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ABSTRACT

The misfit dislocation formation related to plastic strain relaxation in Si or Ge quantum well layers in SiGe heterostructures for spin qubits
tends to negatively affect the qubit behaviors. Therefore, it is essential to understand and then suppress the misfit dislocation formation in
the quantum well layers in order to achieve high-performance qubits. In this work, we studied the misfit dislocation propagation kinetics
and interactions by annealing the strained Si or Ge layers grown by molecular beam epitaxy. The annealing temperatures are from 500 to
600 °C for Si layers and from 300 to 400 °C for Ge layers. The misfit dislocations were investigated by electron channeling contrast imaging.
Our results show that the misfit dislocation propagation is a thermally activated process. Alongside, the blocking and unblocking interac-
tions during misfit dislocations were also observed. The blocking interactions will reduce the strain relaxation according to theoretical calcu-
lation. These observations imply that it is possible to suppress the misfit dislocation formation kinetically by reducing the temperatures
during the SiGe heterostructure epitaxy and post-epitaxy processes for developing well-functional SiGe-based spin qubits.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155448

I. INTRODUCTION

The spin states of electrons in Si quantum well layers1–4 or
holes in Ge quantum well layers5–7 in SiGe heterostructures are
outstanding candidates for large-scale integration of fault-tolerant
qubits for solid state-based quantum computing. Hereby, the
strained quantum well layers are fabricated by the pseudomorphic
growth of Si and Ge on SiGe. The strain partially splits the respec-
tive band energy degeneracy as a prerequisite for eventual qubit
operation. Consequently, the local variations in this strain (e.g., by
misfit dislocations) cause local variations in the valley splitting8,9

and also bring charge noises,10 which were shown to influence the
quantum coherence of qubit states negatively. Hence, on the way to
scale up quantum computer to a large number of spin qubits
hosted in Si or Ge quantum well layers,11,12 it is of superior impor-
tance for the quality of qubits to achieve decent and homogeneous
strain in the quantum well layers. This can only be realized by a
deep understanding and ultimately the prevention of the strain

relaxation accompanied by the misfit dislocation formation and
propagation in such quantum well layers.

The misfit dislocations in the SiGe-based materials were care-
fully studied in the last century. Matthews and Blakeslee13

described the plastic strain relaxation accompanied by the forma-
tion and propagation of misfit dislocations when the strained layer
exceeds a critical thickness. Later on, Dodson and Tsao14 stated
that the misfit dislocation propagation is a thermally activated
process. In their statement, the misfit dislocation propagation
velocity is related to both the stress on the epitaxial layer and the
temperature it suffers. In addition, Freund15 studied that the misfit
dislocation propagation can also be blocked due to the strain field
barrier from other perpendicular misfit dislocations. When the
strained layer thickness is above another critical value, the propaga-
tion can overcome the barrier and be unblocked. In the case of
SiGe heterostructures for qubits, we have investigated16 the forma-
tion of misfit dislocation in the Si quantum well layers, when they
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exceed the critical thickness defined by the Matthews–Blakeslee cri-
terion. The layers were grown by chemical vapor deposition (CVD)
at relatively high temperatures. Later, we found17 that the strained
Si layer grown by molecular beam epitaxy (MBE) at a lower tem-
perature on the relaxed Si0:7Ge0:3 buffer has no misfit dislocation
presented even when the Si layer exceeds the critical thickness.
These studies suggest that not only the layer thickness influences
the formation of misfit dislocation, but the temperature also does.

In this work, we investigate the misfit dislocation propagation
in the strained Si layer on Si0:7Ge0:3 buffer during post-growth
annealing at temperatures from 500 to 600 °C by electron channel-
ing contrast imaging (ECCI) technique. By plotting the dislocation
propagation velocities over the inverse temperature, we obtained an
Arrhenius-type plot, from which the activation barriers of the
propagation are extracted. The same experiment was performed at
the strained Ge layer grown by MBE at 270 °C on the relaxed
Si0:3Ge0:7 buffer. The annealing temperatures were from 300 to
400 °C. The misfit dislocation propagation blocking by other misfit
dislocations occurs in 10 nm Si but not in 20 nm Ge, which has a
good agreement with the criterion proposed by Freund.15 In this
case, the influence of the blocking interactions on strain relaxation
in these layers is further calculated. Our results show that strain
relaxation happens not only during the epitaxial growth but also
during the post-growth annealing. Based on these observations, we
can propose that the misfit dislocation propagation in the Si or Ge
quantum well layer for qubits can be suppressed kinetically by
reducing the epitaxy temperature and the temperature applied in
post-epitaxy device fabrication processes.

II. GENERAL CONCEPTS

The strain relaxation by the misfit dislocation formation is
described in detail in our previous work.16 In this work, we are
going to further discuss the misfit dislocation propagation kinetics
in strained epitaxial layers, which was studied by Dodson and Tsao,
as well as the dislocation blocking interactions studied by Freund.

Below, an important parameter misfit strain ε is defined as the
misfit from the substrate to the film:

ε ¼ asubstrate � afilm
afilm

, (1)

where asubstrate and afilm are the in-plane lattice constants of sub-
strates and films under the strain relaxed condition, respectively.

A. Threading dislocation gliding kinetics—Dodson–Tsao
law

The strain relaxation due to misfit dislocation propagation by
threading dislocation gliding is a thermally activated process.18 The
propagation velocity v can be written with a simple Arrhenius-type
law as

v ¼ v0(σ) exp �Ea(σ)
kT

� �
: (2)

The pre-exponential factor v0(σ) and the activation energy Ea(σ)
depend on the material and the stress applied σ. In addition, k is

the Boltzmann constant and T is the temperature applied. The
stress-dependence of Ea(σ) is given as follows:

Ea(σ) ¼ E0 1� jσj
τ0

� �
: (3)

Here, E0 is the propagation activation energy at zero stress. τ0 is the
so-called zero-temperature flow stress, which is roughly 5 %–10 %
of the shear modulus in semiconductors,19 while it is around 1 %
in metals. The stress σ here is related to the misfit strain ε in the
layer by

σ ¼ 2εμ
1þ ν

1� ν
, (4)

where μ is the shear modulus and ν is the Poisson ratio.
Hence, according to Eqs. (2) and (3), the propagation velocity

increases with the temperature and stress. This stress-dependent
misfit dislocation propagation kinetics stated by Dodson and Tsao
was also experimentally verified by the relaxation of SiGe films
grown by MBE on the Si substrate.20–22

B. Dislocation blocking mechanism—Freund criterion

During the misfit dislocation propagation in the strained layer,
it can interact with another misfit dislocation at the interface. This
interaction will block the propagation because of the strain field
associated with the other misfit dislocation [Fig. 1(b)]. When the
layer is grown thicker, the force from the misfit strain on the misfit
dislocation propagation will increase and can overcome the block-
ing effect from the other misfit dislocations. That leads to the
unblocking of the propagation [Fig. 1(c)].

Freund proposes a simple model15 to calculate the criterion
for the bypass of the misfit dislocation propagation above the other
misfit dislocations. The detailed calculation is described in
Appendix A.

From the calculation, the critical thickness hF for the unblock-
ing of the misfit dislocations in the strained Si or Ge layers with
regard to their strains ε is plotted in Fig. 2. The critical thickness of
the dislocation blocking of the Si with 1.1% strain and Ge with
1.3% strain is underlined because they are the samples investigated
in this work. It needs to mention that hF here is slightly larger
from the simplified calculation model without taking the Burgers
vectors of the dislocations into consideration.

The blocking and unblocking effects are experimentally
observed already in SiGe films on Si.23,24

III. EXPERIMENTAL DETAILS

The epitaxial growth of the SiGe heterostructures in this work
was carried out by a hybrid MBE/CVD technique.17 The relaxed
Si0:7Ge0:3

17 and Si0:3Ge0:7
25,26 substrate was grown on (0 0 1) Si

wafer by reduced pressure and atmospheric CVD, respectively.
Chemical mechanical polishing (CMP) was used to remove the
cross-hatch surface roughness of the relaxed buffer layers. The
Si0:7Ge0:3 substrates have a threading dislocation density of around
1 × 107 cm−2, while the Si0:3Ge0:7 substrates have a threading dislo-
cation density of 5 × 105 cm−2. Surface preparations combining wet
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chemical cleaning and in situ annealing and atom hydrogen irradi-
ation at 700 °C were done on these SiGe substrates. Afterward,
10 nm 28Si/50 nm 28Si0:7Ge0:3 or 20 nm Ge/30 nm 28Si0:3Ge0:7 was
grown on the top of these relaxed SiGe substrates by an MBE
equipped with electron beam evaporators for both 28Si and Ge. The
sketches of these epitaxial layers are shown in Figs. 3(a) and 3(f ).

The annealing of the strained Si and Ge layers was performed
on the pieces from the same wafer in a UHV chamber with a
vacuum of around 1×10-7 mbar at different temperatures for 10min.
The annealing temperatures were chosen by the ones slightly higher
than the growth temperatures (listed in Fig. 3). Before annealing, the
heater was preheated for at least 10min, and the sample was deliv-
ered into the annealing position within 1min. After annealing, the
sample was moved out from the annealing position immediately.

To investigate the defects in these layers, the electron channel-
ing contrast imaging (ECCI) was performed in a Thermo Fisher
Scientific’s Apreo scanning electron microscope at 10 kV and
3.2 nA for the misfit dislocation detection in the layer stacks close
to the surfaces.

IV. RESULTS

A. Misfit dislocation propagation under thermal
annealing

Figure 3 presents the schematics of the studied strained Si
layer as well as the strained Ge layer. The Si layer has 1.1 % tensile
strain, and the Ge layer has 1.3 % compressive strain.27 Figures 3(b)
and 3(e) show the ECCI images of the misfit dislocation network
in the as-grown and post-growth annealed Si layers. The orthogo-
nal dislocations lie along two h110i directions at the interface
between the strained layers and the relaxed SiGe buffer, and their
average length of misfit dislocations develops obviously with the
increasing annealing temperatures. Figures 3(g)–3( j), respectively,
show the misfit dislocation network in the strained Ge layer. The
misfit dislocation networks show similar development with increas-
ing post-growth annealing temperatures.

The misfit dislocation propagation velocities can be measured
by dividing the average misfit dislocation lengths by the annealing
time, 10 min. The measured velocities are plotted on Arrhenius
curves in Fig. 4 in regard to the modified annealing temperatures.
The fitted activation energy from Eq. (3) of the threading disloca-
tion gliding is 0.49 ± 0.01 eV in the strained Si and 0.39 ± 0.10 eV
in strained Ge, where the errors are from the linear regression
fitting. The temperature modification is performed considering the
heat radiation exchange between the graphite heater and the emis-
sion character from the molybdenum sample holder, which is
described in detail in Appendix B.

The theoretical values of the activation energies of the misfit
dislocation propagation gliding calculated from the Dodson–Tsao
law and their experimental values from Fig. 4 are listed in Table I.
The theoretical activation energies have big ranges because τ0 in
Eq. (3) is 5%–10% of the shear modulus in semiconductors. Table I
shows the agreement between the theoretical and the experimental
activation energies.

It is worth mentioning that there are some characteristic dif-
ferences between the misfit dislocation networks in the strained Si
layers and in the strained Ge layers. In Fig. 3(e), the misfit disloca-
tions often end when they meet other perpendicular misfit

FIG. 2. The critical thickness hF converted from h=b (Fig. 6 in Appendix A) for
the unblocking of the propagation with regard to certain strain ε in the system of
the Si or Ge layer on relaxed SiGe substrates.

FIG. 1. Schematic diagram showing the blocking mechanism on the misfit dislocation propagation from a perpendicular misfit dislocation when the epitaxial layer exceeds
the critical thickness hc defined by the Matthews–Blakeslee criterion. (a) The propagation is forced by the stress from the misfit strain ε. (b) The misfit dislocation propaga-
tion can be blocked by a perpendicular misfit dislocation due to the strain field around it causes. The fact can be described as an effective strain reduction induced by the
perpendicular dislocation as εint. εint is positively related to the distance from the misfit dislocation x. (c) When the layer is thicker, the effect of the perpendicular misfit dis-
location is weaker. When the layer is above hF defined by the Freund criterion, the threading dislocation can overcome the barrier from the perpendicular misfit dislocation
and glide to propagate the misfit dislocation further, that is called unblocking.
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dislocations. That is not the case in Fig. 3( j), where the perpendic-
ular misfit dislocations cross over each other. This feature of the
misfit dislocation network in Si matches well with the blocking
mechanism between the perpendicular misfit dislocations, which

was also observed in our previous study on the strained Si layer
grown by CVD:16 the misfit dislocation propagation is blocked by
perpendicular misfit dislocations. The reason why the misfit dislo-
cations in the strained Ge layer overcome this blocking mechanism
is that the Ge layer is thicker than the Si layer. The thickness of the
Ge layer as 20 nm is approaching the critical value for unblocking
mechanism (Fig. 2). Since both the Si0:7Ge0:3 and Si0:3Ge0:7 sub-
strates are flattened by CMP, the blocking effect from surface
roughness on misfit dislocations is out of consideration here.

These blocking and unblocking mechanisms from the dislocation
interactions can also influence the experimental propagation velocity
measurement and further the derived activation energies in Table I.
When the blocking interaction happens, the experimental dislocation
average lengths tend to be shorter since the dislocation propagation
stops earlier.20,28 This can explain that the experimental activation
energy in the strained Si layer lies on the lower end of the theoretical
range, respectively, that it lies in the middle of the theoretical activa-
tion energy range in the case of the strained Ge layer in Table I.

B. Strain relaxation with misfit dislocation network

The experimental results above show that the misfit disloca-
tions form by threading dislocation bending and propagate in the
strained Si and Ge layers due to post-growth annealing. However,
the blocking interactions between misfit dislocation only happen in
the strained Ge layers because of their larger thickness. Here, we
will further calculate the dependence of the relaxation in the epitax-
ial layer on the threading dislocation density and also the misfit
dislocation blocking interactions.

During the calculation, the geometry of the sample is taken as a
square of 1� 1 mm2 with edges along h1 1 0i. This is taken approxi-
mately by the sample piece of the annealing experiments above.

The strain relaxation εrelax by misfit dislocations in epitaxial
layers can be described as13

jεrelaxj ¼ jbj
γdMD

, (5)

where b is the Burgers vector of the dislocations and dMD is the
misfit dislocation spacing. γ depends on the relaxation efficiency of
the misfit dislocations, that is related to the dislocation type. For
the 60° misfit dislocations in diamond-type semiconductors,
γ ¼ 2.29 It reveals that the strain in the layer gets more relaxed with
denser misfit dislocations.

The misfit dislocation spacing can be calculated from the
misfit dislocation network,16 from the length sum of misfit disloca-
tions A in a certain area

P
li by

dMD ¼ AP
li
: (6)

From the misfit dislocation formation mechanism by Matthews
and Blakeslee and also our previous observation in Ref. 16, every
pre-existing threading dislocation is a source of a misfit dislocation.
Therefore, the misfit dislocation network in the strained layer is
related to the threading dislocation spacing dTD, which is related to

FIG. 3. Schematic cross sections of (a) the strained Si layer on relaxed
28Si0:7Ge0:3 or (f ) the strained Ge layer on relaxed 28Si0:3Ge0:7 realized by a
hybrid MBE/CVD technique. ECCI images showing dislocation in the strained Si
and Ge layers: (b) the as-grown Si layer presents no misfit dislocation; the misfit
dislocations form in the Si layer through the annealing at temperatures from 500
to 600 °C [(c)–(e)] for 10 min; similarly, the as-grown Ge layer presents no misfit
dislocation (g); the misfit dislocations form in the Ge layer through annealing at
temperatures from 300 to 400 °C [(h)–( j)] for 10 min. The annealing tempera-
tures are indicated above the ECCI images.
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the threading dislocation density TDD,

dTD ¼ 1ffiffiffiffiffiffiffiffiffiffi
TDD

p : (7)

To conduct further calculation of the effect of the threading
dislocation density and the blocking interactions on the strain
relaxation, two different conditions are considered here:

(1) The first condition is that the blocking interaction between
misfit dislocations happens. According to a Monte Carlo simula-
tion of the strain relaxation of Si on SiGe from our group,29 the
threading dislocation spacing dTD and the misfit dislocation
spacing dMD have a roughly constant ratio of around 2 and are
independent of the sample size. Merging Eqs. (5) and (7), and the
constant ratio dTD

dMD
¼ 2 together, the correlation of relaxation and

threading dislocation density TDD can be written as

εrelax ¼ jbj
γdMD

¼ jbj
2 � 12 dTD

¼ jbj
2 � 12

ffiffiffiffiffiffiffi
1

TDD

q ¼ jbj
ffiffiffiffiffiffiffiffiffiffi
TDD

p
: (8)

(2) The second condition is that the blocking interaction between
misfit dislocations does not happen. The misfit dislocation can
extend till the end of the wafer. In this case, the average misfit dis-
location length is assumed as the half size of the wafer in the
square geometry applied. With the sample length a ¼ 1 mm, the
average length of misfit dislocation is reasonably assumed as a

2. The

number of misfit dislocations equals the number of threading dislo-
cations x, which means

x ¼ TDD � a2: (9)

According to Eq. (6), misfit dislocation spacing dMD is

dMD ¼ a2

x � a2
¼ 2a

x
: (10)

Introducing Eqs. (9) and (10) into Eq. (5), the relaxation when the
misfit dislocations do not block each other is

εrelax ¼ jbj
γdMD

¼ jbj � a � TDD
4

: (11)

The correlations between relaxation and threading dislocation
density TDD in both conditions with [Eq. (8)] or without
[Eq. (11)] blocking interaction between misfit dislocations are
plotted in Fig. 5. The misfit strain levels of the unrelaxed Si on
Si0:7Ge0:3 and Ge on Si0:3Ge0:7 are also indicated in Fig. 5. From
here, the relaxation with the blocking effect is significantly less
than without blocking. In addition, the increase in strain relaxation
with regard to TDD is also severe without the blocking interactions.
The relaxation levels of the strained Si in Fig. 3(e) and the strained
Ge in Fig. 3( j) based on their misfit dislocation spacing dMD are

FIG. 4. The Arrhenius-type plots of the misfit dislocation propagation in the strained Si layer (a) and in the strained Ge layer (b). The measurements are fitted into Eq. (2),
where v0 and Ea from fitting are listed in the figures. The temperatures here are corrected according to Appendix B.

TABLE I. The experimental and theoretical activation energies of the misfit dislocation propagation.

Material system Strain Ea (Experimental) Ea (Theoretical)

10 nm strained Si on relaxed Si0.7Ge0.3 1.1 % tensile 0.49 ± 0.01 eV 0.44 – 1.32 eVa

20 nm strained Ge on relaxed Si0.3Ge0.7 1.3 % compressive 0.39 ± 0.10 eV 0.14 – 0.87 eVa

aThe variant energies are calculated based on the zero-temperature flow stress τ0 in Eq. (3), which is roughly 5 %–10 % of the shear modulus in
semiconductors.19
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marked in Fig. 5. The strained relaxation in Si fits well with the cal-
culation. However, the strain relaxation in Ge is lower than
calculation.

Here, only square geometry with a small sample piece as
1� 1 mm2 is applied. With other geometry, the correlation
between strain relaxation and TDD is slightly different as it is
shown in Fig. 5.

V. DISCUSSIONS AND CONCLUSIONS

Combining the results from this work, we arrive at several
thoughts regarding the misfit dislocations in SiGe heterostructures
for qubits,

(1) When the Si or Ge quantum well layers in SiGe heterostruc-
tures for qubits are often above the critical thickness of misfit
dislocation formation defined by the Matthew–Blakeslee crite-
rion, the epitaxial growth of the heterostructures by MBE per-
formed at low temperatures can suppress the misfit dislocation
formation kinetically compared to CVD, which generally uti-
lizes higher growth temperature.

(2) Although the growth can happen at a lower temperature in
MBE, the post-growth processes like the oxide layer deposition
often happen at 300 °C;5,30 the ohmic contact for the Ge layer
often happens at around 400 °C31 and, for the Si layer, happens
at 700 °C.1 These post-growth processes can potentially activate
the misfit dislocation propagation. Noticeably, according to
Refs. 32 and 33, the misfit dislocation propagation in a buried
strained Si or Ge layer in the SiGe heterostructure is probably
slightly slower than the propagation in an unburied strained
layer. This is because the misfit dislocation propagation in the
buried layer needs to form double kinks compared to the
single-kink dominated propagation in an unburied layer.

(3) According to our findings, a thermal budget for the post-
growth processes can be reasonably suggested as 0:5Tm accord-
ing to the study of Dodson and Tsao.14,34 If the post-growth
annealing must access this thermal budget, shortening the
annealing time is also a way to suppress the misfit dislocation
propagation kinetically.

In summary, the misfit dislocation kinetics and interaction are
studied in this work. The MBE as-grown strained Si layer on
relaxed Si0:7Ge0:3 and the strained Ge layer on relaxed Si0:3Ge0:7 are
free of misfit dislocations even though their thicknesses are above

the critical thickness. Misfit dislocations form at the interface of
the strained layers due to the gliding of the pre-existing threading
dislocations during post-growth annealing. The misfit dislocation
propagation velocity increases with the annealing temperatures
exponentially. The activation energies of the propagation are
derived from the Arrhenius-type equation, and they agree well with
the stress-dependent dislocation kinetics stated by Dodson and
Tsao.18 Furthermore, the misfit dislocation propagation in the
strained Si layer is blocked by the perpendicular misfit dislocations,
where the propagation in the strained Ge layer is unblocked. These
facts are due to the thickness difference between the stained Si and
the strained Ge layers. The strained Si layer here is quite thin so
that the misfit dislocation propagation cannot overcome the strain
barrier from the other perpendicular misfit dislocation. It is the
other case in the strained Ge layer here. In addition, we also calcu-
late that the misfit dislocation networks are supposed to be signifi-
cantly denser without the blocking effect when the substrate has
the same threading dislocation densities.

Together, we believe that this work enables the understanding
of the strain relaxation process with misfit dislocation formation
and propagation in the SiGe heterostructures for both electron spin
qubits and hole spin qubits.
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FIG. 5. The dependence of the strain relaxation in the Si
or Ge layers on the threading dislocation density in two
conditions: the blocking interaction happens between the
misfit dislocations (blue line); the blocking interaction does
not happen between misfit dislocations (brown line). The
misfit strains of the Si layer on Si0:7Ge0:3 the Ge layer on
Si0:3Ge0:7 and are 1.1 % and 1.3 % marked as dotted
and dashed lines here. The analyzed relaxation levels of
layers in Figs. 3(e) and 3( j) are noted as well.
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APPENDIX A: SIMPLIFIED MODEL OF FREUND
CRITERION FOR MISFIT DISLOCATION BLOCKING

Here, we will briefly introduce a simplified model from
Freund15 to calculate the criterion of misfit dislocation blocking
interaction.

As it is shown in Fig. 1, the strain originated from the other
misfit dislocation to compensate the misfit strain ε at the distance
x from the heterointerface is

jεintj ¼ 1
2π

jbj
x
, (A1)

where b is the Burgers vector of the dislocation. Therefore, the
effective strain εeff at the distance x from the heterointerface is

εeff ¼ ε� εint, (A2)

where ε is the misfit strain. The remaining distance to the surface
is denoted by

h* ¼ h� x: (A3)

The propagation is unblocked, when the effective strain fits the
rudimentary critical condition for the threading dislocation above x
to glide. This simplified critical condition from Freund can be
written as

jεeff j ¼ jbj
4πh*

ln
8h*
jbj , (A4)

where the dislocation cutoff radius as jbj
4 is considered and poison

ratio ν ¼ 0:3 in Si, a Ge related material system is applied.

Combining Eq. (A1), (A2), and (A4), it gives

jεj ¼ 1
2π

jbj
x

þ jbj
4πh*

ln
8h*
jbj : (A5)

The condition to get the minimal ε respective to h* is that

djεj
dh*

¼ 0: (A6)

By solving h* and substituting h* into Eq. (A5), the minimal misfit
strain ε with regard to the strained Si or Ge layer thickness for the
unblocking mechanism is plotted in Figs. 2 and 6.

Noticeably, the blocking criterion depends also on the Burgers
vectors of the misfit dislocations. Freund states that the critical thick-
ness of the blocking in this simple model is expected slightly higher.

APPENDIX B: ANNEALING TEMPERATURE
MODIFICATION

According to the Dodson–Tsao law [Eq. (2)], the activation
energies Ea can be obtained from the functional dependency of the
misfit dislocation propagation velocity on the annealing tempera-
ture. The annealing experiments were done by putting the samples
on a molybdenum holder under a pre-heated heater and taking the
sample with the holder out of the heating immediately after anneal-
ing for 10 min. Since the samples take time for heat-up and cool-
down, just taking the dislocation propagation velocities calculated
with 10 min and the respective preset annealing temperatures into
Eq. (2) would lead to a systematic error in the activation energy.
Hence, it is necessary to determine the temperature history of the
samples as a function of time, which is done here. Then, annealing
temperatures can be modified and then applied to the Eq. (2).

We applied the temperature modification with the molybde-
num holder because the molybdenum holder is ten times bigger
than the samples. This means in the text, T , means both the tem-
perature of the molybdenum holder and the sample.

Generally, the misfit dislocation length L can be obtained by
integrating Eq. (2),

L ¼
ðt
t0

v0 exp
�Ea
kT(t)

� �
dt, (B1)

where t is the time and T(t) is the temperature of the sample (also
the sample holder) with respect to time including the heating up
and cooling down. When T(t) is substituted with a fixed modified
temperature T* and t is substituted with a fixed time t* ¼ 10 min, it
can be rewritten as

L ¼ v0exp

��Ea
kT*

�
t*: (B2)

Now, T* can be determined combining Eqs. (B1) and (B2). The
remaining question here is the temperature history T(t).

Several conditions are assumed to solve T(t): In the calcula-
tion, only the heat radiation is considered. The heat convection by
gas motion is ignored because the annealing happens in ultra high
vacuum. The heat conduction is ignored because only a small part
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of the substrate holder is touched with the supporting ring. The
radiation of the MBE chamber is ignored because it is cold. In
addition, a one-dimensional model is applied here since the
annealing happens in the middle of the substrate holder and the
temperature is likely homogeneous horizontally.

The heat power P(T) the molybdenum holder obtained is
equal to the heat radiation from the heater Pheater minus the
emitted heat on two sides of the holder Pholder. Since the surface
area of the holder and the heater are the same,

P(T) ¼ Pheater � Pholder, (B3)

¼ εheater σ Theater
4 � 2εMo σ T4, (B4)

where ε is emissivity and σ is the Stefan–Boltzmann constant.
Here, εheater ¼ 1 and εMo ¼ 0:2 for molybdenum holder.35

Since the heater is switched on in advance and its temperature
is held constant by a power control in the experiment, it is assumed

that the temperature of the heater stays the same when the holder
is added. When the holder temperature T reaches the target set
temperatures, the system is in equilibrium. So,

P(Tset) ¼ εheater σ Theater
4 � 2εMo σ Tset

4 ¼ 0, (B5)

which tells the heater temperature Theater by each set temperature
Tset.

During the heat-up and cool-down processes, the heat
absorbed by the holder results in the temperature increase of the
holder,

CdT ¼ P(T)dt, (B6)

where C is the heat capacity of the molybdenum holder and can be
calculated with the holder thickness (2 mm), the specific heat
(0.25 J g−1 K−1), and the density (10.2 g cm−3) from molybdenum.

We substitute P(T) from Eq. (B4) into Eq. (B6) and do the
integration, and then, we get

CdT ¼ (εheater σTheater
4 � 2εMo σ T4)dt, (B7)

ðT
T0

C
εheater σTheater

4 � 2εMo σ T4
dT ¼

ðt
t0

dt: (B8)

By numerically solving the ordinary differential equation (B8), we
can get the temperature T over the time t.

For cooling down when the sample with molybdenum holder
is taken away from the holder,

Pheater ¼ 0: (B9)

Now, Eq. (B4) is rewritten as

P(T) ¼ 0� 2εMoσT
4: (B10)

When substituting P(T) from Eq. (B10) into Eq. (B6) and do the
integration, we can get the temperature T over time t during
cooling down.

Taking the experimental annealing time as 10 min and also
cooling, the temperature versus time is plotted in Fig. 7. The
cooling time is chosen for 10 min with the reason that the misfit
dislocation propagation velocity decreases with temperature expo-
nentially; thus, a lower temperature range is not essential. With
T(t), the misfit dislocation length L and the modified temperature
T* can be calculated with Eqs. (B2) and (B8), subsequently with
respect to each preset temperature Tset.
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