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ABSTRACT

GeSn alloys have been regarded as a potential lasing material for a complementary metal-oxide-semiconductor-compatible light source.
Despite their remarkable progress, all GeSn lasers reported to date have large device footprints and active areas, which prevent the realization
of densely integrated on-chip lasers operating at low power consumption. Here, we present a 1D photonic crystal nanobeam with a very
small device footprint of 7 um* and a compact active area of ~1.2 um* on a high-quality GeSn-on-insulator substrate. We also report that
the improved directness in our strain-free nanobeam lasers leads to a lower threshold density and a higher operating temperature compared
to the compressive strained counterparts. The threshold density of the strain-free nanobeam laser is ~18.2kW c¢m ™ at 4 K, which is signifi-
cantly lower than that of the unreleased nanobeam laser (~38.4kW cm > at 4K). Lasing in the strain-free nanobeam device persists up to
90K, whereas the unreleased nanobeam shows quenching of lasing at a temperature of 70 K. Our demonstration offers an avenue toward

developing practical group-IV light sources with high-density integration and low power consumption.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0066935

A practical group-IV light source is an indispensable component
that has long been pursued to realize fully functional photonic-
integrated circuits (PICs)."” Since the first demonstration of Ge-based
lasers,” there have been intensive research activities to realize Ge-based
lasers by employing various methods including heavy n-type doping™”
and strain engineering.” ' More recently, GeSn alloys have shown great
promise as potential complementary metal-oxide-semiconductor
(CMOS)-compatible lasing materials because of their direct bandgap
achieved at a high enough Sn content.'” '® The first demonstration of
optically pumped lasing in GeSn from a Fabry-Pérot type waveguide
showed a lasing threshold density of 325kW cm ™ at 20K."” However,
the threshold density of this laser was too high for most practical appli-
cations. Since then, relentless efforts have been made to increase the Sn
content for improving the GeSn laser performance.'®'®** Recently, an
operating temperature of 270 K in 20 at. % Sn content has been reported

by Zhou et al.”' Although the operation is approaching room tempera-
ture, the high lasing threshold density of 364kW c¢m 2 of this GeSn
laser still limits its practicality. More recently, Elbaz et al. presented a
low threshold density of 0.8 kW cm ™~ at 25K in a GeSn microdisk laser
by combining tensile strain and the material quality advantages of low-
Sn-content alloys.”” Several studies have also proposed various
approaches to improve the lasing threshold and operating temperature
of GeSn lasers such as multi-quantum wells” ** and defect manage-
ment.”” Despite these remarkable achievements, the large active areas
and device footprints of the aforementioned lasers require high power
consumption and also limit a dense integration of lasers on a chip,
which is an obstacle for the realization of energy-efficient light sources
densely integrated on PICs.”

Thanks to their capability to achieve small mode volumes (V)
and high quality (Q-) factors, photonic-crystal (PC) nanocavities have
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been regarded as a promising platform for realizing compact and
energy-efficient laser sources.”’ " While a two-dimensional (2D) PC
laser has recently been reported,” the large area of the air hole array in
the cavity (~900 um?) still restricts the realization of high-density
integration. On the other hand, one-dimensional (1D) PC lasers may
fulfill all the above-mentioned requirements for on-chip laser sources
such as small footprints and low power consumption.’” *’ Despite
these remarkable advantages, there has not been any demonstration of
a 1D PClaser in GeSn.

In this work, we demonstrate a GeSn-based 1D PC nanobeam
laser with a very small device footprint of 7 um? Using a high-quality
GeSn-on-insulator (GeSnOI) substrate allows releasing the limiting
compressive strain, thus improving the threshold and operating tem-
perature in our nanobeam. Pump-power-dependent photolumines-
cence (PL) studies show a threshold density of 18.2kW cm % at 4K
for the released strain-free GeSn nanobeam, which is ~2 times lower
than that of the unreleased GeSn nanobeam with compressive strain.
The improved bandgap directness in the released GeSn nanobeam
also enabled lasing action at higher operating temperatures up to 90 K
compared to the unreleased laser device (<70K). Our achievements
pave the way toward practical laser sources with dense integration and
extremely low power consumption for CMOS-compatible PICs.

Figure 1(a) presents a cross-sectional transmission electron
microscopy (TEM) image of the fabricated GeSnOI substrate. An epi-
taxially grown GeSn layer with a Sn content of 10.6 at. % was grown
on a Si substrate with a Ge layer as a buffer using low-pressure chemi-
cal vapor deposition (LPCVD). Direct wafer bonding was performed
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to produce the GeSnOI substrate. Chemical-mechanical polishing
(CMP) was used to remove the top defective layer, which was origi-
nally the interface between Ge and GeSn. After the entire process was
completed, a high-quality GeSn layer with a thickness of 550 nm was
obtained on a substrate comprising of Al,O3, SiO,, and Si. The bond-
ing process used in this study was optimized at a temperature lower
than 225 °C to avoid Sn segregation in the GeSn layer.

To see the effect of the released compressive strain on the lasing
characteristics, we investigated unreleased and released 1D PC nano-
beams as schematically shown in Fig. 1(b). The PC nanobeam struc-
ture was patterned by electron-beam lithography (EBL), followed by
Cl, dry etch with reactive ion etching (RIE) to transfer the pattern to
the GeSn layer for the unreleased nanobeams [left panel, Fig. 1(b)]. To
fabricate the released nanobeams [right panel, Fig. 1(b)], the Al,O;
layer underneath the GeSn layer was selectively wet-etched with 30 wt.
% potassium hydroxide (KOH) at 80 °C. The sample was subsequently
rinsed in de-ionized water and dried, which allowed the released nano-
beam to be brought into contact with the SiO, layer owing to the capil-
lary forces. The limiting compressive strain in GeSn can be
significantly relaxed during the undercut process while the contact
with the SiO, layer allows for adequate thermal management and
strong optical confinement simultaneously.”’ To confirm the relaxa-
tion of compressive strain in the released nanobeam, Raman spectros-
copy was conducted. For Raman spectroscopy measurements, a
532-nm laser was focused on the nanobeam using the X100 objective
lens. The laser power was kept low (160 uW) to minimize any
heating effect, which is evidenced in the pump-power-dependent

Released

Min T Max

FIG. 1. (a) Cross-sectional TEM image of the GeSnOl substrate. Scale bar, 200 nm. (b) Schematics of the unreleased (left) and released (right) nanobeams. (c) Raman spec-
tra of the unreleased and released nanobeams (bulk Ge for reference). (d) Tilted view SEM image of the released nanobeam. Scale bar, 2 um. The magnified SEM image
taken at a different angle is shown in the inset. Scale bar, 1 um. (e) Electric field profile (£, component) of the nanobeam, simulated by using the FDTD method.
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measurements (Fig. S1, supplementary material). Figure 1(c) shows
the experimentally measured Raman spectra of the fabricated devices
at the center of the nanobeam. The Raman spectrum of a bulk Ge sub-
strate is shown for reference. We observed a Raman peak shift of
~1.2cm ™! between the unreleased (~293.8 cm™") and released nano-
beams (~292.6 cm™") due to the strain relaxation. The corresponding
intrinsic compressive strain is calculated to be —0.23% by using a
Raman-strain shift coefficient of 521 cm™".** Figure 1(d) presents a
scanning electron microscopy (SEM) image of the released 1D PC
nanobeam. The width (w) and length (/) of the nanobeam are 700 nm
and 10 um, respectively, making the device footprint as small as 7
pm?. The PC cavity contains periodic air holes along the nanobeam
with a fixed lattice constant (a) of 350 nm and three missing air holes
at the center of the beam. To reduce the scattering losses in the cavity
by providing a gradual refractive index variation, the radius of the
inner (r;) and outer (r,) air holes are designed to be 0.16a and 0.31a,
respectively. The electric field profile (E,) of the mode was simulated
by the finite-difference time-domain (FDTD) method, as shown in
Fig. 1(e). A strong optical confinement in the PC cavity is observed,
and the calculated Q-factor and V,,, are 14600 and 0.76(1/n)>, respec-
tively. The resonance wavelength and the refractive index in simula-
tion are 2194.08 nm and 4.25, respectively.

We performed PL measurements to analyze and compare the las-
ing characteristics of the unreleased and released nanobeams. The
samples were mounted into a helium cryostat, which operates at a
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temperature range between 4 and 300K. The two nanobeams were
then optically pumped by a pulsed laser with a wavelength of 1550-
nm, a repetition rate of 1 MHz, and a pulse width of 5ns. A x15
reflective objective lens was utilized to produce a laser spot size of
~13 um and to collect the PL signal. The collected PL signal was
guided to a Fourier transform infrared (FTIR) spectrometer with a
spectral resolution of ~0.15 nm and detected by an InGaAs detector.
Figures 2(a) and 2(b) present power-dependent PL spectra of
unreleased and released nanobeams, respectively. The measurement
was performed at a temperature of 4 K. The lasing modes at ~2135
and ~2204 nm are observed for unreleased and released nanobeams,
respectively. We confirm that the emission from both nanobeams is
attributed to the direct bandgap transition by comparing the experi-
mentally obtained emission peak position and the calculated emission
wavelengths for different strain values (Fig. S2, supplementary mate-
rial). The redshift of the PL signal from the unreleased to the released
nanobeam is attributed to the decreased direct bandgap energy in the
released nanobeam with lower compressive strain.'” The released
nanobeam reveals an onset of lasing with a pump power density of
14.5KkW cm 2 [green curve in Fig. 2(b)], whereas the unreleased nano-
beam only shows a broad spontaneous emission spectrum even at a
higher pump power density of 16.3kW cm 2 [black curve in
Fig. 2(a)]. In Fig. 2(c), we show the light-in-light-out (L-L) curves of
both unreleased and released nanobeams to compare the lasing
characteristics. The double-logarithmic plots in the inset show typical
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FIG. 2. PL spectra measured at 4 K for the (a) unreleased and (b) released nanobeams under various pumping powers. (c) L-L curves for the unreleased and released nano-
beams. Corresponding double-logarithmic plot is shown in the inset. (d) FWHM vs pump power density for the unreleased and released nanobeams at 4 K.
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FIG. 3. (a) Normalized PL spectra of the unreleased and released nanobeams at 70 K.

The double-logarithmic plot for the same dataset is shown in the inset.

S-shaped curves for both devices, implying clear lasing behaviors. The
threshold densities of 38.4 and 18.2 kW cm ™ are measured for the unre-
leased and released nanobeams, respectively. The reduced threshold in
the released nanobeam can be attributed to the improved directness
owing to the absence of compressive strain. The increased directness
leads to a larger electron population in the direct I conduction valley,
resulting in a higher optical gain.”’ Figure 2(d) presents the full-width at
half-maximum (FWHM) of both nanobeams as a function of the pump
power density. Both devices show a reduction in the FWHM from ~2.5
to ~0.8 nm, which provides further evidence of lasing.

Figure 3(a) shows normalized PL spectra of the unreleased (blue
curve) and released (red curve) nanobeams. The measurement tem-
perature and the pump power density were 70 K and 50.6 kW cm ™2,
respectively. While the lasing action persists in the released nanobeam,
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(b) Power-dependent PL spectra of the unreleased and released nanobeams at 70 K.

only a broad spontaneous emission is observed for the unreleased
nanobeam. The contrasting behaviors of the two nanobeams can also
be observed from the L-L curves, as shown in Fig. 3(b). A clear lasing
behavior of the released nanobeam can be evidenced by the S-shaped
curve in the inset of Fig. 3(b). In contrast, the absence of lasing in the
unreleased nanobeam is revealed by the linearity of the L-L curve for
all pumping powers. The higher operating temperature of the released
nanobeam is attributed to the improved directness of the released
nanobeam, which is explained in more detail in the next paragraph.
The lasing characteristics of the released nanobeam were further
investigated with temperature-dependent PL measurements, as shown
in Fig. 4(a). The PL spectra were taken with a fixed pump power den-
sity of 33.7kW cm ™ ? at various temperatures between 4 and 110 K.
The intensity of the lasing mode is decreased at higher temperatures,
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FIG. 4. (a) Temperature-dependent PL spectra of the released nanobeam under a pump power density of 33.7 KW cm=2. (b) L-L curves for the released nanobeam measured
at various temperatures. Corresponding double-logarithmic plot is shown in the inset. (c) Optical net gain for various temperatures at injected carrier densities of 1.0 x 10"

(yellow), 5.0 x 10" (orange), and 1.0 x 10"®cm— (red).
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and only a broad spontaneous emission is observed at 110K (black
curve). Figure 4(b) presents L-L curves obtained for the same temper-
ature range. The inset is plotted on double-logarithmic scales for the
same dataset. Typical non-linear S-shaped curves are acquired at tem-
peratures up to 90K, whereas the integrated intensity grows linearly
with increasing pump power at 110K. We conducted theoretical
modeling using the k-p method for GeSn with a Sn content of 10.6 at.
% to further study the quenching of lasing at 110K. Figure 4(c)
presents optical net gains as a function of the temperature with
injected carrier densities of 1.0 x 10'7, 5.0 x 10'7,and 1.0 x 10'®cm 2,
which correspond to pump power densities of 3.8, 18.7, and 37.4 kW
cm™?, respectively. The calculations show that the net gain increases at
higher pump powers but decreases with increasing device temperature.
Quenching of lasing occurred below 180K although the positive net
gain remains up to ~180K at an injected carrier density of
1.0 x 10'® cm™. The quenched lasing behavior at 110K can be attrib-
uted to the reduced carrier density in the I' conduction valley at ele-
vated temperatures and activation of the nonradiative process,
resulting in a decreased optical net gain.'>****

In summary, we have demonstrated lasing characteristics of 1D
PC nanobeams fabricated on a GeSnOlI substrate with a very small
device footprint of 7 um®. An improved directness enabled by releas-
ing the limiting compressive strain allowed achieving a lower threshold
density of 18.2kW cm™ 2 at 4 K compared to the unreleased nanobeam
laser exhibiting a threshold density of 38.4kW cm ™ at the same tem-
perature. The released nanobeam showed clear lasing behavior up to
90 K, whereas the unreleased nanobeam stopped lasing at a tempera-
ture lower than 70 K. The device configuration we demonstrate in this
work may be particularly useful in achieving electrically driven GeSn
lasers operating at a low power consumption, because the small active
area of the 1D PC nanobeam lasers requires a very low current injec-
tion to make the active gain medium transparent.” Electrical injection
can be easily achieved in our nanobeam structure through the lateral
p-i-n junction design as demonstrated by Shambat et al.”> We believe
that our demonstration provides opportunities to realize practical laser
sources with dense integration and low power consumption for
CMOS-compatible PICs.

See the supplementary material for pump-power-dependent
Raman spectroscopy and simulated directness and emission
wavelength.

The research of the project was in part supported by Ministry
of Education, Singapore, under Grant No. AcRF TIER 1 2019-T1-
002-050 [RG 148/19 (S)]. The research of the project was also
supported by Ministry of Education, Singapore, under Grant No.
AcRF TIER 2 [MOE2018-T2-2-011 (S)]. This work was also
supported by the National Research Foundation of Singapore
through the Competitive Research Program (No. NRF-CRP19-
2017-01). This work was also supported by the National Research
Foundation of Singapore through the NRF-ANR Joint Grant (No.
NRF2018-NRF-ANR009 TIGER). This work was also supported by
the iGrant of Singapore AxSTAR AME IRG (No. A2083c0053).
O.M. acknowledges support from NSERC Canada (Discovery, SPG,
and CRD Grants), Canada Research Chairs, Canada Foundation for
Innovation, Mitacs, PRIMA Québec, and Defence Canada
(Innovation for Defence Excellence and Security, IDEaS). The

ARTICLE scitation.org/journal/apl

authors would like to acknowledge and thank the Nanyang
NanoFabrication Centre (N2FC).

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions
H.-].J. and Y.K. contributed equally to this work.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

'R, Soref, IEEE J. Sel. Top. Quantum Electron. 12, 1678 (2006).

27. Zhou, B. Yin, and J. Michel, Light: Sci. Appl. 4, €358 (2015).

3J. Liu, X. Sun, R. Camacho-Aguilera, L. C. Kimerling, and J. Michel, Opt. Lett.
35, 679 (2010).

“R. E. Camacho-Aguilera, Y. Cai, N. Patel, J. T. Bessette, M. Romagnoli, L. C.
Kimerling, and J. Michel, Opt. Express 20, 11316 (2012).

SR. Koerner, M. Ochme, M. Gollhofer, M. Schmid, K. Kostecki, S. Bechler, D.
Widmann, E. Kasper, and J. Schulze, Opt. Express 23, 14815 (2015).

®D. Nam, D. S. Sukhdeo, J. H. Kang, J. Petykiewicz, J. H. Lee, W. S. Jung, J.
Vuckovi¢, M. L. Brongersma, and K. C. Saraswat, Nano Lett. 13, 3118 (2013).

7M. J. Siiess, R. Geiger, R. A. Minamisawa, G. Schiefler, J. Frigerio, D. Chrastina,
G. Isella, R. Spolenak, J. Faist, and H. Sigg, Nat. Photonics 7, 466 (2013).

8], Petykiewicz, D. Nam, D. S. Sukhdeo, S. Gupta, S. Buckley, A. Y. Piggott, J.
Vuckovi¢, and K. C. Saraswat, Nano Lett. 16, 2168 (2016).

°F. T. Armand Pilon, A. Lyasota, Y. M. Niquet, V. Reboud, V. Calvo, N. Pauc, .
Widiez, C. Bonzon, J. M. Hartmann, A. Chelnokov, J. Faist, and H. Sigg, Nat.
Commun. 10, 2724 (2019).

104, Elbaz, M. E. Kurdi, A. Aassime, S. Sauvage, X. Checoury, I. Sagnes, C.
Baudot, F. Boeuf, and P. Boucaud, APL Photonics 3, 106102 (2018).

TS, Bao, D. Kim, C. Onwukaeme, S. Gupta, K. Saraswat, K. H. Lee, Y. Kim, D.
Min, Y. Jung, H. Qiu, H. Wang, E. A. Fitzgerald, C. S. Tan, and D. Nam, Nat.
Commun. 8, 1845 (2017).

12R. Chen, H. Lin, Y. Huo, C. Hitzman, T. I. Kamins, and J. S. Harris, Appl. Phys.
Lett. 99, 181125 (2011).

135, Assali, J. Nicolas, S. Mukherjee, A. Dijkstra, and O. Moutanabbir, Appl. Phys.
Lett. 112, 251903 (2018).

0. Moutanabbir, S. Assali, X. Gong, E. O'Reilly, C. A. Broderick, B. Marzban, J.
Witzens, W. Du, S. Q. Yu, A. Chelnokov, D. Buca, and D. Nam, Appl. Phys.
Lett. 118, 110502 (2021).

155, Assali, M. Elsayed, J. Nicolas, M. O. Liedke, A. Wagner, M. Butterling, R.
Krause-Rehberg, and O. Moutanabbir, Appl. Phys. Lett. 114, 251907 (2019).

16S. Gupta, B. Magyari-Kope, Y. Nishi, and K. C. Saraswat, J. Appl. Phys. 113,
073707 (2013).

17, Wirths, R. Geiger, N. Von Den Driesch, G. Mussler, T. Stoica, S. Mantl, Z.
Ikonic, M. Luysberg, S. Chiussi, J. M. Hartmann, H. Sigg, J. Faist, D. Buca, and
D. Griitzmacher, Nat. Photonics 9, 88 (2015).

18y, Reboud, A. Gasseng, N. Paug, J. Aubin, L. Milord, Q. M. Thai, M. Bertrand, K.
Guilloy, D. Rouchon, J. Rothman, T. Zabel, F. Armand Pilon, H. Sigg, A.
Chelnokov, J. M. Hartmann, and V. Calvo, Appl. Phys. Lett. 111, 092101 (2017).

19Q. M. Thai, N. Pauc, J. Aubin, M. Bertrand, J. Chrétien, V. Delaye, A. Chelnokov,
J.-M. Hartmann, V. Reboud, and V. Calvo, Opt. Express 26, 32500 (2018).

20D, Stange, S. Wirths, R. Geiger, C. Schulte-Braucks, B. Marzban, N. V. Den
Driesch, G. Mussler, T. Zabel, T. Stoica, J]. M. Hartmann, S. Mantl, Z. Ikonic,
D. Griitzmacher, H. Sigg, J. Witzens, and D. Buca, ACS Photonics 3, 1279
(2016).

2lY. Zhou, W. Dou, W. Du, S. Ojo, H. Tran, S. A. Ghetmiri, J. Liu, G. Sun, R.
Soref, J. Margetis, J. Tolle, B. Li, Z. Chen, M. Mortazavi, and S. Q. Yu, ACS
Photonics 6, 1434 (2019).

Appl. Phys. Lett. 119, 201101 (2021); doi: 10.1063/5.0066935
Published under an exclusive license by AIP Publishing

119, 201101-5



Applied Physics Letters

22]. Margetis, S. Al-Kabi, W. Du, W. Dou, Y. Zhou, T. Pham, P. Grant, .
Ghetmiri, A. Mosleh, B. Li, J. Liu, G. Sun, R. Soref, J. Tolle, M. Mortazavi, and
S. Q. Yu, ACS Photonics 5, 827 (2018).

25A. Flbaz, D. Buca, N. von den Driesch, K. Pantzas, G. Patriarche, N.
Zerounian, E. Herth, X. Checoury, S. Sauvage, I. Sagnes, A. Foti, R. Ossikovski,
J. M. Hartmann, F. Boeuf, Z. Ikonic, P. Boucaud, D. Griitzmacher, and M. El
Kurdi, Nat. Photonics 14, 375 (2020).

245 Chrétien, N. Pauc, F. Armand Pilon, M. Bertrand, Q. M. Thai, L. Casiez, N.
Bernier, H. Dansas, P. Gergaud, E. Delamadeleine, R. Khazaka, H. Sigg, J. Faist,
A. Chelnokov, V. Reboud, J. M. Hartmann, and V. Calvo, ACS Photonics 6,
2462 (2019).

25N. von den Driesch, D. Stange, D. Rainko, I. Povstugar, P. Zaumseil, G.
Capellini, T. Schroder, T. Denneulin, Z. Ikonic, J. M. Hartmann, H. Sigg, S.
Mantl, D. Griitzmacher, and D. Buca, Adv. Sci. 5, 1700955 (2018).

26, Stange, N. von den Driesch, D. Rainko, S. Roesgaard, I. Povstugar, J.-M.
Hartmann, T. Stoica, Z. Ikonic, S. Mantl, D. Griitzmacher, and D. Buca, Optica
4,185 (2017).

27W. Du, S. A. Ghetmiri, J. Margetis, S. Al-Kabi, Y. Zhou, J. Liu, G. Sun, R. A. Soref,
J. Tolle, B. Li, M. Mortazavi, and S. Q. Yu, J. Appl. Phys. 122, 123102 (2017).

28N. von den Driesch, D. Stange, S. Wirths, D. Rainko, 1. Povstugar, A. Savenko,
U. Breuer, R. Geiger, H. Sigg, Z. Ikonic, ]. M. Hartmann, D. Griitzmacher, S.
Mantl, and D. Buca, Small 13, 1603321 (2017).

294, Elbaz, R. Arefin, E. Sakat, B. Wang, E. Herth, G. Patriarche, A. Foti, R.
Ossikovski, S. Sauvage, X. Checoury, K. Pantzas, I. Sagnes, J. Chrétien, L.
Casiez, M. Bertrand, V. Calvo, N. Pauc, A. Chelnokov, P. Boucaud, F. Boeuf, V.
Reboud, J. M. Hartmann, and M. E. Kurdi, ACS Photonics 7, 2713 (2020).

30T, Zhou, M. Tang, G. Xiang, B. Xiang, S. Hark, M. Martin, T. Baron, S. Pan, J.
S. Park, Z. Liu, S. Chen, Z. Zhang, and H. Liu, Nat. Commun. 11, 977 (2020).

31Y. Akahane, T. Asano, B. S. Song, and S. Noda, Nature 425, 944 (2003).

ARTICLE scitation.org/journal/apl

32M. K. Seo, K. Y. Jeong, J. K. Yang, Y. H. Lee, H. G. Park, and S. B. Kim, Appl.
Phys. Lett. 90, 171122 (2007).

33H. G. Park, S. H. Kim, S. H. Kwon, Y. G. Ju, J. K. Yang, J. H. Back, S. B. Kim,
and Y. H. Lee, Science 305, 1444 (2004).

34B. Ellis, M. A. Mayer, G. Shambat, T. Sarmiento, J. Harris, E. E. Haller, and J.
Vuckovi¢, Nat. Photonics 5,297 (2011).

35Q. M. Thai, N. Pauc, J. Aubin, M. Bertrand, J. Chrétien, A. Chelnokov, J. M.
Hartmann, V. Reboud, and V. Calvo, Appl. Phys. Lett. 113, 051104 (2018).

36y, Gong, B. Ellis, G. Shambat, T. Sarmiento, J. S. Harris, and J. Vuckovic, Opt.
Express 18, 8781 (2010).

37y, Zhang, M. Khan, Y. Huang, J. Ryou, P. Deotare, R. Dupuis, and M. Lon¢ar,
Appl. Phys. Lett. 97, 051104 (2010).

38K, Y. Jeong, Y. S. No, Y. Hwang, K. S. Kim, M. K. Seo, H. G. Park, and Y. H.
Lee, Nat. Commun. 4, 2822 (2013).

39T, W. Lu, L. H. Chiu, P. T. Lin, and P. T. Lee, Appl. Phys. Lett. 99, 071101
(2011).

40 Karnadi, J. Son, J.-Y. Kim, H. Jang, S. Lee, K. S. Kim, B. Min, and Y.-H. Lee,
Opt. Express 22, 12115 (2014).

“p. Burt, H.-J. Joo, Y. Jung, Y. Kim, M. Chen, Y. C. Huang, and D. Nam, Opt.
Express 29, 28959-28967 (2021).

424 Gasseng, L. Milord, J. Aubin, N. Pauc, K. Guilloy, J. Rothman, D. Rouchon,
A. Chelnokov, J. M. Hartmann, V. Reboud, and V. Calvo, Appl. Phys. Lett.
110, 112101 (2017).

“3D. Sukhdeo, Y. Kim, S. Gupta, K. Saraswat, B. Dutt, and D. Nam, IEEE
Electron Device Lett. 37, 1307 (2016).

44Y. Kim, S. Assali, D. Burt, Y. Jung, H.-J. Joo, M. Chen, Z. Ikonic, O.
Moutanabbir, and D. Nam, arXiv:2106.08874 (2021).

“5G. Shambat, B. Ellis, J. Petykiewicz, M. A. Mayer, T. Sarmiento, J. Harris, E. E.
Haller, and J. Vukovi, Appl. Phys. Lett. 99, 071105 (2011).

Appl. Phys. Lett. 119, 201101 (2021); doi: 10.1063/5.0066935
Published under an exclusive license by AIP Publishing

119, 201101-6



	f1
	f2
	f3
	f4
	l
	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
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45

