https://doi.org/10.15388/vu.thesis.191
https://orcid.org/0000-0003-2589-1447

VILNIUS UNIVERSITY
CENTER FOR PHYSICAL SCIENCES AND TECHNOLOGY

Andrius
AUKSTUOLIS

Charge carrier transport and
recombination in organic
semiconductors thin film structures

DOCTORAL DISSERTATION

Technological Sciences,
Materials Engineering (T 008)

VILNIUS 2021



This dissertation was written between 2014 and 2020 at the Institute of
Chemical Physics, Vilnius University and at the Faculty of Sciences,
University of Angers.

Academic supervisor:
Doc. dr. Nerijus Nekrasas (Vilnius University, Natural Sciences, Physics —
N 002).

Dissertation Defence Panel:

Chairman — Prof. dr. Saulius Jur$énas (Vilnius University, Natural
Sciences, Physics — N 002).

Members:

Prof. dr. Vytautas Getautis (Kaunas University of Technology, Natural
Sciences, Chemistry — N 003).

Prof. dr. Vidmantas Gulbinas (Center for Physical Sciences and
Technology, Natural sciences, Physics — N 002).

Prof. dr. Diana Mihaela Mardare (Alexandru Ioan Cuza University of Iasi,
Romania, Natural sciences, Physics — N 002).

Prof. dr. Nerija Zurauskiené (Vilnius University, Technological Sciences,
Materials Engineering — T 008).

The dissertation shall be defended at a public meeting of the Dissertation
Defence Panel at 13:00 on 13 September 2021 in the meeting room B336 of
the Center for Physical Sciences and Technology.

Address: Saulétekio av. 3, meeting room B336, Vilnius, Lithuania

Tel. +370 5 264 8884; e-mail: office@ftmc.lt

The text of this dissertation can be accessed at the libraries of Vilnius
University and the Center for Physical Sciences and Technology, as well as
on the website of Vilnius University: www.vu.lt/lt/naujienos/ivykiu-
kalendorius.



https://doi.org/10.15388/vu.thesis.191
https://orcid.org/0000-0003-2589-1447

VILNIAUS UNIVERSITETAS
FIZINIY IR TECHNOLOGIJOS MOKSLLY CENTRAS

Andrius
AUKSTUOLIS

Kravininky pernasa ir rekombinacija
plonasluoksniuose organiniy
puslaidininkiy dariniuose

DAKTARO DISERTACIJA

Technologijos mokslai,
Medziagy inzinerija (T 008)

VILNIUS 2021



Disertacija rengta 2014— 2020 metais Vilniaus universiteto Cheminés Fizikos
Institute ir AnZ¢é universiteto Gamtos Moksly Fakultete.

Mokslinis vadovas:
doc. dr. Nerijus Nekrasas (Vilniaus universitetas, gamtos mokslai, fizika —
N 002).

Gynimo taryba:

Pirmininkas — prof. dr. Saulius Jur§énas (Vilniaus universitetas, gamtos
mokslai, fizika — N 002).

Nariai:

prof. dr. Vytautas Getautis (Kauno technologijos universitetas, gamtos
mokslai, chemija — N 003).

prof. dr. Vidmantas Gulbinas (Fiziniy ir technologijos moksly centras,
gamtos mokslai, fizika — N 002).

prof. dr. Diana Mihaela Mardare (Alexandru Ioan Cuza University of lasi,
Rumunija, gamtos mokslai, fizika — N 002).

prof. dr. Nerija Zurauskiené (Vilniaus universitetas, technologijy mokslai,
medziagy inzinerija — T 008).

Disertacija ginama vieSame Gynimo tarybos posédyje 2021 m. rugs¢jo mén.
13 d. 13:00 val. Nacionalinio fiziniy ir technologijos moksly centro B336
auditorijoje.

Adresas: Saulétekio al. 3, B336, Vilnius, Lietuva.

Tel. +370 5 264 8884; el. pastas: office@ftmec.lt.

Disertacija galima perziuréti Vilniaus universiteto bibliotekose ir VU
interneto svetainéje adresu: https://www.vu.lt/naujienos/ivykiu-kalendorius



TABLE OF CONTENT

ADDIEVIATIONS ...ttt ettt ettt ettt ettt bte st st eaee e e ens 8
INErOAUCTION .ttt s 10
Main goals and tasks of the thesis...........cceeveeierieriiiiiiieee e 13
Novelty of the WOTK.......cocuieiiiiiie et 13
Statements to defend ............cccoooeiiiiiiiiir e 14
List of publications and author‘s contribution............cccceeveeevvrerieeecveenneens 15
Presentations in the international conferences ............cecceveeveereneenienceeenne. 16
1. LAterature TEVIEW .....eevveereieeiieeieeieesteeeiteete et eie et et e saeeseeeeneeeneeeeeens 17
1.1 Organic SemMiCONAUCLOTS......ccvveruierierrerriereereereeseeesresreeseeseens 17

1.2 Charge transport in organic semiconductors...........cceceeveverieeenene 22

1.3 ReCOMDBINATION ...c.eveieiiieieiiceie et 26

1.4 PEroVSKIteS ...c.eoevieiieiieieie et 29

1.5 Organic solar cell (sandwich) Structures.............ccoeceeveeereerneeennenne 34

1.6 Organic field-effect transistor StrUCtUIES........cevvervververreeieeienns 38

2. EXPerimental .........c.oooiiiiiiiiiiieieeieeeeee ettt 42
B B\ 1 1< o 1 PSR 42

2.2 SAMPIES ..ottt sttt 43

2.3 Measurement teChNIQUES.........ccveerveerreeriereereesieeseesresereeseeseens 46

2.3.1 Time of Flight .....cccooiiiiiiiieeceeeeeeee e, 46

2.3.2 Photo-CELIV ...coiiiiiiiieeee e 49

233 1-CELIV et 53

2.3.4 OFET current transients ...........occecereeereerereenienesieeneseennenne 58

3. Experimental results and diSCUSSION ..........cceeeveeeveeriereeiieereeieeiens 62

3.1 Charge carrier transport in CH3;NH;3;Pbls perovskite solar cell
SETUCEUTES -.eeuveeeteenteeiteete et e st e ettt et et e b e s bt e s ate et et e bt e bt e bt e sbeesateenteenbeens 62

3.2Investigation of anisotropy of charge carrier transport in PCPDTBT
field-effect transiStor SEIUCLUIES.......c.cccvreruerierierieieietee et 68

3.3 Charge carrier transport and recombination in PBDTTPD thin layer
SETUCTULES ..ttt e st 76



SANTRAUKA LIETUVIU KALBA ..ottt 85
IVAAAS 1.vvieiiecie ettt sttt e s ra e e eneenbeenseenaennes 85
Pagrindiniai disertacijos tikslai ir uzdaviniai ........cc.ccoeeroeeiiiininniinnieee 89
Darbo naujumas ir aktualumas...........ccceeeveeeriecierieenierie e &9
GINAMIEJT tEIZINIAT ..eeuveeeieiiieiiieie ettt ettt et e e e 90
Publikacijy sarasas ir autoriaus indelis..........cccverveerierirriienieereesee e 91
PraneSimai tarptautinése KOnferencijose ..........cceeceeveeriiriiniieeneeneenieeee 92
Tiriamasis darbas. ........ccevueeiererierieeetee ettt 93
IMEAZIAZOS ..venvveemeeeneeeieesite sttt et et e st e sate sttt et e bt e satesateeateeteesbeesseeeneeeane 93
Bandiniai .........ooouieiiieiieie e 94
Matavimy MELOAL.......ccuverrirrierieiierieree e ereereesreesteeseressresseesseesseesseesseas 97

Lékio trukmés (TOF) metodas........cceeevieeiiieiiieeeiieeieecreeeiee e 98

Foto-CELIV Metodas ........ccoceeruiruieierieieierieeee e 100

I-CELIV MEtodas ....coouveeiieieeiieeciieeeeeeeetete st 105

Lauko tranzistoriy sroviy kinetiky metodas.........c.coceevveereenrennnnnnn. 109
Pagrindiniai rezultatai ir diskusija.........cccceeeieriiriiieiiiiereeee e 113

Kriivininky pernasa organiniy saulés elementy bandiniuose su
CH;NH;PbIs perovskito STUOKSNIU .....coveveriiniiiieiiciececccecc 113

Kriivininky pernasos anizotropijos tyrimas PCPDTBT lauko
tranzistoriy bandinitoSe ...........cccvieviieeciireiieeeiee e e 119

Kriivininky pernasa ir rekombinacija plonasluoksnése PBDTTPD

SETUKLTTOSE ...vveeeeeeeieestte et et ettt et e et e et et et et e satesateenteenteesteesneesneeenns 127
IEVAAOS ..ttt 135
RETETEICES ...ttt 136
Padéka/Acknowledgements............cocveeeierieiieciieieeeeceesee e 154
APPENAIX 1ottt neen 155
APPENAIX 2 1ottt et et este ettt e b e b e e b e e teestaesrreeaaeerbeebeens 157
CURRICULUM VITAE ..ottt 159
List of Publications and their copies / Publikacijy sarasas ir jy kopijos..... 160

6



1* publication / 1-0ji publikacija.
2™ publication / 2-0ji publikacija
3" publication / 3-0ji publikacija



ABBREVIATIONS

P3HT — poly(3-hexylthiophene-2,5-diyl);
RR-P3HT - regioregular poly(3-hexylthiophene-2,5-diyl);
A — voltage increment rate in CELIV measurement techniques;

PCPDTBT - poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-
b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)];

PCBM — [6,6]-Phenyl C61 (or C71) butyric acid methyl ester;
PBDTTPD - poly[(5,6-dihydro-5-octyl-4,6-dioxo-4H-thieno[3,4-c]pyrrole-
1,3-diyl)[4,8-bis[(2-ethylhexyl)oxy]|benzo[ 1,2-b:4,5-b’]dithiophene-2,6-

diyl]];

OFET — organic field effect transistor;

L — organic field effect transistor channel length;

W — organic field effect transistor channel width;

photo-CELIV — photogenerated charge extraction by linearly increasing
voltage;

tmax — time when photo-CELIV current density transient reaches its
peak value;

i-CELIV  —injected charge extraction by linearly increasing voltage;
j(0) — initial current density step in photo-CELIV and i-CELIV
experiments;

FTO — fluorine doped tin oxide;

ITO — indium tin oxide;

Spiro-MeOTAD —2,2',7,7'-Tetrakis[ N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene;

TiO, — titanium dioxide;

CH;NH;3Pbls — methylammonium halide perovskite;
HTM — hole transporting material;

DMF — dimethylformamide;

rpm — revolutions per minute;

Pbl, — lead (II) iodide;

CB — chlorobenzene;

TOF — time of flight technique;

H — charge carrier (electron or hole) mobility;
Mo — mobility prefactor;

Ts — Maxwell relaxation time;

SEM — scanning electron microscopy;

XRD — X-ray diffraction spectroscopy;

DSC — differential scanning calorimetry;
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— Gaussian disorder model;

— space charge limited current;

— density of states;

— glass transition temperature;

— charge carrier transit time;

— vacuum permittivity;

— electric field;

— energetic disorder parameter;

— Boltzmann constant;

— atomic force microscopy;

— trichloro(octyl)silane;

— light absorption coefficient;

— Langevin type recombination coefficient;
— delay time between laser light and ramp pulse;
— charge carrier density;

— metal-insulator-semiconductor;

— highest occupied molecular orbital;

— lowest unoccupied molecular orbital;

— power conversion efficiency;

— polyvinyl alcohol;

— poly(methyl methacrylate);

— fluoropolymer used as insulator in field-effect transistors;
— metal-oxide-semiconductor.



INTRODUCTION

Organic semiconductors already play a very significant role in today’s
world of electronics. For example, electrophotographic image recording now
mainly relies on organic materials and increasingly industrial screen
manufacturers are offering OLED (organic light emitting diode) panels in their
portfolio (examples: Samsung, LG, BOE and others). The benefit of possible
mechanical flexibility of organic semiconductors in the applications was
repeatedly mentioned in the reports [1- 3] and now the first widely available
products with flexible (not curved or bent) OLED screens emerge in the stores
around the world (smartphones-tablets, laptops). This shows the true potential
and growing interest in organic semiconductor materials and they are
becoming more important for applications in OFETs (organic field-effect
transistors) and in organic solar cells as well (Fig. 1). Quite recently, organic
solar cells field partly shifted to the research of perovskite type materials
which together with the organic materials promise new heights in efficiency
of the solar cells (Fig. 2) [4, 5].
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Fig. 1. Number of publications under the keyword “organic semiconductor”
in “Dimensions” database (black squares) and in “Web of Science” database
(red circles) [7, 8].

Charge transport properties of organic semiconductors are decisive factor
for the applications and devices mentioned above, therefore, the study of
charge transport was and is one of the main topics in this research field.
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Growing attention to the organic semiconductors research field brings more
funding and people. Consequently, over the last decade the number of research
groups that work in the research of organic semiconductors has increased
greatly [6]. This includes graduate training programs, specific courses,
summer schools, grants to MSc, PhD, and postdoctoral research students.

4X104 T T T T T
. . o 11x10°
B Dimensions i~
4 ® WoS
3x10° | K] 8x10°
= 6x10° £
§ax10't . R
: - :
£ . s "° o 14x10° &
me
1x10* e ®
o9 o o |We ;
efu™ ® 12x10°
gg\:l-
2000 2005 2010 2015 2020
Year

Fig. 2. Number of publications under the keyword “perovskite” in
“Dimensions” database (black squares) and in “Web of Science” database (red
circles) [7, 8].

The main focus of this thesis is on charge carrier transport and
recombination in various organic semiconductor structures. Since the first
article about perovskite solar cells [9] a lot of research is done to investigate
charge carrier transport in these novel perovskite materials. However, despite
extremely fast progress in solar cell efficiency, the exact electronic properties
of this type of materials are relatively little understood. Moreover, obtained
research data strongly depends on the preparation method, purity of the
materials which can lead to uncontrolled morphological variations of the
samples and poor reproducibility of photovoltaic performance.

Theoretical calculations of charge transport in hybrid perovskites suggest
very high charge carrier mobility which is unusual in organic solar cells
research field. However, experimentally obtained charge carrier mobility in
perovskite layers suggest that charge carrier mobility is greatly lower than
theoretically calculated and that it has strong dependence on morphology and
temperature [10-12]. In this work hole mobility in CH3NH3Pbl; perovskite
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solar cell structure was evaluated by photo-CELIV (photogenerated charge
extraction by linearly increasing voltage) technique to better understand
charge transport properties in this type of materials.

One of the biggest differences between traditional semiconductors and
organic semiconductors is that organics usually are in the amorphous state due
to weak interaction between the molecules. This feature can be considered as
an advantage (flexibility, easy manufacturing) as well as a disadvantage (low
mobility, poor reproducibility). By manipulating the morphology of organic
semiconductors, the performance in the devices can be significantly increased
[13]. Also, morphology of some of the long chain polymers can be
significantly altered by layer casting procedure showing the sensibility of
electrical properties to morphology and possible variations of the same
material as well [14]. In this work charge carrier transport in OFET structure
fabricated with neat PCPDTBT (poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta [2,1-b;3,4-b]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]) active
layer was investigated. PCPDTBT material has potential to be used in organic
solar cells, as it is usually mixed with PCBM to form bulk heterojunction [15,
16]. However, in this work PCPDTBT was employed as an active layer in
OFET structure allowing to investigate charge carrier transport in different
directions of the structure, thus allowing to investigate anisotropy of charge
carrier transport in PCPDTBT. To achieve that the quite novel i-CELIV and
OFET current transients techniques were used.

In OFET structures dielectric layer surface plays important role in charge
transport, because it is a foundation with which organic active layer forms
interface which is essential to charge carrier transport in the OFET channel.
Dielectric layer surface can be modified before casting organic active layer
and like so charge carrier transport can be improved [17, 18]. Thus, it is
important to investigate, how dielectric surface can influence charge carrier
transport in particular material or OFET structure. In this work PBDTTPD
material commonly used as hole transport material in blends with PCBM to
form solar cell structures [19], was employed as an active layer in OFET
structures for investigation of charge carrier transport and how dielectric
surface influences charge carrier transport.

Recombination of photogenerated charge carriers is one of the most
important characteristics of organic semiconductors used in solar cells
application. Therefore, in this work neat PBDTTPD was employed as an
active layer in sandwich structure to investigate charge carrier transport and
recombination in this material. Investigation of single material instead of

blends gives more information about the material itself and its performance,
12



where investigation of blends focuses more on optimal ratios, thicknesses and
other characteristics to get the best possible properties like efficiency, stability
and overall performance [20, 21]. PBDTTPD sandwich structures were
investigated by time of flight (TOF) and photo-CELIV techniques. Both
techniques can be used for evaluation of charge carrier mobility, moreover
photo-CELIV technique also allows to estimate recombination rate and
Langevin recombination coefficient in photogenerated charge carrier decay
experiment [22-24].

MAIN GOALS AND TASKS OF THE THESIS

The main goals of this thesis are investigation of charge carrier transport
in solar cell structures with CHsNH;Pbl; perovskite layer, in OFET structures
with PCPDTBT and PBDTTPD active layers and recombination in neat
PBDTTPD layer employed in sandwich structure. This includes fabrication of
the samples necessary for investigation of charge carrier transport, choosing
and applying measurement techniques which are capable of measuring needed
charge carrier parameters. Therefore, main tasks of this thesis were formulated
accordingly:

1. To apply photo-CELIV technique to measure charge carrier mobility
in CH3NH;3PbI; perovskite solar cell structure.

2. To fabricate OFET structures with PCPDTBT active layer, apply i-
CELIV and OFET current transients techniques allowing to measure
charge carrier transport in different directions of OFET structure.

3. To fabricate OFET structures with PBDTTPD active layer on
differently treated dielectric layer surfaces and to investigate
dielectric surface influence on charge carrier transport.

4. To fabricate sandwich structures with PBDTTPD active layer and to
investigate  photogenerated charge carrier transport and
recombination.

NOVELTY OF THE WORK

In the each of the experiments presented in this work scientific novelty is
demonstrated and it is expressed by the following statements:

e After applying photo-CELIV technique for the first time to investigate

charge carrier mobility in CH3NH3Pbl; perovskite solar cell structure,

in which holes were extracted from CH3;NH3Pbl; perovskite and
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Spiro-OMeTAD layers together, it was shown that layers morphology
impedes hole extraction from the structure.

After applying i-CELIV and OFET current transients techniques for
charge carrier transport investigation in perpendicular and parallel
directions in neat PCPDTBT OFET structures, it was shown that hole
transport exhibits anisotropy.

After investigating OFET structures for the first time fabricated with
neat PBDTTPD layer with i-CELIV and OFET current transients
techniques, it was demonstrated how dielectric surface influences
hole transport.

After investigation of photogenerated charge carrier recombination in
neat PBDTTPD layer, it was shown that bimolecular recombination
in PBDTTPD material is reduced.

STATEMENTS TO DEFEND

Grain boundaries of CH3NH;3Pbl; perovskite layer and perovskite-
organic layers interface impede hole extraction out of the solar cell
structure by increasing density of trap states.

PCPDTBT OFET structures have anisotropy of hole transport in
perpendicular and in parallel to the substrate directions and exhibit
morphology change of PCPDTBT layer at higher than room
temperatures, thus influencing hole transport.

SiO, surface modification in PBDTTPD OFET structures reduces
interface energetic disorder parameter o by reducing SiO» surface
defects influence on hole transport and thus improves hole transport
conditions near dielectric layer.

PBDTTPD sandwich  structures  exhibit  bimolecular-type
recombination rate 6 times lower than Langevin recombination rate
calculated from obtained charge carrier mobility due to part of
photogenerated holes escaping from recombination area.
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1. Literature review
1.1 Organic semiconductors

Organic semiconductors are not “organic” in the terms that are mostly used
today. They are not organically grown in the fields without pesticides, on the
contrary, they are synthesized with desirable parameters by scientists in the
laboratories around the world. The word organic comes from organic
chemistry and from comparison with traditional materials (silicon,
germanium, gallium arsenide) which were first used for semiconductor
devices like diodes, transistors, solar cells and etc. In electronics field the term
organic semiconductors implies that the material is made by mostly carbon
and hydrogen atoms with often few heteroatoms like oxygen, nitrogen, sulfur
or sometimes even silicon [25] and all the materials must exhibit typical
properties for semiconductors materials. These properties are absorption and
usually emission of electromagnetic waves in around the visible spectral range
and some degree of conductivity which is sufficient enough for operation of
semiconductor devices like solar cells, field-effect transistors and light
emitting diodes. Although organic semiconductors can be used for operating
devices, their semiconductor properties are similar to the ones of dielectric
materials. If traditional semiconductors have low band gaps (0.7 — 1.4 eV) and
dielectric permittivities as large as & = 11, organic semiconductors have the
properties that are similar to dielectric materials with band gaps in the range
of 2 —3 eV and dielectric permittivity of about & = 3.5. Thus, these parameters
disturb charge carriers creation by thermal excitation at room temperature,
which is not an obstacle for non-organic doped semiconductors. The
differences between mentioned parameters and inner structure of organic and
non-organic semiconductors strongly affect charge transport properties and
the nature itself, which will be discussed in later sections.

Research of organic solids began at the beginning of twentieth century
when first reports on conductivity, photoconductivity and fluorescence were
published [26]. However, the research was inconsistent and slow. It gained
acceleration in the years from 1950 to 1980. In 1953 the report on
electroluminescence of a cellulose film doped with acridine orange was
published [27]. The big breakthrough in organic electronics probably belongs
to the discovery that high conductivity could be achieved in doped -
conjugated polymers (up to 10° times higher than in undoped polymer) [28].
For this discovery of conductive polymers Nobel Prize in Chemistry was
awarded in 2000.
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The name “m-conjugation” comes from the name of the bond between
atoms in the molecule. For explanation what kind of bond it is the simple
system — molecule of ethene will be used as an example (Fig. 3). From all the
six electrons of carbon atom only two can form covalent bonds in the ground
state electron configuration. In this configuration two electrons are in a Is
orbital, two in a 2s orbital, the remaining two in the two of the three 2py, 2py
and 2p; orbitals. Configuration can be written as (15)*(2s)*(2px)'(2py)'(2p.)° or
in a shorter manner 1s*2s*2p!2p,!. The ground state of carbon has only two
electrons in 2p orbitals, thus only two covalent bonds can be created.
However, promoting electron from 2s state to 2p state requires less energy
than it is gained from biding energy by forming four covalent bonds, thus the
promotion happens every time when carbon is not in elementary atomic form.
If carbon atom has approaching atoms like another carbon or hydrogen to form
a bond, external forces give energy sufficient enough to compensate the
energy difference between 2s and 2p orbitals and to disintegrate them. As a
consequence, the mixing of orbitals happens and it forms new so-called hybrid
orbitals. If mixing happens between three orbitals, three new sp? orbitals are
formed. Superscript this time refers not to the number of electrons in the
orbital, but to the number of orbitals involved in the hybrid orbitals (in this
case sp> means that two p orbitals are involved in hybrid orbitals). Three
orbitals are distributed in one plane with an angle of 120° between them and
the remaining not hybrid orbital is perpendicular to the plane of the hybrid
orbitals. This form is typical for carbon in the molecule of ethene (Fig. 3).
Each of the sp? orbitals forms 6-bonds with other atoms. Two of these bonds
are with hydrogen atoms and one with other carbon atom. The electrons in the
2p, orbitals of each carbon atom will be paired with one another in the
molecule. Both 2p; orbitals will be connected between two carbon atoms and
will form m-orbital. The electrons in -orbital have spatial probability density
of being above and below molecular axis. The electrons in the molecule no
longer belong to the atom they originally came from, but they belong to the
both atoms of ethene molecule.

18



n-bond

H 4 > H
% + = “ c-bonds >C=C<H
H H a - 0 H H
) n-bond Ethene
Fig. 3. Schematic view of four hydrogen atoms and two carbon atoms with
sp? hybrid orbitals forming a molecule of ethene. o-bonds of the molecule are

coloured in grey and m-bonds are coloured in black and white. Adapted from
[29].

The molecular orbitals are different than atomic ones. In the molecule
atomic orbitals interact with each other creating resonance integral with ¢ and
© orbitals with the different energies. 1s orbitals are close to the core and their
interaction creates c bonding and 6" anti-bonding orbitals with low energy gap
between them. One of the three 2sp® hybrid orbitals of each carbon atom points
along the internuclear axis, thus their charge overlap leads to large resonance
integral creating ¢ and ¢ orbitals that are separated by big energy gap (Fig.
4). The interaction of 2p; orbitals takes place further from carbon nuclei and
it forms  bonding and " anti-bonding orbitals with weaker splitting between
them.

Each of the ¢ and ¢" orbitals created from Is orbitals are filled with
electrons leading to no net interaction. However, in the other pair of ¢ bonding
and ¢” anti-bonding orbitals on the low-lying ¢ orbital is filled with electrons
leaving 6~ empty. This results in strong attraction between the nuclei involved,
meaning that o-bonds are the backbone of the molecule holding it together.
Also, m-bonding orbital is filled with two electrons while n* anti-bonding
orbital is empty. The © orbital contributes very little to attractive interaction
between the nuclei in comparison with the ¢ orbital, because the overlap of
electron density is further away from the internuclear axis. Thus, n-orbital is
highest occupied molecular orbital (HOMO) of the ethene molecule and "
orbital is lowest unoccupied molecular orbital (LUMO). The energy
difference between these two orbitals is referred as band gap of the molecule
and is equivalent to band gap between valence band and conduction band in
non-organic semiconductors.
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Fig. 4. Simplified energy level diagram of the ehtene molecule showing only
the orbitals from carbon atoms interaction. Adapted from [29].

HOMO and LUMO are also called frontier orbitals and they are crucial for
optical and electrical properties of the molecule. Also, the energy levels of
these orbitals determine, if electron or hole can be injected from metal
electrodes and the energy levels of frontier orbitals can be chosen or tuned to
be compatible with certain metals work function, thus allowing injection and
transition of charge between the materials (Fig. 5). The band gap between =-
orbitals is convenient for employing this kind of materials in solar cells or
OLEDs as they absorb and emit light in the visible spectral range.

A Vacuum level

Energy o

Metal n-conjugated

molecule
Fig. 5. Schematic view of typical energy levels of molecular orbitals in
carbon-based material relative to metal work function. Adapted from [6].
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In the ethene molecule there is 6 bonds holding molecule together and n
bond which has electrons in w-orbital, but it adds little to the attraction force
between the carbon nuclei. For example, in benzene molecule there are six ¢
bonds between carbon atoms and three m bonds. Benzene ring is Kekulé
structure (named after August Kekulé) meaning that the place of m bonds
constantly changes within the molecule creating delocalization of & orbitals
and electrons in these orbitals. The electrons are not tied to the carbon atoms
they originally came from, but they are “shared” between all six atoms in the
ring. Delocalization of electrons in the molecule is the key to the conductivity
in the organic semiconductors and it can be obtained in the polymers or
smaller molecule organic materials (Fig. 6). Delocalization in organic
semiconductors is achieved by creating single and double bonds which change
each other in the molecule or backbone of the polymer. Materials which have
single and double bonds changing each other in the molecule are called m-
conjugated materials (sometimes just conjugated materials).

CgH13

a) b)
S / \ S
O-0 Qs
CSH‘IS CBH13

Fig. 6. a) Schematic view of benzene molecule and the interchanging = bond
place; b) Schematic view of P3HT n-conjugated molecule.

In the benzene molecule electron delocalization is “full” meaning that all
electrons in the m orbitals are shared equally between all the carbon atoms.
This is not the same case in w-conjugated materials, especially in the polymers.
Delocalization in polymers can be restricted due to defects in the molecule,
twists, bends and knots of the molecule and the length of delocalization is
usually much smaller than the length of the polymer itself, thus creating local
states in many places through the polymer molecule. The length of local
delocalization state is around 5-15 monomers and it strongly depends on the
morphology of the casted layer [30, 31]. If in non-organic semiconductors
charge carriers can move through the whole crystal via conduction and
valence bands, in organic semiconductors charge carriers move by hopping
through the local states in the casted layer [32].
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The majority of this chapter was prepared by mainly using the references
[6, 29, 33-35].

1.2 Charge transport in organic semiconductors

Probably the most influential paper about charge transport in disordered
organic semiconductors was published by Heinz Béssler in 1993 [32]. It was
cited more than 2200 times already according to CrossRef [36] and the
transport model he proposed in the paper is still popular among researchers in
the field [37]. By using Monte Carlo simulation H. Béssler showed that the
density of states (DOS) in various different organic materials can be described
by Gaussian shape (Fig. 7). Gaussian energy spectrum is described via
formula:

N E? o
g(E)—m/z—nexp<—m> , (1.1)

where N is the density of randomly distributed localized states (localization
states) through which charge carriers can hop, ¢ is energetic disorder
parameter of DOS (see Fig. 7). Naturally, bigger value of ¢ means bigger
disorder in the layer. Common value of ¢ in disordered organic materials is
around 0.1 eV [32].

transport energy

Fig. 7. Schematic view of Gaussian DOS in organic semiconductors. Adapted
from [38].

Charge carriers can travel via hopping in such disordered system by
transitioning from occupied state i to an empty state j separated by the distance
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rij. Hopping from one state to another requires a compensation of energy
between the two states. That energy can be compensated, for example, by
absorbing or emitting a phonon. The rate at which charge carriers make
transitions between the states in described by Miller-Abrahams equation [39]:

2ry;  |Ei —E; E; —E E; —E
vij=VoeXp<—Tl]—| Inllkd leTFHl 4 F|> ,  (1.2)
where a is the localization length of charge carriers in the states (usually
around 10 ¢m [40]), Ei and Ej are energies of charge carriers on sites i and j
respectively, Er is Fermi energy level, T is temperature, K is the Boltzman
constant and vy is frequency prefactor, which is called attempt-to-escape
frequency. If charge carriers interact with phonons, frequency prefactor value
is close to the phonon frequency value 10'? s! [41].

By using Miller-Abrahams hopping rate and Monte Carlo simulation H.
Bissler showed how charge carrier mobility depends on temperature and
electric field in Gaussian DOS of disordered solids [32]:

0\2 )\ L
. 2 o \2 expC((ﬁ) —Z>F2;221.5
k(T F) = o exp(—(57) ) .
expC((k—T)

where [ is mobility prefactor, C is a scaling factor from parametric fit, F is
electric field and X' is spatial disorder parameter.
Not all localized states act as transport states in organic semiconductors.

, (1.3)
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Since the distribution of states is Gaussian shape, there are no distinct
separation between states that act as transport states and the ones that act as
trap states. Transport energy level in DOS is analogous to band edge or
mobility edge in traditional non-organic semiconductors and it describes
which states act as transport states and which states act as trap states [42, 43].
It has only a statistical meaning, because it marks the energy level of states
from which charge carrier is most probably to be released to hop to
neighboring state. Therefore, states below transport energy act as trap states
and states above transport energy act as regular transport states. However, at
lower temperatures the states that were trap states may become transport
states, because transport energy level is dependent on the temperature [33].
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Fig. 8. Schematic view of charge carrier relaxation after injection or
photogeneration. Adapted from [44].

In organic solar cells and organic field-effect transistors charge carriers are
photogenerated with light or injected with applied external voltage, thus
charge carriers have higher energy and occupy higher energy states of organic
semiconductor (Fig. 8). With time charge carriers redistribute through the
DOS by relaxing to lower energy states (see Fig. 8). Relaxation of charge
carriers reduces their hopping mobility, because with time more charge
carriers occupy states that are below transport energy level. Another important
factor for charge carrier mobility is the charge carrier density n, because it
directly impacts Fermi level. The higher the density n, the closer Fermi level
is to transport energy level, thus increasing the probability of hopping to
neighboring state (Fig. 9) [38, 45].
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Fig. 9. Mobility and Fermi level dependencies on the density of charge carriers
n in the Gaussian DOS. Adapted from [38].

The distribution of DOS in the organic semiconductors may obtain
different shapes, not only Gaussian. The other most common DOS shape in
the organic semiconductors is exponential DOS distribution [38]. The shape
of DOS in the material is found experimentally by measuring charge carrier
mobility dependence on time, temperature and density of charge carriers.
Also, organic systems that exhibit superposition of two different DOS
distributions (for example, Gaussian + exponential) were reported in articles
as well [46, 47]. The exponential tail of DOS in superposition is usually
attributed to trap states in which charge carriers sink with more time they
spend in the sample. The different shapes of DOS and different widths of DOS
demonstrate the possible variety of organic semiconductors and the
importance of morphology to charge carrier transport.
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Fig. 10. Schematic view of P3HT chains ordering and possible slow and fast

charge transport conditions. Adapted from [31].

Usually an amorphous structure (especially m-conjugated polymers) by
nature, organic semiconductors can obtain various structures under special
layer casting conditions. For example, P3HT tends to form lamellar structure
if casted layer is heated for around 10-15 minutes [48], field-effect transistors
of pentacene can be manufactured in a way, that pentacene acts as a single
crystal material [49]. These examples show not only the importance of
morphology of the layer to the charge carrier transport, but possible strong
anisotropy of charge carrier mobility and transport conditions in different
directions of the layer (Fig. 10). Charge carrier mobility may differ more than
three orders of magnitude in the structures in which 7 stacking distance
changes from 3.5 A to 3.8 A and charge carrier mobility obtained in the same
structure, but in different directions may differ by two orders of magnitude
[13]. All these specifics of charge carrier transport must be taken into account
when fabricating device or choosing material for desired application.

The majority of this chapter was prepared by mainly using the references
[6, 31, 33, 34, 38].

1.3 Recombination

Recombination is the process that is inevitable in organic (and non-
organic) semiconductors where both polarity charges are participating in the
transport. It is the working principle of electroluminescence in OLEDs and it
affects solar cells efficiency [50]. Therefore, recombination of charge carriers
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is one of the important parameters for the applications of organic
semiconductors.

Photogenerated charge carriers travel to electrodes and in their paths they
can recombine if they meet a charge carrier with opposite polarity. The
continuity equation of photogenerated charge carriers can be expressed by
[33]:

dn_G R 1 0j
dat q 0x

) (1.4)

where n is the density of charge carriers, t is time, G is generation rate, R is
recombination rate and 0j/OX is a spatial diffusion current derivative. The
recombination in organic semiconductors is typically a non-geminate process
and it is usually bimolecular recombination of an electron and a hole [51, 52].
In this case recombination rate can be written as:

R =B(mp —mp;) (1.5)

where n and p are densities of photogenerated electrons and holes respectively,
n; and p; are densities of intrinsic electrons and holes respectively and B is
bimolecular recombination coefficient.

Description of bimolecular recombination in organic semiconductors with
low charge carrier mobilities (L < 1 cm?/Vs) is based on model proposed by
Langevin [53, 54]. This model describes the recombination rate of two ions of
opposite charges in an ion reservoir. In a reservoir without external electric
field two ions can avoid recombination only if their kinetic energy is larger
than their Coulomb attraction. In that case they will recombine if the distance
between them is smaller than Coulomb radius rc [54]:

eZ

= 1.6
e 4meegkT (1.6)

where € is elementary charge, & and ¢ are dielectric permittivities of vacuum
and material (for example, organic semiconductor) respectively. Then eq.
(1.5) can be written as follow:

Ry, = By(np —nip;) (1.7)
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where Ry Langevin bimolecular recombination rate and B is Langevin
recombination coefficient which is proportional to the sum of mobilities of
both charge carriers of the material:

e +
B, = M , (1.8)
£y

where |, and [ are hole and electron mobilities respectively.

Reports on charge carrier recombination in organic semiconductors have
shown that in bulk heterojunctions bimolecular recombination rate is much
lower than the calculated recombination rate accordingly to Langevin’s model
[55, 56]. Heterojunctions are not homogenous materials, thus the conditions
for recombination are different from the ones in homogenous materials for
which Langevin proposed recombination model. Therefore, the main
explanation why recombination rate is much slower than calculated from
charge carrier mobilities is that charge carriers are spatially separated in
different domains (different materials of bulk heterojunction) and can
recombine only in the interfaces of the two domains. Also, there are reports
showing that Langevin recombination rate is lower because of the influence
of the lowest mobility charge carriers in the material [57] and because of
extent of charge delocalization of holes and electrons in charge transfer state
[22]. Thus, an additional coefficient ¢ called Langevin reduction coefficient is
often used in the reports on recombination studies and it can be found

accordingly:
B
=— 1.
=5 (1.9)

In the case of non-reduced Langevin recombination ¢ = 1 and & < 1 if
recombination rate is reduced. Usually, the range of Langevin reduction
coefficient ¢ is between 1 and 10 [22, 50, 58].

There are many commonly used experimental techniques to evaluate the
charge carrier recombination rate in organic semiconductors and their blends.
Among others, widely used techniques are transient absorption (TA) [59, 60],
transient photovoltage and photocurrent (TPV/TPC) [52] and charge
extraction by linearly increasing voltage (photo-CELIV) [55, 61]. The latter
can be used for measuring not only the decay of photogenerated charge
carriers, but charge carrier mobility as well.

28



23
107 ¢ ‘. E
[}
m .
"
[
«@ [
E [ |
- ‘‘m
c 22| . a
10 m
N
B  P3HT:PC,BM an. <,
: []
- red. Lang.: £=0.064
10°'E \ \ \ ‘ g
10" 10° 10
tdel’ S

Fig. 11. Charge carrier density decay in P3HT:PCBM 1:0.8 bulk
heterojunction solar cell at T = 150 K measured by photo-CELIV technique.
Dashed line is a fit of reduced Langevin recombination with & = 0.064.
Adapted from [33].

A good example of reduced Langevin recombination in organic
semiconductor blend can be seen in Fig. 11, where charge carrier density
decay in P3HT:PCBM 1:0.8 bulk heterojunction solar cell at T = 150 K
experimental data obtained by photo-CELIV is shown. Dashed line is fitted
according to Langevin theory with experimentally obtained charge carrier
mobility and additional reduction coefficient £ = 0.064, showing that the part
of charge carrier density decay is in accordance with reduced Langevin
recombination rate.

The majority of this chapter was prepared by mainly using the references
[6, 33, 62, 63].

1.4 Perovskites

Originally CaTiOs mineral was called by the name perovskite. It was called
after Russian mineralogist Count Lev Aleksevich von Petrovski when it was
discovered by Prussian mineralogist Gustav Rose in 1839 in the mineral
deposits in Ural Mountains [64]. Later the name perovskite was given to a
family of compounds with the general formula close to or derived from the
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composition of ABX3, where A is usually a large cation, B is usually medium
size cation and X is an anion. Historically, the first reports of hybrid organic-
inorganic perovskite structure compounds were published by Weber in 1978
[65, 66]. In following decades perovskite structure materials were studied in
various fields for their unusual chemical and physical properties [67-69]. In
2009, first organic-inorganic hybrid perovskites (CH3;NH3;Pbl; or MAPbI3)
usage as light absorber in dye-sensitized solar cells (DSSC) was demonstrated
by Myiasaka and colleagues with the highest power conversion efficiency
(PCE) of 3.81% achieved [9]. From this point the research in perovskite usage
in solar cells application started to increase rapidly as it can be seen from the
number of published research papers (see Fig. 2). The magnitude of the
research led to the studies of new types of perovskites, to finding new types
of organic materials used in solar cells together with perovskites and to abrupt
increase in power conversion efficiency in perovskite solar cells as the current
record holders reported efficiency of 25.5 % [70]. Organic-inorganic origin of
persovskites used in solar cells brings new opportunities and new challenges
as well. Perovskites have similarities to organic semiconductors in terms of
sample manufacturing, light absorption and mostly the same measurement
techniques can be used for charge transport investigation. But charge transport
principle is different from the m-conjugated organic semiconductors. This
alone is interesting from scientific point of view as well as important to better
understand this type of materials and their prospects in future applications,
because often perovkites are used together with organic materials in organic
solar cells.
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Fig. 12. Absorption spectrum of CH3NH;3Pbl; perovskite thin film at room
temperature. Adapted from [71].
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One of the main reasons why perovskite materials are promising in solar
cells application is broad absorption spectrum (Fig. 12). CH3;NH3Pbl;
perovskite has large absorption coefficient which is similar to GaAs and about
one order of magnitude higher than crystalline Si. Therefore, CH3;NH3Pbl;
perovskite layer can be ten times thinner than Si and maintain same light
absorption when used in solar cells application. Favorable absorption property
of perovkskites comes from its structure (Fig. 13). With band gap E, of
1.55 eV CH3NH;Pbl; perovskite absorption edge reaches 800 nm with the
direct transition between valence band and conduction band [72].
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Fig. 13. a) Schematic view of CH;NH3Pbl; pervoskite structure; b) band gap

structure and energy levels of CH3;NH;3Pbl; pervoskite in reference to TiO,
energy level. Adapted from [72, 73].

Light absorbers perovskites have to be implemented into solar cell
structure in order to be used effectively in solar energy harvesting.
CH3NH3PbI; pervoskite has ambipolar charge carrier mobility [72] and
photogenerated charge carriers behave similarly to the ones in Si and GaAs
and can migrate in absorber for long period of time [74]. However, for
effective charge carrier extraction from perosvkite absorber to electrodes extra
layer for hole transport is needed, as was shown by studies of perovskite solar
cells [72]. This led to studies of new perovskite absorbers and their
compatibility with hole transport materials. Probably the most studied solar
cell structure with perovskite light absorber is the one with CH3;NH;Pbl;
perovskite layer, spiro-MeOTAD (also used name spiro-OMeTAD) hole
transport layer and TiO; electron transport layer (variations of dense and
porous TiO; layers are used). Energy level diagram of this particular solar cell
structure can be seen in Fig. 14. As in all multilayered solar cells, favorable
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transport conditions for electrons and holes must be created to have efficient
cell. As it is shown in Fig. 14, choosing materials with favorable energy levels
designs solar cell in a way that helps to separate electrons and holes and to
transfer them to electrodes. This is typical n-i-p structure in which perovskite
layer acts as intrinsic absorber. Even though this structure and working
principle of perovskite solar cells is widely used and studied the processes of
charge carrier generation and charge carrier transport in the solar cell and
especially in the perovskite layer are not completely understood to this day.
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Fig. 14. Energy level diagram of perovskite solar cell with CH;NH3Pbl; layer
as light absorber, TiO; as electron transport layer, spiro-MeOTAD as hole
transport layer, FTO as semitransparent electrode and Au as back electrode.
Adapted from [72].

Besides strong light absorption, the other convenient characteristics for
solar energy harvesting is low exciton binding energy of CH3;NH3Pbl;
perovskite [75, 76] and relatively high dielectric constant [77]. Therefore,
electrons and holes can be rather easily separated in the perovskite film and
then travel through their pathways to electrodes. However, this means that
perovskite layer must provide favorable transport conditions for both types of
charge carriers: electrons and holes, before they reach other layers (see
Fig. 14). Recent studies have shown that holes and electrons exhibit very long
diffusion lengths (up to 5 um) in single crystal and polycrystalline films [78,
79]. In comparison, charge carrier diffusion lengths in the most of commonly
used organic semiconductors (for example, P3HT and PCBM) are typically
lower than 10 nm [80].
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Moreover, diffusion lengths are rather well balanced for both polarity
charge carriers in perovskite solar cells [81]. However, the origin of these
favorable properties for solar cells charge carrier transport in perovskite layers
is still under scientific discussion, even though there are numerous
characterizations of this type of materials. Diffusion length is tied with

diffusion coefficient D of the material via formula: Ly = v/Dt, where 7 is the
life time of charge carriers. Diffusion coefficient is mainly decided by the
mobility of charge carriers: D = uq/kgT, thus it seems that long charge
carrier diffusion lengths in perovskites should lead to high mobility.
Theoretical calculations of charge carrier mobility show very high values for
both: electrons and holes. At charge carrier concentrations of ~10'¢ ¢m™
calculated electron mobility [ reaches 1500-3100 cm?/Vs and calculated hole
mobility pn reaches 500-800 cm?/Vs in CH3NH;Pbl; perovskite [82]. These
theoretical values are orders of magnitude higher than the ones in organic
polymers and can even be compared to the charge carrier mobilities of
crystalline Si and GaAs. However, electron mobility experimentally obtained
by Hall-effect measurements reaches “only” ~66 cm?Vs in CH;NH;Pbl;
perovskite [83]. In vapor grown polycrystalline CH;NH3PblIs perovskite film
Hall-effect charge carrier mobility is even lower with U ~ 8 cm?/Vs (see
Fig. 15 a)).
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Fig. 15. a) Charge carrier mobility measured at different photo-excitation
densities in polycrystalline CH;NH;Pbls film; b) Electron and hole mobilities
measured at different temperatures in CH3;NH;Pbl; field effect transistors
extracted from forward sweeping of transfer characteristics. Adapted from
[10, 11].

Discrepancies between theoretically calculated charge carrier mobility and
experimentally obtained by Hall-effect measurements indicate that charge
transport in perovskites is rather ambiguous. Scientific discussions about why
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perovskite materials exhibit such different charge carrier mobilities is still
continuing as more data is gathered. Even though, perovskite materials are
attractive in solar cell application, FET configuration is convenient for charge
carrier transport investigation. Highest achieved values of charge carrier
mobility in FETs were of the order of 0.5 cm?/Vs (see Fig. 15 b)). These values
were achieved at low temperature of 78 K. Authors state that around 150-170
K temperature CH3NH;3Pbls perovskite has phase transition, which is partly
responsible for charge carrier mobility decrease at higher temperatures.
According to the report [11] CH3NH3Pbl; perovskite FET mobilities at around
room temperature are 4.8%10° ¢m?Vs for holes and 3*10¢ c¢cm?/Vs for
electrons (Fig. 15 b)) which is comparable to the mobilities of commonly used
amorphous organic semiconductors. Also, at all temperatures samples have
hysteresis in measured transfer and output characteristics. There are still on-
going discussions what causes hysteresis in perovskite films, as the reports
mention possible ionic drift, ferroelectric behavior and possible influence of
trap states.

Remarkable PCE efficiency of perovskite solar cells is tied with
extraordinary perovskite properties such as high absorption coefficient, long
charge carrier diffusion length and long charge carrier lifetime, moderate and
in cases low charge carrier mobility. The investigations of these exceptional
properties are still going on as do the scientific discussions about the origin of
these interesting properties. Therefore, all the observations from different
perspectives and diverse explanations proposed in the studies lead to
vagueness of the nature of defects and charge carriers dynamics in perovskite
materials and a simple and detailed understanding of all the processes of
charge generation, charge carrier separation and transport is not available at
the moment. Looks like the variety and complexity of growing studies about
perovskites lie in the interconnection of many film characteristics as: grain
boundaries, compositional non-uniformity, interfaces, compatibility and
others. More studies are needed in order to better understand charge carrier
dynamics and to better improve the performance of perovskite materials.

The majority of this chapter was prepared by mainly using the references
[64, 72,76, 82, 84, 85].

1.5 Organic solar cell (sandwich) structures

Increasing research of the organic semiconductors led to a specific
“standardization” of the measured sample structures. A wish to compare
measured data between different laboratories and need for a simple
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manufacturing process brought simple solar cell-sandwich structure where
layers are built on top of each other (Fig. 16). Few main components are
always found in this type of structures: a transparent substrate, a transparent
electrode, an active layer or investigated media, a top metal electrode. The
substrate is the main body of the structure giving it physical support and it is
the window for the light to go through, thus it has to be transparent to the
wavelength that is absorbed by the active layer. Usually, glass is used because
it is firm and clear for visible light, but plastic can be used as glass alternative
for flexible samples. On top of the transparent substrate lays transparent
electrode which has to be compatible with the wavelength of the light used in
the experiment and its work function has to be compatible with valence and
conduction bands (or LUMO and HOMO) energy levels of the active layer.
Probably the most popular transparent electrodes are ITO (indium-tin-oxide)
and FTO (fluorine-tin-oxide), because they can be put on the glass with
various methods and can be relatively cheaply purchased from many suppliers
ready to use. ITO and FTO transparencies in the visible light spectrum are
very high [86-88], their work functions are compatible with many commonly
used organic semiconductors [72] and their sheet resistances are relatively low
[86-88]. On top of the first electrode an active layer is casted. It is the layer
where all the “magic” happens: photons are absorbed, charge is generated,
charge carriers are separated and they are transported to the electrodes (Fig.
16). Active layer can be a single organic layer, heterojunction, perovskite
layer, multilayered structure, tandem cell structure and more, depending on
the experiment and the characteristics investigated. The convenience of the
sandwich structure is that the active layer can be casted by using many
different simple casting methods usually resulting in different morphologies,
thus it gives freedom to use the best possible casting method for the sample.
Commonly used methods are dropcasting, spincoating, vacuum evaporation,
spraying, inkjet printing and more. The last layer is top metal (usually)
electrode. As the transparent electrode, top metal electrode has to be
compatible with valence and conduction bands (or LUMO and HOMO)
energy levels. One of the most convenient and most used techniques for
putting top electrode is evaporation through the pattern mask in vacuum
chamber and the most used metals for top electrode are gold, silver, aluminium
and copper.
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Fig. 16. Schematic view of solar cell (sandwich) structure.

The simplicity of the structure allows different materials and different
configurations of the materials to be investigated in the active layer. A good
example of bulk heterojunction active layer structures can be seen in Fig. 17.
In this example bulk heterojunction of P3HT hole transport polymer and
PCBM electron transport material was implemented into two different
sandwich structures where each case had difference current direction. This
kind of implementation allows to investigate not only key characteristics of
solar cell: short circuit current lsc, open circuit voltage Voc, power conversion
efficiency, but also optimal ratio of materials in bulk heterojunction, optimal
thickness of active layer, recombination rate in bulk heterojunction, which
current direction brings better performance, which metal electrodes work
better, optimal thicknesses of electron blocking layer and hole blocking layer
(PEDOT:PSS and ZnO in this case), which blocking layers work better and
others. There are many reports, where optimal configurations of materials are
investigated in order to get the best performance [89-92].
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Fig. 17. Schematic view of PCBM:P3HT bulk heterojunction sandwich
structures. a) structure with bottom electron blocking layer; b) structure with
top electron blocking layer. Adapted from [93].

Similar research approach was applied onto perovskite solar cells once they
caught attention of the research labs investigating organic solar cells. Various
sandwich structure architectures (see Fig. 18) are tested in the search of the
best performance, the best materials, optimal ratio of precursors, optimal
compatibility, favorable morphology and others [94-100].
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Fig. 18. Examples of possible sandwich structures with perovskite active
layer. Adapted from [72].

Studies of structures with blended materials or multilayered structures
bring useful information about optimal ratio and thicknesses of the materials
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to get the best possible characteristics, efficiencies, stabilities. However,
investigating single layer structures gives more detailed information about the
material itself: possible morphologies at different layer casting methods,
charge carrier mobility, recombination rate, characteristics of disorder in the
material. These studies expose characteristics important for implementing
organic semiconductors in various applications: solar cells, OFETs, OLEDs,
sensors [101-104].

1.6 Organic field-effect transistor structures

For the first time organic semiconductor was used as an active layer in the
thin film field-effect transistor structure by Tsumura et al. in 1986 [105]. After
that field-effect transistor structure was employed in numerous studies of the
organic semiconductors. Driving forces of the research were few aspects:
possibility to create flexible OFETs [106], possible cost-efficient
manufacturing process, many different organic materials to choose from.
However, for the moment charge carrier mobility and stability of such devices
are limiting factors for further integration into products. But the OFET
structure became one of the most used structure in the research of organic
semiconductors not for creating the best working transistor, but as a very
convenient simple structure for the investigation of charge carrier transport.
Even commonly used materials in organic solar cells like P3HT and PCBM
are used in OFET structures for investigation of charge carrier transport [31,
107].

The main components of OFET structure are a gate electrode, an insulator,
an active layer and source-drain electrodes (Fig. 19). The active layer is
always separated from gate electrode via insulator, while source and drain
electrodes are always in contact with active layer. As a gate electrode can be
used almost any metal as it used only to control OFET channel via applied
voltage. Insulator layer is very important for OFET performance, because
injected charge carriers move near the interface of active layer and insulating
layer, thus every defect in insulator can affect morphology of organic
semiconductor and also charge carrier transport. As an insulator often are used
polymers such as PVA, PMMA, CYTOP and others [108]. Also, highly doped
silicon wafers with thin silicon dioxide layer on top are frequently used as
already made gate/insulator substrates for OFET structure manufacturing
[108-110]. Planar architecture of OFET enables variation of active layer
casting methods. Small molecule organic semiconductors like pentacene can
be evaporated directly on top of the insulator layer [111], polymers can be
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casted via solution-based methods like spincoating, doctor blading, dip
coating, spraying, inkjet printing and others [112, 113], but it is important to
choose solvents correctly to not dissolve organic insulator if the latter is used.
Source and drain electrodes are usually evaporated on top of active layer
through patterned mask in vacuum chamber. To have effective injection of
charge carriers into the active layer and extraction out of it, metal electrode
work function energy has to be chosen accordingly to be compatible with
HOMO and LUMO energy levels of the organic semiconductor [114].
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Fig. 19. Schematic view of organic field-effect transistor structure.

Few possible architectures of simple planar OFET structure can be seen in
Fig. 20. Structures with SiO; layer as the dielectric usually are bottom gate
OFET structures, because the silicon wafer acts as substrate giving physical
support to the structure and other layers are put on top of it. Organic insulators
are usually casted from solutions, thus they can be casted on top of active layer
(see Fig. 20 a) and b)) or on top of gate electrode (see Fig. 20 c¢) and d)). Every
architecture has its pros and cons and final one is chosen depending on the
experiment and the materials. Highly doped silicon wafers with SiO, dielectric
on top are often used, because of SiO, resistance to all solvents used for
dissolving organic semiconductors and because of much simpler
manufacturing process during which only single organic layer is casted on the
cleaned substrate. However, SiO» surface can be modified with, for example,
OTS (trichloro(octyl)silane) to improve the interface of the active layer and
the dielectric and thus facilitate charge carrier transport [17, 18, 115].

OFET structures with organic dielectric layer require substrate on which
layers are built on top of each other. Thus, the usage of separate substrate
allows more various architectures (Fig. 20), but the usage of organic dielectric
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brings its own disadvantages. First, dielectric material must be resistant to the
solvent of organic semiconductor and vice versa, if the organic semiconductor
layer is casted first. This can be achieved with dielectric polymers which can
be modified with UV light or in water soluble polymers like PVA, but it still
limits the number of materials which can be used in OFET structures [116-
118]. Second, organic dielectric layer is usually spincoated so that necessary
thickness is achieved and this can cause uneven layer thickness as well as
different morphology of the dielectric layer in comparison to thermally grown
Si0,. However, there are many possible organic insulators and layer casting
parameters (solution concentration, spincoating parameters) can be tuned
accordingly and if chosen correctly they can give better charge carrier
transport results in OFET structures than SiO- [108].
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Fig. 20. Schematic view of various OFET structures. a) and b) are structures
with top gate electrode; c) and d) are structures with bottom gate electrode.
Adapted from [119].

There are no the one most convenient OFET structure and choosing one
for the experiment depends on many factors. Besides advantages and
drawbacks mentioned above, the structure configurations like the ones in
Fig. 20 a) and c) allow to investigate charge carrier transport in two directions:
perpendicular to the dielectric direction and parallel to the dielectric direction,
unlike the others configurations where charge carrier transport can be
investigated in only in parallel to the dielectric direction. Possibility to
investigate charge carrier transport in different directions is very convenient,
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because charge carrier transport is closely tied to the morphology of the layer
in organic semiconductors and it could result in anisotropy of charge carrier
mobility. Charge carrier transport in perpendicular to the substrate direction
can be investigated with i-CELIV technique (more about it in 2nd chapter
Experimental).

Fig. 21. Top view of OFET structure with bottom gate electrode and source-
drain electrodes evaporated on top of organic layer.

Source and drain electrodes have to be formed not only from metal with
compatible work function for effective charge injection, but the shape of
electrodes is important as well. Capacitance of electrodes must be low for a
faster OFET response to applied voltage, but channel width W has to be much
longer than channel length L to have higher current in the channel. Thus, the
electrode shape has to be adjusted accordingly to maintain long W but with as
small electrode area as possible to reduce capacitance. One shape in particular
is often used for source and drain electrodes for evaporation through the mask
in the vacuum chamber (see Fig. 21).
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2. Experimental

In this chapter all the experimental details of this work will be described.
This includes the materials used in this work, details of sample fabrication and
measurement techniques used in this work.

2.1 Materials

Mostly neat organic semiconductors were used in this work to fabricate the
structures for charge carrier transport investigation (Fig. 22). Spiro-MeOTAD
is hole transport material commonly used in solar cell application and together
with CH3NH3Pbl; perovskite were used to fabricate solar cell structures.
PCPDTBT hole transport polymer was used as an active material in OFET
structures. PBDTTPD hole transport polymer was used as an active material
in sandwich and OFET structures.
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Fig. 22. Schematic view of the materials used in this work. a) Spiro-MeOTAD
molecule; b) CH3;NH;Pblz perovskite tetragonal lattice; ¢) PCPDTBT
molecule; d) PBDTTPD molecule [120].
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2.2 Samples

The solar cell structure with CH3NH;3Pbls perovskite layer used in photo-
CELIV measurements is shown in Fig. 23. Structures were formed on
commercially bought FTO covered glass substrates. Dense titanium dioxide
(TiO») film of 30 nm was deposited by reactive sputtering method using a
metallic titanium target in oxygen atmosphere. On top of TiO; perovskite layer
was spincoated (1600 rpm for 30 s) from two equimolar solutions of 0.1983 g
(1.25 mmole) CH3NH;I in 0.25 ml DMF solvent and 0.5785 g (1.25 mmole)
Pbl; in 25 ml DMF solvent which were mixed just before the spincoating.

CH3NH;sl was prepared as follows: 20 ml of methylamine solution (Ferak
40% w/v) containing 8 g methylamine (257 mmol) was diluted in 80 ml of
ethanol. To this solution a hydroiodic acid solution in water (Merck 57% w/v)
was added slowly under stirring until the pH of solution turns to acidic (total
about 60 ml of hydroiodic acid). The solution was stirred for 2 h at room
temperature until the solvents evaporated. The solid remains were put into
anhydrous diethylether and filtrated. After washing with anhydrous
diethylether, copious amount of CH3;NH;I white crystals was obtained which
were later dried at 60 °C in a vacuum oven overnight.

Pbl, was prepared as follows: 3.3 g (10 mmol) of Pb(NOs3), (Serva anal.
grade) were diluted with 50 ml of distilled water. To this solution, a solution
of 3.3 g (20 mmol) of KI (Merck Reag. Ph. Eur.) in 50 ml distilled water was
added slowly under stirring at room temperature. The obtained golden yellow
precipitate was filtered and recrystallized from water to golden yellow
crystals. The Pbl, crystals were dried at 60 °C in a vacuum oven overnight.

On top of perovskite layer Spiro-MeOTAD (purchased from Merck) was
used as hole transporting layer. Spiro-MeOTAD was dissolved in CB with the
concentration of 75 mg in 0.3 ml and then it was spincoated at 3500 rpm for
20 s. Finally, the top gold electrode (of about 40 nm) was deposited by
sputtering under vacuum.

Dense TIO2

FT
Glo?s

Fig. 23. a) Schematic drawing of solar cell structure with CH3;NH;Pbls

perovskite layer; b) photo of the solar cell structure sample.
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OFET structures with PCPDTBT active layer were fabricated on
commercially purchased Si/SiO; substrates of which SiO; layer (d; = 100 nm)
was used as dielectric of the OFET structure (Fig. 24). Silicon layer was
heavily doped (n type) and used as gate electrode in i-CELIV and OFET
current transients measurements. Substrates were cleaned in ultrasonic bath
for 15 minutes in each of the solvents: distilled water, acetone and isopropanol
and then they were treated by oxygen plasma for two minutes to remove
organic residuals and to make surface more hydrophilic for organic layer
deposition. PCPDTBT was bought from Sigma-Aldrich in form of dry powder
with the average molecular weight My, 7000-20000 g/mol and it was used as
it is, without any additional purification. It was dissolved in chloroform with
the concentration of 10 mg/ml under dry nitrogen atmosphere. Chloroform
was chosen because of a good PCPDTBT solubility in it [121] and high
evaporation rate, which are needed to produce thick enough layer for i-CELIV
measurements. Solution was spincoated on Si/SiO, substrate under the same
nitrogen atmosphere conditions as solution was made. First spincoating step
was 500 rpm for 60 seconds to cast the layer and second step was 2000 rpm
for 40 seconds to completely dry the sample and remove residuals of a solvent.
These parameters resulted in getting ds = 160 nm thickness of an active layer.
After spincoating the polymer, gold source and drain electrodes with OFET
channel length L of 30 um were formed via evaporation. Structure with top
electrodes was required for investigation of hole transport in perpendicular to
the substrate direction by i-CELIV. Samples were not annealed prior to
measurements.

Fig. 24. Schematic view of PCPDTBT OFET structure used in this work.

PBDTTPD was used as an active layer in two types of sample structures:
OFET and sandwich. Sandwich structures were made on glass/ITO substrates
and OFET structures were made on Si/SiO, substrates on polished SiO;
(di =100 nm) side (see Fig. 25 and Fig. 26). Silicon layer was heavily doped

44



(n type) and used as gate electrode in OFET structures. All of the substrates
were cleaned in ultrasonic bath for 15 minutes in each of the solvents: distilled
water, acetone and isopropanol. Cleaned substrates were treated by oxygen
plasma for two minutes to remove organic residuals and to make surface more
hydrophilic for casting the active layer. After cleaning, part of Si/SiO»
substrates were submerged in 60 °C OTS/toluene solution of 10 mmol
concentration for 15 min (OTS purchased from Sigma-Aldrich). After it they
were washed in each of the solvents: hexane (for removing additional OTS
layers), acetone, isopropanol.

Active area

Aluminium

Fig. 25. Schematic drawing of sandwich structure with PBDTTPD active
layer used for photo-CELIV and TOF measurements.

PBDTTPD was bought from Sigma-Aldrich in form of dry powder and
was used as it is, without any additional purification. For sandwich structures
PBDTTPD was dissolved in chlorobenzene with 10 mg/ml concentration.
Layer was dropcasted under the dry nitrogen atmosphere conditions and the
thickness of layer was d, = 1.2 pm. After deposition aluminum electrodes were
formed via thermal evaporation under vacuum.

S I L D
Gold
y T—'
* G
Fig. 26. Schematic drawing of an OFET structure with PBDTTPD active layer
employed in our work.

For OFET structures PBDTTPD was dissolved in chloroform with 10
mg/ml concentration. Solution then was spincoated on Si/SiO, substrates
under the dry nitrogen atmosphere conditions. The first spincoating step was

500 rpm for 60 seconds to cast the layer and the second step was 2000 rpm for
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40 seconds to completely dry the sample and remove residuals of solvent.
These parameters resulted in getting d; = 135 nm thickness of the active layer.
Gold source and drain electrodes were subsequently evaporated, resulting in
OFET’s channel length L of 30 pm. None of the samples were annealed prior
to the measurements.

2.3 Measurement techniques

Together with new and improving materials in the organic semiconductors
research field the techniques for investigation of the organic semiconductor
properties are improving as well. Different types of structures give possibility
to measure the properties of organic material in different configurations of the
organic layer, but bring the question of comparison between the gathered
results, especially results in different laboratories across the world. Organic
layers are very sensitive to manufacturing conditions which may affect the
experimental results, but experimental setup and experimental conditions
themselves play important role as well. In this chapter the main measurement
techniques used in this work will be presented. Advantages and drawbacks of
each technique will be explained and compared between them in order to
present clear picture how and in what conditions these techniques can be used
and what properties can be measured by using them.

2.3.1 Time of Flight

For the first time Time of Flight (TOF) technique was demonstrated by W.
E. Spear in 1957 [122]. The technique rapidly became one of the most used
technique for investigation of moving charge in the non-organic and organic
semiconductor layers and it is still used today as simple method to evaluate
charge carrier mobility [123, 124]. The simplicity of the technique lies in the
setup required for the experiment. Short light pulse source, square signal
generator and oscilloscope are only needed to conduct an experiment (see Fig.
27). It is important that light source could generate light pulses shorter than
charge relaxation time in the material and almost all short pulse lasers today
are capable of doing that.
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Fig. 27. Experimental setup of TOF technique.

Another important thing for every experiment and every measurement
technique are the samples. Every technique measures different parameters of
the material and thus the sample must be prepared accordingly to fit guidelines
set by the technique. First, at least one electrode must be transparent or
semitransparent for the light which is used in the experiment. Second, the
sample must be thick enough to have surface light absorption conditions
(ad > 1) in order to evaluate charge carrier mobility. Thus, we encounter first
drawback — TOF technique is unsuitable for the measurements of very thin
layers. Usually organic semiconductors have strong absorption, but ad > 1
condition is kept when the thickness of the layer is at least few hundred
nanometers depending on the material [125]. Third, Maxwell’s relaxation time
7o must be much higher than the transit time t of the charge carriers, thus TOF
technique is unsuitable for the measurement of relatively conductive
materials.
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t=0 t

Fig. 28. Theoretical transients of TOF technique. a) Light pulse and square
voltage pulse; b) TOF current density transient in the sample.

In the Fig. 28 there are shown theoretical current transient of the TOF
technique. After photo excitation charge carriers are generated and they move
in the electric field created by the applied square pulse. The advantage of TOF
is that it can be conveniently measured hole and electron mobilities just by
changing the polarity of the applied square pulse. Generated charge carriers
move through the layer and reach the electrode after transit time t, which can
be used for estimation of the mobility:

2
= dp
Uty

" ; 2.1

where d,, is thickness of the layer and U is voltage applied on the layer.

48



a -6
8.0x10 -
o -20V
=. ?[:'wv:
Z 6.0x10°4 = Tr=309E-06's
5 e
£ 4.0x10° g
: v 31E-6
Q g
% 2.0x10° £
i . Ti:gs(sec) L
0.0
0.0 2.0x10*  4.0x10*
Time (sec)

Fig. 29. Photocurrent transients of TOF technique without expressed kink.
Inset presents the log-log scale for the finding of t.. Adapted from [124].

Usually, the kink in the current transient at t, is easily visible and it
facilitates finding transit time, but in case of very dispersive charge carrier
transport nature in the material the kink could be not present and then transit
time t can be found in log(j)-log(t) coordinates (Fig. 29).

2.3.2 Photo-CELIV

The first ever technique of charge extraction by linearly increasing voltage
(CELIV) was demonstrated by A. Petravicius et al. in 1975 as an alternative
to TOF technique [126]. Later on, it was shown that CELIV technique is fully
compatible and very convenient to investigate charge carrier transport in
micro crystalline silicon layers and n-conjugated polymer layers [61, 127].
Modified CELIV technique was applied to investigate transport and
recombination of the charge carriers generated with light pulse in light
sensitive materials and it is called photo-CELIV [55, 128]. The measurement
setup is very similar to the one of TOF: only generator, oscilloscope and light
source are needed to perform the experiments (see Fig. 30). Light source and
generator are synchronized in the way that the delay time t4e between the light
pulse and ramp voltage could be altered to investigate time dependent charge
carrier mobility and the recombination photogenerated charge carriers.
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Fig. 30. Experimental setup of photo-CELIV technique.

The structure of the sample measured by photo-CELIV technique contains
few layers as shown in Fig. 30. The simplest structure is of the single active
layer between two electrodes and we call it sandwich structure. It has a
geometrical capacitance of:

E0&S
C =
a, (2.2)

or
, 2.3)

where S is area of overlapping electrodes, & and & are dielectric permitivitties
of active layer and vacuum respectively, d, is the thickness of the active layer,
Q is charge in the active layer.

By combining the two equation we get:

_ UgoesS

7 (2.4)

p

Together with resistor Ri,a sandwich structure makes differentiating RC
circuit which has a response of square shaped current density transient to
applied ramp voltage (see Fig. 31). Initial current density step j(0) of the
sandwich structure can be expressed:
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S Sdt S dt dp, dt d, S (2-3)

Jj(0) =

where | is the current and A is the voltage increment rate of the ramp pulse.

If light pulse is absorbed in the surface of the active layer (ad > 1), then
photogenerated charge carriers are extracted throughout all the thickness d,
when ramp voltage is applied.

ter ter tir ter
U
dpzfvdrdtsz—dtzdif Udt:dif At dt =
0 0 p pO pO
" , (2.6)
tr 2
A At
:ll_f tdt='u tr
dy J 2d,

where | is charge carrier mobility, vq is charge carrier drift speed, ty is transit
time of charge carriers.
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Fig. 31. Theoretical photo-CELIV transients. a) Light pulse and ramp voltage;
b) photo-CELIV current density transient of the sample.

Current density transients of photo-CELIV have extraction current density
Aj on top of the initial step j(0). Extracted charge forms a peak in extraction
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current density at a time tmax Which is equal to charge carrier transit time ty.
Then eq. (2.6) can be rewritten and charge carrier mobility can be found:

u= 2‘35 : 2.7)
Atmax

Equation (2.7) is valid only in certain case of experimental conditions. As
more data was gathered using photo-CELIV technique during the years of
experiments, more accurate equations were necessary for certain cases of
experimental conditions (for example, absorption profile of the active layer).
Theoretical calculations on various experimental conditions of photo-CELIV
together with experimental results were made in order to make corrections in
mobility calculation using extraction current density peak time tmax [128]. Tt
was shown that equation (2.7) can be rewritten as:

2d}
e (1+036(25)) 9

where K = tmax/tir is the correction factor. Depending on absorption coefficient

ad of the active layer, K values vary from 1//3 (ad < 1) to 1 (ad > 1) (Fig.
32).
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Fig. 32. Theoretical calculation of correction factor K dependence on

absorption coefficient ad for various light pulse intensities. Adapted from
[128].
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One of the biggest photo-CELIV advantages over TOF technique is
possibility to measure relatively conductive materials. In TOF charge
relaxation time 7, of the measured material has to be longer than the transit
time ty, otherwise charge carriers cause electric field redistribution in the
layer. In photo-CELIV 7, can be found from extraction transients at a time
when current density reaches double the value of j(0). Then using 7z, value
charge carrier mobility can be found accordingly:

Tod3

T 43
tmaxA

2.9)

Another useful photo-CELIV feature is the possible variation of time tue
between the light pulse and the extraction voltage. By variating te., charge
carrier mobility dependence on time can be estimated. The time dependent
charge carrier mobility measurements are important for disordered materials,
because light excitation provides a lot of energy for charge carriers and they
lose it through relaxation in DOS during the transport and during t4 which
can ultimately affect their mobility and recombination rate.

For the investigation of photogenerated charge carrier recombination rate
in the sample, photogenerated charge decay experiment by using photo-
CELIV can be conducted. Extracted charge Q. can be found by subtracting
current density transient without light excitation from the one with light
excitation j —j(0) = 4j. By integrating the area of the transient, we get extracted
charge carrier density n and by increasing ts we let charge carriers to
recombine and we get the decay of extracted charge density n(t). Bimolecular
recombination coefficient B then can be found by fitting the formula:

n(t) = 1 (2.10)
Bt + m

onto the experimentally obtained decay of extracted charge carrier density.
2.3.31-CELIV

The measurement techniques mentioned above are dedicated to investigate
sandwich structures and solar cell structures, where the active layer is between
the two electrodes. One of the most popular and convenient structures for
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investigation of charge carrier transport in thin layers are OFET structures and
MIS (metal-insulator-semiconductor) structures, containing dielectric layer.
For this kind of structures, a technique called i-CELIV was demonstrated by
G. Juska et al. in 2012 [129]. Technique is used to measure charge carrier
mobility in perpendicular to the substrate (dielectric layer) direction (y
direction in Fig. 33).
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Fig. 33. MIS structure with hole transporting active layer and i-CELIV setup.
Adapted from [130].

After applying U, voltage (see Fig. 33 and Fig. 34) to the MIS structure
or to the OFET structure between gate and source (or gate and drain), charge
carriers will drift through the active layer and will accumulate near dielectric
layer. At the calm state the distribution of the charge carriers can be expressed

by:

j= ukT% +ep(X)uF(x) =0 , (2.11)

where [ is hole mobility, k is Boltzmann constant, p is density of charge
carriers, F is electric field, T is temperature and e is elementary charge.
By having Gauss’ law:

dF (x) _ ep(x)
dx  &g¢ ’ @12)

where ¢y and & are dielectric permittivities of vacuum and semiconductor layer
accordingly, we can rewrite the equation:
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Then we can find solutions:
di e -1
F = — 2.14
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where d; is the thickness of the dielectric layer.

U a
."""
0
—"'-
"—'
Uonz """ -
U

il0)

Fig. 34. Applied voltage in i-CELIV technique (a) and theoretical current
density extraction transients (b). Adapted from [129].

When eUr >> KT and when the capacity of the dielectric layer is higher

the capacity of the active layer, charge carriers will accumulate near the
dielectric surface. This charge reservoir can be extracted with the ramp pulse

55



which has voltage increment speed A = dU/dt. Space charge limited current
(SCLYS) density of the charge carriers can be expressed by:

dF (x, t)

= (2.16)

J() = eup(x, t) + &5&

To simplify the equation, we average SCLC transient in the active layer
within the coordinates 0<x<d till the time ti (which represents the time
needed for charge carriers to reach the opposite electrode) with given
conditions F =0 and x = 0:

£5&4A 4 €U
ds 2d

dF (dg, t)

FZ(dSJ t) = <‘:S"EO dt s

j@® =

(2.17)

where d; is the thickness of the active layer.

As Fig. 34 (b) shows there are three distinct regions of the extraction
current density transient of the i-CELIV technique. Solving eq. (2.17) in the I
region gives solutions:

Aj(t) 5 ( t )

——=tan“(—| , 2.18
i© fe 219
tsc = 092t (2.19)

where j(0) is displacement current density, 4/ is conductivity current density
and t,; is charge carriers transit time. If we have small charge extraction case,
then:

2 Ssdi
= —(1 R 2.20
ter = d #A( +Sids) (2.20)

where ¢; is dielectric permittivity of dielectric layer.
Then in the Il region (Fig. 34 (b)) of extraction current density transient we
will have:

4j(t)  9¢t?

j0) ~ 4c2 22D
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Extraction current will always saturate to the charging current of dielectric
layer capacitance C; (region III in Fig. 34 (b)) and we get current density:

Jsat = &ig0A/d; - (2.22)

If all of the charge reservoir is extracted, the current will decrease to its initial
displacement current value j(0).

When small charge is extracted (4j < j(0)) the peak value of extraction
current will occur at time t; (see Fig. 34 (b) dashed line) and charge carrier
mobility can be calculated using eq. (2.20). When charge reservoir is bigger
than the one in the electrodes at the time ti, we have SCLC conditions and
current transient follows eq. (2.18). Current transient kink separating I and II
regions in the extraction current (Fig. 34 (b)) usually is not visible due to
dispersive transport nature of the organic semiconductors. In case of 4/ >> j(0)
it is convenient to choose time t; for mobility calculation when current density
reaches double the value of the initial step j(0) (see Fig. 35):

w
t]_ = Z ttl‘ . (223)
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Fig. 35. Experimental i-CELIV current density transients with different

injection voltages of structure with MEH-PPV active layer. Adapted from
[129].

J [uA]

If 4j is comparable to j(0) (which usually means that the thickness of active
layer is similar to the thickness of the dielectric layer), then time t; is not
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suitable to calculate mobility, because at that time started saturation of the
transient causes inaccuracy in finding transit time of the charge carriers. In
this case it is more convenient to choose time t” when current density reaches
1.5 of its initial value j(0) (see Fig. 35). Transit time then can be found:

t' =tan"?! (\/—19 tir . (2.24)

In i-CELIV technique current density transients give information about
geometrical capacitance of the measured sample j(0) = C,A. Using ratio of the
two capacitances (the active layer and the dielectric layer) we can estimate the
thickness of the active layer without any additional measurements:

1 1
d =SSA(_——_—> . 2.25
STUBTN0)  sar (225)

2.3.4 OFET current transients

The first paper reporting delay time tq of the drain current Ip after square
voltage pulse in MOS (metal-oxide-semiconductor) transistors was published
in 1969 [131]. Later on, this technique was conveniently applied in the
research of thin films of organic semiconductors by employing them in OFET
structures [132-135]. The technique can be used to investigate charge carriers
moving along dielectric layer near the interface of dielectric and organic layers
(x direction in Fig. 36 a)).

a) L

Fig. 36. Schematic view of OFET device structure (a) and of OFET current
transients technique setup (b). Adapted from [135, 136].
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When field-effect transistor gate electrode is grounded and drain electrode
is grounded via load resistor (Fig. 36 b)), voltage step applied to source
electrode will charge gate capacitance with the current accordingly:

Ip(x,t) = p(x, OuF (x, )W (2.26)

where p(X, t) is charge surface density in the channel, F(X, t) is Xx-component
of electric field, W is width of the channel and [ is charge carrier mobility.
The channel is formed by injected charge carriers from the source electrode.
Then:

& &

0
U(x,t
L UCD)

p(x,t) = , (2.27)

where U(X, t) is electric potential, & and & are dielectric and vacuum
permittivities, d; is thickness of the dielectric layer. From continuity equation:

dp(x, t) — _de(X, t) —
dt dx

e (o OF () (2.28)

where jp(X, t) is current density in the channel. After combining two equations

we get:
d du du
—(U—) =— 2.29
Hix (U dx) dt 229)

For convenience we can normalize the variables: X" = x/L, t* = tuUsp/L?,
U’ = U/Usp. Therefore, we can rewrite the equation:

l—dZU*Z = d_U* (2.30)
2 dx*?  dt*
Numerical solution of eq. (2.30) gives spatial distribution of the potential
U’(x) at various time moments (see Fig. 37 (b)) by using the initial condition
U"(0,0) = 1. Drain current in the channel is shown in Fig. 37 (a). Time t4 at
which charge carriers reach the drain can be used to evaluate the charge carrier
mobility along the channel:
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2

1 =038 (2.31)

taUsp

Charge carrier mobility obtained from eq. (2.31) represents mobility in low
charge carrier density conditions, because mobility is calculated with the time
ts when first charge carriers reach drain electrode and their density in OFET
channel is still low.

Fig. 37. Theoretical calculations of voltage pulse applied between source and
drain. Current transient in the channel (a), the distribution of the potential U*
(b) at various time moments indicated in (a). Adapted from [135].

OFET current transients technique is convenient for investigating field-
effect transistor structures because it gives saturated current Ip value which
can be used for mobility estimation as well. When current reaches its saturated
value (see Fig. 37 (a) part 4) at a certain applied voltage, charge carrier
mobility can be calculated:

AL e
 &5UspW 0Ugs

u (2.32)

where Ugs is the voltage between the source and the gate. With saturated Ip
value we have high charge carriers density condition, thus mobility obtained
from eq. (2.32) represents mobility in high charge carrier density condition.
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Fig. 38. Experimental drain current transients for different applied voltages
Usp of RR-P3HT OFET structures. Adapted from [135].

Fig. 38 shows experimental current transients at different source-drain
voltages applied in RR-P3HT layers. It can clearly be seen how channel
opening time ty and saturated drain current Ip correspond with increasing
voltage.
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Fig. 39. Hole drift mobility dependence on applied source-drain voltage. Solid
squares represent hole mobility obtained from channel opening time tq open
circles represent hole mobility obtained from saturated drain current, arrows
represent hole mobility obtained by TOF, i-CELIV and photo-CELIV
techniques. Adapted from [135].

JuSka et al. [135] compared hole mobility obtained by OFET current
transients technique with hole mobility obtained by other techniques in RR-
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P3HT layers (see Fig. 39) in different directions (x direction and y direction
in Fig. 36). Experimental results let to assume that OFET current transients
technique is convenient and reliable technique for charge carrier transport
investigation in the thin film organic layers.

3. Experimental results and discussion

3.1 Charge carrier transport in CHsNHsPbls perovskite solar cell
structures

Perovskites took organic solar cells research field with the storm (Fig. 2),
but clear understanding about charge transport in the perovskites is still
lacking. With every new publication and every new bit of information in this
field a new block in the road towards clear understanding and more efficient
solar cells is built.

Several studies have demonstrated that halide perovskites exhibit long
charge carrier diffusion length [78, 79, 81]. CH3NH;Pbl; (or MAPDI)
perovskite layers prepared according to the recipe described in 2.2 chapter
exhibit very long narrow crystals (longer than 200 um, see Fig. 40 c)). Long
diffusion lengths can then be explained by MAPbI perovskite ability to form
extremely long crystals. However, in fig 41 b) there can be clearly seen
polycrystal structure of the same layer. This type of structure, where on top of
polycrystal perovskite base there are long narrow crystals, has uneven surface
and it could affect layers deposited on top of it, as it can be seen in Fig. 40 d).
Spiro-MeOTAD layer deposited on top of perovskite layer exposes how
uneven is the surface of perovskite, therefore it causes uneven Spiro-
MeOTAD deposition as well.
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Fig. 40. MAPbI3 perovsklte ﬁlm on glass substrate: a) sample photo; b) SEM
image of the side cut of the perovskite film; c) SEM image of the top of
perovskite film; d) SEM image of the top of the perovskite film after Spiro-
OMeTAD deposition.

It was reported before that the methylammonium lead iodide (MAPDI3)
perovskite exists in the cubic Pm3m phase at high temperature above 330 K,
below which it undergoes a phase transition to the tetragonal 14/mcm phase
and then to the orthorhombic Pnma phase below 170 K [12]. The differences
between the tetragonal and cubic phases are slight rotation of Pbls octahedra
along the c-axis and a small energy levels difference. The XRD spectra of
cubic and tetragonal phases are similar with slight differences that consist
mainly from splitting of the peaks 100 and 200 of cubic phase to the 002, 110
and 004, 220 respectively of the tetragonal phase. Moreover, tetragonal phase
exhibits two new peaks: 211 and 213. The most noticeable trait to distinguish
the two mentioned peaks in XRD spectrum is minor diffraction from the (211)
plane at 20 ~23.5°,

Further investigation of CH3NH3Pbls layer was conducted using X-ray
diffraction (see Fig. 41). The presence of a peak at 260 = 23.68° in the XRD
spectrum indicates the tetragonal I14/mcm phase. Furthermore, the peak at 260
= 14.29° can be deconvoluted into two components at 14.14° and 14.29°
attributed to the 002 and 110 diffractions respectively [137]. The XRD spectra
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of CH3NH;PbI; films on different substrates (glass, FTO, and TiO,) confirm
the tetragonal 3D structure and the space group [4/mcm. No peaks of Pbl, are
observed indicating that there is no excess of Pbl, and the reaction of
perovskite formation was fully completed.

The increase of the intensity of some peaks of XRD spectra in the
perovskite film deposited on dense TiO, film indicates a better crystallization
in comparison to the films deposited on FTO or glass. The crystallite size may
influence the charge carrier transport as a better crystallization and larger
crystallite size are usually tied with more favorable conditions for charge
carrier transport.
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Fig. 41. XRD spectra of MAPDI; thin films deposited on various surfaces. The
XRD spectrum of glass/FTO substrate is also given for reference.

Further investigation of MAPbI; perovskite solar cell structure (see Fig. 23
a)) was focused on charge carrier transport and it was conducted by using
photo-CELIV technique. After applying ramp voltage pulse, it was observed
that perovskite solar cell structure exhibit conductivity noticeable in the shape
of current density transient. From obtained current density transient
Maxwell’s relaxation time 7, was estimated as it is the moment, when current
density reaches double the value of the initial capacitance step j(0) (see Fig.
42).
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Fig. 42. Zoomed in beginning of photo-CELIV current density transient of
MAPbI; perovskite solar cell structure.

MAPDI; perovskite has a strong absorption for A =532 nm [71] laser light
which was used in Photo-CELIV experiment. The thickness of perovskite
layer and Spiro-OMeTAD layer in the sample was d = 1.2 um, therefore
absorption profile of the solar cell structure was ad ~ 9.6. This indicates that
charge carriers are generated in the surface of perovskite layer and that
extracted charge carriers travel the whole distance of d = 1.2 um. The applied
ramp voltage pulse polarity was chosen accordingly to extract holes through
top gold electrode.
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Fig. 43. Photo-CELIV current density transient 4j of MAPbI; perovskite solar
cell structure.

Fig. 43 depicts photo-CELIV current density transient 4/ = j — j(0) at
A =2500 V/s. Transit time of holes was determined from the moment tmax
when photogenerated current density value 4j reaches its peak value. Hole
mobility was calculated by using eq. (2.9), because the shape of current
density transient indicated conductivity of the measured layer. The obtained
photo-CELIV hole mobility values were from g = 5.2*107 cm?/Vs to 4 =
8.5%1077 ¢m?/Vs at different ramp voltage pulse increment rates A (Fig. 44).
Hole mobility in single Spiro-OMeTAD material was previously reported
with the values between [l = 1.69*10° cm?/Vs and = 4*107° cm?/Vs, where
higher values were obtained in the spiro-OMeTAD layers with higher order.
[138, 139].
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Fig. 44. Hole mobility in CH;NH3Pbls perovskite and Spiro-OMeTAD layers
obtained by photo-CELIV technique at few different voltage increment rates
A.

Hole mobility in CH3NH3Pbl; perovskite varies greatly with hole
mobilities reaching 500-800 cm?/Vs in theoretical calculations of perovskite
crystal structure, but rapidly decreasing in experimental results at room
temperatures where hole mobility can be as low as 4.8%10° c¢cm?/Vs in
perovskite FET configuration, as was discussed in 1.4 chapter of this thesis.
Therefore, hole mobility strongly depends on the morphology of the
perovskite layer.

In this work hole mobility in CH;NH;3Pbl; perovskite and Spiro-OMeTAD
layers together was [ = 8.5%107 cm?/Vs. Lower hole mobility than the ones
reported in other studies in this case can be attributed to few sources presented
in this work: the disorder of Spiro-OMeTAD layer, disorder and grain
boundaries of polycrystalline perovskite film and the interface between
perovskite nanowires and Spiro-MeOTAD layer (see Fig. 40). These
unfavorable features of layers morphology increased density of trap states and
therefore reduced hole mobility.
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3.2 Investigation of anisotropy of charge carrier transport in
PCPDTBT field-effect transistor structures

In this work PCPDTBT OFET structures were fabricated with top source-
drain electrodes to enable measurements of charge carrier transport in two
directions: perpendicular and parallel to the substrate (dielectric layer acts as
a substrate in this case). For the investigation of charge carrier transport in
perpendicular to the substrate direction i-CELIV technique was used and
OFET current transients technique was used for the investigation of charge
carrier transport in parallel to the substrate direction. Also, charge carrier
transport dependence on temperature was measured to investigate energetic
disorder in the layers. Experimental setup used in the charge carrier mobility
measurements allows to measure mobilities at the temperatures up to 200 °C.
PCPDTBT material is often used as hole transport material in bulk
heterojunctions with PCBM [15, 16], showing the importance of hole
transport investigation in this material, therefore in OFET current transients
and i-CELIV measurements polarity of injecting voltages were chosen
accordingly to inject holes into the layer and to study hole transport.
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—— 310 K|
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< .
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0.0 4.0x10° 8.0x10” 1.2x10™
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Fig. 45. PCPDTBT OFET structure current transients at different
temperatures (obtained from OFET current transient technique).

In Fig. 45 there are presented few typical current transients of OFET
structure with PCPDTBT active layer at different temperatures. Black arrows

mark the saturated value lgp sac Of drain current and time tq when holes reach
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drain contact. Further increase of the drain current after ty is caused by
increasing density of holes in the OFET channel until the current reaches
saturation lsp sa. OFET current transients technique has advantages over I-V
characteristics. Firstly, mobility values obtained from tq are not affected by
high hole density, so comparison with i-CELIV results is more relevant.
Secondly, first traveling holes are more sensitive to trapping states which can
be affected by morphological changes in the film.
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Fig. 46. PCPDTBT OFET structure normalized current density transients at
different temperatures (obtained from i-CELIV technique).

Few examples of i-CELIV current density transients at different
temperatures are presented in Fig. 46. After initial step j(0) attributed to
source-gate capacitance of the sample, extraction current density rises and the
time value ¢’ can be found for hole mobility estimation. The line marks time
t’ when the current density reaches 1.5 of the value of the initial capacitance
step j(0). The beginning of i-CELIV transients is superlinear indicating SCLC
conditions in the measurement, thus holes are accumulated near the dielectric
layer and they travel the entire thickness of the PCPDTBT layer during
extraction by the increasing voltage pulse [129].
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Fig. 47. Hole mobility dependence on temperature obtained by current
transients measurement method.

In the Fig. 47 it is shown how temperature affects the hole mobility p- in
parallel to the substrate direction. The axes in the figure were chosen
according to Béssler’s model of charge carrier hopping through energy states
in order to obtain disorder parameters of the PCPDTBT [32]. PCPDTBT hole
mobility in parallel to the substrate direction increases in the beginning of
heating (see fitted region in Fig. 47). This is generally expected result in
disordered organic materials according to Béssler’s model because of
temperature activated hopping rate [32]. When the temperature reaches 72 °C,
the mobility and saturated current lsp s value start to decrease (the decrease
of saturated current can be seen in the Fig. 45). The decrease of the
PCPDTBT:PCBM solar cell’s performance in similar temperature range was
reported before [140]. In this report authors state that short circuit current and
efficiency had decreased due to the decrease of the conductivity of the active
layer. Results of this study suggest that the conductivity could have been
decreased because of the decrease in hole mobility in PCPDTBT. Hole
mobility decrease is attributed to the change in PCPDTBT layer morphology
in higher temperature and it will be discussed in later paragraphs. Also, for
verification and comparison hole mobility s from measured current values
Isp sa at room temperature was calculated (see Fig. 45). Similar values
obtained from current transients technique and from lsp s indicates that hole
mobility has low dependence on hole density in the OFET channel.
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Fig. 48. Hole mobility dependence on temperature obtained by i-CELIV
measurement method.

In contrast to the hole mobility dependence on temperature in parallel to
the substrate direction P-, hole mobility obtained by i-CELIV increases
through all the heating range (see Fig. 48). Also, the value of hole mobility in
perpendicular to the substrate direction is lower 800 times than in parallel to
the substrate direction at room temperature. These results suggest different
conditions for hole movement in different directions as well as different
morphologies. To investigate the enegretic disorder in each of the directions
the energetic disorder parameters ¢ were calculated using Bassler’s formalism
for disordered systems.

In eq. (1.3) there are two main parameters influencing charge carrier
mobility: the temperature and the electric field. Energetic disorder parameters
were found from the fit of hole mobility dependence on temperature (Fig. 47
and Fig. 48). Reliable value of positional disorder parameter 2 cannot be
found because the exact value of electric field cannot be found neither in i-
CELIV, nor OFET current transients techniques. Electric field’s influence was
neglected because the values of hole mobility were close to zero electric field
condition in both of the experiments. For the parallel to the substrate direction
zero electric field mobility values were extrapolated from mobility
dependence on the voltage between source and drain (extrapolated hole
mobility data can be found in Fig. S1 in Appendix 1). The mobility
dependence on the voltage Usp also indicates that hole mobility has a weak
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dependence on the electric field in the measured range. In OFET current
transients technique applied voltage Usp is proportional to the electric field in
the layer but the exact value of the electric field cannot be found, because the
electric field changes in time and in coordinate until lsp s is reached. In the
perpendicular to the substrate direction (i-CELIV technique) electric field can
be neglected because a significant part of the electric field is concentrated on
the dielectric layer. Also, when the first holes are extracted at the time t; the
voltage from the ramp pulse is still low and the electric field in PCPDTBT
layer is very weak.

Charge carrier movement in the channel of the OFET is usually considered
as 2D type movement. E.V. Emelianova et. al. [141] reported their theoretical
calculations of the charge carrier movement in the channel and showed that
when charge carriers are hopping through Gaussian DOS and their
concentration is low, mobility dependence on the temperature is very similar
to 3D case around the room temperature for the same energetic disorder
parameter 0. OFET current transients technique measurements are performed
in low concentration conditions and in 2D case calculated value of ¢ would be
<10% smaller than in 3D case according to the Fig. 2 in the report [141].
Therefore, in this work found values of o- = 65 meV for parallel to the
substrate direction and o, = 43 meV for perpendicular to the substrate
direction can be compared with each other.
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Fig. 49. DSC thermograms of PCPDTBT material.
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To explain an abrupt change in hole mobility in parallel to the substrate
direction with the increasing temperature, DSC measurements were
performed in the temperature range from -20 °C to 200 °C (253 K to 473 K).
Visible change in thermogram starts before 100 °C and ends above 120 °C
and from the most abrupt change inthe second heating curve the glass
transition temperature T, was found to be 112.5 °C (see Fig. 49 and Fig. 50).
Indistinct and slow change in the thermogram is common feature for polymer
materials because of their molecular weight, but hole mobility measurements
show that the change in the morphology is crucial for the hole transport (see
Fig. 47). From hole mobility p- measurements it can be assumed that
structural changes in the PCPDTBT layer occurs at even lower temperatures
than T, and that these changes in morphology affect transport of the
holes. Small shift in the DSC curve around glass transition temperature does
not indicate that morphological transition in PCPDTBT is small. After heating
in DSC measurements there were visible changes in the polymer state: from
powder form before heating it changedto one piece glass/film type
material after heating. Even though there were visible changes in PCPDTBT
after heating in DSC measurements, spincoated layer did not have any visible
changes after measurements. i-CELIV method allows to register active layer
thickness (see eq. (2.25)) with every measurement made. There were no signs
of any thickness or capacitance change in the PCPDTBT layer during the hole
mobility measurements in different temperatures, thus heating did not cause
any discontinuities in the layer.
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Fig. 50. Second heating thermogram with calculated glass transition
temperature T,.

DSC measurements indicate that the decrease of mobility at higher
temperatures obtained by OFET current transients measurement was caused
by morphology change in the film. Additional AFM (atomic force
microscopy) measurements were performed on manufactured OFET
structures before and after heating. The surface of spincoated PCPDTBT layer
was very smooth before and after heating (Az < 5 nm) and did not show any
significant changes in the surface topology, only that heated layer became
even smoother (roughness 1.2 nm of unheated layer to 0.3 nm of heated layer)
which is expected result when heating material above T, (AFM data can be
found in Fig. S2 in Appendix 1). Thus, the inner morphological changes were
not reflected on the surface of PCPDTBT. Also, additional measurement of
the structure was done by grazing incidence X-ray diffraction technique (Fig.
S3 in Appendix 1). Both heated and unheated PCPDTBT layers have single
broad peaks around 20 degrees of 20. Thus, both layers are rather amorphous
and do not have a distinct crystal structure.

At higher temperatures holes hopping rate increases due to temperature
activated transport nature, but the change in PCPDTBT morphology causes
modification of the DOS and affects hole transport. As a result, hole mobility
decreases at higher temperatures in the parallel to the substrate direction
(Fig. 47). For verification that hole mobility was affected by morphology,
additional heating cycles were done (experimental data can be found in
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Fig. S4 in Appendix 1). In the perpendicular to the substrate direction hole
mobility steadily increases in the same temperature range, but the values of
the mobility are much lower (Fig. 48). These results suggest that in PCPDTBT
layer holes move in the different conditions in different directions (parallel
and perpendicular to the substrate). This could be explained by morphology
of polymer, in which (because of the interaction with SiO) the better
conditions for the holes to move by the polymer/SiO, interface have formed
(presumably, similar to “edge on” orientation). In this case the average 7
stacking distance decreases and therefore mobility of the holes is significantly
higher. This difference in the mobility is hidden in the prefactor Ho which
contains the probability for the holes to hop. Prefactor [ is proportional to
square of transfer integral and is determined by average coordinate intersite
distance and molecular orientation [142]. It can be concluded that in parallel
to the substrate direction average coordinate intersite distance and molecular
orientation leads to more favorable conditions for the hole transport. From
experimental results it follows, that these conditions are more susceptible to
the heat. Higher temperature affects morphology in the way that molecules
change their orientation more in the vicinity to the dielectric layer than in the
volume. Similar tendency of difference in morphology in different directions
was reported before [13]. In one report [143] authors showed that under some
circumstances PCPDTBT could form nanoparticle quasicrystal structures in
the chloroform solvent which could then result in similar morphology of the
layer. The results demonstrated in this work are in agreement with other
authors’ works [13, 14, 144] on PCPDTBT and it should be mentioned that
changes in morphology of PCPDTBT triggered by heating should be
considered when constructing devices, especially those, which are intended to
work at higher ambient temperatures.
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3.3 Charge carrier transport and recombination in PBDTTPD
thin layer structures

In this study two types of structures were made with neat PBDTTPD as an
active layer: OFET structures and sandwich structures (see Fig. 25 and Fig.
26). PBDTTPD material is often used as a hole transport material in blends
with PCBM to make and investigate bulk heterojunction solar cells [19], thus
it is important to look closer into hole transport properties of this material.
Therefore, in both sandwich and OFET structures in this study hole transport
was investigated and voltages were chosen accordingly to inject and extract
holes.
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Fig. 51. photo-CELIV current density transients with and without U,g.
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Fig. 52. Absorption spectrum of PBDTTPD layer. Dotted lines crossing marks
absorption of wavelength used in photo-CELIV and TOF measurements.

The first goal of this study was to investigate hole mobility and
recombination in sandwich structure with neat PBDTTPD layer and to achieve
it photo-CELIV and TOF methods were employed. In photo-CELIV
measurement external voltage Uor = 0.7 V was applied to sandwich structure
prior illumination to compensate built-in electric field and to stop
photogenerated charge carriers from leaving the sample (Fig. 51). Also,
PBDTTPD material has a strong absorption for the wavelength of the light
used in TOF and photo-CELIV measurements (see Fig. 52), therefore it was
took into account when estimating hole mobility. Few experimentally
obtained photo-CELIV current density transients with different delay times
tee are depicted in Fig. 53. Black circle marks the “tails” where transients do
not reach the initial capacitance step j(0) indicating that some holes are very
hard to extract by increasing ramp voltage from their occupied states. These
“tails” are seen throughout the whole delay time tq. range and point to the
dispersive character of hole transport in PBDTTPD layer which is connected
to the redistribution of photogenerated holes in DOS with time [145].

77



S
L
<
= ‘ —t4e] 0.5 s
| T Igel 3 s i
1x10™* F g 15k ol |
I 4o S0 ms
\ —tge1 150 ps Y
0 | 7Id81500];ls ______ I_____’—'
0 5x10° 1x10*
s

Fig. 53. photo-CELIV current density transients with increasing tgei.

Hole mobility in PBDTTPD layer obtained by photo-CELIV method was
Hph = 4.8%10* ¢cm?/Vs and similar to already reported results elsewhere
(1.4*10* cm?/Vs — 7.5*10* cm?/Vs) [146-149]. It should be considered that
in mentioned reports blends of PBDTTPD were measured and different
methods were used. With increasing tq. value the decrease of hole mobility in
PBDTTPD was observed (see Fig. 54 and corresponding tmax increasing in fig
53). The decrease of hole mobility is caused by photogenerated holes
redistribution in their states with time. With low tee value (up to few pus) we
have significant part of holes travelling relatively fast (pn = 4.8%10™* cm?/Vs),
forming pronounced current density peak with low tmax value (for example,
see red and blue curves in Fig. 53) and relatively small amount of slower holes
part of which cannot be extracted by applied ramp voltage (see “tails” of
transients above j(0)). The increase of tqe, in addition to lowering the amount
of'holes due to recombination (see area of the photo-transient above the “dark”
transient in Fig. 53), also causes the increased contribution of slower holes to
the photo current with respect to the faster ones. We can assume that without
tael hole mobility would be higher and close to hole mobility pior= 10~ cm?/Vs
measured by TOF technique (TOF measurement data can be seen in Appendix
2 Fig. S5 and Fig. S6) as hole mobility obtained by photo-CELIV tends to
saturate to TOF value (blue dashed line in Fig. 54). These results suggest that
neat PBDTTPD material employed in sandwich structure exhibits much
slower decay of DOS tail than in Gaussian DOS model. The holes in deep
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energy states barely contribute to the non-dispersive TOF current, but become
“visible” in the photo-CELIV current when te is large and the most of
photogenerated higher mobility holes have recombined or relaxed to deep
energy states. Systems which exhibit superposition of two different DOS
distributions (for example, Gaussian + exponential) was reported before [47].
It is worth mentioning, that combination of TOF and photo-CELIV techniques
exposes hole transport properties discussed above that otherwise would be
undetected and this emphasizes the importance of measurements in broad time
scale.

TOF hole mobility
10°fF = = = = = = = = = = = = = = 4
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Fig. 54. Hole mobility in PBDTTPD sandwich structure. Time t in the bottom

axis 18 tdel + tmax Which is the lifetime of the most holes from photogeneration
to extraction.
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Fig. 55. Extracted charge carrier density decay in PBDTTPD sandwich
structure.

Charge carrier density decay measured by photo-CELIV allows to
investigate recombination rate in PBDTTPD sandwich structure (Fig. 55).
Using eq. (2.10) bimolecular recombination coefficient Bey, can be found by
fitting extracted charge carrier density dependence on time (red line in Fig.
55). Even though hole mobility changes by one order of magnitude with
respect to te, the fitting of n(tse) assuming Bex, = const is appropriate in all
measured te range. From the experimental results obtained bimolecular
recombination coefficient was Bexp, = 4.2*107!" ¢cm’/s. However, calculated
Langevin recombination coefficient was B = 2.5*1071° cm*/s (for calculation
hole mobility My = 4.8%10* cm?Vs was used), which means that
recombination rate in the PBDTTPD sandwich structure was lower by almost
6 times. Usually, reduction of Langevin type recombination is observed in
organic semiconductor bulk heterojunctions and is explained by the separation
of the hole and electron pathways [150, 151], by the influence of the lowest
mobility charge carriers [57], by the extent of charge delocalization of holes
and electrons in charge transfer state [22]. However, these reasons explain
reduction of recombination by few orders of magnitude in blends while in this
case neat polymer layer was used and recombination is slowed down by 6
times only. As mentioned above, Fig. 53 and Fig. 54 indicate that
photogenerated holes with the time relax and occupy lower energy states,
hopping gets more difficult and average mobility decreases. Langevin
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recombination coefficient calculated by using the lowest measured hole
mobility ppn = 4.35%10° cm?/Vs was By siow = 2.25%107!'! cm?¥/s (green line in
Fig. 55) and is about two times smaller than experimentally obtained
recombination coefficient Beyp. It can be assumed that Bex, is tied to effective
hole mobility in the layer which is close to the slowest measured mobility in
photo-CELIV experiment, because part of holes with higher mobility escapes
from photogeneration area before they can recombine and letting holes with
lower mobility recombine, therefore reduced recombination coefficient is
obtained.

Hole mobility in OFET structures with top source — drain gold electrodes
were measured by OFET current transients and i-CELIV techniques. Though
PBDTTPD is considered to be a promising hole transport polymer, only single
work has been reported about using it in the OFET structure [152]. Authors
investigated PBDTTPD mixed with P3HT in the active layer and found hole
mobilities to be in range 4.36¥10* cm?*Vs — 8.69*10° c¢m?Vs at room
temperature, mainly obtaining higher mobility values in the samples with
bigger part of P3HT.

2x10°

< 1x10°
a

7]

0 1x107 2x10°
t,s

Fig. 56. Current Isp transients at different temperatures obtained by OFET
current transients method in PBDTTPD OFET structure with OTS treatment
(Usp =80 V).

By using t; value (Fig. 56) the estimated hole mobilities at room
temperature were Py = 9.3%10° c¢cm?Vs in OFET structure without OTS
treatment and iy = 1.5*%10* ¢cm?/Vs in OFET structure with OTS treatment.
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Hole mobility values were extrapolated from the hole mobility dependence on
applied voltage Usp to get zero field hole mobility (experiment data is
presented in Fig. S7 in Appendix 2). OFET current transients technique also
gives opportunity to estimate hole mobility from IV characteristics using Isp
sat value (Fig. 56) and for comparison hole mobility at room temperature of
OFET structure with OTS treatment was calculated et = 1.1*¥10* cm?/Vs
(Fig. 57). Hole mobility calculated using tq value represents mobility in low
hole density conditions and hole mobility calculated using lsp sa value
represents mobility in the high hole density in the OFET channel conditions.
With both hole mobility values being similar it can be assumed that charge
density does not affect mobility in PBDTTPD layers, therefore photo-CELIV
hole mobility dependency on delay time tqq is caused by holes redistributing
through energy states of DOS with the time and not by hole density reduction
due to recombination.
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Fig. 57. Hole mobility dependence on temperature obtained from OFET
current transients measurements. Arrows mark hole mobility values obtained
from i-CELIV and IV characteristics at room temperature. Dashed line marks
room temperature.

i-CELIV results of hole mobility do not show any significant difference
between OFET structure without OTS treatment and OFET structure with
OTS treatment (M = 3.2%¥10° cm?/Vs and Wy = 3.4%¥10° cm?/Vs respectively,
Fig. 57). In i-CELIV experiment holes do not travel via OFET structure
channel near dielectric/polymer interface, thus hole mobility is equal with and
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without OTS treatment, while hole mobility improved in OFET structure
channel with OTS treatment. i-CELIV hole mobility is similar to the lowest
photo-CELIV hole mobility, but is lower than calculated from t; value
(compare Fig. 54 and Fig. 57), because in i-CELIV injected holes are kept in
the sample for a while before extraction, just as under photo-CELIV
conditions with the highest te values, while in OFET current transients
experiment holes travel instantly after voltage is applied.

From mobility dependence on temperature (Fig. 57) obtained disorder
parameters show that energetic disorder parameter ¢ of dielectric/polymer
interface DOS is smaller in OFET structure channel with OTS treatment than
in OFET structure channel without OTS treatment (50 meV to 63 meV), thus
via reduced interface energetic disorder (reduced influence of SiO, surface
defects) hole transport conditions were improved and hole mobility increased.
For verification that PBDTTPD does not have any phase shift which can also
modify hole transport conditions and mobility values in measured temperature
range, differential scanning calorimetry measurement were conducted (data
can be found in Fig. S8 in Appendix 2). Energetic disorder parameter ¢ in
PBDTTPD blends with PCBM was reported before, where authors reported o
=65meV and o = 81 meV for different configurations of PBDTTPD molecule
[146]. In OFET structures with neat PBDTTPD material disorder parameter o
of interface DOS in OFET channel near dielectric surface is smaller than its
blend with PCBM (63 meV to 81 meV) and treating SiO, surface with OTS
decreases disorder parameter ¢ from 63 meV to 50 meV.
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CONCLUSIONS

It was shown that in FTO/TiO,/CH3NH3Pbls/Spiro-OMeTAD/Au solar cell
structure photogenerated holes extraction is obstructed by morphology of
perovskite and organic layers. The disorder of Spiro-OMeTAD layer, disorder
and grain boundaries of polycrystalline perovskite film and the interface
between perovskite and Spiro-OMeTAD layers impede hole transport by
increasing density of trap states and therefore lowering hole mobility in
comparison with hole mobilities reported before in each single layer
separately.

Hole mobility in PCPDTBT layer employed in OFET structure is 800 times
larger at room temperature in parallel to the substrate direction than in
perpendicular to the substrate direction. Small difference in energetic disorder
parameters o= and o, in each of the directions accordingly indicates that the
difference in mobility comes from the mobility prefactor [y (probability for
the holes to hop). Therefore, in parallel to the substrate direction there are
lower average coordinate intersite distance and better molecular orientation
for the hole transport. Due to morphological changes at higher temperature
(above 72 °C) the mobility of holes, moving near PCPDTBT/Si0, interface in
parallel to the substrate direction decreases.

In OFET structures with PBDTTPD active layer hole mobility increases
from e = 9.3*¥107° cm?/Vs to Py = 1.5%10™ cm?/Vs at room temperature after
treating SiO, surface with OTS. The increase in hole mobility can be attributed
to the decrease of energetic disorder parameter ¢ of organic/dielectric layers
interface DOS from 63 meV to 50 meV as it reduced dielectric surface defects
influence on hole transport and improved hole hopping conditions.

Investigation of the recombination of photogenerated charge carriers in
PBDTTPD sandwich structure points to bimolecular-type recombination with
coefficient Bexp =4.2*107!" ¢cm?/s in the whole measured time range (more than
3 orders of magnitude). It is 6 times lower than calculated Langevin
recombination coefficient, which shows that part of holes with higher mobility
are escaping from photogeneration area before they can recombine and holes
with lower mobility are mainly participating in recombination, therefore
reducing recombination rate. Hole mobility decreases with time holes spend
in the layer, because of holes relaxation through DOS after photogeneration.
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SANTRAUKA LIETUVIU KALBA
Ivadas

Organiniai puslaidininkiai jau dabar yra labai svarbi gaminamy
elektronikos prietaisy gausos dalis. Pavyzdziui, beveik visa elektrofotografija
§iuo metu veikia organiniy medziagy pagrindu, o vis daugiau pramoniniy
gamintojy siiilo organiniy Sviestuky pagrindu veikiancius ekranus (didziausi
gamintojai: Samsung, LG, BOE). Mechaninis organiniy medziagy lankstumas
buvo ne kartg minimas kaip didelis privalumas moksliniuose straipsniuose [1-
3], o dabar pirmieji komerciskai prieinami produktai su pilnai lankstomais
ekranais (ne lenktais) jau yra parduodami parduotuvése visame pasaulyje
(iSmanieji telefonai, planSetés, neSiojami kompiuteriai). Tai parodo
pasiteisinusj didziulj organiniy puslaidininkiy potencialg ir §ios medziagos
tampa vis svarbesnémis ir kituose pritaikymuose, pavyzdziui, organiniuose
lauko tranzistoriuose (OLT) ir organiniuose saulés elementuose (zitiréti 1
pav.). Mokslinés grupés, dirban¢ios su organiniais saulés elementais, gana
neseniai pradéjo tyrinéti ir perovskitus, kurie kartu su organiniais
puslaidininkiais yra labai potencialiis pasiekti naujas aukStumas saulés
elementy efektyvume [4, 5]. Perovskity medziagos tapo labai populiarios ne
tik jy pritaikyme saulés energetikoje, o susidoméjimas jomis vis auga,
atrandant vis naujas medZziagy variacijas ir naujus pritaikymus (zitiréti 2 pav.).
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1 pav. Moksliniy publikacijy skai¢ius pagal raktazodj ,,organic
semiconductor duomeny bazése ,,Dimensions“ (juodi kvadratai) ir ,,Web of
Science* (raudoni taskai) [7, 8].
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Kriivininky pernasa organiniuose puslaidininkiuose yra vienas i§
svarbiausiy faktoriy, lemian¢iy $iy medziagy pritaikymga jvairiose srityse ir
prietaisuose, todél krivininky transportas yra vienas i§ labiausiai studijuojamy
dalyky organiniy puslaidininkiy tyrimy srityje. Augantis susidoméjimas
organinémis medziagomis privilioja vis daugiau Zmoniy ir pinigy j §j tyrimy
laukg, todél per paskutinj deSimtmet] smarkiai iSaugo su organinémis
medziagomis dirban¢iy moksliniy grupiy skaicius [6]. | $j augima jeina ir
vasaros mokyklos studentams, stipendijos antros ir treCios pakopos
studentams, taip pat ir podoktoranttiros stazuociy programos.

4-7(104 T T T T T
o 1x10*
®  Dimensions ]
4 ® WoS
3x107F s 810’
wv wv
=X L
£ 10t} ] 16x10° 8
= | | =
° - °
£ = a "° {4x10° £
. | K J
1x10" Neno ©
o o o Weo 5
ofu¥™ = 12x10
cqtois
2000 2005 2010 2015 2020
Metai

2 pav. Moksliniy publikacijy skai¢ius pagal raktazodj ,,perovskite” duomeny
bazése ,,Dimensions* (juodi kvadratai) ir ,,Web of Science (raudoni taskai)

[7, 8].

Didziausias démesys Sioje disertacijoje buvo skiriamas kravininky
pernasai ir rekombinacijai jvairiose i§ organiniy puslaidininkiy suformuotose
struktiirose. Nuo tada, kai pasirodé pirmasis mokslinis straipsnis apie i$
perovskity pagamintg saulés elementg [9], buvo atlikta nemazai tyrimy
aiSkinantis kruvininky pernasg $io naujo tipo medziagose. Taciau nepaisant
itin greito progreso saulés elementy, pagaminty su perovskity tipo
medziagomis, efektyvume, dar néra tikslios teorijos, paaiSkinancios visus
perovskity sluoksniuose vykstancius elektroninius procesus. Be to, tyrimy
duomenys stipriai priklauso nuo perovskito sluoksnio gamybos metodo, nuo
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medziagy grynumo ir Sie veiksniai gali nulemti nekontroliuojamus
morfologinius pokycius sluoksnyje ir prastg rezultaty atsikartojima.

Teoriniai krivininky pernasos modeliavimy hibridiniuose perovskituose
rezultatai rodo labai aukstg krivininky judri, o tai yra kiek nejprasta organiniy
saulés elementy srityje, kurioje paprastai dominuoja mazos judrio vertés.
Taciau eksperimenty mety gautos kriivininky judrio vertés perovskity
sluoksniuose buvo gerokai mazesnes ir stipriai priklausé nuo morfologijos ir
temperatiiros [10-12]. Siame darbe skyliy judris organinio saulés elemento
struktiiroje su CH3;NH3Pbl; perovskito sluoksniu buvo iSmatuotas foto-
CELIV metodu norint geriau suprasti krivininky pernasa tokio tipo saulés
elementy struktiiroje.

Vienas didziausiy skirtumy tarp organiniy puslaidininkiy ir neorganiniy
puslaidininkiy yra tai, kad organinés medziagos paprastai sudaro amorfinés
strukttiros sluoksnius dél silpnos molekuliy tarpusavio sgveikos. Tai gali biiti
ir privalumu (lankstumas, lengvi ir greiti gamybos procesai), ir trikumu
(mazas kriuvininky judris, prastas atsikartojamumas). Keifiant organiniy
puslaidininkiniy sluoksniy morfologija, galima stipriai pagerinti elektronines
sluoksniy savybes [13]. Kai kuriy organiniy puslaidininkiniy polimery
sluoksniy morfologija gali biiti Zenkliai pakeista sluoksnio formavimo metu.
Tai parodo ne tik stiprig organiniy medziagy elektriniy savybiy priklausomybe
nuo morfologijos, bet ir galimybe i§ vienos medziagos suformuoti jvairios
vidinés struktiiros sluoksnius [14]. Siame darbe buvo nagrin¢jamas
kriivininky transportas OLT struktiiros bandiniuose pagamintuose su grynos
PCPDTBT  (poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta  [2,1-b;3,4-
b']dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]) medziagos sluoksniu. Sis
polimeras yra daznai naudojamas kartu su PCBM ([6,6]-Phenyl C61 (arba
C71) butyric acid methyl ester) medziaga tiriniy heterosandiry saulés
elementuose [15, 16]. Taciau Siame darbe PCPDTBT medziaga buvo
panaudota OLT struktiros bandiniuose, kurie leido tyrinéti kriivininky
pernasg skirtingomis OLT struktiiros kryptimis ir aiSkintis krivininky
pernasos anizotropijg. Siam tikslui buvo pritaikyti i-CELIV ir lauko
tranzistoriy sroviy kinetiky metodai.

Organiniuose lauko tranzistoriuose dielektriko pavirSius yra itin svarbus
kriivininky pernaSai, nes jis yra pagrindas, su kuriuo organinis sluoksnis
sudaro sandiirg, kuri turi stiprig jtakg organinio sluoksnio morfologijai ir taip
pat kriivininky pernaSai OLT kanale. Dielektriko pavirSius gali buti
modifikuojamas prie§ formuojant organinj sluoksnj ir taip gali biiti pagerinta
krtivininky pernasa [17, 18]. Taigi tyrinéjant organinius puslaidininkius OLT
struktiiros bandiniuose yra svarbu aiskintis, kaip dielektriko pavirSius daro
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jtaka kriivininky pernasai. Siame darbe organiné skyliy transportiné medziaga
PBDTTPD, su kuria daznai formuojamos tiiriniy heterosandiry saulés
elementai kartu su PCBM [19], buvo panaudota OLT struktiiros bandiniuose
norint istirti krivininky pernasg grynoje PBDTTPD medziagoje ir kaip
dielektriko sluoksnis daro jtakg kriivininky pernasai.

Fotogeneruoty kriivininky rekombinacija yra vienas svarbiausiy organiniy
puslaidininkiy, naudojamy saulés elementuose, parametry. Taigi Siame darbe
i§ grynos PBDTTPD medziagos buvo pagaminti diodinés struktiiros bandiniai
kriivininky pernasos ir rekombinacijos tyrimams. Grynos medZiagos
tyringjimas suteikia daugiau informacijos apie pacia medziaga ir jos
parametrus, o jvairiy miSiniy tyrimai yra labiau nukreipti j optimaliy santykiy,
optimaliy storiy ir panasiy parametry tyriné¢jima, kad biity gautos geriausios
Imanomos tokios bandiniy charakteristikos kaip efektyvumas, stabilumas ir
bendras nasumas [20, 21]. Siame darbe PBDTTPD diodinés struktiiros
bandiniai buvo tiriami lékio trukmés ir foto-CELIV metodais. Abu metodai
skirti tyrinéti kriivininky pernasa, taciau foto-CELIV metodas taip pat gali bati
pritaikytas rekombinacijos spartos tyrimui ir rekombinacijos koeficienty
nustatymui fotogeneruoty krivininky tankio mazéjimo eksperimento metu
[22-24].
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PAGRINDINIAI DISERTACIJOS TIKSLAI IR UZDAVINIAI

Pagrindiniai Sios disertacijos tikslai yra kriivininky pernasos tyrimas saulés
elemento struktiros bandiniuose su CH3;NH3;Pbl; perovskito sluoksniu,
organinio lauko tranzistoriaus strukttiros bandiniuose su gryny PCPDTBT ir
PBDTTPB medziagy sluoksniais ir rekombinacijos tyrimas diodinés
strukttiros bandiniuose su PBDTTPD medziaga. Igyvendinant tikslus reikéjo
atlikti tokius uzdavinius, kaip skirtingy strukttiry bandiniy gamyba, tinkamy
tyrimo metody pasirinkimas ir pritaikymas, norint iSsiaiSkinti kriivininky
pernaSos parametrus, biidingus tiriamoms medziagoms. Taigi, atsizvelgiant |
problematika, atitinkamai buvo suformuoti pagrindiniai disertacijos
uzdaviniai:

1. Pritaikyti foto-CELIV metoda kriuvininky judrio tyrimui saulés
elemento struktiiros bandiniuose su CH3;NH3;Pbl; perovskito
sluoksniu.

2. Pagaminti OLT struktiiros bandinius su gryna PCPDTBT medziaga,
pritaikyti i-CELIV ir lauko tranzistoriy sroviy kinetiky metodus
kriivininky transporto tyrimui skirtingomis OLT struktiiros bandinio
kryptimis.

3. Pagaminti OLT struktiiros bandinius su gryna PBDTTPD medziaga
ant skirtingai paruosty dielektriko pavirSiy ir iStirti dielektriko
pavirSiaus jtaka krivininky pernasai.

4. Pagaminti diodinés struktiiros bandinius su gryna PBDTTPD
medziaga ir iStirti fotogeneruoty kriivininky transportg ir
rekombinacijg.

DARBO NAUJUMAS IR AKTUALUMAS

Kiekviename i§ Siame darbe atlikty eksperimenty yra pademonstruotas

mokslinio darbo naujumas:

e Pirmg kartg pritaikius foto-CELIV metoda krtavininky judrio
matavimams CH3;NH;Pbls perovskito saulés elementy struktiros
bandinyje, buvo parodyta, kad bandinio sluoksniy morfologija
apsunkina skyliy istraukima.

e ISmatavus kriivininky pernasg skirtingomis kryptimis OLT struktiiros
bandinyje su gryna PCPDTBT medziaga i-CELIV ir lauko
tranzistoriy sroviy kinetiky metodais buvo parodyta, kad PCPDTBT
sluoksnis pasizymi kriivininky pernasos anizotropija.
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Pirma kartg tyrin¢jant kriivininky pernasg PBDTTPD medziagoje
OLT struktiros bandinyje i-CELIV ir lauko tranzistoriy sroviy
kinetiky metodais buvo pademonstruota dielektriko pavirSiaus jtaka
skyliy pernasai OLT kanale.

Pirma kartg tyrinéjant kruvininky pernasg ir rekombinacija grynoje
PBDTTPD medziagoje diodinés struktiiros bandinyje foto-CELIV
metodu buvo nustatyta, kad medziaga pasizymi redukuota
bimolekuline rekombinacija.

GINAMIEJI TEIGINIAI

CHsNH;3Pbl;  perovskito sluoksnio polikristaliSkumas ir viduje
polikristalinio sluoksnio netvarkingai iSsidéste kristalitai bei
perovskito ir organinio sluoksniy tarpusavio sandiira apsunkina skyliy
iStraukimg 1§ saulés elemento struktiiros bandinio dél padidéjusio
pagavimy lygmeny tankio.

OLT struktiiros bandiniai su gryna PCPDTBT medziaga pasizymi
skyliy transporto anizotropija lygiagrecia ir statmena padéklui
kryptimis, o PCPDTBT sluoksnio morfologija pakinta prie aukstesniy
nei kambario temperatiiry ir taip daro jtaka skyliy pernasai.

Si0; pavirSiaus modifikavimas OLT strukttiros bandiniuose su gryna
PBDTTPD medziaga sumazina sandiros energetinés netvarkos
parametra o dél sumazéjusios SiO: pavirSiaus defekty jtakos skyliy
pernasai ir taip pagerina skyliy transporto sglygas netoli dielektriko
pavirSiaus.

Diodinés struktiros bandiniai su gryna PBDTTPD medziaga
pasizymi bimolekuline rekombinacija, kurios sparta yra $esis kartus
mazesné nei Lanzeveno rekombinacijos sparta, apskaiciuota pagal
gautas kriivininky judrio vertes, dél dalies skyliy pabégimo i§
rekombinacijos zonos.
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eksperimentams, atliko matavimus i-CELIV ir lauko tranzistoriy sroviy
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TIRIAMASIS DARBAS

Siame skyriuje bus aptarti visi $iame darbe pritaikyti tyrimo metodai,
naudotos medZziagos ir aprasyti bandiniy gamybos procesai.

Medziagos

Siame darbe buvo tirtos kelios organinés puslaidininkinés medziagos ir
viena perovskito struktiirg turinti medziaga (3 pav.). Spiro-MeOTAD yra
skyles pernesanti puslaidininkiné medziaga kartu su CH3NH3Pbl; perovskitu
buvo naudojamos saulés elementy bandiniam formuoti. PCPDTBT yra skyles
pernesantis organinis puslaidininkinis polimeras, kuris buvo naudojamas
formuojant organinio lauko tranzistoriaus strukttiros bandinius. PBDTTPD
yra skyles perneSantis organinis puslaidininkinis polimeras, kuris buvo
naudojamas formuojant organinio lauko tranzistoriaus struktfiros bandinius
bei organinius diodinés struktiiros bandinius.

a) b)

CHa \/\JVCHa CHz(CH2)6CH3

HsC

3 pav. Naudoty medziagy scheminiai paveikslai. a) Spiro-MeOTAD
molekulé; b) CH3NH;3Pbl; perovskito kubiné gardel¢; c) PCPDTBT molekulé;
d) PBDTTPD molekulé [120].
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Bandiniai

Saulés elemento bandinys su CH3NH;3Pbls perovskito sluoksniu, naudotas
foto-CELIV matavimuose, yra pavaizduotas 4 pav. Sluoksniai buvo
formuojami ant nupirkty stiklo padékly su FTO sluoksniu, kuris atliko ir
persvieCiamo elektrodo funkcija eksperimento metu. Tankus 30 nm storio
titano dioksido (TiO) sluoksnis buvo suformuotas reaktyvaus dulkinimo
metodu, panaudojus titano taikinj deguonies atmosferoje. Ant suformuoto
TiO, sluoksnio padéklo sukimo bidu (1600 rpm, 30 s) buvo suformuotas
perovskito sluoksnis i§ dviejy pries pat formuojant sumaisyty vienody moliniy
kiekiy tirpaly: 0,1983 gramo (1,25 mmol) CH3NH;3I medziagos istirpintos
0,25 ml DMF tirpiklyje ir 0,5785 gramo (1,25 mmol) Pbl, medziagos
istirpintos 25 ml DMF tirpiklyje.

a)
AU

Tankus TiO2

FTO
Stiklas

4 pav. a) Scheminis saulés elemento bandinio su CH3;NH3;Pbl; perovskito
sluoksniu vaizdas; b) bandinio nuotrauka.

CH;3NHsl medziaga buvo paruosta pagal recepta:

e 20 ml metilamino tirpalo (pirkas Ferak 40% w/v), kuriame buvo
8 g metilamino (257 mmol), atskiesta su 80 ml etanoliu;

e | §jmaiSomga tirpalg buvo pamazu pilamas hidrojodo rugsties (HI)
vandenyje tirpalas (pirkas Merck 57% w/v) kol tirpalo pH
pasikeité j riigstinj (i$ viso buvo panaudota apie 60 ml hidrojodo
rugsties);

e tirpalas toliau buvo maiSomas kambario temperattiroje iki kol visi
tirpikliai iSgaravo;

o likusios nuosédos sudétos j dietileterj ir po to isfiltruotos;

e po filtravimo buvo gauti balti CH3;NH;I kristalai, kurie buvo
palikti dziati 60 °C temperatiiroje per naktj.

Pbl, medZziaga buvo paruosta pagal recepta:

e 3,3 gramo (10 mmol) Pb(NOs3), (pirkas Serva) buvo istirpinta 50
ml distiliuoto vandens;
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e §j tirpalg maiSant, ] jj buvo létai pilamas tirpalas, pagamintas i$
3,3 g (20 mmol) kalio jodido (pirkas Merck) istirpinto 50 ml
distiliuoto vandens;

e gautos aukso geltonumo nuosédos buvo perfiltruotos ir gauti
aukso geltonumo Pbl, kristalai;

e kristalai buvo palikti dzititi 60 °C temperatiiroje per naktj.

Ant suformuoto perovskito sluoksnio Spiro-MeOTAD (pirktas Merck)
sluoksnis buvo formuojamas padéklo sukimo biidu (3500 rpm, 20 s) i tirpalo,
kuriame 75 mg Spiro-MeOTAD medziagos istirpinta 0,3 ml chlorbenzene.
Galiausiai auksinis elektrodas (40 nm storio) buvo suformuotas dulkinimo
btdu vakuume.

PCPDTBT organinio lauko tranzistoriaus struktiiros bandiniai buvo
formuojami ant nupirkty Si/SiO, padékly, kuriuose SiO; sluoksnio storis buvo
100 nm ir kuris buvo naudojamas kaip dielektrikas, o smarkiai legiruotas
silicis (n tipas) buvo naudojamas kaip uztiiros elektrodas i-CELIV ir lauko
tranzistoriy srovés kinetiky matavimuose (5 pav.). Prie§ liejant organinj
sluoksnj padéklai buvo valomi ultragarsinéje voneléje po 15 minuciy paeiliui
kiekviename i$ Siy tirpikliy: distiliuotas vanduo, acetonas, izopropanolis. Po
valymo tirpikliuose padéklai buvo 2 minutéms jdéti j deguonies plazmos
kamera, kad bty pasalintos visos likusios organinés liekanos ir kad SiO»
pavirsius tapty hidrofiliskesnis.

II L SI
1.

T
X U

5 pav. Scheminis PCPDTBT lauko tranzistoriaus bandinio vaizdas.

Auksas

PCPDTBT medziagos (pirkta Sigma-Aldrich) pradiné forma buvo sausi
milteliai, o jos molekulinés masé buvo My 7000-20000 g/mol. Prie§ medziaga
i§tirpinant chloroforme su 10 mg/ml koncentracija inertiniy dujy atmosferoje
nebuvo atlikta jokiy medZziagos gryninimo procediiry, ji buvo naudota tokia,
kokia buvo atsiysta gamintojo. Chloroformas kaip tirpiklis buvo pasirinktas
dél gero PCPDTBT medziagos tirpumo jame [121] ir dél didelio tirpiklio
garavimo greicio, kuris uztikrina pakankamg susiformavusio sluoksnio storj,
reikalingg i-CELIV matavimams. Tirpalas buvo liejamas padéklo sukimo
biidu inertiniy dujy atmosferoje. Formavimas buvo padalintas j du Zingsnius:

95



pirmasis (500 rpm, 60 s) suformavo sluoksnj, o antrasis (2000 rpm, 40 s)
pasalino tirpiklio likucius i$ jau susiformavusio sluoksnio. Taip buvo gautas
ds = 160 nm sluoksnio storis. Po to auksiniai iStakos ir santakos elektrodai
buvo uzgarinti ant PCPDTBT sluoksnio pavirSiaus vakuuminio garinimo
btdu. Organinio lauko tranzistoriaus strukttiros bandinio kanalo ilgis buvo L
=30 pm. Bandiniai prie§ matavimus nebuvo atkaitinti.

PBDTTPD medziaga buvo panaudota dviejy skirtingy tipy bandiniy
formavime: organinio lauko tranzistoriaus struktiiros bandiniuose ir organinés
diodinés struktiiros bandiniuose. Diodinés struktiiros bandiniai buvo
gaminami ant stiklo/IAO (indzio alavo oksido) padékly, o lauko tranzistoriaus
struktiiros bandiniai buvo gaminami ant Si/SiO, padékly, kuriy SiO; sluoksnis
(di =100 nm) buvo naudojamas kaip dielektrikas, o stipriai legiruotas silicis
(n tipas) kaip uztiiros elektrodas (Zitiréti 6 pav. ir 7 pav.). Pries liejant organinj
sluoksnj visi padéklai buvo valomi ultragarsinéje voneléje po 15 minuciy
paeiliui kiekviename i§ Siy tirpikliy: distiliuotas vanduo, acetonas,
izopropanolis. Po valymo tirpikliuose padéklai buvo 2 minutéms jdéti |
deguonies plazmos kamera, kad biity pasalintos visos likusios organinés
liekanos ir padékly pavirsius tapty hidrofiliSkesnis. Po valymo procediiry dalis
Si/Si0, padékly buvo 15-kai minuciy panardinti § 60 °C temperatiiros
OTS/tolueno tirpala, kurio koncentracija buvo 10 mmol. ISmirkyti padéklai
buvo plaunami heksane (taip pasalinami pertekliniai OTS sluoksniai nuo

pavirSiaus), acetone, izopropanolyje.
Aktyvus plotas

Aliuminis
PBDTTPD

6 pav. Scheminis PBDTTPD diodinés strukttiros bandinio vaizdas.

PBDTTPD medziaga (pirka Sigma-Aldrich) buvo gauta sausy milteliy
pavidalo ir prie$ naudojimg nebuvo atlickama jokiy gryninimo procediry.
Formuojant diodinés struktiros bandinius PBDTTPD buvo iStirpintas
chlorbenzene 10 mg/ml koncentracija. Tirpalas inertiniy dujy atmosferoje
buvo laSinamas ant stiklo/IAO padéklo, kol buvo padengtas visas pavirSiaus
plotas, o tirpikliui iSgaravus, susiformavusio sluoksnio storis buvo d, = 1.2
um. Tuomet bandinys buvo perkeltas j vakuuming kamerg, kurioje
vakuuminio garinimo biidu pro kauke buvo uzgarinti aliuminio elektrodai.
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Auksas
PBDTTPD
Silicio dioksidas

7 pav. Scheminis PBDTTPD lauko tranzistoriaus strukttiros bandinio vaizdas.

Lauko tranzistoriaus struktiiros bandiniy gamybai PBDTTPD medZziaga
buvo istirpinta chloroforme 10 mg/ml koncentracija. Tirpalas buvo liejamas
padéklo sukimo buidu inertiniy dujy atmosferoje. Formavimas buvo padalintas
1 du zingsnius: pirmasis (500 rpm, 60 s) suformavo sluoksnj, o antrasis (2000
rpm, 40 s) pasalino tirpiklio likucius i$ jau susiformavusio sluoksnio. Taip
buvo gautas ds = 135 nm sluoksnio storis. Po to auksiniai iStakos ir santakos
elektrodai buvo uzgarinti ant PBDTTPD sluoksnio pavirSiaus vakuuminio
garinimo biidu. Organinio lauko tranzistoriaus struktiiros bandinio kanalo ilgis
buvo L = 30 um. Bandiniai prie§ matavimus nebuvo atkaitinti.

Matavimy metodai

Naujos sintetinamos ir vis tobulinamos organinés puslaidininkinés
medziagos reikalauja ir naujesniy bei tikslesniy matavimo metody, kurie taip
pat yra tobulinami arba kuriami nauji ir pritaikomi organiniy puslaidininkiy
tyrimy srityje. [vairiy struktiiry organiniy puslaidininkiy bandiniai suteikia
galimybe iSmatuoti medziagy savybes skirtingose organinio sluoksnio
konfigtiracijose, taciau tuomet iskyla gauty rezultaty palyginimo tarp skirtingy
laboratorijy problema. Organiniy puslaidininkiy sluoksniai yra itin jautrts
gamybos salygoms, kurios gali daryti didele jtaka matavimy rezultatams,
tadiau ir atlickamo eksperimento salygos gali taip pat turéti jtakos matavimy
rezultatams. Siame skyriuje bus aptarti visi pagrindiniai naudoti matavimo
metodai, jy privalumai ir trikumai, jie bus palyginti tarpusavyje norint
parodyti, kokiomis sglygomis kiekvienas i§ metody yra tinkamas naudoti ir
kokios organiniy puslaidininkiy savybés gali biiti istirtos.
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Leékio trukmeés (TOF) metodas

Pirmg karta lékio trukmés (ang. time of flight — TOF) metoda
pademonstravo mokslininkas W. E. Spear‘as 1957 metais [122]. Sis metodas
greitai tapo placiai naudojamas kriivio pernasos tyrimuose puslaidininkiy ir
organiniy puslaidininkiy sluoksniuose ir yra naudojamas ir iki dabar kaip
paprastas metodas kravininky pernasos tyrimuose [123, 124]. Metodo
paprastumas slypi nesudétingoje jrangoje, kuri yra reikalinga eksperimentui
atlikti: Sviesos Saltinis, gebantis generuoti trumpalaikius Sviesos impulsus,
sta¢iakampio impulso generatorius ir oscilografas (8 pav.). Svarbu, kad
Sviesos Saltinis gebéty generuoti impulsus, kuriy trukmé bty maZzesné nei
tiriamos medziagos kruvininky relaksacijos laikas, tac¢iau didzioji dalis Siuo
metu gaminamy lazeriy geba generuoti gerokai trumpesniy uz kravininky
relaksacija trukmiy $viesos impulsus.

Lazeris

Stiklas Organinis slucksnis
Sviesa
ITO/FTO\ V! M’Hm' Metalinis elektrodas
"/

Generatorius] vt e | 2090000 | Oscilografas
X%
1 (T
L

8 pav. Lékio trukmés metodo scheminis vaizdas.

Vienas svarbiausiy dalyky atliekant eksperimenta yra paruosti bandinj taip,
kad jis buty tinkamas matuoti pasirinktu metodu. Lékio trukmés metodui
tinkamo bandinio scheminis vaizdas pavaizduotas 8 pav. Bent vienas bandinio
elektrodas turi buti skaidrus eksperimente naudojamai Sviesai, matuojamos
organinés medziagos sluoksnis turi biiti pakankamo storio, kad biity iSpildyta
pavirsinés sugerties (ad > 1) salyga. Tai yra pirmasis lékio trukmés metodo
trikumas — bandinys negali buti labai plonas. Paprastai organiniai
puslaidininkiai pasiZymi stipria sugertimi regimajame $viesos ruoze, taciau
norint iSlaikyti ad > 1 salyga, reikia, kad sluoksnio storis biity ne plonesnis
nei keli §imtai nanometry, priklausomai nuo naudojamy medziagos ir §viesos
[125]. Taip pat medZiagos Maksvelo relaksacijos trukmé 7, turi bati ilgesné
nei kriivininky tranzito per bandinj laikas ti. Taigi Lékio trukmés metodas
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néra tinkamas organiniy medziagy tyrimui, kurios pasizymi santykinai dideliu
laidumu.

a)

b) t,

9 pav. Teorinés Lékio trukmés metodo srovés kinetikos. a) Sviesos impulsas
ir staciakampis impulsas; b) bandinio atsakas j impulsus.

Po fotosuzadinimo yra sukuriami kravininkai ir jie keliauja bandiniu
elektriniame lauke, sukurtame prijungto sta¢iakampio impulso (9 pav.).
Didelis Lékio trukmés metodo privalumas yra tai, kad galima nesudétingai
iSmatuoti elektrony ir skyliy judrius vien tik pakeitus prijungto staciakampio
impulso poliarumg. Sugeneruoti krivininkai juda per bandinj ir pasiekia
metalinj elektroda po tranzito laiko ti, kuris po to panaudojamas kriivininky
judriui rasti:

dp

= 5 2.1
Uty 1)

u

kur d, yra matuojamos medziagos sluoksnio storis, o U yra staiakampio
impulso jtampa.
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10 pav. Lékio trukmés metodo fotosrovés kinetika be aiskiai iSreiksStos
kriivininky tranzito vietos. Pridétinéje diagramoje pateikta log-log skalé,
kurioje randamas tranzito laikas t. Pritaikyta i§ [124].

Paprastai srovés kinetikoje yra aiskiai matoma krivininky tranzito vieta ir
nekyla sunkumy rasti tranzito laika t, taciau kartais organinés medziagos
pasizymi labai dispersine kriivininky pernasa ir tuomet srovés kinetikoje
kriivininky tranzito vietos gali ir nesimatyti. Tokiu atveju galima sroveés
kinetikg atvaizduoti log(j)-log(t) koordinatése, tuomet kriivininky tranzito
vieta matoma aiSkiau (10 pav.).

Foto-CELIV metodas

Pirma karta kriivio iStraukimo tiesi§kai kylancia jtampa (ang. charge
extraction by linearly increasing voltage) metodas (toliau CELIV) buvo
pademonstruotas mokslininko A. Petravic¢iaus 1975 metais kaip alternatyva
lékio trukmés metodui [126]. Véliau buvo pademonstruota, kad $is metodas
puikiai tinka tyrinéjant kriivininky pernasg mikrokristalinio silicio
sluoksniuose ir -konjuguoty organiniy puslaidininkiy sluoksniuose [61, 127].
Modifikuotas CELIV metodas buvo pritaikytas Sviesa generuoty kriivininky
pernaSos ir rekombinacijos Sviesai jautriose medziagose tyrimuose ir
pavadintas foto-CELIV [55, 128]. [ranga, reikalinga foto-CELIV
matavimams atlikti yra identiska lékio trukmés metodo jrangai: generatorius,
gebantis generuoti trikampio formos impulsus, $viesos Saltinis ir oscilografas

(11 pav.). Sviesos Saltinis ir generatorius yra sinchronizuoti taip, kad biity
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galima valdyti uzlaikymo trukmg t4e tarp Sviesos impulso ir generatoriaus
impulso. Varijuojant uzlaikymo trukme foto-CELIV metodu galima tyrinéti
kriivininky judrio priklausomybe nuo laiko ir kriivininky rekombinacija.

Lazeris

Stiklas Organinis sluoksnis

lTO/FTO\ Sviesammm" Metalinis elektrodas
|

Generatorius| vt el | 000900 | I/ Oscilografas
L= [

_/I_ R\oad I _{\L

=

11 pav. Foto-CELIV metodo scheminis vaizdas.

Bandinio, tinkamo tyrinéti foto-CELIV metodu, struktiira yra panasi
(kartais ir identiSka) | bandinio, tinkamo tyrinéti lékio trukmés metodu, ir yra
sudaryta i§ keliy sluoksniy (11 pav.). PaprasCiausia jmanoma struktiira yra
diodiné strukttra — vienas sluoksnis tarp dviejy elektrody, kuriy vienas yra
persvieCiamas eksperimente naudojamai Sviesai. Tokio bandinio geometriné

talpa:
E0&sS
C = (2.2)
dp
arba
Q
C=— , 23
i (2.3)

kur S yra elektrody persiklojimo plotas, & ir & yra atitinkamai tiriamo
sluoksnio ir vakuumo dielektrinés skvarbos, d, yra tiriamo sluoksnio storis, Q
yra kriivis tiriamame sluoksnyje.

IS dviejy talpos lygéiy iSreiskiame kriivj:

UgyeS
0 =% _ (2.4)
p

101



Bandinys kartu su R sudaro diferencijuojancia RC granding, kurios
atsakas | tiesiskai kylancia jtampa yra staciakampio formos signalas (zitreéti
12 pav.). Pirminis srovés tankio Suolis j(0) tuomet gali buti iSreikStas
atitinkamai:

1dQ 1 d(UgpesS/dy) _ & dU  gre A CA

I
S Sdt S dt T d, dt d s

j(0) = (2.5)

|y

kur | yra srove, o A yra trikampio formos impulso jtampos kilimo greitis.

Jeigu Sviesos impulsas yra sugeriamas organinés medziagos pavirsiuje (ad
> 1), tuomet sugeneruoti kriivininkai yra traukiami per visg bandinio storj d,
dél atsiradusio elektrinio lauko nuo prijungto trikampio formos impulso.

ter ter ter ter
U
dp:f vdrdtzf Z—dt:dij Udt:dif At dt =
0 0 P pO pO
, . (26)
tr 2
A At
B g =t
dy ) 2d,

kur g yra kravininky judris, ve yra krivininky dreifo greitis, o t yra
kriivininky tranzito per bandinj laikas.

A

u t
del A = U/ts
a) /‘ [U
-4 » t'
j A ts
4 | 3{
b) 1 U
j(0) t —
o

12 pav. Scheminis foto-CELIV metodo srovés kinetiky vaizdas. a) Sviesos
impulsas ir generatoriaus trikampio formos impulsas; b) foto-CELIV srovés
tankio kinetika.
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Foto-CELIV metodo srovés tankio kinetika turi i$traukty krivininky
suformuota iskilima 4j vir§ pirminio srovés tankio Suolio j(0) (12 pav.).
IStrauktas kravis suformuoja virStng srovés tankio kinetikoje laiko momentu
tmax, kuris yra lygus kravininky tranzito laikui ti. Tuomet lygtis (2.6) gali biiti
perraSyta ir gali biiti apskai¢iuojamas kriivininky judris:

2d3

_ Q.7
AtIZIIaX

U

Si lygtis tinkama naudoti tik esant tam tikromis eksperimentinémis
salygomis. Nuo foto-CELIV sukiirimo buvo atlikta daug eksperimenty
naudojant §] metoda ir pasinaudojant surinktais duomenimis kartu su teorinio
modeliavimo duomenimis kriivininky judrio ir krivininky tranzito laiko tmax
sarysis buvo patikslintas ir pritaikytas jvairioms eksperimentinéms sglygoms,
pavyzdziui, jvairiems sugerties profiliams [128]. Tuomet (2.7) lygtis gali biti
perrasSyta:

2d3

n=K?
EVANEE (2.8)
At (1 +0.36 (j(o)))

kur K = tma/te yra korekcijos koeficientas. Priklausomai nuo matuojamo
sluoksnio sugerties profilio ad koeficientas K gali jgyti reikimes nuo 1//3 (ad
<1)iki 1 (ad> 1) (13 pav.).

1 -O T T T T

0.8

tr

061

/t
max

& 04}

0.2r

0.0 st
001 0.1 1 10 100

13 pav. Korekcijos koeficiento K priklausomybés nuo sugerties profilio esant
skirtingiems §viesos $altinio intensyvumams teoriniai skai¢iavimai. Pritaikyta
1§ [128].
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Vienas didziausiy foto-CELIV metodo pranasumy prie$ lékio trukmés
metoda yra galimybé matuoti santykinai dideliu laidumu pasiZymincias
medziagas. Medziagos, matuojamos lékio trukmés metodu, kriivininky
relaksacijos laikas 7, turi biiti didesnis uz kravininky tranzito laikg ti., kad biity
iSvengta elektrinio lauko persiskirstymo matuojamame bandinyje. Taciau
matuojant foto-CELIV metodu kravininky relaksacijos laikas 7, gali biti
randamas 1§ srovés kinetikos ir yra lygus laikui, kuriam esant foto-CELIV
srovés kinetika pasiekia dvigubg j(0) vertg. Tuomet, pasinaudojant rasta
kriivininky relaksacijos trukme, kravininky judris gali biiti apskaiciuojamas
lygtimi:

Tod3

=73
tmaXA

(2.9)

Foto-CELIV metodas turi dar vieng matavimams naudingg detale —
galimybe keisti uzlaikymo trukme tq tarp Sviesos impulso ir trikampio formos
impulso (12 pav.). Ilginant uzlaikymo trukme¢ galima tyrinéti krivininky
judrio priklausomybe nuo laiko. Tokio pobiidzio tyrinéjimai yra svarbiis
netvarkiems organiniams puslaidininkiams, nes juose vysta Suoliné kriivio
pernasa per biiseny tankio (DOS) energijos biisenas ir su laiku kriivininkai gali
klimpti j gilesnius buseny tankio lygmenis ir taip gali kisti jy judris ir
rekombinacijos sparta.

Kriivininky rekombinacijos spartos tyrimas foto-CELIV metodu
atlickamas stebint, kaip fotogeneruotas kriivis bandinyje gesta didinant
uzlaikymo trukme tg.. IStrauktas krivis Q. randamas atémus tamsing sroveés
kinetikg i$§ tos, kuri buvo gauta bandinj ap$vietus j — j(0) = 4j. Tuomet
suintegravus skirtuma 4j ir zinant geometrinius bandinio parametrus, galima
apskaiciuoti kriivininky tankj n ir taip rasti kruvininky tankio gesima n(t).
Bimolekulinés rekombinacijos koeficienta B galima rasti pritaikius lygtj:

n(t) = 1 (2.10)
Bt + m

prie eksperimentiskai gauty kriivininky tankio gesimo duomeny.
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1-CELIV metodas

Visi prie§ tai apraSyti tyrimo metodai buvo skirti tyrinéti diodinés
struktiiros arba saulés elementy strukttiros bandinius, kuriuose tiriamasis
sluoksnis yra tarp dviejy elektrody. Taciau vienos i§ dazniausiai naudojamy ir
kartais patogiausiy bandinio struktiiry kriivininky pernasos tyrimams yra
lauko tranzistoriaus ir metalo-izoliatoriaus-puslaidininkio strukttros, kurios
turi izoliatoriaus (dielektriko) sluoksnj. Tiriamasis bandinys, tokiu atveju, turi
tik vieng elektroda arba lauko tranzistoriaus atveju du tokius pacius
elektrodus. Bitent struktiiroms su izoliatoriaus sluoksniu G. Juska 2012
metais pademonstravo naujg metoda pavadinimu i-CELIV kriivininky
pernasai organiniuose puslaidininkiuose tyrinéti [129]. Siuo metodu galima
rasti krivininky judrj ir tyrinéti krivininky pernaSa statmena dielektrikui
kryptimi (y asies kryptimi 14 pav.).

Oscil f
_+ scilografas +y—l /Au

ds —

Puslaidininkis

SIS Y T R B
0 h*h*h*h*h*h*h*h*h* .
Generatorius SIOQ

—1 UI Yl ! Si
Uoff

14 pav. Metalo-izoliatoriaus-puslaidininkio strukttiros bandinys su skyliy
transportine medziaga ir i-CELIV metodo pavyzdiné schema. Pritaikyta i$
[130].

Prie bandinio su dielektriko sluoksniu prijungus injektuojancig jtampa Uosr
(14 pav. ir 15 pav.) kruvininkai keliaus per visa bandinio ilgj ir susirinks prie
pat dielektriko pavir$iaus. Pusiausvyros biisenoje kruvininky pasiskirstymas
gali biiti iSreikstas:

j= ukT% +ep(X))uF(x) =0 , (2.11)

kur p yra kravininky judris, k yra Boltzmano konstanta, p yra krivininky
tankis ($iuo atveju skyliy), F yra elektrinis laukas, T yra temperatiira, o € yra
elementarusis krtvis.
Pagal Gauss‘o désnj:
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dF(x) ep(x)
dx &8 ’ (2.12)

kur & ir & yra vakuumo ir puslaidininkio dielektrinés skvarbos, galime
perrasyti lygti:

d’F(x) e dF(x)

AP ) 2.13
o +kTF(x) - 0 (2.13)

Tuomet randame lygties sprendinius:

di e -1
— € 2.14
F(x) (Uoff +2kT x) 219)

ir

erffx)

: 2.15
2kTd; @1

p() =) (1+
kur d; yra dielektriko storis.

u a

)

J(G) 1 1 1 1
40 1 2 3 4

15 pav. Prijungiamos jtampos impulsas i-CELIV metode (a) ir teorinés sroves
tankio kinetikos (b). Pritaikyta i§ [129].
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Kai eU, >> KT ir dielektriko talpa yra didesné uz puslaidininkio talpa,
krivininkai susirinks prie pat dielektriko pavir§iaus. Sis kravininky
rezervuaras gali buti iStraukiamas tiesiSkai kylancia jtampa, kurios kilimo
greitis A = dU/dt. Erdvinio kriivio ribotos srovés tankis tuomet gali bati
iSreikstas atitinkamai:

dF (x, t)

= (2.16)

Jj(&) = eup(x, t) + &&9

Norint supaprastinti lygtj, suvidurkiname erdvinio kriivio ribotos srovés
tankj puslaidininkio sluoksnyje koordinatése 0<x<ds iki laiko momento ts
(laiko momentas, reikalingas kriivininkams pasiekti elektrodg) su duotomis
salygomis F =0 ir x=0:

&5&04A N EsEol
ds 2dg

dF (dg, t)
dt ’

j@) = F?(ds, t) = &5 (2.17)

kur ds yra puslaidininkio sluoksnis.

Kaip matyti 15 pav. (b), yra trys skirtingi regionai i-CELIV metodo srovés
tankio kinetikoje. Sprendziant (2.17) lygti pirmajame regione, gauname
sprendinius:

4j(t) ) ( t )

—= =tan“|— , 2.18
0 o (-18)
tec = 0.92t (2.19)

kur j(0) yra pirminis srovés tankio Suolis nuo jtampos impulso, 4/ yra istraukty
kriivininky srovés tankis, o t, yra kravininky tranzito laikas. Mazo kriivio
iStraukimo atveju turime:

2 &.d;
ty = ds —(1+ . 1) , (2.20)

kur &; yra dielektriko sluoksnio dielektriné skvarba.
Tuomet antrajame srovés tankio kinetikos regione (15 pav. (b)) turime:
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Aj(t) 9t?
4Q:—7 (2.21)
jO) 4t

IStraukto kriivio srové visada jsisotins ties dielektriko talpos Ci jkrovimo
sroveés riba (trecias srovés tankio kinetikos regionas 15 pav. (b)) ir taip galime
iSreiksti srovés tankj:

Jsat = &igoA/d; . (2.22)

Jeigu visas skyliy rezervuaras yra iStraukiamas, srovés tankis pradés
mazéti iki kol pasieks pirminio Suolio verte j(0).

Mazo istraukto kraivio atveju (47 <j(0)) srovés tankio kinetika turés vir§iing
laiko momentu t, (Zitiréti punktyring linija 15 pav. (b)) ir kruvininky judris
gali biiti paskaiiuojamas naudojantis (2.20) lygtimi. Jeigu kravininky
rezervuaras yra didesnis nei kriivis elektrode laiko momentu t, turime EKRS
salygas ir srovés kinetika apraSoma (2.18) lygtimi. Srovés tankio kinetikos
linkis, atskiriantis pirmajj ir antrajj regionus, paprastai néra stebimas dél
dispersinés pernaSos organiniuose puslaidininkiuose. Taigi esant Aj >> j(0)
salygai, galima pasirinkti laiko momenta t;, kuomet srové pasiekia dviguba
j(0) verte (zitiréti 16 pav.), kriivininky judrio skai¢iavimui:

=7t - (2.23)

J [uA]

0 T 40 800
t [us]

16 pav. Eksperimento metu gautos i-CELIV srovés tankio kinetikos bandinyje

su MEH-PPV sluoksniu esant skirtingoms injekcinéms jtampoms. Pritaikyta

1§ [129].
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Jeigu 4j yra dydzZiu palyginamas su j(0) (dazniausiai tai reiskia, kad
organinio puslaidininkio sluoksnis ir dielektriko sluoksnis yra panaSaus
storio), tuomet laiko momentas t; netinkamas judrio skaifiavimui, nes tuo
metu jau biina prasidéjes srovés sotinimasis ir laikas, kada srové pasiekia
dvigubg j(0) verte yra netikslus. Tuomet geriau pasirinkti laiko momenta t’,
kada srovés pasiekia 1,5 karto didesng srovés verte nei j(0) (zitréti 16 pav.).
Tuomet tranzito laikas t, randamas pagal lygti:

t' =tan™! (%) tir ) (2.24)

Srovés tankio kinetikos taip pat suteikia informacijos apie geometring
bandinio talpa j(0) = CzA. Pasinaudojus organinio puslaidininkio sluoksnio ir
dielektriko sluoksnio talpy santykiu galima surasti organinio puslaidininkio
sluoksnio storj be papildomy matavimy:

1 1
d =SSA(_——_—> . 2.25
STUBTN0)  sar (225)

Lauko tranzistoriy sroviy kinetiky metodas

Pirmg karta santakos srovés Ip uzlaikymo laikas ty po prijungto
staCiakampio jtampos impulso lauko tranzistoriuose buvo aprasytas 1969
metais [131]. Véliau Sis sroviy kinetiky metodas buvo pritaikytas OLT
dariniuose plony organiniy puslaidininkiy sluoksniy tyrimams [132-135].
Pasinaudojus S§iuo metodu galima tyrinéti kriivininky, judanciy prie pat

dielektriko ir organinio puslaidininkio sluoksniy sandiros, pernasa (x asies
kryptimi 17 pav (a).)

L
s W7
(fﬂ"/

a)

17 pav. a) scheminis OLT strukttiros bandinio vaizdas; b) lauko tranzistoriy
sroviy kinetiky metodo sujungimo schema. Pritaikyta i§ [135, 136].
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Kuomet organinio lauko tranzistoriaus uztira yra jZzeminta, o iStaka yra
sujungta su zeme per varza (17 pav. (b)), stac¢iakampis jtampos impulsas,
prijungtas prie iStakos, jkrovinés uzttros talpg srove:

Ip(x, t) = p(x, OuF (x, )W (2.26)

kur p(x,t) yra pavirsiaus kravio tankis OLT kanale, F(X,t) yra elektrinio lauko
X komponenté, W yra kanalo plotis, o [ yra kriivininky judris. Kanalas yra
suformuojamas i§ santakos elektrodo injektuoty kruvininky. Tuomet galime
uzrasyti:

&i&o
,t) =
p(x,t) p;

U(x,t) (2.27)

1

kur U(x,t) yra potencialas, & ir & yra dielektriko ir vakuumo dielektrinés
skvarbos, o d; yra dielektriko sluoksnio storis. I$ testinumo lygties:

dp(x' t) _ de(X, t) _ d
dt - dx - _‘U'E(p(x' t)F(X, t)) > (2.28)

kur jp(x,t) yra srovés tankis lauko tranzistoriaus kanale. Perrasius i$ abiejy
lygciy gauname:

d (UdU) dUu (2.29)

Hax\"dax) ~at

Patogumui galime sunormalizuoti kintamus dydZius: X* = x/L, t"= tuUsp/L?,
U" = U/Usp. Tuomet galime papraséiau perrasyti lygti:

1d2U*? _aur

— = 2.30
2 dx*2 dt* ( )

Skaitinis (2.30) lygties sprendinys parodo erdvinj potencialo U*(X)
pasiskirstymg skirtingais laiko momentais (18 pav. (b)) esant U*(0,0) = 1
pradinei sglygai. Santakos srovés kinetika pavaizduota 18 pav. (a). Joje
matomas laiko momentas t¢, kada krtvininkai pasieka santakos elektroda,
kuris naudojamas kriivininky, judanciy isilgai dielektriko pavirsiaus, judrio
apskai¢iavime:
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2
u =038

(2.31)
taUsp

Krtvininky judris, apskaiciuotas pasinaudojus (2.31) lygtimi, parodo
kriivininky judrj mazo kravio tankio lauko tranzistoriaus kanale salygomis,
nes apskaiciuojamas i§ pirmyjy kanalu prabégusiy ir santaka pasiekusiy
kriivininky.

=

18 pav. Srovés kinetikos lauko tranzistoriaus kanale (a) ir potencialo
pasiskirstymo (b) jvairiais laiko momentais, nurodytais (a) dalyje, teoriniai
skaiCiavimai. Pritaikyta i$ [135].

Lauko tranzistoriy sroviy kinetiky metodas yra patogus ir tuo, kad juo
naudojantis gaunama ir jsisotinusios srovés Ip verté, kuri taip pat gali biiti
panaudojama kriivininky judrio skaiCiavimui. Srovei lauko tranzistoriaus
kanale pasiekus savo soties vertg (zitréti 18 pav. (a) 4 dalj) esant tam tikrai
prijungtai jtampai, srove sudaran¢iy kravininky judris gali biti
paskaiciuojamas atitinkamai:

AL
&g UspW 0Ugs

u (2.32)

kur Ugs yra jtampa tarp iStakos ir uztiros. Kuomet srové Ip jsisotina, lauko
tranzistoriaus kanale turime didel¢ kruvininky tankio salyga, todél ir
kriivininky judris, paskaiCiuotas i§ Ip soties vertés pagal (2.32) lygtj yra judris
esant didelio kriivio kanale sglygomis.
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19 pav. Eksperimento metu gautos srovés kinetikos prie skirtingy Usp jtampy
RR-P3HT lauko tranzistoriuose. Pritaikyta i§ [135].

19 pav. nubréztos kelios eksperimento metu gautos santakos srovés
kinetikos i§ RR-P3HT medziagos pagamintame lauko tranzistoriuje.
Paveiksle aiskiai matosi kaip kravininky prabégimo laikas tq ir srovés soties
verté keiciasi prijungus didesng jtampa Usp.

4x10™ .
3X10'4 photo-CELIV 0
3 i-CELIV o O
o [
‘% TOF o . ®m =
S a0 F @ o "
3
1x10™ b ; ; ; )
0 5 10 15 20
Ug, IV

20 pav. Skyliy judrio priklausomybé nuo prijungtos jtampos tarp iStakos ir
santakos. Juodi kvadratai zymi judri, paskaicCiuota i§ skyliy prabégimo
trukmés tg, o balti apskritimai zZymi skyliy judrj, paskai¢iuotg i$ srovés soties
vertés. Rodyklés zymi skyliy judrj, gauta kitais metodais. Pritaikyta i§ [135].

G. Juska eksperimento metu palygino skyliy judri, gauta sroviy kinetiky
metodu, su skyliy judriu, gautu kitais matavimo metodais, RR-P3HT
medziagoje (zitréti 20 pav.) [135]. Sroviy kinetiky metodu gautas judris yra
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lygiagrecia padéklui kryptimi judanciy skyliy judris (x asies kryptimi 17 pav.),
kuomet kiti metodai rodo skyliy judrj statmena padéklui kryptimi (y aSies
kryptimi 17 pav.). Gauti eksperimentiniai rezultatai rodo, kad sroviy kinetiky
metodas yra patikimas ir patogus metodas kriivininky pernaSos tyrimams
organiniy puslaidininkiy sluoksniuose.

PAGRINDINIAI REZULTATAI IR DISKUSIJA

Krtvininky pernasa organiniy saulés elementy bandiniuose su
CH;3NH;3PbIs perovskito sluoksniu

Perovskity taikymas organiniuose saulés elementuose vis auga (zitiréti 2
pav.), taciau aiSkaus supratimo apie kriivio pernasg Siose medziagose vis dar
truksta. Atrodo, kad kiekvienas naujas pasirodantis straipsnis po truputi
augina supratimg, kaip veikia perovskity medziagos, ir taip po truputj yra
déliojami blokeliai tiesiamame kelyje i dar efektyvesnius saulés elementus.

Keletas pries tai publikuoty straipsniy parod¢, kad halogenidy perovskitai
pasizymi ilgu kravininky difuzijos nuotoliu [78, 79, 81]. CH3NH;sPbl; (arba
MAPDI) perovskity sluoksniai, paruosti pagal recepta, aprasyta skyriuje
Bandiniai, turi labai ilgus siaurus kristalus (ilgis didesnis nei 200 pm, zitréti
21 pav. ¢)). llgi kravininky difuzijos nuotoliai gali biiti i§ dalies paaiskinti
galimybe perovskity sluoksniuose suformuoti ilgus kristalus. Taciau, kaip
matyti 21 pav. b), perovskito sluoksnio Soninis pjuvis parodo, kad tas pats
perovskito sluoksnis pasizymi ir polikristaline sandara. Tokio tipo struktiira,
kuri turi polikristaling struktiirg ir ilgus kristalus pavirSiuje, daro stiprig jtakg
kitiems ant perovskito pavirSiaus liejamiems sluoksniams, kaip tai matyti 21
pav. c). Ant perovskito sluoksnio pavirSiaus uzlietas Spiro-OMeTAD
sluoksnis parodo, koks netolygus yra perovskito sluoksnis ir kaip netolygiai
pasiskirsto Spiro-OMeTAD sluoksnis jj uzliejus.
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21 pav. MAPDI; perovskito sluoksnis ant stiklo padéklo: a) bandinio
nuotrauka; b) skenuojancio elektrony mikroskopo gautas Soninio pjuvio
vaizdas; c) skenuojancio elektrony mikroskopo gautas pavirSiaus vaizdas; d)
skenuojan¢io elektrony mikroskopo gautas pavirSiaus vaizdas po ant
perovskito uzlietos Spiro-OMeTAD medZiagos.

Jau anks¢iau buvo parodyta, kad metilamonio §vino jodido (MAPDI3)
perovskitai yra kubinés Pm3m fazés biisenoje temperattirose, aukStesnése nei
330 K, zemiau kurios perovskitas patiria fazin] peréjima j tetragonaling
[4/mcm faze, o esant Zemesnei nei 170 K temperatiirai, tas pats perovskitas
pereina j ortorombing Pnma fazg [12]. Skirtumai tarp tetragonalinés ir kubinés
faziy yra neZymus Pbls oktaedro pasisukimas aplink c a§j ir maZas energijos
lygmeny skirtumas. Rentgeno spinduliy difrakcijos tetragonalinés ir kubinés
perovskito faziy spektrai yra panasiis su keliais skirtumais, kuriuos pagrinde
sudaro kubinés fazés spektro virStniy ties 100 ir 200 iSskyrimas i
tetragonalinés fazés spektro virStnes ties atitinkamai 002, 110 ir 004, 220.
Taip pat tetragonalingje fazéje atsiranda dvi naujos virsiinés ties 211 ir 213.
Aiskiausias buidas atskirti dvi minétasias virSiines rentgeno spinduliy
difrakcijos spektre yra mazas nuokrypis nuo 211 plokstumos ties 26 ~23.5°.

Toliau Siame darbe CH3;NH3Pbl; perovskito sluoksniai buvo tiriami
rentgeno spinduliy difrakcijos spektroskopija (Zitiréti 22 pav.). Spektre esanti
vir§tné ties 20 = 23.68° rodo, kad sluoksnis yra tetragonalinés 14/mcm fazés
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blisenoje. VirSiné, esanti ties 20 = 14.29° gali biati iSskaidyta j du
komponentus ties 20 = 14.14° ir 20 = 14.29°, kurie gali buti atitinkamai
priskiriami 002 ir 110 plok§tumoms [137]. Rentgeno spinduliy difrakcijos
CH;NH;3PbIs perovskito sluoksniy, iSliety ant jvairiy pavirsiy (stiklo, FTO ir
Ti0,), spektrai parodo, kad minétieji sluoksniai yra 3D tetragonalinés [4/mcm
fazés struktiiros. Nesant né vienos virsiinés rentgeno spinduliy difrakcijos
spektre, kurios priklausyty Pbl,, rodo, kad perovskito sluoksnyje néra Pbl,
likuciy ir kad perovskito formavimosi reakcijos, metu prekursoriai pilnai
sureagavo.

Kai kuriy rentgeno spinduliy difrakcijos spektro virStniy intensyvumo
padidéjimas tirtame perovskito sluoksnyje, suformuotame ant tankaus TiO»
sluoksnio, lyginant su perovskito sluoksniais, suformuotais ant stiklo arba
FTO sluoksnio, rodo, kad perovskito sluoksnyje ant TiO» sluoksnio galimai
susiformavo didesni kristalai. Paprastai didesni kristalai lemia geresn¢ krtivio
pernasa dél taip susidariusiy geresniy salygy krivininky judéjimui.

2 —— glass/FTO/TiO,/CH,NH,Pbl /SpiroMeOTAD
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22 pav. MAPbI; plony sluoksniy ant jvairiy pavirSiy rentgeno spinduliy
difrakcijos spektrai. Palyginimui pateiktas ir stiklo/FTO rentgeno spinduliy
difrakcijos spektras.

Tolimesni saulés elemento struktiiros su MAPDbI; perovskito sluoksniu
tyrimai buvo nukreipti j kriivininky pernasg ir Siam tikslui buvo panaudotas
foto-CELIV metodas. Prie bandinio prijungus tiesiskai kylancios jtampos
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impulsg buvo pastebéta, kad srovés tankio kinetikos forma yra biidinga
medziagoms, kurios yra santykinai laidzios elektros srovei. Tuomet i§ gautos
srovés tankio kinetikos nustatytas Maksvelo relaksacijos laikas s, kuris yra
randamas sroveés tankiui pasiekus dvigubg pirminio talpinio Suolio verte j(0)
(ziuréti 23 pav.)
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23 pav. Priartinta foto-CELIV metodu gautos srovés tankio kinetikos pradzia
saulés elemento bandinyje su MAPbI; perovskito sluoksniu.

MAPDI; perovskito sluoksnis pasizymi stipria sugertimi A = 532 nm
bangos ilgio Sviesai [71], kuri ir buvo naudojama foto-CELIV matavimuose.
Tirto bandinio storis buvo d = 1,2 um (perovskito sluoksnis kartu su Spiro-
OMeTAD sluoksniu), taigi sugerties stipris eksperimente naudotai Sviesai
buvo atitinkamai ad ~ 9,6. Kuomet sluoksnis pasizZymi tokia stipria sugertimi,
Sviesa yra sugeriama ir kriivininkai yra generuojami sluoksnio pavirSiuje, taigi
turime pavirSinés sugerties saglygas, o generuoti kriivininkai yra i$traukiami
per visg bandinj ir keliauja per visg jo storj d = 1,2 um. Foto-CELIV matavimo
metu prijungta jtampa buvo parinkta atitinkamai, kad biity iStraukiné¢jamos
Sviesa sugeneruotos skylés per perovskito ir Spiro-OMeTAD sluoksnius.
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24 pav. Foto-CELIV srovés tankio kinetika 4j saulés elemento bandinyje su
MAPDI; perovskito sluoksniu.

24 pav. nubrézta foto-CELIV metodu gauta fotogeneruotos srovés tankio
kinetika 4j = j — j(0), kai jtampos kilimo greitis buvo A = 2500 V/s. Skyliy
tranzito laikas buvo nustatytas i§ laiko momento tma.x, kada susiformavo
vir§ine sroveés tankio kinetikoje. Skyliy judris buvo apskaiCiuotas pagal
formule (2.9), nes sluoksnis buvo santykinai laidus ir skaiiavime buvo
panaudotas tuo paciu metodu gauta Maksvelo relaksacijos trukmé z;. Foto-
CELIV metodu gautos skyliy judrio vertés variavo nuo J = 5.2*107 ¢cm?/Vs
iki 4 = 8.5*107 cm?/Vs, priklausomai nuo jtampos kilimo grei¢io A (ziaréti
25 pav.). Vien tik Spiro-OMeTAD medziagoje iSmatuotas skyliy judris siekia
nuo W = 1.69*10° cm? Vs iki ) = 4*1075 ¢cm?/Vs, priklausomai nuo sluoksnio
struktiiros ir naudoto matavimo metodo [138, 139].
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25 pav. Skyliy judris CHsNHs;Pbls perovskito ir Spiro-OMeTAD
sluoksniuose, gautas foto-CELIV metodu esant keliems skirtingiems jtampos
kilimo grei¢iams A.

Skyliy judris CH3NH3Pbls perovskity sluoksniuose siekia net 500-800
cm?/Vs teoriniuose modeliavimuose, tadiau eksperimentuose gautos skyliy
judriy vertés yra gerokai maZesnés, o kartais siekia tik 4.8*10¢ cm?/Vs, kaip
buvo parodyta lauko tranzistoriaus bandiniuose anksciau, kaip buvo aptarta
Sios disertacijos 1.4 skyriuje. Taigi skyliy judris perovskity sluoksniuose labai
priklauso nuo tiriamos strukttiros ir jos vidinés morfologijos.

Siame darbe skyliy judris CHsNH;3Pbl; perovskito ir Spiro-OMeTAD
sluoksniuose sieké [ = 8.5%¥107 cm?Vs. Si verté yra maZesné nei pries tai
publikuotos vertes tiek CH3NH3Pbls perovskito sluoksniuose, tiek Spiro-
OMeTAD medziagoje. Kelios priezastys nulémé §ig mazesng skyliy judrio
verte matuotose saulés elementy bandiniuose: Spiro-OMeTAD sluoksnio
netvarka, CH3;NH3Pbl; perovskito sluoksnio polikristaliSkumas ir
netvarkingai iSsidéste kristalitai polikristalinés sandaros sluoksnyje bei Spiro-
OMeTAD ir perovskito sluoksnio sandiira (Zitiréti 21 pav.). Sios sluoksniy
morfologijos ypatybés nulémé padidéjusj prilipimo lygmeny tankj ir taip
sumazino skyliy judrj.
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Kriivininky pernasos anizotropijos tyrimas PCPDTBT lauko
tranzistoriy bandiniuose

Organiniai lauko tranzistoriy bandiniai su PCPDTBT medziaga buvo
pagaminti su virSutiniais iStakos ir santakos elektrodais, kad biity galima
kriivininky pernasg tyrinéti dviem kryptimis: lygiagrecia ir statmena padéklui
kryptimis (dielektriko sluoksnis Siuo atveju ir yra padéklas). Statmena
padéklui kryptimi kriivininky pernasos tyrimui buvo naudojamas i-CELIV
metodas, o lygiagrecia padeklui kryptimi — lauko tranzistoriy sroviy kinetiky
metodas. Eksperimento metu naudota jranga leido atlikti matavimus
auksStesnése temperattirose siekianciose iki 200 °C, todél ja naudojantis taip
pat buvo istirta krivininky pernasos priklausomybé nuo temperatiiros.
PCPDTBT medziaga yra daznai naudojama kaip skyliy pernasos medziaga
tarinése heterosandiirose kartu su PCBM [15, 16], todél tyrinéti skyliy pernasa
PCPDTBT yra aktualu ir Siame darbe pagamintuose organiniuose lauko
tranzistoriaus bandiniuose tiek i-CELIV metodu, tiek lauko tranzistoriy sroviy
kinetiky metodu buvo tyrin¢jama skyliy pernasa atitinkamai parenkant jtampy
poliarumus, kad j bandinj biity injektuojamos ir po to i§ jo iStraukiamos skylés.
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—— 310 K|
sl 325K | i
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26 pav. PCPDTBT organinio lauko tranzistoriaus bandinio srovés kinetikos
prie keliy skirtingy temperatiiry, gautos naudojant lauko tranzistoriy sroviy
kinetiky metoda.

Kelios lauko tranzistoriy sroviy kinetiky eksperimento metu prie skirtingy
temperatliry gautos srovés kinetikos pavaizduotos 26 pav. Juodomis
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rodyklémis pazymétos vietos rodo jsisotinusios srovés lsp s tranzistoriaus
kanale verte ir laiko momentus tq, kuomet j iStaka injektuotos skylés pasiekia
santakos elektrodg. Srovés Isp augimas kanale po laiko momento tg vyksta dél
skyliy tankio didé¢jimo iki kol srové pasiekia savo maksimalig vertg Isp sat.
Lauko tranzistoriy sroviy kinetiky metodas turi kelis privalumus, lyginant jj
su standartinémis voltamperinémis lauko tranzistoriaus charakteristikomis.
Visy pirma kriivininky judris, surastas naudojantis tq vertémis néra paveiktas
didelio kriivininky tankio lauko tranzistoriaus kanale, todél galimas
palyginimas su kravininky judriu, gautu naudojant i-CELIV metoda. Taip pat
pirmieji kanalu keliaujantys kruvininkai yra jautresni prilipimo lygmenims,
kuriy tankis sluoksnyje gali kisti besikei¢iant sluoksnio morfologijai.

s ]
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—— 323K
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—— 398K ;
0.0 '

0.0 2.5x10%  5.0x10*  7.5x10"  1.0x107
t,s

27 pav. PCPDTBT organinio lauko tranzistoriaus bandinio srovés kinetikos
prie keliy skirtingy temperatiiry, gautos naudojant i-CELIV metoda.

Kelios srovés tankio kinetikos gautos i-CELIV metodu prie skirtingy
temperatiiry pavaizduotos 27 pav. Po pirminio talpinio Suoliuko j(0) dél prie
bandinio prijungto tiesiskai kylancios jtampos impulso, srovés tankis toliau
auga dél i$ bandinio iStraukiamy skyliy ir laiko momentas ¢’ randamas srovés
tankio kinetikoje, kuomet srovés tankio verté pasiekia 1,5*%j(0) verte. Srovés
tankio kinetikos pradzia yra supertiesing, o tai rodo, kad matavimo metu buvo
EKRS salygos ir visos injektuotos skylés buvo pasiekusios organinio
sluoksnio ir dielektriko sandirg, o iStraukimo metu jos keliavo per visg
organinio sluoksnio storj ds [129].
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28 pav. Skyliy judrio lygiagrecia padéklui kryptimi priklausomybé nuo
temperatiros.

28 pav. pavaizduota, kokia ijtaka skyliy judriui lygiagrecia padéklui
kryptimi - daro auksStesné nei kambario temperatiira. Atvaizduotos judrio
priklausomybés aSys parinktos atitinkamai tokios, kad buty galima rasti
energetinés netvarkos parametra o, pagal Bissler‘io Suolinés pernasos modelj
[32]. PCPDTBT medziagoje skyliy judris lygiagrecia padéklui kryptimi
pradzioje didéja kartu su kylancia temperattira (zitiréti 28 pav.). Toks judrio
didé¢jimas didéjant temperatlirai yra normalus organinéms netvarkioms
medziagoms, pasak Béssler‘io modelio, dél temperatiira aktyvuojamos skyliy
pernasos [32]. Temperatiirai pasiekus 72 °C tiek skyliy judris lygiagrecia
padéklui kryptimi, tiek srové lsp ¢ OLT bandinio kanale pasiekia savo
didziausias vertes ir toliau did¢jant temperatirai pradeda mazéti (sroves
mazéjimas matomas 26 pav.). Saulés elemento, pagaminto i$
PCPDTBT:PCBM heterosandiiros, efektyvumo sumaZzéjimas panasSioje
temperatiiroje publikuotas ir anksCiau [140]. Minétame straipsnyje autoriai
nurodo, kad trumpo jungimo srové ir efektyvumas saulés elemente sumazéjo
del sumazéjusio sluoksnio laidumo. IS rezultaty, pavaizduoty 28 pav., galime
teigti, kad laidumas heterosandiroje galéjo sumazéti dél skyliy judrio
sumaz¢jimo PCPDTBT medziagoje. Skyliy judrio lygiagrecia padékui
kryptimi sumazéjimas prie aukStesniy temperatiry jvyksta dél PCPDTBT
sluoksnio morfologijos pakitimy ir tai bus aptarta vélesnése pastraipose. Taip
pat palyginimui skyliy judris Mt buvo paskaiciuotas pasinaudojant turimomis
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Isp st vertémis (zitiréti 28 pav.). PanaSios skyliy judrio vertés kambario
temperattiroje rodo, kad skyliy judris neturi zymios priklausomybés nuo
skyliy tankio OLT bandinio kanale.

4L, cm’/Vs

10-6 M - : 1 - 1 - .
6.0x10° 8.0x10° 1.0x10° 1.2x10°

T2 K2
29 pav. Skyliy judrio statmena padéklui kryptimi priklausomybé nuo
temperatiros.

Priesingai nei skyliy judris lygiagrecia padéklui kryptimi, skyliy judris
statmena padéklui kryptimi (1, didéja visame kaitinimo diapazone (zitréti 29
pav.). Taip pat skyliy judrio verté statmena padéklui kryptimi yra 800 karty
mazesné nei lygiagreCia padéklui kryptimi kambario temperattroje. Toks
didelis judrio skirtumas parodo, kad skylés keliauja skirtingomis salygomis
skirtingomis kryptimis, o taip pat skiriasi ir sluoksnio morfologija
priklausomai nuo krypties. Norint istirti netvarkg kiekvienai i$ skyliy judéjimo
kryp¢iy, buvo suskaiciuoti energetinés netvarkos parametrai ¢ kiekvienai
judéjimo krypCiai pagal Bésslerio modelio formules netvarkioms
medziagoms.

Lygtyje (1.3) yra du pagrindiniai parametrai, nuo kuriy priklauso
kritvininky judris: elektrinis laukas ir temperatira. Energetinés netvarkos
parametrai ¢ buvo rasti atidéjus tiese skyliy judrio priklausomybéje nuo
temperattros (zitréti 28 pav. ir 29 pav.). Patikimos pozicinés netvarkos
parametro X vertés negalima rasti dél to, kad nei lauko tranzistoriy sroviy
kinetiky metode, nei i-CELIV metode negalima apskaiciuoti tikslios elektrinio
lauko stiprio vertés. Elektrinio lauko jtaka skyliy pernaSai buvo nepaisoma,
nes skyliy judrio vertés buvo apskaiciuotos esant silpnam arba nuliniam
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elektriniam laukui. Skyliy judrio lygiagre¢ia padéklui kryptimi vertés buvo
ekstrapoliuotos i§ skyliy judrio priklausomybés nuo tarp istakos ir santakos
prijungtos jtampos Usp, taip buvo rasta judrio verté prie nulinio elektrinio
lauko (judrio priklausomybé nuo prijungtos jtampos pateikta Fig. S1
Appendix 1). Skyliy judrio priklausomybé nuo prijungtos jtampos Usp taip
pat rodo, kad judris neturi Zymios priklausomybés nuo elektrinio lauko
matuotame diapazone. Lauko tranzistoriy sroviy kinetiky metode prijungta
jtampa yra proporcinga elektriniam laukui bandinyje, taciau negalima
apskaiciuoti konkreCios vertés, nes elektrinis laukas kinta su laiku ir su
koordinate iki kol srové kanale jsisotina. Elektrinio lauko jtaka skyliy judriui
statmena padéklui kryptimi buvo atmesta dél to, kad didelé elektrinio lauko
dalis buvo sukoncentruota ant dieletriko sluoksnio, be to kuomet yra
iStraukiamos pirmosios skylés laiko momentu t;, jtampa, krentanti ant
bandinio yra Zema dél to, kad tai yra tik pati tiesiSkai kylancios jtampos
impulso pradzia, taigi elektrinis laukas PCPDTBT sluoksnyje yra labai
silpnas.

Paprastai yra laikoma, kad kriivininky judéjimas OLT kanale yra 2D
judéjimas, nes kriivininkai yra labai prispausti prie dielektriko pavirSiaus.
Taciau E.V. Emelianova [141] savo teoriniame modeliavime parodé, kad
kuomet kriivininkai OLT kanale Suoliuoja per Gausinj pasiskirstyma turintj
buseny tankj (DOS) ir kriivininky koncentracija yra Zzema, kravininky judrio
priklausomybé nuo temperatiros yra labai panasi j priklausomybg 3D atveju
temperatiirose, artimose kambario temperatiirai, esant tam paciam
energetiniam netvarkos parametrui ¢. Lauko tranzistoriy sroviy kinetiky
metodas atitinka Zemos krivininky koncentracijos sglygas, o apskaiciuota
energines netvarkos parametro verté ¢ (2D atvejis) yra tik <10% maZesné nei
3D atveju, pasak E.V. Emelianova teorinio modeliavimo rezultaty. Taigi Sioje
disertacijoje apskaiciuotos energinés netvarkos parametry vertés o= = 65 meV
lygiagrecia padéklui kryptimi ir o, =43 meV statmena padéklui kryptimi gali
buti lyginamos tarpusavyje.
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30 pav. PCPDTBT medziagos diferencinés skenuojancios kalorimetrijos
termogramos.

Norint i$siaiskinti, kodél skyliy judris lygiagrecia padéklui kryptimi
pasiekus tam tikrg temperatira pradéjo mazéti, buvo atlikti diferencinés
skenuojanc¢ios kalorimetrijos (DSK) matavimai PCPDTBT medziagai
temperatiiry ruoze nuo -20 °C iki 200 °C (253 K to 473 K). Pokytis
termogramose prasideda pries 100 °C ir baigiasi virs 120 °C, o i§ antro
kaitinimo termogramos buvo nustatyta stikléjimo temperattra T, = 112,5 °C
(zitréti 30 pav. ir 31 pav.). Nezymus ir létas pokytis DSK termogramoje ties
stikl¢jimo temperatiira yra tikétinas rezultatas polimerams dél jy didelés
molekulinés masés, taciau skyliy judrio matavimai rodo, kad pasikeitimas
morfologijoje yra itin svarbus skyliy pernasai PCPDTBT medziagoje (zZitiréti
28 pav.). IS skyliy judrio lygiagrecia padéklui kryptimi p- galima spresti, kad
struktiriniai pokyc¢iai iSlietame PCPDTBT sluoksnyje jvyksta net Zemesnése
temperattirose nei stikl¢jimo temperattra T, ir kad tie poky¢iai morfologijoje
daro stiprig jtaka skyliy pernaSai. Mazas pokytis DSK termogramose
nereiSkia, kad sluoksnio morfologija pakito nezymiai, nes po kaitinimo DSK
matavimy metu buvo matyti pokyc¢iai polimero medziagoje. Pries kaitinimg
polimero buisena buvo paskiri griideliai, o po kaitinimo polimeras susiliejo j
vieng didesnj gabala medziagos ir atrodé lyg bty sulydytas. Nors ir buvo
matomi pokyc¢iai PCPDTBT medziagoje po DSK matavimy, taciau skyliy
pernasos matavimuose naudotame bandinyje nebuvo matoma jokiy
pasikeitimy iSlietame polimero sluoksnyje. i-CELIV metodas leidzia sekti
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bandinio sluoksnio storj (zitréti lygtj (2.25)) kiekvieng kartg, kai tik yra
atliekamas skyliy judrio matavimas. Matuojant i-CELIV metodu nebuvo
pastebéta jokiy PCPDTBT sluoksnio storio pasikeitimy skirtingose
temperattirose, tod¢l galima teigti, kad temperattra nesukelé jokiy jtrikimy ar
pazeidimy sluoksnyje, kurie biity atsispindéje sluoksnio talpos pakitime.

1 4 5 T T T T T
Antras kaitinimas

Delta C =0.152 J/g*°C
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31 pav. Priartinta antro kaitinimo PCPDTBT medziagos diferencinés

skenuojancios kalorimetrijos termograma, i§ kurios nustatyta stikléjimo
temperattra T,.

DSK matavimai rodo, kad skyliy judrio mazéjimas lygiagrec€ia padéeklui
kryptimi yra sluoksnio morfologijos pakitimy auks$tesnéje nei 72 °C
temperatiroje padarinys. Papildomai atominés jégos mikroskopo matavimai
buvo atlikti PCPDTBT OLT bandiniuose prie$ ir po matavimy, kuriy metu
bandinys buvo kaitinamas. Sluoksnio pavirSius buvo labai lygus pries
matavimus ir po matavimy (Az < 5 nm) ir nebuvo pastebéta jokiy zymiy
pasikeitimy sluoksnio pavirSiuje po kaitinimo, tik tai, kad po kaitinimo
sluoksnis tapo dar lygesnis (pavirSiaus vidutinis nelygumas prie$ kaitinimg
buvo 1,2 nm, o po kaitinimo 0,3 nm), taciau tai yra tikétina didziajai daliai
organiniy puslaidininkiniy medziagy, kurios buvo pakaitintos vir§ savo
stikléjimo temperattiros (atominés jégos mikroskopo nuotraukos yra pateiktos
Fig. S2 Appendix 1). Taigi PCPDTBT sluoksnio vidiné¢ morfologija ir jo
poky¢iai nebuvo matomi sluoksnio pavirSiuje. Taip pat buvo atlikti papildomi
rentgeno spinduliy difrakcijos matavimai sluoksnio kristalisSkumui jvertinti. Ir
kaitintas, ir nekaitintas sluoksniai turéjo tik viena placig vir§ting ties mazdaug
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20 ~ 20° (duomenys pateikti Fig. S3 Appendix 1). I§ $iy duomeny galima
teigti, kad abu sluoksniai buvo gana amorfinés blisenos ir netur¢jo aiskios
kristalinés sandaros.

Kylant temperatiirai, kyla ir skyliy Suoliavimo per biisenas daznis dél
temperatira aktyvuojamo skyliy transporto prigimties, taCiau dél
temperatiros pakitusi PCPDTBT sluoksnio morfologija kartu pakeicia ir
biiseny tankj medziagoje ir taip daro stiprig jtaka skyliy pernasai. Todél skyliy
judris lygiagrecia padéklui kryptimi pradeda mazéti (zidiréti 28 pav.).
Pakartotiniai kaitinimai ir skyliy judrio matavimai buvo atlikti norint jsitikinti,
kad judrio verté pakito dél morfologijos pokyciy (duomenys pateikti Fig. S4
Appendix 1). Skyliy judris statmena padéklui kryptimi did¢ja visame
kaitinimo diapazone, taciau skyliy judrio vertés yra zenkliai mazesnés (zitréti
29 pav.). Sie rezultatai rodo, kad PCPDTBT sluoksnyje skirtingomis
kryptimis (lygiagrecia ir statmena padéklui kryptimis) keliaujancios skylés tai
daro skirtingomis sglygomis. Tai gali buti paaiskinta iSlieto sluoksnio
morfologija, kuri nulémé kad dél saveikos su SiO; sluoksniu susiformavo
geresnés sglygos skyliy transportui netoli dielektriko sluoksnio nei visame
sluoksnio tiiryje. Tokiu atveju vidutinis 7 jungCiy atstumas sumazeja ir todél
skyliy judris Zenkliai padidéja. Skyliy judrio skirtumas skirtingomis kryptimis
yra pasléptas judrio daugiklyje Mo, kuris nurodo skyliy Suoliy tikimybe.
Daugiklis [y yra proporcingas pernasos integralo kvadratui ir yra nulemtas
vidutinio erdvinio biiseny tarpusavio atstumo ir molekuliy sluoksnyje
orientacijos [142]. Galima daryti iSvada, kad lygiagrecia padéklui kryptimi
vidutinis erdvinis biiseny tarpusavio atstumas ir PCPDTBT molekuliy
orientacija sluoksnyje nulemia geresnes salygas skyliy pernasai nei statmena
padéklui kryptimi. Eksperimentiniai rezultatai taip pat rodo, kad Sios geresnés
skyliy pernasai sglygos yra gerokai jautresnés aukstesnei temperatiirai.
Temperatiira morfologija paveikia taip, kad molekulés sluoksnyje keicia savo
padéti arciau dielektriko sluoksnio nei visame sluoksnio turyje. Panasi
tendencija, kuomet skirtinga morfologija susiformuoja skirtingomis sluoksnio
kryptimis jau buvo pastebéta ir kitose medziagose [13]. Viename straipsnyje
[143] autoriai parodé, kad esant tam tikroms sglygoms PCPDTBT medziaga
chloroforme gali suformuoti tam tikrus nanodaleliy dydzio kristalus, o tai
galéty daryti jtaka i§ tokio tirpalo ilieto sluoksnio morfologijai. Siame
disertacijos skyriuje pristatyti rezultatai suderinami su kity autoriy rezultatais
PCPDTBT ar panaSios struktiiros medziagoms [13, 14, 144]. Taip pat turéty
biti atkreiptas démesys j morfologijos poky¢ius PCPDTBT medZiagoje, jeigu
1§ Sios medziagos bus gaminami jtaisai, kurie bus naudojami aplinkoje, kurioje
bus aukstesnés nei kambario temperatiros.
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Kriivininky pernasa ir rekombinacija plonasluoksnése PBDTTPD
strukttirose

Siame darbe buvo tiriami dviejy tipy bandiniai su gryna PBDTTPD
medziaga: OLT strukttros bandiniai ir diodinés strukttiros bandiniai (Zitiréti 6
pav. ir 7 pav.). PBDTTPD medziaga yra daznai naudojama kaip skyliy
transporto medziaga kartu su PCBM tiiriniy heterosandiiry saulés elementy
tyrimuose [19], todél yra svarbu placiau patyrinéti skyliy pernasg Sioje
medziagoje. Taigi tiek OLT struktiiros bandiniuose, tiek diodinés struktiiros
bandiniuose jtampos buvo parinktos atitinkamai, kad j tiriamus sluoksnius
bty injektuojamos ir i$ jy iStraukiamos skylés.

Sviesos impulsas

4x10™ | 1

IStraukto kriivio skirtumas |
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32 pav. Foto-CELIV metodu gautos srovés tankio kinetikos be prijungto
priesjtampio ir su prijungtu priesjtampiu Uog.
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33 pav. PBDTTPD sluoksnio sugerties spektras. Taskiniy linijy susikirtimo
vieta zymi bangos ilgj, kuris buvo naudojamas foto-CELIV ir l€kio trukmés
eksperimenty metu.

Pirmasis $io darbo tikslas buvo istirti skyliy judrj ir rekombinacija diodinés
strukttiros bandiniuose su gryna PBDTTPD medziaga ir tam buvo panaudoti
lekio trukmés ir foto-CELIV metodai. Foto-CELIV eksperimento metu prie
bandinio buvo prijungta iSoriné jtampa U, = 0,7 V, kad biity kompensuotas
bandinyje esantis vidinis elektrinis laukas ir $viesa generuoti kriivininkai
neiseity i§ bandinio iki i$traukimo tiesisSkai kylanc¢ia jtampa momento (zitréti
32 pav.). Taip pat svarbu paminéti, kad suformuotas PBDTTPD sluoksnis turi
stiprig sugertj Sviesai (zitiréti 33 pav.), kuri buvo naudota Iékio trukmés ir foto-
CELIV matavimuose, ir j tai buvo atsizvelgta apskaiciuojant skyliy judri.
Kelios foto-CELIV metodu gautos srovés tankio kinetikos prie skirtingy
uzlaikymo trukmiy t4. atvaizduotos 34 pav. Juodu apskritimu apibréztos
srovés tankio kinetiky ,,uodegos®, kurios net ir pasibaigus iStraukianciai
jtampai nenusileidzia iki pirminio srovés tankio Suolio j(0), parodo, kad
bandinyje egzistuoja skylés, kurias labai sunku iStraukti tiesiSkai kylancia
jtampa i3 jy uzimty biiseny. Sios ,,uodegos* yra stebimos net ir prie skirtingy
uzlaikymo trukmiy te ir tai yra dispersinés skyliy pernasos PBDTTPD
medziagoje pozymis, kuris susij¢s su Sviesa generuoty skyliy persiskirstymu
su laiku per energijos biiseny tankj (DOS) [145].
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34 pav. Kelios foto-CELIV srovés tankio kinetikos prie skirtingy uzlaikymo
trukmiy teer.

Skyliy judris PBDTTPD sluoksnyje gautas foto-CELIV metodu buvo
lygus Hph = 4,8%10™* cm?/Vs ir tai yra panasi verté j anks¢iau publikuotas Sios
medZziagos skyliy judrio vertes (1,4¥10* cm?/Vs — 7,5*10* cm?/Vs) [146-
149]. Taciau reikia atkreipti démes;j j tai, kad anks¢iau publikuotos vertés buvo
gautos PBDTTPD medziagos misiniuose su kitomis medziagomis ir taip pat
skyrési matavimo metodai. Siame darbe matuotas skyliy judris grynoje
PBDTTPB medziagoje mazéjo didéjant uzlaikymo trukmei tyer (Zitiréti 35 pav.
ir atitinkamai didéjantis skyliy tranzito laikas tmax matomas 34 pav.). Skyliy
judris mazéja dél skyliy persiskirstymo per energijos buseny tankj su laiku.
Kol uzlaikymo trukmés tee yra santykinai mazos (iki keliy us) turime gana
dideli skyliy skaiciy, kurios keliauja per bandinj didesniu greiciu
(Mph = 4,8%10* ¢cm?/Vs) ir kurios sudaro foto-CELIV srovés tankio kinetikoje
matoma smail¢ (Zitiréti raudonos ir mélynos spalvos srovés tankio kinetikas
34 pav.), ir santykinai maza kiekj létesniy skyliy, kurios neiStraukiamos su
tiesiSkai kylanéia jtampa (zitréti ,,uodegas“ 34 pav.). Toliau didéjant
uzlaikymo trukmei tg dél rekombinacijos mazéja bendras skyliy skaiCius
bandinyje (zitréti kinetiky plotg vir§ tamsinés srovés tankio kinetikos 34
pav.), taciau taip pat didéja ir létesniy skyliy indélis j fotosrove, lyginant su
greitesniy skyliy skai¢iumi. Galima daryti iSvada, kad be uzlaikymo trukmés
skyliy judris biity artimas skyliy judriui iSmatuotam TOF metodika por= 107
cm?Vs (TOF matavimo duomenys pateikti Fig. S5 ir Fig. S6 Appendix 2),
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nes judrio vertés gautos foto-CELIV metodu artéja link TOF metodu gautos
vertés (zitiréti mélyng punktyrine linija 35 pav.). Sie duomenys rodo, kad i§
grynos PBDTTPD medziagos pagamintame diodinés struktiiros bandinyje
energijos buseny tankio uodega mazéja gerokai léCiau nei Gausinio
pasiskirstymo atveju. Skylés, esancios gilesniuose lygmenyse néra stebimos
TOF srovés kinetikoje, taciau stebimos foto-CELIV srovés tankio kinetikoje,
kai uzlaikymo trukmé te yra pakankamai ilga, kad didzioji dalis didesnio
judrio skyliy jau yra arba rekombinavusios, arba relaksavusios j gilesnius
lygmenis. Medziagos, kuriose yra dviejy energijos biiseny tankiy
pasiskirstymy superpozicija, pavyzdziui, Gausinio ir eksponentinio
pasiskirstymy, buvo tirtos ir anks¢iau [47]. Verta paminéti, kad TOF ir foto-
CELIV metody naudojimas kartu iSryskina tokias skyliy pernasos savybes,
kurios kitu atveju likty nepastebétos, ir tai parodo, kokie svarbiis yra
kriivininky pernasos tyrimai placiame laiky diapazone.

TOF skyliy judris
10°fF = = = = = = = = = = = = = = 4
-
£ .
5 .
=10*k =" 3
e
= foto-CELIV skyliy judris ..
10° 10° 10* 10°
ts

35 pav. Skyliy judris diodinés PBDTTPD struktiiros bandinyje. Laiko asis yra
tael T tmax, O tai yra didziosios skyliy dalies gyvavimo trukmé nuo
fotogeneracijos iki iStraukimo i§ bandinio.
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36 pav. Istraukty skyliy tankio priklausomybé nuo uzlaikymo trukmes tyei.

Kriivininky tankio mazéjimas, kuris gali biiti matuojamas foto-CELIV
metodu keiCiant wuzlaikymo trukme i, leidzia tyrinéti kriivininky
rekombinacija diodinés PBDTTPD struktiiros bandinyje (36 pav.).
Naudojantis (2.10) lygtimi bimolekulinés rekombinacijos koeficientas Beyp
gali buiti jvertintas priderinus lygtj prie eksperimento metu gauty rezultaty
(ziuréti raudong linijg 36 pav.). Per visg ta intervalg matuotas skyliy judris
sumazgja deSimt karty, taCiau priderintas bimolekulinés rekombinacijos
koeficientas Beyp tinka visame matuotame intervale. Priderinto bimolekulinés
rekombinacijos koeficiento verté buvo Be, = 4,2%10" cm?/s, taiau
apskaiCiuotas Lanzeveno rekombinacijos koeficientas buvo B = 2,5 * 1071
cm?/s (skai¢iavimui buvo panaudotas skyliy judris ppr = 4,8*10* cm?/Vs), o
tai rodo, kad rekombinacijos sparta bandinyje buvo 6 kartus mazesné nei rodo
skyliy judris. Paprastai redukuota Lanzeveno rekombinacija yra stebima
organiniy puslaidininkiy heterosandiirose ir yra aiSkinama atskirtomis viena
nuo kitos skyliy ir elektrony keliavimo trajektorijomis [150, 151] arba
maziausio judrio kriivininky jtaka rekombinacijos spartai [57], arba skyliy ir
elektrony kriivio delokalizacijos iStisimu energijos biisenose, dalyvaujanciose
kriivio pernaSoje [22]. Taciau Sie aiSkinimai daZniausiai pateikiami
bandiniams su tdirinémis heterosandiiromis ir aiSkinama keliomis eilémis
redukuota LanZeveno rekombinacijos sparta, kai Siame darbe buvo tirta gryna
medziaga, o rekombinacijos sparta mazesné 6 kartais. Kaip jau buvo minéta,
34 pav. ir 35 pav. rodo, kad Sviesa generuotos skylés su laiku relaksuoja,
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uzima gilesnes energijos biisenas, per kurias Suoliavimas yra apsunkintas,
tod¢l ir stebimas skyliy judrio mazéjimas. Lanzeveno rekombinacijos
koeficientas, apskai¢iuotas naudojantis maziausiu skyliy judriu Py =4,35*10°
5 cm?/Vs, gautu matuojant foto-CELIV metodu, buvo lygus By siow = 2,25*10°
' cm’/s (zitréti zalig linijag 36 pav.) ir yra tik du kartus maZesnis nei
rekombinacijos koeficientas Bey. Galima manyti, kad rekombinacijos
koeficientas Bey, yra susietas su efektiniu skyliy judriu, kuris yra artimas
maziausiam skyliy judriui foto-CELIV matavime, nes dalis skyliy su didesniu
judriu pabéga i§ rekombinacijos zonos pries joms rekombinuojant, o skylés su
mazesniu judriu pasilieka ir dalyvauja rekombinacijos procese, todél ir
gaunama redukuota bimolekulinés rekombinacijos koeficiento verte.

Skyliy judris PBDTTPD OLT struktiros bandiniuose su virSutiniais
iStakos ir santakos auksiniais elektrodais buvo tirtas lauko tranzistoriy sroviy
kinetiky ir i-CELIV metodais. Nors PBDTTPD medziaga yra perspektyvi
skyliy transportiné medziaga, taciau buvo publikuotas tik vienas straipsnis,
kuriame buvo tyrin¢jama skyliy pernasa OLT struktiros bandinyje [152].
Straipsnio autoriai tyrinéjo PBDTTPD medziagos ir P3HT misinj, kuriame
iSmatuotas skyliy judris variavo nuo 4,36*10* cm?/Vs iki 8,69*107 ¢cm?/Vs
kambario temperatiiroje. Aukstesnés skyliy judrio vertés straipsnyje gautos
bandiniuose su didesne P3HT dalimi miSinyje.

2x10°° . :
ISDsal
< 1x10°F
2
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——293K
——303K
——314K
0 o 328K .
0 1x107 2x10°
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37 pav. lIsp srovés kinetikos prie skirtingy temperatiiry OLT struktiiros
bandinyje su OTS pasluoksniu (Usp = 80 V).
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Pasinaudojant eksperimento metu gauta ts verte (ZiGréti 37 pav.)
apskaiciuotas skyliy judris kambario temperattiroje sieké e =9.3*10° cm?/ Vs
bandinyje be OTS pasluoksnio ir ty = 1.5%10* ¢cm?/Vs bandinyje su OTS
pasluoksniu. Pateiktos skyliy judrio vertés yra ekstrapoliuotos vertés i$ judrio
priklausomybés nuo prijungtos jtampos Usp, kad biity gautas skyliy judris prie
nulinio elektrinio lauko (duomenys pateikti Fig. S7 Appendix 2). Skyliy judris
taip pat gali buti randamas ir i§ lsp sa vertés ir palyginimui kambario
temperatiroje OLT struktiros bandinyje su OTS pasluoksniu apskaiciuotas
skyliy judris sieké Msoe = 1,1*¥10* cm? Vs (zitréti 38 pav.). IS tq vertés
apskaiciuotas judris atitinka mazo kriivininky tankio OLT kanale salygas, o i$
Isp st vertés apskaiciuotas judris atitinka didelio kravininky tankio OLT
kanale salygas. Kadangi abejomis salygomis gautas skyliy judris buvo labai
panasus, galima teigti, kad PBDTTPD medziagoje skyliy judris neturi stiprios
priklausomybés nuo skyliy tankio ir tai patvirtina, kad foto-CELIV metodu
gautas skyliy judrio mazéjimas yra dél skyliy persiskirstymo per energijos
buiseny tankj, o ne dél skyliy mazéjimo dél rekombinacijos.

10° . : ;
® suOTS X
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1) 1
=
N 7 : |
510 i |
3 :
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N N et
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38 pav. Skyliy judrio, gauto lauko tranzistoriy sroviy kinetiky metodu,
priklausomybé nuo temperattiros. Rodyklés Zymi skyliy judrj, gautg i-CELIV
metodu, ir skyliy judrj, gauta i§ voltamperinés charakteristikos. Briks$niné
linija Zymi kambario temperatiirg.

i-CELIV metodu gautas skyliy judris zenkliai nesiskyré tarp OLT

struktiiros bandiniy be OTS pasluoksnio ir su OTS pasluoksniu, o skyliy

judrio vertés buvo atitinkamai lygios pn = 3,2*¥107° ecm?/Vs ir g, = 3,4*%107
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cm?/Vs (zitréti 38 pav.). i-CELIV eksperimento metu skylés nekeliauja OLT
kanalu netoli dielektriko ir organinio sluoksniy sandiiros, todél skyliy judrio
vertés yra panaSios bandiniuose be OTS pasluoksnio ir bandiniuose su OTS
pasluoksniu, kai OLT kanalu keliaujanciy skyliy judris bandiniuose su OTS
pasluoksniu buvo didesnis nei bandiniuose be OTS pasluoksnio. Skyliy judrio
verté, gauta i-CELIV metodu yra artima maziausiai skyliy judrio vertei, gautai
foto-CELIV metodu, taciau bendrai yra mazesné uz skyliy judrj, apskaiciuota
pasinaudojus tq verte (palyginimui zitiréti 35 pav. ir 38 pav.). Skirtumas tarp
i-CELIV skyliy judrio ir lauko tranzistoriy sroviy kinetiky skyliy judrio
atsiranda todél, kad i-CELIV eksperimento metu injektuotos skylés yra
laikomos ilgai (net ilgiau nei didziausia tg verté foto-CELIV eksperimente)
pries jas iStraukiant, o lauko tranzistoriy sroviy kinetiky eksperimento metu
skylés juda i§ karto jas injektavus j bandinj.

IS skyliy judrio priklausomybés nuo temperatiiros nustatyti dielektriko ir
PBDTTPD sluoksniy sandiros buseny tankio energetinés netvarkos
parametrai o parode, kad energetiné netvarka OLT strukttiros bandinio su OTS
pasluoksniu ¢ = 50 meV yra mazesné nei bandinio be OTS pasluoksnio o =
63 meV (ziuréti 38 pav.). Taigi, galima teigti, kad dél sumazéjusios
energetinés netvarkos bandinyje (sumazéjusios dielektriko pavirSiaus defekty
jitakos skyliy pernasai) su OTS pasluoksniu pageréjo salygos skyliy pernasai
OLT kanale, tod¢l skyliy judris buvo didesnis. Norint jsitikinti, kad skyliy
judriui  jtakos nedaré sluoksnio morfologijos pokyciai aukstesnéje
temperattroje, buvo atlikti diferencinés skenuojancios kalorimetrijos
matavimai, kuriuose nebuvo stebimas joks pasikeitimas PBDTTPD
medziagoje kaitinimo diapazone (DSK duomenys pateikti Fig. 8 Appendix 2).
Biiseny tankio energetinés netvarkos parametras ¢ PBDTTPD medziagos
misinyje su PCBM jau buvo matuotas anks¢iau ir gautos vertés buvo o = 65
meV ir 6 = 81 meV dviems skirtingoms PBDTTPD medziagos molekulinéms
konfigiracijoms [146]. OLT struktiros bandiniuose su gryna PBDTTPD
medziaga buseny tankio energetinés netvarkos parametras ¢ = 63 meV
dielektriko ir organinio sluoksniy sandiiroje yra mazesnis nei misinio su
PCBM ¢ =81 meV. Taip pat dielektriko SiO; pavirSiaus modifikavimas OTS
medziaga sumazina biiseny tankio energetinés netvarkos parametrg o nuo 63
meV iki 50 meV.
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ISVADOS

Siame darbe buvo parodyta, kad FTO/TiO»/CH;NH;Pbls/Spiro-
OMeTAD/Au struktiiros saulés elemento bandinyje fotogeneruoty skyliy
iStraukimas yra apsunkintas dél perovskito ir organinio sluoksniy
morfologijos ypatumy. Spiro-OMeTAD sluoksnio netvarka, CH3;NH;3Pbl;
perovskito sluoksnio polikristaliSkumas ir viduje polikristalinio sluoksnio
netvarkingai iSsidéste kristalitai bei perovskito ir organinio sluoksniy
tarpusavio sandiira apsunkina skyliy transporta po fotogeneracijos dél
padidéjusio prilipimo lygmeny tankio ir dél to sumazéjusio skyliy judrio,
lyginant su skyliy judriu kiekvienoje i§ §iy medziagy atskirai.

Skyliy judris kambario temperatiroje PCPDTBT sluoksnyje OLT
strukttiros bandinyje yra 800 karty didesnis lygiagrecia padéklui kryptimi nei
statmena padéklui kryptimi. Nedidelis biiseny tankio energetinés netvarkos
parametry o- ir o, skirtumas atitinkamomis kryptimis rodo, kad skyliy judrio
skirtumas yra nulemtas judrio daugiklio o, kuris nurodo skyliy Suoliy
tikimybe. Taigi lygiagrecia padéklui kryptimi vidutinis erdvinis biiseny
tarpusavio atstumas ir molekuliy orientacija sluoksnyje yra gerokai
palankesné skyliy pernasai nei statmena padéklui kryptimi. Dél morfologiniy
sluoksnio poky¢iy aukstesnéje nei kambario temperatiiroje (virs 72 °C) skyliy,
judanciy OLT kanalu netoli PCPDTBT/Si0; sandiiros, judris sumazeéja.

OLT strukttros bandinyje pagamintame su PBDTTPD sluoksniu skyliy
judris kambario temperatiiroje padidéja nuo My = 9,3*¥10° cm?/Vs iki Yy =
1,5%10* cm? Vs po to, kai SiO; dielektriko pavir§ius yra modifikuojamas OTS
medziaga. Skyliy judris padidéja dél dielektriko ir organiniy sluoksniy
sandiros biiseny tankio energetinés netvarkos parametro ¢ sumaz¢jimo nuo
63 meV iki 50 meV dél sumazéjusios dielektriko pavirSiaus defekty jtakos ir
dél to pageréjusiy salygy skyliy pernasai Suoliuojant per biisenas.

Fotogeneruoty krivininky rekombinacijos tyrimas diodinés PBDTTPD
strukttiros bandinyje rodo, kad sluoksnyje vyksta bimolekuliné rekombinacija,
kurios koeficientas yra Bexy, = 4,2*¥10"" c¢cm’/s visame matuotame laiko
intervale, ilgesniame nei trys eilés. Sis koeficientas yra 6 kartus mazesnis nei
i skyliy judrio apskaiciuotas Lanzeveno rekombinacijos koeficientas ir tai
parodo, kad rekombinacijos sparta bandinyje yra redukuota. Redukcija vyksta
dél skyliy su didesniu judriu pabégimu i§ rekombinacijos zonos prie§ joms
rekombinuojant, o tik likusios létesnés skylés dalyvauja rekombinacijos
procese, taip sumazindamos rekombinacijos sparta. Skirtingy judriy skylés
bandinyje egzistuoja dél to, kad fotogeneruotos skylés su laiku Iétéja dél
skyliy persiskirstymo per energijos buiseny tankj PBDTTPD sluoksnyje.
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Fig. S1. PCPDTBT OFET structure hole mobility dependence on applied
voltage obtained by OFET current transients method. Open red circles show
mobility calculated from I-V ¢
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Fig. S2. AFM images of PCPDTBT OFET structure surfaces. a) and b) images
are from unheated structure, RMS = 1.2 nm ¢) and d) images are from heated
structure, RMS = 0.3 nm (after measurements).
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Abstract. In this paper the holes’ mobility for the configuration FTO/TiO,/CH;NH;Pbl;/Spiro-
MeOTAD/Au was measured for the first time by the Photo-CELIV method. The TiO, dense film was
deposited by reactive sputtering at room temperature on FTO glass substrates. High crystalized perovskite
films were deposited from solutions in one step by spin coating. Spiro-MeOTAD molecular glass was
used as holes transporting layer. The highest holes’ mobility from TiO, thin film through the
perovskite and Spiro MeOTAD film to the top gold electrode was of order 8.5x107 cm*/Vs.

Key words: perovskites, holes” mobility, photo-CELIV, solar cells, titanium oxide, CH;NH;Pbl;.

1. INTRODUCTION

The organic-inorganic perovskite solar cells have attracted much attention during the last five years and
became the most promising material for the new generation of solar cells [1-5]. In particular, the organic-
inorganic halide perovskites have several features such as: long charge carrier lifetime, long diffusion length
and ambipolar charge transport capability, which made them very attractive materials for solar cells. Also
their facile synthesis directly on the substrate at low temperature made them very suitable for applications on
plastics substrates. Within the last six years the efficiencies of a typical solar cell: FTO/TiO,dense/
TiO,mes/Perovskite/HTM/Au rapidly increased from 4% to 21%.

However, despite the extremely fast progress, the materials’ electronic properties that are crucial to the
photovoltaic performance are relatively little understood. It is still under debate whether the photo-generated
charges have an excitonic or a free-carrier character. Also, is not completely clear how the charge carriers’
mobility of the active layer influences the overall performance and the origin of the high efficiencies of
perovskite-based solar cell devices. Moreover the results strongly depend on the preparation method, the
purity of the material and the film treatment, which can result to uncontrolled morphological variations and
poor reproducibility of photovoltaic performance.

The theoretical calculations of mobility of charge carriers in hybrid perovskite, using the density
functional theory including van der Waals interaction and the Boltzmann theory for diffusive transport in the
relaxation time approximation, indicate that the mobility of electrons in MAPI perovskite crystals ranges
from 5 to 10 em®V 's™' and that for holes within 1-5 cm®V's™', where the variations depend on the crystal
structure investigated and the level of doping [6]. In the case of devices, the perovskite films are composed
of microcrystals, or nanowires, hence the experimental values of mobility of charge carriers in perovskites
films may differ from theoretical calculation by many orders of magnitude. On the other side the charge
carrier’s mobility in the Spiro-Me-O-TaD holes transporter layer is much lower, which can globally conduct
to a lower charge carrier’s mobility through the whole device multilayer structure.
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In this paper we investigate the mobility of holes through the interface CH;NH;Pbls/Spiro-MeOTAD
by using the Photo-generated Charge Extraction by Linearly Increasing Voltage (Photo-CELIV) method.
Photo-CELIV is a new and powerful technique for studying charge transport physics, particularly in
disordered systems such as organic semiconductors [7]. We considered here the multi-layer structure based
on methyl-ammonium lead-iodide perovskite: FTO/TiO,/CH;NH;Pbl;/Spiro-MeOTAD/Au.

The TiO, film may be deposited by different methods such as spin coating [8-9], spray pyrolysis [10-
13], and PLD [14-16]. Different from the most common studied system using MAPI perovskite, in this study
the TiO, dense film was deposited by sputtering and not by spray pyrolysis. The advantage of sputtering
method comparing to spray pyrolysis is the very high reproducibility and deposition at room temperature.
There is no need to heat the substrate FTO/glass films. In our previous studies [17-33] we have
demonstrated that heating of transparent conducting electrodes at more than 300 °C conduct to irreversible
changes of the electrical properties.

2. EXPERIMENTAL SETTING

The configuration of studied samples is described in Fig.1. Commercial FTO covered glasses were
used as transparent electrodes. A dense titanium oxide (TiO,) film of 30 nm was deposited by reactive
sputtering using a metallic titanium target in oxygen atmosphere. Two equimolar solutions of 0.1983 g (1.25
mmole) CH;NH;I at 0.25 ml dry DMF 0.5785 g (1.25 mmole) Pbl, at 25 ml dry DMF, were mixed, just
before the spin coating. The CH3;NH;l was prepared as follows: 20 ml of a methylamine solution (Ferak
40/% w/v) containing 8 g methylamine (257 mmol) was diluted with 80 ml of ethanol. To this solution a
Hydroiodic acid solution in water (Merck 57 % w/v) was added slowly under stirring until the PH of solution
turns to acidic (about 60 ml). The solution was stirred for 2 h at room temperature and evaporated to dryness.
The solid was dispersed to anhydrous diethylether and filtrated. It washed copiously with anhydrous
diethylether to obtain white crystals. The CH;NH;I crystals were dried at 60 °C in a vacuum oven overnight.
The Pbl, was prepared as follows: 3.3 g (10 mmol) of Pb(NOs), (Serva anal. Grade) were diluted to 50 ml of
distilled water. To this solution, a solution of 3.3 g (20 mmol) of KI (Merck Reag. Ph. Eur.) in 50 ml distilled
water was added under stirring, slowly at room temperature. The gold-yellow precipitate was filtered and
recrystallized from water to give golden-yellow crystals. The Pbl, crystals were dried at 60 °C in a vacuum
oven overnight. The perovskite film was prepared, in one step, by spin coating. The solution was spin on the
top of TiO, dense film at 1 600 RPM during 30 s. For the Hole Transporting Material (HTM) thin films
preparation was used the Spiro-MeOTAD purchased from MERCK. A solution of (75 mg in 0.3 ml CB) was
spin coat at 3 500 RPM during 20 s. The top gold electrode (of about 40 nm) was deposited by sputtering
under vacuum.

13 d

Dense TIO2

FT10
(5lass

a) b)

Fig. 1 — a) Multi-layer solar cells perovskite configuration; b) sample photo.

The principle of charge carriers’ mobility measurements by Photo-CELIV method is described briefly
in Fig. 2.
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Fig. 2 — Photo-CELIV setup.

The method is based on the analysis of the extraction of photo-generated charge carriers current
transients when a ramp voltage pulse is applied to a sample with a blocking contact (Fig. 3). The time #,,,
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Fig. 3. — Schematic illustration of CELIV a) light pulse;

b) ramp voltage pulse applied to sample; ¢) current density

in the sample after ramp voltage is applied [12].

corresponding to the maximal current density
depends on the mobility of charge carriers ().
The initial slope of the current density transient
depends on the bulk conductivity, o, of the sample.
The concentration of photo-generated charge
carriers An or Ap can be estimated by integration
of the extracted part of current density transients
(above j(0)). So the carriers’ concentration and
the mobility of equilibrium charge carriers may
be estimated independently. A short laser pulse
(A =532 nm) of 250 ms is applied before starting
the current density measurement (moment =0
see Fig. 3). This short light pulse will create
more charge carriers and we will call jjg, the
density of current after the exposure of the
sample to this short light pulse. j« is the current
density measured in the absence of the light
pulse (in dark). The density of photo-generated
current, jnomgen 1S given by the difference between
jlight andjdark:jphomgen :jlight _jdark-

By varying 4 — the voltage slope, the best
conditions can be achieved to get the initial step j(0).

In the case of samples with low electrical
conductivities, the extracted charge carriers do
not significantly affect the electric field inside

the samples and the charge carriers mobility can be calculated easily using the following formula:

_ [2a?

lmax “Ala 4
3uAd

M

If the electrical conductivity of the samples is high, then the mobility can be calculated by the formula:
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Here 7, is Maxwell’s relaxation time. In most of the cases, 7z, could be determined from the period of
time between the moment of the signal start and the moment when the current density transient reaches the
double initial step value: 2/(0).

In this paper the mobility of holes through the perovskite and Spiro MeOTAD film was determined.
The thickness (d), corresponding to this transversal region (see Fig. 1) was determined by profilometry and
was 1.2 pm. The value of £, was determined from the graph of photogenerated current density.

3. RESULTS AND DISCUSSIONS

Figure 4b—c depicts the SEM micrographs for the methylamonium-lead triodine (MAPI) thin films
deposited on glass. As one can see the prepared perovskite films presented long crystals (more than 200 um).
Several studies have established that halide perovskite exhibits unusually long diffusion excitons lengths reaching
over 100 nm. This could be explained for the extremely long dimension of these perovskite crystals. Figure
4d presents the SEM micrograph of top Spiro-MeOTAD layer deposited on nanowires perovskite film.

20mnm

25mm

Fig. 4 — Perovskite nanowire film on glass substrate: a) sample photo; b), ¢), SEM micrograph of films deposited
on glass substrates; d) top view after Spiro-MeOTAD film deposition.

The XRD analysis for the perovskite films deposited on glass, FTO, and TiO, films, respectively, are
given in Fig. 5.
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Fig. 5 — XRD spectra for MAPI thin films deposited on glass, FTO/glass,
and TiO, dense films, respectively. The XRD spectra of the reference FTO/glass is also given.

It was found through powdered X-ray diffraction (XRD) that the methylammonium lead iodide
(MAPbDI;) perovskite exists in the cubic Pm3m phase at high temperature above 330 K, below which it
undergoes a phase transition to the tetragonal 14/mcm phase and then to the orthorhombic Pnma phase below
170 K [34]. There are no critical differences between the tetragonal and cubic phases, except a slight rotation
of Pbls octahedra along the c-axis and a small difference in energy. The XRD spectra of the cubic and
tetragonal phases are similar with slight differences that consist mainly from splitting of the peaks 100 and
200 of cubic phase to the 002, 110 and 004, 220 of the tetragonal phase, respectively. Moreover two new
peaks (211) and (213) appear in the tetragonal phase. The most safe criterion of XRD spectra to distinguish
between them is the minor diffraction from the (211) planes at 20 ~ 23.5°.

In our case the presence of a peak at 23.68° in the XRD spectra indicates the presence of the tetragonal
I4/mcm phase. The peak at 20 = 14.29° can be deconvoluted [35] into two peak components at 14.14° and
14.29° attributed to the 002 and 110 diffractions, respectively.

The X-ray diffraction patterns of CH;NH;Pbl; films on different substrates (glass, FTO, and TiO,)
confirm the tetragonal 3D structure and the space group I14/mem. No peaks of Pbl, are observed indicating
that is no excess of P12 and the reaction of perovskite formation was completed. The peaks intensity increase
in the case of the deposition of perovskite film on TiO, dense films indicating a better crystallisation
comparing to films deposited on FTO or glass. The crystallite size influences the transport of charge carriers.
A better crystallization and large crystalline size are favourable to a higher transport of charge carriers.

In Fig. 6 is given the current density Jg, after laser pulse excitation. From this graph the value of 7,
could be extracted.
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Fig. 6 — The light current density; 7, is Maxwell’s relaxation time.
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The value of #,,,, was determined from the maximum of the photo-generated current (see Fig.7).
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Fig. 7 — The photo-generated current density.

The form of current density kinetics suggests that the investigated layers were highly conductive.
Hence, from the values of 7,and #,,, the holes mobility u, was calculated according to eq. (2):

_3c.d’
At >

The obtained values for different slopes of increasing voltage are given in Table 1. This mobility
corresponds to the charge transport between the TiO, interface and top gold contact.

The experimental values of Spiro-OMeTAD, one of the hole transporting material (HTM) with the
highest hole mobility, is of about 4x10™ cm*V™'s™ [36].
The high reported values of the holes mobility correspond only to theoretical calculation for CH;NH;Pbl;
nanocrystals. In practical cases the measured values of mobility of holes are much smaller, of order of 107
em®V's™! and this could be explained by the disorder and grain boundaries in the case of polycrystalline
films, or due to the interfaces between the perovskite nanowires and Spiro-MeOTAD molecular glass
material in this case.

Hy 3

Table 1

The calculated values of holes’ mobility
in CH3NH;Pbl;/Spiro-MeOTAD thin film by using Photo-CELIV

Upas (V) Lramp (5) ramp A (V/s) 7, (s) o (5) 4 (cm®/Vs)
5 2x107 2500 2.2x10” 9.6 x 107 5.2 %107
5 1x107 5000 2.0 %107 6.3 x 107 8.0 x 10
5 0.5% 10° 10 000 13x107 43 %107 8.5 % 10
4. CONCLUSIONS

The mobility of holes for the configuration FTO/TiO2/CH3NH3PbI3/Spiro-MeOTAD/Au was
measured by the Photo-CELIV method. Structural and morphological properties was analysed by X-ray
diffraction and Scanning Electron Microscopy. The holes’ mobility was determined by photo-CELIV method
using a green laser (A = 532 nm). The highest holes’ mobility from TiO2 thin film through the perovskite and
Spiro MeOTAD film to the top gold electrode was of order 8.5x107 cm?’/Vs. The electrical properties were
correlated with the morphological and structural properties of the perovskite film.
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ARTICLE INFO ABSTRACT

Keywords: In this paper we are analyzing anisotropy of hole mobility in the organic field-effect transistor structures with an
PCPDTBT active layer of PCPDTBT (poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b’]dithiophene)-alt-
OFET 4,7(2,1,3-benzothiadiazole)]). Hole mobility and its dependence on the temperature was measured by i-CELIV
1-CELIV and current transients methods. The combination of both techniques allowed us to obtain results of hole mo-

E/liiilit bilities in perpendicular and parallel to the substrate directions. In the same temperature range differential
Morphg,logy scanning calorimetry (DSC) measurements were performed to detect morphological changes in the active layer

of the field-effect transistor structure. From obtained results of mobility dependence on temperature, energetic
disorder parameter of Béssler’s Gaussian Disorder Model (GDM) was estimated. DSC data and hole transport data
demonstrated that the change in PCPDTBT’s morphology is responsible for the abrupt decrease of hole mobility

on temperature in the field-effect transistor structure.

1. Introduction

Organic semiconductors are getting more attention as they are re-
placing traditional inorganic semiconductors in the applications like
solar cells, light emitting diodes, thin film transistors. Replacement
comes from the main advantages of the organic semiconductors, which
are: low weight, simpler fabrication procedure, flexibility and poten-
tially low costs in mass production in comparison with traditional in-
organic semiconductors [1,2]. However, organic semiconductors have
still to overcome some issues to be used more widely. The most im-
portant of those problems are low efficiency, degradation from oxygen,
humidity or light, low charge carrier mobility [3]. One of the biggest
difference between traditional semiconductors and organic semi-
conductors is that organics usually are in the amorphous state due to
weak interaction between the molecules. This feature can be considered
as an advantage (flexibility, easy manufacturing) as well as a dis-
advantage (low mobility). By manipulating the morphology of the or-
ganic semiconductors the performance in devices can be significantly
increased [4]. The morphology and its influence on the devices’ per-
formance is one of the most relevant study areas for organic semi-
conductors. In this work we investigate charge carrier transport in the
polymer PCPDTBT (Fig. 1) which could have different morphology (of
lower disorder or of higher disorder) [5] therefore investigation of
anisotropy in PCPDTBT films is important. Unlike the Ref. [5] our aim

* Corresponding author at: Saulétekio al. 3, Vilnius, Lithuania.
E-mail address: andrius.aukstuolis@ff.vu.lt (A. Aukstuolis).

https://doi.org/10.1016/j.synthmet.2020.116382

was to investigate charge carrier transport properties influenced by
morphology differences. The change in the temperature of the material
can affect charge carrier transport by increasing energy of charge car-
riers and by changing the morphology. A good example of how tem-
perature affects morphology and charge carrier transport is typical bulk
heterojunction solar cells made of P3HT:PCBM [6].

In this work we focused on PCPDTBT morphology’s influence on
hole mobility in the field-effect transistor (OFET) structure with top
contacts (Fig. 2). In OFETs the channel of charge carriers is located near
dielectric layer where morphology is different in comparison with bulk
material, so temperature could affect each region differently. In-
vestigation of charge carrier transport anisotropy is important because
it gives information about the performance of the OFET and the inner
structure of the material and how dielectric’s surface affects transport of
the charge carriers.

There are few conventional methods to measure charge carrier
mobility of organic semiconductors. Depending on the structure of the
sample time of flight (TOF), I-V characteristics, space charge limited
current (SCLC), charge extraction by linearly increasing voltage
(CELIV) and others can be used, but only few of them are applicable for
OFET structure. For example, TOF method is not suitable for structures
with dielectric layer or with planar electrodes, while I-V characteristics
are suitable but the density of charge carriers in the channel can sig-
nificantly influence the values of obtained mobility. Two different

Received 3 January 2020; Received in revised form 22 March 2020; Accepted 1 April 2020

0379-6779/ © 2020 Elsevier B.V. All rights reserved.
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Fig. 2. Schematic drawing of an OFET structure employed in our work.

methods were used by us to measure hole mobility in different direc-
tions in PCPDTBT layer. The first one is a modified CELIV method for
structures with dielectric layer and it is called i-CELIV [7]. In this
method mobility of charge carriers moving in perpendicular to the
substrate direction (along y axis in Fig. 2) is measured. The second
method is based on current transients in field-effect transistor structures
[8]. This method allows us to investigate transport of the charge car-
riers in parallel to the substrate direction (along x axis in Fig. 2). The
combination of two methods allows us to investigate anisotropy of
charge carrier movement in the active layer. In this work we used
Gaussian disorder model proposed by Bissler [9] and we evaluated
disorder parameters of density of states (DOS) in the PCPDTBT layer.
Estimation of disorder parameters were performed at higher than room
temperatures because this temperature range is typical for operating
OFETs.

2. Experimental
2.1. Sample preparation

In this work we used Si/SiO, substrates which were single side
polished, polished side had thermally grown SiO, layer on top. Silicon
layer was heavily doped (n type) and used as gate electrode in our
measurements. The thickness of SiO, layer was 100 nm. Substrates were
cleaned in ultrasonic bath for 15min in each of the solvents: distilled
water, acetone and isopropanol. Before spin-coating PCPDTBT substrate
was treated by oxygen plasma for two minutes to remove organic re-
siduals and to make surface more hydrophilic.

Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b’]1di-
thiophene)-alt-4,7(2,1,3-benzothiadiazole)] PCPDTBT material was
bought from Sigma-Aldrich in form of dry powder with the average
molecular weight M,, 7000 — 20000 g/mol. PCPDTBT was used as it is,
without any additional purification. It was dissolved in chloroform with
the concentration of 10mg/mL under dry nitrogen atmosphere.
Chloroform was chosen because of a good solubility of PCPDTBT [10]
and high evaporation rate, which are needed to produce thick enough
layer for i-CELIV measurements. However, high evaporation rate can

Synthetic Metals 264 (2020) 116382

result in more amorphous layer. Solution was spincoated on Si/SiO»
substrate under the same nitrogen atmosphere conditions as solution
was made. First spincoating step was 500 rpm for 60 s to cast the layer
and second step was 2000 rpm for 40s to completely dry the sample
and remove residuals of a solvent. These parameters resulted in getting
160 nm thickness d; of active layer. After spincoating the polymer, gold
source and drain contacts with OFET’s channel length L of 30 ym were
formed via evaporation. Structure with top contacts was required for
investigations of hole transport in perpendicular to the substrate di-
rection by i-CELIV. Samples were not annealed prior to measurements.

2.2. DSC measurements

Differential scanning calorimetry (DSC) measurements were per-
formed on a DSC 8500 (Perkin Elmer). Small sample of PCPDTBT
powder 4—7 mg were filled into standart aluminium pan. The tem-
perature range was from -20 °C to 200 °C (273 K-493 K) with a heating
and cooling rate of 10 °C/min. All measurements were done in dry ni-
trogen atmosphere. Glass transition temperature T, of polymer was
calculated from the heating thermogram.

2.3. Experimental setup

Sample with the thermocouple attached was put in the dedicated
electrically shielded holder on the hot plate. Measurements were con-
ducted in temperature range from 20°C to 160 °C. In both methods
(current transients and i-CELIV) polarity of voltage was chosen to inject
holes into PCPDTBT layer through the golden source contact.

Current transients measurement setup was set accordingly to the
report [8]. In this setup voltage pulse Usp is applied while gate elec-
trode is grounded and drain electrode is grounded via load resistor. At
very first, injected through the source electrode holes move towards
dielectric layer, because the y-component of electric field is much larger
than x-component (due to dy < < L). After reaching dielectric and
PCPDTBT interface they move along the dielectric layer towards the
drain contact until time ty when first holes reach drain contact (Fig. 4).
Time tq is much larger than drift time of holes from source to dielectric
layer (because d; < <L), so latter can be neglected. Thus, while
channel is not formed yet and voltage drop on load resistance is neg-
ligible, from t4 and Usp, values the mobility of holes yi_ in parallel to the
substrate direction can be calculated [8]:

taUsp @™

i-CELIV method allows us to investigate charge carrier transport in
the perpendicular to the substrate direction. In this setup voltage is
connected between source and gate and all injected holes accumulate
near dielectric surface. Later they are extracted by ramp voltage and
move backwards the entire thickness of the organic layer (Figs. 2 and
3). In this work we call it perpendicular to the substrate direction.
During extraction the first holes move in SCLC conditions and reach the
source at transit time t,. In the original paper [11] authors used time t;
defined at double the value of j, for the t, estimation. However, we
used a slightly smaller value of t’ - when jj, reaches 1.5 of its value, to
avoid inaccuracy in transit time evaluation by saturation of the ex-
traction current. In our case t, can be recalculated by [11]:

f= tan*l(i)t,, .
V2 (2)

Hole mobility in perpendicular to the substrate direction can be
found:

2d? &d;
=504
H At2 &d

3)

where A is voltage increase rate, ¢; is dielectric’s permittivity, d; is the
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Fig. 4. Current transients at different temperatures (obtained from current
transient method).

thickness of the dielectric layer, &5 is PCPDTBT’s permittivity and d; is
the thickness of PCPDTBT layer.

During the i-CELIV measurements the injecting voltage was high
enough to get the saturation of extraction current density js, for dg
calculation and control at different temperatures. The thickness of the
layer d; can be calculated accordingly [7]:

ds = EUESA(; - i)
Joo Jsar @

where ¢, is vacuum permittivity, jo is current density value of initial
capacitance step of i-CELIV and jq is current density saturation value.
All the data of i-CELIV measurement is given in supplementary in-
formation Table S1.

3. Results and discussion

Our experimental setup allows to measure hole mobilities in tem-
peratures up to 200 °C. In Fig. 4 few typical current transients of organic
field effect transistor structure with PCPDTBT active layer at different
temperatures are presented. Black arrows mark the saturated value of
Isp sar and time tq when holes reach drain contact. Further increase of
the current after t4 is caused by increasing density of charge carriers in
the OFET channel until the current reaches saturation Isp . In our
investigation the current transients technique has advantages over I-V
characteristics. Firstly, mobility values obtained from t, are not affected
by high charge carrier density, so comparison with i-CELIV results is
more relevant. Secondly, first traveling holes are more sensitive to
trapping states which can be affected by morphological changes in the
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Fig. 5. Normalized current density transients at different temperatures (ob-
tained from i-CELIV method).

film. However, for verification and comparison we calculated hole
mobility pg. (Fig. 6) from measured Igp o current values at room
temperature (hole mobility values obtained from I-V characteristics can
be found in supplementary information Figure S1).

Few examples of i-CELIV current density transients at different
temperatures are presented In Fig. 5. After initial step j, attributed to
source-gate capacitance of the sample, extraction current density rises
and the time value ¢’ can be found for hole mobility estimation. The line
marks time ¢’ when the current density reaches 1.5 of the value of the
initial capacitance step jo. The beginning of i-CELIV transients is su-
perlinear. This faster than linear increase shows that the extraction
current density is space charge limited (eq. (2)) and this mean that
holes are accumulated near the dielectric layer and that they travel the
entire thickness of the layer during extraction [7].

In the Fig. 6 we see how temperature affects the hole mobility in
parallel to the substrate direction. The axes in the mobility dependence
plot was chosen according to Béssler’s model of hopping through en-
ergy states in order to obtain disorder parameters of the PCPDTBT [9].
In PCPDTBT hole mobility in parallel to the substrate direction in-
creases in the beginning of heating (see fitted region in Fig. 6). This is
generally expected result in disordered materials according to Béssler’s
model [9], because of temperature activated hopping rate. When the
temperature reaches certain point of 72 °C the mobility and saturated
current starts to decrease (the decrease of saturated current can be seen
in the Fig. 4). A decrease of the PCPDTBT:PCBM solar cell’s perfor-
mance in higher than room temperatures was reported before [12]. In
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Fig. 6. Hole mobility dependence on temperature obtained by current tran-
sients measurement method.
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Fig. 7. Hole mobility dependence on temperature obtained by i-CELIV mea-
surement method.

the article authors state that short circuit current and efficiency had
decreased due to the decrease of the conductivity of the layer. Our
results suggest that the conductivity could have been decreased because
of the decrease in hole mobility. Mobility’s decrease is attributed to the
change in PCPDTBT layer’s morphology as it could be seen from sec-
ondary measurements of hole mobility after the sample was cooled
(supplementary information Fig. S4).

In contrast to the dependence of mobility in parallel to the substrate
direction, hole mobility obtained by i-CELIV increases through the all
heating range (Fig. 7). The values of hole mobility in perpendicular to
the substrate direction are lower 800 times at room temperature. These
results suggest different conditions of movement of holes in different
directions as well as different morphologies. To investigate the disorder
of each direction the energetic disorder parameters o were calculated
using Béssler’s formalism for disordered systems [9]:

g\ 1
expc((k—T) - Zz)Ei; X>15

o\ 1 ’
expC||—| —225|E2; 2 <15
kT
5)

where 1o is mobility prefactor, o is energetic disorder parameter, k is
Boltzmann constant, T is temperature, C is numeric constant, X is po-
sitional disorder parameter and E is electric field. In eq. (5) there are
two main parameters influencing charge carrier mobility: the tem-
perature and the electric field. Energetic disorder parameters were
found from the fit of hole mobility dependence on temperature (Figs. 6
and 7). Reliable value of positional disorder parameter X from our
measurement techniques cannot be found because the exact value of
electric field cannot be found neither in i-CELIV, nor current transients
techniques. Electric field’s influence was neglected because the values
of hole mobility were close to zero electric field condition in both cases.
For the parallel to the substrate direction zero electric field mobility
values was extrapolated from mobility dependence on the voltage be-
tween source and drain (supplementary information Fig. S1). The mo-
bility dependence on the voltage Usp also indicates that hole mobility
has a weak dependence on the electric field in the measured range. In
current transients measurement applied voltage Usp is proportional to
the electric field in the layer but the exact value of the electric field
cannot be found because the electric field changes in time and in co-
ordinate until Isp s, is reached. In the perpendicular to the substrate
direction electric field can be neglected because a significant part of the
electric field is concentrated on the dielectric layer. Also when the first
holes are extracted at the time t, the voltage from the ramp signal is
still low and the electric field in PCPDTBT layer is very weak.

Charge carrier movement in the channel of the OFET is usually

u(T, B) = uoexp(—@%)z)
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Fig. 8. DSC thermograms of PCPDTBT material.

considered as 2D movement. E.V. Emelianova et al. [13] reported their
numerical calculations of the charge carrier movement in the channel
and showed that when charge carriers are hopping through Gaussian
DOS and their concentration is low, mobility dependence on the tem-
perature is very similar to 3D case around the room temperature for the
same energetic disorder parameter 0. Our current transients measure-
ments are performed at low concentration condition and in 2D case
calculated value of o would be < 10 % smaller than in 3D case ac-
cording to the Fig. 2 in the report [13]. Our found value of o_ for
parallel to the substrate direction was 65meV. The value of o, for
perpendicular to the substrate direction was substantially lower than
o_ and equal to 43 meV.

To explain abrupt change in mobility’s values with the increasing
temperature, DSC measurements were performed in temperature range
from -20°C to 200°C (253 K-473K). Visible change in thermogram
starts before 100 °C and ends above 120 °C and from the most abrupt
change in the second heating curve the glass transition temperature Ty
was found to be around 112.5°C (Figs. 8 and 9). Indistinct and slow
change in the thermogram is common for polymer materials because of
their molecular weight, but mobility’s measurements show (Fig. 6) that
the change in the morphology is crucial for hole transport. From mo-
bility p- measurements we can make assumption that structural
changes in the PCPDTBT layer occurs at even lower temperatures than
T, and that these changes in morphology affects transport of the holes.
Small shift in the DSC curve around glass transition temperature does
not mean that morphological transition in PCPDTBT is small. After
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T, half C extrapolated = 112.5 °C
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1 1 1 1
80 100 120 140 160
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Fig. 9. Second heating thermogram with calculated glass transition tempera-
ture T
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heating there were visible changes in polymer state: from powder form
before heating it changed to one piece glass/film type material after
heating. Even though there were visible changes in PCPDTBT after
heating in DSC measurements, spincoated layer did not have any visible
changes. i-CELIV method allows to register active layer’s thickness (see
eq. (4)) with every measurement made. We did not register any
thickness or capacitance change in the PCPDTBT layer during the hole
mobility measurements in different temperatures thus heating did not
cause any discontinuities in the layer. DSC measurements indicate that
the decrease of mobility in higher temperatures obtained by current
transients’ measurement was caused by morphology changes in the
film. Additional Atomic Force Microscopy measurements were per-
formed on manufactured OFET structures before and after heating. The
surface of spincoated PCPDTBT layer was very smooth before and after
heating (Az < 5nm) and did not show any significant changes in the
surface topology (supplementary information Fig. S2), only that heated
layer became even smoother (roughness 1.2nm of unheated layer to
0.3 nm of heated layer) which is expected result when heating material
above Ty Thus the inner morphological changes were not reflected on
the surface of PCPDTBT. Also additional measurement of the structure
were done by grazing incidence X-ray diffraction technique (supple-
mentary information Fig. S3). Both heated and unheated PCPDTBT
layers have single broad peaks around 20 degrees of 26. Thus both
layers are rather amorphous and do not have clear crystal structure.

At higher temperatures holes temperature activated hopping rate
increases, but the change in PCPDTBT morphology causes modification
of the DOS and affects hole transport also. As a result we observed
decrease in the hole mobility at higher temperatures in the parallel to
the substrate direction (Fig. 6). In the perpendicular to the substrate
direction we see steady increase in the hole mobility but the values of
the mobility are much lower (Fig. 7). These results suggest that in
PCPDTBT layer holes move in the different conditions in different di-
rections (parallel and perpendicular to the substrate). This could be
explained by morphology of polymer, in which (because of the inter-
action with SiO,) the better conditions for the holes to move by the
polymer/SiO, interface have formed (presumably, similar to “edge on”
orientation). In this case the average nt stacking distance decreases and
therefore mobility of the holes is significantly higher. This difference in
the mobility is hidden in the prefactor y, which contains the probability
for the holes to hop. Prefactor yq is proportional to square of transfer
integral and is determined by average coordinate intersite distance and
molecular orientation [14]. We conclude that in parallel to the sub-
strate direction average coordinate intersite distance and molecular
orientation leads to more favorable conditions for the hole transport.
From our experimental results it follows, that these conditions are more
susceptible to the heat. Higher temperature affects morphology in the
way that molecules change their orientation more in the vicinity to the
dielectric layer than in the volume. Similar difference in morphology in
different directions was reported before [4]. In [15] report authors
showed that under some circumstances PCPDTBT could form nano-
particle quasicrystal structures in the chloroform solvent which could
then result in similar morphology of the layer. In our work demon-
strated results are in agreement with other authors’ works [4,5,16] and
we prove, that triggered by heating changes in morphology of PCPDTBT
should be considered constructing devices, especially those, which are
intended to work in higher ambient temperature.

4. Conclusions

Hole transport properties of OFET structures with PCPDTBT active
layer were investigated by current transients and i-CELIV methods in
different directions (parallel and perpendicular to the substrate) and at
different temperatures. In PCPDTBT layer hole mobility is much larger
(800 times at room temperature) in parallel to the substrate direction
than in perpendicular to the substrate direction. Small difference in
energetic disorder parameters o_ and o, indicates that the difference in
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mobility comes from the mobility prefactor y, (probability for the holes
to hop). Thus in parallel to the substrate direction there are lower
average coordinate intersite distance and better molecular orientation
for the hole transport. Due to morphological changes in higher tem-
perature (above 72 °C) the mobility of holes, moving near PCPDTBT/
SiO, interface in parallel to the substrate direction is decreased.
Morphological changes and decrease in hole mobility in PCPDTBT at
higher temperature should be carefully addressed when making devices
with this charge carrier transporting material.
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In this paper we present investigation of hole transport properties in sandwich and OFET structures with single
active layer of PBDTTPD (Poly[(5,6-dihydro-5-octyl-4,6-dioxo-4H-thieno[3,4-c]pyrrole-1,3-diyl) [4,8-bis[(2-eth-
ylhexyloxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl]]). Sandwich structures were investigated by photo-CELIV
and TOF techniques, obtained results showed strongly time dependent hole mobility and non-Gaussian DOS
tail. Photogenerated charge carrier decay experiment demonstrated that bimolecular recombination coefficient is
smaller than calculated Langevin recombination coefficient and this was explained by faster holes escaping

recombination area and not participating in Langevin recombination process. Organic field-effect transistor
structure was investigated by current transients technique to find hole mobility near the dielectric layer and to
study OTS treatment influence on hole transport. The study of hole mobility dependence on temperature was
performed in order to evaluate energetic disorder of interface DOS in the channel of OFET structures.

1. Introduction

Organic semiconductors are gaining more popularity as active ma-
terials in electronic devices because of their advantages against tradi-
tional semiconductors: low weight, simpler fabrication procedure,
flexibility, lower cost in mass production [1]. However, due to their
main drawbacks like low mobility, degradation in the atmosphere
conditions, low performance of charge carrier transport new organic
semiconductors are still under intensive studies [2]. As morphology of
organic materials is closely tied with the performance of the final device
[3], every small change in manufacturing procedure should be consid-
ered carefully because fabrication conditions affect the characteristics of
the formed structure [4,5].

Typical structure of organic solar cell usually contains few different
layers or bulk heterojunction of at least two charge transporting mate-
rials and PBDTTPD is commonly used as hole transport material in
blends with PCBM ([6,6]-phenyl-C61 butyricacidmethylester) in solar
cell structures [6]. There are as well organic field-effect transistor
(OFET) structures containing two materials in the active layer [7].
Studies of structures with blended materials bring useful information
about optimal ratios of the materials to get the best possible character-
istics, efficiencies, stabilities [8,9]. However, investigating single layer
structures gives more detailed information about the material itself and

* Corresponding author. Saulétekio al. 3, Vilnius, Lithuania.
E-mail address: andrius.aukstuolis@ff.vu.lt (A. Aukstuolis).

https://doi.org/10.1016/j.0rgel.2021.106066

there are only few studies where structures with single PBDTTPD (Fig. 1)
layer were investigated [10-12].

In this work we focused on two mono layer structures with PBDTTPD
as active material: sandwich structure (Fig. 2) and organic field-effect
transistor structure with top source-drain electrodes (Fig. 3). These
structures are convenient as they allow to apply few methods and study
hole transport from different approaches: in sandwich structure holes
are moving in the bulk of the material to reach the electrode while in
OFET structure holes are moving alongside dielectric layer thus hole
transport conditions are different in each case. The interface of dielectric
and active layers is essential to hole transport in the OFET channel and it
can be improved via modification of dielectric layer surface before
casting active layer [13,14].

Few convenient techniques were used for the investigation of hole
transport. Sandwich structures were investigated by time of flight (TOF)
and photo generated charge extraction by linearly increasing voltage
(photo-CELIV) technique [15,16]. Both techniques can be used for
evaluation of hole mobility, moreover photo-CELIV technique also al-
lows to estimate recombination rate and Langevin recombination coef-
ficient in photogenerated charge decay experiment [17-19]. OFET
structures were investigated by currents transients and i-CELIV (injec-
tion CELIV) techniques as these techniques evaluate hole mobility in
different directions of the sample (along x axis and along y axis in Fig. 3)
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Fig. 1. Schematic view of PBDTTPD molecule.
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Fig. 2. Schematic drawing of sandwich structure used for photo-CELIV and
TOF measurements.
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Fig. 3. Schematic drawing of an OFET structure employed in our work.

[20,21]. Mobility dependence on temperature allows to estimate ener-
getic disorder parameter o of interface density of states (DOS) and link
hole transport improvement with improved disorder along the dielectric
layer [22].

2. Experimental
2.1. Sample preparation

Two types of substrates were used for the preparation of the samples.
Sandwich structures were made on glass/ITO (glass/Indium Tin Oxide)
substrates and OFET structures were made on Si/SiO, substrates on
polished SiO» (di = 100 nm) side. Silicon layer was heavily doped (n
type) and used as gate electrode in OFET structures. All substrates were
cleaned in ultrasonic bath for 15 min in each of the solvents: distilled
water, acetone and isopropanol. Cleaned substrates were treated by
oxygen plasma for 2 min to remove organic residuals and to make sur-
face more hydrophilic. Part of Si/SiO; substrates were submerged in
60 °C OTS/toluene solution of 10 mmol concentration for 15 min (OTS —
trichloro(octyl)silane purchased from Sigma-Aldrich). After it they were
washed in each of the solvents: hexane (removing additional OTS
layers), acetone, isopropanol.

PBDTTPD was bought from Sigma-Aldrich in form of dry powder and
was used as it is, without any additional purification. For sandwich
structures PBDTTPD was dissolved in chlorobenzene with 10 mg/mL
concentration. Layer was dropcasted under the dry nitrogen atmosphere
conditions and the thickness of layer was d;, = 1.2 pm. After deposition
aluminum electrodes were formed via thermal evaporation under vac-
uum. For OFET structures PBDTTPD was dissolved in chloroform with
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10 mg/mL concentration. Solution then was spincoated on Si/SiOy
substrates under the dry nitrogen atmosphere conditions. The first
spincoating step was 500 rpm for 60 s to cast the layer and the second
step was 2000 rpm for 40 s to completely dry the sample and remove
residuals of solvent. These parameters resulted in getting ds = 135 nm
thickness of active layer. Gold source and drain electrodes were subse-
quently evaporated, resulting in OFET’s channel length L of 30 pm. None
of the samples were annealed prior to the measurements.

2.2. Experimental setup and theory

TOF measurements were conducted using short pulses (~4 ns) of
532 nm wavelength laser. Samples were illuminated through ITO elec-
trode and external voltage was applied prior illumination to create
electric field in the layer in which holes move and are extracted through
aluminium electrode (Fig. 2). PBDTTPD layer absorption was measured
with Perkin Elmer Lambda 1050 spectrophotometer and it had strong
absorption for 532 nm wavelength light with optical density of ad, > 7
(Fig. 6), where a is absorption coefficient. Thus the region of photo-
generation is near the surface and from experiment results hole mobility
was calculated [15]:

d2

=t 1
Hior [ 1)

where U is applied voltage and t, is hole transit time.

photo-CELIV measurements were conducted under the same illumi-
nation conditions as in TOF measurements. External voltage Uy = 0.7 V
was applied prior illumination to compensate built-in electric field and
to stop photogenerated charge carriers from leaving the sample (Fig. 4).
During the experiment extracting ramp voltage was 8 V and the duration
of signal was 120 ps. From experiment results hole mobility up, was
calculated accordingly [16]:

2

Hp=———F 7~
AR <1 +0.36 <I(%))

where A is voltage increment rate, tmay is the time when extracted charge
current density reaches peak value, Aj is extracted charge current den-
sity peak value, j(0) is initial current density step (Fig. 5).
Recombination in organic materials is one of the key process which
describes how material will perform in electronic devices and photo-
CELIV technique allows to investigate recombination by altering time
tqel between light pulse and applied ramp voltage. Also at each different
tge value mobility of holes can be calculated using eq. (2) and energy
relaxation influence on mobility and recombination can be investigated.
The decay of extracted photogenerated charge carrier density n(t) due to

(2)
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Fig. 4. photo-CELIV current density transients with and without Uy
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Fig. 6. Absorption spectrum of PBDTTPD layer. Dotted lines crossing marks
absorption of wavelength used in photo-CELIV and TOF measurements.

bimolecular recombination is described by equation:

1
1
B! + 555

n(t) = 3

where n(0) is the initial charge carrier density and Bey, is bimolecular
recombination coefficient.

Recombination in organic semiconductor materials is usually
described as Langevin type bimolecular recombination [23]. Langevin
recombination coefficient By, depends on the mobility of charge carriers
in the material and it can be calculated (if mobility values of different
types of charge carriers differs significantly, lower mobility can be
neglected):

_ e(/‘ph + Ih)
T as

By 4

where . is electron mobility, ¢; and &9 are PBDTTPD layer and vacuum
permittivities respectively and e is elementary charge.

Current transients measurement setup was set accordingly to the
report [20]. In this setup voltage pulse Ugp is applied while gate elec-
trode is grounded and drain electrode is grounded via load resistor. At
very first, injected through the source electrode holes move towards
dielectric layer, because the y-component of electric field (Fig. 3) is
much larger than x-component (because d; <« L). After reaching
dielectric and PBDTTPD interface they move along the dielectric layer
towards the drain electrode until time tq when first holes reach drain
electrode (Fig. 9). Time tq is much larger than drift time of holes from
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source to dielectric layer (because ds < L), so latter can be neglected.
Thus, while channel is not formed yet and voltage drop on load resis-
tance is negligible, from tq and Ugp values the mobility of injected holes
per in OFET structure can be calculated [20]:

12

=038
Hie 1aUsp

5)

During i-CELIV measurements in OFET structure voltage is con-
nected between source and gate and all injected holes accumulate near
dielectric surface. Later they are extracted by ramp voltage and move
backwards the entire thickness of the organic layer (Fig. 2) [21]. During
extraction the first holes move in SCLC conditions and reach the source
at transit time t; from which hole mobility u, can be calculated [21]:

24> e.d;
sy =25 (1 +;> ®)

A2 &id

where A is voltage increase rate, ¢; is dielectric layer permittivity and &g
is semiconductor layer permittivity. In i-CELIV technique injected holes
before extraction are kept near dielectric surface for a period of time
longer than tge in photo-CELIV experiment, thus mobility values are
measured in similar conditions as in photo-CELIV experiment at the
longest tqe) values.

Disorder parameters of organic materials is usually described by
Bassler’s model and energetic disorder parameter ¢ of DOS is related to
charge carrier hopping mobility and temperature via formula [22]:

s -3(5)

where i is mobility prefactor, k is Boltzmann constant and T is the
temperature. Thus, mobility dependence on temperature allows to
evaluate energetic disorder of DOS in the layer.

3. Results and discussion

The first goal of this study was to investigate hole mobility in
sandwich structure with single PBDTTPD layer and to achieve it photo-
CELIV and TOF methods were employed. Fig. 5 displays few typical
photo-CELIV current density transients with different tqe values. Black
circle marks the “tails” where transients do not reach the initial capac-
itance step j(0) indicating that some holes are very hard to extract by
increasing ramp voltage from their occupied states. These “tails” are
seen throughout the whole delay time t4 range and point to the
dispersive character of holes transport in PBDTTPD layer which is
connected to the redistribution of photogenerated holes in DOS with
time [24].

Hole mobility in PBDTTPD layer obtained by photo-CELIV method is
Hph = 4.8*10™* cm?/Vs and similar to already reported results elsewhere
(1.4*10’4 cm?/Vs - 7.5%10~* cmZ/Vs) [25-28]. It should be considered
that in mentioned reports blends of PBDTTPD were measured and
different methods were used. With increasing tqe] value we observed
decrease of hole mobility in PBDTTPD (see Fig. 7 and corresponding tmax
increasing in Fig. 5). The decrease of hole mobility is caused by photo-
generated holes redistribution in their states with time. With low tge
value (up to few ps) we have significant part of holes travelling relatively
fast (uph = 4.8*10~% cm?/Vs), forming pronounced current density peak
with low tyax value (for example, see red and blue curves in Fig. 5) and
relatively small amount of slower holes part of which cannot be
extracted by applied ramp voltage (see “tails” of transients above j(0)).
The increase of t4], in addition to lowering the amount of holes (due to
recombination; see area of photo-transient above “dark” transient in
Fig. 5), also causes the increased contribution of slower holes to the
photo current with respect to the faster ones. We can assume that
without tge) hole mobility would be higher and close to hole mobility ot
=102 cm?/Vs measured by TOF method (measurement data in sup-
plementary information Figs. S1 and S2) as mobility by photo-CELIV
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Fig. 7. Hole mobility in PBDTTPD sandwich structure. Time ¢ in the bottom
axis 1S tge] + tmax Which is the lifetime of the most holes from photogeneration
to extraction.

tends to saturate to TOF value (Fig. 7 blue dashed line). These results
suggest that PBDTTPD material employed in sandwich structure exhibits
much slower decay of DOS tail than in Gaussian DOS model. The holes in
deep energy states barely contribute to the non-dispersive TOF current,
but become “visible” in the photo-CELIV current when ty is large and
the most of photogenerated higher mobility holes have recombined or
relaxed to deep energy states. Systems which exhibit superposition of
two different DOS distributions (for example, Gaussian + exponential)
was reported before [29]. It is worth mentioning, that combination of
TOF and photo-CELIV techniques exposes hole transport properties
discussed above that otherwise would be undetected and this empha-
sizes the importance of measurements in broad time scale.

Charge carrier density decay measured by photo-CELIV allows to
investigate recombination rate in PBDTTPD sandwich structure (Fig. 8).
Using eq. (2) bimolecular recombination coefficient Bey, can be found by
fitting extracted charge density dependence on time (Fig. 8 red line).
Even though hole mobility changes by one order of magnitude with
respect to tgel, the fitting of n(tge1) assuming Bey, = const is appropriate
in all measured tge range. From the experimental results we obtained
bimolecular recombination coefficient Bey, = 4.2¢107'* em®/s. How-
ever, calculated Langevin recombination coefficient was Bj, = 2.5 *
10719 em3/s (for calculation we used ypn = 4.8%104 cmz/Vs) which
means that recombination in the PBDTTPD sandwich structure was
slowed down by almost 6 times. Usually, reduction of Langevin type
recombination is observed in organic semiconductor blends and is
explained by the separation of the hole and electron pathways [30,311],
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Fig. 8. Extracted charge carrier density decay in PBDTTPD sandwich structure.
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by the influence of the lowest mobility charge carriers [32], by the
extent of charge delocalization of holes and electrons in charge transfer
state [17]. However, these reasons explain reduction of recombination
by few orders of magnitude in blends while in our case we have pure
polymer layer and recombination is slowed down by 6 times only. As
mentioned above, Figs. 5 and 7 indicate that photogenerated holes with
the time relax and occupy lower energy states, hopping gets more
difficult and average mobility decreases. Langevin recombination coef-
ficient calculated by using the lowest measured hole mobility (upn =
4.35*107° cm?/Vs) is BL slow = 2.25*10" 1 em®/s (Fig. 8 green line) and
is about two times smaller than experimentally obtained recombination
coefficient Beyp. We can assume that Bexy, is tied to effective hole mobility
in the layer which is close to the slowest measured mobility in
photo-CELIV experiment, because part of holes with higher mobility
escapes from photogeneration area before they can recombine and
letting holes with lower mobility recombine, therefore reduced recom-
bination coefficient is obtained.

Hole mobility in OFET structures with top source — drain gold elec-
trodes (Fig. 2) was measured by current transients and i-CELIV methods.
Though PBDTTPD is considered to be a promissing hole transport
polymer, only single work has been reported about using it in the OFET
structure [7]. Authors investigated PBDTTPD mixed with P3HT (poly
(3-hexylthiophene-2,5-diyl)) in the active layer and found hole mobil-
ities to be in range 4.36*107* ecm?/Vs — 8.69*10~% cm?/Vs at room
temperature, mainly addressing higher mobility values to the P3HT part.
By using tq value (Fig. 9) we estimated hole mobility at room tempera-
ture py = 9.3*107° em?/Vs in OFET structure without OTS treatment
and per = 1.5%10 4 ¢m?/Vs in OFET structure with OTS treatment. Hole
mobility values were extrapolated from hole mobility dependence on
applied voltage Ugp to get zero field hole mobility (experiment data is
presented in supplementary information Fig. S3). Current transients
method also gives opportunity to estimate hole mobility from IV char-
acteristics using Isp sat Value (Fig. 9) and for comparison and verification
we calculated hole mobility at room temperature of OFET structure with
OTS treatment (ysat = 1.1*107* cmz/Vs, Fig. 10). Hole mobility calcu-
lated using tq value represents mobility in low charge carrier density
conditions and hole mobility calculated using Isp sar value represents
mobility in the high charge carrier density in OFET channel conditions.
With both hole mobility values being similar we can assume that charge
carrier density does not affect mobility in PBDTTPD layers and our
measured photo-CELIV hole mobility dependency on delay time tge] is
caused by holes redistributing through energy states of DOS with the
time and not by charge carrier density reduction due to recombination.

i-CELIV results of hole mobility do not show any significant differ-
ence between OFET structure without OTS treatment and OFET struc-
ture with OTS treatment (u, = 3.2*10~° cm?/Vs and i, = 3.4107° cm?/
Vs respectively, Fig. 10). In i-CELIV experiment holes do not travel via

2x10°

< 1x10°
2

— 303K
— 314K
—— 328K R

0 1x10° 2x10°

t,s

Fig. 9. Current Isp transients at different temperatures obtained by current
transients technique in OFET structure with OTS treatment (Usp = 80 V).
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Fig. 10. Hole mobility dependence on temperature obtained from current
transients measurements. Arrows mark hole mobility values obtained from i-
CELIV and IV characteristics at room temperature. Dashed line marks room
temperature.

OFET structure channel near dielectric/polymer interface, thus hole
mobility is equal with and without OTS treatment, while we see
improved hole mobility in OFET structure channel with OTS treatment.
i-CELIV hole mobility is similar to the lowest photo-CELIV hole mobility,
but is lower than calculated from tq value (compare Figs. 7 and 10),
because in i-CELIV injected holes are kept in the sample for a while
before extraction, just as under photo-CELIV conditions with the highest
tqel values, while in current transients experiment holes travel instantly
after voltage is applied.

In mobility dependence on temperature (Fig. 10) we observe that
energetic disorder parameter of dielectric/polymer interface DOS o is
smaller in OFET structure channel with OTS treatment than in OFET
structure channel without OTS treatment (50 meV-63 meV), thus via
reduced interface disorder hole transport conditions were improved and
hole mobility increased. For verification that PBDTTPD does not have
any phase shift which can also modify hole transport conditions and
mobility values in measured temperature range, differential scanning
calorimetry measurement were conducted (supplementary information
Fig. S4). Energetic disorder parameter ¢ in PBDTTPD blends with PCBM
was reported before, where authors reported 6 = 65 meV and ¢ = 81
meV for different configurations of PBDTTPD molecule [25]. Our results
show that pure PBDTTPD material has smaller disorder parameter ¢ of
interface DOS in OFET channel near dielectric surface than its blend
with PCBM (63 meV-81 meV) and that treating SiO, surface with OTS
decreases disorder parameter ¢ to 50 meV.

4. Conclusions

It was found that in pure PBDTTPD sandwich structure the time that
non-equilibrium holes have spent in the layer reduces their mobility by
one order of magnitude. Hole mobility dependence on time in photo-
CELIV and non-dispersive hole transport TOF results combined show
that holes with time redistribute in non-Gaussian DOS tail in pure
PBDTTPD volume. Investigation of the recombination of charge carriers
points to bimolecular-type recombination with coefficient Bexp =
4.2510"! em®/s in the whole measured time range (more than 3 orders
of magnitude). It corresponds to the hole mobility, which is close to the
lowest value measured by photo-CELIV technique, showing that part of
holes with higher mobility are escaping from photogeneration area
before they can recombine and holes with lower mobility are mainly
participating in recombination.

OTS treatment of SiO surface leads to hole mobility increase from
Hie = 9.3*107° cm?/Vs to e = 1.5%10% cm?/Vs, as measured by current
transients technique. The increase in hole mobility can be attributed to
the decrease of energetic disorder parameter of interface DOS ¢ from 63
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meV to 50 meV of the energy states near the dielectric layer as it
improved hole hopping conditions. Similar hole mobility values ob-
tained by current transients technique and obtained by IV characteristics
show that hole mobility is independent from the density of holes in
PBDTTPD.
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