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A procedure is proposed to calculate the energy of a misfit dislocation at the inter-
face of a film with a finite thickness and a substrate with semi-infinite thickness
when modelled anisotropically and with different elastic properties. The results
are compared with the treatments derived by Steeds, Willis, Jain and Bullough,
and Freund. The new formula is used to calculate the equilibrium critical thickness
for AlyGaj_,N/GaN, InyGa;_,N/GaN and Sij_, Ge,/Si heterostructures. A
comparison with experimental data from the literature shows good agreement.
In contrast to other models, application of the new formula for dislocation energy
yields smaller critical thickness for the onset of the misfit dislocations.

Keywords: dislocations; critical thickness; heterostructure

1. Introduction

A serious issue for the reliability and performance of heterostructure devices is the deterio-
rating impact of dislocations, mostly originating from epitaxy, when a thin layer is grown on
a substrate with significantly different lattice parameters. Below a certain layer thickness,
called the critical thickness (CT), the layer is grown pseudomorphically on a substrate,
i.e. the layer is grown with the same lattice parameter as the substrate. Consequently,
the layer is strained, leading to large strain energy. When CT is reached, a relaxation
of the strain occurs via plastic flow. The most common mechanism of plastic relaxation
is the introduction of misfit dislocations (MDs) along the interface between the film and the
substrate.

Several models have been proposed to calculate CT. In 1974, Matthews and Blakeslee
[1] compared the force exerted by strain on the extension of the MD line with the tension
in the dislocation line acting against its elongation. Their model assumes that both the
film and the substrate have the same isotropic elastic properties, the film has a finite
thickness (however, neglecting the free surface effects) and the substrate is semi-infinite.
Starting from the same hypotheses, Freund [2,3] compared the energy necessary to cre-
ate a MD with the energy inside the fully strained thin film. He arrived at the same
CT formula as Matthews and Blakeslee. However, the two models differ conceptually:
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Matthews and Blakeslee assumed a pre-existing dislocation in the substrate which creates
an MD segment along the heteroepitaxial interface due to the action of the misfit stress;
Freund assumed a freshly generated dislocation at the film surface which glides into the
interface between the film and the substrate. The impact of the free surface of the film
and the difference between the elastic constants of the film and the substrate on the CT was
discussed by Willis, Jain and Bullough [4], yet they still worked in the framework of isotropic
elasticity.

The anisotropy of the heterostructure can be considered in the CT calculation using the
methodology developed by Steeds [5] for the energy of an infinitely long straight dislocation
inside an anisotropic medium. This has been done in the works by Holec et al. [6-8],
however, the free surfaces and differences in elastic response of the film and the substrate
were ignored.

In this paper, we close the gap by evaluating the impact of different effects — elastic
anisotropy, difference between the elastic constants of the film and the substrate, the free
surface of the film — on CT values. After reviewing the methodology, we apply it to
several material systems, namely, Al,Ga;_,N/GaN, In,Ga;_,N/GaN, and Sij_,Ge,/Si,
and compare with available experimental data from literature. We also calculate the pre-
logarithmic factors related to the dislocation core structure using analytical continuum
models. These compare favourably with values obtained through atomistic simulations
available in the literature.

2. The critical thickness criterion

The system shown in Figure 1 is composed of a thin film with a finite thickness in the region
0 < z < h, and a semi-infinite substrate filling the half-space z < 0. The critical thickness
criterion compares the dislocation energy per unit length, £, with the work, W, done by
the misfit stress, crl.’;?, during the bringing of the unit length of a dislocation from the film
surface into the film—substrate interface. As a consequence, the CT criterion is given by

W=E&. (1

2.1. Work done by the misfit strain

Since the film is much thinner than the semi-infinite substrate, the strain in the substrate
is assumed to be zero, while the complete lattice mismatch is accommodated in the film
(i.e. we neglect any mismatch strain relaxation by substrate bending). According to the
geometry shown in Figure 1, the top surface z = & of the film is traction free and therefore
ot (x, h) = o2(x, h) = a;’; (x, h) = 0. Assuming that all directions within the xy-plane
(the hexagonal plane) are equivalent, a planar stress state is obtained and thus the mismatch

strain components are €7, = 8(’,’}, = &,,, Where g, is the misfit strain, defined as

* J—
e = — 2 ®)
a

considering that the thin film’s in-plane lattice constant a adjusts to the rigid substrate’s
lattice constant a*.
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Hooke’s law for isotropic structures reads

Oxx CiCi2Ci2 0 0 0 Exx

Oyy CpCi1Cia O 0 O Eyy

Ozz | _ CpCi2Ciy 0 0 O &7z 3)
Oy; 0O 0 0 Cgq O O 2ey; |

Oxz 0O 0 0 0 Cyu O 28,

Oxy 0O 0 0 0 0 Cu 2eyy

where C44 = (C11 — C12) /2. In the case of cubic and hexagonal symmetries, the shape of
the stiffness matrix C;; changes to

CiiCi2Cio 0 0 O CiiCipCiz 0O 0 O
CnpCnCi2 0 0 O CpCiiCi3 0 0 O
CpCi2Cip 0 0 O C3Ci3C3 0 0 O
0 0 0cCyo of 0 0 0Cu 0 0] “)
0O 0 0 0 Cua O 0O 0 0 0 Cqg O
0O 0 0 0 0 Cyu 0O 0 0 0 0 Ce

respectively, where Ceq = (C11 — Ci2)/2 for the hexagonal symmetry (the right matrix
above).
Considering, for example, the hexagonal symmetry, Hooke’s law gives

0 =0 = Cizeyy + Cize}, + Ca3ell &)
which results in c
13
&M = 2—g¢,. 6
2z Caiy (6)

Finally, Hooke’s law yields for the mismatch stress

(Cii + C12)C33 — 2CF
Om =07 =0y = o Ben. (7)

In the chosen Cartesian coordinate system, the Burgers vector b, the tensor of the misfit
stress o, and the outer normal to the cut surface I' = Sy + S4 (see Figure 2) denoted by n
take the forms

—bsin 0 sin ¢ om 00 —cos¢
b= bcos , om=1090,0], n= 0 , (8)
b sin 0 cos ¢ 0 00 sin ¢

where 6 is the angle between the dislocation line and the Burgers vector, and ¢ the angle
between the slip plane and the normal to the film—substrate interface (see Figure 1). The
work per unit length of the dislocation, VV, done by the misfit stress is calculated according
to [3]

h/cos ¢ h/cos ¢
W= / Z bio/inj dz= / Z (bioixny + bioizn.) dz=bo,hsin 6 sin ¢.
0 - 0 :
L] l
)
In a straightforward manner, analogous expressions for the other symmetries of the
stiffness tensor (isotropic or cubic) can also be obtained.
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free surface slip planey

film

T substrate

Figure 1. The straight infinitely long dislocation at the film—substrate interface. The film thickness
is A, the slip plane is tilted by an angle ¢ from the normal to the interface.

2.2. Dislocation energy

The linear elasticity theory provides the framework to derive the dislocation energy. This
theory breaks down in the dislocation core region, therefore, an inner cut-off parameter r
is conveniently introduced to separate the dislocation core (plastic region) from the elastic
region. r¢ is usually taken to be b/2, where b is the length of the Burgers vector [3].

The subsequent treatment is developed for the simplified geometry shown in Figure 2.
The energy per unit length of the dislocation £ (for simplicity often called just the dislocation
energy) may be divided into two parts:

&= gcore + gd» (10)

where E.ore and & account for energy inside and outside the dislocation core region,
respectively. For large film thickness & (see Figure 2), the core energy constitutes only
a minor contribution to the total dislocation energy and is thus neglected in the following
calculation. Let 6 be the stress tensor associated with the strain field €4 caused by the
straight dislocation. Then the strain energy of the dislocation is given by

du ou
d _d ! J d
d—2/ E o€ dV—ZE / (8xj x)al-jdV (11)

1

using the symmetry of the stress tensor al.‘;. = U]di

22/ auta dV—ZZ/ ox, "‘Uz/ dV—_Z/ IJdV_ (12)

Recalling the equilibrium conditions for elastic media,

ol
2 —Y —0, (13)
3)Cj

J
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Figure 2. The dislocation is formed by an offset (defined by the Burgers vector b) of one side S4 of
the plane § with respect to the other side S». The surface S3 encloses the dislocation core region. /
denotes the film thickness.

we obtain
ad
Sy = %Z/ — (u,»a;j.) av. (14)
TIRAANY

Using the Gauss—Ostrogradsky theorem to transform the volume integral into a surface
integral over the surface S enclosing the volume V:

22/ MG,J dV—2Z/uUl]nde (15)

The surface S can be divided into five parts (see Figure 2) and the last equation can be
rewritten as

%Z Z/S u,'afjl»ndek . (16)

Along the free surface (S and Ss) of the film, 0;; = 0y, =0y, =0andn = (0,0, 1),
SO

/ uioi‘;njdsl =/ u,-crgnde5=O. (17)
S1 Ss

Since Sg is supposed to be infinitely far from the dislocation, the displacements vanish
and the contribution of the surface is zero.

The surface S3 is a cylindrical surface whose axis is aligned along the y-axis. Since the
dislocation is infinite along the y direction, n = (ny, 0, n;):

22/”011”1(153_22/ u;o; nx—i—ua )ng (18)
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film .
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Figure 3. The core surface S3 in a cylindrical coordinate system.

To simplify the integration, it is convenient to transform the Cartesian coordinates into
the cylindrical coordinates (see Figure 3) as

X = r.Cos @,

y=t, (19)
Z=rcsing.
Consequently,
dS3 = didy = rcdedy. (20)

Considering that n = (cosg, 0, sing), Equation (18) per unit length along y becomes
2w
%/ Zui (al-”fc cosgo—}—oii sinq)) re do, i=x,Yy, 2. 2n
0 -
l

Expanding the last equation yields

2
re /0 Uy (fo cos ¢ + affz sin (p) +uy (”;1): cos ¢ + a;,iz sin <p> +uz (c;; cos ¢ + Uzdz sin (p) do. (22)

=

edge screw edge

The substitution of the displacements and the stress components expressed in cylindrical
coordinates allows for the evaluation of the impact of the core surface on the dislocation
energy.

When the impact of the core integral along S3 is negligible, only the integrals along
surfaces S» and S4 have to be considered. The evaluation of these two integrals for a straight
dislocation inside an infinite isotropic medium yields the classic formula for the dislocation
energy [3,9,10]:
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2 2
£ = ub* (1 — veos 9)1n<R>,
4 (1 —v)

where v and v are the shear modulus and the Poisson ratio, respectively, 6 is the angle
between the Burgers vector b and the dislocation line, and R is the outer cut-off radius.
Here, we take it to be equal to the film thickness.

If the straight dislocation is considered inside an infinite anisotropic medium, the
evaluation of the integrals along the surfaces S, and S4 yields the formula derived by

Steeds [5]:
R
€4 = 7= Y _Kijbibjln (Z) (24)
ij

(23)

where K;; is called energy factor and it is a function of the crystal structure and the elastic
properties.

If the evaluation of the integrals along the surfaces S, and Sy is performed for a straight
dislocation at the interface between a finite isotropic film and an semi-infinite isotropic
substrate with different elastic constants, the formula developed by Willis et al. [4] is
obtained.

In this paper, the evaluation (see Appendix 1) of the integrals along the surfaces S, and
S is performed for the most general case, e.g. for a straight dislocation at the interface
between a finite anisotropic film and a semi-infinite anisotropic substrate with different

elastic constants: N
gd = %f Zbi(fijnjdz- (25)
I l]

c

In conclusion, four approaches (summarized in Table 1) for calculating the disloca-
tion energy were defined above, which will be used to evaluate the impact of different
approximations.

2.3. The CT models

According to Equation (1), equating the work done by the misfit strain with each of the
four formulas for dislocation energy yields four different models with which to calculate
the equilibrium CT. These models are reported with the respective hypotheses in Table 1
and their results are discussed in the subsequent paragraphs. In particular, the CT model
developed by Freund [2], which neglects the differences between film and substrate, con-
siders only isotropic elasticity, and in its simplified (often used) formula, also neglects the
effect of the free surface, is indicated by F. The F model corrected for the elastic anisotropy
using the Steeds formula for the dislocation energy [5] is denoted by S. The fully isotropic
model, but with the free surface and different elastic constants in the film and the substrate,
employs the Willis, Jain and Bullough formula [4], and is indicated by WJB. Finally, a
model addressing all effects as described in Appendix 1 is named S+WIJB.

3. Impact of the anisotropy on the CT criterion

Steeds in his book [5] developed a procedure to calculate the energy of one infinite straight
dislocation in the bulk of an infinite material considered anisotropic with a certain crystal-
lographic symmetry. The result for the hexagonal symmetry is briefly described in [6].
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Table 1. An overview of different assumptions for evaluating misfit dislocation energy, and
equilibrium CT.

Freund Steeds Willis et al. Steeds + Willis et al.
(F) [2,3] S) [5] (WIB) [4] (S+WIJB) Appendix 1

Anisotropy no yes no yes
Different elastic properties

of the film and the substrate no no yes yes
Free surface of the film no no yes yes

Here, we adopt this treatment in order to calculate the energy (with and without the con-
tribution of the dislocation core) for a dislocation whose slip system is 1/3(1 1 23){1122}
or 1/3(1123){1101} in Alg>GaggN and in Ing,GaggN. The same treatment with the
appropriate elastic constants is used to calculate the energy for the so-called 60° dislo-
cation slip system (1 10){1 11} in SipgGep>. The used material constants are listed in
Appendix 2.

In the following, we discuss the difference between the dislocation energy &4 and
the work 1V done by the misfit stress field for each alloy. When the resulting value is
positive, fully coherent accommodation of the misfit strain is energetically preferred, while
for negative values, the introduction of misfit dislocations becomes favoured. The highest
film thickness yielding the difference of 0 indicates the equilibrium CT.

The resulting values for the three different alloys as a function of the film thickness are
plotted in Figures 4—6. Each figure has two sets of curves, one for the F (isotropic elasticity)
and one for the S (anisotropic elasticity) procedures. For all systems investigated here, the
anisotropy lowers CT. Additionally, it turns out that the inclusion of the integral along the
core surface S3 (values labelled “with E¢s” in the figures) has, in all cases, only a negligible
impact (or at least on order of magnitude smaller effect than the correct crystal symmetry)
on the predicted CT (see Table 2).

Aly, Gagg N film on GaN substrate

4‘0 —— without Ecg

S — withE¢g
Anisotropy (S)
So | Crystal Symmetry

\\\

~
~
~

Film thickness[nm]

=W [x107 J/m]
b

Figure 4. &4 — W as function of the film thickness. &y is calculated assuming isotropic (F) and
anisotropic (S) elasticity, with or without the evaluation of the integral along the core surface Ecs. W
is calculated according to Equation (9). The CTs are indicated by a circle.
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Ing, Gagg N film on GaN substrate

Isotropy (F)

=~

\?\\\‘f —= without Ecg

— withEcs

Eg=W [x107° J/m]
|
W

Film thickness[nm]

Figure 5. &3 — W as function of the film thickness. &y is calculated assuming isotropic (F) and
anisotropic (S) elasticity, with or without the evaluation of the integral along the core surface Ecs. W
is calculated according to Equation (9). The CTs are indicated by a circle.

Sipg Geg, film on Si substrate

~~

25 -~ without Ecg

— withEcg

=W [x107° J/m]
|

Film thickness[nm]

Figure 6. £ — WV as function of the film thickness. &g is calculated assuming isotropic (F) and
anisotropic (S) elasticity, with or without the evaluation of the integral along the core surface Ecs. W
is calculated according to Equation (9). The CTs are indicated by a circle.

Table 2. CT values (in nm) of the studied systems.

F F+Ecs S S+Ecs WIB S+WIB
Al »Gag gN film on GaN substrate 30 30 16 12 93 17
Ing 2Gag gN film on GaN substrate 8 8 3 0 26 5
Sig.2Geo g film on Si substrate 18 18 8 6 74 16

4. The critical thickness according to WJB

Willis et al. [4] derived a procedure to evaluate the integrals along the S> and S surfaces in
order to calculate the energy &y of a misfit dislocation at the interface between a film with a
finite thickness and a semi-infinite substrate. The film and the substrate are both supposed
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100 ¢
. 80
E — 9 9
= 60 [ Film Free Surface GaN/GaN
E === Algg Gag, /GaN
X 40 ¢ .
oy No Surface Effects (F) fp========= === Ing 3 Gag, / GaN
20 ¢
0

20 40 60 80 100
Film thickness[nm]

Figure 7. &g is function of the film thickness for AlyGa;_,N/GaN and InyGa;_, N/GaN systems.

The (1123){1 101} slip system is considered. The two sets of curves are calculated through the WIB
and F procedures, respectively.

201 —
With Surface Effects (WIB) [~ ~ -

15} 7
= z7 Film Free Surface
é 7
= s
@b e Si/Si
Z — Sip, Gegg/Si

o No Surface Effects (F) femm—mmee==

g gpf AR S

20 40 60 80 100
Film thickness[nm]

Figure 8. &4 is function of the film thickness for Si_ Ge,/Si. The (1 1 0){1 1 1} slip system of a 60°
dislocation is considered. The two sets of curves are calculated through the WJB and F procedures,
respectively.

to be isotropic but with different elastic properties. Figure 7 shows two sets of curves
representing &g as a function of the film thickness for three different systems: Aly>Gag gN
film on GaN substrate, Ing2GapgN on GaN and a GaN film grown on GaN substrate. One
set of the & curves is calculated adopting the WJB model, while the second uses the F
treatment. Therefore, the difference stems from including (WJB) or neglecting (F) the free
surface effects and the difference in the elastic constants of the film and the substrate. In
both cases, the isotropic elasticity framework is used. The curves within each set are very
close to each other, meaning that the impact of different elastic properties of the film and
the substrate is negligible. Therefore, it can be concluded that the difference between the
two sets originates predominantly from the impact of free surface. This factor significantly
increases the &g term and, as a consequence, also the CT value. Figure 8 shows a similar
analysis for two different systems: a Sig »Geg g film on a Si substrate and a Si film grown on
a Si substrate. As in the case of the III-nitrides, the variation caused by the different elastic
properties of the film and the substrate is negligible. On the other hand, the difference
between the WJIB and F formalism, which is now related predominantly to the inclusion of
the free surface, is significant. Therefore, also for silicon, the free surface increases £y and,
as a consequence, the CT value.
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Aly, Gagg N film on GaN substrate

N
S

3~}
S

Eg=W [x107° J/m]
b
(=]

|
IS
S

|
(o))
S

Film thickness[nm]
Figure 9. (colour online) £; — W is function of the film thickness. & is calculated according to F,

S, WJB and S+WIJB approaches. W is calculated according to Equation (9). The CTs are indicated
by a circle.

Ing, Gagg N film on GaN substrate

Eg=W [x10™° I/m]

Film thickness[nm]

Figure 10. (colour online) £&; — W is a function of the film thickness. &g is calculated according to
F, S, WIB and S+WIJB approaches. WV is calculated according to Equation (9). The CTs are indicated
by a circle.

5. Overall comparison of various effects on predicted critical thickness

In order to consider the anisotropy, the difference between the elastic properties of the
film and the substrate and the impact of the free surface, we combine the S and the WJB
approaches. Based on the conclusions of Section 3, in the following, we neglected the
contribution of the integral along the core surface S3. The detailed mathematical derivation
of this treatment (indicated with S+WJB) is given in Appendix 1. The model S+WIJB is used
to compute &g as a function of the film thickness for three different alloys: a Alg2GaggN
film on a GaN substrate, Ing ,Gag gN on GaN and a SiggGeg > film on a Si substrate. The
results are shown and compared with corresponding F, S and WJB results in Figures 9-11.
The CT values of the systems are listed in Table 2. Considering all the three systems, the
WIJB model increases CT by ~300% with respect to the F model. The CT value of the
theoretically most complete scheme, S+WIJB, is always between the S and the F values.
In particular, the S+WIB CT is lower by ~50% relative to the F CT for Alp,GapgN and
Ing»Gag gN, while it is the same in the case of SiggGeg .
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Sigg Gey, film on Si substrate

Eg=W [x10™° J/m]

Film thickness[nm]

Figure 11. (colour online) & — W is a function of the film thickness. &4 is calculated according to
F, S, WIB and S+WIJB approaches. WV is calculated according to Equation (9). The CTs are indicated
by a circle.

6. Comparison of pre-logarithmic terms based on a continuum and atomistic
approach

&4 is a logarithmic function of the film thickness
Eq ~ ¢ logh. (26)

The continuum approach allows for the extraction of the pre-logarithmic coefficient ¢ for
each alloy considered in this work. The validity of continuum elasticity results for treating
the dislocation energy outside the core region has been demonstrated by an atomic-scale
computer simulation [10]. These simulations allow for the calculation of the strain energy
&4 within a cylinder of radius R with the dislocation along its axis. &g varies logarithmically
with R for R > r., where r is the core radius. For R < r, the logarithmic behaviour is lost
due to the singularity along the dislocation line. In Table 3, the pre-logarithmic coefficients
predicted using the F (dislocation in infinitely large uniform isotropic medium) and S
(dislocation in infinitely large uniform anisotropic medium) are summarized, and compared
with values obtained from atomistic simulations [11-14]. In general, good agreement is
found between the S model and the atomistic simulations whenever the data are available in
the literature. This result is understandable as the atomistic simulations consider a dislocation
in an infinite anisotropic structure, which is the same assumption of the S model.

To express the total energy of a dislocation (Equation (10)), the dislocation core energy
needs to be added to the continuum formula for the bulk energy. Based on the above compar-
ison, the continuum approach, including the elastic anisotropy, seems to be compatible with
the atomistic evaluation of the dislocation core energy and radius. Since this information is
available only for certain compositions, we calculated the dislocation core energy for each
composition of the alloys through linear interpolation (Vegard-like behaviour) of the values
summarized in Table 4. For example, in the case of Sij_,Ge,, one gets

Ecore . = x&ore + - x)gcore K (27)
Sij_Gey Ge Si
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Table 3. Pre-logarithmic terms for different alloys according to the F (isotropic) and S (anisotropic)
models evaluated in this paper. Data from atomistic simulations are included whenever available.

material Si Sig.5Geq 5 IngrGaggN  AlgoGaggN GaN
unit of measure %1072 J/m %1072 J/m x10~2 J/m x1072 J/m %1072 J/m
dislocation 60° dislocation 60° dislocation (1123){1101} (1123){1101} (a+c)-type
F 1.7 1.7 5.55 5.44 5.51

S 0.56 0.52 3.53 3.95 3.94
atomistic simulation 0.64 [11] 3.44[13]

Table 4. Parameters of the dislocation cores from atomistic simulations. 0.43eV/A is equal to
0.64 nJ/m.

material dislocation Ecore Prelogarithmic term Reference
[eV/A] [eV/A]
Si 60° 0.43 [12]
Sig 5Geg 5 60° 0.59 0.43 [11]
GaN (at+c)-type 3.12 2.15 [13]
GaN a-type 1.61 0.81 [14]
AIN a-type 1.71 0.90 [14]
InN a-type 1.66 0.41 [14]

The core energy Ecore for Ge was calculated by linearly extrapolating the core
energies of Si and Sip 5Geq 5. Analogous expressions were also used for Al,Ga;_,N and
In,Ga;_,N.

7. Comparison between theoretical and experimental CT

After illustrating the differences among various treatments of dislocation energy, and their
impact on the equilibrium CT, we use the F and S+WJB models, including the dislocation
core energies estimated in the last paragraph, to calculate the equilibrium CT as a function
of composition, x, for the three different alloys. The two models, F and S+WIJB, are chosen
as they are based on opposite hypotheses (see Table 1).

We considered the 1/3(1123){1101} and 1/3(1123){1122} slip systems for
Al,Ga;_,N/GaN and In, Ga;_, N/GaN, and the 60° misfit dislocation with the (1 1 0){1 1 1}
slip system for Sij_,Ge,/Si. The calculated CT results obtained from the F and S + WIB
models are compared with experimental observations and data available in literature
(Figures 12-14).

The difference between the F and S+WIJB results is small, with the S+WJB model
yielding lower values when compared to F. In all cases, the experimental data are close
to the theoretical curves, suggesting that the experimental CT values were obtained from
epitaxial depositions close to the thermodynamical equilibrium.
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—— S+WIJB h, for (1123)(1101)slip system

— = Fh, for (1123)(1101) slip system

=== S+WIJB h, for (1123)(1122) slip system
== Fh, for (1123)(1122) slip system

O exp: no MDs present

® exp: MDs present

X exp: he

0.2 0.4 0.6 0.8 1.0
Aluminium content

Figure 12. (colour online) The equilibrium CT as a function of the AIN mole fraction x calculated
through F and S+WJB models including the core energy. The theoretical curves are compared with
experimental data, 1-[15], 2-[16], 3-[17], 4-[18], 5-[19].

Film thickness [nm]

—— S+WIJB h, for (1123)(1T01)slip system

— = Fh, for (1123)(1T01) slip system

=== S+WIJB h, for (1123)(1122) slip system
== Fh, for (1123)(1122) slip system

O exp: no MDs present
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X exp: he
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Figure 13. (colour online) The equilibrium CT as a function of the InN mole fraction x calculated
through F and S+WJB models including the core energy. The theoretical curves are compared with
experimental data, 1-[20], 2-[21], 3-[22], 4-[23], 5-[24], 6-[25], 7-[6].
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Figure 14. (colour online) The equilibrium CT as a function of the Ge fraction x calculated through F

(dashed line) and S+W1JB (solid line) models including the core energy. The 60° misfit dislocation with
the (1 10){1 11} slip system is considered. The theoretical curves are compared with experimental

data from [26].
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Regarding the Al,Ga;_yN/GaN and In, Ga;_,N/GaN systems, the S+ WJIB model pro-
vides a more severe condition for the onset of the MD at the interface than the F model. It is
important to realize that the here reported CT is the so-called equilibrium CT. This means
that it corresponds to the configuration where it, for the first time, becomes energetically
favourable to relieve the misfit strain by introducing MDs. However, any mechanism for the
creation of the MDs, which may require certain extra activation energy, is not considered
in the model. Similarly, parameters influencing kinetics of the epitaxial deposition, such as
temperature and deposition rate, are also not considered by the equilibrium CT models.
Finally, the current experiment techniques are unable to detect the exact onset of the
appearance of MDs. It, therefore, follows that no MDs are expected below the predicted
CT values, however, the detection of MDs may be (sometimes significantly) higher than
the equilibrium CT.

A closer inspection of Figures 12—14 reveals that the here refined S+WJB model fulfils
this criterion (unlike the F model).

8. Conclusions

We have revisited the different continuum-based approaches for calculating the energy of a
straight infinitely long dislocation in an elastic medium. Motivated by the misfit dislocations
in a heteroepitaxial interface, we have evaluated separately the influence of (i) free surface,
(i1) different elastic constants in the film and substrate and (iii) elastic anisotropy. Our results
suggest that starting from a homogeneous infinite isotropic medium, the inclusion of a free
surface increases the dislocation energy, and the difference in elastic constants of the film
and substrate does not play any significant role (because it is typically an order of magnitude
smaller than the impact of, e.g. the free surface), while the inclusion of elastic anisotropy
decreases the dislocation energy.

In order to include the dislocation core energy in the evaluation of the equilibrium
critical thickness, we compared the pre-logarithmic terms of the analytical models with
the corresponding values obtained by atomistic simulations. We found a good agreement
between the continuum predictions based on anisotropic elasticity.

Finally, equilibrium CT was calculated for three important heteroepitaxial material
systems, namely Al,Ga;_,N/GaN, In,Ga;_,N/GaN and Si;_,Ge,/Si. We have proposed
a model including elastic anisotropy of the film and the substrate, the difference of their
elastic constants and the impact of the film free surface. Recalling that this is a model for
equilibrium CT, i.e. it provides a condition when it first becomes energetically favourable
to start the relaxation of the mismatch strain via plastic flow, our refined model yields an
excellent agreement with the available experimental data in the sense that no MDs are
detected below the here predicted threshold.
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Appendix 1. A straight dislocation at the interface of anisotropic materials

The evaluation of the integrals along the surfaces S> and Sy (see Figure 2) deals with a straight
dislocation at the interface between a finite anisotropic film and a semi-infinite anisotropic substrate
with different elastic properties:

&g = % Z (/Sz uiai‘;-nj ds, + /S4 uiag-nj dS4> (A1)
ij
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Considering Figure A1, the previous equation becomes

h re
%Z (./r. uj (x — O+) Ui(i dz +/h u;j(x — O_)ai‘_ix dz) . (A2)
l' c

If the extremes of the second integral are inverted, one obtains
1 h d
Ea=%) / biof dz (A3)
i re
l

where u; (x — 07) —u;(x = 07) = b;.

The evaluation of the stress components in (A3) is performed through the treatment of the
Willis, Jain and Bullough model [4] for the hexagonal and cubic symmetries following the Steeds
procedure [5].

The dislocation of interest is a misfit dislocation along the c-plane of the wurtzite structure or
the closed-packed plane of the diamond structure. The z-axis is perpendicular to the c-plane or to the
closed-packed plane, respectively (see Figure A2). The dislocation is considered straight and extended
to infinite along the y-axis. This assumption simplifies the problem to a plane strain problem where
no quantity depends on the y-coordinate, so

=0, (A4)

The Burgers vector of the dislocation is b. Displacements are given by the functions uy, uy and
uz. The displacements u, and u, correspond to the edge component of the considered dislocation,
whereas uy corresponds to the screw component. Strain components are

/

dislocation line

\

Figure A1. The z-axis is perpendicular to the c-plane for the hexagonal symmetry and to the closed-
packed plane for the cubic one. The dislocation line lies along the y-axis in both cases.



Downloaded by [TU Technische Universitaet Wien], [Raffaele Coppeta] at 05:47 27 January 2015

Philosophical Magazine

Ya y 4
z X
z X S —
B— ‘
— dislocation line — dislocation line

203

Figure A2. The z-axis is perpendicular to the c-plane for the hexagonal symmetry and to the closed-

packed plane for the cubic one. The dislocation line lies along the y-axis in both cases.

ouy 1 duy
Exx = » Exy = 2 ax
1 (Ouy  OJuy
v =0, = | == — 1,
£y Exz 2(3z_+8x>
_ Jug _ 1 duy
T T T

The compatibility Equations [5] provides two relations:

328xx 32522 _ 0exz
922 dax? dxdz’
deyz _ 0exy —0
ox 0z
The fact that £y, = 0 yields a relation between particular stress components:
S12 S13
0=¢yy = S120xx + S110yy + 81307z = Oy = —ST]Uxx - ST]UZZ-

The compliances reflecting the proper hexagonal symmetry have been used:

Exx Sy Si283 0 00 Oxx
Eyy Si2 81183 0 0 O Oyy
ez | _|S13 813833 0 0 O 0zz
2ey: | 1 O 0 0 Sy O O oyz |’
2y 0 0 0 0 S44 O Oxz
2exy 0 0 0 0 0 Se Oxy

where
Se6 = 2(S11 — S12)-

(A5)

(A6a)

(A6b)

(AT)

(A8)

(A9)

The shape of the tensor for the cubic symmetry (in both Si(100) and Si(110)) is the same as for
the hexagonal one. The subsequent treatment is valid for the cubic symmetry with Sgq = S44 and

S13 = S12.

According to WIB, it is useful now to have the jumps in displacements occur over a surface which
is perpendicular to the free surface instead of across the slip plane. All quantities in the substrate have
a * superscript to distinguish them from quantities related to the thin film. The Fourier transform (FT)
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of a function f is denoted by FET 1tis possible to split the problem into two independent parts,
resolving the edge and the screw components separately.

A.l. Edge component

The displacement field in the thin film can be decomposed into

1
u= Ebesgn(x) + v, (A10)

where b, = (by, 0, b;) and the function v is continuous for all x. The strain field (and thus also
the stress field) inside the thin layer is determined only by the v part as (except at the cut surface
x = 0) the derivatives of the sgn(x) function are equal to zero everywhere. To solve this problem, the
Fourier-transformed variables are employed:

e = X £ (x 2)dx. (A11)

1 o0
— e
2 ./;oo

The Fourier transform of the d/0.x operatoris —i& . Using (A10) and (A5), the Fourier components
of the strain tensor are:

erl&. ) = —igvf T (£, 2), (Al2a)
FT avFT

e, (§,2)= TZZ(s,z), (A12b)
FT 1 ava ) FT

€xg (E,Z)=§ 22 (€.2) —ikv; " (£,2) ). (Al2¢)

The equilibrium conditions [5] take the form

doxx 00z

-0, (A13a)
ox 0z
9 9
Oxz | 9%z _, (A13b)
ox 0z

Transforming these equations into their Fourier equivalents and using Hooke’s law with the
stiffness tensor gives the system of partial differential equations for the FT components of the dis-
placements va and va:

2’ d
—C11E* + Cay— —i& (C13 + Cag) — FT
972 9z Uy 0
9 92 1) =0/ (Al4)
—i£ (C13 4 C4g) 7= —Cy4€? + C3— :
9z 0z
In order to simplify the notation, the quantities A = —Cq, B = Cy4, C = —i(C13 + Cyq),
D = —Cy4 and E = C33 are introduced. From the second equation of the system, one obtains
3UFT 32vFT
C—>— = -petfT — g2 Al5
3 P §v, 522 (A15)

Using this equation and its twice-differentiated form with respect to z and substituting them into
the first equation of the system (A14), which is once differentiated with respect to z, yields

4,FT

d 2 282U 4 FT
z z =
EB Yo + <EA+DB C )é;: 922 + ADE& v, 0. (A16)
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We are looking for a solution of the exponential form e*Elz The proper As are solutions of the
characteristic equation

EBM*+ (EA +DB— cz> 22+ AD =0. (A17)

Solutions are A1 = k1, Ap = —k1, A3 = kp and A4 = kp, where

—(EA+DB—C?)+\/(EA+ DB - C?)> — 4ABDE

= Al18
12 2EB (A18)
Therefore, the general solution to (A16) has the form [5]
4
=Y A gt (A19)

i=1

where A; are functions of £ to be determined. The component v f T can then be obtained from (A15).

Its general solution is
4

D+ E)?
of T = =Y Ag———Letiltle, (A20)
i=1
Evidently,
D+ E)? Cyq — C33)».2
L— L. (A21)
C C13+Cyq

The FT components of the strain tensor are now easy to obtain from combining Equations (A19),
(A20) and (A12):

4 2
Cuy — C3322
EXFXT _ ZAZ_%Q 44 33 i hiléle, (A222)
= Ci3+Cyy
2
FT Ci3 ¥ 334 igle,
eFT — _— N7 A, g A22b
r lzll €16M = e (A22b)
4
=3 Ag2a2eIEl (A22¢)

i=1

Using Hooke’s law, which has the same form when Fourier transformed, one obtains:

2
C13+ C332; (ilglz

=cnell +0p3efl = Aighkey (A23a)
o ; Cm + Cyy
Cis3+C330? .
FT FT ) ) i MilElz
=2Cyyel § i A AjCpy—— e A23b
sz P ll ] |$‘§ i“44 C13 + C44 ( )
Ci3+ C33)~ .
ofT = 36l + C336ET = § AE2Cyy———200 . ehilflz (A23c)

i=1

where the identity CjCas + (Cf3 +2C13Caq — cnc33) 22 + CuaC332¢ = 0 was used in the

expression for aF T.

The general solution for the substrate region takes the same form (except that all variables have
a star superscript). We assume that the substrate is not influenced by the thin layer as z — —oo. To
fulfil this condition, the constants A; and AI must be identically zero. Boundary conditions must be
employed now in order to determine the constants A, Ay, A3, Ag, AT and A%k.
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The Fourier transform of 1/2 sgn(x) is i/ («/ 2r & ) The continuity of displacements across the
interface z = 0 is expressed by the following equations:

oET (£,0) + %;g = v (&,0), (A24a)
oFT (6,0 + %;E =T (£,0), (A24b)
which result in the equations
(Al +A) T+ (A3 + AT + — F 5 = AT} + A3T3, (A252)
(A] —Ap) k1 + (A3 — Ak + —(———— FIEI E [+ Ajxs, (A25b)
where the notation
Fi:m’ r;‘:%, i=1,2. (A26)

has been introduced.
The second set of equations is obtained from the requirement that tractions must be continuous
across the interface z = 0O:

T'€,00 =0T (£,0), (A27a)
T €0 = *FT (,0). (A27b)

Combining Equations (A23) and (A27) gives

(A1 — Ap) k1 A1 + (A3 — Ag) ko Ay = ATKF AT + Alis A% (A28a)
(A1 + A2) Al + (A3 + Ag) Ay = ATAT + A3A3, (A28b)

where the simplifying notation

Cyq (C13 + C33Ki2> A* CL <CT3 + C;3Ki2>
n C13+Cyy ’ i CT3+CZ4

., i=1,2, (A29)

has been introduced.
The last set of equations arises from the requirement that the free surface is at z = h.

The condition a (S h) = 0 is expressed as
(Ale’”‘élh — Aze_’qlélh) k1A + (A3e’(2|§|h — A4e_’(2|S|h) koApy =0 (A30)
and the requirements o Te =0 yield
(Ale’“ §1h 4 ppe—r '5"') AL+ <A3e"2|§|h - A4e—K2‘f‘h) Ay =0. (A31)

Equations (A25), (A28), (A30) and (A31) constitute a linear system of equations for the unknown
variables Ay, .. A* Obviously, the solution of this system provides Ay, .. A* as the functions
of &. To obtain the stress components oy, 0xz and oz, it is necessary to perform the inverse Fourier
transforms of o)f;T, xf;T and O'ZI;T, respectively, with the substituted resolved constants A, ..., A4.

An attempt to obtain an analytical formula for the stress components and energy for the edge type
dislocation would be unreasonably complicated and would not give any direct insight. Therefore, the
calculations were performed numerically.
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A.2. Screw component

The procedure for the screw component is similar, but simpler. The Burgers vector of a screw
dislocation has only one non-zero component, by, and thus the only non-zero component of the
displacement is uy. Moreover, it is again a plane strain problem, i.e. 3/0y = 0. As a consequence,
the only non-zero strain components are £xy and s%z. Similar to the case of the edge dislocation, it is
more convenient to deal with the FT component u’ T, rather than with u y itself. The FT components

. y
of the strain are

1
e = —Eigv;’T, (A32a)
1 afT
FT Y
= __2 A32b
€yz 2 s ( )

and the FT stress components obtained from Hooke’s law are

ol =2Ceeef)] = —iECoevi T (A33a)
FT FT 8”5T
oy =2Casey = Ca—y—. (A33b)

The equilibrium condition [5]

doxy n doy;

ox 9z 0 (A34)
provides the second-order differential equation for v5 T,
92, FT
—£2Coovh T (£.2) + Cay az,y2 (£,2) =0, (A35)
the general solution of which is
s gz

1§lz -
of T = A1V T 4 Aje VO (A36)
The general solution in the substrate has exactly the same form except for the fact that all variables
have a superscript. A; = 0 because one requires all quantities to vanish as z — —oo. Applying the
same boundary conditions as in the case of the edge dislocation (continuity of displacements and
tractions over the interface z = 0 and the free surface at z = h) yields

b
A+ Ay + —22 = A%, (A37a)
N TR
(A) — Ap) /CooCaz = A¥ [CECL,, (A37b)
[ [
cgleln - clemn _ 7o

Values of A and A, fulfilling these equations are

—o | %66
. C* C* e 2 [ lé‘h
iby 66" 44

VIS o [
e Caq

Ap = . (A38a)

(«/C66C44 - C§6CI4) - (\/C66C44 +/CésCla)
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by Co6Caa
V2 S gn
(&

The stress components can be obtained by the inverse Fourier transform of ofyT and aﬁT with
the substituted A; and A, from the last two equations.

After that, the components of the stress and the Burgers vector can be substituted in (A3) to
calculate the dislocation energy.

A, (A38b)

Appendix 2. Constants of GaN, AIN, InN, Si and Ge

Table B1. The stiffness constants (in GPa) are taken from [27] for GaN, AIN and InN, from [28] for Si
and from [3] for Ge. The stiffness constants of AlyGaj_, N/GaN, InyGa|_, N/GaN and Si_, Ge/Si
are calculated using Vegard’s law with the data in the table.

Cn Ci2 Ci3 C33 Cyq Ce6
GaN 374.2 141.4 98.1 388.6 98.3 (C11=C12)/2
AIN 410.5 148.5 98.9 388.5 124.6 (C11—C12)/2
InN 223 115 92 224 48 (C11=C12)/2
Si(111) 194.25 35.25 63.9 165.6 79.5 50.85
Ge(111) 155 21.6 48.2 128.4 66.7 40.1

Table B2. The lattice constants (in A) are taken from [29] for GaN, AIN and InN, from [3] for Si
and Ge. The lattice constants of AlyGaj_,N/GaN, InyGa;_,N/GaN and Si| _, Ge,/Si are calculated
using Vegard’s law with the data in the table.

GaN AIN InN Si(111) Ge(111)
a 3.22 3.11 3.54 5.43 5.65
c 5.19 4.98 5.96

Table B3. Characteristics of the two slip systems for the wurtzite crystal structures showing the
Burgers vector b, the angle ¢ between the slip plane and the normal to the substrate—film interface
and the angle 6 between the dislocation line and the Burgers vector. x is the Al or In content.

b " 0
§(1123)(1122) a2() + 2 aretan 22 90°

W= W)

(1123){1101} VaZ(x) + 2(x) arctanﬁ?g) arccos%
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Table B4. Characteristics of the slip system for the diamond crystal structure Sij_, Ge,/Si showing
the Burgers vector b, the angle ¢ between the slip plane and the normal to the substrate—film interface
and the angle 6 between the dislocation line and the Burgers vector. x is the Ge content.

b ¢ 0

1 o
110111} V2a(x) arctan-—7> 60

S~

Figure B1. The two most favourable slip systems in the wurtzite systems Al,Gaj_,N/GaN,

In,Gaj_,N/GaN:a) (1123){1 122} observed by Srinivasan [21],andb) (1 123){1 10 1} determined
by Jahnen [23].

dislocation line dislocation line

dislocation line

Figure B2. The slip system (1 10){1 1 1} of the 60° dislocation shown in the FCC structure.
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