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The device operational lifetime and the understanding of the degradation pathways are critical steps for inverted organic solar cells (i0OSC) to approach the
energy market. In this work, a combined study of impedance spectroscopy (IS) and photovoltage/photocurrent transient (TPV/TPC) techniques were employed
to analyze the degradation of PTB7-Th:PC70BM-based iOSC in accordance to ISOS-D1 protocol under ambient condition without encapsulation. Both techniques
provide real information on how devices with different electron transport layers (PFN, TiOx, and ZnO) were degraded and affecting the stability of the active
layer. We found that the main cause of degradation is the formation of interface traps under dark and upon air exposure. The increase of trap density in the
active layer upon degradation was revealed by TPV. The change in interface trap density due to the interfacial defect over the shelf-lifetime was further
confirmed by the data from IS measurements. Last but not least, modelling dark current-voltage (J-V) using the IS data, as well as the morphological changes

of each ETL verified our hyphothesis

Introduction

Emerging photovoltaic technologies such as dye sensitized solar
cells, perovskite, and organic solar cells have established their
significant as a sustainable solar to energy devices. Organic solar
cells (OSC), in contrast to current perovskite solar cells, are lead-
free, low-cost with a short energy payback time, and can be
solution-processed on light-weight, semitransparent, flexible
substrate over large areas by roll-to-roll technique.'™ Along
with these appealing properties, in recent years, a rapid
improvement in power conversion efficiency (PCE) of up to over
18% in single-junction OSC may bring OSC an opportunity into
the market.~8 However, high efficiency and low cost are not the
only requirements to scale up the OSC device into the market.
Device operational stability is also one of the key criteria to
make large-scale production of OSC commercially more
feasible. Up to now, the silicon-based photovoltaics (PVs)
companies guarantee their products for 25 years of operational
stability.® For OSC, a lifetime of over 20 years is estimated to be
financially competitive,1° giving space for further device stability
improvement.

A huge effort is being made to understand the degradation
mechanisms and strategies to make the OSC lifetime longer. For
instance, modifying the chemical structure of the active layer
materials, employing ternary strategy in the active layer, using
a compatibilizer to reduce the interfacial tension, inverting the

OSC device polarity, optimizing buffer layers, using stable
electrodes, eliminating photo-dimerization of fullerene, and
increasing the material crystallinity of non-fullerene materials
are known degradation mechanisms to minimize the intrinsic
degradation.!-1> Meanwhile, a proper encapsulation is widely
used to prevent the interaction of oxygen and moisture from
the atmosphere into the OSC devices. This method can lead to
suppressing the device extrinsic degradation. Nevertheless, the
production cost, weight, and device flexibility are the important
concerns from industrial engineering perspective when the
devices need to be encapsulated. It is hence highly desirable to
improve the intrinsic stability and minimize the encapsulation.
Some studies on polymer:fullerene OSC showed that the
inverted structure and the choice of metal oxide, stable metal
or electron transport polymer for the cathode material have a
key contribution to improve the air stability of the device.16-18
In iOSC, the hygroscopic and acidic poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonic acid)
(PEDOT:PSS) can be avoided and the low work function
aluminium electrode that causes the degradation can be
replaced by a high work function metal electrode such as silver
or gold.’® The electron transport layer (ETL) is a key component
in acquiring high performance and stable iOSC. The ETL has a
role in modifying the alignment between the work function of
the transparent conductive ITO cathode and the Fermi level of
the semiconductor, promoting the electron transfer and the
carrier extraction process.2%21 To improve the stability, the ETL
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Fig. 1 (a) Schematic illustration of the inverted device architecture, (b) J-V characteristic under illumination, (c) EQE spectra, and (d) dark J-V characteristic of fresh
and 526 h degraded PTB7-Th:PC;oBM-based device with different ETLs (PFN, TiOx and ZnO). All measurements were carried out under AM 1.5G spectrum condition

in ambient conditions.

Table 1 Device performance parameters of the relevant ETLs (PFN, TiOx and ZnO), measured under AM 1.5G with 100 mW cm-2 intensity. Nonencapsulated devices were

degraded after 526 h under ambient condition (RT =23 —27°C, % RH = 35 — 50%).

ETL Jsc (Jearc) @ Voc FF PCE (PCEmax) Rs Rsn
[mA cm™?] [V] [%] [%] [Q cm?] [Qcm?]
PFN fresh 16.83 £ 0.37 (15.98) 0.80 + 0.006 74.40 £ 0.52 10.00 £ 0.20 (10.35) 0.95 +0.06 1618 + 542
degraded 14.69 + 0.93 (14.04) 0.71+£0.018 50.21 +1.22 5.31+0.36 (5.89) 7.94+£1.08 242 £ 23
TiOx fresh 17.19£0.17 (16.71) 0.79 £ 0.005 71.40+1.12 9.73 +0.18 (9.99) 1.69 £ 0.08 1044 + 315
degraded 15.71 +0.39 (15.01) 0.76 £ 0.004 59.43 +1.62 7.11 +0.32 (7.39) 5.16 £ 2.04 543 £ 63
Zn0O fresh 16.70 £ 0.20 (15.43) 0.79 £ 0.005 72.45 +£0.61 9.60 +0.14 (9.79) 0.94 + 0.07 858 +424
degraded 15.53 +0.32 (14.47) 0.76 £0.017 61.17 £ 1.86 7.21 +0.25(7.41) 2.78 £1.27 531 +£132

may act as a scavenging layer to protect the active layer from
oxygen and moisture.l” Transition metal oxides as ETL, such as
titanium dioxide (TiOy) and zinc oxide (ZnO), and water-soluble
organic ETL, poly [(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-
fluorene)-alt-2,7-(9,9—dioctylfluorene)] (PFN), are the most
commonly ETLs used in iOSC. These ETL materials exhibit high
electron conductivity, an excellent optical transmittance, low
work function, high refractive index, good chemical stability,
non-toxicity, and an ability to improve charge carrier
extraction.??-25

It is apparent that the interlayer engineering and its
optimization are the crucial factors to be considered to
fabricate high performance and air-stable devices. To gain
further insight into the physical mechanisms governing the
device operation, optoelectronic characterization techniques
are widely employed. Small-perturbation time- and frequency-
domain measurements such as transient
photovoltage/photocurrent (TPV/TPC) spectroscopy, charge
extraction, and impedance spectroscopy (IS) have been widely
employed to study relaxation processes in the field of dye-
sensitized solar cells (DSSC),26:27 0SCs,282° and perovskite solar

cells3° but fewer studies arise from the combination of both
techniques. Electronic transitions can be studied with TPV/TPC
at a very fast time scale (higher frequency) while the electronic
and ionic conduction can be observed by IS at lower time scales
(lower frequency).3! Nevertheless, the same information and
comparable results can be obtained from TPV/TPC or EIS. The
combined TPV and IS techniques have been already used by
Pockett et al. to study the effect of degradation on the active
layer and interlayer in OSC.32 However, in-depth discussion of
the device lifetime analysis according to ISOS protocol using
combined TPV and IS techniques remains unclear. In the
meantime, ISOS protocols play an important role in the
advancement of OSC’s research and future industrial
manufacture.

In this study, we perform IS and TPV/TPC measurements on
the inverted PTB7-Th:PC;0BM-based device with different ETL
materials to investigate the effect of ETL on the stability of
nonencapsulated iOSC. The standard procedure of 1SOS D-1
protocol (under dark, and ambient condition) was used for an
accurate lifetime determination.33 Three different ETLs were
investigated, one water-soluble organic-based (PFN) and two



metal oxides-based (TiOx and ZnO). We demonstrate that
TPV/TPC combined with IS can be employed to gain a deeper
insight into the behavior and degradation mechanisms of iOSC
concerning the cathode interlayer used. The TPV measurements
are useful in observing the degradation of the active layer as a
result of trap formation, while IS measurements give more
detail information about the interfacial density of states across
the interlayer. We found that using an appropriate ETL, it can
significantly improve the stability of iOSC. Under
nonencapsulated ambient condition, metal oxides show more
stable ETL while organic interlayers are more susceptible to the
oxygen and moisture ingress.

Results & discussion
Photovoltaic characteristics by current-density (J-V) measurement

In this study, the bulk heterojunction (BHJ) devices were
fabricated with inverted configuration ITO/ETL/PTB7-
Th:PC70BM/V>0s/Ag as schematically illustrated in Fig. 1a by
using different ETL materials. An inverted structure is chosen to
minimize any degradation originating from the metal electrode
oxidation and the acidic interfacial layer.3* The selected
interlayers studied here represent the most common organic
and inorganic materials employed as ETL in iOSC. The as-
fabricated device namely “fresh device” was characterized
immediately after  the fabrication process. The
nonencapsulated fresh devices then were kept under ambient
environment (room temperature (RT) of 23°-27°C and
controlled relative humidity (RH) of 35-50%) in open circuit
condition with no illumination, following the I[SOS-D1
protocol.33 The devices were only exposed to the light during
device characterization and returned to the dark shelf chamber.

Fig. 1b shows the current density to voltage (J-V)
characteristics of these fresh and degraded cells measured
under simulated AM 1.5G illumination (100 mW cm-2) at RT. The
corresponding devices parameters are summarized in Table 1.
In addition, Fig. S1 a-c shows the initial transient of the
illuminated J-V measurements. For the performance of the
fresh device, ZnO-iOSC shows the lowest Jsc, the lowest shunt
resistance (Rsp), thus the lowest PCEmax of 9.79%. TiOx-iOSC
exhibits the highest Jsc, the lowest FF and the highest series
resistance (Rs), resulting in PCEmax of 9.99%. Meanwhile, PFN-
iOSC can improve the device performance, showing the highest
Voc, FF and Rsp, which leads to the highest PCEnax of 10.35%.
From the degradation perspective, degraded (526 h) devices
show a prominent reduction in the device performance for all
ETLs compared to fresh (0 h) devices. Jsc of PFN-, TiOx-, and ZnO-
iOSCs fell 13%, 9% and 7% after 526 h. The Jsc reduction in all
degraded cells is coherent with the reduction of calculated Js¢
values obtained from external quantum efficiency when
compared to those of fresh devices, as shown in Fig. 1c. On the
other hand, Voc decreases slightly after degradation, fell 10% for
PFN-iOSC and fell 4% for each TiOx- and ZnO-iOSC. In addition,
a significant decrease in FF after 526 h degradation is observed;
FF fell by 33%, 17% and 16% for PFN-, TiOx- and ZnO-iOSC,
respectively. A significance FF reduction may arise from a
gradual increase of Rs and a drop of Rs, observed for degraded
devices as a result of the parasitic resistance effect. It leads to a

considerably lower PCE, in which PCE of PFN-iOSC drop to
almost 50% of its initial value while TiOx- and ZnO-iOSCs drop
to 26% and 24% from their initial value. In general, the devices
using PFN as cathode interlayer in iOSC suffer from the worst
stability while the devices using ZnO as ETL resulted in the most
stable devices. Since the device architecture and fabrication
process are identical, the difference in device parameter
stability observed may be attributed to the different ETL
materials used.

Fig. 1d further compares the dark J-V characteristics for all
devices before and after 526 hours of degradation. Table S1
summarizes the experimental and modeled device performance
parameters from dark J-V curves. The fitting values are obtained
using a two-diode equivalent model where the detail fitting
calculation can be found elsewhere.3> In addition, Fig. S1d-f
shows the initial transient of the dark J-V measurements and
Fig. S2 displays the fitting for the fresh and degraded devices.
All fresh devices shows an ideal exponential region with an
ideality factor in the range of 1.05 to 1.11, combined with the
Rs at medium-high voltage bias and a leakage current at low
bias, which can be linked to the manufacturing imperfections.36
The leakage current depends on the ETL and can be ascribed as
the combination of a Rsy and a second non-ideal exponential
region with an ideality factor larger than 2. A high leakage
current is probably caused by lower contact selectivity within
the cell and increase surface wetting condition when exposed
under ambient degradation.37:38 After 526 h degradation, all
devices show a reduction in the current density in forward and
reverse bias due to the loss in diode and resistance properties.
The observed Rs increment in all degraded devices can be
ascribed to several factors such as a creation of deep and
shallow traps due to the interaction of oxygen and water with
the polymer reducing charge carrier mobility, a loss of injection
efficiency from electrode contact into the active layer due to
increasing barrier for charge injection or a creation of isolation
layer between the bulk active layer and contact hindering the
charge carrier collection.3? In addition, the ideality factor values
of degraded devices in the first exponential region change to
1.59 — 1.91 and the leakage current strongly increases due to
the reduction of Rs, values and the worsening of the second
exponential region, with the ideality factors much larger than 2.
Therefore, the lower PCE observed in PFN-iOSC and TiOx-iOSC
than those of ZnO-iOSC could be limited by a lower charge
extraction and higher leakage current. These two effects are in
good agreement with the higher trap defects due to the
degradation process as described later in this work.

To get a further insight into the degradation trend behavior
of iOSC with different ETLs over shelf lifetime under ambient
environment, the normalized device performance parameters
(Voc, Jsc, FF and PCE) are presented in Fig. 2 Corresponding to
ISOS-D1 protocol, the operating shelf lifetime of each studied
cells is summarized in Table 2. The term Ep is the initial testing
measurement of fresh devices at 0 h (Tp) while Egp is the testing
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Fig. 2 (a) Fitting of the normalized PCE over the storage time usm%qu (1) for all devices. (b-d) Normalized device ﬁerformance parameters of each inverted PTB7-

Th:PC;oBM-based device with different ETLs: (b) PFN, (c) TiOx, and

) ZnO. The symbols are the experimental data, t

e solid line is the fitting curve, and dash lines to

guide the eyes. All measurements were carried out under AM 1.5G spectrum condition under dark ambient environment.

measurement of degraded devices under dark ambient
condition after the PCE decay 20% from its initial value at time
Ts0.33 Fig. 2a shows the PCE decay behavior for all devices. It is
worth noting that the rapid PCE decay in the first few hours are
observed in all devices. It is known as “burn-in loss” degradation
loss mechanism due to the photochemical reaction within the
device layers.%%41 |t can be seen that PFN-iOSC reached to decay
its 20% (Tso) performance after only 26 h, faster than its TiOx-
and Zn0O-iOSC counterparts that took 341 h (2 weeks) and 526 h
(3 weeks) to reach Tgp, suggesting the poor stability of the PFN
as ETLin nonencapsulated iOSC. It is because their performance
parameter decreases rapidly in a short exposure time, as shown
in Fig. 2b and Table 2. Vo, Jsc, FF of PFN-iOSC at Tgp are reduced
down to 4%, 6% and 16%, while those of TiOx-iOSC at Tgp are fell
to 3%, 7%, 11% (Fig. 2c) and those of ZnO-iOSC at Tg are
decreased down to 5%, 8%, 14% (Fig. 2d), respectively. The
evolution of illuminated and dark J-V characteristics over the
device lifetimes are shown in Fig. S1. In general, compared to
the other device parameters, Vocseems to be the least affected
by the degradation in PTB7-Th:PC;0BM-based iOSC, while Js¢
and FF appear to suffer more by the degradation. It suggests
that the performance deterioration is probably more associated
with the charge extraction and leakage current-dominated
photogeneration,which is correlated with the interlayer quality
of the devices.

As displayed in Fig. 2a, the degradation of all devices
displays an exponential decay. A fast initial decay followed by a
slow decay can be fitted by the superposition of two

exponential function with different time constants, as

previously reported by 18,42,
PCEQ) _ o ( )+A2>< ( t) (1)
PCE(0) &P AT1 XPAT2

where PCE(0) is the relative initial power conversion efficiency

at t = 0 h. The time constants (T1, T2) and the degradation
power factors of the individual exponential functions (A1, A2)
are obtained via a least-squares fit. The two exponential
functions of the measured and modeled curves for each ETLs
using equation 1 can be observed clearly in Fig. S3 and Table S2
summarized the values extracted from equation 1 for all
devices. It is observed that metal oxide ETLs-based device (ZnO-
iOSC and TiOx-iOSC) have similar two-stage degradation, a fast
decay followed by slow degradation behavior while PFN-iOSC
shows more rapid PCE deterioration. The degradation
mechanism of the first fast decay regarding T1 is mainly caused
by water and the second slow decay of T2 is related to oxygen
ingress in the device, as was observed similarly with Yang et al.
work42 The smaller values of T1 for all devices than T2 indicate
that water diffusion is being more detrimental in this
degradation process. The time constant T2 of PFN-iOSC (1260 h)
shows the lowest value among the studied ETLs, suggesting
PFN-iOSC is suffered more by the presence of oxygen than the
metal oxide ETLs-based iOSC. On the other hand, the highest
time constant T2 (4000 h) is observed in ZnO-iOSC and the

Table 2 The summary shelf lifetime data for all the nonencapsulated devices under
ambient condition (RT, %RH= 35 — 50%). The data given are in hours.

Standard lifetime PFN TiOx ZnO
Eo, To (PCE, %) 10.35 9.99 9.79
Tos 3 8 7
Too 9 70 115
Tss 12 224 224
Tso 26 341 526

second highest T2 (2526 h) is acquired by TiOx-iOSC. This result
suggests that the use of metal oxide, especially for ZnO as ETL
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Fig. 3 (a) Series and (b) shunt resistances of inverted PTB7-Th:PC;oBM-based
gg\rlli(cﬁ\?\r{r?gassuerltfem:r?t?e with different ETLs (PFN, TiOx and ZnO) extracted from
in nonencapsulated iOSC may be favorable to obtain the more
stable device performance parameters. The calculated
parameter r defined as A1/A2 follows a behavior r < 1 for all
nonencapsulated devices, showing a reliable measurement in
the same condition: dark ambient environment exposure.

Fig. 3 presents the behaviour of series and shunt resistances
over shelf lifetime. As shown in Fig. 3a, the Rs of
nonencapsulated iOSC with different ETLs increases after 526 h
exposure to ambient conditions in which similar behaviour
observed to the PCE decay. Rs values remain constant regarding
its initial time and start to increase to 3 h (Tgs), 70 h (Ts), and
115 h (Tg) for PFN-, TiOx- and ZnO-iOSC, respectively.
Afterwards, Rs values rise abruptly for PFN-, increase gradually
for TiOx- and increase steadily for ZnO-iOSC until 526 h.
Interestingly, in Fig. 3b, it is shown that Rs, of ZnO-iOSC was
stable for 526 h while those of PFN- and TiOx- showed a rapid
decrease during 26 h (Tsp) and 70 h (Tqo), respectively, following
the PCE decay behaviour. The most stable and the lowest Rs
combined with the highest Rsy values belongs to ZnO-iOSC
which is coherent with FF and PCE decay behaviour (see Fig. 2,
Table S2). As the increase of Rs and decrease of Rs, are followed
by the FF and PCE decay, it is reasonable to suppose that the
stability of studied iOSCs exposed to ambient conditions relates
to the interface degradation, as observed in similar work.4344
This is in good agreement with the AFM measurement of each
ETLs fresh and degraded films, as shown in Fig. S4. The
difference between the root-mean-square (RMS) roughness of
fresh and degraded for ZnO film is very small (ARMS = 0.01 nm)
compared to the PFN film (ARMS = 1.31 nm), which explain an
effective interfacial area between the ZnO layer and the active
layer. The smoother ETL film, the smaller ETL/active layer

interfacial area, the less interface traps, leading to suppress
undesired charge recombination and leakage current in which
reduce the FF.#>4% This can be attributed to the function of ZnO
layer as scavenging layer to prevent the diffusion of oxygen and
water molecules ingress to the active layer.l” Moreover, the
better quality ZnO film than the other ETLs can help to passivate
the blend/ETL interface layer from the interface defect due to
the chemisorption of oxygen as trap states causing the
concentration of free electron to decrease.*’”.48 Nevertheless, it
is important to note that due to the complexity of the
degradation mechanisms of each layer within the device, the
information extracted solely from the J-V characteristics do not
provide conclusive evidence to understand the dominating
mechanism of performance deterioration. Therefore, a
combined technique of time and frequency domain to study the
shelf-lifetime degradation analysis is discussed more in detail in
the following section.

Transient photovoltage (TPV) / photocurrent (TPC) analysis

To investigate the different ETL on charge kinetics and
recombination, fresh and degraded nonencapsulated iOSC were
measured under operando conditions by using charge
extraction (CE) and transient photovoltage (TPV)/photocurrent
(TPC) techniques. These techniques have been frequently
employed to analyze the carrier losses and the carrier
recombination in dye-sensitized solar cells and OSC,*°-51 and
more recently in perovskite solar cells.>?>* Understanding the
carrier loss mechanisms is key to increase solar cell efficiency.
Therefore, we consider analyzing the fresh and degraded
devices as an important way to elucidate the different
mechanisms in the device interfaces. While a brief description
of the experimental procedure can be found in the Device
Characterization section, the technique is described in detail
elsewhere.>

In general, the CE technique allows the measurement of the
accumulated charges and the TPV permits to register the carrier
recombination decay under different light bias (solar cell
voltage as a result of light irradiation). In most kind of solar cells,
such as the full-organic or dye-sensitized solar cells, the photo-
generated carriers are extracted before they recombine. In
other words, the CE decay is always much faster than the TPV
at the same light bias, as we can observe from our devices (see
Fig. S5). Nevertheless, the combination of TPV/TPC allows to
obtain the Differential Capacitance (DC) as an alternative
technique to CE.3¢ Here we used both CE and DC techniques to
accurately analyse the charge density of the devices (see an
example in Fig. S6).

To consider the comparison between iOSC with different
ETL, we made sure that the film thicknesses are equal in all
devices within measurement error, i.e. ETL thicknesses close to
20 nm. Fig. 4a shows photo-generated charges stored in the
fresh and degraded cells at equilibrium at different Voc values,
achieved by tuning the background illumination from dark to 1
Sun equivalent. At first sight, degraded samples showed higher
charge density values for a given Voc. In agreement with similar
works recently reported,3? this, can be attributed to chemical
reactions as a result of the interlayer degradation originated
near the interface. Meanwhile, the charge density for fresh
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Fégr.f?e(s%) aTr:]dec(I:anrragdee?iegg\llti\éevss. Voc and (b) the charge lifetime vs charge density
devices is very similar for the different ETL and consistent with
the observed Voc (~0.8 V), the increase in charge density upon
degradation is different for each ETL and so, less consistent with
the Vpc. Charge density usually exhibited a linear and
exponential part, attributed to the charges accumulated at the
interfaces —known as geometrical capacitance— and within the
bulk —chemical capacitance—, as depicted in Fig. S7. By analyzing
both separately, we obtained more information about how the
degradation process is affecting the charge extraction of the
devices depending on the ETL used. Fig. S7b shows that TiOx in
degraded cells presents slightly higher charge density.

A change in recombination kinetics can be observed by
looking at the charge density dependence of the carrier lifetime.
Therefore, the carrier lifetimes (t) obtained from TPV decays of
fresh and degraded devices are plotted as a function of charge
density in Fig. 4b. There is a lengthening of the carrier lifetime
in the degraded devices, approximately 3 times longer than the
fresh devices at a charge density of 2.5x1016 cm-2.

These results are consistent with the increase in trap
formation upon degradation (mainly due to oxygen and water
penetration) as carrier lifetimes are shown to increase for given
carrier densities. Due to the presence of traps, charges may
spend a certain amount of time in these traps, before being
released and so being recombined. We have seen that the
increased carrier lifetime does not causes higher Voc values for
those degraded devices because to reach the same Fermi-level
splitting, much higher charge density would now be needed
comparing to the fresh devices. We can also notice that in
general, lifetimes are similar for all devices, especially near to 1

Sun intensity, which indicates that the ETL properties do not
have a significant influence on recombination kinetics.

Therefore, we can conclude from this section that, as we
have not observed significant changes in recombination
behavior and in the devices ideality factor from light intensity
dependency measurement (see Fig. S8), the observed
performance degradation is improbable to come from energy
level changes, or specifically. In this case, we can confirm that
the degradation does not induce significant increases in trap-
assisted recombination which may be one potential source of
performance loss.

Impedance spectroscopy analysis

To obtain a deeper understanding of the degradation
mechanism associated with the interfaces, we performed IS
measurements on the same devices investigated by TPV/TPC. IS
measure the phase shift and the amplitude of the current
response obtained upon applying an AC voltage to the device at
a given frequency. The frequency dependent measurements aid
to explain the several mechanisms occurring at several
interfaces.>” Thus, the interface state will be distinguished more
easily by IS than TPV in which all charges are forced to
recombine.

The first approach to fit the experimental IS data of all fresh
samples is to use an equivalent circuit model composing one
series resistance connected in series with three
resistor/capacitor components (3RC). The 3RC equivalent circuit
model can be employed to get information about each layer
within the devices.>8° To properly fit the impedance data at
higher frequencies (HF), i.e. f > 0.1 MHz, for all fresh samples,
the main effect to overcome is the reduction of the phase
values. From the circuital point of view, a reduction of the -Z”
experimental value in negative x-axis can only be explained by
the presence of series inductance (L). The physical origin of the
L term could be related to wiring, despite a compensation was
done before the measurement. An alternative origin could be
the typical equivalent circuit of a capacitor at HF. A series
resistance element (Rs) takes into consideration the ITO sheet
resistance and three RC elements are corresponding to the
capacitance and resistance of the ETL, the bulk active layer, and
the hole transport layer (HTL). The geometrical capacitance
(Cgeo) values of each layer are listed in Table S3. These values
depend on the dielectric permittivity and the thickness of the
layer, as expressed by Equation S1. The comparison of the
different Cgeo values of each layer and the fitting values enable
us to predict the correlation between each RC components.

The typical arc behavior with a single semi-circle is observed
in the Cole-Cole plots (Fig. 5a) with one peak in the phase angle
of Bode plots (Fig. 5b), suggesting the presence of RC
components. Table S4 summarizes the extracted capacitance
and resistance values from fitting the impedance spectra of all
devices using 3RC equivalent circuit model at open-circuit
condition. It is noticed that ITO sheet resistances depend on the
ETL used, where a Rs value in the range of 10 Q was expected.
Among the fresh samples, at a given frequency, PFN-iOSCs
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Fig. 5 (a,c) Cole-Cole plot and (b,d) Bode plot (modulus green-dashed arrow and phase blue-solid arrow) for (a,b) fresh devices using three different ETLs and (c,d
degraded PFN-based non-encapsulated device over degradation time (T, Tos, Too, Tgs, and Tgo) measured at open-circuit condition. The experimental results were fitte

using RC circuit model (solid lines) shown in Fig. S9.

demonstrate the lowest impedance value in the flat region of
|Z| vs f compares to the metal oxide-ETLs counterparts. These
results corroborate with the highest device performance
obtained using PFN—ETL as fresh device. It is worth noting that
the fitted equivalent capacitance values (Cs:) of the bulk are
higher than Cge, of the blend = 3 nF. From the circuital point of
view, an increase of Cs: over Cgeo can only be explained by the
presence of a parallel capacitance. Fig. S9 shows the equivalent
circuit model used to fit the impedance spectra, allowing the
interfacial density of states (Dit) of the blend and the traps
created during the degradation process to be observed. This
estimation is based on polymer metal-insulator-semiconductor
(MIS) capacitors work.®%.61 The interface states are represented
by an interface trap capacitance (Ci) in parallel with the
capacitance of the semiconductor. Ci can be obtained by
subtracting Cgeo to Ciit (Cit = Crit — Cgeo), SO the interface density
of states Dt = Cit/qA can be calculated as 4—6 x10'1 cm2eV-! for
PTB7-Th at open-circuit condition, see Table 3. These values are
within the range of values obtained for the interface density of
states in P3HT.62.63

After degradation, as shown in Fig. 5c, a single semicircle
behavior is still observed with the increased average diameter
of the arcs over storage time for PFN-iOSCs at open-circuit
condition. A similar trend is observed for the other studied ETLs.
The time degradation impedance characteristics have been
examined by fitting these with equivalent circuit model. The
other common characteristic for PFN-, TiOx- and ZnO-iOSCs is
that the diameter of arcs decreases with increasing applied bias

Table 3 Interface trap density (Dit) of all devices before and after degradation at
open-circuit condition.

ETL Cit = Cit - Cgeo (NF) Di: = Ci/Qa (cm2eV-!) AD;

Fresh  Degraded Fresh Degraded
PFN 7 11 4.86 x 10" 7.64 x 10! 57%
TiOx 6 9 4.17 x 10t 6.25 x 10! 50%
Zn0 9 10 6.25x 10  6.94 x 1011 11%

voltage, which can be related to the efficient charge
extraction.>8 Fig. 5d exhibits the |Z|-f relation of PFN-iOSC over
degradation time in which the impedance values increase as the
degradation time increase and the difference is more
prominent in the lower frequencies (LF) region, suggesting the
LF feature becomes evident in the degraded cells. As compared
to Cgeo Values, the fitted capacitance values of charge transport
layers (ETLand HTL) appear to be the same and remain constant
over degradation, see Table S4. However, the fitted capacitance
values of the blend in all samples are higher than those of
geometrical values and their values increase over the
degradation time. As shown in Table 3, the interface density of
states values after degradation time of 526 hours increase 57%,
50% and 11% for PFN-, TiOx- and ZnO-iOSCs, respectively, in
good agreement with the increase of the dark leakage current-
voltage characteristic on the degraded devices. The highest
degradation of the PFN iOSC correlates with the largest increase
of the interface density of states values for this sample. Thus,
we can assume that the traps created by water and oxygen will
modify only the bulk interface with ETL and HTL, whereas ETL
and HTL are fully depleted layers.

Combined steady-state and transient techniques
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To obtain an excellent agreement within the steady-state and
transient techniques, we both compare the ideality factors
obtained from dark J-V modelling results with TPV/TPC studies.
As shown in Fig. 6, charge carrier density and charge carfBr
lifetime both exponentially depend on Voc, following the
equations 2 and 3:
where n,and n; defined as the ideality factors correspond to
carrier density and carrier lifetime, respectively.®* In previous
works, the slopes in the semilogarithmic plots of Fig. 6 were
described by the parameters y = q/n,kT and B = q/n kT .%
All the n, and n;ideality factors obtained from Fig. 6a are
summarized in Table 4. It is important to notice that fresh
devices but not after degradation, shows an exponential fitting
with two different regions. One region at higher voltages (0.75-
0.79 V) which can be attributed to bulk dynamics, and another
region (0.63-0.75 V) attributed to the capacitive contribution.
Charge extraction and transient photovoltage techniques
can be used to determine charge carrier densities and carrier
recombination but also steady-state parameters like the ideality
factor n;y. The diode ideality factor is correlated with n,, (at

Table 4 Summary of ideality factors determined by transient (CE and TPV)
techniques and J-V characteristics.

n, n; Nig Nig
(CEn,/TPVR,) (J-V)
PEN fresh 5.48 (Voc>0.75) 142 112 1.11
13.01(Voc<0.75) - -
PFN deg. 13.13 2.31 1.96 1.91
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Fig. 6 IS time constant at open-circuit condition compared to the carrier lifetimes
extracted from TPV measurements for the fresh and degraded PFN-iOSCs.

higher Voc voltages, i.e. 0.75 — 0.79V) and n; by following the
equation 4:

nid =ngz' +ngt (4)
Although the ideality factors were determined in two different
ways —from J-V characteristics and from CE and TPV
techniques— both n;; found to be identical for our solar cells.
These n;4 has already been compared by other authors®466.67
where they obtained identical ideality factors as in our case,
very close values or slightly underestimated compared to the
steady-state values. Therefore, the good agreement of steady-
state and transient techniques demonstrate the validity of the
Shockley model for this kind of solar cells.

To validate the aforementioned assumption and the
proposed model of Di;, we checked the time constant obtained
from the IS and TPV measurements. The similar carrier lifetime
values between the two techniques should correlate each other
when the recombination took place. The characteristic time
constant from RC circuit of IS data at open-circuit condition is
given by t = RxC. The time constants measured from both
techniques for PFN-iOSCs are shown in Fig. 7. On one side, each
Voc bias point from IS data corresponds to a different
degradation time with the same illumination, whereas on the
other side those of TPV data correspond to the same
degradation time with different illumination. A good agreement
is observed between total t of IS in the Voc range from 0.8 V
(fresh sample) to 0.74 V (degraded sample 176 h) and the total
T of TPV fresh PFN-iOSCs data from 0.8 V (the highest light
intensity) to 0.74 V (lower light intensity). The time constant
obtained from IS in the Voc range from 0.74 V to 0.70 V
(degraded 526 h) begin to outward the pattern of TPV fresh and
follow the pattern of TPV degraded data. To find out which layer
is the main effect of degradation, we analyze the contribution
of each layer. We found that by fitting ETL time constant, ter. =
RerxCeri, it follows the trend of t extracted from TPV for
degraded devices at 267 h and 526 h. The relative t contribution
of each layer to the total T is shown in Fig. S10. In fresh devices,
almost 30% contribution of t values is due to the HTL, whereas
in the degraded devices, almost 70% contribution of t values is
due to the ETL. This result is in good agreement with the
generation of interfacial trap in the degradation process. It
suggests that the interfacial defect, which demonstrated by the



presence of interface states effect, Di;, can be the main cause of
degradation.

Conclusions

In summary, we performed both frequency and time-domain
characterization techniques to investigate the shelf-life
degradation of ITO/ETL/PTB7-Th:PC70BM/V,0s/Ag using three
different ETLs, one organic-based ETL (PFN) and two metal
oxide-based ETLs (TiOx and ZnO), following 1SOS-D1 protocol.
Both techniques can provide real information on how different
ETL were degraded and affecting the stability of the active layer
over storage time. We have found that the main cause of
degradation is due to the formation of interface traps under
dark and upon air exposure. TPV measurements, it gives an
insight into the interfacial recombination processes, particularly
it shows an increase of trap density in the active layer due to
the degradation. From the IS data, it is possible not only to
determine the relative contribution of each layer to the total
time constant but also estimate the increase of the interface
density of states values due to the degradation process.
Modelling dark current-voltage (J-V) characteristic and atomic
force microscopy (AFM) measurement further confirms the
presence of traps on the degraded devices.
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