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1. Introduction

1.1. Motivation

Nowadays, when air pollution and increased CO, levels keeps us anxious, the alternative
energy sources became the main interest of society. There are more than a few of these
sources as hydro-energy, biomass, wind or photo-voltaic. The latter changes solar light
into electric energy directly, also having a high energy potential. For this reason photo-
voltaic energy sources attracted main attention and a lot of scientific researches took part
on it.

The most popular Solar cells are based on silicon - about 90 percent of market share.
However, very pure silicon is needed and the technological process requires part of this
energy itself. These SC uses about 1000 times more light absorber then dye-sensitized or
perovskite SC, also they are quite thick for negligible light absorption and for high fragility
they need a protective layer of glass. As a result, all the construction becomes massive,
expensive, therefore useful just in large commercial objects, not for individual home use.

Quite the reverse are dye sensitized SC. They are thin, light, less energy needed into
technical process, what results in availability for individual home use. On the other hand,
the energy efficiency is slightly lower than silicon SC, but still other mentioned character-
istics and price are promising in individual use.

The main issue in DSSC is cheaper and easier to synthesized dye materials and charge

transporting materials.

1.2. The structure of dissertation.

The dissertation made of six main parts - introduction, literature review, methods, re-

sults, conclusion and literature list.



1. Introduction

1.3. Purpose and tasks.

Purpose - find out how organic dyes energetic levels depends on molecular structure and
how these levels effects SC characteristics, also explore how potential charge transporting
materials holes drift mobility and ionization potencial Ip depends on attached functional
groups, using it in SC.

For this reason these tasks were formed:

» Measure the ionization potentials and light absorption spectrum in pure dyes layers,

also in dyes, adsorbed on Ti0,;

* Find out dye energetic levels and compare with data from the cyclic voltampermetry

measurements and light absoption spectrum in dye solutions;

* Measure the ionization potentials and holes drift mobility in holes transporting ma-

terials.

* Make dye sensitized SC with the most suitable holes transporting material from the

research and determine main parameters of these SC.

1.4. Statements to defend.

* In phenothiazine based hydrazones changing methyl- groups into phenyl- groups
have no influence on holes drift mobility and ionization potential, but additional aro-
matic group in carbazole-based hydrazones increases holes drift mobility and ioniza-

tion potential.

* Based on XTOF, ionization potential, photoluminescence measurements and char-
acterization of experimental Solar cells, carbazole diamine V997 may be used as

hole-transporting material in SC instead of Spiro-OMeTAD

* Internal quantum efficiency in experimental Solar cells containing investigated dyes
depends on light quanta energy and reaches maximum at a point, which is 0.3eV

further from absorption edge.

1.5. Authors submissions

All investigated hole-transporting materials and dyes were synthesized at Kaunas Uni-

versity of Technology at Organic chemistry department. Dye-sensitized Solar cells were
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made at trinamiX, IPCE and absorption measurements were undertaken at trinamiX as
well.

Author of this dissertation has prepared PSCs containing experimental hole-transporting
material, undertaken ionization potential measurements, hole drift mobility measurements
using XTOF technique, as well an absorption of dyes on different substrates measure-

ments.s

1.6. Novelty

Dye-sensitized solar cells (DSSCs) have attracted significant attention as an appealing
alternative to conventional semiconductor photovoltaic devices, [1,2] promising to offer
a solution to low-cost large-area photovoltaic applications. DSSCs are fabricated from
cheap, easily processable materials, deriving their competitive performance from judicious
molecular design and control of nanoarchitecture.

Ruthenium complexes as molecular sensitizers have shown impressive solar-to-electric
power conversion efficiencies (PCE) in liquid electrolyte based devices, with the PCE
reaching over 11% under standard AM1.5G full sunlight. [3—7] Another type of sensitiz-
ers that demonstrated impressive performance in liquid electrolyte based devices are dyes
based on porphyrin zinc complex. Porphyrin-sensitized DSSC with cobalt (II/IIT)-based
redox electrolyte have achieved nearly 13% efficiency. [8]

In recent years, metal-free organic dyes have attracted increasing attention as they do not
contain any toxic or costly metal and their properties are easily tuned by facile structural
modification. To date the most efficient metal-free organic dyes for DSSCs were based
upon the D—A architecture. With this construction it is easy to design new dye structures,
extend the absorption spectra, adjust the energy levels and complete the intramolecular
charge separation. DSSCs employing organic dyes featuring an electron donor and accep-
tor moiety connected by a m-conjugation bridge have reached 10% efficiency with liquid
electrolytes [9—11] and up to 7% with solid HTM. [12—-14] Recently it was demonstrated
that large PCE increase, up to 12.75%, is achieved using sensitizers of the D-A-m-A design
and careful structure optimization. [15]

In order to make the right choice of the materials for DSSC development, knowledge
of the energy levels of the molecules is necessary. While the HOMO level could be deter-
mined directly by the measurement of the ionization potential (Ip) or from cyclic voltam-
metry data, the UV absorption spectra are needed to find the LUMO level. Energy levels
are dependent on the aggregate state and environment of the dye molecules. In a solution,

the dye molecules are surrounded by the solvent and in the layers they are contacting with
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the molecules of the same material. Adsorbed on TiO, they interact with the TiO, surface
to which they are chemically bound. The dye molecules can form aggregates and this pro-
cess may also influence their energetic levels. So far, the ionization potential, using the
photoemission in air method, was determined only in the layers of pure dyes, I, values of
the dyes adsorbed on Ti0O, are not known.

In this work energy levels of a number of hydrazone dyes are determined using photoe-
mission in air, calculation from UV-Vis absorption spectrum edge and cyclic voltammetry
techniques. The measurements are done in different environments (solution, thin solid film,
dye adsorbed on nanoporous Ti0O,) and the obtained results are evaluated and compared.
The absorbed photon conversion to current efficiency (APCE) of the solar cells was also

evaluated and compared with the incident photon quantum efficiency (IPCE) results.

1.7. List of articles and conferences

1.7.1. Articles related to this work

* A. Bieliauskas, V. Martynaitis, V. Getautis, T. Malinauskas, V. Jankauskas, E. Ka-
marauskas, W. Holzer, A. Sa¢kus, Synthesis of electroactive hydrazones derived
from 3-(10-alkyl-10H-phenothiazin-3-yl)-2-propenals and their corresponding 3,3’-
bispropenals, Tetrahedron 68(18), 3552—-3559 (2012).

» V. Gaidelis, E. Kamarauskas, T. Malinauskas, V. Getautis, R. Send, H. Wonneberger,
I. Bruder, Relationship between measurement conditions and energy levels in the or-
ganic dyes used in dye-sensitized solar cells, RSC Adv. 5(101), 82859-82864 (2015)

* A.Bieliauskas, V. Getautis, V. Martynaitis, V. Jankauskas, E. Kamarauskas, S. Kriks-
tolaityte, A. Sackus, Synthesis of electroactive hydrazones derived from carbazolyl-
based 2-propenals for optoelectronics, Synthetic Metals 179, 27-33 (2013)

* A. Magomedov, N. Sakai, E. Kamarauskas, M. Franckevi¢ius, G. Jokubauskaite,
V. Jankauskas, H. J. Snaith, V. Getautis, Amorphous hole transporting material based
on 2,2°- bissubstituted 1,1°-biphenyl scaffold for application in perovskite solar cells,
Chemistry — An Asian Journal n/a—n/a (2017).

1.7.2. Other articles

» E. Zaleckas, R. Griniene, B. Stulpinaite, J. Grazulevicius, L. Liu, Z. Xie, E. Schab-

Balcerzak, E. Kamarauskas, B. Zhang, S. Grigalevicius, Electroactive polymers con-
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taining pendant harmane, phenoxazine or carbazole rings as host materials for OLEDs,
Dyes and Pigments 108, 121-125 (2014).

» K. Rakstys, A. Abate, M. 1. Dar, P. Gao, V. Jankauskas, G. Jacopin, E. Kamarauskas,
S.Kazim, S. Ahmad, M. Gritzel, M. K. Nazeeruddin, Triazatruxene-based hole trans-
porting materials for highly efficient perovskite solar cells 137(51), 16172—-16178

» K. Rakstys, M. Saliba, P. Gao, P. Gratia, E. Kamarauskas, S. Paek, V. Jankauskas,
M. K. Nazeeruddin, Highly efficient perovskite solar cells employing an easily at-
tainable bifluorenylidene-based hole-transporting material 128(26), 7590-7594

» T. Braukyla, N. Sakai, M. Daskeviciene, V. Jankauskas, E. Kamarauskas, T. Malin-
auskas, H. J. Snaith, V. Getautis, Synthesis and investigation of the v-shaped troger’s
base derivatives as hole-transporting materials 11(14), 2049-2056.

1.7.3. Posters in conferences related to this work

» Egidijus Kamarauskas, Gabriel¢ Jokubauskaite, Artiom Magomedov, Vytautas Getautis,

Valentas Gaidelis, Vygintas Jankauskas, A new hole transporting material for per-
ovskite based Solar cells, EMRS2016 Spring Meeting (2016).

» Egidijus Kamarauskas, Tadas Malinauskas , Vytautas Getautis, Valentas Gaidelis,

Impact of Measurement Conditions to Energy Levels in the Organic Dyes Used in
Dye-Sensitized Solar Cells, HOPV16 (2016).

1.7.4. Other posters

* Valentas Gaidelis, Vygintas Jankauskas, Egidijus Kamarauskas, The method of in-
vestigation of the semiconductor layers, LNFK 40(2013)
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2. Experimental details

2.1. Details of measurements and calculations

Absorption measurements. UV spectra of the dye solutions were recorded on a Perkin
Elmer Lambda 35 spectrometer. A concentration of 10~% M solution of investigated dye in
CHC]; and a microcell with an internal width of 1 mm was used. For the investigation of the
absorption spectra of the films, the dyes were dissolved in tetrahydrofuran at concentration
of 0.5 mg/ml, coated on the Corning glass substrate and dried at 60° C temperature for 5
minutes under ambient conditions. The measurements were carried out with the Avantes
AvaSpec ULS-2048 spectrophotometer.

Ionization potential measurements. The ionization potential (/,,) was measured by elec-
tron photoemission in air. Samples for the measurements were prepared by dissolving dyes
in tetrahydrofuran at concentration 8 mg/ml. The solutions were coated on an aluminized
polyester substrate with a sub-layer of methylmethacrylate and methacrylic acid. The role
of the sublayer was to improve adhesion of the sample material, to retard crystallization and
to eliminate the electron photoemission from the Al layer through possible sample layer
defects. In addition, the adhesion sub-layer was conductive enough to avoid charge accu-
mulation on it during measurement. The thickness of both the sub-layer and the sample
layer was 0.4 um. The ionization potential was measured by the electron photoemission in
air method similar to that described in. [16] The samples were illuminated with monochro-
matic light from the quartz monochromator with a deuterium lamp source. The negative
voltage of -300 V was supplied to the sample substrate. The counter-electrode with the
4.5x15 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, work-
ing in the charge accumulation mode. A 10715 — 10712 A photocurrent was flowing in the
circuit under illumination. This photocurrent [ is strongly dependent on the incident light
photon energy hr. The dependence of the square root of photocurrent on incident light
quanta %5 = f(hv) energy is well described by a linear relationship near the threshold,

the letter indicating the 1, value.

12



2. Experimental details

Calculation of the absorbed photon conversion-to-current efficiency (APCE). APCE
was calculated using the IPCE (incident photon conversion-to-current efficiency) data de-
termined earlier. [17-19] The quantity of light absorbed in the photoactive layers of the
cell L, 1s needed to calculate the APCE. The incident light is partly reflected from the
cell, partly absorbed in the FTO and TiO, layers. Before reaching the active layer the light
undergoes interference caused by the light reflections from the TiO, layer surfaces. This
causes the meandering of the absorption spectra, especially in the regions of weak absorp-
tion; it was smoothed by the Lorentz approximation of the Origin program. After reaching
the Ag anode light is reflected back into the active layers of the cell, this increases the
light absorption by the dye. These phenomena were taken into account while calculating

the amount of the light absorbed in the photoactive layers L _; ., which is expressed by the

abs>
formula;

Lops = 107P7(1 — 1072(P=Dx)) 2.1

Where D, is the absorbance of the SC in the red region of the spectrum where there is no
light absorption by the dye and D is the absorbance at a given wavelength. The values of
APCE were found dividing the values of IPCE by L ..

The main source of the APCE evaluation error is caused by the meandering of the ab-
sorbance, which leads to the inaccuracy of the D, of +0.01. In Figure 3 the APCE values
are calculated using D,. equal to the Lorentz approximation at 750 nm. The ends of the
error bars correspond to the APCE values calculated using the D,. values by 0.01 larger
or smaller. The APCE evaluation error increases with decreasing cell absorbance making

evaluation practically impossible at wave lengths more than 700 nm.

Cyclic voltammetry (CV) measurements. The electrochemical studies were carried out
by a three-electrode assembly cell from Bio-Logic SAS and a micro-AUTOLAB Type III
potentiostat-galvanostat. The measurements were carried out with a glassy carbon elec-
trode in dichloromethane solutions containing 0.1 M tetrabutylammonium hexafluorophos-
phate as electrolyte, Ag/AgNO; as the reference electrode and a Pt wire counter electrode.

Potentials measured vs. Fc'/Fc were converted to NHE by addition of +0.69 V [20] and
the NHE vs. the vacuum level to 4.5 V. [21] The ionization potential (/. pC V) and electron
affinity (E{") levels were calculated according to the formula Ipc V= —(E,, +5.19)
eVand E{YV = —(E,., + 5.19) eV, where E,, and E,., are oxidation and reduction

potentials respectively.

13



2. Experimental details

2.2. Preparation of samples

Fabrication of samples fro ionization measurements For the I, investigation of the
dyes on TiO,, the FTO glasses were cleaned and coated with the Ti Nanoxide T/SC titania
paste from Solaronix using spin coating technique. The titania paste was coated at 1000
rpm for 30 sec and sintered at 460° C temperature for 30 minutes. A thickness of TiO, layer
was approximately 100 nm. The dyes were dissolved in tetrahydrofuran at concentration
0.5 mg/ml. The FTO glasses with TiO, layer were dipped in dye solutions for 12 hours

and dried at 60°C temperature for 5 minutes.

Fabrication and Characterization of the Solid-State Dye-Sensitized Solar-Cells. A
T10, blocking layer was prepared on a fluorine-doped tin oxide (FTO)-covered glass sub-
strate using spray pyrolysis. [22] Next, a TiO, paste (Dyesol), diluted with terpineol, was
applied by screen printing, resulting in a film thickness of 1.7 ym. All films were then sin-
tered 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 5 mM solutions of 2-(p-butoxyphenyl)acetohydroxamic acid sodium
salt or 2-(p-butoxyphenyl)acetohydroxamic acid tetrabutylammonium salt in ethanol. The
electrodes were then dyed in 0.5 mM dye solution in CH,Cl,. Spiro-MeOTAD was applied
by spin-coating from a solution in DCM (200 mg/ml) also containing 20 mM Li(CF;S0O,),N.
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?, AM 1.5G conditions (LOT ORIEL 450 W). The incident photon to current
conversion efficiencies (IPCE) were obtained with an Acton Research Monochromator us-

ing additional white background light illumination.

Fabrication of the perovskite Solar cells using FTO/¢-TiO,/m-TiO,/MAPbI;/HTM/Au
architecture . Fluorine-doped tin oxide (FTO) glasses (Solaronix©) were patterned by
etching with Zn powder and HCl diluted in distilled water. The etched substrates were then
cleaned with distiled water ,acetone, isopropanol and then dried in air. Compact TiO, hole-
blocking layer was deposited by spray-pyrolysis onto glasses on hotplate at 450°C using
titanium(IV) propoxide diluted in acetylacetone and isopropanol. Mesoporous TiO, layer
was spin-coated from titanium pasta (Dyesol©) dissolved in isopropanol in 2:7 mass ratio.
Layer was then sintered in the air at 550°C for 1 hour. A Pbl, layer was then deposited by

spin-coating from 1.1M solution in dimethylformamide with a spin-coating speed of 5000

14



2. Experimental details

rpm and immersed into 0.06M methylammonium solution in isopropanol for 10 seconds.
Obtained perovskite layer was then annealed at 100°C for 30 minutes in inert atmosphere.
Hole-transporting layer was deposited by spin-coating using a solution containing 0.06 mol
hole -transporting material solution in chlorobenzene, 330 mol% of 4-tertbutylpyridine and
50 mol% of LiTFSI as additives. This layer was spin-coated with a spin-coating speed of

2000 rpm. Au contacts were evaporated onto hole-transporting layer and the complete
device was encapsulated in inert atmosphere.

15



3. Results and discussion

3.1. Investigated hole-transporting materials

All investigated hole-transporting materials were synthesized at Kaunas University of

Technology, by professors A. Sackus and V. Getautis and their groups.

H.C H.C
(c) 4a (d) 4b

Figure 3.1.: Electro-active carbazole-based hydrazones

16
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Figure 3.2.: Electro-active phenothiazine-based hydrazones
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Figure 3.3.: Electro-active phenothiazine-based hydrazones

3.1.1. Hole drift mobility measurements by XTOF

All these materials were investigated using XTOF method in order to determine their
main charge carriers and mobilities of these carriers. We found that main charge carrier

in all these materials is holes (see fig. S1, S2 ). We found also that all mobilities fall into

17



3. Results and discussion

same case and can be described by Pool-Frenkel equation:

po= VP (3.1)

It means that such dependence on electrical field can be explained by Béssler formalism:

[23]

10_2 """ | LA T T rrT7 | I T T T T
o 4b
o8b

1073k 483
¢ 4a

10—6 ..... L v 0y | | I [
0 20 400 600 800 1000

E1/2 (Vlcm)h’z
Figure 3.4.: The dependency of hole drift mobility on squared F
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Figure 3.5.: a) 4a kinetics of hole drift mobility b) 4b kinetics of hole drift mobility
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Figure 3.6.: a) 8a kinetics of hole drift mobility b) 8b kinetics of hole drift mobility

It can be seen from XTOF measurements, that an additional aromatic group in 4a, 4b,
8a and 8b moieties increased drift mobility and ionization potential. Full summary of
measurements results can be found in table 3.1. The best result and biggest impact of
additional aromatic group is seen in 4b moiety and it can be explained, that this moiety
has a more compact structure than others, thus distance between molecules in layers ot that
moiety is much more smaller in comparison to others.

Ionization potential increased also, by adding additional aromatic group (See fig. 3.8 or
a table 3.1)

19



3. Results and discussion

Table 3.1.: Hole drift mobilities and ionization potentials Ip in pure 4a, 4b, 8a, 8b
materials

HTM d,pm  pg, cm?/(Vs)  p, cm?/(Vs) I,eV  a, (cm/V)%?

4a 5 8 x 1077 2.4 x 1074 5.24 0.0058
4b 3.2 1.3 x10°° 7x 1073 5.28 0.0063
8a 5.1 1.1 x 106 4x107% 5.15 0.0059

8b 3.4 4.2 x 1076 1.6 x 1073 5.22 0.0060

E"2 (V/cm)'2 E'2 (V/cm)'2
(a) (b)

Figure 3.7.: a) The dependence of hole drift mobility 1 on electrical field /' in materials
6a, 6b, 6¢, 6d, b) The dependence of hole drift mobility i on electrical field £ in materials
7a, 7b, 7c, 7d

There was not a big difference in hole drift mobilities in next all eight materials (6a,
6b, 6¢ and 6d, as well in 7a, 7b, 7¢ and 7d) , thus we can make a statement, that in those
phenothiazine-based hydrazones an additional aromatic group does not have impact on
hole drift mobility values.
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3. Results and discussion

Table 3.2.: Values of hole drift mobility in materials 6a, 6b, 6c, 6d, 7a, 7b, 7¢ ir 7d

HTM d,pm  jg, cm?/Vs  p,cm?/Vs  a, cm® V03
6a 7 20x107% 55x107* 0.0056
6a+PC-Z,1:1 10 95x10% 1.6x107° 0.0051
6b 36 06x10% 54x10* 0.0068
6c+PC-Z,1:1 55 50x107% 1.3x107° 0.0056
6d 32 1.7x10% 46x10* 0.0056

6d+PC-Z, 1:1 52 27x1077 1.76 x 107° 0.0044
7a+PC-Z,1:3 6.0 2.7x10% 24x10°6 0.0045

7b 3.8 08x10% 1.3x10°3 0.0073
7b+PC-Z,1:1 5.0 98 x10% 92x107° 0.0069
Te 3.7 44x10% 9x10* 0.0053
7d 51 19x10% 8x10* 0.0061

3.1.2. Measurements of ionization potentials

Figure 3.8.: Photoelectrons emission spectra in 4a, 4b, 8a and 8b

We can see from above picture (fig. 3.8), that additional aromatic group increases ion-
ization potential a little bit in series of 4th and 8th materials. It could be explained in this
way, that additional m-conjugated system holds stronger electrons and thus we need more

energy to extract them from molecules (to ionize those molecules).
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3. Results and discussion

Table 3.3.: Ionization potentials Ip in 6a, 6b, 6¢, 6d and 7a, 7b, 7¢, 7d materials.
HTM [,,eV HTM 1[,,eV HTM I,eV HTM I, eV

6a 2.25 6b 0.28 6¢ 5.30 6d 9.35
Ta 5.12 7b 5.15 Tc 5.18 7d 5.22
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Figure 3.9.: Photoelectrons emission spectra in 6a, 6b, 6¢, 6d
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Figure 3.10.: Photoelectrons emission spectra in 7a, 7b, 7¢, 7d
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3. Results and discussion

It can be seen from photoelectrons emission spectra, that additional aromatic groups in

series of 6th and 7th materials do not have impact on ionization potential also.

3.2. PSC containing V997 as hole transporting material

The carbazole-based hole-transporting material V997 was synthesized as a replacement
for commercial but very expensive hole-transporting material, so called Spiro-OMeTAD.
In this work we tried to determine its properties and its ability to work in Solar cells as

well.
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Figure 3.11.: Structure of carbazole-based hole-transporting material V997
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3. Results and discussion

3.2.1. Hole drift mobility measurements using XTOF technique
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Figure 3.12.: a) - XTOF drift currents in V997 with PC-Z as a binder, A=337 nm, t=1 ns,
b) - Dependency of hole-drift mobility on electric field £ in V997 and Spiro-OMeTAD

materials.

As it can be seen from XTOF measurements, V997 material has a lit bit lower hole drift

mobility in comparison with Spiro-OMeTAD, thus we can expect a little bit lower short-

circuit current from cells containing V997 than from cells made with Spiro-OMeTAD. [24]
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3. Results and discussion

3.2.2. Absorbtion spactra measurements in V997
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Figure 3.13.: Uv/Vis/Nir absorption spectra of V997 and chemically oxidized (with 1 eq.
of AgTFSI) V997.

The UV-Vis absorption spectrum of pristine and oxidized form of V997 in THF solution
is shown in Fig. 2a. In its pristine form V997 shows absorption band with the maximum at
300 nm, while no absorption is observed in the visible spectral range. This confirms that
conjugation between two dimethoxydiphenylamine substituted carbazole fragments is ab-
sent. Although HTM in the perovskite solar cell is always used in the partly oxidized form
[25], thus the new HTM was chemically oxidized with silver bis(trifluoromethylsulphonyl)imide
(AgTFSI). The absorption of oxidized V997 form (V9972 (TFSI ~ ), ) results in two ad-
ditional absorption bands with main peaks at 620 and 800 nm, and also broad band with
the maximum over 1600 nm, whose presence is attributed to the formation of the mixed-

valence species [26] and shows electron transfer processes in the molecule.
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3. Results and discussion

3.2.3. Ionization potential measurements
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Figure 3.14.: Photoelectrons emission spectra in V997 and Spiro-OMeTAD materials

In order to determine HOMO (highest occupied molecular orbital) energy level of V997,
solid state ionization potential (/,) was measured by photoelectron spectroscopy in air
(PESA) method. The HOMO energy level value of V997 was determined to be -5.1 eV
(Figure 3.14). Compared with the energy level of CH;NH;Pbl; perovskite and gold work
function, the estimated /,value for V997 is compatible for application in perovskite solar

cell devices to ensure efficient hole transfer at the interface.

Table 3.4.: Comparison of hole drift mobilities and ionization materials in V997 and
Spiro-OMeTAD

Material Bo, cm/Vs®  p,em/Vs? I

V997 1.3x107° 1.3x10% 5.1
Spiro-OMeTAD 4 x10° 5x107* 5.0

3.2.4. Time resolved photoluminescence measurements

Time resolved photoluminescence (PL) measurements were undertaken to study charge

carrier dynamics in perovskite films employing hole transporting V997 and Spiro-OMeTAD
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3. Results and discussion

layers . The PL decay kinetics of neat perovskite film show single-exponential decay with
a lifetime of several tens of nanoseconds. A slow PL decay component we attribute to
the bimolecular nongeminate electron-hole recombination. As is expected, charge carrier
recombination is dominating radiative channel in the neat perovskite films. Conversely,
significant PL quenching is observed when perovskite is interfaced with Spiro-OMeTAD
and V997 hole transporting materials (blue and red curves in 3.15b ).
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Figure 3.15.: a) UV-vis absorption spectra of TiO,/perovskite film (gray) and perovskite
deposited with Spiro-OMeTAD (blue) and V997 (red) hole transporting materials b) Pho-
toluminescence decay kinetics of lead halide perovskite films deposited on glass substrates
comprising Spiro-OMeTAD (blue) and V997 (red) hole transporting and insulating PMMA
layers (gray). Photoluminescence lifetimes were monitored at the emission maximum at
770 nm upon excitation at 470 nm

27



3. Results and discussion

3.2.5. Main parameters of perovskite Solar cells containing V997 as

hole transporting material

4.4 eV Au

-7,3 eV

Figure 3.16.: Diagram of energy levels of PSC containing V997 as hole transporting ma-
terial

As shown in picture 3.16, all energetic levels are compatible to each other.
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Figure 3.17.: a) - J-V curves of the best performing SC, b) - SEM image of PSC containing
V997.

As shown in 3.17a fig., V997 performed as well as Spiro-OMeTAD. Main parameters
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3. Results and discussion

are listed in table 3.5. We can see, that all parameters are comparable to each other, and

efficiency (PCE) is almost equal.

Table 3.5.: Main parameters of best PSC

HTM jomA/em? U,V FF PCE%
Spiro-OMeTAD 19.5 0.99 0.69 13.46
V997 20.5 1.004 0.63 13.00
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Figure 3.18.: a) Decay curves of PSC containing V997 or Spiro-OMeTAD as hole trans-
porting material, b) Distribution of PC'E.

We have tested stability of perovskite-based Solar cells containing V997 or Spiro-OMeTAD
and we have found that both was quite stable (fig. 3.18a), and stability for a few days was
almost equal for both cells.

Table 3.6.: Comparison of synthesis cost

HTM Cost of synthesis, €-g~!  Commercial price, €-g~!
Spiro-OMeTAD 82.64 [27] 200 — 300
V997 13.87 n/a
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3. Results and discussion

3.3. The dyes investigated

The investigated hydrazone dyes D1-D9 (Figure 3.19) have been synthesized by the
procedures reported earlier. [17—19]
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Figure 3.19.: Structures of the investigated hydrazone dyes D1-D9.

3.3.1. Energy levels of the investigated dyes

The ionization potentials of the hydrazone dyes D1-D9 have been measured using cyclic
voltammetry and photoemission in air techniques, while the electron affinity was measured
by cyclic voltammetry and determined from the band edges of the absorption spectra.

The absorption spectra of the dyes were investigated in solution, in a thin layer of dye
on glass and in solar cells before the deposition of the Ag electrode. The results of the
investigations for the dye D7 are presented in Figure 3.20, spectra of the remaining materi-
als could be found in the supplementary information. To better reveal the dependencies at

the long wave end of the spectrum, the square root of the normalized absorbance or molar
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3. Results and discussion

extinction coefficient €, in case of the dye solution, are plotted. For comparison the values
of the square root of incident photon to current conversion efficiencies (IPCE), determined
in constructed solid-state dye-sensitized solar cells (ssDSSC), are also presented. The long

wave dependencies, as seen in Figure 3.20, can be approximated by two linear regions.
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Figure 3.20.: The normalized adsorption spectra of D7 in solution, film of the pure dye and
adsorbed on T10, in SC. The IPCE spectrum of the constructed SC 1s given for comparison.

The intersection of the straight lines with the abscise gives two long wave end values of
the spectra, which are given in Table 1. In the case of the dye D7 in solution, the intersection
point gives the spectrum edge values 2.03 and 1.95 eV. The larger value may be ascribed
to the stronger absorption band caused by the main mass of the dye molecules while the
lower value is due to absorption by a few aggregated molecules. In case of the dye film or
solar cell (SC) sample, these aggregation bands in the long wave region are stronger and
the differences between the two intersections are larger. The increase of shoulder size in
the long wave region of the absorption spectrum may be caused by the interactions between
the dye molecules and the aggregate formation, which are weak in the solution, but much
stronger in the film and between dye molecules adsorbed on TiO,. In the case of some
dyes, for example D5 (Figure S9), shoulder in the long wave absorption region of the films
could be very strong and the corresponding spectrum edges reach to about 1 eV. This may
be caused not only by aggregation, but also by the presence of a crystalline phase in the
films. The £, measurement results, calculated from the edges of the absorption spectra
(Table 1), show that dyes in the solution demonstrate the largest F values, exceeding
those determined from the spectra of the films or dyes adsorbed on TiO,. However, these
are smaller than the ones found in the CV experiments, indicating that the aggregation is

largest in the films, lower in the adsorbed on TiO, state and lowest in the solution.
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3. Results and discussion

Table 3.7.: E, results from the CV measurements, long wave edges of the spectra of the

dye solutions, films of pure dyes on glass substrates and in SC, the edges of IPCE spectra
from the solar cell devices, as well as ssDSSC conversion efficiency under standard AM

1.5G illumination

Dye CV, Solution, Film, Cell, IPCE, n,
eV eV eV eV eV %
D1 216 2.06 203,12 187,1,78 1.81,1.7 3.8

D2 209 201,19 188,17 189,1.65 177,17 3.7
D3 215 201,15 1.89,1.1 190,1.6 1.77,1.6 34
D4 212 202,18 185,165 189,16 173,16 3.2
Ds 215 207,18 1.7,1.0 198,1.6 197,185 3.0
b6 210 203,1.75 183,10 192,16 181,17 3.9
D7 213 203,195 195,17 190,16 176,16 45
D8 209 201,195 1,89,12 193,16 184,16 3.8
D9 205 202,175 185,10 1.88,1.75 1.88,1.76 3.8

Looking at the energy levels determined using CV and photoemission in air techniques
(Table 2), it is evident that absolute values differ quite noticeably, CV results are about 0.2—
0.3 eV higher. The differences arise from different measurement conditions, CV is done in
solution, while photoemission is measured in the solid film. Dependence between energy
level and structure is more pronounced in the case of measurements done in the solution.
Due to significant dilution dye molecules have a reduced tendency to form aggregates in
the solution which could influence the position of the energy levels, additionally, the way

molecules pack in the film is also a significant factor.

Table 3.8.: Ionization potential and electron affinity values of the investigated dyes

Dye IZ?V, I, of I, on EACV, EA of EA on
eV dye films, TiO,, eV dye films, TiO,,
eV eV eV eV

D1 555 522 529 3.39 32,40 34,35
D2 547 5.04 5,09 3.38 32,33 32,34
D3 547 5.26 513 332 34,42 32,35
D4 544 513 5,06 3.32 33,35 32,35
D5 552 536 526 3.37 37,44 3.3,3.7
D6 546 531 517  3.36 35,43 3.25,3.6
D7 544 522 518  3.31 33,35 3.3,3.6
D8 547 5.17 517  3.38 33,40 32,36
D9 541 5.17 5.08 3.36 33,42 3.2,3.33

CV measurements reveal that substitution of aromatic moieties with aliphatic ones in
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3. Results and discussion

the hydrazone fragment reduces both I, and electron affinity (EA), while modifications at
the triphenylamine donor site affect only the I, values. It has to be noted that the length of
the aliphatic chains has a negligible effect on the energy levels of the dyes in the solution.
In the solid state however, the molecules are much more prone to form aggregates and
the structure/energy level relationship becomes a lot less predictable. Energy levels of
the dye molecules adsorbed on the TiO, follow yet another pattern. Due to the different
arrangement and intermolecular interactions of the molecules adsorbed on TiO,, the I,
increases, compared to the one measured in the film, in the dyes D1, D2, D9 containing a
diphenylhydrazone moiety and decreases if the phenyl ring is substituted by the aliphatic
fragment (D3, D4, D6, D7). Curiously, if longer aliphatic chains are used, the difference
between [, measured in film and on TiO, becomes smaller (D7) or non-existent (D8),
indicating that longer aliphatic chains retard aggregate formation in the film.

Overall, this investigation shows that the degree of aggregation of the dyes in the films,
in solutions and adsorbed on TiO, is different, so it may be incorrect to use the ionization
potential results measured in the dye films for evaluation of the energy levels in the SC. It
may also be incorrect to use the absorption spectrum edges measured for the dye films or
solutions to evaluate the electron affinity EA level of the dyes in the solar cells. The better
way to do this is to measure both ionization potential and absorption spectra for the dyes

adsorbed on Ti0O,, as it was done in this investigation.

3.3.2. IPCE and APCE

The efficiency of the investigated cells is 3 to 4.5 %, which is considerably less than
achieved in the SC with liquid electrolytes. While a number of factors are important, one of
the causes limiting efficiency may be improper tuning of the energy levels inside the cell. In
order to better understand the causes limiting the conversion efficiency we investigated the
spectrums of the absorbed photon conversion to current efficiency (APCE), or the quantum
efficiency of the conversion process.

The long wave end of the IPCE spectrum coincides with the edge of the absorption
spectrum of the cell, but differs from the edges in the solution. The edge of the IPCE
spectrum of the investigated dyes usually is at lower quanta energy than the absorption
edge in solution, indicating that the charge carrier generation in some cases takes place not
only by the light absorption by single molecules of the dyes, but also by their aggregates.
In some cases, as for the dyes D2, D4, D7 (Figure 2, S4, S7) there is only a small difference
between the edges of the absorption spectra in the film and IPCE, but in a number of other
cases, as DS, D3 (Figure S5, S11), the difference is significant. These observations show

that not all the aggregation forms are present between the molecules adsorbed on TiO, or
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take part in the charge carrier photogeneration process.
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Figure 3.21.: The spectra of the SC with the dye D6. 1 -absorbance of the glass substrate
with TiO, nanoporous layer, 2 - absorbance of the 2 ym thick spiro-MeOTAD with LiTFSI
additive , 3 - quantity of the absorbed light by the active layers of the cell , 4 - IPCE, 5 -
APCE.

From the data provided in Figure 3.21 it is evident that a significant light absorption by
nanoporous TiO, takes place at the light wavelengths below 400 nm. Hole transporting
material spiro-MeOTAD, doped with the LiTFSI, also contributes to overall absorption es-
pecially at wavelengths below 600 nm. The curve 3 shows the amount of the light absorbed
in the active layers of the cell by the dye and spiro-MeOTAD L
by formula (1). Dividing the IPCT values, represented by the points 4, the values 5 of
APCE were calculated.

Some characteristic features of the APCE spectra can be seen in Figure 3.21. The APCE

ubs» Which was calculated

values at the long wave end of the spectrum are low. This means that the dye molecules,
excited into the energetic level just above the LUMO, possess only small probability to
create free charge carriers capable to make input into the SC performance. About 0.3
eV more energy is needed to reach the APCE maximum. This is to be considered while
tuning the energy levels in the SC. The electrons from the excited dye molecules need to
be injected into the conduction band of TiO,, the bottom of which is about 4.1 eV. The
holes should jump into the HOMO level of the hole transporting material, which is at 5.0
eV. We see from Table 2 that the EA values for the dyes on TiO, are above 3.2 eV for
the non-aggregated molecules and above 3.7 eV for the aggregates. Thus, there should be

no problem for electrons to be injected into TiO,, even from aggregates. Similarly, the I,
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values of the investigated dyes on TiO, are below 5.06 eV. Thus, there also should be no
problem with the hole injection from the dye into the transporting material. However the
steep IPCE dependence on the excitation quanta energy at the low energy side suggests
that there is some mechanism influencing the injection efficiency. Probably molecular
vibrations stimulate the charge carrier injection either into TiO, or into the transporting
layer, or into both.

After reaching the maximum the APCE values decrease with further increase of the
exciting light energy. This results in a bend in the APCE spectrum and corresponds to the
maximum in the light absorbance spectrum. It may be caused by a lower efficiency of the
charge carrier pairs generated near the FTO layer as compared with the pairs generated
near to the spiro-MeOTAD layer due to the difficulty for holes to escape from the deep
regions of the nanoporous TiO, layer. At wavelengths below 450 nm the APCE values
once more decrease, this time because of the non-productive light absorption by the doped
spiro-MeOTAD.

3.3.3. Summary of dyes investigation

The results of these investigations show that both the HOMO and LUMO values of the
dyes used in SC are dependent on the aggregate state of the dyes. Energy levels differ
quite noticeably depending upon the measurement conditions. For this reason the ioniza-
tion potential and electron affinity of the dyes adsorbed on nanoporous TiO, should be
evaluated. From the standpoint of the structure/energy level relationship it is evident that
long aliphatic chains, positioned at m-conjugated bridges or the donor end of the molecule,
inhibit formation of aggregates to some extent. This makes energy levels more predictable
and closer related to the molecular structure. The results of this work also show that the ab-
sorbed photon conversion-to-current efficiency depends on the energy of the exciting light
quanta. The maximum efficiency is reached when the quanta energy exceeds the threshold
value by about 0.3 eV, which may be caused by some peculiarities of the charge carrier
injection from the excited dye into TiO, or hole transporting material.
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4. Conclusions

* In order to proper determine energetic levels of dyes, used in DSSCs, especially
HOMO level, all measurements should be carried on dyes, adsorbed on TiO, layer,

thus taking into consideration impact of interaction between dyes and TiO, also.

* Investigated carbazole-based diamine V997 has good charge transporting properties,
it has energetic levels compatible to the perovskite levels, thus it does not make any
barrier for charge carriers from the perovskite into V997. This lets to work as effi-
ciently as Spiro-OMeTAD in perovskite Solar cells. With consideration of cheaper

synthesis, investigated diamine is effective replacement of Spiro-OMeTAD.

» With taking into account a relationship between structure of dyes and its energetic
levels, we can see that long aliphatic groups reduces a formation of aggregates, if

those groups are attached to the m-conjugated bridges or donors.

* In these investigations we have found also, that absorbed photon-to-current conver-
sion efficiency (APCE) is dependable on initiated quanta energy, and the maximum

point is reached, when energy of quanta exceeds 0.3 eV threshold value.

* In investigated phenothiasine-based hydrazones the replacement of methyl- groups

with phenyl- groups does not affect ionization potential nor hole mobility.

* Introduction of additional aromatic groups in carbazole-based hydrazones increases
hole mobility 4-30 times, and affects ionization potential by 0.04-0.07eV also.
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B. Kinetics of small charge in
hole-transporting materials in

differential mode
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C. Kinetics of small charge in

hole-transporting materials in

integral mode
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C. Kinetics of small charge in hole-transporting materials in integral mode
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