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Organic solar cells (OSCs) using non-fullerene acceptors (NFAs) afford exceptional photovoltaic

performance metrics, however, their stability remains a significant challenge. Existing OSC stability

studies focus on understanding degradation rate-performance relationships, improving interfacial layers,

and suppressing degradative chemical reaction pathways. Nevertheless, there is a knowledge gap

concerning how such degradation affects crystal structure, electronic states, and recombination

dynamics that ultimately impact NFA performance. Here we seek a quantitative relationship between

OSC metrics and blend morphology, trap density of states, charge carrier mobility, and recombination

processes during the UV-light-induced degradation of PBDB-TF:Y6 inverted solar cells as the PCE

(power conversion efficiency) falls from 17.3 to 5.0%. Temperature-dependent electrical and impedance

measurements reveal deep traps at 0.48 eV below the conduction band that are unaffected by Y6

degradation, and shallow traps at 0.15 eV below the conduction band that undergo a three-fold density

of states increase at the PCE degradation onset. Computational analysis correlates vinyl oxidation with

a new trap state at 0.25 eV below the conduction band, likely involving charge transfer from the UV-

absorbing ZnO electron transport layer. In situ integrated photocurrent analysis and transient absorption

spectroscopy reveal that these traps lower electron mobility and increase recombination rates during

degradation. Grazing-incidence wide-angle X-ray scattering and computational analysis reveal that the

degraded Y6 crystallite morphology is largely preserved but that <1% of degraded Y6 molecules cause

OSC PCE performance degradation by z50%. Together the detailed electrical, impedance,

morphological, ultrafast spectroscopic, matrix-assisted laser desorption/ionization time-of-flight (MALDI-

ToF) spectroscopy, and computational data reveal that the trap state energies and densities

accompanying Y6 vinyl oxidation are primarily responsible for the PCE degradation in these operating

NFA-OSCs.
ering, Northwestern University, Evanston,

ngwan@northwestern.edu; m-hersam@

niversity, Evanston, Illinois 60208, USA.

u; kkohlstedt@northwestern.edu;

atz@northwestern.edu; a-facchetti@

u

, Georgia Institute of Technology, Atlanta,

Engineering, Northwestern University,

tion (ESI) available. See DOI:

f Chemistry 2024
1 Introduction

Organic solar cells (OSCs) based on bulk heterojunctions (BHJs)
continue to evolve as a next-generation photovoltaic technology
due to unprecedented power conversion efficiencies (PCEs),
low-cost fabrication, mechanical exibility, and earth-
abundant, non-toxic elemental composition.1–9 Among
different molecular and polymeric systems, non-fullerene
acceptors (NFAs) have emerged as one of the most promising
electron acceptors that can be paired with electron donor
polymers to achieve OSCs with PCEs in excess of 19%.10–19 NFAs
such as ITIC, IT-4F, Y5, and Y6 not only possess favorable
frontier energy levels that align well with donor polymers such
as PBDB-TF (Fig. 1) and charge transport layers for efficient
charge extraction, but they also possess band gaps that can
harvest infrared photons to generate additional charge
J. Mater. Chem. A, 2024, 12, 21213–21229 | 21213
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Fig. 1 (a) Chemical structures of Y6 (top) and PBDB-TF (bottom) molecules. (b) Energy level alignment of the various layers in PBDB-TF:Y6 solar
cells. (c) Current-density–voltage (J–V) characteristics of the solar cell at different PCE values during degradation. (d) External quantum effi-
ciency (EQE) plot of the cell at different PCE values during degradation. (e) Dark J–V characteristics of a solar cell at varying temperatures from
140–295 K. Solid lines show fits to the Shockley diode eqn (1). (f) Plot of log(Rs) versus 1/T to extract Ers for pristine and degraded cells.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 3
:4

7:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
carriers.3,4,20–27 Furthermore, NFA molecules offer tunability of
frontier orbital energies from modular design with a diverse
range of end groups, strong p–p interactions, excellent mixing
properties in the BHJ blend, and very low internal reorganiza-
tion energies upon photon capture.24,27–31 This combination of
properties has led to rapid progress in optimizing the device
performance metrics by tailoring blend chemistry and
morphology on demand.

Nevertheless, the practical deployment of OSCs will require
improved stability to reach cost-effectiveness versus incumbent
technologies.3,5,32–34 Thus far, NFA-based OSCs have shown
limited PCE stability under continuous operation. Existing
literature on stability either correlates performance metrics
deterioration with various NFA chemical reaction pathways
involving the nal byproducts or reports empirical degradation
rates of OSCs by varying constituent blends, interfacial layers,
and device architecture.34–48 Thus, there is a knowledge gap in
understanding the microscopic mechanism of how OSC
degradation affects crystal structure, electronic structure,
charge transport, and recombination dynamics in BHJ blends—
properties that inuence macroscopic performance metrics.
Here, we study unencapsulated OSCs with an inverted geometry
of ITO/ZnO/PBDB-TF:Y6/MoOx/Ag (Fig. 1) as a model system
that are degraded by exposure to simulated solar irradiation,
where UV exposure is expected to reduce PCE monotonically
with increasing exposure duration.36 Here we systematically
analyze the evolution of the trap density of states, charge carrier
21214 | J. Mater. Chem. A, 2024, 12, 21213–21229
mobility, and recombination dynamics by in situmeasurements
under operating conditions with controlled degradation.
Concomitantly, we describe the measured trends in terms of
trap energy and recombination dynamics by proposing a puta-
tive degradation pathway and calculating the density of states
for the degraded NFA.

It will be seen that degradation leads to three main results
that we have modeled using quantum mechanical computa-
tional analysis. (i) Variable temperature current–voltage (IVT)
characteristics reveal that forward bias charge transport is
dominated by a series resistance originating from deep-lying
trap states located at 0.48 eV below the lowest unoccupied Y6
molecular orbital (LUMO). Surprisingly, these trap states are not
connected with the PCE degradation. (ii) Thermal admittance
spectroscopy (TAS) of pristine PBDB-TF:Y6 cells identies a trap
energy level at 0.15 eV that moves deeper into the bandgap (0.21
eV) with at least a three-fold increase in the density of states
upon initial PCE degradation from PCE = 17.3 to 11.1%. (iii)
Integrated photocurrent device analysis (IPDA) reveals that
electron mobility at the maximum power point falls roughly six-
fold when PCE degrades by two-fold. As expected, increasing the
number of trap states increases monomolecular recombination,
whereas the bimolecular/geminate recombination coefficient
under operating conditions decreases with degradation. (iv)
Transient absorption spectroscopy of pure Y6 and the BHJ
PBDB-TF:Y6 blend show increased kinetic rates of fast (ps) and
slow (ns) processes upon degradation which is consistent with
This journal is © The Royal Society of Chemistry 2024
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reduced mobility and increased geminate recombination. Thus,
the trap energy levels from TAS correlate with the Y6 degrada-
tion such that a relatively low density of degraded molecules
(<1%) can introduce recombination and charge trapping sites
with major losses in the cell performance – PCE loss by more
than 50%. These results are consistent with the role of the
electron transport layer ZnO in generating radicals under UV
exposure36,37 that can degrade Y6 with only minuscular changes
in the blend morphology,36,37 as revealed here by grazing inci-
dence wide-angle X-ray scattering (GIWAXS).

To complement the experimental input, parallel computa-
tional analysis provides a deeper understanding of the NFA
degradation process, including the crystal structural changes
and a molecular understanding of the trap states that are
formed during degradation. In our model, we consider three
likely degraded Y6 structures: (a) vinyl oxidation between the
core and end group, (b) acceptor end group scission, and (c)
dicyanomethylene scission on the end group (see computa-
tional methods for structural details). These candidate struc-
tures represent three likely degradation pathways induced by
UV-generated free radicals that can occur even some distance
from the ETL interface. Of the three proposed degradation
pathways, it will be seen that the vinyl oxidation pathway is the
most likely degradation product based on the calculated density
of states reproducing the measured trap energetics. Using the
crystal structure of Y6, we generate a relaxed crystal of degraded
Y6 molecules and determine the frontier orbital energies of
degraded Y6molecules. Based on the degraded crystal structure
and density of states, we characterize the vinyl oxidized crystal
structure and describe the evolution of a LUMO trap state
0.25 eV into the bandgap. Therefore, while the chemical
degradation pathways further corroborate existing molecular
degradation hypotheses,35,36,39,49 this study provides new insight
into the evolution of NFA electronic states under PCE degrading
irradiation.

From the combined experimental and theoretical work re-
ported here, the shallow Y6 trap states are identied and shown
to become deeper even with minute amounts of degraded NFAs
by well-structured in situ measurements. Moreover, the elec-
tronic structure analysis of the NFA crystal structures and
matrix-assisted laser desorption/ionization time-of-ight
(MALDI-ToF) spectroscopy claries that these trap states arise
from vinyl oxidation, among the three aforementioned plau-
sible reaction pathways that can be initiated by free radicals
under UV exposure. These ndings should provide insight into
the design of future more stable NFA molecules and suggest
replacing ZnO with other electron transport layers, passivating
the ZnO, and/or designing NFA molecules with functionalized
end groups to suppress vinyl linkage oxidation.

2 Results and discussion

In view of the variety of photophysical and structural charac-
terizations described in this section, we have organized the
main results into six subsections. The organization of this
section is as follows: First discussed (Section 2.1) are procedures
for creating and monitoring PBDB-TF:Y6 degradation by
This journal is © The Royal Society of Chemistry 2024
variable temperature current-density–voltage measurements
over a broad voltage range. The data are t to a Shockley diode
and a thermal activation model to extract key parameters
including the location of deep traps in the energy band struc-
ture. Next, Section 2.2 focuses on quantifying the number,
energy, and attempt frequency of shallow trap states in the
pristine blend and then tracking their evolution with degrada-
tion by TAS, and optical absorption spectroscopic measure-
ments. Section 2.3 employs in situ IPDA to study the evolution of
mobility and recombination coefficient as the OSCs are
systematically degraded. In Section 2.4, we then use transient
absorption spectroscopy to probe the effects of OSC degradation
on the excited-state dynamics, to assess the origins of the
degraded OSC spectral signatures, hole transfer rates, and
recombination kinetics. Section 2.5 employs grazing-incidence
wide-angle X-ray scattering (GIWAXS) to assess the structural
integrity of the OSC bulk-heterojunction blend during the
degradation process and Section 2.6 uses electronic structure
computation and the experimental photophysical, diffraction,
and MALDI-ToF data to understand the energies/chemistry of
the trap states and how the Y6 molecule degrades. Here, we
propose a putative degradation pathway by using computa-
tional modeling of the NFA band structure before and aer
degradation through three possible degradation pathways and
by considering the experimental characterizations discussed
above.
2.1 Photophysical measurements

Inverted BDB-TF:Y6 OSCs were fabricated in an inert argon
glove box by following the procedure outlined in a previous
study (Fig. 1a and b), see ESI Sections 1 and 2† for details.24 An
active layer thickness of 120 nm was used to optimize the
performance of the pristine cells that were measured in the
same glove box. Typical OSCs (area = 0.0625 cm2) show PCEs of
greater than 16% (Fig. 1c) with a champion device delivering
a PCE of 17.3%, an open circuit voltage (VOC) of 0.81 V, a short-
circuit current density (JSC) of 18.39 mA cm−2, and a ll factor
(FF) of 73.4%. Pristine OSCs were then removed to ambient
conditions and exposed to AM 1.5G, 100 mW cm−2, and the
current-density–voltage (J–V) characteristics were again
measured in the glove box by increasing the exposure durations
in incremental steps of 5 minutes (Fig. 1c). Most of the loss in
PCE comes from decreased JSC and FF while VOC is relatively
unchanged. The total integrated photocurrent from external
quantum efficiency (EQE) measured in a glove box matches the
JSC of OSCs from J–V characteristics within 95% (Fig. 1d) while
the residual mismatch is likely attributable to the continued
slow degradation during the interval between the two
measurements.

To understand the effect of contacts on the degradation
process, we measured J–V characteristics of pristine and
degraded OSCs in the dark. The evolution of device perfor-
mance metrics with exposure time is shown in ESI Fig. S1.†
Fig. 1e shows representative curves of a pristine device (PCE =

17.3%) at temperatures ranging from 295 to 140 K for IVT
analysis (ESI Section 3†). All optoelectronic measurements in
J. Mater. Chem. A, 2024, 12, 21213–21229 | 21215
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this and the next section were conducted on three different
devices showing qualitatively similar behavior. To determine
the physical processes involved in dark characteristics we tted
the J–V curves to the general Shockley diode eqn (1),

J ¼ Rp

Rp þ Rs

J0

�
exp

�
eðV � JRsÞ

n0kBT

�
� 1

�
þ V

Rp

þ JSC ; (1)

where J, V, kB, and T are device current density, voltage, Boltz-
mann constant, and temperature, respectively;50,51 Rp and Rs are
shunt and series resistances, respectively; and n0 and J0 are
diode ideality factor and reverse saturation current, respec-
tively. The data were t numerically to eqn (1) (solid lines in
Fig. 1e) giving excellent ts for all temperatures. ESI Fig. S2†
shows IVT characteristics and diode model ts of the same cells
aer PCE degradation from 17.0% to 11.1% and 5.0%. Note that
while we focus on IVT characteristics primarily up to 1.0 V, for
completeness we also measured devices up to 1.5 V and then
extracted the series resistance (Rs) by tting the data to eqn (1),
nding that Rs remains nearly constant (ESI Fig. S3†). To further
demonstrate the robustness of this tting of the Shockley diode
model, we used the Hegedus–Shafarman method52 to extract Rs

at higher voltages (ESI Fig. S4†). Both methods give similar
values of series resistance, 1.14–1.38 U cm2, which is 18.24–
22.24 U for the current cells having an area of 6.25 mm2. These
values are similar to those extracted from impedance
measurements (z25 U), as discussed below. Furthermore, both
methods yield a similar reverse saturation current (J0) when t
in the low bias range and the extracted ideality factor is less
than 2.0 in all cases.

Since the present model does not make any assumptions
about the physical processes in charge transport, we rst
analyze the temperature dependence of the t parameters to
gain further insight. We nd that the ideality factor n0 for PBDB-
TF:Y6 BHJ diodes to be less than 2 at room temperature for all
the devices and only becomes greater than 2 at lower tempera-
tures following a well-established behavior in semiconductor
diodes (ESI Fig. S5†). The temperature dependence of n0 in
OSCs has been reported and can be attributed to three factors:
(i) band gap variation at low temperatures, (ii) interfacial
recombination temperature dependence, and (iii) increased
tunneling processes at low temperatures that do not pose an
upper bound of 2 for n.52–55 Also, note that an ideal Shockley
equation for the diode does not include series or shunt resis-
tance. The generalized Shockley eqn (1) has been extensively
used to t the temperature dependence of OPV IV curves in the
dark and under illumination despite being judged “very non-
ideal”.51,53

Here, we note that the degradation process does not signif-
icantly affect the temperature dependence of n0 (<10%), thus,
ruling out large changes in the effective bandgap. In contrast,
the tted value of J0 falls by four orders of magnitude from 1.37
× 10−11 to 2.23× 10−15 A on lowering the temperature from 295
to 150 K, which might be ascribed to thermal activation across
the mobility gap. However, estimation of the mobility gap from
an Arrhenius-type plot of J0T

−2 vs. T gives unreasonable values
due to the rather small Rp varying from 4.47 to 17.62 MU over
the same temperature range and makes the cell ‘leaky’ even at
21216 | J. Mater. Chem. A, 2024, 12, 21213–21229
low temperatures.51 The model ts better at relatively large
voltages (V > 0.5 V) where Rs dominates and thus, the extracted
temperature dependence is analyzed using the eqn (2):

Rs ¼ Rs0 exp

 
Ers � a

ffiffiffiffiffiffiffiffiffiffi
V=d

p
kBT

!
(2)

where d is the thickness of the active layer, Ers is the activation
energy of the series resistance, and Rs0 is a constant prefactor.51

The barrier-lowering constant a is obtained from a ¼
ffiffiffiffiffiffiffi
e3

p3s

s
,

where e is the fundamental electronic charge and 3s is the
dielectric constant of the active layer. We obtain 3s = 2.5 for the
PBDB-TF:Y6 blend from capacitance–voltage measurements at
room temperature on fully depleted OSCs (i.e., geometrical
capacitance), and the extracted value of 3s is comparable to that
of blends from other NFAs (z3) and Y6 (z3.5–3.74) reported in
the literature.56–58 This underestimation may reect uncertainty
in thickness, roughness, and dielectric properties of PBDB-TF,
and interfaces.

The temperature dependence of Rs is critical for tting at
large voltages and assuming a constant Rs results in poor
agreement with the ts. The attened J–V curves suggest
a barrier lowering either from the Schottky effect at the contacts
or the Poole–Frenkel effect in the bulk of the active layer. First,
we extract Ers= 0.48 eV (taking 3s= 3.74) for the undegraded cell
and Ers value changes by only 3% upon PCE degradation from
17.3 to 5% (Fig. 1f). Second, we obtain the lowest possible
current density of 4.34 mA cm−2 at 295 K from Schottky barrier
lowering using A0T

2 exp(−Ers/kBT), where A0 is the Richardson
constant (120 A cm−2 K−2). Since this value is less than the
measured current density of 6.04 mA cm−2 at 1 V, either the
Schottky or Poole–Frenkel effect can explain the diode
behavior.51 Therefore, the series resistance arises either from
the contact resistance between the blend and charge transport
layer or charge trapping within the bulk of the solar cell. In
either case, the activation energy does not change with PCE
degradation. This suggests these deep traps at the contact
regions or in the BHJ only begin to emerge in the last stages of
degradation of these NFA-based OSCs and most of the initial
PCE degradation comes from other factors. To conclude, dc-
based IVT measurements reveal deep traps in the charge
transport layer that do not change signicantly upon rapid PCE
degradation from fresh cells. Therefore, in the following, we
employ impedance-based methods to probe shallow trap states
within the BHJ to understand the mechanism of initial PCE
degradation of OSCs.
2.2 Shallow charge trap energetics

We next employed TAS analysis of PBDB-TF:Y6 cells to further
investigate degradation effects within the BHJ blend.59–65 Thus,
we quantify the number, energy, and attempt frequency of the
trap states in the pristine blend and then track their evolution
with degradation. OSC frequency- and temperature-dependent
capacitance (CfT) was measured at an applied DC voltage of
0.0 V using AC modulation of 50 mV over temperatures ranging
This journal is © The Royal Society of Chemistry 2024
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from 295 to 120 K (Fig. 2a). First, the series resistance Rs,
extracted from the impedance at 25 °C, shows a signicant
increase from 25.3 to 56.8 U (1.58 to 3.55 U cm2) when the PCE
falls from 14.1 to 8.0% and increases more dramatically to 257
U (16.06 U cm2) at the lowest measured PCE value of 5.9% (ESI
Fig. S6†). The capacitance step in CfT plots at low frequencies
(40 Hz to 1 kHz, region A in Fig. 2a) is indicative of trap states in
the bandgap. Thus, the variation in the inection point of the
capacitance step with temperature can be utilized to reconstruct
the density of states and energy levels of the trap states.61 Note
that the capacitance further decreases at higher frequencies
(10–100 kHz, region B in Fig. 2a) which is not related to the trap
states but is an artifact of the RC model, as explained in ESI

Fig. S7.† 66 We take the numerical derivative of the data ð�f ÞdC
df

in region A aer smoothing the dataset at low frequencies (<100

Hz). The angular resonance frequency from the peak in ð�f ÞdC
df

vs. log(f) plots is given by w = 2n0 exp(−DET/kBT), where n0 is the
angular attempt frequency andDET is the trap activation energy.
We include temperature dependence of the attempt frequency,
n0 = n00T

2 where n00 is reduced attempt frequency.60 The peaks
in the data in Fig. 2b are t to Gaussian functions and the mean
values are used to obtain an Arrhenius-type plot in Fig. 2c which
yields n00 z 4.92 × 103 s−1 K−2. For comparison, the room
Fig. 2 (a) Capacitance–frequency (C–f) characteristics of a pristine PBDB
K. The A and B regions show two ‘knees’ in C–f curves. Solid lines show
different temperatures corresponding to region A of C–f plots for the p
log(T2/fmax) vs. 1/T to extract the attempt frequency v00 and the energy ET
(TAS) method. (d) Plot of the ‘collapsed’ density of trap states (NT) as a f
energy dispersion of NT for the pristine and the degraded cell. (f) Schem
transport layer (Ers = 0.48 eV), and trap energy level (ET = 0.15 eV) that

This journal is © The Royal Society of Chemistry 2024
temperature attempt frequency of the pristine PBDB-TF:Y6 cell
n0 z 4.28 × 108 Hz is smaller than that in inorganic thin lm
solar cells (6.2 × 1011–1012 Hz),61 inorganic nanocrystal solar
cells (z1010 Hz),60 and organic–inorganic perovskite solar cells
(1.35 × 109 Hz).59 The smaller PBDB-TF:Y6 attempt frequency
likely reects the relatively modest delocalization in p-stacked
nanocrystals of Y6 molecules, evident in the single-crystal X-ray
diffraction. The energy and the density of the trap state are
calculated from eqn (3) and (4) where A is the area of cells,

E ¼ kBT log

�
2n00T

2

2pf

�
(3)

NT ¼ Vbi

AW

1

kBT
f
dCðf Þ
df

(4)

W is the depletion width that is taken to be equal to the thick-
ness of the active layer, and Vbi is the built-in voltage in pristine
OSCs that is extracted to be 0.77 V at 295 K from ESI Fig. S2a.†
Following these coordinate transformations, we see that all the
curves from Fig. 2b collapse to a single curve in Fig. 2d yielding
a maximum density of trap states of 4.16 × 1016 cm−3 eV−1 at ET
= 0.15 eV below the Y6 LUMO. Such a charge trap density in
pristine Y6 is not unexpected since organic crystals typically
show a broad Gaussian-like density of tail states spectrum
originating from defects, grain boundaries, and other sources of
-TF:Y6 solar cell (PCE= 17.3%) at varying temperatures from 120 to 290
the smoothened curve in region A. (b) Plot of −fdC/df versus log(f) for
ristine cell in (a). Solid lines show fits to Gaussian functions. (c) Plot of
for the dominant trap state using the thermal admittance spectroscopy
unction of energy from LUMO of the Y6 molecule. (e) Comparison of
atic of the energy gap (Eg = 1.55 eV), activation energy in the charge
changes to ∼0.21 eV after degradation.
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heterogeneities. Recently, energy-resolved electrochemical
impedance spectroscopy (ER-EIS) of pristine PBDB-TF:Y6 solar
cells revealed a density of trap states that is three orders of
magnitude larger than the present values.67 It is reasonable that
the solution-based ER-EIS measurements may have introduced
extrinsic disorder that increased the trap state density.67 Thus,
taking the signicantly lower density of trap states in the
present TAS analysis of high-PCE pristine cells as a control
implies the detection of additional trap states arising from
initial degradation. TAS was next repeated on the same device
aer degradation to PCE = 11.1%, and the corresponding CfT
plots are shown in ESI Fig. S8.† The knee of the capacitance
modulation shis towards lower frequencies, and so the
temperature was further increased to 340 K to bring the
inection point within the measurement bandwidth. The low-
frequency capacitance also increases by 1.5-fold and the
resulting density of states shows a peak of 4.16 × 1016 cm−3

eV−1 at ET = 0.21 eV below the Y6 LUMO (Fig. 2e and f). Further
cell degradation below a PCE of 11% results in shis in the
knees of the CfT curves to frequencies below 40 Hz where
increased noise of the impedance analyzer signicantly
precludes the extraction of the trap density of states (ESI
Fig. S8†).

To investigate the optical signatures of the degraded mole-
cules, we performed optical absorption spectroscopy of neat Y6,
neat PBDB-TF, and PBDB-TF:Y6 blend lms cast on ZnO/ITO
substrates to simulate the photo-induced degradation envi-
ronment of the OSCs. The spectra were collected before (pris-
tine) and aer (degraded) exposing the lms to solar
illumination for 30 min in ambient conditions (Fig. 3a and ESI
Section 4, Fig. S9†). Overall, all lms show minor decreases in
characteristic peaks aer degradation, however, neat Y6 and
PBDB-TF:Y6 blend lms also exhibit the emergence of a new
absorbance feature at 952 nm (z1.3 eV) aer degradation.
Surprisingly, this peak lies z0.25 eV below the Y6 LUMO,
matching the peak location of degraded Y6 extracted from TAS
analysis. However, the peak intensity is small which, compared
with minor changes in other characteristic peaks aer degra-
dation, suggests that the molar fraction of degraded Y6 mole-
cules is very small (<1%). Nevertheless, this optical observation
provides a direct spectral signature of degraded Y6 molecules
that matches the TAS trap state energy. Note that neat PBDB-TF
and Y6 lms show an 8% and 2.5% decline in the peak
absorptions at 571 and 840 nm, respectively, during degrada-
tion. Note also that the PBDB-TF peak at 1150 nm does not
signicantly contribute to the OSC performance since the EQE
is less than 1% in that regime (Fig. 1d). Thus, the neat PBDB-TF
lm shows a somewhat greater decline in absorption than Y6,
and these changes are well-represented in the blend optical
absorption spectra. While the reduction of net photon absorp-
tion in degraded lms might decrease the photocurrent in
proportion, it is not the main contributor to PCE reduction in
the degraded devices since the majority of the photocurrent loss
in OSCs comes from increased photocarrier recombination and
decreased charge generation processes that are affected by the
electronic structure and blend morphology.3–7 Thus, we have
limited our analysis of the UV-Vis spectra to highlight the
21218 | J. Mater. Chem. A, 2024, 12, 21213–21229
emergence of the new feature in the Y6 spectra. To conclude,
the TAS and UV-vis analyses provide new insight beyond IVT
into the evolution of charge traps in the BHJ during initial OSC
degradation. However, these do not provide information on the
charge transport and recombination dynamics in functional
OSCs under illumination. In the following, we present an in situ
measurement method to directly correlate PCE degradation
with mobility and recombination coefficient while the cells are
being operated at maximum power point.
2.3 Integrated photocurrent analysis

Here, in situ IPDA measurements of PBDB-TF:Y6 cells at
different stages of degradation (ESI Section 5†) were next con-
ducted. The OSCs were degraded in a controlled manner by
exposing the cells to AM-1.5G (100 mW cm−2) illumination for
varying durations of 2 to 30 min and then, J–V and IPDA
measurements were performed by bringing the cells into the
glove box aer each degradation step as PCE fell from 16.5 to
7.9%. First, VOC was measured as a function of illumination
intensity (I) and the result is shown in Fig. 3b. The slope of VOC
versus log(I) is ideally expected to be kBT/e (25 mV at room
temperature) and 2kBT/e for bimolecular recombination and
monomolecular recombination, respectively.31,68 However,
space charge effects and other OSC non-idealities can yield
larger values.69 In pristine PBDB-TF:Y6 cells (PCE = 16.5%) we
obtain a slope of 57 mV per decade that gradually increases to
87 mV per decade in degraded cells with PCE = 7.9% (Fig. 3b
and ESI Fig. S10a†). Although both values are larger than 2kBT/e,
an increase in the slope by 30 mV per decade suggests signi-
cantly increased monomolecular recombination from the
increased density of trap states in the degraded cells.

From the IPDA data, the bimolecular recombination coeffi-
cient (kbr) is seen to uctuate within instrumental noise for PCE
changes from 16.5 to 12.6% and only then falls with the PCE
degradation from 10.9 to 7.9%. This can be explained by
dominant monomolecular recombination scavengers that
reduce the fraction of photocarriers participating in the bimo-
lecular processes (ESI Fig. S10b†). The reverse bias photocur-
rent shows only a slight reduction in the saturation behavior at
higher voltages (>0.5 V) upon PCE degradation from 14.1 to
7.9%, again conrming minor changes in bimolecular recom-
bination (ESI Fig. S11†). Note that this is in stark contrast to
NFA-based OSCs with acceptors having end groups of varying
degrees of uorination where differences in PCE are inversely
correlated with the IPDA-derived bimolecular recombination
coefficient.24,28 Therefore, the PCE reduction by Y6 degradation
does not follow the same morphology-dominated PCE loss
mechanisms as NFAs having different end groups that strongly
affect blend morphology.24,27 Instead, here the mean electron
mobility falls more rapidly with degradation, by up to six-fold in
PCE = 7.9% cells (Fig. 3c). Creation of new charge traps from
degraded Y6 molecules is expected to strongly affect charge
transport in Y6 nanocrystals even if the overall BHJ blend
morphology is largely unaffected. Interestingly, the free charge
carrier density and chemical capacitance at the maximum
power point (nmp) do not increase signicantly with degradation
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Optical absorbance of a neat Y6 film spin-coated on ZnO/ITO before (pristine) and after exposure (degraded) to solar illumination for
30 min in ambient. The inset shows zoomed-in data from the blue rectangle showing the emergence of a new feature at z952 nm on
degradation. (b) Plot of open circuit voltage (VOC) as a function of illumination intensity at different degrees of PBDB-TF:Y6 solar cell degradation.
The legend corresponds to plots b–d. (c) A plot of effective carrier mobility (meff) versus charge carrier density at maximum power point (nmp)
extracted from IPDA data at different stages of degradation. (d) Plot of fill factor versus competition factor (q) at different stages of degradation.
The solid line is a guide to the eye.
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(Fig. 3c and ESI Fig. S12†). Thus, acceptor degradation affects
the OSC performance through two major physical processes:
increased monomolecular recombination and decreased elec-
tron mobility. The competition factor (q) is dened as the ratio
of the recombination rate to the charge extraction rate and
captures the relative contributions from the two competing
effects. In OSCs, FF scales inversely with q and such a scaling
relation has been observed in blends based on a wide range of
functionalized NFAs.24,27–29,70 Here, the PBDB-TF:Y6 cell degra-
dation scales with FF, almost linearly with log(q) (Fig. 3d),
suggesting poor charge extraction and increased recombination
in degraded cells. Overall, the electrical measurements have
quantied trap densities and correlated OSC degradation with
steady-state competing processes of charge extraction and
recombination. However, electrical measurements do not give
insight into non-steady state photoexcited carrier dynamics that
can be correlated with degradation at the molecular level.
Ultrafast pump-probe spectroscopy has proven to be a powerful
technique to understand excite state dynamics in OSCs and
thus, we next employ this method to understand the effects of
degradation.
This journal is © The Royal Society of Chemistry 2024
2.4 Excited-state dynamics

The relationship between PCE degradation and excited-state
dynamics for PBDB-TF:Y6 blends and neat Y6 lms was inves-
tigated using transient absorption (TA) spectroscopy by exciting
at 800 nm with a 20 mJ cm−2 pulse (ESI Section 6, Fig. 4, and
S13–S15†). In the pristine blend, prominent excited-state
absorption (ESA) bands appear at 690 and 760 nm (PBDB-TF)
and 910 and 1500 nm (Y6) along with ground-state bleach (GSB)
at 570 and 630 nm (PBDB-TF) and 730 and 800 nm (Y6).
Following rapid (<1 ps) hole injection, geminate recombination
occurs with a lifetime of 8 ps, followed by slower recombination
between 300 ps and 150 ns (ESI Table S1†) with minimal spec-
tral evolution. These longer-lived populations correspond to
free carriers undergoing bimolecular recombination.71

For a direct comparison, the evolution-associated spectra of
the pristine and degraded PBDB-TF:Y6 blends are shown in ESI
Fig. S13.† The rst spectral component (state A) shows the
bleaching of Y6 (650–900 nm), but also some contribution from
the bleaching of the PBDB-TF donor in the 500–650 nm region
that indicates a contribution from ultrafast hole transfer. These
features appear along with some excited-state absorption from
J. Mater. Chem. A, 2024, 12, 21213–21229 | 21219
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Fig. 4 (a) Transient absorption (TA) spectra of a pristine PBDB-TF:Y6 blend film taken at different delay times when excited at 800 nm (20 mJ
cm−2). (b) Corresponding time-resolved differential absorption (DA) at indicated wavelengths (symbols). The solid lines show model fits from
global analysis. (c) Model population dynamics of different species (A–F) in the pristine blend. (d) and (e) TA spectra and time-resolved DA of the
same PBDB-TF:Y6 blend film after degradation. (f) A comparison of bleach kinetics shows the deepening of the bleach in a degraded blend over
a few picoseconds. The instrument response function is 300 fs.
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the Y6 Frenkel exciton that diminishes with time in the 850–
1000 nm and 1100–1400 nm regions.30 Similar excited-state
absorptions are also observed in the neat pristine Y6 lms
(ESI Fig. S14†). The spectrum of state B resembles that of state A
but with a lower amplitude of the Frenkel exciton features.
These two states show distortion of the Y6 bleach below 800 nm
due to contributions from the charge carrier absorptions and
both show the hole injection process, with fast and slow
contributions from optimal (A) and sub-optimal (B) donor–
acceptor packing in the lm, respectively. Neither of these states
is dramatically affected by the degradation process, as their
spectra and kinetics are very similar, although the sub-optimal
charge injection is slightly faster following UV exposure of the
lm.

The spectra of the next two states (C and D) represent the
charge carriers, with the polymer bleach in the 500–650 nm
range, Y6 bleach in the 800–900 nm range, and the excited-state
absorption of the carriers between 680–800 nm and 900–
1000 nm.71 Additionally, at longer times there may also be some
contribution from the Y6 triplet–triplet absorption beyond
1400 nm.72 These spectra decay with time constants ranging
from z100 ps (state C) to z10 ns (state D) with minimal
spectral evolution. From their short decay times, the pop-
ulations associated with these spectra likely decay via geminate
21220 | J. Mater. Chem. A, 2024, 12, 21213–21229
recombination, as the excitons do not have a sufficiently long
lifetime to effectively dissociate and diffuse away. Both time
constants are strongly affected by the degradation process, with
each being accelerated by a factor ofz4×. This likely reects an
increase in local trap states and changes in morphology that
limit carrier lifetime.

The spectrum of state E is also similar to that of C and D and
can be assigned to free carriers that decay via non-geminate
recombination based on the minimal spectral evolution and
much longer recombination time (z100 ns). The decay of state
E is moderately accelerated by the degradation process. The
nal state is unaffected by the UV irradiation; this may be
a thermal artifact or photoproduct state, but it is very low in
amplitude, and we, therefore, forego interpretation.

We emphasize here that the spectral signatures of the
degraded blend lms (Fig. 4d and e) and the hole transfer rate
are changed, while the recombination kinetics are dramatically
affected (Fig. 4f). Each recombination step captured by the
sequential kinetic model is accelerated, with the fastest (5 ps)
and slowest (153 ns) decays increasing by z50%, the interme-
diate processes (e.g., 8.9 ns) accelerate by as much as a factor of
4× upon degradation. This result is consistent with the loss of
electronmobility and increased rate of geminate recombination
discussed above, all of which will reduce the available charge
This journal is © The Royal Society of Chemistry 2024
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collected at the electrodes thereby lowering device performance.
In contrast, TA analysis of pristine Y6 lms before and aer
degradation does not reveal conclusive trends as in the blend
data (ESI Fig. S14 and S15†). Note, this sequential model is an
oversimplication and does not account for many-body effects
such as singlet–singlet- and triplet–triplet annihilation, both of
which are bimolecular in nature.73,74 So far, we have focused on
the evolution of electronic structure and charge dynamics upon
OSC PCE degradation. A comprehensive picture of degradation
can only emerge by also studying the structural and morpho-
logical evolution of the BHJ during degradation. X-ray
measurements have been widely used in the structural anal-
ysis of NFA BHJs and we next leverage that to elucidate micro-
structural changes in crystalline OSC phases upon PCE
degradation.
2.5 X-ray structural analysis

GIWAXS was employed to evaluate microstructural changes of
neat Y6, neat PBDB-TF, and blend (PBDB-TF:Y6) lms arising
from photodegradation. Neat and blend lms were prepared on
Si substrates using identical fabrication procedures as
described for OSC device fabrication (see ESI Section 7†). Note
that GIWAXS measurements required the fabrication of lms
on Si substrates rather than on ZnO-coated ITO substrates to
avoid background scattering that would complicate the NFA
GIWAXS analysis. Note also that degradation has been shown to
occur in the presence of O2 even without ZnO, e.g., in conven-
tional OSCs with ITO substrates coated with PEDOT:PSS.46

Although the interface between the active layer and the charge
transport layer plays a signicant role in the degradation of OPV
performance,75 photodegradation within the polymer/NFA
blends can occur within 15 minutes in the absence of the ZnO
ETL, and without signicant disruption of the blend lm
morphology/microstructure, indicating that more nuanced and
subtle structural changes lead to compromised device
metrics.44–46,76 The primary reactive species in such instances are
known to be superoxide and hydroxyl radicals generated from
photolytic reactions with ambient moisture and O2.44–46,77,78

Pristine lms (neat and blend) were maintained under an
inert environment before the GIWAXS measurements, while
degraded lms were prepared by exposing them to the same
solar illumination under ambient conditions for 30 min.
GIWAXS diffraction patterns and related line-cut proles for the
out-of-plane (OOP) and in-plane (IP) reections are provided in
Fig. 5, ESI Fig. S16, S17, and Table S2.† For all lms, lamellar
spacings (reection= 100)/p–p distances (reection= 010) and
their corresponding crystal coherence lengths (CCLs) were
determined from the IP/OOP reections, respectively. For pris-
tine (undegraded) neat Y6, neat PBDB-TF, and PBDB-TF:Y6
blend lms, the diffraction patterns and trends for lamellar
spacing (24.29/24.50/21.64 Å) and p–p distances (3.60/3.72/3.63
Å) and corresponding CCL values (38.67/33.92/59.32 Å and
25.66/18.18/20.74 Å) are similar to those of previous reports.25,79

Photodegradation of the neat PBDB-TF/Y6 lms (ESI Fig. S16,
S17, and Table S2†) induces slight changes in the lamellar
spacings/CCL (23.36/41.21 Å and 23.42/33.49 Å) with no
This journal is © The Royal Society of Chemistry 2024
observable difference in the p–p distances/CCL (3.73/18.07 Å
and 3.61/25.50 Å). The change in lamellar spacing is slightly
greater for the degraded neat PBDB-TF lms than for the
degraded neat Y6 lms. These changes agree with values re-
ported in the literature,25,79 and they are not observed in the
blend lms. Morphological changes in the blends involve
additional donor–acceptor interaction features that are not
present in the neat lms. For the degraded PBDB-TF:Y6 blend,
the lamellar spacings/CCL (21.26/59.71 Å) and p–p distances/
CCL (3.60/19.03 Å) are very similar to the pristine blend lms
indicating that the polymer/NFA structural changes due to
photodegradation do not signicantly contribute to observable
changes in the morphology and microstructure, again consis-
tent with previous reports.44–46 Rather, the photodegradation of
PBDB-TF:Y6 blends have been attributed to a photo-oxidation
process whereby oxidation of the exocyclic vinyl groups leads
to epoxide formation and the subsequent degradation of the Y6
end-group, as reported for other NFAs.49 While complete scis-
sion of the Y6 end-group or scission of the dicyanomethylene
group is expected to create catastrophic disruption of the 3D
structure, these scenarios are inconsistent with GIWAXS anal-
ysis (Fig. 5).29 However, a reduction in conjugation length due to
vinyl oxidation and the resulting changes in electronic structure
could easily decrease electron mobility and increase recombi-
nation rates without disrupting the overall morphology of the
PBDB-TF:Y6 BHJ. Thus, the X-ray measurements reveal that PCE
degradation is not accompanied by signicant structural
changes in the BHJ morphology and that is consistent with the
aforementioned observations that only a small mole fraction
(<1%) of degraded NFA molecules is needed to reduce PCE by
50% upon degradation. Finally, we introduce a computational
analysis to develop a complete picture of chemical degradation
pathways that is consistent with the experimental analyses
discussed so far.
2.6 Molecular and electronic structural analysis

To gain a molecular and electronic understanding of the PCE
degradation process, we performed density functional-based
tight binding (DFTB) calculations to generate possible Y6
degradation pathways (ESI Section 8†). We considered and
optimized the Y6 and the structures (or fragments) of its three
plausible UV-induced degradations in the calculations. The
three pathways considered represent the three functional
groups of Y6most likely to be reactive to a free radical.36,38,39,46,49

The rst is the end group-core linking the vinyl group oxidation
(Fr1), as shown in Fig. 6a. The second is at that same position
having a bond scission leading to end group scission from the
core (Fr2) (Fig. 6a). The third degradation pathway considered is
dicyanomethylene end group scission (Fr3), as shown in Fig. 6a.
Further details of the three degraded structures are shown in
ESI Fig. S18.† We additionally examine the doubly degraded
fragments Fr1d, Fr2d, and Fr3d by considering degradation
reactions on both acceptor end groups. Although two reactions
on the same Y6 molecule would be statistically unlikely to
happen under the solar uxes considered here, we used the
doubly reacted Y6 structures as a comparison tool.
J. Mater. Chem. A, 2024, 12, 21213–21229 | 21221
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Fig. 5 (a) and (b) GIWAXS diffraction patterns of pristine and degraded PBDB-TF:Y6 blends, respectively. (c) Line cuts along in-plane (IP) and out-
of-plane (OOP) directions for pristine and degraded blend films. (d) p–p crystal coherence length (CCL) and p–p spacings for pure Y6, pure
PBDB-TF, and PBDB-TF:Y6 blend films before and after degradation.
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From each degraded structure we selected frontier molecular
orbitals (FMOs) of each molecule for comparison (Fig. 6b, 7a, b,
ESI Table S3 and Fig. S19–S25†). Note that only the LUMO
energy levels of Fr1 (−4.46 eV) have much lower energy levels
versus the Y6 LUMO (−4.29 eV) (Fig. 6b). Furthermore, the
HOMO energy levels shi upwards in all the fragments signi-
fying the destabilization of the p orbitals (ESI Fig. S19–S25†).
This lowered LUMO energy level and a relatively small change in
HOMO corresponds to the experimental optical absorption
spectrum where redshi is observed aer the Y6 degradation
and is due to the formation of hydrogen bonds around the
hydroxyl group aer vinyl oxidation, as discussed later.

We also computed the FMOs of the singly and doubly
charged anionic Fr1− and Fr2− and have stabilized the corre-
sponding anions by incorporating Zn2+ cations in the vicinity,
as shown in Fig. 7a. From our characterizations of the PBDB-
TF:Y6 blend lms (vide supra), we detail that minimal disrup-
tions to the morphology and crystal structure can still contain
trap states emerging due to photo-oxidation. The anions con-
structed here are entirely consistent with the ZnO acting as
a photo-catalytic center for Y6 degradation, even away from the
ZnO interface. The anionic fragments, stabilized with Zn2+,
shown in Fig. 7a, offer a plausible Y6 degradation pathway
within the BHJ active layer. These anions were constructed by
removing each H atom connected to the N atom in the dicya-
nomethylene group, and neutral molecules with the Zn2+ cation
were constructed aer additional dehydrogenation of the
21222 | J. Mater. Chem. A, 2024, 12, 21213–21229
hydroxyl group. The Fr1− anion with one additional electron
shows unfavourable FMO energetics of about 2 eV compared to
Fr1−. The Fr1− anion with two additional electrons has even
more elevated FMO energies of about 4 eV versus Fr1− because
the electrons populate antibonding molecular orbitals. In the
case of the neutral molecule paired with a Zn2+ cation, the
molecule shows an overall tendency of much higher FMO
energy levels versus Fr1− (Fig. 7b). The molecule derived from
Fr1d shows lower energy levels in the occupied molecular
orbitals including the HOMO, with the LUMO and LUMO+1
energy levels even higher than those of original Fr1d. Therefore,
anions or stabilized anions do not have lower LUMO levels
compared to the charged neutral species. However, to go
beyond gas-phase FMO calculations of the anion states is
outside the scope of this manuscript. This is because the anion
state in the solid crystal structure requires a polaronic treat-
ment, and an additional term in the Hamiltonian to describe
the charge aggregation must be considered to obtain an exact
stabilized anion state.

We next investigated the crystalline packing of the three
degraded Y6 structures to connect the molecular geometry to
the generated trap states. The crystal structures were con-
structed by substituting the unit Y6 molecule of the original
C12/c1 crystal structure24 with each Y6 and a degraded mole-
cule, respectively, and they were subsequently optimized to
match the stacking structure (Fig. 8, ESI Fig. S26–S30 and Table
S4†). We note that the doubly oxidized crystal structure of Fr1d
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Chemical structures of three types of possible single fragmentation products of a degraded Y6 molecule. Single (double) fragmen-
tation via vinyl oxidation, acceptor end-group scission, and dicyanomethylene scission are labelled as Fr1, Fr2, and Fr3 (Fr1d, Fr2d, and Fr3d),
respectively. The full chemical structures of all variations of the degraded Y6 molecules are shown in ESI Fig. S18.† (b) Energy levels of frontier
molecular orbitals (HOMO−1, HOMO, LUMO, and LUMO+1) on pristine Y6 and degraded products after six kinds of degradation on Y6.
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was not considered because of its unstable structure when it
packs in the C12/c1 crystalline phase (not shown). The total
density of states (TDOS) and partial density of states (PDOS) of
each of the crystal structures are compared aer optimization in
Fig. 8b and ESI Fig. S31–S35.†

Note that the trap energy level of the Fr2d crystal occurs
signicantly far away from the Fermi energy level and is distinct
from the other structures. This is because the p-structure in the
Fr2d crystal is signicantly truncated by the elimination of two
end groups. Interestingly, a well-dened trap energy level of ET
= 0.25 eV is observed in the Fr1 crystal (Fig. 8b) compared to
a shallow trap level of ET = 0.12 eV in the pristine Y6 crystal (ESI
Fig. S31†). This signicant difference between these values
agrees well with TAS observed ET measurement of 0.25 eV (vide
infra; Fig. 2d–f). In contrast, the acceptor end-group and
dicyanomethylene scissions either show minor evolution in the
LUMO or a dramatically different TDOS prole that is incon-
sistent with experimental data. We nd that the Fr1 mid-gap
states can be explained by the PDOS, which shows the p
orbitals of the oxygen causing the low-lying states in the Fr1
crystal. These states are red-shied toward the Fermi level
compared to that of the Y6 crystal while the LUMO energy level
of Fr1 shows strongly localized molecular orbitals on the side
This journal is © The Royal Society of Chemistry 2024
where vinyl oxidation occurs (Fig. 8a). We note that these red-
shied mid-gap states are distinct from the shied FMO ener-
gies between Y6 and the three proposed degraded fragments.

The Y6 degradation pathway of Fr1 is in agreement with
a recent report detailing the chemical degradation pathway in
Y6 involving breakage of conjugation with the vinyl group.80 The
vinyl group cleavage was suppressed by uorination of the end
groups and incorporation of long side chains to achieve pho-
tostability in hot (300 K) outdoor climates. The present results
also agree with previous reports on an ITIC-based OSC where
Nuclear Magnetic Resonance and Fourier Transform Infrared
spectroscopies implicated vinyl oxidation as the principal
mechanism of ITIC molecule photo-induced degradation.36 As
a proof-of-concept, we computed the UV/vis absorption spectra
of the Y6 and ITIC molecules along with the three fragments
using TDDFT (ESI Section 8†) and found transition state
orbitals that are consistent with the destabilization of the vinyl
group (Fig. S36–S41†).

An in situ Raman study on an ITIC molecule undergoing
gradual degradation also suggested vinyl linkage breaking
between the electron-donating core and the electron-decient
end groups.39 Computational and experimental studies of
other fused and non-fused NFAs (such as IT-4F, PTIC, etc.) also
J. Mater. Chem. A, 2024, 12, 21213–21229 | 21223
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Fig. 7 (a) Optimized molecular structures of the “Fr1 anion−” and “Fr1d anion2−” that are singly and doubly charged fragments, respectively. To
create an anion from Fr1 and Fr1d, a hydrogen atom was removed from the nitrogen atom within the dicyanomethylene group. Charges have
been stabilized by Zn2+ in “Fr1 anion− + Zn2+” and “Fr1d anion2− + 2Zn2+” fragments after additional removal of the hydrogen atom from the
hydroxyl group. The atom color scheme is identical to that in Fig. 6a. Zn2+ is labeled as gray. (b) Frontier molecular orbital energy levels
(HOMO−1, HOMO, LUMO, and LUMO+1) of pristine Y6 and degraded products Fr1 and Fr1d after each degradation on Y6, depending on the
charge state and the existence of Zn2+. “Fr1 anion−” and “Fr1d anion2−” have−1 and−2 as total charges, respectively, and all other molecules are
charge neutral.
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showed photochemical degradation at the vinyl linkage.49 UV
light can be absorbed in the ZnO bandgap of 3.37 eV, generating
an electron–hole pair where the hole can initiate the desorption
of neutral O2 and the electron then becomes available to break
the double bond at the vinyl linkage.35 Indeed, X-ray Photo-
electron Spectroscopy of degraded PBDB-TF:Y6:PC71BM OSCs
conrms the role of ZnO in the degradation mechanism. We
acknowledge that degradation of the donor polymer PBDB-TF is
likely to have a minor effect on the overall performance degra-
dation. In ref. 44, OSCs containing fullerene ([70]PCBM) and
non-fullerene (ITIC) acceptors and the same donor polymer
PBDB-T are compared to isolate the specic role of donor
21224 | J. Mater. Chem. A, 2024, 12, 21213–21229
polymer degradation in cell performance. ITIC-containing
blends show a 38% decrease in PCE upon degradation
compared to 9% in those with [70]PCBM suggesting minor
effects of the donor polymer degradation on overall cell
performance loss.

The present study on high-PCE PBDB-TF:Y6 OSC degrada-
tion not only conrms earlier work on other NFA OSC compo-
sitions but goes beyond by comparing experimental and
computational results, also quantifying the effects of degrada-
tion by correlating macroscopic parameters such as PCE with
microscopic parameters such as trap density of states and
recombination coefficient in operating cells. Importantly we
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) LUMO of Fr1molecule after vinyl oxidation. The inset shows the formation of hydrogen bonds around the hydroxyl group. The HOMO
of Fr1 is shown in ESI Fig. S20.† (b) TDOS and PDOS (p orbital of carbon, nitrogen, oxygen, and sulfur) of the Fr1 crystal structure. Energy levels of
HOMO (EHOMO), LUMO (ELUMO), and trap energy levels are shown by blue, red, and grey solid vertical lines below the x-axis. Energy spectra are
smeared with a value of 50 meV. (c) and (d) Optimized crystal structure of Fr1 in top and side views, respectively, based on the original pristine Y6
crystal structure. The color scheme on each element is identical to that in Fig. 6a.
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nd that the overall fraction of degraded molecules can be
minute and still produce a signicant PCE reduction. This is
consistent with two observations here. First, the optical
absorption spectroscopy of degraded neat Y6 and PBDB-TF:Y6
blend lms show the emergence of a relatively minor peak
corresponding to the degraded molecule. The absorption peak
cross-section can be expected to approximately scale linearly
This journal is © The Royal Society of Chemistry 2024
with the fraction of degraded molecules and suggests that
photo-degradation involves less than 1%mole fraction. Second,
both GIWAXS measurements and computations show minor
changes (4.3% change in volume and 2.5% change in lattice
parameter) in morphology/metrical parameters between Y6 and
Fr1 (ESI Tables S2 and S4†) and such volume-conserving
degradation is consistent with vinyl oxidation but not with
J. Mater. Chem. A, 2024, 12, 21213–21229 | 21225
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hypothetical routes of Y6 end-group and dicyanomethylene
scissions.49 Such small mole fraction of degraded Y6 molecules
reducing PCE by half also suggests the long-range interaction of
trap states with charge carriers. Indeed, low-mobility semi-
conductors typically have highly localized interactions with trap
states, and therefore, the present observations are consistent
with high-mobility coherent channels that are predicted in NFA
nanocrystals.81

Y6 degradation in the form of Fr1 does not lead to decom-
position into two separated fragments but it weakens the bond
which could then lead to complete fragmentation (Fr2) via
subsequent activation. To identify the chemical structure of
decomposed Y6 we performed matrix-assisted laser desorption/
ionization time-of-ight (MALDI-ToF) measurements of
degraded Y6 lms (ESI Section 9†). First, theMALDI-ToF spectra
of pristine Y6 lm directly deposited onto MALDI-ToF plates by
drop casting reveals a strong peak at m/z = 1450.5 that agrees
well with the calculated value for Y6 (ESI Table S5 and
Fig. S42†). Next, Y6 lms deposited onto ZnO/ITO substrates
were subjected to the same solar illumination degradation
procedure as used for OSCs, and the degraded Y6 lm was
deposited on a MALDI-ToF plate as a solution in 1,2-dichloro-
benzene. The MALDI-ToF spectra of these lms show a strong
peak (m/z= 1225.4) assignable to Fr2 (ESI Table S5, Fig. S42 and
S43†). This feature agrees with earlier MALDI-ToF measure-
ments on degraded Y6-based solar cells, however, that study
was limited to correlating device metrics and proposing
a chemical degradation pathway.48 Here, in degraded cells, Y6
and Fr1 may decompose into Fr2 either during the lm disso-
lution or during the MALDI-ToF measurement that exposes the
Y6 lm to UV light for molecular ionization. Therefore, subtle
changes in Y6 during initial degradation via the formation of
Fr1 should be sufficiently deleterious to decrease PCE by up to
50%. This does not eliminate the possibility of Fr2 formation in
the partially degraded OSCs although energy level calculations
suggest it is less likely to form than Fr1. We also note that
double scissions on a single molecule are expected to be
extremely rare since the overall volume fraction of vinyl oxida-
tion is small and the computed crystal structures of Fr1d, Fr2d,
and Fr3d are not consistent with the GIWAXS experimental data
(ESI Tables S2 and S4†). Note that we do not observe any of the
double scission fragments in MALDI-ToF spectra of the partially
degraded Y6 (ESI Fig. S42†) and previous observations of Fr2d in
degraded lms are likely caused by a signicantly greater degree
of Y6 degradation.82 Here, we do not consider OSCs that are
degraded beyond 50% of their original PCE values.

In principle, NFA degradation could be mitigated either by
using an alternative electron transport layer83 or incorporating
stabilizers such as dithiocarbamates or ET18,46,84 or by passiv-
ating the ZnO layer, e.g., by using polyethylenimine or self-
assembled monolayers.35,46 Note that even suppressing the
catalytic role of ZnO, NFA-based OSCs can degrade by other
pathways due to inherent reactivity and aggregation of Y6
molecules, and such effects can be mitigated by designing
stable end-groups (e.g., by uorination) and/or by incorporating
long side chains.33,35,44,80,85 While we considered a reactive NFA
in the present study, practical OSCs will need to address the
21226 | J. Mater. Chem. A, 2024, 12, 21213–21229
origins of other instabilities that may result from the donor
polymer, such as the twisting of the polymer backbone.86

3 Conclusions

Here we have correlated the evolution of trap density of states,
mobility, and recombination dynamics with the degradation
processes of high-performance PBDB-TF:Y6 solar cells (PCE >
17%). Starting from the suggested and plausible role of the ZnO
ETL layer in triggering OSC NFA degradation, we quantify the
correlation between macroscopic device metrics such as PCE
with microscopic processes such as trap energy and density of
states, carrier mobility, and recombination rates. Two kinds of
trap states are identied. The deep traps at 0.48 eV from the Y6
molecule LUMO are from interfacial states, contribute to series
resistance, and are unaffected by the OSC degradation. The
density of shallow trap states at 0.15 eV from the Y6 molecule
LUMO in the BHJ rapidly increases (three-fold) with PCE
degradation by 30% and shis to a new energy level of 0.21 eV,
thereby increasing monomolecular recombination and
decreasing cell carrier mobility under operating conditions. The
emergence of these trap states can be detected by absorption
spectroscopy and a <1% fraction of degraded molecules is
sufficient for severe OSC PCE performance degradation by 50%.
Our experimental results and quantum calculations reveal vinyl
oxidation as the putative chemical pathway of Y6 degradation
and this volume-conserving process does not affect the crystal
structure signicantly while revealing the emergence of a new
density of states peak at 0.25 eV below the LUMO of degraded Y6
that agrees with capacitance and optical measurements. Thus,
chemical degradation of the Y6 molecule does not affect the
performance throughmajor changes in lmmorphology, which
had been the traditional guiding principle to design NFA
molecules and end-groups, but instead affects the charge
transport and extraction processes through newly developed
trap states in degraded Y6 molecules without full dissociation
into separate fragments that determine the ultimate OSC
performance. Such subtle changes were not evident in previous
literature that mostly focused on dissociated fragments by mass
spectroscopy in fully degraded cells. Thus, NFA-based stable
OSC technologies would benet from improved ETLs and
mitigating vinyl oxidation by various strategies discussed
earlier. Clearly, the rst step in suppressing these processes is
by understanding them.
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