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Abstract: Undoped and copper (Cu) doped zinc oxide (Zni—Cu,O, where x = 0—0.065) nano crystal thin films
have been deposited on glass substrate via RF/DC reactive co-sputtering technique. The aim of this work is to
investigate the crystal structure of ZnO and Cu doped ZnO thin films and also study the effect of Cu doping on
optical band gap of ZnO thin films. The identification and confirmation of the crystallinity, film thickness and
surface morphology of the nano range thin films are confirmed by using X-ray diffractometer (XRD), scanning
electron microscope and atomic force microscope. The XRD peak at a diffractive angle of 34.44° and Miller indices
at (002) confirms the ZnO thin films. Crystallite size of undoped ZnO thin films is 27 nm and decreases from 27 nm
to 22 nm with increasing the atomic fraction of Cu (zcy) in the ZnO thin films from 0 to 6.5% respectively, which
is calculated from XRD (002) peaks. The different bonding information of all deposited films was investigated by
Fourier transform infrared spectrometer in the range of wave number between 400 cm™" to 4000cm™'. Optical
band gap energy of all deposited thin films was analyzed by ultraviolet visible spectrophotometer, which varies
from 3.35 eV to 3.19 eV with the increase of xcy from 0 to 6.5% respectively. Urbach energy of the deposited thin
films increases from 115 meV to 228 meV with the increase of zcy from 0 to 6.5% respectively.
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0 Introduction

In the last few decades, semiconductor materials are
very important for extensive range of applications in
the field of science and technology for commercial and
non-commercial purposes due to their variable band
gap and short-range wavelength. II-VI chalcogenide
semiconductors are composed of metals and chalco-
gens, which belong to group II and group VI ele-
ments respectively. ZnO is an environmentally safe n-
type II-VI chalcogenide semiconductor economic mate-
rial whose direct large band gap is 3.37eV and high
exciton binding energy is 60 meV at room tempera-
ture of 30°C[-3. ZnO thin films possess properties of
piezoelectric oscillators due to their hexagonal wurtzite
crystallite structurell:*51. This type of metal chalco-
genide II-VI semiconductor thin films has been broadly
discussed due to their wide applications in optoelec-
tronic devices such as solar cells, photo detectors and

thin-film transistor136-81.  ZnO exhibits some addi-
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tional aspects and many natural advantages such as
non-toxic, good transparency, prominent electron mo-
bility, chemical stability and well luminescence prop-
erty at room temperature2. Due to these tremen-
dous properties, ZnO thin films are used as ultravio-
let protectors, gas sensing devices, antibacterial coat-
ings, cancer treatment, photo catalysis, light emitting
diodes, spintronics, high mobility transistor, transpar-
ent conducting oxides, schottky diodes, drug deliv-
ery devices, flat panel displays, surface acoustic de-
vices, computer screen, high electron mobility, smart
phone display, photo voltaic cells, smart windows,
laser diodes, varistors, chemical sensors and transpar-
ent electrodes!’*814 Different types of dopants such
as Fe, Sb, Al, Mn, Co, Ni, In, Ga, Sn, Ag, Au, N, Mo,
Ti, V and Cu doped with ZnO use physical and chemi-
cal techniques for enhancement of some basic properties
such as physical, electrical, chemical, dielectric, mag-
netic and optical(l-3:8:13:15-17  Cy is an interesting re-
markable metal among all dopants for its low cost, non-
toxic and naturalistic behavior. Cu also possesses a rare
form of the smallest mismatch size between Cu and Zn,
which leads to minimum formation energy. Cu and Zn
both have same electronic shell configuration because
of their nearly same physical and chemical properties.
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Electrons can be freely moved from Cu layer to ZnO
layer as there is no obstacle between Cu and ZnO layer
to run the electrons®'3). In the industrial application
purposes, Cu doped ZnO films have played an impor-
tant role in finding out the leakage of hazardous gases
like liquefied petroleum gas(!0:18,

In recent years, many researchers have used phys-
ical and chemical techniques to synthesize pure and
Cu doped ZnO thin films such as dip coating, chem-
ical bath deposition, low temperature aqueous solu-
tion route, chemical vapour deposition, electron beam
evaporation, chemical co-precipitation method, sol-gel
preparation, successive ionic layer absorption and reac-
tion (SILAR), spray pyrolysis, hydrothermal method,
screen printing, molecular beam epitaxy, thermal evap-
oration, radio frequency (RF) sputtering, direct current
(DC) sputtering, metal organic chemical vapor deposi-
tion, pulsed laser deposition, photo chemical deposi-
tion, simultaneous DC and RF magnetron sputtering
techniques, electrochemical deposition, and co-reactive
magnetron sputtering techniques!!-2:13:15,19-21]

RF and DC co-reactive magnetron sputtering tech-
nique is a highly advisable method for the formation of
nano range thin films. This process has various advan-
tages such as best quality of thin films over conventional
methods, large surface area coverage, low-temperature
growth, and direct control of film thickness and surface
morphology. In the current work, we report the out-
come of ZnO and Cu doped ZnO thin films by reactive
co-sputtering technique where ZnO target is used in
RF shutter and Cu metal target is used in DC shutter
simultaneously. The ZnO thin films have been doped
with different atomic fraction (xzcy) for the better im-
provement of the structural and optical properties of
the newly formed nano crystal thin films.

All deposited thin films were characterized and an-
alyzed by using X-ray diffractometer (XRD), energy-
dispersive X-ray analyzer (EDAX), Fourier transform
infrared (FT-IR) spectrometer, atomic force micro-
scope (AFM), and ultraviolet visible (UV-Vis) spec-
trophotometer. Optical transparency as well as the
optical band gap energy was calculated from the trans-
mittance spectra of the deposited films by using UV-Vis
spectrophotometer. The change in optical transmit-
tance, band gap energy and Urbach energy with zc, in
the ZnO thin films has been explored in detail.

1 Experimental Details

1.1 Materials and Deposition Techniques

Cu doped ZnO thin films have been synthesized
on commercial glass substrate by using reactive co-
sputtering deposition technique with the variation of
Ty from 0 to 6.5% respectively at room temper-
ature of 30°C. All films are deposited for 30min.
ZnO target [purity of 99.999%, diameter of 53.975 mm
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(2.125inch), and thickness of 2mm] and Cu target [pu-
rity of 99.999%, diameter of 53.975mm (2.125inch),
and thickness of 2mm] were purchased from Sigma-
Aldrich Company for source materials. Commercial
glass substrate with a size of 75mm X 25mm X
1.45mm was used for synthesis of pure ZnO and Cu
doped ZnO thin films by using co-reactive magnetron
sputtering technique. Before starting the deposition, all
glass substrates were ultrasonically cleaned in acetone
for 15min at 40°C and rinsed thoroughly with double
distilled water 2—3 times continuously and then dried
with hot air gun.

ZnO target and Cu metal target were sputtered by
RF power and DC power respectively. Before starting
the thin-film deposition, the impurities of both targets
were washed and removed by pre-sputtering using ar-
gon gas (Ar) for 15 min. First, the deposition chamber
was evacuated by rotary pump and then turbo pump.
The base pressure of the deposition chamber was main-
tained at 4 x 107% Pa using turbo pump. The mass
flow controller (MFC) key was used for entering and
maintaining the Ar and O5 into the evacuated chamber
at 12cm?/min and 4 cm?/min respectively, which were
fixed with the variation of z¢,. As Ar is a good sputter-
ing gas, for this purpose argon is used here. O3 is used
for maintaining the oxygen rich growth environment,
which is important for reducing the intrinsic donor de-
fects. Also both gases were used for maintaining the
working pressure at 2.5 Pa. Substrates were moving at
21/min for good arrangement of atom and molecules,
good surface morphology, and uniform film thickness.
Distance between cathode shutter and substrate holder
was fixed at 7cm for better thin-film deposition. The
deposition was started by RF power set up at 80 W,
and DC voltage varying from 200V to 260V. The xcy
varies from 2.3% to 6.5% with the variation of DC volt-
ages from 200V to 260V. Only RF power was sup-
plied in ZnO target for the deposition of undoped ZnO
thin films. Details of deposition conditions are given
in Table 1.

Table 1 Synthesis conditions maintained for the
formation of nano crystal thin films

Deposition parameter Value
Base pressure/Pa 4x107%
Working pressure/Pa 2.5
Ar flow/(cm?® - min—1) 12
O3 flow/(cm? - min—1) 4
Deposition temperature/°C 30
Substrate rotation speed (r-min~1) 2
RF power/W 80
DC voltage/V 200, 230, 260
Deposition time/min 30
Distance between target and substrate 70
holder/mm
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1.2 Characterizations

The compositional, structural, morphological and op-
tical characteristics of undoped ZnO and Cu doped ZnO
nano thin films were analyzed. The chemical composi-
tion of undoped ZnO and Cu doped ZnO thin films
was investigated by EDAX (Oxford, model-7582). The
structural crystallinity of all films was analyzed by us-
ing XRD (Bruker, D-8 Advance). The surface morpho-
logical characteristics of all nano crystal thin films were
investigated by using ambient based multimode AFM
(Bruker, MultiMode-8). All AFM measurements were
done in contact mode. A silicon probe having a ra-
dius of curvature of 10 nm, and height of 15um with a
standard chip size of 1.6mm x 1.6mm X 0.4mm was
used for the scanning purpose. Thickness of all films
was measured by using cross sectional scanning electron
microscope (SEM) images. The chemical bonding infor-
mation of the thin films was analyzed by using FT-IR
spectrometer (IR Affinity-1S, Shimadzu, Japan). The
optical transmittance spectra of the nano crystal thin
films were done using a UV-Vis spectrophotometer (V-
770, Jasco, Japan).

2 Results and Discussion

2.1 EDAX Analysis

The elemental analysis of undoped and Cu doped
ZnO thin films has been investigated by using EDAX.
The xcy in the deposited ZnO thin films was confirmed
by EDAX. EDAX spectra of undoped and 6.5% Cu
doped ZnO thin films are shown in Fig. 1.

The sharp peak intensities of Zn and O were found in
the undoped thin films, which confirmed the ZnO thin
films by EDAX. Zn and O peaks with the additional
Cu peak were observed in the Cu doped ZnO, as shown
in Fig. 1(b). In the undoped thin films, Zn and O were
the major intense peaks, but in Cu doped film, Cu was
a minor intense peak, which incorporated with Zn host
matrix and also substituted in Zn?* ion sites in EDAX
spectra.

2.2 XRD Study

The nature of crystallization characteristics of the
undoped and Cu doped ZnO thin films has been investi-
gated by XRD analysis. The XRD patterns of undoped
and Cu doped ZnO thin films were recorded in 26 be-
tween 20° to 70° using Cu-K, radiation of wavelength
A = 1.5406 A, where the source voltage and current
were kept at 40kV and 40 mA respectively as shown in
Fig. 2. Herein, 0 is also the Bragg’s angle or glancing
angle. The XRD spectra of the deposited films were
done with a scan rate of 2°/min. All synthesized films
were classified on the basis of their crystal structures,
which depend on the condition of some deposition pa-
rameters. Naturally, the crystal structures of ZnO and
Cu doped ZnO nano range films are two types, hexag-
onal wurtzite and cubic zinc blende!>*822], The high
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Fig. 2 XRD patterns of different zc, doped ZnO thin films
deposited on glass substrates

intensity peak at 26 of 34.44° corresponding to Miller
indices (002) confirmed that the ZnO wurtzite hexago-
nal peak matched with JCPDS card No. 36-1451[10-13],
which was decreased slowly with the increase of xcy,
from 0 to 6.5% respectively[>22]. The crystallite sizes
(D) of the deposited films were measured by using
Debye-Scherrer equation[?13]:

1 Bcos

D KX’ (1)
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where K is a Scherer constant and its value is 0.94, X is
the wavelength of X-ray and its value is 1.5406 A, and
is the full width at half maximum. The crystallite size
of the deposited films on the glass substrate decreased
from 27nm to 22 nm with the increase of z¢, from 0 to
6.5% respectively. The crystallite size of the deposited
thin films decreased with predominant shifting of Cu?*
ions into the ZnO host lattice sites, which minimizes
the nucleation and successive growth rate by increasing
the zcy in the ZnO films. As the crystallite size was
inversely proportional to the 8, then the crystallite size
decreased from 27nm to 22nm with the increase of 3
ranging from 0.3172° to 0.3891° respectively['3]. The
str[air]ls (€) of the deposited thin films were measured
by 13

B
€=, cos 0. (2)
The strain of the deposited thin films increased from
13.2x 104 to 16.2 x 10~* with the increase of ¢, from
0 to 6.5% respectively. The strain of the deposited thin
films increased due to the increase of copper ion inside
the film[?!.
The crystalline interplanar spacing (d) of the
deposited thin films was calculated using Bragg’s
equation3l:

d=n\/(2sin6), (3)

where n is an order of diffraction. The lattice constant
¢ of deposited films was calculated by!?!

d=% = [4(h* + hk + k*)/(3a%)] + 12/, (4)

where a and c are lattice constants; h, k and [ are Miller
indices. The lattice constant ¢ of the deposited films
changes slightly from 5.202 A to 5.216 A due to the sub-
stitution of Cu?*t ion instead of Zn?* ion at their re-
spective lattice sites. It was clearly observed that an
increase in strain causes decrease in crystallite size and
increase in lattice constants!'3l. The values of 26, 3, D,
g, d and ¢ for undoped and Cu doped ZnO thin films
are shown in Table 2.

Table 2 X-ray diffraction data of Cu doped ZnO
thin films at different zc.

zea/%  20/(°)  B/(°) D/nm  d/A  ex10*  ¢/A

0 34.44  0.3172 27 2.601 13.21 5.202
2.3 34.42 0.3234 27 2.603 13.47 5.206
4.2 34.39 0.3567 25 2.606 14.86 5.212
6.5 34.38 0.3891 22 2.608 16.21 5.216

2.3 Atomic Force Microscopy Analysis

The surface morphology of undoped and Cu doped
ZnO thin films has been investigated by scanning probe
AFM. The high resolution AFM micrograph shows that
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the immaculate film has found to be homogeneous and
uniform. Two-dimensional AFM images of undoped
and Cu doped ZnO thin films are shown in Fig. 3. The
surface morphology of the deposited nano crystal thin
films varies with the variation of z¢,. The good surface
morphology of the deposited nano range thin films is a
significant reason for the transmittance of light, which
may be the scattering and reflecting from their rough
surfaces. The decreases in surface roughness with the
increase of xc, from 0 to 6.5% were combined with the
decrease in grain size. It was evident that the different
deposition of z¢, modified the grain sizes and surface
roughness. Grain sizes varied from 23nm to 12nm,
which was comparable with the grain size as calculated
from XRD data.
2.4 FT-IR Study

FT-IR spectra of undoped and Cu doped ZnO nano
range thin films deposited on glass substrate were
observed to analyze the chemical composition at room

z/nm
125
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10
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(b) 2¢,=6.5%

Fig. 3 Two-dimensional AFM images of Cu doped ZnO
thin films
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temperature of 30°C in the frequency ranging from
400cm~?! to 4000cm ™!, as shown in Fig. 4. Glass sub-
strate was used as reference for measuring the FT-IR
absorption spectra to eliminate the absorption peak due
to glass substrate. The FT-IR spectra were used to an-
alyze the structural and molecular arrangements in the
undoped and Cu doped ZnO thin films. The FT-IR fre-
quency in the range of wave number between 400 cm ™!
to 4000cm~! can be classified as the fingerprint re-
gion, which is 400cm™"! to 1600cm~! and the func-
tional group region, which is 1600cm ™" to 4000cm ™!
respectively. The stretching and bending vibration oc-
curs between the fingerprint region and the functional
group region. The FT-IR peaks are found due to the
stretching and bending vibration of atom and molecules
or functional groups. The intensity of the different bond
peaks depends on different materials. The intensity of
few peaks increased with the increase of xc, within
ZnO from 0 to 6.5%. A sharp absorption peak found
at near 455cm™! was assigned to stretching frequency
for Zn—O bond in the thin films, which also confirmed
the deposited ZnO thin films!?3-24,

6.5% Cu

(1670) (2 350)

(455) (1530)
4.2% Cu

(455)
2.3% Cu

Transmittance

(455)
500 1000 1500 2000 2500 3000 3 500 4 000

Wave number/cm™!

Fig. 4 FT-IR spectra of Cu doped ZnO thin films

The band found close to 530cm™! was assigned
for the stretching vibration of CuO phonon spectrum,
which increased with the increase of ¢, from 2.3% to
6.5% in the ZnO films[*®/. Due to the phonon spectrum
of CusO, one stretching absorption peak was found at
around 616 cm ™!, which increased very slowly with the
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increase of zcy from 2.3% to 6.5%[2526], The strong
absorption FT-IR peak was near 1530cm™"', assigned
for the symmetric strong C=0 band["28. A weak
intensity peak was also found near 1670 cm™!, which
can be attributed to asymmetric C=0 bond[®¥]. The
clear absorption peak was observed near 2350cm™!,
assigned for the COg molecules in the thin films dur-
ing the deposition of the thin films or atmospheric
CO; molecules??3% The broad double absorption
peak was found in the range of wave number between
3730cm~! to 3860cm !, which was due to O—H or
C—H stretching vibrations of hydroxyl groups pre-
sented in thin films or due to the atmosphere during
the FT-IR analysis[!»28],

2.5 Optical Study

Optical studies of undoped and Cu doped ZnO thin
films deposited on the glass substrate were performed
by using UV-Vis spectrophotometer at room tempera-
ture in the wavelength range of 200—800nm, as shown
in Fig. 5(a). The films showed a very high average of
transmittance (90%) in the visible region, which indi-
cates that the films are in good quality of optical prop-
erties due to low scattering or absorption losses. The
transmittance spectra of thin films moderately decrease
with the increase of ¢, within pure ZnQO, as shown in
Fig. 5(a); they shift from visible region to near UV re-
gion. The decrease of optical transmittance may be due
to the increase in film thickness!®!l. The thickness of the
deposited films increased from 230 nm to 310 nm, which
is calculated from cross-sectional SEM images. From
the band theory of solids, the absorption coefficient («)
can be calculated by Beer-Lambert law![?32]:

It = Ioe_at, (5)

where « is the absorption coefficient, Iy and I; are the
incident and transmitted light intensities respectively,
and ¢ is the film thickness. The transmittance relation
can be written as T' = I, /I from simplifying formula of
Beer-Lambert equation. The optical band gap energy
of undoped and Cu doped ZnO thin films is determined
by the fitting data absorption coefficient from the Tauc
expression[32-34];

(ahv)Y/™ = B(hv — E,), (6)

where B is a constant, hv is the incident photon en-
ergy (h is Planck’s constant and v is incident light fre-
quency), Eg is the optical band gap energy which varies
with different deposition materials, and m is the differ-
ent types of transition value. As ZnO is a semiconduc-
tor material with a direct allowed band gap, so for this
case the value of m is 0.50]. In the case of direct al-
lowed transition, the optical band gap energy (Ej) of
Cu doped ZnO thin films was obtained from the extrap-
olation of the straight line on the z-axis using (ahv)?
versus hv graph as shown in Fig. 5(b). It is seen that
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Fig. 5 Results of optical study

the optical band gap energy of the nano crystal thin
films reduced slowly with entering Cu into the ZnO
layer. The energy levels of 2p of O and 3d of Cu were
aligned simultaneously and also interchanged between
the bands[®5-36] As a result, the hybridization that oc-
curred between the bands Cu 3d and O 2p caused the
decrease in the band gap of Cu doped ZnO nano range
thin films, which is shown in Fig. 5(b). For different z¢,
doped ZnO samples, the excitonic absorption indicates
that the energy band gap (Eg) values decrease with the
increase of Cu?* ion content. Figure 5(c) shows the de-
creasing values of band gap energy with respect to the
increase of xcy.
2.6 Urbach Energy Analysis

Urbach energy is also known as “band tail width”
associated with localized energy states due to structural
disorder of crystals. Figure 6(a) shows the schematic
diagram of Urbach band tail for Cu doped ZnO thin
films. The Urbach energy relation is expressed by

Ey= AE, — AEy, (7)

where E, is Urbach energy, AE, is the energy gap be-
tween valance band and conduction band, and AE, is
the energy gap between valance band tail and conduc-

11.5-
AL —0% Cu
' Conduction 11.0F :421:2;? gu
B band 270t

T 10.5F —6.5% Cu

3
Band tail | &£
AE, EAng

of Urbach 10.0

tion band tail. The E,, which is determined by fitting
an exponential function to the slope of the absorption
edge, gives the disorder or defect densityl3™38]. The
FE, also shows the phonon states of disorder in the de-
posited thin films. The F, of band tail width is found
to be below the absorption band edge of the compound.
The generation of absorption edge at the band gap en-
ergy is due to exciting-phonon interaction or may be
due to electron-phonon interaction.

This can be estimated from the steepness parame-
ter of absorption edge which is usually credited to the
optical-electronic transitions between the excited states
and the near edge localized states. The band bending
is due to a reduction in the optical band gap. If the E,
is higher, the disorder of the film is also high in phonon
state. Urbach band tail is also expressed by!*32:39]

Ina=Inag — hv/E,, (8)

where «g is a constant.

The Urbach energy (E,) shows that the width of the
band tail is due to the presence of localized states in
the band gap. The Urbach tail of Cu doped ZnO thin
films was calculated from the slope of Ina versus hv
plotted in Fig. 6(b).
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Fig. 6 Results of Urbach energy analysis
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The Urbach energy directly provides some useful
message about the thermal disorder or the occupancy
level in the crystalline structure of phonon states38l.
The exponential increase of the absorption coefficient
() in the range of the absorption edge can be explained
from the transitions between the tails of the density of
states in the conduction band and the valence band,
and the shape and size of these tails. According to
Skettrup’s theory, the structural and thermal disorder
in the sample could be calculated, which is modelled as
an Einstein oscillator®®l. Generally, the optical band
gap of thin films is inversely related with E,. The E,
increases with the increase of z¢, from 0 to 6.5% within
ZnO. The Urbach energy increases from 115meV to
228 meV with the increase of ¢y, from 0 to 6.5% within
ZnO, which is shown in Fig. 6(c). The disorder of the
deposited nano range thin films increases with the in-
crease in Urbach energy. The increase of E, suggests
that the redistribution of states is from tail to tail and
band to tail transitions, and severally, the optical band
gap decreases owing to the enlargement of the Urbach
taill0l,

3 Conclusion

In this research, Cu doped ZnO nano crystal thin
films have been deposited on the glass substrates via re-
active co-sputtering technique. Structural crystallinity
of the deposited nanostructure thin films was charac-
terized by using XRD. The chemical composition of
the atoms and molecules in the deposited films was
analyzed by using FT-IR spectrometer in the range
of wave number from 400cm~' to 4000cm~! at the
transmittance band. The morphological property of
the deposited films was characterized by using AFM.
The optical band gap energy of Cu doped ZnO thin
films decreases from 3.35eV to 3.19eV with the in-
crease of xc, from 0 to 6.5% at room temperature
of 30°C. Urbach energy increases from 115meV to
228 meV with the increase of zc, from 0 to 6.5%
at room temperature of 30°C. The potential advan-
tage of Cu doped ZnO thin films as an optical coat-
ing can be taken with controlling its transparency
and optical band gap by changing the Cu content
independently from other parameters.
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