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Quantum well nanolasers usually show single-mode lasing, as gain saturation suppresses emissions in other modes. In contrast,

for whispering gallery mode microdisk lasers with GaN quantum wells as active material, we observe above threshold multimode
laser emission. This intriuging emission feature is manufested in the fact that several modes simultaneously show the characteristic
kink in the input-output curve at the onset of lasing. A quantum theory for nanolasers is used to support our experimental finding
and to analyze this behavior in the presence of gain saturation. We identify coupling effects between neighboring modes as the
origin of multimode lasing, which initiate photon exchange between modes via population pulsations similar to classical wave-mixing
effects. A reduction of this type of mode coupling with increasing mode spacing is demonstrated. Our results can pave the way for
multimode application of nanolasers in integrated photonic circuits.
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1 Introduction

Microdisk resonators are important building blocks for integrated photonic circuits [1-3]. Due to their
large @Q-factors they can serve as a platform for coherent light sources [4,5]. Multimode operation is of par-
ticular interest, as it opens up the prospect for communication over multiple channels in a single wave-
guide [6,7] as well as sensing applications [8]. Theoretical understanding of multimode operation provides
the fundamentals for on-chip mode division multiplexing without a spatial multiplexer. Nanolasers typi-
cally have a large free spectral range (FSR) due to their small resonator dimensions, and therefore single-
mode lasing usually prevails [9-11]. This is in particular the case for quantum well (QW) lasers, where
emission into the modes is provided by a shared gain medium. Under steady-state conditions, stimu-
lated and spontaneous emission need to balance the cavity losses. Above the laser threshold, this leads
to gain saturation which favors stimulated emission for one mode with the highest modal gain. The side-
mode suppression through gain saturation of the joint active material acts as a mode-coupling effect.
Nevertheless, we observe multimode-lasing in GaN-based whispering gallery mode (WGM) microdisk
lasers with a large FSR of several nanometers. Emergence of multimode lasing is well understood in the
framework of semiclassical theories. Population pulsations with the beat frequencies between the modes
lead to additional mode coupling [12], which results in light scattering between the modes, analogous to
non-degenerate four-wave mixing effects.

Laser emission from microdisk resonators has been successfully demonstrated in the visible or ultra-
violet spectral range under pulsed optical excitations using III-nitride heterostructures and quantum
wells as active regions [13-17]. Various microdisks were obtained using techniques like photo-electro-
chemical etching, sacrificial layers, underetching, electron-beam lithography, nanosphere lithography in
combination with different types of substrates like sapphire or silicon. Single mode [13, 14, 16, 18] or
multimode [15,17,19-23] lasing was reported in different types of microdisk lasers with various diameters.
However, the nature and mechanisms behind multimode lasing and the appropriate theory and modeling
to support experimental observations have remained elusive.

In the WGM microdisk lasers studied in this article, several resonator modes appear within the gain
bandwidth of a multi-quantum well active medium. Light-scattering effects between the modes as a
result of population pulsations compete with gain saturation and lead to multimode stimulated emission.
In our samples, a reduced mode volume (estimated as 15 x (A/n)? following Ref. [24]) together with the
elevated Q-factor of about 7000 alter the spontaneous emission into the laser mode in comparison to
the total spontaneous emission. In order to address the influence of spontaneous emission and the mode
coupling due to wave-mixing effects, we use a quantum optical multimode laser theory. In this article,
we show that wave-mixing effects explain the occurrence of multimode lasing also in a quantum optical
laser theory. The strength of the wave-mixing effect is discussed in terms of the FSR.

2 Results and Discussion

2.1 Fabrication of III-nitride microdisk lasers

The investigated microlasers consist of mushroom-type microdisk resonators, which were fabricated from
a sample grown by metal organic chemical vapor deposition on a Si(111) substrate. The structure is
grown on the wurtzite c-axis and consists of a 220 nm AIN buffer layer followed by a 520 nm thick GaN
layer and the optically active region. The active region consists of five 3nm thick Ing;GagoN quantum
wells separated by 7nm thick GaN barriers. The whole structure is terminated by a 20nm GaN cap
layer. Figure 1(a) shows a false color scanning electron microscope image of the processed microdisk.
The fabrication of the microdisks was achieved using standard cleanroom processing. A SiO, hard mask
was deposited on the wafer by plasma enhanced chemical vapor deposition. A UV5 positive resist was
used to define the pattern of the microdisk resonators by electron-beam lithography and the oxide layer
was etched with reactive ion etching using CHyF5 and CF4 gases. The IIl-nitride layers were subse-
quently etched by inductively-coupled plasma dry etching using Cly and BCl; gases and the remaining
Si0y was removed. To achieve optical confinement and to avoid leaking of the modes into the silicon, the
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substrate was partially underetched using XeF; gas leading to a mushroom-type structure with a narrow
pedestal as shown in Figure 1(a). Microdisks with diameters from 3 to 6 pm were obtained, in which the
WGNMs are confined to the periphery of the disks with slightly inclined sidewalls. Additional information
on the ITI-nitride material characterization can be found in the supplementary material of Ref. [23].
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Figure 1: (a) Scanning electron micrograph of a III-nitride microdisk resonator. The III-nitride layers highlighted in false
colors are epitaxially grown on a silicon substrate. The layer stacking is indicated on the image. The 220 nm thick AIN
layer appears in violet color at the bottom. (b) pu-PL spectra of a microdisk resonator with a diameter of 4 um at different
excitation powers. The zoomed inset shows a mode with a visible secondary feature.

2.2 Experimental optical spectroscopy of the microdisks

The microdisk lasers of different diameter were examined using a micro-photoluminescence (u-PL) setup.
For excitation a frequency-doubled Yb fiber laser, emitting pulses with a frequency of 76 MHz, a wave-
length of 515 nm and a pulse duration of approx. 1.5 ps was used. The pulses were frequency doubled
again to reach 257 nm and focused onto the sample in backscattering geometry. The collected photo-
luminescence was guided into a 80 cm focal length Czerny-Turner monochromator with a 1200 mm™—!
grating providing a 0.03 nm spectral resolution and detected by a liquid-nitrogen cooled CCD. All mea-
surements were performed in a nitrogen atmosphere at room temperature and the pressure was selected
to minimize degradation of the sample, presumably caused by laser-induced oxidation or reduced ther-
mal transport [25-27].

Figure 1(b) depicts the power-dependent emission spectra for a microdisk laser with a diameter of 4 um,
where the excitation power ranges between 5 and 45 mW. Four distinct peaks with a FSR splitting of
(28.0 + 0.4) meV clearly arise at (33 + 5)mW (~ 100 pJ cm ™2 per pulse threshold energy) due to the
GaN-quantum well emission coupling to the WGMs of the microdisk resonator. The emission of all
four modes is present even at the highest excitation power of 45 mW, well above the threshold pump
power, thus exhibiting multimode laser operation. Additionally, secondary features are evident next to
the resonator’s modes at high excitation powers, shown in the zoomed inset in Figure 1(b) and also in
the measurements of Ref. [23]. These originate from the lifting of the degeneracy between clock-wise and
counter-clockwise modes due to imperfections of the resonator [5,28,29]. Lasing was independently verified
by second-order photon-autocorrection measurements at 5 K. At room temperature, these measurements
are not possible due to low signal to noise ratio.

The experimental results obtained from the 4 um structure were used as a basis for the development of
a theoretical model explaining the underlying mechanism leading to multimode laser operation. From
Figure 1(b) Q-factors up to approx. 7000 are deduced.
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2.3 Theory-experiment comparison

For the WGM microdisk lasers discussed in this paper, Figure 2(a) shows the intensities of the indi-
vidual modes as well as the total output intensity as a function of the excitation power. The results for
the individual mode intensities (solid lines: theory, circles: experiment) reveal a clear kink which indi-
cates the transition to lasing for all four observed modes. Band filling leads to a small shift of the gain
maximum. As a result, the weighting of the individual modes changes with increasing excitation power
towards higher energies.
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Figure 2: Input-output characteristic of a Ing 1 Gag 9N QW nanodisk laser with a diameter of 4 pum. Experimental results
for the intensity (open circles) are compared to calculations (solid lines) with (a) and without (b) wave mixing. The experi-
mental intensities and pump rates are scaled with constant factors for direct comparison with the theory. The gray line in
(a) shows the background intensity. The insets in (a) and (b) show the calculated emission spectrum of the laser evaluated
at the pump rates marked with crosses.

In the following, we investigate the influence of population pulsations and the associated wave-mixing
effects on the emissions. For a calculation without wave mixing, Figure 2(b), the total intensity (black
solid line) behaves similarly to the previous case. The lasing threshold occurs at smaller pump rates
because the main mode (mode with the largest intensity, mode 3) has more photons available and thus
higher stimulated emission. For example, a calculated total photon number of 10 is reached for a pump
rate of 5.2 x 10~* ps~! with wave mixing and for a pump rate of 4.9 x 10~* ps~! without wave mixing.
In the absence of wave mixing, the other modes do not show a transition to lasing, as the corresponding
kink is missing.

The behavior of the individual modes in the input-output characteristics is also reflected in the calcu-
lated emission spectra, which are provided as insets to Figure 2(a) and (b). When the redistribution

of photons due to wave-mixing effect is included, a multimode spectrum is obtained below and above
the laser threshold. If the wave-mixing effect is omitted, below threshold pumping leads to an emission
spectrum showing several modes. For above threshold pumping, however, the mode with the highest
modal gain wins the mode competition and saturates the gain, thereby suppressing emissions to the
other modes.

In the wave-mixing process, 2 modes interact with the quantum wells and generate pulsations in the
electron population with the difference frequency [12]. As a result, photons can be exchanged between
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Figure 3: Schematic illustration of the relationship between gain saturation and photon scattering due to wave mixing.
The vertical dotted lines mark the spectral positions of the resonator modes. The orange line shows the gain due to stimu-
lated emission and without wave-mixing contributions, which is saturated in such a way that stimulated and spontaneous
emission compensate the resonator losses. Due to redistribution of photons by wave mixing, the gain can exceed the
resonator losses (green dashed line) as it exhibits additional losses in the total balance.

the modes. The mode with the highest gain scatters photons into other modes, thereby allowing them
to pass the laser threshold. This leads to an additional loss channel for the main mode and the gain
may exceed the resonator losses for this mode. This increase in gain allows the side modes to pass the
laser threshold. Figure 3 illustrates this phenomenon. Below threshold, a multimode spectrum occurs
as spontaneous emission dominates, gain saturation is absent, and a weak wave-mixing process is still
present.

2.4 Mode coupling efficiency

The described effects of mode coupling, i.e., the gain saturation of the common active material by the
strongest mode and the scattering of photons between the modes, are in themselves generic effects. In
addition to the nitride-QW-based WGM microdisk lasers studied here, multimode lasing has been re-
ported in microdisk resonators incorporating arsenide-QWs [30], phosphide-QWs [31] and even per-
ovskites [32]. Multimode lasing was also observed in microdisk resonators with quantum dots as the
active medium [28,33,34]. In this case, however, multimode operation occurs due to the inhomogeneous
broadening of the discrete emitter ensemble, such that each mode only saturates the respective quan-
tum dots in close spectral vicinity. For a large FSR, each laser mode is supported by a separate set of
quantum dots and the gain saturation of one mode has no influence on the other modes. We exclude
QD-like states due to disorder-induced localization in the used sample. Local fluctuations induced by
indium, with a potential in the tens of meV range, are screened under high carrier injection, resulting in
delocalized charge carriers at room temperature [35].

For the mode coupling due to photon scattering between the modes, the FSR in relation to the gain
bandwidth plays a central role, indirectly also the strength of scattering and dephasing processes. This
ultimately makes the processes dependent on the material system and resonator type and lastly depen-
dent on the strength of gain saturation vs. population pulsations.

To investigate the efficiency of mode coupling, we examine the dependence of the emission spectrum
on the FSR. Figure 4 provides the intensities of the individual modes relative to the main mode. The
relative intensities decrease exponentially with the FSR (red dashed fits in Figure 4). Thus, multimode
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Figure 4: Intensities of the individual modes relative to the intensity of the main mode (mode with the largest intensity) as
a function of the FSR, above (a) and below (b) the laser threshold. The red dashed lines are exponential fits.

lasing is less apparent for a larger FSR and photon scattering is less efficient. Below the laser threshold,
emission into several modes is supported even with a larger FSR as there is no gain saturation, while the
photon scattering remains present albeit at weaker efficiency.

The photon scattering between the modes is represented by processes in which a photon is added into
one mode ¢ while being removed from another mode ¢’. This can be expressed in terms of photon cre-
ation and annihilation operators, bfl and by, respectively. The corresponding expectation values (bj]bq/>
with ¢ # ¢ are the off-diagonal photon density matrix elements. These transition amplitudes quantify
the efficiency of photon scattering between the modes and are a central part of the used quantum optical
multi-mode laser theory. Their calculation is outlined in the Methods section. The relative coupling
strength (normalized to the square root of the respective photon numbers)

| (blby) |
<b¢§bq> <b:;'bq’>

(1)

between modes 2 and 3 and the largest pump rate in Figure 2(a) has a value of 15% which emphasizes
the magnitude of the process.

3 Conclusion

High Q-factor WGM microdisk resonators with InGaN quantum wells as active material have been used
to demonstrate multimode laser operation. A direct analysis of the experimental results with a semi-
conductor laser theory attributes the simultaneous occurrence of a threshold transition for several laser
modes to strong mode coupling effects. Quantum optical semiconductor laser models using a quantiza-
tion of the optical field play an important role in the analysis of emission properties when the transition
from conventional lasers with low @)-factor and low spontaneous emission coupling to nanolasers is per-
formed. While multimode lasing was observed in our present and some previous experiments, quantum
optical semiconductor models have focused on treatments with a single laser mode. In this paper we
provide the necessary extension to a multi-mode semiconductor theory by including off-diagonal photon
density matrix elements. The resulting mode coupling effects turn out to be of strong magnitude and
enable multi-mode operation despite the fact that all modes use a common quantum well gain medium
and gain saturation is present.
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4 Methods

Quantum optical multimode laser theory:

Starting from the Lindblad-von-Neumann equation we derive the equations of motion for relevant ex-
pectation values like the mean photon number and first-order photon correlations defining the emission
spectrum. The light-matter interaction gives rise to a hierarchy of coupled equations, which is truncated
at doublet level of the cluster-expansion approximation [36-38]. We treat interaction of the light field
within a two-band model in effective-mass approximation for the Ing;GagoN quantum well (QW) active
medium.

For the light-matter-coupling, we consider a Jaynes-Cummings-type interaction with several quantized
resonator modes. Our system is described by the Hamiltonian

H= Z (EZQLQk + skhThk> + Z hw,bib, + Z <9qufb Jurer + g;’;quq/ellhlf) ; (2)
P

k' q'

where e (hg) and eL (hL) are annihilation and creation operators for conduction band electrons (va-

lence band holes), b, and bfl are annihilation and creation operators of photons in the ¢g-th mode, re-

spectively. k represents the state described by wave vector k and spin s. The energy of the electrons

(holes) in state k is denoted by &%, (62) , Wy is the frequency of the ¢-th cavity mode, and gy, is the light-
matter coupling strength between the ¢-th mode and electrons (holes) in state k. The equations of mo-
tion for the photon numbers n, = (bib,), the electron occupations ff = (eler) and the hole occupations

f = (hlhy) are given by

d :
hEnq =2 ; Re {—igiq (bl hyex) } — 26ny, (3)

fe/h = —QZRG —igkq ( bThkek } Vrel ( o/ F;:/h(T)> — M <€£hzhk€k> + Dk (1 —Jfi — fl? + (6%2%60) :

q ()

Resonator losses are taken into account with the photon decay rate x, which is related to the Q-factor
of the ¢-th resonater mode @, = hw“ The electrons are optically exc1ted high into the conduction band
with the pump rate p,. We use a relaxatlon time approximation for the scattering of electrons (holes)
with rate 7, towards a Fermi-Dirac distribution F(T) (F(T)) at lattice temperature T'. Emission in
non-lasing modes is described by loss rate v,. The corresponding modes are either strongly detuned or
have low ()-factors. The occupations n, and f,j/ " are driven by the photon-assisted polarization (b;hkek),
which obeys the differential equation

d
hdt <bThk€k = 1ng/ ek/hk/hk€k> +1 fk; + fk - ngq b b

()

. P + .
- |:1Akq + K+ Yool + Tt + Tphot + — 5 i } . <b2hkek> ;

where Ay, = &5 + el — hw, is the detuning of the mode ¢ to the electronic transition at k. Following
the cluster-expansion scheme, we explicitly include many-body correlations up to second order in the
set of equations used here. On subsequent orders, electron-electron, electron-phonon, and higher-order
electron-photon correlations appear, which lead to dephasing contributions in the photon-assisted po-
larization, described by Eq. (5). As we do not treat these higher-order correlations explicitly, their con-
tributions are added as phenomenological dephasing constants. Here I'g; represents dephasing due to
electron-electron and electron-phonon contributions and I'pyo; contains dephasing due to higher-order
electron-photon correlations. The k = k' contribution to (e}, hl, hrer) in Eq. (5) describes the sponta-
neous emission contribution due to recombination of an electron-hole pair with momentum k. Terms
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with k # k' are polarization-like quantities that account for spontaneous emission processes due to the
coupling of different k-states. The dynamics of these processes is given by the equation

=i [owa(F5+ £ = 1) Bien) — g, (F+ 11 = 1) Gael k)]

(

Pr + Di

— {i (82 + 52 — &5 — 52,) +2%el + Ve + + 2FE1] . (ez,hz,hkeﬁ

h& <€Z;/h-|];./hk€k> -

—2) "Re {—ige, (Bihrer) } — % (efhlhyey)

20+ ({elhlhuer) = F(DENT)) 4+ i (1= fi = fi + (el hlheey) )

\

(6)

This expectation value is in turn driven by the photon-assisted polarization (b;hkek>. The second term
in Eq. (5) describes the stimulated emission for ¢ = ¢’ and photon scattering for ¢ # ¢’. To account for
wave mixing we formulate a separate equation:

d : . :
B (bhby) = =i 3 (g (Blner) = iy el ) ) = [i(hes = heoy) 426 + 2o (1 = d0)] (b - (7)
k

Note that for ¢ = ¢’ the equation for the photon number, Eq. (3), is recovered. For this case, the dephas-
ing contribution I'py is omitted.

The Egs. (3)-(7) form a closed set of self-consistent laser equations which can be used to determine the
input-output characteristics of the nanolasers. Our description goes beyond rate equations, since the po-
larizations, photon scattering and couplings between different k-states are calculated in a phase sensitive
manner (all quantities oscillate with the corresponding transition energy) according to the microscopic

interaction processes. An advantage of our approach is that it allows us to study the influence of specific
correlation between modes or different k-states.

Furthermore, our theory provides access to the emission spectrum S(w) via the first-order photon corre-
lation function G (¢, 7) together with the Wiener-Khinchin theorem [39],

S(w) = F{GY(t,7)} with GV(t,7) Z\/mu (Fo)ug () (B (£)by (¢ + 7)), (8)

where u,(7) are the mode functions of the ¢-th mode and 7 denotes the position of the detector. Using
the quantum regression theorem [40], we obtain equations of motion for the contributing correlation
functions

B 1 Obg (7)) = 1S gy B hwea(t + 7)) — (g + 5+ o) LB+ 7)), (9)

dr
k
d
h (bh(Dhwex(t+ 7)) =i (ff+ fi = 1) ng (b} ()b (t + 7))
_ {i <g; n gg) 4 Tg + Yo + 2E g o) 0 (6 hgen(t + 7)) (10)

The coupled set of equations (3)-(7) together with (8)-(10) allows us to calculate the emission spectrum
of nanolasers in the presence of photon redistribution between different modes. Table 1 shows the param-
eters used for the calculation.

“ for k # K/,

q for k =F.



ILEY-VCH
REFERENCES w c

Eg 2967 meV
Me 0.17 - mg
mp 0.74 - mg
huw 2929 meV
hwo 2957 meV
hws 2985 meV
hwy 3013 meV

90 0.03 é
A 107 nm?2
Vrel 10 é
T 50K
Ve 0.055 o
K 0.373 L

ps
I'phot é
) 10 5

Table 1: Set of parameters for modeling a Ing;Gag 9N QW nanodisk laser. mg denotes the mass of an electron. The effec-
tive masses are determined from [41].
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Quantum well nanolasers usually show single-mode lasing. In this paper, multimode laser emission was observed in whis-

pering gallery mode microdisk lasers with GaN quantum wells as active material. The presence of multimode emission
despite gain saturation is explained by photon exchange between modes via population pulsations similar to classical
wave-mixing effects.
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