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High-quality ultra-long alloyed CdSe 4 (0 < x < 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 compositieng & 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 the sulfur-to-selenium ratio in the visible ran§fe?> In par-
ticular, 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 ag®:?® Lu et al. found that CdSSe quantum
dots in glass spherical microcavity can also give efficient
dnultimode lasing?® Recently, we first reported high-quality
shearlike CdgSea-x nanobelts fabricated by a one-step thermal-
evaporation process, and realized the color-tunable photolumi-
descence (PL) covering the visible spectral regfodowever,
such shearlike CdSSe structures cannot be efficient optical

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 photo-
detectors: ™10 They are also attractive for building blocks or
assembling elements of integrated small systems since thes
individual structures can function as both device elements and
interconnectd$~13 More importantly, 1D wide-band semicon-
ductor nanostructures have been shown to function as waveguid

cavities and can give stimulated emission or lasing under high- id ities b f thei it i i |
intensity excitation, and thus can be used as nanolasers. FO'}[/\r/]qvegw e caV|d|es lecause (I)t' telrtﬂonunll orm '9“;?‘ lon. ?
example, ZnO, GaN, and ZnS nanowires and/or nanobelts canto'zgaﬁgﬁ (\;Vfa” tf/vgn%ph?gm; uliifgrm c(e:rénsaa—-ev?)pgri |(<)ri)r0u €
be used as near-ultraviolet (UV) nanolasér3® and 1D CdS - ' . Y L X

(V) whiskers. The PL investigations indicate that these CdSSe

nanostructures can serve as green light nanolasetswever, . e : )

the lasing wavelength and hence the color of these nanolaseré"’h'?kers can act as promising mulycqlor vyavegwdes and can
based on binary semiconductors can hardly be tuned, which realize color-tunable stimulated emissions in the spectral range
restricts their wide applications in biology imaging, fluorescence from green to red.
labeling, light telecommunication, surgery, and small lighting o Experimental Section

devices. Research on 1D ternary or multielement alloyed ) . ) )
semiconductors is expected to be important because their band CdSSe whiskers were synthesized by a multistep physical
gaps and thus their emission wavelengths can be modulated byfVaporation route. Appropriate amounts of commercial-grade
their compositiondd-25 CdS and CdSe powders were placed onto a ceramic plate at

Ternary CdSSe alloy is an important semiconductor and hasthe center of a quartz tube, Whi.Ch was placed in'go a horizplntal
a wide range of potential applications based on its excellent tu_be furnace. Ngxt to the ceramic plate, several pieces of silicon
properties such as large nonlinear susceptibilities, good photo-Slices coated with 10 nm Au film were placed downstream of
conduction, and fast response times, and its band gap betweeri® 9as flow. Prior to heating, high-purity He was injected into

~2.44 eV (for CdS) and-1.72 eV (for CdSe) can be tuned by (e quartz tube with a constant flowing rate20 sccm) to
eliminate the @ inside. After 60 min, the flowing rate of the
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. Hunan University. . without changing the conditions. Then, CdSSe whiskers were
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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 g
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 graphi-
temonochromatized Cud<radiation ¢= 1.54178 A). 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 (HeCd, 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 SiQayer. A color CCD :
through an objective lens was used for collecting the far-field Figure 1. (a) Locally amplified SEM image of a representatlve CdSSe
optical image of the excited whiskers. Stimulated emission whisker. Inset shows the enlargement of a representative single CdSSe
measurements of single CdSSe whiskers were conducted usingvhisker. (b) The in-situ_energy-dispersive X-ray spectrum of the
the third harmonic of a Nd:YAG laser (355 nm; spot siz€,5 whiskers. (c) The local TEM image of a representative single whisker
mm?) with pulse width 6 ns as the excitation source. The PL and its corresponding selected area electron diffraction pattern (inset).
was detected by a spectrometer (Acton Research Corp. Spectra
Pro 500i) equipped with a liquid Ncooled charge coupled
device (CCD) camera (Roper Scientific), with an expected
spectral resolution 0f0.2 nm.
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—

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 N
°C, respectively, shearlike C¢Sa_, nanobelts with continu- 25 3 3B 40 45 50
ously tuned compositions (& x <1) can be simultaneously 2theta (degree)
obtained from the silicon substrates at different deposition Figure 2. Normalized XRD pattern of two representative CdSSe
temperatures (656800 °C), using equal molar CdS and CdSe whiskers (Cd%:Se s and Cdgs:Se).
in the source powder. Further investigations indicate that the
morphology of the obtained CdSSe sample at a fixed substrate 1.04
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 850C, 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 0.2+
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 26 24 22 20 18 16
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 whiskerS, Se, and Cd. The atomic ratio of {SSe)/Cd is very close to
sample, which indicates that most of the whiskers are straight 1 (see the inset of this image), indicating the formation of ternary
with a uniform width of several micrometers and their length CdSSe. Moreover, the compositions (molar ratio S/Se) along
can be extended to more than several hundreds of micrometersall the single whiskers from a same silicon substrate have very
The enlargement of a representative single CdSSe whisker (seeminor differences, which can be further demonstrated by the
the inset of Figure 1a) shows that the whiskers have very cleanvery steep absorption edge in the YVis reflectance spectra
and uniform surfaces with a rectangle cross section-600 (see Figure 3).
nm x 5um in size. The in-situ energy-dispersive X-ray analysis  Figure 1c shows the transmission electron microscopy (TEM)
(EDX) (Figure 1b) proves that the whiskers contain the elements image of a representative single whisker, which demonstrates

Intensity (a.u.)

0.8

0.6

0.4 1

Absorbance (a.u.)

0.0 s oo R

Energy (eV)

Figure 3. UV—uvis reflectance spectra of the obtained ¢3S « (0
< x = 1) whiskers.
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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

compositions of 1.0 089 081 050 040 024 O
CdSSe—xwhiskers k)
band gap (eV) 249 230 219 202 193 185 1.77

that the whiskers have sharp cleaved end facets, coming from
the sonication process used to take the whiskers off the silicon 10pm
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 = 0.418 nm andc = 0.678 nm with the growth . X : oo : ;
. . whisker and its corresponding emission images, respectively, when it
along the [010] direction. was excited by a focused laser (442 nm), with the spatial separation
The composition and the crystallographic phase of the between the excitation spot and the upper end of the whisker around
whiskers were obtained by X-ray powder diffraction (XRD). 80 um, and (c) the corresponding emission image when the spatial
Figure 2 shows the normalized XRD pattern of two representa- Separation was about 5G0n.

tive CdSSe whisker samples. All diffraction peaks in each  From the above discussion, the CdSSe whiskers can act as
sample can be indexed to the typical hexagonal wurtzite crystals,good optical waveguide media and have sharp cleaved end facets
with the peak positions located somewhere between those Ofafter sonication processing, which make them suitable as Farby
bulk wurtzite CdS (JCPDS 41-1049) and CdSe (JCPDS 77- perot (F-P) cavities to realize stimulated emission or lasing.
2309). According to Vegard's law for ternary alléyand using  Figure 5a shows the power-dependent PL spectra of a repre-
the lattice parameters deduced from the XRD results, the sentative Cdg.Se, s whisker excited by the nanosecond pulses
compositions of the whiskers shown in Figure 2a,b can be (Nd:YAG, 355 nm) at room temperature. At low excitation
determined as Cd3Se s and Cdgs:Se.19 respectively, which jntensities, a broad emission band appears&0 nm, which

is in agreement with the data from EDS examination. These js attributed to the spontaneous radiative transition of the,GdS
results reveal that the obtained whiskers are wurtzite structuredSQ)_6 whisker at the band edge. This agrees well with the band-

CdSSe alloys. Table 1 gives the compositions of the obtained gqge energy calculated from the relationship between the PL
whiskers with the mixed CdS/CdSe powder of different molar omission energy and the composition of CdSSe alloy fifns.
ratios as the reaction source. With increasing excitation power, the emission intensity in-
To demonstrate that the band gap of the ternary CdSSecreases, accompanied by a narrowing of the emission band.
whiskers can be well tuned by their compositions, we measured When the excitation density becomes abev@s kwW/cn?, an
the UV—vis reflectance spectra of the obtained (85 « ultranarrow peak (lasing mode) appears superimposed on the
samples. From Figure 3, one can clearly see that all samplesmain band. The upper right of Figure 5a shows the excitation
exhibit a very steep absorption edge in their respective spectra,power-dependent emission intensities and line widths of the PL
but the spectral position of the edge continuously blue shifts pand of the Cd$sSe s whisker. The peak emission intensities
with an increase of the compositior(S ratio) in the whiskers,  show a clear superlinear dependence on the excitation power
which is in good agreement with the results of CdSSe films with a threshold power of-35 kW/cn?. At the same time, the
and nanowire3!3°Using the reflectance data and adopt the well- full width at half-maximum (fwhm) decreases with the power,
known relation of &hv)? versus the photon energy,*! the and has a sharp fall-off at around the threshold. The band
band gap values of the whiskers were calculated, which are alsonarrowing and the superlinear increment of emission intensity
listed in Table 1, too. The above results further show that the ghove the threshold indicate the occurrence of stimulated
obtained CdSe -« (0 < x <1) whiskers are well-crystallized  emission and lasing in the Cgl§e s whisker? Figure 5b shows
ternary alloys. the power-dependent PL spectra of one representative dedS
Figure 4a shows the far-field image of a representative single Se 1gwhisker, and its upper right inset gives the corresponding
CdSSe whisker, and Figure 4b is its corresponding emission power-dependent emission intensities and line widths of the PL
image under the excitation of a beam of focused laser, with a bands. Apparently, the superlinear increment of emission
separation of about 8@m between the excitation spot and the intensity with the excitation power and the appearance of
upper end of the whisker. The big bright spot in the lower left supernarrow emission modes demonstrate that the £88 10
of Figure 4b is the in-situ PL under laser excitation, part of whiskers can also realize stimulated emission under high-
which was guided through the whisker and emitted at its ends intensity excitation, with a threshold power of around 50 kW/
(see the upper right spot of Figure 4b). It is very clear that the cn?. Further PL investigations indicate that the GE&_4
guided light primarily is emitted at the tip of the whisker, with  whiskers with other compositions can all realize stimulated
a relatively weak emission in other regions. Figure 4c representsemission under high power excitation. Figure 5¢c compares the
the corresponding emission image when the excitation spot wasrepresentative PL spectra of single G8&_, whiskers of varied
about 50Qum away from the upper end of the whisker, which composition 0< x < 1 (see the inset for the correspondixg
still shows clearly the emission of the guided light at its end. value) under excitation above their corresponding excitation
Further investigations indicate that all the obtained uniform thresholds (see the inset of Figure 5c), all of which exhibit
whiskers, with the transverse sizes larger than 100 nm but notultranarrow lasing modes. Furthermore, the spectral position of
much larger than 2 (4, the wavelength of propagating light) these ultranarrow lasing lines can be continuously tuned by the
and with the length larger than 16n, have a similar waveguide  composition, covering the spectral range from green to red.
effect, since they are highly crystallized and are highly optically =~ The lasing thresholds for the CdS, G@d&e .11, Cd9 s1Se .19
confined in transverse directions. These results demonstrate thaCdS sSe 5, CdS 4Sa s CdS 245 76 and CdSe whiskers are
the obtained whiskers are good optical waveguide cavities. included in Figure 5c, respectively. It is clear that the thresholds

Figure 4. (a, b) Far-field image of a representative single CdSSe
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Figure 5. (a) Power-dependent PL spectra of GaS s whiskers
excited by the nanosecond pulse (355 nm) and the excitation power-
dependent emission intensity and line width of the PL bands (the upper-
right inset). (b) Power-dependent PL spectra of the fst&& 1o

whiskers, and their corresponding excitation power-dependent emission

intensity and line width (the upper-right inset). (c) Representative PL
spectra of the CdSe-_x whiskers with varied composition under
excitation above the threshold power.

of the ternary Cdge—« (0 < x <1) whiskers are similar to
that of the binary CdS or CdSe compound, and are also
comparable to those of some other high-quality 1D semiconduc-
tor nanostructure®:16 It is believed that the lasing threshold
value is a function of both material quality and optical-cavity
quality® and the threshold of ternary compound is usually
significantly higher than that of the corresponding binary
compounds, resulting from its very often poor crystalline quality.

Pan et al.

Since no clear differences in the optical-cavity quality of our
different CdSSe-x (0 < x < 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?® 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 microca##j 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 theF-cavity
length L. According to ref 32, the threshold of such arF
cavity is inversely proportional to the cavity length) by G,

~ (1/2L)In(1/R1Ry), where R; and R, are the end facet
reflections. The. value of the CdSSe whiskers (several hundreds
of microns) is much larger than that of the reported platelet
lasers (several tens of microrf§)which also lead to the former
having a lower threshold than the latter.

4., Conclusion

In summary, single-crystal ultralong alloyed G88 -« (O
< x < 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 &8s
whiskers are good optical waveguides at the sub-millimeter
scale. Stimulated emissions were observed in the whiskers of
varied composition &< x < 1 under pulsed light excitation at
room temperature. This finding indicates that the (S5
whiskers have potential applications in adjustable nano/micro
lasers.
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