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High-performance injection microdisk lasers grown on Si
substrate are demonstrated for the first time. Continuous
wave lasing in microlasers with diameters from 14 to 30
pm is achieved at room temperature. The minimal
threshold current density of 600 A/cm? (room
temperature, continuous wave regime, heatsink-free
uncooled operation) is comparable to that of high-quality
microdisk lasers on GaAs substrates. Microlasers on
silicon emit in the wavelength range of 1320-1350 nm via
the ground state transition of InAs/InGaAs/GaAs
quantum dots. High stability of the lasing wavelength
(dA/dI=0.1 nm/mA) and low specific thermal resistance
of 4x10-3 °Cxcm?/W are demonstrated.
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Realization of compact silicon-based lasers capable for reliable
operation at elevated temperatures is a subject of persistent
attempts of many research groups worldwide. To date, several
approaches have been proposed to realize light source on silicon.
This includes the hybrid I1I-V-silicon integration, that can be done
using different bonding techniques such as flip-chip bonding [1] or
molecular bonding [2,3]. For this purpose, InP-based laser
structures with InAsP/InGaAsP quantum wells (QWSs) were used.
The highest operation temperature for InP-based microring lasers
with a diameter of 50 um is 65°C[4]. For further increase of the

operating temperature (up to 105C) a special thermal shunt
design improving thermal conductivity is required [5]. The highest
operating temperature of InP-based microlasers is limited by small
energy of the carrier confinement in the active region (small
conduction band offsets). Moreover, it is often in bonded
structures that the major part of the optical field is located in the
silicon waveguide and its overlap with the III-V active region is
only a few percents. Another group of integration methods is
based on direct epitaxial growth of III-V active layers on silicon
substrates. An approach based on Ge/Si (001) virtual substrate [6]
has been recently used to achieve room-temperature lasing in
InGaAs/GaAs quantum well microdisk (MD) lasers with 23 pm
diameter [7]. The minimal threshold current density was 28
kA/cm? reflecting a high sensitivity of a quantum well active region
to various defects originated from both epitaxial growth on silicon
and damaged microresonator sidewalls. In this respect quantum
dots (QDs) can offer advantageous characteristics owing to a
suppressed lateral transport of charge carriers which prevents
their diffusion towards non-radiate recombination centers. Owing
to this unique property of QDs, a significant progress has been
demonstrated in the past years in realization of III-V-Si injection
lasers [8-10]. A low density of threading dislocations on the order
of 105 cm in the III-V epilayers grown on silicon (100)-oriented
substrates with 4° offcut is achieved by combining a nucleation
layer and dislocation filter layers with in situ thermal annealing.
Continuous-wave (CW) InAs/GaAs QD lasers directly grown on
silicon substrates with a low threshold current density (Ju) of 62.5
A/cm? at room-temperature and operation up to 120 °C has been
demonstrated [10]. Nevertheless, there were only few publications
on realization of optically-pumped I1I-V microlasers monolithically



grown on silicon [11-13]. Very recently the first electrically
pumped microring lasers with InAs/InGaAs quantum dots active
region grown on a V-groove patterned (001) silicon have been
demonstrated [14]. A multimode operation with central
wavelength near 1.3 pm was achieved in CW regime for microring
lasers as small as 10 pm in diameter; the maximum operation
temperature up to 100°C was demonstrated for a microring laser
with diameter of 100 pum. This correlates well with 100°C
operation of QD MD lasers grown on GaAs substrate [15].

Prospective applications of light emitters on silicon require high
stability of emission wavelength. Locking a lasing wavelength to a
whispering gallery mode resonance, as it usually occurs in
MD/microring optical cavities, leads to a reduced sensitivity of
lasing wavelength to temperature variation as compared to
macrolasers [16]. However, current-induced wavelength shift
caused by a device self-heating can be a significant problem for
uncooled microlasers operating in CW regime. Owing to better
heat dissipation, microdisk lasers can provide better performance
in comparison with their microring counterparts. Compared to
microrings, resonators with MD geometry can readily be scaled
further down to extremely small diameters of 1 pm [17]. In this
Letter, we report on CW lasing of uncooled electrically-pumped
microdisk lasers monolithically grown on Si substrates. Under DC
injection, lasing is achieved at room temperature in microlasers
with diameters of 14, 18 and 30 pm with a minimal threshold
current density of 600 A/cm? The InAs/InGaAs dot-in-well
(DWELL) active region provides the wavelengths in the 1.32-1.35
um spectral interval. Single mode emission is demonstrated with a
dominant mode linewidth as narrow as 30 pm.
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Fig. 1. Schematic of the layer sequence. The left inset shows a scanning
electron microscopy image of the structure cross-section; the right
inset shows a bright-field transmission electron microscopy image of
the QD active layers.

lower and p-type upper AlosGaosAs cladding layers, a 25-period
upper AlosGaosAs /GaAs superlattice of 50 nm, and finally, a
300nm highly p-doped GaAs contacting layer. Good planarity of
interfaces and a nearly defect-free DWELL active region is
achieved (Insets of Fig. 1). The typical dot size is ~20 nm in
diameter and ~7 nm in height. A good QD uniformity is obtained
with a density of ~3 x 101° cm for an uncapped QD sample grown
on Si under exactly the same conditions (Inset of Fig. 2).
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Fig. 2. L-I-V characteristics for a 25um x 3 mm edge-emitting QD laser
grown on Si under cw operation at room temperature. Inset:
Representative atomic force microscopy image of uncapped QD
sample grown on silicon.

A 1II-V QD laser structure was directly grown on a n-doped
silicon (001) substrate with 4° offcut to the [011] plane by solid-
source molecular beam epitaxy (MBE). Oxide desorption was first
performed by holding the silicon substrate at a temperature of
900°C for 10 min. Epitaxy was then carried out in the following
order illustrated in Fig. 1: a 30nm AlAs nucleation layer, a 570nm
GaAs buffer layer, a 50-period AlosGaosAs/GaAs superlattice of 200
nm, a 100 nm GaAs buffer layer, InGaAs/GaAs dislocation filter
layers (DFL) [18], a 25-period bottom AlosGaosAs/GaAs
superlattice of 50 nm, 7 layers of InAs/InGaAs DWELL structures
separated by 38.5 nm GaAs spacers in the middle of a 140 nm
undoped GaAs waveguide layer embedded between 1.4pum n-type

To evaluate the performance of QD material directly grown on
silicon substrate, the heterostructure was processed into broad-
area lasers with as-cleaved facets and ridges of 25 pm in width and
3 mm in length. No facet coating was applied. The lasers were
mounted p-side up and wire bonded on a copper block to enable
testing. Fig. 2 shows the typical light-current-voltage (L-I-V)
characteristics for the QD laser grown directly on silicon under CW
operation at room temperature. A threshold current (I) of 320
mA (Ju = 427 A/cm?) is observed. The measured single facet
output power is 10 mW at an injection current of 500 mA, with no
evidence of power saturation up to this current. A series resistance
is 2 Ohm with a turn-on voltage of 1.22 V. The light emission
spectrum measured slightly above the threshold current (350 mA)
reveals the lasing wavelength of 1318 nm. For the edge-emitting
QD-on-Si laser of similar layered design and growth procedure, a
mean time to failure of over 100 000 hours has been determined
[10].

For MD lasers, circular mesas with diameters of 14, 18, and 30
um were defined by photolithography and dry etching. The mesa
height was chosen about 4.5 pm to ensure optical confinement of
the resonator modes. No sidewall coating or passivation was
applied. AgMn/NiAu (AuGe/Ni/Au) metallization was used for
formation of ohmic contacts to the p+ GaAs cap layer (the
underlying n-doped GaAs layer, respectively). A micrograph of a
30-pm microlaser is shown in the inset of Fig. 3. All the microlasers
demonstrated distinct turn-on behavior of [-V characteristic. The
estimated series resistance increases from ~100 to ~250 Ohm as
the device diameter decreases from 30 to 14 um. MD lasers were
mounted on a sample holder to be tested at room temperature in
CW regime with a DC current varied from 0 to 50 mA. Needle
probes were used for electrical connections. No heatsink soldering
or fan cooling was employed. A piezoelectrically adjustable



Olympus LMPlan IR objective x10 was used to collect in-plane
emitted light from a microlaser. The emission was detected with a
Horiba FHR 1000 monochromator and a Horiba Symphony
InGaAs CCD matrix. The spectral resolution was 30 pm.

All the microlasers demonstrate emission spectra with the peak
wavelengths falling into the spectral interval well beyond 1.3 pm.
Fig. 3 depicts representative lasing spectra from MD lasers with
diameters of 14 and 30 pum, respectively. In the 14-um device, a
dominant line is located at 1351 nm. To the best of our knowledge,
this is the longest lasing wavelength ever reported for injection QD
microlasers on silicon substrate. The neighboring less intense
cavity mode is blue-shifted by 10.7 nm from the dominant mode.
Taking into account this free spectral range (FSR) together with
the FSR data obtained for larger diameters, an effective mode
index of 3.8 was estimated. The spectra shown in Fig.3 (as well as
for the other tested microlasers) are nearly singlemode in a wide
range of injection currents with the peak-to-peak side mode
suppression ratio of 20 dB and above. The lasing wavelengths are
red shifted with respect to the room temperature
photoluminescence peak of QD material, which is located at 1297
nm (dotted line in Fig. 3). No lasing line can be found in spectral
interval of excited state optical transition around 1.2 um.
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Fig. 3. Room-temperature CW emission spectra taken at current of
~1.4 x threshold for MD-on-Si lasers with diameters of 14 and 30 pm.
Dashed curve: photoluminescence spectrum of QD material (not in
scale). Inset: SEM image of the MD laser (D = 30 pm).

two-dimensional quantum wells usually require passivation to
enable room temperature operation [20]. For example, in an
InGaAs quantum well MD laser on silicon, the threshold current
density rises by a factor of 5 as compared to a macrolaser made of
the same epitaxial structure [7]. It is also worth mentioning that
the threshold current density achieved in the present work for MD
lasers on silicon is half the value of Jw (1.2 kA/cm?) published for a
micro-ring laser on silicon substrate with a radius of 50 pm [17].

Fig. 4(b) summarizes the threshold current data obtained in the
present work for MD lasers of different diameters. The smallest I
of 2.4 mA was measured for a MD laser with the diameter of 18
pum. This is in a good agreement with the threshold currents
measured in QD based MD lasers on GaAs substrate with
comparable disk diameters [21]. Those data are also presented in
Fig. 4(b). Although a gradual decrease of I with decreasing the
device area is expected if the threshold current density remains
unchanged, we however observed a non-monotonic dependence
of the threshold current on diameter in our uncooled MD lasers. As
is seen in Fig. 4(b), the smallest microdisks (14 pm in diameter)
are characterized by higher I, of 4.7 mA. This can be associated, at
least partly, with microlasers self-heating.
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Fig. 4. (a) Current dependence of integrated line intensity (squares)
and FWHM (circles) for the 1321.5 nm mode of a 30 pm MD laser.
Dashed line represents the spectral resolution; (b) Circles: Minimal
threshold current of MD-on-silicon as a function of diameter. Dashed
line: threshold current expected for a constant Jw of 600 A/cm2
Squares: data on I versus diameter for QD-based MD lasers on GaAs
extracted from Refs [21-23].

The laser operation is confirmed by a pronounced knee in the
L-I curve and by sudden linewidth narrowing. Upon reaching the
lasing threshold, full width at half maximum (FWHM) of the
dominant line drops down to 30+4 pm, which is the resolution
limit of our spectral system. An example is presented in Fig. 4(a)
for the 1321 nm mode of a microlaser with a diameter of 30 um.
This cavity line remains the dominant one up to injection current
of 30 mA. Further growth of current leads to a jump of lasing mode
to another cavity resonance at 1370 nm.

The integrated line intensity of the 1321 nm mode is shown as a
function of injection current in Fig. 4(a) in a double logarithmic
scale. The In is estimated at 4.2 mA, corresponding to a Jm of 594
A/cm?, which is only 1.4 times higher than the value of Jm
measured in the broad-area laser. This is a direct evidence of
suppression of nonradiative recombination at deeply etched
sidewalls of the quantum dot structure [19]. In contrast to QDs,

Fig. 5(a) illustrates spectral position of the lasing modes against
injection current for the MD-on-Si microlasers of two different
diameters, 14 and 30 pm. The current-induced mode redshift is
caused by self-heating of uncooled devices operating in CW
regime. The slope coefficient (dA/dI) of 0.5 and 0.1 nm/mA was
estimated for the microlasers of smaller and larger diameters,
respectively. The temperature variation of a mode position is
described by the coefficient (dA/dT) = 81.5 pm/°C as it was
evaluated for QD-on-GaAs MD of similar geometry and spectral
band [15]. Therefore, the smaller microlaser is additionally heated
by about 30°C at its threshold current. For the larger one,
microlaser self-heating at the threshold is only ~5°C. In the former
case, a reduced area of the MD footprint leads to higher thermal
resistance (TR) as compared to the latter one. This effect is
presumably responsible for a noticeably longer lasing wavelength
in the MD laser with the diameter of 14 pm.
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Fig. 5. (a) Lasing wavelength vs current for the MD-on-Si with
diameters of 14 and 30 um (triangles and circles, respectively). Dashed
lines: Linear fit; (b) Circles: Average thermal resistance of MD-on-
silicon lasers as a function of diameter. Dashed curve: TR expected for a
constant specific thermal resistance of 4x10-3 °Cxcm2/mW. Squares:
data on TR versus diameter for QD-based MD lasers on GaAs extracted
from Ref. [21].

Combining (dA/dl) and (dA/dT) coefficients with [-V
characteristics, we evaluated TR of the MD-on-Si lasers under
study. Results are presented in Fig. 5(b). As the MD diameter
decreases in the given interval, TR increases from ~0.64 to ~2.1
°C/mW. This approximately corresponds to a specific thermal
resistance (normalized to the device footprint area) of 4x1073
°Cxcm?/mW. The TR data obtained for MD-on-GaAs of similar
design are shown in Fig. 5(b) for the sake of comparison. It is seen
that MD lasers with (Al)GaAs cavity are characterized by very close
values of thermal resistance regardless of a substrate used (either
Si or GaAs). It should be noted that specific thermal resistance of
InGaAsP-InP MD lasers are several times higher ([24] and
references herein).

In conclusion, MD lasers with small footprint were made of a
laser heterostructure monolithically grown on silicon substrate.
No modification of the layer/composition design is required
compared to conventional edge-emitting lasers. Simple post-
growth process with a single-step lithography and a standard dry
etching procedure were applied. No sidewall passivation or other
protection was used. These microlasers are capable of operating in
CW regime without external cooling or soldering to a heatsink.
Emission spectra are characterized by a narrow dominant line, of
which the peak intensity exceeds intensities of neighboring
modes/background by at least two orders of magnitude. The line
width in lasing regime is as narrow as 30 pm, which is in fact a
spectral resolution limit. The lasing peak is spectrally positioned
well beyond 1.3 pm (1.32-1.35 pum) and demonstrates low
sensitivity to current-induced self-heating. The threshold and
thermal properties of the microlasers on silicon are comparable to
or even better than the characteristics obtained on high-quality QD
microlasers on GaAs substrate. The obtained set of device
characteristics makes them promising as a building block for
future nanophotonic emitters integrated on silicon chips.
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