Electron-beam-induced current measurements of thin-film solar cells
Daniel Abou-Ras' and Thomas Kirchartz*>

"Helmholtz-Zentrum Berlin fiir Materialien und Energie GmbH, Hahn-Meitner-Platz 1, 14109 Berlin,
Germany

’JEK 5-Photovoltaik, Forschungszentrum Jiilich, 52425 Jiilich, Germany

*Faculty of Engineering and CENIDE, University of Duisburg-Essen, Carl-Benz-Str. 199, 47057
Duisburg, Germany

Corresponding author: daniel.abou-ras@helmholtz-berlin.de

Keywords:  Electron-beam-induced current, thin-film solar cells, scanning electron
microscopy, tutorial review.

Abstract:

The present tutorial review provides a practical guide to the analysis of semiconductor devices
using electron-beam-induced currents (EBIC). The authors focus on cross-sectional EBIC
measurements that provide an experimental assay of the efficiency of charge carrier collection
in a semiconductor diode. The tutorial covers the fundamental physics of the technique,
specimen preparation, data acquisition and numerical simulation and analysis of the
experimental data. A key focus is put on application cases from the field of thin-film
photovoltaics as well as specific pitfalls that may occur, such as effects occurring in high level
injection and at grain boundaries of polycrystalline materials.

1. Introduction

In the research field of semiconductor devices, electron-beam-induced current (EBIC)
measurements are an indispensable means of probing electrical properties of materials and of
junctions in various semiconductor devices on the submicrometer scale. EBIC is a fairly old
discipline going back to the work on the “electron voltaic effect” introduced by Ehrenberg et
al.' and Rappaport® in the 1950s. Its usefulness is related to the fact that this technique is
generally available at a scanning electron microscope, where imaging of the specimen can be
combined with the laterally and depth-resolved measurements of the electron-beam-induced
current as was first presented by Everhart et al. in 1963°. Thus, the combination of scanning
electron microscopy (SEM) and EBIC is an appropriate tool to image device structures and
study charge-carrier collection in a semiconductor diode with high spatial resolution. This is
useful especially when aiming at correlating the structure of materials and their electrical
properties.

The principle of EBIC is based on the generation of electron-hole pairs by an impinging electron
beam. If electrons and holes are not separated spatially, they will eventually recombine. Thus,
to enable efficient charge separation and subsequently to measure an electron-beam induced
current, selective contacts have to be realized. Selective contacts are typically realized either by
the means of doping (such as in a p-n junction), by using materials with different workfunctions
(such as in Schottky junctions) or by using combinations of both principles (as often done in
semiconductor heterojunctions). Following electron-beam induced generation of electron/hole
pairs in a device with selective contacts, an electrical current caused by the separated charge
carriers will be measured at the external contacts.



While the principle is simple, the acquisition and especially the interpretation of EBIC data is
often challenging. The authors will cover issues such as surface roughness, contacting of
devices, and low-injection vs. high-injection conditions as potential pitfalls of EBIC analyses.

Various reviews and book chapters have already been written on charge collection in the
electron microscope, including the contribution by D. Holt* or the overview article by H.J.
Leamy”. In the present work, it is the intention of the authors to provide a practical guide to
EBIC analysis of semiconductor devices, focusing on p-n junctions and p-i-n device structures
for thin-film photovoltaics. The present EBIC tutorial covers the fundamental aspects of the
technique (Section 2), describes the measurement procedure and the modeling of EBIC data
(Section 3), addresses EBIC signals across line and planar defects (Section 4), and finally
discusses pitfalls of EBIC measurements (Section 5).

2. Basics of the EBIC measurement

In an EBIC measurement, an electron beam is used to generate electron-hole pairs. These
electron hole pairs may generate a current if a charge-carrier selective device structure is used.
Figure 1 shows a schematic of the simplest selective device geometry, i.e., a p-n-junction. As
indicated, electron-beam irradiation may be realized onto the n-type or p-type semiconductor
(plan-view configurations) as well as onto the cross-section of the device (see Figure 1).
Although EBIC analyses in plan-view configurations can also provide valuable information
about lateral variations in charge-carrier collection behaviors in thin-film solar cells (see. e.g.,
Refs. ® and 7), the authors will concentrate on cross-sectional EBIC measurements in the
following, since the study of the collection behavior perpendicular to the substrate provides
direct insight into features which have an impact on the current flow in the thin-film device.
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Figure 1: Schematics of a p-n junction with adjacent contacts. The arrows indicate the different
possible configurations with the electron beam impinging either on the front or back contact,
or on the cross-section of the layer stack.
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Since the current /esic measured in an EBIC experiment is a result of subsequent carrier
generation and collection, it can be described mathematically by the convolution of a generation
profile g(X — @) and a collection probability ¢ (¥), which - reduced to one dimension - can be
expressed in a general form as®

Iegic (a) = fi’; g(x — a)p(x)dx, (Eq. 1)



where a is the position of the incident electron beam on the specimen surface, x is the position
of the electron-hole generation and x = - xfc and x = xbvc are the left and right edge of the part of
the device where electron-hole pair generation is studied (see Figure 2). Note that we assume
the generation profile g(x) to have a finite extension around the position a where the electron
beam impinges on the surface. In a solar cell, the part of the electron-hole generation
corresponds to the light-absorbing semiconductor layers but excludes metal contacts or
transparent conductive oxides. In order to facilitate the evaluation and modeling of the EBIC
data, homogeneous EBIC signals in the lateral directions will be assumed. The position
coordinates @ and x in Eq. 1 vary only in the direction perpendicular to the contacts.

The cross-sectional specimen of a thin-film solar cell depicted by the schematics in Figure
2 exhibits an asymmetric p-n junction and a corresponding space-charge region (SCR). The
positions along the x axis of the front, -xfc, and back contacts, xvc, and the edge of the SCR, xscr,
as well as the recombination velocities at the back contact, sue, at the cross-section surface, ssr,
and at a grain boundary, sGB, are highlighted.
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Figure 2: Schematic of a cross-section specimen of a thin-film solar cell with asymmetric p-n
junction, with relevant parameters for the present tutorial review. Given are the positions of the
front, -xfc, and back contacts, xbc, the position of the impinging electron beam, a, and the edge
of the SCR, xscr, as well as the recombination velocities at the back contact, svc, at the cross-
section surface, ssr, and at a grain boundary, sGs.

In the course of the present work, we will describe in detail how to acquire EBIC images
from cross-sectional specimens, from which EBIC profiles perpendicular to the p-n junction or
to the selective contacts are extracted. Figure 3a shows a schematic of the cross-section of a
device with the x-axis going from the front to the back contact of a typical with a thin SCR and
a thick quasi-neutral region (QNR). If somewhere in the QNR, an electron-hole pair is generated
by an electron beam, the current will depend mostly on the probability that the minority carrier
will diffuse to the SCR and is collected.

If we assume the QNR to be made up of a thick p-type layer as shown in the band diagram
of Figure 3b, electrons will be the minority carriers. Thus, it will be the diffusion length Ln of
electrons that controls the collection probability ¢ shown in Figure 3c. To a first approximation,
the probability that an electron will be collected from a distance Ax = x — xscr away from the
edge of the space charge region at x = xscr is given by exp(-Ax/Ln). As indicated in Figure 3c,



higher diffusion lengths will lead to higher charge collection efficiencies and these will
generally decay towards the back contact. This is due to the fact that at the back contact, the
electrons have to diffuse the longest distance Ax through the neutral layer. A more detailed
mathematical analysis of the collection probability will follow in Sec. 3.2.
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Figure 3: (a) Schematic of an asymmetric p-n-junction with a thick neutral zone (blue) and a
thin space charge region. (b) Band diagram of the same device. (c¢) Collection efficiency
calculated numerically (symbols) compared to the analytical equation discussed in section 3.2

(lines). The bulk diffusion length La of minority carriers (electrons) is varied while the surface
recombination velocity soc = 10° cm/s is kept constant.

3. Conducting EBIC measurements

3.1. Practical aspects of EBIC analyses



3.1.1. Specimen preparation

Optimizing the surface quality of a specimen before analysis in an electron microscope is
essential in order to reduce possible measurement artifacts to a minimum. This principle is true
also for EBIC measurements in a scanning electron microscope. Figure 4 shows an EBIC image
acquired on a cross-sectional sample of a Cu(In,Ga)Se: thin-film solar cell, which was prepared
simply by fracturing the device on a glass substrate. It is apparent that the cross-section exhibits
a strong roughness, which has a substantial impact on the EBIC signal. From this EBIC data, it
is not possible to conclude unambiguously whether features visible in the EBIC image are due
to the roughness or due to material properties in the layer stack.

Figure 4: (a) SEM and (b) EBIC images, acquired on the identical position of a
ZnO/CdS/Cu(In,Ga)Se2/Mo/glass solar-cell stack (data courtesy by N. Schifer, HZB).

The surface roughness can be reduced considerably by applying mechanical or ion-beam
polishing of cross-sections. There are basically two different preparation recipes:

¢ Gluing two stripes of thin-film solar cells (substrate and the layer stack on top) face-to-
face together, then polishing of the cross-section mechanically (see Figure 5 for an
illustration of the specimen). The resulting cross-section may be polished subsequently
by an Ar-ion beam; however, at times, this additional process step may result in shunting
of the devices, i.e., no EBIC signal can be measured.

e Direct slicing of a cross-section using a focused-ion beam (FIB) instrument; also for
this preparation method, the ion bombardment may induce shunting paths in the devices,
resulting in zero EBIC signals. In addition, a further possible artifact from FIB
preparation concerns enhanced EBIC signals at grain boundaries, as compared with
grain interiors (see Sec. 5.6).

For both approaches, the solar cell can be contacted in the same way as when acquiring current-
voltage characteristics, which may be (at times) more convenient than using nanoprobes (i.e.,
submicrometer-sized needles, which can be manipulated via piezoelectrical motors) in the
scanning electron microscope. Also, when simply placing nanoprobes on two contact layers on
the cross-sectional surface, it cannot be ruled out that the measured current actually does not
flow through the device stack but across the surface of the specimen.
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Figure 5: Different configurations for the specimen geometry used for cross-sectional EBIC
analyses. Stacks are fabricated by face-to-face gluing of two thin-film solar cells on substrates,
with the cross-section to be polished on the top surface. (a) Using only one of the solar cells for
EBIC analysis. (b) By realigning the second solar cell, it is possible to contact both thin-film
devices.

3.1.2. An EBIC setup

An experimental setup used for EBIC analyses is shown in Figure 6. A current can be collected
at the contacts of a thin-film solar cell when scanning an electron beam across the cross-section
of the device. An amplifier is needed which amplifies the EBIC signal (typically in the nA
range), combined with a current-voltage converter, which results in a voltage signal on the order
of mV. This voltage signal can be used as input for a scanning electron microscope. Such a
setup allows for acquiring scanning electron micrographs of the device in cross-section
simultaneously to EBIC images, thus, providing the means to analyze the microscopic structure-
property relationships of the solar-cell stack.
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Figure 6: Experimental setup for EBIC analyses. The impinging electron beam in a scanning
electron microscope generates electron-hole pairs, which are collected at the corresponding
contacts. The resulting current, typically on the order of nA for an electron-beam current in the
pA range, is amplified and converted into a voltage, which can be used as an input signal into
the scanning electron microscope. Thus, scanning electron micrographs and EBIC images can
be acquired simultaneously.



3.1.3. EBIC at varying bias voltages and the use of lock-in amplification

In a standard EBIC measurement, the analysis is conducted at short circuit, and the acquired
current density at the contacts can be regarded as the locally resolved short-circuit current
density (jsc) of the solar cell. However, in practice, a solar cell is not operated under short-circuit
conditions but under illumination and forward bias, equivalent to the situation at the maximum
power point of a solar cell. For instance, for a typical Cu(In,Ga)Se: solar cell, the voltage at the
maximum power point is around 600 mV. Therefore, varying the working point of the device
during EBIC analyses by changing bias voltages allows for studying the correspondingly
changing collection behaviors (see, €.g., Ref. ? for an example). Such type of studies can be
realized by using a beam blanker in the microscope column to chop the incident electron beam
at a specific frequency (typically 1-10 kHz, order of magnitude) together with a synchronized
lock-in amplifier. In general, lock-in amplification also results in a much better signal-to-noise
ratio of the EBIC signal, thus, its use is always recommended if available.

3.2. Analyses of p-n junctions

From an EBIC image acquired on a cross-section, a number of materials and device properties
can be extracted. We shall consider p-n" junctions in the present section, with a substantially
higher doping in the n-type than in the p-type semiconductor. The principle idea is the
following: The collection of charge carriers upon electron-beam irradiation is highest when the
electron beam impinges into the SCR of the junction, since therein, an electrical field is present
that separates effectively the generated electron-hole pairs. From the edges of the SCR, the
EBIC signal decreases exponentially into the QNR of the absorber layer. This exponential
decrease is closely related to the diffusion length of the minority carriers (electrons) in the
absorber.

Figure 7 shows an SEM image and an EBIC image, both acquired on the identical position of
a ZnO/CdS/Cu(In,Ga)Se2/Mo solar-cell stack. In the EBIC image, a bright stripe is visible,
which can be identified as the SCR of the solar cell. Before quantifying materials and device
parameters from this measurement, linescans are extracted perpendicular to the substrate.
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Figure 7: (a) SEM and (b) EBIC images, acquired on the identical position of a
ZnO/CdS/Cu(In,Ga)Se>/Mo/glass solar-cell stack (data by courtesy of M. Nichterwitz, HZB)

Figure 8 shows such a linescan (straight black line), extracted from the area highlighted by
dotted lines in the EBIC image in Figure 7b. Apparently, the EBIC linescan exhibits a plateau
(local maximum), and also, the signal on either side of this plateau decreases exponentially
from the edges to the contacts. This plateau (bright stripe in Figure 7b) can be identified as the
position of the SCR in the device. However, in order to determine the specific value of the
width of the SCR, the measured EBIC profile needs to be simulated.
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Figure 8: Averaged linescan extracted from the area in the EBIC image in Figure 7b highlighted
by two dotted lines.



The analytical fitting routine used to simulate the EBIC profile in Figure 8 is based on a
generation profile g(x-a) and a collection probability ¢(x), which are convoluted according to
Eq. 1 in order to result in the EBIC distribution perpendicular to the substrate.

3.2.1. The generation profile
The generation profile g(x-a) can be approximated via!®!!:

g(x-a) = 34/ Rg exp(-10.3(x-a) + 29.7(x-a)? - 56.9(x-a)* + 44.8(x-a)* - 13.5(x-a)°), (2)

an empirical equation, in which x is the position where the electron-hole pair was generated, a
is the position where the electron impinges on the specimen surface, Rc the Green penetration
depth with

Rc =(0.043 / p) Ev'7

(p 1s the mass density of the semiconductor and Eb the beam energy), and the generation rate of
electron-hole pairs per cm® and s,

A=Ev I (1-1) / (e Eeh). 3)

Here, Iv is the beam current, e is the elemental charge, Eeh = 2.1 Eg + 1.3 is the effective energy
for the formation of an electron-hole pair (Eg is the band-gap energy of the semiconductor), and
A=(a-1+(0.5)%) /(o + 1)) with o = 0.045*Z (Z is the atomic number).

3.2.2. The collection probability

In Figure 3¢, we introduced the collection probability ¢(x), which defines the probability that
an electron-hole pair generated at position x contributes one elementary charge to the steady-
state current flowing out of the device. The collection probability can be calculated numerically
using a drift-diffusion simulator where charges are generated at different positions x within the
device, and then the current flowing in short circuit is calculated by numerically solving the
continuity equations for electrons and holes as well as the Poisson equation relating the electric
charge density to the electrostatic potential. For a review of drift-diffusion simulations the
reader is referred to, e.g., Ref. 1.

The symbols in Figure 3c are calculated using drift-diffusion simulations performed using the
software ASA'3. In addition to purely numerical simulations, there are analytical solutions to
the collection efficiency for the neutral zone of a p-n junction or Schottky junction type device.
These analytical solutions are based on the idea that in certain situations, from the three coupled
differential equations (continuity equations for electrons and holes as well as the Poisson
equation) only one remains relevant. In the neutral zone in low-level injection (i.e., the
concentration of excess charge carriers is smaller than the doping density), the electric field is
zero, 1.e., there is no need to calculate the electrostatic potential using Poisson’s equation. In
addition, also the continuity equation for the majority carriers becomes irrelevant because their
concentration will be set equal to the concentration of ionized dopants that we assume to be
constant over the neutral zone for simplicity. In this case, only the continuity equation for
minority carriers remains and reads for a p-type semiconductor
2
p, 9 _An_q. (4)
dx T




Eq. 4 assumes that there is no external generation of charge carriers by an electron beam or by
photons. Here Dn is the diffusion constant of electrons, An is the excess electron concentration
and 7 is the bulk lifetime. In the following, we will first solve Eq. 4 in order to obtain the
concentration of charge carriers in the dark, before we determine the collection efficiency under
illumination with an electron beam. Solving Eq. 4 requires boundary conditions at the front and
back contact. At the front contact, we will set the concentration of electrons to a fixed value
that is in practice given by the applied voltage. At the back contact at x = xve, we use the
boundary condition

s An|  =-p FAn() 5)
T dx X=Xpe
Solving the differential equation (Eq. 4) with the boundary conditions detailed above leads to
An, (x) :COSh{x_XSCRj— L, Sinh(x_xSCRj’ ©6)
Any (Xgcr ) L, eff L,

where x = xscr specifies the edge of the SCR and the beginning of the neutral base. The
thickness of the base is denoted as w = xbe - xscr . Here, we used the electron diffusion length
L. =./D_r and the so-called effective diffusion length Ler defined via'*

S, Sinh il +Dn cosh| —
L L L
L. =1L n n n

eff — ©n . (7)
w| D, . w
8y, cosh| — [+—"sinh| —
(Ln j Ln [Ln j

The effective diffusion length depends both, on bulk lifetime 7and back surface recombination
velocity Sbe.

The solution of the diffusion equation in the dark initially seems of little relevance for the
situation encountered during an EBIC experiment. The solution in the dark is valid for any
applied voltage but always only in the case without external generation. However, the two
situations are closely related to each other. Eq. 6 describes minority carrier injection into a
neutral zone of a p-n junction while the collection efficiency describes the process of charge
extraction from a certain point within the neutral zone. These processes are connected by
detailed balance'® and therefore they have to be related by a reciprocity relation that
mathematically describes the relation between charge injection into and extraction from a
neutral zone with recombination terms linear in excess charge carrier concentration (i.e. with a
constant 7and sbc). The reciprocity theorem for charge collection and extraction was formulated
initially by Donolato'® and several different derivations, generalizations and further
applications where later formulated by additional authors®!>17:18:1920.21 The theorem states that
the collection efficiency ¢(x) has the same spatial dependence as the normalized minority
carrier density in the dark, i.e.

o(x)= —AAnd () _ cosh ( al _LxSCR J _L sinh [ al _LxSCR j : (8a)
Ny (Xgcr) off

Now it becomes clear why the solution of the diffusion equation in the dark already solves the
problem of the collection efficiency under illumination with an electron beam (or with light).
Combined with Donolato’s theorem!®, Eq. 6 already provides an analytical equation (solid lines
in Figure 3c) for ¢(x) that fits well to the numerical solutions (symbols) as shown in Figure 3c.
Eq. 8a can also be expressed in the following form:

n

10



P(x) = . (8b)
She. sinh Xoe “Xscr | i cosh Xoe ~ Xscr
D L L L

For the simulation of the EBIC profile acquired across a p-n junction, it is convenient to divide
the junction into three regions (see Figs. 8 and 9b below):

The larger neutral region (QNR on the right in Figure 8). The collection probability
follows from Eq. (8b) as shown above.

The smaller neutral region (on the left in Figure 8, for -xf<x<0, with -xfc the position of
the front contact). These smaller neutral regions in some common thin-film solar cell
devices such as those based on p-type Cu(In,Ga)Se2 and CdTe absorbers are due to the
much higher doping densities in the n-type counterparts (which is ZnO/CdS in Figure
8) and therefore exhibit very low minority-carrier diffusion lengths L. For the example
that the region on the left is n-type (as in Figure 8), the collection probability may still
be calculated with a modified version of Eq. (8) that reads

Apy(¥) —X e
o(x) :m = cosh(L—]—@smh(L—] 9)

p p
with the effective diffusion length for the neutral n-type region being defined as

D,
Sg.sinh (&) + +Lcosh (ﬁ)

gy ) ol
sg.cosh (%) + L—p sinh (%)
p P P

. (10)
However, often, the condition Ly, << xfc is fulfilled, in which case the collection
efficiency simplifies to
) = exp(x/Ly), (11)
The SCR: In the SCR, it is more difficult to find analytical solutions for the spatial
dependence of the collection efficiency. All practical p-# junctions are asymmetric p-n
junctions implying that there is one region whose doping is much lower than the other.
The SCR will primarily extend into the region with the lower doping density, which, for
a solar cell, is the main absorber region with the (hopefully) higher diffusion length than
the thin, highly doped buffer layer. Because (i) the SCR is often much smaller in
thickness than the larger of the neutral regions and because (ii) the electric field
increases the probability of charge collection, it is therefore usually reasonable to
assume ¢@=1 for all x within the SCR (ranging from x=0 to x=xscr). Consequently, the
width of the SCR, xscr, is one of the dominant simulation parameters to fit the
experimentally determined EBIC profile.

An exemplary generation profile g(x-a) and a collection probability ¢(x) are given in Figure 9a
and b, which were calculated using Egs. 2, 8b, and 11 as well as the parameters summarized in
Table 1. Figure 9c shows the resulting, simulated EBIC profile, together with the experimental
EBIC profile from Figure 8.
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Table 1. Parameters for the calculation of the generation profile g(x-a) and the collection
probability ¢(x) using Egs. 2, 8b, and 11.

Parameter Value
Ebv (keV) 8

I (pA) 10

Eg (eV) 1.15
Y4 35

p (g/cm®) 5.75
Le (nm) 500
Lh (nm) 150
WSCR=XSCR (nm) 600
De (cm?*/s) 3

sbe (cm/s) 8x10*
xfe (Lm) 0.5
Xbe (Lm) 3

12
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Figure 9: Generation profile g(x) (a) and the collection probability ¢(x) (b) calculated using
Egs. 2, 8b, and 11 as well as the parameters detailed in Table 1. (c) Averaged linescan depicted
in Figure 8 (straight black line), as well as the corresponding simulation (dashed red line). Note
that this simulation is the result of the convolution of the generation profile g(x-a) and the
collection probability ¢(x) (according to Eq. 1), which are depicted in (a) and (b). The deviation
of the simulated to the experimental EBIC profile in the QNR can be attributed to a channeling
effect (see Sec. 5.2).

The electron diffusion lengths La and Lp as well as the width of the SCR are important
materials and device parameters that are related to the electron lifetime 7 and to the net-
doping densities Na and Np of the n-type and p-type sides of the junction®’. While the width
of the SCR has been shown to agree well with corresponding values obtained by capacitance-
voltage measurements’, the electron diffusion lengths L, determined from EBIC analyses are
influenced strongly by the recombination of charge carriers at the cross-section surface, i.e.,
the measured values are substantially smaller than the real electron diffusion lengths Ln. A
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method to correct for the surface recombination is shown in the following subsection; still,
even the corrected values are often smaller than values obtained by photoluminescence? (i.e.,
by determining the lifetime >* and then calculating Ln = (Dn )" using an appropriate
electron diffusion constant D). We note that also quantum efficiency measurements® on
complete devices are a reliable way to determine electron diffusion length in the solar
absorber.

3.2.3. Influence of recombination at the cross-section surface

Taking into account the recombination at the front (stc) and back contacts (svc) of the solar cell
(i.e., at -xfc and xvc in Figure 2) has led to the concept of the effective diffusion length (see Eqgs.
7 and 10) to combine the effects of recombination in the bulk and at these interfaces towards
the contact materials. However, while for quantum efficiency or photoluminescence
measurements of solar cells, the lateral dimension can be assumed to be extended infinitely, in
the specific case of EBIC measurements performed on cross-sections, also one additional
surface perpendicular to the absorber-contact interfaces becomes relevant. Figure 10 shows a
schematic of a sample for EBIC measurements indicating the surface recombination velocities
at the back contact, sbc (as discussed in the context of the effective diffusion length in Eq. 7),
and a recombination velocity at the cross-sectional surface, sse. We neglect st in the following,
since Lp << Xfc.

Indeed, the effective electron diffusion length Lefr (Eq. 7) is a function of the beam energy Eb,
and the influence of the surface recombination ssr on Letr is larger the smaller Eb is. In order to
estimate the reduced electron-diffusion length at the cross-section surface, Ls, from Lesi(Eb)
values determined at various Eb, the influence of the surface-recombination velocity ssr is
considered using an expression proposed by Jastrzebski et al.?® and Donolato?®’:

L2(2,Ssg) = Legt” [1 — (SspLefr/Dn)/ (1 + SspLesi/Dy)exp(—z/Leg)]- (12)

This dependence on the electron-beam energy Eb requires the introduction of a new coordinate,
z, perpendicular to the cross-section surface (see Figure 10). This is, we are dealing with a two-

dimensional problem, where the EBIC value in QNR of the absorber layer can be written as

I gg,}é = f_x;;:c dx [ ORG dz g(x, z)@(x, z), corresponding to Eq. 1. Kniese® proposed an approach

to separate the dependencies on x and z coordinates, via averaging of the x-dependencies of
g(x,z) and ¢(x,z) each over the z coordinate. The result is an average, effective diffusion length
Leftsurf(Eb,ssF), which can be expressed as

Litturt(Bos Ss6) = [y 4z gy (2, Ep) L3 (2, 55p). (13)
introducing a normalized generation profile*
Gx(z,Epy) = 1/A g(z) = 1/R;[0.6 + 6.21 (z/Rg) — 12.4 (z/R¢)? + 5.69 (2/R;)3]. (14)

The combination of Egs. 12 and 13 results in the following expression for the average, effective
diffusion length including the effect of the cross-section surface:

SspLetf/Dn co P
Lttsurt(Eos Ssp) = Legt” [1 - M] J, 4z gy (2, Ep) exp(— 2/ Leg), (15)

By measuring Leftsurf for various beam energies Eb and assuming a surface-recombination
velocity ssk, Leff can be determined. Typical values for ssr in experiments on CIGS-based solar
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cells range between about 10* and 10° cm/s (e.g., Refs. 3%%), reducing Lesr by up to one order
of magnitude.

Cross-section
surface sgr

0
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Front She Back
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Figure 10: Schematics of a thin-film solar-cell stack, highlighting the recombination velocities

ssr and sue at the cross-section surface and at the absorber/back contact interface, as well as
coordinates x and z.

3.3. Analyses of p-i-n structures

The collection probability of an asymmetric p-n junction as shown in Figure 3¢ can be
calculated analytically (outlined in Sec. 3.2.2). The key for these equations to be applicable is
the condition of low-level injection, i.e., that one carrier is present in excess of the other carrier
throughout the whole range of used electron beam fluences. This condition requires the doping
density in the neutral zone in Figure 3b to be higher than the excess charge-carrier density
created by the electron beam. If the doping is too low, the e-beam generated electron and hole
density will dominate the total density of charge carriers either throughout the whole device or
at least throughout a substantial part of the device (more than the thin space charge region
indicated in Figures 3a and b). In this situation, called high-level injection, the Donolato theory
is no longer applicable, and especially, Eq. 6 becomes invalid. Figure 11 shows an exemplary
situation of high level injection in a p-i-n-type device with a thick intrinsic layer sandwiched
between two infinitely thin layers with different workfunctions. Figure 11a shows the band
diagram of the intrinsic layer only at 0 V applied bias in the dark.

Charge collection in such a device is controlled by the drift length Lar = pzF, where F is
the electric field*!*>%3. As in the case of the diffusion length, the drift length can be defined for
electrons or for holes. If we assume both, mobility and lifetime, to be the same for electrons
and holes, the collection efficiency will be highly symmetric as shown in Figure 11b (symbols).
The collection efficiency will be highest in the middle of the intrinsic layer where electrons and
holes have the same distance towards their corresponding, collecting electrode. Any shift
relative to the middle of the layer will increase the path for either electrons or holes and will
decrease the collection probability. The collection efficiency will decay from the middle
roughly by exp(-Ax/Ldr), where Ax is the distance from the middle of the intrinsic layer (solid
lines in Figure 11b).

If we abandon the condition of equal properties for electrons and holes, the situation in
Figure 11c will result. Now holes are less mobile than electrons and the point of highest
collection efficiency will move towards the hole contact and the decay will become asymmetric.
Note that in steady state, the slower extraction of holes will lead to hole accumulation inside
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the absorber layer which will then accelerate the extraction of holes (the slower carrier) by the
formation of an electric field close to the anode and slow down the extraction of electrons by
reducing the electric field towards the cathode®*. One can imagine that in the limit of one
mobility going towards infinite (and the other mobility being finite), the peak of the collection
efficiency will approach the contact of the faster carrier. Then, the spatial dependence of the
collection efficiency would approach the shape shown before for the cases of low level injection
(see e.g. Figure 3c).

Figure 12 shows experimental data of solar cells with absorber layers that have a low
doping concentration (on the order of 10'* cm™). This implies that, in an EBIC measurement,
the absorber is exposed to high-level injection. Based on the simulations in Figure 11, we would
expect a single peak that is symmetric or asymmetric, depending on whether the efficiencies of
charge extraction for electrons and holes are similar or different. Figure 12a shows the EBIC
profile across a CdS/CdTe solar cell (CdS on the left, CdTe on the right). Here, the shape of the
EBIC signal is quite symmetric in the CdTe layer and negligibly low in the CdS layer. Thus,
this situation is similar to the simulations shown in Figure 11b for drift lengths substantially
lower than the absorber thickness.

Figure 12b shows the EBIC profiles extracted across two methylammonium-lead-iodide
(MAPI) based solar cells. In both cases, the device structure used is based on an FTO/TiO2
cathode and a Au anode. In Figure 12b, the hole contact (anode) is on left, and the electron
contact (cathode) is on the right. [llumination in a solar cell is possible through the transparent
cathode. The EBIC scan shown in blue was acquired across a Au/MAPI/mp-Al203/c-TiO2/FTO
stack, i.e., with a mesoporous Al2Os3 layer but without a hole transport layer. It resembles closely
the expected shape based on the simulations shown in Figure 11.

The red line depicts the EBIC scan of a planar device using Spiro-OMeTAD as a hole
transport layer and compact TiO2 as an electron transport layer. In contrast to the EBIC profile
in blue, this EBIC scan in red features a double-peak, which is not possible to be explained
using any of the models shown in Figures 11b and c. Future work will have to tell how to
interpret the local minima appearing in the middle of the absorber layers seen in Figure 12b.
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Figure 11: (a) Band diagram of a solar cell with p-i-n junction. (b) Collection probability for
different diffusion lengths of the p-i-n-type cell shown in (a) for different values of the drift
length Ldr and perfectly symmetric mobilities and lifetimes for electrons and holes. (c) The same
as in (b) but with mobilities that are asymmetric by a factor of 10. Now, holes are collected less
efficiently. Therefore, more current is collected if the electron-hole pair is generated closer to
the hole contact (here on the right). In case of asymmetric mobilities or lifetimes, one carrier
will limit charge collection, and thus, the peak collection efficiency is shifted towards the
contact of the carrier type with the smaller drift length.
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Figure 12: EBIC measurements of solar cells with absorber layers with low or even negligible
doping concentrations that are in high level injection during an EBIC measurement. (a) shows
data from a CdTe solar cell, extracted from Ref. *°, which has a slightly asymmetric peak, quite
similar to the simulations shown in Figure 11. (b) shows EBIC profiles acquired on lead-halide
perovskite solar cells with different contact configurations (red: Au/Spiro-OMeTAD/MAPI/c-
TiO2/FTO, blue: Au/MAPI/mp-Al203/c-TiO2/FTO), extracted from Ref. 3. The scan shown in
red exhibits a double peak that cannot easily be explained in simulations. Note that the hole
contact (Au) is always on the left and the electron contact (FTO) on the right.

4. EBIC signals across line and planar defects

EBIC signals tend to be reduced at line (dislocations) or at planar defects (stacking faults, twins,
random grain boundaries), owing to enhanced nonradiative recombination. Such a behavior is
well known from multicrystalline or polycrystalline Si (e.g., Refs. *73%3%). By combining EBIC
measurements with characterization by means of electron backscatter diffraction (EBSD) on
the identical positions, it is possible to localize and categorize grain boundaries as well as study
their influence on the collection behaviors (see, e.g., Refs. 7+4%4!). For example, these behaviors
can be distinguished between random grain boundaries and highly symmetrical twin boundaries
(i.e., those with a ¥ value of 3). As for stacking faults and dislocations within individual grains,
it would be helpful to combine channeling-contrast imaging (see, e.g., Ref. #*, and also Sec. 5.2.
below on this matter), which can visualize these extended defects in the SEM image, with
corresponding EBIC imaging on the identical positons (something that we have not yet done
and has also not yet been reported).

In order to determine recombination velocities s at grain boundaries (see Figure 2), a similar
approach as the one described for surfaces (Sec. 3.3.) can be applied*. We consider the grain-
boundary plane an additional surface, at which the electron diffusion length is reduced, in
addition to the recombination at the cross-section surface (see Figure 13). We also take into
account that the grain-boundary plane is generally inclined at an angle o (# 0 degrees) with
respect to the cross-section surface. Let yo be the distance of the position of the impinging
electron beam from the grain boundary. When calculating the reduced electron diffusion length
using Eqgs. 12-15, we can assume the average distance of generation sites from the inclined
grain-boundary plane to be:

Rg

y=1/R; [, lz/tan(a) —y,lg(z)dz. (16)
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Figure 13: Schematics extracted from the one depicted in Figure 1, highlighting the p-type
absorber layer with a grain boundary, of which, in the present case, the plane is oriented
perpendicular to the substrate. Into the depth of the layer (i.e., in z direction), the grain-boundary
(GB) plane is inclined at an angle o with respect to the y axis.

We now just need to use this average distance y instead of z in the Eqgs. 12-15, then insert the
calculated electron diffusion length in Eq. 10, and finally convolute the collection probability
with the generation profile (Eq. 2) in order to determine the EBIC value as a function of this
average distance y. Figure 14 shows an exemplary EBIC profile across a CulnSe2 grain
boundary and the corresponding simulation obtained using the described procedure. In this case,
the recombination velocity sGs and the inclination angle a for the simulation were estimated to
5x10° cm/s and 45 degrees.
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Figure 14: Experimental (exp) and simulated (sim) EBIC profiles across a CulnSe2 grain
boundary (GB), extracted from the EBIC data published in Ref. *!. The assumed sas value and
the inclination angle for the simulation were 5x10° cm/s and 45 degrees. The different EBIC
levels in the two adjacent grains (normalized about 1 and 1.1) can be attributed to slightly
different net-doping densities (see Refs. **4¢47 and also Sec. 5.4 below for further details on
this matter).

5. Pitfalls of EBIC analyses

After dealing with the copious information which can be extracted from EBIC measurements,
it is important also to address the limitations of this technique. We consider various issues in
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the following subsections which may affect the EBIC signals from polycrystalline thin-film
solar cells substantially.

5.1. Contacting

To our experience, thin-film solar cells are best contacted for EBIC measurements in the same
way as done for macroscopic, electrical analyses such as current-voltage, capacitance-voltage,
or quantum efficiency measurements. When using nanoprobes in the electron microscope on,
e.g., cross-sections, it is not clear whether the current goes through the solar-cell stack, or
whether it only flows along the cross-section surface. It can also not be recommended to use
pins made of a hard materials, since often, they tend to perforate the (brittle) thin-film stacks,
leading to shunt faults and thus to very weak EBIC signals.

5.2. Generation-dependent collection

Up to now, we have assumed that Eq. 2 is always valid, i.e., that the generation profile g(x-a)
and the collection probability ¢(x) are two independent physical quantities, which are
convoluted in order to obtain the EBIC value. However, transport properties in thin-film solar
cells may be generation-dependent*®, a property similar to the issue of illumination-dependent
photocurrent collection reported for various solar-cell devices (see, e.g., Ref. *°). In order to
study this generation dependency, it is always advised to perform EBIC measurements at
varying electron beam conditions (beam energy Ebv, beam current Iv). This variation is also
helpful in order to elucidate and quantify the influence of the cross-section surface on the local
collection behavior of the charge carriers (see Sec. 3.2.3. above).

5.3. Channeling contrast in EBIC images

Channeling contrast imaging is a mechanism used in electron microscopy to visualize
orientation distributions of polycrystalline materials as well as line and planar defects within
individual grains or at grain boundaries*?. This mechanism is based on the fact that if grains are
oriented in such a way that the atomic columns are (nearly) parallel to the incident electron
beam, i.e., the grain is oriented to a zone axis, the electrons penetrate much deeper into the
material (channeling), and hence, the backscattered fraction of these electrons is much smaller
than in cases for which such a special orientation is not given. As a consequence, such grains
oriented to zone axes appear dark in the electron image (see Figure 15a for an example), and
others bright.

For EBIC signals, this behavior is exactly inversed (see Figure 15b). If electrons can penetrate
deeper into the material via channeling and thus the fraction of backscattered electrons is
smaller, the EBIC signal becomes larger, because the probability for the generation of electron-
hole pairs by these electrons becomes higher. Therefore, the SEM and EBIC images in Figures
15a and b, acquired on the identical area on a Cu(In,Ga)Se2/CdS/i-ZnO/Zn0O:Al stack, exhibit
inverse contrast distributions across the images.
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Figure 15: SEM (a) and EBIC images (b) acquired on the same identical position of a
Cu(In,Ga)Se2/CdS/i-ZnO/ZnO:Al stack (data by courtesy of M. Nichterwitz, HZB). A
channeling contrast in the SEM image visualizes individual grains; this contrast is inverted in
the EBIC image.

5.4. Variation of the net-doping densities between neighboring grains and within individual
grains

In a polycrystalline semiconductor thin film, it can be expected that point defects are not
distributed homogeneously. Consequently, the net doping of this semiconductor layer needs not
to be homogeneously distributed across the thin film. Evidence for this inhomogeneous
distribution of the net-doping density has already been provided by several authors**>#647 yia
analyses conducted via scanning spreading-resistance microscopy. Spatial changes in the net
doping affect the transport properties and also introduce band bending via Poisson’s equation,

both having impact on the EBIC signal.
5.5. High-injection conditions

The approaches presented in Secs. 3 and 4 can only be applied when low-injection conditions
are given, i.e., if the density of electron-hole pairs generated by the incident electron beam does
not become larger than the net-doping density of the semiconductor. However, in an electron
microscope with beam energies EB of several keV, this condition may not hold. Especially when
using small EB values of few keV, great care is advised; in this case, the excitation volume
remains very small, and when using too large beam currents /s, the density of generated
electron-hole pairs may become very large. Then, high-injection and not low-injection
conditions are obtained. For p-i-n structures (Sec. 3.3.), high-injection conditions are often
unavoidable.

The density of generated electrons or holes, Ana,p, is equal to Gy, where G the generation rate
per cm® and s, and 7w the lifetime of electrons or holes. G can be estimated roughly by dividing
the generation rate of electron-hole pairs, 4, from Eq. 3 by the excitation volume, approximated
by a sphere with radius Ra/2 (i.e., the Green penetration depth from Sec. 3.2.1.). The resulting
equation is>’
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The change from low-injection to high-injection conditions and the corresponding effects on
the EBIC profiles were studied by Nichterwitz and UnoldErrort Bookmark not defined. " hoth —via
experimental and numerically simulated EBIC distributions. The results are depicted in Figure
16 for a ZnO/CdS/CulnSe2/Mo solar cell (p-n junction) with a net-doping concentration in the
CulnSe: layer of 2x10' ¢cm™ and a beam energy of Es = 10 keV. It can be seen that the lateral
distribution of the EBIC signal changes from a form typical for a p-n junction with the local
maximum close to the junction region (Sec. 3.2.) to one where the local maximum shifted
towards the back contact, which can be described via a model for a p-i-n junction (Sec. 3.3.).
Since the excitation volume depends strongly on the Green penetration depth Rc (Eq. 15) and
thus on the beam energy, low-injection conditions can be reached easiest by selecting high Es
and low /s. Beam energies EB of lower than 8-10 keV for EBIC measurements should be
avoided, not only because of the smaller excitation volumes, but also because of the stronger
influences by recombination at the cross-section surface.
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Figure 16: Numerically modeled EBIC profiles in a using a one-dimensional device simulator,
showing the change in the distribution of the EBIC signal with varying beam energy /s. The
simulations were performed assuming Es = 10 keV and a net-doping concentration in the
CulnSe: layer of 2x10' cm™. Reproduced using the data from Ref. .

5.6. Enhanced EBIC signals at grain boundaries

Enhanced EBIC signals at GBs as compared with those from grain interiors (see Figure 17 for
examples) were reported by several authors, often interpreted in terms of superior electrical
properties at GBs (e.g., Refs. 31%2). If not owing to the topography of a fractured cross-section
(as in Figure 4), enhanced EBIC signals at GBs (as compared with in grain interiors) can be
attributed usually to high-injection conditions. Indeed, Galloway et al.® reported about a
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change from local minima to local maxima in the EBIC signals at CdTe GBs when changing
the beam current from 0.5 pA to 1 nA, i.e., probably changing from low-injection to high-
injection conditions for the low-doped CdTe (net-doping densities of about 10'* cm™).

The effect of the injection condition on the ratio of EBIC signals at the GB and in the grain
interior can be traced back to decreased recombination velocities for high-injection as compared
with for low-injection conditions®®**. We may take a look at the dependency of the
recombination velocity as a function of the interface charge density, Nit, and the barrier height
@y for charge carriers at the grain-boundary plane (the barrier results from redistribution of free
charge carriers around the charged GB plane, leading to band bending via Poisson’s equation)™:

sGB = 1/4 Nit vin on exp(@v/ksT), (16)

where vin = 1x107 cm/s is the thermal velocity of the charge carriers, and o« is the capture cross-
section for electrons (e is the elemental charge, ks the Boltzmann constant, T the absolute
temperature). With typical values of @»=50-100 meV (orders of magnitude) for net-doping
densities of 10'°-10'¢ cm™ (see Ref. *® for more details on how the barrier height depends on
the doping density) as used in Si, CdTe, or Cu(In,Ga)Se: for high-efficiency solar cells, Nit=
10" cm™?, and on = 10°!° cm?, sgB takes average values of about 10°-10* cm/s, as determined
also experimentally for both, Si and Cu(In,Ga)Se2 solar cells*!*"-%%5°. We note that Eq. 16
describes the effective recombination velocity, which is increased by the band bending, driving
charge carriers from the grain interiors to the GB.

While Eq. 16 is valid for low-injection conditions, the situation is different for high-injection
conditions. This is because then, band bending and therefore barriers vanish at the GBs, owing
to the fact that the electron and hole densities are the same everywhere. Eq. 16 changes to>* sGs
= 1/4 Nit vin 0p (0p 1s the capture cross-section for holes), and thus, sGs can become substantially
smaller than for low-injection conditions (depending on the magnitudes of on and op). In
addition, the recombination rate is maximum for equal electron and hole densities everywhere
in the grain interiors. Thus, while the recombination rate becomes larger in the grain interiors
when changing from low-injection to high-injection conditions, the situation may be exactly
inverse for grain boundaries. Such a scenario may lead to enhanced EBIC signals at GBs (which
does not mean that GBs exhibit better electrical properties than grain interiors, apparently).

A o “ I ] -‘;_ e

Figure 17: (a) EBIC image acquired at 10 keV on a Cu(In,Ga)Se2/CdS/i-ZnO/Zn0O:Al stack,
lifted off the Mo/glass substrate; the Cu(In,Ga)Se2 was in contact with Ag epoxy glue, leading
to Ag indiffusion into the Cu(In,Ga)Se: layer, assumingly decreasing the net-doping density in

the absorber; grain boundaries exhibit enhanced EBIC signals as compared with the grain

23



interiors (data by courtesy of M. Nichterwitz, HZB). (b) SEM and (¢) EBIC images (5 keV, 100
pA) of a cross-sectional specimen prepared from a ZnO:Al/i-ZnO/CdS/CulnSe2/Mo/glass stack
by means of a focused-ion beam instrument; again, grain boundaries exhibit enhanced EBIC
signals as compared with the grain interiors; we note that other EBIC measurements (at higher
beam energies) on the identical solar cell, prepared by lifting off the Mo/glass substrate, did not
exhibit enhanced EBIC signals*! (data by courtesy of N. Schiifer, HZB).

6. Conclusions

EBIC can provide valuable insight into electrical properties of materials and junctions in thin-
film solar-cell devices. Especially when combined with imaging as well as structural and
compositional analyses in a scanning electron microscope, it can be used to study microscopic
structure-property relationships, which can be related to the macroscopic charge-carrier
collection and thus to the device performance of the solar cell. In spite of the copious
information that can be obtained when applying the EBIC technique, care is advised to observe
the divers pitfalls that may be encountered when evaluating the corresponding results.
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