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Bimodal Whispering-Gallery Mode Lasing in Micropillar Cavity Lasers
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The results of the study of whispering-gallery mode splitting in lasers of the spectral range of 930—950 nm based
on a vertical microcavity are presented. The use of non-absorbing distributed Bragg reflectors based on alternating
Alpg2Gag gAs/Aly.oGap.1As layers, made it possible to reduce the threshold optical pump power to 180 uW (for a
3 um micropillar cavity laser). The bare quality factor for whispering-gallery modes exceeded 14 000. A significant
energy distance between the modes (~ 80ueV), along with high stability of the lasing wavelength with increasing
pump level (~ 220 ueV), indicates the prospects for using these lasers to modulate the polarization of radiation.
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Vertically-emitting lasers (VEL) are the key element of
high-speed optical connections. The limiting frequency of
small-signal modulation of the signal amplitude in VEL is
40 GHz [1].

The concept based on the development of bimodal
lasers [2—5] enables to increase the frequency of low-signal
modulation of spin VELs up to 200 GHz by modulating the
radiation polarization [2].

The main advantages of microlasers with optical pumping
based on vertical microcavities compared to VELs are
a significant decrease in the threshold pumping power
and the possibility of creating denser laser arrays. The
first results on implementing the modulation of radiation
polarization in bimodal microlasers are given in [6]. The
authors managed to implement the frequency of small-signal
polarization modulation ~ 10 GHz in microlasers with a
threshold pumping power of 2.1 mW [6], where due to the
ellipticity of the microcavity in the cross section [7,8] the
value of mode splitting was ~ 41 ueV.

In this paper we present the first results on implementing
bimodal generation on whispering gallery modes (WGM)
in lasers with a vertical microcavity.

The heterostructure was grown by molecular-beam
epitaxy on a semi-insulating GaAs substrate with
(100) £ 0.5°crystal-lattice orientation. The bottom and top
distributed Bragg reflectors included 35 and 27 pairs of
alternating quarter-wave Aly2Gag gAs/AlgoGag1As layers.
The vertical microcavity was formed based on 210nm-
thick GaAs, in the center of which three layers of InGaAs
quantum dots (QDs) separated by 20 nm-thick GaAs layers
were placed. The self-organization of the QDs occurred
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by the Stranski—Krastanov mechanism from a layer of
Ing sGag sAs with a thickness of 5.5 monolayers.

The heterostructure was etched by dry ion etching
through a photoresist-based mask. The microlaser diameters
measured in orthogonal directions were 3.13 and 3.15um
corresponding to an ellipticity of € [6], equal to 0.4 %.

Optical measurements were performed in a Montana
Instruments Cryostation s50 closed-loop cryostat. The
microlaser was pumped through an upper distributed Bragg
reflector by a semiconductor laser with a generation wave-
length of 808 nm in continuous mode. The pump laser
radiation was focused using a Mitutoyo MPlan Apo NIR
micro lens with 50-x magnification. The size of the pumping
spot corresponded to the diameter of the microlaser. An
Andor Shamrock 500i monochromator with a DU 401A
BVF cooled silicon CCD matrix was used to record the
radiation. The use of a diffraction grating with 1200 at 1 mm
grooves provided a spectral resolution of 0.05nm. The
microphotoluminescence spectra were measured at 77 K.

As the optical pumping power increases, a superlinear
increase in the integrated intensity for the two luminescence
lines (at wavelengths 930 and 951 nm) is observed, which,
along with the narrowing of the half-width of the lines,
indicates a transition to laser generation [9]. The intermode
spacing (FSR), equal to ~ 30meV, corresponds to the
case of generation at WGM and is described using the
expression [10-12]): FSR = hc/wDnet ¢, where h — Planck
constant, ¢ — the speed of light in vacuum, D — the diam-
eter of the microlaser, and ness — the effective refractive
index. Value ng¢ is evaluated using the expression [10,12]:
Nett = 3.693—1.052E + 0.610E?, where E — the quantum
energy for TE-modes observed at WGM-generation in QD
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Figure 1. Generation spectra at 183 uW (a) and 1.65mW (b)
optical pumping powers with the approximation result (dashed
lines) for each peak (based on the pseudo-Voit [9,14]).

microlasers [10]. Over the whole range of pumping levels,
generation at two WGM is observed, which is due to the
small value of the mismatch between the position of the
resonant wavelength of the microcavity and the position
of the maximum of the QD photoluminescence spectrum
(gain to cavity detuning, GCD) [13]. The GCD value
obtained from the analysis of the QD photoluminescence
spectra measured from the end of the heterostructure was

12meV. The azimuthal mode order was estimated based
on the expression m= wDnest/A, where 1 — generation
wavelength. It is shown that the WGM lines with generation
wavelengths of 930 and 951 nm correspond to generation in
the 36th and 35th modes. For both modes, a splitting of the
generation line into two components is observed (Fig. 1).
The weak S-shaped dependence of the integrated lumi-
nescence intensity on the optical pump level for two lines
near 951 nm, typical for laser generation with a high value
of the spontaneous emission fraction in the microcavity [9]
mode, is shown in Fig. 2,a. An approximation of the data
based on then(Ppmp) dependence was performed, with
the inverse dependence of the pumping power Ppmp on
the average exciton numbern determined using the expres-
sion [12,15]: Ppump = Fn(l +2£ +2B(n—£))/B(1 + 2n),
where £ — the average number of excitons corre-
sponding to the transparency threshold, 8 — he frac-
tion of spontaneous emission in the microcavity mode
(B-factor). Value & =£/B is determined based on a
two-level model [16,17]: & =N/2-7T, where N — the
number of QDs in a microlaser of a given diameter
T — the radiative recombination time. The value of the
weighting factor ' is determined using the expression [15]:
I'=A-27AE(1 + 2n)/(h(1 + 2£)), where AE — the half-
width of the generation line, A — the weighting factor
between the pumping rate and Ppymp. The model curves
correspond to a S-factor equal to 0.9%. The estimated
threshold power of Py =T (14 2£ +28(1 —£))/3B was
~ 180 uW. This value is comparable to the previously
reported results for microlasers with generation on WGM
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Figure 2. a — the dependence of the integrated emission intensity on the optical pumping power for modes with generation wavelengths
of 951.34nm (SW line) and 951.39 nm (LW /ine). b — the spectral shift of the position of the short-wave (SW line) and long-wave (LW

line) modes with increasing optical pumping level.
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but pumped through the side surface of the microcavity
(Pth = 235uW at 20K [18]). The finesse value of the Q,
microcavity measured at the laser generation threshold (bare
Q-factor), was 16000 and 14000 for the shortwave and
longwave modes. Further increasing the optical pumping
level increased the microcavity finesse to at least 20000
(limited by the spectral resolution of the monochromator).

The spectral shift of the mode position AE) value) as the
optical pumping level increased, was evaluated (Fig. 2,5).
At low pumping level, a short-wavelength shift in the
position of generation lines is observed due to an increase
in the number of free charge carriers, the concentration of
which is proportional to the optical pumping power [9].
When the optical pumping level exceeds 400 uW a long-
wavelength shift in the position of the generation lines is
observed, indicating the predominance of the contribution
due to thermal effects [9]. Exceeding the pumping threshold
level by a factor of 10 (~ 1.8 mW) results in a shift of the
generation line position by an amount of about 220 ueV.
Figure 2, b shows that the magnitude of the WGM splitting
was 67 ueV near the generation threshold and 80ueV at
10P¢. Previously, the maximum value of the splitting in a
3 um-microlaser with generation on the vertical mode did
not exceed 70 ueV [6] and corresponded to the ellipticity of
the microcavity equal to 10%.

Thus, the paper presents the first results on implementa-
tion of bimodal generation on whispering gallery modes in
lasers with a vertical microcavity. The use of mirrors that
do not absorb at the pump wavelength allowed reducing the
threshold pumping power to 180 uW, more than 10 times
compared to microlasers with vertical mode splitting due
to the microcavity ellipticity [6]. The reduction of the laser
thermal load allowed implementing an ultra-small shift of
the generation wavelength as the pumping level increases
(220 ueV at 10Py,), which correlates with the previously
presented results for the case of vertical mode generation
(250 ueV at 10Py, [9]) in microlasers with non-absorbing
mirrors. The intermode distance at different pumping
levels is evaluated. It is shown that the maximum WGM
splitting is of the order of 80ueV, which corresponds
to a frequency difference of bimodal generation lines of
20 GHz. Further studies will be aimed at investigating the
polarization dynamics in spin lasers based on the formed
vertical microcavities.
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