1.3 pm InAs/GaAs quantum dot lasers on silicon
with GalnP upper cladding layers
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We report on the first electrically pumped continuous-wave (CW) InAs/GaAs quantum dot (QD) laser grown on Si
with a GalnP upper cladding layer. A QD laser structure with a GaosilnosP upper cladding layer and an
Alos3GaosrAs lower cladding layer was directly grown on Si by metal-organic chemical vapor deposition. It
demonstrates the post-growth annealing effect on the QDs was relieved enough with the GalnP upper cladding layer
grown at a low temperature of 550 °C. The broad-stripe edge-emitting lasers with 2-mm cavity length and 15-um
stripe width were fabricated and characterized. Under CW operation, room-temperature lasing at ~1.3 pm has been
achieved with a threshold density of 737 A/cm? and a single-facet output power of 21.8 mW. © 2012 SIOM

OCIS codes’ (230.56590) Quantum-well, -wire and -dot devices; (250.5960) Semiconductor lasers; (160.3130)

Integrated optics materials.

1. INTRODUCTION

Driven by on-chip optical interconnects instead of electrical links,
silicon photonics has attracted increasing attention due to its
potential prospects in applications [1-3]. Much effort has been
made to realize laser sources on Si platform, such as Si Raman
lasers [4], Si hybrid lasers [5], GeSi lasers on Si [6], and GeSn
lasers on Si [7]. Among these efforts, the integration of I[I- V lasers
monolithically grown on Si is considered to be a promising solution
to obtain efficient light sources on the Si platform in the near
future [8-11]. However, direct epitaxial growth of III - V
semiconductors on Si wafers faces several significant difficulties
including large mismatches in lattice constant, thermal expansion
coefficient, and polarmon-polar surfaces [12,13]. These issues
induce the formation of different types of defects, thermal cracks
and antiphase boundaries [14,15].

Due to the tolerance to the crystalline defects, quantum dot
(QD) lasers have shown promise for fabricating high performance
lasers on Si. Up to date, [1I-V QD lasers directly grown on Si have
made great progress in recent years [10,16-19]. Several research
groups studying on 1.3 pm InAs/GaAs QD lasers monolithically
grown on Si have demonstrated impressive results. In 2011, a
laser structure grown on silicon was realized with a QD active
region and 1.5-um n- and p-AlosGaosAs cladding layers. A
threshold current density of 725 A/em?2 was achieved under pulsed
operation at room temperature [16]. Then, continuous-wave (CW)
operation is achieved with a threshold current density of 62.5
Alem? at room temperature [10]. In 2014, a threshold current
density of 427 A/em? (16 mA/937X4 pm? was demonstrated
under CW operation at room temperature. Its structure on Ge/Si

substrates includes an InAs QD active region and 1.4-um n- and
p-Alo4GaoeAs cladding layers [17]. After that, a laser on GaP/Si
substrates was achieved with a high wall-plug-efficiency of 38.4%
under CW operation at room temperature [18]. In 2016, a room-
temperature micro-disk laser with a QD active region grown on Si
was realized, and the lasing threshold is similar to that on GaAs
substrates [19].

It is worth noting that the AlGaAs layers as both bottom and
upper cladding layers were adopted in the QD laser structures on
Si, and grown by molecular beam epitaxy (MBE) technology in the
reports mentioned above [16-19]. To our knowledge, the QD laser
structures grown on silicon by only metal-organic chemical vapor
deposition (MOCVD) have not been reported up to now. The main
reason involves the problems of the growth of the AlIGaAs upper
cladding layer by MOCVD [20,21].

For the growth of AlIGaAs upper cladding layers, a high growth
temperature (generally above 700 °C) is required to obtain high
quality in both electric and optical properties. However, for the QD
active region, in a high temperature, the degradation of the optical
quality, such as blueshift of emission wavelength and reduction of
optical gain, should occur after growth of AlGaAs upper cladding
layers [22,23].

Actually, it is important to develop strategies to grow QD laser
structures on Si by MOCVD technology. There are mainly three
advantages for MOCVD-based fabrications. 1) high growth rates
and low costs in volume production requirements; 2) regrowth or
selective area growth required by distributed feedback lasers, and
optical integrated structures and devices; 3) high-temperature in-
situ annealing for GaAs/Si buffer layer growth processes [20,24].



To avoid the growth condition conflict between QD active
regions and AlGaAs upper cladding layers, it is a reasonable
resolution to adopt the GalnP upper cladding layers instead.
Compared with AlGaAs upper cladding layers, the GalnP
counterparts have two main advantages. One, its growth
temperature by MOCVD can be lower to 500 °C. Hence, it can be
relieved to affect the QDs during post-growth of upper cladding
layers. The other, GaInP is a kind of Al-free semiconductor
materials, and relatively insensitive to impurities, such as oxygen
and carbon, during material growth processes [25].

In this paper, the purpose is to develop a 1.3 um InAs/GaAs QD
laser structure grown on silicon by MOCVD technology with the
GalnP upper cladding layer and AlGaAs lower cladding layer. The
post-growth annealing effect on the QDs was relieved enough
through the GalnP upper cladding layer with a low growth
temperature. The broad-stripe edge-emitting lasers with 2-mm
cavity length and 15-pm stripe width were fabricated and
characterized. The device lasing at ~1.3 pm with threshold density
of 737 Alem? and single-facet output power of 21.8 mW was
achieved under CW condition at room temperature.

2. OPTIMIZATION OF GROWTH CONDITIONS OF
GAINP UPPER CLADDING LAYER

To study the influence of the post-growth process of the upper
cladding layer growth over the QDs, a test structure of 1.3 pm
InAs/GaAs QD lasers directly grown on silicon, as shown in Fig. 1,
was grown to explore the optical properties of the QDs after the
growth process of upper GalnP cladding layers at different growth
temperatures. The test structure begins with a 1.8-pm GaAs
buffer layer, followed by an active region with 5-layer
InAs/InGaAs/GaAs QDs surrounded by a 0.2-pm AlossGaoazAs
layer and a 1.3-pm Gaosilno.soP layer. Finally, it is capped with a
0.2-pm GaAs layer.

5-layer QD active region

FIG. 1. Schematic diagram of the test structure of the QD active region on
silicon.

The growth of the test structure on Si was carried out at
Aixtron-200  MOCVD system. High-purity trimethylgallium
(TMGa), trimethylindium (TMIn), trimethylaluminum (TMAD),
arsine (AsHs), phosphine (PH3), silane (SiHs), and diethylzinc
(DEZn) were used as source materials. The carrier gas was Pd-cell
purified hydrogen. The 2-inch (100)-oriented Si wafers
misoriented 4° toward [011] direction were used as the substrates.
The growth temperature was measured by a thermocouple under
the graphite susceptor in the reactor chamber. After chemical
cleaning, the surface of Si wafer was hydrogenated by dipping in
the diluted HF solution. Immediately, the Si wafers were loaded

into the reactor chamber of the MOCVD system, and baked at 220
°C for 30 min. Then the wafers were arsenic passivated at 750 °C
for 15 min in arsine and hydrogen ambient. Next, the three-step
growth process was performed to deposit the GaAs buffer layer.
The temperature was firstly decreased to 420 °C for growth of a
low-temperature (LT) GaAs nucleation layer with thickness of 15
nm. Then a moderate-temperature (MT) GaAs layer with
thickness of 300nm was grown on the nucleation layer at 630 °C.
After increasing temperature, a high-temperature (HT) GaAs
layer with thickness of 1500 nm was grown at 680 °C with
insertions of two sets of thermal cycle annealing (TCA) process at
different positions. The process employed here was previously
optimized, and the details of the growth process were presented in
our previous works [15,26]. For the three-step growth, the
thickness of the whole GaAs buffer layer was 1.8 pm.

After the three-step growth and TCA process, a 200-nm
Alos3sGaoarAs layer was grown when the temperature was
increased to 720 °C. Then, as the temperature was decreased to
600 °C, the fivellayer InAs/InGaAs/GaAs QD structure was
started to grow, and each QD layer structure included a 2-nm
Ino16GaossAs layer, a 2.6-ML InAs QD layer, a 6-nm Ino.16GaossAs
layer, a 5-nm GaAs layer, and a 50-nm GaAs spacer layer. For QD
layers, the growth temperate and growth rate were 480 *Cand
0.036 ML/s, and V/III ratio is 6. The growth temperate for the
GaAs spacer layer was 600 °C, and for Ino.16GaosiAs layers was 480
°C. The details of the growth processes were similar to our previous
works [27,28]. Then, a 1.3-um GaosiInossP layer was grown at
three temperatures of 550, 600 and 650 °C for each sample with
growth rate of 1.0 nm/s. All the epilayers were unintentionally
doped.

Figure 2 shows the room-temperature photoluminescence (PL)
spectra of the grown samples of the Gaosi1lno4oP layer at different
temperatures. The PL spectrum of the samples exhibit an obvious
blue-shift for higher growth temperatures of the GaosilnossP
layer. The peak wavelength is 1290 nm, 1278 and 1264 nm for the
samples with the GaosiIno4sP layer grown at 550, 600 and 650 °C,
and the PL full-width at half-maximum (FWHM) is 41, 43 and 63
nm. The intensity weakens and the FWHM increases as the
growth temperature becomes higher. These results indicate that
the post-growth annealing effect during the upper cladding layer
growth can be alleviated and tolerated for emission wavelength of
1.3 ym when the growth temperature of upper cladding layer is at
550 °C. We believe that there two main reasons to relieve the post-
growth annealing effect. One involves the relatively low growth
temperature (550 °C) of the GaInP cladding layer. The other, the
relatively thin (1.3 pm) cladding layer and high growth rate (10
A/s) of GaInP shorten the post-growth time to less than 30 min.
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FIG. 2. Room-temperature photoluminescence spectra of the samples with
Gao.51In0.49P layer grown at different temperatures.

3. LASER EPITAXTIAL STRUCTURE GROWTH AND
DEVICE FABRICATION

The whole structure for 1.3 uym InAs/GaAs QD lasers on silicon
was shown in Fig. 3(a). After the three-step growth and TCA
process of the 1.8-um GaAs buffer layer, increasing temperature
to 720 °C, a heavily n-type doped 0.5-pm thick GaAs layer was
grown for the ohmic contact. Then, the laser structure was grown
mainly consisting of 5-layer InAs/InGaAs/GaAs QD active region
surrounded by 100 nm GaAs waveguide layer, and a 1.3-um n-
Alos3GaoarAs lower cladding layer and a 1.3-pm p-GalnP upper
cladding layer with doped concentration of about 8x10'7 cm.
Finally, a 200-nm p*GaAs layer with doped concentration of
about 5x10° cm® was grown as the p-side contact layer.
Alos3GaoarAs and GalnP cladding layers have the same refractive
index at the wavelength of 1.3 ym, and form a symmetric
waveguide structure. The growth temperatures of n-Alo53Gao47As
cladding layer and p-GalnP cladding layer were 720 and 550 °C,
respectively, and SiH4 and DEZn were the n-dopant and p-dopant
using in the growth. The growth conditions of QD active region
were similar to that of the test structure. The 20-nm AlGaAs layer
above the active region was inserted to form a graded energy band,
and grown at 600 °C. Because the growth time of the layer is very
short, it almost has no influence on the QD optical properties.
The atomic force microscopy (AFM) image of the uncapped
QDs grown with the same conditions is shown in Fig. 3(b). The
QDs exhibit good morphology and almost free of coalescence.
Figure 3(c) shows the cross-sectional transmission electron
microscopy (TEM) image around the GaAs/Si intersurface. Most
of defects are strongly confined in the bottom region of the GaAs

buffer layer. The dislocation density of the buffer layer surface is
about 3X10% cm™2.

20 nm n-Al,Gay ,As layer (x=0.16—0.53, UID)
S-layer QD active region (UID)

20 nm n-Al,Ga; ;As layer (x=0.53—0.16. UID)

Si

FIG. 3. (a) Schematic of the QD laser structure on Si with the GaInP upper
cladding layer. (b) 1x1 pm? AFM image of uncapped InAs QDs grown with
the same conditions. (¢) Cross-sectional TEM image of GaAs grown on Si by
the three-step growth method.

After growth, the doping profile of the main laser structure
measured by capacitance-voltage profiler is shown in Fig. 4. The
sample was mounted with front-contact mode, and 0.1 M
diaminoethane: ethylenediamine tetraacetic acid are used as the
electrolytes for GaInP, GaAs and AlGaAs. It is indicated that a
desired doping profile with a good control for the optical loss and
p-type contact is achieved.
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FIG. 4. Doping profile of the main laser structure grown on silicon.

A schematic of the chip structure of the edge-emitting broad-
stripe lasers is shown in Fig. 5(a). The stripe width and cavity
length are 15 pm and 2 mm for a single chip. For comparison, the
cross-sectional scanning electron microscope (SEM) image of a
device structure is also shown in Fig. 5(b). The detail fabrication
processes are similar to our previous report [15].
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FIG. 5. (2) Schematic of the device structure. (b) Cross-sectional SEM image
of the part of a device structure.

4. RESULTS AND DISCUSSION

Figure 6 shows light-current (L-V-I) characteristics of a 2
mm X 15 pm broad-stripe laser, measured under CW condition at
room temperature. The room-temperature threshold current of
the laser is 221 mA, corresponding to a threshold current density
of 737 A/lem2. A maximum single-facet output power of 21.8 mW is
obtained at the injection current of 1000 mA due to the limit of the
current source. The inset of Fig. 6 shows the lasing emission
spectrum of the laser operated at two times of the threshold
current under CW condition. The emission wavelength is 1296.1
nm with a linewidth (FWHM) of 3.1 nm.
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FIG. 6. light-current (L-V-I) characteristics of a broad-stripe laser measured
under CW condition at room temperature.

To further study high-temperature operation characteristics of
the laser, its performance at different operation temperatures is
shown in Fig. 7. The threshold current increases and the output
power decreases rapidly as the operation temperature increases
from 20 to 60 °C. At the temperature of 60 °C, there is an obvious
thermal rollover in the L-I curve. The characteristic temperature
To of the device between 20 and 60 °C, as extracted by fitting the
threshold current as an exponential function of temperature, is 39
K. For the operation temperature higher than 60 °C, the device
fails to lase.
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Fig. 7. LT characteristics of the laser under CW conditions at different
operation temperatures.

The relative poor characteristic temperature presented here is
mainly related to the two aspects. One is the still high dislocation
density in the active region compared with that of the same laser
structure grown on the native GaAs substrates. These dislocations
result in nonradiative recombination in the active region, and
release a large amount of heat energy. The other, the laser
structure and growth conditions, especially for the QD active
region, are needed to be further optimized. For the former, an
effective dislocation filter structure, such as strained layer
superlattices [29] and aspect ratio trapping methods [30], can be
applied to reduce the dislocation density of the laser structure
during the three-step growth process. Hence, less nonradiative
recombination and higher material gain should be expected. For
the latter, a modulation p-doping of the QD active region could also

be adopted to improve the temperature sensitivity of laser devices
[31,32]. For the state-of-the-art work of InAs/GaAs QD lasers
grown on offcut Si (001) substrates by MBE [10], the threshold
current density and maximum single-facet output power are 62.5
Alem?and 52.5 mW, and the CW operation temperature is higher
than 75 °C. Hence, the laser performance in present work has a
much higher threshold current density, a lower maximum output
power and a poorer characteristic temperature. We believe that
better results can be expected with further optimization on the

wafer growth using MOCVD technology.
5. CONCLUSION

In conclusion, we have demonstrated the first 1.3 pm InAs/GaAs
QD laser directly grown on silicon with GalnP upper cladding
layer. The post-growth annealing effect on the QDs was relieved
enough with the upper cladding layer grown at a low temperature.
The broad-stripe edge-emitting lasers with 2-mm cavity length
and 15-um stripe width were fabricated and characterized. The
devices exhibited CW lasing at ~1.3 pum with threshold density of
737 Alem? and single-facet output power of 21.8 mW at room
temperature. Moreover, these results provide a practical strategy
to grow 1.3 uym QD lasers directly on Si only by MOCVD
technology. More importantly, with further progress in growth
processes on silicon, these Si-based QD lasers with higher
performance could be achieved by MOCVD technology, which will
significantly promote the commercial development of laser sources
in silicon photonics.
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