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Ternary ZnCdO alloy semiconductor nanostructures were grown using electrochemical deposition. Crys-
talline nanostructures/nanorods with cadmium concentration ranging from 4 to 16at% in the initial
solution were electrodeposited on tin doped indium oxide (ITO) conducting glass substrates at a constant
cathodic potential —0.9V and subsequently annealed in air at 300 °C. X-ray diffraction measurements
showed that the nanostructures were of wurtzite structure and possessed a compressive stress along
the c-axis direction. The elemental composition of nanostructures was confirmed by energy dispersive
spectroscopy (EDS). ZnO nanostructures were found to be highly transparent and had an average trans-
mittance of 85% in the visible range of the spectrum. After the incorporation of Cd content into ZnO the
average transmittance decreased and the bandgap tuning was also achieved.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructured materials have attracted great interest due to
their unique chemical and physical properties, which can be influ-
enced not only by the preparation procedure but also by their shape
and size [1-7]. The morphology of the nanostructures plays a key
role especially on the optoelectronic properties of the materials,
which determine the performance of semiconductors to be used in
solar cells [9], ultraviolet lasers [8], sensors [10,11], photo transis-
tors and diodes [12]. Among group II-VI semiconductor materials,
ZnO is one of the most attractive functional semiconductor material
for the fabrication of optoelectronic devices operating in the blue
and ultraviolet region because of a direct wide band-gap of 3.37 eV
and an exciton binding energy of 60 meV [13,14]. It is well known
that the realization of bandgap engineering to create barrier layers
and quantum wells in device heterostructure is an important step
for the design of ZnO-based devices. CdO is an n-type semiconduc-
tor with a direct band-gap of 2.3 eV and an indirect band-gap of
1.36eV [15]. The ternary Zn;_,CdxO alloy can allow the bandgap
tuning from 3.37 eV (band-gap of ZnO at room temperature) to
a narrower bandgap [16]. The control over morphology and size
of semiconductor materials represents a great challenge in real-
izing the design of novel functional devices. Li et al. studied the
growth and optical properties of ZnCdO nanorods grown on cop-
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per substrate [20]. Recently, Pillai et al. have investigated effect of
Cdincorporation on the microstructural and optical properties [18].
Mahmoud et al. have studied the influence of temperature on the
structures of Cd-doped ZnO nanopowders [19]. In this article, we
have carried out an electrodeposition of ZnCdO nanostructures in
ITO substrate to study the effect of low Cd concentration in struc-
tural and optical properties of ZnO. The electrochemical deposition
allows mixing of the chemicals at atomic level thus reducing the
possibility of undetectable impurity phases [20] and itis a good can-
didate to solve the problem of the small thermodynamic solubility
of CdO in ZnO [21]. Furthermore, the electrochemical deposition
presents a simple, quick and economical method for the prepara-
tion of Zn,_,CdyxO nanostructures.

2. Experimental

The electrodeposition process was carried out in a specially designed closed
glass cell. The indium doped tin oxide (ITO) transparent glass substrate was used
as a working electrode while platinum sheet and saturated calomel electrode (SCE)
were used for counter and reference electrodes, respectively. The electrolyte (bath)
temperature was varied from 80 to 90 °C. The ITO glass substrate was cleaned ultra-
sonically in acetone, toluene and then rinsed in deionized water for three times.
For the growth of ternary compound nanostructures the precursor solutions were
obtained by varying the zinc nitrate and cadmium nitrate concentrations in de-
ionized water. The cadmium concentration for the growth of nanostructures was
varied from 4 to 16at% in the initial solution. The electrochemical depositions of
ternary ZnCdO compounds were carried out at the deposition potential of —0.9 V (vs.
SCE) for 20 min. After the deposition the sample was removed from electrolyte and
rinsed in de-ionized water. For the structural studies, X-ray diffractometer (Philips
Xpert Pro) using CuK,, (A =1.5405 A) radiation in 20 range 20-80° was used. Scan-
ning electron microscopy images were obtained using EVO-50 model from ZEISS.
Energy dispersive X-ray spectroscopy was obtained from Bruker-ASX (Model Quan-
Tax 200). The transmission spectra of grown nanostructures were measured using
UV-VIS spectrometer from Perkin Elmer (Model Lambda 650).
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Fig. 1. SEM Images of ZnCdO nanorods with (a) 9 at% and (b) 16 at% Cd grown at 85 °C, annealed at 300°C in air ambient.

3. Results and discussion

Fig. 1aand b shows the SEM image of the prepared sample on the
ITO substrate. The products are observed as nanostructures with
diameters of 150-200 nm on the substrate. The length of nanos-
tructures is up to a few micrometers. It is interesting that there
is no smoothness on the sidewall, which is different from quasi
aligned nanorods with smooth surface synthesized via physical
vapor deposition method [22]. In general, it is well-known that
the surface/volume ratio in the nanostructure can greatly influ-
ence properties of nanomaterials and application in the nanodevice.
At present, the successful synthesis of ternary compound (ZnCdO)
nanostructures with high surface/volume ratio enriches the fam-
ily of CdO, ZnO and ZnCdO nanomaterials, which can prompt their
applications. The chemical composition of ZnCdO nanostructures
was obtained from EDS. Fig. 2 shows a typical EDS spectrum for
a ZnCdoO sample. Different elements contents are observed in the
spectrum and it confirms the presence of Cd and Zn. The aque-
ous solution of Zn(NOs3), and Cd(NOs3), were taken as a source of
precursors for Zn and Cd respectively. The electrolyte dissociate
in the aqueous solution and nitrate ions (NO5 ™) is electro-reduced
to hydroxide ions (OH™) via Eq. (1) [23]. The produced OH™ react
with Zn?* to form Zn(OH), and this leads to the formation of ZnO
via Eq. (2). On the other hand Cd?* ions react with hydroxyl ions to
form CdO via Eq. (3). Finally, ZnO and CdO mix at atomic levels and
formed ZnCdO alloy [17].

NO;~ +H30 + 2e~ — NO,™ +20H"~ (1)
20H™ +Zn?* — Zn(OH); — ZnO + H,0 (2)
Cd?* +20H — Cd(OH); — CdO + H,0 (3)
16 at% Cd
-~
=
=<
S’
& Zn
.-
w
g
2
=
(==

6 8 10
KeV

Fig. 2. EDS spectrum of 16 at% Cd doped ZnO nanorods.

(1-x)Zn0+xCdO — Zn;_,CdxO (4)

The XRD patterns of electrodeposited ternary compound for
grown samples with different Cd concentrations are shown in
Fig. 3. The diffraction peaks were identified as belonging to wurtzite
phase of ZnO. The XRD patterns of ternary compounds are sim-
ilar to the electrodeposited ZnO nanostructures with dominant
reflection planes (100), (002), (101), (102), (110) and (103).
Dominant reflection planes reveal that the synthesized ternary
compound are of the hexagonal wurtzite ZnO structure without
any impurity phases, especially Zn, Cd and CdO. Notably, the XRD
patterns exhibits (00 2)-preferred orientation. The (00 2) (inset in
Fig. 3) peak for 16 at% Cd is at 34.28°, slightly shifted towards the
low-angle side when compared with that of pure ZnO (34.42°),
implying the existence of compressive stress in the c-axis orien-
tation. The lattice expansion indicates that the substitution of the
smaller Zn atom (with an ionic radius 0.06 nm) by the larger Cd
atom (with an ionic radius 0.074 nm) takes place on the equivalent
crystallographic position of Zn in the hexagonal wurtzite struc-
ture. Moreover, no peaks corresponding to CdO are observed up
to 16 at% Cd content. Hence the peaks observed in Fig. 3 are related
to the wurtzite structure. For the bulk ZnO the reported values of
the lattice constants are a=b=3.249 A and c=5.205 A [JCPDS Card
No. 79-0206]. It was observed that the incorporation of Cd into
ZnO changed the full width at half maxima (FWHM) of (0 02) peak
in XRD (Fig. 4a) and the lattice constants a- and c-were also vary
as a function of Cd concentration values (Fig. 4b) [24]. The lattice
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Fig. 3. XRD patterns of cadmium doped ZnO nanorods with 4 at% Cd, 9at% Cd and

16 at% Cd. The inset shows the magnified spectrum of (002) peak of ZnO and 16 at%
Cd nanostructures.
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Fig. 4. Cadmium content dependence of (a) FWHM values of the (002) peak in the XRD 6-26 scanned curves, and (b) dependence of the a- and c-axis lattice lengths of the

Zn;_,Cd,O nanostructures grown on ITO substrates.

Table 1
Structural and optical constants of electrodeposited nanostructures undoped and CdO doped ZnO samples annealed at 300 °C.

Sample Lattice parameters (A) a=b Lattice parameters (A) ¢ Bi-axial stress (GPa) Bandgap energy Eg (eV) T (%)

Zno 3.25 5.205 0 3.32 85

4at% Cd 3.260 5217 —0.448 x 10° 325 70

9at% Cd 3.264 5223 ~1.030 x 10° 3.17 65

16at% Cd 3.270 5232 -1.433 x 10° 3.08 58
constants a, b and c of nanostructures are calculated and given in
Table 1. The samples with c-values greater than the bulk value have 161 = 16at%Cd
a posm\(e or extensive st‘ram whgreas those with lower values have ~ 14] evatwcd e oiy
a negative or compressive strain. Thus the undoped ZnO has no _— I
strain while Cd doped ZnO has very less compressive strain. The 5 1.2- 4 at% Cd
lattice stress oy of the nanostructures has been calculated (Table 1) ‘>- v ZnO [ ]
using the expression [18]. [y 1.0 e

g
v
_ (] 0.84 Znq.xCdy0
cp—C 89
op=233x10" x 27 (5) o $oa " °
b % 06]¢ .
. 3 i e e
where cj, and ¢y are the lattice constant ¢ of the bulk ZnO and grown > 04]f - $
nanostructure films, respectively. The negative sign of estimated -g g n .' v
stress for the doped ZnO indicates that the crystallites are under a ~ 0.2 AT | "o'vv
state of compressive stress. The transmittance spectra of the grown l:,.ac:v'
nanostructures were measured to investigate the optical properties 0.0 ————mmmt®h v y
L 2.8 3.0 3.2 3.4

of the ternary compound. The ZnO is highly transparent and has an
average transmittance of 85% in the visible region. When the con- hv (eV)

centration of Cd increases in the starting solution, one can observe
change in the cut-off wavelength and the decrease in average trans-
mittance in the near visible and visible region. This is due to the
incorporation of Cd contents in the deposit and the replacement
of Zn atoms by Cd atoms which is also confirmed from XRD mea-
surement. When more Cd contents were incorporated into ZnO,
the bandgap of ternary Zn;_,CdxO will become narrower. This will
lead to more oxygen vacancies and cadmium/zinc interstitials. This
leads to higher carrier concentration and consequently, will reduce
the optical transmittance [17,25]. Hence, the optical transmittance
for the sample with 16 at% Cd is reduced from 85 to 58%. The direct
allowed optical band gap E; could be determined with the help of
standard relation [26].
ahv = A(hv — Eg)™ (6)
where A is an energy-independent constant, Eg is the optical band
gap and m is the constant which determine type of optical tran-
sition. The optical band gap tuning of ZnCdO alloys was achieved
up to 0.24 eV (Fig. 5) and the bandgap become narrower with the
higher Cd incorporation in the ZnO nanostructures (in the inset
of Fig. 5). These results depict the bandgap engineering of ternary
compound Zn;_,Cd,O.

Fig. 5. (ahv)? vs. photon energy of ZnO and ZnCdO nanostructures. The inset shows
the bandgap variation with Cd concentration.

4. Conclusions

We have shown that the electrodeposition is an effective
technique to obtain ternary Zn;_,CdxO nanostructures such as
nanorods, with high aspect ratio (~20-25). The nanostructures
were synthesized on ITO by electrodeposition at low temperature
(<90°C), and subsequently annealed at 300°C in air ambient for
1h. No morphological changes were observed in all samples at
this annealing temperature. XRD analysis showed the Zn;_,CdxO
nanostructures possessed pure ZnO wurtzite structure. It was also
observed that for low Cd concentration in the primary solution
there was compressive stress in the c-axis direction and the com-
pressive stress varied from 0 to 1.44 x 10° GPa for x=0-16at%
(Zny_4Cdx0). The cut-off wavelength shifted from blue to red on
account of the Cd incorporation in the ZnO and the average trans-
mittance decreased by ~31%. The bandgap tuning for 4-16 at% Cd
in the initial solution was achieved in the range of 3.32-3.08 eV (up
to 0.24eV).
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