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ARTICLE INFO ABSTRACT

Keywords: In this article, we investigated the doping characteristics of Al-doped CuO (ACO), and Al/In co-doped CuO
CuO films (AICO) thin films, which were synthesized on glass substrates, via the solution-based successive ionic layer
Co-doping adsorption and reaction (SILAR) technique. The surface morphological, chemical composition, structural, opti-
zlrl}'::zmnity cal, and electrical properties of the nanocrystalline films were characterized by Field Emission Scanning Electron
Optical bandgap Microscopy (FE-SEM), Energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), Fourier-transform
Resistivity Infrared Spectroscopy (FTIR), Ultraviolet-visible (UV-vis.) spectrophotometry, and Transmission Line Method

(TLM), respectively. Surface morphology studies exhibited that a decrease in the films’ thickness caused an
increment in the optical transmittance. XRD patterns displayed that the obtained samples were polycrystalline
and crystallized in a bare CuO monoclinic structure. FTIR studies of the CuO samples displayed that Al and In co-
doping influenced the forms and the violence of the absorption bands. The optical bandgap energy of bare CuO
was determined to increase from 1.45 to 1.78 eV as a result of the co-doping. The substitution of In displayed in
the irregularity of the morphology, owing to its wide ionic radius, which caused an increase in band gap energy
and a decrease in resistance. The co-doping of Al and In is hence anticipated to ensure an extensive range of
physical and optical properties of nanostructured metal oxide samples for a variety of technological applications.

1. Introduction

Semiconductor metal oxides (SMO), such as CeO5, SnO,, ZnO, ZrO,
CuO, NiO, and TiO, are attractive classes of materials, which are eco-
nomic and can be fabricated on the scale necessary to meet extensive
demand [1-5]. Prominent among these metal oxides is Copper (II) oxide
(CuO), also known as cupric oxide due to its nontoxicity, wide-range
applicability, abundance in nature and high environmental stability.
CuO is a p-type SMO with a narrow band gap of roughly 1.4 eV and high
carrier concentration (1017 -10%? cm’B) [6-8].

CuO films have a diverse range of implementations in different areas,
such as gas sensors, light-emitting diodes, supercapacitors, solar cells,
catalysis, electrochromic devices, thin-film transistor, etc., owing to
their great electrical, optical, chemical, and physical properties [9-12].
CuO nanoparticles or thin films can be prepared using wide kinds of
procedures, namely sputtering, hydrothermal, laser ablation, electro-
chemical deposition, spray pyrolysis, chemical bath deposition, and
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successive ionic layer adsorption and reaction (SILAR) [13-16]. Among
these procedures, SILAR is an extremely preferred technique due to its
low-cost, simple, safe, and eco-friendly method [17,18].

Doping SMO with another metal is the best method to fine-tune the
physical features of the SMO. Doping also modifies the band structures
in the SMO. Previous studies on doping of different element ions such as
Li, Co, Fe, Al, In, Ce, Zn, etc. into the SMO lattice structure to advance
the physical properties of SMO films have been researched [19-21].
Doping with a secondary dopant besides the primary dopant material
has been named as ‘co-doping’. Co-doping enables the advantages of two
dopant materials to be used at the same time. Through this process, the
strengths of one dopant element can compensate for a flaw in the other
dopant.

Among the elements, Aluminum (Al) is known as a favored dopant
element due to its significant advantages, such as abundant minerals,
low ionization energy, small ionic radius, low price, low toxicity, and
easy availability. Al also displays low resistivity and high transparency
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Fig. 1. Schematic illustration of experimental setup of SILAR procedure for deposition of CuO, ACO and AICO films.

Fig. 2. FE-SEM images of un-doped and Al-doped CuO films.

[22,23]. Indium (In) is a significant dopant material used to alter the
optical and electrical properties of SMO films due to its particular fea-
tures, like mobility, diverse oxidation cases (In+3, In“, and In® trap-
ping, and more electron production. It also possesses a big ionic radius,
displaying that the diffusivity of In is the smallest [24,25].

To the best of our knowledge, the influences of Al and In co-doping in
CuO films by using the SILAR technique have not been recorded yet.
Therefore, in this research, we inform the deposition of bare CuO, Al-
doped CuO (ACO), and Al/In co-doped CuO (AICO) films prepared by
the SILAR technique. The goal of this work was to examine the in-
fluences of Al and In co-doping on the surface morphological, structural,
optical, and electrical characteristics of CuO nanostructures.

2. Experimental details

The analytical chemicals, such as copper (II) chloride dihydrate
(CuCly-2H30, > 99.0 % purity), aluminum nitrate nonahydrate (Al
(NO3)3-9H,0, greater than 99 % purity), and indium nitrate trihydrate
(In(NO3)3-3H20, 99.9 % purity) were purchased from the commercial
supplier, Sigma-Aldrich and were used to deposit the high-quality CuO,
ACO, and AICO films, respectively. In the experiments, acetone
(CH3COCH3), sulfuric acid (H2SO4), and distilled water were used to
clean the glass slides and beakers. In addition, ammonium hydroxide
solution (NH4OH) was used to adjust the pH of the reaction bath.

In this experiment, CuO, ACO, and AICO films were prepared on both
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Fig. 3. FE-SEM images of Al/In co-doped CuO films.

sides of the soda-lime glass as substrate by the SILAR route. For the
deposit of CuO films, 0.1 M CuCl,-2H50 dissolved in 100 ml of distilled
water was used as a precursor of the Cu?* ion. The pH of the reaction
bath was regulated to 10 using NH4OH and the temperature of the re-
action bath was arranged to 85°. A typical SILAR cycle includes subja-
cent steps: First, the substrates were vertically submerged into a 0.1 M
CuCl, aqueous solution including Cu?* ions for 20 s to adsorb Cu?" ions
onto the substrate. Then the substrates were vertically immersed in
distilled water to remove weakly bonded Cu?* impurities. This reaction
process was iterated for 15 periods to obtain uniform synthesized CuO
films. A similar procedure was repeated for ACO and AICO films for 15
cycles to obtain the intended film thickness. Finally, the obtained CuO,
ACO, and AICO films were annealed at 150 °C for 45 min. Fig. 1 shows
the schematic of the deposition process of CuO, ACO, and AICO films.
The films were labeled according to the AI** and In®' doping ratio, that
is, ACO (Al: 0.5 %), AICO5 (Al: 0.5 %, and In: 0.5 %), AICO10 (Al: 0.5 %
and In: 1.0 %), and AICO20 (Al: 0.5 % and In: 2.0 %).

A Pan Analytical Inc. X-ray diffraction (XRD) unit was used to carry
out using Cu (K-alpha) radiation in an X-ray diffractometer to analyze
the structure of the CuO, ACO, and AICO films. A Zeiss Gemini 500 Field
Emission Scanning Electron Microscopy (FE-SEM) unit was used to
examine the morphological properties of the produced films. The
elemental composition analysis was designated by using energy
dispersive spectrometry (EDX). A Perkin Elmer 400 FT-IR/FT-FIR
Spectrometer Spotlight 400 Imaging System carried out the Fourier

Transform Infrared (FTIR) spectroscopy study of the CuO, ACO, and
AICO films at room temperature. The optical transmittance and band
gap study of the CuO, ACO, and AICO films at room temperature was
carried out by a GENESYS 10S UV-vis spectrophotometer (Thermo
Scientific). Electrical contacts were made by thermally evaporated high-
purity gold. During the thermal evaporation, background pressure was
better than 107° Torr and the evaporation rate was 1.5 A/s. Pad di-
mensions were 3.5 mm x 0.7 mm (L x W) and distances between the
pads were 0.25 mm, 0.50 mm, and 0.75 mm. Electrical measurements (I-
V) were accomplished via computer-controlled Agilent B2912A SMU, at
room temperature, and in the dark. Data processing was performed via
VEE Pro-based SeCLaS software [26,27].

3. Results and discussions
3.1. Surface morphological and chemical analysis

Fig. 2 shows the surface morphology of un-doped and 0.5 % Al-doped
CuO films. Plate-like structures are observed in un-doped CuO film im-
ages [28]. As seen in Fig. 2, while plate-like structures are observed in
un-doped CuO film images, the structures become plump and have a less
rough surface with 0.5 % Al doping. As the form and the shape of the
particles in the film structure depend on different effects, such as
nucleation and crystal growth rate [29], it appears that Al has a signif-
icant effect on the shape and morphology of CuO films. The Al doped
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Fig. 4. A) Cross-sectional FE-SEM images of un-doped, Al doped, and Al-In doped CuO films, b) Schematic illustration of changes in CuO nanoparticles’ shape
by doping.
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Fig. 5. FESEM-EDX analysis results of CuO, ACO (Al: 0.5 %) and FESEM-mapping images of AICO20 (Al: 0.5 % and In: 2.0 %).

CuO film surface has a relatively smoother morphology. In addition, the
lengths of the structures in the films were calculated by taking mea-
surements from the FE-SEM images. The average length of the plate-like
structure was 229.7 + 47.8 nm for un-doped and 228.2 + 48.5 nm for
0.5 % Al-doped CuO films.

FE-SEM images of dual-doped CuO films with Al and In can be seen in
Fig. 3. The particle morphology and shape of the samples changed with
the Al/In co-doping.

This adjustment in structure and morphology may be a consequence
of the distinctive the electronegativity of host metal and dopant
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Fig. 6. XRD spectrum of CuO, ACO and AICO films prepared by SILAR method.

Table 1
Relative peak intensity, crystallite size and bandgap values of CuO, ACO and
AICO films.

Sample Recorded Peak Intensity Crystallite Size

Name T (111) (nm)

Bandgap (eV)

CuO 1732 1724 12.83 1.45
ACO 1783 2009 15.10 1.65
AICOS5 1124 1307 13.85 1.69
AICO10 1225 1507 14.10 1.74
AICO20 1390 1751 14.65 1.78

materials, which influences the nucleation process and crystallinity
quality of the nanostructured SMO [30,31]. The average length of the
structures was measured as 228.6 + 44.1 nm for AICO5, 228.1 + 33.8
nm for AICO10, and 223.2 + 29.7 nm for AICO20.

Fig. 4a shows cross-sectional FE-SEM images for un-doped, Al doped,
and Al/In co-doped CuO thin films deposited on a soda-lime glass sub-
strate. According to the cross-sectional images, the maximum average
film thickness of the CuO films is 1.453 + 0.15 um, and the least average
film thickness is 1.070 £ 0.17 um for the AICO20 film. Average thick-
nesses were obtained by taking at least ten different measurements from
each sample. Considering the dual-doped samples, the film thickness
decreases as the In content increases. Fig. 4b shows a schematic illus-
tration of changes in the CuO nanoparticles’ shape with Al and In
doping. The figure can represent a summary of shape change for Al-
doping and Al/In dual-doping. Therefore, the doping process does not
significantly affect the length of the structures but rather changes the
shape and surface of the structures.

To verify the entity of Al, In, O, and Cu in the samples, the films were
exposed to FE-SEM-EDX analysis. Weight and atomic ratio results can be
seen in the tables integrated into Fig. 5. In the un-doped CuO film, the
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Fig. 8. Estimation of the bandgap of CuO, ACO and AICO films using
Tauc’s relation.

values of the weight percent of Cu and O are 74.93 and 25.07 respec-
tively. In the AICOS film, the values of the weight percent of Cu, In, Al,
and O are 71.78, 0.39, 0.51, and 27.32, respectively. It can be seen from
the mapping images taken from the dual-doped AICO20 film that the
colored elements exhibit a homogeneous distribution on the film sur-
face. FE-SEM and mapping images both confirm a successful doping
process and show the presence of doped materials.

3.2. Structural analysis

The crystalline phase structure of the CuO films, as functions of the
Al and In doping concentration, was designated by X-ray diffraction
(XRD). The XRD patterns of the CuO, ACO, and AICO films are indicated
in Fig. 6. The recorded peak intensities are summarized in Table 1. The
distinct diffraction lines can be listed to the (110), (111), (111), (202),

(020), (202), (113), (311), (220), (311), and (004) crystal planes.
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Fig. 10. Calculated resistance (Ry) versus gap spacing (d) plots of CuO, ACO
and AICO films. Inset shows the calculated resistivity (R) versus doping per-
centage of Al and/or In plots.

Between these characteristic peaks, the intense diffraction peaks are
located at 20 = 35.6° and 38.8° with the corresponding planes (111) and
(111), respectively. All the peaks in the XRD models are compatible with
the JCPDS card no: 41-1445. From the XRD spectra, it is observed that
the (111) and (111) peak intensities are enhanced with the inclusion of
an Al source in the solution bath. In addition, as denoted in Fig. 6, the
intensity of the (111) and (111) diffraction peaks is changed with

Table 2

Calculated resistance values and contact parameters of CuO, ACO and AICO films.

Inorganic Chemistry Communications 147 (2023) 110230

increasing the In doping percentage from 0.5 to 2.0 %.

The intensity of the diffraction peaks in the CuO film is more than in
the AICO film because when Al>* and In®* impurities are added, more
structural defects occur in the CuO site, leading to stress. The variance in
the peak positions due to doping is mainly owing to the various ionic
radii of the host Cu>",AI3*, and In®* dopants. The ionic radius of In®* is
greater (0.80 [o\) and that of AI®* (0.53 f\) is smaller compared to the
ionic radius of the host Cu®™ (0.73 A). Since both the Al**" and In®* ionic
radii are different from Cu2+’s, it increases the local tension [23,32,33].

The mean crystallite size values of the prepared CuO, ACO, and AICO
films were computed using the Debye-Scherrer’s Equation from the X-
ray peak broadening. This equation is given as [34,35];

0,942
"~ fcost

®

In this formula, D is the mean crystallite size, j, the full-width at half
maximum (FWHM) of the obtained peaks in the XRD pattern, 6, the
Bragg diffraction angle, and 4, the X-ray wavelength. The crystallite sizes
of the samples are summarized in Table 1. The average crystallite size of
the CuO film was achieved to be 12.83 nm and that of the 0.5 % Al-
doped CuO was 15.10 nm. In addition, when the doping percentage of
In is increased the crystallite size rises from 13.85 to 14.65 nm. These
variations in crystallite size may be ascribed to the AI** and In®* ions
replacement and incorporated into the CuO lattice matrix [36,37].

3.3. FTIR analysis

FTIR is a useful technique that is used to define the further properties
of the grown (doped and un-doped) samples by identifying the charac-
teristic peaks. As shown in Fig. 7, the obtained FTIR spectra of the CuO,
ACO, and AICO samples are recorded in the range of 4000-400 cm ™.
Metal oxides in general present absorption bands below 1000 cm™!
(fingerprint region) owing to the interatomic vibrations. Peaks that
appear in the fingerprint region arise from the characteristic stretching
vibration mode of the Cu-O bonds [38-40]. Therefore, transmittance
peaks at 885 cm™! and 757 ecm ™! arise from CuO and there are no
extraordinary peaks caused by residual starting materials, which were
recorded in the un-doped CuO spectrum (Fig. 7). The FTIR patterns of
the ACO and AICO films have several absorption peaks. Al and In salts
((AI(NO3)3-9H0 and (In(NOs3)3-3H20) were used and some nitrate
moiety is shown in the spectrum. Four main vibration modes of nitrate
moiety were observed; firstly, an anti-symmetric stretching vibration
mode at 1385 cm™! and 1399 cm™}, secondly, a symmetric stretching
vibration at 1048 cm™?, thirdly, an out-of-plane deformation vibration
at 837 cm™!, and finally, in-plane deformation vibration peaks at 598
cm ™. In addition, the observed peaks between 2000 and 2300 cm ™! are
the sum of the symmetric stretching vibrations, and peaks between the
2920 and 2851 cm™! sum of the in-plane deformation vibrations
[41-43]. With co-doping of Al/In in the CuO films, a somewhat shift in
the primary absorption peaks is seen. This could indicate that this minor
shift may be related to the changes in Cu-O bond strength [38].

3.4. Optical analysis

The significant optical attributes, like transmittance and bandgap of

Sample R; (x10°Q) R, (x10°Q) R; (x10°Q) Ly (um) pe (x10°Qcm?) Re
Name (x10°Q)
Cuo 1.564 1.599 1.633 546.1 0.0188 0.765
ACO 1.093 1.309 1.525 50.8 0.0107 0.439
AICO5 1.838 1.921 2.009 256.1 0.0215 0.876
AICO10 1.730 1.825 1.923 211.5 0.0200 0.817
AICO20 1.615 1.736 1.860 152.2 0.0183 0.746
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the CuO, ACO, and AICO films were searched by using a UV-vis. spec-
trophotometer. The optical band gaps of the CuO, ACO, and AICO films
were computed from the absorbance spectra using a Tauc plot. The
bandgaps of these films were estimated using the undermentioned
relation [44,45]

ahv = C(hv — E)'? [®)

In the formula, v is the frequency of the photon, h is Planck’s con-
stant, a is the absorption coefficient, and E, is the optical direct bandgap
energy. By extrapolating tangent curves to the hy axis, the E, values of
the obtained samples are procured and are indicated in Fig. 8. The value
of E, of pure CuO is found to be 1.45 eV, whereas it enhanced to 1.65 eV
after AI** jon doping. This might be due to the microstructural alter-
ation of the CuO samples. The microstructural alteration of the ACO
samples could be owing to the substitution of Cu®" interstitial or
replacement by AI** jons [46,47]. In addition, in the AICO films, the
increment of In doping percentage (from 0.5 % to 2.0 %) raises the E,
rate from 1.69 eV to 1.78 eV (see Table 1). This increment in the energy
bandgap can be clarified as follows: (1) This enhanced bandgap in the
blue shift area could be ascribed as owing to modification in the optical
bandgap on orbital’s hybridization [48]. (2) The bandgap widening may
be expounded by the blue shift. This causes the movement of the Fermi
level towards the conduction band owing to an increment in electron
contents from In ions. Indium atoms supply extra carriers that lead to the
shifting of the Fermi level towards the conduction band. For this reason,
the band gap becomes bigger [49,50].

The transmittance spectra of the CuO, ACO, and AICO films were
examined in the wavelength range of 360 nm-1140 nm, as indicated in
Fig. 9. It is obvious from Fig. 9 that these films are highly transparent in
the near-infrared (NIR) spectral range. In other words, the films exhibit
better optical transmittance in the NIR region. The average trans-
mittance in 700-1100 nm was found to be 10, 16, 23, 25, and 27 % for
CuO, ACO, AICOS5, AICO10, and AICO20, respectively. Compared to the
CuO film, the spectra of the AICO films exhibit significantly improved
transmittance in the NIR wavelength region of 900-1100 nm with more
than 20-25 % transparency. The optical transmittance of the samples
augments with an increase in the In doping percentage.

3.5. Electrical analysis

The TLM method can be used to determine some electrical parame-
ters of thin films based on current-voltage measurements. Specific
contact resistance (pc), contact resistance (R¢), and the transfer length
(Lt) can be determined from the variation graph of the resistance,
depending on the distance between the contacts [51,52]. Furthermore,
this method takes the current crowding phenomena into account and the
total resistance (Rt) between the pads is given by the following equation
[52,53].;

_ ZRSKLT + ZRSHI
N w w

Ry 3
where w and 1 are pad width and pad length, and Rgy and Rgk are altered
sheet resistance outside the contact and sheet resistance under the
contact, respectively. Values of total resistance can be determined from
the linear fit results of the experimental current-voltage (I-V) graphs.
Slopes and intercepts of Rt versus gap spacing (d) plot indirectly give the
Rc and Ly values of the films (Fig. 10.). The value of p. can be calculated
using Ly, estimated from the intersection of the Ry plot for the condition
Rr = 0 and d>Ly in Fig. 10. Hence, the following equation can be
written for p. [52,54].;

p. = RsuLi (C))

Specific contact resistivity values of the CuO films were
0.019x10° Qcm? and are compatible with CuO films produced by similar
methods in the literature [40,53,54]. The lowest value of specific
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contact resistivity was 0.011x10° Qcm? and achieved by ACO (Al: 0.5
%) (Table 2). These results show that the specific contact resistivity
value was slightly decreased with the doping of aluminum but indium
co-doping increased these values, and when the indium doping ratio
increased, this value slightly decreased (inset in Fig. 10). This de-
pendency on the doping percentage of Al and/or In can be explained by
not only the influence of some morphological parameters (e.g. film
quality, particle distribution, and size surface roughness, etc.) but also
by an increase in the local tension due to the ionic radius of In®* [55,56].

4. Conclusion

In this work, bare CuO, ACO, and AICO films were obtained on soda-
lime glass substrates via the cost-effective SILAR method. The film’s
physical properties, like surface morphological, structural, optical, and
electrical were examined, concerning alterations in the Al dopant and In
co-dopants concentration. FE-SEM images illustrated that the surface
morphologies of the obtained films were remarkably varied by the Al
doping and Al and In co-doping. The EDX results confirmed that Al and
In impurities were appropriately added to the lattice structure of CuO.
The XRD results displayed that all the CuO films were of polycrystalline
structure and no characteristic peaks from Al and In impurities were
detected. The FTIR spectrum affirmed the CuO stretching vibration
bond. The UV-vis spectra of the films demonstrated a blue shift in the
absorption spectra compared with bulk CuO. Optical analyses showed
that the transmittance of CuO films increased with Al and In doping.
From these results, we deduce that ACO and AICO films are good can-
didates for optoelectronic applications.
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