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GaAs-based microdisk lasers with an active region representing a dense array of indium-rich islands (InGaAs
quantum well-dots) were studied using direct small-signal modulation. We demonstrate that using dense arrays
of InGaAs quantum well-dots enables uncooled high-frequency applications with a GHz-range bandwidth for
microdisk lasers. A maximum 3 dB modulation frequency of 5.9 GHz was found in the microdisk with a radius
of 13.5 μm operating without a heatsink for cooling. A modulation current efficiency factor of 1.5 GHz∕mA1∕2

was estimated. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000664

1. INTRODUCTION

Whispering-gallery mode (WGM) lasers, such as microring and
microdisk lasers, with small footprints and in-plane emissions,
have been widely investigated as efficient and compact light
sources. Historically, the first WGM lasers were demonstrated
with CaF2:Sm

2� spheres in the early 1960s [1]. The first in-
jection WGM microlasers represented microdisk resonators
with InGaAs/InGaAsP quantum well active regions [2]. Since
then there has been significant progress in the development
of InP-based microlasers and their hybrid integration with
silicon. In particular, high-speed direct modulation with a 3 dB
bandwidth of 11.7 GHz and open eye diagrams at 10 Gb/s
were demonstrated for an InGaAsP/InP microdisk device with
a diameter of 7.5 μm bonded to silicon [3]. For AlGaInAs/InP
microdisk lasers with radii of 15 and 10 μm, and bandwidths
of 8.7 and 13 GHz, respectively, were realized [4]. Later, a
small signal modulation response with a 3 dB bandwidth up
to 20 GHz was obtained for a similar microdisk laser with a
radius of 7 μm [5]. However, those InP-based microlasers
are strongly temperature dependent. With the increase of
temperature by only 26°C (from 14 to 40°C), the resonance
frequencies decrease by about 45% (from 14.9 GHz to about
8.3 GHz). Small energy offsets and low thermal con-
ductivity of quaternary alloys make InP-based microlasers
temperature sensitive [6]. This requires a thermoelectric cooler
to stabilize the device temperature, which brings additional

power consumption, increases size, and limits its use in many
applications.

Self-organized In(Ga)As/GaAs quantum dots (QDs) can
offer much better temperature stability owing to the three-
dimensional confinement of deeply localized carriers, the
high-optical contrast achievable in AlGaAs/GaAs heterostruc-
tures, and their better thermal conductivity. For example, a spe-
cific thermal resistance evaluated for QD microdisk lasers with
diameters ranging from 2 μm to 30 μm is approximately 2.4
times lower than that for microlasers on InP substrates [7].
QD edge-emitting lasers have been realized that operate up
to 220°C [8]. Data transmission with a bit rate of 10 Gb/s
was attained under fixed modulation and bias currents across
a wide temperature range from 20°C to 90°C [9]. As for QD
microlasers, lasing under injection pumping was first demon-
strated at 5 K with InAs QDs in 2003 [10]. Eventually, lasing
was achieved at room and elevated temperatures (e.g., CW las-
ing at 50°C with InAs/InGaAs QD microlasers [11]). CW
operation of uncooled 31 μm diameter microdisk lasers up
to 100°C with similar InAs/InGaAs QDs was attained [12].
Due to more than an order of magnitude reduced diffusion
length compared to a quantum well [13], QDs are character-
ized by a reduced sensitivity to nonradiative recombination at
deeply etched sidewalls [14], which is especially important for
microlasers. QDs are also less sensitive to threading dislocations
and other growth defects inevitable for III-V on Si growth.
Owing to this fact, QD-based microlasers monolithically
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grown on silicon, which are capable of operating at room and
elevated temperatures, have been recently reported [15,16].
Meanwhile, the reports on the dynamic characteristics of QD-
based microdisk/microring lasers are practically absent. In this
regard, mention should be made of recent work [17], in which
QD-on-Si microring lasers of a relatively large radius of 50 μm
were investigated, and a 3 dB bandwidth of 6.5 GHz was
achieved.

The optical gain achievable on the QD ground state optical
transition is limited due to the finite number of QDs. When
the resonator diameter decreases below a certain value or the
temperature rises above a certain value, a transition to the
excited state lasing occurs [16,18]. Another drawback of
self-organized QDs is an unusually high gain compression co-
efficient [19–21], which is one or two orders of magnitude
greater than typical values for quantum well lasers and affects
the modulation bandwidth. Recently we reported on microdisk
lasers with a novel sort of nanostructures in the active region,
referred to as quantum well-dots (QWDs) [22,23]. These
InxGa1−xAs QWDs are ultradense (several 1011 cm−2) uniform
arrays of In-rich islands inside an In-depleted residual quantum
well [24]. Owing to the high density of the islands, a higher
optical gain is achieved compared to that of conventional
QDs, whereas the lateral carrier transport is suppressed as op-
posed to a quantum well. With QWDs, a high output power of
18 mW and a peak electrical-to-optical power conversion effi-
ciency of 15% were demonstrated in a 31 μm diameter micro-
disk laser [25]. CW lasing was observed up to 110°C [25].

In the present work, we report on the dynamic character-
istics of microdisk lasers on GaAs with InGaAs QWDs in
the active region. We achieved a room-temperature modulation
bandwidth slightly below 6 GHz in the microdisk lasers with a
radius of 13.5 μm operating without external cooling. No sign
of the gain compression was found.

2. MICROLASER FABRICATION AND STATIC
PERFORMANCE

An epitaxial wafer was grown on an n+-GaAs(100)6° substrate
by low pressure metal-organic vapor phase epitaxy with hydro-
gen as a carrier gas, arsine as a group V precursor, trimethyl-
gallium, trimethylindium, and trimethyl-aluminum as group
III precursors, and silane and diethylzinc as n-type and p-type
dopants. An Al0.34Ga0.66As∕GaAs laser heterostructure com-
prises a 0.8 μm thick GaAs waveguide with 5 layers of QWDs
formed by the deposition of 8 monolayers In0.4Ga0.6As and
separated with 40 nm thick GaAs spacers. Laser microresona-
tors were formed by single-step photolithography and dry etch-
ing of 5.5 μm high mesas with nearly vertical sidewalls (STE
ICPe68 setup). Ohmic contacts were formed with AgMn/NiAu
and AuGe/Ni/Au metallizations upon the p+ GaAs cap layer
and the n-doped GaAs substrate, respectively (Fig. 1). A
bright-field transmission electron microscopy (TEM) image
of the active region cross section is depicted in the inset of
Fig. 1. The variation in contrast in InxGa1−xAs layers is related
to strain and changes in composition along the layer, revealing
the presence of In-rich islands.

Microdisk planarization was done using epoxy resist SU-8.
A group of 12 microlasers with a common bottom contact was

soldered on a holder suitable for connection using a ground–
signal–ground (GSG) radio-frequency (RF) probe. All mea-
surements were done at room temperature without external
temperature stabilization and cooling. The top contact of an
individual microlaser was connected using a 20 μm thick gold
wire. Microlasers with a diameter of 27 μm were selected for
testing. The external efficiency of those lasers is sufficiently
high to use the light emitted into free space to evaluate the
dynamic characteristics.

Light–current–voltage (L-I-V) curves were measured in a
continuous-wave regime. Light was collected with a Thorlabs
FDG0110c germanium photodiode. Emission spectra were
measured with a spectral resolution of 0.01 cm−1 using a
Bruker IFS125HR Fourier spectrometer. Electroluminescence
was excited by a stabilized DC current with a Keithley 2400
Series SourceMeter and detected with an uncooled InGaAs
photodetector. Dynamic characteristics were measured in the
range between 50 MHz and 20 GHz with a New Focus
1434 25 GHz photodetector and an Agilent E8364B network
analyzer. The RF signal was combined with the DC bias
through a high-frequency bias tee and fed to microlaser by a
high-frequency GSG probe head.

In different microlasers, the lasing threshold varies from 8 to
10 mA, which corresponds to the average threshold current
density of about 1.6 kA∕cm2. Emission spectra taken below
and above the threshold are depicted in Fig. 2. A series of
WGMs is observed with a free spectral range of 34 cm−1 that
corresponds to the effective group index N eff of ∼3.5. The
dominant (most intense) mode appears at 9240 cm−1

(1082 nm). The lasing threshold is further confirmed by the
characteristic decrease of the linewidth of the dominant
WGM line, as shown in the inset in Fig. 2. The mode full
width at half maximum (FWHM) drops down to 0.14 cm−1

(∼1.6 pm) at I � 1.2 × I th and then slightly increases. Since
the FWHM broadening is correlated with a thermal red shift
of the mode (slope is approximately 1.1 cm−1 ⋅ mA−1), this
behavior can be attributed to heating of the microlaser [26].

Figure 3 shows a representative L-I -V characteristic of the
microlaser. The output power collected by the photodiode is on
the order of 100 μW. The slope efficiency of about 50–
100 μW/mA was estimated for different microlasers. For larger
microlasers (d � 31 μm) without SU-8 planarization, we have
recently reported a slope efficiency of 0.35 mW/mA [25]. At an
injection current of 30 mA, the voltage is 1.9 V and the differ-
ential resistance was estimated to be 12 Ω. Figure 3 also depicts
the integrated intensity of the dominant mode line extracted

Fig. 1. Scanning electron microscopy (SEM) image of microdisk
laser and transmission electron microscopy (TEM) images of the active
region cross section.
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from the emission spectra. A characteristic kink at the lasing
threshold is clearly observed.

3. DYNAMIC PERFORMANCE

The small signal modulation responses for different bias
currents are shown in Fig. 4. The 3 dB bandwidth, f3 dB, is
presented as a function of the injection current in Fig. 5. Closer
to the lasing threshold, the experimental data can be described
well as f3 dB � MCEF ⋅ �I − I th�1∕2 using the modulation cur-
rent efficiency factor value (MCEF) of 1.5 GHz∕mA1∕2 as a
fitting parameter (solid line in Fig. 5). For the microdisk with
a diameter of 27 μm the maximal f3 dB of 5.9 GHz was
achieved at a bias current of 30 mA.

The experimental modulation response curves were fitted
using the following expression resulting from the rate equation
theory [27],

H �f � � f 2
R

f 2
R − f 2 � j · f γ∕�2π�

1

1� j · f ∕f C

, (1)

where fR is the relaxation oscillation frequency, γ is the
damping rate, and fC is the cutoff frequency associated with
RC parasites and/or carrier transport to the active region.
The parameters extracted provide reasonable fit of the experi-
mental data for all injection currents. Example of the fitting
curve is shown in Fig. 4 for the bias that corresponds to the
highest 3 dB bandwidth. The relaxation oscillation frequency
is presented as a function of current in Fig. 5. Using an expres-
sion fR � D�I − I th�1∕2, the D factor of 1.08 GHz∕mA1∕2

was found by fitting the near-threshold experimental data
(dashed line in Fig. 5). This is comparable to a D factor of
1.36 GHz∕mA1∕2 for 15 μm radius microdisk laser made of
the InP-based heterostructure [28]. At higher currents, the
oscillation frequency is saturated with a maximum value
f R,max of about 5 GHz.

Combining the data presented in Figs. 3 and 5, we plot the
squared relaxation oscillation frequency f 2

R as a function of the
lasing power P, as shown in Fig. 6. This relationship is used to
evaluate the gain compression coefficient [29], f 2

R ∝ P∕
�1� εPP�. Up to the values of the lasing power, at which the

Fig. 2. Emission spectra below (dotted line) and above (solid line)
the lasing threshold; inset: mode linewidth versus normalized current.

Fig. 3. Integrated intensity of the dominant mode (circles) and total
emitted power (triangles) as functions of current and current voltage
characteristic (squares) of a microdisk laser. Arrow denotes the lasing
threshold.

Fig. 4. Experimental (symbols) and fitted (curve) small signal
modulation responses at different bias currents.

Fig. 5. Experimental data at 3 dB bandwidth (solid symbols) and
relaxation oscillation frequency (open symbols) against the squared
root of the injection current.
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relaxation oscillation frequency is saturated due to thermal effects,
there is no deviation from the linear dependence. Hence we
conclude that the gain compression has a negligible impact on
the dynamic characteristics of the microdisk lasers under study.

The damping rate versus squared relaxation oscillation
frequency is shown in Fig. 7. The linear fit by using equation
γ � K f 2

R � γ0 gives the K-factor of 0.7 ns and the damping
factor offset γ0 of 3.5 GHz. The maximal intrinsic bandwidth
was then calculated using equation [30] fmax ,intrinsic �
2
p
2π∕K � γ0∕�2

p
2π� and found to be 13 GHz, which is

noticeably higher than the maximal f 3 dB. Thus, we conclude
that the modulation bandwidth of the microlasers under study
is not the K-factor limited. The value of the K-factor itself is
determined by the photon lifetime in the cavity τph and the
gain compression. If the latter is ignored, the photon lifetime
can be estimated as τph ≈ K ∕4π2 of about 18 ps. This corre-
sponds to the optical cavity loss α � ��c∕N eff �τph�−1 of
6.5 cm−1. In turn, this allows us to estimate the loss-limited
linewidth of the bare cavity as 35 pm. Compared to the line-
width data presented in the inset in Fig. 2, one can conclude
that the transparency current (at which the net gain of the
active region is zero) is about 0.9 × I th.

In a quantum-dot laser, the transport time is determined by
the carrier capture into the active region and their relaxation to
the ground-state level [29,31]. For Stranski–Krastanow QDs,
these times are about a few picoseconds [32,33], and there is no
reason to suppose that the heterostructures considered in the
present work are characterized by a slower carrier capture/
relaxation. The extracted values of the cutoff frequency fC
are scattered around 6 GHz. The thermally limited modulation
bandwidth is given by equation [27,34] fmax ,thermal �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�p
2

p
f R,max and corresponds to a maximum thermal

bandwidth limit of 6.8 GHz, which is very close to f C.
Since the intrinsic resonance improves the parasitic-limited
response at high frequencies, further studies are required to
clarify which mechanism is predominantly responsible for the
bandwidth limitation.

4. CONCLUSIONS

To conclude, we show that using dense arrays of InGaAs quan-
tum well-dots enables uncooled high-frequency applications
with a GHz-range bandwidth for microdisk lasers. To the best
of our knowledge, these microlasers are the smallest microdisk/
microring lasers on GaAs with the InGaAs quantum well-dot
active region, for which a direct modulation has been realized.
A modulation current efficiency factor of 1.5 GHz∕mA1∕2 was
estimated, and bias currents, at which the maximal modulation
frequency is achieved, are in the range of 30 mA (for comparison,
MCEF of 0.38 GHz∕mA1=2 and injected current of 86 mA
were reported in Ref. [17]). Higher D-factor and MCEF are
expected for smaller microlaser radii (for example, a D-factor
increase from 1.36 to 4.05 GHz∕mA1∕2 was reported for
temperature-stabilized AlGaInAs/InP microdisks as their radius
decreases from 15 to 7 μm [5]). No impact of the gain compres-
sion on the dynamic characteristics was found. The K-limited
maximal frequency of 13 GHz was estimated from the modu-
lation response analysis, whereas the experimentally measured
3 dB modulation frequency was 5.9 GHz. We suggest the band-
width is limited by thermal effects or RC parasites, or a combi-
nation of those two things. Higher Q-factors of the microcavity
and, as a result, lower threshold current density can bring more
opportunities to QD microlasers. Very high Q-factors in excess
of 107 have been achieved in silica and some other materials (see
Ref. [35] and references therein). However, Q-factors of micro-
disks made of III-V materials are not so high. This emphasizes
the importance of further development of III-V microdisk fab-
rication technology. In addition, the sidewall passivation can be
useful to suppress the nonradiative component of the recombi-
nation current, while coating the microdisk with materials with
high thermal conductivity can help prevent overheating of the
active region.

Funding. Russian Science Foundation (RSF) (18-
12-00287).
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