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ABSTRACT

The increase in the performance of organic solar cells observed over the past few years has reinvigorated the search for a deeper understanding
of the loss and extraction processes in this class of device. A detailed knowledge of the density of free charge carriers under different operating
conditions and illumination intensities is a prerequisite to quantify the recombination and extraction dynamics. Differential charging
techniques are a promising approach to experimentally obtain the charge carrier density under the aforementioned conditions. In particular,
the combination of transient photovoltage and photocurrent as well as impedance and capacitance spectroscopy have been successfully used in
past studies to determine the charge carrier density of organic solar cells. In this Tutorial, these experimental techniques will be discussed in
detail, highlighting fundamental principles, practical considerations, necessary corrections, advantages, drawbacks, and ultimately their limita-
tions. Relevant references introducing more advanced concepts will be provided as well. Therefore, the present Tutorial might act as an
introduction and guideline aimed at new prospective users of these techniques as well as a point of reference for more experienced researchers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0094955

I. INTRODUCTION

Considerable improvements have been made over the last few
years in the field of organic solar cells, one of the emerging, third-
generation photovoltaic technologies. Organic photovoltaics (OPV)
distinguish themselves with the potential of a low priced, solution
based, scalable production, and their applicability on lightweight,
flexible substrates, which are unique selling points of all types of
organic electronic technologies.1–5 Significant commercial potential
can be expected for organic photovoltaics, if certain thresholds in
power conversion efficiency (PCE), device stability, and production
cost are achieved. To be more specific, a study conducted by
Darling and You6 as well as a more recent cost analysis by

Guo and Min7 came to the conclusion that once OPV modules
achieve a threshold in performance of PCE � 15%, then an impact-
ful and widespread commercial adoption can be expected. This is
the case because OPV modules should exhibit significantly shorter
energy payback times compared to other types of photovoltaics. In
general, most of the organic solar cells employ a two-component
active layer in a bulk-heterojunction (BHJ) configuration, thus
yielding an interpenetrating network of acceptor and donor materi-
als with an extensive donor:acceptor (D:A) interface (cf. Fig. 1).8

The need for these two components and the D:A interface arises
from the fact that organic semiconductors exhibit comparatively
small dielectric constants of εr � 3.9,10 As a result, excitons rather
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than free charge carriers, namely, electrons and holes, are formed
after photogeneration. The energetic driving force to split the
exciton into free charge carriers is obtained at the D:A interface
owing to the differences in the energy levels of the donor and
acceptor materials. Therefore, the careful matching of the donor
and acceptor to drive the generation of free electrons and holes, but
also the efficiency to extract electrons and holes from the D:A
interface through the BHJ to their respective electrodes is of signifi-
cant relevance to the ultimate performance of the organic solar cell.

The field of organic photovoltaics has received renewed attention
due to the recent performance improvements (PCE . 18%),11–13

which can mostly be attributed to the successful use of non-fullerene
acceptors (NFAs) that were developed through continuous efforts to
replace the hitherto ubiquitous fullerene-based acceptors, such as
PCBM.14–24 In particular, solar cells based on the polymer donor
PM6 and the NFA Y6 are representative for this recent performance
increase.25–27 Yet, a detailed, in-depth understanding of the relevant
loss-processes and the extraction dynamics is necessary for further
improvements. In particular, non-geminate recombination, the
recombination of electrons and holes that do not originate from the
same exciton, has to be curtailed.28,29 In general, different non-
geminate recombination mechanisms can be categorized by the rela-
tionship of the recombination rate U(t) and the charge carrier
density n(t),

U(t) ¼ dn(t)
dt

¼ �kβn(t)
β , (1)

where kβ is the recombination coefficient and β is the recombination
order. First order recombination (β ¼ 1; k1), also commonly known
as Shockley–Read–Hall recombination, typically proceeds via trap
states deep within the bandgap.30 Second order recombination
(β ¼ 2; k2), otherwise known as bimolecular recombination, results
from direct band-to-band transitions.31 Third order recombination
(β ¼ 3; k3), or Auger recombination, typically only occurs under con-
ditions with very high charge carrier densities that are not relevant
for organic solar cells under realistic operating conditions.32,33 One
noteworthy exception is surface trap-assisted recombination, where
the combination of trap states and band bending results in (pseudo)
third order processes.34–36 In experiments, solar cells tend to exhibit
recombination mechanisms with the aforementioned three different
orders to a varying degree, depending on the type of device architec-
ture, blend system, temperature, applied voltage, illumination inten-
sity, and many other factors. Nonetheless, the charge carrier density
remains the key parameter in the theory of recombination and extrac-
tion dynamics, as evidenced by its presence in Eq. (1). Thus, mea-
surement techniques that can be used to quantitatively and accurately
determine the charge carrier density of organic solar cells under real-
istic operating conditions are a valuable tool in the detailed investiga-
tion and continued improvement of these devices.

Charge extraction techniques are a common approach to
determine the charge carrier density in solar cells.37–39 Here, the
devices are initially kept under open circuit with constant illumina-
tion and are then rapidly switched to the short-circuit (as in charge
extraction, CE) or even a reverse bias condition (as in bias-assisted
charge extraction, BACE) while at the same time the illumination is
switched off. The measured transient current can then be used to

determine the charge carrier density in the device. However, the
distinction between charge carriers present in the active layer and
other capacitive contributions can be challenging.40,41 In the case of
charge extraction measurements, the electrode capacitance can be
estimated using the device thickness and dielectric constant and is
generally not measured directly.37 One approach to make this esti-
mate is to subtract the amount of charge measured when perform-
ing the same voltage jump in the dark, starting at 0 V.39

Additionally, charge recombination during the measurement of the
current transient may impact the amount of extracted charge.
Techniques that instead measure the differential capacitance can
circumvent these issues, as they offer an avenue to distinguish
between contributions from the active layer, the transport layers,
and electrodes. In particular, transient photovoltage and transient
photocurrent (TPV/TPC) as well as impedance spectroscopy (IS)
and its variation capacitance spectroscopy (CS) are approaches that
allow to measure the capacitance resulting from the presence of
charge carriers in a solar cell. Ultimately, these techniques offer the
opportunity to convert the capacitance to the charge carrier density
under realistic operating conditions, if certain assumptions are met
and necessary corrections are made, which are presented and dis-
cussed in detail during this Tutorial.

II. CAPACITANCE CONTRIBUTIONS FROM DIFFERENT
SOURCES

Before we will discuss the aforementioned techniques, it is
important to take a detailed look at the different sources that can
contribute to the measured capacitance. The geometric capacitance
caused by the electrodes and architecture of the device resembling
a plate capacitor, and contributions from other layers, such as elec-
tron and hole transport layers, are also relevant apart from the
chemical capacitance, which is caused by the presence of free
charge carriers.

A. Chemical capacitance

The first step in the determination of the density of free
charge carriers n is to obtain the chemical capacitance Cμ caused
by the response of these charge carriers to an electrical or optical
perturbation,

Cμ ¼ qAL
dn
dV

, (2)

where q is the elementary charge, A is the device area, L is the
active layer thickness, and V is the voltage.42,43 The relationship
described in Eq. (2) is the basis for the subsequent analyses to
obtain the charge carrier density n (cf. Sec. IV). However, as we
will see throughout Sec. III, the experimental determination of Cμ

by means of TPV/TPC and IS/CS measurements is not trivial since
none of them can directly yield Cμ without considering other
capacitive contributions to the actual measurement results.

B. Geometric capacitance

The most common contributing factor to the measured capac-
itance is the geometric capacitance Cg, which depends on the type
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of electrodes, thickness, and architecture of the device under test.
However, for most solar cells, Cg can easily be determined in the
dark either at high frequencies, when the carriers within the BHJ
are unable to follow the oscillating electric field, or at a relatively
high negative bias, when all of the mobile carriers are extracted
from the active layer. In this case, the device capacitance is deter-
mined entirely by the dielectric properties of the active layer and
the device geometry,

Cg ¼ εrε0A
L

, (3)

where ε0 is the vacuum permittivity and εr is the dielectric constant
of the active layer. Although the impact of Cg on the total device
capacitance should not be neglected, it can have a relatively small
contribution in the case of higher carrier generation rates (or illu-
mination intensities), larger forward biases, as well as in devices
with high built-in voltages.44

C. Contributions from transport layers

The capacitive contributions of the other layers that are com-
monly employed in organic solar cells, such as electron and hole
transporting layers (ETL and HTL), also have to be considered.32

Typically, these transport layers can be modeled by capacitors in

series to the active layer, thus yielding a total capacitance of

Ctot ¼ 1
CETL

þ 1
CBHJ

þ 1
CHTL

� ��1

: (4)

The importance of transport layers can be showcased in an
example considering a 40 nm ZnO layer (εZnO ¼ 4:74), 80 nm
active layer (εBHJ ¼ 3), and device area of A ¼ 0:1 cm2.45 In
general, the capacitance of each transport layer can be estimated
using Eq. (3). In our example, we can expect a capacitive contribu-
tion of CBHJ ¼ 3:3 nF from the active layer and CZnO ¼ 10:5 nF
from the ZnO layer. According to Eq. (4), approximately 24% of
the total capacitance Ctot results from the ZnO layer, an amount
that cannot be ignored and must be taken into account in the sub-
sequent analysis. In most cases, a simplification of Eq. (4) is possi-
ble, if the transport layers are significantly thinner than the D:A
active layer, possess higher relative dielectric constants, and if they
are highly doped,

Ctot ¼ 1
CETL

þ 1
CBHJ

þ 1
CHTL

� ��1

� 1
CBHJ

� ��1

: (5)

Hence, the transport layers observed in isolation would yield higher

FIG. 1. Schematic depiction of an organic solar cell and its bulk-heterojunction active layer consisting of a donor polymer and acceptor small molecule. The relevant
energy levels involved in the photogeneration: (1) formation of exciton via photon absorption; (2) exciton diffusion to the donor:acceptor (D:A) interface and charge transfer
(CT) state; (3) charge separation; (4) extraction of free charge carriers to the electrodes. Basic equivalent circuit representing an organic solar cell and its current–density–
voltage plot, including the relevant figures of merit. Chemical structures of a fullerene (PCBM) and non-fullerene acceptor (Y6) and two polymer donors (P3HT, PM6).
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values in capacitance, but the reciprocal relationship that describes
capacitors in series results in the BHJ active layer capacitor domi-
nating the total measured capacitance. Nonetheless, it is important
to consider the influence on the measured capacitance of any layer
within the investigated solar cells, whether for TPV/TPC or IS/CS
measurements. This is also an aspect that might limit these tech-
niques for other types of devices, such as solar cells based on perov-
skites, which tend to exhibit significantly larger dielectric constants
and typically numerous transport and injection layers, thus making
it more challenging to isolate the capacitive contribution of the
active layer.46

III. EXPERIMENTAL TECHNIQUES

The common goal of differential charging techniques such as
TPV/TPC, IS, and CS is to measure the capacitance via a perturba-
tion of the solar cell at different operating conditions, such as dif-
ferent light intensities or applied DC-biases VDC. The solar cell can
be perturbed either via a dedicated, fast switching, probing light
source (TPV/TPC) or via application of a small AC-voltage VAC

(IS/CS). As previously discussed, the main goal is to reliably isolate
the chemical capacitance Cμ, which is caused solely by the charge
carriers in the BHJ active layer. We will discuss this in-depth in
Secs. III A–III C by determining the charge carrier density in a
high performing PM6:Y6 solar cell.

A. Transient photovoltage and photocurrent

The fundamental working principle of a TPV/TPC measure-
ment to determine the charge carrier density relies on the relation-
ship between the changes of the open-circuit voltage ΔVOC and the
charge ΔQ upon application of a small charge carrier density per-
turbation.47 Typically, this perturbation is achieved by applying a
short, probing light pulse. Several of these measurements have to
be performed at different background illuminations, including in
the dark.48

1. Setup requirements

The experimental setup to perform a combined TPV/TPC
measurement requires two light sources: one spectrally broad, con-
tinuously operated light source for the background illumination
and one fast-switching, probing light source with intensities well
below the background illumination (cf. Fig. 2). Typically, a white
LED or a solar simulator can be used for the background illumina-
tion, whereas the probing light source should either be a suffi-
ciently fast-switching LED or a laser with a sufficiently small light
intensity. The adjustment of the background and probing illumina-
tion intensity can be achieved by independently attenuating the
electrical power of the white, background LED and the
fast-switching probe LED. However, a more convenient approach is
the use of neutral density filters for both light sources (background
and probe). Thus, once the appropriate ratio between probing and
background illumination has been set, which as a rule of thumb
should be Iprobe=Ibackground , 0:1, one only needs to change the
neutral density filters during the measurements since the ratio of
background and probing light intensity should not be affected by
the neutral density filters. The solar cell and the two light sources

should be covered or placed inside a container to ensure that no
stray light can influence the measurements. A function generator
connected to the probing light source can provide the required
pulses, while the solar cell should be connected to an oscilloscope,
which is triggered by the function generator. The channel of the
oscilloscope that is connected to the solar cell should have a high

FIG. 2. Experimental setup required to measure the transient photovoltage and
transient photocurrent (TPV/TPC) of a solar cell as well as schematic depiction
how to determine the perturbation of the open-circuit voltage ΔVOC (for TPV)
and of the charge ΔQ ( for TPC) caused by the probing light source at varying
levels of background illumination.
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impedance, typically 1MΩ, for TPV measurements, and a small
impedance, typically 50Ω, for TPC measurements. Moreover, the
RC-time of the external circuit in the TPC measurement should be
smaller than that of the solar cell, to ensure that charge extraction
occurs rapidly and without any significant losses. In contrast, the
RC-time of the external circuit should be larger than that of the
solar cell during the TPV measurement, to ensure that the charges
recombine within the active layer, rather than by being extracted
into the external circuit.

It should be stressed that one TPV and one TPC measurement
have to be performed under identical background illumination and
probing intensities to obtain any meaningful results.

2. Data acquisition and modeling

The TPV measurement is performed to obtain the change of
the open-circuit voltage ΔVOC upon the increase of carrier density by
the probe light pulse. Thus, the difference from the background VOC,
which forms the relevant baseline, to the maximum of the measured
VOC during perturbation, constitutes ΔVOC, as is depicted schemati-
cally in Fig. 2 and as can been seen in the experimental results in
Fig. 3. The following equation needs to be considered:

ΔVOC ¼ VOC(tmax)� VOC(tend), (6)

where tmax is the time at which the measured open-circuit voltage
VOC reaches its maximum due to the probing pulse and tend is the
end time at which the perturbation caused by the probing pulse has
ceased and where the VOC of the background illumination is reached.
Hence, it is important to clearly resolve the baseline and the
maximum of the VOC. In the case of the TPC measurement, the goal
is to obtain the change of the charge ΔQ caused by the probe at the
same background illumination as in the TPV experiment. Here, the
measurement is performed at the short-circuit condition to monitor
the current decay following the switch-off of the probe light.49,50

Therefore, in the case of devices in which charge recombination at
the short-circuit condition is negligible, the background illumination

is not absolutely necessary for this measurement. However, it should
be noted that the oscilloscope can only measure voltages. Thus, the
measured voltage needs to be converted first to the current by divid-
ing the voltage by the known impedance of the oscilloscope channel
R ¼ 50Ω. Then, the measured increase in current caused by the per-
turbation of the probing pulse must be integrated over time to yield
ΔQ (cf. Fig. 2),

ΔQ ¼
ðtend
t0

V(t)
R

� JSCA

� �
dt, (7)

where t0 is the initial time at which the perturbation caused by the
probing pulse begins, tend is the time at which the perturbation ends,
JSC is the short-circuit current density, and A is the area of the
organic solar cell. Therefore, the measurement has to be performed in
a way that resolves both the baseline and the increased current caused
by the perturbation well enough for integration. This can be achieved
by averaging several individual measurements during data acquisition,
which is a feature offered by most oscilloscopes these days, or by
appropriately smoothing the raw data during data analysis. The
baseline should be equal to the short-circuit current for the specific
background light intensity.

Then, it is possible to calculate the differential capacitance
Cdif , once ΔVOC and ΔQ have been determined for several back-
ground illuminations and, thus, open-circuit voltages VOC. Here it
should be noted that,

Cdif VOCð Þ ¼ ΔQ
ΔVOC VOCð Þ ¼ Cμ VOCð Þ þ Cg, (8)

where Cμ is the chemical capacitance and Cg is the geometric
capacitance, as described in more detail in Sec. II B.51 As an
example, the experimental values of ΔVOC and ΔQ in Fig. 3 were
used to calculate the differential capacitance Cdif , as depicted in
Fig. 4. This data set also highlights the difficulties of maintaining a
small enough probing intensity, specifically at lower background
illuminations. On the one hand, a small probing intensity is crucial

FIG. 3. Absolute transient photovoltage (TPV) VOC-t plots and absolute transient photocurrent (TPC) (V=R)-t plots at different background illumination intensities of a
PM6:Y6 solar cell. The starting point of the perturbation is highlighted in green.
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to avoid any significant influence of the act of probing on the back-
ground conditions of the investigated solar cell. But, on the other
hand, exceedingly small probing intensities can lead to noisy data.
This is especially a problem, if the variations in light intensities are
achieved via attenuating the electrical power input of the light
sources, as was done in the aforementioned example. However, in
most cases, the integration of the capacitance over the relevant
voltage range, which is a crucial step in all of the discussed tech-
niques in this Tutorial, to obtain the charge carrier density, will
render the impact of noisy Cdif values less important (cf. Fig. 4).
Integration of the chemical capacitance Cμ is the next step to deter-
mine the charge carrier density via TPV/TPC measurements.
Therefore, it is necessary to exclude any other effects that contrib-
ute to the measured, differential capacitance Cdif . The most relevant
factor that needs to be considered is represented in Eq. (8), where
the geometric capacitance Cg is assumed to be the second compo-
nent together with the chemical capacitance Cμ. Experimentally,
the geometric capacitance Cg can be determined via the TPV/TPC
measurements by turning off the background illumination and per-
forming a measurement without background illumination
(VOC ¼ 0). In some cases, particularly for perovskite solar cells, Cg

can also be obtained from the plateau that forms at small voltages.

3. Advantages and drawbacks

Overall, TPV/TPC measurements are a straightforward
approach to determine the charge carrier density in solar cells. The
necessary components to perform these measurements (i.e., func-
tion generator, oscilloscope, light sources, and neutral density
filters) are readily available in most optoelectronic laboratories and
the financial expenses are comparatively limited. Furthermore, only
minor corrections of the differential capacitance Cdif are necessary
to obtain the charge carrier density in the subsequent data analysis.

However, this is also a limitation of the discussed technique, as
devices with more complex architectures and with a multitude of
other capacity sources cannot be easily analyzed. In addition, the
probe light source should exhibit an intensity that results in a
voltage increase in the range of V � 10mV. Therefore, TPV/TPC
measurements are only limited to investigations of solar cells in the
forward bias regime and under open-circuit conditions. Thus, the
charge carrier density under other important conditions, such as
short-circuit maximum-power, or the reverse bias regime is not
available.

B. Impedance spectroscopy

The second experimental technique to determine the charge
carrier density of a solar cell discussed in detail in this Tutorial is
impedance spectroscopy (IS). One of the first steps for any investi-
gation using IS is to build a simplified model of the tested device.
Specifically, a reliant equivalent circuit is a powerful tool to model
the electrical performance of the device. A very common equivalent
circuit model employed for solar cells is depicted in Fig. 1, consist-
ing of an ideal diode, a barrier capacitor Cb, a shunt resistance Rsh,
and a source of photogenerated charge carriers Jph in parallel as
well as a series resistance Rs. It should be noted that the barrier
capacitance Cb is equivalent to the differential capacitance Cdif

used in Sec. III A, but Cb is predominantly used in the literature
related to the determination of the charge carrier density via IS.
Hence, Cb will also be used in this Tutorial for the relevant capaci-
tance related to IS and CS. The aforementioned, relatively simple
model has been successfully employed in previous studies and is
sufficient in the context of analyzing J–V-characteristics.43,52,53

However, more complex equivalent circuits will be necessary for
some analyses based on IS as we will see later in-depth.

1. Setup requirements

Experimentally, IS measurements are performed by applying
small-amplitude perturbations in form of an AC-voltage VAC at
various applied biases VDC and background illuminations. Similar
to the TPV/TPC approach, the AC-voltage VAC must be small in
comparison to the applied DC-voltage VDC, otherwise the pertur-
bation required for the IS measurement would start to overshadow
the chosen background conditions. At the same time, an
AC-voltage VAC that is too small leads to noisy data. Typical values
chosen for the AC-voltage are in the range of VAC ¼5–40mV, as
reported in the literature.26,47,54 In contrast to TPV/TPC, the exper-
imental setup only needs one constant light source since the per-
turbations are achieved electrically (cf. Fig. 5). IS may be performed
using various types of testing equipment: LCR-meters, impedance
analyzers, or vector network analyzers. Although the measurement
theory and operation in all of these instruments differ, they usually
provide equivalent results within the measurement uncertainty
range.55 However, there are options for more specialized equipment
that focus specifically on a certain frequency range, relevant for
electrochemical reactions, batteries, solar cells, or high frequency
electronics.56–63 Most dedicated IS equipment nowadays include
software to perform the fitting of the experimental data by adjust-
ing the equivalent circuit model, which facilitates and accelerates
the data analysis. In terms of investigating organic solar cells, it is

FIG. 4. Differential capacitance Cdif of a PM6:Y6 solar cell determined via TPV/
TPC at different light intensities (and thus open-circuit voltages), as well as the
integral

Ð
CμdV . The geometric capacitance Cg determined from ΔVOC and ΔQ

in the dark is also highlighted.
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possible to employ already existing setups used for other tech-
niques, such as J–V-characteristics, which include a light source,
such as white LEDs or a solar simulator and other accessories, such
as neutral density filters or temperature control stages.64,65 It is
advisable to use short, shielded cables and a Faraday cage, specifi-
cally to improve the measurement results at higher frequencies.
One very important peculiarity of IS that is often overlooked is the
necessity to illuminate the entirety of the device, when conducting

IS measurements under illumination. J–V-measurements of solar
cells are often performed with a mask in front of the device under
test. This is done to perform the measurement with a standardized
illuminated area that is determined by the mask, not the solar cell.
Thus, the current density J is readily available during measure-
ments since the area of the mask is not dependent on the small
variations of the active area between individual devices. This prac-
tice has been implemented to exclude any edge effects that might
particularly influence the accuracy of the measured short-circuit
current density JSC, although the use of masks might also negatively
influence the accuracy of the measured VOC and FF. In general, the
measurements with masks do not significantly influence the
J–V-characteristics as long as correctly sized masks are employed
and a proper alignment is achieved.66 However, this is not the case
during the investigation of solar cells via IS measurements with
such an aforementioned mask. Effectively, one measures an illumi-
nated and a dark solar cell in parallel, if IS measurements with a
mask and, thus, a partly illuminated solar cell are performed.
Indeed, such a case could be modeled appropriately with more
complex equivalent circuits that include the distinction between
dark and illuminated parts, as depicted in Fig. 6. However, it would
still be necessary to measure the exact area of the device to deter-
mine the dark area. Therefore, it is more reasonable to simplify the
needed equivalent circuit by measuring only fully illuminated
devices. If necessary, an accurate determination of the area of a
solar cell can be achieved by photographing the device and a scale
reference with a high contrast ratio, opening the photo in a
common image manipulation software, selecting the area in ques-
tion with the color similarity selection tool, and converting the
selected pixels to a useful unit of area.

2. Fundamental principles

In general, a sinusoidal voltage signal is applied to the device
under test during an impedance measurement,

V(t) ¼ V0cos(ωt), (9)

causing a response current,

I(t) ¼ I0cos(ωt � w), (10)

where V0 and I0 are the voltage and current amplitudes, ω is the
angular frequency, and w is the phase shift between the voltage and
current signals. Now, using Euler’s sinusoidal-to-exponential trans-
formation, the frequency-dependent ratio of the voltage and
current is defined as a complex resistance, otherwise also known as
impedance,

Z ¼ V0

I0
eiw ¼ Z0 coswþ iZ0 sinw ¼ Z0 þ iZ00, (11)

where Z0 is the impedance amplitude and Z0 and Z00 are the resis-
tance (active part) and reactance (imaginary part) of the circuit,
respectively. The combination of all resistance components can be
represented through the active part Z0. In turn, the imaginary part
Z00 accounts for the capacitive and inductive contributions, such as
barrier capacitance Cb and parasitic inductance Lind (cf. Sec. III C).

FIG. 5. Experimental setup required for impedance spectroscopy measure-
ments of a solar cell as well as schematic depiction of a Nyquist plot and the
two Bode plots.
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Each of these contributions dominates the total impedance of the
device at different frequencies, with its value at various frequency
ranges and applied voltages enabling to determine individual
contributions.

3. Nyquist plots

In practice, the first step of an IS analysis relies on a Nyquist
plot, depicting the relationship between the real and imaginary
parts of the impedance. This is conceptually shown in Fig. 5 for an
organic solar cell with the simple equivalent circuit described previ-
ously. The Nyquist plot of such an ideal parallel connected
R-C-circuit resembles a semi-circle, where each point corresponds
to a certain frequency. At low frequencies and thus high Z0 values,
one can determine the sum of the series resistance Rs and shunt
resistance Rsh. Alternatively, in the middle frequency range, one
can also determine half of the shunt resistance Rsh either via the
distance from the onset to the minimum of the semi-circle over the
Z0-axis or via the absolute value of the reactance Z00 at the
minimum of the semi-circle. In addition, the capacitive elements
such as the barrier capacitance Cb are accessible at the angular fre-
quency ωmin, at which Z00 reaches its most negative value,

ωmin ¼ 1
Rsh � Cb

: (12)

Thus, it is possible to obtain values for the capacitance relevant for
the calculation of the charge carrier density via well resolved
Nyquist plots, if the relatively simple equivalent circuit model
described in Fig. 1 is sufficient for the description of the investi-
gated organic solar cell. Furthermore, the distance from the origin
of the reference system to the onset of the semi-circle indicates the
value of the series resistance Rs, which occurs at a high frequency
and, thus, low Z0 values.

4. Bode plots

Another commonly used form to display IS measurements is
via Bode plots, which are a way to specifically show the frequency
response of a tested device. Typically, two types of Bode plots are
necessary, the first showing the magnitude jZ0j and the second the
phase w in relationship with the angular frequency ω. A combined
Bode plot consisting of the lgjZ0j-lgω- and w-lgω-plots for a solar
cell with the aforementioned simple equivalent circuit is depicted
in Fig. 5. One particular advantage of Bode plots in comparison to
a Nyquist plot is that the frequency-dependent behavior is clearly
resolved. The value of the phase indicates resistive (w ¼ 0), induc-
tive (w ¼ þ90, not present in the circuit model shown in Fig. 5),
and capacitive (w ¼ �90) behavior.

5. Advanced circuit models

However, the simple equivalent circuit that has been used up
to now is often not sufficient to realistically model organic solar
cells. Hence, more elaborate equivalent circuits need to be explored,
such as the one depicted in Fig. 7. In this elaborate model, there
are three additions to the simpler model described previously. First,
the barrier capacitance Cb has been replaced by the chemical capac-
itance Cμ and the geometric capacitance Cg in a similar fashion as
described in Sec. III A, specifically Eq. (8). Second, a recombination
resistance Rrec parallel to the shunt resistance Rsh has been added,

Rrec ¼ 1
Rbm

þ 1
Rmm

þ 1
Rsf

� ��1

, (13)

where Rbm is the recombination rate of bimolecular recombination,
otherwise known as band-to-band recombination, Rmm is the
recombination rate of monomolecular recombination, otherwise
known as bulk trap-assisted recombination or Shockley–Read–Hall
recombination, and where Rsf is the recombination rate of surface
trap-assisted recombination.35 In this example, it is assumed that
these three types of recombination processes do not influence each
other and can be described in a superposition manner. The third

FIG. 6. Schematic representation of a partly and fully illuminated solar cell as well as their respective equivalent circuit models.
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FIG. 7. Equivalent circuit comprised of the series resistance Rs, shunt resistance Rsh, recombination resistance Rrec, ideal diode, geometric capacitance Cg, chemical
capacitance Cμ , and parasitic inductance Lind. The recombination resistance Rrec can be interpreted as superposition of different types of mechanisms, such as bimolecular
(bm), trap-assisted or monomolecular (mm), as well as surface trap-assisted (sf ) recombination.35 The estimation of some of the aforementioned components via a
Z0-ω-plot resulting from impedance spectroscopy measurements with different applied biases VDC in the dark and a Rdif -VDC-plot resulting from J–V-curves at different
light intensities is also shown for a PM6:Y6 solar cell.

FIG. 8. Nyquist plots at different scales and Bode plots (absolute impedance jZj-ω- and w-ω-plots) of a PM6:Y6 solar cell with different applied biases VDC in the dark.
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addition is an inductance Lind related to the parasitic inductance
caused by the connections to the device. As we will see later, the
inclusion of Lind is most relevant at higher frequencies. However,
certain proprietary IS setups can account for these parasitic effects
via initial compensation measurements.

There are other examples of equivalent circuits, where the contri-
butions of transport layers and certain types of recombination pro-
cesses are assumed to be in series with the chemical capacitance Cμ,
rather than in parallel.47,67 Transmission line equivalent circuit models
to describe the conduction of charges with ohmic contacts, lumped
circuit models, and models incorporating constant-phase-elements
(CPEs) are also frequently used in IS.57,68–70

6. Experimental results

The experimental results of an IS measurement of a PM6:Y6
solar cell are shown in Figs. 7 and 8. The Z0-ω-plot at different
applied biases VDC in the dark depicts how the series resistance Rs

can be determined from the converging Z0 values at a high angular
frequency ω. For comparison, the series resistance Rs can also be
determined via the differential resistance Rdif available from the
J–V-characteristics,

Rdif ¼ dV
dI

, (14)

where I is the current. At sufficiently high forward bias, Rdif ! Rs,
whereas at a bias of VDC ¼ 0 one can estimate Rsh and Rrec.

54,71

Indeed, as shown in the Rdif -VDC-plot at different illumination
intensities in Fig. 7, the values for the series resistance are in a
comparable range, irrespective if they were determined via IS mea-
surements or J–V-characteristics. In addition, the Nyquist and
Bode plots of the experimental data also exhibit deviations from
the previously discussed, simple model. It can be seen that the
lower frequency regions of these plots are rather noisy and do not
clearly resolve the intersection of the measured Z00 values with the
Z0-axis. However, it is still possible to determine the shunt resis-
tance Rsh and through extrapolation, the value for the barrier
capacitance Cb—as described in Eq. (12). Averaging more measure-
ments and reducing the starting angular frequency ω should better
resolve the low frequency regions. However, one has to consider
that these changes would incur a significant increase in the mea-
surement time, depending on the chosen initial frequency and the
amount of averaged data sets. Hence, a balance between measure-
ment time and resolution at lower frequencies has to be found
since extended measurement times can also cause degradation of
the tested device. The Nyquist plot in the high frequency range is
quite similar to the idealized picture in Fig. 5, although there are
still some deviations, such as Z00 . 0, which is likely linked to para-
sitic effects. The two Bode plots of the experimental data shown in
Fig. 8 deviate also from the idealized model. Specifically, the
w-ω-plot exhibits a baseline effect that shifts the data sets upward
at higher angular frequencies, which can be related to the presence
of additional capacitive contributions, such as the Maxwell dis-
placement current capacitance (cf. Sec. III C 3). In contrast, the
jZj-ω-plots coincide quite well with what would be expected from
the idealized model. The goal of IS measurements is to obtain

values for the chemical capacitance Cμ, similar to the TPV/TPC
measurements as discussed in Sec. III A. Hence, it is necessary to
choose an appropriate equivalent circuit model, which includes Cμ,
and to analyze the experimental data, which is typically presented
via a Nyquist plot or Bode plots (cf. Fig. 8). Concomitantly, the
values of the other components of the chosen equivalent circuit
will also be available, which offers further insight into the processes
and properties of the investigated organic solar cell. However, the
analysis should first be tried with a quite simple equivalent circuit
model, similar to what has been depicted in Fig. 1, to avoid the risk
of over-fitting. Each component within the equivalent circuit that
ensures a reasonable analysis of the experimental data must relate
to some physical analog, such as the resistance of a transport layer,
or the capacitance of an interlayer of the tested device, to just name
two examples. Otherwise, the results might not provide any mean-
ingful data. Furthermore, at least part of the results should be refer-
enced with independent measurements. In the case of organic solar
cells, J–V-characteristics can yield estimates for the series resistance
Rs and shunt resistance Rsh (cf. Fig. 7). The geometric capacitance
Cg can be estimated based on Eq. (3). Typically, the blends of
donor and acceptor materials tend to exhibit a relative dielectric
constant of εr � 3.9,10 The experimental data shown in Fig. 8 were
used to determine the barrier capacitance Cb via Eq. (12) for the
tested PM6:Y6 solar cell in the dark and under illumination, which
is shown in Fig. 9.

7. Advantages and drawbacks

The advantages of the IS approach are apparent when com-
paring the results of IS and TPV/TPC depicted in Figs. 4 and 9,
respectively. First, IS offers the opportunity to measure under

FIG. 9. Barrier capacitance Cb in dependence of the applied bias VDC of a
PM6:Y6 solar cell determined via IS in the dark and under simulated 1 sun illu-
mination. The determined geometric capacitance Cg is also highlighted.
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conditions other than open-circuit. Second, the data compared in
this example are less noisy for the IS approach. As we will see later,
the influence of the noise on the overall determination of the
charge carrier density is less pronounced. Overall, IS measurements
and the subsequent analyses offer a broad set of insight with regard
to the investigated devices. In the case of organic solar cells, the
charge carrier density can be determined at different applied biases
VDC and illumination intensities. Thus, more operating conditions
are available than with the TPV/TPC approach, including short-
circuit, maximum-power, and even the reverse bias regime, although
meaningful measurements in this range are more challenging. If the
IS measurements are coupled with J–V-characteristics at identical
conditions, one can obtain in-depth information on charge carrier
mobility, recombination, and extraction dynamics, as well as charge
carrier drift and diffusion lengths.54,64,72–74 Some studies have also
related IS results to the energetic disorder of the density of states and
energetic distribution of trap states in organic solar cells.75–78

However, as discussed previously, performing meaningful IS mea-
surements and analyses requires more dedicated hardware and
careful considerations than the TPV/TPC method.

C. Capacitance spectroscopy

Another approach to obtain the charge carrier density is via a
variation of IS, namely, capacitance spectroscopy (CS). The experi-
mental setup and measurement considerations are identical to IS
(cf. Sec. III B 1). However, rather than fitting the Nyquist plot, one
assumes a reasonable equivalent circuit, such as the one illustrated
in Fig. 7, and calculates the barrier capacitance Cb, including neces-
sary corrections, at different applied biases VDC, and illumination
intensities, over a large part of the frequency range. Typically, one
would at first use the IS approach discussed in Sec. III B, as it
offers a way to investigate the right equivalent circuit model
through the analysis of the Nyquist plot.

1. Fundamental principles

The barrier capacitance Cb of a solar cell is a function of fre-
quency, applied voltage, as well as illumination intensity and can
be generally represented as a sum of two terms: the charge carrier
density independent term of the geometric capacitance Cg, and a
frequency, applied voltage, and light intensity dependent term,
which is assumed to be the chemical capacitance Cμ. Thus, an anal-
ogous expression to Eq. (8) that is used in the TPV/TPC approach
can be formulated as

Cb ω, VDCð Þ ¼ Cμ ω, VDCð Þ þ Cg: (15)

However, it should be noted that Eq. (15) is only valid, if the mate-
rial of the BHJ active layer can be considered as an intrinsic semi-
conductor. In contrast, a doped system will contain additional
voltage-dependent capacitance contributions to the chemical capac-
itance Cμ, namely, the voltage-dependent Maxwell displacement
current capacitance of the depletion region CM, as described in
more detail in the literature.54 The value of the geometric capaci-
tance Cg can be obtained via the methods discussed in Sec. II B
and verified via Eq. (3) since the dielectric constant should not sig-
nificantly deviate from the expected value of εr � 3.9,10

2. Additional corrections

For a standard organic solar cell, the capacitive contribution is
dominant over the inductive contribution across a wide measurement
range, up to high angular frequencies of ω � 1MHz. This is also
clearly visible in the w-ω-plot depicted in Fig. 8, where a phase shift
of w � �90� indicates dominant capacitive contributions. In such a

FIG. 10. Barrier capacitance Cb of a PM6:Y6 solar cell in the dark (Fig. 8) cal-
culated via Eq. (16) from the frequency dependence of the impedance and at a
constant applied bias of VDC ¼ 0:8 V for different values of the series resistance
Rs (top) and parasitic inductance Lind (bottom). The Z0-ω-plot in Fig. 7 reveals a
series resistance of Rs ¼ 17Ω (top, red dashed dots), while the initial compen-
sation measurement of the vector analyzer accounted for the parasitic induc-
tance (Lind ¼ 0).
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case, taking into account the effects of series resistance and parasitic
inductance in the circuit, the barrier capacitance is given by67

Cb ¼ � 1
ω

Z00 � ωLind
(Z0 � Rs)

2 þ (Z00 � ωLind)
2

� �
: (16)

As is highlighted in Fig. 10, the precise determination of the series
resistance Rs and parasitic inductance Lind is quite important in
extracting the correct Cb spectrum. In this example, a PM6:Y6 solar
cell was measured in the dark at an applied bias of VDC ¼ 0:8V. It is
obvious that the series resistance Rs has a significant influence on the
calculated barrier capacitance Cb, specifically in the mid angular fre-
quency range of ω ¼ 103 � 106 Hz, which is of crucial importance
for the subsequent analyses. The parasitic inductance, in contrast,
only exhibits a notable effect on that specific angular frequency range,
if for this example unreasonably high values are selected
(Lind . 10�5 H). However, the parasitic inductance has a stronger
influence on the barrier capacitance Cb at high angular frequencies
(ω . 106 Hz). It should be noted that in this example the initial com-
pensation measurement of the used vector analyzer accounted for the
parasitic inductance of the connecting cables.

3. Experimental results

The dependence of the barrier capacitance Cb on the applied
bias VDC, the angular frequency ω, and the light intensity is
depicted in contour plots for a comparatively high performing
PM6:Y6 solar cell in the dark and under 1 sun illumination (cf.
Fig. 11). This experimental example shows the importance of
selecting the correct frequency range to determine the capacitance
Cb. In the shown example, a frequency range close to
ω ¼ 105 Hz is the best choice since lower frequencies will be
subject to noisy data and to negative capacitance values, which are
likely related to the presence of traps.79–82 At larger frequencies, Cb

decreases since not all charge carriers in the device are able to
follow the applied AC-signal. Hence, as a rule of thumb, one
should search for the frequency range where the barrier capacitance
Cb exhibits a plateau throughout all applied biases VDC and illumi-
nation intensities. The Cb-ω-plots in Fig. 11 reveal that this rule of
thumb is adhered to at an angular frequency of ω ¼ 105 Hz.
Furthermore, the Cb-VDC-plots in Fig. 11 show the deviations
incurred by the different choices of the angular frequency ω. In
comparison to the chosen angular frequency of ω ¼ 105 Hz, lower
and higher angular frequencies tend to underestimate Cb,

FIG. 11. Barrier capacitance Cb in dependence of the applied voltage VDC and the angular frequency ω for a PM6:Y6 solar cell in the dark and under 1 sun illumination.
Areas with undefined values (e.g., Cb , 0) are denoted in gray.
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specifically at forward biases. This observation is the case for mea-
surements in the dark as well as under 1 sun illumination. These
differences have a significant influence on the ultimately calculated
charge carrier density, since according to Eq. (15) the barrier
capacitance Cb is directly linked to the chemical capacitance Cμ.
Thus, choosing the angular frequency incorrectly would lead to
underestimated charge carrier densities, specifically at forward
biases. Finally, the selection of the frequency range for determina-
tion of Cb is important in terms of the RC-limitation, as the respec-
tive RC-time inversely relates to the cutoff frequency of the
impedance measurement for the studied system.

It is possible to directly measure Cb-VDC-plots at a specifically
chosen angular frequency ω and most experimental setups offer
this option. Such an approach can yield faster measurements in
comparison to the exploration of a broad frequency range.
However, a correct frequency has to be chosen (typically one where
Cb is constant), otherwise this would result in an incorrect chemi-
cal capacitance Cμ. More sophisticated interpretations of the rela-
tionship between the chemical capacitance Cμ and the barrier
capacitance Cb include the aforementioned voltage-dependent
capacitance CM, which becomes important in situations, where the
depletion width is smaller than the active layer or in case of
doping. Further details about these more complex models, which
can be used to fit the Cb-ω-plots, and the decreasing capacitance at
higher frequencies, can be found in the literature.54,83 In general,
great care has to be taken in the selection of the relevant angular
frequency and a VDC-ω-Cb-plot is a good, exploratory tool in this
endeavor.

Low performing solar cells tend to exhibit the aforementioned
plateau of Cb values at lower angular frequencies.24,57,83 This is
likely linked to reduced carrier mobilities and/or low carrier life-
times, which can cause a so-called carrier freeze-out, particularly
for thick devices.84 Moreover, it can happen that there is a wide
range of applied biases VDC at which comparatively high Cb values
can be observed, mostly in the measurement of the illuminated
device, but also in the dark. This exemplifies a problem related to
the determination of the geometric capacitance Cg and chemical
capacitance Cμ that can cause problems in low performing organic
solar cells. First, even at a small reverse bias in the dark, the
Cb-ω-plot can imply the presence of charge carriers in the device,
thus not being a reasonable estimate for Cg. Second, at a small
reverse bias under illumination, similar Cb values can be measured
in comparison to the forward bias regime. Hence, it also implies
the presence of a substantial amount of photogenerated charge car-
riers at small reverse bias under illumination (cf. Sec. IV B). Either
the charges are not extracted and remain in the device, even at
reverse bias, or there is another source for the comparatively large
barrier capacitance Cb, such as trap states. One potential remedy
for this problem is to measure the barrier capacitance Cb at sub-
stantially larger reverse biases (e.g., VDC � �3V) in hopes of
reaching a point where the supposedly not extracted charge carriers
are finally extracted. However, increased reverse bias values entail
the risk of degrading the tested solar cells. Analyzing the measured
Cb-data may still lead to an inaccurate estimate of the chemical
capacitance Cμ, by interpreting the large Cb values purely as result-
ing from charge carriers, which leads to overestimated charge
carrier densities. Hence, CS can come to its measurement limits for

low performing devices, something that has also been observed in
the TPV/TPC approach.85

4. Advantages and drawbacks

In summary, the CS approach complements analyses based on
IS that were discussed in Sec. III B and offers more in-depth
insight, specifically in relation to the capacitance properties of the
tested solar cells. CS relies heavily on the correct choice of the
equivalent circuit, thus requiring IS measurements beforehand.
However, once the validity of an equivalent circuit model for a type
of device has been established, the CS approach can yield quicker
results with similar accuracy.43

IV. DETERMINATION OF THE CHARGE CARRIER
DENSITY

Once the chemical capacitance Cμ has been determined,
regardless whether via TPV/TPC or IS/CS measurements, it is pos-
sible to calculate the charge carrier density according to Eq. (2).
However, previous studies related to IS/CS have brought up the
question, whether the total charge carrier density ntot has to
include contributions from voltage independent sources as well. In
general, a voltage independent, saturated charge carrier density nsat
and a voltage-dependent, excess charge carrier density nexc(V) were
postulated in these studies.43,54,64,83 The total charge carrier density
ntot would then be defined as

ntot Vð Þ ¼ nsat þ nexc Vð Þ: (17)

A. Excess charge carrier density

The excess charge carrier density nexc can be obtained from
the fundamental relationship between the charge carrier density
and the chemical capacitance as described in Eq. (2),

nexc Vð Þ ¼ 1
qAL

ð
Cμ dV : (18)

It is still up for debate whether Eq. (18) alone describes the excess
charge carrier density with sufficient accuracy for devices under
illumination when analyzing IS/CS measurements. Some studies
suggest to take the excess charge carriers for the device in the dark
into account by subtracting it from the values for the device under
illumination (i.e., n ¼ nlight � ndark), while in other studies this
aspect is not explicitly considered.83,86 Moreover, the boundary
conditions for the integration depicted in Eq. (18) have to be speci-
fied. In the case of TPV/TPC measurements, the lower boundary
will be a voltage of V ¼ 0, which coincides with the measurement
in the dark, which is necessary to determine the geometric capaci-
tance Cg. The upper bound will be equal to the highest open-circuit
voltage VOC that should have been obtained under the conditions
with the highest background illumination, resulting in the following
relationship:

nexc VOCð Þ ¼ 1
qAL

ðVOC

0
Cμ dVOC: (19)
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The integration shown in Eq. (19) is, in general, performed over
open-circuit voltages VOC since this is the only condition at which
TPV/TPC measurements can be performed.

In the case of IS/CS measurements, the selection of the
boundaries is more complex. The upper boundary typically is the
open-circuit voltage VOC, but it conceivably can be even higher, if
measurements with applied biases beyond the open-circuit voltage
(VDC . VOC) were performed. This case usually occurs at lower
illumination intensities. As a rule of thumb, the lowest applied bias
VDC measured should be chosen as the lower boundary. Hence, the
lower boundary condition can extend into the reverse bias since it
is possible to measure IS/CS at VDC , 0. This bias is also com-
monly referred to as the saturation voltage Vsat at which the capaci-
tance should converge to the geometric capacitance Cg when
measured in the dark.43 Another unique property of the IS/CS
approach in comparison to the TPV/TPC approach is that not only
measurements at open-circuit conditions can be performed. Hence,
the influence of the series resistance Rs on the voltage has to be
taken into account. The correction of the applied bias is usually
important in the scope of J–V-characteristic, but the same
approach can be used for IS/CS measurements as well. In general,
it is assumed that a part of the applied bias VDC is lost over the
series resistance Rs. This effect can be corrected as follows:

Vcor ¼ VDC � J � Rs, (20)

where J is the current density and Vcor is the corrected voltage.
Therefore, the integration of the chemical capacitance Cμ that is
necessary to calculate the excess charge carrier density has to be
performed after the applied bias VDC has been converted to the
corrected voltage Vcor. Thus, the following variation of Eq. (18) is
appropriate for IS/CS:

nexc Vcorð Þ ¼ 1
qAL

ðVOC

Vsat

Cμ dVcor: (21)

Whether VDC or Vcor is used during the integration can yield dif-
ferent results, as shown in Fig. 12. In this example, the excess
charge carrier density of a high performing PM6:Y6 solar cell is
determined either by integrating over VDC or Vcor. There is no sig-
nificant difference in the determined excess charge carrier densities
nexc between the two approaches at lower voltages. However, the
n(Vcor) values are up to 14% smaller than their respective n(VDC)
counterparts at voltages between maximum-power and open-circuit
conditions. This is caused by the pronounced change in current
density in this voltage region. It should be noted that these devia-
tions are exacerbated with increasing values of the series resistance
Rs, which typically render the aforementioned corrections more
important for low performing devices. Such corrections are not
necessary, if the TPV/TPC approach was used to determine the
chemical capacitance Cμ since the series resistance Rs does not have
any influence on the value of the open-circuit voltage VOC. This
fact can be easily understood, if one considers Eq. (20) under open-
circuit conditions, where the current-density should approach
J ¼ 0.

B. Saturated charge carrier density

The second contributing factor to the total charge carrier
density is the voltage independent saturated charge carrier density
nsat, which can be calculated in the simplest way via the difference
in capacitance at reasonably high reverse bias (Vsat � �1V) in the
dark and under illumination,

nsat ¼ 1
qAL

� Clight(Vsat)� Cdark(Vsat)
� �� ΔV , (22)

where ΔV ¼ V0 � Vsat, and where V0 is the built-in voltage.43 This
saturated capacitance (Csat ¼ Clight � Cdark) should not be confused
with the geometric capacitance Cg discussed in detail in Sec. II B.83

FIG. 12. Comparison of the chemical capacitance Cμ plotted against the
applied bias VDC or the corrected voltage Vcor for a PM6:Y6 solar cell under 1
sun illumination. The influence of the different Cμ-V -plots on the excess charge
carrier density nexc is shown as well, including the relative changes δ.
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There exist more complex approaches that use an iterative process
to calculate the saturated charge carrier density nsat.

73 However, as
shown in the literature, how and whether nsat is calculated at all
usually is of less importance for the investigation of solar cell prop-
erties in the forward bias regime, specifically if high performing
systems are chosen. This is the case, because the chemical capaci-
tance Cμ and the excess charge carrier density nexc are significantly
larger in relation to the saturated capacitance Csat and the saturated
charge carrier density nsat for high performing devices.83 Thus, the

total charge carrier density and excess charge carrier density can be
assumed to be approximately equal (ntot � nexc) most of the time,
as is the case in the current example of a PM6:Y6 device.
Nonetheless, the role of the saturated charge carrier density nsat has
been mentioned here for completeness.

C. Direct comparison of techniques

The different techniques discussed in this Tutorial, namely,
TPV/TPC, IS, and CS, were applied to the same solar cells in an
effort to gauge whether there are any significant differences in the
subsequently determined charge carrier densities (cf. Fig. 13). A
PM6:Y6 solar cell (PCE ¼ 14:7%) representing high performing
devices and a P3HT:PCBM solar cell (PCE ¼ 4:2%) representing
low performing devices were compared. In particular, the PM6:Y6
solar cell was studied via TPV/TPC (based on the data in Fig. 4), IS
(based on the data in Fig. 9), and CS (based on the data in Fig. 11),
whereas a comparison between TPV/TPC and IS for a P3HT:
PCBM solar cell at open-circuit conditions was carried out in a pre-
vious study by Nakano et al.47 The main results of this study are
highlighted here as well. As can be seen, TPV/TPC, IS, and CS
yield comparable results for the charge carrier density at open-
circuit conditions for different light intensities. However, the IS/CS
technique results in more data points beyond open-circuit condi-
tions, which cannot be obtained via TPV/TPC, thus offering more
insight with regard to the properties of the devices.

Additionally, experimental methods such as CE and BACE (cf.
Sec. I) as well as computational approaches such as drift-diffusion
simulations could be used as further verification. However, this is
beyond the scope of the present Tutorial.

V. CONCLUSIONS

In conclusion, different types of differential charging measure-
ment techniques, namely, TPV/TPC, IS, and CS, have been
explored in detail with regard to their ability to determine the
charge carrier density of organic solar cells. In general, both tech-
niques rely on the measurement of the capacitance related to the
presence of charge carriers in the investigated device, which can be
obtained via an optical (TPV/TPC) or electrical (IS/CS) perturba-
tion. The discussed approaches yield comparable values for the
charge carrier density, as demonstrated for a high performing PM6:
Y6 solar cell, which also replicates previous studies that performed
a similar comparison for a P3HT:PCBM device. However, TPV/
TPC is only limited to open-circuit conditions. Thus, other points
of interest, such as short-circuit, maximum-power, or reverse bias,
cannot be investigated with this technique. Also, parasitic effects or
contributions from other layers cannot easily be modeled and cor-
rected, although this should not have a significant effect in the
investigation of high performing organic solar cells. On the other
hand, TPV/TPC measurements have the advantage that they only
rely on standard equipment that should be available in most opto-
electronic laboratories, which makes it an ideal method for initial
tests to determine the charge carrier density.

The other investigated approaches, namely, IS and CS, usually
require dedicated equipment to obtain meaningful results. In addi-
tion, specifically the development of detailed equivalent circuit
models and initial compensation measurements are necessary to

FIG. 13. Comparison of the charge carrier density n determined via TPV/TPC
(orange triangles), IS (red circles under open-circuit), and CS (green diamonds
under open-circuit) for a solar cell based on PM6:Y6 and P3HT:PCBM.47

Charge carrier densities n determined via capacitance spectroscopy under other
conditions than open-circuit are depicted by the blue colored lines for the PM6:
Y6 device.
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minimize the influence of parasitic effects and other contributing
factors. In contrast to TPV/TPC, IS and CS offer more opportuni-
ties for a direct comparison with other, independent measurement
results, such as in the case of the series resistance or shunt resis-
tance. Furthermore, IS and CS can be performed at a multitude of
applied biases, thus enabling the determination of the charge
carrier density at open-circuit, short-circuit, maximum-power, and
reverse bias. In addition, frequency-resolved measurements are pos-
sible, which can reveal more sophisticated aspects, such as the
influence of trap states or the Maxwell displacement current capaci-
tance of the depletion region. For instance, the combination of IS/
CS with J–V-characteristics is a powerful tool, which can yield sub-
stantial insight with regard to the recombination and extraction
dynamics of organic solar cells. However, great care is necessary
when the fundamental IS/CS measurements are performed, other-
wise parasitic effects, oversimplified models, or erroneous analyses
can yield meaningless results and lead to false conclusions.

In summary, differential charging techniques are a great
approach to quantify the charge carrier density of organic solar
cells under realistic operating conditions. TPV/TPC can be catego-
rized as the beginner friendly option, whereas IS/CS can yield more
detailed results at the cost of specialized equipment and more
complex data acquisition and analysis.
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APPENDIX A: DEVICE FABRICATION

The devices were fabricated on pre-etched ITO glass, following
a routine cleaning procedure in Hellmanex, de-ionized water,
acetone, and isopropyl alcohol. A 30 nm thick PEDOT:PSS film
was spin-coated and annealed at 150 �C for 20 min in air to act as
a hole-transporting layer. To obtain a PM6:Y6 solar cell, PM6
donor polymer was mixed with Y6 non-fullerene acceptor at the
1:1.2 weight ratio and dissolved in chloroform with 0.5% of chloro-
naphthalene. After spin-coating in a nitrogen glovebox, the sample
with the approximate active layer thickness of 100 nm was annealed
at 110 �C for 10 min. Prior to thermal evaporation of the Ag
(100 nm) electrode, a 10 nm thick PDINO layer was spin-coated in
nitrogen to act as an electron-transporting layer. After active layer

spin-coating in a nitrogen glovebox, a combination of LiF (0.8 nm)
and Al (100 nm) was thermally evaporated to act as a cathode.

APPENDIX B: TRANSIENT PHOTOVOLTAGE AND
PHOTOCURRENT MEASUREMENTS

The combined TPV/TPC measurements were performed
using an EKSPLA NT242 pulsed laser (at 532 nm), white light
background LED illumination, and an Agilent DSO9054H high-
definition oscilloscope with an input impedance of 1 MΩ for TPV
and 50Ω for TPC measurements. To improve the TPV measure-
ment, input impedance values as high as 1.5 TΩ have previously
been used.87

APPENDIX C: IMPEDANCE MEASUREMENTS

The impedance measurements were performed using a
Keysight E5061B Vector Network Analyzer. Prior to the measure-
ments, the tool was calibrated using a 85032E Type N calibration
kit. This was followed by the tool compensation procedure using
the “Open,” “Short,” and “50Ω” measurements at the device con-
nection fixture. The measurements were performed in the fre-
quency range from 50 Hz to 10MHz. During the measurement, the
devices were illuminated by a white-light LED array providing the
required intensity.
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