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Introduction

1 Introduction

Organic solar cells are currently of great interest for research and development. For testing the properties of
new developed products in laboratories, the reproduction of the solar spectrum by a solar simulator is
required. To enable a more detailed characterisation, different measuring methods have to be applied. A
conventional solar simulator can be used to record I-V-characteristics. So far, a separate measuring

arrangement is required to measure the spectral response (SR) of solar cells.

As the absorption spectra of organic materials are rather narrow, the tandem technology provides one
possibility to enhance the power conversion efficiency (PCE) of organic solar cells. The measurement of the
SR is essential, especially for the construction of tandem solar cells. The absorption spectra of both sub cells
have to be matched in order to increase the power generation. The SR specifies the magnitude of current
generated by photons of each wavelength. The SR curves of a tandem solar cell can provide information

about which sub cell is power-limiting and thus help to improve the performance of new devices.

The initial situation of the present study is a solar simulator with LEDs of 22 different wavelengths between
400 and 1050 nm as radiation source. The 22 groups of LEDs with each equal wavelength can be modulated
separately by adjusting their intensity between O and 100 %. The LED solar simulator and a Source/Measure-
Unit (SMU) are both controlled by a software developed in the scope of previous studies at the Zentrum fiir
Angewandte Energieforschung (ZAE) Bayern. The measurement of I-V-curves is validated and a well-

established method for the present equipment.

With modulation of the LED irradiation conditions, a method of measuring the spectral response of tandem
solar cells should be validated for the present measuring arrangement. This measuring method is novel for
solar simulators. The scope of this study includes the calibration of the LED solar simulator by measurement
of irradiances for various conditions of illumination as well as testing the suitability of different light

intensities of certain wavelengths for the required method.

Organic tandem solar cells are chosen as measuring objects. It should be investigated, how to record and to
interpret the SR of organic tandem solar cells under consideration of special characteristics of organic solar

cells.
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2 Organic Photovoltaics

2.1 Energy Generation in Organic Solar Cells

The technology of organic solar cells is aspiring due to its great advantages, like for example the low-cost
production. The devices can be printed or roll-to-roll-processed. Only a low amount of material is demanded
due to very thin layers of about 60 nm. Another advantage of organic solar cells is their usability for new
applications. Due to the thin layers, the cells can be built flexible. Various forms, colours, and even
semitransparent devices can be produced. This is applicable especially for windows. Also, a variety of
materials can be used for organic solar cells and be easily modified in their molecular structure. Thus, a

“custom made synthesis” is possible.

In inorganic photovoltaics (PV), the familiar band model specifies the band gaps between two states an
electron can have, in the valence band and the conduction band. Under usage of a photon’s energy, one
electron (negative charge carrier) is lifted from the valence band into the conduction band and leaving a hole
(positive charge carrier) in the valence band. By the electrical field, due to donor and acceptor, the charge

carriers can be separated and contribute to generation of electrical energy.

In organic photovoltaics, the energy states of the electron are not expressed as valence and conduction band,
but highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). In a
molecule, different orbitals available are occupied by electrons, by degrees from the lowest energy level to
the highest energy level. Figure 2.1 shows the energy states in the molecule occupied by electrons. A certain
amount of energy is required to lift one electron from HOMO to LUMO, leaving a hole in the HOMO. This
determines the energy of the photon, needed to generate a bound electron-hole-pair, called an exciton. The

exciton is bound due to Coloumbic attraction.

Figure 2.1: The process of an electron lifted
up to the LUMO and leaving a hole in the
HOMO resulting in an exciton

Only the photons with the energy of the band gap can be efficiently utilized in a single-junction solar cell.
When the energy of the photon exceeds the energy of the band gap, only a part of its energy corresponding to
the energy of the band gap can be converted into free charge carriers. When the energy of the photon falls
below the energy of the band gap, this photon cannot contribute to charge separation in the solar cell. The

energy E of a photon is determined by its wavelength A.

h-c
E:T (1
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2.2 Material used for Organic Solar Cells

Organic solar cells are fabricated of organic semiconductors, which consist basically of carbon structures.
The organic molecules are formed by a n-conjugated system, which means that the electrons are delocalized
in molecule orbitals. The organic solar cell consists, like the inorganic solar cell, of electron-donor and

electron-acceptor. Electron-rich conjugated polymers are used as donor and fullerenes as acceptor.

Figure 2.3: Appropriatt HOMO and LUMO
levels of donor and acceptor to enable charge
separation [2]

Figure 2.2: Bulk hetero-junction of donor and acceptor in an
organic solar cell [1]

The donor and acceptor combined form the photoactive layer. In the conjugated polymer (donor) the photon
is absorbed and the exciton is generated [2]. To separate the exciton into electron and hole, it has to diffuse
to the boundary between donor and acceptor. Due to the low diffusion lengths of only about 10 nm, in
organic solar cells, the boundary has to be very close to where the exciton is generated. The structure known
from inorganic solar cells turns out inappropriate as the electron-hole-pair would recombine before reaching
the boundary. Thus for organic solar cells a structure is used, called bulk heterojunction, where the donor and
acceptor are mixed. Such a bulk heterojunction solar cell is presented in Figure 2.2. In a heterojunction not

only the doping but also materials of donor and acceptor differ from each other.

To enable charge separation “the difference between the HOMO of the donor and the LUMO of the acceptor
has to be lower than the potential difference between the bound electron-hole-pair.” [3, p. 4] Additionally
both HOMO and LUMO level in the acceptor are lower than those in the donor, like shown in Figure 2.3.
Thus the electron is forced in the direction of the acceptor and the hole in the direction of the donor pursuing

higher energy levels.

For donor material in the most usual case P3HT (Poly-(3-hexylthiophene)) is taken. The acceptor consists of
fullerene derivatives, most likely [60]PCBM ( = [6,6]-phenyl-Cg;-butyric acid methyl ester), PCBM in short,
due to the high electron affinity of C60. Fullerenes already show sufficient acceptor properties, but PCBM is

additionally soluble in chlorobenzene which is important for the production of printable solar cells.

For a built-in electric field a high work function anode and a low work function cathode are used. Their
potential difference determines the open circuit voltage (Voc) of a solar cell. To ensure ohmic contact and
minimize the potential barrier at the active layer/electrode interface, the work functions of the electrodes have
to match the LUMO of the acceptor (for the cathode) and the HOMO of the donor (for the anode). [3, p. 6]

The front electrode must be transparent in order to minimize the absorption of incoming light. The rear
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electrode of the cell consists of Ag, Al or another reflective material to enable absorption of the light in the

second pass.

There are two arrangements of the layers possible, the normal and the inverted structure. In the normal
structure, the front electrode is the anode. Indium tin oxide (ITO) is used due to its work function (~4.7 eV)
which matches the HOMO of P3HT [4]. For the cathode, low work function metals are used, such as Al
(4.2 eV), which matches the LUMO of PCBM. To improve the alignment and the ohmic contact between
active layer and electrode, interlayers can be inserted. Often a layer of poly(3,4-ethylenedioxythiophene) :

polystyrene sulfonic acid (PEDOT:PSS) is inserted between ITO and the active layer.

Furthermore the inverted structure is possible, where the front electrode is the cathode and the rear electrode
the anode. To utilize ITO as front and Al as rear electrode interlayers are made use of. N-type metal oxides
like TiO2 or ZnO are likely as electron-transporting layer (ETL) between the active layer and the cathode. On
the anode sides high work-function transition metal oxides (MoOx, V205 or WO3) are used as hole-
transporting layer (HTL). With usage of a transition metal oxide interlayer even low work function metals
like for example Al can be utilized as anode in inverted organic solar cells. [3, p. 7] Figure 2.4 shows a

possible composition of materials used in the normal and the inverted structure.

Figure 2.4: Normal (a) and inverted (b)
structure of organic solar cells [5]

In the normal structure (a) the ITO coated with PEDOT:PSS forms the anode and Al the cathode. In the
inverted structure (b) on the other hand, ITO is the cathode and Al the anode. TiOx and MoO3 are electron

and hole transporting layers. The active layer in both cases consists of P3HT:PCBM.

There are many reasons for building inverted organic solar cells. One advantage of the inverted structure is
its enhanced stability against oxygen and moisture compared to the conventional structure due to avoidance
of a low-work function metal top cathode [6] and environmental stability due to avoidance of the highly
acidic PEDOT:PSS interfacial layer [7]. Also the construction of semitransparent devices is eased with the
inverted structure. This is especially important for multijunction devices. [8 — 10] For the vertical phase
separation, the inverted structure is assumed to be more suitable than the regular structure as the P3HT
accumulates on top of the film and affects the electron collection at the top electrode. [11] The efficiencies
reached with the inverted structure already caught up with the conventional structure. [12 — 15] The EQE of

inverted organic solar cells exceeded 70 % whereas the normal structure barely exceeds 60 %. [16]
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2.3 Organic Tandem Solar Cells

The power conversion efficiency (PCE) of organic single-junction solar cells already exceeded 10 % [17].
Anyway, compared to inorganic solar cells the efficiency of organic solar cells is rather low. The main reason
for the limitation is the narrow absorption spectrum of organic solar cells compared to Si or CIS absorbers.
[18] As solution for the lack of efficiency, organic tandem solar cells are developed. Figure 2.5 presents the
absorption spectra of organic materials. To use a broader range of the solar spectrum in the multijunction-

technique two or more cells can be stacked onto each other.

Figure 2.5: Absorption spectra of substances used
in organic solar cells [19]

A tandem solar cell is a multi-junction solar cell consisting of two sub-cells with complementary absorption
spectra. A high band gap front sub cell and a low band gap rear sub cell. As photons with a higher
wavelength have larger penetration depths, they are not absorbed in the front sub-cell but can pass until being
absorbed in the rear sub cell. The front sub cell thus absorbs the photons with high energy and hence lower

penetration depths.

The sub cells can be connected in series or parallel. In the following the concept of the more likely construct,
the series connection is considered. The sub-cells are connected in series via an intermediate layer, also
called recombination layer. The recombination layer, as already revealed by its term, is a recombination
centre for electrons generated in the one sub cell and holes generated in the other sub cell. The chosen
material has to minimize ohmic as well as optical losses [20]. The recombination layer also prevents the
n-layer on the one sub cell and the p-layer of the other sub cell to build a depletion region when getting in
contact. The recombination layer consists of a hole transporting layer and an electron transporting layer. In
the most usual case, PEDOT:PSS is taken as hole transporting layer and a n-type metal oxide buffer layer

(like ZnO) is taken as electron transporting layer.

Both sub cells should be current-matched, meaning they optimally should both work at their maximum
power point (MPP) when the tandem solar cell operate at MPP. In this case, their current densities are equal
at their MPP [21]. When the currents of the sub cells are not matched, the charges build up at the
recombination layer and limit the V¢ [3, p. 10]. Figure 2.6 shows typical I-V-curves of a tandem solar cell

and its single-junction solar cells.
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Figure 2.6: I-V-curves of a tandem solar cell and its
according single-junction solar cells

It can be seen that the current generated by a tandem solar cell is always lower than the lowest current of the
single-junction solar cells in the series connection [22]. Otherwise the Voc of the tandem cell is the sum of
the open circuit voltages of the sub cells. When designing a tandem solar cell, the rear cell has to be chosen
with a higher short circuit current (Isc) than the front cell due to the front sub cell limiting the spectrum of
light reaching the rear sub cell especially in the low wavelength range. Rough calculations assume theoretical
efficiencies of 15% with a bottom sub cell with a band gap of about 1.6 eV and a top sub cell with a band gap
of about 1.3 eV. [23] For organic triple-junction solar cells even efficiencies of more than 20% are described

[24].

3 Spectral Response Measurements

3.1 Mathematical Context of Spectral Response and External Quantum Efficiency

Apart from the I-V-curve, one measure to characterize solar cells is the spectral response. The spectral
response eases the understanding of recombination processes, collection mechanisms and current generation.
The knowledge of the SR is important for example for calculating the spectral mismatch factor. This factor is
essential for obtaining the right values for I-V-measurements under standard test condition (STC). The

determination of SR is also important for design and development of multi-junction solar cells.

The SR specifies the ratio between generated current and the power incident on the solar cell. [25]

Jsc )]
EQA)

SR(A) = 2
Jsc = Short circuit current density [A/m?]
E = Irradiance [W/m?]

The spectral response varies with the wavelength of the irradiation. This is substantiated by the absorption

profile of the materials and by the various penetration depths for light of different wavelengths.
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In awareness of the SR, also the external quantum efficiency (EQE) and the internal quantum efficiency

(IQE) can easily be derived.

Isc() h-
e EQ)-

h-c

cell Qel” A

= [>1a

EQE() = SR(A) 3)
C = Vacuum light velocity = 299792458 m/s
qei - Elementary charge of an electron = 1.602176 * 107 C

h = Planck constant = 6.6260695729%10°* Js

h- L . W .
The term q—c consisting of three constants can be summarized to 1.24 %. [26] Thus equation 4 can be
el

deduced.

1.24 pm -W

SR(}) “)

The EQE specifies the percentage of photons being converted into useful charge carriers. The IQE however
is the ratio between collected charge carriers and the photons that are absorbed by the solar cell, taking into

account the reflectivity of the solar cell.

EQE(A)

TR )

IQEQA) =

R = Rate of reflection
The IQE of organic bulk hetero-junction solar cells can reach 100 % [27].

The spectral response measurement of single-junction solar cells is described in DIN EN 60904-8.

3.2 Biasing of the Solar Cell

Biasing, in a broader range of electrical engineering, involves the adjustment of voltages or currents in an
electronic circuit to establish proper operating conditions of the electronic components. Involving solar cells,
the bias can be generated by two factors, either voltage applied from an outer source or light generating a

charge separation inside of the solar cell.

When biasing a solar cell with external voltage, the current is shifted from zero condition. When the cell is

not electrically biased, the current is either Isc under illumination, or zero in the dark.

A solar cell can be operated either in forward or reverse bias. When considering the solar cell as a diode, the

current generated by illumination is negative. That means it is opposite to the flow direction in a forward



Spectral Response Measurements

biased diode. The dark I-V-curve shows the behaviour of a diode whose current is growing exponentially
with forward bias voltage. Figure 3.1 shows the dark and the illuminated I-V-curve of an organic solar cell.
The I-V-curve under illumination is the dark I-V-curve plus the photocurrent (in negative direction) and
alterations due to shunt and series resistance. In organic solar cells, the photocurrent is strongly field-
dependent. As the diffusion length of the excitons is very small, excitons generated in the neutral region

usually recombine. Only the excitons in the depletion region contribute to the generated photocurrent. [29]

Figure 3.1: I-V-curve as a result of voltage biasing of
an illuminated solar cell [28]

Forward biasing means that the anode of the solar cell is connected to the positive terminal and the cathode is
connected to the negative terminal of a voltage source. The externally applied field is in opposite direction to
that in the depletion region. The depletion region is reduced, hence the neutral region enhanced. The driving
force to separate the exciton into electron and hole is reduced and thus the photocurrent decreases. When
increasing the forward bias up to open circuit voltage (Voc) charge separation is not possible any longer. The

photocurrent becomes zero.

Reverse biasing means a connection of the anode to the negative terminal and the cathode to the positive
terminal of a voltage source. The electrical field of the junction is increased and hence exciton dissociation is
enhanced. Unlike in inorganic solar cells, in some organic solar cells the photocurrent can still be increased
boyond the value of Isc when biased with reverse voltage. This is especially the case in organic solar cells

where exciton dissociation is more difficult. Figure 3.1 shows such behaviour.

The solar cell cannot just be voltage biased but also light biased. Illumination of the solar cell with different
irradiances and spectral distributions of light causes different photocurrents. This is important for spectral
response measurements. For single-junction solar cells, especially for non-linear ones, biasing with white
light is described as mostly necessary to adjust an injection level representing STC. This is essential because
carrier lifetimes, photoconductivity, space charge trapping and surface recombination velocities depend on

the injection. [30] [31, p. 825]
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3.3 Spectral Response Measurement of Multi-Junction Cells

The measurement of the SR of tandem solar cells is more complicated than of single-junction solar cells. The
design with two terminals is commercially the most attractive one for tandem solar cells. This complicates
the measurement of the SR, as there is no access to the intermediate contact. Further aspects, like selecting
appropriate bias light and bias voltage (Vy,s), have to be considered. The SR of each sub cell has to be
determined separately. Unlike for single-junction solar cells, for the SR measurement of multi-junction solar

cells, there is no IEC standard procedure available so far [32].

As the tandem structure is a series connection of both sub cells, only the current flowing through both of the
sub cells can be measured. The magnitude of this current is determined by the current limiting sub cell. In
order to keep the sub cell to measure current-limiting, the other sub cell is optically biased. The bias light is
adjusted to a wavelength, where the absorption of the sub cell to be measured is negligible small in
comparison to the absorption of the other sub cell. Thus, the optically biased sub cell creates an excess of
charge carriers. While optically biasing the second sub cell with a constant illumination of high intensity, the
current-limiting sub cell can be illuminated with monochromatic light of various wavelengths and
comparatively low intensity. For each wavelength the short-circuit current is measured. The short circuit
current, generated by the first sub cell, can be obtained by subtracting the externally measured short circuit
current generated by illumination of just the bias light from the short circuit current generated by the same

bias light plus the specific monochromatic light. Thus the error by bias light absorbed in the first sub cell is

minimized.

Isc,mono = Iscbias+mono — Iscbias (6)
Figure 3.2: Equivalent circuit of a tandem solar cell Figure 3.3: Equivalent circuit of a tandem solar cell under
without applying bias voltage application of bias voltage

To obtain the spectral response of a sub cell it is essential to measure it in short circuit. Measuring the whole
tandem solar cell in short circuit does not include, the sub cell to be measured operating in short circuit as
well. The optically biased sub cell operates close to its V¢ as it generates excess charge carriers which are
prevented from flowing by the current-limiting sub cell. Figure 3.4 shows the current generated by the
optically biased sub cell, being way higher than the current generated in the first sub cell under the same
illumination. As both sub cells are connected in series and the external voltage is zero, when measuring in
short circuit, the first sub cell must operate at the negative value of the voltage the second sub cell operates

at. This case can be seen in Figure 3.2. To operate the sub cell to measure in open circuit, an additional
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voltage in the magnitude of the V¢ of the second sub cell needs to be applied externally, like presented in
Figure 3.3. If the open circuit voltages of the sub cells are not known, the V¢ of the whole stack can be

roughly split according to the wavelength edges of the SR of the sub cells.

Figure 3.4: I-V-curve of the optically biased sub cell, Figure 3.5: I-V-curve of the sub cell to be measured,
showing the operation close to Voc due to current showing the Igc measured without application of bias
limitation by the sub cell to measure voltage compared to the actual Isc

The error caused by neglecting the bias voltage depends on the slope of the I-V-curve of the tandem solar cell
in the range of the Igc, especially in reverse bias. Figure 3.5 shows a typical I-V-curve of an organic solar
cell. When no bias voltage is applied, the first sub cell is measured at a negative voltage of the magnitude of
Vyias- The current measured is higher than the actual current in short circuit. This leads to overestimation of
the SR. [33] In silicon solar cells, however, the slope of the I-V-curve in the range of ISC is very low. Thus,

in this case, the bias voltage does not have a big influence.

Unlike in inorganic solar cells, where the effect of the reverse electrical bias is marginal, in organic solar

cells measurement errors account up to 16% depending on the material [33].

3.4 Set-up for Spectral Response Measurements
A lot of publications refer to already existing set-ups for measuring the SR. For single-junction solar cells the
sample is illuminated with continuous white bias light and chopped monochromatic light with comparatively

small intensity. Figure 3.6 shows a typical measuring arrangement for single-junction SR measurements.

The monochromatic light is provided mostly by a tustgen filament or a halogen lamp and a downstream
monochromator. The light is chopped either before or after the monochromator to generate a certain
wavefunction of the monochromatic radiation signal. The chopped monochromatic light generates an AC
signal in the sample. By the lock-in-amplifier specifically the magnitude of the AC signal can be determined

filtering out the signal by the bias light and noise.

In Figure 3.7 the measuring arrangement for SR of tandem solar cells is presented with bias lights of 780 nm
and 532 nm. The solar cell is illuminated with constant bias light whereas the monochromatic light, in this

figure emitted by the “lamp”, is chopped to be recorded by the lock-in-amplifier.

10
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White

Light
Source

To Lock-In \ Cell

Amplifier Under
Monochromator ~ Chopper Test

Figure 3.6: Simplified structure of a measuring Figure 3.7: Measuring arrangement for SR of tandem
arrangement for SR of single-junction solar cells [34] solar cells [33]

The LED solar simulator provides an alternative to this conventional set-up.

4 Materials and Devices

4.1 LED Solar Simulator

A solar simulator simulates the spectrum and intensity of the sun for testing solar cells or modules in the
laboratory. Depending on the duration of exposure, there exist two different types of solar simulators,
flashlight simulators (flasher) and continuous simulators (steady state). Flashlight simulators have a very
short duration of exposure of about 10 — 80 ms and are mainly used for testing mono- and multi-crystalline
solar cells or modules. The continuous solar simulator provides a steady illumination over a period of time.
This is necessary for characterizing materials with longer response times, like for example amorphous silicon
thin-film solar cells or organic solar cells. The disadvantage of the long duration of exposure is the heating of

the solar cell and therefore measuring inaccuracies.

Figure 4.1: LED Array used in
the solar simulator

In collaboration with ZAE Bayern, the company “FutureLED” developed a LED-based solar simulator. The
application of LED-technology provides many advantages, such as low heat impact at a longer duration of

exposure and the possibility to be controlled in pulsed operation as well as in steady state. Duration of

11
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exposure between 2 ms and a few minutes is possible. [35] By applying about 700 LEDs with 22 different
wavelengths between 400 nm and 1050 nm it is possible to rebuild not only the AM1.5 spectrum, but almost
every scenario of illumination. In the following, the LEDs with same wavelengths are defined as one “LED-
group”. Every LED group can be adjusted separately regarding its intensity. Figure 4.1 shows the LED array

contained in the solar simulator.

The LED radiation is conducted through a mirrored light channel for homogenisation purposes and radiated
on an area of 18 cm x 20 cm. The LED solar simulator was tested in previous studies to earn class A in all
three parameters, spectral match, spatial inhomogeneity and temporal instability regarding to IEC 60904-9.

The spectrum emitted by the LED solar simulator is further mentioned in chapter 5.1.

Because of the ability to control the different wavelengths separately, this solar simulator is very suitable for

measuring the spectral response of tandem solar cells.

LED Array

Light Channel

Cooling

Sample Holder

Lifting Platform

Figure 4.2: Measuring arrangement under investigation

12
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The LED array, sample holder and mirrored light channel are enclosed in a blackened box. The sample
holder is placed on a lifting platform to adjust the distance between solar cell and light source. To avoid
damage of the LEDs, the temperature of the array is controlled by water and an additional pump. The
temperature of the sample holder for silicon solar cells is controlled, too. Figure 4.2 shows the structure of
the measuring arrangement under investigation. In the following measurements, the sample has a distance to

the LED array of 30 cm.

For contacting organic solar cells, a sample holder is used, shown in Figure 4.3. The inverted organic solar
cell is contacted by one common cathode but 6 anodes which can be controlled separately. This is further

explained in chapter 4.2.

The SMU Agilent B2901A is used to provide external voltage and to measure the current. The measurements
are conducted with 2-point-contacting the sample. Usually, for measuring solar cells, 4-point-measurement is

used [36]. The error arising by the 2-point measurement is discussed in chapter 8.

Figure 4.3: Sample holder used in the
subsequent tests for contacting organic solar
cells

In previous studies, the software for controlling the radiation source and the SMU was developed. The upper
and lower limit of the voltage and the number of measuring steps can be entered. In order to protect the solar
cell and the SMU, a limiting current can be defined. Additional input files for delay and aperture are
available. Aperture time is the integration time and delay is the time given for the measuring system to settle.
The SMU adjusts a value, then waits the time of the delay [s]. Afterwards, the time of the aperture [s] is taken
as measuring time and accordingly the next value is adjusted. In the field of former research projects,
different illumination spectra were predefined, inter alia AM 1.5 spectra of different irradiances between

5 and 1000 W/m2.

In order to measure the SR, the LEDs provide the bias and also the monochromatic irradiation. The spectrum,
emitted by the LEDs, is not monochromatic, but very narrow. Thus in following investigations the spectral
bandwidth of the LEDs was considered. The emitted spectra of the LEDs at different wavelengths are

measured with a spectrometer. The results are shown in chapter 5.1.
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There is a huge advantage of the LED solar simulator in combination with SR measurements. In conventional
measuring arrangements, various components like spectral filters, a monochromator and optical chopper are
required. In the LED solar simulator the light can easily be adjusted to special demands by varying the

intensity of the individual LED groups.

But there are also disadvantages in terms of the LED technology in solar simulators. There is only a limited
availability of wavelengths for LEDs. This results in a low number of measuring points and an increased
uncertainty due to interpolation between the measuring points in the SR measurements. There is another
disadvantage with special regard to the LED solar simulator under investigation. The irradiance of the LEDs
is just enough to reach 1000 W/m? under full capacity utilization of various wavelengths. This particularly
affects the utilization for SR measurements, due to different light sources having to be provided by the LEDs.

Thus there is only small margin for adjusting light parameters. This is exposed in detail in chapter 6.

4.2 Solar Cells under Investigation

Organic Solar Cells (I-Meet)

One organic tandem solar cell and two single-junction solar cells representing the two sub cells of the tandem
solar cell are used as main devices under investigation. The samples were provided by co-workers of the
ZAE and I-Meet, a department of the Friedrich Alexander University in Erlangen. The single-junction solar
cells are used to obtain the wavelength of the bias light for the tandem solar cell and to get results of the SR

comparable to the measured data of the tandem solar cell.

The layers used in the single-junction solar cells are ITO/ZnO/pDPP5T-2:PCBM/MoOx/Ag and
ITO/ZnO/PCDTBT:PCBM/MoOx/Ag. The thickness of the active layer is always optimized in regard to the
structure. In the single-junction solar cells the PCDTBT layer is 80 nm and the pDPP5T-2 layer is
100 - 120 nm.

| =100 nm

11— =70nm

Ag | —— =80nm
MoOx
Active layer Il (pDPP5T-2:PCBM) | .~ =70-80nm

| _— =40 -60nm

Intermediate layer

Active layer | (PCDTBT:PCBM)

Zn0

ITO

Figure 4.4: Layers of the organic tandem solar cell used as
measuring object

The structure of the tandem solar cells is similar, but with an additional intermediate layer and both active

layers. However, the optimization of the active layer thickness is more complex in the tandem structure.
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When varying the active layer thickness of both sub cells, the number of photons absorbed in each sub cell
changes. Isolines arise where the photons absorbed in the top sub cell and the bottom sub cell are equal. This
condition has to be fulfilled in order to keep the tandem solar cell current-matched. Figure 4.4 displays the

different layers of the tandem solar and their respective thickness.

On one cell substrate, there are six so called cells, each with an own anode, consisting of Ag, and a common
cathode, made of ITO. The different layers are applied to ITO-covered glass. Anode and cathode are
electrically separated by laser patterning. Each of the cells has an active area of 10.4 mm? [19]. Only the
charge carriers, generated in the active layer in close proximity to the electrode, can contribute to the
generated current. As low band-gap polymer, pDPP5T-2 blended with PC60BM is taken, while the high
band-gap polymer is PCDTBT blended with PC60BM. The intermediate layer consists of PEDOT:PSS/ZnO.

Figure 4.5 shows the three organic solar cell samples under investigation. The colour of the active layer
indicates the type of solar cell. The single-junction solar cells consist of only one active layer, which is in the
present cases green (pDPP5T-2) and red (PCDTBT). The tandem solar cell owns both layers of the single-

junction solar cells.

Figure 4.5: Organic solar cells used in the following tests Figure 4.6: Contacting elements and
encapsulation of the organic solar cell

To avoid degradation due to reaction between the active layer and oxygen, the components are encapsulated

in an impermeable package. In Figure 4.6, the components of organic solar cells are demonstrated.
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Figure 4.7: Characteristic curves of the three organic solar cells under investigation
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The organic solar cells are stored in the dark at room temperature. An excessive exposure to light encourages
degradation of the organic devices. For minimizing the effect of degradation on the results of the SR-
measurements, regular measurements were taken for all three cell substrates, to observe the stability of their
performance. In the following, just one cell of each substrate, which showed the most stable behaviour over
the whole period, is investigated. Figure 4.7 represents the I-V-curves of the tandem solar cell and the
respective single-junction solar cells. The current of the tandem solar cell is lower than the currents of the sub
cells, but the voltage sums up. The tandem solar cell technology enhances the power yield. The tandem solar
cell generates 0.57 mW, while the PCDTBT single-junction solar cell generates only 0.43 mW and the
pDPP5T-2 only 0.49 mW under STC. Hence, also the PCE of the solar cells can be calculated. As the
I-V-curve is measured under STC, the irradiance is 1000 W/m?2. Equation 7 describes the calculation of the

PCE for the present case.

PCE = bt _ Zi m? %)

A = Active area of the cell [m?]

The PCE is 5.44 % for the tandem solar cell, 4.14 % for the PCDTBT single-junction solar cell and 4.67 %
for the pDPP5T-2 single-junction solar cell. This demonstrates how the efficiency can be increased due to the

tandem technology.

Especially the characteristic curve of the pDPP5T-2 sub cell shows a strong slope close to the Igc. This
signifies a low shunt resistance (Rsy). The tandem solar cell especially has a comparatively high series

resistance (Rg), which expresses in a strong slope of the I-V-curve close to the V.

Organic Solar Cells (KIT)

Further samples are provided by the Karsruher Institut fiir Technologie (KIT). Organic solar cells can be
fabricated in countless designs. The samples fabricated at the KIT contain four cells, each with an own anode
and cathode. KIT delivered two single-junction solar cells with active layers consisting of P3HT:IC[60]BA
and PSBTBT:PC[71]BM and two tandem solar cells with both active layers. Comparable EQE data and

I-V-characteristics are made available by KIT.

Reference Cell

For calibration purposes, a mono-crystalline silicon solar cell is used as reference cell. As solar cells with
different absorption spectra are measured, a reference cell, whose SR covers the whole range of the
wavelengths, emitted by the LED solar simulator, is used. This kind of solar cell is very applicable for

calibration procedures as its SR function is quite steady without abrupt changes.
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Silicon Tandem Solar Cell

To explain effects, occurring during SR measurements, a tandem solar cell is simulated by two silicon solar
cells connected in series, each furnished with another spectral filter. The filter with blue colour, on the right
side in Figure 4.8, has its central wavelength at 507 nm with a full width at half maximum (FWHM) of
210 nm (Edmund Optics, BG-39 1” D.) and the other filter with black colour, on the left side in Figure 4.8,
has its central wavelength at 830 nm with a FWHM of 260 nm (Edmund Optics, RT-830 1 D.). Therefore,
small blades (d = 23 mm) are laser-cut out of a silicon solar cell. The connectors are soldered on the bus-bars.

To reduce the shunts due to the laser process, the edges of the silicon blades are filed off.

Figure 4.8: Hand-made silicon tandem solar cell

5 Calibration of the LED Solar Simulator

5.1 Calibration with Spectrometer

To obtain the spectral shape of the radiation emitted by the LEDs and the accuracy of the rebuild AM 1.5 test
spectrum, the spectrometer Black-CXR-SR-50 from “StellarNet” (UV-VIS-NIR range) is used. Due to
improper calibration of the spectrometer, a correction factor is applied, such that the measured spectrum
equals the integral of AM 1.5 at 1000 W/m? for wavelengths between 378.5 and 950 nm. The measurement
of the I5c of the reference cell with the test spectrum lies within the tolerance. Thus, similar irradiances of the
test spectrum and the reference spectrum are accepted. In Figure 5.1 the AM 1.5 (1000 W/m?) norm spectrum

and the spectrum generated by the LED solar simulator are opposed.

With this data, the spectral match between the AM1.5 STC spectrum (according to IEC 60904-3 (1989) part
IIT) and the spectrum of the LED solar simulator can be calculated according to IEC 60904-9. Even for solar

simulator classified as class A, corrections for the spectral match are necessary.

In Figure 5.1 can be seen, that the measurements at wavelengths >900 nm are inaccurate and strongly
influenced by noise. At wavelengths >1050 nm, no signal can be detected. Therefore, for calculating the
spectral match, this range is not considered and assumed to perfectly fit the norm spectrum. Table 1

represents the spectral match of the test spectrum of the LED solar simulator.
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Figure 5.1: Spectrum of the LED solar simulator at AM 1.5, 1000 W/m? compared to norm spectrum

For values of spectral match between 0.75 and 1.25, the solar simulator is defined as class A. Neglecting the

range from 900 — 1100 nm, the LED solar simulator can be classified as “class A” according to IEC 60904-9.

The spectral mismatch factor is always regarded to one specific solar cell and can be calculated according to
IEC 60904-7. Therefore the SR of this solar cell needs to be known. The calculations for the spectral
mismatch are described in chapter 6.2 and 7.4. The spectral mismatch gives the effect of the deviation
between the test spectrum (green line in Figure 5.1) and the reference spectrum (red line in Figure 5.1) for the

solar cell under test.

Table 1: Spectral match related to interval regarding to IEC 60904-9

Wavelength in | Percentage of total irradiance in | Recorded percentages at LED | Spectral match to all
range nm the wavelength range 400 nm — | solar simulator intervals
1100 nm (STC)
400 — 500 18.4 % 20.14 % 1.0946
500 — 600 19.9 % 20.49 % 1.0300
600 — 700 18.4 % 16.93 % 0.9200
700 — 800 14.9 % 14.30 % 0.9601
800 —900 12.5 % 12.23 % 0.9783
900 — 1100 15.9 % 15.9 % (assumed) 1 (assumed)

Additionally, the spectrum of the irradiation of the individual LED groups is recorded. Figure 5.2 shows the
light spectra, emitted by each LED group at 100 % intensity. The spectrum of the LEDs with 1050 nm cannot

be recorded and the spectrum of 1020 nm is strongly influenced by noise due to limitations in silicon sensors.
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Figure 5.2: Radiation spectra of each LED group at their maximum power

The FWHM of the LEDs at 100 % of their power can amount up to 71 nm (for the LED group of 545 nm).
Average FWHMs are about 25 nm. A full table of the FWHM of all LED groups at 100 % of their intensity
can be found in appendix A. For lower intensities, the bandwidth is decreasing. The spectral shape of the
emitted light is considered when calibrating the LED solar simulator. In the following, anyway, the light

emitted by just one LED group will be mentioned as “monochromatic”.

Due to the limitation in high wavelength range and the insufficient calibration of the spectrometer, for

calibration of the LED solar simulator, additionally a reference cell has to be used.

5.2 Calibration with Reference Cell

Irradiance of the LED groups

A reference cell with given SR for wavelengths between 300 and 1185 nm is used to determine the irradiance
of the LED groups at a certain percentages of their intensity. The calibration certificate of the reference cell
can be found in appendix B. The measurements of the calibration lab were conducted with a white bias
illumination generating a bias current of 10 mA. To reproduce this condition, an appropriate pre-programmed
AM 1.5 spectrum is selected. A bias current of 10.3 mA is yielded with 73 W/m2. Additionally, certain
intensities of the specific wavelengths are added to the white bias light. For each condition of illumination,
the Isc generated additional to the bias current is measured. The irradiance of one specific wavelength and

intensity can be calculated by equation 8.
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[TIsc (4, %)] 8
EQL %) = S(;[({(}\)O) (8)

The spectral distribution of the radiation emitted by each LED group is determined in chapter 5.1. When
illuminating the solar cell with “monochromatic” light, the current induced is not generated by only one
central wavelength, but from all wavelengths in the emission spectrum by a certain amount. Thus, to obtain
the real irradiance, all SR of the reference cell inside this spectral range are considered. Figure 5.3 shows the
emission spectra of one LED group at 505 nm and the variation of the SR of the reference cell in this range.

The spectral distribution is normalized to 1 at its peak.

== SR Reference Cell = Spectral distribution 505 nm
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Figure 5.3: Regression of the SR in the range of the spectral bandwidth of a LED

Thus, equation 8 is not sufficient for calculating the irradiance of one LED group at a specific intensity.
Instead, the short circuit current measured depends on the relative irradiances and the SR at the regarding

wavelengths.

Amax &)
Iscret = “'f Eri(A) - SRges(A)dA

Amin

Eg; = Relative irradiance

The constant factor a is required, as the absolute irradiance at the specific wavelengths is not known, but just

the spectral distribution. For each wavelength and intensity an individual a is calculated by equation 9.

To obtain the whole irradiance of one LED group, reduced to one monochromatic point, equation 10 is used.

It summarizes the relative irradiances at the occurring wavelengths and the constant factor a.

A]"nax 10
E(Amono) = « f Eri() dA 1o

Amin
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The integrals are solved by the numerical method “The rectangle-procedure” (equation 11).

A2 Lo (11)
[ dn=Y 05 0 =2+ (00 + 0u)
A

i=hy

For the LEDs of 1020 and 1050 nm, the shape of the emission spectrum could not be considered for

determining the irradiance. Instead, they were assumed to be monochromatic under use of equation 8.

Linearity of the irradiance at different LED groups

As a certain capacity of the LEDs’ irradiance is required to provide the white bias light, the irradiance of the
LEDs could not be calibrated at 100 % of their intensity. The irradiances exceeding 80 % intensity can only
be approximated by extrapolating the curves of irradiance depending on percentage of power. This method,
anyway, gives only rough assumptions and cannot be verified. Two typical cases of regression are
represented in Figure 5.4 and Figure 5.5. The 505 nm LED group shows a sub-linear behaviour, whereas the

770 nm LED group demonstrates linear behaviour of the irradiance.

The non-linear behaviour can be explained by the changes in spectral distribution of the emission spectra at

different intensities.
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Figure 5.4: Irradiance of the 505 nm LED group Figure 5.5: Irradiance of the 770 nm LED group
depending on the percentage of their maximum power depending on the percentage of their maximum power
revealing sub-linear behaviour revealing linear behaviour

When measuring the SR, both illumination sources, the bias light and the monochromatic light are provided
by the LED array. However, for calculating the SR according to equation 2, only the irradiance of the

monochromatic light and the proportion of the Isc generated by the monochromatic light are required. Thus,
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for applying bias light and monochromatic light of the same wavelength, the regression behaviour of the
irradiance must be considered. For example, when providing bias light with 60 % of a certain wavelength and
adding 20 % intensity of monochromatic light, the irradiance at 80 % minus the irradiance at 60 % states the

right irradiance of the monochromatic light.

For the following measurements, the irradiance of the monochromatic light can be obtained by equation 12.

Emono = E(Ibias+mono) — E(Ipjas) (12)

Magnitude of pre-programmed test spectrum AM 1.5

The reference cell is also used to examine the irradiance of the pre-programmed test spectrum (AM 1.5,
1000 W/m?). In doing so, the Isc of the reference cell is measured and compared to the Isc given from the

calibration lab. The obtained value appears in the tolerance range.

6 Characterisation of Single-Junction Solar Cells

6.1 Spectral Response of Single-Junction Solar Cells

Linearity of the Measuring Objects

Organic solar cells have a reputation for not being linear [33]. Linearity means, that the SR at a certain
wavelength is constant and does not depend on the intensity of the illumination. Hence, the Isc generated in
the sample would have to behave proportional to the irradiance. The linearity is calculated according to DIN
EN 60904-10. The sample is illuminated with white bias light of different irradiances from 0 to 1000 W/m?2,
provided by the pre-programmed AM 1.5 test spectra. For deviations between the measuring points and the
regression line smaller than 2%, the measuring object can be considered as linear. For the present measuring

objects, the condition of linearity is not fulfilled

The strong deviations from linearity at small irradiances, which occur for both single-junction solar cells, can
be traced back to noise. The magnitude of the noise is described in chapter 8. Also, the irradiances of the pre-
programmed AM]1.5 spectra were calibrated with a silicon reference cell. This leads to a spectral mismatch

for organic solar cells. Hence, the linearity, tested with the LED solar simulator, is considered as inaccurate.

Measuring with White Bias Light

According to DIN EN 60904-8, the SR of non-linear solar cells has to be tested with white bias illumination
of spectral distribution similar to AM1.5. In the following tests, the monochromatic and the white bias light

are both provided by the LED array of the solar simulator.
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Two measuring steps are necessary to obtain the SR. In the first step, the sample is illuminated with
monochromatic light plus bias light, in the second step just bias light is applied. The current generated in the
second step is subtracted from the current measured in the first step. Both light sources are continuous. There

is no chopper in the present measuring equipment.

To obtain the SR at one of the 22 wavelengths, the Isc generated by the white bias light is subtracted from the

Isc measured with monochromatic light plus white bias light. The remaining current is divided by the

A-m? . .. .
w’/n . Division by the active area of the solar cell

irradiance of the monochromatic light to obtain the SR in

leads to the SR in %.

SRO\) — |ISC,m0n0+bias(A) - ISC,biasO\)l _ IAISC(A)I (13)
Emono(x) A Emono (A) ‘A

The SR can be plotted in a diagram, depending on the wavelength of the monochromatic light.

The white bias illumination should range from 0 — 1000 W/m?2. [37] In the following measurements the pre-
programmed AMI1.5 spectra between 0 and 675 (respectively 800 W/m?2) are used as white bias light. Further
enhancement of the irradiance is not possible, as a certain capacity of the LED intensity is required to provide
the monochromatic light. 20 % (respectively 5 %) of intensity is added to each wavelength successively,

serving as monochromatic light. The measured values are inserted in formula 13.

Figure 6.1 - Figure 6.4 show the SR depending on the irradiance of white bias light. In Figure 6.1 and Figure
6.2, the SR of the pDPP5T-2 single-junction solar cell is investigated with 20 % and 5 % intensity of
monochromatic illumination. Figure 6.3 and Figure 6.4 represent the characteristics for the PCDTBT single-

junction solar cell under the same conditions. The irradiance of the white bias light is given in the legend.
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Figure 6.1: SR of the pDPP5T-2 single-junction solar cell ~Figure 6.2: SR of the pDPP5T-2 single-junction solar cell
under monochromatic illumination of 20 % intensity under monochromatic illumination of 5 % intensity
depending of the irradiance of the bias light depending of the irradiance of the bias light
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Figure 6.3: SR of the PCDTBT single-junction solar cell Figure 6.4: SR of the PCDTBT single-junction solar cell
under monochromatic illumination of 20 % intensity under monochromatic illumination of 5 % intensity
depending of the irradiance of the bias light depending of the irradiance of the bias light

For both single-junction solar cells, a slight increase in SR with increasing white bias light can be observed.
Only monochromatic light with 20 % intensity is not enough to saturate the solar cell. Anyway, the curves
are not clearly defined and disturbed by noise. It is remarkable, that the SR in the low wavelength range

increases for higher white bias light irradiances.

Also, a silicon solar cell and another organic single-junction solar cell (P3HT:PCBM) are measured with
different intensities of white bias light. For all solar cells, a increase in the range of short wavelengths can be
recognized for higher white bias light irradiations. The similatity in bahaviour of all measured solar cells

indicates a systematic measurement error.

The distortions of the characteristics are assumed to be caused by the lack of intesity of monochromatic light.
For 5 % (Figure 6.2 and Figure 6.4) monochromatic light the detected signals are lower than for 20 % (Figure
6.1 and Figure 6.3) monochromatic light intensity. They also are more influenced by noise. With application

of white bias light, no proper SR curve can be made out.

Measuring without White Bias Light

Measuring with white bias light is not reliable for the present measuring arrangement. Thus, this method
should be omitted. In the following tests, the organic single-junction solar cells are illuminated with just

monochromatic light to measure the SR. Equation 13 can be simplified to equation 14.

|ISC,mon00\)| (14)

SRN="F A

Figure 6.5 and Figure 6.6 show the SR of the two single-junction solar cells irradiated with monochromatic

light of different intensities.
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Figure 6.5: PCDTBT single-junction solar cell under

monochromatic irradiation of different intensities Figure 6.6: pDPPST-2 single-junction solar cell under

monochromatic irradiation of different intensities

For higher intensities of monochromatic light, the SR approximates a saturation level. With an intensity of
80 %, the curve is not significantly increased compared to the data of 60 % monochromatic light intensity.

Hence, the solar cell is assumed as saturated, and the SR data as reliable.

The appropriate bias light wavelengths for the tandem solar cell measurement can be obtained from all
measurements. At those wavelengths, the absorption of one sub cell is maximal, whereas the other sub cell
absorbs marginally. When applying the SR of both single-junction solar cells in one diagram, like it can be
seen in Figure 6.7, the appropriate bias light wavelengths can easily be obtained. For measuring the
pDPP5T-2 sub cell, the tandem solar cell should be irradiated with bias light of 505 nm. When measuring the
PCDTBT sub cell, a bias light of 770 nm must be selected.

PCDTBT Single-Junction Solar Cell
== nDPP5T-2 Single-Junction Solar Cell
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Figure 6.7: SR of both single-junction solar cells including the
appropriate bias light wavelengths for measuring the tandem solar cell
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6.2 Spectral Mismatch Correction for Single-Junction Solar Cells

The SR data enable a spectral mismatch correction for the particular solar cells. Neglecting the influence of
the mismatch of a solar simulator spectrum can lead to de-optimization of the test cell parameters, like for
example layer thickness [38]. A spectral mismatch correction (according to EN 60904-7:2009) is necessary
when the test spectrum of a solar simulator differs from the reference spectrum and the SR of the test object

differs from the SR of the reference cell. Both conditions are fulfilled at the present case.

The solar simulator is adjusted, such that the reference cell generates the current that it should generate under
STC. That does not automatically fulfil the same condition for the test cell. To obtain the short circuit
current, a test cell would generate under STC, the measured short circuit current must be divided by the
spectral mismatch factor M.

| S
ITc,STc= TQI\Zlm 5)

M is calculated according to equation 16.

_ J Eget@) - SRges@) dA - [ Egim (A) - SRyc() dA

" JEsim@) - SRper) dA - [ Eger@) - SRyc(A) dA (16)

SRtc = Spectral response of test cell

SR, = Spectral response of reference cell

Egim = Spectrum emitted by simulator

Eger = Reference spectrum (AM1.5, 1000 W/m?)

Only relative values are required, as constants would minimize. If the test spectrum would perfectly match
the reference spectrum or the SR of the test cell is equal to the SR of the reference cell, parts of equation 16

would cancel and M would become 1.

The SR of the reference cell is given by ISE CalLab. The SR data of the cells under investigation are
obtained with 80 % monochromatic light intensity and no bias light (chapter 6.1). The calculated spectral
mismatch factors are M(PCDTBT) = 1.0539 and M(pDPP5T-2) = 1.0330. That indicates an error of 5.4 %
for PCDTBT and 3.3 % for pDPP5T-2, when not applying the spectral mismatch factor.

The reference cell or the test spectrum should be chosen such that 0.98 < M < 1.02 [39]. This is unfortunately

not possible with the solar simulator using the pre-programmed AM 1.5 (1000 W/m?) spectrum.

The composition of the test spectrum AM 1.5 does not influence the results of the SR measurements, as they

are conducted with just monochromatic light. Only the data of the I-V-curves need to be corrected.
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7 Characterisation of Tandem Solar Cells

7.1 Influence of Light Intensity on the Spectral Response of the Tandem Solar Cell

Bias Light Intensity

To obtain the SR of a tandem solar cell, the sub cell not to be measured has to be biased optically, so it does
not limit the current. The optimal wavelengths for bias light in the present case are 505 and 770 nm, as

investigated in chapter 6.1.
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Figure 7.1: SR of the tandem solar cell with 505 nm bias Figure 7.2: SR of the tandem solar cell with 770 nm bias
light of various intensities (30 — 80 %) and with light of various intensities (30 — 80 %) and with
monochromatic light of 20 % intensity monochromatic light of 20 % intensity

To flood the optically biased sub cell completely, the intensity of the bias light is chosen to be considerably
higher than the intensity of the monochromatic light. In Figure 7.1 and Figure 7.2, the intensity of the bias
light is varied from 30 up to 80%, whereas the monochromatic light has a constant intensity of 20 %. In
Figure 7.1 bias light with 505 nm and in Figure 7.2 bias light with a wavelength of 770 nm wavelength is

used. The SR is calculated according to equation 13.

In Figure 7.1, the signal decreases for low bias light irradiances in the range of maximal absorption, at
wavelengths between 690 and 800 nm. The current, generated by the monochromatic light in the sub cell to
be measured, exceeds the current generated in the optically biased sub cell. At a wavelength of 505 nm, slight
deviations are recognized. Those can be traced back to inaccuracies in calibration when providing

monochromatic and bias light of the same wavelength.
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For the second sub cell, as graphed in Figure 7.2, the measurement artefacts are less markedly. Only a slight
decrease can be realized at a wavelength of 545 nm. This effect occurs due to the enhanced irradiance of the

545 nm LED group compared to the other LED groups at the same intensity, as shown in Figure 5.2.

Monochromatic Light Intensity

The intensity of the monochromatic light influences the results as well. In Figure 7.3, the SR of both sub cells

in the tandem are shown with a monochromatic light of 30 % intensity and a bias light of 70 % intensity.

The SR in Figure 7.3 is increased compared to Figure 7.1 and Figure 7.2, where the monochromatic light
intensity is only 20 %. However, when using 30 % intensity of the LEDs for monochromatic light, the bias
light intensity cannot exceed 70 %. When using a bias light of 505 nm, the SR drops at wavelengths between
690 and 800 nm. This is the range where the current of the sub cell to be measured gets maximal and exceeds
the current of the optically biased sub cell. The current is limited by the optically biased sub cell and thus the

SR obtained is lower than the actual value.
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Figure 7.3: SR of the tandem solar cell with bias light of 70 %
intensity and with monochromatic light of 30 % intensity

In Figure 7.4 and Figure 7.5 a monochromatic light intensity of 10 % is used. The SR is shown, depending on

the intensity of the bias light.

When a low monochromatic light intensity of 10 % is chosen, the optically biased sub cell already generates
a high enough current, using a bias light intensity of 30 %. Further increase of bias light intensity does not
influence the SR curve. For all intensities of bias light used, the bias current exceeds the current generated by
the monochromatic light. Hence, the sub cell to be measured is current limiting for all wavelengths.
However, for a monochromatic light of 10 % intensity, a drop in the SR curve compared to higher
monochromatic light intensities can be observed. The SR values at the absorption maxima are about 0.5 A/W

lower than in Figure 7.3, where the monochromatic light intensity is 30 %.
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Figure 7.4: SR of the tandem solar cell with 505 nm bias  Figure 7.5: SR of the tandem solar cell with 770 nm bias
light of various intensities (30 — 90 %) and with light of various intensities (30 — 90 %) and with
monochromatic light of 10 % intensity monochromatic light of 10 % intensity

Hence, a compromise regarding the adjustment of the light intensities is found for the following

measurements. The monochromatic light is adjusted to an intensity of 20 % and the bias light to 80 %.

7.2 Influence of the Bias Voltage on the Spectral Response of the Tandem Solar Cell

To obtain the correct SR of one sub cell, it has to be measured in short circuit. When measuring a tandem
solar cell in short circuit, the sub cell to be measured is usually operating at a reverse bias voltage. This fact
is described in chapter 3.3. To measure the required sub cell in short circuit, a bias voltage in the magnitude
of the Vo of the optically biased sub cell must be applied to the tandem solar cell. The Vo is obtained by
using the I-V-characteristics of the single-junction solar cells. The bias voltage is applied with the SMU.

Instead of measuring at O V, the required value of voltage is inserted in the software.
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Figure 7.6: SR of the tandem solar cell with 505 nm bias  Figure 7.7: SR of the tandem solar cell with 770 nm bias
light of 80 % intensity and with monochromatic light of light of 80 % intensity and with monochromatic light of
20 % intensity depending on the bias voltage 20 % intensity depending on the bias voltage

The bias voltage measurements are performed with monochromatic light of 20 % and bias light of 80 %

intensity, as these conditions showed the best results in previous tests.

In Figure 7.6 and Figure 7.7, the influence of various forward bias voltages between 0 and 1 V on the SR of
the tandem solar cell is represented. To be measured in short circuit, for the pDPPS5T-2 sub cell a bias voltage

of 0.975 V and for the PCDTBT sub cell a bias voltage of 0.565 V is required.

As already explained in [18], the curves just change their absolute height and relative changes in wavelength

are minor. The lower the bias voltage, the higher is the SR curve due to the larger space charge width. [31]

7.3 S-Shape of the Tandem Solar Cell and Treatment with UV Light

When measuring the sub cells of a tandem solar cell under application of bias voltage, the I-V-characteristic
of the tandem solar cell has to be taken into account. For degraded organic tandem solar cells, the I-V-curve
under illumination exhibits an s-shape. This s-shape is strengthened with increasing age of the cell. The dark
I-V-curve shows no such behaviour. Figure 7.8 represents the I-V-curve for different states of degradation of

the organic tandem solar cell.
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Figure 7.8: Change of the I-V-curve due to degradation of the tandem solar cell

The intermediate layer of the organic tandem solar cell consists of two components, ZnO and PEDOT:PSS.
The s-shape expresses a bad ohmic contact between ZnO and PEDOT:PSS, which acts as p-n-junction and
thus as counter-diode. This causes a voltage drop, resulting in an s-shaped I-V-curve [40], in combination
with reduction of Rs, Rsy and FF. The s-shape can be eliminated by doping of ZnO and PEDOT:PSS. As
PEDOT:PSS is already heavily p-doped, doping has to be applied to ZnO. This is done by UV radiation
[41, 42]. The UV radiation causes an enhancement of free carrier concentration [43]. Exposure of the organic
tandem solar cell to only a few seconds of UV irradiation is sufficient to eliminate the s-shape. Due to the
increased conductivity of ZnO after UV irradiation, the Voc and Igc can also be increased [40].
Improvements in Rg, Ry and FF can also be recognized after exposure to UV radiation. In Figure 7.9, Figure
7.11 and Figure 7.13 the Rg, Rgy and fill factor (FF) depending on the state of degradation are shown. Figure
7.10, Figure 7.12 and Figure 7.14 demonstrates the Rg, Rgy and FF for the same organic tandem solar cell
after UV-treatment. The five curves in the diagram represent five of the six cells on the substrate of the
inverted organic tandem solar cell under test. The contact to cell 5 is damaged. Thus it is not shown in the

diagrams.
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Figure 7.9: Series resistance of tandem solar cell before
exposure to UV radiation

Figure 7.10: Series resistance of tandem solar cell after
exposure to UV radiation
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Figure 7.11: Shunt resistance of tandem solar cell before
exposure to UV radiation

Figure 7.12: Shunt resistance of tandem solar cell after
exposure to UV radiation
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Figure 7.13: Fill factor of tandem solar cell before
exposure to UV radiation

Figure 7.14: Fill factor of tandem solar cell after exposure
to UV radiation
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When exposing the tandem solar cell to UV-light, despite of its age (840 h, 5 weeks) it shows better values
for its parameters than in the beginning. The series resistance is decreased, whereas the shunt resistance and

the FF are enhanced by UV treatment.

Figure 7.15 shows the I-V-curve of the same tandem solar cell before and after exposure to UV-light.
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Figure 7.15: I-V-curve of the organic tandem solar cell before and after
exposure to UV radiation

The signs of degradation can be completely reversed by the UV radiation. When applying bias voltage at SR
measurements, the measuring point is shifted in forward bias direction. When the solar cell is degraded, the
SR measured is decreased in comparison to the actual value. Thus it is important to expose the organic

tandem solar cell to UV light before SR measurement.

7.4 Spectral Mismatch Correction for Tandem Solar Cells

For testing the illuminated I-V-curve of a tandem solar cell with a solar simulator, to obtain STC, a spectral
mismatch correction has to be applied as well. The characteristics of multi-junction solar cells are very
sensitive to the spectral distribution of the incident irradiation. Unfortunately, there is no simple calculation
of the spectral mismatch correction available for tandem solar cells [44]. Unlike in single-junction solar cells,
the spectral mismatch factor depends not only on the SR of the front and rears cell and the spectrum emitted

by the solar simulator, but also on the blocking ability of the limiting junction [44].

Fraunhofer ISE [18, 45] provides a measure for calculating the required intensities of a multisource solar
simulator, to fulfil STC for a multi-junction solar cell. This approach is described for tandem solar cells
hereinafter. The aim is to adjust the simulator spectrum, such that each sub cell generates the same photo-
current than it would under the reference spectrum. In equation 17, the photo-current generated by each sub

cell under the desired reference spectrum E .¢(A) (e.g. AM 1.5) is calculated.
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Trets; = f SRy, () - ErefWdA = C;, f sty (1) - Erer(D)dA (17)

SR;j(A) = absolute SR of each sub cell i,

st;j(A) = relative SR of each sub cell i,j

- _ SR
L st i)

= ratio of the absolute to the relative SR, independent on wavelength

As in practical applications only the lower of both photo-currents will flow, in this case J et/ is interpreted

as the charge carrier generation and not as external current.

Equation 18 gives the generated photo-current density under the spectrum of the solar simulator with two

light sources.

Jsim,ij = Cij - A1 f sti;(A) - e;(D)dA + G- A, j stij(A) - e;(A)dA (18)

e12(A) = relative spectra of the two light sources
A, = intensity factors of the two light sources

For the calibration of the solar simulator, the photo-current density under the simulator spectrum has to
match the current density under the reference spectrum. The following linear equation system is obtained.

The factors C; ; cancel out. The equations can be resolved into A; and A,.

Ay f srij(A) -e;(MD)dA + A, f stij(A) - e;(M)dA = fsri,j(l) “Eref()d A (19)

For adjusting the light sources of the solar simulator, a reference cell is used, which covers the range of SR of
each sub cell. In equation 20 the photo-current density, the reference cell would generate under test light

conditions (A, A,, e, €,), is calculated.

Je, e = A1z 'JSRRC(}\) “ep,(A)dA (20)

SRrc(M) = absolute spectral response of the reference cell

The solar simulator is adjusted, until the generated photo-currents meet the value of the calculated photo-
currents. This is not applicable in the present setup as the light intensities are already tuned to their

maximum. But the intensities to be applied can be estimated with the following approximations.
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The first light source is represented by the pre-programmed test spectrum (AM 1.5, 1000 W/m?). Two
possibilities are tried for the second light source, quasi-monochromatic light with 505 and 770 nm at 80 %

intensity, like used as bias light in former measurements.

The photo-current densities, generated by both light sources, were measured separately and compared with
the calculated photo-current densities from equation 18. The ratio of both photo-current densities roughly
gives the tuning factor in order to observe STC. For the calculations, linearity of the solar cell is assumed.
The test spectrum between 900 and 1050 nm cannot be recorded and thus is assumed to correspond to the
reference spectrum. Anyway, the spectrum in this range does not count much weight, as the SR of the test

devices at these wavelengths is very low.

The tuning-factor for the pre-programmed AM1.5 (1000 W/m?) spectrum would be 0.909 under usage of
quasi-monochromatic light of 770 nm of 17.142 % intensity (=7.02 W/m2?) as second light source. Quasi-
monochromatic light of 505 nm is not applicable as second light source, as the linear equation system
(equation 19) cannot be solved. In practical, a decrease of the spectrum at 505 nm is necessary in order to

obtain a suitable test spectrum.

7.5 Dark Spectral Response and White-Biased Spectral Response of the Tandem

Solar Cell
Additional information can be obtained by the dark SR and the SR with white bias light. Figure 7.16 shows
the SR curves for bias lights of 505 and 770 nm and additionally the dark SR curve, where the cell is
measured with only monochromatic radiation. Figure 7.17 represents additionally the SR curve with white

bias light applied instead of bias light of only one wavelength.
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Figure 7.16: SR of the tandem solar cell with bias light of
505 and 770 nm and additionally without bias light
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The dark SR curve always corresponds to the lower SR of the both sub cells at each wavelength. Only the

photons that are absorbed in both sub cells, contribute to the dark SR curve.

The SR curve with white bias light should be equal to the curve of the power-limiting sub cell. The PCDTBT
sub cell is proven to be power-limiting. The application of white bias light is not suitable when measuring the
SR with the LED solar simulator. The SR curve is distorted due to white bias light, like the curves in
chapter 6.1. Remarkable is the kink at 545 nm, due to the high irradiance of the LED group at this

wavelength. Calibration errors result by the application of two light sources with one LED group.

7.6 Influence of the Shunt Resistance on the Spectral Response of the Tandem Solar

Cell

Besides fulfilling the condition to measure the sub cell under investigation in short circuit, the bias voltage is
also used to minimize measuring artefacts due to a low Rgy. Measuring artefacts are characterized by an
increased SR in the range, where the other sub cell does absorb, and simultaneously decrease of SR in the

actual absorption range of the measured sub cell.

The following tests show the influence of the Rgy on the SR. For those tests, the hand-made silicon tandem
solar cell from Figure 4.8 is used. The cells have a low shunt resistance, when not previously isolating the
edge. To increase the shunt resistance the edges are filed off in several steps. The sub cell with the varied Rgy
is equipped with the black filter (bandpass-filter with central wavelength at 830 nm), while the other sub cell
with a constant Rgy of 1160 Q is equipped with a blue filter (bandpass-filter with central wavelength at
507 nm). Figure 7.18 and Figure 7.19 show the SR of the sub cell with varied Rgy in a tandem compound,
when biased with 505 nm. The SR of the sub cell with the blue filter is represented in Figure 7.20 and Figure
7.21.
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Figure 7.18: Tandem solar cell measured with bias light Figure 7.19: Tandem solar cell measured with bias light of
of 505 nm under variation of the Rgy of the black filtered 505 nm under variation of the Rgy of the black filtered sub
sub cell without application of bias voltage cell with bias voltage applied
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Figure 7.20: Tandem solar cell measured with bias light Figure 7.21: Tandem solar cell measured with bias light of
of 860 nm under variation of the Rgy of the black filtered 860 nm under variation of the Rgy of the black filtered sub
sub cell without application of bias voltage cell with bias voltage applied

The Rg is kept constant at 0.7 Q during the following measurements.

The values of Rg and Rgy are obtained from the illuminated I-V-curve with the help of a program, developed

in previous studies on the ZAE.

To measure the sub cell with the black filter in a tandem, it must be current limiting. However, when the
current can flow over a low Rgy, this specific sub cell cannot be current-limiting and instead the SR of the
other sub cell is measured. The measuring artefacts in Figure 7.18 can be explained by the following

considerations.

Low RSH (19 Q)

The current generated by the bias light (Ip;,s) is very high, due to not being limited by the Rgy of the sub cell
with the black filter. The current, generated by the sub cell with the black filter, is much lower than Iy;,.
Additionally, a high share of the current, generated in the black filtered sub cell, flows back over its own
shunt resistance [46]. In the absorption range of the optically biased sub cell, additional current is generated
by the monochromatic light, which is not limited by the sub cell with the black filter. Even though I, is
subtracted to obtain the SR, a high current can be measured in the absorption range of the optically biased

sub cell.

Middle Rgy (36 Q, 80 Q, 130 Q)

Ipias 1s slightly limited by the increased Rgy. The current generated in the black-filtered sub cell by
monochromatic light (I,,n,) already contributes significantly to the total current. But still, in the absorption

range of the blue-filtered sub cell, an increased current can be measured. However, the current, generated by
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the sub cell with the blue filter, is slightly limited by the Rgy of the other sub cell. The limitation increases,
the higher the Rgy of the sub cell with the black filter is.

High RSH (460Q)

Ipies 1s strongly limited by the Rgy of the black filtered sub cell. The current, additionally generated by
monochromatic light in the blue filtered sub cell, is also namely limited by the Rgsy of the sub cell with black
filter. Thus, no SR is measured in the absorption range of the blue filtered sub cell. Only in the absorption
range of the black-filtered sub cell, a current can flow. The sub cell with the black filter is current-limiting for

all wavelengths.

The SR of the black filtered cell is also measured separately. The SR of the single-junction solar cell appears
to be not influenced by the Rgy. Thus, the current generated in the black filtered sub cell in the tandem

compound is independent of its Rgy value.

When applying no bias voltage, the SR of the blue filtered sub cell is independent of the Rgy of the black
filtered sub cell. The blue filtered sub cell’s current-limiting ability is not influenced by the Rgy of the black
filtered sub cell. Only the SR of the sub cell with the low Rgy is influenced, as its blocking ability changes.
When applying bias voltage, both SR curves are influenced. The lower the Rgy of the black filtered sub cell,
the more distorted get the SR curves. However, the influence is only significant at a very low Rgy (in this
case 19 Q). Hence, when measuring the tandem solar cell with bias voltage, the error can be reduced.
A reason for the distortions of the SR in Figure 7.19 can be the blue filtered sub cell not operating close to its
Voc when optically biased, due to the current, flowing over the low Rgy of the black filtered sub cell. Thus,

the magnitude of the bias voltage is not chosen appropriately.

The bias voltage can be tuned either to minimize measuring artefacts, or to keep the sub cell under
investigation in short circuit. Both conditions can mostly not be combined at the same bias voltage [46]. The
bias voltage appropriate to reduce measuring artefacts is not further investigated. The focus is set on

measuring the object in short circuit.

The Rgy of the organic tandem solar cell under investigation is over 10* Ohm. Thus, the measurement results

are not influenced by the Rgy.

7.7 Influence of the Series Resistance on the Spectral Response of the Tandem Solar

Cell

The influence of the series resistance on the measurement of the SR can be derived from the equivalent
circuit of a tandem solar cell. In Figure 7.22, the equivalent circuit is shown without application and in Figure

7.23 with application of bias voltage in the appropriate magnitude.

Usually, the bias voltage is chosen in the magnitude of the open circuit voltage of the optically biased sub

cell. Anyway, a huge series resistance can influence the magnitude of the appropriate bias voltage.
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Figure 7.22: Equivalent circuit of a tandem solar cell Figure 7.23: Equivalent circuit of a tandem solar cell used
used for determining the influence of the series for determining the influence of the series resistance under
resistance without applying bias voltage application of bias voltage

In the following considerations the bias voltage is adjusted, to measure the SR of the tandem solar cell
without additional series resistance (0 Q). The tandem solar cell itself has a series resistance of 0.7 €, which
is considered as negligible. Subsequently, a resistance of 270 € is switched in series to the tandem solar cell.
270 Q is the magnitude of the series resistance of the organic tandem solar cell tested in chapter 7. The SR
curves for both sub cells are represented in Figure 7.24 and Figure 7.25. With an enhancement of the series
resistance, distortions of the SR are recognized. The bias voltage, appropriate for a tandem solar cell with
0 Q series resistance, is too high for a sample with a series resistance of 270 Q. As shown in Figure 7.23, the
bias voltage should have the magnitude of the open circuit voltage of the optically biased sub cell, minus the
voltage drop over the series resistance. This proposition is hard to realize, as for each wavelength of
monochromatic light, another current is generated, thus a different voltage drops over the series resistance.

Hence, the SR curve for a high series resistance is not just reduced, but also its shape is distorted.
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Figure 7.24: SR of the tandem solar cell with bias light of ~ Figure 7.25: SR of the tandem solar cell biased with bias
505 nm and application of bias voltage for two different light of 860 nm and application of bias voltage for two
magnitudes of series resistance different magnitudes of series resistance

The series resistance does not only affect the SR of the tandem solar cell, but also the SR of the single

junction solar cell. For a huge series resistance, the solar cell is not measured in short circuit, as intended to,
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but at a voltage of the magnitude of the voltage drop over the series resistance. Figure 7.26 and Figure 7.27
show the SR of both single junction solar cells, for monochromatic light intensities of 20 and 80 % for two

different magnitudes of series resistance (0 €, 270 Q).
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Figure 7.26: Influence of the series resistance on the SR Figure 7.27: Influence of the series resistance on the SR of
of the black filtered single-junction depending on the the blue filtered single-junction depending on the
monochromatic light intensity monochromatic light intensity

A higher light intensity leads to a higher current generation in the solar cell. For a significant high series
resistance, the voltage drop, and thus the measurement artefacts increase. The influences of the series
resistance are lower, when a lower current is flowing. Thus, the SR of the solar cell with high series
resistance is not as distorted, when measured with a monochromatic light intensity of 20 %, compared to

80 %.

Anyway, for the organic solar cell, tested in chapter 6 and 7, the effect of the series resistance is not
significant. The maximum current generated by the organic tandem solar cell in SR measurements is
6 - 107> A. For a series resistance of about 300 Q, the resulting voltages drop is 0.018 V. In comparison, in
the silicon tandem solar cell the maximum current in SR measurements is 2.7 - 1073 A. In this case, the
voltage dropping over a 270 Q series resistance is 0.73 V. The error due to the series resistance, when

measuring organic solar cells, is considered as negligible.

To not influence the measuring result significantly, the series resistance must be lower, the higher the current
generated in the solar cell is. It could not be taken a final statement about the value of the series resistance

allowed.
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7.8 Comparison to Data from another Measuring Arrangement

Comparison to the Measuring Arrangement at KIT

The organic solar cells from KIT are measured with the LED solar simulator under the same conditions like
the organic solar cells from I-Meet. For the single-junction solar cells, a monochromatic light of 80 %
intensity is used. The tandem solar cells are measured with bias light intensity of 80 % and monochromatic
light intensity of 20 %. The SR curves, obtained from the measuring results, are compared to the data

measured at KIT.

At KIT, the single-junction solar cells were measured with white bias light provided by a solar simulator
(Oriel Instruments / Newport Corporation). The light was focused on the sample by mirrors. Additionally, the
light of a Xe lamp was chopped and coupled into a monochromator. For measuring the tandem solar cells, the
bias light, however, was provided by an LED panel, whose intensity was tuned up until the current signal of
the tandem solar cell remained constant. Three wavelengths of bias light were possible: 470 nm, 700 nm and

780 nm. No statements were made about the irradiation of either light source.

P3HT:IC[60]BA (KIT) — = P3HT:IC[60]BA (ZAE)

PSBTBT:PC[71]BM (KIT) — = PSBTBT:PC[71]BM (ZAE)

Tandem 1 (470nm Bias) (KIT) == = Tandem 1 (470 nm Bias) (ZAE)
Tandem 1 (780nm Bias) (KIT) Tandem 1 (770 nm Bias) (ZAE)

Tandem 2 (470nm Bias) (KIT) = = Tandem 2 (470 nm Bias) (ZAE)

Tandem 2 (780nm Bias) (KIT) = = Tandem 2 (770 nm Bias) (ZAE)

0.4

0.35

0.3

0.25

0.2

SR [A/W]

0.15

0.1

0.05

400 500 600 700 800 900 1000
Wavelength [nm]

Figure 7.28: SR of two tandem solar cells and their respective single-junction solar cells measured with the
LED solar simulator and an SR measuring arrangement at KIT
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The bias light wavelengths, used at KIT for measuring the SR of the tandem solar cell, were 470 nm and
780 nm. As in the present measuring arrangement no LED group with 780 nm is available, 770 nm is taken
as bias light. For comparison purposes, 470 nm is also used as bias light, even though at the LED solar
simulator there are more appropriate wavelengths for bias light available, like for example 545 nm. For all

tandem solar cell measurements appropriate bias voltage was applied.

Figure 7.28 represents the results of both measuring arrangements and indicates the wavelengths used as bias
light. The SR of the single-junction solar cells, measured with the LED solar simulator, strongly correlate
with the results from KIT. Just in the lower wavelength range an enhancement of the SR, measured with the
LED solar simulator, can be recognized. The SR curves of the tandem solar cells, when biased with 470 nm,
also match the curves from KIT. Only the curves of the tandem solar cell, when biased with 770 nm, deviate
from the comparative values. One reason can be the different bias light wavelength. Also the fact, that the SR
measured with the LED solar simulator is enhanced in the low wavelength range, can contribute to this

deviation.

The SR curves of the tandem solar cells, when biased with 770 nm, show a kink at 545 nm. Varying the
intensities of monochromatic and bias light does not lead to elimination of the kink at 545 nm. No proper

explanation is found. Subsuming, the SR of both measuring arrangements strongly correlate.

Comparison to the Measuring Arrangement at I-Meet

The organic tandem solar cell from I-Meet is also measured at the SR and measuring arrangement at I-Meet

for comparison purposes.
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Figure 7.29: Comparison measurements taken at the SR measuring arrangement at [-Meet
with the same bias voltage and bias light wavelengths as with the LED solar simulator
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At I-Meet, there is an accredited (according to ISO/IEC 17025 (TAF)) measuring arrangement (Enlitech
QE-R) for SR and EQE available. In this measuring arrangement, a 150 W XQ lamp provides continuous
light of about 300 — 200 nm. This light is monochromatized and chopped. The signal is recorded with the
help of a lock-in amplifier. For the white bias light, a 150 W Xenon (Xe) and Quarz Tungsten Halogen
(QTH) dual-lamp source is available with different filters. Thus, also monochromatic bias light can be

provided. For the present measurement, the light sources are tuned to their maximum.

For both measurements, with the LED solar simulator and the accredited SR measuring arrangement, the
similar settings are selected. When measured with bias light of 505 nm, the bias voltage is 0.875 V and when
measured with 770 nm bias light, a bias voltage of 0.565 V is chosen. The bias lights of 505 and 770 nm are
approximated as good as possible with available filters. The filters used have their central wavelengths at

507 nm (BG 39) and at 883 nm (RG 9).

Figure 7.29 represents the SR curves of the sub cells in the organic tandem solar cell, measured with both
arrangements. The maximum of the SR of the pDPP5T-2 sub cell is 0.3 A/W when measured with the
accredited measuring arrangement, whereas a value of just 0.22 A/W is detected with the LED solar
simulator. Also the maximum SR of the PCDTBT sub cell can be enhanced from 0.14 to 0.18 A/W when
measured with the accredited measuring arrangement. However, no change in shape of curve is recognized.
Only differences in the absolute height are detected. The effects of the different bias light wavelengths are
assumed to be minor. The LED solar simulator thus is applicable for recording the shape of an SR curve of

tandem solar cells.

These observations support the assumption, that the irradiance provided by the LED solar simulator is too

low to saturate the solar cell. With a higher irradiance, a higher SR could be measured.

8 Discussion

Deviation between the Spectral Response of the Tandem and Single-Junction Solar Cells

In Figure 8.1, the SR of the tandem sub cells and the SR of the respective single-junction solar cells are
opposed. Deviations are discussed below. The tandem solar cell is illuminated with monochromatic light of
20 % and bias light of 80 % intensity. The single-junction solar cells are measured only with monochromatic

light of 80 % intensity.

One reason for the deviation between the SR of both cell types can be the different thickness of their active
layer. The optimized layer thickness in the tandem structure (PCDTBT: 70 — 80 nm, pDPP5T-2: 80 nm) is
lower than in the single-junction structure (PCDTBT: 80 nm, pDPP5T-2: 100 — 120 nm). This leads to a

lower number of absorbed photons, and thus to a decrease in SR.

Another reason for the lowered SR of the tandem solar cell is the overlap of the absorption spectra of both

sub cells in the wavelength rage from 400 up to approximately 700 nm. This overlap is shown as red-striped
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area in Figure 8.2. The photons with low wavelength are absorbed in the PCDTBT front sub cell, and do not
contribute to the current, generated by the pDPP5T-2 rear sub cell. Thus, the SR of the rear sub cell is

lowered.
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Figure 8.1: SR curves of the tandem solar cell with bias light at 505 nm and 770 nm compared to the
SR curves of the single-junction solar cells
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Figure 8.2: SR of the single-junction solar cells, Figure 8.3: Normalized SR of the two sub cells in the
indicating the lack of power for the pDPP5T-2 layer in tandem solar cell compared to the SR of the respective
the tandem structure single-junction solar cells
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Figure 8.3 shows the normalized SR of the two sub cells in the tandem solar cell and of both single-junction
solar cells. The lack of SR in the rear sub cell, due to overlap of the absorption spectra, is shown as red-
striped area as well. The current in the rear sub cell is reduced in the range where the front sub cell has its
absorption maximum. Other differences between the normalized SR curves of both cell types are minor and

can be traced back to measuring inaccuracies and morphological effects in the different cell types.

The reduction of current in the rear sub cell is also considered in the production of organic solar cells, when
current-matching the sub cells of a tandem solar cell. Figure 4.7 represents the I-V-curves of all three organic
solar cells under investigation. It is conspicuous, that the pDPP5T-2 single-junction solar cell is designed
with a higher current than the PCDTBT single-junction solar cell. This is necessary, considering the loss of

current in the pDPP5T-2 rear sub cell in a tandem structure.

Another reason for the deviation between the magnitudes of the SR of both cell types is the lack of intensity
to be provided by the LED solar simulator, when measuring the SR of the tandem solar cell. In conventional
SR measurement arrangements, the irradiance of the bias light is increased, until the SR curve remains
constant. This condition is not fulfilled, when measuring with the LED solar simulator. Tuning of the
monochromatic light intensity over 20 % for measuring the tandem solar cell is assumed to enable the

detection of higher SR values.
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Figure 8.4: SR of the blue filtered single-junction silicon Figure 8.5: SR of the black filtered single-junction silicon
solar cell irradiated with monochromatic light of 20 and solar cell irradiated with monochromatic light of 20 and
80 % intensity in comparison to the SR of the blue filtered 80 % intensity in comparison to the SR of the black filtered
sub cell in the tandem compound sub cell in the tandem compound

To prove this hypothesis, measurements are conducted with the hand-made silicon tandem solar cell. For this
cell structure, the results are not influenced by effects like overlapping absorption spectra, thickness of active

layer and morphological effects. Exactly the same cells are used for the tandem and for the single-junction
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solar cell measurements. The absorption spectra of both sub cells do not overlap. Also, the cells are placed
next to each other, and not on top of each other. Thus, the light spectrum reaching one cell is not limited by

absorption in the other cell.

Figure 8.4 and Figure 8.5 represent the SR curves for the silicon single-junction solar cells, measured with
monochromatic light intensity of 20, respectively 80 %, and the SR curves of the silicon tandem solar cell
measured with monochromatic light intensity of 20 % and bias light intensity of 80 %. The tandem cell is

measured in short circuit as well as with application of bias voltage.

Unlike when measuring the SR of an organic tandem solar cell, the bias voltage has only marginal influence

on the SR of the silicon tandem solar cell. The reason is the lower slope of the I-V-curve in the range of Isc.

Figure 8.6: Differences between SR of the sub cells in the tandem solar cell and their according
single-junction solar cells

The SR of the silicon tandem solar cell under given conditions highly correlates with the SR of the silicon
single-junction solar cell measured with monochromatic light of 20 % intensity. The SR of the silicon tandem
solar cell, however, is always lower than the SR of the silicon single-junction solar cells, when illuminated
with 80 % monochromatic light intensity. In conclusion, a huge part of the difference between the SR of the
organic tandem solar cell and the SR of the organic single-junction solar cells in Figure 8.1 can be traced

back to the difference in light intensities. Figure 8.6 demonstrates the proportion between the error due to the
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lack of light intensity (red and green), and the error due to differences in the structure (grey). When measured
with only 20 % of monochromatic light intensity, the single-junction solar cell shows a lower SR, than when
measured with 80 % intensity. As the SR of the tandem sub cells is even lower, the remaining losses are
traced back to structural differences. The proportion of both shares is approximately equal. Thus, even when
using an appropriate light intensity for the organic tandem solar cell measurement, a reduction of SR

compared to the regarding organic single-junction solar cells should be recognized.

Figure 7.29 supports the assumption that the SR measured with the LED solar simulator is lower than the

actual value.

Influence of Noise on the Spectral Response

Due to the avoidance of a chopper, the signal, especially when measuring low currents, is influenced by
noise. Figure 8.7 shows a low current, depending on the voltage. The measuring object is the organic tandem
solar cell from I-Meet, irradiated with monochromatic light of 595 nm (20 %) and bias light of 505 nm
(80 %).

The magnitude of the noise is about 2 - 107 A. The currents, generated by monochromatic plus bias light in
an organic tandem solar cell, are in the magnitude of 2- 107> A - 5- 107> A. When corrected by the current
which is generated by the bias light, the magnitude left is 2-107® A - 4- 107> A. Latter values are used for
calculation of the SR. The value of the noise is doubled, as two measuring steps, the measurement with
monochromatic plus bias light and the measurement with only bias light, are necessary to obtain the SR.
Hence, the noise can sum up to 4 - 10~7 A. For low currents, the error can account up to 20 %. For higher
SR, however, the error is decreased to 1 %. For low SR values, the error does also not gain much weight, as
its effects on the SR curve can hardly be recognized. Anyway, the error caused by noise should not be

underestimated.
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Figure 8.7: Noise when measuring small currents
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Errors due to Two-Point Contacting

Due to two-point measurement, the results are influenced by the resistance of the measuring equipment. The
resistance of the cables, the connecting box and the sample holder is determined by shorting the connection

between two contact probes by one measuring clip, like shown in Figure 8.8.

Figure 8.8: Method for determination
of the resistance of the measuring
equipment

The resistance of the whole equipment is determined to be about 0.32 Q. The measuring clip is considered as
perfect ohmic contact with no resistance. As the series resistance of the organic solar cells is approximately
between 25 (for single-junction solar cells) and 300 Q (for tandem solar cells), the error that results from the

two-point-measurement is considered negligible.

Error due to spectral bandwidth of monochromatic light

The spectrum emitted by the LEDs is not monochromatic, but just narrow. As the irradiance of the LED
spectrum is reduced to one point of spectral maximum when evaluating the results, only an averaged value of
SR over this spectral range can be determined. Thus, measurement errors can occur. For symmetric emission
spectra in combination with linear SR profiles in this range, the currents generated on both sides of the
central peak are equal and compensate. The same current is obtained, as under monochromatic beam
conditions. Regarding to investigations of the National Renewable Energy Laboratory (NREL), by a 10 nm
width of the spectrum, the same error occurs, as by a shift of the relevant wavelength by 1 nm. [47]
Regarding to [48] the error due to the spectral bandwidth stays within +2% for silicon PV, where SR is
approximately linear within spectral bandwidth. No estimations for the error in organic PV can be found in
literature. Thus, in following investigations, the error, caused by the spectral bandwidth of the LEDs, is

considered.
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The spectra, emitted by the LEDs of different wavelengths, are shown in chapter 5.1. For calibration with the
reference cell, the spectral bandwidth of the LED light is taken into account. But when applying the SR of the
organic solar cells in a diagram, the measured SR is reduced to one point of spectral maximum of the
regarding LED. An averaged value for the SR is obtained. The error due to the spectral bandwidth of the

LEDs increases for abrupt changes in SR. This is particularly the case for organic solar cells.

In Figure 8.9, the error by the spectral bandwidth for the reference cell is demonstrated. The irradiance of the
LEDs, when considered as monochromatic, compared to their irradiance under consideration of the spectral
shape is calculated for several intensities between 20 and 80 % and for the 21 available wavelengths between

400 and 1020 nm. Due to the insensitivity of the spectrometer in this range, no spectral shape can be recorded
for 1050 nm.

Equation 21 is composed of equation 8, 9 and 10.

)\max
AE(}\) _ ISC,Ref . fxmin ERI (7\) dA ISC,RefO\) (21)
K::ix Eri(A) - SRger(W)dA  SRrer(})

The deviation between both values is shown in Figure 8.9. The error bars additionally indicate the top and
bottom limit of the deviation for different light intensities. The blue line represents the mean deviation for
each wavelength. Especially at wavelengths, where the LED irradiance correlates not exactly linear with the
intensity, the error bars are large. The large error bar at 1020 nm can be reduced to the low sensitivity of the
spectrometer in this wavelength range. Thus, for 1020 and 1050 nm the irradiances without consideration of

the spectral bandwidth seem more reliable.

= ] NN T ™~

5. / Y N— N/ \

&, / 1 \

g3 /! \,
4 \
5 |
6

O MM O ANV 5 O 0 A O VO N O a0 0O L KX M O 0 & O
® R TP PTG @A AT AT SR

Wavelength [nm]

Figure 8.9: Deviation between the irradiance of the LEDs calculated with and without consideration of the spectral
bandwidth

For positive deviation, the irradiance under consideration of the spectral bandwidth exceeds the irradiance

when considering the LED radiation as monochromatic. The maximum deviation between the light irradiance
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considered as monochromatic, and considered with its spectrum, amounts 4 — 5 %. For organic solar cells,

however, a larger error is assumed, as its SR changes more abrupt than the SR of the silicon reference cell.

Errors due to Inhomogeneity of Illumination

DIN EN 60904-8 states, that the homogeneity of the illumination of the sample is especially important when
the area of the cell to be measured differ from the area of the reference cell. For the LED solar simulator, not
only the homogeneity of the irradiation is considered, but also the homogeneity of the distribution in colour.
The LED array, used in the solar simulator, is shown in Figure 4.1. The different LEDs are not equally
distributed on the array according to their wavelength. The light channel for homogenisation is only 30 cm.

Thus, the incident light is still influenced by the arrangement of the LEDs on the array.

This inhomogeneity in colour was already investigated in previous studies at the ZAE. Tests were conducted
for distances between the LED array and the sample, amounting 15, 25, and 50 cm. For 50 cm distance, the
maximum inhomogeneity is 6.31 % at a wavelength of 805 nm. The inhomogeneity of the whole spectrum is
1.25 %. For a distance of 25 cm the maximum inhomogeneity is enhanced to 27.6 % at a wavelength of
625 nm. The inhomogeneity of the whole spectrum is increased to 2.39 %. In a light channel of 30 cm length,
a maximum inhomogeneity of about 20 % is assumed. The different sizes of reference cell and test cells, as
well as incorrect positioning of the sample, can lead to errors. A longer light channel is proven to increase the

homogeneity.

Errors due to Instability of Organic Solar Cells

The stabilization of the solar cells (according to DIN EN 60904-8) is not considered. There are no reserve
cells available, and damage of the samples ought to be avoided. Anyway, organic solar cells are known to be

instable. This complicates reliable characterization.

Although the irradiation was kept constant for comparative measurements, the results can differ significantly.
Figure 8.10 and Figure 8.11 represent measurements of both organic single-junction solar cells on different

days. There are 1656 hours between Measurement 1 and Measurement 2.

All three organic solar cells degraded during the study. While the tandem solar cell and the pDPP5T-2 single-
junction solar cell show only changes in their I-V-characteristics, in the PCDTBT single-junction solar cell
also the shape of the SR curve is influenced by degradation. The changes in the SR characteristics are traced
back to morphological modifications in the active layer. Due to entry of humidity over the ZnO layer, the
crystallisation can change. The active layer consists of PCDTBT:PCBM. PCDTBT has its absorption peak at
500 nm and PCBM has its absorption peak at 250 nm. In Figure 8.11, in the second measurement an
increased absorption in the low wavelength range can be detected. That can indicate an increased absorption
in the PCBM after degradation. However, in Figure 8.10 only the magnitude of the SR differs.
Measurement 1 is taken in a measurement series with a lot of preceding measurements. This leads to light

soaking of the solar cells, as well as to heating of the sample holder. Both effects can influence the SR. With
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rising temperature, the current, and hence the SR increases. However, the light soaking affects the

characteristics more strongly. Thus, in both cases, the SR in Measurement 1 is decreased.
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Figure 8.10: pDPP5T-2 single-junction solar cell under Figure 8.11: PCDTBT single-junction solar cell under
20% monochromatic irradiation at two measuring dates 20% monochromatic irradiation at two measuring dates
lying 1656 hours apart and different pre-treatments lying 1656 hours apart and different pre-treatments

Thus, the results can be influenced in two ways by the stability of the test cells. Firstly, as the different cell
types are affected differently by degradation, it is difficult to compare their SR. The tandem solar cell
additionally is treated with UV light. UV light soaking of the PCDTBT single-junction solar cell does not
reverse the SR characteristic. Just slight improvements in the I-V-curve can be detected, when radiating

single-junction solar cells with UV light.

On the other hand, the results are influenced by preceding measurements. Compared to other PV-
technologies, the electrical properties of organic solar cells strongly depend on factors like e.g. storage and
pre-lightning [49]. So, there can be slight variations between measurements of the same cell on different

days.

Errors due to Deviations in the Irradiance of Monochromatic Light

Adjusting the same intensity for each LED group, does not mean, having the same irradiance at each
wavelength. This can lead to errors, as higher irradiances achieve higher SRs. Figure 8.12 represents the
irradiance of the LED groups at 80 % of their maximum intensity in correlation with three SR curves of

tandem solar cells affected by the deviations of monochromatic light irradiance.

No correlation between the irradiance and the SR is recognized. In [46], dips of the EQE curve at
wavelengths with higher monochromatic light irradiances are observed. These effects occur when the bias

light intensity is too low [46].

51



Discussion

==¢==|rradiance of Monochromatic Light KIT, Tandem 6 (770 nm)

KIT, Tandem 8 (770 nm) e |-Meet, Tandem (White Bias Light)
— 160 0.35
§ 140 - 0.3
= 120 ———«Af—
z 106 WX - 0.25
= N | A N —_
g - 02 3
£ s A <
2 60 | . - 0.15 &
o
® 40 - )\\ - 0.1
©
Y 2 - 0.05
g
% O T T T T T T 0
g 400 500 600 700 800 900 1000 1100

Wavelength [nm]

Figure 8.12: SR of the sub cells in the tandem structure correlated to the irradiance of monochromatic light
at the different wavelengths

Errors occur only at a wavelength of 545 nm. When measuring the tandem solar cells from KIT with a bias
light of 770 nm, a kink in the EQE curve is observed at 545 nm. Also, the SR curve of the tandem solar cell
from [-Meet, when biased with white light, exhibits a kink at 545 nm. Thus, when the irradiance of one LED
group strongly exceeds the irradiance of the LED groups at all other wavelengths, a decrease of the SR is
recognized. However, at all other wavelengths the differences in irradiance are marginal and do not influence
the SR. Also, in measurements where there is no absorption maximum in the range of 545 nm, no

measurement artefacts are recognized at this wavelength.

Other Impacts on Measurement Errors

There are six cells on each sample. Thus, six different results are obtained. In the present study, the
characteristics of the most stable cell are taken. Anyway, it is hard to distinguish the right cell for comparison
purposes. The deviations between the Isc of the cells on one substrate amount up to 72 % for the pDPP5T-2,
34 % for PCDTBT, and 21.5 % for the tandem solar cell. Even on one substrate, there are huge differences.
Thus, it is comprehensible that there are deviations between cells on two different substrates, respectively in

two different structures (single-junction structure, tandem structure).

Another source of error is the lifting stage, which has to be readjusted for every measurement. Slight

deviations cannot be avoided.

The SR curve can be inaccurate in some points, as only 22 wavelengths of monochromatic light are available.

Thus, a resolution of only 22 measuring points along the x-axis is possible.
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9 Conclusion

A novel measuring method for a solar simulator was shown with the present equipment. Influences of the
intensity of monochromatic and bias light on the SR curve of an organic tandem solar cell were shown. In
this respect it was found that higher SR values could be obtained with increasing monochromatic light
intensity. However, the bias light must be adjusted accordingly to keep the sub cell under investigation
current-limiting. Due to measurements under various conditions, the most appropriate light intensities were
investigated. The wavelength for the bias light was examined by the SR of the single-junction solar cells,
equivalent to the sub cells in the tandem solar cell. Unlike in conventional SR measuring arrangements, no
white bias light was necessary for measuring the SR of single-junction solar cells. Thus, the SR of single-
junction solar cells could be measured with just monochromatic light of high intensity. The open circuit
voltage of the single-junction solar cells was used as bias voltage in SR measurements of the tandem solar
cell. Comparisons between the SR of the tandem solar cell and the respective single-junction solar cells were
drawn. Deviations were traced back to the differences in irradiance for both measurements as well as
distinctions in structure. Assumptions were made about the sub cells of a tandem solar cell not being

saturated by the irradiance applied in the SR measurement with the LED solar simulator.

Also, characteristics of organic solar cells were taken into account for interpretation of the measurement
results. Effects of degradation, occurring in organic solar cells, were considered, as well as the importance of

bias voltage, when measuring the SR of organic tandem solar cells.

Possible influences on measuring artefacts were taken into account. A hand-made silicon tandem solar cell
was used to demonstrate the impact of the series and shunt resistance on the SR. Those parameters were

shown to not influence the SR of the tandem solar cell under investigation.

Two measuring arrangements were used to provide data for comparison purposes. The results showed
accordance with the SR curves recoded by the LED solar simulator, but also deviations in absolute
magnitude. Uncertainties occurred when the irradiance of the monochromatic light deviated between

different wavelengths.

The LED solar simulator was found a simple measuring arrangement with less components than conventional
SR measuring arrangements. With the LED solar simulator, under demonstrated restrictions, the
measurement of I-V-curves and SR-curves, especially for tandem solar cells, can be combined in one

measuring arrangement.

Suggestions of improvements are the provision of a higher irradiance by the LED array as well as a better
accordance of the irradiance at different wavelengths when tuned to the same intensity. In order to make a
stronger statement about the reliability of the magnitude of the measured SR, more different cells would need
to be investigated with the LED solar simulator as well as with an accredited SR measuring arrangement.

Automation of the SR measurement and evaluation of the data could ease further investigations.
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Appendix

Appendix

A Full Width at Half Maximum of Light Emitted by all 22 LEDs

Table 2: FWHM of the Light emitted by the
different LED groups used in the LED solar

simulator at 100 % intensity

Wavelength [nm] FWHM [nm]
400 14.5
425 18.5
460 20.5
470 24
505 38.25
545 71
595 16.5
625 21
655 23
670 21.5
690 23
710 25
730 25.5
770 26.5
800 29.5
805 27
825 29.75
860 33.75
880 31.5
915 48
1020 22.75
1050 -
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