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Phase Diagrams and Stable Structures of Stranski-Krastanov Structure Mode for I1I-V
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The strain, surface and interfacial energies of III-V ternary systems were
calculated for three kinds of structure modes: the Frank-van der Merwe (FM) mode, the
Stranski-Krastanov (SK) mode and the Volmer-Weber (VW) mode. The free energy for
each mode was estimated as functions of the thickness and composition or lattice misfit.
Through comparison of the free energy of each mode, it was found that the thickness-
composition phase diagrams of III-V ternary systems can be determined only by
considering the balance of the free energy and three kinds of structure modes appear in the
phase diagrams. The SK mode appears only when the lattice misfit is large and/or the
lattice layer is thick. The most stable structure of the SK miode is a cluster with four
lattice layers or minimum thickness on a wetting layer of increasing lattice layers. The
VW mode appears when the lattice misfit is large and the lattice layer is thin and only in the
InPSb/InP and GaPSb/GaP systems which have the largest lattice misfit of III-V ternary
systems. The stable region of the SK mode in the GaPSb/GaP and InPSb/InP phase
diagrams is largest of all because the composition dependence of the strain energy of these
systems is stronger than that of the other systems. The critical number of lattice layers
below which two-dimensional (2D) layers precede the three-dimensional (3D) nucleation in

the SK mode at x =1.0 depends on the lattice misfit.
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1. Introduction

The growth of thin films has been categorized into three types, namely, the Frank-
van der Merwe (FM) mode (layer-by-layer growth), the Stranski-Krastanov (SK) mode (the
first layer or layers remain smooth and clusters form on top) and the Volmer-Weber (VW)
mode (clusters form)"). These growth modes are deduced from equilibrium considerations
of the energy balance between the surface energy and the interfacial energy for lattice-
matched systems. For heteroepitaxial grovvth of lﬁghly strained structures, however, the
elastic strain energy associated with epitaxial lattice misfit must be considered. Recently,
these modes were deduced by taking into consideration the elastic energy, and equilibrium
phase diagrams of the unspecific system were determined in function of the coverage and
misfit>’]

The SK mode has received much interest due to the emergence of new growth
technology for fabricating self-assembling quantum dots™*®. In the SK mode of InGaAs
quantum dots on é GaAs substrate, islandlike formation of InGaAs dots takes place with a
very thin InGaAs wetting layer covering the substrate**).  In order to identify the kind of
system in which quantum dots can easily be formed, we must determine the thickness-
composition equilibrium phase diagrams of all the III-V ternary systems and understand
how widely the region of the SK mode spreads. Daruka and Barabasi®® determined the
general coverage-lattice misfit phase diagrams for self-assembled quantum dots without
ﬁsing specific material constants. However, no phase diagrams have been reported for
specific systems such as HI-V compound semiconductors.

In this work, the free energy was calculated at every lattice layer for the three
kinds of structures, i.e., a strained film on a substrate, a cluster on a strained ﬂim ona

substrate and a cluster on a substrate, which represent the FM mode, the SK mode and the
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VW mode, respectively. The free energy for each structure was derived from the strain
energy, the surface energy and the interfacial energy, and it was determined as functions of
thickness and composition of the strained film and/or cluster. By comparison of the free
energy of three structure modes, we determined thickness-composition phase diagrams of
the SK mode for four III-V ternary systems, InPSb/InP, InAsSb/InAs, GaPSb/GaP,
GaAsSb/GaAs. The (111) face was selected for this calculation. The area of the SK
region was determined as a function of the lattice misfit and the surface energy. The
critical number of lattice layers below which two-dimensional (2D) layers precede the
three-dimensional (3D) nucleation in the SK mode at x=1.0 was determined as a function of
the lattice misfit. The free energy of various types of the SK mode structure for the

GaPSb on GaP system was calculated to determine the most stable structure of the SK

mode.

2. Calculation Method

The schematic geometry of a GaPSb strained film on a GaP substrate (the FM
mode) and a GaPSb cluster on a GaP substrate (the VW mode) is given in Fig. 1. In this
figure, the GaPSb/GaP system is used as an example of three kinds of structure mode.
One lattice layer, whose thickness is equal to the lattice constant, is determined as a unit
thickness of the film, and four lattice layers are designated as the unit thickness of the
cluster. The total volume of the film is equal to that of the cluster. Fig. 1 shows the
fundamental structures for the case of one lattice layer.

The schematic geometry of a GaPSb strained film on a GaP substrate (the FM
mode) an(i a GaPSb cluster on a GaPSb strained film on a GaP substrate (the SK mode) is

given in Fig. 2. A cluster with four lattice layers on a film with one lattice layer is
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determined to be the fundamental structure of the SK mode. The total volume of the film
with two lattice layers is equal to that of the cluster on the film with one lattice layer. Fig.
2 shows the fundamental structures for the case of two lattice layers.

The excess free energy is derived from the difference between the final states as
shown in Figs. 1 and 2 and the initial state. In this work, however, the total free energy of
the initial state has the same value for all three structure modes because they are under the
same initial conditions. Thus, only the total free energies derived from the final states of
the three structure modes were considered and compared to determine the phase diagrams.

The total free energy of each structure can be given as
G'=G"+G" +G™ +G", (D
where G, G", G*, G* and G are the total free energy, the internal free energy, the strain
energy, the surface energy and the interfacial energy, respectively. They are the energies
of each structure in the final states, as shown in Figs. 1 and 2. The internal free energies
for the three kinds of structures are almost equal if the total volume of each structure is
equal. Hence, we can compare only the free energy, which is obtained by subtracting the
internal free energy from the total free energy, in order to:determine the phase diagram.

For this calculation, the sizes of the film, cluster and substrate are shown in Figs. 1
and2. The substrate is 100 A long, 25 A wide and 20 lattice layers thick (3110 A).

- The strained film is coherently deformed on the substrate, and its thickness is n lattice
layers. The shape of the cluster is rectangular and its size is 25 A long, 25 A wide and 4
lattice layers thick. The cluster is 1/4 the length of the substrate. For the SK mode, a
cluster of this size is grown on n lattice layers for the fundamental structure of (n + 1)
lattice layers.

In order to calculate the strain energy under the assumption that each
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heterostructure has a coherent interface, we used the method which was developed by
Nakajima et al. to calculate the precise stress distribution of an island layer on a substrate®.
In this method, each composed layer is divided into many imaginary thin layers”'® and the
face force and strain balance is considered over all the imaginary thin layers with coherent
interfaces. Shear lag analysis!'”'® was improved®™'”! by considering imaginary thin layers
and used to calculate the longitudinal stress distribution in the three kinds of structures. In
order to estimate the internal force used in this calculation, the force and moment balance
method! 'Y which is useful for calculating the vertical stress distribution in the
heterostructure, was used.

The elastic strain energy in the ith imaginary thin layer U; can be calculated using

A.d.c?
b= A ®

where o, E, A, and d, are the stress, Young’s modulus, surface area and thickness of the ith

imaginary thin layer. The total strain energy of each structure G¥, which includes the

strain energies of the film, cluster and substrate, is given by

GSt;__%Ui Y

i=1

— 1=V , 3
i=1 2E1 ( )

where m is the total number of imaginary thin layers which constitute each structure.

On the surface between the vapor and solid phases, the surface energy per unit area
¥, can be given approximately by
ve = (1= win) AH (N, @

where u is the number of nearest neighbors of an atom in the bulk of the solid and w is the
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number of neighbors in the solid of an atom on the face in question, AH,, is the enthalpy of
evaporation of the material at 0 K, and N, is the number of atoms per unit volume™. The
argument used is that the surface energy is the energy needed to break all of the nearest-
neighbor bonds across a given plane. The number of atoms per unit area N; can be related
to N, as follows:
N, =N7". &)

For -V zincblende-type compounds, N, can be given by

N, =~ ' 6
T (6)
for the (111) face, where a is the lattice constant of the II-V compound®’,

For growth from vapor, AH,, is given by the enthalpy of evaporation AH?**% per

mole as

AH .y = — ()

where N, is Avogadro’s number (N, = 6.023 x 10®). Therefore, from egs. (4)7), the
surface energy G*™ can be written as
G"=Ay,

A AH -
__AMH 8
R 8)

for the (111) face, where A is the surface area of each structure.

In order to roughly calculate the interfacial energy G'f between the film and the
substrate (the FM and SK modes) or that between the cluster and the substrate (the VW
mode), the bonding ratio at the interface was calculated. When the lattice constant of the

film and cluster a is larger than that of the substrate a_, (a > a.,), a1s given by
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a= kasuba (9)
k=Aa/a+1
=(a—-agy)/ag +1 k=1, (10)

where Aa/a means the lattice misfit between the film (or cluster) and the substrate.

In this calculation, we assumed that at the interface all dangling bonds on the film
or cluster side combine with dangling bonds on the substrate side. At the interface, the

bonding ratio B, on the film or cluster side is given by

ﬁ]=1, . (11)

(12)

which means that 1/k dangling bonds combine. The interface energy per unit area y; can
be given by
Yi= =By +(1-B)Yaw

1

=(1-
Aaja+1

)Ysuba . (13)

where v, is the surface energy per unit area of the substrate. Therefore, from eqs. (8)-

(13), the interfacial energy G' can be written as

Gif=AiYi
1 AH
=A(1- sub 14
vy 2/3a2, N, (9

for the (111) face, where A, is the interfacial area of each structure, and AH,, is the
enthalpy of evaporation per mole of the substrate. The interfacial energy given by eq. (14)

is based on the condition that only the number of unsaturated dangling bonds or misfit
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dislocations at the heterointerface is taken into account.

In this work, a cluster is considered to be hemispherical in order to estimate more
actually the surface energy of the SK and VW modes and the interfacial energy of the VW
mode. The volume of the cluster is set up to be equal regardless of the shape of the
cluster.

By using eq. (1), the free energy G* can be derived by subtracting the internal free energy

G™ from the total free energy G
Gf=G'-G™
=G" +G™ +G¥. (15)

From egs. (3), (8), (14) and (15), we can calculate G' of each structure, which are then

compared with each the other to determine the SK phase diagrams.

3. Calculated Results
3.1 Parameters used in the calculation

Table I contains the parameters used for the calculation of the strain energy. The
shear modulus G is estimated using Young’s modulus E and the Poisson ratio v as follows:
G =E/2(1+v). (16)
The parameters of the ternary compounds are estimated from those of the binary
compounds on the assumption of its lineaﬁty for composition. The parameters used in the
calculation of the surface and interface energy are listed in Table II, where T is the absolute

temperature.

3.2 Strain, surface and interface energy calculations for the InPSb/InP structure

The strain, surface and interfacial energies were calculated using egs. (3), (8) and
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(14) for the (111) face of three kinds of InPSb/InP structures, the FM, SK and VW modes.
The InPSb/InP system is selected as an example of III-V ternary systems studied in this
work. Fig. 3 shows the free energy such as the strain, surface and interfacial energies as a
function of the composition of InSb, x in InP, _ Sb, at 27°C. The structures consist of
three lattice layers.

The strain energy of the FM mode is the largest and that of the VW mode is the
smallest. The strain energy increases with the composition of InSb; x increases or the
lattice misfit increases. The surface energy of the FM mode is the smallest and that of the
VW mode is the largest. The surface energy decreases slightly as the composition of InSb
increases. The interfacial energy of the FM mode is equal to that of the SK mode, and that
of the VW mode is the smallest. The interfacial energy increases as the composition of
InSb increases. The surface energy is generally larger than the strain and interfacial
energy, but the strain energy of the FM mode becomes larger than the surface energy as the
lattice misfit increases. The interfacial energy is the smallest of all the energies even
though the maximum value is used in this work. As shown in Fig. 3, the relationship
between the surface energy and the strain energy is very important in determining the stable
structure mode.

These energies were calculated for each structure with various lattice layers, and
the free energy for each structure was derived from these energies. Fig. 4 shows the free
énergy for the (111) face as a function of the composition of InSb, x in InP,, Sb,, and it
corresponds to the structure with 2.5 lattice layers.  As shown in Fig. 4, the free energy of.
the FM mode is the smallest in the range of composition smaller than 0.6, and that of the
VW mode is the smallest in the range of composition larger than 0.95. That is, the FM

mode is the most stable between x = 0 and 0.6, and the VW mode is the most stable

-10-
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between x = 0.95 and 1.0 when the number of lattice layers is 2.5.

3.3 Thickness-composition phase diagrams for SK structure modes of III-V ternary
compounds

By comparing the free energy of each mode at various thicknesses, we can
determine the thickness-composition phase diagram for each structure mode.  Figs. 5-8 are
the phase diagrams of the InPSb/InP, InAsSb/InAs, GaPSb/GaP, GaAsSb/GaAs systems,
respectively. These phase diagrams are expressed as functions of the number of lattice
layers L and the composition x. ~ Fig. 5 shows the phase diagram for InP,_ Sb, layers
grown on an InP substrate. When the lattice misfit or the composition of InSb is smaller,
the FM mode appears most in the phase diagram. As the lattice misfit increases, the SK or
VW mode becomes dominant. When the lattice misfit is large and the lattice layer is thin,
the VW mode appears more easily than the SK mode does. The SK mode appears only
for thick layers with large misfit.

Fig. 6 shows the phase diagram for InAs, ,Sb, layers grown on InAs substrates.
The FM mode appears in most regions of the phase diagram. The SK mode appears as the
lattice misfit increases and the layer becomes thicker. For the growth of InSb on InAs, the

SK mode appears when the InSb lattice layer is thicker than 2.9 or about 19A. The VW

mode does not appear in the InAsSb/InAs system. Fig. 7 shows the phase diagram for
GaP,,Sb, layers grown on GaP substrate. The SK mode appears in wide regions of the
phase diagram. The VW mode appears in the region where the lattice misfit is large and
the lattice layer is thin. The VW region of the GaPSb/GaP system is wider than that of the
InPSb/InP system. Figures 8 shows the phase diagram for GaAs, Sb, layers on GaSb

substrate, in which the FM and SM modes appear and the VW mode does not appear.

-11 -
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3.4 Effect of lattice misfit

The lattice misfit is very important parameter for generating regions of the SK
mode. Fig. 9 shows the area of the SK region estimated from phase diagram 5 as a
function of the lattice misfit. For the GaPAs/GaP and InPAs/InP systems, the SK mode
does not appear in regions where the number of lattice layers is smaller than 9. The area
of the SK region clearly depends on the lattice misfit, and it increases as the lattice misfit
increases. The system in which the SK mode appears most easily is GaPSb/GaP.

Fig. 10 shows the critical number of lattice layers below which two-dimensional
(2D) layers precede the three-dimensional (3D) nucleation in the SK mode at x =1 .0,asa
function of the lattice misfit. The critical number of lattice layers clearly depends on the

lattice misfit. The InPSb/InP system has the smallest critical number of all.

3.5 Stable structure of the SK mode

As the number of lattice layers or thickness increases, however, many types of
structure of the SK mode have possibility to appear as shown in Fig. 11. Fig. 11 shows
the growth path of the SK structure mode as the number ‘of lattice layers increases. In
order to understand the actual growth mechanism of thé SK mode and the quantum dots, we
must know which is the nggst stable structure and growth path. .

The free ener@ was calculated for various types of the SK mode structure. Fig.
12 shows the free energy for the GaPSb on GaP system as a function of the composition of
GaSb. The thickness is five lattice layers. The free energy of the SKj mode increases as
the cluster height j increases all over the composition. As shown in F ig. 12, the FM mode
is the most stable between x=0.4 and 1.0 when the number of lattice layers is five. Then,

the most stable structure of the SK mode is a cluster with four lattice layers or minimum

-12-
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thickness on a wetting layer with increasing lattice layers. The VW mode becomes more

stable than the SKj mode as the cluster height j increases.

4. Discussion
This calculation of equilibrium phase diagrams is performed under equilibrium or

static conditions and is not performed under growth conditions. The free energies of
the FM mode, SK mode and VW mode are compared to determine the equilibrium phase
diagrams. Exactly speaking, these phase diagrams indicate the stable regions of each
structure mode by considering the balance of free energy. However, the regions of the
structure mode almost correspond to the stable regions of the growth mode, except for the
FM region right below the SK region. This FM region corresponds to the region below
which two-dimensional (2D) layers precede the three-dimensional (3D) nucleation in the
SK mode. In this study of the equilibrium phase diagrams of structure modes, this region
is defined as the region of the FM structure mode because the structure of a layer-by-layer
growth appears in this region.

= By direct observation of self-assembled InAs islands deposited by molecular-beam
epitaxy on GaAs (100), Leonard et al.“" determined a critical thickness for the surface
elastic relaxation of 1.5 monolayers (ML). This corresponds to the transition thickness
from the FM mode to the SK mode. :~In this work, the transition thickness is 2.5 lattice
layers, as shown in Fig. 10, and this value is about three times larger than the reported value
of 1.5 ML. The relative strength of the surface energy has an important effect upon the
stable region of each growth mode in the thickness-composition phase diagram. This
effect was also pointed out by Daruka and Barabasi®’. The surface energy can be more

accurately estimated by considering the reconstruction of the dangling bond, the surface

-13-
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orientation dependence and the thickness dependent surface and interfacial energies. The
phase diagram can be more precisely determined using such surface and interfacial energies.
However, the present calculation is sufficient to identify the systems in which the SK mode

appears more easily.

5. Conclusions

The strain, surface and interfacial energies were calculated for the FM, SK and
VW modes, and the free energy was derived for each growth mode. By comparison of the
free energies, it is found that the thickness-composition phase diagrams of III-V ternary
systems can be determined only by considering the balance of the free energy and the three
kinds of structure mode appear in the phase diagrams. In particular, the energy balance
between the surface and strain energies is very important for determining the region of the
SK mode. The SK mode appears only when the lattice misfit is large and/or the lattice
layer is thick. The VW mode appears only when the lattice misfit is large and the lattice
layer is thin and only in the InPSb/InP and GaPSb/GaP systems which have the largest
lattice misfit of I1I-V ternary systems. The stable region of the SK mode in‘the
GaPSb/GaP and InPSb/InP phase diagrams is largest of all because the composition
dependence of the strain energies of these systems is stronger than that of the other systems.
The critical number of lattice layers below which two-dimensional (2D) layers precede the
three-dimensional (3D) nucleation in the SK mode at x =1.0 clearly depends on the lattice
misfit. The InPSb/InP system has the smallest critical number of all. By comparison of
the free energies of the several types of the SK structure, it is found that the most stable
structure of the SK mode is a cluster with four lattice layers or minimum thickness on a

wetting layer with increasing lattice layers.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig. 10

Fig. 11

Schematic geometry of (a) GaPSb film on GaP substrate (the FM mode) and (b) a
GaPSb cluster on GaP substrate (the VW mode) for the case of one lattice layer.
Schematic geometry of (a) GaPSb film on GaP substrate (the FM mode) and (b) a
GaPSb cluster on GaPSb film on GaP substrate (the SK mode) for the case of two
lattice layers.

Strain, surface and interfacial energy of InPSb/InP (111) structure with 2.5 lattice
layers for the FM, SK and VW modes, as a function of InSb, x.

Free energy of InPSb/InP (111) structure with 2.5 lattice layers for the FM, SK and
VW modes, as a function of InSb, x.

Thickness-composition phase diagram of the FM, SK and VW modes for the
InPSb/InP (111) structure.

Thickness-composition phase diagram of the FM and SK modes for the
InAsSb/InAs (111) structure.

Thickness-composition phase diagram of the FM, SK and VW modes for the
GaPSb/GaP (111) structure.

Thickness-composition phase diagram of the FM and SK modes for the
GaAsSb/GaAs (111) structure.

Area of the SK region in the phase diagram of II[-V ternary systems as a function
of the lattice misfit.

Critical number of lattice layers below which two-dimensional (2D) layers precede
the three-dimensional (3D) nucleation in the SK mode at x =1.0 in the phase
diagram of I1I-V ternary systems as a function of the lattice misfit.

Growth path of the SKj structure mode as the number of lattice layers increases.
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J corresponds to the cluster height.

Fig. 12 Free energy of GaPSb/GaP (111) structure with five lattice layers for the FM, SK;j

and VW modes, as a function of GaSh fraction, x.
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M-V ternary quantum dots
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Phase diagrams and stable structures of Stranski-Krastanov structures mode for
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Phase diagrams and stable structures of Stranski-Krastanov structures mode for

III-V ternary quantum dots
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