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Correlating the Photoshunt with Charge-Collection Losses in

Organic Solar Cells

Eunchi Kim,* Leonard Christen, and Thomas Kirchartz*

The low charge carrier mobility of molecular materials is one of the key
obstacles to achieving higher efficiencies in organic photovoltaics. Therefore,
understanding and quantifying charge collection losses owing to low mobility
is an important challenge in organic photovoltaics and other emerging
photovoltaic technologies. Here, an approach is proposed to use the
photoshunt and its dependence on light intensity as an easily accessible
indicator of charge-collection losses. The physical meaning of the photoshunt
is explored using drift-diffusion simulations and an analytical model. The
results show that the recombination current visible as the photoshunt is
decreasing with increasing charge carrier mobility. Furthermore, a framework
is presented for evaluating the short-circuit current losses in experimental
data using a photoshunt. The study reveals that the charge-collection
efficiency at shortcircuit is strongly influenced by the charge carrier mobility

and light intensity.

1. Introduction

While the efficiencies of organic solar cells are continuously im-
proving to values beyond 19%,!'= their performance is still lag-
ging behind other state-of-the-art solar cells such as crystalline
Si cells or perovskite cells.l®8] To further improve efficiency, it is
important to understand the origin of power losses. One detri-
mental factor is that blends of organic semiconductors have low
charge carrier mobilities.l| Charge carriers in the organic layer
travel by hopping through the conjugated z-bonding along the
backbone of the polymer or small molecule and therefore travel
with orders of magnitude lower mobility than typical for inor-
ganic semiconductors.'%13* A consequence of this inefficient
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charge transport is that under steady-
state illumination, a non-zero density of
electrons and holes exists within the ab-
sorber layer also at shortcircuit and a
significant recombination rate may be
present. As recombination losses during
charge extraction are difficult to disentan-
gle from optical losses or resistive losses,
the research community either focuses
on oversimplified approaches such as the
study of the linearity of the short-circuit
current with light intensity!™>?%) or uses
sophisticated methods such as time-
delayed collection field(**?°1 measure-
ments that require experimental equip-
ment that is not available in all research
groups.

Here, we study the use of the apparent
photoshunt R, .., as a quantitative mea-
sure of charge collection losses within
the context of organic photovoltaics using experiments, numer-
ical simulations, and analytical modeling. The apparent photo-
shunt is a consequence of finite mobilities leading to deviations
from the idealized superposition principle that is typically used
to explain the difference between dark and illuminated current-
voltage curves.’" The current-voltage curve of an illuminated so-
lar cell according to the so-called superposition principle is de-
scribed as J(V) = J4—J. i-e., the dark current density J,(V), which
depends on the voltage V, minus the voltage-independent short-
circuit current density J.

Therefore, in this work, we demonstrate how the photoshunt
depends on mobility and light intensity. Moreover, because the
photoshunt is inversely proportional to the light intensity ¢ to a
good approximation, we introduce a new figure of merit (FOM),
namely the product R, ;,.,¢, which is expected to show a distinct
dependence on a material parameter such as mobility u. Thus,
we use it to understand the charge extraction loss at short-circuit
in organic solar cells. To interpret the charge collection behav-
ior of organic solar cells more accurately, we analyzed R, @
with two other assays for charge extraction efficiency-the fill fac-
tor FF and the charge-collection efficiency at V = 0 V. Based on
the drift-diffusion simulation, we analyze the experimental data
using a combination of varied process parameters and light in-
tensity and introduce a novel analytical framework for utilizing
the three FOMs for quantifying short-circuit current losses.

2. Results and Discussion

To verify the universality of our observations, we present
the experimental data of light-intensity-dependent -V
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Figure 1. a) Schematics of different solar cell architectures used in this study. b) The J—V curves measured under AM1.5G illumination and c) under
white LED illumination (x0.003 suns). d) Efficiency as a function of light intensity measured with LED lamp. The spectral irradiance of the white LED

voltage V (V) light intensity ¢ (suns)

was used to correct its power density.[*°]

measurements on organic solar cells with three different
stacks and donor: acceptor blends (Figure 1a). The full names
and chemical structures can be found in the Methods section
of the Supporting Information. We selected PM6:Y6-10:BO-
4Cl, PBDB-T:F-M, and PV-X plus as the absorbing molecular
materials for the photoactive layer, as they are promising candi-
dates for exhibiting a good performance in the environmentally
friendly solvent o-xylene. The PM6:Y6-10:BO-4Cl showed an
efficiency of 18.3% under AM 1.5G conditions, which is the
highest reported value for the o-xylene-based active layer, to the
best of our knowledge.3!! The PBDB-T:F-M has been utilized in
tandem solar cells, attributed to its high band gap®!! and com-
patibility with o-xylene.**] PV-X plus is a commercial absorber
layer blend processed in o-xylene and is expected to facilitate
upscaling and industrial applications. However, the specific
materials comprising the blend, apart from PC¢, BM, have not
been disclosed.**!

Figure 1b displays J—V curves measured under AM1.5G il-
lumination of the cell with the respective active layer, while
Figure 1c,d illustrate the results of white LED J— V measurements
at varied light intensity. Note that the efficiency measured under
LED lamp is higher than that obtained under standard solar spec-
trum. (see Tables S2 and S3, Supporting Information) This devi-
ation arises from the spectral properties of the LED, which has
a narrower emission peak within the 400-700 nm range. As the
light intensity decreases from 1 sun (Figure 1b) to =~ 0.003 suns
(Figure 1c), the overall performance of the solar cell changes ac-
cordingly. At low light intensity, the efficiency is limited primarily
by the reduced V,, since J,. scales approximately with the light

C?
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intensity ¢. As shown in Figure 1d, the PBDB-T:F-M cell experi-
ences a drastic drop in efficiency toward lower light intensities.
This drop is caused by the dark shunt resistance R, 4,4 of 15 kQ
cm?, which is significantly lower than that of the PM6:Y6-10:BO-
4Cl (1200 kQ cm?) and PV-X plus (102 kQ cm?) cells. As the light
intensity increases, the efficiency of the solar cell increases un-
til it reaches a maximum point, after which it declines. Voltage
drops with the magnitude AV = JR, due to series resistance R
result in increasing efficiency losses at higher light intensities.
With the J-V curves plotted in the fourth quadrant as seen
in Figure 1b,c, it is still difficult to compare their characteris-
tics, since the current density differs by orders of magnitude.
To address this issue, plotting shifted J—V curves, that is the
sum J(V) + J, on a logarithmic scale against voltage is often
employed.[30333637] This approach enables us not only to better
visualize the voltage-dependent recombination currents for var-
ious light intensities but also unveils the presence of a shunt
resistance under illumination that differs from the dark shunt.
Accordingly, Figure 2 displays the shifted J—V curves of the
PM6:Y6-10:BO-4Cl, PBDB-T:F-M, and PV-X plus solar cell at
varied light intensity. These plots resemble the dark J—V curves
insofar as it seems that the current is limited by the shunt re-
sistance at low voltages. The current in this region increases
with the light intensity, indicating a decrease in the shunt re-
sistance. Moreover, when the shifted J-V curve is plotted on
a double-logarithmic scale, it reveals an ohmic behavior at low
voltages where current densities scale nearly linearly with the
voltage (see Figure S3, Supporting Information). The observa-
tion of light-intensity-dependent apparent shunt resistance is a
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Figure 2. Measurements showing shifted J—V curves J(V) + J;. of organic solar cells with the active layer blends a) PM6:Y6-10:BO-4Cl, b) PBDB-T:F-M,
and c) PV-X plus. In all cases, the approximately ohmic current flowing at low forward bias increases significantly with light intensity indicating that there

exists an effective light-intensity dependent shunt resistance.

general feature of solar cells that originates from recombina-
tion of photogenerated but uncollected charge carriers whose
concentration depends primarily on the mobility of the charge
carriers. This recombination current of photogenerated carri-
ers exhibits a weak or even linear dependence on the external
voltage.[*®] In organic solar cells, a linear voltage-dependent re-
combination current could in principle be due to geminatel38-40]
or non-geminate recombination, whereby we will focus in our
simulations on the latter possibility. Since non-geminate recom-
bination depends exponentially on the Fermi level splitting AEp,
it may appear counterintuitive that it leads to a quasi-ohmic be-
havior. However, this effect can be rationalized by the weak de-
pendence of quasi-Fermi-level splitting. A E. on the external volt-
age under illumination and low forward voltages.[*!] As long as
the change in A E;; according to the external voltage is only slightly
more than k;T, the additional recombination current caused by
the increase in A E; would only cause a linear increase in current.
Mathematically saying, we can Taylor-expand (note ¢* — 1 = x,
when x — 0) the shift current J;4 in the following way

AE: (V) —AE: (0 AE; (V) —AE: (0
oo (AW ZAE Oy SEW-AEO
provided that AE;(V) — AEp(0) < nykyT is holding true.?¢
Thus, if AE; changes only slightly with voltage, every exponen-
tial recombination current may appear linear with respect to the
change AE(V) — AEg(0) in the Fermi-level splitting. In addi-
tion, the value AE(V) — AE(0) will change not only weakly but
also approximately linearly with external voltage V. In the voltage
range where both of these conditions are fulfilled to a good ap-
proximation, the shift current would exhibit an ohmic behavior,
thereby causing the apparent photoshunt to become visible both
in simulations and in experiments.

In the following section, we discuss how mobilities and light
intensity influence R, ., Figure 3 displays J—Vand shifted ]-V
curves of an illuminated solar cell with varied mobility and light
intensity, based on the drift-diffusion simulation results. The FF
and J,. improve with charge carrier mobility (Figure 3a). Once
the mobility exceeds ~10~! cm? V=1 s71, the FF saturates at ~85%
and the J—V curves overlap, making it difficult to evaluate their
charge transport properties. However, shifted -V curves plot-
ted in the first quadrant allow us the intuitive comparison of the

Adbv. Energy Mater. 2026, 16, 2403129 2403129 (3 0f9)

R, shoto across different mobilities (Figure 3b). In general, R, 1.1,
increases with the mobility, indicating more electrons are ex-
tracted at the contact before recombination. However, as the mo-
bility decreases below a certain threshold (<10~ cm? V=1 s71),
R, shoto Teaches a minimum and is increasing toward even lower
mobilities. This is because of the influence of low mobilities on
the series resistance of the solar cell. Once the series resistance
increases such that it approaches the shunt resistance, the -V
curve becomes nearly entirely ohmic and further reductions in
mobility then result in higher series resistances. This would also
be interpreted as a higher shunt resistance as the two resistances
become indistinguishable (Figure 3a). Hence, R, .., rather in-
creases despite decreasing charge carrier mobility, as indicated
by the arrow in Figure 3b. Additionally, we examined the light-
intensity-dependent performance of an organic solar cell based
on the simulation results. When the light intensity increases
from 10~ to 1 sun, J. and V,_ increase since both terms are
related to the charge carrier density. However, the gradual in-
crease in the shifted -V curves with increasing light intensity
suggests a decline in charge-extraction efficiency. In summary,
R, shoto» Which indicates how good the charge extraction is, is in-
fluenced by the charge carrier mobility and the light intensity.
To analyze the photoshunt of the cells that we produce in our
laboratory, we need to consider that solar cells inevitably suffer
from a finite dark shunt resistance R, 4,. The Ry, Which is
the inverse slope of illuminated J—V curves dj/dV at V = 0, in-
herently contains the information of both R, 1, and R, 4,1 and,
therefore, the extraction of R, .., from the R, ., is a mandatory
step prior to analysis. In Figure 4a,b, the simulated and experi-
mental photoshunt resistances R, .., (squares) and total shunt
resistance R, (circles) are plotted versus the light intensity
on a double-logarithmic plot, respectively. At low light intensity,
the simulation results of R, saturates at 100 kQ cm?, which
is the value R, ;,, is originally set at (Figure 4a). Based on this
observation, we assume the R, at the light intensity below
107° suns is equal to R, 4., using it to correct R, at higher
light intensity. Once R, is corrected according to 1/R, jjq,
=1/R, o1 = 1/R; ganir the R, 1 displays the proportionality to
the inverse of light intensity 1/¢ (Figure 4a). Now, we examine
how the corrected R, .., €volves with the irradiance in real so-
lar cells. The results of the solar cells with the corresponding ac-
tive layer are displayed in Figure 4b. Similar to the simulation

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB017 SUoWWIOD aAIEaID 9|dedljdde ay) Ag pausenob aJe sejoilke YO 9Sn Jo Se|nJ Jo) Aiq 1 8UlIUO AB]IAA UO (SUONIPUOD-PUE-SWIB)AL0D"AB I AIg 1 BUI|UO//:SdL) SUONIPUOD PUe Swe | 8Y1 89S [920z/T0/c2] Uo Ariqiauljuo A8IM iBlueD YyaJessay HOWD Ya1ine wniuezsbunyosiod Aq 62TE0r202 WUSe/Z00T 0T/10p/wWoo" A8 1M Aeiq 1jpuluo"peoueApe//Sdny Wouj pepeojumod ‘€ ‘9202 ‘0v8ovTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED “ENERGY"
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de
& (a) ' ' '@ 1 sun '(c) ' ' ' ' H

§ ° Z 2[@1sun ./ 1

(2] —

< 5L ] = 10° N
E ] S §

2 -15 _/ 1 3 510-2 §
3 g 2100k J

=-201 {2 JV) + g, g

2 S ur 1 /

3-25F L '~ -l

© : : : . 104 . : . : 107k o . . d

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 10°  10* 10° 102 107" 10°
voltage V (V) voltage V (V) mobility z (cm?/Vs)

& [ " p=6x10%cm®Ns 4 e ' ' _ 3 2 T "

= 0 = 4/L > 10° p=6><10'3cm2Ns - (.f)l.l—6><10 cm*/Vs

5] = \

< -5} 4 5 ] & 10%F (] 4

é °© N’E\ g \l

>7or 15 S102 18 g

£ o1 £ < < 102} N 3

2-15} 13 E 3 u

[ o <= -

= -20( 13> V) +Je {2 g

E E 107 ¢'T 1 @ 10"k \. J

= [

325 1 ] \

00 02 04 06 08 0.0 0.2 0.4 0.6 08 1073 1072 101 100

voltage V (V)

voltage V (V)

light intensity ¢ (suns)

Figure 3. a,d) Simulated J—V curves and b,e) shifted J—V curves J(V) + J, of varied charge carrier mobility g (107> ~ 1 cm? V=1 s71) at a fixed light
intensity of 1 sun (a,b) and of varied light intensity (0.001 ~ 1 sun) at a fixed charge carrier mobility of 6 x 1073 cm? V=1 57" d,e). ¢,f) Photoshunt as a

function of mobility c) and light intensity f).

— 100 [N " simulation]>  [(b) ' ' '
£ 10 N £ 10°}

o o
g 10°}F 3 Rp,photo ] g

(—:S § 102
X 102 - n:d .
Oég Rp,total 0C1/¢ °59 10°F

10k {14

Sy 2, | ——PM6:BO-4Cl:Y6-10
hd Ry dar~100 kQcm? 10" f——PV-X plus

107 1073 1072 107" 10° 1073 1072 107" 10°
light intensity ¢ (suns) light intensity ¢ (suns)
101 - T T T T —r

- (c) 75k (d)

2

> —_
N(.n .\'"./‘\Q’H/.-‘ <ot

L =

o LILE 65

g 5

<10 Seo}

8 =

= —@— PM6:BO-4Cl:Y6-10 55| —@— PM6:BO-4CI:Y6-10
o ——PBDB-T:F-M —@— PBDB-T:F-M

—0—PV-X plus 50 —@— PV-X plus
1072 107" 10° 1073 1072 107 10°

light intensity ¢ (suns)

light intensity ¢ (suns)

Figure 4. The photoshunt R, .1, (squares) and the total shunt resistance Ry o, (circles) of a) simulated and b) measured illuminated J—V charac-
teristics with different light intensities on a double-logarithmic scale. The corresponding c) Ry, joto? @nd d) FF are plotted against light intensity. The

Ry total Saturates to the value of Ry, 4, with decreasing light intensity, whereas the corrected R,

Adv. Energy Mater. 2026, 16, 2403129

2403129 (4 of 9)

,photo

does not.

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB017 SUOWWIOD aAIERID 8|dedljdde ay) Ag pausenob ae Sajoike YO 8sn Jo Se|nJ 10} Aiq i 8UlJUO A8|IAA UO (SUONIPUOD-PUR-SWB)AL0D AB 1M A Ig 1 BU1|UO//:SdL) SUONIPUOD pUe Swe | 8Y) 89S *[9202/T0/cZ] Uo Ariqiauljuo A8|IM ‘iBlued Yd#essay HOWD Y1 e wnnuezsbunyosiod Aq 62TE0YZ02 WUSe/Z00T 0T/10p/Woo" A8 | ImAle.q 1jpul U0’ peoueARe//Sdny Wouy pepeojumod ‘€ ‘9202 ‘0r8ovTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

results, the extracted R, ., of the different cell stacks as a func-
tion of light intensity is almost parallel to the red dashed line
representing ¢!, implying the importance of the correction in
advance to the data interpretation and the generality of our ob-
servations. (The results of the PBDB-T:F-M cell can be found in
Figure S5, Supporting Information.) The proportional relation-
ship between R, ., and ¢~" is linked to how the recombina-
tion rate R scales with the light intensity. The R, ., reflects the
voltage-dependence of the photocurrent AJ;, and the photocur-
rents indicate the generation and recombination of the charges,

d
where [, = q/(G(¢, V,x) — R(, V, x))dx. Since the generation
0

rate G is proportional to ¢, R, ,1,¢ Will remain constant as long
as the recombination scales linearly with the light intensity. How-
ever, the simulation presented in this paper solely considers di-
rect recombination, thatis, the recombination rate scales with the
product of photogenerated electron(n) and hole(p) densities (R «
np). As highlighted in a previous study,*? direct or bimolecu-
lar recombination can scale linearly or quadratic with light inten-
sity. This finding may initially appear counterintuitive as the dis-
tinguishing feature of direct recombination that the recombina-
tion rate scales with the np-product. Furthermore, in an intrinsic
semiconductor at short-circuit, the average density of electrons
and the average density of holes each scale linearly with light in-
tensity. The key to understand direct recombination that scales
linearly with light intensity is to acknowledge the fact that both
carrier densities and, in consequence, recombination rates can
be a strong function of depth in the absorber layer. At lower light
intensities, for instance, the densities of injected electrons close
to the cathode would significantly exceed the density of photo-
generated electrons and holes (close to the cathode). Therefore,
the recombination rate would scale linearly with hole density and
linearly with the injected electron density that is however mostly
independent of light intensity. The opposite would be true close
to the anode, where it is the injected hole density and the pho-
togenerated electron density whose product scales linearly with
light intensity. Only in the middle of the device, far away from ei-
ther cathode or anode, the recombination rate may scale with the
square of the light intensity. As one can see in Figure S4 (Support-
ing Information), the influence of the contact-injected charge car-
riers dominates the overall recombination rate especially at lower
light intensities, and might still be dominant at one sun. Thus,
direct recombination may lead to a scaling of the overall recombi-
nation rate that is linear with light intensity, thereby not affecting
the linearity of J. and ¢. It is intuitive to assume that the same is
valid for the inverse proportionality of R, ;.,;, and ¢. Within the
framework of the model derived by Sandberg and Armin,[**] it is
possible to derive that the conditions that cause J,. « ¢ to be valid
are mathematically identical to the conditions that cause R, o1,
« 1/¢ to be valid (see Supporting Information, Note 2, Support-
ing Information). Thus, the common overinterpretation/>2°! of
the experimental finding that J. ¢ is valid as being indicative
of an absence of any (strong) bimolecular recombination at short
circuit and is equally relevant for the interpretation of the relation
R, shoto  1/¢ being valid. However, the big advantage of studying
the photoshunt is that the absolute value R, ,,,,¢ contains in-
formation that cannot be accessed by studying the light-intensity
dependence of J.

Adbv. Energy Mater. 2026, 16, 2403129 2403129 (5 0f9)
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The strong relationship between R,
to investigate R, ¢ as a new observable in J—V curves. In
Figure 4c, R} ¢ of the three different cells remains relatively
constant over light intensity to a good approximation. The com-
parison between Figure 4c,d suggests a possible correlation be-
tween R, .,¢ and FF. Therefore, we propose that R, ¢ is
a new figure of merit for evaluating charge extraction efficiency
and providing insights into the physics of charge collection while
only requiring simple characterization and data analysis meth-
ods. As mentioned in the previous section, due to the notably
low R, 4, observed in the PBDB-T:F-M cell, FF undergoes a sub-
stantial decrease at low light intensities.

Therefore, in order to understand the physical significance of
R, shoto®» We endeavor to express it analytically with an adequate
J—Vmodel that does not implicitly or explicitly assume flat Fermi
levels as does in the conventional one-diode model. We observed
that the model recently introduced by Sandberg et al.l**] provides
a good agreement with numerical simulations. It can reproduce
the trend of R, ;,,,¢ with varied mobilities and light intensities
(Figures S10 and S11, Supporting Information). Leveraging the
Sandberg model, we derived the equation of R, ;,,¢. The de-
tailed derivation of R} . can be found in Note 1 of Supporting
Information and leads to

photo @0d ¢ instigates us

1 Vux(1+6)"

afa G+6G

where f, is the fraction of light that is absorbed, V;; is the built-in
voltage, the constant C, is given by

Rp,photo¢ = (2)

kyT y k€€,

C, x — ) 3
PVt au ©)
and the constant C, by
_ deird4 ( 4)
e

Here, ky is the Boltzmann constant, gis the elementary charge,
T is the temperature of a device, ky;, is the direct recombination
rate, € is the relative permittivity of the absorber layer, ¢, is the
permittivity of the air, G is the generation rate, d is the thickness
of the absorber layer. It is essential to highlight that the Sand-
berg model focuses solely on bimolecular recombination. How-
ever, as we mentioned previously, due to existence of electrons
and holes injected from the electrode, bimolecular recombina-
tion can still scale linearly or quadratic with light intensity. The
constant C, is the first-order recombination correction factor of
J<» which is influenced by material parameters such as kg, p,
and e and considers the part of bimolecular recombination that
scales linearly with the average excess carrier density and thereby
the light intensity. The constant C, denotes the second-order re-
combination correction, which is proportional to the generation
rate G and affected by additional material parameters. When mo-
bilities are sufficiently high to assume C, < 1 and C, < C,, the
R, shoto 1s a function of material parameters (R, o000 & Vi;/Ci)
and independent of light intensity. It is, hence, possible to extract

information about material parameters from the R, .., since
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Figure 5. R, shoto® Jv = —0.5 v/Jrecsc; and FF from a—f) simulated and g—i) measured JV characteristics of varied light intensity. In simulations, the mobility
of the active layer ranged from 107" to 107> cm? V~! s™1 and the dark shunt resistance was set to a—c) 107 and d—f) 800 kQ cm?. Arrows indicate the
variation in light intensity within the cell with same mobilities. PV1-4 has the identical cell stack and thickness to the active layer of PM6:Y6-10:BO-4Cl,
while the experimental conditions of the active layer were adjusted to change their charge transport properties. R, jpot, Was corrected with the R, o1, at

the lowest light intensity and, therefore, Ry, joto
better charge extraction in the absorber layer.

R, shoto® & #[kg,. However, as the second-order recombination
becomes dominant in the case of such as high ¢ or low g,
R, photo® 10 longer remains constant across different light in-
tensities and further simplification of R, ¢ is not possible.
Nevertheless, the analytical expression of R, ;¢ supports that
this readily available observable contains information about ma-
terial parameters and, consequently, allows us to quantify the
charge collection efficiency of a solar cell.

In the following section, we use R, ,;,,;,¢ for analysis of the ex-
perimental data of PM6:Y6-10:BO-4Cl cells and show how it can
be interpreted based on drift-diffusion simulations. Here, we in-
corporated two additional observables in the J—V characteristics
which represent charge recombination losses, each with a slightly
different physical origin. One method is to determine the ratio of

Adv. Energy Mater. 2026, 16, 2403129 2403129 (6 0f9)

of the lowest light intensity is not included in the plots. Higher R, ,hot0®, Jv = —0.5 v/Jrec,sc @nd FF imply

the generation current |, to the recombination current at short
circuit Jree s« = Jgen—Jsc- Given the challenge of experimentally es-
timating J,.,, we replaced J,., with the current density at a re-
verse bias of —0.5 V (J,__,5v) and, therefore, J,.... = Jy- _os5v
— Ji- A higher ratio Jy_ _5v/Jiecs indicates smaller recombi-
nation losses at short circuit, while the leakage current due to
R, 4uric Can play a key role in this ratio. Additionally, the fill fac-
tor FF is used for evaluating the voltage dependence and overall
charge extraction efficiency. It is worth noting that the three met-
rics — R, powo®s FF,and [y _ o5/ Jrecsc — are defined such that en-
hanced extraction of photogenerated charges at short-circuit cor-
relates with higher values of all three metrics. Figure 5a—f shows
the plots of the three FOMs as a function of the other based on the
simulated J—V curves where the mobility and the light intensity

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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were varied. We performed the simulation under two scenarios:
one case where R, 5, is assumed to be infinite (Figure 5a—) and
the other where R, 4, assumes a more realistic value of 800 kQ
cm? (Figure 5d-f). Within each sub-figure, color variation repre-
sents the changes in mobility, while several points of the same
color indicate variation in light intensity ranging from 10~ to 1
sun.

First, we investigate the ideal case where there is no leak-
age current attributed to R, ;.- As the color of the points in
Figure 5a-c transitions from dark purple to yellow, both R, j..1o¢
and Jy_ _o5v/Jiecsc inCrease, while FF increases as well but even-
tually saturates at its maximum point. This shows that higher
values of Ry juoto® Jv = 05 v/Jrecsc @nd FF correspond to higher
mobilities or better charge collection efficiency. By plotting one
FOM as a function of another rather than as that of light in-
tensities, we can clearly see the correlation between each pair of
two FOMs, highlighting their dependence on mobilities or light
intensities. In the case of an infinitely large dark shunt resis-
tance, the three FOMs are approximately proportional to mobil-
ities, causing the series of points with the same color to shift to-
ward upward-right direction as mobilities increase. Examining
the light intensity dependence, we observe that for solar cells
with mobilities higher than 1072 cm? V! s71, the circle points
with the same color overlap (Figure 5a—c), indicating the con-
stant R, o0® @0d Jy_ _o5v/Jrecsc OVver different light intensities.
According to the Sandberg model and the earlier discussion on
constant R, ..o, this suggests that bimolecular recombination
scales linearly with the average excess carrier density at short-
circuit. For mobilities lower than 1072 cm? V=1 s71, light intensity
becomes more significant in determining the charge extraction
efficiency that R, ,.o0®, Jv = 0.5 v/Jrecsc- and FF started to decrease
at higher light intensity, changing the plot shape from a dot of
superimposed points to a straight line on a double-logarithmic
plot. The further decrease in R, jo0¢ and Jy_ o5 v/Jrecsc OVer
light intensities, implying that the recombination loss at short-
circuit is primarily due to the second-order bimolecular recom-
bination involving both photogenerated electrons and holes, and
the recombination limited by the photoshunt is getting more sig-
nificant. Lastly, in Figure 5a, an interesting “hockey-stick” shape
appears for the lowest mobility (10™> cm? V! s71). This feature
originates from the increase of R, ,,,,¢ at higher light intensity,
while Jy_ _g5v/Jecsc decreases and is caused by the influence of
low mobilities on series resistance, as previously discussed.

Since in non-idealized situations, the leakage current from
the R, ;. affects the performance of a solar cell, simulations
including a realistic value of the R, 4, for a 100nm-thick cell
were performed. (Figure 5d—f) The influence of the R, 4,4 on
overall performance of a solar cell is most prominent under
low-light conditions, where ], is significantly affected by the
leakage current R, 4,/V and, leading to a drop in FF. Com-
paring Figure 5a,d, the influence of R, 4 o0 i is high-
lighted by the emergence of horizontal lines for data points rep-
resenting the same mobility but different light intensities. For
the device with high mobilities, [, _ _5v/Jiecsc cOntinuously de-
creases as light intensity decreases, while R, ¢ remains ap-
proximately constant. Since R, .., already excluded the effect
of R, g including R, 4. in the simulation does not signifi-
cantly changes the value of R, .., suggesting that it repre-
sents charge collection efficiency dependent on increased ex-
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cess charge carrier densities under illumination. Moreover, sig-
nificant leakage currents through pinholes in the device result
in a decrease of FF at low light intensities and the “upside-
down U” shape of the plot observed in Figure 5e. Since the
leakage current from dark shunt at low light intensities is
significantly dominating J,. . compared to transport-limited
recombination current, R, 4, should be well-controlled, espe-
cially for higher mobility devices, in order to achieve high effi-
ciency. On the other hand, at higher light intensity, plots with a
realistic R, 4, resemble those with an infinite R, 4,,, implying
that the R, 4, is no longer a dominant loss mechanism whereas
poor charge transport dependent on light intensity plays a key
role in determining the device’s performance.

We performed the J—V characteristic measurements with a
white LED lamp for organic solar cells with the active layer of
PM6:Y6-10:BO-4Cl, fabricated with different combinations of
process parameters but maintaining a consistent thickness of
~90 nm. Since each solar cell was produced with an identical
stack design, its overall performance hinges on the charge trans-
port property of the active layer. We use the results shown in
Figure 5g-i to analyze charge extraction efficiency depending
on their charge transport properties. All four devices inevitably
suffer from existence of external resistances, demonstrated by
“upside-down U” shape plots in Figure Sh. Still, the PV1 shows
the highest value of R, 1.0®, Jv= _05v/Jrecscr and FF, indicating
it has the most efficient charge transport property among four
devices. The R, ,,,¢ of the PV1 and the PV2 is scattering at low-
light regime due to the unstable signal over voltages but has an
almost constant value at higher light intensities. Based on the
simulation result and the Sandberg model, the independence of
R, snoto® on light intensity indicates that the recombination rate
scales linearly with light intensity. Conversely, R, .,,¢ of PV3
and PV4 remains approximately constant with increasing light
intensity, after which it decreases. The decrease of R, ¢ at
higher light intensities suggests that the recombination mech-
anism where photogenerated electrons and holes take part is
dominating the cell. The inefficient charge transport is addi-
tionally emphasized in decrease of J,_ _ysv/Jecsc at higher light
intensities.

3. Conclusion

In organic solar cells, it is universally observed that under illu-
mination, recombination current at low voltages is limited by an
apparent shunt-like current that we refer to as photoshunt. In
this work, we propose using photoshunt as an indicator of charge
collection losses at short circuit. The photoshunt is strongly in-
fluenced by the light intensity due to the inherent dependence
of charge carrier densities on the generation rate and thereby
the light intensity. The strong relationship between photoshunt
and light intensity leads us to investigate the product R, 109
as a new figure of merit for assessing charge collection losses
at short-circuit. We explore the impact of charge carrier mobility
and light intensity on R, ,,,¢, based on drift-diffusion simula-
tions and an analytical model. As charge carrier mobilities in-
crease, R, .o, increases, as well as J,_ o5y /Jrecsc and FF. This
increase in all three observables reflects enhanced charge extrac-
tion efficiency at short circuit. However, once R, 4, is included,
Jv=—05v/Jrecsc and FF drop-down at low light intensities and no

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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longer share the same trend with R, ,,,¢. In other words, un-
like Jy_ _o5v/Jiecser and FF, R, o, allows us to rule out the
influence of external resistance R, 4, in understanding recom-
bination losses and, thereby providing insight into charge car-
rier mobilities. When the impact of external resistance cannot
be neglected, all three metrics are useful for comprehensively
understanding recombination losses at short circuit. In this con-
text, we present an analytical framework that incorporates three
figures of merit R, o.0®, Jv= —05v/Jrecscr and FF. By comparing
the experimental results of organic solar cells with different pro-
cess parameters, the proposed method of plotting three FOMs
allows us to quantify the charge transport properties of organic
bulk layers.

The discussion within the present study focuses entirely on the
interpretation of the data within the framework of charge carrier
recombination and transport. However, in excitonic solar cells,
also alternative interpretations for deviations from the superposi-
tion principle are possible. Field- or voltage-dependent geminate
recombination can lead to a voltage-dependent generation of free
charge carriers and therefore also a voltage-dependent photocur-
rent in the absence of significant transport losses. As the result-
ing photoshunt resistance would also scale inversely with light
intensity, the analysis of the current-voltage curve alone would
not suffice to discriminate between geminate and non-geminate
recombination effects. Thus, future work on understanding the
photoshunt will have to involve methods that discriminate be-
tween those effects based on the different timescales of geminate
and non-geminate recombination!***] or alternatively the differ-
ent degrees of luminescence efficiency.*34]
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