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Abstract

This work aims to clarify the application of electron beam-induced current (EBIC) method for the morphological
analysis and detection of local defects and impurities in semiconductor structures such as solar cells. One of the
advantages of this method is to observe a leakage path and microplasma sites with nanometer resolution. This
technique allows to precisely locate the affected area and determine the type of defect that cannot be commonly
characterized with sufficient accuracy. Simultaneously, a focused ion beam could be used to determine junction
by milling of the samples at the area of interest. The evaluation results of experimental measurement using these
techniques on photovoltaic cells illustrates the applicability and importance of the EBIC method.
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1. Introduction

An important factor affecting the performance of all solar cells is their fabrication quality. The fabrication
quality is influenced by various manufacturing processes, material purity or its type. Consequently, the
performance and the rate of their degradation may vary depending upon time, temperature, radiation, and
other influences. With constant efforts to increase the performance of solar cells, methods for precise locating
the defects or imperfections are becoming increasingly important (Kleindiek et al. (2016)). In this work are
then studied the influence of defects and imperfections on the function of the solar cell, the influence of
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contamination on the pn junction and the overall charge distribution on the structure of the solar cell.
Several types of solar cells were also used to compare their differences.

One of the technique for the investigation of electrically active defects and inhomogeneities is electron
beam-induced current (EBIC), an analytical method primary for semiconductor characterization (Orlov and
Yakimov (2016)). As its name suggests, using the electron beam on a solar cell the induced current of the
separated electrons and holes by internal electric field flow through the circuit. If the electric field in the
area of the interest is strong, for example within the depletion region of the pn junction, high intensity EBIC
signal is produced and correspond with strong image contrast (Xu et al. (2014)).

For the sample to be connected in the circuit, the connection is releasable either directly via the cable
when the connectors are out of the sample, otherwise, the sample can be connected to the ohmic contact
using so-called nanomanipulators which are very thin probe tips (Arstila et al. (2013)).

2. Materials and methods

All sample manipulating and connecting takes place in the chamber of the scanning electron microscope
(SEM) under vacuum condition. The current response is then processed by the picoammeter or current
amplifier, A /D converter (ADC) and digital signal processor (DSP) as an image part. The second generation
of Tescan’s Lyra3 was used as the SEM with standard acceleration voltage up to 30keV. The voltage was
chosen for the highest penetration depth of the electrons in the semiconductor. This increases the probability
of finding subsurface defects. Of course, many parameters affect EBIC behavior in addition to the accelerating
voltage. This may be, for example, the strength of the contact bonds, the material type or the bias voltage
(Papez et al. (2017), Kittler and Seifert (1996)).

Samples measured by the EBIC can be observed in two ways. The first option is to use the X-EBIC mode
where the electron beam is parallel to the studied junction which is thus in cross-section view (Perez et al.
(1998)). This circuit, including the above-mentioned parts, illustrates Fig. 1. The second mode is called
PV-EBIC where the electron beam is in a plain view from the top in other words perpendicular to the
observed surface.

There are plenty of options for what this analytical method can be used. If we measure the semiconductor
in X-EBIC mode, we can directly visualize the pn junction. By changing the bias, we can track the different
changes in the junction and also measure the I-V characteristic. The typical use for plain view mode is the
visualization of grain boundaries, charge distribution and subsurface defects. Electrically inactive and active
impurities can also be observed by EBIC.
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Fig. 1. Electron beam-induced current wiring diagram in X-EBIC mode. The diagram shows an ADC block for analog signal
conversion and a DSP block for processing the image part. PV-EBIC mode was also used for investigation of surface and
subsurface defects. It differs only in the position of the solar cell.

Specimens of several types of solar cells which differ fundamentally in their structure were used as the
studied material to demonstrate their differences in terms of impurities, structural imperfections and defects
(Sekiguchi et al. (1996)). Charge distribution was studied on the surface of a polycrystalline Si solar cell, the
effect of crack damage on the pn junction was observed in a monocrystalline Si solar cell and the influence
of impurities in the layer near the pn junction or contact delamination on a GaAs based solar cell (Stefan
Talu et al. (2018), Stefan Talu et al. (2017)).
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3. Results

An electrically active impurity was found in the cross-section mode of the GaAs based solar cell in Fig. 4.
When increasing the bias, the tunneling occurs and electrons pass through the layer. In the case of the
polycrystalline Si cell in Fig. 5 from the top view, an increased charge distribution was also observed under
bias operation, especially at the edges of the surface (Smaali et al. (2008)). An electrically inactive region
caused by a crack has been discovered on the monocrystalline Si cell in Fig. 6 observed from the cross-section
(Marcelot and Magnan (2019)).

For the illustration, figures 2 and 3 showing the GaAs solar cell do not overlap each other as is in the case,
for example, for Fig. 5 or Fig. 6, so the difference between SEM and EBIC is apparent. This pair of figures 2
and 3 represents the pn junction and the silver contact of the solar cell. That delamination is already
noticeable from Fig. 2, but for Fig. 3 the accurately damaged and delaminated parts are clearly visible.
While changing the bias to higher values, the response of the semiconductor becomes less homogeneous and
particular structures start to appear. It can be observed that the distribution of carriers close to the contact
is different (Yakimov et al. (2009)).

Fig. 2. Image of cross-section of a GaAs solar cell and its con- Fig. 3. Applied EBIC method on the solar cell shown in Fig. 2
tact from SEM without applying the EBIC method. without SEM image overlay. Area is the same. The exact
charge distribution and pn junction can be seen.

The next measurement was performed on a GaAs solar cell where Fig. 4a shows the connected solar cell
using nanomanipulators in cross-section mode as described in chapter 1. The electron beam-induced current
is not applied to the cell (Fig. 4a—4c) and measurement has proceeded only with a SEM microscope. While
observing cell with a larger magnification (Fig. 4b) its top contact is visible which is guided longitudinally
relative to the image and it touches the upper nanomanipulator. However, this nanomanipulator is beyond
the visible area from Fig. 4b. The full cross-section of the solar cell is now completely visible where is the
predominantly germanium serving as the substrate. On the target area where the GaAs layer lies (Fig. 4c¢),
the difference of the carriers can be seen when applying the EBIC method (Fig. 4d). Starting with this image,
all other measurements are done using the EBIC method and the images shown by the SEM microscope
are slightly overlaid with the colored EBIC picture. Also from Fig. 4d an electrically active impurity is
visible in this layer. The origin of these impurities is not clear but most likely, this impurity is fouled during
fabrication. During the subsequent increase in the bias from —3 to 1.2mV which represent Fig. 4d—4i is
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evident that thanks to this impurity begins to appear tunneling of charge carriers. It is also important to
note that this is not a permanent condition and there is no permanent damage after the biasing is reduced
(Papez et al. (2018)). As the bias increases further, the potential barrier begins to decrease and due to the
influence of impurity it becomes to tunneling from the bias voltage of 1.2mV. Electrons may then tunnel
from one material to the other giving the significant rise to a current.

Silicon solar cells were measured in both X-EBIC and PV-EBIC modes. On the polycrystalline Si from
the top view, the charge distribution was measured which is evident in Fig. 5. The noticeable concentration
of the charge and leakage path, pointed by an arrow, occurred mainly at the edges of the features on the
surface which can negatively affect the performance of the solar cell. Higher created charge density tends to
grow with increasing the bias. The behavior of this phenomenon is caused mainly due to imperfections in
material production. There are also visible minor impurities (Gajdos et al. (2018)).

40 pm

BIAS: -3 mV 4 um BIAS: =1 mV 4 um BIAS: 0 mV 4 um

BIAS: +0.3 mV 4 pm BIAS: +0.7 mV 4 um i BIAS: +1.2 mV 4 um

Fig. 4. Electrically active impurity near the junction of GaAs based solar cell in cross-section mode. Images a-c show the
subsequent focus on the area of interest, followed by other images d-f where the EBIC method is applied and gradually
increased bias from —3 to 1.2mV.
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Another defect can be seen on the monocrystalline Si in the cross-section for which has a typical pyramidal
surface composition (Fig. 6). Alongside these pyramidal structures, there is a clearly visible pn junction.
In the circle is shown the region, pyramid, which is electrically inactive. This inactive area is caused by a
crack located directly below the pyramid structure pointed by an arrow (Papez et al. (2018), Skarvada et al.
(2015)).

Fig. 5. Charge distribution of the polycrystalline silicon solar Fig. 6. An electrically inactive part of the monocrystalline sili-
cell in PV-EBIC mode from top view. The highest leakages con solar cell in X-EBIC mode from cross-section view marked
are in the picture presented by blue color and pointed by an with a circle. The crack causing this state is indicated by an
arrows. arrow.

4. Conclusion

Three types of solar cells were investigated using X-EBIC and PV-EBIC. An electrically active impurity
was observed on a GaAs based solar cell which caused electron tunneling. However, it was not a destructive
phenomenon and the solar cell was able to get back to its previous condition by reducing bias. Furthermore,
a precise view of delamination and its damage of the contact was observed. Also, a different ratio of the
charge carriers can be seen near the contact. For the silicon solar cells, charge distribution on their surface
and a defect in the pyramidal structure region, which caused it to be electrically inactive, were presented.

Using an EBIC method it has been able to reveal several undesirable defects and impurities which cannot
be visible and detectable by SEM and other analytical methods. Many of these defects and impurities are not
necessarily caused by improper handling but, for example, by the aging of a solar cell for which is natural to
lose its efficiency over time. However, such aging due to various influences can be minimized already during
production following strict manufacturing processes. By investigating these results and similar imperfections,
it is possible to achieve improved production and prevent, for example, bad fabrication of solar cells.
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