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Semiconductor lasers directly grown on silicon offer great potential as critical components in high-volume, low-
cost integrated silicon photonics circuits. Although InAs/InP quantum dash (QDash) lasers on native InP sub-
strate emitting at 1.5 pm (C-band) have demonstrated notable performance, the growth of InAs/InP QDash lasers
on silicon remains undeveloped because of the 8% lattice mismatch between InP and silicon. Here we report
advances of growth techniques leading to the first C-band room-temperature continuous-wave electrically
pumped QDash lasers on CMOS standard (001) silicon substrates by metalorganic chemical vapor deposition.
A correlation between various material characterizations and device performance is analyzed for different QDash
laser structures grown on planar nominal (001) silicon. With the optimized QDash growth and improved fab-
rication process, the lowest threshold current density of 1.5 kA /cm? was determined on an 8 pm x 1.5 mm device
on planar silicon with a single facet output power exceeding 14 mW. The device results illustrate the good material
quality of the QDash lasers grown on silicon, suggesting potential applications for other active components of

photonic integrated circuits, such as semiconductor optical amplifiers, modulators, and photodetectors.
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1. INTRODUCTION

The development of information technologies has fostered
unprecedented data capacity transmitted and processed in data
centers, local servers, and even personal devices. Silicon pho-
tonic integrated circuits, leveraging the well-established com-
plementary metal-oxide semiconductor (CMOS) platform,
are advantageous for their low cost, scalability, and large band-
width capacity [1-5]. Among them, InP-based lasers emitting
at long wavelengths are used for various applications such as
communications, detection, and eye-safe LIDAR [6-8].
Although high-performance lasers on native III-V substrates
have been transferred onto processed silicon wafers by bonding
techniques [9-11], monolithic integration by direct growth on
silicon offers an attractive alternative [12,13]. Work on III-V
thin films grown on silicon for lasers has made tremendous
progress over the past decades [14,15]. However, the growth
of InP on silicon remains challenging due to the high defect
density arising from the huge lattice mismatch between them.
Growth techniques, including strained-layer superlattices
(SLSs) and aspect ratio trapping, have been applied to improve
the crystalline quality of InP on silicon [16].
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Compared to conventional quantum well (QW) structures,
three-dimensional confined quantum dots (QDs) and InAs/InP
quantum dashes (QDashes) are less vulnerable to the propagat-
ing defects due to their strong carrier confinement and discrete
distribution [17,18]. Other advantages of QD and QDash la-
sers, such as high temperature stability, large gain bandwidth,
and low threshold current, have been reported [19]. InP-based
QD or QDash lasers emitting in the telecom band have been
demonstrated on III-V native substrate with impressive
device performance [20-24]. Abdollahinia e# a/. demonstrated
a low threshold current of ~65 mA at 20°C on an
893 pum x 2.25 pm InAs QD laser on native InP substrate with
facet coating [25]. And the characteristic temperature 77, of the
same size eight-layer QD laser is 144 Kand 101 K in the range of
20-60°C and 60-110°C, respectively. Based on the InP-on-sil-
icon templates, our group has reported 1.55 pm QD lasers
grown on silicon, including CW lasing of optically pumped
QD lasers at 4.5 K and pulsed lasing of electrically pumped
QD laser at room temperature over the past few years
[26,27]. Recently, we demonstrated what we believe, to the
best of our knowledge, is the first 1.55 pm room temperature


https://orcid.org/0000-0001-9156-7261
https://orcid.org/0000-0001-9156-7261
https://orcid.org/0000-0001-9156-7261
https://orcid.org/0000-0001-6622-9762
https://orcid.org/0000-0001-6622-9762
https://orcid.org/0000-0001-6622-9762
https://orcid.org/0000-0003-3453-2358
https://orcid.org/0000-0003-3453-2358
https://orcid.org/0000-0003-3453-2358
https://orcid.org/0000-0002-7713-1928
https://orcid.org/0000-0002-7713-1928
https://orcid.org/0000-0002-7713-1928
mailto:wluoag@connect.ust.hk
mailto:wluoag@connect.ust.hk
mailto:wluoag@connect.ust.hk
mailto:eekmlau@ust.hk
mailto:eekmlau@ust.hk
https://doi.org/10.1364/PRJ.403938
https://crossmark.crossref.org/dialog/?doi=10.1364/PRJ.403938&amp;domain=pdf&amp;date_stamp=2020-11-20

[ rescarch aricls ML 6

electrically pumped CW lasing of QDash lasers grown on silicon
[28]. Here, we report an investigation of the laser performance
with different structures, their as-grown material characteristics,
and measured device results.

2. MATERIAL GROWTH AND QDASH
STRUCTURE DESIGN

The electrically pumped InAs/InAlGaAs QDash laser structure
was directly grown on commercial nominal (001) silicon (0.5°
offcut angle along [110] direction measured in house) by metal-
organic chemical vapor deposition (MOCVD). The defects
generated in hetero-epitaxy, including threading dislocations
(TDs), stacking faults (SFs), twins, and anti-phase boundaries
(APBs), would degrade the device performance [29]. Different
growth techniques were applied to address these defect issues.
Prior to III-V buffer growth, 800°C annealing under H, am-
bient was initially performed to desorb the oxide and rearrange
the silicon atoms on the surface, which was favorable to avoid
the formation of APBs for III-V growth on silicon [30]. To
accommodate the lattice mismatch between InP and silicon,
a GaAs intermediate buffer was first grown on the silicon sub-
strate [31,32]. The GaAs was grown at increasing temperatures
in three steps, from 400°C, then 550°C, and 600°C. After the
1 pm GaAs growth, five cycles of thermal cycle annealing (TCA)
were applied with temperature cycling between 330°C
and 780°C, to reduce the defect density of GaAs and thus pro-
vide a less defective growth front for the following InP buffer
[33]. The improved crystal quality is supported by the reduction
of full width at half-maximum (FWHM) of the X-ray diffraction
(XRD) rocking curve from 580 to 380 arcsec after TCA. A
10 pm x 10 pm atomic force microscope (AFM) image of
GaAs on planar silicon (GoPS) is shown in Fig. 1(a) and the root
mean square (RMS) value of the surface roughness is 1.1 nm.

InP was subsequently grown on the GoPS with three-
step temperature ramping, namely LT (445°C), MT (555°C),
and HT (630°C). Three sets of 10-period 11.5 nm
Ing¢3Gag37As/31 nm InP SLSs were inserted in the HT-
InP as dislocation filters to reduce the threading dislocation
densities (TDDs) [34,35]. Each set of SLSs was separated
by 250 nm of InP, and the total thickness of the InP buffer
was 3.1 pm. A 10 pm x 10 pm AFM image of the InP grown
on GoPS is shown in Fig. 1(b) with an RMS value of 2.8 nm.

— [1-10]
InP/GoPS
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To obtain a numerical value of the defect density, plan-view
transmission electron microscope (TEM) samples were pre-
pared and 32 images were taken with each scanning area larger
than 2.7 pm x 2.7 pm. A representative plan view TEM image
is shown in Fig. 1(c). After statistical counting of these defects,
the defect density of the InP/GoPS template is 3.6 x 108 cm™
with a standard deviation of 0.4 x 10% cm™2.

Different structures shown in Fig. 2 were designed to opti-
mize the laser structure of the QDashes. The 2.4 monolayer
(ML) InAs QDashes were directly grown on an InGaAs strain
layer and capped with LT-InGaAs or LT-InAlGaAs to form the
dot-in-well (DWELL) structure [36]. Immediately after this,
the temperature was ramped up and the exposed surface was
further capped with an HT-InAlGaAs second cap layer (SCL).
The QDash stacks were sandwiched by symmetrical InAlGaAs
thin cladding layers that were lattice-matched to InP, to form
separate confinement heterostructures (SCHs). The 30 nm
InAlGaAs spacer was slightly lattice-mismatched to InP to bal-
ance the strain accumulated by the growth of QDashes, and the
exposed QDash layer on top was grown for AFM characteri-
zation. All the structures were grown on the same InP/GoPS
buffer for a fair comparison. In search of a proper balance of
optical and carrier confinement, the Al composition in the
InAlGaAs was adjusted in the design of the following QDash
structures. As shown in the QDash laser structures in Fig. 2, the
larger refractive index of InAlGaAs SCH provides better optical
confinement, but the band offset between the InAlGaAs and
QDash is reduced, leading to a decreased charge carrier con-
finement. The balance between the two effects was evaluated
with the overall device performance. Sample A in Fig. 2(a) fol-
lows our previous structure for a 1.5 pm QDash laser with the
Al composition of InAlGaAs changed from 0.29 to 0.24 to in-
crease the refractive index of the SCH [27]. In Sample B, the
LT-InAlGaAs cap was replaced by LT-InGaAs to form a sym-
metric DWELL structure based on Sample A. In Sample C, the
Al composition of InAlGaAs layer was changed back to 0.29,
with an increase of the InAlGaAs barrier thickness from
200 nm to 300 nm to enhance optical confinement based on
Sample B. Compared to Sample B, better charge carrier con-
finement is achieved by changing the bandgap of InAlGaAs in
Sample C. Electrically pumped laser structures with these three
different active regions were grown on previously described

RMS=2.8nm

5

Fig. 1. (a) AFM image of 1.1 pm GaAs on planar silicon after TCA, and RMS of the 10 pm x 10 pm area is 1.1 nm. (b) AFM image of 3.1 pm
InP on GoPS, and RMS of the 10 pm x 10 pm area is 2.8 nm. (c) Representative plan view TEM image of InP on GoPS.
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Schematic diagram of QDashes grown on InP/GoPS with different structures. (a) Sample A: Al composition of InAlGaAs is changed from

0.29 to 0.24. (b) Sample B: low temperature cap layer is changed from InAlGaAs to InGaAs based on Sample A. (c) Sample C: Al composition of
InAlGaAs is changed back to 0.29, and the thickness of InAlGaAs is increased from 200 nm to 300 nm based on Sample B.

InP/GoPS templates. The growth sequence was as follows:
600 nm n-type InP contact layer, 630 nm n-type InP cladding,
three-stack QDash active region, 1500 nm p-type InP clad-
ding, and 140 nm p-type InGaAs contact layer. The doping
concentration of the n-type InP contact and the cladding
layer is 5 x 10" cm™ and 5.5 x 10! cm™, respectively. And
the doping concentration of the p-type InP cladding and the
InGaAs contact layer is 9 x 10" cm™ and 1.6 x 101 cm™

respectively.
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3. RESULTS AND DISCUSSION

A. Material Characterization

From the global view cross-session TEM of the InP/GoPS tem-
plate shown in Fig. 3(a), the defects originated from the InP/
GaAs hetero-epitaxy interface are effectively trapped by the
inserted SLSs. On top of the InP/GoPS, different QDash struc-
tures were grown with additional top layer QDashes exposed
for AFM characterization, which unveils the morphology and
density of the QDashes. An example is presented in Fig. 3(b).
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(a) Cross-section TEM image of InP/GoPS template. (b) 1 pm x 1 pm AFM image of top exposed QDashes grown on InP/GoPS

(Sample B). (c) Cross-section TEM image of QDashes grown on InP/GoPS with zoomed-in image as inset. (d) Room temperature PL of
three-layer QDashes grown on Samples A, B, and C. The measurement was cutoff at 1600 nm due to the photodetector.
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The QDashes are elongated along the [1-10] direction, and the
estimated QDashes density from the AFM image is approxi-
mately 3.5 x 10'® cm™. A cross-section TEM image of the
QDashes within the full laser structure is shown in Fig. 3(c)
with a higher resolution QDash image in the inset. The room
temperature PL spectra of the QDashes excited by a CW
514 nm laser are shown in Fig. 3(d).

The PL difference between Samples A and B is attributed to
the low-temperature cap layer. Compared to InAlGaAs, InGaAs
reduces the energy gap between the cap layer and QDashes,
thereby causing a red shift of the PL peak wavelength in
Sample B [37]. The elimination of Al in the cap layer helps to
reduce the impurities, which accounts for the increased PL
intensity in Sample B. In addition, by changing the low-
temperature cap layer with litde composition difference, the
local strain of QDashes is also modified, which influences
the morphology and emitting wavelength of QDashes
[38,39]. The Al composition and thickness of the InAlGaAs
barriers are different in Samples B and C. In Sample B, the
Al composition is smaller, resulting in a smaller bandgap
(~1.1 eV) and a larger refractive index (~3.36) [40,41].
InAlGaAs with a larger refractive index offers better optical con-
finement for the emitting light, while the relatively smaller
bandgap of InAlGaAs could decrease the charge carrier confine-
ment with a reduced conduction band offset between the
InAlGaAs and QDashes. Therefore, the Al fraction inside
the InAlGaAs alloy is a trade-off in balancing the carrier and
photon confinement. In our experiment, the sample with
the Al composition of InAlGaAs at 0.24 led to a more desirable
PL spectrum. The PL intensity of Sample B is twice higher than
that of Sample C without wavelength shifting. Sample B with
an InGaAs LT-cap and Ing 5,Alj 54Gag 24As barrier exhibits the

best PL performance among these three samples.

B. Device Performance

To investigate the device performance of the samples with these
three structures, we fabricated ridge waveguide edge-
emitting lasers. As illustrated in Fig. 4(a), the first ridge mesa
stops right above the active region and the second mesa is ter-
minated at the n-contact InP layer. The process was completed
using conventional photolithography and dry etch steps. The
fabricated samples were thinned down to around 100 pm by

(@)

INnGaAs contact
Inp cladding

Inp clag, ding
Inp ontacy

InGaA, S/Inp sts

Gags

Silicop,
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substrate lapping and cleaved into laser bars with the facets un-
coated. A 70° tilted scanning electron microscope (SEM) image
of a finished device (6 pm ridge width) on planar silicon is
displayed in Fig. 4(b) with the GaAs slightly wet etched to en-
hance the contrast. The clean and mirror-like as-cleaved facet
guarantees a low optical loss of the laser cavity.

The laser bars were placed on a heat sink with a temperature
controller and tested at various temperatures. The device per-
formance was characterized under both pulsed current drive
and continuous current drive for comparison. A duty cycle
of 0.5% and a pulse width of 400 ns were used for the pulsed
measurements. The current—voltage (I-V) characteristics were
similar for the devices on these three samples. The typical
turn-on voltage of 0.7 V and series resistance of around
5-9 € were measured as shown in the representative I-V curves
in Fig. 5(a). For the light-current (L-I) characterization at 25°C,
the lasers on Samples B and C could both be CW, but the lasers
on Sample A could only be pulsed. The pulsed L-I curves of the
different sized lasers on Sample A are shown in Fig. 5(b). When
comparing Samples B and C under CW electrical pumping,
lasers on Sample B demonstrated a lower threshold current
density with the same device dimensions as presented in
Fig. 5(c). The results agree well with the earlier PL measure-
ment. To evaluate the laser performance at elevated tempera-
tures, the devices on these three samples were tested with an
increased stage temperature under pulsed electrical pumping.
The threshold currents of the devices with a 6 pm ridge width
and 1 mm cavity length on these three samples are shown in
Fig. 5(d) as a function of temperature. Compared to the char-
acteristic temperature 7'y of QD laser on native InP substrate
[25], the smaller 7'y value here may be caused by the imperfect
InP-on-Si buffer quality, which introduces the nonradiative
recombination centers in the active region. The devices on
Sample B show the lowest threshold current as well as the
highest characteristic temperature with the pulsed operation
temperature up to 90°C. To sum up, both the material char-
acterization and device performance seem to indicate the
structure of Sample B with the InGaAs LT-cap and
Ing 5,Alg4Gag24As barrier is better than the other two.

In addition to the study of the active region, we also im-
proved our fabrication process and adopted a deep-etched
structure with the ridge etched through the active region in

p-InP cladding

Active region

n-InP cladding

InGaAs/InP SLS

Fig. 4. (a) Schematic diagram (not to scale) and (b) 70° tilted cross-section SEM image of a fabricated Fabry—Perot (FP) laser on InP/GoPS.
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(a) (b)

2 159 [——8 um x 1.5mm on InPIGoPS Room temperature

E cw. F

+ .. | Room temperature FE

321 cw. |z

8 | g

o 9 \ | 2

o | =1

1 L n

n 2

Q 750 &

e X500 ; 5
770 £

3 3- x1000 4

5 5 x1000 7 5

o 0 Current (mA) 50

0 1 2 3 4 1540 1560 1580 1600 1620
Current density (kA/cm?2) Wavelength (nm)

Fig. 6.

(a) L-I curve of an 8 pm x 1.5 mm deep-etched FP laser on Sample B with the lowest threshold current density of 1.5 kA /cm? under CW

lasing at room temperature. Inset is the L-I curve plotted in logarithmic scale. (b) Room temperature CW lasing spectrum of a deep-etched FP laser

on Sample B.

one step for better device performance [28]. Figure 6(a) shows
the L-I curve of a device with an 8 pm ridge width and 1.5 mm
cavity length on Sample B, which presents the lowest threshold
current density of 1.5 kA/cm? under CW operation. The L-I
curve is also plotted in a logarithmic scale in the inset of
Fig. 6(a), which demonstrates an “S-shaped” nonlinear transition
from spontaneous to stimulated emission. The electrolumines-
cence (EL) spectra shown in Fig. 6(b) demonstrate multimode
lasing with the primary peak located at 1580 nm. Multimode
lasing is observed due to the large size of the FP laser, which

supports many modes in the FP cavity. The laser can pulsed lase
up to 95°C. More static characteristics of the QDash laser on
InP-on-Si and native InP substrate are studied in Ref. [28].

4. CONCLUSION

In conclusion, we have demonstrated room-temperature
CW lasing of electrically pumped InAs/InAlGaAs QDash lasers
monolithically grown on (001) silicon emitting at the C
band. A comparison of three different QDash structures
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is discussed in terms of material quality and device perfor-
mance. The QDash structure with the LT-InGaAs cap and
Ing 5pAlg24Gag 24As barrier is favorable. Based on the opti-
mized QDash structure and fabrication process, the lowest
threshold current density of 1.5 kA/cm? is obtained on an
8 pm x 1.5 mm device. This work also shows that the quality
of the large lattice-mismatched epitaxy of InP-on-silicon tem-
plate is good enough to support the CW operation of lasers at
room temperature. Future work would be focused on the fur-
ther improvement of the InP-on-silicon buffer quality and the
density of QDashes for better device performance.
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