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Abstract We report a direct method to observe higher-
azimuthal-order whispering-gallery-like modes in vertical
cavity surface emitting lasers (VCSELs) at room tempera-
ture. Instead of introducing any defect mode, we show that
suppression of lower-order cavity modes can be achieved by
destroying vertical reflectors with a surface micro-structure.
Perfect higher-order modes with an azimuthal number as
large as 41 are observed in experiments through collecting
near-field radiation patterns, as well as in numerical simula-
tions.

PACS 42.55.Px - 42.55.5a - 05.45.Mt

1 Introduction

Whispering-gallery (WG) modes are almost grazing inci-
dence patterns confined by total internal reflection at an in-
terface [1, 2]. With advantages of an ultra-small mode vol-
ume and a strong confinement, WG modes have attracted
lots of attention in photonics, quantum electrodynamics, and
telecommunications due to their potential applications to en-
hance spontaneous emission and make threshold-less las-
ing. In the last decade WG modes have been experimen-

C.-J. Cheng - Y.Y. Lin - C.-Y. Chen - R.-K. Lee (X))
Institute of Photonics Technologies, National Tsing-Hua
University, Hsinchu 300, Taiwan

e-mail: rklee @ee.nthu.edu.tw

T.-D. Lee
Graduate School of Optoelectronics, National Yunlin University
of Science and Technology, Yunlin 640, Taiwan

T.-D. Lee
Industrial Technology Research Institute, Hsinchu 310, Taiwan

tally demonstrated with semiconductor micro-cavities, in-
cluding micro-disk [3, 4], micro-ring [5], micro-sphere [6],
and other novel micro-resonators [7]. For a two-dimensional
(2D) structure, in the beginning a waveguide is used to pro-
vide the confinement of light in the vertical direction for WG
modes. With optical output vertically emitted from the sur-
face, vertical cavity surface emitting lasers (VCSELSs) are a
natural choice for lasers with transverse behavior of a verti-
cal emission and a WG-like mode [8], even though strictly
speaking the propagation vectors of the light in these modes
are nearly perpendicular to the plane of the active layer.

In recent years, with the advance of new fabrication tech-
nologies, it has become more and more feasible to actu-
ally utilize one- or higher-dimensional periodic dielectric
structures (or especially the photonic band gap crystals) to
modify the resonance modes in semiconductor lasers [9].
Combined with the band-gap effect and micro-cavities, an
ultra-high quality factor for a single-defect semiconductor
laser formed by a 2D photonic crystal was reported [10].
Applications based on WG modes, which act as filters, de-
lay lines, couplers, and sensors, cover a broad areas from
optical communications, information processing, to bio-
photonics [11]. Consequentially, the control of WG modes
in optical resonators plays a crucial role for every specific
application. Given a refractive index in 2D disks or rings,
the order of modes in the azimuthal direction is propor-
tional to the radius of the disks or rings and inversely pro-
portional to the lasing wavelength. Following this guide-
line, the WG modes supported in photonic crystal defect
cavities are typically lowest-order modes due to the fact
that the defect geometry is usually on the same order of
magnitude as the lasing wavelength. To excite WG modes
with a larger azimuthal number, micro-disks or micro-rings
with a broad area have been introduced [12], which also
act as an interesting platform for studying optical pattern
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formation in mesoscopic systems [13, 14]. Although very
high-azimuthal-order modes in optical cavities have been re-
ported in the literature [14—16], it is well known that spatial
mode structures in these broad-area VCSELs suffer prob-
lems of instabilities and nonlinearities.

Due to the competitions between different modes, a
cryogenic system is needed to suppress unwanted cavity
modes in a large-area VCSEL, in order to compensate the
temperature-dependent shift in the gain peak [13, 17]. In
this work, we propose another simple but robust method to
directly excite required transverse optical patterns by a 2D
micro-structure on a VCSEL surface [10, 12, 18]. Instead of
forming a defect cavity, we show that it is possible to use the
surface structure as a deterioration mechanism for the de-
sired lasing characteristics. As most of the vertical emission
windows in the central region are destroyed by the surface
micro-structure, we report direct observations of an ultra-
high-order WG-like mode lasing, with an azimuthal number
as large as 41. All demonstrations of WG-like mode lasings
are directly collected by their near-field radiation intensities
at room temperature, and verified by a 2D mode solver in
simulations. The experimental and numerical investigations
in this work provide a new direction for applying higher-
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azimuthal-order WG modes in areas as diverse as quantum
optics, communications, and chaotic dynamics.

2 Characteristics of the micro-surfaced VCSEL

Figure la and b show the schematic diagram and the corre-
sponding scanning electron microscope (SEM) image of the
surface micro-structured VCSEL used in our experiments,
respectively. The epitaxial layers of the VCSEL are grown
by metal organic chemical vapor deposition (MOCVD) on
an nT-GaAs substrate, with a graded-index separate con-
finement heterostructure (GRINSCH) active region formed
by undoped triple-GaAs—AlGaAs quantum wells placed in a
1-A cavity. The upper and bottom distributed Bragg reflec-
tors (DBRs) in the vertical cavity consist of 22 and 35.5
pairs of Aly.1Gag 9As/Alg9Gag 1 As layers, respectively. We
introduce an oxide aperture to reduce the lateral optical loss
and leakage current. Then, reactive ion etch (RIE) is per-
formed to define mesas, where the AlgogGagp2As layer
within the AlgoGap As confinement layers is selectively
oxidized to AlOy. The thickness of the oxide layer is about
300 A (within a quarter-A layer, and A = 850 nm). The p-
contact ring with an inner diameter of 46 um and a width
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of 7 um is formed on the top of the p-contact layer, i.e.
R =30 pm. The n-contact is formed at the bottom of the n-
GaAs substrate. Detailed device parameters and lasing char-
acteristics can be found in our previous publication on a
similar VCSEL device but with a different surface micro-
structure [19]. The micro-structured surface pattern is de-
fined by the focused ion beam, with the depth of the holes
estimated to reach the active layer. A hexagonal lattice pat-
tern is fabricated within the p-contact ring to introduce a
surface micro-structure. The lattice constant and diameter
for this hexagonal micro-structured VCSEL are 5 and 3 pm,
respectively. Three defects in the micro-structure are intro-
duced to suppress the lasing of lower-order cavity modes.

Figure 1c shows the L-I curve, light versus current, of the
VCSEL with a surface micro-structure on it. The threshold
current for lasing operation is about 17 mA. The increment
of the threshold current is expected, since there is no lasing
on the defect modes. Then, we show the measured near-field
electromagnetic intensity distribution on the surface of the
aperture by a charge-coupled-device (CCD) camera through
a standard microscope with a x 100 lens. When the VCSEL
is operated below the threshold condition, for example in
Fig. 1d, it can be seen clearly that the spontaneous emis-
sion pattern just reflects the lateral cavity defined by the na-
tive oxide layer in the VCSEL and the micro-surface struc-
ture within. As expected, in this case no significant emis-
sions come from the center of the designed surface micro-
structure. The radiation patterns are shown almost in the
outside region, with some leaky radiations along the mesas.
In our design of the surface micro-structure, the inner de-
fects are fabricated with an offset from the center. In such
a case, in contrast to the expected lasing mode in the inner
region, only the outer ring has the chance to lase due to the
symmetry-broken geometry in our cavity.

3 Near-field images of higher-order mode lasing

Again, as shown in Fig. 2a and b for the injection currents
of 11 mA and 13 mA, still far below the threshold condi-

Fig. 2 Near-field intensity
distributions on the surface of
the aperture of our
micro-structured VCSEL below
the threshold condition, at

(a) 11-mA and (b) 13-mA
injection currents, respectively

tion, we can see clearly that the emission patterns are lo-
cated along the outer region of the designed micro-structure,
resulting in the form of a ring. It clearly demonstrates the ac-
cumulation of radiation fields in the outside ring as the injec-
tion current increases. Above the threshold current, the VC-
SEL begins to lase. Owing to the destruction of the top DBR
reflector induced by the surface micro-structure, lower-order
cavity modes are totally suppressed and the surrounding
WG modes have a chance to lase. In Fig. 3a and c, oper-
ated at 19 mA and 20.5 mA, perfect ultra-high-order WG-
like grazing patterns confined by the total internal reflection
with multiple lobes in the azimuthal direction are directly
observed at room temperature. By counting the number of
lobes, we report the recorded experimental demonstration
of highest-order WG mode to the best of our knowledge,
up to the azimuthal number of 41. As is well known, there
should be a trade-off between the threshold current and the
excitation of higher-order modes. Here, the observations of
higher-azimuthal-order WG-like modes are achieved at the
scarification of increasing the threshold current.

To illustrate the experimental observation of a higher-
azimuthal-order WG-like mode lasing in such a surface
micro-structured VCSEL, we used a 2D mode solver based
on the standard finite-element method for electromagnetic
waves to calculate the corresponding eigenmodes of this
laser cavity [20]. Here, due to the optical field confined by
two DBR mirrors with the oxide layer of thickness of about
300 A in the vertical direction, in this case we can safely
reduce the three-dimensional (3D) model to an effective 2D
model by estimating the effective index. The lateral geome-
try defined by the native oxide layer is drawn according to
the observed spontaneous emission pattern below the thresh-
old current, as shown in Fig. 1d. Then, micro-structures are
embedded within the real lattice geometries. The effective
refractive indices are assumed to be 1 in the holes and 3.49
in the surrounding SiO; oxide layer. In the numerical simu-
lations, we calculate all possible eigenmodes and then select
the most matching one for a comparison. The reason one
can do this is due to the fact that these higher-order modes
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Fig. 3 Near-field intensity
distributions on the surface of
the aperture of our
micro-structured VCSEL at
different injection currents.
Experimental data: (a) 19 mA
and (¢) 20.5 mA; and simulation
results: (b) and (d) with the
same number of lobes, 41, in the
azimuthal direction. The
intensity distributions are shown
in an arbitrary unit

are nearly degenerate in such a broad-area VCSEL, with
very close eigenwavelengths around the lasing wavelength
at 850 nm. One of the calculated eigenmodes is shown in
Fig. 3b. Compared to the experimental measurements in
Fig. 3a and c, our numerical simulations show that the WG-
like mode pattern existing in our cavity is not only with the
same azimuthal number, 41, but also with a slightly asym-
metric intensity distribution along the outer ring. From di-
rect numerical simulations, the observed asymmetric inten-
sity distributions in the azimuthal direction are believed to
come from the inner micro-structure geometry, which over-
all is in the shape of a hexagon and breaks the rotational
symmetry of the emission pattern. Moreover, one can see
that the images are dark in the center for the experimental
data, while some emissions are found in the numerical re-
sults. The discrepancy between experimental and numerical
images may come from the 2D model we used. One possible
solution is to perform a 3D simulation or to re-estimate the
effective index, for the depth of our micro-structured surface
pattern is too deep.

In Fig. 3d, we report another interesting quasi-WG mode
supported in our designed surface micro-structure numeri-
cally. This quasi-WG mode also has the same number, 41, in
the azimuthal direction, but with a chaotic field distribution.
This chaotic behavior may be used to tailor the mode and the
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resulting emission would be of great interest to researchers
using ideas from quantum chaos to develop efficient and
highly directional micro-lasers [19]. But, due to the com-
petition with normal WG modes, which are more stable, the
experimental observation for such an unusual mode at room
temperature seems to be difficult.

4 Conclusion

In conclusion, with surface micro-structures and near-field
technologies we investigate the formation of transverse op-
tical patterns in GaAs-based VCSELs. A unique surface
structure is designed to ruin the vertical reflector as well
as to suppress the lasing characteristics for the lower-order
cavity modes. At the expense of a higher threshold current,
a native oxide laterally confined whispering-gallery mode in
VCSELSs can be directly observed at room temperature. Per-
fect WG-like modes up to the 41st order in the azimuthal di-
rection are reported by collecting the near-field intensity on
the surface of the aperture. The observed higher-azimuthal-
order WG-like mode patterns are explained and identified by
a direct numerical simulation. Through the help of surface
micro-structures, especially with an offset from the center to
break the geometric symmetry, the spatial patterns demon-
strated in this work are more robust above threshold. The
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experimental observations and the simulation results pro-
vide an alternative but easy approach to access WG modes
in VCSELs at room temperature.
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