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Abstract

t
i

A method for the quantitative evaluation of electron-bsam-induced current (EBIC) profiles across p—n junctions (normal-collec-
tor configuration) is presented. The procedure consists of firstly estimating the extent of electron—hole (e—h) pair generation by
Monte Carlo calculations. Secondly, the steady-state diffusion equation is applied to minority carriers in each differential volume
to evaluate the minority carrier collection probability. The model is then used to investigate (4 = 1.3 pm) InGaAsP/InP double
bulk heterostructure lasers. From the comparison of experimental and calculated linescans, the minority carrier diffusion length
and surface recombination velocity are evaluated to be L=0.52 pm and S/D =1 x 10> em~! at n-side and L = 0.87 um and

S/D=5x10* cm~! at p-side. © 1997 Elsevier Science S.A.
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1. Introduction

Investigations of transport properties in heteroepitax-
ial structures have attracted significant interest not only
as consequence of the fascinating physics related to
quantum size effects, but also because of the necessity
to fully characterize optoelectronic and microelectronic
production devices. In general, mobilities are estimated
from Hall-effect measurements [1,2], while recombina-
tion lifetimes are determined from time-of-flight (TOF)
experiments [3-5]. To determine diffusion lengths,
therefore, such complementary techniques are neces-
sary. The electron-beam-induced current (EBIC) mode
of the scanning electron microscope (SEM) allows us to
evaluate the minority carrier diffusion length and the
surface recombination velocity in the sub-micron scale
[6—11]. The EBIC detection principle is based on the
presence of local electric fields, such as that formed by
a p-n junction, a Schottky contact or even crystal
defects. In most cases, transport properties cannot be

* Corresponding author.

0921-5107/97/817.00 © 1997 Elsevier Science S.A. All rights reserved.

PI1S0921-5107(96)01738-2

straightforwardly quantified and a method to model
EBIC linescans is required. The principal reasons for
such a difficulty are the extent of electron~hole (e~h)
pair generation due to electron beam excitation and/or
surface recombination processes, perturbing the minor-
ity carriers transport. To overcome such difficulties, we
present in this contribution a procedure that takes into
account both influences on EBIC profiles, which
thereby allows us to determine the bulk minority carri-
ers diffusion lengths. The proposed algorithms also
allow the estimation of the surface recombination ve-
locity. The extended e—h generation is estimated, at a
specified electron beam energy, from the Monte Carlo
method. Both depth and lateral e~h distributions have
been compared with the first reliable experimental mea-
surements [12]. The next step consists of applying the
steady-state diffusion equation to generated carriers in
each differential volume for each point of the EBIC
linescan. This procedure is then subsequently applied to
extract the bulk minority carrier diffusion length and
the surface recombination velocity in normal-collector
geometry across the p—n junction in InGaAsP/InP
double bulk heterostructure lasers (DBHL).
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2. Experimental technique

The EBIC linescan profiles are collected from In-
GaAsP/InP (1=1.3 um) DHBLs used as p—n junc-
tions. The laser was grown by metal-organic vapor
phase epitaxy (MOVPE) on an n-doped (Si, 1 x 10%®
em~?) InP substrate at 900 K and nominal atmo-
spheric pressure (III-V ratio: 100). The structure is
presented schematically in Fig. 1. The undoped ac-
tive region consists of a 100 nm InGaAsP (A1=1.3
pm) layer sandwiched between two InGaAsP (1=
1.15 um) layers of 50 nm. The cladding layers are
composed of 1.5 um p-doped (Zn, 8 x 10'7 cm~?)
and 1.0 pm n-doped (Si, 2 x 10'® cm~%) InP. The
DHBLs are capped by 100 nm of 4 x 10'® cm~? p-
doped Ing 53Gag 4,AS.

The EBIC linescans were measured from a freshly
cleaved (110) face perpendicular to the epilayers in
the [001] direction, that is to say, in the normal-col-
lector configuration (geometry of Fig. 2). The current
induced by electron beam excitation was measured
using a Matelect ISM-5A amplifier and Matelect IU-
1 interface. The EBIC experimental set-up was in-

stalled on a JEOL-820SM scanning electron
microscope.
p-InGaAs A 100 nm
p-inP 15 um
InGaAsP (A =1.15 um) | 50 nm
InGaAsP (A =1.3 um) | 100 nm
InGaAsP (A =115 um) | 50 nm
n-InP 1.0 um
n-inP
substrate

Fig. 1. Schematic diagram of (4 = 1.3 um) InGaAsP/InP double bulk
heterostructure laser.
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Fig. 2. Schematic representation of the normal-collector geometry
used for EBIC profile measurements, performed along the [001]
direction. The coordinates system (x, y, z), the depletion layer width
(w)) associated coordinate and the surface recombination velocity S
close to (110) face are shown.

3. Results and discussion

During the electron beam excitation, when e—h pairs
are generated beneath electron-beam point of impact,
excess carrier diffusion occurs. At low-level injection,
the induced current is controlled by minority carriers
diffusion. Those that reach the space-charge region
(SCR) drift to the other side by the p-n junction’s
electrical field, inhibiting their recombination and sub-
sequently collected as a current. The recorded EBIC
profile, therefore, shows a maximum at the depletion
layer region. Outside the depletion region, physics phe-
nomena are described by the steady-state equation,

DVp(r) — = plr) + 84 =0, m

where g(r) describes the e-h generation at r(x, y, z)
coordinates, p(r) is the minority carrier density, D is the
diffusivity related to mobility x by the Einstein relation
D = u(kpT/e), and 7 is the effective minority carrier
lifetime that includes the radiative, non-radiative life-
times and also the surface recombination process. D
and 1 are related through the minority carrier diffusion
length L, D = L?/z. The diffusion problem in normal-
collector geometry may be reduced to a two-dimen-
sional problem, as a consequence of EBIC not being
dependent on its y-coordinate. Therefore, g(£, £) and
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p(X, Z) are expressed by (%, J, £ are the generation
coordinates):

-+ 0
g(x,2)= J g, 7, 2)dy

— 0

+ 0
p(x,z) =J px, y,2) dy. @)
-0

The boundary conditions are defined by the normal-
collection set-up, that is: (a) the junction is assumed as
a perfect collector, i.e., no recombination processes
occur across the p—n junction; and (b) the surface is
characterized by its recombination velocity S,

=Sp(x, 2)|, =0 3)

z=0

D p(x, )
Oz

The collected EBIC profile, Iggc(x), may then be
defined as:

-+ o

IEBIC(X)=J plx, z)dz

0
- rw fﬂog(g No(E 2) ds dz, @)
4 — 0

where ¢ (%, £) is the minority carrier collection proba-
bility when the e—h are generated at (%, £). From the
boundary condition (Eq. (3)) of the steady-state equa-
tion, the minority carrier density must be in the form
of:

MLn=maa@D—lixa{—§ﬂ. ®)

We define 7 as the ratio of minority carrier diffusion
length and surface depletion length (y = S(L/D)), and
Psplx, z) as the minority carrier density (i.e., the solu-
tion of Eq. (1)) in the absence of surface perturbation
(the infinite-three-dimensional case):

d. + o +
p3D(x7 z)=eXp<—LJ >J .[ g(je: Z)
eff, 0 — o0
z

-z

exp( — —> dx dz. (6)

L

In this expression, the first exponential term corre-
sponds to the lateral dependence of the minority carrier
density where d; and Ly are the coordinate related to
the junction (—w;<x<0) and the minority carrier
effective diffusion length, respectively. Hence, d, = x on
the n-side (x>0) and d, = —(x+w) on the p-side
(x < —wy). The effective diffusion length is expressed
as:

X z
—1 1 —_— -_
Lg=L \/ T4y exp( —L>, (N

where Z, the integrated minority carrier density depth is
given by

1 -+ oo =+ o
z =; J J zp(x, z) dx dz. ®)
0 — o

The factor y ensures the normalization of the p(x, z)
function. Therefore Izp;c(x) is fully given by:

Teprce(x)

el -reel 1))
= exp| ——— )| | ———exp| —=
J:) p< Leff>< I+ ATz

J+w J+ - g%, 2) exp< —Z;E> dx dz dz. %)
0 — L

To take account of the extended e—h generation g(&,
£), we have developed a Monte Carlo procedure using
the modified scattering model of Kanaya et al.! as
physics background, rather than the more commonly
used Rutherford-Bethe model. To compute EBIC
linescans, the number of generated e—h pairs g(&, §, %)
on every scattering event is evaluated. Hence, g(%, 7,
Z)=[E({i—1)— E(@)]/E.n, where E(i) is the i-step elec-
tron-beam energy and E,, the energy of an e—h pair
generation. Thus, g(%, 7, Z) is reduced to an %, £-depen-
dence by Eq. (2).

Both L and S/D parameters are related by Eqgs. (7)
and (8). Fig. 3 displays the dependence of L./L on S/D
for E, =5 keV. For log(S/D) <2, the ratio L. /L~1,
whereas /L decreases strongly, particularly for large
values of L at log(S/D)=6. An evaluation of bulk
minority carrier lengths and surface recombination ve-
locity is possible by comparing the simulated and exper-
imental profiles. The magnitude of the S/D ratio is
assessed from the linescan shape. Consequently, on the

1,0— ) L 1 L i " 1 " 3
L=0.1um
0,84 -
= L =0.25 um
—JCD
L=0.5um
L=1um
0,6 -
L=2pm
T T T T T v
2 4 6 8 10

Log (&/D)

Fig. 3. The L.y/L ratio vs. S/D for different bulk minority carrier
diffusion lengths L. The effective diffusion length L., may be evalu-
ated from the exponential-decay region of the EBIC linescan profiles,
or directly from the integrated minority carrier density depth Z
determination by the Monte Carlo integration subroutine (Eq. (8)).
The £ values for bulk diffusion lengths displayed on the figure (in the
form of (L, £); both expressed in pm) are: (0.1, 0.173), (0.25, 0.229),
(0.5, 0.344), (1, 0.567) and (2, 0.839).
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Fig. 4. Experimental EBIC linescans at the n-side of the (1 =1.3 um)
InGaAsP/InP DHBL (Q) and simulated EBIC profiles (——) in the
1 x10* to 1 x10° cm~! S/D range. The effective hole diffusion
lengths L. (corresponding to different L) are equalized to (a)
L= 0394 um (experimental case) at energy beam Ey =35 keV and
(b) 0.415 pm at E, =10 keV.

n-side of the DBHL p-n junction, it is rapidly esti-
mated that S/D lies between 10* and 10° cm ™' We
determine the hole effective diffusion length by fitting
an exponential-like decay to the experimental EBIC
data in the region x > 0.7 um. At £, = 5 keV we obtain
L. =0.394 pm. Then, the simulated EBIC profiles are
performed at different S/D (between 10* and 10° cm ™~
1), using the bulk hole diffusion length values L, which
gives L= 0.39 £ 0.01 um, as shown in Fig. 4(a). The
closest-fitting simulated profile corresponds to S/D =
1 x10° em~* and L,=0.52 pym. These results are in
agreement with EBIC linescans at E, =10 keV, dis-

played on Fig. 4(b). The accuracy of the minority
carrier bulk diffusion length determination is estimated
at +0.01 um. As for the p-side, the minority carrier
diffusion length (electrons) results in L, =0.87 um and
S/D=5x10* cm~ L

4. Conclusion

A computational procedure to simulate EBIC across
p-n junctions has been proposed. From the extended
e—h pair generation dependence on beam energy de-
duced from Monte Carlo calculations and applying the
steady-state diffusion equation to generated e—h pairs
in each differential volume, the EBIC linescan is de-
duced. The bulk diffusion lengths and surface recombi-
nation velocities at each junction sides are determined
from direct comparison of simulated with experimental
profiles.
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