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Determination of individual /(V) characteristics of each sub-cell
of a triple junction device
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Abstract. Very high conversion efficiency is reached with triple junction solar devices integrated in
concentrator photovoltaic (CPV) modules. However, reduction of the active area for micro-CPV applications
increases the perimeter/area ratio, enhancing losses linked to the edges. It is therefore important to characterize
the perimeter influence on the final conversion efficiency. For this purpose, I( V) characterization under dark
and/or light could be used as a test of the sidewalls influence. We have designed an experiment to perform I( V)
curves using the light of three lasers with adjustable powers at 405, 785, and 980 nm, preferentially absorbed by
the top, middle or bottom junction of the device, respectively. This experiment was applied to commercial
devices made from a stack of GaInP/GaAs/Ge. In parallel we have developed a numerical calculation modeling
the device to reproduce the behaviors observed during I( V) experiments. Junction parameters and influence of
leakage resistances are deduced from the fit of experimental results with the numerical calculation. The I( V)
experiment as well as the numerical calculation are presented in details. It is also underlined that, combining
both experiment and calculation, the I( V) characteristic of each junction as if it was isolated can be determined.

Keywords: Triple junction device / Sub-cell I-V characteristics / Leakage resistances / Open-circuit voltage /
Short-circuit current

1 Introduction recombination of minority carriers at the edges of the
device. Passivation techniques have been used in Sher-
brooke University to reduce the impact of edges on the
electrical characteristics [9], but Vo losses are still
remaining. To keep on the miniaturization pathway,
assessment of the surface passivation is required. Indeed,
no characterization technique succeeded in estimating
which sub-cell suffers the most of the size reduction. This
quantification is made complex due to the fact that sub-

High efficiency solar cells and modules are obtained with
multi-junction (MJ) solar cells, with record efficiencies of
47.6% under 665x concentration [1]. Today’s commercial
cells in Concentrated Photovoltaics (CPV) modules have a
size around 3 x 3 mm? and are integrated in modules
equipped with Fresnel lens panels [2]. However, many

reasons push towards the miniaturization of these cells
such as I;n improved heat management and/or reduced cells are serially interconnected [10,11]. Thus, it would be of

resistance losses and many teams and researchers are high value to develop a characterization technique that
pushing towards micro-CPV [3-6]. Yet, due to the allows to characterize each sub-cell independently.

reduction in their size, the impact of perimeter losses will I(V) measuremfents of MJ devices based on dlfferent
be amplified [7,8]. The influence of the perimeter on the light and voltage biases were proposed and detailed in the

device performances results in voltage losses due to 1980s by B.u.rdick and Glatfeltfsr [12] and-applieq to
amorphous silicon tandem cells. Since then, this technique

of light and voltage biasing was largely used in the study of
* e-mail: christophe.longeaud @geeps.centralesupelec.fr triple junction devices [13]. Besides, Fafard et al. recently
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proposed a method, based on I( V) measurements under
different intensities of light biases, to investigate the
quality of triple junction solar cells [14]. Still, these
methods suffer from the presence of artefacts during
measurements. Several methods were proposed to mini-
mize or even correct these artefacts [15,16]. Isotype devices,
in which two junctions are short-circuited to reveal the
third one, have been employed to avoid measurements
artefacts, but these devices are far from the real devices
where all the junctions are interdependent.

To our knowledge none of the techniques proposed so
far can bring enough information on each individual cell to
eventually allow to derive the I( V) characteristic of each
one as if it was isolated.

In this work we present a methodology that we have
developed which, combined with a numerical calculation,
can lead to the determination of I{ V) characteristics of each
individual junction as if it was isolated. Our method is
based on the measurements of I( V) curves under a light
bias imposed by three different lasers instead of color
filtered light or LEDs approaches [14,17]. These three lasers
can be used individually to illuminate preferentially one
junction under various powers, or combined to illuminate
two or even three of the junctions.

The associated numerical simulation of triple junction
devices to reproduce the experimental results will be
presented. Combining the experimental results and the fits
from the numerical simulation we were able to propose a
complete model of the studied triple junction device.

This article details this measurement method and its
associated model, applied on a commercial triple-junction
solar cell. A successful fit of the I( V) curves is obtained and
we can decorrelate electrical parameters of each cell on an
individual basis.

2 Samples and experiment
2.1 Samples

The studied triple junction devices are two-terminal
GalnP/GalnAs/Ge commercial solar cells with an active
cell area of 3 x 3 mm? and a rated efficiency of 43.7% at 250
suns. The cells were soldered and wirebonded on a receiver
at Université de Sherbrooke. Figure 1 gives a schematic of
one of the solar cells and its External Quantum Efficiency
(EQE) measured using our QEX7 system from PV
measurements. The dashed vertical lines indicate the
wavelengths of the biases of laser light used in this work.

Two samples of the same batch were studied both
experimentally and numerically. The experimental results
presented the same trends and behaviors for both samples,
thus, to illustrate our method, we only detail the results for
one of them in the following.

2.2 Experiment

The experimental setup is a probe station with external
light sources for light-biasing the device under test (DUT).
We use three lasers emitting at 405 nm, 785 nm, 980 nm,
each of them with power emission up to 180 mW as light
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Fig. 1. EQE of the triple junction solar cells investigated here.
The inset shows a schematic view of the arrangement of the sub-
cells.

sources. They provide light biases to illuminate preferen-
tially one junction or the other. On triple junction solar
cells, these three wavelengths are used to illuminate mainly
the top cell, middle cell and bottom cell, respectively. The
light coming out of the laser at 405 nm is injected into an
optical fiber at the output of which a lens is set to focus the
light into the entrance of a fiber bundle after reflection onto
a dichroic mirror. The two lasers at 785 and 980 nm are
coupled so the light coming out of each of the lasers is
injected into the same optical fiber. A lens is fixed at the
output of this fiber to focus the light into the entrance of the
fiber bundle. Figure 2 describes schematically the system
used to drive the laser lights into the fiber bundle.

The DUT is fixed in front of the output of the fiber
bundle (¢ = 5.5 mm) so that it can be enlightened with any
of the chosen wavelengths. The distance between the
output of the fiber bundle and the sample (~5 mm) is set so
that the whole area of the device is enlightened. The powers
delivered by the lasers are adjustable. The power at the
output of the fiber bundle is between 15% and 24% of the
power at the output of the lasers (15% for 405 nm, 24% for
785nm and 16% for 980 nm). In the following the powers
given in the text are those at the output of the lasers.
Hence, when a power of 20 mW is given it means that the
actual power at the output of the fiber bundle is 3mW at
405nm, 4.8 mW at 785 nm and 3.2mW at 985 nm. Except
for light-biasing, the DUT is maintained in the dark so that
no parasitic light can trouble the results.

Therefore, we can illuminate the device with wave-
lengths adapted to one, two or three chosen sub-cells at a
given power and, subsequently, measure I( V) variations
under fixed illumination conditions. The idea is to use the
results of these experiments to deduce as many parameters
of the junctions as possible (short-circuit current, Vo,
shunt resistance...). To measure the I( V) curves we use a
current/voltage converter (SR570 from  Stanford
Research) with which the voltage applied to the device
can vary in the range [-5 V, +5 V|. In these experiments, we
use here a range of [0V, 2.5 V]. An in-house program allows
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Fig. 2. System developed to illuminate a device with three different wavelengths. The light coming from three different lasers is
injected into a fiber bundle at the other end of which the device is positioned.
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Fig. 3. Model of a triple junction introduced in a numerical calculation to reproduce the experimental measurements.

to control the SR570 (applied voltage and gain) and reads
the output voltage on an Agilent 3440 to automatically
obtain the evolution of the current flowing through the
device with respect to the applied voltage, thus the I(V)
curve.

To study the efficiency of the device we have
illuminated the cell with an AM1.5G spectrum delivered
by an Oriel Instruments solar simulator to determine its
J(V) characteristics.

2.3 Numerical calculation

We developed a numerical calculation to reproduce the
I(V) characteristics that have been experimentally mea-
sured [18]. The model is described in Figure 3. To reduce
the number of parameters for the fitting of the experimen-
tal results we used a one diode model for each junction.

Each junction ¢ is characterized by its short circuit current
Jeeir, 1ts diode D, its parallel resistance Rp; and its series
resistance Rg;.

To model possible shunt resistances originating from
the edges of the device, we have added leakage resistances
to the standard model of a triple junction device. These
resistances are connected both toward the ground (R,; for
junction 7) and toward the high voltage terminal (R for
junction %) of the device. It can be seen that the leakage
resistances R;; and R, are in parallel with B; = R,; + R,
and R3= R,3+ R4, respectively. Therefore, they may be
difficult to estimate for their influence may lead to
estimated values of R; or Rz lower than their actual
values. This model is a simplified approach of the different
shunt types that can be found in solar cells since, for
instance, several shunt types were found in crystalline
silicon, some of them presenting rectifying properties [19].
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We have also simplified the connections between the cells
replacing the tunnel junctions by single series resistances.
Indeed, taking account of the current densities used in our
experiments we can assume that the tunnel junctions are
working in the ohmic part of their I( V) characteristics [20].
The calculations are performed by solving the following
equation, equation (1), for each junction, the sign
conventions for J and V; being those shown in Figure 3

Vi + RoJ
J = Jsei — Jsai [Eﬂ?P(ﬁ) - 1]
iky

()

J,q; 1s the saturation currents and m, the ideality factor
of the diode D,, k; is the Boltzmann constant and T is the
temperature. The calculations are done at 7= 300 K.

Once the parameters of each junction are defined, it is
possible to calculate and plot the J( V) curves of the device
when all the junctions are illuminated, when only two
junctions are illuminated or when only one junction is
illuminated taking into account, or not, the leakage
resistances. It is also possible to calculate the J( V) curves
of each junction taken separately under the same
conditions of illumination. The conditions of illumination
are fixed by the choice of the short circuit current densities
Jsei, @ being the index of the junction.

For the calculation for each junction separately
equation (1) is solved for J at fixed values of V. For the
calculations performed on the whole device equation (1) is
solved for V for given values of J. The J steps are adjusted
as function of the variations of V. A small (large) variation
of V'is compensated by a large (small) variation of J.

With a rapid look at Figure 3 it is easy to understand
that, despite the simplifications we have introduced, a
very large number of parameters have to be dealt with.
Thus, it is mandatory to extract as many parameter
estimates as possible from the experimental data to end
with a ‘reliable’ set of parameters describing the device
and its behavior.

3 Results and discussion
3.1 Experimental results

Figure 4 presents I(V) curves, and their fits, measured
under different light biases for each sub-cell. Figure 4a
presents the I( V) curves while the middle cell or the middle
and the bottom cells are illuminated, therefore probing the
influence of the top cell. Figure 4b presents the I( V) curves
while the top cell or the top and the bottom cells are
illuminated, therefore probing the middle cell. Figure 4c
presents the I( V) curves while the top cell or the top and
the middle cells are illuminated, therefore probing the
bottom cell. The symbols represent the experimental data
and the lines the fits with the numerical calculation.
Figure 4a shows that when illuminating the device at
785 nm with an output power of 20 mW the current at 0 V is
in the order of 400 pA. This value remains the same when a
980 nm illumination of 20 mW is added. However, we can

see that if one adds an illumination at 405 nm (Fig. 4c) with
a power of 20mW, I(0) rises at ~350 wA. Thus we can
assume that for a power of 20mW (Fig. 4c, curve
illustrated as 20mW All or dark yellow filled diamonds
20mW at 785nm and 20mW at 405nm) the current of
350 wA is the current generated by the top junction. Note
that for a given illumination power at 405 nm, the short-
circuit current of the top cell varies linearly with the sum of
the laser powers at 785 and 980nm before reaching a
saturation value. The same behavior takes place when
looking at the middle cell as illustrated in Figure 5. Indeed
when illuminating at 785 nm with a power of 20 mW, if one
fixes the power at 980 nm at 5 mW and increases the 405 nm
laser power the current follows linearly the increase until
the output power of the 405nm laser reaches 80 mW.
Above this value the current starts to saturate to reach a
final value of 1.85mA. Thus, we can reasonably assume
that, under these conditions (20 mW at 785 nm, 80 mW at
405 nm, 5 mW at 980 nm at the laser outputs), the current
is limited by the middle cell and that the short-circuit
current of the middle junction when illuminated at 785 nm
with a power of 20 mW is Iscmiadie & 1.85 mA. We have to
underline that the power of the laser at 980 mW has almost
no influence on this value found the same with
P(980) =20 mW.

Once the short circuit current of the middle junction is
estimated, keeping the powers of the other lasers at the
values fixed for this estimate (P(980) + P(405) > 85 mW),
it is possible to estimate the value of the ideality factor of
the middle junction by playing with the power at 785 nm
and plotting the variation of the open-circuit voltage vs the
short-circuit current for different values of the power of the
light sent to the limiting junction. From a semi-logarithm
plot one can deduce the ideality factor as was done by S.
Fafard and co-workers [14]. As shown in Figure 6, in the
present case we have found an ideality factor of m ~ 1.6 for
the middle junction.

The same analysis can be done for the top cell when one
illuminates the device with the 405 nm laser with a power of
20mW. Figure 4b shows that the current I(0) using only
the illumination at 405 nm with a power of 20 mW is low, of
the order of I(0) ~ 0.35wA. This current increases up to
9.7pnA if an illumination at 980nm with 20mW is
superimposed (Fig. 4b). If an illumination at 785nm is
superimposed with a power of 2mW (Fig. 4¢) the current
increases up to 228 pA. If the power of the 785 nm laser is
increased again I(0) continues to rise until it reaches a value
of the order of 350 A and stays constant whatever the
output powers of the 785 nm and 980 nm lasers. Hence, we
can assume that the short-circuit current of the top
junction illuminated at 405 nm with a power of 20 mW is
ISCtnp ~ 350 p.,A

Once the top junction is set as the limiting junction, it is
again possible to plot the variation of the open-circuit
voltage vs the short-circuit current for different values of
the power of the light at 405 nm sent to it. From a semi-
logarithm plot we have deduced m =~ 2.1 for the top
junction. This value, of the order of 2 can be surprising but
we may stress that such a value was already measured for
ITI-V solar cells [21]. Besides, values even larger than 3 have
been found in damaged c-Si wafers [22].
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Fig. 4. I(V) experimental results (symbols) obtained on our sample. The power at the output of the lasers used for the experiment is
displayed in the figure. The lines are the fits obtained with the numerical simulation.

Unfortunately, it was not possible to determine the
short circuit current of the bottom junction which seems to
be always larger than the Isc of the two other junctions
even with very low power of the 980nm laser. For the
numerical calculation we have assumed a value of Ischottom
of 2mA for an illumination at 20 mW of the laser at 980 nm
but it is probable that this value is underestimated. We
have also chosen to take an ideality factor m=1 for the
bottom junction [23].

As mentioned above, when only one junction, top or
middle, is illuminated the current at 0V is extremely low.
The reason is that it is limited by the resistances in series
induced by the shunt resistances of the other junctions
assumed to be under dark. An order of magnitude of these
resistance in series can be deduced by the slopes of the
I(V) curves when the voltage varies in the range [0V, 1 V].
When illuminating only the middle junction an order of
magnitude of the resistance in series is Rgyiqdie & 3-5—4 G
(see Fig. 4a, 20 mW at 785 nm). When illuminating only the
top junction, from the results presented in Figure 4b one can
find an order of magnitude of the resistance in series:
Rsiop =~ 45 M. Theoretically, assuming that the
series resistances of each junction is low, these resistances

inseries are the sum of the parallel resistances of the junctions
under dark:  Rgmiadie = RPtop + Rppottom  and RStop -
Rpmiddie + Bprbottom- An estimate of the parallel resistance
of the bottom junction can be obtained if one illuminates
the device with two wavelengths absorbed by the top and
middle junctions, 405nm and 785nm respectively.
Considering the results presented in Figure 4c at low
output power (20mW at 405 nm and 2mW at 785 nm) it
can be seen that the current is almost constant at low
voltages and then decreases almost linearly when
increasing the voltage before decreasing exponentially
for high voltages. From the linear decrease of the current
one can deduce that the resistance limiting the current is
RPbottom ~ 3.5 k().

Up to this point, with simple considerations on an ideal
triple junction device, we have deduced the ideality
factors and short-circuit currents for the top and middle
junctions when illuminated with the appropriate laser at a
power of 20mW. We have also estimated the parallel
resistances of each junction assuming that their series
resistances were negligible. The challenge is that we are
not dealing neither with an ideal experiment nor with an
ideal device.
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increasing the illumination of the top and bottom cells up to
100 mW. Igc saturates at 1.85mA.

3.2 An ideal experiment?

Concerning the experiment one would assume that when
using a single laser only the junction the most sensitive to
the laser wavelength is illuminated, the two others being in
the dark. Considering our results it is certainly not the case.
Indeed, it can be seen in Figure 4a that an illumination at
785 nm with a power of 20mW leads to an open circuit
voltage of Voc=1.3V, a value much larger than expected
for the middle junction. In addition, it can be seen in
Figure 4b that an illumination at 405 nm with a power of
20mW leads to an open circuit voltage of Voc=1.7V, a
value also much larger than expected for the top junction.
A simple addition shows that with the combination of these
two illuminations we should obtain Voc=3V, a value
which, besides being completely unrealistic, is much higher
than the 2.2V we found (see Fig. 4¢, 20mW at 785 and
405nm).

Note that when an illumination of 20 mW with the laser
at 980nm is added to an illumination with 20mW at
785 nm (Fig. 4a) or to both illuminations with 20 mW at
405 nm and 785 nm (Fig. 4¢) the V¢ increases by ~0.16 V,
a value which, associated with our estimation of the
Ischottom, glves a basis for fixing the value of the parameters
of the diode introduced in the simulation to model the
bottom junction.

Whatsoever, if we add these 0.16V to the measured
Voc when each junction is illuminated with a single laser,
we should end up with a Vo of 3.16 V when all the
junctions are illuminated with a power of 20 mW whereas,
we measure Voc=2.35eV (see Fig. 4c, all junctions
illuminated). We have thus assumed that the sum of the
Voctop + Vocmiddle should be of the order of 2-2.3V, with
1.1V < VOCtop < 1.3V and 0.85V < VOCmiddle < 1 V, and
sought an explanation for the discrepancy between the
expected Vo and the measured ones.

With the simulation, it can be shown that if one
chooses the diode parameters of the middle junction so as
to have VOCmiddlc =1V with ISCmiddlc =1.8 rnA, then a

2.45 . . T
5 mW 980 nm & 80 mW 405
P @ 785 nm variable
m=1.6
240 | .
S
3
= 235 i
230 1 1 1
9 -8 7 -6
Ln(lg; (A)

Fig. 6. Estimate of the ideality factor of the middle junction by
playing with the power of the illumination at 785 nm.

small current of 0.4 pA (4500 times lower) will generate a
Vocmiadle of 0.4V. Hence, when one illuminates the top
junction, if it generates a current in the middle junction
(even a very small one), the total Voo will be largely
higher than the V¢ of the top junction alone. The origin
of this small current can be attributed to an incomplete
absorption of the 405nm light by the top cell or to
photoluminescence from the top cell which in turn
induces a current in the middle junction. A last option
is that the laser itself generates a very small contribution
at another wavelength than 405nm that reaches the
middle junction and generates a small current in it.
However, if we introduce at the output of the laser a blue
filter with a band pass between 350 and 600 nm we do not
observe any modification of the results. Thus, this last
option has to be rejected leaving only the first two
assumptions as an explanation for the small current
generated in the middle junction when the top junction is
illuminated.

Still with the simulation, it can be shown that if one
chooses the diode parameters of the top junction so as to
have Voctop=1.15V with Isciop =350 pA, then a very
small current of Isciop =400 pA, ~10° times lower, will
generate a Vociop 0f 0.4 V. Again, when one illuminates the
middle junction and if the top junction generates a very
small current then the total Vo will be largely higher than
the Vo of the middle junction alone. The origin of this
current is more difficult to explain than in the previous
case. Indeed, the gap of the top junction is of the order of
1.86 eV and the photon energy at 785 nm is 1.58 eV so the
light should go through the top junction without generat-
ing any carriers with an ideal semiconductor. Could this
generation come from deep states with a density 10° times
lower than the band edge density? This is an open question,
the presence of defects at such a low concentration being
rather tricky to put into evidence. Generation in the top
junction by the luminescence of the middle junction seems
also highly improbable, though optical coupling of the
bottom sub-cell with the top sub-cell of an MJ device has
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The green circle indicates a contribution of the Ge cell even in
the region where the light is assumed to be absorbed by the cells
above.

been already reported [17]. The last option in which the
laser generates a small contribution at a lower wavelength
than 785 nm is still possible though we have added a high
pass filter to suppress the wavelengths shorter than 750 nm
at the output of the 785 nm laser to suppress any parasitic
contribution of the laser.

Finally, it is worth noticing that the bottom cell may
be illuminated through the middle one when one uses a
laser at 785 nm. This is demonstrated in Figure 7 which
shows the Ge response of an isotype cell in which the top
(InGaP) and middle (GaAs) “sub-cells” were n-type only
(no junction). It can be seen (in the green circle) that
the Ge cell is responding even at wavelengths supposed
to be absorbed by the middle cell on top of it. This
response in the range 700-850nm is not an artifact
coming from the response of the middle junction [13],
artifact which is not expected in an isotype device. This
response of the bottom cell to 785 nm illumination is
likely due either to light transmission or photolumi-
nescence of the InGaAs on top of the bottom cell,
because the response of the Ge junction remains the
same even if we add high pass filters at 780nm or at
1100 nm for which the contribution of the middle
junction would be largely minimized.

The response of the Ge junction when the middle cell is
illuminated was taken into account in the numerical
calculation to fit the experimental results.

In conclusion, we cannot assume that when illuminat-
ing mainly one junction with the appropriate laser only the
targeted junction contributes to the I(V) curve. There is
always a small contribution of the other two junctions, each
contribution depending on the wavelength of the illumi-
nating laser, and these contributions have to be taken into
account in the simulation.

10°

B Measurements Under Dark

pMiddle = 45 MQ
R =3.5GQ

pTop

8 1
gi 10 ?
- 10° 1

107 1
10" R g = 600 MO
w0 /<— R, =800GQ

1'13.|.|.|.|.|.|.|.|.|.|.|.

00 02 04 06 08 10 12 14 16 18 2.0 22 24
V (V)

Fig. 8. I(V) curves under dark for our sample. Experimental

results (symbol) are fitted (lines) by the results of the calculation

with numerical simulations including different parameters. The

arrows indicate the influences of Rp;, and Rpyiqaie o1 the shape of
the fitting curve.

3.3 An ideal device?

An ideal device would be the one described in Figure 3 with
infinite leakage resistances (R, = Rjo= R,3=R;;= Rjp=
o0) but experimental results contradict this possibility.

First, a close look at the curves in Figure 4a reveals that
the resistance in series is not the same when working with a
laser at 785 nm with 20 mW power or with 40 mW power:
with 20mW the resistance in series is 3.5 G{) and with
40 mW the resistance in series is 2.1 G().

Another problem can be seen when performing
measurements with the 405 nm laser (Fig. 4b). If only this
laser is used the resistance in series is ~ 45 M) whatever the
power, but if one adds a laser at 980 nm with a power of
20 mW this resistance in series drops down to 310 k().

Besides, when dealing with the illumination of the top
and middle junctions (Fig. 4¢) it can be seen that at low
power (2mW for the laser at 785nm), one can deduce a
resistance in series of ~ 3.5 k(), value that was chosen for
the shunt resistance of the bottom cell. But with higher
powers the curve presents a strange shape that cannot be
fitted with a single resistance in series.

Finally, using the parallel resistance values found from
experiments performed under light, we have tried without
success to reproduce the results obtained under dark. This
is presented in Figure 8.

Clearly, the model for the triple junction proposed in
Figure 3 is not completely appropriate to reproduce all the
experimental results. However, it can be seen in Figure 4
that the model seems to be sufficient to calculate curves
fitting the experimental data obtained at several powers
and wavelengths of illumination. For this purpose we have
made the following assumption: the resistances obtained
under light from the results presented in Figure 4 are linked
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to defects at the edges of the device which contribution
depends on the intensity and wavelength of the illumina-
tion.

Indeed, in Figure 8 it is possible to obtain a good fit of
the I(V) curve under dark assuming that Rpy,, =80 GQ
and Rppiqqe =600 MQ (black line) instead of Rpiop=
3.5 GQ and Rppyiqae =45 MQ (blue line). Based on this
assumption we have introduced the proper parallel
resistances for each junction and tried to play with the
leakage resistances to match the experimental results.

In the case of illumination with the laser at 785 nm at
20mW (Fig. 4a), we have introduced a leakage resistance
Ry1=3.5 GQ and with a power of 40mW at 785nm we
have chosen Ry =2.1 GA).

With an illumination at 405nm (Fig. 4b), we have
introduced a leakage resistance R,o =45 M and when
superimposing an illumination of 20 mW at 980 nm we have
introduced a leakage resistance Rj, =310 k() without
changing the junction parameters to calculate the I(V)
curve.

Finally, for the last case, measurements with 40 mW at
405 and 785 nm, we have defined a parallel resistance of the
bottom cell varying with the applied voltage as 3100 V?/
(V2 41) 4900 . This expression is only phenomeno-
logical and has absolutely no physical justification except
the fact that between 1V and 1.4V the resistance in series
that can be extracted from the curve is of the order of 2 k()
whereas in the range 1.6—2 V the resistance in series is of the
order of 3.2 k). With the above expression, the resistance
in series, which would be the parallel resistance of the
bottom cell, varies between 900 (0 V) and 3500 ) (2.2V)
and the final fit matches quite well with the experimental
data. Since this approach is phenomenological, we may
assume that any function presenting similar variations of
the resistance vs voltage (some sort of crank handle shape)
would be appropriate for a fitting of the curve. In addition,
we cannot reject the fact the resistance we measure is
actually a shunt resistance in parallel with the parallel
resistance of the bottom cell or simply reflects the behavior
of the tunnel junction.

The data introduced in the numerical calculation is
presented in Table A1 in the Appendix A of this document.

One can wonder about the origin of these leakage
resistances and for the moment the only explanation that
comes in mind is the influence of the edges which, because
of the defects, could be the cause of the evolution, with or
without light, of the ‘parallel’ resistances of the considered
junctions. Up to this point, we cannot definitely conclude
on the ohmicity or rectifying properties of the defects
introducing shunts that we have put into evidence.

Nevertheless, though as a matter of simplification, to
avoid an accumulation of fitting parameters and very
complex calculations, we have modeled their behaviors by
leakage resistances, the fact that the values of these leakage
resistances depend on the wavelength and power of the
illumination (Fig. 4a), as well as on the applied voltage
(Fig. 4c), suggests that we are more probably dealing with
rectifying shunts.

Finally, the reader may note that, since we have
determined some of the parameters of the junctions, it is
theoretically possible to plot the J(V) curves of each

0-020 T T T T T T T T
0.018 \ AM1.5G (@)
0.016 | i
1}
0.014 F -
< 0012} ‘ i
€
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= ooosf Middle ]
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0.006 - i
0.004 | -
0.002 | i
0000 1 1 1 1 1 1 1 1
04 -02 00 02 04 06 08 10 12 14
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0.014 F . (b) E
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0.012 | 2 .
Jsc =14.3 mA/cm
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= J_ = 14.2 mAlem?
0004 F V =242V 7
0.002 | FF =0.84 i
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Fig. 9. (a) J(V) characteristics of each junction taken alone
under AM1.5G, (b) comparison of the experimental (squares) and
theoretical (line) J(V) characteristics of the device under
AM1.5G.

junction under AM1.5G as if it was considered alone. For
this purpose, we have introduced the values of the current
densities we should obtain under AM1.5G that we have
deduced from EQE measurements performed on the device
(see Fig. 1). The results of the calculation are presented in
Figure 9a. It is also possible to predict the J( V) curve shape
under AM1.5G and to compare with the experimental
results. This is shown in Figure 9b where we end with an
excellent agreement between all the parameters (Jsc, Voc,
and FF). So far, though rather simple, it seems that the
model we have defined gives a good overview of the device
properties.

4 Conclusion

We have shown that I( V) measurements performed with
lasers of different wavelengths with several powers and
superimposition of their emissions can bring some
information on the properties of triple junction photovol-
taic devices. Many parameters, such as short-circuit
currents and ideality factors could be deduced directly
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from the experimental results. Nevertheless, to lead to a
complete overview of the device parameter, these experi-
mental results had to be combined with numerical
calculations to derive each junction parameters and put
into evidence the influence of defects generating shunts at
the edge of the device.

For instance, we have shown that though we had
chosen wavelengths to be absorbed by each of the
junction, 405 nm for the top, 785 nm for the middle and
980 nm for the bottom, we always had a small contribu-
tion of at least one adjacent junction resulting in Vo¢
values much higher than expected. We have also shown
that resistances deduced from the experiment were
linked to leakage resistances probably coming from
defects located at the edge of the device and shunting the
junctions.

We could not conclude on the nature of these shunts
(rectifying or ohmic) because we had to simplify our
model to limit the number of adjustable parameters and
the complexity of the calculation. Yet, the fact that the
values of the leakage resistances depend on the
wavelength and power of the illumination, as well as
on the applied voltage, suggests that some of these shunts
are rectifying.

Despite the simplicity of our model, we were able to
define a complete set of parameters with which all the
experimental results were reproduced. Besides, we could
define the J(V) curves under AM1.5G for each junction
taken individually and reproduce the J( V) characteristics
of the complete device under AM1.5G.

The next step will be to study several devices which
edges have been treated differently to compare both the
set of parameters that can be deduced from experiment

and calculation, and their conversion efficiencies to
eventually optimize the technological process of micro-
cell fabrication.

Appendix A: Table Al

When I,.=0 is indicated it means that this junction was
not taken into account in the calculation.

“Variable’ means that R,; varies as R,;=3100 V?/
(V*4+1)+900 (phenomenological).

The values of the leakage resistances are in bold
characters.

Ry, and R 5 were always fixed at very high values.

For the fitting of the I( V) curves applying only 20 mW
and 40 mW at 785 nm we have assumed that the L. of the
bottom cell were 20 pA and 40 pA, respectively, to take
into account that the light at 785 nm is not fully absorbed
by the cells above the Ge junction.

Appendix B: Results obtained on the second
sample

Figure B1 displays the results obtained with different lasers
with different powers illuminating the sample. The general
behaviors are the same as those observed with the sample
described in the main text of this communication (see Fig.4).

With the parameters deduced from the combined
experiment and simulation performed on the sample
#2, we were also able to plot the I(V) curves of each
junction as if it was isolated (Fig. B2a) and to fit the I( V)
curve of the complete device measured under AM1.5G
(Fig. B2b).

Table Al. Parameters for fitting the experimental I( V) data of our MJ cell.

Param. 20mW 785 40 mW 785 20mW 405 40mW 405 20mW 405 20 mW 405 40mW 405 20mW All
and 20mW 980 and 20mW 980 and 20mW 980 and 20mW 785 and 40 mW 785

Ry (Q) 1 1 1 1 1 1 1 1

R,; (Q) 3.5 x 10° 3.5 x 10% 3.5 x 10> 35 x10° 3.5 x 10° 3.5 x 10° Variable 3.5 x 10°

L. (A) 20x 1073 2.0 x 1073 0 0 2.0 x 1073 4.0 x 107° 9.0 x 107° 2.0x 1073

Lg(A) 2.0 x 1077 2.0 x 1077 20x 1077 20x1077 20x 1077 2.0 x 1077 2.0 x 1077 2.0 x 1077

my 1 1 1 1 1 1 1 1

R, (Q) 1 1 1 1 1 1 1 1

R,z (Q) 6.0 x 10° 6.0 x 10° 6.0 x 10> 6.0 x 10* 6.0 x 10° 6.0 x 10° 6.0 x 10° 6.0 x 10°

Lo (A) 1.8 x107° 3.6 x 107° 35x 1077 1.1x107% 59x107° 1.8 x 1073 3.6 x 1073 1.8 x 1073

Las (A) 6.0 x 107" 6.0 x 10713 6.0 x 107 6.0 x 107 6.0 x 107 6.0 x 10713 6.0 x 10713 6.0 x 1071

my 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6

Ry (Q) 1 1 1 1 1 1 1 1

R,; () 8.0 x 10" 8.0 x 10'° 8.0 x 101 8.0 x 10!° 8.0 x 10* 8.0 x 10'° 8.0 x 10'° 8.0 x 10'°

I,s(A) 45 x 107 8.5 x 10710 35x 107" 7.0x 107" 35x 107! 3.5 x 107* 7.3 x 1071 3.5 x 1071

Lg; (A) 80 x 107" 8.0 x 107 80 x 107 80x 107" 80x 107 ™ 8.0 x 107 8.0 x 107 8.0 x 1071

ms 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1

R (Q) 1.0 x 10" 1.0 x 10" 1.0 x 10" 1.0 x 10*®* 3.1 x 10° 1.0 x 10" 1.0 x 10" 3.1 x 10°

R, (Q) 3.5 x 10° 2.1 x 10° 1.0 x 10" 1.0 x 10"®* 1.0 x 10" 3.5 x 10° 2.1 x 10° 3.5 x 10°
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