
SILICON PRODUCTION, REFINING, PROPERTIES, AND PHOTOVOLTAICS

Thermodynamics Models for V-pit Nucleation and Growth
in III-Nitride on Silicon

KHALED H. KHAFAGY,1,2 TAREK M. HATEM ,1,3,4

and SALAH M. BEDAIR2

1.—Centre for Simulation Innovation and Advanced Manufacturing, The British University in
Egypt, El-Sherouk City, Cairo 11837, Egypt. 2.—Department of Electrical and Computer
Engineering, North Carolina State University, Raleigh, NC 27695, USA. 3.—Faculty of Energy and
Environmental Engineering, The British University in Egypt, El-Sherouk City, Cairo 11837, Egypt.
4.—e-mail: tarek.hatem@bue.edu.eg

Silicon and sapphire are common substrates for AlN, InGaN, and GaN thin
films in several applications such as photovoltaic and light-embedded diodes.
Threading dislocations are generated at interfaces between III-nitride (III-N)
layers and these substrates because of large lattice and thermal expansion
coefficient (TEC) mismatches. These dislocations penetrate the top surface of
III-N layers to relax the system by forming V-pit defects. This work presents a
thermodynamics-based model to study V-pit formation and growth in InGaN/
GaN epilayers on either silicon or sapphire substrates. The model calculates
the evolution of V-pit defects in thin films through the energy balance between
the strain energy in the III-N layer, dislocation deterioration energy to form
new V-pits, and V-pit facet energies that result because of facet formations.
The impact of different lattice and TEC mismatches as well as a novel ap-
proach, the embedded void approach, on V-pit nucleation and growth is also
investigated.

INTRODUCTION

In the last decades, the III-nitride (III-N) family
shows significant improvements in several elec-
tronic applications, such as solar cells and light-
embedded diodes (LED). However, still the common
challenge is to grow III-N materials on lattice-
matched substrates, where the cost and difficulties
of growing bulk III-N single-grain layers are always
the main barriers. Silicon (Si) and sapphire mate-
rials are common substrates for several III-N struc-
ture cells, where silicon is used as a substrate for
AlN, GaN, and InGaN in LED and photovoltaic
applications, and sapphire is commonly used as a
substrate for GaN in LED applications.1,2 Since
different layers with incoherent interfaces have
different lattice structures and constants have been
introduced, these large mismatches in both the
lattice and thermal expansion coefficient between
III-N layers and the substrates generate defects
with high densities such as threading dislocations.

Such defects are commonly generated at the inter-
face between different layers, where the defects
penetrate the top surface of the III-N thin film
under harsh growth conditions, affecting the sur-
face morphology and roughness. Common defects
such as V-pits are commonly generated on the
InGaN/GaN epilayer top surface. The V-pits have
six facets on (1�101) and a hexagonal shape on the
top surface of the thin films. The depth and size of
the V-pit defects depend on the InGaN layer thick-
ness as shown in Fig. 1. Figure 1a shows a thick
InGaN layer with high density of V-pits generated
because of the annihilation of threading disloca-
tions. Figure 1b shows a thicker layer with a higher
density of V-pits and thus deeper thickness of V-
pits. Figure 1c shows hexagonal shapes of V-pits on
the top layers and on the c-plane (0001) as well as
how these hexagonal defects can intersect with each
other to initiate a continuous groove defect as
indicated with black arrows.

The V-pit defects are generated because of com-
plex relaxation mechanisms in the III-N layers. Due
to the large strain mismatches between different(Received June 27, 2020; accepted September 26, 2020;
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layers, and with thicker III-N thin films, the strain
energy increases in these III-N strained layers. At a
certain thickness, the critical thickness, strained
III-N thin films relax simultaneously with thread-
ing dislocations annihilation by forming V-pit
defects.3–10 Eldred et al.10 used the semi-bulk
approach to grow 20 periods of InGaN/GaN on Epi
GaN on sapphire substrates. STEM results dis-
cussed the system relaxation mechanism that
occurred through the propagation of threading
dislocations on the Epi GaN layer and deflection of
these dislocations in InGaN/GaN periods to finally
form V-pit defects on the top surface of InGaN top
layer; see Fig. 3 in Ref. 10. In this article, InGaN/
GaN epilayers grown on both Si and sapphire
substrates are assumed.

These defects affect the device performance, effi-
ciency, and lifetime. Therefore, novel approaches to
suppress threading dislocation growth in III-N
systems are required. In the literature, several
approaches have been pioneered and discussed;11–16

specifically, the authors experimentally and numer-
ically studied the effects of a novel approach, the
embedded void approach (EVA), on decreasing the
defect density in thin films in different III-N
structures such as GaN-on-sapphire, GaN-on-Si
and InGaN-on-Si.11,12,14 EVA relies on introducing
a huge number of elliptical micro-voids in the III-N
layer close to the III-N/substrate interface. This
huge number of micro-voids acts as a trapping zone
close to the interface that decreases this flaw
propagation. The experimental and numerical stud-
ies show a significant decrease in defect densities
after using EVA.

The objective of this work is to facilitate the
calculation of the optimum/critical layer thickness
of thin films before forming the common V-pit
defects on the surface of these structures. Thus,
study of V-pit defect nucleation and growth by
investigating the factors that affect the V-pit geom-
etry and density during the growth of the InGaN/
GaN epilayers on sapphire or Si substrates is
critical. Notably, the model assumes an energy
balance among the strain energy in the III-N layer,

dislocation deterioration energy to form new V-pits,
and the new V-pit facets energies that are generated
as a result of the new facet formations. It also
should be noted that, in this work, a single layer of
III-N is assumed to be grown on a bulk substrate,
whereas, in real structures, several periods of
InGaN/GaN are grown on a bulk substrate. The
thin-film layer is also assumed to have a cylindrical
layer with a cone-shaped V-pit. Furthermore, the
impact of using the embedded void approach in the
current system with the developed model, to min-
imize the defect densities and therefore to minimize
the generation of V-pit defects, is investigated.

METHODOLOGY

V-pit defects are generated because of the com-
plex relaxation mechanism in III-N materials after
exceeding the critical thickness, which can be
calculated as Refs. 17,18:

hc ¼
b 1 � t cos2 a
� �

4Pe 1 þ tð Þ ln
hc

b

� �
þ 1

� �
ð1Þ

where b is the Burger vector, and t is Poisson’s
ratio. From the first equation, a relation between
the critical thickness and the misfit strains of the
material is provided. After exceeding the critical
thickness, the strain can be expressed as;

e ¼
b 1 � t cos2 a
� �

4Ph 1 þ tð Þ ln
h

b

� �
þ 1

� �
ð2Þ

Following Song,19 a thermodynamic model is
developed for the current systems by assuming bulk
substrates. In this model, three different types of
energies are assumed in a balanced system. The
model is used to model the V-pit nucleation and
growth. The energies are the strain energy in the
III-N layer, dislocation deterioration energy to form
the new V-pits, and V-pit facet energies that result
because of facet formations.

As mentioned earlier, the V-pit is assumed to be a
cone in a cylindrical domain with length h and
radius R, while the V-pit has a radius a and height

Fig. 1. (a) V-pit formation on the III-N layer top surface; (b) deeper and larger V-pit formation due to thicker III-N layers; (c) hexagonal top view
faces on (0001); reprinted from Ref. 3.
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h, as shown in Fig. 2. In this model, two balance
systems have been assumed: (1) pre-nucleation of
the V-pit; (2) post-nucleation of the V-pit. The result
of these systems is the resulting energy because of
the formation of the V-pit.

The total energy in the domain without V-pits can
be calculated as:

Epre ¼ ESt þ EDis ð3Þ

where ESt is the elastic strain energy and EDis is the
dislocation energy17,18

ES ¼ �Ef 2PR2h ð4Þ

EDis ¼
Gb2 1 � t cos2 a

� �

2P 1 � tð Þ ln
RD

b

� �
þ 1

� �
h ð5Þ

where E is Young’s modulus, f is the misfit strain,
and RD is the cutoff radius of the threading
dislocation.

The total energy in the domain with V-pits can be
calculated as:

Epost ¼ Ef þ Epit þ Esf ð6Þ

where Ef is the strain energy due to the facets
forming, Epit is the strain energy of the cone
formation due to the material peel off, and Esf is
the surface energy due to the pit nucleation.

Hence, the required energy to nucleate V-pits is:

DE ¼ ðEf þ Epit þ Esf Þ � ðESt þ EDisÞ ð7Þ

Ef can be calculated as the following:

Ev ¼
1

2

X3

i¼1

X3

j¼1
rijeij ¼

1

2

X6

k¼1

X6

l¼1
rkSklrl

ð8Þ

In this work, bulk substrates are assumed. Nor-
mal, shear and peel stresses can be easily expressed
from Suhir.20 First, normal stresses can be
expressed as:

rf xð Þ ¼ Ef 1 � e�k 1�xð Þ
� 	

ð9Þ

where j ¼
ffiffiffiffiffiffiffiffiffiffi

1
KEh ;

q
j ¼ 2

3
1þts
1�ts

� 	
hS

YS
, and hs is the sub-

strate thickness (thick substrates), ts is the sub-
strate Poisson’s ratio, and Es the substrate elastic
modulus.

Then, shear stress s(x) and peeling stress p(x) can
be expressed as:

s xð Þ ¼ �Efhke�k 1�xð Þ ð10Þ

p xð Þ ¼ � 1

2
Efh2k2e�k 1�xð Þ ð11Þ

Also Epit and Esf can be calculated as shown:

Epit ¼ Ef 2 1

3
P
h3

d2

� �
ð12Þ

Esf ¼ EP
h2

d2

ffiffiffiffiffiffiffiffiffiffiffiffi
1 þ d

p
ð13Þ

From Eqs. 4, 5, 7, 12 and 13, the V-pit energy can
be easily calculated.

RESULTS AND DISCUSSIONS

Results from the thermodynamics-based model
are presented below for two different substrates,
silicon and sapphire. In this article, In0.65Ga0.35N is
used on two different substrates to show the effects
of lattice and thermal expansion coefficient mis-
matches on V-pit nucleation and growth. Thermal
and mechanical parameters for InGaN, Si and
sapphire are listed in Table I. Furthermore, results
of the new approach, the embedded void approach
(EVA), are presented to show how the EVA can
decrease dislocation densities in thin films; conse-
quently, the V-pit defect density will decrease.

The relation between the required energy to
nucleate V-pits (the difference in the energies before
and after the V-pit formation) and the III-N layer
thickness assuming zero density of V-pits and high
and low misfit strain values of 5 9 10�3 and
5 9 10�4, respectively, is shown in Fig. 3. All the
results are shown versus the thin-film layer thick-
ness to be able to detect the critical thickness layer
or the optimum thickness for the thin film before
forming new V-pits. The energy has non-positive
values because the second system, which contains
V-pits, is greater than the first system, which

Fig. 2. Schematic figure reveals the V-pit (with a cone shape) with
radius a and height h in a cylindrical domain with radius R; this
figure is reprinted from Ref. 3.
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contains no V-pits. Based on the composition of
InGaN used in this article, sapphire substrates have
larger lattice and thermal expansion coefficient
mismatches than silicon substrates. Therefore, for
large strain mismatch values, and in the case of
InGaN on sapphire substrates, the energy required
to form the V-pits exponentially increased to reach
around � 5.5 9 10�8 J at 600 nm of the epilayer
thickness, whereas, for the same strain mismatch
value and in the case of InGaN on silicon substrates,
the energy required to nucleate V-pits is relatively
small (around � 2 9 10�8 J) at the same epilayer
thickness (600 nm). This shows how V-pits are
directly related to lattice and thermal expansion
coefficient mismatches between different layers,
which responsible for generating threading disloca-
tions. Furthermore, from Fig. 3, it should be noted
that, in case of Si substrates, the thin film can be
grown with thicker layers before having V-pit
defects. For low strain mismatch values (5 9 10�4)
and in cases of both Si and sapphire substrates, the
energy required to generate V-pits is relatively
small, as expected. Therefore, the tendency of the
materials to form V-pits is neglected.

The difference between energies before and after
forming the V-pits versus the InGaN layer thick-
ness is shown in Fig. 4. All the results are also
shown versus the thin-film layer thickness to be
able to detect the critical thickness layer or the
optimum thickness for the thin film before forming
new V-pits. In this case, a large strain mismatch
value of 5 9 10�3 is used with different values of V-
pit densities [1.0 9 106, 2.0 9 107, 3.0 9 107,
5.0 9 107 and 1.0 9 108 (/cm2)]. Large strain mis-
match in the system generates threading disloca-
tions with high densities. As mentioned in the
literature,3,10 threading dislocations, generated at
the interface between different layers, propagate to
the top surface and are annihilated by forming
common defects such as V-pits. Therefore, at low
densities of V-pits (1.0 9 106/cm2), the energy
required to form V-pits significantly increased,
which refers to the high tendency to form such pits
on the top surface of the thin film to relax the
system. On the other hand, with high densities of V-
pits (1.0 9 108/cm2), the energy required to form V-
pits is relatively small and can be neglected, since
the system has already formed larger V-pits with
high density that have already relaxed the system.
Therefore, there is no tendency to form new V-pits.

Figure 5 shows the difference between energies
before and after forming the V-pits versus the
InGaN layer thickness. In these results, no V-pits
or different values of strain mis-
match 1:0 � 10�7; 1:0 � 10�6; 1:0 � 10�5; 1:0 � 10�4

�

and 1:0 � 10�3Þ are assumed. With very low values
of strain mismatch 1:0 � 10�7; 1:0 � 10�6 and 1:0�

�

10�5Þ, the energy required to form V-pits is low and
can be neglected. However, with high values of
strain mismatch that generate high threading dis-
location densities, the energy values required to
form V-pits are huge, since there are no V-pits in the
system. Overall, the results show that, at the
beginning of the growth of InGaN/GaN on either
Si or sapphire where there are no V-pits in the
system as well as with high strain mismatch
between different layers (depending on the different
layers), the tendency of the system to relax is high,
where the only way to relax it by forming V-pits.

Therefore, to limit the generation of V-pits by
decreasing defect densities in thin films, novel
approaches such as EVA can be used. In previous
work, the authors experimentally and numerically
studied the effects of EVA on different systems such
as GaN-on-sapphire, GaN-on-Si and InGaN-on-
Si,11,12,14,23 where EVA showed significant contri-
butions to decreasing threading dislocation densi-
ties on the top layer of thin films. For example,
modeling EVA on the system of InGaN-on-Si is
shown in Fig. 6. EVA is simulated in a repeat unit
cell (RUC) structure with periodic boundary condi-
tions (PBCs). EVA is modeled using a commercial

Fig. 3. The difference between energies before and after forming the
V-pits versus the InGaN layer thickness assuming 5 9 10�3 and
5 9 10�4 misfit strains and no V-pits.

Table I. Thermal and mechanical parameters of InGaN, sapphire and Si21,22

Parameters In0.65 Ga0.35 N Sapphire Si

Young’s modulus, E(GPa) 186.5 400 168.9
Poisson’s ratio, v 0.353 0.33 0.262
a (K�1) aa= 3.646 9 10�6 6.6 9 10�6 2.6 9 10�6

ac= 3.44 9 10�6
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finite element solver considering the crystal orien-
tations and slip systems of each material as well as
under the realistic experimental growth conditions
of the system. For more details, see Khafagy
et al.11,12 Fig. 6a and b shows von-Mises stress
and total shear strain contours, where the embed-
ded void affects the cell structure by decreasing the
stresses on the boundary of the cell structure (along
the void height). A significant decrease in stresses
between the embedded void reduces dislocation
velocity in these zones, which suppresses threading
dislocations produced on the interface. Moreover,
due to the high values of stress close to the
embedded void boundaries, such voids act as a sink
to the threading dislocations moving up from the

interface. Figure 6c shows stress values measured
at the right edge of the cell structure, where the
stress curve of the results without the embedded
void shows the stress concentration at the interface
as a result of large thermal expansion coefficient
mismatches between the two layers. The stress
curve of the results with the embedded void shows
the significant drop of stresses at the void regions,
which proves that decreasing dislocation velocity in
this region is expected. Therefore, using this
approach can significantly affect the nucleation
and growth of V-pit defects. Future work will be
conducted to explicitly consider the crystal struc-
ture orientations of each layer and threading dislo-
cation densities as well as integrate the EVA with
the thermodynamics-based model on different III-N
structures.

CONCLUSION

Large mismatch of both lattice and thermal
expansion coefficients of III N epi-layers and their
substrates forms defects with high densities. These
defects, such as threading dislocations, propagate
under the growth conditions of the system and are
annihilated, after exceeding the thin-film critical
thickness, to relax the system by forming common
defects, V-pit defects, on the top surface of the top
layer. These defects affect the reliability, lifetime
and performance of devices. Several approaches,
such as the embedded voids approach, have been
introduced to the literature to minimize these
threading dislocations. In this work, we present
the common V-pit defect nucleation and growth by
considering the factors that impact the V-pit size
and density during the growth of the InGaN/GaN
epilayers on either sapphire or Si substrates. Fur-
thermore, the impact of the embedded void
approach on minimizing the defect densities and
therefore the surface roughness is discussed. This
can significantly facilitate the costly experiments in
the calculation of the optimum/maximum thin-film
layer thickness before forming new V-pits on the top
of the structures.

Results show that V-pit nucleation and growth
are affected by misfit strain between both different
layers and the thin-film layer thickness. With large
misfit strain and zero initial value of the V-pit
density, the system with thicker thin-film layers
requires relaxing by forming high density V-pits.
However, with higher densities of V-pits and higher
misfit strain values, the system is already relaxed
with the assumed initial values of the V-pits;
therefore, there is no tendency to generate more
V-pits. Results of different substrates show an
excellent comparison that proves how the thermal
expansion coefficient and lattice mismatches
directly affect the V-pit formation and growth. In
the current system, Si substrates are the better
choice for In0.65Ga0.35N than sapphire substrates.

Fig. 5. The difference between energies before and after forming the
V-pits versus the InGaN layer thickness assuming no initial V-pit
density and different misfit strains 1:0� 10�7;1:0

�
�10�6; 1:0�

10�5; 1:0� 10�4; 1:0� 10�3Þ.

Fig. 4. The difference between energies before and after forming the
V-pits versus the InGaN layer thickness assuming the same misfit
strain (5 9 10�3) and different V-pit densities (1.0 9 106, 2.0 9 107,
3.0 9 107, 5.0 9 107 and 1.0 9 108/cm2).
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