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Electroluminescence and Photoluminescence
Characterization of Multijunction Solar Cells

Helmut Nesswetter, Paolo Lugli, Fellow, IEEE, Andreas W. Bett, and Claus G. Zimmermann

Abstract—A combined electroluminescence and photolumines-
cence setup for a fast, nondestructive, and high-resolution char-
acterization of large-area lattice matched GalnP,/Ga(In)As/Ge
triple-junction space solar cells was developed. In contrast with
electroluminescence, where coupling effects between the subcells
appear, all subcells can be analyzed independently in photolumi-
nescence imaging, using three monochromatic light sources. This
will be demonstrated by way of example for a partly irradiated cell.
Alternatively, electroluminescence combined with simulation pro-
gram with integrated circuit emphasis network simulations consti-
tutes a powerful tool to extract quantitative information despite the
coupling effects. Sheet resistances and shunts in individual subcells
can be accurately modeled with this method.

Index Terms—Electroluminescence, multijunction solar cell,
photoluminescence, sheet resistance, shunt characterization,
simulation program with integrated circuit emphasis (SPICE).

1. INTRODUCTION

LECTROLUMINESCENCE (EL) and photolumines-
E cence (PL) measurements have emerged as an increasingly
valuable tool predominantly for the characterization of silicon
solar cells. Important solar cell parameters, like the minority
carrier lifetime, diffusion length or series resistance, can be de-
termined with high spatial resolution [1]. An imaging technique
based on EL or PL is, in contrast with other characterization
tools, which also offer spatial resolution, very fast and nonde-
structive. Luminescence imaging can also be applied straight-
forwardly to Cu(In,Ga)Ses [2] and polymer solar cells [3].

In contrast with these terrestrial cells, high-efficiency cells
for space are multijunction cells. Currently lattice-matched
GalnP,/Ga(In)As/Ge triple-junction solar cells are state of the
art in this application. The electrical and optical coupling of
the individual subcells presents a set of new challenges in lu-
minescence imaging. EL imaging is a fast and low-cost tech-
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nique for detecting mechanical defects on large area space so-
lar cells [4]. In addition, there are some first quantitative EL
analyses on triple-junction solar cells based on the reciprocity
relation [5]-[8]. The main potential of luminescence character-
ization of multijunction devices is the possibility to determine
parameters of individual subcells. Itis used for measuring the in-
ternal voltages of the subcells without spatial resolution [6], [7]
and for a performance mapping of large area space cells [8]. Due
to the fact that the subcells are electrically connected in series,
inhomogenities, i.e., local shunts in one subcell, have influence
on the current distribution and thus on the biasing conditions
of each subcell. Combining EL with simulation program with
integrated circuit emphasis (SPICE) network simulations is a
suitable way to extract cell parameters quantitatively, like the
sheet resistance and the magnitude of local shunts.

In PL, in contrast, each subcell can be excited homogenously
provided that every excitation light source is only absorbed in
one subcell, and suitable optics provide constant illumination
over the complete cell area. For the characterization of multi-
junction solar cells PL is thus a very useful method to analyze
single subcells independently. As an example, radiation-induced
degradation can be resolved for the individual subcells.

II. THEORY

The theoretical basis for EL imaging of solar cells is laid out
in [5]. The reciprocity relation connects the spectral EL inten-
sity g, with the black body radiation, the external quantum
efficiency EQE, and an exponential dependence of the voltage
drop V' over the pn-junction:

eV

¢uL(E) = A- B¢ fT EQE(E)efT )

with the photon energy F, summarized detector parameters A,
and k,T and e have the usual meaning. Typically, bandpass
filters for the complete EL peak are utilized in EL imaging,
which results in an integrated intensity Pgy,:
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The fundamental process for PL is spontaneous radiative re-
combination of excess charge carriers that are generated due to
illumination. The rate of this radiative recombination is expo-
nentially dependent on the splitting of the quasifermi levels and
results in an exponential dependence on the diode voltage as
well [9]:

Ppr, x eFT .,
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Fig. 1. Schematic illustration of the EL/PL setup. The key elements are two
movable cameras equipped with suitable filters, three independent excitation
light sources with custom optics, and the electrically contacted solar cell.

Consequently for both, EL. and PL, there is an exponential
dependence of the luminescence intensity on the diode voltage.
Therefore, a luminescence image primarily yields information
of the voltage distribution over the cell area.

III. SETUP

Fig. 1 shows a schematic of the combined EL and PL setup.
The cell is placed on a temperature controlled vacuum chuck.
For EL measurements, a four-quadrant sourcemeter is used to
forward bias the cell. It can also act as a current sink during
illumination.

For the PL illumination three independent light sources are
installed. The GalnP; top cell can be excited with a 405 nm LED
array, the Ga(In)As middle cell with a 803 nm diode laser and the
Ge bottom cell with a 975 nm diode laser. In front of each light
source, a specially designed lens array ensures a homogeneous
illumination of the whole cell area, typically 8 x 4 cm?, under
the inclined illumination conditions. All three light sources are
spatially aligned for a simultaneous illumination of all subcells.
The luminescence images for top and middle cell are acquired
with a Si CCD camera. A second CCD camera with a HgCdTe
sensor is used for the bottom cell. The cameras are mounted
on a rail so that they can be moved automatically atop the sub-
cell of interest. Dielectric filters in front of the camera lens
ensure that only luminescence from the subcell of interest is de-
tected and that scattered light from the excitation light sources
is blocked. The spectrum in Fig. 2 illustrates the excitation light
sources together with the corresponding luminescence peaks
and the transmission curves of the three filters. Due to the indi-
rect bandgap in germanium, the bottom cell luminescence peak
is much lower and noisier in comparison with top and middle
cells.
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Fig.2. Excitation (exc.) spectrum of the setup combined with the PL spectrum

of a triple-junction cell. The excitation wavelength for the top cell at 405 nm
and its luminescence peak at 660 nm are highlighted in blue. The correspond-
ing excitation/luminescence peaks are shown in green for the middle cell at
803 nm/885 nm and in red at 975 and 1700 nm for the bottom cell. The black
curves denote the transmission curves of the three corresponding bandpass filters
used.

IV. SPICE NETWORK MODEL

For a theoretical analysis of the voltage distribution of the
individual subcells, a cross-connected 3-D network model is
solved with a SPICE. Specifically, LTSpice IV from Linear
Technology Corporation is used [10]. Similar SPICE network
models are already applied to single-junction GaAs solar cells
[11], [12], to thin film Cu(In,Ga)Se, solar modules [13], as well
as to III-V triple-junction solar cells [14], [15]. Except for [13],
all these models have in common that these are tailored to con-
centrator solar cells with a relatively small size, and their main
focus is on the electrical performance under concentrated sun-
light. For the modeling of EL images, performed at orders of
magnitude lower injection currents, different simplifications ap-
ply. In particular, vertical resistances like the contact resistance
between the frontside metallization and the semiconductor ma-
terial can be neglected, whereas current-spreading effects and
thus lateral resistances become much more important.

In the network model, the cell area is divided into individual
pixels, where each pixel consists of a stack of diodes. A section
of the equivalent circuit is shown in Fig. 3. The typical size of the
simulated pixels is 130 x 130 gm?, which results in 10 pixels
between two gridfingers. The diode properties of each pixel are
assumed identical. Because of computational limitations, it is
not possible to simulate the whole 30 cm? cell area with this
spatial resolution. In contrast with [13] which uses a variable
adaptive mesh in the following simulations only a fraction of
interest, typically 1 cm? is simulated, and it is implicitly assumed
that the current density in this area is the same as in the whole
solar cell.

The electrical behavior of the individual pn-junctions is de-
rived from dark /-V curves of the corresponding component cells
that consist of the same semiconductor materials, but have only
one active pn-junction. Based on these dark /-V curves, a two-
diode model for the top and middle cell had to be used, whereas



Fig. 3. Part of the 3-D SPICE network model for EL simulations. The pairs of
two diodes for the top (blue) and middle cells (green) in series with the bottom
cell diode (red) are interconnected with ohmic resistances. The black resistance
elements on top represent a gridfinger to which an external current source is
connected.

for the bottom cell a standard one-diode model proved to be
sufficient. In contrast with the model from Steiner et al. [14],
tunneling diodes are neglected in the equivalent circuit, since the
current densities in EL measurements are orders of magnitude
lower than in concentrator solar cells.

The ohmic resistances of the silver frontside metallization
are calculated from the specific resistance of silver and the
geometrical dimensions of the gridfingers. The interconnections
between neighboring stacks via ohmic resistances are especially
important at local inhomogenities. One resistance element in the
network combines the sheet resistances of all layers in between
two pn-junctions. For example, the resistance R,;q between
top and middle cells is a parallel connection of the top cell base
and back surface field layers, the two layers of the tunneling
junction and the window and emitter layer of the middle cell.
The resistance values for a typical cell structure are mentioned
in [4]. They are the main parameters that are adjusted to the
experiment. All parameters for the SPICE model are listed in
Table L.

A current source is connected between the common back con-
tact and the front. A common front contact that interconnects all
parallel gridfingers is neglected. The end points of all gridfin-
gers are rather assumed to be at the same potential and are thus
connected to the current source directly.

The SPICE simulation results in the electrical potential and
current at every node. In particular, the voltage drop across
each diode can be calculated. Using (2) a luminescence image
for a certain temperature can be derived straightforwardly. The
constant C in (2) is dependent on the local cell temperature, the
local EQE near the bandgap and the local filter transmission
curve next to camera parameters like the integration time. Since
these values are difficult to obtain, the value for C is adjusted for
one pixel, typically located in a valley between two gridfingers.
This way the correlation between the SPICE voltage data and
the luminescence intensities is achieved. The same C is then
used for all remaining pixels in the simulation.
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TABLE I
PARAMETERS OF THE SPICE MODEL

Subcell Parameter

top Jor = 1L.4E-27 Alem?
Niop1 = 1
Jo, = 2.8E-12 Alem?

Nipa = 2.93
Rop = 600 Q/0*

middle Jor =3.1E-19 A/em?
Nia; = 1
Joo=6.0E-11 A/em®
Npiagz = 2
Ruig = 100 Q/0*

bottom Jo=1.9E-6 Alem’
Npot = 1.13

Rpor = 2000 Q/0*

*See Section V-B.

V. EXPERIMENTAL AND SIMULATION RESULTS

A. Qualitative Differences of EL and PL Imaging for Multi-
Junction Solar Cells

There are some fundamental differences of EL and PL imag-
ing when considering multijunction solar cells. Fig. 4 shows
EL and PL images of all three subcells for a 4 x 4 cm?
GalnP,/Ga(In)As/Ge cell that has been partly irradiated with
1 MeV electrons. During irradiation, the main part of the cell
was shielded with a 2 mm aluminum plate. Within the smaller
circle of diameter 7.1 mm, the total dose was 1E15 e~ /cm?, and
within the larger circle of diameter 9.6 mm, it was 3E14 e /em?2.
In contrast with [16], it is not possible to analyze the lumines-
cence spectrum because the camera detects the integrated inten-
sity with respect to the filter transmission curve. However, the
imaging technique provides a high spatial resolution, and shows
the difference between irradiated and not irradiated areas on the
same cell. To obtain some spectral information together with a
high spatial resolution, narrow bandpass filters could be used.

According to [17], electron irradiation mainly affects the mid-
dle cell and the top cell to a lesser degree. The bottom cell is
known to be very radiation hard especially in the wavelength
range where the direct bandgap absorption contributes mostly
to the photovoltaic effect [18]. This is in very good agreement
with the PL images on the right-hand side of Fig. 4, where only
top and middle cell images show the signature of the irradia-
tion pattern. For the top cell, it is even visible that the higher
dose in the small circle leads to lower V,., and thus a lower
PL intensity than in that the large circle. The same holds true
for the middle cell image, but due to the brightness and contrast
settings it is not visible in the image. The bottom cell has a very
homogeneous PL intensity even in the irradiated circles since
the excitation wavelength of 975 nm is absorbed via the direct
bandgap of germanium.

In contrast with the PL images, where the excitation is com-
pletely independent and homogeneous for each subcell, the
EL images on the left-hand side of Fig. 4 show a completely



356

middle PL

bottom PL

Fig. 4. EL and PL images of all three subcells of a 4 x 4 cm? partly electron
irradiated solar cell. The small circle received 1E15 e~ /cm? and the large circle
3E14 e /cm?. The red curves in the top cell images indicate the luminescence
profile along the green line.

different intensity distribution for the top and bottom cells. Only
the middle cell EL image looks similar to the PL one. Taking
the degradation of EQE and (1) into account the EL intensity
should be lower in the irradiated part of the top and middle cells,
if the other parameters were homogeneous over the complete
cell area. If series resistance effects are neglected, the exter-
nal voltage drop over the complete triple-junction cell area is
constant. The degradation of the /-V parameters mainly for the
middle as well as for the top cell leads to an increased current
density in the irradiated areas. This is confirmed by the bot-
tom EL image that can be used as a simplified current map [8]:
As evidenced by the PL image, the bottom cell /-V parameters
are homogeneous. Therefore, the bright spots in the EL image,
which are primarily due to an increased diode voltage, directly
reflect a locally higher bottom cell current. For the top cell, the
higher current density overcompensates the radiation-induced
degradation, as well as leads to a higher voltage drop over the
irradiated diodes.

Next to this electrical coupling of the three subcells series
resistance effects are another difference of EL and PL imaging.
The red curves in the top cell images of Fig. 4 show the lumi-
nescence profile across the cell below the irradiated parts. In
the case of PL, it is approximately constant but in the EL case
there is a decrease in intensity above and below the irradiated
circles. The reason can be found in the ohmic resistance of the
gridfingers, running in vertical direction. They are not clearly
visible in Fig. 4 due to the high-density grid for this kind of cell.

The higher current in gridfingers connected to the irradiated cell
areas results in an increased voltage drop over the gridfinger
itself. Therefore, the voltage at the pn-junctions is lower, and
the EL intensity along those gridfingers decreases. The effect
is also visible in the middle and the bottom EL images, but
increasingly smeared out from the top to the bottom cell.

These qualitative differences of EL and PL imaging are fun-
damentally the same for a local shunt in one subcell, which also
increases the local current density.

B. Sheet Resistance Determination With EL and SPICE

The sheet resistances of the different solar cell layers together
with the ohmic resistance of the frontside metallization deter-
mine the overall series resistance and therefore have influence
on the electrical performance of the entire solar cell. For lumi-
nescence imaging, the sheet resistances have a large impact on
the surroundings of local inhomogenities, which are the source
of lateral currents. This effect can also be exploited benefi-
cially for the detection of mechanical defects [4]. In the SPICE
model, in Section IV, all layers between two pn-junctions of a
multijunction solar cell are combined in one lateral conducting
layer with a certain ohmic resistance. For single-junction cells
of GalnP, [19] and CIGS [20], there are already methods for
determining the sheet resistance using spatially resolved EL.
In these cases, the sheet resistance is calculated by solving a
differential equation based on Ohm’s law and the continuity
equation.

When using no special test structure, the effect of sheet re-
sistances for a conventional cell design is mainly visible in the
EL profile between two gridfingers, at higher current densities,
i.e., 33 mA/cm? and particularly in the top cell. To determine
the sheet resistances for the middle and bottom cell as well, a
part of the cell with a broken gridfinger is of advantage. In such
aregion, the influence of the sheet resistances is stronger. Fig. 5
shows the EL images for 33 mA/cm? in the left column together
with SPICE simulations in the middle and the corresponding
cross-sectional luminescence profiles in the right column.

The SPICE simulations are in very good agreement with the
measurements if the ohmic resistances for the interconnection of
neighboring diodes are adjusted. An increase in the simulated
solar cell area has no influence on the results and therefore
justifies the reduction of the simulation area to a part of the cell.
In comparison with a similar cell structure mentioned in [4],
the combined lateral resistance above the top cell is increased
from 293 to 600 /[0 and the one between top and middle
cells from 28 to 100 £2/0J. A large discrepancy is found for
the lateral resistance between middle and bottom cells where
the value has to be changed from 1.5 to 2000 /(. The likely
explanation presumably lies in the adapted device design with
a modified nucleation layer. This leads to a lower conductivity
within the nucleation layer itself. The diffused emitter of the
bottom cell is thinner and lower doped, which also increases the
lateral resistance. It has to be mentioned that for the simulation,
the sheet resistance of overlaying lateral conducting layers has
influence on the adjustment of the resistances below because it
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Fig.5. EL measurements (left column) and corresponding SPICE simulations
(middle column) at 33 mA/cm? for top, middle, and bottom cells. The right-
hand column shows the measured (black) and simulated luminescence profiles
for two sets of lateral resistances. The red curves are obtained for Ry, =
600 /L], Rpyiq = 100 /T and Ry, = 2000 2 /L], They represent the best
match and are those used in the SPICE EL maps in the middle column. The
green profiles are obtained for Ryop, = 293 Q/[1, Ryyia = 28 /L], Ryt =
1.5Q/00

defines the current injection in the subcell below. Consequently,
the accuracy of the method is decreasing from top to bottom.

C. Quantitative Shunt Characterization With EL and SPICE

Prominent defects in triple-junction solar cells are local shunts
in the top cell, which can be detected and analyzed with lumines-
cence imaging. In [21], the different impacts of shunt resistance
and sheet resistance for PL imaging of single-junction silicon
solar cells are presented. Recently, also a PL-based method for
a quantitative shunt calculation on silicon solar cells was pro-
posed [22]. It requires either a PL image before the cell was
shunted or it is assumed that the PL intensity would be homo-
geneous if there is no shunt. The combination of EL and SPICE
is an alternative pathway to analyze shunts quantitatively.

In the left column of Fig. 6, the EL signature of a typical
top shunt is shown at 33 mA/cm?. The high current density is
of advantage because of the fact that large area cells typically
exhibit several shunts of different strength. In the simulation,
only the strongest shunt with surroundings is modeled. The
higher the current density in the measurement, the lower is the
influence of the weaker shunts and they can be neglected.

Focused ion beam and transmission electron microscopy anal-
ysis of cells with equivalent top shunt EL signatures show that
the defect size is in the order of some microns and, therefore,
smaller than a single pixel. Its electrical impact, however, is
much larger due to lateral currents. The shunt reduces the local
diode voltages in a wide area and results in a dark spot on the
top cell EL image. Electrical coupling equivalent to the partly
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Fig. 6. EL measurements (left column) and corresponding SPICE simulations
(middle column) at 33 mA/cm? with Rgpune = 750 Q for top, middle, and
bottom subcells. In the right column, the measured (black) luminescence profile
in horizontal direction across the shunt together with the simulated ones for
Rshunt = 500 Q (red), Rgpunt = 750 Q (green), and Rgp it = 1000 € (blue)
are shown.

irradiated cells in Section V-A causes the bright spots on the
middle and bottom cell EL images.

The luminescence profiles across the top cell shunt are shown
in the right column of Fig. 6. In order to introduce the shunt in
the SPICE network, an ohmic resistance in parallel to the top
cell diodes is introduced in one SPICE pixel directly underneath
a gridfinger. The simulated top cell profiles are adjusted to the
measurement profile by varying the absolute value of the shunt
resistance, while the sheet resistances were fixed at the values
determined before in Section V-B. The best match is found
for 750 Q, whereas 500 € and 1000 €2 do not provide a good
match. Similar to the simulation of the broken gridfinger, there
is no influence of the simulated cell area. As shown in the green
curves of Fig. 6, this shunt resistance simultaneously leads to an
excellent match of the EL profiles for the middle and bottom cell
without further adjustments. Since they are also dependent on
the shunt value and the sheet resistances, this match confirms not
only the shunt resistance of 750 €2, but also the sheet resistances
from Section V-B.

VI. SUMMARY

A combined setup for spatially resolved EL and PL char-
acterization of large area GalnP2/Ga(In)As/Ge triple-junction
solar cells was presented. The differences of EL and PL imag-
ing like electrical coupling and series resistance effects were
highlighted using a partly electron irradiated solar cell. Further-
more, the potential of EL imaging in combination with SPICE
network simulations for multijunction cells was shown. Sheet
resistances and local defects can be characterized quantitatively.
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