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Crystallite Size; The optical, structural, surface morphology and elemental composition

Dislocation density; of chemically depositfed ZnO _thin films_ at varying deposition
) ) temperatures were studied. The films deposited at room temperature

Optical transmittance; had the highest transmittance of 70.52 %, and films deposited at 70°C

Surface morphology; had an average transmittance of 38.85 %. The energy gap was between

7n0- 3.52 and 3.62 eV. The structural properties showed that some of the

films were amorphous and some were crystalline, as revealed by the
XRD pattern. The diameters of crystals, micro lattice strain, and
dislocation density of the crystalline films were measured with the
Debye Scherrer. The crystallite size was between 49.1 and 60.91 nm,
the micro lattice strain ranged between 6.35 and 8.60 x 10 and the
dislocation density was between 2,69 X 10** and 4.13 X 10 lines per
metre cube. The films covered the substrate and were smooth but the
films deposited at 40°C, which showed some high particles on the
surface as revealed by surface morphology. The elemental
compositions of the films showed that zinc and oxygen were present for
all the films except the films deposited at 40°C, which had a low
percentage of carbon.

Introduction

Zinc Oxide (ZnO) is a binary semiconductor formed from group Il and VI elements from

periodic table. This material has some unique properties such as a very wide band gap, strong
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chemical and thermal stability, a high optical absorption coefficient, a large exciton binding
energy (60 meV), and good piezoelectric ,high transmittance in the visible region and high
electron mobility of about 2000 cm?/(V-s) at 80 K (1) .The films of ZnO are applicable to a
variety of electronic devices, including gas sensors, light-emitting diodes, laser-diodes,
transparent electrodes, photoelectrochemical cells, and optoelectronic devices.(2). ZnO thin films
have been deposited by variety of methods, such as thermal evaporation (3-5), sputtering (6,7),
plasma-enhanced atomic layer (8),sol gel spin coating (9), spray pyrolysis (10) successive ionic
layer adsorption and reacting (11,12) chemical bath deposition (13-17).

Literature survey shows that chemical bath deposition technique (CBD) is the most adopted to
deposit ZnO thin films because of its simplicity, economical, large-area deposition capability,
low pressure, and temperature requirements(18). In the presence study CBD technique was used
to deposit ZnO thin films and influence of deposition temperature was studied on structural,
optical, morphological and compositional properties of the films.

Experimental Procedure

Analytical grade Zinc nitrate (Zn(NOgz )2 served as a source of zinc, triethanolamine for a
complexing medium, ammonium hydroxide (NH4OH) for pH adjuster, fluorine-doped tin oxide
(FTO) served as the substrates and distilled water served as solvents.. The substrates were
cleaned by dipping them in an acetone solution with ultrasonic vibration for 15 minutes. They
were then rinsed with de-ionizes water and kept in a desiccator.

ZnO films were coated on FTO substrates using CBD method. The film precursor was formed by
mixing 300 ml of (Zn(NOz )2 at 0.1 M with 100 ml of triethanolamine at 0.1 M in a 500 ml
beaker under continuous stirring at room temperature. The pH of the solution was adjusted by
adding ammonium hydroxide (NH4OH) until the pH of the solution was between 10 and 12 to
form an ammonium zincate bath. The solution was transferred into five (5) chromatography
tanks and a pre-cleaned FTO substrate was vertically inserted in each of the tanks. Four of the
thanks were placed in four (4) different water baths heated at 40, 50, 60 and 70°C, respectively.
The fifth tank was not heated and the film was allowed to be deposited at room temperature. The
time of deposition of 60 minutes was maintained for all the depositions. At the end of deposition
time, the substrates were removed, washed with distilled water and heated in an oven at 200°C

for one hour.
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The structural characteristics of the films were measured with Pan Analytical Empryrean X-ray
diffractometer Tokyo, Japan and set to produce diffractions at a scanning rate of 2 0/min in the 2
to 70° at room temperature with a CuKa radiation set at 40kV and 20mA. The crystallites size
(D) micro strain (e ) of the films and dislocation density were determined according to Equation

1,2 and 3, respectively.

_ kA
T s 1)
_ BCZ“’ ................. )
1
= (3)

The nature of films at the surface of substrates was measured with JEOL-JSM 7600F scanning
electron microscope (SEM) (Japan), A constant 20 kV was used as the accelerating voltage. To
enable comparison research into the variations in the composition of the thin films, all of the
SEM micrographs were acquired at the same magnification. The compositional analysis of the
films was measured with Energy Dispersive X-ray Spectroscopy.

Avantex UV visible spectrophotometer was used to measure the thin films' optical transmittance
in the wavelength range of 239.534 nm to 999.495 nm. The spectrophotometer provided the film
transmittance measurements.

The absorbance (A) was calculated from the percentage transmittance (T) according to Eqn. 4

A=2—-1logT................. 4)
The reflectance (R)was obtained from Eqgn.5.
A+T+R=1................ (5)

The absorbance coefficients (o) of the films was calculated according to Eqn.6.

2.3034

A= = i, (6)

where A is absorbance and t is the thickness of the film.

The photon energy (E) was calculated in eV according to Eqn. 7

1243

E:T ........................ (7)

The connection between absorbance coefficient (a) and incident photon energy (4v) is shown in

Eqgn. 8
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ahv = AJhv — Ej oo e vev e (8)

Results and discussion

The structural pattern of ZnO thin films deposited at varying deposition temperatures displayed
in Fig. 1 (a-e). The patterns showed that the ZnO thin films had both polycrystalline and
amorphous structures. A similar pattern was observed when ZnO thin films coated by thermal
evaporation and annealed at different temperatures (4). The films deposited at room was
polycrystalline, at 40°C was amorphous, at 50°C was polycrystalline, at 60°C was amorphous
and at 70°C was polycrystalline. The carbon impurity atom detected by energy dispersive
spectroscopy could be a factor that caused the irregular pattern of the films deposited at 40°C.
The examination of the surface morphology of the films showed that the films deposited at 60°C
had an irregular shape and more voids than other films; this may have resulted in the amorphous
pattern observed in the XRD results.

The peaks of polycrystalline structure occurred at 20 = 26.45, 33.64, 37.69, 51.43, 61.46, and
65.41°, indexed with (100), (101), (110), (002), (102), and (112), respectively. The diffraction
lines were similar to the values reported in the database of ZnO (JCPDS card no. 89-1397),
providing a strong indication for the creation of a hexagonal Wurtzite-type pattern in the
synthesized ZnO ((19) .The average crystallite size and micro lattice strain of polycrystalline
ZnO films were calculated according to Debye Scherrer equations, and the dislocation density
was calculated according to Equation 3 as presented in Table 1. The Table shows that as
deposition temperature increased, average crystallite size decreased while micro lattice strain and
dislocation density increased. The reduction in crystallite size can be attributed to an increase in
the strain as the deposition temperature improved. The obtained crystallite sizes were within the
range of crystallite sizes between 9 and 71 nm when thin films of ZnO were formed by the sol-
gel method (9). The calculated crystallite size was higher than the value between 29.40 and 29.47
nm in the ZnO films grew on an n-type silicon substrate by thermal evaporation (20) .The

difference in method of deposition and substrate used could be a factor in the disparity.

32



Babatunde, R, et al. Iraqi Journal of Natural Sciences and Nanotechnology (6)(2) (2025) 29-44

1600 450
400
2 1100 350
2
15 300
£ 600 250
100 200
5 25 45 65 85 150
-8 100
5 25 45 65 85
A B
500
1500 450
1300 200
1100
350
900 200
700
500 250
300 200
100 150
5 25 45 65 85 100
5 25 45 65 85
C D
1500
1300
1100
900
700
500
300
100
5 15 25 35 45 55 65 75 85
E

Figure 1 Structural pattern of ZnO thin films deposited at (a) room temperature (b) 400C (c) 500C (d) 600C () 700C
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Table 1 Structural Properties of ZnO thin films at different deposition temperatures

o Micro lattice strain € x | Dislocation density &

Sample Crystallite size D (hm) )
10 x 10 Line/m?

at room

60.91 6.35 2.69

temperature

at 50°C 60.02 7.28 2.78
at 70°C 49.21 8.60 4.13

Also, the surface morphological analysis of zinc oxide films deposited at different temperatures,
as presented in Fig. 2(a—€), revealed that the substrates were covered with the films, and the
films deposited at room temperature were smooth on the surface of the substrate. The implication
of this smoothness was observed in the transmittance of the film. The film deposited at 40 °C was
rough; this may be because of the presence of impurities in the film, as revealed by energy
dispersive spectroscopy. The surface morphology of films grew at 50, 60, and 70°C was similar.
The increase in the temperature of deposition influences a rise in the firmness, homogeneity, and
uniformity of films. The surface morphologies of ZnO films created by bath deposition were

similar to the morphologies at surface of CuS thin films coated at different deposition
temperatures (18).
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Figure 2 SEM images of ZnO thin films deposited at (a) room temperature (b) 400C (c) 500C (d) 600C (e) 700C

The composition of ZnO thin films deposited at varying depositions, as revealed by energy
dispersive spectroscopy in Fig.3 (a—€). The analysis showed that zinc and oxygen made up the
film. The atomic percentages of zinc and oxygen were 89.74 and 10.28, 74.78 and 22.00, 54.80
and 45.20, 67.80 and 33.20, and 69.78 and 30.22 for films deposited at room temperature, 40, 50,
60, and 70°C, respectively. This result showed that the percentage of zinc deposited decreased
and the percentage of oxygen increased as the deposition temperature rose from room
temperature to up to 50°C. The atomic composition of the films deposited at 50°C only was near
to the stoichiometric value of ZnO thin films and close to 54.66 and 45.34 % for zinc and
oxygen, respectively, as reported in the films of ZnO synthesized by reactive radio frequency
magnetron sputtering (21). Although non-stoichiometric ZnO was reported in the EDS of the
films deposited by electrospinning technique, the films showed a higher percentage of impurities
that arose from the background of the substrate(22). However, the films deposited at 40°C had a
low percentage of carbon as an impurity; the source of the impurity may come from the
annealing chamber. Carbon impurity atoms were detected in the films of ZnO prepared by the
zinc air cell system method, and the source of carbon was traced to either the handling condition
of the sample or as a result of annealing in the oven (1). The energy dispersive spectroscopy
shows that the films were mainly ZnO, and the smoothness and roughness of the films were

affected by the percentage of zinc present in the films, as shown in the SEM images.
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Figure 3 EDS of ZnO thin films deposited at (a) room temperature (b) 400C (c) 500C (d) 600C (e) 700C
ZnO thin films transmittance spectral is presented in Fig.4, the transmittance was very high in

the visible range of electromagnetic region. The transmittance of the films coated at room

temperature was between 55.92 and 85.12 % measured between 400 and 700 nm. The film

deposited at 40°C had minimum transmittance of 45.39 % at 400.56 nm and maximum
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transmittance of 71.84%, the maximum transmittance occurred at wavelength 694.74 nm. The
film of ZnO deposited at 50°C transmitted 45.35% minimum and 71.84% maximum measured
between 400 and 700 nm. The transmittance range of films deposited at 60°C and 70°C is 51.08
to 85.54 % and 28.97 and 48.72 %, respectively. In general, the average transmittance was
between 38.85 % and 70.52 %, which corresponds to the average value between 30 % and 70 %
observed by (23). However, the average value of the transmittance of the film deposited at room
temperature was highest due to the smooth arrangement of the films on the substrate. However,
the transmittance of the film deposited at 70°C gave the least average transmittance because the
film had the least particle size of 49.22 nm.

The absorbance spectral of ZnO is presented in Fig.5 showed that maximum absorption occurred
in ultra-violent range and continuously decreases in the visible part of electromagnetic spectrum.
This agrees very well with the absorbance spectral observed by (24-26).The average percentage
of photon adsorption of films deposited at room temperature, 40, 50, 60 and 70°C were 17.20,
25.50, 24.60, 18.10 and 42.60%, respectively. The result revealed that the photon adsorption
increases as the deposition temperature increases but the film of ZnO deposited at 40°C had
lower adsorption than film deposited at 50°C. The reason could be the presence of carbon
impurity atom in the films deposited at 40°C as confirmed by EDS measurements. The films
surface morphology revealed that the films roughness jumped up as the deposition temperature
improved. This may be a factor causing the reduction in photon adsorption with increasing
deposition temperature because light can be transmitted in smooth surface better than on a rough
surface; when transmittance is higher the absorbance will be lower and this is similar to the
report of (27) . However, the films deposited at 60°C had an absorption of 18.1%, the reason for
this could be due to a low scattering effect resulting from the uneven distribution of particle on
the substrate which allows higher transmittance of photons. It is also observed from the
investigations that the films coated at 70°C had higher average adsorption of 42.6%. because the
film transmitted the least photons in the visible region, low porosity of the films as seen in the
SEM image could be a reason.

The reflectance spectral of ZnO films as depicted in Fig. 6 revealed that the reflectance started in
the UV region at wavelength 315.54 nm and increased slowly to the visible and infrared regions.
The reflectance measured in the visible region between 400 and 700nm were between 1.13 and
1.77%; 1.10 and 1.15%; 1.11 and 1.57%; 1.12% and 1.78 %; 0.74 and1.17 % the for films
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deposited at room temperature, 40, 50, 60 and 70°C, respectively. It is generally observed that
the film exhibited low reflectance between 0.78 and 1.78 % which is similar to the value of the
reflectance observed by(28). The low reflectance of the film is an indication that ZnO can
transmit a very good percentage of incident radiation to the absorber layer where conversion of
solar to electrical energy takes place.

The absorption coefficient of ZnO is measured from absorption coefficient spectral displayed in
Fig. 7. It was observed that the adsorption coefficient of all the samples is greater than 10® m™.,
This is similar to reported adsorption coefficient of greater than 10* cm™ which indicates the
improvement in chance of the occurrence of direct transitions as observed by (29), The
adsorption coefficient increases slowly as photon energy increases well. This is evidence of the
contact of the films charge carriers with the incident photons that have enough energy for the
occurrence of electron transitions (30).

Similarly, the bandgap of the films is extrapolated from Fig.8 and the it was between 3.52 and
3.62 eV. The values are in good agreement with the energy gap between 3.10 and 3.97 eV
reported when studying stirring's impact on ZnO thin films that have been chemically deposited
(31). The values were higher than the band gap between 3.11 and 3.22 eV in the research by (32)
when the physical characteristics of ZnO thin films produced by Sol-gel were examined in
relation to the influence of precursor solution and annealing temperature.

The difference in the methods of deposition could be a reason for the higher value because sol-
gel method always has a thicker thin film than the chemical deposition method. When the film
thickness increases, the adsorption increases and causes low transmittance, which reduces the
bandgap. It was observed from the results that the bandgap improved slightly as deposition
temperature rises due to increases in clustering of the particles as observed in the SEM
morphology, but the films deposited at 40°C exhibited the least band gap energy of 3.52 eV the
reason for this could be the presence of impurity atom as seen in the EDS result. Similar results
were obtained when ZnO films were coated by pulsed layer method at varying deposition
temperatures between 200 and 400°C and band gap rose from 3.3 to 4.19 eV for unannealed
films and 3.58 to 3.98 eV after annealing. The increment was attributed to a shift in burstein

electron density (23).
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Conclusions

ZnO thin films were successively grew on FTO substrates by chemical bath deposition technique
and the effect of deposition temperatures were studied on some solid state properties of the films.
The structural properties were measured with XRD and the results showed the films had both
amorphous and crystalline pattern, The nature of the films at substrates as revealed by SEM
showed that the substrates were covered with the films, and the film deposited at room
temperature was smooth on the surface of the substrate while the surface morphology of films
deposited at 50, 60, and 70°C was similar. The transmittance of the film deposited room was the
highest while the film deposited at70°Chad the least transmittance in the visible part of

electromagnetic spectrum.

40



Babatunde, R, etal. Iraqi Journal of Natural Sciences and Nanotechnology (6)(2) (2025) 29-44

Acknowledgement

Babatunde R.A thanks the management of Federal Polytechnic llaro and TETFund for the
intervention given for his Ph.D. program. Department of Material Science and Engineering,

Kwara State University (KWASU) Malete, Nigeria, is grateful for technical assistance.

References

1. Malevu TD, Ocaya RO. Effect of annealing temperature on structural, morphology and
optical properties of ZnO nano-needles prepared by zinc-air cell system method. Int J
Electrochem Sci. 2015;10(2):1752-61.

2. Varnamkhasti MG, Fallah HR, Zadsar M. Effect of heat treatment on characteristics of
nanocrystalline ZnO films Dby electron beam evaporation. Vacuum [Internet].
2012;86(7):871-5. Available from: http://dx.doi.org/10.1016/j.vacuum.2011.03.017

3. Asghar MA, Nazar U, Javed S, Atif M, Ali SM, Farooq WA. CHARACTERIZATION OF
ZINC OXIDE ( ZnO ) THIN FILM COATED BY THERMAL EVAPORATION
TECHNIQUE. J Optoelectron Biomed Mater. 2014;6(2):35-40.

4. Zaier A, Meftah A, Jaber AY, Abdelaziz AA, Aida MS. Annealing effects on the
structural, electrical and optical properties of ZnO thin films prepared by thermal
evaporation technique. J King Saud Univ - Sci [Internet]. 2015;27(4):356-60. Available
from: http://dx.doi.org/10.1016/j.jksus.2015.04.007

5. Faraj MG, Ibrahim K. Optical and structural properties of thermally evaporated zinc oxide
thin films on polyethylene terephthalate substrates. Int J Polym Sci. 2011;2011:1-4.

6. Damiani LR, Mansano RD. Zinc oxide thin films deposited by magnetron sputtering with
various oxygen/argon concentrations. J Phys Conf Ser. 2012;370(1):1-6.

7. Bensmaine S, Benyoucef B. Effect of the temperature on ZnO thin films deposited by r . f

magnetron . Phys Procedia [Internet]. 2014;55:144-9. Available from:
http://dx.doi.org/10.1016/j.phpro.2014.07.021

8. Ali TA, Pilz J, Schaffner P, Kratzer M, Teichert C, Stadlober B, et al. Piezoelectric

41



Babatunde, R, etal. Iraqi Journal of Natural Sciences and Nanotechnology (6)(2) (2025) 29-44

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Properties of Zinc Oxide Thin Films Grown by Plasma-Enhanced Atomic Layer
Deposition. Adv Mater News. 2020;217:1-6.

Alli FA, Suganthi DC, Swaminathan V. Effect of Annealing on Structural and Optical
Propertiesof ZnO Thin Films by Sol Gel Technique. chalcogenide Lett. 2011;8(9):511-9.
Salim K. Study of the Effects of Annealing Temperature on the Properties of ZnO Thin
Films Grown by Spray Pyrolysis Technique for Photovoltaic Applications Study of the
Effects of Annealing Temperature on the Properties of ZnO Thin Films Grown by Spray
Pyrolysis T. Int J Thin Film Sci Technol. 2022;11(1):18-28.

Karunakaran M, Maheswari S, Kasirajan K, Raj SD, Chandramohan R. Structural and
Optical Properties of Mn-Doped ZnO Thin Films Prepared by SILAR Method. Int Lett
Chem Phys Astron. 2017;73:22-30.

Lee P, Chang S, Chang S. Synthesis and optical properties of ZnO thin films prepared by
SILAR method with ethylene glycol. Adv Nano Res. 2013;1(2):93-103.

Rezabeigy S, Behboudnia M, Nobari N. Growth of ZnO Nanorods on Glass Substrate by
Chemical Bath Deposition. Procedia Mater Sci [Internet]. 2015;11:364-9. Available from:
http://dx.doi.org/10.1016/j.mspro.2015.11.130

Abbas AS, Abbas SI. Optical Properties of ZnO Films Prepared by CBD Technique. J
Ovonic Res. 2021;17(1):53-60.

Kathalingam A, Ambika N, Kim M., Elanchezhiyan J, Chae YS, Rhee JK. Chemical bath
deposition and characterization of nanocrystalline ZnO thin films. Mater Sci -pol.
2010;28(2).

Berestok TO, Kurbatov DI, Opanasyuk NM, Pogrebnjak AD, Manzhos OP, Danilchenko
SM. Structural properties of ZnO thin films obtained by chemical bath deposition
technique. J Nano- Electron Phys. 2013;5(1):4-7.

Haque MH, Mahalakshmi S. Study of ZnO Thin Films Prepared by Chemical Bath
Deposition . Asian J Chem. 2013;25(March):18-20.

Ahmed HS, Mohammed RY. The Effect of Deposition Parameters on Morphological and
Optical Properties of Cu2S Thin Films Grown by Chemical Bath Deposition Technique.
Photonics. 2022;9(3):1-13.

Mulmi D Das, Dhakal A, Shah BR. Effect of Annealing on Optical Properties of Zinc
Oxide Thin Films Prepared by Homemade Spin Coater. Nepal J Sci Technol.

42



Babatunde, R, etal. Iraqi Journal of Natural Sciences and Nanotechnology (6)(2) (2025) 29-44

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

2014;15(2):111-6.

Hashim MR, Hassan N. Structural and Optical Properties of ZnO Thin Film Prepared by
Oxidation of Zn Metal Powders. Sains Malaysiana. 2013;42(2):193-6.

Suma MN, Gaddam V, Prasad MVN, Nayak MM, Rajanna K. Study on the suitability of
ZnO thin film for dynamic pressure sensing application. Int J Smart Sens Intell Syst.
2020;13(1):1-9.

Bolarinwa HS, Onuu MU, Fasasi AY, Alayande SO, Animasahun LO, Abdulsalami 10, et
al. Determination of optical parameters of zinc oxide nanofibre deposited by
electrospinning technique. J Taibah Univ Sci [Internet]. 2017;11(6):1245-58. Available
from: https://doi.org/10.1016/j.jtusci.2017.01.004

Wisz G, Virt I, Sagan P, Potera P, Yavorskyi R. Structural , Optical and Electrical
Properties of Zinc Oxide Layers Produced by Pulsed Laser Deposition Method. Nanoscale
Reasearch Lett. 2017;253(12):0-6.

Mulmi D Das, Dhakal A, Shah BR. Effect of Annealing on Optical Properties of Zinc
Oxide Thin Films Deependra Das Mulmi , Agni Dhakal and Buddha Ram Shah.
2015;(February).

Sandeep S, Dhananjaya K. Effect of Annealing Temperature on the Structural and Optical
Properties of Zinc Oxide ( ZnO ) Thin Films Prepared by Spin Coating Process Effect of
Annealing Temperature on the Structural and Optical Properties of Zinc Oxide ( ZnO )
Thin Films Prepared b. IOP Conf Ser Mater Sci Eng. 2015;73:1-6.

Taha Y, Al-taay HF. Effects of Substrate Type on the Morphology and Optical Properties
of ZnO Nanorods Grown via Chemical Bath Deposition. Mater Int. 2020;2(2):97-102.
Khushaim M, Alamri S, Kattan N, Jaber A. Study of kesterite Cu 2 ZnSnS 4 ( CZTS) thin
films deposited by spray technique for photovoltaic applications. J Taibah Univ Sci
[Internet]. 2021;15(1):329-449. Available from:
https://doi.org/10.1080/16583655.2021.1978809

Priya V. ., Prithivi N. Study of Transition Metal Ddoped ZnO Nanostructures. Int J Innov
Sci Res Technol. 2018;3(12):638—44.

Sharmin A, Kumar K, Al Mamun SMM, Hossain M. Influence of annealing conditions on
the performance of sputtered grown CZTS thin film solar cells. AIP Adv [Internet].
2022;12(11):1-8. Available from: https://doi.org/10.1063/5.0130395

43



Babatunde, R, etal. Iraqi Journal of Natural Sciences and Nanotechnology (6)(2) (2025) 29-44

30. Bakr NA, Salman SA, Hameed SA. Deposition and Characterization of Cu 2 ZnSnS 4
Thin Films for Solar Cell Applications. Int J Tech Res Appl. 2018;13(6):3379-88.

31.  Onal M, Altiokka B. Effect of stirring on chemically deposited ZnO thin films. Acta Phys
Pol A. 2020;137(6):1209-13.

32.  Quifnones-galvan JG, Sandoval-jiménez IM, Tototzintle-huitle H, Hernandez-hernandez
LA. Effect of precursor solution and annealing temperature on the physical properties of
Sol — Gel-deposited ZnO thin films. Results Phys. 2013;3:248-53.

44



