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Abstract—We experimentally and numerically demon-(i.e., single-mode) lasing can be achieved in fully chaotic
strate that stable single-frequency (i.e., single-mode) lasirgvities, where all of the internal ray orbits are chaotic in a
can be achieved in microcavities that have wave-chaotiay optics picture and the spatial patterns of the modes are
modes. The single-frequency lasing is explained as a rerave-chaotic, whereas multi-frequency (i.e., multimode)
sult of strong competitive interactions among wave-chaoti@sing is exhibited in non-chaotic cavities. The achieve-

modes. ment of single-mode lasing in fully chaotic cavities is ex-
plained as a result of strong mode competition among wave
1. Introduction chaotic modes.

Various active devices ranging from musical instruments
to lasers generate oscillating states with well-defined fre-
quencies from the interplay between resonator geomety Fylly chaotic and non-chaotic microcavities
and an active nonlinear element [1, 2]. Understanding and

controlling the formation of such self-organized oscillating . ) )
states is important in device physics and related applica-~ SPecific shape of the fully chaotic cavity that we study

tions. As a specific example, two-dimensional (2D) mihere is a stadium [12], which is widely used for classical

crocavity lasers have attracted considerable attention ovid duantum chaos studies. As shown in Fig. 1(a), the sta-
the past decades [3, 4, 5]. Depending on the cavity shap ,m caw_ty consists _of two stra|ght lines of Iengtla_md
they can exhibit a variety of lasing states through the intef0 half circles of radiuR. We define the aspect ratio pa-
action between the light field and active gain material [2]f@meterP = W/L, whereW = 2Ris the length of the minor
The studies of 2D microcavity lasers have led to a wigd*!S andL = 2R+ lis the length of the major axis. For the

range of applications, including low-threshold microlasergon_'Chaotlc cavity, we focus on the e”'pt_'c_ca"'tY de_flned
with unidirectional emission [6], low-coherence micro-" Fig- 1(b). Itis known that a closed elliptic cavity is an

lasers [7], and fast random signal generation [8]. Moreoveilr,‘tegrable system [13], thus exhibit[ng no chaotic beh_avior.
2D microcavity lasers have served as a platform for ex! the same manner as for the stadium cavity, we define the
perimentally addressing fundamental issues such as qu&jPect ratio parameter for the elliptic cavity @s= B/A,
tumywave chaos in open systems [5] and non-HermitiaWhereA_andB are the lengths of the major and minor axes,
physics [9, 10]. respectively.

The lasing emission patterns and spectra are fundamen\We fabricated semiconductor microcavities with the
tal and important characteristics of 2D microcavity lasersstadium and elliptic cavities by applying a reactive-ion-
Previous experimental and theoretical studies have showtching technique to a graded index separate-confinement-
that the lasing emission patterns can be well characterizédterostructure (GRIN-SCH) single-quantum-well
by resonant modes, which are determined only by the caGaAgAl ,Ga,_xAs structure grown by MOCVD (See
ity shape and refractive index [3, 4]. Meanwhile, the spedRef. [14] for details on the layer structures and fabrication
tral characteristics are still poorly understood because noprocess). The fabricated lasers are shown in Figs. 1(c) and
linear interaction among resonant modes plays an crucia{d). In our experiments, the lasers were soldered onto
role in determining lasing frequencies. aluminum nitride submounts at 200.1 °C and electrically

In this presentation, we report our recent finding on a redriven with cw current injection. The optical outputs were
lationship between shapes of 2D microcavities and the lasellected with anti-reflection-coated lenses and coupled to
ing frequencies [11]. We show that stable single-frequency multimode optical fiber via a 30-dB optical isolator.
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Figure 1: (a) Stadium cavity and (b) elliptic cavity. (c)(d)
Optical microscope images of the fabricated lasers, where
both cavities have an ar&= 8748um? and an aspect ratio
p=0.5.
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Figure 2 shows typical lasing wavelength spectra for the Wavelength (nm)
stadium cavity laser and elliptic cavity lasers. Because t

lasing wavelength is related to a frequenc§/ by ¢ = ., r]‘—egure 2: Spectra of the stadium and elliptic cavity lasers

2
wherec is the light velocity, we dicuss the spectral charWIth a cavity ares = 8748um” and an aspect ratip =
g y b .5 for the injection current = 140 mA. The threshold

acteristics in the wavelength regime. As shown in Fig.
there is a remarkable fiérence in the number of peaks be- ¢urrents of the stadium and elliptic cavity lasers were 74
an nd 34 mA, respectively.

tween the two lasers. The spectrum of the stadium ca
ity laser exhibits only a single sharp peak, suggesting sin-
gle frequency (single-mode) lasing, despite the fact that the
number of modes within the gain band is more than a few
thousand because of the large cavity area. Meanwhile, the
spectrum of the elliptic cavity laser always exhibits multi-
ple peaks, i.e., multimode lasing.

We systematically investigated the spectral characteris-
tics of the two lasers with various cavity aréhand aspect
ratios p. Figure 3 shows the number of peaks whose in% r 1
tensities were larger than20 dB of the maximum peak o C i T oo 9

o

25 r T T T T T
r Stadium —<—
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intensity in each spectrum as a function of the curdent
normalized by the threshold currelgt for each laser. The

@ - —
spectra of the elliptic cavity lasers always exhibit multipleg VO_,:S?/@ ]
peaks, i.e., multimode lasing, and the number of peaks ir2 OO 1

creases as increases. On the other hand, the spectra of

the stadium cavity lasers always exhibit a single peak, i.e.,

single-mode lasing, regardless of the cavity areas and as- 25 3 35 4
pect ratios, and the single-mode lasing is maintained even o '

for high injection current valuels However, as a slight ex- Normalized current I/l,

ception, we observed two peaks for the stadium cavity laser

for /Iy, = 2.1 and 2.7 in Fig. 3. We attribute this to mode
hopping caused by a thermdfect of the current injection,
such as a gain shift and a change in the refractive index.

Figure 3: Injection current dependence of the number
of peaks in the spectra of the stadium cavity lasers (red
crosses) and the elliptic cavity lasers (blue circles) with
cavity areaS = 4463, 6427, and 8748 m? and aspect

4. Discussion and Analysis ratios in arange of 8 < p < 1.

The above results indicate that strong suppression of
multimode lasing is a common feature of stadium cavity
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Figure 5: Histogram of overla@ defined by Eq. (1) be-
tween two low-loss modes for the stadium cavity (solid)
Figure 4: (a) Spatial intensity pattern of a low-loss mode imnd elliptic cavity (dotted).

a quarter of the stadium cavity. (b) Spatial intensity pattern

of a low-loss mode in a quarter of the elliptic cavity.
are the characteristic radius and wavelength, respectively.

This size parameter value is smaller than that of a real laser
lasers. As discussed in Refs. [15, 16], a competitive incavity used in the experiments but isfliciently large to
teraction occurs among modes that are overlapped not orliscuss the properties of the wave functions in the short-
spectrally but also spatially. In a fully chaotic cavity, modesvavelength regimes [23]. We obtained approximately 100
typically have complex spatial patterns that spread througlow-loss modes with a quality fact@® > 3000 for the sta-
out the entire cavity due to the ray dynamical property [fodium cavity, wherea® > 3 x 10° for the elliptic cavity.

a typical example, see Fig. 4(a)], and therefore result mypical examples of the wave functions for stadium and el-
large spatial overlaps with other modes. Actually, previtiptic cavities are shown in Fig. 4.
ous numerical simulations of stadium cavity lasers demon- Figure 5 shows the histogram of the spatial ovei@p
strated a strong selection of lasing modes owing to a corgetween two low-loss modes in stadium and elliptic cav-
petitive interaction [17, 18, 19]. On the other hand, nonities. TheC-values for the stadium cavity are distributed
chaotic cavities typically support spatially localized modeground 0.77. In contrast, ti@values for the elliptic cavity
[e.g., Fig. 4 (b)]. Interestingly, dierent modes are lo- are widely distributed with a mean value of 0.45. The rel-
calized in diferent areas. Thus, when the spatial overlagtively low C-values come from the small spatial overlaps
among modes is small, the competition among them cajetween the localized modes. In particular, the overlaps are
be avoided. |ndeed, the simultaneous IaSing of multlplgma" between two modes withfterent radial mode num-
modes for a non-chaotic cavity laser with a circular shapgersn,, which characterize the number of field maxima in
was numerically demonstrated in Ref. [20]. the radial direction. For instance, tBevalue between the
To quantify the spatial overlaps between two modes in godes withn, = 5 andn, = 1 was only 0.14. As seen
cavity, we introduce the following cross-correlation for thein Fig. 2 (b), the lasing peaks in the spectra of the ellip-

amplitude distributions of resonance modes: tic cavity laser are not always equally spaced. This result
means that modes withftirentn,-values were involved in
_ J 1My () w(r)dr 1) the lasing, which supports our interpretation of the relation
\/(f 16(r)2 w(r)dr)(f W (NP2 w(r)dr) t)igéween the spatial overlaps and the spectral characteris-

where ¢(r) and y(r) are the modal wave functions and

w(r) represents a pumping region. For uniform pumpings. Conclusion

w(r) = 1 inside the cavity, whereag(r) = O outside. The

correlation is essentially similar to a spatial contribution to We experimentally investigated thefldirence in the
the cross-gain saturation (i.e., intensity cross-correlatiospectral characteristics between fully chaotic cavity lasers
between two modes [15, 16, 21]. Using the boundary elevith a stadium shape and non-chaotic cavity lasers with an
ment method [22], we calculated the resonances of the s&lliptic shape. In the stadium cavity lasers, only a single
dium and elliptic cavities wittp = 0.5, imposing a refrac- mode was excited at high pumping regimes regardless of
tive index of 3.3 inside the cavities and transverse electribe size and aspect ratio, whereas many modes were ex-
(TE) polarization. Because of computational power limitacited in the elliptic cavity lasers. The strong suppression of
tions, we set a size parameter 1 ~ 100, whereRandAd  multimode lasing observed in the stadium cavity lasers can
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be explained by the large spatial overlaps among the lot5] M. Sargent 1ll, M. O. Scully, and W. E. Lamb, Jr,
loss modes. Because a common feature of modes in a fully Laser Physics(Addison-Wesley Pub., Massachusetts,
chaotic cavity is the spatial pattern that spreads through- 1974).

out the entire cavity, we expect that the modal suppression

leading to single-mode lasing is a universal feature of fullj}6] M- Sargentlll, Phys. Rev. A8, 717 (1993).

chaotic cavity lasers. [17] S. Sunada, T. Fukushima, S. Shinohara, T. Harayama,
and M. Adachi, Phys. Rev. 88, 013802 (2013).
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