High-Resolution Local Current Measurement of CdTe Solar Cells
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Abstract — We investigate local electronic properties of CdTe
solar cells using electron beam to excite electron-hole pairs and
evaluate spatially resolved photocurrent characteristics.
Standard semiconductor processes were used to fabricate Ohmic
metal contacts on the surface of p-type CdTe / n-type CdS device
extracted from a commercial solar panel. An ion milling process
was used to prepare cross-sections of the devices. Local injection
of carriers was controlled by an acceleration voltage of electron
beam (1 kV to 30 kV) in a scanning electron microscope, and the
results were correlated with the local morphology,
microstructure, and chemical composition of the devices.

Index Terms — solar cells, thin film, CdTe, grain boundary,
electron beam induced current, EBIC, cross section, focused ion

beam.

I. INTRODUCTION

Cadmium Telluride (CdTe) / Cadmium Sulfide (CdS) thin
film solar cells are one of the most successful solar energy
harvesting technologies on the market today. However, the
efficiency of commercial p-CdTe / n-CdS solar cells is about
13 %, which is well below the theoretical maximum value
(=28 %) possible for this material under 1 sun illumination [1]
[2]. The underlying physical mechanisms which limit the
efficiency of the CdTe cells are presently not well understood.
In particular, variations in local composition and electronic
properties of grain bulk, grain surface, and grain boundaries
can be important in defining the efficiency of thin film solar
cells. Local measurements based on scanning probes or
focused electron beams are increasingly used to characterize
polycrystalline films. In this work, we use an electron beam
to generate carriers locally at grain bulk and grain boundaries,
respectively, and the results are correlated with the local
morphology, microstructure, and chemical composition of the
devices. We also evaluate a possible impact of rough grain
morphology and surface processing on the measurements
comparing electron beam induced current (EBIC) data
obtained on as-prepared, cleaved or polished surfaces and
cross-sections. Initial results demonstrating higher collection
current at grain boundaries than grain interiors are correlated
with other characterizations including cathodoluminescence
and local conductivity probe measurements.
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II. EXPERIMENTAL

Standard semiconductor processes were used to fabricate
Ohmic metal contacts on the surface of p-CdTe / n-CdS
junctions extracted from a commercial solar panel. To
fabricate robust and stable contacts on »-CdS / TCO
(Transparent Conductive Oxide), the top CdTe layer was
etched for 10 min in 1% volume fraction of Bromine in
methanol solution wusing a wax mask (petroleum
hydrocarbons). The inset of Fig. 1 shows a scanning electron
microscopy (SEM) image of selectively etched CdTe layer. A
dark current-voltage (/-V) characteristic of the device with the
fabricated contact (50 nm Au) is shown in Fig. 1.
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Fig. 1. A dark I-V characteristic of n-CdS / p-CdTe solar cell. The

contact metal on CdTe is a 50 nm Au film (300 um x 500 um). The
inset shows an SEM image of selectively etched CdTe layer prior to
Indium soldering to the CdS / TCO.

Cross-sections of the devices were obtained either by
cleaving or by a focused ion beam milling (FIB). Acquisition
of EBIC images at different electron energy from 1 keV to 30
keV was performed in an SEM system. While the contact of
Indium / n-CdS / TCO was grounded, a Tungsten probe tip
(diameter of 100 nm or 500 nm) controlled by a
nanomanipulator was positioned to a desired place on metal /
p-CdTe. A custom designed sample stage was used to handle
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the full range of signals for low- and high keV EBIC with a
high signal-to-noise ratio.

III. RESULTS AND DISCUSSION

The primary electron beam in a SEM generates electron-
hole pairs within an interaction volume in CdTe / CdS
devices. The generated carriers drift and diffuse toward the p-
n junction where they are separated by the internal electrical
field. When the contacts on p- and »- sides are connected in a
circuit, the corresponding EBIC current can be measured.
EBIC current map reflects the efficiency of carrier collection
determined by local built-in and induced electric fields and
recombination rates [3].

A series of top-view EBIC images were obtained by varying
the acceleration voltage of the electron beam (Fig. 2). Both
the number of electron-hole pairs and the penetration depth of
electron beam increase at higher electron energies. The energy
dependent penetration depth in CdTe was calculated using a
Monte-Carlo simulation [4]. Acceleration voltages of 5 kV, 10
kV, and 20 kV generate excitation bulbs of ~(110 nm)?, ~(390
nm)’, and ~(1.3 um)’, respectively. The carrier collection is
the highest when electron beam is positioned at grain
boundaries. To evaluate whether the topographic roughness at
the grain boundaries can affect the visible EBIC contrast, we
also prepare samples by polishing the surface using FIB at
low incident angles. The measured EBIC maps are quite
similar.
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Fig. 2.  (a) Top-view SEM image of a small portion of the cell
where a probe tip places on a metal contact (n-CdS is grounded).
Corresponding EBIC images at the acceleration voltage of (b) 5 kV,
(c) 10 kV, and (d) 20 kV. Circle indicates a single grain.

In the case of cross-sectional EBIC measurements, p-n
junctions are perpendicular to the injected of electron beam.
The EBIC image is determined by the drift and the diffusion
of minority carriers in the internal electric field of the p-n
junction. Active defects of the semiconductor devices (e.g.,
dislocations, impurities) tend to strongly decrease the minority
carrier lifetime in their vicinity, resulting in high EBIC signal
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in defect free areas and weak EBIC signals in areas around
such defects.

We prepared cross-sections of p-CdTe / n-CdS devices
either by cleaving or by ion milling. Fig. 3 shows EBIC
images at a cleaved edge measured at a tilt angle of 45°
Similarly to the top-view measurements, it appears that the
grain boundaries are more efficient in carrier collections than
the grain bulk regions, but the jagged broken surface causes
difficulties to distinguish the contribution of topography, grain
structure and inhomogeneity to the overall EBIC signal.

Fig. 3. (a) Cross-sectional SEM image on a cleaved cell (tilt angle
of 45°). Corresponding EBIC images at (a) 5 keV and (b) 10 keV.

To gain a better understanding on the local current
distribution on the cross-sections, we used a FIB system to
fabricate a smooth cross-sectional surface [5]. It is known that
Ga ions can penetrate into the material during FIB cross-
sectioning, causing distortion of its crystal structure by
implanting Ga ions near the surface [6], or accumulate at its
surface affecting the recombination of carriers. We carried out
a Monte-Carlo simulation [7] to estimate the thickness of the
formed amorphous layer, resulting in about 20 nm and 10 nm
for perpendicular and gracing incident angle of 30 keV Ga
ions, respectively. Ga implantation can also be minimized or
avoided using low energy FIB for final polishing [6].

EBIC imaging on the FIB cross-sectioned devices was
performed at the acceleration voltage of 1.5 kV (excitation
bulb ~(15 nm)’ in CdTe), shown in Fig. 4. As expected, the
observed EBIC signal is the strongest at the location of p-n
junction. A line scan in Fig. 4 (b) shows a current decrease on
the same grain as the electron beam scans away from the
depletion region of p-CdTe / n-CdS. CdS layer does not show
any EBIC activity as reported [8]. Additional, EBIC has
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strong maxima at the grain boundaries with amplitudes
comparable to these at p-n junction. The line scan across
single grains in Fig. 4 (c) clearly show a higher EBIC current
at grain boundaries than that at grain bulk, consistent with
other work [9]. The strong EBIC enhancement can be
attributed either to large build-in electric field at the grain
boundaries, or to a reduced recombination rate. Details of
collection properties of grain boundaries will be further
studied using different acceleration voltages and scanning
probe-based techniques.
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Fig. 4. (a) SEM image after FIB cross-section, (b) Inset shows a
1.5 keV EBIC image obtained at the same position of the cell (tilt
angle of 45° scale bar: 1 um). Line scan across n-CdS / p-CdTe
junction, (c) Line scan across single grains in p-CdTe. Representative
error bars indicate one standard deviation uncertainties due to the
electrical background noise signal.

IV. CONCLUSIONS

We present local electronic properties of polycrystalline
CdTe solar cells using electron beams. The generation of
electron-hole pairs was estimated using Monte-Carlo
simulation. Depth and dimension of depletion region near
grain boundary can be visualized by using low acceleration
voltage of the electron beams. The measured EBIC currents at
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grain boundaries were higher than those at grain bulk,
indicating that the grain boundaries can be beneficial for
improving efficiency of polycrystalline CdTe solar cells under
short circuit conditions. In further study, the role of grain
boundaries under open circuit conditions will be analyzed,
providing deeper insight into a relationship between
microstructure and local properties of PV materials.
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