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Boosting Perovskite Solar Cells Performance and
Stability through Doping a Poly-3(hexylthiophene) Hole
Transporting Material with Organic Functionalized

Carbon Nanostructures

Teresa Gatti, Simone Casaluci, Mirko Prato, Marco Salerno, Francesco Di Stasio,
Alberto Ansaldo, Enzo Menna,* Aldo Di Carlo,* and Francesco Bonaccorso™

Perovskite solar cells (PSCs) are demonstrating great potential to compete
with second generation photovoltaics. Nevertheless, the key issue hindering
PSCs full exploitation relies on their stability. Among the strategies devised

to overcome this problem, the use of carbon nanostructures (CNSs) as hole
transporting materials (HTMs) has given impressive results in terms of solar
cells stability to moisture, air oxygen, and heat. Here, the use of a HTM based
on a poly(3-hexylthiophene) (P3HT) matrix doped with organic functionalized
single walled carbon nanotubes (SWCNTs) and reduced graphene oxide in
PSCs is proposed to achieve higher power conversion efficiencies (1 =11%
and 7.3%, respectively) and prolonged shelf-life stabilities (480 h) in com-
parison with a benchmark PSC fabricated with a bare P3HT HTM (n = 4.3% at
480 h). Further endurance test, i.e., up to 3240 h, has shown the failure of all
the PSCs based on undoped P3HT, while, on the contrary, a n) of =8.7% i still
detected from devices containing 2 wt% SWCNT-doped P3HT as HTM. The
increase in photovoltaic performances and stabilities of the PHT-CNS-based
solar cell, with respect to the standard P3HT-based one, is attributed to the

improved interfacial contacts between the doped HTM and the adjacent layers.

1. Introduction

is testified by the constant increase in
power conversion efficiencies (1) obtained
by using such materials as active compo-
nents in perovskite solar cells (PSCs).l A
certified 1 of =22.1% has been reported
in 2016 by Korea Research Institute of
Chemical Technology.>l Remarkable fea-
tures, such as the high absorption coeffi-
cient (>10° cm™ at 550 nm)”! and broad
absorption spectra over the UV and visible
range of the solar spectrum, together with
the mobility value of charge carriers (in
the range 5-10 cm? V7! s7! for electrons
and 1-5 cm? V! s7! for holes),B11 make
them unique candidates to compete with
thin-film photovoltaic technologies. Being
ionic crystals, organo-lead halide perovs-
kites are not appropriate to be used in con-
junction with liquid electrolytes, widely
used in standard dye-sensitized solar cells
(DSSCs),2 2 but, on the contrary, must be
coupled to a solid state hole conductor.!"
The latter constitutes the hole transporting

material (HTM),!! as in the case of solid-state DSSCs.[!l In PSCs,

2,20,7,70-tetrakis-(N, N-di-p-methoxyphenylamine)9,90-spirobif-

The rise of organo-lead halide perovskite materials as light
absorber!! and metal oxide semiconductor sensitizers!!l in
photovoltaic research over dyes??! and conjugated polymersl’!

luorene (Spiro-OMeTAD) is the most widely used HTM. Unfor-
tunately, pristine Spiro-OMeTAD suffers low hole mobility
() (1.6 x 107* cm? V7! )13 and electrical conductivity
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(3 x 10™* uS cm™)!" thus requiring a doping process with,
e.g., 4-tert-butylpyridine (TBP) and bis(trifluoromethane)sulfon-
imide lithium salt (Li-TFSI), to overcome such limitations.>!
However, these additives are detrimental for the perovskite
layer, and consequently also for the stability of the PSC.'®17] In
particular, it has been demonstrated that Spiro-OMeTAD has a
poor ability to protect the underlying perovskitel!”! from mois-
ture absorption, which is extremely critical in preserving the
photovoltaic properties over prolonged time.l'®!”] To overcome
such issue, the use of conjugated polymers such as poly(3-
hexylthiophene) (P3HT) is indeed a reasonable and inexpen-
sive alternative to the Spiro-OMeTAD.!"®! In this context, the
doping of P3HT with Li-TFSI and TBP has a different effect
on the stability of the perovskite layer compared to the Spiro-
OMeTAD.!" In fact, it has been demonstrated that the use of
Li-TFSI- and TBP-doped P3HT as HTM reduces the degrada-
tion rate of the CH3;NH;PbI; layer by a factor of 6 with respect
to the Spiro-OMeTAD.I"”I The doping of the polymer has been
demonstrated to be effective for PSCs stability, with respect to
the undoped form,* achieving n of 6.7%?% and 9.3%!'® for
the as-prepared devices based on doped-P3HT. Recently, carbon
nanostructures (CNSs) such as single-walled carbon nanotubes
(SWCNTs) and graphene-based materials (GBMs) have been
separately proposed as HTMs.[?'=?] Snaith and co-workers have
used P3HT-functionalized SWCNTs to improve the thermal
stability of PSCs.?! In fact, by exploiting P3HT-SWCNTs-based
HTM they demonstrated an average 1 of 10 + 2%, over 96 h
exposures at a temperature of =80 °C in air. Literature data indi-
cates that CNSs have a double function toward the improve-
ment of both 1 and stabilities of PSC devices.?!l In fact, from
one hand, CNSs “protect” the underlying perovskite layer from
atmospheric moisture adsorption and thermal degradation, 2]
while from the other hand they enable an efficient hole extrac-
tion from the perovskite layer,?22% if compared with standard
HTMs such as Spiro-OMeTAD.

In this framework, the doping of a polymeric HTM such as
P3HT with CNSs appears to be a reasonable alternative to the
use of pure CNSs, which have often the disadvantage of being
difficult to process through solution-based techniques without
the use of surfactants,?®2°! especially when high concentration
of CNSs (e.g., >10 mg mL™) is required.’% These additives are
generally used to improve CNS dispersion in liquid media.l?®l
However, a critical drawback of their use relies on the need of a
post-processing approach for their removal afterward.*l Thus,
due to the insulating nature of the surfactants, their removal is
required when the electrical conductivity of the deposited CNSs
is important and it has to be preserved, as in the case of appli-
cation as HTMs.[21-27]

A possible solution to the use of surfactants and the subse-
quent removal process relies on the chemical functionalization
of CNSs to facilitate their dispersion in the polymer matrix.131-32
Owing to the rising importance of functionalized CNS in the
framework of PSC technology,?!32l we investigated the PSC
performances, i.e., 11 and stability, of P3HT HTMs doped with
both organic functionalized SWCNTs and reduced graphene
oxide (RGO), covalently decorated with p-methoxyphenyl sub-
stituents. The resulting HTMs are thus composite functional
materials,*®l where the optoelectronic properties of the P3HT,
such as light absorption/emission and charge transport, are
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modulated by the presence of small amounts (i.e., <5%) of
CNSs. Organic chemical modification of the CNSs enabled
their homogeneous and stable dispersion within the polymer
matrix.>33°l This improves the contact surface between the
polymer and the CNSs and possibly establishes selective inter-
molecular interactions between them, thus limiting the risk
of generating electrical shortcuts within the HTM.B® The
optimal dispersion of CNSs in the polymeric matrix is in fact
a requisite to create selective and well-separated pathways for
charge percolation in a specific direction (i.e., toward the col-
lecting electrode) at the nanoscale level. This hinders undesir-
able back-charge transfer processes, particularly for the case of
SWCNTs.738 The prevention of aggregation for GBMs is also
a key issue to preserve most of their unique properties, such
as the high aspect ratio and electrical conductivity, associated
to single or few layers graphene sheets.3%3%4% Furthermore,
through functionalization, the maximum concentration of
CNSs within a polymer matrix, before the aggregation of the
CNSs starts, can be increased with respect to that achievable by
using pristine CNSs.[142

In the present study, by the 4 wt% addition of functionalized
RGO to the P3HT HTM, we have achieved a 1 of 9%, main-
tained over 310 h in air with sealed PSCs. For the case of func-
tionalized SWCNTs a 2 wt% addition has led to a progressive
increase in 7 (i.e., from 6% to 11%) in a 480 h timeframe. Note-
worthy, in both configurations, i.e., RGO- and SWCNTs-doped
P3HT HTMs, the PSCs have always shown performances supe-
rior, both in 1 and stability, with respect to the one achieved
with P3HT HTM.

Our experimental results indicate that neither high u;, and
electrical conductivities nor energy levels alignment are the key
factors in enhancing the 1 of CNSs-based PSCs, in contrast to
what was recently proposed.3? In fact, the increase in 17 of such
devices could be linked with the improvement of local contacts
at hybrid interfaces, i.e., the perovskite-HTM and the HTM-top
electrode interfaces, determining a more efficient extraction of
the photogenerated charge carriers from the polymeric HTM in
the presence of CNSs, which also prevents environmental deg-
radation of the perovskite layer.

2. Results and Discussion

Pristine CNSs exhibit a strong tendency to self-aggregation
because of the van der Waals interactions between m-conjugated
electron clouds,*! which compromise, for example, the CNSs
dispersion within polymeric matrices. An alternative to the use
of surfactants,?®*3] which, although ease the dispersion suffer
from several aforementioned drawbacks, relies on the function-
alization of pristine CNSs with organic groups.*** This ena-
bles the CNSs dispersion.[***] Here, we chose p-methoxyphenyl
substituents as organic moieties for the decoration of both
SWCNTs and RGO (see Figure 1) with the as-prepared func-
tionalized species named SWCNT-PhOMe and RGO-PhOMe,
respectively. This type of functionalization is chosen due to its
versatility and the possibility to produce CNS derivatives with
higher dispersibility in organic media with respect to the pris-
tine ones, as previously demonstrated with multi walled carbon
nanotubes (MWCNTSs).[*’] Based on the reaction introduced by
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Figure 1. Schematic representation of the sedimentation-based separation process used for the preparation of the p-methoxyphenyl functionalized

CNS/P3HT blends (see Experimental Section for details).

Tour and Bahr,*’] our functionalization proceeds through the in
situ generation of the diazonium salt of p-methoxyaniline in the
presence of isopentylnitrite, using 1-cyclohexyl-2-pyrrolidone
(CHP) as the solvent (see Scheme S1 in the Supporting Infor-
mation). The amount of reactants together with the reaction
times have been tuned to avoid a heavy functionalization of the
CNS derivatives, i.e., not completely disrupting their electronic
structures.*®l In fact, UV-visible-NIR absorption spectra of the
reaction products in dimethylformamide (DMF) (a solvent pos-
sessing physico-chemical parameters needed for the CNS dis-
persionsi®*¥)) still show, for the case of SWCNT-PhOMe, weak
absorption peaks corresponding to the first excitonic transition
of metallic SWNTs (My;), and the third excitonic transition of
s-SWNTs (ehss), respectively.*>>% The presence of the absorp-
tion features indicates that the electronic structure of the pris-
tine SWCNTs is not completely disrupted (see Figure 2a and
the inset for details in comparison with Figure S7 in the Sup-
porting Information: reporting the spectra of pristine CNSs).
A functionalization degree (FD, defined as the fraction of CNS
carbon atoms that are functionalized with respect to the total
carbon atomsP!)) of 5% for SWCNT-PhOMe and 3.4% for RGO-
PhOMe has been estimated from thermogravimetric analysis
as expected (i.e., see refs. [46] and [52]). The calculations are
reported in the Supporting Information, together with the cor-
responding thermograms in Figures S5 and S6 (Supporting
Information).

To incorporate SWCNT-PhOMe and RGO-PhOMe within the
P3HT matrix, an experimental protocol, based on ultrasonica-
tion followed by centrifugation steps, has been carried out (see
Experimental Section for details). The centrifugation steps,
based on sedimentation-based separation,®>*¥ allowed us to
remove the insoluble residues (pellets), leaving homogeneous
blends of functionalized CNSs and P3HT in chlorobenzene
(see Figure 1). The latter is the most appropriate solvent for the
deposition of P3HT-based HTMs on top of a perovskite layer.!'l

The percentage in weight of p-methoxyphenyl functionalized
CNSs with respect to the P3HT is determined by weighting
the pellets after the removal of the supernatant, resulting
to be 3 and 4 wt% for the SWCNT- and RGO-PhOMe/P3HT

Adv. Funct. Mater. 2016, 26, 7443—7453

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

blend, respectively. Noteworthy, although the same amounts of
p-methoxyphenyl functionalized CNSs is used for the prepara-
tion of both blends, after the sedimentation-based separation,
a higher percentage of carbon nanofillers is found in the poly-
meric dispersion for the case of RGO-PhOMe with respect to
SWCNT-PhOMe. This result could be linked with a higher
affinity of the RGO-PhOMe to the polymer matrix with respect
to the case of SWCNT-PhOMe. Each dispersion, prepared fol-
lowing the aforementioned procedure, was further diluted with
the P3HT solution in chlorobenzene.

This procedure allows us to obtain three different blends
having decreasing, with respect to the P3HT, weight percent-
ages of CNSs (namely 1, 2, and 3 wt% for the SWCNT-PhOMe/
P3HT blends and 1, 2, and 4 wt% for the RGO-PhOMe/P3HT
blends).

UV-visible-NIR absorption spectra of spin-coated thin films
of the most concentrated p-methoxyphenyl functionalized CNS/
P3HT blends (namely 3 wt% SWCNT-PhOMe/P3HT and 4 wt%
RGO-PhOMe/P3HT) are recorded and compared with that of a
pristine P3HT film. The three spectra (i.e., pristine P3HT, 3 wt%
SWCNT-PhOMe/P3HT and 4 wt% RGO-PhOMe/P3HT) are
reported in Figure 2b. All the spectra show the intense absorp-
tion band of P3HT, characterized by the three vibronic features
at 526, 555, and 605 nm, respectively, originated by a combina-
tion of n—m* transitions and lattice vibrations in P3HT crystal-
line domains.>=8 In particular, the 0-0 transition (526 nm) is
associated to the formation of interchain electronic states, and
the 0-1 and 0-2 transitions (555 and 605 nm, respectively) are
associated to intrachain excitons within the polymer.”® The rel-
ative intensity of the aforementioned transitions changes from
spectrum to spectrum (see Figure 2b). Particularly, we observe
an intensity enhancement of absorption feature associated to
the 0-0 transition, and a decrease of the one linked to the 0-2
transition for the functionalized CNS/P3HT blends in compar-
ison to the bare P3HT. The change in relative intensity of the
vibronic features,>>~>8 which is more evident for the case of the
4 wt% RGO-PhOMe/P3HT blend, has been previously reported
in the photoluminescence (PL) of P3HT/RGO composites.>”!
It has been correlated to an optimized dispersion of the RGO
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Figure 2. a) Normalized UV-visible-NIR absorption spectra of p-methoxyphenyl functionalized CNSs in DMF dispersion. b) Normalized UV-vis—NIR
absorption spectra of pristine P3HT, 3 wt% SWCNT-PhOMe/P3HT, and 4 wt% RGO-PhOMe/P3HT blends spin-coated films on glass slides. c) PL
spectra of P3HT and SWCNT-PhOMe/P3HT blends and d) of P3HT and RGO-PhOMe/P3HT blends spin-coated films on glass slides (PL intensities
were corrected with respect to the absorbance of each film at the excitation wavelength, A, = 526 nm).

flakes within the polymer matrix, leading to a weakening of the
polymer interchain interactions and to the formation of large
hetero-interfaces between the polymer and the RGO flakes
themselves.>” The spectra of the two doped P3HT films do not
show absorption features associated to the CNSs (which might
be mainly expected in the Vis-NIR range for the SWCNTs!®)),
indicating that the reported functionalization process does not
affect the HTM light absorption properties.

The optical properties of the p-methoxyphenyl function-
alized CNS/P3HT blends are further investigated through
PL spectroscopy. Photoluminescence spectra of spin-coated
films for the six polymer composites and for the reference
polymer are shown in Figure 2c¢,d. The excitation wave-
length is set at 526 nm, corresponding to the maximum
absorbance of the bare P3HT film (Figure 2b), for all sam-
ples even though absorption maxima (A,,) are located
at different wavelengths, especially for the RGO-PhOMe/
P3HT films (see Figure S8 and Table S1 in the Supporting
Information). From the spectra reported in Figure 2c,d, it
is evident that no significant quenching of the P3HT solid-
state emission is occurring within the films. On the con-
trary, an increase in P3HT PL is observed with the higher
loadings of p-methoxyphenyl functionalized CNSs (namely
3 wt% SWCNT-PhOMe and 4 wt% RGO-PhOMe). This
behavior has been observed previously in MWCNT and gra-
phene/P3HT composites,[®1%2 being correlated to exciton
energy transfersl®®¥ from the CNSs to the polymer.>>61.62
The PL phenomena observed for our films appear to be
due to interactions between the CNSs and the polymer at

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

different structural level, namely between single P3HT chains
and CNSs or between polymeric crystalline nano- or micro-
domains!®%2l and well-dispersed or aggregated CNSs. In fact,
also the morphology of the composite film might play a role
for the PL emission mechanism,[® together with energy/
electron transfer processes taking place within the blends.
However, the blue shifts in the emission bands are lower than
4 nm for both the SWCNT-PhOMe/P3HT and RGO-PhOMe/
P3HT blends with respect to pristine P3HT. On the contrary,
a larger shift of the PL emission bands should otherwise be
present when polymer chains experience a significant distor-
tion from planarity due to the presence of the nanofillers.[°®
Our PL results thus suggest that the CNSs addition does
not significantly affect the intrachain conformation of the
polymer.

The functionalized CNS/P3HT polymer composites are
then tested as HTMs in PSCs based on CH3;NH;PbI;, fabri-
cated in air using the double sequential step procedure pre-
viously reported.’” The HTMs are deposited on top of the
CH;3NH;Pbl; perovskite layer by spin-coating, and the PSCs are
then finally assembled by evaporating an Au top-electrode atop
the polymer films. Seven solar cells with three different config-
urations are thus obtained, namely one with plain P3HT, three
with SWCNT-PhOMe/P3HT and three with RGO-PhOMe/
P3HT as HTMs, respectively. Scanning electron microscopy
(SEM) images on cross-sections of the PSCs allow us to evaluate
the thickness of the different layers within the cells providing
an overview of device architectures. As a general example, in
Figure 3 the cross-sectional image of a PSC containing the

Adv. Funct. Mater. 2016, 26, 7443-7453
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Figure 3. Cross-sectional SEM images of a PSC with T wt% RGO-PhOMe/P3HT blend HTM.

1 wt% RGO-PhOMe/P3HT blend as HTM is reported at two
different magnifications.

In sequence, from bottom to top in Figure 3 it is possible
to identify the presence of the compact TiO, layer, having
thickness of =100 nm, on top of a glass substrate coated with
a =700 nm thick conducting layer of fluorine doped tin oxide
(FTO). Over these layers, there is a mesoporous TiO, layer
(=300 nm thick) containing permeated perovskite crystals
and an upper perovskite-based capping layer (=100 nm thick),
respectively. Finally, the HTM is above the capping layer, with a
thickness of =100 nm,[! on top of which there is the Au layer,
acting as back electrode.

The current density-voltage characteristics (J-V curves) of
the as-prepared seven PSCs, measured under simulated AM
1.5 conditions, are extracted at different times before and

www.afm-journal.de

after device sealing (see Experimental Sec-
tion for details); devices were stored in dark
in the time lapse between each measure-
ment. Amongst the as-prepared devices, the
best photovoltaic performance is obtained
with 4 wt% RGO-PhOMe/P3HT blend as
HTM, with a n of 10%, a fill factor (FF) of
62%, a short-circuit current density (Jsc) of
18.8 mA cm™ and an open-circuit voltage
(Voc) of 868 mV (see Figure S9 in the Sup-
porting Information for the corresponding
J-V curve). Figure 4 reports the variation in
7N and Jsc over 480 h of endurance test for the
seven PSCs, being each point on the graph
the average n value of four devices per each PSC configura-
tion. The endurance test was carried out with the ISOS-D-1
protocol (shelflife).%! The curves for the endurance test of FF,
and Vi are reported in Figure S10 in the Supporting Informa-
tion. Statistical data on n for the endurance time of the seven
different PSCs are also reported in the Supporting Information
(Figure S11) for the sake of completeness.

After the 480 h endurance test, the best device (i.e., in term of
photovoltaic performance) is the 2 wt% SWCNT-PhOMe/P3HT-
based one, with a 1 of 11.6% (FF = 62%, Jsc = 22 mA cm™,
Voc =854 mV) (see Figure S9 in the Supporting Information for
the corresponding J-V curve). PSCs fabricated with plain P3HT
as the HTM have shown photovoltaic performances lower than
cells based on CNS-doped P3HT (n=6.5% att=0h and n =
5.2% at t = 480 h). From Figure 4a, a steady increase in 1 is

a) 12} —a—p3HT ' ' — b)12—' ' _m—P3HT
1Wt% SWCNT-PhOMe/P3HT — A 1wt% RGO-PhOMe/P3HT
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/A\A/ v——"7"
K6\ — 1$ el :
; v\ v \ \; L —i— /A\‘
4+ ./l—l/-- 4+ \ ./l—l/'—
2l — 12l — ]
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Figure 4. Endurance tests for a) devices based on SWCNT-PhOMe/P3HT blends and b) RGO-PhOMe/P3HT blends used as HTMs. In both graphs
the trend in 1 of the same device based on pristine P3HT HTM is also reported for comparison. c) Variations in Jsc as a function of endurance time for
devices based on SWCNT-PhOMe/P3HT blends and b) RGO-PhOMe/P3HT blends used as HTMs. In both graphs the trend in Jsc of the same device
based on pristine P3HT HTM is also reported for comparison. After 15 h, all PSCs were encapsulated.
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evident for PSCs based on 1 and 2 wt% SWCNT-PhOMe/P3HT
blends, whereas for those based on P3HT a decrease in 1 from
6.5% to 2.3% is observed in the first 62 h, followed by a slight
increase, i.e., up to n = 4.3%, until 480 h of test. The rise in
photovoltaic performance for the SWCNT-PhOMe/P3HT-based
PSCs is associated to the increase of Js¢ (Figure 4c). In fact,
the other figures of merit, i.e., Voc (=864 mV) and FF (=52%),
maintain for the entire endurance test the same values as the
ones at t =0 h (see Figure S10 in the Supporting Information).
The increase in 1 and Jsc over time could be correlated
to rearrangements at the nano/microscale level within the
SWCNT-PhOMe/P3HT composite layer. A possible explanation
could be either linked with the formation of additional percola-
tion pathways during PSC activity for electrical charges in the
blend itself or with the enhancement of interfacial contacts
with the underlying perovskite layer and/or the Au top elec-
trode. Amongst the three tested SWCNT-PhOMe/P3HT blends,
the one with the highest percentage of CNSs (i.e., 3 wt%) has
not given the best results, neither in the as-prepared devices, in
which it has shown even lower performances (Nyyerage = 4.5%)
than the benchmark HTM based on plain P3HT (Nayerage =
6.5%), nor after the endurance test. In fact, the 2 wt% SWCNT-
PhOMe/P3HT blend reached the highest average n value after
480 h (n = 11%), followed by the 1 wit% blend, i.e., n = 9%.
These results may suggest that an optimal SWCNT content
within the semiconducting polymer would promote the forma-
tion of efficient charge percolation pathways, avoiding electrical
short-cuts. Literature data support this explanation.l*®l
Concerning RGO-PhOMe/P3HT blends, different behaviors,
with respect to the SWCNTs-based ones, were instead observed.
In fact, although all the as-prepared devices based on RGO/
polymer composites have reported higher average 1 values
(around 8%-9%) with respect to those based on pure P3HT
(n = 6.5%), only the 4 wt% RGO-PhOMe/P3HT based PSC has
shown stability over the first 310 h of the endurance test, with n
=~9%, showing a decrease to =7% in the 310480 h timeframe.
On the contrary, the PSCs with 1 and 2 wt% RGO-PhOMe/
P3HT-based HTMs have already shown a significant decrease in
1 just after encapsulation (15 h), i.e., following the same trend as
the P3HT-based reference PSC. However, contrary to the P3HT-
based reference PSC, the RGO-PhOMe/P3HT-based devices
maintained a stable 1 values between 4% and 5% for the entire
endurance test. Overall, the endurance tests have demonstrated
that by using 2 wt% SWCNT-PhOMe/P3HT and 4 wt% RGO-
PhOMe/P3HT blends as HTMs in PSCs, after 480 h it is pos-
sible to obtain average 7 values of 11% and 7.3%, respectively.
The obtained 1 values are both significantly higher than that
achieved with un-doped P3HT HTM-based PSC (i.e., n = 4.3%).
To further prove the stability of the devices based on func-
tionalized CNS/P3HT HTMs with respect to those containing
only pristine P3HT as HTM, we extended the endurance test
by keeping the PSCs in dark conditions for 3240 h of aging
(Figure S12 in the Supporting Information reports the pic-
tures of the seven PSCs after this endurance test). Even from a
simple visual inspection, it is evident that the PSCs fabricated
using the bare P3HT HTM have undergone a significant color
change from dark brown (the typical color of the as-prepared
devices, due to the presence of the pristine perovskite absorber)
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Table 1. Average 1 and percentage of active cells for PSCs with HTM
based on P3HT and p-methoxyphenyl functionalized CNS/P3HT blends
after 3240 h of aging in dark.

After 3240 h
HTM Average 1 Active cells
(%] (%]
P3HT Null Null
1 wt% SWCNT-PhOMe/P3HT 5.7 100
2 wt% SWCNT-PhOMe/P3HT 8.7 100
3 wt% SWCNT-PhOMe/P3HT 3.6 100
1 wt% RGO-PhOMe/P3HT 4.7 50
2 wt% RGO-PhOMe/P3HT 39 100
4 wt% RGO-PhOMe/P3HT 3.4 75

to yellowish. This color change indicates the formation of Pbl,
as a decomposition product of CH3;NH;PbI; after water adsorp-
tion.l"% This result could be ascribed to the fact that the bare
P3HT film used in this work does not contain any dopant (such
as, for example, LiTFSI/TBP). In fact, these dopants absorb the
moisture slowing down the decomposition of the underlying
CH;NH;PbI; layer in PSCs based on P3HT HTMs.['”l The color
change was, however, less evident for PSCs containing func-
tionalized CNS/P3HT HTMs. Photovoltaic measurements con-
firmed the initial visual inspection. In fact, only the CNS-based
PSCs have demonstrated photovoltaic activity after 3240 h of
endurance test,[® as reported in Table 1. The obtained results,
in term of 7 for the 3240 h endurance test, are rather different
with respect to the ones reported for the first endurance test,
i.e., carried out over 480 h of PSCs activity. In fact, amongst
devices based on functionalized RGO/P3HT HTM the best
average 1 is shown by the 1 wt% RGO-PhOMe/P3HT-based
PSCs, although variations amongst the PSCs with the three dif-
ferent CNS loadings are not significant (differences are lower
than 1%). When SWCNT-PhOMe dopants are considered,
2 wt% SWCNT-PhOMe/P3HT-based PSCs still have shown the
highest average 1 (=8.7%). This is a remarkable result, consid-
ering that PSCs based on pristine P3HT as HTMs have shown
N = 0. The obtained photovoltaic performances make CNS/
P3HT blends very promising HTMs in PSCs.

In order to rationalize the obtained results, we investigated
the wy, role in our composite films, as well as in the plain
P3HT. To achieve this goal, space charge limit current (SCLC)
experiments’? are carried out on ad-hoc fabricated diodes (see
Experimental Section for details and Figure S13 in the Sup-
porting Information for the corresponding current-voltage,
I-V, characteristics). Figure 5a illustrates the measured py
for the functionalized CNS/P3HT blends and for the refer-
ence, i.e., the bare P3HT. A reduction in w, occurs when the
semiconducting polymer is doped with the p-methoxyphenyl
functionalized CNSs. These results indicate that the increase
in 1 of the CNS/P3HT-based PSCs is not linked with the py,
enhancement in the HTM with respect to the bare P3HT. In
particular, the lowest value of w, = 0.27 x 107* cm? V' s7! is
recorded for the case of the 2 wt% RGO-PhOMe/P3HT blend.
Higher values, close to the ones measured for P3HT, are

Adv. Funct. Mater. 2016, 26, 7443-7453



'a\
M"h\‘liir’&

www.MaterialsViews.com

T T T T T T T
a)
[
‘T’“ 31 i
%) SWCNT-PhOMe/P3HT
N n
[ ]
>
o~ 2t ™1 4
e
o RGO-PhOMe/P3HT
N
< | |
o 1t " .
-
>
55 [ ]
0 1

1 1 1 1 1 1

P3HT 1wt% 2wt% 3wt% 1wt% 2wt% 4wt%

T T y T y T T T v T r
——P3HT

2wt% SWCNT-PhOMe/P3HT
—— 4wt% RGO-PhOMe/P3HT

O
S~—
o
(o

T

Current (pA)
S o o
~ o N

©
oo
T
1

4 2 0 2 4

C) 0 Applied Bias (V)
—~ | & cBM-LUMO
% A UPS: VBM - HOMO
< -1} ¢ SKPM:HOMO -
E I
& -2¢ 7
g IS - S
S -3t 7
3! I
> 4L ¢ 4
g r A A A
>,. - - -
o > A
)
[ _6 _______ lmom. dmemem P e Lo —ememe L. _
W™ CHNHPbI, P3HT  2wt% 4wt

SWCNT-PhOMe RGO-PhOMe
/P3HT /P3HT

Figure 5. a) uy, in P3HT and p-methoxyphenyl functionalized CNS/P3HT
blends calculated by means of the SCLC method. b) I-V curves for a P3HT
film and for the two best performing p-methoxyphenyl functionalized
CNS/P3HT blends used as HTMs. The measurements are carried out on
Au interdigitated electrode arrays with a 3 um gap/spacing between elec-
trodes. c) Energy position of the VBM and CBM of the CH;NH;Pbl; layer
compared with those of the HOMO and LUMO for pristine P3HT and for
best performing p-methoxyphenyl functionalized CNS/P3HT blends as
HTMs. VBM and HOMO level positions have been obtained through UPS
and SKPM experiments. For each considered sample, CBM or LUMO
levels have been obtained by adding the optical bandgaps (derived from
absorption spectra) to the VBM or HOMO level positions, as obtained
by UPS.
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achieved by the SWCNT-PhOMe/P3HT blends. In particular,
a = 2.4 x 10* cm? V7! 57! has been achieved with 2 wt%
loading. However, the mobility is only one of the parameters
contributing to the electrical conductivity in a material, together
with the number of charge carriers and the electric charge.
Indeed, the 2 wt% SWCNT-PhOMe/P3HT blend, which is the
one ensuring the best PSC performance when used as HTM,
is significant in this aspect. In fact, [-V measurements car-
ried out on Au interdigitated electrodes arrays for spin-coated
films of the different blends show a higher current (0.797 pA at
5 V) for 2 wt% SWCNT-PhOMe/P3HT (Figure 5b) with respect
to pristine P3HT (0.626 pA at 5 V). This translates in an electrical
conductivity of 19.9 and 11.6 uS cm™ for the two films, respec-
tively. On the contrary, the 4 wt% RGO-PhOMe/P3HT film
(which is the best HTM amongst those based on P3HT doped
with functionalized RGO) shows a lower current (0.470 uA
at 5V, 15.3 uS cm™) compared to the other two films. The
energy band alignment between the Au electrode (work func-
tion around 4.6 eVI’!)) and the P3HT HOMO/LUMO suggests
that the measured current is mostly driven by hole transport,
due to the presence of a large energy barrier for electron injec-
tion (around 1.95 eV for all samples). It is worthy to empha-
size that the electrical characterization results of our p-meth-
oxyphenyl functionalized CNS/P3HT blends are significantly
different from the ones reported by Ye et al.’?l In fact, by
exploiting a P3HT film doped with a GBM functionalized with
an imidazole moiety, they found both higher p;, and electrical
conductivity with respect to the ones based on pristine P3HT
films.3? This is in contrast with our data. The differences may
rely both on the different type of GBMs used in the two works
as well as on the functionalization process and the different
preparation approaches for the blending with the P3HT. The
zoo existing in the GBMs nomenclature is not helping in this
perspective.’? Further investigations are carried out in order to
figure out possible explanations for the increased n and for the
remarkable stabilities over prolonged times measured in PSC
devices containing 2 wt% SWCNT-PhOMe/P3HT and 4 wt%
RGO-PhOMe/P3HT blends as HTMs in comparison to those
containing only bare P3HT. It is well-known!”>74 that the 1 in
photovoltaic devices based on heterojunctions is strictly linked
to the ability to extract the photogenerated charge carriers from
the photoactive material and carry them to the top and bottom
electrodes, i.e., to the band alignment between the active layer
and the hole and electron transporting materials.’3”* We there-
fore investigated, through ultraviolet photoelectron spectros-
copy (UPS) and scanning Kelvin probe microscopy (SKPM),
the alignment between the valence band of the perovskite layer
and the HOMO levels of the HTMs. We examined the case of
the best performing HTMs in terms of 1 and stability, i.e., the
2 wt% SWCNT-PhOMe/P3HT and 4 wt% RGO-PhOMe/P3HT
blends in comparison with bare P3HT. The obtained energy
level values are shown in Figure 5c (experimental data are
reported in Figures S14 and S16 and Tables S2 and S3 in the
Supporting Information).

The position of the valence band maximum (VBM) of the
CH;3NH;Pbl; layer, obtained by UPS analysis, is at —5.48 eV
versus vacuum level, in agreement with values previously
reported in literature.”>’% By adding the energy bandgap of
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the material (i.e., 1.7 eV, as reported in ref. [75]) to the VBM
position, the energy position of the conduction band minimum
(CBM), is estimated to be —3.78 eV versus vacuum. This CBM
value would allow an efficient transfer of photogenerated elec-
trons from the CH;NH;Pbl; layer to the electron transporting
material, i.e., TiO,, which has a CBM position of =—4.3 eV
versus vacuum.””] Concerning the HTMs designed in this work,
the HOMO levels obtained via UPS (and confirmed by SKPM)
do not show a significant dependency on the presence of CNSs.
In fact, values of —4.56 and —4.58 eV versus vacuum were cal-
culated for the 2 wt% SWCNT-PhOMe/P3HT and 4 wt% RGO-
PhOMe/P3HT blends respectively, which are quite close to the
one of the pristine P3HT, i.e., —4.55 eV versus vacuum. These
values are in agreement with recent data reported for P3HT.’®!
In order to estimate the LUMO levels, we calculated the energy
band gaps of both the pristine P3HT and the two blends from
the absorption spectra (see Figure S15 in the Supporting Infor-
mation), obtaining a value of 1.91 + 0.05 eV for all the samples.
The LUMO levels are therefore at =—~2.65 eV versus vacuum,
as shown in Figure 5c. Although the bands alignment favors
the hole transport from the perovskite to the HTM layer, inhib-
iting, at the same time, the electron transfer, it however does
not explain the increased 7n values and stabilities observed for
the 2 wt% SWCNT-PhOMe/P3HT- and 4 wt% RGO-PhOMe/
P3HT-based PSCs with respect to the one based on pristine
P3HT. From our data, it appears, indeed, that no significant
thermodynamic driving force is causing such improvements.
This is in contrast with what found previously by Ye and co-
workers,?2l which reported lower HOMO energies for func-
tionalized RGO-doped P3HT via UPS, facilitating hole transfer
from CH;NH;PbI; and thus driving the 1 enhancement.

Our experimental evidences suggest that the improved 71
performances and stabilities of the PSCs containing CNS-
doped P3HT HTMs with respect to one based on P3HT
is due to manifold effects. First, the engineering of hybrid
interfaces,’?8% with the improvement of local electrical con-
tacts at the nanoscale due to the CNSs addition, between the
CH;NH;Pbl; absorber and the HTM and/or between the HTM
and the top Au electrode. This could be responsible for a more
efficient transport of photogenerated charges across the inter-
faces. Moreover, the CNSs addition might improve the deple-
tion of holes from the perovskite layer, thus limiting charge
recombination in the photoactive layer.?>?% Finally, the pres-
ence of CNSs avoids degradation of the perovskite layer induced
by environmental factors such as moisture or oxygen, which is
particularly important for the devices stability. In fact, the CNSs
provide a more hydrophobic protective layer with respect to the
use of pristine polymers.[2-26]

3. Conclusions

We present a photovoltaic characterization of PSCs based on
novel HTMs, originated by doping P3HT with organic func-
tionalized CNSs. The process of mixing the semiconducting
polymer with the conducting carbon-based nanofillers is carried
out, by first selecting CNS derivatives with good dispersibility
in organic media and then combining them with the matrix in
solution. We exploit a sedimentation-based separation process
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to remove both the aggregates and bundles from the HTM in
liquid phase, i.e., before deposition. The designed HTMs are
tested in three different concentrations of CNSs per type, i.e.,
SWCNTs and RGO, in PSCs, showing a significant improve-
ment of photovoltaic performances with respect to PSCs based
on bare P3HT. The exploitation of CNS-based HTM is benefi-
cial for the PSCs stability. In fact, endurance tests, carried out
over 3240 h, have shown 7,yerage Of 8.7% and 4.7% for SWNTs-
and RGO-based PSCs, which is a remarkable results if com-
pared with 1 = 0 of the devices based on the un-doped polymer.
Although further work is needed to fully understand the phys-
ico-chemical mechanisms responsible for the increase of the
photovoltaic performance upon CNS addition, our results pave
the way towards the development of PSCs with prolonged life-
time, thus able to challenge the current photovoltaic market.

4. Experimental Section

Materials: All reagents and solvents were purchased from Sigma-
Aldrich and used as received. P3HT was purchased from Merck (M,, =
94.100 g mol™', PD = 1.9, RR = 95.5%). HiPco SuperPurified SWCNTs
were purchased from Unidym (lot # P2150) and used as received.
Nanotube diameters are reported by the producer to be between 0.8 and
1.2 nm and lengths between 100 and 1000 nm. Reduced graphene oxide
powder was purchased from ACS Material, LLC (product No.: GnP1L-
0.5g) and used as received. The production method, as reported by
the supplier, consists in completely reducing graphene oxide obtained
via the Hummer's method through thermal exfoliation reduction
and further hydrogen reduction. Reduced graphene oxide flakes have
lateral dimensions between 1 and 2 pum, are constituted of few layers
overlapping irregularly and have many corrugations, as evident from
transmission electron microscopy (TEM) images (see Figure S1 in the
Supporting Information).

Synthesis of SWCNT-PhOMe and RGO-PhOMe: Carbon nanostrutures
(20 mg, 1.66 mmol of C, either SWCNTs or RGO) are ultrasonicated in
CHP (15 mL) with 3000 (Misonix) tip sonicator using the following pulse
parameters: time on = 3 s, time off = 3 s, power level = 2 (4-6 W) for
10 min. The as-obtained dispersions are then transferred in a flask under
nitrogen and heated up to 80 °C. 4-methoxyaniline (102 mg, 0.83 mmol)
is added while stirring the dispersion, followed by the addition of
isopentylnitrite (0.11 mL, 0.83 mmol). The reaction is continued
for 4 h, whereupon it is allowed to cool down to room temperature.
Methanol (200 mL) is then added and the mixture stirred for 10 min.
4-methoxyphenyl functionalized CNSs are recovered by filtration and
washed with methanol (100 mL). CNS filtration is performed using
Fluoropore membrane filters (0.2 um) purchased from Merck Millipore.
The filter is then dried under an IR lamp to detach SWCNT-PhOMe
and RGO-PhOMe. 1 mg per each of these materials is subjected to
thermogravimetric analysis (TGA), to determine the FD.P"l

Characterization of SWCNT-PhOMe and RGO-PhOMe: Starting
materials (SWCNTs and RGO) are previously characterized through
micro-Raman analysis, and thermogravimetric analysis. Data on Hipco
SWCNTs are available from the producer and have also been reported in
our previous work (see ref. [52]). Data on RGO powder are reported in the
Supporting Information (Figures S2 and S3). For this material, carbon
to oxygen ratio has been also estimated through x-ray photoelectron
spectroscopy (XPS), resulting to be 90:10 (see Supporting Information
and Figure S4 therein for details). Thermogravimetric analysis of CNS
samples is carried out with a Q5000IR TGA (TA Instruments) under
nitrogen by an isotherm at 100 °C for 10 min followed by heating at
10 °C min™" rate up to 900 °C.

Preparation of SWCNT-PhOMe/P3HT and RGO-PhOMe/P3HT Blend
Dispersions: P3HT dispersions in chlorobenzene at the concentration of
15 mg mL™" are prepared by dissolving the solid polymer in the solvent,
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followed by stirring overnight at 70 °C on a hot plate. 4-methoxyphenyl
functionalized CNSs (15 mg) are added to 10 mL of P3HT dispersion
in chlorobenzene and the resulting mixture is ultrasonicated for
10 min and then subjected to centrifugation at 3000 rpm for 3 min.
Ultracentrifugation is performed on an MR23i Jouan ultracentrifuge
equipped with a SWM 180.5 swinging bucket rotor (Thermo Electron
Corporation). The supernatant is separated and the solid residue at
the bottom of the centrifuge tube is then washed with chloroform
(2 x 20 mL), filtered and dried under IR lamp, in order to allow precise
weighting. This procedure is crucial for the determination of the amount
of 4-methoxyfunctionalized CNSs left in the P3HT dispersion. Following
this protocol, the most concentrated CNS/P3HT blend dispersions are
obtained (3 wt% for SWCNT-PhOMe/P3HT and 4 wt% for RGO-PhOMe/
P3HT, respectively). Starting from these concentrated dispersions,
we then diluted them, i.e., by mixing 1 mL of 3 wt% SWCNT-PhOMe/
P3HT with 2 mL of the mother P3HT dispersion in chlorobenzene we
obtained the 2 wt% SWCNT-PhOMe/P3HT blend, whereas the 1 wt%
SWCNT-PhOMe/P3HT blend is obtained by mixing 2 mL of 3 wt%
SWCNT-PhOMe/P3HT with T mL of P3HT dispersion. As for RGO-
PhOMe/P3HT blends, 2 and 1 mL of the most concentrated 4 wt%
RGO-PhOMe/P3HT one are mixed with 2 and 3 mL of P3HT dispersion
to produce respectively the 2 wt% RGO-PhOMe/P3HT and the 1 wt%
RGO-PhOMe/P3HT blends.

Characterization of SWCNT-PhOMe/P3HT and RGO-PhOMe/P3HT
Blend Dispersions: Absorption and photoluminescence spectra are
measured with a Varian Cary 5000 spectrophotometer and a Perkin
Elmer LS 55 luminescence spectrometer, respectively. Samples are
prepared by spin-coating 100 uL of blend dispersion at 2000 rpm for
40 s on Corning cover glass slides N, 1 1.25 mm x 1.25 mm.

PSCs Fabrication: Transparent glass substrates pre-coated with
FTO (Pilkington, 8 Ohm Square™', 25 mm X 25 mm) are etched by
raster scanning laser (Nd:YVO4 pulsed at 30 kHz with average output
power of P =10 W) to define the desired electrode pattern. Patterned
substrates were cleaned by ultrasonic bath, using detergent, acetone
and isopropanol. A compact TiO, film was deposited onto the FTO
surface by spray pyrolysis.[B' After that, a thin film of TiO, nanoparticles
based paste (18NR-T Dyesol diluted with ethanol) is screen-printed and
successively sintered at 480 °C for 30 min. In air, double sequential step
procedure is used to realize the perovskite active layer.[®” 100 uL of HTM
dispersion are deposited by spin-coating at 2000 rpm for 40 s under a
nitrogen atmosphere. Samples are then introduced into a high vacuum
chamber (107 mbar) for the thermal evaporation of the Au top electrode
(thickness 100 nm) through a shadow mask. Each PSC resulted to have
an active area of 0.1 cm? for the anode (2 mm) and cathode (5 mm)
overlap. Four cells are fabricated on each substrate. After fabrication,
PSCs are kept in a glove box and after 15 h are encapsulated with
methacrylate glue and glass, and then left in air. Masked devices
(3 x 6 mm aperture) are tested under AM-1.5 conditions to extract J-V
curves. In between each measurement performed to derive the variation
in photovoltaic parameters along time, PSCs are kept in dark conditions.

PSCs Characterization: Device cross-sections are prepared by breaking
the cells after scribing the glass with a diamond tip. Freshly cut cross-
sections of the samples are imaged with a field-emission scanning
electron microscope FE-SEM (Jeol JSM-7500 FA) without adding any
conductive coating. The acceleration voltage is set at 10 kV, and images
are collected by using compositional contrast (backscattered electrodes).

J-V curves of PSC devices are extracted employing a Keythley 2420
source-meter under irradiation at AM-1.5 100 m\W cm~2 generated using
a Class A solar simulator (ABET Technologies, Sun 2000). The light
irradiation level is verified at the quote and position where the PSC is
placed by means of a calibrated Pyranometer (Skye SKS1110).

Hole Mobility Measurements: To extrapolate the P3HT py, values in
both bare polymer film and CNS-doped ones, diodes with the structure
ITO/PEDOT:PSS/P3HT or CNS-doped P3HT/Al are fabricated. On a
clean glass/ITO substrate, having identical pattern as the ones devised
for the PSCs, a PEDOT:PSS dispersion in water (Clevios) is spin-coated
and annealed at 150 °C for 10 min. On top of this layer, =150 nm thick
P3HT is spin-coated and finally aluminum top contact is evaporated
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(100 nm thickness). Dedicated shadow mask is used to realize devices
with an active area of 0.05 cm?. Automatic custom-made equipment is
used to extrapolate J-V dark curves from =5 to +5 V (see Supporting
Information).

Electrical Measurements: The electrical measurements are carried out
on Au interdigitated electrodes array on Si/SiO, with spacing between
the electrodes arms of 3 um, a thickness of 100 nm and two separated
connection tracks. Films of the different CNS-based blends and pristine
P3HT are obtained by spin-coating at 2000 rpm for 40 s in glove-box.
Measurements are carried out in air, using a Suss Microtec PM5 probe
station connected to Keithley 2612 controlled via a Labview interface.

Energy Level Determination: Ultraviolet photoelectron spectroscopy
(UPS) analysis is performed on spin-cast films of CH;NH;Pbls, pristine
P3HT, 2 wt% SWCNT-PhOMe/P3HT and 4 wt% RGO-PhOMe/P3HT
blends on FTO slides to estimate the position of the VBM (in the case
of the perovskite film) and of the HOMO level (in the case of P3HT and
blends) of the materials under investigation. The measurements are
carried out with a Kratos Axis UltraPP spectrometer using a He | (21.22eV)
discharge lamp. The analyses are conducted on an area of 55 um in
diameter, at pass energy of 10 eV and with a dwell time of 100 ms.
The work function (i.e., the position of the Fermi level with respect to
vacuum level) is measured from the threshold energy for the emission
of secondary electrons during He | excitation. A —9.0 V bias is applied to
the sample in order to precisely determine the low kinetic energy cut-off,
as discussed in ref. [82]. Then, the position of the VBM/HOMO versus
vacuum level is estimated by measuring their distance from the Fermi
level, according to the graphical method used in refs. [75] and [76].

Scanning Kelvin probe microscopy (SKPM) mode of atomic force
microscopy (AFM) is carried out on a MFP-3D instrument by Asylum
Research (Santa Barbara, CA, USA). The probe is a PPP-NCSTPt
(Nanosensors, Neuchatel, Switzerland) with a =25 nm thick coating of
Ptlr, and nominal resonance frequency of =160 kHz. Its work function is
calibrated versus a reference of highly oriented pyrolytic graphite, freshly
cleaved, assumed to be 4.65 eV.®3] The height of the second lift pass is
100 nm.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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