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Abstract: ~ We perform ray and wave simulations of passive and active
spiral-shaped optical microcavities, comparing our 1tsstd experimental
data obtained with mid-infrared quantum cascade spiralrotssers.
Focusing on the angular emission characteristics, we fiadl ltoth ray
and wave simulations are consistent with the experimeratd, showing
richly-featured, multidirectional far-field emission panhs in the case
of uniform pumping and TM-polarized light. Active cavitynsulations
using the Schraddinger-Bloch model indicate that selectivmping of the
guantum cascade spiral microlasers near the resonatodaouwill yield
unidirectional laser emission.
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1. Introduction

Microcavity lasers show great promise as low-thresholtjlsimode lasers suitable for high-
density integration. They are also fascinating to study rgue model systems combining
problems from both quantum chaos and nonlinear laser phySpiral microcavity lasers have
received particular attention in recent years. These de\iave a top profile described in polar
coordinateqr, @) asr(¢@) = ro(1+ € — e@/2m), as shown in Fig. 1(a), whemis the defor-
mation parameter. The devices possess a “notcly at0 (2m), Fig. 1(a), which breaks the
symmetry of the resonant cavity and potentially allows foidirectional laser emission. To
date, directional emission has been experimentally okseirva variety of spiral microlasers
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Fig. 1. (a) Spiral microcavityg = 0.1) with sample trajectory and (b) phase space portrait
(red crosses). The blue diamond symbols mark a snapsho¢ iRdimcaré SOS at the 4th
bounce. See text for details.

operating in the ultraviolet, visible, and near-infrare@welengths [1,2, 3,4,5, 6]. The deforma-
tion parametee was between 0.1 and 0.2 in all these reports. Selective jmgmgar the outer
boundary was found to improve the directionality [1, 2, ¥]6although directional emission
was also reported for uniformly-pumped polymer-basedspiicrolasers [4, 5].

Recently, quantum cascade (QC) spiral microlasers opegratithe mid-infrared were re-
ported [8]. Emission from these devices is not unidirealpmstead, the far-field measure-
ments (Fig. 2) show complex profiles with multiple peaks ingsion intensity. There are some
notable differences between the QC spiral lasers and tlee gppiral microlasers mentioned pre-
viously [1,2, 4,5, 3, 6, 7] that may explain the significanaliiative differences in the far-field
profiles. First, the ratio of cavity size to the wavelengtkthia material (p/An ~ 15— 50) for the
QC devices in Ref. [8] is by far the smallest of all the spiratmolasers cited above. Second,
QC lasers are intrinsically TM-polarized devices. Finaliglike most of the spiral microlasers,
the QC lasers were uniformly injection-pumped [8]. To betiaderstand how these factors
may affect the emission profiles, it is helpful to perform siety of simulations.

The goal of this work is to provide a consistent picture of &sidn from QC spiral micro-
lasers in a manner that explains experimentally observeiitld profiles. This is accomplished
by both ray and wave simulations, focusing on TM-polarizgiced microlasers with small cav-
ity size to wavelength ratio.

2. Ray simulations

The multitude of experimental demonstrations of spiralrolasers [1, 2, 3,4, 5,6, 7, 8] is con-

trasted by a relative lack of theoretical investigationshef emission characteristics of spiral
microcavities, using either the wave [1, 9] or ray approache particular, there are very few

ray simulations reported in the literature [10, 11], andsthexisting reports do not concern the
far-field properties. This is surprising, given the manycasses of the ray model in describing
the emission properties of microcavities [12, 13, 14], emethe lasing case [15,16,17].

Here, we demonstrate that ray simulations are a useful arsatile tool for predicting the
angular emission properties of spiral microcavities. \Wewate the far-field profiles of spiral
microlasers with TM-polarized laser modes (as is the cas@®lasers) using ray simulations
of spiral Fresnel billiards [12,13, 14]. The advantage gfsianulations over wave calculations
is their greater computational efficiency, which allows tmenake predictions with extremely
low numerical effort. A sample trajectory and the corregfing phase space in the form of a
Poincaré surface of section (SOS), taken at the cavity éaynfor the spiral resonator with
£=0.1,rp =1, are shown in Figs. 1(a) and (b), respectively. The Posn8&S was obtained

#108170 - $15.00 USD  Received 27 Feb 2009; revised 28 Apr 2009; accepted 10 May 2009; published 5 Jun 2009
(C) 2009 OSA 8June 2009/ Vol. 17, No. 12/ OPTICS EXPRESS 10337



-

Y+

Intensity (a.u.)
Intensity (a.u.)

@ ® & m e m s @ @

B omawonmaen
g
=

EY N ]
o

£

Fig. 2. Far-field profile measured for a quantum cascadelspic@olaser with (a)yg =
80um ande = 0.125 and (byp = 110um ande = 0.091. The lasers were operated above
threshold in pulsed mode at room temperature. Zero anglefisatl as perpendicular to
the spiral notch as shown in (c).

by starting 170 test rays in a clockwise direction with ramdaitial conditions and then fol-
lowing them over 20 bounces (shown as red crosses). Thereastands of stability visible
in Fig. 1(b). In contrast to disk resonators, angular momnenis not conserved in the spiral
resonators because of the non-constant (decreasing easiog, depending on the sense of
rotation) radius of curvature.

All rays started in the clockwise direction (9§n> 0) will eventually hit the notch and thereby
change their sense of rotation to counter-clockwise)sin0). The blue diamond symbols in
Fig. 1(b), which present a snapshot of the test rays takemediourth bounce, illustrate how
this happens. By the fourth bounce, most of the rays thatestan the clockwise direction
have not yet hit the notch; hence, coverage of the upper$ialf > 0) of the Poincaré SOS is
essentially uniform. Rays that hit the notch on one of th¢ finsr bounces have changed their
sense of rotation to counter-clockwise (gir: 0) and correspond to the blue, nearly connected,
curved signatures (called “tentacle structures” in Red])fin the lower half of Fig. 1(b). As the
notch is located ap = 0, the vertical signature in the Poincaré SOS at this mositidicates
the route to counter-clockwise rotation: the position amgfor all the rays hitting the notch is
zero and the angles of incidengevary.

The tentacle-type signatures that consist of blue diamortie lower half of Fig. 1(b) (siy
close to -1) correspond to the next bounces (up to 3) of thettet hit the notch ap = 0 and
change their sense of rotation. These trajectories tylpibdlthe boundary under a rather large
angle|x|. The distinct structure in phase space is formed becauserthi spatial extent of the
notch defines a limited set of initial conditions associatéth hitting the notch. The tentacle
signatures blur over the next few bounces, but can still begeized as such before the chaotic
character of the resonator dominates the long-time dyramic

The simulations of the far-field profiles for spiral resomatwith various deformation param-
eterse are obtained by complementing the ray dynamics with Fréslast [12,13,14,15,19],
and constructing the far field from a large number of test (4¢8) whose intensity devel-
ops according to Fresnel’s law for TM-polarized light. Theensity and far-field directionality
of escaping light rays is collected in bins of one degree, suttkequently smoothed over a
two-degree window that mimics a finite detector resolutiorexperiments. The convincing
agreement found previously between ray simulated far-fiatterns and those obtained in ex-
periments with other uniformly pumped microlasers (cfy, gRef. [15]) suggests that starting
test rays with random initial conditions effectively siratds, and adequately describes, the
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Fig. 3. Far-field patterns based on the ray picture for TMapnéd light and various geome-
tries similar to those in Ref. [8]. The far-field andlés measured with respect to the notch
(8 = 0 meaning emission perpendicular to the notch surfacense#)i 18 rays are started
with random initial conditions and data is taken from theadieprobability distribution.
Intensity is in arbitrary units.

uniformly pumped case. We therefore expect good qualé@areement between our ray sim-
ulations and the experimental results obtained for theoumly pumped QC lasers used in
Ref. [8].

In accordance with the experiments in Ref. [8], we assume vitycaefractive index
of n = 3.15. The curvature of the cavity boundary would formally reguhe use of ad-
justed Fresnel’s laws [20, 21]; however, for the intermtslgze parameters R () realized
in the experiment [8] (and because our results rest on tlaglgigrobability distribution, [22])
the use of the planar-interface Fresnel formulas is judtifie

The ray-simulated far-field profiles for TM-polarized laght are shown in Fig. 3. We mea-
sure the far-field anglé@ with respect to the notch (cf. Fig. 3, inset), noting it istitist from
the polar anglep along the cavity boundary. The simulation results for TMapized modes
qualitatively resemble the experimental findings repoiteRef. [8] and shown in Fig. 2. In
particular, both simulation and experiment reveal that aroae or less uniform background, a
small number of emission directions are preferred. Theesponding far-field anglé of these
emission peaks are highly sensitive to the deformationmatere of the spiral. This implies
that small processing imperfections may result in largéedéhces in the far-field profiles of
QC spiral microlasers of identical size and shape, as has deserved experimentally. Fur-
thermore, there is no observable relation between theiposif the peaks and the location of
the notch. Both of these facts reflect the chaotic dynami¢sespiral cavity, as illustrated in
Fig. 1.

Ray simulations of the far-field for TE-polarized light wexiso performed (not shown here).
The simulations show improved directionality relative td-polarized light, in agreement with
results for other microcavity geometries [23, 19]. The uhydeg mechanism is the existence
of the Brewster angle, which singles out one or two spikegefeped far-field emission char-
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Fig. 4. Wave and far-field patterns (upper and lower panetpectively) of four neighbor-
ing resonances of the passive cavity with compar@bfactors around 4400 and wavenum-
bers near 1430 cml . The presence of the notch does not affect the emissionrpsiire
any obvious way, and the radiation emerges in multiple tivas that also depend on
the resonance chosen. The existence of a number of emissami@ahs on an apprecia-
ble background makes these far-field profiles qualitatigatyilar to those experimentally
observed and ray-simulated.

acteristics. Evidence of improved directionality for TBRarized light provides a partial expla-
nation of why the profiles of other spiral microlasers, suslnaRefs. [4, 5], may show greater
directionality than the QC microlasers. Because QC lasanaat emit TE light, other tech-
nigues such as boundary pumping must be employed in QC $gsiats to achieve directional
emission. This will be discussed later in the paper.
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3. Wavesimulations

To further explore the far-field emission profiles of spiratracavities, the resonance spectrum
is simulated using the boundary element method (BEM) [24].ddhcentrate on cavity modes
with a highQ-factor near wavenumbers 1430 chicorresponding to the peak of the laser gain
in Ref. [8]), as these modes will have the lowest lasing tmosand, consequently, can be
expected to be the lasing modes near threshold.

The wave patterns and the corresponding far-field emisgiofilgs are shown in the upper
and lower parts, respectively, of Fig. 4. Here, one seesthiwmintensity spikes pointing in
various emission directions originate at certain posgialong the cavity boundary. They are
directly related to the internal mode structure and leaeeddvity in the counter-clockwise
direction. Although this is a consequence of the presentiesofiotch, no obvious relationship
exists between the far-field intensity maxima and the pmsiof the notch.

Comparing these results with the ray simulations and themxntal data, cf. Figs. 2, 3, and
4, there is convincing qualitative agreement. Specific#iy far-field profiles are not unidirec-
tional. They are strongly non-isotropic, with a series of@tved sharp peaks. The position of
the peaks has no clear relationship to the position of themdathis contrasts with the far-field
profiles of the non-QC spiral microlasers [4, 5].

A closer investigation of the resonant wave patterns shoviig. 4 reveals no obvious signs
of regularity that would allow one to easily classify themr &xample, as whispering gallery
modes (WGMSs). This should not be surprising, however, bgeangular momentum is not
conserved. Previously, regular mode structures have besmia numerical simulations for
spiral cavities with refractive indices af=2 andn =3 (the latter being close to the value used
here). The mode structures were termed quasi-scarredaieses|[25] and possessed triangular
and star-like shapes, respectively [10, 11]. This type sbnance is distinctly different from
the resonances found in spiral billiards, [26] which copa®d to the cavity in the limit — co.
Modes similar to the quasi-scarred modes in [10] do indead @lrole in the present case, as
can be seen from the wave patterns in Fig. 4 — elements ofygtartriangular, and more com-
plicated compound patterns can be identified. Howeveriliggie is no distinct pattern present
in the internal mode structures that would give rise to prtadble far-field characteristics. This
is in agreement with the experimental observations.

We close this section by discussing the role of diffractiwhjch should be considered be-
cause the spiral notch and the neighboring sharp cornefsattees whose size is on the order
of the wavelength. Diffraction from the sharp corners waggasted as the cause of directional
emission from the spiral microlasers in Ref. [1]. Realizthgt diffraction effects are natu-
rally included in the wave simulations and experiments bisising in ray-based simulations,
the agreement between the far-field patterns in all threeocappes is surprising, and would
suggest that diffraction is dominated by other effects.

4. Uniform vs. boundary pumping

We have seen in the previous sections that unidirectioglad butput is not expected from uni-
formly pumped, TM-polarized QC lasers of spiral shape. Whihiform pumping was used in
the QC laser experiments [8], most of the other experimetitalies that demonstrated direc-
tional emission [1, 2, 3, 6] utilized so-called boundary ging, in which only the perimeter of
the resonator was pumped. We shall now see that this crpaidiliences the far-field profile
of the devices.

To this end, we have performed simulations of spiral migeta with active material in the
framework of the Schrodinger-Bloch model [18]. Note that simulations fail to capture the
radiation characteristics in the case of non-uniform purgpas do wave simulations based on
passive resonator cavities such as used in Ref. [1]. We reeat aisize parameter Rérp) ~
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Fig. 5. Uniform (left panels) and boundary (right panelsinping of spiral-shaped micro-
lasers [Ratkrp) ~ 62,& = 0.2,n = 3.15]. The area pumped is shown in the insets; in the
case of selective pumping the boundary area pumped is @tddag. The upper panels
show snapshots of the intensity distribution in the lasiagty. The internal mode dynam-
ics often lead to a pulsed light output [7]. The lower panalssthe far-field patterns (for
the pumping strengttv = 0.0002, slightly above the lasing threshold) as a functionnef a
gle. The uniformly pumped device (left) has multidirecébitaser emission, whereas the
boundary-pumped device (right) has highly directional ssiain.

62, which is smaller than the devices used in the experini8ht3his choice was motivated
by the strongly increasing numerical cost of simulationthvarger size parameters. We have
adjusted the notch size o= 0.2, which makes the physical size of the notch (and theretsre i
effect) similar to that used in Ref. [8].

Our results are summarized in Fig. 5 (see also Ref. [7] for eergeneral discussion of the
problem). In the left panels, the entire resonator area isgad, whereas in the right panels,
only the region close to the boundary is pumped [27]. The pdrareas are indicated in the
insets. The upper panels show a snapshot of the intensitybdison inside and outside the
lasing cavity. The far-field profiles [28] are shown in the &wpanels. For the case of uni-
form pumping, multi-directional emission is observed, fowning our previous findings from
passive cavity simulations, and providing further eviden€the usefulness of passive cavity
simulations for predicting the near-threshold behaviouwiformly pumped devices. For the
case of boundary pumping, directional emission is cleadiple. The light is emitted at angle
of 8 =~ 40°, which is consistent with other experimental results [3, B].

The results presented in Fig. 5 thus indicate that one caieaHirectional emission with
guantum cascade spiral microlasers that are injectionpednalong the boundary of the res-
onator. We note that it should be possible to achieve boyrmmanping in QC spiral microlasers
by selectively patterning narrow electrical contacts gltive outer portion of the spiral surface.
Lateral current spreading in a typical QC device is limitedt25um [29, 30], and hence the
central region of a spiral micropillar with radiug ~ 100um will remain unpumped, enabling
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directional emission. A detailed theoretical and expentakinvestigation of this conjecture
will be the subject of further study.

5. Summary

We have performed ray and wave simulations of spiral micrities, motivated by recent exper-
iments involving uniformly-pumped, TM-polarized quant@aiscade spiral microlasers emit-
ting in the mid-infrared [8]. The simulated far-field profilare consistent with the experimental
results of Ref. [8], with all showing a humber of sharp peakthe far-field emission, located
at angles that depend sensitively on the deformation paearaeThe qualitative agreement
between the ray and wave simulations suggests that rayaiiong can be of great utility for
understanding uniformly-pumped spiral lasers, becauseahe significantly faster to compute
than wave simulations.

In an effort to improve the far-field directionality, we camared boundary pumping of the
QC spiral microlasers. Passive cavity simulation techesdoecome invalid in the case of non-
uniform pumping, so the Schrodinger-Bloch framework wsedi The Schrodinger-Bloch sim-
ulations indicate that unidirectional emission from QCrapmicrolasers can be attained by
selectively injecting current near the resonator boundaujure experimental and theoretical
work will focus on achieving optimized unidirectional esisn from the notch of the QC spiral
microlasers. This would enable directional emission inée space as well as the possibility of
coupling the emitted light into a chalcogenide fiber or waudg [31] positioned at the notch
of the spiral [32].
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