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ABSTRACT: High-quality nanostructured ZnxCd1-xS has been synthesized through amethod of two-step thermal evaporation. The
typical morphologies of the nanomaterials were investigated by SEM and TEM. The first step of synthesis is the preparation of ZnS
nanoribbons. With ZnS nanoribbons being used as templates, a series of wurtzite ZnxCd1-xS (x=0.47, 0.70, 0.77, 0.85, and 0.94)
nanobelts can be produced. Furthermore, by adopting ZnS nanoribbons of a particular width, ZnxCd1-xS nanobelts of a desired width
can be fabricated. In XRD analysis, we find that with an increase in Zn content (x), the peaks corresponding to the wurtzite structures
shift to larger 2θ. As a deduction based on Vegard’s law, the ZnxCd1-xS are solid solutions of similar crystal structure. The results of
HRTEM and SAED investigations reveal that the ZnS nanoribbons and ZnxCd1-xS nanobelts grow along the Æ1010æ direction. With
an increase in Zn content, we observe a gradual blue shift of photoluminescence emission (from 443 to 352 nm), further indicating the
homogeneity of the ZnxCd1-xS solid solutions. After proper thermal annealing, there is better crystallinity of ZnxCd1-xS and higher
specificity of near-band emission.

One-dimensional (1D) nanostructures (such as nanotubes,
nanowires and nanobelts) that are tunable in size, morphology,
and crystallographic orientation are of particular interest in nano-
technology. The nanomaterials show functionalities potentially
applicable in a wide range of industries.1-8 ZnS, a direct gap
compoundof II-VI groupwith room-temperature (RT) band gap
energy of 3.7 eV, is one of the first semiconductors discovered
and probably one of the most important materials in the elec-
tric and optoelectronic industries. In the past decade, various
1D ZnS nanostructures were synthesized through multifarious
methods.9-11 Among them, ZnS nanobelts are binary semicon-
ductors with properties potentially apt for optical and electronic
applications.13-15 Indeed, single-crystalline ZnS nanobelts were
synthesized by Fang et al. as ultraviolet-light sensors and field
emitters.16 For semiconductors, band gap energy is an important
parameter that determines electronic and optical properties.
Because of the discrete band gaps of binary semiconducting
materials, they are limited in applications. The ternary semicon-
ductor materials (such as ZnxCd1-xS) are successive in band gap
energy. A successful fabrication of ZnS-based ternary semicon-
ductors with band gaps ranging from 2.4 to 3.7 eV would
substantially widen the prospect of application. To the best of
our knowledge, although ZnCdS films and ZnxCd1-xS nanopar-
ticles were prepared by various methods,12,18,24,25 the synthesis of
1D ZnCdS nanostructures through a method of two-step thermal
evaporation has not been reported before.

Herein, we report the synthesis of wurtzite ZnxCd1-xS nano-
belts (in high yield) through a method of two-step thermal
evaporation. A quartz tube with an inner diameter of 48 mm
and length of 800 mm was installed in a tube furnace. Then a
ceramic boat loaded with zinc sulfide powder was placed in the
center of the furnace. A piece of Si(111) substrate with the
exposed surface coated with Au (7.5-30 nm thick) was placed
in a ceramic boat located downstream (approximately 80 mm
from the center of the source).After evacuation to a base pressure
of ca. 1 � 10-3 Pa, the system was purged with high-purity Ar
(used as carrier gas as well) at a flow rate of 20 sccm (standard
cubic centimeters per minute). The ZnS powder was heated to

850 �C in a span of 1.5 h, and kept at this temperature for 1 h. In
the meantime, the temperature of the Si(111) substrate was
maintained at about 650 �C. After the deposition of materials
on the substrate, the whole system was cooled to RT and the Ar
supply was disconnected. The as-obtained product was the ZnS
nanoribbons. Then cadmium sulfide powder was placed in the
center of the furnacewhere the zinc sulfide powderwas placed.At
a pressure of ca. 1 � 10-3 Pa, CdS powder was evaporated at
950 �C for 1 h. Using Ar as carrier gas and ZnS nanoribbons as
template, ZnxCd1-xS was formed on the Si(111) substrate
(maintained at about 700 �C). Finally, the as-synthesized product
was annealed at 600 �C for 3 h under the protection of Ar
(atmospheric pressure)

We found that the yield of product was high, and the genera-
tion of the nanobelts reproducible. The crystal structure of the
products was determined by X-ray diffraction (XRD, D/Max-
RA, Rigaku, Japan, Cu KR). As shown in Figure 1, the diffrac-
tion peaks can be indexed to the wurtzite phase, indicating the
formation of ZnxCd1-xS crystallites. For our ZnxCd1-xS system,
x can be ascertained by the Vegard’s law: Cx=CCds þ (CZnS -
CCdS)x (whereCZnS, CCdS, andCx are lattice constants along the
c-axis of ZnS, CdS, and ZnxCd1-xS crystals, respectively), in
good agreementwith the experimental results of ZnxCd1-xS solid
solutions and thin films.17-19 In the calculation of x, we used the
diffraction peaks of the (002) and (101) planes, which are at 2θ=
28.501� and 2θ = 30.528�, respectively, for ZnS (the Joint
Committee on Powder Diffraction standards (JCPDS) card
No. 36-1450) and at 2θ=26.535� and 2θ=28.216� for CdS
(JCPDS card No. 77-2306). From Figure 1, one can see that with
an increase in Zn contents, there is a gradual decrease in lattice
spacing along the c-axis (from 6.52, 6.41, 6.34, to 6.30 Å). The
results confirm the formation of ZnxCd1-xS solid solutions of
similar crystallinity.

Shown in Figures 2 and 3 are the morphologies of the ZnS
materials as observed by scanning electron microscopy (SEM).
At a ZnS at-source temperature of 850 �C and an initial ZnS
quantity of 0.097 g, uniform ZnS nanoribbons up to one milli-
meter in length were formed (Figure 2a). At high magnification
(Figure 2b), one can see that the surfaces of the nanoribbons are
smooth, and the width is about 400 nm. It is worth pointing out
that some of the nanoribbons show a side edge that is sawlike.
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Figure 3 shows the SEM images ofZnS nanoribbons generated at
aZnSat-source temperature of 950 �Cand an initial ZnSquantity
of 0.970 g. In this case, the nanoribbons are hundreds of micro-
meters in length and about 4000 nm in width. In other words, the
width of the ZnS nanoribbons is highly dependent on the

at-source temperature and the quantity of ZnS. Because a higher
at-source temperature and a larger quantity of ZnSwouldmean a
high concentration of ZnS vapor, broader ZnS nanoribbons are
generated.

Shown in Figure 4 is the morphology of ZnxCd1-xS nano-
sturctures fabricated using ZnS nanoribbons withwidth of about
400 nm as template. The ZnxCd1-xS nanobelts are 60-100 nm in
thickness, 300-600 nm in width and several hundreds of micro-
metres in length. Also, one can see rough edges along the sides of
the nanobelts. The inset of Figure 4b is the energy-dispersive
X-ray (EDX) spectrum of the sample that confirms the presence
of Zn, Cd, and S elements. The x value estimated based on the
EDX results is 0.85, consistent with that obtained in XRD
investigation. Figure 4c shows the ZnxCd1-xS nanobelts fabri-
cated using ZnS nanoribbons with width of 1.5-3 μm as tem-
plate. In this case, the ZnxCd1-xS belts are with widths of about
2.5 μm. In Figure 4d, one can see rough edges of ZnxCd1-xS
nanobelts that are teethlike.

The transmission electron microscopy (TEM) and high-reso-
lutionTEM (HRTEM) images of ZnS nanoribbons are exhibited
in Figure 5. Figure 5a shows the TEM bright-field image and
selected area electron diffraction (SAED) pattern of a single ZnS
nanoribbon, displaying width of ca. 400 nm and thickness of ca.
70 nm. The SAED pattern suggests single crystallinity, and the
spots can be indexed to a wurtzite structure with lattice para-
meters of a=3.83 Å and c=6.26 Å. The correspondingHRTEM
image (Figure 5b) further confirms the high single-crystallinity of
the nanoribbon, showing 3.31 Å and 6.26 Å lattice spacing of
(1010) and (0001) planes, respectively. The SAED and HRTEM
results suggest that the growthof theZnSnanoribbon is along the
Æ1010ædirection.The results of our experiments also show that the
ZnS nanoribbon with a sawlike edge is single-crystalline and
grows along the Æ0001æ direction. The deduction is that the ZnSFigure 1. XRD patterns of ZnxCd1-xS nanobeltss.

Figure 2. FE-SEM images of ZnS nanoribbons prepared at a ZnS at-source temperature of 850 �C and an initial ZnS at-source quantity of
0.097 g: (a) low and (b) high magnification.

Figure 3. FE-SEM images of ZnS nanoribbon prepared at a ZnS at-source temperature of 950 �C and an initial ZnS at-source quantity of
0.97 g: (a) low and (b) high magnification.
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nanoribbons with or without sawlike edges are with similar
crystallinity.

Shown in images a and b in Figure 6 are the TEM bright-field
images and SAED patterns of a single Zn0.85Cd0.15S nanobelt
that is ca. 450 nm inwidth and ca. 80 nm in thickness. One can see
“teeth” along the two sides of the nanobelt, and the teeth are
about 120 nm in length. SAED patterns in the insets of a and b in
Figure 6 suggest single crystallinity and the spots can be indexed
to a wurtzite structure with lattice parameters a=3.89 Å and c=
6.38 Å.HRTEMimages c andd in inFigure 6 further confirm the
single crystallinity of the nanobelt, exhibiting 3.35 Å and 6.38 Å
lattice spacing of the (1010) and (0001) planes, respectively. The
SAED and HRTEM results show that the ZnxCd1-xS nanobelt
grows along the Æ1010æ direction, whereas the teeth along the
Æ0001æ direction. The EDX results (not shown) show that element
composition at the teeth is similar to that on the surface of the
nanobelt, confirming the high homogeneity of the ZnxCd1-xS
solid solutions.

Shown in Figure 7 is a sketch of the ZnS nanoribbon and
ZnxCd1-xS nanobelt. The two nanostructures grow along the
Æ1010æ direction, both showing top and bottom surfaces of (1010)

orientation and side surfaces of (0001) orientation.The similarities
in growth direction and surface orientations are a direct result of
the ZnS nanoribbon being used as a template for the synthesis
of the ZnxCd1-xS nanobelt. The related reaction is plausibly:
xZnSþ (1- x) CdSfZnxCd1-xS.As far as the growthdirection
of ZnS is concerned, either Æ0001æor Æ1010æ can be possible.Under
suitable conditions or when a vapor-liquid-solid (VLS) mecha-
nism becomes effective, the Æ1010æ direction is possibly a preferred
one. It has been reported that the 1DZnS nanostructures growing
on a Au film usually have Æ1010æ growth orientation, showing
(0001) and (1010) planes as enclosing facets.13,14,16,20,21 Accord-
ingly, the ZnxCd1-xS nanobelts prepared from the ZnS templates
have a hexagonal wurtzite phase structure and show Æ1010æ
growth orientation.

Figure 8 shows the room-temperaturephotoluminescence (PL)
spectra (using 325 nm laser) of ZnxCd1--xS nanobelts with
different Zn compositions. One can see 352, 368, 383, 396, and
443 nm emissions at x=0.94, 0.85, 0.77, 0.70 and 0.47, respec-
tively. It is clear that by controlling the Zn content of ZnxCd1-xS,
one can continuously change the position of the near-bandgap
peak from 340 nm (pure ZnS) to 515 nm (pure CdS). The inset of

Figure 4. SEM images of ZnxCd1-xS nanobelts at different magnifications (inset, EDX results), (b) Zn0.85Cd0.15S; (d) Zn0.47Cd0.73.

Figure 5. (a) TEM and SAED images and (b) HRTEM image of a ZnS nanoribbon.
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Figure 8 is a plot of the position of the PLpeaks as a function of x
(obtained based on XRD results). The energy gaps of
ZnxCd1-xS: 2.80 (x = 0.47), 3.13 (x=0.70), 3.24 (x=0.77),

3.37 (x=0.85), and 3.52 eV (x=0.94) are calculated from the PL
peaks. For most thin films of II-VI AxB1-xC semiconductors,
the nonlinear variation of energy gaps can be represented as a
function of composition: (Eg(x)=EBC þ (EAC - EBC - b)X þ
bX2, where Eg(x) is the energy gap of AxB1-xC; EAC and EBC are
the energy gaps of the ending AC and BCmembers, respectively;
and b is a bowing parameter.)22 As far as a ZnxCd1-xS film is
concerned, the variation in energy gap can be represented as a
function of composition (Eg(x) =2.337 þ 0.72X þ 0.563X2). As
expected, the near-bandgap emission of ZnxCd1-xS nanobelts is
in good agreement with the bandgap values.19,23 The broad PL
peak at about 550 nm is attributable to original deep-trap
emission.24,25 As shown in Figure 9, after 3 h annealing at
600 �C, a Zn0.70Cd0.30S sample is enhanced in crystallinity,
showing band-edge PL peak that is narrower, more symmetric,
and stronger than that of the nonannealed one. It is clear that the
annealing step can eliminate defects and stresses inside the crystal

Figure 6. (a) TEM and SAED images of one edge of a Zn0.85Cd0.15S nanobelt, and (b) TEM and SAED images of a Zn0.85Cd0.15S nanobelt
showing both sides of the nanobelt; (c) and (d) HRTEM images of the edges of Zn0.85Cd0.15S.

Figure 7. Sketches of a ZnS nanoribbon and a ZnxCd1-xS nano-
belt.

Figure 9. PL spectra of Zn0.70Cd0.30S nanobelts before and after
annealing.

Figure 8. Room-temperature PL spectra of ZnxCd1-xS nanobelts.
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lattice, and with the removal of defects, there is decrease in deep-
trap emission. Such properties of thematerialsmake the two-step
thermal evaporation method reproducible and controllable for
the fabrication of ZnxCd1-xS nanobelts for a specified emission.
It is envisaged that the same approach canbe adopted to fabricate
ZnxCd1-xS quantum dots of specific PL emissions, similar to
those reported by Zhong et al.25 By chemical methods at low
temperature, Zhong et al. prepared alloyed ZnxCd1-xS quantum
dots that show random spatial composition fluctuations. After
high-temperature annealing, high-quality alloyed ZnxCd1-xS
nanocrystallites with composition homogeneity were formed.
Despite different in morphology and dimension, the nanobelts
and quantum dots of ZnxCd1-xS can be improved in quality by
annealing for narrow and strong near-bandgap emission as well
as for deep-trap emission suppression. Because the ZnxCd1-xS
nanobelts are produced at high temperatures by physical method
(two-step evaporation), the quality of the nonannealed crystals is
mainly affected by the defects and stresses inside the crystal lattice
rather than by factor such as random spatial composition fluc-
tuations. The annealing process can eliminate defects and stresses
but has little to do with the alteration of spatial composition.

In summary, through a method of two-step evaporation, we
have synthesized ZnxCd1-xS nanobelts of specific near-band PL
emissions in a controllable manner. By means of proper anneal-
ing, the crystallinity of ZnxCd1-xS can be enhanced for better
near-band emission (strong and narrow). The nanobelts of
ZnxCd1-xS solid solutions are ideal nanoemitters potentially
applicable as light-emitting devices or semiconductor lasers in
optoelectronic applications. The fabrication of ZnxCd1-xS is
based on the use of ZnS nanoribbons as template. We envisage
that the simple method can be extended to synthesizing nano-
structures of other materials.
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