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High-quality ultra-long alloyed CdSxSe1-x (0 e x e 1) whiskers were obtained by a simple thermal evaporation
route. The near band-edge emission in these whiskers can be effectively guided at the sub-millimeter scale
under continuous-wave laser excitation. As good optical waveguide cavities, the whiskers exhibit stimulated
emissions under pulsed light excitation at room temperature for all compositions 0 e x e 1. The spectral
positions of the sharp emission lines of the whiskers were tuned by their compositions, covering the spectral
range from green to red.

1. Introduction
One-dimensional (1D) structured semiconductor nanowires
or whiskers have many special properties arising from quantum
or photon confinement and have wide potential applications in
light emitting diodes, lasers, sensors, waveguides, and photodetectors.1-10 They are also attractive for building blocks or
assembling elements of integrated small systems since these
individual structures can function as both device elements and
interconnects.11-13 More importantly, 1D wide-band semiconductor nanostructures have been shown to function as waveguide
cavities and can give stimulated emission or lasing under highintensity excitation, and thus can be used as nanolasers. For
example, ZnO, GaN, and ZnS nanowires and/or nanobelts can
be used as near-ultraviolet (UV) nanolasers,14-16 and 1D CdS
nanostructures can serve as green light nanolasers.17 However,
the lasing wavelength and hence the color of these nanolasers
based on binary semiconductors can hardly be tuned, which
restricts their wide applications in biology imaging, fluorescence
labeling, light telecommunication, surgery, and small lighting
devices. Research on 1D ternary or multielement alloyed
semiconductors is expected to be important because their band
gaps and thus their emission wavelengths can be modulated by
their compositions.18-25
Ternary CdSSe alloy is an important semiconductor and has
a wide range of potential applications based on its excellent
properties such as large nonlinear susceptibilities, good photoconduction, and fast response times, and its band gap between
∼2.44 eV (for CdS) and ∼1.72 eV (for CdSe) can be tuned by
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the sulfur-to-selenium ratio in the visible range.22-25 In particular, CdSSe is also a very good laser media and can be used
to produce lasing in the visible spectral region. Electron-beam
pumped or optically pumped CdSSe platelet lasers were reported
several decades ago.26-28 Lu et al. found that CdSSe quantum
dots in glass spherical microcavity can also give efficient
multimode lasing.29 Recently, we first reported high-quality
shearlike CdSxSe1-x nanobelts fabricated by a one-step thermalevaporation process, and realized the color-tunable photoluminescence (PL) covering the visible spectral region.23 However,
such shearlike CdSSe structures cannot be efficient optical
waveguide cavities because of their nonuniform figuration. In
this paper, we develop a multistep thermal-evaporation route
to get high-quality and highly uniform CdSxSe1-x (0 < x <1)
whiskers. The PL investigations indicate that these CdSSe
whiskers can act as promising multicolor waveguides and can
realize color-tunable stimulated emissions in the spectral range
from green to red.
2. Experimental Section
CdSSe whiskers were synthesized by a multistep physical
evaporation route. Appropriate amounts of commercial-grade
CdS and CdSe powders were placed onto a ceramic plate at
the center of a quartz tube, which was placed into a horizontal
tube furnace. Next to the ceramic plate, several pieces of silicon
slices coated with 10 nm Au film were placed downstream of
the gas flow. Prior to heating, high-purity He was injected into
the quartz tube with a constant flowing rate (∼20 sccm) to
eliminate the O2 inside. After 60 min, the flowing rate of the
carrier He gas was adjusted to ∼1 sccm, and the furnace was
rapidly heated to 850 °C and maintained for about 120 min
without changing the conditions. Then, CdSSe whiskers were
obtained from the surface of the silicon slice with the substrate
temperature of ∼700 °C. The composition of the whiskers was
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tuned by changing the molar ratio of the CdS and CdSe powder
in the evaporation source.
Scanning electron microscope (SEM) images and the energy
dispersive spectroscopy (EDS) were achieved on a Hitachi
S-4200 microscope. The transmission electron microscope
(TEM) observations were carried out on a Hitachi H-800
microscope with an accelerating voltage of 200 kV. X-ray
powder diffraction (XRD) experiments were done using a Japan
Rigaku D/max-2400 X-ray diffractometer equipped with graphitemonochromatized Cu KR radiation (λ) 1.54178 Å). Optical
waveguide properties were investigated using a commercial
scanning near-field optical microscope (NSOM) from RHK
Technology (U.S.A.). During the experiment, the continuous
wave laser beam (He-Cd, 442 nm; power, 10 mW) was focused
and illuminated at the center of an examined single CdSSe
whisker which was predispersed on a silicon substrate coated
with a 500 nm thick thermally grown SiO2 layer. A color CCD
through an objective lens was used for collecting the far-field
optical image of the excited whiskers. Stimulated emission
measurements of single CdSSe whiskers were conducted using
the third harmonic of a Nd:YAG laser (355 nm; spot size, ∼0.5
mm2) with pulse width 6 ns as the excitation source. The PL
was detected by a spectrometer (Acton Research Corp. Spectra
Pro 500i) equipped with a liquid N2-cooled charge coupled
device (CCD) camera (Roper Scientific), with an expected
spectral resolution of ∼0.2 nm.
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Figure 1. (a) Locally amplified SEM image of a representative CdSSe
whisker. Inset shows the enlargement of a representative single CdSSe
whisker. (b) The in-situ energy-dispersive X-ray spectrum of the
whiskers. (c) The local TEM image of a representative single whisker
and its corresponding selected area electron diffraction pattern (inset).

3. Results and Discussion
The morphology and the composition of the obtained CdSSe
samples are controlled and strongly affected by the flow rate
of the carrier gas, the molar ratio of the source powder, the
source temperature, and the substrate temperature (or the
substrate distance from the source). As reported in ref 23, when
the flow rate and the source temperature are 20 sccm and 900
°C, respectively, shearlike CdSxSe1-x nanobelts with continuously tuned compositions (0 < x <1) can be simultaneously
obtained from the silicon substrates at different deposition
temperatures (650-800 °C), using equal molar CdS and CdSe
in the source powder. Further investigations indicate that the
morphology of the obtained CdSSe sample at a fixed substrate
is also highly dependent on the carrier gas flow rate, the
temperature of the evaporation source, and the reaction time.
When the flow rate and the source temperature are decreased
to 1 sccm and 850 °C, respectively, and the reaction time is
long enough (>100 min), then ultralong and uniform CdSSe
whiskers can always be obtained from the silicon substrate at a
temperature of ∼700 °C, whatever the molar ratio of CdS and
CdSe in the source powder. Then, under the above growth
condition, CdSSe whiskers with different composition can be
obtained just by tuning the molar ratio of the evaporation source.
That is to say, with other reaction parameters unchanged, the
compositions of the obtained whiskers at a same deposition
temperature or position are well defined by the molar ratio CdS/
CdSe of the source powder.
Figure 1a shows the locally amplified scanning electron
microscope (SEM) image of a representative CdSSe whisker
sample, which indicates that most of the whiskers are straight
with a uniform width of several micrometers and their length
can be extended to more than several hundreds of micrometers.
The enlargement of a representative single CdSSe whisker (see
the inset of Figure 1a) shows that the whiskers have very clean
and uniform surfaces with a rectangle cross section of ∼600
nm × 5 µm in size. The in-situ energy-dispersive X-ray analysis
(EDX) (Figure 1b) proves that the whiskers contain the elements

Figure 2. Normalized XRD pattern of two representative CdSSe
whiskers (CdS0.4Se0.6 and CdS0.81Se19).

Figure 3. UV-vis reflectance spectra of the obtained CdSxSe1-x (0
e x e 1) whiskers.

S, Se, and Cd. The atomic ratio of (S + Se)/Cd is very close to
1 (see the inset of this image), indicating the formation of ternary
CdSSe. Moreover, the compositions (molar ratio S/Se) along
all the single whiskers from a same silicon substrate have very
minor differences, which can be further demonstrated by the
very steep absorption edge in the UV-vis reflectance spectra
(see Figure 3).
Figure 1c shows the transmission electron microscopy (TEM)
image of a representative single whisker, which demonstrates

CdSxSe1-x Whiskers as Waveguides

J. Phys. Chem. B, Vol. 110, No. 45, 2006 22315

TABLE 1: Composition and Band Gap Values of the
Obtained CdSSe Whiskers with the Mixed CdS/CdSe
Powder of Different Molar Ratios as the Reaction Source
molar ratio (CdS:CdSe) 100:0 85:15 75:25 50:50 35:65 20:80 0:100
1.0
0.89 0.81 0.50 0.40 0.24 0
compositions of
CdSxSe1-x whiskers (x)
band gap (eV)
2.49 2.30 2.19 2.02 1.93 1.85 1.77

that the whiskers have sharp cleaved end facets, coming from
the sonication process used to take the whiskers off the silicon
substrate. The selected area electron diffraction pattern (inset
of Figure 1c) confirms the single-crystal quality of the whiskers
and can be indexed to have a hexagonal structure with lattice
parameters a ) 0.418 nm and c ) 0.678 nm with the growth
along the [010] direction.
The composition and the crystallographic phase of the
whiskers were obtained by X-ray powder diffraction (XRD).
Figure 2 shows the normalized XRD pattern of two representative CdSSe whisker samples. All diffraction peaks in each
sample can be indexed to the typical hexagonal wurtzite crystals,
with the peak positions located somewhere between those of
bulk wurtzite CdS (JCPDS 41-1049) and CdSe (JCPDS 772309). According to Vegard’s law for ternary alloys24 and using
the lattice parameters deduced from the XRD results, the
compositions of the whiskers shown in Figure 2a,b can be
determined as CdS0.4Se0.6 and CdS0.81Se0.19, respectively, which
is in agreement with the data from EDS examination. These
results reveal that the obtained whiskers are wurtzite structured
CdSSe alloys. Table 1 gives the compositions of the obtained
whiskers with the mixed CdS/CdSe powder of different molar
ratios as the reaction source.
To demonstrate that the band gap of the ternary CdSSe
whiskers can be well tuned by their compositions, we measured
the UV-vis reflectance spectra of the obtained CdSxSe1-x
samples. From Figure 3, one can clearly see that all samples
exhibit a very steep absorption edge in their respective spectra,
but the spectral position of the edge continuously blue shifts
with an increase of the composition x (S ratio) in the whiskers,
which is in good agreement with the results of CdSSe films
and nanowires.24,30 Using the reflectance data and adopt the wellknown relation of (ahV)2 versus the photon energy hν,31 the
band gap values of the whiskers were calculated, which are also
listed in Table 1, too. The above results further show that the
obtained CdSxSe1-x (0 < x <1) whiskers are well-crystallized
ternary alloys.
Figure 4a shows the far-field image of a representative single
CdSSe whisker, and Figure 4b is its corresponding emission
image under the excitation of a beam of focused laser, with a
separation of about 80 µm between the excitation spot and the
upper end of the whisker. The big bright spot in the lower left
of Figure 4b is the in-situ PL under laser excitation, part of
which was guided through the whisker and emitted at its ends
(see the upper right spot of Figure 4b). It is very clear that the
guided light primarily is emitted at the tip of the whisker, with
a relatively weak emission in other regions. Figure 4c represents
the corresponding emission image when the excitation spot was
about 500 µm away from the upper end of the whisker, which
still shows clearly the emission of the guided light at its end.
Further investigations indicate that all the obtained uniform
whiskers, with the transverse sizes larger than 100 nm but not
much larger than 2λ (λ, the wavelength of propagating light)
and with the length larger than 10 µm, have a similar waveguide
effect, since they are highly crystallized and are highly optically
confined in transverse directions. These results demonstrate that
the obtained whiskers are good optical waveguide cavities.

Figure 4. (a, b) Far-field image of a representative single CdSSe
whisker and its corresponding emission images, respectively, when it
was excited by a focused laser (442 nm), with the spatial separation
between the excitation spot and the upper end of the whisker around
80 µm, and (c) the corresponding emission image when the spatial
separation was about 500 µm.

From the above discussion, the CdSSe whiskers can act as
good optical waveguide media and have sharp cleaved end facets
after sonication processing, which make them suitable as FarbyPerot (F-P) cavities to realize stimulated emission or lasing.
Figure 5a shows the power-dependent PL spectra of a representative CdS0.4Se0.6 whisker excited by the nanosecond pulses
(Nd:YAG, 355 nm) at room temperature. At low excitation
intensities, a broad emission band appears at ∼650 nm, which
is attributed to the spontaneous radiative transition of the CdS0.4Se0.6 whisker at the band edge. This agrees well with the bandedge energy calculated from the relationship between the PL
emission energy and the composition of CdSSe alloy films.24
With increasing excitation power, the emission intensity increases, accompanied by a narrowing of the emission band.
When the excitation density becomes above ∼35 kW/cm2, an
ultranarrow peak (lasing mode) appears superimposed on the
main band. The upper right of Figure 5a shows the excitation
power-dependent emission intensities and line widths of the PL
band of the CdS0.4Se0.6 whisker. The peak emission intensities
show a clear superlinear dependence on the excitation power
with a threshold power of ∼35 kW/cm2. At the same time, the
full width at half-maximum (fwhm) decreases with the power,
and has a sharp fall-off at around the threshold. The band
narrowing and the superlinear increment of emission intensity
above the threshold indicate the occurrence of stimulated
emission and lasing in the CdS0.4Se0.6 whisker.3 Figure 5b shows
the power-dependent PL spectra of one representative CdS0.81Se0.19 whisker, and its upper right inset gives the corresponding
power-dependent emission intensities and line widths of the PL
bands. Apparently, the superlinear increment of emission
intensity with the excitation power and the appearance of
supernarrow emission modes demonstrate that the CdS0.81Se0.19
whiskers can also realize stimulated emission under highintensity excitation, with a threshold power of around 50 kW/
cm2. Further PL investigations indicate that the CdSxSe1-x
whiskers with other compositions can all realize stimulated
emission under high power excitation. Figure 5c compares the
representative PL spectra of single CdSxSe1-x whiskers of varied
composition 0 e x e 1 (see the inset for the corresponding x
value) under excitation above their corresponding excitation
thresholds (see the inset of Figure 5c), all of which exhibit
ultranarrow lasing modes. Furthermore, the spectral position of
these ultranarrow lasing lines can be continuously tuned by the
composition, covering the spectral range from green to red.
The lasing thresholds for the CdS, CdS0.89Se0.11, CdS0.81Se0.19,
CdS0.5Se0.5, CdS0.4Se0.6, CdS0.24Se0.76, and CdSe whiskers are
included in Figure 5c, respectively. It is clear that the thresholds
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Since no clear differences in the optical-cavity quality of our
different CdSxSe1-x (0 e x e 1) whiskers were detected, the
ternary alloy structures showing lasing properties as good as
CdS and CdSe should mainly come from their high-quality
crystallization.28 In addition, the thresholds of all of the 1D
CdSSe whiskers are much lower than those of platelet lasers
and quantum dots in a glass spherical microcavity.28,29 The very
low threshold can mainly be attributed to two aspects. On one
hand, compared to the quantum dots dispersed in a microcavity,
the whiskers not only have high optical confinement at the radial
directions, but also have continuous gain media along the long
axis, which results in very larger carrier density under pulsed
light excitation and might greatly decrease the lasing threshold.
On the other hand, the whiskers themselves are natural lasing
cavities, and the length of a single whisker is the F-P cavity
length L. According to ref 32, the threshold of such an F-P
cavity is inversely proportional to the cavity length (L) by Gth
∼ (1/2L)ln(1/R1R2), where R1 and R2 are the end facet
reflections. The L value of the CdSSe whiskers (several hundreds
of microns) is much larger than that of the reported platelet
lasers (several tens of microns),28 which also lead to the former
having a lower threshold than the latter.
4. Conclusion
In summary, single-crystal ultralong alloyed CdSxSe1-x (0
e x e 1) whiskers were fabricated by a Au-catalyzed thermal
evaporation route. Most of the whiskers have uniform rectangle
cross sections with widths of several micrometers and depths
of several hundreds of nanometers. These ultralong CdSxSe1-x
whiskers are good optical waveguides at the sub-millimeter
scale. Stimulated emissions were observed in the whiskers of
varied composition 0 e x e 1 under pulsed light excitation at
room temperature. This finding indicates that the CdSxSe1-x
whiskers have potential applications in adjustable nano/micro
lasers.
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(15) Gradečak, S.; Qian, F.; Li, Y.; Park, H. G.; Lieber, C. M. Appl.
Phys. Lett. 2005, 87, 173111.

CdSxSe1-x Whiskers as Waveguides
(16) Zapien, J. A.; Jiang, Y.; Meng, X. M.; Chen, W.; Au, F. C. K.;
Lifshitz, Y.; Lee, S. T. Appl. Phys. Lett. 2003, 84, 1189.
(17) (a) Pan, A. L.; Liu, R.; Yang, Q.; Zhu, Y.; Yang, G.; Zou, B. S.;
Chen, K. J. Phys. Chem. B 2005, 109, 24268. (b) Pan, A. L.; Liu, R.; Zou,
B. S. Appl. Phys. Lett. 2006, 88, 173102.
(18) Liu, Y.; Zapien, J. A.; Shan, Y. Y.; Geng, C. Y.; Lee, C. S.; Lee,
S. T. AdV. Mater. 2005, 17, 1372.
(19) Zhong, X.; Feng, Y.; Knoll, W.; Han, M. J. Am. Chem. Soc. 2003,
125, 13559.
(20) Bailey, R. E.; Nie, S. J. Am. Chem. Soc. 2003, 125, 7100.
(21) Petrov, D. V.; Santos, B. S.; Pereira, G. A. L.; Donega, C. D. M.
J. Phys. Chem. B 2002, 106, 5325.
(22) Meit, G. J. Phys.: Condens. Matter 1992, 4, 7521.
(23) Pan, A. L.; Yang, H.; Liu, R.; Yu, R.; Zou, B.; Wang, Z. J. Am.
Chem. Soc. 2005, 127, 15692.

J. Phys. Chem. B, Vol. 110, No. 45, 2006 22317
(24) Perna, G.; Pagliara, S.; Capozzi, V.; Ambrico, M.; Ligonzo, T. Thin
Solid Films 1999, 349, 220.
(25) Nogami, M.; Kato, A.; Tanaka, Y. J. Mater. Sci. 1993, 28, 4129.
(26) Johnston, W. D. J. Appl. Phys. 1971, 42, 2731.
(27) Hurwitz. C. E. Appl. Phys. Lett. 1966, 8, 243.
(28) Roxlo, C. B.; Putnam, R. S.; Salour, M. M. IEEE. J. Quantum
Electron 1982, QE-18, 338.
(29) Lu, S.; Jia, R.; Jiang, D.; Li, S. Physica E 2003, 17, 453.
(30) Liang, Y.; Zhai, L.; Zhao, X.; Xu, D. J. Phys. Chem. B 2005, 109,
7120.
(31) Pankove J. I. Optical Properties in Semiconductors; Prentice Hall:
Engelewood Cliffs, NJ, 1971.
(32) Bagnall, D. M.; Chen, Y. F.; Zhu, Z.; Yao, T.; Koyama, S.; Shen,
M. Y.; Goto, T. Appl. Phys. Lett. 1997, 70, 2230.

