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Different concentrations of copper-doped zinc oxide thin films were coated on a
glass substrate by sol–gel/spin-coating technique. The structural properties of
pure and Cu-doped ZnO films were characterized by different techniques, i.e.,
atomic force microscopy (AFM), photoluminescence and UV–Vis-NIR spec-
troscopy. The AFM study revealed that pure and doped ZnO films are formed
as nano-fibers with a granular structure. The photoluminescence spectra of
these films showed a strong ultraviolet emission peak centered at 392 nm and
a strong blue emission peak cantered at 450 nm. The optical band gap of the
pure and copper-doped ZnO thin films calculated from optical transmission
spectra (3.29–3.23 eV) were found to be increasing with increasing copper
doping concentration. The refractive index dispersion curve of pure and Cu-
doped ZnO film obeyed the single-oscillator model. The optical dispersion
parameters such as Eo, Ed, and n2

1 were calculated. Further, the nonlinear
refractive index and nonlinear optical susceptibility were also calculated and
interpreted.
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INTRODUCTION

Zinc oxide (ZnO) is an excellent p-type material of
the II–VI group, possessing versatile applications in
the optoelectronic semiconductor industries. It is
also useful in exciton-related optical devices1 due to
its wide band gap (3.37 eV), high excitonic binding
energy (60 meV),2 high transmittance and good
electrical conductivity.3 These specific properties
have also attracted many device makers in the field
of microelectronic, ceramics and optoelectronic laser
applications.4–11 Hence, in order to deal with such
critical applications of this excellent material,

understanding its physical as well as electrical
properties with different conditions are very impor-
tant for tailoring and choosing the exact preparation
parameters of the material.

It is well reported in the literature that the
addition of metallic dopants alter the various phys-
ical properties of pure semiconductor material.12,13

Many researchers have been trying to improve the
physical and electrical properties of ZnO with the
addition of different dopants and by varying depo-
sition parameters.12 For this purpose, they have
used different dopants like Al, Mg, Ga,14–16 Co,17

and Cu.18 Among all the dopants, copper is a most
suitable dopant for luminescence properties, and it
is considered as a rapid diffusing material in the
ZnO structure. This fast diffusing nature of Cu into(Received January 17, 2017; accepted November 10, 2017)
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the ZnO matrix may change the physical and
electronic properties of the material and provide a
localized impurity level for band gap engineering
applications.19–21

Different types of deposition methods have been
discussed by many researchers on pure and doped
ZnO thin films. These methods are vapor deposition
(CVD),22 RF magnetron sputtering,23 molecular
beam epitaxial (MBE),24 pulsed laser deposition
(PLD),25 spray pyrolysis,26 the filtered cathodic
vacuum arc method,27 inductively coupled plasma-
enhanced physical vapor deposition (ICP-PVD)28

and the sol–gel method.29 Sol–gel/spin-coating is the
most widely used of the different preparation meth-
ods due to its low cost and controlled monitoring
nature for the preparation of high-quality thin
films.30–32 Owing to these important features,this
work presents the preparation of pure and Cu-doped
ZnO thin films with different molar ratios by sol–
gel/spin coating technique at low temperature.
Further, to understand the influence of Cu on pure
ZnO thin films, various characterization techniques
were employed i.e., AFM, photoluminescence and
UV–Vis-NIR studies and the observed results were
compared with the available literature. These
results are discussed in their relevant sections.

EXPERIMENTAL

Synthesis of Nano-Structured Cu-Doped ZnO
Thin Films

In the present work, pure and different molar
concentrations of (0.1%, 0.2%, 0.5%, and 1%) Cu-
doped ZnO thin films were deposited by sol–gel/spin
coating technique. Initially, 0.2 M zinc acetate
dihydrate ((CH3COO)2Zn2H2O) was dissolved in
the solvent of 2-methoxyethanol (MTE) and a
stabilizer of mono-ethanolamine (MEA) slowly
added to it. After that, the precursor solution was
continuously stirred with a magnetic stirrer for 2 h
at 60�C to form a transparent and homogeneous sol.
To grow Cu-doped films, 0.2 M copper nitrate (Cu
(NO3)2) with different percentages (0.1%, 0.2%,
0.5%, and 1%) were dissolved in MTE followed by
the addition of the stabilizer (MEA) under contin-
uous stirring for the same time and temperature as
the pure sample. After the formation of the sol, both
pure and doped samples were kept for 24 h in the
dark to obtain a homogeneous gel. In order to get
high-quality and transparent thin films, glass sub-
strates were thoroughly cleaned by various solu-
tions and dried under nitrogen flow. In the second
step, homogeneous and high-quality films were
deposited on the glass substrates using a spin-
coater with a speed of 3000 rpm for 30 s. After the
completion of the spin-coating process, the films
were dried at 150�C on a hot plate to evaporate
undesired organic solvents. The same process was
repeated ten times for each solution to obtain
uniform thicknesses. Further, all the films were
annealed at 450�C for 1 h in a tube furnace.

Characterization Techniques

The prepared thin films were subjected to the
AFM technique (Park system XE-100E) in order to
study the thicknesses and microstructure of the
pure and doped films. The thicknesses of the pure
and Cu-doped samples were found to be 212 nm,
201 nm, 218 nm, 213 nm and 225 nm for pure and
doped ZnO thin films, respectively. The photolumi-
nescence (PL) spectra of the samples were recorded
by a fluorescence spectrophotometer (LS-45) with an
excitation wavelength of 325 nm. The optical absor-
bance, transmittance and reflectance of these sam-
ples were measured by using a Shimadzu UV–VIS-
NIR 3600 spectrophotometer in the wavelength
range 300–800 nm. Further, various linear and
nonlinear optical parameters of these samples were
also calculated using the optical data.

RESULTS AND DISCUSSION

Surface Morphology Studies

Figure 1a–e shows the AFM images of the pure
and Cu-doped ZnO samples. It can be seen from
these micrographs that the pure and doped samples
are exhibiting nano-fiber growth with a granular
structure. The diameter of the observed nano-fibers
is varying with the doping concentration of Cu. The
reason for this type of trend is due to the slightly
higher radius of Cu compared to Zn atoms which
creates an interstitial dopant position in the ZnO
matrix.4,33 The surface roughness values were cal-
culated from AFM micrographs and the values
found to be 72.15 nm, 74.78 nm, 71.22 nm,
69.59 nm, and 73.75 nm, respectively. These results
indicate that the films have high roughness values
due to the thickness of the nano-fibers and the
surface defects.

Photoluminescence Study

Figure 2 shows the PL spectra of the pure and Cu-
doped ZnO samples. From this study, the intensity
of two emission bands decreases with increasing Cu
concentration, and the maximum value is found for
pure ZnO.34 The pure and doped samples show an
intense ultraviolet (UV) emission peak centered at
392 nm and a strong blue emission peak centered at
450 nm.13,35,36 The peak at 392 nm is due to the
recombination of bound excitons and the peak at
450 nm is attributed due to the presence of intrinsic
defects (vacancies and interstitials) and doping
concentrations.37,38 Furthermore, the decrease of
PL intensity in the Cu-doped films compared to that
of the pure material is attributed to the separation
of charge carriers rather than their interactions.
Hence, from the present study, it is concluded that
the Cu is showing an observable effect on the PL
properties of pure ZnO films.
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Optical Properties of Pure and Cu-Doped
Nano-ZnO Thin Films

Figure 3 shows the transmittance T(k) and reflec-
tance R(k) spectra of the present samples assessed
in the range of 300–800 nm. From these studies, the
band edge of the pure and Cu-doped samples was
observed at 382–294 nm and found to be decreasing
with increasing Cu concentration, indicating the
substitution of Cu ions in the ZnO matrix.33

The reflectance R(k), n and k are calculated from
the Fresnel formula39 by:

R ¼ ðn� 1Þ2 þ k2

ðnþ 1Þ2 þ k2
; ð1Þ

where n is the refractive index and k is the
absorption index (extinction coefficient) determined
by k = ak/4p. By solving the above equation using
the algebraic functions, the n is given as39:

n ¼ 1 þ R

1 � R

� �
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R

ð1 � RÞ2
� k2

s
; ð2Þ

Fig. 1. 2D AFM images of pure and Cu-doped ZnO samples: (a) pure ZnO (b) 0.1% Cu (c) 0.2% Cu (d) 0.5% Cu and (e) 1% Cu.

Fig. 2. Photoluminescence spectra of undoped and 0.1%, 0.2%,
0.5% Cu-doped ZnO films.

Fig. 3. Transmittance and reflectance spectra of undoped and 0.1%,
0.2%, 0.5% Cu-doped ZnO films.
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Next, the k values of the pure and Cu-doped ZnO
films are shown in Fig. 4a and b. From Fig. 4a, the
refractive index has two regions: the first one is in
the lower wavelength region, in which the refractive
index is increasing with increasing wavelength (i.e.,
anomalous dispersion), while in the second region, it
is decreasing with increasing wavelength (i.e., nor-
mal dispersion). The reason for the increasing
refractive index in the lower wavelength region is
explained due to more absorption of radiation by the
addition of Cu in the ZnO structure. Similarly, the
decreasing nature at the higher wavelength is
attributed to the influence of band levels. The
dispersion and gradual decreasing nature of k is
attributed to increases in the doping concentration
which increases the impurities in the host material,
which in turn acts as scattering centers for the
interaction of wavelength. The same phenomenon is
also observed by many groups in the cases of Al-,
Mg-, Ni- and Ti-doped ZnO structures.39–41 The
band gap is calculated from Tauc’s formula42:

ahu ¼ Aðhu� EgÞm; ð3Þ

where a, A, h, are constants, and have their usual
meanings,42 Eg is the optical band gap, and t is the
photon frequency. The optical band gap values of
these films are calculated from (aht) 2 versus (ht)
plots (Fig. 5), and the results are tabulated in
Table I. From these plots, the band gap values are
found to be decreasing with increasing Cu concen-
tration, which could be attributed to the substitu-
tion of Cu ions in the ZnO structure causing
exchange of ions in the conduction band and the
valence band which eventually results in the band
gap narrowing effect due to Burstein–Moss shift.33

A similar trend has been observed in pure and Cu-
doped ZnO thin films in previous reports.20,43–45

The optical band gap and optical transition rela-
tionship is given by the Urbach tail process. The
width of the band tail can be measured from
Pankove’s expression46:

aðhuÞ ¼ AE3=2
u exp ðhu=EuÞ; ð4Þ

where Eu is a parameter which describes the width
of the localized state in the band gap produced from
the oxygen defects, a is the absorption coefficient; A
is a constant and ht is the photon energy of light.
The semi-logarithm plots of a against the photon
energy are shown in Fig. 6. The obtained values of
the empirical parameter Eu are tabulated in Table I.
From these values, the pure ZnO film has the
minimum width of the tails, and increases with
doping concentration.47,48 The reason for the
increasing Eu values in the present study provides
the information of an additional number of defects
which are introduced due to doping in the pure ZnO
matrix. A similar type of results was observed in
earlier reports on Cu-doped ZnO thin films.49

There are dfferent dispersion formulae available
in the literature to calculate the refractive index,

but the most relaible method is the DiDomenico and
Wemple expression50 to fit the exact values of the
refractive index for a broad range of frequencies.
Hence, we used the same expression for the pure
and Cu-doped ZnO thin films. The relationship is as
follows:

Fig. 4. (a) Refractive index (n), (b) absorption index (k) of undoped
and 0.1%, 0.2%, 0.5% Cu-doped ZnO films.

Fig. 5. Plotting of (aht)2 versus ht of undoped and 0.1%, 0.2%, 0.5%
Cu-doped ZnO films.
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n2 ¼ 1 þ EdE0

E2
0 � ðhvÞ2

; ð5Þ

where n is the refractive index, Eo is the single-
oscillator energy for electronic transitions, and Ed is
the dispersion energy for interband optical transi-
tions. The values of the above-mentioned constants
were measured from plots of (n2 � 1)�1 versus (ht)2

(Fig. 7). The obtained Eo and Ed values suggested
that the single-oscillator model is valid to explain
the doping effect, and the values found are tabu-
lated in Table I. Further, the parameters Eo and Ed

are also related to the imaginary part of the complex
dielectric constant (ei = n2), in which ei gives the
response of the electronic and optical properties of
the present material. The obtained values of ei are
also given in Table I.

The refractive index of infinite wavelength n1 is
given by51:

n2
1 � 1

n2 � 1
¼ 1 � k0

k

� �2

; ð6Þ

The plots of (n2 � 1)�1 versus k�2 are shown in
Fig. 8. The obtained n1 values of the pure and Cu-
doped samples were tabulated in Table I. From the

values of Eg, Eu, and n in Table I, it is obviously
understood that the Cu is showing an impact on the
pure ZnO matrix and that these values are better
than other metallic dopants in ZnO thin
films.39–41,52

Table I. Optical band gap and optical dispersion parameters of undoped and Cu-doped ZnO films

Samples

Band gap Dispersion parameters

Eg, (eV) (Eu), (meV) ((E0), (eV) (Ed), (eV) ei = n2
1

Undoped ZnO 3.29 105 5.06 12.35 2.92
0.1% Cu-doped ZnO 3.28 137.5 3.91 8.16 2.50
0.2% Cu-doped ZnO 3.27 140 3.83 7.41 2.32
0.5% Cu-doped ZnO 3.25 142.85 3.68 6.79 3.27
1.0% Cu-doped ZnO 3.23 171.05 4.29 9.3 2.02

Fig. 6. Plots of lna versus ht of undoped and 0.1%, 0.2%, 0.5% Cu-
doped ZnO films.

Fig. 7. Plots of (n2 � 1)�1 versus (ht)2 of undoped and 0.1%, 0.2%,
0.5% Cu-doped ZnO films.

Fig. 8. Plots of (n2 � 1)�1 versus (k)�2 of undoped and 0.1%, 0.2%,
0.5% Cu-doped ZnO films.
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Nonlinear Optical Parameters

The optical properties like the second- (v(2)) and
third-order susceptibilities (v(3)) of semiconductor
materials play an important role in the interaction
of high-intensity laser radiations and produce non-
linear polarizability properties. The nonlinear
polarizability (PNL) can be expressed by the follow-
ing equation53:

p ¼ vð1ÞEþ PNL; ð7Þ
where PNL = v(2)E2 + v(3)E3, P is polarizability, v(1)

is the linear optical susceptibility, and v(2) and v(3)

are the second- and third-order nonlinear optical
susceptibilities, respectively. The linear refractive
index n(k) regarding no(k) and E2 can be represented
as follows:

nðkÞ ¼ n0ðkÞ þ n2 E2
� �

; ð8Þ
where the component of n(k) can be written as:
no(k) � n2(k) i.e. n(k) = no(k), and (E2) is the mean
square of electric field. The linear optical suscepti-
bility v(1) for a medium can be obtained from the
following equation54:

Fig. 9. (a) Linear optical susceptibility v(1), (b) third order nonlinear susceptibility v(3) of (c) nonlinear refractive index (n(2)) of undoped and 0.1%,
0.2%, 0.5% Cu-doped ZnO films.

Table II. Nonlinear optical parameters of reported and present work on ZnO thin films

Samples (v(3)) (v(3)), esu (n(2)), esu

Pure ZnO [60] 0.117 0.313 9 10�13 1.25 9 10�10

Co-ZnO [60] 0.13–0.2 0.489–2.72 9 10�13 1.89–9.11 9 10�10

Sn-ZnO [61] 0.1–0.8 0.5–9.0 9 10�11 0.5–9.0 9 10�10

Cu-ZnO (present work) 0.09–0.19 0.25–2.25 9 10�13 0.25–4.5 9 10�12

Ganesh, Salem, Yahia, and Yakuphanoglu



vð1Þ ¼ n2 � 1
� �

=4p; ð9Þ
The third-order nonlinear susceptibility v(3) by
linear refractive index no(k) and linear optical
susceptibility v(1) is given as55–57:

vð3Þ ¼ A v 1ð Þ
� �

; ð10Þ
From Eqs. 9 and 10, we obtain the following
equation:

vð3Þ ¼ A

4pð Þ4
n2

0 � 1
� �4

; ð11Þ

The value of the constant (A) value equals
1.7 9 10�10 (for v(3) in esu), according to Adair
et al.58 on a different type of material. The nonlinear
refractive index can be described by the following
simple equation59:

nð2Þ ¼ 12pvð3Þ

no
; ð12Þ

Figure 9a and b shows the variation of linear and
third-order optical susceptibilities of the studied
thin films. From these plots, it is clear that both the
susceptibilities are increasing with the increasing
wavelength and attain a constant value at higher
wavelength regions. This type of behavior is
observed in high crystalline materials of orderly
arranged atoms. Hence, in the present studies, the
doped samples are showing high susceptibilities
compare to the pure material, indicating that the
crystalline perfection is increasing with doping
concentration. Furthermore, the doping concentra-
tion is growing the interaction of the particles with
applied wavelength by enhancing the optical sus-
ceptibilities. Further, the calculated optical param-
eters are compared with the earlier reports, and the
results ae depicted in Table II.

When dealing with applications in photonic
devices, the nonlinear refractive index (n(2)) plays
a vital role. It is the property that arises due to the
interaction of the high-intensity electric field with
the incident light. Figure 9c shows the nonlinear
refractive index of the pure and doped ZnO samples.
The observed trend from the graph is similar to that
of nonlinear susceptibility, indicating the high
dependence of (n(2)) on v(3). The calculated values
of all the linear and nonlinear optical parameters of
pure and Cu-doped ZnO thin films are given in
Table II. From these values, it is understood that
the present samples are showing higher values than
previously studied ZnO thin films in pure and doped
forms. Hence, the high value of all these parameters
indicates that the present material can replace
various other metal oxide thin films for transparent
conductive displays and solar cell applications.

CONCLUSIONS

Pure and Cu-doped ZnO thin films with different
molar concentrations of 0.1%, 0.2%, 0.5%, and 1%

were deposited by the low-cost sol–gel method. The
effect of Cu on the pure material has been investi-
gated by surface morphology, PL spectroscopy and
various optical analysis through UV–Vis-NIR stud-
ies. From AFM studies, the surface roughness
values of the pure and Cu-doped ZnO films were
analyzed and found to be 72.15 nm, 74.78 nm,
71.22 nm, 69.59 nm and 73.75 nm, respectively.
These results suggest that the prepared films have
high roughness values due to the nano-fibers
growth and the surface defects. The PL spectra
confirm the appearance of two characteristics peaks
at 392 nm and 450 nm. The optical band gap of the
ZnO film is changed with increasing the copper
concentration. The refractive index dispersion curve
obeys the single-oscillator model and single-oscilla-
tor parameters such as Eo, Ed, and n2

1 were
determined. In the present study, all the observed
results are found to be superior to the previous
results, indicating that Cu-doped ZnO is a good
material for various optoelectronic devices. From
the nonlinear refractive index and the optical
susceptibility results, the Cu-doped samples show
better nonlinear effects than pure ZnO film.
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