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Abstract. This work is devoted to luminescent investigations of CdS nanowhiskers grown
in different technological approaches with variable parameters, allowing to control sizes
and morphology of grown nanocrystals. Luminescence was used for the express analysis of
the influence of technological parameters on the quality of grown crystals by comparison of
band-edge and defect luminescent bands.
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1. Introduction

Last decades demonstrate rocket growth of the interest to
nanostructured materials. It is explained both by unique
properties on nanomaterials as compared to their bulk
form and by the possibility to tune in easy way their size-
dependent properties in a wide range [1-3]. The latter
outcomes in growing application of nanomaterials in
electronics, sensorics, materials science, energetics and
many other fields, which goes along the demand of
further  miniaturization and  decreasing  energy
consumption in modern devices. One direction in the
construction of functional nanodevices based on the one-
dimensional semiconductor materials combines advances
of nanomaterials and integration of these elements with
other circuits without additional contacts. Nanodevices,
such as transistors [4], light emission diodes (LED) [5],
laser [6], photodetectors [7], gas and chemical sensors [8-
10], solar cells [11], efc., have been reported as
demonstrating exciting progress in the “bottom-up”
approach for building new-generation electronic and
photoelectronic systems with reduced sizes, higher
efficiency, and less energy consumption. However,
important or even vital properties of these nanoelements
are their crystallinity and defectness, which affects and
can damage desired functions.

We grow nanowhiskers of cadmium sulfide by
chemical condensation of CdS from the gas phase. CdS
was chosen as promising semiconductor that has received
considerable attention because of their intrinsic
properties of a wide direct band gap (2.42eV), high
photosensitivity and good chemical stability [12-14]. It

may be used in optoelectronics, and its piezoelectric
properties enlarge the area of its possible application. To
provide express controlling the influence of technological
parameters on the quality of prepared crystals, we use
luminescence at room temperature. So, the aim of this
work is to discuss correlation of technological parameters
and approaches with luminescent properties of grown
CdS whiskers and their structure.

2. Experimental

Nanocrystals of CdS were grown using chemical
condensation from the gas phase in a quasi-closed
volume. This technique allows growing single crystals of
cadmium sulfide with a diameter from tens to hundred
nanometers and the length up to millimeters defined by
the time of the growth. Crystals may be grown of both
wurtzite and sphalerite type of symmetry. The scheme of
the reactor is shown in Fig. 1.

The semi-closed volume is arranged in the silica
cylindrical tube / with two end caps 2. The reactor
volume is pumped out with cryogenic sorption pump.
The residual pressure is about 107 bar. Heating the
reactor is carried out by seven heating sections /0 to 16
located outside of the tube in ambient atmosphere. The
temperature of individual heating sections is stabilized
independently by using a multi-channel thermostat.
Substrates 6, 7 are mounted on graphite pedestals 8. The
silica crucibles 3 and 4 are loaded with CdS and S ultra-
high purity powder. The source 4 is equipped with addi-
tional resistive heater possessing small heat capacity for
oversaturation control and stepwise change for 3...10 s.
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Fig. 1. Reactor for growing CdS nanocrystals: / — cylindrical silica tube, 2 — quasi-closed volume door, 3 — additional S vapor
source, 4 — Cd and S vapor source with CdS powder, 5 — heater with small heat capacity, 6, 7 — substrates with different
temperatures, 8 — graphite stages, 9 — inlet valve, /0 to 16 — coaxial ceramic heaters, /7 — evacuation to cryogenic vacuum pump.
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Fig. 2. Typical SEM images of CdS whiskers grown using the VS method (a), VLS method (c) and the micro-crucible one on a
pyrolytic carbon fiber (d). Small gold droplets are visible on ends of whiskers (c). The panel (b) demonstrates the annealed gold film
to realize the VLS growth.
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Temperatures of the vapor sources 3 and 4 and substrate
holders 8 are measured with miniature thermocouples.
Molybdenum glass, glass covered by ITO film and fibers
of pyrolytic carbon were used as substrates for crystal
growth. The temperature of substrates was kept for the
growth independently either at about 440...470 °C or
about 620...670 °C.

The additional source of sulfur vapor 3 was used to
obtain gaseous medium with an excessive content of
sulfur contrary to stoichiometric concentration with
respect to Cd. Thermodynamic calculations demonstrate
that CdS crystal inevitably grows with sulfur vacancies,
which can be partially compensated by sulfur
oversaturation [15]. Additionally, annealing of CdS
crystal in the atmosphere of sulfur vapor is the widely
known method for compensating surface and bulk
cadmium interstitial atoms. The temperature of the
source 3 was 100...120 °C. CdS crystals were grown as
well as annealed in this gaseous medium.

The crystals were grown using three different
methods: vapor-solid (VS), vapor-liquid-source (VLS)
[3, 16, 17] and micro-crucible. The crystals grow from
the free end in the case of two first methods and from the
bottom end in micro-crucible. In the case of clean
surfaces, VS growth is realized when Cd and S vapors
condensate on the free end of whiskers and chemically
interact growing the crystal. In the VLS method some
additional materials are used as nuclei and “catalyzer” of
the crystal growth being situated in the form of liquid
film on the free end of growing crystal [16]. In this case,
the crystals grow on the solid-liquid interface. Crystals
grow faster at VLS method in comparison to the VS one,
and the size of nucleus defines the diameter of the
whisker. However, despite it is assumed that those
additional materials work as catalyzer with no inclusion
into growing crystal as impurity, the question is not
finally resolved. In our case, gold or silver was used for
this growth. Initial nuclei were produced by vacuum
deposition of thermally evaporated metals on the
substrate to the mass thickness 0.5...2.5 nm and the
following annealing of the substrate directly in vacuumed
reactor by stepwise heating up to 500 °C for 1.5 hours.
The growth by using the micro-crucible method was
realized on fibers from pyrolytic carbon previously
treated by thermo-chemical etching to produce well-
developed surface with micro-crucibles [18]. Results of
the growth of CdS whiskers by applying different
methods are shown in Fig. 2.

Photoluminescence ~ was  studied at room
temperature with the MDR-23 spectrometer and PMP-
100 photomultiplier as a detector. The excitation source
was semiconductor laser with the wavelength 407 nm. In
addition, the samples were studied using scanning
electron microscopy (SEM) that was performed with
JEOL JSM35, JXA-8200. The phase composition of the
films was analyzed by ex-situ X-ray diffraction carried
out with a Philips X’Pert PRO X-ray diffractometer with
CuKa radiation (A = 0.154 nm). The qualitative phase
analysis of the diffractogram was carried out using the
ICDD database, PDF-2 Release 2012.

3. Results and discussions

All the spectra of photoluminescence have similar form —
one band around 510 nm, which is prescribed to band-
edge luminescence, and another wide band close to
670...710 nm, which is prescribed to luminescence of
deep traps. There are many assumptions about the origin
of this defect luminescence. It may be sulfur vacancies,
cadmium interstitial atoms, surface states, etc. [12, 19-
22]. Moreover, different hypotheses don’t contradict to
each other. Since all the measurements were made at
room temperature, no fine structure at the band edge [23]
is observed.

As the amount of CdS deposited on various surfaces
is different, direct comparison of luminescence or
absorption spectra is not possible. However, the ratio of
the maximal intensity of the defect band to the band-edge
luminescence may serve as an indicator of the quality of
grown CdS whiskers. So, practically all shown spectra
are normalized. The comparison of crystals grown using
the VS and VLS methods is shown in Fig. 3.

Crystals, which luminescence is shown in Fig. 3,
were grown at temperatures close to 450 °C. It is visible
that the strongest relative band-edge luminescence is for
CdS grown using the VS method — the ratio here is 2.2.
The ratios for samples grown by VLS method are rather
close: 9.9 for the sample 2, 7.3 for the sample 3 and 10.6
for the sample 4. The shown spectra demonstrate that the
crystals grown by VS method have better quality that
those grown using the VLS method, besides there is no
remarkable difference in the quality of crystals grown by
VLS method with the use of Au or Ag and on pure glass
substrate versus glass covered with ITO film.

However, other data demonstrate that ITO may be
not a neutral substrate. Fig. 4 exhibits the luminescent
spectra for the samples grown by VLS method on ITO at
different temperatures. The ratio of luminescent bands is
21.4 for the sample grown at 440 °C, while band-edge
luminescence for the sample grown at 625 °C is prac-
tically invisible, and the ratio for this sample is 108.7.
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Fig. 3. Normalized luminescence spectra of CdS nanocrystals

grown using the VS methods on glass (/) and VLS method with
Au on glass (2), with Au on ITO (3) and with Ag on ITO (4).
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Fig. 4. Normalized luminescence spectra of the CdS samples
grown by VLS method with Ag on ITO at 440°C (/) and
625 °C (2). Insert demonstrates absorption of these samples.
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Fig. 5. X-ray diffraction measured on the CdS sample grown by
the VS method (/) and on the CdS sample grown by the VLS
method with Au on ITO (2) at the temperature 655 °C.

It means that ITO is not neutral at high temperature and
is, probably, destructed resulting in the distortion of the
crystal structure of grown CdS or increased impurity
level. This is supported by the behavior of absorption of
those samples shown in the insert. Again, we have to
remind that there is no sense to discuss absolute values
without knowledge of the amount of the material, but the
spectral behavior of the absorption allows to make
qualitative conclusion. The feature at about 510 nm
corresponds to the absorption at the band edge what
assumes crystal structure of the sample. So, we suppose
that the steepness of that feature as well as the difference
between the maximum and long-wave tail should
correlate with perfectness of the crystal structure in this
material. Thus, absorption also demonstrates that CdS
grown on ITO at low temperature has a better crystal
structure than CdS grown on ITO at high temperature.
This conclusion is supported by XRD measurements, too,
which results are shown in Fig. 5.
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Fig. 6. Normalized luminescence spectra for the CdS samples
grown using the VLS method (a) with Ag on ITO at 440 °C
with the deficiency of sulfur (/) and at 475 °C with the sulfur
compensation (2) and grown by the micro-crucible method on a
pyrolytic carbon fiber without (/) and with (2) an additional
source of sulfur (b). The insert in the panel (a) demonstrates
absorption of these samples.

The results of X-ray diffraction demonstrate that the
VS method results in CdS whiskers with a good crystal
structure most probably of wurtzite type, which is
marked with “h” index in Fig. 5. Only couple of lines is
common for hexagonal and cubic “c” — sphalerite forms
of CdS. It is also supported by Fig.la, which
demonstrates whiskers grown using the VS method with
a perfect crystal shape. The opposite situation is for the
sample grown on ITO at high temperature. In this case,
the spectrum demonstrates presence of preferentially
SnO, and weak signal of sphalerite form of CdS.

Other sources of defect luminescence were
analyzed, too. As it was indicated, an additional source of
sulfur is necessary to keep stoichiometry of grown
whiskers. Comparison of samples grown with the
additional source of sulfur (S+) and without (S-) is
demonstrated in Fig. 6.

It is visible that for different growth methods addi-
tional compensation of the sulfur deficiency improves
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Fig. 7. Luminescence spectra of the CdS nanowhiskers grown
by the VLS method with Au of different sizes of nuclei. The
insert demonstrates the spectrum of CdS single crystal. The
mass thickness of Au is 0.5 nm (/), 2.5 nm (2).

the quality of grown crystals. Ratios of the luminescent
intensities in this case for the whiskers grown by the VLS
method are 7.2 for the additional sulfur source (S+) and
21.4 without (S-), and in the case of micro-crucible
growth those ratios are 18 (S+) and 111 (S-). It is
difficult to say at the moment why micro-crucible growth
produces crystals with so high defect luminescence in
comparison to the band-edge one. For the case of VLS
growth absorption, behavior correlates with the ratio of
luminescence bands and supports again the conclusion
about better quality of crystals grown with the additional
sulfur source.

The latter analyzed case shows the influence of the
surface area, which contribution rises with decreasing the
diameter of grown nanowhiskers. Two samples grown by
the VLS method with Au on glass are compared in
Fig. 7.

The spectra shown in Fig. 7 were measured for the
samples grown using the VLS method with Au deposited
with different mass thickness. The sample with the mass
thickness of Au 2.5 nm (2) and the average width of
whiskers in hundreds of nanometers demonstrates
obviously lower ratio of intensities of lines in comparison
to the sample where the mass thickness of Au was 0.5 nm
(/) and the average width of whiskers was tens of
nanometers. These results coincide with previously
published  demonstration of increasing  defect
luminescence at decreasing of the sizes of nanocrystals
[20]. For comparison, the spectrum of luminescence
inherent to the single crystal is shown in the insert. In this
case, band-edge luminescence exceeds the defect one.

It is necessary to note that all the demonstrated
results cannot be considered as controversial and clearly
demonstrating only some separated source as the origin
of the defect luminescence. For example, the hypothesis
that defect luminescent line is produced in the first place
by sulfur vacancies concentrated at the surface and the
speed of growth affects the concentration of those
vacancies explains practically all the demonstrated

results. Slower growth obviously allows repairing bigger
number of defects of the crystal structure, so the VS
method produces more quality crystals in comparison
with the VLS method at other equal parameters.

4. Conclusions

We have demonstrated that luminescence can be used for
the express control of the quality of CdS crystals grown
by different technological approaches. The influence of
different technological parameters has been analyzed
from the viewpoint of their influence on the crystal
quality. It has been shown that the defect luminescence
correlates with the deficiency of sulfur and rises at the
increasing of the surface. Also, slower growth using the
VS method produces more qualitative crystals due to,
obviously, more effective reparation of defects, what
needs some time.
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