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The dipolar molecules in organic photovoltaic devices are shown by Huang et al. to
aggregate and align anti-parallel to neighboring molecules during device
operation. The dipolar reorganization results in an increased dielectric constant
within the photoactive region, leading to reduced photocurrent extraction and
device performance over time.
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SUMMARY

Blending two non-fullerene acceptors (NFAs) to form bulk hetero-
junctions (BHJs) in ternary organic photovoltaics (OPVs) has been
shown to lead to an end-capping exchange reaction that results in
the generation of several new dipolar species whose impact on
OPV operational stability remains uncertain. Here, we investigate
the reliability of a ternary OPV system intentionally blended with
dipolar NFA molecules. We reveal that an intrinsic contribution to
OPV degradation is the reorganization and reorientation of the
dipolar molecules during operation, which leads to an increased
dielectric constant (¢,) of the BHJ. Consequently, the electric field
across the BHJ with dipolar molecules decreases compared with
that of a non-dipolar BHJ under the same applied voltage, leading
to a larger reduction in charge collection efficiency over time. This
result has implications on the stability of a range of organic elec-
tronic devices containing dipolar molecules.

INTRODUCTION

Organic photovoltaics (OPVs) are emerging as an attractive solution to solar en-
ergy harvesting due to their distinct advantages of light weight, semitransparency,
flexibility, and environmental compatibility.” By introducing dipolar molecules in
OPV bulk heterojunctions (BHJs), the power conversion efficiency (PCE) can be
improved due to the change of intramolecular electron-hole separation as well
as a modified molecular packing.”> The past few decades have witnessed sub-
stantial developments in employing dipolar materials in OPVs such as donor-
acceptor-acceptor’ (d-a-a)-type small-molecule donors®™*™'% and asymmetric
non-fullerene acceptors (NFAs).?> =15 Recently, however, it has been shown
that end-capping reactions between two acceptor-donor-acceptor (a-d-a)-type
NFAs in ternary OPVs can generate dipolar reaction products that reduce the de-
vice operational stability."

In this work, we explore the impact of dipolar molecules on device reliability by
studying a ternary OPV system intentionally blended with dipolar molecules that
are among the products of end-capping exchange reactions. We find that the de-
vices with a higher ratio of dipolar constituents show a larger decrease in charge
collection efficiency (ncc) and PCE after aging compared with devices with fewer
or no dipolar components. Here, ncc is the ratio between the photocurrent, Jgp
(V), at voltage, V, and the saturated photocurrent, Jgp sar, at large reverse bias. We
attribute these changes to an increase in the relative dielectric constant (¢,) in the
dipolar BHJ, which in turn leads to a decrease in the internal electric field. Measure-
ments suggest that the &, of the BHJ (eg,) containing only non-polar molecules

¢? CellPress

OPEN ACCESS

"Applied Physics Program, University of
Michigan, Ann Arbor, MI 48109, USA

?Department of Electrical Engineering and
Computer Science, University of Michigan, Ann
Arbor, MI 48109, USA

3Department of Physics, Department of Material
Science and Engineering, University of Michigan,
Ann Arbor, Ml 48109, USA

4Lead contact
*Correspondence: stevefor@umich.edu
https://doi.org/10.1016/j.xcrp.2023.101551

1)
cpecer Cell Reports Physical Science 4, 101551, September 20, 2023 © 2023 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:stevefor@umich.edu
https://doi.org/10.1016/j.xcrp.2023.101551
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2023.101551&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

A |:|BHJ @dipolarmolecule B

@@ o © o % HTL BHJ ETL
Q0 © W) y Sl - - - +2%Cepto, Lupg
%®® @ @ 05e1 LUEI\;L()

A o1

. - dipoles reorganize ez EFe

Device aging and reorient q 74

70 O O T G L
2

@@ @ | S AT Don1

FIO
D Mol dongr Rowig

S

Figure 1. Dipolar molecule reorganization and electric field distribution in organic photovoltaics (OPVs)

)

(A) Illustration of dipolar molecule reorganization in the bulk heterojunction (BHJ) of OPV during device operation to reach lower energy configurations.
(B) Energy-level diagram of an OPV at applied voltage V, including voltage drops (6) across the BHJ, the charge transporting layers, and various
interfaces.

remains stable after 240 h aging under white light illumination at 10 sun intensity,
while it significantly increases under the same conditions when the medium contains
dipolar molecules. To understand the origin of the change in ¢,, we perform Monte
Carlo simulations of dipole orientations that indicate that the dipolar molecules tend
to aggregate and align anti-parallel to neighboring molecules, which accurately pre-
dicts the change in ncc, and hence the PCE, during extended periods of device
operation.

RESULTS AND DISCUSSION

Dipole reorganization and electric field distribution

When the devices undergo aging, dipolar molecules in the BHJ can reorganize and
reorient to reach lower energy configurations'’ (see Figure 1A). The energy due to
dipole-dipole interactions is calculated using the dipole interaction energy:

E= Z#&’orﬁ [5151 - 3(5}6)(51@)}, (Equation 1)

where ¢, is the relative dielectric constant of the medium, &g is the vacuum permit-
tivity, rj is the distance between the " and j molecules, rjj is the unit vector be-
tween them, and p; and p; are their dipole moments. The total dipole moment is
the sum of permanent, po, and induced dipoles, p = po+aF, with polarizability,
«, and electric field, F.

The reorganization of dipoles within a layer over time, t, results in a change in the
screening of electric field. This is reflected by a change in the dielectric constant
such that (e-(t) —&,0)/(e-(0) —er0) = Vint(t)/Vint(0) (see supplemental experimental
procedures for details). Here, &, is the relative dielectric constant of the non-dipolar
medium, and Vj,(t) is the internal voltage due to the addition of dipoles.

As shown in Figure 1B, assuming a uniform electric field within each layer, and

assuming the normal displacement field is constant across the layer interfaces, the
voltage, V, across the OPV is described by
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Figure 2. Simulated morphology of an acceptor blend containing dipolar molecules

(A and B) The plan view of the simulated distribution of 20% dipolar molecules in an acceptor blend (A) before and (B) after aging.

(C) Simulated probability density distribution of dipole orientations before and after aging.

AE
s HL

- FBHJdBHJ — Fundun — Fender — 61 — 0e2 — Om1 — On2 (Equation 2)

and

enriFure = esnuFany = eenFert, (Equation 3)

where AEy, is the energy offset between the highest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied MO (LUMO) of the acceptor; g
is the electron charge; Fgny, Fyri, and Fer are the normal electric fields across the
BHJ, the hole-transporting layer (HTL), and the electron-transporting layer (ETL),
respectively; dgpy, dyr, and der are the thicknesses of the corresponding three
layers; epny, enTL, and egq, are their relative dielectric constants; and 6¢1, 6e2, On1,
and 6y are the voltages across various interfaces in Figure 1B whose dependence
on V is negligible in the absence of a large density of interfacial trap states.'®"?
When there is no electric field across the BHJ, the probability for photocurrent gen-
eration is low due to lack of a driving force to help photogenerated charges over-
come Coulomb attraction and guide them toward electrodes. Therefore, we approx-
imate that the photocurrent density Jo, = O\ when Fgy = Fyr = Ferp = 0."” Then,
Equation 2 becomes

AE .
Vly, -0 = == = be1 — dez — O — Oz, (Equation 4)
and Fppy is given by
(V-0 - V) |
Fery = . . (Equation 5)
( BHJdHTL'*'dBHJ'*'ﬂdETL)
EHTL EETL

It is apparent from Equation 5 that an increased &gy, can reduce the electric field
across the BHJ, leading to a reduced ncc.

A Monte Carlo-based simulated annealing (SA) protocol is used to model dipolar
reorganization in the thin film.?°~** The simulation begins with a random distribution
and orientation of dipolar molecules and then performs stepwise trial moves and ro-
tations on the dipoles. Each step that lowers the system energy is accepted, whereas
the probability for endothermic steps is weighted by a Boltzmann factor.””
Figures 2A and 2B show the simulated morphology of an acceptor blend with 20%
dipolar molecules before and after aging, respectively. Figure 2A is the plan view
of the initial distribution of dipoles, whereas the dipoles form clusters after the
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Figure 3. Capacitance-voltage (C-V) characteristics of OPV devices

(A) C-V characteristics of OPVs before and after 240 h aging under illumination at 10 sun intensity
with a BHJ comprising 50% dipolar non-fullerene acceptor (NFA) molecules (BT-IC:BT-CIC:BTCIC-
IC =1:1:2).

(B) Capacitance of OPVs vs. dipolar NFA concentration before and after 240 h aging.

(C) Calculated and measured (from C-V data) increase in the relative dielectric constants (e,) of BHJs
vs. BTCIC-IC ratio.

Data in (B) and (C) are represented as mean + standard error of the mean (SEM).

system approaches equilibrium following SA, as shown in Figure 2B. The normalized
probability density distribution of the dipolar orientation, defined by the angle be-
tween the dipole moment and the substrate normal, 4,, before and after SA is illus-
trated in Figure 2C. The orientation of dipoles after aging shows higher probability
at 0, = 0, £, and 7 due to anti-parallel dipole alignment between neighboring
molecules. The change in ¢, is then found by calculating Vj,: induced by dipoles
(see Figure S1). The NFA blend with 20% dipolar content experiences a 5.6% in-
crease in . As the ¢, of the polymer donor (40 wt % in the BHJ) is unchanged,
epny is increased by only 3.3%. With a higher ratio of dipolar content, similar calcu-
lations result in an increase of 7% in egyy, for a 50% dipolar concentration.

Change in dielectric constant over aging

To systematically investigate the impact of dipolar molecules on device stability, we
fabricated ternary OPVs comprising one polymer donor, PCE-10, and two nonpolar
NFAs, BT-IC and BT-CIC (see molecular and device structures in Figure S2). Their
end-capping exchange product, the dipolar molecule BTCIC-IC, is blended into the
NFAs with ratios of 0%, 20%, 33%, and 50%. As shown quantitatively in a previous study
on the chemical reaction, such concentrations of dipolar products are in fact present in
NFA-based ternary devices."® Figure 3A shows the capacitance-voltage (C-V) charac-
teristics of a device with 50% dipolar molecules (BT-IC:BT-CIC:BTCIC-IC = 1:1:2) before
and after 240 h aging under white light illumination at 10 sun intensity (complete C-V
data are in Figure S3). The dielectric constant is determined assuming the fully depleted
reverse-biased diodes (at -6 V) are parallel plate capacitors. Figure 3B summarizes the
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Figure 4. Evolution of OPV performance with time

(A and B) Degradation in (A) power conversion efficiency (PCE) and (B) charge collection efficiency
(ncc; at V = 0) of OPVs with different blend ratios BT-IC:BT-CIC:BTCIC-IC over 240 h aging under
illumination at 10 sun intensity. Data are represented as mean + SEM.

(C) Measured ncc vs. V (solid lines) of OPVs comprising 20% dipolar NFA with time, along with
calculated characteristics (dashed lines) of the aged device. The inset is a magnified view of the
curves around the maximum power point.

(D) Measured and calculated degradation in ncc (at V = 0) after 240 h aging of OPVs vs. ratios of
dipolar BTCIC-IC. Data are represented as mean + SEM.

capacitance of devices containing different NFA compositions before and after aging.
When there is no dipolar component in the BHJ (BT-IC:BT-CIC:BTCIC-IC = 1:1:0), C
(and hence, epy)) before and after aging is unchanged at 1.03 £ 0.01 nF, while g, in-
creases by 7.7% + 0.8% for a dipolar concentration of 50%. In Figure 3C, the dashed
line represents the simulated increase in gy vs. dipolar concentration, which is consis-
tent with that obtained from the C-V measurements, indicating that the changes in egp
can primarily be attributed to the reorganization and the reorientation of dipolar mol-
ecules over time. In addition, the carrier density calculated from C-V measurements
at 0 V of the device containing 50% dipolar molecules decreases by 21% + 3%
compared with that without dipolar content (see Figure S4), suggesting that the dipolar
molecules may trap charges in the BHJ.

Evolution of device performance over aging

The evolution of device performance under 10 sun intensity illumination is shown in Fig-
ure 4A. The aging under high-intensity illumination accelerates the degradation to
distinguish differences between device stabilities in a reasonable amount of time. The
degradation under such a condition was found to accurately reflect the degradation un-
der AM 1.5G illumination with an appropriate acceleration factor.”**® Compared with
the device lacking dipolar content where the PCE was reduced by 15.5 + 0.8% after
240 h, the devices comprising 20%, 33%, and 50% dipolar NFAs show reductions of
18.9% + 1.2%,21.1% + 1.1% and 23.2% + 1.4%, respectively. While the open-circuit

Cell Reports Physical Science 4, 101551, September 20, 2023 5
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voltage (Vo) remains relatively constant, the short-circuit current (Jsc) and the fill factor
(FF) decrease more in devices containing dipolar molecules, as shown in Figure S4, and
Figure 4B shows the decrease of ncc (at V = 0) where devices with 20%, 33%, and 50%
dipolar molecules experience 4.2% £ 0.5%, 6.2% & 0.4%, and 8.3 & 0.9% decreases in
ncc (at V= 0) over the aging period, whereas only a 2.2% =+ 0.4% reduction is observed
in the non-polar device.

Figure 4C shows the measured as-grown and aged ncc vs. V of a device with 20%
BTCIC-IC, as well as the calculated reduction in ncc using Equation 5 based on an
increased dielectric constant over time. Here, we assume the reduction of ncc is the
same for all devices with and without dipolar molecules at the same Fgyy;. The calculated
ncevs. Vof OPVs with the 20% dipolar molecule concentration is shown as dashed lines,
which is consistent with measurement. Figure 4D summarizes the measured and calcu-
lated changes in ncc (at V = 0) vs. dipolar concentration. The agreement between calcu-
lation and experiment indicates that the loss in ncc of devices containing dipolar mole-
cules is primarily due to the increased &g, and the corresponding reduction in Fgy.

Recently, studies of multilayer organic light-emitting diodes (OLEDs) have also revealed
polarization-induced charge accumulation at layer interfaces resulting from the presence
of dipolar molecules,”” ¢ as well as the reorientation of dipoles during operation and its
effect on device stability.”’* Those investigations have primarily focused on the exciton-
polaron quenching and charge injection at interfaces dominated by interfacial charges. In
contrast, our work reveals that dipolar molecules affect the electric field distribution in the
bulk of the OPVs. In both cases, our work suggests that dipolar reorganization can resultin
unstable performance in a range of organic electronic devices. It should be noted here
that we demonstrated the impact of dipolar molecules on OPV reliability, but this is not
the only mechanism contributing to reduced device performance over time. For example,
the constituents arising from end-capping exchange might lead to faster degradation
compared to the intentionally blended molecules discussed in this work, even though
they have the same dipolar components.'® This indicates that the interactions between
NFAs during solution preparation may lead to additional degradation mechanisms
than those considered here. That is, the stability comparison between different materials
systems should not be based solely on the concentration of dipole moments since chem-
ical or thermal effects may also play important roles that determine device reliability.

In summary, we demonstrated that dipolar molecules in the BHJ of OPVs aggregate
and align anti-parallel to neighboring molecules during device aging, resulting in
increased dielectric constant, which in turn reduces the electric field across the
BHJ. This change manifests itself in a decreased charge collection and hence a
decreased PCE of the OPV. With a higher ratio of dipolar molecules in the BHJ,
the increase in e, as well as the loss in ncc and PCE are intensified. The forgoing anal-
ysis suggests that dipolar molecules in organic electronic devices can negatively
impact their operational stability due to their time-dependent reorientation, which
affects the electric field within the thin films of which they are comprised.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Stephen R. Forrest (stevefor@umich.edu).

Materials availability
This study did not generate new unique materials.
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Data and code availability

The data that support this study are available from the lead contact upon reasonable
request. The mathematical methods and algorithms are described in the main text
and supplemental experimental procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101551.
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