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Abstract Predominant dislocation types in solar silicon are
dissociated into 30°- and 90°-partials with reconstructed
cores. Besides shallow 1D-band localized in their strain field
and a quasi-2D band at the stacking fault connecting the two
partials, the existence of several intrinsic core defects with
deep lying levels has been demonstrated by electron spin
resonance. The majority of core defects occur in nonequi-
librium situations and, with the exception of a small EPR-
signal assigned to a reconstruction defect, vanish after care-
ful annealing above 800°C. There is good evidence now that
part of deep levels observed in dislocated silicon is asso-
ciated with impurities, especially with transition metal im-
purities. Electron-hole-pair recombination at a dislocation
mainly runs via its shallow bands and is strongly increased
by impurities bound to its core or in the strain field. The con-
centration of these impurities can be reduced by gettering
processes to such a low level that radiative recombination
at dislocations yields a luminescence efficiency of 0.1% at
room temperature.

A quite coherent picture has emerged for metal impu-
rity precipitation in silicon. Early stages of precipitation in
defect-free silicon are characterised by kinetically selected
metastable defects forming as a result of large chemical
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driving forces for precipitation. Such defects are associated
with deep level spectra which show the properties of ex-
tended multielectron defects. The evolution of the system to
energetically more favourable configurations proceeds via
ordinary particle coarsening but also via internal ripening,
a process reminiscent of the above-mentioned metastable
defects. Electronically, the defects evolve into metal-like in-
clusions which in general seem to act as strong recombina-
tion centers for minority carriers. In the presence of disloca-
tions metastable defects quickly transform into equilibrium
structures in the course of precipitation or do not form at all.
In the presence of several metal impurities silicide precipi-
tates which can be described as solid solutions of the respec-
tive metal atoms are observed, which is at least qualitatively
in accord with ternary phase diagrams. Like single-metal
silicide precipitates, strong minority carrier recombination
is also typical for those multi-metal silicide particles.

PACS 61.72.uf - 61.72.Yx - 61.72.S - 71.55.Cn

1 Introduction

Compared to state-of-the-art silicon materials used in high-
level microelectronics present-day crystalline silicon for
mainstream photovoltaic applications usually contains a
high density of defects [1]. The majority of crystalline sili-
con for photovoltaics is multicrystalline materials produced
by casting or ribbon growth techniques. Independent of the
specific growth technique, such materials inherently contain
grain boundaries and dislocations. Dislocations are inhomo-
geneously distributed leading to virtually dislocation-free
regions and local dislocation densities up to 109~107 cm~2
in the same material. In addition, their effect on the elec-
trical properties of crystalline silicon, as measured, e.g., by
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the minority carrier diffusion length or lifetime maps, is not
directly related to their local density.

This has been taken as evidence that charge carrier re-
combination at dislocations is not governed by intrinsic
properties but strongly influenced by processing conditions
and impurities [2]. In fact, interaction of dislocations with
point defects of intrinsic or extrinsic origin is known to
considerably change the deep level spectrum of disloca-
tions [3]. Besides oxygen which is incorporated into silicon
from quartz crucibles during growth, transition metal im-
purities unintentionally introduced during crystal growth or
subsequent processing are obvious candidates for many rea-
sons. The latter are their ubiquitous presence in technical
environments, their extraordinarily fast diffusion in silicon,
and their general tendency to introduce deep levels into the
bandgap of silicon [4]. Their segregation in the strain field
around dislocations and in particular their possible binding
to the dislocation core will considerably change the deep
level spectrum of dislocations and may dominate the electri-
cal behavior of the latter [5].

Furthermore, dislocations may serve as heterogeneous
nucleation sites for metal silicide particles once the solid so-
lution of metal impurities gets supersaturated during cool-
ing from high temperature [5]. Again, such precipitates are
known to act as strong recombination sites and may domi-
nate the recombination when decorating dislocations [2, 6].
Early stages of metal silicide precipitation in dislocation-
free silicon are known to be related to nonequilibrium struc-
tures which are kinetically selected in order to facilitate fast
relaxation of extraordinarily large driving forces occurring
in undercooled solutions of transition metal atoms in sili-
con [7-9]. The created defects are frequently associated with
deep band-like states that are characterised by fast inter-
nal transitions between states constituting the multi-electron
system [8, 10].

The defects transform into energetically more favorable
configurations which are accompanied by a modification of
their deep level spectrum. In this stage, their recombination
behavior has been described in terms of internal Schottky
contacts [6, 11, 12]. It is interesting to note that in all cases
dislocations play a decisive role in particular in the early
stages of precipitation, which explains the fact that kinet-
ically selected nonequilibrium structures have never been
observed in dislocated silicon. Apparently, these structures
never form there or quickly transform into energetically
more favorable configurations in the course of precipitation.

Recently, the more practical case of the simultaneous
presence of various transition metal impurities has returned
into focus of experimental research [13]. Multi-metal sili-
cides have been observed in multicrystalline silicon for so-
lar cell applications as a result of co-precipitating transition
metal impurities. The electronic properties of multi-metal
precipitates have not yet been studied systematically.
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In this work, we summarize current understanding of
electronic states at extended defects in crystalline silicon, in
particular dislocations and metal silicide precipitates. These
seemingly separated topics are closely related due to the
strong interaction of dislocations and transition metal im-
purities, so that consideration of the atomic structure of dis-
locations and silicide precipitates are also included where
appropriate. Sect. 2 is devoted to deep states at disloca-
tions. Starting from the basic atomistic structure, we briefly
describe the properties of shallow one-dimensional (1D)
bands at glide dislocations which result from the strain
field and hence are an intrinsic property of dislocations
(Sect. 2.1). Deep levels at dislocations and their concerted
action with the 1D bands are the ingredients to quantitatively
describe excess charge carrier recombination at dislocations
(Sect. 2.2). Spectroscopic investigations of deep levels at
dislocations are summarized in Sect. 2.3, where the interac-
tion of point defects with dislocations is discussed in some
detail. The special case of transition metal impurities and the
related topic of impurity gettering will conclude Sect. 2.

The topic of Sect. 3 is the formation and electronic struc-
ture of metal silicide precipitates in silicon. After a brief
introduction into the general properties of transition metal
silicides, nonequilibrium configurations forming as a re-
sult of extraordinarily large chemical driving forces for pre-
cipitation are described in Sect. 3.1.1 for nickel and cop-
per in silicon. Deep band-like and localized states related
to these defects and their possible structural origin are de-
picted in Sect. 3.1.2 followed by short summaries of the
electronic and structural properties of large silicide precipi-
tates (Sect. 3.2) and those heterogeneously formed at dislo-
cations (Sect. 3.3). Section 3.4 is devoted to the currently in-
vestigated topic of multimetal precipitation in silicon, which
is clearly driven by technical requirements in silicon pho-
tovoltaics, and also involves some basic questions on co-
precipitation. The paper is finished by a summary and a crit-
ical outlook.

2 Dislocations in silicon
2.1 Shallow states at dislocations

In silicon crystals dislocations glide in {111} glide planes
and their Burgers vectors are of type 5 (110). However, there
are two possible {111} sets of glide systems for disloca-
tions: the shuffle set when the dislocation core is between
the widely spaced {111}-planes and the glide set when the
core is lying between the narrowly spaced {111}-planes. The
dislocations of these two sets have different core structures
and must have considerably different electronic properties.
Dislocations of the glide set, which form by plastic defor-
mation at high temperature, can dissociate into two paral-
lel Shockley partial dislocations with a stacking fault ribbon
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between them. The geometry of the dangling bonds in their
cores is such that forming new covalent bonds between the
dangling bonds (bond reconstruction) more than compen-
sates the associated increase of elastic energy (see [14] for a
more detailed discussion).

Dislocations of the shuffle set cannot dissociate into par-
tials, and the dangling bonds of the core are nearly normal to
the glide plane. In this case the bond reconstruction needs so
large atomic displacement that it seems to be energetically
unfavorable. Shuffle set dislocations have been reported re-
cently for low-temperature deformation of silicon [15].

Fortunately, most of dislocations generated in Si at a tem-
perature above 600°C by either macroscopic or microscopic
plastic deformation are screw and 60° dislocations of the
glide set, which are dissociated into 90° and 30° Shockley
partial dislocations with reconstructed cores. Theory pre-
dicts that ideal straight and clean segments of such disloca-
tion are not associated with any deep electronic states in the
band gap of silicon (see [3] for review). They are, however,
associated with relatively shallow one-dimensional elec-
tronic energy bands (1D-bands) and a filled quasi-2D band
caused by the elastic strain field and the Shockley stacking
fault separating the two partials of dissociated gld ie dislo-
cations, respectively. The empty one splits down from the
conduction band with its bottom at Ec — Epe, and the oc-
cupied one splits up from the valence band with its top at
Ev + Epn, where Ec and Evy denote the edges of the con-
duction and valence band, respectively. Theory has shown
that the strain field of the partial dislocations pushes the
stacking fault states deeper into the bandgap [16].

Figure 1 illustrates how the cores of the 90°- and a 30°-
partial can be reconstructed. The RD is a defect of recon-
struction, which contains a dangling bond and must pro-
duce a deep donor and an acceptor level in the band gap.
At elevated temperature the reconstruction defects can move
along the dislocation and can annihilate pairwise. It is evi-
dent that the concentration of dangling bonds related to re-
construction defects should critically depend on the thermal
history of the silicon material and it should be possible to re-
duce their concentration by a proper thermal annealing. All
available experimental data support the theoretical predic-
tions that reconstruction of partial dislocations in Si is ener-
getically favorable. For example, EPR measurements show
that the concentration of paramagnetic dangling bonds can
be sometimes quite significant for dislocations introduced
at T < 700°C and is strongly reduced after annealing at
T > 800°C [17-19].

The energy positions Epe and Epp of the edges of
1D-bands for 60° dislocations were estimated from the
photo-excitation spectrum of the electric dipole spin res-
onance (EDSR) in 1D-bands [20] of straight dislocations
in Si. It was found that (Ec — Epe) =~ (Epn — Ev) ~
80-85 meV. These values for (Ec — Epe) and (Epy — Ev)

Fig. 1 Core view in the (111) glide plane of 30° (left) and 90° (right)
Shockley partial dislocations in their reconstructed states; RD denote
reconstruction defects that are mobile at high temperature and possibly
give rise to deep states at dislocations

are quite close to the values (Epy — Ev) >~ 65 meV and
(Ec — Epe) = 85 meV calculated in [21] from the temper-
ature dependencies of the conductivity in specially prepared
p- and n-type silicon samples with dislocations. Similar re-
sults, (Epnh — Ev) >~ 70 meV and (Ec — Epe) ~ 80 meV
have been also obtained in [22] from measurements of tem-
perature dependence of microwave conductivity in plasti-
cally deformed n- and p-type silicon and from DLTS [23].

For dislocations with such not very deep 1D bands one
cannot expect a high recombination activity since the radius
of electronic wave functions in the direction perpendicular
to dislocation is not small enough to allow complete over-
lapping of the electron and hole wave functions in k-space.

In EBIC, the variation of the current at a p—n junction
or at a Schottky contact, I, resulting from nonequilibrium
electrons and holes generated by the electron beam, is mea-
sured, when the specimen area of interest is scanned. The
values of I at the dislocation, /gi51, and away from it, [y, are
used to define the contrast Cgis) = (lo — lgis1)/ o of single
dislocation, which is directly related to recombination rate
at this dislocation. Indeed, the EBIC measurements [24, 25]
show that in cases where dislocations seem to be sufficiently
“clean,” their recombination activity is very small and nearly
not observable at room temperature. This allows us to sup-
pose that the recombination rate caused by direct transitions
between 1D bands D, and Dy, is quite small.

2.2 Deep states at dislocations

At the same time, it was found that dislocations in silicon of-
ten exhibit very high EBIC contrast equivalent to a strongly
reduced minority carrier lifetime [24-30]. The only way to
explain existing experimental data is to suppose that in addi-
tion to the 1D-bands, D, and Dy, real dislocations can also
have deep localized (0-D) electronic states, originating from

— “native” (or intrinsic) core defects like reconstruction de-
fects, jogs, and core defects caused by vacancies and self-
interstitials incorporated into dislocation core, or
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— impurity atoms in the dislocation core or in the strain
field of dislocation in the form of very narrow (=~1 nm)
clouds.

Please note, that—since dislocations are topological
defects—the electronic energy levels of impurities incor-
porated into the dislocation core in general should differ
significantly from the energy levels of the same impurities
incorporated as individual atoms within the bulk. Recent cal-
culations for substitutional copper in the dislocations core
confirm this basic argument [31]. In contrast to the num-
ber of states of one-dimensional bands, concentrations of
deep electronic states related to core defects and impurities
strongly depend on the material’s thermal history and can
vary in a very wide range. This statement is strongly sup-
ported by numerous experimental data obtained mainly by
EBIC and deep level transient spectroscopy (DLTS), which
permits to measure the concentrations of electrons and holes
captured by dislocation-related deep states.

Before DLTS data are summarized, we briefly discuss the
main features of minority carrier recombination at disloca-
tion. Let us consider for certainty n-type Si, so that electrons
are majority carriers, and their concentration n is higher than
the concentration of holes p, which are minority carriers in
this case (see Fig. 2).
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Fig. 2 Charge carrier recombination at dislocations. The important
feature is the Coulomb barrier @ appearing around a dislocation due
to its line charge caused by majority carriers—electrons in this fig-
ure—captured to the dislocation states. For clean dislocations, the re-
combination rate is determined by direct recombination of electrons
and holes captured by the 1D dislocation bands Epe, Epp (path (1)). In
the presence of defects with a deep energy level Epp, recombination
occurs directly via the deep level (path (2)), and, in addition, the carri-
ers captured to 1D-bands recombine by path (3) via this deep level [2];
Ec, Evy refer to the edges of the conduction and valence band, respec-
tively, and EF indicates the position of the Fermi level. In addition, the
radius Lscr of the space charge layer around dislocations is indicated
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When considering the capture of free electrons and holes
and the occupation statistics of electronic energy states at
dislocation, we should first of all remember that majority
carriers captured by electronic states at the dislocation cre-
ate a Coulomb band-bending e® around it (see Fig. 2). As a
result, the capture rate of free electrons to such states is re-
duced approximately by the factor exp(—e®/kgT) and fi-
nally limits the total equilibrium occupation of dislocation
states by electrons. At the same time, this electrostatic po-
tential is attractive for minority carriers and accelerates their
capture and recombination at dislocations.

The interaction of free charge carriers with the disloca-
tion line charge is an important feature, which has been in-
vestigated in detail in the literature and has been taken into
account in all models for recombination at dislocations (see,
for example, [2, 32-35]). The exact calculation of e¢® is a
difficult problem (for details, see [3]), but in many cases it
can be approximated by the simple formula

2
_ € Niot

ed =
2meegy

(In Nyot Lser — 0.5), (1

where Ny is the total dislocation charge per unit length
(the concentration of electrons or holes captured to all dis-
location energy states), ¢ is the dielectric permittivity of Si,
and ngq is the concentration of shallow donors. Equation (1)
assumes that the screening radius Ly of the electric field
around the dislocation is of about

2

As aresult, the total dislocation charge Ny per unit length is
limited by the screening potential rather than the total num-
ber of states Npp per unit length. The presence of excess
minority carriers results in a nonequilibrium occupation of
dislocation energy states, and the dislocation electrostatic
potential e® is reduced, roughly like e® =~ kgT In(n/p),
which is a consequence of the fact that fluxes of electron
and holes to the dislocation have to balance each other in
stationary conditions.

Another important feature of recombination at disloca-
tions is the significant influence of 1D-bands on the re-
combination process due to electronic transitions between
1D-bands Epe, Epn via the deep localized states Epp
caused by overlapping of their wave functions (recombi-
nation path (3) in Fig. 2). It should be noted that these tran-
sitions have to be taken into account for a proper description
of the recombination activity of dislocations [2].

Transitions between 1D-bands (path (1) in Fig. 2) are as-
sociated with a relatively small recombination rate, i.e., the
recombination activity of “clean” dislocation is small un-
less the temperature is below about 90 K. The recombina-
tion can be drastically enhanced by the presence of even a
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small concentration of deep levels due to impurity atoms or
core defects at the dislocation. In this case recombination
occurs in several steps: capture of free electrons and holes
to 1D-bands, their motion along dislocation, then capture
from the 1D band to the deep states, and finally recombina-
tion. The model permits not only to explain experimentally
observed dependencies of the recombination rate on temper-
ature and excitation level but also to estimate the concentra-
tion of deep level defects at dislocations [2].

Figure 3a shows, as an example, the EBIC contrast of dis-
locations which is proportional to the recombination rate of
minority carriers at dislocations, calculated for 7 = 120 K
and 7 = 290 K depending on the number Npp of deep de-
fects. It was assumed that the sample is n-type with a doping
density of ng =2 x 10" ¢cm™3 and that dislocation defects
have a single acceptor level at Epp = Ec — 0.45 eV with
a capture cross-section o, = 2 x 1071 cm? for electrons
and o, = 10~13 cm? for holes, the hole concentration was
p =103 cm™3. A steep linear increase of the recombina-
tion rate with increasing of Npp is observed in the range
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Fig. 3 Calculated dependencies on the number Npp of deep de-
fects on dislocation (per cm of dislocation length) of: (a) recom-
bination activity of dislocation (proportional to its EBIC contrast)
at T =120 K and T = 290 K; (b) density of electrons captured
to deep defects; calculations were done for n-type material (dop-
ing of 2 x 1015 cm™3), a single dislocation-related acceptor level at
Epp = Ec — 0.45 eV with capture cross-sections o, = 2 X 10715 cm?
for electrons and o, = 1013 ¢m? for holes, the minority carrier con-
centration is p = 1013 cm 3

of Npp < 10® cm™!, which is mainly due to the increase
of the negative dislocation line charge caused by electrons
captured by defects. The Coulomb potential e® is attrac-
tive for holes and accelerates their capture and hence the
recombination at the dislocation. In this range, the minor-
ity carrier lifetime is much shorter when deep defects are
located at dislocations compared to the case where dislo-
cations are clean but the same number of deep defects are
distributed randomly in a bulk, i.e., accumulation of impuri-
ties at dislocations has a deleterious effect on the diffusion
length. The high recombination rate at deep defects located
at dislocations is mainly due to the acceleration of recom-
bination by intermediate capture of electrons and holes to
1D-bands, having a large capture radius, and by the attrac-
tive Coulomb potential of negatively charged dislocations.
Please note that for calculations, (1) has been used, which
typically is an upper limit for the true potential around dis-
locations [36]. More accurate calculations give qualitatively
similar results. Quantitatively, however, curves depend on
chosen parameter values and on the model used to calculate
the barrier around dislocations.

At very high concentration of deep defects at dislocations
Npp > (2-3) x 10° cm™!, further increase of the recombi-
nation rate with increasing Npp tends to saturate because
the occupation of deep defects by electrons becomes smaller
and smaller in this regime (see Fig. 3b) since it is strongly
limited by the Coulomb potential e®, which is now grow-
ing proportionally to kg7 - log(Npp). Also the diffusion of
holes to dislocations becomes an additional limiting factor
for recombination. Please note that, if the concentration of
deep defects is larger than a certain value, their accumula-
tion at dislocations results in a larger lifetime compared to
the case of a homogeneous distribution. In this regime, im-
purity accumulation at dislocations has a beneficial effect on
the minority carrier diffusion length. At high injection lev-
els, the increase of the minority carrier concentration results
in a decreasing Coulomb potential e®, which in turn leads
to a decreasing recombination efficiency of dislocations.

2.3 Experimental observation of deep defect states
at dislocations by DLTS

2.3.1 DLTS on extended defects

The deep level transient spectroscopy (DLTS) is widely used
for the investigation of deep states at extended defects. By
registration of the capacitance transients of a Schottky con-
tact, C(¢), it allows one to measure the electron emission
kinetics from defects inside the depletion region under the
Schottky contact. Since the initial occupation of defects by
electrons (or holes) is adjustable by variation of the cap-
ture time f, preceding the emission period e, the capture
kinetic of the defect can be also investigated. This makes
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Fig. 4 Schematic scheme showing the important quantities needed to
describe electron capture and emission at an extended defect: the elec-
trostatic barrier  E. = e® (F'), the total occupation F of defect states,
electron capture and emission rates R. and R, respectively, and I}
denoting the time necessary to establish an equilibrium distribution in
the deep level system for fixed occupation. The quantity F) denotes
occupation of the neutral defect, i.e., ®(F = F N )) =0, subsequently
referred to as the “neutral occupation”

DLTS a powerful tool to distinguish defect states located at
extended defects from isolated point defects in the bulk by
measuring the dependence of spectra on capture time dura-
tion #, [37-39].

Figure 4 schematically shows the important quantities
needed to describe electron capture and emission at an ex-
tended defect: the electrostatic potential § E. = e® (F), the
total occupation F' of defect states, electron capture and
emission rates R. and R, respectively, and I denoting the
time necessary to establish an equilibrium distribution in the
deep level system for fixed occupation. The quantity F™)
denotes the neutral occupation, i.e., @ (F = F ul )) =0. The
two limiting cases of localized (I3 > R;! and R;!) and
band-like (I} « RZ! and RZ!) states can be distinguished
on the basis of DLTS since they lead to qualitatively dif-
ferent dependencies of spectra on #, [37]. Experiments on
dislocation-related deep levels in silicon have shown local-
ized states, whereas band-like states have been observed for
metal silicide precipitates in silicon (see Sect. 3.1.2).

For localized states, the kinetic equation for the occupa-
tion f; of a state with energy Ey is

dfx _ed(F)
—— =0 1— fre *T
yr thi (1 — fi)
_Ec—Eg
—o-vnNce ™7 - fi. (3)

Here o is the capture cross-section, vy, and # the mean ther-
mal velocity and density of free electrons, respectively, and
Nc the effective density of states in the conduction band.
The common capture barrier e® results in a logarithmic de-
pendence of F, the total occupation of defects F =) « Joo
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Fig. 5 Calculated dependence of the number of electrons captured to
deep defects on dislocations on the total number Npp of these deep de-
fects. This quantity is proportional to the amplitude of the DLTS signal
for a filling pulse with different duration #, (calculations were done
for n-type silicon with doping of 2 x 10" ¢m~3 and dislocation de-
fects have a single acceptor level at Epp = Ec — 0.45 eV with capture
cross-section o, =2 x 10713 cm?; the DLTS frequency is v = 28 Hz,
the temperature is T = 226 K)

on t,, while for point defects, this dependence is exponen-
tial. So, the observation of a logarithmic dependence of the
DLTS line amplitude on 7, indicates that this DLTS line cor-
responds to states localized at dislocation (or other extended
defects).

However, the logarithmic behavior with #, can be ob-
served only when the density of deep defects Npp is high
enough to create a large Coulomb band bending e® >
kT [40]. This is illustrated in Fig. 5, which shows that
the logarithmic dependence of DLTS signal on 7, can be
expected when the total number of states at dislocation is
typically higher or about 10 cm~!. In this case the den-
sity of states spectrum can be obtained from simultaneous
fit of theoretically simulated DLTS spectra to experimental
DLTS spectra measured in a sufficiently wide range of re-
filling pulse durations 7, and repetition frequencies v. The
behavior of the DLTS signal with variation of #, also al-
lows detecting internal transitions between defect states at
extended defects that may happen if the density-of-states is
high enough [38, 41], see Sect. 3.1.2.

2.3.2 DLTS on dislocated silicon

Deep dislocation-related energy levels have been intensively
investigated by DLTS (see, for example, [23, 37-39, 41—
441]), and we know already quite a lot about their properties.
However, the exact origin of the defects at dislocations re-
sponsible for all these well-known dislocation-related deep
energy levels detected by DLTS is not yet completely clear.
As it was already mentioned, the concentration of deep lo-
calized electronic states, related to core defects and impuri-
ties at dislocations, depends strongly on sample history and
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Fig. 6 DLTS spectra of n-FZ-Si sample (ng =n =2 x 10" cm™3)
deformed at 750°C by compression along [123] (one glide plane) to a
dislocation density Np ~ 3 x 108 cm~2 measured in the as-deformed
state and after aluminum gettering (850°C, 30 min). DLTS conditions
arev=29Hz, Uy =Up, =5V, 1, =0.1ms

can vary in a very wide range. It may be controlled to a
certain extent by annealing. It is known that annealing at
T > 800°C leads to a strong reduction of the concentration
of some of the core defects, which have been introduced by
plastic deformation at lower temperatures. Apparently, local
equilibrium of intrinsic dislocation core defects is in some
way re-established at those temperatures, although disloca-
tions as nonequilibrium defects survive. As soon as the dis-
locations are forced to move, the point defect equilibria are
again disturbed [3].

As an example, Fig. 6 shows a typical DLTS spec-
trum of deep dislocation-related acceptor states detected in
n-type silicon deformed at 750°C to a dislocation density
Np of about 3 x 108 cm™2. The DLTS spectrum in the
as-deformed sample mainly consists of several overlapping
nonuniformly broadened lines A at about Ec — 0.19 eV,
B at about Ec — 0.3 eV, C at Ec — (0.37 — 0.43) eV, and
D at Ec — 0.54 eV, well known in literature (here, we have
adopted the notation of [40]). Line broadening is typical for
dislocation-related deep defects and can be usually in the
order of 10-50 meV. All these lines are always observed for
dislocations introduced at T < 800°C. They show all char-
acteristic features of deep localized states at extended de-
fects, like the logarithmic dependence of the signal ampli-
tude on f,,. The total concentration Npp of states associated
with lines B, C, and D estimated from numerical fitting is of
about (2-3) x 10® cm™! for the as-deformed sample shown
in Fig. 6. In some cases it can be even higher.

The defects B and D are known to be thermally unsta-
ble, and their concentration can be strongly reduced by an-
nealing at 7 > 800°C. Hence, they may correspond to some
metastable intrinsic core defects. In particular, the D-line
might be related to dangling bond defects at dislocations ob-
served in such kind of samples by the EPR technique. It is
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Fig. 7 DLTS spectra in the n-Cz-Si sample with 5 x 10* cm~? dis-
locations introduced at 600°C by 4-point bending. (1) after disloca-
tion motion at 600°C with a speed of 10 pm/min at a load 90 MPa up
to dislocation loops diameter L = 510 um; (2) after additional keep-
ing of this sample at 600°C under load 30 MPa (dislocation speed 2
um/min) during 6 hours (loops diameter L = 1740 um); (3) after addi-
tional keeping of this sample at 600°C under load 30 MPa (dislocation
speed 2 um/min) during 3 hours (loop diameter L = 2430 um); (4) after
additional dislocation motion at 600°C with a speed of 10 um/min at a
load 90 MPa during 10 minutes (up to loop diameter 2630 um. DLTS
conditions are: Uy, =5V, Up =4V, 1, =0.1 ms, v = 28.6 Hz [41]

generally observed that the C-line remains nearly unaffected
by usual thermal annealing or even increases in some cases.
At the same time, the concentration of defects associated
with the C-line can be drastically reduced by aluminium get-
tering (AIG) [45]. Therefore one can suppose that they are
related to impurities at dislocations, which can be reduced in
concentrations by external gettering processes. This may be
taken as a strong hint that transition metal impurities play
an important role for the C-line. As one can see in Fig. 6,
indeed, AlG at 850°C results in a strong reduction not only
of B- and D-lines but also of the C-line (see Sect. 2.4 for a
more detailed discussion).

Additional arguments supporting the hypothesis that de-
fects associated with the C-line correspond to some impurity
atoms at dislocations were recently demonstrated by Kveder
et al. [41]. They have studied how dislocation-related DLTS
signals are influenced by the velocity of dislocations dur-
ing 4-point deformation at 600°C in n-type Cz—Si samples
with a small density (about 5 x 10* cm~2) of long individ-
ual dislocations loops. The dislocation loops were generated
at 600°C from indentation pits which were subsequently
etched out to prevent further generation of dislocations. The
DLTS signal from the same dislocations was measured af-
ter sequential deformation steps at 600°C at different loads
forcing dislocations to move with different velocity (Fig. 7).

It turned out that the DLTS C- and Cl-lines appear
with high amplitude for a small dislocation speed (vgis =~
2 um/min), whereas the concentration of the related defects
strongly decreases for vgjs >~ 10 um/min. The most proba-
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ble explanation of this experiment is the following: When
the dislocation velocity is smaller than some critical value,
they collect impurities resulting in an increase of the DLTS
C- and Cl-lines. However, if the dislocations are forced to
move with a high velocity, impurity atoms will not be able
to follow the dislocations. The latter will then loose nearly
all impurity atoms accumulated before as has been shown
by calculations [46]. A related phenomenon has previously
been reported where a correlation of the dislocation C-line
to the distance the dislocations have moved during deforma-
tion [47, 48] has been observed.

2.4 Transition metal impurities: candidates
for accumulation at dislocations

In intrinsic silicon 3d-elements are predominantly dissolved
on interstitial sites of tetragonal symmetry (7-sites). They
diffuse much faster than impurities dissolved on substitu-
tional sites, since they do not need a vacancy or silicon inter-
stitial as diffusion vehicle. Within the 3d-row there is a sig-
nificant variation of the migration enthalpy, which decreases
from 1.8 eV for Ti; to about 0.4 eV for Co; and 0.2 eV for
Cu;. As a consequence, Ti; and V; can be easily kept in so-
lution even by moderate quenching, Cr;, Mn;, and Fe; in the
absence of extended defects can be kept as isolated species
or in pairs with dopant atoms by rapid quenching. Their
electrical influence, especially on the minority carrier life-
time, is determined by their electronic levels in the silicon
band gap and the associated capture cross sections. These
parameters are known for the 3d-elements in silicon with
the exception of those for Co;, Ni;, and Cu;. Diffusion of
these three impurities is so fast that they have escaped elec-
trical characterization so far. They may form complexes with
dopant atoms, in which case their electrical influence again
is described by their levels and capture cross sections. How-
ever, if these impurities precipitate and act as silicide parti-
cles or segregate at other extended defects like dislocations
or oxide particles, their electrical effects are rather involute.

Accumulation of point defects at dislocations can be
roughly divided into three fundamentally different types:
(i) segregation in the dislocation strain field, (ii) (chemi-
cal) binding to the dislocation core, and (iii) accumulation
close to dislocations as a result of fast equilibration of in-
trinsic point defects there. The latter effect is restricted to
those impurities that are mainly dissolved on substitutional
sites but diffuse via the interstitial species like, e.g., gold and
platinum in silicon. Note that in this case the accumulation
would be a transient phenomenon. Segregation in the dislo-
cation strain field is due to an elastic interaction with impu-
rities, which has its main contribution from the size effect,
i.e., the difference of the (covalent) radii of the impurity and
the host lattice [49]. Since the edge component of disloca-
tions provides both dilatation and compression field, nega-
tive and positive misfit will result in an attractive interaction.
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It has been shown by numerical simulations that such clouds
of impurities collected by dislocations can account for not
only the logarithmic capture kinetics but also the asymmet-
rical broadening of DLTS lines which is frequently observed
experimentally [3, 37]. The main ingredients for this result
are the inhomogeneous distribution of point defects in the
dislocation strain field adequately viewed as a very narrow
point defect cloud, and a strain-induced relative shift of the
deep level and the band to which the predominant emission
occurs. An asymmetrically broadened DLTS line has been
observed as the dominant signal after diffusion of nickel into
plastically deformed silicon and subsequent quenching [45].
The signal is very similar to the dislocation C-line family
and can be reduced by external gettering. Gold indiffusion
into n-type silicon has also been reported to result in a DLTS
line close to the C-line family [50], which seems to be in-
compatible with results reported in [51, 52]. Binding of tran-
sition metal impurities to the dislocation core has recently
gained some interest both experimentally and theoretically.
The main questions to be answered refer to the electronic
structure of impurity species in the dislocation core and their
binding energies there. The former is related to the recombi-
nation activity of such decorated dislocations although, e.g.,
the EBIC contrast of dislocation does not sensitively depend
on the position of the associated deep levels [2]. The lat-
ter is important when binding and dissociation kinetics are
to be modelled in view of “cleaning” contaminated disloca-
tions by external gettering techniques. A recent theoretical
study [31] shows that substitutional copper exhibits a neg-
ative U-like ordering of the associated donor and acceptor
levels in the cores of partial dislocations. In addition, a high
binding energy between 1.5 and 2 eV has been calculated by
these authors. For gold in silicon, which is mainly dissolved
on substitutional sites, such properties would lead to an al-
most complete accumulation of gold in the dislocation cores
even at elevated temperature. Recent experiments for gold
in silicon show an increased total concentration of gold in
dislocated silicon below about 1000°C which corroborates
this view [53].

2.5 Gettering and passivation: dislocation luminescence

From the results summarized above it may be inferred that
deep levels at dislocations and the related high recombina-
tion activity are not unavoidable properties but mainly orig-
inate from intrinsic core defects that can be eliminated by
proper annealing and passivation, and from some impurity
atoms that can be eliminated by a proper gettering and pas-
sivation. The term gettering refers to a class of technolog-
ical processes used to remove metal impurities from active
regions of silicon devices and is an integral part of solar cell
manufacturing [4, 54]. Following this line, an experimental
study was performed [55, 56], where the effect of aluminum
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(AIG) and phosphorus diffusion gettering (PDG) and hydro-
gen passivation on the DLTS signal of dislocations and on
the dislocation-related luminescence was investigated.

After deformation of n- and p-type FZ-Si samples at
750°C to a dislocation density of (3—5) x 108 cm~2 DLTS
spectra showed several overlapping asymmetrically broad-
ened dislocation-related lines well known in literature (see,
e.g., Fig. 6). The linear density Npp of these states was
determined as about (2-3) x 10° cm™!. Subsequent AIG
resulted in a very strong reduction of the DLTS signal
to a concentration of Npp =~ 2 x 10° cm~!, which could
be further reduced by PDG and hydrogen passivation to
Npp < 10° cm™!. Such a reduction of deep defect con-
centration Npp, detected by DLTS, is accompanied by a
very strong reduction of nonradiative recombination at dis-
locations and in a dramatic (by many orders of magni-
tude) increase of dislocation-related D1-luminescence ef-
ficiency near room temperature. It was shown that pn-
junctions prepared on such gettered and passivated samples
emit the 1.55 pm light corresponding to dislocation-related
D1-luminescence, with an external efficiency of about 0.1%
at room temperature. Hence, properly cleaned dislocations
can be considered as a suitable candidate for fabrications
of in-chip light emitters, strongly demanded by microelec-
tronic industry.

3 Maetal silicide precipitates in silicon

A supersaturated solid solution of a single fast diffusing
transition metal impurity in silicon finally relaxes into pre-
cipitates consisting of the silicon-richest silicide in the re-
spective binary phase diagram. These silicides are of type
MSi, for the late 3d transition elements (M = Fe, Co, Ni)
with the exception of copper, where the metal-rich Cu3zSi is
the intermetallic compound in equilibrium with the solid so-
lution of copper in silicon. A striking feature is a nearly per-
fect volume fit of the disilicide phases to silicon, whereas
the misfit between Cu3Si and silicon is large (Table 1). It
should be noted that, for copper and palladium, dislocation
formation is an integral part of the precipitation process,
whereas for iron, cobalt, and nickel, secondary defects are
not observed unless large particles have formed that lead to
dislocation punching during cooling as a result of consid-
erably different thermal expansion coefficients of the disili-
cides and silicon [57].

3.1 Early stages of precipitation

Before summarizing previous results on early stages of iron,
cobalt, nickel, and copper silicide precipitation some unique
properties of the disilicides shall be considered. CoSiy,
NiSiy, and y-FeSi, crystallize in the cubic CaF,-structure

Table 1 Properties of silicides for the heavy 3d transition elements,
denoted as M and the 4d element palladium; the relative volume
change AV/V is calculated per formula unit; & and B: number of sili-
con self-interstitials and vacancies, respectively, emitted per precipitat-
ing metal atom assuming a strain-free precipitate; SF denotes stacking
fault

M Silicide A—VV [%] a-p Secondary defects
Fe a-FeSi, -55 —0.11 -
B-FeSi, -55 —0.11 -
y-FeSi, 37 —-0.74 -
Co CoSiy 34 —0.08 -
Ni NiSip 1.2 —0.024 Punched-out
dislocations
Cu CusSi 150 0.55 Metastable SFs
Frank-type SFs
edge dislocations
Pd Pd,Si 100 0.50 Edge dislocations

and show remarkable structural and electronic similarities
[58] to the silicon lattice. The CaF; unit cell has only a small
misfit to that of silicon and contains the same number of Si-
atoms. The transition from Si to MSi, (M = Fe, Co, Ni)
can be imagined as a replacement reaction, by which every
second Si-atom is pushed from its lattice into the tetrahe-
dral interstitial site and replaced by an M-atom. Every Si-
atom has four nearest neighbors, which are M, and every
M -atom has eight nearest neighbors, which are Si. Theoret-
ical calculations for Si/Co and Si/Ni have demonstrated that,
e.g., at the NiSi(111)/Si(111) interface the charge densities
are close to “scissor and paste” joining of the bulk densi-
ties [58]. The charge distribution in the di-silicide around Si
is similar to that in bulk Si, but with the Si sp3-hybrids now
overlapping through a common 3d-atom [59, 60]. Within the
density of states, a quasi-gap separates bonding and anti-
bonding states. For CoSiy and NiSiy, the Fermi level is close
to this quasi-gap, which has been considered as crucial in
stabilizing the CaF;-structure. For y-FeSi,, the Fermi level
is shifted into the range of high density of d-states below
the quasi-gap, which leads to a Jahn-Teller-like instability
of y-FeSi, [61]. For 8-FeSiy [62], which can be regarded
as a distorted fluorite structure [63], a crystal field splitting
opens a gap at the Fermi level, so that it is one of the very
few semiconducting disilicides.

3.1.1 Metastable defect configurations

Precipitation of dissolved impurities is driven by the gain
Afchem Of chemical free-energy, frequently termed chemi-
cal driving force for precipitation [64]. For highly diluted
systems like metal impurities in silicon, it can be calculated
as

C
Afchem = kT In —,
Ceq
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where ¢ and ceq denote actual and equilibrium concentra-
tion of the impurity, respectively. Under the condition of
normal supersaturation specified by a driving force of sev-
eral kg T, precipitation is expected to proceed by nucleation
and growth of the silicon-richest silicide of the respective
metal-silicon phase diagram [65]. Since a solid solution of
interstitially dissolved transition metal impurities in silicon
easily runs into large supersaturation when cooled from high
temperature, however, the free energy available for the nu-
cleation of the silicide phase may amount then to 0.5 to
1.5 eV per metal atom. This is due to the fact that the solu-
bility of these transition elements is exponentially decreas-
ing with decreasing temperature with activation enthalpies
between 1.5 and about 3 eV [9, 66].

Under such conditions, metastable precipitates with non-
equilibrium shape, structure, or composition might occur,
which, due to their large growth rate and in spite of their
larger chemical potential, win the competition with the equi-
librium phase, i.e., they are selected for kinetic reasons. In-
deed, when a solid solution of nickel in silicon is quenched
from high temperatures to room temperature, one observes
very thin and strictly planar platelets consisting of two
NiSip(111) planes coherent to Si(111) bordered by a dislo-
cation loop [7] (Fig. 8a). The latter is a geometrically neces-
sary dislocation that results from the atomic structure of the

Fig. 8 Metastable plate-shaped NiSiy precipitates. (a) Weak-beam
darkfield micrograph of a platelet inclined with respect to the electron
beam showing the bordering dislocation which has a Burgers vector
of b= %(1 11); (b) possible core structure of the dislocation in (110)
cross-section; (¢) and (d) plan view of the dislocation core structure in
the first (c¢) and second (d) {111} layer; please note that the core struc-
ture is only slightly affected by the curvature of the dislocation (af-
ter [10]); in (b)—(d) open and closed circles refer to silicon and nickel
atoms, respectively
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two large NiSi> /(111)Si interfaces and has a Burgers vector
of a/4(111), which is neither possible in NiSiy nor in sili-
con and can only exist as part of the precipitate/matrix in-
terface. The formation of the bordering dislocation severely
hampers the nucleation process due to its large self energy
but is a prerequisite for fast particle growth. Although com-
posed of two NiSip(111)-planes, the platelet is metastable
with respect to its shape, since the coordination of all Ni-
atoms is seven compared to eight in the equilibrium phase.
The platelets with only two NiSiy(111) planes have been
observed with diameters ranging from 7 nm to 900 nm af-
ter quenching from 750°C to 1050°C with rates of about
1000 K/s to 2000 K/s. The perfect flatness of the platelets for
this large range of diameters exhibits the dislocation core,
where those two planes terminate, as the only channel by
which platelets grow. Figure 8 schematically shows the pos-
sible core structure along the (110) cross-section, Fig. 8b,
illustrating possible sites for incorporating interstitial nickel
atoms, and the (111) plan view (Figs. 8c and d) indicating
only slight perturbations in the dislocation core at curved
segments.

A convincing proof of the conclusion that the platelets
are dynamically stabilized is the first process which trans-
forms the thin NiSip-platelets into a more compact shape
and thereby brings them closer to equilibrium is internal
ripening. On annealing at temperatures between 200 and
350°C the platelet diameter decreases with a simultaneous
increase of particle thickness leaving the total number of
precipitates unchanged. Internal ripening is driven by a re-
duction of the platelets high-energy elements, i.e., mainly of
the dislocation ring. There is good evidence from MoBbauer
spectroscopy that the same plate-shaped precipitates occur
for cobalt [67], including internal ripening, but on a con-
centration level which is about three orders of magnitude
smaller compared to nickel.

The precursor stages of thin NiSiy or CoSiy precipitates
could not be reached experimentally so far mostly because
of the high mobility of interstitial cobalt and nickel in par-
ticular at lower temperatures. Diffusion of interstitial iron
is significantly slower so that it can be kept in solution by
rapid quenching to room temperature or as pairs with shal-
low acceptors. Annealing then allows pursuing the tempo-
ral evolution of iron precipitation under large driving forces.
So far, no microscopic studies are available, but some pro-
posals have been derived from EPR- and DLTS-data [68].
In a first step (Fe),-complexes with n = 2, 4 are formed
followed by clusters of many Fe;-atoms around 200°C fol-
lowed by precipitates, which have been supposed to be
y-FeSi,-precipitates (see Sect. 3.1.2)

The precipitation of interstitial copper is accompanied by
a large volume expansion which has to be relaxed by elas-
tic or plastic deformation, or by the emission and condensa-
tion of silicon self-interstitials. Fast quenching (~2000 K/s)
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a

Fig. 9 Metastable copper-silicide precipitates. (a) High-resolution
electron micrograph showing a plate-shaped precipitate with segments
parallel to (111)-planes (indicated by dashed lines) and (113) planes;
(b) bright-field micrograph of an inclined plate-shaped defect: the cen-
tral copper silicide precipitate (‘P’) is surrounded by a stacking fault
which shows horizontal fringes; white circles mark spherical Cu3Si
precipitates. Such configurations can be viewed as a particle colony in
statu nascendi

from high temperature produces plate-shaped precipitates of
irregular shape with habit plane segments that are partly
parallel to Si(111)- and partly parallel to Si(113)-planes
(Fig. 9a). Lowering the quenching rate to about 1000 K/s re-
sults in copper silicide platelets on Si(111) surrounded by an
extrinsic stacking fault, apparently generated by condensa-
tion of silicon interstitials [69—71]. Figure 9b is a bright-field
TEM image showing a central platelet (P) and stacking fault
fringes. In addition, small spherical precipitates (marked by
circles in Fig. 9b) have formed, which fact provides evi-
dence that such configurations can be viewed as the initial
state of copper silicide particle colonies that are typical for
late stages of copper precipitation realized by slow cool-
ing [72] or Ostwald ripening [71]. It should be noted that
the central platelets have been observed to transform into
spherical precipitates once misfit relaxation is due to self-
interstitial condensation into stacking faults or dislocation
loops. This can be taken as evidence that misfit partly re-
laxes by elastic deformation prior to the nucleation of sinks
for self-interstitials.

The condensation of self-interstitials emitted from grow-
ing Cu3Si precipitates is a premise for fast relaxation of
copper interstitial supersaturation and may be regarded as
the bottleneck of homogeneous precipitation: assuming that
the misfit is exclusively accommodated by silicon self-
interstitials emitted from growing Cus3Si precipitates the re-
sulting supersaturation of self-interstitials counterbalances
the chemical driving force for copper precipitation and vir-
tually prevents copper precipitation unless they also can pre-
cipitate at some sinks. This point will be referred to again in
Sects. 3.2 and 3.3.

3.1.2 Deep band-like states at silicide precipitates

Electronically, silicide precipitates are small systems that
may have a quasi-continuous spectrum of electronic states
in the band gap of silicon, represented by a density of states
Np(E) and by capture cross sections of these states for elec-
trons o (E) and for holes oy (E). From the different tech-

niques that probe the emission and capture of charge car-
riers at defects and thereby open an access to the prop-
erties of Np(E), mainly DLTS and minority carrier tran-
sient spectroscopy, MCTS [73] have been applied to study
platelets and electron-beam induced current, EBIC, to study
larger precipitates. An exemplary compilation of DLTS data
is provided in Fig. 10, where the pulse-length dependence
of the respective DLTS lines for nickel- (Fig. 10a), copper-
(Fig. 10b), and iron-related extended defects (Figs. 10c
and d) are shown. The signals in (a), (b), and (d) show the
typical behavior of deep band-like states, i.e., the common
high-temperature signal for different pulse-lengths, whereas
the spectra in (c) follow a pronounced logarithmic capture
and can be normalized, both features proving the localized
nature of the extended defects states [37].

To establish the connection between Ny (E) and the struc-
ture of the precipitates, HREM studies briefly reviewed in
the previous section have been used to identify the structural
units of the precipitates which could be electrically active.
For thin NiSis-platelets, the possible electronic states are as-
sociated with the dislocation bordering the platelets or the
platelet/(111)Si interfaces, both consisting of Ni-atoms with
deficient coordination (see Figs. 8b—d). For one-dimensional
(1D) defects, like, e.g., the dislocation bounding the NiSi,-
platelets, the density of states is given by

Ny

Np(E) = 7 J(E—Ep+ AE)(Ep— E)

“

where Ny denotes the total density of active core states, and
E, and AE are the upper edge of the deep energy band
and its width, respectively. For two-dimensional defects, like
precipitate/matrix interfaces
N E,—AE<E<E
AE> TP =L£ = Ep,
Np(E) = )
0, else,

with N; being the total density of electrically active inter-
face states. The parameters describing the density-of-states
can be determined by numerically fitting DLTS lines mea-
sured for different pulse lengths and rate windows. In addi-
tion to position and width of the deep bands, the dependence
of the capture barrier on the total occupation F' is assumed
as e® = a(F — FM), where o and F®) are to be deter-
mined from the fit. The latter denotes the fraction of the de-
fect states occupied by electrons when the defect is electri-
cally neutral. For fitting to DLTS-data, 0. and oy, were taken
as independent of E.

A unique core structure with features of a one-dimen-
sional system has been proposed for dislocations bordering
thin, strictly planar NiSiy-platelets. They are free of jogs and
kinks, and the core defects, necessary to generate their cur-
vature, are weak perturbations with six- and five-fold coordi-
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Fig. 10 DLTS lines obtained

from extended defects related to
nickel, copper, and iron.
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nated Ni-atoms instead of four- and six-fold for their straight
segments (see Figs. 8b—d).

Indeed, a broadened DLTS-line in n-type silicon
(Fig. 10a) exhibiting the characteristics of a band-like
Np(E) was assigned to the dislocation loops bordering thin
NiSip-platelets [10]. Experimentally, this assignment has
been justified by the change of N,(E) from band-like to
localized states during internal ripening occurring on an-
nealing between 200 and 350°C as soon as small islands
form at the rim of the platelets. Recent theoretical investiga-
tions using density functional methods have confirmed this
interpretation [77]. They have found Ny(E) to be caused
by d-electrons at the 3d-atom and, to a lesser extent, by
p-character states on the Si-atoms directly bonded to them.
The 3d-atoms at the dislocation contribute much stronger
to Np(E) than the interfacial 3d-atoms. Numerical fits of
the model described by (4) to the total set of DLTS-lines,
obtained for thin NiSip-platelets in n-type silicon (nickel
in-diffusion at 900°C, 2000 K/s, average platelet diameter:
37 £ 6 nm) have yielded the parameters summarized in Ta-
ble 1 [78]. Although the fit for NiSi, platelets is excellent
(see Fig. 4 in [78]), the obtained parameters have to be con-
sidered as preliminary for the following reasons:

— One additional parameter, used for the fit and not shown
in the table, is an effective point charge ¢*, which ap-
proximately describes the effect of the dislocation strain
field in electron and hole emission [79]. The value of
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q* = 2.7 obtained from the fit is at least twice as large
as estimated values (0.7-1.5).

— To treat the effect of the external electric field on N, (E),
the rigid band shift for a mean value of the field over the
platelet has been used. The neglect of the field variation
along the platelet is expected to be responsible for the too
small value of Niot.

— The existence of the interfacial band-like states and their
coupling to the dislocation states have not been taken into
account so far.

Recent DLTS-studies of thin NiSip-platelets in p-type sil-
icon have revealed the contribution of interfacial states to
Np(E) [80]. The band-like part of N,(E) of the interface
remains band-like during internal ripening of the platelets
(310°C, 60 min). Although the two components of Np(E)
originate from a 1-D and 2-D structural unit of the platelet,
they are coupled by a common long-range electrostatic and
elastic field and most probably by an exchange rate be-
tween the two structural units. For an extension of the defect
electronic model to this situation, only qualitative proposals
have been made so far.

Although the first precipitates of Cu in silicon, as ob-
tained by quenching from 850°C with a rate of 2000 K/s,
are platelets, their shape and later stages are strongly af-
fected by the large volume expansion associated with Cu3Si
formation in silicon [81]. The strict alignment of Si(111),
observed for the NiSi,/Si interface is lost for the CuszSi/Si
interface, yet a preference to this alignment remains, es-
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Table 2 Results of a numerical fit of the model to experimental data
obtained for NiSis-platelets in n-type silicon after nickel indiffusion
at 900°C, followed by quenching with an estimated rate of 2000 K/s
which results in an average platelet diameter of 37 &= 6 nm according

to TEM. For copper-related data, parameters of numerical simulations
reproducing qualitatively the DLTS-characteristics and the unusual
line shape are quoted

Ny(E) Ec—E, AE o F™ e oh Niot
[eV] [eV] [eV] [10716 cm?] [10710 cm?) [em™3]
Ni Equation (4) 0.42 0.29 0.7 0.33 500 50 2 x 101
Cu Equation (5) 0.15 0.29 0.6 >0.7 3 - 1.8 x 1014

pecially for platelets showing strain relief by an extrinsic
stacking fault surrounding them. Internal ripening (260°C,
30 s) transforms the plate-like into spherical precipitates and
leaves the band-like character of the DLTS-line unchanged.
It is the reason why the DLTS-line has been assigned to the
precipitate/Si interface.

The DLTS-line of the first platelet (850°C, 2000 K/s)
is of trapezoidal form with a width of about 100 K (com-
pare Fig. 9b) [74, 81]. This quite unusually shaped line
and all its variations with frequency and filling pulse width
have been reproduced by numerical simulation using a 2D
Np(E). With increasing platelet diameters, the DLTS-line
shapes round off and the line width decreases. It is not clear
so far what changes of the platelet electronic structure are
responsible for these effects. For Cu3Si precipitates, also
the effect of platelet thickness on the DLTS-line shape has
been studied [81]. For platelets with diameter of 240 nm and
thickness of 5 nm (copper in-diffusion at 850°C followed
by quenching with 200 K/s) the DLTS-line is only slightly
broader than that of a point defect. Application of the de-
fect electronic model would lead to a narrow set of localized
states still behaving as an extended defect which can be in-
ferred from the logarithmic capture kinetics.

Table 2 summarizes the density-of-states and the para-
meters used to fit DLTS lines associated with NiSi, platelets
and to simulate the spectra observed for copper silicide pre-
cipitates. Comparing the parameters obtained for CuszSi-
platelets with those for NiSi;-platelets one notes that

— The bandwidth AE of Np(E) is about the same.

— The occupation of the neutral platelet FV) is signifi-
cantly larger for Cu3Si than for NiSi,, which results in
the trapezoidal shape of the DLTS signal related to Cu3zSi
precipitates.

— The band center is less deep for copper-related defects,
so that hole emission is significant for NiSi,, but not for
CuszSi-platelets.

It should be mentioned here that, according to these re-
sults, copper silicide precipitates are positively charged un-
der most conditions, which has been related to the reduced
precipitation rate of copper in p-type silicon [82].

Iron clustering and precipitation can be investigated dur-
ing annealing a supersaturated solid solution, since Fe; can

be kept in solution by rapid quenching from diffusion tem-
perature. By means of EPR it has been shown that Fe; in p-
and n-type silicon starts to disappear from solution by form-
ing small clusters (Fe),, with n =2 and n = 4. The structure
of the clusters has not been settled unambiguously, one of
the possible configurations starts from clusters with Fe on
interstitial positions for n =2 and n = 4.

(Fe),-pairs are found directly after quenching from
1200°C but disappear just above room temperature [83].
On isochronal annealing for 60 min, the formation of
(Fe)4-clusters starts at 120°C and has been found to be
related to the set-in of the Fe;-concentration [Fe;] drop
[84]. Within the decline of [Fe;], the concentration of (Fe)y,
[(Fe)4] runs through a maximum around 140°C and reaches
a plateau when [Fe;] has dropped below 1% of its ini-
tial value (160°C). The maximum of [(Fe)4] indicates a
competition between (Fe)s-generation and (Fe)s-growth to
larger clusters or silicide precipitates by Fe;-incorporation.
The remaining (Fe)4-clusters survive to higher temperatures
(250°C), then first dissociate to form larger clusters or pre-
cipitates.

Large Fe-clusters and iron silicide precipitates have not
been detected by EPR so far but have been studied by
DLTS in p-type silicon [75]. In these experiments the in-
diffusion was carried out at temperatures between 950°C
([Fe;] = 1.4 x 10" cm™3) and 1200°C ([Fe;] = 1.6 x
10'® ¢cm~3) and finished by rapid quenching followed by
annealing at 200°C or 250°C. Starting with an iron concen-
tration [Fe] > 1.6 x 10'° cm™3 as has been used for the EPR
studies all annealing steps yielded Fe-precipitates, while for
the smallest initial [Fe]-values of 1.4 x 10'* cm™3, anneal-
ing at 200°C for 30 min only changed the ratio of interstitial
iron and iron-boron pair concentrations. Annealing at 250°C
for only 15 min, however, yielded Fe;-clusters. The latter
represent themselves in DLTS with an emission character-
istic which is very similar to that of Fe; but with a capture
characteristics completely different (see Fig. 10c). It follows
from the logarithmic capture law which means that hole cap-
ture is strongly impeded by an occupation-dependent bar-
rier. Furthermore, the lines coincide after normalization, a
fingerprint of deep localized states at extended defects [37].
Generally, extended defects are associated with broadened
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DLTS-line due to the fact that their density of states N, (E)
spreads over a finite energy range in the silicon band gap [3].
The unusual feature that the DLTS-line assigned to the Fe-
cluster is almost not broadened and yields about the same
emission characteristics as Fe; has been taken as evidence
that the iron atoms in the cluster occupy the interstitial
Tg-site like isolated Fe; and also have the same near-
est neighbor environment. Since the lattice of interstitial
Tq-sites is identical to the silicon lattice, the four nearest in-
terstitial Ty-sites of Fe; in the cluster must be empty. These
are the four sites inside the silicon unit cell when Fe; oc-
cupies the cell centre. The next nearest interstitial Ty-sites
belonging (with a fraction of 1/4) to the silicon unit cell
are in the middle of its edges. If these were occupied by
Fe;, the cluster would consist of a phase with occupied and
unoccupied Tg-sites in equal parts.

Although the driving force of the supersaturated solid
solution of Fe in Si is lowered by the Fe;-cluster forma-
tion, these clusters are metastable and, under conditions
allowing further relaxation, should be replaced by FeSi,-
precipitates. Indeed, after annealing a solid solution with
[Fe] >~ 1.6 x 10'% cm™3 at 200°C or 250°C for 15 min a
different and new DLTS-spectrum appears (Fig. 10d) [76].
It has been decomposed into a point defect line and a sig-
nificantly broadened line, which resembles by its hump-like
shape, its variation with filling pulse length and with correla-
tion frequency to the feature measured for NiSi, - and Cu3Si-
precipitates. Therefore, it has been tentatively associated to
FeSi,-precipitates that have a band-like Np(E) spread over
some tenth eV located in the lower half of the silicon band
gap.

Possible candidates for the related FeSip-phase are
B-FeSip, the thermodynamically stable phase below
915°C, and y-FeSiy which is a metastable disilicide iso-
morphous to CoSi; and NiSi,. It has been observed as a
precursor phase of epitaxial growth of S-FeSi; on Si(111)
under several nonequilibrium conditions like crystallization
from vapor phase [85, 86], from the liquid phase after pulse
laser irradiation [87] or induced by ion beam implantation
[88, 89]. If the DLTS lines (Fig. 10d) were tentatively at-
tributed to y-FeSip precipitates, their possible precursor
phase could be the Fe;-clusters with equal parts of occupied
and unoccupied Tg-sites, as mentioned above. A simple re-
placement reaction, by which a Fe;-atom pushes a Si-atom
onto a Ty-site transforms such a cluster into y-FeSi;. This
hypothetical scenario has the intriguing charm of its natural
extension to CoSiy and NiSiy precipitate nucleation, a mi-
croscopic proof is still lacking, however.

3.2 Large precipitates
Metal silicide precipitates beyond those early stages dis-

cussed in the previous section are characterized by ap-
proaching equilibrium configurations. Experimentally, they
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can be formed by slow cooling of defect-free silicon where
predominant precipitation occurs at wafer surfaces [90]
or by additional annealing at medium temperature where
precipitate coarsening (Ostwald ripening) is the dominant
process. For NiSi, precipitates, the route to equilibrium first
includes a considerable thickness increase of platelets that
have been observed in two different orientations with re-
spect to the silicon, i.e., the same orientation as the silicon
(type-A) and a twin orientation (type-B) with respect to sil-
icon where the platelet habit plane serves as the twinning
plane. In still later stages of particle ripening, type-A pre-
cipitates of nearly tetrahedral or octahedral shape have been
observed proving the tendency of the system to reduce the
total interface energy. In addition, the different thermal ex-
pansion coefficients of NiSi, and silicon frequently lead to
dislocation punching for large silicide precipitates.

Iron silicide precipitates have been experimentally ob-
served as rod-like a-FeSi; precipitates [91] indicating their
formation at high temperature during cooling, or as spher-
oidal B-FeSi, precipitates at Si/SiO;-interfaces [92, 93] or
in the bulk [94].

Copper-related precipitates evolve into the well-known
particle colonies consisting of planar arrangement of nearly
spherical Cu3Si precipitates (typical diameter 5—10 nm) bor-
dered by an edge dislocation loop [72]. These colonies
have sizes from about 100 nm [71] up to almost macro-
scopic dimensions of a few tens of microns [72, 90] (see
also Sect. 3.4). They form as the result of an autocatalytic
process [72, 95-97] involving (i) Cu3Si particle nucleation
on the edge dislocation loop, (ii) particle growth and con-
densation of emitted silicon self-interstitials at the disloca-
tion loop which causes the latter to grow. The final process
is (iii) the detaching of the dislocation loop from the precip-
itates restoring the initial situation.

With increasing platelet thickness a metallic NiSiz-bulk
becomes coupled to interface and dislocation that establish
the connection to the silicon lattice, and gradually overrides
their electronic effects. The precipitate develops a metal-
like density of states, a Fermi energy and a work func-
tion, whose values converge (for d > 10 nm, rapidly) to-
wards those of the silicide phase and by which the pre-
cipitate forms a rectifying contact with the silicon ma-
trix. For an approximate treatment, the Schottky—Mott the-
ory of metal-semiconductor contacts has been applied to
precipitate—silicon system taking the thermo-ionic emission
mechanism to describe carrier recombination rate at the pre-
cipitate [11, 98]. Experimentally, these larger precipitates
can be studied with respect to their individual recombina-
tion strength, using EBIC [6, 99, 100]. They generally pro-
duce extremely large EBIC contrasts on the order of 30-
50%, which proves efficient carrier recombination at sili-
cide precipitates. Such investigations for NiSip-precipitates
have shown that the minority carrier diffusion length Lp
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is approximately proportional to the average distance § be-
tween precipitates (Lp ~ 0.7N,, Y 3, N, density of precipi-
tates) [6]. For CuzSi-platelets, it has been shown that the ra-
tio Lp/$ is decreasing from 3.6 to 1.5 with § varying from

0.6 um to 9 pum [68].
3.3 Silicide precipitation at dislocations

The precipitation of fast diffusing transition metal impurities
is strongly affected by the presence of dislocations which
in general serve as heterogeneous nucleation sites [5]. In
particular, metastable nonequilibrium configurations such as
discussed in Sect. 3.1.1 have never been observed in the
presence of dislocations indicating that kinetic limitations
of silicide precipitation are effectively eliminated by dislo-
cations [101] or quickly evolve into energetically more fa-
vorable structures in the course of precipitation.

The most obvious role of dislocations is the provision of
a strain field which assists to relax the misfit and of an ef-
fective sink for intrinsic point defects produced by grow-
ing precipitates. As has been discussed above, dislocations
are an integral part of copper particle colony growth, and
metastable defects related to early stages of copper precip-
itation are obsolete if pre-existing dislocations are present.
In fact, the strong tendency of copper silicide precipitates
to decorate dislocations in silicon is well known since the
1950s and has been beautifully exploited to image disloca-
tion arrangements in silicon [102].

The role of dislocations in nickel silicide precipitate for-
mation is less obvious since the volume misfit is small
(see Table 1). In this case, fast incorporation of intersti-
tial nickel atoms into the NiSi, particles via the core of
the b = a/4(111) dislocations bordering the platelets has
been identified as a prerequisite for fast precipitation. It has
been inferred that pre-existing silicon dislocations might ei-
ther assist the nucleation of this bordering dislocation or
directly serve as transformation channels for nickel atoms
from interstitial sites in the silicon to substitutional sites in
the NiSi; [101]. A convincing demonstration of the role of
dislocations for NiSi-precipitate formation has been given
by studies of heterogeneous precipitation in Cz—Si contain-
ing stacking faults and SiO;-particles with volume densi-
ties of 4 x 10! cm™3 and 3 x 10'2 cm™3, respectively
[103, 104]. After quenching (rate 2000 K/s) from high tem-
perature (1050°C) large NiSi,-platelets with average diam-
eter of 220 nm and thickness of 25 nm have been observed
at Frank partial dislocations surrounding the stacking fault,
but none at the SiO,-precipitates.

For glide dislocations in plastically deformed silicon, a
strong interaction with polyhedral type-A NiSi, precipitates
has been observed by TEM [5, 105], which shows that dis-
locations not only serve as nucleation sites but also actively
take part in the precipitate growth.

3.4 Co-precipitation of metal impurities

In the preceding part of this section transition metal precip-
itation has been discussed for the ideal situation of a single
metal impurity. The practical situation for multicrystalline
materials for photovoltaic applications, however, is the si-
multaneous presence of different impurities [106] which
may interact during precipitation. From the point of view
of thermodynamics, ternary systems containing silicon and
the two metals cobalt and nickel should form disilicide pre-
cipitates of composition Coj_,Ni,Siz, where 0 < x <1,
since these metals form ideal solutions on the metal sublat-
tice of the disilicides [107]. For the simultaneous presence
of iron and nickel (or cobalt), a more complicated behavior
is expected since FeSij exists in several modifications (see
Sect. 3.1). If one of the two metal species is copper, however,
equilibrium is established between ASi; containing a certain
amount of copper, and Cu3Si containing the respective metal
A [108]. In all cases, no ternary intermetallic compounds are
expected.

For small precipitates in the silicon matrix, interfacial en-
ergies and—especially if copper is involved—strain energy
might considerably query these conclusions from bulk ther-
modynamics since phase equilibria may change and certain
ternary silicide phases may be stabilized. Several experi-
mental studies mainly using synchrotron-based X-ray fluo-
rescence and X-ray absorption spectroscopy have been per-
formed recently in order to gain chemical information about
precipitate phases forming under such conditions [109]. Be-
sides co-localized single-metal silicide precipitates complex
multimetal silicide precipitates [110—112] containing iron,
nickel, copper, and silicon have been reported and struc-
turally related to the fluorite structure, i.e., they are isomor-
phous to CoSij, NiSi,, and y-FeSi; phases. It has been in-
ferred from such observations that multimetal silicide pre-
cipitates of homogeneous composition form at high tem-
perature, which then may decompose during further cooling
to room temperature. A special process has been proposed
for conditions of slow cooling from (very) high tempera-
ture where the formation of liquid metal-silicon droplets
within the silicon has been concluded from synchrotron-
based X-ray microprobe investigations [109]. Such droplets
will solidify and possibly chemically decompose during fur-
ther cooling.

If two fast diffusing metal impurities are simultaneously
present in silicon, the final state to which precipitation pro-
ceeds is, as deduced from bulk thermodynamics, the coex-
istence of three phases. For nickel and copper, these are:
a solid solution of copper and nickel in silicon, a nickel-
rich silicide of CaF;-structure (denoted as «-NiSip) con-
taining a certain concentration of copper, and a copper-rich
CusSi-like phase containing some nickel. The resulting mi-
crostructure, however, will depend on relative concentra-
tions of metal impurities initially dissolved in the silicon.
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Fig. 11 Co-precipitation of
copper and nickel in silicon.

(a) TEM micrograph of
precipitates inside a large
particle colony; the small
precipitate shows Moire fringes
typical for Cu3zSi precipitates,
whereas the big particle consists
of a nickel-rich and a
copper-rich region (b) results of
EDX analysis at positions
indicated by black discs in (a);
the composition of the
nickel-rich region is close to
NiSi,, whereas a small amount
of nickel is present in the
copper-rich part; (¢) LBIC
micrograph of a precipitate
colony after copper diffusion
showing contrasts of up to 50%;
(d) LBIC micrograph of a
precipitate colony after
copper-nickel co-diffusion; the
contrasts are typically 50%

This has recently been demonstrated by a series of experi-
ments on co-precipitation of nickel and copper in silicon un-
der copper-rich conditions and nickel-rich conditions [113].

For copper-rich conditions, large particle colonies are ob-
served by TEM virtually identical to those well known for
copper precipitation. Chemical and structural analyses re-
veal that the small particles are close to CuzSi in composi-
tion containing a few percent nickel (the nickel-to-copper
ratio in the precipitates is about 1 to 20); an example of
such a small precipitate is shown in Fig. 11a. In addition, a
small density of nickel-rich precipitates can be found inside
the colonies (large particle in Fig. 11a), which is «-NiSip,
as is consistently deduced from high-resolution imaging
and chemical analysis using energy-dispersive X-ray spec-
troscopy, EDX, in the TEM (see Fig. 11b). A typical sit-
uation is furthermore indicated by Figs. 11a and b, i.e., a
copper-rich precipitate directly attached to the NiSi, parti-
cle. It is noteworthy that the nickel-rich precipitates seem
to be regularly distributed inside such colonies indicating
their nucleation at the bordering edge-dislocation loop dur-
ing colony growth (compare Sect. 3.2 for the growth mode
of the colonies). A scenario compatible with these observa-
tions includes the following—not necessarily sequential—
processes: (i) formation of copper silicide colonies, (ii) seg-
regation of nickel into the Cu3Si precipitates up to a max-

@ Springer

50um

_ 1.0—m—n _u
5
& 08 /
s p—a—
g 064 a g -\. /
» —e—Cu
X 04 e Ni| 7%
w 1 \
= 0.2 / *—0—o
o / o
00+ —a o o ¢ 2,
0 50 100
position [nm]
b
50um
d

imum nickel-to-copper ratio of about 5%, (iii) relaxation
of the remaining nickel supersaturation by the formation of
a-NiSiy precipitates containing copper. These observations
are in accord with thermodynamics outlined above.

Under nickel-rich conditions plate-shaped precipitates
parallel to Si(111) planes are observed by TEM (Fig. 12).
Figure 12a is a bright-field electron micrograph of a platelet
with a diameter of 1.5 pm and a thickness of 35 nm which
has punched out dislocations in particular at the top end
of the precipitate. Closer inspection shows that the inte-
rior of the platelet is a two-phase region as can be deduced
from Fig. 12b. Chemical analysis of the central part showing
horizontal fringes (marked “N”) gives a composition close
to Sig.e3Nip3Cug o7, whereas the smaller particles exhibit-
ing almost vertical Moiré fringes are copper-rich; the exact
composition cannot be determined due to the overlapping
nickel-rich precipitate along the electron beam. Figure 12¢
shows that small precipitates have also formed at the dislo-
cations punched out from the edge of the nickel-rich silicide
platelet; the Moiré contrast and chemical analysis provides
evidence of Cu3Si precipitates with a nickel content below
the detection limit of EDX. The scenario which can be de-
duced from these observations includes several processes
that are operative during cooling from high temperature:
(i) formation of nickel-rich platelets with composition close
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Fig. 12 Co-precipitation of nickel and copper in silicon under
nickel-rich conditions. (a) TEM micrograph showing a plate-shaped
precipitate viewed edge-on with punched-out dislocations (D) in the
upper part of the image; rectangles “1” and *“2” indicate areas shown
in detail in (b) and (c), respectively; (b) bright-field image of a
nickel-rich precipitate (“N”’) with internal copper-rich particles (“C”);
(¢) copper-rich precipitates (marked by circles or “C”) attached to
punched-out dislocations in the silicon matrix

to NiSip, (ii) segregation of copper into the platelet up to an
atomic fraction of 13% estimated from the total copper con-
tent of the platelet, (iii) decomposition of the ternary pre-
cipitate phase during cooling, and (iv) Cu3Si precipitation
at punched-out dislocations probably during late stages of
precipitation which relaxes the remaining supersaturation of
interstitial copper in the silicon.

To conclude this section it should be mentioned that the
recombination activity of defects formed by co-precipita-
tion of copper and nickel are virtually identical to those of
single-metal precipitates. Light-beam-induced current mea-
surements of copper-silicide colonies (Fig. 11c) and copper-
nickel-silicide colonies (Fig. 11d) show comparable con-
trasts of about 50% [114]. Such values have previously been
also reported for EBIC investigations of copper-silicide par-
ticle colonies [99] and NiSi, platelets [6].

4 Summary and conclusion

Electronic properties of dislocations and metal silicide pre-
cipitates in silicon have been described and related to their
atomic structure where possible. The apparently distinct top-
ics are closely linked due to the strong interaction of dislo-
cations with transition metal impurities. The important role
of dislocations as heterogeneous nucleation sites for silicide
precipitates is beyond doubt and can be nicely related to
structural configurations observed for early stages of homo-
geneous precipitation. Accumulation of dissolved metal im-
purities in or close to the dislocation core is an important
process which needs further research, experimental and the-
oretical. First results point to a strong binding of metal atoms

to the core of partial dislocations, an observation which has
far-reaching consequences for gettering of metal impurities
from dislocated silicon such as typical multicrystalline ma-
terials for photovoltaics. Theory further predicts a negative
U-like level ordering for metal atoms in the dislocation core;
experimental confirmation is lacking so far. Minority carrier
recombination at dislocations is consistently described by
the concerted action of shallow 1D bands, which are an in-
trinsic property of dislocations, and deep levels at or close to
the dislocation core which seemingly are related to a large
extent to impurities. It is interesting to note and of practical
relevance that accumulation of impurities is advantageous
over a complete dispersion for high contamination levels,
but the opposite is true at low impurity concentrations.
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