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Iron in relaxed Si,_,Ge, alloy: Band gap related levels, diffusion, and alloying effects
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The microscopic behavior of iron in relaxed, SiGe, alloy is addressed in the present work where various
new aspects are highlighted. atype materials two types of defects involving iron may coexist under equi-
librium; the isolated form, Fe and the iron-acceptor pair, FeA. The latter complex is favored over the
former because it is thermodynamically more stable. In each case the iron atom stabilizes at the interstitial
tetrahedral site. When boron is the acceptor impurity, both the isolated and the paired forms introduce donor-
like levels, distant from each other by 0.28 eV. In the relaxed & e, bulk alloy, these levels are shown to
remain separated by the same amount. However, they shift toward the valence band much faster than the
shrinkage of the band gap when the Ge content is increased. The consequence is that the pair-related donor
level merges with the valence band at a fairly low alloy compositios 7%) while the iron donor level is
predicted to disappear from the gap for25%. We also show that neither the entropy nor the enthalpy of
migration of free iron, whose experimental determination requires one to take into account the above-
mentioned shift, are affected by alloying. Therefore, the fast diffusing character, attributed to iron in silicon,
still holds in the alloy. The origin of spectral broadening, related to the chemical disorder, is discussed. Finally,
the major technological implication emerging from our new findings is addressed. In particular, we show that
both the gettering by segregation, routinely used in silicon, and the field-induced outdiffusion, established in
n-type silicon ten years ago, are totally inefficient in the_SGe, alloy.
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[. INTRODUCTION new minimum of the free energy results thus from a long-
range Coulombic attraction between the positively charged
Among the 3l metal impurities in silicon, known for their F&" and the negatively charged dopant. This property is cur-
detrimental effects in device technology, iron has attractedently used to determine the migration parameters as we shall
the greatest attention. Its properties, now very well estabe€ in the following. Under equilibrium such a system ac-
lished, allow this species to be used as a probe to test coffomodates two configurations; a metastable one consisting
cepts developed for modeling electrical properties, therm09f free mt_erstmal Feand a stable one re_prc_esented by the
: . L . “Fe—A; pair, where A stands for the substitutional acceptor.
dynamic, transport behavior, precipitation, and getterin

h 3 In the followi e th ; rhis pair adopts thé€l1l) axial symmetry where Festabi-
phenomena.in the following, we summariz€ the main as- |izaqg at the adjacent tetrahedral site. Subsequently, the same

pects of iron in silicon that are relevant for this article. The”'pair was found to accommodate a second configuration,
we motivate the need for investigating iron in SiGe alloy  \yhere Fe sits at the next hexagonal site along t{90)
materials. direction. Although slightly higher in energy, and thus less
In single silicon crystal, Fe diffuses basically through astable, a significant fraction of the pairs aligned along the
pure interstitial mechanism based on an exchange betwe&noo direction can, under special experimental conditions,
the hexagonal and tetrahedral sites, the latter being the stattbe observed.Electrically, the pair formation results in a de-
site while the former constitutes the saddle péifihe fact  activation of the acceptor. Free interstitia®feintroduces a
that silicon is an open lattice and the migration of Hees |evel at 0.38 eV above the valence band and exhibits a bar-
not involve intrinsic point defects implies both a low activa- rier for the capture of holes of 0.048 &90n the other hand,
tion entropy and enthalpy, characteristic for a species nothe hole traps representing both configurations of the Ke
constrained to the crystal lattice symmetry. A simple modelpair depend on the nature of the gopant? In boron-doped
based on the polarization energy, developed by Weisser silicon, the case of interest in the present work, the most
the early 1960s, predicts a charge state dependent migratigfable configuration induces a level located at 0.10 eV above
for impurities diffusing via pure interstitial paths. But, it has the valence band. Finally, an electron trap, located at 0.23 eV
only lately been demonstratétithat the migration enthalpy below the conduction band, has also been firmly established
of iron is incremented by roughly 0.10 eV for each additionalas being the second charge state of the same stabl® pair.
charge in going from Fe" to F€. In p-type silicon, the The successful technological application of SiGe, ob-
negative charge state of the acceptor induces an instability. Mously raises the same practical as well as fundamental is-
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sues. However, the situation in the alloy might be compli- Il. EXPERIMENTAL DETAILS

cated by the fact that the material is no longer homogeneous Relaxed bulk single crystalline Si,Ge, (111) oriented

and its band gap strongly affected by the alloy composition . ; .
implying both chemical and energetic local fluctuations. The’samples were grown by Czochralski technique in the Ar at-

. L _‘mosphere. The growth procedure is described in detail in
study of the dynamics of fr@nd Fe-B; pairs in the crys Ref. 15. The alloy compositior(=[ Ge]/[ Si]) varies in the

talline alloy is thus expected to further our knowledge on the .
subtle coupling between defects and band gap engineerin 'neg?r Or];gt: 12_?/?: as Tne?esu;idrbybggredﬁordd %ii'f;cat:e&?g
This subject has already led to the collection of a fair amoun pectro y. Th€ samples were ope g gro

. . . - 4
of data for other point defecfs? Our main motivation in with & uniform concentration ranging fromx110** to 3.5

the present study is to determine the energy level positionso>’r<1015 cm ° Th_|s range of doping has been found to be
both Fe and Fe—B;, as a function of the band gap variation usefgl in exploring th? interplay petween the energy level
due to a change in the Ge content. Then the impact of allogos't'on and the Fermi _Ie_vel affecting the electronic popula-
disorder on the diffusivity is examined, as the disorder is ion and thus the diffusivity.

expected to primarily affect the channels through which free Aﬁer standard c;hﬁn;:cal pollsh!gg a;nt?] clea?mg,f Tl'ghlyd
iron is supposed to migrate. It is worth noticing at this stag ure Iron was scrafched on one side of the walers followe

that a change in the level position, affecting its equilibrium y diffusion under argon atmosphefg00 mbay in sealed

electronic population, and the alloy disorder, possibly infly-2mpPoules. This process was carried out at 950 °C and fol-

encing the diffusion path, may have some consequence olﬂwed by a guenching to room temperature to impede the

the dynamic behavior of iron. We may, therefore, expect new °" from precipitating. Schottky diodes were formed by alu-
trends in Si_,Ge-based device précessing émd perfor_minum evaporation after etching away a few microns while
—X

mance. Finally, from a fundamental point of view, local fluc- gold ohmic contacts were (_jeposited on _the back side of the
' ' ' structure. Diodes without iron, but subjected to the same

tuation of the defect environment due to chemical inhomo- iah temperature heat treatment. did not indicate anv sianal
geneities may affect the electronic interactions, enablin 9 P . ' . y sig
vhich could be related either to process-induced defects or

spectroscopic broadening to become a useful source of infors. S ) S
mation. All these new aspects are investigated in detail in th@iSiocations; the latter possibly originating from the growth
; process or the quenching procedure.

present work, Deep level transient spectroscoLTS) measurements

To our knowledge only two groups have given attention to P . P . ; .

the behavior of Fe in the §i,Ge, alloy. Hoehneet all3 were recorded with two commercial systems. The first one is
X : ;

: . . 0. : a Semitrap spectrometer using the lock-in principle to pro-
carried ou.t spin resonance Orb-gdg.e @.012:F& with the am  cess the capacitance transient signal. The second one is a
of determining microscopic details on the local atomic ar-

Biorad system, based on the hypothesis of a pure exponential
rangement around the_ Fe atom. Although the auth_ors ®Viransient in which electronic sampling at two distant points
dencgd a line broadening, they were unable to elucidate th ong the time scale are enough to reproduce the observed
atomic structure of the defect. On the other hand, Nauka an e constant

Kamins* used deep level spectroscopy techniques to study
some metallic species, especially’fe in relaxed as well as
strained Sj_,Ge_ layers. These authors only focused on the
energy level position of Febut were able to investigate @  The most stable form of Fe in the lattice, resulting from a
large range of alloy composition leading them to address thghinimization of the free energy of the system
issue of the internal reference level with respect to they.sj _ Ge,:Fe, is the Fe-Bs pair. As stated in the Intro-
Si—Si_«Ge, band offset. They found that, with increasing duction, the formation of such a pair is a consequence of the
Ge content, the hole ionization enthalpy of free iron, coulombic attractioh® between the immobile B and the
AHy(x)[Fe""], decreases much faster than the band gapmopile F¢ . At moderate doping levels and low Fe concen-
They left untreated however the case of the-f& pair as  trations, the pair is formed within a few tens of minutes at
well as the iron diffusivity and the fluctuation related issuesyoom temperature, which is the time required for diode
which are addressed in the following. _ preparation. There are, however, accessible conditions under
In this article we first detail the sample preparation andhich Fe may be detached from boron and driven far away
experimental procedures. Then the results are presented afigrihe atomic scale. Such a metastable configuration could be
having recalled the main theoretical tools allowing quantifi-ept jong enough to allow observations of the isolated spe-

cation of the diffusion process. We will show in particular cies in the substrate. This is done by thermally dissociating
that while the energetic distance between the donor levels gf,o pair according to

Fe and Fe-Bg remains unaffected by adding Ge, the indi-

vidual levels shift toward the valence band much faster than B.Fe B, +Fg". (@]

the reduction of the band gap. Therefore, we confirm that in s s

contrast to the IlI-V and II-VI semiconductors, thd 8tate  However, if heating is a necessary condition for the reaction
cannot be used as independent, internal reference. We wiib be driven to the right, it does not suffice. Knowing that the
also show that alloying does not affect the diffusion behaviobinding energy of the pair is 0.65 eV in silicohthe law of

of Fe, at least for Ge content below 12%. Finally, a discusimass action enables a negligible equilibrium fraction of free
sion follows in which the main points and the major techno-Fg . To overcome this difficulty and thus favor a higher con-
logical implications of our findings are underlined. centration of isolated Fe a charge state conversion from

Ill. BASIC THEORETICAL TOOLS
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positive to neutral is needed for each thermally dissociated
Fe" . This is done by reverse biasing the diode while heating

according to
Vr
Fq+—> FQO. (2)

Biasing prevents each dissociated"Fgom undergoing a
Coulombic attraction by B. Basically, the procedure allows

a band bending such as the pseudo-Fermi level in the de-

pleted region is pushed above the iron-related leve{'(fe
converting each Fe resulting form reaction(1) to Fe.
Whereas reactiond) and(2) are conducted at temperatures

typically above 360 K, the reverse bias is kept until the diode

is cooled below room temperature, where free Beno
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longer mobile and DLTS measurement can be safely carried _ _
out. The Fe-related signal appears in a temperature range FIG. 1. Fe-donor related DLTS spectra as obtained in Fe-
determined by the rate window capabilities of the techniquetontaminated boron-doped;SjGe, for different Ge contents.

typically from 200 to 280 K.

On the other hand, reactiofl) left to itself under 0 V
results in the pair formation until equilibrium is reached.
This allows to study the Fe-B; pair-related level which
gives rise to a DLTS peak around 60 K. The correspondin
pairing kinetics enables us to determine the diffusion coeffi
cient of free F¢ . Reaction(1) being diffusion limited, the
rate of pairing is written as follow¥,

d[Fe](t) + 0
—gr = 4R D fT +RoDof }[Fel(D[BS](1).
3

In this equatiorf * is the fraction of ionized iron at equilib-
rium in the neutral region of the diode. It is given by

_ [T g
[Fe" 1+[Fe'] cptey’

+

(4)

wherec, ande, are, respectively, the hole capture and emis
sion rates and " =1— {0 stands for the fraction of positively
charged iron. FinallyD , represents the diffusion coefficient
andR, the capture radius of Feby the immobile B . The
same definition holds foD,, R,, and f° corresponding
to F€.

The kinetics equatioif3) can be simplified further if we
consider two important facts. First, the experimental condi

tions are arranged such that the iron atoms are diluted, sati

fying the condition] Fe]<[Bg]. This allows the boron con-
centration to be kept almost unaffected, that[B](t)

The spectra were recorded with the BioRad system using the rate
window e,=200 s 1, a pulse width of 20Qs, and a reverse bias of
V,=—2V while the filling bias was/;=0 V.

%vhere the left-hand side represents the electrostatic Coulom-
i

c energy of attraction between;Fand B . It is a simple
matter to show that within the temperature range of the
present investigation, the capture radRis is of the order of

50 A. On the other hand, the capture radius of neutral Rgn

is controlled by a very short range potentiathemical
forces which does not extend beyond 5 A. All these consid-
erations lead us to justify dropping of the tefRDof° in

Eq. (3). As a matter of fact, the neutral specie$ Ean easily

be analyzed in am-type substrate as we have shown a de-
cade agd. The injection into Eq.(3) of both the capture
radiusR, , extracted from Eq(5), andf ™, given by Eq.(4),
enables one to extract the time constant for pairing. This
quantity, being determined experimentally, is linked to the
dynamic parameters of Feaccording to

1
—47R, "D, [By].

Texp

(6)

The only unknown is the diffusion coefficiebt, (T), which

is extracted from a simple Arrhenius plot. This procedure
was successfully used in the past in silicon where very often
the parametef ™ was purposely set to unity. This is in gen-
eral justified as long as the acceptor doping level is above
5x 10" cm™3, allowing the Fermi level to be far below the

~[B]o. The consequence is important in the sense that th@P Which corresponds to,> €, in Eq. (4). We shall see
kinetics is of the first order as we shall demonstrate in thdnat this might be a crucial issue in;SiGe, where the

following. Second, although rigorously both positive an
neutral iron should be considered in E8), in practice the

ratio D, /Dy is of the order of 50 in the accessible tempera-

ture rangé’. This allows one to neglect the contribution of the

grelative position of the Fermi level and the trap strongly

depend on the alloy composition

IV. EXPERIMENTAL RESULTS

neutral species. Finally, owing to the simple Thomson

model!® the capture radiuR. is well described by the eg-
uipartition condition given by

¢ = 3|(T 5
Amrege, R, 2 ®

A. Level positions in the band gap

Starting with isolated Fe a set of DLTS spectra are dis-
played in Fig. 1 for different alloy compositions. The spectra
are recorded following the procedure described by reactions
(1) and(2). A reverse bias of-5 V, used to impede a reas-
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sociation of the mobile species ;Feith the immobile B, Ge content (%)

was deliberately higher than the reverse bias used for DLTS = 0

in order to analyze a region of uniform jFeoncentration. 10" ° 32

For the sake of clarity, the temperature range is intentionally i 4 64

restricted to 150—300 K where only the donor level {Fp o 02k v 95

is observed. The main striking feature is a very significant -.f ' ¢ 12

shift of the iron donor related peak toward lower tempera- _~ A

tures when the Ge content is increased. This behavior indi- = 10 f e

cates an effective increase of the hole exchange rate which, & 5

based on our knowledge of theSi:Fe system, can be ex- fn 10%F A

tended to take into account the alloy effect. The new rate is e

given by 10°F , L .

AS,(x,T) * > ¢
€p(X,T) = 0po(X)vp(T)N, (T)exp —— —— 10/T (K
AHR(x,T)+AE, FIG. 2. Arrhenius plots of the hole emission rates for different
xXexg — kT I () Ge contents. Within the experimental uncertainties, the extrapola-

tion to T= leads to a convergence of all the data.

The use of this relationship to extract the hole ionization
enthalpy necessitates some clarificationd as not the only ~ plotted in Fig. 2. The extrapolation t®=c shows that,
variable. First, the hole effective mass involved in the prod-within the experimental uncertainties, the prefactor of rela-
uct v,(T)N,(T) is essentially determined by its value in tion (7) remains almost unaffected, thus confirming all the
silicon 1justifying the fact thak is not explicitly included in ~ above-mentioned assertions. The capture cross section
this product. Thereforey ,(T)N,(T) reduces to the well- opo() is found to vary in the range (2—&)10*° cn?, an
known parabolic fornb T2, whereb is a constant® Second, interval that is much more narrower than expected from the
the hole capture cross sectio(x, T) expresses a thermally uncertainties inherent to the extrapolation procedure in the
activated process taking the formr,(x,T)=opo(x)eXp Arrhenius law. Therefore, there is no evidence for any impact
(—AE, /kT). The temperature dependence appears in the exf the alloy, either on the capture cross section or on the
ponential only. This has been experimentally demonstrated ifPnization entropy which remains essentially determined by
silicon? whereAE,, has been found to be 0.048 eV, a valuethe configurational contributiofAS;°(x,T)~0]. It, there-
small enough to be considered asndependent. But this fore, becomes straightforward to extract the hole ionization
may not be the case faryy(x). enthalpy of FE/+ provided a correction to the activation bar-

These considerations allow us to confidently state that theier for capture AE,=0.048 eV) is applied to the data of
whole preexponential factor in relatidf) keeps its tempera- Fig. 2 as we will see in the following
ture parabolic form, irrespective of the alloy composition, The study of the FeB related level requires a trapping
leading in principle to a straightforward determination of process of free Feby immobile B . This is done by leav-
AS,(x,T) andAHp(X,T).10 But this requires that we kno&  ing the sample at 300 K under 0 V allowing reactidn to
priori the temperature dependence of these two functiongroceed to the left. A DLTS signal related to the hole transi-
which is not obvious. Fortunately, some hints can be gainedon from the pair (FB,)%" appears at the expense of the
from previous studies. To begin with, in silicon, isolated iron donor level B as shown in Fig. 3. Again, for
AS,(0,T)—expressing the sum of a configurational entropythe sake of clarity, the temperature range is deliberately re-
change[ AS;°"'=—k In(2)] and a more complex vibrational stricted to values lower than 100 K. We will see in the fol-
contribution AS‘é‘b(O,T)—reduces to the former which is lowing that if there is no loss of iron in the process of pair
temperature independelitThe fact that the vibrational con- formation, a one to one correspondence must exist between
tribution is not significant can be expected for impuritiesthe two iron-related signals. The Ge content dependent am-
stabilizing at pure interstitial sites, configurations not involv- plitude of the FeB signal depicted in Fig. 3 should not be
ing the covalent bonds, and thus very weakly coupled to theonsidered seriously for two main reasons. First, the reverse
lattice° It is highly likely that the same situation holds in bias used for DLTS analysis is ef5 V in the case of silicon
the alloy. while it is only of —1 V for the other samples. Therefore, the

Finally, the hole ionization enthalppH(x,T) can at investigated depth does not have the same extent. Second, as
most take up the temperature dependence of the band gapgntioned previously, different Si,Ge, samples may con-
which is known?*?*and thus possibly accounted f8in the  tain different amount of dislocations affecting the concentra-
present case, however, it will be demonstrated that the imtion of electrically active iron incorporated during the diffu-
pact of the Ge content is by far much more important than aion process. Figure 3 reveals, however, a very significant
possible thermal shift of the iron level. In conclusion, we canshift of the DLTS signal toward lower temperatures, express-
confidently drop the variabl& in the activation energy and ing a large increase of the emission rate as in the case of
write AH,(x,T)+AE,~AH,(x)+AE,. The emission Fq"/+ . The practical consequence of such a shift and of the
ratesey(x, T), normalized toT?, as a function of 19T are  shallow character of the level is that it becomes no longer
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FIG. 3. FeB donor-related DLTS spectra recorded in the same . it A
samples as in Figs. 1 and 2. The spectra were recorded with the 30 40 50 60 70 80
Semitrap system using the rate windey=1647 s. The spec- Temperature (K)

trum in silicon was recorded with a reverse biad/pf —5 V while

in the alloy a value o¥/,=— 1V was applied. In both cases a pulse FIG. 4. Individual fits to the experimental data related to the
width of 250 us and a filling bias oV;=0V were used. FeB donor level M) in the different alloys. The consideration of
the shoulder ;) as an unknown point defect leads to a better
account of the data. A more rigorous extraction of the hole ioniza-

i i i 0,
possible to investigate Ge content larger thari% as the a,on enthalpy of the FeB donor level is thus possible.

related DLTS peak inevitably approaches the carrier freezin
regime. This is illustrated in Fig. 3 through a drop and a , . .
significant distortion of the signgal recordegd on thep sample !t is worth noticing, however, that both donor levels shift
with Ge content of 9.5%. Close or above this value a rigor-'[OW_arOI th_e \_/alence_ band much faste_r t_han the_ _ban_d gap
ous analysis becomes questionable unless very high expeflfinks with increasing Ge content. This is surprising if we
mental rate windows are available. We will therefore focusconsider that the isolated f& does not involve the local
our attention on samples with alloy composition less tharfovalent bonds as in the case of a substitutional impurity.
7%. It is noteworthy that the sample with=3.2% is not Such a strong red_uct_|on of the.hole ionization enthalpy may
considered here. Because of the carrier freezing limitatiof?@ve serious implications as will be seen in the following. In
noticed previously, its doping level is too low to enable anthe case of the FeB pair, the level is expegted to t_Je b_urled in
easy analysis. A sample with=4% and a fairly high doping the valence band fox=7%. The second interesting infor-
level is used instead. Another difficulty emerges from the
loss of symmetry of the DLTS signal as soon as we depart 0.0
from pure silicon. Figure 4 illustrates this effect through the
shoulder labeled H1. Assigning this shoulder to an unknown 5, |
level allows a better quantitative account of the whole signal.
In particular it enables a better estimate of the thermal posi-
tion of the DLTS peak related to the FeB donor level as can
be seen in Fig. 4. Then, similarly to above, the hole emission
ratee,(x,Tr,) of the pair F632/+ can be monitored, allowing
one to extract the corresponding hole ionization enthalpy
AH,(x)[FeBY"].

Figure 5 displays the hole ionization enthalpiksi ,(x)
for both Fe and FeBg donor levels, a fit to the data obtained
by Nauka and Kamins in the case of the Fe-donor I&el,
and the band gap enthalpgH,(x,0). Notice that atT
=0 K, the band gap enthalpy is simply the Gibbs free energy Ge content (%)
AG.,(x,0), defined also as the chemical potential for ther-
Van de Walle and Marif we assume that the reduction of | 2755 donor levels, as a funcion of the alloy compo-

! _ ’ _ "_sition x. The dashed curve shows the band gap shrinkage as deter-
the band gap is entirely reflected in the valence band shiftyined by Weber and AlonstRef. 21. The solid curve represents
thus allowing an easy determination®H, (x,0). Our data, the polynomial fit of Nauka and Kamins dat®ef. 14 for the
although recorded in a narrow alloy composition rangefe-donor level. The dotted curve is a simple shift of the latter by
agree very well with the findings of Nauka and Kamins, .28 eV which corresponds to the energy separation between the
recorded in a wider range Ox<25%). iron related levels in silicon.

-+———  Conduction band

-0.4+ Our data

0/+

Fe,
A (FeB)

O/+

-0.6 1

Energy reduction (eV)

FIG. 5. Decrease of the hole ionization enthalpy at 0 K of both
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FIG. 6. Fraction of excess unpaired; k& annealing time for
different alloy compositionsc. The linear behavior confirms our FIG. 7. Equilibrium fraction of positively charged free iron as a
assumption that a first-order kinetics governs readtionthus sim-  function of both the ionization enthalpy, determined by the Ge con-
plifying the treatment of Eq(3). tent in the Sj_,Ge, alloy, and the free hole density determining the
Fermi level position in the band gap.

mation gained from a careful observation of the data in Fig.
5 is the decrease with apparently the same rate of both iorfactor f* becomes absolutely necessary as thg+FteveI
ization enthalpies. The dotted curve is indeed a simple shifhas been shown to shift downwards in the band gap. For a
of the solid curve by the quantityAH,(0)[F€“]  sufficiently large Ge content, the Fe-donor level eventually
—AH,(0)[Feg B§/+]=0.28 ev. crosses the Fermi level, moves below it, and acquires a neu-
The fact that the two levels follow each other when thetral charge state, with the consequence that the fradtion
band gap is reduced supports the model that the trapped hatensiderably reduces. A decreasef in leads to an increase
resides primarily in the delocalizetiorbital of the interstitial  in the time constant as predicted by relati@. The impact
iron atom. This observation is in favor of similar core struc-of the interplay between the doping level, controlling the
tures of both the I'—f)é+ and (FeBy)" defects?® in Fermi level position, and the F’é ionization enthalpy, de-
(FeBy)Y" the substitutional boron atom, B affects the termined by the alloy composition, is shown in Fig. 7. It is
binding energy without perturbing, or only slightly, the elec- clear that for moderately doped alloy materials, consider-
tronic structuré® Nevertheless, the shift in the ionization ation of the factorf ¥ becomes necessary in order to quanti-
enthalpy with increasing alloy composition clearly indicatestatively account for the kinetic process involved in reaction
that thed orbital is sensitive to the disordered environment(1). This simulation, based on E¢}), assumes that the hole
created by adding Ge atoms, sustained by its delocalizedapture cross section is not fundamentally affected, as dem-
character. We have already established a very similar behawenstrated previously.

ior in the case of the defec®; and C,C, in Si;_,Ge,’ Taking into account all these facts, the extraction of the
confirming similar predictions made from electron- migration enthalpyAH(x)[Feg"] and the diffusion prefac-
paramagnetic resonance measurements in sifith. tor Dy is straightforward. Figure 8 displays the data for all

conditions of doping and alloying considered in the present
work. The solid line represents a fit of all the data leading to
) ) a diffusion barrier and a diffusion prefactor very close to
_In our simple system, the dynamics are governed by thengse obtained in silicon by a compilation of a large amount
diffusion-limited reaction(1), in which we expect a first- ot qata collected in the literatuPeTwo points emerging from
order I4<|net|c process. Such a behavior, demonstrated iRjg. g are worth mentioning. First, the data corresponding to
silicon,” holds also in Si_,Ge alloys as shown in Fig. 6. y—3 204 are obtained in the least doped material and, thus,
When the diode is left to itself at 300 K under 0V, allowing require correction according to the above-developed
reaction(1) to proceed to the left, a simple trapping process,gumentg® As already stated, the time constant of reaction
of free F¢' by immobile B prevails. A quantitative analysis (1), when driven to the left, requires performance of the mea-
of this basic reaction, carried out at different temperaturesgyrements at higher temperatures as shown by the closed
and based on relatior(6) leads to the determination triangles in Fig. 8. The second point worth mentioning is
of the diffusion barrierAH(x)[Fg"] and the diffusion related to the physics of the process. Alloying does not seem
prefactorD,, a parameter containing the migration entropyto affect the diffusion mechanism, at least up to a Ge content
ASH(X)[Fg"]. In silicon, as long as the doping level satisfies of 10%. It should be noticed, however, that the diffusion data
the conditionsN,= 10" cm™3, free iron is entirely ionized extracted here represent an average over an ensemble of
and thus the fractiom* given by relation(4) does not devi-  jumps, which might individually be perturbed. The elemen-
ate from unity. So far, this has always been the case in th&ary diffusion act, consisting of an atomic jump from one
literature. However, in $i,Geg, the consideration of the tetrahedral site to the next, through an unstable hexagonal

B. Diffusion of Fe in Si,_,Ge,: Fermi level effect
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FIG. 8. Diffusion coefficient data for various doping and alloy gzla‘t;sa?:?;;:epder%?Lé;”t“hfogefjg;ir;n;ggozt_c:cngggts:r'Zzsé;he
X

compositions. The migration of free ‘Fe”fa |ntgrst|tlal mechanism alloy. The data recorded for Ge content in the range 0—25% corre-
does not seem to be perturbed by alloying Si and Ge at least up 10

a Ge content 0f=10%. spond to Pt.

mate issue would of course be to establish a link between
site, might indeed be locally perturbed by a Ge atom or angollective phenomena and local atomic dispersion. This
related distortion it induces in the lattice. But statistically, thewould help in determining the relationship between the indi-
probability for a free F.é ion encountering a Ge atom is Vidual and the ensemble. Attempts have already been made
negligible. Surprisingly, this argument fails if the process ofto numerically process conventional photoluminescence or
diffusion requires the participation of intrinsic defects as weDLTS spectra in the case of ternary Ill-V alloffs”® Re-
have demonstrated to be the case for the diffusioCoin  cently, a new approach called Laplace DLTS was proposed
Si;_,Ge, alloy?” What is interesting to notice in the latter in order to improve the resolution of the global conventional
system is that high Ge content is not required to observe theLTS response. Although limited to very low alloy compo-
alloy effect. sitions, this technique seems to be promisingin distin-
guishing between the most abundant atomic configurations
of a point defect.
C. Alloying effect: Peak broadening and related issues However, no matter what technique is used, its intrinsic
Compositional fluctuation, one of the main consequence§esolution in an otherwise perfectly ordered environment
of alloying, is of serious concern whenever microscopic panust be known to enable a link between the alloy effect and
rameters are to be deduced from macroscopic measuremerfiée signal broadening. In the case of interstitial iror Fe
A local compositional change has two major impadts:it Fig. 9 shows the DLTS peak half-width, in the following
induces a fluctuation in the free energies of one or both typeBamedA T, (X, Ty), as a function of the peak temperature
of carriers, directly reflected in a fluctuation of the respectivel, for various Ge contert. As is clearly shown, a simple
band edges, andi) a fluctuation of the atomic arrangement linear relationship links the broadening 1g,, irrespective
surrounding each individual defect which, depending on thef the alloy composition. The obvious consequence of such
degree of localization of the corresponding wave functionbehavior is that a shallower level should exhibit a narrower
may induce a distribution in defect related-energy levelspeak than a deeper one. Accordingly, a given level is better
When such fluctuations exceé&, the resulting perturbation resolved when DLTS analysis is carried out at low emission
is a broadening of the global spectroscopic response due torates.
distribution of the emission rates given by E®). In the Figure 9 also stresses that in alloys the situation may
case of relaxed $i,Gg, and forx<85%, the whole fluc- evolve drastically as the compositional fluctuation takes a
tuation is taken up by the valence band edge 8h¥.Thus,  significant part in the process. To emphasize the necessity of
a broadening of a signal emerging from electron transitiongocusing on  the relative  broadening 5(x,Tp)
between a defect and the conduction band would exclusivelyr AT (X, Tm)/AT15(0,T) instead of on the absolute
be due to pointii). On the other hand, a coupling of points DLTS peak half-widthAT,,(T,,X), it is instructive to com-
(i) and(ii) may be at the origin of a spectroscopic broadeningpare the case Gfe?’* with our previous findings oﬁ’ts"O in
for a signal emerging from hole transitions between the deSi;_,Ge, .32 The latter species has been investigated in a
fect and the valence band as is the case in the present wonkange of alloy composition of 0-25% as shown in Fig. 9. It
Thus, both the free and trapped holes undergo a fluctuatiois tempting to conclude from the absolute dAf&;(x,T,,)
of the energy in this case. plotted in Fig. 9 that the alloy fluctuation affects more dra-
It must be stressed that the global response includes matically the Pt signal than the iron one. But the striking
large ensemble of point defects thus leading to parametefsoint is that the Pt-related level shifts toward higher tempera-
which, by definition, obey the ensemble average. The ultitures with increasing Ge contetitwhile it is the other way
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3001 separately as they require at least a scanning of the Ge con-
tent in a wider range than is available in the present work. In
the case of the FeB pair, consideration of higher alloy com-

2504 Fe position is of no use since the related band gap level disap-
] pears already fok=6.4%. It thus remains in the following
to give general comments and qualitative indications on the

2001 expected relationship between the signal broadening and the
valence band edge and or, band gap-level fluctuation, the

latter being due to the fluctuating local atomic environment.

150 i ) S
Pt The first point worth mentioning is related to the degree
9 of validity of conventional spectra analysis, based on the

100 , : : assumption of a pure exponential, when characterizing point

0 10 20 30 defect in alloys. It seems obvious, indeed, that a broadened

Ge content (%) level forbids one from assigning a defined time constant to a

single thermal transient shot deviating from a simple expo-

FIG. 10. Plot of the DLTS peak temperatufg as a function of ~ nential. This issue has been addressed by Omingl,?

Ge content. The data were recorded for a rate window of 2605  Who showed that the simple treatment still has a physical
simple linear relationship seems to govern the alloy compositiormeaning, provided the capture rate is temperature indepen-
dependence of . dent or alternatively, exponentially dependent on tempera-
ture. This restriction has been demonstrated to hold in the

DLTS peak temperature T_(K)

around for the Fe-related level. This property, illustrated inPrésent work. .

Fig. 10 by plotting the DLTS peak temperat(irg as a func- Applying the approach already developed in ternary
tion of the alloy composition, justifies the choice of Pt for the -V compounds% ““we may express the alloy broadening

present purpose. According to the above-mentioned staté’(X: Tm), plotted in Fig. 11, by the semiempirical relation-

ments, the intrinsic thermal-induced broadening and allof'h'p

contribution add up in the case of platinum whereas in the

case of iron they tend to balance each other. This is basically (X, T) =1+ v(X, Ty VX(1—X). (8)
the reason for the large difference reported in Fig. 9 between
the two metallic species. Equation(8) takes into account the fact that in pure silicon

Rigorously, the relative broadening(x,T,,), plotted in  (x=0) and pure germaniunx& 1), two homogeneous ma-
Fig. 11, reveals without any ambiguity that the compositionalerials, thex dependence must vanish leaving the intrinsic
fluctuation equally affects both species. Relying on recenthermal broadening as the only determining factor. But the
LDLTS measurements carried out on the systemmost striking implication of Eq(8) is the physical meaning
Si;_,Ge, Pt we may conclude that the fluctuations of of the complex factory(x,Ty,) containing the impact of the
both the atomic environment of the point defect and the vaband gap and defect environmental fluctuations cited previ-
lence band edgfpoints (i) and (i) mentioned earligraffect ~ ously. Anx independenty would obviously lead us to expect
the DLTS global response. Unfortunately, it is not possible tathe largest broadening for=0.532 However, this is seldom
establish detailed and firm statements on each aspect tak#ére case. In fact, owing to the quadratic form of the band
gap?! and, to a certain degree, the ionization enthalpy of the
defect (see Fig. 3 the factor y contains the derivative
dAH,(x,T)/9x and is thus at least a linear functionfAs

:s 184 Tn=200K a consequence, a shift of the maximum of the full width at
<, A Fe v half m_axi.mum(FWI-_|M) is to be expect.ea‘? _Unfortgnat.el_y, a
5 1.64 v Pt o quantitative analysls of the broademng. issue is dlﬁlcuI} to
= ] achieve as it requires one to follow the iron-donor level in a
e much wider Ge content range than available. We have indeed
33; 147 A shown previously that the level merges with the valence
> A band forx=25% (see Fig. 5. This constitutes a serious limi-
i 129 N tation to a mathematical treatment based on @g. while
L v ' the same treatment proved to be valuable in other
Z 104 % circumstanced’
, ' . The second aspect is that alloying does not alter the
0 10 20 30 FWHM only. It may render other simple relationships in ho-

mogeneous materials, such as the proportionality between
the DLTS peak height and the absolute defect density no
FIG. 11. Normalized line widths(x,T,,) for Fe-donor and Pt- longer valid. Instead, an integration of the whole response
acceptor levels showing that the alloying impact is the same for th@ecomes necessary to account for the ensemble of individual
two species, which is not obvious from the observations of Fig. 9configurations. It is thus intuitive to expect that for a constant
alone. concentration of the defect, an increase of the alloy compo-

Ge content (%)
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sition increases the broadening and thus decreases the DLTgchanisms is the level position in the band gap of an active
peak height. But, the conservation law requires that the arepoint defect. The difficulty is that the population of such a
under the peak remains const&htn practice, however, and level is implemented by free carriers provided by a reservoir
particularly in the present case, it is difficult to keep invariantwhose characteristics are themselves affected by the above-
the concentration of the defect. We know indeed that thecited stimuli. If we consider silicon for instance, the band
density of dislocations increases with the alloy conteahd gap or, thermodynamically, the Gibbs free energy for
we also know that Fe is very much attracted by such disloelectron—hole pair creatiodG,(T), is given by

cations due to the well-known gettering mechanisihere-

fore, the rate of gettering of Fe during its diffusion into the aT?
substrate cannot be considered independent of the Ge con-AG¢,(T)=AH,(T)=TAS,,(T)=1.169- B+T(9V),
tent, restricting us to consider the relative peak heights only. (10)

The third and last possible consequence of the alloy in-
duced broadening is reflected in the symmetry of the peak. Avhere = (4.9+0.2)x 10 * eV K~ ! and 8=(655+40) K.?°

sole Gaussian distribution of the energy levels in the bandherefore, changing the temperature in the range of 0—400 K
gap around a mean value does not necessarily imply a symnghrinks the band gap by only about 6%, enabling us to ne-
metric DLTS peak. A Gaussian distribution of the corre-glect any temperature induced change, as has been done in
sponding capture cross sections, matching the energy distrthe present work. Here the range of measurement was even
bution or, alternatively, an energy independent capture crossarrower(from 150 to 300 K. The absolute energy reference
section, is also required. If this is not the case, a shift and afh the present case can thus, as a first approximation, be
asymmetry of the DLTS spectrum might show up upon re-assigned to the valence band. This is the case for most of the
ducing the injection pulse width. The iron donor level techniques investigating electronic transitions between a
(F&’*) does not exhibit any dependency on the injectionlevel and the allowed bands, provided the working tempera-
pulse width, while under similar circumstances involving ture remains below 400 K. Except for a few ca¥®¥ any
other point defects, capture cross section induced asymmetigpact of the temperature on the electrém or hole (p)
of the DLTS peak has been observédhe situation is, how- jonization energyAG,, ,(T) can thus barely be detected.
ever, unclear for the iron—boron pair for the above-invoked In the range of 400-1100 K, typical for gettering pro-
reasons. cesses for instance, the silicon band gap is reduced however
by 30%. If neglected, this fact gives rise to a fundamental
V. DISCUSSION misunderstanding. Considering the; SiGe, alloy as the
thermal reservoir, where the Gibbs free energy for electron—
In this Study, we have shown that neither the interstitialho|e pair CreatiochU(X,T) is not 0n|y dependent oh but
Fe'" nor the (Fe-By)”* pair follow either of the band also onx, we may expect significant changes from what is
edges while they remain at a constant energy from each othebserved in silicon. To illustrate this aspect in the framework
when the composition of the alloy is varied. Considered asf the present study, two properties, which are well estab-
deep levels, both defects are described by wave functiongshed in silicon, are revisited in the following.
extending over the entire Brillouin zone, and in this respect e first consider the process of gettering by segregation
the present results are not surprising. As a consequence @fie to highlyp-doped silicon-based materials, an interesting
the observed inequality, alternative for today’s device processing. In this process, spa-
tially localized high solubility of impurities can be generated
through the Fermi level effect and ion pairiffjThis aspect,
' ©) which has been addressed in silicon by Gillsal®® and
McHugo et al,*® can be extended to the present work
the 3d metals can no longer be used as independent, interngnrough the role of the additional and very significant alloy-
reference levels, in band alignment as is the case for lll-\Ming band gap shrinkage in the;SiGg, material. These au-
and 1I-VI compounds semiconductors, a fact already noticethors observed a significant decrease of the iron segregation
by Nauka and Kamin¥} efficiency at high temperature in highly boron-doped silicon,
On the other hand, the important shift observed in thghan expected if the iron level were invariant in the band gap.
present work put a particular emphasis on major technologiThis led them to fit the temperature-dependent Fe solubility
cal processes such as the gettefiMghenever point defects with the ionization Gibbs free energxGy(T) of Fed*
play a key role, quantitative assessment may be difficult tdaken as a free parameter. The result was a significant de-
achieve without a complete consideration of all the micro-crease oAG,(T) above 900 K necessary to account for the
scopic parameters and their possible changes under varioegperimental observations. The extension tp S5e, alloy
stimuli such as temperature, alloying or stress, etc. Many ofaises the obvious question of the alloy-induced energy shift
these technological processes are carried out at high temperafthe Fe-donor level and its impact on the segregation get-
tures involving complex reactions where the charge state deering efficiency even at low temperature where the thermal-
pendent branching ratio is fundamental. The normal methoéthduced shift is negligible. We assume that the independence
is to introduce in the simulator, parameters that are extractedf the two variablesx and T, demonstrated below room
at low temperatures, implicitly assuming their invariance.temperaturd? can be extended to higher values, thus validat-
One of the factors determining the charge state dependeing the use of the thermal-induced shift determined in silicon

JAHL(X,T)| _ dAH (X, T)|
>
oX oX

. .
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by Gilles et al®° This leads to a straightforward determina- 10°F
tion of the total Fe solubility as a function of the dopant '
concentration at a given temperature for various alloy com-
positions. It is simply given by the sum of the following
three contributions:

[Felio=[FE'1+[Fe 1+ [Fg B; 1, (11)

where the first term on the right-hand side is the neutral iron
concentration, the second term expresses the positively
charged free iron, due to the Fermi level effect, and the third
term is the amount of paired iron. It is extracted from the

T =500°C

Normalized iron concentration

detailed balance of reactidl) and given by® el
10]7 1018 1019
[FQJr B I=1 Fqu 1B (), (12 Boron Concentration (cm™)
where[Bg] is the boron concentration adi(T) is the equi- FIG. 12. Normalized iron concentration as a function of boron
librium constant® given by concentration for different Ge contents. The fact that it is higher
than unity stems for the expected increase of the solubility by seg-
Q(T)= Eex E (13) regation[Eq. (14)]. Here, we show that the efficiency of such a
N kT/" mechanism decreases in the alloy as a consequence of the energy

shift discussed in the text. The arrow shows the drop in the solubil-

In Eq. (13 Z_is th_e number_ of Pa” Conf_igu_ratiqmg fqr the ity from Si to Sp ¢G&, , while the doping level is kept unchanged at
tetrahedral sitg N is the lattice site density in Si or Si,Ge, 2% 10 cm 3.

(5x 1072 cm %), andE, is the binding energy of the pair
(Ep,=0.65 eV) 1® considered in the following as independent
of Ge content. It is obvious from relatiqid1) that the heavy
boron-doping of a part of the substrate will contribute to a
significant increase of iron in that part. Combining Egs.
(11)—(13) and(4), we obtain for the total extrinsic Fe solu-
bility, normalized to the intrinsic value,

contribution!! A simple estimation led Gillest al>° to sug-
gest a huge increase of the accompanying entr@p$,
~13 k for T>900 K). Again, it is a simple matter to show
that such an increase &Sy(T) must necessarily be fol-
lowed in parallel by an increase of the ionization enthalpy
AH(T), otherwise we would face a negative Gibbs free

[Fele f+ energyAG,(T), which has no physical meaning. It is inter-
_tiﬁ_::fi?n 1+ F[14_“_:,5]9(1-)] ) (14) esting to notice th_at this is not the first instance of raising
[Felior such a compensating effect between the entropy and the en-

thalpy of a thermally activated process. The migration of the

vacancy in silicon, playing a key role in dopant diffusion,

exhibits a very similar behavidf All these observations are,

indeed, as suggested by Gillesal.*® in favor of a change

in the structure of the defect at high temperature, an impor-
nt point which remains to be clarified.

The second major consequence of the energy shift shown
in Fig. 5 is related to the so-called carrier-emission-limited
drift in reverse biased junctiodsThis effect, first demon-
Hrated for free iron im-type silicon, may concern any spe-
I cies introducing a level in the band gap and having a reason-
n S'lfoe% alloy for>§>20%. . 39 able charge state dependent mobility. Basically, in a high-

Interestingly, the findings of Gillest al.™ and McHUGO a4 region of a reverse biased junction, where no carrier

40 i i ;
ethal. ;]mphed a chang_e 'R. t?]e strr]uctuggoofKth_lt_ahpofmt defectcapture occurs, the charge state of the level is determined by
when the temperature is higher than - 'NeI0rMer aug,a competition between electron and hole emission pro-

thors motivated their statement by considering the fact that @,qqag. According to the Shockley—Read—Hall statistics, the
decrease in the ionization Gibbs free energy at high tempera;

) . . verage fraction of positively ionized iron, adapted to the
tures cprresponds tt_) an increase in the corresponding entrop'ytype Si_,Ge, alloy by introducing the variable, is given
according to the universal relationship X '

by

In Eq. (14), f* is given by relatior(4) andfi?1t is the fraction

of neutral iron in intrinsic materid® Taking into account the
Ge content dependent Gibbs free enely%.,(x,T) [see
Eq. (10) and Ref. 21 and AH(x,T) displayed in Fig. 5
leads to the curves plotted in Fig. 12. We can see that for
boron concentration of 210 cm™3, the relative concen-
tration of iron driven to the highly boron-doped area drops
by an order of magnitude in §iGe&,,. This is the first dem-
onstration that the gettering by segregation, considered as
possible alternative in silicon technology, is totally inefficient

AGH(T) 15 T
ar 19 06T = S0 T) ,
en(X,T)+ey(x,T)
Equation (15 mainly describes the vibrational part of the
ionization entropy which was revealed to be negligible in thewheree,(x,T) ande,(x,T) are the electron and hole emis-
temperature range over which the DLTS measurements weison rates, respectively, in the high field regidif), the latter
carried out, leaving only the electronic configurationalbeing given by Eq(7). Relation(16), expressing a situation

ASy(T)=—

(16)
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51— Silicon to the second me'Fastab_Ie hexagonal site e_llong(lbé) di-

rection. Each configuration leads to a level in the gap and the

i conversion from one configuration to the other has been
guantitatively analyzed. Surprisingly, in Al dopeeype sili-

Temperature (K) con the trivial two-point charge model, known as the Cou-
3 390 lombic model, accounts perfectly for all the observations. It
"""""" 410 is our belief that in this context the-type Si_,Ge, :Al +Fe
2 430

system offers a unique opportunity to test how the additional

. short-range elastic forces due to alloying compete with the

TN e electrostatic ones in controlling the bistability and thus the
iron-acceptor pairing formation and stability.

Fraction of Fel+ [F(x,T)]M in %

: : 10 15

Ge content (%) VI. CONCLUSION

FIG. 13. Nonequilibrium fraction of positively charged Fe in a Tunin_g the band gap of Si,Ge, alloy by varying th? Ge
reverse biased-type Si_,Ge,-based device. The rapid decrease of content is a valuable tool to affect the thermodynamic prop-
this fraction for increasing Ge content impedes the field-inducec®rties of point defects. Although this approach has been
drift of F&" out of the active area whereas this process was demwidely applied in the study of other binary and higher order
onstrated to be very efficient imntype silicon(Ref. 4. alloys, the increasing interest in IV—-IV-based materials al-
lowed only recently some technologically relevant defect en-
gineering issues to be solved. This would not have been pos-
sible without a refinement of the crystal growth technique
L . . L e L leading to a considerable reduction in the density of extended
peculiarity for iron having a+d|st|nct d'mis'on coefficient for defects. In this work we demonstrate that new variables such
each charge state, wild(Fg )>D(Fq°), leads to a much g the band gap or alloy disordering become accessible. In
faster decrease in the concentration of Fe in the depletiofyis context the case of iron is particularly interesting: the
region compared to the n_eutral Zone. D_ue to equmbrl_um, Zoncepts developed for modeling electrical and thermody-
neutral charge state prevails all the time in the later region. M amic properties, transport behavior, precipitation, and get-
operating bipolar power devicgs, a strong electric fi(_ald a”qering phenomena may be tested using iron as a probe. We
moderate temperature are easily achieved. TheredQpeor  ave shown that the band gap shrinkage following an in-
iron contamination, whether intentional or not, is expected (056 in the Ge content results in the iron-related electrically
lead to an accumulation of the metallic species INEPE c1ive levels shifting downwards. The shift is shown to occur

region, according to the direction of the applied field. In,ch faster than the gap reduction. Consequently, the FeB
Si;Gg-based devices the evaluation of relatioh®), air-related donor level merges within the valence band al-

based on all the above-mentioned findings and the considefa,qy at an alloy composition of about 7%. Above this value,
ations developed in Ref. 4 leads to the behavior displayed ifhe oniy remaining electrically active level is due to the in-

Fig. 13. It is again straightforward to predict that in the alloy, terstitial Fé’” . This level is expected to merge within the

the carrier-emission-limited drift mechanism vanishes al'valence band edge for=25%. It thus becomes difficult for

ready for low Ge content impeding iron from escaping the his species to be ionized in moderately boron-doped

depletion region, thus leading to the near absence of fieldz. ) ;
induced, outdiffusion in the alloy. i_,Ge alloys. Consequently, gettering by segregation,

It is noteworthy to ask whether the above-noted Conclu_routlnely used in silicon technology, becomes inefficient in

. ) A these materials. Diffusion is also of main concern for the
slons for the rglaxed &X.Ge“ r_:IIon are equally valid in the simulation of device performances. We have shown that the
stralr!ed material, espemally |mport§1nt .for the r!Eztemb'po"”‘rdiffusion properties of the positively charged interstitial iron
transistor. The answer to this question is found in the result§er,nain unaffected neither by the band gap reduction nor b
of Nauka and Kamin&? These authors investigated in some y gap y

detail the strained material and also found an important shi he alloying-induced disorder. This is not always the case
por ince other species have been found to be strongly sensitive
of the Fe donor level toward the valence band with increas-

) I tion. H hile in th laxed mat to the atomic environment. Finally, we believe that a local,
Ir?e?l ?hé))fe(\:/(;rlngos:éz?c'te dome\é?é,rg:le \I/veitr|1ri1n tr?ersgfaencemk?aﬁ- lloying-induced stress, offers a unique opportunity to inves-

. . ) igate other mechanisms governing reactions at the atomic
for x~25%, a value of 40% is needed in the strained mate- 9 9 g

) . ~~scale. The electronic bistability of the iron-acceptor complex,
rial. Therefore, although less stringent, the same conclusmr‘ﬁhere the acceptor nature plays a key role, deserves in this
can be drawn for the strained material. '

. : ; . S . respect special attention.
Finally, an interesting aspect deserving attention in this
context refers to the simple charge-state-driven bistability of
the Fe—A paifwhere A=B, Al, Ga or In), firmly established
many years agd.This mechanism consists of two configu-
rations of the pair in which the free interstitial Fe can flip A.M. is indebted to Dr. P. Montgomery and Dr. A.
from the first stable tetrahedral site along thé1) direction  Golanski for their critical reading of the manuscript.

out of equilibrium, is clearly different from relationshig),
which is valid under equilibrium conditions only. Now the
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