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ˆ Fast growth rate of ZnO thin �lms using ultrasonic spray pyrolysis

ˆ High transparency in a wide range of thickness from 100 nm up to 800 nm

ˆ c-axis preferred orientation with large grain size and minimized defects

ˆ Ful�ll criteria for use in applications such as all-oxide solar cells



Elaboration of high-transparency ZnO thin �lms by ultrasonic spray
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A B S T R A C T

In this work, ZnO �lms are deposited by the ultrasonic spray pyrolysis technique on soda lime
glass substrates by following a speci�c design of experiment. The ZnO �lms are spray deposited
using di�erent elaboration parameters. Optical, morphological, structural and electrical prop-
erties of the ZnO �lms are systematically investigated. Fourier-transform infrared and trans-
mittance spectra are measured to examine their optical properties. They are correlated to their
structural properties determined by X-ray di�raction and Raman spectroscopy. The surface mor-
phology is analyzed using atomic force microscopy while the electrical conductivity is measured
using the four probe technique. This comprehensive analysis shows that ZnO thin �lms elabo-
rated using ultrasonic spray pyrolysis with fast growth rate have a high transparency in a wide
thickness range, making them suitable for use in applications such as all-oxide solar cells.

1. Introduction
Elaboration techniques used for the growth of ZnO thin �lms are mainly based on reactive sputtering [1, 2], pulsed

laser deposition [3, 4], sol-gel [5], molecular beam epitaxy [6], and spray pyrolysis [7�12]. The improved technique
of ultrasonic spray pyrolysis allows for a better control of the deposition compared to conventional pneumatic spray
systems. Indeed, spraying an aerosol with an ultrasonic nozzle increases not only the yield of atoms actually deposited
on the substrate surface, but also the uniformity and quality of the elaborated thin �lms. Ultrasonic spray pyrolysis
is thus more suitable for uniform deposition on a large area and can be up-scaled for high production yield with
roll to roll processing, while keeping accurate coating formation at an optimized cost [9, 13�17]. One of the main
applications of ZnO is in the emerging all-oxide solar cells technology. This technology is entirely based on metal
oxide semiconductors, which become attractive since they allow for the design of devices based only on non-toxic,
stable and earth-abundant elements.Cu2O_ZnOp-n heterojunctions thin �lms are the most studied solar cells based
on metal oxides, in which cuprous oxide (Cu2O) is used as the absorber material and zinc oxide (ZnO) as the window
layer [18, 19]. Beyond photovoltaic applications, ultrasonic spray pyrolysis ZnO is used for applications in the �eld
of photocatalysis [15, 16, 20], surface acoustic wave sensors [17], as well as for solar-blind ultraviolet photodetectors
and light emitting diodes [3, 6, 9, 21, 22]. In all these applications, very high optical and structural properties of the
�lm alongside with a fast growth rate, compatible with low-cost production, and typically a wide range of thickness
values, usually between 50 nm and 800 nm, need to be achieved.

In this article, the focus is set on comprehensive study of the ZnO thin �lms elaborated with an in-house optimized
ultrasonic spray pyrolysis technique with respect to the elaboration parameters, as described in section 2. Section 3
presents the optical and morphological properties of the ZnO thin �lms that we elaborated and the analysis of their
structural properties.
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2. ELABORATION AND CHARACTERIZATION PROCEDURE

Figure 1: Schematic diagram of the ultrasonic spray pyrolysis system used for the elaboration of ZnO thin �lms.

2. Elaboration and characterization procedure
In��this��experimental��work,��ZnO��thin���lms��were��prepared��by��ultrasonic��spray��pyrolysis��and��characterized��using��a��

large��set��of��optical,��morphological��and��structural��techniques.

2.1.��Ultrasonic��spray��process
Elaboration��is��done��using��an��ExactaCoat��system��from��Sono-Tek��with��an��Accumist��ultrasonic��nozzle��operating��at��120��

kHz.��A��schematic��view��of��this��system��is��displayed��in���gure��1.��The��precursor��solutions��are��obtained��by��dissolving��zinc��
acetate��dihydrate��(Merck��108802)��in��deionized��water��at��a��concentration��before��adjusting��the��pH��with��acetic��acid��(Alfa��
Aesar��10994-AE).��The��soda��lime��glass��substrates��were��ultrasonically��cleaned��in��di�erent��solutions��such��as��acetone,��
isopropanol��and��distilled��water��for��15,��10��and��5��minutes,��respectively��to��remove��organic��residues,��and��were��maintained
at��a���xed��temperature��between��350��ý C��and��450��ý C��prior��to��and��during��d eposition.��The��substrate��holder��is��equipped��
with��thermocouple,��heating��elements��and��a��high-stability��temperature��controller.��The��precursor��solution��is��vaporized
with��the��120��kHz��ultrasonic��generator.��The��precursor��solution��is��atomized��with��a��nozzle-to-substrate��distance��of��10��cm.��
The��resulting��aerosol��is��then��guided��towards��the��substrate��by��a��controlled��air���ow,��at��a��relative��pressure��of��about��13.8
kPa,��in��the��ambient��atmosphere.��As��the��aerosol��nears��the��heated��substrate,��the��droplets��vaporize��and��the��precursors��are��
adsorbed��onto��the��surface��to��undergo��a��pyrolytic��reaction��to��form��the��zinc��oxide��thin���lm��as��shown��in��equation��2,��with
a��possible��formation��of��zinc��hydroxide��Zn.OH/2.

Pyrolysis of zinc acetate on the heated substrate :

Zn.CH3COO/2 + 4 O2 ™ ZnO + 4 CO2 ~ + 3 H2O ~
(1)

Formation of zinc hydroxide :

Zn.CH3COO/2 + 2 H2O ™ Zn.OH/2 + 2 CH3COOH~
(2)

2.2. Design of experiment
In order to investigate the e�ect of all the impacting ultrasonic spray pyrolysis parameters, we set up a design of

experiment to systematically characterize the thin �lms properties with respect to the main elaboration parameters:

a. the spray number of cycles that we varied from 10 to 60. This parameter �xes the duration of each elaboration.
b. the spray �ow rate, ranging from0:3 mL_minto 0:7 mL_min.
c. the concentration of precursor solution varying from0:03 mol_Lto 0:10 mol_L.
d. the precursor solution pH was set from 4 to 5.
e. the deposition temperature, varying from350ýC to 450ýC.
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2. ELABORATION AND CHARACTERIZATION PROCEDURE

Each spray parameter was varied while keeping the other parameters �xed. The reproducibility of the ultrasonic spray
pyrolysis process was systematically certi�ed by regularly elaborating, at least three times, each sample with a given
combination of the parameters below. The other parameters such as the nozzle height and the scan speed were �xed
to obtain high transparency thin �lms with fast growth rate in a wide thickness range.

2.3. Characterizations
The thickness of the elaborated ZnO �lms was systematically measured at 3 points at the centre of the spray zone,

using a Bruker Dektak XT pro�lometer. Their optical properties were obtained through transmission measurements
with a UV-VIS-NIR Perkin-Elmer Lambda 900 spectrometer in the wavelength range of 300-850 nm with a 2 nm
resolution step at room temperature. The absorption coe�cient� of a ZnO �lm was derived from its transmittanceT
by the Beer-Lambert relationship:� = .1_d/ log .1_T/, whered is its thickness. The optical bandgap energy is then
calculated using the Tauc model for direct bandgap materials in the high absorption region:� h� = A

ù
h� * Eg,

whereh� is the photon energy,A is a constant andEg is the optical bandgap. For sub-bandgap photon energy, the
absorption coe�cient of ZnO layers shows the Urbach tail which is related to crystalline lattice disorder in the thin
�lms. It is expressed as� = � 0 exp

�
h� _Eu

�
, whereEu is the Urbach energy and� 0 a constant. The values of the

Urbach energy of the ZnO thin �lms was obtained from the inverse of the slope oflog.� / versus photon energy (h� ).
The crystal structure and growth orientation analysis of the ZnO �lms were carried out using X-ray di�raction

(XRD Bruker D8 Advance) withCu * K � radiation of� = 0:15406 nm. Raman spectrometry was performed as well
to understand the structural properties using an excitation wavelength of 532 nm underz.y*/ z con�guration, thanks
to the LabRAM Aramis system from Horiba Jobin-Yvon. In order to perform a quantitative study of the e�ect of the
deposition parameters on the thin �lm structure, the structural properties are estimated from the XRD di�ractograms
through the following physical parameters.

First, the lattice parametersa andc are evaluated from the de�nition of the interplanar spacingd for a given.hkl /
crystallographic plane in the hexagonal wurtzite crystal structure:

dhkl =
0

4
3a2

�
h2 + k2 + hk

�
+

l2

c2

1 *1_2

(3)

Thed spacing being calculated by using the standard Bragg's equation and peak position from the di�ractograms.
Secondly, to determine the crystallite size, we used a modi�ed Scherrer method developed by Monshiet al. in [23]

and demonstrated to be more accurate than using the standard Scherrer formula:

D =
K �

� cos .� /
(4)

where� is the X-ray wavelength,� the angular line width at full width at half maximum,� the Bragg's angle andK
the Scherrer constant taken to be equal to0:9. � = 0:15406 nmin our case.

In this modi�ed Scherrer method, all the identi�ed peaks are used to estimate the crystallite size by linearly �tting
ln.� / againstln.1_cos.� // and taking the value ofD from its intercept.

Lastly, the texture factorF.xyz/ is obtained for the (xyz) di�raction plane using the following equation [24]:

F.xyz/ =
I exp

.xyz/_I ref
.xyz/

1
N

É
I exp

.hkl /_I ref
.hkl /

(5)

whereIexp
.xyz/_Iref

.xyz/ is the integrated peak intensity ratio between the experimental and reference data corresponding

to the (xyz) di�raction plane of study;Iexp
.hkl/ _Iref

.hkl/ is the integrated peak intensity ratio between the experimental and
reference data for each (hkl) di�raction plane; andN the number of.hkl / di�raction planes chosen asN = 4 to match
the di�racting planes.100/, .002/, .101/ and.110/. The maximal value ofF is N = 4. The XRD reference used for
the structural analysis of the experimental thin �lms is chosen from the RRUFF project database and corresponds to a
randomly oriented polycrystalline ZnO powder (RRUFF ID: R060027.1) [25].

FTIR measurements on thin �lms were performed with a commercial Agilent FTIR 680 spectrometer in attenu-
ated total re�ection (ATR) mode. Spectra were acquired in the range of600 * 4000 cm*1 with a spectral resolution
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Figure 2: Relation between the ZnO �lm thickness and the number of spray cycles is shown along with a linear �t. For 25,
30 and 45 cycles, two measurements on two samples are shown, to assess the process stability. One spray cycle corresponds
to about 7 seconds and the growth rate is about 120 nm/min (i.e. 14 nm/cycle).

of 4 cm*1 . Reference spectra were acquired before each acquisition to determine the absorption spectra in ambient
conditions. Each measurement was averaged over 200 scans in continuous mode to improve the signal-to-noise ratio.

The topography of the ZnO �lms was examined in resonant mode using a Nano-Observer atomic force microscope
developed by CSInstruments. Annealing in ambient air was performed at300ýC during 30 minutes and then the �lm
conductivity was determined using a home-made four probe technique.

3. Results and discussion
The samples elaborated by ultrasonic spray pyrolysis using the design of experiment (section 2.2) were investigated

using various characterization techniques in order to understand the e�ect of the elaboration parameters on their optical,
morphological and structural properties and to reach for the requirements of the photovoltaic application.

The thickness was systematically measured at three points of the spray zone and then averaged. The relation
between the ZnO �lm thickness and the number of spray cycles is shown in �gure 2. It is seen that the growth of
the ZnO �lms is linear with respect to the number of spray cycles. The �tted line does not cross the origin indicating
that there is an incubation time at the very �rst stage of the growth, where grains coalesce and grow to form the ZnO
thin �lm. This nucleation/coalescence time is usually observed in the spray pyrolysis and sol-gel processes [26�28].
The reproducibility and the stability of the process was checked by elaborating several samples (up to four) in the
same process and by regularly elaborating new samples with the same previously used conditions. The growth rate
was about 120 nm/min corresponding to 14 nm per spray cycle. From this calibration, we �xed the number of spray
cycles to 20, corresponding to a ZnO thickness of about 200 nm as a typical value for application in all-oxide solar
cells. This growth rate of about 120 nm/min was obtained with thickness ranging from about 100 nm up to almost 800
nm. In literature, Kenanakiset al. [15] reports growth rate of 1 nm/min, Mataet al. [16] reaches up to 42 nm/min
in their process, Erginet al. [14] could reach 55 nm/min and recently Yninebet al. [29] reaches a growth rate of 80
nm/min in their spray process. We could maintain this high growth rate along with high nozzle scan speed and a good
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Deposition
temperature (ýC)

Precursor
concentration (mol/L)

Texture
factor F.002/

Crystallite
size (nm) , 5 nm

Lattice
parameters
c ; a (nm)

, 0.00010 nm

450 0.03 1.96 35 0:51896 ; 0:32418

450 0.05 2.48 39 0:51905 ; 0:32417

450 0.10 0.83 21 0:51955 ; 0:32379

400 0.10 0.45 15 0:52227 ; 0:32513

350 0.10 0.18 16 0:52434 ; 0:32532

ZnO powder [25] � � 1.00 � 0:52074 ; 0:32503

ZnO/Glass [9]
ZnO/Glass [30]
ZnO/Glass [31]
ZnO/Glass [32]
ultrasonic spray

400
300 (cycles)
[365 ; 465]
[350 ; 450]

�
[0:03 ; 0:10]
[0:03 ; 0:20]

0.10

�
[1:60 ; 2:60]

�
�

25
[12 ; 17]
[2 ; 4]

[13 ; 18]

0:51980 ; 0:31830
�
�

0:52100 ; 0:32480

ZnO/Glass [33]
ZnO/Glass [34]

spin-coating

450 (anneal. 1h)
500 (anneal. 2h) � �

[7 ; 33]
[19 ; 23]

0:52109 *
0:52098 ; 0:32387

ZnO/Sapphire [35]
ZnO/Si [36]

RF sputtering

room temperature
id. � �

[27 ; 52]
�

0:52620 *
* 0 :32527

ZnO/Quartz [37]
ZnO/Sapphire [38]

pulsed laser deposition

550
675 � �

24
21

0:51460 *
�

Table 1
The measured crystallographic data with respect to the deposition temperature and pre-
cursor solution concentration. For all samples, the �ow rate was �xed to0:5 mL_min;
the precursor solution pH was �xed to 4 and the number of spray cycles was �xed to
20. The value of the texture coe�cients F.002/ and crystallite size are estimated using
the procedure described in section 2.3. Are also shown the data of the ZnO powder
(RRUFF ID: R060027.1) [25] used as reference for the texture analysis. State-of-the-
art results are also displayed, as a single value or a range of values, alongside with the
deposition technique and temperature.

repeatability.

3.1. Structural properties
The structural properties of the sprayed ZnO �lms were analyzed following the experimental procedure described

in section 2.3, using X-ray di�raction (XRD) and Raman spectroscopy, in order to identify the deposited material
structure and to study its crystalline quality.

The X-ray di�ractograms of the deposited ZnO thin �lms are shown in �gures 3a and 3b. Di�ractograms show four
ZnO peaks for the.100/, and.002/, .101/ and.110/ planes attributed to hexagonal wurtzite phase with space group
P63mc. X-ray di�ractograms exhibit a Lorentzian shape that is usually attributed to a size induced broadening of the
peaks while the strain induced broadening is better modeled by a Gaussian or Voigt functions [39]. Other parameters
such as stoichiometry and defects have an impact on the X-ray peak shape. To precisely determine peaks position and
full width at half maximum, a least squares �tting procedure was used.

The texture coe�cient and the crystallite size are calculated and summarized in table 1 alongside with the state-
of-the-art results for various deposition methods. The calculated lattice parameters values are very close to the values
a = 0:32503 nmandc = 0:52074 nmfor pure and stoichiometric ZnO taken from the RRUFF database, as shown
in the table.

The crystallite sizes, calculated using the modi�ed Scherrer method described in 2.3, vary between 15 nm to 39 nm
with maximum obtained for a deposition temperature of450ýC and a precursor solution concentration of0:05 mol_L.
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Figure 3: 3a & 3b: XRD di�raction patterns for ZnO thin �lms grown on soda lime glass substrates. Unless speci�ed
otherwise, the deposition temperature is �xed to450 ýC; the number of spray cycles is set to 20; the spray �ow rate is
0:5 mL_min; the solution concentration is �xed to0:10 mol_L and the precursor solution pH is 4;3c: Lorentzian �ts of the
Raman spectra with di�erent deposition temperatures. TheEHigh

2 Raman vibrational mode was identi�ed atù 438 cm*1 .
The peak marked (*) at ù 350 cm*1 is not identi�ed as related to ZnO.

This value is higher than values obtained very recently in similar deposition conditions by de Godoyet al. [30] and
comparable or superior to similar thin �lms reported in literature, as shown in table 1.

Finally, the study of the e�ect of deposition temperature and precursor solution concentration on the thin �lm
texture is then performed. The high value ofF.002/ for a deposition temperature of450ýC and precursor solution
concentration of0:03 mol_Land0:05 mol_Lsuggests that the growth occurs preferentially with the.002/ orientation
plane parallel to the substrate in these conditions. These results are in agreement with the recently reported results
[30, 40], where it is suggested that ZnO �lms with c-axis orientation has minimum surface energy with uniform oriented
crystallites with low defects and trapping sites.

At a higher precursor solution concentration of0:10 mol_L or at lower deposition temperatures (350ýC and
400ýC), theF.002/ values are close or lower than unity which indicates that the growth has no longer a (002) pref-
erential orientation perpendicular to the substrate plane.

To complete the XRD structural analysis of the thin �lms, Raman spectroscopy was performed on samples elab-
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Temperature (ýC)
Precursor

concentration (mol/L)
Precursor
pH (,0 :1)

Flow rate
(mL/min)

Average
transmission (~ )

Bandgap
(eV)

,0 :01 eV

Urbach
(meV)

,5 meV

450 0.10 4.0 0.5 93.5 3.26 63

450 0.10 4.0 0.3 95.4 3.28 69

450 0.10 4.0 0.7 80.0 3.29 67

450 0.03 4.0 0.5 91.5 3.28 77

450 0.05 4.0 0.5 90.0 3.26 78

400 0.10 4.0 0.5 79.9 3.28 84

350 0.10 4.0 0.5 68.3 3.26 96

450 0.10 5.0 0.5 80.3 3.26 77

Table 2
The spray elaboration parameters along with the measured parameters extracted from
�gures 4a, 4b, 4c and 4d. The number of spray cycles was set to 20.

orated at temperatures of350ýC, 400ýC and450ýC as shown in �gure 3c. From the �tting of the spectra with a
Lorentzian function, the main peak at a Raman shift of438 cm*1 is identi�ed as theEHigh

2 ZnO Raman phonon vibra-
tion of the wurtzite structure for all samples. In addition, another broad peak appears at a Raman shift around350 cm*1

for the lowest deposition temperature of350ýC. This peak was not identi�ed as the.EHigh
2 * E Low

2 / ZnO mode, usually
observed in ZnO [41], since its position and width are too di�erent from the observed values for this ZnO mode. From
the broad nature of this peak and the change of texture observed from the XRD patterns in the previous paragraph, the
peak origin is tentatively attributed to a defect-related mode in the disordered ZnO layers originating from incomplete
spray pyrolytic reaction at lower temperatures. To validate this hypothesis, further investigations are conducted and
detailed in the next section 3.2. It is worth noting that at low deposition temperature theEHigh

2 peak full width at half
maximum is about8 cm*1 , value consistent with the values usually reported for ZnO thin �lms deposited by sputtering
[42].

3.2. Optical properties and morphology
The optical properties and the morphology of the ZnO �lms were investigated with respect to the deposition pa-

rameters in order to analyze the transparency of the thin �lms. These properties were studied using the transmission
measurements and completed with FTIR spectroscopy and atomic force microscopy to investigate the origin of the
observed variation in the structural properties.

The transmittance spectra are plotted in �gure 4a with respect to the spray �ow rate, in �gure 4b with the precursor
solution concentration, in �gure 4c with deposition temperature and in �gure 4d with pH at values of 4 and 5. In all
the cases the number of spray cycles was �xed to 20, as it is seen from �gure 2 that with this spray cycles value, we
can achieve ZnO �lm thickness of approximately 200 nm which is compatible to the use as window layer for new solar
cells and, in particular, in all-oxide photovoltaic structures, while higher ZnO thickness is compatible for use as TCO
contact. The spray elaboration parameters that are �xed and varied during the spray are detailed in table 2 along with
the measured parameters.

Figures 4a, 4b, 4c and 4d and table 2 allow to infer that a notable loss of transparency happens when the �ow
rate is too high which is well correlated to the variation in the structural properties observed in section 3.1, when the
substrate temperature is reduced below450ýC and when pH of precursor solution is increased. Indeed, with a high
�ow rate, the quantity of material deposited is very high which contributes to incomplete pyrolysis process. With a
reduced substrate temperature as suggested by Silvaet al. in [43], the pyrolysis reaction is incomplete and tends to
form zinc hydroxideZn.OH/2, as shown in equation 2. The oxygen�zinc stoichiometry plays also an important role
and could explain the loss of transparency for the highest value of the spray �ow rate as evidenced in ZnO thin �lms
elaborated by DC sputtering [35, 44, 45]. Indeed, �lms deposited with a high spray �ow rate could exhibit a relatively

7



3. RESULTS AND DISCUSSION

300 400 500 600 700 800
Wavelength (nm)

0

20

40

60

80

100

T
ra

ns
m

is
si

on
 (

%
)

Flow rate

0.3 mL/min

0.5 mL/min

0.7 mL/min

(a)

300 400 500 600 700 800
Wavelength (nm)

0

20

40

60

80

100

T
ra

ns
m

is
si

on
 (

%
)

Precursor solution concentration

0.03 mol/L

0.05 mol/L

0.10 mol/L

(b)

300 400 500 600 700 800
Wavelength (nm)

0

20

40

60

80

100

T
ra

ns
m

is
si

on
 (

%
)

Deposition temperature

350 C

400 C

450 C

(c)

300 400 500 600 700 800
Wavelength (nm)

0

20

40

60

80

100
T

ra
ns

m
is

si
on

 (
%

)

Precursor solution pH

pH = 4

pH = 5

(d)

Figure 4: Transmission spectra for ZnO thin �lms grown on soda lime glass substrates as functions of growth parameters.
Unless speci�ed otherwise, the �ow rate is set to0:5 mL_min; the deposition temperature is �xed to450 ýC; the number
of spray cycles is set to 20; the solution concentration is �xed to0:10 mol_L and the pH is set to 4. The spray parameters
are detailed in table 2.

high ratio of Zn/O, as observed in reactively-sputtered �lms when the oxygen gas �ow rate decreases. The e�ect of
the incomplete pyrolysis reaction and the Zn/O ratio is expected to impact the growth mechanism and thus the surface
morphology which can explain the observed variation in the thin �lms transparency.

On �gure 5a are presented the optical transmission spectra for ZnO �lms, grown with three di�erent spray cycle
numbers, at a substrate temperature of450ýC, with a �ow rate of 0:5 mL_minof a precursor solution concentration
of 0:10 mol_Land pH 4.

Figure 5b shows the plots of.� h� /2 versus the photon energyh� . The values of the optical bandgap and the Urbach
energies corresponding to the transmittance measurements shown in �gure 5b are presented in table 3 alongside with
the state-of-the-art values. These values are extracted from the experimental data according to the procedure detailed
in section 2.3. It is seen that the average transmission, taken for wavelengths between400 nmand800 nm, remains
in the [90�95]% range, for thicknesses ranging fromù 200 nm up to 640 nm and compares well with the results
found in literature for ZnO thin �lms. The low values of Urbach energy, below 72 meV, suggest improvement of
optical quality of the �lms during the spray growth, in agreement with the studies in [40, 46]. The usually reported
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Deposition
temperature (ýC)

Spray cycles
Thickness (nm)

,10 nm

Average
transmission

(~ )

Bandgap (eV)
,0 :01 eV

Urbach (meV)
,5 meV

450 20 196 93.5 3.28 63

450 35 508 92.4 3.25 72

450 50 640 90.6 3.26 61

ZnO/Glass [9]
ZnO/Glass [40]
ZnO/Glass [31]
ZnO/Glass [32]
ultrasonic spray

400
400

[365 ; 465]
[350 ; 450]

� �

86
[84 ; 90]
[83 ; 91]

85

3.25
3.24

[3:35 ; 3:40]
[3:29 ; 3:31]

�

ZnO/Sapphire [50]
e-beam

600 � � � � [74 ; 99]

ZnO/Glass [33]
spin-coating

annealing 1h
450

� � 84 [3.24 ; 3.33] �

ZnO/Si [36]
RF sputtering

room
temperature

� � [80 ; 92] [3.24 ; 3.29] �

ZnO/Quartz [37]
ZnO/Glass [51]

pulsed laser deposition

550
300 � �

�
70

3.34
3.83

�
120

Table 3
The values of thickness, transmission, optical bandgap and Urbach energy with respect to
the spray number of cycles. The precursor concentration set to0:10 mol_L; the precursor
pH set to 4; and the �ow rate set to 0:5 mL_min. State-of-the-art results are also dis-
played, as a single value or a range of values, alongside with the deposition technique and
temperature.

transmission average value is in the [80�85]% range [7�9, 13, 21, 47] in the visible spectrum region with some works
recently report transmittance as high as 95 % for layers of thickness below 30 nm elaborated using a custom made
spray pyrolysis and CVD system [10] and 90% for ultrasonic spray pyrolysis elaborated layers [12]. An annealing
step can increase the transmittance beyond 90 % as shown in [48]. In our spray elaboration process we were able to
produce ZnO �lms with average transmission of up to 95% in the visible spectrum region without a post-annealing
process. This is mostly possible because of an e�ective control of the spray parameters following a precise design
of experiment. Noticeably, the shaping air pressure, the nozzle-substrate distance, the number of spray cycles, the
solution concentration and the temperature are very important to have excellent atomization so that the deposition is
conformal with complete pyrolytic reaction.

After obtaining highly transparent ZnO thin �lms, the electrical properties were determined using the four probes
technique. Samples deposited at450ýCwith optimal solution concentration of0:05 mol_L, spray �ow rate of0:5 mL_min,
number of cycle of 50 and a pH of 4 were analyzed after a post annealing at300ýCfor 30 minutes. A measured average
resistivity of1:5 
 • cm was obtained after annealing while all deposited �lms were highly resistive before annealing.
The post-annealing resistivity is comparable to a recently measured values in similar conditions by Edingeret al. [49]
for non-intentionally doped ZnO deposited by spray pyrolysis.

To assess the morphology of the ZnO �lms, atomic force microscopy (AFM) measurements were done at resonant
mode with a frequency of 323 kHz. 3D micrographs were captured and shown in �gure 6. The micrographs reveal a
granular and polycrystalline morphology with increase in the grain size for ZnO when spray is done at a higher tem-
perature. The grain size observed from the surface micrographs analysis, about 40 nm for the mean grain diameter, is
consistent with the crystallite size deduced from X-ray di�raction analysis. The most uniform ZnO surface is obtained
for a pH 4 solution and a450ýC substrate temperature. Grain agglomerates can indeed be noticed for lower tempera-
tures or for a pH 5 solution. The formation of these agglomerates could be the result of the formation of hydroxides
associated to an incomplete spray pyrolytic reaction. Furthermore, the high450ýC growth temperature also leads to
a more uniform surface because it contributes to reducing the surface mechanical stress. Similar temperature e�ects
were reported in the AFM study by Prasada Raoet al. [21]. The RMS roughness obtained for the ZnO thin �lms
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Figure 5: 5a Transmission spectra for ZnO thin �lms grown on soda lime glass substrates with di�erent spray cycles; 5b
Tauc plots of ZnO thin �lms with two di�erent spray cycles.

deposited with ultrasonic spray pyrolysis at450ýC from a pH 4 solution compares well with values usually measured
for ZnO �lms obtained by more complex techniques such as ion-beam or RF magnetron sputtering [52, 53].

To investigate on the presence of O-H in the ZnO �lms, Fourier Transform Infrared Spectroscopy (FTIR) analysis
was done. The analysis is in accordance with previous studies [54, 55]. The spectra shown in �gures 7a and 7b reveal
the presence of bands assigned to the oscillating vibrations O-H (ù 3400 cm*1 ), symmetric and asymmetric valency
bands C-H (ù 3000 cm*1 ; 1500 cm*1 ) and stretching vibrations Zn-OH (ù 1400 cm*1 ) and Zn-O (ù 900 cm*1 ). As
expected, the presence of O-H bands is more intense for the ZnO sprayed at lower substrate temperature and the one
sprayed withpH = 5 of precursor solution. This behavior is well correlated to the formation of agglomerates observed
using AFM and could be the result of the formation of hydroxides associated to an incomplete spray pyrolytic reaction.
It goes well with the studies of Edingeret al. [13] and Li et al. [56], where it is suggested that acetic acid in the
precursor solution helps to reduce the precipitation ofZn.OH/2. Indeed, adding acetic acid permits the ionization of
zinc acetate and the subsequent reaction, with the formation ofZnCH3COO+ , prevents the formation of zinc hydroxide
precipitates, as follows:

CH3COOH › CH3COO* + H+

Zn2+ + CH3COO* › ZnCH3COO+ (6)

4. Conclusions
Highly transparent thin �lms at fast growth rate were obtained with smooth enough surface morphology, high

grain size with low agglomeration. The measured optical and structural parameters compare well with the literature
values obtained using more complex techniques such as ion-beam or RF magnetron sputtering. Low Urbach energies
suggests high ZnO crystalline quality. Very high transparency is noted for most samples with values above90 ~ with a
maximum at about95 ~. The measured electrical resistivity is comparable to the measured values in similar conditions
for non-intentionally doped ZnO. In addition, FTIR spectroscopy was conducted to assess the presence of O-H bands,
which could account for incomplete pyrolysis reaction hindering the transparency. XRD structural investigations reveal
the polycrystalline nature of the ZnO thin �lms, with a (002) preferential orientation for the optimized spray elaboration
parameters. The level of crystallization of the �lms is quite high with crystallite sizes reaching up to 39 nm with a
texture and c-axis preferential orientation. Raman analysis con�rms the hexagonal wurtzite structure of the crystals
with a high intensityEHigh

2 peak. Future work will focus on the control of the ZnO �lms electrical properties through
a doping that allows to keep high transparency and good crystalline quality.

10



REFERENCES REFERENCES

Figure 6: AFM 3D micrographs for ZnO thin �lms grown on soda lime glass substrate at(a) substrate temperature of
350 ýC during spray and precursor solution pH = 4 with a root mean square (RMS) roughness of 6.9 nm;(b) substrate
temperature of 400 ýC and precursor solution pH = 4 with RMS = 5.7 nm; (c) substrate temperature of450 ýC and
precursor solution pH = 4 with RMS = 4.2 nm; (d) substrate temperature of450 ýC and precursor solution pH = 5 with
RMS = 7.6 nm.
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