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On Charge Carrier Density in Organic Solar Cells Obtained

via Capacitance Spectroscopy

Joachim Vollbrecht* and Viktor V. Brus*

The determination of the voltage-dependent density of free charge carriers
via capacitance spectroscopy is considered an important step in the analysis
of emerging photovoltaic technologies, such as organic and perovskite solar
cells. In particular, an intimate knowledge of the density of free charge car-
riers is required for the determination of crucial parameters such as the effec-
tive mobility, charge carrier lifetime, nongeminate recombination coefficients,
average extraction times, and competition factors. Hence, it is paramount to
verify the validity of the commonly employed approaches to obtain the den-
sity of free charge carriers. The advantages, drawbacks, and limitations of the
most common approaches are investigated in detail and strategies to miti-
gate misleading values are explored. To this end, two types of nonfullerene
organic solar cells based on a PTB7-Th:ITIC-2F blend and a PM6:Y6 blend,
respectively, are used as a case study to assess how subsequent analyses of
the nongeminate recombination dynamics depend on the chosen approach to
calculate the density of free charge carriers via capacitance spectroscopy.

1. Introduction

In the recent years, new alternatives to classical inorganic
semiconductors have garnered a lot of attention. A plethora of
applications have been reported based on organic and organic—
inorganic hybrid semiconductors, among others light emit-
ting diodes,? field effect transistors,?>=! solar cells,/®”] energy
harvesting devices,® photodiodes,”!% sensors, and wearable
electronics.'!!l For the continued improvement of these mate-
rials and the devices based on them an important first step is
to obtain the density of free charge carriers n, also commonly
known as charge carrier density. Specifically in the case of solar
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cells, an intimate knowledge of the charge
carrier density n allows—in combination
with more classical measurement tech-
niques such as current density-voltage
(J-V) curves—the quantification of crucial
parameters related to the nongeminate
recombination and extraction dynamics.
However, only integral parameters, e.g.,
electrical conductivity, impedance, open-
circuit voltage, etc., can be measured
directly by experiments. The primary chal-
lenge in more advanced analyses lies there-
fore in finding the appropriate relationship
between the measured integral param-
eters and the charge carrier density. Most
common techniques used to study charge
recombination do not require the calcula-
tion of the charge carrier density, but are
only of a qualitative nature unable to yield
quantitative figures of merit such as the
charge carrier lifetime 7, or the recom-
bination coefficient k,...">"! In addition, more advanced tech-
niques with which one can obtain quantitative results usually
are not performed on real devices under operating conditions
or do not take the voltage dependence of the recombination into
account. 1% Therefore, more in-depth analyses developed and
refined over the recent years based on a variant of impedance
spectroscopy, namely capacitance spectroscopy, have started to
find more frequent application. In part, this is due to the fact
that quantitative results for organic solar cells under operating
conditions are accessible, allowing to determine the charge car-
rier density n—and by extension parameters such as recombi-
nation coefficients k,.. or average extraction times 7.,.[""2% All
of the various analyses reported strongly rely on an accurate
determination of the charge carrier density »n via capacitance
spectroscopy. However, several different approaches to obtain
the charge carrier density have been described in the literature.
Hence, a systematic comparison of these different approaches
and a detailed assessment of their individual advantages, draw-
backs and limitations are required to enable researchers to
choose the appropriate strategy to analyze their results.

2. Results and Discussion

The different approaches that will be compared and discussed
in more detail below require capacitance measurements of the
solar cells in the dark and under illumination (100 mW cm™
AM1.5G) at applied DC biases relevant to the operation of solar
cells (Vpc =—3 to +1 V). In particular, reliable capacitance values
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Figure 1. a) General frequency dependence of the corrected capacitance C, at different applied biases V of organic solar cells. b) Idealized charge
distribution and variable, and voltage-dependent depletion width W in the active layer under the assumption of an intrinsic semiconductor. c) Energy
levels, band bending, and variable depletion width W in the active layer under the assumption of a doped semiconductor.

are necessary over a wide frequency range that also includes the
low-frequency (LF) plateau and saturated high-frequency (HF)
regime (cf. Figure 1a). The investigation of organic solar cells
employing a blend of PTB7-Th:ITIC-2F has yielded capacitance
values that fulfill the requirements for this comparative inves-
tigation, although the tested devices might exhibit moderate
power conversion efficiencies (PCE = 8.6%) by today’s stand-
ards (cf. Figures S1 and S2a, Supporting Information).!® In
addition, high performing solar cells (PCE = 14.6%) based on
the blend PM6:Y6 have also been studied via capacitance spec-
troscopy, although the saturated high-frequency regime was not
easily resolved (cf. Figure S2b, Supporting Information).!'! The
datasets already published in refs. [18,19] will be used for this
comparison. All relevant parameters for the analyses and calcu-
lations described below are listed in Table S1 (Supporting Infor-
mation), and the J-V curves of the two studied blend systems
are shown in Figure S1in the Supporting Information.

2.1. Measurement of the Capacitance in the Bulk-Heterojunction

As mentioned above, capacitance spectroscopy is a variant of
impedance spectroscopy and the reader is referred to the fol-
lowing previous studies that give an excellent introduction to
the general topic of impedance spectroscopy in the scope of
organic solar cells.2+22

Before any meaningful analysis can start, it is necessary to
take into account contributions to the measured capacitances
that are not related to the active layer. Two corrections have
to be made, namely, adjustments due to the influence of the
series resistance and due to parasitic inductance of the con-
nections to the solar cell, to obtain the capacitance of the bulk-
heterojunction Cy?’l

1 Z"” —wLig
Cb = 5 Z/ _ 2 ”_ 2 (1)
( Rseries ) + (Z wLind )

where o is the angular frequency of the AC component of
the bias, Z" and Z” are the real and imaginary components
of the measured impedance, L;,4 is the parasitic inductance of
the connected wires, and R is the series resistance of the
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solar cell. These corrections are important specifically at higher
frequencies as the contributions from the parasitic inductance
start to dominate the measured capacitance.?”) This behavior
also poses a significant challenge for the investigation of high
performing solar cells, since these devices exhibit the saturated
HF regime beyond the w = 10 MHz threshold. In such a fre-
quency range, the influence of the parasitic inductance over-
whelms the signal from the active layer and efforts to correct
the measured capacitance become increasingly less reliable.
The first effects of this phenomenon can be seen in the HF
regime of the chosen dataset for the PM6:Y6 solar cell (Figure
S2, Supporting Information).!"”]

In addition to the corrections of the capacitance, it is also
required to take precautions against the voltage loss over the
series resistance, specifically if results from the capacitance
measurements are put in relation to results obtained from |-V
characteristics. The corrected voltage can be expressed by

Vcor =V- ]'Rseries (2)

where V,,, is the corrected voltage, J is the current density, and
where R is the series resistance, which is equal to the satu-
rated differential resistance at forward bias obtained from the
J-V curve (i.e., 9V/d] = const.).2

One of the first results available from the Cy—w curves is the
geometric capacitance C,, which is the capacitance caused by
the electrodes forming a plate capacitor. When trying to deter-
mine C,, contributions due to injected and/or photogenerated
charge carriers should be minimal, which means that C, should
be frequency independent and available from the C, measure-

ments at large reverse biases (Vpc =—3 V) in the dark

£ A
Ci*(-3V)=C, = 2

3)

where g, is the vacuum permittivity, & is the relative dielec-
tric constant of the layers between the electrodes, L is the dis-
tance between the electrodes and therefore equals to the active
layer thickness, and A is the area of the electrodes.'®] A rear-
ranged version of Equation (3) has been used in the litera-
ture to determine the relative dielectric constants & of blend
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systems in bulk-heterojunctions.”! As will be discussed later
in the manuscript, it is also important to choose the correct
frequency range to determine the exact value of C,, since the
capacitance C,—even at large reverse biases—is not completely
independent of the frequency @.

2.2. Determination of the Charge Carrier Density

All approaches to determine the charge carrier density based
on capacitance spectroscopy rely on the assumption that the
free charge carriers present in the active layer, either due to
injection and/or photogeneration, cause a certain capacitance,
often called internal or chemical capacitance Cy,er,. The integra-
tion of this chemical capacitance Cger, Over the voltage is then
assumed to comprise the voltage-dependent part of the total
charge carrier density, which in this study shall be called excess
charge carrier density n,.. At this point the DC bias V will have
to be converted to the corrected voltage V.., as described in
Equation (2), since the integration over V would result in an
overestimated charge carrier density n. The second term nec-
essary to obtain the total charge carrier density is the voltage-
independent saturated charge carrier density ng,. The following
relationship can then be employed

Vo
N = Mgy + Nexe = ‘/sat ) + J Cchemd‘/cor

Veat

1
- Csat (VO - R
AL AL

excess charge carrier density

(4)

[N —
saturated charge carrier density

where A is the area of the solar cell, L is the thickness, g is
the elementary charge, Vi, is the reverse bias at which the
photocurrent density Jy, saturates, V; is the forward bias at
which the photocurrent density is equal to zero (J,, = 0), and
where Cy,, is the capacitance caused by the charge carriers ng,;
the definition of Cg,, will be discussed later in detail. So far, in
most cases the analyses stemming from capacitance spectros-
copy related the charge carrier density n to the photocurrent
density Ji, of the tested solar cells. However, an argument can
be made that the recombination dynamics of a solar cell also
equally involve injected charge carriers, which would mean
that not the photocurrent density Jp, but rather the total cur-
rent density | needs to be considered. Under open-circuit con-
ditions the current in the external circuit is equal to zero. This
situation can be interpreted in several ways. In the first case,
all injected charge carriers recombine with the photogenerated
charge carriers inside the device. In the second case, only a
part of the injected charge carriers passes through the active
layer and forms some injected current which is compensated
by the residual photocurrent causing the net total current in
the external circuit to be zero. Therefore, the recombination
current density will lie between these two values (Jop < Jrec < J)-

In addition, a study using impedance spectroscopy published
by Boix et al. in 2011 showed conclusively for P3HT:PCBM
blends that under open-circuit conditions the photogenerated
current is canceled by the recombination current in a kinetic
balance, which further allowed to establish a relationship
between the recombination current under open-circuit and
photocurrent at short-circuit conditions.[2¢!
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In this study, we will focus on analyses employing J, in
favor of brevity, but the aforementioned points should nonethe-
less be considered.

The need for ng, stems from the fact that even under high
reverse bias a certain part of the photogenerated charge car-
riers cannot be extracted and remains in the active layer. As
described by Proctor et al. in ref. [17], the lower boundary of
the integral could start from any voltage Vy as long as n(Vy)
is also known. To clarify, in this context the index X is not a
variable describing a position within the active layer, but merely
acts as a placeholder. Usually, V., is chosen as a starting point
since the generation rate should be constant and nongeminate
recombination should be negligible in the bias regime where
the photocurrent density [, saturates, which is typically at
Vit = —0. to —3.0 V.V As depicted in Equation (4), the sum of
the saturated charge carrier density ng, and the excess charge
carrier density n..—i.e., the integral of Cy,,,—then yields the
total charge carrier density n of the tested solar cell, which is
the modus operandi common for all approaches—with the
exception of method (VI)—that will be discussed below. The
distinctions between the approaches arise from the different
definitions of the chemical capacitance Cy,ep, and the saturation
capacitance Cgy.

2.2.1. Chemical Capacitance and Excess Charge Carrier Density

First, let us take a detailed look at the different approaches to
calculate the chemical capacitance Cyep,. In the first or classical
approach—as described by Garcia-Belmonte et al. in ref. [27]—
Cehem can be thought of as the difference between the capaci-
tance C, in the LF range measured under illumination and the
capacitance Cj, at large reverse bias—i.e., the saturation voltage
V—under the same illumination

Cehem = Co(1) (Veor ) — Chir) (Vaar) 5)

Note that in both datasets chosen for this comparison
Vet = =3 V and that under illumination refers to 1 Sun
(100 mW cm™ AML.5G). In principle, Ceen can be deter-
mined this way also for measurements in the dark, however
with the limitation that C.,, — 0, as we will discuss later. The
assumption for this classical approach is that any increase of
the capacitance Cy(V,,,) compared to Cy(Vs,) has to be caused
by free charge carriers in the active layer. However, as pointed
out by Brus et al. in ref. [20] the definition of Cy., shown in
Equation (5) does not take into account the capacitance Cy,
which is the voltage-dependent Maxwell displacement cur-
rent capacitance of the depletion region.2?8 The changes
of the depletion width W can be described for the case of an
intrinsic semiconductor, where voltages approaching open-
circuit conditions would result in a depletion width smaller
than the thickness of the active layer (W < d). This scenario
can be described by an idealized capacitor with parallel plates
with its “electrodes” lying within the active layer due to the
diffusion of electrons and holes from the respective electrodes
inside the active layer.?3% Similarly, a doped semiconductor
would exhibit a similar behavior due to changes in the band
bending, and thus changes of the thickness of the depletion
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layer (cf. Figure 1b,c). A mix of these two cases can be expected
in the case of bulk-heterojunctions.

Therefore, neglecting the influence of Cy would result in
an overestimation of Cg,ey and ultimately the charge carrier
density n. The relationship between C, and Cg,ey, has to be
expanded as follows

Cb:

Cchem
050 T Cu

(1+[ers]) (6)

where w is the angular frequency of the AC bias, 7 is the time
constant which determines the response of the free charge car-
riers to the AC bias and should not be mistaken for the charge
carrier lifetime 7., and 6 is an empirical parameter. Bulk-het-
erojunctions typically exhibit values for & between two cases
(0.5 < §< 2).2% Under open-circuit conditions, Equation (6) can
be used to fit the measured values of the corrected capacitance
Cy,. This can be a useful verification of the corrected capacitance
C,, especially if 7. can be determined via an independent meas-
urement, since the time constant 75 is related to the charge
carrier lifetime 7, (cf. Figures S2b and S2d, and Equations (S1)—
(S6), Supporting Information). In the case of the PM6:Y6 solar
cells, it can be concluded that the HF regime is indeed reason-
ably well resolved, since the fit of C;, results in a charge carrier
lifetime 7., comparable to the values determined via an inde-
pendent measurement (cf. Table S2, Supporting Information).

The frequency dependence of Equation (6) may result in
three distinct frequency regimes (low-, mid-, and high-fre-
quency), but as pointed out earlier, the two important regimes
for this analysis are the LF and HF ranges. In the LF regime
(w7 < 1) Equation (6) can be simplified to

Coir) = Cehem +Cut 7)
and in the HF regime (w7>> 1) it is assumed that the free charge
carriers are not able to follow the AC signal, which results in
Cehem — 0 and therefore Cyp = Cy. By rearranging Equa-
tion (7) and inserting the expression for Cy; in the HF regime
depicted previously, it is possible to determine the chemical
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capacitance Cy,em, While also correcting for the contributions of
the voltage-dependent Maxwell displacement capacitance Cy

Cenem = Coiry — Cour (8)

This frequency differential (FD) approach is therefore experi-
mentally accessible, if the saturation of C, in the HF regime
can be resolved, which is not always the case as mentioned
earlier.

A third approach was introduced by Zonno et al. in ref. [31],
where the effect of free charge carriers within the active layer
on the electric field was considered. This aspect then causes a
nonlinear electrode charge in contrast to the linear geometric
capacitance C, that is often employed, most specifically when
using the classical approach introduced by Garcia-Belmonte
discussed at the beginning of this section. However, the deter-
mination of this nonlinear behavior is not straight forward and
cannot easily be accessed experimentally. Hence, Zonno et al.
suggested instead taking the relative photogenerated excess
charge carrier density into account for the calculation of Cyepp,
which in essence is the difference between the LF capacitance
under illumination relative to the capacitance in the dark at the
same applied bias and frequency

dark
-Ciin

Cchem = Cllaizg) (9)

This photogenerated excess (PE) approach was investigated
by Zonno et al. using SCAPS simulations of an intrinsic solar
cell and experimental data of a PTB7-Th:PC;BM solar cell.B!
This approach also relates best to the photocurrent density Jp,
as it takes the difference between measurements of the capaci-
tance under illumination and in the dark.

The classical, FD, and PE approaches to determine Cy,p, for
the PTB7-Th:ITIC-2F devices are summarized and compared
in Figure 2, whereas the corresponding plots of the PM6:Y6
devices are displayed in, cf., Figure S3 in the Supporting
Information. The colored areas in the C,—V,,, plot (Figure 2a;
Figure S3a, Supporting Information) correlate directly to the
excess—i.e., voltage dependent—part of the charge carrier den-
sity and therefore visualize the integral in Equation (4).

(a) ——T—TT— (b) I s e s e (c) ax10® I
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Figure 2. a) Corrected capacitance C,, of the PTB7-Th:ITIC-2F devices under illumination and in the dark. The different colored areas correlate to the dif-
ferent excess charge carrier densities r,.. b) Chemical capacitance Cq,n, determined via the classical, frequency differential (FD), and photogenerated
excess (PE) approaches. It should be noted that for the classical approach Cgem(—3 V) = 0, which cannot be represented in the semilogarithmic plot.
c) Direct comparison of the excess charge carrier densities n,,. of the three different approaches. The corresponding plots for the PM6:Y6 device can

be found in, cf., Figure S3 in the Supporting Information.
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In direct comparison, it can be seen that in both cases the
classical approach yields the lowest excess charge carrier den-
Sity ne, at reverse bias while at the same time exhibiting the
highest n,,, at high forward bias (cf. Figure 2; Figure S3, Sup-
porting Information), which is not surprising as it will gener-
ally overestimate the capacitance at forward biases due to the
lack of corrections for the varying depletion width. Interest-
ingly, there seem to be similar trends between the studied solar
cells when comparing the FD and PE approaches. For both
devices, the ng, obtained via the FD approach is smaller than
the value obtained via the PE approach.

2.2.2. Saturated Capacitance and Charge Carrier Density

As described by Equation (4), the determination of the excess
charge carrier density n.,—i.e., the integral—is only one of the
two terms required for the calculation of the total charge carrier
density n, the yet not discussed term being the saturated charge
carrier density ng,. In most studies, the classical approach to
calculate ng, has been by a method described by Proctor et al.
in ref. [17] where the assumption is that the saturated capaci-
tance Cg, is the difference between the LF capacitance under
illumination at Vg, compared to the geometric capacitance C,.
According to the literature, the geometric capacitance C, is
defined as the LF capacitance at V,,, of the solar cell in the dark.
These assumptions yield

Coar = Ciith) (Viar) = ity (Vi) = Cofiy (Vi) = Caury (10)

Similar to Figure 2a, it is possible to visualize the product
of Cg, and the voltage range (Vo—Viy) in a C,—V,,, plot (PTB7-
Th:ITIC-2F: Figure 3a; PMG6:Y6: Figure S4a, Supporting
Information).

Specifically when the classical approach for the excess charge
carrier density ne is combined with the classical approach
for the calculation of the saturated charge carrier density ng,,,
it can be seen that the entire area below the LF capacitance
C, under illumination and at different biases contributes
to the total charge carrier density n, assuming that the geo-
metric capacitance C, is subtracted beforehand. This can be
observed for both tested devices, although the contribution of
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Ngy to the overall charge carrier density n is very small in the
case of the high performing PM6:Y6 solar cells. While these
results conceptually make sense in the framework of the clas-
sical approach, using this method of determining the saturated
charge carrier density ng, in combination with either the FD
or PE approach for calculating n, will result in overestimated
total charge carrier densities n.

To facilitate the discussion of the different approaches
addressed within this study, an overview of the relevant combi-
nations of ne and ng, is displayed in Figure 4. These relevant
approaches will now be described by their respective roman
number.

Combinations of the FD or PE approach to obtain n.,, with
the classical method to determine ng,, i.e., approach (II) or
(IIT) in Figure 4, have been frequently used in the literature
without—to the best of our knowledge—ever addressing the
potential of overestimations.'®2031 These overestimations are
visualized in Figure 3b and Figure S4b (Supporting Informa-
tion), where the area representing the product of Cg, and (Vy—
Vi) in the C—V,,, plot is magnified and the areas depicting the
excess charge carrier densities ., obtained from the classical,
FD, and PE approach are overlaid. Where there is a seamless
transition from the area related to the classical ng, to the area
related to n.,. determined via the classical approach, there are
overlaps—specifically at reverse bias—between the classical ng,
area and the n., areas obtained from the FD and PE approach.
In essence, this means that during the calculation of the total
charge carrier density n, the overlapping areas are “counted
twice,” ultimately leading to overestimations, specifically at
reverse bias. In the case of the PTB7-Th:ITIC-2F solar cells, for
the FD approach 9.19% of the classical ng,, area overlaps with
the area related to n,., whereas 49.22% of the classical ng, area
overlaps with the area related to n., when employing the PE
approach. For the PM6:Y6 devices, overestimations of 48.22%
and 31.26% can be observed, respectively (cf. Figure S4b, Sup-
porting Information). The easiest course of action would be to
simply correct the classically determined ng, by subtracting the
overlapping area, therefore making sure that there is no charge
carrier density counted twice. Instead, we opt to mitigate these
overestimations by reassessing the definition of Cg, altogether
and adapt them to the specific method used to calculate .
For the FD approach, the first correction would be to replace

(a) [ n,,. (Classical (b) [ n,,(Classical) (c) n,.(FD)
n,,, (Classical) ##7 n, . (FD) Coan
Gt B n,,(PE) [, (HFG)
[ n, (Classical) Emc
ol [= sat 9 olHF) |
= _(|5x10 Coan '_(‘ix10
e L L
o h_'n ‘_.‘o

(@) O

10%F Q

T e« C
9(HF)

-3.0 -25 -20 -15 -1.0 -05 0.0 0.5 30 25 20 -.5 1.0 -.5 0.0 -3.0 -25 -20 -15 -1.0 -05 0.0 0.5

Vcor VI Vcor V1

Figure 3. Corrected capacitance C, at different biases; the areas visualize the excess charge carrier densities ne,—i.e., the integrals of the chemical
capacitance Cepem—of the classical, FD, and PE approaches as well as the saturated charge carrier density ng,; and geometric capacitance C; obtained
via the classical and HFG methods, respectively. The corresponding plots for the PM6:Y6 device can be found in, cf., Figure S4 in the Supporting
Information.
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Figure 4. Matrix overview of the different approaches to determine the total charge carrier density n by using appropriate combinations of the excess
and saturated charge carrier densities r,. and ngy, respectively. The six relevant approaches are highlighted and are subsequently described by their
respective roman numbers. Parts of the matrix with a gray background were not considered, as they do not constitute meaningful combinations of
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the minuend in Equation (10)—i.e., Cyp)(Vear) under illumina-
tion—Dby the lowest capacitance at V,,, involved so as to remove
any overlaps. In case of the FD approach, Cy,yp)( V) under illu-
mination would be used. Additionally, the correct value for C,
is equal to the capacitance measured in the dark at high reverse
bias in the HF regime rather than the LF regime (Cyyp)(Vear) V8
Co(ury(Vsar), respectively). This can be rationalized by the still pre-
sent frequency dependence of Cy,(V,) in the dark, even though
this dependence might be very small. This frequency depend-
ence is most likely the result of parasitic effects either from free
charges or from traps. For the cases studied here, the correctly
determined value of C, will be slightly smaller than Cy,p)(Via)
in the dark. The changes due to these corrections are visualized
in Figure 3c and Figure S4c (Supporting Information); this new
method is summarized in Figure 4 under (IV). The difference
between approaches (II) and (IV) are miniscule in the case of
the PM6:Y6 solar cell, since ng, plays such a minor role in com-
parison to the excess charge carrier density n, to begin with.
In contrast, the PTB7-Th:ITIC-2F solar cells exhibit a more pro-
nounced difference between (II) and (IV) since in this case ng,
is more important with regard to the total charge carrier density
n. More advanced calculations for ng, have been proposed by
Heiber et al. that also take into account field-dependent charge
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generation and mobilities, however, they are beyond the scope
of this study since they require iterative calculations and are
therefore only mentioned here for completeness.!"l

In the case of the PE approach, the question should be posed
whether there actually exists the need for Cg,, > 0. Any photo-
generated charge carrier that is not able to reach the electrodes
should be accounted for by taking the difference between the
capacitance under illumination, which results from photo-
generated and injected charge carriers, and the capacitance in
the dark, which results only from injected charge carriers, any
parasitic effects due to traps notwithstanding. Therefore, the
appropriate correction for the PE approach would be to simply
neglect ng,; this method is summarized in Figure 4 under (V).

Furthermore, a sixth approach (VI) can be introduced, which
corrects for the voltage-dependent depletion width W and
which relates to the photocurrent density [, therefore taking
aspects of the FD and PE approaches, though it does not fit into
the matrix overview shown in Figure 4. In particular, the FD
method is used to determine the excess charge carrier density
Nexe for the illuminated device and the device in the dark, and
then the difference between these two values is taken to yield
the charge carrier density n; no saturated charge carrier density
Mgyt 18 required.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Total charge carrier densities n calculated via all relevant methods (1-V1) for a,b) the PTB7-Th:ITIC-2F solar cells and c,d) the PM6:Y6 solar cells.

This approach allows taking into account the voltage-
dependent width of the depletion region W independently
under illumination and in the dark, as opposite to approach
(ITI), avoiding possible light and light-induced elevated temper-
ature effects on the profile of unintentionally uncompensated
donor or acceptor centers in the active layer.

In total, these six relevant methods to obtain the charge
carrier density n are listed in Figure 4, where the first three
(I-III) have already been used several times in past stu
dies.[#17-20.273132] The other three methods (IV-VI) are intro-
duced to address the shortcomings mentioned earlier. The
different total charge carrier densities n resulting from these
methods for the investigated PTB7-Th:ITIC-2F and the PM6:Y6
solar cells are compared in Figure 5.

At first glance, the variations caused by the different
methods to calculate ng,; seem to be negligible, if compared
to the different approaches for the excess charge carrier den-
Sity ney. especially since the saturated charge carrier density
ney tends to linearly change n and is more than one order of
magnitude smaller than the highest determined charge car-
rier density n,,, which is found at high forward biases (cf.
Tables S3 and S4, Supporting Information). This is especially
the case for the PM6:Y6 solar cells, where the curves for (II)
and (IV) as well as for (III) and (V) are virtually identical.
However, the variations in ng, should not be ignored, specifi-
cally if the focus of the analysis lies on the device properties
at low or negative biases and/or if the studied devices exhibit
an impaired charge extraction. The variations observed for the
excess charge carrier density n.,. are more pronounced, since
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they result in different absolute values of n as well as in a dif-
ferent shape of the curves.

2.3. Influence of Varying Charge Carrier Density on Further
Analyses

To probe the influence that the differently calculated total
charge carrier densities n have on subsequent investigations,
we can repeatedly perform the quantitative analysis of the
nongeminate recombination dynamics that was introduced
in ref. [18] and is summarized again in, cf., Equations (S7)-
(S10) in the Supporting Information, taking into account the
variations of n that we have discussed previously. This type
of analysis is based on the assumption that it is possible to
describe the current density lost due to nongeminate recom-
bination, i.e., the recombination current density that we have
defined above (Jrec = Jphsar—Jph), With the help of the voltage-
dependent charge carrier density n. Other known factors such
as the charge carrier mobility u,,, and dielectric constant &
are required as well, and the reduction factor & the density
of traps in the bulk Ny, and the density of surface traps Ny,
which are important to quantify the nongeminate recombina-
tion dynamics, act as fitting parameters.'®2% The fits of the
PTB7-Th:ITIC-2F and PM6:Y6 solar cells are depicted in Fig-
ures S5 and S6 (Supporting Information). The expected dif-
ference of the aforementioned fitting parameters (&, Ny, Ni)
to reconstruct the recombination current density J,.. shall act
as an estimate of the impact of the aforementioned variations

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. Visual overview of the differences in the fitting parameters (& Ny, Ni) resulting from the variation of the approaches (I-VI) to determine

the charge carrier density n as described in Figure 4.

of n resulting from the used method (I-VI) on other analyses,
such as the calculation of the effective mobility g, the effec-
tive extraction time 7.,, as well as calculations subsequent to
the reconstruction of the recombination current density e,
like the effective charge carrier lifetime 7., the recombina-
tion coefficients k..., and the competition factor (6 = 7.,/ Tre()-
Here, we refrain from conducting all of these analyses with
the differently obtained charge carrier densities n for the sake
of brevity and clarity.

The results for the fitting parameters used to calculate the
recombination current density J,.. in Figures S5 and S6 (Sup-
porting Information) are summarized in Figure 6, while the
exact values are listed in Tables S3 and S4 (Supporting Infor-
mation). The adj. R? values may act as a figure of merit for the
quality of how the fits compare to the experimentally deter-
mined values of [, that were obtained from the J-V curves.
Several different trends can be observed. Most notably, there
is an inverse correlation between the charge carrier density at
high forward biases n,,,, and the reduction factor & This can be
expected, as a higher charge carrier density n in comparison to
the same recombination current density J,.. will ultimately lead
to the result that there is a reduced probability of bimolecular
recombination, all else being equal. This can be one explana-
tion for discrepancies of the magnitude of bimolecular recom-
bination determined via capacitance spectroscopy specifically
when using approach (I) and other, independent techniques, as
was observed for several fullerene systems and is still discussed
in the case of PM6:Y6 solar cells.[1:33]

Additionally, for the PTB7-Th:ITIC-2F solar cells, approach
(I) yields several orders of magnitude higher values for the trap
density in the bulk Ny, than all the other methods. This seems
to be a false result, as independent measurements such as light
intensity-dependent J-V curves (i.e., the slope of Voc vs In[]]
plots) and transient V¢ decay have shown that there is not any
sizeable influence of traps in the bulk.!® This illustrates how
the overestimations of the charge carrier density »n inherent to
approach (I) can yield significantly different results than the
other techniques.
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When it comes to the trap densities in the bulk or at the sur-
face (N, Ny), there seems to be no real difference in the results
for the PM6:Y6 solar cells, which should be expected for such
a high performing system that exhibited dominant bimolecular
recombination in the other, independent measurements.!"!
It should be noted that trap densities of Ny, = 10" cm™ and
Ny, = 10'° cm™2 constitute the lower boundary used in the fits.

These results cannot act as an ultimate evaluation of the
investigated methods that were used to calculate the total
charge carrier density n, since they are based only on two data-
sets. However, they can raise awareness for the dependence of
fitting parameters such as the reduction factor £ and the den-
sity of bulk traps Ny, on the used method to calculate n. As a
rule of thumb, the overestimations of the charge carrier den-
sity n due to the variable depletion width W should be avoided.
Overestimations resulting from ng, such as in approaches
(IT) and (III) should also be considered, although subsequent
analyses will be less impacted, if high performing solar cells
are investigated. On the contrary, these overestimations become
important, if the scope of the subsequent analyses lies in the
reverse bias regime. Depending on whether the HF regime can
be resolved properly and whether the determined charge carrier
density n will be put into context with the photocurrent density
Jpn Or not, either method (IV), (V), or (VI) should be chosen as
viable alternatives.

3. Conclusion

In this case study we have taken a detailed look at several dif-
ferent methods that have recently been employed to determine
the total charge carrier density n via capacitance spectroscopy
measurements. Overestimations related to the calculation of
the saturated charge carrier density ng,, have been revealed,
which—to the best of our knowledge—have yet not been dis-
cussed anywhere else. Alternative strategies to mitigate these
overestimations have been proposed and important parameters
for the nongeminate recombination dynamics were quantified

© 2020 The Authors. Published by Wiley-VCH GmbH
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and compared with each other for the dataset obtained from
PTB7-Th:ITIC-2F and PM6:Y6 solar cells as a way to assess the
influence that varying values of the total charge carrier density
n have on these parameters. In essence, the results for bimo-
lecular recombination (reduction factor &) are mostly affected
by the choice of the approach to calculate the excess charge car-
rier density n,.. Therefore, great care has to be taken to avoid
overestimations of the charge carrier density n due to the vari-
able depletion width W. In contrast, the parameters related to
trap-assisted recombination in the bulk and at the surface (bulk
trap density Ny,; surface trap density Ni) showed mostly only a
minor dependence on the chosen approaches to calculate either
Nexe OF Ngyp. In the future, the results and trends discussed in
the scope of this article may act as a guideline and as a starting
point for researchers wishing to obtain accurate values for the
charge carrier density via capacitance spectroscopy.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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