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In the present work, undoped ZnO thin films have been deposited on glass substrates at 300 °C by ul-
trasonic spray pyrolysis technique. Zinc acetate, acetic acid and methanol have been used as precursors
and solvents. The prepared thin films have a thickness ranging from 216 to 680 nm. Structural transfor-
mation has been observed as a function of deposition time. Thin films obtained at low deposition time are
polycrystalline in nature, they crystallized under hexagonal wurtzite structure and presented a preferen-
tial orientation along the c-axis perpendicular to the substrate, where the maximum crystallite size was
found to be 14.4 nm for a smallest deposition time of 5 min. However, those obtained at deposition time
higher than 15 min exhibit amorphous nature and we observed a disappearance of diffraction peaks. Scan-
ning electron microscopy has been applied for a morphology characterization of the films. A growth of nan-
owires in a length scale of few microns can be seen clearly for a deposition time of 5 min and enhanced at
10 min. An amorphous nature of ZnO thin films was obtained at deposition time of 15 and 20 min. The aver-
age transmittance of all films is over 80 % in the visible region and the band gap energy for crystalline
phase increases from 3.17 to 3.45 eV with the increase of the deposition time. Low resistivities in the range
of 6.91x10-3 and 6.60 (R.cm)-1 were produced when the deposition time increases from 5 to 10 min, and
more than 1.90 x 105 (Q.cm)-! for deposition time greater than 10 min. The Urbach energy decreases from
324 to 314 meV with increasing deposition time from 1 to 4 min due to the strain and disorder in the thin
films. The optical and electrical properties of deposited thin films revealed that these thin films have po-

tential applications in optoelectronic devices especially in solar cells.

Keywords: Undoped ZnO, Thin films, Ultrasonic spray pyrolysis, Transparent conducting materials.

DOL: 10.21272/inep.11(6).06001

1. INTRODUCTION

In the past few decades, the fabrication and develop-
ment of transparent conductive oxide (TCO) materials
have gained an enormous research interest owing to their
enhanced and tunable optical and electrical properties.
These materials including indium tin oxide (ITO) have
potential applications as window materials in solar cell
structures, transparent electrodes, flat panel displays,
light emitting diodes and sensors [1]. However, the cost of
ITO has motivated the researchers to develop new mate-
rials as its substitutes. Zinc oxide has being low cost and
wide band gap material attracts a lot of research interest.
7ZnO exhibits novel electrical and optical properties when
synthesized as nanocrystals and thin films. ZnO has be-
come an excellent and efficient candidate for viability of
advanced electro- and optoelectronic devices like solar
cells, sensors, light emitting diodes and surface acoustic
wave devices. Several methods have been reported for
deposition of ZnO thin films with adequate properties (low
resistivity, high crystallinity and high transmittance),
such as chemical vapor deposition (CVD) [2], magnetron
sputtering [3], laser molecular beam epitaxy [4] and sol-
gel [1]. Among this, ultrasonic spray pyrolysis technique is
a unique method to deposit ZnO thin films on a variety of
substrates [5]. This methodology is simple, cost effective
and capable to produce uniform and homogeneous thin
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films of ZnO. It has also been successfully used to prepare
binary, ternary and quaternary materials such as ZnS,
MgO, CulnS:z (CIS) and Cu2ZnSnS4 (CZTS).

The present work describes the investigations on the
dependence of structural, morphological, optical and
electrical properties of ZnO thin films deposited on glass
substrates by ultrasonic spray pyrolysis technique as a
function of deposition time. The obtained results are
compared and discussed with the specified results car-
ried out by several researchers to validate the possible
applications of these thin films.

2. EXPERIMENTAL DETAILS

ZnO thin films were prepared on glass substrates us-
ing ultrasonic spray pyrolysis technique. The spray solu-
tion was prepared by dissolving zinc acetate in methanol
followed by addition of few drops of acetic acid solution
as a stabilizing agent. The concentration of final solution
was kept 0.1 M. The mixture was then stirred vigorously
at 30 °C for one hour to yield a clear, homogeneous and
transparent solution. The solution and compressed air
(carrier gas) were fed into a spray nozzle at a pre-
adjusted constant atomization pressure. The flow rate of
the solution was kept at 8 ml/min and fixed substrate
temperature of 300 °C. The distance between the nozzle
(0.1 mm) and the substrate was kept 17 cm. The time of
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deposition varied from 5 to 20 min.

The structural analysis was carried out by X-ray
diffraction method using Philips X’ Pert system with
CuKa radiation (ACuKa =1.5418 A). The surface mor-
phology and microstructure was investigated by scan-
ning electron microscope embedded with EDX system.
The optical properties were obtained using Shimadzu
UV-3101 PC spectrophotometer in the wavelength
range from 300 to 800 nm. The electrical conductivity
was calculated in the dark at room temperature and in
a coplanar structure with two evaporated gold stripes
attached to the films surface.

3. RESULTS AND DISCUSSION

XRD patterns of ZnO thin films obtained at various
deposition times are shown in Fig. 1. Thin films deposited
after 5 and 10 min exhibit polycrystalline nature with
occurrence of diffraction peaks at 26 values of 32, 34 and
36 degree corresponding to (100), (002) and (101) planes of
hexagonal structure ZnQO; this result is in coherence with
previously reported data [6]. The broad diffraction peaks
depict that ZnO nanocrystals are deposited. For deposi-
tion time higher than 10 min, disappearance of diffraction
peaks leads to an amorphous structure as shown in
Fig. 1b. These observations demonstrated the dependence
of structural properties of thin films on deposition time
specifically when they are obtained via ultrasonic spray
pyrolysis technique.

The crystallites sizes (D) corresponding to (002) ori-
entation were estimated by Scherrer formula [7]:

- 094 M
pcosé

where A is the wavelength of X-ray radiation, f represents
the full width at half maximum (FWHM) and 6 is the
angle of diffraction. Table 1 shows the evolution of crystal-
lite size at short deposition times. The crystallite size
decreases as a function of increasing deposition time. The
crystallites are observed to shrink slightly from 14.4 to
12 nm for deposition time of 5 and 10 min, respectively.
The observed values of crystallite sizes are in well agree-
ment with the reported data. However, for deposition time
of 15 and 20 min, it is difficult to estimate crystallite size
due to amorphous nature of the thin films.

Table 1 - Evolution of the crystallite size in short deposition
times

Deposition time | Crystallite size, nm | FWHM, °260
5 min 14.4 0.4903
10 min 12 0.501

The morphology of ZnO thin films was analyzed by
scanning electron microscopy (SEM) and the micro-
graphs obtained at various deposition intervals are
shown in Fig. 2. For deposition time of 5 min, growth of
nanowires in a length scale of few microns can be seen
clearly (Fig. 2a). The growth of ZnO nanowires enhances
with uniform distribution throughout the substrate
surface for deposition time of 10 minutes (Fig. 2b). The
amorphous nature of ZnO thin films obtained at deposi-
tion time of 15 and 20 min is shown in Fig. 2¢, d. These
micrographs corroborate the observations of structural
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analysis of ZnO thin films.

The compositional analysis of ZnO thin films deposited
on glass substrates was carried out by energy dispersive
X-ray spectroscopy (EDX). This analysis revealed that
deposited thin films are quasi-stoichiometric and the
supposed composition has been substantially achieved.
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Fig. 1 — XRD patterns of ZnO thin films deposited at 5 min
and 10 min (a), 15 min and 20 min (b)
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Fig. 2 — Scanning electron micrographs of ZnO thin films with
different deposition times: 5 min (a), 10 min (b), 15 min (c) and
20 min (d)

Fig. 3 shows EDX pattern of compositional analysis
of thin films obtained after 5 min of deposition. The real
composition of ZnO material is evident from the presence
of Zn and O elements in the thin films.
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Fig. 3 — EDX spectrum for ZnO thin film deposited by spray
pyrolysis at short deposition time (10 min)

10°4 /

Resistivity (Q cm)
ul

10-3 ] T T T T T T T T T T T T T T T T T
Deposition times (min)

Fig. 4 — Resistivity measurements of the ZnO thin films as a
function of deposition times

Electrical properties of deposited thin films were ana-
lyzed by calculating the resistivity of the samples as a
function of deposition time as shown in Fig. 4. The resis-
tivity is observed to increase when the deposition time
increases from 5 to 20 min. For deposition time of 5 and
10 min, low value of resistivity is observed i.e. 6.91 x 10-3
and 6.60 (Q.cm)-1, respectively, which leads to a high
conductivity. On the other hand, for deposition time
greater than 10 min, high resistivity 1.90 x 105 (Q.cm) 1
is observed, which leads to low conductivity of the sam-
ples. This electrical behavior of ZnO thin films is in good
agreement with the reported values [8]. The elevation
observed in the value of resistivity is probably due to the
augmentation of the potential barriers [9] and increase
of oxygen concentration when the deposition time is
higher [10].

The optical properties of ZnO thin films deposited on
glass substrates have been investigated by UV-Vis Spec-
trophotometer in the wavelength range of 280 to 800 nm.
The transmittance spectra of ZnO films obtained at
different deposition times are shown in Fig. 5. The aver-
age value of transmittance is observed to be more than
80 % for ZnO thin films deposited after 5, 10 and 15 min.
A steep absorption edge of transmittance curve showed

06001-3



W. DARANFED, N. GUERMAT, ET AL.

that these thin films can have potential applications in
solar cells as a transparent window material. However,
the value of transmittance is observed to decrease as
62 % for ZnO thin films obtained after 20 min of deposi-
tion. This decrement is mainly due to film thickness and
amorphous nature of thin films [11]. The same observa-
tions have already been reported in case of amorphous
aluminum doped ZnO thin films [12] and un-doped ZnO
thin films [13].

Tauc relation [14] was used to estimate the value of
optical band gap energy for all samples by plotting (ahv)2
as a function of photon energy hv. The extrapolation of
this curve gives the value of band gap energy as shown in
Fig. 6.
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Fig. 5 — Transmission spectra of ZnO thin films deposited at
different deposition times

3.00E+010
2,50E+010
£~ 2,00E4010
>
(1]
5 1,50E+010 -
= gap=3.8ev
3 1,00E+010 2\
\
5,00E+009
gap=3.28ev
LN
0,00E+000 - — —
: : , :
1 2 3 4
hv (ev)

Fig. 6 — Variation of (ahv)? versus hv with short deposition
time (10 min) of ZnO thin film

(chv)' = B(hv— Eg) @

where Eg is the optical gap energy, a is the absorption
coefficient, B is a constant and, Av is energy of incident
photons.

The dependence of band gap energy on deposition
time is represented in Fig. 7. Two different values of
band gaps have been deduced for amorphous and crys-
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talline thin films. It has also been observed that the
value of band gap increases as the crystallinity of thin
films improves as discussed earlier for gallium and indi-
um doped zinc oxide thin films [12-14]. In the current
study, the band gap value increases as a function of
deposition time due to enhanced carrier density in thin
films and Burstien-Moss effect [15]. The observed values
of band gap are in the range from 3.17-3.45 eV and are
in well agreement with reported data [16].

Urbach energy is used to estimate the disorder in the
samples. This energy actually measures the width of
localized energy states estimation and was obtained by
Urbach energy which is a measure of the width of local-
ized states appendage into the forbidden energy gap [17].

a=a,exp ?EV s (©)

u

where E, represents the Urbach energy. Fig. 8 shows the
dependence of optical band gap and Urbach energy on
the deposition time. The variation in Urbach energy can
be demonstrated by the strain and disorder in the thin
films, as the quality of thin films improves the Urbach
energy [18, 19]. The decrease in Urbach energy is at-
tributed to the decrease of the defects as observed for
Co doped ZnO thin films [20] which ultimately affect the
optical properties of materials.
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Fig. 7 — Optical gap variation as a function of deposition times

3,50
324
3,45+
3,40 - I 322
=
= 335 =
% e 320 &
- =
(=4 i o
s 330 - E
-_ =
= 318 o3
T 325+ =
£ 2
(=] "
-
3,20 316 =
3,15
I 314
3,10 . . .

Deposition times (nm)

Fig. 8 — Band gap and Urbach energy variation of ZnO thin
films as a function of different deposition times
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4. CONCLUSIONS

In summary, ultrasonic spray pyrolysis technique
has been employed to deposit ZnO thin films on glass
substrates. The structural, morphological, electrical
and optical properties of deposited thin films have been
investigated as a function of deposition time (5-
20 min.). The crystallinity of the thin films decreases as
the time of deposition increases from 5 to 20 min. XRD
patterns revealed that thin films lose their crystallinity
and exhibit amorphous behavior when the time of dep-
osition is between 15 and 20 min. The transformation
from crystalline to amorphous phase is also evident
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Bruius yacy ocamskeHHs Ha BJIACTHBOCTI TOHKHX IUTiBOK ZnO, ocagskeHuX yJIbTPa3ByKOBUM
CHpPeH-nipoJIisomM, NJI1A ONTOEIEKTPOHHUX 3aCTOCYBaHb
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Hemerosani Touki mmisku ZnO HaHOCATHCA Ha cKiaHl maraaakn mpu 300 °C 3a JOIOMOrom yiabTpadByKo-
BOTO CIIPeH-Iiposridy. AlleraT IMHKY, OI[TOBA KHCJIOTA Ta METAHOJ BUKOPUCTOBYIOTHCS SK IIPEKYPCOPH Ta PO3-
ynHHUKA. [[iIroToB/IeH] TOHKI IUTIBKY MAIOTh TOBIMHY Bim 216 mo 680 aM. CrpykTypHA TpaHcOpMALLA CIIo-
cTepiraerbesa AK QYHKINA 4acy ocapkeHHsA. TOHKI IUTIBKY, OTPMMAHI 38 HU3BKOTO Yacy OCAIKEeHHs, MAIOTh I10-
JIKPHCTAIYHY IPUPOIY; BOHM KPHUCTAJI3YIOThCS Y TeKCATOHAJIBHY CTPYKTYPY BIOPLMTY 1 MAKIOTh IEPEBAKHY
OPIEHTAITII0 B3JIOB/K OCl € IEPIIEHIUKYJISAPHO IIIKJIAIIN, e MAKCHUMAJbHUN PO3MIp KPHUCTAJITIB CTAHOBUTH
14,4 1M 3a HAUMEHIIIOro Yacy ocampreHHsa 5 xB. OMHAK Ti IUTIBKH, sIK1 OyJIM OTPUMAHI 34 YaC OCAyKeHHs BHIIE
15 XB, IEMOHCTPYIOTH aMOP(HY IPHUPOIY, 1 MU CIIOCTEPIraeMo 3HUKHEHHS JUPparmiiaux mkis. Jis mocri-
IPKeHHsT MOP(oJIorii ILUTIBOK 3aCTOCOBYBAJIACA CKAHYIOYA eJIeKTPOHHA MIKPOCKOIISA. 3pOCTaHHS HAHOIPOTIB y
MaciTabl JIOBKUHY Y KUIbKA MIKPOH J00pe BUJIHO JJIS 9acy OCAMKeHHS 5 XB, a pO3UIUpeHHs — i yacy 10 xB.
Awmopdua dasza Torkux mwiiBok ZnO Oysa orpumana mpu 4aci ocamkenus 15 1 20 xB. Cepenmiit koedirtieHT
TIPOIIYCKAaHHS YCIX IUTIBOK mepesuIiye 80 % y BuauMIN 00JIaCTi, a eHeprisa 3a60poHeHO0l 30HU JIJI KPUCTAJIIIHOL
dasu 30LbIIyeThea 3 3,17 1m0 3,45 eB i3 30lmbIeHHaM Yacy ocamskeHHs. HuabKka muroMa IpoBigHICTE y miama-
30H1 3 6,91 x 10-3 mo 6,60 (Q.cm)-! Oysa oTpuMaHa IpPU 30LILIIEHH] Yacy ocamkeHHsa 3 5 1o 10 xB, a mposiz-
HicTh Oibie 1,90 x 105 (Q.ecm) -1 — st yacy ocampxeHHsa Oiabime HidK 10 xB. EHepris Ypbaxa ameHInyerbes 3
324 o 314 meB 13 30LIBIIIEHHAM Yacy ocaykeHHs 3 1 10 4 XB depes JedopMalriio Ta PyUHYBAHHS MOPSIKY V
TOHKHUX IUTiBKaX. OIITHYHI Ta JIEKTPUIHI BJIACTHBOCTI OCA/YKEHUX TOHKUX ILUTIBOK BUSBIUJIM, IO ITl TOHKI TLTiB-
KU MAaIOTh IIOTEHITIHE 3aCTOCYBAHHS B OIITOCJIEKTPOHHUX ITPUCTPOSIX, 0COOIUBO B COHAYHUX OaTapesx.

Knrouosi ciosa: Heneroauwmit ZnO, Tonki 1riBku, YIbTPa3ByKOBUI PO3NUIIOBAIBHMIA miposi3, [Iposopi

€JIEKTPOIIPOBIAHI MaTepiaJin.

06001-5


https://doi.org/10.1016/S0040-6090(96)08864-5
https://www.sciencedirect.com/science/article/pii/0254058493901175#!
https://www.sciencedirect.com/science/article/pii/0254058493901175#!
https://doi.org/10.1016/0254-0584(93)90117-5
https://www.sciencedirect.com/science/article/pii/S0272884204000860#!
https://www.sciencedirect.com/science/article/pii/S0272884204000860#!
https://doi.org/10.1016/j.ceramint.2003.12.197
https://arxiv.org/search?searchtype=author&query=Opel%2C+M
https://arxiv.org/search?searchtype=author&query=Gepr%C3%A4gs%2C+S
https://arxiv.org/search?searchtype=author&query=Althammer%2C+M
https://arxiv.org/search?searchtype=author&query=Brenninger%2C+T
https://arxiv.org/search?searchtype=author&query=Gross%2C+R
https://doi.org/10.1088/0022-3727/47/3/034002
https://www.sciencedirect.com/science/article/pii/S1369800117319534#!
https://www.sciencedirect.com/science/article/pii/S1369800117319534#!
https://www.sciencedirect.com/science/article/pii/S1369800117319534#!
https://doi.org/10.1016/j.mssp.2017.11.038
https://doi.org/10.1016/j.mssp.2017.11.038
https://doi.org/10.1016/j.ijleo.2018.02.038
https://doi.org/10.1016/j.mseb.2013.12.009
https://doi.org/10.1016/j.mseb.2013.12.009
https://doi.org/10.1016/j.tsf.2004.06.156
https://doi.org/10.1016/j.spmi.2012.08.006
https://doi.org/10.1016/j.tsf.2016.10.068
https://doi.org/10.1016/j.ijleo.2018.01.025
https://doi.org/10.1088/0022-3727/44/20/205404
https://doi.org/10.1117/1.OE.55.4.047108
https://doi.org/10.1166/jnn.2017.14142
https://doi.org/10.1016/j.sse.2010.07.002
https://doi.org/10.1016/j.apt.2017.11.022
https://doi.org/10.1016/j.ijleo.2015.08.267
https://doi.org/10.1016/j.ijleo.2015.08.267
https://doi.org/10.1016/j.jallcom.2013.04.055
https://doi.org/10.1016/j.jallcom.2013.04.055
https://doi.org/10.1007/s12034-013-0471-2
https://doi.org/10.1007/s12034-013-0471-2
doi:%2010.1088/1674-4926/33/9/093001
doi:%2010.1088/1674-4926/33/9/093001

