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Diffusion lengths of silicon solar cells from luminescence images
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A method for spatially resolved measurement of the minority carrier diffusion length in silicon
wafers and in silicon solar cells is introduced. The method, which is based on measuring the ratio
of two luminescence images taken with two different spectral filters, is applicable, in principle, to
both photoluminescence and electroluminescence measurements and is demonstrated
experimentally by electroluminescence measurements on a multicrystalline silicon solar cell. Good
agreement is observed with the diffusion length distribution obtained from a spectrally resolved
light beam induced current map. In contrast to the determination of diffusion lengths from one
single luminescence image, the method proposed here gives absolute values of the diffusion length
and, in comparison, it is much less sensitive to lateral voltage variations across the cell area as
caused by local variations of the series resistance. It is also shown that measuring the ratio of two
luminescence images allows distinguishing shunts or surface defects from bulk defects. © 2007

American Institute of Physics. [DOI: 10.1063/1.2749201]

INTRODUCTION

Current methods for determining spatial variations of the
diffusion length include spectral response or spectrally re-
solved light beam induced current' (LBIC) and electrolumi-
nescence imaging.2 Spatially resolved spectral LBIC is a
mapping system and, while very accurate, it is relatively
slow. A scan on an industrial sized solar cell (e.g., 10
X 10 cm?) with 200 X 200 pixels takes several hours. Elec-
troluminescence imaging has been proposed by Fuyuki et al.
as a much faster alternative technique.z’3 Typical data acqui-
sition times for electroluminescence images taken with a sili-
con charge coupled device (CCD) camera with 1024
X 1024 pixels are on the order of only 1 g. 46 However, the
approach proposed by Fuyuki et al. of using a single elec-
troluminescence image as a reliable and quantitative mea-
surement of the diffusion length can be highly inaccurate for
various reasons that will be discussed in this paper.

The determination of the diffusion length from spectral
response or from spectrally resolved LBIC is based on the
fact that the contribution to the measured photocurrent of
electron-hole pairs generated at variable distance from the
p-n junction depends on the minority carrier diffusion length.
Carriers do not effectively contribute to the photocurrent if
the penetration depth of the incident photons is much larger
than the diffusion length. In a different method for the deter-
mination of the diffusion length to be discussed here, this
situation is reversed. It measures luminescence signals and is
based on the fact that photons generated inside the bulk of a
solar cell at a point further away from the surface than their
own penetration depth will be reabsorbed before reaching the
surface and will therefore not contribute to the measured
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emission intensity. The rate of spontaneous emission of crys-
talline silicon at room temperature and thus the emitted lu-
minescence intensity is considerable in the wavelength range
from 850 to 1250 nm, corresponding to photon penetration
depths ranging from 20 um to several centimeters, i.e., from
much smaller than the thickness of a silicon solar cell (typi-
cally 200-300 wm) to much larger than that thickness. Re-
stricting the measured luminescence signal to specific wave-
length ranges by using suitable filters, thus, allows
information to be gained about either the total carrier density
across the entire sample thickness (long wavelength lumines-
cence with long penetration depth) or about the carrier den-
sity near the front surface (short wavelength luminescence
with short penetration depth). The knowledge about the total
carrier density and about the carrier density near the front,
respectively, allows the carrier density profile and, thereby,
the diffusion length to be determined, as will be shown theo-
retically and experimentally below.

Importantly, this method can, in principle, either be ap-
plied to photoluminescence (PL) imaging7 measurements on
silicon wafers at an early stage of solar cell fabrication or to
electroluminescence (EL) measurements carried out on fully
processed solar cells. It may also be applied to other materi-
als suited for solar cell fabrication.

THEORY

The quantitative description of the dependence of the
emission spectrum on the minority carrier diffusion length is
carried out in two steps. Firstly, we describe analytically how
the diffusion length affects the depth distribution of minority
carriers that are injected into the base of a solar cell via an
applied voltage. In a second step, we then describe how that
minority carrier distribution affects the emission spectrum.

© 2007 American Institute of Physics
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The resulting relationship between the diffusion length and
the emission spectrum is then used to derive a quantitative
relationship between the diffusion length and the ratio of
luminescence signals in two different spectral ranges. These
spectral ranges are specified experimentally by the transmis-
sion of filters being used for the two luminescence measure-
ments.

Carrier distribution

We consider the injection of electrons from the p-n junc-
tion into the p-type base of a solar cell. With an applied
voltage V., the electron concentration 7,(0) on the p side

ppl’
of an abrupt p-n junction that is located at x=0 is given as
2
n; ev. 1
n,(0) = — ex —aEp-> , 1
A0) N, p( kT (1)

where n; is the intrinsic carrier concentration and N, is the
doping concentration in the base. The rear surface at x=d is
characterized by a surface recombination velocity S such that
the electron diffusion current at the rear j,(d) is given by

‘Z; (d) = Sn,(d), 2)

]e(d) =-D,

with D, the electron diffusion coefficient. Note that j,(d) in
Eq. (2) is a particle current, not an electrical current.

With these two boundary conditions, the electron distri-
bution n,(x) follows from the continuity equation for elec-
trons in steady state,

e ey (3)
dx? L? -
and is
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where L,= V’ﬂ is the diffusion length and r=SL,/D,.

Equations (1)—(5) allow the calculation of the minority
carrier density profile as a function of the applied voltage, of
the diffusion length, and of the rear surface recombination
velocity.

Photon emission

Photons with energy fiw in the energy interval dfiw are
generated by spontaneous radiative recombination of elec-
trons and holes at a rate g (x,%w) per energy. For nondegen-
erate electron and hole concentrations, the generation rate of
photons by radiative recombination via band-band transitions
is given by&9
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(hw)? 1
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where a(fiw) is the absorption coefficient for band to band
transitions and A#(x) is the local separation of the quasi-
Fermi-energies. In most practical cases, the —1 in the de-
nominator of Eq. (6) can be neglected. Under the assumption
of low injection conditions within the base, Eq. (6) can then
be rewritten as

g,(x.iw) = a(hw)

fw)? -hw
g,(x.ho) = a(ﬁw)4(772ﬁ1c2 exp< o ) |:”le(:?2NA } . (7

Equation (7) predicts the local spectral distribution of spon-
taneously emitted photons inside the sample. The same spec-
tral distribution of photons would also be measured outside
the sample if no reabsorption on the way to the surface oc-
curred.

The emitted photon current dj.,,,(fiw) in the energy in-
terval dhw that is measured outside the sample follows from
integrating the contributions from the photon generation rate
8,(x.fiw) over the thickness of the solar cell. Accounting for
reabsorption with absorption coefficient « and taking into
account one reflection at the front (Rf) and one reflection at
the rear (R,) yields

djz,em _ d
d(ﬁw)(ﬁw) =[1- Rf'(ﬁw)]L (g,(x,iw){exp[- a(fiw)x]

+ R, (fiw)exp[— a(hw)(2d — x)1})dx (8)

for the emitted photon current. Multiple reflections and,
thereby, the influence of light trapping on the spectrum are
neglected in Eq. (8), an assumption that is justified by the
selection of short pass filters used in our experiments, as
discussed below. In the above treatment, it is assumed that
nonradiative recombination is the dominant recombination
mechanism. The generation of electron-hole pairs by the re-
absorption of spontaneously emitted photons (photon recy-
cling) is therefore neglected in the continuity equation for the
electrons in Eq. (3). By the same reasoning, photons emitted
into directions where they are totally reflected are left out of
the analysis, considering that their reabsorption will not give
rise to newly emitted photons. If radiative recombination
were dominant, as in many direct semiconductor materials,
the electron concentration would become homogeneous
through photon recycling and no information on the electron
diffusion length could be gained from the shape of the emis-
sion spectrum.

With the electron distribution in Eq. (4), the emitted pho-
ton spectrum is found from Egs. (7) and (8) by numerical
integration. The resulting spectrum thus contains the infor-
mation on the distribution of the electrons.

Detection of emitted photons

In previous work on luminescence imaging of silicon
solar cells and silicon wafers, a silicon CCD camera has been
used, providing excellent spatial resolution of 1024
X 1024 pixels. On the other hand, a silicon sensor is not
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FIG. 1. (Color online) Absorption length of photons as a function of wave-
length according to literature data for the absorption coefficient of crystal-
line silicon at room temperature (Ref. 10).

particularly sensitive to the long wavelength radiation emit-
ted by silicon samples. Since long wavelength radiation is
poorly absorbed, it may be scattered laterally within the
CCD array and may eventually be absorbed in the wrong
pixel, thereby causing a smearing of the contrast. In addition,
long wavelength light is also subject to light trapping within
the silicon sample itself, which can lead to long wavelength
photons escaping the sample far away from the point where
they were generated, an effect that also leads to a smearing
of the contrast. Measurements with an InGaAs camera,
which is strongly absorbing across the entire spectral range
in which significant luminescence from silicon occurs
(850—1250 nm), would avoid the contrast smearing within
the CCD itself but would still be affected by light scattering
within the measured sample. In fact, that latter effect would
be even more pronounced than with a silicon CCD camera,
because an InGaAs sensor measures the entire long wave-
length tail of the luminescence, which is most strongly af-
fected by light trapping and to which a silicon CCD camera
is insensitive.

To reduce these problems, we restrict the detection of
photons to wavelength N <\t by using a short pass filter,
which blocks photons that have a penetration depth larger
than the thickness of the sample. This cutoff filter will elimi-
nate all long wavelength emitted light, which is enhanced by
light trapping in the solar cell, which also justifies the above
approach of neglecting multiple reflections within the sample
in the derivation of Eq. (8). The absorption length 1/« of
emitted photons as a function of the wavelength N is shown
for silicon at 7=300 K in Fig. 1 using absorption coefficient
data determined by Weakliem and Redfield.'® This depen-
dence suggests a cutoff wavelength for the short pass filter
Mot Detween 1000 and 1050 nm. By using 1000 and
900 nm filters in the luminescence images presented in this
study, the influence of lateral smearing within the sample is
completely eliminated.

To properly model the intensity detected by the CCD
camera, its sensitivity @, e(fiw) (including the transmis-
sion of its lens) and the transmission of the short pass filter
Ttiier must be included
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FIG. 2. (Color online) Calculated emission rate multiplied by the sensitivity
of a silicon CCD detector without reabsorption (front) and with reabsorption
on a 200 wm optical path (rear).
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Figure 2 shows the photon generation rate g,(fiw) calculated
according to Eq. (6) using the absorption coefficient data
from Weakliem and Redfield"® multiplied by @, ().
The peak of the rate of spontaneous emission itself (prior to
multiplication by the sensitivity of the camera) is at A
=1140 nm. However, the sensitivity of the camera decreases
strongly with increasing wavelength, shifting the peak in the
detected photon current to ~1020 nm. Numerical integration
of the total and of the detectable photon currents, respec-
tively, shows that, depending on the exact values for
D ymera(w), only on the order of 5% of the total lumines-
cence signal that is emitted by silicon solar cells can be cap-
tured with a silicon CCD camera, which suggests that a sig-
nificant improvement in the sensitivity could be achieved by
using, e.g., an InGaAs camera.

Influence of the diffusion length on the detected
spectrum

Figure 2 demonstrates the principle of how the carrier
distribution influences the emitted spectrum. The two curves
represent the photon fluxes that would be detected by the
CCD camera for the same carrier density located either near
the front or at the rear surface of a 200 wm thick wafer.
While no difference is observed at long wavelengths, the
detected photon flux at shorter wavelength is strongly re-
duced for the emission from the rear surface due to reabsorp-
tion of photons on their way to the front surface. The ratio of
the luminescence intensities at long and short wavelengths,
respectively, thus contains information about the optical path
the photons have traveled within the sample and, thereby,
about the carrier distribution.

The spectral dependence of the detectable photon current
for realistic carrier distributions was calculated according to
Egs. (7)—(9) for variable diffusion lengths. We assumed a
solar cell with 300 wm thickness and an applied voltage of
Vapp=0.6 V. Front and rear reflectances were assumed to be
constant over the wavelength range considered. The resulting
spectra were then multiplied with transmission curves of dif-
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FIG. 3. (Color online) Normalized luminescence emission intensities ex-
pected to be registered by a silicon CCD camera equipped with short pass
filters with variable cutoff wavelengths of 900 nm (dashed), 1000 nm (dot-
ted), and 1050 nm (dash dotted) as a function of the electron diffusion
length in a 300 wm thick silicon solar cell. The bottom curve shows that
dependence for a measurement without a short pass filter.

ferent short pass filters; the latter modeled as a step function
according to Tper=1 for N<Aiyoff and Tge,=0 for N
= )\cutoff‘

Figure 3 shows the numerically integrated detectable
photon currents for short pass filters with cutoff wavelengths
ranging from 900 to 1050 nm (a curve calculated for a mea-
surement with no filter is also included). These data are nor-
malized at large diffusion length, i.e., they represent the sig-
nals relative to what would be measured with a completely
homogeneous carrier concentration; the latter pinned to 7,(0)
by the applied voltage according to Eq. (1). Importantly, the
variation as a function of the diffusion length of that relative
luminescence signal is different for different short pass filters
being used. For the 900 nm short pass filter, a strong depen-
dence of the normalized luminescence signal on the diffusion
length is predicted for L, <50 wm, and relatively little addi-
tional variation for L,>100 wm. This is expected because
the additional carriers that diffuse deeper into the cell for
longer diffusion lengths do not affect the measured signal at
short wavelengths due to reabsorption. In contrast, without a
short pass filter, some photons with penetration depths on the
order of 300 wm or larger are being measured (see Fig. 2)
and, in that case, the variation of the normalized lumines-
cence signal is relatively stronger for long wavelength (bot-
tom curve in Fig. 3). Figure 3 thus shows that the short
wavelength part of the luminescence spectrum that is mea-
sured with a 900 nm short pass filter selectively gives infor-
mation about the carrier density near the front surface (i.e.,
near the junction), while measurements without filter or with
a longer wavelength (e.g., 1000 nm) short pass filter are
more strongly affected by the carrier density profile through-
out the entire device.

Diffusion length from a single luminescence image

The results from Fig. 3 predict a direct relationship be-
tween the measured luminescence intensity and the diffusion
length, which suggest that, in principle, the diffusion length
distribution in a solar cell can be determined by measuring a
single EL image, as was proposed and demonstrated experi-
mentally by Fuyuki er al.* The graph, however, also shows
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0

FIG. 4. (Color online) Electroluminescence image of a multicrystalline sili-
con solar cell with an area of 12.2X 12.2 cm?. The image is taken with a
1000 nm short pass filter and with a data acquisition time of 1 s (see text for
details).

that the assumption of Fuyuki ef al. of the intensity varying
linearly with the diffusion length is only valid for small dif-
fusion lengths. In addition, to obtain values for the diffusion
length from the luminescence intensity, it iS necessary to
calibrate the intensity curve in Fig. 3, e.g., by comparison
with the intensity of a solar cell, for which the diffusion
length is known (e.g., much larger than the cell thickness)
and which is in exactly the same geometry (thickness, sur-
face morphology, antireflection coating, voltage, etc.).

Another, far more severe problem with the approach of
Fuyuki et al. is the effect of lateral voltage variations across
the cell. Due to the exponential relationship between the lo-
cal excess minority carrier density and the voltage [Eq. (1)],
a small variation of the voltage of ~60 mV results in a very
large variation of the measured luminescence intensity by a
factor 10. In EL images taken with a current density equiva-
lent to 1 sun illumination, lateral variations in the voltage on
that order can be caused, e.g., by local variations of the series
resistance or by broken metal grid ﬁngers.11

As an example, Fig. 4 shows an EL image of a 12.2
X 12.2 cm? multicrystalline silicon solar cell measured with
a 1000 nm short pass filter mounted in front of the CCD
camera. The cell was processed on industrial directionally
solidified multicrystalline material using a standard industrial
screen-printing process including isotexturing of the surface.
A prominent feature in that image is the dark region in the
bottom left section of the cell (dashed rectangle), in which
the luminescence intensity is up to a factor of 5 lower than
the average intensity from that cell. In a PL image taken on
the same cell but with the cell operated near the maximum
power point (image not shown here), this area appears
brighter than the rest of the cell, demonstrating that a locally
enhanced series resistance is responsible for the reduced EL
intensity from that area'’ and not a reduced diffusion length.
This example emphasizes the significant influence of lateral
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FIG. 5. (Color online) Calculated ratio of electroluminescence intensities,
each measured with a different short pass filter. The cutoff wavelengths for
the filters are indicated. Results for each signal ratio are shown for three
different rear surface recombination velocities S,=1 cm/s (solid line),
100 cm/s (dotted), and 10* cm/s (dashed), respectively.

voltage variations on the luminescence intensity, which is

completely ignored in the simplified analysis of a single lu-
. N . . . 2

minescence image in terms of the diffusion length.

Diffusion length determined from the ratio of two
luminescence images

In order to avoid the necessity of a calibration and to
eliminate the effect of a laterally inhomogeneous voltage dis-
tribution, we propose to measure at least two luminescence
images in different wavelength ranges. The latter may be
defined by two different short pass filters mounted in front of
the camera objective. According to Egs. (6) and (7), the lu-
minescence signals in different spectral ranges will be af-
fected by variations of the voltage by the same exponential
factor. By dividing two luminescence signals, the effect of an
inhomogeneous voltage distribution, therefore, cancels out.

Figure 5 shows the theoretical results for the ratio of the
expected luminescence signals for various pairs of short pass
filters as a function of the diffusion length L,. The division of
two relative luminescence signals measured with two differ-
ent short pass filters gives a number which is indicative of
the absolute diffusion length and which is free from all ex-
ternal effects that affect the measured intensity, such as the
voltage. In Fig. 5, three curves are shown for each combina-
tion of filters for rear surface recombination velocities of §
=0, 100, and 10* cm/s. It is seen that the observed ratios of
luminescence intensities are little affected for S<<100 cm/s.
In contrast, for S=10* cm/s, the carrier distribution no
longer varies significantly with the diffusion length L, for
L,>100 um, but is governed by surface recombination. In
this case, the analysis of luminescence intensity ratios yields
an effective diffusion length instead of the bulk diffusion
length, a problem that is known for other methods as well. At
least a reasonably accurate estimate of the rear surface re-
combination velocity is, thus, required to analyze absolute
diffusion lengths from intensity ratios. The combinations of
filters used for the calculations shown in Fig. 5 are only
some possible examples which show a strong enough depen-
dence on the diffusion length. Other combinations would
give similar results.

J. Appl. Phys. 101, 123110 (2007)
EXPERIMENTS

Two dielectric short pass filters with cutoff wavelengths
of 900 and 1000 nm, respectively, were used for this study.
Our experiments revealed small nonhomogeneities across the
area of both short pass filters being used, resulting in relative
lateral signal variations of luminescence images of about 5%
upon rotation of the filter by 90°. To reduce the influence of
these filter nonhomogeneities, each luminescence image was
measured by averaging four otherwise identical exposures,
with the filter being rotated by 90° after each exposure. This
averaging procedure was employed here in order to avoid the
nonideal filter properties limiting the accuracy of the method.
While causing longer total data acquisition time, this com-
plication is purely a result of the nonideal filters being used
here and does not represent a fundamental requirement or
limitation of the method. Further work will focus on identi-
fying more homogeneous dielectric filters.

Figure 4 shows an EL image taken with a silicon CCD
camera that was cooled to —30 K and with the 1000 nm short
pass filter. A current of 30 mA/cm? (similar to the short cir-
cuit current of the cell at 1 sun illumination) was fed into the
bus bars of the cell via two arrays of ten spring loaded con-
tact pins. The contacting stage available for this study is not
ideal, as the spring loaded pins and the rail they are mounted
in are partially visible in the luminescence images in the
vicinity of the bus bars, thereby shading part of the cell. This
is only a practical and temporary limitation of our specific
setup.

As discussed above, the dark area on the bottom left
hand side of the EL image shown in Fig. 4 (dashed vertical
rectangle) is caused by a locally enhanced series resistance.
A variety of localized brighter spots are observed within that
area near the grid fingers, which indicates relatively lower
localized series resistance. Similar observations were re-
cently reported11 and interpreted as local spots where the
front grid makes better contact to the silicon than in the
surrounding area of enhanced series resistance. In addition,
the image shows the influence of several broken metal grid
fingers (e.g., black arrow in Fig. 4) which, as reported
p1revi0usly,4’12 are characterized by dark lines along the grid
finger in EL images. Two cracks on the left side of the right
hand bus bar (dotted white arrows) and a large horizontal
crack (two white arrows) were introduced during manual cell
handling at UNSW. Neither the large horizontal crack nor the
two smaller cracks were present during the spectrally re-
solved LBIC measurement shown below, which was carried
out at Fraunhofer ISE, Germany, prior to shipping the cell to
UNSW. The three solid white arrows in the top right corner
indicate two lengthy and one pointlike area of reduced EL
intensity. The blurring of the EL intensity indicates a strong
lateral current flow into those areas. However, from this
single EL image, it is not possible to determine whether these
regions correspond to local shunts or to very active recom-
bination sites.

The features highlighted in the EL image shown in Fig. 4
provide information about various fault mechanisms and
electronic defects present in that solar cell. However, these
features lead to strong relative variations of the EL intensity
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FIG. 6. Intensity ratio of two electroluminescence images taken under identical operating conditions of the solar cell but using two different short pass filters
with cutoff wavelengths of 900 and 1000 nm, respectively. The large voltage related intensity variations observed in the individual images (see Fig. 4) are
eliminated.

by up to a factor of 5, as seen in the cross sections shown on
the left hand side and at the bottom of Fig. 4. The cross
sections represent the counts per pixel along the vertical and
horizontal lines in Fig. 4, respectively, on a scale from zero
to 6000 counts/s. These variations, which are not related to
diffusion length variations, make an analysis of this indi-
vidual image in terms of variations of the diffusion length
impossible.

A second luminescence image was measured under iden-
tical operating conditions of the solar cell, but with a 900 nm
short pass filter replacing the 1000 nm short pass filter. That
second image, which is not shown here, exhibits the same
features as the image shown in Fig. 4. Figure 6 shows the
pixel by pixel ratio of the two EL images taken with the
1000 nm short pass filter and with the 900 nm short pass
filter, respectively. The ratio was corrected for the ratio in
data acquisition times for the two measurements. The com-
parison of that ratio image with Fig. 4 shows that most of the
voltage related intensity variation observed in the individual
images cancels out in the ratio, as predicted theoretically.
Even the quite substantial intensity variations in the indi-
vidual images that are caused by high series resistance, by
broken fingers, by cracks, or by significantly higher current
flow into the regions near the bus bars are not visible in the
intensity ratio image.

The remaining intensity variations in the ratio image
from Fig. 6 reveal the variation of the diffusion length L,.

J. Appl. Phys. 101, 123110 (2007)
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The theoretical curves shown in Fig. 5 were calculated for
perfect short pass filters, assuming a step function for their
transmission. For the conversion of the experimental lumi-
nescence intensity ratio from Fig. 6 into a diffusion length,
that theoretical relationship was calculated taking into ac-
count the experimentally measured wavelength dependent
transmittance of the 900 and 1000 nm short pass filters, re-
spectively, and the wavelength dependent reflectance of the
solar cell. Both the transmittance of the filters and the reflec-
tance of the solar cell were measured with a Cary 500 spec-
trophotometer. The resulting theoretical curve is very similar
to the curve in Fig. 5. Because it is specific to the filters used
in our experiments, the curve is not shown here.

The diffusion length distribution calculated from the ra-
tio of the two luminescence images (Fig. 6) using this theo-
retical relationship is shown in Fig. 7. The theoretical rela-
tionships between the intensity ratio and the diffusion length
(Fig. 5) converge towards constant values for large diffusion
length. The white regions that are observed in the ratio image
shown in Fig. 6 correspond to intensity ratios that are larger
than this saturation value and are, thus, not physically mean-
ingful within the above theoretical model for the carrier dis-
tribution. Possible origins for these deviations will be dis-
cussed further below. In the conversion of intensity ratios
into diffusion length, all areas with intensity ratios greater
than 37.5 were converted into a diffusion length greater than
330 wm, which means that in Fig. 7 they are mapped with
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FIG. 7. (Color online) Diffusion length distribution calculated from the intensity ratios from Fig. 6. The color bar gives the diffusion length in micrometers.

the same color. Small diffusion lengths that are observed in
the bottom left corner of Fig. 7 result from the very high
series resistance effects in that area, which appear to be not
perfectly eliminated in the intensity ratio.

For comparison, Fig. 8 shows a map of the diffusion
length distribution of the same cell measured with spectrally
resolved LBIC. Given that the results from Fig. 7 are ob-
tained from two relative luminescence measurements with
very strong lateral features resulting from various fault
mechanisms, good quantitative agreement between the two
images is observed. The LBIC data span a larger dynamic
range with diffusion lengths ranging from ~60 um in the
low quality areas to greater than 300 um in the good areas.
For comparison, the lowest quality areas in the luminescence
image are on the order of 100 wm, with similar values
(~300 wm) as in the LBIC data for the good areas. In the
cell investigated in this study, the areas of low diffusion
length are grain boundaries or dislocation networks with
fairly small feature sizes. Lateral carrier diffusion from adja-
cent areas of higher minority carrier diffusion lengths can
affect the carrier distribution within these low quality areas,
which is currently thought to reduce the contrast between
good and bad areas in the luminescence results. For cells
with larger areas (e.g., grains) of high and low minority car-
rier lifetimes, respectively, this smearing effect will be less of
a problem.

Transient features

After turning on the forward current through the cell for
the EL measurements, we observe an initial gradual increase

of the luminescence signal with time, which is not related to
temperature effects and not correlated to electrical current
variations. With a forward current density equivalent to
1 sun operating conditions, the luminescence signal reached
a stable value after 1 min in our experiments. Such observa-
tions can be related, e.g., to the breaking of iron-boron
pairsl?”14 or to the formation/dissociation of boron-oxygen
complexes15 in the bulk of the cell. A discussion of bias
induced degradation in silicon solar cells can be found in
Ref. 16. Importantly, such transient effects can strongly im-
pact on the accuracy of our method, which relies on both
luminescence measurements being taken under identical op-
erating conditions. Significant changes within the solar cell
material during or between the two luminescence measure-
ments influence the intensity ratio and, thereby, the measured
diffusion length. A stable luminescence signal must, there-
fore, be reached first before the two luminescence images are
measured. As discussed above, this can mean, in practice,
that certain types of cells must be forward biased for some
time before the measurements are carried out or that both
measurements must be made within a short time interval.
The diffusion length that is subsequently calculated from our
measurements corresponds to the diffusion length in the satu-
rated state and, as such, is relevant to the solar cell operation,
because the solar cell will also normally be operated in that
state. As a convenient way to check that transient features
have no significant influence on the accuracy of the method,
a third luminescence image could be measured that repeats
the first measurement with the same filter (the 1000 nm short
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FIG. 8. (Color online) Diffusion length of the solar cell from Fig. 7, determined from a spectral LBIC map.

pass filter in the above example). No significant variation
between the first and third images taken should be detect-
able.

Another unexpected transient feature was observed
within the high series resistance area. The white regions with
intensity ratios greater than 37, seen on the left hand side of
Fig. 6, are caused by blinking of the luminescence intensity
in these areas. We observe that, in repetitive measurements
of the intensity ratio, these features sometimes appeared as
bright spots, sometimes as dark spots, and sometimes they
completely disappeared. Our explanation for this effect is an
intermittent mechanical and, thus, electrical contact between
the metal grid and the silicon, which could be caused, e.g.,
by thermal expansion upon application of the forward bias.

Injection level dependent diffusion length

In the luminescence based method described here, the
two luminescence measurements are carried out under oper-
ating conditions that are close to the operating conditions
present under 1 sun illumination, i.e., at a well defined injec-
tion level. This is of some relevance because the minority
carrier lifetime and, thus, the diffusion length can vary by
orders of magnitude as a function of the injection level, es-
pecially in multicrystalline silicon. In spectral LBIC mea-
surements, the solar cell is operated under external short cir-
cuit conditions and under fairly intense local illumination by
various modulated laser diodes with different wavelengths.
The estimation of the injection level under such experimental
conditions is not trivial and depends strongly on the experi-

mental setup and the exact device properties. In LBIC ex-
periments, the minority carrier diffusion length is, thus, de-
termined at an injection level that may not be defined as
precisely as in the luminescence method discussed here.
Given these considerations, the agreement between the lumi-
nescence results and the LBIC map (Figs. 7 and 8, respec-
tively) is surprisingly good.

Sharpening of images

Some features appear significantly sharper in the inten-
sity ratio image from Fig. 6 than in the single EL image from
Fig. 4. The features marked with white arrows in the top
right corner are a good example. In individual images, the
sharpness and, therefore, the ability to localize the defected
or shunted region is limited by smearing of the local voltage,
which in turn is a series resistance effect caused by lateral
currents flowing through the emitter from good quality re-
gions into low quality 1regions.6’17’18 As discussed above, the
intensity ratio removes any effects caused by lateral voltage
variations and, thereby, results in a sharper image allowing a
more accurate localization, e.g., of shunted areas.

Shunt detection

The areas indicated by white arrows in Fig. 4 appear as
white regions in the intensity ratio shown in Fig. 6. Indeed,
the ratio is greater than 38 in those areas and, thus, larger
than theoretically predicted for an infinite diffusion length. In
order to explain this observation, we note that in the above
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theoretical model the carrier concentration always decays
with increasing distance from the junction. There are, how-
ever, cases where the distribution of carriers from the surface
into the interior of a solar cell does not follow Eq. (4). Spe-
cifically, there are cases where the carrier density near the
junction is lower than in the bulk. One example is the pres-
ence of a localized shunt in the p-n junction, which causes
the voltage and, thereby, the minority carrier concentration at
the junction to be reduced. The shunted region will, there-
fore, emit less luminescence and appear as a dark spot in a
single CCD image (white arrows in Fig. 4), particularly at
short wavelengths at which the carrier concentration close to
the p-n junction is probed. If the shunt has a small lateral
extension and if it is not going through the whole thickness,
lateral bulk minority carrier diffusion will result in a rela-
tively higher carrier concentration further away from the
junction and, thereby, in a relatively higher long wavelength
emission. In the ratio of two images taken at long and short
wavelengths, respectively, the shunt will, therefore, appear
particularly bright, with intensity ratios even exceeding the
ratios expected for an infinitely large diffusion length (homo-
geneous profile). Thus, a dark spot in a single image which
turns bright in the ratio image may be identified as a shunt.
Dark lock-in thermography'® (DLIT) measurements with
0.5 V applied voltage in forward and reverse directions were
carried out and revealed no shunt type behavior in the areas
indicated by white arrows in Fig. 6. We, therefore, conclude
that the high luminescence intensity ratios in those areas are
caused by recombination active defects at the surface,
caused, e.g., by scratches, which have a similar influence on
the relative carrier profile as shunts.

In order to demonstrate the possibility of distinguishing
shunted regions from bulk defects, we investigated a shunted
industrial multicrystalline silicon solar cell with an efficiency
of 14.0% (compared to around 15% typical for nonshunted
cells from the same batch) and with an area of 15X 15 cm?.
A shunt resistance of 1.33 () was determined for that cell
from the reverse current at a reverse bias of -3 V. A DLIT
measurement on that cell revealed localized shunts within a
3.2 3.2 cm? area near one of the bus bars [Fig. 9(c)]. Figure
9(a) shows an EL image of that section taken with a 1050 nm
short pass filter, and Fig. 9(b) shows the intensity ratio of two
EL images taken with a 1050 nm short pass filter and with a
900 nm short pass filter, respectively. The intensity ratio in
the shunted region takes on values up to ~300, which is
more than three times more than the ratio in the nonshunted
region, where it varies between 70 and 100. The comparison
of Figs. 9(a)-9(c) shows that, in cells with moderate to
strong local shunts, the intensity ratio image allows identify-
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FIG. 9. (Color online) (a) Electroluminescence inten-
sity from a 3.2X 3.2 cm? section of a shunted multic-
rystalline silicon cell measured with a 1050 nm short
pass filter. (b) Ratio of EL intensities measured with a
1050 nm short pass filter and with a 900 nm short pass
filter, respectively. (c) Dark lock-in thermography (Ref.
19) measurement carried out with 0.5 V reverse bias.

ing shunted regions and clearly distinguishing them from
bulk recombination active regions in the vicinity.

CONCLUSIONS

A quantitative determination of the spatially resolved
diffusion length from the ratio of two luminescence images
measured with two different spectral filters has been dis-
cussed theoretically and demonstrated experimentally on a
screen printed multicrystalline silicon solar cell. Good agree-
ment is observed between the absolute diffusion length from
that method and the results from a spectrally resolved LBIC
map.

In this study, we used a silicon CCD camera with a reso-
Iution of 1024 X 1024 pixels. Although a silicon CCD is
much less sensitive to the long wavelength luminescence
emission of a silicon solar cell than to visible radiation (only
picking up about 3%-5% of the total emitted luminescence
even without a filter), taking an image with short pass filter-
ing requires only about 1 s for A.y=1000 nm and about
100 s for A yi0orr=900 nm. Allowing for 1 min of forward bi-
asing of the cell prior to the luminescence measurements, a
high resolution map of the diffusion length can, thus, be
obtained in under 3 min, much faster than the measurement
time for a LBIC map with lower spatial resolution. The data
acquisition time can be further reduced by binning of pixels,
thereby sacrificing spatial resolution. Binning 5 X5 pixels
still yields a diffusion length image with 204 X 204 pixels
and can be achieved with a total exposure time of only 4 s.
In cases where no transient effects are observed, a diffusion
length image can, thus, be taken in a matter of a few seconds.

The variation of the luminescence intensity ratio with
diffusion length (Fig. 5) is weak and also depends more
strongly on the surface recombination velocity for large dif-
fusion lengths. As a result, the luminescence technique dis-
cussed here becomes less quantitative for diffusion lengths
that are comparable to or larger than the thickness of the cell,
similar to LBIC measurements. Our results indicate that in
small areas of reduced minority carrier diffusion length that
have a lateral extension on the order of the diffusion length,
a quantitative analysis of the luminescence intensity ratio can
overestimate the diffusion length. In contrast, our method
gives reliable values for larger regions of constant diffusion
length. Surface texturing leads to comparable errors in the
luminescence technique and in LBIC, because the texture
affects the angle between the solar cell surface and the inter-
nal light path (for incident light in LBIC and for emitted light
in luminescence). For geometrical surface textures like in-
verted pyramids, the angle of the internal light path is pre-
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dictable and can be accounted for analytically. For random
textures, it may be necessary to empirically determine cor-
rection factors to determine absolute diffusion lengths. The
latter statement again holds equally for both the lumines-
cence technique and for LBIC.

The method that has been presented here is not limited to
electroluminescence, but with some modifications, it can also
be applied to photoluminescence. Photoluminescence
imaging7 has the great advantage that it can be applied to
silicon wafers at all stages of solar cell production, from raw
wafers through to finished solar cells. The methods described
here could, thus, become a useful tool in calibrating photo-
luminescence images on silicon wafers; the latter generally
not a trivial task due to the dependence of the luminescence
signal on the minority carrier lifetime, the doping concentra-
tion, the sensitivity of the detector, and the optical properties
of the sample and the incident intensity. In previous work on
PL imaging, a powerful infrared laser was used for excita-
tion, leading to a depth dependent generation profile that
extends into the cell and is difficult to describe by the theo-
retical model above. In that case, in order to determine the
theoretical relationship between the luminescence intensity
ratio and the diffusion length, carrier density profiles for dif-
ferent diffusion lengths may be calculated numerically, e.g.,
using PCID simulations.”’

A quantitative analysis of a single electroluminescence
image in terms of absolute local diffusion length variations
as proposed by Fuyuki et al* is possible in principle, but is,
however, limited in practice to very specific cases where lat-
eral variations of the voltage can be neglected. Even small
voltage variations of 10 mV will lead to large relative errors
in the resulting diffusion length of ~50%. As has been
shown here, such errors resulting from lateral voltage varia-
tions are eliminated by calculating the ratio of two lumines-
cence images measured in different spectral ranges but with
identical operating condition of the solar cell. As further ad-
vantages of the method proposed here, photon reabsorption
within the silicon sample is accounted for quantitatively and
images of the absolute diffusion length are obtained without
the need for calibration.
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