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Abstract In the present work, we investigated the effect
of Zr doping (0-6 at%) on the structural, electrical, and
optical properties of tin oxide (SnO,) thin films deposited
onto glass substrates using a spray pyrolysis technique. The
room-temperature X-ray diffraction pattern shows that all
deposited films exhibit polycrystalline tetragonal structure.
The pure SnO, film is grown along a preferred (200) direc-
tion, whereas Zr-doped SnO, (Zr:SnO,) films started grow-
ing along the (220) orientation along with a high intensity
peak of (200). Scanning electron microscope (SEM) and
atomic force microscope (AFM) images showed that the
grains of the films are spherical in structure, and the grain
size decreased with increasing of Zr concentration. The opti-
cal transmission spectra of deposited films as a function of
wavelength confirm that the average optical transmittance is
> 85% for Zr:SnO, films. The value of the optical bandgap is
significantly decreased from 3.94 to 3.68 eV with increasing
Zr concentration. Furthermore, the electrical measurements
found that the sheet resistance (R,) and resistivity (p) val-
ues are decreased with increasing of Zr doping. The lowest
values of Ry, =6.82 Q and p=0.4x 10> Q cm are found in
6-at% Zr-doped SnO, film. In addition, a good efficiency
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value of the figure of merit (¢ =3.35x 107> Q") is observed
in 6-at% Zr-doped SnO, film. These outstanding properties
of Zr-doped SnO, films make them useful for several opto-
electronic device applications.

1 Introduction

In recent years, considerable interest has been growing to
develop transparent metal oxide thin films owing to their
potential applications in technological fields such as solar
cells, electrochromic devices, photovoltaics, photocata-
lytic, gas sensors, and other optoelectronic devices [1-8].
Among the various transparent metal oxide thin films, tin
oxide (SnQ,) is an appropriate candidate material owing to
its high band-gap energy of 3.6-4.0 eV [9], high electrical
conductivity, and high optical transmittance. In addition,
SnO, thin films have higher chemical and mechanical sta-
bility compared with other transparent metal oxide thin films
[10]. However, undoped SnO, thin film has low electrical
conductivity owing to its intrinsically low carrier density
and mobility. Hence, effective doping is one way to control
the oxygen vacancies and improve the conductivity of SnO,
with a suitable dopant.

Several authors used many dopants such as Ag, Al, Ga,
Zn, In, Mn, Sb, and Ru in SnO, films to improve these
properties [11-18]. Among these dopants, Zr can obtain
a high quality of films for optoelectronic device applica-
tions [19]. Zr is a n-type material, and the Zr** jonic radius
(0.79 A) is larger than the Sn** ionic radius (0.69 A) [20].
Hence, Zr** ions can easily replace Sn** ions in the crystal
lattice, and the product compound can stabilize the lattice
structure. Therefore, Zr is a perfect dopant to improve the
optical and electrical characteristics of SnO, thin films for
developing optoelectronic devices. Pure SnO, thin films
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can be synthesized by various deposition techniques such
as electron beam evaporation [21], magnetron sputtering
[22], atomic layer deposition [23], chemical vapor deposi-
tion [24], and pulsed laser deposition [25]. Compared to the
above techniques, spray pyrolysis is one of the best owing to
its low cost, homogeneous growth on large-area substrates,
and easy control of the chemical composition of thin film.
In this study, we systematically explored the effects of Zr
(0-6 at%) doping on the structural, electrical, and optical
properties of SnO, films synthesized by the spray pyrolysis
technique onto glass substrates.

2 Experimental

Pure SnO, and Zr-doped SnO, (Zr:SnO,) films were depos-
ited on glass substrate using the spray pyrolysis technique.
To deposit the pure SnO, film, we used SnCl,-2H,0 as
the source material. It was dissolved in absolute ethanol
(C,HsOH) by adding a few drops of HCL. To deposit the Zr-
doped SnO, films (Zr:Sn0,), Zirconium(IV) acetylacetonate
[Zr(Acac),, Sigma Aldrich, 99%] was used as the source
for Zr doping. Different precursor solutions were prepared
by adding Zr (Acac), dopant to the source SnO, solution.
The Zr concentrations in the SnO, spray solution ([Zr]/[Sn])
were 0, 1.5, 3, 4.5, and 6 at%, which are represented as Z0,
Z1,72,73, and Z4, respectively. Commercially available
quartz glass slides with an area of 1 cm X 1 cm and thickness
of 1.3 mm, as the substrate, were cleaned with distilled water
and organic solvents several times with deionized water, fol-
lowed by an ultrasonic bath for 15 min, and then dried in an
argon gas atmosphere.

The prepared solutions were sprayed on the glass sub-
strates through a glass nozzle of 0.1-mm diameter using
the air as a carrier gas. The distance between the nozzle
and substrate was kept constant at 25 cm, and a uniform
spray rate of 5 ml/min was maintained for 30 min for all
films. Thus, all deposited films had almost the same thick-
ness of about 600+ 15 nm, as confirmed by a stylus pro-
filometer. The temperature was kept at a constant 400 °C
for all samples. The temperature was measured using a
Chromel-Alumel thermocouple controlled by a digital pro-
portional—-integral—-derivative (PID) temperature controller
with an accuracy of +5 °C. A crystal structure analysis was
conducted by grazing incidence X-ray diffraction (GIXRD)
using a Rigaku X-ray diffractometer with CuK, radiation
having a wavelength 1=1.5406 A in the 20 range from 10°
to 70°. The deposited films were subjected to morphologi-
cal characterization using a Zeiss Evol8 scanning electron
microscope (SEM) and atomic force microscopy (AFM).
The optical transmittance spectra were taken using a Shi-
madzu UV-visible spectrophotometer at room temperature.

@ Springer

The electrical properties were measured with a Keithley
measurement source unit using a four-probe method.

3 Results and discussion

Figure 1 depicts the XRD pattern of the pure SnO, (Z0) and
Zr:Sn0, (21,72, 73, and Z4) films deposited onto glass sub-
strates. The XRD results clearly indicate that all deposited
films exhibited a tetragonal polycrystalline rutile structure.
The fundamental diffraction peak (200), which is a higher
intensity diffraction reflection, and the small-intensity super
lattice peaks (110), (101), (211), and (220) are indexed. The
observed peaks exactly match the standard ones from JCPDS
card no. 41-1445 and belong to the space group P42/mm
(number 136). The pure SnO, film (Z0) shows a preferred
growth orientation along the (200). However, in Zr:SnO,
films, the (220) peak intensity continuously increased as the
Zr concentrate ion increased, and shows a slight change in
the reorientation effect of the lattice planes. Babar et al. [26]
and Turgut et al. [15] observed similar results in their stud-
ies. The lattice constants a and c for the tetragonal phase
structure are calculated by the following equation [27]:

1 (R+k P
e~ \Ta )T M
where d is the interplanar distance, and A, k, and [ are Miller

indices. The lattice constants for the tetragonal SnO, film
were found to be a=4.7516 A and ¢ =3.1844 A. Moreover,

.

6 at% Zr:SnO>
74
A L (l ) A

4.5 at% Zr:SnO>
(23)

3 at% Zr:SnO>
72
A l_ (l ) A

1.5 at% Zr:SnO»

Intensity (a.u)
_—
-
— ? S—m—

A GY
Pure SnO>
Z0
A 4 AL A( )4

= ~ SnO:2: JCPDS card no. 41-1447
= S - ~_
=l 8 =g =g
(&) o N - (=4
T - OB
L L | L] Ll I L) I I
10 20 30 40 50 60 70

20 (degrees)

Fig.1 XRD pattern of pure SnO, (Z0) and various concentrations
(1.5, 3,4.5, and 6 at%) of Zr-doped SnO, (Z1, Z2, Z3, and Z4) films
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the lattice constants for the Zr-doped SnO, films (Z1, Z2,
73, and Z4) were higher than that of the pure SnO, film.
Values are listed in Table 1.

On the other hand, (200) fundamental peak broaden-
ing was observed as the Zr concentration increased. This
indicates a decrease in grain size with an increase in Zr
content, and is confirmed by the reduction in full-width at
half-maximum (FWHM) with increasing Zr concentrations
in SnO,. In addition, an observed shift in (200) reflec-
tion toward a lower angle indicates an increase in the cell
volume owing to a larger ionic radius of the Zr (0.72 A)
atom as compared to Sn (0.68 A). The average grain size
(D) of all deposited polycrystalline films (Z0, Z1, Z2, Z3,
and Z4) was calculated using the Debye—Scherrer formula
[28], and the corresponding values are given in Table 1.

_ 094
- Pcosd’ @)

where D is the grain size of the nanoparticles, f is the full-
width at half of the peak maximum (FWHM) in radians,
and 6 is Bragg’s angle. The measured grain size values for
the (200) peaks are given in Table 1. For the (200) peak, the
calculated D values continuously decrease from 49 to 14 nm
with an increase in the Zr concentration, which suggests that
additional Zr distracts the SnO, lattice owing toan increase
in the number of nucleation centers. The mismatch micro-
strain () is one of the most important factors in nanostruc-
tured thin films, and can unfavorably affect the structural
properties. It can be calculated from the geometric mismatch
between the crystalline lattices of the thin films and the sub-
strate [29]. The microstrain (¢) values of pure SnO, (Z0)
Zr:Sn0O, (Z1, 72,73, and Z4) films for the (200) peaks are
measured by the following formula [30]:

= ()[(B)- o).

where f is the full-width at half-maximum of the preferred
peak, and D is the average grain size. The calculated values
are given in Table 1. For the (200) peak, the microstrain (&)
increases with an increase in Zr concentration.

Figure 2 depicts the scanning electron microscope
(SEM) and atomic force microscope (AFM) microstruc-
tures of the pure SnO, (Z0) and Zr:SnO, (Z1, 22, Z3,
and Z4) films. The SEM and AFM images show that the
Zr concentration effectively changes the microstructure
of the films. All deposited films were homogeneous and
free of cracks. Both the SEM and AFM microstructures
replicate a decrease in grain size with an increase in Zr
content, and are also in good agreement with the XRD
results. The average grain size values measured by FESEM
(Fig. 2la—e) for the films Z0, Z1, Z2, Z3, and Z4 were
found to be 70+2, 52+3,46+3, 35+ 3, and 21 +3 nm,
respectively. The observed grain size values from SEM

Table 1 Various parameters for pure SnO,_and Zr-doped SnO, thin films

Resistivity
(p)x107
(Q cm)

Figure of merit Average rough-  Sheet resist-

Microstrain
(&)x 1073

Cell volume (nm)®  Grain size (nm)

Zr concentra- Lattice parameters

tion (at%)

Sample name

ance (Ry,) (Q)

ness (Ravg) (nm)

($)x1073 Q1

(nm)

AFM

SEM

XRD

a

5.30
3.39
1.95
0.87
0.40

88.4

11.23
8.64
6.12
3.84
2.16

0.23
0.98

1.0689
1.8827
2.2646
2.5595
3.3702

74+3
56+3

70+2

49

71.8964
72.6611

3.1844
3.2014
3.2159
32174
3.2186

4.7516
4.7641
4.7724
4.7865
4.8023

70

56.3

48+2
39+3

25

1.5

Z1

32.6

0.36
1.23
3.35

73.2447
73.7125

72

14.5

35+3

18
14

4.5

73

6.8

23+3

21+3

74.2276

74
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Fig. 2 la—e SEM images and
IIa—e AFM images of pure SnO,
(Z0) and various concentra-
tions (1.5, 3, 4.5, and 6 at%) of
Zr-doped SnO, (21, 72,73, and
7Z4) films
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and AFM (Fig. 2Ila—e) are moderately similar, as shown
in Fig. 2.

However, the overall grain sizes shown by SEM and
AFM are much larger than those shown by XRD. This is
ascribed to the fact that SEM and AFM show agglomera-
tions of the particles, whereas XRD gives an average grain
size [31]. The average surface roughness of the films plays
a vital role in developing optoelectronic devices [32]. The
average surface roughness not only describes the light
scattering, but also gives an idea of the quality of the
surface under investigation. For a quantitative evaluation
of the surface topography, the average surface roughness
(R,e) was measured from AFM scans over film areas of
1 X1 pm in semi-contact mode. Three scans in different
areas were conducted for each sample using the following
equation [33]:

N
Ravg = ]%[ ; ’Zi - z’? €]

where N is the number of surface height data, and 7 is the
mean height distance. AFM topography tells us that the aver-
age surface roughness (R,,,) decreases as the Zr concentra-
tion increases. The values are listed in Table 1.

Figure 3 shows the optical transmittance curves deter-
mined in a wavelength range of 300-800 nm for pure SnO,
(Z0) and Zr:Sn0O, (Z1, Z2, Z3, and Z4) films measured
with a UV-visible spectrometer. It can be found that the
average transmittance is greater than 80% for all films
in the visible and near-infrared regions. This indicates
that Zr-doped SnO, films are highly transparent and can
be used for window layers for solar cells. However, the
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Fig. 3 Optical transmittance vs. wavelength curves of pure SnO,
(Z0) and various concentrations (1.5, 3, 4.5, and 6 at%) of Zr-doped
SnO, (21, 722,73, and Z4) films

average transmittance decreases from 90 to 80% as the Zr
concentration increases.

In the present study, the decrease in transmittance at
higher Zr doping amounts might occur for the following
reasons: (1) a scattering of photons by crystal defects created
by doping. This is in good agreement with the AFM topog-
raphy; thus, the surface roughness of the films was found
to decrease as the Zr concentration increased. (2) As the Zr
concentration into SnO, increased, the structural lattice sites
of SnO, were disturbed, and the number of defects increased
in the lattice sites. This is in good agreement with the XRD
pattern, in which a peak shift was found.

The absorption coefficient () is determined by the fol-
lowing equation [34]:

()

t )

®

where T is the transmittance, and 7 is the thickness of the
film. The optical bandgap of the pure and Zr-doped films
can be obtained from transmission measurements using the
Wood-Tauc relation [35]:

ahv = A(hv - E,)?, ©)

where hv is the photon energy, A is a constant, E, is the
energy bandgap, and E, values are calculated by plotting
(ahv)? vs. hv and extrapolating the linear portion of the
graph to zero absorption [(ahv)? = 0], as shown in Fig. 4. It
can be noticed that the optical band-gap values continuously
decrease as the Zr doping in SnO, increases. The band-gap
values of the pure SnO, (Z0) and Zr-doped SnO, films (Z1,
72,73, and Z4) are found to be 3.94, 3.90, 3.88, 3.82, and
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Fig. 4 hov (photon energy) vs. (ahv)? curves for pure SnO, (Z0) and
various concentrations of (1.5, 3, 4.5, and 6 at%) Zr-doped SnO, (Z1,
72,73, and Z4) films

@ Springer



761 Page 6 of 7

N. N. K. Reddy et al.

3.68 eV, respectively. The decrease in the energy bandgap
with Zr doping is probably a result of the formation of new
recombination lattice sites in SnO, with lower emission
energy [36]. This indicates a stoichiometric deviation and
degeneracy of Zr-doped SnO,, and an increase in the number
of oxygen vacancies within the lattice.

Electrical properties such as the sheet resistance (Rg,) and
resistivity (p) of the Z0, Z1, Z2, 73, and Z4 films were meas-
ured at room temperature using a four-probe method, which
confirmed that all deposited films exhibit n-type conductivity.
Figure 5 shows the sheet resistance (R,) vs. the Zr concentra-
tion. The Ry, values significantly decrease as the Zr concentra-
tion increases. The R, values of Z0, Z1, Z2, Z3, and Z4 are
88.4,56.3, 32.6, 14.5, and 6.8 Q, respectively. The measured
sheet resistance values are illustrated in Table 1.

The decrease in the sheet resistance of the Zr:SnO, films
can be attributed to the existence of different valence states
of Zr. In the Zr:SnO, films, some of the Sn** ions in the lat-
tice can be replaced by Zr** ions. This results in a decrease
in the sheet resistance, and in this case, Zr acts as a donor. In
general, in transparent conducting metal oxide films, the opti-
cal transmission and electrical resistance play a vital role in
solar-cell applications. In the present study, the Zr-doped SnO,
films exhibited higher optical transmittance and lower sheet
resistance. Therefore, these films are potential candidates for
solar-cell window materials.

The corresponding resistivity (p) values were also measured
for all deposited films, and the values are given in Table 1.
The p values decrease as the Zr concentration increases, fol-
lowed by the sheet resistance (Rg,) values. To determine the
efficiency of the pure SnO, (Z0) and Zr-doped SnO, (Z1, Z2,
73, and Z4) films, we measured the figure-of-merit parameter
using the Haacke equation [37]:

Tl()
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Rsh
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_ 80 3.0
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Fig. 5 Sheet resistance and figure-of-merit values with function of Zr
(0, 1.5, 3, 4.5, and 6 at%) concentration

@ Springer

where T is the transmittance at 650 nm, and Ry, is the sheet
resistance. The calculated value of the figure of merit vs.
the Zr doping concentration is depicted in Fig. 5. It can be
observed that the figure of merit increases significantly as
the Zr doping concentration increases in the SnO, films.
A higher figure-of-merit value is obtained in Z4 (6-at%
Zr:Sn0,) film. These findings are indicating that the depos-
ited Zr-doped SnO, films are very useful for solar-cell and
optoelectronic device applications.

4 Conclusion

We successfully deposited pure SnO, and Zr-doped SnO,
thin films onto glass substrate using a spray pyrolysis tech-
nique. The effects of adding Zr on the structural, electrical,
and optical properties were investigated. The XRD pat-
tern revealed that all deposited films were crystalline with
a preferred orientation of (200) and exhibited a polycrys-
talline tetragonal rutile structure. SEM and AFM images
showed that the grains of all deposited films were spherical
in structure, and the grain size effectively changed with the
Zr concentration. The optical properties were confirmed
that the average optical transmittance was > 85% of the Zr-
doped SnO, films. The measured optical band-gap value
decreased from 3.94 to 3.68 eV as the Zr concentration
increased. Furthermore, electrical properties such as the
sheet resistance (Rg,) and resistivity (p) of the SnO, films
decreased with Zr doping. The lowest values of R, =6.82 Q
and p=0.4x 1073 Q-cm were obtained in 6-at% Zr-doped
SnO, film. Consequently, a good efficiency value of the fig-
ure of merit (¢ =3.35X% 1073 Q) was found in 6-at% Zr-
doped SnO, film. These substantial properties of Zr-doped
SnO, films make them useful for wider optoelectronic device
applications.
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