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Publishing Abstract

We report continuous-wave lasing from InP/InGaAs nano-ridges grown on patterned (001) Si

substrate by aspect ratio trapping. Multi-InGaAs ridge quantum wellsgside InP nano-ridges are

5%bxdcrystalline quality

and optical property of the InGaAs QWs are attested by transmission electron microscopy and

designed as active gain materials for emission in the 1500 nm band

micro-photoluminescence measurements. After transfer o thé)nP/I aAs nano-ridges onto a
'h\

—

Si02/Si substrate, amplified Fabry-Perot resonant modés at room.temperature and multi-mode

lasing behavior in the 1400 nm band under continuov(s—?wave tcal pumping at 4.5 K are observed.

)

This result thus marks an important step towards«integeating InP/InGaAs nano-lasers directly
‘gm.

grown on microelectronic standard (001) Si s
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Publishing Semiconductor nanowires are emerging as ideal building blocks for ultra-compact
optoelectronic devices with low-energy dissipation.! As a result of axially guided optical modes
and feedback provided by end-facets, lasing behaviors have been observed in various II-VI and

I1I-V compound semiconductor nano-structures.”'® In particular, inél(um phosphide (InP) and

indium gallium arsenide (InGaAs) nano-lasers, emitting at silico (Swrent wavelengths,
St

show great promise to fill a key missing on-chip component 1 otonics based optical

interconnects.'’?! However, most of the previously demonstr }I'frPﬂnGaAs nano-lasers operate
—

under pulsed-conditions.??>* Continuous-wave (CW) lasing at teyecom—wavelengths has only been

achieved in InP/InGaAs nano-pillars grown on 1(~QSi‘5)1bstrat6525 and InAsP/InP nanowires
-

(inside Si photonic crystal cavity) grown on(l11)ByInP substrates, with lasing wavelengths
situated at the 1200 and 1300 nm bands.%é\ing the lasing wavelengths to the 1400 nm and
1500 nm bands is desirable for high \S}g( }\n‘ r/intra-chip data transmission. In this letter, we

utilized InP/InGaAs nano-ridges gro n (001) Si substrate to demonstrate CW lasing behavior
at the 1400 nm band. \\

Compared with othe e%pitaxial growth techniques, selective area growth combined with
the aspect ratio tr?p (AR}) ethod provides a viable route to form well-aligned, millimeter-
long horizonta i%wnowires on CMOS-standard (001) Si substrate.?’3* Previously, we have
leveraged this approach to grow InP nano-ridges with embedded InGaAs quantum wells (QWs)

£
and quasizquantund wires (QWRs) with strong photolumiescence.’>*¢ Here, we observe CW lasing

at the t con}nunication band from high quality multi-InGaAs ridge QWs inside the InP nano-
rigg@}ctly grown on nano-patterned silicon. To explore the potential of the InP/InGaAs nano-
}ge's\as nano-scale light sources, we separated the InP/InGaAs nano-ridges from the initial

patterned Si substrate and transferred them onto a Si02/Si substrate for optical characterization.
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Publishiwg observed CW lasing at 4.5 K under optical excitation, and strong optical mode modulation at
room temperature.

The InP/InGaAs nano-ridges used in this experiment were grown on (001) Si substrates using

a metal-organic chemical vapor deposition (MOCVD) system with a horizontal reactor

(AIXTRON 200/4). [110] direction oriented SiO: stripe patterns 1tﬁ§1ine itch of 1 um and a

trench opening width of 450 nm were used to define the g‘r}gh\ ions. Detailed sample

preparation and growth procedure have been reported elser"&Fig.l (a) presents the top-

-

view scanning electron microscope (SEM) image of the as-éown sample, showing uniform
morphology across a large area. The 70° tilted-view age in Fig. 1 (b) reveals symmetrical
{111} faceting. A zoomed-in SEM image ini{ IL}-ﬁ:(ghlig:,rh‘ts the multi-QW active region.
Notably, to enhance contrast, the InGaA: lagw_ere selectively etched in a H2PO4:H202:H20

(3:1:50) solution. Five uniform InGa e QWs and the GaAs nucleation buffer are clearly

~
identified. \\

Sy

(001] GaA; buffer

| (110] 200 nm

Figure 1.

S”Bransmission electron microscope (TEM) has been used to characterize the structural
properties of the InGaAs ridge QWs. We prepared the TEM specimens by mechanical polishing
and subsequent ion beam milling, and examined the samples in a JEOL2010 field-emission

4
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Publishifgroscope under multiple-beam conditions. The cross sectional TEM image in Fig. 2(a) indicates
a large strain field in the vicinity of the III-V/Si hetero-interface. With most of threading
dislocations confined at the bottom of the V-shaped pocket, a few stacking faults still propagate
into the InP main layer above the V-groove (see Fig. 2(b)). Fig. 2(c) digglays the zoomed-in TEM
image of the tip region of the InGaAs ridge QWs. The thicker regions at the tip area results from
the growth preference at the transitional facets.’” Fig. 2(d) prese% InGaAs ridge QWs on
one side of the InP nano-ridge. The 7 nm thick InGaAs ri(lg\ d 28 nm thick InP spacers
exhibit a sharp interface and a uniform thickness along t {11@ facets. A TEM image recorded

along the trench direction is shown in Fig. 2(e

.g'.hg y?ﬂow dotted line marks the boundary
L -

between the InP buffer inside and outside the Visgrooved pocket. While the bottom part of the InP
buffer is quite defective, the upper pa%e InGaAs ridge QWs reside, exhibits good
crystalline quality. The zoomed-in TE Tfnﬁgg\l Fig. 2(f) exemplifies the generation of threading
dislocations and stacking faults atw Si interface. Optical properties of the InGaAs ridge
QWs were investigated by micro-photoluminescence (u-PL) measurements. Fig. 3 displays the
normalized PL spectra m@ﬂyt 4.5 K and 300 K. At 4.5 K, the central emitting wavelength of
the ridge QWs li? 1436 with a full-width-at-maximum (FWHM) of 125 nm. At room

temperature, t Wﬁt ing wavelength shifts to 1490 nm due to band gap shrinkage at higher
F

temperatures WHM also increases to 147 nm from thermal broadening. Assuming a unit
intern l,qkém/@,effﬁciency (IQE) at 4.5 K, an IQE of 29.7% is extracted at room temperature
under a latikly low excitation power density of 320 W/cm?. To avoid carrier localization at the
cr -ové region of the {111} facets, we tuned the growth conditions of the InGaAs QWs for a
?‘dﬁ'ant emission, as manifested by the characteristics of single-peaked PL spectra at both 4.5

K and 300 K.
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Publishinglor nano-lasers directly grown on V-grooved Si, minimizing light leakage into the bulk Si
substrate is essential to realize lasing. Improved optical confinement can be achieved by

13.24 or direct

transferring the nano-ridges onto an oxide substrate,” etching away the underlying Si,
hetero-epitaxy on a silicon-on-insulator (SOI) substrate.*® To expldit the potential of these
InP/InGaAs nano-ridges as nano-scale light sources, we adopted the %t method to evaluate the
quality of the active medium grown on silicon. After removing the*SiO2 Spacers by buffered oxide
etch (BOE) and undercutting the Si in a KOH solution, the I{l\ gﬁﬁ&nano—ridges were separated

from the initial Si substrate in ultrasonic bath and transferged onB) a Si02/Si substrate (1 pm thick

L -
presents a schematic of the transferred InP/In nano-ridge and the excitation/detection scheme.

Si02). The directions of the transferred InP/InGa s(ugo—ﬂ'gges are completely random. Fig.4 (a)
S

Fig. 4(b) shows the microscope image ofétﬁtried 32 um long InP/InGaAs nano-ridge on the
re

Si02/Si substrate. The zoomed-in SEV\%\ als a smooth and vertical (110) end-facet, which
he

is essential for strong optical feedb&&%’& s-grown convex (111) facet is labeled in yellow and
the (110) facet originally contactin\wffh the SiO2 sidewall is labeled in red (see Fig. 4(b)). The
low-temperature GaAs eation buffer and the InP main layer are also distinguishable.

We first inve m&eéth?o tical characteristics of the transferred InP/InGaAs nano-ridges

through room @ u-PL measurements. Excitation was provided by a CW 1064 nm laser

with a shaped rectangular beam (40 um % 4 um), and light emission was collected by a
therm e&o’fed InGaAs detector through the same objective (0.1 nm spectral resolution).
D rj.q&htn)asurements, the laser spot was aligned to fully cover the InP/InGaAs nano-ridge.
Figi 4 (03 displays the measured PL spectra under different excitation power density. At low
\ﬁ\m}lg power density, the InP/InGaAs nano-ridge exhibits a broad spontaneous emission

spectrum with fine Fabry-Perot (FP) resonant peaks. The free-spectral- range (FSR) of the cavity
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Publishimgdes (8.6 nm at 1500 nm band) agrees well with the length (32 pm) of the measured InP/InGaAs
nano-ridge. As the pumping power density increases, the overall peak of emission slightly blue-
shifted due to state-filling effects at higher excitation levels. More importantly, the FP modes
become stronger compared with the background spontaneous emissic%md the line-width of the
FP modes continues to decrease, suggesting the transition from sp aﬁ%)us emission to amplified

spontaneous emission. In fact, as pumping power density Zi\fr 2.90 kW/cm? to 6.63

kW/cm? and then to 16.8 kW/cm?, the line-width of the peak ‘at 1468sam decreases from 3.50 nm

_—
to 1.93 nm and then to 1.59 nm. )
(://')
! W
(a) CW laser excitation \ Q@, - 16.8 KWiom?
, F .63 kW/cm® 300K
> 290 kW/cm?®
Q.
= |
(7]
; |
(b) S L
o | W‘JWL j‘,”n \ ‘
! il
n / MH{P ”JJ‘IW j‘kN

1200 1300 1400 1500 1600
Wavelength (nm)

-
b Figure 4.

p—
-mode lasing was observed at 4.5 K, as illustrated by the emission spectra under different
pumping levels in Fig. 5(a). At low excitation levels, the InP/InGaAs nano-ridge emits a broad

spontaneous spectra with discernable FP resonance peaks from 1400 nm to 1500 nm. As the
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Publishieg tation level increases, the peaks situated at 1410 nm and 1418 nm intensify and stand out from
the background emission, indicating the transition from spontaneous emission to stimulated
emission. Fig.5 (b) shows the light-light (L-L) curve and line-width of the peak at 1410 nm as a
function of excitation power density. A clear threshold knee is observgg in the L-L curve and the
threshold is extracted to be around 6.5 kW/cm?. Lasing behavi @u% evidenced by the
decrease of the line-width and the subsequent clamping at O.4N citation level increases
beyond threshold. Fig. 5(c) illustrates the blue-shift of the Ri )I‘!H-O nm as the pumping power
density increases, which could be attributed to the band-filling &fects in the multi-InGaAs QWs.

18 nm under a low excitation level. The

Similar behavior has also been observed in other a(q;lasaj using multi-QWs as gain medium.*
L -
Fig. 5 (d) presents the cavity modes at 1410 %

FSR between the two modes is extracted ﬁ%and the line-widths are 0.48 nm and 0.52 nm,

respectively. We estimated the quality a~o§(g: ctor) of the nano-ridge as Q = AL =2938. This
Q-value is substantially higher thangﬁj\’hsq: orted nano-lasers emitting in the near-infrared range.

We attributed the high Q-factor om/InGaAs nano-laser to the long length of the cavity and

the high quality of the

electrical filed dist?b

region among<11‘:h\e isting propagation modes (see the inset in Fig. 5(d)). We observed similar

lasing behaVior ftom other transferred InP/InGaAs nano-ridges with length around 30 pm and
£
e

%The lasing mode was identified to be TEo1 by simulating the

the ridge waveguide, as it exhibits the best overlap with the active

lasing way théiround 1410 nm.
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In conclusion, we have de q% lasing at the 1400 nm band from InP/InGaAs nano-
ridges initially grown on an.exact (00%) Si substrate. Clear lasing threshold can be identified from

~width natrowing of the emission peak are detected at 4.5 K under optical

V.

the L-L curves and lin

excitation. More?/er, obServed strong FP mode modulation and amplified spontaneous
emission at r. rn\)%qture. The CW lasing behavior from the transferred InP/InGaAs nano-
ridges th deg;on ate the high optical property of the multi-InGaAs ridge QWs inside InP nano-
ridge,f and 4 the potential of integrating InP/InGaAs nano-lasers, emitting at

telecom ication wavelengths, onto microelectronic standard (001) Si substrates.

)
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Publishing Figure Captions

Figure 1. (a) Top-view SEM image of the as-grown highly-ordered InP/InGaAs nano-ridge array on (001) Si; (b) 70°
tilted-view SEM image showing multi-faceted InP/InGaAs nano-ridge array inside V-grooved Si pockets; (c) Cross
sectional SEM image of one typical InP nano-ridge with five uniform InGaAs ridge ?’V .

Figure 2. (a) Cross-sectional TEM image (perpendicular to the trench directio %éne representative InP/InGaAs

nano-ridge on (001) Si; (b) Zoomed in TEM image showing the generation of stacking faults at the I1I-V Si interface

and the confinement of defects inside the V-grooved pocket; (c) Zoomed-in TEM, image, of the tip region of the five
InGaAs ridge QWs; (d) Zoomed-in TEM image of the five InGaAs ridg Q\‘@ at one side of the InP nano-ridge. The
thickness of the InGaAs QW is around 7 nm and the thickness of the<lnP spacer is around 28 nm; (¢) TEM image

along the trench direction; (f) Zoomed-in TEM image of the III-V/Si interf%:e indicates the formation of threading

dislocations and stacking faults. ( o

Figure 3. PL spectra of the as-grown InP/InGaAs nano-ridges sd?éd at 4.5 K and 300 K.

the transferred InP/InGaAs nano-ridge. Zoom d-% image illustrates high end-facet quality; (c) PL spectra of the
transferred InP/InGaAs nano-ridge under ﬁe eXcitation levels. Strong FP mode resonance is observed.

Figure 5. (a) Emission spectra of the hno—ridge under increasing excitation levels at 4.5 K, showing FP
resonance modes at low pumping power ity and stimulated emission at high pumping power density. (b) Clear

threshold knee behavior in th: as@sjq curve, and sudden reduction of the line-width of lasing peak at 1410 nm as

pumping level increases. (¢) The

Figure 4. (a) Schematic of the transferred InP/InSﬁ\m\ank-ridge on a Si0»/Si substrate; (b) Microscopic image of
SE

e-shift of the lasing peak at 1410 nm with increasing excitation level due to band-
filling effects. (d) ny dé atyl nm and 1418 nm measured just below threshold. The line-width are 0.48 nm

410 nmand 1418 nm respectively. The 7.7 nm FSR agrees well with the nano-ridge length.
Inset shows the ecfh'jal field distribution of the lasing transverse mode TEy,.

and 0.52 nm for pea
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A
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