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A B S T R A C T

Copper-doped MoO3 thin films were prepared via electrodeposition technique. The techniques adopted for in-
vestigating the structural, optical, electrical and magnetic properties of both undoped and copper-doped MoO3

thin films include X-ray diffractometry, UV–visible spectroscopy, four-point probe and vibrating sample mag-
netometry respectively. Nanocrystalline homogenous grains with polycrystalline orthorhombic (α-MoO3) nature
were obtained. The optical plots recorded decreased band gap energy from 3.44 eV to 3.27 eV, magnetic studies
showed ferromagnetic properties of the doped samples while the electrical study revealed the highest con-
ductivity of 1.5 Ωcm−1. Doping with Cu has the potentiality of increasing the conductivity of MoO3 thereby
enhancing its application in photocells.

1. Introduction

Molybdenum trioxide (MoO3) is an important transition metal oxide
that has attracted the attention of researchers. It portrays a high degree
of fascinating optical and electrical properties as a result of its notable
technological applications [1–6]. MoO3 is a wide n-type semiconductor
(Eg′ = 3.1 eV) with high ionic conductivity as a result of oxygen va-
cancies [7]. The three stages of molybdenum trioxide include mono-
clinic (β-MoO3), hexagonal (h-MoO3) and orthorhombic (α-MoO3) with
the later having the highest stability [8]. The layered structure makes
its' absorption of light readily and uniformly available for responses in
electrochromic and photochromic displays [4]. These properties en-
hance its applications in smart windows [9], light emitting diodes [10],
optical switching coatings [11], gas sensors [12,13] and lithium bat-
teries [2,7]. Recently due to the interest in spintronic devices, a lot of
researches are focused on doping non-magnetic semiconductors with Li,
Cu, Mn in order to produce semiconductors with ferromagnetic prop-
erties. Doping causes electrons to become unpaired and enables re-
searchers to exploit the properties of materials in order to modulate the
transport of electrons and holes in semiconductors [14,15]. It is obvious

that the conductivity in most transition metal oxide thin films is due to
the oxygen vacancies and available free carriers [16–19]. It is also of
importance to know that the value of resistivity of a semiconductor is a
prominent factor in determining its’ conductivity. To some degree;
doping enhances the magnetic, optical and electrical properties of
materials; thereby resulting in greater efficiency, better stability, and
higher speed. Antiferromagnetic materials exhibit zero net magnetic
moments in zero applied fields although smooth particles of the same
material could be superparamagnetic or exhibit weak ferromagnetism
[20]. It is worthy of note that different methods that were adopted by
researchers for depositing MoO3 thin films include spray pyrolysis
[21,22], sol-gel method [23], chemical vapour deposition [24,25],
chemical bath deposition [26–28], pulsed laser deposition [29–32],
magnetron sputtering [33,34] and mussel-inspired chemistry [35,36].
We decided to adopt electrochemical deposition technique in this work
after critical examinations of other deposition techniques for the
synthesis of copper doped molybdenum as it has potent industrial ap-
plications due to its prominent purity which helps the films to be pro-
cessed and grown at room temperature [37]. Rosalinda et al. electro-
deposited and characterized molybdenum oxide and observed that the
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nanostructures were amorphous with its morphology changing with
pH. The optical band gap was of direct nature with a value of 3.2 eV
[38]. Boukhachem et al. [21] synthesized cobalt doped MoO3 using
spray pyrolysis and the films showed orthorhombic structure with grain
sizes in the range of 150–280 nm. The magnetic investigation showed
that the films exhibited ferromagnetic behaviour. Seyyed and Mo-
hammad doped h-MoO3 thin films with Zn using a hydrothermal
technique. The optical studies showed that the seed layer had in-
creasing band gap energy from 3.2 eV to 3.54 eV [4]. Gesheva et al.
successfully prepared MoO3 thin films via chemical vapour deposition
method. The transmittance of the films was 80% and the index of re-
fraction ranged at 1.55 with 3.5 eV as the band gap energy [4]. Bouzidi
et al. studied temperature effect on the optical properties of MoO3 films
using a spray pyrolysis technique. The films prepared at 200 °C were
found to have orthorhombic structure, polycrystalline nature and en-
ergy band gap between 3.14 eV and 3.34 eV [1]. Boukhachem et al.
prepared undoped and tin (Sn) doped (α-MoO3) thin films via spray
pyrolysis. They found that by increasing the amount of dopant; dense
nano-platelet was formed, transmittance increased to 50% and band
gap energy increased to 3.89 eV [22]. Han-Yi Chen et al. investigated
indium-doped molybdenum oxide thin films and found the films to
exhibit high optical transmittance of about 88% with low resistivity
which makes it germane for applications in photovoltaic device [9].
The desire for this work arose due to the increased resistivity of intrinsic
molybdenum trioxide [39]. Hence our interest is based on doping
molybdenum trioxide with copper to enhance the conductivity of MoO3

as there exists no literature yet on it. Therefore this research work
adopted the electrodeposition method in studying the morphological,
optical, magnetic and electrical properties of the undoped and copper-
doped molybdenum trioxide thin films.

2. Experimental procedures

2.1. Materials

Indium-doped tin oxide (ITO) substrate, sodium hydroxide (NaOH),
ammonium molybdate tetrahydrate (NH4)6Mo4O24.4H2O, copper sul-
phate pentahydrate solution (CuSO4.5H2O), platinum mesh, silver-
silver chloride (Ag/AgCl) electrode.

2.2. Synthesis

Electrochemical deposition was adopted in synthesizing undoped
and doped MoO3 thin films. The ITO coated substrate which served as
the working electrode was cut into dimensions of 2.5 cm × 1.5 cm and
soaked in detergent. Thereafter, the substrates were rinsed in de-io-
nized water and cleansed in acetone for 30 min in order to remove the
grease that can inhibit nucleation and growth of thin films. For the
preparation of MoO3 nanoparticles, 100 ml of 1 M NaOH was mixed
with 80 ml of 0.55 M of ammonium molybdate tetrahydrate
(NH4)6Mo4O24.4H2O aqueous solution. To prepare the copper dopant, 1
and 2 wt% of copper sulphate pentahydrate solution (CuSO4.5H2O) was
added to 80 ml of 0.55 M of ammonium molybdate tetrahydrate
((NH4)6Mo4O24.4H2O). The pH was regulated to 10 using NaOH as a
precipitator agent. The chamber consists of three-electrode configura-
tion: platinum mesh as the anode, working electrode as the cathode,
silver-silver chloride (Ag/AgCl) as a reference electrode. ITO coated
substrate was placed vertically erect into the chamber containing the
counter and reference electrodes for each deposition. The deposition
was carried out under a potentiostatic condition of−200 mV vs SCE for
10 min. The deposited films were consequently cleaned and dried using
the hand drier. The films were then transferred to a high-temperature

Fig. 1. (a) Structural patterns of the MoO3 thin films, (b-d}Williamson-Hall (W–H) Plots of the deposited films.
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furnace for heat treatment at 373 K for 1 h. Gravimetric method was
employed in measuring the film thicknesses using equation (1) [40]:

Thickness = mass difference / (area of deposit x density) (1)

The mass differences of the undoped, 1% and 2% doped samples
were obtained to be 0.0008 g, 0.0006 g and 0.0005 g respectively with
its respective thicknesses being 935.9 nm, 702.0 nm and 584.9 nm.

2.3. Characterization

The X-ray diffraction analysis (PHILIPS-PW3710) and SEM model
JSM 35 CFJEOL were respectively used for the structural and mor-
phological studies of the undoped and copper-doped molybdenum tri-
oxide thin films. The resistivity measurements were embarked upon
using a four-point probe meter in which current and voltage readings
were recorded. The magnetization readings were also recorded using
vibrating sample magnetometer (VSM) [Lake Shore Model 7404].

3. Results and discussion

3.1. Structural studies

The structural patterns of the undoped and copper-doped MoO3 thin
films deposited on ITO substrates via electrochemical technique is
shown in Fig. 1(a). It is evident that the undoped and the doped thin
films exhibit peaks diffracted at 2θ = 30.0°, 35.3°, 50.0°, and 62.8°
assigned to the (222), (400), (500) and (218) crystal planes respectively
and correspond to the polycrystalline phase in nature. Furthermore, all
peaks identified are indexed as orthorhombic structure (PDF card
no.00-047-1320) as no other similar compounds were grown. There is
evidence of the strong intensity of the reflection peaks at (222) and
(400) of both undoped and doped MoO3 nanoparticles which are con-
sistent with the works of Elangovan et al. [41]. The strongest reflection
from (222) orientation is observed for the 2% doped sample showing
the dopant effect on MoO3 thin films. Fig.1(a) shows the XRD of un-
doped and MoO3: Cu thin films with Cu-Kα radiation at wavelength,
λ = 1.54056 Å, and diffraction angle between 20° and 75°. The crys-
tallite size was also calculated using Williamson-Hall equation as in
equation (2) [42]:

βcosθ = kλ/D + 4Ɛsinθ (2)

where β is the full width at half maximum (FWHM), θ is the radian
angle, k has a constant value 0.9, ε is the strain and λ is the X-ray
wavelength from Cu-Kα at 1.5406 Å. This can be compared to the
standard equation for a straight line

y = mx + c (3)

where m is the slope and c is the intercept. By plotting βcosθ versus
4sinθ as shown in Fig. 1(b–d), straight-line graphs were obtained for
each sample.

From the linear fitting; the slopes and intercepts were used to obtain

the strain and crystal sizes respectively as contained in Fig. 1(b–d). It
was discovered that the undoped sample shown in Fig. 1(b) had in-
tercept of 0.00824 with zero slope. This indicates a very small crystal
size with an absence of strain in the crystal lattice. Furthermore, the 1%
doped sample has an intercept of −0.513 with a slope of 0.496 while
the 2% doped has intercept of 0.7886 with−0.30853 slope. This shows
that the more the percentage of the dopant, the greater the crystallite
size. However, the negative slopes observed indicate insignificant va-
lues of strain broadening within the lattice and shift towards higher
angles [43,44]. This result agrees with the works of Yousefi et al. [45]
as regards the grain size increasing with percentage doping. The lattice
strain, ε produced by disparity due to the introduction of Cu+ into the
MoO3 lattice is given by equation (4) [45]:

Ɛ = β / 4tanθ (4)

The calculated average values of stain using equation (4) for the 1%
and 2% doped samples were 0.00431 and 0.00437 respectively. These
insignificant values validate the Williamson-Hall plot method used in
this work.

3.2. Morphological studies

The surface morphologies of the molybdenum trioxide thin films
prepared at the same pH value at room temperature are seen in
Fig. 2(a–c).

The undoped and doped nanoparticles are spherically shaped,
homogeneously distributed without pinholes or cracks having almost
regular sizes, shapes and cross-linked. It is also evidenced that the
doped nanoparticles have larger sizes with some overgrown clusters
compared with the undoped as seen in Fig. 2(b and c). Also, the 2%
doped nanoparticles had the largest surface area showing densely
overgrown areas than the undoped and 1% doped nanoparticles. The
cluster formation of smaller grains which transformed into larger sizes
could be due to nucleation of the particles on the substrates showing a
more pronounced doping effect.

3.3. Optical studies

3.3.1. Optical absorbance and transmittance
The absorbance and transmittance spectra of the deposited films are

observable in Fig. 3(a and b). Absorbance of the MoO3: Cu thin films
were found to decrease gradually within the visible region as the wa-
velength increased.

At 300 nm, the absorbance value for the undoped film ranged at
23.6% and gradually tended towards the infra-red region while the 1%
doped MoO3 thin films absorbed at 29.3% and was fairly constant
within the visible region. Furthermore, the 2% copper doped recorded
the highest absorbance and decreased exponentially thereby conver-
ging with the 1% doped and undoped thin films in the infra-red region
as shown in Fig. 3(a). Optical absorption spectra of the films in the
spectral region between 300 and 1000 nm were recorded with a

Fig. 2. SEM images of a) undoped and b-c) MoO3:Cu thin films.
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UV–visible spectrophotometer.
From the transmittance spectrum in Fig. 3(b), all the thin films re-

corded increased transmittance at increasing wavelength. At 350 nm,
the undoped film had the least transmittance at about 40% while the
1% and 2% doped films transmitted at 66.5% and 81.1% respectively.
From the above, 2% doped thin film showed the maximum transmit-
tance within the visible region. This result agrees with the work of
Elangovan et al. [41]. The deposition parameters and texture of the thin
films are germane to the determination of optical transmittance. The
optical absorption coefficient, α was calculated using equation (5) [42].
It was observed that the undoped MoO3 had the highest transmittance
in the near infrared region which suggests that the material could be
applicable for devices that can generate heat into a building [46].

α = (1/d) ln (1/T) (5)

where d is sample thickness, and T is transmittance.

3.3.2. Optical band gap
Optical band gap energy values can be determined when absorbed

electrons get excited from the valence band to conduction band. It has
been established that near the UV, the band gap energy of MoO3 can be
used as a photochromic material [47]. A variation of absorption coef-
ficient with the energy of photons seen in Fig. 4 is usually used in de-
termining the optical band gap (Eg) of the thin films using equation (6).

The type of transition is determined by using Tauc's relation [48].

(αhν)2 = A(hν – Eg)n (6)

Where hν is the photon energy, A is a constant called absorption
coefficient, Eg is the band gap energy and n = 1/2 for allowed direct

transition or 2 for indirect interband transitions. The optical band gap is
obtained by extending the straight-line portion of the plot to meet the
photon energy axis as shown in Fig. 4. The direct band gaps for the
undoped MoO3 thin film was 3.44 eV, 1% was 3.35 eV and 2% doped
was 3.27 eV. This is similar to the works of Bouzidi et al. [1], Chibane
et al. [32], Rosalinda et al. [38], Julien et al. [49] and Ganchev et al.
[50]. Obviously, the energy band gap decreased with increase in per-
centage of copper dopant culminated from particle size increase as
contained in Table 1. This decrease could be because of morphological,
surface microstructure and particle size changes [42]. There exists a
red-shift in the absorption edge for the samples at different Cu-dopant
percentages. The band gap reduces with an increase in percentage
doping as a result of capturing of electrons by oxygen vacancies and an
increase in electron density which results in the distorting effect of the
valence band and conduction band [51]. Copper atoms now serve as the
center for the activation of scattering.

3.3.3. Refractive index
Fig. 5 represents changes in refractive indices as a function of wa-

velength of undoped MoO3 and Cu-doped MoO3thin films. The re-
fractive index values were obtained using equation (7) [52]:

n = (1 + sqrt R) / (1- sqrt R) (7)

where n is the refractive index, R is reflectance.
The refractive index values rise sharply at low wavelength before

peaking at 2.54 for the undoped, the 1% and 2% samples recorded
peaks at 2.62 and 2.64 respectively. High refractive indices in the
doped samples could be due to oxygen presence. The dopant effect was
observed in the refractive index of the doped samples compared with
the undoped as shown in Fig. 5. The refractive indices of the films had
values ranging from 2.54 to 2.64 at increasing wavelength regions. It is
noted that while Uthanna et al., Reyes-Betanzo et al., and Cardenas
et al. obtained refractive index values of 1.8, 1.9 and 2.1 using thermal
evaporation, pulsed laser and magnetron sputtered methods respec-
tively; our result seems not to deviate much from the values obtained
owing to the deposition technique employed [53–55].

3.3.4. Optical conductivity
Fig. 6 depicts the variation of optical conductivity for both undoped

and MoO3: Cu. The Optical conductivity, ρ, is defined in equation (8)
[56]:

ρ = αηc / 4π (8)

where c is the speed of light, α is the absorption coefficient, and n is the
refractive index.

The undoped sample showed the lowest conductance due to low
energy density. We observed in Fig. 6 that the doped samples had a
sharp increase in conductance at low photon energies. The high con-
ductivity in the doped samples could be due to a strong interactive force

Fig. 3. a) Absorbance and b) Transmittance spectra for the undoped and doped MoO3:Cu films.

Fig. 4. Plot of optical band gaps of the undoped and doped MoO3 thin films.

R.O. Ijeh, et al. Ceramics International 46 (2020) 10820–10828

10823



between the photons and electrons [57]. The conductance of 2% doped
sample was slightly lower than the 1% doped which might be due to
deposition parameters. It is also observed that the conductance of the
undoped sample increased fairly at higher photon energy. The optical
conductivity of samples is dependent on the band gap and in this work,
as the band gap decreased, the optical conductivity increased due to the
introduction of charge carriers [58,59].

3.3.5. Extinction coefficient
It measures how light is thrown off by a material at any given wa-

velength. Extinction coefficient values can be obtained using equation
(9) [60]:

k = αλ / 4π (9)

where k is the extinction coefficient, λ is wavelength of the incident
photon, α is the absorption coefficient.

The increase in the extinction coefficient with photon energy is
more pronounced for doped samples than the undoped as depicted in
Fig. 7. This is due to the presence of Cu+ in the molybdenum atom. The

extinction coefficient of the undoped varies from 0.2 to 0.4 while the
doped samples varied from 0.2 to 0.5.

3.3.6. Dielectric constants
The real and imaginary dielectric constants are obtained from the

refractive index and extinction coefficient values. The measurement of
how the speed of light decreases in a medium describes the real part
while the imaginary designates the loss of energy to the medium. The
values of εr and εi used for this work were calculated using the relations
in equations (10) and (11) [61]:

Ɛr = n2 – k2 (10)

Ɛi = 2nk (11)

Fig. 8 (a,b) show the real and imaginary dielectric constants of both
undoped and doped samples of MoO3. The characteristics pattern for
the real and dielectric constants differ as the real parts have higher
values compared to the imaginary. The imaginary part increases
sharply at lower photon energies and shrank at higher energies. The
relaxation peaks of real and imaginary parts are 4.1 and 1.2 respec-
tively.

3.4. Magnetic properties

The magnetic studies of undoped MoO3 and copper doped MoO3

samples have been carried out using the VSM technique. Plotting of the
magnetic moment against the applied magnetic field as shown in Fig. 9
depicts the behavior of magnetism of both undoped MoO3 and copper
doped MoO3 nanoparticles at room temperature.

There exist exchange interactions between the local spin-polarized
electrons occasioned by the copper ions and excess conductive electrons
of the MoO3 resulting in the formation of the loop. The application of a
magnetic field causes the unpaired spins yielding to some non-zero
ferromagnetic moment [62]. From the M − H loop, it was noticed that
the undoped MoO3 depicts some elements of antiferromagnetic beha-
vior as shown in Fig. 9(a) while the samples doped with copper ex-
hibited ferromagnetic properties shown in Fig. 9(b). The evidence of
ferromagnetic ordering is attributed to the high magnetizing nature of

Table 1
Energy band gap, magnetization and electrical conductivity of samples.

Sample Energy band gap (eV) Magnetic saturation (Ms) (emu/g) Coercive field (Hc) (Oe) Electrical conductivity, σ (Ω cm)−1

Undoped 3.44 −3.87 × 10−4 −0.50 −0.29
1% Doped 3.35 4.52 × 10−4 42.35 −0.16
2% Doped 3.27 4.60 × 10−4 49.12 1.50

Fig. 5. Refractive indices of undoped and copper-doped MoO3 thin films.

Fig. 6. Optical conductivity plot of undoped and MoO3: Cu thin films.

Fig. 7. Plot of the Extinction coefficient of MoO3 thin films.
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Cu ions introduced into the Mo atom arranged in orthorhombic struc-
ture as magnetic element doping leads to the room temperature ferro-
magnetism [63–65]. In this work, we observed that an increase in both
magnetization and coercive field values was due to the increase in grain
size culminated from the addition of Cu ions as seen both in ferro-
magnetic ordering in Fig. 9(b). This also validates the literature on
works of Shah et al., Gopalakrishnan et al. [66,67]. The saturation
magnetization for the undoped is around −3.87×10−4 having a
magnetic field of 1.49×10−4 and negative coercivity of −0.50 shown
in Table 1. The copper doping of 1%wt in MoO3 enhances the magne-
tization and coercivity with a value of 4.52×10−4 and 42.35 respec-
tively while an increase in doping (2 %wt) culminated an increase in
both magnetization and coercivity values of 4.60×10−4 and 49.12
respectively showing doping effect as contained in Table 1. This work is
in concomitance with the study conducted by Godlyn et al. [68] and
Ahmed et al. [69] which supports that the number of impurity ions
introduced into the host atom increases both saturation magnetization
and coercivity values. The increase in magnetization may be related to
the presence of oxygen vacancies [70,71]. Also, the magnetic field for
the 1% doped sample ranged between 1.48 × 10−4 and−1.75 × 10−4

while that for the 2% doped sample ranged between 4.56 × 10−4 and
−4.67 × 10−4.

3.5. Electrical properties

A four-point probe as schematically represented in Fig. 10(a) is a
technique used for measuring the resistivity of semiconductor material

by ascertaining the opposition to the flow of charge carriers. Generally,
the electrical resistivity is inversely proportional to the carrier density
and carrier mobility [72]. The I–V data for the MoO3 samples were used
to obtain the conductivity of the thin films. The conductivity of a
sample can be evaluated from the voltage-current relationship in
equations (12) and (13):

ρ = 4.532 (V/I)t = Rst (12)

ρ = 1/δ (13)

Fig. 8. (a & b): Plots of Dielectric constants of MoO3 thin films.

Fig. 9. (a): Variation of magnetic M − H curve of undoped MoO3 sample (b): Variation of magnetic M − H curve of the doped MoO3 thin samples.

Fig. 10(a). Schematic diagram of Four Point Probe.
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where V, I, ρ, Rs are the voltage, current, resistivity, sheet resistance,
and t, the thickness of the film respectively.

The current is passed through the outer probes (1 and 4) while
measurement of voltage occurs between the two inner probes (2 and 3)
as shown in Fig. 10(a). It is observed in Fig. 10(b) that when the current
was increased in the undoped sample, the recorded voltage remained
fairly constant at 0. For the 1 and 2% doped samples, the voltage
readings were negative at low current values. As the current increased
further, the voltage increased to 2.0 × 10−4 V for 2% doped and
dropped drastically due to the structural defects occasioned by grain
boundaries and dislocations, leading to scattering and inhibition of
carrier mobility. Beyond 20 A, the voltage increased to 1.83 × 10−4

and 3.62 × 10−4 for 1 and 2% doped respectively. Variation of elec-
trical conductivity (σ) with doping percentage was investigated on both
pure and Cu doped MoO3 thin films at room temperature as shown in
Fig. 10(c). There is a sharp increase in conductivity value for the 2%
doped sample compared to the 1% doped and undoped sample denoted
by 0%. The undoped sample recorded the least value as carrier density
is very low. The result suggests that the addition of Cu improved the
conducting properties of MoO3 samples without altering other basic
properties. The observed increase in electrical conductivity for higher
percentage doping is due to the increase in carrier concentration in-
troduced by Cu+2 cation and deposition parameter for the maintenance
of charge neutrality [64]. Table 1 summarizes the measured values of
the energy band gap, magnetic saturation, coercive field and electrical
conductivity of the films.

4. Conclusions

A study of undoped and copper-doped MoO3 was employed using

the electrodeposition method. The crystallographic studies of both
doped and undoped thin films revealed polycrystalline nature with an
orthorhombic (α- MoO3) structure. The surface morphology showed
nanocrystalline grains that are spherically shaped, homogeneously
distributed with grain sizes that increased with dopant percentages. The
energy band gap decreased from 3.44 eV to 3.27 eV at increasing do-
pant percentages. The maximum transmittance value for the undoped
and 1% doped thin films was 80% while the 2% doped thin film re-
corded 63% in the visible range. The optical conductivity plot affirms
that the doped samples had higher conductivities than the undoped
sample while ferromagnetic properties were obtained for the doped
samples from the magnetic study. The electrical study revealed that the
2% doped sample had the highest conductivity of 1.5 Ωcm−1. Doping of
MoO3 thin films with Cu element has the potential of increasing its
conductivity without negatively altering other properties. The de-
posited films find application in photocells and solar cell devices.
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