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Abstract

This work presents a new multi-laser LBIC
measurement system that is currently under
development at CREST. The final set-up uses 11
lasers, 6 of which are currently operational, to
form a spatially resolved spectral response map
of the device under test. The design aspects of
the measurement system are detailed and first
measurements of a crystalline and amorphous
silicon solar cell are demonstrated.
Measurements show how a crack in a crystalline
silicon solar cells affects the local quantum
efficiency and the effects of discoloration in
amorphous silicon. Thus, highlighting the
advantages in multi-wavelength and absorption
depth profiling of device performance and
defects.

1 Introduction

Laser-Beam Induced Current  (LBIC)
measurements are a spatially resolved laser
scanning technique for current mapping of solar
cells [1][2]. This technique is used to investigate
performance variations within the active area of
a solar cell. Even though LBIC measurements
are much more time consuming compared to
electroluminescence (EL) imaging, these
methods are rather complementary to each
other and widely used in photovoltaic R&D.

Mapping the local current of a cell using
multiple wavelengths over the full response
spectrum of the sample means one can
investigate the local spectral response (SR) or
external quantum efficiency (EQE) of the device.
SR is a significant quality indicator of light
absorption characteristics of a solar cell. Optical
and electrical losses can be determined, as well
as local photon absorption properties of the
sample. Diffusion length of minority carriers be
investigated as well as local short circuit current
density (Jsc) [1] and depth profiles of
performance and defects. A detailed spatially
and spectrally resolved investigation of solar
cells thus benefits the R&D process of improving
device performance and manufacturing
processes. Such performance characterisation
can also aid towards understanding the ageing
mechanisms of devices which are much needed
insights to improve lifetime and reliability of PV.

Some localized SR measurement systems use
a monochromator based approach. This method
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can deliver very high resolution measurements
but long measurement times makes them often
impractical. More advanced measurement
systems use multiple light sources at the same
time to measure a SR map in a significantly
shorter time frame at the expense of finite SR
resolution. Light sources used are either Lasers
(up to 6 [1]), LEDs (up to 57 reported in [3]) or,
as recently reported, a broadband source with
digital micro-mirror device (up to 256 bands, [4]).

This work reports the development of an in-
house spatially resolved SR measurement
system based on 11 lasers, with wavelengths
ranging from violet at 405nm to the near infrared
region at 1060nm. A multi laser LBIC system that
used 2 laser sources has been built at CREST in
the past [2]. As other advanced multi-source
systems, frequency modulation is utilized to
measure  lasers  simultaneously,  which
significantly shortens measurement time [5]. The
measurement hardware is embedded into the
combined global spectral EL measurement
system [6] and thus provides the potential to
extend the total characterisation capabilities.

In the following, the Multi-LBIC system is
described in detail. The first series of
measurements from the almost completed
system are demonstrated. The results show the
capabilities of the system and highlight the
importance of localised SR and EQE
measurements in device characterisation. The
design remarks are discussed and areas of
optimisation and extension are identified.

2 Multi-LBIC local SR system

The final measurement system consists of 11
diode lasers: 405, 535, 635, 690, 780, 808, 850,
904, 980, 995 and 1060nm of which the
underlined laser wavelengths are already
operational. All sources are irradiance controlled
via internal or externally mounted photodiode by
in-house build control boards. Those sine-wave
modulate the laser intensity using a 12bit,
200kS/s signal generator circuitry at any
frequency of up to 500Hz. A different frequency
for every wavelength is used to allow for
simultaneous measurements.

Every laser is coupled with a single mode fibre,
all the fibres bundled together and, coupled into
a thicker multimode single core fibre, lead to the
measurement head (Figure 1). The head
contains a 50-50 beamsplitter. The reflected
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path is used for laser intensity reference
measurements and the transmitted focuses the
beam on the sample using a microscope
objective lens. The spot size is adjustable down
to approximately 50um with a small wavelength
dependence. The reflected and emitted light
returning from the sample is again partly
reflected by the beamsplitter and directed to a
photodiode for direct reflectance measurements.
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Optical fibre input
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Reference output
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Sample on XY-Stage

A
Photograph of the optical
measurement head.

Figure 1.

The sample under test is 4-wire voltage biased
using a source measure unit. The measurement
pic-up is realized using an external AC-coupled
amplifier for the current measurement of the
sample and a trans-impedance amplifier for the
reference and reflectance signal diodes. All
signals are digitalised using a DAQ card. A
simple FFT applied onto the measured signals is
used to extract the measurements of every laser
at its modulated frequency. At this stage of the
development of the system, the SR was
preliminarily calibrated using a reference cell
with known spectral response.

An XY-stage with temperature controlled
sample holder is used to move the sample, while
the measurement head is mounted stationary.

3  First Measurements

Initial measurements have been carried out on
two samples. A mono-crystalline (c-Si) silicon
and an amorphous silicon (a-Si) solar cell.
Localised EQE is measured with all 6 lasers
operating simultaneously in a frequency range of
220Hz to 320Hz with 20Hz separation. The spot
size was adjusted to ~200um and point data
acquisition time was 100ms. Approximately 3.5
points per second are measured at a 200pum
resolution (point-point travel distance).

3.1 c-Sisolar cell

The mc-Si cell tested is a laminated 20x20mm?
device. Measurement resolution is 50um with a
total measurement count of 194k measurements
including the border area around the cell. Total
measurement time was ~10h. Higher resolution
was used for demonstration purposes. A 200um
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resolution map would have been finished in ~1h
without losing much of the detail.

The main feature apparent from the LBIC maps
of the lasers (Figure 2) is the crack formed during
the lamination process. This crack is not
apparent on measurements below 690nm and is
much more pronounced, but also blurred, with
increasing wavelengths above 690nm. Since the
405nm violet laser only measures absorption at
the surface of the cell, the crack is almost
invisible. The deeper the penetration and
absorption of light the more pronounced the
crack becomes. At 1060nm the crack is very
blurry, which is not due to defocussing of the
laser but rather due to the longer path of the light
before it is absorbed combined with scattering at
the surfaces. At long wavelengths one can
clearly see the back contact on the back surface
field, which is an area with low reflection and
thus light is not efficiently absorbed.

c)

e) )
Figure 2: normalized c-Si cell LBIC maps of 6
lasers a) to f) with increasing source
wavelength a) 405nm b) 535nm c¢) 690nm d)
808nm €) 904nm f) 1060nm.

Figure 3 plots the extreme points identified in
the active area of local EQE map (excluding
fingers and contacts). The average values given
are calculated over the total cell area. Thus, the
average is partly below the performance of the
worst case EQE curve. The crack and the low
reflectivity of the back contact cause a sharper
drop in the IR region at the worst case point. The
average EQE curve compares reasonably well
with the EQE curve measured using a dedicated
over-illuminating system.
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Figure 3: extreme points of local EQE in c-Si
sample compared to the local EQE map
average and dedicated EQE measurement
system results; data is normalized

3.2 a-Sisolarcell

The a-Si sample measured is a large area
laboratory single cell with an area of 90x60 mm?.
This cell has visible discolouration along the cell
length and is darker at the centre and brighter on
the outer sides. Thus, it was an ideal cell to
investigate non-uniform performance
distribution. Measurement resolution was
200pum. The 120k measurements where
measured in ~7h.

a)

b)

c)
Figure 4: Normalized a-Si sample LBIC maps
at a) 405nm b) 535nm and c) 690nm excitation.

Since the a-Si sample only responds up to
~800nm, lasers above that limit did not generate
any photocurrent in the cell, thus those have not
been plotted in Figure 4. Effects from any
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discoloration of the cell are not visible in the first
two plots, however, large variations are visible in
the 690nm laser current map. Those variations
match exactly the discoloration of the cell. The
white area with the largest current generated
corresponds to the darkest area visible on the
cell and vice versa.

Although the discoloration of the cell is clearly
visible with a naked eye, the 405 and 535nm
laser current maps in Figure 4 are not affected
by the discoloration. This means that the
discoloured areas exhibit pour light trapping so
longer wavelengths are not efficiently absorbed.
The active layer of the sample is not influenced
as demonstrated by the 405 and 535 nm current
maps. This is also clear from the EL
measurements of this sample (shown in [6]),
which do not show the same variations over the
width of the cell, making an optical effect more
likely.

Another thing to notice in Figure 4 is a defect in
the upper right centre of the cell, which is more
pronounced at longer wavelength laser light.
This defective area is also visible in the EL
image, which may indicate a more pronounced
failure of the back surface reflector.
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Figure 5: A-Si sample extreme points of local
EQE compared to the local EQE map average
and dedicated over-illuminating EQE
measurement system results; data is
normalized to the map average curve.

The average EQE calculated over the active
cell area is in good agreement with the
normalized EQE measured in a dedicated over-
-illuminating EQE system as shown in Figure 5.

4  System Development Remarks

Once all diode lasers are operational, the
system will have 11 different wavelength laser
sources, while the hardware development allows
for up to 18 sources. Since diode lasers at other
wavelength can be significantly more expensive,
LED may be used to complete a ~50nm
wavelength resolution SR curve for a sufficiently
detailed SR curve.

First tests have shown that the 50-50
beamsplitter used is less than ideal because
much of the light intensity needed on the sample
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ends up one the reference diode and partly even
at the reflectance output. To improve signal
strength of the lasers on the sample different
options may need to be investigated. At the
same time this should also improve the collection
efficiency at the reflectance output, which is
losing 50% of the signal to the input fibre.

The absolute EQE data scale did not match
perfectly between the local EQE map and the
EQE from the dedicated system. This is thought
to be due to the rather simple preliminary
calibration method used and due to the
difference in measurement settings (data
acquisition time) that have been seen to affect
the FFT data extraction. An initial investigation
into laser stability has revealed a variability of up
to 2% on the EQE signal, even though the data
is stability corrected with the reference. This
needs further attention to determine and
eliminate the causes.

The laser spot size needs to be investigated at
greater detail to determine variation in size at
longer wavelength due to chromatic aberrations.
First observation show no loss in sharpness of
the fingers and busbars of the ¢-Si cell shown in
Figure 2, which means the focusing is good for
all wavelengths.

Bias lighting will be needed to properly bias the
test cell to a more linear operating area similar to
the in-field operating conditions. This would also
enable series- and shunt resistance
investigations as detailed in [7].

The laser system is integrated into the global
electroluminescence (EL) and spectral EL
system previously reported in [6]. Thus it is also
possible to place a fibre at the third exit leading
to the monochromator for spectrally resolved
photoluminescence as well as EL
measurements, simultaneously acquired with
current mapping, further enhancing the
characterisation possibilities of the system.

Worth investigating is also the possibility of
applying a continues moving YX-stage
measurement method as described in [8], which
would reduce measurement time considerably.

5 Summary and Future Work

This work has presented an in-house
developed multi-laser LBIC system for spatially
resolved spectral response measurements of
solar cells. Even though, currently only 6 of the
11 Lasers are operational, first test
measurements of a c-Si and a-Si solar cell show
that the measurement system already delivers
valuable device performance details.
Measurement results clearly highlight one of the
advantages of using localized EQE systems:
depth profiling of device performance and
defects. In addition, further characterisation
options such as diffusion length, minority carrier
lifetime and Jsc mapping, make it a valuable tool
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in the field of solar cell materials research and
development and in device ageing studies.

The next steps in the development of this
system are the assembly of the remaining diode
lasers and control hardware. Once fully
operational, the measurement characteristics of
the system will be investigated and optimised.
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