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High-Efficiency Perovskite Solar Cell Based on
Poly(3-Hexylthiophene): Influence of Molecular Weight

and Mesoscopic Scaffold Layer

Narges Yaghoobi Nia, Fabio Matteocci, Lucio Cina, and Aldo Di Carlo*"

Here, we investigated the effect of the molecular weight (MW)
of poly 3-hexylthiophene (P3HT) hole-transport material on the
performance of perovskite solar cells (PSCs). We found that by
increasing the MW the photovoltaic performances of the cells
are enhanced leading to an improvement of the overall effi-
ciency. P3HT-based PSCs with a MW of 124 kDa can achieve an
overall average efficiency of 16.2%, double with respect to the
ones with a MW of 44 kDa. Opposite to spiro-OMeTAD-based
PSCs, the photovoltaic parameters of the P3HT-based devices
are enhanced by increasing the mesoporous TiO, layer thick-

Introduction

Since the first reports on perovskite solar cells (PSCs),"" rapid
progress has been made in the last years'” and the actual certi-
fied power conversion efficiencies (PCEs), 22.1%,* is larger
than multicrystalline Si cell (21.3%"). More exciting, to obtain
that efficiency, the thickness of the perovskite layer is only
about 300 nm, whereas 300000 nm of silicon is required for Si
cells.” Similarly, perovskite solar modules demonstrated for the
first time in 2014® have reached an efficiency of 13%."

The ABX; perovskite absorber (usually A is CH;NH;, B is Pb,
Sn, and X is Cl, Br, 1), exhibits strong light-harvesting properties
across the entire visible solar spectrum,”? as well as good
electron and hole-carrier mobility owing to their special crystal-
line phase and ambipolar character.”!

Typically, the most efficient PSCs use thin layers of mesopo-
rous TiO, (mp-TiO,) and 2,2',7,7"-tetrakis(N,N-di-p-ethoxyphenyl-
amine)-9,9’-spirobifluorene (spiro-OMeTAD) as scaffold layer
and hole-transport material (HTM), respectively. However,
spiro-OMeTAD synthesis is still complex and not very efficient,
leading to a quite high retail price for this compound.”

Among the different classes of materials studied for solar
cells, conjugated polymers have garnered particular interest
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ness from 250 to 500 nm. Moreover, for a titania scaffold layer
thickness of 500 nm, the efficiency of P3HT-based PSCs with
high MW is larger than the spiro-OMeTAD based PSCs with the
same scaffold layer thickness. Recombination reactions of the
devices were also investigated by voltage decay and electro-
chemical impedance spectroscopy. We found that the relation-
ship between P3HT MW and cell performance is related to the
reduction of charge recombination and to the increase of the
P3HT light absorption by increasing the MW.

for the realization of low-cost, large-area products.” In recent
years, an increasing effort has been devoted to studying thio-
phene-based polymers with attached alkyl side chains (C,H,,,
1) in the 3-position of the thiophene rings. The interest toward
these conjugated polymers is owed to their fusibility,"” good
solubility,™ and processability. Moreover, structural, electronic,
optical, and transport properties can be easily tuned by vary-
ing the length of the side chains,"? temperature,"® molecular
weight (MW),'" and applying directional crystallization tech-
niques." Compared to low-MW materials, polymers tend to
be more disordered and to exhibit a hierarchical microstruc-
ture. Even chemically very regular and crystallizable, polymers
usually form semicrystalline materials and display a crystalline/
amorphous superstructure on a scale comparable to the size
of the chain." Poly(3-hexylthiophene) (P3HT) has the highest
charge-carrier mobility among the conjugated polymers, show-
ing hole mobility values as high as 0.1 cm?V~"s'.['¥ Moreover,
P3HT has a band gap of 1.9-2.0 eV, which matches well with
the maximum of the sunlight spectrum.”” These merits make
P3HT a good candidate for the absorbing blends in polymer
photovoltaic cells.'®2

There are some investigations in the literature about the in-
fluence of P3HT MW on the charge-carrier mobility.”'*! When
increasing the MW, the charge carrier mobility increases and
the absorption spectrum shows a red shift.?” Goh et al. investi-
gated the transport properties in the direction perpendicular
to the substrate of region-regular P3HT with different MW in
a diode geometry.”” They showed that the mobility at
room temperature increases from 1.333x10° to 3.303x
10*cm?V's™" as the MW increased from 2.9 to 31.1 kDa.
Moreover, the mobility is found to be field independent for
high MW films, but field dependent for the low MW films.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Some of these properties are related to the influence of the
MW on the P3HT structure. Although the long period and pre-
sumably the crystal thickness (as observed by AFM and graz-
ing-incidence small-angle scattering, GISAXS)' increases with
MW, experiments also seem to indicate that the amount of
order decreases with increasing MW.'"” AFM images of high
MW P3HT show a small scale nodular structure as opposed to
a lamellar structure.™ Moreover, Bragg intensities in XRD ex-
periments become weaker for higher MW."¥ Several possible
explanations are proposed to solve the obvious discrepancies.
Neher and co-workers suggested that the correlation between
mobility and MW is related to a larger distortion of the back-
bone in the low MW materials.”” Kline etal., on the other
hand, attributed the higher mobility in high MW materials to
a higher interconnectivity of the crystalline network.?"” They
showed that in-plane m-stacking peak increases when the mo-
bility increases for a constant MW. When the MW is changed,
this correlation breaks down, confirming that in-plane m-stack-
ing does not cause the mobility-MW relationship. Thus, they
suggested that a combination of disordered domain bounda-
ries and inherent effects of chain length on the electronic
structure cause the mobility-MW relationship. This positive re-
lationship between MW and mobility found for field-effect
transistor (FET) mobility measurement was not confirmed by
the bulk time-of-fly measurements of Ballantyne et al.”*® They
showed that both hole and electron mobility in pristine P3HT
films (as well as in PCBM:P3HT blends, PCBM =[6,6]-pheny! Cq;
butyric acid methyl ester) decrease as the MW is increased
from 13 to 121 kDa owing most probably to a change in pack-
ing of the polymer chains. Thus, the relationship between MW
and mobility in P3HT is still open to discussion and several the-
oretical investigations have been focused on this issue.””

The relationship between P3HT and MW in organic photo-
voltaic (OPV) and polymeric solar cells has been considered by
several authors.”*%73" Although the effect of MW on the per-
formance of P3HT has been emphasized in OPV device archi-
tectures, somewhat conflicting experimental results have been
reported by different groups, and the reasons for the variations
observed as a function of MW remain ambiguous. The varia-
tions in hole mobility with MW were found to correlate with
substantial changes in thin-film morphology for blends with
PCBM, leading to a subsequent drop in OPV device per-
formance for MW >34 kDa® Thus, it was postulated that
higher MW fractions possess a higher degree of entanglement,
hindering intrachain carrier transport by increasing the density
of traps, while also impeding interchain hopping by diminish-
ing the m-overlap between backbones. Careful investigation of
the gelation mechanism, including fiber formation, of P3HT in
o-xylene solutions has revealed a distinct two-step process in-
volving m—-mt aggregation and thermos reversible gelation, in
a MW-dependent mechanism in which individual aggregated
chains link to each other”® OPV devices processed from o-
xylene from various MW fractions of P3HT achieved a maximum
PCE (~3.6%) for (weight average) MW =43.7 and 72.8 kDa, but
decreased at lower and higher MW. Ma et al. investigated the
morphology and performance of bulk heterojunction solar
cells comprised of P3HT and PCBM by varying P3HT MW.*

ChemSusChem 2017, 10, 3854 - 3860
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They concluded that the optimum annealing temperature for
the bulk heterojunction material is related to the MW of P3HT.
The best performance was obtained by using P3HT with an op-
timum ratio between high MW and low MW components. The
corresponding “ideal morphology” is comprised of highly or-
dered crystalline regions formed by low MWP3HT embedded
and interconnected by a high MW P3HT matrix. One consistent
trend among these studies is the observation of a clear effect
of MW on the fibrillar morphology of P3HT, which affects carri-
er mobility and device performance.

Owing the good transport properties, P3HT has also been
considered as HTM for PSCs®? and the composition of P3HT
with single-walled carbon nanotubes (SWNTs) and poly(methyl
methacrylate) (PMMA) has shown good PSC stability.** Howev-
er, despite the strong influence of MW of the structural and
charge-transport properties of P3HT, there are no reports on
the correlation between MW and P3HT-based PSCs performan-
ces. The purpose of this work is to shed light on this correla-
tion. To this end, we used P3HTwith various MWs ranging from
44 to 124 kDa as HTM in PSCs. Current density-voltage (J-V)
measurements of the solar cells were investigated under
AM 1.5G irradiation and photovoltaic parameters like open-cir-
cuit voltage (V,), short-circuit current density (J,), fill factor
(FF), and the overall efficiency were evaluated and compared
to PSCs realized with spiro-OMeTAD. In addition, the influence
of the scaffold layer thickness on the cell performance was
evaluated by two mp-TiO, thicknesses, 250 and 500 nm. To fur-
ther investigate MW effects on the electron recombination and
electron lifetime, electrochemical impedance spectroscopy
(EIS) and voltage decay measurements were evaluated.

Results and Discussion

Average photovoltaic parameters of P3HT-based PSCs with dif-
ferent MWs and two scaffold layer thicknesses (250 and
500 nm) are reported in Table 1 and Figure 1 together with the
parameters for spiro-OMeTAD-based PSCs. Stabilized maximum
power point (MPP) measurements are also reported in Fig-
ure S1 in the Supporting Information. Statistical distribution of
measured cells is reported in Figures S2 and S3.

The PCE of the cells is enhanced by increasing the P3HT MW
irrespectively of the mp-TiO, thicknesses. The relation between
PCE and MW is mainly owed to the increase of J,. and FF. On
the other hand, V,. does not present a direct correlation with
the P3HT MW. Comparing the two HTMs, we observe that for
P3HT-based PSCs, the increase of the mp-TiO, layer thickness
results in an increase of J,, whereas the opposite if found for
spiro-OMeTAD-based PSCs. Similar results were also found by
Ding et al.,®*¥ who evaluated the impact of poly({4,8-bis[(2-eth-
ylhexyl)oxylbenzo[1,2-b:4,5-b’]dithiophene-2,6-diyl}{3-fluoro-2-
[(2-ethylhexyl)carbonyl]thieno[3,4-blthiophenediyl}) (PTB7) MW
on the organic photovoltaic performance showing an enhance-
ment of J, and FF without any variation in V.. by increasing
the MW. They attributed these effects to the lower density of
recombination centers and better photoactive layer morpholo-
gy in the samples with higher MWs.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Average values of photovoltaic parameters of spiro-OMeTAD and P3HT-based PSCs under AM 1.5G irradiation.

Sample mp-TiO, thickness [nm] Vo [V Ji. [mAcm™] FF PCE [%]
P3HT-44kDa 250 0.951+£0.019 10.74+0.69 0.480+£0.019 4.92+0.60
500 0.942£0.046 9.55+1.28 0.530+£0.067 487 +1.44
P3HT-54kDa 250 0.963+£0.018 13.42+0.74 0.550+0.019 7.124+0.60
500 1.0114+0.018 14.52+2.66 0.528 £0.051 7.87+2.14
P3HT-77 kDa 250 0.950+£0.018 13.71+£0.45 0.620+£0.016 8.07+0.24
500 1.017+£0.013 18.31+£1.80 0.629+0.039 11.66 +0.62
P3HT-94kDa 250 0.984+0.012 13.80+0.66 0.643+£0.015 8.69+0.40
500 1.031+£0.012 21.81+£0.24 0.659+0.051 14.82+1.05
250 0.984+£0.012 15.55+0.73 0.627 £0.011 9.59+0.54
P3HT-124kDa 500 1.024 £ 0.009 23.19+£1.20 0.686 + 0.065 16.27 +£1.48
$pire-OMeTAD 250 1.033£0.022 21.87+1.20 0.719+£0.012 16.24+0.66
P 500 1.046 £0.020 17.39+£0.70 0.692+0.056 12.56 +£0.81
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Figure 1. Statistics of photovoltaic parameters, a) J,., b) V., ¢) FF, and d) PCE, for spiro-OMeTAD and for P3HT-based PSCs with different MWs. Two mp-TiO,

scr

thickness (250 and 500 nm) are also considered. J-V plots of typical PSCs with e) 250 nm, and f) 500 nm thickness of mp-TiO,.

The observed MW dependence of the PCE of P3HT-based
PSCs may be in part explained considering that by increasing
the MW, domain boundaries and inherent enhancement of the
chain length lead to better charge-carrier transport over
a larger extent.”"*3% These effects will influence mainly the J,

ChemSusChem 2017, 10, 3854 -
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(Figure 1a) and the FF (Figure 1c), which will increase by in-
creasing the MW, as has been also found in polymeric and
TiO,/P3HT hybrid solar cells.*” Moreover, as will be discussed
later, the light absorption of P3HT increases by increasing the

MW leading to the PCE enhancement.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Capacitive characteristics of solar cells can affect the transi-
ent time to reach the steady-state condition and may lead to
the J-V hysteresis as observed in PSCs.*® Figure S4 shows J-V
curves of typical spiro-OMeTAD and P3HT-based (different
MWs) PSCs with same thickness of mp-TiO, (500 nm) obtained
from the forward scan (FS, from short-circuit to open-circuit
voltage bias) and reverse scan (RS, from open-circuit to short-
circuit voltage bias). Photovoltaic parameters measured under
FS and RS are also reported in the Supporting Information
(Table S1). We do not observe a strong correlation between
MW and the hysteresis phenomena even if the hysteresis for
the higher MWs is quite negligible.

The relationship between FF and MW can be attributed to
the electron-hole recombination, which reduces by increasing
MW. The analysis of recombination phenomena was performed
by combining dark J-V, open-circuit voltage decay (OCVD) and
EIS measurements. For this analysis, only the set with 500 nm
scaffold layer thickness was evaluated by comparing the differ-
ent P3HT MWs with the reference spiro-OMeTAD. EIS plots and
equivalent fitting circuit of the high MW P3HT-based device
with 500 nm thickness of mp-TiO, are presented in Figure S5.
The dark J-V plots in forward bias (Figure 2a) suggest lower re-
combination processes for higher P3HT MW. In particular, the
124 kDa sample shows the lowest recombination current for
the entire voltage range. The dynamics associated to the re-
combination processes can be investigated by the OCVD test
in which the full photovoltage decays from 1 sun to the state
of dark equilibrium is recorded.®®*? As the TiO, and perovskite
layers are equal for all analyzed samples, the results obtained
by OCVD allows to relate the free-charge recombination kinet-
ics, expressed in terms of the decay time (Figure 2b), to the
HTM layer composition.*" As reported in Figure 2b, P3HT-
based solar cells with higher MWs show higher decay times,
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which can be attributed to a slow-down of recombination pro-
cesses by reducing the recombination path as well as enhanc-
ing charge extraction. This can explain the increase of the FF
as a function of the MW.

The relationship between charge recombination and P3HT
MW was elucidated by EIS analysis performed at different po-
tentials under dark conditions. Complex spectra were fitted by
a transmission-line-based model as reported recently™” and
presented in Figure S5.Constant phase elements (CPE) for
chemical and HTM capacitances were used to achieve a good
fit with experimental EIS data. The CPE ideality factor was
taken into account for the extraction of the free-carrier lifetime.
One of the key parameters is the distributed interfacial charge-
transfer (recombination) resistance (R.) that takes into account
the recombination of the free charges with the perovskite/
HTM layer™®*" Higher R, indicates less recombination and,
hence, higher free-charge lifetime and better charge collection
that results on higher efficiency.*>* Interestingly, as showed in
Figure 2¢, R is strongly affected by the MW of the P3HT. The
R, increases more than two orders of magnitude, at intermedi-
ate voltage range, by varying the P3HT MW from 44 to
124 kDa. This confirms that the interfacial electron transfer
with HTM can be influenced by the P3HT MW.“® This result is
also confirmed by the free-carrier effective lifetime (Figure 2d)
obtained as the product between R, and the distributed
chemical capacitance (C,). Longest life times are obtained for
124 kDa MW reaching values greater than the reference cell
under intermediate voltages.

The relation between J,. and MW is also determined by the
peculiar dependence of the external quantum efficiency (EQE)
and light absorption on the P3HT MW. The EQE spectra (Fig-
ure 3a) for cells with 250 nm mp-TiO,thickness show a broad
peak in the range between 300 and 800 nm owing to the ab-
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Figure 2. a) Dark J-V plots, b) decay time values extracted from OCVD analysis for PSCs made with several MWs of P3HT and with spiro-OMeTAD, c) recombi-
nation resistance/charge transfer interfacial resistance (R,) extracted from EIS under different bias potential in dark conditions, d) effective carrier lifetime cal-

culated as the product between R, and the chemical capacitance (C,).
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Figure 3. EQE spectra of selected spiro-OMeTAD and P3HT-based PSCs with
a) 250 nm and b) 500 nm thickness of mp-TiO, layer.

sorbance of the perovskite layer. EQE values for these P3HT
PSCs are enhanced by increasing the MW reaching a maximum
value higher than 65% at 400 nm wavelength for the 124 kDa
P3HT. This justifies the increase of the J, by increasing the
P3HT MW shown in Figure 1b (J,. extracted from EQE is pre-
sented in Figure S6). This is consistent with the J,. plot of Fig-
ure 1b. Similarly, devices with mp-TiO, thicknesses of 500 nm
present an EQE spectrum that is enhanced by increasing the
P3HT MW up to a maximum above 90% at 450 nm wave-
length. For such mp-TiO, thicknesses, the spiro-OMeTAD-based
PSC shows a lower EQE with respect to the one with 250 nm
mp-TiO,, in agreement with Figure 1b.

To understand the relationship between the EQE and MW,
we measured the absorbance spectra of the P3HT layers on
glass having the same thickness as the one used in PSCs,
namely 120 nm=+20 nm (Figure 4). Generally, we observe that
an increase of MW leads to an enhancement of the P3HT ab-
sorbance as was also reported by Peng et al.*”! for low-MW (4-
10 kDa). This phenomenon could be explained by the increase
of linear conformers™ and chains alignment™ by increasing
the MW. Normalized absorbance of P3HT (Figure 4b) shows
the typical behavior related to m—m* absorption transitions at
~607, ~558, and ~525 nm for all MWs.2*>"

The absorbance peaks at 525 nm provides information on
the degree of conjugation of the P3HT chains, whereas the
peak at around 607 nm provides information on the degree of
interchain order.®” At low MW the intensity of the 607 nm
peak is lower with respect to intermediate MW suggesting

ChemSusChem 2017, 10, 3854 - 3860
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Figure 4. Absolute (a) and normalized (b) absorbance of P3HT deposited on
glass (thickness =120 nm +20 nm) for several MWs. c) Absorbance curves of
P3HT-based perovskite solar cells (before Au coating) with 500 nm thickness
of mp-TiO,. Plots in (c) are obtained by subtracting the absorption of perov-
skite layer.

a short-conjugation length that increases by increasing the
MW up to 54-77 kDa. A further MW increase reduces the inten-
sity of this transition indicating a shortening of the conjugation
length.B9

To further confirm the strong impact of MW on P3HT absorb-
ance also when this is used in the cell, we performed absorb-
ance measurements of the complete P3HT-based PSC before
Au coating. Results are shown in Figure 4c in which the ab-
sorption of the perovskite layer was subtracted (see Figure S7
for data with perovskite). The light absorbance of the cells in-
creases by increasing the P3HT MW and a blue shift of the
middle broad peak (from 540 to 580 nm) is found by varying
the MW from 44 to 124 kDa. Upon crystallization, conductive
polymers like P3HT generally form lamellar crystals separated
by amorphous layers." Polymer chains can fold in the amor-
phous parts to form more domain boundaries in the thin film
layer.”>>"52 This folding behavior is more evident for higher
MWs that have longer chains and seems to be responsible for
this blue shift.”®

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Conclusions

Here, we studied perovskite solar cells (PSCs) realized by using
poly(3-hexylthiphene) (P3HT) hole-transport layer (HTL) focus-
ing on the relation between P3HT molecular weight (MW) and
the photovoltaic characteristics of the solar cells. Results clearly
show a strong dependence of the cell efficiency on the P3HT
MW: the larger the MW the higher the efficiency. The best effi-
ciencies are achieved for MW of 124 kDa and for a thickness of
mesoporous TiO, of 500 nm. Efficiency enhancement is mainly
related to the increase of the short-circuit current (J,) and fill
factor (FF) as P3HT MW increases.

The reason for this dependence can be attributed to two
concomitant effects: an increase of the electron lifetime and
the P3HT absorbance when the MW is increased. The increase
of the lifetime is related to the increase of interfacial charge-
transfer resistance, R, that takes into account the recombina-
tion of the free charges with the perovskite/HTL. R, increases
more than two orders of magnitude by varying the P3HT MW
from 44 to 124 kDa. The increase of P3HT absorption for larger
MW provides an additional contribution to the PSCs external
quantum efficiency (EQE). The relation between MW and P3HT
absorption has been found recently also for other polymers
and it is related to the increase of linear conformers owing to
the increased strength of chain—chain interactions.”®

Experimental Section

A raster scanning laser (Nd:YVO, pulsed at 30 kHz average output
power P=10 W) was used to etch the fluorine-doped tin oxide
(FTO) glass substrates (Pilkington, 8 Qcm™', 25 mmx25 mm). The
patterned substrates were cleaned in an ultrasonic bath, using de-
tergent with deionized water, acetone, and 2-propanol (10 min for
each step).A patterned compact TiO, (c-TiO,) layer was deposited
onto the patterned FTO by spray pyrolysis deposition using a previ-
ously reported procedure.®™ Briefly, the substrate temperature was
fixed at 450°C, the distance between the substrate positioned flat
and the aerograph (tilted about 45° respect to the substrate) was
fixed to 20 cm. The number of successive spray cycles was about
15 and the final thickness was 50 nm. Precursor spray solution was
consisted of 0.16m diisopropoxidytitanium bis(acetylacetonate)
(TAA) and 0.4 m acetylacetone (ACAC) in ethanol. Patterning of the
¢-TiO, was achieved using a screen-printed metal mask that was re-
moved after the c-TiO, deposition using an acidic solution, deion-
ized water, and ethanol. A nanocrystalline mesoporous TiO, layer
(18NR-Tpaste, Dyesol), diluted with ethanol, with w/w ratio of 1:4,
was spin-coated onto the c-TiO, surface and sintered using the fol-
lowing annealing program: the temperature was increased from
room temperature to 120°C in 5 min, then the temperature was
held for 5 min before increasing to 325°C in 15 min; this tempera-
ture was maintained for 5 min and then increased to 375 °C, which
was held for 5 min, and then increased to its final temperature of
480°C in 5 min, which was kept constant for 30 min. To measure
the final thickness of the mp-TiO, a Dektak-Veeco 150 profilometer
was used.

The lead iodide solution (Pbl, in N,N-dimethylformamide,
500 mgmL~', 1.08 M) was deposited by a spin-coating technique
with 6000 rpm for 10s with 6000 as an acceleration rate then
dried at 70°C for 10 min.
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CH;NH,Pbl; crystallization was achieved by dipping the Pbl, layers
in a methylammonium iodide solution (CH;NHsl in anhydrous 2-
propanol, 10 mgmL™") for 10 min, washing immediately with 2-
propanol by spin coating at 6000 rpm with 6000 as an acceleration
rate for 10 s and dried at 100°C for 10 min.

The two HTLs were deposited by spin-coating solution of
2,20,7,70-tetrakis-(N,N-dip-methoxyphenylamine)-9,9"-spirobifluor-
ene (spiro-OMeTAD HTL, 73.2 mgmL™") or a solution of poly(3-hex-
ylthiphene) (P3HT-HTL, 0.16 mm) with different MWs of 44, 54, 77,
94, and 124 kDa in chlorobenzene (the P3HT solutions were heated
to 55°C to prevent of any gel formation process)®®. For P3HT
HTLs, spin coating rpm was varied by varying the MW to achieve
an equal thickness (130-140 nm) for all the HTM layers. Spiro-
OMeTAD was deposited by spin-coating at 2000 rpm for 20 s and
2000 as acceleration rate. The spiro-OMeTAD and P3HT precursors
were purchased from Sigma-Aldrich and Merck companies, respec-
tively. Deposited P3HT was doped with of tert-butylpyridine (TBP,
11.4 pub) and of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI,
12 pL) solution (520 mg in 1 mL of acetonitrile). Furthermore, spiro-
OMeTAD was doped 7.2 uL of cobalt 209 (stock solution 375 mg in
1 mL acetonitrile) in further of same concentrations of TBP and
LiTFSI. Conductivity of P3HT samples is dominated by doping and
they were similar for all MWs (see Table S2).The thickness of all
samples was measured with profilometer (DektakVeeco 150).
Samples were introduced into a high-vacuum chamber (10® mbar)
to thermally evaporate Au back contacts (thickness 80 nm). SEM
and optical microscopic images from the surface of different layers
are presented in Figure S8. In the present work, the deposition of
perovskite and P3HTs layers were performed under atmospheric
condition. For each P3HT MW as well as for spiro-OMeTAD PSCs
batches of 8 cells were realized.

Masked devices were tested under a solar simulator (ABET Sun
2000, class A) at AM 1.5G and 100 mW cm 2 illumination conditions
calibrated with a certified reference Si cell (RERA Solutions RR-
1002). Incident power was measured with a Skye SKS 1110 sensor.
PSC measurements were performed following the suggestion
given in Refs. [54,55]. Consistency check between J,. as extracted
by the J-V measurements and by EQE measurements are reported
in Figures $6,59,510 and in Table S3.The absorbance was measured
with a BLACK-Comet UV/Vis spectrometer. The morphology and
grain size of the Pbl,, perovskite, and HTM layers were obtained by
using SEM (FE-SEM ZEISS). EIS measurements were performed in
dark conditions at room temperature using an Autolab 302N mod-
ular potentiostat from Metrohm in the two-electrode configuration
with a bias voltage ranging from 0.6 to 1V. The sinewave ac per-
turbation was used 10 mV of amplitude with frequencies from
1 MHz to 1 Hz. OCVD measurements were performed with a white
LED-based measurement system (Arkeo—Cicci research srl).
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