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We report our observation of the signature of photon periodic orbits in the spontaneous emission spectra of large-
aperture vertical-cavity surface-emitting lasers (VCSELs). The high-resolution measurement clearly demonstrates
that over a thousand cavity modes with a narrow linewidth can be perfectly exhibited in the spontaneous emission
spectrum just below the lasing threshold. The Fourier-transformed spectrum is analyzed to confirm that the spon-
taneous emission spectra of large-aperture VCSELs can be exploited to analogously investigate the energy spectra of
the 2D quantum billiards. © 2010 Optical Society of America
OCIS codes: 140.3410, 140.5960, 260.5740.

Optical microcavities have great potential for applica-
tions in miniature lasers, biological sensors, optical tele-
communications, and basic research on modern physics
[1–4]. Recently, large-aperture oxide-confined vertical-
cavity surface-emitting lasers (VCSELs), serving as an
analogous quantum billiard, have been employed to ex-
plore the quantumwave functions in mesoscopic systems
[5–7]. An interesting phenomenon has been observed in
that the electromagnetic field distributions of the lasing
modes are mostly localized on the periodic ray trajec-
tories, signifying the particle-wave duality [7]. Nowadays,
periodic orbits are ubiquitously recognized as the most
prominent feature in a wide range of systems, including
particle accelerators [8], atomic spectra [9], and astron-
omy [10]. To the best of our knowledge, all studies to date
related to photon periodic orbits have been restricted las-
ing spectra [2,5,6,11], and none has explored the role of
photon periodic orbits from spontaneous emission spec-
tra. As proposed by Purcell [12], the spontaneous emis-
sion rate of a radiating system can be significantly
modified by using a cavity to tailor the coupling of an
emitter with the vacuum field. This question naturally
arises: would it be possible that photon periodic orbits
play an important role in the spontaneous emission of
an emitter in the large-aperture microcavity?
In this Letter we fabricate a large-aperture square-

shape oxide-confined VCSEL to explore the spontaneous
emission spectra in very high resolution. Experimental
results clearly reveal that the coupling effects between
the optical modes and the spontaneous emission in-
crease with the increase of the injection current. We ob-
served that several thousand cavity modes can be almost
perfectly displayed in the spontaneous emission spectra.
The Fourier transform of the spontaneous emission spec-
trum just below the lasing threshold reveals a recurrence
spectrum in which each photon periodic orbit appears a
peak in a plot of intensity versus length. This finding casts
light on the new application of large-aperture VCSELs in
studying the energy spectra of 2D quantum billiards with
spontaneous emission spectra.
In this investigation, the VCSEL device, grown with

metal–organic chemical vapor deposition, consists of a

multiple quantum-well active region and doped semicon-
ductor distributed Bragg reflector (DBR) mirrors to form
the vertical cavity. The active region comprises three
Al0:07Ga0:93As-Al0:36Ga0:64As quantum wells with well
and barrier thickness of 70 and 100 Å, respectively.
The spacers at both sides of a quantum well were added
to form a 1 − λ cavity. For exploring the optical mode
spectrum by electroluminescence spectroscopy, a large
detuning between the quantum-well ground-state exciton
and the fundamental cavity mode was designed. The de-
tuning magnitude was approximately Δω=2π ¼ 2:7 THz.
The periods for the top and bottom DBR mirrors
are 23 and 29, respectively. A high Al composition
Al0:97Ga0:03As layer is placed at the first positive-DBR
mirror, which is oxidized for current and optical confine-
ment. The device processing was carried out as follows.
The wafers were wet oxidized at 425 °C, and the oxida-
tion time is controlled to fabricate a 40 μm oxide square
aperture in a 110 μm mesa structure.

Schematics of the laser device structure and the ex-
perimental setup are shown in Fig. 1. The VCSEL device
was placed in a temperature-controlled systemwith a sta-
bility of 0:1 °C near room temperature. A current source
with a precision of 0:01 mA was utilized to drive the
VCSEL device. The emitted pattern was reimaged onto
a CCD camera with a very-large-NA microscope objec-
tive lens (Mitutoyo, NA ¼ 0:9) mounted on a translation
stage. The spectral information of the radiation output

Fig. 1. (Color online) Schematics of the laser device structure
and the experimental setup.
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was measured by a high-resolution optical spectrum
analyzer (Advantest Q8347). The present spectrum anal-
yzer employs a Michelson interferometer with a Fourier
spectrum system to reach a resolution of 0:002 nm; con-
sequently, the cavity-mode spectral information can be
resolved to a large extent.
Figures 2(a)–2(e) depict the emission spectrameasured

for several injection currents. Below the lasing threshold
of 26 mA, the scale of the modulation depth in the emis-
sion spectra was clearly seen to deepen with an increase
of the injection current, as shown in Figs. 2(a)–2(e). The
presence of sharp emission peaks arises from the high-Q
optical confinement andeachpeakat the injection current
of 25 mA [Fig. 2(d)] is clearly resolved with less back-
ground. These peaks not only correspond to optical reso-
nance modes but also signify the fact that transition
probabilities are enhanced for emission wavelengths near
the optical modes. As shown in the inset of Fig. 2(d), the
linewidth of each isolated optical mode can be down to
narrower than 0:01 nm. Because the linewidth of the
quantum-well emitter is 103 − 104 wider than the average
mode spacing of the cavity mode, there are several thou-
sand cavity modes to be almost perfectly exhibited in the
spontaneous emission spectra. More specifically, all the
observed modes are the transverse modes of the cavity
[13]. The change of cavity finesse with current indicates
that the observed spectra should be referred to as the am-
plified spontaneous emission. When the injection current
amounts to 26 mA, a few optical modes reach the lasing

threshold and start to dominate the emission intensity, as
seen in Fig. 2(e).

It has been confirmed that the character of classical
periodic orbits can be extracted from observed quantum
spectra with a Fourier transform [14–16]. Analogously,
the Fourier transform of the amplified spontaneous
emission spectra should exhibit resonances correspond-
ing to photon periodic orbits in VCSEL cavities. Because
the longitudinal wavenumber in the VCSEL device is
unique and given by kz ¼ 2π=λo, the experimental
amplified spontaneous emission spectrum can be inter-
preted as the equivalent 2D density of state ρSEðKÞ ¼P

nδðK − KnÞ, where K is the variable for the transverse
wavenumber, Kn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2n − k2z

p
, kn ¼ 2π=λn, and λn are the

observed cavity modes. As a consequence, the Fourier
transform of the amplified spontaneous emission spec-
trum with K as the variable is given by ~ρSEðLÞ ¼R
dKρSEðKÞ eiKL ¼ P

ne
iKnL, where the sum is over all

observed wavenumbers and L is the conjugate variable
of the wavenumber. To be precise, ~ρSEðLÞ represents
the autocorrelation function of the amplified sponta-
neous emission spectrum and each peak showing up in
j~ρSEðLÞj is associated with the length of a resonant ray
orbit. Note that the value of λo can be determined by
the longest emission wavelength in the experimental
spectrum. As shown in Fig. 2(a), the value of λo is ap-
proximately 820:8 nm. Numerical analysis reveals
that the extracted resonant lengths were found to be
almost unchanged for the value of λo varying within
820:8� 0:1 nm.

Figures 3(a)–3(e) depict the Fourier-transformed spec-
tra j~ρSEðLÞj, corresponding to the spontaneous emission
spectra shown in Figs. 2(a)–2(e), respectively. It can be
also seen that below the lasing threshold, the higher the
current is injected, the more resonance peaks appear in
j~ρSEðLÞj. This result indicates that the coupling strength
between the optical modes and the spontaneous emis-
sion spectra increase with increasing the injection cur-
rent. The origin of the resonance peaks in j~ρSEðLÞj can
be confirmed to be associated with the photon periodic
orbits in the transverse plane. In a square lateral confine-
ment, the formation of periodic orbits for photons under-
going specular reflection at each side wall is subject to
the conditions of kx=ky ¼ p=q, where p and q are two in-
tegers and kx and ky are the x component and y compo-
nent of the transverse wavenumber, respectively. The
path length of the periodic orbit ðp; qÞ is then given
by Lðp; qÞ ¼ 2a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ q2

p
, where a is the length of the

square boundary. Note that if p and q have common fac-
tors, such an orbit categorically corresponds to a recur-
rence of a simpler one in which the photon undergoes
two or more periods. As seen in Figs. 3(a)–3(d), the re-
sonance peaks in j~ρSEðLÞj are in good agreement with the
results of the geometric orbits, which manifest the impor-
tance of the photon periodic orbits in spontaneous emis-
sion spectra. More intriguingly, the discernible orbits
ðp; qÞ become more and more complex as the injection
current increases. On the other hand, Fig. 3(e) illustrates
that just above the lasing threshold, the stimulated emis-
sion significantly affects the interplay between the opti-
cal modes and the spontaneous emission, causing the
elimination of the resonance peaks in j~ρSEðLÞj. Recently,

Fig. 2. (Color online) Emission spectra measured for several
injection currents: (a)–(d) below lasing threshold and (e) just
above lasing threshold.
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Du et al. [17] theoretically found that the concept of
periodic-orbit theory can be extended from electron to
photon in analyzing the spontaneous emission rate of
an atom near a dielectric interference. It is the first time,
to our knowledge, to discover the significance of photon
periodic orbits in the feature of the spontaneous emis-
sion spectra of large-aperture VCSELs, as found in the
atomic absorption spectra [18]. More importantly, it is
worth mentioning that there was no obvious difference
in the spectra from sample to sample for devices growth
in the same batch.
In conclusion, we have performed very-high-resolution

measurement to demonstrate the signature of photon
periodic orbits in the spontaneous emission spectra of
large-aperture VCSELs. The coupling effects between

the optical modes and the spontaneous emission are
found to increase with an increase in the injection cur-
rent. Just below the lasing threshold, we have observed
that more than a thousand cavity modes with a narrow
linewidth are precisely displayed in the spontaneous
emission spectra. The resonant peaks that appeared in
the Fourier-transformed spectrum are verified to excel-
lently coincide with the theoretical ones obtained from
the 2D square quantum-billiard model. Based on all the
agreement, large-aperture VCSELs can be confirmed to
function as “photonic billiards,” and their spontaneous
emission spectra can be employed to analogously inves-
tigate the energy spectra of quantum billiards.

This work is supported by the National Science
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corresponding to the spontaneous emission spectra shown in
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