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Subwavelength micro-disk lasers (MDLs) as small as 1 lm in diameter on exact (001) silicon were

fabricated using colloidal lithography. The micro-cavity gain medium incorporating five-stacked

InAs quantum dot layers was grown on a high crystalline quality GaAs-on-V-grooved-Si template

with no absorptive intermediate buffers. Under continuous-wave optical pumping, the MDLs on sil-

icon exhibit lasing in the 1.2-lm wavelength range with low thresholds down to 35 lW at 10 K.

The MDLs compare favorably with devices fabricated on native GaAs substrates and state-of-the-

art work reported elsewhere. Feasibility of device miniaturization can be projected by size-

dependent lasing characteristics. The results show a promising path towards dense integration of

photonic components on the mainstream complementary metal–oxide–semiconductor platform.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4952600]

In the quest for integration with mature miniaturized elec-

tronics, there is growing interest in developing efficient, com-

pact, and integrable laser sources on the well-established

complementary metal–oxide–semiconductor (CMOS) plat-

form.1 The whispering-gallery mode (WGM) micro-disk laser

(MDL) is considered as an attractive light source for on-chip

optical communications, data-processing, and chemical sens-

ing applications.2 Proof-of-principle demonstration of a low-

footprint optical interconnect by heterogeneous integration of

micro-disk lasers and micro-detectors has been reported.3

Shrinking of the micro-disk diameter is desirable for dense

integration and low power consumption. However, there exist

challenges associated with higher radiation loss, limited gain

medium, and surface recombination in small volume laser

cavities.4,5 To minimize the recombination on the resonator

surface and achieve ultra-low threshold lasing in small volume

cavities, the use of quantum dots (QDs) instead of quantum

wells as the active media is being actively investigated.4,6–8

Recently, Song et al.6 have reported single-mode lasing in

0.7-lm diameter quantum dot micro-disk lasers on GaAs in

the wavelength range of 860–880 nm under pulsed excitation

at 10 K. Kryzhanovskaya et al.4 have demonstrated room tem-

perature continuous-wave (CW) lasing in 1-lm micro-disk

quantum dot lasers on GaAs in the 1.29–1.32-lm wavelength

range. However, at sub-wavelength cavity sizes (diameter of

the disk D< k) scale, high radiation loss remains a serious

issue. As a result, the above-mentioned examples represent

the rather limited results on native GaAs substrates reported in

the literature. So far, no sub-wavelength micro-disk lasers on

Si have been reported, either by bonding or by direct epitaxy.

In this work, we report low-threshold lasing in sub-

wavelength QD micro-disk lasers on exact-oriented Si (001)

substrates under CW optical excitation. The active laser

structures were grown on a GaAs-on-V-grooved-Si (GoVS)

template9 that is free of antiphase-domains and absorptive

intermediate buffers. Compared to the quantum dot lasers

recently demonstrated on offcut silicon using Ge buf-

fers,10–14 or direct nucleation of GaAs,15,16 the use of on-axis

(001) silicon offers better compatibility with conventional Si

CMOS processes. The promising lasing characteristics of the

MDLs also suggest a viable route towards large-scale, low-

cost integration with passive optical components on a sili-

con-on-insulator (SOI) platform.

Fig. 1(a) presents a cross-sectional transmission electron

microscope (TEM) image of the entire micro-disk laser struc-

ture grown on silicon. We first grew a 1 lm coalesced GaAs

layer on a V-groove-patterned Si (001) substrate by metal-

organic chemical vapor deposition (MOCVD).9,17,18 This was

followed by the deposition of a 1 lm GaAs buffer, a 600 nm

Al0.7Ga0.3As post region, and a 500 nm disk region in a mo-

lecular beam epitaxy (MBE) system.19 The disk region encap-

sulates five layers of InAs/InGaAs dot-in-a-well (DWELL)

structure. A schematic of the epitaxial layers in the disk region

is shown in Fig. 1(b). Fig. 1(c) is a zoomed-in TEM image of

the five-stacked QD active region, presenting the uniform dot

arrays. The good crystalline quality of the active device region

is attributed to an effective defect trapping and reduction

scheme through the V-grooved structure at the GaAs/Si

hetero-interface, as revealed by the zoomed-in TEM image in

Fig. 1(d). Fig. 1(e) presents the normalized photolumines-

cence (PL) spectra at room temperature from the as-grown

QDs under increasing excitation power from 1.65 to 330 lW.

Ground state emission in the 1.3 lm telecommunication

a)Y. Wan, Q. Li, and A. Y. Liu contributed equally to this work.
b)Electronic mail: eekmlau@ust.hk. Tel: (852)23587049, Fax: (852) 23581485.

0003-6951/2016/108(22)/221101/5/$30.00 Published by AIP Publishing.108, 221101-1

APPLIED PHYSICS LETTERS 108, 221101 (2016)

http://dx.doi.org/10.1063/1.4952600
http://dx.doi.org/10.1063/1.4952600
http://dx.doi.org/10.1063/1.4952600
mailto:eekmlau@ust.hk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4952600&domain=pdf&date_stamp=2016-05-31


wavelength band was observed. A shoulder appearing on the

high energy side with increased pump power suggests emis-

sion from excited states. The wide inhomogeneous linewidth

(�20 meV)20 allows for easy coupling into the resonant

modes from small volume cavities with a large free spectral

range (FSR).21

We used low cost colloidal lithography to fabricate

ultra-small micro-disks. Silica colloidal beads (1 lm in diam-

eter) were dispersed on the sample as hard masks.

Inductively coupled plasma (ICP) etching was performed to

transfer the pattern (�1.1 lm) onto the full structure. The

etching parameters have been optimized to achieve non-

selective and isotropic etching to form vertical and smooth

sidewalls. The chamber pressure was maintained at 5 mTorr,

with the coil and platen power set as 500 W and 100 W,

respectively. BCl3 and Ar mixed gases were used with flow

rates of 20 sccm and 6.5 sccm, respectively. We found that

the substrate temperature has a strong effect on the etch rate,

selectivity, profile, and surface roughness. The chamber tem-

perature was thus set at 10 �C, with thermally conductive

glue applied on the back of the wafers to provide good ther-

mal conductance between the chuck and the wafer. After 70-

s etching, the remaining silica beads were removed in ace-

tone in an ultrasonic bath. Finally, the 200 nm Al0.7Ga0.3As

sacrificial layer was etched laterally from the outer periphery

using dilute hydrofluoric acid (HF) to form a supporting ped-

estal. Fig. 2(a) presents a 70� tilted scanning electron micro-

scope (SEM) image of a fabricated disk. The top-down view

of the disk in Fig. 2(b) shows the circular geometry. A

zoomed-in view of a 90� tilted image in Fig. 2(c) reveals its

smooth sidewall.

The sample was mounted in a Helium gas flow cryostat

and cooled to 10 K for micro-photoluminescence (lPL)

measurements in a surface-normal pump/collection configu-

ration. Individual MDLs were excited by a CW diode laser

operating at 532 nm. The exciting light was focused to a spot

size of approximately 4 lm in diameter and approximately

50% of the power reaching the sample surface was

absorbed.22 The pump intensity was varied using polarizers.

The emitted light was collected from the top of the micro-

disks and dispersed through a monochromator with a

500 mm focal length before reaching a liquid-nitrogen-

cooled InGaAs detector array. Fig. 3(a) presents a set of

emission spectra collected at various pump intensities, offset

vertically for clarity. A weak cavity mode accompanied by a

broad background emission appears at a low pump intensity

of 8.25 lW. Once surpassing the threshold, the dominant

peak increases sharply in intensity. The small diameter of

the micro-cavities leads to a large free spectral range (FSR)

of Dk � k2

2pRnef f
¼ ½1:2l�2

2pð0:5lÞ3:46
¼ 132 nm,23 wherein neff is the

effective refractive index of the cavity, R is the disk radius,

and k represents the emission wavelength. The large FSR

results in well-separated neighboring resonances and likeli-

hood of single mode operation. Fig. 3(b) plots the light-out/

light-in (LL) curve. The output power exhibits a superlinear

increase with pump power, along with a pronounced narrow-

ing of mode linewidth (Fig. 3(c)), a clear sign of lasing. The

FIG. 1. (a) Cross-sectional TEM image

of the micro-disk structure grown on

the GoVS substrate; (b) schematic

illustration of the epitaxial structure of

material in the disk region; (c) high-

resolution TEM image of the five-stack

InAs QDs; (d) cross-sectional TEM

image of the V-grooved structure,

showing defect trapping and localiza-

tion; (e) room temperature photolumi-

nescence spectrum of the as grown

structure at progressively higher

excitations.

FIG. 2. (a) 70� tilted SEM image of

the fabricated micro-disk; (b) top-view

image of the disk showing its circular-

ity; (c) a zoomed-in view of the side-

wall in a 90� tilted SEM image,

revealing its smoothness and vertical

profile.
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lasing threshold is extrapolated to be as low as 35 lW from the

LL curve. Using the linewidth at a pump power of 16.5 lW,

somewhat below the threshold, we estimate a cold cavity

Q-factor of�1720, as depicted in Fig. 3(d). To denote the opti-

cal transition positions in the gain medium, emission below

threshold (8.25 lW) was amplified by 100 times and overlaid

with the emission well above threshold (660 lW), shown in

Fig. 3(e). A high extinction ratio of �15 dB was observed.

To identify the lasing modes visible in the disk spectra,

we numerically calculated the resonant modes using the

finite-difference time-domain (FDTD) method. Here, we

only consider transverse electric (TE)-polarized modes with

first radial mode number and different azimuthal mode num-

ber in the simulations. The TE1,5 mode (radial mode number

l¼ 1, azimuthal mode number m¼ 5) has a resonant wave-

length at 1.194 lm, which matches well with the measured

lasing wavelength at 1.197 lm. The obtained top view and

cross-sectional view of the electric field distribution of the

TE1,5 resonance are presented in Figs. 4(a) and 4(b), respec-

tively, showing the field is mostly concentrated at the disk

periphery. Simulation also shows that with smaller cavity

size, the evanescent field at the disk periphery couples more

effectively to the external environment, leading to greater

radiative loss. Although these results suggest that the cou-

pling of laser output may be advantageous for smaller cav-

ities, the sharply diminishing quality factor Q with further

decrease of the radius of the micro-disks is also an important

consideration.

The spontaneous emission factor (b) of the lasing mode

was extracted by fitting the experimental data to a semicon-

ductor cavity-QED model.24 In the model, equations of

motion for carrier and photon populations, as well as photon

correlations, are solved numerically for a given carrier injec-

tion rate into the quantum-dot states. Input to the model is

the light-matter coupling coefficient and the dephasing rate.

The former is computed from the active region and optical

resonator configurations and is represented by a Rabi fre-

quency of 6� 1010 s�1. For the dephasing rate, we assume a

value of 1 ps�1 for 10 K and lasing carrier densities. We use

the onset of linewidth reduction with increasing pump inten-

sity from the experiment to help determine where to expect

the bends in the “S” shape of the input/output intensity log-

log plot. Fig. 4(c) plots the computed input/output curves for

the values of b that bound the experimental data. The fitted

results are further confirmed by the agreement between cal-

culation and experiment for the linewidth versus pump inten-

sity shown in Fig. 4(d). The best fit to the experimental data

gives a spontaneous emission factor b of 0.3.

Micro-disk cavities were simultaneously fabricated on a

GaAs substrate for comparison with those on the GaAs-on-

V-grooved-Si substrate. A statistical distribution of the las-

ing threshold and central wavelength is overlaid with the

normalized broad PL background in Fig. 4(e). The lasing

wavelengths are narrowly distributed near the PL peak wave-

lengths at 10 K. A large ratio of quality factor over mode vol-

ume Q/Veff � 8600 lm�3 guarantees the large spontaneous

emission rate25 and gives rise to low threshold lasing. The

threshold for the micro-disk lasers on silicon ranges from 35

to 67 lW, with an average value of 50 lW, approximately

1.5 times the average value for lasers on the GaAs substrate

(33 lW). As the small diameter disks have limited area of

gain on the ground state transitions, a sufficiently high modal

FIG. 3. (a) Power dependent PL spectra, presenting the transition from spontaneous emission to lasing; (b) L-L curve. The kink indicates the onset of superlin-

ear emission and lasing operation. The blue dashed line represents a fit to the experimental data and the black dashed line represents the position where inten-

sity equals to zero. (c) Mode linewidth as a function of pump intensity. It is noted that the fitting error of the linewidth at low pump intensity is too large to

determine the real value. (d) PL spectrum below the threshold (16.5 lW). The symbols represent the measured data, the blue line is a fit to the broad InAs QDs

photoluminescence spectrum background, and the red line is a fit to the narrow cavity emission. (e) Laser emission spectra measured below (light blue,

8.25 lW) and above (yellow, 660 lW) the threshold. Symbols are measured data and lines are Gaussian fits. The spectrum below the threshold (light blue,

8.25 lW) was amplified 100 times to be visible.
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gain from the active medium is essential to balance loss and

bring about lasing action. The somewhat larger lasing thresh-

olds on silicon are presumably related to crystalline defects

(on the order of 1� 108 cm�2 by plan-view transmission

electron microscopy) leading to reduced QD modal gain.

Moreover, the deep levels associated with the dislocations

can also leach away the photogenerated carriers that are gen-

erated outside the active region (since the pump laser is of

high enough energy that it is absorbed by all layers), so it

will effectively reduce the “injection efficiency” or the frac-

tion of carriers entering the active region compared to the

GaAs case for the same pump power and result in higher

absolute thresholds. The surface-normal pump/collection

configuration used limits the coupling of the pump source, as

well as the collection efficiency from the MDL. We therefore

expect to observe lower thresholds with an optical-fiber-

based evanescent coupling technique.26

We also fabricated micro-disks with larger diameters of

4 and 5 lm. Representative LL curves are presented in the

supplementary material.27 Figs. 5(a) and 5(b) plot the MDL

threshold power as a function of disk diameters on the GoVS

template and the GaAs substrate. Around ten working lasers

were measured for each cavity size. The dashed lines represent

the average lasing thresholds. Despite the wide spread of the

data, there is a consistent trend of higher thresholds for larger

disks. Larger diameter disks possess a smaller free spectral

range and thus smaller mode separation. Depending on the dis-

tribution of QDs and their overlap with the modes of the cav-

ity, both single mode lasing and multimode lasing were

observed for most 4 lm and 5 lm micro-disks. Due to the

mode competition, micro-disk lasers with multi-mode lasing

generally show larger thresholds. In addition, the larger disks

have larger volumes of material to pump; in particular, the cen-

tral region of the microdisk absorbs pump power but has no

spatial overlap with the WGMs. Understandably, there is a

more pronounced dispersion of the thresholds of the dominant

modes in larger diameter disks. Nevertheless, we observed an

apparent monotonic decrease of threshold power as the disk di-

ameter is scaled from 5 to 1 lm on both GaAs and Si.

Compared with the recently reported subwavelength InAs QDs

micro-disk lasers on GaAs substrates under pulsed pumping,6

our micro-disks on silicon under CW operation exhibited even

lower lasing thresholds at the same working temperature of

10 K and the same ratio of d/k¼ 0.83 (d is the diameter of the

disk and k is the lasing wavelength). We expect that higher

performance can be achieved after increasing the quality and

density of QDs in the active region.20

In conclusion, we demonstrated continuous-wave lasing

in sub-wavelength InAs quantum-dot micro-disk lasers epi-

taxially grown on industrial-compatible Si (001) substrates.

By combining the small mode volume and zero dimensional

electron density of states of quantum dot micro-disk struc-

tures, a low threshold of 35 lW was achieved on Si sub-

strates. We believe that the ultra-low threshold and small

footprint configurations provide significant insights and

inspire future possibilities to incorporate efficient and com-

pact laser sources on a CMOS-compatible platform.

This work was supported in part by Grants (Nos.

614813 and 16212115) from the Research Grants Council of

Hong Kong, DARPA (MTO EPHI), and the American

FIG. 4. Top view (a) and cross-

sectional view (b) of the simulated

electric field distribution of the TE1,5

resonance; white and black colors refer

to the maximum and minimum of the

field density, respectively. The white

outline corresponds to the structure

boundary. (c) Calculation and experi-

ment for input/output intensity log-log

plot. (d) Calculation and experiment for

the linewidth versus pump intensity.

The best fit to the experimental data

gives a spontaneous emission factor b
of 0.3. The fits to b of 0.1, 0.5 are also

presented for comparison. (e) Statistical

analysis of the threshold power for

micro-disks fabricated on Si (red stars)

and GaAs (black squares); the error bars

result from the linear fit to the LL curve.

FIG. 5. Threshold power as a function of disk diameters on the GoVS tem-

plate (a) and the GaAs substrate (b). The dashed lines represent the average

threshold.
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