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Abstract 

. Electron beam induced current (EBIC) 
microscopy is a very promising SEM tech
nique for the study of diffusion length 
an~ . deple~ion _region width inhomoge
neities with high spatial resolution. 
HowevE;r, t~is resolution is limited by 
the dimensions of the electron-hole pair 
generation region. In this paper the 
possibilities to improve spatial resolu
tion are discussed. Electron beam tomo
graphy, i.e. the reconstruction of physi
cal property distributions from sets of 
two-dimensional images, seems to be the 
most promising for this purpose. It is 
shown that in the case of dislocations it 
is possible to obtain information about 
dislocation impurity atmosphere parame
ters from EBIC measurements. The spatial 
resolution limitations in SEM techniques 
are discussed and it is shown that for 
many structures the spatial resolution is 
restricted by electron beam damage. 

Key Words: electron beam induced current, 
diffusion length, semiconductor 
characterization, image contrast, 
microtomography, impurity atmosphere, 
carrier recombination, electron beam 
damage, depletion region width. 
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1. Introduction 

Minority carrier diffusion length 
(L) and lifetime (T) are important para
meters which determine the characte
ristics of various types of semiconductor 
devices. For local measurements of these 
parameters and for a study of their spa
tial distribution the electron beam 
induced current (EBIC) microscopy is now 
widely used. In semiconductor crystals 
the parameters T and Lare very sensitive 
to a small amount of extended and point 
defects. This determines the possibility 
to reveal and to characterize the indivi
dual extended defects such as disloca
tions, grain boundaries, etc. as well as 
to study the spatial distribution of re
combination centers when the change of 
their local concentration is as low as 

10 13cm-3 ((Kittler and Seifert, 1981), 
(Aristov et al, 1988), (Bondarenko et al, 
1988)) by EBIC. Such high sensitivity and 
high spatial resolution of this technique 
allows to consider it as a very promising 
method for characterization of submicron 
semiconductor structures. 

In EBIC mode the finely focused 
electron beam of a scanning electron 
microscope (SEM) acts as a localized 
source of excess charge carriers. Then 
these nonequilibrium carriers diffuse 
through the crystal and if the sample 
under investigation contains any kind of 
internal electric field (for example, in 
the space charge region of a Schottky 
barrier) those carriers that reach the 
space charge region of the junction are 
collected by this junction and give the 
current in an external circuit. The num
ber of collected carriers depends on the 
local lifetime T and therefore the 
current measured in the EBIC mode is de
termined by the local value of T. The 
basic principles and applications of the 
EBIC technique have been reviewed in a 
number of papers ( see e.g. , Hanoka and 
Bell (1981), Bresse (1982), Leamy (1982), 
Holt and Lesniak (1985), Dimitriadis 
(1988), Holt (1989)). Reviews dealing in 
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List of symbols 

center of gravity of the depth

dose function (cm) 

lateral resolution (cm) 

contrast 

probability of electron capture 

on dislocation (cm3 s- 1 ) 

minority carrier diffusion co

efficient (cm2 s- 1 ) 

minimal radiation dose (cm- 2
) 

radiation dose (cm- 2 ) 

electron beam diameter (cm) 

electron beam energy (eV) 

gap energy (eV) 

energy of e-h pair formation 

(eV) 

depth of the dislocation energy 

level (eV) 

electronic charge (1.6 10- 19 c) 

radial distribution of e-h ge-
-2 neration (cm 

dislocation filling factor 

generation rate of the e-h pa-
-3 -1 irs per unit volume (cm s ) 

-1 total generation rate (s ) 

depth distribution of the e-h 
-1 generation (cm ) 

beam current (amps) 

collected current (amps) 

collected current in defectless 

region (amps) 

Boltzmann's 

(1.38 10- 23 
constant 

J/OK) 

minority carrier 

length (cm) 

diffusion 

diffusion length in the defect 

region (cm) 
-3 gold concentration (cm ) 

shallow level center concen-

tration (cm- 3 ) 

density of centers along a dis
location (cm-l) 

density of states in the con

duction band (cm- 3 ) 

excess minority carrier concen-
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R 

r 

T 

tm 
x,y,z,v,f;, 

0 

Y/ 

0 

K 

V 

cp 

t/J 

tration (cm- 3 ) 

primary electron range (cm) 

position vector (cm) 

temperature (K) 

metal thickness (cm) 

spatial coordinates (cm) 
. -3 defect region (cm ) 

applied voltage (V) 
depletion region width (cm) 

inclination angle 

accuracy of measurements 

charge collection efficiency 

effective quantum yield 

fraction of the energy lost due 

to backscattered electrons 

recombination strength of a de-
2 -1 feet (cm s ) 

-3 material density (gm cm ) 

radius (cm) 

radius of defect region (cm) 

minority carrier lifetime (s- 1 ) 

minority carrier 

the defect region 

barrier height (V) 

collection probability 

in 

more detail with the theoretical aspects 
of EBIC have been published by Donolato 
(1988, 1989). 

Spatial resolution in the EBIC mode 
is determined by the dimensions of 
electron-hole generation volume and the 
diffusion length (Leamy, 1982) and in 
many cases has a value of some microns. 
Therefore to improve the spatial resolu
tion it is necessary to carry out some 
additional measurements or use special 
processing of the images obtained. In the 
present paper some possibilities for 
increasing the spatial resolution in the 
EBIC mode and limitations for the spatial 
resolution of SEM techniques will be 
discussed. 

2. Charge collection in EBIC mode 

The primary electron beam impinging 
on the sample under study undergoes a 
successive series of elastic and inelas
tic scattering processes. As a result of 
these processes the focused electron beam 
spreads in the crystal and the region of 
electron-hole pairs generation has the 
dimensions comparable with the primary 
electron penetration depth R. This depth 
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depends on the primary electron energy Eb 
-6 

as R = (4.57.10 )x 
V 

and can be determined 
1.75 

x (Eb/1000) , where V is the material 

density (Everhart and Hoff, 1971) The 
distribution of electron-hole pairs 
generated by focused electron beam can be 
obtained by the Monte-Carlo simulation 
technique (see e.g., Napchan, 1989) or 
may be approximated by an analytical 
expression 

G(r) = G0 F(x,y,z,Eb) h(z,Eb) (1) 

where G0 = Ebib(l - K)/eEi is the total 

generation rate, Ibis the beam current, 

e is the electronic charge, E. = 2.596E + 
1 g 

+ 0.714 eV (see e.g. Wu and Wittry, 1978) 
is the energy required for the formation 
of an electron-hole pair, E is the gap 

g 
energy, K is the fraction of the electron 
beam energy lost due to backscattered 
electrons. It should be mentioned that in 
the case of a Schottky barrier K essenti
ally depends on Eb especially for small 

Eb or for a large metal thickness ( see 

e.g., Niedrig {1982), Joy (1986), Aristov 
et al (1990a)). F(x,y,z) describes the 
radial distribution of e-h generation and 
for Si it is given by Donolato (1981) 

F( E) 
1.76 2 2 _2 x,y,z, b = --

2 
exp[-(x + y )/a--) (2) 

2TCCT R 

where a2=0,36d 2+0.llz 3/R, d is the 
electron beam diameter. In GaAs the ana
lytical approximation for F(x,y,z) was 
recently obtained by Konnikov et al 
(1987). The function h(z,Eb) is the depth 

distribution of e-h generation and it can 
be approximated by the normalized expres
sion proposed by Everhart and Hoff (1971) 

h(z/R) 0.6 + 6.21(z/R) 

+ 5.69(z/R) 3 
12.40(z/R) 2 + 

(3a) 

Other approximations were proposed for Si 
by Fitting et al (1977) 

h(z/R) = (1.76/R) exp[-7.5(z/R-0.3) 2 J 
(3b) 

and for GaAs by Wu and Wittry (1978) 

h(z/R) = exp{-[(z/R - 0.125)/0.35) 2 } -

- 0.4 exp(-4z/0.125R) (Jc) 

The electron beam induced current 
collected by a Schottky barrier or p-n
junction is determined by the excess mi-
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nority carrier three-dimensional distri
bution which depends not only on the ge
neration but also on diffusion and recom
bination processes. Under steady state 
conditions and at low excitation levels 
this distribution can be obtained by 
solving the differential equation 

where p is the excess minority carrier 
concentration, D is their diffusion 
coefficient. In the case of a Schottky 
barrier the boundary conditions are 
p(x,y,W) = O and p ~o for z -+00, where w 
is the depletion region width. The 
collected current is given by 

I 
C 

eD JJ ~(x,y,W)dxdy (5) 

It is also possible in 
Donolato (1985a, 1988) 

as 

accordance with 
to calculate I 

C 

e JG(r)I/J(r)dr (6) 

where 1/J(r) can be obtained by solving the 
equation 

(7) 

with boundary conditions 1/J(x,y,W) = 1 and 
1/J ~o for z ~oo • The function 1/J(r) is 
the charge collection probability and it 
represents the collected current produced 
by a unit charge situated at r. It is 
usually assumed that 1/J = 1 inside deple
tion region, i.e. that a recombination in 
this region can be neglected. The other 
boundary conditions and a recombination 
inside depletion region was discussed by 
Tabet and Tarento (1989). 

3. Measurements of diffusion length and 

depletion region width 

3.1. Stationary methods for homogeneous 
materials 

It follows from (7) and the assump
tion 1/J = 1 at z < W that for homogeneous 
samples 

1/J(z) = 
{ 

exp [-(z-W)/LJ 

1 

In this case 

z > w 
z ~ w 

(8) 
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00 00 00 

I J J J G(r)exp[-(z-W)/L]dxdydz + 
C w -00 -00 

w 00 00 00 

+ J J J G(r)dxdydz J h(z) X 

t m 
-oo -oo w 

w 
x exp[-(z-W)/L)dz + J h(z)dz (9) 

t m 

where tm is the metal thickness. From (9) 

it follows that if L does not depend on z 
and if L and W are not essentially 
changed at the distances smaller than R 
then local changes of Ic are determined 

by the spatial distribution of Land w. 
Therefore, it is possible to obtain Land 
Wand their two-dimensional distribution 
from the measurements of I (E j by compa-

c b 
rison of the experimental results with 
those of numerical calculation using (9) 
( (Kamm, 1976), (Wu and Wittry, 1978), 
(Chi and Gatos, 1979), (Frigeri, 1987)). 

The other stationary methods for the 
diffusion length determination are asso
ciated with measurements of collected 
current decrease with a distance to the 
depletion region of the junction parallel 
to the beam ( see e. g . , Van Roosbroeck 
(1955), Higuchi and Tamura (1965), Berz 
and Kuiken (1976), van Opdorp (1977), 
Oelgart et al (1981)) or to the edge of 
the junction perpendicular to the beam 
( (Ioannou and Davidson, 1979), (Ioannou 
and Dimitriadis, 1982), (Kuiken and van 
Opdorp, 1985), (Artz, 1985), (Donolato, 
1985b)). The method of the diffusion 
length determination based on the analy
sis of the EBIC contrast profiles of 
grain boundaries parallel to the beam was 
proposed by Donolato (1983a). In these 
spatial decay methods the main disadvan
tage is associated with a surface recom
bination, which influences the dependen
ces measured. 

This problem does not exist in the 
methods based on the measurements of the 
Ic(Eb) dependence. But in this case it is 

possible to obtain Land W only if w is 
comparable with Lor R (for calculations 
of W) or if L < R (for measurements of 
L). To overcome these disadvantages it is 
necessary to increase the precision of 
measurements. The other disadvantage of 
this method - very high time consumption 
- can be overcome using the method propo
sed by Kittler et al (1989), in which the 
penetration depth variation is realized 
by inserting a wedge-shaped absorber 
between the primary beam and the sample 
to be measured. 
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3.2 Modulation methods 

Measurements using the modulation of 
one of the parameters and the phase 
sensitive detection technique (Balk et 
al, 1975) provide additional possibili
ties for the semiconductor characteriza
tion by EBIC. One of such possibilities 
is associated with the phase shift measu
rements using a modulated electron beam 
( ( Karon and Bernt, 19 7 8) , ( Fuyuki and 
Matsunami, 1981), (Konnikov et al, 
1990)). By this technique it is possible 
to obtain not only L but also T. Measure
ments of the spatial derivative of I by 

C 

the modulation technique (Parsons et al, 
1979) are also very useful. Indeed, as 
was shown by Luke et al (1985), the value 

dic 
of d/dx {log[Ic(x)]} = dx/Ic is less 

sensitive to a form of the generation 
function used for the calculation than 
IC. 

Recently it was shown by Kononchuk 
and Yakimov (1991) that the measurements 
of the dic/dW value in combination with 

Ic are very useful for the determination 

of L and W values. Indeed, it is easy 
to show that for homogeneous samples 

dI 00 dt/J 00 
C J h(z)dz 1 J t/J dW dW L h(z)dz 

w w 

1 w 
L (I - J h(z)dz) (10) 

C 0 
From such expression it is possible to 
obtain Land W from the measurements of 
I

0 
and dI

0
/dW at two beam energies Eb. 

This technique is very promising also for 
mapping these parameters. It should be 
mentioned here the possibility to map the 
depletion region width W by the electron 
beam induced capacitance technique which 
can be used for a wide range of relations 
between L, Wand R (Aristov et al, 1990b) 

3.3 Methods for inhomogeneous materials 

In some cases L is inhomogeneous 
only in depth from the surface. For 
example, it takes place after such 
technology processes as internal or 
external gettering (see e.g., Donolato 
and Kittler, (1988)) , dry etching (Ko
veshnikov et al, 1989), etc. If the 
distribution of recombination centers can 
be described in a parametric form as in 
the case of reactive ion etching (RIE) of 
gold-doped Si, it is possible to obtain 
the distribution of L by comparison of 
the experimental dependence of charge 
collection efficiency ~ I /eG, 

C 0 
i.e., the fraction of the induced charge 
which is collected by the Schottky barri-
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er, on Eb with a calculated one. In this 

case gold is gettered from the subsurface 
layers (Koveshnikov et al, 1989, 1990) 
and is distributed as 

where NAu and NAuo are the gold concen

trations in the etched and untreated 
crystals, respectively, B and z

0 
( z

0 
~ 

1µm) are some parameters which depend on 
etching conditions. From (11) it is easy 
to show that 

1 1 + _l [1 + B exp(-z/z 0 )J 
-1 

L2 (z) L2 L2 
0 Au 

(12) 

where LO is the diffusion length in the 

same crystal but without gold, LAu is the 

diffusion length associated with gold. 
Comparison of experimental results with 
calculated ones obtained by solving 
Eqs. (6) and (7) with L(z) obtained from 
(12) gives the possibility to obtain L

0
, 

z0 and B, i.e., L(z) (Fig 1). The other 

ri_ 
0,8 

0,6 

0,4 

IO 40 

Fig.1. Dependence of the charge collecti
on probability T/ on Eb for a Schottky 

barrier formed on as-grown Fz-Si<Au> (1) 
and on the same crystal after plasma 
etching (2). The solid curves are calcu
lated using (6) and (7) with L = 4.5 and 
8 µm, respectively. The dashed line is 
the best fitting using (12) with B 
26.3; z0= 2.25 µm; L0= 9 µm and LAu= 5.2 
µm. 

example of such a reconstruction was 
given by Possin and Kirkpatrick (1979) on 
ion-implanted Si. In a similar way it is 
possible to obtain from the I (E) depen-

c b 
dence the depth of point-like defects 
(Mil'vidskii et al, 1985) or dislocations 
(Milshtein et al, 1984). 
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In the case of unknown L(z) depen
dences Donolato and Kittler (1988) propo
sed a procedure for depth profiling of 
the diffusion length from EBIC measure
ments on beveled samples. Under the 
assumption that W = 0 and that the elect
ron beam excitation volume is represented 
by point source at the center of gravity 
a of the depth-dose function it was 
shown that 

L(v + a/2) ~ f(v) [1 + f' (v) J- 112 (13) 

where v = ( sin a is the depth, ( the is 
position of the electron beam on an axis 
along beveled surface, a is angle on 
which the sample is beveled and f (v) 
= -a/log[T/(V)]. T/(V) is the charge col
lection probability when electron beam is 
situated at ( and can be obtained from 
experimental results. In this paper also 
was proposed a generalization of the 
reconstruction procedure to an extended 
generation region and a nonzero width of 
the depletion layer. 

A more general consideration of the 
problem of the diffusion length distribu
tion reconstruction from EBIC measure
ments (EBIC tomography) was proposed by 
Donolato (1989) and Zaitsev and Samsono
vich (1990). Zaitsev and Samsonovich 
(1990) have shown that it is possible to 
transform the nonlinear equation descri
bing the signal formation in the EBIC 
mode to a linear Fredholm integral equa
tion (the procedure proposed by Donolato 
(1985a) is the other example of a trans
formation to a linear equation). Therefo
re to solve the inverse problem, i.e. to 
reconstruct the three-dimensional distri
bution of diffusion length, it is neces
sary to solve this Fredholm equation. The 
problem of the solution of this equation 
is ill-posed but it can be solved by the 
well developed regularization method 
(Tichonov and Arsenin, 1977). To recon
struct the diffusion length distribution 
it is necessary to measure a set of two
dimensional images with different values 
of a third variable (e.g., Eb). The exam
ple of such reconstruction was recently 
given by Bondarenko et al (1990). It has 
been also shown (Zaitsev and Samsonovich, 
1990) that the same procedure can be 
applied to time resolved EBIC (TREBIC) 
(Spivak et al, 1977) with time as a third 

variable for reconstruction. Of course, 
TREBIC allows one to improve the spatial 
resolution without any mathematical 
treatment (Georges et al, 1980, 1982) but 
such a microtomography procedure gives 
additional possibilities for the recon
struction of the diffusion length distri
bution. 

4. Spatial resolution in EBIC 
measurements 

The spatial resolution in EBIC mode 
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is determined by the values of R and L. 
Therefore to increase a spatial resoluti
on it is necessary to decrease R by 
decreasing Eb and this gives a possibili-

ty at small enough Eb to achieve a reso

lution in submicron range. But the ques
tion is about the possibility to achieve 
spatial resolution better than the Rand 
L values. For one- and two-dimensional 
defects the image width is determined 
mainly by Rand only slightly degraded by 
an increase in L (see e.g. Donolato 
(1979) and Leamy (1982)). In this case 
the resolution can be much better than L. 
Moreover, the defect image width can 
strongly decrease when the defect is 
situated inside the depletion region 
(Kittler, 1980). 

In spatial decay technique like 
methods it is possible to measure L 
values at ~R/4 (Luke et al, 1985). When 
the Ic(Eb) dependence is used for Land W 

measurements the lateral resolution is 
determined by Land R but the resolution 
in depth can be better than Rand Land 
depends on an accuracy of measurements. 
Modulation methods give a possibility to 
increase the accuracy of small Ic change 

measurements and therefore to increase 
the depth resolution. For example, in 
one-dimensional case Possin and Kirkpat
rick (1979) using parametric expression 
for the L(z) dependence achieved the re
solution in depth about 0.1 µm. It seems 
that in the case of a three-dimensional 
variation of L the electron beam tomogra
phy provides the best possibilities for 
the L reconstruction. In principal, it is 
possible to achieve the spatial resoluti
on about O .1 of R, of course, if the 
measurement accuracy is high enough. It 
should be noted that it is only possible 
to achieve the spatial resolution better 
than R if Eb is used as a third variable. 

The spatial resolution of TREBIC images 
can be improved only when they are 
smoothed by a diffusion process because 
the e-h generation is a very fast process 
and it is very difficult to resolve gene
ration region formation kinetics by time
resolved measurements. 

There are a lot of possibilities to 
improve the spatial resolution in measu
rements of different geometrical parame
ters of semiconductor structures (see 
e.g., Shick (1985), Marten and Hilden
brand (1985), Hoppe and Kittler (1989)) 
but this question will not be discussed 
in the present paper. 

5. EBIC investigations of dislocations 

5.1. Defect region around dislocations 

In this chapter the results of 
dislocation studies are analyzed in more 
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detail to show the possibility to obtain 
some additional information about the 
properties of the regions with dimensions 
smaller than R. 

It was usually believed that the 
dimensions of the dislocation defect re
gion in the crystal are much smaller than 
the contrast width of this dislocation on 
the EBIC image and therefore in the model 
Donolato, 1978, 1983 a, b ) describing a dis
location as a row of noninteracting re
combination centers the recombination 
activity of a dislocation is characteri-

rrp2 
zed by the recombination strength A= __ d 

Td 
where pd is the radius of the defect re-

gion around the dislocation and T is the 
d 

minority carrier lifetime inside this 
region. From the assumption that the re
combination centers are situated in the 
dislocation core it follows that the 
exact values of pd and Td have no physi-

cal sense. In accordance with this it 
follows that it is possible using experi
mental results to obtain A but impossible 
to separate pd and Td and therefore it is 

impossible to obtain an information about 
the internal structure of dislocation 
defect region from the EBIC measurements. 
But in real crystals pd for uncharged 
dislocations describing by the Donolato 
model can be larger than dislocation core 
dimensions. The reason for the large 
enough defect regions around dislocations 
is the formation of point defect atmos
pheres around them. The influence of such 
atmospheres on the dislocation recombina
tion properties was observed in a lot of 
papers (see e.g., Blumtritt et al (1979), 
Menninger et al (1980), Castellani et al 
(1982), Bondarenko et al (1986), Aristov 
et al (1987), Sieber (1989)). The dislo
cation point defect atmosphere properties 
strongly depend upon the deformation and 
subsequent thermal treatment conditions, 
dislocation type, impurity content, etc. 
In this case the measurements of pd and 

Td values can give a knowledge about the 

properties of such atmospheres. 
Recently Pasemann (1991) on the base 

of EBIC contrast calculations has shown 
for surface perpendicular uncharged dis
location that in principal it is possible 
to obtain p and T from the dependence 

d d 
of the contrast value on electron beam 
energy but only in the case when R is 
comparable with pd. Nevertheless, it pro-

ves to be that in principal it is pos
sible to obtain these values even when pd 

is much smaller than R. For example, the 
evaluation of p and Td values was ob-

. d 
tained by Weber et al ( 1989) from 
the measurements of the cont:rast de-
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pendence on dislocation depth by the me
thod proposed by Kaufmann et al (1987}. 
The comparison of experimental results 
with those of numerical simulation has 
shown that in GaAs the radius of the de
fect cylinder is about 50 nm, i.e. it is 
much smaller than R but large than dislo
cation core dimensions. 

The other reason for large enough pd 

value is associated with the space charge 
cylinder formed around a charged disloca
tion. Such dislocations can not be 
described by the Donolato model and to 
describe them it was assumed that p(p) = 
O at p < pd ( (Castaldini et al, 1985), 

(Cavallini and Gondi, 1987)). Then pd has 

an obvious physical sense and is equal to 
the value calculated by Read (1954) with 
Td~ O inside this cylinder. Thus, it is 

not easy to choose an appropriate model 
for a correct description of the EBIC 
profile of a dislocation in a real crys
tal and its dependence upon electron beam 
parameters. To understand the main featu
res of such models it is necessary to 
have a knowledge about the dislocation 
charge and about the state of its impuri
ty atmosphere. 

For these purpose the EBIC investi
gations of dislocations introduced at a 
low enough temperature, the impurity 
atmosphere of which was changed by the 
subsequent thermal treatment and the 
crystal impurity content, were carried 
out by Bondarenko and Yakimov (1988, 
1990). The impurity atmosphere state was 
controlled by measurements of starting 
stresses which were very sensitive to the 
existence of impurity complexes near the 
dislocation (Bondarenko et al, 1980). To 
control the dislocation charge in accor
dance with Wilshaw and Booker (1987) and 
Bondarenko and Yakimov (1987) the 
contrast dependence on the beam current 
was measured and the results of I-V char
acteristic measurements on microcontacts 
to dislocation edge pits (Mil'shtein and 
Nikitenko, 1971), (Eremenko et al, 1975) 
were used. It has been shown that dislo
cations introduced by the plastic defor
mation in the temperature range from 600 
to 700 C are charged and space charge 
cylinders are formed around these dislg
cations. After annealing at T ~ 850 C 
dislocations in n-type Czochralski Si 
(Cz-Si) do not have space charge cylin
ders but the EBIC contrast of such dislo
cations is rather high and may reach 15-
2 0%. It has been observed that the dis
location contrast in Si crystals strongly 
depends on the impurity atmosphere state 
for the charged as well as uncharged dis
locations, i.e. some volume with a high 
concentration of recombination centers 
exists around the both types of disloca
tions. There::ore the question arises of 
the possibilities to determine the cha-
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racteristics of this region from the EBIC 
measurements. 

5.2. Investigations of uncharged 
dislocations in Si 

The dependence of the EBIC contrast 
C of uncharged dislocations on electron 
beam current is relatively weak (Fig. 2, 
curve 5) and differs from that observed 
on dislocations with a potential barrier 
(Fig. 2, curves 1-4) . It was found that 
for such dislocations the derivative 
dC/dW = (dC/dU) / (dU/dW), where U is the 
voltage applied to the structure, is a 
curve with a maximum and correlates well 

cr6~. /~-5 
16 ~ 
14 
1n 
10-

8 -

1 
0.8 

0.6 

0.4 

0.2 

d 

b 

Fig.2. a- De~endence of contrast on beam 

current for dislocations after 600°C de
formation (1-4, curve 3 for quenched 

sample) and subsequent 900°c annealing 
(5). Curve 1 is for Cz-1; curves 3,4,5 
are for Cz-2, curve 2 is for Fz-Si doped 
with Au (Bondarenko and Yakimov, 1990). 
b- Dependence of the normalized contrast 
c;c

0 
on beam current for the same dislo-

cations. c
0 

is the contrast value obtai

ned at the smallest for every curve beam 
currents. 
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with the h(z) function up to a depth z ~ 
1,8 µm (Fig.3). For dislocations perpen
dicular to the surface in accordance with 
Donolato (1983) neglecting the influence 

~ 

'CJ 10 -Nia:: -..c:: 2 

~~l 
1 2 

W,_JUm 
Fig.3. Derivative of the contrast versus 
depth for an annealed dislocation in Si 
(1). 2- depth distribution of the genera
tion function h(z). 

of a part of the dislocation situated 
inside the depletion region the contrast 
is given by 

and 

(X) (X) 

w (X) 

1 - (2rr ff G(r)pdpdz + 
0 0 

2rr f J G(r)I/J(r)pdpdz)/ICO (14) 
W 0 

(X) (X) 

dC/dW =-(2rr/I 0 ) ff G(r)d/dW [I/J(r)]pdpdz 
C W 0 

(15) 

where Ico is the current collected when 

the beam is far from the dislocation. 
That is, the both C and dC/dW are propor
tional to the integrals over the region 
with dimensions about L

0 
due to the expo-

nential dependence of 1/1 on L
0

• But as 

mentioned above, for such dislocations 
dC/dW is proportional to h(z/R) (Fig.3). 
Thus, the coincidence of the h ( z/R) and 
dC/dW curves can be only explained under 
the assumption that the diffusion length 
~ is very small near the dislocation. 

In this case 

W+L ro 
dC/dW = -(2rr/I 0) f DI G(r)d/dW [I/J(r)]x 

C W 0 
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x pdpdz 
(X) 

-(2rr/I 0) f G(p,w + Lof2) x 
C 0 

x d/dW [I/J(p,W + Lof2)]pdp ~ 

Since annealed dislocations are 
surrounded by point defect precipitates 
it is possible to describe such 
dislocations by Donolato's model 
(Donolato, 1978, 1983a,b) suggesting that 
cylinders around them with radius Pa 
actually exist. A numerical solution of the 
diffusion equations with such a dislocation 
model and a comparison of calculated C(W) 
and dC(W)/dW dependences with measured 
ones gives for~- 0.1 µm and for Pa~ 0.1 

µm. 
Using the value of~ obtained it is 

possible to evaluate the concentration of 
recombination centers near dislocation 

which was found to be about 10 18-

1019cm-3, i.e. about 109-10 10 centers per 
cm along the dislocation line, and corre
lates with the results obtained by Bonda
renko et al (1980). Of course, it is pos
sible to obtain from EBIC measurements 
the parameters of the dislocation impuri
ty atmosphere only in the frame of some 
assumptions, e.g. the values discussed 
were obtained under assumption that insi
de this cylinder Td= const. Thus, this 

method as we 1 as that proposed by Weber 
et al (1989) gives a possibility to ob
tain information about the parameters of 
a region with dimensions much smaller 
than the primary electron penetration 
depth R only under some assumptions about 
the spatial distribution of recombination 
centers inside this region which can be 
made on the base of other experiments or 
theoretical considerations. 

5.3. Properties of charged dislocations 
in Si 

In the case of charged dislocations 
the situation is more complicated. First 
of all for such dislocations dC/dW does 
not correlate with h(z) which could be 
evidence that Td is not equal to O inside 

space charge cylinder around such dislo
cation segments or that an essential part 
of the contrast is associated with dis
location segments situated inside the 
depletion region of a Schottky barrier. 
Besides the contrast value of such dislo
cations depends on the impurity atmosphe
re state. The dependences of the disloca
tion contrast on beam current in the 
samples with different impurity content 
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are shown in Fig. 2 . In accordance with 
Wilshaw and Booker (1987) and Bondarenko 
and Yakimov (1987) the decrease of cont
rast on curves 1-4 with increasing beam 
current is determined by the barrier near 
the dislocations. It should be stressed 
that the difference between curves 3 and 
4 were obtained for dislocations introdu
ced under the same conditions but cooled 
under different conditions. Quenching of 
deformed samples or cooling them under 
load leads to a decrease of the contrast 
value as well as to a change in its de
pendence on beam current. Since quenching 
also results in a significant decrease of 
the starting stress by decreasing the 
number of point defect complexes near the 
dislocation (Bondarenko et al, 1980) the 
difference observed shows that dislocati
on contrast is associated with such 
complexes. 

It is easily seen from Fig. 2 that 
the contrast is constant up to the some 
value of Ib which depends on the sample 

under investigation and at higher Ib 

decreases approximately logarithmically 
with Ib. The investigations of the 

temperature dependence of the charge 
carrier concentration and the dislocation 
density at which conductivity type 
inversion in n-Si was observed showed 
(Eremenko et al, 1978) that inn-Si with 
equal phosphorus concentration the 
barrier height is the same for the both 
cz-Si and floating zone Si (FZ-Si). Thus 
the contrast value essentially depends on 
the state of the dislocation point defect 
atmosphere at practically unaltered 
barrier height. It was observed also 
(Bondarenko and Yakimov, 1990) that for 

dislocations introduced at 600°c an 
increase of an impurity content in the 
dislocation atmosphere leads not only to 
an increase of the contrast value but 
also to an increase of the Ib value at 

which the contrast begins to decrease 
with increasing Ib (Fig.2), i.e. the 

stability of the dislocation charge under 
electron beam excitation depends on the 
impurity atmosphere state. These results 
contradict Wilshaw model of the EBIC 
contrast for charged dislocations 
((Wilshaw and Booker, 1987), Wilshaw et 
al, 1989) , Wilshaw and Fell, 1989)) in 
which the EBIC contrast is proportional 
to the dislocation barrier height~ 

~ 

where c is 
e 

the probability of electron 

capture on the dislocation state, 
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the density of centers along disloca
tions, Nd is a shallow impurity concen-

tration, f is the filling factor of dis
location centers, Nc is the energy state 

density in conduction band, E0 is the 

depth of the dislocation energy level, k 1 
is the proportionality coefficient bet
ween the beam current and the hole flow 
to the dislocation. 

To explain this contradiction Bonda
renko and Yakimov (1990) take into 
account that besides the centers with 
energy level situated at 0.44 ev from the 
valence band (Eremenko et al, 1977), a 
set of other energy levels was observed 
in plastically deformed Si ((Kimerling 
and Patel, 1979), (Kveder et al, 1982), 
(Bondarenko et al, 1986)). If it is 
assumed that some of this dislocation 
related centers can effectively take part 
in the recombination processes and prac
tically do not change the radius of the 
space charge cylinder around the disloca
tion, then a change in the concentration 
of such centers involves a change of part 
of the total flow of holes, recombining 
through the ND centers and, in turn, 

affects the dependence of the filling 
factor of ND centers on Ib and, hence, 

the Ib range in which the barrier height 

is independent of Ib. Such properties may 
be associated with the centers situated 
at some distance from the dislocation. It 
should be mentioned that the distribution 
of dislocation centers also allows the 
theory to account for the observation of 
the spectrum of dislocation energy levels 
by DLTS ((Kimerling and Patel, 1979), 
(Kveder et al, 1982), (Bondarenko et al, 
1986)). 

In this model it is necessary to assu
me that near the edge of Read·s cylinder 
the recombination center concentration is 

about 10 17 -10 18 cm-3 but the recent DLTS 
data (Koveshnikov et al, 1991) show that 
the concentration of deep level centers 
in this region is much lower. In this 
paper it was also shown that the impurity 
center concentration near the disloca
tions is so high that there is a plateau 
of electrostatic barrier near the dislo
cation core in Si. This gives a possibi
lity to explain the contrast difference 
as well as the enormous difference in the 
critical value of beam current at which 
the EBIC contrast starts to decrease. It 
can be assumed that the critical value of 
beam current corresponds to that radius 
of Read's cylinder which is approximately 
equal to the size of e-h pair generation 
region. Taking into account that radia of 
Read's cylinder without electron beam 
have approximately the same values in the 
crystals of various purity it is neces-



Eu. Yakimov 

sary to accept that the difference in the 
position of the bending point is determi
ned by different stability of the barrier 
under excitation. The change of the total 
dislocation charge is mainly determined 
by the sweep of the excess electrons from 
Read's cylinder. It is clear that the 
higher concentration of recombination 
centers in Cz-Si ensuring the higher con
trast decreases simultaneously the proba
bility of electron to be swept out of 
Read's cylinder and makes the barrier 
more stable. 

6. Spatial resolution limitations due to 
electron beam damage 

To increase the spatial resolution 
it is necessary to increase irradiation 
dose because as shown by Aristov et al 
( 1988) and Bondarenko et al ( 1988) the 
minimal irradiation dose Dr. is equal to 

nun 

(17) 

where r is the necessary accuracy of me
asurements, b is the necessary lateral 
resolution, 0 is the effective quantum 
yield of the method used, o and f3 are 
constants (8 ~ ~ ~ 1). That is, to incre-
ase the lateral resolution, i.e. to d!mi
nish b, it is necessary to increase D as 

1/b 2 . The increase of Dr is also necessa
ry for depth profiling with high resolu
tion. Electron beam microtomography, i.e. 
the reconstruction of the diffusion 
length distribution by image processing, 
needs high doses because for this proce
dure a set of images obtained for example 
with different Eb is used and the accura-

cy of the measurements must be very high 
(Zaitsev and Samsonovich, 1990). But in 

many cases the value of Dr is limited. It 
can be limited for example by the time of 
investigation if it is impossible to 
increase the electron beam current. For 

some structures the value of Dr is limi
ted by radiation damage under the elect
ron beam. For example Si-sio 2 structures 

change their properties noticeably after 

irradiation with a dose ~ 10 13cm - 2 ( (Na
kamae et al, 1981), (Gorlich and Kubalek, 
1985), (Reiners et al, 1985), (Hunger
ford and Holt, 1987)). The detailed me
chanism of this damage is not yet known 
but the experimental results obtained by 
Gorlich and Kubalek (1985) and Reiners 
et al (1985) show that x-ray irradiation 
takes part in the formation of the chan
ges observed. 

Semiconductor single crystals are 
more stable under electron beam irradia
tion than si-Sio 2 structures but in some 
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compound semiconductors pronounced chan
ges in properties were observed as a re
sult of electron beam excitation in SEMs. 
Thus it was observed by Bogdankev ich et 
al (1987) that after electron irradiation 
with a beam energy of 5 keV and a dose 

about 10 16cm-2 the cathodoluminescence 
intensity of CdS was changed. In CdHgTe 

crystals after irradiation with dose 10 18 

- 10 19cm - 2 the composition of subsurface 
layers was changed ( (Nitz et al, 1981), 
(Shih et al, 1986), (Zaporozchenko et al, 

17 -2 1985a, 1985b)) and at dose about 10 cm 
Panin and Yakimov (1989) observed a chan
ge of electrical properties. 

In this case the electrical proper
ties were changed at distances up to 100 
µm from the beam position along the sur
face and some µm in depth (Fig. 4) . The 
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Fig. 4 REBIC profiles obtained on CdHgTe 
after electron beam irradiation (Panin 
and Yakimov, 1989). 
a - p-type crystal, irradiation time t. = 

1r 

5s (1) and ls (2) 
b - n-type crystal, tir= 2s (1) and 10s 

( 2) 
Eb= 25 keV, Ib= 10- 7A, o - electron beam 

position during irradiation. 
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investigations were carried out by remote 
contact EBIC (REBIC) method which is very 
suitable for in-situ investigations of 
the local electrical property changes 
under the electron beam irradiation in 
SEM. In this method the electron beam 
induced current is measured in the geo
metry with two ohmic contacts formed at 
two opposite remote ends of the sample 
and it gives possibilities to reveal the 
charged inhomogeneities (see e.g., Panin 
and Yakimov, 1991). The results obtained 
show that near the surface a heterojunc
tion is formed and in n-type crystals 
besides this heterojunction a p-n junc
tion is formed and the boundaries of the
se junctions, i.e., the boundaries of 
regions with changed electrical properti
es and/or composition are revealed. With 
increase of the radiation dose some groo
ves can be produced on the surface of 
different crystals (Yegorshev et al, 
1989). . 

The electron beam can significantly 
change the properties of extended de
fects. Thus in CdHgTe crystals, a decrea
se of the minority carrier diffusion 
length near a grain boundary as a result 
of electron beam irradiation is observed 
at a dose an order of magnitude smaller 
than in a defect free region (Panin and 
Yakimov, 1989) . The restoration of the 
EBIC contrast of extended defects in hyd
rogen passivated Si was observed by Yaco
bi et al ( 1984a, 1984b) at a dose of 

about 10 15 cm- 3 . At higher irradiation 
doses and beam currents the electron beam 
can enhance dislocation mobility in com
pound semiconductors (Maeda et al, 1983). 
All these results show that for some 
kinds of defects and semiconductor struc
tures the irradiation dose during inves
tigation must be limited to avoid chan
ging the properties of the object under 
investigation. 

It can be seen from ( 17) that the 
irradiation dose needed to achieve a par
ticular spatial resolution depends on the 
effective quantum yield 0 of the method 
used. From this point of view methods 
with higher value of 0 such as EBIC are 
more promising for investigations with 
high spatial resolution than e.g. the SE 
mode or X-ray microanalysis. Therefore it 
is very important to find possibilities 
for obtaining additional information 
about the properties of defects under 
study from EBIC measurements. In any case 
the first step to overcome the limita
tions associated with radiation damage is 
to choose the appropriate technique with 
the higher quantum yield. Then it is 
possible to choose the appropriate expe
rimental conditions in which such damage 
is minimal. For example to minimize the 
damage of Si-Sio

2 
structures, a very low 

energy of electron beam was used (Rei
ners, 1990) but it is not possible in all 
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cases. Studies of the mechanisms of elec
tron beam damage under irradiation by 
electrons with subthreshold energy will 
help to choose such conditions. The other 
possibility is to study the kinetics of 
changes of the measuring property and 
then extrapolate the results observed to 
the beginning of measurements. 

7. Conclusion 

The possibilities to improve the 
spatial resolution in SEM-EBIC mode are 
discussed. Electron beam tomography, i.e. 
reconstruction of three-dimensional dis
tribution of minority carrier diffusion 
length by procession of a set of two
dimensional EBIC images is the most pro
mising method for this purpose. It gives 
a possibility to improve spatial resolu
tion up to R/10. But besides development 
of special mathematical procedures it 
needs essential improvement of accuracy 
of measurements. The possibilities of 
increasing spatial resolution in some 
special cases are discussed. It is shown 
that in all cases the improvement of spa
tial resolution leads to increase elec
tron beam irradiation dose that in turn 
limits the spatial resolution. Our esti
mations show that due to its high effec
tive quantum yield EBIC mode is the most 
promising one for characterization of 
submicron structures. Therefore search of 
ways of spatial resolution improving and 
obtaining information about characteris
tics of defects which determine revealed 
by EBIC inhomogeneities is very impor
tant. 
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Discussion with Reviewers 

D.B.Holt: The treatment of dislocation 
contrast in term of combination of line 
charge and impurity centres is inte
resting. Is the theory derived in Bonda
renko and Yakimov (1990)? 
Author: In the paper mentioned only expe
rimental data and some qualitative expla
nations of these data were presented. In 
my opinion, the main questions which it 
is necessary to take into account when 
the theoretical model is developed are 
the influence of not very high concentra
tion of recorabination centers on the re
combination inside the depletion region 
of the Read's cylinders and the minority 
carrier transport along the dislocation 
potential relief. Up to now the knowledge 
about the form of potential barrier, its 
changes under electron beam excitation 
and the recombination center distribution 
which is necessary to solve these pro
blems is rather poor. 

D.B.Holt: Can you give a simple physical 
reason for believing that some dislocati
ons are uncharged? How in your theory are 
they distinguished experimentally? 
Author: The thermal treatment of disloca
tions can change their energy spectrum 
and therefore it can lead to the disloca
tion charge change. For example, in Cz-si 
decrease of the dislocation charge during 
annealing is associated with the shallow 
donor formation near dislocations (Bonda
renko et al, 1980). The other possibility 
can be the interaction between impurities 
and intrinsic dislocation centers which 
can change the electrical activity of 
both. The dislocation charge can be 
controlled by the experiments using a 
microcontact to the dislocation (Eremenko 
et al, 1975) or by remote contact EBIC 
(REBIC) measurements. Some information 
about the dislocation charge can be ob
tained also by such macroscopic techni
ques as Hall effect or C-V measurements 
but in this case the problem is to sepa
rate dislocation effects from the influ
ence of point defects which can be cre
ated during the plastic deformation. 

D.B.Holt: The idea of electron beam tomo
graphy is an attractive one but is it 
practical? That is to say, can the amount 
of careful measurement and detailed com
putation be reduced to a level at which 
the method will be widely used? Would it 
be feasible to develop a tomography prog
ram for EBIC that could be included as an 
option to be selected from an operating 
menu on an image processor in the fore
seeable future, for example? 
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Author: In my opinion, in near future it 
will be possible to use electron beam 
tomography programs as a conventional 
software for EBIC image processing. For 
this purpose it is necessary to improve 
the measurement accuracy which can be 
achieved using modulation techniques or 
by the development of effective progr~ms 
for image filtration. The other question 
is the development of effective models 
and programs for the three-dime~sion~l 
reconstruction. In the case when diffusi
on length is changed only in depth some 
reconstructicn procedures have been al
ready proposed (see e.g., Donolato 
(1989)). 

M. Kittler: The electron range R is an 
important parameter to calculate the 
generation function, for example. To get 
R as a function of beam energy Eb you 

used for Si the following relation - R = 
0.0171 E~· 75 - which based on the work of 

Everhart and Hoff. However, taking Fig. 4 
of Leamy·s work [J. Appl. Phys. 53, R 51 
( 1982) ] which is attributed to Everhart 
and Hoff, too, one obtains R values being 
about 1. 5 times large. Is the relation 
used in your work more precisely and if 
yes, why? 
Author: The dependence of the EBIC signal 
on R is very complex therefore it is not 
so easy to reveal the R value from the 
EBIC measurements. Moreover, EBIC is not 
very sensitive to the form of the genera
tion function in the crystals with not 
very small diffusion length. But in any 
case it is possible to check the possibi
lity of using the particular expression 
for G ( r) and R by measurements of the 
well characterized samples. We do not 
measure the R value but the R and G(r) 
expressions used in our investigations 
for the W calculation were checked by the 
characterization of the same samples by 
C-V technique. We obtained the good cor
relation between the results obtained by 
these two techniques. 

M.Kittler: You are studying contrast va
lues C of dislocations in dependence on 
beam current lb. Decreasing lb the noise 

increases and consequently the accuracy 
of measured c-values reduced. How accura
te are your cmin-values measured at lb~ 

1 pA, which you use for normalization in 
Fig. 2b? 
Author: In the case of small lb to decre-

ase the noise we increased the the time 
of measurements but in any case Fig. 2b 
should be considered only as a qualitati
ve one. In my opinion, this Fig. helps to 
reveal some characteristic features of 
the C(Ib) dependences, e.g., the depen-

dence of the EBIC contrast stability un
der e-beam excitation on the impurity 
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atmosphere state. 

M.Kittler: You discuss the important role 
of impurity atmosphere for EBIC contrast. 
Furthermore you evaluate the concentra
tion of recombination centers near a dis-

location to be about 10 18- 1019 cm- 3 

Recombination-active point defects as 
transition metals in Si are supersatura
ted in such a concentration and will form 
precipitates. Indeed, metal precipitates 
were found as main sources of strong EBIC 
contrast of grain boundaries [see J.L.Ma
urice, C.Colliex, Appl.Phys.Lett. 55, 241 
(1989)] and of dislocations (see D.M.Lee 
et al, Semiconductor Silicon 1990, ed. by 
H.R.Huff, K.G.Barraclough, J.Chikava, p. 
638). So it seems that silicide precipi
tates will have a more pronounced influ
ence on EBIC contrast as atmospheres of 
solute impurities, especially when strong 
contrasts are found. Does your results 
confirm this hypothesis? 
Author: Of course, transition metal pre
cipitates can strongly increase the dis
location EBIC contrast. It was observed 
in the papers mentioned by you and in our 
experiments on Si doped with gold (Aris
tov et al, 1987). But it seems to me that 
in the case discussed in the chapter 5.2 
it is possible to ascribe the EBIC con
trast increase to an oxygen because this 
increase was observed only in Cz-Si and 
in Fz-Si deformed and annealed in the 
same conditions the contrast did not ex
ceed 1-2% if these crystals were not spe
cially doped by gold. Of course, oxygen 
atoms probably form some precipitates in 
dislocation atmospheres. 

Discussion with Reviewers continued on page 80. 



Additional Discussion with Reviewers of the paper "Electron Beam Current Investigations of Electrical Inhomogeneities 
with High Spatial Resolution" by E. Yakimov, continued from page 96. 

L.J.Balk: Applications of phonon focusing 
tomography have shown that a useful re
sult can only be achieved for crystals 
with small number of defects. An EBIC
tomography would be even more complicated 
in terms of interpretability. What would 
be the typical material problems you 
would believe can be solved by means of 
such a technique? 
Author: It seems that in near future it 
will be possible to reconstruct the L 
three-dimensional distribution using e
beam tomography. But for defects situated 
at distances smaller than a mean L value 
it is very difficult to resolve them by 
such procedure. From this point of view 
you are right and this technique is more 
suitable for low defect density. But in 
some cases, e.g., for defects with very 
high recombination activity or in crys
tals with low L values, it is possible to 
achieve high spatial resolution. Thus, 
the most promising fields of material 
science for e-beam tomography applica
tions are defect distribution reconstruc
tion in crystals with low defect density 
and investigations of point defect dis
tribution near extended defects with high 
recombination activity and using these 
results for studying of interaction bet
ween these d~fects. 

L.J.Balk: In our work on EBIC investiga
tion we found that the electron beam sig
nificantly modifies the electric poten
tials within a GaAs-MESFET (presented at 
the 3rd European Conference on Electron 
and Optical Beam Testing, Como, Italy). 
Can you comment, to what extent such 
changes within the collecting electrical 
barrier deteriorate the quantification of 
the results achieved? 
Author: The electron beam influence on 
the properties of the structure under 
investigation is very important problem 
because to improve a spatial resolution 
it is necessary to increase measuring 
time and as a result to change properties 
of the structures under investigation. 
These changes, of course, prevent the 
quantitative measurements. In your case 
the potential barrier changes should be 
smaller than the measurement accuracy, 
e.g., in the case of dI /dW measurements 

C 
smaller than the amplitude of the ac vol
tage applied to the structure. In other 
cases, these changes will influence the 
accuracy of results obtained and there
fore they should be taken into account. 
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C. Donolato: You determine a diffusion 
length depth profile L(z) from collection 
efficiency measurements ~(Eb) on a 
Schottky diode by assuming a model func
tion for L(z) containing 4 unknown para
meters; the depletion width Wis probably 
an additional one. The experimental data 
to be fitted (Fig. 1) consist of 13 
measurements. Could you give an idea of 
the error by which the estimates of the 
unknown parameters are affected? 
Author: When we obtained diffusion length 
depth profile on plasma etched samples as 
a rule we etched only part of the crys
tal. Therefore we can carry out the expe
riments on the both etched and untreated 
Si with the same metal thickness and by 
fitting the dependence of non Eb for the 

untreated part of the sample we can ob
tain a metal thickness t, depletion re-

m 2 
gion width W and 

1/L 2 Moreover, Au· 

the value of 1/L 0 + 

from the c-v measure-

ments we obtained that plasma etching do 
not change W. Therefore, we need to ob
tain only two parameters. In this case 
the difference between the values of pa
rameters Band z0 in L(z) dependence ob-

tained from EBIC measurements and those 
calculated using the data of DLTS measu
rements does not exceed 10%. If it is 
impossible to obtained the W value from 
additional measurements to increase the 
number of equations it is possible to 
carry out the measurements at different 
applied bias and to use the known depen
dence of W on an applied voltage U W = 

(cc U/eN ) 112 where c is the dielectric 
0 d ' 

constant. But in any case if L(z) depen
dence can be presented in a parametric 
form the reconstruction procedure is less 
sensitive to the measurement accuracy 
than in the cases when L(z) dependence is 
unknown. 
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