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ABSTRACT 

We report the thermal annealing effect of ZnO-SnO2 composite thin films deposited by pulsed laser deposition on its structural, 
electrical, and optical properties. The results present a consistent portrayal of the evolution of ZnO-SnO2 composite oxide films 
phase formation in post-annealed condition and its subsequent effect on various physical properties. X-ray diffraction confirms 
that the films transform from nearly amorphous to fully crystalline state on thermal annealing at 600 °C. X-ray photoelectron 
spectroscopy reveals a small shift in Sn-3d peak towards lower energy and O-1s and Zn-2p peaks towards higher binding energy 
with increasing ZnO concentration and confirms the formation of combined oxides of ZnO and SnO2. The average optical 
transmission is greater than 80 % in the visible region of the annealed ZnO-SnO2 composite films. The lowest electrical 
resistivity of 9.8 × 10

-4
 Ωcm has been obtained in the film containing 25 wt % ZnO. Our results suggest that annealed           

ZnO-SnO2 composite films with improved electrical and optical properties could find potential use in thin film solar cells or 
touch pad control panels. Copyright © 2016 VBRI Press.  
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Introduction  

In the last few decades, a large number of pristine, doped or 
composite materials based on zinc and/or tin oxide have 
been comprehensively studied in various morphologies 
since they found many interesting uses in photovoltaic 
applications, catalysis, gas sensing, antistatic coating and 

transparent conducting oxides as solar electrodes [1-15].  
Among them, Transparent conducting oxide (TCO) 

films are widely used in optoelectronic devices such as flat 
panel displays, thin film transistors, infra-red (IR) 
reflectors, transparent electrodes and solar cells, because 
these films possess the desired combinations of high 
electrical conductivity and good optical transparency      

[16-19]. A vast number of binary compounds such as In2O3, 
ZnO, and SnO2 have been explored during the last fifty 
years as potential TCO candidates. Among them, tin-doped 
In2O3, known as indium-tin oxide (ITO) is the most 
extensively explored material (for flat-panel displays), as it 
shows room temperature conductivity as high as          

13500 S/cm [20]. Zinc oxide (ZnO) is an n-type, wide band 
gap (3.37 eV at room temperature) semiconductor with a 
large exciton energy of 60 meV. However the significant 
drawback of ZnO is its susceptibility to get corroded under 
strong acidic and alkaline conditions. On the other hand, 
pure tin oxide (SnO2) which is a wide band gap (3.6 eV) 
semiconductor, does not fulfills the industry standard 
requirements of transparent conducting electrodes for solar 
cell fabrication. In an effort to solve this matter, both donor 

and acceptor doped and/or composite metal oxide 
semiconductors are thoroughly investigated since decades. 
It has been found that more efficient donor-dopants        
(e.g. Al, Ga) improved conductivity as high as 12000 S/cm 

[21, 22]. On the other hand, SnO2 is the most commonly 
used TCO as low emissivity coating on architectural glass 
exhibit conductivities up to 9000 S/cm (when doped       

with F) [23]. 

Minami et al. [24] first reported that SnO2–ZnO binary 
oxides can combine the advantages of both ZnO and SnO2. 
SnO2–ZnO composite films, in spite of having difficulties 
in chemical etching, in particular at higher concentration of 
metallic Sn, might substitute the existing TCO’s in certain 
applications. As both Zn and Sn are more abundant than 
indium, SnO2–ZnO composite films can emerge as a      
low-cost alternative. These two materials have the 
combined advantage of excellent thermal stability and 
superior mechanical strength of SnO2 whiles the greater 
stability of ZnO under reducing atmosphere. It is worth 
mentioning that the performance and efficiency of the 
TCO’s depend on various parameters like dopant 
concentration, deposition conditions and annealing 
treatment. Previously, many of the TCO thin films have 
been successfully grown by using Pulsed laser deposition 
(PLD) technique. It offers numerous benefits as compared 
to other deposition techniques including precision of 
thickness, morphology and desired composition of the films 
grown from of multi-component targets, though uniformity 
over a large area is a major concern. The substrate 
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temperatures of the PLD films can be relatively lower as 
compared to other PVD techniques since the kinetic energy 
(>1 eV) of the ionized and ejected species produced by the 

laser plasma [25] are always higher. In the present 
contribution, we have explored the structural, optical and 
electrical properties of annealed SnO2–ZnO binary films 
deposited by PLD on p-Si (100) and glass substrate with 
varying ZnO concentration. To the best of our knowledge 
this is the maiden investigation to exploit PLD to produce 
annealed SnO2–ZnO binary thin films for developing TCO 
coatings or devices. 

 

Materials and Methods 

Tin oxide (99.99% pure, Aldrich) and zinc oxide     
(99.99%) powders in four different mixture blends of were 
weighed, mixed and rigorously ground in a mortar by 
manual and /or mechanical means to create a homogeneous 
distribution of ZnO in SnO2. The as-prepared powder 
mixtures were subsequently used to make 1-inch diameter 
disks by cold pressing through the application of 6 ton load. 
The green samples were subsequently sintered in air 
atmosphere at 1000 °C for 4 h. The sintering cycle consists 
of heating and cooling the samples at the rate of 6 °C per 
minute in air ambience while holding them isothermally at 
1000 °C for 4 h. Borosilicate glass were used as substrates 
for the films to study the optical transmittance spectra and 
p-Si (100) wafers (resistivity ~ 7-14 Ω-cm) of 10 mm         
× 10 mm dimensions were used to study structural and 
electrical characteristics. The substrates were adjusted on a 
particular substrate holder inside the deposition chamber 
and positioned parallel to the target. The sample was heated 
to sustain an isothermal temperature of 500 °C and confirm 
a uniform film thickness. KrF excimer laser (Lambda 
Physik COMPEX, wavelength of 248 nm and pulsed 
duration of 25 ns) was used to deposit the films. The target 
was continuously rotated during deposition to ensure 
uniform ablation and avoid denting or drilling.  

To deposit high quality and uniform films, the 
deposition parameters were set as follows: laser          
energy = 300 mJ, base pressure = 5×10

−5
 mbar, oxygen 

ambient pressure = 1.1×10
-1

 mbar, substrate         
temperature = 500 °C, substrate-to-target distance = 45 
mm, repetition rate = 10 Hz, laser shots = up to 15000. The 
as-deposited ZnO-SnO2 films were then annealed at 600 °C 
for 1 h in oxygen ambience (2 × 10

−1 
mbar). Even though 

the as-deposited films form over a wide range of thickness, 
only those films with constant film thicknesses               
(750 ± 25 nm) were chosen to for our measurements. The 
surface morphology and crystalline quality of the as 
deposited composite films was investigated by glancing 
incidence X-ray diffraction (GIXRD), field emission 
scanning electron microscopy (FESEM) and atomic force 
microscopy (AFM). Perkin-Elmer Lambda 45 
spectrophotometer, in the wavelength range 300–1000 nm 
was used for recording the optical transmittance spectra. 
The chemical compositions and bonding states were 
examined with X-ray photoelectron spectroscopy       
(ULVAC-PHI, Model PHI 5000 Versa Probe II, Japan) 
with an Al-Kα X-ray source (1486.6 eV) using a micro 
focused (100µm, 25 W) beam with a photoelectron takeoff 
angle of 45°. The main chamber having a base pressure of 

<1 x 10
-9 

torr was attained by evacuation using             
turbo-molecular and ion-getter pumps. Photoluminescence 
(PL) characteristics of as-deposited samples were studied 
using a He-Cd laser as an excitation source, operating at 
325 nm with an output power of 50 mW and a 
photomultiplier detector. The sheet resistance (Rs) and 
electrical resistivity (ρ) of the ZnO–SnO2 thin films were 
measured by usual four-probe technique at room 

temperature (∼25 °C). To avoid ambiguity and minimize 
error, resistance of each film was measured at ten different 
locations on the film surface and the final resistivity was 
computed by considering the average of the measured 
values. 

 

 
 

Fig. 1. GIXRD patterns of the ZnO–SnO2 thin films annealed at 600 °C 
for 1 h in oxygen atmosphere.  

 

Results and discussion 

Fig. 1 shows the GIXRD pattern of the annealed (at 600° C 
for 1 h at oxygen ambience) ZnO-SnO2 composite films. 
The XRD profiles indicate that there is considerable 

improvement in the film crystallinity [26] of the deposited 
films on annealing, irrespective of their composition. The 
ZnO-SnO2 specimens show separate ZnO and SnO2 peaks 
at usual Bragg angles, which implies that there is no         
(or limited) mutual solid solubility in the binary-binary 
films. However, it is difficult to confirm the extent of solid 
solubility of ZnO into SnO2 (if any) only by the XRD 
measurements. We similarly found no observable change in 
lattice parameter between undoped SnO2 and SnO2 in      

ZnO-SnO2 binary blends. Peiteado et al. [27] by means of a 
solution-based synthesis route, have earlier shown, that       
< 0.1 mol% of SnO2 is soluble in ZnO. It is worth 
mentioning here that ZnO–SnO2 phase diagram is not 

determined or reported till date [28]. It is evident from the 
GIXRD plot that the films crystallinity considerably 
decreases with the increasing ZnO concentration. 
Moreover, at higher ZnO concentration of 25 wt % and      
50 wt %, Sn2O3 phase appears at 2θ = 25.66° and an 
intermediate cubic spinel compound Zn2SnO4 (JCPDF file 
no. 74-2184) forms, apart from the usual peaks of 
tetragonal SnO2 (JCPDF file no. 41-1445) and wurtzite 
ZnO phases (JCPDF file no. 36-1451), respectively. At 
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lower ZnO concentration (1 wt % and 10 wt % ZnO),  
prominent peaks corresponding to tetragonal SnO2                 

(at 2 = 26.65°, 33.87°, 51.75° and 54.3°) along with the 
weak peaks of hexagonal ZnO appear (at 35.85° and     
61.85°) in the annealed films. In addition, there is another 
very low intensity weak peak at 26.43° in the 10 wt % ZnO 
sample which is not accurately identified. No signature of 
preferential crystal growth in any plane of the deposited or 
annealed films has been observed.  
 

 
 
Fig. 2 (a) FESEM image of the 10 wt% ZnO– 90 wt% SnO2 thin film (b) 
3D-AFM image of 10 wt% ZnO–90 wt% SnO2 thin film (c) Surface 
roughness (RMS) plot of the ZnO–SnO2 thin films as a function of 

increasing ZnO content in the target. 

 

 
 
Fig. 3. Optical transmission spectra of the ZnO–SnO2 thin films with 
different ZnO concentrations in the target. 

 
The representative microstructural and surface 

topography of one of the (10 wt % ZnO) SnO2–ZnO 

composite films has been presented in Fig. 2a (FESEM) 

and Fig. 2b (AFM), respectively. The morphology of the 
10 wt % ZnO film shows uniform walnut-like structure with 
distinct grain boundary distribution. Other films (not 
shown) reveal similar FESEM morphology with varying 
grain size. The said morphology revealed by FESEM 
images correlates well with the GIXRD findings. The 
surface morphology of the SnO2–ZnO thin films has been 

studied by three-dimensional AFM. Fig. 2(c) shows the 

AFM root mean square (RMS) plot of the post-annealed 
SnO2–ZnO thin films with varying ZnO concentration 
ranging from 1.0 wt % to 50 wt %. The mid-region of the 
as-deposited film was examined which cover an area of 4 
µm × 4 µm for measurement. It is evident from the RMS 
plot that the surface morphology of each sample varies 
significantly with the amount of ZnO addition. In addition, 
the RMS roughness decreases nearly in a linear manner 
with increasing ZnO content (RMS roughness values are 
35.6 nm, 32.15 nm, 27.45 nm and 8.62 nm with increasing 
ZnO concentration of 1 wt %, 10 wt %, 25 wt % and 50 wt 
% ZnO, respectively). This trend is in agreement with our 

recently published AFM results, [26] that film crystallinity 
as well as roughness enhances with post-deposition 
annealing compared to that in the as-deposited (amorphous) 
state. The optical transmission of the annealed ZnO–SnO2 
films deposited on glass substrates were investigated in the 

wavelength range 300 to 1100 nm (Fig. 3). It appears that 
optical transmission of the annealed ZnO–SnO2 films 
significantly increases as compared to that in the               

as-deposited ones [26], which might be attributed to both 
better crystallization of the films and lower level of defects 
near the grain boundaries, thereby resulting in improvement 
of structural homogeneity and decrease of internal 
scattering of light. 

The film with 50 wt % ZnO shows typical intensity 
oscillations in the visible region owing to the interference 
issue in thin films. The absorption edge of the composite 
films shifts toward higher wavelength range (red shift) with 

increasing ZnO content, as evident from Fig. 3. This 
change in absorption edge may be ascribed to both 
compositional change and structural modification of the 
composite films. The modification in the degree of 
crystallinity of the composite films is followed by a large to 
moderate change of the absorption edges to the higher 
wavelength regime. This result can be accredited to the 
decrease of extended to localized state transitions resulting 
from the band tails formed owing to the defect or disorder 

[29].  
The optical band gap (Eg) can be calculated from the 

Tauc equation [30] given by 
 
αhν =A(Eg – hν)

n   
                                                             (1) 

 
where, A is a constant related to the effective mass 
associated with the bands and n is a constant which is equal 
to 0.5 for a direct-gap material and 2.0 for an indirect-gap 
material, ignoring excitonic effects. The optical data 

obtained in Fig. 3 were analyzed using Tauc’s equation and 
plotted as optical band gap as a function of composition in 

Fig. 4(a, b). Accordingly, the optical band gap values (Eg), 
calculated as per the extrapolation scheme enumerated in 

the inset of Fig. 4, lie in the range 3.92 -3.46 eV, varying 

with ZnO concentration. Fig. 4(a) clearly suggests that the 
band gap decreases with increase in ZnO concentration. 
The  observed  band  gap  values  for  the  annealed      
ZnO-SnO2 composite films  with  1.0  wt %, 10  wt %,     
25  wt %  and  50  wt %  ZnO  concentrations  are 3.92,  
3.69,  3.51,  and  3.45  eV,  respectively. For comparison, 
the Eg values of pulsed laser deposited pure SnO2 and pure 
ZnO films have also been included here. A representative 

band gap plot is shown in Fig. 4(b) for the sample with       
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1 wt % ZnO-SnO2 concentration. The relative band levels 
of the ZnO-SnO2 composite thin films and the 
corresponding electron-hole transition is depicted in inset 

of Fig. 4 (b). 
 

 
 
Fig. 4. (a) Optical band gap of the ZnO–SnO2 thin films with increasing 
ZnO content. (b) Representative Tauc’s plot shows the (αhν)2 versus 
photon energy relation of 1 wt% ZnO sample. Inset shows the electron-
hole transition in ZnO-SnO2 thin film composites. 

 
It is known that in degenerated semiconductors such as 

SnO2 and ZnO, the optical band gap can be increased or 
decreased by varying the carrier concentration. Therefore,  
the  optical  band  gap  value  decreases with  an  increase  
in  ZnO  concentration  or  with  the  decrease  in carrier  

concentration. It is seen from Fig. 4 that thermal annealing 
have increased the band gap of ZnO–SnO2 composite films 

with respect to that of the as-deposited ones [26]. Earlier 

Young et al. [31] have shown that sputter deposited 
crystalline zinc-tin oxide (ZTO) thin films exhibit a direct 
optical band gap in the range 3.3 – 3.9 eV. They further 
concluded that this broad band gap range could probably 
arise with the combined effect of a large Burstein–Moss   
(B-M) shift and compositional as well as structural 
dissimilarity of the zinc-tin oxide thin films.  

To further study the effect of ZnO addition to SnO2 on 
chemical bonding and structural states of the annealed 
ZnO–SnO2 films, XPS study has been carried out for the 
present set of ZnO–SnO2 composite films and compared 

with that for pure SnO2 film using C-1s peak (284.6 eV) as 
a reference for calibration of binding energy.  

 

 
 

Fig. 5. Peak fitting results of XPS O1s core level spectra of ZnO–SnO2  
thin films with varying  ZnO concentration (ZnO:SnO2 = (a) 0:100 (b) 
1:99 (c) 10:90, (d) 25:75 (e) 50:50 wt.%). 

 
The effect of oxidation behavior of the post-annealed 

ZnO–SnO2 composite thin films has been well understood 
by deconvoluting the O-1s peaks by two nearly Gaussian 
curves centered at 531.2 ± 0.2 and 532.5 ± 0.2 eV, as 

depicted in Fig. 5(a-e). The O-1s peak in the ZnO-SnO2 
composite films has been observed in the binding energy 
region of 531–534 eV. The asymmetric O-1s peak indicates 
the coexistence of various chemical bonds in the composite 
films. The peak at 531.2 eV (Ov) corresponds to O

2− 
in an 

oxygen deficient region [32]. The intensity of the 531.2 eV 
peak increases with increasing ZnO concentration. The high 
binding energy component of the O-1s peak at 532.5 eV 
(Os) is characteristic for the presence of OH

−
 groups 

integrated in the material and to loosely bound oxygen on 

the surface such as H2O [33]. Earlier, Sharma et al. [34] 
have assigned the 532.0 eV peak to absorbed hydroxyl ions 
in pure SnO2 films prepared by spray technique. The film 
with 10 wt % and 50 wt % ZnO further shows one 
additional peak at 533.4 ± 0.3 which might be attributed to 
weakly bound surface oxygen (i.e. presence of O2

2−
 anions) 

in the composite structures [35].  

Fig. 6 summarizes the electrical resistivity results of as-
deposited and annealed ZnO-SnO2 binary-binary oxide thin 
films. The resistivity plot follows the same trend as the as-

deposited ZnO-SnO2 films, reported earlier [26]. Earlier 

Kilić and Zunger [36] have established that the activation 
energy for the formation of oxygen vacancies and tin 
interstitials in SnO2 is quite low and accordingly these 
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defects can readily create. Finally, these defects tries to 
enhance the conductivity in doped (e.g., In-doped SnO2) 
and non-stoichiometric SnO2. The conglomeration of an 
extrinsic oxide like ZnO with SnO2 in bulk amount further 
increases its charge carrier concentration, resulting in a 
reduction in the resistivity.  

 

 
 

Fig. 6. Variations of electrical resistivity of as-deposited and annealed 
ZnO–SnO2 thin films as a function of increasing ZnO concentration 
(plotted in logarithmic scale).  

 
The resistivity of ZnO-SnO2 films is consistently lower 

(follows a non-linear pattern) than that of the as-deposited 

films and reaches as low as ∼9.84 x 10
-4

 Ω-cm (25 wt % 
ZnO film). This low resistivity may possibly be due to 
further increase in mobility and carrier concentration due to 
annealing at 600 °C in air. However, the relatively high 
resistivity in the film with 50 wt % ZnO is largely caused 
by the compositional variation and the existence of 
compositional and structural difference. It can be observed 
that the film with 50 wt % ZnO is the smoothest with lowest 
RMS roughness (RMS~8.62 nm), yielding maximum 
defects and strain variations, which would obstruct the flow 
of electrons and increases the resistivity. A comparative 
study reveals that the electrical resistivity of the annealed 
ZnO-SnO2 films is an order of magnitude lower compared 
to its as-deposited counterpart. It may be presumed that due 
to thermal annealing there is a greater possibility of 
diffusion of Sn atoms from grain boundary and interstitial 

lattice sites to regular ZnO lattice sites [37]. Annealing 
influences the grain growth, subsequently resulting in less 
grain boundary area, which finally, reduces the grain-
boundary scattering. The mobility of the charge carriers, 
therefore, enhances in the annealed films. Consequently the 
resistivity of the films decreases in of the ZnO-SnO2 films 
in annealed state.  
 

Conclusion  

In summary, the structural, chemical and optical properties 
of post-annealed ZnO–SnO2 (ZTO) thin films with varying 
concentrations have been studied. The ratios of zinc oxide 
to tin oxide were formulated to range from 1:99 to 50:50.  
It was observed that upon thermal annealing, the 
crystallinity of the composite films increases significantly 
with increasing concentration of ZnO compared to as-

deposited state. The surface roughness of the films also 
decreases with increasing ZnO concentration. The average 
optical transmittance of the annealed ZTO films in the 
visible range (400-800 nm) decreases from 92 % to 78 % 
with increasing ZnO concentration in the film. It was found 
that by controlling the ZnO/SnO2 ratio in the composite 
aggregate, the optical band gap of the PLD films could be 
finely tuned between the bandgap (Eg) of ZnO          

(Eg∼3.37 eV) and SnO2 (Eg∼3.6 eV).  The atomic ratios of 
the ZnO–SnO2 composite films, as obtained from the XPS 
spectrum, confirms the formation of mixed oxides rather 
than alloyed phases. The XPS data revealed that in       
ZnO–SnO2 films, Sn is present in Sn (+4) state, while Zn 
and O is present in mixed chemical states. The electrical 
resistivity of the annealed ZnO–SnO2 films substantially 
decreased with increasing ZnO concentration and also 
compared to those of as-deposited films. The lowest 
resistivity (9.8 × 10

-4
 Ω cm) is obtained for the post-

annealed film with 25 wt % ZnO. The reduction may be 
attributed to an increase in carrier concentration and 
mobility due to diffusion process, and less grain-boundary 
scattering. The present investigation shows that ZnO - SnO2 
binary-binary annealed films (with ≤ 25 wt% ZnO) could 
be a potential candidate for optoelectronic applications, 
such as solar cells or touch panel controls owing to their 
excellent structural, optical and electrical properties. 
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