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Abstract

Electrodeposition technique is employed to prepare cuprous oxide (Cu,O) thin film on fluorine-doped tin oxide (FTO)
conducting glass substrate through the reduction of copper lactate in alkaline solution at pH = 12.25. Structural, optical and
dielectric properties of the prepared film is investigated by means of scanning electron microscopy (SEM), energy-disper-
sive X-ray spectroscopy (EDS), X-ray diffraction (XRD), UV—Visible absorbance, photoluminescence (PL) and broadband
dielectric spectroscopy (BDS). The structural means (XRD, SEM and EDS) revealed the formation of self-assembled cubic
microstructure of Cu,O with average grain size of around 1.5 gm. The UV-Vis absorbance spectrum gives optical band gap
of 2.05 eV. The PL spectrums confirmed the presence of defect centers ascribed to various forms of oxygen (V(1)+, Vf;“) and
copper (Vé:) vacancies which are responsible for the conduction in the Cu,O film. The conduction mechanism in the Cu,O
film is successfully described by the correlated barrier hopping (CBH) model in which bipolaron hopping become promi-
nent. The density of defect states N, the effective barrier height W and the hopping distance R, are also calculated based
on the CBH model. Two dielectric relaxation processes (3, and f3,) with Arrhenius temperature dependence and activation
energies of 0.31 and 0.48 eV are observed. The fast ,-relaxation process with activation energy of 0.48 eV is attributed to
the Maxwell-Wagner-Sillars (MWS) polarization while the slow j3,-relaxation process with activation energy of 0.31 eV is
due to the hopping of the oxygen and copper vacancies.

1 Introduction

Cuprous oxide (Cu,0) is a p-type semiconductor with direct
energy band gap of 2.2 eV at room temperature [1]. Its elec-
trical conductivity owed to the presence of copper vacancies
Vgu. It has been the subject of numerous experimental and
theoretical studies, but still its atomic and electronic struc-
tures continue to puzzle the researchers. It is nontoxic, low
cost and has abundant source materials. Cu,O has gained a
renewed interest for several technological applications as
chemical industry [2], biosensors [3] lithium ion batteries [4,
5] photo catalysis [6], photoluminescence [7], optoelectronic
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[8], gas sensors [9] and the fabrication of high efficiency
solar cells [10-12].

Amongst a variety of synthesis methods available
[13-24], none possesses the simplicity of Cu,O electro-
deposition which was first developed by Stareck [25]. This
method is essentially a careful cathodic reduction of an
alkaline solution of a cupric complex salt to form thin and
uniform films of Cu,O [26, 27]. It remains a more applicable
procedure due to its simplicity, versatility, cost-effectiveness,
controllability, direct control of film thickness and carried
out at ambient pressures and temperatures.

Extensive theoretical and experimental studies of the
optical properties and electronic structure of Cu,O have been
performed, including Auger electron spectroscopy [28],
photoelectron spectroscopy (PES) [29, 30], optical adsorp-
tion and photoluminescence spectroscopy [31, 32], Infrared
and Raman spectroscopy [33], neutron scattering [34, 35],
local and semi-local functionals of density functional theory
(DFT) based calculations, Hartree—Fock calculations and
hybrid exchange formalism [36, 37].

The morphologies, shape of the crystals and crystal ori-
entation of the Cu,O can be controlled by adjusting the pH,
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amount of additives, temperature and type of substrates [38,
39]. Recent study by Das et al. [39] showed that the large
grained Cu,0 thin film with reduced grain boundary cross-
section leads to a significant enhancement in the photocur-
rent up to 30%. Large grained CdTe and perovskite based
solar cells have also demonstrated high performance due to
exhibiting excellent charge carrier mobility [40, 41].

The type of substrate can strongly influence the film
structure, morphology and optical properties. It has shown
that electrodeposited Cu,O films on silicon, indium tin
oxide (ITO), gold and FTO substrates demonstrate differ-
ent structural, optical and growth dynamics [42, 43]. More
recently, the impact of temperature, pH and deposition time
on the structure of Cu,O thin films has been reported [44]
and found that the increase of pH leads to a change in the
orientation of the (111) plane to (200) plane.

Investigating photoluminescence (PL) properties of
semiconductors is of fundamental importance to understand
relaxation processes of excited states out of equilibrium.
The PL spectra of photo-excited Cu,O at 3.05 eV have been
recently reported [45] and found three features related to the
blue, violet and yellow excitons.

Defects at the grain boundaries in addition to the inter-
facial effect have a significant influence on the electrical
properties of thin film semiconductors. Dielectric relaxa-
tion spectroscopy is an extraordinary powerful tool for the
investigation of the nature of defect centers by measuring
the dielectric response over an extremely broad temperature
(=160 to 250 °C) and frequency range (3pHz to 10 MHz)
[46]. Few researchers have studied the dielectric properties
of copper oxide, even though the AC-conduction mechanism
is still lacking [47-51]. Sarker et al. have reported high die-
lectric permittivity in the lead-free polycrystalline CuO [48].
Moreover, Deepthi et al. [49] and Koshy et al. [47] have
investigated the conduction mechanism of CuO nanostruc-
ture based on the CBH model. The conduction mechanism
related to short and long range hopping of charge carriers
was also reported for the electrodeposited Cu,0/ZnO het-
erojunction on flexible ITO substrates [52].

In the present study, electrodeposition technique is
employed to prepare thin film of Cu,O deposited on FTO
substrate at pH value of 12.25. The structural and optical
investigations of the prepared film are conducted by X-ray
diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS) and photolu-
minescence (PL) while broadband dielectric spectroscopy
(BDS) is used to explore the relaxation rates and conduc-
tivity in wide frequency (0.1 to 20 MHz) and temperature
(153 to 393 K) ranges. The analysis of the dielectric spectra
with the Havriliak—Negami (HN) model demonstrates two
relaxation processes with Arrhenius temperature dependence
and activation energies of 0.31 and 0.48 eV. The conductiv-
ity measurement reveals that the correlated barrier hopping

(CBH) is the dominant conduction mechanism in the Cu,O
film. The PL spectrum confirms the presence of defect cent-
ers, which are responsible for the conduction in the Cu,O
film.

2 Experimental
2.1 Synthesis of Cu,O0 thin film

Three-electrode setup was used for the electrodeposition of
Cu,O thin film. It consists of platinum wire as a counter
electrode; Ag/AgCl as a reference electrode and fluorine
doped tin oxide (FTO) coated glass substrate with size of
1 x2 cm? as a working electrode. Cleaning of substrates was
done by successive sonication for 10 min in isopropanol,
acetone and then with deionized water. Finally, the cleaned
substrates were dried in vacuum oven at 110 °C for about
30 min. The Cu,O thin film was electrodeposited on FTO
coated glass substrate using electrolyte solution consisting
of 0.4 mol copper sulfate anhydrous (CuSO,4, 99.5%, BDH)
and 3 mol lactic acid (C3H¢O3, 90%, AppliChem). The tem-
perature of the electrolyte was fixed at 60 °C. The electro-
lyte solution was regulated at pH =12.25 by adding 4 mol
sodium hydroxide (NaOH, 99%, Oxford). Electrochemical
deposition was carried out potentiostatically at applied volt-
age of —0.4 V between the working electrodes versus the
Ag/AgCl reference electrode using the Bio-LogicSb-50
potentiostat. The deposition time was 30 min. As a final
step, the deposited film was cleaned by deionized water and
then dried with air flow.

The film thickness of the prepared film was determined
by employing cross section observation by scanning electron
microscopy (SEM). The side view of a cleaved Cu,O film
(Fig. 2b) show a film thickness of about 2.5 ym.

2.2 Characterization of Cu,0 thin film

Scanning electron microscope (SEM) (JEOL-6700F) at oper-
ating voltage of 5 kV was employed to investigate the surface
morphology of the Cu,O thin film. SEM-coupled energy-
dispersive X-ray spectroscopy (EDS) technique for elemental
analysis was performed at the same operating voltage. X-ray
diffraction (XRD) analysis was measured using XRD-6000
Shimadzu diffractometer operating at 40 kV tube voltage and
30 mA current to generate Cu-K,; radiation with a wavelength
of 1.54 A. The measurements were recorded in the 20 geome-
try between 10 to 60°. Absorption spectra in UV—Visible were
recorded by a Jasco Co.V 630 double beam spectrophotometer
at room temperature in a spectral range of 300 to 1100 nm. The
photoluminescence (PL) spectra of the Cu,O film were meas-
ured in the temperature range from 14 to 300 K using closed
cycle Helium cryogenic. The film was excited by 325 nm
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line of a He—Cd laser (Kimmon, IK5652R-G) resolved with
a 320 mm monochromator (HORIBA, iHR320) and detected
by a CCD (HORIBA, Symphony II) detector over a scanning
range of 350 to 1000 nm.

2.3 Dielectric spectroscopy (DS)

Dielectric measurements were carried out using a Novocontrol
BDS system composed of a broadband dielectric converter
and a frequency response analyzer (Solartron Schlumberger
FRA 1260). The measurements were performed in a frequency
range of 1 x 107! to 2x 107 Hz and a temperatures range of
153 to 393 K. The sample temperatures were controlled in
a nitrogen jet using a Quatro controller with stability better
than 0.1 K.

A thin aluminum foil (thickness ~800 nm) with a diam-
eter of 6 mm was used to form the top electrode for the Al/
Cu,O/FTO sandwich structure. The Cu,O film thickness
was ~2.5 ym. The complex dielectric permittivity (e* =&’ —ie",
where ¢’ and ¢” are the dielectric constant and dielectric loss,
respectively) is frequency @ and temperature T dependence.
The Havriliak—-Negami (HN) function including the conduc-
tivity term (oy/ieqw, o is the DC-conductivity and & is the
permittivity of free space) (Eq. 1) was used to analyze the
dielectric relaxation processes in wide frequency and tempera-
ture range [46].

ASj oy

e (w)=¢e4, + Z

+ -
71+ (jozy) " e M

where €, is the permittivity at high frequency, 7y is the HN
relaxation time and Ae =gc-¢_ is the dielectric relaxation
strength with e, = lim ¢'(w)ande,, = lim €' (w). The
wr<<l wr>>1

shape parameters @ and y (0<a, ay<1) in Eq. (1) describe
the symmetrical and asymmetrical broadening of the com-
plex dielectric function &*.

The fitting parameters (a,y and 7yyy) obtained from Eq. (1)
were used to calculate the relaxation time at maximum loss,

Tmax> analytically as follows:
-1/ a
sin < = >
242y
Tmax = TN T~ @
sin< axie >
242y

The values of 7, follow the Arrhenius temperature
dependence given in Eq. (3).

E
Tmax = 7o €XP <kB_T> 3)

where 7, is the relaxation time at high temperature, E is the
activation energy and kg is the Boltzmann constant.
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The complex functions of conductivity o* (@) and electric
modulus M (w) are related to the complex dielectric function
&*(w) through the following relations [46].

c*(w) = ¢’ +ic" = iweye* (w) 4)

8/ E”

+i
€2 4 "2 €2 4 g2

M*(w) = L _ M +iM" =
£*(w)

®)
where ¢’ and M’ are the real parts of conductivity and elec-
tric modulus, respectively, while 6” and M” are the imagi-
nary parts. The electric modulus was proposed as an analogy
to the mechanical modulus in the viscoelastic relaxation of
polymers [53]. Sometimes, the large values of the dielectric
constant ¢ and dielectric loss ¢” overwhelm the relaxation
peaks which makes the deconvolution a very difficult task.
This problem is completely eliminated in the electric mod-
ulus representation. The Havriliak—Negami (HN) function
for the corresponding complex electric modulus is given by
[46].

AM
[1 + <_i(COTHN—M)_1>a]y ©

where AM = M, — M, is the electric modulus strength with
M,=1/e;and M = 1/e,

Herein, the relaxation times and shape parameters are
extracted from both e* and M* representations.

M; () = M, +

3 Results and discussion
3.1 Structure and morphology

Crystal structure of the as-prepared Cu,O thin films was
characterized by X-ray diffraction (XRD) measurements at
ambient temperature as shown in Fig. 1 left. The diffrac-
tion peaks with asterisks originate from the FTO conduc-
tive glass substrate while sharp reflection peaks located at
20=29.57°,36.45° and 42.33° represent the (110), (111) and
(200) planes of Cu,O, respectively. The XRD measurements
revealed the formation of self-assembled cubic polycrystal-
line Cu,O microstructure with a preferential orientation
(111) in accordance with (ICDD PDF No. 01-071-3645).

It means that the nanostructures grow strongly in the per-
pendicular direction to the face (111). There is no diffrac-
tion peaks in the XRD spectrum related to the Cu or CuO
confirming that the deposited film at the selected optimum
conditions is a single phase cuprous oxide (Cu,0O). The aver-
age crystal size d of Cu,O was calculated from XRD patterns
using Debye—Scherrer formula [54]:

_ 094
- pcosé 0
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Fig. 1 XRD diffraction pattern (left) and EDS spectra (right) of Cu,O
thin film electrodeposited on FTO substrate at room temperature. The
XRD peaks marked with asterisks (¥) refers to FTO substrate while

where 1 (=1.54056 A) is the wavelength of the X-ray radia-
tion, f is the full width at half maximum height (FWHM)
of the diffraction peak in radians and 0.9 is the Scherrer
constant for cubic symmetry. The peak position and FWHMs
were determined by fitting the XRD spectrum with Gaussian
distribution. The average crystal size calculated from the
dominant (111) diffraction peak is about 12 nm in excellent
agreement with previously reported data for electrodepos-
ited Cu,O on different substrates at pH 10 [42]. The density
of dislocation & (= 1/D?)is a parameter that gives informa-
tion about the quality of crystallization as well as the crystal
defects. The smaller dislocation density is the better crystal-
lization of thin film. The calculated value of ¢ for Cu,O thin
film is about 6.94 x 10~ nm~2. This smaller value indicates
that the Cu,O film has improved quality of crystallization.

SUS000 5.0kV 4.9mm x20.0k SE(L)

the reflection peaks located at 20 of 29.57°, 36.45° and 42.33° are
related to Cu,O (ICDD PDF No. 01-071-3645). The weight percent-
age for Cu and O from EDS are 91% and 9%, respectively

The surface morphology of Cu,O thin film is analyzed
with scanning electron microscopy (SEM) and the image is
shown in Fig. 2 left.

As clearly seen in the image, the p-Cu,O grains are
formed in a 3-sided pyramidal shape in the (111) growth
direction on the FTO substrate. This means that at specific
conditions of film preparation, the surface morphology is
strongly linked with crystal surface. The number of hydroxyl
ions is higher in the (111) orientation and hence greater con-
centration of oxygen atoms is available to form three-faced
pyramidal crystallite in (111) preferred orientation. Wang
et al. [55], reported similar behavior for electrodeposited
Cu,0 films prepared at different pH values. They observed
that when the pH values is above ~10.2, the (111) orienta-
tion with a three-faced pyramid grains becomes dominant.

Fig.2 Top view (left) and side view (right) SEM images of electrodeposited Cu,O thin film on FTO substrate. Scale bar of top view and side

view SEM images are 2 and 5 um, respectively
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They ascribed their findings to the increase of the concentra-
tion of oxygen atoms per unit area with increasing pH.

The average grain size obtained from SEM image is
around 1.5 um which is bigger than the calculated size from
XRD. The difference in grain size may be due to the fact that
the particles observed in SEM measurement contain multi-
domains within the particle which is not the case in XRD
measurement which reflects the crystalline domain size. In
previous study [42], the structure and surface morphologies
of Cu,0 films grown on different substrates at pH 10 were
analyzed with XRD and SEM techniques and found that
the grains of pyramidal shape corresponding to the (111)
growth direction with an ITO substrate show average grain
size of ~2 um which is larger than that the XRD estimated
size (~ 12 nm).

Elemental analysis of Cu,O thin film is investigated by
energy dispersive X-ray (EDS) to estimate the type and rela-
tive abundance of chemical elements present in the sample.

Figure 1 right shows EDS measurement for the as-pre-
pared Cu,O film taken at acceleration voltage of 30 kV.
EDS results revealed the presence of copper and oxygen
with relative ratios of 91% and 9%, respectively, which cor-
respond to quasi-stoichiometric Cu,O formed when exposed
to air. These ratios are consistent with the expected theo-
retical percentage of Cu (88.81%) and O (11.18%) in Cu,0.
Similar results were reported for electrodeposited crystalline
Cu,0 films with relative ratios of 88% for copper versus
12% for oxygen [56]. Overall, the (EDS) results confirm
that the grown Cu,O thin films are composed of copper and
oxygen only.

3.2 Optical properties

The absorbance spectrum of Cu,O thin films is shown in
Fig. 3a.

Significant increase in absorbance is evident at wave-
lengths lower than 640 nm due to excitation and migration
of electrons from the valence band to the conduction band.
The appearance of the broad feature at about 700 nm in the
absorption spectrum could possibly be due to the inter-band
electron transition between the valence band and the conduc-
tion band. The optical band gap (E,) of Cu,O thin film can
be determined based on the Beer—Lambert’s law [57] (Eq. 8)
and the model proposed by Tauc [58] (Eq. 9).

I=1lye™ @®)

(ahv)'/" = A(hv - E,) ©)

where I, and [ are the incident and transmitted light inten-
sity, ¢ is the film thickness, a is the absorption coefficient,
hv is the photon energy and A is the band tailing parameter.
Based on the nature of electronic transition responsible for
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Fig.3 a UV-Vis. absorbance spectra of electrodeposited Cu,O thin
film on FTO substrate. Inset: variation of In («) with hv and the
straight line represents the best fit from which the Urbach constant is
obtained. b Corresponding plot of (ahv)? against hv. The x-intercept
at (ahv)*>=0 of the line of best fit of the linear part of this graph gives
the optical band gap, E,

the absorption, the index n can have values of 1/2, 1/3, 2/3
and 2. It is found that n=1/2 is the best fit for our results
and is a characteristic of the direct allowed transition; which
indicates that electrodeposited Cu,O has a direct band gap.
The x-axis intercept of the line of the best fit of the linear
part of (ahv)? against hv at (ahv)*=0 gives the Cu,O band
gap of about 2.05 eV in excellent agreement with previously
reported data by a number of authors [38, 42, 43] (Fig. 3b).

The Urbach energy (E,) is defined as the energy width of
the absorption edge and it is related to the absorption coef-
ficient (a) by the following relation [59].

a(v) = Bexp <@> (10)
Ell

where B is the low energy limit of absorption coefficient.
By plotting the natural logarithm of a (Ina) as a function of
photon energy (hv) (inset of Fig. 3a), one can determine the
value of the Urbach energy by taking the slope at the linear
region of the curve. The calculated value of E is 0.69 eV
which is comparable to the recently published work by
Bouderbala et al. [43].

The refractive index (n) and the optical energy gap (E,)
are interrelated through a formula proposed by Dimitrov and
Sakka [60].

2 _ E
il S it 11
2+ 2 20

Based on this relation, the refractive index of Cu,O film is
calculated and gives 2.71 in excellent agreement with most
recently published results [43, 61].
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Figure 4a shows the photoluminescence spectra of Cu,O
thin film measured in the temperature range 14-290 K.
Three photoluminescence bands labeled as A, B and C is
observed at photon energies of 1.47 eV (1~843 nm), 1.72 eV
(A~721 nm) and 1.82 eV (1~680 nm), respectively. These
bands are related to the recombination of bound excitons
to copper vacancies (Vé:) (band A), single charged oxygen
vacancies (Vé+) (band B) and double charged oxygen vacan-
cies (V2") (band C).

These assignments are consistent with the previously
reported data in the literature considering that the exact
peak positions and its relative intensities are strongly depend
on the used growth process as well as sample preparation
[62—64]. Furthermore, the luminescent intensities for the
three bands decrease exponentially with increasing tempera-
ture but in different reduction rates (Fig. 4b). For instance,
the two luminescent bands related to the presence of oxygen
vacancies demonstrate fast reduction rate in intensity with
increasing temperature than that of the band due to the cop-
per vacancies. The decrease in intensity of the absorption
peak with increasing temperature is directly correlated with
the reduction in the donor concentration (oxygen vacancies)
and the formation of copper precipitates in the crystal [62].
The temperature dependence of the integrated intensity /(7)
of PL bands (Fig. 4b) can be well described by the following
relation [65].

I(T) = lo

12)

I+ aexp (—%)

where a and Ejp,; are the rate parameter and activation energy,
respectively. Equation (12) is used to fit the integrated inten-
sity data for the bands located at A ~721 nm (V(l;r), 680 nm
(Vg+) and 843 nm (Vé:) and the fitting parameters are com-
piled in Table 1.

The activation energies corresponding to the diffusion
of oxygen vacancies were found to be 12.7 (V(1)+) and 13.95
(V(Z;’) meV with pre-exponential factors of 41.5 and 61.7,
respectively. The small difference in activation energies

Fig.4 a Photoluminescence

Table1 I, @ and Ep; parameters obtained from the fitting of PL inte-
grated intensity data (Fig. 4b) with Eq. (12) for Cu,O thin film

PL-band Iy a Epp (meV)
A (~1.47eV) (A~843 nm) 1433 85.3 48.4

B (~1.72eV) (A~721 nm) 2622 41.5 12.7

C (~1.82¢eV) (4~680 nm) 3481 61.7 13.95

confirm that the defects responsible for the two bands at 1.72
and 1.82 eV are of the same origin but in different forms.
On the other hand, the copper vacancies were found to dif-
fuse with activation energy of 48.4 meV and pre-exponential
factor of 85.3. This is approximately four times the values
associated with the Vgr and Vg+ defects. This might be due
to the fact that the activation energy for copper vacancies
might contain both the enthalpy of migration in addition to
enthalpy for forming defect centers. Therefore, the activa-
tion energies obtained for oxygen vacancies is probably due
to the migration enthalpy only. Moore and Selikson [66]
have measured the diffusion of radiocopper in cuprous oxide
stripes and found that the copper vacancies diffuse with acti-
vation energy twice that observed for the oxygen vacancies.
Goldstein et al. [67] have developed a defect transport model
to figure out the diffusion coefficient and activation energies
of single charged copper vacancies in Cu,O. They found that
the copper vacancies diffuse in Cu,O with activation energy
of 0.56 eV which is consistence with our results.

3.3 Dielectric spectroscopy

The real part of AC-conductivity (¢') versus frequency at
different temperatures is shown in Fig. Sa.

It is evident from the figure that the conductivity of
Cu,0 is frequency and temperature dependent. Two fre-
quency regions are distinguished: (i) the low frequency
region in which the conductivity is frequency independent
and DC contribution dominates and (ii) the high frequency
region in which the conductivity increases monotonically
with increasing frequency with apparent change in slope.

(PL) spectra of Cu,O thin film 2000+
measured in the temperature -
range from 14 to 290 K. b The S 15004
integrated PL peak intensity as 8
a function of 1000/T. The solid >
lines in (b) represent the fitting "5 1000+
according to Eq. (12) c
9 500
£
0+ . .
600 700 800
A (nm)

1000 0 25 50 75
1000/T (K")

900
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Fig.5 a Frequency dependence of o' at different temperatures
(153-393 K) for Cu,O thin film. b Temperature dependence of opc
extracted from the extrapolation of ¢’ curves (Fig. 5a) to lower fre-
quencies (f—0). The solid line represents the fitting according to
Arrhenius Eq. (14)

Transition from the low to high frequency regions occurs
at critical frequency called the hopping frequency (o)
that shifts to higher frequencies with increasing tempera-
ture. The change in behavior in ¢'(w) from plane to rapidly
rising may be related to a change in the hopping behavior
of charge carriers from long range to short range [68]. The
whole behavior can be described by the universal power
law proposed by Jonscher [69].

o' (w) = opc + Ad’ (13)
where op is the DC-conductivity, A and s are constants that
depends on temperature. The frequency exponent s generally
lies between zero and one.

Extrapolating the conductivity curves (Fig. 5a) to lower
frequencies (f— 0) enables us to extract the DC-conduc-
tivity (opc) values for each temperature. Figure 5b shows
the relation between o and 1000/7, where T is the abso-
lute temperature. As clearly seen in the figure, the opc
follows the Arrhenius temperature dependence [70].

E
Opc = 0y €Xp <_kB_T> (14)

with a single activation energy E=0.3+0.01 eV and pre-
exponential factor (representing op at infinite temperature)
0p= 7x107* S cm™!. This value is typical for bulk semicon-
ductors and it is related to a single acceptor type impurities
(p-type) as reported by Weichman et al. [71]. The p-type
conduction mechanism in Cu,O was investigated by Nolan
and Elliot [72] using plane wave density functional theory
(DFT) and DFT-U. They found that the holes formed due to
the removal of copper atoms are responsible to the p-type
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(153-393 K) for Cu,O thin film. b Frequency dependence of the
product fe” at selected temperatures. Inset is the temperature depend-
ence of the frequency exponent s and the A constant. The solid line in
the inset represents the fitting of s values with the CBH model

conduction properties and the formation energy of a Cu
vacancy was found to be in the order of 0.4—1.7 eV.

Frequency dependence of the dielectric constant (&')
at different temperatures is depicted in Fig. 6a. The die-
lectric constant &’ shows both frequency and tempera-
ture dependence. It decreases with increasing frequency
while it increases with increase in temperature. The rapid
increase of ¢’ at very low frequencies is attributed to the
build-ups of charge carriers at the Cu,O grain boundaries.
This phenomenon is known as the Maxwell-Wagner effect
[46]. At higher frequencies, &' approaches a constant value
because dipoles cannot follow the rapid variation of the
alternating electric filed.

To investigate the frequency dependent dielectric
response caused by hopping charge carriers, the Jonscher’s
power law can be expressed by the following relation [52,
091,

_ tan (sz/ 2)0'0(T)fs(T)—l — AP a5)

£I
€0

where fis the applied frequency. Figure 6b shows the prod-
uct fe'as a function of frequency in a log—log plot at selected
temperatures. The values of A constant and frequency expo-
nent s are obtained from the fitting of fe¢’ data with Jonscher’s
power law given in Eq. (15). The results are presented in the
inset of Fig. 6b as a function of temperature. With increasing
temperature, the s values decreases from 1 to 0.9 while logA
increases from 0.69 to 1.39.

The electrical conduction mechanism in different
materials can be explored from the temperature and fre-
quency dependent of the frequency exponents. Different
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theoretical models as quantum mechanical tunneling
(QMT), classical hopping over barrier (HOB) and the
correlated barrier hopping (CBH) were proposed to cor-
relate the conduction mechanism of AC-conductivity
with the frequency exponent s in amorphous semiconduc-
tors [73-75]. In our system, the s values follow the same
temperature dependent as that of the CBH model. In this
model, two electrons or holes simultaneously hop over
potential barrier between two charged defect states (D,
D7). The overlapping of the Coulomb well of the neigh-
boring sites separated by distance R, results in the low-
ering of the effective barrier height from Wy, to W [75].

n€2

W=Wy - 16)

we'eyR,,
where Wy, R, e and n are the maximum barrier height, the
intersite separation (hopping distance), the electronic charge
and the number of electrons participating in the hoping pro-
cess, respectively. n=1 for single polaron hopping and 2 for
bipolaron hopping. The frequency exponent s in the CBH
model is given by [75].

6k, T

1
WM—kBT1n<w—TO>

s=1- a7

where ky is the Boltzmann constant and 7, is the characteris-
tic relaxation time. The frequency exponent s in the inset of
Fig. 6b is fitted with Eq. (17) to get W), and 7, at fixed value
of frequency @ (=6.2x 10’ Hz). The fitting looks reason-
ably good over the temperature range under consideration
and gives values of 2.58 +0.03 eV for Wy, and 10™" s for
7. The value of Wy, can be associated with the maximum
barrier height for bipolaron CBH as reported by a number
of authors [47, 49, 76]. That means hopping between posi-
tive and negative defect centers vy, Va) are responsible
for the bipolaron conduction mechanism in Cu,O. The best
fitted values of W), and 7, are used to calculate the effective
barrier height W (=kzT In(1/wz,)) and the hopping distance
between two neighboring sites R at different frequencies
according to Eq. (18).

2¢?
ns’eO[WM—kBTln<L>] (18

[oX

R =

(0]

The temperature dependence of R at different frequen-
cies is depicted in Fig. 7a.

It can be seen that R, is both temperature- and frequency-
dependent. As the temperature increases, R, decreases and
as the frequency increases, R is increasing as predicted
from Eq. (18). As a matter of fact, the increasing tempera-
ture tends to the overlapping of the Coulomb potential
wells of the neighboring sites which leads to the lowering
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Fig.7 Temperature dependence of the hopping distance R, at
selected frequencies (a) and the charge carrier density N at frequency
of 10 Hz (b) of Cu,O thin film. R, and N are calculated based on
Egs. (18) and (19), respectively. The solid line on (b) represents the
fitting according to Eq. (20). The inset of (b) is the effective barrier
height (W) calculated at different frequencies

of the intersite separation distance (R,). On the other hand,
increasing frequency will accelerate the rate of jumping of
the bipolarons over the potential wells. The effective barrier
height W (inset of Fig. 7b) has completely opposite trend to
R,. It increases with increasing temperature and decrease
with increasing frequency. A possible explanation for such
behavior is that, as the temperature increases more electrons
are thermally activated and have enough energy to overcome
the potential barrier and as a result the effective barrier
height W appears to increase with increasing temperature.
Similar behavior was reported by Gupta et al. for Cu,O/p-Si
Schottky diode using the thermionic emission model [77].
In CBH model, the real part of AC-conductivity ¢'(®) is
related to the density of charge carriers N according to the
following relation [75].

a3

24N2550ng (19)

o'(w) =

Figure 7b shows the temperature dependence of N at
selected frequency of 10 Hz. The N values decreases expo-
nentially with decreasing temperature and can be described
by [71].

E
N = N,y exp <_k_aT> (20)
B

where E, is the energy required to ionize a natural acceptor
to form a negative ion and hole. Using Eq. (20) to fit the
calculated data of N, we estimate E, to be 0.26+0.02 eV.
This ionization energy is in excellent agreement with the
activation energy obtained from the conductivity (Fig. 5b)

@ Springer
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and in agreement with previously reported experimental val-
ues for Cu,O [78-81].

Frequency dependence of the dielectric loss ¢” at selected
temperatures (253-393 K) is depicted in Fig. 8a. A single
relaxation process named as f3, is evident in the high fre-
quency side of " followed by an increase at lower frequen-
cies. The latter is attributed to the DC electric conduction
which increases with increasing temperature.

The f,-relaxation process gains intensity and moves to
higher frequencies with increasing temperature. Single HN
function including the conductivity term (Eq. 21) is used
to fit the isothermal dielectric loss spectra (Fig. 8a) and the
relaxation times at peak maximum (z,,) as well as HN-
broadening parameters (o and ay) are extracted [82].

" A€g;
@)= Y im|——L 21
we, Z} [+ (i0mm)" ] @D

Figure 8b shows some representative individual fits for
the high frequency f3,-process at two selected temperatures

Fig.8 a Dielectric loss spectra €” for Cu,O thin film at selected tem-
peratures (253-393 K). Solid lines represent the fittings with a sin-
gle HN function including the conductivity contribution (Eq. 21). For
clarity, the individual fit for the high frequency process is shown in
(b) at two temperatures of 273.63 K and 333.2 K. At these two tem-
peratures the deconvolution of the spectra are shown with the solid
cyan (273.63 K) and green lines. ¢ Imaginary part of electric modulus

@ Springer

(273.63 and 333.2 K). The HN-broadening parameters o
and ay for f,-relaxation process are compiled in Table 2 at
different temperatures.

The values of a and ay are systematically decreasing
with decreasing temperature for f,-process. Beside the
shape parameters, the relaxation times at maximum 7,
are obtained to generate the Arrhenius relaxation map by
plotting 7,,,, versus the reciprocal of the peak temperature
(Fig. 8d). An activation energy of 0.48 +0.01 eV with pre-
exponential factors of 7,=4.65x 107" s is obtained from
the linear fit with Eq. (3).

Complex electric modulus M* is related to the complex
permittivity £* through Eq. 5. The advantage of present-
ing the dielectric relaxations in modulus formalism is that
the effects of electrode polarization are completely sup-
pressed. Furthermore, overwhelmed relaxation peaks due
large values of ¢’ and €” at lower frequencies are completely
eliminated.

Figure 8c shows the spectra of the imaginary part of elec-
tric modulus (M") as a function of frequency at selected tem-
perature. Two relaxation processes named as f3; and /3, are

o (6‘) @ 333.20K
O 273.63K
conductivity

3 4 5 6
1000/T (K™

M" as a function of frequency at different temperatures (153-393 K).
Solid lines represent the fittings to the f, and f, relaxation processes
with two HN functions (Eq. 21). d Arrhenius relaxation map for the
B, (circles) and S, (squares) relaxation processes. Solid lines in (d)
represent the Arrhenius fits for 3, and f, according to Eq. (3) giv-
ing activation energies of 0.31 +0.01 and 0.48 +0.01 eV, respectively
(Color figure online)
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Table 2 Havriliak—Negami
(HN) broadening parameters
and ay for ;- and f,- relaxation
processes of Cu,O thin film at a ay a ay
different temperatures

TK) p-

process

Pr-process

1532 1 034 - -
1732 1 038 - -
193 1 042 - -
2128 1 045 - -
2327 1 046 0.70 0.70
2527 1 050 0.73 0.73
2736 1 051 074 074
2936 1 050 0.75 0.5
3133 1 049 078 0.78
3332 1 049 078 0.78
3532 1 045 0.81 0.81
3731 1 040 090 0.90
3932 1 038 099 0.99

observed. The high frequency/high temperature /3, process is
the same relaxation process appeared in the " representation
while the low frequency relaxation process f; is appeared
in the whole temperature range. Two HN-functions (Eq. 6)
are employed to analyze the spectra and the corresponding
relaxation times and shape parameters of the two processes
are given in Fig. 8d; Table 2, respectively.

The shape parameters and relaxation rates obtained
from M" and &" representations are quite similar for j,
relaxation process. The relaxation times for f; process
has an Arrhenius temperature dependence with activation
energy £E=0.314+0.01 eV and pre-exponential factors of
7,=8%107'%5. This activation energy is in excellent agree-
ment with the value obtained from Arrhenius plot for electri-
cal conductivity given in Fig. 5b.

A remaining question is what is the relaxing species of /3,
and f3,? It is known that defects in most oxides are related to
oxygen vacancies which serve as donors that create conduc-
tive electrons through ionization. Electrons can hop between
positive and negative surface defect centers (V, Va) giving
rise to dipolar effect. Therefore, the characteristic relaxa-
tion times of the conductivity relaxation (f,-process) are
related to the hopping of the oxygen and copper vacancies.
The Cu,0 form three-sided pyramidal grains with grain size
of ~ 1.5 um. Such mesoscopic inhomogeneities are known to
cause Maxwell-Wagner-Sillars (MWS) polarization effect
[46]. Models of this type of effect consider the conductive
Cu,0O grains embedded in a matrix of lower conductivity and
separated by insulating grain boundaries. Consequently, an
AC electric field induces a spatial separation of charge carri-
ers within the grains exhibiting higher electrical conductiv-
ity in their interior than on their surface. Furthermore, the
MWS is characterized by high dielectric strength (Ae >> 1).
In our case Ae ~5. Therefore, we argue that the 3,-relaxation

process is due to the Maxwell-Wagner-Sillars (MWS) polar-
ization. This process was observed in CuO [48], TiO, [83]
and NiO [84].

4 Conclusion

Cuprous oxide (Cu,0) thin film was electrodeposited on
FTO conducting substrate by the reduction of copper lactate
in alkaline solution at pH=12.25. Structural investigations
by means of XRD, (EDS) and SEM confirmed the forma-
tion of self-assembled cubic microstructure of Cu,O with
average grain size of about 1.5 yum. The UV-Vis absorb-
ance spectrum gives optical energy gap of 2.05 eV. The PL
spectrums revealed the presence of defect centers ascribed to
various forms of oxygen (V”, Vgr) and copper (V) vacan-
cies which were responsible for the conduction in Cu,O thin
film. The three waves emission related to vacancy defects
(VI V(2)+, Vé:) show temperature dependence with different
activation energies of diffusion. The conduction mechanism
in Cu,0 thin film was successfully described by the CBH
model in which bipolaron hopping was dominated. The den-
sity of defect states N, the effective barrier height W and
the hopping distance R, were calculated based on the CBH
model. Two dielectric relaxation processes /3, and f, with
Arrhenius temperature dependence and activation energies
of 0.31 and 0.48 eV were detected. The high-temperature/
high frequency f, relaxation process with activation energy
of 0.48 eV was attributed to the MWS polarization while the
conductivity relaxation process (f;) with activation energy
of 0.31 eV was related to the hopping of the oxygen and
copper vacancies.
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