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The efficiency of organic solar cells has increased significantly in the recent years due to the continued
improvement in material properties, including the charge carrier mobilities within the bulk hetero-
junction. However, common strategies to measure the mobility of electrons and holes, such as the
space-charge-limited-current approach, rely on purpose-made single carrier diodes, which are operated
in the injection regime. Alternatively, impedance spectroscopy measurements can yield an effective
mobility as well as a photoconductance mobility for solar cells under realistic operating conditions.
There exist various theoretical interpretations that relate the experimentally determined values of the
effective mobility with the mobility of the individual charge carriers (ie. electrons and holes).
Furthermore, the relationship between the effective and photoconductance mobility has not been
clarified yet. This study shows how the effective and photoconductance mobilities can be combined in a
system of equations to calculate the individual mobilities of the faster and slower carriers. Finally, these
considerations are applied to determine individual carrier mobilities in several blend systems, including
fullerene-based P3HT:PCgoBM solar cells, as well as non-fullerene devices based on PM6:Y11-N4,
PM6:Y5, PPDT2FBT:Y6, PM6:Y11, PM6:N4, and PM6:Y6. These results were validated with mobility values

rsc.li/energy-advances

1. Introduction

The field of organic solar cells has experienced significant
improvements in recent years. 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. There is a
considerable commercial potential for OPVs, if certain thresh-
olds in device stability, power conversion efficiency (PCE >
15%) and production cost are achieved.®” One of these afore-
mentioned thresholds has recently been exceeded in laboratory
scale devices (PCE > 19%),%"* which can mostly be attributed
to the successful use of non-fullerene acceptors (NFA) that were
developed through continuous efforts to replace the hitherto
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obtained via the space-charge-limited-current approach.

ubiquitous fullerene-based acceptors, such as PCgBM."**
In particular, solar cells based on the polymer donor PM6
and the NFA Y6 are representative of this recent performance
increase.>®”*” Furthermore, numerous different synthetic stra-
tegies have been employed and investigated in search for viable
NFAs in the past.”®® Organic solar cells typically have a two-
component active layer in a bulk-heterojunction (BHJ) configu-
ration, consisting of a donor and acceptor material with a large
donor-acceptor (D:A) interface (cf Fig. 1).** The need for this
configuration arises due to the small dielectric constant of
organic semiconductors (¢, & 3), which leads to the formation
of bound excitons.***® The excitons can split into free charge
carriers at the D:A interface, owing to the energy level differ-
ences. Matching these different energy levels at the D:A inter-
face is critical for the efficient generation and extraction of free
electrons and holes, which affects the overall performance of
the organic solar cell. It is a common approach to treat the BHJ
active layer as an effective medium, and some device charac-
terization analyses operate on the basis of an effective charge
carrier mobility u.g that replaces individual mobilities of
electrons and holes.’” The need for dedicated, single carrier
diodes to determine the mobilities of the individual carriers
through space-charge-limited-current (SCLC) measurements,
which have to be studied at voltages that are outside of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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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. Chemical structures of the
polymer donors PM6, PPDT2FBT, and P3HT as well as the small molecule acceptors Y5, Y6, N4, PCgoBM, Y11, and Y11-N4.

typical operating range of solar cells, can be avoided by this
strategy. Moreover, the effective mobility p.¢ has been success-
fully used for the quantification of recombination and extrac-
tion dynamics.*®?°

The experimentally attainable effective mobility pcgf of charge
carriers in organic solar cells has hitherto been referred to as a
mean value between the slower and faster carrier mobilities
(ttmin and fima).>” This study provides an overview of the
various descriptions of the effective mobility and proposes a
combination of experimental measurements which yield rele-
vant mobility values, followed by the investigation of different
types of blend systems over a wide range of light intensities.
Devices with active layers based on P3HT:PC4,BM, PM6:Y11-N4,
PM6:Y5, PPDT2FBT:Y6, PM6:Y11, PM6:N4, and PM6:Y6, the
latter with varying electron transport layers and thicknesses
(¢f Fig. 1 and Fig. S1 in the ESIY), were investigated, demon-
strating the general applicability of the aforementioned
approach.

2. Fundamental principles

Measuring individual carrier mobilities in complete solar cells
at operating conditions poses a significant challenge, since

© 2023 The Author(s). Published by the Royal Society of Chemistry

injection/extraction and transport of both negative and positive
charge carriers occur simultaneously. Let us consider the total
current density in a solar cell in the presence of an electric field
as the sum of the current densities resulting from the move-
ment of electrons and holes:

Jiot =Jn +Jp = q~n-,u,,-E + q'p':up'Ey (1)

where g is the elementary charge, E is the electric field within
the active layer, n and p are the charge carrier densities for
electrons and holes, and u,, are the respective mobilities.
Considering the relationship of the average charge carrier
density n,, = n = p, which is relevant for higher light intensities
when the excess carrier density significantly exceeds the dark
carrier density, the following expression can be obtained:

]tot = q'E'nav'(,un + ﬂp) = Zq’E’nav’,ueff: (2)

where the effective mobility is introduced due to the inability to
distinguish between the faster and slower carrier mobilities.
As suggested by eqn (2), the effective mobility encompasses the
transport properties of both charge carriers; its relationship
to the individual carrier mobilities remains at the focus of
numerous studies. Experimentally the effective mobility can be
accessed by taking into account the relationship of the current
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density J, charge carrier density n,,, and the internal voltage Vi,
under steady-state conditions:

oo 1 J L 1 J L
P =5 =y (3)
2 qhay Vim 2 qhay (VOC - Vcor)
=p _Eg-1

where vy, is the charge carrier velocity, E is the electric field
within the active layer, g is the elementary charge, L is the active
layer thickness, Voc is the open-circuit voltage, and V.o, is the
applied voltage corrected for the series resistance Rs (Veor =
Vapp — J-Rs).>**° The current density / and the associated
internal voltage Vi, can be easily obtained via standard J-V-
characteristics. In contrast, the determination of the charge
carrier density n,, relies on more sophisticated measurement
techniques, such as charge extraction, transient photovoltage/
photocurrent, or impedance/capacitance spectroscopy.*®
Nevertheless, the necessary values to calculate the effective
mobility according to eqn (3) can be obtained for solar cells
under realistic operating conditions. Notably, determination of
the effective mobility is not possible in the vicinity of the open-
circuit voltage due to the denominator in eqn (3) approaching
zero. Under the assumption of the equality between the excess
electron and hole densities, as well as in absence of strong
doping and dark charge injection, the sum of the electron and
hole mobilities at the open-circuit condition can be obtained
from the device quasi-steady-state photoconductivity opp."’
Specifically, the relationship between the photoconductance
Gpn and the charge carrier density n gives:

O'ph _ L-Gph

ﬂph:ﬂn—‘—ﬂp:—

- 4
g A 4)

where i, is the photoconductance mobility, g is the elemen-
tary charge, A is the active area, and L is the active layer

! btain:
7 we obtain:

__ L o _ Lo 5)
B = A ndy ~ g nov’

thickness. Furthermore, with Gy, =

which, upon comparison with eqn (3), results in the equivalence:
Hph = Zﬂg)f?); [6)

under the condition that QJ/0V = J/Vin. and p, = . Thus, eqn (6)
relies on the approximation of the j-V-curve at V = Vi,
(or V = Voc); the relationship is not applicable beyond these
voltages. Nonetheless, eqn (6) is important, since the effective
mobility pf is not defined at Vg, as can be seen by the
numerator (J = 0) and the denominator (Vi,c = 0) in eqn (3).
Therefore, in previous studies ugt (Voc) was obtained via linear
interpolation or extrapolation of the experimentally determined
values of ucif at voltages close to open-circuit, or was left
undetermined under these conditions.*®*°

The relationship between the effective mobility and inde-
pendently measured carrier mobilities has been previously
rationalised in terms of the encounter limited and morphology
dependent recombination models, which represent the bi-
molecular carrier recombination coefficient k as a function of
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mobility.*® As such, depending on the size of the domains
within a bulk heterojunction, k has been found to correlate with
an arithmetic, harmonic, or geometric mean of the individual
carrier mobilities. For the detailed description of this topic we
refer the reader to more dedicated review articles.’”*® In the
framework of this paper, we focus on the various definitions of
the effective mobility in terms of the respective means of the
electron and hole mobilities.

One fundamental interpretation of the effective mobility
relies on the harmonic mean of u, and p,:

har __ 2'“”“[) ) (7)

Here, it is assumed that under steady state conditions the flux
of electrons leaving the device must be the same as the flux of
holes.”® Importantly, the combination of the definition of the
effective mobility via the harmonic mean (23 and the photo-
conductance mobility up, depicted above (cf eqn (4)) allows
determining the individual mobilities of the two types of charge
carriers. This is possible, since there are now two unknown
variables, namely u, and p,, and two equations. Instead of y,
and p,, the variables pmax and uni, are chosen, since the
suggested method does not allow to identify the type of charge
carrier. The solution of the proposed system of equations

yields:
ar 1 ar
= 3 {uph + \/ Hpn (Hpn — 208 )] 7 (8)

har har

1
Hinin = 5 |::uph — A/ Hph (ﬂph = 2pefy )} : (©)

Hence, if the proposed relationship between the effective
mobility 1§ and the photoconductance mobility s, is reliable,
it should be possible, according to eqn (8) and (9), to calculate
the maximum and minimum mobility (u},;"‘éx and ui}';‘i;) for an
appropriately tested solar cell.

Another interpretation of the effective mobility in relation to
the individual mobilities of the two types of charge carriers is

based on their geometric mean:>°~>?

ﬂugl?fo = \/:un : :up' (10)

In this case, the solutions to the system of equations to
determine the maximum and minimum mobilities have to be
adjusted accordingly. Thus, the respective expressions for
individual mobilities change as follows:

1 / 2
ﬂﬁf:x = E |::uph + .uph2 - 4.“5?170 :| ) (11)
geo 1 2 4 geo2 12
Himin = 5 th - 'uph = Fler |- ( )

There also exist empirical estimates for the effective mobility,
which put a more significant weight on the smaller carrier
mobility:>®

emp __

Hegr = ”maxo'4 : :uminlb' (13)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ratio of the hole and electron mobility u/ .

The different interpretations of the photoconductance and
effective mobility in relationship to the different ratios of s,/
U, are depicted in Fig. 2. In the plots shown in Fig. 2(a),
different values for w, and u, have been used to calculate ppp,
ular, i, and uSEP, respectively. However, it should be noted
that space-charge effects that can have an influence particularly
once significantly imbalanced mobilities are present, have not
been considered in these examples.

One of the obvious aspects that is shared by all the afore-
mentioned definitions of the effective mobility is that they are
all equal to the value of the individual mobilities in the
presence of balanced charge transport (tieg = tt, = fi,). This also
highlights the need for the factor “2” for the harmonic case,
because otherwise the harmonic effective mobility ule‘fafr would
converge to half of the individual mobilities.** Furthermore,
the effective mobilities all follow, to a varying extent, the
smaller individual mobility umi,, as should be expected from
the equations listed above. In particular, the harmonic and
empirical effective mobilities (ulf" and uSEP) exhibit rather
similar values throughout the different mobility ratios u,/p,.
In contrast, the geometric effective mobility p&§ shows more
pronounced deviations to the other two types of definitions of
the effective mobility, specifically at more imbalanced ratios of
Up/ln. Under such conditions, the geometric effective mobility
w8 yields values that are noticeably larger than the minimum
mobility umin. In Fig. 2(b), the ratios between the photoconduc-
tance mobility u,, as described in eqn (4) and the various
definitions of the effective mobility (i.e. phar g emP,
¢f: eqn (7), (10) and (13), respectively) are visualized at different
mobility ratios ,/u,. The case of a linear relationship between
the photoconductance and effective mobility (upn = 2ueif, f.
eqn (6)) has also been included in form of the horizontal, dash-
dotted line. This visualization also depicts the convergence
of all the different definitions for the balanced mobilities
(tp/up, = 1). In addition, Fig. 2(b) shows the necessary ratios
Of pph/Hegr tO ObtaIN fimin and umax via the relationships derived
in eqn (8) and (9) for the harmonic definition as well as the
relationships derived in eqn (11) and (12) for the geometric

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Different definitions of the effective mobility p¢ and photoconductance mobility upn as well as (b) the resulting ratio ppn/pes in relation to the

definition of the effective mobility. No results can be expected
for the individual mobilities, if the ratio ppn/ues < 2, regardless
of what exact definition is chosen for the effective mobility.
As we will see later, there are several experimental examples,
for which ppn/pesr < 2 is the case, leading to undefined pmin
and fimax-

3. Results and discussion

In this study, nine different organic solar cells were investigated
over a wide range of light intensities to test the hypothesis
presented above in Section 2. Namely, solar cells based on
P3HT:PC4,BM, PM6:Y11-N4, PM6:Y5, PPDT2FBT:Y6, PM6:Y11,
PM6:N4, and PM6:Y6, the latter with varying electron transport
layers and thicknesses, were fabricated (cf. Fig. 1). The photo-
voltaic parameters of the tested devices, including the open-
circuit voltage Voc, the short-circuit current density Jsc, the fill
factor FF, and power conversion efficiency PCE under 1 sun
illumination as well as the BHJ thickness L, are listed in
Table 1. The effective mobilities at varying light intensities
and applied biases were obtained from the measured jJ-V-
characteristics and charge carrier densities using eqn (3). The
latter were determined, as described in more detail in the ESI, ¥
via the capacitance spectra extracted from the impedance
measurements (¢f. Section S13 and S$23 in the ESIf).*>*°

Table 1 Photovoltaic parameters obtained from the J—V-characteristics
and active layer thickness of the studied solar cells in order of their PCE

Solar cell Voc (mV) Jsc (Am™?) FF PCE (%) L (nm)
P3HT:PCsoBM 725.0 72.3 0.6245 3.27 90
PM6:Y11-N4 835.5 155.0 0.6179 8.00 80
PM6:Y5 973.5 164.0 0.5301 8.46 100
PPDT2FBT:Y6 685.7 263.4 0.5763 10.41 80
PM6:Y11 863.1 250.7 0.5253 11.37 90
PM6:N4 779.5 234.2 0.6550 11.96 110
PM6:Y6 (PDINO) 815.3 258.4 0.6788 14.30 100
PM6:Y6 (PDINO) 825.5 272.0 0.6476 14.54 90
PM6:Y6 (PDINN) 815.9 270.9 0.7044 15.57 100

Energy Adv., 2023, 2,1390-1398 | 1393
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Fig. 3 Experimentally determined values for ppn (black squares; cf. eqn (4)) and peif (Voc) (red circles; cf. eqn (3)) for a PM6:Y6 and a PM6:Y11-N4
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geo

cf. eqn (8) and (9); udwx. uivin: orange dash-dots, cf. egn (11) and (12)). The electron (u,: blue) and hole (u,: red) SCLC mobilities are shown as horizontal
lines due to the unknown charge carrier density at which they were measured. Results for other investigated devices can be found in the ESI+ (cf. Fig. S1).

The effective mobility under the open-circuit condition u&F (Voc)
was obtained via linear interpolation of the experimentally
determined values of ugff at voltages close to open circuit, since
according to eqn (3), peif (Voc) is not directly accessible.
To determine the photoconductance mobilities at open circuit
by means of eqn (4), the real part of the device low-frequency
admittance (also known as quasi-steady-state photoconductance
Gpn) and the impedance-derived carrier density n were
employed.*>*” The results for PM6:Y6 (PDINO, L = 100 nm)
and PM6:Y11-N4 in Fig. 3 serve well as a representation for the
overall trends exhibited by the other blends (¢f. Fig. S1 in the
ESIt). The values of the photoconductance mobility u,, (black
squares) and the interpolated values of uff (Voc) (red circles), as
well as other derived mobilities, are all visualized. Quite surpris-
ingly, a relatively good agreement between the effective mobility
at open circuit and half of the photoconductance mobility
(1eff (Voc) = 0.5up,) was observed over a relatively wide range
of charge carrier densities, which according to eqn (6) implies
rather balanced electron and hole mobilities (¢f. Fig. S1 of the
ESIt). The only exception to this trend was PM6:N4, where a
noticeable divergence at lower charge carrier densities is evident.

The values of u'% and ul3% (green dots) as well as (559, and
&t (orange dash-dots) for the studied blends were calculated
by inserting the experimentally determined pp, and g either
into eqn (8) and (9) or into eqn (11) and (12). The first set of
equations is used, if the experimentally determined effective
mobility uif is interpreted as the harmonic mean and the
second set of equations is used, if ucyf is interpreted as the
geometric mean. Interestingly, in case of the PM6:Y6 device,
neither of these assumptions provided a continuous range of
Umax and umin values, as it was possible to obtain finite values
only for a few data points. One explanation for this observation
could be the relatively balanced charge carrier mobilities
under the employed measurement conditions; then, even small
deviations caused by measurement noise could push the ratio
below the threshold of upn/pesr < 2. Indeed, rather balanced

1394 | Energy Adv,, 2023, 2,1390-1398

mobilities have been reported for the PM6:Y6 blend.”*
In contrast, for the PM6:Y11-N4 solar cell it was possible to
obtain finite values for both pax and pmi, at low to medium
light intensities (¢f Fig. 3). In all cases where umax and fimin
could be obtained (ie. pupn/ttesr = 2), a greater imbalance
between the individual mobilities was calculated when using
K& in comparison to 43 This observation is in agreement
with Fig. 2(b), where a given ratio upp/ptegr would result in a more
imbalanced ratio p,/u,, if ugf was used rather than ubar,
Interestingly, this line of reasoning also means that a hypothe-
tical calculation of umin and fimax based on pég® (¢f Fig. 2)
should yield even smaller ratios of w,/n, compared to the
approach relying on p§".

All studied blends can be divided into two categories exem-
plified by the two cells in Fig. 3. Specifically, the PM6:Y5,
PM6:Y11, and various PM6:Y6 devices are comparable to the
PM6:Y6 solar cell discussed in detail above, whereas the
P3HT:PC¢,BM, PM6:N4, and PPDT2FBT:Y6 solar cells are com-
parable to the PM6:Y11-N4 device (¢f. Fig. S1 in the ESI{). The
first category of blends only sporadically yielded finite values
for umax and pmin, while the latter category consistently yielded
them, especially at lower charge carrier densities.

The individual mobilities of the studied blends determined
via the SCLC method for single carrier diodes were added to
Fig. 3 and Fig. S1 in the ESIT as a reference in the form of
horizontal lines (u,: blue; u,: red). In general, SCLC mobilities
are assumed to be obtained at charge carrier densities of n ~
10'-10"® em™>.°° In case of the PM6:Y6 device shown in
Fig. 3(a), the SCLC mobilities (1, = 1.3 x 107* em®> V"' s7%;
1y = 8.4 x 10°* ecm® V™' s7") are generally larger than the
minimum and maximum mobilities determined via the har-
monic and geometric approach at a charge carrier density of
n=10" cm ™ (UM% =58 x 10° em? V' s 4P = 1.3 x
107 em? Vs 8 =46 x 107 em? Vs p8S% = 1.4 x
107" em® V' s7"). These deviations are not too surprising
as only a few data points yielded finite values of pmin and gmax.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table2 Mobility ratios determined from the experimental methods in this study and reference mobilities for the studied blends. The reference mobilities

were determined via the SCLC method

har geo ref
<M> (@> ref 21 1 ref 21 1 <m)

Blend i i Umin (cm* V71 s71) Umax (cm” V717 i Ref.
P3HT:PC¢,BM 1.94-34.94 2.57-339.61 2.0 x 1074 3.0 x 1072 15.0 56 and 57
PM6:Y11-N4 2.46-45.73 3.65-568.07 0.4 x 1074 2.5 x 10°* 6.25 $20
PM6:Y5 1.59-2.69 1.93-4.17 3.3 x107* 7.3 x 1074 2.1 S21
PPDT2FBT:Y6 1.41-2.68 1.63-4.15 1.5 x 1074 3.5 x 10°* 2.3 S22
PM6:Y11 2.45 3.62 1.2 x 1074 1.6 x 1074 1.3 S23
PM6:N4 3.71-89.66 6.78-2098.70 0.1 x 1074 1.6 x 1074 16.0 58
PM6:Y6 1.68-3.52 2.09-6.27 1.3 x 107* 8.4 x 10°* 6.5 58

However, in case of the PM6:Y11-N4 device shown in Fig. 3(b),
the SCLC mobilities (u, = 4.0 x 107° cm®> V' s7%
tp=2.5 x 10~ * em® V_' s') more or less match the minimum
and maximum mobilities determined via the harmonic and
geometric approach at a charge carrier density of n = 10" cm ™3
(uhar = 6.5 x 10 ° ecm® V' 7% b = 1.6 x 10 P em? V' s
P80 =48 x 10 °em?V sl 8 =1.8 x 10 *em? v s ).
Depending on the chosen charge carrier density, the reference
SCLC mobilities of the other blend systems also show a reason-
able agreement with the different determined values for min
and fimax (¢f Fig. S1 in the ESIt), with the exception of the
P3HT:PC¢,BM solar cell, where the SCLC mobilities exceed the
determined values for pyi, and pmax. The values for pmin, tmax,
and their ratios are listed in Table 2 for all investigated
blend systems; the reference SCLC mobilities can be found in
Section S24 of the ESI.T It turns out that the SCLC derived ratios
for P3HT:PC¢BM, PM6:Y5, PPDT2FBT:Y6, PM6:Y11-N4, and
PM6:N4 match well with the ratios determined via the harmo-
nic and geometric approaches. In contrast, the SCLC derived
ratios for PM6:Y6 and PM6:Y11 diverge from the ratios deter-
mined by the harmonic and geometric approach to a varying
degree, which as mentioned previously might be caused by the
few data points yielding finite values of ymin and fmax-

We note that mobilities reported in the literature for blends
of organic semiconductors are generally determined via the
SCLC technique, which relies on specifically fabricated single-
carrier diodes that do not function as a solar cell and are
typically operated at larger applied voltages. Thus, deviations
between the SCLC derived parameters and the values deter-
mined in the scope of this study can also be caused by the
difference in the applied conditions.>®

Nonetheless, the observed agreement for most studied
blend systems between the reference mobility ratios measured
via SCLC and the ratios obtained via the effective mobility/
photoconductance mobility analysis presented in this study has
an important implication, validating these approaches relative
to each other. It must be noted that the respective charge
carrier densities, at which the mobilities are determined for
both methods are quite close. Although the presented approach
is unable to distinguish the sign of the faster/slower charge
carriers, it allows both determining the values of pin and pmax
and checking if carrier mobilities are balanced (in which case
peit = 0.5 ppn applies). As a result, this provides a new way to
determine individual carrier mobilities in functioning solar

© 2023 The Author(s). Published by the Royal Society of Chemistry

cells at operating conditions, as well as rationalising the device
performance due to a potentially present mobility imbalance.

4. Conclusions

In summary, we employed impedance spectroscopy measure-
ments in a series of organic solar cells with different blend
systems to determine both the effective and photoconductance
mobilities (uesr and pupp). Furthermore, we demonstrated
the possibility to determine the slower and faster mobilities
(4min and pimax) by solving systems of equations for pee and fipp.
For the studied solar cells, the values for pupin, ftmax, and their
ratio obtained by this approach match for the most part with
the individual electron and hole mobilities, and their ratios,
measured independently via the SCLC technique. The determi-
nation of finite values for i, and gmax in a continuous range
of light intensities was possible in the blends with higher
mobility imbalance. In contrast, for the blends with rather
balanced mobilities, finite values of i, and pmax could not
be obtained continuously. Importantly, this condition corre-
sponds to the relationship between the effective and photo-
conductance mobilities: peif ~ 0.5 ppn. This opens up an
avenue to determine the effective mobility for such systems
under open-circuit conditions without relying on interpolation
or extrapolation.
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