Emission propertiesof electrically
pumped triangular shaped microlasers

Martina Hentschel,* Qi Jie Wang,%® Changling Yan,%*
Federico Capasso,? Tadataka Edamura,® and Hirofumi Kan®

IMax-Planck Institut fir Physik komplexer Systeme, 01187 Dresden, Germany
2School of engineering and applied sciences, Harvard University, Cambridge, MA, 02138,
USA
3Now with School of electrical and electronic engineering, Nanyang Technological University,
50 Nanyang Ave, 639798, Singapore
“Now with Changchun University of Science and Technology, Changchun, 130022, China
5Central research laboratory, Hamamatsu Photonics K.K., Hamamatsu 434-8601, Japan

*martina@pks.mpg.de

Abstract: We study the emission properties of electrically pumped
triangular-shaped microlasers with rounded corners. We find no signs of
directiona emission for the relatively large cavities (dimension ~ 100pm)
used in our experiments, in full agreement with ray simulation results.
The broad emission characteristics that we observe can be fine-tuned by
adjusting the resonator geometry as is verified through simulations which
might prove useful for applicationsin optical devices.
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1. Introduction

Optica microcavities [1] such as microlasers with unidirectional emission properties have re-
ceived growing interest during the past years. It is driven by a strong demand from the applica-
tion side, namely to have the very useful properties of Fabry-Perot lasers available in devices
that are only dlightly larger in size than the wavelength of light. Miniaturization of the Fabry-
Perot mechanism to such tiny scales fails because of shortcomings in the fabrication of the
laser facets and the needed mirrors. Therefore, aternative ideas and mechanisms are needed in
order to pursue the downscaling of optical and optoelectronic devices, thereby keeping both the
relatively directional emission properties and the high-quality factors of the Fabry-Perot lasing
modes.

A number of different mechanisms and resonator shapes have been employed to yield di-
rectional emission properties from modes with high quality factors. The most recent example
are microlasers of limagon shape [2—4] that show a robust and universal far-field pattern with
apronounced directionality especially for the case of TE-polarized light. Another possibility is
to use the hybridization of modes at avoided resonance crossings, e.g. in circular cavities with
an air hole (annular geometry) [5]. Earlier developments used microlasers of spiral shape and
found directional emission from the so-called notch [6]. However, not al spiral microlasers
were found to possess directional output characteristics [7], and pumping along the boundary
was found to be a crucial prerequisite [6,8, 9].

In the present Letter we discuss the emission properties of microlasers of triangular shape.
Similar to the case of spiral-shaped microlasers, directional emission was reported in some
occasions [10] but could not be confirmed in the triangular cavities used in our experiments,
nor in the ray simulation data that we also report here. In fact, we find good agreement between
our experimental results and the accompanying ray model simulations. The reason might liein
the different sizes of the devicesinvestigated: The numerical simulations performed in Ref. [10]
investigated a regime where the ratio of wavelength to cavity size was considerably larger than
in the present case that is closer to the ray limit.

2. Devicestructureand fabrication

(a)

Fig. 1. (a) Micrograph of an experimental structure. (b) Schematics of the triangular cavity
geometry. The parameters used in the experiment are D = 150um, b = 180um, h=360um,
ra=51um, rg =45um, similar tothose used in Ref. [10]. Thefar-field angle ¢ isindicated
on theright.
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In thiswork, we used electrically pumped quantum cascade lasers (QCLS) as an example to
fabricate microcavity lasers. The electrical pumping scheme requires arelatively large top sur-
face area (dimension ~ 100um) for electric wire bonding that defines the comparatively large
size of our cavities. QCLs were processed into triangular-shaped structures, see Fig. 1, with
different deformation parameters D, b, ra,rg and h. The QCL material is the same as the one
used in [4] designed at an emission wavelength of 4 ~ 10um. It is based on lattice-matched
Gag.471ng.53AAlg 481 nNg 50AS heterostructures grown on top of an InP substrate. The active re-
gion consisting of 35 periodic stages has athickness of ~ 2um. The active region is sandwiched
between two 520 nm-thick n-doped InGaAs layers followed by two 3.5 um-thick n-doped
(1 x 10*" cm~3) epitaxial InP cladding layers. A 0.5 umrthick n-doped (5 x 108 cm=3) InP
layer is deposited on the top of the cladding layer, followed by a 10 nm highly doped (1 x 10°
cm—3) InP contact layer.

Standard photolithography was used to define the contour of the laser and the structure was
etched through the gain medium with a depth of ~ 12um using inductively coupled plasma
reactive ion etching to obtain vertical and smooth sidewalls. The sidewall of the etched device
has a roughness of about 300 nm and is similar to that of the [imagcon QCLs in [4], where a
three-dimensional scanning electron microscope (SEM) image of the sidewall was shown. The
active region covers the whole device area of QCLSs, see Fig. 1(a). Then, the top and bottom
metal contacts Ti/Au (10nm/200nm) were deposited by using electron-beam evaporation. The
devices were then soldered with indium to copper heat sinks and wire bonded for testing.

A microscope picture of a fabricated cavity with D = 150um [D is the characteristic size
of the cavity, defined as the length between the bottom and the center of the left circle, see
Fig. 1(b)], is shown in Fig. 1(a). All the other parameters that are needed to characterize the
shape of the cavity are displayed in the schematic of the geometry of the cavity in Fig. 1(b).

3. Devicecharacterization and analysis

The processed triangular QCL s were electric pumped and tested in pulsed mode at room tem-
perature with 125-ns current pulses at 80-kHz repetition rate. The emission spectrum of the
device in Fig. 1(a) measured with a Fourier Transform Infrared Spectrometer at a pump cur-
rent of 1.1x I, was shown in Figs. 2(a), exhibiting a single mode emission near A ~ 10um.
The laser operates in single mode at a pump current up to 1.25x Is,. At higher pump currents,
more optical modes with complex spectral features are shown. To understand the origin of these
modes, an in-depth investigation on the mode distributionsinside the cavity is necessary, which
is the objective of our future work.

Figures 2(b) shows the light output power versus current characteristics of our triangular
QCL at room temperature. Light output power was measured with a calibrated thermopile de-
tector and a polished metallic tube to collect the laser output. A peak output power of ~ 2mW,
athreshold current density of ~ 2.5kA/cm?, and a slope efficiency of ~ 6 mW/A were obtained
for this device. The threshold current of the triangular QCL is higher than ~ 2.0kA/cm? of
the limagon QCL s fabricated with the same material [4], because limagon cavity keeps high-Q
whispering gallery modes. Although it is difficult to calculate Q-factor through ray simulations,
experimental measurements on the gain coefficient, threshold current density and waveguide
losses [4] suggest an estimated Q factor of ~1000 for thistriangular microcavity QCL, as com-
pared to avalue of ~1250 for the limagon QCL [4]. The slope efficiency of the device islower
than ~ 12 mW/A of the limagon QCLSs, due to the inefficient light output coupling from the
triangular QCLSs.
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Fig. 2. (8) Spectrum of the lasing cavity at 11% (top) above the lasing threshold current.
The emission wavelength is ~ 10um in pulsed mode operation at room temperature. (b)
Optica output power versus pump current measured at far-field angle ¢ = 0° asafunction
of the pump current. The onset of lasing beyond a threshold current of about 0.53 A is
clearly visible.

4. Far-field characteristics of triangular QCLs

Lateral far-field profiles of our devices were measured with a resolution of 0.5° using a setup
described in Ref. [11]. The deviceismounted at the center of arotation stage and amid-infrared
mercury-cadmium telluride detector is placed ~ 20 cm away to measure the output of the laser.
The measured far-field patterns are shown in Fig. 3(a) for two different pumping currents of 750
mA and 870 mA, indicated by the black and red line, respectively, for the device in Fig. 1(a).
Evidently, no characteristics of directional emission are visible, although the light is emitted
predominantly to one side, namely to the sharper side of the triangular cavity. Further increase
of the pump current increases the emission area into which the light is emitted, we believe this
is due to the existence of other modes at high pumping currents which have dlightly different
far-field patterns. The experimentally observed far-field pattern at 870 mA is compared to the
ray-simulation result in Fig. 3(b). Good agreement, up to a symmetry offset, between thetwo is
displayed. The dlight difference on theflat side of the triangular device (far-field angle O degree)
ismost likely due to the unavoidable sidewall surface scattering which broadens the measured
far-field pattern.

Note that in Ref. [10] the emission was actually seen to originate from the flat side of the
triangular QCLSs, whereas we find the light to originate from the opposite, namely the sharper,
side of the triangular cavity. We discuss a possible origin of these differences below.

5. Ray simulation results

The far-field emission patterns in the plane perpendicular to the QCL growth direction were
calculated with ray optics simulations in a so-called Fresnel billiards [2,12, 13] using an effec-
tive index of refraction n = 3.2. The simulations were carried out by starting a set of 25000
rayswith initial conditions (specified by the polar angle and the ray’s angle of incidence at the
cavity boundary) that uniformly covered al possible values (i.e., the full “phase space”). The
rays were started with unit intensity and propagated following the laws of specular reflection
and using Fresnel laws (see Refs. [2,12, 13] for details). Light escaping the cavity according
to Snell’s and Fresnel’s law was collected after passing through a transient regime, i.e. after
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Fig. 3. (a) Far-field characteristics of triangular QCLs for two different pump currents.
The black (red) line is for pumping current 750 mA (870 mA). Light is predominantly
emitted towards the sharper side of the triangular structure. The axial symmetry of the
cavity is seen to be dlightly imperfect but very simlar for both pump currents. Both far-field
intensity profiles are normalized to their maximum values. (b) Comparison of experimental
and ray-simulation data, both normalized.

reaching a regime characterized by an exponential decay of the total intensity inside the cav-
ity, and collected as the far-field emission characteristics. It was subsequently smoothed over
two bins, and the results are shown in Fig. 4. As the character of (most of) the ray trajectories
is chaotic, no simple, regularly shaped orbits can be identified to yield the observed far-field
pattern. Rather, the far-field pattern is determined by the path that the rays take to escape the
cavity that in turn is related to the so-called unstable manifold, see Ref. [2,12, 13] for details.
The calculated far-field patterns (FFP) are shown in Fig. 4 for four slightly different geome-
triesthat are indicated to the left of each FFP panel. The geometry in Fig. 4(a) is exactly the one
used in experiment. Asray optics corresponds to the limit of thewavelength A — O, there exists
no inherent characteristic length scale, and the resonator geometry is only defined up to an arbi-
trary length scale, that, for example, can be taken to be the length D. We point out that the radius
ra and D cannot be chosen independently, they are related via [here, o is half of the smallest
angle of the dashed triangle shown in Fig. 1(b)] ra = (h— D) sinoe = (h— D) sin[arctan(b/2h)].

6. Discussion and Conclusion

We have studied the far-field emission characteristics of triangular shaped QCL microcavi-
ties in experiments and through ray simulations. Experiment and calculated results are in very
reasonable agreement and indicate that, as in many experiments accompanied by theoretical
investigations before[2, 4, 8,12, 13], the unstable manifold determines the far-field pattern. We
find, contrary to the results reported in Ref. [10], no directional output from triangular micro-
lasers. One possible explanation might be the excitation of qualitatively different lasing modes
whose specific resonance properties lead to different far-field patterns. The fact that both ex-
periments were conducted in very different nkD (n is the refractive index and k is the vacuum
wavenumber) regimes (28 < nkD < 30in Ref. [10] vs. nkD ~ 300 in the present study) supports
this argumentation: The present study is, in comparison to the one in Ref. [10], closer to the
ray limit (small wavelength, large nkD) and we found indeed reasonable agreement between
the experimental results and ray-picture simulations. The results obtained in Ref. [10] refer to
the behavior of atriangular cavity towards the wave limit and their deviation from the results
reported here indicates the break-down of the validity of the ray model. Whereas this break-
down isnot at all unexpected, there are anumber of cases (see, e.g., Ref. [2]) where agreement
with (naive) ray-model simulations was observed deep into the wave regime, in contrast to the
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Fig. 4. Ray-simulation result for theradial far-field light intensity distribution for triangular
cavities (arbitrary, but normalized units). The geometry in panel (&) is that used in the
experiment, see also Fig. 1(b). The green lines mark the border of this “master” device
and are repeated as a guide to the eye in the other panels. In panels (b-d), we study the
influence of fabrication imperfections on the far-field pattern. A smaller radius ra, panel
(b), increases the overall far-field intensity since light emerges from this side of the cavity
and the more easily the smaller the radius of curvatureis. In panel (c) and (d), we show the
resultsfor vertically compressed and stretched structures, respectively. Lobes are somewhat
more prominent in the compressed resonator shape, but all four geometries fully show the
characteristics of the experimental result: A more or less homogeneous light output into
about one third (120°) of the resonator plane.

situation observed in Ref. [10].

Although the triangular cavities in the present study show a broad, rather than a directional,
light output in the far field that covers more than one third of the resonator plane, we point
out that ray-simulation results presented in Fig. 4 indicate that light variations in the resonator
geometry may allow to fine-tune the light output to be almost homogeneous, cf. Fig. 4(a), or to
develop alobed structure, cf. Fig. 4(c). Furthermore, variation of the radius of curvature at the
three “corners’ adjusts the light confinement and allows one to tune the overall light intensity
in the far field. In occasions where directional light emission is not the primary goal, all these
properties might be useful in the development of optical devices.
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