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ABSTRACT: Modulating lasing wavelength ﬂexibly and
repeatedly on a single rod is essential to the practical
applications of micro/nanorod lasers. In this paper, a
structure that decouples the gain medium and optical cavity
is proposed, where the corresponding mechanism for the
lasing wavelength shift is explained. Based on the above
structure, one kind of wavelength continuously variable lasers
is achieved on a single GaN/InGaN core−shell microrod
without modifying the geometry of the resonant cavity or
cutting the microrod. By using this method, lasing wavelength
can be modulated from 372 to 408 nm ﬂexibly and repeatedly
in a 10 μm facilely synthesized microrod. This approach demonstrates a big application potential in numerous ﬁelds
consisting of optical telecommunication and environmental monitoring.
KEYWORDS: single micro/nanorod laser, wavelength continuously variable, decoupling, core−shell, gallium nitride
starts lasing.10,11 In comparison, when the wide bandgap end is
excited, light power will transmit along the bandgap-decreasing
direction through incessantly repeated band-to-band reabsorption and re-emitting processes. In this case, no lasing is
observed even when we increase the pump intensity.12 Based
on the above situation, despite moving the laser excited spot,
the above asymmetric bandgap absorption frames the lasing
wavelength in the PL range of the narrow-bandgap end. Hence,
if a WCVL realized by a single bandgap-graded rod is desired, it
is necessary to cut oﬀ the narrow-bandgap end section by
section.13 Instead of cutting, multicolor lasing also can be
realized on a single bandgap-graded CdSSe nanoribbon by a
multiscattering eﬀect at morphology defect sites of the
nanoribbon. However, the lasing wavelength is diﬃcult to
control and modulate because of the random distribution of
defects.14

S

emiconductor micro/nanorod lasers, with compact size,
strong optical conﬁnement, and suﬃcient optical gain,1
have recently attracted considerable interest, since they
are desirable modules for integrated photonic applications.
Furthermore, for certain ﬁelds, such as saturated spectroscopy,2
environmental monitoring,3 and optical communication,4 the
wavelength continuously variable lasers (WCVLs) are specifically required.
According to the dependence of the output wavelength on
the bandgap of the material, stimulating multiple nanorods with
a diﬀerent bandgap is an understandable method to achieve
diﬀerent lasing wavelengths.5−9 However, this method is
limited by the fact that the obtained lasing wavelengths are
discrete and the preparation process is complicated. From a
practical point of view, it is necessary to achieve WCVL on a
single rod.
In order to modulate the lasing wavelength on a single rod, it
is natural to synthesize a bandgap-graded rod, for which the rod
usually serves as both gain medium and resonant cavity. In this
case, when the narrow bandgap end of the rod is locally excited
by a focused pulse laser, interband optical absorption cannot
take place, and light power easily reaches the threshold and
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hardly be excited by the external laser at room temperature (see
Figure S1 of the Supporting Information).20,21 Since the shell
has a quite small thickness, it is diﬃcult for the InGaN shell to
conﬁne the light and support optical resonant modes. So most
of the emission from the InGaN gain medium is coupled into
the GaN core which acts as an optical microcavity and
generates resonant modes.22−24 When the narrow bandgap end
of the InGaN shell layer is locally excited, whether the residual
light in the shell layer or the main part of light coupled into the
core, in the transmission of positive direction, interband optical
absorption cannot take place, and the light easily reaches the
threshold and starts lasing. For the other case, when the wide
bandgap end of the InGaN shell layer is locally excited with the
same power, the situation is diﬀerent. The residual light in the
shell layer will transmit along the negative direction through
incessantly repeated band-to-band reabsorption and re-emitting
processes. The wavelength of the light will change and redshift
continuously, so that the residual light in the shell layer can
hardly be ampliﬁed by stimulated emission. The main light
coupled into the core will transmit unimpededly along the
negative direction without strong absorption and generate
resonant modes, ﬁnally lasing, as shown in Figure 1a. Hence,
the lasing wavelength will correspond to the indium
composition of the laser excited position, which is completely
diﬀerent from the case of the bandgap-graded rod. We can
realize the emission and gain of diﬀerent wavelengths by
changing the indium composition of the shell layer along the
growth direction of single rod. Then the emission with the
corresponding wavelength can oscillate in the shared GaN core
without mutual absorption.
After the size parameters of core−shell structure are
elaborately designed and optimized, the vast majority of optical
ﬁeld intensity will be distributed in the GaN core. This means
that the gain medium and resonant cavity can suﬃciently
decouple, and the tunable laser can be obtained by simply
changing the excited position without additional operation, as
shown in Figure 1b. In order to realize this, the GaN core is
supposed to be obtained with a high-quality waveguide and
resonant cavity. The InGaN shell should be deposited
uniformly, where the bandgap variation is expected to be
considerably large.
To clarify the nature of decoupling, we performed a twodimensional (2D) ﬁnite-diﬀerence eigenmode simulation to
determine the optical ﬁeld distributions of the modes
supported by the micro/nanorod laser and optimize the size
parameters of the core−shell structure. In the simulation, the
operation wavelength is set to be 390 nm, where the
corresponding indium composition in InGaN is 8%, where
the refractive indexes of the InGaN shell layer and GaN core
are 2.671 and 2.69,25 respectively. We ﬁx the thickness of the
InGaN shell layer to be 50 nm and change the radius of the
regular hexagon GaN core ranging from 50 nm to 1 μm. It can
be seen from Figure 2a that as the radius of the GaN core
increases, more and more fundamental mode optical ﬁeld
intensity is distributed in the core. When the radius of the core
reaches 1 μm, the vast majority of fundamental mode optical
ﬁeld intensity (99.9%) is distributed in the GaN core and the
proportion tends to be saturated. The inset of Figure 2b shows
the 2D optical ﬁeld distribution of the fundamental mode
supported by the core−shell structure (with core radii of 75 nm
and 1 μm), which is consistent with the above conclusions. The
higher-order modes contribute signiﬁcantly to the laser
performance, as they usually exhibit higher reﬂectivities and

Besides, other physical mechanisms such as the absorption−
emission−absorption process and Burstein−Moss eﬀect also
have been utilized to tailor wavelength on a single nanorod with
ﬁxed composition.15−17 This method is limited by the inevitable
narrow photoluminescence (PL) range and the gain proﬁle of
the nanorod. Another idea is to modify the geometry of
resonant cavity depending on the resonant F−P cavity theory.
As for this method, the wavelength shift is conﬁned within 10
nm.18,19 As is known to all, for commercial application, it is
essential for the WCVL to be synthesized facilely and
modulated in a wide wavelength range ﬂexibly and repeatedly.
Therefore, further investigation is required to meet these
demands by another approach.
In this work, we propose a core−shell structure to obtain
high-performance and low-cost WCVL by decoupling a gain
medium and resonant cavity. In our core−shell structure, the
bandgap-graded InGaN shell provides the gain medium, while
the high-quality GaN core acts as the shared resonant cavity.
When excited by an external ultraviolet laser spot, energy can
be absorbed strongly and locally by the excited position with a
certain indium composition. Then the emission with the
corresponding wavelength can oscillate in the shared GaN core
without mutual absorption. Therefore, a tunable laser can be
obtained by simply changing the excited position without
additional operation. In this way, we fabricate a WCVL with a
length of 10 μm and a wavelength variation from 372 to 408
nm (variation rate of 3.6 nm/μm). With the facile fabrication
process and the large variation range, our WCVL method
demonstrates a big application potential in numerous ﬁelds.

RESULTS AND DISCUSSION
Schematic diagram of the structure that decouples the gain
medium and resonant cavity has been drawn in Figure 1. In

Figure 1. (a) Schematic diagram of the structure that decouples the
gain medium and resonant cavity. (b) Eﬀect diagram of WCVLs,
which can be obtained by simply changing the excited position
without additional operation.

general, main body of the structure is a GaN core, which is
evenly wrapped by the bandgap-graded InGaN shell layer.
When excited by an external ultraviolet laser spot, external laser
photo energy can be absorbed strongly and locally by the
excited position of InGaN shell. When the thickness of shell
layer is more than dozens of nanometers, the GaN core can
B
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Figure 2. (a) Under diﬀerent size parameters of core−shell structures, the proportion of the optical ﬁeld intensity in the core to the total
optical ﬁeld intensity. Inset: 2D optical ﬁeld distribution of the fundamental mode supported by diﬀerent core−shell structures. (b) Setting
the radius of GaN core to be 75 nm and the operation wavelength to be 390 nm, the proportion of the core optical ﬁeld intensity to the total
optical ﬁeld intensity of diﬀerent modes. (c) Setting the radius of GaN core to be 1 μm and changing the operation wavelength from 370 to
410 nm, the proportion of the core optical ﬁeld intensity to the total optical ﬁeld intensity of diﬀerent modes.

Figure 3. (a) SEM image of the GaN microrod structure with uniform side wall and regular hexagonal cross sections. Inset: AFM image of the
top surface with a RMS of 0.147 nm. A selected-area diﬀraction pattern recorded along the [112̅0] zone axis shows that GaN core grows along
[0001] direction. High-resolution TEM image of a typical microrod. (b) Spectrum of optically excited lasing in a 10 μm long GaN microrod.
(c) Threshold curve and fwhm of spectrum for the same lasing microrod.

thus lower thresholds than the fundamental mode.26−29 We
also performed 2D ﬁnite-diﬀerence eigenmode simulation on
nine higher-order modes for the GaN cores with diﬀerent
radius values. For the core−shell nanorod with a core radius of
75 nm, most of the optical ﬁeld leaks into the InGaN shell layer
as the mode number increases. For the core−shell microrod
with a core radius of 1 μm, though the higher-order modes
reveal intensity proﬁles that are shifted toward the side facets of
the microrod, the vast majority of optical ﬁeld intensity is still
distributed in the GaN core (see Figure S2 of the Supporting
Information). In order to characterize the optical ﬁeld
distributed in the GaN core more exactly, we calculate the
proportion of the optical ﬁeld intensity in the core to the total
optical ﬁeld intensity. From Figure 2b, we ﬁnd that for the
core−shell nanorod with a core radius of 75 nm, the proportion
decrease from 88.6% to 3.5% as the mode number

increases.22,23 However, for the core−shell microrod with a
core radius of 1 μm, the proportion is 98.74% at least, as shown
in Figure 2c red line. Thus, for the operation wavelength of 390
nm, the gain medium and the resonant cavity are decoupled
suﬃciently when the InGaN shell layer is 50 nm and the radius
of GaN core reaches 1 μm. We also simulate other operation
wavelengths, such as 370 and 410 nm, whereas the
corresponding indium composition in InGaN is 2% and 14%,
where the refractive indexes of InGaN are 2.732 and 2.57,
respectively.25 The refractive indexes of GaN at 370 and 410
nm are 2.737 and 2.585,25 respectively. We ﬁx the radius of the
GaN core to be 1 μm and the thickness of the InGaN shell to
be 50 nm. As shown in Figure 2c, black and blue lines, even
though the operation wavelength changes from 370 to 410 nm,
the proportion of the optical ﬁeld intensity in the core is at least
98.67% of the total optical ﬁeld intensity. Based on the above
C
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Figure 4. (a) Core−shell structure transferred to a sapphire substrate. Inset: STEM HAADF image of core−shell structure. (b) Line scan
STEM HAADF energy spectrum is measured at positions A and B perpendicular to the growth direction. (c) Microphotoluminescence
spectrum image of diﬀerent positions on the same GaN/InGaN core−shell rod locally excited by a 325 nm continuous wave laser.

(the mirror loss). Figure 3b,c shows the results of optically
excited lasing in a 10 μm-long GaN microrod. Above the
threshold power density of 30 kw/cm2, a narrow peak with a
fwhm of 0.3 nm is developed at 374 nm (3.32 eV). We can
observe the simultaneous line narrowing and superlinear
increase of intensity at pump densities as low as 30 kw/cm2,
to our knowledge, a very low threshold room-temperature
lasing reported for GaN materials.30,31 When Γ0 keeps constant,
g0th is lower and αw and αm are smaller. This means that the
GaN core we synthesize forms a high-quality waveguide and
resonant cavity, which provides a prerequisite for the realization
of a core−shell WCVL.
The synthesis of a uniform bandgap-graded InGaN shell with
considerably large bandgap variation is the other prerequisite to
achieve a core−shell WCVL. Hence, physical and optical
properties of the bandgap-graded InGaN shell have been
investigated. To precisely evaluate the thickness and the
variation of indium incorporation of the InGaN shell rod
along the growth direction, scanning transmission electron
microscopy high-angle annular dark ﬁeld (STEM HAADF)
images are taken along the rod, as shown in the inset of Figure
4a. The thickness of the shell is about 50 nm uniformly
distributed along the growth direction of [0001]. The
distribution of indium along the growth direction is investigated
using a STEM HAADF energy spectrum.32 In Figure 4b, line
scan energy spectrum is measured at positions A and B
perpendicular to the growth direction and from which we can
ﬁnd obviously diﬀerent indium compositions between them.
Figure 4c presents the microphotoluminescence spectra of the
same GaN/InGaN core−shell rod local excited by a continue
wave laser (325 nm). The emitting peak photon energy of the
shell gradually changes from 3.2 eV at position 1 (388 nm) to
3.05 eV at position 6 (406 nm). The possible explanation is the
higher rate of indium incorporation into the InGaN shell in the
upper part of the rod (position B) than in the lower part of the
rod (position A). This may be due to the longer surface
migration length of the indium adatom compared to the
gallium adatom and the lower dissociation rate of indium
caused by the slightly lower surface temperature on the upper
part versus the lower part.33,34 These two eﬀects can contribute
to the indium incorporation gradient of the InGaN shell layer
along the growth direction. Through the above experimental
veriﬁcation, we have obtained micron radius sized GaN cores

results, a good decoupling eﬀect in the core−shell structure can
be formed when the radius of the GaN core reaches 1 μm, even
though the indium composition of InGaN shell layer varies
from 2% to 14%.
The GaN core is the waveguide layer of GaN/InGaN core−
shell WCVL, so the synthesis of a high-quality waveguide and
resonant cavity is one of the prerequisites to achieve a WCVL.
More importantly, the quality of GaN core directly determines
the growth of InGaN shell layer. After the size parameters of
core−shell structure is elaborately designed and optimized, the
performance of the GaN core is of great concern and will be
grown and investigated ﬁrst, prior to examining the properties
of the GaN/InGaN core−shell rods. Figure 3a shows the
scanning electron microscopy (SEM) image of the GaN core
structure with a regular hexagonal cross section. Through our
statistics, radii of most GaN microrods are between 1 and 1.5
μm, which satisfy the size parameter for decoupling. The
smooth surface morphology is very important for waveguiding
without signiﬁcant loss from surface emission and can make the
InGaN shell grow rather easily and uniformly on the surface of
GaN core. From the atomic force microscope (AFM) image
shown in the inset of Figure 3a, we can clearly see the single
layer atomic step and the root-mean-square (RMS) roughness
of the top surface is 0.147 nm. It demonstrates that the
microrod has a sharp facet, which is very important to form a
high-quality resonant cavity. A selected-area diﬀraction pattern
recorded along the [112̅0] zone axis shows that GaN core
grows along [0001] direction. A high-resolution transmission
electron microscopy (TEM) image of a typical microrod reveals
a high-quality single-crystal wurtzite structure, and the lattice
constant along the c-axis is obtained as c = 5.19 Å, as shown in
the inset of Figure 3a.
To evaluate the quality of the waveguide and the resonant
cavity more carefully, the threshold characteristics of the GaN
microrod laser were measured and analyzed. The threshold
condition for laser oscillation is that the round-trip gain inside
the microrod must equal the round-trip losses:15,30
Γ0g th0 = αw + αm

(1)

where Γ0 is the conﬁnement factor, g0th is the threshold gain
(the threshold pump intensity is proportional to g0th), αw is the
waveguide loss, and αm accounts for the loss at the interface
D
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Figure 5. (a) Lasing spectrum and real-color optical microscope image of diﬀerent excited points. (b) The power dependence of diﬀerent
excitation points (diﬀerent lasing wavelengths). (c) The inﬂuence of GaN cores length on FSR and the theoretical value for FP-type
resonances. Inset: real-color optical microscope image of a GaN core excited by a Nd:YAG laser (355 nm) under high excitation power
densities (above the threshold).

dominant, as shown in the inset of Figure 5c, indicating strong
FP cavity properties and eventually forming a laser. This is
consistent with the lasing image observed in Figure 5a. The
above experimental results indicate that FP-type modes are
dominant in the mode competition with whispering gallery
modes (WGMs) for the GaN core. This may be due to two
reasons: One is the two smooth end faces of the microrod can
form a high-quality FP cavity, and the other one is that the radii
of the samples used in our experiments are almost 1 μm, and it
does not have enough advantage to enable low-loss WGM
cavities.36,37 So it is easier to observe the FP-type lasing, which
means that the lasing modes for our core−shell WCVL are FPtype modes.
After determining the lasing oscillation mode of our core−
shell WCVL, we try to qualitatively analyze the threshold of
diﬀerent excitation points (diﬀerent lasing wavelengths). In our
core−shell WCVL structure, optical ﬁeld leakages into the
InGaN shell layer are very little (as shown in Figure 2), so the
waveguide loss for InGaN shell can be ignored. Under a FPtype mode, the threshold condition of core−shell WCVL is
illustrated in the following equation:15,30

uniformly wrapped by a large bandgap variation InGaN shell
structure.
In the experiments on laser excitation for WCVL, as shown
in Figure 5a, the excited point changes from point I to point III,
and we collect the complete emission from the microrod rather
than one end face of that. We can get diﬀerent lasing
wavelengths at diﬀerent points, and the lasing wavelength can
be changed from 372 to 408 nm in this 10 μm facilely
synthesized rod. The variation rate (lasing wavelength variation
divided by the length of the rod) is as high as 3.6 nm/μm,
which is rarely reported.13−15 The power dependence of the
diﬀerent excited points is shown in Figure 5b. From this ﬁgure
we can see that the excitation thresholds of diﬀerent excitation
points are concentrated near 100 kw/cm2. The threshold of
point I (372 nm) is higher than that of point III (408 nm).14,27
In order to give a qualitative analysis, we must determine the
lasing oscillation mode of that core−shell WCVL that we get
ﬁrst. In our core−shell structure, a vast majority of the optical
ﬁeld intensity is distributed in the GaN core for transmission
and resonance, which has been proved in Figure 2. So the lasing
oscillation mode of core−shell structure will be determined by
the lasing oscillation mode of the GaN core. In order to clarify
the lasing oscillation mode of the GaN core, we study the
inﬂuence of GaN microrods length on free spectral range
(FSR). Sonication process is used to remove microrods from
the growth substrate in an alcoholic solution and transfer to a
sapphire substrate. A Nd:YAG laser (355 nm) is used as the
excitation source. For Fabry−Perot (FP)-type resonances, the
relationship follows the equation:35
FSR = λ 2 /2n(λ)L

Lg
L

Γ′g th ′ = αwcore + αm

αm =

1
1
ln
L
R

(3)

(4)

Where Γ′ is the conﬁnement factor, gth′ is the threshold gain, L
is the length of the core−shell rod, Lg is the length where gain
occurs (equals to the excitation spot size), αwcore is the
waveguide loss for GaN core, and R is reﬂectivity of the two
end faces. R is related to the refractive index diﬀerence between
GaN and air.38 As R for 372 nm is about 0.202 and R for 408
nm is about 0.185,39,40 αm for 372 nm is almost the same as αm
for 408 nm, and αwcore for 372 nm is bigger than that for 408
nm.40,41 Γ′ for 372 nm is smaller than Γ′ for 408 nm, as the
high order modes tend to shift their ﬁeld distribution toward
the side facets with increasing wavelength. Based on the above
analysis, in conjunction with eqs 3 and 4, we can obtain that the
gth′ for 372 nm will be higher than the gth′ for 408 nm. More
importantly, when excited by a Nd:YAG laser (355 nm), the
InGaN shell with high In composition has a bigger absorption

(2)

n(λ) is the eﬀective group refractive index at lasing wavelength
λ. In our lasing wavelength range, λ2/2n(λ) is about 1.4 × 104
nm2, and the relationship between FSR and L−1 has been drawn
as red line in Figure 5c. For our GaN microrods, the
relationship between FSR and L−1 is well consistent with
theoretical expectations. So for most of the GaN microrods
with radii of 1−1.5 μm, FP-type resonances have been proved
during the lasing process. At low excitation power densities,
spontaneous emission is observed from both the body and ends
of the microrod. When increasing the excitation power
intensity, the emission from the ends increases and becomes
E
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coeﬃcient than that with low In composition.20,21 Under the
same excitation power density, the InGaN shell with low In
composition is more diﬃcult to achieve a threshold gain. This
also makes the gth′ for 372 nm higher than the gth′ for 408 nm,
which is consistent with the experimental results (Figure 5b).
Due to the existence of the decoupling eﬀect, Γ′ is much
smaller than Γ0. This is why gth′ for the core−shell rod is larger
than g0th for GaN core. When the length of the GaN core and
the growth condition of InGaN shell are changed, we may get a
WCVL with a higher variation rate. Further investigation is still
in progress. This idea of WCVL structural design can be
applied in many material systems and is not limited to the III−
V nitrides.
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CONCLUSIONS
In summary, a core−shell structure that decouples the gain
medium and optical cavity is presented, and the corresponding
mechanism for wavelength modulation is explained. Based on
the above structure, one kind of WCVL is demonstrated on a
single GaN/InGaN core−shell microrod without modifying the
geometry of resonant cavity or cutting the microrod. Using this
method, we can control lasing wavelength ﬂexibly and
repeatedly on a single facilely synthesized microrod and realize
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shell WCVL and qualitatively analyze the threshold of diﬀerent
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InGaN shell with low In composition is more diﬃcult to
achieve a threshold gain. This also makes the gth′ for 372 nm
higher than the gth′ for 408 nm, which is consistent with the
experimental results. This idea of WCVL structural design can
be applied in many material systems, which demonstrates a big
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METHODS
Sample Preparation. The GaN/InGaN core−shell structure in
this study is synthesized on sapphire substrates by a Thomas Swan
CCS-MOCVD system. First, to obtain high crystalline quality GaN
microrods, the substrate is loaded into showerhead MOCVD
equipment for GaN microrods growth. Before growth, the substrate
is heated to 1100 °C for 20 min under an atmosphere of ammonia.
Then GaN microrods are grown at 1040 °C under a pressure of 200
Torr. Trimethylgallium (TMGa) and ammonia (NH3) are used as the
precursors in the growth. The TMGa ﬂow rate is maintained at 30
sccm, and the NH3 ﬂow rate is kept at 240 sccm. Pure hydrogen (H2)
is used as the carrier gas. Then InGaN shell is radially grown on the
GaN core at 750 °C for 300 s. Trimethylgallium (TMGa),
trimethylindium (TMIn), and ammonia (NH3) are used as the
precursors in the growth. The TMGa and TMIn ﬂow rate is
maintained at 2.2 and 225 sccm. The NH3 ﬂow rate is 8000 sccm. Pure
nitrogen (N2) is used as the carrier gas.
Experiment. The room-temperature microphotoluminescence
spectrum is inspected under the excitation of a 325 nm continuous
wave He−Cd laser. The lasing characteristics of the GaN and core−
shell microrods are investigated using confocal microphotoluminescence spectroscopy at room temperature. The third harmonic (355
nm) of a Nd:YAG laser (1 kHz, 1 ns pulse width) is used as the
excitation source. The type of the spectrometer is an Andor/SR-500iD1-R, with a resolution of 0.08 nm. The microstructure of the GaN/
InGaN core−shell rods is observed by SEM (FEI NANOSEM 430)
and TEM (FEI TECNAI F30).
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