relation was applied

(˛h�)2 = B2(h� − Eg) (4)

in which the absorption coefficient  ̨ was  determined from the
transmittance data using the formula

T = e−˛L. (5)

If the absorption coefficient at shorter wavelengths was  deter-
mined from this relation

˛ = 2.303
L

lg
1 − R

T
, (6)

where B is a constant, T is the transmittance, R is the reflectance and
L is thickness of the thin films. The graphs of (˛h�)2 versus photon
energy (h�) are drawn for the as-prepared and annealed thin films.

The values of Eg obtained from the extrapolation of the linear por-
tion of these curves to (˛h�)2 = 0 are plotted in Fig. 4a as a function of
annealing temperature. Fig. 4a shows a decrease in band gap energy
as the annealing temperature is increased. The annealing may  lead
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Fig. 4. (a) Graph of optical band gap (Eg) versus annealing temperature for SnO2
ig. 3. Optical reflectance spectra of SnO2 thin films annealed at different temper-
tures for 30 min. (a) As-prepared thin film; (b) 100 ◦C; (c) 200 ◦C; (d) 300 ◦C; (e)
00 ◦C; and (f) 500 ◦C.

o a direct renormalization of band gap energy due to the temper-
ture dependence of electron phonon interactions [28]. While the
ffect is embodied in the famous Elliott’s formula [29] that describes
he intensity of optical absorption close to the gap edge. So the
pproach to quantitative determination of the size dependence of
he band gap energy is based on the effective mass approxima-
ion. The increase in optical band gap (�Eg) of a nanocrystalline
emiconductor may  be represented as

Eg = Enano
g − Ebulk

g = h2

8�R2
− 1.8e2

εR
, (7)

here Enano
g is the band gap energy of the nanocrystalline material,

bulk
g is the band gap energy of the material in bulk form, � is the
lectron-hole effective mass, and ε is the static dielectric constant.
he first term in this formula represents the particle-in-a-box quan-
um localization energy and has simple R−2 dependence, where

 is the particle radius. The second term represents the Coulomb
nergy with R−1 dependence. The radii of the SnO2 nanocrystals
alculated from this formula match reasonably well with the pre-
iously calculated values [30]. Therefore, it can be assumed that
uring the annealing process atoms can rearrange themselves into
ore energetic and suitable positions in the valence band and cause

he mean free path of electrons to increase, thus less energy is
equired by an electron to jump from the valence to the conduc-

ion band. Fig. 4b is a graph of refractive index (n) versus annealing
emperature of SnO2 thin films at wavelength � = 589.3 nm, which
ndicates a decreasing trend with increasing annealing tempera-
ure. The refractive index values measured at � = 589.3 nm are in
thin films. (b) Graph of refractive index (n) versus annealing temperature for SnO2

thin films at wavelength � = 589.3 nm.  (c) Graph of optical band gap (Eg) against
refractive index (n) for SnO2 thin films.

the range 1.49–1.36. In order to establish a relationship between the
refractive index (n) and the optical band energy (Eg), a graph was
plotted as shown in Fig. 4c. An approximately linear relationship is
found with

n = 2.1667Eg − 6.1801. (8)

Fig. 5 shows the graph of optical conductivity (
) versus wave-
length for SnO2 thin films annealed at different temperatures for
30 min: (a) the as-prepared thin film, (b) 100 ◦C, (c) 200 ◦C, (d)
300 ◦C, (e) 400 ◦C, and (f) 500 ◦C. It is also can predicts that the
optical conductivity of SnO2 films has the form:


(ω) = 
o�(h̄ω − 2�), (9)

where


o = �e2

2h
, (10)

h̄ω is the photon energy and �(x) is the Heaviside step func-
tion [31]. This figure shows a rapid rise of optical conductivity (
)
in the IR region. The result can be explained by an enhancement
of crystallinity, and an increase of the grain size with annealing
temperature. The value of optical conductivity (
) was  found to be
very high, which may  be applied to photovoltaic cells. An interest-
ing found that SnO2 thin film at annealing temperature 500 ◦C has a
better optical conductivity than other conditions. The optical con-
ductivity of film annealed at 100 ◦C is slightly higher than annealed
at 200 ◦C, 300 ◦C, and 400 ◦C in the far-infrared region. To sum up,
from the present investigation it can be concluded that the SnO2
thin films annealed up to 400 ◦C can be used as a good window
material for solar cell application due to their best transmittance
of films is around 85% and 400 ◦C may  be the optimum anneal-

ing temperature. The optical band gap energy and refractive index
of the present thin films annealed at various temperatures show
approximately linear behavior, and the SnO2 thin films display high
optical conductivity. These findings indicate that these SnO2 thin
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ig. 5. Graph of optical conductivity (
) versus wavelength of SnO2 thin films
nnealed at different temperatures for 30 min. (a) As-prepared thin film; (b) 100 ◦C;
c)  200 ◦C; (d) 300 ◦C; (e) 400 ◦C; and (f) 500 ◦C.

lms have potential technological applications in the fabrication of
olar cell devices and gas sensors.

. Conclusions

In summary, the microstructural and optical properties of SnO2
hin films deposited on glass substrates by PLD techniques were
nvestigated before and after thermal annealing in the tempera-
ure range from 50 ◦C to 550 ◦C at 50 ◦C intervals. X-ray diffraction
esults confirmed that the various SnO2 thin films consisted of
anoparticles with average grain size in the range of 23.7–28.9 nm.
he microstructural analysis of the SnO2 gas-sensing materials
emonstrated that the annealing temperature is a very important
arameter. It affects crystalline microstructure and optical proper-
ies of the thin films. The transmittance measurements indicated
hat present SnO2 thin films can be used as a window material for
olar cell devices due to their best transmittance of films is around

5%. Various optical parameters such as optical band gas energy,
efractive index and optical conductivity were calculated from the
ptical transmittance and reflectance data recorded in the wave-
ength range 300–2500 nm.  We  found that the optical band gas

[
[
[
[
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energy and refractive index of SnO2 thin films annealed at var-
ious temperatures presented approximately linear behavior, and
SnO2 thin films exhibited high optical conductivity. These findings
revealed that SnO2 thin film annealed up to 400 ◦C is a good win-
dow material for solar cell devices. This point will be studied in the
immediate future. Our experimental results indicated that SnO2
thin films with the high optical quality could be synthesized by
PLD techniques.
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