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In this study, CdS/ZnO (2:3 mol%) thin films are successfully deposited on quartz substrates by using the sputter-
ing technique. Good images on the structural and optical characteristic features of CdS/ZnO thin films before and after
annealing are obtained. The CdS/ZnO thin films are annealed respectively at temperatures of 373 K, 473 K, and 573 K
and the structural features are examined by XRD, ATR-FTIR, and FESEM. The optical properties of CdS/ZnO thin films
such as refractive indices, absorption coefficients, optical band gap energy values, Urbach energy values, lattice dielectric
constants, and high frequency dielectric constants are determined from spectrophotometer data recorded over the spectral
range of 300 nm-2500 nm. Dispersion parameters are investigated by using a single-oscillator model. Photoluminescence
spectra of CdS/ZnO thin films show an overall decrease in their intensity peaks after annealing. The third-order nonlinear
optical parameter, and nonlinear refractive index are also estimated.
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1. Introduction

In recent years, the binary nanocomposites materials
have received much attention of scientists due to their distin-
guished performances in microelectronic, optoelectronic de-
vices, photocatalysts, and optics. Binary nanocomposites such
as cadmium sulphide-zinc oxide (CdS/ZnO) shows good sta-
ble transport properties and has many interesting applications
in optoelectronic devices.!'-”1 Coupling of CdS/ZnO nanos-
tructures has been continuously attractive and produced in-
novative prospects for numerous modern optoelectronic de-
vices. Thin films consisting of (CdS/ZnO) nanocomposites
have been widely explored due to their applications in the area
of optoelectronic, photo-catalysis and optics.[3-1%]

The CdS possesses a narrow direct optical band gap (~
2.4 eV) and is extensively used as a visible light photocata-
lyst. The CdS is the most appropriate visible sensitizer for
zinc oxide (ZnO) because its crystal lattice constant is simi-
lar to that of ZnO, having the optical band-gap energy in the
visible light region creating a heterojunction with zinc oxide,
which enables a very fast interband electronic charge trans-
fer between these compounds. The electronic charge injec-
tion from ZnO to CdS produces an efficient electronic charge
separation due to a decrease in the exciton recombination;

DOI: 10.1088/1674-1056/ab90e6

one of the excitons is bounded to the ZnO and the other
to the coupled CdS.!'3!4l The CdS is suitable to construct-
ing the core-shell heterostructures with ZnO, including one-
dimensional core—shell heterostructure, which are the most
promising heterostructures for photo-catalytic and solar en-
ergy applications.!'3-2!1 In the CdS/ZnO nanostructures, ZnO
is a wide optical band gap in the range of ~ 3.34 eV. It is re-
sponsible for a charge separation that suppresses the recombi-
nation process.>?! The CdS/ZnO nanostructures also have bet-
ter physicochemical characteristics than the constituents. For
example, the conductivity of CdS/ZnO nanostructure is better
than that of pure ZnO nanorod. 324!

Structural and optical characteristic features of nanostruc-
tured CdS/ZnO thin films have been previously investigated by

25-28] They reported that the optical proper-

many researchers. !
ties and the optical band gaps of the nanostructured CdS/ZnO
thin films can be controlled by the content ratio.

In the present study, we focus our attention on the influ-
ence of the annealing temperature on microstructural (FTIR,
XRD, EDX and FESEM), optical, and photoluminescence
properties of binary nanocomposites materials (CdS/ZnO) thin
films.
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2. Methods and materials

The CdS/ZnO thin films were deposited on quartz sub-
strates by using the UNIVEX 350 sputtering coating tech-
nique. The deposition parameters of CdS/ZnO thin films are
listed in Table 1.

The chemical bonds of the CdS/ZnO thin films were es-
timated using attenuated total reflection Fourier transform in-
frared (ATR-FTIR) spectrometer (Bruker, Germany) with us-
ing reflection mode. The attenuated total reflection Fourier

transform infrared (ATR-FTIR) spectra of the CdS/ZnO thin
films were obtained in the spectral range from 4000 cm™!
to 450 cm~!. FESEM analysis of transparent CdS/ZnO thin
films was done using SEM Model Quanta 250 field emission
gun, FEI Company, Netherlands. The crystalline structures
of CdS/ZnO thin films were examined by x-ray diffraction
(XRD) using a D8 Advance (Bruker, USA) x-ray diffractome-
ter with Cu Kot (A = 1.54056 A) operated at 40 kV and 40 mA.

The scanning angular range was from 7° to 90° in 26.

Table 1. Experimental parameters of sputtering-deposited CdS/ZnO thin films.

Material of the target

CdS/ZnO (2:3 mol%) Applied Science Crop.

Sputtering gas

Substrate

Substrate temperature/K

Target substrate distance and angle
RF Sputtering power/W

Pure Ar flow rate (standard cubic centimeter per minute)

Sputtering pressure (Pehamber)/mbar
Substrate rotation/rpm

Target size

Deposition time/h

Thin film thickness/nm

Deposition rate/(nm/min)

Annealing temperature (air and atmospheric pressure)/K

Ar (99.99%)

quartz at room temperature (2 cm X 2 cm)
300

10 cm with an angle 65°

150

30 cm?/min

2.6x 1072

10

3-inch diameter x 5-mm thickness
6

515

1.43

373,473,573

The optical data (transmittance and reflectance) were
taken by using a V-670 JASCO spectrophotometer that covers
wavelengths of 300 nm-2500 nm. The V-670 JASCO spec-
trophotometer was connected with a constant angle specular
reflection accessory (5°). The optical quantities n (real part
of the refractive index) and k (extinction coefficient) of the
CdS/ZnO thin films are calculated using the same methods as
that reported in Refs. [29-32].

As reported in Ref. [33], the experimental errors in mea-
suring the film thickness and the 7' (or R) parameter were es-
timated at £2% and +1%, respectively; whereas, the errors in
measuring n and k were less than 4%. A JASCO (FP-8200A)
specrofluorometer with Aexcitation = 300 nm was used to inves-
tigate the emission spectra of the as-deposited and thermally
annealed CdS/ZnO thin films.

3. Results and discussion

The FT-IR spectra of CdS-ZnO for the as-deposited and
thermally annealed CdS/ZnO thin films are shown in Fig. 1
within the range of 450 cm~! to 4000 cm~!. In the higher
energy region, there are not any detectable peaks due to O-
H stretching of absorbed water vapor on the surface of CdS—
ZnO thin films. The band positioned at 485 cm™! is attributed
to Zn—-O zinc oxide bond, which confirms the formation of
Zn0.B4 There are two bands at 960 cm~! and 775 cm™!
due to the stretching frequency of Cd—S bond.!*! The band

at 1150 cm~! corresponds to the S—-O stretching vibration of
the CdS-ZnO thin film. 6!

1.0
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IS —— annealed at 473 K
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Fig. 1. FTIR spectra of as-deposited and thermally annealed CdS/ZnO thin
films.
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Fig. 2. Observed XRD patterns of as-deposited and thermally annealed
CdS/ZnO thin films.
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Figure 2 shows the observed XRD patterns for the as-
deposited and thermally annealed CdS/ZnO thin films. It can
be seen that the as-deposited and annealed CdS/ZnO thin films
display no remarkable recognizable reflection of either ZnO or
CdS; the films each have an amorphous structure (lack of clear
diffraction peaks) and at these annealing temperatures are not
adequate to form a crystalline phase for each of CdS/ZnO thin
films.

Figure 3 shows the FESEM micrographs of the as-
deposited and thermally annealed CdS/ZnO thin films. The as-
deposited and annealed CdS/ZnO thin films show low rough-
ness with no vacancy and uniform distribution with small ag-
glomeration (homogeneity) across the scanned areas and no
cracks were observed on their surfaces. The FESEM micro-
graphs reveals that the quartz substrate is well covered by a
large number of sphere-like structures with different diame-
ters. The observed mean size of the as-deposited and annealed
CdS/ZnO particles is in a range of 120£9 nm.

Fig. 3. FESEM micrographs of as-deposited and thermally annealed
CdS/ZnO thin films as a function of temperatures: (a) as-deposited film,
(b) annealed film at 373 K, (c) annealed film at 473 K, and (d) annealed
film at 573 K.
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Fig. 4. The absorbance spectra of as-deposited and thermally annealed
CdS/ZnO thin films.

The absorbance spectra of the as-deposited and thermally
annealed CdS/ZnO thin films are presented in Fig. 4. The
CdS/ZnO thin films show better absorbance in the wavelength
range of 350 nm—400 nm and lower absorbance in the wave-
length range of 450 nm—-550 nm. One can see that the im-
provement of the optical absorbance (decrease in absorbance)
of the thermally annealed CdS/ZnO thin films results from the
increase in the transparency of the films.

Figure 5 shows the spectrophotometrically measured
curves of R and T versus the wavelength for the as-deposited
and thermally annealed CdS/ZnO thin films. The well os-
cillating and homogenous interference fringes of the optical
transmissions indicate that the as-deposited and thermally an-
nealed CdS/ZnO have flat surfaces and the film thickness
has a uniform distribution.!3”! The distinct absorption band
edges are at A =~ 400 nm, and these band edges of the as-
deposited and thermally annealed CdS/ZnO are not strongly
affected by the annealing temperature up to 573 K. The pres-
ence of such a sharp band edge in the visible region indicates
that the CdS/ZnO thin films each possess a good band pass
at A > 400 nm. The as-deposited and thermally annealed
CdS/ZnO thin films display no significant difference in their

reflectance spectrum patterns.

1.0 A
T
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0.6 1 » annealed at 473 K
Cdﬁ « annealed at 573 K
&
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Fig. 5. Transmittance and reflectance spectra of asdeposited and thermally
annealed CdS/ZnO thin films.

The variations of absorption coefficient & with wave-
length (where o = 4mk/A) for the as-deposited and ther-
mally annealed CdS/ZnO thin films are shown in Fig. 6. The
wavelength-dependent absorption coefficients show two sec-
tions: an exponential region at lower energy and a power law
region at high photon energy.

In the lower energy region, where the absorption coeffi-
cients vary exponentially with iv, the exponential dependence
of the absorption at the band edge is due to the perturbation of
the density of the states (DOS). The spectral dependence of
the absorption edge follows the Urbach energy (E,), which
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describes the width of the absorption tail as given in the fol-
[38]

lowing expression:

The plot of In(@) versus hv for the as-deposited and thermally
annealed CdS/ZnO film is displayed in the inset of Fig. 6. The
calculated values of E, for the as-deposited and thermally an-
nealed CdS/ZnO are given in Table 2. These results support
that the optical band gap widening CdS/ZnO thin films can be
due to the decrease of the band tail, while the decrease of op-
tical band gap could be attributed to the widening of the band
tail.

8
11.0
cessse®®|
10.5 as-deposited > o e
. e p
6 =l /"“ Pd
) 10.0 o /g
| = o P e
S .. o ——
g E 9.5 p P .:::,n“'
< > -
o »
= 44 90~ .l::‘
~ 'y
S ;] R — s
2.8 2.9 3.0 3.1 B d s
i
+—as-deposited hv/eV '
Iy
9 - = annealed at 373 K s
4
4+ annealed at 473 K 73
+—annealed at 573 K
0 T T T T

T
20 22 24 26 28 3.0 3.2 34 3.6
hv/eV

Fig. 6. Spectral dependence of absorption coefficient of as-deposited and
thermally annealed CdS/ZnO thin films with inset showing energy depen-
dence of In(a) for as-deposited and thermally annealed CdS/ZnO.

The optical band gap energy values of the as-deposited
and thermally annealed CdS/ZnO thin films and the type of
optical electronic transitions are assessed from the examina-

tion of the absorption coefficient, ¢, versus hv nearby the fun-

damental absorption edge by using the allowed indirect transi-

tions expression: 3%

(hOCV) 12 = Aing (hV - Eénd + Ephanton)» (2

where Ei,“d is the allowed indirect optical band gap energy,
Ajng is the characteristic transition parameter, independent
of photon energy, and Ephanion is the phonon assisted transi-
tions. As observed in Fig. 7, the values of indirect allowed
optical band gap of the as-deposited and thermally annealed
CdS/ZnO thin films are calculated by extrapolating the lin-

ear section of the plot (ahv)!/2

as a function of (hv) and
taking the intercept on the (hVv) axis. The calculated values
of optical band gap are given in Table 2. The optical band
gap displayed a blue shift with temperature increasing up to
473 K. The band bending effect (temperatures band will be-
come sharper, and the gap will be wider) gives an acceptable
explanation to this phenomenon.*%#!1 Slight red shift in the
band gap at 573 K can be discussed based on band gap narrow-
ing effect through many-body effects like electron—electron

and electron—ion scatterings./4*]

500 - prrs
+ as-deposited ot
« annealed at 373 K jprereen
a 4001 . annealed at 473 K e
= « annealed at 573 K
O
> 300
>
L
>
= 200+
N
<
3
~ 100+
0 T T T T T
2.4 2.6 2.8 3.0 3.2 3.4

hv/eV

Fig. 7. Plots of (athv)'/2 versus hv for as-deposited and thermally annealed
CdS/ZnO thin films.

Table 2. Optical parameters of transparent CdS/ZnO thin films.

Optical parameters Ei,“d'/eV Ey/meV E,/eV  EgleV € &L

(N/m*)/10* g1.cm™3

As-deposited 2.60 192 4.095
373K 2.60 183 3.951
473 K 2.63 150 3.767
573K 2.50 179 4.434

20.177 5926 6.08 2.326
18.21 5.608 5.79 2.43
15.895 5.2194 5.19 1.753
15237 4436 4.38 0.956

Photoluminescence emission is a key mechanism in the
study of light emission properties of optoelectronic semicon-
ductor devices, optical communication and lasers.[*3! Photo-
luminescence emission at room temperature is performed for
the as-deposited and thermally annealed CdS/ZnO thin films
with Aexcitation = 300 nm. The photoluminescence emission
spectra are shown in Fig. 8. The photoluminescence spectra of

the CdS/ZnO thin films show an overall decrease in their peak

intensities after annealing. These figures, i.e., Figs. 8(a)-8(d),
show emission peaks centered at 330 nm, 410 nm, 426 nm,
461 nm, and 573 nm, respectively. A Gaussian fitting to the
emission spectrum of the annealed CdS/ZnO thin film at 573 K
is shown in Fig. 9. With the constant background subtracted,
the emission spectra are deconvoluted into different compo-
nents, followed by a Gaussian fitting. The emission peaks are

attributed to the intrinsic defects such as sulfur vacancies, sur-
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face states, and oxygen vacancies.[*¥! The maximum in the
photoluminescence emission is “Stokes shifted” with respect

to the absorption edge in the CdS/ZnO thin film due to captur-

ing the defect states and trapping. [+’]
8
A ccitation = 300 nm
6 1 as-deposited
&

4 A % .

S

Y g P
2 W,’ \‘\&’* e,

Biad

Photoluminescence intensity/cps

0 T T T 1
300 350 400 450 500 550
A/nm
141 A citation = 300 nm
12 annealed at 373 K
104 &

’-_‘

i
¢

'
)

8.

61

41 4 X .

9] \AJ'N
0

3
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8
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"1y
1
4
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0
2,
3
~
>
&
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g
g
£ 0 . ‘ ‘ .
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=
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B :
= 807 H
" i

60 1 H

i
!
40 A i
e U

0 : ’ . , ;
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A/nm

Fig. 8. Room-temperature PL spectra of as-deposited and thermally an-
nealed CdS/ZnO thin films excited at 300 nm.

Figure 10 shows the variations of refractive index (n)
with wavelength for the as-deposited and thermally annealed
CdS/ZnO thin films. In this figure, each curve displays that the

value of n sharply decreases with A increasing in the range of

A < 500 nm and slightly decreases in the range of A > 500 nm.
The values of the refractive index slightly decrease by anneal-
ing up to 573 K with respect to the as-deposited CdS/ZnO film.
This decrease in the refractive index may be attributed to the
improvement in stoichiometry of the films due to the reaction

of oxygen.

=
o
o

annealed at 573 K
=300 nm |

excitation

80 A

/\ /
§
N

N
AN

2.0 2.5 3.0 3.5 4.0
hv/eV

PeakType Area Intg FWHM
Gausdan 1.04117 0.13074
Gaussan 19.565558 041741
Gaussian 6.08886 021732
Gaussian 14.20035 0.18979
Gaussan 264583 0.19524

Photoluminescence intensity/cps

PeakIndex MaxHeight | Center Grvty Ara IntgP
11.43302 216 239174
4407219 267 4492254
26.32053 284 13.98716
70.28925 301 3262064
14.18945 377 6.07792

ErSERESE

Fig. 9. De-convoluted analysis of annealed CdS/ZnO thin film at 573 K.

.E « as-deposited
5 _E « annealed at 373 K
H + annealed at 473 K
« annealed at 573 K
4
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2 -
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A/nm

Fig. 10. Spectral dependence of mean real part of refractive index, n, of
as-deposited and thermally annealed CdS/ZnO thin films.

At the low optical frequencies, the single oscillator pa-

rameters of the as-deposited and thermally annealed CdS/ZnO

thin films can be estimated from the following equation!*>46]
1 E, 1 2
- = —— ———(hv)~. 3
n2 -1 Ed EoEd ( ) ( )

The oscillator parameters such as the dispersion energy (Eqg)
and the single oscillator energy (E,) can be determined from
the relation between (n> — 1)~! and (hv)? as displayed in
Fig. 11 for the as-deposited and thermally annealed CdS/ZnO
thin films. In addition, the infinite frequency dielectric con-
stant, €., can be estimated. The single oscillator parameters
are displayed in Table 2.

Also, at the low optical frequencies, the relationship be-

tween squared refractive index (n?) and squared wavelength
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(A?) is given by the following equation*”}

N 2

2
€1 =n ZSL—il (4)
4mle m*c?’

where g is the lattice dielectric constant, e is the electronic
charge, &, is the permittivity of free space, c is the velocity
of light, and N/m* is the ratio of free carrier concentration to
the effective mass of charge carrier. As shown in Fig. 12, at
longer wavelengths the dependence of squared refractive index
(n?) on squared wavelength (1?) for each of the as-deposited
and thermally annealed CdS/ZnO thin films is linear. The lat-
tice dielectric constant (€r) is calculated by extrapolating this
linear part to zero wavelength and the ratio of free carrier con-
centration to the effective mass of charge carrier (N/m") is

calculated from the slope of this linear part. These parameters

are displayed in Table 2.
0.35
0.30 4
= 025
= 0.25 4
J
ks
~ 0.20
—— as-deposited
0.15 4 —-— annealed at 373 K
. annealed at 473 K
—— annealed at 573 K
0.10 T T

0 05 1.0 15 2.0 25 3.0
(hw)?/(eV)?

Fig. 11. Plots of (n> —1)~" versus (hv)? for as-deposited and thermally
annealed of CdS/ZnO thin films.

—— as-deposited

= annealed at 373 K
+— annealed at 473 K

—+— annealed at 573 K

12

2 4 6
(A)?/105 nm?

Fig. 12. Plots of n” versus A> for as-deposited and thermally annealed of
CdS/ZnO thin films.

In a system showing a negligible absorption, the third-
order nonlinear susceptibility for the as-deposited and ther-
mally annealed CdS/ZnO thin films can be calculated from the

following relation#8->11

(n* —1)*, (5)

where A ~ 1010 esu is a constant.[*8=3! The plots of ¥ ) ver-
sus hv for the as-deposited and thermally annealed CdS/ZnO
thin films are displayed in Fig. 13.

6 -
« as-deposited
- annealed at 373 K
+ annealed at 473 K
——annealed at 573 K
= 4
w0
o
P
i
>
= 2]
0 T T T
0.5 1.0 1.5 2.0

hv/eV
Fig. 13. Spectral behaviors of third-order nonlinear susceptibility, 1(3) for
as-deposited and thermally annealed of CdS/ZnO thin films.

Furthermore, the nonlinear refractive index (n;) can be

determined from the relation!>!]

3717){(3)
"= 4e,cn?

(cm?- W), (6)

The plots of ny versus hv for the as-deposited and thermally
annealed CdS/ZnO thin films are displayed in Fig. 14. Fig-
ures 13 and 14 show that the spectral behaviors of the third-
order nonlinear susceptibility and nonlinear refractive index
are slightly weakened by annealing up to 573 K. The spectral
thermal behavior of x) and n, follow the same trend as the
real part of the refractive index.

10
+ as-deposited
« annealed at 373 K
. 81 | annealed at 473 K
‘B « annealed at 573 K
T67
g
3}
Lo
A
>
IS
21 /

00.4 OI.6 0.I8 110 1?2 1i4 116 1'.8 2.0
hv/eV

Fig. 14. Spectral behaviors of nonlinear refractive index n; for as-deposited
and thermally annealed of CdS/ZnO thin films.

From the above experimental results, it may be concluded
that the influences of the annealing temperature on the mi-
crostructural (FTIR, XRD, and FESEM), optical and photo-
luminescence properties of binary nanocomposite materials
(CdS/ZnO) thin films can be attributed to physical rather than
chemical changes, for this can be explained on the basis of
the difference in chemical bonding structure after annealing
and the reaction between the atoms of both cadmium and zinc
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metal. Thus, the nature of chemical bonding among certain
constituent atoms should play a significant role in the onset
of non-metallic physical properties of quasicrystals bearing
transition-metal elements. On the other hand, the self-similar
symmetry of the underlying structure gives rise to the presence
of an extended chemical bonding network due to a hierarchi-
cal nesting of clusters. Also, the dislocation density and the
compressive stress induced in the as-deposited CdS/ZnO thin
films decrease with annealing temperature increasing.

4. Conclusions

The influences of annealing temperature on the morpho-
logical, structural, and optical characteristics of RF sputtered
CdS/ZnO thin films are analyzed. The FTIR spectra are ver-
ified by the existence of the band centered at 485 cm™! as-

Iand

signed to Zn—O zinc oxide bond, two bands at 960 cm™
775 cm~! assigned to the stretching frequency of Cd—S bond
and the band at 1150 cm ™! assigned to the S—O stretching vi-
bration of the CdS—ZnO thin films. The XRD analyses of the
as-deposited and thermally annealed CdS/ZnO thin films re-
veal that the films are all amorphous in nature. The FESEM
images reveal that the thin films possess uniform distribution
of identical nanoparticles in the range of (120 +£9) nm. Pho-
toluminescence emission spectra of CdS/ZnO thin films show
overall decrease in their peak intensities after annealing. The
emission peaks can be attributed to the intrinsic defects such
as sulfur vacancies, surface states, and oxygen vacancies. The
optical band gaps of CdS/ZnO thin films all show a distinct
blue shift with temperature increasing up to 473 K, which can
be related to the band bending effect. The slight red shift in
the band gap at 573 K can be attributed to the band gap nar-
rowing effect through many-body effects. The microstructural
and optical properties of the as-deposited and thermally an-
nealed CdS/ZnO thin films are studied to identify and verify
the characteristics of CdS/ZnO thin films for optoelectronic
applications. Additionally, the estimated third-order nonlinear
susceptibility and nonlinear refractive index are observed to be
reduced as the annealing temperature increases.
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