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Stable morphology of inverted solar cells during operation is revealed by in-operando GISAXS, which
results to the stable photovoltaic performance.
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Highly stable poly(3-hexylthiophene-2,5-diyl) (P3HT): phenyl-C61-butyric acid methyl ester (PCBM)
bulk heterojunction solar cells are fabricated by using an inverted geometry. The direct correlation
between the morphology of the active layer and the device performance during continuous operation
under illumination is revealed by in-operando grazing incidence small angle X-ray scattering (GISAXS)
and I-V measurements. Other than in devices with normal geometry, it is found that the P3HT:PCBM
active layer shows a stable morphology during early operation times, which leads to an improved stability
of the short circuit current and accordingly of the power conversion efficiency of the inverted solar cell.
Furthermore, the inverted P3HT:PCBM solar cells are long-term stable without encapsulation if they are
stored in ambient dark condition. It reveals that the power conversion efficiency preserves around 88% of

the initial value after more than 150 days.

Introduction

Over the last few decades, organic solar cells have been
intensively investigated since they allow for easy power
generation even where use of conventional inorganic photovoltaic
devices is not feasible. Organic solar cells can be made from
branches of organic semiconductors, which provide them unique
properties.** The main advantages associated with organic solar
cells are low weight, mechanical flexibility, less energy
consumption and manufacturing costs as compared to other
photovoltaic technologies, and a wide variety of production
methods including roll-to-roll printing techniques.>® This
promising prospect of organic solar cells encourages massive
research on developing new organic material systems or
designing new solar cell architectures to make their photovoltaic
performance comparable to traditional inorganic solar cells based
on silicon.® Remarkable progress has been made to improve the
power conversion efficiency (PCE) of organic solar cells. By
utilizing low band gap polymers, the PCE of the polymer-
fullerene bulk heterojunction (BHJ) solar cell has exceeded 8-
10%.292 Recently, a PCE around 10% has been achieved
through using an inverted geometry.™® Although high
performances are achieved, the short lifetimes of organic solar
panels still impede their commercialization.**'" Thus,
improvements to achieve long term stability are highly desirable,
which in turn will become easier with a better understanding of
the degradation processes.

Poly(3-hexylthiophene-2,5-diyl)  (P3HT): phenyl-C61-butyric
acid methyl ester (PCBM) BHJ organic solar cells with a standard
geometry is the most investigated system today, which is
frequently used to investigate the  structure-property
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relationships.’®% In order to improve the stability of these
devices, many of the processes leading to degradation have been
identified. Thus, some general mechanisms of device degradation
were proposed, including oxidation of the conjugated polymer
and the top electrode, diffusion of water and oxygen molecules
into solar cells, erosion of bottom electrodes made from indium
tin oxide (ITO) and physical degradation such as morphological
degradation of the PBHT:PCBM active layer.**?*?" By utilizing
optimized encapsulation, several of these processes can be
retarded or suppressed, which gives a significant increase in
lifetime of the solar cells.”® Moreover, it was demonstrated that
an efficient approach to minimize the degradation process is to
adopt the construction of P3HT:PCBM solar cells in the so-called
inverted geometry.®*° Compared to the standard geometry,
charge carriers are extracted at the opposite electrodes, where
positive charge carriers flow from P3HT to the bottom electrode
and negative charge carriers transfer to the top electrode. Hau et
al. demonstrated an inverted P3HT:PCBM solar cell using zinc
oxide (ZnO) as hole blocking layer retaining more than 80%
efficiency over 40 days and attributed this long term stability to
the less air sensitive high work function metal (silver) as the top
electrodes.® Inverted solar cells with a ZnOf/poly(ethylene
glycol) (PEG) hybrid hole blocking layer, which was prepared via
low temperature route, also showed a relatively low level of 23%
degradation of the PCE after 14 days.*

Among the work related to inverted P3HT:PCBM BHJ solar
cells, most work has been dedicated to the improvement of solar
cell performance or extending the lifetime. Only a few general
statements were proposed to explain the stability benefits from
the inverted geometry. One of the viewpoints is that the
replacement of the acidic poly(3,4-ethylenedioxythiophene):
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poly(styrenesulfonate) (PEDOT:PSS) layer with a compact
titanium dioxide (TiO,) or ZnO layer on ITO can help to
overcome the erosion of the bottom electrodes.®33 Additionally,
the P3HT:PCBM active layer can be protected from degradation
induced by ultraviolet (UV) light illumination as the compact
hole blocking layer (TiO, or ZnO) absorbs UV light before
reaching the active layer.3* The general build-up in the inverted
geometry implies that the active layer is sandwiched between two
blocking layers, which could reduce polymer oxidation caused by
contact with air. All these statements are based on the
minimization of the chemical degradation. However, to our
knowledge, detailed fundamental understanding from the
perspective of the physical stability, such as the stability of the
active layer morphology, is still unclear. For devices with normal
geometry, our previous work have already showed that the
nanomorphology of the photoactive P3HT:PCBM layer is not
stable.’* We observed a morphological degradation, where
smaller domains in the active layer vanished and larger ones
grew. These changes in the nanomorphology caused a reduction
of the effective area for electrical power conversion and
accordingly the degradation of the solar cell’s short circuit
current (Jsc), which plays the most important role in degradation
of standard P3HT:PCBM solar cells.* In the present work, the
direct correlation between morphology and device performance
of inverted P3HT:PCBM BHJ solar cells is investigated during
operation for the first time.

In order to probe the morphological evolution of the
P3HT:PCBM inverted solar cells during operation under
continuous air-mass 1.5 global (AM1.5G) sunlight illumination,
in-operando grazing incidence small angle X-ray scattering
(GISAXS) is used. GISAXS is an advanced scattering technique
which provides information about the nanomorphology of thin
film samples.®>* By selecting a suitable sample-detector distance
(SDD), structures on length scales ranging from several
nanometers up to a micrometer can be addressed.**"
Meanwhile, the in-situ current-voltage (I-V) characteristics of the
inverted P3HT:PCBM solar cell are also characterized under the
same conditions. In order to compare with the previous work on
standard geometry devices, the same experimental design was
used during in-operando GISAXS and I-V measurements, which
minimize the degradation from oxygen and moisture.** Through
in-operando GISAXS and |-V measurements on inverted devices
during continuous operation, it is observed that the morphology
of the solar cell is stable over time and the PCE of the solar cell is
preserved to 75% after 240 minutes. By comparing the stability
of photovoltaic parameters (Jsc; open circuit voltage (Voc) and
fill factor (FF)) in standard and inverted P3HT:PCBM solar cells
during operation, it is clear that the stability of Jsc is the most
enhanced parameter, while the others stay similar to the ones in
standard devices. The photovoltaic parameters of standard
P3HT:PCBM solar cell were reported in our previous work.'*
Thus, the improved stability of the inverted P3HT:PCBM solar
cell is attributed to the stabilization of Jsc. As a consequence, the
improved stability of the P3HT:PCBM inverted solar cells is
mainly attributed to a stable morphology of the active layer as we
demonstrate in the present investigation. Additionally, the long
term stability of the P3HT:PCBM inverted solar cells without
encapsulation, stored in dark, ambient conditions, is examined by
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measuring the I-V characteristics periodically. If not operated
continuously, the solar cells show 88% PCE preserved after more
than 150 days. Therefore, to our knowledge, the probed inverted
P3HT:PCBM solar cells are among the most stable reported
P3HT:PCBM solar cells.

Experimental section
Materials

Poly(3-hexylthiophene-2,5-diyl) (P3HT) was purchased from
Rieke Metals, Inc with an average molecular weight M,, of 50
kg/mol. Phenyl-C61-butyric acid methyl ester (PCBM) was
purchased from Nano-C. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)  (PEDOT:PSS)
solution (PH1000) was purchased from Ossila. The solvents
(chlorobenzene, isopropanol), from Carl Roth, were used as
supplied, as were the active materials. Solar cells were fabricated
on fluorine-doped tin oxide (FTO) substrates which were
purchased from Solaronix with the size of (2.2x2.2) cm?.

Sample preparation

The FTO was partly removed from the substrates by chemical
etching and used as bottom electrode for the inverted solar cells.
The substrates were then cleaned consecutively with alconox®
solution, ethanol, acetone and isopropanol in an ultrasonic bath
and treated with oxygen plasma. The hole blocking layer
composed of a compact titanium dioxide film was prepared with
the method reported in the work of Yu et al.*® To prepare the
P3HT:PCBM solution, P3HT was firstly dissolved in
chlorobenzene until completely dissolved and then added to dry
PCBM. Solutions were stirred overnight. The concentration of the
blends was 24 mg/mL with a polymer:fullerene ratio of 1:1. The
solution was spin-coated on the titanium dioxide layer with a
rotation speed of 2000 rpm for 30 seconds. As reported by
Weickert et al., diluted PEDOT:PSS solution is suitable for
preparing the electron blocking layer by spray-coating.*® Thus,
the PEDOT:PSS solution as obtained was filtered by a PVDF
filter (with the pore size of 0.45 um) and then diluted with
isopropanol at the ratio of 1:10. The diluted PEDOT:PSS solution
was spray-coated for 15 seconds on the P3HT:PCBM layer by a
commercial airbrush gun (Harder & Steenbeck) with 5 cm
distance normal to the sample surface. Oil-free nitrogen with a
pressure of 1 bar was used as the carrier gas. Afterwards, the
sample was spin-dried with a rotation speed of 2000 rpm for 60
seconds. Gold electrodes were deposited on top of the
PEDOT:PSS layer by physical vapor deposition, followed by
thermal annealing at 140 °C for 10 min in a closed environment
with a constant nitrogen flow. The scheme of the final device
layer structure is shown in Fig. 1 to illustrate the inverted
geometry.

PEDOT:PSS
PEHTPGBM
compact titania
FTO

glass

Fig. 1 Scheme of inverted P3HT:PCBM solar cell layer structure used in
the present investigation.
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In-operando grazing incidence small angle X-ray scattering
(GISAXS)

The in-operando GISAXS experiments were performed at the
Austrian SAXS beamline of the Elettra synchrotron source in
Trieste, Italy. The X-ray wavelength was 0.154 nm. The sample-
detector distance was 1776 mm. An incident angle of 0.53° was
selected, which is above the critical angle of all polymers
involved in the solar cell, TiO, and FTO. The sample was fully
penetrated at this incident angle, therefore both surface and inner
film structures were probed. The set-up employed for mounting
the solar cell for in-operando GISAXS measurement followed the
one descripted in our previous work.* Thus, the solar cell was
mounted in an evacuated chamber which enabled simultaneous I-
V measurements and GISAXS characterization.!* Since the
scattering signal of the gold electrode outweighed the signal with
the structural evolution of the P3HT:PCBM layer, the scattering
data were collected at threes positions close to the gold electrode.

gz (nm™1)

gz (nmT

10 100

1000
Intensity (a.u.)

1.E4 1.E5

Fig. 2 (a) Initial 2D GISAXS data of a P3HT:PCBM inverted solar cell
before illumination with well pronounced Yoneda peak (Y) and (100)
Bragg peak (B). (b) Zoom into the Yoneda region of the 2D GISAXS

data.

The exposure time of each single measurement was 40 s. No X-
ray irradiation damage or influence on the I-V measurements
were observed for the measurements. The solar cell was operated
continuously under the illumination by a 150 W Xenon short arc
lamp (Perkin Elmer PX5) employing a constant intensity of 100
mW/cm?. The GISAXS data were obtained before illumination,
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denoted as 0 min, and then after 3 min, 10 min, 15 min, 30 min,
60 min, 120 min, 180 min and 240 min. In order to analyze the
horizontal line cuts, a model in the framework of the distorted
wave Born approximation (DWBA) and the local monodisperse
approximation (LMA) was applied, which is based on
contributions from three substructures each described by a form
factor (average structure size) and a structure factor (average
center-to-center distance) according to a 1d paracrystal as
proposed by Hosemann et al..*

The current-voltage characteristics of the inverted solar cell were
recorded constantly each 16 seconds by a source meter Keithley
2400 for 240 min. A silicon based reference solar cell was used to
calibrate the applied AM1.5 conditions. By using a calibrated
microscope, the solar cell pixel size was measured.

Long term stability measurements

The inverted P3HT:PCBM solar cells were stored in air under
ambient condition without any encapsulation in the dark. The
efficiency measured directly after solar cell preparation was
denoted as the initial efficiency. Later, the long term stability was
investigated by measuring |-V characteristics periodically.

Results and discussion
Morphology evolution

The inverted P3HT:PCBM solar cells are built following a
layered architecture of FTO/ TiO,/ P3HT:PCBM/ PEDOT:PSS/
gold without additional encapsulation (see figure 1). As is known,
the nanomorphology of the photo active layer is crucial for the
solar cell performance.***® To investigate the nanomorphology of
the BHJ layer evolution during the first 240 min of operation
under solar illumination (100 mW/cm?), in-operando GISAXS is
performed. It has been proven to be a powerful technique to
probe the morphological degradation on a nanometer scale in
polymer solar cells* Therefore, in-operando GISAXS
measurements on the P3BHT:PCBM inverted solar cell are carried
out to track the evolution of the morphology. In order to compare
with our previous work about the morphological evolution of
P3HT:PCBM in a standard geometry, the inverted device was
installed in the same chamber that was evacuated to minimize the
influence of oxygen and moisture. Through excluding the
different influence from these two main factors on standard and
inverted solar cell degradation, the investigation is mainly
focused on the degradation due to changes of the
nanomorphology of the BHJ layer.

The two dimensional (2D) GISAXS data are taken before
illumination (denoted as 0 min) and after 3 min, 10 min, 15 min,
30 min, 60 min, 120 min, 180 min and 240 min of illumination.

75 The initial 2D GISAXS data is shown in Fig. 2 as an example.

The Yoneda peaks are observed at the critical angles, which
clearly display as a bright region at the bottom of the 2D
GISAXS pattern. Additionally, the P3HT (100) Bragg reflection
is observed at the top of the pattern, which shows a spot-like
feature. It reveals that P3HT crystallites exist in the photo active
layer. Within all in-operando GISAXS measurements, the
GISAXS patterns have not change significantly.

In order to obtain the structural information normal to the film,
surface vertical line cuts are extracted from the 2D GISAXS data
measured before illumination (0 min) and after 3 min, 10 min, 15

This journal is © The Royal Society of Chemistry [year]
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min, 30 min, 60 min, 120 min, 180 min and 240 min illumination
at the position g, = 0 and plotted in Fig. 3a. For improved
statistics three data points are averaged in the presentation. To
clearly visualize the evolution of the vertical line cuts as function
of illumination time, all curves are plotted on top of each other.
The Yoneda peak of P3HT is visible for all the vertical line cuts,
located at around g, = 0.48 nm™, and denoted by an arrow in the
inset of Fig. 3a. The Yoneda peak belonging to FTO (g, = 0.63
nm?) is not visible as it is superimposed by that of the
P3HT:PCBM blend film. Since the vertical line cuts show
identical features (Fig. 3a), we can conclude that the vertical film
composition is stable. Besides, there is no indication for
molecular diffusion arising during 240 min operating time under
illumination since the Yoneda peak region, which reveals the
material composition, remains unchanged.*

log(Int)

q, (nm™)
7 i -
_(b) -
z-'-.5-
=
= |
3
3_
10 102 10" 100
g, (nm™)

Fig. 3 (a) Vertical line cuts and (b) horizontal line cuts (triangles) and
corresponding fits (solid red line) of the 2D GISAXS data measured
before the illumination (0 min) and after 3 min, 10 min, 15 min, 30 min,
60 min, 120 min, 180 min and 240 min. To visualize the absence of
changes in the line cuts as function of illumination time, all cuts are
plotted on top of each other. Different colors of the symbols denote
different illumination times. In (a) three data points are averaged for
better visualization and a zoom into the Yoneda region of the vertical line
cuts is shown as inset,.

Additionally, the P3HT (100) Bragg reflection peak is visible
(Fig. 3a), located at g, = 3.75 nm'}, which corresponds to a lattice
constant of 1.68 nm. This value is in good agreement with
previous investigations.”****” The FWHM value of 0.63 + 0.05 is
obtained by fitting this Bragg peak and corresponds to the
correlation length of 10 + 0.8 nm in the (100) direction, as
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determined by using the Scherrer equation. The (100) peak does
not change with illumination time, indicating that the P3HT
crystalline order is stable with respect to the edge-on orientation
in the inverted polymer solar cell during 240 min operating time
under solar illumination.

Lateral structure information can be obtained by performing
horizontal line cuts to the 2D GISAXS data.®” Hereby, the
material shows the most pronounced scattering intensity at its
Yoneda peak position.*® Since the morphology of the photo active
P3HT:PCBM layer plays the most important role for photovoltaic
performance of the solar cell,* all the horizontal line cuts are
applied at the critical angle of P3HT (around 0.16°) to emphasize
on this material. Similarly to the way of displaying all the vertical
line cuts, the horizontal line cuts of the in-operando study are also
plotted on top of each other, as shown in Fig. 3b. It is noticed that
all these curves completely overlap, which suggests that the
morphology of P3HT:PCBM layer is stable during 240 min
operating time under illumination. However, Schaffer et al.
reported that P3HT domains grow with the time in a polymer
solar cell with a standard geometry.™* Compared to that, the
morphology of the P3HT:PCBM layer in the inverted device is
fully stabilized. This highly improved stability may be enabled by
the TiO, layer underneath. On the one hand, less P3HT chain
scission caused by UV light illumination may occur due to the
absorbance of the TiO, layer underneath. Accordingly, the chain
mobility of P3HT stays low and does not allow for structure
relaxation when the chains retain their molecular weight. On the
other hand, the interactions between the P3HT:PCBM film and
the layer underneath also have strong influence on the
morphology as described by Campoy-Quiles et al..® Zhao et al.
also revealed that the P3HT films on conductive substrates show

15 -
—=— 0 min
—— 3 min
10 ——10 min
“’E —— 15 min
© 5 —— 30 min
E —— 60 min
S ok ——120 min
—— 180 min
—— 240 min
-5 1 " 1 . 1 .
-0.75 -050 -0.25 0.00 0.25

U (V)

Fig. 4 I-V curves of P3HT:PCBM inverted solar cell as the function of
illumination time. I-V curves are recorded constantly every 16 seconds
under continuous illumination for 240 min. The selected curves are
matching the times of the in-operando GISAXS study as indicated by the
color code.

significantly retarded degradation and preservation of the
chemical and morphological features as compared to P3HT films
on glass substrates.>

The average structure sizes and the distances of P3HT can be
extracted from the fitting of the horizontal line cuts. One fitting
matches for all the horizontal line cuts from the in-operando
investigation, as shown in Fig. 3b. The average P3HT structure
sizes of 2.5 £ 0.2, 19 £ 1 and 82 + 4 nm can be observed, with
corresponding average distances of 45 + 5, 180 + 30 and 420 +
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100 nm. In summary, the morphology of the P3HT:PCBM layer
and the P3HT crystalline order are both fully stable in an inverted
polymer solar cell on a time scale of several hours of operation.

In-situ current-voltage characterization

In the inverted polymer solar cell, the morphology of
P3HT:PCBM layer is stable during the first 240 min operating
time under continuous solar illumination. In order to probe the
stability of the photovoltaic performance during this time the cell
is investigated simultaneously in terms of |-V tracking. |-V
sweeps are hereby recorded every 16 seconds during
illumination. Selected I-V curves (at the beginning of the
illumination (denoted as 0 min) and after 3 min, 10 min, 15 min,
30 min, 60 min, 120 min, 180 min and 240 min) are shown in
Fig. 4, These I-V curves represent the state at the times when the
2D GISAXS data have been recorded. The initial one (0 min)
shows an S-shaped curve, owing the smallest Jsc and Voc as
compared to all the other measurements. Then, the S-shaped
curve transits towards a generally more rectangle-like curve
during the operation, which suggests a self-healing process that
occurs during operation. Lloyd et al. have observed a similar
behavior in an inverted organic photovoltaic device. They have
attributed this initial improvement to the evolution of the
interface between the active layer and the silver electrode.® The
I-V curves recorded at 3 min and at 10 min appear similar, which
indicates a stable photovoltaic performance of the device in this
stage of operation. After 10 min of illumination, the I-V curves
decay slowly with the illumination time, showing a continuously
decreasing Jsc and V.
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The photovoltaic parameters of Jsc, Voc, FF and PCE are
extracted from each I-V measurement and plotted as a function of
illumination time in Fig. 5. For improved statistics five data
points are averaged in this presentation. All the parameters
increase dramatically during the first few minutes and then stay
nearly constant until roughly 10 min. After that, a slow but
continuous decay of all the parameters follows. The decay of
PCE results from degradation of all three other photovoltaic
parameters. Compared to the standard device,* Voc decays
similarly. A potential reason can be the change in temperature, as
it is known that the temperature has a strong influence on V.
During the measurements, the temperature on the device was
increased by only 10 °C, which still might explain the observed
decay of Voc. Guo et al. had also observed a voltage decrease
with increasing temperature.?® They attributed the reason to the
degradation of the photoactive layer caused by photochemical
reactions in polymer.

In contrast, the FF decays extremely slowly, thereby showing the
same trend as observed in a standard device.** However, since the
absolute FF values are quite small, a stronger decay might occur
in device which exhibit higher FF values. In a standard geometry
device, the morphological transition of the P3HT:PCBM layer
can fully explain the degradation of Jsc.* In contrast, in this work
Jsc still slowly decreases even with a stable P3HT:PCBM layer
morphology, which might hint to some fundamental differences
between standard and inverted geometry.

11.6 -(a) 0.58 _(b)
112} 0.56 [
e —~ 054 |
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£ 8052 |
—104 |
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1 1 A 1 1 1 1 i 1 M 1 " 1 i 1 i
0 50 100 150 200 0 50 _100 ‘!50 200
time (min) time (min)
37
-(C) 2.4 }(d)
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1 16|
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Fig. 5 Time evolution of the photovoltaic characteristics of (a) Jsc, (b) Voc, (€) FF and (d) PCE of the P3HT:PCBM inverted solar cell. The devices have
been measured constantly every 16 seconds under continuous illumination for 240 min during the in-operando GISAXS study. Five data points are
averaged for better visualization.
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In order to clearly illustrate the contributions of Jsc, Voc and FF
to the decay of PCE, all the parameters are normalized to their
maximum values and depicted in Fig. 6. As compared to a
standard P3HT:PCBM solar cell,** PCE and Jsc show the most
s improved stability in the inverted geometry while FF and V¢
exhibit a similar decay behavior. The Jsc and PCE are preserved
above 90% and 75% after 240 min of operation, whereas for cells
in standard geometry around 80% and 65% were reported after
240 min of operation.™ It implies that the improvement of the
10 PCE stability mainly benefits from the stabilization of Jgc.

1.05 |

% i FF

R J
2090 sc
> L oc
o
No75} PCE
® I
-
S 0.60

(1 L L 1 . 1 L L

0 50 100 150 200

time (min)

Fig. 6 Time evolution of the normalized photovoltaic characteristics (Jsc,
Voc, FF and PCE) of the P3HT:PCBM inverted solar cell probed during
the in-operando GISAXS study. Jsc, Voc, FF and PCE are normalized to
15 their maximum values. Five data points are averaged for better
visualization.

Related to the above investigation on the morphology via in-
operando GISAXS measurements, it is inferred that the strongly
improved stability of Jsc is caused by a stable morphology of the
20 active layer of P3HT:PCBM in an inverted geometry. Similarly,
Schaffer et al. concluded that the change in the nanomorphology
of P3HT:PCBM layer is an extremely important pathway of the
Jsc decay.’ Based on our investigations, we conclude that the
stabilized P3HT:PCBM active layer contributes to a highly
25 improved stability of Jsc, while it has no prominent influence on
the temporal evolution of FF and V. Accordingly, the stability
of PCE is improved as compared to a standard solar cell.
Furthermore, the long term stability of inverted P3HT:PCBM
solar cells was examined. An inverted device was kept in air
3 under ambient conditions in the dark. The I-V measurements
were carried out periodically. The PCE of the inverted device
preserves 88% compared to its maximum value after more than
150 days. In summary, a significant improvement in the long-
term stability of the device is obtained by using an inverted
35 geometry, also when stored in air under ambient conditions.

Conclusion

In this work we demonstrate a highly stable P3HT:PCBM BHJ
40 solar cell in an inverted geometry. To understand the correlation

between the morphology and the device performance during

continuous operation under illumination, in-operando GISAXS

and I-V characteristic measurements are performed. Around 75%

of PCE is preserved after 240 min continuous operation, which is
4 higher than that observed in a standard solar cell. This
improvement results from an increased stability of Jsc. A stable
morphology of the P3HT:PCBM layer, which benefits from the
inverted geometry of the device, is revealed by the in-operando
GISAXS measurements. This stabilization of the P3HT:PCBM
layer is directly correlated with an improved stability of Jsc of the
solar cell for the first time. Moreover, no prominent influence is
observed on the decay behavior of the FF and V. Moreover, the
inverted solar cell is long term stable, when it is kept in air under
dark, ambient conditions and measured periodically. Surprisingly,
ss the PCE of the inverted device preserves around 88% after more
than 150 days compared to its maximum value if not measured
continuously. Thus, the present investigation shows that proper
tuning of the stability of the morphology of the active layer, such
as using an inverted geometry, can contribute to highly stable
polymer solar cells.
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