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Abstract. We have developed a model of calculation of the induced current due to an electron beam. The
expression for the electron beam induced current (EBIC) with an extended generation profile is obtained
via the resolution of a steady state continuity equation by the Green function method, satisfying appro-
priated boundary conditions to the physical model. The generation profile takes into account the lateral
diffusion, the effect of defects, dislocations and recombination surfaces besides the number of absorbed
electrons and that of diffuse electrons as a function of the depth. In the case of a Schottky diode Au/GaAs
obtained by metalorganic vapour phase epitaxy (MOVPE) method, the theoretical induced current profile
is compared to the experimental one and to theoretical profiles whose analytical expressions are given
by van Roosbroeck and Bresse. The minority carriers diffusion length L, = 2 pum and the optical self-
absorption coefficient @ = 0.034 um~' can be deduced from the experimental current profile, measured
by scanning electron microscopy. The theoretical curve, obtained from the proposed model is in a good
agreement with the experimental one for surface recombination velocity 10° cms™' except for distances
far from the depletion layer (zo > 2.3 pm) where the photocurrent produced by the multiple process of
the reabsorbed recombination radiation is preponderant. Our results are in agreement with those obtained

by other experimental techniques on the same samples.

PACS. 72.20.Jv Charge carriers: generation, recombination, lifetime, and trapping

1 Introduction

The diffusion length of minority carriers generated by elec-
tron beam at a plane PN junction has been determined by
many authors [1-14]. They have used a focused electron
beam located at varying distances from the junction.

Van Roosbroeck [1] and Bresse [2] showed that the in-
duced current collected by a plane junction of finite thick-
ness is given by:

Tee(o) = aGo > 5 K (z0) 1)

where K7 is the first order Bessel function of second kind,
S is the reduced surface recombination velocity, ¢ is the
reduced coordinate of a source point, H is the reduced
thickness of the substrate and Gy is the total genera-
tion rate within the generation volume. They showed that
the induced current generated by an electron beam and
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collected within the depletion layer for a vertical junction
is of the form,

Izc(l‘o) X 673%0

(2)
where xg is the position of the incident electron beam and
L is the minority carrier diffusion length.

Berz and Kuiken [8] generalized Bresse result to ar-
bitrary values of recombination surface velocity S. They
considered van Roosbroeck and Bresse’s solutions as spe-
cial cases: for a point source at Z; = 0, and for surface
recombination velocities S = 0 and S = co.

Donolato [9] has given an expression for the short cir-
cuit current for the idealized case of uniform doping and
uniform density of recombination centers. He used an al-
ternative integral representation for the induced current
profile due to a point source at a finite depth, which makes
use of elementary functions only. It has shown that this
form is convenient both for discussing the case of an ex-
tended generation and taking into account the finite sam-
ple thickness.
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The analysis given by Oldwig Von Roos [10] has some
similarities with Donolato, since he used the Fourier tech-
niques to resolve the continuity equation with appropriate
boundary conditions. He showed that the Donolato series
converge much more slowly than the integral equations.

Akamatsu et al. [11] used the Monte Carlo method
to compute the generated electron- hole pair distribution
and the electron beam induced current in order to deter-
mine the minority carriers diffusion lengths. They have
treated different GaAs samples: an homogeneous Schot-
tky diode, a liquid-phase-epitaxial Schottky diode and an
homostructure P-N junction with different doping levels.
They have shown that the diffusion length of minority car-
riers is deduced from the experimental measurements near
the junction for slightly doped semiconductors (transport
properties), but far from the junction the measured cur-
rent is produced by the multiple process of the reabsorbed
recombination radiation. This additional current become
also important near the junction in the case of highly
doped semiconductors and for high incident electron beam
accelerating voltage.

Farvacque and Sieber [12] have proposed a physical
model of the EBIC contrast due to a dislocation perpen-
dicular to the surface in the case of N-type GaAs samples.
This physical approach takes into account the diffusion of
minority carriers a well as the physical properties of the
dislocations. The authors proved that the contribution of
the recombination at the dislocation in the depletion layer
to the total EBIC contrast is important either at low ac-
celerating voltages, especially if the doping level of the
semiconductor is low, or at high accelerating voltage.

Daniel et al. [13] have used the cathodoluminescent
mode of the scanning electron microscope to deduced from
experimental data the diffusion length of minority carri-
ers, the normalized surface recombination velocity, opti-
cal absorption coefficient, dead layer thickness and a con-
stant which combines the instrumentation constant and
the quantum efficiency of radiative recombination in the
case of three GaAs devices with different doping levels.

Ong et al. [14] have proposed a model for the calcula-
tion of the induced current due to an electron beam with
an extended generation source given by:

I:/ kaMef%dxdydz (3a)
v 9

where V is the generation volume, k is the proportionality
constant, A(z,y, z) is the generation function distribution
of the extended source and g is the total generation rate
satisfying the relationship:

g:/ Az, y, z)dzdy dz. (3b)
1%

For = > 2L, they supposed that x is virtually constant in
the integral of equation (3a) and the induced current is
given by:

I(z) = ka’e L. (4)

This method uses experimental EBIC data for the deter-
mination of bulk minority carrier diffusion length and sur-
face recombination velocity in the case of PN junction or
Schottky barrier diode. The validity of the EBIC expres-
sion is verified by the use of 3-D computer simulation.

In a previous paper [15,16], we have developed a
model for the calculation of the induced current due
to an electron beam with an extended generation pro-
file in the case of a Silicon doped Au/InP Schottky
diode and in the case of a sulphur doped ternary com-
pound (Gag.7Alg3As:NT/Gag7Aly3As:P), prepared by
the MOVPE method. The plane of the junction is per-
pendicular to the surface and the electron beam scans the
surface perpendicular to the depletion layer (along the z-
axis). By measuring the steady-state electron beam in-
duced current (EBIC) as a function of the beam-junction
distance, current profiles are obtained, from which the mi-
nority carrier diffusion length and the surface recombina-
tion velocity are deduced.

In this paper, a 2-D generation rate model is applied
for the calculation of the collected induced current within
the plane PN junction. Our results are compared with
experimental ones. Then, we have focused our attention
to determine the diffusion length of the excess minor-
ity carriers and the optical self-absorption coefficient of
the material components generated by the electron beam
from the experimental data. The surface recombination
velocity is calculated from both the van Roosbroeck and
Bresse model and from our proposed model, in the case
of a Schottky diode Au/GaAs obtained by the MOVPE
method. A comparative study between these models is
then presented.

2 Theoretical study

We will investigate the case of a vertical junction silicon
doped Schottky diode Au/GaAs. The incident electron
beam is centred at xy normally to the surface. The junc-
tion is parallel to the beam (Fig. 1).

The electron beam scans the cleaved surface of the
sample along the z-axis. The excess minority carrier den-
sity created within the region p is a solution of the steady-
state continuity equation:

V[ An(z, 2)) — A0@2) L

e ORI

that satisfies the boundary conditions associated to this
physical model:

0An

z=0, Dna— = VsAn (Neuman equation) (6a)
z
A
z=h, Dn% = —VaAn (Neuman equation) (6b)
z
x=0, An=0 (Dirichlet equation) (6¢)
0An .
r=wy, Dp——=ViAn  (Neuman equation) (6d)
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Fig. 1. Physical model.

where L, is the diffusion length, D,, is the diffusion con-
stant of the excess minority carriers, h is the sample thick-
ness, Vs, V4 and V; are the recombination velocities re-
spectively at the scanned surface, the back face and the
ohmic contact. g(z, z) is the generation rate of the ex-
cess minority carriers. Our proposed generation profile
of electron-hole pairs includes the lateral diffusion taking
into account the incident electron angular diffusion, the
effect of defects, dislocations and surface recombination,
besides the number of absorbed and diffused electrons in
depth. The electron-hole pair’s generation volume is an
onion-shaped volume having the incident beam electron
direction as a symmetry axis and containing zy. The gen-
eration rate depends only on the incident beam energy
and the nature of the sample. Hence, the lateral diffusion
is described by a Gaussian function of (z — xy) obtained
by solving the equation of Bothe [17]. While, the elec-
tron diffusion in depth has a form depending on energy
loss as a function of the depth proposed by Kanaya and
Okayama [18]. The generation profile can be written as a
convolution product of two functions [15,16]:

(17E)E0 1 z [0 2( _ )2
_ — @ a“(x—xo
g(l’ Xo, Z) Ep RK R_K —ﬁe
(7a)
AES
R = 9 (7b)

5% 28 \gmrie® NZp

where @ (ﬁ) is the depth dose function and Ry is the

maximum range presented by Kanaya [18]; r is the Bohr
radius of the hydrogen atom; Z is the atomic number of
the target; IV is the Avogadro number, A, is a constant de-
termined empirically [18], p (gcm ™) is the density of the
target; A(g) is the atomic weight, R is the backscattered
electrons coefficient, Ey(eV) is the incident beam energy,

» (€V) is the energy gap (Eq. (7a)) and « is a parameter
to be determined experimentally. For 20 keV beam inci-
dent energy, the maximum primary electron range Ry is
about 4 pm in Silicon [10]. In the case of GaAs sample,
the magnitude of the maximum range for Ey = 20 keV is
then Rg = 2.3 pm.

The Green function associated to equation (5) satisfy-
ing the boundary conditions (6), for an elementary source
located at the point of coordinates (2’,y’) in the electron-
hole generation volume is [10,15,16]:

Gz, 2’5 2,2") =

1
D_nglk h+

% [ewmzfz’vwl) _ e—Hr(@ta’—wi)

Ik cos (I (2—2%)) cos (I (2'—12))
Sin(lkh) Lk (euk’wl +Kle—;4kw1)

+kleuk(x+a¢/—w1) _ kleltk(lﬂf—ﬂf/‘—w1):| (8)

\%1
—_Dp n

where p, = l,% + L%, K = , I is the numerical

D n

solution of the transcendental equation tg(lk%) =W x

D,
i deduced from (6d) boundary condition and wy is the
right boundary limit of the sample (see Fig. 1).

The collection probability of the minority carriers gen-
erated at the point (z’,2’) at the junction level is de-
fined by:

Z 2sm ZkQ 1
Igh + sin(lph) etrwr + Kye—Hewi

~ [e_ﬂk(x —wy) _'_Kleltk(xl—wl)}

e (i(2-4)) o
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Fig. 2. Current-voltage characteristic of Au/GaAs Schottky
diode.

For an extended generation, the collected current in the
level of the vertical or horizontal junction is obtained from
the minority carrier collection probability due to a Dirac
impulse, by minority carrier generation volume integra-
tion [15,16]:
I.= e// Q',2)g(2!, 2")d'd2’ (10)
1%

where V' is the generation volume. Hence, the expression
of the induced current collected within the vertical junc-
tion is:
e(l1-R)Ey 1 «

Ep Ry ﬁ

<1 h
" Z 2 Sm-l;C 5 1
p lgh + sin(lh) erswr + Kqe=Hewr

y [/wl (et ) 4 o' ea‘z(mzoyzdx]
0

X l/ORK 5 (é{) cos Iy, (Z’ - g) dz’] . (1)

In the case of an impulse located in the junction plane
(x = 0), we suppose that all the carriers created within the
depletion layer are collected by the junction field [20] such
that the minority carriers collection probability within the
depletion layer equals 1.

Then, analytical expression of the induced current gen-
erated by an electron beam and collected within the de-
pletion layer for vertical junction is of the form [15,16]:

Icc =

2,2

Izc (o) = e// g(2',2")da'dz" & Iz0(xp) x e 0
v
(12)
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Fig. 3. Normalized induced current measured by SEMEBIC
mode in Au/GaAs Schottky diode.

where V' is the generation volume within the deple-
tion layer and «, having the square root inverse of
length dimension equation, is a parameter determined
experimentally.

3 Experimental results

Our sample is a GaAs Schottky diode (Au/GaAs) elabo-
rated by metalorganic vapour phase epitaxy. The MOVPE
apparatus was an horizontal quartz reactor working at at-
mospheric pressure. During the preparation of the GaAs
substrate, the doping atoms (Si) are diffused: the P doped
layer was obtained by ion implantation. The sample is
then submitted to a thermal annealing to ensure the acti-
vation of dopant impurities.

The P type conductivity of the sample is checked by
the hot point method. An Au thin film was deposited onto
the front face of the sample by evaporation under vacuum.
An ohmic contact is established by annealing on the back
face. An example of the current-voltage characteristics of
the Au/GaAs Schottky diode is shown in Figure 2.

Our incident electron beam energy is of the order of
Ey = 25 keV. The circuit is indicated in Figure 1. An ex-
ample of the result obtained by on line scanning is shown
in Figure 3.

The shape of the normalized induced current versus
the incident beam position decreases exponentially from
a maximum at the beginning of the depletion layer.

3.1 Van Roosbroeck and Bresse model

The induced current generated by an electron beam and
collected within the depletion layer for a vertical junction
is of the form (2).

Izo(xg) e T (2)

The experimental values are shown in Figure 4 on semi
logarithmic scale. The generated minority carrier diffusion
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Fig. 5. Normalized induced current for L, = 3.5 pum and
different surface recombination velocities V.

length is given by the inverse of the slope at the linear
part (1) of the curve. Figure 4 gives L, = 3.5 pm.

Far from the depletion layer and for the distance
source-junction greater than %, we found a second linear
part (2). In fact, the extrapolated linear curves cross in
the point M (abscissa 1.99 pm). This is due to the contri-
bution of the multiple process of the reabsorbed, recombi-
nation, radiation (RRR) to the measured current [11-16].
The photocurrent Irrr generated by the RRR process
is proportional to exp(—ax), where a is a mean opti-
cal self-absorption coefficient of the sample. We found
a=0.034 ym~1.

To determine the surface recombination velocity of the
sample, we numerically calculated the induced current
from Bresse’s equation (1) [2], for many values of recom-
bination velocity.

The obtained curves are then compared to the exper-
imental one. All curves are shown in Figure 5. The curve
corresponding to Vi = 10% cms™! is the most concurrent
with the experimental one. We note that this curve does
not coincide totally with the experimental curve at the

p—

Normalized induced current

0 4 8 12
x2(um?)

Fig. 6. Normalized induced current versus squared incident
beam position on semi-logarithmic scale.

depletion layer and for distance source-junction greater
than L,, (Fig. 5).

3.2 The proposed model

The induced current generated by an electron beam and
collected within the depletion layer for a vertical junction
is of the form (10) [15,16]:

o’ag (12)
The experimental values of the induced current are shown
in Figure 6 on logarithmic scale as a function of z2. The
curve has a decreasing exponential shape. The generated
minority carrier diffusion lengths have been deduced from
the inverse square root of the slope of a?. So, we obtain:

Izc(IQ) x e

— from the linear part (1) of the curve, the inverse of the
square root of the slope gives L, = 2 pm;

— the linear part (2) gives L,, = 4.5 pum. This is due to
the variation of the concentration in doped element.

The experimental extrapolated linear curve cross in
the M position (see Fig. 6). The distance z3 between
origin and M is about 1.4 pm?2, its square root is zg =
1.18 pm. This is the width of the depletion layer con-
firmed experimentally by the absorbed emissive mode of
scanning electron microscope (see photo).

Far from the depletion layer and for distance x( greater
than zxy = 2.3 pm, we obtain an abrupt change in the
slope of the curve. This is due to the reabsorbed recombi-
nation radiation effects that are preponderant [11,15,16].
In the case of GaAs sample, a is then the optical self- ab-
sorption coefficient. This value is deduced from the square
root of the slope. We obtain a = 0.034 um~'. This agrees
with the value obtained by the classical model.

To determine the surface recombination velocity, we
calculated numerically the induced current from our pro-
posed model (Eq. (11)) for L,, = 2 pm and for many val-
ues of the recombination velocity. Figure 7 shows a good
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Photo : Absorbed mode of the SEM.
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Fig. 7. Normalized induced current for L, = 2 um and differ-
ent surface recombination velocities V.

agreement of the theoretical curve (Vs = 10° cms™!) with
the experimental result in the depletion layer. We note
that for distance source-junction greater than 2.3 ym, the
calculated curve does not coincide with the experimen-
tal one. This proves that the measured current in the re-
gion III includes the Iggr current generated by the RRR
process.

4 Comparative study and discussion

In order to validate our proposed EBIC model, we have
carried out a comparative study with the results of the
classical model [2]. By comparing the two computed curves
from our model and the Bresse’s one, with the measured
current (Fig. 8), we notice that our calculated curve fits
the experimental one within the depletion layer (region I)
and in the vicinity of it (region II), unlike the curve of
Bresse’s model. As the source-junction distance increases
(more than 2.3 um) the calculated EBIC curve diverges

—
N

seeess EXxperimental
aasaa Bress model

2 Proposed model

Normalized induced current
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L
NS
|

0.0
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Xo (pm)

Fig. 8. Normalized induced current from different models for
Ve =10% cms™?.

from the experimental one (in region III). This is due to
the contribution of the multiple process reabsorbed recom-
bination radiation (RRR) current which will be measured
as we move away from the depletion layer. The magnitude
of the normalized photocurrent generated by the RRR
process is deduced by subtracting the theoretical EBIC
values from the experimental values.

As the EBIC experiments have allowed us to ob-
tain some transport properties of the component, a
semi-logarithmic plot of EBIC experiments versus x3 is
achieved. From the slope of the plot we have extracted
the width of the depletion layer (confirmed experimen-
tally with absorbed mode of SEM), and the absorption
coefficient.

The following table gives a comparison of measure-
ments of diffusion length, absorption coefficient and sur-
face recombination velocity obtained with the EBIC tech-
niques (van Roosbroeck and Bresse model and our model)
and from other measurements (Raman spectroscopy, pho-
toluminescence intensity and Hall effect), our results are
in good agreement with the experimental ones obtained
by such techniques [21-23].

Ly a Vs
(pm)  (pm™Y)  (ems™)
van Roosbroeck and 3.5 0.034 ~10°
Bresse model (e~ T
%)
Proposed model (e_f%> 2 0.034 106
Results of other experimental 0.7-2  0.034-1 108

techniques [21-23]*)

(*): Depending on minority carrier concentrations.
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It is then clear that the EBIC current in the deple-

:172
tion layer has to be described by e~ 2% and far from the
depletion layer we have to take into account another phys-
ical process (RRR process) to fit the experimental EBIC
curve.

5 Conclusion

The choice of the generation rate of the excess minority
carriers generated by an electron beam is crucial to re-
solve the steady-state continuity equation satisfying the
boundary conditions. The proposed analytical expression
of the induced current within the depletion layer allowed
us to determine some transport properties in III-V semi-
conductor materials such as the diffusion length, surface
recombination velocity, as well as the width of the deple-
tion layer. For GaAs sample, our model gives L,, = 2 pym
and V, = 10 cms™!. The width of the depletion layer was
also deduced: z¢g = 1.18 pm.

Far from the junction the multiple process of the RRR
produces most of the measured current and our model al-
lows to deduce the optical self-absorption coefficient of the
I11-V semiconductor material. We found a = 0.034 ym~—!
for GaAs.

As the results deduced from our EBIC model are close
to those obtained from several experiments (Raman spec-
troscopy, photoluminescence, Hall effect), we plan to apply
our EBIC model to an other semiconductor devices with
different doping elements and compositions for both ver-
tical and horizontal junctions, in order to determine their
transport properties.
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