
November 22, 2008 15:34 01195

Surface Review and Letters, Vol. 15, No. 6 (2008) 829–832
c© World Scientific Publishing Company

CRITICAL THICKNESS OF EPITAXIAL GROWN
SEMICONDUCTOR FILMS WITH

STRAINED STRUCTURE

J. C. LI∗, M. LI and Q. JIANG
Key Laboratory of Automobile Materials of Ministry of Education,

and Department of Materials Science and Engineering,
Jilin University, Changchun 130025, China

∗ljc@jlu.edu.cn.

Received 23 May 2008

The critical thickness of structural transition from a tetragonal structure to a normal bulk
structure for epitaxial ultrathin films deposited on the metallic and semiconductor substrates
is thermodynamically considered. It is found that equilibrium between the elastic energy of the
tetrahedral structure and the film–substrate interface energy is present when a critical thickness
is reached. The predictions of the critical thickness are in agreement with the experimental
results of films.
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1. Introduction

Both scientific and technological interests have con-
tributed to rapid advances in the field of thin film
epitaxy.1–3 One of the most intriguing questions in
the field of crystal growth is which structure appears
during the growth of a given semiconductor on a
given substrate. The ability to grow good-quality epi-
taxial metal or semiconductor layer by various depo-
sition methods is rather interesting scientifically.4–7

Some epitaxial metal or semiconductor thin films
were successfully grown.5–15 A thermodynamically
stable structure is dictated by the surface and inter-
face free energies and by the difference in the lat-
tice constant of the substrate and the material that
is being deposited. The epitaxial growth leading to
the structure of the grown films is affected by the
corresponding substrate with certain crystal planes.8

It is clear that to minimize the total Gibbs free

energy of the film G, the film could prefer to take
lattice strain at the film–substrate interface εi to
avoid any increase of the film–substrate interface
energy γi from a coherent interface to a semi-coherent
or a noncoherent interface, since the γi value of the
coherent interface is one order smaller than that
of the noncoherent one. At some special cases, a
metastable structure may be present, such as the
high temperature phase of fcc Fe, since the structure
has a smaller εi and thus γi. However, as the layer
number n increases, or the surface (interface) area
Af = Vf/(nh sin θ) decreases, where Vf is the volume
of the film, h sin θ shows layer distance of the film
with h being the atomic diameter and θ the dihedral
angle of the two layers, the total value of molar
elastic energy Uel (and additional solid state transi-
tion enthalpy Uss when the structure is a metastable
one) will be larger than that of the molar interface
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energy Ui. Subsequently, the stable strain-free struc-
ture is recovered at nc where a structural transi-
tion from the strained structure (and even from a
metastable one) to a normal one occurs.

In this contribution, nc of some semiconductor
thin films is calculated based on classic elastic the-
ory and an assumption that elastic strain on the free
surface of the film is always absent even. The results
show that the predictions for nc are in agreement
with the experimental results.13–15

2. Model

For a film epitaxially grown on a substrate, G can be
expressed as

G = g + Uel + Us + Ui + Uss, (1)

where g denotes the bulk molar Gibbs free energy
of the film, Us the surface energy, Uss the addi-
tional solid state transition enthalpy when the film
has a metastable structure, which differs from the
corresponding bulk one. Otherwise, Uss = 0. To
identify different terms, several subscripts are used:
subscripts ic, is, and in denote the coherent inter-
face, semi-coherent interface, and noncoherent inter-
face; f and s the film and the substrate, respectively;
1 and 2 denote the states of a strained film with
a coherent film–substrate interface and a strain-free
film with a noncoherent or semi-coherent interface.
Assuming that g and Us values of the both structures
are the same and γic ≈ 0 since it is one order smaller
than γin and is only a fraction of γis, when the two
structures are in equilibrium, ∆G = G2 − G1 =
Ui − Uel − Uss = 0 at n = nc, or,

Ui = Uel + Uss. (2)

Since Ui has two choices of Uin and Uis depending
on the value of εi. Uin can be simply determined by

Uin = γinVf/nh sin θ, (3)

where γin has been determined by16

γin = 4hSvibHm/(3VmR), (4)

where Svib is the vibrational part of the overall
gram-atom melting entropy Sm, R is the ideal gas
constant, Vm is the gram-atom volume, Hm is the
gram-atom enthalpy of crystals. It is well known that
Sm consists of at least three components: positional

Spos, vibrational Svib, and electronic Sel,17

Sm = Svib + Spos + Sel. (5)

Note that for metallic crystals, because Spos and
Sel are negligibly small, Svib is determined approxi-
mately by18

Svib ≈ Sm ≈ Hm/Tm, (6)

where Tm is the bulk melting temperature.
However, for semiconductors and semi-metals,

the melting is accompanied by the semiconductor-to-
metal transition and Sel strongly contributes to Sm.
In this situation, Svib is determined by Mott’s equa-
tion as Svib = 3R ln(fS/fL) = (3/2)R ln(σS/σL),19

where f and σ denote characteristic vibration fre-
quency and electrical conductivity with subscripts
of S and L for crystal and liquid, respectively.19

However, because the parameters in Eq. (6) are
unavailable, the following equation can be utilized
to simplify the calculation17

Svib = Sm − R. (7)

Since the interface in the considered case consists
of the film and the substrate, as a first-order approx-
imation, a mean value of them for γin is taken as

γin = (γin-f + γin-s)/2 ≈ 4h̄S̄vibH̄m/(3V̄mR), (8)

where h̄, S̄vib, H̄m, and V̄m are the mean values of
corresponding amounts of the film and the substrate.

Uis is induced by dislocation formation energy.
Thus, this value is equal to the product of disloca-
tion formation energy of a single dislocation (uis)
and the dislocation number on Af (N) where Af

is the area of the film. Let x- and y-axes be hori-
zontal directions along the interface, z-axis be per-
pendicular to the interface and the corresponding
subscripts denote the axis direction, on the assump-
tion that dislocations are edge dislocations, uis =

Ef h̄
2l

8π(1+vf )(1−νf )
, where Ef is the Young modulus, νf

denotes the Poisson ratio, l is the length of a dis-
location, h̄ here has the same size of the Burgers
vector.20 Ni = 2Vf/(lDnh sin θ) with D = h̄/εi being
the distance between two neighbor dislocations along
x- or y-axis. Thus, the total number along two axes
N = 2Ni = 4εiVf/(ln sin θh̄2) with h ≈ h̄ and Vf is
the volume of the film. Let Uis = Nu is, it reads

Uis =
EfVfεi

2π(1 − ν2
f )n sin θ

. (9)

Uel value in Eq. (2) can be determined based on
the classic elastic theory. For an isotropic solid, it is
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assumed that εx = εy = 0 at the surface of the film
and σz = 0, where σ denotes the stress since εi does
not induce σz ,

εx = εy = εi[1 − z/(nh sin θ)], (10)

where z shows the distance from the interface along
z-axis. εi in Eq. (10) is expressed as

εi = (hf − hs)/hs. (11)

According to Hooke’s law, uel = Ef
1−vf

ε2
i [1 −

z/(nh sin θ)]2, where uel shows the unit volume
elastic energy,

Uel =
∫

V

ueldV

=
AfEfε

2
i

1 − vf

∫ nh sin θ

0

[1 − 2z/(nh sin θ)

+ z2/(nh sin θ)2]dz,

or

Uel =
VfEfε

2
i

3(1 − νf)
. (12)

When Ui determined by Eq. (3) or Eq. (9) and
Uel in Eq. (12) are substituted into Eq. (2) at n = nc,

nc =
4(1 − vf)S̄vibH̄m

sin θV̄mREff(Uss)ε2
i

, (13)

where

f(Uss) = 1 +
3(1 − vf )Uss

Efε2
i Vf

. (14)

Note that when Uss = 0, f(Uss) = 1 in Eq. (13),
which is the case without metastable phase. From
Eq. (13), nc is proportional to 1/ε2

i . Thus, as εi

decreases, nc increases.

3. Results and Discussion

To understand a general characteristic of the model
prediction of Eq. (13), a 3D plot for the function of
nc vs Ui and εi in terms of Eq. (13) is shown in Fig. 1
where some assumed parameters are given. It is clear
that a thicker epitaxial film can be obtained when εi

value is small and Ui value or γi value is larger.
The detailed model predictions of Eq. (13) for

nc and the corresponding experimental results n′
c of

some films grown epitaxially on different metallic and
semiconductor substrates are listed in Table 2, where
the necessary parameters used in Eq. (13) are shown
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Fig. 1. A 3D plot for the function of nc vs Uin and εi in
terms of Eq. (13) where h sin θ = 0.25 nm, E = 100 GPa
and ν = 0.3 are taken.

Table 1. The needed parameters for the calculation of
Eq. (13) where h is in Å, Vm in cm3/g-atom, Tm in K,
Hm in kJ/g-atom, Svib in J/g-atom K, and E in GPa.
Vm = N0vm, where N0 is the Avogadros’ constant and
vm is the mean atom volume in the corresponding crys-
talline structure, vm = a3/8 for zinc blende structure.
Svib values are calculated by Eq. (7) for semiconductors.
hs of InAs, GaAs, and SiC are taken as the averaged cova-
lent diameter of In(h = 2.88 Å) and As (h = 2.4 =,Å),
Ga (h = 2.52 Å) and As (h = 2.4 Å), Si (h = 2.22 Å) and
C (h = 1.54 Å), respectively.

Substance h Vm Hm Tm Svib

InAs 2.6421 12.122 26.3617 121517 17.54

GaAs 2.4621 13.622 48.5517 151117 27.97

SiC 1.8821 6.223 8.7524 325924 2.69

in Table 1. The predicted results are in agreement
with the experimental ones.

The above agreements imply that the film–
substrate may be semi-coherent or noncoherent,
which exactly depends on the energetic conditions.
As εi decreases, nc increases. Owing to the require-
ment of lowering of the film–substrate interface
energy, a film can even take a metastable struc-
ture with smaller mismatch on the interface. It is
interesting that since now the metastable struc-
ture is energetically favorable, the structural trans-
forms to the corresponding stable structure directly
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Table 2. Comparison between model predictions of
Eq. (13) (nc) and experimental results (n′

c) for some
semiconductor films, where Eqs. (13) and (14) are uti-
lized according to the relative value of εi and whether
there exists Uss. sin θ values in Eq. (13) are

√
2/2 and√

6/2, respectively, for (100) and (0001) planes. εi is
determined by Eq. (11) with data of Table 1.

Film/substrate(facet) εi nc n′
c

Febcc on InAs(100) 0.25 1.2 3.513

Febcc on GaAs(001) 0.28 2 314

Si on SiC(0001) 0.25 1.3 1.415

without possibility to form the strained tetragonal
structure. Moreover, as above-mentioned, a substrate
with larger Hm value will benefit the obtainment of
a larger nc value.

4. Conclusion

In summary, through a thermodynamic consider-
ation, the number of critical layers of epitaxial
grown ultrathin films on metallic and semiconductor
matrixes has been determined for several elements.
It is found that the predicted values are in agreement
with the experimental results where nc is related to
not only εi but also Hm. In order to obtain a larger
nc value, a smaller εi value and a larger Hm value
are needed.
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