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ABSTRACT: 2,2',7,7'-Tetrakis(N,N-di-p-methoxyphenyl-
amine)-9,9’-spirobifluorene (spiro-OMeTAD), the prevalent
organic hole transport material used in solid-state dye-
sensitized solar cells and perovskite-absorber solar cells, relies
on an uncontrolled oxidative process to reach appreciable
conductivity. This work presents the use of a dicationic salt of
spiro-OMeTAD, named spiro(TFSI),, as a facile means of
controllably increasing the conductivity of spiro-OMeTAD up
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to 107> S cm™" without relying on oxidation in air. Spiro(TFSI), enables the first demonstration of solid-state dye-sensitized solar
cells fabricated and operated with the complete exclusion of oxygen after deposition of the sensitizer with higher and more
reproducible device performance. Perovskite-absorber solar cells fabricated with spiro(TFSI), show improved operating stability
in an inert atmosphere. Gaining control of the conductivity of the HTM in both dye-sensitized and perovskite-absorber solar cells
in an inert atmosphere using spiro(TFSI), is an important step toward the commercialization of these technologies.

B INTRODUCTION

Solid-state dye-sensitized solar cells (ssDSSCs) and, more
recently, perovskite-absorber solar cells (PSCs) have experi-
enced a remarkable increase in solar cell device efficiencies.' ™
Though PSCs have reached certified efficiencies over 17%, they
suffer from large variations in device performance and
reproducibility."*>°

2,2",7,7'-Tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spiro-
bifluorene, abbreviated as spiro-OMeTAD, is the prevalently
used hole transporting material (HTM) in ssDSSCs and PSCs.
The lack of reproducibility in these devices stems partly from
the low intrinsic hole-mobility and -conductivity of spiro-
OMeTAD as well as the necessity to dope the HTM p-type to
improve its conductivity.”® Chemical dopants such as
N(PhBr),SbCl, were first introduced to oxidize, and thus p-
dope spiro-OMeTAD, but were rapidly replaced by the more
effective additive lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI).”*'® Unlike chemical oxidants, LiTFSI does not
directly oxidize spiro-OMeTAD and instead promotes the
oxidative reaction between spiro-OMeTAD and oxygen in the
presence of either light or thermal excitation.""">

Because doping spiro-OMeTAD with LiTFSI necessitates an
open system to allow the ingress of oxygen, it is difficult to
control the amount of oxidized spiro-OMeTAD formed and
obtain consistent results. The concentration of oxidized spiro-
OMeTAD in the HTM has been shown to be dependent on a
number of factors including light intensity and the concen-
trations of Li* ions and oxygen present in the film.'”'>'> The
formation of oxidized spiro-OMeTAD has also been shown to
be reversible during device operation in air depending on the
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preconditioning of the device and sweep direction of the
current—voltage measurement.''™"* Unpredictable variations
and instabilities of oxidized spiro-OMeTAD concentration in
the HTM can dramatically affect device performance,
reproducibility, and stability.

Exclusion of oxygen from the atmosphere during device
operation could result in a significant advantage in terms of
device reliability as it has been well documented that organic
molecules readily degrade in the presence of oxygen and
light."*"> The absorbers in both ssDSSCs and PSCs are also
adversely affected by moisture and should be isolated from the
humidity present in ambient air to promote device
reliability.'®"”

A number of alternative approaches to improve the
conductivity of spiro-OMeTAD have been reported. Cobalt
dopants and F4TCNQ have been used to chemically oxidize
spiro-OMeTAD.">"*72° However, peak device performances
were achieved while using LiTFSI in the HTM and operating
the devices in air. Ionic liquids were recently introduced as
effective dopants that do not require the use of LiTFSI but have
onlzr1 2lgeen demonstrated effectively in devices operated in
air.”™”

Methods to directly incorporate an oxidized form of spiro-
OMeTAD into the HTM and operate the device in an inert
atmosphere have used either 0.24 mol % spiro-OMe-
TAD*(PF4),” or 4 mol % spiro-OMeTAD*(CF,SO;)~.""*?
However, the amounts of oxidized spiro-OMeTAD used in
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both studies were signiﬁcantlg lower than the ideal concen-
tration of 10—24 mol %,"'""> most likely due to solubility
limitations. These devices suffered from high series resistance
(R,)* and low fill factor (FF) (0.28 vs c. 0.60)"" as a result.
Incorporating a greater amount of oxidized spiro-OMeTAD
into the HTM by replacing the PF,~ or CF;SO;~ counter-
anions with a more soluble group, such as the (CF;SO,),N~
counteranion employed in this work and used to the same
effect in cobalt dopants,'® can overcome these issues.

The synthesis and use of 2,2/,7,7'-tetrakis(N,N-di-p-methox-
yphenylamine)-9,9'-spirobifluorene di[bis-
(trifluoromethanesulfonyl)imide], a dicationic salt of spiro-
OMeTAD herein abbreviated as spiro(TFSI),, is presented as
an effective means of introducing a highly soluble form of
oxidized spiro-OMeTAD to the HTM. Spiro(TFSI), is unique
in that no chemical additives, such as lithium salts, cobalt
complexes, or ionic liquids, are needed to oxidize spiro-
OMeTAD in the HTM since spiro(TFSI), is in itself simply
spiro-OMeTAD that has been “pre-oxidized”. Spiro(TFSI), can
easily be added to the HTM in a desired amount and its high
solubility allows for the demonstration of “doping” densities of
singly oxidized spiro-OMeTAD in the HTM of up to 28 mol %
in a functional device, higher than has been previously reported
in the literature.">""'*~>3 With spiro(TFSI),, the common
additive LiTFSI can be removed from the HTM of ssDSSCs
and PSCs with no performance loss. The first ssDSSCs
fabricated in an oxygen-free environment after dye-sensitization
with improved device performance and reproducibility are
demonstrated using spiro(TFSI),.

PSCs fabricated with spiro(TFSI), achieve equal power
conversion efficiencies (7 = 10%) as devices utilizing a
conventional spiro-OMeTAD HTM, but showed greater
performance stability when constantly illuminated and operated
in an inert atmosphere over 10 min, maintaining over 98% peak
efficiency versus less than 90% for the standard devices.

B EXPERIMENTAL SECTION

Complete experimental procedures, synthesis and characterization of
spiro(TFSI),, and device fabrication and testing procedures are
provided in the Supporting Information.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Spiro(TFSI), was
synthesized by oxidizing spiro-OMeTAD with silver bis-
(trifluvoromethanesulfonyl)imide (AgTFSI) and was readily
isolated in high yield (93%) via precipitation in diethyl ether
(Scheme 1; see SI section 1.1 for detailed synthetic procedure).
The UV-—vis spectra of spiro-OMeTAD, spiro(TFSI),, and
spiro(TFSI) are presented in Figure 1 and closely match
previously reported spectra for spiro-OMeTAD, doubly
oxidized spiro-OMeTAD, and singly oxidized spiro-OMe-
TAD.""*® The spectrum of singly oxidized spiro-OMeTAD,

Scheme 1. Synthesis of Spiro(TFSI),
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Figure 1. UV-—vis absorption spectra of spiro-OMeTAD, and
spiro(TFSI),, and spiro(TFSI) in chlorobenzene.

in the form of spiro(TFSI), was obtained via titration of a
solution of spiro-OMeTAD with exactly 1 equiv of AgTFSI
(see SI section 1.10 for detailed procedure).

The ionization potentials (IPs) of spiro-OMeTAD and
spiro(TFSI),, were determined to be —5.0S eV and —5.33 €V,
respectively, by photoelectron spectroscopy in air (PESA).
These values closely match the difference in oxidation
potentials (AV ~ 0.3 V) observed with differential pulse
voltammetry (DPV) between the neutral and doubly oxidized
spiro-OMeTAD species (Table 1). For ease of comparison to

Table 1. Oxidation Potentials of Spiro-OMeTAD as
Determined by Differential Pulse Voltammetry”

half reaction E° (eV vs vacuum)

spiro® — spiro® + e~ =5.15
spiro” — spiro®* + e~ =527
spiro”* — spiro®* + e~ —5.48
spiro™ — spiro* + e~ —6.12

“Values based against a ferrocene internal reference taken to be —5.1
eV v vacuum.

the PESA data, the oxidation potentials reported in Table 1
were obtained in reference to a ferrocene internal standard
where the redox potential of ferrocene was taken to be —5.1 eV
from vacuum, a commonly used method to relate redox
potentials obtained electrochemically to the IP of a material
(see SI section 1.8 for DVP and cyclic voltammetry spectra).”*

Energy level band diagrams of TiO,, spiro-OMeTAD,
spiro(TESI),, and the absorbers WN3.1>> and CH;NH,Pbl,
used in this work’s ssDSSCs and PSCs are depicted in Figure 2.
The IPs of spiro-OMeTAD, spiro(TFSI),, WN3.1, and
CH;NH;Pbl; were measured using PESA. Although PESA is
a surface sensitive technique and cannot probe the effective IP
of the various materials at their interfaces, the band offset
obtained by comparing PESA results for the CH;NH;PbI;
absorber and spiro-OMeTAD is in good agreement with the
reported band offset of the CH;NH;Pbl;/spiro-OMeTAD
interface using ultraviolet photoemission spectroscopy.”® The
LUMO of WN3.1 and conduction band of CH;NH,PbI,; were
calculated as the sum of their respective IPs and optical
bandgaps (1.98 eV for WN3.1*° and 1.56 eV for
CH;NH;PbI;*’). The conduction band energy level of TiO,
was obtained from the literature.”®

As indicated by the black arrow in Figure 2, substitution of
spiro-OMeTAD with spiro(TFSI), introduces holes in the
valence band of spiro-OMeTAD and shifts the IP of the HTM
in a continuum between the IPs of spiro-OMeTAD and

dx.doi.org/10.1021/ja504539w | J. Am. Chem. Soc. 2014, 136, 10996—11001



Journal of the American Chemical Society

-3
-3.28
__ {Tio, TiO,
g -3.92 -3.92 -3.93
> _4__ | |
g
>
o spiro-OMeTAD spiro-OMeTAD
> 5. -5.05 -5.05
3 -5.26
c
w WN3.1 533 549 533
spiro(TFSI), W spiro(TFSI),
6 CH,NH _Pbl

Figure 2. Energy level band diagram of the components of the (a)
ssDSSCs and (b) PSCs used in this work. The black arrow indicates a
continuous shifting of the bulk HTM ionization potential between the
ionization potentials of spiro-OMeTAD and spiro(TFSI), with
increasing amounts of spiro(TSESI),.

spiro(TFSI),, a process analogous to the use of chemical
dopants in polymeric materials that has been well documented
in the literature.**” For example, a film containing 14 mol %
spiro(TFSI), and 86 mol % spiro-OMeTAD was measured by
PESA to have an IP of —5.08 eV, as expected from a linear
combination of their individual work functions.

“Doping” Efficiency of Spiro(TFSl),. Based on the redox
potentials of each oxidation state of spiro-OMeTAD obtained
by DPV (Table 1), combining neutral spiro-OMeTAD with
spiro(TFSI), will result in a comproportionation reaction
between the neutral and doubly oxidized species to form the
singly oxidized species at equilibrium. The equilibrium constant
of this redox reaction can be calculated using the Nernst
equation and redox potentials in Table 1, from which the final
concentrations of the neutral, singly, and doubly oxidized
species can be derived (see SI section 2 for derivation).

From these basic calculations, a solution initially containing
spiro-OMeTAD and 14 mol % spiro(TFSI), should have
effectively no spiro(TFSI), remaining at equilibrium with final
concentrations of the neutral, singly, and doubly oxidized
species of spiro-OMeTAD being 72.3, 27.6, and 0.079 mol %,
respectively.

To confirm these expectations, the UV—vis spectrum of a
solution containing spiro-OMeTAD and 14 mol % spiro-
(TFSI), was fitted with the individual component spectra
(Figure 1) of spiro-OMeTAD, spiro(TFSI), and spiro(TFSI),,
ie, the neutral, singly, and doubly oxidized species, using
nonlinear least-squares curve fitting (Figure 3). The fitted
percentages of spiro-OMeTAD, spiro(TFSI), and spiro(TFSI),
were 72.4%, 27.6%, and <0.01%, respectively, agreeing well with
the predicted equilibrium values. Spiro(TFSI),, the doubly
oxidized species, was fully consumed to form twice the amount
of singly oxidized spiro-OMeTAD in the presence of excess
neutral spiro-OMeTAD, effectively demonstrating a near 100%
“doping” efficiency. This represents a much higher doping
efficiency than the 65—78% reported for cobalt dopants.”'®

The UV—vis spectrum of a solution with spiro-OMeTAD
and 14 mol % spiro(TFSI), correlated strongly with films
deposited from the same solution, with the ratio of oxidized to
neutral spiro-OMeTAD observed in solution directly reflecting
the ratio in the solid HTM films (see SI section 1.5 for film
UV—vis spectrum). The amount of singly oxidized species in
the HTM film is thereby easily defined by the amount of
spiro(TFSI), added during the preparation of the HTM
solution.
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Figure 3. Normalized UV—vis spectrum of a solution initially
containing 86 mol % spiro-OMeTAD and 14 mol % spiro(TFSI),
in chlorobenzene (purple solid line). Final solution concentrations of
the neutral, singly, and doubly oxidized species were found to be
724%, 27.6%, and <0.01%, respectively, by least-squares fit using the
individual component spectra of spiro-OMeTAD, spiro(TFSI), and
spiro(TFSI), shown in Figure 1.

Conductivity Enhancement Using Spiro(TFSI),. Four-
point probe conductivity measurements of HTM films with
between 0 and 16 mol % spiro(TFSI), were acquired (Figure 4;
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Figure 4. Four-point probe conductivity measurements of HTM films
spun on glass from chlorobenzene containing different concentrations
of spiro(TFSI),. Films were cast and measured at room temperature
under a nitrogen atmosphere and dark conditions. All films had the
same concentration of the additive tBP and no LiTFSL Conductivity
varies linearly with spiro(TFSI), concentration. Values and a linear fit
of the data are available in SI section 1.9.

see SI section 1.9 for film deposition procedures, tabulated
conductivity values, and linear fit of data). Deposition and
measurement of the films were performed in a nitrogen
atmosphere under dark conditions. Films contained the
commonly used additive tert-butylpyridine (tBP) but not
LiTFSI (conductivity was not affected by the presence of
LiTFSI or ¢BP in an inert atmosphere; see SI section 4). A
significant increase in conductivity from 107 to 107* S cm™
was observed for even a moderate concentration of 4 mol %
spiro(TFSI), with respect to plain spiro-OMeTAD, and a
maximum conductivity of 1.43 X 107> S cm™" was achieved
with a 14 mol % spiro(TFSI), concentration. This is
significantly higher than conductivities reported using protic
ionic liquids additives with spiro-OMeTAD and comparable to
those achieved with cobalt dopants.”*' The conductivity of the
HTM films varied approximately linearly with spiro(TFSI),
concentration, attributable to mainly increasing charge carrier
concentration.

Solid-State Dye-Sensitized Solar Cell Performance
with Varying Spiro(TFSI), Concentrations. Solid state
dye-sensitized solar cells (ssDSSCs) with varying concen-
trations of spiro(TFSI), in the HTM between 0 and 14 mol %
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were fabricated to determine the optimum concentration of
spiro(TFSI), (see SI section 1.1 for detailed device fabrication
procedures). With the exception of the 0 mol % spiro(TFSI),
(i.e, 100% spiro-OMeTAD) reference point, low concentration
values of spiro(TFSI), were excluded from this study as has
been reported that levels of the singly oxidized species equal to
or above 10 mol % (i.e., >5 mol % spiro(TFSI),) are necessary
for ideal device performance.'”'® This high-concentration
regime was the focus of this study in order to achieve peak
performance in a ssDSSC.

Deposition of titania on conducting glass substrates and dye
sensitization with the sensitizer WN3.1>* were carried out in
air. All subsequent fabrication steps, including deposition of the
hole-transport layer, contact evaporation, and device testing,
were carried out in a controlled, oxygen-free atmosphere. The
additive LiTFSI, commonly used to drive the oxidation of
spiro-OMeTAD in the presence of oxygen,'"'* was excluded
from the HTM. Its presence was found to have a negligible
effect on device performance (see SI section 4 for device
metrics of ssDSSCs with and without LiTFSI), demonstrating
that the addition of the preoxidized spiro(TFSI), fulfilled the
same purpose. The additive tBP was used in all devices as its
removal significantly decreased all device performance metrics
(see SI section 4).

ssDSSC device performance metrics as a function of
spiro(TFSI), concentration in the HTM, derived from
current—voltage measurements in a nitrogen atmosphere, are
presented in Figure S (see SI section S for tabulated values and
representative current—voltage curves; Rg was extracted by
fitting IV curves to the ideal diode equation). All devices
achieved peak performances immediately under a nitrogen
atmosphere. In general, increasing the spiro(TFSI), concen-
tration decreased the Rg and raised FF monotonically; however,
there was a trade-off between FF and Jso/Voc.

Devices with no spiro(TFSI), were essentially inoperable,
suffering from extremely low Jsc and FF and high Rg. The
dramatic increase in Jgc upon addition of spiro(TFSI), can be
attributed to improved Rg with increased conductivity of the
HTM. Pristine spiro-OMeTAD is essentially a poorly
conducting insulator, causing devices to suffer from high Ry
due to poor hole-transport through the device. This results in
poor charge collection efficiencies as charge recombination
dominates over charge transport.*>*' By improving hole
transport through the HTM with the addition of spiro(TFSI),,
a steady reduction of Rg was realized, allowing for improved
charge collection efficiency which manifested itself as increased
Jsc. Similar trends of Jgc improvements upon doping of a
charge transport layer have been observed in a number of OPV
systems, including ssDSSCs using spiro-OMeTAD."**"** The
Jsc loss above 9 mol % spiro(TFSI), resulted from parasitic
absorption of the singly oxidized spiro-OMeTAD species, as its
main absorption band (524 nm) overlaps well with that of the
sensitizer WN3.1 (534 nm).>>*?

The steady decrease in V¢ with increased spiro(TFSI),
levels can also be associated with decreased Rg with improved
conductivity of the HTM. Although Rg should typically not
affect V¢, the higher conductivity of the HTM facilitates
charge injection, causing dark current to increase and V¢ to
decrease (see SI section S for dark IV curves). This trend has
been observed in other organic photovoltaic devices upon
doping.*'

As FF is greatly affected by Rg,>* increasing the conductivity
of the HTM by increasing the spiro(TFSI), concentration
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Figure 5. Average device metrics (10 per spiro(TFSI), concentration)
with standard deviations (gray bars) indicated. Post-dye-sensitization
processing and device testing were performed under a nitrogen
atmosphere. Devices contained the additive tBP but not LiTFSI.

resulted in a monotonic decrease of series resistance and a
corresponding increase in FF. The trade-offs in FF versus Jsc/
Voc with increase spiro(TFSI), concentration resulted in 12
mol % spiro(TFSI), to be the optimal amount for peak power
conversion efficiency. This corresponds to 24 mol % of the
singly oxidized species in the HTM and agrees well with values
previously reported in the literature."

Improved Performance and Reproducibility of
ssDSSCs without Exposure to Air Using Spiro(TFSI),.
ssDSSCs were fabricated with either a spiro(TFSI),-based
HTM or a conventional spiro-OMeTAD HTM to demonstrate
the benefits on device performance and reproducibility that
introducing a controlled amount of oxidized spiro-OMeTAD to
the HTM with spiro(TFSI), has rather than relying on the
conventional method of oxidizing spiro-OMeTAD in air with
LiTESIL Devices were sensitized with the WN3.1 dye. Post-
sensitization, all devices were fabricated and initially tested in a
nitrogen atmosphere. The spiro(TFSI),-based HTM contained
the optimal 12 mol % spiro(TFSI), concentration along with
the additive ¢tBP. The conventional spiro-OMeTAD HTM
contained pristine spiro-OMeTAD, LiTFS], and ¢BP.

Devices using the conventional HTM and never exposed to
air were not operable. Peak power conversion efficiencies were
only achieved after 9—16 h of exposure to air and light, a
commonly used “light-soaking” practice necessary to generate
oxidized spiro-OMeTAD in the HTM with LiTESL'""* These
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conventional devices also suffered from significant variations in
performance (Figure 6), attributed to the uncontrollability of
generating oxidized spiro-OMeTAD with LiTFSI in air.

£ Optimized spiro(TFSI), HTM
4RX] Conventional spiro-OMeTAD HTM
4 -
=
3 —
0
O
- Hfﬁﬂ Efﬁ
& N S R E— E—
170 15 20 25 30 35 40 45 50

Power Conversion Efficiency (%)

Figure 6. Histogram of ssDSSCs containing either an optimized 12
mol % spiro(TFSI),/tBP HTM or a conventional spiro-OMeTAD/
tBP/LiTESI HTM. All devices were fabricated in a nitrogen
atmosphere post-sensitization. Reported efficiencies for conventional
devices were obtained in air while those of spiro(TFSI),-based devices
were obtained in a nitrogen atmosphere. Fifteen devices per HTM
formulation (0.1% bin size).

In contrast, devices using the optimized spiro(TFSI), HTM
had better average Voc, Jsc;, FF, and power conversion
efficiency along with a much tighter spread in performance
compared to the conventional devices (Figure 6; see SI section
6 for average device metrics and representative IV curves).
Noteworthy was that the spiro(TFSI),-based devices immedi-
ately achieved their highest performance in a nitrogen
atmosphere with no required light-soaking. By introducing
oxidized spiro-OMeTAD in a controlled manner using
spiro(TFSI), instead of the conventional LiTFSI-based
approach, ssDSSCs can attain higher and more reproducible
device performances when prepared and operated under an
oxygen-free atmosphere.

Spiro(TFSI), in Nanostructured Perovskite Solar Cells.
Highly efficient perovskite-absorber solar cells (PSCs) and
ssDSSCs both utilize spiro-OMeTAD as the HTM.">*
However, these reported devices were operated in ambient
air to achieve their peak efficiencies. To improve device
stability, exposure of devices to ambient air and moisture
should be minimized to avoid degradation of the absorber and
organic HTM from moisture and photo-oxidation. Spiro-
(TFSI), can be used to increase the conductivity of the spiro-
OMeTAD HTM in PSCs without the need to maintain an
oxygen presence for optimal device performance. PSCs using a
CH;NH,Pbl; absorber on mesoporous TiO, were fabricated in
a nitrogen atmosphere with either the optimized spiro(TFSI),
HTM or a conventional spiro-OMeTAD HTM described in the
previous section (see SI section 1.3 for device fabrication
details). Both HTM solutions were processed under the same
conditions, resulting in HTMs that were 100 + 30 nm thick in
all devices (see SI section 7 for representative cross-sectional
SEM). Devices were tested using a S s delay time at each
voltage step prior to measuring current. Under such conditions,
stable device performance was observed, with no hysteretic
behavior between forward or reverse scan directions (see SI
section 7 for representative IV curves).

Devices containing the spiro(TFSI), HTM were moderately
functional (7 = 6%) when never exposed to air, while those
with the conventional HTM did not function at all (Figure 7).

12 N, Air N,
10 4 ® ® %
8 — X
O\O -
= o
L
g o] B
4 -
7 + [] Optimized Spiro(TFSI), HTM
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Figure 7. Power conversion efficiencies of PSCs with either a 12 mol
% spiro(TFSI), HTM or conventional spiro-OMeTAD HTM under
three consecutive environmental testing conditions: (1) nitrogen
atmosphere, never exposed to air; (2) exposed to air; (3) reintroduced
to a nitrogen atmosphere after being exposed to air. Upon
reintroduction to a nitrogen atmosphere, devices with spiro(TFSI),
maintained greater than 98% of initial efficiencies after 10 min of
illumination compared to less than 90% for devices without.

However, unlike the ssDSSCs in this study that used
spiro(TFSI), and achieved their highest efficiencies when
never exposed to air, all PSCs required exposure to air to
improved their peak efficiencies up to # = 10% (see SI section 4
for effects of exposing ssDSSCs to air; see SI section 7 for PSC
device current—voltage metrics). While the role of oxygen has
not been well characterized in PSCs, it is hypothesized that
oxygen aids in surface passivation of the perovskite absorber.

After exposure to air, the devices were reintroduced and
operated under a nitrogen atmosphere to simulate encapsula-
tion of the devices in an oxygen- and moisture-free environ-
ment. All devices initially performed at their peak, air-exposed
efficiencies (Figure 7). However, only devices with spiro-
(TFSI), were able to maintain a stable performance (greater
than 98% of initial performance) over 10 min of constant
illumination and operation at AMIL.5, while those with the
conventional HTM maintained no more than 90% of their
initial performance.

The rapid decrease in performance of the devices without
spiro(TFSI), could be a result of the reversible oxidation
reaction of a conventional spiro-OMeTAD HTM."? While
LiTFSI is used to drive the oxidation of spiro-OMeTAD
forward in the presence of oxygen, removal of oxygen could
shift the equilibrium back toward the reductive reaction where
the Li* end product, possibly a lithium oxide,""'* and oxidized
spiro-OMeTAD are consumed to reform neutral spiro-
OMeTAD. This would lead to a lower charge carrier
concentration and conductivity of the HTM, diminishing
device performance over time as oxidized spiro-OMeTAD is
consumed. Devices utilizing spiro(TFSI), circumvented this
issue by directly introducing a stable amount of oxidized spiro-
OMeTAD to the HTM to improve its conductivity without the
use of LiTFSI. With no lithium species present in the HTM to
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promote the formation or depletion of oxidized spiro-
OMeTAD, these devices were able to maintain stable
performance over a 10 min period of constant illumination
and operation in an oxygen-free atmosphere. Such operating
stability will be highly beneficial to the commercialization of
PSCs as they will require encapsulation in an inert, moisture-
free environment to promote long-term stability.

B CONCLUSION

Spiro(TSFI),, a dicationic salt of spiro-OMeTAD, provides an
efficient means of controllably increasing the conductivity of
the spiro-OMeTAD HTM commonly used in ssDSSCs and
PSCs by introducing the singly oxidized spiro-OMeTAD
species with near 100% efficiency. Controlling the amount of
oxidized spiro-OMeTAD in the HTM with spiro(TFSI),
resulted in higher and more reproducible ssDSSC device
performance and improved operating stability of efficient PSCs
in an inert atmosphere. Using spiro(TFSI), will help to
facilitate the commercialization of these technologies by
enabling sealing in a dry, oxygen-free environment to avoid
potential degradation of the absorbers and organic materials by
moisture and photo-oxidation.

B ASSOCIATED CONTENT
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Additional figures, data, and detailed synthetic preparation and
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