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Abstract

A number of wuseful electron-beam-induced
current (EBIC) techniques have evolved through
the study of junction behavior in photovoltaic
(PV) devices in cross section as a function of
light and voltage bias, temperature, and electron
beam scanning parameters. The necessary hardware
modifications, the techniques themselves, and
their applications are presented. In the case of
PV devices, 1light and/or voltage biasing the
entire device while electron probing it in cross
section permits the observation of the distribu-
tion of the narrowing or extension of the space-
charge region. Monitoring the junction behavior
as a function of temperature has at least two
applications. In situ heating of the device in
the junction EBIC (JEBIC) mode permits the obser-
vation of the rate of movement of the junction
further into the material as a function of time
and temperature. Through low-temperature studies
of cross sections, the change in the material”s
electrical properties have been recorded and
correlated with device I-V and quantum efficiency
measurements at these temperatures. Further, the
JEBIC profile has been wused to predict the
quantum efficiency of the device. 1In the case of
thin-film CdS/CuInSe2 devices, newly developed
JEBIC techniques have been instrumental in deter-—
mining the role of oxygen in improving device
performance and stability.
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Introduction

The application of junction electron—beam—
induced current (JEBIC) to various semiconductor
materials and devices has extended the use of
EBIC and resulted in valuable new characteriza-
tion techniques. This paper is a natural exten-
sion of an earlier one published in this series
(Matson, 1984), in which many of the hardware
modifications to the scanning electron microscope
(SEM) necessary to these techniques, along with
other techniques, were discussed. As such, the
purpose of this paper is to discuss a few
additional modifications that have been made and
the resulting techniques and applications of the
combined EBIC system. Junction, or what other-
wise may be called cross-sectional, EBIC involves
electron probing of the cleaved cross section,
and, therefore, the exposed junction, of a semi-
conductor device (Fig. l.). The relatively high
energy electron beam serves to locally generate a
large number of electron—hole pairs which are
subsequently separated and collected, more or
less efficiently, depending on their proximity to
the device junction. The charges that reach the
junction via diffusion or by generation within
the junction, are subsequently separated by the
intrinsic electric field (space-charge region,
SCR) . The resulting current is collected via
contacts, amplified, and used to Y (deflection)
or Z (intensity) modulate the CRT of the SEM,
hence the terms electron-beam-induced current
(EBIC) or charge-collection microscopy (CCM)
(Holt, et al., 1976, Leamy, 1982). (See Fig.
La) If the electron beam is scanned in a line
normal to the junction, the resulting JEBIC line
scan can be viewed as a spatial charge-collection
efficiency distribution or profile. Plotting the
logarithm of the EBIC with distance, the slope
(d(1nEBIC)/dx) can be used to determine the
minority carrier diffusion length on either side
of the junction (Luke, et al, 1985).

Hardware Modifications,
Techniques, and Applications

Junction EBIC

A simple, yet very useful, application of
JEBIC is to locate the electrical junction of a
device with respect to the metallurgical
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Figure 1: (a) Diagram depicting an electron beam

scanning normal to the cross section of a semi-
conductor device near the junction. The high
energy electrons act as a highly localized source
of electron—hole pairs. (b) Diagram of an
idealized energy band diagram for a heterojunc-
tion with a window layer (n—-CdS) and an absorber
layer (p-CulnSe,) and the corresponding SCR of
width W. (c) The corresponding intrinsic elec—
tric field. (d) The charge collection (EBIC)
profile resulting from scanning the beam across
the junction area. X, and X, denote the SCR
limits, and L; and Ly the minority carrier diffu-
sion lengths. (e) The EBIC is collected through
ohmic contacts, amplified, and used to modulate
the SEM CRT.
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junction,
or with respect to the surface,

in the case of heterojunction devices,
in the case of

homo junction devices. Figure 2 illustrates an
example of a homojunction which in fact was
intended as, or thought to be, a heterojunction
between the n-CdS and the p-CulnSe2 material.

The evident difference in topography is due to
the CdS being a polycrystalline thin film and the
CuInSe, being single crystal. This particular
case was significant because it served to show
that depositing CdS onto CulnSe; resulted in the
type conversion of the surface of the CulnSej
from p-type to n—-type, resulting, in turn, in the
formation of a homojunction in the CulnSej
(Matson, et al., 1987). Figure 2 is a superposi-
tion of both an EBIC line scan and an EBIC image
on the secondary electron image (SEI) of the
cross section of the device. The JEBIC line scan
is used to assign a junction depth, usually at
the EBIC peak position, and to obtain a good idea
of both the space-charge-region width (W) and the
minority carrier diffusion length (L). W and L
are more accurately determined by digitally
stepping the electron beam across the junction,
recording the JEBIC(x), and applying a least-
squares fit to the plot of 1n(JEBIC(x)) (Partain
and Shea, 1979, van Roosbroeck, 1955, and Luke et
al., 1985). In terms of determining the SCR
width from the JEBIC 1line scan, a comparison
between W measured from capacitance-voltage (C-V)
measurements and that estimated from the JEBIC
profiles of the same devices over the years have
shown good agreement. The superposition of the
EBIC image and the SEI allows the location and
spatial distribution of the electrical activity
with respect to the intended junction location to
be recorded.

CulnSe, | CdS

Figure 2: Combined EBIC and SEI micrograph of
polycrystalline thin film CdS on single crystal
CulnSe, with an EBIC line scan. The horizontal
line indicates both where the electron beam was

scanned and the zero beam current reference
line. The white (EBIC) band represents the
spatial variation in electrical activity.

Through differential amplification, just the peak
response is imaged. (See Matson et al., 1987).
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In addition, the quantum efficiency (QE) of
photovoltaic devices has been calculated from the
relation

X = -(x;-x)/L
QE = af ! e ¥.e ! } dx
0

X d
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X X dx
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and from knowledge of the absorption coefficient
as a function of wavelength, a(A), and the JEBIC
profile, which can be used to determine the
minority-carrier diffusion lengths, L; and L,,
the SCR limits, X; and X;, as depicted in Fig. 1.
(Matson, et al., 1987). In principle, the a(A)
could be determined from the measured QE and the
JEBIC line scan.

Low-Temperature JEBIC

An earlier paper (Matson, 1984) described
most of the hardware modifications necessary to
perform temperature-dependent JEBIC from 807K to
720°%, The only additional modification recom—
mended is to machine an insert for the original
sample holder for the cold stage (Matson, 1984,
Fig. 3b) to permit edge-on viewing directly
analogous to the insert for the hot stage (Matson
1984, Fig. 2b), intended for the same purpose.

Applications of temperature-dependent planar
EBIC have been reported in the literature. In
particular, the analysis of EBIC contrast as a
function of lower temperatures has been used to
study the electrical properties of individual
dislocations of different character (Boyes, et
al., 1982; Breitenstein and Heydenreich, 1983;
Ourmazd, et al., 1983). Low temperature JEBIC
has been used before to study the temperature
dependence of the minority carrier diffusion
length in lead chalcogenides (Eisenbeiss, et al.,
1984). Our only application to date has been the
examination of the low-temperature charac-
teristics of CdS/CulnSe, diodes in which the
large number of traps are unevenly distributed
through the depth of the layered CulnSe, struc-
ture. Hence, the shift of the locus or position
of the electrical activity (the junction) depends
on the Fermi level (temperature dependent) and
the electrical bias on the sample. At lower
temperatures, the junction not only shifts away
from the heteroface towards the back contact but
reverses current direction (polarity) at a
forward bias equal to that of the open-circuit
voltage (Fig. 3). The EBIC signature correlated
well with I-V and quantum efficiency (QE) under
the same conditions in that the I-V showed
double-junction behavior and the QE showed both
the expected spectral dependence of a buried
junction and the current reversal. The JEBIC
supported this by showing the locations in the
film where these type conversions were taking
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place and ultimately provides clues to the defect
chemistry determining the electrical properties
of the CulnSe,.

In principle, the low-temperature JEBIC
stage can be extended to scanning deep level
transient spectroscopy (SDLTS) (Breitenstein and

Heydenreich, 1983) in cross section where the
spatial distribution of defects 1in layered
devices may be imaged.

|MO| CU|I'|S€2 | Cds |

IMo ! CulnSe, | CdS |

Al
Figure i Thin film (polycrystalline)
CdS/CquSe2 device (with Al front and Mo back
contact). (a) At room temperature, line scans
-3¢ forward biased 0.0, 0.30 and 0.35 V,
respectively. (b) At 110°K, curves 1-6: forward
biased 0.0, 0.30, 0.40, 0.55, 0.70, and 0.80 V,

respectively. At the lower temperature the peak
is ~ 1.5 pm into the CulnSe, and the EBIC peak
both shifts location and current polarity with
increasing bias.

High-Temperature JEBIC

This method is complicated by two factors.
First, the device performance degrades signifi-
cantly with higher temperatures, S0 that
obtaining a signal may be problematic. 1In this

case, the heating or annealing effects may be
assessed by letting the sample cool back down
before performing the EBIC measurement.
Secondly, the hot stage expands, with heating,
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resulting in sample movement. This can be
addressed in most cases by allowing the system to
come to thermal equilibrium before recording the
EBIC information.

One application for an EBIC hot stage is to

measure the depth of the junction from the
surface as a function of annealing time and
temperature and wusing this to determine the
diffusivity (Grove, 1967). Another is to monitor

the change in a material”s electrical properties
with temperature. A case in point is noted in
thin-film CdS/CdTe, CdS/CuyS, and CdS/CulnSe,
devices, where post—-deposition heat treatments
are known to improve device performance (Matson,
et al., 1986). In the case of CdS/CulnSe,, these
techniques were used to argue that the effect of
the heat treatment was on the CulnSe;, as opposed
to the CdS, and that the heating resulted in the
type conversion of the CulnSe; through the incor-
poration of oxygen and a consequent progression
of the junction toward the heteroface (Matson et
al, 1986).

Biased JEBIC

To perform light- and/or voltage-biased
JEBIC, beam blanking and a lock—in amplifier with
a current—to-voltage pre—amplifier are required
due to the current resulting from biasing the
sample easily saturating most current amplifiers
and swamping the EBIC signal. The lock-in ampli-
fier separates the modulated EBIC signal from the
D.C. bias current. In the present system, a PAR
Model 124-A Lock-In Amplifier with a Model 184

Current Sensitive Pre-Amplifier is used.
Although most, or all, lock-in amplifiers are
suitable for slow 1line scans, their system
response times are too slow for EBIC imaging.

Voltage biasing requires a reasonably noise-free
voltage source. A battery and voltage divider
network is both simple and effective.

Light-Biased JEBIC

Light biasing of the sample with the light
directed normal, or slightly off-normal, to the
device, noted in Figures 1la,b, is accomplished
via a fiber optic cable mounted in the SEM sample

chamber . The fiber optic cable, with a vacuum
feed-through, in contrast to just a light source
inside the SEM vacuum chamber, allows variable
wavelength, variable intensity, and collimated
light to be applied to the sample. We found that
a fiber optic cable, snugly fed through a

suitably sized rubber cork which was in turn used
in a spare port in the SEM (a JEOL JSM-35c), all
with ample vacuum grease appropriately applied,
functioned quite adequately as a vacuum feed-
through for the cable.

This arrangement allows the junction
behavior to be studied under actual operating
conditions. This technique is especially appli-
cable to devices in which the superposition
principle does not hold or, otherwise, in which
the charge-collection distribution is thought to
differ under light-biased conditions from that of

dark conditions. In photovoltaic systems, amor-
phous Si, C€dS/CdTe, CdS/CuyS, and CdS/CulnSej
devices are candidates. An application of

temperature dependent, light biased EBIC which
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could be easily extended to JEBIC, involves the
photo—induced modulation of the EBIC through the
use of chopped sub—-bandgap monochromatic light to
study the photo—ionization of deep levels with
high spatial resolution (Li, et al, 1986).

Voltage—-Biased JEBIC

The hardware requirements were addressed
above. One application of this technique is to
record the distribution of SCR depletion or
widening with the application of either reverse
or forward biasing, respectively, as shown in
Fig. 4. This can be used in fundamental device
studies to complement C-V measurements which can
determine the SCR width but neither the junction
location nor the spatial distribution of the SCR,
which may be useful in modeling complex device
structures. Another application is bias
dependent electron-beam-induced-conductivity
characterization of non—uniformities in
insulating materials such as zinc oxide ceramics
(Bernds, et al., 1984) and Si3N, on Si (Matson,
et al., to be published).

JEBIC "Shift"

Through investigations of the role of the
post-deposition oxygen treatment on thin-film
CdS/CulnSe, solar cells, it was determined that

the device was a homojunction rather than the
expected heterojunction. A full report has been
presented elsewhere (Matson, et al., 1986). For

present purposes, the more interesting phenomenon
was the shift in the EBIC profile with successive
scans. That is, the sample was positioned and
aligned such that the first EBIC line scan could
be performed on an area of the sample with no
pre—exposure to the electron beam--a so-called
"virgin" line scan. This was followed by a
succession of line scans wherein the change in
the EBIC line scan was monitored wuntil it
stabilized and no further change occurred at
which point the line scan was recorded-—-the so-
called "final" line scan (Fig. 5). Through the
application of this "virgin" EBIC 1line scan
technique to samples of varying composition and
fabrication techniques and post-deposition heat

and oxidation/reduction treatment, 1t was
discovered that the electron beam had an effect
on the CulnSe; analogous to that of chemical
reducing agents. Further, it was found that the

oxygen served to type-convert the outer layer of
CulnSe2, thereby shifting the junction closer to
the heteroface, and that the electron beam served
to probe the stability of the incorporation of
the oxygen (Matson et al, 1986) because the EBIC
shift corresponded to oxygen removal by the
beam. Recent scanning Auger studies of the
threshold for the electron stimulated desorption
(ESD) of oxygen from thin film CulnSepy (Nelson,
et al., 1987) and calculations of injected charge
densities have shown that even under moderate
beam conditions (20kV, 50pA, 100R beam diameter)
the SEM probe can dislodge oxygen. In short, the
electron beam was the central tool in determining
the role of oxygen in this mwmaterial system.
Because of the parallels between this system and
CdS/CdTe, C€dS/CuyS and related compounds, it is
reasonable to try to extend the use of these
techniques to these other materials systems.
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Figure 4&: The effect of forward bias (a), zero
bias (b), and reverse bias (c) on a thin film
CdS/CulnSe, device with a junction buried deeply

enough in the CulnSe; to be considered a
Mo/CulnSe) Schottky barrier (Russel et al.,
1982). The corresponding SCR extension (c) and

contraction (a) appears evident.

Summary/Conclusion

for low- and
high-temperature, light- and voltage-biased,
planar and junction EBIC were discussed.
Associated techniques and some applications have
also been presented for the junction EBIC case,
including some more specific to thin-film
CdS/CuInSe2 and analogous devices. In general,
the purpose was to suggest a few EBIC hardware
modifications, techniques and applications that
could serve to extend the already formidable
array of SEM-based semiconductor characterization
tools. Readers interested in further details may
contact the author.

The hardware modifications
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Discussion with Reviewers

J. Heydenreich: In some cases relative to

the conventional EBIC method the technique of
time-resolved EBIC (TREBIC) enables additional
information to be gained. What about the

application of this technique to the analysis of
photovoltaic devices?

Author: The advantage of TREBIC is working
with long lifetime materials, such as Si, and
improved EBIC spatial resolution. This is a
short lifetime (submicrosecond) material and
improved spatial resolution of JEBIC peak posi-
tion was gained by use of differential EBIC
(DEBIC) techniques. Hence, although TREBIC has
clear application to Si based devices, there is
not an apparent advantage in this material
system.

D. Kohler:
in the results of
JEBIC measurements?

Did you observe any differences
the JEBIC and 1light-biased

126

Author: No, not in JEBIC peak location or
profile. The object of these experiments was to
determine if the effect of light on the quite
photoconductively sensitive CdS would, in turn,
affect the location of the JEBIC peak in thin
film CdS/CulnSe, samples. Due to the number,
variety and lifetimes of traps in this material
system, the expected effect of light biasing on
the space charge region (SCR) width at short
circuit conditions is unclear. A better test for
light bias effects on the SCR would be to monitor
JEBIV on a simpler material system.

J. Heydenreich: In the light—biased JEBIC,
the charge collection distribution is a function
of the wavelength and of the intensity of the
light used. Under which experimental conditions
have the experiments been carried out and which
results have been achieved?

Author: An ELH type lamp, whose output is
reasonably well spectrally matched to that of
terrestrial sunlight, was wused as the 1light
source.

The intensity at the samfle was adjusted
for one sun conditions (100 mW/cm“).

As noted above, the results were unclear,
probably due to the complexity of the material
system.

J.D. Meakin: A number of the figures appear
to show substantial response from well within the
Mo layer (e.g., Fig. 4). Please comment on the
precision with which the EBIC scans and SEM
images are superposed.

Author: By the routine superposition of SEIL
and SEI line scans of NBS magnification
standards, we know that the superposition of the
two and the magnification scale remains exact (K
1% error). The EBIC response observed in the Mo
is a result of the generation volume due to
electron scattering within the material.

J.D. Meakin: You report that irradiation
during EBIC moves the position of the junction
(Fig. 5) so that presumably even the initial line
scan is suspect. The CdS/CuInSez junction is also
someWwhat indistinct. Taking these two facts
together, would you estimate the lateral
uncertainty in the relative position of the
"true” EBIC peak and the metallurgical junction
for an optimized operating cell?

Author: An extensive array of tests for
electron beam artifacts on this material were
performed to address this very question; the more
important of which were noted in Matson et al.,

1986. For example, because the effect is doze
related, we examined beam currents from 2x107144
to 2x107/A (measured with a Keithley 642

electrometer and Faraday cup) and beam voltages
from 10kV to 40kV.

Concerning the issue of the virgin, or
initial, 1line scan truly characterizing the
actual device junction or not, the rate at which
the JEBIC profile evolves with successive scans
of the electron beam appears to be the best
measure. That is, 1if the profile changes
substantially between the first and second scans,
as opposed to after many scans, the initial line
scan becomes suspect. But what has been observed
over many samples, before and after oxygen
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treatment, is a slow evolution. This, and the
fact that at even very low dosages (2x10~ AA),
the initial peak is in the same position, clearly
indicates that a first scan is correct.

Accurately identifying the metallurgical
interface is a 1little more problematic. The
thickness of the CulnSe, layer is evaluated at
several points with the SEM where the CdS has
been removed and compared with surface
profilometer results. Also, the CulnSe, and CdS
generally have different grain sizes and
structure. These and consistency with other
clues derived from the SEI are the basis for
assigning the position of the heteroface.

Overall the estimated lateral uncertainty,
including cffects of differences in bandgaps of
the two materials, is probably no worse than 0.2

pm.
J.D. Meakin: There are potential artifacts
using lock-in amplification for making either

collection efficiency or EBIC measurements with
an applied voltage bias. For example, (1) an
apparent light generated current can be detected

in QE measurements on samples containing no
active junction but merely a photoconductive
component. (2) A spurious reversal of QE response

from a photovoltaic device has also been observed
and traced to a finite out-of-phase component in

the amplified signal. Can such effects be

discounted for the reported current reversals?
Author: Referring to the experiment

represented in Fig. 3; first, concerning the

"apparent” existence of a junction where there is
none, we are assured by generation factors
(EBIC/Ib) 21000 that charge separation, and hence
a junction, is present. Second, because of the
observed effect of biasing on the phase relation
in the lock-in signal, the phase was checked, and
ad justed as necessary, with each 1line scan.
Further, as noted in the text, the biased low
temperature quantum efficiency measurements
clearly corroborated the observed junction
position and current reversal. Hence, we believe
that the characterization is correct.

J. Heydenreich: The electrical activity of
the CdS/CulnSe, junction does, of course,
strongly depend on the geometrical (morphological
structure of the interface region). Is there a
detailed knowledge of the transition region
(including the characterization of existing
defects in the boundary), revealed e.g., by
cross—sectional TEM?

Author: No, to my knowledge very little
cross-sectional TEM of the CdS/CulnSe, heteroface
has been done. However, as noted in this report,
the active device junction occurs well within the
CulnSe,, therefore presumably obviating this kind
of investigation. However, photoluminescence
studies of CulnSep, with and without the CdS
window layer, are in progress which will examine
surface defect states.

H. Matsunami: Does Mo work as a good ohmic
contact to CulnSe, at low temperatures?

Author: Although the CdS/CulnSe, device I-V
characteristics clearly indicate double diode

127

behavior the JEBIC, the measured spectral
response, and the corresponding absorption
coefficients all indicate that the second junc-
tion is near (within 1.0pm of, but not at) the
MO/CuInSez interface. From this we conclude that
rectifying behavior is not developing at that
interface at 1lower temperatures, without being
able to comment on the resistivity of the contact
itself.

H. Matsunami: As an experimental result,
oxygen type converts CuInSez. Is there any
evidence that oxygen functions as a donor in

CuInSe, to type convert the material?

Author: No. The type conversion is from n-
type to p-type through the passivation, or
elimination, of donor type defects by the
oxygen. The reader is referred to Matson et al.,
1986, Zurcher et al., 1987, and Noufi et al.,

1987 for further details.
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