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Abstract: Cu-doped Cr,05 thin films were deposited onto
glass substrate by the sol-gel dip-coating (SGDC) process
using dopant values of 0, 3, 6, 9 and 12%. The Chromium
(IIT) Nitrate Nonahydrate [Cr(NO3)3-9H,0] was used as a
Cr source, whilst for the dopant, the corresponding nitrate
(Cu(NOs),) was used. The crystal structure, as well as the
optical and electrical properties were examined. XRD data
showed that the films with a high degree of crystallinity
were rhombohedral Cr,03 phase. The crystallite size re-
duces with increase in Cu doping proportion. The AFM re-
sults indicate a decrease in the surface roughness of the
doped Cr,03: Cu thin films. The UV-Vis spectra of the Cu
doped-Cr,05 films showed high transparency in the visi-
ble region. The optical band gap of Cr,03 thin films de-
creases with increasing in Cu doping rate. The Nyquist plot
shows that the equivalent circuit of Cu doped-Cr,05 films
is a parallel circuit RyCp. As the concentration of Cu in-
creases, Resistance Rp regresses while capacitance Cp in-
creases.

Keywords: Chromium Oxide, Copper, Sol-gel Dip Coating,
thin films

1 Introduction

The world has known a huge technological revolution
supported by a great intellectual development, which
prompted all officials and researchers to look for the best
and search for the most appropriate among the various
materials. Among the sciences that have attracted a great
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deal of interest is the science of materials, especially nano-
materials, which have many uses. Like all metallic oxides,
chromium (III) oxide has been the subject of several re-
searches and studies either in nanopowder or in thin layer
due to its different and varied characteristics, in particular
its thermodynamic stability at high temperatures, chemi-
cal resistance, hardness [1], catalytic, medicinal [2] and an-
tiferromagnetic properties with a Curie temperature T in
the region of 305 to 315 K [3]. In addition, the chromium
(III) oxide in the form of thin films can exhibit a p or
n-type semiconductor behavior [4]. All these properties
make pure or doped chromium dioxide a highly stressed
functional material in several fields of applications such as
catalyst [5], solar absorber material for the collection of so-
lar energy [6, 7], protective coatings to deal with corrosion
and oxidation phenomena [8], air or liquid vibration sen-
sors [9, 10], green pigment [11], an interface tunnel junc-
tion barrier [12] and liquid crystal displays [2].

Cr,03 thin films have been prepared by a variety of
techniques, among which there can be mentioned mi-
crowave irradiation [13], Solvent Free Method [14], precipi-
tation [15, 16], photosynthesis method [17], solution based
chemical method [18], Green Synthesis [19], hydrothermal
method [20], thermal evaporation [21], solid thermal de-
composition [22], electron-beam evaporation [23], flame fu-
sion method [3] and sol - gel method [24]. Recently, the
sol—gel process has emerged as one of the best methods
for the synthesis of metal oxide materials with particu-
larly important properties [25]. This method allows, ac-
cording to some studies [26, 27], is a simple, inexpensive
and very practical method for the preparation of homo-
geneous, chemically stable, ultrafine and transparent op-
tical materials. Further modification of the properties of
chromium (III) oxide in particular in the form of thin lay-
ers by doping with metallic elements has often been so-
licited by researchers. It has been reported in the literature
that doping by copper can contribute to the improvement
of some properties, for instance: conductivity [28], photo-
catalytic activity [29] and optical properties [30].

The novelty of this work is to investigate the effect
of Cu incorporation on the structural, morphological, op-
tical and electrical properties of Cr,O5 thin films syn-
thesized by sol-gel dip coating technique. The synthe-
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sized materials were characterized by the following tech-
niques: X-ray powder diffraction (XRD), Infrared spec-
troscopy (IR), Ultraviolet—visible spectroscopy, impedance
spectroscopy.

2 Experimental Methods

2.1 Synthesis

The pure and Cu doped Cr,03 thin films were synthe-
sized and deposited on glass substrate via sol-gel dip
coating process using Chromium (II) Nitrate Nonahy-
drate [Cr(NO3)3-9H,0] and Copper(I) nitrate trihydrate
[Cu(NO3),-3H, 0] as starting precursor.

The specific preparation process (Figure 1) is:

3,76 g of Cr(NO3)3-9H,0 and 4,42 g of Sucrose were dis-
solved in 100 ml deionized water and kept in a continuous
state of stirring for 60 min to obtain the Undoped Cr,03
solution.

The solutions of dopant were prepared by dissolving
Cu(NO3),-3H,0 in 100 ml of deionized water and stirred
for 60 min.

Both solutions were mixed with magnetic stirrer for 60
min.

H.0
{100 ml)

Continuous stirring
(80 mn)

Continuous stirring
(60 mn)

-
Dopant
+
Continuous stirring Doped Cr,0;
(60 mn) (Sol)

Figure 1: Process for sol-gel synthesis of copper-doped Cr,03.

Undoped Cr,0,
(Sol)

The second step is to deposit the thin layers on glass
substrate. These substrates were well cleaned with ace-
tone, rinsed with distilled water and dried in an oven be-
fore being immersed in the solutions. The cleaned glass
substrates were immersed vertically in the solution and
then removed using the experimental set-up presented in
Figure 2. Then, these substrates will be introduced into a
furnace whose maximum temperature is fixed at 400°C for
eventual calcinations.
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Figure 2: Schematic of the experimental set-up used for the deposi-
tion of thin films.

2.1.1 Characterization

As mentioned in the objectives of this work, some char-
acterization techniques have been implemented to high-
light the properties of synthesized materials. For XRD
analyzes, Rigaku miniflex 600 with Cu-Ka line (A =
1.5406 A) was used to determine the nature and the size
of crystalline phases of Cr,05. The surface morphology of
films has been examined by scanning electron microscopy
(SEM) with Joel Jed-2300 and by atomic force microscopy
(AFM) using (Nanosurf C300). Absorbance measurements
were recorded using a UV-Visible spectrophotometer (Shi-
madzu 1650). The identification of functional groups of
thin films deposited on silicon substrates by infrared spec-
troscopy was measured using Shimadzu 1800 spectropho-
tometer. Finally the electrical properties were investigated
by impedance measurements realized on an Agilent 4284A
LCR-meter.

3 Results and Discussions

a) Structural characterization

The XRD patterns of all the materials of Cr,03 pure and
doped by copper at (3%, 6%, 9% and 12%) elaborated by
sol-gel dip-coating method are shown in Figure 3. The spec-
tra showed crystalline materials with 26 peaks lying at
24,42° (012), 33,54° (104), 36,54° (110), 41,46° (113), 50,12°
(024), 54,86° (116), 63,62° (214), 65,20° (300). All peaks
are identical to those corresponding to the Cr, 03 phase in-
dexed in the rhombohedral structure with an R-3c space
group, as described in the 0723533 JCPDS card [31, 32]. The
strong intensity of the peaks representing the preferential
orientation in the (104), (110) and (116) planes indicates
that thin films exhibit good crystallinity [33].
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Table 1: Crystallite size of pure and Cu-doped Cr,053.
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Undoped Cr,03 Cr,05:Cu (3%)

CI’203:CU (60/0) Cr203:Cu (90/0) CI’203:CU (12%)

Crystallite size (A) 112 288

269 217 198

=Cry03:Cu —CrZOJ:Cu[S%] ) OS:CU(S%) —Cry 03:Cu(9%] —Crzoa:Cu{lz%)

(113)

-~ (116)

122)
(214)
(300)
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Intensity (a.u.)
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Figure 3: XRD pattern of Undoped and Cu doped Cr,0s3 thin films.

Additionally, it is evident that no extra phases corre-
sponding to either copper or copper oxides were detected
from this technique. This means that the rhombohedral
chromium (III) oxide structure has not been modified by
the incorporation of copper and that the Cu*? ions have
been substituted in the Cr, 05 sites [34].

The average crystallite size, D of the undoped and Cu-
doped Cr,03 samples was estimated from the X-ray spec-
tra. D is the average of the values deduced from the three
most intense peaks (104), (110) and (116) using the follow-
ing Scherrer’s formula:

0,91
~ BCosH

where A is the wavelength of Cu-K radiation (A = 1.5405 A),

0 the diffraction angle and f the full width of the diffrac-
tion line measured at half of its maximum intensity, in ra-

dians.

As shown in the Table 1, the crystallite size of the films
first, increases and then decreases with increasing in Cu
concentration. This result can be justified by the enhanced
incorporation of Cu?* ions into the Cr>* sites of the host

Cr,03 lattice [35]. This decrease in grain size with the in-
crease in Cu concentration reflects degradation in the crys-
talline quality of the thin layers and consequently the in-

crease in grain boundary scattering [36].

The surface morphology of three samples (undoped
and doped at 3 and 9%) were analyzed by using SEM. From
images shown in Figure 4, it was found that the undoped

Figure 4: SEM micrographs of Cu-doped Cr, 03 films with (a) Cu=0
at.%, (b) Cu=3 at.%, (c) Cu=9 at.%.

Cr, 03 film had a surface more or less smooth. For the oth-
ers, it is clear that the surface morphology of the films
strongly depends on the Cu content [37], as long as these
films seem to have more porosity compared to the undoped
film.

Three-dimensional (3D) AFM images of Cu doped
chromium oxide thin films are presented in Figure 5. From
the AFM measurements, it appears that the surface mor-
phology predicts compact nanocrystalline structure [38].
It should also be noted that by the increasing of Cu dop-
ing concentration (Figure 6), the surface roughness is
decreased, which is attributed to the decrease of grain
size [39].

b) Optical properties

The optical transmittance spectra (Figure 7) were recorded
in the 290 - 900 nm spectral range for sol-gel undoped and
cu-doped Cr, 03 thin films grown on glass substrates with
different Cu doping concentrations (0, 3, 6, 9 and 12 at%,).
The films prepared with a doping rate of 0, 3 and 6% show
good optical transmittance with a transparency around
98%. This transmittance begins to decrease progressively
as the concentration of copper increases and a minimum
value of 90% is obtained for the film coated with 12 at%
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Table 2: Band gap energy of undoped and doped Cr,05thin films.

Undoped Cr,03 Cr,05:Cu (3%) Cr,03:Cu (6%) Cr,05:Cu (9%) Cr,05 :Cu (12%)
Eg (eV) 2,94 2,92 2,89 2,73 2,51
Z-Axis - Scan forward  Line fit 100 7
95 -
Cu(0%) s:l a0 |
; S g5 7/\\ —Undoped Cr203
£80 |\ —Cr203: Cu (3%)
5 €75 Cr203: Cu (6%)
g70 —Cr203: Cu (9%)
F65 - —Cr203: Cu (12%)
60 ‘ | : : ‘ :
LA - Sean forvard_Line LA - Sean forverd_Line 290 390 490 590 690 790 890
Cu(3%) Cu(6%) Wave length (nm)

Figure 7: Transmittance spectra of Undoped and Cu doped Cr,03
thin films.

Line fit 268nm
Line fit 110nm

Cu. This decrease in the transmittance can be related to
the increased scattering of photons by crystal defects by
doping [40].

In optical devices, band gap energy remains one of the
main characteristics of the synthesized materials, which
must be determined [41]. The optical band gap energy of
the materials was determined by means of the Tauc’s equa-
tion, which translates the relation between the absorption
coefficient (a) and the incident energy (hv). This relation
is given by the equation [42]:

Z-Axis - Scan forward _Line fit Z-Axis - Scan forward _Derived data

Cu(9%) Cu(12%)

Line fit 84,6nm
Derived data 429nm

(ahv)? = B(hv - Eg),

Figure 5: Three-dimensional AFM images of Cr, 03 thin films with

various Cu doping concentrations. where B is constant and has different values for different
transitions, hv is the photon energy and Eg is the optical
40 band gap energy. The variation of (ahv)? with photon en-
) ergy (hv) for all synthesized films is shown in Figure 8 and

f« 32 A the results are grouped in Table 2.
é From the results appearing on the Table 2, the value
EL 24 1 of the optical band gap energy (Eg) of the undoped sam-
< 16 - ple is found to be equal to 2,94 eV. This value is very close
§ to those cited by several authors [43]. For the doped thin
E 8 films, optical energy band gap goes on decreasing with in-
i creasing Cu content. This decrease can be related to the
0 T T T T T 1 average bond energy which is itself a function of the com-
0% 2% 4% 6% 8% 10% 12% | position and consequently to the doping content [44, 45].

Cu content (%)

Figure 6: Plot of RMS roughness vs. Cu content.
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Figure 8: Direct band gap of the Undoped and Cu doped Cr,0s3 thin
films.

¢) Infrared Spectrum Analysis

Figure 9 shows the FT-IR spectra of pure and copper doped
chromium (III) oxide thin films calcined at 400°C. It seems
clear that the spectra of all samples have the position of
the peaks at the same wavenumber confirming no change
in the structural bonding upon doping [46]. The absorp-
tion bands at wave numbers smaller than 800 cm™ are
related to M-O bands [47], which are the result from the
Cr-O stretching modes, which confirms the formation of
crystalline chromium (III) oxide [48]. This result is consis-
tent with those obtained by other researchers [49], who
estimate that metal oxide Cr,03 generally reveal absorp-
tion bands below 1000 cm™! due to inter-atomic vibrations.
The peak that appears around 2350 cm™ ! is due to vO=C=0
present in the air adsorbed during preparation [13].

50 4

Undoped Cr,0,
Cr,0,: Cu (3%)
Cr,0, : Cu (6%)
Cr,0, : Cu (9%)
Cr,0, : Cu (12%)

40 4

304

20

Transmittance (%)

10

0 900 1800 2700 3600 4500

1

Wavenumber cm™')

Figure 9: Infrared Spectrum of undoped and doped Cr, 05 thin films.
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d) Impedance spectra

Figure 10 is the Nyquist representation of the undoped
Cr,05 thin films and doped with copper whose frequency
varies from 75 KHz to 30 MHz at ambient temperature
(20°C). The various processes taking place at the electrode
/ electrolyte interface can be modeled by the construction
of an equivalent electrical circuit. The physical logic of the
system indicates that concurrent processes are connected
in parallel. This figure is characteristic of a parallel RC cir-
cuit, where C, is the capacitance and Ry, is its resistance.
Two conduction mechanisms are present at the same time,
conduction through grains and conduction through grain
boundaries [50]. In addition, the size of the grains is re-
duced under the effect of doping, which introduces more
joints in the samples, which will make the effect of the
grain boundaries in the samples more dominant than the
contribution of the grains [51].

+ Undoped CrpO3

50 4 Cry03: Cu (3%)
n Crp03: Cu (6%)
40 + Cra03 : Cu (9%)
+ Cr03 @ Cu(12%)
204
= S\
E
& 4
N ‘;‘:.
10 iﬁ
1\ A
0- \ ! 4
L) L) L} L) 1
0 2 40 ) 80 100
Z (Ohm)

Figure 10: Nyquist plots of of undoped and doped Cr, 05 thin films.

The capacity of chromium oxide films in the different
samples was determined by means of the following equa-
tion:

1

Cp - znfmaxRP,

where f,,,,, is the maximum frequency.

The graphical illustration (Figure 11) of the results
grouped in Table 3 shows that the resistance Rp decreases
with the increase in the doping rate and reaches the value
of 12.8 Q for a doping rate of 12%, while the capacity Cp
increases to a value of 24.2 nF for the same doping rate.
The variation in capacity can be ascribed to the formation
of oxygen vacancies caused by the substitution of Cr>* by
Cu?* ions at the surface of the grains [52].
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Table 3: Variation of resistance and capacity of undoped and doped
Cr,03 thin films.

f (KHz) R (Q) C(nF)
Undoped Cr,03 485 87 3.77
Cu-doped Cr,03 (3%) 490 85.5 3.79
Cu-doped Cr,03 (6%) 515 50.2 6.15
Cu-doped Cr,03 (9%) 505 16 19.7
Cu-doped Cr,03 (12%) 515 12.8 24.2
100 T
- Rp(Ohm) L 25
od N\ |- C,(nF)
L 20
604
E 15 _g)
=3 s
o 40 L10 =
204 |
. / — 5

— T T T T 0
7 8 9 10 11 12 13
Doping (%)

1 0 1 2 3 4 5 6

Figure 11: Variation of resistance and capacity of undoped and
doped Cr, 03 thin films.

4 Conclusions

Cu: Cr, 03 thin films are successfully deposited on glass
substrates by sol-gel dip coating method starting from
Chromium (III) Nitrate Nonahydrate and Copper (II) ni-
trate trihydrate. The effect of copper doping on structural,
optical and electrical properties has been studied. The
results of X-ray diffraction study show that the rhombo-
hedral structure of the crystal structure of Cr,03 is pre-
served; on the other hand, the average crystallite size
has undergone some changes. The deposits were uniform
with a more or less smooth surface morphology. The sur-
face roughness, as quantified by atomic force microscopy
(AFM), was found to decrease with increasing Cu content.
Doping Cr,05 thin films with Cu resulted in an improve-
ment of their transparency in the visible range and a re-
duction of optical band gap energy, which shift from 2.94
to 2.51 eV. IR spectra revealed the formation of Cr,03 by
the appearance of the peak related to the Cr-O stretch-
ing modes. Finally, the results of impedance spectroscopy
study show that the dissolution of the copper ions in the
chromium oxide lattice has created oxygen point defects
which control the degree of densification of the films.
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