
does not require the development of new capital equipment:
filter (de-watering) presses are used in the clay industry to
consolidate clay slurries, and isostatic presses are used to pro-
duce millions of spark plug insulators daily.
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One-Dimensional Quantum Confinement in
Electrodeposited PbS Nanocrystalline
Semiconductors**

By Karunakar K. Nanda and Surendra N. Sahu*

Nanocrystalline semiconductor particles with a size compar-
able to the Bohr exciton radius exhibit quantum-confinement
effects where the continuum of energy levels are broken down
into discrete states with an energy level spacing >kT and this
results in the widening of the bandgap. Within a simple effec-
tive-mass approximation, the confined gap Ecg is given by[1]

Ecg � Eg �
�2 p2

2
1

wx
2
� 1

wy
2
� 1

wz
2

" #
1

mc
� �

1
mv
�

� �
(1)

where m*c and m*v are the conduction and valence band
effective masses, respectively. The other parameters wx, wy,
and wz are the dimensions of a three-dimensional (3D) box. If
wx << wy & wz, then the energy levels will be controlled by wx.
This implies that the optical properties of a non-spherical
nanocrystal are controlled by the lowest dimension of the
nanocrystal and the carriers are confined in one dimension
only. Similar one-dimensional confinement has already been
observed for PbS semiconductors.[2] In this letter, we focus on

the synthesis of the PbS semiconductor nanocrystalline films
by an electrochemical route and study the size quantization
effect. Optical absorption and the atomic force microscopy
(AFM) images provide evidence for the one-dimensional
quantum confinement within the PbS nanocrystals. A classical
interpretation is provided to predict the shape of the nano-
crystallites and the X-ray characterization of the materials is
discussed.

PbS nanocrystalline films on indium tin oxide (ITO) glass
and titanium (Ti) were grown by a cathodic electrodeposition
technique from a solution containing Pb(NO3)2 (0.02 M) and
Na2S2O3 (0.1 M) with pH 0.62. The thiosulfate solution
(< pH 2.3) dissociates according to the reaction:[3]

S2O3
2± ±? S + SO3

2±

and the overall cathodic reaction is given as

Pb2+ + S2O3
2± + 2e± ±? PbS + SO3

2±

resulting in the formation of PbS at the cathode and colloidal
sulfur in the bulk solution. The cathodic process results in the
chemisorption of Pb2+ followed by reduction and surface dif-
fusion. Further, chemical reaction with S2O3

2± leads to the for-
mation of PbS nanoparticles. The crystallite sizes were con-
trolled by varying the electrolysis current and the
temperature of the solution. Increasing the current yields
smaller particles, whereas higher temperatures yield larger
particles. The crystallite size can also be controlled by adjust-
ing the deposition time and thus the thickness of the depos-
ited films. Increasing the thickness yields larger crystallites as
is the case with chemically deposited CdS.[4] Hence, in order
to achieve a narrow size distribution, the thickness of the sam-
ple should be small. Typical values of the electrolysis current
density and temperature used to obtain nanocrystalline PbS
with a thickness of 60 nm (to be discussed later) are 2 mA/
cm2 and 280 K, respectively.

As there are a small number of atoms in a cluster, inclusion
of any impurities may have dramatic effects on the optical
properties of the films.[5] It is therefore essential to ascertain
the chemical purity of the deposit. Proton-induced X-ray
emission (PIXE) analysis using an H+ beam of 2.98 MeV from
a 3 MV pelletron accelerator indicated the absence of any
impurities, even at the ppm level. Rutherford backscattering
spectroscopy (RBS) analysis was carried out at a scattering
angle of 155� using a 3.049 MeV He2+ beam and the RBS
spectrum is shown in Figure 1. The presence of Pb and S
along with oxygen and the substrate (Ti) contribution are
identified. The composition (Pb to S ratio) and thickness were
estimated to be 0.9 and 60 nm, respectively, obtained by simu-
lating the raw data as shown in Figure 1. Note that the oxygen
yield, even at a resonance energy of 3.049 MeV, is small and
suggests that the oxygen originates from ITO alone.

The X-ray diffraction (XRD) pattern of the PbS sample is
shown in Figure 2. The analysis reveals a cubic phase with
prominent planes (200), (220), and (311) (not shown here).
The average size of the nanocrystallites can be determined
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from the line broadening using Scherrer's equation[6] D = kk/
bcosh, where b is the half width of the diffraction peak, k is
the X-ray wavelength, and k is a geometrical factor taken to
be 1. The particle diameter determined in this way from the
peak (200) is 17.5 nm. Furthermore, the XRD patterns do not
indicate sulfur as a separate phase implying that the excess
sulfur (estimated from RBS) has become an interstitial com-
ponent of the lattice. For large size particles, obtained by vary-
ing the electrolysis current density and temperature, well-
defined (200), (220), and (311) peaks are observed (the details
will be published elsewhere). The formation of the nanocrys-
talline PbS has also been confirmed from Raman scattering
measurements.[7]

The sizes of the nanocrystallites were also determined by
AFM studies (Fig. 3). The detail of the imaging procedure is
described in the literature.[4] The crystallite size is estimated
to be 20 nm, which is very close to that obtained from X-ray
line broadening.

PbS is a low bandgap semiconductor whose bulk bandgap is
0.41 eV and the Bohr exciton radius is 20 nm.[8] As the parti-
cle size in our case is of the order of 20 nm, we would expect
quantum size effects in the optical absorption spectrum.
Figure 4 shows the optical absorption spectrum of the PbS
sample prepared on ITO glass. Note that the exciton peak
appears at 2.63 eV (470 nm) in good agreement with earlier

reported results.[6] This peak corresponds to the transition
from the highest occupied molecular orbital (HOMO) in the
valence band to the lowest unoccupied molecular orbital
(LUMO) in the conduction band. Some important observa-
tions are summarized below.
l In narrow gap semiconductors, the large exciton radius

and the strong screening can give a small exciton binding
energy which results in the absence of excitonic structure.
So far excitonic structures have been observed for large
bandgap semiconductors, e.g., CdS, ZnS, and GaN, only at
low temperature. However, in nanoparticles, the exciton
peak is observed even at room temperature due to
enhancement of the exciton oscillator strength because of
the strong overlap of the wavefunctions of the confined
electron and hole which diverges as (aB/r)3.[9]

l From ab-initio calculations,[6] it is predicted that the lowest
excitation energy of a single PbS molecule is 2.51 eV
which is very close to that obtained in our nanocrystalline
PbS sample. However, if we plot the square of the absorp-
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Fig. 1. Rutherford backscattering spectrum of the PbS sample. The incident
beam is 3.049 MeV He2+. The solid line is the theoretical fit to the data. For this
sample the Pb to S ratio is found to be 0.9.

Fig. 2. XRD patterns of the PbS sample. The crystalline size estimated from the
line broadening is 17.5 nm.

Fig. 3. AFM image of PbS sample. From the region specified by a square, the
average crystalline size is estimated to be 20 nm.

Fig. 4. Optical absorption spectrum (thin line), photoluminescence spectrum at
150 K (thick line), and 15 K (broken line) of PbS nanocrystallites with an exci-
tonic peak at 2.63 eV as marked by an arrow. Inset: An expanded view of the
photoluminescence spectra.



tion vs. energy, we obtain a value of Eg of 2.4 eV. In the
ab-initio calculations the bandgap is evaluated by consid-
ering the lattice parameter of nanoparticles to be the same
as that for the bulk material (0.5936 nm). However, the
lattice parameter in our PbS sample is 0.58546 nm for
which a larger bandgap is expected. Interestingly, a band-
gap as large as 5.2 eV has also been reported.[10]

l Normally, a tail due to off-stoichiometry and sub-bandgap
absorption due to a separate phase[11] can be expected in
the long wavelength regime of the absorption spectrum.
Note that this feature in the absorption spectrum is not
seen in our case. This implies that the absorption spectrum
is solely due to PbS though there is excess sulfur as inter-
stitial in the sample in good agreement with XRD result.
However, the effect of off-stoichiometry and the presence
of oxygen could be reflected in the X-ray photoemission
(XPS) studies which are in progress.

The photoluminescence spectra of the nanocrystalline PbS
sample at 150 and 15 K are also shown in Figure 4 along with
the optical absorption spectrum. Note that each spectrum
consists of four bands in the wavelength range 500 to 800 nm
(marked a±d) which are clearly resolved at low temperature.
The position of the first three bands (a±c) are almost indepen-
dent of temperature in contrast to the d band which shifts to
higher energy by 10 meV when the temperature is lowered
from 150 to 15 K. However, the intensity increases and the
full width at half maximum (FWHM) decreases as the temper-
ature is lowered which can be ascribed to the insignificant
contribution of phonons to the luminescence.

It can be noted from Figure 4 that the first emission band
(a) overlaps with the absorption threshold which can be
assigned to a recombination of free excitons. The exciton
binding energy is the difference[12] in energy (dE) between the
first maximum in the absorption spectrum and the highest
energy luminescence band arising due to Coulomb electron±
hole interaction given by:[13]

dE � 1:786e2

er
(2)

where e, e, and r are the electronic charge, dielectric con-
stant, and the radius of the nanoparticle, repectively. In our
PbS case, the exciton binding energy is found to be
~300 meV which corresponds to a size of ~1.8 nm. Further-
more, the second band (b) is located at a lower energy, about
25 meV lower than the ªaº band, and can be assigned to a
recombination of bound excitons whose energy is always less
than the free exciton energy. Note that the energy of band c
is less than that of the ªbº band by 100 meV and is therefore
ascribed to donor±acceptor recombination (as is the case
with GaN[14]) and the ªdº band is located at the lowest en-
ergy side of the spectrum and can be assigned to a surface-
related band as described elsewhere.[10] However, experi-
ments are in progress to identify these peaks unambiguously.
To the best of our knowledge, this is the first report which
identifies the free and bound excitons in PbS nanocrystalline
samples.

As the crystallite size obtained from AFM and that esti-
mated from the exciton binding energy do not match, the
average size of the PbS nanocrystallites were also estimated
from the blue shift. A hyperbolic band model[6] has been sug-
gested to explain the change of the energy gap as a function
of particle size with the assumption that the nanoparticles are
spherical. The equation derived for the change in bandgap DE
according to this model is:

DE = [Eg
2 + 2gEg(p/r)2/m*]1/2 ± Eg (3)

where Eg is the bandgap for the bulk semiconductor, r the par-
ticle radius, and m* the effective mass of electron. Once, the
bandgap is known, the corresponding particle size can easily
be estimated using the above equation. For our nanocrystal-
line PbS sample, the bandgap is 2.63 eV (470 nm). Taking m*/
me = 0.085, where me is the free electron mass and Eg =
0.41 eV for bulk PbS, the particle diameter was found to be
~2.0 nm which is very close to that obtained from the exciton
binding energy by using Equation 2. On the other hand, the
AFM analysis (Fig. 3) shows a lateral dimension of 20 nm.
This discrepancy is ascribed to a pancake geometry of the
nanocrystallites with a diameter of 20 nm and a height of
2.0 nm. A similar geometry with a diameter of 12 nm (AFM)
and a height of 5 nm (from optical absorption) has also been
observed in case of chemically deposited CdS samples.[4] As
the diameter-to-height ratio is large, it can be concluded that
the charge carriers are confined in one dimension only. In the
case of electrodeposition with constant current one would
expect a local variation of current density at the cathode
which would result in 2D growth.[15] Furthermore, AFM mea-
sures the lateral dimension of the crystallites on the top layer,
whereas optical absorption determines the average height of
the crystallites. Therefore, such a high value of the diameter-
to-height ratio is obtained in the case of PbS (20:2) in good
agreement with the predicted shape of the metallic clus-
ters.[16±19]

Classical Interpretation of Non-Spherical Geometry: Like
the nucleons in the nucleus, the atoms in the nanoparticles are
held together by short range attractive forces. These forces
reduces the mass of the particle below that of its constituents
by an amount proportional to the number of atoms (N). Since
the volume of the particles is proportional to N, the volume
binding energy is given by

Ev = avN (4)

where av is a proportionality constant and the subscript v is
for volume.

Since the nanoparticles are of finite size, some of their
constituent atoms are on the surface and the proportion of
surface atoms increases as the particle size decreases. If the
geometry of the particle is considered to be spherical with a
radius r, then the surface to volume ratio (A) can be given as

A � 4pr2

4pr3=3
� 3

r
(5)
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When r is of the order of few nanometers, the particles are
named nanoparticles and the surface effects of the particle
can not be neglected. The atoms on the surface are less tightly
bound than those in the interior. Thus, in case of small parti-
cles the volume binding energy is reduced by an amount pro-
portional to the surface of the particle and is proportional to
r2 or N2/3 and is given by

Es = asN
2/3 (6)

where as is the proportionality constant and s denotes the sur-
face.

Combining Equation 5 and Equation 6, one obtains the
binding energy per atom as

Eb
N
� av ÿ

as

N1=3 � av ÿ
as

r
(7)

It is noted that as the particle size decreases the binding
energy per atom decreases and hence the spherical nature can
not be retained. In contrast, Wang et al.[6] have found that the
size determined from optical absorption for PbS nanoparticles
agrees well with transmission electron microscope (TEM) and
XRD results implying a spherical nature which is expected as
the particles are polymer capped.

Diffractogram of ªPancake-likeº Particles: It has been
shown[20] that the diffractogram of an ellipsoid will be differ-
ent from that of a sphere with equal volume and depends on
the axes of the ellipsoid. It is also known that as the half width
is large in the case of a sphere compared to an ellipsoid of the
same volume, the size estimated from the XRD spectra using
Scherrer's equation is expected to be large in the case of the
ellipsoid. As the pancake shape can be approximated as an
ellipsoid, the diffractogram is expected to be similar. The vol-
ume of a pancake of diameter 20 nm and height 2 nm is the
same as the volume of a sphere with diameter ~11 nm which
is smaller than the value obtained from the XRD pattern
(17.5 nm) as expected for a pancake structure.

In summary, lead sulfide semiconducting nanoparticulate
thin films having pancake-like geometry have been synthe-
sized by an electrochemical route. Due to the non-sphericity
of the crystallites, the optical properties of the nanoparticles
are controlled by the lowest dimension of the particlesÐa
consequence of one-dimensional quantum confinement. Opti-
cal absorption at 300 K and photoluminescence at lower tem-
peratures reveal that the bandgap of the nanoparticles does
not change with temperature in contrast to the reported tem-
perature dependence in bulk lead sulfide where the bandgap
shifts to lower energy as the temperature decreases. We also
report the feature of free and bound excitons in lead sulfide
nanoparticles, which become more prominent as the tempera-
ture is lowered.
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Simple Synthesis of MoS2 and WS2 Nanotubes

By Manashi Nath, Achutharao Govindaraj, and
C. N. R. Rao*

Carbon nanotubes constitute an important class of materi-
als with several potential applications. By analogy to the ful-
lerenes and carbon nanotubes, Tenne et al.[1±3] suggested that
layered metal dichalcogenides could form similar fullerene-
related structures. Nanotubes of MoS2 have indeed been
produced and characterized by Tenne and co-workers.[4] Their
method of preparation of the MoS2 nanotubes employs the
gas-phase reaction between MoO3 and H2S in the presence of
argon. The procedure involves heating solid MoO3 in a stream
of forming gas (95 % N2 + 5 % H2) to reduce the oxide to
some extent, followed by the reaction of the oxide with a
stream of H2S mixed with the forming gas. The product con-
tained nanotubes of MoS2 along with polyhedral particles.
The mechanism of forming MoS2 has been suspected to
involve a trisulfide intermediate.[3] Based on the literature[5,6]

and our own experience with the reaction between MoO3 and
H2S, there seemed little doubt that the reaction of MoO3 with
H2S gives amorphous MoS3 as the product. The MoS2 nano-
tubes are therefore to be expected to be formed following the
decomposition of MoS3. We therefore decided to examine the
transformation of MoS3 at high temperatures in a hydrogen
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