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Abstract—Coupled microring arrangements with balanced gain
and loss, also known as parity-time symmetric systems, are inves-
tigated both analytically and experimentally. In these configura-
tions, stable single-mode lasing can be achieved at pump powers
well above threshold. This self-adaptive mode management tech-
nique is broadband and robust to small fabrication imperfections.
The results presented in this paper provide a new avenue in de-
signing mode selective chip-scale in-plane semiconductor lasers by
utilizing the complex dynamics of coupled gain/loss cavities.

Index Terms—Optical waveguides, ring lasers, semiconductor
lasers.

I. INTRODUCTION

ONTROLING the modal content of laser cavities has been
C a long standing challenge in laser science and engineering
[1]. This problem becomes particularly acute in semiconductor
laser arrangements where the gain spectrum is broad and thus
multimode operation is inevitable. Over the years, a number of
schemes have been proposed to enforce single mode behavior in
semiconductor laser systems. These include the use of external
cavities [2], [3], intra-cavity periodic dispersive elements [4],
as well as Vernier resonators [5], to mention a few. However,
implementing such techniques can sometimes become exceed-
ingly demanding in terms of fabrication and tuning, especially
in micro-scale monolithically integrated lasers. Thus, devising
alternative methods for mode management in integrated settings
is of great importance.

Microring resonators exhibit several desirable features such
as high Q-factors, small footprints, and simplicity of fabrication
[6]. These qualities make them promising candidates for on-chip
laser applications. However, despite their small size, semicon-
ductor microrings tend to support several longitudinal modes
with comparable quality factors. The ensuing multi-mode op-
eration compromises the coherence and spectral purity of the
laser, which in turn can cause power fluctuation and instability.
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Recently, we have demonstrated that by pairing an active mi-
croring resonator with a lossy but otherwise identical partner, it
is possible to enforce single mode operation even in the pres-
ence of strong mode competition [7]. At first glance, adding
loss into a laser cavity may appear both counter-intuitive and
detrimental. However, this perspective has largely changed due
to recent theoretical and experimental studies showing that the
presence of exceptional or phase transition points in systems
with balanced gain and loss (parity-time (PT) symmetric) can be
fruitfully utilized to attain a host of new behaviors and function-
alities [7]-[27]. Thus far, this methodology has been explored
in a number of laser studies where single mode lasing, a lower
threshold, and an inverse pump dependence on output power
have been demonstrated [7], [22]-[27].

In this paper, we review some of our recent activities and
outline our design considerations in regard to single mode PT-
symmetric microring lasers. Section II presents a brief introduc-
tion to PT-symmetry in photonics. In Section III, a coupled mode
analysis is developed to study symmetry breaking and single
mode operation in PT lasing systems. Section IV discusses the
lasing threshold for PT lasers. Section V describes the methods
used for implementing and characterizing such arrangements.
Experimental results are presented in Section VI. Effects aris-
ing from deviation from exact PT-symmetry are analytically
investigated in Section VII. Finally, Section VIII concludes the

paper.

II. PT-SYMMETRY IN OPTICS

In 1998, it was shown that a wide class of non-Hermitian
Hamiltonians can exhibit entirely real spectra provided that they
commute with the parity-time (PT) operator [28]. To some ex-
tent, this counterintuitive result goes against the commonly held
view that real eigenvalues are only associated with Hermitian
observables. Starting from the aforementioned premise, one can
directly show that a necessary (but not sufficient) condition for
PT-symmetry to hold is that the complex potential involved
in such a Hamiltonian should satisfy V(x) = V*(—x) [28]. In
other words, the real part of the complex potential must be an
even function of position, while the imaginary component is
anti-symmetric. In such pseudo-Hermitian configurations the
eigenfunctions are no longer orthogonal, i.e., (m|n) # dmn,
and hence the vector space is skewed. Even more intriguing is
the possibility of a sharp symmetry-breaking transition once a
non-Hermiticity parameter exceeds a certain critical value [28].
In this latter regime, the Hamiltonian and the PT operator no
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Fig. 1.  Schematic of a PT-symmetric coupled microring arrangement.

longer display the same set of eigenfunctions (even though they
commute) and as a result the eigenvalues of the system cease
to be entirely real. In addition, this broken PT-symmetry phase
is associated with the appearance of the so-called exceptional
points [29].

Later, it was shown that photonics can provide a fertile ground
where PT-symmetry concepts can be experimentally investi-
gated and utilized [8], [9]. The transition from quantum mechan-
ics to optics can be formally justified by considering the isomor-
phism between the Schrodinger and the optical wave equations.
In this regard, the complex refractive index profile plays the role
of an optical potential, i.e. V(x) = ko(ng(z) + in;(x)). In op-
tical systems, PT-symmetry demands that the spatial distribution
of the refractive index is an even function (ng () = nr(—x)),
whereas the imaginary component (representing gain or loss) is
an odd function of position (n;(z) = —n;(—2z)) [8].

III. PT-SYMMETRIC COUPLED MICRORING RESONATORS

Coupled micro-resonators provide a viable platform to ex-
plore the physics and applications of parity-time symmetry in
optics [7], [20], [21]. In a coupled microcavity arrangement, PT-
symmetry can be held if one resonator is subject to gain while
the other experiences an equal amount of loss. A schematic
representing such a dual cavity structure is depicted in Fig. 1
in which two identical transversely-single-mode resonators of
radius R, are evanescently coupled to each other. The field dis-
tribution in the two rings can then be described via a system of
spatial coupled mode equations. Here, we assume that the cou-
pling strength is approximately constant over the short coupling
distance, where the two ring resonators are in close proximity of
each other- locally it may be treated as a phase-matched direc-
tional coupler. The modal amplitudes in the two cavities (a(z)
and b(z)) are governed by the following relations:

L (D
b, = ia;sin(6) + b;cos(6),

{ a, = a;cos(0) + ib;sin(0)
where 0 = k4l represents the coupling angle, [.g is the effec-
tive length of the coupler, and x4 represents the spatial coupling
constant. Similarly, light propagation in the closed path of the
two resonators demands that:

{ a; = a,exp(i¢ — g)

2
b = boexp(ios + g), @
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where g is the amplification/attenuation in the rings per
roundtrip, and ¢ is the complex phase. Using (1) and (2), one
can show that:

(—1 + exp(i¢ — g)cos(0)

iexp(i¢ + g)sin(6) )
iexp(i¢ — g)sin(6)

—1+ exp(ig + g)cos(0)

B
xbo_.()

In order for this system to have nontrivial solutions, the de-
terminant of the matrix in Eq. (3) should be equal to zero:

cos(¢) = cos(f)cosh(g). “)

Given that ¢ is directly proportional to the resonance fre-
quencies, the above equation can be solved to find the complex
eigenfrequencies of the system. Considering that § and g are
small parameters, one can then find ¢ in terms of the gain/loss
and coupling coefficients:

Om =2mm £ /0% — g2, (5)

where the subscript m represents different longitudinal modes.
While the coupling strength (6) remains almost the same for
the neighboring longitudinal modes due to their identical mode
profile, the amount of gain for each mode may vary substantially
following the lineshape function of the active medium. In gen-
eral, depending on the relative strength of coupling and gain, ¢
can assume complex values. The real part of ¢ represents the res-
onance frequencies, while the imaginary component expresses
the amplification (positive) or decay (negative) rate associated
with the modal fields. Equation (5) reveals that if the level of
gain/loss remains below the coupling coefficient (8 > g, ), the
two supermodes (with split resonant frequencies) undergo neu-
tral oscillations (neither of them experiences attenuation or am-
plification). On the other hand, as soon as the gain/loss contrast
exceeds the coupling coefficient (6 < g,,), a conjugate pair of
lasing/decaying modes emerges. This transition point is called
the PT-symmetry breaking threshold or the exceptional point.
Of interest is to design a laser system in such a way that only
the longitudinal mode with the highest amount of gain operates
beyond the PT-symmetry breaking, while all other longitudinal
modes remain below this threshold. In such a setting, lasing
occurs only in the designated longitudinal mode, with consid-
erably enhanced mode discrimination due to the presence of
an exceptional point [7]. This enables single mode operation
at pump levels well above threshold, where an ordinary single
microring laser will be fully multi-moded.

IV. THRESHOLD ANALYSIS FOR PT-SYMMETRIC LLASERS

In this Section, the lasing threshold condition for a PT-
symmetric microring arrangement will be derived by taking
into account gain saturation. The effect of an exceptional point
on the threshold of a non-uniformly pumped dual cavity laser
system was also analyzed in previous studies [23], [30]. Here,
we use temporal coupled mode equations that describe the time
evolution of the modal fields for the mth longitudinal mode in
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the active cavity (£1,,) and in the lossy resonator (Es,, ):

dElrn U(p_ 1)

= —vE m — =k m ik m 6
7t YEm + TS el B! +iKkFy, (6a)
dEs,, g .
= —VE m ——F m D) m- 6b
7 vE, T elB +ikE,. (6b)

Here, s denotes a temporal coupling coefficient between these
two cavities, and it is related to the spatial coupling 6 described
above through x = v, /(27 R), where v, is the group velocity,
and R is the radius of the ring resonator. The linear loss
(scattering, radiation losses, out-coupling, efc.) is taken to be
the same in both resonators and it relates to quality factor Q
via v = ¢/(Ao Q). In these equations o(p-1) and o respectively
represent the small signal gain (for p>17) due to the pumping
parameter p of the quantum wells and absorption loss in the
absence of pumping, where o = I'v, ANy, with A being the gain
constant, Ny the transparency carrier population density, and I"
the confinement factor. Moreover, p = 7. R, /Ny is the pump
parameter, where the carrier generation rate is given by R, =
nl/ (fw,d) and I, n, d represent the pump intensity, external
quantum efficiency, and the height of the multiple quantum
wells in each micro-ring, respectively. In addition, 7, is the
carrier lifetime and Awy, is the energy of a pump photon. The
parameter ¢ is inversely proportional to the saturation intensity
e =net, €9 AT’/ (2hw), where n is the refractive index of the
structure [31]. We note that, in the weak coupling regime, the
temporal analysis presented here is equivalent to the spatial
formalism used in Section III.

To find the lasing threshold, the above equations are first
linearized (small field amplitudes). In this respect, the nonlin-
earities have no effect on the threshold conditions of this system.
Nevertheless, they play a crucial role in determining its steady
state response. By adopting the parameters G,,, = o(p — 1) and
(am,bm) = Ve(Erm, Fam ), we arrive at:

dam

dt = —Yap, + Gy + Kby, (7a)
dbm .
dt = _fybm - me + Zﬁbm . (7b)

In the linearized region, the eigenvalues of this system, &, can
be obtained through (a,,, b, ) = (aom , bom )exp(—i&t), where
ap,, and by, are in general complex constants. Hereby, two
regimes can be identified, depending on the value of (G, + o).
In the first case, where (G, + o) < 2k, the modal solutions of
Egs. (7a) and (7b) are associated with the symmetry-preserved
case and are given by,

a’m _ 1 Gﬂl - ,y _
b ) = exp(xio) ) P72 7

x exp(£i(kcos(9)t)), (8)

where sin(d) = (G, + 0)/2xk. If on the other hand, (G,, +
o) > 2k, the solutions are given by:

<Z:,n > = <;exp(ii5)> xp (Gmé ‘- 7)

x exp(Fr(sinh(d)t)),  (9)
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Fig. 2. Ratio of lasing thresholds for PT-symmetric arrangement to single
microring, at different coupling coefficients and for various absorptions in the
quantum wells.

where cosh(d) = (G, + 0)/2k. These latter solutions are char-
acteristics of a broken PT-symmetry phase, since the fields in the
two cavities are now unequal. If the system operates in the un-
broken PT-symmetry regime, given by Eq. (8), then, according
to the exponential term, linear amplification takes place if the
gain is above the total loss in the system, i.e. G, > (2v + o).
However, in the broken PT-symmetric phase, Eq. (9), growth oc-
curs if G, > K%(7 + o)~! + 4. To derive this latter condition,
one has to consider the (sinh(d)) term in the exponent. From
these two threshold conditions, it can be directly inferred that if
(v + 0)>k, then the PT-broken phase has a lower threshold and
hence is the one to lase. Conversely, if (v + o)<k, the situation
is reversed and the unbroken PT eigenstate will be the one to
experience amplification. These two lasing thresholds can be
summarized by the following relationship [30]

2

Gty = min |y + 2y + o] . (10)

K
v+o’

To contrast these results to the lasing threshold of a single
ring, one should consider the field dynamics described by Eq.
(7a) in the absence of coupling (x = 0). In this case, the lasing
threshold is simply given by G' =~ [30]. A typical set of
parameter values in such semiconductor quantum well structures
can provide a good comparison between a single ring and a PT-
symmetric laser arrangement. Assuming Q = 120,000, hence
the photon decay rate at . = 1.55 pmis v = 1.5 x 10° s~!. The
unsaturated absorption loss ¢ for I' = 0.5, v, = ¢/3.8, A =2
x 1072 m? and Ny = 10?* m3, is estimated to be 0 = 8 X
10'" s=!. The coupling & can be determined from the splitting
of the longitudinal modes i.e. Aw = 2. From our experiments,
we find that x is in the order of 4 x 10" s~! [32]. These
values clearly indicate that (v 4+ ¢)>k and therefore lasing in
our structure is initiated in the broken symmetry mode. In this
case, the threshold pump parameter for the PT-symmetric case
is given by:

2

ot .
o o(y+o)

=2

PT _ 4

p (11)

In comparison, the lasing threshold for a single ring is
p*insle = 1 4 (v/0). Given that for the aforementioned values,
v<< k<o, one can arrive at the interesting conclusion that these
two thresholds are fairly close to each other. Fig. 2 illustrates
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Fig. 3. (a) Schematic of a micro-photoluminescence characterization set-up
(b) A knife edge is used to selectively withhold pump from one of the rings.

the ratio p*' T /p*i&le as function of the coupling strength when
unsaturated absorption in the quantum well cavities is varying
from 50 to 200 cm ™.

The pump intensity corresponding to these values of
pump parameter (p) can be obtained from the relation I =
(hw,dpNy) / (nT.). Assuming a quantum efficiency of 7~0.5,
an active layer depth of 210 nm and a typical carrier lifetime of
4 ns, the incident pump intensity required for the PT symmet-
ric configuration to lase is I ~ 2.5 x 103> Wem ™2, provided that
pP'T ~ 1.2.n our experiment, the threshold pump intensity was
measured to be approximately 7 ~ 2.7 x 10° Wem? in excellent
agreement with theoretical estimates.

V. SAMPLE FABRICATION AND MEASUREMENT SETUP

The microring resonators are fabricated using standard
nano-fabrication techniques. The gain region is comprised of
six quantum wells of Iny_g 56Ga;_xAsy—.933P1_y (10 nm)
JIng—¢.734Gay_x Asy—¢ 57P1_y (20 nm) covered with an InP
film (10 nm) for protection. The overall height of the active
layer is 210 nm and the quantum wells are grown on a p-type
InP substrate. The microring patterns are then defined on the
wafer by high-resolution electron beam lithography. The pat-
terns are transferred to the active region by a reactive ion etch-
ing process utilizing Hy:CH,4:Ar (40:4:20 sccm). After oxy-
gen plasma cleaning of the sample, 3 um of a SiO, (silicon
dioxide) is deposited using PECVD (plasma-enhanced chemi-
cal vapor deposition). Next, the wafer is flipped and bonded to
a glass mount using SUS8 photoresist. This allows the InP sub-
strate to be completely removed by dipping the sample in HCI1
(Hydrochloric acid). The final patterns are InGaAsP exposed
rings that partially buried in SiOs [7].

For the characterization of the PT microring lasers, we
used a micro-luminescence characterization setup shown
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schematically in Fig. 3(a). The pump beam (1064 nm laser
with pulse duration of 15 ns and a repetition rate of 290 kHz) is
projected to the sample via an NIR objective with a numerical
aperture of 0.42. The pump beam is shaped such that it uni-
formly illuminates a circular area on the surface of the sample
with a diameter of 80 um. In order to selectively block certain ar-
eas from pump illumination we utilize a knife-edge as shown in
Fig. 3(b). The location of the knife-edge is controlled by a trans-
lation stage while the location of its shadow on the sample plane
is monitored via a confocal microscope. In this manner, different
scenarios of evenly pumped and PT-symmetric schemes can be
realized. The objective lens also collects the emitted power from
the microring lasers and directs it onto either an infrared CCD
camera, or the entrance slit of a spectrograph attached to a LN2
cooled InGaAs detector, each by using a pair of two cascaded
4f imaging systems. All spectra reported in this manuscript are
recorded with a resolution of ~0.4 nm [32].

VI. EXPERIMENTAL RESULTS

The emission spectra from a single microring, evenly pumped
coupled rings, as well as PT-symmetric microring system are
shown in Fig. 4. Here, each microring has a radius of 10 um,
a width of 500 nm, and a depth of 210 nm. These dimensions
are chosen to ensure single transverse mode operation (TE).
The separation between the coupled rings is 150 nm. As is ev-
ident in the spectrum of a single ring illustrated in Fig. 4(a),
this laser supports the concurrent oscillation of multiple lon-
gitudinal modes. In Fig. 4(b) also, when two adjacent coupled
rings are pumped evenly, the coupling introduces a splitting in
the longitudinal resonances without significantly affecting their
modal discrimination. On the contrary, in the PT symmetric
laser of Fig. 4(c) where one resonator experiences gain and the
other loss, only the mode with the highest gain oscillates. In this
regime, the laser operates in a single mode fashion with a side-
lobe suppression ratio of ~30 dB. Fig. 5 shows the emission
intensities collected from the scattering off the ring surfaces.
Clearly, when both rings are pumped, the supermodes are dis-
tributed equally between the two resonators (Fig. 5(a)). On the
other hand, in the PT arrangement, the lasing mode primarily re-
sides in the pumped cavity (Fig. 5(b)). As aresult, it is expected
that the efficiency of the dominant lasing mode in the PT con-
figuration not to be compromised by the presence of the lossy
cavity as long as it operates in the broken symmetry regime. This
is also evident from the slope efficiency of the light-light plots
for the single ring and PT-symmetric arrangement presented in
Fig. 6. Here, the slope efficiency, associated to the total output
power in all modes, is approximately the same in both lasers,
despite the fact that in the PT case a lossy resonator is involved.
It should also be noted that in Fig. 6(b) the reported output power
is distributed between several spectral lines, while in Fig. 6(a)
the power emits into one single mode.

VII. DEVIATIONS FROM PERFECT PT-SYMMETRY

The analysis in Section III assumes perfect PT-symmetric
conditions, i.e., two entirely identical rings exhibiting equal
amounts of gain and loss. In practice, however, it may not
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Fig. 4. Emission spectra of (a) single isolated microring laser: multiple lon-
gitudinal modes are lasing within the gain bandwidth. (b) Two coupled active
microrings: the degeneracy of each mode breaks and the resonance wavelengths
split into two. (c) PT symmetric microring laser arrangement: single mode op-
eration is enforced with side mode suppression ratio of ~30 dB. If pumped,
each ring is subjected to ~0.5 mW of power.

(b)

Fig. 5. Intensity profiles collected through scattering off the samples.
(a) Evenly pumped microrings: the suppermodes circulate in both rings
(b) a PT symmetric microring arrangement: the mode resides exclusively within
the gain cavity.

always be possible to fulfill these conditions. To begin with,
even if PT-symmetry is exactly held for one pair of modes,
the wavelength dependence of the gain medium as well as the
bending and scattering losses may cause deviations from this
condition for the rest of the modes. In addition, due to the inter-
dependence of refractive index and gain/loss (Kramers-Kronig
relations), even structurally identical ring resonators can be de-
tuned when being subjected to different pump energies. Yet,

1500307

2.5

1.5

Output power (a.u.)

0.5

N
N n

=
3]

Output power (a.u.)

0.1 0.4 0.7 1 13

Pump power (mW)
(b)

Fig. 6. The light-light curve for (a) a PT-symmetric coupled microring laser
and (b) an isolated microring laser (blue solid line) compared to that of the PT
laser (green dashed line). The slope efficiency of the PT arrangement is not
deteriorated by the presence of the lossy resonator. The rings have a radius of
5 pm, a width of 500 nm, and depths of 210 nm, also separation between the
rings in the PT configuration is 200 nm.

as we will show in this Section, the strong coupling between
the ring resonators makes the PT-symmetric mode selection
technique resilient to some level of perturbation. To study this
problem in a systematic way, we formulate a situation where
the gain/loss and the resonant frequencies in the two coupled
resonators are not exactly equal. Here, the radii and the loss/gain
parameters associated with the two rings are denoted as 17 2 and
91,2, respectively. Following an approach similar to that outlined
in Section III, we find the following self-consistent relationship
between the fields in the two resonators (a and b):

iexp(iga + go)sin(6)
—1 + exp(ig + go)cos(6)

—1 + exp(ig; — g1)cos(0)
iexp(igy — g1)sin(6)

Qo
X =0,

12
b, (12)

where as before 0 represents the coupling strength, and ¢1, ¢
describe complex phase accumulation per roundtrip in the two
cavities. In order for this system to have nontrivial solutions, the
determinant of the matrix in Eq. (12) must be equal to zero:

1 +exp(i (g1 + ¢2))exp(ga — g1) — cos(0) - exp(i¢1)
x exp(—g1) (1 + exp(i (P2 — é1) exp(g2 + g1)) = 0. (13)

Note that if caused by perturbations, it is generally expected
that the mismatch between the resonant frequencies of the rings
to be small, therefore one can assume ¢» = ¢ + A¢, where
A¢ < ¢ 2. Onthe other hand, the gain and loss can, in practice,
significantly deviate from their exact PT balance. This is due
to fact that the loss of the un-pumped ring is dictated by the
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Fig. 7. The real and imaginary parts of the normalized eigenfrequencies as-
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coupled microring arrangements, where the gain in the active ring is varied from
0 to 26. The loss in the un-pumped resonator g1, and the phase mismatch A¢
are set to be 6 and 0.030, respectively. In the perturbed PT system, the general
trends remain the same as long as the two rings are strongly coupled.

absorption and scattering, while the gain in the pumped cavity
can attain a wide range of values depending on the intensity of
the pump. Considering the above, Eq. (13) can be solved to find
the eigenfrequency of the mth longitudinal mode:

A go—

m =2 .
o) 1,2 mm + 5 + 1 5

A 2
+ 92—(91‘592“2“5). (14)

In order to visually illustrate how the system responds to de-
viations, the evolution of eigenfrequencies, when the gain in the
active ring changes from 0 to 26, are plotted in the complex
plane for a double ring structure under perfect PT-symmetric
conditions (Fig. 7(a)), and the same system subject to the above
perturbations (Fig. 7(b)). As shown in Fig. 7(b), for the perturbed
system, the eigenfrequencies are of a complex nature and the
transition from the unbroken to the broken regime occurs in
a more adiabatic fashion. This effect has also been observed
in previous experimental studies concerning photonic molecule
lasers [26]. However, regardless of these differences, as long
as the deviations are well below the level required to fully de-
couple the two rings (perhaps 10% of the coupling), the overall
behavior of the modes remains the same. Therefore, by using
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strongly coupled resonators as demonstrated in this work, it is
possible to achieve robust single mode operation despite small
perturbations due to fabrication imperfections or pump-induced
nonlinearities.

VIII. CONCLUSION

In conclusion, we have demonstrated that the exceptional
points in PT-symmetric configurations can be effectively uti-
lized for mode management in semiconductor microring laser
arrangements. In our system, PT-symmetry is realized by pair-
ing an active microring resonator with an identical but lossy
partner. This configuration operates in a stable single mode
fashion without compromising the threshold pump level, slope
efficiency, and output power. Our analysis indicates that this
mechanism of mode selectivity is robust with respect to fabri-
cation errors, and is by nature broadband and self-adaptive. Our
results may pave the way for a new class of compact semicon-
ductor lasers based on the physics of non-Hermitian exceptional
points.
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