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Abstract

Copper oxides are one of the first semiconductors studied for device applications. In the present work, CuO thin
films were deposited on fluorine-doped tin oxide (FTO) substrates via hydrothermal method without using any
surfactant and the effects of reaction temperature on the properties of the films were studied. CuO thin films
deposited at different reaction temperatures were characterized for their structural and optical properties using
X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDAX),
Raman spectroscopy, and optical absorption measurements. XRD results revealed that all the films consisted of
polycrystalline CuO with a monoclinic crystal structure without any impurity phase. SEM images showed that
chrysanthemum-like structures were formed, the number of which increased with increasing hydrothermal
reaction temperature. EDAX measurements proved the existence of Cu and O elements and showed that all the
films have Cu/O ratios close to unity. The Raman spectra confirmed the formation of crystalline CuO in all the
films. From the optical absorption measurements, the direct forbidden energy gap values of the CuO thin films
were found to be between 1.34 eV and 1.41 eV, depending on the hydrothermal reaction temperature.
Keywords: CuO thin films, hydrothermal method, reaction temperature.

Hidrotermal Reaksiyon Sicakliginin CuO Ince Filmlerin Yapisal ve Optik

Ozelliklerine Etkisi
Oz
Bakir oksitler cihaz uygulamalart i¢in incelenen ilk yart iletkenlerden biridir. Bu ¢aligmada, CuO ince filmler,
herhangi bir yiizey aktif madde kullanilmadan, hidrotermal yontemle flor katkili kalay oksit (FTO) altliklar
iizerine biiyiitiilmiis ve reaksiyon sicakliginin filmlerin 6zellikleri lizerine etkisi arastirilmistir. Farkli reaksiyon
sicakliklarinda biiyiitiilen CuO ince filmler, X-151n1 kirnimi (XRD), taramal1 elektron mikroskobu (SEM), enerji
dagilimli X-151m1 analizi (EDAX), Raman spektroskopisi ve optik sogurma dlgiimleri kullanilarak yapisal ve
optik ozellikleri agisindan karakterize edilmistir. XRD sonuglari, tiim filmlerin herhangi bir safsizlik fazi
icermeyen, monoklinik kristal yapiya sahip, polikristal CuO'dan olustugunu ortaya ¢ikarmistir. SEM
goriintiileri, krizantem benzeri yapilarin olustugunu ve hidrotermal reaksiyon sicakliginin artmasiyla bu
yapilarin sayisinin arttigini gostermistir. EDAX 6l¢timleri Cu ve O elementlerinin varligini kanitlamis ve tim
filmlerin Cu/O oranlarinin bire yakin oldugunu gdstermistir. Raman spektrumlari tiim filmlerde kristal CuO
olusumunu dogrulamustir. Optik sogurma Sl¢timlerinden CuO ince filmlerinin dogrudan yasak enerji aralig1
degerlerinin hidrotermal reaksiyon sicakligina bagli olarak 1,34 eV ile 1,41 eV arasinda oldugu bulunmustur.
Anahtar Kelimeler: CuO ince filmler, hidrotermal method, reaksiyon sicaklig1.
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1. Introduction

Metal oxides are important materials for engineering and scientific applications due to their
distinctive physical and chemical properties. Among various metal oxides, copper oxides are
one of the first semiconductors studied for device applications and widely used in a range of
fields, such as solar cell technology [1, 2], electrochromic devices [3], gas and humidity sensing
applications [4, 5], electrochemical energy storage devices [6], and photocatalytic degradation
of biological pollutants and organic dyes [7, 8]. In addition, copper oxides are of interest
because of their chemical stability, low production cost, and non-toxic nature. Copper oxides
are known to have p-type conductivity and two familiar forms of copper oxides are cupric oxide
or tenorite (CuO) with the reported direct optical band gap ranging from 1.0 eV to 2.1 eV and
cuprous oxide or cuptite (Cu20) with the reported direct optical band gap ranging from 2.0 eV
to 2.6 eV [7, 9]. Specifically, relatively narrow optical band gap of the CuO makes it an
important material for the absorption of ultraviolet—visible to near-infrared radiation. For the
deposition of copper oxide thin films, a variety of physical and chemical processes have been
proposed including sputtering [8, 9], chemical-thermal oxidation [7], electrodeposition [2],
chemical vapor deposition [10], chemical bath deposition [6, 11], spin coating [12], successive
ionic layer adsorption and reaction [13, 14] and hydrothermal method [15], etc. Among these
processes, the hydrothermal method attracts intensive attention because of its low cost, simple
operating procedure, and low process temperatures, which improves surface coverage on the
substrates and reduces the possibility of film cracking [16, 17]. Therefore, this method is known
to be one of the most important soft solutions chemical processes and suitable for large-scale
production. Because the process is controlled by dissolution / precipitation of reactants in an
aqueous solution, the nature and properties of the product can be controlled by different process
parameters such as reaction temperature and time, properties of precursor solution, and the
types of additives such as surfactants, templates, or mineralizers used [15, 16]. Although the
use of surfactant has some advantages such as controlling particle size, morphology and size
distribution of the final product, the introduction of surfactant means a more complicated

reaction process and can cause an increase of impurity concentration in the final product.

In this paper, we report the synthesis of CuO thin films via hydrothermal method without using
any surfactant. To evaluate the effect of reaction temperature on the structural and optical
properties of the films, CuO thin films were synthesized by varying the reaction temperature

while keeping the reaction time constant.
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2. Material and Methods

The copper (II) sulfate pentahydrate (CuSO4.5H>0) and ammonia solution (NH4OH) 32% were
used as precursor materials for deposition of CuO thin films using hydrothermal route. All raw
materials were analytical grade and purchased from Sigma-Aldrich Company. Deionized water
was used as a solvent. Fluorine-doped tin oxide (FTO) glass slides (20 mm x 10 mm X 3 mm)
were chosen as substrate material. Prior to the deposition process, FTO substrates were cleaned
ultrasonically in the commercial detergent, acetone, 1:1 ethanol-water solutions, and finally
deionized water for 15 min sequentially. To obtain the precursor solution, first 50 mM
CuS04.5H20 solution was prepared by dissolving a proper amount of material in 30 ml
deionized water under magnetic stirring for 15 min at room temperature. Then NH4OH was
slowly added dropwise to the above solution under constant stirring. Initially a pale blue and
then a clear, dark blue solution was obtained. At this point, the pH of the solution reached 10.5.
The solution was stirred for a further 30 min, then transferred into a teflon-lined stainless-steel
autoclave with 50 ml capacity. FTO substrates were vertically dipped into the precursor solution
and the autoclave was sealed and placed in a hot oven for 24 h at different reaction temperatures
(120°C, 140°C, 160°C, and 180°C). At the end of the growth process, the autoclave was cooled
to room temperature naturally. The coated substrates were removed, washed with deionized
water several times, and dried in air overnight. The films on the non-conductive sides of the
FTO substrates peeled off during washing, but the films obtained on the conductive sides were

well adherent, nearly uniform and, dark brown in color.

Structural, morphological, compositional, and optical properties of the CuO thin films
deposited at different reaction temperatures were analyzed. The determination of the crystal
structure and phase was carried out using Panalytical Empyrean X-ray diffractometer using
Cu-Ka radiation with the wavelength A=1.5405 A at 45 kV and 40 mA. The diffraction patterns
were recorded in the 20 range 20°-80° at a scanning rate of 1.50° min!. The surface
morphology and elemental compositional analysis of the films were investigated with FEI
Quanta FEG 450 scanning electron microscopy (SEM) coupled with Amatek energy dispersive
X-ray analysis (EDAX) attachment. Raman spectroscopy was further used as a supplementary
method to prove the phase purity of the CuO thin films, and the spectra were obtained using
Witec alpha 300R Raman module in the spectrum range 200-800 cm!. Optical absorption
spectra of the CuO thin films were obtained with UV-1810 DASPC UV-VIS double beam
spectrophotometer. The spectra were recorded in the wavelength range of 500—1100 nm at room

temperature. Optical band gap energies of the films were estimated through the Tauc method.
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3. Results and Disscussion

A series of CuO thin films were obtained on FTO substrates using hydrothermal method for 24
h by varying the reaction temperature from 120°C to 180°C with 20°C steps. The formation
mechanism of CuO thin films can be explained as follows. When NH4OH is added into the

CuS04.5H>0 solution, initially Cu(OH)2 occurs according to the following reaction:

CuSO,4 + 2NH,OH — Cu(OH), + (NH,),S0, (1)
Addition of excess NH4OH dissolves Cu(OH).:

Cu(OH), + NH,OH - (NH,)CuO; + H,0 + H* ()

Under hydrothermal conditions, the ionic product exceeds the solubility product and CuO film

forms on the FTO substrate by the following reaction [6]:
(NH,)CuO; + H* - CuO + NH,OH 3)

XRD method was used to analyze the phase composition and crystallographic structure of the
CuO thin films, and Figure 1 shows the diffraction patterns of the films deposited at different
hydrothermal reaction temperatures. The patterns revealed that all the films had a
polycrystalline nature and observed diffraction peaks were in closely match with the standard
pattern of monoclinic CuO (JCPDS No.:45-0937) along with the diffractions from the FTO
substrate which were marked with *. Two characteristic peaks of CuO corresponding to
reflections from (11-1) and (111) planes were clearly observed in all the patterns, and no peaks

from impurities such as Cu,O or Cu(OH), were seen.
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Figure 1. XRD patterns of CuO thin films deposited at different hydrothermal reaction temperatures

XRD analysis also showed no remarkable changes in the crystallographic structure and phase
composition of the films depending on hydrothermal reaction temperature. Increasing
hydrothermal reaction temperature generally increased the intensity and sharpening of the
observed peaks, which means the crystallinity increases with the increasing reaction

temperature.

With the help of XRD measurements, interplanar distances (d) of the planes and average grain
size values (D) of CuO thin films were calculated for prominent (11-1) and (111) planes, using

Bragg's diffraction condition [18] and Scherrer Equation [19]:

KA

b= BCosO (4)

where K is a constant which is referred as the shape factor (K=0.9 was used), 1 is the wavelength
of the X-ray, £ is the full width at half maximum of the peak in radian, and @ is the Bragg angle
that corresponds to the peak analyzed. Obtained results are shown in Table 1 along with the
standard values of the interplanar distances. It can be seen from the table that the calculated d
values are compatible with the standard values and increasing the hydrothermal reaction
temperature from 120°C to 160°C increased the grain size from 15.2 nm to 18.7 nm, while
further increasing the reaction temperature to 180°C caused a slight decrease in grain size.

Differences between the relative X-ray diffraction intensities of the samples and the standard
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JCPDS data indicate that a preferential orientation is present, and the preferential orientation
can be determined considering the texture coefficient (7¢). 7. values for all planes of randomly
oriented materials are approximately 1. Values of 7. greater than 1 indicate preferential
orientation, while values less than 1 indicate the absence of grains oriented in that direction
[20]. The T. values of the CuO thin films were calculated using the equation [19]:

I1(hkl)/Io(hkl)

Te(hkD) = =0 et totniey

)

where / is measured X-ray diffraction intensity, /y is standard JCPDS intensity and N is the
reflection number. Calculated 7. values of CuO thin films deposited under different
hydrothermal reaction temperatures are shown in Table 1. As can be clearly seen from the table,

increasing reaction temperature caused a periodic change in preferential orientation.

Table 1. Standard and calculated interplanar distances with average grain size and texture coefficient values

Reaction 20 d(A) d(A)

Temperature (observed) hil (standard) (calculated) D (nm) T
e EEL WL omlm s,
GG - S TR - S ' I
we BEoEam
T 1 S 1T~ S - S T S

The film’s surface morphology was studied by SEM and the images of the films deposited at
different hydrothermal reaction temperatures are shown in Figure 2. To illustrate the shape of
CuO structures distinctly, higher magnification (30000%) images are displayed in inset of all
the SEM images. Close examination of the SEM image reveals that, in the early stage of the
hydrothermal process, randomly oriented rod-like nanostructures completely cover the surface
of the FTO substrates without any voids, pinhole or cracks and numerous CuO nanostructures
assemble together possibly to reduce the excess interfacial energy and form the micrometer-
sized spherical, chrysanthemum-like structures [21]. As the reaction temperature increases,
chrysanthemum-like structures become more compact, and the number of these structures

increases.
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Figure 2. SEM images of CuO thin films deposited at different hydrothermal reaction temperatures, (a) 120°C,
(b) 140°C, (c) 160°C, (d) 180°C.

The elemental compositional analysis of the CuO thin films were estimated by EDAX and the
spectra are given in Figure 3. All EDAX spectra show the existence of Cu, O, and Sn elements.
The Cu/O ratios of the films were determined from the spectra and found to be 0.95, 1.07, 1.02,
and 1.04 for hydrothermal reaction temperatures of 120°C, 140°C, 160°C, and 180°C
respectively. Although Cu/O ratios change in a non-regular manner with increasing
hydrothermal reaction temperature, the variations are very small and all the films have Cu/O
ratios of unity, which is in agreement with the XRD results. The appearance of weak Sn peaks
in the EDAX spectra is due to the FTO substrate and the spectra show that increasing reaction

temperature resulted in a decrease in relative Sn content, which may be due to the increasing

film thickness.
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Figure 3. EDAX spectra of CuO thin films deposited at different hydrothermal reaction temperatures, (a) 120°C,
(b) 140°C, (c) 160°C, (d) 180°C.

For the structural analysis of materials, Raman scattering has proven to be an appropriate
alternative and/or complementary method to XRD studies [22]. The films were further analyzed
using Raman analysis and Figure 4 shows the Raman scattering spectra of the CuO thin films,
obtained at different reaction temperatures. All films are characterized by an intense peak at
274 cm’!, a less intense peak at 323 cm™!, and a rather weak and broad peak at about 605 cm™!.
These three Raman peaks can be assigned to Ag and the two Bg modes of CuO respectively, and
are comparable with the reported values [11, 23]. The trend in intensity of the prominent Raman
peak at 274 cm! is consistent with the XRD results. Furthermore, all three peaks are red shifted
as compared to reported values for the CuO single crystal [24]. This relative shift to lower
frequencies can be attributed to size effects [25]. The weak peak observed at 249 ¢cm™ may be
caused by FTO substrate [26]. Due to the relatively low thickness of the films, this peak is more
clearly observed in the Raman spectra of the films obtained at reaction temperatures of 120°C
and 140°C that is agreement with the EDAX results. No vibrational mode belonging to any
impurity phase was identified in all Raman spectra, which indicates the purity of the CuO thin

films and is consistent with XRD results.
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Figure 4. Raman scattering spectra of CuO thin films deposited at different hydrothermal reaction temperatures.

The equation between the absorption coefficient (o) and the optical band gap energy (Ey) is
given by;

_ A(hv—Eg)"
hv

(6)

where A4 is a constant dependent on the effective masses associated with the valence and
conduction bands and /v is the photon energy. The value of » is related to the type of the
transition (n=2 for indirect allowed, n="4 for direct allowed transition). According to equation
6, the direct band gap energy values of the materials are determined by extrapolating the linear
part of the (ahv)? versus hv graphs onto the horizontal axis. Figure 5 shows the optical
absorption spectra and variations of (ahv)? as a function of photon energy for CuO thin films
deposited at different hydrothermal reaction temperatures. From the absorption spectra, it can
be seen that all the films exhibit high absorbance at wavelengths <750 nm, which is very useful
for applications of solar cell devices. The linear nature of the all (ahv)? - Energy plots confirm
the direct optical transition in CuO thin films. It is clear from the figure that optical band gap
values were all found to be similar and 1.34 eV, 1.41 eV, 1.37 eV, and 1.40 eV for hydrothermal
reaction temperatures of 120°C, 140°C, 160°C, and 180°C respectively. The obtained direct

band gap values are in the good agreement with the literature values [27, 28].
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Figure 5. Optical absorption spectra with the variations of (a/v)? as a function of photon energy for CuO thin
films deposited at different hydrothermal reaction temperatures, (a) 120°C, (b) 140°C, (c) 160°C, (d) 180°C.

4. Conclusion

In the present study, CuO thin films were deposited on FTO substrates via hydrothermal method
and the effect of reaction temperature on some structural and optical properties of the films
were reported. XRD results showed that all the films had a polycrystalline nature with
monoclinic symmetry and revealed no significant variations in the crystallographic structure
and phase composition of the films deposited at different reaction temperatures. Increasing
hydrothermal reaction temperature generally improved the crystallinity and caused a change in
the texture coefficient of the films. The films deposited at 160°C hydrothermal reaction
temperature showed better crystallinity with a grain size of 18.7 nm. SEM images revealed the
formation of micrometer-sized chrysanthemum-like structures, the number of which increased
with increasing hydrothermal reaction temperature. It was confirmed with the help of EDX
measurements that all films had stoichiometric ratios very close to CuQO. Phase purity and
crystalline nature of the films were further proved through the Raman scattering measurements.

The estimated direct optical band gap energies of the films were in the range of 1.34 eV-1.41
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eV, depending on reaction temperature. Obtained results demonstrated that CuO thin film,
which has been considered as a potential absorber material for low-cost photovoltaic
applications, could be successfully deposited using facile hydrothermal method under mild

conditions without using any surfactant.

Ethics in Publishing
There are no ethical issues regarding the publication of this study.
Acknowledgements

Bu kisimda makalede belirtilmek istenen; tez galismasi/ proje ismi ve numarast/ finansman
saglayicilar gibi verilebilir.

References

[1] TK.S. Wong, S. Zhuk, S. Masudy-Panah, G.K. Dalapati, “Current Status and Future
Prospects of Copper Oxide Heterojunction Solar Cells”, Materials 9 (2016) 271-292.

[2] G.G. Welegergs, Z.M. Mehabaw, H.G. Gebretinsae, M.G. Tsegay, L. Kotsedi, Z. Khumalo,
N. Matinisie, Z.T. Aytuna, S. Mathur, Z.Y. Nuru, S. Dube, M. Maaza, “Electrodeposition of
nanostructured copper oxide (CuO) coatings as spectrally solar selective absorber: Structural,
optical and electrical properties”, Infrared Physics and Technology 133 (2023) 104820.

[3] N. Ozer, C.M. Lampert, “Electrochromic characterization of sol—gel deposited coatings”,
Solar Energy Materials and Solar Cells 54 (1998) 147—-156.

[4] S. Keerthana, M.B. Arthina Titlin, C. Ravi Dhas, R. Venkatesh, S. Esther Santhoshi Monica,
“Unraveling the role of solvent type in the physical and chemiresistive gas sensing properties
of nebulizer-sprayed CuO films”, Materials Science and Engineering B 297 (2023) 116821.
[5] S.B. Wang, C.H. Hsiao, S.J. Chang, K.T. Lam, K.H. Wen, S.J. Young, S.C. Hung, B.R.
Huang, “CuO nanowire-based humidity sensor”, IEEE Sensors Journal 12 (2012) 1884—1888.
[6] D.P. Dubal, D.S. Dhawale, R.R. Salunkhe, V.S. Jamdade, C.D. Lokhande, “Fabrication of
copper oxide multilayer nanosheets for supercapacitor application”, Journal of Alloys and

Compounds 492 (2010) 26-30.

206



Effect of Hydrothermal Reaction Temperature on the Structural and Optical Properties of CuO Thin
Films

[7] F. Ansari, S. Sheibani, M. Fernandez-Garcia, “Surface modification of Cu,O-CuO
photocatalyst on Cu wire through decorating with TiO2 nanoparticles for enhanced visible light
photocatalytic activity”, Journal of Alloys and Compounds 919 (2022) 165864.

[8] N.J. Karazmoudeh, M. Soltaniech, M. Hasheminiasari, “Structural and photocatalytic
properties of undoped and Zn-doped CuO thin films deposited by reactive magnetron
sputtering”, Journal of Alloys and Compounds 947 (2023) 169564.

[9]1 EM. Alkoy, P.J. Kelly, “The structure and properties of copper oxide and copper aluminium
oxide coatings prepared by pulsed magnetron sputtering of powder targets”, Vacuum 79 (2005)
221-230.

[10] D. Chua, S.B. Kim, K. Li, R. Gordon, “Low Temperature Chemical Vapor Deposition of
Cuprous Oxide Thin Films Using a Copper(I) Amidinate Precursor”, ACS Applied Energy
Materials 2 (2019) 7750-7756.

[11] C.M. Muiva, A.O. Juma, L.M. Lepodise, K. Maabong, D. Letsholathebe, “Surfactant
assisted chemical bath deposition based synthesis of 1-D nanostructured CuO thin films from
alkaline baths”, Materials Science in Semiconductor Processing 67 (2017) 69-74.

[12] S. Baturay, “Structural and Optical Properties of Sb Doped CuO Films”, Academic
Platform Journal of Engineering and Science 8 (2020) 84-90.

[13] Y. Akaltun., “Effect of thickness on the structural and optical properties of CuO thin films
grown by successive ionic layer adsorption and reaction”, Thin Solid Films 594 (2015) 30-34.
[14] O. Gengyilmaz, T. Taskoprii, “Effect of pH on the synthesis of CuO films by SILAR
method”, Journal of Alloys and Compounds 695 (2017) 1205-1212.

[15] Y. Liu, Y. Chu, M. Li, L. Li, L. Dong, “In situ synthesis and assembly of copper oxide
nanocrystals on copper foil via a mild hydrothermal process”, Journal of Materials Chemistry

16 (2006) 192-198.

207



Effect of Hydrothermal Reaction Temperature on the Structural and Optical Properties of CuO Thin
Films

[16] J. Wu, B. Yan, “Photoluminescence intensity of YxGdixVO4:Eu*" dependence on
hydrothermal synthesis time and variable ratio of Y/Gd”, Journal of Alloys and Compounds
455 (2008) 485-488.

[17] A.M. Holi, Z. Zainal, Z.A. Talib, H.N. Lim, C.C. Yap, S.K. Chang, A.K. Ayal, “Effect of
hydrothermal growth time on ZnO nanorod arrays photoelectrode performance”, Optik 127
(2016) 11111-11118.

[18] W.L. Bragg, “The diffraction of short electromagnetic waves by a crystal”, Proceedings -
Cambridge Philosophical Society 17 (1913) 43-57.

[19] C. Barrett, T.B. Massalski, Structure of Metals, Pergamon, Oxford, 1980.

[20] R. Mariappan, V. Ponnuswamy, S.M. Mohan, P. Suresh, R. Suresh, “The effect of potential
on electrodeposited CdSe thin films”, Materials Science in Semiconductor Processing 15
(2012) 174-180.

[21] N. Zhao, H. Fan, M. Zhang, X. Ren, C. Wang, H. Peng, H. Li, X. Jiang, X. Cao, “Facile
preparation of Ni-doped MnCQO3 materials with controlled morphology for high-performance
supercapacitor electrodes”, Ceramic International 45 (2019) 5266-5275.

[22] T. Gao, H. Fjellvag, P. Norby, “Structural and morphological evolution of B-MnO>
nanorods during hydrothermal synthesis”, Nanotechnology 20 (2009) 055610.

[23] H. Siddiqui, M.S. Qureshi, F.Z. Haque, “Surfactant assisted wet chemical synthesis of
copper oxide (CuO) nanostructures and their spectroscopic analysis”, Optik 127 (2016) 2740—
2747.

[24] H.F. Goldstein, D. Kim, P.Y. Yu, L.C. Bourne, “Raman study of CuO single crystals”,
Physical Review B 41 (1990) 7192—-7194.

[25] J.F. Xu, W. Ji, Z.X. Shen, W.S. Li, S.H. Tang, X.R. Ye, D.Z. Jia, X.Q. Xin, “Raman

Spectra of CuO Nanocrystals”, Journal of Raman Spectroscopy 30 (1999) 413-415.

208



Effect of Hydrothermal Reaction Temperature on the Structural and Optical Properties of CuO Thin
Films

[26] C.Y. Kim, D.H. Riu, “Raman scattering, electrical and optical properties of fluorine-doped
tin oxide thin films with (200) and (301) preferred orientation”, Materials Chemistry and
Physics 148 (2014) 810-817.

[27] F. Bayansal, H.A. Cetinkara, S. Kahraman, H.M. Cakmak, H.S. Giider, “Nano-structured
CuO films prepared by simple solution methods: Plate-like, needle-like and network-like
architectures”, Ceramics International 38 (2012) 1859-1866.

[28] G.G. Welegergs, H.G. Gebretnisae, M.G. Tsegay, Z.Y. Nuru, S. Dube, M. Mazaa,
“Thickness dependent morphological, structural and optical properties of SS/CuO nanocoatings

as selective solar absorber”, Infrared Physics and Technology 113 (2021) 103619.

209



