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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 =(lg—lgisp/1o Of single dislocations. The measured charac-
teristics of dislocations compris€yis(T,l peay WhereT is
Dislocations are responsible for the plastic behavior ofthe specimen temperature ang,mis the beam current of the
crystalline materials, but they may also significantly influ- electron probe.
ence the electrical properties, especially of semiconductors. Numerous experimental investigatidn¥ of the effect of
During material growth or technological processing stressmetallic impurities onCy have established four classes of
release easily generates dislocations, and in semiconductats;q(T,l yean) dependences ranging from “pure” disloca-
these have been found to impact device performance. Ther@ions with rather small contrasts observable only at low tem-
fore, in the case of silicon integrated circuits, major effortsperaturegaround 50—80 Kto dislocations decorated by pre-
have been and are still made to avoid dislocation generatioripitates with very strong contrast slowly increasing with
However, the development of some low-cost multicrystallinetemperature. It has been shown that large silicide precipitates
silicon materials like cast silicon or silicon ribbons for photo of Cu and Ni may act as internal Schottky contacts, which
voltaic applications, demands alternative strategies of defegiresumably allows us to account fGg( T, bean) Of the last
engineering, since in these materials dislocations arelass'!?> However, the interaction of metallic impurities
inherent. with dislocations in the preprecipitation stage and the result-
One parameter that is directly related to the solar celing coupling of their electronic states with those at the dis-
efficiency and which is strongly affected by dislocations, islocation itself have not been tackled so far by any of the
the minority carrier lifetimer,,. TO preliminary experi- existing recombination models for dislocations.
mental evidence, not the dislocation core states or core defect As we will show in this paper, there is a strong coupling
states, but some metallic impurities like Fe, Ni, and Cu segbetween deep impurity levels and one-dimensional bands,
regated or precipitated at the dislocation, induce the effect ofvhich are split off from the valence- and conduction-band
dislocations onrpinor. These impurities are well known in edges by the action of the dislocation deformation potential.
silicon microelectronics technology. Their ubiquitous pres-A fit of our model to measure@ 4is(T,l pean data allows us
ence and their unusually high diffusivitieshave again and to determine three free parameters of the model, so that the
again created severe problems for the device performancephysical relevance of the model can be checked through the
Several techniques to study the recombination activity oconsistency of these parameters with what is expected from
dislocations are at hand. Some of these, such as scannigigta obtained by other experimental techniques. One of the
deep level transient spectroscopy, scanning photoparameters is a measure of the concentration of metallic im-
luminescence, infrared-beam-induced current, and electrompurities at the dislocation, so that we are in the position to
beam-induced curreEBIC) are unique among the electri- discuss the physical and technological implications of metal-
cal characterization methods with respect to a spatidlic impurity segregation at dislocations.
resolution, sufficient to measure at single dislocations. The The paper is composed as follows: in Sec. Il we shall
most widely used among these techniques is EBIC. In EBICbriefly discuss some typical experimental d&gs(T) ob-
the variation of the induced currehtat a Schottky contact tained for dislocations with different levels of impurity deco-
resulting from nonequilibrium electrons and holes generatedation and their common features. In Sec. llIA we shall
by the electron beam, is measured, while the specimen argaake some introductory remarks explaining the main idea of
of interest is scanned. The values| @t the dislocationl g, the proposed model and also discuss the assumptions we will
and away from it,l,, are used to define the contraS},  use. In Secs. Il B-Ill F the equations, used for model calcu-
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" ' T y T . This case is out of the scope of our model.
60r H2 -~ It has been found that with increasing metal contamina-
e *s " 0 tion the Cgg(T) behavior of dislocations changes in
55} - the sequence: tyfdel—typel2— mixedtype-typeH1
—typeH2. The type of the metalCu, Ni, Fe, or Ay deco-
12 rating the dislocation, was found not to be important for
1ol Cqis(T) characteristics. Experiments with hydrogenation
. and phosphorus diffusion getterifichave shown that both
& sl passivation and gettering of impurities decorating disloca-
z tions, change the&y4(T) behavior in a reverse sequence,
© &t from typeH1 to typelL?2 to L1, so that the contrast value in
a the maximum can be reduced to the level of 1.5-2%.
4} &
A
5 4 Ill. THE MODEL
_______ ) N A. Introductory
0 e T S e e ) ] o
0 50 100 150 200 250 300 1. Dislocation recombination strength and EBIC contrast
T (K) ) Using an analytical procedure developed by Donotato,

the EBIC contrasCgyg may be evaluated from the recombi-
FIG. 1. Temperature dependences of the EBIC con@ag(T) nation strengtd” of the dislocation, which is defined as the

of dislocations in Si. Different types of behavior reflect the effect of recombination rat&; of minority carriers at the dislocation
different concentration of deep level impurities at dislocations.divided by the excess minority carrier densitycg at the
Points are experimental data, solid curves are calculated using oworder of a space charge region around the charged disloca-
model. tion and their diffusivityD: T =R/(D pscp. In the linear

contrast model one haSy,=BI" whereB is dependent on
lations will be presented, as well as estimations for somehe electron beam energy, 6o, OF Minority-carrier diffu-
parameters of the model, which are necessary to reduce sion length of the material and on the distamcef the dis-
number of fit parameters. In Sec. IV we present results ofocation from the Schottky contact. Usually, the diffusion
model calculations and their comparison with experimentalength of free minority carriers is much larger than a penetra-
data, and finally, in Sec. VA we discuss previous modelgion depth of electron beal, . In that case, the EBIC con-
for recombination at dislocations. In Sec. VB we give atrast depends only on recombination strenfjtand on the
summary. depthd of the dislocation below the Schottky contact. Ac-

cording to Ref. 18, the contrast has a maximal valg,

whend~d./1.2, and this value is approximately equal to
IIl. EXPERIMENTAL OBSERVATIONS

It was found that dislocations in different samples often Crna~ 0.2/[1+ (I'/2m)In(20/ L scR)]. @)

exhibit significantly different EBIC contrast behavior Here, Lscr is the radius of the space Charge region around
Cqis(T).>*°Figure 1 shows typical examples of experimen-the disiocation. The correction ternT 27)In(2d/Lscp) in
tal Cgg(T) data measured for dislocations in different Eq. (1) takes into account thatscr is smaller than the aver-
samples, but similar experimental conditions. Points in Fig. Jage hole concentratiomin a generation volume of an elec-
show the experimental results, while the solid curves havgron beam far from dislocation due to diffusion limitation:
been calculated using our model, presented in Sec. lll. Dif-
ferent types ofCg(T) behavior can be distinguishéd: Pscr=P—[R7/(27wD)] In(2d/LscR). 2
TypesL1 andL?2 are characterized by a quite small contrast ,
of dislocations at room temperature and by increasing con! Nerefore, the problem to be solved is to calculate the re-
trast with decreasing temperature, exhibiting a maximum peCombination rateRy of minority carriers at the dislocation.
tween 50 and 90 K. The contrast value in the maximum ] ]
increases drastically with increasing decoration level of 2. Energy bands at dislocations
dislocation$****from 0.5% for “clean” dislocations, upto  Theoretical investigations have shown that straight 60°
10% for dislocations contaminated by impurities. Typts  dislocations, which are dissociated into 30° and 90° partial
andH2 exhibit recombination activity over the whole tem- dislocations with a stacking fault ribbon between them, have
perature range and th€gg(T) increases with increasing reconstructed cores and are not associated with any deep
temperature. There is also a mixed type of behavior thabne-dimensional bands in the band gap of siliEbiiow-
looks like a superposition of typasand H.141° ever, theory has found relatively shallow bands to be associ-
The contrast of dislocations at 300 K varies from tyfe  ated with the strain field of the dissociated dislocation. An
to typeH2 by more than a factor of 500. Only in the case of empty one-dimension&lD) bandD, and a full oneD}, have
type H2, with a contrast of more than 30—40 %, silicide pre-been predicted to split off from the conduction band and
cipitates have been found to be connected to the dislocationsalence band edge, respectively. The radii of the wave func-
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temperature sides, th€g(T) curves ofL1 andL2-type
decrease exponentially with temperature. The activation en-
ergies are found for alC 4 (T) curves of typeL1 andL2 to

Rooe be between 70—80 meV, both mtype andp-type silicon.
: E. Therefore, we suggest that this decayCqf(T) is caused by
R, : the thermally activated emission of electrons and holes from
E, T o Roeon the one-dimensional energy banfs and D,,. Hence, the

capture of charge carriers at those bands must be the first
step in the electron-hole recombination process.

According to the experimental dapresented in Sec.)ll
the contrast of clean dislocations is very small, less or about
0.5%. We suppose that the recombination rate caused by
direct transitions between one-dimensioidD) bandsD,
Ps R.s= and Dy, is quite small in silicon. This is in agreement with
theoretical results obtained by Farvacdfievho considered
the electron-hole recombination at dislocations as the se-
L X guence of the cascade captures of electron® pyf holes

FIG. 2. Charge carrier recombination on dislocations. For cIearPy Dy, and the radiative electron transition betw@pgnd
dislocations the recombination rate is determined by direct recomPh- The rate of the last step Compargd tp that of the first two
bination of electrons and holes captured by 1D dislocation band§teps has been found to be large in direct semiconductors
Epe, Eph (channelRpe.pp). In presence of deep centers with the like GaAs and very small in indirect semiconductors like Si.
energy leveE,, , the carriers captured to 1D bands can recombine On the other hand, the EBIC contrastld? type is 20—30
by transitionsRpe.w ;Rph.m Via this deep level. times larger than for clean dislocatioftgpe L1). How can

the presence of deep levels at dislocations enhance so
tions of electrons and holes captured to the bddgdandD;,  strongly the recombination of electrons and holes, captured
are larger than the dislocation core and their centers of gravpy the dislocation energy bands? To account for this dra-
ity are outside the dislocation core. To distinguish betweenmatic increase, we assume in our model that the recombina-
free charge carriers arounql a charged dislocation ar?d thos@n of charge carriers captured by the 1D bands may occur
bound toD, or Dy, we define an extended core region of ot only by electronic transitions between those bands, but
radiusLy<Lscg. Recently it has been showfithat small 554 by transitions via deep levels. These levels may origi-
!lne qharges of the ld|s|oc.at|o.n, which are presumably realhate in impurity atoms or core defects spatially located near
ized in many EBIC investigationgee Sec. Il B, lead to a to the dislocation core so that overlap of their wave functions

rigid shift of all states |n§|de the extended core region. with those of the band®, andD,, initiates this new recom-
In the analysis and interpretation of experimental databination channel

those dislocation band®. and Dy, have been related to
various physical phenomena: microwave conductZhce,
electric-dipole  spin  resonané&, and photolumin-
escencé>%’ From those results, consistent values for the
position of the edges of the one-dimensiofiD) bands at We considem-type silicon with shallow donors of con-
Ec—Epe~Epn— Ey=70-80meV have been obtained. centrationNy. Holes will be minority carriers and disloca-

In addition to the shallow band3, andDy,, dislocations tions will be negatively charged. A similar treatment would
can have deep localized electronic states, originating in corkold for positively charged dislocations patype Si.
defects, like dangling bonds in reconstruction solitons etc., or Since a general treatment of carrier recombination at dis-
from fast diffusing impurity atomglike Cu, Fe, Ni, etg.  locations is missing at present, we shall consider a simplified
segregated in the dislocation core. We note that electronimodel adjusted to the conditions under which EBIC is usu-
energy levels and capture cross sections of impurities incorally measured.
porated into dislocation cores may differ from the respective As mentioned above, the type of the metallic impurities
values of the same impurities in the bulk. In contrast to theinvestigated so far is not reflected in the measugg(T)
1D bandsD, andD,,, that are inherent to dislocations, the data. Therefore, we consider only one deep acceptor level at
concentration of deep electronic states, related to core d&-—E of concentrationN,, per unit dislocation length,
fects and impurities, depends strongly on the sample historgither attracted by the elastic strain field of the dislocation or
and can vary in a wide range. bound to its core.

The new feature of our modékee Fig. 2 has evolved In addition, we assume that the electric chaedg,; of the
from comparison of typd.1 and typeL2 Cyg(T) curves. dislocation under EBIC conditions is small enough to neglect
Type L1 has been ascribed to “clean” dislocations with athe modification of the wave functions of the 1D baridls
very small concentration of deep electronic states at dislocaand D, and some other corrections that can become impor-
tions, typelL2 to dislocations slightly decorated by metal tant at high dislocation charges. We have checked by nu-
impurities with deep electronic states. On their high-merical simulation and comparison of our model with the

B. Kinetic equations
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experimental data that this assumption yields a consistent Let us consider a negatively charged dislocation-iype
description of recombination if the experimental conditionssilicon. In this case, free-electron capture by deep metal or
are chosen so that: core defect acceptor levels is impeded by a capture barrier

eU¢, so that
(1) The temperatur& >40K and the dopant concentra-

tion Ng<10'®cm™3. Note that in this case, coupling of mi- Re.m=N0o e hd Ny —ny) expl—eUg /kT)

nority carriers to excitons as well as free carriers degenera-

tion can be neglected. To calculate the concentratiaof ~Ncoevndw exfl — (Ec—Ew)/kT].  (6)

free electrons fronNy we use standard formulas from Refs. Here ¢, is the capture cross section of the neutral impurity

29 and 30. _ o _ atom for electronsy ye~1.17 16TY?cm/sec is the thermal
(2) The free hole concentratiqgn(minority carrierg under  ye|ocity of electrons, andl is the effective density of states

electron-beam excitation reaches the conditign>10 4. in the conduction bandNc~5.44x 10*T32cm™3). The first

In EBIC measurements, the concentration of minority carriterm describes the capture of free electrons by the acceptor
ersp is usually higher than #8cm™ so thatethe_g:ondltlon level Ey, while the second term describes their thermal ac-
holds since we have already assunigg<10*°cm™>. tivated emission back to the conduction band.

(3) The space-charge regions of charged dislocations are pFree hole capture is accelerated by the attractive potential
not overlapping. This condition is valid since the distanceof the negatively charged dislocation:

between neighboring dislocations has to be larger thaml
due to the limited spatial resolution of EBIC. Ry.m= PaUhnOhN - 7

To formulate rate equations for our model, we note thatHere, o, is the hole capture cross section of negatively
each of the shallow dislocation 1D bands exchanges elesharged impurity atoms segregated at the dislocatigg,
trons or holes with the conduction or valence band, respec=0.91 16T*2cm/sec is the hole thermal velocity, apg is
tively, and with the deep levels of metal atoms or core dethe concentration of free holes at the boundary of the ex-
fects, whereas the deep levels exchange charge carriers wittnded core region of the dislocatioh= L), inside which
the two dislocation bands and also with the conduction andhe band®.,Dy,, and segregated metal impurities are local-
valence band. In addition, there is a small diredt recom-  ized. The thermal emission of holes is neglected since holes
bination betwee, amdDy,. are captured by the negatively charged acceptors and imme-

Denoting byR;;, the difference of capture and emission diately recombine with the electrons already present.
rate between statdsandj, and making use of the notation = The capture barrieg U and the local density of holgs,

introduced in Fig. 2 we obtain in the vicinity of the extended core region are parameters,
which represent the effect of the dislocation line charge on
dnpe/dt=Rc.pe— Rpe-m— Rpe-ph (3)  the capture rates. Following Re#dthe Coulomb potential
eU(L) of the total dislocation line chargeN,; at a distance
dppn/dt=Ry.pn— Rph.m— Rpe-ph (4) L, smaller than the screening radiligcg, can be approxi-
mated as
dny /dt=Rpe.w+Re.m—Ron-m—Rvom s )

eU(L)~ BNl IN(Lscr/L) +0.5L%Lgcy) —0.5], (8)

where B=e?/(2mse,), ¢ is the dielectric constant arelis
the electron charge. The screening radiyg. is approxi-
mately equal td_gcg= (Nioi/mNg)Y2.

where thenp andppy, are the concentration of electrons and
holes per unit dislocation length in the bar@isandD, with
lower edges aE-—Ep. andEy +Ep,;,, respectively, andy,
is the concentration of electroriger unit dislocation length To estimate the electrostatic barrier for electron capture

captured by deep impurities B¢ —Ey . eUc, we assume.=L4=1/Ny, in Eq. 8. SincelL4/L
The total recombination ratR; of charge carriers at the <1C(,see Sec. Il1Awe gave ot a4 = di-scer

dislocation is given by the sumR;=Rpn.m+Ry.m

+Rpe.pn @nd can be calculated by solving the set of Egs. eUc~ BN IN[Nio? (7Ng) ¥2] — 0.5}. 9

(3—(5) for the stationary statednp./dt=dpp,/dt )

—dny, /dt=0. Her(_e, we haye neglected a tunne!lng of elegtrons through.the
barrier and influence of deformation potential on the barrier
height?°

C. Transitions between deep impurity or core defect levels

_ Holes inside the space-charge region of the dislocation are
and conduction or valence band

treated under the assumption of small dislocation charges,
Dislocations are extended defects with a large number ofmade above, so that the influence of bound hole states on

electronic states, whose occupation generates a line charjele capture may be neglected. The confinement energy

eNr=e(Ny+Npe—Ppr)- The interaction of free charge carri- Egonr~ Ny, h%(32m,,) is then less or aboT at least for the

ers with this line charge results in significant modificationsheavy holes 1h,~0.5m;), which can be considered in a

of electron and hole transitions to or from the dislocaflbn, classical approximation at least up to a distance of about

which have been investigated in some detail in the literaturé. ;= 1/N,,, from the dislocation core.

and were taken into account also in all previous models de- The recombination of holes at negatively charged disloca-

scribing recombination at dislocatiosee Sec. V A tions occurs in a sequence of three steps:
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(2) diffusion of holes from bulk regionl(>Lscg), Where Capture of free holes by the shallow one-dimensional dis-
the hole density under thee-beam generation of EBIC has location band}, and their re-emission is written correspond-
adjusted unaffected by dislocations, to the border of the disingly
location space-charge region, wherg-g= p(LscR)

%) capture( b)g ]Ehe r?loa(;:e-charq;efre@JiE]rla\lte RV.SER), Rv-oh=SpnPd(Nph—Pon) = SprNv Pon
yielding pg=~p(L4) for the density of free holes at the ex-
tended codre regi(:)n of the dislocation, and xexd — (Epn—Ev)/KT], (13

(3) capture by the ban®,, or by the negatively charged
deep stateg,, and then recombination with electrons cap-
tured at the dislocationgate Ry, see Sec. Il B.

where Sy, and Np,, have analogous meanings as for elec-
trons andN,~2.12x 10®T%¥2cm™2 is the effective density
of states in the valence band.

When the rate of steg3), Ry, is much smaller than The number of statel§ipe andNpp, can be estimated using
that of step(2), Ry.scr, We obtain with the assumption of the eﬁ‘f/gt've mass  approximatidh T/ge:mee(E_c
small dislocation line charges made above,  Epe)l”7h andNpy=[8mpy(Epn—Ey)]"7h whereh is
~ PscreXPEUL/KT). the Planck constant, and the effective masses in 1D bands

With increasing concentration of deep acceptors at th&h@y be taken from theoretical calculations rage~0.3mo
dislocationN,, , the recombination rat8; will increase and @ndMpp~0.5Mg. My denotes the free electron mass.
might become comparable wifRy.scg, SO that the capture A theoretical treatment of th(_a capture of holes by_a 1D
of free holes by the space-charge region of the dislocatioRand at a negatively charged dislocation has been given by
intervenes. Carrier capture by attractive centers is a subjec0kolova.” The capture occurs by successive transitions be-
that has attracted a great deal of attention. The basic mech§veen the states of the valence band and of the 1D band at

nism and first calculation of cross sections have been devel® dislocation, and exhibits a certain similarity to the cas-
oped for gasé€3 and then modified for the treatment of cade capture of carriers by attractive point defects. The re-

deep point defects in semiconductd?s’ Using these con- sultant capture coefficient is weakly temperature dependent
cepts, we shall estimate the capture radiyf dislocations ~ (S€€ Sec. Il .
in Sec. Il F.

For givenL., the local concentratiopy under steady E. Transitions between 1D bands and deep levels

state conditions can be estimated as The second step following the capture at the 1D bands is

the recombination of the electrons capturedDat and the

Pa~(p—KRy) expleUc/(KT)), (10 holes captured ab,, which occurs either by a direct elec-
) o ) tron transition fromD, to D,,, or via deep acceptor statib
whereK is the coefficient given by atE,, localized in the extended core region. The B,
for the transitions between bamy, and deep acceptor level
K=1/(2L cvpp) +In(2d/Lscp)/(27D). (1) Mis given by
The second term in Eq1l) results from Eq.(2), which Roe-—m=~Aepel (Ny—Ny)Npe— NuNpe

relatespgcg to p.
>R X [KT/(Ec—Epe) 1¥?ext] — (Epe— En)/KTI}.

D. Transitions between the dislocation bands and conduction (14

or valence band 12 ) )
Here,vpe~(kT/mp) < is a thermal velocity of electrons in

Capture of free electrons and holes by the 1D baddds the D, band andA, is a capture parameter describing the
andDy, . respectlvely, and their re-emission are C(_)nS|dered a8oupling betweerD, states andM states and depending on
competitive processes to the direct recombination by deege nature of the deep centers and their spatial locdtiea

acceptors in the extended core region of dislocations Sec. Ill . The emission term is written in the approximation
of low occupation of the 1D ban@ee Sec. Il . It can be
Rc.pe™~ SpeN(Npe—Npe) €Xpl—eUc /KT) = SpeNcnpe shown that forEc—E,,>0.2 eV, this term becomes impor-

tant only at high temperature, when the occupation of the 1D
band is already very small.
The transitions of holes from the 1D band to negatively
Here,Sp. is the capture coefficient ardp is the number  charged impurity atoms can be described by
of states in the ban®, below the edge of conduction band
Ec,Nnpe is the number of captured electrons, both taken per Ron-m=AnUorNvPoh s (15)
dislocation unit length. The two terms are obtained as ap-
proximations fornpe/Np=0.3 from an integral taken over wherevp~ (kT/mpp,) Y2 is the thermal velocity of holes in
the product of the emission rate, density @f states and the 1D band and\, is a capture parameter.
Fermi occupation probability as a function of energy from The recombination rate of 1D holes with 1D electrons is
Ec to Ec—Epe. They have to be replaced by the full inte-
gral expressions fonp./Npe=0.3. Rpe-ph~A1pNpePph » (16

X ex] — (Ec—Epe)/KT]. (12)
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whereA;p is a coefficient that can be estimated once from The analysis of Eq(8) shows that for the practically in-
the experimentally measured EBIC contr@st,(T) of clean  teresting region 3kT/(8N)>0.1 the distanceé-; corre-
dislocations. Since this contrast is very small, less tharsponding to conditiorU(L1)=kT can be approximated by
0.5%3“ in most cases the terRpepn, can be neglected, Lt~0.71 gcrexd —1.0&KT/(BNy]. To lose the energy of
except for dislocations with a very small concentration ofaboutkT, the holes needg~KkT/(m,s’E) " phonon scatter-
deep levels. ing events and a time of aboubgr,,, where 7y,

To calculate the recombination rai and the contrast ~DpnMn/(KT) and Dpp= un.pnkT/€. Moving at a velocity
Cisl the set of Eqs(3)—(5) has to be solved numerically for v~(2E/my)*? a hole thus needs a pathe~ng7pm
the stationary statelnp,/dt=dpp,/dt=dn, /dt=0, e.g., ~(1.4D,n/s) to lose the energy of abolf. Note that the
by using the standard globally convergent Newton method€N9thAe does not depend on energy. Therefore, the capture

The calculation of a contrasB(T) in the temperature 'adiuslc can be estimated as

range 40-350 K takes a few seconds at any personal com-

puter, so that a fit to experimental EBIC data using, for ex- Le~Lr(ybr/he)

ample, the well-known Marquard algorithm can be easily ~0.36ysLscr? exp(— 2.1 T/(BN))/ Dy (17)

performed.
Here, yL+ is the average length of the hole trajectory inside
the cylinder with radiud. ;. The geometrical factoy can be

F. Estimations of some parameters calculated by numerical Monte Carlo calculations averaging
over all possible trajectories withih<L; in a potential

A critical check of our model, proposed and developed in . -
the previous sections, by comparison with available experi€Y(L) given by Eq.(8). The value ofy slightly depends on

mental EBIC data implies a careful look, which parameterdh® mean free path of holas . Calculations givey~2.4 for

of the model might be taken or estimated from independen‘\l‘0>LT' y~2.8 forko~Ly and 7%_3'5 for)\ozo._lLT. We
experiments or theoretical calculations. have used some average valge 3 in our calculations. Note

The depth<Ep, and Epp, of 1D bands can be quite well that when the length g becomes smaller thaplL+, Eq. 17

estimated from independent measurem@ht&/We shall use ~ cannot be used and one should bgt=L .
the valueE— Epe~Ep,— Ey~0.075eV. To get an idea what values of capture parametgrand

The diffusion coefficient of free holed is important for ~ An in Egs. 14 and 15 for transitions between 1D bands and
the calculation of the EBIC contrast from the recombinationd€ep levels can be considered as physically reasonable, it is
rateR; . We estimateD (T) from the mobility of holesw,, in ~ convenient to scale them in the following way:

Si using the Einstein relationD=u,kT/e. For Ny )

<10*cm 3 andT>100K, the mobility is mainly controlled An=aon /(7T pp°) (18

by phonon scatteringip= . pn= o(T/300) *2 where ug q

~ 480 cnfiVs.*142 At low temperatures, carrier scattering by &
ionized impurities usually affects the mobility. This contri-
bution has been estimated using standard expressions given
in Refs. 29 and 30. . . . ) :

For the capture coefficien&,, andSp;,, representing the Here, @ is a new dimensionless fit parameter, instead of

carrier capture by the dislocation bards andD,,, we take “h @ndAe, andrp, andrp, are radii of wave functions of
the theoretical values given by SokolotaSp, = Speq/ T holes and electrons in 1D bands, respectively, for which we

and Spn=Spno/T¥2 With Speo=~Spne~2-10" 2 cmP K¥¥s. assume p.~rpr~2 nm. The expression for capture of elec-

We mention that Sokolova's results have been already intd/OnS from the 1D shallow band by deep levels then re-

grated in previous models of carrier recombination at disloS€MPles the capture of free electrons with effective local

cations by Schiter’® Ourmazd and by Wilshaw and concentration ripe/mr pe2) Multiplied by the unknown fit
Booker4s parameter. The same holds for holes. The paramet@nay

The capture of free holes by the space-charge region die cpnsidered as a measure for the overlap b_etween the elec-
the dislocation occurs in a series of inelastic scattering event£onic wave functions of the deep acceptor with thos®ef
between holes and acoustical phonons, each leading to a Io@gdph' )
of energy of the orderi,s°E) Y2, (E is the kinetic energy of Finally, we are left with the values dfly, @, o¢, oy,
holes,s is the sound velocity until the total loss brings the 2NdEw as fit parameters. They depend on the type and spa-
hole to a state wittE—eU(L)<0. According to previous tial location of impurity atoms decorating the dislocation.
investigations?3*the capture radius can be estimated as the
product of the radiu&, defined byeU(L{) =KkT, with the IV. RESULTS
probability for holes to lose the kinetic energy of abkitin - -
the time it resides within the cylinder of radius;.>>*° It A. Qualitative characteristics
was shown by Abakumov and Yassievief'that at least for The effect that metallic impurities or core defects have on
the potentialeU=e?/4meqer, at a point defect this simple the recombination rate between the shallow dislocation
approach gives a result surprisingly close to the result obandsD, andD,,, is described in our model by three param-
exact calculations. eters:a, Ey,, andNy, . Figures 3 and 4 illustrate that by the

A= a0yl (T pe?). (19
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FIG. 3. The EBIC contrast,,,(T) calculated for different con- _
centrationsNy, from 0 to 3x 10’ cm™! of deep level impurities at FIG. 4. (A) CpafT) calculated fora=1 and different values of
the dislocation. Concentration,, are shown for each curve. Ec—Ew, shown for each curve. Other parameters &g
Curves in(A) are calculated for=1, while curves(B) correspond ~ =10°cm™3, p=10%cm™3, ¢,=10 "cn?, o,=2x10 "cn?,

to @=0, which means that the transitions between 1D bands an@ndNy=3x10"cm % (B) The EBIC contrasC,(T) calculated

deep levels were neglected. The values of other parametefdare for Ec—Ey=0.5€V and different values of the parametefrom
=10%cm™3, p=10%cm3, ¢,=10"Ycn?, ¢,=2x10 ®cn?, 105 to 1. Values ofa are shown for each curve.

EC_ EM = 05 eV

=10 cn?. oy, was chosen larger than, because it corre-
variation of two of these parametesandN,,, the experi- sponds to the capture of a hole by the negatively charged
mentally well-established characteristics @fis(T) are re- atom, whileo, corresponds to the capture of an electron by
produced. a neutral atom.

Figure 3 demonstrates that the transitions between deep
levels and shallow dislocation bands can strongly affect the
EBIC contrastCg(T). Curves in Fig. 8A) are calculated
for =1, while curves in Fig. @) are calculated neglecting To check the model, a fit to experimental data was per-
these transitionga=0). Comparison of Fig. @\) with ex-  formed using values dfl,, «, oy,, ando, as fit parameters.
perimentalC(T) data in Fig. 1 shows that our model ex- Since the distance between the Schottky contact and the dis-
plains, at least qualitatively, the experimentally observedocation is usually not well known, we need one more fit
evolution ofCg5(T) dependences with increasing concentra-parameteiA=C/C,,,,=1 to scale the absolute value of cal-
tion Ny, of deep centers at dislocations. culated contrastC,,,, to the experimentally observed one:

The variations ofC 5 (T) depending on the value efare  Cig(T) =AX Ca{T). However, in most cases we can ex-
shown in Fig. 4B) for a strongly decorated dislocation with pect thatA should be of the order of one since the experi-
Ny=3x10"cm 1. As one can see, even for quite a smallmental conditions are usually adjusted to arrive at optimal
overlap of deep electronic states with 1D bands, when imaging.
<1, the capture of carriers from 1D bands to the deep im- The parameterdNy,, «, o, and o, cannot always be
purity level can still give a significant contribution to the independently determined by a fit. From Fig. 3, one sees that
recombination. for small concentrations of deep acceptilig the direct cap-

At the same timeCg(T) is not sensitive to the energy ture of free carriers by impurities gives a very small contri-
level of deep acceptors as long, Bs—E,,;>0.35eV and bution to the total recombination and then only the value of
T<300K. This is illustrated by Fig. @) that shows Ny and the productsoy, and ao, are obtained from a fit.
Cais(T) calculated for different values &-—E,,. It also  WhenN,, becomes larger, all processes yield a contribution
makes intelligible why the experimentally obsen@gl(T) to recombination and all parameters may be determined
are qualitatively the same for different metals, decoratingseparately. However, wherN,, becomes large (Ny
dislocations. >(1-3)x 1P cm™Y), the number of electrons,, captured

All curves in Figs. 3 and 4 were calculated for some rea-by impurity atoms is mainly limited by the Coulomb inter-
sonable, but arbitrary values of impurity capture cross secaction and not b\N,,. Thenny, /Ny <1, and only the value
tions for electronso,=2x10 cn? and for holeso,,  of a and the product®l, o andNy oy, are fixed by the fit.

B. Fit to experimental data
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' " i ' ' Assuming that dislocations before and after gettering are
decorated by the same impurity in the same state, we can use
the value ofo,=2x 10 **cn? obtained from the fit to curve
2 also for the fit to curve 1. With this assumption, the fit to
curve 1 gives a very large concentration of impurity atoms of
Ny ~3x10" cm ! before PDG(see set 4" in Table I).
Alternatively, we may start with the assumption that the
impurity atoms at such high concentrations already form
nanoscale precipitates at the dislocation core. If the density
of such nanoscale precipitates is larger thafcto !, we
can still use our model, because no more than one electron

Caiai (%)

. , , , R will be captured by each precipitate particle due to a Cou-
50 100 150 200 250 300 lomb blockade. Then we consider each particle as just one
T(K) deep center, but the effective capture cross sedctigrare
expected to be now much larger than for a single atom.
FIG. 5. Points are the experimental d&lg(T) measured for The minimal number of precipitates that still gives a good

plastically deformed Fz-8ibefore (curve 1 and after(curve 2 fit is Ny~ 2.5% 108 cm~? but they are associated with a sig-
phosphorus diffusion gettering. Solid and dotted lines are calculateﬂiﬁcanﬂy larger capture cross section @f~5x 10~ 1462

in r model. The val f parameter: for calculation . .
using our mode e values of parameters used for calculatio Sar(Eéee set H” in Table ). Therefore, in the case of large

listed in Table I. . . . .
contamination of dislocations, the fit of our model to the

In Fig. 5A), experimentalCgg(T) data, marked by experimental data yields minimal concentrations of deep
points, are shown. They have been obtained for 60° dislocazenteraN,, and the possible combinationsi¥f;, andoe, oy,
tions in the floating zonéFZ) S lying parallel to the surface values.
of the sample. The sample was plastically deformed by bend- It is experimentally well established that the EBIC con-
ing at 750°C for 6 h. The dislocation density is abouttrast of dislocations depends strongly on the electron beam
(4—-8)x10°cm 2. Curve 1 corresponds to the as-deformedcurrentl! ..., which is related to the minority carriers con-
sample, while curve 2 was measured on the same samptentrationp. This is consistent with our model that also pre-
after phosphorus diffusion getterin’DG). The solid and dicts a strong dependence of contrastpprsince the Cou-
dashed curves represent the fit of our model to these data.lomb band bendingeUc is sensitively dependent on the

The values of the parameters obtained from the fit areminority carrier concentration. The simultaneous fit to
listed in Table I. For curve 2, measured after PDG, it wasC;s(T) andCigi(l peany fOr the same dislocation would be a
possible to determine the values of all parametégs, «,  critical check of our model.
0., andoy, . After PDG, the concentration of deep centersis There are only a few reliable experiments of this kind,
found to be quite smallNy,~2Xx 10°cm™%, which means a because measurements Ofig(T,lpean) take a long time,
significant reduction compared to the value before PDG. resulting in degradation of a Schottky contact. Figure 6

A good fit to Cgg(T) data measured before PDG is ob- shows the results of the simultaneous fit of oGgg(T)
tained only assumindNy,,>2x10°cm L. In this case, the curve and twoCyi(lpean) CUrves measured on the same
occupation of deep acceptor states by electrons is quitdislocation'® Values of parameters obtained by fit are listed
small,ny, /Ny <1 in the whole temperature range. This canin Table |. One can see that the fit reproduces the measured
be seen in Fig. (B) which shows the occupatiam, of deep  curve quite well and gives reasonable values of parameters.
level by electrons. As mentioned above, the valueNgf, Since theNy, is again larger than 20°cm™!, we cannot
obtained from a fit, becomes now strongly dependentgn estimateNy, and o, independently, but can only obtain the
and a fit of almost the same quality can be obtained fopossible combinations dfl,, and o (set “a” and “b” in
different combinations ofr, andNy, . Table ). The parameteA= Cy/C,ax is sSmall, about 0.25,

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

Ec—Ey was assumed to be 0.5 eMyg=5x10"cm ™2, p=10¥cm™2 for Fig. 5 andp=10"" I yeur (PA)
cm™ 3 for Fig. 6. Parameters marked by &rwere kept fixed during fit.

Parameters Ny (cm™) @ A an (107 %emd) 0, (10 Bcmd)
Fig. 5, curve 2 (2.20.3)x10° 0.9+0.1 1.0-0.1 (6.5-0.7) (2.0:0.5)
Fig. 5, curve 1 0.20.2 0.7-0.07

set “a” (3.0+0.5)x 10’ (6.5+0.3) *2

set “b” (2.4*0.2)x 10° (5.5+0.5) *50

Fig. 6 0.9:0.2 0.23:0.03

set “a’ (3.2£0.5)x 10 (7.5+1) *3

set “b” (3.0£0.5)x 1¢° (6+1) *60
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FIG. 7. (A) Coulomb band bendingU. and (B) number of

electronsny, captured to the deep level calculated for the same
parameters as curves la, 1b, and 2 in Fig(Bj.the occupation

ny, of deep level by electrons. Curves 1a and 1b correspond to the
combination of parameters, labeled as set “a” and “b” in Table I.

100 150 200 250 300
T(K)

FIG. 6. The experimental dependences of EBIC conttggton
electron beam current,.,m [points in (A)] and on temperaturé - o ]
[data pointgB)] measured for the same dislocatidrand the result ~ Nificant changes of the recombination rate, but instead, the
of their simultaneous fisolid and dotted lings The values of dislocation charge will be slightly readjusted, keeping almost
parameters used for calculation are listed in Table I. the same value of the recombination rate.

We note that in our simplified model, the localization

because the measureméntarere made on misfit disloca- length of electrons and holes in the 1D baridls and D,
tions in a SiGe/Si heterostructure. In this case, the contrastas assumed to be larger or comparable with the distance
should be smaller than calculated by Donolato’s th¥adye  1/N,, between the deep centers along the dislocation. For
to the valence band bending in the heterostructure interfacd>40 K andN,,>10°cm™?, it is a quite reasonable assump-

The rigid shift of all states inside the extended core re-ion (see Refs. 23-27 If the temperature is too lowT(
gion, as well as the hole capture by the attractive potential 0&30-40K) and, at the same tim8l, is too small Ny,
the negatively charged dislocation, have been based on the10*~1(° cm™?) the localization length can become much
assumption that the dislocation line charge is sufficientlysmaller than 1,, and the model should be modified to take
small to allow for a quasiclassical approach. As outlined inthis into account, for example, by introducing a dependence
Sec. lll B, this assumption implies that electron-hole generaef parameter on T and N, .
tion under the conditions of EBIC measurements is suffi-
ciently large so that the concentration of minority carriers is
much larger that its thermodynamic equilibrium value. In V. DISCUSSION AND SUMMARY
this case, the dislocation line charg#l, resulting from the
occupation of all dislocation-related states, should become
adjusted to quite small values as soon as stationary condi- Basic features concerning the action of dislocations on
tions between generation and recombination of carriers at theharge carrier recombination have been investigated and
dislocation are established, since the capture rate for majoritsnodeled in the 1960s and 1970s. They have been mainly
charge carriers decreases exponentially with the increase derived from experimental results of the charge-carrier life-
eNy:. This is illustrated in Fig. {A), which shows that the time, stationary photo conductivity, and the Hall effect of
electrostatic potential calculated for typical EBIC experi- plastically deformed germanium, and later from EBIC data
ments is indeed quite small and our calculations are self coraf dislocations in silicon.

A. Previous recombination models

sistent. The Coulomb band bendiag: works as stabilizing In the recombination model of dislocations, Morristh
negative feedback adjusting the flux of holes to the flux ofand later, Figielskf’ proposed a classical concept of how a
electrons at dislocations. negative line charge of the dislocation affects the capture of

Under these conditions many details of a quantum meelectrons and holes. Central points of this model are the re-
chanical treatment may be omitted since it gives a correctiopulsive potential barrier for electrons, whose amplitude var-
to the electrostatic potential less or ab&tit More than that, ies with the dislocation line charge and which affects the
a small change of some parameters that couple the potentiehpture rate through an exponential factor, and the attractive
eUc with the dislocation chargeN,,; will not lead to sig- potential well for holes.
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Inconsistencies with independent experimental results imole capture remained unconsidered in the theoretical treat-
germanium led Schiter*® to integrate theoretical work by ment of Sokolova and in the model of Ourmazd-Setro
Gulyae® on the tunneling of electrons in the repulsive po- Another approach to the hole capture problem has been
tential and by Sokolovd on the capture of holes into bound given by Wilshaw and Booké?:** Their model is built on
hole states. Thereby the capture of holes became a two-staffee assumption that Sokolova’s cascade capture by the 1D
transition, the first leading from the valence band to thePand associated with bound hole states only operates for
bound hole states, the second from there to the deep statesh@les inside the dislocation space charge region of radius
the dislocation. This model has relieved the inconsistency-scr- The re-emission from the bound hole states to the
between the results of photo conductivity and the Hall effect/@lence band is neglected and the transition to the bound
and also explained why two different capture rates of holeg0!€ States is assumed to be rate limiting. The model of
had been observed by an appropriate choice of experiment lishaw  and Boc-)-ker has been W'de!y applied to
conditions. disi(T ! bear d_ata(_SL 120, .. .370 K), especially to repro-

Shikin and Shikin® and later Labusch and H&8have duce for the first time the dependen.c_e on the current of the
investigated the combined effect of electrostatic and deforelectron probe/ pear, However, a critical experimental or

. : : theoretical check of the basic assumptions of the model is
mation potential on the conduction-band edge near to a negﬂﬁissing. It is unclear how the assumption of a huge capture

ti_v<_a|y charged disloc_ation. The corrections of the SimpleradiusLSCR and of negligible re-emission can be made con-
rigid band model, which relates band shifts only to the elecjstent with Sokolova's cascade capture model.

trostatic potential, have been found significant. However, aq already mentione¢Sec. Il A) the new feature of our
many experiments fail to detect these corrections, since theiodel results fronC gy data, which were obtained for clean
band shifts due to the electrostatic potential and due to thg,q gjightly decorated dislocations and showed a pronounced
total potential both vary approximately linearly with the dis- peak below 120 K. Experimental results in this temperature

location line charge, and those experiments are only Sensitive,nge were not available and therefore have not been consid-
to the total shift. Clear evidence for those corrections hag,eq in the previous models.

been found by photo-conductance spectroscopy of disloca-
tions in germaniuni® B. Summary

First results of the EBIC contrast as a function of tem- We h developed del that . tatistical
perature for dislocations and stacking faults have been ob- € have developed a model that comprises a statistica
tained by Kimerling, Leamy, and Pafd. description of the electron-hole recombination at dislocations

Ourmazd* has adapted the model of Sited® to the under the conditions of EBIC measurements. We have re-
guantitative analysis of the EBIC contrast, thereby openingfuced the number_ of free parameters by consideration of
the possibility to investigate the electrical properties of ndependent experimental and theoretical results so that the
single dislocations. He studieBy(T) (120 K<T<=300K) validity of the model could be checked and confirmed by fits

. is = =

of various dislocation types in-type silicon, whose struc- to avallable EBIC data. Lél%e previous ones .by Ournﬁ‘ézd
tural properties were known from TEM weak-beam investi-and by Wilshaw and Booker,our model establishes the link

gations. Under the condition of heavy doping, Ourmazd hado Phenomenological modeling of EBIC contrast, as given in

arrived at a consistent interpretation in terms of the two-stag Seres Of_ papers by Donolato and .by Pasen{aga Ref..
hole capture and of considering tunneling only for the 7). As a different aspect, our model includes the interaction

heavily charged dislocations. Since the tunneling rate is Selp_etweer:) mztaII{/c;‘/ m;]purltlzs or cotre tdgfi"ﬁt? .?r_]d t?}llslc.)c?tlon
sitively dependent on the electron effective mass, which i _ner?r?/ ‘ ands. tef a\;ﬁ Emc_)ns La € ; ‘?‘t.' IS flﬁ mEeE:?g
larger in silicon than in germanium, its contribution in sili- lon that accounts for the basic characteristics ot the

con is limited to small ranges of temperature, doping, etc. contrast as a function of temperature, beam current, and me-

Although the treatments of hole capture in the attractiveta”'.C Impurity concent_ratlon. Combined with EBI.C |nvest|-
potential of the dislocation in our model and in the model ofgations of samples with well controlled contamination and

Ourmazd-Schiter are significantly different, they may be extended to higher temperatures, our model opens a quanti-

considered as two approaches to the general solution, Whictﬁ‘ti.ve. access to segregati_on and electronic structure of me-
is still not known. Our approach describes the capture foFa"IC impurities at dislocations.

small dislocation line charges. With increasing line charge,
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