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Subwavelength micro-disk lasers (MDLs) as small as 1 um 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-um wavelength range with low thresholds down to 35 yW at 10K.
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." 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.” Proof-of-principle demonstration of a low-
footprint optical interconnect by heterogeneous integration of
micro-disk lasers and micro-detectors has been reported.’
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.*> 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.**™®
Recently, Song er al.° have reported single-mode lasing in
0.7-um 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.* have demonstrated room tem-
perature continuous-wave (CW) lasing in 1-um micro-disk
quantum dot lasers on GaAs in the 1.29-1.32-um wavelength
range. However, at sub-wavelength cavity sizes (diameter of
the disk D < /) 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.

Dy, Wan, Q. Li, and A. Y. Liu contributed equally to this work.
®Electronic mail: eekmlau@ust.hk. Tel: (852)23587049, Fax: (852) 23581485.
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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)
template’ 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,lo_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 um coalesced GaAs
layer on a V-groove-patterned Si (001) substrate by metal-
organic chemical vapor deposition (MOCVD).”'”!® This was
followed by the deposition of a 1 um GaAs buffer, a 600 nm
Aly7Gag3As post region, and a 500 nm disk region in a mo-
lecular beam epitaxy (MBE) system."” 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 uW.
Ground state emission in the 1.3 um telecommunication

Published by AIP Publishing.
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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.
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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
(~20meV)® allows for easy coupling into the resonant
modes from small volume cavities with a large free spectral
range (FSR).>!

We used low cost colloidal lithography to fabricate
ultra-small micro-disks. Silica colloidal beads (1 um in diam-
eter) were dispersed on the sample as hard masks.
Inductively coupled plasma (ICP) etching was performed to
transfer the pattern (~1.1 um) 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 SO0 W and 100W,
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 Al ;Gag3As
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

Cc

1080 1140 1200 1260 1320
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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 10K for micro-photoluminescence (uPL)
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 um in diameter and approximately
50% of the power reaching the sample surface was
absorbed.?? 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
500mm 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 8.25uW. 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)

~ 2 g
of AL~ s = 27050346

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

= 132nm,> wherein ny is the

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

8.25 uW) was amplified 100 times to be visible.

lasing threshold is extrapolated to be as low as 35 uW from the
LL curve. Using the linewidth at a pump power of 16.5 uW,
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 uW) was amplified by 100 times and overlaid
with the emission well above threshold (660 W), shown in
Fig. 3(e). A high extinction ratio of ~15dB 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 TE; 5 mode (radial mode number
[ =1, azimuthal mode number m =15) has a resonant wave-
length at 1.194 um, which matches well with the measured
lasing wavelength at 1.197 um. The obtained top view and
cross-sectional view of the electric field distribution of the
TE, 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 (f8) of the lasing mode
was extracted by fitting the experimental data to a semicon-
ductor cavity-QED model.** 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 x 10'° s~!. For the dephasing rate, we assume a
value of 1 ps~' for 10K 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 f 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 f§ 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 QO/V 4 ~ 8600 pm > guarantees the large spontaneous
emission rate> and gives rise to low threshold lasing. The
threshold for the micro-disk lasers on silicon ranges from 35
to 67 uW, with an average value of 50 uW, approximately
1.5 times the average value for lasers on the GaAs substrate
(33 uW). As the small diameter disks have limited area of
gain on the ground state transitions, a sufficiently high modal
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FIG. 4. Top view (a) and cross-
sectional view (b) of the simulated
electric field distribution of the TE; s
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 f
of 0.3. The fits to f§ 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
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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 1x10%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.?®

We also fabricated micro-disks with larger diameters of
4 and 5 um. Representative LL curves are presented in the
supplementary material.”” Figs. 5(a) and 5(b) plot the MDL

a b
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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.

1105 1170 1235
Wavelength (nm)

result from the linear fit to the LL curve.

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 um and 5 um 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 um on both GaAs and Si.
Compared with the recently reported subwavelength InAs QDs
micro-disk lasers on GaAs substrates under pulsed pumping,®
our micro-disks on silicon under CW operation exhibited even
lower lasing thresholds at the same working temperature of
10K and the same ratio of d/4=0.83 (d is the diameter of the
disk and 1 is the lasing wavelength). We expect that higher
performance can be achieved after increasing the quality and
density of QDs in the active region.”

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 uW 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



221101-5 Wan et al.

Institute for Manufacturing (AIM) Integrated Photonics, and
the U.S. Department of Energy NNSA Contract No. DE-
AC04-94AL85000. The authors would like to thank SUNY
Poly for providing the initial nano-patterned Si substrates,
Wuhan National Laboratory for Optoelectronics (WNLO)
for providing facilities to perform optical measurements, and
NFF and MCPF of HKUST for technical support. Helpful
discussions with C. Zeng, Y. Geng, and B. Shi are also
acknowledged.

'M. K. Smit, J. van der Tol, and M. T. Hill, Laser Photonics Rev. 6, 1-13
(2012).

M. T. Hill and M. C. Gather, Nat. Photonics 8(12), 908-918 (2014).

31 V. Campenhout, P. R. A. Binetti, P. R. Romeo, P. Regreny, C. Seassal,
X. J. M. Leijtens, T. de Vries, Y. S. Oei, R. P. J. van Veldhoven, R.
Notzel, L. D. Cioccio, J. Fedeli, M. K. Smit, D. V. Thourhout, and R.
Baets, IEEE Photonics Technol. Lett. 21, 522-524 (2009).

“N. V. Kryzhanovskaya, A. E. Zhukov, M. V. Maximov, E. I. Moiseev, I. I.
Shostak, A. M. Nadtochiy, Y. V. Kudashova, A. A. Lipovskii, M. M.
Kulagina, and S. I. Troshkov, IEEE J. Sel. Top. Quantum Electron. 21,
709-713 (2015).

SL. AL Coldren, S. W. Corzine, and M. L. Mashanovitch, Diode LASERS
and Photonic Integrated Circuits (Wiley, 2012).

Q. Song, H. Cao, S. T. Ho, and G. S. Solomon, Appl. Phys. Lett. 94,
061109 (2009).

I Y. Hsing, T. E. Tzeng, K. Y. Chuanga, T. S. Laya, M. Y. Kuob, Y. Y.
Tsaib, K. S. Hsub, and M. H. Shih, J. Cryst. Growth 323(1), 457-459
(2011).
8P. Michler, A. Kiraz, L. Zhang, C. Becher, E. Hu, and A. Imamoglu, Appl.
Phys. Lett. 77, 184 (2000).
°Q. Li, K. W. Ng, and K. M. Lau, Appl. Phys. Lett. 106, 072105 (2015).

10y, Liu, T. Wang, Q. Jiang, R. Hogg, F. Tutu, F. Pozzi, and A. Seeds, Nat.
Photonics 5, 416419 (2011).

Appl. Phys. Lett. 108, 221101 (2016)

A, Lee, Q. Jiang, M. Tang, A. Seeds, and H. Liu, Opt. Express 20(20),
2218122187 (2012).

2A. Y. Liu, C. Zhang, J. Norman, A. Snyder, D. Lubyshev, J. M. Fastenau,
A. W. K. Liu, A. C. Gossard, and J. E. Bowers, Appl. Phys. Lett. 104,
041104 (2014).

BA. Y. Liu, R. W. Herrick, O. Ueda, P. M. Petroff, A. C. Gossard, and J. E.
Bowers, IEEE J. Sel. Top. Quantum Electron. 21(6), 1900708 (2015).

AL Y. Liu, S. Srinivasan, J. Norman, A. C. Gossard, and J. E. Bowers,
Photonics Res. 3(5), B1I-B9 (2015).

I5T. Wang, H. Liu, A. Lee, F. Pozzi, and A. Seeds, Opt. Express 19(12),
1138111386 (2011).

165, M. Chen, M. C. Tang, J. Wu, Q. Jiang, V. G. Dorogan, M. Benamara,
Y. I. Mazur, G. J. Salamo, A. J. Seeds, and H. Liu, Electron. Lett. 50(20),
1467-1468 (2014).

7y. Wan, Q. Li, Y. Geng, B. Shi, and K. M. Lau, Appl. Phys. Lett 107,
081106 (2015).

18y, Wan, Q. Li, A. Y. Liu, A. C. Gossard, J. E. Bowers, E. L. Hu, and
K. M. Lau, Opt. Lett. 41(7), 1664 (2016).

YA, Y. Liu, C. Zhang, A. Snyder, D. Lubyshev, J. M. Fastenau, A. W. K.
Liu, A. C. Gossard, and J. E. Bowers, J. Vac. Sci. Technol., B 32(2),
02C108 (2014).

2W. W. Chow, A. Y. Liu, A. C. Gossard, and J. E. Bowers, Appl. Phys.
Lett. 107, 171106 (2015).

2IN. C. Frateschi and A. F. J. Levi, Appl. Phys. Lett. 66, 2932 (1995).

227, Ide, T. Baba, J. Tatebayashi, S. Iwamoto, T. Nakaoka, and Y. Arakawa,
Opt. Express 13(5), 1615-1620 (2005).

2A.C. Tamboli, E. D. Haberer, R. Sharma, K. H. Lee, S. Nakamura, and E.
L. Hu, Nat. Photonics 1, 61-64 (2007).

24C. Gies, J. Wiersig, M. Lorke, and F. Jahnke, Phys. Rev. A 75, 013803-11
(2007).

Y. Ye, Z. J. Wong, X. Lu, X. Ni, H. Zhu, X. Chen, Y. Wang, and X.
Zhang, Nat. Photonics 9(11), 733-737 (2015).

26K Srinivasan, M. Borselli, T. J. Johnson, P. E. Barclay, O. Painter, A.
Stintz, and S. Krishna, Appl. Phys. Lett. 86, 151106 (2005).

?TSee supplementary material at http://dx.doi.org/10.1063/1.4952600 for
representative LL curves of microdisk lasers with varied diameters.


http://dx.doi.org/10.1002/lpor.201100001
http://dx.doi.org/10.1038/nphoton.2014.239
http://dx.doi.org/10.1109/LPT.2009.2014391
http://dx.doi.org/10.1109/JSTQE.2015.2439156
http://dx.doi.org/10.1063/1.3081106
http://dx.doi.org/10.1016/j.jcrysgro.2010.12.064
http://dx.doi.org/10.1063/1.126918
http://dx.doi.org/10.1063/1.126918
http://dx.doi.org/10.1063/1.4913432
http://dx.doi.org/10.1038/nphoton.2011.120
http://dx.doi.org/10.1038/nphoton.2011.120
http://dx.doi.org/10.1364/OE.20.022181
http://dx.doi.org/10.1063/1.4863223
http://dx.doi.org/10.1109/JSTQE.2015.2418226
http://dx.doi.org/10.1364/PRJ.3.0000B1
http://dx.doi.org/10.1364/OE.19.011381
http://dx.doi.org/10.1049/el.2014.2414
http://dx.doi.org/10.1063/1.4929441
http://dx.doi.org/10.1364/OL.41.001664
http://dx.doi.org/10.1116/1.4864148
http://dx.doi.org/10.1063/1.4934838
http://dx.doi.org/10.1063/1.4934838
http://dx.doi.org/10.1063/1.114233
http://dx.doi.org/10.1364/OPEX.13.001615
http://dx.doi.org/10.1038/nphoton.2006.52
http://dx.doi.org/10.1103/PhysRevA.75.013803
http://dx.doi.org/10.1038/nphoton.2015.197
http://dx.doi.org/10.1063/1.1901810
http://dx.doi.org/10.1063/1.4952600

	l
	n1
	n2
	f1
	f2
	f3
	f4
	f5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27

