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Ultra small clusters of cadmium sulphide are synthesized using non-aqueous and aqueous

chemical methods. Thiophenol has been used as a capping agent for non-aqueous synthesis

whereas various reagents such as mercaptoethanol, hexametaphosphate, ethylene glycol

and ethanol have been used as additives for an aqueous method of synthesis. Properties of

the clusters synthesized are discussed based on optical absorption, X-ray diffraction,

transmission electron diffraction and photoelectron spectroscopy. Particles as small as

&0.7 nm diameter could be synthesized with thiophenol and mercaptoethanol as additives.

The effect of varying the molarities of the different additives on the properties of the CdS

nanoclusters synthesized are discussed. Systematic ageing studies of the nanoclusters

showed that larger particles age faster than the smaller clusters. Ageing also leads to better

crystallization of the particles. It has been observed that the smallest particles (&0.7 nm

diameter) possess tetrahedrally bonded fragments of CdS and intercluster structural long

range order does not exist. However, bigger particles (&2.0 nm diameter) show bulk cubic

structure. X-ray photoelectron spectroscopy studies have been done to study the purity and

stoichiometry of the clusters synthesized and strongly support the existing proposal of the

formation and stability of CdS nanoclusters.
1. Introduction
Semiconductor nanoparticles with diameters less than
about 10 nm, now widely known as ‘‘quantum dots’’,
are the subject of intense investigations [1—9]. The
number of atoms in such quantum dots ranges from
a few tens to hundreds of atoms and are truly clusters
of atoms with properties intermediate to those of
molecules and bulk materials. Such clusters of atoms
exhibit exotic phenomena of size effect with unique
electronic and optical properties that depend upon the
size of the cluster. The surface to bulk atom ratio also
changes rapidly with size leading to drastic changes in
thermal and mechanical properties. The technological
potential of semiconductor quantum dots in photo-
catalysis, solar energy conversion, non-linear optical
devices, etc., has been well realized [10—12]. However,
to achieve the desired properties it is essential to
obtain proper control of the particle size. Usually
nuclei of desired material are grown to the required
size and encapsulated by means of some organic mole-
cules or trapped in media-like polymers or zeolites in
order to avoid agglomeration or coalescence of the
clusters [5, 13—14]. Other methods, using inverse
micelle [15—18] and silicate glass [19—21] as host
materials for the synthesis of semiconductor clusters,

have also been used. Amongst these methods, a chemi-
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cal route, in which the nanosized clusters are capped
with organic materials, has a distinct advantage over
the other methods. By this method the free standing
clusters of semiconductors can be easily formed in
large quantities by relatively inexpensive means.

The chemical route can be divided into non-aque-
ous and aqueous methods of synthesis. Herron et al.
[5] have used the ideas proposed by Dance and co-
workers [22] of surface capping of CdS using
thiophenol (non-aqueous method) and obtained pow-
ders of II—VI semiconductors. They have done chem-
ical and NMR analysis along with XRD and optical
absorption studies to arrive at the correlation between
cluster size and phenyl group concentration. Cluster
size effects in CdS can be observed very prominently
for radius (3 nm which is the Bohr radius of exciton
for this material. Nosaka and his group [23] have
synthesized CdS clusters by the aqueous method using
various additives. They studied the change in the op-
tical absorption spectra and the quantum yield of
photoinduced electron transfer for the size controlled
CdS colloids. In this work we have synthesized CdS
clusters by non-aqueous (thiophenol capping) as well
as aqueous methods (by using different additives).
We present here the systematic studies of CdS cluster

synthesis and characterization. We have tried to
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investigate effects of various solution parameters of
the constituents in the reaction which would enable
quickly to obtain clusters of desired properties.

2. Experimental
Chemical synthesis of CdS quantum dots has been
performed by non-aqueous as well as aqueous
methods. The non-aqueous method of synthesis used
was initially suggested by Herron and co-workers [5].
Here cadmium acetate (Cd(CH

3
COO)

2
) and sodium

sulphide (Na
2
S) were used as starting materials.

Thiophenol (SPh) was used as an organic additive
which acts as a capping agent. Na

2
S was placed in

a reaction vessel and stirred continuously. To this the
additive thiophenol was added drop by drop. Finally
cadmium acetate was added very slowly into it. The
solution obtained was centrifuged and the precipitate
thus obtained was washed thoroughly in methanol
4—5 times to remove any unreacted, excess Na

2
S or

thiophenol which might be present. The precipitate
was air dried. Free standing particles were obtained
under different S/SPh ratios. S/SPh ratio is the con-
centration of sulphur in Na

2
S to the concentration of

thiophenol.
CdS nanoclusters were synthesized by the aqueous

method similar to that followed by Nosaka et al. [23].
Synthesis of CdS clusters using various capping agents
was done. CdCl

2
and Na

2
S were used as starting

materials. The additives used were mercaptoethanol
(C

2
H

5
SH or RSH), sodium hexametaphosphate

((NaPO
3
)
6

or HMP), ethylene glycol (C
2
H

4
(OH)

2
or

EG) and ethanol (C
2
H

5
OH or E). Experiments were

also performed by varying the molarity of the addi-
tives to obtain changes in the physical properties of
the nanoclusters. The experimental procedure was
similar to the non-aqueous method of synthesis of
clusters. The solution obtained as end product was
centrifuged and the precipitate obtained was washed
in double distilled water 4—5 times to remove excess
Na

2
S which might be present.

CdS nanoclusters obtained by non-aqueous as well
as aqueous method were characterized by optical ab-
sorption, X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS).

Optical absorption studies were made on a Hitachi
303 double beam spectrophotometer. The CdS pow-
ders were dissolved in acetonitrile medium and double
distilled water for clusters synthesized by non-aqueous
and aqueous methods, respectively.

Samples in the form of powder were spread on
SnO

2
coated glass slides in acetonitrile (non-aqueous)

and double distilled water (aqueous) medium. After
drying, the sample was introduced into the ultra
high vacuum chamber (&10~9 torr) for photo-
electron spectroscopy.

XPS of all the CdS quantum dot powders could be
carried out without any problems as the samples were
vacuum and radiation stable. XPS was carried out in
a VG Scientific U.K. ESCALAB MkII system. AlKa
(1486.6 eV) was used as a source of radiation. A con-

centric hemispherical analyser with 20 eV pass energy
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Figure 1 Optical absorption spectra for the thiophenol capped CdS
clusters with various S/SPh ratios.

was used as the photoelectron kinetic energy analy-
ser. The resolution was &0.9 eV and accuracy of
$0.2 eV was obtained. The data were collected on
a computerized data acquisition system in order to
process it for detailed analysis. Due to the charging
effect C 1s itself at 285.0 eV was taken as the reference.
The external reference was Au 4f

7@2
at 84.0$ 0.2 eV.

XRD studies of dry samples were done using a Phi-
lips PW1840 powder X-ray diffractometer with CuKa
(j"1.542 A°) as the source of radiation. The samples
were prepared on a glass slide using the same proced-
ure as described above for XPS.

TEM was performed using JEOL model 1200 Ex
operated at 100 kV. The CdS samples for electron
diffraction were obtained by dispersing the powder on
a carbon film supported over a specimen grid.

3. Results and discussion
3.1. CdS nanoclusters obtained by

non-aqueous method
In this case thiophenol was used as an additive for
controlling the particle size by capping the clusters
with the phenyl group of the thiophenol. Wang and
Herron [24] have observed that the CdS clusters con-
sist of cores which are essentially CdS but whose
surfaces are covered by phenyl groups.

Fig. 1 illustrates the results for thiophenol capped
CdS clusters where optical absorption has been shown
as a function of wavelength. It can be readily seen
that as the S/SPh ratio reduces, i.e. the thiophenol
concentration increases, the excitonic peak progress-
ively shifts to the shorter wavelength as well as becom-

ing sharper. This is an indication of a narrow size



Figure 2 X-ray diffraction patterns for the various CdS clusters
obtained with thiophenol as the additive.

distribution, increase in the bandgap and creation of
a sharp excitonic level. Wang and Herron [9, 24] also
obtained CdS clusters using thiophenol as the capping
agent. Optical absorption spectra showed a sharp
feature at 275 nm for 0.7 nm clusters and as the cluster
size increased the sharpness of the excitonic peak
reduced with a decrease in bandgap, which is similar
to our results. However, as discussed at a later stage,
we carried out XPS studies of the CdS nanoclusters to
understand the electronic structure as well as purity
and stoichiometry of the nanoclusters synthesized.

Fig. 2 shows the X-ray diffractograms for the vari-
ous CdS quantum dot powders obtained by the vari-
ation of S/SPh ratio. The estimated cluster size of the
particles was obtained using the Scherrer formula
[25], namely

d@"
0.9k

bcosh
(1)

where j is the wavelength of the incident radiation, b is
the full width at half maximum and h is the peak
position. In fact the sizes mentioned in Fig. 1 are those
derived from X-ray diffractograms in Fig. 2. Particle
sizes of 0.7, 1.2 and 2.3 nm were obtained. Table I lists
the wavelengths of the excitonic peaks, the optical
bandgap of the CdS quantum dots and the corres-
ponding particle sizes with the variation of S/SPh
ratio. The results are in agreement with those reported
earlier [5, 24] that reduction in S/SPh ratio leads to
reduction in cluster diameter. However these con-
clusions by Herron and co-workers [5] were based on
0.1 0.7 7.1 11.3 78.6

NMR studies. It was shown that the coverage of the
TABLE I Particle size and optical bandgap of CdS clusters
obtained by the variation of S/SPh ratio

S/SPh Wavelength Optical band Particle size
molarity k (nm) gap (eV) (nm)
ratio estimated by XRD

0.83 410 3.02 2.3
0.5 345 3.59 1.2
0.1 270 4.59 0.7

capping agent thiophenol increases with decreasing
cluster size and is effective in passivation [24, 26].

We have carried out photoelectron spectroscopy
studies which essentially lead to similar results.
A composition analysis has been made with a view
that in semiconducting materials purity plays an im-
portant role. In Table II we have given the concentra-
tion of observed elements along with C/S, C/Cd and
S/Cd ratios.

The survey scans of the CdS cluster powder samples
are illustrated in Fig. 3. It is evident that there are no
impurities present except for a small amount of oxy-
gen. In fact the C/S ratio slightly increases and the
oxygen amount reduces with reduction in cluster size.
This is an indication of better passivation for small
clusters due to more phenyl groups being attached to
them. The S/Cd and C/Cd ratio increases with cluster
size reduction. It was proposed by Herron et al. [5]
that the smallest 0.7 nm clusters are probably
[Cd

10
S
4
(SPh)

16
] molecules with a pyramid shape.

The expected atomic ratio for S/Cd would be 2.0 and
C/Cd would be 9.6 for such a molecule, which are
close to those observed by us (Table II). We obtained
less sulphur and more carbon than expected.

The molecular structure shown in [22] for
[Cd

10
S
4
(SPh)

16
] exhibits ten spharelite-like CdS units

and sixteen phenyl groups attached to sulphur on the
boundary of the pyramid structure. Thus covalent
bonding of the bulk CdS crystal is maintained, al-
though bond lengths vary substantially [22]. However
the smallest unit is not a cube nor do we expect
inter-cluster structural long range order. It is not sur-
prising to observe that the electron diffraction pattern
for the smallest synthesized cluster, as shown in
Fig. 4a exhibits a diffused ring characteristic of an
amorphous sample and the sharpness of the diffrac-
tion rings increases for 1.2 and 2.3 nm clusters (Fig. 4b
and c, respectively). Selected area diffraction patterns
for 1.2 and 2.3 nm clusters are shown in Fig. 5a and b.
The cubic structure of CdS clusters can be easily

observed. X-ray diffractograms of CdS nanoclusters as
TABLE II Concentration of various elements present in the CdS clusters of various sizes obtained with the additive thiophenol

S/SPh Particle Cd (%) S (%) C (%) O (%) S/Cd C/Cd C/S
molarity size (nm)
ratio

Bulk Bulk 31.0 29.6 27.2 12.2 1.0 0.89 0.9
0.83 2.3 9.4 11.2 73.6 5.5 1.2 7.82 6.5
0.5 1.2 8.6 11.2 77.1 3.1 1.3 8.96 6.8
3.0 1.6 11.0 7.0
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Figure 3 Survey scan of thiophenol capped CdS clusters of various
sizes.

shown in Fig. 2 essentially lead to the same conclusion
that the smallest 0.7 nm particle shows an amorphous
nature and as the particle size increases, amorphosity
reduces and planes characteristic of long range order
start appearing. We also note from Fig. 2 that 2.3 nm
CdS cluster shows a peak at 2h"26.9° which shifts to
2h"28.2° for 0.7 nm diameter cluster. The lattice
constant for 1.2 and 2.3 nm clusters are 0.565 and
0.579 nm, respectively. This shows that there is a slight
decrease in lattice parameter with decrease in cluster
size and this qualitatively agrees with that reported
earlier for thiophenol capped CdS clusters [22]. The
(1 1 1), (2 2 0) and (3 1 1) planes characteristic of cubic
CdS phase are clearly observed for 2.3 nm diameter
cluster. Obviously the smallest cluster of CdS is not
a cube, yet smaller clusters maintain tetrahedral frag-
ments of it.

Interestingly, these local units of CdS still show
a systematic correlation with the electronic structure
of bulk and characteristic properties of cadmium sul-
phide. The binding energy positions of Cd 3d

3@2
, Cd

3d
5@2

and S 2p core levels are listed in Table III.
In Fig. 6a and b we have plotted Cd 3d and S 2p

spectra for various thiophenol capped clusters of CdS
and compared those with a bare bulk CdS reference
sample. In Fig. 6a it can be observed that there is
a small shift of both the peaks of cadmium, i.e. Cd
3d and Cd 3d , to the high binding energy side
3@2 5@2
with decrease in cluster size. In Fig. 6b the S 2p peak
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also shifts to the higher binding side with reduced
cluster size. This is consistent with increasing
HOMO—LUMO gap and corresponding shifts of all
occupied levels to higher binding energy.

Hence we can say that a blue shift is observed for
0.7, 1.2 and 2.3 nm particle sizes and there is a con-
siderable variation in the properties of very small sized
clusters. 0.7 and 1.2 nm diameter clusters possess tetra-
hedrally bonded fragments of CdS.

3.2. CdS nanoclusters obtained by aqueous
method

As mentioned earlier, the aqueous method of synthesis
is similar to that reported by Nosaka et al. [23]. Here
cadmium chloride (CdCl

2
) and sodium sulphide

(Na
2
S) solutions have been used. We used mercapto-

ethanol (RSH), hexametaphosphate (HMP), ethylene
glycol (EG) and ethanol (E) as the additives. Com-
parative study of the CdS nanoclusters thus obtained
was made. Molarity of the additives was kept at 0.5 M.
Fig. 7 shows the optical absorption spectra for CdS
nanoclusters prepared by using different additives.
Variation in physical properties of the clusters with
different additives was observed. It was observed that
maximum blue shift with respect to bulk CdS was
obtained when RSH was used as an additive. Table IV
shows the excitonic peak positions and optical band-
gap obtained with various additives. It is observed
from Fig. 7 that as the optical bandgap becomes large,
the excitonic peak becomes sharper. All these observa-
tions indicated that a narrow size distribution with
increased bandgap and sharper excitonic features is
obtained for RSH as the additive. Thus under similar
preparation conditions of CdS quantum dots, differ-
ent additives give rise to different optical bandgaps.

In order to gain further understanding about the
synthesis, we performed, as shown in Fig. 8a to d, the
synthesis of CdS nanoclusters using various additives
(RSH, HMP, EG and E) by varying the molarity of the
additives, i.e. 0.5, 0.01 and 0.0001 M. From the experi-
ments carried out it was observed that only with the
increase or decrease in the RSH molarity large chan-
ges in optical absorption spectra or physical proper-
ties of the nanoclusters were obtained. It is obvious
that out of these four additives, RSH yielded the
smallest sized particles with a narrow size distribution
as well as showing the capacity for giving nanoclusters
of different sizes. Nosaka et al. [23] carried out only
optical absorption studies and observed excitonic
peaks in the absorption spectra for CdS nanoclusters
with the additives described by us. However the op-
tical bandgap of the clusters obtained by us is larger
and peaks are sharper and narrow indicating better
and uniform size distribution. (A bandgap of 3.93 eV
was observed by us as against 3.5 eV by Nosaka
and his group [23] for CdS clusters with RSH as
the capping agent.) In addition to absorption studies,
we carried out XRD, TEM and XPS studies as well,
which helps in further understanding the proper-
ties of the nanoclusters synthesized. Particle size
measurements were done here using X-ray diffraction

data.



Figure 4 Electron diffraction patterns for (a) 0.7 nm, (b) 1.2 and
2.3 nm thiophenol capped CdS clusters.

RSH, HMP, EG and E as additives, respectively. This
showed that with the same molarity of the various
additives used, different particle sizes may be ob-
tained. It is observed from the XRD patterns that with
RSH as the additive at 0.5 M (smallest particle)
amorphous clusters are obtained. As the cluster size
increases, planes characteristic of cubic CdS phase
namely (1 1 1), (2 2 0) and (3 1 1) are observed.

For clusters obtained using the aqueous method of
synthesis we have again used XPS to confirm the
purity and stoichiometry of the samples. As discussed
earlier detection of purity for the nanoclusters syn-
thesized is extremely important because if nanoclus-
ters, at the size regime of a few nanometres and con-
taining a few atoms, contain even a very small number
of impurity atoms, these may change the properties of
the nanoclusters. Fig. 10 gives the survey scan of the
CdS quantum dots with various additives. C, Cd,
S and O were the elements which could be detected.
With hexametaphosphate as the additive, phosphor-
ous was also observed. This is very natural as the
Fig. 9 shows the X-ray diffraction patterns for the
CdS clusters obtained by using various additives at
a molarity of 0.5 M. Particles size measurements were
again done using the Scherrer formula [25]. Particle

sizes of 0.8, 1.6, 2.2 and 2.6 nm were obtained with
phosphate group is present in HMP additive.
Table V gives the percentage of various elements

present in the CdS nanoclusters for various particle
sizes obtained with different additives. The various
rates of C/Cd, S/Cd, and C/S were also tabulated.

It has been shown that thiols like RSH have the
property of getting tightly adsorbed on the CdS sur-
face [23, 27]. RSH contains sulphur as one of the

elements. Hence S excess CdS nanoparticles are
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Figure 5 Selected area diffraction patterns for (a) 1.2 nm and (b)
2.3 nm thiophenol capped CdS clusters.

expected as seen from S/Cd ratio, which is 1.52 for
CdS cluster obtained using RSH as the additive. How-
ever, as observed from Table V, the S/Cd ratio was

0.82, 0.84 and 0.91 for CdS nanoclusters obtained

250
TABLE III Cd 3d and S 2p XPS core level positions for CdS
clusters of various sizes obtained with thiophenol additive

Particle Cd 3d Cd 3d S 2p
size (nm) (eV)5@2 (eV)3@2 (eV)

Bulk 405.3 412.1 162.1
2.3 405.9 412.7 162.75
1.2 406.0 412.75 162.95
0.7 406.0 412.75 162.95

Figure 6(a) Cd 3d XPS core level spectra of thiophenol capped CdS
clusters. (b)S 2p XPS core level spectra of thiophenol capped CdS

clusters.



Figure 7 Optical absorption spectra of CdS clusters obtained by
using various additives.

TABLE IV Optical bandgap of CdS clusters obtained by using
various additives

Additive used (0.5 M) k (nm) E
'

(eV)

RSH 315 3.93
HMP 395 3.13
EG 405 3.06
E 415 2.98

using HMP, EG and E as the additives, respectively.
This means that the CdS nanoclusters obtained are
slightly Cd rich, which is expected for Cds under
normal synthesis conditions [28]. It was also observed
that for 0.8 nm CdS clusters obtained with RSH as the
additive, the C/S ratio was 1.74 which indicates that
the carbon present in the additive is more than the
sulphur content of the CdS nanoclusters (sulphur
present in the core of the cluster # the sulphur
present in the additive RSH which gets adsorbed on
the cluster surface). For 1.6 nm CdS clusters obtained
with HMP as the additive, where carbon is not an
element of the additive, a low C/S ratio (0.78) was
observed as expected. For 2.2 and 2.6 nm clusters with
EG and E as additives, C/S ratio was around 2 which
was expected as increased carbon content in 2.2 and
2.6 nm clusters was due to the carbon present in ethy-
lene glycol and ethanol, respectively.

It has been discussed earlier that with the increase
or decrease of the molarity of the various additives,
further shift in the optical absorption spectra was
obtained only with RSH as the additive. Also RSH
gave the smallest particles, as observed from X-ray

diffraction patterns, with narrow size distribution.
Hence further experiments have been carried out us-
ing RSH as the additive.

3.3. Studies of CdS nanocluster with RSH as
the additive

In experiments using RSH as the additive two sets of
experiments were carried out. In the first set, CdCl

2
and Na

2
S reagents were kept at a constant molarity of

0.01 M. Studies for this set were done by varying the
molarity of RSH additive.

Fig. 11a shows the optical absorption spectra with
various concentrations of RSH. It has been observed
that as the molarity of RSH increased, the excitonic
peak due to quantum size effect shifted to shorter
wavelengths thereby increasing the bandgap of the
nanoclusters. For a higher concentration of RSH,
smaller clusters were obtained as RSH has the prop-
erty of getting tightly adsorbed on the CdS cluster
surface [23, 27]. Hence the size of the CdS nanoclus-
ters can be controlled by varying the concentration of
the additives. Table VI gives optical bandgap and the
excitonic wavelength position with various concentra-
tions of RSH. Fig. 11b gives the plot of log M versus
E
'
(eV).
A similar experiment was carried out by varying the

CdCl
2

and Na
2
S molarity by keeping the molarity of

RSH constant at 0.5 M. Fig. 12a shows the optical
absorption spectra for the same. As expected, with the
reduction in CdCl

2
and Na

2
S molarity the excitonic

peak shifted to a shorter wavelength indicating a lar-
ger optical bandgap and reduced particle size due to
quantum size effects. Table VII lists the excitonic
wavelength positions of optical bandgap for the vari-
ous CdS cluster sizes obtained by the variation of
CdCl

2
and Na

2
S molarity. Fig. 12b shows the plot of

log M versus E
'
(eV). It can be seen that with the re-

duction of CdCl
2

and Na
2
S molarity below 0.001 M

the maximum energy gap that can be achieved, is
obtained.

Thus for obtaining small clusters, high concentra-
tion of RSH is preferred. With a constant value of
RSH, a smaller concentration of Cd and S ions also
leads to smaller clusters.

With the variation of molarity of the additive RSH
from 0.5 to 0.0001 M, particle sizes in the range of
0.8—1.5 nm could be obtained, as observed from XRD
patterns (Fig. 13).

XRD studies of the clusters obtained by the
variation of Cd and S ion concentration, keeping
RSH molarity constant, also showed that the par
ticle size varied from 0.8—1.5 nm similar to the
first set.

We have carried out systematic ageing studies of
CdS nanoclusters obtained with RSH as the additive.
Although ageing studies of all the CdS clusters with
various molarities of the additive were carried out
after 3 days and 10 days, only typical values at 0.5, 0.01
and 0.0001 M RSH additive concentration are present-
ed here. Table VIII gives the excitonic wavelength
positions and optical bandgaps for CdS clusters with
varying RSH molarity for fresh samples and ageing

after 3 and 10 days. Fig. 14a to c shows the optical

251



Figure 8 Optical absorption spectra of CdS clusters obtained by the variation of the molarity of the additives (a) RSH, (b) HMP, (c) EG and

(d) E.
absorption spectra for the CdS nanoclusters for the
above mentioned conditions.

Fig. 15a to c shows the optical absorption spectra
for fresh samples and ageing after 3 and 10 days for
CdS clusters obtained by varying the molarity of
CdCl

2
and Na

2
S while keeping the RSH molarity

constant at 0.5 M. Here again, although experiments
were carried out for all the molarities of CdCl

2
and

Na
2
S, however for simplicity, typical molarities of

0.0001, 0.01 and 0.5 M CdCl
2

and Na
2
S are reported

here. Table IX lists the same for fresh samples and
ageing after 3 and 10 days.

It is observed from Tables VIII and IX and also
from Fig. 14a to c and Fig. 15a to c that ageing of
smaller particles with larger bandgaps is comparat-
ively less than larger particles. It was also observed for

larger particles [Fig. 14c (0.0001 M RSH) and Fig. 15c
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(0.5 M CdCl
2

and Na
2
S)] that after ageing, the ex-

citonic peaks become comparatively sharper than the
fresh samples, even though they are shifting to larger
wavelengths. The shift to larger wavelengths indicates
an increase in particle size. But particle size increase
and/or aggregation should not produce sharper fea-
tures on ageing. It has been reported [2, 29] that in
homogeneous precipitation the initially formed collo-
idal crystallites tend to be imperfect and improve in
crystallinity with time giving sharper features on age-
ing. Hence ageing of clusters can be attributed to an
increase in particle size and improved perfection of
crystallites.

Fig. 13 shows the XRD patterns for RSH capped
CdS nanoclusters. It is observed that the smallest
0.8 nm cluster showed a broad diffraction pattern

characteristic of an amorphous nature. In correlation



Figure 9 X-ray diffraction patterns of CdS clusters obtained by
using various additives.

to this, the electron diffraction pattern for the 0.8 nm
(Fig. 16a) CdS clusters showed diffused or broad dif-
fraction rings. As the particle size increased (i.e. 1.5 nm
cluster) sharper peaks in XRD patterns (Fig. 13) and
sharp rings (Fig. 16b) in electron diffraction patterns
were observed indicating improved crystallinity. For
1.5 nm CdS nanoclusters XRD patterns as well as
electron diffraction patterns showed (1 1 1), (2 2 0) and
(3 1 1) planes characteristic of cubic CdS phase. Thus
from diffraction studies it can be concluded that the
smallest cluster of CdS is not a cube and intercluster
structural long range order does not exist. However
smaller clusters maintain tetrahedral geometry.

It has been observed from XRD patterns that for
1.5 nm CdS cluster 2h"27.4° which increased to
2h"28.0 for 0.8 nm cluster thereby showing a con-
traction in lattice parameter by 3.39 and 5.6 per cent,
respectively, with respect to bulk CdS [30].

XPS has again been used for studying the purity of
the samples obtained with RSH as the additive. Cd, S,
C and O are the elements which were detected. Per-
centage composition of various elements is shown in
Table X for various molarities of RSH along with
S/Cd, C/Cd and C/S ratios. As stated earlier, smaller
clusters are obtained when higher concentrations of
the additive RSH were used. Hence, S/Cd and C/Cd
ratios were expected to be higher for smaller clusters.
From Table X we see that our experimental observa-
E 2.6 17.19 30.8 15.86

tions give similar results.
Figure 10 XPS survey scan of CdS clusters obtained by using
various additives.

We carried out detailed investigations of the bind-
ing energy core level positions of Cd 3d and S 2p for
various particle sizes with RSH as the additive.
Fig. 17a and b show Cd 3d and S 2p spectra for
various concentrations of RSH. The bulk CdS refer-
ence is also shown. Table XI lists the Cd 3d and S 2p
peak positions.

It is observed from Table XI that Cd 3d as well as
S 2p shift to the higher binding energy side for CdS
nanoclusters with respect to bulk CdS. As discussed
earlier for thiophenol capped CdS clusters, here again,
this may be due to the fact that as the particle size
reduces the bandgap increases, increasing the HOMO—
LUMO gap, which shifts all the occupied levels to the

higher energy side.
TABLE V Concentration of various elements present in the CdS clusters obtained with various additives

Addi Particle Cd (%) C (%) S (%) O (%) P (%) S/Cd C/Cd C/S
tive size (nm)
(0.5 M)

RSH 0.8 16.3 43.18 24.8 15.72 — 1.52 2.87 1.74
HMP 1.6 21.25 13.7 17.5 34.71 12.7 0.82 0.64 0.78
EG 2.2 19.05 31.49 16.06 33.38 — 0.84 1.73 1.96
36.19 — 0.91 1.79 1.95
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Figure 11 (a) Optical absorption spectra of CdS clusters obtained
by the variation of the molarity of the additive RSH keeping CdCl

2
and Na

2
S molarity constant at 0.01 M. (b)Plot of energy gap versus

log M.

TABLE VI Optical band gap of CdS clusters obtained by the
variation of concentration of the additive RSH keeping CdCl

2
and

Na
2
S at a constant molarity of 0.01 M

RSH molarity (M) k (nm) E
'

(eV)

0.5 315 3.93
0.1 330 3.78
0.05 335 3.70
0.01 340 3.64
0.005 350 3.54
0.001 370 3.35
0.0005 380 3.26
0.0001 390 3.17

Figure 12 (a) Optical absorption spectra of CdS clusters obtained
by the variation of CdCl

2
and Na

2
S molarities keeping additive

RSH at 0.5 M. (b) Plot of energy gap versus log M.

Thus, with RSH as the additive, CdS nanoclusters
as small as 0.8 nm have been synthesized and studied
in detail. Systematic ageing studies showed that larger

particles age faster than the smaller clusters. XPS has
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TABLE VII Optical bandgap of CdS clusters obtained by the
variation of concentration of CdCl

2
and Na

2
S keeping additive

RSH at a constant molarity of 0.5 M

CdCl
2

and Na
2
S k (nm) E

'
(eV)

molarity (M)

0.0001 310 4.0
0.0005 310 4.0
0.001 310 4.0
0.005 325 3.81
0.01 330 3.75
0.05 340 3.64
0.1 360 3.44
0.5 380 3.26

Figure 13 X-ray diffraction patterns for CdS clusters with various
molarities of the additive RSH.

been found to be a very useful tool in finding the
purity and stoichiometry of the nanoclusters and it
supports the existing proposal of the formation of CdS
nanoclusters by chemical synthesis.

4. Conclusions
We have been successful in synthesizing CdS nano-
clusters by aqueous and non-aqueous chemical
methods. In the non-aqueous method, thiophenol was
used as an additive whereas for the aqueous method of
synthesis four different additives, i.e. mercaptoethanol,

hexametaphosphate, ethylene glycol and ethanol,



TABLE VIII Ageing studies of CdS clusters obtained with various molarities of the additive RSH.

Variation of Fresh 3 days 10 days
RSH molarity
(M) k (nm) E

'
(eV) k (nm) E

'
(eV) k (nm) E

'
(eV)

0.5 315 3.93 320 3.87 320 3.87
0.01 340 3.64 355 3.49 360 3.44

0.0001 390 3.17 395 3.13 415 2.98
Figure 14 Optical absorption spectra for studying ageing effect of CdS clusters with variation of RSH molarity.
Figure 15 Optical absorption spectra for ageing effect studies with variation of molarities of CdCl
2

and Na
2
S reagents.
TABLE IX Ageing studies of CdS clusters obtained with various molarities of CdCl
2

and Na
2
S

Variation of Fresh 3 days 10 days
CdCl

2
and

Na
2
S molarity (M) k (nm) E

'
(eV) k (nm) E

'
(eV) k (nm) E

'
(eV)

0.0001 310 4.0 315 3.93 320 3.87
0.01 330 3.75 340 3.64 345 3.59

0.5 380 3.26 410 3.02 410 3.02
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Figure 16 Electron diffraction patterns for (a) 0.8 nm and (b) 1.5 nm RSH capped CdS clusters.
TABLE X Concentration of various elements present in the CdS clusters obtained with various molarities of the additive RSH

RSH Particle Cd (%) C (%) S (%) O (%) S/Cd C/Cd C/S
molarity size
(M) (nm)

0.5 0.8 16.3 43.18 24.8 15.72 1.52 2.87 1.74
0.01 1.0 19.1 42.65 24.2 14.05 1.26 2.23 1.76

0.0001 1.5 21.06 42.12 24.2 12.62 1.149 2.00 1.74
were used. The following conclusions can be made
for the CdS nanoclusters synthesized and studied
by us.

1. Particles as small as 0.7 nm with a very narrow
size distribution could be achieved with thiophenol as
the additive. Optical bandgap of 4.59 eV is obtained
which is the largest bandgap obtained to date for this
material by chemical synthesis.

2. When mercaptoethanol was used as an additive
CdS clusters with optical bandgap of 4.0 eV were
obtained. With hexametaphosphate, ethylene glycol
and ethanol used as the additives, optical bandgaps of
3.13, 3.06 and 2.98 eV for CdS nanoclusters could be
achieved.

3. Particle size could be controlled and hence
a variation in the optical bandgap could be ob-
tained by varying the molarity of the additives thio-
phenol and RSH. However, with the variation in

molarity of the additives HMP, EG and E, no further
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change in the optical bandgap of CdS nanoclusters
could be observed.

4. The smallest 0.7 nm clusters are amorphous in
nature. However as the particle size increased, cubic
phase was observed.

5. Systematic ageing studies indicated that the
small clusters (&0.7 nm) hardly showed any ageing
effect. But bigger clusters (&2.0 nm) showed a red
shift in the optical absorption spectra. Ageing also
leads to better crystallization of the particles.

6. Clusters synthesized were highly pure in nature.
7. The smallest 0.7 nm cluster may have a molecu-

lar structure of [Cd
10

S
4
(SPh)

16
]4~ (from XPS

measurements).
8. Cd 3d and S 2p XPS core levels of the clusters

showed a shift to the higher binding energy side which
may be due to the increase in bandgap of the clusters
and a corresponding shift of all occupied levels to

higher energies.



Figure 17 (a) Cd 3d XPS core level spectra for CdS clusters of various sizes obtained with the variation of the molarity of RSH. (b) S 2p XPS

core level spectra for RSH capped CdS nanoclusters.
TABLE XI Cd 3d and S 2p XPS core level positions of CdS
clusters obtained with various molarities of the additive RSH

Molarity Particle Cd 3d
5@2

Cd 3d
3@2

S 2p
of RSH size (eV) (eV) (eV)
(M) (nm)

— Bulk 405.3 412.1 162.1
0.0001 1.5 405.95 412.7 162.7
0.01 1.0 406 412.75 162.95
0.5 0.8 406 412.75 162.95
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