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Epitaxial growth of IlI-V materials on a CMOS-compatible Si (001) substrate enables the feasibility of
mass production of low-cost and high-yield Si-based Il|-V optoelectronic devices. However, the material
dissimilarities between [l1-V and group-1V materials induce several types of defects, especially threading
dislocations (TDs) and antiphase boundaries (APBs). The presence of these defects is detrimental to the
optoelectronic device performance and thus needs to be eliminated. In this paper, the mechanism of APB
annihilation during the growth of GaAs on on-axis Si (001) is clarified, along with a detailed investigation
of the interaction between TDs and the periodic {110} APBs. A significant reduction in the TD density
ascribed to the presence of periodic APBs is discussed. This new observation opens the possibility of
reducing both APBs and TDs simultaneously by utilising optimised GaAs growth methods in the future.
Hence, a thin APB-free GaAs/Si (001) platform with a low TD density (TDD) was obtained. Based on this
platform, a high-performance high-yield IlI-V optoelectronic device grown on CMOS-compatible Si
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duction of Si-based photonic integrated circuits (PICs).

1. Introduction

Monolithic integration of III-V lasers on Si substrates has
been regarded as one of the most promising candidates to
realise on-chip light sources for Si-based PICs."” Nevertheless,
the direct epitaxy of III-V materials on Si substrates is challen-
ging due to the large material dissimilarities between the III-V
and group-IV materials. The incompatible lattice constant,
thermal expansion coefficient and different polarities lead to
the formation of dislocations, micro-cracks and antiphase
boundaries (APBs), respectively.” All these defects act as non-
radiative recombination centres and significantly impede the
sufficient operation of laser devices. Strategies including
defect filter layers and longer cooling periods are commonly
utilised to solve the threading dislocations and micro-cracks.
On the other hand, APBs or the so-called inversion boundaries
are planar defects arising from the deposition of polar III-V
materials on non-polar Si substrates. The presence of APBs is
detrimental to the performance of devices. Specifically, APBs
that consist of homopolar bonds, e.g., As-As or Ga-Ga bonds,
are electrically charged planar defects, which act as non-radia-
tive recombination centres and electrical leakage paths.®™®
APBs nucleate at the edge of single-atomic-height (S) Si steps
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while they will be prevented by bi-atomic height (D) Si steps.
Therefore, Si substrates with offcut angles of 4 or 6° are com-
monly implemented to form dominant D Si steps and inhibit
the formation of APBs.'°'? However, offcut Si substrates are
incompatible with the well-established CMOS processing
technology, which needs nominal Si (001) substrates with a
miscut angle of less than 0.52.*7"°

Pioneering works on forming APB-free III-V materials mono-
lithically grown on Si (001) have shown impressive results. By
adopting V-grooved Si (111) surfaces through an aspect ratio
trapping (ART) process, Li et al. successfully produced APB-free
GaAs grown on a Si (001) substrate.'® With the help of high-
temperature annealing of Si substrates under a hydrogen atmo-
sphere, Kunert et al. and Alcotte et al. reported the preparation
of APB-free GaP-on-Si and GaAs-on-Si using the metalorganic
chemical vapour deposition technique.”'” However, these
approaches demand hydrogen sources and minimum selected
offcut angles (0.12° for GaP-on-Si and 0.15° for GaAs-on-Si).
These selected angles require Si substrates to be measured
before the growth, which is unfavourable for molecular beam
epitaxy (MBE) growth and massive production. On the other
hand, MBE has a unique advantage in producing high-quality
II-V quantum dots (QDs), which have been regarded as one of
the most promising candidates for the gain medium to achieve
practical Si-based on-chip light sources.®> Recently, there have
been a few reports on all-MBE grown APB-free III-V materials
on Si (001) substrates. Kwoen et al. reported that a high-temp-
erature AlGaAs nucleation layer (NL) was used to form an APB-
free GaAs layer,'® although the mechanism behind this scheme
remains unclear. Most recently, Li et al. illustrated that the use
of periodic parallel Si S steps contributed to the annihilation of
APBs in GaAs-on-Si.'® This observation was later confirmed by
Calvo et al. in a GaSb-on-Si system.>® Based on these methods,
high-performance III-V lasers monolithically grown on Si (001)
have been successfully demonstrated.'*™>?122

In this work, we investigated the impact of a low-temperature
grown AlGaAs NL on APB annihilation and discussed
the annihilation of APBs in the following GaAs layer where non-
annealing and growth-during-ramp methods are implemented.
In the meantime, the interaction between TDs and the periodic
{110} APBs has been investigated in a GaAs/Si (001) system with
clear evidence. A significant reduction in the TDD ascribed to
the presence of periodic APBs was observed, which would
benefit from a low-thickness III-V buffer on Si for the prepa-
ration of low-cost and high-yield Si-based PICs.

2. Results and discussion
2.1 Material growth

Material growth was carried out using a twin-MBE system,
which consists of a group-IV and a III-V reactor. On-axis Si
(100) substrates with a 0.15 + 0.1° miscut toward the (110)
orientation were loaded in the group-IV MBE reactor first (note
that the offcut angles of Si substrates were not selected). Prior
to the growth, the Si (001) substrate was deoxidised at 1200 °C
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for 30 min. A 100 nm Si buffer layer was deposited at 850 °C
on the deoxidised substrate using a Si e-beam source, followed
by five iterations of 20 nm Si grown at 850 °C and annealed at
1200 °C to form a surface-reconstructed Si buffer layer with
parallel Si S steps. The GaAs grown on the Si buffer layer with
various iterations of Si thin layers is shown in Fig. S1 in the
ESL.T According to Chadi’s nomenclature, these S steps can be
classified into two types, S, and S}, depending on whether the
step edge is perpendicular or parallel to the dimer rows on the
upper terrace, respectively.>® The detail of the Si steps and
their impact on APB annihilation can be found elsewhere in Li
et al."® The wafer was then transferred to the III-V MBE reactor
through an ultra-high-vacuum transfer chamber, which avoids
contamination and ensures a clean Si epi-surface. The crystal-
lographic information of grown samples was analysed by high-
resolution transmission electron microscopy (TEM), atomic
force microscopy (AFM) and electron channelling contrast
imaging (ECCI) measurements.

Two samples were grown to examine the impact of tempera-
ture ramping on APB propagation and annihilation. The struc-
ture of sample A is shown in Fig. 1(a). Since our III-V MBE
system is equipped with two Ga sources, it is capable of adjust-
ing the growth rates of Ga for specific layers, e.g., 0.1, 0.6 and
0.7 monolayers per second (ML s™'). A 40 nm Al, 4Gag¢As NL
(later represented by AlGaAs NL) was deposited on the Si buffer
layer at 330 °C at a low growth rate of 0.1 ML s '. A ramping

(a)
500 nm HT GaAs 580 °C (0.7 MLs™ )

Ramp to 580 °C

250 nm MT GaAs 420 °C (0.6 MLs™ )
Ramp to 420 °C

210 nm LT GaAs 350 °C (0.6 MLs™ )
Ramp to 350 °C

40 nm AlGaAs nucleation 330 °C (0.1 MLs™)
200 nm Si buffer layer
Si (001) substrate

(b)

340 nm HT GaAs 580 °C (0.7 MLs™ )
160 nm GaAs 420 to 580 °C (0.6 MLs1)

180 nm MT GaAs 420 °C (0.6 MLs?)
70 nm GaAs 350 to 420 °C (0.6 MLs™)
190 nm LT GaAs 350 °C (0.6 MLs™)

20 nm GaAs 330 to 350 °C (0.6 MLs?)
40 nm AlGaAs nucleation 330 °C (0.1 MLs™)
200 nm Si buffer layer
Si (001) substrate
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Fig. 1 Schematic structures showing 3-step GaAs grown on Si (001)
substrates for (a) sample A and (b) sample B. (c) Temperature versus
growth time for samples A and B.
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step at a ramping rate of 10 °C min~" was applied afterwards.
This ramping rate was also applied in the following tempera-
ture-ramping steps. Once the temperature reached 350 °C, a
210 nm low-temperature (LT) GaAs layer was grown, followed by
another ramping process to 420 °C to initiate the growth of the
250 nm mid-temperature (MT) GaAs layer. After the third
ramping process, the growth temperature reached the desired
value of 580 °C for the growth of another 500 nm high-tempera-
ture (HT) GaAs layer. During the growth of the HT GaAs layer,
the growth rate of GaAs increased to 0.7 ML s~ to ensure the
high crystal quality. Finally, the whole thickness of the GaAs
buffer layer reached 1 um. In contrast, for sample B, the temp-
erature-ramping steps applied to sample A were replaced by
temperature-ramped growth steps. At the same time as the
temperature ramping, GaAs was deposited at a growth rate of
0.6 ML s~ and the total thickness of sample B was kept at
1 um, as shown in Fig. 1(b). Furthermore, a temperature versus
growth time plot of both the samples is shown in Fig. 1(c).

2.2 Growth-during-ramp method

In contrast to the study proposed previously, AlGaAs with a low
growth temperature of 330 °C is proposed to achieve an APB-
free GaAs buffer layer.'”® During the LT growth, the APBs
resemble the distribution of underlying Si steps mainly propa-
gating through the energy-favoured {110} planes, in which the
APB consists of an equal number of Ga-Ga and As-As wrong
bonds. However, these {110} APBs are unstable - a slight
increase in the temperature would enhance the migration of
atoms of wrong bonds and form an APB-modified thermo-
dynamic equilibrium (APB-MTE), as previously reported by Guo
et al>* In this case, a (110) APB tends to enlarge while two anti-
phase domains (APDs) with single-phase grains are formed,
leaving a deep gap in between. As a result, a high APB density
and surface roughness are observed in sample A, as shown in
Fig. 2(a), showing degraded crystal quality. In stark contrast, as
shown in Fig. 2(b), the GaAs layer with an LT AlGaAs NL formed
using a growth-during-ramp method shows a typical APB-free
surface while special patterns are formed as a result of the
underlying APB annihilation. The mechanism of forming
mono-phase grains is shown in Fig. 3(a). During the tempera-
ture-ramping process without GaAs growth, the migration of
atoms leads to an APB-MTE in which APDs with mono-phase
grains are formed.” On the other hand, as for the temperature-
ramped growth process, the deposition of GaAs during the
temperature-ramping step elongates the {110} APBs. Hence, a
higher energy is required to achieve the APB-MTE. A combi-
nation of a high GaAs growth rate along with a moderate temp-
erature-ramping rate (in this case, 0.6 ML s™* and 10 °C min ™",
respectively) is crucial to maintain the balance and prevent the
formation of an APB-MTE. This temperature-ramped growth
process also helps to reconfigure the APBs into higher index
planes when sufficient high temperature is applied, leading to
the annihilation of APBs, as shown in Fig. 3(b).

The cross-sectional TEM images of the LT AlGaAs NL,
showing its impact on the APB propagation, are shown in
Fig. 4. As previously reported,” the nucleation of APBs
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Fig. 2 10 x 10 pm? AFM measurements of a 1 ym GaAs surface grown
on Si (001) substrates (a) without and (b) with the growth-during-ramp

method.
® Ga
(@ o e
[001)
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e

l Domain A
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Fig. 3 Schematic diagrams of (a) the APB-modified thermodynamic
equilibrium during the temperature ramping process where single-
phase grain domains are formed and (b) the deposition of GaAs during
the temperature-ramped growth process prevents the enlargement of
APBs and facilitates the annihilation of APBs during the temperature
increase.

resembles the distribution of the underlying Si steps, which
are parallel S steps. Therefore, a periodic array of APBs is
observed in Fig. 4(a). The distance between two neighbouring
APBs equals the terrace width of adjacent Si S steps, which is
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100 nm

Annihilated APBs

» “u

100 nm

Fig. 4 Bright-field TEM images showing (a) equally distributed APBs on
Si (001) with an AlGaAs NL, which is the same for APBs nucleated on a
GaAs NL. (b) In some areas, the AlGaAs NL was found to promote the
annihilation of APBs.

related to the miscut angle 6 of the used Si (001) substrate.
This relationship is defined as

a
tan 6 = —
L

where a is the theoretical height of the Si S step, which is
0.136 nm, and L is the terrace width between neighbouring S
steps. Typically, for the GaAs layer grown on on-axis Si (001)
substrates with a 0.15 + 0.1° miscut, the distance between
neighbouring APBs should be within the range 30-150 nm. As
shown in Fig. 4(a), the distance between neighbouring APBs
within the AlGaAs NL is ~85 nm, and the presence of periodic
APBs is the same as in GaAs NL.'° On the other hand, as
clearly shown in Fig. 4(b), in some areas, some APBs are con-
strained within the AlGaAs NL, leaving no propagation of APBs
above the NL. Therefore, the distance between neighbouring
closed-loop APBs is more than 300 nm in this case. As a result,
fewer APBs will propagate towards the GaAs buffer layer for the
sample with an AlGaAs NL, compared with the sample we pre-
viously grew using the GaAs NL.'"> A possible explanation for
this observation is that the strong intra-bonding atom of Al
bends the propagation of some APBs and promotes their self-
annihilation within the AlGaAs NL. This observation is
different from that of previously reported GaAs NLs, indicating
a better crystal quality obtained using the LT AlGaAs NL.

2.3 APB annihilation mechanism

APBs consist of homopolar bonds, e.g., the As-As bond or
Ga-Ga bond, and propagate inside the epilayer during the
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growth of GaAs on exactly oriented Si (001). The APBs mainly
propagate through the {110} or higher index planes, such as
{112} and {111} planes. The formation energies of APBs in
different index planes have been studied by Rubel et al.>® The
{110} APBs have the lowest formation energy of 28 meV A2,
compared with the {112} and {111} APBs, which have the for-
mation energies of 39 and 43 meV A~?, respectively. During
the overgrowth of the GaAs layer, the space between neigh-
bouring APBs becomes narrower with an increase in the verti-
cal distance from the GaAs/Si interface. Apart from the ther-
mally induced reconfiguration of the APB propagation planes,
an extra factor contributing to the incline of APBs depends on
the preferred growth direction of GaAs.

Ohta et al. and Horikoshi et al. investigated the orientation-
dependent diffusion length of Ga adatoms on a GaAs (001)
substrate.”®*” The diffusivity of Ga along the As dimer direc-
tion is four times larger than that of Ga perpendicular to the
As dimer direction. Since the growth of GaAs on the Si buffer
layer starts with the As pre-layer, by providing excess As due to
the low sticking coefficient of As on Si, a similar observation is
anticipated. Specifically, Ga adatoms, parallel to the As dimer
orientation (the same as the Si dimer orientation), are expected
to exhibit a higher diffusion length. Therefore, GaAs grown on
the upper terrace of S, (main-phase) and S, prefers to grow
along the [110] and [1-10] directions, respectively, as shown in
Fig. 5(a). Along the [110] direction, the main phase GaAs has a
slightly higher growth rate than the antiphase GaAs, forcing
the neighbouring high index plane APBs to move towards each
other as the temperature increases during the GaAs over-
growth. Consequently, the width of the APB becomes smaller
during the temperature-ramping process, and suppression of
the APB within the GaAs buffer layer is facilitated. A similar
result was also reported for GaSb-based systems by Calvo
et al®® This observation explains the high rate of APB self-
annihilation during the growth of the three-step GaAs on the
surface-reconstructed Si buffer layer, and a 1 um-thick APB-
free GaAs/Si (001) platform was obtained consequently.

2.4 Interaction between APBs and TDs

Direct epitaxy of III-V materials on Si substrates faces signifi-
cant challenges due to the large material dissimilarities
between III-V and group-IV materials. The primary issue of the
direct epitaxy of III-V materials on a Si substrate is the for-
mation of TDs, which are one-dimensional defects.*®*° It has
been demonstrated that the use of on-axis Si substrates
induces a higher level of TDs than offcut Si substrates during
GaAs epitaxy as a result of less uniform Si step distribution in
on-axis Si (001) substrates.”® A high TDD of 10° cm™ has been
reported for 2.3 um GaAs grown on Si (001) substrates, and
such a high TDD is three-fold higher than that of GaAs grown
on offcut Si substrates under similar growth conditions.*® The
high-density TDs propagate freely towards the active region,
resulting in a degradation of the device performance. The pres-
ence of a high TD density in the active region generates extra
heat during device operation. On the other hand, APBs are
planar defects that arise from the growth of polar II-V

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Growth preference of Ill-V materials along with different
types of Si S steps. (b) Schematic diagram showing the annihilation of
APBs where the anti-phase is fully covered by the main phase.

materials on non-polar Si (001) substrates, which nucleate at
the Si S step edge and penetrate through the III-V epilayer.
The termination of APBs is achieved when two APBs intersect
and form a closed loop, leaving the upper III-V material anti-
phase disorder free.” Both defects, which originate from the
III-V/Si interface, are detrimental to the material quality and
degrade the electronic and optical properties of the device.
Therefore, a proper understanding of the interaction of TDs
and APBs is necessary using cross-sectional TEM measure-
ments, which is presented in Fig. 6(a) and (b).

As previously mentioned, the nucleated APBs resemble the
distribution of underlying parallel Si S steps and have ordered
distribution. The termination of APBs is promoted by kinking
the APBs into higher index planes during the temperature
increase in GaAs overlayer growth. As a result, the periodic
self-annihilated APBs in the {110} planes are presented in
Fig. 6(a) and (b). In the GaAs/Si system, glissile dislocations
commonly glide on the {111} planes, which have the lowest
Peierls barrier and are considered as easy slip planes for TDs
in GaAs.”®*' As shown in Fig. 6(a), the presence of APBs bends
the TDs from their {111} glide planes to the (110) APB propa-
gation plane and allows TDs to propagate along the {110}
APBs. A possible explanation is that APBs consist of homopolar
bonds which make the lattice in GaAs no longer conserved. As
a result, TDs are able to climb along the {110} planes during
the GaAs overgrowth. This observation is similar to that
reported in a GaSb/Si system.’>”? APBs, which act as traps,
provide space for TDs to propagate, leading to a higher possi-

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Cross-sectional bright-field TEM images showing the interaction
between TDs and the APBs. (a) TD propagates along with the APBs. (b)
TDs are trapped between neighbouring APBs forming an APB-TD
network. (c) A schematic diagram showing the interaction between the
APBs and TDs. TDs that are darker than the APB lines are marked by
orange arrows in (a and b) and red lines in (c). The numbers (1), (2) and
(3) represent three cases of interaction between TDs and the APBs.

bility of TD self-annihilation if two TDs with opposite Burgers
vector signs meet with each other. This APB-TD interaction
mechanism is illustrated as the red line (2) in Fig. 6(c). Clear
evidence of this case is given by the ECCI measurements
shown in Fig. 7, where the TDs (represented by dots) are well
organised along the parallel APBs. In other cases, before the
termination of TDs occurs, some TDs that propagate along the
{110} planes will bend again into new {111} glide planes and
move towards the intersecting line along the [110] direction.
Consequently, some TDs can only be observed as segments, as
shown in Fig. 6(a). This APB-TD interaction scenario is rep-
resented by the red line (1) in Fig. 6(c).

As shown in Fig. 6(b), several TDs propagate along the peri-
odic APBs and form TD networks. This phenomenon is
observed for the first time. A possible explanation is given in
the following. The presence of {110} APBs bends the TDs from
their {111} glide planes to along the {110} planes. Once the

Fig. 7 Top-view ECCI image showing the distribution of TDs along the
periodic APBs for MT GaAs (500 nm). TDs and APBs are labelled as white
circles and straight lines, respectively.
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TDs reach another {111} plane, they start to propagate along
the easy slip {111} planes again and will be captured by
another APB to repeat the process. This process will continue
until TDs are self-annihilated or move beyond the presence of
periodic APBs. This kind of APB-TD interaction is illustrated
by the red line (3) in Fig. 6(c). Consequently, the TDD level is
expected to be significantly reduced in the presence of periodic
APBs.

A large-scale cross-sectional TEM image showing the APB-
TD interaction within 1 um GaAs is presented in Fig. 8(a).
Commonly, a high TDD (10° ¢cm™?) arises from the GaAs/Si
(001) interface and propagates towards the active region. The
presence of periodic APBs traps the TDs and increases the
possibility of TDs with opposite Burgers vector signs to meet
and self-annihilate with each other. As a result, a sharp
reduction in the TD density is expected. A TDD of 8 x 10° cm™>
was obtained for 1 um GaAs grown on on-axis Si (001), where
all APBs are terminated underneath, as shown in the ECCI
measurement of Fig. 8(b). To make a comparison of the TDD
without the impact of APBs, a 1 pm GaAs layer has been grown
on a Si offcut substrate, where the growth structure is illus-
trated in the reference." The TDD value of GaAs grown on an
on-axis Si (001) substrate was approximately half that of 1 pm
GaAs grown on an offcut Si substrate with a similar structure,
as presented in Fig. 8(c). Nevertheless, the TDD of 8 x 10°

s on Si (001)
D: (8 + 1) x 108

GaAs on offcut Si
TDD: (2 £ 0.4) x 10°

Fig. 8 (a) Cross-sectional bright-field TEM image of GaAs grown on an
on-axis Si (001) substrate. ECCI image showing the TD density of GaAs
grown on (b) a Si (001) substrate and (c) an offcut Si substrate.
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cm™? remains high for the GaAs buffer layer, and InGaAs/GaAs
defect filter layers will be introduced later to minimise the
TDD to around ~5 x 10° em™ and ensure a high-performance
operation of optoelectronic devices.**

Previous research has reported that the presence of APBs
forms impassable obstacles to glissile TDs, leading to a higher
TDD in GaAs monolithically grown on Si (001).*® This con-
clusion has also been reported in other studies.**>' Based on
our observation, it is true that TDs are unable to penetrate
APBs; instead, TDs will be bent by APBs and propagate along
the APBs in the subsequent growth. Furthermore, our results
indicate that periodic APBs promote the propagation and ter-
mination of TDs within the APBs before propagating towards
the active region, which is in contrast to the previous con-
clusion.®® This new observation opens up the possibility of
reducing both the APBs and TDs simultaneously, specifically a
thin APB-free GaAs/Si (001) with a low TDD, by optimising
GaAs growth methods. Based on this platform, a high-perform-
ance micro-crack-free InAs/GaAs QD laser grown on Si (001)
with a reduced overall thickness below the cracking threshold
(~5 um) is feasible, which offers a path towards the realisation
of PICs on a single substrate with a high yield and a low cost.

3. Conclusions

In this paper, we have demonstrated that Al atoms with strong
intra-bonding bend the propagation of APBs and promote
their self-annihilation within the AlGaAs NL, leaving a lower
density of APBs to propagate towards the GaAs buffer layer.
Furthermore, our three-step GaAs growth strategy along with
non-annealing and growth-during-ramp GaAs subsequent
growth methods reconfigures the propagation planes of {110}
APBs and promotes their self-annihilation because of different
growth rates in the main-phase and antiphase GaAs.

Finally, the interaction between the {110} APBs and TDs is
discussed. The APBs bend the TDs from the {111} slip planes
to the {110} APB propagation planes and enhance the TD self-
annihilation. In some cases, the TDs that propagate along the
{110} planes will bend again into new {111} glide planes.
These TDs will either move towards the intersecting line or
propagate further, the latter of which is likely to be captured
by other APBs forming TD networks until TDs are terminated
or move beyond a place where the APBs no longer exist.
Therefore, the periodic array of APBs enhances the TD self-
annihilation. A dramatic reduction in the TDD from ~10"° to
8 x 10® cm™ was observed in the GaAs on Si (001) with the
presence of ordered APBs. This new observation opens up the
possibility of reducing both the APBs and TDs simultaneously
by utilising optimised GaAs growth methods. Hence, a thin
APB-free GaAs/Si (001) platform with a low TDD was obtained.
Based on this platform, the formation of a high-performance
high-yield InAs/GaAs QD laser grown on a CMOS-compatible
Si (001) substrate with an overall thickness below 5 um is feas-
ible, enabling the realisation of Si-based PICs with a high yield
and a low cost.

This journal is © The Royal Society of Chemistry 2022
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