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bstract

The Sn-doped ZnO films produced from a zinc complex solution containing tin ions were deposited onto Pyrex glass substrates using a two-stage
hemical deposition (TSCD) process. The experimental results show that the deposition rate increases linearly with Sn concentrations (atomic
ercent, at.%) when lower than 3% of them were used. Only the (0 0 2) X-ray diffraction 2θ peak appears in the range of this study. The incorporation

f tin atoms into zinc oxide films is obviously effective, when Sn concentration is above 2.5%. The resistance of undoped ZnO films is high and
educes to a value of 4.2 × 10−2 � cm when 2.5% of Sn is incorporated. All of the zinc oxide films have above 80% transmittance in a range of
00–700 nm. The optical energy gap increases with the amount of Sn in the ZnO films.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Transparent and conductive oxide films, which are derivated
rom wide band-gap semiconductors with low specific resistance
nd high transparency in the visible wavelength range [1], have
ound wide applications in recent years. One of the most poten-
ial candidate substitutes for the ITO film being the ZnO. The
tructural characteristics, electrical and optical properties of the
nO films have been widely investigated [2–4], while the dop-

ng effect on its properties is still under investigation. Most of
hese investigations focused on doping III A elements such as
l, Ga, In [5,6] and I A elements such as Li [7] and Na [8]. In this

tudy, we chose Sn as the dopant because it becomes Sn4+ when
t substitutes Zn2+ site in the ZnO crystal structure resulting in
wo more free electrons to contribute to the electric conduction.
urthermore, the radius difference between Sn4+ and Zn2+ is
pproximately 30% and it is possible to form a limited solid
olution. Doped zinc oxide films have attracted much attention

ue to their great potential for application to transparent con-
ucting electrodes [9,10] and insulating or creating ferroelectric
ayers [11] in opto-electronic devices.
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There are numerous methods for the preparation of trans-
arent conductive zinc oxide films, such as sputtering, electron
eam evaporation [12,13], spray pyrolysis [14,15], MOCVD
16], electroless bath deposition [17], PLD [18] and chemi-
al deposition [19,20]. Chemical deposition of thin films from
queous solutions is a very promising method because of its sim-
licity and economy. The method mentioned here describes the
eposition of ZnO film with a thickness and conductivity which
an be controlled during the preparation procedure. Deposition
s performed onto any substrate non-reactive with the chemicals
sed for deposition.

. Experimental

Pyrex glass plates with 25 mm × 15 mm × 1 mm dimensions
ere used as the solid substrate for film growth. After degreas-

ng, the plates were washed with de-ionized water and dried in
ot steam. The final solution composition and the bath con-
itions that were used in this work are shown in Table 1.
he zinc complex solution (having the composition shown in
able 1) was prepared by mixing concentrated NH4OH with

.2 M ZnCl2 until white Zn(OH)2 was precipitated. Further addi-
ion of NH4OH resulted in the dissolving of the precipitate.
he solution was diluted up to the appropriate concentration of
n2+. This was found to be the most convenient concentration
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Table 1
Bath conditions and chemical deposition parameters with their various ranges
for ZnO deposition

Variable Range

ZnCl2 (g l−1) 20–100
NH3 (ml) 10–50
Tiron 4 drops/l
Sn (at.%) 0.5–3
pH 8–11
T
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when the films are deposited at high concentrations of Sn dopant.
The ZnO films produced at higher concentrations of Sn dopant
may be weakly crystalline or even amorphous according to the
data presented. The value of (0 0 2) diffraction peak obtained
emperature of complex solution (◦C) 10–20
emperature of hot water (◦C) 90–105

or production of a good quality film on the substrate. Then,
nCl4 (Merck, #780) with different concentrations was added

o the prepared solution and stirred vigorously. Cleaned sub-
trates were first immersed into a cold complex containing the
olution and then in hot water for 2 s. After a required number of
ipping, the substrate with the deposited ZnO film was annealed
t 350 ◦C for several hours.

ZnO films produced in this work were characterized for
heir surface morphology, chemical composition, phases, and
referred orientation. The surface morphology was studied by
canning electron microscopy (SEM) using a Philips model

V2300 operated at 25 kV. The atomic percentage of Sn in the
nO films was semi-quantitatively determined using the Kevex
odel energy dispersive X-ray spectroscopy (EDAX) system

ttached to the SEM. In order to verify the accuracy of the EDAX
nalysis, one deposit was also analyzed through wet chemistry
sing atomic absorption spectroscopy (AAS).

X-ray diffraction (XRD) was used to determine the phase
resent and the preferred orientation of the deposits. A
hilips Xpert-Pro X-ray diffractometer with a Cu K� radiation
λ = 1.5418 Å) was employed to obtain an XRD spectra using
tandard θ–2θ geometry. A computer-based search and match
as used for phase identification.
A conventional stylus surface roughness detector (Alpha-

tep 200) was used to measure the film thickness. All film thick-
esses in this study were kept at a constant value. The resistivity
f the films was measured by a four-point probe system (Nap-
on, RT-7). The sheet resistivity was measured by a four-point
robe machine and transformed to a resistivity combining with
he value of film thickness.

. Results and discussion

The effect of adding the Sn dopant and increasing the dipping
umber on the thickness of the deposited ZnO film is presented
n Fig. 1. It can be seen that the doping process decreases the
verage deposition rate. The average deposition rate per dip-
ing stage was estimated to be 0.012 and 0.008 �m for undoped
nd Sn-doped films, respectively. Fig. 1 shows that the rela-
ion between the thickness of the film is linear with the dipping
umber. The rate of increase in thickness is therefore constant.

nchanged solution concentration during the growing process

eems to be responsible for this effect.
Fig. 2 shows the XRD spectra for the ZnO films doped with

n at different concentrations of Sn dopant. It reveals that the
F
S

Fig. 1. Effect of number of dipping and Sn doping on ZnO film thickness.

eposited films produced with less than 2% of Sn are polycrys-
alline with (0 0 2) preferred orientation. This tendency is the
ame as our previous studies without dopant [21,22]. It is con-
luded that no matter how the Sn impurity is incorporated, the
nO films always show the (0 0 2) preferred orientation. The

0 0 2) diffraction peak becomes obvious when 1.5% of Sn is
dded. However, the intensity of (0 0 2) is decreased to a lower
alue when the concentration of Sn dopant is further increased.
his indicated that the ZnO films with Sn dopant produced at

ow concentration of Sn dopant have the tendency to show (0 0 2)
referred orientation but exhibit no obvious preferred orientation
ig. 2. XRD spectra for the ZnO:Sn thin films with different concentrations of
n dopant.
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Fig. 3. SEM micrographs of Sn-doped ZnO thin films deposited after 100 t

n this study is very close to that of the standard ZnO crystal
34.5◦). Neither SnO2 nor Zn2SnO4 second phase is observed
n the 20–60◦ (2θ) scanning range. This implies that tin atoms
ay replace zinc atomic sites or incorporate interstitially in the

exagonal lattices. Segregation of tin atoms to grain boundaries
s less possible because the temperature is not high enough for
in to diffuse to grain boundaries in this study. After careful
xamination of the XRD patterns it can be found that the (0 0 2)
eaks shift to a lower value when more than 2% of Sn is added
o the solution. Furthermore, the peaks are broader and almost
isappear when 3% of Sn is added. Because Sn atoms incor-
orated in the ZnO lattice induce a large residual stress in the
lms and result in the shifting of diffraction patterns. At high
oncentration of Sn dopant, the poisoning effect of nucleation
tage increases destroying the well-established crystal structure
f ZnO, which finally leads to a less crystalline structure.

Fig. 3 shows the effect of the addition of Sn dopant on mor-
hology of the chemically deposited zinc oxide having a constant

hickness (100 times of dipping). Less than a 2% Sn addition (e.g.
%) prevents the growth of the zinc oxide nuclei. It poisons the
eposit and prevents the growth process. An addition greater
han 2% of Sn induces the poisoning of the nucleation stage

o
b
0
t

of dipping containing (a) 1% Sn, (b) 1.5% Sn, (c) 2.5% Sn and (d) 3% Sn.

nd hinders fine grain formation. The same effect is observed
n the addition of other surfactants [23]. With a dense/nodular-
hape appearance, the film produced from the precursor of zinc
omplex containing 1.5% Sn is composed of ZnO particles in
ven sizes of 110–190 nm. At lower numbers of dipping, and
ower thickness, the surface of the substrate is not completely
overed with ZnO particles. Growth of the nuclei is therefore
ot observed. At a low number of dipping, Sn dopant does not
ignificantly affect the morphology of the doped ZnO thin film
ormed on Pyrex substrate (Fig. 4).

As it is shown in Figs. 3 and 4, the surface morphology of all
pecimens is the same but their crystallite size is different. As the
rystallite size decreases, the electrical conductance of thin film
s improved [24–26]. Fig. 5 shows the variation of resistivity as
function of the atomic percent of Sn dopant. When comparing

he resistivity of undoped ZnO thin films with Sn-doped ZnO
hin films it is found that the resistivity decreases from a large
alue beyond detectable range to 2.1 × 10−2 � cm when 1%

f Sn is added to the solution. The decrease in resistivity may
e explained as follows: since the ionic radius of tin (rSn4+ =
.38 Å ) is smaller than that of the zinc ion (rZn2+ = 0.6 Å ), the
in atoms doped into a ZnO lattice act as donors by supplying
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coefficient of the films using the relation for parabolic bands
[31]:

1/2
ig. 4. SEM micrograph of Sn-doped ZnO thin films deposited after 30 times
f dipping in a solution containing 1% Sn.

wo free electrons when the Sn4+ ions occupy Zn2+ ion sites.
his in turn increases the free carrier concentration and hence,
ecreases the resistivity. The mechanism of the conduction can
e described by the following equation:

nO2 ZnO → Sn′′
Zn + Ox

O + 1
2 O2 + 2e′

Sn4+ ions substituted Zn2+ ions in the lattice induce posi-
ive Sn′′

Zn charges in the material. In order to maintain electrical
eutrality, two negative electrons are induced to compensate
he excess positive charges. Hence the resistivity decreases due
o increasing free electrons in the film. In the concentrations
etween 1 and 2% of Sn, little change of resistivity is found.
owever, when more than 2.5% of Sn was added, the resistivity

uddenly increases one order of a magnitude. At higher con-
entrations, more Sn atoms can be effectively incorporated into
he lattice of ZnO. On the other hand, the residual stress arises
imultaneously as well. The stress field would reflect electric
arriers and result in high resistivity.

The physics of defects in ZnO is quite complex and to a

arge extend unknown, and the understanding of doping and
onduction mechanisms in this material are still incomplete
nd challenging. Thorough systematic studies of the mecha-
isms of electrical transport, and the effect of the interaction

ig. 5. Variation of resistivity as a function of concentration of Sn dopant.

α

ig. 6. Transmittance spectra as a function of wavelength in the range
00–800 nm for 1, 1.5, 2, 2.5 and 3 at.% of Sn-doped ZnO thin films.

etween defects and dopants on these mechanisms, are scarce
27–29].

The transmittance spectra, as a function of wavelength in
he range of 300–800 nm for the five samples, are shown in
ig. 6. The average transmittance in the visible region is more

han 80% while the concentration of Sn dopant is 2.5 at.% or
ess. Beyond the value, the transmittance decreases remarkably.
he undulating shape of the transmission curves is caused by

nterference of the light in the film itself.
The optical energy gap (Eg) of the films was estimated from

he optical measurements. The absorption coefficient (α) was
alculated from the transmittance T and reflectance R with the
elation [30]:

= (1 − R2) exp(−αd)

here R is the reflectance and d is the thickness of film. The opti-
al energy gap of the films can be determined from the absorption
= A(hν − Eg)

Fig. 7. Plot of (α)2 vs. the photon energy in the absorption region.
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here A is the constant depending on the semiconductor material
ut not photon energy, and hν is the incident photon energy. The
lot of (α)2 versus the photon energy in the absorption region
s shown in Fig. 7. According to the equation, the plot of (α)2

s a function of hν results in a straight line whose intercept on
he energy axis gives the value of Eg. It is noticed that Eg value
t 2% of Sn dopant is approximately 3.18 eV, which was the
aximum value obtained in this research.

. Conclusion

The ZnO thin film can be easily deposited by successive
mmersions of the Pyrex glass substrate into a cold complex
olution and then in hot water. The thickness of the film can
e controlled by varying the number of successive immersions.
ddition of more than 1.5% Sn as a dopant induces poison-

ng of the nucleation stage and hinders the formation of fine
nO grains. With a nodular-shape dense appearance, the film
roduced from zinc containing complex having 1.5% Sn as pre-
ursor, is composed of even sized ZnO particles of 110–190 nm.
he resistivity decreases with the increasing of the doping
mount of tin. It can be concluded that the optimum concentra-
ion of Sn dopant in producing thin films containing fine grains
ith little resistivity is about 1.5%. The optical energy gap (Eg)

ncreases with the increasing of the doping amount of Sn in
inc oxide films. The value of Eg ranges from 3.05 to 3.18 eV
epending on the amount of Sn incorporated.
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