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Abstract 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 1II-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 mode 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 GaPSh/GaP systems which have the largest lattice misfit of I1I-V ternary systems. The stable
region of the SK mode in the GaPSh/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.

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) [1]. 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 heteroepita-
xial growth of highly 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 unspe-
cific system were determined in function of the cover-
age and misfit [2, 3].

The SK mode has received much interest due to the
emergence of new growth technology for fabricating
self-assembling quantum dots [4-8]. In the SK mode of
InGaAs quantum dots on a GaAs substrate, islandlike
formation of InGaAs dots takes place with a very thin
InGaAs wetting layer covering the substrate [4,5]. 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 HI-V ternary systems and understand how widely
the region of the SK mode spreads. Daruka and Bara-
basi [3] determined the general coverage-lattice misfit
phase diagrams for self-assembled quantum dots with-
out using specific material constants. However, no
phase diagrams have been reported for specific sys-
tems such as III-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 film on a substrate and a cluster on a sub-
strate, which represent the FM mode, the SK mode
and the 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 deter-
mined thickness-composition phase diagrams of the
SK mode for four III-V ternary systems, InPSb/InP,
InAsSb/InAs, GaPSb/GaE GaAsSb/GaAs. The (111)
face was selected for this calculation. The area of the
SK region was determined as a function of the lattice
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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 clus-
ter 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. Figure 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) and a GaPSb clus-
ter 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 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.
Figure 2 shows the fundamental structures for the
case of two lattice layers,

The excess free energy is derived from the differ-
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Fig. 1. 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.
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Fig. 2. 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.

(c) Stranski - Krastanov mode

ence 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 ener-
gies derived from the final states of the three struc-
ture modes were considered and compared to deter-
mine the phase diagrams.

The total free energy of each structure can be given
as

G'=G"+G"+G"+G", @

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 and 2. The substrate
is 100 A long, 25 A wide and 20 lattice layers thick
(=110 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
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assumption that each heterostructure has a coherent
interface, we used the method which was developed
by Nakajima et al. to calculate the precise stress distri-
bution of an island layer on a substrate [9]. In this
method, each composed layer is divided into many
imaginary thin layers [9-16] and the face force and
strain balance is considered over all the imaginary thin
layers with coherent interfaces. Shear lag analysis
[17, 18] was improved [9, 10] by considering imaginary
thin layers and used to calculate the Iongitudinal
stress distribution in the three kinds of structures. In
order to estimate the internal force used in this calcul-
ation, the force and moment balance method [11-
16, 19-21], which is useful for calculating the vertical
stress distribution in the heterostructure, was used.

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

_ Adpo!

E, @

U
where o, E;, A; and di are the stress, Young's modu-
lus, 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

st - Ajdjo?
¢ _i;Ui_i=1 >2Ei y @
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 gs can be given
approximately by

% = (1 - w/u) AH NG, ()

where u is the number of nearest neighbors of an atom
in the bulk of the solid and w is the number of neigh-
bors in the solid of an atom on the face in question,
AH,, is the enthalpy of evaporation of the material at
0K, and Ny is the number of atoms per unit volume
[22]. 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, = N&°. G

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

(6)

for the (111) face, where a is the lattice constant of
the III-V compound [23].

For growth from vapor, AH, is given by the
enthalpy of evaporation AH [24, 25] per mole as

_ AH
AHVO - ZNAY (7)
where N, is Avogadro's number (N, = 6.023%x10%).
Therefore, from egs. (4)-(7), the surface energy G™

can be written as

AAH

Gsu = AS =
¥ 2./34a°N,

6)
for the (111) face, where As is the surface area of
each structure,

In order to roughly calculate the interfacial energy
G" between the film and the substrate (the FM and
SK modes) or that between the cluster and the sub-
strate (the VW mode), the bonding ratio at the inter-
face was calculated. When the lattice constant of the
film and cluster a is larger than that of the substrate
Agp (@2 agy), a is given by

a = kagg, )]

k=Aa/a+1= (a - asub)/asub +1 (k 2 l)y (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

Bi=1, 1y

and the bonding ratio B, on the substrate side can be
expressed by

Bi =1, 12)

5| bt

which means that 1/k dangling bonds combine. The
interface energy per unit area ¥, can be given by

vi=<1—B1>vs+<1—Bz>vsub=(1— Yo (13)

)
Aa/a+1
where Y., is the surface energy per unit area of the
substrate. Therefore, from egs. (8)-(13), the interfacial
energy G can be written as
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for the (111) face, where A; is the interfacial area of
each structure, and AH,, is the enthalpy of evapora-
tion 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
dislocations at the heterointerface is taken into
account.

In this work, a cluster is considered to be hemi-
spherical in order to estimate more actually the sur-
face 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"

G'=Ay, = Al(l a4

Table 1
Input data for the strain energy calculation
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G'=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 1 contains the parameters used for the calcu-
lation of the strain energy. The shear modulus G is
estimated using Young's modulus E and the Poisson

ratio v as follows:
G=E21+v). (16)

The parameters of the ternary compounds are esti-
mated from those of the binary compounds on the

Young's modulus  Poisson's Shear modulus Lattice contant Thermal expansion coefficient
(GPs) ration (GPa) 10/K)

Gap 102.8 0.31 39.2 5.4512 5.91

Reference  [26] [26] [28] [26]

GaSh 63.2 0.31 24.1 6.0954 6.36

Reference  [26] [26] [29] [26)

GaAs 853 0.312 32.6 5.6534 6.86

Reference  [27] [271 [29] 30]

InP 60.7 0.36 22.3 5.8688 456

Reference  [26] [26] [26] [26]

InSb 439 0.34 16.4 6.4794 5.11

Reference  [26] [26] [26] [26]1

InAs 514 0.36 185 6.0584 4.60

Reference  [26] [13] [29] {31

Table 2

Input data for the surface and interfacial energy calculation

Input data Units

Thep = 1740 [26] T =985 [26] Thue=1511 821 T X

Tp = 1333 [26] The = 797 [26] Tha = 1215 (33]

ASGr =168 [26] ASGs =158 [26]  ASGas =16.64 [34] ASY (cal/mol K)

ASS =140 [26] AShLe = 14.32 [26] ASha = 1452 (34]

Qoup = 2800 - 4.8T [26] Qs = 4700 - 6.0T [26]  Qus = 5160-9.16T [36] € (cal/mol)

Qlp = 4500 - 4.0T [26] Qs = 3400 -12.0T [26] Qluas= 3860 -10.0T (371

Qs = 25000 - 18.0T [35] Qs = 750 [26] Qb= 1500 [26]

Qe = 2300 [38]

Q% caso = 8000 [26]  QUap-caas = 400 [26]  QGans- caso = 4500 [26] . (cal/mol)

Q' - 1osp = 5000 [26] QL 1mas = 400 [26]  Qius-mss = 2250 [26]

Qe e = 3500 [26]  Q%asb-msp = 1900 [26] QGaas-mas = 3300 [38]

Ht, = - 64608 [39]1 Hi, = - 55508 [39] Hg=-79774 [39] H} (caymol)

Hb = - 49584 [39] H' =-73166 [40]
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assumption of its linearity for composition. The param-
eters used in the calculation of the surface and inter-
face energy are listed in Table 2, where T is the
absolute temperature.

3.2. Strain, surface and interfacial energy calculations
Jor the InPSb/InP structure

The strain, surface and interfacial energies were cal-
culated using egs. (3), (8) and (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. Figure 3 shows the free energy such as the
strain, surface and interfacial energies as a function of
the composition of InSb, x in InPy, Sh, 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
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Fig. 3. Strain, surface and interfacial energies of InPSh/
InP (111) structure with 2.5 lattice layers for the FM, SK
and VW modes, as a function of InSb, x.

VW mode is the largest. The surface energy decreases
slightly as the composition of InSb increases. The in-
terfacial 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 sur-
face energy as the lattice misfit increases. The interfa-
cial 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. Figure 4
shows the free energy for the (111) face as a function of
the composition of InSb, x in InP,, Sb,, and it corre-
sponds 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 between x = 0.95 and 1.0
when the number of lattice layers is 2.5.

3.3. Thickness-composition phase diagrams for SK struc-
ture modes of III'V ternary compounds

T I T T ! T T T T
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031 any 1

at 27 °C

Free energy, G (J)

o) 1 | i 1 J 1 1
0.5

[o] 1.0
{InP) (InSb}

Composition of InSb, x
Fig. 4. 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.
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By comparing the free energy of each mode at vari-
ous thicknesses, we can determine the thickness-com-
position phase diagram for each structure mode. Figures
5-8 are the phase diagrams of the InPSb/InF, InAsSb/
InAs, GaPSb/GaP. GaAsSb/GaAs systems, respec-
tively. These phase diagrams are expressed as func-
tions of the number of lattice layers L and the
composition x. Figure 5 shows the phase diagram for
InP,,Sh, 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

T T T T T T T
8- um InP,_y Sby /InP J
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g Stranski-Krastanov mode
2 & {
5
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Composition of InSb, x

Fig. 5. Thickness-composition phase diagram of the FM,
SK and VW modes for the InPSb/InP (111) structure.
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Fig. 6. Thickness-composition phase diagram of the FM
and SK modes for the InAsSb/InAs (111) structure.

dominant. When the lattice misfit is large and the lat-
tice 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.

Figure 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 InSh on
InAs, the SK mode appears when the InSb lattice
layer is thicker than 2.9 or about 19 A. The VW mode
does not appear in the InAsSb/InAs system. Figure 7
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Fig. 7. Thickness-composition phase diagram of the FM,
SK and VW modes for the GaPSh/GaP (111) structure.
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Fig. 8. Thickness-composition phase diagram of the FM
and SK modes for the GaAsSb/GaAs (111) structure.
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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 GaPSh/GaP
system is wider than that of the InPSb/InP system.
Figures 8 shows the phase diagram for GaAs,,Sh,
layers on GaSb substrate, in which the FM and SM
modes appear and the VW mode does not appear.

3.4. Effect of lattice misfit

The lattice misfit is very important parameter for
generating regions of the SK mode. Figure 9 shows
the area of the SK region estimated from phase dia-
gram 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 lay-
ers 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.

Figure 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, as a function of the lattice misfit. The critical
number of lattice layers clearly depends on the lattice
misfit. The InPSh/InP system has the smallest critical
number of all.

3.5. Stable structure of the SK mode

T I T
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5 wol o 277 GaPSb/Ga )
€ © InPSb/InP
g
8
o GalnP/GaP
5
) 100 - GaAsSb/GaAs -
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-
o InAsSb/InAs
g sof -
<« GalnSb/GaSb
GoPAs/GeP InPAs/InP
0 od L L
0 0.05 0.10 045 0.20

Lattice misfit, Aa/a

Fig. 9. Area of the SK region in the phase diagram of III-V
ternary systems as a function of the lattice misfit.
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Fig. 10. 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 lII-V ternary systems as a function of the lattice
misfit.

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.
Figure 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
the SK mode and the quantum dots, we must know
which is the most stable structure and growth path.

The free energy was calculated for various types of
the SK mode structure. The strain energy of the SKj

2 layers 3 layers 4 layers 5 layers
A7 —sx
A EaT T ¥ TE

SKI ~a 7% e SK2 ~a
SK2 S~ [zzz@zj 4 K3
o

X

Fig. 11. Growth path of the SKj structure mode as the

number of lattice layers increases. j corresponds to the
cluster height.
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Fig. 12. Free energy of GaPSb/GaP (111) structure with
five lattice layers for the FM, SKj and VW modes, as a
function of GaSb fraction, x.

mode was calculated on the basis of the assumption
that the wetting layer was compositionally graded.
Figure 12 shows the free energy for the GaPSb on
GaP system as a function of the composition of GaSh.
The thickness is five lattice layers. The free energy of
the SKj mode increases as the cluster height j in-
creases all over the composition. As shown in Fig. 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 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 dia-
grams. Exactly speaking, these phase diagrams indi-
cate 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-dimen-

sional (2D) layers precede the three-dimensional (3D)
nucleation in the SK mode. In this study of the equi-
librium 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 ef al. [41] 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-composi-
tion phase diagram. This effect was also pointed out
by Daruka and Barabasi [3]. The surface energy can
be more accurately estimated by considering the
reconstruction of the dangling bond, the surface orien-
tation dependence and the thickness dependent sur-
face 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 cal-
culated for the FM, SK and VW modes, and the free
energy was derived for each growth mode. By compar-
ison of the free energies, it is found that the thick-
ness-composition phase diagrams of II-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 par-
ticular, 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 InPSh/InP and GaPSb/GaP systems which have
the largest lattice misfit of [II-V ternary systems. The
stable region of the SK mode in the GaPSh/GaP and
InPSb/InP phase diagrams is largest of all because the
composition dependence of the strain energies of
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these systems is stronger than that of the other sys-
tems. 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 InPSh/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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