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Abstract: Absorption effectiveness on the solar spectrum was evaluated through the absorption
figure of merit (a-FOM) of conductive thin films. In particular, Mn-doped with concentrations of
1,3, 5,7, 9% and un-doped CuO thin films were fabricated by a simple, environmentally friendly
solution synthesis method. The X-ray diffraction result showed the thin films were mainly oriented
along the (002) and (111) planes. Scanning electron microscopy revealed at low doping
concentrations, the films were evenly covered with large-sized particles, while at high
concentrations, the particles tended to agglomerate. The bandgap energy of Mn-doped CuO thin
films increased from 2.14 eV to 2.23 eV when the Mn concentration increased from 1 to 9 at%.
Interestingly, the 9% Mn-doped CuO film achieved a maximum o-FOM value of 51.94 Q'cm™,
corresponding to a sheet resistance of 1.13 M()Vsq, suggesting the potential application of this
material as a conductive absorbing oxide layer in optoelectronic devices.
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1. Introduction

Thin films are important components constituted in modern optoelectronic devices, but the
conventional semiconductor materials in this section such as a-Si, GaAs and InGaN encounter
challenges of cost, scarcity, and environmental impact [1-3]. Oxide—semiconductor thin films such as
ZnO, NiO, SnO,, Cr;03, and CuO offer abundant, tunable alternatives, and eco-friendly fabrication
process, making them promising for applications from transparent electrodes to light absorbers. Because
of the intrinsically low hole mobility, producing high quality p-type thin films remains challenging, and
much of the literature has therefore focused on electrical characteristics associated with n-type
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conductivity [4]. Nevertheless, recent studies on p-type oxide—semiconductors have gained increasing
attention due to promising results that highlight their potential for next-generation optoelectronic
applications. In this context, the optical and electrical properties of thin films are considered two of the
most important aspects for evaluating the performance of photovoltaic and electronic devices.
Prathiksha et al., [S] reported the successful growth of p-type Cr,Os thin films using reactive DC
magnetron sputtering. Increasing the oxygen flow rate improved p-type conductivity through the
formation of Cr’" vacancies, yielding the lowest resistivity of 2.10 Q.cm along with a carrier
concentration of 0.51 x 10* cm™ and mobility of 5.73 cm®.V''.s™ at 1.6 sccm. With optical properties,
higher oxygen flow reduced visible transmittance, stabilized infrared response, and narrowed the
bandgap from 2.99 to 2.70 eV.

A. Miquelot et al., [6] investigated p-type Co3O4 thin films grown by pulsed liquid—gas injection
thermal MOCVD and found that films deposited at 400°C exhibited the best conductivity, with a
resistivity of 28.28 Q.cm, hole density of 2 + 0.8 x 10'® cm™, and mobility of 0.16 cm®.V™'.s™. Optical
analysis showed that the films displayed predominantly specular reflection in the visible—NIR region.
Fatih Senaslan et al. [7] reported that p-type NiO thin films grown by RF magnetron sputtering showed
improved optical transmittance with increasing working pressure, reaching a maximum of 92% at 550
nm for films deposited at 20 mTorr, with annealing further enhancing transparency. Regarding electrical
properties, higher working pressure reduced resistivity and improved carrier concentration and mobility,
with the lowest resistivity of 4.2 Q.cm achieved at 5 mTorr. In addition to such pristine p-type materials,
doping has also proven to be an effective approach for inducing or enhancing p-type conductivity in
oxide semiconductors. F.E. Ghodsi et al. [8] fabricated Mn-doped SnO; thin films by the sol-gel dip
coating method and observed a conduction type change from n-type to p-type at 0.035% Mn
concentration, along with increased resistivity due to lattice disorder and defects. Optical measurements
showed that the films remained transparent in the visible region, while the bandgap decreased from 3.93
to 3.75 eV with increasing Mn concentration. T. Larbi et al. [9] deposited Ni-doped Mn3Oj4 thin films
on glass substrates using the spray pyrolysis technique and observed high transmittance (~70%) above
550 nm with a sharp absorption edge corresponding to the intrinsic bandgap of Mn3Os. All samples
exhibited stable p-type conductivity, with Ni doping significantly influencing their electrical properties.
The optimal performance was achieved at 3% Ni doping, yielding a resistivity of 2.26 Q.cm, a carrier density
of 3.12 x 10'® cm™, and a mobility of 0.92 cm?.V"'.s”, confirming that Ni incorporation enhances Mn;O4
conductivity. However, few studies have examined the relationship between electrical conductivity and
optical absorption by comparing absorption efficiency with the solar spectrum. We therefore focus on
absorption efficiency normalized to solar energy.

Owing to p-type conductivity, strong absorption in the visible range, and narrow bandgap (1.2—1.9
eV) [10], copper oxide (CuO) has emerged as a promising material for light-harvesting devices such as
photocatalysis [11], selective absorbers [12], and solar cells [13]. CuO is particularly appealing for large-
scale and sustainable applications due to its abundance, non-toxicity, and affordability. The optical and
electrical characteristics of CuO, a promising semiconductor, can be modified to meet the requirements
of various applications. Among the available approaches, doping has proven particularly effective in
tuning the band gap, mobility, and carrier concentration, thereby enhancing its suitability for device
applications. It has been demonstrated that transition metal dopants like Mn [14], Ni [15], and Co [16]
increase conductivity, alter the bandgap, thereby increasing the potential uses of CuO thin films.
Manganese (Mn) is an attractive dopant for CuO due to its multiple oxidation states (Mn®", Mn*"), which
can introduce additional electronic states. Additionally, Mn®" can act as a donor, generating free
electrons and increasing the host material’s electrical conductivity [14]. Therefore, Mn is positioned as
a promising element for engineering CuO films with enhanced optoelectronic performance because of
mentioned benefits.
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Hence, we use a solution-based spin-coating technique to examine the effects of Mn doping on the
structural, optical, and electrical characteristics of CuO thin films deposited on glass substrates. The
objective is to demonstrate how Mn functions as a dopant to modify bandgap energy, improve
conductivity, and raise the overall absorption efficiency of CuO. Additionally, by comparing the
absorption properties of p-type conductive oxide films with the solar spectrum, we apply and assess the
concept of an absorption figure of merit (a-FOM), a parameter that has been infrequently used, to offer
anovel viewpoint for evaluating the efficacy of these films by correlating their absorption characteristics
with the solar spectrum.

2. Experimental Procedures
2.1. Precursor Preparation

Copper (II) acetate monohydrate (Cu(CH3;COO),-H,O, >99.0%) and manganese (II) acetate
tetrahydrate (Mn(CH3COO), 4H,0, >99.0%) were used as cation sources. The salts were dissolved in
pure ethanol, and monoethanolamine (MEA) was added as a stabilizer. The precursor concentration was
fixed at 0.25 M, with a Cu*": MEA molar ratio of 1:2. For Mn doping, Mn(CH3C00),.4H,O was
introduced into the Cu®" solution at 1, 3, 5, 7, and 9 at%. The precursor solutions were stirred
magnetically at 75 °C for 60 min to ensure homogeneity.

2.2. Fabrication of Mn-doped CuO Thin Films

Commercial 22 x 22 mm? Deckglaser cover glasses were cleaned with acetone, ethanol, and
deionized water in an ultrasonic bath to remove organic contaminants. The substrates were then
immersed in 2% HF solution for 60 s to generate a surface H' layer to improve solution adhesion. Thin
films were deposited through three spin-coating cycles (1500 rpm, 40 s), each followed by drying at
100°C for 7 min in ambient air. Finally, the Mn-doped CuO films were annealed at 500°C for 30 min in
air to achieve crystallization.

2.3. Thin-film Characterization

The structural, morphological, chemical, optical, and electrical properties of the films were
examined. Crystal structure was analyzed using a Panalytical Empyrean diffractometer with parallel-
beam Cu-Ka radiation (A = 1.54056 A), scanning from 20° to 70° at 0.03°/s. Surface morphology was
observed with a scanning electron microscope (SEM, JSM-IT100, JEOL) at 1 um scale, 11 mm working
distance, and 15 kV accelerating voltage. Elemental composition was evaluated by energy-dispersive
spectroscopy (EDS, IT100LA, JEOL) under the same conditions. Optical properties were measured
using a UV-Vis spectrophotometer (UV-2450PC, Shimadzu) in the range of 300—-800 nm. Electrical
resistivity of the Mn-doped CuO thin films was determined by a four-point probe system (RM3000,
Jandel).

3. Results and Discussion
3.1. Structural Analysis

The X-ray diffraction (XRD) patterns of Mn-doped CuO thin films with various Mn concentration
are shown in Fig. 1(a). All thin films showed diffraction peaks corresponding to the (-110), (002), (111)
and (-202) planes, meanwhile 2 peaks (002) and (111) had the highest intensity exhibiting the preferable
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orientation of films. In addition, no peaks related to the other common copper oxide phase (Cu,0O) or
the oxides of manganese were detected because the diffraction peaks corresponding to Mn atoms were
too weak and were hidden in the noise signal [17]. However, there is a minor peak at approximately
30.34° corresponding to the (220) plane of CuMn,O;4 phase. Despite this, the CuO remains the dominant
phase, as the intensity of this peak is much smaller than the two preferential orientations (111) and (002)
of CuO phase. The decrease of two preference planes (002) and (111) when increasing Mn concentration
proving that some manganese atoms have successfully substituted copper atom in the CuO matrix.
The Mn-doped CuO crystallite sizes (D) were calculated using Scherrer’s equation:
0,91

D= BcosO (1

Here, ) is the X-ray wavelength (1.5406 A), 0 is the Bragg diffraction angle, and P is the full width
at half maximum (FWHM) of the peak located at 26. In addition, the microstrain (g) and the dislocation
density (8) of all the thin films were determined using the following formulas:
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Figure 1. XRD patterns of Mn-doped and un-doped CuO thin films (a) Variation of D, € and d as a function
of Mn concentration in CuO thin films calculated from the (002) peak (b).

Table 1 presents the D, €, and  values calculated from the (002) peak. The crystallite size of pure
CuO thin film is 16.68nm. When the Mn content increased, the crystallite size decreased gradually and
reached the bottom at 8.43nm, corresponding to the 7% Mn sample. However, this figure escalated to
16.36nm at 9% Mn sample. The variation of crystallite size can be explained as the co-existed of two
oxidized states of doping atom - Mn?* and Mn®*. At low Mn concentration, the decrease in crystallite
size can be the result from Mn*" ions substituting Cu** ions in the lattice. Therefore, this increased the
number of crystallization centers and caused lattice stress, retarding the growth of crystal grains. In
contrast, the increase in crystallite size can be explained by the fact that Mn*" has a small ionic radius
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(~0.58 A), high mobility and low activation energy. These ions easily moved from trap sites to
crystallization lattice sites during crystal growth, thereby contributing to the formation of larger
crystallites [18]. Fig. 1(b) illustrates that the substitution of Cu®" ions by Mn**/Mn*" ions was also clearly
manifested in the fluctuation of stress and defect density in the films. The stress value increased
gradually from the pristine CuO sample to the maximum value at the 7% Mn-doped sample and finally
decreased significantly at the 9% Mn-doped sample. As aforementioned, the increase in stress might
originate from the increase density of crystal centers due to doping. Conversely, the decrease in stress
could be ascribed to the insertion of Mn atoms into the grain boundaries of CuQO, increasing the energy
at these boundaries.

Table 1. Microstructural parameters of Mn-doped and un-doped CuO thin

Sample wt.% | 20 (°) FWHM (°) | D (@mm) | §x10° (nm?) gx10°
0 35.52 0.50 16.68 2.08 3.59
1 35.54 0.50 16.68 2.08 3.59
3 35.55 0.57 14.64 2.37 4.67
5 35.46 0.60 13.90 2.49 5.18
7 35.60 0.99 8.43 4.11 14.08
9 35.64 0.51 16.36 2.12 3.74

3.2 Morphological and Chemical Composition Analysis

Figure 2. SEM micrographs of Mn-doped CuO with Mn doping concentrations:
(a) 0 at%, (b) 1 at%, (c) 3 at%, (d) 5 at%, (e) 7 at%, and (f) 9 at%.

The surface morphology of the synthesized thin films is shown in Fig. 2. The pure CuO film exhibits
a clear surface consisting of well-defined grain boundaries. Upon doping at 1%, the film surface appears
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notably smoother, and a few larger particles emerge as isolated bright spots. As the Mn content increases
to 3—5%, these bright features become more numerous and randomly distributed. This could be the
consequence of excess Mn leading to the segregation at grain boundaries and surface of the thin film,
acting as nucleation centers that promote localized grain growth. At higher concentrations (7-9%), the
morphology shifts from random bright spots to larger, interconnected island-like clusters, with fewer
isolated particles. This transition indicates that the initial large particles at lower concentrations likely
serve as nuclei for further agglomeration. This evolution follows an island growth mechanism, which
has also been reported in several studies involving the fabrication of CuO films by sol-gel method [19].
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Figure 3. Particle size of Mn-doped and un-dopped CuO thin films. Individual particle sizes were identified
from SEM images using ImagelJ software. The average particle size (D and standard deviation (AD)
were calculated using the Gaussian fitting function.

ImagelJ software and Gauss function were used to analyze the particle distribution on the surface of
the thin films, shown in Fig. 3. The results showed that the particle size gradually decreased throughout
the samples and dissimilar with the result of X-ray diffraction analysis. In addition, the crystallite size
obtained from SEM images was much larger than the values obtained in Table 1. The reason for this
may be due to the agglomeration of small-sized particles [20].

The atomic composition of the thin films was determined using EDS analysis at an operating voltage
of 15 kV. Based on the EDS analysis results (Fig. 4), the obtained thin film sample consists of Cu, Mn,
O and Si elements. The presence of Si element is due to the film being deposited on a glass substrate,
which is mainly composed of silicon.
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Figure 4. EDS spectra of CuO (a) and 9 at% Mn-doped CuO (b) samples.
3.3. Optical Property

The optical property of Mn-doped and un-doped CuO films was measured to investigate the
influence of Mn doping on the optical absorption and the bandgap energy. The absorbance spectra of
the films with different Mn content in the wavelength range of 300-800 nm shown in Fig. 5(a).

It is clear that the absorbance value tended to increase with the increase of doping concentration.
The increase in absorbance value can be attributed to the extensive scattering of photons caused by
crystal defects. Furthermore, the absorption of the samples is also affected by the existence of bright
spot particles and island-like clusters. These features increase the surface roughness, thereby enhancing
light capture by reducing the reflection of incident light [21]. This result is related to the surface
morphology of the thin films observed in Fig. 2.

In addition, the absorption data was used to obtain Tauc plots in order to determine the bandgap of
the samples (Fig. 5(b)) [22].

(ahvy=A(hv - Eg)"? “4)

where hv is the radiation energy, a is the absorption coefficient, and A is the energy-independent
constant of the material. We obtained that bandgap of pristine CuO was 2.08eV and the bandgap energy
of the Mn-doped CuO films was 2.14, 2.17, 2.20, 2.21, 2.23eV for 1, 3, 5, 7, and 9 at% doped CuO thin
films, respectively. This increase may originate from two main mechanisms. First, as mentioned above,
due to some Mn atoms segregation at grain boundaries and surface of the thin film, the oxidation of it
could form MnO. Since the bandgap of MnO is higher than that of CuO [17], this could increase the
bandgap of doping samples. Moreover, the Burstein—Moss effect, which describes the expansion of the
band gap when the energy levels near the bottom of the conduction band (or the top of the valence band)
are filled with charge carriers. Under normal conditions, the Fermi level lies between the conduction
band and the valence band. However, when the donor impurity concentration is high, the Fermi level
can shift completely into the conduction band and increase according to the following formula:

Na
Er=Ei+kTIn—
) (5)
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where Eiis the Fermi level of the intrinsic semiconductor, k is the Boltzmann constant, Ng is the donor
atom concentration, and n; is the intrinsic carrier concentration of the semiconductor [23]. In this study,
the increase of bandgap can be partly explained by the Burstein—Moss effect. The doping of Mn** ions
has the ability to provide more free electrons, increasing the carrier density. As a result, the Fermi energy
level shifted to a higher level, contributing to the optical band gap broadening [24].
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Figure 5. Optical absorbance spectra (a), the Tauc’s plots (b) and bandgap energy values (c)
for the Mn-doped and un-doped CuO thin films.

3.4. Electrical Property

In this study, the sheet resistance of Mn doped and undoped CuO were measured by a four-probe
measurement system at room temperature. As shown in the Table 2, the sheet resistance of the pristine
CuO thin film was measured to be 6.1 MC/sq. When the Mn content increased to 7%, the sheet resistance
increased to 6.6 MQ/sq. However, at 9% Mn concentration, the sheet resistance value dropped sharply
to 1.13 MQ/sq. This trend of non-uniform variation of the sheet resistance with doping concentration
was also noted in several other works [25, 26].

Table 2. Bandgap energy, sheet resistance, absorption length and absorption figure of merit of the CuO-based
films with different Mn doping concentration

Mn doping Eg Sheet resistance Absorption length a-FOM
(%0) (eV) (MQ/sq) (nm) @'em™)

0 2.08 6.10 82.42 13.51

1 2.14 3.20 128.09 40.03

3 2.17 4.10 79.18 19.31

5 2.20 5.00 68.43 13.69

7 2.21 6.60 55.07 8.34

9 2.23 1.13 58.69 51.94

For example, the study of M.H. Babu et al. reported on Cd-doped CuO thin films that the initial
resistivity of CuO was 11.53x10° Q.cm, which then increased to 21x10° Q.cm when the Cd content
reached 6%, and decreased to 14.71x10° Q.cm when the Cd concentration increased to 8% [25]. The
research team explained that the synthesized thin films had a polycrystalline structure, in which many
defects existed at the grain boundaries. These defects acted as trap states, trapping most of the charge
carriers as they moved between the grain boundaries, thereby creating space charge regions (SCRs) near
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the grain boundaries. These SCRs suppressed the movement of the main carriers and decreased the
electrical conductivity. Based on that mechanism, the phenomenon of electrical sheet resistance
variation in this study can be explained as follows: the increase in sheet resistance is due to the unfilled

trap states, causing many carriers to be trapped at the grain boundaries (Fig. 6).
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Figure 6. Illustration of the synthesized polycrystalline thin film along with corresponding conduction

Besides, as previously mentioned, the segregation of Mn in the boundaries and surface enhances the
surface roughness and leads to the formation of MnO, a poor conductor [27, 28]. On the contrary, when
the Mn concentration reaches a high enough level, the boundaries sites become saturated, the Mn*"/Mn**
ions start to replace Cu®" to provide more free carriers, fulfilling the traps. As a result, the surface
becomes smoother, the diffusion potential decreases and the carrier density increases, leading to an

band diagram [25].

enhancement in the electrical conductivity of the material.

3.5. Evaluation of the Absorption Figure of Merit
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Figure 7. Solar spectrum (brown curve) and absorbance of the Mn-doped and un-doped CuO thin films
in the range of 300—800 nm (a), the dependence of the absorption figure of merit and absorption length

on Mn concentration (b).
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Fig. 7(a) illustrates the solar spectrum and absorption of Mn-doped CuO films with various Mn
concentrations in the range of 300—800 nm. In addition, we used the global spectrum of sunlight from
the American Society for Testing and Materials for photovoltaic performance evaluation, we took
advantage of the absorption length L, as a method to assess the effectiveness of conductive oxide thin
films [29]:

1 f;g a(E)uph(E)dE ©)
Lo Jg un (E)IE

where a(E) is the absorption coefficient as a function of photon energy, and u,h is the photon flux. In
general, the L, factor is the depth that light can go through material before being completely absorbed
[21]. The respective values of L, for thin films with different Mn contents were calculated by Eq. (6)
and are listed in Table 2. The absorption length increased from 82.42 nm at the pristine CuO sample to
128.09 nm at the 1% Mn-doped CuO sample. However, with further increase in Mn concentration, the
absorption length gradually decreased and was only 58.69 nm at 9% Mn concentration. This reduction
can be attributed to the strong scattering of photons due to the increased density of crystal defects at
high doping concentrations.

To conduct further assessment of the absorbance of thin films, the absorption figure of merit (a-
FOM) factor was calculated. This parameter was first introduced in our early work as an alternative to
the conventional figure of merit [28]

e @)
pd

where p is the electrical resistivity and d is the film thickness. Fig. 7(b) shows the a-FOM values

(estimated from Eq. (7)) of synthesized thin films. The a-FOM value of CuO was 13.51 Q'cm™. When

doped with Mn, this figure fluctuated strongly, reaching the lowest level of 8.34 Q"'cm™ in the 7% Mn

concentration and the highest level of 51.94 Q'cm™ in the 9% Mn concentration. This large fluctuation

mainly came from the fact that the sheet resistance of the sample has been significantly improved at the

9% Mn doping concentration.

4. Conclusion

Mn-doped CuO thin films with 1%, 3%, 5%, 7% and 9% concentrations were successfully fabricated
on glass substrates by sol-gel method. All the thin films were predominantly oriented along the (002)
and (111) planes, according to the XRD patterns. The influence of Mn on the crystal structure of CuO
was evidenced by the reduction in the intensity of these preferred orientations when increasing Mn
concentration. The surface morphology of the film was observed and showed a transition from uniformly
distributed large particles to agglomerated nanoparticles, with nanoparticle density increasing at higher
Mn doping levels. The band gap energy widened from 2.08 eV to 2.23 eV, attributed to the formation
of MnO and Burstein-Most effect. The electrical property showed that when increasing Mn doping
concentration, the electrical properties of Mn-doped CuO thin films decreased significantly from 6.10
MQ/sq to 1.13 MQ/sq. The highest absorption figure of merit (a-FOM) reached 51.94 Q'cm™ at 9%
Mn doped sample. From this result, it can be seen that Mn has greatly changed the structure, surface
morphology, optical and electrical properties of CuO film, which can be applied to develop
optoelectronic devices in the future.
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