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Abstract. The propagation of whispering gallery modes of a quantum-dot injection disk laser
into a GaAs substrate has been investigated experimentally and using simulation. For a 50 pm
diameter microlaser with 1.5-um-thick Al ,Ga, As claddings, the intensity of the mode leaking
into the substrate can be up to 1073 of the intensity of the laser mode in the waveguide.
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AHHOTamusa. OKCIEPUMEHTAaJbHO MW ¢ TIOMOIIbIO  MOJEIMPOBAHUS  MCCIIEI0BAHO
pacmpocTpaHeHMe MOJ IIeTdJylleil Trajeper IUCKOBOTO Jiazepa € KBAaHTOBO-TOYEUYHOI
nHXekuei B momioxke GaAs. JInsg mukpoiasepa nuaMmerpoMm 50 MKM ¢ OOJUIIOBKAMM W3
Al ,Ga  As TonmmHOM 1,5 MKM MHTEHCMBHOCTb MOIbI, NPOCAYMBAIOLIENCS B MOMIOXKY,
MOKET COCTaBIATh A0 1073 OT MHTEHCUBHOCTH JIa3ePHOM MOJIbI B BOJHOBO/IE.

Knouesbie cioBa: kBaHTOBbIE TOUKU InGaAs, MUKpoJIa3epbl ¢ MOJIaMU LIEUYLIEH Tajlepeu,
yTeuka MOJ

®unancupoBanne: CTaTbsl IOATOTOBJIIEHA B XONIE IPOBEACHUS MCCICIOBaHUS B paMKax
npoekTa «MexXayHapoJHOoe akaaeMuueckoe coTpyaHudectso» HUY BIID.
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Introduction

Microlasers based on whispering gallery modes (WGMs) are promising light emitters for pho-
tonic integrated circuits [1]. Such microlasers have high Q-factor, which allows to achieve low
lasing thresholds and offer high power efficiency [2]. In addition, the emission of such lasers
propagates in the plane of a substrate, which simplifies their integration with other optical com-
ponents on the chip.

One advantage of WGM lasers over other types of microlasers is that the epitaxial structure is
very similar to that typically used for stripe edge-emitters [3—5] and does not require high pre-
cision thickness and/or composition in growth of its components. However, the thickness of the
cladding layers of about 1.5—2 um may be insufficient for effective localization of the mode in a
cylindrical microcavity.

To investigate this problem, we analyzed the propagation of WGMs of an injection disk
microresonator based on InGaAs/GaAs quantum well-dots into a GaAs substrate. The leak-
age of the microdisk laser mode into the substrate and the magnitude of this type of losses
was determined.

Materials and Methods

The epitaxial structure was prepared by MOVPE epitaxy on a 6°-disoriented GaAs substrate.
The structure comprises an n+-GaAs buffer, a 1.5-um-thick n-Al  ,Ga, As bottom-side clad-
ding layer, a 0.78-pm-thick GaAs waveguiding layer, a 1.5-um-thick p-Al  ,Ga  As top cladding
layer, and a 0.35-um-thick p**-GaAs contact layer. The active layer consisted of five layers of
In; ,Ga, As quantum dots placed evenly inside 800 nm GaAs matrix. Using photolithography and
dry etching, microdisk lasers with a diameter of 50 pm were formed on the surface of the epitaxial
structure. To investigate the mode leakage, the sample was cliffed so that the substrate edge was
in close proximity to the microdisk under study (not more than 5 um). After that, the structure
was mounted on the heat sink due to more convenient heat dissipation and vertical orientation of
sample. Next, the contacts to one of 50 pm microdisks were welded.

The study of the intensity distribution of the electromagnetic field propagating from the laser
waveguiding layer into the substrate was carried out using the technique of fiber near-field micros-
copy. For this purpose, a room temperature NT-MDT Integra Spectra microscope-based fiber
probe head was used, which is a Nufern 980-HP single-mode optical fiber attached to a fork-
shaped quartz resonator. The end of the fiber is tapered by chemical etching and coated with a
layer of aluminum (70nm) with a formed aperture of 100 nm at the end. The signal from the fiber
probe was collected in noncontact regime (distance between fiber tip and surface was approxi-
mately 30—40 nm). Then it was transferred into a Sol Instruments MS5204i monochromator and
detection was performed using a cooled InGaAs CCD array. Also, to investigate the processes of
WGM spreading, a numerical model of the disk was developed in the COMSOL Multiphysics
environment using the finite element method.

Results and Discussion

Fig. 1, a shows the electroluminescence (EL) spectrum obtained by near-field fiber microscopy
from the GaAs substrate under the microdisk laser. In the investigated wavelength range, two
WGMs were identified (at wavelengths 1082.8 nm and 1099.1 nm), the radiation leakage of which
was localized under the periphery of the microdisk laser. The scheme in Fig. 1, b demonstrates the
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Fig. 1. EL spectrum obtained by near-field fiber acquisition from the substrate
under the microdisk (a). Schematic of the near-field fiber microscopy experiment
and electroluminescence intensity distribution maps of the 1082.8 and 1099.1 nm modes (b)
The vertical line on both maps is due to a measurement imperfection (due to the substrate
cleaved surface curvature, the near-field fiber moved away from the surface during scanning)

process of scanning the GaAs substrate cliff with a fiber near-field probe, the red rectangle high-
lights the approximate region where the experimental maps of the EL intensity distribution were
obtained. The observed electromagnetic intensity distribution is concentrated under the peripheral
parts of the microdisk laser, as expected for WGMs. However, the distribution in the substrate is
different for different WGM modes.

From the experimental results it can be also seen that the EL intensity modulations obtained
on the maps have a large number of modulations that we associate with interference of laser
emission in GaAs substrate. To investigate the interference into the GaAs substrate, intensity
distribution deeper inside the substrate was calculated. To avoid too long calculation times, the
thickness was limited to 6 pum. The results are presented in Fig. 2 for two modes of which has
q = 20, and the other ¢ = 1. For both numerical and experimental distributions, the maximum
of the electromagnetic field intensity is observed under the disk edges. The simulations also show
that the mode with higher radial order shows more intense mode leakage into the GaAs substrate
than the ¢ = 1 mode.
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Fig. 2. Electromagnetic energy distribution in 50 pm microlaser for m = 100, g = 20
and m = 187, ¢ = 1 azimuthal and radial orders WGMs in GaAs substrate
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The amount of mode leakage into the GaAs substrate was calculated as the ratio of the EL
intensity maxima in the GaAs substrate to the EL intensity maximum in the microdisk waveguide
(for the results of numerical modeling, the intensity value was estimated using expression / ~ F£?).
The calculation data are shown in Table 1; the maximum values of the radiation intensity on the
surface of the waveguide part of the microdisk and on the cleaved plane of the GaAs substrate
were taken for the [ ubme/lwavegui 4 ratio. For the experimental data, this value of maximum amount
of mode leakage was estimated as ~3-10~* for the 1082.8 nm mode wavelength, and for the the-
oretical simulations show a maximum amount of mode leakage ~107> for the third radial order
mode. Q-factor of leaking mode also decreases significantly with radial order raise from ¢ = 1 to
g = 3 approximately from 1.24-10' to 3.1-10°.

Table 1
Calculation of magnitude of mode leakage into substrate
for theoretical and experimental cases
Experimental data Numerical calculations
7\' Isubﬁratc/lwavcguidc ?\' Isubﬂratc Iwavcguidc
1082—1083 nm ~3-10* g=1,1076.1 nm ~5.01-10"°
1098—1099 nm ~2.2-107 g=3,1078.1 nm ~1.26-10°

It was also observed that for different WGMs, the propagation in the GaAs substrate occurs
at different angles. It can be assumed in Fig. 2 that for low radial order WGM with ¢ = 1 and
m = 187, the angle to the GaAs substrate surface at which the WGM scatters is larger than the
same angle for high radial order WGM of ¢ = 20 and m = 100. The same inversed dependency
can be observed for Q-factor: the smaller the mode Q-factor, the larger will be the angle to the
GaAs substrate surface. Despite the fact that there is no absorption in the GaAs substrate, for
models with finite GaAs substrate thickness, scattering is observed as one moves away from the
disk. It should be mentioned that the experimentally observed intensity distribution can be addi-
tionally affected by the other effects, such as surface bumps of the cleaved GaAs substrate and
the parasitic absorption of microdisk radiation due to noncontact near-field experimental setup.

Conclusion

In this study, a new method was developed to experimentally investigate the leakage of WGM
from a microdisk laser using fiber near-field optical microscopy. This methodology allowed us
to demonstrate that for microdisk lasers based on AlGaAs/GaAs waveguide structure, the mode
leakage into the substrate is quite significant for modes with high radial number, which is con-
firmed by both experimental and modeling data. It can be also assumed that the smaller the
mode Q-factor, the larger the angle to the GaAs substrate surface at which the WGM scatters.
The results obtained indicate the necessity to take into account factor of WGMs leakage into the
GaAs substrate.
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