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Bandlike and localized states at extended defects in silicon
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We show that electronic states at extended defects in semiconductors can be classified as bandlike or
localized using deep-level transient spectroscopy (DLTS), when electron equilibration at the defect is
taken into account. We compare computer simulations of DLTS with data for 60° dislocations and for
NiSi, platelets in silicon and find narrow point defect clouds in the first and a two-dimensional metal or a

metal ring in the second example.

Spatially extended, many-electron defects in semicon-
ductors may be associated with deep-lying electronic
states in the band gap, and thereby significantly affect
charge-carrier density, mobility, and lifetime. Further-
more, their interaction with point defects, i.e., their ac-
tion as sinks or sources for intrinsic point defects and
segregation centers for impurities, has created significant
detrimental effects in device technology, but has also been
utilized, e.g., for gettering of impurities.

Electronic states at extended defects originating in
their long-range strain and electric fields may give rise to
shallow bands,!? and can be observed by photolumines-
cence, optical absorption, double-spin resonance, mi-
crowave conductivity, and electric dipole spin reso-
nance.® The subject of this work is deep-lying states at
extended defects in silicon. These states originate from
the atomic structure of the defect (bandlike states) and
from their interaction with point defects (localized
states). Consequently, the density N (E) of deep electronic
states at an extended defect is the sum of its bandlike and
its localized states.

At present the deep levels associated with a variety of
point defects are well understood, but despite many years
of sustained effort the electrical properties of extended
defects such as, for example, dislocations remain open. 3,4
This has to be ascribed to the absence of appropriate
techniques.

Magnetic-resonance techniques give insight into the
electronic structure of point defects on the atomic scale,
and have substantially contributed to our knowledge of
their electrical properties. For dislocations in silicon,
three electron-paramagnetic-resonance (EPR) centers,
whose identification has been controversial for more than
two decades,> are now attributed to screw dislocations,
specifically to vacancies and vacancy chains in the core of
their 30° partials.>® We are not aware of other extended
defect investigations in silicon by EPR.

Deep-level transient spectroscopy (DLTS) (Ref. 7) is a
powerful and well-established tool to investigate deep
point-defect levels. For extended defects, however,
DLTS produces data which cannot be interpreted unam-
biguously. Kimerling and Patel® found an asymmetrical-
ly broadened DLTS line associated with dislocations in
silicon, which survived annealing at high temperatures
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and could result from localized or from bandlike states.
Symmetrical line broadening has been observed after
plastic deformation of silicon,® and ascribed to the effect
of deformation-induced disorder on the energy level and
capture cross section of point defects. '® A further specific
feature is a logarithmic capture law in a certain range of
filling pulse length ¢,, ie., AC,, ~In(z,) (AC,, is the
DLTS line amplitude). Such a law has been observed for
dislocations in Si,!! GaAs,!? and CdTe,® and recently
also for dislocations in strain-relaxed GeSi/Si hetero-
structures. 4

The consistent interpretation of both odd line shape
and logarithmic capture law is a longstanding open prob-
lem of semiconductor defect physics. Its solution is basic
to distinguish between bandlike and localized states and
also for an access to N (E) of extended defects.

In this paper, we show that the origin and distribution
of deep levels associated with extended defects can be un-
derstood in terms of the rate R; at which the levels reach
internal equilibrium compared with the rates R, and R,
at which they attain equilibrium with the valence and
conduction bands (see Fig. 1). The key point is to use R;
to define the two limiting cases of bandlike (R; >>R_,R,)
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FIG. 1. Extended defect with deep states in the band gap ex-
changing electrons with the conduction band by electron emis-
sion (rate R,) and electron capture (rate R.). Introducing the
internal equilibration rate R;, the defect states are classified as
bandlike (R; >R,,R,) and localized (R; <<R_,R,).
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and localized (R; <<R_,R,) states at extended defects,
and to specify the differences of their DLTS characteris-
tics by computer simulations. From the DLTS line shape
we obtain a qualitative picture of N (E).

Applying this analytic method to experimental data,
we find that DLTS signals attributed to 60° dislocations
in silicon!® originate from narrow point-defect clouds sur-
rounding these dislocations due to elastic interaction. Fi-
nally, we report DLTS data associated with NiSi, pla-
telets in n-type Si. We find that they are associated with
one- or two-dimensional deep bands. To our knowledge
this is the first time that an extended defect with deep
bandlike states has been identified in silicon.

Consider n-type silicon with a dopant concentration
Ny, containing deep point defects (N; << N, ). The capac-
itance transient AC(t) of a Schottky contact after in-
creasing the bias voltage from a reduced value, at which
the traps have been filled, is related to the local transient
of occupied traps Any(z,t) by
1

AC(z)=—~Ci——f°°An (z,)z dz
No w% 0 d ’

(wy and Cy are equilibrium values of the space-charge
width and capacitance under reverse bias V,, respective-
ly; z is the distance from the metal-silicon interface).

The density of occupied traps n,(z,t)=N,f(z,t)
[f(z,¢) is the occupation probability] results from the
capture of electrons with the rate R, and from the emis-
sion of electrons with the rate R, according to (see Fig. 1)

of(z,2) _
f_at“— =R c —R e *
This equation has to be solved for the capture and emis-
sion periods separately.
For point defects, R, and R, are linear in f:

R =o,vun(1—f),
R,=e,f

(vy, is the electron thermal velocity in the conduction
band; the defect parameters are o,, electron-capture
cross section, and e,, electron emission rate). Then AC is
exponentially dependent on time during capture and
emission.

To simulate DLTS of extended defects we consider the
effects of the capture barrier 8E,, of the density of states
N (E), and of internal equilibration on capture and emis-
sion rates. The logarithmic capture law has been shown
to result from the Coulomb repulsion of free electrons by
the defect,!! described by a capture barrier 8E, :

—SE,
kT

R =0, vyun(1—f)exp

In many cases an approximate expression is SE, =af,
with a being a constant. ¢!

It has been also shown that the shape of the DLTS line
is almost independent of 8E,, when the extended defect
states may be considered as degenerate.!® Consequently,
line broadening indicates that the defect states are spread
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over an energy range and are associated with an energy-
dependent density of states N (E).

For localized states at extended defects, variations of f
result from transitions between each localized state and
the conduction band:

if(g%l=a,,(E)vthn[l—f(z,E,t)]
xexp | =2 | —¢ (EVf(2,E,1) (1
P kT n y L2y )

where F is the total occupation.!® For our simulations,
we shall assume o ,(E) to be independent of E.

For bandlike states at extended defects, we approxi-
mate f at any time by a Fermi distribution with a quasi-
Fermi-level E . Then multiplication with N(E)/N,,
with N, = f 5" N(E)dE, and integration over E yields a
relation for F(z,t):

OF (z,t) —aF
_af__=gnvthn[1—F(z,t)]exp —I%— “RA(Ep),
(2)
with
_ =, N(E)
Re(EqF)_fo dE N, e,(E)
—1
E+aF—E
X |1+exp [ ———2
exp kT

To compare with experimental data'> we have performed
computer simulations for point-defect clouds in an inho-
mogeneous elastic strain field, and for one- and two-
dimensional bandlike states. The figures show those re-
sults, which reproduce the relevant features of the mea-
sured DLTS lines.?°

Point defects, whose atomic radii are different from
that of silicon, interact elastically with dislocations,?! and
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FIG. 2. Computer-simulated DLTS lines for a point defect
cloud formed in the elastic stress field of 60° dislocations in n-
type silicon [point defect: level E,—E{®=0.70 eV, misfit
€=0.085; 0,=3X10""* cm? D4=D=6.5 eV (Ref. 22),
Einin=E.—0.54 eV, E; .,=E.—0.20 eV, a=0.4 eV;
1/(t,+1,)=17s"', ¥,—V,=0V, and ¥, =4 V]. The outer ra-
dius of the cloud has been taken as 1.1 nm (see text).
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FIG. 3. Measured DLTS lines for 60° dislocations in n-type
silicon [dislocation density: 5X10° cm™% N,=4.5X10"“ P —
atoms/cm’®, 1/(t,+1,)=17 s7', ¥,—V,=0 V, and V,=4 V]
(Ref. 15).
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may accumulate at the dislocation. Through the deforma-
tion potential D (Ref. 22) it also affects the width of the
band gap. If D is different for the conduction-band edge
and point-defect level, the emission rate varies in the
strain field of the dislocation. Describing this relative
variation by an effective deformation potential D4, we
estimate a density of localized states N(E;) for the
point-defect cloud as given in the inset of Fig. 2.

Results of our computer simulations for point-defect
clouds are presented in Fig. 2. When compared with ex-
perimental data for 60° dislocations in n-type silicon,
shown in Fig. 3, we note that there exists a large ¢, range,
for which (i) the position of the line maximum stays con-
stant, and (ii) the maximum and high-T side of the line
are related to 7, by AC~In(z,). Radii of point-defect
clouds which are generated by the strain field of disloca-
tions fall into the range of at most a few nm.2! Qur simu-
lations show that the broadening of the DLTS line rapid-
ly disappears when the cloud is expanded to beyond 1
nm.

Bandlike states of extended defects exhibit basic
differences from features (i) and (ii). As an example, we
show in Fig. 4 lines of a two-dimensional electron system
[N (E)=const for E;;, <E < E,.,] simulated using Eq.
(2) and also our experimental results for NiSi, platelets in
n-type Si. These platelets form during rapid quenching
(T'>10° K/s) from high temperatures (T >850°C). The
NiSi, platelets are coherent, and consist of two
NiSi,{ 111} layers; the interface to the silicon matrix con-
sists of Si—Si bonds. They are metastable, since the Ni
atoms have a sevenfold coordination instead of eightfold
in bulk NiSi,. Details of the structure have been de-
scribed elsewhere.?> We note that simulated and experi-
mental data define a large ¢, range for which the position
of the line maximum shifts to lower temperatures with in-
creasing 7,, and the high-T sides almost coincide. The
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FIG. 4. Comparison of measured DLTS lines for NiSi, pla-
telets [radius 20 nm) in n-type silicon (Ny=1X10" P —
atoms/cm’®, 1/(t,+1,)=68 s~!, ¥V,—¥,=0 V, and V,=4 V]
with computer simulated lines for a distribution N (E)=const of
extended states (0,=6X10"3 cm? E .=E.—0.59 eV,
E; pax—=E.—0.41eV,a=0.3 eV, and N;,N,=0.23).

electrical activity of the platelet could originate in this
specific interfacial structure.

However, associated with this interfacial structure is a
dislocation bounding the precipitate, which has Burgers
vector of type a/4{111). The unusual core of this dislo-
cation could as well be electrically active. Whether the
electronic structure of the platelet is appropriately de-
scribed by a two-dimensional metal or by a metal ring
remains open.

We mention that recently broad DLTS lines have been
found to be associated with copper silicide platelets in sil-
icon?* and dislocations in strain-relaxed GeSi/Si hetero-
structures. '* Their variation with filling pulse length ex-
hibits the same features which we have described for
NiSi, platelets and attributed to bandlike states.

To summarize, by taking into account internal equili-
bration at extended defects we have demonstrated by
computer simulation that DLTS allows to classify defect
states as bandlike or localized. Using this approach we
find that 60° dislocations in silicon are surrounded by
point-defect clouds, with radii of the order of 1 nm.
NiSi, platelets are associated with deep bandlike states
from a two-dimensional metal or a metal ring.

Beyond these applications our approach allows us to
study the interaction between point and extended defects.
This opens a way of looking at technologically important
processes such as gettering and relaxation of interfaces,
and scientifically important processes such as pipe
diffusion.

We gratefully acknowledge valuable discussions with
K. Ahlborn and H. Hedemann.
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