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Abstract. The planar microcavity structure was grown using molecular-beam epitaxy.
Single-mode lasing was observed at a wavelength of 960 nm for pillars with a diameter of
15 um. At 300 K, the lasing threshold was approximately 30 mW. Increasing the pump
power to 2.7 times the threshold power resulted in a mode energy shift of approximately
1 meV. This shift in the mode energy position corresponds to approximately 12 degrees of
laser heating.
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AnnoTtanus. ['eTepocTpyKTypa IJIaHapHOIO MUKPOpPE30HaTopa Oblja BhIpallleHa METO-
JOM MOJIEKYJISIPHO-IYYKOBOI 3muTakcuu. [IpomeMoHCTpUpoBaHa OJHOMOIOBAsI reHepa-
U Ha JUTMHE BOJTHBI 960 HM 11T MUKpoJia3epoB ¢ nruameTpoM 15 Mkwm. [Tpu TeMmepaType
300 K mopor reHepauuu coctapisul ipuoansurenbHo 30 MBr. [IpeBblieHre moporoBoii
MOILIIHOCTH B 2.7 pa3a IPUBEJIO K CABUTY MOJOXEHUS SHEPTUU KBAaHTa, COOTBETCTBYIOIICH
JIJINHE BOJIHBI TeHepanuu, okoio 1 maB. JlaHHOe cMellieHre MOJI0KeHMsI SHEPIruM KBaHTa
COOTBETCTBYET HArpeBy Ja3epa 0KoJio 12 rpamycos.

KioueBbie cjioBa: MOJICKYJISIPHO-TTYYKOBAsg SHUTAKCUSI, MUKPOPE30HATODP, apCEeHM
ramus, InGaAs, pexxuM pocta Crpanckoro-Kpacranosa
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Introduction

Reservoir computing (RC) is one of the effective ways to implement neuromorphic computing
due to its ability to efficiently learn through linear regression and classification. Compared with
the electrical implementation of the RC, its optical implementation is promising due to its large
scalability and large speed. In particular, RC based on diffractively coupled (DC) laser arrays
made it possible to realize gigahertz speeds. In this case, the system bandwidth is determined by
the internal dynamics of the lasers and the roundtrip time for light to pass through the external
optics (~nanoseconds).

Current-injected vertical-cavity surface-emitting lasers (VCSELSs) [1 — 4] and optically pumped
micropillar cavity lasers [5 — 9] can serve as laser sources that provide DC. Both of these types
of vertical microcavity lasers provide the vertical emission and array fabrication required for DC
operation. The current-injected VCSEL array with a quantum wells (QWs) active region allows
for diffractive coupling to be realized at room temperature [1], but the maximum element size
in the array does not exceed 24 [1], which is due to the large pitch of the lasers on the substrate
(>80 pm [5]). In addition, the emission wavelength of individual current-injected VCSELSs varies,
and this can hardly be compensated due to wavelength tuning induced by the injection current
[5]. Optically pumped microlasers with an active region based on quantum dots (QDs) provide a
small element pitch (<10 pm) and enable DC via injection locking, but do not provide lasing at
room temperature. The emission wavelength of individual optically pumped microlasers can be
precisely compensated by adjusting the pillar diameter [5]. As a result, it is possible to fabricate
dense, spectrally homogeneous arrays of microlasers required for RC [5].

The low operating temperatures of optically pumped micropillar cavity lasers are due to optical
absorption in mirrors at the pump wavelength and the low material gain of the active regions.
The use of active regions based on QWs, whose gain is significantly larger than that of QDs, in
the fabrication of microlasers is very limited. Due to the small diameter of the pillar cavity, large
non-radiative surface recombination limits the possibility of continuous-wave (CW) operation of
the QWs-based microlaser even at low-temperatures. In contrast, the tight confinement of charge
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carriers in QDs reduces this effect. The use of mirrors based on GaAs/Al ,Ga  As layers, as well
as an active region based on InGaAs QDs makes it possible to implement lasing action at 130 K
for a microlaser with a diameter of 5 um [10], which was the maximum operating temperature
for micropillar lasers based on GaAs/Al Ga, As mirrors. In fact, strong optical absorption in
the output mirror layers (GaAs) at the pump wavelength limits the power-conversion efficiency
(PCE) to about 3%. Using resonant pumping of the wetting layer (WL) states (pumping in the
range of 905-922 nm [10]) allows to mitigate the absorption in the output mirror layers. At the
same time, due to the extremely small thickness of the WL, the absorption of the active region is
negligible, resulting in a PCE value of less than one percent [10].

To implement laser operation at elevated temperatures, low absorbing (at the pump wavelength)
mirrors based on Al ,Ga  As/Al  Ga, As layers were invented [11]. These low-absorption mirrors
allow the PCE to be increased by approximately ten times (up to ~30% [11,12]). Increasing the
number of QDs layers from one [11] to three allows for compensation of the increase in internal
optical loss with increasing temperature. In this case, the maximum operating temperature does
not exceed 220 K [6, 7]. For practical application of micropillar cavity lasers, it is necessary to
ensure operation at room temperature.

This paper discusses the first results of studies of micropillar cavity lasers operating at room
temperature, which was the main goal of the study.

Materials and Methods

The growth of a planar cavity structure was carried out using molecular-beam epitaxy (MBE).
The optical length of the GaAs microcavity was one wavelength divided by the refractive index (1 A
microcavity). The microcavity was formed by distributed Bragg reflectors based on Al0.2Ga0.8As/
Al ,Ga, As layers. Compared with previous microcavities based on Al ,Ga  As/Al Ga, As
Mmirrors (based on 35 and 27 pairs in the bottom and top mirrors [7]), the modelled quality factor
(Q-factor) of the cold cavity (excluding the absorption of the active region) increased more than
twofold. The number of pairs in the bottom and top mirrors was 35 and 31, respectively. Three
layers of QDs were used as the active region. QDs were self-assembled from In  Ga, As using
Stranski-Krastanov growth method and located in the center of the cavity, at tfie optical field
node. Compared to the previous [7], changing the growth conditions eliminates vertical alignment
of QDs. This leads to an increase in the material gain of the active region [13]. To fabricate the
micropillar cavities, a dry etching process was performed through a mask of reflowed photoresist.

For optical characterization, the samples were placed in an optical cryostat (Cryostation®
s50, Montana Instruments). The temperature of samples during the study was fixed at 300 K.
A semiconductor laser diode with a wavelength of 808 nm was used for optical pumping in CW
mode. For optical pumping, a 20x objective (Mitutoyo M Plan Apo NIR) with a focal spot size
of 4 um was used. The reduction in the pumping spot size (pumping the central part of the pillar)
compared to previous ones [6, 7, 11], allows for lateral heat extraction and minimizing heating
of the active region. An SR-500i spectrograph (Andor Shamrock) was used to collect spectra
at different pump powers. A diffraction grating with 1200 slits per millimeter limits the spectral
resolution to 0.05 nm.

Results and Discussion

Single-mode emission was observed at a wavelength of 960 nm for a pillar with a diameter
of 15 um. To analyze the input-output (/-O) characteristic, the luminescence peak was fitted at
different pump powers. The pseudo-Voigt function was used to determine the integrated intensity
and linewidth in analogy with [11]. A superlinear (S-shaped) increase in the /-O characteristic (on a
double logarithmic scale) was demonstrated, which, along with the narrowing of the luminescence
peak (the Full Width at Half Maximum, FWHM, decreases from 0.2 to 0.05 nm, see Fig. 1, a),
confirms the transition to lasing in microlaser with a diameter of 15 um. To determine the lasing
threshold and the Q-factor at threshold pump power, the /-O characteristic was fitted using an
expression determined by solving the rate equations [10, 14]: Ppump(PO )= Ay/B[BPom(l +&)(1 +
BBP )/(1 + BP_ )—BEBP, |, where Ppu . and P_ are the pump and output power, A and B are
the input and output scaling ILactors, B is the fraction of the total spontaneous emission coupled to
the lasing mode (spontaneous emission factor) [14]. The dimensionless factor & can be determined
by: § = nOB/yrsp, where n is the exciton number at transparency threshold, T, is the spontaneous
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Fig. 1. Integrated intensity (left Y-axis), linewidth, and mode energy shift (right Y-axes) obtained at
different pump powers. The dots on the panels correspond to experimental data, the dashed blue lines
to intensities, the dashed red lines to linewidths, and dashed green lines to mode energy shifts. Panel
(b) shows results for a pillar whose position on the substrate is shifted by 2760 pm compared to the
pillar shown in panel (a).
The insets show the lasing spectrum at a pump power of 80.4 mW (panel a) and 80.3 mW (panel b)

emission lifetime, and vy is the cavity decay rate. To determine the value of y, one can use the
expression y = 2nvL/Q, where v, is the lasing frequency and Q is the quality-factor determined
at threshold pump power. To fit the /-O characteristic, T = 1 ns can be used [10]. The value
of n, can be determined from the QDs density and the effective size of the optical aperture as
mentioned previously [5] and is equal to 22500. When fitting the /-O characteristics, B-factor
was used as a fitting parameter and the value of & was fixed at 1.8. The latter was determined
by specifying the values of y, T and n;. The best-fit value of the spontaneous emission factor
in the laser mode is 7.5-10%. "The results of the fitting are shown in Fig. 1 (dotted S-shaped
line on the left Y axis). Assuming that the mean photon number in the mode is unity at the
threshold [14] (BP_, = 1), the lasing threshold P, can be extracted from the reduced expression:
P, = Ay/2B[E(] - [%5 + 1 + B]. Using this expression, the lasing threshold is determined, which is
32' mW. The QO-factor at threshold pump power is 4400. A further increase in the pump power
leads to an increase in the Q-factor to at least 19300 (see Fig. 1, a, right Y-axis), which is limited
by the spectral resolution of the monochromator used. It also should be noted that the deviation
from S-type I-O characteristic is observed at pump power more than 86 mW, which may be
caused by extreme heating of the sample. To assess this issue, mode energy shift (AE) analysis was
previously used [6, 7, 11]. If there is no additional heating, at low pump power, band filling and
the plasma effect cause a blue shift in the mode energy. A further increase in pump power leads to
a blue shift caused by an increase in the free carrier density [11]. Conversely, if thermal heating is
present, then with increasing pump power the thermal effect dominates over others, causing a red
shift of the mode energy. A similar behavior of the mode energy as a function of the pump power
(red shift) is demonstrated in the examined pillar (see Fig. 1, right Y-axis). Increasing the pump
power from 37 to 86 mW results in a red shift of the mode energy above 1 meV. Based on the
mode energy shift as a function of temperature (T) [7], a rough estimate of sample heating can be
made. At low temperatures, the AE/AT dependence is nonlinear; at elevated temperatures, it can
be approximated by a linear fit with a slope of ~0.08 meV/K. Taking this value into account, the
heating of the microcavity laser is approximately 12 degrees at a pump power of 86 mW.

To study the spectral homogeneity over the substrate surface, the output characteristics
of a micropillar laser were investigated, the position of which on the substrate was shifted by
2760 pm compared to the position of the micropillar described above and shown in Fig. 1, a. The
pillar diameter was similar to the previous one (15 pum). A clear S-shaped /-O characteristic (on
a double logarithmic scale) was also demonstrated, which, together with the reduction of FWHM
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from 0.22 to 0.05 nm (see Fig. 1, b), confirms the laser action. The lasing threshold extracted
from the rate-equations analysis is 29 mW. The small difference between the lasing threshold and
the similar value discussed above (32 mW) may be associated with a change in the magnitude of
the gain to cavity detuning, which varies across the substrate due to variations in the thickness
of the epitaxial layers across the substrate. A spectral nonuniformity of 29 meV along the radius
of a 2-inch wafer was previously reported for a planar cavity structure grown by metal-organic
vapor phase epitaxy (MOVPE) [5], which is associated with a thickness variation of approximately
2%. In contrast, for the planar microcavity grown by the MBE, the thickness change is less than
one percentage, resulting in a resonance energy shift that is 7 times smaller [12] compared to
its MOVPE-grown counterpart. As a result, this is the main reason for the low difference in the
lasing threshold across the substrate surface. The lasing wavelength just above the threshold is
960.46 nm for the second micropillar, which differs from the similar value discussed above by
approximately 0.21 nm (279 peV). A resonance mode variation of approximately 1 meV along a
64%x64 um? array with a standard deviation of 342 peV was previously reported [4]. As a result, a
resonance difference of approximately 280 peV, achieved in an experiment with a shift along the
substrate of ~2.8 mm, demonstrates the potential for fabricating highly uniform arrays of QDs
micropillars required for RC using the MBE growth method.

For comparative analysis with previous studies, it should be noted that the maximum operating
temperature of lasers with low-absorption mirrors (based on Al  Ga  As/Al  Ga, As layers) and
microcavities grown by MBE and MOVPE is 220 [7] and 200 K [6] Further mcrease in the
operating temperature is limited by thermal heating of the sample, which occurs until the lasing
threshold is reached. To address this issue, a pumping scheme with a point focus in the central
region of the pillar was implemented, allowing for additional lateral heat dissipation, similar to
VCSELs with a buried tunnel junction [2, 3]. Furthermore, the Q-factor of the vertical microcavity
more than doubled, and the material gain increased due to the absence of vertical positioning of
the vertically stacked QDs layers. As a result, optimization of the optical pumping method and
design optimization will make it possible to operate microcavity lasers at room temperature.

Conclusion

Optically pumped microlasers operating at room temperature are needed for the development
of quantum photonics, integrated photonic circuits [6] and reservoir computing [5]. This work
demonstrates the possibility of operating micropillar cavity lasers at room temperature. At the
same time, doubling the pump power above the lasing threshold results in sample heating by more
than 10 degrees. Further research will focus on analyzing pulse characteristics to minimize sample
heating.

Recently, a photonic-defect cavity was used to achieve operation at room temperature [6].
While the bottom mirror is semiconductor-based, the top mirror is entirely dielectric. The thermal
conductivity (k) of SiN_ (the high-refractive index material in the pair) is approximately 2.5
times lower than that of Al ,Ga  As. Moreover, the x value of SiO_ (the low-refractive index
material in the pair) is approximately 58 times lower than that of Al Ga,_ As. These facts limit
the heat dissipation through a dielectric mirror compared to its semrconc?uctor counterpart. To
demonstrate the practical application potential of the photonic defect cavity, further analysis of
the heating (mode energy shift) is necessary.

The concept of a photonic-defect cavity based on entirely semiconductor mirrors could become
an alternative to micropillar cavities but involves a two-step epitaxy process. In fact, before
epitaxy of the top mirror, it is necessary to develop epitaxial layers for overgrowing the etched
mesa. Two-step epitaxy of semiconductor mirrors on GaAs substrates was previously achieved
[15], demonstrating the potential of a photonic defect cavity based on semiconductor quasi-planar
geometry.
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