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e role of interfacial layers in the
photostability of PM6:Y7-based organic solar cells
under different degradation conditions†

Magaly Ramı́rez-Como, a Enas Moustafa, a Mohamed Samir, a

Alfonsina Abat Amelenan Torimtubun, a José G. Sánchez, b Josep Pallarès *a

and Lluis F. Marsal *a

Organic solar cells (OSCs) have reached an efficiency near 20%; however, their low long-term stability is the

main limitation to their industrialization. In this work, we investigated the degradation of bulk heterojunction

non-fullerene solar cells (NFA-OSCs) based on PM6:Y7 with an efficiency of 17.5%. The degradation analysis

was carried out following the established ISOS-D-1 protocol under different degradation conditions: N2

atmosphere (H2O < 0.1 ppm and O2 < 0.1 ppm) and encapsulated devices and non-encapsulated devices

exposed to ambient conditions (60 ± 5% relative humidity). The evolution of the current density–voltage

(J–V) and impedance spectroscopy (IS) measurements were used to analyse the degradation process

during 1000 h and its relationship with physical mechanisms. The degradation of encapsulated and non-

encapsulated devices is mainly caused by the drop in the open circuit voltage (VOC). For devices exposed

to the N2 atmosphere, the fill factor (FF) was the most affected parameter. The dependence of short

circuit current density (JSC) versus light intensity study reveals that the efficiency of non-encapsulated

devices decreases faster due to a higher bimolecular recombination degree. The devices under a N2

atmosphere and those encapsulated showed T80 lifetimes of 1000 h and 336 h, respectively, whereas

the non-encapsulated devices have a short T80 lifetime of less than 24 h. The analysis of the efficiency

decay was used to identify the different degradation mechanisms (by diffused environmental water or

oxygen or by intrinsic polymer chemical reactions) under different conditions. The degradation origin of

the active layer and interlayers was investigated through impedance spectroscopy measurements.
Introduction

In the last few years, non-fullerene acceptor (NFA) materials
have been investigated intensively to replace the fullerene
acceptor material in organic solar cell (OSC) photoactive layers.
As a result of these studies, the performance of OSCs has
improved signicantly, achieving efficiencies of around 18% in
single-junction devices.1–3 To produce efficient OSCs, it is
required to have acceptor and donor materials with matching
absorption bands in the Vis-NIR range, high charge-carrier
mobility, and a small energy offset to minimize voltage losses.
Mainly, the development of fused-ring Y7 and Y6 NFA mole-
cules has improved power conversion efficiencies (PCEs) by
pairing selected polymer donors, such as PM6.4–6 The design of
the fused-ring core unit of these low-bandgap NFA molecules
omatic Engineering, Universitat Rovira i
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f Chemistry 2023
minimizes the trade-off behaviour between voltage loss and
charge generation, thus increasing PCE.7,8 Moreover, these
materials can tune their energy levels and show strong
absorption in the near-infrared region with donor polymers.9,10

These properties lead to high charge carrier mobility and
barrier-less free charge generation in cells. Another method to
improve the efficiency of OSCs is the ternary strategy with one
donor and two acceptors or two donors and one acceptor.11–13

However, high efficiency is not the only requirement to scale
up OSCs in the market. The stability of cells is still a factor that
limits their operating lifetime and the key criterion to make the
large-scale fabrication of OSCs commercially more feasible. For
this reason, an important aim to be accomplished is looking for
selective materials and developing good engineering strategies
that improve the stability of the devices for a long time.
Different strategies have been used to improve the OSC stability
and tominimize intrinsic degradation. For instance, developing
new buffer layer materials that are more stable, alternating
device structures, modifying the chemical structure of active
layer materials, eliminating the photo-dimerization of fuller-
enes, increasing the material crystallinity of nonfullerene
materials, and varying contact electrodes.14–16 Additionally, to
Sustainable Energy Fuels, 2023, 7, 3883–3892 | 3883
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reduce extrinsic degradation, an appropriate encapsulation
layer has been widely used to prevent the interaction of mois-
ture and oxygen from the atmosphere and minimize the
degradation of materials inside OSCs.

In this context, several characterization techniques can be
used to analyse the stability of the devices, e.g. the current
density–voltage (J–V) characteristic curve to analyse the evolu-
tion of photovoltaic parameters;17,18 external quantum efficiency
(EQE) to identify the species involved in degradation by
processes such as chromophore bleaching; light intensity
dependent short circuit current density (JSC)/open circuit
voltage (VOC) to study the recombination and trapping upon
aging; absorption UV-Vis spectroscopy to reveal chromophore
bleaching or changes in morphology such as directional rear-
rangement; space charge limited current (SCLC) to observe the
evolution of carrier mobility; impedance spectroscopy (IS) to
observe the evolution upon aging of resistive and capacitive
behaviour that reveals the change in transport and recombi-
nation regimes.19–24

In this research study, we investigate the degradation of the
conventional OSCs that were optimized in our previous work
using PM6:Y7.6 We analysed the changes in the J–V character-
istic curve and performed IS measurements to understand the
behaviour of their performance over time. The standard
procedure of the ISOS D-1 protocol was used for an accurate
lifetime determination. The degradation study was made in the
dark for up to 1000 h. Three conditions were analysed: devices
under an inert N2 atmosphere and encapsulated and non-
Fig. 1 (a) Schematic representation of the fabricated devices. The cu
conditions of PM6:Y7 based NFA-OSCs under three different degradatio
encapsulated devices both exposed to ambient environments over shelf
initial PCE.

3884 | Sustainable Energy Fuels, 2023, 7, 3883–3892
encapsulated devices under ambient conditions. The fabri-
cated non-fullerene acceptor OSCs (NFA-OSCs) have the struc-
ture of ITO/PEDOT:PSS/PM6:Y7/PDINO/Ag. The study is
performed by tting the evolution of the power conversion
efficiency parameter by the decaying of two exponentials with
characteristic decay times, which are associated with the
possible predominant degradation mechanisms. Impedance
spectroscopy characterization was performed under AM 1.5G
light conditions, at open circuit voltage, to study the transport
processes taking place in the device. An equivalent circuit,
consisting of three RC elements in series, was associated with
each layer (ETL, active layer, and HTL) of the NFA-OSCs.

Results and discussion
Analysis using current density–voltage (J–V) measurements
and external quantum efficiency (EQE)

In this work, we analysed bulk heterojunction NFA-OSCs under
three different conditions: devices under a N2 atmosphere and
encapsulated devices and non-encapsulated devices that were
exposed to ambient environments following the ISOS-D-1
protocol.25 The fabricated cells were only exposed to light
during the characterization and returned to the dark shelf. The
conventional conguration of NFA-OSCs analysed was ITO/
PEDOT:PSS/PM6:Y7/PDINO/Ag. Fig. 1(a) shows the schematic
representation of the fabricated devices. Fig. 1(b)–(d) show the
behaviour of current density–voltage (J–V) characteristics
through the all-time analysis conducted at one sun under
rrent density–voltage (J–V) characteristics curves under illumination
n conditions: (b) N2 atmosphere, (c) encapsulated devices and (d) non-
storage time. T80 is the time the devices took to decay 20% from their

This journal is © The Royal Society of Chemistry 2023
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simulated AM 1.5G illumination. The as-fabricated devices
namely “fresh devices”were characterized immediately aer the
fabrication process. The performance parameters of encapsu-
lated and non-encapsulated devices degraded (1000 h) under
ambient conditions considerably decrease in comparison to
those of devices stored under a N2 atmosphere. Fig. 1(b) shows
that the VOC of NFA-OSCs stored under a N2 atmosphere
remained at about 830 mV during the whole analysis (1000 h).
Meanwhile, JSC decreased slightly from 31.30 mA cm−2 to 29.78
mA cm−2. Fig. 1(c) shows that the VOC of the encapsulated
device slightly reduced aer 168 h, while its JSC decreased aer
336 h. However, aer 1000 h, VOC decreased from 828 mV to
556 mV and JSC decreased from 31.25 mA cm−2 to 27.57 mA
cm−2. Importantly, S-shaped J–V curves were not noticed in any
measurement of encapsulated NFA-OSCs and NFA-OSCs stored
under a N2 atmosphere. On the other hand, as expected the VOC
and JSC of non-encapsulated NFA-OSCs exposed to ambient
conditions decreased faster than those of encapsulated NFA-
OSCs (see Fig. 1(d)). The VOC decreased from 830 mV to
440 mV and JSC from 30.59 mA cm−2 to 25.06 mA cm−2 aer
1000 h. Additionally, an S-shape began to emerge in the last J–V
measurement at 1000 h of exposure under ambient conditions
for voltage above VOC (see Fig. S1(c)†). Several authors have re-
ported that the S-shape in the J–V curve could be caused by
charge accumulation at the interfaces or unbalanced charge
transportation.26,27

To obtain more information about the degradation trend
behaviour of NFA-OSCs exposed to three different conditions,
Fig. 2(a)–(d) show the normalized device performance parame-
ters (PCE, VOC, JSC, and ll factor (FF)) as a function of the
Fig. 2 Normalized performance parameters (a) PCE, (b) VOC, (c) JSC, and (
and encapsulated and non-encapsulated devices. In addition, (a) shows th
the solid lines show the fitting curve. (e) Shunt and (f) series resistances

This journal is © The Royal Society of Chemistry 2023
exposure time. Corresponding to the ISOS-D-1 protocol, the
operating shelf lifetime of each studied NFA-OSCs is displayed
in Fig. 1(b)–(d) and shown in Table S1.† The maximum initial
PCEmeasurement (E0) for each device was 17.53%, 16.97%, and
16.46% for devices in a N2 atmosphere and encapsulated and
non-encapsulated devices, respectively. The T80 is the time at
which the PCE decays 20%with respect to E0. Fig. 2(a) shows the
PCE decay behaviour of all cells. It should be noted that for non-
encapsulated devices a rapid decay of PCE is observed in the
rst 48 h. Meanwhile, a slower PCE decay is observed in
encapsulated devices. This behaviour is a degradation loss
mechanism known as “burn-in loss” due to the photochemical
reactions within the active layer affecting charge transport
properties.28,29 The non-encapsulated devices lose 20% of their
initial PCE before 24 h (T80), faster than encapsulated devices
which took 336 h. The poor stability of non-encapsulated NFA-
OSCs is related to water and oxygen under ambient conditions
degrading the electrode interfaces and reducing the electrical
properties of the active layer of OSCs.30,31 Aer 1000 h, the PCE
of devices under a N2 atmosphere remained at 88% of its initial
value.

As shown in Fig. 2(a), the degradation of all the devices
follows an exponential law decay. The fast initial decay followed
by a slow decay is modeled by the superposition of two expo-
nential functions with different time constants, as reported
previously in the literature.24,32,33 In Fig. 2(a), the lines show the
tted degradation behaviour over time using eqn (1).

PCEðtÞ
PCEð0Þ ¼ A1 e

� t
T1 þ A2 e

� t
T2 (1)
d) FF of the NFA-OSCs under three different conditions: N2 atmosphere
e fitting of the normalized PCE over the storage time using eqn (1) and
of the NFA-OSCs under the aforementioned conditions.

Sustainable Energy Fuels, 2023, 7, 3883–3892 | 3885
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where PCE(0) is the relative initial PCE. The degradation power
factors of the individual exponential functions (A1 and A2) and
the time constants (T1 and T2) are obtained via a least-squares
t. Table 1 summarizes the extracted parameters from the
modeled PCE for the NFA-OSCs under three different condi-
tions using eqn (1). The degradation mechanisms represented
by the rst (T1) and second (T2) time constants are related to the
diffusion of water and oxygen that diffuse within the device,
respectively as was observed similarly in ref. 24 and 32–34. In
this sense, if T1 is a smaller value than T2 this indicates that
water diffusion induces higher degradation over time. For the
NFA-OSCs exposed to the N2 atmosphere, high degradation
time constants (T1 and T2) were obtained, which suggests that
the main degradation mechanism in these devices does not
occur due to the water and oxygen since there are lower water
and oxygen contents in the N2 atmosphere (<0.1 ppm). There-
fore, the degradation can be attributed to a chemical reaction
between the metallic and organic materials.35 Besides, the
acidic nature of PEDOT:PSS favours the corrosion of the ITO
electrode, which is detrimental to some donor materials.36–38

The time constant T1 for non-encapsulated NFA-OSCs (17 h)
shows the lowest value of the three conditions of degradation,
suggesting that these cells suffer more from the presence of
water. It is well known that PEDOT:PSS can accelerate the
oxidation process due to its hygroscopic nature.30 In the same
way, for encapsulated NFA-OSCs, we can suggest that the
degradation mechanism is mainly due to the increased chem-
ical reaction of the materials with water than with oxygen due to
T1 (728 h) being lower than T2 (1400 h). Some authors have re-
ported that encapsulation by using barrier materials with
a water vapour transmission ratio (WVTR) of 10−3 g m−2 day−1

is sufficient to achieve lifetimes of several thousand hours in
operation.17,39 We encapsulated our cells using an NOA adhesive
inside the glass–glass structure. The WVTR, reported by the
manufacturer of the NOA adhesive is 22.94 g m−2 day−1. Kovrov
et al.40 reported a WVTR of glass–glass structures using epoxy
glues and commercial acrylic with values between 0.2 and 1.5 g
m−2 day−1. Therefore, it seems that aer enough time (336 h) in
encapsulated NFA-OSCs, the WVTR of the adhesive is not
enough to avoid the cell degradation.

The behaviour of shunt (RSh) and series (RS) resistances over
time was also analysed (Fig. 2(e) and (f)). The RSh of non-
encapsulated NFA-OSCs degraded rapidly from the beginning.
However, in encapsulated NFA-OSCs, RSh was stable for the rst
168 h, aer which it decreased rapidly. As shown in Fig. 2(b), the
VOC for encapsulated and non-encapsulated NFA-OSCs was the
parameter that shows a similar trend to the PCE decay
(Fig. 2(a)). Therefore, the variation of PCE with time for both
Table 1 Parameters obtained from fitting the normalized PCE using
eqn (1)

Conditions A1 T1 [h] A2 T2 [h]

N2 atmosphere 0.20 7000 0.80 7000
Encapsulated 0.50 728 0.50 1400
Non-encapsulated 0.50 17 0.53 1372

3886 | Sustainable Energy Fuels, 2023, 7, 3883–3892
degradation conditions was mainly due to the variation of VOC.
Additionally, both VOC and RSh of encapsulated devices
decreased aer 168 h, while for non-encapsulated devices these
decreased aer 24 h (see Fig. 2(b) and (e)). It has been previously
reported that the VOC can be reduced if RSh reduces.41,42 The
reduction of RSh can be associated with the recombination of
charge carriers near the donor/acceptor interface of the active
layer.43 Furthermore, the VOC can also decrease due to charge
recombination at the HTL/donor interface if bulk hetero-
junctions present barriers at this interface.44 On the other hand,
for NFA-OSCs stored under a N2 atmosphere, RSh and VOC
showed a minimal variation in the initial value at the end of the
analysis time.

Fig. S2(a)–(c)† show the J–V characteristic in the dark
through the all-time analysis. In Fig. S2† it can be observed how
the current density between 0.9 and 1 V decreases with time,
which reveals the increment of the RS. This is conrmed from
the plot of RS vs. time, in Fig. 2(f). The RS of non-encapsulated
NFA-OSCs increased from the beginning, and aer 336 h RS

values increased abruptly. On the other hand, for encapsulated
NFA-OSCs the RS remained with slight variation and aer 336 h,
increased gradually. For NFA-OSCs exposed to an N2 atmo-
sphere, the RS remained at around 2 U cm2 throughout the
analysis. The decrease in the JSC, observed in Fig. 2(c), for
encapsulated and non-encapsulated NFA-OSCs can be attrib-
uted to an increment in the RS. Generally, the increase in RS can
be related to different factors such as (i) the formation of an
isolation layer between the metallic contact and the active layer,
which reduces the collection of charge carriers;45,46 (ii) the
reduction of the density of charge carriers and the mobility,
related to traps present in the active layer, produced by the
interaction of O2 and H2O.30,32 On the other hand, the JSC
stability decay behaviour of OSCs can also be attributed to
phase separation of the acceptor and donor domains, which
diminishes the probability that charge carriers are collected in
the electrodes and, as a result, a reduction of JSC occurs.47,48 This
last one can be an explanation for the decay of JSC in devices
exposed to a N2 atmosphere.

The FF of the NFA-OSCs for the three degradation conditions
is shown in Fig. 2(d). For NFA-OSCs exposed to a N2 atmo-
sphere, the FF shows a similar trend to the PCE decay (see
Fig. 2(a)). Therefore, we suggest that FF decay mainly dominates
the degradation process in NFA-OSCs under a N2 atmosphere. It
is well known that lower mobility of the charge carriers leads to
a longer carrier extraction time and, therefore, increases the
probability of bimolecular recombination, which results in
a reduced FF.17,46 We observed that for non-encapsulated NFA-
OSCs the FF reduces as the RSh decreases (Fig. 2(d) and (e))
for the entire analysis time, suggesting that this reduction of RSh

is the main cause of the FF reduction due to a greater charge
loss by recombination. Aer 336 h, similar behaviour is
observed for encapsulated NFA-OSCs.

To obtain further analysis of the recombination within the
devices, we carried out the tting of the J–V characteristic under
light using an equivalent circuit model consisting of three
diodes (see Fig. S3†). The detailed tting calculation can be
found elsewhere.17,49 Table S2† summarizes the parameters
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) EQE spectra of the encapsulated NFA-OSCs; (b) JSC as
a function of light intensity of the NFA-OSCs under three conditions:
N2 atmosphere and encapsulated and non-encapsulated devices.
Symbols show the experimental data and the solid and dotted lines
show the fitted data using eqn (2).
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extracted from the modelled J–V characteristic curves for fresh
and degraded NFA-OSCs aer 1000 h. All fresh NFA-OSCs show
an ideal exponential region with an ideality factor n1 in the
range of 1.0 to 1.11. The ideality factor n1 indicates the domi-
nant transport mechanism in the active layer of the device. It is
well known that if the predominant transport mechanism is
diffusion then n = 1, and if the dominant transport mechanism
is recombination, n = 2.50 The values obtained for fresh NFA—
OSCs indicate that the transport mechanism is mainly diffu-
sion. Table S2† shows that the extracted ideality factors tend to
increase over time as the devices degrade. It was observed that
for NFA-OSCs under a N2 atmosphere n1 increased slightly,
which suggests that the active layer was degrading slightly. For
encapsulated and non-encapsulated NFA-OSCs, n1 varies
signicantly from 1.11 to 1.40 and 1.50, respectively. These
values aer 1000 h can indicate a combination of mono-
molecular and bimolecular recombination processes.51 In both
devices, n2 and n3 become greater than 1, whereby the recom-
bination mechanism seems to have some importance in the
ETL/active layer/HTL interfaces of encapsulated and non-
encapsulated NFA-OSCs. Table S2† further shows that the
values of J01 increased over time for all the NFA-OSCs. In OSCs,
J01 represents the minority charge density in the vicinity of the
barrier present at the donor/acceptor interface in BHJ solar
cells.52 The greater the recombination in the active layer the
greater the leakage current (J01).53 At the end of analysis time, if
J01 has a higher value for non-encapsulated NFA-OSCs than for
encapsulated NFA-OSCs, it can be implied that there is less
recombination in encapsulated devices. The increase in J01 can
be related to the presence of an additional source of minority
charges near the heterojunction of the active layer.54 Table S2†
shows a larger reduction in the photogenerated current density
(JL) over time in encapsulated and non-encapsulated devices.
For non-encapsulated devices, the photocurrent decreases by
one magnitude order more than for encapsulated devices at the
end of the analysis time. It is well known that the photocurrent
represents the number of photogenerated charge carriers that
become collected at the electrodes. The photocurrent is directly
related to the EQE, which depends on the efficiencies of
absorption, exciton dissociation, charge separation, and charge
extraction.55 In addition, when there is a low charge extraction
rate it leads to space charge accumulation, and as a result, there
is a major effect of recombination.56 This behaviour is associ-
ated with s-shaped J–V characteristics.26,57 Due to the afore-
mentioned reasons, we can suggest that the charge extraction
efficiency reduces more in non-encapsulated devices than in
encapsulated devices. The J–V characteristics for non-
encapsulated devices show an s-shape and as will be seen
later these devices present major biomolecular recombination.

The external quantum efficiency (EQE) response over time
was measured for encapsulated NFA-OSCs (see Fig. 3(a)),
devices under a N2 atmosphere (Fig. S4(a)†), and non-
encapsulated devices (Fig. S4(b)†). All devices show a similar
photoresponse for fresh cells from 300 nm to 1000 nm. The EQE
response intensity in a short wavelength range of 300 nm to
400 nm is slightly low compared to the intensity at longer
wavelengths, due to the limited absorption of the polymer
This journal is © The Royal Society of Chemistry 2023
donor (PM6) in this region.3,58 It can be noticed in Fig. 3(a) and
S4(b)† that the intensity of the spectrum decreased over time.
This may indicate that the absorption efficiency and the sepa-
ration, transport, and charge extraction in the encapsulated
NFA-OSCs have degraded, which matches the decrease in JSC
observed in Fig. 2(c). As observed in detail in Fig. 3(a), it can be
pointed out that the peak position at 820 nm decreased its
intensity as compared to that of fresh devices for encapsulated
NFA-OSCs. The peak locations in these range wavelengths (800–
850 nm) are related to the absorption peaks of Y7, which are
attributed to p–p staking, which provides more absorption
from the Y7 acceptor that is efficiently converted into photo-
current.59,60 Therefore, if in this wavelength region, the intensity
of the EQE response is reduced, we can infer that the part of the
photocurrent decreased due to the reductions of the p–p

interactions. As a consequence, the JSC is reduced over time. On
the other hand, for devices exposed to a N2 atmosphere, there
was an inconsiderable diminution of the EQE response, indi-
cating the most stable behaviour over time as compared to the
Sustainable Energy Fuels, 2023, 7, 3883–3892 | 3887
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fresh ones (Fig. S4†). This observed behaviour is coherent with
the stabilized JSC values obtained over time by the J–V charac-
teristics in Fig. 2(c).

Additionally, in order to complement the information about
the recombination mechanisms within the active layer of cells,
we measured the dependence of JSC on the incident light
intensity (LI). The J–V characteristics of the NFA-OSCs were
obtained at different LIs in the AM 1.5G spectrum. Fig. 3(b)
shows the dependence of JSC vs. LI on a log–log scale. A power-
law dependence of JSC under LI is generally observed in OSCs
and can be expressed as:

JSC f (LI)b (2)

where LI is the intensity of the light and b is the exponential
factor. If b is close to 1, the bimolecular recombination is not
signicant.7,51,61 The graph in Fig. 3(b) was tted using a power
law using eqn (2). The b values obtained varied from 0.79 to 0.78
for the NFA-OSCs exposed to the N2 atmosphere. Similar values
were obtained for encapsulated NFA-OSCs, from 0.80 to 0.78.
Meanwhile, for non-encapsulated NFA-OSCs the obtained
b values ranged from 0.77 to 0.76. The b values obtained for all
the NFA-OSCs exposed to the three degradation conditions were
less than 1 which indicates that the performances of devices
decrease due to the effects of bimolecular recombination. In
addition, we can see that the non-encapsulated NFA-OSCs suffer
from a greater effect of bimolecular recombination than the
other cells because the b values obtained were the lowest. This
agrees with the obtained results by tting J–V characteristics
and from the aforementioned information about the FF, we can
Fig. 4 Experimental impedance spectra at different times under AM 1.5
exposed to three degradation conditions: (a) N2 atmosphere, (b) encaps
show the fitting results; (d) capacitance and (e) normalized resistance vs

3888 | Sustainable Energy Fuels, 2023, 7, 3883–3892
conclude that the reduction in the FF in encapsulated and non-
encapsulated NFA-OSCS is due to the reduction of RSh as a result
of the greater charge loss by recombination.
Impedance spectroscopy analysis

Impedance spectroscopy (IS) measurements were performed to
analyse which layer of the NFA-OSCs is the most affected under
the different degradation conditions. Fig. 4(a)–(c) show the
experimental and tted Cole–Cole plot of the IS data for N2

atmosphere and encapsulated and non-encapsulated devices
under AM 1.5G illumination for different degradation times. All
the graphs show a semicircle form which is the classic behav-
iour of bulk heterojunction solar cells, attributed to the gener-
ation and recombination of charge carriers and charge
transport.4,62,63 It can be noticed that the Cole–Cole plot of the
degraded NFA-OSCs has higher series resistance as well as
a larger arc radius size than the fresh NFA-OSCs for all degra-
dation conditions; the difference is more prominent at lower
frequencies. In addition, the impedance arc at low frequency is
an indication of charge accumulation that cannot be extracted
by the contacts of the device.64 Therefore, we can suggest that
for the non-encapsulated NFA-OSCs, the charge extraction has
been decreasing with respect to the encapsulated NFA-OSCs.
This could conrm that the S-shape present in the last
measure for non-encapsulated NFA-OSCs is caused by charge
accumulation at the interfaces.26,27

To perform a deep study of the degraded NFA-OSCs, an
equivalent electrical model is used to t the experimental Cole–
Cole plot4,63,65,66 (see Fig. 4(f)). Every RC circuit is related to the
G illumination measured under open circuit conditions of NFA-OSCs
ulated devices, and (c) non-encapsulated devices. Solid lines in (a)–(c)
. time extracted from the fit using the RC circuital model shown in (f).

This journal is © The Royal Society of Chemistry 2023
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capacitance and resistance of each layer. In our case, we related
capacitance C1 to PEDOT:PSS, C2 to PM6:Y7, and C3 to PDINO.
The three associated resistances (R1, R2, and R3) to each
capacitance were related to each layer, respectively. The series
resistance (RS) is needed to represent the ohmic contact resis-
tance and wire effects, which are mostly related to substrate
resistance. We found that the RS value is low, from 3 U to 4 U, in
all cells. Fig. 4(d) shows the capacitance values extracted from
the equivalent electrical model. The geometric capacitance of
each layer can be theoretically calculated as Cg = 330A/d, where 3
is the relative dielectric permittivity for the layer, 30 is the
vacuum dielectric permittivity, A is the device area and d is the
layer thickness. Table 2 shows the calculated capacitance values
for each layer in the structure. These values were used to begin
the tting of IS measurements over time. From Fig. 4(d), we
noticed three regions for capacitance values over time. The rst
region is above 26 nF, corresponding to PDINO. This capaci-
tance shows the highest increase over time for non-
encapsulated NFA-OSCs. The second region is between 5 nF
and 10 nF corresponding to PEDOT:PSS. These values show
slight and similar increases for both devices, encapsulated and
non-encapsulated NFA-OSCs. The third region, around 3 nF, is
related to the PM6:Y7 layer; for all degradation conditions these
values have a minimum variation over time. This might indicate
that at VOC, the IS response was controlled by the geometrical
capacitances of the active layer provided by the metal insulator-
metal model indicating the presence of fully depleted layers.67

The normalized resistances (R) values as a function of the
storage time are shown in Fig. 4(e). Table S3† shows the resis-
tance values without normalization. The results show that the
resistance for all layers in NFA-OSCs stored in a N2 atmosphere
varies slightly with degradation time. This is the reason why we
can observe that PCE remained around 88% at the end of the
analysis time. The layer that suffered from the least degradation
was PM6:Y7 because it presented the least variation in R values.
Concerning the encapsulated NFA-OSCs, the PDINO layer
shows the least variation for R values. Notice that the R values
for the active layer and PEDOT:PSS have the highest variation
over time, whereby these layers govern the degradation behav-
iour of encapsulated NFA-OSCs. If these layers govern the
performance over time, we can point out that the VOC behaviour
over time in encapsulated NFA-OSCs decreases due to charge
recombination at the HTL/donor interface.44 On the other hand,
for non-encapsulated NFA-OSCs, the most important increase
in the R values was observed for the PEDOT:PSS layer. Thus, the
decrease in the performance of NFA-OSCs is mainly due to the
degradation of the PEDOT:PSS. The PEDOT:PSS lm exhibits
Table 2 Dielectric constant, thickness, and calculated capacitance for
each layer

Layers 3layer dlayer [nm] Capacitance [nF]

PEDOT:PSS 2.2 35 5
PM6:Y7 3.565 100 2.79
PDINO 58 15 26.5

This journal is © The Royal Society of Chemistry 2023
poor stability when exposed to ambient conditions (oxygen and
water). This conrms the “burn-in loss” effect observed in the
performance parameters for the non-encapsulated NFA-OSCs,
especially the VOC and FF, which leads to their rapid degrada-
tion behaviour. In addition, compared with the encapsulated
cells, the encapsulated stack provides enough protection to
slightly reduce the degradation of the active layer and
PEDOT:PSS. Therefore, to achieve long-term stable-OSCs it is
necessary either to prepare a more stable PM6:Y7 blend via
additive mediated aggregation control or/and to look for
materials for replacing PEDOT:PSS. Zhang et al. showed that
PCE for encapsulated inverted NFA-OSCs based on PM6:Y7
remained over 20% aer 800 h.68 On the other hand, Ahmad
et al. showed that PCE for inverted NFA-OSCs based on PM6:Y7
stored in a N2 atmosphere remained over 86% aer 600 h.69

Therefore, the selection of an adequate hole transport layer and
blend engineering provides a promising strategy in NFA-OSCs
since a longer lifetime can be obtained with a higher initial
PCE value. Another promising strategy is the fabrication of
layer-by-layer OSCs, which also exhibit better stability in
comparison with bulk heterojunction OSCs.70,71 Furthermore,
a more efficient encapsulation process must be applied to
achieve long-term stability.
Experimental section
Materials

The transparent conducting oxide used was an indium tin oxide
(ITO) patterned glass substrate with a resistivity of 10 U sq−1

purchased from PsiOTec. PDINO, PM6 (poly[2,6-(4,8-bis(5-(2-
ethylhexyl-3-uoro)thiophen-2-yl)benzo [1,2-b;4,5b′]dithio-
phene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)benzo
[1′,2′-c:4′,5′-c′]dithiophene-4,8-dione)]) polymer donor and Y7
(2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihy-
dro-[1,2,5]thiadiazolo[3,4-e]thieno[2′′,3′′:4′,5′′]thieno[2′,3′:4,5]
pyrrolo[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-diyl)bis(-
methanylylidene))bis(5,6-dichloro-3-oxo-2,3-dihydro-1H-
indene-2,1-diylidene)) dimalononitrile) NFA were purchased
from One-Material Inc. Chlorobenzene and 1-chloronaph-
thalene (CN) solvent and additive, respectively, were obtained
from Sigma-Aldrich. A high-purity silver (Ag, 99.99%) wire was
obtained from Testbourne Ltd.
Solar cell fabrication

The fabrication of the conventional NFA-OSCs was based on the
structure of ITO/PEDOT:PSS/PM6:Y7/PDINO/Ag as shown in
Fig. 1(a) which had been optimized in our previous work.6 First,
the ITO glass substrates were cleaned with deionized water/
detergent and then sonicated in acetone, methanol, and iso-
propanol high-purity solvents in a sequence for 10 min,
respectively. Then, the cleaned ITO glass substrates were dried
in an oven at 100 °C for 10 min. Before fabrication, the
substrates were treated with ultraviolet ozone for 15 min to
eliminate any organic residues from their surface. The
PEDOT:PSS solution was spin-coated on top of the precleaned
ITO substrates at 4000 rpm for 40 s and then annealed in the air
Sustainable Energy Fuels, 2023, 7, 3883–3892 | 3889
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for 15 min at 150 °C. The PEDOT:PSS-coated ITO substrates
were placed into a nitrogen-lled glove box for active layer
deposition. The PM6:Y7 blend with a weight ratio of 1 : 1 was
dissolved in chlorobenzene (CB) and 1-chloronaphthalene (CN),
(CB : CN = 99.5 : 0.5 by volume), to get 20 mg ml−1 of the total
solution and le stirring for 3 h at 80 °C. Before the PM6:Y7
deposition step, the cooled down PEDOT:PSS lm and the
PM6:Y7 solution were both re-heated at 80 °C for 30 min. Aer
30 min, the hot solution of the PM6:Y7 blend was hot-deposited
over the hot PEDOT:PSS lm. Then, the PEDOT:PSS/PM6:Y7
lms were le to anneal for 5 min at 90 °C. Aerward, the
electron transport layer, PDINO (1.5 mg ml−1 in methanol) was
deposited by spin coating at 3000 rpm for 30 s, obtaining
a thickness of 15 nm. The substrates were nally transferred
into an evaporation chamber inside the glove box where 100 nm
Ag was deposited under high vacuum conditions (<1 × 10−6

mbar). The Ag lm rate was 0.1 kÅ s−1 for the initial 10 nm
thickness and then increased to 0.4 Å s−1 until 100 nm lm
thickness. The effective area of the devices was 0.09 cm2.
Solar cell characterization

The current density–voltage (J–V) characteristics of the devices
under light and dark conditions were obtained at room
temperature with a Keithley 2400 source-measure unit using
a solar simulator (Abet Technologies model 11000 class type A,
Xenon arc). Calibration for the solar simulator intensity was
performed with a Fraunhofer-certied photovoltaic cell to yield
a 100 mW cm−2 and AM1.5G spectrum. JSC over different light
intensities was obtained by J–V measurements under the solar
simulator using a set of optical density lters. The EQE spectra
were recorded from 300 nm to 1100 nm using Lasing IPCE-DC
model equipment with the series number LS1109-232. The
impedance spectroscopy (IS) measurements were conducted
under AM1.5G illumination conditions with an HP-4192A
impedance analyser under open circuit conditions with 0.1 V
amplitude in a frequency range of 5 Hz to 5 MHz. The devices
were analysed for up to 1000 h under three different conditions:
N2 atmosphere and encapsulated and non-encapsulated
devices.
Conclusions

We have investigated the lifetime and degradation of high-
efficiency ITO/PEDOT:PSS/PM6:Y7/PDINO/Ag non-fullerene
solar cells under three different degradation conditions: N2

atmosphere and encapsulated and non-encapsulated devices by
the analysis of the time evolution of current–voltage charac-
teristics both under dark and illumination applying ISOS-D-1
protocols. The samples stored under a N2 atmosphere and
non-encapsulated and encapsulated devices have a lifetime
(T80) of∼1000 h,∼24 h, and 336 h, respectively. We showed that
the evolution of the power conversion efficiency (PCE) can be
tted by the decaying of two exponentials with time constants
T1 and T2. The values obtained from the tting were associated
with the predominant degradation mechanism, according to
the degradation conditions. The degradation time constants
3890 | Sustainable Energy Fuels, 2023, 7, 3883–3892
obtained from the tting for the devices under a N2 atmosphere
(T1 = T2 = 7000 h) reveal that only one degradation mechanism
is involved. Due to the low quantity of oxygen and water in N2

(<0.1 ppm), the mechanism responsible for the slow degrada-
tion was identied by the intrinsic chemical reactions between
the metallic and organic materials. For the non-encapsulated
devices, the degradation time constants were T1 = 17 h and T2
= 1372 h, which means that two degradation mechanisms are
involved. The main degradation mechanism observed in this
environment was due to water since it has the lowest degrada-
tion time constant. The mechanism responsible for the rapid
degradation was related to the PEDOT:PSS layer due to its
hygroscopic nature. Finally, for encapsulated devices, the
degradation time constants were T1 = 728 h and T2 = 1400 h
which means two degradation mechanisms were involved as
well. The order of magnitude of the rst time constant indicates
that the degradation mechanism due to water is taking place
more than that due to oxygen in encapsulated devices.

Based on the impedance spectroscopy results and the
evolution of short circuit current density (JSC) versus light
intensity, we can suggest that poor stability of non-encapsulated
devices is strongly associated with the oxidation of PEDOT:PSS
by moisture, and these devices suffer from a signicant loss of
performance due to bimolecular recombination in comparison
with those under other studied conditions. Finally, these results
demonstrate that to obtain high-efficiency NFA-OSCs based on
PM6:Y7 with a longer lifetime, a more efficient encapsulation
process must be applied. Moreover, an adequate hole transport
layer should be considered.
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