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ABSTRACT

In the present paper, we investigate a special type of optical coupling between two electrically pumped semiconductor whispering gallery
mode lasers. We fabricate microdisk lasers with a conjunction between the laser cavities, making the coupling stronger. Our experimental
results combined with numerical calculations demonstrate a variety of mode families that exist in such systems. Furthermore, we confirm
the generation of resonance modes that exist only under simultaneous pumping conditions. These modes are attributed to the collective
mode family, which can lead to a single mode operation.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0004273

I. INTRODUCTION

Whispering Gallery Modes (WGMs) have attracted major atten-
tion in the last two decades since they possess unique properties for
different applications in science and technology. In particular, this
phenomenon has been thoroughly investigated in passive and active
optical microresonators.1,2 In such microresonators, WGMs have a
high quality factor (Q-factor) and a small mode volume. These two
important properties make it possible to confine light in a tiny
volume inside the optical cavity for a very long time, thus enhancing
light–matter interactions.1 For instance, in the case of passive micro-
resonators made of third order nonlinear crystals, WGMs allow for
the efficient generation of high repetition rate (>10 GHz) Optical
Frequency Combs.3 In active media, WGMs open up certain avenues
for the fabrication of low threshold lasers. The low threshold lasing
has been demonstrated in semiconductor WGM-lasers with electri-
cal4 and optical pumping5,6 as well as in highly doped crystalline
microresonators with an optical pumping.7 In addition, due to the
evanescent-field profile of WGMs outside optical cavities, WGMs are
extremely sensitive to environmental changes, making them promis-
ing for sensing applications in biology and medicine.8

Recently, a new platform based on coupled WGM microresona-
tors has drawn a lot of interest.9 It has been theoretically predicted
and experimentally observed10–12 that coupled microresonators
can form so-called “Collective Modes” (CMs) or “super modes.”
These coupled microresonator systems are usually called Photonic
Molecules (PMs), but in order to avoid misunderstanding, we should
point out that a different physical phenomenon based on bound
photon pairs and triplets that form in gas clouds13 also has the same
term “photonic molecules,” although it has no connection to the
topic of this paper. Not only do coupled microresonators allow for
the exploration of fundamental physical phenomena owing to their
resemblance to real molecules, but they also open up opportunities
for highly sensitive sensing applications. The latter is possible
because the CMs are even more sensitive to the environmental dis-
tortions than single WGM cavities.14 Moreover, it has been experi-
mentally shown that PMs can possess bounding and anti-bounding
states of the cavity modes,15 mode splitting,16 and different effects
due to clockwise and counterclockwise mode interactions.17 In addi-
tion, single mode lasing was demonstrated in two size-mismatched
coupled WGM cavities based on the Vernier effect, which could also
be used for a variety of applications.18 Thus, we believe that the
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platform based on coupled WGM cavities is very promising from
various points of views.

All the above-mentioned physical phenomena have been
found in coupled cavities with weak optical coupling, which means
that the modes of the cavities are coupled through a small gap
between the cavities. That is, usually called evanescent field coupling
and such systems can be theoretically described using coupled mode
theory or perturbation theory, thus, in some special cases, one can
have approximate analytical solutions.17 In this paper, we present a
different platform of the coupled WGM cavities—strongly coupled
WGM-lasers. The strong optical coupling is achieved by the intro-
duction of a deliberately made conjunction between the optical reso-
nators such that the light can be directly transferred from one optical
cavity to another. This system has been demonstrated using two
coupled electrically pumped semiconductor WGM-lasers exhibiting
the formation of CMs as well as a single mode lasing regime. Please
note that we use the term “strongly coupled WGM-lasers” not to
underline a high coupling efficiency that could be the case for eva-
nescent field coupling, but rather to emphasize the fact that the gen-
erated radiation can be transferred from one optical cavity to another
without leaving the resonator, thus the two resonators cannot be
considered as two separate units. In such a case, it is rather challeng-
ing to obtain even an approximate analytical solution, which implies
to use numerical calculations. In this paper, we intend to shed some
light on the problem of strongly coupled WGM-lasers presenting
new experimental observations, as well as numerical calculations that

help to get a better understanding of the electromagnetic field distri-
bution in such devices.

II. FABRICATION OF LASER SAMPLES AND
EXPERIMENTAL SETUP

The studied WGM-lasers are based on quantum well hetero-
structure GaInAsSb/AlGaAsSb designed for emission near 2.28 � m
wavelength at room temperature. The structure was grown by
molecular beam epitaxy in a Riber 412 solid source machine. The
WGM-laser samples were fabricated using the wet etching process.
In order to achieve the strong optical coupling, we use a special
photomask, which makes it possible to form a conjunction between
the laser cavities during the etching process (see Fig. 1). We tested
many different samples of such coupled WGM-lasers and found
out that equal disks with 10 � m long and 15–20 � m wide conjunc-
tion in between demonstrated the best performance in terms of
CM generation. We have also tested samples of strongly coupled
WGM-lasers with size-mismatched disks. For a more detailed
description of the material fabrication, please see Ref. 19. It should
be mentioned that “equal cavities” mean that the cavities are equal
within the accuracy of our fabrication process. The accuracy was of
the order of 2 � m. This inaccuracy is enough to shift the absolute
position of a spectral line on the value of the order of the energy
distance between spectral lines. Below, we use “equal cavities” and
“equal disks” in this sense.

FIG. 1. Block diagram of the experi-
mental setup for spectra (a) and direc-
tional diagram (b) measurements;
photograph of a strongly coupled
WGM-laser sample (c); energy band
diagram of the quantum well hetero-
structure (d); LS—laser sample
mounted on a parabolic reflector, PD—
photodiode mounted on a parabolic
reflector, PC—personal computer.
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In Figs. 1(a) and 1(b), one can see the schematic block dia-
grams for the measurements of emission spectra and directional
diagrams, respectively. We use pulsed electrical pumping with the
pulse duration of 2.7 � s at 30 kHz frequency in order to minimize
the thermal effects. This keeps the laser lines at the same relative
positions, thus reducing the effect of thermal shift in the whole
range of pumping currents. The spectra were measured using para-
bolic reflectors that collect the radiation from the laser samples and
direct it to a monochromator with two diffraction gratings. Please
note that the laser samples emit light in all directions if they are
not mounted on parabolic reflectors, which is indicated as a red
glow around the sample in Fig. 1(b). All coupled WGM-laser
samples have two gold ring electrical contacts [see Fig. 1(c)].
Figure 1(d) shows the energy band diagram of the quantum well
heterostructure. It is also worth noting that the average power of
our lasers is 0.5–1 mW measured by a pyroelectric power meter so
it includes the spontaneous emission as well.

III. RESULTS

A. Single disk WGM-lasers

First, it is important to verify whether it is possible to generate
WGMs in a single microdisk laser using the etching technique that
we apply for the coupled WGM-lasers. We design our lasers such
that the thickness of the active region [0.7 � m, see Fig. 1(d)] is of
the order of one wavelength inside the material (∼0.64 � m). This
geometry ensures that we have only first order modes in the polar
direction (z axis that is perpendicular to the surface of the active
region). Figure 2(a) demonstrates the emission spectra of a single
electrically pumped WGM-laser with a 200 � m radius. It is clear
that the periodic structure we observe corresponds to the first order
WGMs with a 12 Å Free Spectral Range (FSR). This value is in a
good agreement with the calculations of FSR for first order WGMs
in a 200 � m radius disk using the simple formula

Δ� ¼ � 2

2� Rn
, (1)

where Δλ is the FSR, λ is the wavelength (assuming that the disk is
much larger than the wavelength, such that Δ� � � ), R is the disk
radius, and n is the refractive index of the material (∼3.4 in our case).

Expression (1) results from the analytical solution for a single
WGM disk resonator with the perfect metal boundary condition.
The analytical solution is well-known for this case,20 and formula
(1) can be easily derived from the asymptote of the first root of the
Bessel function. Moreover, it is verified that formula (1) can also be
applied as an approximation of FSR in dielectric disk resonators.20

In Fig. 2(b), one can see the Finite Element Method (FEM)
simulations of the first order TE WGM calculated for a single disk
resonator using perfect metal boundary conditions on the cavity
wall. This simulation is done just as a reference point for further
consideration. We have tested different disk radii (50, 100, and
200 � m) in our simulations for both single and coupled WGM res-
onators and verified that indeed it is possible to find the same
mode families in all these cases, which are going to be discussed
further in the text. The first order WGMs have the highest Q-factor
and stability, thus they are the most efficient modes for the laser to
operate on. It has been theoretically investigated by Dontsov et al.
that if we introduce a small defect that is of the order of one wave-
length inside the cavity, the overall mode structure will not change
much, but instead of traveling WGMs the standing WGMs
appear.21 An entirely different situation comes into play once we
introduce a defect in the system that is much larger than the wave-
length inside the cavity. The conjunction between the laser cavities
would play the role of such a defect. Let us consider this case in
more detail.

B. Separately pumped coupled WGM-lasers

On the next step of our FEM simulations, we introduced the
second disk that is connected to the first disk through a conjunc-
tion that acts as a large defect in the system. We first consider the
case when the pumping current is applied to the first resonator
only, and the second resonator absorbs the radiation that is gener-
ated by the first resonator. For that purpose, we introduce an imag-
inary part of the refractive index in the second cavity.

Our simulations demonstrate that the introduction of both the
conjunction and the second cavity leads to a significant change in
the overall mode structure. Instead of regular WGMs of a single disk
laser [see Fig. 2(b)], we now have to consider different modes—leaky
and quasi-WGMs. In Fig. 3(a), one can see an example of a leaky
mode that resembles a WGM shown in Fig. 2(b), but rather

FIG. 2. (a) Emission spectra of a
single electrically pumped disk laser
with 200 � m radius, all the spectra are
obtained well above the laser thresh-
old; (b) FEM simulation of the first
order TE WGM for a single microdisk.
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distorted, and thus having a much lower Q-factor for two reasons.
First, this mode propagates close to the cavity rim and easily leaks
into the absorption area. This leads to a dramatic increase in the
imaginary part of the calculated eigenfrequency and the lasing condi-
tion KG= 1, where G is the optical gain and K is the feedback factor,
fulfilled at much higher optical gains in comparison to the mode
shown in Fig. 2(b). The second reason is that the mode experiences
scattering losses in the conjunction itself. It can be seen in the experi-
mental directional diagram of the laser emission as two distinct
peaks of radiation on both sides of the conjunction [see Fig. 3(e)].
These losses are not taken into account in our simulations (lack of
computational resources), since we applied perfect metal boundary
conditions on the cavity wall. It should be noted that the directional
diagram shows how the laser emission is distributed around the
system when only one laser [left in Fig. 3(e)] is pumped. Due to the
reasons mentioned above, the lowest order WGMs are not exited in
the system. Instead, the most efficient modes of the cavity are higher
order quasi-WGMs.22 Quasi-WGMs can be thought as WGMs with
slightly modified optical paths. The optical path of quasi-WGMs is
not fully circular, but rather polygonal.23 One can see an example of
such a mode in Fig. 3(b). The effective optical path of these modes
lies within the first cavity such that the mode minimizes its losses in
the conjunction and the second cavity, and thus the imaginary part
of the eigenfrequency is close to zero. It is worth noting that, for the
quasi-WGMs, formula (1) does not work due to the fact that they
cannot be described by a single Bessel function. This leads to the dis-
crepancy in the FSRs on the emission spectra that we observe experi-
mentally, and, in most cases, there is no clear FSR when the lasers
are pumped separately.

C. Simultaneously pumped coupled WGM-lasers

Let us now consider the case when both lasers are pumped
simultaneously. For the sake of computational simplicity, we

applied the periodic boundary condition at the very center of the
conjunction, such that it separates the system into two symmetric
parts, thus all the obtained solutions are symmetric as well. Here,
we can distinguish two main mode families. The first mode family
consists of those stable quasi-WGMs that we get when only one
laser is pumped. In this case, we have weakly interacting lasers that
can be considered in the borders of the evanescent field coupling
model.17 One can see an example of such a mode in Fig. 3(d),
which is basically the same solution as in Fig. 3(b), but now
obtained for two lasers simultaneously. For the weakly interacting
lasers, the resulting spectrum should be just a sum of the two
spectra for the lasers being pumped separately, and we can confirm
this behavior experimentally. In Fig. 4(a), one can see a set of
measured emission spectra of a sample of strongly coupled
WGM-lasers, which was associated with a name “sample 1.” This
particular sample has equal disk radii of 100 � m. It is clear that the
resulting spectrum of simultaneous pumping [Fig. 4(a), 3] is just a
sum of the spectra of separately pumped lasers [Fig. 4(a), 1, 2]. It is
worth noting that there is anyway one additional mode that exists
only when both lasers are pumped, indicating the fact that some
interaction between the cavities exists, but it is very weak. This is a
usual behavior for the laser samples with a narrow conjunction.
When the width of the conjunction is less than 10 � m, the lasers
tend to operate on the stable quasi-WGMs and do not interact with
one another. If we increase the width of the conjunction to 15 � m
or more, the coupling between the cavities becomes substantial and
another mode family can emerge.

The second mode family can be considered as the family of
collective modes [see Fig. 3(c)]. These modes only appear in the
FEM simulations when we disable the absorption in one of the cav-
ities and allow both cavities to freely transfer electromagnetic radia-
tion through the conjunction. Interestingly, these modes have an
extremely complex mode structure, and, more importantly, very
large effective mode area in the cavity. This makes them more

FIG. 3. Results of the FEM simulations (a) leaky quasi-WGM of the strongly coupled WGM-lasers; (b) stable quasi-WGM in the case when only one disk is pumped; (c)
collective mode of the strong coupled WGM-lasers when pumped simultaneously; (d) quasi-WGM of the first family; and (e) directional emission diagram of the coupled
microdisk WGM-lasers.
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preferable for lasing in comparison to those from the first mode
family, because the larger the effective mode area, the higher the
optical amplification of the active media. The latter statement is
being supported by our experimental results. In some cases, the
generation of CMs is so beneficial that the system generates one the
most efficient mode well above the laser threshold, which leads to a

single mode operation. An example of the single mode operation
can be seen in Fig. 4(b) 1, 2, 3 for a sample, which was given a
name “sample 2.” This sample has equal disk radii of 200 � m and a
conjunction that is 15 � m wide and 10 � m long. It is worth noting
that the relative intensity of the single mode is stronger than the
intensities of the modes of the separately pumped lasers, which

FIG. 4. (a) Measured emission spectra
of sample 1 with 100 � m equal radii
when only the first laser is pumped (1),
only the second one (2) and both
lasers pumped simultaneously (3); (b)
same for sample 2 with 200 � m equal
radii exhibiting the single mode opera-
tion; (c) same for sample 3 with
200 � m unintentionally size-
mismatched or deformed disks; (d)
same for sample 4 with intentionally
size-mismatched 100 � m and 85 � m
disk radii; all the spectra are obtained
when the pump current density is kept
the same for each laser—250 A/cm2, it
is well above the laser threshold.
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indicates the fact that most of the power goes to one single mode,
while the other modes are suppressed [see Fig. 4(b)]. Interestingly,
the single mode operation is not often observed in the strongly
coupled WGM-laser samples, and it has been a topical subject in
our research lately. Nevertheless, those samples that demonstrate
the single mode operation are stable for changes in pumping cur-
rents even if we apply different currents to each cavity. Figure 5
shows how stable the single mode operation is to relative changes
in pumping currents, and thus local temperatures in the cavities. If
we fix the pumping current in one cavity to 200 A/cm2 (it is well
above the laser threshold, which is about 100–120 A/cm2 for our
lasers) and start to change the current in the other cavity, we will
see that the relative changes do not affect the single mode operation
at all [see Fig. 5(a)]. The same holds if we fix the pumping current
for the second cavity [Fig. 5(b)]. This supports the idea that the
single mode operation does not depend on relative positions of
the resonant modes of the two cavities, but it is sensitive to their
geometry, which is going to be discussed in more detail further in
the text.

The major part of the laser samples with equal disk radii
exhibit another operation regime, which is also referred to the col-
lective mode family, since the mode structure changes drastically
under the simultaneous pumping conditions. If we draw our atten-
tion to the emission spectra of one of these samples in the case
when only one laser is pumped [see Fig. 4(c) 1, 2], we will see that
the mode structure is random, and there is no clear periodicity
(or FSR) as it was in the previous cases. On the other hand, when

we pump both lasers simultaneously [see Fig. 4(c) 3], the mode
structure changes and the spectrum here is not just a sum of the
spectra of two separately pumped lasers. Moreover, we observe a
clear periodicity in the mode structure, and in some regions the
mode spacing is less than 9 Å for this particular sample [Fig. 4(c)],
which is smaller than the FSR for a single disk laser with the same
radius [12 Å see Fig. 2(a)]. This sample (associated with a name
“sample 3”) is assumed to have the same geometry as the “sample
2,” but the difference in operation is clear. We made an assumption
that the difference could be associated with the asymmetry of the
system, and in order to verify this idea we prepared another set of
samples of strongly coupled WGM-lasers with deliberately size-
mismatched disks. One can see the emission spectra of such a
sample (“sample 4’’) in Fig. 4(d) 1, 2, 3 (see also Table I for the
summary of all important parameters of the samples). This particu-
lar sample has highly size-mismatched disk radii of 100 and 85 � m
with 17 � m wide and 10 � m long conjunction, although we obtained
the same results for larger disk radii (also size-mismatched) with
approximately the same geometry of the conjunction. It is clear that
the mode structure here resembles the one of “sample 3.” Under the
simultaneous pumping conditions, the mode structure demonstrates
a typical multimode and periodic structure with unexpectedly
narrow mode spacing (8 Å in this case). Moreover, none of the size-
mismatched samples exhibits a single mode operation, although the
observed multimode operation can also be attributed to the genera-
tion of CMs, since these modes exist only under the simultaneous
pumping conditions. We tested more than 30 intentionally size-

FIG. 5. Single mode operation of
“sample 2” [shown in Fig. 5(b)] under
different pumping conditions; (a)
pumping current is fixed for the first
cavity at 200 A/cm2, while pumping
current of the second cavity is being
changed; (b) same for the second
cavity.

TABLE I. Summary of the most important parameters of the laser samples.

Sample Operation regime Coupling type Geometry FEM figure Spectra

1 Multimode,
Quasi-WGM

Low coupling, almost no
interaction <10 � m wide

Assumed to be
size-matched

Fig. 3(d) Fig. 4(a)

2 Single mode, CMs Optimum coupling, medium
conjunction size 15–20 � m wide

Size-matched Fig. 3(c) Figs. 4(b),
5(a), and 5(b)

3 Multimode, CMs Optimum coupling, medium
conjunction size 15–20 � m wide

Unintentionally
size-mismatched

N/A (disks were set to be
equal in the simulations)

Fig. 4(c)

4 Multimode, CMs Optimum coupling, medium
conjunction size 15–20 � m wide

Intentionally
size-mismatched

N/A (disks were set to be
equal in the simulations)

Fig. 4(d)
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mismatched samples and the result is almost the same for all of
them. Thus, one possible explanation here could be that due to the
fabrication intolerances of the samples with equal radii the disks
become unintentionally size-mismatched or asymmetric, which
breaks prohibits the single mode operation. For that reason, in order
to reliably fabricate the samples with the single mode operation one
should optimize the etching process carefully.

IV. CONCLUSIONS

To summarize, we demonstrated a special method of coupling
for electrically pumped WGM-lasers. This method allows the
optical modes to have optical paths that lie within both resonators
without the need to leave the resonator. Moreover, we show that
under certain circumstances, this type of coupling can lead to the
generation of CMs and, in some special cases, to a single mode
generation in a wide range of pumping currents. We performed a
simulation using FEM, which shows the electromagnetic field dis-
tributions inside the laser cavities for two different cases, when the
lasers are being pumped separately and simultaneously. Based on
the simulations, we were able to classify the resonance modes of
such systems. Furthermore, we demonstrate that under simultane-
ous pumping conditions, some resonance modes possess extremely
complex electromagnetic field distributions. We attribute these
modes to the collective mode family, confirming the possibility of
generating them experimentally. Moreover, the generation of CMs
is most likely the reason that leads to the single mode operation,
although this type of operation is not often observed in the strongly
coupled WGM-lasers so the multimode operation dominates. It
was proposed that the problem of the single mode operation could
lie in the asymmetry of the laser cavities. In order to shed some
light on this problem, we conducted additional research with delib-
erately size-mismatched coupled WGM-lasers. Surprisingly, we
found out that none of the size-mismatched samples demonstrated
the single mode operation, whilst the multimode operation was still
present as in the previous cases. Thus, the reliability of the single
mode operation probably depends directly on the fabrication
process, and it has to be optimized very carefully.
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