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Abstract

In this work, the effect of annealing temperature on the microstructure, morphology, and optical
properties of Cu-doped nanostructured MnO, thin films were studied. The thin films were prepared by
sol-gel spin-coating technique on glass substrates and annealed in the air ambient at 300, 350, 400 and
450 °C temperatures. The structural, morphological and optical properties of the annealed MnO,: Cu
films have been studied by X-ray diffraction (XRD), Field Emission Scanning Electron Microscopy
(FESEM), UV-Vis spectroscopy and Fourier Transform Infrared (FTIR) Spectroscopy. The XRD patterns
showed that the crystallinity of the films was decreased with increasing annealing temperature. FE-SEM
images of films showed that an increase in annealing temperature affected the densification of the films
and increased the porosity of the films. For the first time, the thickness, optical constants and complex
dielectric function of MnO,: Cu thin films were determined by simulating transmission spectra using
Forouhi-Bloomer model in the optimization process. The optical band gap of MnO,: Cu thin films were
enhanced with increasing annealing temperature from 1.86 eV to 1.98 eV. The presence of Mn-O and
other bonds in the films were confirmed by FTIR spectroscopy.
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1. INRODUCTION

In recent years, preparation of
nanostructured materials has attracted
much attention due to both scientific
interests and potential applications. The
nanostructured metal oxides have been
widely investigated because of their unique
physical and chemical properties compared
to bulk materials [1-6]. The metal oxide
thin films are an important group of the
nanostructured materials. The nano-
materials of thin films can be synthesized
and grown by different techniques. Thin
films can be deposited upon a substrate by
different common techniques such as
pulsed laser deposition [7], chemical
vapour deposition [8, 9] reactive
magnetron sputtering [10], spray pyrolysis
[11], atomic layer deposition [12],
chemical bath deposition [13], sol-gel
method [14-16] and so on. Any change in
the conditions of the film preparation such
as the changes of the deposition technique,

annealing temperature, annealing
atmosphere and the presence of additional
material (dopant) has a significant effect
on the crystalline structure and physical
properties.Manganese is a transition metal
with variable oxidation states (Mn*?, Mn*®
and Mn**). Shift in oxidation state of
manganese is strongly dependent on the
conditions of the preparation of manganese
oxide material. Manganese dioxide is one
of the most attractive inorganic transition
metal oxide materials from environmental
and economic stand points. It is widely
used in biosensors [17], catalysis [18],
electrochromic multilayered nano-
composite thin films [19, 20], electro-
magnetic wave-absorbing layers [21, 22]
and high performance electrochemical
electrodes and energy storage [23]. The
presence of the dopants is an important
factor in improving the physical and
chemical properties of the products. In
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recent years, there has been considerable
research efforts focused on the preparation
and characterization of doped manganese
dioxide thin films. Recently, CuBi,Oq4-
doped MnO, electrode has improved the
electrochemical performance in Na;SO4
aqueous solution as electrolyte [24] or
Bamboo charcoal (BC)-doped MnO,
particles have been suggested as active
materials for enhancement of
electrochemical performance of capacitors
[25]. The compounds such as Al-doped
manganese  dioxide [26], Ag-doped
manganese dioxide [27] and boron doped
manganese dioxide [28] were proposed for
electrochemical supercapacitors. Some
researchers produced nanostructured Cu-
doped manganese dioxide layer. In
addition to study the electrochemical
behavior, they studied the structural,
morphology and magnetic characteristics
[29-31]. There are a number of studies
related to the copper manganese oxide
systems. The electronic structure of the
CuMnO, was investigated by measuring
absorption spectra of the films [32]. In
other works, the magnetic properties of
CuMn,0,4 [33] and catalytic activity of
CuMn,0, [34] and CuMnO, [35] were
studied. Most studies have been focused on
electrochemical properties of thin films,
until now; thus, the knowledge of optical
properties is quite limited for designing the
optical systems. Therefore, determination
of optical constants of thin films prepared
under various conditions  (different
atmospheres, pressures, annealing
temperatures and dopants) is valuable. In
the present work, the nanostructured
MnQO,: Cu thin films were prepared on
glass substrates by sol-gel method under
different annealing temperature from 300
to 450°C.The effect of annealing
temperature on the structural,
morphological and optical properties of the
films has been investigated. The
appropriate molar ratio of the copper
dopant in the precursor solution was equal
to 7%. Since the effects of increasing
annealing temperature were investigated,

the concentration of dopant should not be
very small. When the concentration of
dopant is low, the possibility of the
diffusion of all doping impurity into the
host lattice is very high and it is expected
that the physical properties of the samples
do not change significantly with increasing
annealing temperature. For the first time,
the optical constants and dielectric
functions of the nanostructured MnO,: Cu
thin films were estimated from the
simulated  transmission  data  using
Forouhi—Bloomer (FB) dispersion model
[36] in an iterative optimization process.
The formulation of the FB model is based
on the quantum mechanics theory of
absorption. Forouhi and Bloomer proposed
the explicit expressions for refractive index
and extinction coefficient. The optical
band gaps and optical constants are derived
from the parameters of FB function. The
deposition of the films on glass substrates
is performed by spin- coating technique
due to the low cost and homogeneity of the
final products.

2. EXPERIMENTAL METHODS

In the sol—gel process, for fabricating the
nanostructured MnO,: Cu thin films, the
precursor solution was prepared as
follows: first, 0.149 g of the copper (II)
acetate monohydrate (Cu(CH3COO),.H,0,
Merck) and 2.451 g of the manganese (II)
acetatetetra - hydrate (Mn(CH3COO)s,.
4H,0, Merck) powders were mixed and
dissolved into 25 ml of absolute ethanol
(C2HsOH, Merck) solvent and then the
precursor solution was stirred with
magnetic stirrer at room temperature. The
nominal molar ratio of the dopant
precursor to the manganese precursor was
about 0.07 (or 7 mol %) and the final
molarity of manganese precursor in the
solution was about 0.4 mol/l. After 5
minutes stirring at room temperature, 0.6
ml of mono-ethanol amine (MEA,
C,H;NO, Merck) as the stabilizer was
slowly added into the solution. The molar
ratio of MEA/Mn (5) was about 1:1. After
stirring for 1.5 hours at room temperature,

8 Falahatgar and Ghodsi



the final sol was obtained. The colour of
the sol was dark brown, clear and without
any suspension of particles. After aging the
sol for 24 hours, MnO;: Cu layers were
deposited onto glass substrates (CAT. NO.
7102) using spin coating technique at 3000
rpm for 10s. Then, the wet films were
dried at 150°C in air for 20 min. and heat-
treated at temperature range of 300-450°C
in ambient air for 1 hour. Since there is the
possibility of diffusion of atoms from the
substrate into the film, the annealing
process was not performed at temperature
above 450°C. The produced samples were
named as S1, S2, S3 and S4 corresponding
to annealing temperature of 300, 350, 400
and 450°C, respectively. X-Ray diffraction
(XRD) patterns were obtained using a
Philips PW-1800 diffractometer with Cu-
Ka radiation (A=0.15406 nm). The surface
morphology of the films was investigated
by the Field Emission Scanning Electron
Microscopy (FE-SEM, model Hitachi S-
4160). The transmittance of the films in the
wavelength range 250-800 nm was
measured using a UV-Vis
spectrophotometer (Varian Cary 100). The
Fourier Transform Infrared transmission
spectra (FTIR) were recorded using

Nicolet Magana IR560 Fourier-
transformed infrared spectrometer in the
range of 3000-475 cm™. The optical
properties including optical constants,
optical band gap, thickness and dielectric
functions of the nanostructured MnO,: Cu
thin films were calculated by Forouhi-
Bloomer model.

3. RESULTS AND DISCUSSION

The X-ray diffraction patterns of the

nanostructured MnQO;: Cu thin films (S1,
S2, S3 and S4) annealed at temperature
range of 300-450°C are shown in Figure
1(a) - (d).
Figure 1(a) (the XRD pattern of Sl
annealed at 300°C) shows two peaks at
74.55° and 77.50° corresponding to a (213)
oriented Ramsdellite-MnQO, phase (JCPDS
file 44-0142) and an additional phase of
Cu,0O with (222) orientation (JCPDS file
05-0667), respectively.

Recently, Recently, the existence of an
additional phase of Cu,O in copper doped
MnQO; nanocrystals with 0.1 M of Cu
doping have been confirmed by
Poonguzhali et al. 29] wusing X-ray
diffraction studies.
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Figurel. XRD patterns of Cu-doped MnO, thin films deposited on glass substrates and
annealed at various temperatures (a) 300 °C, (b) 350 °C, (c) 400 °C, (d) 450 °C.
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They studied X-ray diffraction (XRD)
patterns of different levels of Cu doped
MnO; nanocrystals and observed a small
peak of Cu,O at higher concentration of
Cu dopant.The observed peak at
26=7455° can be indexed to an
orthorhombic MnO, phase and
corresponding to d-spacing value (dng) of
1.27 A
The diffraction peak at 26=77.50°, can be
indexed to cubic structure of Cu,O with
dua value of 1.23A, lattice constants
a=b=c=4.26A and the lattice volume is
about 77.31 A3, There is a good agreement
between  obtained  d-values,  other
calculated parameters from XRD patterns
and the standard parameters of JCPDS
cards. The lattice parameter of cubic Cu,O
structure, a, was calculated by using the
formula below [37]:

2

sinz(e)zi?(hz K2 +12) (1)

The average crystallite size (D) of
sample S1 was estimated using Scherrer’s

formula [37]:

0.91
- pcosé )

Where D is the crystallite size, g is the
full width at half maximum (FWHM)
intensity of the diffraction peak, A is the
wavelength of the X-ray radiation, and@ is
the diffraction angle. The average
crystallite sizes in the nanostructured thin
film S1(annealed at 300°C) were obtained
about 18.5 nm and 27.1 nm for R-MnO,
(213) and Cu,0 (222) peaks, respectively.
As seen in Figure 1(b), the intensity of the
R-MnO, (213) X-ray diffraction peak is
decreased with increasing annealing
temperature. The average crystallite size of
the film at 350°C was obtained about 17.5
nm. On the other hand, the second peak
corresponding to Cu,O (222) disappears
with increasing temperature. According to
the XRD patterns of Figure 1(c) and (d),

no diffraction peak was observed above the
temperature of 350°C caused by the
formation of crystalline phases of copper-
manganese oxide and other additional
phases at higher temperatures. It is
attributed to recrystallization and the weak
crystallinity nature of the films due to
change of annealing temperature. In other
words, the appearance of amorphous
patterns and the absence of diffraction
peaks of Cu,O and MnO, caused by
increasing annealing temperature might be
for a number of reasons: (i) the remained
Cu impurity appeared as an additional
phase at 300°C due to limitation of the
incorporation of Cu into MnO, crystal
structure. When annealing temperature
increased, the MnO, crystal lattice was
reconstructed and the diffusion of Cu ions
to MnQO;, lattice enhanced. Then, the crystal
structure of S3 and S4 converted to
amorphous. (if) With increasing of
annealing temperature, the diffusion of
oxygen into the structure of the film
increases and Cu,O converts to CuO.
Hence, CuO becomes more predominant
than Cu,O at temperatures higher than
350°C [38]. (iii) The MnO, phase can be
changed to other manganese oxide phases
with other oxidation states, because the
oxidation state of Mn** decreases at higher
temperatures [12].

It is consequently reasonable that the
XRD patterns of the sample S3 and S4 can
be considered as amorphous oxide material
at higher temperatures than 350 °C.

The FE-SEM micrographs of the
surface morphologies of Cu-doped MnO,
nanostructured thin films at four different
annealing temperatures are shown in
Figure 2(a) - (d). Figure 2(a) shows that
the film annealed at 300°C has a granular
surface with a uniform distribution of
grains and the mean grain dimensions are
smaller than 50 nm. Figure 2(b) indicates
that the surface morphology has been
slightly changed and exhibited a non-
uniform distribution of pore within grains
for the film annealed at 350°C. With
increasing temperature to 400°C, the
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micrograph of surface (Figure 2(c))
represents a denser structure with
homogeneously distributed fine grains
compared to lower temperatures.

At higher temperatures (>400°C), the
granular surface morphology is converted
to porous amorphous structure which is in
agreement with the result of XRD pattern.

The normal transmission spectra of the
nanostructured Cu-doped MnO, thin films
(S1, S2, S3 and S4) deposited on glass
substrates were recorded as a function of
wavelength (1) in the range of 250-800
nm. Figure 3 shows the normal
transmission spectra of Cu-doped MnO;
thin films

The transmittance spectra change with
increasing annealing temperature. It can be
attributed to the change of thickness of the
films and the scattering of incident light
from the surface of the films due to the
change of the grain size or an increase in
the disorder of crystalline structure (see
Figure 2).

The optical parameters such as complex
refractive  index, complex dielectric
function, optical band gap and thickness of
the films can be obtained from a single
transmission spectrum. The geometry
model for the prepared samples is
considered as air/ (thin) film/ (thick)
transparent substrate/air. The complex
refractive index N(E) consists of two parts,
n(E) and k(E). The real part, n(E), and
imaginary part, k(E), are usually named
refractive index and extinction coefficient,
respectively. The theoretical relations that
give the measured transmission spectrum
as a function of the wavelength (1) are
defined as below [39].

where di and x are thickness and the
absorbance of thin film, respectively. ng is
the refractive index of substrate and it is
considered a constant value. E is photon
energy. h is the Planck’s constant and C is
the velocity of light. The refractive index,
n(E), extinction coefficient, k(E), and
thickness of the Cu-doped MnO, films
were calculated from the measured
transmittance data by Forouhi-Bloomer

(FB) model [36] wusing Levenberg-
Marquardt optimization algorithm [40].

300 nm

Figure2. The FE-SEM images of Cu-doped
MnO; thin films annealed at different
temperatures (a) 300 °C, (b) 350°C, (c)
400 °C, (d) 450 °C.
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Figure3. Measured optical transmission
(Tmeas) @nd calculated transmission spectra
(Tcaic) of Cu-doped MnO;, thin films
annealed at 300, 350, 400 and 450 °C
temperatures.

The FB model describes the optical
constants of amorphous materials and
nano/micro-crystalline system based on
guantum mechanical considerations by
assuming electronic transitions between
the valence and conduction bands.

B Ax
B — Cx + Dx?
A =16n(n* +k?)

B =[(n+1)?+k*][(n+1)(n+n.*) + k]

C =[(n"*+k*-1)(n* +k*-n?) -
2k?(n.> +1)]2 cos ¢
_K[2(n? +K? =) (3)
+(n +1)(n* + k2 —1)]2sin ¢

D =[(n-1)% +k*][(n-1)(n—n.*) + k3]

4md
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In this model, both bands are parabolic
bands. The dispersion relations of the
refractive index, n(E) and extinction
coefficient, k(E) are given by [36, 41]:

In this model, A, Bi, and C; depend on
the electronic structure and describe the
shape of a given peak in the dispersion of

the extinction coefficient. Eq is the energy
band gap of the film. n(x) is the value of
the refractive index at infinite photon
energy and g corresponds to the number of
peaks in the spectrum of extinction
coefficient.

q
n(E)—n(m)+Z%
k

(E)= (ZEZ—BE SIEE)

2
Boi = Q'( -t EgBi —E§ +Cp) (4)

. Bi2
Coi = (%L(Eg +Ci)7—2EgCi

i
1
Qi :E\/A'Ci - B/

The quantities Bygi, Coi depend on A;, B,
and C;. The five parameters of this model
i.e. Aj, Bi, Ci, Eg and n() are applied to
determine the optical constants of the
crystalline and disordered semiconductor.
Therefore, the theoretical transmittance
spectrum (Tcac) can be obtained from
Equations. (3) and (4). The method in this
paper retrieves the optical constants (n(E),
k(E)) for nanostructured Cu-doped MnO,
thin films through an iteration process of
matching the calculated and measured
transmittance spectrum. Therefore, Sum-
Square-Error (SSE) is considered as the
objective function and is given as:

f(n(=),E,,A,B,,C,,d,)=

S
Z (Tmeas (l) _Tcalc (ﬂ,)) 2 ( )

where Tmeas and Tcac indicate the measured
and calculated transmittance spectrum,
respectively. The optimization process
looks for the proper values forfitting
parameters that minimize the objective
function.  Therefore, the calculated
transmittance is close to the measured
spectrum to full extent. A certain range is
defined for each parameter based on a
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prior knowledge of the physical properties
of the films. A dataset is made of the
values of the defined ranges for parameters
and considered as input data for the
optimization process. The minimization
process starts sweeping a thickness range
in two stages. First stage determines an
initial thickness and best fitting parameters
for second stage of minimization with the
smaller  thickness step size. For
confirmation of the applied process, the
thicknesses of two samples (S1 and S4)
were measured by Stylus profilometer
(Dektak) and compared to the calculated
thickness values. The calculated thickness
values represent differences of about 10,
and 15 nm with respect to measured
values. The results of the best fitting
parameters in Equation (5) and the sum of
squared differences between experimental
and theoretical transmission data (SSE) are
listed in Table 1. The simulated
transmission spectra using nonlinear least
square fitting procedure are shown in
Figure 3.

The refractive index (n) and extinction
coefficients (k) for all samples as a
function of the photon energy for different
annealing temperatures are shown in
Figure 4 (a) and (b). The refractive index
(Figure 4(a)) of the nanostructured Cu-
doped MnO, thin film decreases with
increasing annealing temperature from 300
(S1) to 350°C (S2) and then increases by
further increasing of annealing temperature
(from 350 (S2) to 400°C (S3)). With
increasing temperature to 450°C (S4), the
refractive index decreases.

It is attributed to the formation of dense
film at 300 °C and 400°C and the increase
of porosity and pore size of the films at
350°C and 450°C, which is in agreement
with the result of FE-SEM images. The
extinction coefficient dispersion (Figure
4(b)) is enhanced with increasing
annealing temperature in the energy range
of 2.5-3.5 eV, which is related to the
change of the crystalline structure of the
films and increasing of the scattering from
nanograins. The extinction coefficient k(E)

is related to «(E) as: a(E)=4r7k(E)/A [42].
The absorption coefficient can be written
as a function of the incident photon energy
as below [43]:

oE =a(E - Eg)" (6)
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Figure4. (a) Refractive index, n, and (b)
extinction coefficient, k, of Cu-doped
MnQO; thin films annealed at 300, 350, 400
and 450 °C temperatures. The inset of
figure (b) displays the extinction

coefficient in 1.75- 2.3 eV.

where a is a constant and m is an
exponent that depends on the nature of
transitions. The value of m is 0.5 for direct
allowed transition and 2 for indirect
allowed transition. The fitting parameters
for the optical band gaps i.e. E4 are listed
in Table 1. Equation (6) can be rewritten
as:

In(eE) =In(a) + mIn(E — E,)) (7
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The type of transition can be evaluated
from Equation (7) by determining the slope
of the plot of In(aE) versus In(E-E,).

The fitting parameters Ey or the optical
band gaps obtained from FB model were
substituted into Equation (7) so that the
type of transition can be determined. The
type of transitions was the indirect allowed
transition with values of m about 2.

In the Figure 5, the values of slope of the
linear fits ofIn(aE)versus In(E-E,)

confirm the indirect allowed transition for

MnQO;: Cu thin films. According to Table
1, as the annealing temperature increases
from 300 to 450°C, the optical band gaps
of the nanostructured MnO,: Cu thin films
(S1, S2, S3 and S4) vary from 1.86 to 1.98
eV. From Table 1, it is observed that with
increasing annealing temperature, the
optical band gap of the films increases and
exhibits nearly a 0.12 eV blue shift.

It is related to the reduction in grain size
and the change of Ilattice structure
(according to XRD result).
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Figure6. Real (&) and imaginary (&, ) parts of dielectric function of Cu-doped MnO; thin
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Figure7. The FTIR spectra of Cu-doped MnO; thin films annealed at (a) 300 °C, (b) 350 °C,

(c) 400 °C, (d) 450 °C.

Tablel. The fitting parameters of FB model for Cu-doped MnQ; thin films annealed at various

temperatures

;';tr':egte s1 s2 s3 s4
PAIERC™ | (300°C) | (350°C) | (400°C) | (450°C)
Eg(eV) | 1.86 1.88 1.91 1.98
A 0.822 0.896 | 0.975 0.902
B(eV) 3.70 3.817 | 3.96 4.55
C(eV) 4.33 4.69 4.92 6.03
n(co) 2.64 2.58 2.68 2.41
ds (nm) 64 64 60 60
SSE 0.0021 | 0.0044 | 0.0049 | 0.0025

The energy dependent complex dielectric
function (&(E)=¢&,(E)+ie,(E)) is related
to complex refractive index by &=N?,
where N(E)=n(E) +ik(E). Therefore, g
and ¢, are related to the real and

imaginary parts of the complex refractive
index by the following equations [42]:

g =n?+k? &, =2nk (8)
The real and imaginary part of dielectric

function for all samples was calculated
from Equation (8) and the results are

presented in Figure 6. It is observed that
the dispersion of & and &, have very

similar behavior to the results of n and k.

Figure 7 shows the FT-IR spectra of Cu-
doped MnQO; thin films deposited on glass
substrates and annealed at various
annealing temperatures. Several absorption
bands can be observed in the transmittance
spectra about 505, 611, 1157, 1638 and
2370 cm™. The absorption peaks around
505 and 611 cm™ are attributed to the Mn-
O vibrations in MnOg octahedral [44-46].
The small absorption peak at around 1157
cm™ and 1638 cm™ in the spectrum are the
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O-H bending vibrations combined with
Mn atoms [44-47}. The minor absorption
peak in 2343 cm™ and 2370 cm™ may be
attributed to alkyne groups [48]. A broad
absorption peak at about 3452 cm™ is
associated with the presence of the
hydroxide group stretching vibration (-OH
group) [47, 48]. From comparison of FTIR
spectra of figure 7(a)-(d), it can be inferred
that as the temperature is raised from
300°C to 450°C, the absorption peaks of
organic groups are decreased due to
extraction of organic residuals from the
thin films.

4. CONCLUSION

The MnO,: Cu thin films were prepared
by spin-coating technique on glass
substrates at 300, 350, 400 and 450 °C (S1,
S2, S3 and S4) annealing temperature with
doping level about 7 mol%. The XRD
patterns revealed that the S1 (annealed at
300°C) exhibited the orthorhombic phase
of MnO, (Ramsdellite) and cubic structure
of Cu,0.

REFERENCES

The XRD patterns of the other samples
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