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ABSTRACT: A two-dimensional monolithic InGaN-based
core—shell nanorod array was excited under a varying
temperature. We observed an abrupt dominant mode hopping
from 329 to 3.41 eV in the collective lasing as the
temperature decreased from T = 240 to 225 K. Photo-
luminescence under a near-threshold pumping density
revealed the splitting of spontaneous emission between the
core and the shell with a decreasing temperature. The
bandgap evolution of GaN and InGaN showed opposite
trends due to the interaction of temperature effects and
bandgap renormalization effects. Theoretical simulation

High ‘

Low l

> Excitation
B
g
2 F _ y (OO
e
5 GaN mode Sy
Q - .
g 5 GaN
-8
=
eV

3.25 3.30 3.35 3.40 3.45

revealed the differences of gain spectra evolution between room temperature and low temperature due to the difference in
the carrier dynamics. In the optically coupled nanorod array, the dominant lasing mode was not only determined by its
structure, but also strongly influenced by external operating conditions. Rather than singular microcavity lasers, the coupled
nanorod array demonstrated a broader parameter space for on-chip wavelength manipulation.
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Microcavity lasers have many important characteristics
such as compact volume, ultralow threshold pumping
level and very fast speed, which are attractive for future
photon-based information technologies.' > InGaN-based
microcavity lasers and nanolasers also attracted much attention
for its potential for new technology development in UV—
visible spectral range. Nitride-based nanowire lasers were first
demonstrated in Fabry-Pérot type cavities with either pure
nanowire or core—shell structures.””” Even though the decent
performance of nanowire lasers, the delicate manipulation
process brought strong challenges for a large-area integration
with other devices. Whispering gallery mode (WGM) lasers
possessed an ultrahigh quality factor (Q-factor) and can be
fabricated monolithically. Nitride-based WGM lasers in
suspended microdisk cavities have been demonstrated in a
wide spectral region from blue to deep ultraviolet.'"~"" The
reported diameters of microdisk ranged from few microns to
tens of microns in order to suppress the scattering loss through
the high-curvature perimeter, which would deteriorate the Q-
factor and cause an enhanced threshold. Previous researches in
ZnO-based hexagon WGM lasers observed that the threshold
pumping densities were inverse proportional to the hexagon
width.'*"> To improve the Q-factor, we formed the submicron
hexagon cavity via a pattern-and-regrowth process to suppress
the scattering loss via edge roughness.'® Theoretical simu-
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lations have predicted a significant reduction of threshold
pumping density by critical coupling between adjacent
microdisks by forming “photonic molecules”.!”'® In analogy,
we put the nanorod closely to form a two-dimensional periodic
array. We have confirmed the collective WGM lasing in such
array with a decent Q-factor (~1940), where each cavity was in
submicron level and the threshold pumping density was as low
as 140 kW/cm2.'® The excitation-area-dependent lasing
behavior in the nanorod array was explained by different
coupling strength among the different cavity modes. The
dominant lasing mode “hopped” from short-wavelength modes
to long-wavelength modes as the number of excited nanorods
increased. In this study, we revealed another temperature-
induced mode-hopping phenomena due to the evolution of
gain spectrum. A semiquantitative model will be delivered to
generalize the dominant mode selection in the coupled core—
shell nanorod periodic array.

Figure la was the scanning electron microscope (SEM)
image of the hexagon cavity from the top. The hexagon was
surrounded by m-planes, whose diagonal was estimated to be
850 nm with a 50 nm corner-to-corner distance. Figure 1b—d
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Figure 1. (a) SEM top view image and the monochromatic CL image
under (b) A = 365 nm, (c) 4 = 376 nm, and (d) 1 = 410 nm of the
GaN-InGaN core—shell array. The yellow dashed lines in (b) and (d)
were visual guideline of the cavity perimeter. (e) Cross-sectional
STEM image from the [100] direction. Inset is the magnified image in
the shell region. All white bars represented 500 nm in the figure.

was the monochromatic cathodoluminescence (CL) image
under A= 365 nm (hv = 3.40 eV), 376 nm (hv = 3.30 eV), and
410 nm (hv = 3.03 eV), respectively. The fabrication process
could be found in the Supporting Information. The 365 nm
emission originated from GaN materials in the core region and
the field, and the 376 nm emission came from the InGaN-GaN
multiple-quantum-well (MQW) in the shell region. The 410
nm emission appeared on the six corners of the hexagon cavity.
According to the CL images and scanning transmission
electron microscope (STEM) image in Figure 1 (e), the 410
nm emission is attributed to the parasitic In cluster at the edges
of the top passivation layer during regrowth. Because the In
clusters did not lie on the same horizontal plane with the major
core—shell structure, its influence on the WGM lasing shall be
minimal. Therefore, we decoupled their contribution in
photoluminescence (PL) for modeling.

The samples was mounted on a temperature-controlled
module and excited by 355 nm Nd:YVO, pulse solid-state
lasers. See Supporting Information for the micro-PL setup. We
chose a relatively large spot size (D ~ 100 ym) to excite tens of
thousands of nanorods simultaneously to study the collective
lasing. Figure 2a was the temperature-dependent lasing
spectrum under constant pumping power P = 300 kW/cm?.
Under room temperature, dominant peaks located near 3.3 eV.
The fine peak splitting in the vicinal spectral region was
attributed to the formation of supermodes due to rod-to-rod
mode interaction.'”*’ As the temperature decreased from 300
to 195 K, the lasing peak around 3.3 eV gradually diminished,
while those near 3.4 eV arose. For brevity, we named the lasing
modes residing in the spectral range from 3.28 to 3.32 €V as
“InGaN modes”, and those in the range from 3.35 to 3.41 eV
as “GaN modes” in the following text due to its corresponding
principle gain medium. In other words, the dominant mode
hopped from InGaN modes to GaN modes as the temperature
decreased from T = 255 to 240 K. Figure 2b,c was the L—L
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Figure 2. (a) Temperature-dependent lasing spectrum under P = 300 kW/cm” and the definition of GaN modes and InGaN modes. The light—
light curves of the strongest peak in each mode under (b) T = 300 K and (c) 210 K. The intensity of the lower-threshold mode was intentionally
shifted S times for plot clarity. (d) Dominant lasing mode among each group under different ambient temperatures. The overall strongest peak was
marked in red. (e) Extracted threshold pumping densities under different temperatures.
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curves of the strongest peak in each mode under 300 and 210
K, respectively. Under 300 K, 3.29 eV lasing emerged under a
threshold pumping density (Py,) of 140 kW/cm? while GaN
modes lasing (~3.35 eV) took place under Py, ~ 300 kW/cm?.
Under 210 K, the 3.41 eV GaN modes lasing became the
earliest one with a Py, ~ 170 kW/cm? instead. InGaN modes
lasing was delayed to Py, = 280 kW/cm?, and the energy was
blue-shifted from 3.29 to 3.31 eV. The same power-dependent
PL measurement and L—L curve analysis was conducted from
T = 195 to 300 K. Figure 2d,e summarized the strongest lasing
peak energy under P ~ 300 kW/cm” and their corresponding
P;s. The smooth blue shift of dominant InGaN mode was
attributed to the shift of cavity resonant wavelength due to the
temperature-dependent refractive indices of nitrides.”"**
Therefore, the abrupt mode-hopping within GaN modes
from T = 270 to 255 K indicated the existence of two
distinguishable cavity modes. No matter the major mode-
hopping of the strongest peak (marked red in Figure 2d) or the
minor hopping among GaN modes, they were all influenced by
the gain spectrum evolution with temperature. In the following
section, a semiquantitative theoretical simulation was per-
formed to illustrate the carrier dynamics in the core—shell
structure and its influences on the gain spectrum.

A one-dimensional shell—core—shell multilayer model was
built to simulate the gain spectrum under a high excitation
level, as illustrated in Figure 3a. The input thicknesses of shell

@

C sim

%-4—

Wshell Wshell
(b)
r N
Parameter input Experiment
(G, Eg, Tpy---€1C) feedback PL data
& J -
1D-solver Ecore/EsheII
fitting
(" Band diagram N
. Spontaneous
Fermi levels . .
X emission,
Wave functions
Ryy(hw)
\_ (e, Ph) J

Gain spectra, g(hw)

Figure 3. (a) Schematic illustration of constructing the one-
dimensional model (right) from the two-dimensional case (left).
(b) Flowchart of PL modeling and gain spectra simulation.

layers (Wy,q) adopted from STEM characterization, which
consisted of five pairs of InGaN/GaN multiple-quantum-wells.
Since the calculation of overall material gain and PL emission
was related to the area, the input core width for simulation

(W, m) was revised to simulate the actual area ratio by
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which yielded
_ I/V;,exp

csim T 9 (2)
where W, was the core width extracted from STEM

characterizations. The average carrier generation rate (G)
under optical pumping density P was calculated by
G b

hv 3)
where « is the absorption coefficient of materials. Under 355
nm (hv ~ 3.5 V) excitation, the a of GaN and InGaN layer
was both assumed to be the same (ag,y = gy = 8 X 10*
cm™') because the In composition is relatively low.® The
values of materials parameters and transport parameters such
as radiative recombination rate constants (B), Auger coefficient
(C), carrier motilities, and line shape broadening parameter
adopted either from literatures or estimated by Vegard’s Law.
The schematic modeling and simulation procedure were
illustrated in Figure 3b. Structure parameters were input to a
drift-diffusion charge-control numerical solver, which solved
Poisson, drift-diffusion, and landscape equations self-consis-
tently.”* After the equilibrium band diagram with quasi-Fermi
levels (Eg, Eg) were obtained, the carrier envelope wave
functions in the confined direction (¢.,(z), ¢y, ](z)) and their
eigen energy were calculated by solving the Schrodinger
equations in the band diagram. Therefore, we can use these
results to estimate the PL and gain spectra. The formalism to
solve the spontaneous emission rate (RSP) is given by

enhw

hw — E,
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where n, is the refractive index, W is the overall rod width, and
N,p, is the two-dimensional reduced density of state, which is
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m is the reduced effective mass. p;; is the momentum matrix

element. For electron and hole in the QW, the complete

electron and hole wave function can be expressed as
_ ik,,p
D, = ¢(z)e" " ur)
— ik, p
43(2)6 u,(r) (7)
where p is the lateral direction and u. and u, represents the

conduction and valence band central cell states, respectively.
The momentum matrix element can be expressed as

(6)

= (@ I(=ihV)ID,) = (& (b, () [eCT =iVl )
(8)
Since k, ~ k;, and ¢ = 1, we obtain

p, = ()i, (=) (ulplu) ©)

The erf(x) is the error function after the integration of
Gaussian broadening line-shape functions. E; is the transition
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energy between ¢, ; and ¢, . o is the inhomogeneous Gaussian
broadening coefficient, which was set to be 30 meV according
to previous modeling works on InGaN-based laser diodes.” f,
and f}, are the Fermi—Dirac distribution function of electrons
and holes, respectively.

To calculate the gain, the formalism becomes

2 —
1eth Ny, 1 ho E;
hw) = ———— —lp I X =|1 + erf]| ————
g(h) nrcmgfo(ha)) g w b 2 V2o
X(f,+f -1 (10)

Because the direct measurement of gain spectrum in nanorods
is challenging, we proposed to simulate the gain spectrum by
modeling the PL emission under near-threshold pumping
condition. The simulated PL spectrum were then decomposed
into two Gaussian function, representing to the PL emission
from core region and shell region, respectively. Similar
Gaussian decomposition procedure was conducted to exper-
imental data as well. After peak energies in simulation were
best fitted to experiment data, the gain spectrum under the
near threshold condition was acquired simultaneously. The
major free-varying variables during modeling were the band
gaps of GaN (Egc,x) and InGaN (Egj,g.y) because they were
highly dependent on the temperature and plasma densities.”"*°
Prior to the detailed analysis, please be noted that this model
might not be applicable for all nanowire lasers. For example, if
the nanowire dimension is in the same order of carrier
wavelength, the core region shall not be treated as bulk, and
the density of state of the quantum well will be no more a
constant as depicted in eq 5. Besides, the potential strong
coupling between the microcavity mode and carriers (a.k.a.
polaritons) also fails the transport models. Fortunately, the rod
size in this study in the order of few hundred nanometers, so
the numerical solver with conventional transport models could
be trusted.

Figure 4a were the Gaussian decomposition of PL under P ~
110 kW/cm? under different temperatures. Since the emission
came from core, shell, and top-corner regions, the PL were
fitted with three Gaussian distribution functions. The
contribution from top-corner was subtracted during PL
modeling. The extracted peak energy with temperatures were
plotted in Figure 4b. As temperature decreased from 300 to
210 K, the emission peak energy from core (E,,.) shifted from
3.366 to 3.401 eV. The bandgap blueshift with reducing
temperature were commonly observed in GaN. However, the
extracted peak energies were lower than the fundamental
E; Gaxy which is around 3.42 eV under room temperature and
3.45 eV under 210 K in the ref 21. The difference could be
attributed to the bandgap renormalization effect under a strong
excitation. In comparison, the peak energies from shell region
were not as sensitive to temperature as those of GaN were. We
attributed the insensitivity due to the competing mechanism
between the temperature effect and the bandgap renormaliza-
tion effect. Under a low temperature, the Fermi—Dirac
distribution becomes more abrupt and the low energy states
are more probable to be filled. Therefore, more excess carriers
populated in the quantum wells under the same excitation
level, which also enhanced the bandgap renormalization effect
of InGaN. The overall emission was also broadened due to the
more prominent peak, which might explain the enhanced
threshold value under a lower temperature.

After the iterative modeling, the best-fitted E g, and
Eg 1nGan Was estimated to be 3.345 and 3.190 eV under 300 K
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Figure 4. (a) Decomposition of PL spectra under P = 110 kW/cm?
with three Gaussian functions. According to its peak energy position,
three emission envelopes were assigned to be from the core (black
dashed lines), shell (green dashed lines), and top corner (brown
dashed lines) regions. The yellow solid lines were accumulation of
three Gaussian function. (b) Temperature dependence of peak energy
position from the core and shell emissions.

and was 3.392 and 3.154 eV under 210 K, respectively. The
variation trend was consistent with those in Figure 4b. The
best-fitted band diagram, carrier distribution, and Ry, could be
found in the Supporting Information. According to the
simulation result, the electron density in the core region
under T = 300 K was estimated to be 9.6 X 10'® cm™. In ref
26, such plasma density yielded a ~85 meV energy bandgap
shrinkage, which also matched the difference between the
fundamental bandgap and the best-fitted E,g,y. Similar trend
was also observed under T = 210 K. Therefore, we believe the
modeling algorithm is physically sound and self-consistent.
Based on these modeled bandgaps, the gain spectra were
calculated in the proximal pumping densities. Figure 5
illustrated the power-dependent gain spectra with equi-gain
contours (black dashed line) under 300 and 210 K. While T =
300 K, the gain contribution from the core and the shell could
not be distinguished due to the closeness of E, ¢,y and Eg,an-
Under the threshold condition (P, = 140 kW/cm? white
dashed line in Figure Sa), the maximum gain was at iw = 3.29
eV, while g(fiw) was still less than zero for Aiw > 3.35 eV. As a
result, the InGaN modes lasing prevailed. It is worth noticing
that the carrier recombination via stimulated emission was not
yet included in the model, so the above-threshold gain spectra
simulation will not be quantitatively accurate. However, we
could still infer that the low energy modes among the GaN
modes would be activated first as the pumping power increased
under room temperature. On the contrary, the gain spectra
under 210 K evolved in a different manner. Because the excess
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Figure S. Color-mapped gain spectra simulation under various pumping density level with (a) T = 300 and (b) 210 K. White-dashed lines
represented the corresponding threshold pumping level. (c) Schematic illustration of mode coupling in the center or the peripheral region of
excitation. (d) Lasing spectra under room temperature with a different diameter (D) of excitation area.

carriers populated the InGaN MQW more densely under a low
temperature, the g(Aiw < 3.30 eV) still dominated under a
relatively low P (P < 100 kW/cm?). After most of electronic
states in MQW were populated, the gain contribution from
MQW started to saturate and a distinguishable shoulder
emerged in the high-energy side. Because of the substantial
volume of GaN in the core—shell structure, the gain spectra
were soon dominated by the GaN materials. Under the near
threshold condition of T = 210 K, the maximum of gain took
place at E 3.38 eV instead, which well-explained the
prevalence of high-energy GaN modes lasing under a low
temperature.

Regardless of the ambient temperature, the local gain
maximum always shifts to higher energy under a stronger
excitation. Therefore, additional optical loss in the system
could also result in the dominant lasing mode hopping due to a
higher threshold; for example, coupling the excited nanorod to
a lossy media. Because the excitation area was finite, those
excited rods in the peripheral region were coupled to unexcited
ones, which brought additional optical losses to the system, as
depicted in Figure Sc. High energy GaN modes were therefore
dominated under a small excitation area due to a stronger edge
effect. Figure 5d showed that the dominant mode shifted from
3.3 to 3.4 eV by focusing the laser spot size down to a diameter
of 12 pm, while the Py, was increased from 140 to 800 kW/
cm”. The gain spectra simulation also provided the excitation-
area-dependent collective lasing an alternative explanation
besides the different coupling strength among the different
cavity modes.

In conclusion, we attributed the temperature-induced mode
hopping to the different extent of bandgap renormalization
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between GaN and InGaN materials within the core—shell
structure. The core—shell structure determined the cavity
mode and the baseline of gain spectra under excitation.
External parameters such as excitation area or coupling
strength among rods also determine the final dominant lasing
mode because it influenced the threshold pumping density
significantly. Therefore, the measure to manipulate the
dominant lasing mode in the coupled nanorod arrays is richer
rather than that in uncoupled ones. With a careful control in
the core—shell structure and the rod arrangement, it is
practically achievable to design and manipulate the lasing
wavelength in a single monolithic photonics chip in UV—
visible spectra region.
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