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Single crystalline CdSshexagonald nanobelts have been synthesized using thermal evaporation at
temperatures ranging from 1000 to 1200 °C. These nanobelts universally grow along thef120g
crystalline direction. The nanobelts fabricated at 1000 °C appear to be much more uniform than
those at 1200 °C. Moreover, the surface of the nanobelts grown at 1200 °C is rough compared to
that of the former, which is due to the secondary growth of CdS crystallites on the nanobelts’
surfaces at higher temperatures, as induced by the surface polarity. Cathodoluminescence and
photoluminescence studies disclose the different electronic structure qualities of the two samples.
The growth mechanisms of the nanobelts and the luminescence differences of the two samples are
discussed. ©2005 American Institute of Physics. fDOI: 10.1063/1.1852094g

I. INTRODUCTION

Low-dimensional nanosized semiconductors have at-
tracted considerable interest in recent years, as they exhibit
strong size-dependent optical and electrical properties, which
have potential applications in optoelectronic devices.1 CdS is
one of the most important II-VI semiconductor compounds,
possessing excellent optical properties. A tremendous
amount of effort has been devoted to the synthesis and opti-
cal property study of CdS-related nanoparticles and quantum
dots szero dimensiond.2 Recently, a number of groups have
fabricated one-dimensionals1Dd CdS nanostructures using
various chemical or physical methods, including electro-
chemical deposition,3 thermal evaporation,4 solvthermal,5

surfactant-assisted method,6 and template.7 These 1D nano-
structures are promising candidates for various nano-
optoelectronic devices as they serve as both functional units
and wires that connect them. One major concern of using
them as building blocks for the nano-optoelectronic devices
is the quality of the material’s electronic structure, which is
important in determining the device efficiency. This becomes
particularly important in the case of 1D nanomaterials, where
the large surface to volume ratio makes the surface property
dominantswhich is usually understood as detrimental since
surface dangling bonds serve as nonradiactive recombination
centersd. Unfortunately, such an issue remains controversial
in many works due to the lack of detailed experimental data.

In the present study, we report 1D CdS nanobelt growth
via thermal evaporation. The nanobelts’ surface morphology
can be modified by simultaneously inducing secondary
growth, which is achieved by varying the processing tem-
perature. These nanobeltsswith or without the secondary
growth on the surfaced demonstrate different luminescence
properties, which may relate to their structural differences.

II. EXPERIMENT

The fabrication process is based on thermal evaporation
of CdSssublimation: 980 °Cd powders in the absence of any
catalyst. Details of the experimental setup can be found
elsewhere.8 The deposition was carried using a high-
temperature tube furnace. Two grams of CdS powder
s99.99% ARCOd were placed in the center of the tube. The
tube was then sealed and pumped down to a base pressure of
2310−2 Torr. Ar was used as the processing gas at a flow
rate of 100 sccm. The deposition temperature ranged from
1000 to 1200 °C. The general morphology of the products
was examined by scanning electron microscopysSEM, LEO
1450VPd. Powder x-ray diffractionsXRD, Rigaku RU-300
with Cu Ka1

radiationd was employed to examine the prod-
uct’s overall crystallinity. Detailed microstructure and chemi-
cal composition analysis of individual nanobelts were carried
out using a transmission electron microscopesTEM Tecnai
20d equipped with an energy dispersive x-raysEDXd spec-
trometersOxford Instrumentd. The room-temperature cathod-
oluminescencesCLd study of the nanobelts was carried by a
MonoCL system with the excitation power at 20mW sOx-
ford Instrumentd in a scanning electron microscope.
Temperature-dependent photoluminescencesPLd spectra
were measured from the CdS nanobelts mounted on a cold
finger in a continuous cycle cryostat using the 325 nm line of
a He-Cd laser. The excitation power density amounts to
about 500 W/cm2, and the emitted light was collected by
lenses and dispersed by a 0.75 m Spex 1702 spectrometer
equipped with a 1200 l /mm grating. The spectral resolution
of the spectrometer was set at 0.6 meV in all measurements.

III. RESULTS AND DISCUSSION

The two samples deposited at 1000 °CsA1 and
1200 °Cd sA2d were first examined by SEM. The general
morphologies of them appear to be similar at low magnifi-
cationsfshown in Figs. 1sad and 1sbdg. Both of them display
wire-like nanostructures, and some twisted “wires” demon-
strate shape characteristics of nanobelts. Nevertheless,
sample A2 is not as uniform as sample A1. There is a large
size distribution in sample A2snanobelts’ width ranges from
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hundreds of nanometers to several micrometersd, compared
to that of sample A1swidth in the range of 200–500 nmd.
The typical size of sample A2 is much larger than that of A1.
Moreover, SEM images of the two samples taken at higher
magnifications show distinct difference in the nanobelts’ sur-
faces. While the surface of nanobelt in sample A1 is smooth
fin the inset of Fig. 1sadg, it appears to be rough in sample A2
fin the inset of Figure 1sbdg. Although the observation of the
nanobelts’ morphology in the two samples differs, powder
XRD of them give similar resultsfFig. 1scdg, in which all of
the diffraction peaks can be indexed to those of hexagonal
CdS with lattice constanta=4.136 Å, and c=6.713 Å
sJCPDS file No. 77-2306d within the experimental error.

Detailed microstructure analysis from TEM study further
confirms the SEM observations. Figures 2sad and 2sbd show
the typical morphology of nanobelts taken from sample A1.
They appear to be relative uniform, with a width in the range
of 200–500 nm. The fact that the thickness of the nanobelt is
much smaller than its width is clearly demonstrated in Fig.
2sad, and average ribbon thickness is less than 20 nm. Trans-
mission electron diffractionsTEDd studiessnot shown hered
of several tens of such nanobelts indicate that all of them are
single crystalline, and have a universal growth direction
salong the hexagonalf120g directiond. Figures 2scd–2sed
show three nanobelts taken from sample A2. All of them
show a light-dark contrast on the sample surface, suggesting
larger mass thickness in the dark region. EDX spectrasnot
shown hered taken from both of the dark and light regions on
the nanobelts indicate the same chemical compositionsonly
Cd and S are detectedd. Nevertheless, the size, shape, and

density of these dark regions are different in individual nano-
belts, with size ranging from tens to hundreds of nanometers
fFigs. 2scd–2sedg. Selected-area diffraction pattern in the in-
set of Fig. 2sed is taken from the nanobelt shown in the same
figure. The diffraction pattern can be indexed tof100g zone
axis of hexagonal CdS, and indicates the single crystalline
nature of the nanobelt. This is generally observed in tens of
such nanobelts examined. Similar to those from sample A1,
the nanobelts from sample A2 follow a universal growth di-
rection as wellsalongf120g directiond. The universal growth
direction of the nanobeltssA1 and A2d was further confirmed
by the high-resolution image. While the terminating surface
of sample A1fFig. 2sfdg appears to be sharp, the one from
sample A2 is rough.

Due to the fact that no metal catalyst was used during
the nanobelt growth process, and no particle was observed at
the tip of the nanobelts, the formation of the CdS nanobelts
may be explained by the vapor-solid mechanism, instead of
vapor-liquid-solid mechanism.9 The sublimed CdS vapor di-
rectly deposits at the lower temperature region and grows
into belt-like structures. The formation of the belt morphol-
ogy may be affected by the growth kinetics of different crys-
talline facets at specific experimental conditions instead of
being solely governed by the lowest surface energy
argument.10

Together with the SEM observations, the dark “par-
ticles” on nanobelt surface in the TEM imagesfFigs.
2scd–2sedg are secondary growthsbranchingd of CdS on the
nanobelts. These branches grow directly from the nanobelt
surface in the absence of any additional impurity particles.
The small branches and the nanobelts have the same crystal-
line orientationsTED in Fig. 2sedd. The different size, shape,

FIG. 1. sad SEM image of the CdS nanostructures grown at 1000 °C, scale
bar: 5mm. sbd SEM image of the CdS nanostructures grown at 1200 °C,
scale bar: 5mm. scd Typical XRD spectrum of the CdS nanobelts synthe-
sized with temperatures ranging from 1000 to 1200 °C.

FIG. 2. sad andsbd Bright-field TEM image of the nanobelts from sample A1
s1000 °Cd, a smooth nanobelt surface is observed, the contrast results from
the bending contours. Scale bar: 500 nm.scd–sed. Bright-field TEM image of
the nanobelts from sample A2s1200 °Cd. Scale bar: 500 nm.sfd High-
resolution image of sample A1.sgd High-resolution image of sample A2.
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and density of these branches suggest different stage of the
secondary growth. The branches may coalesce when their
lateral size is large enough, which is responsible for the for-
mation of larger and thicker nanobelts in sample A2. Similar
phenomena have been reported in several other material sys-
tems, including the asymmetric nanocantilever arrays on po-
lar surfaces of ZnO,11 wurtzite ZnS nanosaw formation,12

and CdSe nanosaw growth.13 The asymmetrical growth is
more than likely to be induced by the surface polarity of
these ionic materials without the center symmetry. Unlike
their nanowire counterparts, these nanobelt always extend
along the hexagonalk120l direction, withh001j as one of the
major termination surfaces, which can be consisted of either

a layer of cations001d or anion s001̄d atoms. The anion-

terminated surfaces001̄d appears to be chemically inactive,
while the metallic clustersscan be Zn or Cdd on the cation-

terminated surfaces001d or the edge surfaces01̄1̄d serve as
self-catalysts and promote the secondary growth.11 This is
also consistent with our TEM observations. Moreover, at
higher temperatures1200 °C for sample A2d, the sublima-
tion rate of CdS is higher compared to that at lower tempera-
ture s1000 °C for sample A1d. The higher sublimation rate
leads to a higher partial pressure of the CdS vapor, and thus
a higher supersaturation downstream the tubesdue to the
temperature gradient of the tube furnace settingd, which
worsens the nonuniformity of the nanobelts.14

The room-temperature cathodoluminescencesCLd spec-
tra of the nanobelts are shown in Fig. 3. The CL spectrum
taken from sample A1fFig. 3sadg shows two distinct emis-
sion peaks centered at.2.4 and.1.7 eV, respectively. The
intensity of the 2.4 eV peak is higher than the one at 1.7 eV,
and its full width at half-maximumsFWHMd smaller. These
two emission peaks are also detected in sample A2. How-
ever, the intensity ratiosI2.4/ I1.7d of the two samples changes
from 2.76 to 0.01; i.e., the mainly green emission in sample
A1 changes to mainly red emission in sample A2. The
FWHM of both peaks in sample A2 are larger compared to
the corresponding peaks in sample A1.

CdS has a direct band gap of 2.42 eV at room
temperature.15 The emission peak at.2.4 eV is attributed to
the near-band-edge emission,15,16 and the one at.1.7 eV to
deep-trap band is related to impurities, native defects, or
surface-related defect states.17–19 The near-band-edge emis-
sion may result from the free electron-hole recombination,
the shallow-trap state near the band edge, or both. The inho-
mogeneous broadening of the peaks could be attributed to a
high concentration of point defectssdefect state overlappingd
and/or strain, resulted from more extended defects. The ob-
vious broadening of both emission peakss.2.4 and
.1.7 eVd observed in sample A2scompared to sample A1d
could be ascribed to the fact that larger crystals tend to har-
bor more extended defects than small crystals. The ratio
changes of the two peaks’ intensitysI2.4/ I1.7d in sample A1
and A2 suggest the increase of the defect states17 in sample
A2. These defects may act at nonradiative recombination
centers, which can quench the radiative band edge
recombination.18

The more detailed electronic structures of the two differ-
ent types of nanobelts are further disclosed by the
temperature-dependent PL spectra, as shown in Fig. 4, where
many more peaks of higher energies emerge in the low-
temperature spectra than in the room-temperature spectra. At
10 K, the two most intense of these in sample A1fFig. 4sadg
are theI2 peak at 2.540 eV and theI1 at 2.534 eV, which
have been assigned to excitons bound to neutral donors and
acceptors.20 The peakI3 at 2.550 eV, which is assigned to
excitons bound to ionized donors,21 becomes more obvious
in the slightly higher temperature spectra, as donors become
increasingly ionized when the temperature rises. As a com-
parison, fewer features are observed in sample A2. Only

FIG. 3. sad CL spectrum of sample A1s1000 °Cd, displaying a strong green
emission and a weak red emission.sbd CL spectrum of sample A2
s1200 °Cd, displaying a weak green emission and a strong red emission.

FIG. 4. Temperature-dependent PL spectra ofsad sample A1 andsbd sample
A2.
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peakI2 is identified with a much larger peak width, and peak
I1 at 2.534 eVI3 at 2.550 eV are not seen or unresolved. The
phonon replica of peakI2 is observed at 2.503 eV and
2.474 eV fas marked by arrows in Fig. 4sbdg, as CdS are
known to exhibit many phonon side bands22 due to the strong
exciton-phonon coupling.

The influence of surface on the PL spectra taken from
sample A1 is revealed by the broad asymmetric emission
background from.2.35 to .2.52 eV. Similar emissions
had been observed in the PL of thin CdS platelets and iden-
tified as originated from surface donor-acceptor pair recom-
binationssDAPSd.23 The maximum of the DAPS emissions is
known to shift towards higher energy with increased excita-
tion power density. The confirmation of this in our experi-
ment allowed us to attribute the broad background in our
spectra to surface luminescence. Such a surface band disap-
pears in the spectra taken from sample A2, which also ex-
plains the observation of phonon replicas of the excitonic
emission in sample A2, but not A1.

Small spectral modulationss2.418 and 2.432 eVd on the
low-energy tail of DAPS luminescence is observed in the
spectra of sample A1, while a distinct feature at 2.411 eV
appears in that of A2, with several phonon replicas on the
low-energy tail. These featuressin the case of both A1 and
A2d are replicated, essentially without any shift, in every
spectra obtained below 80 K. They are tentatively attributed
to unresolved donor-acceptor pairsDAPvd emissions within
the volume of the nanoribbons.22

It is interesting to note that although the thickness of
sample A1 is only around 20 nm, the proximity of unpassi-
vated surfaces does not seem to dissociate the excitons. This
may be explained by that fact that there are few dangling
bonds on the small indice surfaces and the rather tight bind-
ing energy of excitonss,28 meVd.24 Although the sizesrib-
bon thicknessd of the same A2 is much larger than that of A1,
the electronic structure quality seems to be worsesthe larger
I2 peak width and the less resolved excitonic features at high
energiesd. On the other hand, contribution from the surface
exists as surface donor-acceptor pair recombination in the
luminescence spectra of thin nanoribbonssA1d. Such contri-
bution disappearssor become triviald when the ribbon thick-
ness becomes much largershundreds on nanometers due to
the secondary growth in sample A2d.

IV. CONCLUSION

In conclusion, CdS nanobelts are fabricated by simple
thermal evaporation in the absence of any catalyst. These
nanobelts appear to be single crystalline with a universal
growth direction off120g. Nevertheless, the CdS nanobelts
synthesized at different temperatures appear to have different
structural characteristics. The nanobelts grown at 1000 °C
appear to be more uniform, and the surfaces of them are
smooth, while those at 1200 °C have rough surfaces and a
very broad size distribution. This is explained by the second-
ary growth on the nanobelts surface induced by the surface
polarity. Accordingly, the luminescence properties of the
samples are different, the nanobelts synthesized at lower
temperatures demonstrate higher electronic structure quality

compared to those fabricated at high temperature, although
their sizessthicknessd are much smaller, and thus the surface
effect susually refers to surface states or surface-related de-
fect statesd is expected to be predominant. This finding sug-
gests that the electronic structure quality of the 1D nanoma-
terials, which eventually determines the nano-optoelectronic
device performance, can be good when the material’s size is
small. The control of the deposition parameter and thus the
crystal quality is more important in determining the elec-
tronic structure quality of the materials.
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