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Contactless mapping of saturation currents of solar cells by

photoluminescence

Amaury Delamarre,? Laurent Lombez,” and Jean-Francois Guillemoles
Institute for Research and Development on Photovoltaic Energy (IRDEP), UMR 7174, EDF R&D/CNRS/Chimie

ParisTech, 6 quai Watier, 78401 Chatou, France

(Received 6 February 2012; accepted 8 March 2012; published online 26 March 2012)

We report in this letter the contactless measurement of spatially resolved photocurrent—photovoltage
relationship. The method is based on hyperspectral imaging, from which we record cartography of
absolute photoluminescence spectra from solar cells. Using the generalized Planck’s law, it is
therefore possible to derive the quantitative value of the quasi-Fermi levels splitting, related to the
voltage over the junction. It allows us to directly extract optoelectronics properties of the device with
a solely optical method. As a proof of concept, we derive saturation currents of a GaAs solar cell and
find a good agreement with the standard electrical measurements. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.3697704]

Photoluminescence (PL) emission of semiconductors
contains a wealth of information on material properties, like
absorption spectra, quasi-Fermi level splitting, or energy lev-
els within the band gap. It became therefore a useful charac-
terisation tool in the solar cell field. It does not require any
contact and can be used at different stages of fabrication,' ™
from bare absorber to complete modules. It can also be spa-
tially resolved, from micrometer scale to centimetre scale,
which is an important aspect as inhomogeneities may influ-
ence device efficiencies.” This is especially of high relevance
for polycrystalline technologies like Cu(In,Ga)Se,, which
exhibit variations on different length scales.>®

To acquire maps of PL spectra, confocal microscopes®
are often used, or near-field microscopes” for a higher spatial
resolution. These systems record PL emitted at one location
and then scan the surface to produce a map. Scanning line by
line is also possible.”® Using the generalized Planck law,” it
is possible to measure this way spatial fluctuations of quasi-
Fermi level splitting or energy gap. This is an interesting in-
formation as the quasi-Fermi level splitting Ay is related to
the voltage of the junction.” However, due to experimental
limitations, only relative intensity values are usually
obtained. Absolute intensity values (i.e., in number of pho-
tons per seconds) can be acquired thanks to other measure-
ment methods,”'° but without mapping the surface.

In the present letter, maps of PL spectra are recorded in
absolute scale, using a hyperspectral imager (HI). A spatial
resolution down to the micrometer scale is achievable and
the spectral resolution (here 2nm) can be used to extract pa-
rameters such as diffusion lengths.'! The system presented is
unique in that the data are obtained on homogeneously illu-
minated samples, therefore eliminating artefacts arising from
lateral carriers transport due to localized excitation.'

We propose a method to derive local relationships between
short circuit current and open circuit-voltage (Isc(Voc)) on the
cell, from a solely optical measurement using PL. Similar tech-
niques have been described'*'* and investigated previously,
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but required other measurement techniques for calibration
(I(V), photoconductivity).>'> By fitting the obtained curves we
therefore have access to the local saturation currents using a
two-diode model.

Our method begins with the consideration of a homoge-
neously illuminated solar cell, which results in a quasi-Fermi
level splitting Au. This solar cell will emit photolumines-
cence by radiative recombinations at a level given by the
generalized Planck law’

Qn?

4n3h3c(2)

1 (D

ho — An dho,
eXp T -1

drgpone is the photon emission from a volume element, o is
the absorptance, Q is the solid angle of the emission, n is the
material optical index, % is the Planck constant, ¢, is the
speed of light in vacuum, k is the Boltzmann constant, T is
the temperature, and 7w is the considered photon energy.
The quasi-Fermi level splitting Au varies as a function of
depth in the junction. Generally this splitting is considered to
be the maximum achievable voltage.3’6 However, if the car-
rier diffusion length is longer than the thickness, this split-
ting, noted Apigs, is constant over the depth and Aucr=qV,
V being the voltage of the cell for a given excitation power
and q the elementary charge.”'* From Eq. (1), we can also
write the emission of a surface element at a location r, taking
into account the emission from the whole absorber

dr gpom (hw) = a(hi) (hw)?

X

Qcos(0) ’
——(h
47r3h3c(2)< @)

1 2
X hio — A () dho. )

dj,(hw,r) = A(ho,r)

kT
A(hio) is the absorption probability of an incident photon on the
surface element. 0 is the angle made by the emitted light direc-

tion and the surface normal. It appears here in a cos(6) factor, as

© 2012 American Institute of Physics
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FIG. 1. (a) Spectrum measured in abso-
lute values under laser excitation of
Dy pger = 1.7 X 1019ph/s cm? in logarith-
mic scale and (b) map of quasi-Fermi
levels splitting. Dashed line in (a) is the
slope —1/kT describing the high energy
wing of the luminescence (T =293K).
Dark part in the centre of (b) is an elec-
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the emission from the surface follows the Lambert’s law.” By
measuring the photon flux out of the cell in absolute values, we
are able to access At knowing all other terms in Eq. (2).

For the next step of the method, let us have a closer look
on the homogeneously excited cell. We have the same carrier
generation everywhere joen = A(AWLqger) X Praser, With the
laser at energy /iy ,;- Moreover, if we use a homogeneous
cell and operate under open-circuit condition, we expect no
lateral current, neither in the absorber nor in the window layer.
Therefore in average, an equal number of carriers are gener-
ated and recombined at a location r of the cell. This leads to
the equality joen(r) = jrec(r), jrec(r) being the recombination cur-
rent. If we assume moreover that recombination paths in the
junction follow a two-diode model, it is possible to write

Jeen(r) = Jor [CXP (q‘l;r)) - 1} +Jjo2 [CXP (Clzvk(})) - 1}7
3

jo1 and jo, are, respectively, the saturation currents for the diode
with ideality factor 1 and 2. By changing the laser excitation,
one varies the generation current joen = A X @ 4 and is able
to measure the resulting Aupr~ qV. It is therefore possible to
plot Eq. (3), which is similar to a local Isc (Vo) curve.

To apply this method, we use an experimental setup
based on the HI from Photon, etc., a device that records spec-
trally resolved images. Laser excitation is made through a
microscope objective with a numerical aperture (NA) of 0.4,
by a 532nm laser from Laser Quantum. PL image is col-
lected through the same objective and is then spectrally
resolved by the HI. At the output, acquisition is made with a
silicon CCD camera Tucsen 1.4 mega pixels. The probed
sample is a standard GaAs solar cell from the Fraunhofer
Institute for Solar Energy Systems (ISE).

The absolute calibration of the setup is made in two
distinct steps. First, a relative calibration is obtained with a
halogen lamp of known spectrum, coupled into an integrat-
ing sphere. The latter has a spatially homogeneous output,
which we image with the system, allowing us to correct
sensitivity variations in space and spectrum. Second, we re-
alize the absolute calibration at one wavelength. A fibre
output of NA =0.22 is imaged, in which a 783 nm laser is
coupled. The NA of the fibre is smaller than the NA of the
objective (0.4), ensuring us to collect all the photon flux out
of the fibre, which we are also able to measure with a
power meter. We have therefore an absolute calibration of
the system at the wavelength of the laser, from which we
extrapolate to the whole system thanks to the first relative
calibration.

trical contact deposited on the cell.

The GaAs cell is excited homogeneously at open-circuit
over its entire surface with a green laser flux @p g,
= 1.7 x 10" ph/s cm?. The emitted spectrum is plotted in abso-
lute values in Fig. 1(a), from which we can extract Ap.g with
Eq. (2). Only the spectrum part above 1.44eV is taken into
account where the absorption is constant. Indeed, the high
energy region in Fig. 1(a) follows an exponential decay
exp(-E/kT) confirming this approximation (see dashed line).
Moreover, we can consider A = 1 as the cell is sufficiently thick
and an anti-reflective coating is applied on the surface. Since
the cell is a GaAs homojunction grown on a GaAs buffer, there
are no interferences and reflections, which would have modified
Eq. (2). Apesr is plotted over a portion of the cell surface in Fig.
1(b). Non-emitting line at the middle of the image is a contact
deposited on the cell, and the extreme left and right are the cell
edges. Apeg is measured at 1.167 = 0.010eV with a decrease
towards the contact and the sides. We note here a good agree-
ment with the open-circuit voltage measured simultaneously at
1.15V, verifying the assumption Ap.q/q= V at the contact. We
also carried out experiments with lower excitation power,
exhibiting uniform cartography of Apieg.

In a second step, we use different excitation intensities
to extract values of Ap.g corresponding to different gener-
ated currents. As absorption A does not depend on intensity
in these carrier concentration ranges, we are able to plot
Eq. (3) in Fig. 2. By fitting the resulting curve, we extract
saturation currents jy; and jo, given in Table 1. For compari-
son, we also plot the j(V) curve of the cell and we give the
saturation currents determined from it.

Values of jj; and jo, obtained from PL and electrical
measurements are in the same order of magnitude, showing
that the approximations made are quite reasonable. The
inflexion of the electrical I(V) curve is due to series resistan-
ces, to which the method is insensitive. Values of jy, could

10F —=— jyen(MHeg/a) 3
i) .

01k / 4
4
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FIG. 2. jgen =f(Apierr) deduced from laser excitations from 9.6 x 10' to
1.7 x 10" ph/s em’ (squares). For comparison, j(V) is also shown (circles).
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TABLE I. Saturation currents derived from PL using the HI and classical current-voltage measurement. The radiative saturation current jo; ;o4 being the frac-

tion of jo; resulting in a photon emission from the surface is also determined.

jor (A/m?) Jo1.rad (A/m?)

Measurement method Jjo1 (A/m?)
PL with HI (1.8 £0.6) x 10°1¢
iV (74+0.1)x 107 '°

89+15x10""7 (4.6+15x10"'®
(5.6+0.7)x 1077 —

be more accurate with measurement at lower excitation
power, which is possible using longer acquisition time. Note
that from Eq. (2), the radiative saturation current jo; ;aq can
be obtained, consecutively to the derivation of Apg with the
high energy part of the spectrum. A value of
(4.6 +1.5) x 10°"® A/m? is found corresponding to a joy raa/
joi ratio of 2.6%.'® In a similar way a derivation of the
absorption around the gap is possible.'’

From the obtained saturation currents, an evaluation of
the solar cell efficiency can also be calculated, assuming that
the superposition principle is valid, and series resistances are
negligible. The short circuit current jsc at one sun excitation
power is also needed. By measuring it at 21.08 mA/cm?, an
efficiency of 16.5% is evaluated, to be compared to 17.2%
effectively measured with a solar simulator. As the absorp-
tion is also contained into the PL signal, a solely optical
evaluation of both jsc and the efficiency would be possible
with increasing the setup accuracy.

At the highest excitation power, we saw a slight lateral
voltage gradient (Fig. 1(a)), which corresponds to a lateral
carrier transport within the front layer. This has been studied
in other contributions'®'? and can occur because of recombi-
nations at the cell edges and at the contacts, or recombination
currents at shaded parts of the diode, for instance under the
electric contacts. This does not impact our results here, but
could invalidate our approximation jgen(r) = jrec(r) if strong
gradients were present. It points out that the usefulness of
the spatial information and that the treatment of lateral cur-
rents will be crucial for further studies, for example on inho-
mogeneous polycrystalline solar cells.

Transport issues highlight also differences between our
setup and confocal microscopes commonly used for PL
investigations of solar cells. In such experiment both the ex-
citation and the collection are made at one localised point:
the cell region surrounding the illuminated point is in the
dark and in parallel with the illuminated diode. It results in
carriers transport to non-illuminated regions, where they
recombine. As a consequence, the information extracted is
strongly influenced by the surroundings. If a material without
transparent conducting electrode is probed, the confocal
measurement has a resolution depending on the diffusion
length. In a completed device carrier density uniformisation
proceeds via isopotential electrode, so that local measure-
ment is influenced by recombination in all the device. The
PL signal is then significantly reduced, so that the excitation
power needs to be increased far from the operating point of
the cell (typically more than 1000 suns®'?). The probed vol-
ume is also depth limited in confocal, which could bring
measurement artefacts for rough or thick samples. These dif-
ferent aspects explain why the absolute calibration is diffi-
cult, especially when the spatial resolution goes down to the
micrometer scale. Therefore, the ability of the HI to directly

record images of the surface gives more pertinent informa-
tion, with comparable spatial and spectral resolutions. The
time needed for a mapping is also reduced by 2 or 3 orders
of magnitude,”® and even more if spectral resolution is
compromised.

We presented in this letter PL. spectra mapping on solar
cells in absolute values. This allowed us to access optoelectrical
properties of the cell, such as the quasi-Fermi level splitting
Aiegr over the junction in absolute values. Saturation currents of
the cell are then derived, and therefore we estimate the device
efficiency. The major interest of such optical experiment is the
absence of contacts. The experimental setup takes advantages of
the HI, a device able to acquire spectrally resolved images.

As a proof of concept, we got good agreement between
saturation currents measured with our optical method and
obtained from classical electrical measurements. This was
done on a well known GaAs solar cell, and the next step will
be to probe less ideal devices such as polycrystalline cells.

Authors are grateful to Marc Verhaegen and Brice Bour-
goin from Photon etc. for their help in improving the experi-
mental setup and for fruitful discussions.

T, Trupke, R. A. Bardos, M. C. Schubert, and W. Warta, Appl. Phys. Lett.
89, 044107 (2006).
T. Trupke, R. A. Bardos, M. D. Abbott, and J. E. Cotter, Appl. Phys. Lett.
87, 093503 (2005).
L. Giitay, D. Regesch, J. K. Larsen, Y. Aida, V. Depredurand, and S. Sie-
bentritt, Appl. Phys. Lett. 99, 151912 (2011).
“u. Rau, P. O. Grabitz, and J. H. Werner, Appl. Phys. Lett. 85, 6010
(2004).
L. Giitay, C. Lienau, and G. H. Bauer, Appl. Phys. Lett. 97, 052110
(2010).
oL. Giitay and G. H. Bauer, Thin Solid Films 515, 6212 (2007).
M. P. Peloso, J. S. Lew, T. Trupke, M. Peters, R. Utama, and A. G. Aberle,
Appl. Phys. Lett. 99, 221915 (2011).
8Q. Li, W. Wang, C. Ma, and Z. Zhu, Opt. Laser Technol. 42, 1010 (2010).
°P. Wiirfel, J. Phys. C 15, 3967 (1982).
198 Feuerbacher and P. Wiirfel, J. Phys.: Condens. Matter 2, 3803 (1990).
"p. Wiirfel, T. Trupke, T. Puzzer, E. Schiffer, W. Warta, and S. W. Glunz,
J. Appl. Phys. 101, 123110 (2007).
127, Jiirgens, L. Giitay, and G. H. Bauer, Thin Solid Films 511-512, 678
(2006).
B3G. Smestad, Ph.D. thesis, Ecole Polytechnique Fédérale de Lausanne, Lau-
sanne, 1994.
'4G. Smestad and H. Ries, Sol. Energy Mater. Sol. Cells 25, 51 (1992).
V. Rumyantsev and J. Rodriguez, Sol. Energy Mater. Sol. Cells 31, 357
(1993).
'%This value is close to the fraction 1/4n” of all emitted photons that are not
internally reflected (Ref. 10).
17, Trupke, E. Daub, and P. Wiirfel, Sol. Energy Mater. Sol. Cells 53, 103
(1998).
1ML Paire, L. Lombez, J.-F. Guillemoles, and D. Lincot, Thin Solid Films
519, 7493 (2011).
A, Helbig, T. Kirchartz, R. Schaeffler, J. H. Werner, and U. Rau, Sol.
Energy Mater. Sol. Cells 94, 979 (2010).
20A. Delamarre, L. Lombez, and J.-F. Guillemoles, in Proceedings of the
26th European Photovoltaic Solar Energy Conference and Exhibition
(WIP, Munich, 2011), pp. 247-249.


http://dx.doi.org/10.1063/1.2234747
http://dx.doi.org/10.1063/1.2034109
http://dx.doi.org/10.1063/1.3648111
http://dx.doi.org/10.1063/1.1835536
http://dx.doi.org/10.1063/1.3475018
http://dx.doi.org/10.1016/j.tsf.2006.12.164
http://dx.doi.org/10.1063/1.3664134
http://dx.doi.org/10.1016/j.optlastec.2010.01.022
http://dx.doi.org/10.1088/0022-3719/15/18/012
http://dx.doi.org/10.1088/0953-8984/2/16/010
http://dx.doi.org/10.1063/1.2749201
http://dx.doi.org/10.1016/j.tsf.2005.11.065
http://dx.doi.org/10.1016/0927-0248(92)90016-I
http://dx.doi.org/10.1016/0927-0248(93)90130-U
http://dx.doi.org/10.1016/S0927-0248(98)00016-6
http://dx.doi.org/10.1016/j.tsf.2010.12.214
http://dx.doi.org/10.1016/j.solmat.2010.01.028
http://dx.doi.org/10.1016/j.solmat.2010.01.028

	d1
	d2
	n1
	n2
	d3
	f1a
	f1b
	f1
	f2
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	t1

