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ABSTRACT

In this study, the modal characteristics of a single-GaN nanowire cavity with a triangular cross section surrounded by air or located on a
silicon dioxide substrate have been analyzed. Two transverse resonant modes, transverse electric-like and transverse magnetic-like modes,
are dominantly excited for nanowire cavities that have a small cross-sectional size of <300 nm and length of 10 µm. Using the three-dimensional
finite-difference time-domain simulation method, quality factors, confinement factors, single-mode conditions, and far-field emission patterns
are investigated for a nanowire cavity as a function of one length of the triangular cross section. The results of these simulations provide
information that will be vital for the design and development of efficient nanowire lasers and light sources in ultracompact nanophotonic
integrated circuits.

Active semiconductor nanowires with direct band gaps are
widely employed for potential photonic applications.1-11 For
instance, low-threshold lasers,1-6 multicolor light-emitting
diodes (LEDs),7 and low-loss active waveguides8 have been
successfully demonstrated using GaN or CdS nanowires.
Among all potential nanoscale photonic light sources,
nanowire lasers are particularly promising because a chemi-
cally synthesized single nanowire can naturally form a one-
dimensional (1-D) Fabry-Perot cavity using clear end facets.
Nanowire cavities typically have a small size with diameters
ranging from 20 to 200 nm and lengths ranging from 2 to
40 µm and a large refractive index contrast for strong light
confinement.12 In addition to the experimental demonstration
of various semiconductor nanowire lasers, optical properties
such as quality (Q) factors,13 reflectivities,14 far-field emis-
sions,13 and lasing thresholds15,16 have also been theoretically
characterized. However, in these analyses all the nanowires
were assumed to be dielectric cylinders with circular cross
sections. In fact, nanowires can have various geometric cross
sections, since the geometric cross section depends on the
nanowire growth directions. For example, the cross section
of a GaN nanowire can be triangular or hexagonal when the
nanowire is grown along 〈11-20〉 or 〈0001〉 directions,

respectively.3,6,7 Therefore, when comparing measured optical
properties with simulation results, one should obviously
consider the geometric shapes of the actually synthesized
nanowires.

Of the various semiconductor nanowires, GaN and InGaN
nanowires have many practical advantages for use as an
efficient light source in a nanophotonic integrated circuit.7,10

These advantages include highly reproducible preparation
with the n- and p-type doping, which is required for active,
electrically driven photonic devices, and the emission
wavelength can be tuned through variations in alloy com-
position of GaN. In this Letter, we investigate the optical
characteristics of a single-GaN nanowire with a triangular
cross section through theoretical analysis. Three-dimensional
(3-D) finite-difference time-domain (FDTD) simulation17 was
performed to compute Q factors, confinement factors, single-
mode conditions, and far-field emission patterns in a GaN
nanowire cavity that is surrounded by air or located on a
silicon dioxide (SiO2) substrate. The novel simulation
performed in such a realistic nanowire cavity structure can
provide optimized structural parameters for the development
of an efficient single-GaN nanowire laser with a low
threshold. Furthermore, the FDTD results can be directly
compared with measurements without unnecessary assump-
tions.
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Figure 1A shows a schematic illustration of a single-GaN
nanowire cavity with a triangular cross section. In the
simulation, the domain size was 15.0 × 1.8 × 1.8 µm3 and
the grid size was 7.5 nm. The refractive index of GaN and
the length of the nanowire, L, were set to 2.6 and 10 µm,
respectively.6 The length of the triangular nanowire cross
section, d, was varied from 175 to 300 nm. The central
emission wavelength of GaN was 370 nm, and the full width
at half-maximum (fwhm) was 15 nm (red lines in Figure 1,
panels D and E). The values used in this simulation were
based on experimental measurements in a synthesized GaN
nanowire.6

Simulations were conducted by first considering a free-
standing GaN nanowire cavity surrounded by air (Figure 1).
In FDTD simulations, resonant modes were excited by initial
dipole sources located in the nanowire and then the simula-
tion stored the time evolution of the electric and magnetic
fields. The FDTD simulations demonstrated that two trans-
verse modes were dominantly excited in the nanowire cavity
when d was less than 300 nm (Figure 1, panels B and C).
Each resonant mode was separately observed by an appropri-
ate excitation source. One mode was solely excited by a

dipole source with an Hx-field component (Figure 1B) and
the other was excited by a dipole source with an Ex-field
component (Figure 1C). Parts B and C of Figure 1 show the
computed electric and magnetic field components of the
resonant modes in a nanowire cavity with d ) 300 nm. In
the cross-sectional view of Figure 1B (x ) 0 plane), only
Hx, Ey, and Ez field components were dominantly observed,
while the intensities of the other components were extremely
weak. This electromagnetic pattern was indicative of a
transverse-electric-like (TE-like) mode observed in a typical
slab waveguide structure.18 On the other hand, the transverse
mode of Figure 1C, which has the dominant field components
of Ex, Hy, and Hz, was indicative of a transverse-magnetic-
like (TM-like) mode. The TE-like and the TM-like modes
have distinguishable electric field intensity (E2) distributions.
The TE-like mode has an intensity node at the center,
whereas the TM-like mode has a central intensity antinode
at the center. This property was also clearly observed in the
z ) 0 and y ) 0 planes, as shown in Figure 1, panels B and
C. For both transverse modes, the time evolution of the fields
was Fourier transformed to convert the field components to
the frequency domain. As a result, 1-D Fabry-Perot

Figure 1. Modal characteristics of a free-standing single-GaN nanowire cavity at d ) 300 nm. (A) Schematic illustration of a nanowire
cavity with a triangular cross section. The nanowire axis is in the x-direction and the centroid of the cross section is the origin of the
yz-plane. Electric and magnetic field components of (B) the TE-like and (C) the TM-like modes are computed by a 3-D FDTD simulation.
Longitudinal mode spectra of (D) the TE-like and (E) the TM-like modes are also shown. Red lines are emission spectra of GaN.
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resonances were observed for the field amplitude as a
function of wavelength at d ) 300 nm and L ) 10 µm
(Figure 1, panels D and E). The longitudinal mode spacing
in each transverse mode was 2.24 nm, which agreed with
the value obtained from the equation, ∆λ ) λ2/2nL, where
λ ) 370 nm, n ) 2.6, and L ) 10 µm.3,6 In addition, the
longitudinal resonance peaks of the TE-like mode did not
overlap with the peaks of the TM-like mode and hence the
mode spacing between two longitudinal resonances was 1.12
nm if a diversity of the transverse mode was not considered.

To further understand the effect of a triangular cross
section in the nanowire cavity, Q factors of the fundamental
TE-like and TM-like resonant modes in a free-standing
single-GaN nanowire cavity were calculated as a function
of one length of the cross section, d (Figure 2A). The Q
factor of the TE-like mode was almost two times higher than
that of the TM-like mode at each d (>200 nm). The highest
Q factors of the TE-like and TM-like modes were 840 and
530, respectively. Photons of the TE-like mode were ef-
fectively confined by the successful index guiding at each
side of the triangular nanowire cross section as shown in
the field profile, thus the TE-like modes have higher Q
factors. However, the TM-like modes that have intensity
antinodes at three sharp corners of the cross section had more
optical losses (Figure 1C). Figure 2A also shows that the Q
factors for both the transverse modes were saturated at d >
275 nm. This occurred because sidewall loss is small and
saturated in the nanowire cavity with a large diameter. In
addition, higher-order transverse modes with higher Q factors
started to appear in this region of d.19

The Q factors of the nanowire cavity computed in Figure
2A were relatively low compared to other nanocavities such
as photonic crystals20 and microdisks,21 due to the smaller
cavity size. Despite the fact that the Q factor of the nanowire
cavity is <800, lasing can still be achieved in such a low-Q
structure by confining light in the high refractive index of
the semiconductor material. Lasing in the GaN nanowire
cavity with a low-Q factor has been previously reported.3,6

In these studies, a large confinement factor was responsible
for the successful demonstration of lasing in a low-Q
nanowire cavity. In general, the lasing threshold is propor-
tional to exp(1/Q·Γ), where Q is the Q factor and Γ is the
confinement factor of a lasing mode.22 Both high Q and large
Γ values will lower the lasing threshold.11 The confinement
factor of a free-standing GaN nanowire was computed as a

function of d using the FDTD method (Figure 2B). It is worth
noting that large confinement factors (>0.9) were obtained
for both transverse modes at d > 275 nm.

With the Q factors and the confinement factors determined
through the FDTD simulations in combination with the rate
equations analysis, the relative lasing thresholds in the
nanowire cavities with different diameters were investigated.
The carrier density, N, and photon density, P, in the cavity
can be described by following conventional rate equations
in the case of optical pumping:19,22

dN
dt

) ηi

Lin

pωpV
- (AN+BN2 +CN3)-Γg(N)P

dP
dt

)Γg(N)P- P
τp

+ �BN2

where Lin is the pump power, ηi is absorbed ratio in active
materials, ωp is the frequency of a pumping laser, A is the
surface nonradiative recombination coefficient, B is the
radiative recombination coefficient, C is the Auger nonra-
diative recombination coefficient, Γ is the confinement factor,
V is the active volume, and � is spontaneous emission factor.
The photon lifetime, τ p, is represented by τ p ) λQ/2πc,
where λ is the wavelength of the output laser and Q is the Q
factor of a resonant mode.19 By use of previously determined
material parameters of GaN23 the optical gain was calculated
by g(N) ) g0 (c/neff) (N - Ntr), where g0 ) 2.5 × 10-16 cm2

and Ntr ) 7.5 × 1018 cm-3, and A, B, and C were 1 × 108

s-1, 1.5 × 10-11 cm3/s, and 1.4 × 10-31 cm6/s, respectively.
By use of an absorption coefficient of GaN, R ∼ 170000
cm-1, at 266 nm,24 the wavelength of a typical optical
pumping laser, ηi >∼ 0.7, was computed. In addition, Q
and confinement factors obtained by FDTD simulations
(Figure 2) were considered. The rate equation analysis shows
that, for example, the threshold of the TE-like mode at d )
175 nm was approximately 3.1 times larger than the threshold
of the TE-like mode at d ) 300 nm (see Supporting
Information, Figure S1). Although the Q factor at d ) 175
nm is 6.8 times smaller than that at d ) 300 nm, the threshold
difference between the two cases was relatively small due
to the large confinement factor and smaller active volume
of the low-Q mode. Therefore, a large confinement factor
was required to achieve low-threshold lasing in the nanowire
cavity. Recently, synthesis of a GaN core/InGaN multiquan-
tum wells (MQWs) shell nanowire heterostructure has been
reported.25 This structure, which consists of an active shell
layer with a larger refractive index and lower-index nanowire
core, could potentially have both large Q and confinement

Figure 2. Q and confinement factors of the TE-like and the TM-like modes in a free-standing nanowire cavity. (A) Q factor vs nanowire
size on a side. (B) Confinement factor vs nanowire size on a side.
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factors because the TE-like mode with an intensity antinode
in the shell would be dominantly excited. On the basis of
our FDTD simulation and rate equation analysis, such a
nanowire MQWs structure would provide a high material
gain and, thus, would be advantageous in demonstrate lasing
with a low threshold.25

In order to study single-mode conditions in the nanowire
cavity, dispersion curves of the TE-like and the TM-like
modes were plotted (Figure 3). A thick nanowire allows
higher-order transverse modes as well as the fundamental
mode and a thin nanowire allows only the fundamental mode.
To calculate the dispersion curves, we used 3-D FDTD
simulations with a periodic boundary condition in the
x-direction instead of a perfectly matched layer (PML)
boundary condition used for the simulations of Figures 1
and 2.17 In Figure 3A, the normalized frequency, d/λ, of the
TE-like mode in a free-standing GaN nanowire cavity was
plotted as a function of the wave vector. The single TE-like
mode was observed when d/λ varied from 0.5 to 0.9. When
the wavelength λ was 370 nm, the corresponding d to this
single-mode condition varied from 179 to 338 nm. When d
was smaller than 179 nm, the mode was very close to the
light line and hence the nanowire was unable to efficiently
confine light. This strongly agrees with the simulation results
shown in Figure 2A. However, in the case of the TM-like
mode (Figure 3B), the single-mode condition was obtained
when d varied from 162 to 315 nm at λ ) 370 nm. Thus, if
d < 179 nm, only the TM-like mode with a central intensity
antinode was excited in the nanowire. In thicker nanowires
(d > 179 nm), the TE-like modes would be dominant due
to their higher Q and confinement factors. The dispersion
curves determined in this study are necessary for the design
of an efficient nanowire cavity that supports a desired
transverse mode.

The study of far-field emission is generally useful in identifying
and understanding the optical characteristics of a resonant mode

excited in a cavity. In fact, it is not experimentally straightforward
to clearly distinguish one mode from the others in a nanocavity
through near-field images, such as panels B and C of Figure 1,
due to the lack of a high-resolution measurement system.
Even in the case of low-imaging resolution, far-field emission
patterns can provide clear information for mode identification
and can be accurately compared with measured proper-
ties.26-28 Furthermore, the coupling efficiency of a resonant
mode with a conventional optical fiber can be improved by
analyzing the far-field emission.28 By use of the near-field
distribution at the surface of the nanowire cavity, the far-
field emission profiles were computed (Figure 4A).29 In
addition, the polarization-resolved far-field emission patterns
of the TE-like and the TM-like modes were computed (Figure
4, panels B and C, respectively). Note that both transverse
modes were clearly distinguishable by the observation of
polarization. The TE-like mode was completely polarized
along the azimuthal direction (φ-polarized), while the TM-
like mode was completely polarized along the zenithal
direction (θ-polarized). These results can clearly be observed
in the far-field measurement setup using a polarizer.27 In
addition, the light was propagated from one nanowire end
with a specific angle in the xy-plane. In the TE-like mode,
the angle between the light propagation and the nanowire
axis was ∼55°, unfortunately the directional emission along
the nanowire axis could not be determined. This property is
not advantageous for efficient light collection to the optical
fibers or waveguides.28,30 In order to use the nanowire as a
practical light source, output photons should be efficiently
coupled to the waveguide structures.10 This is especially true
when the nanowire constitutes a single photon source or a
photonic integrated circuit; thus this critical issue should be
addressed for improvement.30 We are currently investigating
the efficient coupling of the nanowire to an optical fiber.

Figure 3. Dispersion curves of a free-standing nanowire cavity.
Single-mode regions are shown in (A) the TE-like and (B) the TM-
like modes.

Figure 4. Far-field emission patterns from a free-standing single-
GaN nanowire cavity. (A) Schematic illustration of the mapping
procedure of a 3-D far-field emission pattern on to a 2-D plane.
(B), (C) Far-field emission patterns at yz-planes (left two columns)
and xy-planes (middle column) of the TE-like and the TM-like
modes are computed, respectively. Right columns indicate respec-
tive near-field images. The left two columns show the polarization-
resolved emission patterns of the modes.
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Finally, we examined a more realistic case, a nanowire
on a SiO2 substrate, since it is known that a substrate can
severely affect the optical properties of a nanowire. 3-D
FDTD computations were performed in a nanowire on a SiO2

substrate with a refractive index of 1.5 (Figure 5 and
Supporting Information). As shown in Figure 5, more serious
optical losses were observed in the TM-like mode as a result
of the substrate. Less light escaped through the substrate in
the case of the TE-like mode; thus, we expect that the TE-
like mode could be more effectively lased. In Figures S2
and S3 in the Supporting Information, Q factors, confinement
factors, and dispersion curves were calculated when the SiO2

substrate was introduced underneath the single-GaN nano-
wire. Although the highest Q factor of the fundamental TE-
like mode was reduced in this case, the confinement factor
(>0.9) was still large enough to support lasing.6 However,
additional transverse resonant modes were introduced in the
nanowire located on the substrate as shown in the dispersion
curves (Figure S3). Light emission from the nanowire
interacts with the substrate; hence, the single-mode region
was slightly reduced.

In summary, we have investigated modal characteristics
of a single-GaN nanowire cavity with a triangular cross
section through theoretical analysis. Optical properties such
as Q factors, confinement factors, and single-mode conditions
for the TE-like and the TM-like transverse modes were
determined using 3-D FDTD simulation. In addition, far-
field emission properties were analyzed, which could be
compared with experimental measurements. These FDTD
simulation results provide a significant step toward the design
of high-Q, single-mode, low-threshold nanowire lasers suit-
able for ultracompact nanoscale photonic integrated circuits.
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Figure 5. Electric field profiles (cross section) of the TE-like and
the TM-like modes in the nanowire cavity with and without SiO2

substrate. (A), C) The TE-like and the TM-like mode profiles
without the substrate. (B), D) The TE-like and the TM-like mode
profiles with the substrate.
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