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Abstract

In order to investigate the influence of substrate selection, deposition method and
drying temperature on the surface properties of the multilayered CuO thin films, a
copper precursor solution was deposited onto indium tin oxide (ITO)-coated glass
and p-type silicon (Si) substrates using spin coating and dip coating. Surface
morphology of the CuO thin films was characterised using scanning electron
microscopy (SEM) and atomic force microscopy (AFM). The results showed that spin
coating yields uniform and homogeneous thin films on both types of substrates,
whereas films obtained via dip coating showed significantly higher homogeneity on
ITO glass than on the p-type Si substrate. The crystal structure of the CuO thin films
was examined using X-ray diffraction (XRD), revealing a monoclinic crystal structure
with a preferred growth orientation along the (110) plane. XRD analysis further
indicated that larger nanoparticles were formed on the ITO glass substrate and at
higher drying temperatures. The XRD-derived crystallite size was approximately 5

nm on the ITO glass substrate and 2 nm on the p-type Si substrate.

1. Introduction

Nanocrystalline thin films with thicknesses of
several micrometres or less have a wide range of
applications. They are commonly used in optical
devices, magnetic systems, electrochemical cells
and more [1-3]. The surface morphology and
structural characteristics of thin films and coatings
play an important role in determining their
functional properties and performance [4]. These
diverse applications have motivated extensive
research into suitable semiconductor materials,
among which copper oxide (CuO) stands out due to
its cost-effectiveness, low toxicity and excellent
optoelectronic properties [5,6]. It is frequently
utilised in the fabrication of solar cells because of
its high solar radiation absorption and low thermal
emissivity [7]. Copper oxide exists in two
semiconducting phases: copper(ll) oxide (CuO),
also known as tenorite and copper(l) oxide (Cu,0),
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known as cuprite [8]. In some cases, a compound
of these two oxides, a metastable oxide (Cu,03),
can also be formed [9]. CuO is considered an ideal
candidate for use as a sensing material in
environmental protection applications due to its
favourable properties, such as a high absorption
coefficient, good thermal conductivity and strong
adaptability to environmental conditions [10]. This
material is a p-type transition-metal oxide
semiconductor with a band gap of 1.2-2.1 eV. It
crystallises in a monoclinic crystal structure with
lattice parameters a = 4.685 A, b = 3.423 A, ¢ =
5.132 A and 8 =99, 52° [11].

The application of CuO is highly dependent on
its morphology, which is influenced by numerous
parameters such as copper salt concentration,
solvent type, drying and annealing temperatures,
number of deposited layers, withdrawal speed,
substrate nature, fabrication technique and others
[12]. Various techniques have been employed for
the fabrication of CuO thin films, including RF
magnetron sputtering [13], physical vapour
deposition [14], chemical vapour deposition [15] and
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the sol-gel method [16]. Among these, the sol-gel
method has attracted considerable attention due to
its simple deposition procedure, ease of chemical
composition control and cost-effective preparation
for obtaining high-quality thin films [17].

In this study, the sol-gel deposition methods
employed were dip coating (immersion method)
and spin coating (rotation method). These
technigues do not require complex equipment or
stringent production conditions, making them cost-
effective and easily scalable for large-scale
manufacturing. Both methods are suitable for
depositing a wide range of materials, including
various oxides, polymers and composites. This
level of flexibility is often limited in thermal or
electrochemical methods, which may require
specific conditions for each material. Moreover,
spin coating and dip coating typically operate at
lower temperatures than thermal methods and do
not require high-vacuum environments. The aim of
this study is to compare the structural properties,
chemical composition, crystallinity and surface
topography of CuO thin films prepared using two
sol-gel methods: spin coating and dip coating. In
addition, this work seeks to determine whether
the drying temperature of individual layers affects
these properties of thin CuO films. The novelty of
the present study lies in the systematic
investigation of the combined effects of the
deposition method, substrate type and drying
temperature of individual layers on the properties
of multilayered CuO thin films.

2. Experimental

2.1 Thin film fabrication

To prepare the CuO precursor solution, the
solvent C3HgO, (2-methoxyethanol), =299 % purity,
purchased from Carl ROTH (Germany), was mixed
with C,H;NO (monoethanolamine), 298 % purity,
purchased from Sigma-Aldrich (USA), which served
as a stabilising agent, using a magnetic stirrer.
After thorough mixing of the solvent and stabiliser,
Cu(CH3C0O0), - H,0 (copper(ll) acetate monohydrate),
298 % purity, purchased from Carl ROTH
(Germany), supplied as a powder (500 g package),
was added at a molar concentration of 0.3 M. The
solution was stirred for 10 minutes until the
powder was completely dissolved. The amount of
monoethanolamine used was in a 3:1 mole ratio
relative to the copper acetate. The resulting
precursor solution was left to rest for 24 hours
before being used for substrate deposition (Fig. 1).

C,H;NO j

Cu(CH,CO0), x H,0

C:j 10:00

Figure 1. Solution preparation

The copper precursor solution was applied to
substrates with dimensions 1.5 x2 cm, made of
ITO glass (glass coated with indium tin oxide) and
p-type Si. The substrates were first thoroughly
cleaned in an ultrasonic bath for 10 minutes each,
using acetone ((CHs),CO), ethanol (C,HsOH) and
distilled water, in sequence. The dried substrates
were then cleaned for 15 minutes in the Ossila
L2002A3 UV ozone cleaner to further remove
organic contaminants, resulting in ultra-clean
substrates and ensuring better adhesion of the film
to the substrate.

Four-layered CuO thin films were produced by
depositing the solution onto pre-cleaned
substrates using two methods: spin coating and dip
coating. Following the parameter optimisation, a
single layer was fabricated through spin coating by
dispensing 50 pl of the solution onto the centre of
a substrate, which was mounted in a substrate
holder of the Ossila L2001A3-U1 spin coater. The
solution was spread over the substrate by rotating
it at a speed of 2000 rpm for 30 seconds. Following
each cycle, the deposited layer was dried in an
oven at 150 °C for 10 minutes.

For the production of a single layer by dip
coating, the Ossila L2006A1 dip coater was set to a
substrate immersion speed of 5 mm/s and an
extraction speed of 0.1 mm/s. In this process, 1 cm
of the substrate was immersed in the solution
for 10 seconds before extraction. In order to
investigate the influence of drying temperature
on the structural and surface properties of thin
films, a single layer was dried for 10 minutes in
two ways: at room temperature in ambient air
and in a preheated oven at 150 °C. Multilayered
CuO thin films were obtained by repeating the
deposition and drying process four consecutive
times.

Finally, the fabricated CuO thin films were
annealed for 1 hour at 600 °C in ambient air using
a MicroAnalytix muffle furnace MF 207. For each
experimental condition, one specimen was




independently prepared and characterised. Six
thin-film samples were selected for further
analysis, and their deposition parameters are
presented in Table 1.

Table 1. Deposition parameters of six selected CuO
films

Sample Met.hod. of | Laver drylngo Substrate
fabrication |temperature,
S1 . . ITO glass
spin coating 150
S2 p-type Si
D1 ITO glass
D2 10 S
-type Si
dip coating PP
D3 ITO glass
22
D4 p-type Si

2.2 Characterisation techniques

Topography and chemical composition of the
samples were examined on the JEOL JSM IT 200LA
scanning electron microscope (SEM) equipped with
an energy-dispersive X-ray spectroscopy (EDS)
detector. The images were recorded in high-vacuum
mode at accelerating voltages of 5 and 10 kV.

Atomic force microscopy (AFM) was carried out
using Nanosurf CoreAFM. Images were acquired
with a scan resolution of 256 points/line in
dynamic mode using aluminium tips (Nanosurf
DynAl), with a nominal frequency of 190 kHz and a
constant nominal force of 48 N/m. Processing and
analysis of AFM images were performed with
Nanosurf software.

The crystal structure of the samples was
analysed using a Bruker D8 ADVANCE X-ray
diffractometer (XRD) equipped with a Cu anode
(A=0.154 nm) and a LYNXEYE XE-T detector. The
XRD patterns were taken in the range 206 = 20 — 80°,
with a step size of 0.02°, a counting time of 1 s
per step, tube voltage of 40 kV and tube current of
40 mA. Phase identification and quantification
were performed using DIFFRAC.EVA software.

3. Results and discussion

SEM micrographs of the analysed CuO thin films
are shown in Figure 2. The CuO thin films
deposited on ITO glass substrate (Figs. 2a, 2c and
2e) exhibit randomly distributed, approximately
spherical surface features with relatively well-
defined particle boundaries. A comparison of these
samples indicates differences in the apparent
surface feature size and morphology, which were
guantitatively evaluated using Imagel) software

based on the Feret diameter. The obtained
apparent Feret diameters were 0.245, 0.228 and
0.186 um for S1, D1 and D3, respectively, with S1
exhibiting the largest apparent surface features.
The apparent surface feature sizes obtained for the
present CuO films are also comparable with
previously reported CuO films prepared by spray
pyrolysis, for which an average granule size of
approximately 200 nm was reported [18]. These
values represent the apparent lateral dimensions
of the surface features noticed in the SEM
micrographs.

EDS results (Table 2) confirmed Cu and O in all
films, with additional signals from the substrates.
D1 showed the highest Cu contribution, while S1
and D3 had comparable lower Cu contents. The In
signal originated from the ITO layer, whereas Si
and Ca originated from the glass substrate.
Although D3 had the smallest Feret diameter, its
Cu content was comparable to S1, indicating that
surface feature size was not directly related to Cu
concentration.

Table 2. EDS elemental composition of the CuO thin
films

Sample Element Mass % Atom %
0] 28.12 62.29
Si 12.45 15.71
s1 Ca 2.32 2.05
Cu 9.33 5.21
In 47.77 14.74
0] 3.92 9.13
S2 Si 46.59 61.83
Cu 49.49 29.04
o] 26.03 60.34
b1 Si 10.95 14.45
Cu 18.60 10.86
In 44.43 14.35
0] 2.99 5.57
D2 Si 82.42 87.58
Cu 14.59 6.85
o] 25.61 59.70
Si 11.78 15.64
D3 Ca 3.19 2.97
Cu 9.14 5.36
In 50.28 16.33
D4 Si 82.96 91.68
Cu 17.04 8.32
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Figure 2. SEM micrographs of CuO thin film samples obtained by spin coating and dip coating on ITO glass and
p-type Si substrates: (a) S1, (b) S2, (c) D1, (d) D2, (e) D3 and (f) D4

The films deposited on the Si substrate (Figs.
2b, 2d and 2f) exhibited less clearly distinguishable
individual particles and comparatively homogeneous
or porous surface morphologies. Such substrate-
dependent differences in the morphology of CuO thin
films have also been reported in previous studies [19].
In sample S2 (Fig. 2b), particle-like features forming

a disordered porous structure can be noticed. This
morphology may be associated with the Si substrate
and the applied thermal treatment under the specific
experimental conditions used in this study. The
EDS analysis of sample S2 showed the highest Cu
contribution among the Si-substrate films, whereas
samples D2 and D4 exhibited substantially stronger Si




signals and lower Cu contributions. The pronounced
Si contribution indicates that the EDS measurements
are strongly influenced by the underlying substrate,
particularly in regions where the CuO layer is
relatively thin or porous. The porous morphology
may allow deeper penetration of the electron
beam and consequently increase the contribution
of the substrate to the measured spectrum.

A comparison of the dip-coated Si-substrate
samples D2 and D4 also shows a difference in the
detected Cu contribution under the applied drying
conditions. Sample D2, dried at 150 °C, showed a
higher Cu contribution than sample D4, which was
dried at room temperature. However, these
differences should be interpreted together with the
noticed SEM morphology and the strong Si
contribution rather than as a direct measure of film
thickness or deposition efficiency. The low oxygen
contribution noticed for some samples should
likewise not be interpreted as evidence for the
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absence of CuO, since the EDS signal is affected by the
electron-beam interaction volume and the underlying
substrate. Overall, under the specific deposition,
drying and annealing conditions employed in this
study, the Si-substrate CuO films exhibited less
clearly distinguishable surface features and a
stronger contribution from the underlying substrate
in the EDS spectra. These notations indicate that
the substrate influenced the morphology and EDS
response of the CuO films under the specific
experimental conditions investigated.

Based on the analysis of the SEM micrographs,
which confirmed that spin coating provides more
homogeneous thin films, samples S1 and S2 were
selected for further AFM analysis. Additionally,
samples D1 and D3 were also analysed by AFM to
demonstrate that films obtained by dip coating are
significantly rougher. AFM images, presented in
Figure 3, show both 2D and 3D topographies of the
selected CuO thin film samples.
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Figure 3. AFM 2D and 3D topography of CuO thin film samples obtained by spin coating and dip coating on ITO
glass and p-type Si substrates: (a) S1, (b) S2, (c) D1 and (d) D3




Table 3. AFM parameters of CuO thin film samples obtained by spin coating and dip coating on ITO glass and p-

type Si substrates

Sample Ra, nm Rz, nm Sq, nm L, nm
S1 15.7+1.7 127.8+19.9 21.9 347.5+41.7
S2 85+0.6 60.4+9.1 11.4 2154224
D1 46.8+11.4 249.8+28.0 65.9 1184.1+162.3
D3 35.6t4.4 225.2+36.0 61.2 640.5+70.8

The grains on the silicon substrate (Fig. 3b) are
considerably finer than those deposited on the ITO
glass substrate (Figs. 3a, 3c and 3d). In order to
further elucidate these morphological differences,
the AFM images were analysed to determine the
surface roughness and morphological characteristics
of the CuO thin films. The arithmetical mean height
(Ra) and maximum height (Rz) were determined
from 10 line profiles distributed approximately
evenly across the surface and extracted from each
AFM image, while the root mean square height
(5g), as an area roughness parameter, was
calculated over the entire scanned area presented
in Figure 3. The characteristic grain length (L) was
determined from the AFM topographic images by
identifying 10 randomly selected individual grains.
The results are presented in Table 3.

The measured Sq value for the sample S1 is
consistent with those previously reported for
spin-coated CuO thin films deposited on ITO glass
substrate, for which root mean square height
values in the range of approximately 12 —36 nm
were reported, depending on the sol ageing time
[20]. The surface roughness of CuO thin films is
influenced by both the underlying substrate and
the deposition method. Films deposited on ITO
glass substrate may exhibit higher Sg values than
those deposited on Si, likely due to differences in
substrate  topography and film-substrate
interfacial interactions, as previously reported for
Nb(Zn)-doped dip-coated ITO films deposited on
microscopic glass, SiO,/glass and Si substrates
[21].

Figure 4 shows the XRD patterns obtained for
CuO thin film samples, along with the standard
CuO reference pattern from the International
Centre for Diffraction Data (ICDD), card no. 00-041-
0254, represented by vertical reference lines at the
top of the figure. The diffraction peaks
corresponding to the CuO phase were assigned to
the (110), (002), (111), (111), (200), (112) (202),
(020), (202) and (113) crystallographic planes of
monoclinic CuO. The corresponding crystallographic

plane assignments are indicated in Figure 4b,
which represents the XRD pattern of the CuO thin
film deposited on the p-type Si substrate, where
the characteristic diffraction peaks of the CuO
phase can be clearly resolved. For the samples
deposited on ITO glass, shown in Figures 4a, 4c and
4d, the presence of diffraction signals originating
from the ITO glass makes it difficult to clearly
resolve some of the characteristic CuO peaks.
Therefore, these peaks are not individually indexed
in these diffraction patterns. Based on the
obtained XRD spectra, various microstructural
parameters can be calculated, such as crystallite
size, texture coefficient, lattice spacing, lattice
parameters, microstrain and dislocation density.

The crystallite size of the deposited CuO thin
films was estimated using the Scherrer equation
[22]:

KA
Bcosh’

(1)

where D is the crystallite size, K is the Scherrer
constant (typically taken as 0.94, but it can vary
depending on the actual shape of nanocrystallites),
A is the wavelength of the X-ray radiation, 6 is the
Bragg angle and 8 is the full width at half maximum
(FWHM) of the XRD peak, expressed in radians.
Based on the obtained crystallite size, the
dislocation density (6) was calculated using the

following equation [22]:
1

The microstrain (g) induced in the analysed thin
films can be determined using the following
equation [23]:

8
€= .
4tanB

(3)

The lattice spacing between two successive
planes (d) was calculated using XRD data and
Bragg's law [24]:

nA=2dsin®. (4)




10 10
IR LTl
- - =8
83|
3 61 T 6- Sl
&) 3 bl
: |
z 41 'z 41 Jm ]
£ o £ aw B
- 24 k\ | ‘t SR T T'i | vm“g' - i
| “ | 2 P 0 o U S
bl J " Y S NN i
0_'"" wawwww LT T ATV AT I W 0.
20 I 3I0 ' 4IO I 5I0 ' 610 ' 7I0 | 80 20 ' 3IG I 4I0 ' 510 I 6I0 ' 7I0 30
@) 26 [°] (®) 20 °]
10 10
IR BRI
8 g
E P
2_ "
0_ ; 1 : )

30 40 S0 60 70 8 20 30 40 50 60 70 80
29 [O] (d) 26 [0]

G
[\
[e)

Figure 4. XRD spectra of CuO thin film samples obtained by spin coating and dip coating on ITO glass and p-type
Si substrates: (a) S1, (b) S2, (c) D1 and (d) D3

Table 4 presents the values of the Bragg angles obtained using dip coating compared to spin
6 and FWHM corresponding to the specified coating. The crystallite sizes obtained in the
planes, along with the calculated values of present study (2 —5 nm) are comparable to values
crystallite size D, dislocation density &, microstrain reported in previous studies, with CuO crystallite

€ and the lattice spacing d of the CuO thin films. sizes of approximately 4 —5 nm [24]. As expected,
According to the obtained results, the crystallite within the dip coating, layers dried at 150 °C

sizes are significantly larger on the ITO glass resulted in larger crystallites than those dried at
substrate, with approximate values around 5 nm, room temperature, which is consistent with the
while on the p-type Si substrate, the crystallites are SEM analysis showing larger apparent surface
around 2 nm in size. Slightly larger crystallites were features in the films dried at higher temperatures.

Table 4. Calculated values of the examined CuO thin film samples corresponding to the selected diffraction peaks

Sample | Plane (hkl) 20, ° FWHM, ° 6, rad D, nm d, A ﬁnxei;)rré ex107°
S1 (502) 49.22 1.79 0.03 5.09 1.85 3.87 17.1
S2 (502) 49.54 4.57 0.08 2.00 1.84 24.96 43.2
D1 (113) 60.67 1.84 0.03 5.23 1.53 3.66 13.7
D3 (113) 60.96 1.86 0.03 5.17 1.52 3.74 13.8




The density of dislocations is influenced by the
type of substrate used, and it is significantly lower
for the ITO glass substrate compared to the p-type
Si substrate. In addition, it is obvious that the
drying temperature of the layers affects the
dislocation  density,  with  higher  drying
temperatures of the layers leading to a lower
dislocation density, which corresponds to a more
ordered crystal structure [25]. The microstrain is
significantly higher when p-type Si is used as the
substrate compared to ITO glass. Variations in peak
intensity may be associated with differences in
crystallinity, preferred orientation and crystallite
development, as well as with the contribution of
the substrate used, particularly the ITO glass for
samples S1, D1 and D3, whereas shifts in peak
position may arise from changes in lattice
parameters, residual stress and microstrain,
defects, composition or other structural
modifications. The obtained values for the lattice
spacing between two successive planes, presented
in Table 4, are in agreement with the data given in
the ICDD card no. 00-041-0254. Moreover, the
values of the lattice parameters from the ICDD
card for CuO also match the values presented in
Table 5 for each of the analysed samples, which
were calculated using the equation for the
monoclinic structure [26]:

d?2 sin28

1 1 (h? k?sin’8 > 2hcosB
[—2+ - ], (5)
a b c ac

where d is the lattice spacing between two

successive planes, a, b, ¢ and 8 are the lattice

parameters and h, k and / are the Miller indices for

the planes.

To determine the crystal growth orientation,
the texture coefficient (TC) was calculated using
the following equation [27]:

Tk

TC(hkl):ll‘”—“lk'hkl, (6)

N“=1o; hki

where [, is the measured intensity of the (hkl)
plane, lo.ha is the reference intensity of the (hkl)
plane and N is the number of considered peaks.
For values of 0 < TC < 1, there are not enough
nanoparticles moving in the considered direction,
and in this case there is no preferential growth
orientation. If TC > 1, there are more nanoparticles
oriented in the specific direction (hkl), making this
direction the preferential growth orientation of the

crystal [4]. The calculated values for the texture
coefficient are presented in Table 6. A preferential
(110) orientation is analysed only for samples S2
and D1, with TC values of 1.743 and 3.180,
respectively, while S1 and D3 show TC(110) values
below unity (0.526 and 0.796, respectively). The
higher TC(110) value for D1 indicates a stronger
preferential orientation along this plane compared
with S2, suggesting that the crystallographic
texture is dependent on the deposition conditions.

Table 5. Lattice parameters of the examined CuO thin
film samples obtained by spin coating and dip coating
on ITO glass and p-type Si substrates

Sample a, A b, A c, A 8,°
S1 5.067 3.399 5.382 88.98
S2 4.647 3.430 4.984 81.40
D1 5.085 3.581 5.282 88.26
D3 4.604 3.115 4.900 75.53

Table 6. Texture coefficient for some of the analysed
planes of CuO thin film samples obtained by spin
coating and dip coating on ITO glass and p-type Si
substrates

Sample — Tc — —
(110) | (2112) | (200) | (202) | (113)
S1 0.526 | 0.256 | 0.142 | 0.149 | 0.488
S2 1.743 | 0.396 | 0.584 | 0.657 | 0.735
D1 3.180 | 0.248 | 0.059 - 0.516
D3 0.796 | 0.287 | 0.066 - 0.640

4, Conclusion

Multilayer CuO thin films were successfully
fabricated using spin coating and dip coating, and
the influence of substrate type (ITO glass and p-
type Si), deposition technique and drying
temperature on their properties was investigated.

SEM analysis shows that the surface
morphology and apparent surface feature
distribution of CuO thin films depend strongly on
the deposition method and substrate type. Spin-
coated films exhibit a more uniform distribution of
surface features compared to dip-coated films.
Noticeable differences are also noticed between
substrates, particularly ITO glass and p-type Si. In
dip-coated films, higher drying temperatures lead
to larger particle formation. EDS results
additionally indicate variations in Cu content, with
the highest mass fraction noticed in spin-coated
films on the p-type Si substrate.




AFM analysis confirms that spin coating
produces smoother surfaces, with root mean
square height values of 21.9 nm and 11.4 nm for
S1 and S2, compared to 65.9 nm and 61.2 nm for
D1 and D3. The additional AFM parameters,
including arithmetical mean height, maximum
height and characteristic grain length, further
support the noticed differences in surface
morphology, with higher roughness and larger
characteristic surface features obtained for the
dip-coated films.

XRD analysis confirms CuO formation, with
crystallite size ranging from 2.00 nm to 5.23 nm
and improved structural ordering for ITO-based
films and higher drying temperatures. It is evident
that deposition conditions and substrate type play
a key role in governing the structural and surface
properties of CuO thin films.
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