
Research Article
Optical and Sensing Properties of Cu Doped ZnO
Nanocrystalline Thin Films

R. K. Shukla,1 Anchal Srivastava,1 Nishant Kumar,1 Akhilesh Pandey,2 and Mamta Pandey1

1Department of Physics, University of Lucknow, Lucknow 226007, India
2Solid State Physics Laboratory (SSPL), DRDO, New Delhi 110054, India

Correspondence should be addressed to Anchal Srivastava; asrivastava.lu@gmail.com

Received 22 July 2015; Accepted 29 September 2015

Academic Editor: Wen Zeng

Copyright © 2015 R. K. Shukla et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Undoped and Cu doped ZnO films of two different molarities deposited by spray pyrolysis using zinc nitrate and cupric chloride
as precursors show polycrystalline nature and hexagonal wurtzite structure of ZnO. The crystallite size varies between 10 and
21 nm. Doping increases the transmittance of the films whereas the optical band gap of ZnO is reduced from 3.28 to 3.18 eV. With
increment in doping the surface morphology changes from irregular shaped grains to netted structure with holes and then to net
making needle-like structures which lends gas sensing characteristics to the films. Undoped ZnO shows maximum sensitivity at
400∘C for higher concentration of CO

2

. The sensitivity of Cu doped sample is maximum at 200∘C for all CO
2

concentrations from
500 to 4000 ppm.

1. Introduction

Zinc oxide, an environmentally safe and economic material,
with wide direct band gap (3.37 eV) and large exciton binding
energy (60meV) at room temperature [1–3] finds application
in fabrication of various devices including ultraviolet (UV)
light-emitters, varistors, transparent high power electronics,
piezoelectric transducers, gas sensors, smart windows, and
solar cells [4–6]. It is one of the most important II-VI com-
pound semiconductors and its application in optoelectronics
can be expanded by altering its band gap energy. Doping
of any metal can alter the band gap and/or can introduce
energy levels in the band gap of semiconductor materials
[7, 8]. Some metals can assume a valency depending on their
chemical surrounding, for example, any copper salt when
doped in ZnO using organometallic solution can lead to
varied oxidation states of Cu [9]. The film based gas sensors
depending on the detection of variation in some electrical
parameter, resistance or capacitance, of the film utilize n-type
semiconductingmetal oxides such as ZnO.Also,metal oxides
are stable at elevated temperatures in air [10].

There are several methods for producing ZnO based
films, for example, chemical vapor deposition, thermal

evaporation, magnetron sputtering, pulsed laser deposition
(PLD), laser chemical vapor deposition, and nonvacuum
methods, namely, successive ionic layer absorption and reac-
tion (SILAR), sol-gel spin coating, spray pyrolysis, screen
printing, and so forth [1, 7, 11–18]. Wet chemical techniques
offer easy way for homogeneous doping of virtually any
element in any proportion by merely adding it in some
form of cationic solution. Moreover, these techniques do
not require high quality targets and/or substrates which
are unavoidable in sputtering and PLD. SILAR does not
involve high temperatures allowing employment of polymers
as substrates. Besides, sol-gel spin coating is a time saving
process; however, it is difficult to precisely control the
thickness of the films. In spray pyrolysis, oxides can be
readily obtained by thermal decomposition of organometallic
precursor solution during its spraying on adequately heated
substrate responsible for good quality films. Thickness of the
film as well as the deposition rate can be controlled over a
wide range by changing the spray parameters. Also large area
deposition can be done using this method. Local overheating
leading to degradation of film does not occur here which is
generally a matter of concern in radio frequency magnetron
sputtering due to involvement of high power sources [19].
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Figure 1: XRD pattern of undoped and Cu doped ZnO thin films sample. Here (a), (b), and (c) correspond to samples Z1, Z1C1, and Z1C2,
respectively, prepared using precursor solution of molarity of 0.1M.

In this paper, structural, optical, and morphological property
of undoped and Cu doped ZnO thin films prepared by spray
pyrolysis along with CO

2
sensing [20] has been presented.

2. Experimental

The precursor for undoped films is prepared by obtaining 0.1
and 0.15M solutions of zinc nitrate (99.9% pure, S D Fine
Chem. Ltd.) in deionized water. The mixture is magnetically
stirred at 60∘C for 30min to get homogeneous solution. To
this solution, appropriate volumes of 0.1 and 0.15M solutions
of cupric chloride in deionized water are added to obtain 1
and 2 at.% doping of Cu. These solutions are again stirred for
30min. Both the undoped and doped solutions are aged for
15 days for obtaining stability.

The experimental set-up contains glass atomizer for
spraying the precursor solution. The substrates are kept on

hot iron plate which is attached with thermocouple and tem-
perature controller tomaintain the required temperature.The
precursor solution is introduced in the container connected
to the liquid inlet of the atomizer by a tube having solution
flow controller and the compressed air used as carrier gas is
let into the gas inlet of the atomizer [17].

For deposition of thin film, 10mL of the precursor
solution of each sample, one at a time, is transferred to the
container.Thedistance betweennozzle and the substrate is set
at 25 cm and the flow rate is set at at 10mL/min.The substrate
temperature was maintained at 400∘C to obtain good quality
films in addition to thermal decomposition of zinc nitrate.
Reactions occurring during deposition are as follows:

Zn(NO3)2 · 6H2O + H2O→Zn(OH)2 + 2NO2↑ + 7H2O↑

Zn(OH)2 →ZnO + H2O↑
(1)

Postdeposition annealing of the films is done at 400∘C
for 30minutes.These six samples, undoped ZnO, ZnO: 1 at.%
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Figure 2: XRD pattern of undoped and Cu doped ZnO thin films sample. Here (a), (b), and (c) correspond to samples Z2, Z2C1, and Z2C2,
respectively, prepared using precursor solution of molarity of 0.15M.

Cu and ZnO: 2 at.% Cu using 0.1M and 0.15M precursor
solutions, are named as Z1, Z1C1, and Z1C2 and Z2, Z2C1,
and Z2C2, respectively. Deposition parameters have been
strictly kept the same to obtain films of approximately similar
thickness.

The crystal phase and crystallinity of the samples have
been investigated using X-ray diffractometer (Bruker D8
Advance X-ray diffractometer) for 2𝜃 values ranging from 20
to 80∘ using CuK𝛼 radiation (𝜆 = 0.154 nm). Transmittance
spectra have been recorded using UV-Vis spectrophotometer
(model number 108 Make-Systronics). Surface morphology
is obtained using FESEM (ZEISS) and film thickness is
determined by XP-1 stylus profiler (Ambios Technology).

3. Characterization

3.1. X-Ray Diffraction. The X-ray diffraction patterns for
samples Z1, Z1C1, and Z1C2 are shown in Figure 1 and for
samples Z2, Z2C1, and Z2C2 are shown in Figure 2. All
the samples exhibit hexagonal wurtzite structure of ZnO
showing preferred orientations along (100), (002), and (101)

[1, 15, 21–23]. The peak along 𝑐-axis, that is, (002) plane,
occurs at 2𝜃 = 34.50, 34.54∘, and 34.47∘ for samples Z1, Z1C1,
and Z1C2, respectively. The diffraction peak shifts to higher
value for Z1C1 and back to lower value of 2𝜃 for sample
Z1C2. This indicates that initially Cu substitutes Zn and
with increasing concentration of Cu it goes into interstitial
position. For samples Z2, Z2C1, and Z2C2, 2𝜃 = 34.46∘,
34.50∘, and 34.50∘, respectively. The diffraction peak shifts to
higher value as dopant is introduced and remains unaffected
thereafter. Diffraction peak except those for ZnO is not found
for any of the samples, indicating absence of any impurity
phase. Crystallite size along (002) crystallographic plane for
these samples, as calculated by Debye Scherer formula, lies
between 10 and 21 nm, Table 1. The orientation parameter
𝛾
(ℎ𝑘𝑙)
= (𝐼
(ℎ𝑘𝑙)
/∑(𝐼
(ℎ𝑘𝑙)
)) [1], Table 1, varies from 0.127 to 0.772

indicating dominant orientation along (002) plane.

3.2. UV-Visible Spectra and Optical Band Gap. The transmit-
tance spectra of samples prepared using precursor solutions
of molarities 0.1M and 0.15M are shown in Figures 3 and
4, respectively. The transmittance of samples Z1, Z1C1, and
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Figure 3: Transmission spectra of undoped and Cu doped ZnO thin films sample. Here (a), (b), and (c) correspond to samples Z1, Z1C1, and
Z1C2, respectively, prepared using precursor solution of molarity of 0.1M.
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Figure 4: Transmission spectra of undoped and Cu doped ZnO thin films sample. Here (a), (b), and (c) correspond to samples Z2, Z2C1,
and Z2C2, respectively, prepared using precursor solution of molarity of 0.15M.

Z1C2 increases gradually up to 87% over the range of 350 to
850 nm, Figure 3. The maximum transmittance for samples
Z2, Z2C1, and Z2C2 is nearly 69% at 847 nm. Undoped film
of lower molarity is more transparent at optical wavelengths,
whereas around 800 nm both of the undoped films have
similar transmittance. High transmittance indicates that the
obtained films are of low impurities and have only few
lattice defects [24]. Doped films are comparatively more
transparent. In general, the transmittance is found to decrease

with an increase in molarity of the precursor solution as
expected. The decrease in transmittance may be due to free
carrier absorption of photons [25].

The thickness of 0.1M samples Z1, Z1C1, and Z1C2
is 1080, 1100, and 1050 nm, respectively. For 0.15M sam-
ples Z2, Z2C1, and Z2C2, the thickness is 1120, 1090,
and 1100 nm, respectively. The optical band gap of the
films determined by Tauc’s plot is found to vary over
a range of 3.18 to 3.28 eV, Table 2. The variation in
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Figure 5: The variation in band gap (a) and (b) corresponds to the sample prepared using precursor solution of molarity of 0.1 and 0.15M,
respectively.
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Figure 6: SEM of undoped and Cu doped ZnO thin films prepared using precursor solution of molarity of 0.1M. Here (a), (b), and (c)
correspond to samples Z1, Z1C1, and Z1C2, respectively.

band gap due to doping and molar concentration is
shown in Figure 5. For undoped ZnO, the band gap
decreases with increase in molarity of the precursor solu-
tion.

3.3. Surface Morphology. The scanning electron micrographs
(SEM) for the three samples corresponding to 0.1Mmolarity
are shown in Figure 6. Sample Z1, that is, undoped ZnO of
molarity 0.1M, has flakes-like structures connected to each
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Figure 7: SEM of undoped and Cu doped ZnO thin films prepared using precursor solution of molarity of 0.15M. Here (a), (b), and (c)
correspond to samples Z2, Z2C1, and Z2C2, respectively.

Table 1: Crystallite size (𝑡
𝐷𝑆

) and orientation parameter (𝛾) of all the
samples.

Samples 𝑡
𝐷𝑆

(nm) Orientation parameter (𝛾
(ℎ𝑘𝑙)

)
(002) (100) (002) (101)

Z1 21 0.141 0.772 0.156
Z1C1 12 0.170 0.433 0.271
Z1C2 20 0.352 0.350 0.530
Z2 10 0.127 0.340 0.258
Z2C1 15 0.147 0.374 0.253
Z2C2 15 0.145 0.375 0.253

Table 2: Optical band gap of Cu doped ZnO thin films.

Sample Composition Optical band gap (eV)
Z1 0.1MZnO 3.28
Z1C1 0.1MZnO + 1% CuCl

2

3.19
Z1C2 0.1MZnO + 2% CuCl

2

3.20
Z2 0.15MZnO 3.20
Z2C1 0.15MZnO + 1% CuCl

2

3.18
Z2C2 0.15MZnO + 2% CuCl

2

3.22

other to form bigger ones (Figure 6(a)). As the dopant Cu
is introduced in 1 at.% in ZnO (sample Z1C1) film surface
becomes netted with clear appearances of holes (Figure 6(b))

and for further increased doping of 2 at.% the net mak-
ing needle-like structures become dominant over the holes
(Figure 6(c)).

Surface morphology of samples of molarity 0.15M are
shown in Figure 7. Sample Z2 has random structures spread
throughout the surface. For sample Z2C1, these random
structures convert in irregular shaped grains. A network of
small needle-like structures is seen for Z2C2.

3.4. Gas Sensing. For a semiconductor gas sensor, where
resistance varies with gas concentration, the sensitivity 𝑆 is
defined as percent ratio of the resistance of the sensing film
in air (𝑅air) to the resistance in the presence of the gas (𝑅gas)
[26] at a particular temperature; that is,

𝑆 (%) = (
𝑅air
𝑅gas
) × 100. (2)

For each concentration of analyte gas, which in the
present case is CO

2
, the temperature of the films is varied

from 200 to 450∘C in steps of 50∘C and observations are
taken. Before introducing the gas, sensing film is allowed
to stabilize to ensure fixed initial reading for gas sensing
application [27].

Figures 8 and 9 show the effect of temperature on the
sensitivity of undoped and copper doped ZnO thin films for
four different carbon dioxide concentrations.
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Figure 8: Variation of sensitivity of undoped and Cu doped ZnO thin film samples at various CO
2

concentrations with temperature. Here
(a), (b), and (c) correspond to samples Z1, Z1C1, and Z1C2, respectively, prepared using precursor solution of molarity of 0.1M.

For sample Z1, sensitivity is maximum at 400∘C for all
concentrations of CO

2
and the sensitivity increases with

increase in concentration of CO
2
. For sample Z1C1, the

sensitivity is again maximum at 400∘C except for 500 ppm
concentration whereas for sample Z1C2 the sensitivity is
minimum at 400∘C and maximum at 200∘C. Such behavior
can be attributed to the changing surface morphology of
samples (Figure 8).

For sample Z2, maximum sensitivity occurs below 300∘C
whereas for sample Z2C1 maxima occur at 300∘C. For sample
Z2C2, again the sensitivity is maximum at lower temperature.
It is seen that presence ofmore andmore dopant decreases the
sensitivity of the films towards carbon dioxide.

The variation in sensitivity with temperature for 500,
1000, 2000, and 4000 ppm of CO

2
concentration is shown in

Figures 10(a), 10(b), 10(c) and 10(d) respectively.

The sensitivity has high value at 200∘C for samples Z1C1
andZ1C2 at all gas concentrations.However, sample Z1C2 has
maximum sensitivity for 1000 ppm at 200∘C. An increase in
temperature decreases the sensitivity in both these samples
whereas for samples Z2C1 and Z2C2 the sensitivity has
low value at low operating temperature. Sample Z2C1 has
maximum sensitivity at 300∘C for 500 ppm. Sample Z2C2 has
maximum sensitivity at 250∘C for 2000 ppm.

Band theory as applied to gas sensors has been the subject
of intense study for a number of years [28, 29]. The analyte
carbon dioxide gas interacts with the surface of the metal
oxide film (generally through surface adsorbed oxygen ions),
which results in a change in charge carrier concentration [30]
altering the conductivity (or resistivity) of thematerial. An n-
type semiconductor is one where the majority charge carriers
are electrons, and upon interaction with a reducing gas an
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Figure 9: Variation of sensitivity of undoped and Cu doped ZnO thin film samples at various CO
2

concentrations with temperature. Here
(a), (b), and (c) correspond to samples Z2, Z2C1, and Z2C2, respectively, prepared using precursor solution of molarity 0.15M.

increase in conductivity occurs. However, change in charge
carrier concentration in the sample also depends upon the
amount of the adsorbed gas which in turn depends on the
surface morphology. Thus, the nature of the analyte gas and
the surfacemorphology of the films both should be taken into
account while comparing the resistance, 𝑅gas, of a sample in
presence of varying concentration of the gas.

4. Conclusions

Nanocrystalline Cu doped ZnO films have been successfully
deposited on glass substrates by spray pyrolysis and their
structural and optical properties have been investigated.

The crystallite size decreases with increase in molarity
of precursor solution whereas with doping the crystallite
size increases in general. Doping increases the transmit-
tance of the films whereas optical band gap first decreases
and then increases as the dopant concentration is grad-
ually increased for both molarities in reference. As the
doping increases, the SEM shows formation of irregu-
lar shaped grains and then netted structure with holes
followed by net making needle-like structures becoming
dominant over the holes for both molarities. Response of
these films for carbon dioxide has been studied. Undoped
ZnO shows maximum sensitivity at 400∘C for higher con-
centration of CO

2
. The sensitivity of Cu doped sample is



Journal of Nanotechnology 9

0

50

100

150

200

250

300

350

Z1 Z1C1 Z1C2 Z2 Z2C1 Z2C2

Se
ns

iti
vi

ty
 

Samples

A

B
C

E

F

D

At 500ppm

(A) 200∘C
(B) 250∘C
(C) 300∘C

(D) 350∘C
(E) 400∘C
(F) 450∘C

(a)

0

100

200

300

400

500

600

700

Z1 Z1C1 Z1C2 Z2 Z2C1 Z2C2

Se
ns

iti
vi

ty

Samples

B

E

F

D
C

A

At 1000 ppm

(A) 200∘C
(B) 250∘C
(C) 300∘C

(D) 350∘C
(E) 400∘C
(F) 450∘C

(b)

0

100

200

300

400

500

Z1 Z1C1 Z1C2 Z2 Z2C1 Z2C2

B

E

F

A

Se
ns

iti
vi

ty

Samples

At 2000 ppm

(A) 200∘C
(B) 250∘C
(C) 300∘C

(D) 350∘C
(E) 400∘C
(F) 450∘C

C
D

(c)

0
50

100
150
200
250
300
350
400
450

Z1 Z1C1 Z1C2 Z2 Z2C1 Z2C2

Se
ns

iti
vi

ty

Samples

A
BCD

E

F

At 4000ppm

(A) 200∘C
(B) 250∘C
(C) 300∘C

(D) 350∘C
(E) 400∘C
(F) 450∘C

(d)

Figure 10: (a) Variation of sensitivity of undoped and Cu doped ZnO thin film samples at 500 ppm CO
2

concentration with temperature. (b)
Variation of sensitivity of undoped and Cu doped ZnO thin films sample at 1000 ppm CO
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concentrations with temperature. (c) Variation of
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maximum at 200∘C for all CO
2
concentrations from 500 to

4000 ppm.
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