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Iron in relaxed Si1ÀxGex alloy: Band gap related levels, diffusion, and alloying effects
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The microscopic behavior of iron in relaxed Si12xGex alloy is addressed in the present work where various
new aspects are highlighted. Inp-type materials two types of defects involving iron may coexist under equi-
librium; the isolated form, Fei , and the iron-acceptor pair, Fei – As . 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 Si12xGex 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 composition (x>7%) while the iron donor level is
predicted to disappear from the gap forx>25%. 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 Si12xGex alloy.

DOI: 10.1103/PhysRevB.66.045206 PACS number~s!: 68.55.Ln, 66.30.Jt, 71.55.Cn, 72.20.Jv
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I. INTRODUCTION

Among the 3d metal impurities in silicon, known for thei
detrimental effects in device technology, iron has attrac
the greatest attention. Its properties, now very well est
lished, allow this species to be used as a probe to test
cepts developed for modeling electrical properties, therm
dynamic, transport behavior, precipitation, and getter
phenomena.1 In the following, we summarize the main a
pects of iron in silicon that are relevant for this article. The
we motivate the need for investigating iron in Si12xGex alloy
materials.

In single silicon crystal, Fe diffuses basically through
pure interstitial mechanism based on an exchange betw
the hexagonal and tetrahedral sites, the latter being the s
site while the former constitutes the saddle point.2 The fact
that silicon is an open lattice and the migration of Fei does
not involve intrinsic point defects implies both a low activ
tion entropy and enthalpy, characteristic for a species
constrained to the crystal lattice symmetry. A simple mod
based on the polarization energy, developed by Weisse2 in
the early 1960s, predicts a charge state dependent migr
for impurities diffusing via pure interstitial paths. But, it ha
only lately been demonstrated3,4 that the migration enthalpy
of iron is incremented by roughly 0.10 eV for each addition
charge in going from Fei

11 to Fei
0. In p-type silicon, the

negative charge state of the acceptor induces an instabili
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new minimum of the free energy results thus from a lon
range Coulombic attraction between the positively charg
Fei

1 and the negatively charged dopant. This property is c
rently used to determine the migration parameters as we s
see in the following. Under equilibrium such a system a
commodates two configurations; a metastable one consis
of free interstitial Fei and a stable one represented by t
Fei – As pair, where As stands for the substitutional accepto
This pair adopts thê111& axial symmetry where Fei stabi-
lizes at the adjacent tetrahedral site. Subsequently, the s
pair was found to accommodate a second configurat
where Fei sits at the next hexagonal site along the^100&
direction. Although slightly higher in energy, and thus le
stable, a significant fraction of the pairs aligned along
^100& direction can, under special experimental conditio
be observed.3 Electrically, the pair formation results in a de
activation of the acceptor. Free interstitial Fei

0/1 introduces a
level at 0.38 eV above the valence band and exhibits a
rier for the capture of holes of 0.048 eV.4,5 On the other hand,
the hole traps representing both configurations of the Fei – As
pair depend on the nature of the As dopant.3 In boron-doped
silicon, the case of interest in the present work, the m
stable configuration induces a level located at 0.10 eV ab
the valence band. Finally, an electron trap, located at 0.23
below the conduction band, has also been firmly establis
as being the second charge state of the same stable pai6

The successful technological application of Si12xGex ob-
viously raises the same practical as well as fundamenta
©2002 The American Physical Society06-1
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sues. However, the situation in the alloy might be comp
cated by the fact that the material is no longer homogene
and its band gap strongly affected by the alloy compositi
implying both chemical and energetic local fluctuations. T
study of the dynamics of Fei and Fei – Bs pairs in the crys-
talline alloy is thus expected to further our knowledge on
subtle coupling between defects and band gap enginee
This subject has already led to the collection of a fair amo
of data for other point defects.7–12 Our main motivation in
the present study is to determine the energy level position
both Fei and Fei – Bs , as a function of the band gap variatio
due to a change in the Ge content. Then the impact of a
disorder on the diffusivity is examined, as the disorder
expected to primarily affect the channels through which f
iron is supposed to migrate. It is worth noticing at this sta
that a change in the level position, affecting its equilibriu
electronic population, and the alloy disorder, possibly infl
encing the diffusion path, may have some consequence
the dynamic behavior of iron. We may, therefore, expect n
trends in Si12xGex-based device processing and perfo
mance. Finally, from a fundamental point of view, local flu
tuation of the defect environment due to chemical inhom
geneities may affect the electronic interactions, enab
spectroscopic broadening to become a useful source of in
mation. All these new aspects are investigated in detail in
present work.

To our knowledge only two groups have given attention
the behavior of Fe in the Si12xGex alloy. Hoehneet al.13

carried out spin resonance on Si0.988Ge0.012:Fei
0 with the aim

of determining microscopic details on the local atomic
rangement around the Fe atom. Although the authors
denced a line broadening, they were unable to elucidate
atomic structure of the defect. On the other hand, Nauka
Kamins14 used deep level spectroscopy techniques to st
some metallic species, especially Fe0/1, in relaxed as well as
strained Si12xGex layers. These authors only focused on t
energy level position of Fei but were able to investigate
large range of alloy composition leading them to address
issue of the internal reference level with respect to
Si–Si12xGex band offset. They found that, with increasin
Ge content, the hole ionization enthalpy of free iro
DHp(x)@Fei

0/1#, decreases much faster than the band g
They left untreated however the case of the Fei – Bs pair as
well as the iron diffusivity and the fluctuation related issu
which are addressed in the following.

In this article we first detail the sample preparation a
experimental procedures. Then the results are presented
having recalled the main theoretical tools allowing quant
cation of the diffusion process. We will show in particul
that while the energetic distance between the donor leve
Fei and Fei – Bs remains unaffected by adding Ge, the ind
vidual levels shift toward the valence band much faster t
the reduction of the band gap. Therefore, we confirm tha
contrast to the III–V and II–VI semiconductors, the 3d state
cannot be used as independent, internal reference. We
also show that alloying does not affect the diffusion behav
of Fe, at least for Ge content below 12%. Finally, a disc
sion follows in which the main points and the major techn
logical implications of our findings are underlined.
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II. EXPERIMENTAL DETAILS

Relaxed bulk single crystalline Si12xGex ^111& oriented
samples were grown by Czochralski technique in the Ar
mosphere. The growth procedure is described in detai
Ref. 15. The alloy compositionx(5@Ge#/@Si#) varies in the
range of 0–12% as measured by Rutherford backscatte
spectrometry. The samples were boron doped during gro
with a uniform concentration ranging from 131014 to 3.5
31015 cm23. This range of doping has been found to
useful in exploring the interplay between the energy le
position and the Fermi level affecting the electronic popu
tion and thus the diffusivity.

After standard chemical polishing and cleaning, high
pure iron was scratched on one side of the wafers follow
by diffusion under argon atmosphere~300 mbar! in sealed
ampoules. This process was carried out at 950 °C and
lowed by a quenching to room temperature to impede
iron from precipitating. Schottky diodes were formed by a
minum evaporation after etching away a few microns wh
gold ohmic contacts were deposited on the back side of
structure. Diodes without iron, but subjected to the sa
high temperature heat treatment, did not indicate any sig
which could be related either to process-induced defect
dislocations; the latter possibly originating from the grow
process or the quenching procedure.

Deep level transient spectroscopy~DLTS! measurements
were recorded with two commercial systems. The first on
a Semitrap spectrometer using the lock-in principle to p
cess the capacitance transient signal. The second one
Biorad system, based on the hypothesis of a pure expone
transient in which electronic sampling at two distant poin
along the time scale are enough to reproduce the obse
time constant.

III. BASIC THEORETICAL TOOLS

The most stable form of Fe in the lattice, resulting from
minimization of the free energy of the syste
p-Si12xGex :Fe, is the Fei – Bs pair. As stated in the Intro-
duction, the formation of such a pair is a consequence of
Coulombic attraction3,4 between the immobile Bs

2 and the
mobile Fei

1 . At moderate doping levels and low Fe conce
trations, the pair is formed within a few tens of minutes
room temperature, which is the time required for dio
preparation. There are, however, accessible conditions u
which Fei may be detached from boron and driven far aw
at the atomic scale. Such a metastable configuration coul
kept long enough to allow observations of the isolated s
cies in the substrate. This is done by thermally dissociat
the pair according to

Bs
2Fei

1↔Bs
21Fei

1 . ~1!

However, if heating is a necessary condition for the react
to be driven to the right, it does not suffice. Knowing that t
binding energy of the pair is 0.65 eV in silicon,16 the law of
mass action enables a negligible equilibrium fraction of fr
Fei . To overcome this difficulty and thus favor a higher co
centration of isolated Fei , a charge state conversion from
6-2
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positive to neutral is needed for each thermally dissocia
Fei

1 . This is done by reverse biasing the diode while heat
according to

Fei
1→

Vr

Fei
0. ~2!

Biasing prevents each dissociated Fei
1 from undergoing a

Coulombic attraction by Bs
2 . Basically, the procedure allow

a band bending such as the pseudo-Fermi level in the
pleted region is pushed above the iron-related level (Fei

0/1)
converting each Fei

1 resulting form reaction~1! to Fei
0.

Whereas reactions~1! and~2! are conducted at temperatur
typically above 360 K, the reverse bias is kept until the dio
is cooled below room temperature, where free Fei is no
longer mobile and DLTS measurement can be safely car
out. The Fe-related signal appears in a temperature ra
determined by the rate window capabilities of the techniq
typically from 200 to 280 K.

On the other hand, reaction~1! left to itself under 0 V
results in the pair formation until equilibrium is reache
This allows to study the Fei

1 – Bs
2 pair-related level which

gives rise to a DLTS peak around 60 K. The correspond
pairing kinetics enables us to determine the diffusion coe
cient of free Fei

1 . Reaction~1! being diffusion limited, the
rate of pairing is written as follows,17

d@Fe#~ t !

dt
524p$R1D1 f 11R0D0f 0%@Fe#~ t !@Bs#~ t !.

~3!

In this equationf 1 is the fraction of ionized iron at equilib
rium in the neutral region of the diode. It is given by

f 15
@Fei

1#

@Fei
1#1@Fei

0#
5

cp

cp1ep
, ~4!

wherecp andep are, respectively, the hole capture and em
sion rates andf 1512 f 0 stands for the fraction of positively
charged iron. Finally,D1 represents the diffusion coefficien
andR1 the capture radius of Fei

1 by the immobile Bs
2 . The

same definition holds forD0 , R0 , and f 0 corresponding
to Fei

0.
The kinetics equation~3! can be simplified further if we

consider two important facts. First, the experimental con
tions are arranged such that the iron atoms are diluted, s
fying the condition@Fei #!@Bs#. This allows the boron con
centration to be kept almost unaffected, that is@B#(t)
'@B#0 . The consequence is important in the sense that
kinetics is of the first order as we shall demonstrate in
following. Second, although rigorously both positive a
neutral iron should be considered in Eq.~3!, in practice the
ratio D1 /D0 is of the order of 50 in the accessible tempe
ture range.4 This allows one to neglect the contribution of th
neutral species. Finally, owing to the simple Thoms
model,18 the capture radiusR1 is well described by the eq
uipartition condition given by

e2

4p«0« rR1
5

3

2
kT, ~5!
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where the left-hand side represents the electrostatic Cou
bic energy of attraction between Fei

1 and Bs
2 . It is a simple

matter to show that within the temperature range of
present investigation, the capture radiusR1 is of the order of
50 Å. On the other hand, the capture radius of neutral ironR0
is controlled by a very short range potential~chemical
forces! which does not extend beyond 5 Å. All these cons
erations lead us to justify dropping of the termR0D0f 0 in
Eq. ~3!. As a matter of fact, the neutral species Fe0 can easily
be analyzed in ann-type substrate as we have shown a d
cade ago.4 The injection into Eq.~3! of both the capture
radiusR1 , extracted from Eq.~5!, and f 1, given by Eq.~4!,
enables one to extract the time constant for pairing. T
quantity, being determined experimentally, is linked to t
dynamic parameters of Fei

1 according to

1

texp
54pR1 f 1D1@Bs#. ~6!

The only unknown is the diffusion coefficientD1(T), which
is extracted from a simple Arrhenius plot. This procedu
was successfully used in the past in silicon where very of
the parameterf 1 was purposely set to unity. This is in gen
eral justified as long as the acceptor doping level is ab
531014 cm23, allowing the Fermi level to be far below th
trap which corresponds tocp@ep in Eq. ~4!. We shall see
that this might be a crucial issue in Si12xGex where the
relative position of the Fermi level and the trap strong
depend on the alloy compositionx.

IV. EXPERIMENTAL RESULTS

A. Level positions in the band gap

Starting with isolated Fei , a set of DLTS spectra are dis
played in Fig. 1 for different alloy compositions. The spec
are recorded following the procedure described by reacti
~1! and ~2!. A reverse bias of25 V, used to impede a reas

FIG. 1. Fe-donor related DLTS spectra as obtained in
contaminated boron-doped Si12xGex for different Ge contentsx.
The spectra were recorded with the BioRad system using the
window e05200 s21, a pulse width of 200ms, and a reverse bias o
Vr522 V while the filling bias wasVf50 V.
6-3
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sociation of the mobile species Fei with the immobile Bs ,
was deliberately higher than the reverse bias used for D
in order to analyze a region of uniform Fei concentration.
For the sake of clarity, the temperature range is intention
restricted to 150–300 K where only the donor level (Fei

0/1)
is observed. The main striking feature is a very signific
shift of the iron donor related peak toward lower tempe
tures when the Ge content is increased. This behavior i
cates an effective increase of the hole exchange rate wh
based on our knowledge of thep-Si:Fe system, can be ex
tended to take into account the alloy effect. The new rat
given by

ep~x,T!5sp0~x!vp~T!Nv~T!expFDSp~x,T!

k G
3expF2

DHp~x,T!1DEs

kT G . ~7!

The use of this relationship to extract the hole ionizat
enthalpy necessitates some clarifications asT is not the only
variable. First, the hole effective mass involved in the pro
uct vp(T)Nv(T) is essentially determined by its value
silicon,10 justifying the fact thatx is not explicitly included in
this product. Therefore,vp(T)Nv(T) reduces to the well-
known parabolic formbT2, whereb is a constant.10 Second,
the hole capture cross sectionsp(x,T) expresses a thermall
activated process taking the formsp(x,T)5sp0(x)exp
(2DEs /kT). The temperature dependence appears in the
ponential only. This has been experimentally demonstrate
silicon,4 whereDEs has been found to be 0.048 eV, a val
small enough to be considered asx independent. But this
may not be the case forsp0(x).

These considerations allow us to confidently state that
whole preexponential factor in relation~7! keeps its tempera
ture parabolic form, irrespective of the alloy compositio
leading in principle to a straightforward determination
DSp(x,T) andDHp(x,T).10 But this requires that we knowa
priori the temperature dependence of these two functio
which is not obvious. Fortunately, some hints can be gai
from previous studies. To begin with, in silicon
DSp(0,T)—expressing the sum of a configurational entro
change@DSp

conf52k ln(2)# and a more complex vibrationa
contribution DSp

vib(0,T)—reduces to the former which i
temperature independent.19 The fact that the vibrational con
tribution is not significant can be expected for impuriti
stabilizing at pure interstitial sites, configurations not invo
ing the covalent bonds, and thus very weakly coupled to
lattice.2,19 It is highly likely that the same situation holds i
the alloy.

Finally, the hole ionization enthalpyDHp(x,T) can at
most take up the temperature dependence of the band
which is known,20,21and thus possibly accounted for.10 In the
present case, however, it will be demonstrated that the
pact of the Ge content is by far much more important tha
possible thermal shift of the iron level. In conclusion, we c
confidently drop the variableT in the activation energy and
write DHp(x,T)1DEs'DHp(x)1DEs . The emission
ratesep(x,T), normalized toT2, as a function of 103/T are
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plotted in Fig. 2. The extrapolation toT5` shows that,
within the experimental uncertainties, the prefactor of re
tion ~7! remains almost unaffected, thus confirming all t
above-mentioned assertions. The capture cross sec
sp0(x) is found to vary in the range (2 – 6)310216 cm2, an
interval that is much more narrower than expected from
uncertainties inherent to the extrapolation procedure in
Arrhenius law. Therefore, there is no evidence for any imp
of the alloy, either on the capture cross section or on
ionization entropy which remains essentially determined
the configurational contribution@DSp

vib(x,T)'0#. It, there-
fore, becomes straightforward to extract the hole ionizat
enthalpy of Fei

0/1 provided a correction to the activation ba
rier for capture (DEs50.048 eV) is applied to the data o
Fig. 2 as we will see in the following

The study of the FeB related level requires a trapp
process of free Fei

1 by immobile Bs
2 . This is done by leav-

ing the sample at 300 K under 0 V allowing reaction~1! to
proceed to the left. A DLTS signal related to the hole tran
tion from the pair (FeiBs)

0/1 appears at the expense of th
isolated iron donor level Fei

0/1 as shown in Fig. 3. Again, for
the sake of clarity, the temperature range is deliberately
stricted to values lower than 100 K. We will see in the fo
lowing that if there is no loss of iron in the process of pa
formation, a one to one correspondence must exist betw
the two iron-related signals. The Ge content dependent
plitude of the FeB signal depicted in Fig. 3 should not
considered seriously for two main reasons. First, the reve
bias used for DLTS analysis is of25 V in the case of silicon
while it is only of 21 V for the other samples. Therefore, th
investigated depth does not have the same extent. Secon
mentioned previously, different Si12xGex samples may con-
tain different amount of dislocations affecting the concent
tion of electrically active iron incorporated during the diffu
sion process. Figure 3 reveals, however, a very signific
shift of the DLTS signal toward lower temperatures, expre
ing a large increase of the emission rate as in the cas
Fei

0/1 . The practical consequence of such a shift and of
shallow character of the level is that it becomes no lon

FIG. 2. Arrhenius plots of the hole emission rates for differe
Ge contents. Within the experimental uncertainties, the extrap
tion to T5` leads to a convergence of all the data.
6-4
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possible to investigate Ge content larger than;7% as the
related DLTS peak inevitably approaches the carrier freez
regime. This is illustrated in Fig. 3 through a drop and
significant distortion of the signal recorded on the sam
with Ge content of 9.5%. Close or above this value a rig
ous analysis becomes questionable unless very high ex
mental rate windows are available. We will therefore foc
our attention on samples with alloy composition less th
7%. It is noteworthy that the sample withx53.2% is not
considered here. Because of the carrier freezing limita
noticed previously, its doping level is too low to enable
easy analysis. A sample withx54% and a fairly high doping
level is used instead. Another difficulty emerges from t
loss of symmetry of the DLTS signal as soon as we dep
from pure silicon. Figure 4 illustrates this effect through t
shoulder labeled H1. Assigning this shoulder to an unkno
level allows a better quantitative account of the whole sign
In particular it enables a better estimate of the thermal p
tion of the DLTS peak related to the FeB donor level as c
be seen in Fig. 4. Then, similarly to above, the hole emiss
rateep(x,Tm) of the pair FeiBs

0/1 can be monitored, allowing
one to extract the corresponding hole ionization entha
DHp(x)@FeiBs

0/1#.
Figure 5 displays the hole ionization enthalpiesDHp(x)

for both Fei and FeiBs donor levels, a fit to the data obtaine
by Nauka and Kamins in the case of the Fe-donor leve14

and the band gap enthalpy,DHcv(x,0). Notice that atT
50 K, the band gap enthalpy is simply the Gibbs free ene
DGcv(x,0), defined also as the chemical potential for th
mal generation of electron–hole pairs. In agreement w
Van de Walle and Martin,22 we assume that the reduction
the band gap is entirely reflected in the valence band s
thus allowing an easy determination ofDHcv(x,0). Our data,
although recorded in a narrow alloy composition ran
agree very well with the findings of Nauka and Kamin
recorded in a wider range (0,x,25%).

FIG. 3. FeB donor-related DLTS spectra recorded in the sa
samples as in Figs. 1 and 2. The spectra were recorded with
Semitrap system using the rate windowe051647 s21. The spec-
trum in silicon was recorded with a reverse bias ofVr525 V while
in the alloy a value ofVr521 V was applied. In both cases a puls
width of 250ms and a filling bias ofVf50 V were used.
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It is worth noticing, however, that both donor levels sh
toward the valence band much faster than the band
shrinks with increasing Ge content. This is surprising if w
consider that the isolated Fei

0/1 does not involve the loca
covalent bonds as in the case of a substitutional impur
Such a strong reduction of the hole ionization enthalpy m
have serious implications as will be seen in the following.
the case of the FeB pair, the level is expected to be burie
the valence band forx>7%. The second interesting infor

e
he

FIG. 4. Individual fits to the experimental data related to t
FeB donor level (H0) in the different alloys. The consideration o
the shoulder (H1) as an unknown point defect leads to a bet
account of the data. A more rigorous extraction of the hole ioni
tion enthalpy of the FeB donor level is thus possible.

FIG. 5. Decrease of the hole ionization enthalpy at 0 K of bo
Fei

0/1 and FeiBs
0/1 donor levels, as a function of the alloy compo

sition x. The dashed curve shows the band gap shrinkage as d
mined by Weber and Alonso~Ref. 21!. The solid curve represent
the polynomial fit of Nauka and Kamins data~Ref. 14! for the
Fe-donor level. The dotted curve is a simple shift of the latter
0.28 eV which corresponds to the energy separation between
iron related levels in silicon.
6-5
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mation gained from a careful observation of the data in F
5 is the decrease with apparently the same rate of both
ization enthalpies. The dotted curve is indeed a simple s
of the solid curve by the quantityDHp(0)@Fei

0/1#
2DHp(0)@FeiBs

0/1#50.28 eV.
The fact that the two levels follow each other when t

band gap is reduced supports the model that the trapped
resides primarily in the delocalizedd orbital of the interstitial
iron atom. This observation is in favor of similar core stru
tures of both the Fei

0/1 and (FeiBs)
0/1 defects;23 in

(FeiBs)
0/1 the substitutional boron atom, Bs , affects the

binding energy without perturbing, or only slightly, the ele
tronic structure.23 Nevertheless, the shift in the ionizatio
enthalpy with increasing alloy composition clearly indicat
that thed orbital is sensitive to the disordered environme
created by adding Ge atoms, sustained by its delocal
character. We have already established a very similar be
ior in the case of the defectsCi and CiCs in Si12xGex ,7

confirming similar predictions made from electro
paramagnetic resonance measurements in silicon.24,25

B. Diffusion of Fe in Si1ÀxGex : Fermi level effect

In our simple system, the dynamics are governed by
diffusion-limited reaction~1!, in which we expect a first-
order kinetic process. Such a behavior, demonstrated
silicon,4 holds also in Si12xGex alloys as shown in Fig. 6
When the diode is left to itself at 300 K under 0 V, allowin
reaction~1! to proceed to the left, a simple trapping proce
of free Fei

1 by immobile Bs
2 prevails. A quantitative analysi

of this basic reaction, carried out at different temperatu
and based on relation~6! leads to the determinatio
of the diffusion barrierDHm(x)@Fei

1# and the diffusion
prefactorD0 , a parameter containing the migration entro
DSm(x)@Fei

1#. In silicon, as long as the doping level satisfi
the conditionsNa>1015 cm23, free iron is entirely ionized
and thus the fractionf 1 given by relation~4! does not devi-
ate from unity. So far, this has always been the case in
literature. However, in Si12xGex , the consideration of the

FIG. 6. Fraction of excess unpaired Fei vs annealing time for
different alloy compositionsx. The linear behavior confirms ou
assumption that a first-order kinetics governs reaction~1!, thus sim-
plifying the treatment of Eq.~3!.
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factor f 1 becomes absolutely necessary as the Fei
0/1 level

has been shown to shift downwards in the band gap. F
sufficiently large Ge content, the Fe-donor level eventua
crosses the Fermi level, moves below it, and acquires a n
tral charge state, with the consequence that the fractionf 1

considerably reduces. A decrease inf 1 leads to an increase
in the time constant as predicted by relation~6!. The impact
of the interplay between the doping level, controlling t
Fermi level position, and the Fei

0/1 ionization enthalpy, de-
termined by the alloy composition, is shown in Fig. 7. It
clear that for moderately doped alloy materials, consid
ation of the factorf 1 becomes necessary in order to quan
tatively account for the kinetic process involved in reacti
~1!. This simulation, based on Eq.~4!, assumes that the hol
capture cross section is not fundamentally affected, as d
onstrated previously.

Taking into account all these facts, the extraction of t
migration enthalpyDHm(x)@Fei

1# and the diffusion prefac-
tor D0 is straightforward. Figure 8 displays the data for
conditions of doping and alloying considered in the pres
work. The solid line represents a fit of all the data leading
a diffusion barrier and a diffusion prefactor very close
those obtained in silicon by a compilation of a large amo
of data collected in the literature.5 Two points emerging from
Fig. 8 are worth mentioning. First, the data corresponding
x53.2% are obtained in the least doped material and, th
require correction according to the above-develop
arguments.26 As already stated, the time constant of reacti
~1!, when driven to the left, requires performance of the m
surements at higher temperatures as shown by the cl
triangles in Fig. 8. The second point worth mentioning
related to the physics of the process. Alloying does not se
to affect the diffusion mechanism, at least up to a Ge con
of 10%. It should be noticed, however, that the diffusion d
extracted here represent an average over an ensemb
jumps, which might individually be perturbed. The eleme
tary diffusion act, consisting of an atomic jump from on
tetrahedral site to the next, through an unstable hexag

FIG. 7. Equilibrium fraction of positively charged free iron as
function of both the ionization enthalpy, determined by the Ge c
tent in the Si12xGex alloy, and the free hole density determining th
Fermi level position in the band gap.
6-6
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site, might indeed be locally perturbed by a Ge atom or a
related distortion it induces in the lattice. But statistically, t
probability for a free Fei

1 ion encountering a Ge atom i
negligible. Surprisingly, this argument fails if the process
diffusion requires the participation of intrinsic defects as
have demonstrated to be the case for the diffusion ofCi in
Si12xGex alloy.27 What is interesting to notice in the latte
system is that high Ge content is not required to observe
alloy effect.

C. Alloying effect: Peak broadening and related issues

Compositional fluctuation, one of the main consequen
of alloying, is of serious concern whenever microscopic
rameters are to be deduced from macroscopic measurem
A local compositional change has two major impacts:~i! it
induces a fluctuation in the free energies of one or both ty
of carriers, directly reflected in a fluctuation of the respect
band edges, and~ii ! a fluctuation of the atomic arrangeme
surrounding each individual defect which, depending on
degree of localization of the corresponding wave functi
may induce a distribution in defect related-energy leve
When such fluctuations exceedkT, the resulting perturbation
is a broadening of the global spectroscopic response due
distribution of the emission rates given by Eq.~7!. In the
case of relaxed Si12xGex and for x,85%, the whole fluc-
tuation is taken up by the valence band edge only.10,22Thus,
a broadening of a signal emerging from electron transiti
between a defect and the conduction band would exclusi
be due to point~ii !. On the other hand, a coupling of poin
~i! and~ii ! may be at the origin of a spectroscopic broaden
for a signal emerging from hole transitions between the
fect and the valence band as is the case in the present w
Thus, both the free and trapped holes undergo a fluctua
of the energy in this case.

It must be stressed that the global response include
large ensemble of point defects thus leading to parame
which, by definition, obey the ensemble average. The u

FIG. 8. Diffusion coefficient data for various doping and allo
compositions. The migration of free Fei

1 via interstitial mechanism
does not seem to be perturbed by alloying Si and Ge at least u
a Ge content of'10%.
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mate issue would of course be to establish a link betw
collective phenomena and local atomic dispersion. T
would help in determining the relationship between the in
vidual and the ensemble. Attempts have already been m
to numerically process conventional photoluminescence
DLTS spectra in the case of ternary III–V alloys.28,29 Re-
cently, a new approach called Laplace DLTS was propo
in order to improve the resolution of the global convention
DLTS response. Although limited to very low alloy compo
sitions, this technique seems to be promising30,31 in distin-
guishing between the most abundant atomic configurati
of a point defect.

However, no matter what technique is used, its intrin
resolution in an otherwise perfectly ordered environm
must be known to enable a link between the alloy effect a
the signal broadening. In the case of interstitial iron Fei

0/1 ,
Fig. 9 shows the DLTS peak half-width, in the followin
namedDT1/2(x,Tm), as a function of the peak temperatu
Tm for various Ge contentx. As is clearly shown, a simple
linear relationship links the broadening toTm , irrespective
of the alloy composition. The obvious consequence of s
behavior is that a shallower level should exhibit a narrow
peak than a deeper one. Accordingly, a given level is be
resolved when DLTS analysis is carried out at low emiss
rates.

Figure 9 also stresses that in alloys the situation m
evolve drastically as the compositional fluctuation takes
significant part in the process. To emphasize the necessi
focusing on the relative broadening d(x,Tm)
5DT1/2(x,Tm)/DT1/2(0,Tm) instead of on the absolut
DLTS peak half-widthDT1/2(Tm ,x), it is instructive to com-
pare the case ofFei

0/1 with our previous findings onPts
2/0 in

Si12xGex .32 The latter species has been investigated in
range of alloy composition of 0–25% as shown in Fig. 9.
is tempting to conclude from the absolute dataDT1/2(x,Tm)
plotted in Fig. 9 that the alloy fluctuation affects more dr
matically the Pt signal than the iron one. But the striki
point is that the Pt-related level shifts toward higher tempe
tures with increasing Ge content,32 while it is the other way

to

FIG. 9. Absolute thermal broadeningDT1/2 as a function of the
DLTS peak temperatureTm for different alloy compositions. The
data are reported for both Fe-donor and Pt-acceptor in Si12xGex

alloy. The data recorded for Ge content in the range 0–25% co
spond to Pt.
6-7



in

he
a
llo
th
a
ee

na
en
em
of
va

t
ak

con-
. In
m-
ap-

the
the
the
nt.
ee
the
oint
ned
o a
po-

ical
en-
ra-
the

ry
g
-

n
-
sic
the

evi-
t

nd
the

at

to
a

eed
ce
-

her

the
o-
een
no

nse
dual
nt

po-

tio

th
.
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around for the Fe-related level. This property, illustrated
Fig. 10 by plotting the DLTS peak temperatureTm as a func-
tion of the alloy composition, justifies the choice of Pt for t
present purpose. According to the above-mentioned st
ments, the intrinsic thermal-induced broadening and a
contribution add up in the case of platinum whereas in
case of iron they tend to balance each other. This is basic
the reason for the large difference reported in Fig. 9 betw
the two metallic species.

Rigorously, the relative broadeningd(x,Tm), plotted in
Fig. 11, reveals without any ambiguity that the compositio
fluctuation equally affects both species. Relying on rec
LDLTS measurements carried out on the syst
Si12xGex :Pt,31 we may conclude that the fluctuations
both the atomic environment of the point defect and the
lence band edge@points~i! and~ii ! mentioned earlier# affect
the DLTS global response. Unfortunately, it is not possible
establish detailed and firm statements on each aspect t

FIG. 10. Plot of the DLTS peak temperatureTm as a function of
Ge content. The data were recorded for a rate window of 200 s21. A
simple linear relationship seems to govern the alloy composi
dependence ofTm .

FIG. 11. Normalized line widthd(x,Tm) for Fe-donor and Pt-
acceptor levels showing that the alloying impact is the same for
two species, which is not obvious from the observations of Fig
alone.
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separately as they require at least a scanning of the Ge
tent in a wider range than is available in the present work
the case of the FeB pair, consideration of higher alloy co
position is of no use since the related band gap level dis
pears already forx>6.4%. It thus remains in the following
to give general comments and qualitative indications on
expected relationship between the signal broadening and
valence band edge and or, band gap-level fluctuation,
latter being due to the fluctuating local atomic environme

The first point worth mentioning is related to the degr
of validity of conventional spectra analysis, based on
assumption of a pure exponential, when characterizing p
defect in alloys. It seems obvious, indeed, that a broade
level forbids one from assigning a defined time constant t
single thermal transient shot deviating from a simple ex
nential. This issue has been addressed by Omlinget al.,29

who showed that the simple treatment still has a phys
meaning, provided the capture rate is temperature indep
dent or alternatively, exponentially dependent on tempe
ture. This restriction has been demonstrated to hold in
present work.

Applying the approach already developed in terna
III–V compounds,28,29 we may express the alloy broadenin
d(x,Tm), plotted in Fig. 11, by the semiempirical relation
ship

d~x,Tm!511g~x,Tm!Ax~12x!. ~8!

Equation~8! takes into account the fact that in pure silico
(x50) and pure germanium (x51), two homogeneous ma
terials, thex dependence must vanish leaving the intrin
thermal broadening as the only determining factor. But
most striking implication of Eq.~8! is the physical meaning
of the complex factorg(x,Tm) containing the impact of the
band gap and defect environmental fluctuations cited pr
ously. Anx independentg would obviously lead us to expec
the largest broadening forx50.5.33 However, this is seldom
the case. In fact, owing to the quadratic form of the ba
gap,21 and, to a certain degree, the ionization enthalpy of
defect ~see Fig. 5!, the factor g contains the derivative
]DHp(x,T)/]x and is thus at least a linear function ofx. As
a consequence, a shift of the maximum of the full width
half maximum~FWHM! is to be expected.34 Unfortunately, a
quantitative analysis of the broadening issue is difficult
achieve as it requires one to follow the iron-donor level in
much wider Ge content range than available. We have ind
shown previously that the level merges with the valen
band forx>25% ~see Fig. 5!. This constitutes a serious limi
tation to a mathematical treatment based on Eq.~8!, while
the same treatment proved to be valuable in ot
circumstances.34

The second aspect is that alloying does not alter
FWHM only. It may render other simple relationships in h
mogeneous materials, such as the proportionality betw
the DLTS peak height and the absolute defect density
longer valid. Instead, an integration of the whole respo
becomes necessary to account for the ensemble of indivi
configurations. It is thus intuitive to expect that for a consta
concentration of the defect, an increase of the alloy com

n
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sition increases the broadening and thus decreases the D
peak height. But, the conservation law requires that the a
under the peak remains constant.29 In practice, however, and
particularly in the present case, it is difficult to keep invaria
the concentration of the defect. We know indeed that
density of dislocations increases with the alloy content35 and
we also know that Fe is very much attracted by such dis
cations due to the well-known gettering mechanism.1 There-
fore, the rate of gettering of Fe during its diffusion into th
substrate cannot be considered independent of the Ge
tent, restricting us to consider the relative peak heights o

The third and last possible consequence of the alloy
duced broadening is reflected in the symmetry of the pea
sole Gaussian distribution of the energy levels in the b
gap around a mean value does not necessarily imply a s
metric DLTS peak. A Gaussian distribution of the corr
sponding capture cross sections, matching the energy d
bution or, alternatively, an energy independent capture c
section, is also required. If this is not the case, a shift and
asymmetry of the DLTS spectrum might show up upon
ducing the injection pulse width. The iron donor lev
(Fei

0/1) does not exhibit any dependency on the inject
pulse width, while under similar circumstances involvin
other point defects, capture cross section induced asymm
of the DLTS peak has been observed.36 The situation is, how-
ever, unclear for the iron–boron pair for the above-invok
reasons.

V. DISCUSSION

In this study, we have shown that neither the intersti
Fei

0/1 nor the (Fei – Bs)
0/1 pair follow either of the band

edges while they remain at a constant energy from each o
when the composition of the alloy is varied. Considered
deep levels, both defects are described by wave funct
extending over the entire Brillouin zone, and in this resp
the present results are not surprising. As a consequenc
the observed inequality,

]DHp~x,T!

]x U
T

.
]DHcv~x,T!

]x U
T

, ~9!

the 3d metals can no longer be used as independent, inte
reference levels, in band alignment as is the case for III
and II–VI compounds semiconductors, a fact already noti
by Nauka and Kamins.14

On the other hand, the important shift observed in
present work put a particular emphasis on major technol
cal processes such as the gettering.1 Whenever point defects
play a key role, quantitative assessment may be difficul
achieve without a complete consideration of all the mic
scopic parameters and their possible changes under va
stimuli such as temperature, alloying or stress, etc. Many
these technological processes are carried out at high tem
tures involving complex reactions where the charge state
pendent branching ratio is fundamental. The normal met
is to introduce in the simulator, parameters that are extra
at low temperatures, implicitly assuming their invarianc
One of the factors determining the charge state depen
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mechanisms is the level position in the band gap of an ac
point defect. The difficulty is that the population of such
level is implemented by free carriers provided by a reserv
whose characteristics are themselves affected by the ab
cited stimuli. If we consider silicon for instance, the ba
gap or, thermodynamically, the Gibbs free energy
electron–hole pair creation,DGcv(T), is given by

DGcv~T!5DHcv~T!2TDScv~T!51.1692
aT2

b1T
~eV!,

~10!

wherea5(4.960.2)31024 eV K21 and b5~655640! K.20

Therefore, changing the temperature in the range of 0–40
shrinks the band gap by only about 6%, enabling us to
glect any temperature induced change, as has been do
the present work. Here the range of measurement was e
narrower~from 150 to 300 K!. The absolute energy referenc
in the present case can thus, as a first approximation
assigned to the valence band. This is the case for most o
techniques investigating electronic transitions between
level and the allowed bands, provided the working tempe
ture remains below 400 K. Except for a few cases,10,37 any
impact of the temperature on the electron~n! or hole ~p!
ionization energyDGn,p(T) can thus barely be detected.

In the range of 400–1100 K, typical for gettering pr
cesses for instance, the silicon band gap is reduced how
by 30%. If neglected, this fact gives rise to a fundamen
misunderstanding. Considering the Si12xGex alloy as the
thermal reservoir, where the Gibbs free energy for electro
hole pair creationDGcv(x,T) is not only dependent onT but
also onx, we may expect significant changes from what
observed in silicon. To illustrate this aspect in the framewo
of the present study, two properties, which are well est
lished in silicon, are revisited in the following.

We first consider the process of gettering by segrega
due to highlyp-doped silicon-based materials, an interesti
alternative for today’s device processing. In this process, s
tially localized high solubility of impurities can be generate
through the Fermi level effect and ion pairing.38 This aspect,
which has been addressed in silicon by Gilleset al.39 and
McHugo et al.,40 can be extended to the present wo
through the role of the additional and very significant allo
ing band gap shrinkage in the Si12xGex material. These au-
thors observed a significant decrease of the iron segrega
efficiency at high temperature in highly boron-doped silico
than expected if the iron level were invariant in the band g
This led them to fit the temperature-dependent Fe solub
with the ionization Gibbs free energyDGp(T) of Fei

0/1

taken as a free parameter. The result was a significant
crease ofDGp(T) above 900 K necessary to account for t
experimental observations. The extension to Si12xGex alloy
raises the obvious question of the alloy-induced energy s
of the Fe-donor level and its impact on the segregation g
tering efficiency even at low temperature where the therm
induced shift is negligible. We assume that the independe
of the two variables,x and T, demonstrated below room
temperature,41 can be extended to higher values, thus valid
ing the use of the thermal-induced shift determined in silic
6-9
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A. MESLI et al. PHYSICAL REVIEW B 66, 045206 ~2002!
by Gilles et al.39 This leads to a straightforward determin
tion of the total Fe solubility as a function of the dopa
concentration at a given temperature for various alloy co
positions. It is simply given by the sum of the followin
three contributions:

@Fe# total5@Fei
0#1@Fei

1#1@Fei
1Bs

2#, ~11!

where the first term on the right-hand side is the neutral i
concentration, the second term expresses the positi
charged free iron, due to the Fermi level effect, and the th
term is the amount of paired iron. It is extracted from t
detailed balance of reaction~1! and given by38

bFei
1Bs

2c5@Fei
1# bBs

2cV~T!, ~12!

where@Bs# is the boron concentration andV(T) is the equi-
librium constant38 given by

V~T!5
Z

N
expS Eb

kTD . ~13!

In Eq. ~13! Z is the number of pair configurations~4 for the
tetrahedral site!, N is the lattice site density in Si or Si12xGex
(531022 cm23), and Eb is the binding energy of the pai
(Eb50.65 eV),16 considered in the following as independe
of Ge content. It is obvious from relation~11! that the heavy
boron-doping of a part of the substrate will contribute to
significant increase of iron in that part. Combining Eq
~11!–~13! and ~4!, we obtain for the total extrinsic Fe solu
bility, normalized to the intrinsic value,

@Fe# tot
ext

@Fe# tot
int 5 f int

0 H 11
f 1

12 f 1 @11@Bs#V~T!#J . ~14!

In Eq. ~14!, f 1 is given by relation~4! and f int
0 is the fraction

of neutral iron in intrinsic material.40 Taking into account the
Ge content dependent Gibbs free energy,DGcv(x,T) @see
Eq. ~10! and Ref. 21# and DHp(x,T) displayed in Fig. 5
leads to the curves plotted in Fig. 12. We can see that f
boron concentration of 231018 cm23, the relative concen-
tration of iron driven to the highly boron-doped area dro
by an order of magnitude in Si0.8Ge0.2. This is the first dem-
onstration that the gettering by segregation, considered
possible alternative in silicon technology, is totally inefficie
in Si12xGex alloy for x>20%.

Interestingly, the findings of Gilleset al.39 and McHugo
et al.40 implied a change in the structure of the point defe
when the temperature is higher than 900 K. The former
thors motivated their statement by considering the fact th
decrease in the ionization Gibbs free energy at high temp
tures corresponds to an increase in the corresponding en
according to the universal relationship

DSp~T!52
DGp~T!

]T
. ~15!

Equation ~15! mainly describes the vibrational part of th
ionization entropy which was revealed to be negligible in
temperature range over which the DLTS measurements w
carried out, leaving only the electronic configuration
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contribution.11 A simple estimation led Gilleset al.39 to sug-
gest a huge increase of the accompanying entropy~DSp
'13 k for T.900 K!. Again, it is a simple matter to show
that such an increase ofDSp(T) must necessarily be fol
lowed in parallel by an increase of the ionization entha
DHp(T), otherwise we would face a negative Gibbs fr
energyDGp(T), which has no physical meaning. It is inte
esting to notice that this is not the first instance of rais
such a compensating effect between the entropy and the
thalpy of a thermally activated process. The migration of
vacancy in silicon, playing a key role in dopant diffusio
exhibits a very similar behavior.42 All these observations are
indeed, as suggested by Gilleset al.,39 in favor of a change
in the structure of the defect at high temperature, an imp
tant point which remains to be clarified.

The second major consequence of the energy shift sh
in Fig. 5 is related to the so-called carrier-emission-limit
drift in reverse biased junctions.4 This effect, first demon-
strated for free iron inn-type silicon, may concern any spe
cies introducing a level in the band gap and having a reas
able charge state dependent mobility. Basically, in a hi
field region of a reverse biased junction, where no car
capture occurs, the charge state of the level is determine
the competition between electron and hole emission p
cesses. According to the Shockley–Read–Hall statistics,
average fraction of positively ionized iron, adapted to t
n-type Si12xGex alloy by introducing the variablex, is given
by

f 1~x,T!uhf5
en~x,T!

en~x,T!1ep~x,T!
, ~16!

whereen(x,T) andep(x,T) are the electron and hole emis
sion rates, respectively, in the high field region~hf!, the latter
being given by Eq.~7!. Relation~16!, expressing a situation

FIG. 12. Normalized iron concentration as a function of bor
concentration for different Ge contents. The fact that it is high
than unity stems for the expected increase of the solubility by s
regation @Eq. ~14!#. Here, we show that the efficiency of such
mechanism decreases in the alloy as a consequence of the e
shift discussed in the text. The arrow shows the drop in the solu
ity from Si to Si0.8Ge0.2 while the doping level is kept unchanged
231018 cm23.
6-10
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IRON IN RELAXED Si12xGex ALLOY: BAND GAP . . . PHYSICAL REVIEW B 66, 045206 ~2002!
out of equilibrium, is clearly different from relationship~4!,
which is valid under equilibrium conditions only. Now th
peculiarity for iron having a distinct diffusion coefficient fo
each charge state, withD(Fei

1).D(Fei
0),4 leads to a much

faster decrease in the concentration of Fe in the deple
region compared to the neutral zone. Due to equilibrium
neutral charge state prevails all the time in the later region
operating bipolar power devices, a strong electric field a
moderate temperature are easily achieved. Therefore,a prior
iron contamination, whether intentional or not, is expected
lead to an accumulation of the metallic species in thep-type
region, according to the direction of the applied field.
Si12xGex-based devices the evaluation of relation~16!,
based on all the above-mentioned findings and the cons
ations developed in Ref. 4 leads to the behavior displaye
Fig. 13. It is again straightforward to predict that in the allo
the carrier-emission-limited drift mechanism vanishes
ready for low Ge content impeding iron from escaping t
depletion region, thus leading to the near absence of fi
induced, outdiffusion in the alloy.

It is noteworthy to ask whether the above-noted conc
sions for the relaxed Si12xGex alloy are equally valid in the
strained material, especially important for the heterobipo
transistor. The answer to this question is found in the res
of Nauka and Kamins.14 These authors investigated in som
detail the strained material and also found an important s
of the Fei donor level toward the valence band with increa
ing alloy composition. However, while in the relaxed ma
rial the level is predicted to merge within the valence ba
for x'25%, a value of 40% is needed in the strained ma
rial. Therefore, although less stringent, the same conclus
can be drawn for the strained material.

Finally, an interesting aspect deserving attention in t
context refers to the simple charge-state-driven bistability
the Fe–A pair~where A[B, Al, Ga or In!, firmly established
many years ago.3 This mechanism consists of two config
rations of the pair in which the free interstitial Fe can fl
from the first stable tetrahedral site along the^111& direction

FIG. 13. Nonequilibrium fraction of positively charged Fe in
reverse biasedn-type Si12xGex-based device. The rapid decrease
this fraction for increasing Ge content impedes the field-indu
drift of Fei

1 out of the active area whereas this process was d
onstrated to be very efficient inn-type silicon~Ref. 4!.
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to the second metastable hexagonal site along the^100& di-
rection. Each configuration leads to a level in the gap and
conversion from one configuration to the other has be
quantitatively analyzed. Surprisingly, in Al dopedp-type sili-
con the trivial two-point charge model, known as the Co
lombic model, accounts perfectly for all the observations
is our belief that in this context thep-type Si12xGex :Al1Fe
system offers a unique opportunity to test how the additio
short-range elastic forces due to alloying compete with
electrostatic ones in controlling the bistability and thus t
iron-acceptor pairing formation and stability.

VI. CONCLUSION

Tuning the band gap of Si12xGex alloy by varying the Ge
content is a valuable tool to affect the thermodynamic pr
erties of point defects. Although this approach has be
widely applied in the study of other binary and higher ord
alloys, the increasing interest in IV–IV-based materials
lowed only recently some technologically relevant defect
gineering issues to be solved. This would not have been p
sible without a refinement of the crystal growth techniq
leading to a considerable reduction in the density of exten
defects. In this work we demonstrate that new variables s
as the band gap or alloy disordering become accessible
this context the case of iron is particularly interesting: t
concepts developed for modeling electrical and thermo
namic properties, transport behavior, precipitation, and g
tering phenomena may be tested using iron as a probe.
have shown that the band gap shrinkage following an
crease in the Ge content results in the iron-related electric
active levels shifting downwards. The shift is shown to occ
much faster than the gap reduction. Consequently, the
pair-related donor level merges within the valence band
ready at an alloy composition of about 7%. Above this val
the only remaining electrically active level is due to the i
terstitial Fei

0/1 . This level is expected to merge within th
valence band edge forx>25%. It thus becomes difficult for
this species to be ionized in moderately boron-dop
Si12xGex alloys. Consequently, gettering by segregatio
routinely used in silicon technology, becomes inefficient
these materials. Diffusion is also of main concern for t
simulation of device performances. We have shown that
diffusion properties of the positively charged interstitial iro
remain unaffected neither by the band gap reduction nor
the alloying-induced disorder. This is not always the ca
since other species have been found to be strongly sens
to the atomic environment. Finally, we believe that a loc
alloying-induced stress, offers a unique opportunity to inv
tigate other mechanisms governing reactions at the ato
scale. The electronic bistability of the iron-acceptor compl
where the acceptor nature plays a key role, deserves in
respect special attention.
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