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Determination of Material Parameters From
Regions Close to the Collector Using Electron

Beam-Induced Current
Dethau Wu and Vincent K. S. Ong, Senior Member, IEEE

Abstract—The conventional method of extracting the minority
carrier diffusion length using the electron beam-induced current
(EBIC) technique requires that the electron beam be placed at
region more than two diffusion lengths away from the collector.
The EBIC signals obtained under this condition usually has low
signal to noise ratio. In addition, the true diffusion length of the
sample is initially unknown and hence it is difficult to estimate
how close the beam can be placed from the collector. To overcome
all these difficulties, a new method of extracting minority carrier
diffusion length from the EBIC signal is proposed. It is shown
that this method can be applied to EBIC signals obtained from
regions close to the collector. It is also shown that the surface
recombination velocity of the sample can also be obtained using
this method. This theory is verified using EBIC data generated
from a device simulation software.

Index Terms—Electron beam applications, electron microscopy,
finite difference methods, microscopy, semiconductor materials
measurements, simulation.

NOTATION

Minority carrier diffusion coefficient.
Beam energy.
Beam current.
EBIC current at .
EBIC current.
Second-order derivative of with respect to .
Second-order derivative of with respect to .
Proportionality constant defined in (1).
Minority carrier diffusion length.
Extracted minority carrier diffusion length.
Electronic charge (1.60210 C).
Electron range.
Semi-normalized surface recombination velocity

.
Diffusion velocity.
Surface recombination velocity.
Extracted surface recombination velocity.
Distance between the junction and the generation
volume (refer to Fig. 1).
Minority carrier generation source effective depth.
Constant in the modified EBIC equation.
Reciprocal of the minority carrier diffusion length.
Material density of silicon.
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Fig. 1. Schematic diagram of the EBIC experiment setup.

I. INTRODUCTION

SEMICONDUCTOR material properties such as minority
carrier diffusion length and surface recombination velocity

can be determined using the scanning electron microscope
(SEM) operating in the electron beam-induced current (EBIC)
mode. This method is very popular due to its simple experi-
mental setup. The theories that explain the EBIC phenomenon
have been successfully verified both by numerical and empir-
ical means [1]–[7].

One of the common experimental configurations in demon-
strating the EBIC theory is illustrated in Fig. 1. The sample
consists of a p–n junction, which is perpendicular to the elec-
tron beam incident surface. The high-gain amplifier measures
the current signal induced within the sample due to the electron
bombardments. The conventional method of evaluating the
diffusion length is by plotting the EBIC signals against the
beam–junction distances on a semi-logarithmic graph. The dif-
fusion length can then be obtained from the negative reciprocal
of the slope of the graph. However, the accuracy of the extracted
diffusion length is affected by the surface recombination rates
at the beam entrance surface. This surface recombination rate
depends on the treatment of the surface [8].

Accurately extracted diffusion length for samples with sub-
stantial surface recombination rates can still be obtained by
fitting the experimental data to the theoretically derived math-
ematical expressions [9], [10]. However, these mathematical
expressions often involve special functions [10] or integrals
with no closed form solutions [9]. In addition, there are usually
more than one set of parameters that can fit the EBIC data.
Hence, the curve fitting method is both laborious and unreliable.

0018-9383/02$17.00 © 2002 IEEE
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A simple method of estimating the minority carrier diffusion
length of a sample consisting of a p–n junction was proposed
by one of the authors of this paper and the method was pub-
lished in [11]. In a subsequent paper, it was shown that the same
technique could also be used on the planar configuration [12].
This method involves fitting the experimental data to a modified
EBIC equation as shown in the following equation:

(1)

where is the EBIC current, is the beam–junction distance
and is a constant, the value of which depends upon the sur-
face recombination velocity. is the minority carrier diffusion
length and is a proportionality constant. It was shown by nu-
merical means that the error in the extracted diffusion length
using this method was within a few percent provided that the

is kept larger than . A rough estimation of can be ob-
tained by measuring the distance for the EBIC signals to decay
one order in magnitude. However, larger error is anticipated in
practice due to the relatively small signal to noise ratio of the
EBIC currents collected in that part of the region.

In this paper, a new method of determining the minority car-
rier diffusion length is proposed. This method is based upon the
generalization of the approach that was used in the work pub-
lished in [13]. The method of [13] is useful only for samples with
negligible surface recombination velocity, whereas this method
can be used for samples with all values of surface recombina-
tion velocity. The method proposed here can be applied to any
arbitrary values, including those that are less than two dif-
fusion lengths from the junction. The advantage of placing the
electron beam close to the junction is that the EBIC current ob-
tained under this condition has better signal to noise ratio. It will
be shown that the surface recombination velocity can also be ex-
tracted using this method.

II. THEORY

In [13], it was shown that, if the surface recombination effect
is negligible, the relationship between the EBIC current and its
second-order derivative with respect tois linear. The propor-
tionality constant of this relationship is the square of the diffu-
sion length

(2)

This relationship is true for all values of, except in the case
of the extended generation source, where it is true only when
is greater than half of the primary electron range in the sample.
This range, however, is known and controllable since the pri-
mary electron range is a function of the beam energy.

The relationship between the EBIC current and its second
order derivative is no longer linear when the surface recombina-
tion velocity of the beam entrance surface is nonzero, as shown
in Fig. 2. In this graph, the EBIC current, , is obtained by
numerically solving Donolato’s point-source based EBIC equa-
tion [9] and the second order derivative of is calculated
using the same technique as those published in [13].

It can be observed that the greater the surface recombination
velocity , the larger the curvature of the graph will be, hence

Fig. 2. Effect of thev on theI (x) againstI(x) relationship.

Fig. 3. Effect of the beam penetration depth onI (x) against I(x)
relationship.

the larger the error in the extracted diffusion length. However,
for a particular value of , say cm s , the curvatures
of the graphs decrease with increases in the generation source
effective depth , as shown in Fig. 3. This shows that the effect
of the surface recombination on the EBIC current decreases with
the increases in the primary electron range. When ,
the curve corresponding to cm s is close to that with

. Using this observation, the diffusion length of a sample
with nonzero surface recombination velocity can be extracted
fairly accurately by increasing the beam energy until the plot of

against is approximately linear. This means that
the beam energy has to be increased untilis greater than .

The parameter mentioned above is the effective depth of the
generation volume, which is taken to be the same as its centre
of gravity. If the excess charge distribution within this volume is
governed by a Gaussian function, thenis approximately 0.3 of
the beam penetration range . The assumption that
can also be found in works published by Donolato [9], Berzet
al. [10], Hakimzadehet al. [14], and Luke [15], [16].

Since, and the electron beam has to be placed
from the junction, the minimum beam–junction distance

is , which is closer to the junction than in the case of
the conventional method. This is not a great improvement and
this method is not feasible for the case of samples with minority
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carrier diffusion lengths longer than the penetration depth of
the electron beam. For instance, if the minority carrier diffusion
length of a silicon sample is 10m, then m and

m. It can be shown by calculation that the energy of the
primary electron required to achieve this effective penetration
depth is 66 KeV.

One way to overcome these problems is as follows. Using
Donolato’s point-source based EBIC equation [9], it can be
shown, referring to Appendix I, that the relationship between

and its second order derivative is as follows:

(3)

where , is the maximum EBIC current (occurring at
), and is the diffusion coefficient. The inte-

gral part at the right hand side of the equation is a measure of the
surface recombination effect and it is also the term that causes
nonlinearity in the plots illustrated in Figs. 2 and 3. However,
(3) can also be written as follows:

(4)

Using the integration property [17] as shown in the following:

(5)

the in (4) can be moved out of the integral. Donolato’s
point-source based EBIC equation given in [9], when rearranged
gives

(6)

Taking the second-order derivatives of (6) with respect togive

(7)

where . Substituting (7) into (4)
with the use of (5) gives

(8)

Therefore, the slope of the graph of against
gives the square of the reciprocal of the minority carrier

diffusion length.
It is now realized that the work published in [13] is actually a

special case of (8) where is zero. If is zero and the

electron beam direction is parallel to the junction plane, then
is negligible. The reason for this is as follows. If the

amount of minority carriers that recombine at the surface is neg-
ligible, then the EBIC current collected by a junction which is
perpendicular to the beam entrance surface, is almost unaffected
by the beam penetration depth, provided that the minority car-
rier generation rate remains constant.

Estimation of the value of has been described in de-
tail in [13] and the value of can be obtained in a similar
fashion. Three EBIC line scans obtained using slightly different
primary beam energies are required. Consider that ,
and are the EBIC currents when the beam ism from
the junction but the effective beam penetration depths are,
and m respectively. The is estimated as follows:

(9)

where

and

(10)

The values of and in (8) depend on the minority carrier
generation rate in the specimen. Hence, it is a function of both

(beam voltage) and (beam current). Since this technique
requires to be varied slightly after each successful line scan,
any one of the following procedures can be used to ensure that
the values of both the and are independent of .

1) Whenever the is changed, is adjusted such that the
product of and remains constant. This will ensure
that the minority carrier generation rate remains constant
throughout the experiment. The total minority carrier gen-
eration rate is given by [18]

(11)

where is the electronic charge, is the energy required
to generate an electron-hole pair, andis the fraction of
beam energy that loss due to backscattered electron.

2) The is kept constant throughout the experiment. All
measured current signals are normalized with respect to

. The value of can be obtained by using either one of
the following methods.

a) The value of can be obtained by extrapolating
plots of versus back to the junction
[14].

b) The beam position is placed at the junction such that
the entire carrier generation volume is confined to
within the depletion region. Since carrier recombi-
nation process is negligibly low in the depletion re-
gion, the current measured at the external circuit is
the rate at which the minority carrier is generated
by the electron beam.

A. Evaluating the Surface Recombination Velocity

After the minority carrier diffusion length is obtained using
the above method, the semi-normalized surface recombination
velocity of the sample can also be determined.
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Equation (3) can also be expressed as

(12)

The solution for the first integral at the righthand side of the
equation can be found in [17, p. 456]. The second integral is
the product of the and the first order derivative of the EBIC
current with respect to. Hence

(13)

where and is the modified Bessel
function of the second kind. Sinceis known and as well as

are measurable parameters, the numerical value of the modi-
fied Bessel function can be calculated numerically. The values
of can be obtained from any two of the three adjacent
EBIC line scans obtained earlier, using the following equation:

(14)

When the left-hand side of (13) is plotted against the terms in-
side the square bracket on the righthand side, the slope of the
graph will give the value of .

III. V ERIFICATION

This theory was verified using EBIC data generated by
MEDICI [19], a device simulation software. The experimental
set up in this simulation is similar to that shown in Fig. 1.
The sample used consists of a p–n junction and the direction
of the electron beam is parallel to the junction plane. Four
silicon samples were created in this simulation, namely, sample
A, sample B, sample C, and sample D. The minority carrier
diffusion length of samples A and B were 3m, while that
of samples C and D were 10m. The doping levels of the
n-type regions were 110 cm for all samples. The p-type
regions of samples A and B were uniformly doped with
6.7 10 cm of impurity atoms. Those for samples C and
D were doped with 7.9 10 cm of impurity atoms. The
material parameters of these samples are shown in Table I. The
depletion widths at the p-type regions are negligible since they
were much more heavily doped than the n-type region.

In this simulation, the minority carrier diffusion lengths of the
p-type regions were to be determined. The electron beam was set
to scan from the junction to a region that was less thanaway.
Since the diffusion lengths of the samples were assumed to be
unknown during the experiment, the beam–junction distances
were varied from to m for all the samples.
Hence, for samples A and B, the EBIC measurements used in
the material parameters extraction were obtained from regions

TABLE I
MATERIAL PARAMETERS OF THESAMPLES USED IN THE SIMULATION

(a)

(b)

Fig. 4. (a)I (x; z) + I (x; z) againstI(x; z) plots for samples A and C.
(b) I (x; z) + I (x; z) againstI(x; z) plots for samples B and D.

less than from the junction. For samples C and D, EBIC
measurements from regions less than from the junction
were used. This experiment shows that the proposed method
does not have the limitation where the EBIC measurements have
to be taken from regions more than from the junction.

When the surface recombination velocity of a specimen is less
than 10 cm s , the versus plot (EBIC line scan pro-
file) is linear. As the value of surface recombination velocity is
increased to beyond 10cm s , the EBIC line scan profile con-
caves upward. However, the curvature of the profile ceases to
increase when the surface recombination velocity is more than
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TABLE II
COMPARING RESULTSFROM THE PROPOSEDMETHOD WITH THOSEOBTAINED USING THE METHOD USED IN [11]

10 cm s [20]. Hence, the surface recombination velocities
of 10 and 10 cm s were chosen in our simulation be-

cause these two values represent the lower and upper limit of
the surface recombination effect on the EBIC line scan profile.

The primary electron energy was 12.7 keV and the beam
current was 1.5 nA. The primary electron rangecan be
calculated using the following expression [18]

(15)

where is the density of silicon in gm/cmand the is given
in cm. The is 30% of this value, i.e., is 0.5 m in this case.

The position of the electron beam was stepped at 0.1m
along the direction, from the junction to m. The nor-
malized EBIC current, was recorded for each beam po-
sition. The and were obtained similarly except
that the was adjusted such thatdeviates from the proposed
method by 10 . The same procedure was used on all four
samples.

In this simulation, the minority carrier generation volume,
i.e., the region excited by the electron beam, is created based on
the analytical expressions used in the work by Yakimov [18].
The distribution of the minority carrier within the generated
volume is governed by a Gaussian function. Hence, the effec-
tive depth of the generation volume (value of) is taken as 0.3
of the value obtained using (15).

The method described in [11] was also used with the EBIC
currents collected at both and , and the re-
sults were then compared with those obtained using the pro-
posed method.

IV. RESULTS AND DISCUSSION

It was shown in [13] that the EBIC data obtained when
is less than produces inaccurate results. Hence, the EBIC
data obtained from (i.e., m in this case)
were excluded in our calculations. This means that the min-
imum beam–junction distance is in the proposed method.
This distance is solely a function of the beam energy and not

of any of the material parameters. In cases where the depletion
widths are comparable to the primary electron range, the min-
imum beam–junction distance should be the sum of the deple-
tion width and .

Fig. 4 show the plots of the against
for samples A, B, C, and D. The graphs are linear as predicted
by (8). Linear regression was used to obtain the gradient of the
graphs. The results are tabulated in the column 2 of Table II,
where the is the extracted minority carrier diffusion length
whereas the is the extracted surface recombination ve-
locity. The results in columns 6 and 8 are those using the method
proposed in [11]. It can be observed that the errors in the ex-
tracted minority carrier diffusion lengths obtained using the pro-
posed method are all within 1 . The method proposed in
[11] can attain similar accuracies only when the minimum beam
junction distance is at least . When the minimum beam–junc-
tion distance is less than , the errors in the diffusion lengths
obtained using the method in [11] are within4 only for the
case of cm s .

The earlier observations can be summarized as follows. The
proposed method of determining the minority carrier diffusion
length can be used on any arbitrary value ofincluding those
that are less than provided that the minimum beam–junction
distance is . This statement is supported by comparing the
plots (in Fig. 4) for sample A with sample C and sample B with
sample D. Both samples have different minority carrier diffu-
sion lengths but the EBIC data used to evaluate theare from
the same range of, i.e., between and 5 m, and this range
satisfies for both samples. For the method proposed in
[11], the is accurate for the case when . Moreover,
when is small (i.e., cm s ), this method produces
reasonably accurate results even for the case of . Since
the value of is unknown during the experiment, the method
of [11] can only be used for the case where .

Fig. 5 show the plots for determining the surface recombina-
tion velocities of the samples A, B, C and D. All the plots are
linear as predicted by (13). The slopes of the plots give the value
of . The values of are obtained by multiplying these values
with the diffusion coefficient D of the respective samples, as
given in Table I. These results are tabulated in the fourth column
of Table II. It can be observed that the errors in the results are all
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(a)

(b)

Fig. 5. (a) Determination ofv of samples A and C. (b) Determination ofv
of samples B and D.

within 4 . In the case where the values ofcannot be cal-
culated due to the unknown value of D, the value ofcan still
provide valuable information regarding the surface state at the
beam-entrance surface. For instance, the product ofand the
gives the ratio of and , the diffusion velocity .

V. CONCLUSION

The conventional method of extracting the minority carrier
diffusion length requires the minimum beam–junction distance
to be more than . It is difficult to determine the closest dis-
tance between the beam and the junction because the diffusion
length is initially unknown. Accurate results can be obtained for
the case of only if is less than 10cm s . Since the
value of is also unknown initially, the minimum beam–junc-
tion distance has to be kept at . A new method of determining
the minority carrier diffusion length from regions close to the
junction is presented in this paper. It was shown that this tech-
nique does not require the minimum beam–junction distance to
be , regardless of the surface recombination velocities of the
samples. The advantage of using EBIC measurements close to

the junction is noticeable only in practice. The EBIC signals
from this region have better signal to noise ratio and hence, a rel-
atively accurate result can be obtained. It was also shown that the
surface recombination velocity of the samples could be found if
the diffusion coefficient is known. The errors of the extracted

are all within 4 in our simulation. is a measure of the
surface recombination effect on the EBIC line scan profile. In
practical EBIC experiments, the value of may be difficult
to extract accurately, especially if the specimen has a small sur-
face recombination velocity, e.g., cm s , at the beam
entrance surface. In this case, however, the value ofcan be
approximated as zero. Using method proposed in this paper, the
value of is needed to evaluate the semi-normalized surface
recombination velocity of the specimens. Usually, only the
order of magnitude of this parameter is of interest and hence an
accurate value of is not required.

APPENDIX

DERIVATION OF (3)

Donolato’s EBIC equation [1] is given as follows:

(A1)

where is the EBIC current, is the maximum current,
is the reciprocal of the minority carrier diffusion length,is

the semi-normalized surface recombination velocity and

(A2)

Differentiate with respect to

(A3)

Differentiating(A3) with regard to , we obtain

(A4)

From (A2), we know that . Hence, (A4) can also
be expressed as

(A5)

Separating the integral part of (A5), we obtain

(A6)

Substitute (A1) into (A6)

(A7)
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or

(A8)
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