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Abstract Pure CdS, CdO.QGCUO.(MS and Cd0_94Cu0_04
Alg oS thin films have been synthesized by simple chem-
ical deposition method. Cubic structure noticed in undoped
CdS and Cu-doped CdS thin films was changed into mixer
of cubic and hexagonal structure for Cdg94Cug 4Alp 02S.
The change in crystallite size, peak position and lattice
parameters were discussed based on thickness, crystal
structure and the density of defect states. Microstructure of
the synthesized films was investigated by scanning electron
microscope and energy dispersive X-ray spectra which
confirmed the presence of compositional elements such as
Cd, S, Cu and Al. Higher thickness and the enhanced
crystallite size were responsible for the higher absorption
in CdgosCugo4S than other films. The higher energy gap
(2.56 eV) and enhancement of visible light absorption
noticed in Cdy 9sCug o4S thin film led them as an effective
way to utilize solar energy and enhance its photocatalytic
activity under visible light. The accelerated Ig/lyy ratio
noticed in Al, Cu co-doped CdS film was due to the for-
mation of new energy levels related to defect states pro-
duced by Al/Cu impurities and mixer of hexagonal and
cubic structure
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1 Introduction

Optical, electronic and structural properties of semicon-
ducting nanocrystals have gained prominence due to their
great potential in many applications ranging from DNA
makers to light emitting displays (LEDs) owing to their
unique size dependent optical and electronic properties [1,
2]. Specifically, sulfide based phosphors such as ZnS and
CdS (E; ~ 3.7 and ~2.5 ¢V, respectively) [3-5] have
been potential candidates for their promising applications
in electro-luminescent (EL), photoluminescent (PL) and
photoconductive (PC) devices.

Li et al. [6]. studied the room temperature PL spectra of
ZnO thin films with a strong near band-edge emission at
380 nm and a negligible deep-level emission around
530 nm, indicating the concentrations of the defects
responsible for deep-level emissions are reduced on
annealing. Zhaiy et al. [7] characterized the optical prop-
erties of Cu,O films by the ultraviolet—visible (UV—Vis)
spectrum, which demonstrated the band gap changing from
2.21 to 2.43 eV with different electrochemical deposition
time owing to the quantum confinement effect. Cu,O
quantum dots (QDs) decorated ZnO nanorod arrays (ZNAs)
were fabricated by Zou et al. [8] using a facile hydrothermal
method followed by a chemical bath deposition (CBD)
process. For improving the photovoltaic stability, a pro-
tective layer was prepared on the Cu,O QDs by a simple
process of heat treatment in ambient air at 100 °C for 2 h.
The results demonstrate that the passive CuO layer could be
an effective protective layer to increase the photovoltaic
stability. Fang et al. [9] demonstrated the fabrication of dye-
sensitized solar cells (DSSCs) based on different ZnO
nanostructures with controllable morphologies synthesized
via capping agent-assisted hydrothermal method. DSSCs
showed significantly improved photovoltaic performance
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with open-circuit voltage increasing from 0.45 to 0.73 V.
Nitrogen self-doped graphitic carbon nitride (C3Ny4,,) was
successfully synthesized by the co-thermal condensation of
the precursor with a nitrogen-rich additive [10].The average
hydrogen evolution rate for C3N4,, was 1.8 times higher
than that of pristine graphitic carbon nitride, and the supe-
riority lay in greatly improved optical, emission and elec-
tronic properties of the nitrogen modified carbon nitride.

It is well known that Cu doping may provide two defect
charge states viz. Cu™ and Cu®" [11]. The substitution of
Cu/Cu®" for Cd*" behaves as an acceptor. The ionic radii
of Cd** and Cut/Cu®" are 0.97 A and 0.77/0.73 A,
respectively. So, Cu can easily be substituted in the place
of Cd either in substitutional or interstitial positions [12].
Therefore, Cu is selected as one of the doping elements
with CdS. Conductivity of CdS thin films is increased by
Al doping. During Al doping in CdS, AI’" ions are prop-
erly entered into Cd site at lower concentration and inter-
stitially at high concentration and the interstitial ions will
act as recombination centers [13]. Therefore, Al is selected
as second doping element with Cu-doped CdS.

CdS and transition metal TM-doped CdS have been
prepared using various techniques, such as thermal evap-
oration [14], electro-deposition [15], chemical bath depo-
sition [16], and spray pyrolysis [17]. Among the different
techniques, a well established chemical deposition tech-
nique [18] is used to prepare the TM-doped and TM co-
doped CdS thin films because it is one of the low coast and
more suitable methods for large area deposition.

The control the morphology, particle size and optical
properties of the film are possible by controlling the level
of Cu and Al doping during synthesis. Even though some
works have been already carried out on Cu-doped CdS [11,
12] or Al-doped CdS system [13, 18], the comparative
studies of optical, structural and photoluminescence beha-
viour of Cu, Al co-doped CdS is still scanty. Therefore, in
the present investigation the structural, optical and mor-
phological properties of Cu-doped CdS and Cu, Al co-
doped CdS thin films have been investigated systemati-
cally. The chemical bonding present in the samples was
investigated by FTIR spectra to get a better understanding
of the deterioration characteristics of the samples. Finally,
photoluminescence properties in addition to XRD study
were discussed to investigate the microstructural properties
of the samples.

2 Experimental

2.1 Substrate cleaning

Substrate cleaning is very important in the deposition of
thin films. The un-cleaned substrate results the non-

uniform film growth. In order to avoid the non-uniform
film growth, the glass slides of dimensions 26 x 76 x
2 mm® were boiled in chromic acid for 2 h and kept in it
for 12 h. Then, they were washed with detergent, and again
rinsed in acetone before the deposition of the films. The
cleaned substrate was kept dipped in de-ionized water
before use.

2.2 Preparation of CdS, Cd0.96Cll0.04S
and Cdo_94Cl10.04A10.02S thin films

For the preparation of Cu doped CdS thin films, cadmium
chloride monohydrate (CdCl,.H,0), copper chloride dihy-
drate (CuCl,.2H,0), aqueous ammonia solution, Thiouria
((NH,),CS), ammonium chloride (NH4Cl) were used
without further purification. All the chemicals used in the
present investigation were analytical grade with more than
99 % purity purchased from Merc. The precursors
CdCl,.H,0O, CuCl,.2H,O and CS(NH,), were used as
source materials of Cd*", Cu*™ and S~ ions respectively.

The deposition bath was prepared by the addition of
appropriate amount of 0.996 M CdCl,, 2.5 M NH,4CI and
double distilled water in 100 ml beaker. The solution was
stirred well with the help of magnetic stirrer to make a
homogeneous solution. Al doping was carried out by
adding the appropriate amount of 0.004 M CuCl,.2H,0 to
the main solution. The 40 ml 1 M (NH,),CS solution was
prepared separately and added slowly into the deposition
bath. The pH of the solution was maintained as 10 using
aqueous ammonia solution. The solution was stirred well
with the help of magnetic stirrer for a few seconds and then
well cleaned glass substrates were slowly introduced into
the bath vertically. The temperature of the mixed solution
was maintained at 80 °C (353 K) during the whole reaction
process. The reactants were vigorously stirred under air
atmosphere. The films deposited on glass substrates have
been taken out after 2 h and cleaned several times with de
ionized water and alcohol to remove loosely bounded ions/
atom. Cleaning of the film is very important to remove the
surface impurities and minimize the particle agglomera-
tion. After the deposition, films were dried using micro-
oven at 50-80 °C for 30 min. The prepared films by this
method were uniform and well adherent to the substrate.
Transparent and homogenous yellowish coloured thin films
were obtained at the end of deposition process.

For the preparation of Cu, Al co-doped CdS thin films
both copper chloride dihydrate (CuCl,.2H,0), and Alu-
minium sulphate (Al,(SO4)3.16H,0) were used as a source
materials. Yellow colour of CdS film was changed into
yellowish orange when Cu = 4 % is doped into CdS which
is changed into dark yellowish orange for additional 2 % of
Al doping as shown in Fig. 1. In the present investigation
Tolansky’s method was employed to find the thickness

@ Springer



6802

J Mater Sci: Mater Electron (2016) 27:6800-6808

(t) of the thin films. The accuracy of the thickness mea-
surement is 3 nm [19].

2.3 Characterization techniques

The crystal structure of the synthesised thin films was
determined by powder X-ray diffraction (XRD). XRD
patterns are recorded on a RigaKuC/max-2500 diffrac-
tometer using CuKo radiation (A = 1.5406 A) at 40 kV
and 30 mA from 26 = 10° to 80°. Scanning electron
microscope (SEM) technique is used to observe the particle
sizes, rough morphology and distribution of the particles on
the surface of the system. The surface morphology of the
prepared films was studied using a scanning electron
microscope (SEM, Philip XL 30). The topological features
and the composition of Cd, Cu, Al and S were determined
by energy dispersive X-ray spectrometer (EDX) on K and
L lines.

The UV-visible optical absorption and transmittance
spectra are carried out with a view to explore their optical
properties. The spectral absorption of the films is deter-
mined using UV-visible spectrometer (Model: Lambda 35,
Make: Perkin Elmer) in the wavelength range from 300 to
900 nm using cm ™' quartz cuvettes at room temperature.
Halogen and deuterium lamps are used as sources for
visible and UV radiations, respectively at room tempera-
ture. The presence of chemical bonding was studied by
FTIR spectrometer (Model: Perkin Elmer, Make: Spectrum
RX I) in the range of 400—4000 cm™'. A bare glass sub-
strate is used for base line correction of the system before
recording the FTIR spectra of the samples. The photolu-
minescence (PL) spectra of the thin films have been carried
out between the wavelength ranging from 340 to 580 nm
using a fluorescence spectrophotometer (Model: F-2500,

i

[ Cdo.aeCUo.o4S] [Cdo.94C U0.04A|0.OZS]

CdS

Fig. 1 Variation of colour change for different thin films such as CdS
(yellow), Cu-doped CdS (yellowish orange) and Al, Cu co-doped CdS
(dark yellowish orange) (Color figure online)
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Make: Hitachi) at room temperature. A Xenon lamp with a
wavelength of 330 nm and power of 150 W is used as the
excitation source.

3 Results and discussion
3.1 Structural characteristics

The typical XRD patterns of CdS, Cu-doped CdS and Cu,
Al co-doped CdS thin films between 10° and 80° are as
shown in Fig. 2. The broad hump in the 20 range of 15°-
35° is mainly due to the amorphous glass substrate. The
similar result was observed by Nair et al. [20] in Cu,S thin
films. As shown in Fig. 2, undoped CdS thin film exhibits
three major diffraction peaks corresponding to the (111),
(220) and (311) with a preferred orientation along (111)
plane. The phase purity of the sample was confirmed by
XRD diffraction peaks i.e., no extra peaks for oxides/sul-
phides of CdS or other phases are found. The data are fitted
with CuKa profile to find the peaks corresponding to CdS
thin films. The corrected spectra matched with the JCPDS
card No. 89-0440 corresponding to cubic phase.

Based on different conditions, CdS nanocrystals exhibit
four different forms such as cubic (zinc blende), hexagonal

(100)(H) (111) (c)

| Cdo.94Cuo.04Al0.02S |

(110) (H)
(220) (c) g (112) (H)

(311) (c)

(103) (H)

(111) (c)

Cdo.96CU0.04S

Intensity (a.u.)

(220) (c)

(311) (c)

10 20 30 40 50 60 70 80
20 (degrees)

Fig. 2 X-ray diffraction pattern of pure CdS, Cu-doped CdS and Al,
Cu co-doped CdS thin films at room temperature
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(wurtzite), distorted rock salt, and cubic rock salt [21]. At
room temperature, cubic CdS is considered a
metastable phase while hexagonal CdS is the stable phase
and thermal annealing may cause a phase transition from
the cubic phase to the hexagonal phase. According to the
heterogeneous reaction, it is argued that the ion by ion
process results the uniform films with pure hexagonal or
cubic phase or mixed hexagonal phase [22]. In the present
case, reaction occurs at room temperature and hence
crystallographic phase of CdS film grown by heteroge-
neous process is cubic. A lot of results on CdS samples
growth by chemical synthesis support the fact that CdS
nanoparticles grow in cubic phase in the 70-80 °C range
[23, 24].

Meanwhile, the (111) plane shows a considerable
increase in intensity upon incorporation of Cu. The similar
increase in intensity of doped CdS was observed by Afify
et al. [25] which could be attributed to the change in the
scattering factor corresponding to the incorporated ele-
ment, or the decrease in the crystallite size, or both. The
dominant (111) plane is shifted to higher angle side by Cu-
doping which is a consequence of the incorporation of Cu
into CdS [26]. When Al is co-doped with Cd—Cu-S, the
cubic phase turned to the mixed phase of cubic and
hexagonal. This mixed phase is prominently exposed by
the additional diffraction peaks at 20 values of 24.7° (1 0
0), 26.5°(002),43.7°(110),47.8°(103),51.9°(112)
were observed. Substitution of more co-ordination num-
bered (12) AP into the position of less co-ordination
numbered (8) Cd**" increases the number of surrounding
atom and hence an additional hexagonal phase is intro-
duced in the cubic phased CdS thin film by Al doping. So,
CdS and Cu-doped CdS existed only in cubic phase, but
Al-CdS existed mixed crystals of cubic and hexagonal
phases. The decrease in intensity of (111) plane and its
peak position shift towards lower angle side compared with
Cu-doped CdS are due to the incorporation of AI’" ions
which acts as both proper substitution and interstitial
position.

The variation of peak position (20), full width at half
maximum (FWHM), d-value, cell parameter, average
crystallite size (D), and microstrain (¢) along (111) plane of
CdS, Cd0'96CUO'04S and Cd0'94CU.0_04A10.()QS thin films are
given in Table 1. The film thickness of pure CdS is found
to be 0.88 wum. During the substitution of Cu, the film
thickness is increased to 1.03 pym. The observed higher
thickness for Cu-doped CdS is due to the higher growth
rate of the film. The released high amount of Ccd*, cu?t
and S?~ ions from bound state during reaction deposited on
the surface of the glass substrate which enhance the growth
rate and hence the thickness of the film. The further doping
of Al into Cu-doped CdS reduces the film thickness to
0.92 um. The available number of A’ jons from its

source Al,(SO,); is low than Cd*" ions and Cu*" ions.
This slow released rate of AI’™ ions is responsible for the
reduction of film thickness.

The interplanar distance (d = 3.365 A) and the cell
parameter (a = 5.829 A) of CdS thin films are reduced to
d =3.344 A and a = 5.791 A when Cu is introduced into
Cd-S lattice. It has been reported that Cu™ and Cu®" are the
jonic states found in Cd>" sites into the CdS lattice [27]. If
Cu* (ionic radius = 0.74 A) and Cu®>* (ionic radius =
0.71 A) enter substitutionally in cd*t (ionic radius =
0.94 10\) sites, the lattice will tend to reduce the volume.
This decrease in d-value is due the substitution of Cu®*/
Cu™ ions which have lower ionic radius in place of Cd*"
ions which have higher ionic radius. The interplanar dis-
tance d(j1yy is calculated using the formula A = 2d sin 6.
The presence of Cu in the CdS volume introduces internal
stress, which distorts the crystalline lattice and provokes
disorder. Internal stress is that which does not come from
external forces to the volume of material as that produced
by substrate mismatch or by hydrostatic pressure [23]. The
distortion affects the inter-atomic distance ‘a’, similarly as
has been reported for Cu-doped CdSe nanocrystals [28].
The S vacancies generation and the occupation of Cd*"
sites by Cu™ and Cu®" ions could be some of the reasons
for the shrinkage of the CdS lattice and the tendency of
amorphization when Cu enters in substitutional positions.
When AI’" ions are introduced into Cu-doped CdS, the
values of ‘d’ and ‘a’ are slightly increased. Even though the
jonic radius of AI** jons 0.5 1&) is smaller than Cu and Cd
ions [29], ‘d’ value and lattice parameter ‘a’ are increased
by Al-doping which is due to the formation of defect states
and distortion.

The average crystal size of the film is calculated from
the diffraction peaks along (111) plane using Debye—
Scherrer’s formula [30]:

0.91
- BcosO ()

where, A’ is the wave length of X-ray used (1.5406 A), ‘B’
is the angular peak width at half maximum in radian along
(111) plane, and ‘0’ is the Bragg’s diffraction angle. The
micro-strain (€) can be calculated using the formula [31]:

~ PBcosO
S @)

Full widths at half maximum (f) along (111) plane of
the XRD peaks for Cu-doped CdS (3.24°) is smaller than
CdS (2.91°). This result shows that the grain growth of CdS
was promoted by Cu incorporation which increases the
average crystallite size from 2.52 nm (CdS) to 2.81 nm.
The similar enhanced crystallite size by Cu-doping was
noticed in the literature [26, 32]. The reduction in strain
from 7.95 x 107? (CdS) 7.13 x 10> (Cu-doped CdS) is

Average crystallite size (D)

Micro-strain (g)
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Table 1 The variation of Peak position (28), full width at half maximum (FWHM), d-value, cell parameter, average crystallite size (D), and
microstrain (€) along (111) plane of CdS, Cdy9sCug4S and Cdg.o4Cug 04Alg oS thin films

Samples Thickness Peak position (20) FWHM d.value  Cell parameter Average crystallite Micro strain
(t) (um) (degrees) (degrees) (A) a=b=c(A) size (D) (nm) (1073

CdS 0.88 26.47 3.24 3.365 5.829 2.52 7.95

Cdo.06Cug.04S 1.03 26.62 291 3.344 5.791 2.81 7.13

Cdo.04Cup 0sAlp S  0.92 26.51 3.07 3.359 5.818 2.66 7.53

another possible for the better crystallization. FWHM value
is increased to 3.07° when Al is substituted into Cu-doped
CdS. The increased FWHM is correlated with the decrease
of crystallite size to 2.66 nm. The induced higher strain
(7.53 x 1073 by Al-doping is another factor for the
deterioration crystallite size.

3.2 Morphology and compositional studies

The typical EDX spectra of pure CdS, CdgosCug04S and
Cdp94Cug 04Alg oS thin films are shown in Fig. 3a—c,
respectively. The inset of Fig. 3 shows the surface mor-
phology carried out by SEM. The quantitative atomic
percentage of the compositional elements present in
undoped CdS, Cd()AQ(,CU()A(mS and Cd()A94CU()A()4A]()A()2S thin
films using EDX analysis are presented in Table 2.

The atomic percentage of Cd and S are found to be
56.87 and 43.13 for pure CdS thin film which shows Cd
rich phase. The surface morphology of CdS film (Fig. 3a)
reveals the un-even distribution of grains in the cluster
form throughout the surface with a compact and fine
grained morphology. Shape of the grains in this sample is a
mixture of spherical-like and rod-like nature. When Cu is
added into CdS, the surface morphology turned into uni-
form distribution of grains throughout the sample with
spherical shape as shown in Fig. 3b. Moreover, the average
grain size of CdggsCug4S film is enhanced as noticed in
Table 1.

The existence of lower micro-strain and the reduction of
lattice imperfection and defects in CdgosCuggsS are
responsible for the improvement of crystallite size. The
EDX spectra of CdggsCugosS thin film shows the well
defined peaks corresponding to Cd, S and Cu (Fig. 3b). The
cluster formations surrounded by the pores was observed in
the Cdg.94Cuq 04Alg2S thin film as shown in Fig. 3c. The
presence of more defects and deformed lattice structure by
APPT jons in Cd-Cu-S causes the uneven surface mor-
phology. The EDX analysis confirms their nominal per-
centage and chemical purity of system. It is observed from
Fig. 3b that Cu/(Cd + Cu) ratio is derived to be 4.27 %.
Similarly, Cu/(Cd 4+ Cu 4+ Al) and Al/(Cd 4 Cu + Al)
ratio are derived to be 398 and 185 % for

@ Springer

Cd94Cug 04Alg 02S thin films (Fig. 3c). The atomic per-
centage of Cu in Cdg 9sCug o4S thin film and the percentage
of Al in Cd 94Cug 04Alj oS thin film are very close to their
nominal stoichiometry within the experimental error.

3.3 Optical study

The optical properties including transmission, refractive
index and energy gap are of great importance for the study of
window layer material in solar cell. The optical absorption
Spectra of pure CdS, Cdo_96Cu0_04S and Cd0_94cu0_04A10.028
thin films are recorded at room temperature ranging from 300
to 900 nm as shown in Fig. 4. Since the variation of optical
absorption is not clear for pure CdS, the clear and high res-
olution absorption spectra of CdS thin filmis given as inset of
Fig. 4. Doping of Cu in CdS enhances the optical absorption
and also shifts the optical absorption edge towards lower
wavelength side; this shift represents the enhancement in
optical band gap. Even though the absorption edge shifts
towards lower wavelength side, the absorption peak of Cu-
doped CdS moves towards the higher wavelength side. Cu-
doping reduces the defects in CdS thin film and reorients the
sample into better crystallization. The structural deformation
generated by Cu-doping leads to absorption of incident
photons and a substitutional dissolution which yield an
improvement in grain structure of the film [33]. The higher
thickness and hence the enhanced crystallite size are also
responsible for the higher absorption. The distortion pro-
duced by AI’" ions and the formation of defect states and
secondary phases which were not detected by XRD mea-
surements due to its limitation reduce the absorption inten-
sity of Al-doped Cdg 96Cug o4S thin film.

The typical room temperature transmittance spectra of
pure CdS, Cdg.o6Cug 04S and Cdg 94Cug gsAlg oS thin films
in the wavelength between 300 and 900 nm are shown in
Fig. 5. The inset of Fig. 5 shows the high resolution
transmittance spectra of CdS thin film to get the better
insight of the film. The transmittance spectrum reflects just
opposite trend of absorption spectrum and shows the poor
transmittance nature of doped films than CdS. All the films
exhibit low transmittance in UV region and high trans-
mittance in the visible region. The reduced transmittance at
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Fig. 3 Energy dispersive X-ray (EDX) spectra of a undoped CdS thin
film, b Cd0.96Cu0,04S thin film and ¢ Cd0,94Cu0'04A104025 thin film at
room temperature. The inset shows their scanning electron micro-
scope images

Cu-doped CdS film is due to the improved crystallization.
This is because the transmittance of the films decreases
with grain size in the visible region of spectrum due to light
scattering on their rough surfaces [34]. The higher growth
rate i.e., better thickness and packing density noticed is
another reason for the observed low transmittance [35] in
Cu-doped CdS thin film because both thickness and
packing density have inverse relationship with transmit-
tance. Al-doping into Cd—Cu-S improves the transmittance
than Cu-doped CdS. This higher transmittance can be
attributed to more voids and so the lower packing density
of the film. Another observation about these transmission
spectra is that the absorption edge shifts towards higher
wavelength side. The noticed changes in the absorption and
transmittance transmission are due to the thickness varia-
tion and the fundamental differences in the film absorption
[36].

The energy gap varies with the change in several
parameters like grain size, structural parameters, carrier
concentration and lattice strain. The film thickness has
direct dependence on the lattice parameters, grain size and
strain. The energy gap of CdS samples changes with
respect to thickness due to lattice strain [37]. The optical
band gap of Cu-doped and Al, Cu co-doped CdS thin films
can be calculated by using the Tauc’s equation which
demonstrates a relationship between absorption coefficient
and the incident photon energy of semiconductors. The
optical band gap is evaluated using the Tauc relation [38]:

ahv = A (hv — E,)" (3)

where, A as a constant, E, is optical band gap of the
material and the exponent n depends upon the type of
transition. In our case, n is taken as 1/2. The energy band
gap (E,) of the synthesized thin films can be obtained by
plotting (athv)? versus hv and extrapolating the linear
portion of the absorption edge as shown in Fig. 6.

The energy band gap (E,) of as deposited CdS, Cdg o6
Cug 04S and Cdg 94Cug 04Alg o2S thin films can be estimated
by plotting (athv)? versus hv as shown in Fig. 6. The inset
of Fig. 6 shows the clear plot of (athv)? versus hv for CdS
thin film. The energy gap of as-deposited CdS thin film is
found to be 2.42 eV [39]. In the present case it is calculated
as 2.40 eV. The substitution of Cu improves the band gap
from 2.40 eV (CdS) to 2.56 eV (AEg ~ 1.6 eV). The
higher energy gap (2.56 eV) and enhancement of visible
light absorption noticed in Cdg 9Cug 4S thin film has been
though as an effective way to utilize solar energy and
enhance its photocatalytic activity under visible light. At
the same time the energy gap is reduced to 2.49 eV (red
shift) for Al, Cu co-doped thin film. The incorporation of
APPT induces the sulfur deficiency in Cd—Cu-S lattice as
supported by EDX spectra (Table 2). The similar sulfur
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Table 2 The quantitative atomic percentage of the compositional elements present in of pure CdS, Cdy 9sCug04S and Cdy94Cug 04Alp oS thin

films using EDX analysis

Samples Atomic percentage of the elements (%) Cu/(Cd 4 Cu + Al) (%) Al/(Cd 4+ Cu + Al) (%)
Cd S Cu Al
CdS 56.87 43.13 - - -
Cdp.96Cug.04S 55.26 42.38 2.36 4.27 -
Cdg.94Cuq 04Alp 02S 54.93 41.67 2.32 1.08 3.98 1.85
0.6 0.15 l ) CdS 100
s
E: 010 A Cdo.96Cuo0.04S 0 CdS
%57 E O Cdo.94Cuo.04Al0.02S
_ §' 80
S 0.4 o =
s 3 S A
c < g Cdo.94Cuo.04Al0.02S
2 03 <
s £ 60+
] €
7}
2 0.2 < ]
< S
=
0.1 - 40 4
> Cds
o LN I N B LN I BN N L N B B BN ) l$ LI L L L L I 70 T T T T
300 400 500 600 700 800 900 300 500 700 900
Wavelength (nm) 2 O Cdo.96Cu0.04S
L I B e e e e e e e e e e e e
300 400 500 600 700 800 900

Fig. 4 UV-visible absorption spectra of undoped CdS, Cu-doped
CdS and Al, Cu co-doped CdS thin films as a function of wavelength
from 300 to 900 nm at room temperature. The inset shows the
magnified absorption spectra for CdS thin film

deficiency was reported in Al-doped CdS [40]. The sulfur
deficiency increases the donor levels in the band gap of
CdS. Under this condition donor levels become degenerate
and merge in the conduction band of CdS, causing the
conduction band to extend into the band gap which reduces
the band gap.

3.4 Photoluminescence (PL) spectra

II-VI semiconductors have high intrinsic photolumines-
cence (PL) quantum efficiency due to direct band transi-
tions [41]. PL spectrum is used to correlate the structure
and optical property of CdS and TM-doped CdS thin films
which originate from recombination of surface states [42].
The room temperature PL spectra of the synthesized thin
films in the wavelength range from 340 to 580 nm are
shown in Fig. 7a.

PL spectra of CdS film consists of a strong UV band
centered at 360 nm, a weak blue band centered at 494 nm
and broad and weak green band around 540 nm. UV
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Wavelength (nm)

Fig. 5 Transmittance spectra of undoped CdS, Cu-doped CdS and
Al, Cu co-doped CdS thin films as a function of wavelength from 300
to 900 nm at room temperature. The inset shows the magnified
absorption spectra for CdS thin film

emission band is commonly originates from excitonic
recombination corresponding to the near-band-edge (NBE)
emission. Generally, the wavelength corresponding to UV
emission represents the energy gap of the material. When
Cu is substituted into CdS, it acted as optically active
luminescence centers and efficiently created the lumines-
cence of particle. After Cu-doped step, the luminescent
centers were transferred to impurity ions. During Cu-dop-
ing, both UV emission and defect related blue and green
band emissions are enhanced. The increase of UV intensity
by Cu-doping represents the improvement in optical qual-
ity of the film as evidenced by XRD studies.

Moreover, the emission peaks after 470 nm contain
broad and splits into multiple peaks. Defect related visible
emissions may be ascribed to the intrinsic defects such as
oxygen vacancies (Vo), oxygen interstitials (O;), Cu/Al
interstitials and oxygen antisites (Oz,) [43]. A weak blue
band around 494 nm along with their shoulders at 506 and
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Fig. 8 The variation of Iyy/lg ratio and Ig/Iyy ratio for CdS, Cu-
1 doped CdS and Al, Cu co-doped CdS thin films
521 nm are observed in Cu-doped CdS. The blue band
0 emission is originated from the interstitial position of Cd*"
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Fig. 6 The (chv)®> versus hv curves for the optical band gap
determination of undoped CdS, Cu-doped CdS and Al, Cu co-doped
CdS thin films. The inset shows the magnified image for CdS thin film

O cds
O Cdo.96Cuo.04S

A Cdo.94Cuo0sAlo.02S

PL intensity (a.u.)

340 380 420 460 500 540 580
Wavelength (nm)

Fig. 7 Room-temperature photoluminescence spectra of undoped
CdS, Cu-doped CdS and Al, Cu co-doped CdS thin films using
330 nm line of Xe excitation source

ions. It is explained by the transition from extended Cd;
states, which are slightly below the Cd; band and valence
band. The excited electrons relax to extended Cd; states
and transit to the valence band with the emission of blue
light. In addition, a broad green band emission centered at
541 nm is observed in Cu-doped CdS. The origin of green
band emission is due to radiative recombination of elec-
trons and holes via the surface/defect states present [44].
Figure 7b shows the variation of intensity of UV (Iyvy)
band and green band ratio for CdS, CdgosCugosS and
Cdy.94Cug 04Alp oS thin films. The recombination of elec-
trons trapped inside a sulfur vacancy with a hole in the
valence band of the CdS is responsible for green band
emission for CdS. The accelerated /Iy ratio noticed in
Al, Cu co-doped CdS film is due to the formation of new
energy levels related to defect states produced by Al/Cu
impurities and mixer of hexagonal and cubic structure. The
defects states induce more electronic transitions which lead
to greater PL intensity. The tuning of visible emissions
(both blue and green bands) by Cu/Al doping have a great
potential in the nano-scaled optoelectronic devices (Fig. 8).

4 Conclusion

Following are the conclusions drawn from the present
studies:

e Pure CdS, Cu Cdo.%CuO.MS and Cd0_94CUO_O4A10_Ozs
thin films have been synthesized by simple chemical
deposition method.

e Cubic structure noticed in undoped CdS and Cu-doped
CdS thin films is changed into mixer of cubic and
hexagonal structure for Al, Cu co-doped CdS.

@ Springer
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The change in crystallite size, peak position and lattice
parameters are discussed based on thickness, crystal
structure and defect states induced by impurity.
Microstructure of the synthesized films is investigated
by SEM. EDX spectra confirmed the presence of
compositional elements such as Cd, S, Cu and Al.
Higher thickness and the enhanced crystallite size are
responsible for the higher absorption in CdgsCug g4S
than other films.

The higher energy gap (2.56 eV) and enhancement of
visible light absorption noticed in Cdg9sCugo4S thin
film reveal that the present film is used for effective
utilization of solar energy and enhance its photocat-
alytic activity under visible light.

The accelerated Is/Iyy ratio noticed in Al, Cu co-doped
CdS film is due to the formation of new energy levels
related to defect states produced by Al/Cu impurities
and mixer of hexagonal and cubic structure.
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