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a b s t r a c t

(Cd0.8Zn0.2)S quantum dots with a mixture of both cubic (Zinc-blende) and hexagonal (Wurtzite) phases
have been prepared within 75 min by mechanical alloying the stoichiometric mixture of Cd, Zn and S
powders at room temperature in a planetary ball mill under Ar. The Rietveld analysis of X-ray pow-
der diffraction data reveals relative phase abundances of both cubic and hexagonal phases and several
microstructure parameters like lattice parameters, particle sizes, lattice strains, concentrations of differ-
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-ray diffraction
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ptical properties

ent kinds of stacking faults, etc. in both the phases. At the time of formation, hexagonal phase dominates
over the cubic phase (molar ratio ∼0.6:0.4), but in course of milling up to 15 h, the hexagonal phase
partially transforms to cubic phase and the molar ratio becomes ∼0.4:0.6. Particle sizes of hexagonal
and cubic phases reduce to ∼4.5 nm and 12.5 nm, respectively, after 15 h of milling. The hexagonal phase
contains a significant amount of lattice strain in comparison to cubic phase. The presence of different
kinds of stacking faults is revealed clearly from the high resolution transmission electron microscope
(HRTEM) images.
. Introduction

In recent years, there has been considerable interest in synthesis
nd characterization of II–VI compound chalcogenide semiconduc-
ors in nanocrystalline form because of their potential applications
n different fields of solid state physics [1]. Among several inter-
sting semiconducting nanocrystals, CdZnS nanocrystals are being
idely used as wide band-gap window material in hetero junc-

ion solar cells [2–6], photoconductive devices [5], wave guides
7], lasers [8,9] and optical switches [10]. In solar cell systems,
he replacement of nanocrystalline CdS with relatively higher
and-gap ternary CdZnS results in decrease in window absorp-
ion losses and thereby increase in the short circuit current in
he solar cell [11]. Biological aspect of semiconductor nanocrys-
als is to understand the complex spatio–temporal interplay of bio

olecules from the cellular to the integrative level, researchers
ostly use semiconductor nanocrystals for fluorescent labeling

f both in vivo cellular imaging and in vitro assay detection

12].

The optical properties of quantum dots (QDs) having parti-
le size well below the Bohr exiton radius are defined by their
ize and surface chemistry and they differ significantly from their
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bulk properties [13]. The band-gap of ternary CdxZn1−xS can
be fine tuned by tuning composition ‘x’ for the optimization of
parameters of solar cells and fabrication of new opto-electronic
devices.

It has been reported earlier [14,15] that the mechano synthe-
sized QDs contain significant amount of lattice strain and different
kinds of lattice imperfections including stacking faults. To under-
stand the changes in different properties of these QDs it is therefore,
essential to characterize their microstructure in terms of several
lattice imperfections generated in these QDs. In most of the ear-
lier cases, changes in properties of QDs were believed to be solely
from size confinement effect. Because of size confinement of QDs,
there is a reasonable probability of presence of lattice imperfec-
tions in these QDs, which was somehow ignored, overlooked or not
properly assessed in most of the earlier work. But, we feel, it needs
to explore their microstructure in detail for a better understand-
ing and proper interpretation of significant changes in different
properties of QDs.

It is now well established that the bulk CdZnS can exist in both
hexagonal (43598-ICSD, Sp. Gr. P63mc a = 3.95 Å, c = 6.42 Å) and
cubic phases (620389-ICSD, Sp. Gr. F-43m, a = 5.434 Å). Nanocrys-

talline CdZnS may also take both structures of bulk CdZnS. Like
ZnS and CdS, the cubic phase of CdZnS is more stable in nanocrys-
tals [14,15]. It may be noted that most intense reflections of both
cubic and hexagonal phases appear almost at the same 2� posi-
tions in the XRD pattern. Particularly, in case of QDs these peaks
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re very broad and as a result, they appear to be completely over-
apped. If the presence of any of these phases is nominal, it is almost
mpossible to detect that phase, either from transmission electron

icroscopy (TEM) or by any ordinary X-ray diffraction analysis.
owever, the presence as well as the quantitative phase estimation
f the nominal phase can be made in a precise way by consider-
ng all its reflections by structure and microstructure refinement

ethodology, such as the Rietveld method [14–22].
Semiconductor nanocrystals were prepared by several chemi-

al and physical methods [23–29]. Dutkova et al. [30] synthesized
anocrystalline CdxZn1−xS by mechanochemical route from cor-
esponding acetates. But, so far, there is no report on single step
ynthesis of CdZnS by mechanical alloying (MA) the elemental Cd,
n and S powders at room temperature and its microstructure
haracterization in terms of lattice imperfections. Reduced parti-
le size and heavy plastic deformation produced in MA introduce a
igh density of lattice imperfections in ball milled powders which

n turn results in peak-broadening of their X-ray powder diffrac-
ion profiles [14]. In addition to this, shift in peak-positions and
symmetry in peak shape with respect to the XRD pattern of bulk
ounter part can also be observed in presence of different kinds of
tacking faults, small particle size, lattice strain, change in lattice
arameters, residual stress, etc. [31].

In the present study, CdZnS QDs are synthesized by MA the ele-
ental Cd, Zn and S powders milled under Ar in a high energy

lanetary ball mill for different durations. The synthesis mech-
nism is observed through successive structural changes in XRD
atterns of ball milled powders. Microstructure of these powders

s characterized by refining their XRD patterns in terms of several
attice imperfections like stacking faults probabilities of different
inds, particle size, lattice strain, change in lattice parameters and
elative phase abundances of cubic and hexagonal phases. Struc-
ural and micro/nano structure features are also revealed from
igh resolution transmission electron microscopy (HRTEM) images,
hich agree quite well with X-ray measurements. The main objec-

ives of this work are to (i) synthesis CdZnS QDs from its elementary
onstituents in a single step, (ii) investigate the synthesis mecha-
ism of CdZnS QDs by MA, (iii) quantitative estimations of both
ubic and hexagonal CdZnS QDs prepared by MA and (iv) quantifi-
ation of lattice imperfections present both in cubic and hexagonal
dZnS QDs to interpret changes in properties of CdZnS QDs with a
roper justification which are not investigated in earlier works on
dZnS QDs [32–39].

. Experimental procedure

Pure cadmium (purity 99.5%, Sigma–Aldrich), zinc (purity 99.5%, Loba Chem.)
nd sulfur powders (purity 99.5%, Merck) taken, respectively, in (0.4:0.1):0.5 molar
atio were used as precursor materials. MA was carried out at room tempera-
ure under Ar atmosphere using planetary ball mill (Model P5, M/S Fritsch, GmbH,
ermany). Powders were accurately weighed under Ar in a hardened chrome–steel
ial of 80 ml volume containing 30 chrome–steel balls kept inside the glove bag and
he vial was sealed properly under flowing Ar. The sealed vial containing powders
nd balls was then mounted on the rotating disk of ball mill. Powders were milled for
particular time and a part of the milled sample was taken out from the vial under Ar

or X-ray measurement. The progress of milling was interrupted at different interval
f time and the change in X-ray powder diffraction patterns of ball-milled samples
as noticed.

The X-ray powder diffraction profiles of the unmilled mixture and all ball milled
amples were recorded using Ni-filtered CuK� radiation from a highly stabilized
nd automated Philips X-ray generator (PW 1830) operated at 40 kV and 20 mA.
he step-scan data (of step size 0.05◦ 2� and counting time 5–10 s depending on the
eak intensity) were recorded for the entire angular range 20◦ to 80◦ 2�. Microstruc-
ures as well as selected area electron diffraction (SAED) patterns of the ball milled

amples were revealed by using high resolution transmission electron microscope
HRTEM) (JEOL JEM 2100) equipped with GATAN CCD camera. All samples were dis-
ersed in ethanol, sonicated for a long time and subsequently, a drop of it was put
n a carbon coated copper grid for TEM study. The optical absorption spectra of all
all milled samples were obtained from Shimadzu UV–vis spectrometer (Shimadzu
V-1800) in the wavelength range 200–800 nm.
Compounds 509 (2011) 4176–4184 4177

3. Method of analysis

In the present study, we have adopted the Rietveld’s powder
structure refinement analysis [16–21] of X-ray powder diffraction
data to obtain the refined structural parameters, such as atomic
coordinates, occupancies, lattice parameters, thermal parameters,
etc. and microstructure parameters such as particle size, r.m.s. lat-
tice strain and stacking faults. The Rietveld’s software MAUD 2.26
[20] specially designed to refine simultaneously both the structural
and microstructure parameters through a least-square method. The
peak shape is assumed to be a pseudo-Voigt (pV) function with
asymmetry because it takes individual care for both the particle
size and strain broadening of the experimental profiles. The back-
ground of each pattern is fitted by a polynomial function of degree 4.
The theoretical X-ray powder diffraction pattern is simulated con-
taining all these five Cd, Zn, S, cubic CdZnS and hexagonal CdZnS
phases in a single pattern as the patterns are composed of reflec-
tions from these phases. The Marquardt least-squares procedure is
adopted for minimization of the difference between the observed
and simulated powder diffraction patterns and the minimization
is monitored using the reliability index parameter, Rwp (weighted
residual error), and Rexp (expected error). This leads to the value of
goodness of fit (GoF) [16–21]:

GoF = Rwp

Rexp

The peak-broadening, peak-asymmetry and peak-shift of the
experimental profiles are fitted by refining the particle size, lat-
tice strain values, lattice parameters (including zero-shift error)
and stacking fault parameters. Refinements of all parameters are
continued till convergence is reached with the value of the quality
factor, GoF very close to 1 (varies between 1.1 and 1.3), which con-
firms the goodness of refinement. It may be noted that the Cagliotti
parameters U, V and W [19], instrumental asymmetry and Gaus-
sianity parameters [20] are obtained for the instrumental setup
(instrumental corrections) using a Si standard and kept fixed during
refinements.

4. Results and discussion

4.1. Microstructure characterization by XRD and HRTEM

All X-ray powder diffraction patterns of stoichiometric mix-
ture of Cd, Zn and S powders prepared at different milling
times are shown in Fig. 1. It clearly shows that the unmilled
(0 h) mixture is consisted of elemental compositions, i.e. cad-
mium (JCPDF #05-0674, hexagonal, Sp. Gr. P63/mmc a = 2.9793 Å,
c = 5.6181 Å), zinc (JCPDF #04-0831; hexagonal, Sp. Gr. P63/mmc,
a = 2.665 Å, c = 4.947 Å) and sulfur (ICSD file # 412326, Sp. Gr. Fddd,
orthorhombic, a = 10.393 Å; b = 12.762 Å; c = 24.436 Å) phases. All
these reflections are well resolved and at higher scattering angle
split clearly into Cu K�1−�2 doublets. It indicates that particle sizes
of starting ingredients are quite large and they are almost free
from lattice strain. It may be noted that except these reflections
there are some weak reflections in the pattern. These reflections are
identified as from the CdO (JCPDF #05-0640, cubic, Sp. Gr. Fm3m,
a = 4.6953 Å) phase which is formed in unmilled sample during XRD
data collection under open air.

It is found that just after 75 min of milling, ternary Cd0.8Zn0.2S
phase is formed through an exothermic reaction (followed by a

mild explosion) among the elemental powders inside the vial and
all reflections of CdZnS phase appear clearly in the XRD pattern.
This kind of mild explosion in formation of ZnS and CdS phases
was already noticed in our previous work [14,15]. These reflections
are identified as from both cubic and hexagonal phases and the
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reflections. It is therefore, very difficult to notice its presence even
ig. 1. X-ray powder diffraction patterns of unmilled and ball milled Cd, Zn and S
owders (Cd:Zn = 80:20 mol) milled for different durations. CdZnS(C) denotes the
ubic and CdZnS(H) represents the hexagonal phase.

exagonal phase is found to have the major contribution. There is a
mall amount (∼0.9%) of the elemental Cd powder traced in the XRD
attern of the sample. It indicates that the prepared CdZnS phase

s almost stoichiometric in composition. As there is no reflection
rom milling media in the ball milled XRD patterns, it has been con-
rmed that these powders are free from contamination of milling
edia, or the level of contamination is below the detectable range

<1 wt%). As well as there is no oxide reflection of constituent ele-
ental powders, so the contamination from atmosphere of milling

an be ruled out.
Dutkova et al. [30] noticed a phase transition from hawleyite

cubic CdS: Sp. Gr. F-43m) to sphalerite (cubic ZnS: Sp. Gr. F-43m)
n Cd0.5Zn0.5S with increasing Zn content. The apparently isolated
eflection at 2� ∼26.7◦ in between (1 0 0) and (1 0 1) reflections of
exagonal phase, is the position of both cubic (C) (1 1 1) and hexag-
nal (H) (0 0 2) phases and appears as the major intense reflection
n XRD pattern due to overlapping of both CdZnS(C) (1 1 1) and
dZnS(H) (0 0 2) reflections (Fig. 2(a)). This kind of complete peak
verlapping is also observed at 2� ∼44◦ and 2� ∼52.4◦ with overlap-
ing CdZnS(C) (2 2 0)/CdS(H)(1 1 0) and CdZnS(C) (3 1 1)/CdZnS(H)
1 1 2) reflections, respectively. Due to small particle size, peaks are
roadened and thereby partially or completely overlapped and it

s therefore very difficult to find any individual reflection of minor
ubic phase in the XRD patterns of these ball milled samples. Ini-
ially, XRD patterns of all milled powders are appeared to be from
single hexagonal phase and in the course of milling it transforms

lowly to cubic phase. However, a critical comparison of intensities
f individual reflections of both hexagonal and cubic phases clearly
eveals the presence of a minor cubic phase (Fig. 2(a)). To the best
f our knowledge, so far, there is no report on simultaneous pres-
nce of hexagonal and cubic phases in ternary CdZnS phase. Patidar
t al. [32], and Kumar et al. [33] prepared single phase hexagonal
dZnS thin films by vacuum evaporation method. Dzhafarov et al.
34] synthesized the hexagonal CdZnS thin films by Zn diffusion in
dS lattice. Akyuz et al. [35] reported the formation of Zn1−xCdxS
lms using ultrasonic spray pyrolysis, but the X-ray diffraction pat-
ern of the film consists of reflections from all hexagonal CdZnS,
dS and ZnS phases. Chavhan et al. [36] synthesized the Cd1−xZnxS
hin film grown on an ITO substrate using a chemical bath deposi-
ion technique and the annealed films posses a crystalline nature

ith a hexagonal structure. Rafea et al. [37] prepared the stoichio-
etric cubic Cd0.5Zn0.5S phase by dip coating method onto glass

ubstrate. Raviprakash et al. [38] and Li et al. [39] obtained the
exagonal (wurtzite) CdZnS phase by chemical spray pyrolysis and
Compounds 509 (2011) 4176–4184

chemical reaction, respectively. In most of the above cases, the
hexagonal phase was found to be present as a single phase. How-
ever, it is really difficult to trace out the presence of minor cubic
phase in the XRD pattern and it is more difficult, if not possible,
to obtain the content of the cubic phase where there is no indi-
vidual reflection of the phase and all major reflections are severely
overlapped with hexagonal reflections. This can only be done when
the XRD pattern is analyzed very carefully by the whole profile fit-
ting technique based on structure and microstructure refinements,
like the Rietveld method of structure and microstructure refine-
ment. But, in none of the previous reports, the Rietveld method
was adopted. The phase identification was done from the JCPDS
files and crystallite/particle size was obtained from the simplified
Scherrer equation, in which the peak broadening was considered
solely due to small particle size. In some cases, particle size was
estimated from peak broadening considering only some selected
reflections and in others, there was no report on the ‘instrumental
broadening’ correction for estimation of particle size by Scherrer
equation. It may be noted that, XRD patterns of ball milled samples
shown in Fig. 1 seems to belong to a single hexagonal phase, and
the presence of cubic phase may be overlooked or ignored easily
if we do not critically compare the intensities of individual reflec-
tions of hexagonal phase. In the presence of minor cubic phase, the
Scherrer method is not adequate to analyze this kind of compli-
cated XRD pattern with several overlapping reflections from both
of the phases.

It is well established that properties of a crystalline material
are directly related to its structure and microstructure. There are
several methods for characterization of crystal structure but for
microstructure characterization in terms of lattice imperfections
of different kinds inside a small crystallite like QDs is very few. In
the present case we have adopted the Rietveld method of struc-
ture and microstructure refinements as this is the best method
for microstructure characterization for materials having significant
number of overlapping reflections in XRD pattern due to the influ-
ence of lattice imperfections like stacking faults, changes in lattice
parameter, small particle size, lattice strain, etc. This method is
able to estimate quantitatively all these lattice imperfections as
well as relative phase abundances in a material containing more
than one phase. In the present study, the simulated XRD patterns
for Rietveld analysis are generated with the following phases: (i)
Cd, (ii) Zn, (iii) S, (iv) CdZnS (hexagonal; ICSD file #43598) and (v)
CdZnS (cubic; ICSD file #620389). All experimental XRD patterns of
unmilled and all ball-milled samples are fitted very well by refining
the structural and microstructure parameters of respective simu-
lated patterns (Fig. 2(b)). The GoF in all cases lies in between 1.1 and
1.3 which signifies that the fitting qualities are good enough for all
experimental patterns. The residual of fittings (I0 − IC) in between
observed (I0) and calculated (IC) intensities of each fitting are plot-
ted below the respective patterns. Peak positions of all reflections of
all five phases are marked (|) and shown at the bottom of the plot.
It is evident clearly from the plot that both hexagonal and cubic
CdZnS phases are formed after just 75 min of milling and a small
amount of Cd (∼0.9%) powder remains unreacted.

The Rietveld analysis of XRD patterns clearly reveals the pres-
ence of cubic CdZnS phase. The simultaneous presence of both
hexagonal and cubic CdZnS phases and the transformation of the
hexagonal phase to cubic phase with increasing milling time are
clearly shown in Fig. 2(c) and (d). The contribution of cubic phase
is relatively small at the beginning and all its reflections are signif-
icantly broad and as a result, severely overlapped with hexagonal
by HRTEM. The analysis also reveals the presence of both hexagonal
and cubic phases in all ball milled samples up to 15 h, in different
proportions. The indexed selected area electron diffraction (SAED)
pattern of 15 h ball milled powder is shown in Fig. 3. It may be
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Fig. 2. (a) Highly overlapped hexagonal and cubic reflections of ball milled prepared Cd0.8Zn0.2S phase. All three major peaks are strongly overlapped, (b) observed (o) and
calculated (−). X-ray powder diffraction patterns of unmilled and ball-milled samples of Cd, Zn and S (Cd:Zn = 80:20 molar ratio) powders milled for different durations
revealed from the Rietveld powder structure refinement analysis, (c) variation of cubic an
t

F
Q

he Rietveld analysis: increase in cubic phase and decrease in hexagonal phase is clearly n

ig. 3. Selected area electron diffraction (SAED) image of 15 h ball milled Cd0.8Zn0.2S
Ds shows high degree of overlapped rings of the cubic and hexagonal phases.
d hexagonal phases in 1.25 h milled sample and (d) that for 15 h milled sample from
oticed with increase in milling time.

noted that the diffraction lines have been indexed in accordance
to the corresponding XRD pattern, because owing to shorter wave-
length of electron beam, first four reflections from hexagonal and
cubic phases are entirely overlapped into a single Debye–Scherrer
ring in the SAED pattern. It seems that the ring belongs to a sin-
gle cubic phase and it is hardly matter to show the presence of
minor hexagonal phase in the SAED pattern. It indicates that X-ray
analysis employing the Rietveld refinement is a superior method
for identification of a minor phase having severely overlapping
reflections. Another very important feature in the XRD patterns
of nanocrystalline materials is the shift in peak positions which
was sometimes overlooked or considered only due to change in
lattice parameters in earlier studies [32,34]. However, the shift in
peak positions of nanomaterial in comparison to its bulk counter-
part is caused due to (i) presence of stacking faults, (ii) change in
lattice parameters and (iii) long-range residual stress in nanomate-
rials [31]. Sometimes, this shift is so small that it may be overlooked
if the XRD patterns are not analyzed by structure and microstruc-
ture refinements simultaneously. In the present study, the adopted
software MAUD 2.26 [20] provides both structural and microstruc-
ture analyses based on the X-ray line profile analysis methodology
of Warren [40] and accounts for quantitative estimations of all these

microstructure parameters causing peak shift. As the particle sizes
of both phases are very small, the existence as well as the contribu-
tion of residual stress in peak-shift may be neglected. Considering
the resultant peak-shift in ball milled samples is due to both the
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Fig. 5. (a) HRTEM lattice image of cubic Cd0.8Zn0.2S QDs milled for 15 h showing the
presence of intrinsic (˛′), extrinsic (˛′′) and twin faults (ˇ) in the stacking sequence
of (2 0 0) planes of cubic QDs. (b) Variations of different kinds of stacking fault prob-
ig. 4. (a) Inter planar distance, d1 0 0 of hexagonal (1 0 0) plane. (b) Presence of both
exagonal and cubic planes in 15 h milled sample. (c) Presence of both hexagonal
nd cubic planes in 15 h milled sample.

hange in lattice parameter and stacking fault probabilities of dif-
erent nature (intrinsic and extrinsic stacking faults, twin faults),
he profile fitting quality improves significantly and the concentra-
ions of different kinds of stacking faults in ball milled samples are
btained from the Rietveld analysis.
The presence of different lattice planes of both cubic and hexag-
nal phases are identified in the HRTEM images of the 15 h ball
illed sample and shown in Fig. 4(a)–(c). The measured values of

he hexagonal d1 0 0, d1 0 1, d1 0 3 and cubic d2 0 0 are ∼3.45 Å, 3.06 Å,
abilities with increasing milling time per 1000 atomic layers in cubic Cd0.8Zn0.2S. (c)
Variations of different kinds of stacking fault probabilities with increasing milling
time per 1000 atomic layers in hexagonal phase of Cd0.8Zn0.2S.

1.8 Å and 2.8 Å, respectively, and are very close to their respec-
tive reported values as obtained from respective ICSD entries.
The inter planar distances of hexagonal d1 1 0 and cubic d2 2 0 lie
in close proximity of ∼2 Å. So, in Fig. 4(c) the observed lattice
fringes are either from hexagonal d1 1 0 or from cubic d2 2 0 or per-
fectly superimposed between these lattice planes. It is evident
from Figs. (2a) and 4(a)–(c) that inter planar distances of hexag-
onal (0 0 2), (1 1 0) and (1 1 2) planes are almost similar to those of

cubic (1 1 1), (2 2 0) and (3 1 1) planes, respectively, which signifies
a phase relationship between these two phases. The presence of
different kinds of stacking faults is clearly evidenced in the HRTEM
image of 15 h (Fig. 5(a)) milled sample. The atomic layers shown
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n these images are identified as (2 0 0) plane of cubic CdZnS phase
ith inter planar spacing ∼2.70 Å. A careful observation in Fig. 5(a)

learly reveals the presence of intrinsic (˛′), extrinsic (˛′′) and
win faults (ˇ). In zones-I and V, the normal stacking sequence
f atomic planes has been mirror imaged two times and multi-
le twin faults have been generated in these regions. In zone-II,
single twin fault is generated as the normal stacking sequence

as been mirror imaged once in this region. In zone-III, two suc-
essive atomic planes have been merged into a single plane, which
ignifies the missing of an atomic plane from the normal stack-
ng sequence and thereby an intrinsic stacking fault is generated in
his region. The reverse effect has been observed in zone-IV where
single atomic plane splits into two similar atomic planes. This is

imilar to inclusion of an extra atomic plane into the normal stack-
ng sequence and thereby an extrinsic stacking fault is generated in
his region. It may be noted that there are similar other regions of
tacking faults in this high resolution electron micrograph. Though
he HRTEM image confirms the presence of different kinds of stack-
ng faults but their concentrations cannot be measured from this
xtremely localized image. The concentration of stacking faults in
erms of probability of stacking faults in among 103 atomic layers
ave been worked out employing the peak shift analysis as sug-
ested by Warren [40] and adopted in the Rietveld software MAUD
.26 [20]. This analysis reveals that all intrinsic (˛′) nature of stack-

ng faults (missing planes) in cubic phase are generated initially
∼27 atomic planes are missing from 1000 layers of stacking) with
significant amount (∼80 times in 1000 atomic planes) of twin

aults (ˇ). In the progress of milling, the probability of ˛′ increases
p to 3 h of milling and then decreases continuously up to 15 h of
illing where only ∼3 atomic planes are found to be absent among

000. In the same time interval, probability of ˇ increases slowly
p to ∼120 times among 1000 planes. The probability of extrinsic
tacking fault (˛′′) increases continuously from inclusion of ∼5–85
lanes per 1000 planes. The variation of these stacking faults is
epicted in Fig. 5(b). This trend of variation of stacking fault proba-
ilities may be explained in the following way: (i) initially, atomic
lanes are slipped from the normal stacking sequence and intrinsic
tacking faults are created. With increasing milling duration, the
robability of slip decreases sharply, and (ii) later on, these slipped
lanes start to insert into normal stacking sequence and extrinsic
tacking faults are created at the higher time of milling. The defor-
ation stacking fault (˛) and twin/growth fault (ˇ) probabilities of

he hexagonal phase has also been worked out from peak broad-
ning analysis in the same manner. It is evident from Fig. 5(c) that
he generation of probabilities of both ˛ and ˇ in hexagonal phase
ncreases continuously with increasing milling time. However, the
robability of deformation fault, ˛ in hexagonal phase is quite low

n comparison to the growth fault, ˇ as well as the stacking faults
n cubic phase. The probability of growth faults in hexagonal phase
s very close to the twin faults obtained for cubic phase. It seems
hat both cubic and hexagonal phases are highly deformed by twin
ype of stacking faults.

The relative phase abundances of different phases in unmilled
nd all ball-milled samples are obtained from Rietveld analysis
nd are shown in Fig. 6. It may be noted that, initially, the phase
ontent of sulfur is more than 0.80 mol fraction in the unmilled
ample and with increasing milling time, the mixture of Cd, Zn and
powder is supposed to become homogeneous and stoichiomet-

ic in composition (Cd: Zn∼0.8:0.2 mol fraction) and formation of
d0.8Zn0.2S phase starts after 75 min of milling (shown as dotted

ines). However, the apparent higher composition of sulfur phase

ay be attributed to the lubricating nature of the sulfur powder.

t covers almost the entire surface of the unmilled sample dur-
ng sample loading into XRD sample holder through pressing and
moothing the surface to reduce sample surface roughness. We
ave also noticed the same phenomena during the preparation of
Fig. 6. Variations of phase contents (mol fraction) of different phases in unmilled
and ball milled mixture of Cd, Zn and S (Cd;Zn = 80:20 mol) with increasing milling
time. Initial variation (supposed to be) of mol fraction elemental Cd, Zn and S pow-
ders are shown as dotted lines.

ZnS and CdS [14,15]. It is interesting to note that whenever the mix-
ture becomes stoichiometric in composition after 75 min of milling,
both the hexagonal and cubic Cd0.8Zn0.2S phases are formed simul-
taneously with hexagonal phase as the major phase. In the course
of milling, content of hexagonal phase decreases gradually and that
of cubic phase increases continuously, up to 15 h of milling. As
there is a phasal relationship between these two phases, such as
(0 0 2)hex || (1 1 1)cub, this kind of polymorphic phase transforma-
tion may be observed in ball mill processing. It is well established
that the cubic phase is more stable in Cd0.8Zn0.2S QDs than the
hexagonal phase, a longer milling time may lead to achieve a com-
pletely cubic phase. As the phase conversion rate is very slow, single
phase QDs with this composition may not be synthesised by the
present process of ball milling.

The changes in lattice parameters of both cubic and hexagonal
phases in ball-milled samples are shown in Fig. 7. It is evident from
the plot that the lattice parameters of all phases remain almost
invariant with increasing milling time.

Particle sizes of both cubic and hexagonal phases reduce very
1412108642
3.5

Milling time (h)

Fig. 7. Variation of lattice parameters of both cubic and hexagonal phases of
Cd0.8Zn0.2S QDs with increasing milling time.
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ifferent milling time showing mono dispersed nature with increasing milling hours.

exagonal phase is formed with ∼8 nm particle size and reduces
apidly to ∼5.9 nm within 3 h of milling, and then very slowly to
4.5 nm after 15 h of milling. In both the cases, particles are found

o be isotropic in nature. The particle size distributions for both

ubic and hexagonal phases revealed from the Rietveld analysis are
hown in Fig. 8(b) and (c), respectively. It is interesting to note that
ith increasing milling time the size as well as the range of dis-

ribution reduces simultaneously. After 15 h of milling, the most
at different milling time. (L = na3, n = harmonic number, a3 = lattice parameter). (c)
Distributions of r.m.s. strains of cubic CdZnS QDs in ball milled mixture of Cd, Zn
and S (Cd:Zn = 80:20 mol) at different milling time. (L = na3, n = harmonic number,
a3 = lattice parameter).

probable value of particle size becomes ∼13 nm in case of the cubic
phase and ∼5.5 nm in case of hexagonal phase. In 15 h ball-milled
sample, the particle size distribution becomes almost monodis-
persed. It indicates that monodispersed cubic and hexagonal CdZnS
QDs can be prepared by this top–down method.

The r.m.s. lattice strains generated in both hexagonal and cubic

phases during the milling have been obtained from the Rietveld
analysis and are shown in Fig. 9(a). It is evident from the variation
that the hexagonal phase is formed with relatively small amount
of lattice strain. In the course of milling, lattice strain increases
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India, for granting DSA-III programme under the thrust area
ig. 10. (a) UV–vis absorption spectra of Cd0.8Zn0.2S powders dispersed in ethanol
ith different hours of ball milling. (b) Variations of band gap energies (eV) with

ncreasing milling time.

apidly up to 3 h of milling and then remains almost invariant
p to 15 h of milling. However, the cubic phase is formed with
elatively higher value of lattice strain which decreases rapidly
ith increasing milling time. The distributions of lattice strain

nside the hexagonal and cubic particle are shown in Fig. 9(b)
nd (c) respectively. As the particle size reduces with milling
ime, the length available for strain distribution is also reduced,
hich is evident in the distribution plot. In both phases, the dis-

ribution of lattice strain approaches continuously toward lower
alue.

.2. Optical characterization by UV–vis spectrometer

The optical absorption spectra of all these ball milled samples
re obtained in the wavelength range 200–800 nm, depicted in
ig. 10(a). The coefficient of absorption of these samples is expected
o depend on several factors, such as, surface roughness, dispersion
ffect, etc. The low value of absorbance in case of Cd0.8Zn0.2S QDs
ay be due to light scattering at the rough surface of the parti-

les. In the absorption spectra the maximum absorption for sample
illed for 75 min appears at 515 nm and that for 15 h milled sam-

le at 497 nm. It indicates that the absorbance edges are in visible

egion and shift toward shorter wavelength region, i.e. a significant
lue-shift is clearly observed with decreasing size of Cd0.8Zn0.2S
articles. The optical band gap energy of all these samples are
alculated using the Tauc [41] formula applicable for direct band
Compounds 509 (2011) 4176–4184 4183

gap semiconductors and plotted in Fig. 10(b). It is evident from
the variation that the optical band gap energy of ball milled sam-
ples increases continuously with increasing milling time. Both the
observed blue shift of absorption edge and the absorption peaks
can be attributed to the reduction in particle size, i.e. the quan-
tum confinement effect. The change in kinetic energy due to the
reduction in particle size increases the band gap and the energy sep-
aration of allowed transitions near the absorbance edge. The latter
is mostly responsible for shift in absorption peak position. Again,
the appearance of the obvious UV–vis absorption peak is a sign
that the as-prepared Cd0.8Zn0.2S nanoparticles are nearly monodis-
persed which agrees well with already revealed monodispersity of
particles from the Rietveld analysis.

Such a blue-shift of the absorption peak for ball-milled
Cd0.8Zn0.2S nanoparticles to the UV–vis wavelength range is that
only small dispersed particles can float in the solution because
floating force merely arises from the solution. The other possibility
is that the clean surface of the ball milled Cd0.8Zn0.2S nanoparti-
cles excludes the influence from the interaction or charge transfer
between the particle surface and the organic ligand. This means
that ball milled samples can reveal the intrinsic optical properties
of these nanoparticles without the influence of the capping organic
ligand on the particle surface. So, the optical absorbance peaks of
these ball milled nanocrystals, which are located within the UV–vis
wavelength range, may correspond to the intrinsic band gap ener-
gies of the Cd0.8Zn0.2S nanoparticles. It is thus possible to have tune
ability on the opto-electronic properties of CdZnS nanoparticles by
only varying the particle size for an extensive use.

5. Conclusions

These above observations clearly reveal the following facts
about the Cd0.8Zn0.2S QDs synthesized by mechanical alloying of
elemental powder precursors:

(1) Cd0.8Zn0.2S QDs with hexagonal and cubic phases have been
prepared by top–down physical method of processing for the
first time within 75 min of ball-milling the stoichiometric mix-
ture of elemental Cd, Zn and S powders under Ar at room
temperature.

(2) Detail microstructure characterization of ball milled Cd0.8Zn0.2S
powders by the Rietveld method of structure refinement
reveals that the major hexagonal phase is formed initially and
the minor cubic phase is formed coherently on the hexagonal
lattice.

(3) In the course of milling, the hexagonal phase slowly transforms
to cubic phase and after 15 h of milling, the molar ratio of cubic
and hexagonal phases reaches to ∼0.6: 0.4.

(4) The ball-milled QDs contain different kinds of stacking faults
and the Rietveld analysis estimates their concentrations.
HRTEM images confirm the presence of different kinds of stack-
ing faults in these QDs.

(5) A distinct blue-shift in absorption edge is noticed and the band
gap can be fine tuned as per requirements for a particular pur-
pose by varying the size of these QDs which is synchronous with
the time of milling.
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