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1 Introduction

Among the various thin-film photovoltaics (PV) technologies, organic photovoltaics (OPV) as all-
carbon technology has great potential due to low cost production, flexibility, semitransparency,
light weight, and tunable color.

However, to achieve competitive efficiencies around 15% or more, OPV will necessitate tandem
or even triple junction approaches. An efficient realization of such multijunction cells is difficult,
so that the record efficiency for tandem cells of 10.6%[ is still slightly behind the record for
single-junction organic solar cells with 11.1%!? efficiency. However, the number of publications
with topics covering tandem OPV has rapidly increased over the last years. From 2004 to 2014,
the number of publications dealing with tandem organic solar cells increased from less than 25
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Fig. S1: Number of publications being found with the keywords “TOPIC: tandem AND (organic OR
polymer) AND (solar cell OR photovoltaic)” from Web of Science™ from 2004 to 2014.

Quality of tandem organic number of percentage References
solar cell characterization publications
according to standard[’] 3 4%
[1,4,5]
EQEF for the subcells shown 33 45%
(not only dummy single cells) [6-39]
No comment on mismatch factor M or
M not used for characterization
No EQEF for subcells shown 37 51%
No comment on M [40-75]

Tab. S1: Analysis of the publication practice of tandem organic solar cell efficiencies in selected pub-
lications in Web of Science™. The analysis is mainly based on a search with the keywords
“TITLE: (tandem AND (organic OR polymer) AND (solar cell or photovoltaic)) AND YEAR
PUBLISHED: (2009-2014)". Review papers and papers where the tandem organic solar cell
efficiency characterization is not in the focus of the work as well as papers only showing
simulation results are not shown. The total number of analyzed papers is 73.

to almost 200 a year (see Fig. S1). Nevertheless, the literature survey presented in the main
text shows that the quality of tandem OPV characterization does not reflect its great potential.
In addition to Table 1 of the main text, Table S1 presents the complete list of references of this
literature survey.

It should be mentioned that even though publications ['®! present results measured in full
accordance to the applicable standards their conclusions about the necessity of a bias-voltage for
SR measurement are possibly incorrect. The reason is that the bias voltage for SR measurements
having only little influence on the measurement of inorganic solar cell is a crucial parameter for
organic tandem solar cells as described in detail in subsection 3.1 of this supplementary information.

2 Measurement standards and procedures for the characterization of
tandem solar cells

The main task when measuring solar cells - not only tandem solar cells - is to assure standard
reporting conditions (SRC) which means measuring at 25 °C (junction temperature), illumination
intensity of 1000 W/m? with an AM1.5¢ spectrum[7®. These reporting conditions apply to terres-
trial use of non-concentrating solar cells. For other applications such as operation in space (AMO,
1367 W/m?)!"™ or concentrating solar devices (AM1.5d, 1000 W /m?)[78.7] " different reporting
conditions have to be used. Temperature and illumination density are parameters that can be con-
trolled relatively easily. In contrast, a full control of the illumination spectrum is experimentally
impossible with light sources available at present.
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For single solar cells, the concept of spectral mismatch correction as described in standard IEC
60904-718% or ASTM E973[8! has to be applied by taking the spectral mismatch factor M into
account 8%, The aim of this procedure is to assure that the solar cell under test generates the
same number of charge carriers as it would generate under the AM1.5g spectrum. One needs a
solar simulator according to the standards IEC 60904-9[8% or ASTM E 927[34 and the spectral
distribution of the solar simulator needs to be determined by a spectroradiometer. It should be
noted that the spectrum varies with set intensity, aging of light sources, and optical components of
the simulator such as filters. Thus, a manufacturer’s data of the spectral distribution might differ
from the actual irradiance and should be checked regularly.

A solar cell spectrally weights an irradiation according to its spectral response (SR) s(\). As
the illumination spectrum of any solar simulator differs from the standard spectrum, the device
under test will weight the irradiation differently. Thus, the SR of the solar cell under test needs
to be determined as referred to in section 3.1. To set the total irradiance of the solar simulator,
a calibrated reference cell is used. Perfectly matched reference cells are not at hand, especially
for organic photovoltaics, meaning the SR of the reference cell differs from that one under test.
Hence, spectra are weighted differently. Therefore, the SR of the reference cell needs to be known
and used for the computation of the mismatch factor M.

The determination of the current density-voltage characteristics (JV-characteristics) itself is
carried out according to standards TEC 60904-113%1 or ASTM E948[%¢ For organic solar cells,
where a non-linearity of the current dependent on the light intensity is expected as shown later, a
setting of the solar simulator to effective irradiances, as described in IEC 60904-7[89 is preferred
to recalculating the measured JV-characteristics to the desired effective irradiance.

For tandem solar cell devices, or multi-junction solar cells in general, the procedure of spectral
mismatch correction is more complicated. Tandem solar cells consist of two individual solar cells
(denoted as subcells). Therefore, the correction of the spectral mismatch has to be done with the
condition that for each subcell, the number of generated charge carriers is equal under test and
reference spectrum. This can in general only be achieved with a spectrally tunable solar simulator
with at least as many individually adjustable light sources as subcells in the multi-junction device
under test.[?! By correcting the spectral mismatch of one of the subcells, the other subcells are
influenced in general. Therefore the measurement procedure as given by the appropriate ASTM
standard E 22361%! is iterative. After measuring the spectral distribution of the solar simulator
by a spectroradiometer, the mismatch factors for both subcells are determined, the short circuit
currents of the reference cell(s) are measured, and the current balances are calculated. These are
defined for each subcell i as

1 EsrcCEC
Zi= S~ Re (1)
Ml ISIM

where M, is the mismatch factor according to the actual simulator spectrum, the reference cell and
the subcell i. Egpc is the total irradiance of the standard spectrum, CTC the calibration value of
the reference cell and £, its current at the simulator irradiance.

If the current balances for each cell deviate too far from unity, the light sources need to be
readjusted and the procedure needs to be repeated. The procedure is therefore time-consuming and
not very handy. In referencel®! constraints of the current balances are given by 3 % for reasonable
limits, for minimal spectral errors by 1 %. Especially in the case of organic tandem solar cells with
a considerable spectral mismatch between test- and reference cell, these constraints are somewhat
artificial. Due to their spectral properties, organic solar cells might be more sensitive to spectral
variations than inorganic multi-junction devices. Hence, one should determine the dependence
of the actual device under test to spectral variations in order to achieve the desired accuracy.
Since spectrally adjustable sun simulators are not at hand in many research labs, section 7.3 of
ASTM E2236!%! (“Electrical Performance, non-spectrally adjustable Light Source”) also suggests
an alternative procedure involving the use of a non-spectrally adjustable light source. According to
that, the mismatch factor of the subcell limiting the current under the reference spectrum should
be used for calibration. Tt will be investigated in the following sections whether this procedure is
applicable to tandem organic solar cells.
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Since the iterative procedure of ASTM E2236 using a spectrally adjustable solar simulator is
time-consuming and inconvenient, Meusel et al. proposed an alternative measurement procedure
being much faster87], but with results being equal to those achieved by using the procedure as
given by ASTM E2236. According to reference 37l one can calculate the photocurrent densities of
each subcell under the reference spectrum as well as under the simulator spectrum J:;J, 5t Jm
and Jlfg;". The subcells are denoted top and bottom cell with top being hit first by the incident
light. The required quantities for this calculation are the relative external quantum efficiencies
of top and bottom cell that can be converted into relative spectral responses s:, and spo, the
relative spectra with fixed spectral distribution of the two light sources e; and es of a multi-source
sun simulator forming the spectrally adjustable solar simulator, the reference spectrum E,.¢, that
is usually the AM1.5g reference spectrum, as well as the certified absolute spectral response of the
reference cell Sic.

Because both subcells should generate the same current during the experiment as under the
reference spectrum, J;5/ has to equal Jg7 and J;</ has to equal Jii" at the same time.

The result of the complete derivation is a two-dimensional, inhomogeneous system of linear
equations with two unknown parameters A; and A, representing the intensities of the two light
sources of a multi-source sun simulator:

A / Stop(Ner (N + Ay / Stop(N)ez(A)dA = / Stop(N) Epes (\)dA 2)

A / sbor(Ner (VA + Ay / spor(Nes(A)d\ = / 5001\ Erer (VA . 3)

Using these parameters achieved by solving the system of equations, J. of the reference cell under
solely light source 1 J} as well as under solely light source 2 JI%C of the multi-source sun simulator
can be calculated allowing their individual calibration 87

The = Ay / Sro(Ner(A)dA (@)

Jae = Ay / Sro(Nes(\dA . (5)

Getting both light sources calibrated in such a way to the test cell simultaneously assures that
both subcells exhibit the same Js. as under AM1.5g, i.e. simultaneous mismatch correction of
both subcells is achieved. Since it is a comparably fast procedure to set the spectral irradiance
to certain conditions, methods investigating the dependence of the spectral irradiance such as the
spectrometric characterization become more applicable. According to reference[®], in the spectro-
metric characterization method the multi-dimensional space of all illumination spectra is mapped
on a two dimensional vector space of positive real numbers. Each single possible illumination
spectrum E(A) is represented by a point (Gi‘]’f}, Gﬁ‘}tf) € R3. Here, GZ‘;}} and GZ‘}tf are the effective
irradiances!®” of a spectrum E()) on the two subcells. These effective irradiances are proportional
to the generated charge carrier densities of the subcells. Since in a tandem solar cell, the current
densities of both subcells have to be the same, the dimensionality of the problem can be reduced
to a line in two dimensional space - the so called ’line of measurement’. Each point on this 'line
of measurement’ can be specified by the parameter Z, such that (1 + Z,1 — Z) represents a par-
ticular spectrum and therefore a particular multi-source sun simulator setting. The corresponding
parameters A; and As can be calculated depending on Z as follows:

A / stop(Ner(\)dA + Ay / stop(Nez (VA = (1 + 2) / stop(N) Erer (\)dA (©)

A / spot(Ner(V)dA + Ay / spot(Nea(V)dA = (1 — Z) / Sp0t(\) Ere s (A)dA . (7)

The spectrum at Z = 0 is the chosen reference spectrum. The formalism of spectrometric charac-
terization allows the calculation of the particular intensities of each light source to reach a specific
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point (1 + Z,1 — Z) and thereby a specific spectrum. It is noted that the effective irradiance
for all spectra on the ’line of measurement’ equals almost that of the used reference spectrum.
Consequently, it is not possible to aim for a specific spectrum at a specific irradiance in one char-
acterization cycle. To estimate the parameters of the tandem solar cell for spectra differing from
the reference spectrum, e.g. for estimating the changes in efficiency over one day due to variations
of air mass, the values at the respective point on the ’line of measurement’ have to be scaled
requiring their linear behavior for validity. It should be noted that this method allows to estimate
the spectral dependence of the solar cell under test but is misleading in terms of characterization
according to the standards. To achieve precise results, the spectrum of interest has to be used as
standard spectrum in the parameter calculation (equations 2 and 3).

The mentioned standards as well as the spectrometric characterization method were developed
for inorganic tandem solar cells. They do not consider the special characteristics of organic solar
cells. Therefore, in the next section of this paper, properties distinguishing organic tandem solar
cells from inorganic ones that influence the measurement procedure are discussed.

3 Characterization of tandem organic solar cells

3.1 Spectral Response measurement
Theory and measurement procedures

The first step in characterizing solar cells should be a spectral response (SR) measurement whether
single or multi-junction solar cell. With the result of this method, it is possible to determine the
spectral mismatch of single junction solar cells to calculate the intensity of the light source for
calibration. In the case of multi-junction solar cells the spectral mismatch of each subcell can be
determined and hence the intensity of the light sources to apply a specific spectrum on the tandem
solar cell. In most cases, this is the only objective and therefore a relative SR spectrum s()) is
sufficient. Absolute SR spectra S(A) are only required if the jy. of the subcells of the tandem
cell have to be correctly estimated by convoluting SR and AM1.5g solar spectrum. While the SR
represents the spectrally resolved ratio of generated current to irradiated power, the often used
quantity external quantum efficiency (EQE) represents the ratio of extracted charges to irradiated
photons. From the spectral response one can calculate the EQFE as follows:

S(A) he

EQE() = ==—. (8)

In a tandem solar cell with serial connected subcells, a standard SR-measurement tracing the
electrical response of the solar cell to a continuous variable monochromatic light beam, cannot lead
to a reasonable result. In this case, only the response of the subcell that is limiting the current
at this particular wavelength is measured. Apart from artifacts, the result of such a measurement
is therefore the lower envelope of the spectral responses of both subcells which normally has no
practical meaning. However, from the comparison to the SR of the subcells, further conclusions
about the quality of the measurement can be drawn as will be shown later.

To correctly measure the spectral response of one of the subcells, a bias light has to be selected
in a way that independently of the wavelength of the monochromatic probe light, the subcell
not to be measured, hereafter denoted as optically biased subcell, generates more current than
the subcell to be measured. In general, the choice of the bias light spectrum can be based on
the absorption profile of the absorber materials or the individually measured spectral response of
single junction solar cells, comprising the same absorber material as the subcells of the tandem
cell. This is an appropriate method when the absorption profile of the active materials does not
show significant overlap[488]. If both subcells comprise strongly spectrally overlapping or even the
same absorber materials, which can be advantageous for particular absorber materials/3'!, detailed
optical simulations of the tandem solar cell stack have to be carried out to decide for appropriate
bias light spectra (cp. section 3.4). A detailed study how to treat such devices concerning bias
light selection can be found in reference 189!
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Fig. S2: Schematic description of the JV-characteristics of a tandem organic solar cell and its subcells.
While measuring spectral response of subcell 2 without applying a bias voltage, the tandem
cell is at short-circuit, but subcell 2 is at reverse bias (circular symbol). The resulting spectral
response will be overestimated. a) By applying a bias voltage Vyqs the JV -characteristics
of the tandem cell is moved towards more negative voltages (dashed curve) such that subcell
2 will be at short-circuit condition (squared symbol) as it is necessary for a correct spectral
response measurement. (b) Since Vi, is hard to determine, an easy approximation is to use
V:fc“bc“i” L as bias voltage. This leads to slight deviations compared to using Vi;qs.

As described above, a tandem solar cell has to be illuminated with a continuous bias light in
every case. Therefore, the monochromatic probe light has to be chopped and the current response of
the solar cell analyzed using lock-In technique in order to detect only the current signal originating
from the probe light but not from the bias light.

When the tandem solar cell is illuminated by a bias light matching the absorption of one of
the subcells such that this subcell is generating much more charge carriers than the other subcell,
this subcell will operate close to its open-circuit voltage (V;ﬁ:“bce”l). Thus, the current-limiting
subcell the SR of which will be measured operates under reverse bias when the tandem solar cell
is at short-circuit conditions (cp. Fig. S2). As discussed in the main text, organic solar cells often
suffer from low fill factors or even photoinduced shunts. As a consequence, the photocurrent of
the measured subcell detected while the tandem solar cell is at short-circuit conditions, will be
overestimated. Hence, the SR will also be overestimated. This overestimation can be compensated
for by applying a forward electrical bias that moves the JV-characteristics of the tandem cell
towards more negative voltages, such that the js. of the tandem cell equals the js. of the subcell
under test. Fig. S2 schematically shows the result of a bias voltage application. Since the js. of
the subcells are unknown in general an approximation has to be made.

If the bias light intensity is sufficiently high, the optically biased subcell is working close to its
Ve at this illumination conditions, regardless of the voltage of the whole tandem solar cell. Hence,
a possible approximation to get the subcell to be tested to short-circuit conditions is to apply a
voltage equaling the V. of the optically biased subcell (Fig. S2(b)). However, depending on the
F'F of the subcells and the intensity of the bias light, the error compared to a measurement under
exact bias voltage Vpiqs (cp. Fig. S2a)) can be substantial (9] To avoid this error, bias voltage
determination has to be done carefully, e.g. according to the procedure given in referencel9.
There, single cells similar to the subcells of the tandem cell in terms of absorber materials as
well as charge carrier generation rate (dummy cells) are used. The illumination is chosen exactly
as during the SR-measurement: the dummy cell corresponding to the optically biased subcell is
exposed to the bias light and the dummy cell corresponding to the subcell under test is illuminated
by the monochromatic probe light. Because the monochromatic probe light in general varies in
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intensity, the procedure involves measurements at the wavelengths with its minimum and maximum
intensity. The current density value in the JV-characteristics of the dummy cells, where the sum
of the voltages of both cells is zero, equals the short circuit point in the tandem solar cell. The
corresponding voltage of the dummy cell exposed to the bias light is the bias voltage that has
to be used for the SR-measurement. Normally, it is sufficient to use the average of the voltage
values resulting from the different monochromatic light intensities. A detailed description of the
the procedure can be found in reference!9.

It has to be noted that it is in general impossible to draw conclusion about the necessary
bias voltage for SR measurement from JV-measurements under dark conditions since the slope of
the JgqriV-curve around V' = 0 can significantly differ from its value of the Jpnot0V -curve. The
reason is that the slope of the Jppo0V-curve around V' = 0 is in general not mainly determined
by the shunt resistances of the device as it is true for inorganic solar cells but by other fill factor
dominating effects. Such effects are for instance bimolecular recombination, field-dependent charge
extraction or generation, hampered charge extraction as well as poor selectivity of the contacts.
In contrast, most of these effects do not influence the shape of the Jy,,1V-curve such that it is in
general virtually flat around V' = 0. The calculation of the shunt resistance from Jg,,.1V-curves as
done in references 91 is therefore not a reasonable approach for organic tandem solar cells.

Furthermore, ASTM standard E 2236 demands for a flood light, making sure that the subcell
under test is illuminated with an intensity similar to one sun or at least some illumination, because
the spectral responsivities of the device can be a function of the illumination level ’l. However, the
overall charge carrier generation in the subcell under test has to be lower than that of the optically
biased subcell.

Using lock-in technique, the non-differential spectral response s(\) is inaccessible directly in
this kind of measurement. Only the slope of the monochromatically generated js. versus irradiance
E, the so called differential spectral response (), can be measured 1],

(B
ol ) = i) Q
s(A) only equals to §()) if the photocurrent of the measured subcell depends linearly on light
intensity. This, however, is not the case for organic solar cells in general. To calculate the spectral
mismatch factor, or in the case of tandem solar cells to calculate the parameters for spectral
correction, s(\) has to be calculated from the measured §(\). For single solar cells, this can be
done according to reference!??l where 5()\) is measured as a function of the short circuit current
density js. over a range of bias intensities Ep;qs. The (non-differential) spectral response s(\) at
standard reporting condition can be calculated as follows:

Jsro
fJSTc dJpias
0 5(X\,Jvias)

SSTc(A) = (10)

For this method, the measurement of the short circuit current density at different bias light
intensities is necessary. Because the short circuit current of each individual subcell is inaccessible,
the method is not applicable for tandem solar cells. An alternative procedure using scaling factors
for the SR is demonstrated in reference [°3l. However, it is also only demonstrated for single
solar cells. Hence, for tandem organic solar cells the difference between the differential and non-
differential spectral responsitivity has not been taken into consideration up to now. It should
be noted that neglecting the difference of differential and non-differential spectral response can
lead to incorrect characterization results. Therefore, efforts should be made to find methods for
determining the non-differential spectral response of tandem solar cells.

Experiments

SR-measurements according to the described standards and procedures have been carried out on
tandem solar cell sample A (see Fig. S3 for layer stack). The bias voltage applied across the
tandem solar cell was 0.9V and 0.81V for the red and green absorbing subcell, respectively, being
approximately the V,. of single cells comprising the same absorber materials.[%4:9°] Tn Fig. S4a)
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Fig. S3: Solar cell stack A shown in the order of processing. The green absorbing subcell is facing
towards incident light and therefore denoted as as top cell whereas the red absorbing subcell
being next to the metal back contact is denoted as bottom cell.

the EQFE results of all three participating labs are shown and in Table S2 the js. calculated by
integrating the product of EQE and AM1.5g over the wavelength. For red bias light, the only
significant deviations can be found in the UV region below 400nm that can be attributed to a
degradation of the test cell. While the measurements at TUD and TUe were carried out within
a few days, the ISE measurement was performed a few months later. However, due to the low
irradiance of the AM1.5g spectrum in this wavelength region, the difference of the integrated
photocurrent between 300 and 450 nm is below 0.2 mA/cm? for all three measurements. For
green bias light, i.e. measuring the red absorbing subcell, the overall deviations are higher but
as Fig. S4(b) shows, the normalized EQE spectra coincide almost perfectly. The deviations are
therefore attributed to non-identical bias light conditions since all three labs use bias light sources
of different spectra and intensity. Assuming the SR results are relative, the presented data shows
that all three labs achieved equivalent results by using the described measurement procedures.
However, the relative differences in the results clearly show that even with great effort, it is hardly
possible to achieve absolute spectral responses for tandem organic solar cells. Fortunately, absolute
SR values are not required for accurate efficiency determination.

Furthermore, the EQFE measured without bias illumination exactly follows the lower envelope
of the FQE-spectra measured with bias light (cp. Fig. S4). This result suggests that leakage paths
in this tandem solar cell are low. If the SR measured without bias illumination were higher than
these of the subcells, the respective subcell would suffers from a leakage path. Furthermore, this is
a confirmation that bias light selection was correct and in each case the intended subcell has been
measured.

3.2 JV-Characterization and efficiency determination
Theory and Measurement procedures

As already stressed in section 2 the determination of accurate JV-characteristics of multi-junction
organic solar cell and consequently its efficiency needs to be performed at standard reporting
conditions which is only possible by using a spectrally adjustable solar simulator.

If no spectrally adjustable solar simulator is available, the standard ASTM E2236 states an
alternative procedure, which however has severe drawbacks for organic solar cells that need to
be carefully considered. According to section 7.3 of ASTM E2236 in this case the correction of
the spectral mismatch has to be done for the subcell limiting the current under E,.y, similar to
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Fig. S4: (a) Results of the SR-measurements at Fraunhofer-ISE Freiburg (ISE), University of Tech-
nology Dresden (TUD) and Eindhoven University of Technology (TUe) and (b) the same
spectra normalized to show their relative deviations. The 10 nm shift in the EQE spectra
measured at TUe is attributed to a relatively large bandwidth setting of the monochromator,
in combination with a small misalignment of the probe beam during the day of this particular
measurement.

the mismatch correction procedure of single junction solar cells. Two main challenges to achieve
correct results with this method are identified: Firstly, one needs to assure that the current limiting
junction at the specific irradiance is the same one as at the irradiance of SRC. If this is not the case
a different simulator has to be used. For a reliable determination of the current limiting subcell,
the absolute spectral responses of the subcells would be needed or one needs to assure that all
relative spectral responses have the same wavelength independent scaling factor. In the likely case
of different nonlinear behavior of the subcells, this conditions cannot be met. In the case of tandem
organic solar cells with reasonably current-matched subcells, it is therefore impossible to clearly
determine the current limiting subcell while illuminating the tandem cell with a single-source sun
simulator.

Secondly, if the spectrum of the used solar simulator does not coincidentally match the AM1.5g
spectrum, the effective irradiance of the non-limiting subcell will always be higher than under
SRC. The reason for that is the necessary increase of the irradiance of the current limiting subcell
to reach calibration in terms of jg.. The result will be that the current-limiting subcell exhibits
nearly the js. of the tandem solar cell under AM1.5g as the overall tandem solar cell will do.
Nevertheless, there is excess current in the other junction. This generation is typically leading to a
different voltage of the non-limiting subcell compared to SRC. Since the JV-characteristics of the
serial connected multi-junction devices are the sum of the voltages of the subcells at equal currents,
this excess current in the non-limiting subcell influences the shape of the JV-characteristics of the
tandem solar cell. Hence, the fill factor will generally differ from its value at SRC as the efficiency
will do.

Experiments

To emphasize the described problems, JV-measurements on device A are carried out with a single
source sun simulator at TUD. To calculate the potentially current limiting subcell as preparation
for the measurement, the SR data shown in Fig. S4 are multiplied with the simulator spectrum
used for the JV-measurement as well as with the AM1.5g reference spectrum for comparison and
integrated. The results are shown in Table S2. The calculated jg.-values of the green absorbing
subcell (top cell) are at least 20% lower than that of the red absorbing subcell (bottom cell).
This clearly indicates that the green absorbing subcell will be current limiting under the reference
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| Top cell (green absorbing)

| Bottom cell (red absorbing)

Jsc at Jsc at sun Jsc at Jsc at sun
AM1.5g simulator AM1.5¢ simulator
[mA /cm?| [mA /cm?| [mA /cm?| [mA /cm?
ISE 4.7 4.9 5.8 6.2
TUe 5.0 5.4 6.6 7.0
TUD 5.1 5.3 7.2 8.1
From absolute EQFE 4.7 5.5

Tab. S2: j,. of the subcells of device A calculated from spectral response data of the three testing
institutes shown in Fig. 54 for the AM1.5g reference spectrum as well as the sun simulator
spectrum used for JV-characterization. The js. calculated from the absolute EQE spectra
determined by spectrometric characterization as described in subsection 3.3 are shown, too.
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Fig. S5: Results of JV-measurements on sample A with a single-source sun simulator with applied
mismatch factors of bottom (red absorbing) as well as top cell (green absorbing) . For
comparison the results of a calibrated JV -measurement under AM1.5g illumination conditions
with an effective irradiance of 100mW/cm? on both subcells is shown. The calibration is done
according to Meusel et al.l[87] using a multi-source sun simulator. The measurements were
performed at TUD.

spectrum as well as under the simulator spectrum. It is very unlikely that different nonlinear
behavior of both subcells can lead to relative differences between the SR of the subcells higher
than 20%. This assumption will later be validated by the measurement results.

The JV-measurement that is carried out following section 7.3 of ASTM E2236!%! using the mis-
match factors of both subcells is shown in Fig. S5. In addition, the result of a JV-measurement
under SRC using the calibration method according to Meusel et al.[?®! such that the effective irradi-
ance on both subcells is 100mW /cm? is depicted there. For experimental reasons, the temperature
requirement of the SRC could not be fulfilled. As the absolute radiation power to the measurement
setup is below 100mW, the temperature of the sample can be assumed to be below 35°C during
the whole measurement process. According to typical temperature dependencies of small molecule
comparable organic solar cells/*!, the error in efficiency caused by the increased temperature is
small.

Compared to the values under SRC, the application of the mismatch factor of the current
limiting subcell results in the correct js. but in significantly increased fill factor and efficiency
values. While the fill factor is 5% too high, the efficiency is overestimated by 4%. Both percentage
values are relative to the values under SRC. These findings clearly indicate that a measurement
procedure using only a single source sun simulator as given in section 7.3 of standard ASTM E2236
should not be applied to tandem organic solar cells without great care.

In addition to the spectrally corrected JV-measurement shown in Fig. S5, a full spectrometric
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Fig. S6: Selected JV-characteristics under different illumination spectra (identified by the parameter
7 ) being the basis for the spectrometric characterization shown in Fig. S7. One can clearly
notice the change in fill factor for different spectra due to the influence of the subcells.

characterization according to Meusel et al.[?! as described in subsection 2 is carried out. For each
value of Z, the JV-characteristics are measured and for selected values of Z, they are depicted
in Fig. S6. Since the fill factor depends asymmetrically on Z, one can conclude that the subcells
exhibit differing fill factors. Furthermore, it is noted that there are no significant deviations of
the calculated measurement parameters when using the three different spectral response results
depicted in Fig. S4.

The characteristic values of sample A depending on Z measured at TUD as well as ISE are
depicted in Fig. S7. At both institutes, the JV-measurements underlying the spectral metrics were
measured without aperture leading to differing absolute current values that can be attributed to
varying beam divergences of the illumination sources used at both setups. Therefore, the values of
ISE are scaled using another effective solar cell area for calculating current densities for reasons of
comparability. This way, current density exhibits the same value at AM1.5g as the measurement at
TUD. It should be noted, that the determination of the correct effective solar cell area is a crucial
issue for the efficiency determination since errors in the order of magnitude of 10%/°7! are possible.
Because in this article the main focus is on the spectral dependence of the characterization and
especially tandem solar cell specific issues, it is referred to the respective literature for the correct
treatment of area related challenges[®” 1911, Nevertheless, the absolute values of current density and
efficiency given in this paper cannot be considered as fully complying to the standards. However,
the results of the spectrometric characterization carried out at ISE and TUD qualitatively almost
perfectly coincide suggesting correct spectral measurement conditions for the tandem solar cell.

As can be seen from Fig. S7, the maximum power density of the tandem solar cell is found
to be 5mW /em? for a (1 + Z)-value of 1.054. However, the power density stays constant within
the error margin between (1 + Z)-values of 0.99 and 1.07. Because the effective irradiance during
spectrometric characterization was 100mW /cm? the efficiency for the AM1.5g spectrum, defined
as (14 Z) = 1 here, is 5%. In contrast, js. of the tandem solar cell shows a maximum for a
(1 4+ Z)-value of 1.15 which corresponds to a much more blueish spectrum. The reason for the
different positions of these maxima is the behavior of the fill factor. F'F' continuously decreases
for increasing (1 + Z) until a value of 1.18 and stays constant for higher values. This behavior can
be explained by a strong difference of the fill factors of the subcells. The subcell with the higher
fill factor (in this case the green absorbing subcell) determines the fill factor of the tandem solar
cell as long as it is very clearly the current limiting one. If the JV-characteristics of the subcell
with the lower fill factor (in this case the red absorbing subcell) is now shifted to lower currents,
i.e. the illumination intensity on this subcell is decreased, the fill factor of the tandem cell begins
to decrease exactly when the crossing point of both subcell JV-characteristics reach the MPP of
the subcell with the higher fill factor. Then the fill factor of the tandem cell decreases until it
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Fig. S7: Spectrometric characterization results for tandem organic solar cell sample A measured at TUD
and ISE. The values of ISE are scaled using another effective solar cell area for calculating
current densities for reasons of comparability. The characteristic values achieved with a
single-source sun simulator at TUD calibrated in respect to the mismatch factors of the green
absorbing subcell as well as the red absorbing subcell are shown for comparison. The curves
denoted as constructed as well as the current matching point are calculated from JV -curves
of the subcells constructed from EQE results measured at TUD as described in subsection
3.3
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has reached the value of the fill factor of the subcell with the lower fill factor and stays constant.
Since non-ideal fill factors are often found for organic solar cells, this behavior can be considered
as typical.

In Fig. S7, the characteristic values of the JV-characteristics achieved with a single-source sun
simulator, calibrated in respect to the mismatch factors of the subcells already shown in Fig. S5,
are plotted for comparison at (1 + Z) = 0.93. This value corresponds to the spectrum of the used
single-source sun simulator being calculated from equation 6 by assuming As = 0. Applying the
mismatch factor of the red absorbing subcell, power density as well as current density are reduced
compared to the spectrometric characterization. In contrast, applying the mismatch factor of the
green absorbing subcell, power density as well as current density are overestimated by 8 %. F'F and
voltage do not change compared to spectrometric characterization regardless the applied mismatch
factor.

The reason for this behavior is the differing effective irradiance for both methods. As shown in
section 2, the effective irradiance on the tandem solar cell during the spectrometric characterization
is always that of the reference spectrum, which is 100mW /cm? in the shown experiments. Since
for (1 + Z) = 0.93 the spectrum is red shifted compared to SRC at Z = 0, the effective charge
generation in the green absorbing subcell is reduced. This also reduces the current of the tandem
solar cell since this subcell is current limiting. On the contrary, for the measurement under the
single source sun simulator the current generation of the green absorbing subcell is increased to
that at 100mW /cm? by using the respective mismatch factor M. Therefore, the measured js.
under the single source sun simulator is significantly higher than the respective value on the ’line
of measurement’ (for (1 + Z) = 0.93) and equals exactly the SRC-value. In contrast, the fill
factor and the voltages almost perfectly coincide with the values on the ’line of measurement’
because they do not depend on the irradiance in the relevant range of intensity variation. These
findings explain the overestimation of the efficiency: While the js. equals the SRC-value due to
the increased irradiance resulting from spectral mismatch correction, the fill factor is measured for
a wrong spectrum. Since for this spectrum the fill factor of the subcells with the higher fill factor
dominates, it is considerably overestimated. Consequently, the multiplication of js., FF, and V.
leads to an overestimated efficiency.

Even though, the used single-source sun simulator is a class AAA sun simulator its spectral de-
viations compared to AM1.5g lead to a significant impact on the characteristic values. The findings
also show, that single-source sun simulators are principally inappropriate for the characterization
of tandem organic solar cells and will generally lead to wrong results. Only if the mismatch factors
of both subcells in respect to the used single-source sun simulator are coincidentally equal, the
results would be correct.

According to reference®” the maximum j,. value in the spectrometric characterization can
be identified with the so-called current matching point where the short circuit currents of both
subcells are equal. The knowledge of the current matching point reduces the degree of freedom in
the system of linear equations (equ. 6 and 7), leading to a spectral characterization allowing the
calculation of the scaling factors ctop and cpor resulting in the absolute spectral responses

Stop()\) = Ctopstop()\) (11)

and
Sbot()\) - Cbotsbot()\) 5 (12)

respectively. This way, it is possible to determine the absolute spectral response, even though only
relative spectral response data was used for spectral metric determination.

However, for tandem solar cells consisting of subcells with strongly differing fill factors, the
maximum jgs. value in the spectral metric and the current matching point can differ significantly.
This case is not considered in reference[®”! since it is hardly relevant for inorganic tandem solar
cells. Therefore, in the following section an alternative procedure to determine absolute spectral
responses of the subcells of a tandem solar cell is presented.
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3.3 Subcell Characterization

The main reason for the complicated measurement procedure of tandem solar cells is the inaccessi-
bility of the individual subcells. The characterization process of tandem solar cells could be much
easier if there were access to the subcells’ spectral response, JV-characteristics, or at least their
voltage during tandem cell JV-characterization. Furthermore, some of the challenges described
in section 2 of the main text would be trivial if the subcells could be characterized separately,
especially the determination of the necessary bias voltage for SR-measurements of tandem solar
cells. However, electrical access to the recombination contact between both subcells is necessary
to realize such measurements. There are three approaches to achieve this: First, it is possible
to obtain information about the subcells without any changes on the solar cell stack by using
SR-measurements under specific bias illumination and bias voltage.[go] Hereafter, this approach
is called “Bias-Voltage Approach”. Second, inserting an intermediate conductive interlayer in the
recombination contact. This way it is possible to extract current (and voltage) from both subcells
separately. Hereafter, this approach is called “Current Contact Approach”. Third, an electrode
contacting the recombination layer but being situated outside the active area of the solar cell can
be used. %] By this means, it is not possible to extract current from the subcells since the lateral
conductivity of the recombination contact itself is in general not sufficient, but the voltage of both
subcells can be measured. Hereafter, this approach is called “Voltage Contact Approach”.

All three approaches are presented in the following, while focusing on the Bias-Voltage Ap-
proach, since it can be applied to existing samples without necessity to process new devices. It
is directly applied to tandem solar cell stack A (see Fig. S3) and the results are related to the
spectrometric characterization.

Bias-Voltage Approach

With the first method, electrical characterization of the subcells is possible by exploiting the
spectral response measurement of the tandem solar cell in a two-terminal device. Varying the
bias voltage across the tandem cell enables the determination of a JV-curve of the subcell under
appropriate bias illumination. Fig. S8(a) and (b) show EQFE spectra of device A under varying
bias voltage and bias illumination. According to section 3.1 the exact determination of the FQFE of
the subcell requires a specific illumination and an electric forward voltage. Measuring the EQF of
the subcells at variable bias voltages and calculating js. of the subcells by integrating the product
of EQE and AM1.5g solar spectrum over A corresponds to measuring the JV characteristics of
the subcells. However, in an EQF-measurement only the photocurrent being the response of the
cell to modulated light is measured but no injected non-modulated current. Consequently, the
constructed JV characteristics is actually the J,p0¢0V characteristics. We note that the relation
Gphoto = Jiight — jdark 18 valid below V,.[192] meaning that the JV characteristics below V,. can
be calculated if the Jj4,-1V characteristics is known. The leveling off of the photocurrent near and
above V. that can also be observed for device A (see Fig. S8(¢)) originates from the effective voltage
over the solar cells being much less than the applied voltage because of a non-negligible series
resistance in the electrodes. A reduced forward photocurrent is expected when photogenerated
carriers can effectively recombine with injected charges. This regime is however less relevant for
the characterization of the subcells. After integrating the product of the EQFE and the AM1.5g
solar spectrum for variable electrical bias, the current densities of front and back cell can be plotted
vs. the bias voltage on the tandem cell. To these curves the respective forward bias voltage on
the tandem solar cell is added, shifting the curves. By this means the correct short-circuit current
densities are displayed at OV. Subcell JV-characteristics of device A determined according to this
procedure are shown in Fig. S8(c¢). Due to the recombination of photogenerated and injected charge
carriers, the slope of the JV-curve towards V. decreases significantly such that the constructed
JphotoV-curves does not cross the x-axis towards positive currents.

The JV-curves of the subcells are series connected and according to Kirchhoff’s law, their
voltage at equal current densities can therefore be summed to result in the Jpj40V -curve of the
tandem cell. In a second step, the addition of the photocurrents of this Jynot,V-curve to the
separately measured Jgq.xV-curve of the tandem cell will lead to the JV-curve of the tandem
cell under illumination. The JV-curve of tandem solar cell device A achieved with this method
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is shown in Fig. S8(c) as well as the one measured with the JV-measurement setup at TUD for
comparison. The measured and the calculated curve show an excellent agreement up to 0.9V.
Above 0.9V the reduced slope of the calculated subcell JV-curves affects the constructed tandem
JV-curve leading to a reduced slope compared to the measured curve. For positive currents both
curves perfectly match again since the added dark characteristics dominate.

If the device shows a nonlinear intensity dependence, this procedure can significantly depend
on the bias light intensity which will lead to deviations of the calculated JV -curve as well as the
calculated short-circuit current densities from real values. Therefore, this method should be used
carefully and a comparison with one of the other approaches is recommended.

However, the knowledge of the JV-curves of the subcells in conjunction with spectrometric
characterization makes a method available allowing the determination of the calibration factors
Chot and cpop for calculating absolute spectral responses (see eq. 11 and 12), as described in the
following.

If one assumes that the fill factors of the subcells are independent on the irradiance, which
can in fact be assumed for the irradiance variations relevant here, the constructed JV-curves of
the subcells can be used to calculate the tandem solar cell characteristics for any illumination
spectrum and any irradiance meaning for any point (GZ}},GZ%) of the spectral metric of the
respective tandem solar cell. The spectral metrics of tandem solar stack A resulting from this
calculation are shown in Fig. S7. Restricting this calculation to a subspace where the condition
jhot = jtor ig fulfilled results in all possible ’lines of measurement’. The selection of the ’line of
measurement’ corresponding to the experiment is done by fitting the calculated tandem solar cell
Jse to the measured curve. The resulting cs,, and cpo¢ allow the calibration of the constructed
subcell JV-characteristics, and therefore the calculation of the absolute spectral response.

The application of this procedure to tandem solar cell stack A results in the constructed spec-
trometric characterization shown in Fig. S7. The behavior of the js. can be reconstructed very
well, whereas calculated Vs pp, and therefore also ppspp and F'F are significantly lower than the
measured values. However, their qualitative behavior can be reconstructed. Reason for the quan-
titative deviations is the constructed JppoV-curve in contrast to the real Jppoi0V -curve does not
cross the x-axis towards positive currents and therefore shows a reduced slope for voltages above
0.9V.

Current matching is identified for a (1 — Z)-value of 0.925 where the calibrated current of the
tandem solar cell is 5.1mA /cm?. Dividing this current value by (14 Z) and (1 — Z), the js. under
AM1.5¢g for the top and the bottom subcell are determined to be 4.7mA/cm? and 5.5mA /cm?,
respectively. Comparing these values to the js. calculated from the EQE-spectra (cp. Table
S2) shows that the spectra measured by Fraunhofer-ISE exhibit the smallest deviation with a
correction factor cyor = 0.95 and cyop = 1. This means the measured EQE-spectrum for the top
cell is identical to the absolute EQ E-spectrum.

As mentioned before, knowing the JV-characteristics of the subcells allows to calculate the
spectral metric for any illumination spectrum, e.g. the spectrum at sunrise or sunset. The spectral
matrices of prrpp, Jse, FF, and Vi pp for tandem solar cell stack A are shown in Fig. S9. The
quantity (1+ Z) on the x-axis corresponds to the effective irradiance on the top cell (green absorb-
ing subcell) under the spectrum E()\) normalized by the effective irradiance under the reference
spectrum AM1.5g GZ}’}(E(A))/GZ?}(AMI.E)g). Analogously, (1 — Z) corresponds to the effective
irradiance on the bottom cell (red absorbing subcell) under the spectrum FE(\) normalized by the
effective irradiance under the reference spectrum AM1.5g G'Z%(E(A))/G?% (AM1.5g). Therefore,
the units on the scales in Fig. S9 indicate the effective irradiance in ’suns’. In each spectral
metric the ’line of measurement’ as well as the AM1.5g spectrum are shown. Since the ’line of
measurement’ is defined for an irradiance of 100mW /cm?, the crossing point of both lines has the
coordinate (1,1) corresponding to SRC. There, both subcells receive the exact effective irradiance
of the standard spectrum AM1.5g. Further details on the spectral metric concept can be found in
reference 87,

In Fig. S9 the spectrum of the single source sun simulator used for the measurements according
to the mismatch factors of the subcells (cp. Fig. S7) is represented as dotted line and the two
irradiances according to the mismatch factors of the subcells are depicted as stars to illustrate
the deviation compared to a measurement under SRC. The filled star represents the measurement
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Fig. S8: (a) EQE spectra of the bottom cell of tandem solar cell sample A for selected bias voltages
(measured under green bias illumination) and (b) those of the top cell (measured under
red bias illumination). (c) JyhotoV -characteristics of the subcells calculated from the EQE
spectra as well as the tandem solar cell characteristics calculated thereof with the Jyu,1V -
characteristics added to be comparable to the measured JV -curve that is also shown. To
assure comparability all characteristics are shown for Z=0 meaning for SRC.
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with the top cell being mismatch corrected. Therefore it is located at a (1 + Z)-value of 1. In
contrast, the open star represents the measurement with the bottom cell being mismatch corrected
and is therefore located at a (1 — Z)-value of 1. However, due to the sun simulator spectrum
deviating from AM1.5g, both stars are quite far away from the coordinate (1,1) in the spectral
metric corresponding to SRC.

Furthermore, the depiction of the characteristic values of the tandem solar cell in Fig. S9 allows
conclusions about the behavior of the solar cell for spectra that have not been directly accessed
by spectrometric characterization. Consequently, it can be used for optimization or for long term
output forecasts under varying spectra.

Current Contact Approach

The current contact can be realized for example by inserting thin metal interlayers that have
been demonstrated to work as electrodes for semitransparent small-molecule as well as polymer-
based organic solar cells[2:103-106] " The actual material does not matter, the main requirement
is that interlayers relevant here must have lateral conductivities sufficiently high to extract the
photocurrent of the solar cell without significant losses. Layers of metal clusters embedded into
organics, as introduced for recombination layers in organic tandem solar cells'97-198 for example,
do not fulfill this requirement.

In tandem solar cell sample B1 (see Fig. S10(a) for layer stack), metal interlayers are introduced
to demonstrate its function as intermediate contact for the characterization of the subcells. The
exact composition of the metal interlayer is optimized according to referencel'%]. In Fig. S11(a)
the JV-characteristics of sample B1 and its subcells are shown. Furthermore, from the subcell
JV-characteristics, the tandem solar cell JV-characteristics are constructed and show a perfect
coincidence with the measured one. In Fig. S11(b) the FQFE spectra of sample B1 are depicted. For
each subcell two measurements have been performed: Firstly, contacting the entire tandem solar
cell and using conventional bias illumination in conjunction with lock-in technique, and secondly,
contacting the subcells directly without using any bias light. The curves show slight deviations in
absolute values that can be attributed to the discussed nonlinearities of the photocurrent. However,
normalizing the spectra (not shown) results in a very good coincidence.

Hence, the current-contact approach allows full access to the subcells of an organic tandem
solar cell, and therefore, in conjunction with spectrometric characterization, enables an exact
measurement under SRC and the calculation of the complete spectral metric. The spectrometric
characterization procedure is much simplified as the effective irradiances of the subcells can directly
be measured as the ratio of the mismatch corrected jgs. of the subcells.

However, inserted metal layers interfere with the optical electric field inside the device, as well
as contribute to parasitic absorption, leading to results not comparable to the original tandem
solar cell without intermediate metal contact. Therefore, this approach should mainly be used for
fundamental studies, but the results should not be transfered to solar cells without current contact
unless the current contact can be made really transparent.

Voltage Contact Approach

In contrast, the Voltage Contact Approach has the advantage that there is only very little influence
on the absorption in the active absorbing area of the solar cell stack since the contact is placed
outside the active area. The contact has to be placed as near as possible to the recombination
contact. However, due to the low lateral conductivity of the used materials, a current can generally
not be extracted, but the voltage drop over both subcells can be measured.

Figure S12 shows the JV -characteristics of tandem solar cell stack B2 (see Fig. S10(b) for layer
stack), and its subcells. The current density is measured at the tandem solar cell, which is identical
to the subcell current density due to series connection, while the voltages of the subcells are mea-
sured individually. From the subcell JV-characteristics, the tandem solar cell JV-characteristics
are constructed and show a perfect coincidence with the measured ones. The voltage-contact ap-
proach is therefore a practically feasible method to determine the subcells’ JV-characteristics with
high accuracy and at exactly the tandem solar cell structure to be measured. A drawback of this
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Fig. S9: Full spectral metrics of tandem solar cell sample A calculated from the subcell JV -
characteristics shown in Fig. S8 for (a) Maximum power density pyrpp, (b) short circuit
current density js., (c) Fill factor FF and (d) voltage at maximum power point (MPP)
Vampp. The calibration to AM1.5g is based on the fitting to the line of measurement. The
dotted line represents the spectrum of the single source sun simulator at different irradiances.
The irradiances corresponding to the mismatch factors of the top cell and the bottom cell are

marked with a filled and an open symbol, respectively.
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Fig. S10: Layer stack of (a) tandem solar cell sample B1 and (b) sample B2 with thicknesses given in
nm. For the evaporation of the starred Al-layer a shadow mask has been used such that the
layer itself is situated around the active area having only little influence on the tandem solar
cell. The overlap of the ITO, the organic layers and the metal contact that is indicated by
the dotted lines is used as the active area of the solar cell, the size of which is suggested by
the orange area. Thus, with sample B1 comprising a recombination contact consisting of a
laterally conductive Ag-layer a 'current contact’ is achieved while with sample B2 a 'voltage
contact’ is realized.
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Fig. S11: JV-characteristics measured using the Current Contact Approach. (a) JV-characteristics of
the subcells of tandem solar cell sample B1 as well as the constructed and measured tandem
solar cell JV-curves that coincide very well . (b) EQE of the subcells of sample B1 measured
conventionally with bias illumination and by using the current contact without using any
bias illumination showing only slight relative deviations.
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Fig. S12: JV-characteristics of the subcells of tandem solar cell sample B2 using Voltage Contact Ap-
proach. The voltage during subcell characterization was measured via the intermediate volt-
age contact. The tandem solar cell JV-curve constructed from the subcell's JV-characteristics
and the directly measured tandem solar cell JV-curve is also shown.
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Fig. S13: (a) Absorption measured in reflection and simulated absorption and (b) absorption profile
of solar cell stack A. In (b) the organic layers contributing to the photocurrent are identified
for each subcell.

approach is the necessity of very carefully designed and accurately processed electrodes. In con-
trast to the Current Contact Approach, the spectrometric characterization has to be conducted as
described in subsection 3.2, since there is no access to the currents of the individual subcells.

3.4 Optical Simulation and IQE

The calculation of the absorption of tandem solar cell stacks using optical parameters of the
incorporated materials as well as the stack configuration allows optimizing devices but also provides
important information for characterization. First, the decision for the bias light spectra for spectral
response measurements can be based on the calculated absorption within the active layers of the
subcells. Due to interference effects in the solar cell stack, the absorption of certain layers in the
stack significantly differs from those measured on single layers that therefore should not be the only
basis of the decision for a particular bias light. Second, it is possible to validate spectral response
measurements of the subcells by comparing them to the simulated absorption of the subcells.

The first step of the procedure is an optical simulation of the stack. By fitting the results of the
simulation to the measured absorption spectrum of the solar cell stack, a correction of the layer
thickness values, being the basis for the simulation, is possible. With the corrected simulation, the
absorbance of each single layer of the solar cell, especially of the absorber layers contributing to the
photocurrent, can be calculated. Dividing the EQF by the calculated absorption of the active layers
contributing to the photocurrent gives an effective internal quantum efficiency IQFEqe: 209, This
way, IQF values are independent of parasitic absorption and only reflect the electrical behavior
of the solar cell. Moreover, this calculation is possible for each subcell individually, which allows
a qualitative validation of the EFQFE results. IQE exceeding 1 or absorption spectra strongly
deviating from the shape of the EQFE spectra are hints for errors, e.g. that the wrong subcell has
been addressed during EQFE-measurement.

In the following the described procedure is applied to solar cell stack A. Figure S13(a) shows the
absorption measured in reflection as well as the optimized simulated absorption for the investigated
solar cell stack. The root-mean-square deviation between measured and calculated data is below
2%. With the fitted simulation data, the absorption in each single organic layer is calculated. One
result of this calculation is the photon flux profile in the solar cell, being depicted in Fig. S13(b).
The intrinsic and blend layers considered as contributing to the photocurrent of the subcells are
marked - hereafter these layers are called active layers.

The sum of the absorption of the active layers is shown for the green and the red absorbing
subcell in Fig. S14(a) and (b), respectively. The IQF calculated from the active layer absorption
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Fig. S14: Simulated absorption, absolute EQFE, and internal quantum efficiency IQE for (a) the
green and (b) the red absorbing subcell as well as (c) the sum of both subcells, respectively.
The simulated absorption only takes those organic layers into account that contribute to the
photocurrent. The shown internal quantum efficiency calculated from this absorption data
is therefore not influenced by parasitic absorption and only reflects the electrical behavior of
the solar cell.
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and the absolute FQFE as determined in section 3.3 is depicted as well. The IQFE for the green
subcell varies from 50% to 70% and does not show an unexpected behavior[?®!, being a strong hint
that the shown EQFE spectra in fact belong to the intended subcells meaning bias light conditions
have been set properly. The same applies to the red subcell. In Fig. S14(c) absorption, FQFE as
well as IQFE of the red and the green absorbing subcell are added. One can see that the solar cell
presented has an average effective internal quantum efficiency of 55%.

4 General rules for characterizing tandem organic solar cells

Finally, in this section the full guidance for characterizing tandem organic solar cells including
further additional optional steps that can improve validity and accuracy, but are not considered
to be mandatory.

1.

Estimate the bias light conditions for the SR-measurement. Select the spectrum of
the bias light according to the absorption spectrum of the absorber materials. If both
subcells comprise identical absorber materials, proceed as given in referencel®. Select
the intensity of the bias light such that always the intended subcell is being measured.

Option 1 a): Determine the intensities of the bias light by detailed optical simulation,
ensuring the subcell to be measured exhibiting the lower charge generation
but provide at least some flood light.

Option 1 b): If it is possible to process tandem solar cells with an intermediate contact
according to the Current Contact Approach having exactly the same struc-
ture as the test cell, use them to check the linearity of the SR depending
on bias light intensity.

Estimate the bias voltage conditions for the SR-measurement based on the expected
voltages of the subcells. As a first approximation, the open circuit voltages V. of single
solar cells incorporating the same absorber system can be used.

Option 2 a): If for any reason the exact determination of the bias voltage is not possi-
ble, the FQFE spectrum has to be measured dependent on the bias voltage.
If the normalized FQF spectra coincide, i.e. bias-voltage being indepen-
dent on the relative FQFE, any bias voltage can be used for the further
procedure.

Option 2 b): If single junction dummy cells comparable to the subcells of the tandem
cell are available, a detailed analysis for determining the bias voltage ac-
cording to reference [88] should be carried out.

Option 3 ¢): The highest accuracy for bias voltage determination can be achieved by
realizing subcell characterization with a voltage contact according to subsec-
tion 3.3. It should be noted that beyond that, with subcell characterization
a complete spectral response or even JV-measurement on each separate
subcell is possible.

Measure the SR of both subcells according to standard ASTM E2236 using chopped
monochromatic light in conjunction with lock-in technique applying the above deter-
mined bias voltage and bias light conditions. Additionally, measure the SR without
bias light and check if it follows the lower envelope of the spectra with bias light.

Based on the results of the SR-measurement, determine the intensities of the two sources
of a spectrally adjustable sun simulator such that both subcells of the test tandem solar
cell are mismatch corrected. Use either the iterative procedure of standard ASTM
E2236 or the methods described in references!®711%1. Measure the JV-characteristics
of the solar cell and determine the efficiency. Since the effective solar cell area has
a crucial influence on the efficiency, put emphasis on its determination according to
references[®7 1911 The aperture size should be the same as used for SR-measurement.
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Option 4 a): Do a spectrometric characterization and consequently identify the current
matching point of the tandem cell. Calculate the absolute SR. If the fill
factors of the subcells differ significantly use the procedure described in
subsection 3.3 of this paper.

Option 4 b): Conduct an absorption measurement of the test solar cell and, in conjunc-
tion with optical simulation, calculate the absorption in each of its layers.
The calculation of the IQF and its comparison to EQFE allows a validation
of the SR-measurement.

The most frequent deviation compared with the recommended standard procedure is a missing
spectrally adjustable sun simulator. For tandem solar cell sample A, the efficiency is overestimated
by 4% (relative) using a single- instead of a multi-source sun simulator. However, depending on
the exact device behavior and on the sun simulator spectrum, the deviations can be much higher.

It should be noted, that the given procedure is not sufficient for achieving correct results for
semitransparent organic solar cells, as back reflections from the measurement chuck contribute to
the effective irradiances. These reflections are spectrally selective and will influence the spectral
sensitive performance of multi-junction devices. Thus, for ensuring standard irradiance, possible
reflections need to be taken into account. Generally, the back reflection conditions should be similar
to the application conditions of the solar cells. To ensure comparability, the exact back reflection
conditions should be stated if such results are published.

5 Synopsis

An analysis of publications from the field of tandem OPV shows that only in 4% of the 73 papers
reviewed in this work, efficiency values of tandem organic solar cells were measured according to
the relevant standards. This malpractice is attributed to a missing awareness of the standards
and/or the use of inadequate experimental infrastructure. Furthermore, certain peculiarities of
organic solar cells compared to inorganic ones, for which the standards were originally developed,
necessitate special care when applying the standards to tandem OPV.

The relevant standards, especially ASTM E2236/3! and the equally valid procedure suggested
by Meusel et al.[87l are reviewed and applied to a tandem organic solar cell with complementary
absorbers. Therefore, the following characterization steps are carried out: First, the spectral re-
sponse is measured by three independent institutes. Second, the JV-characteristics under a class
AAA sun simulator applying the mismatch factor of the current limiting subcell for calibration
is measured and the corresponding efficiency is calculated. Third, a correctly AM1.5g-calibrated
JV-measurement using a spectrally adjustable sun simulator is done and the corresponding effi-
ciency is calculated. Fourth, an additional full spectrometric characterization is carried out by two
independent institutes. Fifth, the “Bias Voltage Approach for subcell characterization” is intro-
duced to calculate the complete spectral metric from the JV-characteristics of the subcells that
are derived from E(QE-measurements under varying bias voltage according to reference!?l. Sixth,
absorption measurements and detailed optical simulations are carried out. Finally, in addition to
the “Bias Voltage Approach” the “Current Contact Approach” and the “Voltage Contact Approach”
are presented by means of the characterization of corresponding tandem solar cell stacks to show
their adequacy for the direct characterization of the subcells of tandem organic solar cells.

The relative EQ FE-spectra measured by the three independent institutes according to ASTM
E2236[3 show only slight deviations suggesting the used measurement procedures are appropriate
for gaining standard-compliant results. Nevertheless, absolute SR being not mandatory for correct
characterization deviates by up to 20%.

The JV-characterization using a single source sun simulator resulted in an efficiency of 5.2%
whereas for a correctly calibrated measurement using a spectrally adjustable multi-source sun
simulator it is 5.0%. The spectrometric characterization results that show exactly the same spectral
dependence for both measuring institutes except for the solar cell area calibration, fully explains
this efficiency deviation. The reasons are differing fill factors of the subcells of the measured tandem
solar cell in conjunction with differing mismatch factors of the subcells in respect to the used sun
simulator. Therefore, the fill factor of the current limiting subcell is overestimated compared to
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the calibrated measurement, while the current density equals that one at SRC. Consequently, the
efficiency is overestimated. The results show that the efficiency determination using a single-source
sun simulator will generally be misleading except the mismatch factors of both subcells in respect
to the used sun-simulator are coincidentally identical which, however, is very unlikely.

The application of the “Bias Voltage Approach for subcell characterization” allows the identifi-
cation of the current matching point and according to reference® the calculation of the absolute
spectral response. The deviation between measured relative EQFE and absolute EQF is found to
be below 5%, at least for the measurement of Fraunhofer-ISE.

It is shown that optical simulations in conjunction with absorption measurements on the tandem
solar cell stack can be used for validating the measured FQ E-spectra and to calculate the IQF of
the subcells separately.

The “Voltage Contact Approach” and the “Current Contact Approach” turned out to be ade-
quate intermediate contact techniques to determine the JV-characteristics of the subcells directly
and thereof the correct SR-measurement conditions of the the tandem solar cell such as bias voltage
and bias light.

In conclusion, we present practical rules for the characterization of tandem organic solar cells
that should be established as a standard in the OPV community. The most important issue of these
rules is the inappropriateness of single-source sun simulators for tandem solar cell characterization.
Publications stating record efficiencies of tandem organic solar cells should never be accepted if the
measurement is not based on a spectrally adjustable sun simulator. For non-record values at least
the spectral mismatch of the subcells should be discussed in detail and the exact experimental
infrastructure should to be described. This way, reliability concerning the published results can
be established, being essential for the future economic success of organic photovoltaics or other
emerging solar cell technologies.

6 Experimental

Before use, all organic materials were purified by vacuum gradient sublimation, except the n-dopant
and the p-dopant that were used as received. Cgq (Fraunhofer Institut Photonische Mikrosysteme
(IPMS) Dresden, Germany) (LUMO: -4.0eV) was used as electron transport material and as ac-
ceptor in blend layers with the absorber materials. As n-dopant tetrakis(1,3,4,6,7,8-hexahydro-2H-
pyrimido[1,2-a]pyrimidinato)ditungsten (II) and as p-dopant NDP9 (both Novaled AG, Dresden,
Germany) was chosen. As absorber materials «, w-bis-(dicyanovinylen)-sexithiophene (DCV2-6T-
Bu(1,2,5,6)) (Heliatek GmbH, Dresden, Germany) and aza-Boby-H!"''l (Synthesized in TU Dres-
den labs) as well as 4,7-bis(5-methyl-2,2’-bithiophen-5-yl)benzo|c||1,2,5|thiadiazole (MBTBT)I!2I
(supplied by Bergische Universitit Wuppertal, Wuppertal, Germany) were used as donors in
blend layers with Cgo. N,N-diphenyl-N,N-bis4-N,N-bisnaphth-1-yl-amino- biphenyl-4-yl-benzidine
Di-NPD (Sensient) and 9,9-bis4-N,N-bis-biphenyl-4-yl-aminophenyl-9H-fluorene BPAPF (Lumtec)
served as hole transport layers. All devices were prepared on indium tin oxide - coated glass sub-
strates (Thin Film Devices Inc., Anaheim, USA) with a sheet resistance of 302/0J precleaned with
organic solvents in an ultrasonic bath. Thermal evaporation was performed at p<10-7 mbar and
deposition rates of ~ 0.5 A /s in an UHV-chamber (Kurt J. LESKER Co. Ltd., Hastings, UK) .

Doping was realized by coevaporation of matrix and dopant material from different crucibles
while the deposition rates are individually controlled by quartz oscillators. The resulting solar cell
devices had an area of 6.44mm? that is defined by the overlap of the active layers, the aluminum
and the ITO.

After processing, all devices were transferred from vacuum directly into an inert gas atmosphere
and were encapsulated there with epoxy sealed glass covers. The encapsulated samples were
characterized in air.

For the determination of the differential spectral response at TUD, a custom-made setup was
used. The monochromatic beam (Oriel Xe Arc-Lamp Apex Illuminator combined with Cornerstone
260 1/4m monochromator, both Newport, USA) probing the device was mechanically chopped at a
frequency of 211Hz and the corresponding current response of the device was measured via a lock-
in amplifier 7265 DSP (Signal Recovery, UK). This allows for additional constant bias illumination
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Fig. S15: Spectra of the bias light sources for SR measurement at (a) TUD and (b) ISE.

provided by LEDs. For the presented measurements red (H2W5-680, Roithner Lasertechnik, Vi-
enna, Austria) and green (Z-LED P4, Seoul Semiconductors, Korea) LEDs with nominal emission
peaks at 680nm (22nm FWHM) and 525nm (45nm FWHM), respectively, were used. The mea-
sured spectra are shown in Fig. S15. The intensity of the bias light was 8.9mW /cm? and 6.3 for
the green and the red LED, respectively. The electrical bias over the tandem cell was provided by
the lock-in-amplifier. The test cell was measured using an aperture with a size of 2.89mm?2.

The differential spectral response measurements at TUe were done in a home-built set-up. The
modulated monochromatic (Oriel Cornerstone 130 1/8 m, Newport) probe light (Halotone halogen
lamp, Philips) was mechanically chopped at a frequency of 165Hz with an optical chopper (SR 540,
Stanford Research). The bias illumination was provided by a 532nm (B&W, Tek Inc., 30mW) and
780nm (B&W, Tek Inc., 21mW) solid state laser. The sample was illuminated through an aperture
of 2mm?2 which is smaller than the device area to avoid errors. The measurements were performed
with a lock-in-amplifier (SR 830, Stanford Research) over a load of 50€2. All data was recorded by
a Labview program on a computer. The electrical bias over the tandem cell was provided by the
lock-in-amplifier.

For the differential spectral response measurement at Fraunhofer ISE CalLab PV Cells, Freiburg,
a grating double monochromator with an Xenon arc lamp was used. The quasimonochromatic light
was chopped by a mechanical chopper with a frequency of 173Hz and had a spectral bandwidth
below 10nm. Its intensity was recorded by a silicon or a germanium monitor solar cell, depending
on the wavelength range. The modulated signals of test and monitor cells were converted by home-
built current-voltage-amplifiers with measurement resistors adaptable to the signal intensity. The
voltage biasing of the test cell was provided by the current-voltage-amplifier as well. The simulta-
neous recording of test and monitor cell signal was done with two signal recovery lock-in amplifiers
and the results were used for the correction of fluctuations of the Xe arc lamp. For bias light
illumination several LED and halogen light sources with appropriate absorption and interference
filters were used. The calibration of the system was done with unfiltered WPVS reference cells,
primary calibrated by Physikalisch Technische Bundesanstalt (PTB) Braunschweig. The spot size
of the monochromatic light is smaller than the test- and reference solar cell. The cell is aspirated
to a temperature controlled measurement chuck and kept at 25°C during the measurement.

The JV-measurements at TUD are carried out using a class A sun simulator (16S-150 V.3 by
Solar Light and Co., USA) in combination with neutral density filters for different orders of mag-
nitude of intensity . The light is coupled into a glass fiber (Spectral Products, Putnam, USA) and
the current of the test device is measured with a Keithley 2400 Source Measurement Unit (Keith-
ley Instruments Inc., USA). The intensity at the test cell position is monitored by a Hamamatsu
S1337-33BQ Si-photodiode (Hamamatsu Photonics K.K., Japan) being calibrated with an aperture
mask with an area of 2.966mm? at the Fraunhofer ISE CalLab, Germany. The wavelength range of
the spectral response of the used Si-diode is suitable for both subcells. The illumination spectrum
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at the output of the fiber is controlled with a CAS140T spectrometer (Instrument Systems, Mu-
nich, Germany). The test cell is measured without aperture and the device area is assumed to be
the overlap of ITO, organic layers and metal contact. The measurement setup as well as the data
recording is controlled by a custom-made LabView program. For the determination of the spec-
trometric characterization, an extended setup with a bifurcated glass fiber (Loptek GmbH & Co.
KG, Germany) is used to couple a white LED (LUXEON K2 LXK2-PW(C4-0220, Philips Lumiled,
San Jose, USA) as second light source into the second port of the glass fiber. Additionally, a long
pass filter (7' = 0.5 at 600nm) was applied to the first port of the glass fiber to reduce the spectral
overlap of both light sources. The spectra of the sun simulator with and without applied long pass
filter, of the LED serving as second light source as well as the resulting illumination spectra used
for spectrometric characterization are shown in Fig. S16.
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Fig. S16: Spectra of the light sources used for JV -measurements at TUD: (a) sun simulator used as
single-source sun simulator together with the AM1.5g reference spectrum for comparison!l,
(b) sun simulator with applied long pass filter (T = 0.5 at 600 nm) as used as first light
source of a multi-source sun simulator, (c) white LED (Philips LUXEON K2 LXK2-PW(C4-
0220) used as second light source for realizing a multi-source sun simulator and (d) the
resulting spectrum of the multi-source sun simulator for the metric point (1,1).

For the measurement of the current-voltage characteristics at ISE a homebuilt multi-source
solar simulator is used. This has a Xenon arc lamp and two differently filtered halogen lamp fields
that can be adjusted in intensity separately. Their spectra for the metric point (1,1) are shown
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Fig. 17: Spectra of the light sources of the multi-source sun simulator used for the spectral metric
determination at ISE.

in Fig. 17. The spectra and homogeneities of the different sources are measured within certain
time intervals at several points of the whole intensity range of each source. With the determined
spectral response data the intensities for all light sources are calculated and set according to a
primary calibrated reference solar cell (PTB). For organic tandem cells only the Xe lamp and
one of the halogen lamp fields are used. The variable load for the JV-characteristics is a Kepco
bipolar power supply. The voltage and the current of the solar cell are recorded by multimeters
and adaptable shunt resistors. The solar cell under test is aspirated to a temperature controlled
measurement chuck and kept at 25°C. The measurement was performed without aperture.

Calculations of optical interference effects are carried out using a simulation program based
on the transfer matrix formalism. The details of the simulation procedure are described in refer-
encel!13. The optical constants of the organic materials and the blend layers are extracted from
reflection and transmission measurements on films of the accordant materials and blends with
different known layer thicknesses.
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