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PublishiBgctrically pumped on-chip C-band lasers would provide additional flexibility for silicon
photonics in the design of optoelectronic circuits. III-V quantum dots, benefiting from their
superior optical properties and enhanced tolerance to defects, have become the active
medium of choice for practical light sources monolithically grown on Si. To fully explore the
potentials of integrated lasers for silicon photonics in telecommainication and datacenter, we
report the realization of 1.5 pm room-temperature electrically\pumped III-V quantum dot
lasers epitaxially grown on complementary metal-oxide-semiconductor (CMOS)-standard
(001) Si substrates without offcut. A threshold current density of 1.6 kA/cm?, a total output
power exceeding 110 mW and operation up to 80 ®*Cundex pulsed current injection have been
achieved. These results arose from applying eur well-developed InAs/InAlGaAs/InP QDs on
low-defect-density InP-on-Si templates utilizing nano-patterned V-grooved (001) Si and
InGaAs/InP dislocation filters. This, demonStration marks a major advance for future

monolithic photonic integration omalarge-area and cost-effective Si platform.

Driven by the low-cost and-high-throtighput production of silicon-based CMOS infrastructures,
silicon photonics (SiPh) 1S«evelving rapidly addressing the growing demands for optical
communications' £ The “Si-Gt-silica platform has been used for monolithic integration of
modulators, filters; (de)multiplexers, splitters and detectors®. SiPh products involving these
componefifs have ‘already been commercialized™* in high-performance computing (HPC),
interc@nnects, telecommunications and sensors applications. Very recently, a dense integration of
photonicg with silicon nanoelectronics on a bulk CMOS Si chip has been announced’. Among all
these demonstrations, an efficient coherent light source is the only key component remaining
elugive for on-chip integration, due to the indirect-bandgap nature of silicon and germanium for

efficient lasers®. As an alternative to bonding, epitaxial growth of III-V materials on Si stands to
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Publishibgome a competitive solution as it potentially provides a low-cost solution for mass production’.
Recent efforts are devoted to perfecting the gain elements and defect engineering in III-V on Si

heteroepitaxy.

ITII-V quantum dots have proven superior optical properties and high AWO defects in lasers
directly grown on silicon®. GaAs-based QD lasers on Si in 1-1.3 3mnge have demonstrated
excellent performance with diverse designs’!!. However, t e‘x‘%ﬁg emission wavelength of
InAs/(In)GaAs based QDs beyond 1.3 pm has been challgnging :-gpeciﬁcally, development of
QD lasers on Si emitting at 1.55 pm band is importafit, for 0Oss transmission in mid/long-haul
communications and for compatibility with commexgial ]taum Doped Fibre Amplifiers (EDFAs)
to enable dense-wavelength division multiplexin DM). Our effort has been devoted to the
investigation of 1.55 pm-band emission t%@QDS embedded in InP-based alloys'>. A few
ternary/quaternary alloys lattice- tcl& InP are tunable to demonstrate lasing ranging from
1.2 to 2 um'3. We have previo%e the room-temperature (RT) optically-pumped C-band

QD laser on CMOS-standard(001) Si*®!7. To take a step further toward electrically pumped diode

£
defects due to ths/tru\ | fiismatches between I1I-V materials and Si. Especially for InP, the

lasers, two major challengesthave'to be carefully addressed. The first is associated with crystalline
c

lattice mism ch@th S1'1s ~ 8%, twice the mismatch between GaAs and Si (~ 4%). The second

issue originates from, the complex growth kinetics and the weak driving force for QD formation

on InP, Hv:/\hicg kes them more difficult to grow than InAs/GaAs QDs. In this work, by well

a dressusg se two major challenges, we demonstrate the room-temperature electrically-pumped

‘qués laser on (001) Si operating at the 1.5 pm telecom-band.
~
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FIG. 1. (a) Color-enhanced cross-sectio lme of the whole epitaxial structure. Cross-

\
sectional TEM images of (b) 3 stack Q.g)- iod InGaAs/InP SLSs with dislocation filtering

=
effects identified by red arrows, (¢)\2*2-umsthick GaAs intermediate buffer on nano-patterned V-
d)

grooved on-axis (001) Si substS\
the InP buffer on Si. Q
£
reparte

In contrast to mo (yWorks using 2-6° offcut Si towards (110) planes to prevent the

Plan-view TEM characterization of defect density of

formation of anti- }bqundaries (APBs)”!8, a specially manufactured V-grooved on-axis (001)

Si is ado edI; employment of (001)-oriented Si or silicon-on-insulator (SOI) wafers eases
the in(egfation photonic and electronic components in CMOS manufacturing infrastructures.

The™co epitaxial structure on Si is shown in the cross-sectional scanning electron
ic ¢ (SEM) in Fig. 1(a). Growing GaAs on Si V-grooves basically relaxes the misfit strain
S~

by, the formation of twinned stacking faults (SFs), which are aligned in the {111} nucleation planes

and mostly trapped by the Si ridges. The coalesced GaAs with fifteen periods of 5-nm
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Publishing ;GaosAs/5-nm GaAs superlattices (SLs) exhibits a smooth growth front and free of pinholes
or APBs. The GaAs buffer on V-grooved Si (Fig. 1(c)) shows a superior crystalline quality. During
the growth of InP buffer, threading dislocations (TDs), typically in the order of 10°-10'° cm™, are
nucleated from the hetero-interface of InP/GaAs. To further deter the Aslocations inside the InP
layer to propagate, ten periods of 10-nm Ino.sGao.4As/30-nm InP stfain layer Superlattices (SLSs)
were inserted to filter the dislocations and repeated for three tiN rated by 250 nm high-
temperature InP spacer. Detailed growth parameters and _E ?cfe'ﬁ-zations are provided in the
Supplementary. The dislocation filtering effect of the SQ?’lanifested by the cross-sectional
transmission electron microscopy (XTEM) in Fig. &b) Tfl'a Peach-Koehler force, determined by
the strain of InGaAs, will repel/guide the disloﬁiio{ ;r.a—ﬂly towards the edge of the sample and
parallel to the growth plane at the int fac}\feach SLS, resulting in the coalescence and
annihilation of dislocations. A low de &e\}svy (1.5%10% cm™) is characterized by plan-view

TEM in Fig. 1(d), one of the low&b&;&) ed defect density values for InP film grown on Si

substrates by metalorganic chemimior deposition (MOCVD)?. The InP template roughness

is reduced to below 2 n@ AFM scanning area of 10 x 10 um?, important for subsequent
QD epitaxy with ?d%yn geneity.

With room-teinperature photoluminescence (PL), effort has been made to minimize the QDs

inhomog@;) ening for the operation of InP-based QD lasers on Si. By capping the InAs
d

=
QDs %3 ottble-cap procedure and carefully tuning the thickness of each cap layer’!, the
0 izeg

-

tim -stack QDs on Si exhibit a multi-modal size distribution with the strongest peak

‘cegter at 1512 nm and a narrow linewidth of 61.6 meV (Fig. 2(a)). This PL FWHM is slightly
~
hi

22,23

er than the state-of-art values of QDs on InP substrates*>*°. Moreover, additional tuning of

the QDs growth parameters led to an over 4 times stronger peak PL intensity and 1.6 times
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Publishinigrower FWHM than the previous batch of QDs?!. Here, the multi-modal size distribution is

2425 rather than the effects of the stacking process, as

attributed to the non-uniformity of QD sizes
evidenced by the multi-peak PL spectrum of single layer QDs in Fig. 2(a). Nevertheless,

inhomogeneous broadening is still observed when stacking these ?68, as evidenced by the

narrower FWHM of 47.2 meV for single layer QDs. More studies n‘ﬂ? QD size distribution are
carried out in Supplementary. The coherent multi-stack QDs on%?,\th\a

terized by atomic force
microscopy (AFM) in the inset of Fig. 2(a), present a QD der%‘%j x 10'% cm™. Leveraging

ﬂ
the well-developed QDs on high quality InP-on-Si, a diode las§ structure containing five layers

-

of InAs/InAlGaAs QDs was grown, showing a SIIK e with root mean square (RMS) value
;

of 1.4 nm and a desirable morphology (Fig. 2($K

R RMS=1.4 nm
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FIG. (Qﬁfrmalized room-temperature photoluminescence spectra of 1 and 5 layers of QDs
ﬁ

Normalized PL intensity (a.u.) o

O0nm

active re%ion grown on Si. Inset shows an AFM image of the top layer QDs with a density of 4.5

W}O\cm'z. (b) AFM image of the as-grown QD laser on silicon, showing a smooth surface with

an S value of 1.4 nm.
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FIG. 3. (a) Sche@n As/InAlGaAs/InP QD laser on a silicon substrate. (b) SEM overview

of the co laser on (001) silicon.

mple
£
With the"InA 1GaAs/InP QDs on (001) Si epitaxial laser structure, ridge waveguide edge-

emitting was processed by standard photolithography, dry-etch and metallization techniques.
he“fac

T

\ S

hitecture. The “top-top” contact geometry is designed to bypass the defective I1I-V/Si interface

s were cleaved and left uncoated. Fig. 3(a) schematically shows the diode laser

for efficient electrons and holes injection. Thus, a dry-etch process to expose the n-InP layer needs
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Publishiegeful optimizations for a good n-type contact. Detailed fabrication parameters are provided in
Supplementary. An overview SEM image of a completed device with 8§ pm waveguide width is

presented in Fig. 3b. A very clean and mirror-like facet has been achieved, which is essential for

minimized cavity loss. /\
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FIG. {&:\Lfﬁ/ characteristics for three InAs/InAlGaAs/InP QD lasers grown on (001) Si
substratewunder pulsed operation at RT. (¢) Emission spectra for a 10 um x 1,000 pm device at
various i% ection current. (d) Threshold current density distribution of optimized QD lasers on InP
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Publishi@®aved laser bars were tested at room-temperature under pulsed current injection. Representative
light-current-voltage (LIV) characteristics for three different laser cavity sizes are shown in Figs.
4(a) and 4(b). The turn-on voltage of the QD laser diode on (001) Si is 0.7 V, and as the ridge
width becomes narrower, the series resistance rises slightly but all faz/in the range of 5-8 Q. A
threshold current density Ji of 1.6 kA/cm? (320 A/cm? per QD lay, r)?’m a S\mm x 10 um laser
can be extrapolated according to the kink on the L-I curve. NN turation was observed
when the output power reached 57 mW per facet, corres 9_2 ? a'tetal output power exceeding

110 mW. Statistical threshold data of all tested devices age pre%:nted in Supplementary Fig. S4.

The electroluminescence (EL) spectra from one

n(m.X 1‘0)}11’11 QD laser on (001) Si at different
| -

injection currents are shown in Fig. 4(c). For a*fair evaluation of threshold difference between QD

lasers grown on (001) Si and native InP Sé%ikboth categories of devices with different cavity

widths were subjected to pulsed meas a'nﬁnk should be pointed out that QD lasers grown on

InP can operate under continuous—vw ing at room-temperature. As shown in Fig. 4(d), the

threshold densities of QD lasers ohﬁveragely two times higher than those on InP, suggesting
further improvement of, I(@? templates is needed. Meanwhile, the threshold current densities
of QD lasers and ?r%ﬁy eported QW lasers on Si*® with the same configurations are also

compared in F'%Nowmg an average threshold reduction of 1.6 times for QD lasers. This

suggests the QDs active medium as a promising candidate for lasers monolithically
grownonSi. The kfsing wavelength tunability from 1478 nm to 1523 nm in different cavity lengths

is dem tratéd and discussed in detail in Supplementary.

)
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FIG. 5. (a) Light output power versus current fgr-a 2 x 1,000 pm device at various

G

temperatures. (b) Threshold current and slope efficigncy Lh}nge as a function of temperature. The

characteristics temperature is extracted to be

b

Temperature-dependent characteristic

w;%\s&jed for these 1.5 um diode lasers grown on (001)

o
Si, as the capability to operate at eleg\ temperatures is a critical criterion for on-chip lasers. Fig.

5(a) shows a set of LI curves m&\ﬁhﬂom 20°C to 85°C. A slope efficiency droop and obvious
power saturation aroun@:s/facet are noted at 80°C. The characteristic temperature To is
estimated to be 58. %} , which is a reasonable value for InAs/InAlGaAs/InP QD lasers.
i ZnWe

D

The To value to be dramatically increased by p-type modulation doping®’. To
velength stability, which is another superiority expected from QDs, primary

investigate s£he
. £ .
lasing Wave gths' versus temperature was also measured (Supplementary Fig. S5). An average

temperatuge c)efﬁcient A%~ 0.3 nm/K can be obtained, which is even smaller compared to those

'Qg lasers on InP substrate'*?®. The laser performances are not yet on par with GaAs-based 1.3 pm
=
Q

lasers on Si due to the intrinsic difficulties discussed above. Therefore, on-going work will be

first focused towards continuous-wave (CW) operation by adopting the tunnel injection structures,

10
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Publishitmgwhich QDs are separated from an InGaAs QW by the ultrathin InAlGaAs barrier for more
efficient carrier injection”. Also, increasing the Indium composition in the InGaAs interlayers to
introduce a larger strain field would be beneficial for enhanced dislocation filtering. Additional
structures like slotted grating couplers®® can be adopted forcing the li%% down from the epitaxial

laser to the Si waveguide to integrate with the existing SiPh circuitg. 3

In summary, by harnessing nano-patterned V-grooved (00 Sﬁnd GaAs/InP SLS for defect
reduction and InAs/InAlGaAs QDs as the gain media, we ::realized the 1.5 um long
wavelength QD diode lasers epitaxially grown on C 6dsgndgrd (001) Si. Pulsed operation with
a low threshold current density of 1.6 kA/cm?, a total out@) power exceeding 110 mW and lasing
up to 80 °C have been demonstrated. More iﬁ'foq iveomparisons between QD lasers on Si and

in lasers epitaxially grown on Si. Qur indicate that, the large mismatch between InP and Si

those on InP as well as QW laser counterpa }Tare conducted, to verify the suitability of QDs

is no longer a fundamental lim m.n\r onolithically integrating practical lasers and other III-

V elements on Si-Ge-silic form by*the heteroepitaxy approach. The technology to grow large-
area high-quality InP on Si a fers a possibility to adopt Si as a low-cost scalable substrate and

Y.
leverage the suite{(x uc/s and processes already commercialized in InP PICs*!. Furthermore,
the utilization of bulk OS (001) Si wafers also demonstrate a great stride in the evolution

towards monolithictphotonic and electronic integration on the silicon-based microelectronics

V.
platfo@gc t-effective solution and abundant supply chain.
-

S lem}ntary material
§ “supplementary material for detailed growth and fabrication methods and laser

characterizations.
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