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ABSTRACT

We report room temperature (RT) continuous-wave (CW) lasing of quantum well (QW) lasers grown on (001) Si substrates emitting
at 980nm. Two different QW structures, including conventional compressively strained InGaAs/GaAs QWs and strain-compensated
InGaAs/GaAs/GaAsP QWs, were investigated. Photoluminescence properties and device performance of both structures on native GaAs and
(001) Si substrates are discussed. By adding GaAsP barriers to the InGaAs/GaAs QWs, the lowest threshold current density of ridge wave-
guide edge-emitting QW lasers obtained on Si is 550 A/cm?, measured on a 10 um x 2mm device at RT. The working temperature of the
InGaAs/GaAs/GaAsP QW lasers grown on Si can be over 95°C in the CW mode. This work suggests a feasible approach to improve the
980 nm laser performance on Si for monolithic optoelectronic integration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0179895

Silicon is the most widely used material in conventional electronic
circuits for data processing. For nearly three decades, Si-based pho-
tonic integrated circuits (PICs) made compatible with CMOS technol-
ogies have been investigated and adopted, offering major benefits in
large bandwidth and low power consumption.' ” On-chip efficient
III-V light sources are essential building blocks for PICs because of
their superior optical properties and demonstrated performance.””
Although high-performance lasers grown on native III-V wafers have
been transferred onto Si substrate by die or wafer bonding techniques,
monolithic epitaxial growth of III-V lasers on Si offers an attractive
alternative to eliminate difficulties in high-precision alignment
steps.”™ Since many dissimilarities exist between III-V materials and
Si, significant challenges in heteroepitaxial growth such as antiphase
boundaries (APBs), large thermal expansion coefficient mismatch, and
high threading dislocation densities (TDDs) are yet to be fully
resolved.” "' To address these issues, various techniques have been
investigated. APBs can be eliminated by utilizing optimized Si wafer
pretreatment,'” patterned Si'” and Si wafers with offcut toward
(001)."* Meanwhile, growth approaches including strained-layer dislo-
cation filters (DFs),"”'° compositionally graded buffers,””'® and

thermal cycle annealing (TCA)'”*” have been explored to reduce crys-
talline defects resulting from heteroepitaxy. The problem of surface
cracks caused by large thermal expansion coefficient mismatch could
be alleviated with lower cooling down speed after growth.”
Heteroepitaxial growth of efficient coherent light sources on Si has
been motivated by the demand for large capacity in data centers that
need high performance and reliable III-V lasers in the communication
bands.” Quantum well (QW) lasers emitting at different bands have
been demonstrated on Si in recent years.”’22 In addition, lasers emit-
ting at 980 nm can be used as a pumping source for erbium-doped
fiber amplifiers for optical fiber communication systems since it offers
advantages of larger gain coefficient and multi/demultiplex operation
for pumping.” Recently, the 980 nm InGaAs/AlGaAs quantum well
(QW) lasers grown on Si have been demonstrated, but the lifetime of
the laser is only 90 s, and the operation at high temperatures (above
25°C) is not shown.”

Here, we compare the performance of 980nm QW lasers with
two distinct QW structures grown on both native GaAs and Si sub-
strates to investigate the impact of GaAsP barrier layers on device per-
formance. The growth and performance of the two different QW
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structures were investigated, including their photoluminescence (PL)
characteristics and device performance at different temperatures.
Preliminary results have revealed that the strain-compensated
InGaAs/GaAs/GaAsP QW lasers exhibited lower threshold current
densities and better temperature stability than conventional InGaAs/
GaAs QW laser structures grown on both GaAs and (001) Si
substrates.

The growth of GaAs-on-planar Si (GoPS) templates and laser
structures were performed at 100 mbar in an AIXTRON close coupled
showerhead (CCS) and an AIXTRON 200/4 metal organic chemical
vapor deposition (MOCVD) system, respectively. Commercial nomi-
nal (001) Si wafer (~0.5° offcut with random orientation) was first
cleaned in boiling NH,;OH:H,0,:H,0O (1:1:5) solution for 10 min and
was dipped in 1% HF solution for 90 s to remove the native oxide. The
as-treated Si wafer was then transferred into the reactor for subsequent
growth. After annealing at 850 °C for 15 min in a pure H, ambient to
assist the formation of bi-atomic terraces, a uniform GaAs nucleation
layer (~10 nm) was deposited first at 400 °C. Then two layers of GaAs
with a total thickness of 950 nm were grown at 510 and 560 °C, respec-
tively. Subsequently, four cycles of TCA were applied with temperature
cycling between 330°C (5min) and 680°C (5min), after which a
150 nm GaAs layer was grown at 560 °C. To further improve the qual-
ity of the GaAs film on (001) Si, the GoPS templates were heated to
730°C in an arsenic ambient for 4min and then cooled down to
330°C (5 min) for six cycles after completing the growth of a 350 nm
GaAs layer. Ten periods of 9.5nm Ing;5GaggsAs/12nm GaAs
strained-layer superlattices (SLSs) were grown to further filter the
threading dislocations (TDs). Finally, a 300 nm GaAs layer was grown
on top, as illustrated in Fig. 1(a). Figure 1(b) shows a 10 x 10 um?
atomic force microscope (AFM) image of the 2 um-thick GoPS tem-
plates, with a root mean square (RMS) value of 1.43 nm. The cross-
sectional transmission electron microscopy (X-TEM) image of the
GoPS templates is displayed in Fig. 1(c). A high density of crystalline
defects generated at the GaAs/Si hetero-interface propagates toward

(a) 300 nm GaAs (b)
g 10x {9.5 nm In, ,5GaAs / 12 nm GaAs} g TCA 2
350 nm GaAs
150 nm GaAs
+<—TCA1
950 nm GaAs

pubs.aip.org/aip/apl

the interface between the SLSs and GaAs. The propagation of TDs was
bent by the strain fields of the SLSs, and their glide direction was
changed into the (001) plane. Additionally, the interaction between
TDs during TCA also contributes to the reduction in TDDs. Figure 1(d)
depicts a representative plane-view TEM (PV-TEM) image of the
2 um-thick GoPS templates. A total scanned area of ~200 um” was
observed to obtain a defect density value of 2.8 x 10" cm ™2,

Two types of QW structures were designed to investigate the
effect of tensile-strained GaAsP barriers on the performance of QWs,
as schematically delineated in Figs. 2(a) and 2(b). Prior to the growth
of QWs, a uniform GaAs layer (100 nm) was first grown on a GaAs
substrate and a 2 um-thick GoPS template simultaneously in the same
run. For the QW1 structure, two 5 nm Ing ;3Gag g, As QWs were sand-
wiched by GaAs barriers, which were then capped with 40 nm
Aly,GaggAs and 40nm Aly,GagsAs cladding layers. Two strain-
compensated Ing;5Gagg,As/GaAs/GaAsyg,Pg13 QW structures were
stacked in the QW2 structure. Two 6 nm GaAs layers acted as barriers
of the Ing;3GaggAs QWs, surrounded by two GaAsgg,Py 15 layers.
The compositions of indium and phosphorus in the QW structures
were measured by energy dispersive spectroscopy. Figure 2(c) illus-
trates the band diagram of the QW1 and QW2 structures. Compared
to QW1, the thermal escape probability of electrons in QW2 could be
reduced by introducing GaAsP barriers. Figure 2(d) plots the PL spec-
tra of the as-grown QW structures grown on the GaAs substrates
excited by a 514 nm continuous-wave (CW) diode laser at room tem-
perature (RT, 20 °C). The PL peak of QW2 is stronger (6%) and nar-
rower, with a full width at half maximum (FWHM) of 26 meV,
compared to that of QW1 (34 meV). The shoulders (912 and 915 nm)
in the PL spectra of QW1 and QW2 are presumably the ground state
electron-light hole band (le-1lh) recombination in the InGaAs QWs
due to the splits of the valence band.”” The PL spectra of QW1 and
QW2 grown on the 2 um-thick GoPS templates are plotted in the inset
of Fig. 2(d). The PL intensity of QW2 is 22% stronger than that of
QWI1, and the PL linewidth of QW2 is 5% narrower than that of

15 nm

RMS=1.43 nm

FIG. 1. (a) Schematic diagram of 2 um-

thick GoPS templates with two sets of
-15 nm TCA and ten periods of SLSs. (b)
10 x 10 um® AFM image of GoPS tem-
plates with an RMS value of 1.43 nm. The
color scale of the AFM image is 30 nm. (c)
X-TEM and (d) PV-TEM images of a
2 um-thick GoPS template. Interaction
and bending of TDs took place obviously
in the GaAs epilayer.
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5 nm Ing ,;GaAs L
14 nm GaAs
40 nm Al, ,GaAs 40 nm Al, ,GaAs
40 nm Al, ,GaAs 40 nm Al, ,GaAs
100 nm GaAs 100 nm GaAs FIG. 2. Schematic diagrams of (a)

QW 1: InGaAs/GaAs QW

QW 2: InGaAs/GaAs/GaAsP QW

Ing.18Gag g2As/GaAs QWs (QW1) and (b)
Ing.18Gap g2As/GaAs/GaAsy g7Pp 13 QWs
(QW2) grown on GaAs and the GoPS
templates. (c) Schematic diagram of QW1

R ,AE"'"'" Thef"‘a' escape (d) ———aw1 o5 nm e and QW2. (d) PL spectra of QW1 and
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GaAsP AEborcr 33ASP GaAsP ‘w | s0 850 900 950 1000
o 5 Wavelength (nm) 91I5 nm
€
4 onGaAs RT .
— QW1
— Qw2
InGaAs 800 850 900 950 1000

Qw2

QWI1. The insertion of the tensile-strained GaAsP barriers contributes
to the PL linewidth narrowing of QW2 on both GaAs substrates and
GoPS templates. Since the PL linewidth is related to the interface
between the barriers and QWs in the QW structure, fluctuations in
well width would lead to broadening of the band edges.”” The QW2
structure shows smoother interfaces than QW1, as evidenced by the
zoomed-in cross sectional TEM images in Figs. 3(c) and 3(d). The rela-
tive difference between the PL intensities of the peaks in QW1 and
QW2 grown on GoPS templates (22%) is larger than these two QW
structures on GaAs substrates (6%), which could be ascribed to the res-
idue strain in the GoPS templates, resulting from the 4% lattice mis-
match between the GaAs buffer and Si, as well as the growth of
InGaAs/GaAs SLSs."” The differential gain tends to saturate as the
amount of the compressive strain increases.”” The accumulation of
compressive strain could be alleviated by the insertion of tensile-
strained GaAsP layers. Furthermore, tensile-strained GaAsP barriers
not only increases the band offset and splitting between the highest
heavy-hole and light hole states but also promote the energy increase
in the sub-bands of the wells, thereby causing a slight blue shift of the
PL peak wavelength in QW2 on both GaAs substrates and GoPS
templates.”®

After the gain region optimization, laser structures with different
active regions were grown on both GaAs substrates and the GoPS tem-
plates. The growth sequence was as follows: 700 nm n-type GaAs con-
tact layer, 800 nm n-type Aly;GaAs cladding, active region, 800 nm
p-type Aly;GaAs cladding, and 200 nm p-type GaAs contact layer. The
doping concentrations of the n-type GaAs contact and the Aly,GaAs
cladding layer were 1 x 10" and 6.9 x 10" cm ™, respectively. The

Wavelength (nm)

doping concentrations of the p-type Al,,GaAs cladding and the GaAs
contact layer were 1.6 x 10'® and 4.6 x 10"°cm ™, respectively. A
schematic diagram of the whole laser structure with QW2 is depicted
in Fig. 3(a). The global-view of a cross-sectional scanning transmission
electron microscopy (STEM) image of the QW2 laser structure grown
on the GoPS templates is shown in Fig. 3(b), with the zoomed-in
STEM image of the active region displayed in Fig. 3(c). From the
STEM image, the thickness of each layer in the active region is the
same as designed, and the InGaAs/GaAs/GaAsP QWs feature sharp
interfaces on the GoPS templates. Figure 3(d) shows the zoomed-in
STEM image of the InGaAs/GaAs QWs in the QW1 laser structure,
and the interfaces in compressively strained InGaAs/GaAs QW are
not as sharp as that in the strain-compensated InGaAs/GaAs/GaAsP
QWs.

To investigate the device performance of the lasers with QW1
and QW2 active regions, ridge waveguide edge-emitting lasers were
fabricated. The fabrication process with detailed steps have been
described in our previous publications.”””’ The cleaved laser bars on
different substrates were placed on a heated stage with a temperature
controller and electrically driven by continuous current at various tem-
peratures. Figure 4(a) presents representative current-voltage (I-V)
curves of QW1 and QW2 lasers with the same size (10 um ridge width
and 2 mm cavity length) grown on GoPS templates. The I-V charac-
teristics of these two devices are comparable. The turn-on voltage of
lasers is measured to be ~1.1 V and the series resistance ranges 10-14 Q.
Figure 4(b) shows a representative RT emission spectra of a
10 um x 1.2 mm QW?2 laser grown on the GoPS templates under the
CW condition. The lasing spectra was measured by coupling the
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10 nm
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__Al,,GaAs

GaAsP, 4
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Al, ,GaAs

0.2

FIG. 3. (a) Schematic of electrically pumped QW2 laser grown on GaAs substrate and GoPS templates. (b) Global-view cross-sectional STEM image of QW2 laser grown on
GoPS templates. (c) Zoomed-in STEM image of the active region. (d) STEM image of InGaAs/GaAs QWs in the QW1 laser structure grown on GoPS templates.
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analyzer. The transition from spontaneous emission to primary las- lasers grown on GaAs substrates with different dimensions are shown
ing at 983 nm is evident from the sudden narrowing of the emission in Fig. 4(c). Compared with QW2 lasers, QW1 lasers of the same size
envelope when the injection current is above the threshold. show comparable threshold but a smaller slope efficiency. The
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threshold is mainly related to gain of QWs and loss within the cavity.
The slope efficiency is influenced by the internal quantum efficiency
(IQE) and absorption loss, particularly free carrier absorption losses.
The QW2 structure has a higher IQE compared to QW1, thereby
accounting for the difference in their respective slope efficiency.
Moreover, the larger slope efficiency of QW2 lasers could also be
ascribed to the elevated band offset of the conduction and valence
band after insertion of GaAsP barriers.”’ ** Figure 4(d) displays light
vs current-density curves of QW1 and QW2 lasers grown on the GoPS
templates. The threshold current densities of QW2 lasers are obviously
lower than that of QW1 lasers when devices have similar dimensions,
which is consistent with the PL spectra shown in Fig. 2(d). The total
strain in the active region accumulates with the growth of the com-
pressively strained InGaAs layer on GoPS, and lattice misfit disloca-
tions would start to form in the active region when the total strain
approaches the critical level.”® In addition to better carrier confine-
ment, the accumulated compressive strain of the InGaAs layer in the
active region can be compensated by the GaAsP barrier, resulting in
somewhat better crystalline quality of QW2.

To benchmark the thresholds of QW lasers on GaAs substrates
and GoPS templates at RT under CW condition, statistical data of
QW1 and QW2 lasers with different sizes (width: 2-40 um, length:
0.5-2 mm) are summarized in Fig. 5(a). The average lasing threshold
current density of the QW1 lasers on GaAs substrates is comparable to
that of QW2 lasers. The QW1 lasers grown on GoPS templates with
an average threshold current density of 3.83 kA/cm® show a more dis-
persed distribution, while the lasing thresholds of QW2 lasers are
more clustered and spread from 0.55 to 3.33 kA/cm”. More than 50
devices have been measured for each QW laser structure on GoPS
templates for fair comparison. Figures 5(b) and 5(c) plot the threshold
current density vs cavity length for both QW1 and QW2 lasers grown
on GoPS templates with a fixed ridge width of 4 and 6 um, respec-
tively. Compared to QW2 lasers, QW1 laser with same dimensions on
Si shows a larger threshold. We ascribe the large difference in the aver-
age threshold between the QW1 and QW?2 lasers on Si to the larger
band offset and strain compensation of the InGaAs/GaAs/GaAsP
QWs we adopted.

To evaluate the temperature characteristics of these two different
QW laser structures and minimize thermal effects caused by CW injec-
tion current, measurements of light—current (L-I) curves and spectra

ARTICLE pubs.aip.org/aip/apl

were performed on GaAs substrates and GoPS templates under pulsed
mode in the temperature range from 25 to 95 °C. Figure 6(a) plots the
temperature dependence of threshold currents of the two QW laser
structures on GaAs substrates, with extracted characteristic tempera-
tures Ty. The T, of QW1 laser was fitted to be 137 K, which is lower
than that of the QW2 laser (154.5 K). Figure 6(b) displays the tempera-
ture dependence of the lasing peak (d//dT) at a fixed injection current,
showing essentially no difference between the two. The T, of QW1
laser on GoPS templates was extracted to be 66 K in the temperature
range of 25-85°C, as shown in Fig. 6(c). A T, value of 97K and a
dA/dT of 0.35nm/°C were obtained on the QW2 laser. The QW1 and
QW2 lasers have the same trend of T and d4/dT on GaAs and GoPS
templates. The lower T, and larger dA/dT on QW1 lasers shows that
QW?2 lasers have better high-temperature stability on both GaAs sub-
strate and GoPS templates. It can be ascribed to the reduced thermal
escape probability of electrons from the active region at high tempera-
ture by introducing GaAsP barriers.”

The temperature dependence of threshold currents of the QW1
and QW2 lasers with similar dimensions on GaAs substrates operating
in CW mode are shown in Fig. 7(a). The characteristic temperature T,
of a QW2 laser grown on GaAs substrates was extracted to be ~140K,
while the Ty of a QW1 laser was 129.6 K below 60 °C and decreased to
103.4K from 60 to 95 °C, indicating inferior temperature stability of
InGaAs/GaAs QWs at high temperatures. Measured L-I curves of
QW1 and QW?2 lasers on GoPS templates at progressively increasing
temperatures are plotted in Figs. 7(b)-7(d). The Ty of QW1 laser was
extracted to be ~34.5K from 25 to 45°C as exhibited in the inset of
Fig. 7(b). Meanwhile, the QW1 laser could lase at a temperature not
higher than 45°C and degraded rapidly. Compared with the QW1
laser, the QW2 lasers on GoPS templates could lase up to 90°C and
even higher than 95°C under CW operation (limited by the setup),
and no significant slope efficiency drop was observed with the increase
in temperature. A high T of a 4 yum x 1 mm QW?2 laser was extracted
to be 103K from 25 to 70 °C and decreased to 36.6 K from 70 to 90 °C
[inset of Fig. 7(c)]. The 2 um x 1.5mm QW?2 laser can lase above
95°C, as shown in Fig. 7(d). In QW1 lasers, carriers escaping from the
active region at higher temperatures give rise to degradation of the
laser performance, thus leading to the reduction in gain and higher
non-radiative recombination. The carrier escape could be alleviated
by the insertion of GaAsP barriers with better carrier confinement.”

(@) 10 ! (b) (c)
on GaAs i on GoPS 64 ridge width: 4 um @ QW1 lasers 5] oridgewidth: 6 um o QW1 lasers
T 1 T o @ QW2 lasers 9 @ QW2 lasers
81 awi | aw2 iawilsesi  Qw2lasers <5 on GoPS - on GoPS
? lasers | lasers | = i g " 5 4
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FIG. 5. (a) Threshold current densities of QW1 and QW2 lasers with different sizes on GaAs substrates and the GoPS templates. Plot of threshold current density vs cavity
length for both QW1 and QW2 lasers on GoPS with a fixed ridge width of (b) 4 um and (c) 6 um.
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To sum up, both material characterization and device performance
indicate that the InGaAs/GaAs/GaAsP QW structure is better than
InGaAs/GaAs QW on Si.

In conclusion, by adopting strain-compensated InGaAs/GaAs/
GaAsP QWs as the gain media, we have demonstrated the CW mode
operation of 980 nm QW lasers on (001) Si at RT. The lowest thresh-
old current density obtained was 550 A/cm’. A total power exceeding
35 mW was achieved with the QW?2 laser structure, lasing up to 95°C.
A comparison of the two different QW laser structures in terms of
device performance was made. The QW structure with the tensile-
strained GaAsP barriers shows lower threshold current density and
better temperature stability than conventional InGaAs/GaAs QW in
laser devices, which is favorable for 980 nm QW lasers on Si. The reali-
zation of QW lasers directly grown on Si provides a straightforward
and potential low-cost approach toward realizing ITI-V lasers on Si by
optimizing heteroepitaxy of III-V materials on Si.
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