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ABSTRACT: Designing lasing wavelengths and modes is
essential to the practical applications of nanowire (NW) lasers.
Here, according to the localized photoluminescence spectra, we
first demonstrate the ability to define lasing wavelengths over a
wide range (up to 119 nm) based on an individual bandgap-
graded CdSSe NW by forward cutting the NW from CdSe to CdS
end. Furthermore, free spectral range (FSR) and modes of the
obtained lasers could be controlled by backward cutting the NW
from CdS to CdSe end step-by-step. Interestingly, single-mode
NW laser with predefined lasing wavelength is realized in short
NWs because of the strong mode competition and increase in
FSR. Finally, the gain properties of the bandgap-graded NWs are
investigated. The combination of wavelength and mode selectivity
in NW lasers may provide a new platform for the next generation
of integrated optoelectronic devices.
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Semiconductor NW lasers have recently attracted a great
deal of interest because they have a large number of

potential applications in future photonic and optoelectronic
devices.1−5 To push NW lasers closer to practical applications,
some important challenges, for instance, wavelength variability,
must be addressed. To date, a number of binary semiconductor
NW lasers with discrete wavelengths ranging from ultraviolet to
near-infrared have been reported.6−15 Besides the discrete
wavelength lasers, wavelength continuously variable lasers are
specifically required in many situations, such as saturated
spectroscopy,16 environmental monitoring,17 and optical
communication,18 and so forth.
To achieve wavelength continuously variable NW lasers,

recent research works have successfully demonstrated with two
routes: designing new cavities or utilizing new gain media. With
regard to new cavity design, wavelength tunability through
changing the geometry of the cavity by micromanipulation has
been reported.19 Unfortunately, the tuning range is limited to
less than 10 nm for a single NW, which is insufficient for many
applications. As for new gain media, some novel materials have

been synthesized, such as multi-quantum-well NW hetero-
structures20 and homogeneous ternary alloy NWs21 and
nanoribbons,22,23 which have made important contributions
to the enrichment of lasing wavelengths. However, the
wavelength variability is realized by employing several NWs
with different bandgaps rather than single, identical NWs.
Precise controlling of the composition and multiple growth
batches are needed in order to achieve different composite
NWs. Recently, intrinsic self-absorption and Burstein−Moss
effect were introduced to tailor the single undoped NW lasing
wavelengths continuously variable for 30−40 nm spectral
range,24−26 which is a simple and effective approach but is
limited by the gain profile of the NW. The emergence of
individual spatial bandgap-graded semiconductor NWs offers
the possibility of realizing ultrawide wavelength tunable light
emitting devices, high-performance field-effect transistors, and
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high-efficiency solar cells in identical NWs.27−30 Very recently,
multicolor lasing is realized from a single bandgap-graded
CdSSe nanoribbon by multiscattering effect at morphology
defect sites of the nanoribbon.31 However, the lasing
wavelength is difficult to control and tune because of the
random distribution of the defects.
In this paper, we demonstrate a novel approach to define

NW laser wavelengths and modes over a wide spectral range in
individual bandgap-graded CdSSe NWs using a combination of
new gain material and new cavity design. The range of lasing
wavelengths from a single NW could cover more than 119 nm.
With further optimization of material growth, the wavelength
tuning range can be eventually extended to around 200 nm.
Interestingly, we find the lasing wavelengths can be well defined
by the center wavelength of the photoluminescence (PL) from
the NW narrow-bandgap end. Therefore, it is convenient to get
the desired lasing wavelengths according to the localized PL
spectrum when producing a NW laser. Furthermore, the FSR of
these achieved NW lasers could be controlled with small
wavelength fluctuation of dominant peaks. On the basis of these
results, a single mode laser with precise wavelength definition
has also been realized. To the best of our knowledge, there are
no reports on controlling wavelengths in combination with
modes over such a wide spectral range in single semiconductor
NW lasers. The gain properties of these NWs are also
investigated, which may give a better understanding of lasing
mechanism in such particular NWs.
Figure 1 presents the schematic diagram of our approach.

The bandgap-graded CdSSe NWs used in this work are
synthesized by the source-moving chemical vapor deposition
(CVD) method that has been described in our previous work.27

Along the growth direction of as-fabricated bandgap-graded
CdSSe NW, the composition is continuously tuned from CdS
at one end to CdSe at the other end (Supporting Information
Figure S1), resulting in the corresponding bandgap (also the
light emission wavelength) to be modulated gradually from
2.44 eV (507 nm, green light) to 1.74 eV (710 nm, red light).
Although each section with a different emission color could be
served as gain material in one Fabry−Peŕot (FP) cavity formed
by NW’s end-facets, only the longest lasing wavelength can be
observed due to the asymmetric light propagation effect.32 In
order to make full use of the emission colors, the narrow-
bandgap end with longest emission wavelength could be cut off
to form a new NW cavity where the lasing wavelength is
controlled by the new narrow-bandgap end. As shown in Figure
1a, the cut point is selected according to the NW’s localized PL
spectrum and then the NW is cut by a homemade fiber probe
into two different segments: segment I for wide-bandgap
segment and segment II for narrow-bandgap segment. Figure
1b illustrates the lasing process when pumping the segment I.
The lasing wavelength is defined by the localized PL center
wavelength of the cut point. Moreover, as shown in Figure 1c,
the FSR of the laser can be controlled by the backward cutting
process with small shift in the dominant lasing wavelength.
The NWs are transported from the as-grown substrate to a

MgF2 substrate for micromanipulation and optical character-
ization. Generally, the as-synthesized NWs have diameters of
100−1000 nm and lengths of up to 500 μm.27 Using a simple
bend-to-fracture method,33,34 we can cut a NW easily along its c
axis at a predetermined point, as shown in Figure 2a. This
method could ensure relatively perfect end-facets (Figure 2b)
and, thus, provide high-quality FP resonators. The NW is
excited by a 355 nm pulsed laser obtained from a frequency-

tripled Nd:YAG laser (10 kHz, 10 ns pulse width), which is
coupled to a silica fiber to excite the NW from the side. The
silica fiber is attached to a three-dimensional translation stage
for precisely controlling the pump area (with a largest diameter
of 250 μm, Supporting Information Figure S2). In our
experiments, it is found that the pump area has no obvious
influence on the emission lasing wavelength (see Supporting
Information Figure S5). The emission light is collected by a
100× lens at the narrow-bandgap end using our micro-PL
spectrum mapping setup with a spatial resolution of ∼3 μm
while the PL image is captured using a 20× lens in order to
observe the whole NW at one time. A real-color PL image of a
typical NW at low pump density is shown in Figure 2c, which
exhibits a gradual color change from green to red, indicating a
good bandgap-graded property along the NW c axis. Emission
spectrum collected from the left narrow-bandgap end of the
NW is centered at 638 nm with a full width at half-maximum
(FWHM) of 30 nm (Figure 2e, bottom). With increasing pump
density, bright red spots emerged at both ends of the NW
(Figure 2d), and the measured spectrum from the same left end
exhibits a sharp lasing line at 639 nm (Figure 2e, top).
Supporting Information Figure S3 shows that the lasing spectra
measured from two ends of a NW have the same center
wavelength. The only difference between them is that the

Figure 1. Schematic diagram of the approach to control wavelengths
in combination with modes in NW laser. (a) Sketch of selecting the
cut point according to the localized PL spectrum. Inset: scanning
electron microscope image of a NW which is cut at a selected point.
(b) Laser emission at the demanded wavelength after cutting the NW
at the selected point into two segments and pumping the segment I:
wide-bandgap segment. By cutting the NW in forward direction step-
by-step, continuously variable lasing wavelengths could be obtained.
(c) Designing FSR by backward cutting.
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Figure 2. Micromanipulation and optical measurements of bandgap-graded NWs. (a) Optical microscope image of a NW being cut by a fiber probe.
(b) Scanning electron microscope image of one endfacet of the cleaved NW shown in (a). (c, d) Real-color optical microscope images of a NW with
a diameter of ∼500 nm and length of ∼170 μm under low and high pump density, respectively. (e) Spontaneous emission spectrum (bottom) and
lasing spectrum (top) collected from the left end of the same NW as in (c) and (d), respectively. (f) Integrated output power as a function of pump
density.

Figure 3. Defining lasing wavelengths over a wide range on an individual bandgap-graded NW. (a) Real-color image of a bandgap-graded NW with
six cut points determined by localized PL spectra. The NW has a diameter of ∼450 nm and a length of 435 μm. (b) Real-color images of the NW
after being cut at point 1 to point 6 sequentially. (c) Lasing spectra obtained from NW full to cut 6 are shown in (b). The colorful spots shown in
each spectrum correspond to the real color image of the end emission of each NW at pump density above threshold. (d) Lasing threshold versus
NW length of NW full to cut 6. (e) Lasing wavelengths versus PL center wavelengths measured from five bandgap-graded NWs and each NW is cut
step-by-step for variable wavelength lasing emission. Colorful rectangles, experimental data; blue line, function y = x as a guide.
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spectrum from the wide-bandgap end contains less PL
background. To further confirm the laser oscillation, integrated
output power versus pump density was recorded, as illustrated
in Figure 2f, which clearly shows a lasing threshold of ∼9 kW/
cm2.
Here, we demonstrate the ability to define lasing wavelengths

over a wide range using an individual bandgap-graded CdSSe
NW. The NW has a diameter of ∼450 nm and a length of ∼435
μm. The measured center wavelength of the PL is from 507 nm
at right end (wide-bandgap end) to 633 nm at left end (narrow-
bandgap end, Figure 3a). We can specially tailor lasing
wavelengths by forward cutting the NW according to the
mechanism shown in Figure 1b. If we want to fabricate, for
instance, a NW laser operating at λ = 617 nm, we need only to
perform the following experimental procedure. First, find the
point on the NW where the PL center wavelength is about 617
nm at low pump density by our micro-PL spectrum mapping
measurements setup (see Supporting Information Figure S2).
Second, cut the NW at the point into two segments and excite
segment I with increasing pump density until the buildup of the
lasing action (Figure 1b). As shown in Figure 3c (cut 1), the
measured laser emission wavelength is 616.5 nm, which is well
consistent with the PL center wavelength. Similarly, five other
specific points on the NW (from point 2 to point 6) are
randomly selected, the localized PL center wavelengths of
which are 606, 589, 566, 549, and 517 nm with FWHM of 30
nm, respectively, as shown in Figure 3a. The corresponding
lasing wavelengths of 607.5, 593, 570, 553, and 517.5 nm are
achieved when the NW is cut at these points sequentially
(Figure 3c, cut 2 to cut 6). The small red shifts of the lasing
wavelength compared with the PL center wavelength is
attributed to the wide FWHM of the PL and slight self-
absorption. The results clearly demonstrate the ability to
control lasing wavelengths over a wide range in an individual
bandgap-graded NW.
Utilizing this method, we have investigated lasing properties

of five NWs under forward cutting procedure. Similarly, the
lasing wavelength approximately equals to the PL center

wavelength for each experiment, and the observed maximum
deviation of these is 4 nm. Figure 3e shows the linear
relationship of the lasing wavelength and the PL center
wavelength at different cut points, which may allow for the
realization of precise wavelength selection in nanoscale lasers.
Moreover, multiple color lasers can be obtained by selecting
several NWs from one batch and cutting them to different
length. For example, as shown in Supporting Information
Figure S4, when we cut three NWs from the same batch, three
different wavelength lasers are achieved simultaneously.
Furthermore, we find FSR and modes of the bandgap-graded

NW lasers can be controlled through backward cutting while
the dominant lasing peak is fixed at the center wavelength of
the PL from the narrow-bandgap end. For example, we cut a
NW of ∼450 nm in diameter, ∼180 μm in length from wide-
bandgap end (backward cutting) step-by-step and excite the
segment II: narrow-bandgap segment (Figure 4a). With a
decrease of the NW length, FSR increases while the dominant
wavelength almost stays constant at 650 nm (variation of less
than 1.5 nm, Figure 4b). For a FP cavity, the FSR is given by an
approximate expression:35 FSR = λ2/2ngL, where L is the cavity
length, and ng is the effective group index of refraction at
wavelength λ. FSR of different-length NW laser after backward
cutting in Figure 4b are plotted in Figure 4c as a function of
inverse NW length. As expected, there is a good linear
relationship between FSR and 1/L, indicating the well-defined
cavity properties originated from the reflection at the two end-
facets of the NWs after cutting. The ng is calculated to be 5.9
from the slope of the fit, which is consistent with the previously
reported values.36 By further backward cutting the NW, we
have even realized single-mode lasing. As shown in Figure 4d,
the laser output shows a good single-mode property with a
side-mode suppression ratio of up to 14.0 dB, resulting from
the strong mode competition and increase in FSR.37

From the above analysis, it can be seen that the lasing
wavelength of bandgap-graded NW is determined by the center
wavelength of the PL from the narrow-bandgap end, no matter
how and to what length the NW was cut. This unique property

Figure 4. Optical characterization of a NW (∼450 nm in diameter, 180 μm in length) cut by backward cutting. (a) Real color images of the NW after
being cut at different points. (b) The corresponding lasing spectra of the cut NW in (a). (c) FSR versus inverse NW length 1/L. (d) Output
spectrum of a single-mode laser. Inset: real color image of the NW.
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may be attributed to two main factors, which ensures the
control of wavelengths in combination with modes over a wide
wavelength range. First, because the wide-bandgap end of the
NW is transparent to the light emitted at the narrow-bandgap
end, long wavelength light is easier to reach the threshold and
starts lasing.36,38 Meanwhile, short wavelength light emitted at
wide-bandgap end will experience strong bandgap absorption in
the narrow-bandgap end and is very difficult to lase. The above
asymmetric bandgap absorption frames the lasing wavelength in
the PL range of narrow-bandgap end. Second, the lasing
wavelength is fixed at the center of the PL spectrum without
obvious length dependent red shifts/blue shifts resulting from
the less influence of the band-tail-absorption.
The energy diagram of undoped CdSe NWs and bandgap-

graded NWs are shown in Supporting Information Figure S6.
The band tail of bandgap-graded NWs is likely to be larger than
that of the undoped CdSe NWs. However, the influence of
band-tail absorption of the wide-bandgap end on the narrow-
bandgap end emission is reduced because of the gradual
increase in the bandgap. The phenomena is also reported in
previous work.38 Thus, the band-tail absorption exerts a small
effect on narrow-bandgap end emission of a bandgap-graded
NW. On the other hand, if light is emitted from the wide-
bandgap end, the bandgap absorption and band-tail-absorption
of bandgap-graded NWs are significant and much larger than
that of undoped NWs. No lasing is observed even when we
increase the pump intensity by a factor of 100 (Supporting
Information Figure S8).
In order to investigate the threshold and gain properties of

these bandgap-graded NWs and understand the physical
mechanism, we designed another series of experiments. Here,
we use a shutter to block the light partially and compared the
results with cutting process. The results are shown in Figures 5
and Supporting Information Figure S7. It is found that the
threshold increases when half of the NW is not illuminated.

Also, the threshold decreases a little when half of the NW is cut.
It could be deduced that the wide-bandgap end may contribute
to lasing accompanied by two contrasting effects: loss and gain
effect. When we block the light illuminating on the wide-
bandgap end, the gain effect vanishes and the loss effect
dominates. The threshold increases. On the other hand, when
we cut the NW, the loss effect and the gain effect vanish
together. A small decrease of the threshold indicates the loss
effect of the wide-bandgap end is a little larger than the gain
effect. The measured slow decrease of the threshold when we
backward cut the long NW step-by-step in Figure 5g (from NW
length 98 to 20 μm) verify the prediction here.
The above phenomena imply that the gain properties of the

bandgap-graded NWs under excitation is different from the
undoped NWs, in which all the material under excitation would
contribute to gain and the gain length equals to the diameter of
the pump area. However, in the bandgap-graded NW lasers, the
contribution of wide-bandgap end and narrow-bandgap differs a
lot.
For understanding the unique gain properties of bandgap-

graded NWs, we measure the length of the effective gain
materials (the path length over which light intensity is
amplified) of the bandgap-graded NWs. We cut the NW
from wide-bandgap end to narrow-bandgap end step-by-step,
which makes sure the gain material is the same during the
cutting process. As shown in Figure 5f and g, the threshold
gradually decreases when the length of the NW decreases from
98 to 20 μm, indicating that the sections being cut offer more
loss than gain. When the length of the NW is shorter than 20
μm, the corresponding threshold increases sharply and
significantly. The trend of the threshold change indicates a
length of effective gain materials of ∼20 μm. Several other NWs
reveal similar behavior but different lengths. It is noted that the
length of the effective gain material is related to the distribution
of bandgap for a special NW. The threshold change trends in

Figure 5. Investigation of threshold and gain properties of bandgap-graded NWs. (a) Schematic of a full-pumped NW blocked partly from wide-
bandgap end by a shutter. (b) Schematic of a NW with cutting the segment that is blocked. (c) Real color image of a NW (∼450 nm in diameter, 72
μm in length) that is fully pumped. (d) Real color image of the same NW with the left half of it (wide-bandgap section) is blocked by a shutter. (e)
Real color image of the same NW with the blocked section removed. (f) Real color images of a NW (∼450 nm in diameter, 98 μm in length) under a
backward cutting process step-by-step. (g) Corresponding threshold recorded from each situation as a function of the NW length.
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the forward cutting process and in the shuttering process
confirm our prediction. In both processes, the threshold
increases dramatically when the pump length is smaller than the
effective gain materials length (Figure 3d and Supporting
Information Figure S7). The fluctuation of the threshold in
forward cutting may be introduced by the fluctuation of the
slope of the bandgap change.
In summary, we demonstrate NW lasers with controlling of

emission wavelengths in combination with modes in individual
bandgap-graded CdSSe NWs. By forward cutting, we can select
and design the lasing wavelength conveniently over a wide
visible range (up to 119 nm). By backward cutting, FSR and
modes can be controlled to realize single-mode lasing. The
lasing wavelength in this class of NWs is found to be
determined by the center wavelength of the PL from the
narrow-bandgap end and shows no obvious length-dependent
red shift/blue shift. Careful analysis indicates that the lasing
wavelength range is roughly framed by asymmetric bandgap
absorption and the dominant lasing peak is fixed near the
center wavelength of the PL from the narrow-bandgap end due
to small influence of the band-tail-absorption. The investigation
and measurement of the length of effective gain material in
bandgap-graded NWs provides further understanding of the
relationship between materials and lasing action, which
indicates the gain and loss properties of bandgap-graded
NWs is intrinsically different from those of the homogeneous
NWs. Owing to these unique properties, the wavelengths and
modes both controlled NW lasers may have many unique
applications in the fields such as solid-state lighting, multicolor
display, biomedical analysis, optical communication, and so
forth.
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