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Abstract: Developing micro/nanoscale wire (MNW) lasers with single-mode operation is
critical for realizing their practical applications, however, most reported MNW lasers operate
in multi-modes, because lacking of mode selection mechanisms. In this work, a simple and
direct way to realize stable, single-mode MNW laser without complicated micro/nano-
manipulation was demonstrated. We have found and proved that the position of the active
region plays a key role in determining the lasing mode of MNW lasers, which can be used to
realize single-mode lasing in MNWs. We propose self-selection mechanism of Fabry-Pérot
MNW cavity for single-mode lasing due to location-dependent field distribution in MNWs,
which is characterized by suppressing the multiple longitudinal mode oscillation of the MNW
laser. GaN MNW lasers with different lengths and diameters have been fabricated, verifying
the self-selection mechanism of the cavity experimentally. Moreover, we demonstrate the
single-mode, room temperature optically pumped MNW laser with an extremely low
threshold (~40 kW/cm?) in condition of appropriate cavity length, opening an opportunity to
realize stable single-mode, low-threshold MNW laser for easy integration in constructing
micro/nanoscale photonic and optoelectronic circuits and devices.

© 2017 Optical Society of America
OCIS codes: (120.2230) Fabry-Perot; (140.3570) Lasers, single-mode; (160.6000) Semiconductor materials.
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1. Introduction

Semiconductor micro/nanoscale wire (MNW) lasers have been a hot issue of significant
scientific research due to their promises as integratable micro/nanoscale coherent light
sources for wide applications including sensing, digitized communications, and signal
processing [1-9]. The spectrum purity of the MNW 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]. Extensive researches
have been done to control MNW lasers to oscillate at a single frequency. A possible way to
achieve single-mode operation is greatly shortening the lasing cavity path and therefore
expanding the free space range (FSR) of the multiple longitude modes, until only one
longitude mode left [11]. However, with the low reflectivity of the end facets, such short
MNWs are inefficient resonators with significant reduced round-trip gain, resulting in high
threshold for lasing action. With this in mind, fabricating distributed-Bragg-reflector (DBR)
mirrors or distributed-feedback (DFB) mirrors on a MNW is proposed to obtain single-mode
MNW lasers [12—14], but experimentally it is very difficult and inconvenient to fabricate high
quality DBR/DFB structures on a single MNW. Another possible approach indicated by the
previous studies is to make use of coupled cavities, which can generate a mode selection
mechanism by the Vernier effect [15-17]. However, this approach requires complicated
micro/nano-manipulation to create a coupling structure and the difficulty of the integration of
different coupled cavities is greatly increased.

To realize the practical applications of the MNW lasers and meet the goal of easy
integration, in this letter, we demonstrate a simple and direct way to obtain single-mode low-
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threshold MNW lasers without complicated micro/nano-manipulation. We propose self-
selection mechanism of Fabry-Pérot MNW laser for single-mode operation, where mode
selection is achieved through the location-dependent field distribution in MNWs.

2. Simulation models and methods

Since MNWs typically have diameters comparable to the emission wavelength and a high
dielectric constant contrast between the MNW material and the surrounding ambient,
spontaneous emission can easily couple into the guided optical modes along the axial
direction in the one-dimensional (1D) geometry waveguides which also function as axial
Fabry-Pérot (F-P) cavities with tailorable optical modes. Lifetime changes of the emitter in
semiconductor MNWs are sensitive to the cavity design and are location-dependent due to the
cavity effects. The approximate theoretical emission spectrum for the typical F-P cavity is
known as [18]:

2wz
. (1=R)[1+R, +2/R, cos( . !
E. ()| =

1+RR, - 2\/R1R2 cos(i)
c

]

E,(A)[. (1)

where, R; and R, are the reflectivity of the mirrors at two ends of the wire, respectively, z; is
the effective distance of the emitting dipole from the mirror with reflectivity R, ¢ is the speed
of light in vacuum, w is the frequency, L is the total optical path length of the cavity, and
E,(4) is the free space photoluminescence intensity at emission wavelength 4. Equation (1)
demonstrates that the dipole position in the cavity and the dephasing processes significantly
influence the electroluminescence intensity of the longitude lasing modes. While in general,
the enhancement of the emission intensity along the cavity axis (at the resonance wavelength)
has a maximum value when the emitting dipole is located exactly at the antinode of the
standing wave. Unlike normal F-P cavity, semiconductor MNWs are 1D structures serving as
a waveguide with strong lateral optical confinement as well as a gain media, and therefore the
modification of the spontaneous emission (SE) in MNWs shows unique features compared
with the three-dimensional (3D) structures [19]. It is important to understand how the lasing
action in MNWs is affected by the cavity effect. Meanwhile, with the practical application
problems we are facing, a question is put forward: is there a simple and direct way to realize
low-threshold single-mode MNW lasers for easy integration at sub-wavelength dimension? In
order to solve the above problems, we will start with the research on how the modification of
the SE rate in a MNW cavity may affect the output emission, based on the 3D finite-
difference time-domain (FDTD) method. Here the simulations were calculated by 3D FDTD
solutions tools (Lumerical FDTD Solutions, Inc.).
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Fig. 1. (a) PL spectrum of a GaN MNW. (b) The computational domain used for calculating
the spontaneous emission of the dipole sources by 3D FDTD solutions tools.

Since our synthesized MNWs are about 1.5~3pum in diameter and 30~70 pm in length, we
set the length and the diameter of the simulated GaN MNW to be 60 pm and 2 pm,
respectively. The wavelength-dependent refractive index of GaN based on experimental
measurements is taken from ref [20]. in the simulation. The energy of the waveguide mode in
an F-P cavity is given by [21]:

1 he M

E= .
2 L n

2
where c is the speed of light in vacuum, # is the Planck constant, M is the interference order,
L is the F-P cavity length, n is the energy dependent refractive index and E is the peak energy.
Figure 1(a) shows the photoluminescence (PL) spectrum of a GaN MNW below threshold,
and we can determine the positions of the F-P cavity modes for the 60-pm-long, 2-um-
diameter GaN MNW using Eq. (2) (the details on measuring the PL spectrum are shown in
the following section). In our simulation, the F-P cavity length (L) is 60 pm, and the energy
dependent refractive index of GaN (n) is taken from ref [20]. The calculated results from Eq.
(2) validate three axial F-P modes at 364.3, 366 and 367.7 nm in the middle sections of the
PL spectrum for the simulated wire geometry with interference order (M) to be 902, 898 and
894, respectively. These three illustrative lasing modes are denoted by sticks below spectrum
and circled in green in Fig. 1(a). The behaviors of the spontaneous emission that couples into
these three guided modes in the given MNW are to be tracked and studied in the following
simulation for illustration.

The computational domain for the 3D FDTD simulation is illustrated in Fig. 1(b).
Perfectly matched layers (PMLs) are used to absorb any radiation impinging on the domain
boundaries. We have placed a number of dipole sources in the MNW which distributed over a
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range of 15 um, i.e., the length of the active region is set to be 15 pm (as indicated by the
yellow region in Fig. 1(b)). The position at the midpoint between two end facets on the
longitudinal axis of the MNW is set to be the original point (which is labeled with gray point
in Fig. 1(b)). The active region will move along the axis from the original point and the
distance between the original point and the center of the active region is defined as “the
longitudinal location of the active region”. Since the spontaneous emission from the dipole
sources can couple into a radiated or a guided mode (we call the “guided spontaneous
emission”), two power flow monitors are placed at two ends of the MNW, which is
sufficiently far away from the dipole sources that the optical power of only the truly guided
modes is of significance at this end. To make sure the dipole sources can effectively excite
the F-P waveguide modes in the FDTD simulation, we have used electric dipoles with
orientation parallel to the axis (TM polarized dipoles) and electric dipoles with orientation
perpendicular to the axis (TE polarized dipoles) to excite the wire cavity, respectively.
However, the spontancous emission rates couple into the F-P waveguide modes are far
weaker under the excitation of TM polarized dipoles, compared to that under the excitation of
TE polarized dipoles, indicating that the TM polarized dipoles can’t effectively excite the F-P
waveguide modes in MNW with such size (1.5~3um in diameter and 30~70 pm in length).
Therefore, we use TE polarized dipoles to excite the axis F-P waveguide modes in MNWs.
The active region will move along the axis from its original point in the simulation and the
monitors at the far ends will record the spontaneous emission radiated from the dipole sources
that couples into the guided modes. It should be noted that as the guided spontaneous
emission gives the actual contributions of the spontaneous emission into a resonant lasing
mode [22, 23], we will focus on the modification of the guided spontaneous emission rate in
the MNW in the following analysis.

3. Simulation results and discussion
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Fig. 2. Normalized guided spontaneous emission rate of dipole sources in a 60-um-long, 2-pum-
diameter GaN MNW at wavelengths of 367.7 nm, 366 nm and 364.3 nm.

Figure 2 shows the normalized SE rate (normalized to the SE rate of the bulk GaN material)
that couples into the tracked three lasing modes which are circled in green in Fig. 1(a), as a
function of the longitudinal axial location of the active region. Our simulation demonstrates
that when the distance between the edge of the active region and the monitor is greater than 4
pum, the radiation from dipoles couples into radiated modes that is recorded by the monitor is
nearly 0, therefore the monitor can only capture the guided modes in our simulation. Figure 2
illustrates that the SE rate for each wavelength is enhanced at certain positions with the use of
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wire cavity. In general, the total emission rate depends on the mode density for a given
wavelength, and also on the vacuum electric field strength at the specific location of the
active region [24]. As seen from Fig. 2, the SE rate that couples into the tracked three lasing
modes greatly altered as the axial location of the active region moves away from the original
point. In an optical cavity, the SE rate is controlled by the local density of optical states
(LDOS), which describes the available optical eigenmodes for photons at a specific position,
orientation, and frequency. The LDOS for a dipole emitter oriented along a radial direction in
a MNW cavity can be determined by the relation [25]:

2
p_ wn + 1 IIH{E?CW}. (3)

3 2w D

where c is the speed of light in vacuum, w is the frequency, » is the refractive index of the
active semiconductor, D is the dipole strength, and E;,, is the contribution to the electric field
due to scattering at the interfaces, evaluated at the position of the emitter. When dipole
sources are placed in a MNW, the SE is treated as being emitted into spherical waves, a
fraction of which become counter-propagating wavepackets in the cavity. The dipole strength
D and E., are considered to be affected by the interference in the radiated field for all
directions. While in the longitudinal direction, the wavepacket emitted to the left and
reflected back by the smooth end facet will interfere with the wavepacket emitted to the right.
If the interference between these two wavepackets is constructive, enhanced SE rate in the
cavity is expected. 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 MNW
and therefore modifies the dipole strength D as well as E,;, consequently altering the LDOS
and the SE rate. Furthermore, periodic modulations of the SE rate can also be observed from
Fig. 2, which, on the other hand, confirm that the field interference of the initially oppositely
propagating wavepackets in the longitudinal direction dominantly contributes to the variation
of the guided SE rate when the position of the active region changes.

In the absence of a cavity, our simulation demonstrates that only about 0.1% of the total
SE rate can couple into the guided modes. While as seen from Fig. 2, a significant amount of
the radiation from the radiating dipoles can couple into the guided modes in a GaN MNW,
which is attributed to the high index of refraction of the MNW material compared to that of
the ambience. The modifications of the guided SE rates at different wavelengths have
different amplitudes and phases due to the dephasing process as the active region moves from
the origin. For the active region placed 5.5 um away from the original point (as indicated by
the red dashed line in Fig. 2), the SE rate couples into the lasing mode at 367.7 nm (shown by
the green line) is significantly enhanced and reach a value of 33.2%. However, the guided SE
rates at 366 nm (shown by the red line) and at 364.3 nm (shown by the blue line) are about
15.8%, less than half the SE rate couples into the lasing mode at 367.7 nm. A different pattern
is indicated by the grey dashed line in Fig. 2, where the active region locates 14.5 um away
from the original point. The guided SE rates couples into the lasing mode at 367.7 nm, 366
nm and 364.3 nm are 17.9%, 18.7%, 19.5%, respectively, which are comparable to each
other. We have presented that the guided SE rate, which is strongly affected by the electric
field pattern distribution, is location-dependent and that of different modes differ from each
other even under the same excitation condition. This fact is crucial in studying the laser
output behavior in F-P lasers.

In view of these results, it can be seen that the position of the active region plays a key
role in determining the lasing mode of MNW lasers. Therefore, we propose that cavity
controlled emission for an F-P MNW laser can be realized due to the location-dependent field
distribution, and we call it “self-selection mechanism of Fabry-Pérot mico/nanoscale wire
cavity for single-mode lasing”; i.c., in the experiments on laser excitation, when the excitation
source is placed at the position where the guide SE rates of several resonant modes are
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comparable, multiple F-P modes will be observed. However, if the pump source is paced at
the position where the guided SE rate of a single resonant mode is significantly enhanced
while that of the other modes are inhibited or slightly enhanced, single-frequency lasing will
be generated from the MNW laser.

4. Experimental methods

To experimentally investigate the cavity controlled emission from MNWs, we have fabricated
and characterized GaN MNW lasers. Here the GaN MNWs were synthesized on sapphire
substrates by Thomas Swan CCS- Metal Organic Chemical Vapor Deposition (MOCVD)
system. Before growth, the substrate was heated to 1100 °C for 20 minutes under atmosphere
of ammonia. Then GaN MNWs were grown at 1000 °C at a pressure of 200 Torr.
Trimethylgallium (TMGa) and ammonia (NH;) were used as the precursors in the growth.
The TMGa flow rate was maintained at 78 pmol min-1 (15 sccm) and the NH; flow rate was
kept at 223.21 mmol min-1 (5 slm). Pure hydrogen (H,) was used as the carrier gas.

The room-temperature photoluminescence (PL) was inspected under the excitation of a
He-Cd laser. The third harmonic (355 nm) of a Nd:YAG laser (1 kHz, 1 ns pulse width) was
used as the excitation source. The type of the spectrometer is Andor/SR-500i-D1-R, with a
resolution of 0.08 nm. Before measurements, some wires were removed from the growth
substrate and dispersed on a piece of sapphire wafer. The laser beam was focused on
individual wires at different positions along the MNW’s axial length by a microscopic
objective lens to a spot of ~16.7 pm in diameter, and the PL emission was collected by a
photomultiplier tube in the UV—visible range.

5. Experimental results and discussion
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Fig. 3. (a) The SEM image of a single GaN MNW. (b) The SEM of a GaN MNW transferred
to a sapphire substrate (¢) The TEM micrograph of an individual GaN MNW. (d) Spontaneous
emission of a 45-um-long, 1.8-um-diameter GaN MNW below lasing threshold at room
temperature under a power density of 452 kW/cm®. Arrows highlight three adjacent Fabry-
Pérot peaks. Inset: Mode spacing vs inverse MNW length.

A typical scanning electron microscope (SEM) image of the MNW is displayed in Fig. 3(a),
showing that the MNWSs have sharp cleaved end facets, with a hexagonal cross section.
Figure 3(b) shows the SEM of a GaN MNW transferred to a sapphire substrate, indicating
both facets of the MNW are flat and smooth. Transmission electron microscopy (TEM)
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examinations demonstrate that the MNWs are high-quality single crystal with growth along
the [0001] direction (Fig. 3(c)). The uniform thickness and smooth surface morphology of
MNWs are important for waveguiding without large losses from surface emission. Figure 1(a)
shows the PL spectrum of a 35-pm-long, 1.2-pm-diameter GaN MNW with a narrow peak at
around 366 nm and a full width at half maximum (FWHM) of 15 nm, corresponding to the
typical near-band-edge emission of GaN. Below the lasing threshold, pronounced Fabry-Pérot
oscillations (red arrows, Fig. 3(d)) can be resolved over a broad band-edge emission band of
GaN wires, suggesting the observation of the longitudinal cavity modes resonated between
two MNW-end facets. The emission spectra obtained from different MNWs show a
pronounced modulation over a wide spectral range with the modulation period inversely
proportional to MNW length (inset, Fig. 3(d)), demonstrating that the MN'W functions as an
optical F-P resonator along its axial length.
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Fig. 4. The laser spectrum of a single 61-um-long, 2.15-um-diameter GaN MNW pumped well
above the lasing threshold at room temperature under a power density of 8120 kW/cm?: (a)
when the excitation light spot is placed at a distance of 27.8 pm from the left end face of the
MNW. The inset is the corresponding CCD image of the MNW; and (b) when the center
position of the excitation light spot is placed at a distance of 39.7 um from the left end face.
The inset is the corresponding CCD image of the MN'W. Output spectra of the MNW pumped
well above the lasing threshold at room temperature under a power density of (c) 6787 kW/cm?
and (d) 5082 kW/cm®. The upper red line represents the output spectra with the same excitation
position as (a) indicates; the lower blue line represents the output spectra with the same
excitation position as (b) indicates.
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Fig. 5. Output spectra of the MNW show clean single-wavelength lasing at different excitation
intensities. The inset is output intensity vs pump power density measured for lasing peak at
375.6 nm.

Lasing spectra of a single 61-um-long, 2.15-um-diameter GaN MNW are performed in the
following research. When the excitation light spot is placed at a distance of 27.8 pm from the
left end facet of the 61-um-long, 2.15-pm-diameter MNW, laser spectrum is demonstrated in
Fig. 4(a), and the inset is the corresponding charge-coupled device (CCD) image of optical
emission from the GaN MNW. As shown in Fig. 4(a), when the MNW is pumped well above
the lasing threshold, multi-mode lasing spectra are observed. Besides, the CCD images of the
MNW (the insets in Figs. 4(a) and 4(b)) at high pump density show significant on-axis
emission appearing as two bright spots at the ends of the wire, also indicative of the
longitudinal axial F-P lasing. With the use of Eq. (2), four remarkable peaks at 371, 373.6,
375.6 and 378.5 nm in Fig. 4(a) can be calculated assuming top-bottom F-P oscillations with
the corresponding mode numbers to be 870, 861, 854 and 844 respectively. However, when
the distance between the excitation source and the left end facet of the MNW changes from
27.8 um to 39.7 um, the output laser mode exhibits an obvious change under the same pump
power density which is demonstrated in Fig. 4(b) (the inset shows the corresponding CCD
image of the emission). Single-frequency lasing has been generated from the MNW after
adjusting the excitation position. The resonant mode at a wavelength of 375.6 nm as indicated
by the blue arrow in Fig. 4(b) shows a single sharp peak with the lasing threshold of 2.5
MW/cm? (inset, Fig. 5) and a FWHM of 0.6 nm (limited by the spectral resolution of the
detection system), offering a strong suppression of side modes. When we keep the excitation
position unchanged and alter the pump power density (Figs. 4(c) and 4(d)), the transition from
multiple-mode emission to single-mode emission of the MNW still remains the same.
Furthermore, the MNW laser exhibits stable single-frequency operation over a large range of
pump power densities above the threshold, as Fig. 5 shows.
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Fig. 6. (a) The laser spectrum of a single 72-pm-long, 2-pm-diameter GaN MNW pumped well
above the lasing threshold at room temperature under a power density of 8120 kW/cm®. The
dashed-line arrows indicate the corresponding CCD images of the MNW with different
excitation positions. (b) Output spectra of the MNW show clean single-wavelength lasing at
different excitation intensities. (¢) Power dependence for the peak wavelength (367.3 nm) of
the 72-um-long, 2-um-diameter GaN MNW under single/multi-mode lasing.

Figure 6(a) shows the laser spectrum of a 72-um-long, 2-pm-diameter GaN MNW
pumped well above the lasing threshold. When the excitation light spot is placed at a distance
of 11.8 um from the right end facet of the MNW, multi-mode lasing is observed as the blue
line shows. While when the excitation light spot moves 17.8 pm to the left facet of the MNW,
single-frequency lasing is generated from the MNW under the same pump power density after
adjusting the excitation position as the red line shows. Through controlling the excitation
position, the 72-um-long, 2-um-diameter MNW laser exhibits stable single-frequency
operation over a large range of pump power densities above the lasing threshold (Fig. 6(b)).
Figure 6(c) indicates that the lasing thresholds of the peak wavelength under multi-mode
lasing (8120 kW/cm®) is higher than that under single-mode lasing (6787 kW/cm?®). The
reduction of lasing threshold by optimizing the position of the active region, which is
benefited from the greatly improved mode selection mechanism and avoiding excessive
energy consumption in the mode competition, suggests a feasible approach to low-threshold
MNW lasers.
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Fig. 7. Laser spectra of (a) a 72-um-long, 2-um-diameter MNW, (b) a 59.6-um-long, 1.8-um-
diameter MNW, (c) a 45.8-um-long, 1.45-pm-diameter MNW, (d) a 34.2-pm-long, 3.2-um-
diameter MNW lasers obtained well above the threshold at room temperature under a power
density of (a) 8120 kW/cm? (b) 8120 kW/cm? (c) 5082 kW/cm? (d) 3034 kW/cm?. The insets
are output intensity vs pump power density measured for each lasing peak.

In addition to the field interference between the dipole sources and two end facets of the
MNW, the change of the excitation power also affects the field distribution in a MNW.
Because the field distribution is close related to the group index of the MNW, and the group
index will change under different excitation power due to the changing of excited carrier
concentrations [26, 27]. However, we have observed and compared the transition from
multiple-mode emission to single-mode emission of the MNWSs under the same condition of
the pump power density (Figs. 4(a)-4(d), Fig. 6(a)), and changing the pump power density has
no impact on the single-mode lasing of the MNWs (Fig. 5, Fig. 6(b)). Therefore, the change
of the excitation power is not a cause for the transition to the single-mode emission of the
MNWs. Combining the experimental results with the previous simulation prediction,
conclusions can be made that the position of the active region plays a key role in determining
the lasing mode of MNW lasers. The location-dependent field distribution in MNWs can be
used for mode selection, which selects only one dominant mode and suppresses other
individual resonant modes within the lasing range due to the interference between the
wavepackets reflected by the two end-facet mirrors, fully proving the self-selection
mechanism of Fabry-Pérot micro/nanoscale wire cavity for single-mode lasing. Furthermore,
the reproducibility of single-mode operation in MNWs has been verified in other MNWs with
different diameters and lengths by means of adjusting the position of the excitation source via
making use of the self-selection mechanism of the Fabry-Pérot cavity. For illustrative
purposes, laser spectra of four single-mode MNW lasers are shown in Figs. 7(a)-7(d). For the
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45.8-um-long, 1.45-um-diameter MNW laser (Fig. 7(c)), side-mode suppression ratio
(SMSR) is calculated to be 15.8 dB obtained at pump intensity well above the threshold.
While the 59.6-pm-long (Fig. 7(b)) and the 34.2-um-long (Fig. 7(d)) MNW lasers show better
monochromaticity with single sharp peaks. The estimated quality factor of these GaN MNWs
is about 730 ~937, indicating high crystalline quality of the MNWs with smooth end facets.
As seen from Fig. 7, with the length of the MNW decreases from 72 pm to 34.2 pm, the
lasing threshold dramatically decreases from a value of 6787 kW/cm® to a minimum of 40
kW/cm?®. Since the gain region of each MNW laser remains unchanged due to the fixed
excitation light spot diameter, decreasing the length of the MNW decreases the length of the
absorption region (the region of the MNW without excitation) of the semiconductor MNW.
Therefore, with reduced re-absorption of the light emission by the semiconductor material,
the threshold decreases with decrease in the length of the MNW. Therefore, the single-
frequency low-threshold lasing can be achieved in MNWs with appropriate length
comparable to or less than 35 um.

6. Summary

In conclusion, we have demonstrated stable, single-frequency output from single laser that
consists of a linear, double-facet GaN micro/nanoscale wire functioning as gain medium and
optical resonator. We have found and proved that the position of the active region plays a key
role in determining the lasing mode of MNW lasers, which can be used to realize single-mode
lasing in MNWs. Self-selection mechanism of Fabry-Pérot micro/nanoscale wire cavity for
single-mode lasing has been fully proved due to the location-dependent field distribution in
MNWs, which in this letter is characterized by suppressing the multiple longitude mode
oscillation of the MNW lasers. The single-mode low-threshold lasing action demonstrated
here in GaN MNWs is suitable for miniaturization of simple manipulation, which opens an
opportunity to realize the practical applications of the MNW lasers and meet the goal of easy
integration in constructing micro/nanoscale photonic and optoelectronic circuits and devices.
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