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S1. Determination of the effective index in GaN nanowire waveguides
The dispersion of the refractive index in a nanowire is a combination of the material dispersion and
the waveguide dispersion (1, 2). The effective phase index of the GaN nanowires was determined by
plotting the mode spacings in laser spectra of GaN nanowires with respect to the inverse lengths. We
/ for bulk GaN
assumed a constant dispersion
2.6

370

(S1.1)

2.6 is the experimental value of the phase index at 370 nm (3). Using two-dimensional
where
finite-element simulations, we found that for a 100-nm radius nanowire with a triangular cross section on
a glass substrate, the effective phase index of the fundamental waveguiding mode (TM00, Fig. S1A) is
approximately 4 5 of the bulk index around 370 nm. Furthermore, for a nanowire waveguide with a fixed
decreases as the operating wavelength increases. Therefore, additional
diameter, the ratio
dispersion originates from the guided modes in the nanowire.
We fit the relationship between the experimentally measured mode spacings (Δλ) and the inverse
lengths of the corresponding nanowires (1/L) (Fig. S1B) using the equation for Fabry-Pérot cavities
∆

(S1.2)
(S1.3)

where ng is the group index. Taking the waveguide dispersion into account, we obtained
0.006 nm . Using the fitted dispersion relations to extract the effective index of GaN nanowires, we
5.3 (Fig. S1C), which is consistent with the value determined by the
obtained a group index of
Fabry-Pérot modes in the measured lasing spectra.
Refractive indices have a slight dependence on the carrier concentration. Two considerations we
make that can account for these changes are:
1. Changes in dispersion.
For Fabry-Pérot modes, the free spectral range of the lasing peaks is inversely proportional to the
group index ng (Eqn. S1.2). For our GaN nanowires, we obtained a value of ~5.3 for the group
index where the phase index is approximately 2.6. Changes in dispersion from an increased
carrier concentration, if significant, will affect the free spectral range in both single and coupled
nanowire cavities. A phenomenological linear relation can be used to model this carrier-index
coupling (4). The lasing peaks of a 9-μm nanowire measured as a function of pump intensity
shows that this carrier-index coupling appears to be negligible (or below the detection limit) (Fig.
S2). As the pump intensity increases, the group index fluctuates slightly and randomly. Such
negligible changes in the group index are also consistent with the linear relationship between the
free spectral range (Δf) and the cavity length L in the lasing spectra measured from single
nanowires (Fig. S1). The average value of 5.3 is therefore a reasonable estimation of the constant
2

group index, which was subsequently used in the finite-element simulations of the inter-cavity
gaps in cleaved-coupled nanowires.
2. Changes in phase index (np).
The phase index can also change with a change in the carrier concentration; however, in a highly
dispersive material, these changes are typically so small (<1%) that the group index is unaffected.
Therefore, we find that the changes in phase index result in small collective blue shifts of the
lasing peaks with no change in the free spectral range (Fig. S2). The blue-shifted lasing peaks are
possibly indicative of a small reduction in the phase index. Given that lasing in GaN nanowires
has been reported to arise from an electron-hole plasma (5), this blue shift may be attributed to an
increase in the plasma frequency from an increase in the carrier concentration at higher pump
intensities (6).
It is worth noting that the carrier-dependent phase index can be used to finely tune the wavelengths of
the preferred modes in electrically pumped semiconductor lasers. When two cleaved-coupled cavities are
pumped with different carrier densities, the optical path length of each cavity can be independently
controlled to optimize the mode selection (7). This capability is not available in the optical pumping
scheme used in this work; the entire device is uniformly excited using a diverged laser beam spot that is
~200 µm in diameter. Although a controlled non-uniform optical pumping may be possible using
techniques such as structured illumination, this is beyond the scope of this paper.
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Fig. S1. Determination of the refractive index in GaN nanowire waveguides. (A) The
fundamental waveguiding mode (TM00) in 100-nm radius GaN nanowires on a glass substrate
simulated using 2D finite-element methods at λ = 370 nm. (B) The lasing mode spacing for GaN
nanowires of various lengths were determined experimentally. (C) The group index were
determined using experimental data and then used in the 3D finite-element simulations.
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Fig. S2. (A) Peak wavelengths of the lasing modes in a 9-μm nanowire at different pump intensities.
(B) The group index calculated using the free spectral range at corresponding pump power from
(A).
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S2. Modal gain, material gain & confinement factor
The TM00 mode at around 370 nm is strongly guided in 100-nm radius GaN nanowires with a
negligible imaginary part of the propagation constant in simulations (<10-9). Most of the electric field is
confined within the nanowire (Fig. S1A), which leads to a modal gain that approximates the material gain.
(S2.1)
where g is the material gain, <g> is the modal gain (7), and E is the electric field. Assuming that g is
constant within the nanowire (active region) and zero elsewhere,
Γ

ΓΓ

(S2.2)

where Γ is the confinement factor.
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(S2.4)

In our high-aspect ratio nanowires, the length of the cavity is much larger than the effective wavelength of
1. From the simulated field distribution map (Fig. S1A), we obtain
the guided mode, so
1 and Γ
Γ

0.814

(S2.5)

Therefore, the modal gain and material gain in our nanowire cavities are not significantly different.
0.814

(S2.6)
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S3. Linewidth of the single-mode lasing peak
By plotting the linewidths of the spectra as a function of pump intensity in Fig. 1c, a sharp transition
of the linewidth is observed as a lasing peak emerges from the background photoluminescence (Fig. S3A).
The full-width half maximum (FWHM) of the single mode remains consistently about 0.6 nm as the
pump intensity increases, and the FWHM of the photoluminescence is approximately 12 nm.
The lasing spectra shown in Fig. 1 were taken with a 120-s acquisition time (1200 pulses with our 10
Hz Nd:YAG pump laser) to improve the signal-to-noise ratio. The pulse-to-pulse power fluctuation of this
low repetition rate laser can be as high as 10 %. This fluctuation can cause a noticeable shift of the lasing
peak from pulse to pulse (Fig. S3B) because of the carrier density-dependent refractive index or Joule
heating. Therefore, the FWHM of a single-shot lasing peak is consistently narrower than that of the peak
acquired over 120 s.
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Fig. S3. Linewidth of the single-mode lasing peak from the 9 μm (4:3) cleaved-coupled
nanowire cavities. (A) Linewidth measured at different pump power. (B) Linewidths measured at
different acquisition times. The solid lines are Gaussian fits to the experimental data.
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S4. Optical properties of inter-cavity gaps with infinite lateral dimensions
Optical properties of an inter-cavity gap with infinitely large cross-sectional dimensions were calculated
by treating the air gap as a Fabry-Pérot cavity. The coupling strength between the two cavities can be
quantified by the coupling constant T/R, where T and R are the transmittance and the reflectance at the
inter-cavity gap, respectively (8). For cavities with infinitely large cross-sectional dimensions, T and R
vary periodically with the gap width, which can be attributed to a phase delay proportional to the gap
width (Fig. S4A). Moreover, the sum of T and R remains unity at all gap widths, which indicates no
optical loss at the gap (Fig. S4B). In this ideal case, the coupling properties of a 180-nm gap are identical
to those of a 360-nm gap, which is known as the rule of λ/2 (8). Such periodic behavior can extend to
much wider gaps as long as the cross-sectional dimensions remain much larger than the gap. Therefore,
traditional cleaved-coupled cavities, which are made of (sub)millimeter-scale crystals, can be fabricated
with micrometer-scale gaps.

Fig. S4. Calculated transmittance, reflectance, coupling constant (T/R), and loss of a gap with
varied width (longitudinal dimension) and with infinitely large cross-sectional dimensions.
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S5. 3D full-wave simulations of inter-cavity gaps using finite-element methods based on Comsol®
4.2 Multiphysics and RF Module
In this simulation, two 1-μm long nanowires were aligned axially with an air gap between them (Fig. S5).
The nanowires were 100 nm in radius with triangular cross sections and placed on glass substrates,
mimicking the actual experimental configuration. The fundamental mode (TM00) was injected from one
nanowire, partially reflected by the gap, and partially transmitted into the other nanowire. The optical loss
can be visualized as the field scattered by the gap into space (air). The complex reflection and
transmission coefficients through the inter-cavity gaps can be extracted by monitoring the electromagnetic
wave propagating in each nanowire. The nanowires were surrounded by a cylindrical region (half glass
and half air) and enclosed by a perfectly matched layer that absorbed all scattered electromagnetic waves
propagating outward. Using the phase index values from Section S1, a spectrum of reflection and
transmission coefficients was simulated at every 3 nm between λ = 350 nm to 390 nm.

Fig. S5. Schematic of the 3D finite-element simulations. The TM00 mode was injected from the
top surface and propagated through the nanowires. The grid superimposed with the geometries
indicates the meshing sizes in the simulations.
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S6. Phase delay of T relative to R at the gap
By simply following the Vernier effect, coupled cavities exhibit lasing modes where the component
cavities share the same wavelengths (Fig. S6A); however, such an expectation only accounts for the
amplitude of the modes. To achieve constructive interference, the phase of the electromagnetic waves
plays an important role. In the case of axially coupled cavities, if the transmission coefficient of the intercavity gap has a non-zero (or multiple of π) phase delay relative to the reflection coefficient, the lasing
peak of the cleaved-coupled cavity will not appear at the wavelength, even if the modes of the individual
component cavities share the same wavelength. Alternatively, lasing modes in the cleaved-coupled cavity
may form at wavelengths at which no mode exists in either of the component cavities. Experimentally,
when a 3-μm and a 4-μm nanowire were coupled with a 50 nm gap, no lasing peak is observed at 363.375
nm, a wavelength where each of the component nanowires lased when they were separated (Fig. S6B).
By simulating the complex transmission and reflection coefficients at the gap between nanowires,
zero phase delay was obtained with a gap width approximately equal to integer multiples of half the
operating wavelength (Fig. S6C-D). The reason that the gap width with zero phase delay is slightly longer
than the integer multiples of half the wavelength is because the output of the waveguiding mode from the
nanowires results in a finite numerical aperture of the electromagnetic wave propagation in the gap (nonplane wave propagation).

Fig. S6. Phase delay of T relative to R at the gap. (A) Intuitive picture of the Vernier effect that
accounts for only the frequency matching between the lasing modes. (B) An experimental example
that shows no lasing peak in coupled cavities at the wavelength at which both component
nanowires lased. (C) Phases of the transmission and reflection coefficients through gaps of varied
widths. (D) Phase delay of T relative to R at the gap.
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S7. Calculation of lasing modes in coupled nanowires using transfer matrix methods
The modes of the cleaved-coupled nanowires were calculated based on transfer matrix methods (9).
(An alternative method based on the Mittag-Leffler theorem may also be used to derive the coupled-mode
rate equations (10).) The optical properties of an interface between two media are represented by a 2×2
matrix, which correlates the complex amplitude of the incoming and outgoing waves on both sides of the
interface. For a cleaved-coupled cavity comprising of two component cavities (Fig. S7), there are three
interfaces of concern. The inter-cavity gap is considered as a virtual interface for which the transmission
and reflection coefficients were obtained numerically (Supporting Information S5). The transfer matrices
of these interfaces can be expressed as
̃
̃

(S7.1)

̃ ̃

̃
̃

(S7.2)
̃

̃
̃

(S7.3)

̃ ̃

where A’s and B’s are complex amplitudes of forward and backward propagating waves in different
regions, ̃ ’s and ̃ ’s are the complex reflection and transmission coefficients at different interfaces (Fig.
S7) with the amplitude shown in Fig. 2 and the phase angle shown in Fig. S6.
For eigenmodes, A3 = B0 = 0.
1
̃ ̃ ̃
̃

̃

̃ ̃
̃

̃ ̃
0

(S7.4)

The complex wave vector
(S7.5)
where
is the effective phase index in the nanowire waveguides, and is the gain (or loss). Positive
implies that the amplitude of an electromagnetic wave is increased as it propagates in the nanowires,
corresponding to a net modal gain.
A set of eigenmodes with modal wavelengths and threshold gain were obtained by numerically
solving Eqn. (S7.4) using the wavelength-dependent ̃ and ̃ obtained from the finite-element simulations.
Using Matlab, the real and the imaginary parts of Eqn. (S7.4) were first solved separately to obtain two
single-valued functions between the gain (α) and the wavelength (λ). The crossing of these two functions
12

provides the eigenmodes with corresponding modal wavelengths and threshold gain. The calculated gain
corresponds to the values that compensate for the mirror losses in the nanowires and, therefore, are the
threshold gain of these new modes of cleaved-coupled nanowire lasers.

Fig. S7. Schematic of two-component coupled cavities annotated with elements used in the
transfer matrix method.
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S8. Calculated threshold gain modulation with varying gap widths
The calculated spectral modulation of threshold gain in 9 μm (4:3) cleaved-coupled cavities with
varying gap widths demonstrates the range of the nanoscale gap width that allows single-mode lasing in
cleaved-coupled nanowires (Fig. S8). In cavities with a 20-nm gap, the modulation in the threshold gain
is small and the coupled nanowires behave similarly to a single 9-µm nanowire. As shown in Fig. 2, the
reflection at the gap is extremely small, so the gap is essentially optically invisible except for some
diffraction loss (20%). The 40-nm gap provides desirable modulation for single-mode lasing because of
the large free spectral range between the modes with lowest threshold gain (indicated by the black arrows).
The spectral modulation in cleaved-coupled nanowires with an 80-nm gap appears to be similar to that of
the 40-nm gap, which is expected because of the similar reflection and transmission of the guided waves
through the gaps (Fig. 2). This result suggests that an 80-nm gap can also produce single-mode lasing.
As the gap width increases to 150 nm, the modes begin to split into two groups, which indicates
weak coupling. One group has a threshold gain ~1500 cm-1; the other ~2000 cm-1. The depth of the mode
modulation within each group is significantly reduced compared to that of a 40-nm gap; multiple lasing
modes are therefore observed in the measured spectrum of the 9-μm (4:3) coupled cavities with a 150-nm
gap (Fig. 3). When the gap is further widened to 300 nm, the threshold gain of both groups is increased
because of increased diffraction losses at the wider gap. Almost no modulation of the threshold gain in
either group is seen; the modes also match with the predicted individual 3.86 and 5.14-µm cavities. From
the simulated optical properties of the inter-cavity gaps (Fig. 2), only <5% of the guided waves is
transmitted through a 300-nm wide gap and the reflectivity is approximately the same as that of the
nanowire’s end-facet. These factors indicate that the two cavities are optically decoupled with a 300-nm
gap. Experimentally, we observed two sets of lasing spectra with a 300-nm gap where each set
corresponds to the individual 3.86 or 5.14-μm cavities.
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Fig. S8. Calculated spectral mode modulation of 9 μm (4:3) cavities with varying gap width.
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S9. Variation in spectral mode modulation with slight changes to the lengths of component
nanowires
In cleaved-coupled nanowires with integer ratios between the lengths of the component nanowires,
the spectral modulation of the threshold gain shows periodic patterns. While the periodicity is primarily
determined by the ratio between the lengths of the component nanowires, the depth of modulation
between neighboring modes can vary with slight changes to the ratio.
For instance, for 9 μm (2:1) coupled nanowire, each period consists of three modes. The results show
that the shifts in the relative magnitude of the threshold gain among these three modes are highly sensitive
to small differences in the ratio (denoted as 3 μm +Δl: 6 μm -Δl in Fig. S9A). Measured from several 9
μm (2:1) cavities with slight variations in the locations of the 60-nm gaps, the lasing spectra show an
agreement with the calculated results (Fig. S9B). The number of lasing modes and the relative intensity
between the modes in each period varied with small changes in lengths of the coupled cavities. The
experimental measurements verified that the periodicity of the spectral modulation did not change as long
as the overall ratio between the lengths remained approximately 2:1. However, it is important to note that
such sensitivity was only observed for this integer ratio between the lengths of coupled cavities.
For the fractional ratio of 4:3 coupled cavities, the pattern of the spectral modulation is more stable to
a slight change in the cavity lengths, which helps justify our choice of this ratio to obtain single-mode
lasing. Using the intuitive picture provided by the Vernier effect, the matching of the modes in the 2:1
coupled cavities appears more frequently in wavelength than it does in the 4:3 coupled cavities. This
means that the distance in wavelength between the instances of matched modes is larger for the 4:3
geometry than for the 2:1 geometry; consequently, a 5-nm variation in the gap's location is a smaller
percentage of the total period of the mode modulation for a 4:3 geometry and therefore produces a smaller
effect. According to theoretical predictions for such a 5-nm gap, the single-mode output from the 4:3
cavities will exhibit only a slight shift in wavelength of less than 0.2 nm. This stability is an important
design principle for our devices. The sensitivity to gap position is not as severe given this length ratio.
Such stability is important for designing cleaved-coupled nanowires aimed at single-mode lasing.
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Fig. S9. Variation of spectral mode modulation with slight changes in the lengths of
component nanowires. (A) The mode modulation patterns simulated for 9 μm (2:1) coupled
cavities with different Δl show the same periodicity but different modulation depths between
neighboring modes. (B) Lasing spectra with their corresponding mode modulation patterns are
observed in experimental measurements.
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S10. Beating effect in spectral mode modulation in coupled nanowires with various ratios between
the lengths of component nanowires
When two plane waves with different frequencies propagate in the same direction, there is a beating
effect such that the intensity at a certain spatial point varies with time. Similarly, when two sets of equally
spaced lasing modes (from each of the component nanowires) are interacting in cleaved-coupled
nanowires, the beating effect leads to a periodic spectral modulation of the mode thresholds. The
periodicity, determined by the ratio between the cavity lengths, equals the least common multiple of the
spacing between the modes in the two component nanowires.
Fig. S10 shows the spectrally modulated lasing modes in coupled nanowires with various ratios (1:1,
8:7, 4:3, 2:1) and a fixed total length of 9 μm. When the ratios are integers, there is either no beating
effect (Fig. S10A, 1:1) or a high-frequency beat (Fig. S10D, 2:1). Neither case is favorable for generating
single-frequency lasing because the free spectral range (spacing between neighboring low-threshold
modes) is determined effectively by the Fabry-Pérot modes of the shorter component nanowire. Lowfrequency beats are observed for coupled nanowires with fractional ratios between the lengths of
component nanowires. The optimal ratio for single-frequency lasing in coupled nanowires is determined
by the wavelength of the beat envelope (red dashed curves in Fig. S10) relative to the spacing between
neighboring favorable modes. Compared to the ratio 4:3 (Fig. S10C), the beat envelope of 9 μm (8:7)
coupled cavities (Fig. S10B) is too broad to make one outstanding mode by suppressing neighboring
modes with sufficiently deep modulation of their threshold gain.
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Fig. S10. Beating effect in spectral mode modulation in coupled nanowires with various ratios
between the lengths of component nanowires. The red dashed curves provide a visual guide to
the beat envelope of threshold gain modulation.
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S11. Rate Equation Analysis
A rate equation analysis was used to fit the light-light curves in Fig. 1c. For a multi-mode laser
cavity (11),
∑

g

(S11.1)

g

(S11.2)

where N is the carrier density, S is the photon density, P is the pump intensity, is the internal efficiency,
is the carrier lifetime, is the photon lifetime, is the spontaneous emission factor, and is the
confinement factor. l indicates specific longitudinal lasing modes. The material gain is approximated as
(S11.3)
where N0 is the transparency carrier density, and a is the differential gain. The photon lifetime of the
suppressed modes (modes with larger threshold gain in Fig. 4) is smaller than the preferred modes;
therefore, the photon density in the cleaved-coupled nanowire laser is dominated by the preferred
longitudinal modes. We then simplified the analysis to single-mode-laser rate equations:
S

(S11.4)
(S11.5)

The values used in the light-light curve fitting are listed in the following table.
Property
Value
Reference

N0 (cm-3)
5.77x1018
Ref. (12)

a (cm3s-1)
1.5x10-6
Ref. (12)

0.814
FEM Simulated

(s)
10-9
Ref. (13)

(s)
2x10-13
*

* estimated using the calculated threshold gain in Fig. 4.

In the modeling, an 8-ns long Gaussian pulse is used as the pump source with the peak intensity appearing
at t = 0
·

(S11.6)

A series of light-light curves was obtained by adjusting the spontaneous emission factor (Fig. S11A). A β
of 0.05 was obtained for the 9-μm (4:3) cavity in Fig. 1c. The pump intensity was normalized to the
lasing threshold.
In addition to light-light curve fitting, these rate equations can be used to analyze the temporal
evolution of the photon and carrier densities in our system. In this analysis, we examine the evolution of
these populations at three pump intensities along the light-light curve of the cleaved-coupled nanowire
(noted by B, C, D in Fig. S11A) below threshold (Fig. S11B, Pnorm = 0.5), right above threshold (Fig.
S11C, Pnorm = 1.03), and far above threshold (Fig. S11D, Pnorm = 5.0). When the system is operating
below the threshold (Fig. S11B), both the carrier and photon densities approximate the general temporal
20

profile of the pump pulse. This behavior indicates that most carriers recombine through spontaneous
emission and non-radiative pathways.
When the system is right above the threshold (Fig. S11C), the photon density in the cavity becomes
shorter lived, which indicates an increase in the contribution of stimulated emission, and the carrier
density plateaus right before the pump pulse reaches its maximum at t = 0. A closer examination of the
populations at around t = -1 ns (Fig. S11E) reveals that the saturation of the carrier density is
accompanied by a sharp increase of the photon density, a signature of lasing. The coupled rate equations
show that this increase of the photon density leads to a reduction in dN/dt and to a subsequent increase in
the photon density again, which pins the carrier density to its value at the threshold. This self-adjustment
in the two populations results in damped relaxation oscillations. With the system at the threshold,
however, the carrier density is saturated only at the moment of the peak pump intensity. At this moment,
the derivative of the pump intensity approaches zero; therefore, the perturbation to the carrier population
is too small to trigger significant relaxation oscillations.
Significant oscillation of the photon density can be clearly seen when the laser is driven far above
threshold (Fig. S11D & F). In this case, the saturation of the carrier density occurs when the intensity of
the pump pulse is still rapidly increasing. Because this pump pulse is much longer than any decay, both
populations reach a quasi-steady state after the relaxation oscillation is damped. The photon density then
approximates the temporal profile of the pump pulse after the carrier density is pinned (Fig. S11D)
because the photon lifetime is orders of magnitude shorter than the carrier lifetime; therefore, all excess
carriers are consumed via stimulated emission.
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Fig. S11. Rate equation modeling of the single mode operation. (A) Relation between the output
and the input of the nanowire lasers were calculated with different β (solid curves). The
experimental metal data (open circles) of the single mode operation in the 9 μm (4:3) cavities (from
Fig. 1c) fit well with the curve with β = 0.05. (B-D) Transient responses of the cleaved-coupled
nanowire laser were calculated at pump power densities below (B), right above (C) and much
higher (D) than the threshold. The onsets of the lasing with pump power right above the threshold
(E) and way higher than the threshold (F) are shown with higher temporal resolution.
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