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Abstract: Developing micro/nanoscale wire lasers with single-mode operation and lasing 
wavelength modulation is essential for realizing their practical applications such as optical 
communication and saturated spectroscopy. We demonstrated, to the best of our knowledge, 
the first tunable single-mode microrod laser without complicated micro/nano-manipulation 
and without additional environmental requirement. In this letter, we realized the wavelength 
modulation in a single semiconductor microrod simply and directly by changing the axial 
location of the active region, owing that the active region position plays a key role in 
determining the lasing mode of microrod lasers. Based on this feature, we proposed a pair of 
asymmetrical distributed Bragg reflectors (DBRs) with specific spectral selectivity to be 
induced in a GaN microrod to realize tunable single-mode lasing in a single semiconductor 
microrod. By using this method, lasing wavelength can be modulated from 369.5 to 375.7 nm 
flexibly and repeatedly in a 45 μm GaN microrod with the change of the excitation source 
position. This approach demonstrates a big application potential in numerous fields consisting 
of optical telecommunication and environmental monitoring. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction
Semiconductor micro/nanoscale wire lasers, with one-dimensional structures, strong optical 
confinement, and sufficient optical gain, have been a hot issue of significant scientific 
research recently [1–5]. They are desirable modules for integratable micro/nanoscale coherent 
light sources for wide applications including sensing, digitized communications, and signal 
processing [6–9]. The spectrum purity of the microrod laser becomes an important figure of 
merit since laser emission at multiple frequencies can lead to temporal pulse broadening and 
high bit error ratio (BTR) because of group velocity dispersion [10]. Moreover, wavelength 
continuously variable lasers are required to satisfy the special needs in certain fields, such as 
optical communication and saturated spectroscopy [11,12]. 

Extensive researches have been done to modulate the lasing wavelength on a single wire 
or control microrod lasers to oscillate at a single frequency. In order to modulate the lasing 
wavelength on a single rod, cutting off the narrow-bandgap end section by section on a 
synthesized bandgap-graded rod is presented [13,14]. Sheng Liu, et al. has demonstrated 
controlled, continuous, and reversible wavelength tuning of single GaN nanowire laser by 
applying a hydrostatic pressure [15]. Besides, the multi-scattering effect at morphology defect 
sites of the nanoribbon, the absorption−emission−absorption process and Burstein−Moss 
effect have been utilized to tailor wavelength on a single nanorod [16–18]. To control 
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microrod lasers to oscillate at a single frequency, a variety of research methods are used, such 
as greatly shortening the lasing cavity path with expanded free space range (FSR) of the 
multiple longitude modes [19], and making use of coupled cavities, which can generate a 
mode selection mechanism by the Vernier effect [20–22]. However, to the best of our 
knowledge, there is not a way to achieve both wavelength modulation and single-mode lasing 
on a single microrod designed for the purpose of satisfying the requirements for modern 
optics and optoelectronics. In this letter, we demonstrate a GaN microrod laser that tailors the 
lasing wavelength as well as achieves the single-mode lasing. 

To realize wavelength modulation repeatedly on a single microrod without modifying the 
geometry of resonant cavity or cutting the wire, our group have proposed the position-
dependent lasing mechanism in GaN microrods that can tune the lasing wavelength over the 
broad band-edge emission of GaN (about 15 nm) [23]. Moreover, we have synthesized a 
GaN/InGaN core−shell structure that decouples the gain medium and optical cavity which 
modulates the lasing wavelength in a larger range (about 30 nm) flexibly and repeatedly on a 
single microrod [24]. 

2. Experiments and simulations 
Based on our research and previous work experience, hybrid integration of distributed Bragg 
reflector (DBR) lasers is considered a promising approach to realize tunable single-mode 
lasing in a single semiconductor microrod to satisfy the requirements for modern optics and 
optoelectronics. By use of deep-etched grooves to form semiconductor–air DBRs, a short 
high-reflectivity reflector can be achieved with only a few periods. Although 
semiconductor/air DBR mirror has several advantages, high-contrast DBRs have poor 
spectral selectivity. Hence, a novel laser design with high performance and spectral selectivity 
is highly desirable. We use GaN as the semiconductor material. One of the main parameters 
for lasers is the differential gain (dg/dn), which ultimately determines the threshold current 
and other dynamic characteristics of a laser. Since better optical waveguiding can be obtained 
in GaN, the differential modal gain in GaN could then exceed that in unstrained GaInP, which 
shows that GaN is a promising material for laser. In this letter, a pair of asymmetrical DBRs 
with specific spectral selectivity was proposed and introduced to a GaN microrod to realize 
tunable single-mode lasing. 

 

Fig. 1. (a) The SEM image of a single GaN microrod. (b) The SEM of a GaN microrod 
transferred to a marked Si substrate. Inset: The TEM micrograph of an individual GaN 
microrod. (c) Lasing spectrum of a single 45-μm-long, 3.8-μm-diameter GaN microrod 
pumped well above the lasing threshold at room temperature at different excitation positions. 

The GaN microrods we used here were synthesized on sapphire substrates by Thomas 
Swan CCS-Metal Organic Chemical Vapor Deposition (MOCVD) system, using the same 
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fabrication process previously described in detail [23]. A typical scanning electron 
microscope (SEM) image of the microrod is displayed in Fig. 1(a), showing that the 
microrods have sharp cleaved end facets, with a hexagonal cross section. Figure 1(b) shows 
the SEM of a GaN microrod transferred to a marked Si substrate, indicating both facets of the 
microrod are relatively flat and smooth. Transmission electron microscopy (TEM) 
examinations demonstrate that the microrods are high-quality single crystal with growth 
along the [0001] direction (inset, Fig. 1(b)). The uniform thickness and smooth surface 
morphology of microrods are important for waveguiding without large losses from surface 
emission. 

The room-temperature photoluminescence (PL) was inspected under the excitation of a 
He-Cd laser. The third harmonic (355 nm) of an Nd:YAG laser (1 kHz, 1 ns pulse width) was 
used as the excitation source. The approximate spot size of the laser is about 15 μm. The type 
of the spectrometer is Andor/SR-500i-D1-R, with a resolution of 0.08 nm. Lasing spectra of a 
single 45-μm-long, 3.8-μm-diameter GaN microrod are performed in Fig. 1(c). When the 
distance between the excitation source and the left end facet of the microrod changes from 
35.2 μm (point-1) to 22.9 μm (point-2), the output laser mode exhibits an obvious change 
under the same pump power density that is demonstrated in Fig. 1(c). The insets above the 
spectrum is the corresponding charge-coupled device (CCD) image of optical emission from 
the GaN microrod. Changing the axial location of the active region directly leads to the 
variation of the field interference between the dipole sources and two end facets of the 
microrod and therefore modifies the dipole strength as well as the field distribution in 
microrods, consequently altering the lasing mode. This phenomenon has been explained in 
detail in our previous work [23]. The position of the active region plays a key role in 
determining the lasing mode of microrod lasers, which can be used to realize microrod laser 
modulation simply and directly. From Fig. 1(c) we can see that, although lasing wavelength 
can be tuned in a GaN microrod repeatedly, multi-mode lasing making these tunable microrod 
lasers difficult to apply in practical applications such as saturated spectroscopy, 
environmental monitoring and optical communication. 

 

Fig. 2. The normalized reflection spectra of DBR-A and DBR-B. 

Combined our research and based on previous work experience, we propose a pair of 
asymmetrical DBR with specific spectral selectivity to be introduced in a GaN microrod to 
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realize tunable single-mode lasing in a single semiconductor microrod. Numerical simulations 
based on 3D finite difference time-domain (FDTD) method were used to guide the design of 
the DBR geometry and to analyze the results from the experimental measurements. Here the 
simulations were calculated by 3D FDTD solutions tools (Lumerical FDTD Solutions, Inc.). 
We set the length and the diameter of the simulated GaN microrod to be 45 μm and 3.8 μm 
respectively, which is same with the size of the microrod sample analyzed in Fig. 1(c). The 
wavelength-dependent refractive index of GaN based on experimental measurements is taken 
from Ref [25]. The fundamental mode was injected and propagated through the microrod. 
Everything is enclosed by perfectly matched layers (PMLs) that absorb any radiation 
impinging on the domain boundaries. The complex reflection coefficients are extracted by 
monitoring the wave’s propagation through the structure. 

A pair of DBRs called DBR-A and DBR-B is designed to be integrated at two ends of the 
wire cavity, respectively. The optical properties of DBR-A and DBR-B in the GaN microrod 
were investigated from 3D FDTD simulations, and these simulations were used to predict the 
position of the stopband and therefore guide the design of the DBR geometry. Bragg 
condition from coupled mode theory is presented for better understanding of the optimization 
design [26,27]: 2B effm nλ = Λ , where m is the order, Bλ  is the Bragg wavelength, effn is the 
effective refractive index, and Λ  is the grating parameter. The grating parameters to be 
optimized in our simulation are the etch width (W ), the etch depth ( W∆ ), the number of 
periods ( N ), the grating period ( L ), and /D W L=  represents the duty cycle. It was found 
in the simulation that the position of the stopband and the full-width at half-maximum 
(FWHM) of these bands are more sensitive to the duty cycle rather than the cut depth or the 
number of the periods. A deeper cut depth or wider cut width will lower the effective index of 
refraction and therefore blue shift the stopband slightly. Different from other regular gratings 
that are relatively long with a large number of periods, we carefully designed the DBRs to be 
as short as possible to reduce the influence of ion etch on the cavity length and avoid the 
change of the laser spectrum shown in Fig. 1(c). The grating parameters of DBR-A /DBR-B 
have been carefully designed through the FDTD method as follows: the etching width W  = 
32 /26 nm, the grating period L  = 700 /800 nm and the number of the periods N  = 4 /4. The 
groove depth of both DBRs is 2 μm. 

The normalized reflection spectra of the two DBRs are shown in Fig. 2. From the figure, 
we can see that the low-reflection areas of two DBRs are different but interlaced. The purpose 
of such design is twofold: The first is that the overlap region of the low-reflection areas of 
DBR-A and DBR-B is carefully designed to filter the multiple lasing modes of the microrod 
laser, which is indicated by the grey region and is defined as the “Filter area”. The second is 
that the high-reflection areas, namely the forbidden bands, are designed to match the selected 
lasing wavelengths which are expected to be preferentially excited. In our experiments, 
resonant wavelength varies with the change of the active region where wavelength tunability 
can be realized by altering the pumping region. Two lasing wavelengths at 369.8 nm (marked 
as “peak-1”, Fig. 2) and at 378.1 nm (marked as “peak-2”, Fig. 2) are selected as the 
specifically tuned resonant wavelengths on a single microrod laser. Combined the PL 
experiments (Fig. 1(c)) with the reflectivity of the designed asymmetrical DBRs (Fig. 2), it is 
predictable that when the pumping source locates at point-1, only lasing mode at 369.8 nm 
(peak-1) is in the forbidden band of DBR-A which has priority to be excited. Meanwhile, the 
other lasing modes are in the filter area and less competitive than the lasing mode in the 
forbidden band. Based on these two reasons, there is a high possibility that only the lasing 
wavelength in the forbidden band, namely peak-1, is excited when the pumping source 
locates at point-1. Similarly, when the excitation source locates at point-2, lasing wavelength 
at 378.1 nm (peak-2), which is in the forbidden band of DBR-B will be preferentially excited 
with the other lasing modes in the filter area. Therefore, by changing the excitation position in 
a microrod, tunable single-mode lasing is expected to be realized at specific resonant 
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wavelength with the use of asymmetrical DBRs, where the length of the tuning lasing 
wavelength is about 8.3 nm. 

Fig. 3. The helium ion microscope image of the 45-μm-long, 3.8-μm-diameter GaN microrod 
after fabricating DBRs. The image of (a) the whole wire cavity, (b) the left end of the cavity 
integrated with DBR-B and (c) the right end of the cavity integrated with DBR-A. 

DBRs were carefully fabricated according to the guidelines of the simulation presented. A 
ZEISS ORION NanoFab helium ion microscope was used to pattern periodic indentations 
into microrods by 30 kV focused helium ion beam with controlled periodicity, duty cycle, and 
depth. Four periodic gratings were etched off at the left end of the cavity with 26-nm wide 
slits, and 800-nm sized intervals while at the right end of the cavity with 32-nm wide slits and 
700-nm sized intervals by the focused helium ion etching process, which is shown in Fig. 3.
The dose of 11.35 nC/μm2 and beam current of 5.6 pA were used for grating fabrications. The
groove depth was carefully controlled to about 200 nm, as deeper grooves etched at higher
doses would be accompanied with more ion injecting damages to the fabricated structures.
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3. Experimental results and discussion

Fig. 4. The laser spectrum of the 45-μm-long, 3.8-μm-diameter GaN microrod with integrated 
DBRs at room temperature when the pumping source locates at (a) point-1 and (b) point-2. 

In the experiment on laser excitation for the 45-μm-long, 3.8-μm-diameter GaN microrod 
with integrated DBRs at room temperature, as shown in Fig. 4, the excited point changes from 
point-1 to point-2. We collect the complete emission from the microrod rather than one end 
face of it. Figure 4(a) shows the laser spectrum of the GaN microrod after fabricating DBRs 
when the excitation light spot locates at point-1. With a pump intensity of 12100 kW/cm2, the 
resonant mode at a wavelength of 369.5 nm shows a good single-mode behavior, with the 
calculated side-mode suppression ratio (SMSR) to be 8.5 dB and FWHM to be approximately 
0.5 nm. When the position of the excitation light spot changes from point-1 to point-2, as 
illustrated in Fig. 4(b), the lasing wavelength of the GaN microrod with integrated DBRs 
changes to 375.7 nm, which demonstrates better monochromaticity and shows a single sharp 
peak with a FWHM of 0.8 nm. Moreover, from Fig. 4 we can see that the microrod laser 
exhibits stable single-frequency operation under two excitation conditions over a range of 
pump power densities above the threshold. We can see the FWHM values of the lasing modes 
are quite large, which can be attributed to the large diameter of the microrod. Since the 
microrod has large size with a diameter of 3.8 μm, there is almost no confinement to the 
transverse light field and there are no more restriction measures for the light field, therefore 
the linewidths of the lasing modes from the 3.8-μm-diameter microrod are a little large. 

Fig. 5. (a) Lasing spectrum and (b) laser power dependence of the 45-μm-long, 3.8-μm-
diameter GaN microrod with and without the designed asymmetrical DBRs. 
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To take a comprehensive view of the experiment results, we compare the lasing spectrum 
of the 45-μm-long, 3.8-μm-diameter GaN microrod with and without the designed 
asymmetrical DBRs in Fig. 5(a). Before integrated with DBRs, the wire laser exhibits 
multiple-mode emission with several remarkable peaks. As the lasing wavelength changes 
with the position change of the excitation source, we designed a pair of asymmetrical DBR 
integrated in the GaN microrod to realize tunable single-mode lasing by means of merely 
changing the position of the pumping region. Under the envisaged plans, the specific lasing 
wavelength is supposed to be tuned from 369.8 nm (marked as “peak-1”, Fig. 2) to 378.1 nm 
(marked as “peak-2”, Fig. 2). After fabricating DBRs in the GaN microrod, we can get 
different single-mode lasing wavelengths at different excitation point, and the lasing 
wavelength is tuned from 369.5 to 375.7 nm with the position of the excitation light spot 
changing from point-1 to point-2. So far, we have successfully realized tunable single-mode 
lasing in a single semiconductor microrod with the use of asymmetrical DBRs. However, the 
lasing wavelength is not the same as what we accurately designed. For future improvement of 
the accuracy of the experiment and better use of the asymmetrical DBRs design, the causes 
that may induce the deviation of the lasing wavelength from the designed value are analyzed. 
Firstly, although the synthesized GaN microrod has sharp cleaved end facet which is flat and 
smooth as Fig. 1(a) shows, the bottom of the microrod is chipped when a GaN microrod is 
transferred to a marked Si substrate, indicating one end facet of the microrod is not so flat 
which is shown in Fig. 3(c). In the helium ion beam etching process, we avoid and reserve the 
uneven area of the chipped end facet, which leads DBR-A to be longer than what we designed 
and that has been illustrated in Fig. 3(c). An efficient way to address this issue is to smooth 
the chipped end facet of the microrod by means of ion beam etching, before we select the 
specific lasing wavelength and design the asymmetrical DBRs. Secondly, the grating 
parameters of DBR-A /DBR-B are designed as follows: the etching width W  = 32 /26nm, the 
grating period L  = 700 /800 nm and the number of the periods N  = 4 /4. Hence, the required 
total DBR length is about 6.2 μm. The GaN microrod is 45 μm long, that is to say, the 
resonant cavity of the lasing modes resonated between two microrod -end facets is 45 μm. 
After fabricating the 6.2-μm-long DBRs in the GaN microrod, the resonant cavity of the 
lasing modes decreases from 45 μm to about 38.8 μm, leading to the change of the lasing 
mode in the microrod laser [28,29]. An effective means to address this issue is to fabricate 
external DBRs outside the resonant cavity to eliminate the effect of the resonant cavity length 
reduction. 

The laser power dependence measured at point-1 with and without the designed 
asymmetrical DBRs is shown in Fig. 5(b). The feature of the power dependence measured at 
point-2 with and without the designed asymmetrical DBRs is similar. From this figure we can 
see that the excitation thresholds under multi-mode lasing (6787 kW/cm2) is lower than that 
under single-mode lasing (8120 kW/cm2) when the laser is excited at the same position. This 
phenomenon can be caused by several complex factors. In lasers, the threshold condition is 
defined as the point at which the round-trip gain inside a cavity balanced by the round-trip 
loss, that can be illustrated in the following equations [30,31]: 

g
th p m

L
g

L
α αΓ = +  (1) 

m
1 2

1 1ln
2L R R

α = (2) 

where Γ  is the confinement factor, thg  is the threshold gain, L  is the length of the 
semiconductor rod, gL  is the length of the gain region, mα  is the mirror loss, pα  is the 
propagation loss, and 1R  and 2R  are the reflection coefficients for each end facet. Γ  for 369.5 
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nm is almost equal toΓ  for 369.8 nm. L  and gL  for both wavelengths are also the same. Ion 
beam etching brings the interface scattering loss when waveguides propagate in the cavity, 
and therefore pα  for 369.5 nm is larger than that for 369.8 nm [32]. On the other hand, 
although the simulation demonstrates that the reflectivity of the two end faces of GaN cavity 
with integrated DBR mirrors can reach up to 0.9, the actual reflectivity of the two end faces 
will be much smaller than 0.9. The reasons are as follows. Since the great contrast between 
the narrow etching width and the large diameter of the GaN microrod brings a great deal of 
difficulty and complexity to ion beam etching, the actual cut depth of DBRs will be much 
shorter than what we designed. Hence, the actual reflectivity of the two end faces is also 
much smaller than the design value. Therefore, although mα  for 369.5 nm is smaller than that 
for 369.8 nm, pα  for 369.5 nm is much larger than that for 369.8 nm, leading p mα α+ as a 
whole for 369.5 nm bigger than that for 369.8 nm. These integrated factors make thg  for 
369.5 nm higher than thg  for 408 nm, which is consistent with the experimental result (Fig. 
5(b)). A simple way to reduce the lasing threshold of microrod lasers with integrated DBRs is 
to reduce the diameter of the synthesized semiconductor microrod. In this way, with the 
difficulty of etching decreases and cut depth of DBRs increases, the reflectivity of the two 
end faces of microrods will be greatly improved and therefore the lasing threshold can be 
significantly reduced. 

4. Summary 
In summary, we firstly proposed a pair of asymmetrical DBRs with specific spectral 
selectivity to be induced in a GaN microrod to realize tunable single-mode lasing in a single 
semiconductor microrod. The overlap region of the low-reflection areas of two DBRs was 
carefully designed to filter the multiple lasing modes of the microrod laser, meanwhile, the 
high-reflection areas were designed to match the selected lasing wavelengths which are 
expected to be preferentially excited. After fabricating DBRs in the GaN microrod, an 
obvious transition from multiple-mode emission to single-mode emission of the microrod is 
observed. By using this method, lasing wavelength can be modulated from 369.5 to 375.7 nm 
flexibly and repeatedly in a 45-μm-long, 3.8-μm-diameter GaN microrod with the change of 
the position of the excitation source. Although there are some deviations of the experimental 
results from the design intent, corresponding improved measures were put forward on the 
basis of reason analysis for future improvement of the experiment accuracy and better use of 
the design concept. This idea of tunable single-mode microrod lasers structural design can be 
applied in many material systems, which demonstrates a big application potential in 
numerous fields consisting of optical telecommunication and environmental monitoring. 
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