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Abstract

Organic photovoltaic (OPV) devices are on the vesfjeommercialization being
long-term stability a key challenge. Morphology kamn during lifetime has been
suggested to be one of the main pathways accoufdingerformance degradation.
There is however a lack of certainty on how speally the morphology evolution
relates to individual electrical parameters on apeg devices. In this work a case study
is created based on a thermodynamically unstabimnor active layer which is
monitored over a period of one year under non-acatdd degradation conditions. The
morphology evolution is revealed by compositionahlgisis of ultrathin cross-sections
using nanoscale imaging in scanning transmissiectrein microscopy (STEM) coupled
with electron energy-loss spectroscopy (EELS). Addally, devices are electrically
monitored in real-time using the non-destructivecgical techniques as capacitance-
voltage C-V) and Impedance Spectroscopy (IS). By comparisoninaging and
electrical techniques the relationship between seale morphology and individual
electrical parameters of device operation can elosively discerned. Is it ultimately
observed how the change in the cathode contacegrep occurring after the migration

of fullerene molecules explains the improvemerthaoverall device performance.
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1. Introduction
Organic photovoltaics (OPV) devices have witnesardimpressive improvement in
power conversion efficiencies (PCE) now reaching®ol@or single layer bulk
heterojunction (BHJ) solar ceftsHowever, device stability remains one of the key
challenges for their commercialization. There aranynfactors affecting the device
stability with moisture, heat and light regardedtias main stress factofsSolution-
processed OPVs are usually based on BHJ films micemducting polymers blended
with a soluble fullerene derivative that form arneipenetrated bicontinous netwdrk.
The organic layer harvests sun light and genedtasges via charge transfer from the
polymer (donor) to the fullerene (acceptor) that eollected at selective electrodes.
Performance of OPVs is strongly dependent on theodacceptor morphology and
variations of the internal arrangement of donor aoceptor molecules is considered to
be the main source of efficiency decrease limithrgjr potential commercializatioh.

Numerous studies have focused on the importanteedbulk morphology properties
of the organic layet. © The use of additivEs solvent annealifgand thermal
treatment® can enhance the crystallinity and would incredse device efficiency.
Enhanced crystallinity of the polymer phase havenbeorrelated with high mobility
and improved device performantelmportantly, intimately mixed donor/acceptor
domains are required to provide optimum surfacea dwe enable efficient charge
separatiort®> However, the ability of PCBM molecules to diffuseough the blend film
is often regarded as the primary cause of thermatlyced degradation of solar cell
performance? The link between morphology modification and parfance has usually
been discussed in terms of the bulk propertieshef dctive layet® but very little
attention has been paid to the evolving propertieshe active layer/outer contact
interfaces. For example, molecular orientationha polymer in intimate contact with
the extracting electrode could be limiting the ection ability*® Indeed, morphology of
the active layer in BHJ solar cells is frequentlg tesult of a meta-stable configuration
and several vertical segregation profiles can benéd!’ Thermodynamically stable
morphology blends can be obtained by using highsttin temperatureTg) polymers®
or by cross-linking the organic phd3eln general terms one of the issues that still
require intensive work is the understanding of #meanechanisms behind active
layer/outer contact interface chemical and morpdiokd evolution and its relationship
to device performance.



Several morphology characterization techniquescareently available for organic
photovoltaic devices and the reader is referretivtorecent review&>** For example,
advanced techniques such as Grazing Incidence ®iffnaction (GXID)?? or electron
microscopy” 2° provide access to the structure and length scdlése donor:acceptor
domains. Alternatively, depth profile concentratioh donor:acceptor blends can be
analyzed by using Dynamic Secondary lon Mass Spempy (SIMS), Variable-
Angle Spectroscopic Ellipsometry (VASE), Near-Edge X-ray Absorption Fine
Structure Spectroscopy (NEXAF%),etc. On the other hand, advanced electrical
techniques are also available which allow undedstanindividual electrical processes
taking place in an operating device. Techniqueslude Transient Absorption
Spectroscopy (TAS§, Transient Photovoltage (TPYY) Capacitance-Voltagec(V)?” or
Impedance Spectroscopy (#3) Interestingly electrical characterization offehet
possibility to measure devices using non-destractivethods that enable real-time
monitoring.

In this work a case study is created based on rantidynamically unstable organic
layer. The morphology evolution is correlated wikie individual electrical processes
taking place in the device, and revealed by contiposil analysis of ultrathin cross-
sections using spatially resolved electron eneogg-lspectroscopy (EELS) in the
analytical scanning transmission electron microed@TEM). Additionally, devices are
electrically monitored in real-time using the nogsttuctive electrical techniques@sv
and IS. By comparison of imaging and electricahtegues the relationship between
morphology and photovoltaic parameter evolutioroperating devices is conclusively
established. It is ultimately observed how the geaim the cathode contact properties
occurring after the fullerene molecules migratioxplains the improvement in the
overall device performance. The formation of a PCB& layer contacting the ZnO
electron-selective layer at the cathode causesthetincrease in electron selectivity and
establishes a good electrical connection betwe&haid the inner active layer fullerene

molecules.

2. Results

2.1. Materials and Solar cells fabricatiomhe method to produce the solar cells is
based on standard processing conditions used ifiténaturé® ° full details can be
found as supporting information and a brief desimipis provided here. Devices were
prepared in the inverted configuration ITO/ZnO/P3PKCBM/M0Qs/Ag. Pre-cleaned



patterned ITO was coated with commercially avadaBhO nanoparticles to provide
film thickness of about 50 nm. Substrates weredteat 100C for 5 min followed by a
further treatment in the glovebox at 13D for 10 min. Spin coated P3HT:PCBM films
(~100 nm) were thermally treated at 13C for 10 min. Device fabrication was
completed by thermal evaporation of M@0 nm) and Ag (100 nm). Ten independent
devices (4 pixels each) were encapsulated with yepoxd a glass slide for electrical
characterization. Devices were kept in the gloveibake dark at all times excluding the
time required for electrical characterizationlg<min. Some un-encapsulated devices
were kept in the glovebox for the whole periodué test to characterize the final state

of the device using STEM measurements.

2.2. Film and device characterizatiofross-sections of devices were prepared by
focused-ion-beam milling using a Helios NanoLab IBeam (FEI) to a thickness of
~45 nm>! For morphological studies of the cells cast frolHQl; and to prevent
degradation or morphological changes due to stocdgene ultrathin cross-sections,
STEM investigations were conducted on the sameofi&iB preparation. These were
done with a Titan QU-Ant-EM microscope (FEI), ogerhat 120 kV and equipped with
a GIF Quantum energy filter (Gatan). STEM darkefielmaging was used for
visualization of the integrity of organic and inargc layers. The pixel size for these
images is 0.8 nm, which is sufficient to show tireicture the ZnO layer. Afterwards
hyperspectral STEM-SI data sets were acquired sathgunctional layers at a spatial
resolution of 1.3 nm. Electron energy-loss spectraain contributions from elastic and
inelastic scattering up to 90 eV energy-loss, usindispersion of 0.05 eV/pixel. The
applied electron dose for dark-field and hypergédmages was in sum ~300 e/A?
which was shown to damage the electronic struaifitbe functional, organic materials
but not the bulk plasmon peak differences betwegitTPand PCBM? Data sets were
processed and analyzed using Matlab (MathWorks). thts, hyperspectra were
normalized to peak intensities and deconvolved twaio the single-scattering
contributions using a script made available by Eget followed by fitting a Gaussian
to the plasmon peak. Center positions were mappetbovisualize the morphology of
the organic layer. Film thickness was determinddeeiby a VEECO DEKTACK 6M
Stylus Profiler or—in case of the cross-sectiofatkness—using the energy loss
signal®! Current density-voltage characteristics were edrdut under illumination with
a 1.5G source (1000 W Hhusing an Abet Sun 2000 Solar Simulator. The ligtensity



was adjusted with a calibrated Si solar cell. Cdapace-voltage and impedance
spectroscopy measurements were performed usinguémiah PGSTAT-30 equipped
with a frequency analyzer module. Impedance Spsobtywy was carried out under
illumination conditions (1sun) using a wide freqagmange (100 Hz-1MHz) at several
applied DC voltages by applying a small voltagdayréation (20 mV rms). Capacitance
was recorded at a frequency of 1000 Hz in the dadeveral bias voltages to extract the
capacitance-voltage characteristics.

2.3. Shelf-life efficiencyln order to generate a system to study the elattric
implications of morphology evolution a polymer wahmoderate transition temperature
(Ty ~ 120°C¥® P3HT has been used in combination with a low bgilpoint solvent
(CHCI,), followed by thermal treatment. Using these ctiads moderate crystalline
polymer phases (see Supporting Information for X&fraction pattern) are obtained
implying that thermodynamically stable morphologveil not be attained. An inverted
configuration composed by ITO/ZnO/ P3HT:PCBM/M#&g is chosen to minimize
any degradation arising from the contacts. Devees characterized by their current
density-voltage J-V) curves measured over a period of one year usangaccelerated
conditions (absence of oxygen, water or light).u8yng this methodology any change in
performance will be due exclusively to a morpholegplution of the active layer blend.
As expected for devices processed from chlorofodeqgaate morphology of donor an
acceptor is not achieved and initial efficiencies &elow 1 %* The morphology
evolution occurring during a period of one year tedh two-fold increase in efficiency.
Initial and final photovoltaic parameters are sumpeal in Table I.

Tablel

Photovoltaic parameters for fresh and aged deyicesessed under different conditions.
Optical and electrical parameters extracted fdevhcurves, absorption measurements and
capacitance-voltage are included.

N Vs Fullerene Leakage Current
Device ¢ Voc FF PCE  10%cm®  (mv) zf‘)t:t‘::]f (dark — 1V)
(MAcm?)  (mV) (%) (%) (MA cni?)
(%)
Fresh 4.4 496 41 0.90 4.0 610 70 2.4



Aged

7.3 570 43 1.90 10.0 409 100 0.3

Figure 1 shows that this system provides a goochpiaof morphology evolving
devices. Individual photovoltaic parameters chafojewing two different time trends.
Whilst the open circuit voltage/{c) increases dramatically during the first 10-20isou
the short circuit currentl{) increases gradually more than 30 % over the wpeted
of study. Alternatively, Fill factor (FF) is alwaystable and low. Overall, th¥.
increases 74 mV (~10 %) anii. increases nearly 3 mA/ém45 %). As device
performance parameters are the outcome of mangreift optical and electrical
processes]-V curves cannot help identifying specific mechanismahind the reported
evolution. If deeper knowledge is desired the Useare advance electrical techniques

is needed.

) - -10
31
L -8 —
S 2 = § ¢ & 3 ‘e
w | @ E E ¢ E <
4 {f = -6 g
o =
&
1 "~
; $
0 4 : : :
: L 60
600 - I
- ¢ ¢ ¢ ¢ .
= - 50 32
© 500 § =
S ] o = ¢ & 3 & L
400 - 40
300 T T T [ T T T T T T T T 1 T T T T L | l_ 30
0 1000 2000 8000 1000 2000 8000
Time [hours] Time [hours]

Figure 1: Device performance parameters extracted J-V curves measured during
a period of 1 year for devices fabricated with thechitecture 1TO/ZnO/
P3HT:PCBM/MoQ/Ag and active layer cast from chloroform (CHCI



2.4. Morphology and vertical phase segregation gpadl by electron energy-loss
nanoscale mappindPevices cast from CHgfollowed by a thermal treatment at 130 °C
pristine and aged have been analyzed using advanmedscopy techniques. We apply
STEM in combination with EELS to visualize the mioopogy of photoactive layers in
cross-sections samples prepared using focused aam.bThis combination is called
STEM spectral imaging (STEMSI) and offers spatiatsolved low energy-loss
spectroscopy at the nanoscale. After fitting a Gimsprofile to each spectrum, the
determined mean positions can be mapped out. Regpuftaps indicate plasmon peak
positions, which differ depending on the localizzdtichment of a certain material or on
the amount of intermixing. Figure 2a and 2b shoie®EI maps of bulk plasmon peak
positions, which can typically be found between &@d 25 eV for carbon based
materials’® However, for polymers and fullerenes both centet shape of plasmons
differ.®® Hence, by acquiring energy loss spectra comprisimgh low energies, it is
possible to obtain reliable, qualitative maps & thorphology at nanometer resolution,
applying a relatively small electron dose. Theseiade states correspond to the
performance parameters summarized in Table I. Adeaeed by such morphological
analysis of focused ion beam cross-sections of bbe8h and aged samples, fullerene
content at the ZnO-covered cathode increases di@iyatduring the course of the
experiment (red color in Figure 2a and 2b). Evoltof morphology in aged samples
shows a qualitatively small increase of demixingamspanied by a slight decrease of the
intermixed phase, but a highly PCBM-rich layer deps contacting upper ZnO layer.
This observation entails an overall morphologidarge which produces as a result a
vertical segregation of fullerene molecules accatad at the cathode contact. To verify
whether the PCBM accumulation at the cathode cowrtaeses the observed increment
in the photovoltaic parameters purely electricehteques are further used to monitor
how fullerene cathode content evolves over time.
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Figure 2: Maps showing plasmon peak positions athlin cross-sections of devices
cast from chloroform (a) fresh and (b) aged. Relbrcdenotes PCBM enriched

phases (higher plasmon energy) and green color P8kfiched phases (lower
plasmon energy). The maps are created from spatiafiolved low energy loss

STEMSI data at a resolution of 1.3 nm. Evolutionnadrphology in aged samples
shows that demixing and distribution of domainssdoet change but that a highly
PCBM:-rich layer develops at the ZnO-covered contécit Absorption spectra of

fresh and aged films cast from CHQld) Evolution of defect density values (n) with
shelf storage and calculated fullerene contert@tcathode interface extracted from
capacitance-voltage measurements carried out ind#r& of devices cast from

CHCls.

2.5 Correlation with electrical measurement®/e have recently shown how to
extract relevant information about the fullerenatent contacting the device cathode by
means of capacitance-voltage-{) analysis” *° This technique allows determining the
fullerene content at the cathode which is diretlgted to the contact selectivity:V is
non-destructive and can be used in complete dewicesal time experiments. A small
AC voltage perturbation is applied to a working idevat varying DC voltage biases and
the differential current output is measured. FONMORE-V is typically carried out at a
certain frequency between 100-1000 Hz (see Supmgpttiformation for details), and
offers information on the energy level equilibratiat the organic layer/cathode interface
where a dipole layer is generated by reductiorhefftillerene molecules present at that
interface®® Additionally, a confined electrical field at théinity of the cathode appears
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producing band bending (depletion zone) in thecaljhactive layer.

The fullerene content at the cathode interfacealsutated by analysis of thé-V
datd’ as a function of the degradation time, and repitesige values are shown in
Figure 1d. Initially, the fullerene content at tbathode is relatively low (~70 %) and
during the first tens of hours this value increasesearly full coverage. In addition to
the increase in contact selectivity, there is aeatation between fullerene molecules
covering the cathode and the leakage current medsunder dark conditions (see Table
1 and Figure SI3Y In this case the leakage current decreases owerooter of
magnitude during the first 20 h. The timescalehi$ modification correlates with the
increase iV, as observed in Figure 1.

Along with fullerene content at the cathode, defisnsity (polymep-doping level)
can be extracted fronC-V measurements by analyzing Mott-Schottky plots (see
Supporting Information for details). It is knowratidefect density is connected with the
crystallinity of the P3HT domaifd and with chemical modification due to external
dopants® As devices are not exposed in these experimenexternal agents, defect
density will be due exclusively to modificationtime crystallinity of the P3HT domains.
Initial defect levels (Table 1) are higher thansidypically observed for relatively high
crystalline films cast from ODCB (~5x10cni®).*® This result is in agreement with the
low crystallinity of the active layer observed ihet XRD diffraction patterns, and
absorption measurements (shown as Supporting lafown). The defect density
increases as a function of time in agreement viighabserved reduction in crystallinity
as evidenced by the film absorption measurememgsir@ 2c). Importantly, the increase
in defect density occurs gradually during the whadar (Figure 2d) which is related to
the FF as it will be discussed below.

In order to better understand the electrical ldbesresistive response of devices are
studied by IS under illumination conditions. Thechnique provides access to series
resistancé’ recombination kinetié§ and transport properti€s.The working principle
of C-V and IS is similar, however, in the later the AQtage frequency is varied over a
wide range (1 Hz-1MHz). Representative spectrashmvn as Supporting Information
together with the equivalents circuits used tdah#@ impedance data displayed in Figure
3. The meaning of each of the parameters that eaxtvacted will be briefly described
here. All Nyquist plots show two arcs at high apglvoltages, and a contribution at still
lower frequencies is observed only for the fresma, previously connected to a
contact resistanceR¢o).*® Values of 30-75Q cnt are observed foRco being this a
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significant contribution to the overall series stance of the device. Interestingly, this
resistance is not present in aged devices indgdtiat in the initial state the fullerene is
not able to transfer electrons to the ZnO incrgpss a consequence the contact
resistance. In the final state the active layer/Zm@rface is enriched with fullerenes and
the charge transfer is facilitated reducing thei@alofRco which is no longer observed.
As it will be explained below the presence of tRig limits the photocurrent extracted
in the fresh device.

The impedance features in the high frequency relgaore previously been correlated
with resistive processes caused by carrier movefRghtalso contributing to the series
resistance of the devi¢é.This is normally observed in non optimized deviedsen
morphology issues limit efficient transport of ¢ars®® *° For fresh device®; is
relatively small 2-152 cn? indicating that the low FF observed is the consega of
the highRco. On the other hand, aged devices show valuesaft&-100Q cnt. This
notable increase iRy is correlated with the increase in defect deni impedes the
efficient transport of carriers. The low frequemaypedance response corresponds to the
recombination resistanc&¢{,) present in all photovoltaic devices, which représ the
opposition of the system to free carrier recomtimat’ High R are desired as this is a
sign of low recombination fluxe®. At low applied voltages the extract&k. shows
similar values for fresh and aged devices indicatimat the reduction dRco for the
aged device is totally compensated by the increa&s. However, for the fresh device
and above 0.25 V the system is not able to incrdasehotogenerated carrier density
(related to the values attained by the chemicahcitggnceC,) and recombination takes

place more readily.
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Figure 3: Fitting results extracted from impedanspectroscopy data for
representative devices measured in the initiales(iiesh) and at the end of the
lifetime (aged). The equivalent circuits used deven as supporting information.

3. Discussion

As discussed previously, shelf life evolution ofopdvoltaic parameters in Figure 1
exhibit three different trendd/,c shows a subtle increment within the first 100 k an
then remains stablds; evolves much slowly and reaches its maximum &@€ h. On
the contrary FF remains rather constant throughwiexperiment. Long term stability
does not change any more as observed in Figuidéig&nown that the origin of the,.
is related to energeffcand kinetic mechanisnfd.Indeed, the difference between the
donor HOMO and the acceptor LUMO determingg as a first approximatiof{. In
addition, gap defect states are known to modulate Eermi level position that
ultimately establishes the outp.. Increased defect density in the aged device should
in theory decrease th¥,. as these defects should reduce Fermi level sipénu
illumination. However, in this work/,c increases and results from STEM, capacitance-
voltage and impedance spectroscopy provide a eeswer on the nature of such an
improvement. This increase follows the same tinaesas the increase in the contact
selectivity indicating that originally the deviceaw seriously limited by an inefficient
connection between the cathode and the active falferene molecules. Moreover this
poor electrical connection is evidenced by thedargntact resistance extracted from IS
of fresh devices. After morphology evolution caussdthe presence of meta-stable

phases, the cathode contact gains fullerene melgchécoming more electron selective.
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Consequently the resistance associated to the atoalactron hindrance disappears
allowing for theV,. increase. The presence of a sufficiently highefelhe covering of
the cathode interface as a necessary conditionefiicient device operation was
demonstrated in previous wofk.

Balance among different resistive mechanisms ledgra the stable trend exhibited
by FF. Three different contributions are expectedfluence FF:ij a reduction in the
overall series resistance mainly caused by decrea®eo, (i) increase in transport
resistance andii() the observation of similar recombination kinetitae overall series
resistance of OPV devices is dominated by the tersie associated to the contdcts.
Here very high contact resistances are found fshfrdevices of up to 2@ cnf at 0 V
(Figure 3) that in addition is clearly limiting thextracted charge. Then the series
resistance decreases during the lifetimdRgsis not present for aged devices. On the
other hand,R, is also a source of resistive loses and in allesathis resistive
contribution is observed for devices casted fromOGH° However, the magnitude of
this parameter is relatively low for fresh devi¢e®0 Q cmi®) and increases with the
presence of more electrically active defects (2@8511°). It is noted that the increment
in Ry roughly compensates the enhanced cathode conme@®i® disappearance).
Finally, values ofR¢c as a function of the applied bias are very simi@verall, the
improvement in the series resistance appears tdobgnant over the increase in the
resistance related to transport as the FF slightheases during the test.

Increment indsc during the first 600 h should be related to a cioiaion of several
factors. The maximum current calculated by integrabf the absorption spectra (Table
1) provides values of 12 mA ¢m This is the current that could be obtained if no
electrical losses would be taking place. Howevety @-7 mA cni® are extracted at
short circuit. Therefore, almost half of photon® dost due to inefficient physical
processes occurring during device operation. Asigoificant difference in absorption
degree between fresh and aged films occurs (seee-2g) the increase illc must arise
from the partial suppression of inner loss mechmasidn devices limited by high series
resistancels. may be seriously affectéd.An important decrease iRco takes place
during the lifetime, being no longer observed aftex device test, and this enables a
more efficient extraction of carriers to the eled&s and improves collecting efficiency.
However, contact selectivity increment (inferrednfr the fullerene covering in Figure
2d) occurs subtly after device construction (<100 Alternatively, the transport
resistancer; is observed to increase during the experimenbodgagreement with the
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augment of the defect density in Figure 2d. An toldal factor which contributes to the
collected current is the increment in photogeneratarrier density. Using analytical
transmission electron microscopy it was previousljown that the extracted
photocurrent largely depends on the nanoscale mtogi features? Here, we observe

a qualitatively small increase of demixing accomednby a slight decrease of the
intermixed phase (Figure 2a and 2b). Importantig tnodification of the morphology

in the bulk of the active layer is expected to tpkece gradually over the whole study,
and might assist photogeneration. This final olestgom is in agreement with the

reduction in polymer crystallinity as inferred frabsorption data in Figure 2c.

4. Conclusion

In summary, a case study that provides morphologylvang organic layers is
generated and initial and final states have bealyzed by advanced microscopy
techniques. Compositional analysis of ultrathinssrsections using spatially resolved
electron energy-loss spectra in the analytical STTEW&als that active layer morphology
evolves forming a PCBM-rich layer at the organigeldZnO interface. Evolution in
morphology yields a change in the vertical segiegagtrofile that lead to an increase in
the contact selectivity accompanied by a good etattconnection between the cathode
and active layer fullerene molecules. Devices aréhér electrically characterized by
usingC-V and IS techniques to confirm the increase in fafle covering at the cathode
interface. We highlight how the change in the cdthoontact properties occurring after
the fullerene molecules migration explains the iowement in the overall device
performance.
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Supporting Information. Detailed XDR, absorptiorespa, Mott-Schottky analysis,

and Impedance Spectroscopy experiments are shown.
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Crystallinity characterization of films by XRD viesorption

Crystallinity of the P3HT:PCBM organic phases candiscussed in terms of the
XRD diffraction pattern and their film absoptionarhcteristics. Here we compare de
crystallinity of devices cast from CHgLCIwith those cast from o-dichlorobencene
(ODCB) as the later is known to provide relativeigh crystalline phases. Then, we
analyze the bulk properties of the blend in theeabs of the top contact. Crystallinity of
the polymer phase is important for the performaatéhe blend as high crystalline
phases enhance the transport of carriers and gamwe the device efficiend$? The
crystallinity of the blend can be assessed by amabf the XRD pattern from fresh films
casted over glass/ITO/ZnO (Figure SI1). The ditiat peak at about @ ~5.5 °
corresponds to the-axis orientation related to the packing of theyhlkhains of the
P3HT crystallites. Interestingly, the intensity thiis peak is significantly higher for
samples casted from ODCB compared to those casted@HC} indicating the ODCB
sample is more crystalline. Note that in both caes samples received a thermal
treatment and relatively high crystalline samples expected. From the width and
position of the diffraction peak an estimation loé P3HT nanodomain size is calculated
for ODCB and CHGQ to provide values of 20 and 10 nm, respectitlySimilarly,
crystallinity can be discussed in terms of variiio absorption features, particularly the
position of the maximum absorption at ~500 nm asdalative height with the vibronic
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Figure SI1: a) XDR diffraction pattern and b) alpgimn spectra of films casted over
ITO/ZnO substrates using either from o-dichlorolme (ODCB) or chloroform
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(CHCI,) as solvents.

shoulder at 600 nm. Figure 4b clearly shows thatsdimple casted from ODCB shows
red shifted absorption of the peak at about 500anthhigher intensity for the shoulder
at about 600 nm. Both features have been previouslyelated with increased
crystallinity of the P3HT domains. Unfortunately,otb XRD and absorption
measurements can only be applied for fresh dewcdse absence of the top contact or
after termination of the life test as their useaged devices can only be carried out
through destructive methods.

Figure SI2 exhibits representative the Mott-Schofilots and their evolution during
solar cells testing life. Mott-Schottky analysis asares the contact capacitance as a
function of the applied voltage at reverse and fowward bias. As the voltage
progresses in the positive direction the deplelayer formed at the cathode contact is
narrowed. This voltage-induced effect yields amentent in the contact capacitance in
agreement with the known equatiah™ = 2(V,; -V)/qeN . The previous relation
yields a straightline as a function of the biasfravhich the defect density can be
extracted. As the slope is inversely proportiomaNtit is inferred that defect density
increases with time.
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Figure SI2: Evolution of Mott-Schottky responsettkeaplains the improvement in
contact selectivity during the device test.
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Figure SI3: Evolution of diode curves in dark cdiahis.

Previous plot (Fig. SI3) evidences a decreaseendtbde leakage current with tests
time. This evidence informs on the enhancemertienselectivity of the contacts during
the device test.
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Figure Sl4: Nyquist plots of representative fres aged devices.

Fig. Sl4 shows impedance plots of fresh and ag&t sells. It is clearly observed that
in both cases an equivalent circuit comprising subcircuits (semiarcs) is observed
(see Fig. Sl5a). In the case of fresh samples #i@adal feature is observed at low-
frequencies (marked as Rco contribution) that islefed by means of an additional arc

as proposed in Fig. SI5b.
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Figure SI5: Equivalent circuits used for spectrsponding to two (aged) and three

arcs (fresh).



