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SCH laser recombination rate from EBIC profiles
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Abstract

A new method to evaluate the total recombination velocity R at the quantum wells (QW) using electron-beam-induced current
(EBIC) linescans is presented. The procedure consists in, as a first step, estimating the electron—hole pairs (e—-h) generation
function g(x, y, z) applying Monte Carlo calculations where the incident electron energy dependence of the inelastic—elastic
scattering cross-section proportion is introduced. Secondly, the steady-state diffusion equation is applied to minority carriers in
each differential volume of e—h generation. This method is then used to investigate separate-confinement laser heterostructures
(SCH). From the comparison between experimental and calculated EBIC linescans, minority carriers diffusion lengths at both
sides of the laser junction and recombination rate in the active region are deduced. As a result, the recombination rate in the QWs

of the laser structure is evaluated to be R~3 x 10 cm s~ 1,
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1. Introduction

The electron-beam-induced current (EBIC) and
cathodoluminescence (CL) modes of scanning electron
microscopy (SEM) are powerful techniques for the
investigation of semiconductors and are based on opto-
and microelectronic devices [1,2]. Nevertheless, quanti-
tative analysis of these modes did not deliver up to now
all the possible information available. This is due
mainly to the extent of electron-hole pairs (e—h) gener-
ation during electron beam excitation that complicates
the interpretation of CL and/or EBIC measurements.
To overcome these difficulties, the e—h generation spa-
tial dependence is estimated and taken into account in
the EBIC intensity profile simulation. The distributions
of generated e—h are determined through Monte Carlo
calculations applied to the s-scattering model [3]. The
advantage of this approach is the possibility of modify-
ing the inelastic versus elastic proportion on scattering
events with the energy of the incident electron. So, near
electron beam energy of 10 keV, strong variation must
occur due to the impossibility of exciting atomic K-lev-
els. Both depth and lateral distributions of generated
e—h computed by Monte Carlo algorithms have been
compared with recently published experimental mea-
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surements [4]. In a second step, the estimated e-h
generation function g(x, y, z) is introduced into the
steady-state diffusion equation to extract the collection
efficiency, i.e., the normalized EBIC at each point of
the linescan. This procedure is applied to investigate the
total recombination velocity R in separate-confinement
laser heterostructures (SCH).

2. Experimental details

The EBIC linescan profiles are collected from SCHs
based on InP. These lasers were grown by metal-or-
ganic vapour phase epitaxy (MOVPE) on an n-doped
(Si: 1 % 10'8 cm —3) InP substrate at 900 K and nominal
atmospheric pressure (ITI-V ratio: 100). The heteroepi-
taxial strocture is described schematically in Fig. 1,
close to a wedge transmission electron microscopy
(WTEM) micrograph of the laser. The undoped active
region consists in four InGaAs quantum wells (QWs) of
80 A width separated by InGaAsP barriers of 170 A
(both InGaAs and InGaAsP are matched to InP). This
structure is sandwiched between two InGaAsP layers of
40 nm. This multiple-quantum-well (MQW) is buried
below 1.5 um of a p-doped (Zn: 5 x 107 ecm~3) InP,
and 1.0 pm n-doped InP (Si: 3 x 10'® cm~?) was grown
between the substrate and the active region. Both layers
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Fig. 1. Scheme of the SCH on study. The WTEM micrograph shows the multiquantum well (MQW) structure.

configure the p—n junction of the SCH. The whole
structure is capped by 100 nm of p-doped In, 5:Gag 47AS
(Zn: 1 x 10 em~3).

The EBIC linescans are performed on freshly cleaved
(110) face perpendicular to the epilayers in the (001)
direction, labelled normal-collector configuration (dis-
played in Fig. 2). The current induced by electron beam
excitation is measured using a Matelect ISM-5A am-
plifier and Matelect IU-1 interface. The EBIC experimen-
tal set-up is installed on a JEOL-820SM scanning
electron microscope.

3. Results and discussion

During the high-energy electron brake, e—h are gener-
ated while the incident electron energy reaches the energy
gap of the semiconductor. To take into account the
extent of e—h generation, we have developed a Monte
Carlo procedure introducing the s-scattering model as
physics frame. In order to calculate EBIC linescans, the
number of generated electron-hole pairs g(%, 7, £) in each
scattering event is computed: g(%, 7, 2)=[E(Gi—1)—
E(i)}/E.,, where E(i) is the electron beam energy at the
i-step and E., the energy of an electron-hole pair
generation [5].

After its generation, electron-hole pairs diffuse into
the semiconductor. At low level injection, the EBIC
signal results from the minority carriers that reach the
junction. These are swept out to the other side of the
space-charge region (SCR) and collected as a current.
Therefore, outside the depletion region, the EBIC signal
is dominated by the minority carriers diffusion and
follows the steady-state equation:

, 1
DVp(r) = —p) +g) =0, @
where g(r) i8 the electron—hole generation at r(x, y, z)

coordinates, p(») is the minority carrier density, D is the
diffusion coefficient related to mobility p by the Einstein

relation (D =u x kgT'/e) and 7 describes the effective
minority carrier lifetime that includes the radiative,
non-radiative lifetimes and surface recombination pro-
cess. D and t are related th,rou’gh‘ minority carriers
diffusion length L, D = L?*/t. The diffusion problem in
linescans across p—n junctions may be reduced to two
dimensions due to the EBIC and does not depend on the
y-coordinate. Therefore, g(%, £) and p(x, z) are expressed
by the following (£, 7, £ are the generation coordinates):

electron beam

(001) face

generation volume

x1=0

Fig. 2. Geometry used for EBIC profiles measurements, performed
along the [001] direction. The generation volume from elastic—inelas-
tic interactions between high-energy beam electrons and the semicon-
ductor is shown. In the scattering model, each interaction generates a
quantity of e~h depending on the incident electron energy-loss. Also,
the minority carriers collection efficiency depends on coordinates (x,
¥, z). For example, every e-h generated at MQW recombines.
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Fig. 3. The L./ L ratio as a function of /D for a different bulk minority
carriers diffusion lengths L at E, = 5 keV. The effective diffusion length
L. may be evaluated from integrated minority carriers density depth Z
determination, by Monte Carlo integration subroutine (Eqs. (8)and (9)).

g& )= j g®, 7, 2)dy

-0

+ oo
p(x,z)= J p(x,y,z)dy. @
The boundary conditions to solve Eq. (1) are the follow-
ing. (a) The junction is assumed to be a perfect recombi-
nation region for the inside generated e—h, i.e., every e—h
generated at MQW recombines. It means that the recom-
bination lifetime in the QWs is shorter than the drift time
when the carriers are by pairs. (b) The surface at z=10
(110) is characterized by its recombination velocity S,

= Sp(x, 7)

z=0

z=0" (3)

b p(x, 2)
oz

(¢) Outside the active region, the minority carriers
recombination, due to its capture at MQW is, in the same
way, characterized by the recombination rate R:

0
D—p(x9 Z) =Rp(x> Z)lx= — w20 (4)
X Xx= — wj/2 J
The collected EBIC profile, Izp(x) may be defined as:
+ o
Tgpre(x) = j px,z)dz
0
+ o + o + o0
= j j J g(%, No(x,z, %, 1)
0 0 — o0
x d% dz dz, (5)

where @(x, z, X, £) [6] is the minority carriers collection
probability for e~h that are generated at (X, Z), and
collected at (x, z). From Egs. (3) and (4), the minority
carriers density p(x, z), solution of Eq. (1), must be in the
form [7]:

p(x, z) = pap(x, Z)l:1 - 1 ‘);‘X exp( -—%>]

d. 2
I

We define ¥ and # as the ratios of minority carriers
diffusion length L and the associated depletion lengths
D/S and DR, respectively: y =S x L{Dand y=R x L/
D. The minority carriers density in the absence of surface
perturbation (the infinite-3D case) is pap(x, 2):

dj>J+wJ‘+w o
X,z
Leff 0 — g( )

X exp< _Z ; Z~> dx dz. (N

-

In the above proposed approximation to psp, the first
exponential term corresponds to lateral (x-axis) depen-
dence on minority carriers density, where d; and L are
the distanlce to the junction’s edge (the SCR is located
between — w; < x<0) and the minority carriers effec-
tive diffusion length, respectively. Hence, d; = x on the
n-side (x> 0) and d;= — (x + w;) on the p-side (x < —
w;). The effective diffusion length is expressed by [8]:

Leff

X
J[ T+y

eXP( - dj +LWJ/

)]
®

exp(~ Il ~ T

normalized EBIC

distance[um]

Fig. 4. EBIC-intensity profile across the SCH structure. (O), Experi-
mental data; (——), simulated profile. The distance corresponds to
the x-axis of Fig. 2.
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Fig. 5. Minimum minority carriers collection 4 at MQW vs. R/D
ratio for different bulk diffusion length values (L =0.2-0.7 pm).

directly from the assumption psp/7 = p/Te Where Z, the
integrated minority carriers density depth, is expressed
as

1 [+ [+
=; J Jv zp(x, z) dx dz, €))
0 — 0

[T

where y ensures its normalization.

Comparing the calculated EBIC linescans to the ex-
perimental measurements, the bulk minority carriers
diffusion length L and S/D are deduced. The decrease
near the SCR is very sensitive to S/D while the EBIC
behaviour far from the junction {>1.3 um) is more
sensitive to L. Hence, the S/D ratio is close to o in our
case {log(8/D) > 6). We determine the minority carriers
effective diffusion lengths by fitting an exponential-like
decay on linescans in the region x > | um, resulting in
Ly=026 pm for holes and L. =0.38 um for elec-
trons. Fig. 3 displays the dependence of L.4/L on S/D
at £, =5 keV deduced from Egs. (8) and (9), assuming
a large distance from the junction-MQW. From the
deduced values of L.g/L and S/D, the bulk diffusion
lengths are evaluated to be L, =0.35 um at the n-side
and L, =0.54 um at the p-side.

The experimental normalized-EBIC profile {(O) and
the closest-fitting simulated profile (——) are shown in
Fig. 4. The other feature of these EBIC linescans is the
‘hole’ in the EBIC intensity due to the carriers capture
in the MQW. Indeed, when both electron and hole are
present, the recombination lifetime in the QWs becomes
shorter than the time to sweep out the carriers of the
depletion layer. Obviously, it is not the case when
minority carriers reach the junction from both p- and
n-sides. Its relative minimum collection amounts to
70% of the maximum. The dependence of the relative
hole depth / on the ratio R/D for different bulk diffu-
sion length values is displayed in Fig. 5. As the experi-

mental 2=10.7, and knowing L, and L., R/D is found
to be >1x10° cm~! and 5 x 10* cm~! for holes
(n-side) and electrons (p-side), respectively. However,
the recombination rate R must be identical for both
electrons and holes. Therefore, mobilities are estimated
to be D, =325 cm? s~! [9] and D, =65 cm? s~ ! [10].

In summary, from EBIC measurements, effective dif-
fusion lengths L. are measured. Introducing these
values into the theoretical analytical expressions and
comparing them with the experimental shape S§/D, R/
D, L, and L, are deduced. The junction laser character-
istics are then p, =125 cm? V=1 s=!, p,=2500 cm?
V-ls land Rx3x10°cm s~

4. Conclusion

A procedure to compute EBIC linescans across QWs
is presented. From the extended generation of elec-
tron—hole pairs estimated from the Monte Carlo
method and applying the steady-state diffusion equa-
tion to generated e—h in each differential volume, with
the appropriate boundary conditions, the EBIC profile
is deduced. From direct comparison between simulated
and experimental data, electron and hole mobilities,
surface recombination velocity and recombination rate
in the active region of the laser are deduced.
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