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Ab initio determination of the atomistic structure of SixGe1Àx alloy
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~Received 31 May 2001; published 30 October 2001!

We have performed systematicalab initio studies of the structural properties of SixGe12x alloy. To simulate
the disordered alloy we use supercells where the Si and Ge atoms are randomly placed with the constraint that
the pair correlation functions agree with their values for a perfect random alloy within a given tolerance. We
obtain that the Si-Si, Si-Ge, and Ge-Ge bond lengths dependence with composition varies only slightly for the
different kinds of bonds, with topological rigidity parameters between 0.6 and 0.7.
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I. INTRODUCTION

In the past few years, SixGe12x has overcome the reputa
tion of a promising new material to become a reality for t
microelectronics industry.1,2 That happened mainly becaus
of growth technique improvements.3 The interest in this alloy
is due to the possibility of band-gap engineering, as wel
the development of high-speed electronic devices base
Si/SixGe12x heterostructures.1,3

Usually SixGe12x is grown on a Si substrate.2 Thus, there
is a lattice mismatch of up to 4%, depending on Ge conc
tration. Traditionally, the alloy would be grown pseudomo
phically up to a critical thickness, with biaxial stress in t
directions perpendicular to the growth. Nowadays, SixGe12x
alloy may also be grown fully relaxed, with the use of gra
ing composition layering techniques.4 In this work we focus
on the relaxed alloy.

Knowledge of the atomistic structure of this alloy is
prerequisite for the determination of several other import
properties of this material, for instance, electronic propert
optical properties, thermodynamical properties, defects p
erties, etc. However, despite several experimental and t
retical studies, detailed understanding of the local struc
of SixGe12x alloy is still an open question. In thermodynam
cal equilibrium at room temperature, SixGe12x forms a
model random alloy without any substitutional order. Th
means that Si-Si, Si-Ge, and Ge-Ge bonds coexist in
material in ax2:2x(12x):(12x)2 proportion. Equilibrium
bond lengths and angles are determined by the compet
between two mechanisms:~i! if bond bending is energeti
cally favorable, the system tends to reach the Pauling lim5

where the bond lengths are the sum of the constitu
element atomic radii. As a consequence, they are comp
tion independent.~ii ! On the other hand, if bond stretching
energetically favorable, the system tends to reach the Ve
limit,6 where all the bond lengths have the same value
vary linearly as a function of composition.

It is well established that the character of the bonds
SixGe12x is closer to the Pauling limit than to Vegard’s7

However, theoretical and experimental results disagree a
the details of the bond-length dependence on composit
Previous theoretical, non–ab initio studies indicate that al
three bonds Si-Si, Si-Ge, and Ge-Ge have the same beh
as a function of composition. On the other hand, experim
tal results indicate that the dependence on composition va
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s
on

n-

-

t
s,
p-
o-
re

e

on

,
t-
si-

rd
d

n

ut
n.

ior
-

es

strongly with the kind of bond. In particular, Aubryet al.7

claim that the Si-Si bond length has almost no depende
on the alloy composition, whereas for the Si-Ge and Ge-
the bond-length dependence on alloy composition is sign
cant.

Here we reportab initio, quantum mechanical calcula
tions, for the structural and thermodynamical properties
the SixGe12x alloy. As far as the structural properties a
concerned, we focus on the variation of the bond leng
with composition for two reasons:~i! this property is very
important for the determination of the structure of the allo
and~ii ! it is necessary to understand better the discrepan
described above between experiments and theory. In Se
we show how we simulate a random alloy by means o
finite-size supercell, and we also describe theab initio, elec-
tronic structure calculations framework. In Sec. III w
present our results and discuss them in comparison with
vious calculations and experiments, and finally in Sec. IV
summarize our main conclusions.

II. THEORETICAL PROCEDURES

We performedab initio, total energy calculations in orde
to determine the most stable microscopic configurations
SixGe12x . In order to do that, it is necessary to model t
alloy by means of periodically repeated, finite superce
First, we discuss how we generate a truly random distri
tion of Si and Ge atoms in the cells. The procedure we u
is related to the special quasirandom structure~SQS! model
proposed by Weiet al.8

For a supercell with a given number of sites, we gener
a configurations where all the cell sites are occupied by th
components of the alloy. Then, we calculate the pair co
lation functions, given by

Pm~s!5
1

ZmN (
i , j

Dm~ i , j !SiSj . ~1!

HerePm is themth-order pair correlation function,Zm is the
number ofmth-order neighbors to a site,N is the number of
atoms in the cell,Dm( i , j ) is 1 if sitesi and j aremth-order
neighbors and zero otherwise, andSi is a variable taking
values21 if site i is occupied by Si and11 if it is occupied
by Ge. For a perfectly random~R! infinite alloy, the pair
correlation function does not depend onm,
©2001 The American Physical Society02-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 193202
Pm~R!5~2x21!2, ~2!

wherex is the Si concentration. For a given configuration w
calculate the deviation from randomness as

dPm~s!5uPm~s!2Pm~R!u. ~3!

The quantity above indicates how random thes configu-
ration is. Our protocol to generate an acceptable config
tion is the following:~i! we place the Si and Ge atoms in
N-atom supercell at random, with a specified composit
(NSi /N5x); ~ii ! we calculatedPm(s) for that configura-
tion; ~iii ! if it is large, the configuration is not statisticall
independent. Then, we generate a new configuration as i~i!
and repeat the process until the calculateddPm(s) are
smaller than a chosen tolerance«. For the 128-atom super
cells, we search for alloy configurations that obey the follo
ing criteria: dPm(s)50 for m51, 2, and 3 anddPm(s)
<0.001 for m54 and 5. For the 16-atom supercells, w
search for alloy configurations that obeydPm(s)50 for m
51, 2, and 3.

After selecting the random configurations using the p
cedure described above, we performed first-principles, t
energy calculations,9 based on the density functional theory10

with the local density approximation11 ~LDA ! for the
exchange-correlation potential. The electron-ion interacti
are described using the norm-conserving pseudo
tentials of Bachelet, Hamann, and Schlu¨ter12 in the
Kleinman-Bylander13 form. A plane-wave basis set was us
with an energy cutoff (Ecut) of 12 Ry for the 128-atom cells
and 20 Ry for the 16-atom cells. For the 128-atom cells
Brillouin zone ~BZ! was sampled using theG point, and for
the 16-atom cells it was sampled with 10 specialk points.14

We always begin the calculations with the atoms sitting
the sites of a diamond lattice. Then, the total energy of
cell is minimized by allowing all atoms to move in the d
rection of the forces, until all force components are sma
than 0.025 eV/Å.

The systems which we calculated could, in principle,
trapped in metastable configurations. So we have done s
tests in order to rule out this possibility. Beginning with th
relaxed cell, we introduced random displacements in
atomic positions and let the system relax again. For rand
displacements amplitudes up to 15% of the average b
length, the system always relaxes back to the same con
ration it had before. Therefore, it is unlikely that the config
rations we have determined are trapped in a local minim
of the total energy.

After this procedure is done for several alloy compo
tions, we can plot the average bond length between atoi
and j, as a function of the Si composition (x). The slope of
these curves (u i j ) are related to the rigidity of the lattice. Th
topological rigidity parameter (a** ) can be defined as15

ai j** 512
u i j

~RSi
0 2RGe

0 !
, ~4!
19320
a-

n

-

-
al

s
o-

e

e

r

e
me

e
m
d
u-

-
m

-
s

whereRSi
0 andRGe

0 are the equilibrium bond lengths for bul
Si and Ge, respectively. Ifa** →1, the system reaches th
Pauling limit, whereas ifa** →0, the system reaches th
Vegard limit.

III. RESULTS AND DISCUSSIONS

A. Lattice parameter and alloy formation energy:
Composition dependence

It is well established experimentally that the lattice p
rameter of SixGe12x , as a function ofx, presents a slight
deviation from linearity.16 The lattice parameter versus com
position curve has a small, negative bowing. Therefore,
do not assume linearity, also known as Vegard’s law,6 but
instead we determine the equilibrium lattice parameter
each composition studied. To perform such a task, we u
the 16-atom cells, because at this size it is feasible to perf
calculations that have total energies fully converged with
spect toEcut and BZ sampling.

For each composition studied, we calculated the total
ergy, as described above, for several volumes around
experimental volume. Then, the total energies obtained w
fitted by the Murnaghan equation of state,17 which resulted in
the equilibrium lattice parameter@a0

eq(x)# for each composi-
tion. To quantify the bowing of the lattice parameter, w
define its deviation from linearity as

Da0~x!5@xa0
Si1~12x!a0

Ge#2a0
eq~x!, ~5!

wherea0
Si anda0

Ge are the lattice parameters of bulk Si an
Ge,18 respectively. Notice that, according to the definitio
above,Da0 is positive when there is a negative bowing
the lattice parameter. In Fig. 1 we compare our results
Da0 with experimental results16,19 and empirical
calculations.20 The agreement between our calculations a
the experimental measurements is very good.21 This gives us
confidence that the modeling of the random alloy by the S
procedure is a good approximation, even for a cell

FIG. 1. Deviation from linearity of the lattice parameter, as d
fined in Eq.~5!. Solid circles are our calculations, open circles a
experimental results from Ref. 16, and triangles are empirical
tential results from Ref. 20.
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BRIEF REPORTS PHYSICAL REVIEW B 64 193202
small as 16 atoms. In all calculations with the 128-atom
percell, we use the lattice parameters determined by the
cedure described above.

In Table I we show the alloy formation energyDE(x)
defined as

DE~x!5ESixGe12x
2@xESi(bulk)1~12x!EGe(bulk)#, ~6!

whereESixGe12x
, ESi(bulk) , andEGe(bulk) are the total ener-

gies per atom for the SixGe12x alloy and the Si and Ge bulk
respectively. As can be seen from Table I, our result fox
50.5 is in good agreement with the experimental result
Stringfellow.22 Moreover, all our numbers are in fair agre
ment with previous theoretical calculations.23,24

As expected, the alloy formation energy is larger forx
50.5 than forx50.25 andx50.75. This is a consequence
a larger number of unlike bonds in thex50.5 alloy. The
small values ofDE(x) ~always smaller than.5 meV/atom)
for SixGe12x imply a low critical temperature (Tc) for the
decomposition of this alloy. The simplest way to calculateTc
is by equatingDE(x) to TcDS(x), whereDS(x) is defined
using an equation similar to Eq.~6! above, where the energ
E is replaced by the entropyS. If we consider only the con-
figurational entropy,Tc.80 K for x50.5. This is the reason
why, for most of the relevant temperatures, SixGe12x is a
random alloy, as long as it is in thermodynamical equil
rium.

B. Bond lengths: Composition dependence

Recently, two experimental groups7,25 have addressed th
issue of the composition dependence of the bond length
SixGe12x . Aubry et al.7 performed x-ray-absorption fine
structure measurements, and Ridgwayet al.25 performed ex-
tended x-ray-absorption fine-structure experiments. In R
25, the Si-Si bond lengths were not measured. In Table II

TABLE I. Alloy formation energy in meV/atom.x is the Si
composition, and 16 and 128 refer to the size of the supercells
in our calculations.

x 16 128 Experimentala

0.25 3.0 3.5 -
0.50 4.7 4.8 6.5
0.75 2.3 3.2 -

aReference 22.

TABLE II. Topological rigidity parametera** as defined in Eq.
~4!. Our results compared with experiments.

Bond Our results Aubryet al.a Ridgwayet al.b

Si-Si 0.73 0.94 NAc

Si-Ge 0.69 0.84 0.88
Ge-Ge 0.65 0.70 0.72

aReference 7.
bReference 25.
cNot available.
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show the values of the topological rigidity parameter (a** )
obtained in these experiments.

The same issue was studied by means of non–ab initio
calculations.15,26–28In these works, different kinds of empiri
cally fitted models were used, and they all reached sim
conclusions. Depending on the theoretical approach, the
ues reported fora** ranged from 0.60 to 0.71, and thes
values do not vary with the kind of the bond. This is
contrast to the experimental results, where one sees tha
value ofa** depends on the type of bond, being larger f
Si-Si and Si-Ge than the theoretical results.

Figure 2 shows the average lengths for each kind of b
as determined in our 128-atom supercell calculations. Si
we use the LDA, the bond lengths are underestimated
comparison with the experimental values, and we may o
compare the slope of our curves with the slope of the exp
mental curves. The dotted lines in Fig. 2 are the slope of
experimental results of Ref. 7. Forx50, the Ge-Ge bond
length has its equilibrium value of Ge bulk. When Si atom
are added to the material, the lattice parameter decrease
so do the Ge-Ge bond lengths. The same behavior is see
the other bonds~Si-Ge and Si-Si!.

From the slope of the bond-length curves shown in Fig
we can determinea** .29 In Table II we compare our value
with the experimental results. From Fig. 2 and Table II w
see that~i! differently from previous empirical calculations
our results show that the dependence of bond lengths
composition varies slightly with the kind of bond~however,
the variation observed experimentally is significantly large!;
~ii ! our values fora** are smaller than the experiment
values for all kinds of bonds, particularly for the Si-Si bon
~iii ! the results of Ref. 7 indicate that the Si-Si bond length
almost insensitive to the addition of Ge to the materi
whereas we find a small but non-negligible increase.

In order to make a better comparison between our res
and the experiments, it is important to mention the measu
ment uncertainties reported by Aubryet al.7 For the Ge-Ge,
Si-Ge, and Si-Si bond lengths versus composition curv
they find error bars in the range 0.005–0.02 Å
0.01–0.03 Å, and 0.02–0.06 Å, respectively. Interesting

ed

FIG. 2. Average bond lengths as a function of Si compositi
Circles are our calculations~the solid line is just a guide to the eye!,
and the dotted lines correspond to the slope of experimental m
surements of Ref. 7.
2-3



an
pe

m
12
th
,
ir
it

ith

ven
ed
ol-
ure-
s to

We
-

BRIEF REPORTS PHYSICAL REVIEW B 64 193202
the experimental error bars increase from Ge-Ge to Si-Si
also does the difference between our results and the ex
mental ones.

IV. CONCLUSION

In conclusion, we have performed a fullyab initio elec-
tronic structure calculation for the SixGe12x alloy, using su-
percells and an SQS-like method to simulate the rando
distributed configurations. For supercells as large as
sites, we obtain results for the behavior of the bond leng
with the composition slightly different from previous
non–ab initio calculations. All the bond lengths have the
topological rigidity parameters close to each other and w
e

.E

e

m
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values between 0.6 and 0.7. This is in disagreement w
some recent experimental findings.7,25 However, the uncer-
tainties in these experimental results are significant. Gi
the large success ofab initio methods, such as the one us
in the present work, to describe structural properties of s
ids, we believe that our disagreement with these meas
ments should motivate further, more sensitive experiment
be performed in order to resolve these discrepancies.
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