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Recombination activity of contaminated dislocations in silicon: A model describing
electron-beam-induced current contrast behavior
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Existing experimental data give many evidences that the recombination rate of minority charge carriers at
dislocations in silicon depends strongly on dislocation decoration by transition metal impurities. Here, we
present a model that allows a quantitative description of the recombination of minority carriers at decorated
dislocations. It assumes that shallow dislocation bands, induced by the strain field, and deep electronic levels,
caused by impurity atoms, which have segregated at the dislocation, or by core defects, can exchange electrons
and holes. As a consequence, the recombination of carriers captured at dislocation bands can be drastically
enhanced by the presence of even small concentrations of impurity atoms at the dislocation core. The model
allows us not only to explain experimentally observed dependences of the recombination rate on temperature
and excitation level, but also to estimate the concentration of deep level impurities at dislocations.
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I. INTRODUCTION

Dislocations are responsible for the plastic behavior
crystalline materials, but they may also significantly infl
ence the electrical properties, especially of semiconduct
During material growth or technological processing str
release easily generates dislocations, and in semicondu
these have been found to impact device performance. Th
fore, in the case of silicon integrated circuits, major effo
have been and are still made to avoid dislocation genera
However, the development of some low-cost multicrystall
silicon materials like cast silicon or silicon ribbons for pho
voltaic applications, demands alternative strategies of de
engineering, since in these materials dislocations
inherent.

One parameter that is directly related to the solar c
efficiency and which is strongly affected by dislocations,
the minority carrier lifetimetminor. To preliminary experi-
mental evidence, not the dislocation core states or core de
states, but some metallic impurities like Fe, Ni, and Cu s
regated or precipitated at the dislocation, induce the effec
dislocations ontminor. These impurities are well known in
silicon microelectronics technology. Their ubiquitous pre
ence and their unusually high diffusivities1,2 have again and
again created severe problems for the device performan

Several techniques to study the recombination activity
dislocations are at hand. Some of these, such as scan
deep level transient spectroscopy, scanning pho
luminescence, infrared-beam-induced current, and elect
beam-induced current~EBIC! are unique among the electr
cal characterization methods with respect to a spa
resolution, sufficient to measure at single dislocations. T
most widely used among these techniques is EBIC. In EB
the variation of the induced currentI at a Schottky contac
resulting from nonequilibrium electrons and holes genera
by the electron beam, is measured, while the specimen
of interest is scanned. The values ofI at the dislocation,I disl ,
and away from it,I 0 , are used to define the contrastCdisl
0163-1829/2001/63~11!/115208~11!/$15.00 63 1152
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5(I 02I disl)/I 0 of single dislocations. The measured chara
teristics of dislocations compriseCdisl(T,I beam) where T is
the specimen temperature andI beamis the beam current of the
electron probe.

Numerous experimental investigations3–10 of the effect of
metallic impurities onCdisl have established four classes
Cdisl(T,I beam) dependences ranging from ‘‘pure’’ disloca
tions with rather small contrasts observable only at low te
peratures~around 50–80 K! to dislocations decorated by pre
cipitates with very strong contrast slowly increasing w
temperature. It has been shown that large silicide precipit
of Cu and Ni may act as internal Schottky contacts, wh
presumably allows us to account forCdisl(T,I beam) of the last
class.11,12 However, the interaction of metallic impuritie
with dislocations in the preprecipitation stage and the res
ing coupling of their electronic states with those at the d
location itself have not been tackled so far by any of t
existing recombination models for dislocations.

As we will show in this paper, there is a strong couplin
between deep impurity levels and one-dimensional ban
which are split off from the valence- and conduction-ba
edges by the action of the dislocation deformation potent
A fit of our model to measuredCdisl(T,I beam) data allows us
to determine three free parameters of the model, so that
physical relevance of the model can be checked through
consistency of these parameters with what is expected f
data obtained by other experimental techniques. One of
parameters is a measure of the concentration of metallic
purities at the dislocation, so that we are in the position
discuss the physical and technological implications of me
lic impurity segregation at dislocations.

The paper is composed as follows: in Sec. II we sh
briefly discuss some typical experimental dataCdisl(T) ob-
tained for dislocations with different levels of impurity dec
ration and their common features. In Sec. III A we sh
make some introductory remarks explaining the main idea
the proposed model and also discuss the assumptions we
use. In Secs. III B–III F the equations, used for model cal
©2001 The American Physical Society08-1
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lations will be presented, as well as estimations for so
parameters of the model, which are necessary to redu
number of fit parameters. In Sec. IV we present results
model calculations and their comparison with experimen
data, and finally, in Sec. V A we discuss previous mod
for recombination at dislocations. In Sec. V B we give
summary.

II. EXPERIMENTAL OBSERVATIONS

It was found that dislocations in different samples oft
exhibit significantly different EBIC contrast behavio
Cdisl(T).3–10 Figure 1 shows typical examples of experime
tal Cdisl(T) data measured for dislocations in differe
samples, but similar experimental conditions. Points in Fig
show the experimental results, while the solid curves h
been calculated using our model, presented in Sec. III. D
ferent types ofCdisl(T) behavior can be distinguished:3,4

TypesL1 andL2 are characterized by a quite small contr
of dislocations at room temperature and by increasing c
trast with decreasing temperature, exhibiting a maximum
tween 50 and 90 K. The contrast value in the maxim
increases drastically with increasing decoration level
dislocations3,4,9,13from 0.5% for ‘‘clean’’ dislocations, up to
10% for dislocations contaminated by impurities. TypesH1
and H2 exhibit recombination activity over the whole tem
perature range and theCdisl(T) increases with increasin
temperature. There is also a mixed type of behavior t
looks like a superposition of typesL andH.14,15

The contrast of dislocations at 300 K varies from typeL1
to typeH2 by more than a factor of 500. Only in the case
typeH2, with a contrast of more than 30–40 %, silicide pr
cipitates have been found to be connected to the dislocati

FIG. 1. Temperature dependences of the EBIC contrastCdisl(T)
of dislocations in Si. Different types of behavior reflect the effect
different concentration of deep level impurities at dislocatio
Points are experimental data, solid curves are calculated using
model.
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This case is out of the scope of our model.
It has been found that with increasing metal contami

tion the Cdisl(T) behavior of dislocations changes
the sequence: typeL1→typeL2→mixed type→typeH1
→typeH2. The type of the metal~Cu, Ni, Fe, or Au! deco-
rating the dislocation, was found not to be important f
Cdisl(T) characteristics. Experiments with hydrogenatio4

and phosphorus diffusion gettering16 have shown that both
passivation and gettering of impurities decorating dislo
tions, change theCdisl(T) behavior in a reverse sequenc
from typeH1 to typeL2 to L1, so that the contrast value i
the maximum can be reduced to the level of 1.5–2% .

III. THE MODEL

A. Introductory

1. Dislocation recombination strength and EBIC contrast

Using an analytical procedure developed by Donolato17

the EBIC contrastCdisl may be evaluated from the recomb
nation strengthG of the dislocation, which is defined as th
recombination rateRT of minority carriers at the dislocation
divided by the excess minority carrier densitypSCR at the
border of a space charge region around the charged disl
tion and their diffusivityD: G5RT/(D pSCR). In the linear
contrast model one hasCdisl5BG whereB is dependent on
the electron beam energy, ontminor or minority-carrier diffu-
sion length of the material and on the distanced of the dis-
location from the Schottky contact. Usually, the diffusio
length of free minority carriers is much larger than a pene
tion depth of electron beamde . In that case, the EBIC con
trast depends only on recombination strengthG and on the
depthd of the dislocation below the Schottky contact. A
cording to Ref. 18, the contrast has a maximal valueCmax
whend'de/1.2, and this value is approximately equal to

Cmax'0.2G/@11~G/2p!ln~2d/LSCR!#. ~1!

Here,LSCR is the radius of the space charge region arou
the dislocation. The correction term (G/2p)ln(2d/LSCR) in
Eq. ~1! takes into account thatpSCR is smaller than the aver
age hole concentrationp in a generation volume of an elec
tron beam far from dislocation due to diffusion limitation:

pSCR'p2@RT /~2pD !# ln~2d/LSCR!. ~2!

Therefore, the problem to be solved is to calculate the
combination rateRT of minority carriers at the dislocation.

2. Energy bands at dislocations

Theoretical investigations have shown that straight 6
dislocations, which are dissociated into 30° and 90° par
dislocations with a stacking fault ribbon between them, ha
reconstructed cores and are not associated with any d
one-dimensional bands in the band gap of silicon.19 How-
ever, theory has found relatively shallow bands to be ass
ated with the strain field of the dissociated dislocation.
empty one-dimensional~1D! bandDe and a full oneDh have
been predicted to split off from the conduction band a
valence band edge, respectively. The radii of the wave fu
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RECOMBINATION ACTIVITY OF CONTAMINATED . . . PHYSICAL REVIEW B 63 115208
tions of electrons and holes captured to the bandsDe andDh
are larger than the dislocation core and their centers of g
ity are outside the dislocation core. To distinguish betwe
free charge carriers around a charged dislocation and t
bound toDe or Dh , we define an extended core region
radiusLd!LSCR. Recently it has been shown,20 that small
line charges of the dislocation, which are presumably re
ized in many EBIC investigations~see Sec. III B!, lead to a
rigid shift of all states inside the extended core region.

In the analysis and interpretation of experimental da
those dislocation bandsDe and Dh have been related to
various physical phenomena: microwave conductance,21–23

electric-dipole spin resonance,24 and photolumin-
escence.25–27 From those results, consistent values for t
position of the edges of the one-dimensional~1D! bands at
EC2EDe'EDh2EV'70– 80 meV have been obtained.

In addition to the shallow bandsDe andDh , dislocations
can have deep localized electronic states, originating in c
defects, like dangling bonds in reconstruction solitons etc.
from fast diffusing impurity atoms~like Cu, Fe, Ni, etc.!
segregated in the dislocation core. We note that electro
energy levels and capture cross sections of impurities in
porated into dislocation cores may differ from the respect
values of the same impurities in the bulk. In contrast to
1D bandsDe and Dh , that are inherent to dislocations, th
concentration of deep electronic states, related to core
fects and impurities, depends strongly on the sample his
and can vary in a wide range.

The new feature of our model~see Fig. 2! has evolved
from comparison of typeL1 and typeL2 Cdisl(T) curves.
Type L1 has been ascribed to ‘‘clean’’ dislocations with
very small concentration of deep electronic states at dislo
tions, typeL2 to dislocations slightly decorated by met
impurities with deep electronic states. On their hig

FIG. 2. Charge carrier recombination on dislocations. For cl
dislocations the recombination rate is determined by direct rec
bination of electrons and holes captured by 1D dislocation ba
EDe , EDh ~channelRDe-Dh). In presence of deep centers with th
energy levelEM , the carriers captured to 1D bands can recomb
by transitionsRDe-M ,RDh-M via this deep level.
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temperature sides, theCdisl(T) curves ofL1 and L2-type
decrease exponentially with temperature. The activation
ergies are found for allCdisl(T) curves of typeL1 andL2 to
be between 70–80 meV, both inn-type andp-type silicon.
Therefore, we suggest that this decay ofCdisl(T) is caused by
the thermally activated emission of electrons and holes fr
the one-dimensional energy bandsDe and Dh . Hence, the
capture of charge carriers at those bands must be the
step in the electron-hole recombination process.

According to the experimental data~presented in Sec. II!
the contrast of clean dislocations is very small, less or ab
0.5%. We suppose that the recombination rate caused
direct transitions between one-dimensional~1D! bandsDe

and Dh is quite small in silicon. This is in agreement wit
theoretical results obtained by Farvacque,28 who considered
the electron-hole recombination at dislocations as the
quence of the cascade captures of electrons byDe of holes
by Dh , and the radiative electron transition betweenDe and
Dh . The rate of the last step compared to that of the first t
steps has been found to be large in direct semiconduc
like GaAs and very small in indirect semiconductors like S

On the other hand, the EBIC contrast ofL2 type is 20–30
times larger than for clean dislocations~type L1). How can
the presence of deep levels at dislocations enhance
strongly the recombination of electrons and holes, captu
by the dislocation energy bands? To account for this d
matic increase, we assume in our model that the recomb
tion of charge carriers captured by the 1D bands may oc
not only by electronic transitions between those bands,
also by transitions via deep levels. These levels may or
nate in impurity atoms or core defects spatially located n
to the dislocation core so that overlap of their wave functio
with those of the bandsDe andDh initiates this new recom-
bination channel.

B. Kinetic equations

We considern-type silicon with shallow donors of con
centrationNd . Holes will be minority carriers and disloca
tions will be negatively charged. A similar treatment wou
hold for positively charged dislocations inp-type Si.

Since a general treatment of carrier recombination at
locations is missing at present, we shall consider a simpli
model adjusted to the conditions under which EBIC is u
ally measured.

As mentioned above, the type of the metallic impuriti
investigated so far is not reflected in the measuredCdisl(T)
data. Therefore, we consider only one deep acceptor lev
EC2EM of concentrationNM per unit dislocation length,
either attracted by the elastic strain field of the dislocation
bound to its core.

In addition, we assume that the electric chargeeNtot of the
dislocation under EBIC conditions is small enough to negl
the modification of the wave functions of the 1D bandsDe
andDh and some other corrections that can become imp
tant at high dislocation charges. We have checked by
merical simulation and comparison of our model with t
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V. KVEDER, M. KITTLER, AND W. SCHRÖTER PHYSICAL REVIEW B63 115208
experimental data that this assumption yields a consis
description of recombination if the experimental conditio
are chosen so that:

~1! The temperatureT.40 K and the dopant concentra
tion Nd,1016cm23. Note that in this case, coupling of m
nority carriers to excitons as well as free carriers degen
tion can be neglected. To calculate the concentrationn of
free electrons fromNd we use standard formulas from Ref
29 and 30.

~2! The free hole concentrationp ~minority carriers! under
electron-beam excitation reaches the conditionp/n.1024.
In EBIC measurements, the concentration of minority ca
ers p is usually higher than 1012cm23 so that the condition
holds since we have already assumedNd,1016cm23.

~3! The space-charge regions of charged dislocations
not overlapping. This condition is valid since the distan
between neighboring dislocations has to be larger than 1mm
due to the limited spatial resolution of EBIC.

To formulate rate equations for our model, we note t
each of the shallow dislocation 1D bands exchanges e
trons or holes with the conduction or valence band, resp
tively, and with the deep levels of metal atoms or core
fects, whereas the deep levels exchange charge carriers
the two dislocation bands and also with the conduction
valence band. In addition, there is a small directe-h recom-
bination betweenDe amdDh .

Denoting byRi j , the difference of capture and emissio
rate between statesi and j, and making use of the notatio
introduced in Fig. 2 we obtain

dnDe /dt5RC-De2RDe-M2RDe-Dh ~3!

dpDh /dt5RV-Dh2RDh-M2RDe-Dh ~4!

dnM /dt5RDe-M1RC-M2RDh-M2RV-M , ~5!

where thenDe andpDh are the concentration of electrons a
holes per unit dislocation length in the bandsDe andDh with
lower edges atEC2EDe andEV1EDh , respectively, andnM
is the concentration of electrons~per unit dislocation length!
captured by deep impurities atEC2EM .

The total recombination rateRT of charge carriers at the
dislocation is given by the sumRT5RDh-M1RV-M
1RDe-Dh and can be calculated by solving the set of E
~3!–~5! for the stationary state dnDe /dt5dpDh /dt
5dnM /dt50.

C. Transitions between deep impurity or core defect levels
and conduction or valence band

Dislocations are extended defects with a large numbe
electronic states, whose occupation generates a line ch
eNtot5e(nM1nDe2pDh). The interaction of free charge carr
ers with this line charge results in significant modificatio
of electron and hole transitions to or from the dislocation31

which have been investigated in some detail in the literat
and were taken into account also in all previous models
scribing recombination at dislocations~see Sec. V A!.
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Let us consider a negatively charged dislocation inn-type
silicon. In this case, free-electron capture by deep meta
core defect acceptor levels is impeded by a capture ba
eUC , so that

RC-M5nsev the~NM2nM ! exp~2eUC /kT!

2NCsev thenM exp@2~EC2EM !/kT#. ~6!

Here,se is the capture cross section of the neutral impur
atom for electrons,v the'1.17 106T1/2cm/sec is the therma
velocity of electrons, andNC is the effective density of state
in the conduction band (NC'5.4431015T3/2cm23). The first
term describes the capture of free electrons by the acce
level EM , while the second term describes their thermal
tivated emission back to the conduction band.

Free hole capture is accelerated by the attractive pote
of the negatively charged dislocation:

RV-M5pdv thhshnM . ~7!

Here, sh is the hole capture cross section of negative
charged impurity atoms segregated at the dislocation,v thh
'0.91 106T1/2cm/sec is the hole thermal velocity, andpd is
the concentration of free holes at the boundary of the
tended core region of the dislocation (L5Ld), inside which
the bandsDe ,Dh , and segregated metal impurities are loc
ized. The thermal emission of holes is neglected since h
are captured by the negatively charged acceptors and im
diately recombine with the electrons already present.

The capture barriereUC and the local density of holespd
in the vicinity of the extended core region are paramete
which represent the effect of the dislocation line charge
the capture rates. Following Read,32 the Coulomb potential
eU(L) of the total dislocation line chargeeNtot at a distance
L, smaller than the screening radiusLSCR, can be approxi-
mated as

eU~L !'bNtot@ ln~LSCR/L !10.5~L2/LSCR
2!20.5#, ~8!

whereb5e2/(2p««0), « is the dielectric constant ande is
the electron charge. The screening radiusLSCR is approxi-
mately equal toLSCR5(Ntot /pNc)

1/2.
To estimate the electrostatic barrier for electron capt

eUC , we assumeL5Ld51/Ntot in Eq. 8. SinceLd /LSCR
!1 ~see Sec. III A! we have

eUC'bNtot$ ln@Ntot
3/2/~pNd!1/2#20.5%. ~9!

Here, we have neglected a tunneling of electrons through
barrier and influence of deformation potential on the barr
height.20

Holes inside the space-charge region of the dislocation
treated under the assumption of small dislocation charg
made above, so that the influence of bound hole states
hole capture may be neglected. The confinement ene
Econf'Ntot

2h2/(32mh) is then less or aboutkT at least for the
heavy holes (mh'0.5m0), which can be considered in
classical approximation at least up to a distance of ab
Ld51/Ntot from the dislocation core.

The recombination of holes at negatively charged dislo
tions occurs in a sequence of three steps:
8-4
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RECOMBINATION ACTIVITY OF CONTAMINATED . . . PHYSICAL REVIEW B 63 115208
~1! diffusion of holes from bulk region (L@LSCR), where
the hole densityp under thee-beam generation of EBIC ha
adjusted unaffected by dislocations, to the border of the
location space-charge region, wherepSCR5p(LSCR),

~2! capture by the space-charge region~rate RV-SCR),
yielding pd'p(Ld) for the density of free holes at the ex
tended core region of the dislocation, and

~3! capture by the bandDh or by the negatively charge
deep statesEM and then recombination with electrons ca
tured at the dislocations~rateRT , see Sec. III B!.

When the rate of step~3!, RT , is much smaller than
that of step~2!, RV-SCR, we obtain with the assumption o
small dislocation line charges made abovepd
'pSCRexp(eUC /kT).

With increasing concentration of deep acceptors at
dislocation,NM , the recombination rateRT will increase and
might become comparable withRV-SCR, so that the capture
of free holes by the space-charge region of the disloca
intervenes. Carrier capture by attractive centers is a sub
that has attracted a great deal of attention. The basic me
nism and first calculation of cross sections have been de
oped for gases33,34 and then modified for the treatment o
deep point defects in semiconductors.35–37 Using these con-
cepts, we shall estimate the capture radiusLC of dislocations
in Sec. III F.

For given LC , the local concentrationpd under steady
state conditions can be estimated as

pd'~p2KRT! exp„eUC /~kT!…, ~10!

whereK is the coefficient given by

K51/~2LCv thh!1 ln~2d/LSCR!/~2pD !. ~11!

The second term in Eq.~11! results from Eq.~2!, which
relatespSCR to p.

D. Transitions between the dislocation bands and conduction
or valence band

Capture of free electrons and holes by the 1D bandsDe
andDh , respectively, and their re-emission are considered
competitive processes to the direct recombination by d
acceptors in the extended core region of dislocations

RC-De'SDen~NDe2nDe! exp~2eUC /kT!2SDeNCnDe

3exp@2~EC2EDe!/kT#. ~12!

Here,SDe is the capture coefficient andNDe is the number
of states in the bandDe below the edge of conduction ban
EC ,nDe is the number of captured electrons, both taken
dislocation unit length. The two terms are obtained as
proximations fornDe /NDe&0.3 from an integral taken ove
the product of the emission rate, density ofDe states and
Fermi occupation probability as a function of energy fro
EC to EC2EDe . They have to be replaced by the full inte
gral expressions fornDe /NDe*0.3.
11520
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Capture of free holes by the shallow one-dimensional d
location bandDh and their re-emission is written correspon
ingly

RV-Dh'SDhpd~NDh2pDh!2SDhNV pDh

3exp@2~EDh2EV!/kT#, ~13!

whereSDh and NDh have analogous meanings as for ele
trons andNV'2.1231015T3/2cm23 is the effective density
of states in the valence band.

The number of statesNDe andNDh can be estimated usin
the effective mass approximation:38,39 NDe5@8mDe(EC
2EDe)#1/2/h and NDh5@8mDh(EDh2EV)#1/2/h where h is
the Planck constant, and the effective masses in 1D ba
may be taken from theoretical calculations asmDe'0.3m0
andmDh'0.5m0 . m0 denotes the free electron mass.

A theoretical treatment of the capture of holes by a
band at a negatively charged dislocation has been given
Sokolova.40 The capture occurs by successive transitions
tween the states of the valence band and of the 1D ban
the dislocation, and exhibits a certain similarity to the ca
cade capture of carriers by attractive point defects. The
sultant capture coefficient is weakly temperature depend
~see Sec. III F!.

E. Transitions between 1D bands and deep levels

The second step following the capture at the 1D band
the recombination of the electrons captured atDe and the
holes captured atDh , which occurs either by a direct elec
tron transition fromDe to Dh , or via deep acceptor statesM
at EM localized in the extended core region. The rateRDe-M
for the transitions between bandDe and deep acceptor leve
M is given by

RDe2M'AevDe$~NM2nM !nDe2nMNDe

3@kT/~EC2EDe!#
1/2exp@2~EDe2EM !/kT#%.

~14!

Here,vDe'(kT/mDe)
1/2 is a thermal velocity of electrons in

the De band andAe is a capture parameter describing t
coupling betweenDe states andM states and depending o
the nature of the deep centers and their spatial location~see
Sec. III F!. The emission term is written in the approximatio
of low occupation of the 1D band~see Sec. III D!. It can be
shown that forEC2EM.0.2 eV, this term becomes impor
tant only at high temperature, when the occupation of the
band is already very small.

The transitions of holes from the 1D band to negative
charged impurity atoms can be described by

RDh-M5AhvDhnMpDh , ~15!

wherevDh'(kT/mDh)1/2 is the thermal velocity of holes in
the 1D band andAh is a capture parameter.

The recombination rate of 1D holes with 1D electrons

RDe2Dh'A1DnDepDh , ~16!
8-5



m

a
,
o

t
r

o

o
ex
il

i
er
er
e

ll

ion

y
i-
iv

nt
lo

n
en
l

th

o

-

ture

de

ing

nd
it is

of

we
c-
re-
cal

elec-

pa-

on
ion
-

e

V. KVEDER, M. KITTLER, AND W. SCHRÖTER PHYSICAL REVIEW B63 115208
whereA1D is a coefficient that can be estimated once fro
the experimentally measured EBIC contrastCdisl(T) of clean
dislocations. Since this contrast is very small, less th
0.5%,3,4 in most cases the termRDe-Dh can be neglected
except for dislocations with a very small concentration
deep levels.

To calculate the recombination rateRT and the contras
Cdisl the set of Eqs.~3!–~5! has to be solved numerically fo
the stationary statednDe /dt5dpDh /dt5dnM /dt50, e.g.,
by using the standard globally convergent Newton meth
The calculation of a contrastCdisl(T) in the temperature
range 40–350 K takes a few seconds at any personal c
puter, so that a fit to experimental EBIC data using, for
ample, the well-known Marquard algorithm can be eas
performed.

F. Estimations of some parameters

A critical check of our model, proposed and developed
the previous sections, by comparison with available exp
mental EBIC data implies a careful look, which paramet
of the model might be taken or estimated from independ
experiments or theoretical calculations.

The depthsEDe and EDh of 1D bands can be quite we
estimated from independent measurements.21–27We shall use
the valueEC2EDe'EDh2EV'0.075 eV.

The diffusion coefficient of free holesD is important for
the calculation of the EBIC contrast from the recombinat
rateRT . We estimateD(T) from the mobility of holesmh in
Si using the Einstein relationD5mhkT/e. For Nd
,1016cm23 andT.100 K, the mobility is mainly controlled
by phonon scattering:mh'mh-ph'm0(T/300)22.2 wherem0
'480 cm2/Vs.41,42At low temperatures, carrier scattering b
ionized impurities usually affects the mobility. This contr
bution has been estimated using standard expressions g
in Refs. 29 and 30.

For the capture coefficientsSDe andSDh , representing the
carrier capture by the dislocation bandsDe andDh , we take
the theoretical values given by Sokolova:40 SDe5SDe0 /T3/2

and SDh5SDh0 /T3/2 with SDe0'SDh0'2.1023 cm3 K3/2/s.
We mention that Sokolova’s results have been already i
grated in previous models of carrier recombination at dis
cations by Schro¨ter,43 Ourmazd,44 and by Wilshaw and
Booker.45

The capture of free holes by the space-charge regio
the dislocation occurs in a series of inelastic scattering ev
between holes and acoustical phonons, each leading to a
of energy of the order (mhs2E)1/2, ~E is the kinetic energy of
holes,s is the sound velocity!, until the total loss brings the
hole to a state withE2eU(L),0. According to previous
investigations,32,34 the capture radius can be estimated as
product of the radiusLT , defined byeU(LT)5kT, with the
probability for holes to lose the kinetic energy of aboutkT in
the time it resides within the cylinder of radiusLT .33,35 It
was shown by Abakumov and Yassievich36,37that at least for
the potentialeU5e2/4p«0«r , at a point defect this simple
approach gives a result surprisingly close to the result
exact calculations.
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The analysis of Eq.~8! shows that for the practically in
teresting region 3.kT/(bNtot).0.1 the distanceLT corre-
sponding to conditioneU(LT)5kT can be approximated by
LT'0.71LSCRexp@21.08kT/(bNtot)#. To lose the energy of
aboutkT, the holes neednE'kT/(mhs2E)1/2 phonon scatter-
ing events and a time of aboutnEtph , where tph
'Dphmh /(kT) andDph5mh-phkT/e. Moving at a velocity
v'(2E/mh)1/2 a hole thus needs a pathlE'nEtphv
'(1.4Dph /s) to lose the energy of aboutkT. Note that the
lengthlE does not depend on energy. Therefore, the cap
radiusLC can be estimated as

LC'LT~gLT /lE!

'0.36gsLSCR
2 exp„22.16kT/~bNtot!…/Dph. ~17!

Here,gLT is the average length of the hole trajectory insi
the cylinder with radiusLT . The geometrical factorg can be
calculated by numerical Monte Carlo calculations averag
over all possible trajectories withinL,LT in a potential
eU(L) given by Eq.~8!. The value ofg slightly depends on
the mean free path of holesl0 . Calculations giveg'2.4 for
l0@LT , g'2.8 for l0'LT andg'3.5 for l050.1LT . We
have used some average valueg'3 in our calculations. Note
that when the lengthlE becomes smaller thangLT , Eq. 17
cannot be used and one should setLC5LT .

To get an idea what values of capture parametersAe and
Ah in Eqs. 14 and 15 for transitions between 1D bands a
deep levels can be considered as physically reasonable,
convenient to scale them in the following way:

Ah5ash /~pr Dh
2! ~18!

and

Ae5as0 /~pr De
2!. ~19!

Here,a is a new dimensionless fit parameter, instead
Ah andAe , and r Dh and r De are radii of wave functions of
holes and electrons in 1D bands, respectively, for which
assumer De'r Dh'2 nm. The expression for capture of ele
trons from the 1D shallow band by deep levels then
sembles the capture of free electrons with effective lo
concentration (nDe /pr De

2) multiplied by the unknown fit
parametera. The same holds for holes. The parametera may
be considered as a measure for the overlap between the
tronic wave functions of the deep acceptor with those ofDe
andDh .

Finally, we are left with the values ofNM , a, se , sh ,
andEM as fit parameters. They depend on the type and s
tial location of impurity atoms decorating the dislocation.

IV. RESULTS

A. Qualitative characteristics

The effect that metallic impurities or core defects have
the recombination rate between the shallow dislocat
bandsDe andDh , is described in our model by three param
eters:a, EM , andNM . Figures 3 and 4 illustrate that by th
8-6
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variation of two of these parameters,a andNM , the experi-
mentally well-established characteristics ofCdisl(T) are re-
produced.

Figure 3 demonstrates that the transitions between d
levels and shallow dislocation bands can strongly affect
EBIC contrastCdisl(T). Curves in Fig. 3~A! are calculated
for a51, while curves in Fig. 3~B! are calculated neglectin
these transitions~a50!. Comparison of Fig. 3~A! with ex-
perimentalCdisl(T) data in Fig. 1 shows that our model e
plains, at least qualitatively, the experimentally observ
evolution ofCdisl(T) dependences with increasing concent
tion NM of deep centers at dislocations.

The variations ofCdisl(T) depending on the value ofa are
shown in Fig. 4~B! for a strongly decorated dislocation wit
NM533107 cm21. As one can see, even for quite a sm
overlap of deep electronic states with 1D bands, whena
!1, the capture of carriers from 1D bands to the deep
purity level can still give a significant contribution to th
recombination.

At the same time,Cdisl(T) is not sensitive to the energ
level of deep acceptors as long, asEC2EM.0.35 eV and
T,300 K. This is illustrated by Fig. 4~A! that shows
Cdisl(T) calculated for different values ofEC2EM . It also
makes intelligible why the experimentally observedCdisl(T)
are qualitatively the same for different metals, decorat
dislocations.

All curves in Figs. 3 and 4 were calculated for some re
sonable, but arbitrary values of impurity capture cross s
tions for electronsse52310215cm2 and for holessh

FIG. 3. The EBIC contrastCmax(T) calculated for different con-
centrationsNM from 0 to 33107 cm21 of deep level impurities at
the dislocation. ConcentrationsNM are shown for each curve
Curves in~A! are calculated fora51, while curves~B! correspond
to a50, which means that the transitions between 1D bands
deep levels were neglected. The values of other parameters aNd

51015 cm23, p51013 cm23, sh510214 cm2, se52310215 cm2,
EC2EM50.5 eV.
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510214cm2. sh was chosen larger thanse because it corre-
sponds to the capture of a hole by the negatively char
atom, whilese corresponds to the capture of an electron
a neutral atom.

B. Fit to experimental data

To check the model, a fit to experimental data was p
formed using values ofNM , a, sh , andse as fit parameters
Since the distance between the Schottky contact and the
location is usually not well known, we need one more
parameterA5C/Cmax<1 to scale the absolute value of ca
culated contrastCmax to the experimentally observed on
Cdisl(T)5A3Cmax(T). However, in most cases we can e
pect thatA should be of the order of one since the expe
mental conditions are usually adjusted to arrive at optim
imaging.

The parametersNM , a, sh , and se cannot always be
independently determined by a fit. From Fig. 3, one sees
for small concentrations of deep acceptorsNM the direct cap-
ture of free carriers by impurities gives a very small cont
bution to the total recombination and then only the value
NM and the productsash andase are obtained from a fit.
WhenNM becomes larger, all processes yield a contribut
to recombination and all parameters may be determi
separately. However, whenNM becomes large „NM
.(1 – 3)3106 cm21

…, the number of electronsnM captured
by impurity atoms is mainly limited by the Coulomb inte
action and not byNM . ThennM /NM!1, and only the value
of a and the productsNMse andNMsh are fixed by the fit.

d

FIG. 4. ~A! Cmax(T) calculated fora51 and different values of
EC2EM , shown for each curve. Other parameters areNd

51015 cm23, p51013 cm23, sh510214 cm2, se52310215 cm2,
andNM533107 cm21. ~B! The EBIC contrastCmax(T) calculated
for EC2EM50.5 eV and different values of the parametera from
1025 to 1. Values ofa are shown for each curve.
8-7
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In Fig. 5~A!, experimentalCdisl(T) data, marked by
points, are shown. They have been obtained for 60° dislo
tions in the floating zone~FZ! Si8 lying parallel to the surface
of the sample. The sample was plastically deformed by be
ing at 750 °C for 6 h. The dislocation density is abo
(4 – 8)3105 cm22. Curve 1 corresponds to the as-deform
sample, while curve 2 was measured on the same sam
after phosphorus diffusion gettering~PDG!. The solid and
dashed curves represent the fit of our model to these da

The values of the parameters obtained from the fit
listed in Table I. For curve 2, measured after PDG, it w
possible to determine the values of all parametersNM , a,
se , andsh . After PDG, the concentration of deep centers
found to be quite small,NM'23105 cm21, which means a
significant reduction compared to the value before PDG.

A good fit to Cdisl(T) data measured before PDG is o
tained only assumingNM.23106 cm21. In this case, the
occupation of deep acceptor states by electrons is q
small,nM /NM!1 in the whole temperature range. This c
be seen in Fig. 7~B! which shows the occupationnM of deep
level by electrons. As mentioned above, the value ofNM ,
obtained from a fit, becomes now strongly dependent onse
and a fit of almost the same quality can be obtained
different combinations ofse andNM .

FIG. 5. Points are the experimental dataCdisl(T) measured for
plastically deformed FZ-Si8 before ~curve 1! and after~curve 2!
phosphorus diffusion gettering. Solid and dotted lines are calcul
using our model. The values of parameters used for calculation
listed in Table I.
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Assuming that dislocations before and after gettering
decorated by the same impurity in the same state, we can
the value ofse52310215cm2 obtained from the fit to curve
2 also for the fit to curve 1. With this assumption, the fit
curve 1 gives a very large concentration of impurity atoms
NM'33107 cm21 before PDG~see set ‘‘a’’ in Table I!.

Alternatively, we may start with the assumption that t
impurity atoms at such high concentrations already fo
nanoscale precipitates at the dislocation core. If the den
of such nanoscale precipitates is larger than 106 cm21, we
can still use our model, because no more than one elec
will be captured by each precipitate particle due to a C
lomb blockade. Then we consider each particle as just
deep center, but the effective capture cross sectionse are
expected to be now much larger than for a single atom.

The minimal number of precipitates that still gives a go
fit is NM'2.53106 cm21 but they are associated with a sig
nificantly larger capture cross section ofse'5310214cm2

~see set ‘‘b’’ in Table I!. Therefore, in the case of larg
contamination of dislocations, the fit of our model to th
experimental data yields minimal concentrations of de
centersNM and the possible combinations ofNM andse , sh
values.

It is experimentally well established that the EBIC co
trast of dislocations depends strongly on the electron be
current I beam, which is related to the minority carriers con
centrationp. This is consistent with our model that also pr
dicts a strong dependence of contrast onp, since the Cou-
lomb band bendingeUC is sensitively dependent on th
minority carrier concentration. The simultaneous fit
Cdisl(T) andCdisl(I beam) for the same dislocation would be
critical check of our model.

There are only a few reliable experiments of this kin
because measurements ofCdisl(T,I beam) take a long time,
resulting in degradation of a Schottky contact. Figure
shows the results of the simultaneous fit of oneCdisl(T)
curve and twoCdisl(I beam) curves measured on the sam
dislocation.13 Values of parameters obtained by fit are list
in Table I. One can see that the fit reproduces the meas
curve quite well and gives reasonable values of parame
Since theNM is again larger than 2.106 cm21, we cannot
estimateNM andse independently, but can only obtain th
possible combinations ofNM and se ~set ‘‘a’’ and ‘‘ b’’ in
Table I!. The parameterA5Cdisl /Cmax is small, about 0.25,

d
re
level
TABLE I. Values of parameters used for calculation of curves shown in Figs. 5 and 6. The energy

EC2EM was assumed to be 0.5 eV,Nd5531014 cm23, p51013 cm23 for Fig. 5 andp51011 I beam ~pA!
cm23 for Fig. 6. Parameters marked by an* were kept fixed during fit.

Parameters NM ~cm21! a A sh (10214 cm2) se (10215 cm2)

Fig. 5, curve 2 (2.260.3)3105 0.960.1 1.060.1 (6.560.7) (2.060.5)
Fig. 5, curve 1 0.960.2 0.760.07
set ‘‘a’’ (3.060.5)3107 (6.560.3) *2
set ‘‘b’’ (2.460.2)3106 (5.560.5) *50
Fig. 6 0.960.2 0.2360.03
set ‘‘a’’ (3.260.5)3107 (7.561) *3
set ‘‘b’’ (3.060.5)3106 (661) *60
8-8
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because the measurements13 were made on misfit disloca
tions in a SiGe/Si heterostructure. In this case, the cont
should be smaller than calculated by Donolato’s theory17 due
to the valence band bending in the heterostructure interf

The rigid shift of all states inside the extended core
gion, as well as the hole capture by the attractive potentia
the negatively charged dislocation, have been based on
assumption that the dislocation line charge is sufficien
small to allow for a quasiclassical approach. As outlined
Sec. III B, this assumption implies that electron-hole gene
tion under the conditions of EBIC measurements is su
ciently large so that the concentration of minority carriers
much larger that its thermodynamic equilibrium value.
this case, the dislocation line chargeeNtot resulting from the
occupation of all dislocation-related states, should beco
adjusted to quite small values as soon as stationary co
tions between generation and recombination of carriers a
dislocation are established, since the capture rate for majo
charge carriers decreases exponentially with the increas
eNtot . This is illustrated in Fig. 7~A!, which shows that the
electrostatic potential calculated for typical EBIC expe
ments is indeed quite small and our calculations are self c
sistent. The Coulomb band bendingeUC works as stabilizing
negative feedback adjusting the flux of holes to the flux
electrons at dislocations.

Under these conditions many details of a quantum m
chanical treatment may be omitted since it gives a correc
to the electrostatic potential less or aboutkT. More than that,
a small change of some parameters that couple the pote
eUC with the dislocation chargeeNtot will not lead to sig-

FIG. 6. The experimental dependences of EBIC contrastCdisl on
electron beam currentI beam @points in ~A!# and on temperatureT
@data points~B!# measured for the same dislocation,13 and the result
of their simultaneous fit~solid and dotted lines!. The values of
parameters used for calculation are listed in Table I.
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nificant changes of the recombination rate, but instead,
dislocation charge will be slightly readjusted, keeping alm
the same value of the recombination rate.

We note that in our simplified model, the localizatio
length of electrons and holes in the 1D bandsDe and Dh
was assumed to be larger or comparable with the dista
1/NM between the deep centers along the dislocation.
T.40 K andNM.105 cm21, it is a quite reasonable assum
tion ~see Refs. 23–27!. If the temperature is too low (T
,30– 40 K) and, at the same time,NM is too small (NM
,104– 105 cm21) the localization length can become muc
smaller than 1/NM and the model should be modified to tak
this into account, for example, by introducing a depende
of parametera on T andNM .

V. DISCUSSION AND SUMMARY

A. Previous recombination models

Basic features concerning the action of dislocations
charge carrier recombination have been investigated
modeled in the 1960s and 1970s. They have been ma
derived from experimental results of the charge-carrier li
time, stationary photo conductivity, and the Hall effect
plastically deformed germanium, and later from EBIC da
of dislocations in silicon.

In the recombination model of dislocations, Morrison46

and later, Figielski,47 proposed a classical concept of how
negative line charge of the dislocation affects the capture
electrons and holes. Central points of this model are the
pulsive potential barrier for electrons, whose amplitude v
ies with the dislocation line charge and which affects t
capture rate through an exponential factor, and the attrac
potential well for holes.

FIG. 7. ~A! Coulomb band bendingeUC and ~B! number of
electronsnM captured to the deep level calculated for the sa
parameters as curves 1a, 1b, and 2 in Fig. 5.~B! the occupation
nM of deep level by electrons. Curves 1a and 1b correspond to
combination of parameters, labeled as set ‘‘a’’ and ‘‘b’’ in Table
8-9
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Inconsistencies with independent experimental results
germanium led Schro¨ter43 to integrate theoretical work by
Gulyaev48 on the tunneling of electrons in the repulsive p
tential and by Sokolova40 on the capture of holes into boun
hole states. Thereby the capture of holes became a two-s
transition, the first leading from the valence band to t
bound hole states, the second from there to the deep stat
the dislocation. This model has relieved the inconsiste
between the results of photo conductivity and the Hall eff
and also explained why two different capture rates of ho
had been observed by an appropriate choice of experime
conditions.

Shikin and Shikina49 and later Labusch and Hess20 have
investigated the combined effect of electrostatic and de
mation potential on the conduction-band edge near to a ne
tively charged dislocation. The corrections of the simp
rigid band model, which relates band shifts only to the el
trostatic potential, have been found significant. Howev
many experiments fail to detect these corrections, since
band shifts due to the electrostatic potential and due to
total potential both vary approximately linearly with the di
location line charge, and those experiments are only sens
to the total shift. Clear evidence for those corrections h
been found by photo-conductance spectroscopy of dislo
tions in germanium.20

First results of the EBIC contrast as a function of tem
perature for dislocations and stacking faults have been
tained by Kimerling, Leamy, and Patel.50

Ourmazd44 has adapted the model of Schro¨ter43 to the
quantitative analysis of the EBIC contrast, thereby open
the possibility to investigate the electrical properties
single dislocations. He studiedCdisl(T) (120 K<T<300 K)
of various dislocation types inn-type silicon, whose struc-
tural properties were known from TEM weak-beam inves
gations. Under the condition of heavy doping, Ourmazd h
arrived at a consistent interpretation in terms of the two-st
hole capture and of considering tunneling only for t
heavily charged dislocations. Since the tunneling rate is s
sitively dependent on the electron effective mass, which
larger in silicon than in germanium, its contribution in sil
con is limited to small ranges of temperature, doping, etc

Although the treatments of hole capture in the attract
potential of the dislocation in our model and in the model
Ourmazd-Schro¨ter are significantly different, they may b
considered as two approaches to the general solution, w
is still not known. Our approach describes the capture
small dislocation line charges. With increasing line char
the shallow 1D band, which splits off from the conductio
band, is pushed out of the band gap. At the same time,
properties of the hole band become more and more de
mined by the electrostatic part of the dislocation poten
with the deformation potential as correction. Furthermore
set of more shallow hole bands appears,51,31 whose role in
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hole capture remained unconsidered in the theoretical tre
ment of Sokolova and in the model of Ourmazd-Schro¨ter.

Another approach to the hole capture problem has be
given by Wilshaw and Booker.45,52 Their model is built on
the assumption that Sokolova’s cascade capture by the
band associated with bound hole states only operates
holes inside the dislocation space charge region of rad
LSCR. The re-emission from the bound hole states to t
valence band is neglected and the transition to the bou
hole states is assumed to be rate limiting. The model
Wilshaw and Booker has been widely applied
Cdisl(T,I beam) data~Si: 120, . . .,370 K!, especially to repro-
duce for the first time the dependence on the current of
electron probe,I beam. However, a critical experimental or
theoretical check of the basic assumptions of the mode
missing. It is unclear how the assumption of a huge capt
radiusLSCR and of negligible re-emission can be made co
sistent with Sokolova’s cascade capture model.

As already mentioned~Sec. III A! the new feature of our
model results fromCdisl data, which were obtained for clea
and slightly decorated dislocations and showed a pronoun
peak below 120 K. Experimental results in this temperatu
range were not available and therefore have not been con
ered in the previous models.

B. Summary

We have developed a model that comprises a statist
description of the electron-hole recombination at dislocatio
under the conditions of EBIC measurements. We have
duced the number of free parameters by consideration
independent experimental and theoretical results so that
validity of the model could be checked and confirmed by fi
to available EBIC data. Like previous ones by Ourmazd44

and by Wilshaw and Booker,45 our model establishes the link
to phenomenological modeling of EBIC contrast, as given
a series of papers by Donolato and by Pasemann~see Ref.
17!. As a different aspect, our model includes the interacti
between metallic impurities or core defects and dislocati
energy bands. We have demonstrated that it is this inter
tion that accounts for the basic characteristics of the EB
contrast as a function of temperature, beam current, and
tallic impurity concentration. Combined with EBIC investi
gations of samples with well controlled contamination an
extended to higher temperatures, our model opens a qua
tative access to segregation and electronic structure of
tallic impurities at dislocations.
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