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Quantitation of SEM EBIC and CL Signals Using Monte Carlo

Electron-Trajectory Simulations
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Summary: A microcomputer Monte Carlo program
simulates electron trajectories in solids and describes
the distribution of energy deposited throughout the
energy-dissipation (electron-hole pair generation) vol-
ume. From this distribution, the electron-beam-
induced current or cathodoluminescence signal that
will be generated can be calculated for the chosen
beam conditions in a multilayer specimen of any
geometry and compositions. The use of this program is
illustrated by applications (1) to simulate curves of
cathodoluminescence intensity versus beam energy
for fitting to experimental data to evaluate materials
and device parameters, (2) to calculate the energy
deposited in each layer of a HEMT structure in which
electron-beam-induced current studies are in progress,
and (3) to the simulation of defect contrast linescan
profiles which are compared to experimental observa-
tions.

Key words: cathodoluminescence, Monte Carlo elec-
tron-trajectory simulations, electron-beam-induced
current

Introduction

The only effective method for quantifying the modes
of the scanning electron microscope (SEM) is the use
of Monte Carlo electron-trajectory simulations. Monte
Carlo methods were introduced by von Neumann for
problems arising in the wartime atomic bomb project.
In the 1950s and early 1960s Monte Carlo electron-
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trajectory simulations were introduced to help quan-
tify electron probe x-ray microanalysis (Bishop 1964).
Later Yakowitz and coworkers at the American Na-
tional Bureau of Standards (NBS) developed a simpli-
fied “plural scattering” model that enabled electron-
trajectory simulations to be run on the microcomputers
that were just becoming available (Myklebust ez al.
1976, Newbury 1989). Joy and coworkers applied this
approach to quantify EBIC (electron-beam-induced
current) and dislocation contrast using the Donolato
phenomenological mode! (Czyzewski and Joy 1991,
Joy and Pimentel 1983).

A Monte Carlo simulation shows the depth of
penctration and, hence, the depth resolution and
shows the lateral spreading and the lateral spatial
resolution of the beam in the bulk modes. It also
provides data on the three-dimensional distribution of
beam energy within the specimen.

A program derived from the NBS—Joy programs
was written to deal with epitaxial multilayer materials
like those typical of I11-V optoelectronic devices (Nap-
chan 1988, Napchan and Holt 1987). The unique value
of the Monte Carlo simulation method lies in its ability
to deal with experimental situations for which no
explicit mathematic representations are available.
Common examples include the epitaxial multilayer
materials mentioned above, cases in which the beam is
not incident normally, and device structures that are
laterally limited so the beam scans across hetercjunc-
tions, for example, or the edges of quantum wires, etc.
This package of programs has now been considerably
enhanced, and this paper reports the latest develop-
ments and illustrates them with examples of recent
experimental applications.

MC-SET

The latest versions of the program are now called
MC-SET (Monte Carlo simulation of electron trajec-
tories). MC-SET is now written in the C programming
language, and a menu driven user interface makes it
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easy to use. It allows the specification of specimens
that contain laterally limited device structures as well
as many layers of different materials. It includes EBIC
and CL {cathodoluminescence) signal strength and
defect contrast calculations, using simplified models.
It will repeat calculations for any of the specified
EBIC or CL materials and device parameters over a
chosen range for a selected value step.

The MC-SET simulation results are stored in a
two-dimensional matrix, a coordinate of which is the
depth. This describes the laterally or radially inte-
grated enecrgy deposition in the specimen. The size of
this matrix is 80 by 80 elements and the relationship to
the sample dimensions of interest is set up according
to the experimental conditions, usually to cover the
penetration depth of the beam electrons. Figure 1
shows a typical result of an MC-SET simulation. The
screen automatically displays (Fig. 1a) not only a plot
of the first 200 trajectories calculated, but also depth-
and lateral-dose plots for the total number calculated,
which was 3000 in this case. (Plotting more than a few
hundred trajectories would obscure all detail, but
thousands of trajectories must be calculated to give
statistically reliable energy dissipation data, such as
depth dose plots.) The depth dose is the energy
deposited per unit of depth; it is plotted versus depth
in the central panel. The lateral dose is the energy
dissipated in lamellae parallel to the zy plane (where z
is the depth dimension), and it is plotted versus x from
the beam-impact point at the position of the sharp
peak. The program also provides a graphic display of
the energy deposited in each of the materials of a
multilayer sample (Fig. 1¢). This is given as a percent-
age of the total beam energy, nE, where n is the
number of electrons for which trajectories have been
calculated and Eb is the energy of an incident beam
electron in ke V. The numbers of secondary and backs-
cattered electrons as a percentage of the beam elec-
trons and the energies of these emissions are also
printed out at the top of these graphics screens.

CL Modeling

Monte Carlo calculations of CL contrast and of CL.
signal strength were first carried out by Czyzewski and
Joy (1990) and by Phang et al. (1992), respectively.
The latter used a sophisticated model and a main-
frame computer.

The CL modeling using the MC-SET energy-
deposition data is based on the following approach.
From the energy deposition matrix the energy is fur-
ther integrated along a second coordinate. The result
is the description of the calculated three-dimensional
energy deposition as an array of 80 elements [values of
E(z), the energy deposited by the beam as a function

of depth] along the beam penetration direction, z.
This is, in fact, the depth-dose function for normal
beam-incidence conditions and for symmetric speci-
men cross-sections.

To find the emitted CL intensity a series of calcula-
tions must be carried out as follows. For each point the
number of resultant hole-electron pairs is arrived at by

Dpe = E(Z)fei! (1)

where ¢; is the h-e pair formation energy. The number
ofh-e pairs times the radiative recombination probabil-
ity, m, , times a half is the number of photons, ny,
emitted up toward the exit surface. These are ab-
sorbed according to Lambert’s law:

L(z) = L exp (—oz), 2

where L, is the initial light intensity, a is the absorp-
tion coefficient, and L(z) is the light intensity remain-
ing after propagating a distance z. (The value of o
found by curve fitting for panchromatic CL data will
be an effective value. In many cases the emitted CL
consists essentially of the relatively narrow fundamen-
tal or near-band-edge emission. In such cases a will be
the fundamental absorption-band value found just
above the absorption edge.) The CL undergoes total
internal reflection at the free (exit) surface so only a
small fraction passes through. The light that is not
totally internally reflected (and assumed lost) under-
goes (partial) Fresnel reflection.

This is perhaps the point at which to emphasise the
difference between the traditional theoretic approach
and that of computer simulation. To give a theoretic
treatment, one tries to take account of all the physical
phenomena involved as realistically as possible. Any
physical parameter values used will be carefully se-
lected from the best data available. A body of litera-
ture applies this approach with considerable success
to SEM CL problems [see Yacobi and Holt (1990) for
references]. In the case of microcomputer simulation
for the laboratory, however, one must use the simplest
possible model to get an algorithm that will run
reasonably quickly on a machine of limited speed and
memory.

Comparison of the general form of the simulated
curves with experimental data soon shows whether the
phenomena that have been neglected can be ignored
for practical purposes. If they can (when the simulated
curves are of the experimentally observed formj), it
may be that they are negligible in fact or that the
factors that have been omitted happen to cancel. Sets
of simulated curves can then be rapidly calculated for
ranges of values of the physical parameters involved,
and comparison with experimental data gives best-fit
values for these. This means that one can tackle
materials and devices for which important parameter
values are unknown, unreliable, or known to vary
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widely. At the end of such work, one attempts to
determine whether the best-fit values make sense
regarding data from the literature, theoretic consider-
ations, and extrapolation from related materials, or
whether one looks for hypotheses that would account
for the values that have been found.

Initial results for bulk material are as expected.
Figure 2 shows the graphic result of the MC-SET
simulation of a 20 keV beam incident normally on
GaAs. A set of such electron trajectory simulations
were run to produce depth-dose data as a function of
beam voltage for a constant beam current {a constant
number of electron trajectories simulated). These
were used to calculate the values of the CL intensity
emitted from bulk GaAs for a range of values of the
absorption coefficient, «, shown in Figure 3a. For a
constant beam current, the beam power increases
linearly with Ey, the energy of the beam electrons in
keV (the “beam energy”). This results in a linear
increase in the number of photons generated in uni-
form material. In addition, however, the penetration
depth increases with beam energy, roughly as Ey®
where n = 1.75. Hence, absorption results in losses
that increase with E,. Figure 3a demonstrates that
large values of the absorption coefficient, «, lead to a
decrease in CL emission intensity with E, beyond a
peak value. For small « values, however, the effect is

only to produce a sub-linear increase over the range of
beam energies available in SEMs. When there is a
maximum in the curve of CL intensity as a function of
beam energy, L (Ey), use of E, values greater than
that for the maximum is particularly undesirable. The
CL signal strength is diminished, and the lateral spa-
tial resolution is made worse. Use of higher E,, values
would be justified only to penetrate to a deeper layer
of material or defect.

Figure 3b shows the effect of varying dead layer
thicknesses in the calculations for & = 0.8 um~1. For
beam energies giving penetrations less than the dead-
layer thickness, no emission is produced and the
normal increase begins for greater beam energies.
Experimentally, this effect is seen in its simplest form
in ZnS where most of the radiation is extrinsic, with
wavelengths to which the material is transparent, so «
= (). The results from one particular crystal are shown
in Figure 4. This behaviour has been known since the
earliest studies of phosphor CL and is expressed by
the relation:

Lep = kf(Ip)(V, — V™, (3)

where k is a constant, f represents the variation of
intensity with beam current, Lo is the CL intensity, Vy
is the dead voltage (required to penetrate through the
dead layer of thickness ty), I, and V,, the beam current
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F16.1 (a) Trajectory plot, (b) depth- and lateral-dose plots, and (¢) percentage of the total beam energy deposited in each layer of an
epitaxial multilayer HEMT structure for a 7 keV electron beam. GA marks layers of GaAs and AT marks layers of Aly3Gag7As. Depth
on the vertical scales is in units of 0.070 pm. In the centre are plotted the depth dose E(z) in units of 184,935 eV per division. The lateral
dose E(x) is in units of 76,323 eV per division, and the vertical scale represents the horizontal distance x in units of 0.070 um. The right
hand panel plots, for each layer of this HEMT structure, the percentage of the total beam energy (2.1 x 10% eV for the 3000 electrons
each of 7keV, for which trajectories were calculated) deposited in that layer.
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F16.2 MC-SET simulation display for a 20 keV beam and a bulk GaAs specimen. The values of the vertical and horizontal scale

divisions are shown in the same way as on Figure 1.

and voltage, and m generally lies between 1 and 2 but
can be up to 3 (Garlick 1949). With m = 1, this relation
was known as Lennard’s Law in the early phosphor CL
literature. The results in Figure 4 fit linear and square
laws (m = 1 and 2) about equally. This shows why the
two expressions were in common use. Of course, in
principle, one could test between them by measure-
ments at lower beam voltages, but the CL intensity
becomes too low to detect easily, particularly as the
dead-layer effect becomes more important at low
voltages. The linear plot gives V4 = 15kV, correspond-
ingtoty = 1.1 pm (taking ty = the Gruenrange in ZnS
for 15 kV). The dead layer is now assumed to be due to
surface charges producing a field in a subsurface
depletion region. This field separates the h-e pairs
preventing them from recombining to produce light.

Surface recombination has been neglected in this
discussion because often it is found to be overridden
by the dead-layer effect. This arises because of surface-
state trapping leading to a surface charge and sub-
surface depletion layer, as discussed above. This effect
was first found in the early work on ZnS phosphors
and is known to be important in some I1I-V materials
aswell.

Figures 5a,b are plots of experimental data on the
integral CL-emitted intensity as a function of beam
energy for two samples of bulk LEC InP material
doped with Cr and Fe, respectively. The intensities
were obtained as the output of Si photodetectors
looking directly down on the specimen, that is, the
ECL (emission CL) signal, measured as short circuit
current in the one case and as open circuit voltage in
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maximum intensity emitted from bulk GaAs for (a) values of
absorption coefficient, «, from 0.3 to 3.0 pm~! and zero dead-
layer thickness, and (b) for dead-layer thicknesses from 0 to 3
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Fi1G.4 Experimental values of the integral extrinsic CL inten-
sity from a ZnS crystal, measured as total count rate with the
monochromator of a spectral detection system set to the zero
order, versus beam voltage. The curve and straight line show
that the results, over the readily measurable range, fit first- and,
approximately, second-power expressions comparably well.
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Fi6. 5 Variation of the emitted CL intensity for LEC InP
samples with beam energy in keV for constant beam currents
for {a) Cr-doped and {(b) Fe-doped material. The two sets of
data (dots and plus signs) are for different values of beam
current in each case.

the other. The response intensity is linear in each case.
Notable is that by comparison with Figure 3a the data
correspond to materials with a relatively large and a
small absorption coefficient, respectively. This obser-
vation fits in with previous observations of dot-and-
halo contrast at dislocations in the these materials
(Holt er al. 1990). This is because of the precipitation
of impurities on dislocations, producing dark dots in
CL micrographs, and a bright denuded zone, or halo,
around the dislocation. The effect was very strong in
InP:Cr suggesting that Cr doping gives strong CL
absorption. This form of contrast was much weaker in
InP:Fe, suggesting that the increase in the absorption
coeflicient due to Fe doping was much less.

Dislocation CL Contrast

Only a few papers are available on the analysis of
CL dark-dislocation contrast. Lohnert and Kubalek
(1983, 1984) applied the Donolato phenomenological
model to dark CL contrast. This model, originally for
EBIC contrast, represents any defect as a volume of
appropriate geometry in which the minority carrier
lifetime is reduced. A dislocation is thus a circular
cylinder of radius rp. To account for CL. dark contrast,
the nonradiative recombination time and therefore
the minority carrier lifetime are decreased inside the
cylinder. This reduces the CL efficiency locally. This
model apparently produced the required results.

Pasemann and Hergert (1986) and Jakubowicz
(1986) independently realised that on the basis of the
Donolato model the CL and EBIC dislocation dark-
line contrasts are similar, with one exception: the
depth dependence of the CL contrast, due to self-
absorption, which has no EBIC analogue. It follows
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F16.6 Experimental CL line scan profile for a beam-induced
dislocation. This ECL (emission CL} signal was detected by a Si
photodiode set to view the specimen from above and was
recorded as a current. CL of all wavelengths can be detected by
this means, but spectroscopic observations showed the emission
from this specimen to consist only of the near-band-edge
emission (hv = E,, the band gap energy).
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Fi16.7 A family of simulated contrast profiles for a dislocation
of radius (.5 pmin which 50% of the minority carriers are lost by
recombination and running parallel to the surface at depths
from 0.3 to0 3.5 pm. These profiles were calculated for GaAs and
a beam energy of 20 keV. The greatest reduction in CL inten-
sity, that is, the greatest CL contrast is found for a depth of
approximately 2 wm for this beam energy.

that the ratio of the two forms of contrast can be used
to determine the dislocation depth (Jakubowicz et al.
1987).

Our aim is to make defect CL contrast analysis
available to experimentalists in a form that is conve-
nient for the determination of dislocation recombina-
tion strengths. The hope is that this will facilitate
studies of the variations of defect CL properties, with
material, type of dislocation, decoration, tempera-
ture, etc.

Dislocations can be induced in GaAs and InP by the
high-beam currents that are sometimes needed for CL
studies (Salviati et al. 1990). These dislocations are
very suitable experimental objects as they are long and
straight and run parallel to and just below the speci-
men surface. Morecover they are interesting in them-
selves as they run in <110> directions with [001]
Burgers vector normal to the surface of the wafers and
are apparently produced by a new mechanism (Holt et
al. 1993). By selecting from among such dislocations,
those that are widely separated from their neighbours,
high-resolution CL line-scan profiles can readily be
recorded for comparison with MC-SET simulated
curves (Fig. 6).

In the present calculations of dark CL defect con-
trast, the dislocations are represented by cylinders of
radius rp inside which a percentage, p, of the minority
carriers are lost by additional nonradiative recombina-
tion. The cylinder lies at a depth zp and contrast
linescan profiles can be simulated for ranges of values
of rp, p and zp,. Fitting experimental data to a family of

calculated curves like that shown in Figure 7 gives
values for these parameters for the particular disloca-
tion. This simplified model is that previously used for
EBIC (Norman and Holt 1989) except that, because of
absorption, the contrast of dislocations in CL falls
steadily with increasing zp,.

Multilayer and Device Structure Modeling

As an illustration of a phenomenon requiring the
application of MC-SET to a multilayer device struc-
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F1G6.8 The epitaxial layer structure of a HEMT wafer grown at
LPSES (Laboratoire de Physique du Solide et Energie Solaire~
CNRS, Valbonne, France) and (b} the energy-band diagram for
this structure (Holt ef al. 1993). The arrows are the directions of
the built-in fields in the layers.
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F1G6. 9 Electron trajectories and energies deposited in the HEMT structure layers for a beam voltage of 1 kV. The values of the
vertical and horizontal scale divisions are shown as for Figure 1. Comparison of Figures 9 and 1 shows how the deeper layers are

increasingly excited as the beam energy increases.

ture, some results of EBIC observations on a HEMT
structure are presented (Holt ef al. 1993). The struc-
ture of these specimens is shown in Figure 8 and
MC-SET graphics resuits for this structure in Figures
1 and 9. EBIC observations were carried out on
specimens cut from a wafer with the structure of
Figure 8 simply by applying silver paint contacts to the
bottom and a point on the top. Charge collection
relied on internal electric fields in the structure. The
top layers, 5 and 6, have built-in fields collecting
current upwards, that is, sending holes to the top
contact and three deeper layers; numbers 4, 3 and 1
have fields collecting current downwards (Fig. 8).
When care is taken to avoid beam damage, the varia-
tion of EBIC current between contacts to the top and
bottom of the wafer varies with the beam voltage as
shown in Figure 10 (Holt et al. 1993). The EBIC
current reverses direction for beam voltages greater
than about 5 kV as the beam penetrates through the
shallow, upward-current layers and begins to generate
h-e pairs in the deeper, downward-current charge-
collecting layers. The simulations of Figures 1 and 9
are those for 1 and 7 keV beams. Experimentally, the
EBIC currents for these beam energies are about
equal and opposite in direction. The results of the
simulations show that for 1 keV the h-e pair genera-
tion is entirely in the shallow, upward-current-collect-
ing layers, while for 7 keV it is predominantly in the
deeper, downward-current-collecting layers, which ac-
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counts for the reversal of direction of the observed
EBIC current.

A second example of a device to which MC-8ET is
being applied is a quantum wire in GaAs containing a
shallow 8-doped layer (dotted in Fig. 11). This is
incorporated into an FET test structure (O’Neill ef al.
1993}). The quantum wire is a long mesa, 1 pm wide
with reactive-ion-etched trenches on either side. Gate
contacts are applied outside the trenches. The effect
of lateral fields on the quantum wire was investigated
by EBIC and it was found that the form of the EBIC
linescans across the wire changed with bias, as shown
in Figure 12. MC-SET simulations were used to calcu-

EBIC in nA
0.1

0b— =9

Ebin keV
F16.10 Variation of EBIC current between contacts to the top
and bottom of material with the HEMT structure of Figure 8, as
a function of beam energy.
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which no full theory or explicit mathematic solution is
available and to which it would often be unprofitable
to apply theory, for example, particular structures or
semiconductor alloys of limited interest. It is not the
precision of microcomputer Monte Carlo simulations
that is important but their speed and wide applicabil-
ity that recommend them. In principle, of course,

2 G Monte Carlo simulations can be made as accurate as
ate ) . i X ;
required, provided sufficient computer power is avail-
| able, as in the work of Oelgart and Werner (1984),
Hilbrandtet al. (1988), and Phanger al. (1992).
Source

Surface depletion
Trenches v

Fi6. 11 Structure of a quantum wire FET (O'Neill eral. 1993).

late the effect of the escape of beam electrons through
the sides of the quantum wire and into the bottom of
the trenches and of the backscattered electrons of this
type exciting the wire. Noted was that the form of the
zero-bias linescan could be accounted for in this way
(O’Neiller al. 1993). Modeling of the effect of possible
depletion regions under the side walls of the quantum
wire, induced by the bias field, is now hand.

Discussion

These examples of applications of Monte Carlo
simulations to CL and EBIC observations show that
the method can quantify a variety of experimental
phenomena. At the present time, it is the only such
method available except in some simple cases for
which reasonable analytic models and the necessary
data are available.

The Monte Carlo simulation method is not a substi-
tute or a rival for theory but a simple, practical
laboratory tool. It often can be applied to give a first
approximation simulation of complex situations for

EBIC vs. electron
beam position
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