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Transport Resistance Dominates the Fill Factor Losses in

Record Organic Solar Cells

Chen Wang, Roderick C. I. MacKenzie, Uli Wiirfel, Dieter Neher, Thomas Kirchartz,

Carsten Deibel,* and Maria Saladina*

Organic photovoltaics (OPV) are a promising solar cell technology well-suited
to mass production using roll-to-roll processes. The efficiency of lab-scale
solar cells has exceeded 20% and considerable attention is currently being
given to understanding and minimizing the remaining loss mechanisms
preventing higher efficiencies. While recent efficiency improvements are
partly owed to reducing non-radiative recombination losses at open circuit,
the low fill factor (FF) due to a significant transport resistance is becoming the
Achilles heel of OPV. The term transport resistance refers to a voltage and
light intensity-dependent charge collection loss in low-mobility materials. In
this perspective, it is demonstrated that even the highest efficiency organic
solar cells (OSCs) reported to-date have significant performance losses that
can be attributed to transport resistance and that lead to high FF losses. A
closer look at the transport resistance and the material properties influencing
it is provided. How to experimentally characterize and quantify the transport

they must cover the lion’s share of
electricity generation in future soci-
eties if carbon dioxide emission is to be
minimized.['l While silicon solar cells are
the economically dominant technology,
emerging mass-production-compatible
technologies are being actively investi-
gated in both academia and industry.
Among the emerging photovoltaic tech-
nologies, OPV requires the lowest mate-
rial volume to almost fully absorb sun-
light, and also offers the largest choice in
material systems. Due to its low weight
and the ability to tune the absorption
spectrum to match the solar spectrum,
OPV is currently considered for appli-
cations such as building-integrated

resistance is described by providing easy to follow instructions. Furthermore,
the causes and theory behind transport resistance are detailed. In particular,
the relevant figures of merit (FoMs) and different viewpoints on the transport
resistance are integrated. Finally, we outline strategies that can be followed to
minimize these charge collection losses in future solar cells.

1. Introduction

Photovoltaics are becoming an increasingly important contribu-
tion to the global electricity supply. In combination with wind,

photovoltaics  and  agrivoltaics.[>

Recently, OSCs have made significant
progress in efficiencies, primarily due
to the development of highly absorbing
non-fullerene acceptor (NFA) molecules.
This development has been vital as it has
led to progress in mitigating two ma-
jor loss mechanisms, namely the high
voltage losses at open circuit and insufficient photocurrent col-
lection. The most significant remaining drawback of OPV mate-
rial systems is that the charge carrier mobilities are significantly
lower than in many inorganic solar cell materials. For instance,
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the difference to crystalline silicon is 6 to 7 orders of magnitude.
While the absorber layers can be very thin (100 nm or less) due to
the high absorption coefficient of organic semiconductors, a con-
sequence of the low mobilities is that the absorber layers have to
be as thin to collect all photogenerated charge carriers. Neverthe-
less, despite the reduced thickness, charge carrier collection is
still imperfect and a major loss mechanism leading to a reduced
FF.

Imperfect charge carrier transport within the absorber layer es-
sentially causes a resistance thatis related to the density of charge
carriers and that is therefore a function of both voltage and light
intensity (i.e., the two factors that affect the charge carrier den-
sity). This resistance of the absorber layer is typically referred to
as a transport resistance as it is caused by the finite conductivity
of the absorber rather than the series resistance of other layers
such as the electrodes.l>!

A closer look reveals that even in the most efficient cells (i.e.,
freshly prepared “hero” cells) — where non-radiative voltage losses
attracted most community attention and are regarded as the pri-
mary factor limiting efficiency compared to the radiative limit for
single junction solar cells — transport resistance losses are also
very significant. As an example we consider the single junction
OSC with one of the highest certified efficiency values for binary
donor-acceptor blends of 19.1%, published in March 2024.11°)
The FF of these record cells, with an average (in-house measured)
power conversion efficiency (PCE) of 19.3%, is 79.6%. From the
data provided, we estimated!®! the pseudo-FF — the FF of the solar
cell if it had neither internal (transport) nor external series resistance
losses at all — to be 87.4%. The difference of 7.8 percentage points
is due to transport resistance losses even in these fresh record
solar cells.

In general, i) even for fresh record OSCs the transport resis-
tance is an important loss mechanism, and ii) when operating
OSCs for a longer time, a performance drop dominated by a FF
loss is often observed, which is due to an increase in transport
resistance.['!] Tt is therefore very important to understand the
transport resistance as it significantly affects the performance
and longevity of OSCs.

When considering how to quantify transport losses, re-
searchers face a specific problem related to the breakdown of the
superposition principle.[*?! The superposition principle refers to
the idea that the current-voltage (JV) curve of a solar cell can
be separated into a term for recombination that is equivalent to
the dark current and one term with opposite sign for the pho-
togenerated current. In solar cells where transport losses in the
absorber layer are significant, the recombination current will be-
come a strong function of how quickly the carriers are extracted.
The faster the extraction happens, the lower the concentration of
charge carriers will be at any given point on the JV curve. Lower
carrier concentration will result in lower recombination rates.
Thus, one has to identify ways modifying the analytical equa-
tion of the JV curve to include both a voltage and light intensity
dependent modification to the recombination current.

As mentioned earlier, one way to account for transport losses is
to think of slow charge transport as an internal resistance within
the material that makes it harder for charge carriers to move.
Figure 1 illustrates this effect by comparing two JV curves — one
with transport losses and one without. The latter represents a hy-
pothetical device where charge extraction occurs immediately af-
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Figure 1. Current-voltage characteristics of a solar cell with and without
transport resistance, with the shaded areas indicating the maximum out-
put power. Transport resistance causes a voltage drop, AV,,, which flattens
the slope of the curve (corresponding to an increase in the apparent ide-
ality factor) and leads to additional FF losses.

ter photogeneration. Similar to the external series resistance, the
transport resistance causes a voltage drop (AV,,) that reduces the
slope of the JV curve and lowers the FF. The term transport re-
sistance losses refers to the effect of AV, on the JV character-
istics. This voltage drop can be quantified by comparing the JV
curves at the same current density.[*! Unlike a constant series re-
sistance, however, the transport resistance depends on conductiv-
ity, which varies with charge carrier concentration. Consequently,
the conductivity decreases when moving along the JV curve
from open circuit to short circuit. This makes transport-induced
voltage losses more significant (see Figure 4 in Section 3). As
a result, transport resistance influences the entire JV curve —
impacting the slope near both open-circuit and zero applied
voltage.[814]

In the absence of transport losses, the JV curve only de-
pends on recombination and its slope is inversely proportional
to the recombination ideality factor (ny). When transport losses
are present, the slope decreases due to low conductivity. We
parametrize this change through the apparent ideality factor
(1,pp) Which accounts for both recombination and charge trans-
port. The two JV curves can be characterized by their fill factors:
FF corresponding to the real solar cell that includes transport
losses, and the pseudo-fill factor, pFF, describing a hypotheti-
cal device where transport losses are absent. The difference be-
tween these fill factors represents the loss due to transport resis-
tance. Rather than understanding this as a voltage loss, alterna-
tively the fill factor difference can be seen as additional recom-
bination caused by slow charge transport. Both viewpoints have
merit, and independent of the perspective, understanding trans-
port loss requires a thorough understanding of transport and
recombination.
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Figure 2. a) Parameters nyy, /5., and V. of various OSCs plotted as a function of their respective PCE. b) Different types of FF versus PCE of solar cells,
the cityscape line represents the binning of assembled data. The respective types of losses are indicated by vertical dashed lines. c) Estimated transport
resistance loss, pFF — FF, versus PCE, the grey dashed line shows the correlation. d) Comparison of pFF and FF in OSCs (PCE > 19%) based on different
donor-acceptor blends. The FF upper limit (solid line) was determined using the Green Equation (1) with ny = 1.

1.1. Structure of the Review

After having briefly introduced the voltage drop due to a low con-
ductivity of the active layer, in the following Section 2 we want
to highlight to the reader that even the best OSCs are typically
limited by transport resistance losses. To demonstrate this, we
performed a literature review on wide range of relatively recently
published devices, for each device we estimated the FF losses
due to the transport resistance. To give a qualitative impression
of how transport resistance limits the FF, we visualize its effect
in Section 3. The detailed theoretical background will be pro-
vided in Section 4, also paving the way to understand the later
sections. The experimental determination of the transport resis-
tance is described with instructions that can be easily followed
(Section 5). FoMs can provide a quick way to determine whether
a solar cell has low conductivity at a given light intensity and is
therefore limited by transport resistance. We will discuss differ-
ent FoMs and what we can learn from each of them in Section 6.
It is very important to highlight that the voltage loss described
up to here is one way to understand charge extraction losses, but
there are other ways to express the same information: in Sec-
tion 7, we present two additional facets of transport resistance
losses, the “photoshunt” and the current loss due to additional
recombination of slow charge carriers. Other factors in addition
to recombination and transport resistance can also influence the
FF, in Section 8 we will briefly highlight two of these effects: i)
electric field-dependent photogeneration (also known as gemi-
nate recombination); and ii) recombination with injected charge
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carriers. Finally, we will discuss strategies to minimize FF loss
due to transport resistance (Section 9).

2. The Largest Fill Factor Loss is Due to the
Transport Resistance

In this section, we analyze how the transport resistance influ-
ences the FF and PCE of actual OSCs. We assembled data of
the key parameters reflecting the transport and recombination
in solar cells based on 125 publications, with 390 devices made
from over 40 diverse photoactive material systems.[!*1>-138] The
year of publication ranges from 2015-2024, and the PCE varies
from less than 5% to over 20%, covering a few fullerene-based
and many NFA-based systems. We collected the reported solar
cell parameters such as the open-circuit voltage (V,), the short-
circuit current density (J.), FF, PCE, and ny (from the suns-V,
measurements,[3%)) and determined estimates for the transport
resistance loss using a theoretical framework described further
below. Through this section’s meta-review, we could gain insights
into ways to reduce transport resistance losses that will be dis-
cussed in Section 9.

The solar cell parameters V., ], and n,y are shown in
Figure 2a with respect to the PCE of all assembled devices. V.
is concentrated in the range of 0.8-0.9 V for high-efficiency de-
vices, which is likely determined by the energy level alignment
of current state-of-the-art donor—acceptor combinations. The im-
provement in PCE was accompanied by a substantial increase in
J<» due to the development of highly absorbing narrow bandgap
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NFAs. One contribution to the higher performance is indicated
by the continuous decrease of the diode ideality factor n,y toward
unity. Since charge carrier losses in OSCs are dominated by trap-
assisted recombination, % this change implies that the tail states
that are present in the recent record devices are less deep and,
therefore, less detrimental.

One primary remaining parameter is the FF, which is affected
by several loss mechanisms, including singlet exciton losses by
repopulation, geminate recombination, non-geminate recombi-
nation, and transport resistance losses.[*11140141l The FF can be
estimated using the empirical Green equation,!'*?!

Voc — 1n(voc + 072)
Ve +1

FF = where

; eV,
O kT

with the apparent ideality factor, n,,,, contained in the normal-
ized open-circuit voltage.”) The Green equation was confirmed
to hold for a wide range of OSC devices under different measure-
ment conditions, when the ideality factor is adapted to account
for the transport resistance.®*}] Furthermore, Equation (1) pro-
vides an upper limit of the fill factor (FF,,,,) that corresponds to
the detailed balance efficiency limit,"** assuming no leakage cur-
rents, no series resistance and a unity ideality factor (n,,, = 1).
When instead entering the experimentally determined n,4 into
the Green equation, we can predict the pFF: the fill factor that the
device would have, were it not transport limited. Consequently,
fill factor losses can be distinguished between those due to re-
combination (FF,, — pFF) and those due to transport resistance
(pFF — FF).

In Figure 2D, the pFF approaches FF,_ . as the PCE increases.
This shows that the geminate and nongeminate recombination,
previously considered primary contributors to FF loss, are less
limiting in state-of-the-art OSCs. This can be attributed to the
development of novel NFAs, whose favorable packing properties
effectively reduce the degree of energetic disorder in the active
layer.'**] On the other hand, while the device FF has been in-
creasing with the PCE, there is still a significant gap between FF
and pFF. The difference between the actual FF value and the pFF
originates mostly from the transportresistance, although this fact
does not seem well-known in the OPV research community.

Figure 2c presents the FF loss due to transport resistance, de-
termined as pFF — FF, versus PCE. Lower transport resistance
losses yield higher PCE values. By setting a filter for fullerene
acceptor-based systems and n, (>1.5, significant energetic dis-
order), we can effectively filter most outliers from the plots. This
clearly shows that transport resistance dominates the FFand PCE
loss in the vast majority of NFA-based OSC devices, despite the
fact that this is usually not mentioned in the corresponding ref-
erences. An offset can be observed between fullerene- and NFA-
based devices. As a major difference between them is the contri-
bution of the acceptor absorption to the photocurrent, the same
degree of transport resistance in a fullerene-based device would
lead to a similar FF as for an NFA-based solar cell, but a lower
PCE due to the smaller J_.

In Figure 2d we highlighted that even the most efficient sys-
tems with PCE >19% exhibit significant FF loss due to trans-

Adv. Energy Mater. 2026, 16, 2405889 2405889 (4 of 27)

www.advenergymat.de

port resistance. In an ideal system without this loss, the PCE of
D18:78:1L8-BO —with a certified record effiof 20.2% — could be im-
proved to 22%. Moreover, the transport resistance loss increases
rapidly as the photoactive layer thickness increases (PM6:CH-B
and PM6+PS:1L8-BO serve as examples). This further emphasises
that transport resistance is a critical challenge for commercial
solar cells.

Lab-scale OSCs can be precisely fabricated with 100 nm pho-
toactive layers by spin-coating from solution. However, for large-
area roll-to-roll printing, thicker active layers of several hundred
nanometres may be desirable for getting pin-hole-free films at a
high printing rate.['*] Equation (6) indicates that transport resis-
tance loss is a strong function of active layer thickness. Analysing
the collected data from literature confirms this trend, as shown
in Figure 3a. The transport resistance loss rises by two to three
times when the active layer thickness is increased from 100 nm
to 500 nm. In the figure, we highlighted devices consisting of
ternary blends or made by layer-by-layer (LBL) deposition. Both
represent feasible strategies to lower the transport resistance
losses at higher active layer thicknesses. It appears that these ap-
proaches allow a more fine-grained tuning of the active layer mor-
phology, which likely leads to reduced energetic disorder that,
in turn, results in an enhanced active layer conductivity. Specifi-
cally, some ternary blends yield a hierarchical morphology com-
bined with elongated non-fullerene fibrils and finely sized poly-
mer crystallites,['*’] while LBL deposition helps maintain phase
purity and favorable vertical separation,['*®] facilitating charge
transport and collection by the corresponding electrodes.

Another long-term goal in large-scale OSCs fabrication is
eliminating halogenated solvents and resorting to green alter-
natives. While spin coating is incompatible with large-scale
manufacturing, the literature suggests that employing non-
halogenated solvents or non-spin-coating methods decreases the
device efficiency."*! In Figure 3b we analyzed the transport re-
sistance losses across multiple high-efficiency NFA-based sys-
tems. Active layers processed with non-halogenated solvents ex-
hibit lower transport resistance losses for the same active layer
thickness compared to those processed with halogenated sol-
vents. This can be attributed to the enhanced solubility of newly
developed N and the optimized morphology achieved with non-
halogenated solvents.[122150] Consequently, this advancement
supports the transition to non-toxic environmentally friendly ac-
tive layer inks for large-scale production. In contrast, the non-
spin-coating methods still tend to result in higher transport re-
sistance losses in various donor—acceptor systems at the current
stage of research. Finding and optimizing the most suitable coat-
ing techniques to fabricate high-quality photoactive layers with
comparably optimized morphologies remains challenging.

We evaluated subsets of the collected data focusing on spe-
cific aspects, such as device configurations and photoactive layer
additives. Regarding device configuration, we note that high-
efficiency cells preferentially adopt the conventional structure,
probably due to the photocatalytic effect between the ZnO and
NFAs, a lasting concern preventing the widespread use of the
inverted structure.['>1152] In the data we assembled, focusing on
NFA-based solar cells with ca. 100 nm thick active layers, the
adoption of an inverted device structure lags far behind the con-
ventional structure (71 devices vs 319 devices). The lower degree
of optimization of the corresponding photoactive layers leads, on
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Figure 3. FF loss due to transport resistance for solar cells grouped by: a) active layer thickness, with devices using binary (circles) and ternary (stars)
BH] or LBL-deposited (triangles) active layers. PCE is indicated for reference; b) left of the dashed line: active layers processed from halogenated (purple
circles) versus non-halogenated (green circles) solvents. Right of the dashed line: spin-coated (blue squares) versus non-spin-coated (red squares) active

layers.

average, to higher transport resistance losses (median value 0.154
vs 0.092 for conventional configuration). Nevertheless, employ-
ing ultra-thin electron-transport layers, low work function top
electrodes, and corrosive acidic PEDOT:PSS hole-transport lay-
ers in conventional devices pose significant challenges for robust
mass production.!'>3] Future industrially solution-processable
large-area OPV modules rely on the inverted structure.!'>* There-
fore, we encourage the research community to focus more on de-
veloping inverted devices to reduce the transport resistance loss
gap between two device configurations.

To compare the impact of photoactive layer additives, we ana-
lyzed FF losses of NFA-based binary blends with ~100 nm thick
absorber layers, processed via spin-coating in a bulk heterojunc-
tion and conventional configuration. From the assembled data,
we found that the photoactive layers using 1,8-diiodooctane show
slightly lower transport resistance loss (median value 0.072 com-
pared to 0.096 for 1-chloronaphthalene and 0.106 for solid addi-
tives), probably due to better fine-tuning of the nanomorphology.
More importantly, the absence of additives does not resultin a sig-
nificant increase in transport resistance loss (median value 0.100)
compared to using 1-chloronaphthalene or solid additives. A roll-
to-roll process design should inherently avoid using additives due
to issues such as solvent residues — potential contaminants un-
dermining device stability — and increased process complexity.
This appears to be better achievable using NFA systems.

We established that the transport resistance is a loss mecha-
nism that is limiting all state-of-the-art OSCs. The first step to-
ward minimizing its effects is gaining a deeper understanding
of what transport resistance is.

3. Visualization of Transport Losses

Transport resistance is a loss that affects the FF and J, and there-
fore the PCE. It is due to a non-ideal charge extraction caused
by a low effective active layer conductivity. In this section, we
simulate JV curves using realistic material parameters, includ-
ing energetic disorder that is found in OSCs. Our main aim is to
use these simulations to understand and visualize the impact of
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both transport resistance on device behavior and its relationship
with disorder.

In Figure 4a, the JV curve of an OPV device with an active layer
thickness of 200 nm is shown, illuminated with a light inten-
sity equivalent to 1 sun that corresponds to 100 mW(cm)~2 un-
der AM1.5G conditions. The simulation parameters are based
on simultaneously fitting multiple experiments under different
conditions (different light intensities, at room temperature).!*!]
The parameters were adapted to contain perfectly selective con-
tacts to avoid an impact of surface recombination on the sim-
ulation results. This leads to a V,_ that is slightly higher than
expected. The dark red line represents the real OPV device, in
which the energetic disorder (traps) leads to a typical, voltage-
dependent mobility (“normal p”) that is shown in Figure 4b and
ranges roughly from 2Xx 107 to 1x 107 cm?(Vs)~!. As this is a
thicker-than-normal device, the FF loss is pronounced. For com-
parison, the JV curve with the same parameters but a roughly
three orders of magnitude higher effective charge carrier mobil-
ity (“high p”, violet line) has a much higher FF and even a higher
Js- The recombination rates are independent of the charge car-
rier mobility and, therefore, the recombination rates presented
in Figure 4c are equal at V.. There, due to J = 0, the transport
resistance loss is zero. In the high mobility case, the FF is only
determined by recombination (with a voltage dependence repre-
sented by the ideality factor n,4), but the charge extraction is (close
to) perfect. In the normal mobility case, in addition to recombi-
nation, the JV curve is limited by the transport resistance. As the
transport resistance is due to a low active layer mobility that lim-
its the charge collection, the FF and, thus, the PCE, could also be
significantly higher if the charge collection was higher.

While in most of this Perspective, we describe the transport re-
sistance as a voltage loss — see for instance the theoretical frame-
work in Section 4 — the carrier concentration (and therefore volt-
age) dependent recombination rate shown in Figure 4c for V <
V,. can also be seen in view of a current loss at the same voltage
due to the transport resistance (Section 7.2).

It is important to note that the suns-V,. curve of the normal
mobility case (not shown), shifted down by the generation cur-
rent density under 1 sun, coincides completely with the high
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Figure 4. Drift—diffusion simulation based on a 200 nm thick PM6:Y6 solar cell.l’] a) Current-voltage characteristics for the cases with and without
energetic disorder (denoted as traps and no traps, respectively), for the case of high (violet line) and normal mobility (red line). Transport-resistance-free
curves (not shown) virtually coincide with the high mobility curves for both cases. The values of the charge carrier mobilities are given in b), and the
recombination rate is plotted in c) as a function of applied voltage at 1 sun. Mobility is a strong function of applied voltage. The device with a higher
mobility has a lower charge density, and hence, lower recombination rate, due to better carrier extraction; however as V,_ is approached recombination

equals generation and the recombination rates become equal.

mobility case: as the V. is measured at zero current, the trans-
port resistance is also zero in this particular case. This is why the
suns-V, . method is an excellent tool to predict the JV characteris-
tics if the solar cell had perfect charge extraction. The comparison
to the transport-limited illuminated JV curve allows to quantify
the transport losses in real OSCs, as described in Section 5.

The light red and violet lines in Figure 4a represent the case
where energetic disorder, or traps, have been turned off in the
simulation. This forces all charge carriers to be mobile, and re-
sults in an increased average mobility over all charge carriers.
Furthermore, the recombination rate will also change as free-to-
trapped recombination is not possible. Therefore, to make the
simulations more comparable to the realistic case with traps,
the free-to-free carrier recombination prefactor was adjusted so
to make the Vs identical. In addition, the mobility of mobile
charge carriers was set to the average charge carrier mobility of
the device with traps at the maximum power point. On one hand,
it becomes evident that despite these measures, the JV curves
without traps show a strong impact of the transport resistance.
The reason is that the low charge carrier mobility (in the normal
mobility case) determines the effect and not traps as such. On the
other hand, without traps the recombination ideality factor n,, is
unity (similar to a case with a Gaussian density of states (DOS))
and the general shape of the JV curves differs from the realistic
case with traps. This underlines the importance of taking ener-
getic disorder into account when trying to understand transport
resistance losses.

So what happens to the current density of the realistic solar
cell with traps (normal mobility, Figure 4a, dark red line) when
the voltage is changed from short circuit toward open circuit?
At short circuit, most photogenerated charge carriers are able to
leave the device, resulting in a relatively low carrier density. How-
ever, due to the transport resistance and the fact that not all car-
riers are mobile, the ] remains lower than the generation cur-
rent density. As V, is approached, carrier extraction slows and
the charge carrier density increases. The charge carriers can oc-
cupy higher energy trap states, resulting in more mobile charge
carriers, and the charge carrier mobility increases (Figure 4b).
As the density of mobile charge carriers increases, conductiv-
ity improves, helping to counteract transport resistance, which

Adv. Energy Mater. 2026, 16, 2405889 2405889 (6 of 27)

is inversely proportional to conductivity. In disordered organic
semiconductors, the mobile carrier density is strongly influenced
by energetic disorder, i.e., by the shape of the DOS, which dic-
tates state occupation. This relationship and its impact on charge
transport are discussed in detail in refs. [155] and [156]. Transport
resistance in an OSC is therefore a function of the density of trap
states — or the degree of energetic disorder — and their occupation.
A lower density of trap states is beneficial to minimize transport
losses, as it would increase overall mobility and reduce the trans-
port resistance by forcing more charge carriers to be mobile and
less to be trapped.

After having gained a feeling for how transport resistance af-
fects JV curves, we will provide the detailed theoretical back-
ground in the following section.

4. What is Transport Resistance and Why is it a
Loss?

The JV measurement of a solar cell under illumination is the
simplest and most central characterization technique for pho-
tovoltaic devices as it determines the PCE and, therefore, func-
tionality of the device. Understanding efficiency limiting mecha-
nisms in photovoltaics is therefore intricately linked to investigat-
ing the influence of material properties on the JV curve. The ori-
gin of the JV curve is the continuity equation, which considers the
conservation of charge carriers. The charge carrier density can in-
crease via photogeneration quantified via the generation rate, G,
it can decrease by recombination (quantified by the recombina-
tion rate, R) and it can increase or decrease if there is a change
— more specifically, a divergence — of the current density J at any
given point in space.['”] For steady-state conditions, with time-
independent carrier concentration », the continuity equation for
one charge carrier type is given by

O=G—R+%~V] 2

with e denoting the elementary charge.
To determine the current density, one integrates the above
equation over the sample thickness d, which leads to
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~ AE,
_]0 exp W ]gen

Here, R and G denote the spatially averaged recombination and
generation rates, AE; stands for the average quasi-Fermi level
(QFL) splitting, n,4 the recombination ideality factor, k; the Boltz-
mann constant, and T the temperature. The generation cur-
rent density J,., accounts for both photogeneration under illu-
mination, and thermal generation in the dark, the latter being
equal to J.

The relation between R and the AE;; in Equation (3) can be es-
tablished by first expressing the R in terms of the charge carrier
density n, i.e., R « n?, and then linking the charge carrier density
to the average QFL splitting via n = nyexp (AEg/n,k;T). Here, n,
is the dark carrier density at zero AEy. In OSCs, the parameter
n, and the recombination order § reflect how the charge carrier
dynamics are influenced by the DOS. Together they shape the
ideality factor n,4 in Equation (3), determining how the recombi-
nation rate relates to the QFL splitting and temperature.[158-160]

The key downside of Equation (3) is that it expresses the cur-
rent density as a function of AE; but not as a function of a mea-
surable voltage. Thus, the traditional approach in photovoltaics
would be to define a diode equation under illumination, where
the current density is expressed in terms of the externally applied
voltage, V,,,.[161162] Ag the externally applied voltage differs from
the average AEg/e at least by a voltage drop over ohmic resis-
tances in series to the diode (e.g., caused by contact layers), the
JV curve of an illuminated diode is typically written as

3)

_ B(Vext_]Rs)
=ien ()
VR )
+R—P_.]gen

Here, R, denotes the series and R, the parallel resistance of the
solar cell. In the traditional interpretation of the equation, R, rep-
resents any ohmic resistances of the diode that could originate
either from contact layers, or from doped regions of the absorber
layer of the solar cell. For instance, in a silicon solar cell based
on a p-type wafer, the hole transport along the thickness of the
p-type wafer should lead to an ohmic resistance. The conductiv-
ity of the p-type wafer is fixed by the doping density and does
not depend on illumination as long as the photogenerated carrier
density does not exceed the doping density. However, in case of
Os, where the resistance of the semiconducting layers of the de-
vice originates primarily from space charge regions within the ab-
sorber layer, the internal series resistance becomes a strong func-
tion of the mobile carrier density (rather than the doping density).
As the carrier concentration depends exponentially on the volt-
age, this will immediately lead to a non-ohmic resistive element.
Furthermore, the effect of illumination on the carrier density is
coupled to the effect of the applied voltage by the conductivities
of the involved semiconducting layers. Thus, especially for low-
conductivity materials such as molecular semiconductors, the ef-
fect of illumination on the effective resistance of the absorber
layer is significant. Hence, to fully align the classical diode model
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with the reality of Equation (3) in low-mobility semiconductors,
it is necessary to interpret the series resistance in a more general
way. Rather than being a purely ohmic resistance, the parameter
becomes an effective resistive term that depends non-linearly on
both voltage and light intensity. To acknowledge this change in
meaning, this resistance is referred to as transport resistance.

4.1. Transport Resistance: Connecting the Continuity and Diode
Models

The difference between the models based on the continuity and
diode equations, as previously mentioned, lies in the type of volt-
age they consider. To enable a better comparison between AE;
and the external voltage, it is convenient to introduce the so-called
implied voltage as a way to express AE; in units of voltage via

_AE
- (4

V.

imp (5 )
Only in the limit of infinite conductivities of the absorber layer
of a solar cell, the implied voltage equals the external voltage
V...["%7] In practice, this is never true at short circuit in any type
of solar cell, but the differences become larger, the lower the mo-
bilities and conductivities of the absorber layers are. Thus, the
discrepancy is particularly significant in OSCs with their slow
charge carrier transport.[®!

The link between the two descriptions, Equations (3) and (4),
is established through the concept of transport resistance — the
resistance to the flow of charge carriers within the solar cell. Its
effect on the JV curve is similar to the series resistance of the
circuit — it causes a voltage drop

AVtr=]Rtr=]§ (6)

Here, R, is the transportresistance, and o is the effective conduc-
tivity, which depends on the conductivity of both electrons and
holes as described in Section 6. In the following, we demonstrate
how transport resistance serves as a bridge between the models
based on the continuity and the diode equations.

To understand transport resistance, we start with the relation-
ship between current density, conductivity, and the QFL gradient
VEg:

o
J== VE )

The derivation using the Boltzmann transport equation can
be found in Ref. [163]. This expression accounts for all non-
equilibrium effects on charge transport, encompassing both drift
and diffusion.l'””] The gradients in QFLs represent a general
principle driving charge transport. The drift-diffusion model
emerges as a specific case of this broader concept, where the QFL
gradients translate into drift and diffusion currents through the
material. For example, one arrives at Equation (7) starting from
drift and diffusion, as described in chapter 2.3 of Ref. [157]. The
key distinction between our approach and the conventional drift—
diffusion theory lies in the level of generality. The relationship in
Equation (7) describes charge transport purely in terms of con-
ductivity and QFL gradients, without explicitly separating drift
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Figure 5. JV curves of solar cells with high and low mobility, calculated using Equation (9). The schematic energy-level diagrams show that: at open

circuit, Ve = Vimp, and the QFLs are flat; at short circuit, low mobility leads to a larger QFL gradient and difference between V,; and V;

to the high mobility case. The J(Vinp)
point of the curve. After ref. [8].

and diffusion components. This provides a more fundamental
perspective that remains valid under non-equilibrium conditions
where the conventional drift-diffusion framework may require
additional assumptions.

The impact of the QFL gradient on the difference between the
implied and external voltage can be understood through the band
diagrams in Figure 5. Under open-circuit conditions, when the
QFLs are flat, the resulting current density is zero. The exter-
nally applied and implied voltages are equal. At short circuit, even
though V,,, = 0, charge carriers take time to be extracted, hence
the implied voltage corresponding to the QFL splitting is non-
zero and still at a higher value below V.. Lower charge carrier
mobility results in lower conductivity and a higher QFL gradi-
ent, leading to a larger mismatch between V,,, and V,,,. The gra-
dient is mainly caused by the active layer of the solar cell, with
little contribution from the typically highly conductive transport
layers.

The Figure 5 shows that under the assumption of constant and
equal QFL gradients, the difference between the applied and im-
plied voltages is given by d - VE/e. Comparison of Equations 6
and 7 reveals that this difference is equal to the voltage drop AV,
that is caused by the transport resistance,”14]

_ _ VE;
AVtr = Vext ~ Vimp =4+ 7 (8)

imp

Having outlined the concept of transport resistance, we move to
the description of its impact on the JV characteristics. We will
compare two cases: an ideal solar cell without transport resis-
tance losses, and a real solar cell, where V., and V,, are not
equal.

In a solar cell without transport resistance losses, denoted
J(Vimp) in Figure 5, the implied and external voltages are equal

imp

Adv. Energy Mater. 2026, 16, 2405889 2405889 (8 of 27)

imp» cOmpared

represents a solar cell without transport resistance (infinite conductivity) and flat QFLs, where V¢, = Vi, at any

even at a non-zero current flow. This equality is achievable only
when the QFLs are flat, which, based on Equation (7), occurs ei-
ther when J = 0 (at V,.) or when the conductivity is infinitely
high. Thus, an ideal solar cell effectively has infinite conductiv-
ity. For this type of solar cell, the diode equation is expressed via
Equation (3), where V,,,, = AE; /e can be replaced by the applied
voltage V.

In real solar cells, conductivity is not infinite, hence there is
always a discrepancy between V., and V,,,, (except at V,). For
such cases, Equation (3) must be adjusted to account for the im-
pact of transport resistance while remaining expressed in terms
of the measurable parameter V.. By using Equation (8) to relate

ext*®
the implied and external voltages, we obtain!®!

e(vext - AVtr)
J=1Jo-exp kT — Jgen 9)

Note that for clarity, at this stage the analysis omits the
effects of parasitic resistances, as defined in Equation (4),
and only includes the effect of low conductivity via transport
resistance.

Equations (3) and (9) are equivalent when evaluated at the
same current density, since the applied and implied voltages
are linked via the voltage drop AV,. To unify the format of
these expressions, we introduce an apparent ideality factor al-
lowing for transport resistance losses to appear implicitly in the
denominator:(°’

AV,
napp =Ny 1+ ﬁ (10)

imp oc
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Additionally, we make use of the convenient property that at | =
0, the recombination and generation currents are balanced. This
allows us to express the generation current in terms of V,:

_ eV, 1
]gen _JOeXp nidkBT ( )

thereby replacing J, with ], before the exponential term.®!*’]

Using this substitution, current density can be consistently ex-
pressed in terms of either applied or implied voltage as:

€ Vim - Voc
] =]gen [exp <%> - 1:|
e(Vext - Voc)
= Jgen — |1
o)

This form of the diode equation is more suitable than the original
one since the transport resistance stretches the JV curve relative
to V.. (we note that in the original diode equation, this stretching
is given implicitly by ], and J,.,, but not explicitly). This approach
allows us to directly compare the JV curves for cases with and
without transport resistance by examining the ideality factors and
the slopes of these curves.

The ideality factors in the above expression capture distinct de-
vice limitations — n,y reflects the impact of recombination, while
My accounts for both recombination and transport resistance.
Under open-circuit conditions, the apparent ideality factor is ex-

pressed as n,,, = 1 + a, with!*’]

ed J gen

=2 . 13
k;T o, (13)

a

Here, o, represents the effective conductivity at V,_, which de-
pends on the conductivities of both electrons and holes. The pa-
rameter a reduces the slope of the J(V,,) curve relative to the
scenario without transport resistance, serving as a FoM for quan-
tifying transport resistance losses. It is governed by the interplay
between recombination (noting that J,,, = .. at V,,) and conduc-
tivity, with their interaction driving FF losses rather than conduc-
tivity alone. We will consider a and further FoMs in Section 6.

4.2. Impact of Transport Resistance on the Current-Voltage
Curve Slope

In solar cells based on high-mobility materials, transport resis-
tance is negligible, allowing the total series resistance to be ap-
proximated by the constant external series resistance. Under this
assumption, the slope of the JV curve provides information about
the ohmic resistances: the external series resistance is derived
from the slope near V,, while the parallel resistance is obtained
from the slope near 0 V. In low-mobility OSCs, the slope of the
JV curve is influenced by the transport resistance both near V,_
and 0V, leading to changes in the apparent series and parallel
resistance values.

Adv. Energy Mater. 2026, 16, 2405889 2405889 (9 of 27)
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To illustrate how transport resistance affects the slope of the JV
curve, we will exclude the impact of ohmic resistances for sim-
plicity. Then, the slope can generally be determined as

av,, dVin, dR,
ext _ r 14
] ] +R,+] ] (14)

Since the transport resistance depends on the current density,
the slope is influenced not only by the value of R, but also by
its derivative. The former dominates the slope around V, ., where
current density is small, while the latter becomes more signifi-
cant at higher current densities, closer to short circuit.

To evaluate the derivative, we express R,, = d/o in terms of cur-
rent density. Since conductivity depends on charge carrier den-
sity, it can be linked to the QFL splitting, similar to the relation-
ship between recombination current and QFL splitting in Equa-
tion (3). Adopting a transport ideality factor n,, conductivity is
expressed as

eVimp
azaoexp(n p T> (15)
c™B

where o, denotes the effective conductivity in the dark when the
QFL splitting is zero. This allows to relate ¢ to J,. = J + Jgen
through the ideality factors n,y and n_, and then differentiate it
with respect to J. We get a general expression for the slope of the
JV curve at any point:

dVi,  mgkpT ng J
I = e +R“<1 . J_> (1)

Under open-circuit conditions, where no current flows, the
term with J (coming from the derivative term of R,) vanishes.
This allows to directly determine the effective conductivity from

: : 19
the difference in slopes of V,(J) and V;,,,(J):""!

4 _ dav,0)
o 4 i )

At V,, the sloPe of V.()) exce.:e.ds that .of Vimp(J) by a term 1n
versely proportional to conductivity, leading to an apparent series
resistance even if the external series resistance is negligible. Af-
ter factoring out J,,, the slope at open circuit can be expressed
as

dV| kT
d] J=0 6] gen

(ng +a) (18)

It is important to emphasize that conductivity alone is insuffi-
cient to predict the FF; instead, the FoM « links the FF to the
JV curve slope. In this context, the slope must be scaled by the
generation current density J,., to predict the FF.

The slope of the JV curve is also influenced by the transport
resistance at zero applied voltage. This effect is referred to as the
“photoshunt” — the light intensity-dependent component of the
apparent parallel resistance.[®'*] Under short-circuit conditions,
the first term in Equation (16) becomes negligible, and the slope
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Figure 6. Experimental data for transport resistance evaluation with details given in the text. a) V. and /4, are obtained from light intensity-dependent

JV curves. b) The J(Vimp)

intensities. c) External series resistance, Ry,

curve is constructed using the V. and J,., values in (a), shifted down by the generation current density at specific light
is determined by fitting dV/d] at high forward bias. The inset shows transport resistance dominating over

Rex: at voltages below V. d) Voltage drop (AV;,) and open-circuit conductivity (o) are determined by comparing J(Vey:) and J(Vimp)-

is dominated by transport resistance and its derivative. It can be
approximated as

dVex ~ 4 T (19)

where o is the effective conductivity at short circuit, and J,. = —]
at 0 V. Once again, we observe that the slope is inversely propor-
tional to 6. Although parallel resistance is not explicitly included
in this analysis, transport resistance modifies the JV curve slope,
resulting in the apparent photoshunt. We will further explore this
concept in Section 7.1, and examine its relationship to the FF and
the FoM a. Notably, to connect the slope at 0 V to the FF, it must
again be scaled by J,,,, just as it was for the open circuit case.

Prepared with this theoretical background on the transport re-
sistance, we move to the description of how the latter is deter-
mined experimentally.

5. How to Determine the Transport Resistance?

This section provides a step-by-step guide for determining trans-
port resistance from experimental data. The required data are JV
measurements at varying light intensities, as shown in Figure 6a.
This easily accessible characterization technique is often used to
determine the light intensity-dependent V. and J,.. This same
dataset can be employed to evaluate transport resistance, offer-
ing a simple and reliable method for distinguishing between FF
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losses caused by transport resistance and those due to recombi-
nation. This method also allows to determine the FoM a and the
effective conductivity o.

To analyse transport resistance losses, the illuminated JV curve
of a solar cell, J(V,), is compared to a J(V;,,) curve without
transport resistance. The latter represents a hypothetical device
with perfect charge extraction, and needs to be constructed us-
ing the difference of recombination and generation current den-
$ity: J(Vimp) = Jrec(Vimp) — Jgen- The recombination current can
be determined from the suns-V,. curve, essentially J..(Viu,),
that is typically used to determine the diode ideality factor.['**l
A very powerful, alternative approach to evaluate transport re-
sistance losses is by suns-photoluminescence measurements.
This method works on both devices and even thin films without
electrodes.[19166] A gimilar characterization approach for devices
is based on electroluminescence.!**”]

In Section 4, we discussed that in a solar cell without trans-
port resistance loss, where V,,, =V, , the QFLs remain flat. For
a real solar cell this scenario corresponds to the situation under
open-circuit conditions in Figure 5. Thus, we can estimate V,,,,
using V. at various light intensities. Under open-circuit condi-
tions, the net current is zero, and all generated charge carriers
recombine. This allows to determine the recombination current
density J,.. from the generation current density at different il-
lumination intensities, J,.,(®), as shown in Figure 6a. The lat-
ter is approximated using the current density at negative volt-
age, typically at -0.5 V. Under these conditions, | % J,.,, as re-
combination losses are significantly suppressed, hence most of
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the photogenerated charge carriers are extracted. Increasing the
reverse bias improves the accuracy of this approximation. For
both, the approximation of J,., and the corresponding V., the
parasitic effect of the parallel resistance has to be accounted for:
when it is too low, leakage currents through the solar cell limit
the reverse bias at which generation current can be determined
accurately. In addition, also the light intensity dependent V.
values are affected by these leakage currents across the parallel
resistance at low illumination levels. It is important that only
the data which is not influenced by such leakage current is in-
cluded in the analysis. The impact of leakage currents on the
JV characteristics can vary depending on solar cell fabrication
quality. A useful indicator is the shape of the JV curve in the
reverse bias region — if leakage current is negligible, the curve
remains linear, whereas its presence causes the curve to bend,
resembling the breakdown behavior observed in inorganic solar
cells.

The J,. and V,,,, pairs, which were determined from the illu-
minated JV curves as described above, are then used to construct
the Jec(Vimp) curve as shown in Figure 6b. The net current den-
sity J is calculated as the difference between the recombination
and generation current densities: J(Viy,) = Jree(Vimp) = Jgen- This
means that the recombination current curve is effectively shifted
down by .., ata specific light intensity. For example, to obtain the
J(Vimp) curve at 1 sun, we shift J,. (V,,,) down by J,, that was de-
termined from the data at 1 sun. This results in the J(V;,,,) curve
that represents the transport resistance-free version of the mea-
sured J(V,,) curve of a solar cell at 1 sun. Both curves are shown
in Figure 6d, and the voltage difference at a given current density
is determined by the total series resistance.

The total series resistance has two contributions: the voltage-
dependent transport resistance and the external series resistance
of the circuit, R.,,. The impact of the latter needs to be accounted
for to determine the transport resistance correctly. For that, we
choose the conditions under which R, is dominant — at large
positive voltage, where transport resistance becomes negligible
due to large charge carrier densities and thus high conductivities.
Under these conditions, R, is estimated using the relation dV/dJ
~ Mgk T/e(] + Jyen) + Rexr as shown in Figure 6¢ for a PM6:Y6
solar cell. The inset of the figure shows a comparison between
R.,, and the transport resistance as a function of external voltage.
The latter dominates across all voltages in the fourth quadrant of
the JV curve, and has a much larger impact on the FF compared
to Ry

This evaluation requires the recombination ideality factor n,y,
which we determine from the light intensity dependent V,_as!1%4l

e (dlnd\ ™
= 2
nld kBT< dvoc ) ( 0)

Here, @ is the light intensity, which can be measured using a
photodiode or estimated with the calibrated value of the neutral
density filters. Alternatively, J,,, can be used instead of @ in this
expression. Itis important to ensure that the data is limited to the
region where leakage currents do not interfere, as these typically
affect V_atlow illumination levels. The appropriate range can be
determined by comparing the suns-V,_ data to the dark JV curve,
as shown in ref. [164] and Figure 2D of ref. [168].
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The voltage drop caused by the transport resistance is deter-
mined by comparing the voltages of the two [V curves at the same
current density and subtracting the effect of the external series
resistance:”]

AVH’U) = VextU) - Vimp(]) _JRext (21)

To illustrate this method, we compare the measured JV curve of
the real solar cell, J(V,,), to the constructed one of a transport-
resistance free device, J(V,,,,), in Figure 6d. When we calculate
AV, the external and implied voltages are compared at the same
J value, which cannot be done using the raw data. Hence, the
voltages V., and V;,,, have to be interpolated to a new current
density axis. This process is more reliable when a high density of
data points from the suns-V,. measurements is used. This can
be done by using a double neutral density filter wheel in combi-
nation with a stable illumination source such as a cw laser diode.
For interpolation, the new current density axis is created as a log-
arithmically spaced set of ] values, with its minimum and maxi-
mum matching the range of J,... To align with this new | axis, the
experimental JV curves are shifted upward by respective J,,, en-
suring all values remain positive, as required for taking the log-
arithm. Once this transformation is complete, the voltages V.,
and V,,, can be interpolated onto the logarithm of the new |
axis. After the interpolation, the new J axis is shifted down by
Jgen for each JV curve separately, to replace the experimentally
determined JV curves.

The obtained AV, values can be used to extract various param-
eters. For instance, the effective conductivity at any point on the
JV curve can be determined using Equation (6). Except at open
circuit, where this equation no longer applies since the current is
zero, the conductivity is directly calculated from the difference in
slopes of V,,,(J) and V;,,(J) following Equation (17). Combining
the conductivity at V, with the estimated ], allows to evaluate
the FoM a for each light intensity. The apparent ideality factor,
which appears in the diode equation, is equal to nyy + a at V.. It
can also be derived directly from the slope of the V_,(J) following
Equation (18). At any point other than V,, e.g., at the maximum
power point, n,, is calculated using Equation (10).

Finally, FF losses can be attributed to two main factors: recom-
bination and transport resistance. Distinguishing these requires
both the measured FF from the J(V,,) curve and the pseudo-fill
factor, pFF, representing the fill factor of a solar cell without trans-
port resistance. The pFF can be obtained from the J(V;,,,) curve
or alternatively, approximated using the Green equation (Equa-
tion (1)). To determine the upper limit of the fill factor, FF,, , we
can calculate a JV curve using a diode equation with the same pa-
rameters as for J(V,,,), but setting the ideality factor to unity. Al-
ternatively, the Green equation can be applied with n,; = 1. The FF
losses due to recombination are calculated as FF, , — pFF, while
the additional losses caused by transport resistance are equal to
pFF — FF.

6. What can We Learn From the Transport
Resistance Figures of Merit

An often used approach to relate material-specific properties to
photovoltaic device performance is to define FoMs. The oldest
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and most commonly used FoM to quantify the competition be-
tween charge extraction and recombination is the ur product.
It was first introduced by Hecht!'®?! in 1932 to describe the JV
characteristics of photogenerated charge carriers in crystalline
devices.'”% Here, 7 is the lifetime of photogenerated carriers.
For the classical doped semiconductor crystals, this would be the
minority carrier lifetime, which is — in first order approximation
— independent of illumination intensity and electric field. This
FoM was related to the Schubweg urF, a “drift length” with the
electric field F.['71 A high value exceeding the crystal thickness
corresponded to low recombination losses and a high FF. How-
ever, this FoM did not consider transport losses, just recombina-
tion losses during charge extraction. The Hecht equation has also
been empirically applied to OSCs.['7? However, for nongeminate
recombination typical for OSCs, t becomes a function of carrier
concentration, which renders the ur product inappropriate to as-
sess the performance of most OSCs — unless ur(n) and, indeed,
transport losses are considered.['73174]

In year 2016, Neher et al. proposed a FoM « for transport-
limited photocurrents in OSCs, defined as:

e2kGd*

v 22
e (b T) .

Here, k is the coefficient under the assumption of second-order
recombination, G the generation rate, and p ¢ is an effective mo-
bility, which was defined as the geometric mean of the electron
and hole mobilities in their work.['*}] This expression holds as-
suming the QFL splitting is constant throughout the entire active
layer, meaning that the recombination rate is independent of the
position within the active layer. Note that Equation (22) is a spe-
cial case of Equation (13) that we defined as the general case in
the theoretical section. To arrive at Equation (22), the generation
current is approximated as J,.,, = ¢LG, and at open circuit, where
«a is defined, it is equal to the second-order recombination cur-
rent ], = eLkn?. This allows to relate the charge carrier density n
to the recombination prefactor k, i.e. n = 4/ G/k. The factor 4 in
the denominator comes from assuming equal electron and hole
conductivities, which allows to express the effective conductiv-
ity as o.q = 2epn.8! Substituting the above into Equation (13)
results in Equation (22). The FoM « represents the competition
between recombination and charge transport mechanisms. In
Equation (22), k represents recombination and p 4 comes from
the effective conductivity. In OSCs, both processes are strong
functions of energetic disorder, which is often assumed to be of
a Gaussian shape. For this case, the recombination prefactor k
and the effective mobility p 4 are independent of light intensity.
However, Equation (22) is also valid for the general case, where
energetic disorder is not Gaussian, albeit k and p g become effec-
tive parameters in the sense that they do not only depend on the
electron and hole contributions, but also on the respective charge
carrier concentrations. Previous research has shown that the re-
combination prefactor k depends on the arithmetic mean of elec-
tron and hole mobilities in homogeneous media, but for large
donor—acceptor phase separation can be determined by the har-
monic mean; for typical phase separations on the order of 10 nm,
kis proportional to the geometric mean of mobilities.['7>17¢] Later
in this section, we describe that for the effective mobility (or
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effective conductivity) that determines the transport losses, dif-
ferent assumptions on how electron and hole contributions are
weighted — arithmetically, geometrically or harmonically — are
made in literature,/”'77178] but that an experimental confirmation
is still pending.

We note that a is very similar to the FoM 6, introduced by
Bartesaghi et al. in 2015 to describe the competition between
second order nongeminate recombination and charge extraction
under short-circuit conditions.'”?! The major difference is that
0 uses an internal bias V; instead of a’s k;T. V; is not the im-
plied voltage, but approximated as the difference between the
built-in potential given by the electrode work function difference,
minus 0.4 V. Later, we show that a can be expressed with re-
spect to the charge carrier diffusion length, whereas 6 relates
to drift. To demonstrate the usefulness of the FoM 6, FFs were
extracted from simulated JV curves, with the physical parame-
ters entering @ being varied over a wide range at room temper-
ature, and shown to display a unique dependence on 6, with
little scatter. However, in contrast to «, an analytical relation of
0 to device properties was not established. We also note that a
potential space-charge limitation of the photocurrent!!8181] can
have an impact on the competition between recombination and
extraction,’?] but was also not considered in this FoM. Later,
Kaienburg et al. showed that the device FF can be related to a
so-called collection coefficient ,['®] for nearly balanced mobili-
ties. The main difference to the FoMs « and 6 is that while & and 6
are zero for the ideal case without collection losses, y goes toward
infinity.

All of these FoMs have in common that they are roughly, di-
rectly or inversely, proportional to (kG)'?d?/p 4. This is a di-
rect consequence of the dynamic equilibrium between charge
generation, second order recombination (in this special case),
and charge extraction. The interplay of these processes under
steady state conditions establishes a carrier density n. If we
consider the current to be a drift current at short-circuit con-
ditions, the result corresponds to the FoM 0. Assuming a dif-
fusion current with the voltage k,T/e instead, we arrive at the
FoM a.

The Hecht equation(!®! from the beginning of this sec-
tion used the FoM ur(n) to describe the recombination—extraction
interplay for a device with perfect charge extraction. The FoM
« that describes, additionally, transport losses is proportional to
Jeen/Oeq- As it is defined at open-circuit conditions, J,.,xG =
R = n/r(n) where 7(n) = 1/(kn) for second order recombina-
tion, and o, gocp, . This yields ac(uq7(1))~!. Therefore, interest-
ingly, both recombination-to-extraction and the additional trans-
port losses are essentially related to the (carrier concentration-
dependent) pzr-product.

Next we consider how the FoM « enters the diode equation. Ne-
her et al.**3] could approximate the implied voltage by an equa-
tion containing the externally applied voltage, the opencircuit
voltage, and an apparent ideality factor 1 + a. The found rela-
tion corresponds to Equation (10) evaluated at V. assuming ny
= 1. This important result led to a modified diode equation for
transport-limited photocurrents:

_ B(Vext - Voc)
J(Vew) = Jgen| €xP TxanT ) 1 (23)
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Figure 7. a) JV curves calculated using Equation (23). The generation current is kept constant, while « is varied from 0 to 100. The FoM «a effectively
stretches the JV curve relative to V.. b) FF with the relative diffusion length I ;¢/d at 1 sun illumination for a number of photovoltaic systems. Grey points

in the background depict the results of the drift—diffusion simulations for nearly balanced carrier mobilities (V,

This corresponds to Equation (12) with n,,,, = 1 + @, representing
the ideality factor of a transport-limited device around V. — as
long as the recombination ideality factor can be approximated by
a value of 1.

With Equation (23), a way to calculate complete JV curves
under illumination was established, with the FoM a determin-
ing the shape of the curve.['® This was demonstrated for a se-
ries of blends, where the chemical structure, and with it the
hole mobility, was varied."””) When a < 1, V,,,, becomes equal
to V., AV, becomes zero, and Equation (12) simplifies to the
ideal diode Equation (3) without transport losses. If, however, a
>1, the device current becomes severely transport limited and
Vimp changes much more weakly than V,,,, thus causing sig-
nificant voltage losses AV, = V_, — V,__ even well below V.
How the FoM a impacts the JV curve of a solar cell is presented
in Figure 7a, showing that a high transport resistance essen-
tially stretches the illuminated JV curve relative to V. For a
real device with transport resistance losses, the case with per-
fect charge extraction, corresponding to a = 0 in the figure, can
be reconstructed by suns-V, . measurements as described in Sec-
tion 5: at V,, the current density J = 0 by definition, and then

oc’
Vimp = Voc .

Ot

«=0.7-0.9V; y,/p, = 0.5 - 2.0).1%]

The framework of Neher et al.l'*] also allowed to establish a
quantitative relation between FF and «, as shown in Figure 8a.
For @ < 1, FF varies between 80% and 90%, as predicted by
the ideal diode equation. There is a sharp drop of FF once the
transport-limited regime is entered for a > 1. Related to this,
Equation (22) can be used to assess the quality of the active mate-
rial, namely whether for a given generation current the photocur-
rent will suffer from strong transport losses or not. For state-of-
the-art OSCs, J, can easily reach 25 mA cm™ with d = 100 nm.
Then, for a reasonable k of 107" cm3s™!, p ¢ must be larger than
1073 cm? V-1 571 to have a < 1, which is quite difficult to achieve
in organic donor—acceptor blends due to their structural and en-
ergetic disorder. We point out that « is very sensitive to changes
in the effective conductivity or recombination current: a ten per-
cent change in either of the two will change « by roughly ten per-
cent, too. That will already change the FF, as shown in Figure 8a
for a PM6:Y6 solar cell measured at various temperatures. This
is particularly important to understand for the optimization of
already very good solar cells — as discussed in Section 2 — in striv-
ing toward the maximum FF. Following the concept introduced
in ref. [142] that was already outlined in Section 2, the FF can
also be represented by a function of the normalized open-circuit
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Figure 8. a) The FF of PM6:Y6 shows a good correlation to the FoM a within the 150-300 K temperature range. b) This correlation is system-specific, also
when shown as a function of v, in comparison to Equation (1). c) However, when v, is evaluated with an ideality factor n,y + f, given by Equation (26),
the FF can be universally approximated by the Green equation. The data was taken from ref. [9].
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voltage, Equation (1), with n,,, = 1 + «. This is shown in
Figure 8b, parametric in V.. Also shown are experimental data
from different material combinations, to show that a is system-
specific and not universally described by the Green equation. Fur-
ther below, we describe a modified FoM, g, that provides a uni-
versal description of OSCs with Equation (1).

With the assumptions made in Equation (22), « can be related
to the ratio between the active layer thickness d and the diffu-
sion length I;;. Assuming the Einstein relation D/u = k;T/e, this
yields!!%]

2
2
a= 2 =< d ) (24)
2Dz Va2l

Due to the direct relationship between the FoM « and l;/d, the ra-
tio of the effective diffusion length and the active layer thickness
can be used on its own for correlating with FF. This is shown in
Figure 7b for a range of OSCs with thicknesses ranging from 80
to 550 nm at 1 sun illumination at room temperature. A good
overlap of the experimental data both with the analytical expres-
sion (Equation (4)) and the simulation results is observed. This
shows that the FF of most studied blends is limited by insuffi-
cient carrier diffusion to the contacts at low internal fields, near
V,.. In analogy, the FoM 6 can be expressed as the ratio between
the active layer thickness d and the drift length at short-circuit
conditions.[*%]

The FoM a is inversely proportional to the effective conduc-
tivity, as seen from Equation (13), and as it contains carrier con-
centration it is exponentially dependent on the voltage. We out-
lined already in the introduction that the conductivity decreases
when going to voltages smaller than V,_. This makes transport
losses at the maximum power point — and, indeed, the short cir-
cuit — more pronounced. The exponential voltage dependence
of the conductivity can be described by an ideality factor n,,
in direct analogy to the recombination ideality factor n,y that
represents the exponential dependence of the current density
on the voltage (see Equations (11) and (15) in Section 4). Both
depend on the mode of recombination and transport, respec-
tively, and are determined by the detailed shape of the DOS
in the disordered semiconductors used in OPV.>! The orig-
inal derivation of a by Neher et al.'*}] described above consid-
ers only ny = 1, which works well to predict the FF for a given
material system at room temperature, as shown in Figure 8a. It
even works, to some degree, for temperature dependent data, al-
though the FF is better represented with respect to ak,T. Below
we will discuss how the FoM can be corrected to be even more
accurate.

An interesting aspect to consider is how the electron and hole
mobility (or conductivity) contribute to the effective mobility u g4
(or the effective conductivity o,.4) in the transport resistance or
the FoM a. Since o4 influences the slope of the JV curve, it is
important to understand which charge carrier dominates the ef-
fective conductivity. The voltage drop due to transport resistance
can be expressed via the individual electron and hole conductivi-
ties as:l’]

AV Jo e T (25)

d 6, 0, O
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with the electron and hole currents J, = J, = J/2, the electron and
hole conductivities ¢, and o, in the acceptor and donor phases,
respectively, and the effective conductivity given by the harmonic
mean of its constituents, i.e., 6.5 =2/(c," + o-p‘]).[“ls“] Lower
conductivity leads to a stronger QFL gradient and a higher contri-
bution to the voltage loss. Consequently, the effective conductivity
determined via Equation (17) is dominated by the slower charge
carrier. Later publications!®*}] considered the voltage drop to be
given by the geometric mean of charge carrier mobilities, y.s =
\/Hty by assuming identical gradients for the QFLs, which lead
to the condition o, = ¢,. How electron and hole conductivity
really contribute to the effective conductivity still has to be ad-
dressed by suitable experiments. It will be interesting to learn
if the effective conductivity leading to transport losses will come
from a mean of mobilities that is similar to nongeminate recom-
bination, which has been predicted to depend on the spatial ex-
tent of the donor-acceptor domains.!'”]

The light intensity and temperature dependence of « is im-
plicitly determined by energetic disorder, given its relation to re-
combination and charge transport. When the effective energetic
disorder for electrons and holes is equal, a scales simply with
the charge carrier density. However, this balance can shift un-
der certain conditions, such as lowering the light intensity, if the
distribution of states in energy differs for donor and acceptor.
When the disorder is no longer equal, the ease of hopping be-
tween sites may become different for electrons and holes. For
instance, a recent study revealed that the energetic distribution
of states in modern OSCs can be described as a combination of a
Gaussian and an approximately exponential distribution found
to correspond to a power-law DOS.I'®! [n systems with such
mixed DOS, reducing the QFL splitting exposes charge carriers
to greater energetic disorder, and more importantly, this disorder
is in general not equal for electrons and holes. Consequently, the
contributions of electrons and holes to recombination and charge
transport are also different. How these processes depend on the
charge carrier concentration — and therefore on the DOS - is ac-
counted for in the general equations for J,, and o (Equations (11)
and (15)) through their respective ideality factors. The ratio of the
ideality factors ny/n, determines the exponential voltage depen-
dence of ac¢],, /0.4, offering insights into which DOS dominates
recombination and transport losses. For example, for a mixed
DOS, the dependence of « on light intensity with the power of
1.5 — ny, implies that transport is limited by charge carriers from
the power-law DOS, while the major recombination channel is
governed by carriers from the Gaussian DOS.I®! Hence, consid-
ering ideality factors in « leads to a deeper understanding of the
physical mechanisms within a solar cell, as it satisfies a more
general case that is valid not only for equal energetic disorder,
but also for cases when contribution of electrons and holes to
recombination and transport are not perfectly balanced. For ex-
ample, this general relation can be employed for the temperature-
dependent studies or the studies of material properties and active
layer morphology.

While the FoM a is able to predict the FF well, the apparent
ideality factor — approximated by 1 + a (assuming ny; = 1) —
is only valid around V, .. At the maximum power point, where
the FF is defined, a underestimates the transport resistance —
and therefore the FF loss. Saladina and Deibel®! presented an
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approach to predict an improved ideality factor g, which allows
to predict the transport resistance with the knowledge of a, ny
and n,. To do so, they proposed an iterative approach. The re-
sulting g (called so because it works better) can be used also in
the normalized open-circuit voltage v,.. Thus, replacing the ap-
parent ideality factor n,,,, with the sum of n4 and the iteratively
determined g (Equation (10)), we state

eV,

=—%_ _  where

T Tt BT
. (26)
P S
In (v, +1)
With this modified definition, the real device FF can be predicted
with the original empirical equation by Martin Green,['*?] Equa-
tion (1), with high accuracy for different material systems across a
wide range of temperatures and light intensities (Figure 8c).°! In
contrast, according to Figure 8b, @ can only predict the FF well for
a single given system. The FoM v, as defined in Equation (26),
can furthermore be used to link the collection efficiency at the
maximum power point to the transport resistance in a very sim-
ple manner,°! yielding

v
. 27
]gen Voc +1 ( )

Heol =
The transport resistance also predicts the current losses around
short-circuit conditions that are called “photoshunt” losses in
the literature. The photoshunt is described in more detail in
Section 7.1.

7. Different Perspectives on the Transport
Resistance

Relating the photocurrent and photovoltage for a given irradia-
tion is one of the central tasks of solar cell device physics. Most
physical models start with a generation-recombination frame-
work, where the current at a given voltage and irradiance is split
up into photogeneration and recombination terms. A simple ver-
sion of such a model can be expressed as J = [, (V, @) = Joen (P),
where J..(V, @) is the recombination current density that de-
pends on voltage Vand illumination intensity ®, while the photo-
generated current density J,.,(®) only depends on the absorbed
photon flux. Despite its advantages, this description presents
some challenges: there is no universal and obvious relation be-
tween J,..(V, ®) and V, nor an obvious connection of J,..(V, @) to
inefficient charge carrier collection due to slow charge transport
through the semiconducting layers of a solar cell. Both problems
are interrelated, and various approaches in the field of photo-
voltaics address charge collection losses. These approaches differ
in how they account for collection losses and the parameters used
to create analytical variants of the J(V) equation linking J...(V, @)
and V. To maintain the familiar one-diode model structure with
parasitic parallel and series resistances, the total series resistance
is divided into two components: external series resistance and
transport resistance (Section 4.1). Since this additional transport
resistance depends on both light intensity and voltage, it also in-
fluences other circuit parameters, which can be used to modify
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the equation describing the JV curve and/or analyzed separately.
Specifically, it affects the apparent parallel resistance under illu-
mination (Sections 4.2, 7.1), modifies the apparent ideality factor
(Sections 4.1, 6), and causes the apparent current source to be-
come voltage-dependent (see e.g. ref. [170]).

7.1. The Apparent “Photoshunt”

A peculiar aspect of transport-related losses is that they affect
the illuminated JV curve in ways that are similar to increased
series but also reduced parallel resistances. The reason for this
effect is that low mobilities in absorber or transport layers lead
to significant splitting of the QFLs even down to short circuit.
This QFL splitting corresponds to electron and hole concentra-
tions that build-up in the absorber. As recombination rates gen-
erally scale with the electron or hole densities, the build-up of
charge carriers within the absorber leads to additional recombi-
nation currents under illumination that would not be present at
the same externally applied voltage in the dark. These recombi-
nation currents often have a weak dependence on the externally
applied voltage and appear as parallel resistance with a linear light
intensity dependence. This phenomenon is referred to as “pho-
toshunt”; however, as we showed in Section 4.2, it is completely
unrelated to the shunt in the dark and only appears under illumi-
nation. It has a variety of consequences both for understanding
and for quantifying the transport-related recombination losses.

The photoshunt may lead to confusion in interpreting device
parameters. Since JV curves are used to determine the resistive
elements R, and R, it is important to understand that R, in the
dark differs entirely from R,at e.g., 1sun illumination. To illus-
trate this effect across different light intensities, we use shifted
JV curves plotted on a semi-logarithmic scale, as introduced by
Robinson et al.,!'¥] instead of the traditional linear JV curves un-
der illumination. Each shifted JV curve is constructed by adding
Je to the original JV curve. Since J is defined as —J(0 V), this
shift ensures that all curves intersect at the origin (V= 0, J = 0).
By shifting each curve accordingly, we align them to a common
reference point for better comparison of their behavior under dif-
ferent illumination conditions. Figure 9a shows an example for a
PM6:Y6 solar cell. The first observation is thatlight intensity has a
systematic effect on the shifted JV curves, even after removing its
primary influence — namely the linear dependence of ], on light
intensity.['®8 The shifted curves display a diode region (linear on
the semi-logarithmic plot) with exponential current-voltage de-
pendence and a lower-voltage part that appears logarithmic on
the semi-logarithmic plot, making it approximately linear in re-
ality. This linear relation at small forward bias is the signature of
the photoshunt.['* The curves are offset relative to each other by
an additive term which implies (on the logarithmic y-axis) that
the current changes by a factor depending on light intensity.

If we now determine the apparent parallel resistance R, ,, at
every light intensity via
av
R ,total = =07 (28)
Pt df 1y

we note two contributions:'® a constant offset originating from
the dark parallel resistance and a linearly light-intensity de-
pendent contribution from inefficient charge carrier collection.
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Figure 9. a) Shifted JV curves of the PM6:Y6 solar cell at 300 K. The near-ohmic current at low forward bias increases significantly with light intensity @,
indicating an apparent light-intensity-dependent parallel resistance. b) Photoshunt Ry, and total parallel resistance R, 1o, of PM6:Y6, derived from
the JV characteristics in (a), using the method from ref. [186]. At low @, R,, 1, saturates to the value of Ry, 4,r, Whereas the corrected Ry, does not.

The product Rypot0
taken from ref. [9].

Figure 9b illustrates this effect for the PM6:Y6 cell, with the

squares showing the total parallel resistance R, ,,,, while the cir-

cles show the contribution of just the photoshunt. This R, was
determined by

-1 _ p-1 -1
Rphoto - Rp,total - Rp,dark (29)

with R, 4, corresponding to the dark parallel resistance which
was estimated at low light intensity of 6 X 10~* suns, where the
total parallel resistance saturates to a constant value.

It is worth emphasising that R ;,, is inversely proportional to
the light intensity @./18] To understand why, we must revisit Sec-
tion 4. With the external voltage being zero at short-circuit con-
ditions, the implied voltage becomes the negative of the voltage
drop, V,,, = —AV,,. Therefore, we can rewrite Equation (6) for
short-circuit conditions as d/o. = V,,, /] Next, considering the
slope at 0V, given by Equation (19), which describes the photo-
shunt, and replacing the conductivity term with the above result,
we obtain:

Vi J
R0 _mp e (30)
phot ]sc .]gen _Jsc

Both the generation current and the short-circuit current depend
linearly on light intensity, while the implied voltage correspond-
ing to the QFL splitting follows a logarithmic function of ®. The
photoshunt will be dominated by the contribution that changes
more rapidly with ®. Since the logarithmic function grows much
slower than the linear one for the same change in input, the pho-
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@ of PM6:Y6 shows strong correlation to c) the FF, and d) the FoM a within a temperature range from 150 to 300 K. The data was

toshunt is dominated by the terms linear in ® — namely J,,, and
.]SC *

The photoshunt, which reflects an apparent increase in the
slope of the JV curve at 0 V due to transport-related losses, is
directly related to the FF. In Section 4.2, we noted that the slope
alone is insufficient to predict the FF; it must be scaled by the
generation current (or light intensity). At open circuit, this scaling
transforms the JV slope into the FoM a, which, as demonstrated
earlier in Figure 8a, predicts the FF with remarkable accuracy. Ap-
plying similar reasoning to the photoshunt, we multiply it by the
light intensity. We then correlate the resulting product, R, @,
with the FF of the PM6:Y6 solar cell, as shown in Figure 9c.
The FF can be described as the logarithm of the product R;,.,,®,
showing a consistent linear relationship across a wide range of
light intensities. Notably, this trend is the same for all the tem-
peratures, indicating that the product R, ® serves as a reliable
predictor of the FF. Hence, similar to a, it can be regarded as a
FoM for FF losses.

Since both « and R, ® can predict the FF, they must be re-
lated to each other. The slope at any point on the JV curve, de-
scribed by Equation (16), can be connected to the FoM a by fac-
toring out the term J,, /o,,. This leads to a relationship between
the photoshunt and «, expressed as:

ak, T ny [y \m 't
Rphoto ']gen ~ ¢ == (31)

no‘ O—SC

Figure 9d illustrates this relationship for the PM6:Y6 solar cell.
Previously, we showed how the effective conductivities under
open-circuit and short-circuit conditions can be evaluated using
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the corresponding slopes (see Section 4.2). It is therefore evident
that the two FoMs in the above expression are related through
the ratio of these conductivities. This relationship is influenced
by the ideality factors, with the term n,_/n, adjusting the con-
ductivity ratio based on the relative impact of recombination and
transport processes.

To conclude, the photoshunt is an easy to determine parame-
ter that can support any analysis of charge transport and/or FF
losses in various solar cells as long as it is compared at equal
light intensity.

7.2. Photocurrent Collection Loss Instead of Voltage Loss

The concept of transport resistance links the chemical potential
of electron-hole pairs (i.e., the QFL splitting A E) within a photo-
voltaic absorber with the electrostatic potential difference (i.e., the
external voltage V,,,) between the contacts. This is achieved via
an additive term that represents the voltage difference caused by
transport resistance. Although this is one way to describe the phe-
nomenon, alternative approaches exist, such as the mathemati-
cal description developed initially by Breitenstein!'®®! and later
refined by Rau et al.l'®! This approach uses the difference be-
tween exp (eV,,/kT) and exp (AE;/k;T) instead of the one be-
tween eV,,, and AE. It originates from solving the current den-
sity equation as a function of the QFL gradient within a space-
charge region of a pn-junction. Assuming a parabolic shape of
the conduction and valence band edge leads to

eVext eVimP
(@) () o

whereby the exchange current density J.,. depends on the ratio
of conductivity and Debye length, but is independent of voltage
or electric field.') This implies that the finite speed of charge
transport through a space-charge region can be expressed with
a voltage-independent term that differs in its mathematical de-
scription from the transport resistance. The idea of Equation (32)
is to capture the physics of charge carrier extraction and injection.
If eV, > AE; = ¢V, the injection of charge carriers from the
contacts to the absorber dominates. If ¢V, < AE; =¢V,,,, charge
carrier extraction from the absorber to the contacts dominates. At
Ve = AEp = €V, we are at open circuit, the Fermi levels are
flat, and injection and extraction are perfectly balanced, resulting
in zero net current.

We could now equate the generation-recombination model of
the JV curve of a solar cell with this extraction—injection type

model defined by Equation (32). This leads to
eVimp
]0 <6Xp <K> - 1> _.]gen
_ eVext evimp
- .]exc €xp kB T exp kB T

where ], is the maximum photogenerated current density, i.e.,
the J,. one would have if all charge carriers were collected and

none recombined at short circuit. The left hand side of Equa-
tion (33) is similar to the one diode model (Equation (3)) safe
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for the fact that we used J,, rather than J, and V,,,, rather than
Ve Thereby, the equation does not assume the absence of re-
combination losses at short circuit but explicitly accounts for
their possibility. If we now eliminate V, from Equation (33),

we obtain!16>190]

]eXC eVeXt
I= T T, (J"(exl’(kBT) _1> ﬁgé“) G4

Thus, we now have an equation that relates the two observables,

current density J and external voltage V., to one another. The
Jexe

excTJO

mp

xt?

plays the role of a collection efficiency that modulates

ratio

- . Ve
both the recombination current density J, (exp (iB—T> - 1) and

the photogenerated current density J,.,,. The intuitive meaning
Jexe

excTJO

between contact and absorber expressed via |, is fast relative to
recombination expressed by the term J (thatis J,,. > J,), the col-
lection of charge carriers will also be efficient. In the ideal case
observed in a pn-junction, J.,. will be independent of voltage and
the loss will be entirely in ], while the FF would not be affected.
In most solar cells that differ from a simple pn-junction, we ex-
pect a voltage dependence of |, . that will lead to a reduction in
J. and in FF. The exact voltage dependence of J,,. that may well
describe OPV is so far still a question of active research.

A significant part of the possible confusion caused by the dif-
ferent models used to describe transport losses is that the dif-
ferent mathematical descriptions may describe the same or dif-
ferent physical realities. Let us make an example: In solar cells
with absorber layers that are primarily electric field-free such
as silicon, Cu(In,Ga)Se,, and (due to ionic screening) halide
perovskites, a voltage-independent or weakly voltage-dependent
charge collection loss may result from low conductivities of
transport layers or space-charge regions.1%1%] The resulting
JV curves would behave as shown in Figure 10a, featuring a
loss in J . but not in FF. Mathematically, we could write that

exp (%) —exp (e;; - ) = const. Furthermore, the same type of
cells might show resistive losses, e.g. due to very thin metal fin-
gers employed or insufficiently conductive transparent conduc-
tive oxides. In this case, we will observe a purely resistive voltage
loss as illustrated in Figure 10c that mathematically corresponds
t0 Ve = Vimp = const. In these two examples different mathemat-
ical descriptions are used to describe different physical realities
(ohmic losses in the contact layers vs low mobilities within the
space charge regions of the semiconductor layers within the ac-
tual solar cell). In OSCs, however, the physical reality is nearly
always a loss caused by the low mobility of a partly or largely de-
pleted active layer. The mathematical description could now be
given by voltage dependent transport resistances or voltage de-
pendent collection efficiencies as shown in Figure 10b. There is
so far no model that avoids the use of voltage (and light intensity)
dependent parameters such that neither of the two cases shown
in Figure 10a,c comes close to the reality of OPV. However, both
of the descriptions can be modified in a way that they can ac-
count for the physical reality of low mobility absorber materials.
Thus, while there is no unique solution to the question of how
to mathematically describe the transport losses, there are alter-
native solutions that do the job in slightly different ways.

of the fraction

is that as long as charge-carrier exchange
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Figure 10. Depending on the electrostatics of the device geometry, charge-transport losses can have different effects on the JV curve of a solar cell. They
can either modulate the photocurrent as shown in panel a), be primarily of resistive nature as illustrated in panel (c), or be a (fairly arbitrary) mixture

Vlm . . . .
of the two as shown in panel b). (a) describes a situation where exp (%) —exp (Ek—Tp) = const holds, while c) describes a situation where V,; —
B B
Vimp = const holds. In (b) neither of the two terms is constant. Panels (a) and (c) constitute the extreme ends of a spectrum of possible effects of poor

charge transport, whereby all real solar cells will occupy a spot somewhere between these two extremes.

8. Beyond Transport Resistance Losses

In this section, we will consider two loss mechanisms that also
influence the FF — electric field-dependent charge photogenera-
tion and recombination of photogenerated with injected charge
carriers — that have a similar appearance as the transport resis-
tance, but have to be considered separately. Both of these pro-
cesses are (quasi-) first order processes and therefore indepen-
dent of light intensity.

8.1. Photogeneration

The photogeneration process in OSCs can depend on the ap-
plied voltage and thus impacts the JV characteristics. Since the
intermediate state in the photon-to-electron conversion process
— the charge-transfer (CT) state — dissociates more easily under
a stronger electric field,['%191 the generation current becomes
a function of externally applied voltage. This process was con-
sidered until recently one of the primary contributors to the FF
loss in OSCs.[192193] However, already in P3HT:PCBMI'** and
PM6:Y6,1%] at least at room temperature the photogeneration
was virtually field-independent. Nevertheless, for less efficient so-
lar cells or temperature dependent studies, we will explore the
impact of field-dependent charge photogeneration on the slope
of the JV curve and the FF. First, we will define the generation
current through the field dependence of CT separation, and then
integrate it into the diode equation.

We consider charge photogeneration proceeding from singlet
excitons to separated electrons and holes via the CT state. The
probability of dissociation under steady-state conditions can be
expressed as!!%]

ky(F
s (F) = - 0 (35)

(F) + kf

with k,being the recombination to the ground state constant, and
k,(F) is the dissociation rate constant that depends on the elec-
tric field F. When the field is zero, the dissociation probability
depends on the CT binding energy, i.e., the energy barrier for
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separation into free charges.['”1%] When the field is applied it
effectively lowers the barrier and increases the CT dissociation
rate constant:[141:199.200]

ka(F) = ky(0) exp (%) (36)

Here, r is the effective separation distance of an electron-hole
pair. The electric field is approximated as F ~ (V,; — V,,,)/d, where
V,; is the built-in potential essentially given by the difference of
the electrode work functions. Note that k,(F) depends on the spe-
cific electron-hole separations and their orientations within the
electric field. Thus, k,(F) represents a dissociation constant that
is spatially and energetically averaged. With this, the generation
current will depend on the generation rate of CT states, and their
dissociation probability:

]gen = eLGCT : ndiss(F) (37)

with the charge photogeneration rate G = G - 74;(F)- Note that
the possibility of singlet exciton repopulation will be contained
in G, and the nongeminate recombination rate in the prefactor
k,(0).

Adapting the diode equation to incorporate voltage-dependent
charge photogeneration presents two key challenges. First, it
is not easy to be implemented analytically. One approach in-
volves using a series expansion of Onsager’s result at low
electric fields.['21] Another one considers only the field-
dependent modification of the electrostatic potential, as we
have done above, neglecting the impact of the field on elec-
tron and hole diffusion.[1*1199200] The latter method has been
previously employed, for example by Giebink et al., to modify
the diode equation for scenarios with voltage-dependent charge
photogeneration.[2°2] The second challenge concerns relating the
external and implied voltages to one another. The generation
current — and consequently the charge carrier density and the
implied voltage — depends on the electric field that the external
voltage creates. This relationship directly affects conductivity and
transport resistance, which stretches the JV curve relative to V,

oc’

as was discussed in Section 6. Hence, not only the conductivity
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influences this stretching, but also the externally applied
voltage itself.

To incorporate the voltage-dependent generation current into
the diode equation, we rely on approximations. Starting from
Equation (12), we substitute the above expressions for J,,. Since
we are lacking a direct link between V,,, and V,,,,,, we cannot de-
termine the apparent ideality factor explicitly. Instead, we approx-
imate it as n,y + @, assuming it remains constant across the entire
JV curve, which leads to:

] ~ Jgen(voc)
€ (VEXt B VOC) ”diss(vext)
. [exp< (nid + a)kBT > - ndiss(voc) :| (38)

This approximation underestimates the impact of transport re-
sistance on the FF, as we discussed in Section 6. Consequently,
our analysis compares charge generation losses to the lower limit
of transport resistance losses.

We used the above equation to estimate how much of the FF
losses can be attributed to inefficient charge generation and to
assess whether the impact on the FF is comparable to the one
caused by transport resistance. To begin, we consider a solar cell
without transport resistance losses, assuming a = 0. The param-
eters for these calculations were selected to be simple, but align
with the ], and V,_values typical of state-of-the-art solar cells. We
set Vi, =116V, V. = 0.85V, d = 100 nm, n,y = 1, the CT radius
rto 1 nm, and the CT lifetime (k,(0) + k)" to 2.5 ns.

A decrease in the dissociation efficiency reduces the genera-
tion current, as shown in Figure 11a. This shifts the JV curve
upward compared to the ideal case with perfect CT dissociation
yield, resulting in an overall loss in performance. Additionally, it
alters the slope of the curve ~0 V, but not at open circuit. While
the FF is clearly affected, the simultaneous change in J,. makes
it difficult to say by how much.

To clarify the impact on the FF, we normalized the current den-
sity to the value of ] for each curve in Figure 11b. The influence
of the field-dependent charge photogeneration on the shape of
the JV curve is apparent, but remains relatively minor. In compar-
ison, increasing transport resistance losses (by raising the FoM
a from 1 to just 3) produces significantly greater FF losses than
those theoretically caused by inefficient CT separation. Transport
resistance not only affects the JV curve more negatively overall,
but also specifically alters the slope near V., where n4, has vir-
tually no influence.

The resulting FFs are shown in Figure 11c. When transport
resistance losses are significant (« > 10), the impact of CT dis-
sociation yield on the FF becomes almost negligible. However, a
key question is whether high-efficiency state-of-the-art solar cells
really experience FF losses due to charge photogeneration? For
low n;y + a values, ranging from 1 to 2, the voltage dependence
of CT dissociation can decrease the FF by ~10 percent points as
N4iss(0) drops from 1 to 0.5 — this would be a considerable loss.

The dissociation efficiency of 0.5 would result in a fairly low
external quantum efficiency (EQE), falling below 65%. Literature
reports indicate that solar cells with such low EQE values typically
exhibit FFs below 0.6,27%] indicating pronounced transport and
recombination losses. These solar cells are likely to correspond
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Figure 11. Influence of charge photogeneration on the JV curves, calcu-
lated using Equation (38). a) Varying n4iss (0) with @ = 0 to eliminate trans-
port related losses. In b), J is normalized to J,. to show the impact of
N4iss (0) and a on the FF. c) FF as a function of n4;s(0) and a with njg =1,
showing the dominance of transport losses over those related to charge
generation.

to ny + a values between 3 and 10 in our example, where CT
dissociation is no longer the primary constraint on the FF.

In short, even in solar cells that are limited by a field-dependent
photogeneration, the impact of the transport resistance on the
FF is usually dominant. Since the photogeneration yield is inde-
pendent of light intensity, whereas transport losses become more
pronounced under stronger illumination, the two processes can
be largely distinguished.

8.2. Recombination of Photogenerated Charge Carriers with
Injected Charge Carriers
Another mechanism that leads to FF losses — beyond field-

dependent photogeneration (Section 8.1), nongeminate re-
combination and transport losses — is the recombination of
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Figure 12. The impact of recombination with injected charge carriers, ng,q irj, compared to transport resistance. Simulated JV curves at 1 sun to-
gether with the suns-V,. curves shifted down by the generation current density (dotted lines), for charge carrier mobilities of a) 5 x 107 and b) 5 x

107> cm?(Vs) ™', respectively.

photogenerated charge carriers with injected (dark) charge
carriers.194203-205] ‘This type of recombination is more pro-
nounced for electrodes with small injection barriers, with a volt-
age dependence that differs from that of nongeminate recombi-
nation in the active layer bulk. Recombination with injected car-
riers is essentially a pseudo-first order process that occurs in the
vicinity of the electrodes and requires two “ingredients”: i) a large
concentration of majority charge carriers which originates from
Fermi level equilibration between the absorber and a metal or a
highly doped transport material; ii) an accumulation of minor-
ity charge carriers due to their low conductivity. Recombination
with injected carriers can occur at the same time as transport re-
sistance, and some of the conditions for both to occur are similar.
However, they can in principle be distinguished, for instance by
the light intensity dependence.

In Figure 12a,b it can be seen that a high concentration of in-
jected dark carriers ng, i, (red solid lines) — achieved by low in-
jection barriers — improves the FF. This originates from the high
concentration of majority charge carriers in the vicinity of their
respective contact. While this high carrier concentration leads to
an increased recombination rate in this region, the correspond-
ing high majority carrier conductivity reduces the transport resis-
tance. In order to get a feeling for the interplay between recombi-
nation with injected carriers and transport resistance losses, we
chose perfectly selective charge extraction and distinguish two
cases: The JV curves in Figure 12a were simulated with balanced
electron and hole mobilities of 5 X 10~* cm?(Vs)~!, whereas (b)
shows simulations with factor 10 lower mobilities, with more
pronounced transport losses. Note that the wide band gap elec-
tron and hole transport layers which extend from 0 to 20 nm and
from 120 to 140 nm, respectively, are not shown for the sake of
simplicity as generation and recombination do only occur in the
photoactive layer. In the case of the higher mobilities and a high
value of 1y, i, it can be seen that recombination at the maxi-
mum power point occurs predominantly near the contacts (red
curve in Figure 13a). It is more pronounced near the hole con-
tact (left) due to an inhomogeneous generation of charge carri-
ers. In contrast, for a low value of ng,, ;,; the recombination is
bulk dominated. At short circuit, this effect causes the value of
Jsc in Figure 12a to be lower for a high value of ng,, i, despite
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the higher FF. In Figure 12b it can be seen that the lower mobil-
ity does not only lead to lower FFs, it also causes the value of J
to be higher for the high value of n, ;- It can further be noted
that the suns-V, curves shifted down by the generation current
density (dotted lines in (a) and (b)) are identical. This originates
from the fact that at V. recombination occurs rather homoge-
neously throughout the photoactive layer and thus the injected
carrier concentration g, i,y plays a very minor role.

In Figure 13a,b, the situation at the maximum power point is
illustrated. Under illumination (solid lines), for a high value of
Mgark, inj WE ODserve more recombination at both ends of the pho-
toactive layer, close to the electrodes, and less in the bulk. The
dotted curves are the recombination rates at the same voltage
(i-e., Vinpp), but in the dark. The following three phenomena can
be observed. i) The recombination rates are much smaller in the
dark than under illumination (we multiplied the dark R values in
Figure 13, by 10* in (a) and 10° in (b) to make them visible on
this scale). This is in stark contrast to an ideal diode where the
rates would be exactly the same, highlighting that the superposi-
tion principle is an ideal case. ii) The dark recombination rates
are spatially homogeneous and, iii) for the high charge carrier
mobilities in (a), Ngu 1y has a clear impact on the recombina-
tion rate, whereas for the lower mobilities (b) it does not lead to
any differences. Further, (c—f) show the corresponding conduc-
tivities of electrons (red) and holes (blue). Under illumination,
they are significantly higher, especially for the electrons as they
have to be transported over a larger distance. This increase in
conductivity comes solely from the accumulation of charge car-
riers under illumination. Indicated are the simulated values of
Vipp a0d ], and also the recombination current densities un-
der illumination (in brackets) and in the dark. The latter are, as
already discussed above with respect to the recombination rates,
orders of magnitude smaller due to the much smaller charge
carrier concentrations. This simulation study shows that the im-
pact of dark injected charge carriers is two-fold: on the one hand,
they increase the conductivities of the majority carriers exactly in
those regions where their respective current is the largest (i.e.,
for electrons close to the electron contact and for holes close to
the hole contact) and thus lead to a decrease of the effective trans-
port resistance. On the other hand, they also induce an increased
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Figure 13. Spatial distribution of the recombination rate and conductivities for the two mobilities of (a,c,e) 5 x 107* and (b, d, f) 5 x 1075 cm?(Vs)~!

under illumination (solid lines) and in the dark (dotted lines). a,b) Recombination rate at V,,

together with the optical generation rate G. The

recombination rates in the dark (dotted lines) were scaled by 10® in (a), and by 108 in (b). c—f) show the conductivities of electrons (red) and holes
(blue) with identical voltages applied; (c) and (d) for the high value of ng, inj; (€) and (f) for the low value of ng,y in;-

recombination rate in these regions, which manifests itself as a
pseudo-first order loss. Therefore, injection of (dark) charge car-
riers can have positive and negative effects — unlike the transport
resistance, which is always a loss. Which of these two injection-
induced effects — increased conductivity or increased recombi-
nation - is stronger depends on the transport properties and on
the illumination intensity, that means, how many charge carriers
have to be transported.

A recent and insightful approach?®! considered, for the first
time, the impact of recombination with injected carriers on the JV
characteristics of OSC by an analytical model. The model also in-
cluded the effect of the injected carriers on conductivity changes,
as described in our simulation results above. The effect of the
transport resistance of the photogenerated charge carriers, how-
ever, seems not to be accounted for. Generally, from our results,
we think that both, transport resistance and recombination with
injected carriers, have a distinct impact on the JV characteristics.
The recombination with injected carriers, as a pseudo-first order
process, is essentially independent of light intensity and becomes
less pronounced for thicker active layers as the relative fraction
of the electrode region degreases. In contrast, transport losses in-
crease with higher light intensity and thicker active layers. In the
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examples we presented above (Figure 12), the negative impact
of transport losses dominated. The downshifted suns-V,_ curve,
however, contains no transport resistance losses and essentially
no recombination with injected carriers. As a rule of thumb, if
the FoM a changes with light intensity, with a dependence as de-
scribed in Section 6, then transport resistance losses dominate
the overall FF losses. Similarly, the transport resistance losses
dominate the difference between the illuminated JV curve and
the downshifted suns-V,_ curve. Generally, further investigations
to distinguish the effects of transport resistance and recombina-
tion with injected charge carriers are required.

9. How to Address the Fill Factor Loss by the
Transport Resistance?

The transport resistance is caused by the interplay between poor
charge transport and significant rate constants for recombina-
tion. In the following, we briefly discuss the various options to
minimize these losses and thereby optimize the charge collection
efficiency. We start by assembling the different material and de-
vice properties that influence the transport resistance. The trans-
port resistance corresponds to a voltage drop over the active layer
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originating from the limited charge carrier conductivities in the
latter. From the FoM a, we see that a higher generation current
increases the transport resistance, whereas a higher conductivity
decreases it. The generation current is connected to the recom-
bination current, as the mode of recombination determines the
effective lifetime of the charge carriers and consequently their
steady state density in the device. A longer effective lifetime (e.g.,
via a lower recombination prefactor k) has different effects de-
pending on the bias point. At short circuit, it will reduce the
amount of recombination at a given level of light intensity and
for a given mobility. At open circuit, the recombination rate is
fixed by the average generation rate and the longer lifetime will
lead to a higher density of charge carriers at a given fixed gen-
eration (and therefore recombination) rate, thereby leading to a
higher V__. In both situations, a longer lifetime will improve the
solar cell parameters.

The most obvious method to minimize transport losses is
to increase the effective conductivity. The lower of the elec-
tron and hole conductivities determines the transport resis-
tance and limits the FF, as predicted by ref. [7]. Therefore,
an optimized system should have balanced conductivities (Sec-
tion 6), which is in many cases well-approximated by balanced
mobilities.

Enhancing charge carrier mobility in the donor and accep-
tor is generally desirable for reducing transport losses. To this
end, chemists focus on designing polymers and small molecules
with rigid, coplanar backbones to improve molecular stacking,
as well as side-chain engineering to tune interactions between
molecules and between molecules and solvents, thereby promot-
ing crystallinity.'®] These strategies are effective for improving
charge carrier mobility. One notable class of polymers exhibits
temperature-dependent aggregation behavior: they dissolve read-
ily at elevated temperatures but form robust aggregates upon
cooling to room temperature.?”’] This property enables the poly-
mer phase to maintain high crystallinity in the solid film while
avoiding excessively large crystalline domains that inhibit photo-
generation (Section 2), overall improving charge carrier mobility
and, ultimately, the FF.

On the longer term, approaches for the high-mobility organic
field-effect-transistor materialsi>®! should be considered. Impor-
tant open questions are whether the results are transferable!2%!
to OPV despite the different working conditions — lower car-
rier concentrations, high absorption coefficients, and the need
to blend two materials? With the advances in high-throughput
experiments(?1l and the ability to computationally predict ma-
terial properties from chemical structures,?!!l in principle new
OPV materials with more ordered packing thatlead to higher mo-
bilities might be identified in the future.

A challenge is that these better packing or more crystalline or-
ganic semiconductors need to be compatible with the bulk het-
erojunction architecture — atleast from today’s perspective. How-
ever, it might be that the requirement to blend two different ma-
terials, with different packing properties, together destroys the
order of at least one of the constituents and, therefore, stands in
the way of achieving a high order. This challenge can potentially
be addressed by different approaches, among them the use of
single-component donor—-acceptor materials with a high-degree
ordering,[212213] or even bilayers made from orthogonal solvents
or by thermal evaporation, with the new high-order materials that

Adv. Energy Mater. 2026, 16, 2405889 2405889 (22 of 27)

www.advenergymat.de

also should have exciton diffusion lengths exceeding the donor
and the acceptor layer thickness, respectively.

In addition to higher and balanced charge carrier mobilities,
longer charge carrier lifetimes will be beneficial for the FF. The
generation current as such is given by the illumination intensity,
but the corresponding recombination rate can — when the effec-
tive charge carrier lifetime is long — lead to higher steady-state
carrier concentrations and higher conductivities. The nongem-
inate recombination in OSCs is always trap-assisted,[1*0214] ag
all electronic states in OSCs are localized.['>>1%] First, electrons
and holes have to meet, which means that usually one of them
is mobile and meets the other one that is trapped at that time.
They form a charge-transfer complex, and then have a — usually
high — chance to re-dissociate into separate electrons and holes,
which reduces the net recombination rate,2!%! or are lost into the
ground state. The recombination rate is increased when the mo-
bile charge carrier becomes faster, and the trapped recombina-
tion partner is more abundant if the DOS reaches more deeply
into the bandgap. Therefore, while reducing the relative fraction
of deeper traps increases the effective mobility of the mobile car-
rier, the likelihood of finding a trapped recombination partner
decreases, and with it the overall recombination rate.'’]

Another way to achieve higher conductivities is doping. How-
ever, early studies!?!72!8 have shown experimentally and by 1D ef-
fective medium simulations that doping of one type of charge car-
rier in bulk heterojunction solar cells can negatively impact per-
formance. The problem is that in a finely mixed donor—acceptor
blend, no band bending occurs between the donor and acceptor
domains. Consequently, doping to enhance the conductivity of
one material impacts the other negatively, leading to increased
recombination and overall performance loss. In principle, selec-
tive doping could potentially yield positive results by enabling
band bending between the material phases in a system, where the
donor and acceptor domain sizes are a few nanometres or larger.
This was explored in an early study on transport resistance in or-
ganic bulk heterojunction solar cells, published in 2012.21°1 2D
device simulations were performed to model a solar cell with a
bulk heterojunction active layer containing separated donor and
acceptor phases, a scenario more realistic than the typically used
effective medium approach. The authors suggested improving
solar cell performance by individual p-doping of the donor and
n-doping of the acceptor to minimize transport resistance. Ac-
cording to the 2D simulations, both approaches positively influ-
enced the FF and the overall performance. Selective doping has
also made progress in improving carrier mobility and collection
efficiency in NFA-based OPVs by increasing the carrier concen-
tration and charge mobility.,[??°! or reshaping the internal poten-
tial distribution of the active layer, enhancing the extraction of
low-mobility charge carriers.??!l However, implementing selec-
tive doping in practice is challenging. In addition to the poten-
tial issue of dopants from one material migrating into the other
phase, the increased carrier concentrations resulting from selec-
tive doping may also promote exciton—charge carrier quenching.

Besides challenging long-term strategies, more straightfor-
ward device optimization can be done already. For the bulk
heterojunction architecture, optimizing the donor-acceptor
nanomorphology is still the most accessible way to maximize
charge collection. The well-intertwined bi-continuous fibrillar
networks of donor—-acceptor blends is considered one of the
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most suitable morphologies, which provides a good trade-off be-
tween sufficient interface for photogeneration and phase connec-
tivity for charge carrier transport. From our meta-review (Sec-
tion 2), we found that for some ternary blends, the degree of or-
der is optimized, yielding a hierarchical morphology combined
with elongated non-fullerene fibrils and finely sized polymer
crystallites.'*’] Layer-by-layer deposition for preparing pseudo-
bilayers has the advantage of maintaining the purity of the donor
and acceptor domains as much as possible, forming a favor-
able vertical phase separation to promote charge collection by
the corresponding electrode.'*¥] Both approaches have the po-
tential to lower the transport resistance. Thinner active layers,
potentially a challenge in roll-to-roll processing, might also be
tested as a viable trade-off between charge photogeneration and
charge collection. Generally, we recommend to perform further
optimization of the systems that were less in the focus of the
OPV research community to minimize transport losses, such
as inverted device structures, made by thermal evaporation or
from non-halogenated solvents without additives. This focused
effort will support the reduction of charge collection losses, al-
lowing a successful and sustainable commercialization of mass-
produced OPV.
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