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Abstract

Ultrasmall microring and microdisk lasers with an asymmetric air/GaAs/Al0.98Ga0.02As waveguide and an active
region based on InAs/InGaAs/GaAs quantum dots emitting around 1.3 μm were fabricated and studied. The
diameter D of the microrings and microdisks was either 2 or 1.5 μm, and the inner diameter d of the microrings
varied from 20% to 70% of the outer diameter D. The microring with D = 2 μm and d = 0.8 μm demonstrated a
threshold pump power as low as 1.8 μW at room temperature. Lasing was observed up to 100°C owing to the use
of quantum dots providing high confinement energy both for electrons and holes. Tuning spectral positions of the
whispering gallery modes via changing the inner diameters of the microrings was demonstrated.
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Background
Semiconductor microdisks (MDs) and microrings (MRs)
are presently attracting increasing attention as key ele-
ments of future photonic integrated circuits. They can
be used as low-threshold microlasers [1,2], modulators
[3], add/drop filters [4], etc. The targeted characteristics
of such devices are high temperature stability, elevated
operating temperatures, controllable spectral position of
optical modes, and the possibility of current injection. In
addition to that, a small size is very desirable to increase
an intermode spectral interval, reduce an active region
volume, and achieve high density of components in an
optical circuit. However, fabrication of small-sized (of
the order of charge carrier diffusion length) microcav-
ities is challenging. This is because etching used for the
fabrication, being performed through the active region,
can result in non-radiative recombination of the carriers
at the processed surfaces. This issue is especially crucial
for the GaAs-based material system where the surface
recombination rate is an order of magnitude higher than
in the InP-based materials [5].
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Strong surface recombination in GaAs-based material
system can be eliminated via using self-organized
quantum dots (QDs) as the active medium. Carrier lat-
eral migration is inefficient even at 300 K, provided that
the electron and hole confinement in QDs is sufficiently
strong [6]. Thus, non-radiative recombination at side-
walls in such structures is weak, and etching can be
done through the active region. Deeply etched narrow
stripe QD lasers [7] and arrays of small-sized (0.2 μm)
mesas [8] showed efficient emission at room temperature.
To the best of our knowledge, the smallest QD microreso-
nator, where room temperature lasing was demonstrated,
had a diameter of about 2.1 μm [2]. In that structure,
InAs/InGaAs QDs were used as the active region, and op-
tical confinement was provided by air cladding in both
sides (a suspended disk). Recently, we have demonstrated
room temperature lasing with similar QDs in a 2.7-μm
MR on an oxidized (AlGa)xOy pedestal [9]. Both afore-
mentioned designs provide strong optical confinement of
the whispering gallery modes (WGMs) in vertical direc-
tion, but current injection is challenging.
In this paper, we present the results on elevated

temperature lasing of QD MDs and MRs with diameters
as small as 1.5 to 2 μm on a semiconductor pedestal.
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Methods
An epitaxial wafer was grown using molecular beam epi-
taxy on a semi-insulating GaAs (100) substrate. The ac-
tive region comprised five layers of InAs/In0.15Ga0.85As/
GaAs QDs separated with 35-nm-thick GaAs spacers.
The QDs were formed using directional migration of In
atoms during overgrowth of the initial InAs Stranski-
Krastanov QDs with an In0.15Ga0.85As capping layer
[10]. Such QDs show high confinement energy of elec-
trons and holes with respect to the capping layer and
the GaAs matrix. The active region was placed in the
middle of a GaAs layer confined from the both sides
with 20-nm-thick Al0.3Ga0.7As barriers. The total thick-
ness of the waveguide layer was about 350 nm. This
waveguide layer was grown on top of the 450-nm-thick
Al0.98Ga0.02As cladding layer that later formed the MD
(or MR) pedestal (Figure 1a).
MDs and MRs with diameter (D) either 2 or 1.5 μm

were fabricated using electron beam lithography (EBL)
and reactive ion etching (Figure 1b). The inner diameter
d of the microrings varied from 20% to 70% of the outer
diameter. Fabrication of the MDs and MRs began with
stacking two masks on the surface of the heterostruc-
ture. A main silicon dioxide (SiO2) mask was formed
using atomic layer deposition, and a secondary mask of
Figure 1 Schematic layout (a) and scanning electron microscopy
micrograph of a QD microring (b).
a negative resist (AZ® nLOF, MicroChemicals GmbH,
Ulm, Germany) was deposited upon the SiO2 layer with
spin coating. For EBL, we used a Gaussian beam vector
scanning system which can provide the minimum spot
size below 2.5 nm. The resist developing was done using
pure AR 300–47 developer. After the development, the
sample was rinsed in water for 30 s. The secondary mask
was then employed to form the main mask. For this,
we performed dry etching of SiO2 using reactive ion
etching (RIE) system Plasmalab 80 (Oxford Plasma
Technology, Yatton, Bristol). This mask was used in
the GaAs etching process with RIE system Plasmalab
100 (Oxford Plasma Technology). No intentional oxi-
dation of the Al0.98Ga0.02As pedestal was done. Such a de-
sign is compatible with current injection.
Microlasers were optically pumped with the second

harmonic of CW-operating YAG:Nd laser (λ = 532 nm,
10 to 200 mW). An excitation power can be varied down
to sub-microwatt level using absorptive neutral density
optical filters. Optical emission was detected with a mo-
nochromator Horiba FHR 1000 and a CCD camera
(Horiba Symphony, Edison, NJ, USA) (spectral resolution
30 pm). For temperature-dependent measurements, the
structures were mounted onto a heated holder equipped
with a temperature controller.

Results and discussion
Figure 2a, b compares the microphotoluminescence
(μPL) spectra of the MDs and MRs with diameter D = 2
and 1.5 μm, respectively.
To identify the luminescence peaks observed, we nu-

merically solved Maxwell’s equations by finite element
method using COMSOL Multiphysics software. Owing
to the axial symmetry, the problem simplifies from 3D
to 2D case. Details of the simulation technique are de-
scribed in [11]. In the simulation, three regions were
considered: GaAs cavity, Al0.98Ga0.02As pedestal, and
surrounding air (2 μm from both top and sidewall of the
cavity). Radiation loss and imaginary parts of dielectric
functions were not taken into consideration.
The observed peaks were identified on the base of our

simulation as WGMs of different azimuthal orders as
indicated in Figure 2. The observed splitting of the μPL
lines, which is especially pronounced for the MDs and
MRs with D = 1.5 μm, is due to surface roughness.
In the general case, the microcavities support both

transverse electric (TE)-like and transverse magnetic
(TM)-like modes [11-13]. It was shown [14,15] that the
TM-like modes Q factor has a step-like dependence on
the cavity thickness and drastically decreases as the
thickness is less than approximately 0.5λ/n [14], whereas
the TE-like modes Q factor is still sufficiently high (here,
λ is the emission wavelength and n is the refractive
index). Since in our case the thickness is about 0.9λ/n,



Figure 2 Spectra of MDs and MRs with D = 2 μm (a) or D = 1.5 μm (b) and various d.
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the microresonators under study can support not only
TE-like but also TM-like modes.
The positions of the most intensive peaks in the μPL

spectra are best fitted to the wavelengths of TE-like and
TM-like modes of the first radial order (Figures 2 and 3).
Some disagreement between the experimental (curves)
and theoretical (symbols) results can be attributed to the
sample overheating under CW excitation, uncertainty in
optical constants of QDs and surrounding layers, and to
the fact that MD and MR geometrical parameters (layer
thicknesses, diameters, shape) are estimated from SEM
images within ±5% precision. Weaker peaks in the spectra
of the MD with D = 2 μm and MR with D = 2 μm
and d = 0.8 μm (not marked in Figure 2a) are attributed
to the modes of higher radial order. This identification is
confirmed by the fact that they are nearly disappeared in
the MR with larger hole diameter d = 1.2 μm and are not
observed in the MR with d = 1.4 μm.
If the inner diameter of the MRs is small, the wave-

lengths of WGMs only weakly change with respect to
those of the MDs (Figure 3a, b). The holes of small dia-
meters have negligible effect because WGMs of the first
radial order mainly concentrate at the periphery of MRs
(at distances larger than 0.4 radius from the center).



Figure 3 Dependence of mode wavelengths for D = 2 μm (a) and D = 1.5 μm (b) on inner diameter.

Figure 4 Spatial distribution of electric field magnitude of
TM10,1 (a) and TE10,1 (b) modes (D = 1.5 μm, d = 0.9 μm).
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With further increasing in the inner diameter, the WGM
wavelengths decrease. The observed wavelength shift is
less for modes of higher azimuthal orders (m), because
the larger m the stronger the mode localization in the
vicinity of the outer boundary. TM-like modes are local-
ized closer to the outer boundary of MRs as compared
to TE-like modes (Figure 4), and therefore, their wave-
length shift is less pronounced.
Figure 5a shows the microphotoluminescence spectra

for the MR with D = 2 μm and d = 0.8 μm at various pump
powers. The most intensive line corresponds to WGM
TE12,1 whose wavelength approximately coincides with
the spectral position of the gain maximum. Figure 5b
shows the dependence of the TE12,1 mode intensity on the
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Figure 5 Microphotoluminescence spectra (a) and dependence of TE12,1 mode intensity and linewidth (b) on the excitation power.

Maximov et al. Nanoscale Research Letters 2014, 9:657 Page 5 of 7
http://www.nanoscalereslett.com/content/9/1/657
excitation power (‘light-in-light-out’ characteristic). To de-
termine the mode intensity, we subtracted the background
due to broad spontaneous emission and then integrated
the spectrum of the mode TE12,1. The light-in-light-out
curve shows a pronounced threshold kink at 1.8 μW, and
approximately at the same value of pump power, a sig-
nificant linewidth narrowing takes place. Both effects
evidence laser action for the mode TE12,1. The measured
value of threshold pump power is comparable with the
best results obtained in QD microlasers. An incident
pump power threshold of approximately 2.5 μW (about
0.4 μW of the absorbed power) and an absorbed power
threshold of 1.1 μW have been reported, respectively, for a
photonic crystal nanocavity laser [15] and an air-cladded
microdisk of 2.1 μm in diameter [2].
The evolution of threshold pump powers for the MRs

with D = 2 and 1.5 μm with the increase in inner MR
diameters is summarized in Figure 6. The threshold
powers were determined using the dependencies of the
intensities and linewidths of the dominant modes on
excitation power (similar to Figure 5b). The lasing
threshold slightly decreases as the inner MR diameter d
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Figure 6 The threshold pump power against inner MR diameter.
increases from zero (MD) to 0.7-0.8 μm most likely due
the decrease in the active region volume. However
further increase in d results in a rapid growth of the gen-
eration threshold, which can be explained by increased
non-radiative recombination at sidewalls (waveguide width
decreases to 0.4 μm) as well as by enhanced light scattering
at microring wall roughness.
For the 1.5 μm in diameter microcavities, the lowest

threshold power of about 2.5 μW was measured in the
MRs with d = 0.7 μm. Higher threshold as compared to
the MRs with D = 2 μm is probably due to higher scat-
tering losses and increased contribution of non-radiative
recombination at sidewalls.
The lasing threshold of a certain WGMs depends on a

detuning between the wavelength of this mode and the
maximum of gain spectrum. The wavelength of the gain
maximum approximately follows the temperature de-
pendence of the GaAs bandgap (approximately 0.5 nm/K),
while the temperature shift of the WGM resonant wave-
length is primarily governed by the temperature variation
of the refractive index and is slower (<0.1 nm/K). Thus,
the detuning is changing with temperature and may result
in a non-monotonic temperature dependence of the
threshold power for WGMs.
Figure 7a summarizes the temperature variation of the

threshold power of the two lowest threshold modes
(TE12,1 and TE11,1) for the MRs with D = 2 μm and d =
1.2 μm. At room temperature, the wavelength of TE12,1
mode approximately corresponds to the spectral position
of the ground state gain maximum (Figure 7b), and the
threshold power is low. With temperature increase, a red
shift of the gain peak occurs. Correspondingly, the pos-
ition of TE12,1 mode moves towards the short-wave side of
the gain curve, and the threshold power increases. In the
45°C to 85°C interval, the wavelength of this mode is in
between the peaks of the ground and excited states, and
the lasing becomes unattainable. At 50°C, the wavelength
of TE11,1 WGMs falls on the long-wave tail of the ground
state transition, and lasing via this mode starts with a high
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Figure 7 Temperature variation of the threshold power (a) and microphotoluminescence spectra (b).
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threshold power. With temperature increase, the position
of TE11,1 mode moves towards the maximum of the
ground state gain, and the threshold power drops. At 85°C
and 100°C, the wavelengths of TE12,1 and TE11,1 modes
are within the range of QD excited state and ground state
transitions, correspondingly. The lasing simultaneously
occurs via both modes with comparable threshold power
levels.

Conclusions
Microrings and microdisks with a semiconductor
AlGaAs pedestal were fabricated. The active region of
the lasers was based on InAs/InGaAs/GaAs quantum
dots emitting near 1.3 μm with high confinement energy
for electrons and holes. Whispering gallery modes of the
microrings and microdisks were numerically simulated.
The positions of the most intensive peaks were shown to
fit best to the energies of TE-like and TM-like modes of
the first radial order. The WGM resonant wavelengths
decrease with increasing inner hole diameter d; the
tuning range can be up to 50 nm. The threshold power
depends on the MR inner diameter and reaches its mini-
mum of 1.8 μW at d = 0.8 μm. Lasing up to 100°C is
achieved. The temperature dependence of the threshold
power for a certain WGMs is determined not only by
the temperature dependence of the gain spectrum but
also by the position of this mode at the gain curve
(detuning).

Abbreviations
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μPL: micro-photoluminescence; QDs: quantum dots; WGMs: whispering
gallery modes.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
AAB developed the theoretical models used. ZFS carried out the numerical
simulations. NVK supervised the optical studies. EIM and IIS carried out the
microphotoluminescence studies. AMN performed the general
characterization of the epitaxial material. AEZ supervised the theoretical part
of the work and developed the designs for epitaxial material. MVM
supervised the whole work. AAL designed the microdisk and microring
structures. DVK performed the electron beam lithography. JL etched the
electron resist and silicon oxide masks. JT performed the final etching of the
structures. All authors read and approved the final manuscript.
Authors’ information
MM holds a leading researcher position at St. Petersburg Academic
University, a leading researcher position at Ioffe Physical-Technical Institute,
and a leading researcher position at St. Petersburg State Polytechnical
University. NK holds a senior researcher position at St. Petersburg Academic
University and a senior researcher position at St. Petersburg State Polytechnical
University. AN holds a senior researcher position at St. Petersburg Academic
University and a senior researcher position at St. Petersburg State Polytechnical
University. EM is a Master student at St. Petersburg Academic University. IS is a
Master student at St. Petersburg Academic University. AB holds a senior
researcher position at St. Petersburg Academic University, a senior researcher
position at St. Petersburg State Polytechnical University, and a senior researcher
position at ITMO University. ZS is a Master student at St. Petersburg Academic
University. AZ holds a provost position at St. Petersburg Academic University
and a professor position at St. Petersburg State Polytechnical University.
AL holds a professor position at St. Petersburg Academic University and a
professor position at St. Petersburg State Polytechnical University. DK holds a
PhD degree at the University of Eastern Finland. JL holds a senior researcher
position at the University of Eastern Finland. JT holds a senior researcher
position at Tampere University of Technology.
Acknowledgements
The authors thank Innolume GmbH for providing the QD material. The work
is supported in different parts by the Russian Foundation for Basic Research,
the Programs of Fundamental Studies of the Russian Academy of Sciences,
the Government of Russian Federation (Grant No. 074-U01), and the Academy
of Finland (project #267270).

Author details
1St. Petersburg Academic University, St. Petersburg 194021, Russia. 2Ioffe
Physical-Technical Institute, St. Petersburg 194021, Russia. 3St. Petersburg
State Polytechnical University, St. Petersburg 195251, Russia. 4ITMO University,
St. Petersburg 197101, Russia. 5University of Eastern Finland, Joensuu 80101,
Finland. 6Optoelectronics Research Centre, Tampere University of
Technology, Tampere 33101, Finland.

Received: 18 August 2014 Accepted: 2 November 2014
Published: 4 December 2014
References
1. Chu Y, Mintairov AM, He Y, Merz JL, Kalugnyy NA, Lantratov VM, Mintairov SA:

Lasing of whispering-gallery modes in GaInP waveguide micro-discs and
rings with InP quantum dots. Phys Status Solidi C 2011, 8:325–327.



Maximov et al. Nanoscale Research Letters 2014, 9:657 Page 7 of 7
http://www.nanoscalereslett.com/content/9/1/657
2. Srinivasan K, Borselli M, Painter O, Stintz A, Krishna S: Cavity Q, mode
volume, and lasing threshold in small diameter AlGaAs microdisks with
embedded quantum dots. Opt Express 2006, 14:1094–1105.

3. Soref RA, Bennett BR: Electrooptical effects in silicon. IEEE J Quantum
Electron 1987, 23:123–129.

4. Marcatili EAJ: Bends in optical dielectric guides. Bell Syst Tech J 1969,
48:2103–2132.

5. Andrews SR, Arnot H, Rees PK, Kerr TM, Beaumont SP: Photoluminescence
studies of free‐standing quantum boxes. J Appl Phys 1990, 67:3472–3480.

6. Fiore A, Rossetti M, Alloing B, Paranthoen C, Chen JX, Geelhaar L, Riechert H:
Carrier diffusion in low-dimensional semiconductors: a comparison of
quantum wells, disordered quantum wells, and quantum dots. Phys Rev B
70 2004, 205311:1–12.

7. Ouyang D, Ledentsov NN, Bimberg D, Kovsh AR, Zhukov AE, Mikhrin SS,
Ustinov VM: High performance narrow stripe quantum-dot lasers with
etched waveguide. Semicond Sci Technol 2003, 18:L53–L54.

8. Maximov MV, Volovik BV, Sotomayor Torres CM, Ramushina EM, Skopina VI,
Tanklevskaya EM, Gurevich SA, Ustinov VM, Alferov ZI, Ledentsov NN,
Bimberg D: Impact of carrier lateral transport and surface recombination
on the PL efficiency of mesas with self-organized quantum dots.
Phys Stat Sol A 2001, 188:955–959.

9. Zhukov AE, Kryzhanovskaya NV, Savelyev AV, Nadtochiy AM, Arakcheeva EM,
Zubov FI, Korenev VV, Maximov MV, Shernyakov YM, Kulagina MM,
Slovinskiy IA, Livshits DA, Kapsalis A, Mesaritakis C, Syvridis D, Mintairov A:
Quantum dot lasers and relevant nanoheterostructures. Proc SPIE 2012,
8552:855202.

10. Maximov MV, Tsatsul’nikov AF, Volovik BV, Sizov DS, Shernyakov YM,
Kaiander IN, Zhukov AE, Kovsh AR, Mikhrin SS, Ustinov VM, Alferov ZI,
Heitz R, Shchukin VA, Ledentsov NN, Bimberg D, Musikhin YG, Neumann W:
Tuning quantum dot properties by activated phase separation
of an InGa (Al) As alloy grown on InAs stressors. Phys Rev B 2000,
62:16671–16680.

11. Oxborrow M: Traceable 2-D finite-element simulation of the
whispering-gallery modes of axisymmetric electromagnetic resonators.
IEEE Trans Microw Theory Techn 2007, 55:1209–1218.

12. Oraevsky AN: Whispering-gallery waves. Quant Electron 2002, 32:377–400.
13. Righini GC, Dumeige Y, Feron P, Ferrari M, Nunzi Conti G, Ristic D,

Soria S: Whispering gallery mode microresonators: fundamentals and
applications. Rivista Del Nuovo Cimento 2011, 34:435–488.

14. Frateschi NC, Levi AFJ: The spectrum of microdisk lasers. J Appl Phys 1996,
80:644–653.

15. Nomura M, Iwamoto S, Kumagai N, Arakawa Y: Ultra-low threshold
photonic crystal nanocavity laser. Phys E 2008, 40:1800–1803.

doi:10.1186/1556-276X-9-657
Cite this article as: Maximov et al.: Ultrasmall microdisk and microring
lasers based on InAs/InGaAs/GaAs quantum dots. Nanoscale Research
Letters 2014 9:657.
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	Background
	Methods
	Results and discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Authors’ information
	Acknowledgements
	Author details
	References

