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Abstract. Structural and thermodynamic properties of IV-IV solid solutions were calculated
by molecular dynamics simulation. Biaxial strains are extremely important for the miscibil-
ity behavior of alloy films. It was shown the existence of critical thickness for the Ge,Sij.y,
Ge|_4Sny, Sij_,Sny, Sij_4Cy thin solid films. The results of the classical molecular dynamic
simulations are in good agreement with experimental data and other ab-initio calculations.
The effect of layer thickness have great influence on the miscibility gap.
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1. Introduction

Semiconductors with energy gaps in the infrared to far-
infrared region are technologically indispensable in
photodetectors and emitters opening the possibility of
constructing novel, tunable, infrared optoactive devices
based on inexpensive and well developed technologies of
group-I1V semiconductors. The IV-IV semiconductor al-
loys have recently emerged as a possible candidate for
the creation of non-polar semiconductor, with carrier
mobilities higher than those of I1I-V and II-VI compounds.
This is of great importance because it can result in new
optoelectronic devices based on Si and Ge, which are
indirect gap semiconductors and also the most techno-
logically developed electronic materials. Some of these
alloys are Ge-Si, Ge-Sn, Si-Sn, Si-C, SiGeSn, SiGeC.
Most of these materials are new, nevertheless, not all of
these compositions are thermodynamically stable. In fact,
many compositions do not form solid solutions. Using
the equilibrium growth techniques it is often possible to
confine segregation and causes precipitation with one or
more elements. However, this difficulty can be overcome
by nonequilibrium growth or metastable growth tech-
niques such as molecular-beam epitaxy and laser crys-
tallization. Most of these alloys have miscibility gaps.
But Stringfellow showed that the materials with stress
and strain would have narrower or no miscibility gaps
[1]. The stress and strain in the materials grown by
epitaxy methods such as molecular beam epitaxy (MBE),
metal organic chemical vapor deposition (MOCVD) are
mainly caused by the lattice mismatch between epilayer
and substrate. The effect of strain relaxation also has
influence on the phase transition and stability of solids.
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In this paper, the influence of residual strains on the mis-
cibility gaps of Si-Ge, Ge-Sn, Si-Sn, Si-C was calculated
by molecular dynamics method and the ranges of misci-
bility gaps have been determined.

Using Ge,Si;_y alloys, it has recently become possi-
ble to create electronic devices that outperform traditional
silicon technology, yet remain compatible with standard
manufacturing method [2]. On the other hand, theoreti-
cal investigations [3] suggest that substitutional C plays
a different role in Si than substitutional Ge and tends to
decrease the band gaps rather than enlarge them (as would
be expected from a simple virtual-crystal picture).

Soma et al. [4] studied the effect of stress on phase
diagrams of Ge-Sn and Si-Sn alloys. They predicted the
enlargement of stability region of Ge-Sn solid solutions
under an external pressure. A common feature of the al-
loy epitaxies is the strain due to lattice mismatch and
different thermal expansion coefficients. The epitaxial
layer of binary alloy grown pseudomorphically on the
substrate becomes highly strained. The strain and
compositional fluctuations influence all types of proper-
ties of the alloys including the miscibility.

The covalent system of Ge-Si solid solutions forms
continuous substitutional solid solutions and does not
change the number of bonding electrons when the solid
solutions are formed. Recently interest in Ge,Sij. alloys
and superlattices [5] has been renewed. Lattice constants
of silicon and germanium differ by ~4%. Hence, strains
introduced during formation of Ge,Si;_, alloys can af-
fect the band structure and transport properties [6]. Fur-
thermore, by growing Ge-Si layers on substrates of dif-
ferent lattice constants, or by modifying the thickness
ratio of the layers in a free-standing superlattice, one can

247



V. G. Deibuk et al.: The effect of strain on the thermodynamic properties of...

control the strains in the layers, and modify significantly
the electronic properties [7]. Ge,Sij_y is indirect-gap semi-
conductor. The difference between lattice constants of
alloy and “native” substrates results in inherent strains
of the alloy grown on a substrate, which yields in a sig-
nificant modification of Ge,Si;_, alloy band structure.

Ge_Sny is predicted to exhibit a direct band gap in
unstrained alloys, tunable from = 0.55 eV to 0 eV with x
ranging from 0.20 to 0.65 as the I -point conduction band
minimum decreases more rapidly than the L point val-
leys [8]. Moreover, the presence of compressive strain is
expected to decrease the Sn concentration at which the
indirect Lg* — I'y™ to direct I';™ - I's™ band gap cross-
over is observed. Soref and Friedman [9] have used vir-
tual-crystal linear extrapolations of /"and L point ener-
gies as a function of strain to estimate a reduction at
room-temperature of cross-over from x = (.2 in relaxed
Ge_Sny to x = 0.02 in Ge;_,Sn,/Ge(001) compressively
strained heterostructures. In addition to its potential tech-
nological importance, Gej_,Sny also serves as a model
system for investigating epitaxial growth in thermody-
namically metastable alloys. The diamond-structure a-
Snis stable only at temperatures below 13.2 °C and equi-
librium solid solubilities in the Ge_,Sn, system are ex-
tremely low, less than 1 at. % on both sublattices. Fur-
thermore, Sn atoms are easily solvable in Ge lattice with
a strong tendency to surface segregation. But recently,
epitaxial metastable Ge;_,Sny alloys with x up to 0.26
were grown on Ge(001)2x1 by low-temperature molecu-
lar beam epitaxy [10].

Si;_«Sny alloy would ideally have a band gap between
those of silicon and tin. 1.153 ¢V and 0.08 eV, which is
very important for IR detector applications. Also, the band
gap was predicted by R. Soref [11] to be direct for the
compositional range of 0.9 < x < 1 and indirect for another
one. Strained layers of Si;_Sny alloy semiconductors would
find numerous applications in electronic and optoelectronic
heterostructures. The pseudomorphic Sij9¢Sng g4 Was
grown by A.Khan [12] using the molecular beam epitaxy
with the epilayer thickness close to 150 nm.

Diamond with its very wide band gap of 5.5eV is a
possible candidate for making a wide band-gap Si-based
material that can be integrated with Si. However, dia-
mond has a much smaller lattice parameter than Si, which
makes the structural aspects of Si-C alloy system quite
unlike those of Ge,Sij_y alloys. The main obstacle to the
realization of this program is extremely low solubility of
C in Si. Even at the melting point of Si, it is only about
10-% at. %. This problem has been partially overcome
recently. The first successful attempt to grow Si;_C, al-
loys was reported by Posthill et al. [13]. Using remote
plasma-enhanced chemical-vapor deposition this group
fabricated a 7-pum-thick layer with a carbon concentra-
tion of about 3.5 %. Furthermore, Iyer et al. [14] used
solid source molecular-beam epitaxy to grow
pseudomorphic Si;_,C, layers with x > 0.002 and strained
layered superlattices stable up to 800° C (for x = 0.003).
Their material also contained about 1 % Ge to compen-
sate for strain effects.
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2. Computational method

The purpose of this work is to predict the thermodynamic
properties of Ge,Si;_y, Ge;_Sny, Si;_Sny, Si;_C solid
solutions in bulk and epilayer cases by molecular dy-
namics simulation. We used the Tersoff three-particle
potential, which is the most successful for studying the
structural, dynamical, and thermodynamical properties
of many crystals and alloys. Interatomic Tersoff’s poten-
tial for interaction energy of two neighbor atoms ; and j
has the form[15] :

Vi = fe(p)ay Tr(t) +1y FaC)], (1)

where

fr(r) = Aléxp(-Ar) (2

fa(r)=-Blexp(-pr) (3)
% r<R
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Co, r>S
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Parameters for Ge, Si and C were taken from [15],
and for Sn were derived from gray-tin cohesion energy
adjustment, equal to 3.12 eV per atom [16]. Simulations
have been done for systems with N = 216 particles, the
initial positions of which were taken in tetrahedral sites
of cell, formed by 3%3%3 unit cells of the diamond type.
The periodic boundary conditions were used. This method
was based on solving the Newton equation set using the
fast form of Verlet algorithm [17], which being self-start-
ing, doesn’t lead to roundoff errors accumulation. Simu-
lation is started from an initial structure, in which two
kinds of atoms are randomly placed on the diamond lat-
tice.

In order to study stability properties of Ge,Si;_y,
Ge_Sny, Si;_Sny and Si;_,C, alloys, we calculated the
Helmholz mixing free energies as functions of x. For a
disordered binary alloys the Helmholz mixing free en-
ergy AFis a function of x and T at a fixed pressure:

AF(x,T) = F4p(x, T)~ (1 =x)F4(T) — xFp(T) (5)
Then AF can be written as
AF = AE - TAS (6)

where AFE is the mixing energy and AS is the mixing en-
tropy defined similarly to AF. Because the magnitude of
A(PV) is small at the normal pressure of about 1 atmos-
phere, AE and mixing enthalpy AH are interchangeable.
The entropy of mixing is supposed to be equal to the con-
figurational entropy in the regular-solution model, given by

AS =—R[(1 - x)In(1 — x) + xInx] 7

When the free energy versus composition curve con-
tains an inflection point, the solid solutions will decom-
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pose, which is called spinodal decompositions. The prod-
ucts of the decompositions are two solid solutions with
different compositions. The stability criterion for binary
or peseudobinary alloys is 02G/dx? > 0. The unstable
region is defined by the locus of 3>G/dx2 = 0. Then the
miscibility gap can be determined. In the same way we
determined the metastable boundaries, the so-called
binodals. Thus, the binodal of semiconductor alloys is
defined by the locus of dG/dx = 0.

If the epilayer and substrate are lattice-mismatched,
strain will be produced in the epilayer. The total Helmholz
free energy of the system is the sum of the Helmholz free
chemical energy of the bulk alloys and the strain energy:

Feprcase = Fpurk * EsTraIN (®)

Egrr4rn 1s the strain energy of epitaxialy strained
semiconductor alloys per unit volume, and can be writ-
ten as[18]:

2
Esrman = o )
1-v
where E is Young’s modulus of elasticity, v — Poisson’s
ratio.

In real epilayers, only when the thickness of the
epilayer is less than the critical thickness, the epilayer is
fully strained, otherwise it will relax by generating mis-
match dislocations. The thicker the epilayer, the smaller
the residual strain. Under such conditions, the strain ef-
fect will decrease. To find the influence of relaxation on
the solid phase transition, residual strain has to be quan-
titatively determined.

From the balance condition of force acting on thread-
ing dislocations, the residual strain is inversely propor-
tional to the thickness of the epilayer[19]:

o
h

where 4 is the thickness of the epilayer and A4 is a con-
stant. For the force balance model, the critical thickness
h¢ of epilayer can be described as:

e = @?%nalw)%g”%”%

where b is the Burgers vector and f— the lattice mismatch
between the epilayer and substrate. In our semiconduc-
tor epilayers, the most common mismatch dislocations
are 60° dislocations, Burgers vectors of which are
(a/2)<110>, and b= alJ2. To figure out 4,, we can
assume that when h =h¢, €=f.S0 Ay = f-hc. Therange
of the miscibility gap can be calculated from equations
(3)—(11) and the stability criterion.

(10)

(11)

3. Results and discussions
A. Ge,Sij., thin solid films
The model described above can be used to determine the

miscibility gap of Ge-Si, Ge-Sn, Si-Sn, Si-C binary solid
SQO, 5(3), 2002
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Fig. 1. Enthalpy of formation and strain energy for Ge,Sij_ (7 =
=180 K). I — Egrasn (GeSi/Si, h < h¢); 2 — DH (bulk GeSi); 3 —
DH (GeSi/Si, h < hg).

solutions grown on “native” substrate. The parameters
used in the calculation are listed in Table 1.

If the epilayer Ge,Sij.y is fully strained (no relaxation
takes place), the strain energy increases with the increas-
ing of x. In Fig.1, lines 1 and 2 show the composition
dependence of strain and chemical energy in Ge,Si;_
epilayer grown on Si substrate, respectively. The layer
thickness is less than critical and the temperature of the
solutions is 180 K. Line 2 has two minima that have com-
mon tangents (dotted line) and indicates that spinodal
decomposition will take place if the strain energy is not
included (bulk Ge-Si). Line 3 is the sum of two kinds of
energy. Then the two minima existing in line 1 disap-
pear, and 0>G/dx? < 0. It means that spinodal decompo-
sitions will not occur and strain energy stabilizes the
epilayer. The fundamental method of determining the
composition of decomposition products is drawing of a
common tangent to the composition-dependent Helmholz
free energy (dotted line in Fig.1). The two tangent points
x1 and x; represent the compositions of equilibrium phases
after the decomposition (in this case 7= 180 K). The
results of analyses of the Helmholz free energy for bulk
and epistrained Ge-Si are presented in Fig.2. Line 1 rep-
resents the miscibility gap for bulk Ge,Si;_, alloys. Points
x1 and x, determined in Fig.1 meet the x points on binodal
line 1 in Fig.2 at 7= 180 K. Lines 2 and 3 represent the
miscibility gaps for epistrained Ge,Si;_x alloys with thick-
ness of epilayer equal 150 A and / < /¢ (only effects of
strain), respectively. When the layer thickness decreases,
the strain effect increases, and the miscibility gap nar-
rows. When the strain effect is taken into account, we
observe that the left tangent’s point on the Helmholz free

Table 1. Parameters used in the calculations [20]

Lattice Young’s modulus  Poisson ratio
parameter (A) of elasticity
(N/m?)
C 3.567 6.9x10!2 0.25
Si 5.43 1.1x10!! 0.266
Ge  5.658 7.58x1010 0.28
a-Sn 6.49 4.69x1010 0.36
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Fig. 2. Spinodal and binodal decomposition range for bulk and
epistrained Ge,Si;_,/Si alloy with various thickness of epilayer.
1 — bulk Ge,Sij_,; 2 — Ge,Si;/Si (001) & = 50 A; 3 — Ge,Si|_,/Si
(001) & < h¢. Solid lines — binodals, dotted lines — spinodals.

energy shifts to the right (high Ge content terminal) and
the position of the right tangent point changes only
slightly. It suggests that the miscibility gap becomes
smaller. Fig. 2 shows that the critical temperature de-
creases with strain energy and relaxation. The reason is
that the epilayer with high Ge composition has a large
mismatch with a Si substrate, so the critical thickness is
very small, even thinner than a single atom layer line / in
Fig.3. As a result, the epilayer with any thickness is to-
tally relaxed, and the residual strain is very small. Hence,
the effect of strain is very small. On the contrary, if the Si
composition is high, the residual strain is sensitive to the
layer thickness.

We have a good agreement of our critical thickness
calculations for Ge,Si;_/Si with experimental work of
Bolhovitanov et al. [21] (Fig. 3) Furthermore, the criti-
cal temperature T = 235K for bulk Ge,Si;_, isin a good
agreement with other ab-initio methods of calculations
that include electronic interactions: 7= 240 K [4].

h., A
300

250 -
200
150 1
100 1

50

G T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Si X Ge

Fig. 3. Critical thickness for Ge,Si;./Si alloy. 7 — Ge,Siy_,/Si (001) —
our calculations; 2 — Ge,Si;_,/Si(001) [22].
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Fig. 4. Spinodal and binodal decomposition range for the
Ge|_4Sny alloy in bulk and epitaxial cases. / — bulk GeSn;
2 — GeSn/Ge(001) & = 25 A. Solid lines — binodals, dotted lines —
spinodals.

B. Ge;_Sn, thin solid films

Our next step was to calculate diagrams of stability for
disordered Ge;_4Sn, solutions (Fig. 4). We showed that
this alloy has a metastable region at 0 < x < 0.18 at
T=100 K. Modelling a film-type GeSn pseudomorphic
alloy (h =25 A) on Ge substrate showed the increasing of
metastable region to x =0.3 at 7= 100 K. But we did not
observe the common decreasing of critical temperature.
This fact can be partially explained with finiteness of
critical thickness GeSn/Ge. The relaxation energy by
means of mismatch dislocations compensates the strain
energy, if thickness of layer was larger than critical.
Analizing the experimental techniques of this alloy grow-
ing [10], we came to conclusion that practical prepara-
tion of GeSn/Ge alloy at 0 < x < 0.20 can be done only
by low-temperature growth techiques. These techniques
confines the decomposition processes that are caused by
the temperature and diffuse tendency in alloy for the step
of formation. In Fig. 5 shown are our calculations of

heo A
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100 u
1 \\\\\
50 T~
T 7

d T d T d T d y T v
0.00 005 010 015 020 025 030 035 040
Ge X Sn

Fig. 5. Critical thickness for Ge;_,Sn,/Ge alloy. I — Ge;_4Sn,/Ge
(001) — our calculations; 2 — Ge;_,Sn,/Ge(001) [10].
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Fig. 6. Spinodal and binodal decomposition range for the
Si;_Sn, alloy in bulk and epitaxial case. / — bulk SiSn; 2 — SiSn/
Si (001) 2 = 25 A. Solid lines — binodals, dotted lines — spinodals.

critical thickness for disordered Ge;_,Sn, solid solutions
on Ge (001) substrate. The critical thickness exists only
for 0 < x < 0.35, because the lattice mismatch between
Ge and Sn is 13.9%. Moreover we show in Fig. 5 the
experimental data of h¢ for GeSn/Ge [10]. We have some
variance between experimental and calculated data that
can be explained by different interpretations of the “criti-
cal thickness” term. The authors in [10] understand the
critical thickness as the thickness when the alloy becomes
amorphous. We understand h¢ as a boundary thickness
of film when the mismatch dislocations appear, that is
the classical formulation of the “critical thickness” con-
cept.

C. Si;.Sn, thin solid films

We show the stability diagram for disordered Si;_4Sny
solutions in Fig. 6. Si;_,Sn, alloy is less stable than
Ge_Sny, because there is a bigger lattice mismatch be-

hC > :&
30

254

20

O T T T
0.1 0.2 0.3 0.4

Si x Sn
Fig. 7. Critical thickness for Si;_,Sn,/Si alloy.
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tween Siand Sn (17.9%) than between Ge and Sn (13.9%)
components. Larger instability of SiSn solutions can be
observed by increasing the critical temperature of
spinodal decompositions in contrast to the alloys pre-
sented before. The diagrams of stability for strained
Si;_«Sny film on Si substrate with 42 = 25 A are shown in
Fig. 6. One can see that substrate has a great influence
on spinodal region of SiSn, for example metastable re-
gion increase to x = (0.247, and stable one — to x = 0.146
at T=200 K. We did not observe the total decreasing of
critical temperature, similarly to Ge|_xSn,/Ge. Further-
more, the behavior of critical thickness of GeSn/Si films
hc = f(x) (Fig.7) is similar to the alloys presented before
and is equal to 0 at x > 0.32.

D. Si;_C, thin solid films

The formation enthalpy of disordered (D) and ordered
(O) (zinc-blende phase - ZB) Sij) sC 5 (Fig. 8) was evalu-
ated for accurate modelling and for explanation of spe-
cial behavior of Si;_ C, phase diagrams. Our calcula-
tions showed that formation enthalpy for disordered case
is AHp.sic = 1.81 eV/atom, and for ordered AHg sic =
=-0.385 eV/atom. Hence, ordered ZB-phase is more sta-
ble and more advantageous than disordered phase of SiC
alloy. One can see great ordering tendency at x = 0.5 in
Si;_<Cy that explains existing of chemical ordered Si-C
compound on phase diagrams. Fig. 8 shows the data of
other theoretical enthalpy calculations [22] in general-
ized functional approximation to the density functional
theory for ordered SiC. We have a good agreement for
the formation enthalpy between our classical molecular-
dynamics calculations and other calculations including
electron interactions: (AHg.sic = —0.385 eV/atom (our
calculations), AHg_gic= —0.378 eV/atom [22]). The mini-
mum of formation enthalpy for ZB-SiC (Fig. 8) corre-
sponds to the equilibrium volume (V = 76.22 A3 =>
a =4.24 A) analogously determined for all sequences of
x data.

AH, eV/atom
v

_1 T T T T T
65 70 75 80 85 90 95
N

Fig. 8. Enthalpy of formation for Sij sC 5 disordered and ZB-
ordered alloys. Solid line — ZB SiC; dashed line — disorder SiC;
dotted line — ZB SiC[22].
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Fig. 9. Spinodal and binodal decomposition range for the Si;_Cy
alloy in bulk and epitaxial case. / — bulk Si; 4Cy; 2 — Sij 4C,/Si
(h = 10 A). Solid lines — binodals, dotted lines — spinodals.

We constructed the diagram of stability for Si;_,Cy
ordered solutions in bulk and epitaxial case (Fig. 9) by
the methods described before. The solubility of C in Si is
very small and even at Si melting-point it is only 1070 %.
Moreover, big lattice mismatches make the growing proc-
ess of bulk Si;_4C, impossible at normal conditions that
we can see in Fig. 9. The behavior of spinodal and binodal
boundaries defines three regions in which alloy is in sta-
ble or metastable phaseat 7=100K (/- 0<x<0.18;2—
0.46 < x <0.74; 3-0.95 < x < 1). We found the exist-
ence of critical thickness for epistrained Si;_xCy on Si
substrate in the first region. Experimental works [13]
showed that only in this region pseudomorphic Si;_xC,/Si
alloys at x = 3.5 % can be grown. We modelled thin layer
of Si;_C, with =10 A. The influence of substrate defor-
mation on stability is considerable, as shown in Fig. 9.
The stable region was increased to x = 0.18, and
metastable to x = 0.27 at 7= 100 K. These data make
possible to grow biaxially strained Si;_4Cy films at
x < 0.2. The behavior of critical thickness of Si;_,C,/Si

hC,A

35

301

25

201

157

107

5

0 T T T T T T T T T T T
0.05 0.10 0.15 0.20 0.25 0.30

Si X
Fig. 10. Critical thickness for Si;4C,/Si alloy.
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(001) alloy (Fig.10) is similar to ATV-BIV alloys investi-
gated before. Small values of h¢ to similar x values in
other solid solutions can be explained by the largest lat-
tice mismatch of components in Si;_Cy (41.6%) and so
the most limited influence of strain energy on stability of
epitaxially grown alloy.

4. Summary

An molecular dynamics approach to calculate the misci-
bility gap of Ge,Sij_, Ge|_«Sny, Sij_«Sn, and Si;_,C, bi-
nary systems has been proposed. The approach includes
both the strain energy and the relaxation effect. The strain
effect results in diminishing the miscibility gap. The thin-
ner the epilayer, the smaller the miscibility gap. The criti-
cal layer thickness also decreases with compositions x.
We have a good agreement with experimental data for
critical thickness of GeSi/Si and GeSn/Ge. Formation
enthalpies for disordered and ordered Sig sC 5 alloys were
calculated and the stability as well as validity of our ZB-
SiC model were grounded, too. The diagrams of stability
for Ge,Sij_y, Gej_Sny, Si;_Sny, Sij_,Cy binary solid so-
lutions were built, and the influence of different thick-
ness of “native” layers on stability of these alloys with
epitaxial deformations was calculated. The effect of layer
thickness will have great influence on the miscibility gap.
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