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We report whispering gallery mode �WGM� lasing from high quality GaAs/AlAs micropillars with
embedded InAs quantum dots, under continuous optical pumping. For temperatures ranging from 5
to 100 K, simultaneous lasing from TE1,1,m WGMs is observed for pillar diameters in the 3–4 �m
range. Spectral linewidths and energy shifts of the lasing modes are analyzed as a function of the
pump power. Thanks to the efficient heat sinking provided by the micropillar geometry, a clear line
narrowing is observed above threshold. Moreover, the lasing mode energy remains stable for pump
power as large as six times the lasing threshold. © 2010 American Institute of Physics.
�doi:10.1063/1.3315869�

Semiconductor microdisk cavities support high-Q and
low mode volume whispering gallery modes �WGM�. Taking
advantage of these appealing figures of merit, low threshold
WGM microlasers have been demonstrated using quantum
wells1,2 or quantum dots �QD� �Refs. 3–6� as a gain medium.
Recently, light extraction from a microdisk by an integrated
waveguide has been demonstrated,7 showing the potential of
WGM lasers as internal light sources for integrated planar
photonic circuits. Alternatively, out of plane emission can be
achieved by patterning a proper grating on top of the
resonator.8

So far, most of the semiconductor microdisk resonators
are air-cladded structures supported by a semiconductor ped-
estal with a lower diameter.9 This approach provides a lim-
ited heat sinking which leads to a marked temperature in-
crease in the microdisk periphery under strong pumping.10

As a consequence, the lasing modes in microdisks usually
show a pronounced thermal redshift9 and limited spectral
narrowing above threshold. Bonding directly the microdisk
on a sapphire wafer improves significantly heat evacuation10

but complicates the implementation of electrical pumping in
a practical device.

Following the fast improvements in the fabrication of
GaAlAs micropillars,11 it was recently shown that these cavi-
ties support high-Q WGMs which are located on the circum-
ference of the central GaAs layer.12,13 In this letter, we report
on a WGM laser based on this micropillar geometry. The
semiconductor pedestal, which is as large as the microdisk
area, provides a very efficient heat sinking, a crucial asset for
operation well above the lasing threshold. Under continuous
optical pumping, the lasing modes experience a marked
spectral narrowing that maintains for pumping power six
times above the lasing threshold. Moreover, the lasing modes
also demonstrate spectral stability with a limited thermal red-
shift. Combined with an easier electrical charge injection in
the pillar geometry,14 these results open appealing prospects
for the development of high performance semiconductor
WGM microlasers.

As detailed in Ref. 13, our micropillar sample is etched
from a planar cavity grown by molecular beam epitaxy. The
central 290-nm-thick GaAs layer is sandwiched between a
bottom and a top distributed Bragg reflector �DBR�, respec-
tively composed of 27 and 17 AlAs/GaAs periods. The opti-
cal gain is provided by three arrays of self-assembled InAs
QDs embedded in the GaAs cavity as follows: two of them
are located 10 nm away from the center and the third one
20 nm away from the bottom DBR. Their fundamental opti-
cal transition peaks at 1.27 eV with an inhomogeneous width
of about 40 meV.

The photoluminescence �PL� spectra of individual mi-
cropillars were recorded with a �PL setup featuring a
variable-temperature helium flow cryostat. Carrier injection
in the QDs is provided by a cw Ti:Sapphire laser focused on
the sample with a microscope objective �NA=0.4�. The same
objective collects the luminescence signal which is dispersed
by a spectrometer and detected by a nitrogen-cooled charge
coupled device camera. The spectral resolution of the setup
is 40 �eV. To efficiently collect the far-field emission of
WGMs, the sample was mounted on a 45° tilted sample
holder �Fig. 1�a��. The excitation laser was tuned below the
GaAs band gap, on resonance with the wetting layer �1.47
eV� in order to ensure a homogeneous excitation of the QDs.
The fraction of light absorbed by the gain medium is on the
order of a few percent. However, given the uncertainties on
this estimation, we use in the following the as-measured ex-
ternal pump power P.

Figure 1�b� displays typical PL spectra of a 4 �m diam-
eter micropillar, recorded at 5 K. The spectra are dominated
by regularly spaced, sharp lines associated to the TE1,1,m
mode family. Following Ref. 13, the azimuthal index m of
the modes is identified using an effective index theory. While
doubly degenerate WGMs are predicted by theory, some
modes are split in experiment �Fig. 1�d��, likely because of
subwavelength scattering centers that couple counter-
propagating WGMs and lift the associated �m twofold
degeneracy.15 Such centers could be found on the cavity sur-
face, because of etching imperfections. Alternatively, as
pointed in Ref. 16, QDs themselves constitute a perturbationa�Electronic mail: julien.claudon@cea.fr.
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of the refractive index inside the cavity that could lift the
�m degeneracy.

When the pumping power increases, the broadband in-
homogeneous gain of QDs allows simultaneous lasing of
WGMs. In Fig. 1�b�, the TE1,1,38 and TE1,1,37 modes, which
are coupled to P-shell QD transitions, show the unambiguous
signature of lasing. On the low energy side of the spectrum,
the TE1,1,36 mode, coupled to S-shell transitions, experiences
a smaller gain and the associated PL intensity saturates. Such
a multimode lasing behavior has been observed for various
pillars with diameters from 3 to 4 �m. Lasing has been ob-
served up to 100 K. Above this temperature, the optical gain
becomes too small, because of thermal activation which
spills the carriers out of the QDs. This can be overcome by
increasing the number of QD layers and/or using QDs with a
higher confinement energy.5

In the following, we investigate the laser performance of
these micropillars at 5 K. We focus on the split mode TE1,1,38
that can be fit to a double Lorentzian lineshape up to
P=40 mW, and analyze the output intensity, linewidth, and
mode energy as a function of P.

The input-output characteristic of this mode is plotted in
log-log scale in Fig. 2. Above a threshold pump power
Pth=7 mW, a superlinear increase in the output power indi-
cates the onset of lasing. The experimental full width at half
maximum �FWHM� �E is shown in Fig. 3�a�. For P� Pth,
the linewidth is dominated by QD absorption and exceeds
the bare cavity linewidth �Ec=260 �eV which corresponds
to Qc=5000.17 Above threshold, stimulated emission domi-
nates and �E decreases down to 70 �eV, which represents a
spectral narrowing by a factor of 3 as compared to the bare
cavity linewidth. Moreover, this narrow lineshape is main-
tained for P up to 6Pth. This is a clear improvement over
previous demonstration of QD WGM microlasers, where �E
remains constant or broadens above threshold.3–6 For P
�40 mW, the lineshape becomes progressively Gaussian

and �E increases �not shown here�. Since this is correlated
with the appearance of a thermal redshift of the mode �see
the discussion in the end of the paper�, this can be attributed
to the heating of the system.

To provide a quantitative insight on the system param-
eters, we adopt a simple rate equation model. The QDs are
considered as two-level systems18 and �E is calculated fol-
lowing Ref. 19, taking into account the absorption of empty
QDs. Denoting n̄ the mean photon number in the cavity and
p the pumping rate of the QD excited state, we have the
following expressions:

p =
�c

�
�1 + 2� + 2��n̄ − ���

n̄

1 + 2n̄
, �1�

�E = 	�c
1 + 2�

1 + 2n̄
. �2�

Here, �c is the photon escape rate from the bare cavity, � is
the fraction of QD spontaneous emission �SE� funneled into

FIG. 1. �Color online� Lasing of micropillar WGMs. �a� Sketch of the mi-
cropillar structure and tilted geometry of the �PL experiment. �b� PL spectra
of a 4-�m-diameter micropillar at T=5 K for pump power P ranging
from 3 to 35 mW. �c� and �d� Zooms of the TE1,1,m lasing modes for
P=10.5 mW.

FIG. 2. �Color online� Input-output characteristic of the TE1,1,38 mode at
T=5 K �double logarithmic scale�. The experimental integrated PL intensity
�points� is fit to Eq. �1� �solid line�.

FIG. 3. �Color online� Spectral characteristics of the TE1,1,38 lasing mode at
5 K. �a� FWHM �circles� as a function of the pump power; the solid curve is
the prediction using Eq. �2�. �b� Energy shift of the mode �circles�. The
dashed lines are guides for the eye. Inset: Energy shift vs cryostat
temperature.
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the cavity mode; � represents the mean number of SE pho-
tons in the cavity at the gain medium transparency.

The input-output characteristic is well reproduced with
�=0.075, �=0.46, and 	�c=�Ec=260 �eV. The experi-

mental � factor is much smaller than the estimation F̄p / �F̄p

+1�=0.7, where F̄p=2.5 is the spatially and spectrally aver-
aged Purcell factor for an inhomogeneous ensemble of
monochromatic emitters.20 This points toward a QD line-
shape homogeneous broadening in the 10 meV range, which
is typical for strong nonresonant pumping.21

The theoretical description of the mode linewidth is in
good agreement with the experimental data for P
 Pth.
However, for high pumping power, the experimental data
shows a saturation and deviates from the Schawlow–Townes
prediction ��E�1 / n̄ for n̄�1�.22 Such a plateau in the line-
width can be explained with a microscopic description of the
gain medium fluctuations,2 which is beyond the scope of this
work.

Finally, we study the evolution of the mode energy,
which is a very sensitive probe of the cavity temperature.
Taking the lowest power measurement as a reference, the
shift in the mode energy is plotted against P in Fig. 3�b�.
Note that we discuss here small shifts, of about a few hun-
dred �eV. Below threshold, the linear blueshift is attributed
to the increase in the free carrier concentration in the wetting
layer. Around threshold, the energy mode reaches a plateau
followed by a redshift, associated with heating effects. To
estimate the structure temperature, we have measured the
mode energy for increasing cryostat temperature, using a low
pumping power �P
1 mW�. Taking the 5 K measurements
as a reference, the thermal mode shift is shown in the
insert in Fig. 3�b�. The comparison to Fig. 3�b� shows
that T
15 K for P
3Pth. The last experimental point
�P=6Pth� corresponds to T�35 K. We attribute this remark-
able thermal stability to the efficient heat sinking associated
to the micropillar geometry.

In summary, we have investigated the lasing properties
of high-Q WGM pillar microcavities. Thanks to the efficient
heat sinking provided by the pillar geometry, the lasing mode
demonstrates a stable emission wavelength and a marked
spectral narrowing above threshold. These appealing spectral
properties, combined with an easier electrical charge injec-
tion in the pillar geometry14 are promising for the realization
of practical, high performance WGM lasers. Spectral purity
and stable mode energy well above lasing threshold are par-
ticularly relevant for a recently proposed WGM terahertz
source.23
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