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SUMMARY

Spiro-OMeTAD is the most-employed molecular hole-transporting material (HTM)
in n-i-p perovskite solar cells (PSCs). Ease of processing from solution and good
filmability on top of the perovskite photo-active layer are characteristics that
make this HTM outstanding and incomparable for the role. However, chemical
doping with both tert-butylpyridine (tBP) and lithium bis(trifluoromethylsulfonyl)-
imide (LiTFSI), coupled with further oxidation steps, is required in order to achieve
high hole mobility and conductivity. Previous investigations have revealed that
tBP is fundamental for addressing the best morphology in the hole-transporting
layer during processing. Here, we provide spectroscopic evidence of the detri-
mental impact on long-term conservation of Spiro-OMeTAD structural and electri-
cal properties when tBP is used as an additive. These aspects are crucial for the
future design and understanding of new molecular HTMs for PSCs.

INTRODUCTION

Since the beginning of active research on perovskite solar cells (PSCs), the Spiro-
OMeTAD molecule ([2,2',7,7'-tetrakis(N, N-di-p-methoxyphenyl-amine)9,9’-spirobi-
fluorene], from now on referred to as SPIRO), has been the most employed hole-
transporting material (HTM) in such devices." The main reason relies on the
possibility of obtaining the highest figures of merit on as-prepared PSCs because
of SPIRO’s good wettability on top of the perovskite layer. This property is related
to its inherent tridimensional structure, forced by the presence in the central core
of the molecule of a SPIRO moiety, as shown in Figure 1A. As a consequence,
such a molecular HTM has an excellent pore-filling ability”® coupled with the
concomitant ability to provide hole extraction. However, after é years of persistent
use as a sort of benchmark in PSC development, attempts to substitute it with other
HTMs are ongoing®™’ as a result of several factors that strongly limit the commercial-
ization of PSCs containing it: in particular, the costs of production and the lack of
chemical stability that ultimately affects PSC performances after a prolonged
time.® Furthermore, SPIRO requires an oxidation step for implementation as an
HTM:? to date, the benchmark process'® has involved the use of two additives,
namely tert-butylpyridine (tBP) and lithium bis(trifluoromethylsulfonyl)-imide (LiTFSI)
(see Figure 1), in a nitrogen-saturated atmosphere and subsequent overnight stor-
age in a drybox to allow the complete oxidation of the HTM. In order to explain
the high hole mobility achieved after proper doping,'"'? Abate et al., in a seminal
work,"? proposed a two-step mechanism for the formation of Spiro-OMeTAD™
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The Bigger Picture

The development of solid-state
hole-transporting materials
(HTMs) dates back to the first
reports on solid-state dye-
sensitized solar cells in 1998,
which provided solar cell
efficiencies around 1%. The need
for these components has then
steadily grown with the advent in
2009 of perovskite-based
photovoltaics, which cannot
sustain any liquid electrolyte.
Spiro-OMeTAD molecules have
been for many years the material
of choice for this application.
When doped with LiTFSI salts and
tert-butylpyridine, the resulting
mixture can efficiently extract
photogenerated holes in the
perovskite absorber and transport
them to the collecting electrode.
This benchmark for hole transport
in third-generation hybrid
photovoltaics suffers from intrinsic
limitations, which have been
studied widely over the years. A
detailed molecular-level
understanding of the processes
involved in Spiro-OMeTAD-based
HTM degradation is a key
requirement for the future
development of new stable and
efficient substitutes for this task.
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Figure 1. The Chemicals Used for the Preparation of SPIRO-Based HTMs Depicted in 3D View
(A) Spiro-OMeTAD (SPIRO): some carbon atoms are painted green to highlight the lack of co-
planarity due to the presence of the central spiro moiety.

(B) tert-butylpyridine (tBP).

(C) Lithium bis(trifluoromethylsulfonyl)-imide (LiTFSI) (here, the Li* ion is not displayed).

(hereafter referred to as SPIRO™) from the neutral molecule in the presence of oxy-
gen and LiTFSI:
hv
SPIRO + O, 2 SPIRO™"O;~ (Equation 1)

hv

SPIRO*"0; +LiTFSI & SPIRO*"TFSI™ +Li,O,, (Equation 2)

in which Li,O, represents mixed Li,O and Li,O, oxides produced by TFSI™ anion ex-
change and reduction of superoxide anion O, . The same mechanism was proposed
in other studies focusing on SPIRO* " radical formation'' and investigating the effect

114 and solar-cell efficiencies.'® However, none of

of tBP on the HTM morphology
the mentioned works paid attention to whether tBP also affects the HTM conductiv-
ity (except for a single work highlighting the negative effect of tBP on charge injec-
tion efficiency in dye-sensitized solar cells).'® Indeed, the proposed mechanism con-
siders only the involvement of oxygen and LiTFSI without emphasizing the presence
of tBP, which, in standard reci|oes,17 is actually used in large excess with respect to
the other constituents (about three times more than SPIRO and six times more
than LiTFSI). More recently, some interesting works dealing with the interaction be-
tween SPIRO and tBP appeared, and they investigated the formation of a pyridi-
nated derivative after light soaking the HTM and the structural modifications (i.e.,
crystallization versus amorphous state) that can take place when tBP is used in the
HTM. 1819

Although all these works are very convincing and strengthen the active role of tBP in
determining SPIRO behavior in PSCs, none of them directly discuss the structure-
property relationships between the solid-state microstructure and the hole-extrac-
tion ability of these molecular HTMs, which is the most important information to
consider for photovoltaic applications.

For this reason, in this work, we carried out an insightful spectroscopic study on
SPIRO-based HTMs used in PSCs to experimentally highlight the detrimental effect
of tBP addition that causes a de-doping of the HTM through a mechanism
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consistently linked to the structural changes taking place in the SPIRO molecule after
oxidation. It is important to underline how the knowledge of the structural phase of
SPIRO molecules in the HTM state can become fundamental for determining the
contribution to the overall cell conductivity due to the HTM itself. Recently, Bakr
and co-workers experimentally determined the hole mobility of a SPIRO single crys-
tal and found it comparable to that obtained with the oxidized SPIRO molecule in the
solid state when used as a thin film within a PSC."?

The presence of an unpaired electron in SPIRO* prompted us to employ electron
spin resonance (ESR) spectroscopy as a powerful tool for the characterization of
this molecular radical with high selectivity and sensitivity, as recently reported.’""?
We then applied Raman spectroscopy to investigate the structural modifications
occurring in time in the prepared HTMs.

RESULTS AND DISCUSSION

The analytical procedure required the preparation of different tubes for ESR each
containing one of four samples. The first sample contained an organic solution of
all the three components within the SPIRO-based HTM material, i.e., SPIRO,
LiTFSI, and tBP, according to the standard literature |orocedure.20 The solvent—
a mixture of acetonitrile and dichlorobenzene, as reported in the Experimental
Procedures—was then quickly removed under vacuum, and a film was formed on
the tube surface (SPIRO:LITFSI:tBP sample). A second tube was prepared similarly
but without tBP (SPIRO:LITFSI sample). The third one was then prepared without
LiTFSI (SPIRO:tBP sample), and the fourth one was prepared with only the pure
organic compound (SPIRO sample). The experimental procedure is sketched in
Figure 2 for the sake of clarity.

In the dark, SPIRO:LITFSI provides an intense ESR line originated from a radical
species (Figure 3A, green curve). Hereafter, “light-on” and “light-off” indicate
that ESR data were collected under light and dark conditions, respectively. The
line position (also called g-factor, i.e., the ratio between the spectrometer working
frequency and the magnetic field) in the spectrum, although not fully correspond-
ing to the literature value'' (g = 2.0045 versus 2.0030), is clearly associated with
the ESR spectrum of the SPIRO*" radical cation. The slight differences in g-factor
values could derive from the different experimental conditions used for the prep-
aration of the films.

The addition of tBP significantly affected the ESR peak intensity and shape (Fig-
ure 3A, blue line), as well as any ESR signal that could be found for the control sam-
ples (namely, SPIRO and SPIRO:tBP samples) (Figure 3A, red and black lines). In
addition, a decrease in time of the SPIRO™" radical signal in the dark was observed
for the SPIRO:LITFSI:tBP sample, as shown in Figure S1, suggesting a time-depen-
dent effect due to interactions among the additives or morphological rearrange-
ments in the solid state. In order to confirm this hypothesis, we performed the
same study in liquid (Figure 3B) and found the quenching effect of tBP on a similar
ESR signal with faster kinetics than in the solid state as a result of enhanced diffusion.
On the other hand, it is peculiar that there was an absence of any change in the line
shape of the signal in liquid compared with the solid state: the line shape of the
signal from the SPIRO:LIiTFSI:tBP solid sample (Figure 3A, blue line) probably reflects
the similar line shape found in solution (in the +3.5 h sample in Figure 3B, red curve).
However, this signal disappeared in time, and it probably indicates the occurrence of
a radical-based process within the sample. Since tBP in the solid state alters not only
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Figure 2. Experimental Procedure Scheme

Pictorial sketch depicting the experimental procedure used for the preparation of the two kinds of
samples, namely the ones in solution (A) and the ones in the solid state (B), used for ESR
characterization.

the intensity of the ESR peak (i.e., the number of spins) but also the line shape (i.e.,
the structural phase in which the SPIRO molecule is arranged), we carried out a
deeper investigation on the interactions occurring between light and the materials
in order to gain further insights into the causes of the observed quenching effect.

When the light was switched on, a broad peak (Figure 4A, dark blue line) was gener-
ated; the difference between the light-on and light-off ESR spectra is reported in Fig-
ure 4A. In addition, by following the evolution of the ESR signal over several days, we
observed that a marked change in the shape of the ESR line took place in association
with a narrowing of the peak.

We examined the kinetics of light-induced generated radicals and their subsequent
decays by considering the time evolution of the ESR spectra after switching the light
on or off in a timescale of several minutes. Moreover, we recorded the formation and
decay traces on the same sample several days after its preparation. The kinetic
traces, reported in Figure 4B, show a continuous change in the ESR signal decay
within a period of several days, suggesting an evolution of the solid mixtures, which
accelerates the light-induced formation and consequent decay of the SPIRO™
radical. Altogether, these results confirm that the oxidations occurring in the solid
state, i.e., the ones that take place during the oxidation step of an HTM within a
PSC stored in a drybox, are far from the simple mechanism considered valid up to
now (Equations 1 and 2).

The small line width in aggregates is generally due to the fast exchange narrowing
normally occurring in highly concentrated radical samples. The high concentration
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Figure 3. ESR Characterization

ESR analysis on the SPIRO molecule after tBP addition in the solid state (A) and acetonitrile
dichlorobenzene mixed solution (B).

SPIRO:LITFSI signal was reduced by a factor of 20 to improve data visualization.

of radicals in the SPIRO:LiTFSI sample evidently produces the observed narrowing of
the ESR line. Furthermore, the broader peak is related to several SPIRO* isolated
species. For this reason, the narrow contribution previously found in the ternary
HTM SPIRO:LITFSI:tBP (Figure 3, blue line) ESR spectrum can now be easily attrib-
uted to aggregated SPIRO™ domains.

A fast decay is usually related to the presence of a crystalline profile in a semicon-
ductor (i.e., a lower number of traps within the optical band gap), suggesting that
an amorphous-to-crystalline transition phase takes place in tBP-rich environments.
This hypothesis is supported by Raman analysis of the different sample (Figure 4C).
At first sight, indeed, a slight shift toward higher energies of the peak at 732.5 cm™"
was found for every sample in which SPIRO aggregates had been detected through
ESR. The reagent-grade SPIRO powder—taken as the reference for a crystalline
phase—had the highest shift together with the samples containing tBP. This peak
is attributed to the a; fundamental mode of fluorenes®’ (where the two twisted cen-
tral parts of the SPIRO molecule share a carbon atom), and its shifting toward higher
energies (i.e., an increase in the phonon frequency) is due to a compression of the
lattice parameters. This evidence further confirms that tBP favors a less amorphous
state for SPIRO molecules.

In addition, the peak at 722 cm™" is attributed to the TFSI™ anion coordinated by
SPIRO" species given that the TFSI™ Raman spectrum is known to be affected by
ionic coordination®?** and is visible only in SPIRO-based samples containing LiTFSI.
Moreover, we obtained the reference sample SPIRO™TFSI™ by simply removing the
solvent from the pink solution of SPIRO:LITFSI, thus allowing us to consider it as the
oxidized form of SPIRO, stated as SPIRO™TFSI™. Nothing can be said of the peaks in
the 710-720 cm ™" region because of the strong signal of tBP that does not allow a
fruitful interpretation of the peaks.

In order to deepen our knowledge of the SPIRO-based HTM and of the effects of addi-
tives on carrier life time, we carried out ESR analysis under illumination given that, in this
condition, the ESR signals of all samples increased but with different intensities, kinetics,
and shapes (Figure S2). In particular, in SPIRO:LiTFSI:tBP, the broader line increased un-
der light irradiation so that the narrower could not be detected, whereas in the other
samples, the narrow line was increased by light. The kinetics of formation and decay
of the ESR lines are reported in Figure S2. The signal in SPIRO:tBP increased with
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Figure 4. Physico-Chemical Evidence of the Phase Transition Occurring in the SPIRO Solid Sample
(A) Light-induced (light-on; light-off) ESR spectra of SPIRO:LiTFSI:tBP in the solid state. Some lines
are very similar and therefore impossible to distinguish one from the other.

(B) Time traces of ESR intensity after light-off in SPIRO:LITFSI:tBP at different days after sample
preparation.

(C) Raman analysis of the different SPIRO-based HTMs in the solid state. In particular, “SPIRO
(powder)” refers to the reagent-grade SPIRO material taken as a solid, while the reference sample
“"SPIRO*TFSI~" was obtained by removing the solvent in vacuo from the solution of SPIRO:LITFSI.

relatively fast kinetics (a few minutes; Figure S2B), whereas the signal in SPIRO:LITFSI
increased with a much slower rate (several hours; Figure S2B).

The first conclusion to be derived from these data is that, in the dark, tBP inhibits the
formation of the SPIRO™ species. On the other hand, when the film is continuously
irradiated, the tBP-mediated SPIRO™ quenching process is not the dominant pro-
cess, and the oxidation of SPIRO molecules takes place, although less efficiently
than in the SPIRO:LITFSI sample. However, a light-soaking phenomenon (i.e., the
formation of persistent SPIRO™ species by means of light irradiation) is efficient
only in the absence of tBP. The second conclusion is that an oxygen-free oxidation
of SPIRO is possible for both SPIRO species (i.e., isolated SPIRO molecules
embedded in the film) and aggregated SPIRO.

It is evident that tBP has an active role in determining the electronic properties of
SPIRO-based HTMs, but it is not clear whether it is possible to correlate these ESR
data to the real processes happening within a PSC. It has been reported that tBP in-

creases the film wettability:'*#°

this evidence is in agreement with the chemical na-
ture of tBP, i.e., a high-boiling-point liquid, and because it is impossible to totally
remove it during HTM processing through spin coating on top of the perovskite, it
allows the formation of a viscous layer that helps the SPIRO molecules to diffuse.
This diffusion then creates some “aggregates of SPIRO molecules” that increase
the number of active SPIRO" species. This evidence is corroborated by a study of
Judrez-Perez et al.," who showed the formation of segregated domains in doped
SPIRO samples (i.e., with the addition of LiTFSI and tBP). Furthermore, we observed
that in a SPIRO:LITFSI sample solution, the flocculation of white particles occurred

quickly, as also reported elsewhere.'® The Raman measurement of the precipitate
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unequivocally denoted it as LiTFSI (Figure S3) by the presence of the main peak at
749 cm™" (related to the symmetric deformation of the —CF3 group in the TFSI™
anion).”® We can therefore state that tBP helps the solubilization of the LiTFSI
salt?’ in dichlorobenzene solution, allowing the availability of TFSI~ anion for
SPIRO*TFSI™ species formation.

The aggregated SPIRO signal in the solid state maintains its characteristic behavior
(i.e., ESRintensity and slow kinetics) during aging: after 18 days, the amount of pho-
togenerated SPIRO™ species and the rate at which they are formed are unaltered
(Figure S4).

The ESR signal of the SPIRO:tBP control sample showed a rearrangement of the ma-
terials (Figure S5). After the kinetics of radical formation within the film SPIRO:tBP
(Figures S5C and S5D), we detected a little variation of the ESR signal in the dark
(Figure S5A), whereas the kinetics remained unchanged after illumination (Figures
S5B-S5D). This result confirms that in the solid state, the efficiency of photogenera-
tion is kept constant for the aggregated SPIRO molecules.

At this point, the interpretation of the behavior of the SPIRO:LITFSI+tBP solid-
state sample is straightforward. In the dark (Figures 3A and 3B), SPIRO™
decreased after the addition of tBP. After 40 days, no SPIRO* was visible any
more. More interestingly, the photogenerated ESR spectra (Figure 4A) changed
from solvated SPIRO™ (broad ESR line) to aggregated SPIRO™ species (narrow
ESR line). The kinetics of quenching of photogenerated SPIRO™ after switching
off the light (Figure 4B) were very slow (because of the presence of tBP) in a
freshly prepared sample and much faster in an aged sample, similarly to a
SPIRO:tBP blend without LiTFSI.

This scenario prompted us to give an overall interpretation of the occurring phenom-
ena in SPIRO-based HTM. The tBP was able to react with the radical SPIRO*."? How-
ever, because tBP is a high-boiling-point liquid and therefore unremovable from the
HTM, in the solid state, it also allows the rearrangement of SPIRO molecules by
slowly increasing the crystallinity'? of the domains of the HTM in its semi-liquid envi-
ronment. Therefore, among the already recalled morphological and/or solubilizing
effects of tBP in SPIRO-based HTMs, this species also has an active role in affecting
the overall crystallinity of the film. However, this action is completed in relatively
longer times than the other effects.

Soon after the SPIRO film formed in the dark, LiTFSI promoted the generation of
SPIRO™ species by electron transfer to molecular oxygen followed by anion ex-
change and formation of SPIRO*TFSI~ domains. However, in the presence of tBP,
the concentration of SPIRO cation was kept relatively low, as demonstrated by
ESR spectra. The effect of light irradiation (light soaking) was to dramatically increase
the generation of SPIRO™ species.

More in detail, the chemical role of tBP affects LiTFSI solubility in a chlorobenzene
environment by allowing the dissociation of LiTFSI and thus providing solvated
TFSI™ ions in solution that may react with SPIRO", thus producing solid domains
of SPIRO™TFSI™ and lithium mixed oxides (Equation 3):

LITFSI+ SPIRO* O, +tBP— Li,O, + SPIRO* TFSI™ +tBP. (Equation 3)

After a while, the morphological role of tBP, affecting SPIRO crystallinity, starts to be
relevant in the process. By means of ESR, we were able to distinguish between
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amorphous SPIRO and crystalline SPIRO, made by aggregated SPIRO molecules
(namely, SPIRO™" frec) and SPIRO™" .4 species).

In the case of the SPIRO:LITFSI sample, lacking tBP, the formation of aggregated
SPIRO" species in a crystalline phase occurs instantaneously. However, the absence
of tBP may alter the solubilization of LiTFSI affecting the availability of TFSI™ anion
for the formation of highly doped SPIRO™ species.

This means that the morphological role of tBP not only is restricted to film wetta-
bility during HTM processing but also includes the stable creation of SPIRO aggre-
gates that form an electron-acceptor density-of-states distribution close to the
highest occupied molecular orbital (HOMO) band, with a consequent increase in
the hole carriers’ equivalent mobility.?® Indeed, the higher mobility in the organic
semiconductor used as HTM is obtained by defect-induced doping. Generating
electron-acceptor defects in the SPIRO band gap close to the HOMO is equivalent
to doping the SPIRO, consequently shifting the Fermi level toward the HOMO
band. This situation is achieved only when this defect-induced density of states is
very close to the HOMO level of SPIRO molecule, as demonstrated by Fantacci
et al.’?

Therefore, on the one hand, the presence of tBP is required for increasing LiTFSI sol-
ubility in dichlorobenzene so that a density of states within the SPIRO band gap is
instantaneously generated (i.e., a proper oxidation of SPIRO takes place). On the
other hand, tBP acts as a competitor in the time-dependent reaction of SPIRO™ spe-
cies formation by inducing phase segregation inside the HTM (i.e., the formation of
both amorphous and crystalline phases), which is an irreversible process.

In order to better understand whether tBP has a positive or negative impact on the
HTM electronic properties, we performed four-probe measurements on spin-coated
thin films (Figure S6) and found that aggregated crystalline SPIRO layers (aged HTM
with tBP) were less conductive than amorphous SPIRO layers (fresh HTM with tBP),
thus validating the ESR results and revealing the existence of a lower amount of de-
fects in the SPIRO band gap and the induction of an irreversible de-doping process.
This macroscopic evidence suggests that a crystalline SPIRO-based HTM (an aged,
de-doped one) can be detrimental for the solar cell by negatively affecting the fill
factor that is usually linked to the conductivity of the selective layers.

It is now required to unravel a chemical process though which SPIRO™ molecules un-
dergo the de-doping detected through ESR. Figure 5 shows the Raman spectra of
different samples around 1,000 cm~". A distinct peak centered at 1,012 cm ™" is
visible in samples containing both TFSI™ and tBP. This Raman peak was already
attributed to pyridinium cation species.?”*° The formation of a tert-butyl pyridinium
cation (tBP™), as a part of a pyridinated covalent adduct between SPIRO* molecules
and tBP, was recently reported by Kasparavicius et al.'” Therefore, a direct reaction
of the tBP with the SPIRO™ is responsible for a quenching of the radical in the mate-
rial. In addition, one can expect that TFSI™ acts as the counter-anion for tBP™, as hap-
pens for well-known pyridinium-based ionic liquids.?’

The formation of such tBP" species proceeds though a chemical mechanism that is
described in Figure 5B. In this process, a one-electron reduction of SPIRO™ mole-
cules takes place by means of tBP molecules (which are present in large excess within
the HTM mixture). This generates a de-doped SPIRO (neutral species) and a tert-
butyl pyridinium radical cation, which is an unstable intermediate (in square brackets
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Figure 5. De-doping Mechanism of SPIRO

(A) Effect of tBP addition on a SPIRO-based HTM. Raman spectra show evidence of tBP formation at
1,012 cm™". “SPIRO (powder)” refers to the reagent-grade SPIRO material taken as a solid; the
reference sample “SPIRO*TFSI™" was obtained by removing the solvent in vacuo from the solution
of SPIRO:LITFSI.

(B) Proposed mechanism for SPIRO de-doping in the presence of excess tBP.

in Figure 5B), and therefore, even ifitis a radical, it is not detected through ESR. The
pyridinium radical cation immediately reacts indeed with another SPIRO™ molecule,
leading to the pyridinated adduct between SPIRO and tBP previously reported in
Kasparavicius et al.’” Such an adduct is a charged species but does not contain un-
paired electrons, and therefore, it is also invisible to ESR. In addition, since it con-
tains a pyridinium cation within its molecular structure, it is responsible for the
intense Raman signal that we detect at 1,012 cm™". Finally, the positive charge on
the cationic species is compensated by the presence of TFSI™ anions.

We also propose an alternative route for the formation of tBP* species (again in
Figure 5B), which counts for the extraction of a hydrogen radical (H-) from a neutral
tBP molecule by means of the tBP radical cation intermediate. The hydrogen
radical is likely taken from the tert-butyl residues, and the process can take place
reasonably because of the large excess in tBP present in the HTM mixture. The
product of this radical reaction is again a pyridinium cation, bearing TFSI™ as
counter-anion, whose existence can again be related to the Raman signal at
1,012 cm™". The fate of the radicals generated after hydrogen extraction can
then be multiple and difficult to unravel. A possible route can involve the pairing
of two radicals to form a dimer, but other complex radical processes can also take
place.

Conclusions

In conclusion, in this work we have demonstrated an active role of tBP in SPIRO-
based hole-transporting layers for PSC and that it impressively affects both the inter-
nal structural characteristic of this HTM and its electronic properties. In detail,
the addition of tBP creates a semi-liquid environment in solid films that allows the
structural reorganization of the SPIRO molecules, quickly rearranging from an amor-
phous state to a more crystalline structure. ESR and Raman analyses suggest that a
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de-doping mechanism occurs within the HTM inducing such an irreversible reorga-
nization of the molecules. Given that this is the first time that this mechanism has
been proved, to the best of our knowledge, it goes against the general conception
of SPIRO as an amorphous HTM, able to passivate perovskite interfacial defects. It
further suggests that the great advantage of the SPIRO HTM production process
(i.e., the use of high-boiling-point tBP) is limited to the morphological role of tBP,
which permits solid-state diffusion of molecules with consequent pinhole passiv-
ation. However, tBP induces also a fast de-doping of the doped SPIRO HTM, by
the chemical interaction with SPIRO™ providing tBP* (as suggested by Kasparavicius
etal." and indicated here by our Raman data) TFSI™ counter-anions, which have the
major effect of reducing the overall conductivity of the SPIRO layer (proved by four-
probe measurements). This could consequently affect the fill factor in a PSC.

Therefore, because SPIRO is a defect-mediated HTM, using a trap quencher such as
tBP becomes a limiting factor for its performance in PSCs.

EXPERIMENTAL PROCEDURES

Sample Preparation

A standardized recipe'’ was used for preparing SPIRO solutions containing 56 mM
SPIRO (Lumtec), 32 mM LiTFSI (Sigma Aldrich), and 195 mM tert-butylpyridine
(tBP; Sigma Aldrich) in a dichlorobenzene-acetonitrile mixed solvent. All solvents
were purchased from Sigma Aldrich. Several solutions were prepared: (1) fresh
SPIRO only (labeled SPIRO sample), (2) fresh SPIRO with LiTFSI and tBP (labeled
SPIRO:LITFSI:tBP sample), (3) fresh SPIRO without LiTFSI with tBP (labeled
SPIRO:tBP), (4) fresh SPIRO with LiTFSI without tBP (labeled SPIRO:LITFSI sample),
and (5) tBP only (labeled tBP sample). The solutions were prepared in a glovebox un-
der a nitrogen atmosphere until used.

ESR Measurements

All ESR measurements were performed on a Bruker ELEXSYS E580 spectrometer at
X-band (9-10 GHz) mounting an ER4118X-MD5 dielectric cavity. Measurements
were carried at 80 K, employing a liquid-N, cooling system. Continuous-wave
spectra were typically acquired at 20-40 pW microwave power and 0.8 G field
modulation amplitude. ESR measurements were conducted (1) in solution and air
(some drops of the solution is put into an ESR quartz tube open in air) or (2) in film
and vacuum (the solvent is evaporated out of the sample tube and the resulting solid
film is left at the bottom and on the tube inner surface; the tube is then sealed under
vacuum at ~107° bar). ESR spectra were recorded in dark conditions or in light by
exposing the sample to white light.

Raman Measurements

Using an inVia Renishaw instrumentation, spectra were recorded to exploit as an
excitation source a laser diode at 785 nm at a power of 1T W/cm?. The system was
calibrated against the 520.5 cm™" line of an internal silicon wafer. The spectra
were registered in the 200-3,000 cm™" range. The final data were averaged over
100 accumulations in order to maximize the signal-to-noise ratio. The measurements
were conducted at room temperature on a solid blend deposited into ESR tubes with
the 5 objective.
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