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We investigate the thermal stresses for GaAs layers grown on V-groove patterned Si substrates by the finite-element
method. The results show that the thermal stress distribution near the interface in a patterned substrate is nonuniform,
which is far different from that in a planar substrate. Comparing with the planar substrate, the thermal stress is significantly
reduced for the GaAs layer on the patterned substrate. The effects of the width of the V-groove, the thickness, and the
width of the SiO; mask on the thermal stress are studied. It is found that the SiO, mask and V-groove play a crucial role
in the stress of the GaAs layer on Si substrate. The results indicate that when the width of V-groove is 50 nm, the width
and the thickness of the SiO, mask are both 100 nm, the GaAs layer is subjected to the minimum stress. Furthermore,
Comparing with the planar substrate, the average stress of the GaAs epitaxial layer in the growth window region of the
patterned substrate is reduced by 90%. These findings are useful in the optimal designing of growing high-quality GaAs

films on patterned Si substrates.

Keywords: GaAs on Si, thermal stress, V-groove, finite-element method
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1. Introduction

Silicon (Si) is a fundamental material of modern elec-
tronic technology, and about 95% of all semiconductor de-
vices are manufactured by using Si substrates.!!! But, the
physical properties of Si limit its application to optoelec-
tronic devices. Gallium arsenide (GaAs) is a matured second-
generation semiconductor material with the direct bandgap
structure and high electron mobility, which is a favorable op-
toelectronic material. The quality of GaAs layers directly af-
fects the performances of GaAs optoelectronic devices. The
research of directly epitaxial GaAs on Si substrates can com-
bine the matured Si-based integrated circuit process with ex-
cellent GaAs-based optoelectronic devices to realize Si-based
optoelectronic integration. In addition, the GaAs-on-Si sub-
strate will have a high market potential, which is the basis for
manufacturing many kinds of optoelectronic devices, such as
lasers, 231 solar cells,™ and photodetectors.m

However, obtaining high crystal quality GaAs on Si is
still a challenge because of a high density of threading dis-
locations generated by 4% lattice mismatch and 119% ther-
mal expansion coefficient (TEC) mismatch, anti-phase bound-
aries (APBs) formation as a consequence of the polar GaAs
grown on nonpolar Si system. Many upwardly propagated
threading dislocations appear in the GaAs layer. In order to in-
hibit the threading dislocations from upward propagating, sev-
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eral approaches have been employed for the epitaxial growth,
such as two-step or three-step growth method, [®7! thermal cy-
cles annealing,!®! quantum dots dislocation filters,[®! strained
layer superlattice buffer layers,!'’! graded buffer layers,!!'!]
and amorphous Si buffer layer.!'?! These methods are used in-
dividually to grow the epitaxial layer, still resulting in high
dislocation density. This is why two or three of these meth-
ods are commonly used together in GaAs/Si epitaxial growth.
The dislocation density of the GaAs/Si epitaxial layer has de-
creased to about 10°-cm ™2 orders of magnitude.[!3! Neverthe-
less, these methods need to be less time-consuming before be-
ing employed in an industrial manufacturing process.

An alternative approach is to use a nanopatterned Si sub-

14151 The method enables the epi-

strate with SiO; as a mask.!
taxial layer to realize area-selective growth on the substrate,
since forming the nuclei of deposited material on the Si sur-
face requires much lesser free energy than that required on the
mask surface. With the development of etching technology,
the technology for fabricating nanoscale patterned substrates
is becoming more and more matured and cheaper. Moreover,
one found that for patterned substrates, the V-groove has its
unique advantages in the geometry of kinds of trenches.!%]
First, for 60° threading dislocations generated in the course of
growth, they tend to glide along the {111} planes. These dislo-
cations will be annihilated on the SiO, mask wall and confined

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61874148, 61974141, and 61674020), the Beijing Natural Science
Foundation, China (Grant No. 4192043), the State Key Laboratory of Information Photonics and Optical Communications (Beijing University of Posts and
Telecommunications), China (Grant No. [POC2018ZTO01), and the 111 Project of China (Grant No. B07005).

fCorresponding author. E-mail: wangjun12@bupt.edu.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

016102-1


http://dx.doi.org/10.1088/1674-1056/abb3ed
wangjun12@bupt.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 1 (2021) 016102

in the trench. The GaAs nucleation on Si (111) generates less
defects than the on Si (001).1'71 Second, a GaAs lattice in the
V-shape of Si with {111} facets is along the [110] direction.
The crystallography analysis indicates!'®! that GaAs grown on
the Si (111) surface cannot result in the formation of APBs in
the GaAs layer. Moreover, Li ef al. have grown high-quality
GaAs films with low dislocation densities through V-groove
nanopatterned Si substrates.!'”] High-quality GaAs films are
conducive to our realizing the fabrication of subsequent de-
vices.

Generally speaking, during the growth of GaAs/Si mate-
rials, the lattice stress caused by lattice mismatch is released
through dislocations. Subsequently, after epitaxial growth of
GaAs on Si substrate is completed, in the cooling process from
the growth temperature to room temperature, thermal stress
arises due to the difference in TEC between GaAs and Si.
When the stress (tensile in GaAs) is sufficiently large, cracks
are formed on the GaAs film.[>") The presence of cracks in
GaAs thin film is not desirable for device fabrication because
they can deteriorate the performance and lifetime of devices
fabricated on the epilayers. Therefore, the thermal mismatch
effects must be addressed during GaAs epitaxial growth. Ther-
mal stress caused by TEC mismatch has attracted the atten-
tion of researchers. Many experiments have confirmed that

the thermal stress is existent and harmful.[2!-22

1 Moreover,
Li et al. have proved through the photoluminescence spec-
troscopy that the method of selective area growth of GaAs in
V-grooved Si can efficiently relax the strain induced by the
TEC mismatch.?3! However, the thermal stress distributed at
each point of the structure cannot be measured experimentally.
To date, the thermal stress distribution on the GaAs epitaxial
layer of V-grooved patterned Si substrates has not been stud-
ied in detail. Therefore, in order to fabricate optoelectronic
devices with better performance, it is necessary to explore
the thermal stress distribution in nanoscale V-groove patterned
structures for the growth of GaAs/Si.

In this paper, we aim to systematically study the ther-
mal stress in the coalesced GaAs layer grown on V-groove
nanopatterned Si substrate by the finite-element method. First,
we describe two models of two-dimensional (2D) structures
with GaAs epitaxial growth on planar Si substrate and V-
groove patterned Si substrate, respectively. Subsequently, we
compare the thermal stresses of the GaAs layers grown on two
kinds of Si substrates. Comparing with the planar Si substrate,
the thermal stress is significantly reduced for the GaAs layer
on the V-groove patterned Si substrate. Finally, the influences
of the width of the V-groove, the thickness and the width of the
SiO; mask of the structure on thermal stress of the GaAs epi-
taxial layer are discussed. The results demonstrate that the role
of the SiO, mask and the V-groove are outstanding, reducing
the thermal stress on the GaAs layer.

2. Material structures and simulation model

For GaAs grown on planar Si substrates, Stony’s
results?*! indicates that the GaAs film is subjected to biaxial
thermal stress. The thermal stresses in the [110] and [110]
directions are equal. On the contrary, for GaAs grown on
V-groove patterned Si substrates, the substrate geometry is
not symmetrical in the [110] direction or the [110] direction.
When the cooling material shrinks, the GaAs film has the lim-
itation of periodical masks in the [110] direction, while in the
[110] direction it is constrained by the substrate. According to
previous investigations,!?>-?6! compared with the scenario on a
planar substrate, the stress of the GaAs film grown on a pattern
Si substrate changes significantly in the direction perpendicu-
lar to the groove, while the stress in the direction parallel to
the groove hardly changes. So, we mainly analyze the stress
in the direction perpendicular to the V-groove, which is the
[110] direction. Using the finite element method, the stress
component can be calculated through the 2D modeling, >
which reduces the calculation amount compared with through
the three-dimensional modeling.

We construct 2D structural models, namely the GaAs/Si
structures, respectively, based on a planar substrate and a V-
groove patterned substrate as shown in Fig. 1. The structure in
Fig. 1(a) consists of a 1.7-pm-thick GaAs epitaxial layer and
a 100-pm-thick planar Si substrate. The structure in Fig. 1(b)
consists of a 1.7-pm-thick GaAs epitaxial layer, SiO, masks
with variable thickness (50 nm, 100 nm, 200 nm) and width
(50 nm, 100 nm, 200 nm), and a 100-um-thick V-groove pat-
terned Si substrate. The aspect ratio of the groove keeps con-
stant. When there is no SiO, mask, the structure is shown in
Fig. 1(c). We set the width of the V-groove to be 50 nm, 75 nm,
100 nm, 150 nm, separately. The change in size of the SiO,
mask and V-groove can affect the stress component at each
point in the [001] direction. Because the simulation results are
nearly unchanged when the substrate thickness is thicker than
100 um, we set the substrate thickness to be 100 pm, which is
smaller than the thickness of actual wafers. The widths of the
both structures are set to be 80 um, which is wide enough to
model real structures.

The finite element method is used to calculate the thermal
stress distributions of the two structures. The fixed constraint
is applied to point O as shown in Fig. 1, and the prescribed dis-
placement in the [001] direction is applied to the point O;. All
other points in the two structures can move freely according to
the law of thermal expansion without any external mechanical
constraint. The material parameters are listed in Table 1. The
triangular mesh is used to divide the two structures based on
geometric dimensions. The extremely fine mesh with a maxi-
mum element size of 5 nm and minimum element size of 1 nm
is introduced into the model for the GaAs window area and the
Si0, mask. For other parts of the mesh, the fine mesh with a
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maximum element size of 2 m and minimum element size of
10 nm is used. Experiments have shown that a GaAs epitax-
ial layer grown at a higher temperature (> 650 °C) can form
a single-crystal layer with better crystal quality.!®) Therefore,
for the two GaAs/Si models, it is assumed that they are cooled

from the growth temperature of 685 °C to room temperature
20 °C, and the stability of GaAs thermal stress is analyzed.
The effects of the width of the V-groove, the thickness and the
width of the SiO, mask on the thermal stress of the structures
are investigated.

[001] [001][TTSi05 GaAs [001]
A
S . fsmmmnnn | Sl
[110] . ' [110] o "o o
(a) (b) (c)

Fig. 1. Structure of GaAs epitaxially grown on (a) planar Si substrate and [(b) and (c)] V-groove patterned Si substrate.

Table 1. Material parameters used in simulations.

. Young’s Coefficient of thermal . R .
Materials Poisson’s ratio
modulus (GPa) expansion (106 K’l)
GaAs 85.9 5.7 0.31
Si 170 2.6 0.28
SiO, 70 0.5 0.17

3. Results and discussion

The thermal stress distributions of the two 2D models in
Fig. | are shown in Fig. 2. Figure 2(a) shows the thermal stress
distribution of the structure on the planar Si substrate. It can
be seen that the Si substrate is subjected to compressive stress
(negative) and the GaAs layer is subjected to tensile stress
(positive). At the GaAs/Si interface, the stress has a sharp
change. The stress is laterally uniform but it varies with the
position of the structure along the z-axis direction. Figure 2(b)
shows the thermal stress distribution of the structure on the V-
groove patterned Si substrate. In the structure, the width of
the V-groove, the thickness and width of the SiO; mask are all
set to be 100 nm. The thermal stress of the structure changes
periodically in the lateral direction, and the stress distribution
is not uniform at different positions along the z-axis direction,
especially near the GaAs/Si interface. Since the TEC of GaAs

Tensile
(MPa)
300
200
100
71 nm 0
—100
(a) —200
Compressive

is much larger than that of Si, the GaAs layer is mostly sub-
jected to tensile stress and the Si substrate is mostly subjected
to compressive stress. Near the GaAs/Si interface, the stress
may appear in the opposite state of stress. Introducing the
Si0; mask, the thermal stress of GaAs layers between masks
is significantly reduced. This is because the TEC of SiO; is
very small (about 1/11 of GaAs), which hinders the pattern re-
gion of GaAs from shrinking in the cooling process. The Si
substrate is much thicker than the SiO, mask, so the stress of
the GaAs layer away from SiO; masks is mainly determined
by the Si substrate. The area influenced by the SiO; mask is
only in the window area as shown in Fig. 2(b). The maximum
stress can reach 339 MPa, which appears in the upper area of
the SiO, mask, suggesting that cracks and defects are most
likely to occur in the region during the experiment . However,
for the small region above the SiO, mask, the cracks and de-
fects can be easy to be avoided by experimental methods, such
as forming a gap in the small region.!?>! The stress at the bot-
tom of the V-groove (point A) is 209 MPa. Figure 2(c) shows
the thermal stress distribution of the structure on the V-groove
patterned Si substrate without SiO, mask. Comparing with the
planar Si substrate, the thermal stress is reduced for the GaAs
layer in the groove. After adding the SiO, mask, the stress
reduction is more obvious.

Tensile Tensile
MPa) (MPa)
300 300
200 200
100 100
0 nm 0
—100 ~100
—200 (C) —200

Compressive Compressive

Fig. 2. Thermal stress distribution of GaAs epitaxially grown on (a) planar Si substrate and [(b) and (c)] V-groove patterned Si substrate.

Figure 3 shows the thermal stress value along lines I, I,
I, and IV in Fig. 2. Line I reveals the thermal stress dis-
tribution of the structure on the planar Si substrate. As the
distance from the GaAs/Si interface increases, the stress de-

creases linearly for the Si substrate and the GaAs layer. It is

worth noting that the stress changes extremely small within
the Si layer and the GaAs layer, separately. The results show
that when the distance from the interface is within 71 nm, the
compressive stress in the Si substrate is about 32 MPa, and the

tensile stress in the entire GaAs layer is about 245 MPa. Line
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II reveals the thermal stress distribution of the structure on the
V-groove patterned Si substrate. As can be seen from line II,
near the Si/GaAs interface, the stress of the curve fluctuates
greatly in the Si layer and GaAs layer, separately. The GaAs
layer is subjected to compressive stress within 5 nm from point
A. Then, the GaAs layer is subjected to tensile stress at a dis-
tance of more than 5 nm from point A. In addition, the farther
away from point A, the smaller the change in stress is, and
the final stress is about 244 MPa. Comparing with the planar
Si substrate, the thermal stress significantly decreases for the
GaAs layer, of which the thickness is within 300 nm on the
V-groove patterned Si substrate, and particularly, the average
stress of line BD is 100 MPa, which is reduced by 59%. Line
IIT reveals the thermal stress distribution in and around a SiO;
mask layer on the patterned Si substrate. The stress of line KJ
represents the stress in the SiO, mask layer. A small part of
the center in the SiO, mask layer presents the tensile stress,
and the rest the compressive stress. And at the edge of the
Si0; mask there appears the largest compressive stress. The
stresses of line HK and above point J represent the stresses
in the Si substrate and the GaAs layer. It can be seen that the
closer to the SiO; mask, the greater the tensile stress they are
subjected to. Line IV reveals the thermal stress distribution of
the GaAs layer on the V-groove patterned Si substrate without
SiO; mask. The farther from the bottom of the V-groove, the
higher the stress. Obviously, the stress of the structure with
Si0, mask is less than that without SiO, mask. In addition,
the final stress of the GaAs layer is about 244 MPa. There-
fore, the SiO, mask affects the quality of the GaAs in the rel-
evant regions. Finally, it is important to point out that the final
stresses of the three lines are close to each other Our results
support the experimental results!?®! that epitaxial growth on
a nanopatterned substrate can effectively release stress due to

thermal mismatch.

400
300 F

F 2001 :

= ;

= 100 :

) ¢ line I

oA - line TT

; line IIT

—100 F K: S « line TV
—200F A

0 100 200 300 400 500
Distance (nm)

Fig. 3. Thermal stress value varying with distance along four lines (lines I,
IL, 111, and IV) in Fig. 2.

From the above analysis, we find that the stress in the win-

dow area is lower than in other areas, which is more suitable

for fabricating optoelectronic devices. Therefore, in the fol-
lowing, we will study the thermal stress values in the window
area for different widths of the V-groove, thickness values, and
widths of the SiO; mask.

180 (a)
120F
? 60 -
% o + 150 nm
- 0 & * 100 nm
7 * ° 75 nm
9] *
2 —60}F + 50 nm
»n
—120F
%
+
_180 C 1 1 1 1 1 1
0 20 40 60 80 100 120
Distance from point A (nm)
150
120

Stress (MPa)
©
S

60 -
30F
0 50 nm
0 20 40 60 80 100
Distance from point B (nm)
120F (c) fpﬁw%
o+ H
. 90} ++++++ ++++++
S + *,
& # *y
E + "+
— 60
2
2
% 30F +150 nm \
* 100 nm
ok ® om0 B
50 nm
—80 —40 0 40 80

Distance from point C (nm)
Fig. 4. Calculated thermal stress values along (a) line AB, (b) line BD, and
(c) line EF for different widths of V-groove, with SiO, mask being 100 nm
both in thickness and in width.

Figure 4 shows the effect of the width of V-groove on
the thermal stress. The thermal stresses along lines AB, BD,
and EF are shown in Figs. 4(a)—-4(c), respectively. We can
observe from Fig. 4(a) that the beginning of each curve lo-
cated at the bottom of the V-groove presents the compressive
stress. The compressive stress decreases as the distance in-
creases from point A. This is because the region at the bot-
tom of the V-groove is extremely narrow, and the narrower the
GaAs window region, the greater the thermal stress of GaAs in
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the pattern region is affected by the SiO, mask. We can notice
that there is a critical point where the stress is zero. Then the
stress is converted into tensile stress on line AB. And the ten-
sile stress on each curve first increases and then decreases as
the distance increases from point A. In addition, as the width
of the V-groove increases, the maximum of tensile stress in-
creases. It can be seen from Fig. 4(b) that the tensile stress on
line BD is large at both ends and small in the middle. While
the tensile stress on line EF is small at the ends and large in
the middle as shown in Fig. 4(c). Due to the symmetry and
repeatability of the structure, the stress value of lines £C and
FC are the same. Furthermore, the tensile stress of lines BD
and EF increase with the width of V-groove increasing. And
the wider the V-groove, the more uniform the stress of line BD
is. In particular, the stress state at point C is compressive when
the width of the V-groove width is 50 nm.

We calculate the average stress in the growth window area
of the GaAs layer by the data on lines BD and EF. The re-
sult shows that when the width of V-groove is 50 nm, 75 nm,
100 nm, 150 nm, the average stress of the GaAs epitaxial layer
in the growth window region is 24 MPa, 53 MPa, 80 MPa,
117 MPa, separately

Figure 5 shows the average thermal stress values along
line BD and line EF with different thickness values and widths
of the SiO, mask, when the width of the V-groove is fixed at
50 nm. As shown in Fig. 5, the size of the SiO, mask has
a certain effect on the stress of the GaAs layer. And within
a certain range, as the thickness or width of the SiO, mask
increases, the average thermal stress first decreases and then
increases. When the thickness and width of the SiO, mask are
both 100 nm, the average stress is minimum, which is 24 MPa.
In Fig. 5, the minimum value is clearly marked in gray. In this
optimal structure, the aspect ratio of the window area is 2.

200
180F
160
140F
120F
100
80 F
ool NS

60 100 140 180
Width of SiO2 mask (nm)

67.00
61.63
56.25
50.88
45.50
40.13
34.75
29.38
24.00

Average stress (MPa)

Thickness of SiO3 mask (nm)

Fig. 5. Average thermal stress values along line BD and line EF with differ-
ent thickness values and widths of SiO, mask, with width of V-groove being
50 nm.

Table 2 shows the influences of the thickness and width
of the SiO; mask in a range of between 0 nm and 50 nm on the
average thermal stress of GaAs in the patterned area. Without
SiO, mask, the stress is 210 MPa. It can be clearly seen that
the introduction of the SiO, mask reduces the thermal stress
of GaAs in the patterned area.

So, the three structure parameters that are the width of
the V-groove, the thickness and the width of the SiO, mask,
significantly affect the thermal stress of the GaAs layer. When
the width of V-groove is 50 nm and the width and the thickness
of the SiO, mask are both 100 nm, the GaAs layer exhibits
a minimum stress. Comparing with the planar Si substrate,
the average stress of the GaAs epitaxial layer in the growth
window region of the V-grooved Si substrate is reduced by
90%. Finally, Guo et al. demonstrated that high quality GaAs
can be obtained in sub-50-nm wide V-groove according to the
experiment,'®! so the 50-nm V-groove of our optimal struc-
ture is achievable. Li et al.'>’! and Freundlich et al.[*”) also
proved that the method of selective area growth of GaAs on
V-grooved pattered Si substrate with SiO, mask can efficiently
relax the strain induced by the thermal mismatch,which is con-
sistent with our results. Therefore, our optimal structure can
achieve high-quality GaAs growth.

Table 2. Average thermal stress with width of V-groove being 50 nm.

Width of the SiO, Thickness of the SiO; Average thermal
mask (nm) mask (nm) stress (MPa)
50 50 67
20 20 153
50 0 185
0 0 210

4. Conclusions

In this work we perform the thermal stress analysis of a
GaAs layer grown on the V-groove patterned Si substrate by
the finite-element method. First, structures of the GaAs lay-
ers respectively grown on the V-groove patterned Si substrate
and the planar Si substrate are modeled to calculate their stress
distributions The results show that the thermal stress distribu-
tion near the interface in the patterned substrate is nonuniform,
which is different from the planar structure. Comparing with
the planar substrate, the thermal stress of the GaAs layer on the
patterned substrate is significantly reduced, especially when
the thickness of the GaAs layer is within 300 nm. Second, the
three factors that are the width of the V-groove, the thickness
and the width of the SiO, mask are also studied, which signif-
icantly affect the thermal stress distribution of the GaAs layer.
The results indicate that when the width of V-groove is 50 nm
and the width and the thickness of the SiO, mask are both
100 nm, the GaAs layer is subjected to the minimum stress. In
addition, comparing with the planar Si substrate, the average
stress of the GaAs epitaxial layer in the growth window region
of the V-grooved Si substrate is reduced by 90%. These find-
ings are important for growing the high-quality GaAs films
and provide an important step towards the optoelectronic de-
vice integration on GaAs substrates.
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