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ABSTRACT: Bandgap engineering of semiconductor nano-
wires is important in designing nanoscale multifunctional
optoelectronic devices. Here, we report a facile thermal eva-
poration method, and realize the spatial bandgap engineer-
ing in single CdS; _,Se, alloy nanowires. Along the length of
these achieved nanowires, the composition can be continu-
ously tuned from x = 0 (CdS) at one end to x = 1 (CdSe) at
the other end, resulting in the corresponding bandgap (light
emission wavelength) being modulated gradually from 2.44 eV
(507 nm, green light) to 1.74 eV (710 nm, red light). In spite of
the existing composition (crystal lattice) transition along the
length, these multicolor nanowires still possess high-quality
crystallization. These bandgap engineered nanowires will
have promising applications in such as multicolor display
and lighting, high-efficiency solar cells, ultrabroadly spectral
detectors, and biotechnology.

A‘Si the basic building blocks for next-generation nanoscale
evices and integrated systems, semiconductor nanowires
(NWs) have aroused increasing attention recently. Since bandgap
is one of the most important parameters of semiconductor materials
for optoelectronic applications, an important task in NW research is
to achieve NWs with tunable band gaps. In the past years, several
approaches have been developed to tune the NW composition and
bandgap, such as hybrid pulsed laser ablation/chemical vapor deposi-
tion processes' and ion exchange reactions.” Also, based on the for-
mation of alloys from two binary semiconductors, much work has
been reported to show the capability of growing alloy NWs with
continuously tunable composition or band gap,® '+ and even achiev-
ing spatial composition graded NWs on a single substrate.”” "’
However, all the existing work involving the bandgap engineering
of NWs is based on the composition tunability within narrow
range or between different NWs, and wide-range bandgap en-
gineering along a single NW has never been reported. In this work,
we developed a source-moving thermal evaporation route and first
realized the growth of a novel CdS;_,Se, alloy NW structures.
Along the length of these achieved NWs, the composition can be
continuously tuned from x = 0 (CdS) at one end to x = 1 (CdSe)
at the other end of the same wire, thus, making these wires have a
continuous light emission along their lengths from 507 nm (2.44 eV,
green light) to 710 nm (1.74 €V, red light).

The source-moving growth approach was first investigated by
Reimers et al. for the growth of composition-graded bulk CdSSe
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alloy crystals in the 1960s."® Here, we demonstrate a source-
moving thermal evaporation route for composition-graded
CdSSe NW growth in a horizontal quartz tube mounted inside
a single-zone furnace. In the tube (inter diameter 45 mm, length
180 cm), an alumina boat (2 cm in width, 1 cm in height and 6 cm
in length) with CdS powder (Alfa Aesar, 99.99% purity) was
placed in the center of the heating zone, and another alumina
boat with CdSe powder (Alfa Aesar, 99.995% purity) was placed
upstream of the tube and outside the heating zone. The CdS and
CdSe boats were separated by two empty alumina boats. A quartz
push rod that was driven by a step motor though magnetic force
was used to shift CdSe boats along the tube during the growth, as
shown schematically in the experimental setup (see the Support-
ing Information Figure S1). Silicon wafers coated with a 2-nm
thick gold film were placed downstream of the CdS powder
to collect the deposited CdSSe NWs. A nitrogen gas flow was
introduced into the system at a flow rate of 150 sccm to purge
oxygen from the tube. After 20 min, the temperature in the center
of the tube was elevated to 830 °C at a rate of 40 °C min ™, while
maintaining at 300 mba. After 40 min of growth, the CdSe
powder was shifted downstream by the motor at a rate of
2.5 cm min~ ' until it reached the center of the heating zone,
and at the same time the temperature was reduced at a rate of
0.5°Cmin "' to 800 °C. After 1 h of growth at 800 °C, the temperature
was reduced to room temperature.

A scanning electron microscopy (SEM) image showa that the
synthesized CdSSe NWs have typical length up to 500 #m and
diameter ranging from 100 to 1000 nm (see the Supporting In-
formation Figure S2). Some wires are removed from the original
as-grown sample and dispersed onto a M§F2 substrate (refractive
index ~1.39) for optical measurements."~ The real-color photo-
graph of the dispersed wires under a 405-nm laser illumination
shows that all the wires have multicolor photoluminescence (PL)
emissions continuously varied from green to red along their
lengths (Figure 1), indicating the gradual changing bandgap or
composition along the length of the NWs. A certain portion of
emissions was guided through and emitted out of these individual
NWs at their ends, due to their high refractive indices and excel-
lent structural uniformity for optical waveguiding,* as shown in
the close-up SEM image of a single wire (see the Supporting
Information Figure S3). The in situ Energy-dispersive spectro-
metry (EDS) along the total length of a typical wire shows that
one end of the wire contains mainly elements Cd and S, while the
other end of the wire is composed of elements Cd and Se (Figure $4).
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Figure 1. Real-color photograph of some CdSSe NWs dispersed on a
low-index MgF, substrate under a 405-nm laser illumination.
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Figure 2. TEM image of a typical CdSSe NW (above) and its corres-
ponding HRTEM images and SAED patterns taken from several repre-
sentative regions along its length (below). The alloy compositions for
each region are shown below the respective images.
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Figure 3. (A) Real-color photograph of a representative CdSSe NW
illuminated under a beam of diffused 405-nm laser. (B1—12) Real-color
photographs of different spots along the length, excited locally with a
beam of focused 405-nm laser. (C) The corresponding local PL spectra
collected from these excited spots in B1—12, respectively. The PL
spectra of pure CdSe and CdS are also shown for comparison,
respectively.

The S concentration is complementary to that of Se along the
length from the CdS end to the CdSe end, demonstrating that
these as-grown wires are individually composition graded CdSSe
nanostructures.

Transmission electron microscopy (TEM) was used to further
investigate the structure of these composition graded CdSSe
NWs. Figure 2 shows the TEM image of a typical wire (above)
and its corresponding high-resolution TEM (HRTEM) images
and selected-area electron diffraction (SAED) patterns taken from
representative regions along its length (below). The alloy compo-
sition collected from the in situ TEM-EDS (see the Supporting In-
formation Figure SS) is shown in the respective HRTEM images.
The clear lattice profiles without apparent defects or phase segre-
gations, as well as the well arrayed diffraction spots, indicate that
the wire has high crystalline quality with hexagonal wurtzite struc-
ture. The wires were shown to grow along the [002] direction
from the SAED results, while the (002) lattice spacing shows a
continuous increase from the left to the right side along the
length. This change in lattice spacing shows good agreement with
the transition of S or Se concentration along the wires, verifying
that the as-grown wires are composition graded CdSSe nano-
structures.

Figure 3A gives the real-color photograph of a CdSSe NW
illuminated using a beam of diffused 405-nm-wavelength laser,
showing a very good color transition from green to red along its
length. Panels B1—12 of Figure 3 show more clearly that dif-
ferent spots along the wire length have different PL color, and the
color changes gradually from green to red when the wire was
excited locally along the length with a beam of focused laser. The

corresponding local PL spectra shown in Figure 3C (Curves
B1—12) demonstrate that the PL spectra from every spot along
the length have strong single-peak emission, with their peak
wavelength continuously changed from 505 nm at one end to
710 nm at the other end of the wire. The peak wavelengths at
both ends are consistent with those of pure CdS and CdSe, indi-
cating that the as-grown wires have complete CdSSe composi-
tion tunability along their lengths.

Figure 4 gives the position-dependent compositions and
bandgap values along the length of the multicolor CdSSe NW as
shown in Figure 3. The bandgap values calculated from the EDS
results (Figure S4) combined with the Vegard’s law™ (green
rectangles) are in good agreement with those converted from
the PL spectra (red circles), indicating that all the observed PL
along the wires are from the band-edge emission that is tunable
with the gradual changes of the local compositions along their
lengths. The exhibited single band-edge emission, without any
defect or structural disorder-related low-energy emission de-
tected, further demonstrates that any spots along the entire
length of the wires are highly crystallized alloys, with few defects
or independent binary phases, which is consistent with the
HRTEM observations.

As for the formation of these multicolor CdSSe NWs, the
moving of the source materials during the growth plays a key
role. The composition of the vapor—liquid—solid (VLS) in-
duced NWs is determined by the available vapor concentration
of the source materials. At the beginning of growth, the CdS
powder at the central heating zone has a very high evaporation
rate, while the CdSe powder, at a position upstream with a
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Figure 4. Position-dependent compositions and bandgap values along
the length of the multicolor CdSSe NW. Se mole fraction values (black
triangles) are obtained from the EDS results. Bandgap values are ob-
tained from both the EDS compositions (green rectangles), and the PL
spectra (red circles).

lower temperature, does not have any evaporation. Thus only
CdS vapor is available and pure CdS NWs start to grow via
the VLS process at the initial stage. As the growth proceeded,
the CdS powder and the CdSe powder are pushed gradually by
the step motor forward to the low temperature and the high
temperature zone, respectively. Meanwhile, the CdS vapor
concentration begins to decrease and the CdSe vapor concen-
tration begins to increase. Thus, the composition of the newly
grown wire material has a corresponding change with the
change of respective vapor concentration, that is, S is gradually
decreased and Se is gradually increased along the length of
the wire. At last, the CdS powder is moved far away from the
central heating zone to a low-temperature position where it has
no more evaporation, while the CdSe powder reaches the
central heating zone and has maximum evaporation. Thus, only
pure CdSe vapor is available at the last stage of NW growth.
From the side-view picture of the cross section of the as-grown
sample under laser illumination, the color of emission changes
from green at the root part of the wires, goes through yellow
and orange, and finally turns into red at the top part of the
wires (see the Supporting Information Figure S6), which gives
a direct demonstration of the formation process discussed
above. This source-moving growth route will be easily ex-
tended to the growth of multicolor alloy NWs of other material
systems.

In summary, we have developed a source-moving thermal
evaporation route and realized the growth of novel CdSSe alloy
NW structures. Along the length of these achieved NWs, the
composition can be continuously tuned from x = 0 (CdS) at one
end to x = 1 (CdSe) at the other end of the same wire, thus,
offering these wires a continuous light emission along their
lengths from 507 nm (2.44 €V, green light) to 710 nm (1.74 eV,
red light). These interesting nanostructures will have promising
applications in multicolor display and lighting, high-efficiency
solar cells, and ultrabroadly spectral detectors.
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