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ABSTRACT: Thermal stability of hybrid solar cells contain-
ing spiro-OMeTAD as hole-transporting layer is investigated.
It is demonstrated that fully symmetrical spiro-OMeTAD is
prone to crystallization, and growth of large crystalline
domains in the hole-transporting layer is one of the causes
of solar cell degradation at elevated temperatures, as
crystallization of the material inside the pores or on the
interface affects the contact between the absorber and the hole
transport. Suppression of the crystal growth in the hole-
transporting layer is demonstrated to be a viable tactic to
achieve a significant increase in the solar cell resistance to
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thermal stress and improve the overall lifetime of the device. Findings described in this publication could be applicable to hybrid
solar cell research as a number of well-performing architectures rely heavily upon doped spiro-OMeTAD as hole-transporting

material.
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B INTRODUCTION

Modern society is facing ever growing concerns over climate
change caused by the combustion of fossil fuels.' > Of the
available renewable and clean energy sources, solar energy is
the most abundant. Therefore, it is no surprise that there has
been a recent surge in the development of photovoltaic
technologies.* Photovoltaic devices based on crystalline,
inorganic semiconductors have reached impressive power
conversion efficiencies of over 28% in single-junction, and
37% in multijunction, device architectures under full-sun
illumination.> However, this class of photovoltaics suffers
from its high production and energy costs, which result in
long financial and energy payback times.”® This has promoted
the development of solution processable solar cells,'*™"* which
benefit from low-cost materials, cheap, high-throughput
manufacturing methods and low energy expenditure.'* The
dye-sensitized solar cell (DSSC) has been a long-standing
candidate to fulfill this long list of requirements. For the solid-
state version (ssDSSC), power conversion efficiencies of over
20% have been predicted,15 while utilizing low-cost materials,'®
low-temperature processing (<150 °C), and reel-to-reel
fabrication methods.'”'® However, despite numerous improve-
ments to the electron-transporting anode, the light-absorbing
dye sensitizers, and the hole-transporting materials, the ssDSSC
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have not fully realized projected potential. The best-performing
ssDSSC demonstrated power conversion efficiency of over
7%."

Recently, organic—inorganic lead halide perovskite com-
pounds have been utilized as sensitizers in ssDSSC devices. The
lead iodide perovskite derivatives have high extinction
coeflicients, direct bandgaps, large exciton diffusion lengths,
and excellent absorption throughout the UV—vis—NIR
In late 2012 lead iodide perovskite
(CH;NH,Pbl,)-sensitized mesoscopic solid solar cells with
2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobi-
fluorene (spiro-OMeTAD) as hole-transporting material
(HTM) have been reported to reach 9.7% efficiency.”
Subsequent to this discovery, lead halide perovskite based
solid-state devices, using spiro-OMeTAD as HTM, have been
developing rapidly and an efficiency of 19.3% has been recently
reported.”*

To date spiro-OMeTAD is the main, indeed almost the only,
organic HTM being extensively studied for application in the
perovskite- and dye-sensitized solar cells.”*~>* With the aid of
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sophisticated photophysical characterization and theoretical
calculations, much of the device optimization work including
doping, pore-filling, thickness, and porosity of TiO,, and
reduction of recombination, is centered on spiro-OMeTAD.
While several alternatives have been proposed,®®~* spiro-
OMeTAD still remains the most widely used and best
performing solid-state hole-transporting material.

While all-solid-state hybrid devices have shown substantial
improvements in cell performance, surprisingly few studies have
been published on their long-term stability.'”*"*'~* Most
publications about organic and hybrid photovoltaics emphasize
device performance, and researchers all over the world are
involved in the “efficiency race”. Nevertheless, it will ultimately
be their stability (i.e., their lifetime under operation) that will
determine whether these device platforms are just interesting
photovoltaic concepts or viable technology. Solar cell stability is
a measure of whether a given technology can withstand long-
term exposure to the conditions relevant to solar cell use, such
as high illumination, temperature, or humidity.

The main degradation cause of the HTMs used in perovskite
and ssDSSCs photovoltaic devices is probably the oxidation of
the hole transporter after prolonged exposure to air. 34753 Ag
a result, proper encapsulation is absolutely critical for the long-
term stability of ssDSSCs. While the oxidation products are
stable over the short term, there is a lack of studies on long-
term stability of this doping mechanism when the solar cells are
exposed to light and increased temperatures in the absence of
oxygen. Another stability concern is morphological changes in
the HTM upon long exposure to both light and high
temperatures. The most common HTMs have been shown to
be amorphous,®® yet crystallization of the HTM inside the
pores or on the interfaces could affect the contact to the light
absorber as well as hole transport.

In this publication we have focused our attention on the
investigation of the thermal stability of spiro-OMeTAD and its
impact on overall device stability under thermal stress.
Furthermore, we have studied ways to increase thermal stability
of the HTM via the molecular engineering of the HTM.

In light of the atmospheric sensitivity of the perovskite

devices, they should be fabricated under controlled atmospheric
conditions, with low humidity and with reliable encapsula-
ion.>>>7 Quality of environmental sealing of the perovskite
devices is a very important factor that could significantly
influence device lifetime in HTM thermal stability studies.
Furthermore, very little is known about the effects of perovskite
interaction with the encapsulation material; therefore, we have
decided to conduct the experiments with more stable but less
efficient ssDSSC.

B RESULTS AND DISCUSSION

Morphological Properties of the Spiro-OMeTAD.
Investigation of the pure sample of spiro-OMeTAD, using
differential scanning calorimetry (DSC), indicates that the
material could exist in both crystalline and amorphous states.
During the first scan, only melting of the crystals (T,,) is
detected at 245 °C, and no crystallization was observed during
the cooling and second heating steps, only the glass transition
(T,) at 124 °C (Figure 1 and Table 1).

The material’s behavior under simulated processing con-
ditions was also investigated. The samples of spiro-OMeTAD
were placed into the DSC pans, and some of them were heated
in an oven under argon atmosphere at 270 °C until the HTM
melted to then cool down to room temperature (RT). The
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Figure 1. DSC first and second heating curves of spiro-OMeTAD

(heating rate 10 °C min™").

Table 1. Thermal and Photoelectrical Properties of Spiro-
OMeTAD and HTM1-HTM3

a b
] GO (d S &) @b
spiro-OMeTAD 245 124 449 5.00 41 % 1078
HTM1 237 121 440 495 53 x107°
HTM2 139 444 5.08 45 % 107¢
HTM3 135 438 5.02 6% 107

“Ionization potential was measured by the photoemission in air
method from films. “Mobility value at zero field strength.

other set of samples was dissolved in dichloromethane, and
placed in an oven under argon atmosphere at 90 °C for 20 min
to simulate rapid solvent evaporation from film during spin-
coating procedure. The morphological investigation of both
sets of the samples was carried out using a DSC analysis
(Figure 2 and Table 1).

/126 °c —— Solution
Melt

+—182°C
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Figure 2. DSC curves of the melted and solution processed samples of
the spiro-OMeTAD (heating rate 10 °C min™").

Interestingly, it was noticed that crystallization from the
concentrated DCM solutions could be easily induced upon
stirring the dissolved material with a spatula or providing
nucleation centers by any other means. DSC analysis confirmed
this observation; results for samples prepared from solution
look totally different compared to the ones obtained from the
melt.
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Figure 3. Structures of the synthesized spiro-OMeTAD analogues.
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Spiro-OMeTAD remained amorphous upon solidifying from
the melt, and only the glass transition temperature was
observed. Most likely the viscous nature of the melted material
as well as the large size and complex shape of the spiro-
OMeTAD prevent a fast orderly arrangement of the molecules
and inhibit crystallization. In the solution, on the other hand,
movement of the molecules is not constrained as much, and the
HTM readily crystallizes. DSC data indicates that samples
prepared from solution are a mixture of amorphous and
crystalline material. Both glass transition (at 128 °C) and
melting of the crystals (at 245 °C) are observed; additionally,
crystallization process is detected at 182 °C. Nucleation centers
formed during sample preparation obviously promote crystal-
lization of the amorphous material when it liquefies above the
glass transition temperature.

It is important to understand the effect of thermal stress on
the morphology of the HTM materials, as temperatures
reaching 60—80 °C are not that uncommon in real world
solar cells, especially in hot climatic conditions. From the
conducted experiments it is evident that the amorphous state of
spiro-OMeTAD is not as stable as many researchers believed,
and under the right circumstances, especially at elevated
temperatures, crystallization of the compound is very likely.

In order to better comprehend the effect of uncontrolled
crystal growth of spiro-OMeTAD on solar cell performance and
lifetime, it is necessary to compare the results with “spiro-like”
HTMs possessing a reduced or totally inhibited tendency to
crystallize.

Synthesis of the Asymmetric Spiro-OMeTAD Ana-
logues. One of the methods to achieve reduced crystallinity,
without too seriously affecting other properties, is introduction
of some degree of asymmetry into the molecule. For this
purpose 3 new spiro-OMeTAD analogues have been
synthesized and investigated.

Molecules of HTM1-HTM3 have a varying degree of
asymmetry introduced into them. HTMI1 deviates very little
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from the original molecular design, with only small local
changes in the diphenylamine fragment as is introduced, while
HTM2 and HTM3 are progressively more and more
asymmetric. The molecular structures of the investigated
charge-transporting materials HTM1-HTM3 are presented
in Figure 3; the detailed description of the synthesis procedures
could be found in the Supporting Information.

Thermal Properties of the Asymmetric Spiro-OMe-
TAD Analogues. DSC analysis of the synthesized derivatives
HTM1-HTM3 has shown that HTMI, similar to spiro-
OMeTAD, can exist in both amorphous and crystalline states.
However, contrary to spiro-OMeTAD, during the first heating,
both glass transition at 120 °C and melting of the crystals at
237 °C are observed (Figure 4).

Similar to the case of spiro-OMeTAD, presence of the
crystalline material induces crystallization of the sample above
the glass transition temperature, and the crystallization peak

2nd heating

1st heating
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Figure 4. DSC first and second heating curves of HTM1 (heating rate
10 °C min™?).
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(T.,) is observed at 205 °C. Interestingly, no crystallization was
detected during cooling; however, a small amount of the
HTM1 crystallizes during second heating, although T, is barely
visible and is significantly shifted (by 21 °C) to higher
temperature. The intensity of T, and T, peaks, as well as the
shift of T, indicates that the crystallization process is slow and
not extensive. The higher degree of asymmetry in HTM2 and
HTM3 ensures that these two materials remain completely
amorphous, and only the glass transition is registered during
both heating runs (Figure S and Table 1).

EXO

T T T T T T T T T T
50 100 150 200 250 300
Temperature / °C

Figure S. DSC second heating curves of HTM2 and HTM3 (heating
rate 10 °C min™?).

The influence of the molecular structure on morphological
properties of the compounds can be clearly seen from the DSC
experiments. Introduction of the methyl group in the
diphenylamine fragment of HTMI1 leads to reduction of
melting and glass transition temperatures compared with those
of spiro-OMeTAD. Increased asymmetry of the molecule,
achieved via addition of an extra phenyl ring in HTM2 and
HTM3, ensures that both materials remain amorphous. The
phenyl ring also adds rigidity to the molecule’s core; as a
consequence, the glass transition temperature increases by 10—
1S °C compared with that of the unmodified spiro-OMeTAD.
Similar to the case of HTM1, methyl groups reduce the glass
transition temperature of HTM3 by 4 °C, compared with that
of HTM2.

Thermogravimetry analysis (TGA) revealed that new
materials HTM1-HTM3 demonstrate very good thermal
stability (Table 1, Supporting Information Figure S1); their
decomposition temperatures (Tg..s) & 440 °C are very similar
to that of spiro-OMeTAD (449 °C).

Energy Levels, Charge Transport Properties, and
Photovoltaic Performance. In a consideration of the use
of an organic material for optoelectronic applications, it is
important to have an understanding of its solid-state ionization
potentials (I,’s). This understanding can help in identifying a
suitable match of organic and inorganic materials. The
ionization potential was measured by the electron photo-
emission in air method (see Supporting Information Figure
S2), and results are presented in Table 1; the measurement
error is evaluated as 0.03 eV.>*"%

Usually the photoemission experiments are carried out in
vacuum, and high vacuum is one of the main requirements for
these measurements. If the vacuum is not high enough, the
sample surface oxidation and gas adsorption are influencing the

measurement results. In our case, however, the organic
materials investigated are stable enough to oxygen, and the
measurements may be carried out in air. The measured I,
values are very similar for all investigated materials and are close
to 5.00 eV. Additional methyl groups in HTM1 and HTM3
decrease it slightly by ~0.05 eV, compared with values for
spiro-OMeTAD and HTM2, while introduction of an extra
phenyl ring increases I, by ~0.08 eV.

Charge transport properties of the synthesized spiro-
OMeTAD analogues HTM1-HTM3 were studied by the
xerographic time-of-flight (XTOF) technique®' ™ (see Sup-
porting Information, Figure S3), and values are given in Table
1.

The RT hole-drift mobility of the undoped films of the
HTM1 was 5.3 X 107 cm? V™! s7! at weak electric fields, and it
is slightly higher than g, of the spiro-OMeTAD. Unfortunately,
the charge mobility of HTM2 and HTM3 at weak electric fields
was approximately 1 order of magnitude lower compared to
that of HTM1 and spiro-OMeTAD. Obviously, the asym-
metrical nature of these compounds prevents tight packing, and
it is more difficult for the charge to hop between molecules.

Synthesized compounds were tested as hole-transporting
materials in ssDSSC in order to evaluate their photovoltaic
performance. The J—V characteristics under standard global
AM 1.5G solar conditions are shown in Table 2 and Supporting

Table 2. Photovoltaic Performance of ssDSSCs with p-
Semiconductors HTM1-HTM3“

compd Jsc (mA em™)  Voc (mV)  FF (%) n (%)
spico-OMeTAD 976 + 04 760 £20 641 48+ 0.07
HTMI 934+07  820£40 631 48011
HTM2 70806  800+30 381 22010
HTM3 700 04 80020 381 2.1+ 009

“Average data with standard deviation were based on five cells in a
single batch.

Information Figure S4. As expected from the hole mobility
measurements, HTM1 was the best performing new material,
and the overall efficiency was identical to that of spiro-
OMeTAD. The solar cell performance in the case of
compounds HTM2 and HTM3 was lower (2.2% and 2.1%,
respectively) compared to the device comprising spiro-
OMeTAD (4.8%). A decrease in the short-circuit current
density in the cases of HTM2 and HTM3 most likely could be
attributed to the larger charge recombination at HTM/dye
interface, which arises from the alterations in the shape of these
molecules and subsequent changes in packing and charge
transport properties.

Solar Cell Thermal Stability Study. Photovoltaic devices
with the investigated HTMs have been subjected to elevated
temperatures for prolonged time intervals, and changes in their
performance have been monitored. Performances of the solar
cells containing spiro-OMeTAD as hole-transporting material
have deteriorated rapidly under relatively high thermal stress of
100 °C. In about 250 min the device was no longer functioning
(Figure 6).

Microscope pictures of the ssDSSC revealed crystallization of
spiro-OMeTAD at elevated temperatures (Figures 6 and 7). As
these crystal domains grow ever larger over time, device
performance declines to zero. Crystallization of the HTM
inside the pores or on the interface most probably affects the
contact between the light absorber and the hole transport.****

DOI: 10.1021/am5090385
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Figure 6. Performance of the spiro-OMeTAD containing ssDSSC
heated at 100 °C. Inset shows dark field crossed polarizer microscope
pictures of the device.
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Figure 7. Microscope pictures (dark field crossed polarizers) of the
ssDSSC containing spiro-OMeTAD heated at 100 °C.

Under the test conditions, spiro-OMeTAD tends to form large
crystalline domains that eventually occupy all of the available
area (Figure 7).

Just as DSC experiments have shown, the presence of
nucleation centers induces crystallization of the material, and
this process is accelerated by elevated temperatures. Mechanical
impurities, small crystals that remain if the spiro-OMeTAD is
not completely dissolved, or interfaces with other device
components can induce crystallization of the HTM. Even
thermal evaporation of the metal electrode on top of the hole-
transporting material could be a factor catalyzing crystal
growth.

In a separate thermal test, designed to demonstrate effects of
electrode deposition method upon formation of the crystal-
lization centers, samples of spiro-OMeTAD were spin-coated
onto a glass substrate. These samples have crystallized after
heating at 200 °C if the silver electrode was evaporated on top.
On the other hand, if the HTM material was coated on the
glass plate with silver electrodes already present no
crystallization was observed under identical testing conditions,
even at these high temperatures (Figure 8). These observations
correlate with the DSC data (Figures 1 and 2) and indicate that
spiro-OMeTAD can remain in an amorphous state even at
these relatively high temperatures, provided that no crystal-

11111

Figure 8. Ag “hot” versus Ag “cold” contact with spiro-OMeTAD (200
°C heating cycle).

lization centers are present, which is very difficult to achieve in
a standard solution-based ssDSSC manufacturing process.
Spatially resolved current imaging allows researchers to
visually see the effect of crystal growth on the device
performance (Figure 9). The bottom right part of the solar

High current

Low current

Figure 9. Microscope photo of the crystallization phenomena (a) and
spatially resolved current image (b) of the ssDSSC containing spiro-
OMeTAD (heated at 100 °C). The solar cell area was illuminated with
a laser tip during the current density scanning.

cell, covered by a large crystalline domain of the spiro-
OMeTAD, yields much lower currents, compared to the rest of
the device. Growth of the large HTM crystals most likely affects
the contact to the light absorber and electrode, causing
morphological hole traps to form.

Lifetime comparisons of the ssDSSC devices are shown in
Figure 10. Not surprisingly, solar cells with spiro-OMeTAD
performed the worst; the deterioration process was continuous
although not as rapid as in the previous test when higher
temperatures (100 °C) were applied.

The fully amorphous spiro analogues HTM2 and HTM3
performed significantly better and ~60% of the initial device
performance was retained, although a noticeable drop in
efficiency is still present. Despite the fact that HTM1 can be
crystalline as well as amorphous, solar cells with HTM1
demonstrated the best lifetime test results, and only ~10% drop
in efficiency was registered after 1000 h at 60 °C. The benefit of
the methyl groups, placed at meta-position of the phenyl ring in
the diphenylamine fragment, could be observed in the cases of
both HTM1 and HTM3. It is obvious that even the smallest
substituents, placed at correct positions, can make a significant

DOI: 10.1021/am5090385
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Figure 10. Lifetime of the ssDSSCs comprising hole-transporting
materials HTM1— HTM3 and spiro-OMeTAD at 60 °C.

impact on the properties of the compound and subsequent
device performance.

Morphological Stability of HTMs with Additives. In
order to gain a better understanding of the reasons why HTM1
performed so well in the lifetime tests we have to look beyond
morphological investigations of the pure material and examine a
mixture of components that are actually used in solar cell
construction. It is a well-known fact that even a small amount of
additives, their nature, and the type of the solvent used can
have a significant impact on the glass transition, melting, and
crystallization temperatures as well as the overall morphological
stability of the material in the film of the actual device.

The ~3 pm films, prepared using doctor blade technique,
have been dried at 70 °C under Ar atmosphere for 15 min and
kept at 100 °C under Ar atmosphere for 1 month. The doctor
blade coating technique was chosen purely due to practical
reasons as spin-coated films are too thin in order to effectively
scrape off 4—5 mg of material for DSC analysis.

Results of the long-term morphological stability test
demonstrate that spiro-OMeTAD, similar to the experiments
with pristine material, readily crystallizes from the solution
(Supporting Information Figure SS, Table 3). HTM1 on the

Table 3. DSC Results of the Long-Term Morphological
Stability Test of the Spiro-OMeTAD and HTM1

initial 1 week 2 weeks 3 weeks 4 weeks
Spiro-OMeTAD
T, (°C) 7 110 119 120 122
T, (°C) 242 243 243 243 243
HTM1
T, (°C) 66 99 113 119 121
T, (°C) 226 229 230

other hand, does not crystallize as easily, and first signs of
crystallization appear after 2 weeks at 100 °C. Looking at the
results chart (Figure 11), it is evident that at the beginning of
the test glass transition temperatures are dramatically lower,
compared with those of pristine materials.

Obviously, liquid fBP (4-tert-butylpyridine) and leftover
solvent are acting as plasticizers and decrease T, of the
relatively thick films by ~50 °C. Naturally, this value could
differ depending on the amount of the fBP used, volatility of
the solvent, thickness of the film, and other factors. However, it
is clear that the glass transition temperature could be reduced
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Figure 11. Results chart of the long-term morphological stability test
of the spiro-OMeTAD (a) and HTM1 (b). Dotted and dashed lines
indicate glass transition and melting temperatures of the pristine
sample accordingly.

below 100 °C, which in turn decreases stability of the
amorphous state at elevated temperatures.

As the time progresses and volatile components slowly
evaporate from the deeper layers of the HTM film, T, starts to
increase, stabilizing around the values recorded for the pristine
materials. The evaporation process is quite slow due to the
relatively high boiling temperatures of chlorobenzene and
especially tBP.*® In actual solar cells encapsulation of the device
and mesoporous structure of the TiO, would prevent or at least
severely slow down evaporation and T, would remain
depressed for much longer time periods. Melting temperatures
of both HTMs have been slightly decreased due to the presence
of the additives.

In order to investigate of the influence of the film thickness
on the morphological stability of the HTM layers, ~200 nm
spin-coated films, corresponding to the thickness of the
material in the actual device, were also prepared and tested
under identical conditions.

After 30 days at 100 °C under Ar atmosphere, the X-ray
diffraction (XRD) analysis of the doped spiro-OMeTAD
samples revealed new features at 5.5°, 5.86°, 6.08°, and
12.16° (Figure 12a), indicating formation of the spiro-
OMeTAD crystals in the film. On the other hand, films of
the doped HTM1 did not demonstrate similar changes in the
XRD patterns and remained amorphous (Figure 12 b). Thin
films used in the morphological stability tests demonstrated no
noticeable changes in UV—vis absorption spectra (Supporting

DOI: 10.1021/am5090385
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Figure 12. X-ray diffraction spectra of the spiro-OMeTAD (a) and
HTMI1 (b) films with additives on FTO coated glass substrate.

Information Figure S6) after 30 days at 100 °C, indicating that
there were no significant changes in the structure of the doped
HTMs.

Influence of the film thickness on the crystallization rate was
also investigated using polarized light microscopy, and the
results are in good agreement with the DSC and XRD
measurements data. Spiro-OMeTAD in thicker films (Support-
ing Information Figure S7a), formed using the doctor blade
technique, crystallizes faster and over a significantly larger area,
compared to the thinner spin-coated films (Supporting
Information Figure S7c). HTM1, on the other hand, is much
less prone to crystallization, and after a month only small
separate crystals are observed in thicker films (Supporting
Information Figure S7b), while spin-coated ones remained
completely unchanged (Supporting Information Figure S7d).
From the conducted DSC, XRD, and microscopy measure-
ments it is evident that crystallization processes are noticeably
slowed down in thinner films, most likely due to the faster
evaporation of the volatile components from thinner ~200 nm

films. As a consequence glass transition temperature stabilizes
above 100 °C much more quickly, and the conditions for
crystal growth become less favorable. Nevertheless, spiro-
MeOTAD starts to crystallize even under these circumstances,
while HTM1 remains amorphous. Most likely growth of the
large crystals is impaired in HTM1 due to a less orderly
structure of the compound, compared with the spiro-
OMeTAD. Therefore, the material is morphologically more
stable, and the overall lifetime of the devices increases
significantly under thermal stress.

B CONCLUSIONS

In summary, we have demonstrated that growth of large
crystalline domains in the hole-transporting layer is one of the
causes of solar cell degradation at elevated temperatures. Most
probably, crystallization of the HTM inside the pores or on the
interface affects the contact between the light absorber and the
hole transport. The fully symmetrical spiro-OMeTAD is prone
to crystallization, especially if processed from solution. This
process is accelerated by the presence of leftover solvent and
liquid additives, such as 4-tert-butylpyridine. They act as
plasticizers, significantly reducing the glass transition temper-
ature and overall morphological stability of the amorphous
state. One of the possible solutions to the problem is the
introduction of local asymmetry into the spiro-OMeTAD
molecule. This tactic suppresses crystal growth in the HTM
layer and significantly increases solar cell resistance to thermal
stress and overall lifetime of the device. Devices with HTM1, a
spiro-OMeTAD analogue with four additional strategically well-
placed methyl groups, have demonstrated significantly
improved lifetime at elevated temperatures and retained
~90% of their initial efliciency after 1000 h at 60 °C, while
solar cells with spiro-OMeTAD have deteriorated rapidly under
identical conditions. Findings described in this publication
could be applicable to the hybrid solar cell research as a number
of well-performing architectures rely heavily upon doped spiro-
OMeTAD as hole-transporting material.

B EXPERIMENTAL SECTION

General Methods and Materials. Chemicals were purchased
from Sigma-Aldrich and TCI Europe and used as received without
further purification. The 'H and *C NMR spectra were taken on
Varian Unity Inova (300 MHz) and Bruker Avance II1 400 (400 MHz)
spectrometers at RT. All the data are given as chemical shifts in &
(ppm); (CH,),Si (TMS, 0 ppm) was used as an internal standard. The
course of the reaction products was monitored by TLC on
ALUGRAM SIL G/UV254 plates and developed with I, or UV
light. Silica gel (grade 9385, 230—400 mesh, 60 A, Aldrich) was used
for column chromatography. Elemental analysis was performed with
an Exeter Analytical CE-440 elemental analyzer, model 440 C/H/N/.
Differential scanning calorimetry (DSC) was performed on a Q10
calorimeter (TA Instruments) at a scan rate of 10 K min~" in the
nitrogen atmosphere. Thermogravimetry measurements were done on
a QS50 thermogravimetric analyzer (TA Instruments) at a scan rate of
10 K min™' in the nitrogen atmosphere; thermal decomposition
temperature was registered at 5% weight loss. The glass transition
temperatures for the investigated compounds were determined during
the second heating scan. An electrothermal MEL-TEMP capillary
melting point apparatus was used for determination of melting points.
Thickness of the films was measured using MarSurf WS1 white light
interferometer. Optical microscopy experiments were conducted on
Olympus BX-41 equipped with QImaging Go-3 camera. The XRD
analysis was performed on the D8 Advance diffractometer (Bruker
AXS, Karlsruhe, Germany) operating at the tube voltage of 40 kV and
tube current of 40 mA. The X-ray beam was filtered with Ni 0.02 mm
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filter to select the Cu Ka wavelength. Diffraction patterns were
recorded in a Bragg—Brentano geometry using a fast counting detector
Bruker LynxEye based on silicon strip technology. The specimens
were scanned over the range 20 = 3—70° at a scanning speed of 6°
min~" using a coupled 26/6 scan type.

lonization Potential Measurement. The solid-state ionization
potential of the layers of the synthesized compounds was measured by
the electron photoemission in air method.**~®" The samples for the
ionization potential measurement were prepared by dissolving
materials in CHCl; and were coated on Al plates precoated with
~0.5 pm thick methyl methacrylate and methacrylic acid copolymer
adhesive layer. The thickness of the transporting material layer was
0.5—1 um. Usually photoemission experiments are carried out in
vacuum, and high vacuum is one of the main requirements for these
measurements. If vacaum is not high enough, the sample surface
oxidation and gas adsorption are influencing the measurement results.
In our case, however, the organic materials investigated are stable
enough to oxygen, and the measurements may be carried out in the air.
The samples were illuminated with monochromatic light from the
quartz monochromator with deuterium lamp. The power of the
incident light beam was (2—5) X 10™® W. The negative voltage of
—300 V was supplied to the sample substrate. The counter electrode
with the 4.5 X 15 mm’ slit for illumination was placed at 8 mm
distance from the sample surface. The counter electrode was
connected to the input of the BK2-16 type electrometer, working in
the open input regime, for the photocurrent measurement. The 107'°
to 107'* A strong photocurrent was flowing in the circuit under
illumination. The photocurrent I is strongly dependent on the incident
light photon energy hv. The I ®° = f(hv) dependence was plotted.
Usually the dependence of the photocurrent on incident light quanta
energy is well-described by linear relationship between I°* and hv near
the threshold.***® The linear part of this dependence was extrapolated
to the hv axis, and I, value was determined as the photon energy at the
interception point.

Hole-Drift Mobility Measurement. The samples for the hole
mobility measurements were prepared by spin-coating the solutions of
the synthesized compounds on the polyester films with conductive Al
layer. The layer thickness was in the range 5—10 ym. The hole-drift
mobility was measured by xerographic time-of-flight technique
(XTOF).*"~% Electric field was created by positive corona charging.
The charge carriers were generated at the layer surface by illumination
with pulses of nitrogen laser (pulse duration was 2 ns, wavelength 337
nm). The layer surface potential decrease as a result of pulse
illumination was up to 1—5% of initial potential before illumination.
The capacitance probe that was connected to the wide frequency band
electrometer measured the speed of the surface potential decrease dU/
dt. The transit time t, was determined by the kink on the curve of the
dU/dt transient in double logarithmic scale. The drift mobility was
calculated by the formula y = d*/Uyt, where d is the layer thickness,
and U is the surface potential at the moment of illumination.

Device Fabrication and Characterization. A TiO, blocking
layer was prepared on a fluorine-doped tin oxide (FTO)-covered glass
substrate using spray pyrolysis.** Next, a TiO, paste (Dyesol), diluted
with terpineol, was applied by screen printing, resulting in a film
thickness of 1.7 pm. All films were then sintered for 45 min at 450 °C,
followed by treatment in a 40 mM aqueous solution of TiCl, at 60 °C
for 30 min, followed by another sintering step. The prepared samples
with TiO, layers were pretreated with S mM solutions of 2-(p-
butoxyphenyl)acetohydroxamic acid sodium salt in ethanol. The
electrodes were then dyed in 0.5 mM dye N-(9,9-dimethylfluoren-2-
y1)-9,9-dimethyl-N-(4-perylenmonoimide-3-ylphenyl)fluoren-2-amine
(IDS04) solution in CH,Cl,. A 200 nm thick layer of hole-transporting
material was applied by spin-coating from a solution in chlorobenzene
(60 mg mL™") also containing 25 uL mL™" of Li(CF;S0,),N solution
in acetonitrile (stock solution concentration 145 mg mL™") and 12 uL
mL™! of tBP. Fabrication of the device was completed by evaporation
of 200 nm of silver as the counter electrode. The active area of the
ssDSSC was defined by the size of these contacts (0.13 cm?), and the
cells were masked by an aperture of the same area for measurements.
The current—voltage characteristics for all cells were measured with a

Keithley 2400 under 1000 W m™2, AM 1.5G conditions (LOT ORIEL
450 W). The scale of the V. measurement has an accuracy of 20 mV
yielding a systematic error margin of +20 mV. The incident photon to
current conversion efficiencies (IPCE) were obtained with an Acton
Research Monochromator using additional white background light
illumination. Device lifetime tests were conducted on ssDSSC devices
that were sealed after fabrication and constantly kept at 60 °C and 30%
humidity for the duration of the experiment.

Film Preparation for the Long-Term Morphological Stability
Test. The investigated charge-transporting materials (spiro-OMeTAD
and HTM1) with bis(trifluoromethane) sulfonimide lithium salt (Li-
TFSI) and 4-tert-butylpyridine (tBP) additives have been dissolved in
chlorobenzene and applied onto FTO coated glass substrates using the
doctor blade technique. Concentrations of the materials are identical
to those used for the construction of ssDSSC devices. Prepared ~3 ym
films have been dried at 70 °C under Ar atmosphere for 15 min and
kept at 100 °C under Ar atmosphere for 1 month. Every week a
sample of HTM was scraped off and investigated using DSC; no
encapsulation was used. A sample for initial testing was taken after the
drying step. The doctor blade technique was chosen purely due to
practical reasons as spin-coated films are too thin in order to effectively
scrape oft 4—S5 mg of material for DSC analysis.

For the investigation of the influence of the film thickness on the
morphological stability of the HTM layers, ~200 nm spin-coated films,
corresponding to the thickness of the material in the actual device,
were also prepared. Thin samples were obtained using the same
solvents, materials, additives, and concentrations. They were tested
under identical conditions for 1 month and investigated using X-ray
diffraction analysis.
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