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High Performance 1.3 um I1I-V Quantum Dot Lasers Grown

on Silicon via all MOCVD Epitaxy

e

Honghwi Park, Seungchul Lee, Won Seok Han, Daehwan Jung,* and HoSung Kim*

Epitaxial growth of 111-V light sources onto silicon (Si) platforms is
technologically important for numerous applications in photonics.
High-performance quantum dot (QD) lasers on Si have been carried out using
molecular beam epitaxy systems because they can permit precise epitaxy
control for sophisticated 111-V QD growth and low epitaxy temperatures.
Although the metal-organic chemical vapor deposition system (MOCVD) is
the choice of the I1I-V optoelectronics industry and more advantageous for Si
photonic platform integrations, no high-performance, reliable I1I-V lasers
epitaxially integrated onto Si have been demonstrated using MOCVD. Here,
all-MOCVD-grown 111-V QD lasers on Si with a threshold current density of
255 A cm~2 are shown, lasing up to 115 °C, and extrapolated device lifetimes
exceeding 20 years when aged at 55 °C. These impressive results are achieved
by solving two critical issues, which are the growth of high-quality QDs and
two-step p-Al, ,Ga, ¢As cladding growth without free carrier absorption. This
work paves the way for commercializing Si photonics integrated with efficient
and reliable 111-V on-chip light sources in a scalable fashion.

approach has been commercialized,!”]
direct epitaxy of III-V materials still
has advantages such as higher scaling,
simpler device processing, and lower
fabrication cost.51% Epitaxially grown
[II-V quantum dot (QD) lasers emitting
at the 1.3 um communication wave-
length have shown great performances
in low threshold current density,*
high temperature lasing,"?! low reflec-
tion sensitivity,'3] and highly improved
device lifetimes,*'¥ thanks to their
strong carrier confinements in all di-
mensions and the advances in the III-V
buffer growth on Si.['"*] However, all the
previous high-performance QD lasers on
Si were grown by molecular beam epi-
taxy (MBE) reactors!!®l because MBE
growth offers precise epitaxy control
required for the sophisticated III-V QD

1. Introduction

Silicon (Si) photonics is a crucial technology for various appli-
cations, including integrated optical interconnects!?! and high-
speed datacom/telecoms.®! Integrating efficient and reliable IT1-
V light sources onto Si is more appealing for compact and scal-
able photonics platforms than relying on external laser diodes.[**]
However, achieving this has remained the holy grail in the re-
search community for many decades.[®l While the wafer bonding

growths.
Metal-organic chemical vapor deposi-
tion (MOCVD) is the choice of epitaxial
tool in the optoelectronics industry with its larger growth
throughput. A recent report on GaAs nano-ridge laser diodes fab-
ricated on a 300-mm Si wafer using MOCVD confirms that this
approach is a highly capable method for achieving monolithic
integration of laser diodes on a Si photonics platform. Fur-
thermore, selective area growth offered by MOCVD is another
key advantage over MBE for integrating on-chip light sources
onto Si photonic platforms,[#101617] since I1I-V materials may
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need to be selectively grown on exposed crystalline surface for
Si waveguide light coupling.[1*18-2] The low optical coupling ef-
ficiencies reported from the recent MBE-grown III-V Si lasers
arise from the large air gap between the III-V active region
facet and the Si waveguide,['®'% which is physically inevitable for
MBE growth. There have been tremendous efforts to grow high-
quality InAs/GaAs QDs emitting at the technologically important
1310 nm wavelength using MOCVD for laser applications, but
those III-V QD lasers have completely failed to match the per-
formance of the MBE counterparts for two reasons. The first is
the poor quality of MOCVD-grown III-V QDs and the second
is the high growth temperature for p-type AlGaAs cladding af-
ter the QD active region. Especially, the latter is critical because
a typical p-Al,,Ga,,As upper cladding layer is grown at 700 °C
or higher in an MOCVD reactor, which results in serious ther-
mal degradation of InAs QDs.[?!"22] Lower temperature growths,
however, lead to a poor crystalline quality with catastrophic free
carrier absorption in the laser epi-structure. To avoid this issue,
recent studies employed a p-InGaP cladding grown at 500 °C, but
they also showed highly compromised QD laser performances
with limited continuous-wave (CW) operation temperatures and
escalated threshold current densities.[?*)

In this work, we demonstrate high performance and reliable
InAs/GaAs QD lasers grown on on-axis (001) Si substrates us-
ing all-MOCVD epitaxy. We achieve unparalleled QD laser perfor-
mances in terms of low threshold current density (255 A cm™2)
and CW operation temperature up to 100 °C (115 °C in pulsed
mode) by growing high-quality QDs and a two-step p-AlGaAs clad
structure. In particular, the latter approach effectively prevents
thermal degradation and free carrier absorption in the QD active
region. Furthermore, high-quality GaAs buffer layers on Si with
a threading dislocation density (TDD) of 9 x 10° cm~? allow ex-
cellent device reliability with extrapolated lifetimes exceeding 20
years when aged at 55 °C. We believe that this work is a major
step toward monolithically integrating ITI-V light sources onto Si
photonic platforms using a scalable epitaxial approach.

2. Results
2.1. Growth of High-Quality InAs/GaAs QDLDs on Si (100)

Figure 1 shows the material characteristics of all- MOCVD-grown
InAs/GaAs QD laser diode (QDLD) heterostructures on Si (100)
substrate usinga MOCVD system. Figure 1a,b depict a schematic
and a cross-section transmission electron microscope (TEM) im-
age of the InAs/GaAs QDLD heterostructures directly grown on
the GaP/Si (100) template, respectively. The full QDLD struc-
ture consists of a 2.5 um-thick GaAs buffer and an edge-emitting
LD structure with seven-pair QD-in-a-well (DWELL) layers. The
TEM image reveals the low-defect GaAs buffer with high-quality
QDs as we designed. In the seven pairs of DWELL active layers,
which can be seen in Figure 1c, no defects were observed around
the QDs. Additionally, clear satellite fringes were observed from
high-resolution X-ray diffraction measurements (see Figure S1in
Supporting Information), which suggests coherent growth of the
DWELL active layers. Furthermore, the evidence of threading dis-
location annihilation process can be observed in the GaAs buffer
region, including three pairs of dislocation filter layers (DFLs) as
depicted in Figure 1d, merging with the misfit dislocations.
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To clarify the quality of GaAs buffer quantitatively, a TDD on
the surface of the GaAs buffer on Si was measured by electron
channeling contrast imaging (ECCI) as depicted in Figure 1e. The
TDD values of the GaAs buffer on Si without DFLs and with DFLs
were 1 x 10® and 9 x 10° cm™2, respectively. The TDD level be-
tween them differs by more than one order of magnitude, high-
lighting the significant impact of the embedded DFLs. The detri-
mental effect of threading dislocations, which damages the QDs,
is clearly observed in the cross-section TEM image of the QDs
grown on Si without DFLs (Figure 1f). A 200 nm-thick InGaAs
single layer was also studied as a dislocation filter layer, but it
was not effective in our MOCVD-grown GaAs buffers. Figure 1g
shows an atomic-force microscope (AFM) image of QDs on a Si
substrate with DFLs, indicating a QD density of 6.2 x 10'° cm™2
and uniform distribution of QDs. Comparing the TDD and QD
density at the same scale as indicated by the black square in
Figure le reveals that the estimated number of damaged QDs
on Si with DFLs can be ignorable due to the low TDD level. As
a result of the effect of threading dislocations on the QDs, the
photoluminescence (PL) characteristics exhibit a significant dif-
ference, as shown in Figure 1h. While the PL center wavelength
of the QD samples is almost the same, the PL intensity from the
QD grown on Si with DFLs is 3.5 times higher than that with-
out DFLs. Most importantly, the PL spectra of QDs on a GaAs
substrate and Si with DFLs show nearly identical intensities. The
full-width at half-maximum of the PL spectrum is 74 meV, which
is higher than that of MBE-grown QDs. We believe that this can
be improved by developing effective QD flushing techniques pre-
viously applied by MBE growth. Figure 1i shows a PL mapping of
the QDLDs grown on a 2-inch Si wafer. The deviation of the PL
center wavelength across the wafer is merely 3.78 nm, showing
an excellent uniformity of the QDLD growth via MOCVD.

2.2. Low-Temperature Growth of p-AlGaAs Cladding Layer

Figure 2 shows the importance of the two-step p-AlGaAs clad
structure and its impact on the optical and electrical properties.
As mentioned above, all-MOCVD-grown InAs/GaAs QDLDs on
Si substrate with a low-temperature p-InGaP cladding layer were
studied previously to avoid thermal degradation of QDs.23] How-
ever, this p-InGaP layer can induce several issues such as or-
dering and phase separation(?*?]; hence, the low-temperature
growth of p-AlGaAs cladding layers with a controlled doping con-
centration is crucial for high-performance QDLDs. Figure 2a de-
scribes the effect of the free-carrier absorption, showing the PL
spectra from the QDLD epi-structure with 1 X 10 cm~> doped
p-AlGaAs cladding layer depending on the etching thickness. For
the fully etched sample, the p-cladding etching was stopped right
before the QD active layers. The result shows that the PL inten-
sity increased as the etching thickness increased, because the free
carrier absorption in p-AlGaAs layer was reduced.

To find an optimal doping concentration with the minimum
free carrier absorption, the QDLDs with various doping concen-
trations in p-AlGaAs cladding layer were also evaluated by PL
measurements as described in Figure 2b. It is found that the PL
intensity was reduced as the doping concentration in p-AlGaAs
was increased. Moreover, the PL spectra of the QDLD, having a
doping concentration of 5 X 107 cm~>, show almost the same
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Figure 1. Material characterizations of all-MOCVD-grown InAs/GaAs QDLDs on Si (100) substrate. a) A schematic structure of the InAs/GaAs QDLDs
on an on-axis Si (100) substrate. The full LD heterostructure is composed of GaAs buffer section and QDLD section. b) A cross-section TEM image of
the InAs/GaAs QDLDs grown on a Si (100) substrate. Scale bar is 1 um. c) A cross-section scanning TEM image of 7-pair DWELL active layers. QDs
were clearly observed within the DWELL layer. Scale bar is 100 nm. d) A cross-section TEM image of 3-pair DFLs. Each DFL with a superlattice structure
consists of 10 sets of 10 nm InGaAs layer and 10 nm GaAs layer. Scale bar is 300 nm. e) ECCl images of the GaAs buffer for evaluating TDD level between
the samples without and with DFLs. The top ECCI image is the result of the GaAs buffer without DFLs, and the bottom ECCI image is the GaAs buffer
with DFLs. TDD value of the GaAs buffer on Si without and with DFLs is 1 x 108 cm~3 and 9 x 106 cm™3, respectively. Scale bar is 2 um. f) Cross-section
TEM image of DWELL on Si without DFLs. QDs were damaged by threading dislocations. Scale bar is 500 nm. g) AFM image of QDs on Si with DFLs,
indicating a QD density of 6.2 x 10'® cm~2. Scale bar is 500 nm. h) PL spectra of QDs on Si substrate without/with DFLs and on native GaAs substrate
(for control). PL intensity of QDs on Si substrate with DFLs shows a very slight difference compared to that of QDs on GaAs substrate. i) PL mapping
results of QDs grown on a two-inch Si substrate. Deviation of PL center wavelength shows 3.78 nm, showing good uniformity.

intensity as that of the pristine QDLD without a p-cladding layer.
This indicates that the sample with a 5 x 107 cm~3 doping con-
centration has a negligible free carrier absorption.

From these results, we further investigated the optimal
growth condition of p-AlGaAs grown at low temperatures with
a 5 x 107 cm™ doping concentration. At a low temperature

Laser Photonics Rev. 2025, 00574 e00574 (3 0f9)

~550 °C, AlGaAs layers are unintentionally p-doped due to the
carbon (C)-containing aluminum (Al)-organic source, but its dop-
ing concentration is difficult to precisely control. On the other
hand, zinc (Zn) atom doping, widely used as a p-type dopants, can
induce Zn diffusion into the active medium in the subsequent
high-temperature annealing process.[?*] To circumvent this issue,
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Figure 2. Low-temperature MOCVD growth of p-AlGaAs cladding layers and their material characteristics. a) PL spectra of the QDLDs with a heavily
doped p-cladding layer depending on the etch depth. PL intensity increases as the etch depth is increased due to reduced free carrier absorption. b) PL
spectra of the QDLDs with various doping concentrations in the p-cladding layer. PL spectra show almost identical results between samples without
a p-cladding layer and with a p-cladding layer (5 x 10" cm~3 doped). c) Hall measurement results of p-AlGaAs layer, showing carrier concentration
and sheet resistance depending on the As/Ill ratio. d) ToF-SIMS depth profile of grown QDLD heterostructure with low-temperature two-step p-AlGaAs
cladding layer. ) Measured J-V curves of the laser diodes with one-step p-cladding layer and two-step p-cladding layer. The two-step p-cladding layer is
composed of a T um-thick heavily doped p-AlGaAs layer and 0.5 um-thick naturally p-doped AlGaAs layer.

the doping concentration of the unintentionally doped p-AlGaAs
layer was examined by adjusting the V/III ratio without inten-
tional Zn doping. Figure 2c shows that a V/III ratio of 70 is the op-
timized growth condition to achieve a 5 X 107 cm™ hole density.
The doping level variation of the unintentionally doped p-AlGaAs
layers was also investigated via Hall effect measurements. We
achieved consistent p-doping levels below 5 x 107 cm=3 level.
While this approach ensures minimum free carrier absorption,
the relatively low doping concentration can increase the device
resistance. To avoid this issue, we therefore used a two-step p-
AlGaAs clad structure.

Figure 2d shows the time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) results of the grown QDLDs with the two-
step p-AlGaAs clad structure. The left and right axes represent
doping concentration and SIMS intensity, respectively, and the
doping concentration was derived from the calibration of the
SIMS results. The Zn, Si, and C were observed as the dopants
in each p- and n-AlGaAs cladding and contact layers. The other
elements in the InAs/GaAs QDLDs, such as gallium (Ga), Al,

Laser Photonics Rev. 2025, 00574 e00574 (4 0f9)

indium (In), and arsenide (As) were also detected in each layer.
The Zn and C were used as a p-type dopant, and Si was used as an
n-type dopant. Owing to the intrinsic characteristics of MOCVD
system and the use of metal-organic sources, the C atoms, de-
spite belonging to group 1V, inevitably act as p-dopants in the Al-
GaAs layers. For the p-AlGaAs cladding layers, we used two-step
growth, which is composed of 1 um-thick Zn-doped AlGaAs layer
and 500 nm-thick unintentionally C-doped AlGaAs layer. With
our own strategy, we tried to solve the free-carrier absorption and
the LD resistance increase.

Figure 2e depicts the current density—voltage (J-V) characteris-
tics of QDLDs with one-step AlGaAs layers and two-step AlGaAs
layers. The one-step AlGaAs layer with a doping concentration of
5 x 10Y cm~3 shows a higher resistance compared to the others.
Meanwhile, the two-step p-AlGaAs layer and one-step p-AlGaAs
with a doping concentration of 5 x 10'® cm~3 show a negligible
difference. The inset of Figure 2e depicts the chip resistance as a
function of bias voltage. A resistance difference of ~1 Q is mea-
sured between the one-step p-AlGaAs layer (with 5 x 107 cm™3)

© 2025 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. Lasing and temperature performance characteristics of the fabricated QDLDs. a) Schematic of the fabricated QDLD with a ridge-waveguide
LD structure, utilized for performance verification of the grown InAs/GaAs QDs on Si. b) Cross-section SEM image of the fabricated QDLD, showing
the clean cleaved facet for the Fabry—Pérot etalon mirror. ¢) -V characteristics of the QDLDs on Si with and without the DFL, as well as the QDLD
on native GaAs. All three LDs were fabricated using identical processes. LD width is 10 um and cavity length is 2.5 mm. Inset, the measured current
density as a function of the bias voltage, showing larger leakage current in the QDLD on Si without DFL, compared to the QDLD on Si (with DFL) and
QDLD on GaAs. d) L/ characteristics of three different QDLDs measured under room-temperature CW operation. Lasing performance of the QDLD
on Si with DFL is comparable to that of the QDLD on a native GaAs substrate. e) Temperature-dependent L—/ curve of the QDLD on Si with DFLs,
measured under CW operation. Maximum operation temperature for CW lasing is 100 °C. f) Threshold current and slope efficiency as a function of
the heatsink temperature. The characteristic temperature T, (T;) of the QDLD on Si is extracted to be 122 K (o) between 25-40 °C and 61.8 K (210
K) between 40-70 °C, indicating that the lasing characteristics of the fabricated QDLD on Si are insensitive to temperature changes. g) Measured

temperature-dependent CW lasing spectra of the fabricated QDLD on Si.

and a two-step p-AlGaAs layer at ~2 V. Note that the free carrier
absorption is generally the strongest near the interface between
the active DWELL layer and p-AlGaAs cladding layer. For these
reasons, our two-step p-AlGaAs cladding layer that consists of
1-um high Zn-doped layer and 0.5-um low C-doped layer is ex-
pected to minimize the free-carrier absorption while maintain-
ing low diode resistance. In addition, the basic laser performance
comparison of the QDLDs with varying p-clad doping concen-
trations was also performed using light—current measurements
under room-temperature CW operation, and the results are sum-
marized in Figure S1 (Supporting Information).

2.3. Laser Fabrication and Performance Characterizations

To verify the QDLD performance and its applicability as
light sources for Si photonic applications, we fabricated ridge-
waveguide LDs using standard photolithography and analyzed
their lasing characteristics. The fabrication of the QDLD was con-
ducted with a two-inch wafer scale as described in Figure S2 of
Supporting Information. Figure 3a shows a schematic of the fab-
ricated QDLD. The laser fabrication started with a 10 um-wide

Laser Photonics Rev. 2025, 00574 e00574 (5 0f9)

ridge waveguide patterning using an inductively-coupled-plasma
reactive-ion etching (ICP-RIE) system. Ti/Pt/Au and Pd/Ge/Au
stacks were deposited for p-side and n-side metal contacts, respec-
tively, after the surface passivation with a silicon nitride (Si;N,)
film. The annealing process for ohmic contacts was conducted
at 200 °C, which can suppress film stress and avoid thermal
cracks during the device fabrication processes.[?’! After the 3 pm-
thick gold pad deposition for probing, the substrate was thinned
down to ~120 um and cleaved into LD bars with varying cavity
lengths from 1 to 4 mm. The cross-section scanning electron
microscopy (SEM) image of the fabricated QDLD is shown in
Figure 3D, confirming that a Fabry—Pérot etalon mirror is clearly
formed on the cleaved facet. To observe the intrinsic characteris-
tics of the QDLDs, no high-reflection (HR) or anti-reflection (AR)
films were coated on both facets in this study. In addition, nom-
inally identical QDLDs grown on a native GaAs substrate and a
Si substrate without DFLs were also fabricated together with the
QDLDs on Si with DFLs for performance comparisons.

Lasing performance of the fabricated QDLDs was character-
ized with light-current-voltage (L-I-V) measurements under
CW operation. Figure 3c shows the -V characteristics of the
three different LD devices with a 2.5 mm cavity length in the
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forward bias range. All three QDLDs show a similar turn-on
voltage and LD resistance; however, the QDLD on Si without
DFLs exhibited a notably increased leakage current as shown
in the inset of Figure 3c due to the high TDDs.[?] Accordingly,
the as-cleaved single-facet optical power (P_,) of the QDLD on
Si (without DFLs) was limited to ~10 mW due to the thermal
rollover. The threshold current (1) was also high, over 500 mA,
as shown in the LI curve measured at room temperature (RT)
(Figure 3d). In contrast, for the QDLD on Si with DFL, the I, was
significantly reduced to ~77 mA (Jy, = 309 A cm™2), even close
to that of the QDLD on GaAs (I;, = 65 mA, J;, = 260 A cm™2).
Additionally, the single-facet output power exceeded 80 mW un-
der CW operation. Thatis, although both the QDLDs grown on Si
show a similar turn-on voltage and LD resistance, the QDLD with
DFLs exhibits excellent lasing performance, approaching that of
the QDLDs grown on the native GaAs substrate. Moreover, the
threshold current densities of the QDLD on Si with DFLs could
be further lowered to an average of 255 A cm™2 in 4 mm LD bars
(see Figure S3, Supporting Information), which is the record-low
value for any MOCVD-grown QD lasers on Si and even compa-
rable to the best performing devices grown by MBE.

In order to confirm whether the QDLD on Si can be uti-
lized in a wide range of Si photonic applications, temperature-
dependent L-I measurements were performed under CW op-
eration, as shown in Figure 3e. Slight changes in I, and slope
efficiency () were observed up to 50 °C, and beyond this tem-
perature, the lasing characteristics were degraded gradually. The
maximum lasing temperature of the QDLD on Si with DFLs was
100 °C under CW operation and extended up to 115 °C under a
2% pulsed operation (see Figure S4, Supporting Information). It
should be noted that the controllable temperature of our heatsink
stage was limited to 115 °C, which indicates that the maximum
lasing temperature under pulsed operation can be extended fur-
ther beyond this temperature. The characteristic temperatures,
T, and T, related to the thermal stability of LDs, were analyzed
from the measured temperature-dependent L-I curves. The T,
and T, were extracted by fitting the exponential functions of I,
= I exp(T/T,) and n = nyexp(-T/T,), respectively, and the results
are described in Figure 3f. The estimated T, of the QDLD on Si
with DFLs was 122 K between 25 and 40 °C and 61.8 K between
40 and 70 °C. Meanwhile, the estimated T, ranged oo between
25 and 40 °C, and 210 K between 40 and 70 °C. The character-
istic temperatures T, and T; under a pulsed mode were also de-
scribed in Figure S4 (Supporting Information), showing higher
T, and T, values than those obtained under CW operation. These
thermally stable LD characteristics suggest that the QDLD on Si
with DFLs can be utilized in photonic integrated circuits oper-
ating in high-temperature environments such as data centers. It
should also be noted that the maximum lasing temperature and
characteristic temperature values of the QDLD on Si with DFLs
are comparable to those of the QDLD on native GaAs (see Figure
S5, Supporting Information).

Figure 3g shows the temperature-dependent CW lasing spec-
tra at an injection current near I,. The center wavelength of
the lasing peak of the QDLD on Si with DFLs was ~1296 nm
at 25 °C, which matches the center wavelength of the PL spec-
trum as depicted in Figure 1h. As the temperature increased,
the center lasing wavelength was red-shifted by 0.42 nm °C7!,
while a ground-state CW lasing characteristic was maintained in
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the measurement temperature range. This wavelength red shift
is nearly comparable to or slightly lower than those reported in
previous studies.'>!*] In the case of the QDLD on GaAs, the
center wavelength was red-shifted by 0.35 nm °C~'. The slightly
less red-shift in the QDLD on GaAs is possibly due to the lower
I, and consequently reduced local heating effects, in compar-
ison to the QDLD on Si (as summarized in Figure S6, Sup-
porting Information). It should be noted that a more accurate
evaluation of temperature-dependent lasing spectra in QDLDs
can be achieved through rigorous spectral measurements un-
der pulsed-mode operation and/or using advanced techniques
capable of directly probing the internal junction temperature.
Such systematic analyses will be addressed in our follow-up
studies.

2.4. QD Laser Reliability Characterizations

Achieving high reliability with a sufficient lifetime is critical for
practical applications of our QDLDs grown on Si. We investigated
extrapolated device lifetimes of the fabricated QDLDs on Si by
evaluating mean-time-to-failure (MTTF): that is, time to double
the initial value for I, and a bias current required for 100 mW P_
(I10mw)- For this purpose, the QDLD on Si was aged over 2000 h at
55 °C, which is the operation temperature of semi-cooled lasers
for optical communications,[??3% under a constant DC current.
L-I-V measurements were periodically performed at RT to mon-
itor the aged lasing characteristics. The aging current was reset at
I=1.75 x I;, every time we swept L-I-V, which led to an increase
in the aging currents from 150 to 220 mA. Figure 4a shows the
evolution of the measured CW L-I curves during the 2000 h aging
tests. The I, slope efficiency, and I, were degraded relatively
rapidly at the beginning, and then those were saturated gradually
over the whole course of aging. These trends are summarized in
Figure 4b. Negligible changes in I, and I,,,\, are observed af-
ter the aging period of 500 h. From the aging data, the MTTF
(device lifetime) values were extracted through the linear fitting
for I, and I,y in the semi-log scale aging plots,['* as shown
in Figure 4c,d. Note that the coefficient of determination (R?) is
greater than 99.9%, which indicates the high fitting accuracy of
this method. As a result, the extrapolated MTTF for I, was esti-
mated to be 497 years, while the estimated MTTF for I, Was
even higher, #1050 years, which are remarkably long lifetimes
considering the high aging temperature (55 °C). It should also
be noted that these MTTF values extracted from the QDLD on
Si are even comparable to those for the QDLDs on native GaAs,
which is a more reliable platform to grow high-quality QDLDs
(see Figure S7, Supporting Information). The result implies that
the all- MOCVD-grown QDLDs on Si substrates have superior de-
vice reliability to those grown by MBE.

3. Discussion

Table 1 shows significant strides in the reliability improvements
of the MBE-grown QDLDs on Si.[>11143132] Industrial applica-
tions typically require 20 years of expected device lifetime, and
only the recent QDLD on Si with dislocation trapping layers
satisfied the requirement.'! Our lasers do not contain such
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Figure 4. Laser lifetime characterizations for QDLD on Si. a) Evolution of the CW L-I characteristics of fabricated QDLD on Si during 2000 h aging at
55 °C. A DC current ranging from 150 mA to 220 mA (1.75 times the threshold current at 55 °C) was applied to device during aging test, and periodic
CW L—I-V measurements were conducted for monitoring the aged lasing characteristics. b) Changes in threshold current and bias current required for
10 mW optical output power over aging time. c) Extraction of mean-time-to-failure (MTTF) for threshold current by linear fitting of the percent increase
in threshold current against log-scale aging time. d) MTTF extraction of the bias current for 10 mW by using the identical fitting procedure. R-square
values indicating the fitting accuracy are greater than 99.9%. The extrapolated MTTF of the threshold current is ~497 years, and that of the bias current

required for 10 mW output power is ~1050 years.

Table 1. Summary of the device reliability for MBE-grown QDLDs on Si, and comparison with this work achieved by all MOCVD epitaxy.

Year Epitaxy tool TDD Aging Aging current MTTF Reference
temperature
2015 MBE ~10% cm™2 30°C ~2000 A cm~2 (3%/y,) 4627 h 37
2016 MBE ~10° cm™2 26 °C ~130 Acm™2 (1.75%/y,) 100 158 h )
2018 MBE 7 x10% cm™2 35°C ~500 A cm™2 (2X/y) >20 years 9]
2018 MBE 7% 10° cm™2 60 °C ~1300 A cm™2 (2X/y) 65 000 h [32]
2021 MBE 1.5 x 10° cm—2 80 °C ~1100 A cm™2 (2x/y,) >20 years [14]
2024 MOCVD 9 x 105 cm™2 55°C 600-800 A cm™2 (1.75xJy,) >20 years This work

trapping layers around the active region but showed much re-
liable results compared to the MBE-grown counterparts with
similar TDD values. We believe that this could be due to the
absence of innate oval defects in MOCVD growth.**) MBE
growth inevitably generates oval defects from solid source evap-
orations, and these can be sources of recombination-enhanced
dislocation climbs.®!l Therefore, MOCVD growth is consid-
ered more advantageous than MBE for the growth of reli-
able QDLDs on Si. Figure 5 summarizes the performances
of InAs/GaAs QD lasers epitaxially grown on Si using MBE
and/or MOCVD. Lasers integrated onto Si are desired to have
low threshold current density to save power consumption and
high lasing temperature to persist in harsh working environ-
ments. Our results demonstrated far superior performance com-
pared to the other two all-MOCVD lasers. When compared to
those grown by MBE, our QD lasers still show better perfor-
mance regarding low threshold current and maximum lasing
temperature.

Laser Photonics Rev. 2025, 00574 e00574 (7 0f9)

4, Conclusion

In conclusion, we demonstrated high-performance InAs/GaAs
QD lasers monolithically integrated on Si substrates using all
MOCVD epitaxial growth. Highly uniform InAs QDs and their
excellent crystalline quality were preserved by adopting a two-
step p-AlGaAs cladding growth. Insertion of threading disloca-
tion filter layers significantly improved the performance of our
QD lasers on Si, including ultralow threshold current density
and superior device reliability. Our demonstration suggests that
monolithic integration of efficient, scalable, reliable III-V light
sources onto Si photonic platforms has progressed beyond the
research lab and is now poised for a commercially viable technol-
ogy. The next step will be to implement our growth techniques
onto Si waveguide-patterned substrates for light coupling, which
can further lead to laser-integrated Si photonic integrated cir-
cuits with modulators, multiplexers, and photodetectors. Over-
all, we believe that this work represents a major milestone for
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Figure 5. Performance benchmarks of 111-V QD lasers epitaxially grown on
Si using MBE and/or MOCVD. Continuous-wave threshold current densi-
ties at 300 K are plotted against the maximum lasing temperature. Detailed
data sources are available in references.[1214.19.23,34-40]

on-chip optical interconnect and Si-based photonic integrated
circuits.

5. Experimental Section

Epitaxial Growth: The InAs/GaAs QDLD heterostructures were epitax-
ially grown on an on-axis GaP/Si (100) wafer by a vertical-type MOCVD re-
actor. The GaP/Si template, sourced from NAsP’s commercially available
product, included a 45 nm-thick GaP layer pseudomorphically grown on Si
(100) by MOCVD to suppress anti-phase boundaries.[*!] Prior to the GaAs
growth, the GaP/Si templates were cleaned with diluted HF and annealed
at 900 °Cin an H,/PHj3-rich atmosphere. Starting with the epitaxial growth
of a low-temperature 20 nm GaAs layer at 420 °C, an additional GaAs layer
with a 900 nm thickness was subsequently grown in two stages. This was
followed by thermal cycling annealing (TCA) between 800 and 350 °C. Af-
ter the TCA, three pairs of the Ing 1,Gag ggAs/GaAs DFL and 300 nm GaAs
spacer layer were grown sequentially. Each DFL consisted of ten sets of
a superlattice structure with alternating 10 nm-thick Ing 14,Gag ggAs and
GaAs layers, and the growth temperature was optimized based on the pre-
vious studies.[*?] To compare the device performance, a control sample
without DFLs, but with the same GaAs buffer thickness, was also grown.
After the GaAs buffer growth with and without the DFLs, the quality of the
GaAs buffer on Si was characterized by ECCl measurements to evaluate
the TDD. Finally, the QDLD heterostructures, consisting of a 1.5 um n-
AlGaAs cladding layer, seven pairs of DWELL active layers, and a 1.5 um p-
AlGaAs cladding layer, were grown simultaneously on both the GaAs buffer
on Si (with and without DFLs) and on native GaAs wafer.

Material Characterizations: The quality of the QDLD heterostructures
was evaluated by TEM, SEM, ECCI, AFM, PL, Hall, and SIMS measure-
ments. The cross-section images of the grown InAs/GaAs QDLD het-
erostructures were obtained by using field-emission TEM (Titan 80-300,
FEI Inc.) and field-emission SEM (Phenom Pharos, Thermo Fisher Sci-
entific Inc.) systems. The TDD levels within the GaAs buffer layers were
assessed via the ECCl images from a TESCAN CLARA SEM system oper-
ated at an acceleration voltage of 30 keV. The density and uniformity of the
grown InAs/GaAs QDs were characterized by AFM (NX20, Park Systems
Inc.) with non-contact mode. The PL spectra of the QD heterostructures
were measured by using a monochromator (SpectraPro-500i, Acton Re-
search Corp.) and a PL mapper (MAPLE-Il, Dong woo Optron Inc.) with a
980 nm excitation laser and a thermoelectrically cooled InGaAs detector,
optimized for near-infrared emission collection. The carrier concentration
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and sheet resistance of the p-AlGaAs cladding layers were evaluated by van
der Pauw-based Hall measurements (HL5500, Accent Inc.). The layer-by-
layer depth profile of the as-grown QD heterostructure was obtained from
ToF-SIMS measurements (CAMECA IMS 7f magnetic sector SIMS) with
Cs* primary ions at a beam energy of 6 kV.

LD Fabrication:  Following the epitaxial growth and material character-
izations, ridge-waveguide QDLDs with 10-um-wide stripes were fabricated
by using standard photolithography and ICP-RIE processes. The as-grown
QD epitaxial wafers were first cleaned with H,SO, and diluted HF to re-
move native oxides, followed by the deposition of a 100 nm SiO, layer us-
ing a plasma-enhanced chemical deposition system (VL-LA-PECVD, Un-
axis Inc.). Subsequently, a ridge waveguide with a 10 um width was pat-
terned by i-line stepper lithography (NSR2205i12D, Nikon Inc.) with a
positive-tone photoresist (PR), and the ridge patterns were then trans-
ferred to the SiO, layer using a CF,/O, plasmain a Plasma-Therm VLR RIE
system. Using the transferred SiO, layer as a hard mask, the ridge waveg-
uide was dry etched to a depth of 1.5 um above the QD active layer through
a Cl,-based ICP-RIE system (Versaline LL-ICP, Plasma Therm Inc.). Af-
ter surface passivation with a Si;N, film and subsequent opening of the
contact regions, the p-metal and n-metal were formed by using negative-
tone PR patterning and lift-off processes. To form ohmic contacts with
the p*-GaAs and n*-GaAs contact layers at a low annealing temperature
of 200 °C, Ti/Pt/Au (300/500/2500 A) and Pd/Ge/Au (150/450/2600 A)
metal stack was used for the anode and cathode. After the furnace anneal-
ing at 200 °C for 2 h, both the p- and n-metal contacts exhibited excellent
ohmic behavior with a specific contact resistance below 3 x 107% Q-cm?.
For heat dissipation and probing, 3 um-thick Au pads were electroplated
onto the p-metal and n-metal. Finally, the substrate was thinned down to
~120 um by using a lapping and polishing system (PM6, Logitech Inc.),
and cleaved into long LD bars of the desired cavity length using a Daitron
scribing/cleaving machine.

Device Characterizations: The electrical characteristics (diode J-V and
leakage current) of the fabricated QDLDs were measured by using a semi-
conductor parameter analyzer (4156C, Agilent Inc.). Lasing performance
and temperature characterizations were performed via the L-/-V mea-
surements using an LD chipbar tester synchronized with a Keithley 2520
pulsed LD source meter, 2520INT-1-Ge pulsed power detector, and 2510-
AT thermo-electric cooler. The CW lasing spectra were acquired with an
optical spectrum analyzer (MS9740A, Anritsu Inc.). For the aging test, the
fabricated QDLD chipbars were packaged onto an AIN/Cu submount and
wire-bonded to metal pads pre-patterned on the submount. The packaged
QDLD samples were then aged at 55 °C for 2000 h under a constant DC
current, with the periodic L-I-V measurements to monitor the aged lasing
characteristics.
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Supporting Information is available from the Wiley Online Library or from
the author.
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