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Vacancy-mediated diffusion in disordered alloys: Ge self-diffusion in Si_,Ge,
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A model is proposed for vacancy mediated diffusion in disordered alloys, with particular application to Ge
self-diffusion in Sj_,Ge,. We argue that if the vacancies formation energi&sE) have a strong dependence
on the configuration of nearest neighb@N) atoms, there will be preferential diffusion paths for some
concentrations. For §i,Ge, we show that the VFE vary linearly from 2 to 3 eV as the number of NN Ge
atoms varies from 4 to 0. Thus, the equilibrium population of the various kinds of vacancies changes signifi-
cantly with x, and the diffusion proceeds by paths that do not necessarily resemble the concentration of the
alloy.
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The possibility of assembling devices in the nanometer However, their results lack a firmer theoretical model,
size scale has made the understanding of atomic diffusion since atx=0.5 it is not obvious why the Ge atoms would
crucial issué. Many of the structures that have been built or prefer to diffuse always through Ge-like environments. In the
proposed rely in their specific atomic distribution profiles to present work we provide a microscopic model, based on re-
function. Therefore, it is necessary to understand how thessults obtained by means of systematiedl initio calcula-
atoms diffuse at the relevant temperatures. As far as atomigons, that supports their speculations. We also discuss the
diffusion in ordered materials is concerned, severaldiffusion of Ge for other concentrations of the alloy. Our
theoretical and experimentdr® studies were done recently. main point is the following: if the diffusion is mediated by
But atomic diffusion in disordered materials, due to its com-intrinsic defects, such as vacancies, for example, and the
plexity, has received much less attention. Nevertheless, thi@rmation energies of these defects depend strongly on their
importance of atomic diffusion in a disordered host cannoimmediate neighborhood, then, in a disordered alloy, there
be overestimated because many of the materials that agill be preferential paths for the diffusioffor some concen-
technologically important are disordered, for example, subtrations. It should be pointed out that, even though we dis-
stitutionally disordered alloys$e.g., Si_,Ge,), amorphous cuss in detail the Ge self-diffusion in the,;SiGeg, alloy, this
isolants(e.g.,a-Si0O,), and amorphous semiconductdesg.,  conclusion may be extended to other systems. The hopping
a-Si:H). ionic conductivity in Ce-doped SgHRef. 8 is an example

The interest in studying the Si,Ge, alloys stems from  of a diffusion process in a quite different material, but with a
the fact that they are, currently, being used in a wide range ahechanism that is similar to what we propose here.
technological applications, mainly as heterostructure bipolar It is believed that self-diffusion in pure Ge is mediated
transistors. Moreover, many technological applications havenly by vacancie$.On the other hand, in pure Si, Ge dif-
been suggested recently, for example, transistors for quantufoses by a combination of vacancy and interstitial-related
computing® Also, from a fundamental point of view, this mechanisms.Consequently, it is reasonable to assume that
material may be viewed as a model system to study the efracancy-mediated Ge diffusion is present in_SGe, for
fects of disorder. In particular, atomic diffusion can be quiteany x, and that interstitial-mediated Ge diffusion is relevant
complex in Sj_,Ge,. For example, self-diffusion and impu- for Si-rich alloys becoming unimportant at some com-
rity or dopant diffusion often proceeds via different mecha-position x*, which is experimentally obtained to be
nisms in the elemental components Si and Ge. Thereforeyroundx* =0.2”
this poses the questions of what are the diffusion mecha- Since Sj_,Gg, is a substitutionally disordered alloy, the
nisms in the Si_,Ge, alloy and how do they change with  vicinity of a vacancy is not uniquely determined. As far as

Recently, Zangenbergt al.” have reported experimental the nearest neighborhoddliN) is concerned, there are five
results about the Ge self-diffusion in;SiGe, for O=x  different kinds of vacancies, and to understand the vacancy-
=<0.5. They measured the Ge diffusion coefficients by meanmediated Ge diffusion in this alloy it is necessary to deter-
of secondary-ion-mass spectrometry, for both relaxed as wethine the relative population of each kind of vacancy for a
as strained alloys, during annealing with temperatures begiven composition and temperature.
tween 850 to 1050 °C. For the relaxed alloys they reported a We have calculated the formation energies of vacancies in
decrease in the activation energi&s) with Ge composition  Si; sGe, 5 using first-principle methods. To our knowledge,
(x). In particular, forx=0 and x=0.5 they have found this is the firstab initio study of defects properties in a sub-
E.(x=0)=4.65 eV and E,(x=0.5)=3.23 eV, respec- stitutionally disordered material, where the disorder is con-
tively. Interestingly, the activation energy far=0.5 is al-  sidered explicitly. We used supercells with 128 atoms where
ready very close to its known vallien pure Ge E,(x=1)  the atoms were distributed as special quasirandom structures
=3.09 eV). To explain this result, the authors speculatec(SQS"s).9 Details of the preparation of the supercell were
that for x~0.5 the Ge atoms diffuse by paths that resemblegiven elsewher@ and here we only mention two important
pure Ge. points: (i) due to the SQS approach the disorder of the alloy
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is taken into account in an explicit way afid) the negative 5 32
bowing of the lattice parameter of ;Si,Ge, was considered 9; 3.0 e SigsGeos
explicitly. Also, it is important to mention that in a 128 atoms s s+ Ge +
supercell the distance between vacancies in neighboring cells 5 28 v Si }
is about 15.5 A. s26] | Linear Fit
The total energy calculatiotsare based on the density = o
functional theory? with the local density approximatiofifor g 24 % +
the exchange-correlation potential. The electron-ion in- L 22
teractions are described using norm-conserving pseudo- 2 50 i
potentials of Bachelet, Hamann, and Steid* in the 8-
Kleinman-Bylandel® form. A plane wave basis set with an S 18 " : " " "

energy cutoff E;,) of 12 Ry was used, but tests with,
=24 Ry showed that none of our conclusions would be af- Number of Si Atoms at 1st-Neighborhood

fected by using a largeE. ;. The Brillouin zone(BZ) was
y g 9% cut (B2) FIG. 1. Formation energies of the vacancies as a function of the

sampled using th& point. . .
Inporder togcreatepthe vacancy a chosen atom is remover&umber of Si in the nearest neighborhood. The error bars represent
schematically the variations in the energies due to different second

from the 128 atoms cell. However, in a random alloy eVeryneighborhood configurations. The linear interpolatidotted ling

site 1s unique, so we need to Sa”_‘p'e different p(_)SS'ble Va"sjustaguide to the eye. The triangles are the vacancies’ formation
cancy sites. We did that by repeating the calculation for va
cancies with different vicinities. After the removal of the

chosen atom the system is relaxed until all force components

energies for pure Sidown) and pure Geup), respectively.

are smaller than 25 meV/A. represent schematically the variation in the energies due to
The formation energy of a neutral vacancy sitting in athe different SN configurations and the dotted line is a linear
vicinity denoted byo is given by interpolation of the data. We see that the formation energies

increase almost linearly. The triangles represent the
vacancy formation energies in pure (&ef. 18 and pure Ge
TN —FET(i) _ ) . (R6f19
Er(D=Ex(D) EsiyGe M- @ At the thermodynamical equilibrium the population of-a
vacancy in Si_,Ge_ is given by
Herei represents the element that was removed to create the
vacancy(Si or Ge, E{(i) is the total energy of the system

with the vacancyEs; ce is the total energy of the alloy N7=NgP’(x)exp— GZ/kgT), 2
without any defects, ang; is the chemical potential for the
elementi '

We have calculated the vacancies formation energies athereNs is the total number of sites in the lattidey(x) is
the x=0.5 alloy for 12 different sites. Those sites were oc-the configurational probability for the configuration to ex-
cupied by a Si atom before the vacancy was cregtj'e'dom ist in thex concentration alloyG{ is the Gibbs free forma-
our results we conclude the following) The most impor-  tion energy of the vacancy at configuration and T is the
tant factor to determine the formation energy of the vacancYemperature.
is the number of Si and Ge atoms in the NN. Starting with @ - Assuming that, for a given temperature and composition,
configuration where there are only Ge atoms surrounding thge yiprational entropy and the finite temperature correction
vacancy, for which the formation energy is slightly above theo_f the internal energy of a vacancy is similar for all

vacancy formation energy in pure Ge, we observe that, as S}inities 20 e can calculate the relative population of the

atoms are added to the NN of the vacancy, the formation
; o D vacancy as
energy increases until it reaches a value that is slightly below

the formation energy of the vacancy in pure Si. This trend in
the formation energies is due to the smaller dangling bond TABLE I. Relative population of vacancies witlie, Ge atoms

e_nergy_of a Ge atom when compared to a Si at(JmWhen . in the nearest neighborhood, in equilibriumTat 950 °C. (Values
sites with the same NN are compared, the formation eNergi€s iler than 0.001 are shown as 0

vary by about 0.1 eV for different second neighborhoods

(SN’s). (iii) For §|tes with .the same fII’S.t and secpnd .nelgh-NGe Ge concentration
borhoods the difference in the formation energies is only 5% 50% 95%
0.001 eV. This implies that the configuration of the third
neighborhood and beyond is not relevant for the determina® 0.243 0 0
tion of a vacancy formation energy. 1 0.256 0.004 0
In Fig. 1 we plot the formation energies of the vacancies? 0.442 0.119 0
as a function of the number of Si in their NN’s. In order to 3 0.053 0.273 0.023
draw a general picture we display the formation energies fon 0.006 0.604 0.976

the same NN averaged over different SN. The error bars
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Ge concentration FIG. 3. Schematic picture for a likely vacancy vicinity in

FIG. 2. Average number of Ge atoms in the nearest neighborSi-xG&, for x about 0.5 or larger.
hood of a vacancy as a function of the composition.

When a given jump occurs, the vacancy changes from a

" Po(x)exp(—EZ/kgT) configuration with formation energir to a configuration
n?(x,T)= . () with formation energyEf:. The energy barrier for such a
> Po(x)exp(—EZ/kgT) jump may be approximately written &8*+ SEr, where

SEg is either zero when the jump creates a vacancy with

In Table I we show the relative populations for each kindlower or equal formation energy, i.EL<Ep, or it has the
of vacancy calculated using E). These populations were value SEg=Ef— Er if the vacancy formation energy in-
calculated assuming that the slope of the curve in Fig. kreases, i.eE,f:> Er. TheE}, term depends only weakly on
(formation energy versus number of Si in the NNbtained which process occurs, or, using Fig. 3 as an example, of
for the x=0.5 alloy, does not change significantly for the which of the four atoms is migrating.Thus, the preferential
other compositions. The populations are presented for one @rocess to occur will always have the smallest possilg,
the annealing temperatures of RefTA 950 °C. We can see which in general will beSEL=0. In this case the final va-
the following. (i) In the x=0.5 alloy, most of the vacancies cancy configuration will either be the same as the initial one,
will have four or three Ge atoms in their NN's, because thoser will be such that it has a smaller formation energy. For
are the vacancies with lowest formation energi@i9. For  example, in Fig. 3 the most likely atom to migrate is atom 1
Ge-rich alloys the relative population of vacancies sur-because only this case will result i#iEg=0 (the initial and
rounded only by Ge atoms is even larger due to the statisticdinal configurations are the samdhis conclusion, together
predominance of these sites in the netwdik) For Si-rich  with the result from Fig. 2, implies that the Ge atoms, while
alloys there is a competition between two factors: lower for-migrating, will have predominantly as NN'’s other Ge atoms,
mation energies, which favor vacancies with Ge-rich NN's,and the diffusion will be similar to the self-diffusion in pure
and the configurational probabilitig3’(x) which favor va-  Ge. This explains why, even for=0.5 where there are as

cancies with Si-rich NN’s. The vacancies with,Gk, vicini- many Si as Ge atoms, the experimentally measured activa-
ties will predominate but the populations of all other kinds oftion energy for Ge self-diffusion is already very close to the
vacancies are non-negligible. its value in pure Ge.

In Fig. 2 we plot the average number of Ge atoms in the The other regime applies to the Si-rich alloy. In this case
NN of a vacancy (Nge)), as a function of the composition  the average number of Ge atoms in the NN of a vacancy
The three curves correspond to typical annealing temperadrops quickly because vacancies with Si-rich vicinities are
tures of Ref. 7T=2850, 950, and 1050 °C. It is interesting to progressively more likely to happen. In this regime the dif-
note that these curves are far from being linear, Wity  fusion of Ge will be much more complex because the atom
being already very close to 3.5 at tlke=0.5 alloy. Forx  will find several kinds of environments while diffusing, and
<0.5, (Nge decreases quickly to zero and for-0.5 it in-  no preferential paths will necessarily exist. However, the ac-
creases smoothly to four. tivation energy should increase quickly to reach its value in

Based on the results presented here we can draw a pictupeire Si. Moreover, for low Ge concentration alloys, the
of the vacancy-mediated Ge diffusion in, S{Ge, that ex- interstitial-mediated diffusion should become non-negligible,
plains most of the results of Ref. 7. According to Fig. 2 it is adding more complexity to the diffusion.
clear that there are at least two distinct regimes for this dif- In conclusion, the formation energy of a vacancy in
fusion. If x is about 0.5 or larger, the diffusion will be pure- Si;_,Geg, depends strongly in its NN. For a NN with four Ge
Ge-like. In Fig. 3 we show a schematic picture of a likely atoms it is about 2 eV and for a NN with four Si atoms it is
configuration surrounding a vacancy in the alloy for this re-about 3 eV. It implies that, at equilibrium, vacancies with Ge
gime. A diffusion step happens when one of the four labeledich NN will predominate forx about 0.5 or larger. For Si-
Ge atoms in the figure jumps to the vacancy site. rich alloys, the population of vacancies with all possible vi-
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cinities will be significant. As a consequence, the vacancyence of Si atoms that are NN to the vacancies will become
mediated Ge self-diffusion can be analyzed in two main reunavoidable.

imes. Forx about 0.5 or larger, Ge atoms will diffuse in )
g g This research was supported by CNPq and FAPESP. We

pure-Ge-like paths. On the other hand, for Si-rich alloys - )
Ge will diffuse by more complex paths, because the exislso would like to thank CENAPAD-SP for computer time.
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