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Abstract: Quantum dot (QD) laser as a light source for silicon optical integration has attracted
great research attention because of the strategic vision of optical interconnection. In this
paper, the communication band InAs QD ridge waveguide lasers were fabricated on GaAs-
on-insulator (GaAsOI) substrate by combining ion-slicing technique and molecular beam
epitaxy (MBE) growth. On the foundation of optimizing surface treatment processes, the
InAs/Ing 13Gag g7As/GaAs dot-in-well (DWELL) lasers monolithically grown on a GaAsOlI
substrate were realized under pulsed operation at 20 °C. The static device measurements reveal
comparable performance in terms of threshold current density, slope efficiency and output power
between the QD lasers on GaAsOI and GaAs substrates. This work shows great potential to
fabricate highly integrated light source on Si for photonic integrated circuits.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photonic integrated circuits (PICs) are considered as a key technology to break Moore’s law and
achieve higher information transmission rate, lower energy consumption and higher levels of
integration, compared with the traditional integrated circuits technology [1-4]. As the basis of
PICs technology, preparation of high-performance light source on silicon is still a big challenge
[5,6]. Although an all-Si laser has been realized via an active Si nanocrystals layer with a
high spatial density and mono-dispersion developed by using hydrogen silsesquioxane, highly
integrated all-Si laser is still limited by excitation mode (optical pump) and low output power [7].
III-V materials show excellent performance such as direct bandgap, broad wavelength tuning
range, high electron mobility and photoelectric conversion efficiency. Fully integrating I1I-V
laser on Si is a simpler and more feasible method to realize the Si-based light source with respect
to the all-Si laser scheme [6,8]. Compared to flip-chip bonding, direct epitaxial growth has more
advantages in reducing manufacturing cost and promoting reliability of devices [9,10]. The
major difficulty of epitaxial III-V materials on Si is the generation of high density of crystal
defects including threading dislocations (TDs), antiphase boundaries (APBs) and micro-cracks,
caused by lattice and thermal mismatch [11,12]. These problems significantly degrade optical,
thermal and electrical performances of devices [13—16]. InAs quantum dot (QD) laser has been
emerged as a light source candidate due to its excellent tolerance for TDs and advantages in
communication band, and satisfies the demands as Si-based light source [17,18].
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Many innovative approaches to restrain crystal defects and improve material quality have been
proposed using special substrates and buffer layers. Generally, offcut Si substrates are selected to
reduce the generation of APBs at the interface of III-V buffer and Si [19]. Moreover, utilizing
strained-layer superlattices (SLSs) as dislocation filter layers (DFLs) is effective and proven to
prevent TDs from propagation, leading to a high-quality GaAs buffer on Si [17,20]. Based on
this approach, high performance electrically pumped lasers using InGaAs/GaAs SLSs as DFLs
on a 4° offcut Si substrate have been reported [21-23]. But offcut Si substrates are not fully
compatible with the standard industrial process for CMOS using on-axis (001) Si. In recent
years, specially processed V-shape grating Si structure was used to replace the offcut substrate
[24-26]. According to this idea, Wei ef. al employed a homo-epitaxially grown (111)-faceted
silicon on insulator (SOI) hollow structure as III-V buffer and subsequent InAs/GaAs QD laser
structure growth and achieved SOI-based QD ridge lasers, moving a step forward in laser sources
on SOI platform for PICs [15]. However, the thick buffer layers of Group IV and III-V grown in
molecular beam epitaxy (MBE) chamber will not only significantly increase the whole process
cost, but also increase the risk of generation of micro-cracks due to the raised aggregate thickness
[27,28].

Ion-slicing technique utilizes ion beam implantation to transfer high-quality films of III-V
substrates onto SOI substrates with wafer bonding, which completely avoids the problems of
lattice mismatch in the epitaxial process of seed layer [29-32]. This provides a new way to
integrate light source onto the SOI platform. Up to now, high-quality III-V films on insulator
have been reported by applying this method including InP, GaAs and InAs, but to our knowledge
the related lasers have not been realized [33-35]. In this work, we fabricated high-quality GaAs
films on SiO,/Si substrates forming GaAsOI by ion-slicing technique. A clean and flat surface
of the GaAsOI substrate was obtained after optimal surface treatment. Electrically pumped
communication band InAs QD edge emitting laser directly grown on on-axis (001) GaAsOI
substrates by MBE is demonstrated. Figure 1 shows the process flow chart of this technique.

H* He+

I

(a) lon implantation (b) Wafer Bonding (c) Annealing and plitting
(d) Chemical mechanical polishing (&) Surface cleaning () Epitaxial growth (g) Device fabrication

Fig. 1. Fabrication process of InAs QD laser on GaAsOI substrate.

2. Experiments
2.1. Surface treatment

In this work, three groups of (001) oriented semi-insulating GaAsOI substrates obtained by
ion-slicing technique were prepared with different surface treatment processes named A, B and C
before epitaxy, respectively, as shown in Table 1, where the symbol “y/ indicates the process
adopted. The initial preparations were adopted by removing the ion-damaged layer, chemical
mechanical polishing (CMP), and surface chemical-cleaning procedures. The detailed surface
treatment process is described as follows:
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1. Removing the damaged layer: The GaAsOI wafers were immersed in a solution (20%HCI:
30%H;0,: H,O=1:1:30) at 25 °C for 25 s to completely etch away the ion-damaged
GaAs layer. Next, the wafers were rinsed with deionized water (DI water) for 20 s.

2. Chemical mechanical polishing (CMP): CMP was used in order to reduce surface roughness.
The wafers were polished with slurry of FuJimi company for 40 s and with DI water for 20
s at a high polishing speed (40 rpm), then rinsed with DI water for 10 s after polishing.

3. Acid-base cleaning: The wafers were first immersed in 98w% H;SO4 solution at 65 °C
for 4 s and at 25 °C for 2 s successively. After being washed with DI water for 20 s, the
GaAsOI wafers were quickly transferred into the 217 solutions (25%NH4OH: 30%H,0,:
H,O =2:1:7) at 25 °C for 5 s, then rinsed with DI water for 30 s.

4. Organic solvent cleaning: Acetone and ethanol were used for the ultrasonic cleaning for 10
minutes and repeated for 3 times, respectively. Finally, the wafers were cleaned with DI
water for 5 minutes and dried with N».

Table 1. Surface treatment processes of sample A, B and C.

Removing the damaged layer CMP Acid-base cleaning Organic solvent cleaning
A v N
B v v
c v v v

2.2. Buffer layer optimization

All epitaxial structures were grown on GaAsOlI substrates using a DCA P600 solid-source MBE
system. To ensure that the growth conditions of GaAs buffer layer on the three types of GaAsOI
substrates are completely identical, all substrates were mounted side by side on the same 4-inch
silicon substrate with melted indium. The GaAsOI substrates were outgassed at 350 °C for 1
hour in an ultra-high vacuum environment, and then heated to 580 °C measured by a pyrometer
under the As; flux at a rate of 5 °C/min in order to avoid blistering and falling off of the GaAs
thin template caused by high temperature during the heating process, and stayed for 5 minutes for
deoxidation. A 1 um GaAs buffer layer is grown on the substrates with a growth rate of 0.5 um/h
at 560 °C.

After optimizing surface of the GaAs buffer layer, a 1-layer InAs/Ing 13Gag g7As/GaAs dot-
in-well (DWELL) structure and an uncapped InAs QDs structure, as shown in Fig. 2(a), were
successively grown on a new batch of substrates. The test structure starts with a 600 nm GaAs
buffer followed by a 200 nm GaAs/Aly 4Gag ¢As superlattice (SL), 100 nm Al 4Gag cAs cladding
layer and 160 nm composition graded layer grown at 560 °C. Then 50 nm GaAs spacer layer and
InAs QDs (2.5 ML) sandwiched by 2 nm and 6 nm Ing 13Gag g7As were grown at 480 °C. The
upper graded layer and cladding layer were grown in the same conditions as those for the lower
part. Finally, a 50 nm GaAs layer and uncapped InAs QDs on 2 nm Ing 13Gag g7As layer were
sequentially deposited at 480 °C for morphology measurements.

2.3. Epitaxy of laser structure on GaAsOl

As shown in Fig. 2(b), a 3-layer InAs/Ing.13Gag g7As/GaAs DWELL laser structure was grown
on the GaAsOl substrates pretreated by the method C. First, a 600 nm thick N-type GaAs
bottom contact layer with a Si doping concentration of 4 x 10'® cm™ was epitaxially grown
on the GaAsOI substrate under the exact same conditions as above. Second, a ten-period
Alp4Gag gAs/GaAs (10 nm/10 nm) SL was grown with the same doping level. The SL can
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Fig. 2. (a) The test structure and (b) the laser structure grown on a GaAsOI substrate.

significantly improve quality of the active layers, thereby improving luminous efficiency of InAs
QDs [36]. Then, a 1 um thick Aly4GagcAs was grown as cladding layer, containing a 160 nm
thick Alp4—0GaAs transition layer. Subsequently, a 3-layer InAs/Ing 13Gag g7As/GaAs DWELL
laser active region, which consists of the InAs QDs (2.5 ML) sandwiched by 2 nm and 6 nm
Ing.13Gag g7As, respectively, and separated by 50 nm GaAs spacer layers, was grown at 480 °C.
Symmetrically, a 1 um P-type Aly4GaggAs cladding layer was grown doped by Be. A 100 nm
thick p* GaAs contact layer with a Be doping concentration of 2 x 10! cm™3 completed the
growth.

2.4. Fabrication of edge emitting lasers

Edge emitting lasers were fabricated with coplanar electrode contacts using a narrow-area Fabry-
Perot (FP) cavity. Figure 3(a) shows the top view microphotograph of the InAs/Ing ;3Gag g7 As/GaAs
DWELL laser device on a (001) GaAsOI substrate. The sawtooth passivated region as the vertical

alignment mark of cavity facets separates the upper and lower electrodes. Laser strips with a

6-um width were fabricated using standard optical lithography and wet etching techniques. Then

Ti/Pt/Au (30nm/30nm/300nm) and Ge/Au/Ni/Au (13nm/33nm/30nm/200nm) were deposited on

the p* GaAs contact layer and the exposed n* GaAs bottom contact layer to form metal electrodes

using magnetron sputtering and electron beam evaporation technique, respectively. After lapping

the backside Si to 100 pm, the structures were cleaved to make 5 mm long devices.

2.5. Material and device measurements

Optical microscope and atomic force microscope (AFM) were used to nondestructively assess
surface morphology of the samples before and after epitaxial growth, including QD density,
surface defects and roughness. High-resolution X-ray diffractometer (HRXRD) is used to
characterize the overall quality of the epitaxial films. The optical properties of materials were
measured in photoluminescence (PL) and lasing spectrum. Scanning electron microscopy (SEM)
provided more detailed structural information. Cross-sectional bright-field transmission electron
microscopy (TEM) was employed to reveal interface quality and structural defects such as
dislocations after the sample was prepared by focused ion beam (FIB). Static characterizations of
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Fig. 3. (a) The microphotograph and (b) the schematic diagram of the laser devices on
GaAsOl substrate.

the InAs/Ing 13Gag g7As/GaAs DWELL edge emitting laser devices were measured under pulsed
current injection (a pulse frequency of 2 KHz and 20% duty cycle) at room temperature.

3. Results and discussions

3.1. Surface optimization and structural quality

The black line in Fig. 4(a) shows the HRXRD rocking curve of the virgin GaAsOI substrate
without thermal post-annealing. A secondary peak on the left side of the main peak is observed
due to the compressive strain caused by the residual ions (H* and He") in the lattice gap [37].
After a high temperature annealing at 400 °C for 1 hour, the residual ions and vacancy defects are
redistributed due to thermal diffusion, and the secondary peak merges with the main peak shown
by the red line. The full width at half maximum (FWHM) of the main peak is thus broadened
from 86.9 arcsec to 139 arcsec. In Fig. 4(b), the root mean square value of surface roughness
(Rq) as high as 14.6 nm of the virgin GaAsOI substrate is too high for further epitaxial growth.
After being annealed at 400 °C for 1 hour, the Ry increases slightly to 17.0 nm, as shown in
Fig. 4(c). The surface morphology has no obvious change before and after the annealing.

A series of surface treatment processes are used to improve the surface quality of the virgin
GaAsOI substrates. Three groups of samples were obtained as shown in Table 1. Surface
morphology of sample A and B is shown in Fig. 5, obtained by optical microscope, AFM and
SEM, respectively. Sample A reveals severe dust pollution (shown in Fig. 5(a)) and pit defects

—— Before amnealing FWHM=86.97
—— Afer anncaling  FWHM=-139"

XRD Intensity (2.u)

-50.0nm &

=360 -180 L 180 360
@ (arcsec)

@ ®)

Fig. 4. (a) HRXRD rocking curves of the GaAsOI before and after the annealing. (b) Before
and (c) after the annealing, 5x5 pm? AFM images of the GaAsOI substrate.
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Fig. 5. Surface#fmorphology of (a, b, ¢) sample A and (d, e, f) sample B obtained by optical
microscope, SEM and AFM, respectively.

0.0 Height 5.0 um

(shown in Fig. 5(b)) on surface after removal of the ion damaged layer and organic cleaning,
and its Ry (shown in Fig. 5(c)) is as high as 11.0 nm in a 5X5 um? area. These pit defects are
mostly rectangular in shape with a length below 500 nm and a width above 10 nm. Although
wet etching can remove the surface damage layer, the improvement of surface roughness is not
visible. Wet etching is replaced by CMP in sample B, AFM image of sample B shows that the
Rq (shown in Fig. 5(f)) has been significantly decreased to 0.5 nm in a 5X5 um? area. But the
particle pollution on the surface shown in photomicrograph (Fig. 5(d)) still exists. Nanoparticle
clusters on the surface can be clearly observed by SEM in Fig. 5(e).

In order to explore the source of these nanoparticles that are difficult to be removed by organic
cleaning, we estimate that the diameter of the nanoparticles is about 25-30 nm and the density is
about 2.72 x 107 cm™2 from the SEM image of Fig. 6(a). These nanoparticles show an irregularly
aggregated morphology. Based on the extremely consistent particle size, we suspect that the
nanoparticles come from the abrasive particles of the polishing slurry. In addition, the energy
dispersive spectroscopy (EDS) surface scanning was selected to analyze element composition
of the region. As shown in Fig. 6(b), there is no relationship between the nanoparticles and
main elements like Si and C of abrasive particles. So, nanoparticles still could come from debris
produced by CMP.

From the above results of elemental analysis of nanoparticles and combined with previous
research results of GaAs surface cleaning [38,39], sample C adds an acid-base cleaning process
based on the process B. From both optical microscopy and SEM images in Fig. 7(a) and (b), the
surface nanoparticles are entirely removed. The AFM image in Fig. 7(c) also shows a better
surface quality and outstanding surface roughness of 0.7 nm without nanoparticles. However, a
few pits (the dark areas shown in Fig. 7(c)) like that on sample A can still be observed on the
surface of sample C, but their size and depth are significantly reduced.

A 1 pm thick GaAs buffer layer was epitaxially grown on the three groups of GaAsOlI substrates.
Surface morphology after growth is obtained by optical microscopy, SEM and AFM, respectively.
As shown in Fig. 8(a), the optical microscopy shows many defects on the surface, which is likely
due to dust pollution and large surface pit defects that destroy the integrity of extension surface.
However, the Ry of sample A in Fig. 8(c) decreases from 11.0 nm to 7.32 nm after epitaxial
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Fig. 6. (a) SEM image of nanoparticles on surface of sample B. (b) EDS images of elemental
Ga, As, Si and C.
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200pm S00nm
|
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Fig. 7. Surface#morphology of sample C obtained by (a) optical microscopy, (b) SEM, and
(c) AFM, respectively.

growth, which proves that the surface quality of GaAsOI can be improved using a homo-buffer.
Although the surface roughness of sample B is as low as 0.5 nm, a large number of nanoparticles
remain on the surface, which becomes the source of defects in the epitaxial process. Inferred
from the results in Fig. 8(f), the negative effect of these nanoparticles on epitaxial growth is
very severe, resulting in a high Ry value of 10.1 nm after 1 um GaAs buffer. By eliminating
nanoparticles in sample C, a smooth surface and low defect density of GaAs buffer (shown in
Fig. 8(g)) with Ry value of 1.5 nm was obtained for subsequent device growth. The defects
change from irregular shape to regular rhombic, and finally appear only in the strain bulge region.
The defect density (1.3 x 10* cm™2 for sample A) can be reduced below 10> cm~ for sample C.
The maximum size of the defects is about 2 um. According to Wang et. al, these defects come
mainly from substrate contamination [40].

In addition, HRXRD rocking curves of sample A, B and C before and after growth also
show the change of the lattice quality of the epitaxial layer in Fig. 9. Due to the effects of high
temperature annealing and defects, the FWHM was broadened significantly after growth. It was
also observed that the FWHM of sample C (from 95.8 arcsec to 228.3 arcsec) was improved
compared to the sample A (from 93.6 arcsec to 258.7 arcsec) and B (from 83.6 arcsec to 254.9
arcsec) after growth.

In order to characterize the optical quality of materials, a 1-layer InAs/Ing 13Gag g7As/GaAs
DWELL structure and an uncapped InAs QDs structure, as shown in Fig. 2(a), were successively
grown on a new batch of sample B, C and commercial GaAs substrate. The morphology of these
uncapped QDs on sample C is shown in Fig. 10(a) with a density of 2.9 x 10'® cm~2. Comparing
Fig. 10(a) and (b), InAs QDs on sample C have a larger size caused by the slightly higher surface
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Fig. 8. Surface morphology of (a, b, ¢) sample A, (d, e, f) sample B and (g, h, i) sample C
after growth of 1 mm thick GaAs buffer obtained by optical microscopy, SEM and AFM,

respectively.
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Fig. 9. HRXRD of sample A, B and C (a) before and (b) after growth.

temperature of Si substrate during the growth. From room temperature PL spectra in Fig. 10(c),
the optical quality of sample C is also significantly improved compared with B and its intensity is
about 72% of that of the GaAs substrate.
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Fig. 11. (a) Cross sectional TEM image of the laser structure on GaAsOI substrate. (b)
High resolution TEM image of InAs QDs. (c) PL comparison of laser structures grown on

GaAsOI and GaAs substrates

3.2. Laser performance

Figure 11(a) illustrates a cross-sectional TEM image of the 3-layer InAs/Ing 13Gag s7As/GaAs
DWELL laser structure, exhibiting high lattice quality of the defect-free epitaxial GaAs buffer
layer growth on GaAsOI. The bonding interface between GaAs and SiO, can be clearly observed,
which proves that the thermal mismatch between III-V layers and SiO, does not result in the
debonding of interface during the epitaxial growth. A few dislocations appear from position near
the third layer of QDs, which limits the number of QD layers to be 3 layers. A QD density of ~ 4.0
x 101 cm™2 is estimated from the TEM image shown in Fig. 11(b), and the distribution of QDs
shows an obvious vertically stacking phenomenon. Room temperature PL in Fig. 11(c) exhibits
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Fig. 12. (a) V-P-I curves of the InAs QD laser grown on GaAs and GaAsOI substrates
under pulsed operation conditions at room temperature. (b) Emission spectra of the InAs
QD laser on GaAsOI (001) substrate at various Injection currents.

emission peak wavelength at ~1280 nm with a FWHM of 35.4 meV. Due to the higher thermal
conductivity of Si (150 W/mK) compared with GaAs (46 W/mK), the actual growth temperature
of GaAsOl is slightly higher than that of the GaAs substrate. Therefore, the annealing effect of
the capped InAs QDs during the epi-growth of the upper AlGaAs waveguide layer causes the PL
center wavelength blue shift compared with the that on GaAs substrate.

Figure 12(a) shows the voltage and light output power-vs-current (V-P-I) curves of the
InAs/Ing 13Gag 37As/GaAs DWELL laser grown on GaAsOI and GaAs substrates, respectively,
under pulsed operation at 20 °C. The frequency of the pulse source is 2 KHz and the duty cycle
is 20%. For the laser on GaAsOI, when the injection current is below 80 mA, only spontaneous
emission is observed. By continuing to increase the current, the spontaneous emission is rapidly
converted into multi-mode laser emission with a peak wavelength of 1250 nm in Fig. 12(b). The
threshold current density is about 266.7 A/cm?, corresponding to 88.9 A/cm? per QD layer. A
single facet maximum output power is ~10.2 mW when the injection current reaches 160 mA. On
the same test conditions, a low threshold current density of 55.6 A/cm? per QD layer and a high
single facet maximum output power of 32 mW at 300 mA are obtained from the laser on GaAs
substrates. The calculated slope efficiency and external differential quantum efficiency is ~0.12
W/A and 12%, respectively, which is close to 0.14 W/A and 14% on GaAs. By comparing the
V-I curves, it can be found that the applied voltage of the laser on GaAsOI is slightly higher than
that of the GaAs substrate at the same injection current, which indicates that the laser on GaAsOI
has a larger series resistance due to the limited thickness of the bottom electrode. The large series
resistance is caused by the lateral electron transport in the 1 pm thick n* GaAs contact layer and
results in considerable Joule heat generation. The huge thermal effect also prevents the laser on
GaAsOI from CW lasing, a focus for future improvement of the device performance.

4. Conclusion

In conclusion, we have successfully demonstrated the first communication band InAs/
Ing.13Gag g7As/GaAs DWELL lasers on GaAsOI substrate by combining ion-slicing technique
and MBE epitaxy. The lattice mismatch problem as Achilles’ heel of traditional heteroepitaxial
methods can be completely solved by using the novel GaAsOI substrates. Through a series of
careful surface treatment including CMP and surface chemical-cleaning procedures, the density
of surface defects is significantly reduced to be below 10> cm™2. The Fabry—Perot narrow ridge
lasers on GaAsOI substrate reveal a threshold current density of 88.9 A/cm? per QD layer and
a high slope efficiency of 0.12 mW/A under pulsed operation at 20°C, comparable to those
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from the similar QD lasers grown on GaAs substrates. Our work demonstrates a new way to
realize communication band laser sources on GaAsOI substrate which is compatible with the
existing CMOS platform technology. Meanwhile, it also provides a new method to integrate
other optoelectrical devices on GaAsOlI, such as photodetectors and VCSELs etc.
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