
Color-Changeable Optical Transport
through Se-Doped CdS 1D
Nanostructures
Anlian Pan,* ,‡,§,† Xiao Wang, †,| Pengbin He, ‡ Qinglin Zhang, ‡ Qiang Wan, ‡

Margit Zacharias, § Xing Zhu, |,⊥ and Bingsuo Zou ‡

Micro-Nano Technologies Research Center, Hunan UniVersity,
Changsha 410082, China, MPI of Microstructure Physics,
Weinberg 2, Halle 06120, Germany, State Key Lab for Mesoscopic Physics,
School of Physics, Peking UniVersity, Beijing 100871, China, and
National Center for Nanoscience and Technology, Beijing, 100080, China

Received May 2, 2007; Revised Manuscript Received July 27, 2007

ABSTRACT

The optical-transport properties of 1D Se-doped CdS nanostructures with different doping contents and/or crystallization degrees are reported.
The locally excited photoluminescence shows a significant redshift during the transport along the long axis of the 1D structures and can leave
enough PL intensity for detection. The magnitude of the redshift is found to be highly dependent on the content of doping and the crystallization
degree. The experimental results are compared with theoretical calculations based on the fundamental absorption rule of the semiconductor,
which demonstrates that the redshift is related to the optical reabsorption effects induced by the local structural disorder in the semiconductors.
Such optical properties of 1D semiconductor structures might be of interest for potential applications in color-tunable nanosized light-emitting
and/or frequency-converting devices.

One-dimensional (1D) nanostructured materials are especially
attractive as building blocks or for the assembly of integrated
nanosystems because this kind of nanostructure can function
as both device elements and interconnects.1-5 Because of
the strong optical confinement in the radial directions,
semiconductor nanowires and nanobelts are found to have
promising optical-transport properties. Their photolumines-
cence (PL) excited by light illumination can be effectively
guided along their axis and leak out at their ends, which act
as reflectors because of the difference in the reflective index
between the medium and the surrounding circumstance.6-8

This peculiarity makes this kind of nanostructure important
for potential applications in nanophotonic devices or units,
such as nanooptical fibers, optical waveguide cavities, and
nanolasers.6-13

In polar semiconductors, the structural disorder from
defects, impurities or phonons can induce an extension of
the density of state into the band gap near the main edges of
the bands, and optical transitions assisted by this extension
of state give rise to an exponential tail near the fundamental

absorption edge at the long wavelength direction (Urbach
tail).14,15 It was observed in bulk semiconductors or films
that the Urbach tail can induce self-absorption of band-edge
emission and then leads to a redshift of the PL spectrum.16,17

However, such a self-absorption-induced PL redshift is not
remarkable and is not easy to be observed in the normal bulk
materials because the inherent PL cannot transport along
single directions, and then the detected light is mainly from
the in situ excitation position. 1D nanostructured semicon-
ductors, like nanobelts or nanowires, provide a very good
system for observing and studying the self-absorption-
induced optical effect because the optical transport in these
structures takes place preferentially along the long axis
direction, and the positions for excitation and emission can
be separated effectively, making the self-absorption effect
much easier to observe and study.

In this work, we study the PL transport properties of 1D
Se-doped CdS nanostructures with different doping contents
or crystallizations and demonstrate that all of these nano-
structures can produce a significant PL redshift in their
respective spectral regions, with the redshift magnitude
highly related to the content of doping and the crystallization
of the structures. Calculation using the fundamental absorp-
tion rule of semiconductors and the Urbach rule shows that
the redshift magnitude is greatly dependent on the degree
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of local inhomogeneity-induced structural disorder in the
materials, which is in good agreement with the observations
in the experiments. This finding of broad color-changeable
optical-transport behavior of 1D Se-doped CdS nanostruc-
tures may have great significance in constructing multifunc-
tional nanodevices.

The Se-doped CdS nanostructures (nanobelts and nano-
wires) used in this study were synthesized by the metal-
catalyzed physical evaporation route, which is described in
detail elsewhere.18 Figure 1a gives the typical SEM image
of the as-prepared nanobelts, which indicates that the belts
are very uniform along their long axis direction, with the
width in the range of 1-5 µm and the depth being about
100 nm. The length of the belts can reach several hundred
micrometers and even some of them can extend to the order
of millimeters. Figure 1b shows the HRTEM lattice image
of a representative belt as well as its corresponding TEM
morphology image (inset), which demonstrates the single-
crystal quality of the belts. Figure 1c shows the SEM image
of the as-prepared Se-doped CdS nanowires grown at low
deposition temperatures. The diameter of the wires is about
100-200 nm, and their length exceeds 1 mm. Figure 1d is
the HRTEM image and the corresponding TEM morphology
image (inset) of a representative wire. Different from the
high-quality belts, the wires are very poorly crystallized
(somehow like polycrystals), with obvious defects and lattice
disorder. The compositions or doping content of the as-
prepared nanostructures are obtained by comparing their
XRD peak positions with those of the binary CdS and CdSe
crystals and calculating the composition with the Vegard’s
relation (see Figure S1 in the Supporting Information).18 The
band gaps of the samples were estimated by their UV-vis
absorption spectra (see Figure S2 in the Supporting Informa-
tion).

The optical-transport properties of the 1D nanostructures
were investigated using scanning near-field optical micros-
copy (SNOM). The experimental setup is shown schemati-
cally in Figure S3 (see the Supporting Information). Single
nanobelts/wires were illuminated with a tightly focused laser
beam (continuous-wave, 442 nm) at different local positions
along various lengths relative to a NSOM collection tip (fiber
probe) held stationary over one of their ends. Then the
propagation-distance-dependent PL spectra can be studied
effectively simply by moving the excitation laser beam.

Figure 2a-c shows, respectively, the far-field optical
images of single excited CdS0.65Se0.35, CdS0.82Se0.18, and CdS
nanobelts, collected with a color CCD camera in dark field.
The left images are their in situ PL under laser illumination.
Some of the PL is guided through the nanobelts and emitted
at one of their ends (see the right optical images). The
numbers give the distances between the excitation spots and
the examined ends of the corresponding structures, respec-
tively. It shows that the PL color of the heavily doped
CdS0.65Se0.35 belts is changed from (original) orange to red
after∼188 µm transport, and the PL color from the lightly
doped CdS0.82Se0.18 belts is changed from (original) green
to orange after∼225µm transport, while the PL color from
the undoped CdS belts has no apparent change after∼300
µm transport. Figure 2d shows the far-field PL images of
an excited CdS0.86Se0.14 nanowire under laser illumination.
The left image is the in situ PL, and the right two images
are the PL collected at one of its ends with an excitation-
detection distance of 20 and 150µm, respectively. The PL
color change of these poorly crystallized wires is more
apparently observed, that is, from the original green changed
to orange-yellow and red after∼20 µm and ∼150 µm
transport, respectively. Figure 2e gives the three-dimensional
near-field optical image of the end emission from the doped
wire, with the position of the excitation laser spot about 300
µm away from this emitting end. The down-right inset is
the corresponding morphology image of the end. The results
demonstrate that all of the examined nanostructures are very
good waveguide cavities and the emitted light can be
effectively transported several hundred micrometers along
their long axes and still leave with considerable optical
intensity.

Figure 3a shows the locally detected near-field PL spectra
from a CdS0.65Se0.35 belt, with the excitation laser beam at
different points of the nanobelt. This series of PL spectra
record the distance-dependent photon transport properties of
the belt. Apparently, the emission bands exhibit a significant
redshift with increasing PL propagation distance along the
belt. The other nanostructures with different doping contents
all have a similar spectral redshift phenomena. Such spectral
behavior is consistent with the observed far-field PL spot
image (Figure 2a and b). Figure 3b shows the plots of redshift
value in photon energy versus excitation position (transport
distance) for CdS0.65Se0.35, CdS0.82Se0.18, and CdS nanobelts,
respectively. From this figure, we can derive additional
detailed information. First, the redshift with transport distance
will finally saturate at a long enough distance. Second, the
redshift value at the same transport distance is definitely

Figure 1. (a) Typical SEM image of the as-prepared nanobelts,
(b) the HRTEM lattice image of a representative belt as well as its
corresponding TEM morphology image (inset), (c) the SEM image
of the as-prepared Se-doped CdS nanowires grown at low deposition
temperatures, and (d) the HRTEM image and the corresponding
TEM morphology image (inset) of a representative wire.
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different for belts with different doping contents. The larger
the doping content, the larger the redshift magnitude
produced. Third, the redshift maximum is also different. A
heavily doped CdS0.65Se0.35 has a maximum redshift of∼60
meV, whereas the value for a lightly doped CdS0.82Se0.18 is
∼42 meV and is only about 30 meV for an undoped CdS
nanobelt. The inset of Figure 3b gives the plot of redshift
versus excitation position for the CdS0.86Se0.14 wires, which
shows a redshift maximum of∼170 meV. Apparently, the
redshift of the poorly crystallized wires is more significant
than those of the highly crystallized nanobelts, which is in
good agreement with the observations in the far-field images.

Here we use the optical absorption theory of semiconduc-
tors to understand the observed optical-transport phenom-
enon, especially the composition- (doping) and defect-
induced optical redshift in the 1D nanostructured system.
The absorption coefficientR (hυ) of a semiconductor can
be defined by the following equation:14,15

In order to express the absorption coefficientR (hυ) as a
continuous function, eq 2 can be rewritten as19

whereA0 [)2 × 104 cm-1(eV)-1/2] is a constant,Eg is the
band gap energy,kT ()0.025 eV) is the thermal energy at

room temperature,h is Planck’s constant,υ is the photon
frequency (E ) hV), σ is a dimensionless phenomenological
fitting parameter, andEch ) Eg + kT/2σ is the crossover
energy. In solid materials,σ behaves as20

with σ0 andω0 as constants. On the other side, the absorption
coefficientR (hυ) in semiconductor can be defined by the
following equation21

whereI0 andI(x) are the optical intensities at the zero andx
position, respectively. Therefore, by inserting eqs 1 and 3
into eq 4, we get the spectrum at the positionx

whereS0 is the initial spectrum (zero position). Combining
the above eqs 1, 3, and 6, the characteristics of PL spectrum
at positionx in a given semiconductor is finally determined
by parametersω0 andσ0. For the Se-doped CdS system at
room temperature,hυ0 is around 36 meV22 and can be seen
as an invariable in this calculation, butσ0 is variable with
the inherent structure, and it is an indicator of the degree of
disorder of crystalline materials.22 The higher the degree of
local disorder, the smaller theσ0 value.

Figure 4a shows the initial PL spectrum of CdS0.65Se0.35

nanobelts under excitation (0µm) as well as the theoretical

Figure 2. (a-c) Far-field optical images of single excited CdS0.65Se0.35, CdS0.82Se0.18, and CdS nanobelts, respectively: Left, the in situ PL
images under laser illumination; right, the emission images of the examined ends. (d) The far-field PL image of an excited CdS0.86Se0.14

nanowire under laser illumination: Left, the in situ PL image; right, the end PL images with an excitation-detection distance of 20 and
150 µm, respectively. (e) The three-dimensional near-field optical image of the end emission from the doped wire, with an excitation-
detection distance of about 300µm; inset, the corresponding morphology image of the end.

For E g Eg, R(hν)I ) A0(E - Eg)
1/2 (1)

For E < Eg, R(hν)II ) K0 exp[ σ
kT

(E - Eg)] (Urbach rule)
(2)

For E < Eg, R(hν) ) A0xkT
2σ

exp[ σ
kT

(E - Ech)] (3)

σ ) σ0
2kT
hω0

tanh[hω0

2kT] (4)

I(x) ) I0e
-R(hν)x (5)

S(x) ) S0e
-R(hν)x (6)
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spectra at different transport distances calculated using the
above equations. Similar to the experimental results, the
calculated spectra exhibit a significant redshift with increas-
ing the transport distance (i.e., thex value in eq 5). The
broken lines in Figure 4b show theoretical plots of the
redshift value in photon energy versus transport distance for
CdS0.65Se0.35, CdS0.82Se0.18, and CdS nanobelts, respectively.
The respective value of parameterσ0 used here is taken from
the corresponding bulk single crystals with the same doping
content.22,23 The solid rhombus, triangle, and rectangle are
the respective experimental values of CdS0.65Se0.35,
CdS0.82Se0.18, and CdS nanobelts for comparison. Apparently,
the theoretical results show some similar characteristics with
those of our experiments; that is, the redshift will saturate
after a long enough transport distance, and the heavily doped
samples have a larger redshift magnitude than those of lightly
or undoped ones. These consistencies between experiments
and theory indicate that the PL redshifts are surely from the
Urbach-tail-induced PL self-absorption effect in the belts.
The difference in maximum redshift between the nanostruc-

tures with different doping contents should come from their
differences of composition-related local structural disorder,
which can be directly observed from comparing their UV-
vis absorption spectra (Figure S4, see the Supporting
Information). With increasing the Se doping content, the
CdS-based nanostructures will have a broader absorption
edge, which indicates an increase of the structural disorder
degree induced by the composition fluctuation and an
accompanying decrease of theσ0 value. A larger disorder
degree (i.e., smallerσ0 value) can lead to a larger Urbach
tail,22 which will finally induce the PL spectrum to have a
more-noticeable redshift during the light transport along the
nanostructures. In addition, it is noted that the experimental
observed redshift values are apparently somehow larger than
those of theoretical results for all of the samples. Because
the theoretical calculation is based on theσ0 value of bulk
single crystal, the disaccord could come from the structural
difference between the 1D nanostructures and the corre-
sponding bulk crystals. Because of the very small size in
radial direction, the nanostructures may contain more defects
at the surface region than the bulk. Because of this additional
defect-related surface structural disorder, the nanobelts have
a smallerσ0 value than that of the bulk, leading to an
observed redshift larger than the theoretical result (calculated
with the bulkσ0 value).

Figure 3. (a) Locally detected near-field PL spectra from a CdS0.65-
Se0.35 belt, with the excitation laser beam at different points of the
nanobelt; (b) the plots of redshift value in photon energy vs
excitation position (transport distance) for CdS0.65Se0.35 (curve 1),
CdS0.82Se0.18 (curve 2), and CdS (curve 3) nanobelts, respectively;
inset, the plot of redshift vs excitation position for the CdS0.86-
Se0.14 wires.

Figure 4. (a) Initial PL spectrum of CdS0.65Se0.35 nanobelts under
excitation (0µm) as well as the theoretical spectra at different
transport distance; (b) the theoretical plots of redshift value in
photon energy vs transport distance for CdS0.65Se0.35, CdS0.82Se0.18,
and CdS nanobelts, respectively (broken lines), and the respective
experimental value of CdS0.65Se0.35 (solid rhombus), CdS0.82Se0.18

(triangle), and CdS nanobelts (rectangle) for comparison.
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The broken lines in Figure 5 give the theoretical results
of redshift versus transport distance for the CdS0.86Se0.14

wires, calculated with different values of the disorder
parameterσ0, 1.6 (for the corresponding bulk single crystal23)
and 0.6, respectively. The solid rectangles are the corre-
sponding experimental value for comparison. Apparently, the
theoretical results using the bulkσ0 value are a lot smaller
than the experimental results, whereas the results using the
smallerσ0 value (0.6) are very close to the measured ones.
The contrast between the theoretical and experimental results
demonstrates that the degree of disorder in the poorly
crystallized nanowires is especially high and can be com-
parable to those of CdSSe nanocrystals.24 The very large
disorder in the wires can be also reflected by their UV-vis
absorption spectra (Figure 6), which show that the
CdS0.86Se0.14 nanowires have a broader absorption edge (a
larger Urbach tail) than that of the CdS0.82Se0.18 nanobelts.
It is the large disorder that induces the wires having
extraordinary large PL redshifts. Actually, the doping content
of Se in the nanowires is smaller than those in the doped
belts, which indicates that the composition-related structural
disorder in the wires is smaller than those in the doped belts.

The abnormally large disorder should come from the large
amount of defects and dislocations in the wires, which can
be seen clearly in the HRTEM image (see Figure 1d). Such
defect-related local structural disorder in the wires comes
mainly from their very low growth temperature, and may
also come from the size effects, which can bring more
structural defects in nanowires than in nanobelts.24 Overall,
it is this larger defect-related disorder that finally induces
the more-pronounced PL redshift effect in the wires than in
the belts.

Our work demonstrates that the band edge PL of 1D CdS-
based semiconductor nanostructures can have a significant
redshift during its transport along the axis, and the magnitude
of redshift can be tuned by the composition or doping
content, the crystallization degree, and the PL transport
distance. It is worth to note, despite of the existing large
disorder in these semiconductor nanostructures, the PL
photon can still be guided to a very long distance away
(several hundred micrometers) under the excitation of a low-
power continuous-wave laser, and leave enough PL intensity
for detection (see Figure 2). This optical phenomenon
indicates that the doped 1D CdS nanostructures may have
potential applications in color- or frequency-tunable nan-
odevices and broad spectral responsing devices, such as
multicolor light-emitting diodes or nanolasers, photoelectric
devices, and frequency transformation devices. The color/
frequency of the output light/signals can be tuned by the
composition (doping), the crystallization degree, the length
of the nanostructures, or changing the effective transport
distance.

In summary, the optical-transport properties of 1D Se-
doped CdS nanostructures with different doping contents or
crystallization degrees were investigated in detail using
scanning near-field optical microscopy (SNOM). The results
show that the locally excited PL photon can effectively
propagate several hundred micrometers away, with detectable
optical intensity. The guided PL shows significant redshift
with the transport distance in all of these structures, and the
magnitude of redshift is strongly related to the content of
doping and the crystallization degree of the structures.
Theoretical results using the fundamental absorption rule of
semiconductors shows that the redshift magnitude is greatly
dependent on the degree of structural disorder in the
materials, which is in good agreement with the experimental
observations. These interesting optical properties of 1D Se-
doped CdS nanostructures indicate their potential applications
in color-tunable nano light-emitting and/or frequency-
converting devices. This work also indicates that, by doping
or controlling the local microstructure, 1D semiconductor
nanostructures may exhibit many more new properties and
could find even wider applications in nanoscaled devices.
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Figure 5. Theoretical results of redshift vs transport distance for
the CdS0.86Se0.14 wires, calculated withσ0 ) 1.6 (for the corre-
sponding bulk single crystal) and 0.6, respectively (broken lines),
and the corresponding experimental value (solid rectangles) for
comparison.

Figure 6. UV-vis absorption spectra of the CdS0.86Se0.14nanowires
and the CdS0.82Se0.18 nanobelts, respectively.
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Note Added after ASAP Publication. This paper was
published ASAP on August 29, 2007. A term number was
added in the Acknowledgment. A discrepancy regarding
nanobelts in Figure 6 was corrected. The revised paper was
reposted on September 4, 2007.

Supporting Information Available: The schematic setup
of optical-transport experiments, the XRD patterns, and the
UV-vis absorption spectra of the as-prepared nanobelts. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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