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Abgtract

The theoretical fundamentals for the calculation of
the local cathodoluminescence (CL) signa and electron
beam induced current (EBIC) in the scanning electron
microscope (SEM) are outlined. Especially, the simulation
of the signal contrast profile behavior of individual
dislocation configurationsis reviewed. Existing analytical
modelsand new numerical approaches are summarized.

In addition to the evaluation of material parameters,
the conception of combined SEM-CL/EBICisappliedtothe
quantitative experimental characterization of single defects
in grown-in, misfit as well as glide dislocation structures
with respect to their recombination activity invarious|l1-V
semiconductors. Recent CL datafrom dislocationsin GaP,
GaAs, and CdTeinthelow-temperaturerange are analyzed
in the framework of temperature-dependent defect-related
recombination Kinetics.
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Introduction

During the last decades, scanning electron
microscopy (SEM) has been devel oped towards astandard
experimental method to obtain imagesfrom alarge variety
of materials. In semiconductor characterization and research,
the investigation of local electronic and optical properties
isof vital importancefor problems ranging from micro- and
optoel ectronic materials, devices, and quantum structures
to solar cells. Here, both cathodoluminescence (CL) and
electron beam induced current (EBIC) mode have been
successfully applied[1, 3, 4, 25, 50, 59, 74] sincethey allow
access to a defined specimen bulk region due to the beam-
induced creation of electron-hole pairs. Besides the very
important aspect of imaging and identification of particular
features (electrically and optically active dislocations,
precipitates, stacking faults, microdefects etc.) with high
lateral resolution, combined SEM-CL/EBIC offers the
possibility to determine reliable quantitative information
onrelevant local electronic and optical material parameters
[39] and, especially, the recombination behavior at individual
defects such as dislocations [62]. This purpose, however,
requires an accurate simulation of the signals asafunction
of these parameters. The corresponding equations must
also berelated to the carrier recombination processes at the
defect. Although thisisacomplex task in general, it may be
largely simplified in many practical casesor even performed
analytically. Theappropriate model functionsarethen fitted
tothe experimental data, and the material parameter values
arederived.

If we follow a strategic scheme for performing
quantitative SEM-CL/EBIC investigationssuch asthat given
in Table 1, it is possible to obtain important information
about the electronic properties and defect recombination
activity which are significant for the treatment of many
semiconductor defect physics problems. The suitability of
the given strategy will be demonstrated by several
theoretical and experimental examplesin this paper. Some
aspects of this scheme should be emphasized at this point.
Investigations of the semiconductor matrix propertiesarea
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Table 1. Strategy of SEM-CL/EBIC investigations on semiconductors

Experiment Theory

Modelling of excess carrier
recombination

CL spectra of intrinsic and
exirinsic fransitions

Signals as function of U, diffusion
length L, optical absorption c,

surface recombination velocity vg,
quantum efficiency O

Quantitative measurements of
beam voltage (U,) dependent

EBIC and spectral CL signal in
the bulk region

Numerical models for calculation of
excess carrier distribution by finite

difference (FDM) and finite element
methods (FEM)

CL and EBIC high-resolution
“defect imaging (HRDI)

Qualitative characterisation of
the defect structure

Numerical calculation of ¢ggye, €y

Quantitative U, dependent CL

and EBIC defect contrast - various sample geometries
profiles from single - realistic generation
dislocations - arbitrary defect strength

B Measurements dependent on
- temperature T

- beam current density i,
* Fermi level position £,

Correlation with
defect type and structure
Interaction with point defects

Model of carrier recombination on
defects

Y

Interpretation of defect strength values and
recombination-active electronic density of states
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Figure 1. Scheme of combined SEM-CL/EBIC experiments.
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necessary prerequisite for the quantitative study of defects
and their electrical activity. Under these conditions, a
complete set of matrix and defect parametersmay be obtained
from combined CL/EBIC measurements. This requires,
however, comprehensive simulation models on one hand
and information about the structure and configuration of
the extended defects on the other. The knowledge about
the carrier recombination processesisimportant for acorrect
interpretation of the experiments. While bulk recombination
paths in semiconductors are generally known, the iden-
tification of the defect recombination mechanisms is a
primary aim of these studies. Especially, the temperature
dependence of dislocation recombination and the
recombination kinetics when state occupation is changed
by varying the injection level should be correlated with
structural details such asthe interaction with point defects
and models about electronic states in the dislocation core
and the surrounding region.

Inthis paper, wewill restrict ourselvesto an outline
of thetheoretical fundamentalsfor basic defect geometries
suchasasingledidocationin athick epilayer or bulk sample
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with the aim of a quantitative experimental evaluation of
corresponding model defect systems by combined CL and
EBIC. We will follow the widely accepted generalized
theoretical conception by Donolato, Pasemann, and Hergert
[11,14, 21, 28, 45, 47, 49]. Thelarge variety of resultsfrom
mainly qualitativeinvestigationsusing CL or EBIC, detailed
calculations for particular geometries as well as special
aspects concerning quantum structures, devices or
instrumentation arelargely beyond the scope of our review.
The interested reader is referred to some of the reviews
cited above.

Theor etical Fundamentals

Figure 1 contains schematically the various carrier
and photonic processes occurring in CL and EBIC
experimentsin the SEM. The carrier behavior is primarily
represented by the el ectron-hole pair generation distribution
g(r), theminority carrier diffusion length L=v(D1), and the
radiative and non-radiative bulk lifetimest, and T, which
determine the corresponding recombi-nation rates R and
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R, The continuity equation for the time-dependent excess
minority carrier density q(r,t) is established as the balance
of diffusion and drift currents, total recombination, and beam
induced generation rates at each point r of the sample:

2 alra) o0l 5= aey
@

wherethetotal minority carrier lifetimet(r) =(t * +1_7)'is
generally considered as a defect-related function of the
locationr, D isthediffusion coefficient, and 1 the minority
carrier mobility. The validity of O requires a linear
recombination model such as band-to-band recombination
inthelow-injection regime (e.g., q=Ap < n, for anextrinsic
n-type semiconductor) so that the majority carriers do not
need to be considered. If electric fieldsE(r,t) can be neglected
inaneutral bulk semiconductor, the stationary balance (op/
ot = 0) isdescribed by the steady-state continuity diffusion
equation

Duzq(a-ﬂ%q(r):-g(r). e

According to the actual sample geometry, boundary
conditions have to be fulfilled such as

p 998

onQ 9

=v,qlr,)

r=rg

for any surface or interface r, where a normal diffusion
current is linked to a non-radiative surface/interface
recombination velocity v, In directions with practically
infinite sample extensions, the carrier density must vanish
(q(r) - Oforr — ).

For the generation rate, various models have been
used in the literature. For the given partial differential
equation of Helmholtz type, a delta-function point source
leadsto the determination of Green’sfunction G(r,r’). It can
be obtained using the method of mirror images [11] for
various defect-free sample geometries. Due to its
mathematical simplicity, auniform sphere generation also
alowsthedetermination of g (r) for the homogeneous half-
infinite sample in analytical form [22]. For a correct
quantitative analysis of experimental data, however, theuse
of arealisticgeneration distribution g(r;U,) =G, g,(r,2) 9,(2
isessential (G, isthetotal carrier generation rate). It can be

1 Effects of reabsorption of recombination radiation[39, 57],
i.e., renewed generation of electron-hole pairs by photon

absorption, are neglected throughout this paper.
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obtained by Monte Carlo (MC) simulation of scattering and
energy dissipation of primary €electronsof energy eU, inside
the sample [70]. The versatility and simplicity of MC
generation modelsfavor their universal application evenin
complex geometrical cases|7, 56]. To obtain accurateresults,
however, they may demand long computation times. Since
itwould complicateafast analysisif the sametask had to be
repeatedly solved for eguivalent experimental conditions
on bulk materials, an empirical three-component Gaussian
expression has been accurately fitted to MC results once
calculated in the beam voltage range U, = 2 ... 50 kV and
semiconductor materials with average atomic number
between Si and GaAs[38, 61, 70]. Furthermore, for the exact
modelling of EBIC and CL signal from the homogeneous
matrix region (seebelow) aswell asthedefect contrast profile
area of a surface-parallel dislocation [27], only the well-
known depth distribution g,(zU,) (seeegn. 0) and no explicit
calculation of q(r) isrequired. For these reasons, the effort
of repeated MC simulations is often unnecessary, and it
can be separated from the actual problem of signal
modelling. Thisfact is sometimesignored in the literature
[9,31,54].

Finally, by choosing the appropriate light generation
function, the considerations of this paper may be readily
applied to light beam induced current (LBIC) and
photoluminescence (PL) which might bevery useful inview
of the recent progress in scanning PL investigations of
dislocations[68].

In order to perform an EBIC experiment, the sample
must contain a potential barrier to separate the generated
electron-hole pairs such as the surface Schottky barrier of
Figure 1or ap-njunction so that the major part of the EBIC
signal isgiven by the diffusion current towards the edge of
thedepletionregionr, [11]:

|EBIC= eD ff dAaq—(r) : @

on

r=r,

An additional drift current contribution may originate from
the separation of carriers generated inside the depletion
layer.

The spectral CL signal (photon flux leaving the
sample surface) collected by anideal spectrometer [22]

1< (hny) = Q(hn )(]'C dosne [ 43 a0) (_ O((hny)Zj
’ ’ 0 Q, T P cos®

©

isgiven by theintegral of the radiative recombination rate
over the sample volume Q_ corrected by losses due to
spectral optical absorption a(hv) and total reflection at the
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sample surface for escape angles larger than the critical
angle ©_. Q(hv) denotes the relative internal spectral
distribution of the recombination radiation. In the case of
panchromatic, spectrally integrated CL experiments,
equation (5) remains correct if “effective” parameters for

quantum efficiency Q and absorption a are introduced.

An important advantage for the calculation of the
matrix signalsfrom adefect-free region wastheintroduction
of a unified formalism [21] being valid for all sample
geometries with rotational symmetry. Induced current and
luminescence signals are expressed in terms of auniversal
function describing the specific exponential losses by
diffusion or absorption and the effect of an arbitrary
generation depth distribution:

D(x,2,2,;U,)= fdzgz(Z;Ub)e_x(z_zl) . ©

4

For example, we obtain asimple formulafor the CL signal
from asemi-infinite homogeneous samplewith adead layer

of thickness z, at the surface (S=v_T/L, & = a/cos )

O ; —dz;
1S (hny;U ) 0 Q (hny) [ do 3NO G 7
0 ( ny b) Q( ny)J‘ 1—6(2L2

0 @
aL+ S(D[%,ZT’OO;UDJ:| _

1+ S

Similar expressions are derived for the surface-parallel
Schottky or p-n EBIC signal with explicit consideration of
metal and/or depletion layersaswell asfor layered structures
[21, 43]. Many other literature results such as[10] could be
covered more easily withinthisframework aswell. 1t should
be noted that the so-called normal collector geometry with
ap-n or heterojunction perpendicular to the surface has a
more complicated solution which will not be discussed here
(see, for example[13, 18, 42, 44)).

In connection with the calculation of the matrix
signals using the unified formalism, the concept of
information depth z and informationradiusr , i.e. therange
where 95 % of the CL radiation originate from, has been
developed [20, 22]. It was found that z = 4 um for a > 10¢
cm?, L > 1 um nearly independent of U,. Other ways to
determinethelateral imageresolutionin EBIC and CL have
been proposedin[12, 51].

For comprehensive studies on the formation of the
defect contrast from dislocationsit isnecessary to takeinto
account the intrinsic nature of dislocation recombination,
effects dueto interaction with surrounding point defects as

X

x|:¢’(aaZTv°°;Ub)_
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Figure 2. Schematic configuration of CL/EBIC contrast
measurements at asurface-parallel dislocation.

well as geometric contrast factors. Generaly, defects are
supposed to change the local recombination properties of
the sample. Hence, their electric activity resulting in a
recombination contrast has to be considered with respect
to bulk recombination rates. Theknowledge of matrix signals
and corresponding parameters is therefore a general
requirement for aquantitative analysisof the defect contrast.
In our fundamental considerationswe will mainly refer to
the model case of a surface-parallel dislocation applicable
for many both misfit and glide dislocation geometries (Figure
2). Beyond the basic configurations of single surface-parallel
or -perpendicular dislocation lines, the large variety of
possible situations such as inclined, curved, or composed
defect features should be the subject of numerical modelling
(cf. below).

In the volume recombination model (VRM), the
dislocationischaracterized by acylindrical region Q_ where
thetotd lifetimet’ differsfromthebulk valuet. The defect-
induced recombination strength [11] is given by

y=1ut-1= 1/t

©

The radius r of the dislocation cylinder may be first
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interpreted as a “ capture cross section” but one can also
try toinfer thisregion from physical dislocation properties
such the extension of the core region, strain field or the
space charge region of a charged dislocation. However, it
can be shown that for r < L the shape of the contrast
profile of asurface-parallel dislocation lineisindependent
of r. Inthiscase, yand r, cannot be determined separately
but form together a defect strength A [412, 45] (cf. egn. 0).
On the other hand, impurity decoration or a gettering-
induced denuded zone may cause alarger extension of the
defect-related region as shown e.g. for GaAs in an early
work by Balk et al. [3]. In such a situation or if specific
defect bound emission occurs, the radiative recombination
can be directly affected. Thisisconsidered by introduction
of asecond defect cylinder Q ' of radiusr " with modified
1’ andy =T /1’ - 1, respectively. Inprinciple, thismodel is
able to describe the well-known “dot-and-halo” contrasts.

It is noted that in the alternative “surface”
recombination model [34] the dislocationisrepresented by
arecombination velocity at the cylinder boundary instead.
Thismodel may yield partly analogousresultsasthe VRM,
however, it will deviate if defect and generation region
overlap each other - acommon experimental situation - since
thiswould resultinan unrealistic 100 % contrast contribution
from this region. These difficulties could be overcome by
theintroduction of an “ effective” radius[34].

A defect contrast profile, i.e. the linescan over the
defect, isgiven by

c(e)= 1(€)- 1o

= o ;0= 1(§ - )

©)

where § is the lateral beam position relative to the defect
and I, thematrix signal far away fromit. Usually, the central
value ¢(0) is denoted “the (maximum) contrast value’
irrespective of itssign (here defined negativefor adark and
positivefor abright image contrast). Furthermore, the profile
half-width (FWHM) and the contrast profile area [15, 27]
may be used to characterize the contrast.

The CL defect contrast has been derived [49, 59] as

-y | d®ralr) iS(@)+y, | a®ralr)ed?].
ab

(10
Here, j (2 standsfor the defect-free CL signal fromapoint
source located at depth z. According to the cylindrical

2|n[41], however, anincorrect formulafor the CL intensity
was used.
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regionsinthe VRM, it generally consists of two parts. The
first part arises from the change in the total lifetimeand is
analogousto the EBIC contrast expression not written here.
The second, CL-specific term results in an exclusive
luminescence contrast contribution caused by the change
of 1, at the defect provided the total lifetime T remains
unaffected by the variationint,.

Obviously, the central task of the contrast calculation
isthe determination of the carrier density q(r) inthe sample
containing the defect. It is related to the defect-free case
q,(r) by the Dyson integral equation

(&

nyL2 QJD d3r G (r, r )q (r' )

a(r)= a,(r)-

4

A common method for the analytical solution of
equation 0O is perturbation theory. In first order [11], the
undisturbed q(r) = g,(r) can be used for the calculation of
the contrast of weak defects. g (r) isknownanaytically for
uniform sphere generation [22] and can be cal cul ated half-
numerically for aredlistic generationin ahaf-infinite sample
withS - 0 [28].

Although nowadays the entire contrast simulation
could be performed numerically [9, 31, 52, 53, 69] analytical
methods are of great value. Besides their smaller
computational effort, they allow better insight into contrast
formation and properties. In this way, it was realized that
the contrast of asurface-parallel dislocation may bewritten
as[28,60]

(129)
CEBIC(E’Ub): )‘C*EBIC = A ‘(EBIC(L'ZD?Ub)CH (E,L,ZDiUb)

C (8Up)= Ao +Ar el (120)

=M 15 (La,zp;Up )™ (€,L25:Up) (A, = 0)

that means in terms of products of a function c* and a
corresponding defect strength A or A . Wenotethatif A =0,
both EBIC and CL contrast profiles are given by the same
profile shapefunction ¢** and only the contrast amplitudes
differ according to f *®' and f .
Infirst order perturbation theory we obtain for the
total and radiative defect strength, respectively,
A =ym(r/L)?, A® =y 1(r /L) (13
The further perturbation expansion has been evaluated in
[45] leading to modified defect strength expressions. It was
found that the series converges for A® < 1.2 only. The
convergence criteriawere discussed in [23]. However, the
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theoretical contrast description must be ableto cover awide
range of defect strength values. Strongly recombination-
active defects cause a noticeable change in the excess
minority carrier density giving riseto acomplex non-linear
contrast behavior with saturation of the diffusion controlled
recombination for high activity. Several approaches were
developed for a contrast solution valid beyond the
convergence domain[14, 47, 62] asillustrated in Figure 5.
Therefore, the problem of calculation of CL and EBIC
contrast from a surface-parallel dislocation may now be
considered as completely solved.

Finally, we can seefrom equations 0 and O that for A,
=0, r, < z,L the contrast ratio c_, J/c, isgiven by f =/
f - being an exact measure of the depth position z, of the
surface-parallel dislocation line, dependent on the matrix
parameters only [49]. This property caused by the
complementary responseof EBIC and CL signal to the spatia
propagation of charge carriers and recombination radiation
isof great practica usefor the determination of defect depths
and a complete contrast analysis requiring the knowledge
of z..

" For asurface-perpendicular dislocation, thetheorem
of reciprocity allows a rigorous calculation of ¢, . as an
integral expression for arbitrary generation [46]. It is an
elementary property of Green’s function® which connects
the EBIC signal (thediffusion current) inthe case of carrier
generation by apoint source at r with thereciprocal case of
homogeneousinjection of n carriers over the EBIC barrier
to produce aminority carrier distribution n(r) inthe sample:

== (r)= 6, M. (14
n

It was shown that contrary to the surface-parallel line
defect, for very low values of U, (electron range RE2 rs)
I® is not a suitable recombination activity parameter since
various combinations of t/t' and r ; give divergent contrast
curvesand profile half-widths. Although thisparticular half-
width behavior might be helpful for adirect estimate of the
defect radiusr ,, it has not been proved experimentally yet.
It may be expected that depletion region and surface
recombination effectswill a so influence the EBIC contrast.
Therefore, we will not further discuss this situation in the
paper. Thereciprocity concept isnot simply transferableto
the case of CL. In order to treat this case as well as other
dislocation geometries such as inclined dislocations [69],

% In electrostatics, the theorem of reciprocity describes the
equality of the charge induced on a grounded conductor
by aunit point charge at r with the corresponding potential
inr if aunit potential is applied to the conductor.
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new findings are expected from results of numerical
calculations.

Simulation Results

Results of smulations of thematrix signals| 7 and
I °- from defect-free samples can befound in[24, 37, 73]. It
was shown that the beam-voltage dependent Schottky-
EBICsignal | F#¢(U,) plotted for constant G is sensitiveto
the diffusion length as well as to the metal layer thickness
z . For the surface-parallel p-n geometry and layered struc-
turesor inhomogeneous material, depth profilesof L can be
extracted [16]. The corresponding CL signal dependson S
and z_ but it is dominated by the diffusion length L and the
optical absorption a(hv) or o, respectively. Both parameters
exhibit astrong correlationinthesignal. In order to prevent
the evaluation of ambiguous val ues, the maximum position
U™ of 1 “(U,)/G, may be used to estimate o [24] if L is
known from other experiments such as simultaneous EBIC
measurements, for instance using a thin transparent
Schottky contact (z = 10 nm) onthe surface. The CL mode
also permitsto locate lateral and vertical inhomogeneities
or buried interfaces if a suitable model can be applied [8,
35]. Normal-collector EBIC lineprofilesallow to determine
the diffusion lengths L and L,on both sides of the p-n
junctionaswell asS[13, 18].

CL and EBIC dislocation contrasts show a
characteristic behavior as a function of the beam voltage.
The typical behavior for a surface-parallel dislocation is
illustrated in Figure 3. Since the contrast value is strongly
influenced by geometric factors such as generation range
Rp(Ub) and defect depth z,, the evaluation of the
recombination activity isonly possibleif these parameters
areknown. If both EBIC and CL contrast can be measured,
the contrast ratio c_, /c. Yields z,. Consequently, a
combined CL/EBIC experiment at one given beam voltage
would be sufficient to determine A. However, a complete
measurement of the c(U,) curve yields more reliable data,
and the depth position may then also be derived as an
additional fit parameter (cf. Figure8).Arising fromthejoint
profile function c™, profile half-widths of CL and EBIC
contrast are identical. Plotted in Figure 3(b), they do not
exhibit aminimum aspredicted for uniform sphere generation
[11] but rise from a nearly constant value with increasing
U,. For shallow dislocations, the gradual decrease at high
U, beyond the maximum half-width is a special feature of
the realistic generation in accordance with [53] and own,
unpublished experimental datafrom GaAsP.

Anexamplefor theinfluence of thematrix parameters
on the contrast profilesis shown in Figure 4. It is seen that
a variation of the bulk diffusion length results in rapid
changes in maximum contrast and profile half-width
predominantly intherangeL = 1 pm. Thisbehavior may be
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Figure3. (a) Calculated CL contrast from asurface-parallel
dislocationfor variousdepthsz, (L =1pm,a=0.75pm*, S
- 0,A=0.011 A =0). For z, = 1 um, Schottky and p-n
EBIC contrastsare a so shown. (b) Corresponding contrast
profilesat z, = 1 um. Theinset shows CL/EBIC profile half-
widths as afunction of U, and z,.

important for the interpretation of temperature-dependent
contrast measurements on 111-V materials as discussed
below. Only for largeL > 5um (typical for Si), theinfluence
of thediffusion length issmall and aconstant half-widthis
found.

We expect from equation O that A may be obtained
from a comparison of the experimental contrast and the
theoretical profile function which can be calculated if the
other parameters are given. However, the defect strength
determined in thisway cannot grow arbitrarily high. Evenif
a defect is considered as a “black sphere” (1" = 0), the
contrast will not range above a saturation value[14] dueto
thedefect-induced local reduction of q(r). An example for
this contrast property isshown in Figure 5. Thefirst order
approximation 0 is applicable only for weak defects \® <
0.15. Although thereis some variation between the various
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Figure 4. CL contrast profile function and half-width for
varyingL (a =0.75um™*, S - oo, r =0.1um,A =0,z,=1
um, U, = 20kV). Both ¢, " ~ c for constant A = 0.01 rtand
¢, /L? ~ cfor constant y = 1 are shown.
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Figure5 (after [62]). CL contrast for varying recombination
strengthy(L=1pm,a =0.75 pm*, S - oo, r  =0.1um, A =
0,z,=1pm, U, =20kV) (a) andytica gpproximation[62], (b)
seriesexpansion [45], () rotation-symmetric solution [14]

other models they all show basically the same saturation
behavior for highy (including the sum of the perturbation
expansion which actually holdsfor A® < 1.2 only). It should
befurther noted that the shape of the contrast profileremains
unaffected by the y value.

It is thus concluded that A has to be generally
interpreted as a non-linear defect strength being the
appropriate parameter for the quantitative description of
the specific dislocation recombination activity in CL/EBIC
experiments. A direct relation to the defect-induced lifetime
ratio or recombination rateisonly possiblefor the case of a
weak defect or otherwise if the degree of deviation from
linearity isknown, for instance if an estimate for r  can be
given[69].
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Figure 6. Numerically calculated excess carrier density q(0,y,2) for various defect strengths of a surface-parallel line defect
(position denoted by arrows) ina5 umthick layer (L=3um, S - o0,z = 1.43um, U, =20KkV, { =2.9 um)

During the last years, increased efforts have been
made to develop numerical simulation models for the
calculation of the excess carrier distribution, CL and EBIC
signals, and the defect contrast [9, 31, 36, 52, 53, 69].
Numerical methods have the advantage of being able to
deal with defectswith irregular shapes and characteristics.

Intheframework of the above given model, arbitrary
defect and sample geometries may be treated by a finite
difference scheme. A first result for the numerical smulation
of g(r) inthe presence of asurface-parallel dislocationline
using the realistic generation model is presented in Figure
6. For these calculations, the FIDISOL/CADSOL solver is
conveniently applied [58], a program package devel oped
for the solution of boundary value problemsfor systems of
partial differential equations of various types using a
nonequidistant grid and varying order of consistence. Grid
size and spacings have to be chosen carefully in order to
minimize numerical errors and to model the defect with
sufficient precision. It is clearly seen from the results in
whichway q(r) ismodified by the action of the dislocation.
For small defect strengths (A® = 0.89), the carrier density is
reduced but its original shapeis maintained. Thisexplains
why in this range the undisturbed distribution g,(r) may be
used in first order analytical calculation. Only for higher
defect strength values, the local distortion of q(r) around
the defect becomes significant. CL and EBIC signals and
contrasts may be reproduced by numerical integration/
differentiation of the carrier density choosing either thefull
calculation by egns. 0 and (5) or the contrast formula (egn.
10).

Despite the fast advances in available computing
capacity, a full numerical treatment of the spatial carrier

behavior still needs high memory and time requirements.
The general problem of the solution of the coupled basic
electronic and transport equations is rather extensive and
closely related to complex tasks in device simulation [36,
64]. We conclude here that these methods exhibit a big
potential, however, it should be considered which cases
really require anumerical treatment. The symmetry of the
problem aswell asthefact that the cal culation of the contrast
(egn. 10) requires that q(r) only inside the defect region
should betaken into account. Furthermore, alternative ways
in contrast modelling such as finite element techniques
could be used where body-oriented grids can be more easily
adapted to defect and generation geometries.

Experimental Details

For the performance of CL and EBIC experiments,
the SEM should permit abeam voltage variation from below
1kV uptohighvaluesof at least 40 kV. Therange between
40 and 50 kV which is accessible using our SEM TeslaBS
300 is, however, hardly offered by commercial suppliers
today. The electron gun (preferably LaB, cathode) and
optics must be ableto supply small stable beam currentsto
ensure low injection conditions with beam powers of
U, I, <20 uW over thewhole U, range. Beam currents are
measured using a Faraday cup. Small luminescence
intensities require an efficient, optimized collection system
with aparabolic or elliptic mirror and photomultiplier or Si
diode detectors. For the spectroscopic CL investigations,
we use narrow band pass filters or a grating spectrometer
system (CL302m from Oxford Instruments, Oxford, UK).
Lock-in amplification, optical multichannel analyzers, or
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Boxcar techniquein combination with digital scanfor EBIC
and panchromatic or monochromatic CL line profile
recording aswell asimage processing arewidely available
now. The temperature-dependent studies are performed
under vacuum conditions of better than 10“ Pa in the
temperaturerange between 5and 300K inthe SEM equipped
with liquid helium or nitrogen cooling stage (CF 302 by
Oxford Instrumentsin our setup).

Samples are epitaxial and bulk material of (001) or
(111) orientation. For glide dislocation generation, plastic
microdeformationisachieved by Vickersindentation at room
temperaturewith typically 0.05to0 0.4 N load to activate the
principal { 111} [110[glide systems. For GaAs, itisfollowed
by athermal treatment of 15 min at 400°C. The qualititative
characterization of the defect configurationis performed by
means of crystallographic considerations of thedislocation
rosette geometry or by transmission electron microscopy
(TEM) investigations. Semitransparent Au Schottky
contacts on n-type I11-V sample surfaces are produced by
vacuum evaporation using standard preparation methods.
For ohmic contacts, an Au-Ge eutectic on the sample
backsideisannealed at 350°C for 10 min.

Experimental Results

It has been demonstrated in anumber of papers how
material parameters such as L, a, and Q in compound
semiconductors can be determined from fitsto EBIC and CL
data of homogeneous sample regions based on the results
of the theoretical simulation. In order to investigate the
recombination mechanismsin optoel ectronic materials, the
parameter variation with doping level inbulk n-GaAs (n,=
7 [10%* to 3 [110* cm®) [39, 55] and GaAsP was studied
using EBIC and panchromatic CL. The diffusion length
L(n,) does not always show a systematic doping
dependence. However, because of T, ~n*and L2~1 (D =
congt.) therelation for therelative quantum efficiency Q(n) ~
n, L? was shown to be in good agreement with the
experiment. It could be verified that the recombination is
dominated by non-radiative processes T = T, except near
the maximum of Q at n,= 10" cm3 wheret and 1, become
comparable. Panchromatic CL measurements allow to
determine only an effective absorption coefficient o. It
decreaseswith doping according to the Burstein-M oss shift
of the absorption edge to higher energies relative to the
spectral position of the CL band.

More detail ed information about material properties
may be derived from spectrally resolved CL datal *-(hv;U,)
[29]. Figure 7(a) showsan examplefor the monochromatic
beam voltage dependencies converted from CL spectra of
p-GaAs measured at constant beam power U, |, =20 pW.
They display a clearly variable shape with photon energy
hv. The spectral absorption edge a(hv) may be accurately
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Figure7 (after [29]) (a) Experimental and fitted spectral CL
sgna (U, 1, =20uW) fromp-GaAs(L =4.5um, z,=0.07 um,
S - ), (b) Fit results. Top: Absorption coefficient compared
with [6], bottom: Internal spectral distribution and measured
CL spectraat U, = 10kV and 50kV. Arrowsdenotethe spectral
maximum positions.

determined by the fit (Figure 7 (b)). Because of the large
electron diffusionlengthL =4.5 uminthe p-typematerial as
determined by EBIC, the CL intensity increasesrather dowly
with U,. Therefore, the absorption-related signal maximum
isexpected beyond 50 kV in thisexample. However, dueto
the large extension of the diffusion region, the absorption
still plays a significant role even at 10 kV causing a low-
energetic shift of the CL spectrum by about 20 meV compared
totheinternal spectral distribution Q(hv). Thisemphasizes
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Figure8 (after [61]). Experimental EBIC contrast profilesand best fitsfor asurface-parallel dislocationin p-GaAs (A =0.89, z,
=1.43um, L = 3.0 um). Theinset showsthe experimental and fitted EBIC and CL maximum contrast (A =0.73).

the advantage of spectral CL experiments for the deter-
mination of the absorption edge and self-absorption
correction.

For the quantitative investigation of single defects,
the conception of combined beam-voltage dependent CL
and EBIC contrast profile measurements has been
successfully applied to dislocations in GaAs, GaP, and
GaAsP by theauthors[59, 60, 61, 62]. Other workers[32, 33]
have also investigated either c_, (U,) or c (U,) without
detailed evaluation of the recombination activity. Figure 8
displays results of contrast measurements from a process-
or stress-induced surface-parallel dislocation in the near-
surface p-typeregion of aGaAs p-n diode structure. Using
therealistic generation function with depth-dependent half-
width of theradial distribution g (r,z) [38], excellent fitsto
both the maximum contrast and the contrast profiles were
achieved over the whole beam voltage region. The
dislocation depth is in agreement with the value given by
the EBIC/CL contrast ratio. Obtained differences between

545

defect strength values derived from EBIC and CL,
respectively, discussed in[61] could beattributed to alocally
changed background CL intensity due to the gettering
activity of the dislocation.

A comparison of CL defect contrastsfrom an edge-
typemisfitdisocationin GaAs, P, ., and ascrew-typeglide
didocationin GaAsisshownin Figure 9. Both defectsexhibit
the same basic homogeneous, dark contrast appearance.
The maximum contrasts as well as the profile half-widths
between 1.5 and 3.5 pm are in good correspondence to the
results of themodel cal culationswith minimum FWHM for
both examples. Spectroscopic CL investigations show no
variationin the spectral distribution from defect and matrix
regions. The observed noticeable differences in recom-
bination activity between grown-in defectsand dislocations
freshly introduced by microdeformation should therefore
be attributed to the intrinsic dislocation behavior or to the
influence of a rather weak impurity or point defect
decoration. These two cases can only be distinguished by
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Table 2. Defect strength values of dislocations in semiconductors

Material Defect type L (um) z, (um) A
n-GaP 60°/90° misfit dislocation 0.89 105 245
(n,=9[10" cm?) [62]
n-GaAs, P ..:Te 60°/90° misfit dislocations 090 0.77..202 126..1.78
0.62° 0.38
(n,=3010%cm?)
p-GaAs.Zn process-induced edge dislocation 305 143 0.68...1.27
(p,=10"cm?)[61] (severa positions)
n-GaAs.S screw glide dislocations 0.73 113..158 058..0.9
(n,=9 010" cm?)
GaAsS screw glide dislocation 16 0..0.7 0.89*
(n,=1010" cm?®) [69] (inclined)
n-GaAs Si 60°-a glidedisocation 14 (45°inclined) 1.222
(n,=4010"%cm?) [72]
p-S*[48] 60° 15 160..1.90 068
60° (dissociated) 15 160..1.80 029
screw 15 135 002

‘calculated for z, =0.5um, r, = (50 £ 25) nm, T’ = 7.4 ps, T = 4.1 nsmeasured on 2.2° inclined dislocation configuration.
“caculated forz, =0.5um, r, =45nm, T’ =2 ps, T = 2.2 nsestimated from DLTS and EBI C experiments.
Sresults from diffusion-induced dislocationsin Si given for comparison.

further experiments such as recombination-kinetic studies
(see below). Strong decoration effects, however, may be
excluded here. It is noted that a quantitative evaluation of
the recombination activity is only possible by using the
fitted A values but not by comparing the contrast values
which are strongly dependent on U, and z,.
Representative defect strength results are compiled
in.Awiderange of A valuesis abtained from experiments
on various dislocation configurations. It should be noted
that data intervals given in the table do not represent the
experimental or analysis error but indicate the A variation
alongadidocationlineor on several disocationsinasample.
This reveals the influence of the interaction or decoration
with point defects as well as others factors such as
inhomogeneous bulk doping. Especially, a large local
variation is found for dislocations introduced by Zn
diffusion/thermal stressin p-GaAs. Furthermore, the data
clearly confirm the typical occurrence of smaller defect
strengths A < 0.95 of fresh glide screw did ocations compared
to grown-in, weakly decorated misfit dislocations (A > 1.26)
inthedirect gap I11-V materials GaAsand GaAsP. A values

546

for glide dislocations in GaAs:Si calculated from [69, 72]
agree well with our results although these results were
obtained on adifferent geometric configuration. They also
show the trend of somewhat higher recombination activity
forana glidedidocation. Severa authors[19, 65, 72] found
adlightly stronger CL contrast on a- than on 3-dislocations
in n-GaAs and vice versain p-type material. Conclusions
were drawn concerning the defect-related electronic gap
states for these dislocation types. Only relative
recombination activity datawere given. Recently, essential
differences in the recombination activity of polar glide
dislocations have been observed in CdTe[40, 63]. There, a
dislocations show alocalized, defect-related sub-band-gap
CL radiation at low temperatureswhereas 3 dislocation are
characterized by the usual non-radiative recombination
contrast. Since absolute A values are availablefrom asmall
number of papers only, further systematic and comparable
defect strength measurements remain a current task of
combined CL/EBIC experiments.

New and more detailed insight into the defect
recombination mechanisms are expected from temperature-
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Figure9. Experimental and fitted CL contrast from ascrew
typeglidedidocationinn-GaAs:Si (fit parameters: A =0.95,
z,=158um,L=0.73um,a =130um* z =0.03um, S - )
and amisfitdislocationinn-GaAs, P, ... Te(A=1.78,7, =

0.77pum,L =0.90pm,a =1.08 pm*, 2 =0.12um, S - o).

dependent contrast experiments [19, 65], especially in the
low-temperature region below T = 77 K where very few
results have been published in the past [17, 66]. We have
performed panchromatic and spectrally resolved CL
experiments between 5to 300 K. Different behaviors of the
dislocation recombination have been found in the I11-V
materials GaAsand GaPand thel1-V1 semiconductor CdTe.
For theinterpretation of these experiments, the defect-related
recombination has to be considered in context with the
temperature dependence of the bulk recombination rates.
Especidly, the diffusion length may exhibit a significant
variation with temperature [5, 17, 19]. For the present
analysis, a basic temperature-dependent recombination-
kinetic mode! including both defect-bound and bulk radiative
and non-radiative channels is proposed.

Figure 10 (@) shows typical results of CL contrast
measurements as afunction of temperature from asurface-
parallel misfit disocationinn-GaP. Contrasts of didocations
perpendicular to the surface behave essentialy in the same
way. It is seen that as the dark contrast varies rather little
withtemperatureabove 70K, it diminishes quickly below 50
K. Inthismaterial the bulk diffusionlength L hasbeen found
to be only weakly temperature-dependent. This is also
reflected by a nearly steady contrast profile half-width of
about 6 um (c** = const.). Followed fromegns. 0and O, in
this case the contrast value may serve as a direct measure
for the defect recombination rate R :
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Figure 10. (a) Temperature dependence of the CL contrast
of a surface-parallel misfit dislocation and the matrix CL
intensity inn-GaP (U, = 20kV), (b) Defect and bulk lifetimes
as afunction of temperature.

From the luminescence intensity | “(T) of the defect- free
matrix it is concluded that the bulk recombination is well
described by athermally activated multiphonon processt
~exp(E/KT) withE, =47 meV (cf. [67]) whereastheradiative
lifetimeT_ issupposed to be temperature-independent. With
the assumption R® ~ | | ~ Ap the temperature dependence
of the defect-related lifetime 1, can be estimated (Figure
10(b)). It changes by more than five orders of magnitude
over theinvestigated temperature rangewhich isinterpreted
asadistinct variation of the defect-induced recombination
properties. The Arrhenius plot implies the participation of
thermally activated capture of carriers into shallow defect
states and subsequent non-radiative recombination. These
states should be of extrinsic rather than intrinsic nature due
to the similar temperature dependence of T and T,. In
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Figure 11. Temperature dependence of CL contrast and
profile half-width from athreading glide dislocation in n-
GaAs(U, =20KkV).

principle, one should be able to describe such a behavior
by amodel similar to that devel oped for EBIC on dislocation
inSi[71].

On the other hand, on GaAs the observed defect
contrast behavior hints at a more complicated correlation
between the temperature dependence of dislocation
recombination activity and the effect of altered material
parameters. Measurements of an individual threading
dislocation contrast in the a branch of a microindentation
gliderosette show aCL contrast increasing only slightly by
3% between 300 and 5K (Figure 11) (seealso[ 17, 19]).
Since the diffusion length in GaAs s a strong function of
temperature, this effect alone would cause arapid change
in contrast (cf. thetheoretical example of Figure4). Indeed,
we also observed a clear increase in the contrast profile
half-width from 2.7 ym at T = 5 K to 4.2 um at room
temperature. Therefore, it isinferred that the temperature
dependence of defect strength and diffusion length cancel
each other to produce only aweakly temperature-dependent
contrast. Eliminating the temperature variation of L(T) and
1(T), thedetailed analysis[63] yieldsadecrease of the actual
defect recombination activity ~ 1/t with falling temperature.
The deduced thermally activated recombination activity
contradictstheinterpretationin [17] of quenching of thermal
carrier re-emission from ashallow acceptor level.

The results emphasize the relevance of a
comprehensive contrast model withinclusion of all material
and geometry parameters. Thiswill allow usto combinethe
straightforward recombination-kinetic analysis with the
spatial modelling of the carrier behavior as performed earlier
for the room temperature experiments.

Conclusions

The importance of combined SEM-CL/EBIC
investigations for the identification and quantitative
characterization of recombination-activeindividual defects
in compound semiconductors has been demonstrated. New
developments such as advanced realistic analytical and
numerical modelling of the defect contrast and
investigations in the low-temperature range have been
illustrated. The detailed interpretation of derived defect and
recombination strength values and the temperature
dependence of the material and defect recombination rates
remains a challenge in future investigations. For ex-
perimental defect studies, the defined preparation of clean
or decorated dislocation configurations is a major issue.
SEM injection conditions, especially in the low-injection
regime, should be carefully considered since it is known
that both bulk and defect parameters may beinfluenced by
thecarrier injection level and density [2, 68, 71].

Renewed interest is directed to effects of defect-
related radiative recombination as it has been observed in
recent experiments on polar glide dislocations in CdTe at
temperatures below 100 K whereit givesriseto bright CL
contrasts originating from the Te(g) segments[40, 63]. An
activation energy of 11 meV for the defect emission
determined from the temperature dependence of the local
CL spectra is well described by defect-bound excitonic
recombination [30]. A further structural and quantitative
analysisisin progress.

Finally, other EBIC contrast mechanisms not
discussed here such as charge separation at the potential
barrier of a charged dislocation connected with one-
dimensional conduction along the dislocation line [2, 17,
26] may also be taken into account, especialy at low
temperatures.
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Discussion with Reviewers

T. Sekiguchi: As for the experimental point of view, the
excitation energy (E) dependenceis somewhat ambiguous.
It comes from the different behavior of total number of
generated carriersand their density on the excitation energy
(E). If we accept the uniform generation sphere model and
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the generation radius is proportional to E*™, the excess
carrier density isproportional to E*?°, whiletotal number of
excess carriers to E. Which parameter is required to be
constant, the density or the total number of generated
carriers?

Please suggest us how experimental procedure

should be done.
Authors: From a physical perspective, the experiments
should be performed at a small constant excess carrier
density in the low injection range at the defect or in the
sample region to be investigated. However, the exact
evaluation of the excitation level inside the sample is not
straightforward. Values for the carrier density q calculated
on the basis of simplified generation models can only be a
rough estimate. g(r) may vary by several ordersof magnitude
over r and the material parameters L and D. Usually, the
maximum of the q(r) distribution must be calculated for the
correct semiconductor parameters and realistic generation
to determinetheinjection level.

Experimentally, the validity of the low injection
regime should be proved for each specimen by inspecting
the linear variation of the CL and EBIC signal with beam
current | at agiven beamvoltage U, = E/e. Also, thesignal
should be equal for focused and defocused beam,
respectively. In practice, beam voltage dependent
experiments have been performed at constant beam power
P=U, I, which must be small enough to fulfil the low
injection condition even for thesmallest U, (typically P <5
... 20UW) [24, 29, 39]. Theobtained CL and EBIC signalsare
then normalized to the total generation rate G, being
approximately constant except for aweakly U, -dependent
backscattering correction. It should also be kept in mind
that the low injection condition may be different for defect
recombination paths. This can be checked by measuring
c(l,) at U, = const.

T. Sekiguchi: Do you have some idea about the value of A
and the physical parameter of dislocation (Table 2)?

Authors: As the defect strength A is given in first order
approximationby 0, it dependsontheratio of 1/t of lifetimes
for defect and matrix recombination pathsaswell asonthe
dislocationradiusr . Thefurther interpretation of A requires
theimplementation of adislocation model which calculates
these quantities on the basis of the recombination kinetics.
Various modelsfor defect recombination controlled by the
dislocation charge[71] or based on the Shockley-Read-Hall
recombination statistics [76] have been successfully
employed for Si. However, they should be applied to the
extracted defect strength rather than to the contrast as it
has been well demonstrated in one of your recent papers
[77]. The development of recombination-kinetic modelsfor
dislocationsin compound semiconductorsis the subject of
current investigations[63, 65]. Usually, their application will
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require temperature or beam current dependent contrast
measurements. The recombination mechanismsare expected
to be more complex than in Si, for example if excitonic
transitions are involved.

J.C.H. Phang: It has been shown in [75] that various
semiconductor parameters may be extracted entirely from
CL experimental databy varying theincident beam energy.
Isit necessary to use both CL and EBIC datato determine
the parameters as suggested in Table 1?

Authors: The correlation of L and a in the U, dependence
of the CL matrix signa meansthat theglobal minimum of the
sum of least squares in parameter space is a very shallow
one. You have demonstrated that it may still be possible to
find this minimum by using sophisticated and extensive
minimi zation techniques. However, itisdoubtful if thiscan
be achieved for any limited set of redlistic datacoupleswith
both statistical and systematic errors. For example, it is
possibletofit thedatain Fig. 8 of [75] using L and o couples
being about four timeslarger than the values given (thereby
adjusting the other parameters as well) which leads to an
increase in the sum of least squares of only about 0.1 %.
Therefore, one should also look for alternativesto determine
L from CL data, for example, using the contrast profile half-
width. It is obvious, however, that both CL and EBIC
experiments are needed if the total aswell astheradiative
defect strengthsA and A, areto be characterized, for example
due to the occurrence of a defect-related spectral CL
emission.
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