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Two—state lasing in injection microdisks with InAs/InGaAs quantum dots
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Spectral dependencies of the electroluminescence intensity of a microdisk laser with a diameter of 31 um with
active region based on InAs/InGaAs quantum dots, operating in the continuous—wave regime, are investigated in a
wide range of injection currents. Simultaneous lasing through the ground and excited states of quantum dots under
intense excitation is demonstrated in injection microdisk laser for the first time. At low pumping powers lasing

occurs via ground states of quantum dots only.
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Recently a great attention has been paid to studying and
developing microdisk and microring lasers with high—Q
whispering—gallery modes (WGM) based on A’B°® semi-
conductor compounds [1]. Such microlasers may be used
as, for instance, light—emitting components of photonic
integrated circuits. These microlasers employ as the active
region self—organized quantum dots (QDs) that, being used,
allow achieving low threshold current densities [2], stable
operation at elevated temperatures [3], and high limiting
direct—modulation frequencies [4]. In addition, sensitivity
of microlasers with QDs as an active region to various
epitaxial defects and surface recombination is significantly
leveled down [5], which enables creation of microlasers
monolithically or hybridly integrated with silicon [6].

The QD-—based lasers are typically characterized by
the optical amplification saturation attainable at the
ground—state optical transition. = As shown earlier for
QD—based stripe lasers, lasing starts at the ground—state
transition wavelength if the resonator optical loss does not
exceed the saturated amplification [7]. However, even in
this case the QD excited state occupancy will increase with
injection current increasing above the lasing threshold, and,
at a certain moment, an additional line of excited—state
lasing will occur. Further increase in the pumping intensity
leads to complete quenching of lasing via the ground—state
transition, and lasing continues only through the excited
states [8]. The two—state lasing, i.e. simultaneous emission
of laser lines of the ground and excited states at strongly
different wavelengths, can find practical application in opti-
cal data transmission with spectral information coding. For
the QD—based microlasers operating with optical pumping,
it was earlier observed that the lasing wavelength hops
to the excited—state optical transition when the resonator
size decreases [9]. To our knowledge, so far there is no
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information on observing lasing through the excited—state
transition or two—state lasing in the QD—based injection
microlasers.

The laser heterostructure was grown by molecular beam
epitaxy on an n*-GaAs substrate above the nt-GaAs buffer
layer 500nm thick. The QD structures were created by
deposition of 2.5 InAs monolayers followed by depositing
Ing.15Gag gsAs (5nm). The structure as a whole contained
ten rows of QDs separated by 35nm spacer layers of
undoped GaAs. The QD—containing layers were confined
by wide—bandgap emitter layers of n— and p-doped
Alg25Gag75As 2.5 and 1.5um thick, respectively. In
addition, the structure contained a highly doped p*-GaAs
contact layer 200nm in thickness. Microdisk resonators
about 31 um in diameter and 6 um in height (Fig. 1,a) were
made from the laser heterostructure by photolithography
and plasma chemical etching. Circular metal contacts to the
p*t-GaAs layer were formed on the microresonator apexes
by the AgMn/Ni/Au metallization. The solid metal n-contact
AuGe/Ni/Au was applied on the side of the preliminary
thinned—out substrate.

For measurements, the cleaved wafer with several mi-
croresonators was soldered onto a copper heatsink. The
electrical connection with the microlaser p-contacts was
realized using a Be—Cu microprobe. Power was fed
to the microlasers from a stabilized DC source/meter
Keithley 2401. The microlaser emission was collected by
microobjective Mitutoyo MPlan x50 and directed with a
lens into the optical fiber. The microlaser luminescence
spectra were measured at room temperature by using optical
spectrum analyzer Yokogawa AQ6370C (spectral resolution
of 0.2 nm).

In the framework of the study, electroluminescence
spectra of the InAs/InGaAs quantum dots were measured
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Figure 1. a — the scanning electron microscopy image of
the microresonator; b — spontaneous luminescence spectra of

the InAs/InGaAs quantum dots measured at different injection
currents (indicated in the figure). The inset presents the Gaussian
decomposition (dashed lines) of the luminescence spectrum
measured at the SmA current.

in a wide range of injection currents. The spontaneous
luminescence spectra (Fig. 1,b) exhibit several intense
peaks typical of the InAs/InGaAs quantum dots [10].
The Gaussian decomposition of the luminescence band
measured at the SmA current (see the inset to Fig. 1,5)
allows more explicit monitoring of the existence of several
emission bands associated with optical transitions involving
one ground and three excited QD states, as well as bands
associated with luminescence of the InGaAs quantum well
covering the QD—containing layers (indicated in Fig. 1,5
with arrows GS, ES1, ES2, ES3 and InGaAs, respectively).

The microlaser lasing onset is characterized by the
appearance of narrow high—intensity stimulated—emission
lines near the 1250 nm wavelength (which corresponds to
the QD ground—state transition) at the injection current
threshold of about 11mA. The laser emission spectra
measured near the lasing threshold (Fig. 2,a) exhibit
several WGMs with the characteristic intermode interval
of about 43nm. An increase in the injection current

results also in an insignificant (0.081 nm/mA) mode shift
towards longer wavelengths (Fig. 3,a), which is connected
with the microlaser self—heating. Using the experimentally
obtained coefficient (0.075nm/K) for the spectral mode
shifting with temperature, it is possible to determine the
coefficient indicative of the level of the microlaser heating
with current, which equals approximately 1.1 K/mA. Further
increase in the current results in sequential lasing intermode
switching towards longer wavelengths, while the wavelength
remains within the ground—state transition.

When injection currents are large, then, in addition to
the ground—state transition lasing, a laser line near the
1191 nm wavelength arises, which relates to the first QD
excited—state transition. Spectra of the microdisk laser
emission measured near the lasing threshold for the QD
excited—state transition are presented in Fig. 2, . Threshold
current of the two—state lasing is about 46 mA. Lasing
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Figure 2. The microdisk laser luminescence spectra measured
near the threshold of lasing with participation of the quantum dot
ground (a) and first excited (b) states. For clarity, the curves in
both panels are shifted vertically; the axis scales are different.
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Figure 3. & — dependence of the spectral positions of the most intense laser modes on the injection current. The inset presents
the microdisk laser emission spectra at different injection currents. For clarity, the curves are vertically shifted. » — injection current
dependences of the stimulated emission intensity defined as the ,,under—curve“area for the laser modes during transitions involving the

quantum dot ground (circles) and excited (squares) states.

involving QD excited states is characterized also by the
presence in the emission spectrum of several WGMs with
the characteristic intermode interval of about 3.8 nm.

The 46—50 mA range of currents contains simultaneously
two stimulated emission lines caused by transitions involving
the ground and excited quantum dot states (Fig. 3,a and
b). When currents slightly exceed the two—state lasing
threshold, laser lines of the ground—state and excited—state
transitions have comparable intensities. When the injection
currents are higher than 50 mA, there is only one stimulated
emission line induced by the QD excited—state transitions
(the Fig. 3, a inset and Fig. 3,b).

We associate the relative narrowness of the current
range in which the two—state lasing is observed with the
microlaser self—heating up to 60 degrees with respect
to room temperature at high injection levels. It seems
reasonable that reduction of the laser heating because of
improvement of heat removal from the active region by,
for instance, p-contact down mounting of the microlaser or
by transferring the microlaser onto a silicon substrate [11]
will result in a later kink in the microlaser watt—ampere
characteristic and also in broadening of the current range
where lasing involving simultaneously the QD ground and
excited states is observed.

Thus, the paper presents the results of studies that have
for the first time experimentally demonstrated the possibility
of achieving two—state lasing involving the ground and
excited quantum dot states in the microdisk injection lasers.
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