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Abstract

®

CrossMark

A high-performance III-V quantum-dot (QD) laser monolithically grown on Si is one of the
most promising candidates for commercially viable Si-based lasers. Great efforts have been
made to overcome the challenges due to the heteroepitaxial growth, including threading
dislocations and anti-phase boundaries, by growing a more than 2 ym thick III-V buffer layer.
However, this relatively thick III-V buffer layer causes the formation of thermal cracks in III-V
epi-layers, and hence a low yield of Si-based optoelectronic devices. In this paper, we
demonstrate a usage of thin Ge buffer layer to replace the initial part of GaAs buffer layer on Si
to reduce the overall thickness of the structure, while maintaining a low density of defects in
III-V layers and hence the performance of the InAs/GaAs QD laser. A very high operating
temperature of 130 °C has been demonstrated for an InAs/GaAs QD laser by this

approach.
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1. Introduction

Driven by the ever-growing data throughput worldwide, con-
temporary communication systems demand tremendous data
transmission speed and bandwidth, and low power consump-
tion inside data centres. Under these circumstances, Si-based
photonic integrated circuit (PIC) has emerged as a promising
candidate to fulfil these requirements. Most of the passive
components in PIC have already been successfully realised,
coming with a great progress towards a fully Si-based PIC [1-
4]. However, a reliable and electrically pumped Si-based laser
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that can be directly integrated into these PICs, remains a sci-
entific challenge. Because of the indirect bandgap nature of
Group-IV bulk materials, Si and Ge are difficult to be fabric-
ated as efficient light emitters for Si photonics [5—-8]. By con-
trast, III-V compound semiconductors with direct bandgaps
demonstrate robust optical properties and provide an efficient
gain medium for a laser source [9-15]. Although hybrid integ-
ration of III-V photonic components on Si substrates has
been pursued with some success, in the long term, monolithic
growth of III-V on Si is superior in terms of lower mater-
ial cost and higher production yield [16-18]. Nevertheless,
monolithic growth of III-V material on Si is very challen-
ging. The large lattice mismatch, incompatible thermal expan-
sion coefficients and different symmetry between Si and the
III-V materials lead to the generation of threading disloca-
tions (TDs), thermal cracks and anti-phase boundaries (APBs),
respectively [19-24]. All these defects generate non-radiative
recombination centres, and hence dramatically hinder the
laser performance in terms of operating temperature, output
power and reliability [24, 25]. Previously, III-V buffer lay-
ers with thickness of more than 2 um were extensively used
to reduce the density of TD and suppress the propagation
of APBs. However, this relatively thick III-V buffer layer
leads to the formation of thermal cracks as the total thick-
ness of II-V layers on Si for III-V lasers over 5 um [20].
The formation of thermal cracks will significantly reduce
the yield of Si-based III-V lasers. Therefore, a reduction of
III-V buffer thickness represents an essential step towards
full integration of III-V-on-Si optoelectronic circuits in the
future.

Quantum dots (QDs), which provide 3-dimensional
quantum confinement of carriers, have attracted extensive
scientific research in the last few decades [26, 27]. A laser
that using III-V QDs as gain medium offers low threshold
current density, high temperature performance and long life-
time, which surpasses its quantum-well (QW) counterparts
[25, 28-33]. Moreover, QD structure is believed to be more
defect-insensitive compared with bulk and QW structures.
TDs easily produce a large amount of non-radiative recom-
bination centres when penetrating through QW or bulk mater-
ials. However, TD can only ‘kill’ a few QDs without affecting
the others, hence the performance of a QD-based device will
not significantly degrade [17]. The impressive performance
of III-V QD lasers monolithically grown on Si can be also
attributed to an efficient reduction of defect density during
the epitaxial growth. In order to prevent the formation of
APBs, Si substrates with 4-6° misorientation towards [110]
have been used to form bi-atomic height Si steps [34, 35]. In
addition, it has been demonstrated that strained-layer super-
lattices (SLSs), acting as dislocation filter layers (DFLs), suf-
ficiently reduce the TD density (TDD) from 1 x 10'° cm~2 to
around 10% cm™2 before they propagate into the gain medium
[17,21]. Such a solution demands a thick III-V buffer layer
to allow the use of an adequate number of DFLs, which leads
to the appearance of thermal cracks due to the release of the
built-in thermal strain. Replacing part of GaAs buffer layer
with a thin and low-defect-density Ge layer is considered as

an economical solution to prevent cracking without affecting
device performance negatively. Here it should be noted that
Ge is widely used to replace Si as the p-channel in CMOS
devices on the Si platform, as its hole mobility is four times
higher than that of Si [36].

Developing an InAs/GaAs QD laser device monolithically
grown on a Ge/Si virtual substrate (VS) has achieved remark-
able progresses [37, 38], but all high-quality Ge/Si VSs were
manufactured by metal-organic chemical vapour deposition
system and then transferred into molecular beam epitaxy
(MBE) system for further laser structure epitaxy. However,
this method complicates the fabrication procedure for high
performance MBE-grown InAs QD laser grown on Ge/Si VS
and increases the cost of manufacturing. An all-MBE grown
InAs/GaAs QD laser and Ge buffer on Si substrates are thus
highly desired as it will not only reduce the growth cost but
also simplify the integration process. Unfortunately, there is
rarely an III-V MBE equipped with a Ge effusion cell along
with an ultra-high temperature heating stage (>1000 °C) to
provide high quality thin Ge epi-layers. If Ge and III-V epi-
layers are grown in separate MBE chambers, it is crucial to
keep the Ge epi-layer perfectly clean and smooth during the
transfer of wafer between MBE chambers, as the presence
of any contaminants such as oxides, carbon or other organic
impurities will lead to formation of defects in the subsequent
III-V epitaxy. In this work, an InAs/GaAs QD laser on a
Ge/Si VS was grown by a twin-chamber MBE system, con-
sisting of a Group-IV and a III-V chamber. The Ge buffer
layer was grown on a Si substrate in the Group-IV cham-
ber before transferring to the III-V chamber for III-V epi-
taxy. An ultra-high-vacuum transfer chamber between these
two chambers is used to keep a pure and smooth Ge epi
surface before GaAs growth, to avoid potential contamina-
tion during the wafer transfer process. Here, an implement-
ation of a thin Ge layer in the InAs/GaAs QD laser struc-
ture has been demonstrated to reduce the total thickness of
the III-V layer while maintaining a low TDD level. Las-
ing was observed up to 130 °C under pulsed operation for
InAs/GaAs QD lasers grown on a Ge/Si VS by using this
unique twin MBE system.

2. Crystal growth and device fabrication

In this work, InAs/GaAs QD laser structure was grown on Si
substrate. An n-type Si (100) substrate with 4° offcut toward
[110] was used in this study to prevent the formation of
APBs while depositing polar III-V materials on non-polar
Group-1V substrates. In-situ deoxidisation process was per-
formed for the Si substrate at 1100 °C for 20 min in Group-
IV MBE chamber prior to the growth. In order to understand
the propagation of TDs in the GaAs buffer layer on Ge/Si
VS and Si substrate, two samples were grown for compar-
ison. One sample contains a 300-nm-thick Ge/Si VS and a
350-nm-thick GaAs buffer before the deposition of DFLs,
while the other sample only contains 650 nm GaAs in the
buffer layer. Note that the growth conditions were identical
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for both samples during the growth of all subsequent layers.
The laser structure is shown schematically in figure 1, con-
taining an optimised 300 nm Ge/Si VS [39]. The growth star-
ted with a three-step growth technique for the thin Ge layer.
The first two Ge layers were grown at 250 °C and 500 °C
for 50 and 100 nm, respectively. Five-cycle in-situ annealing
between a high temperature of 850 °C and a low temperat-
ure of 450 °C was then carried out with a 5-minute hold time
applied at both temperatures. This approach helps to enhance
the mobility of TDs and thus promote their self-annihilation.
Finally, a 150-nm-thick Ge cap layer was grown at 600 °C
to smooth the surface. After the growth of the Ge/Si VS, the
wafer was transferred from Group-IV chamber to the III-V
chamber through an ultra-high vacuum chamber for the fur-
ther III-V epitaxy. This was followed by the deposition of
a Ga pre-layer on Ge, which is believed to provide a bet-
ter surface morphology than As pre-layer technique in form-
ing single-domain GaAs [9]. In order to enhance the mater-
ial quality, four sets of Ing ;3GaggrAs/GaAs SLS DFLs were
implemented [40], after the growth of 350-nm of GaAs in the
buffer layer. Each set of DFL consists of five repetitions of
Ing 18Gagp go As/GaAs SLSs followed by a 300 nm-thick high
temperature grown GaAs spacer layer to suppress the propaga-
tion of TDs. In-situ thermal annealing was carried out for
the SLS to enhance the mobility of TDs and thus increase
the probability of TD annihilation. After that, a 1300 nm n-
type doped Aly 4Gag ¢As cladding layer and a 30 nm un-doped
Alp4Gag ¢As were deposited. The active region is formed by
seven-layer InAs/GaAs dot-in-well (DWELL) structure sep-
arated by a 42 nm GaAs spacer layer [41], in which part of
the GaAs is p-type doped. Each layer of DWELL consists of
2.7 monolayers of InAs grown on a 2 nm Ing ;3Gag g As layer
and capped by a 6 nm Ing;3GaggyAs layer. Above the act-
ive region, another 30-nm-thick un-doped Aly4GaggAs guid-
ing layer and 1300 nm of p-type doped Aly4GapsAs were
grown. Finally, a 300 nm p-type GaAs contact layer completed
the growth. The surface morphology of all grown samples
was analysed by atomic force microscopy (AFM) in standard
tapping mode. The optical properties of the InAs/GaAs QDs
are examined by the photoluminescence at room temperature.
Transmission electron microscopy (TEM) was used to invest-
igate the propagation of TDs in the buffer layer as well as in the
DWELL active region. Electron channelling contrast imaging
(ECCI) was used to investigate the crystallographic properties
of the grown samples. The laser characteristics of the fabric-
ated InAs/GaAs QD laser devices were measured under pulsed
conditions, where a pulse width of 1 us and 1% duty cycle
were used.

The broad-area InAs QD laser device was fabricated with a
stripe width of 25 psm using standard photolithography and wet
chemical etching techniques. The ridge was etched to about
200 nm above the active region. Ti/Pt/Au and Ni/GeAu/Ni/Au
were deposited on the p+ GaAs contact layer and exposed
n+ GaAs buffer layer to form the p- and n-metal contacts,
respectively. After thinning the Si substrate to around 120 pm,
the laser bar was cleaved into the desired cavity length of
3 mm, and no highly reflective coating was applied to the
mirror facets.

1300 nm AlGaAs P
30 nm AlGaAs UD

10 nm GaAs P

30 nm AlGaAs UD
1300 nm AlGaAs N

InGaAs/GaAs SLS N

300 nm Ge UD

Si substrate

Figure 1. Schematic diagram of the InAs/GaAs QD laser structure
grown on Si substrates.

Figure 2. Cross-sectional bright-field TEM results of (a) GaAs
buffer layer grown on Si substrate and (b) GaAs buffer layer grown
on Ge/Si VS. Both (a) and (b) have the same total thickness and
consist of 4-set DFLs. (c) ECCI image showing TDD level for GaAs
buffer layer grown on Ge/Si VS after the 4th DFL. Arrow indicates
single TD observed on the surface.

3. Results and discussions

Figures 2(a) and (b) show cross-sectional TEM images of TD
propagation in III-V buffer layers directly grown on the Si
substrate and on the Ge/Si VS, respectively. A high density of
TDs is generated at the GaAs/Si interface and Ge/Si interface
due to large lattice mismatch between materials. As shown
in figure 2(a), most of the defects generated at the GaAs/Si
interface are confined within the first ~150 nm of the GaAs
region thanks to the 2-step growth method [10, 21]. However,
the TDs propagate freely upward before meeting the first DFL
with a high density value of ~10° cm™2 [17]. In contrast,
the TDs generated at the Ge/Si interface have a significant
lower density in the thin Ge layer as a result of high temper-
ature cyclic thermal annealing, as shown in figure 2(b). The
thermal stress induced by cyclic thermal annealing enhances
the glide of TDs and thus promotes self-annihilation of TDs,
during the growth of the thin Ge epilayer [42, 43]. A TDD of
~6 x 10% cm™2 is obtained after the growth of this 300 nm
Ge layer, which is similar to TDD level after the first DFL
for GaAs monolithically grown on Si [17, 39]. Since Ge has
an almost identical lattice constant to GaAs, a very limited
number of misfit dislocations is introduced during the epitaxy
of GaAs on Ge, leading to few additional TDs propagating
towards DFLs. As shown in figures 2(a) and (b), the SLSs can
effectively suppress the propagation of TDs. A reduction of
TDD can be clearly observed as TDs pass through each set of



J. Phys. D: Appl. Phys. 54 (2021) 035103 J Yang et al
a d
—16°C
Pulsed
2.5 —26°C
36°C
BN [+ FWIIM-28.5meV E 2.0 ] __ ;: :g
66 °C
~—E- 1.5- —76°C
b — 86
100nm Q 86 °C
1100 1150 1200 1250 1300 1350 = —96°C
‘Wavelength (nm) no- 1 _0 -1 —106 °C
—116 °C
Figure 3. (a) Cross-sectional dark field TEM image of a defect-free 0.5- 126 :C
7-layer QD active region. (b) Room-temperature photoluminescent ' 130°C
spectrum of the InAs/GaAs QD active region. Inset: a 1 x 1 um?
AFM image of uncapped InAs QDs grown on a Ge/Si VS. 0.0+ : . ; . T
b 0 400 800 1200 1600 2000
b Current density (Alcmz)
(3]
80{ 16°C 16 °C :132:? if% E
Pulsed /a‘ﬂ Pulsed 150 mA 5
g 60 ~
E A 1000 -
P - £
g - 2
_f'"f [}]
20 - i (=)
.J"‘.f E
0% 20 450 %0 850 1000 1200 1150 1200 1250 1300 1350 1400 2
Current density (Alem?) Wavelength (nm) S
Q
Figure 4. (a) LI measurement of InAs/GaAs QD laser % T. =153.4K
monolithically grown on a Ge/Si VS under pulsed operation at = 0= :
16 °C. (b) Emission spectra of InAs/GaAs QD laser monolithically 2 100 Pulsed
grown on a Ge/Si VS with various injection current under pulsed c
[

operation at 16 °C.

DFLs. The built-up strain inside of SLS forces TDs to bend at
the SLS interface and propagate towards the wafer edge, hence
increasing the possibility of TD annihilation. A final TDD of
4 x 10° cm~2 is obtained after the four sets of DFLs, as indic-
ated in the ECCI image shown in figure 2(c). Nevertheless,
figure 2(b) shows that after three sets of DFLs, no TDs are
observed; the final DFL may be unnecessary and an optimised
buffer layer with lower thickness is feasible.

Figure 3(a) illustrates a visible defect-free active region,
demonstrating the high effectiveness of the DFLs and Ge
growth shown in figure 2(b). The optical properties of these
QDs are shown in figure 3(b), where a room temperature pho-
toluminescence emission peak wavelength at ~1250 nm with
a narrow full width at half maximum (FWHM) of 28.5 meV
were obtained. A typical AFM image of uncapped QDs grown
under the same growth conditions as those in the laser struc-
ture on the Ge/Si VS is shown in the inset of figure 3(b), which
suggests a QD density of 5 x 10" cm—2.

Figure 4(a) shows the light-against-current (LI) measure-
ment of the InAs/GaAs QD laser monolithically grown on
Ge/Si VS under pulsed operation at 16 °C. The measured laser
threshold current density is about 200 A cm ™2, corresponding
to 28.6 A cm~? per QD layer. The maximum output power of
~78 mW was obtained from a single facet when the injection
current density reached 1200 A cm™2. The emission spectra of
InAs/GaAs QD laser monolithically grown on Ge/Si VS with
various injection currents at 16 °C are presented in figure 4(b).
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Figure 5. (a) LI measurements of laser at various temperatures
under pulsed mode. (b) Characteristic temperature T calculated
under pulsed mode from 289 K to 403 K. (c) The variation of slope
efficiency calculated under pulsed mode from 289 K to 403 K.

At a low injection current of 140 mA, only amplified spontan-
eous emission is observed. Once the injection current increases
to 150 mA, a typical laser emission with a peak wavelength of
1279 nm can be clearly observed.
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Since robust temperature stability is necessary to sup-
port a laser device working under extreme conditions, the
InAs/GaAs QD laser grown on Ge/Si VS was tested at a range
of operating temperatures, as illustrated in figure 5(a). The
maximum operating temperature of 130 °C was achieved for
the InAs/GaAs QD laser grown on Ge/Si VS. However, 130 °C
is the upper limit of our temperature controller. Since no
thermal rollover is noticed when the laser operates at 130 °C, it
suggests this device can work at even higher temperatures. The
characteristic temperature T is calculated as 153.4 K between
16 °C and 36 °C, and it decreases to 48.4 K from 36 °C to
130 °C as a result of increased carrier escaping rate at higher
temperatures, as shown in figure 5(b) [25]. This T result is
comparable with the previously best reported InAs laser grown
on Ge/Si VS with p-type modulation doped active regions [38].
In addition, this laser device demonstrates a highly stable slope
efficiency from 16 °C to 130 °C. Although a sharp reduction
of the slope efficiency is observed from 16 °C to 36 °C, it
remains constantly at ~0.03 W A~! from 36 °C to 66 °C. The
slope efficiency decreases at an increasing rate as the thermal
escape of carriers happens more frequently at higher temper-
atures, as presented in figure 5(c). The slope efficiency meas-
ured at 130 °C remains ~1/3 of the value measured at 16 °C,
indicating the laser device has high thermal stability.

4. Conclusion

In this paper, we have demonstrated a high-performance
InAs/GaAs QD laser directly grown on a Si substrate with a
thinner buffer layer. With the help of high temperature cyc-
lic thermal annealing of the thin Ge buffer layer, a dramatic
reduction in the TDD can be observed before the TDs propag-
ate into the DFLs. Fewer sets of DFLs are hence feasible in an
InAs/GaAs QD laser structure. Employing the Ge/Si VS helps
to eliminate thermal cracking issues and thus is expected to
boost the total yield. In order to test the feasibility of imple-
menting a thin Ge buffer layer in the InAs QD laser structure,
an InAs QD laser device was grown directly on the Ge buf-
fer. The laser threshold current density under pulsed operation
was measured as 200 A cm~2, corresponding to 28.6 A cm ™2
for each QD layer. A maximum output power of ~78 mW
was obtained from a single facet. Lasing was observed up to
130 °C. Further improvements in threshold current density and
temperature performance are possible with further optimising
the growth and fabrication processes. This work demonstrates
the feasibility of replacing a part of the thick GaAs buffer layer
with a thin Ge layer, without affecting the laser performance,
and forms a basis for improving yield for monolithic integra-
tion of Si photonics in the future.
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