N

N

Structure and reactivity of Lutetium bis
-Phthalocyanine Thin Films

Mattia Farronato

» To cite this version:

Mattia Farronato. Structure and reactivity of Lutetium bis -Phthalocyanine Thin Films. Physics
[physics]. Université Pierre et Marie Curie - Paris VI, 2017. English. NNT: 2017PA066408 . tel-
01759338

HAL Id: tel-01759338
https://theses.hal.science/tel-01759338v1
Submitted on 5 Apr 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-01759338v1
https://hal.archives-ouvertes.fr

UPMC

1aA1 SORBONNE

Université Pierre et Marie Curie

Ecole doctorale397 Physique et Chimie des Matériaux

Institute de Nanoscience de Paris

Structure and Reactivity of
Lutetium bis - Phthalocyanine Thin Films

Par Mattia FARRONATO

These de doctorat de Physique

Dirigée par Nadine Witkowski

Présentée et soutenue publiquement le 16 octobre 2017

Devant un jury composé de :

Rudolf Petra, professeur, Rapportrice

Lozzi Luca, professeur, Rapporteur

Cabaret Delphine, professeur, membre du jury

Resel Roland, professeur, membre du jury

Humblot Vincent, chargé de recherche, membre du jury

Witkowski Nadine, professeur, Directrice de These



ii

“That’s one giant leap for man, one small step for mankind”

M. Farronato



iii

Acknowledgements

A thesis work is always a team work, even if the name of the PhD candidate is only
one. At least for me this was the case. First and most important I have to thank
my supervisor Nadine Witkowski, without whom this thesis would not even have
started, who provided help and guidance and proofread the drafts of this thesis
manuscript. Secondly I would like to thank Roland Resel for the help in interpreting
the diffraction data, and guiding me while I was in Graz.

Most of the experiments required technical help. Apart from the two people I al-
ready mentioned I acknowledge the help from Hervé Cruguel who was late at night
at the synchrotron and early in the morning at the STM. Sebastien Royer helped me
in building, mounting, unmounting all the setups and tried to cheer me up even in
the darkest day. Brigitte Kunert helped carrying out the XRD experiments in Graz.
Ireally want to thank all the PhD students at the INSP (Pierre Yves, Camille, Suzanne,
Cyril, Romain, Alberto, Leo and everyone else I am forgetting now) for providing a
live and stimulating environment. Among them a couple of names definitely stand
out, a big thank you goes to Nathalie and Louis for making the office a pleasant
place to live, and Danilo, who got here as an intern, and became both a colleague
and a friend. I want to remember here the PhDs from the THINFACE project, it was
nice and stimulating to meet you all a couple of times a year.

A special thanks goes of course to my mother Cristina and my father Franco, who
never stopped believing in me. Also my girlfriend for his continued support and
patience.

A few people I lived with are worth mentioning, Pierre, Joffrey and Giorgia, who
always made my house feel like home.

A few friends back in Italy also indirectly contributed to this work, Marco (all 3 of
you), Claudia, Claudio, Carlo, Niccolo.






Contents

Acknowledgements

Contents

List of Figures

List of Tables

List of Abbreviations

Abstract

Resumé

1 State of the art

1.1

1.2

1.3

14

1.5
1.6

Organicelectronics . . . . ... ... .. ... ... L o
1.1.1 Introduction to organic electronics . . . . . ... ... ... ...
Organic Semiconductor . . ... ... ... .. ... ... ......
Factors Influencing the Efficiency of the Devices . . . . ... ... ...
131 FilmStructure . . . . ... ... oo
132 Order. ... . ... ... .. ... ..
133 Degradation . . . .. ......... ... ... ...
134 Interfaces . . ... ... ... ... ... .. L.
Phthalocyanines . . . . ... ... ... ... ... ... .. . ...
141 History . . . ... ...
1.4.2  Structure and properties of phthalocyanine . . . . . .. ... ..
Reactivity . . . . . ... .. ..
Structure and Properties

of Lutetium Bis-Phthalocyanines . . . . ... ... ... .........

2 Experimental

2.1

2.2

Ultra High Vacuum . . . . . ... ... ... .. ... ... .. ...,
2.1.1 General considerations . . . . .. ... ... ... .........
212 PumpingSystems. . . . ... ... .. ... .. 0 L.
2.1.3 Monitoring vacuum . . . .. ...
Experimental techniques . . . . . ... ...................
221 Synchrotronradiation . ... ... ... ... .. ... ......

iii

vii

xiii

XV

xvii

xix



vi

222
223
224
225
2.2.6

X-ray Photoemission Spectroscopy . . . . ... ... ... ....
X-ray Absorption Spectroscopy . . . . . ... ...
Surface Differential Reflectance Spectroscopy . . . . . .. .. ..
Scanning Tunnelling Microscopy . . . . . ... ... ... ....
X-ray Diffraction . . .. ... ... ... ... .. . 0 L.

3 Results: Structure

3.1 Structure . . . . . . ... e
3.1.1 Structure of Rare EarthPco . . . . . . . . . ... ... .. .. ..
3.1.2 LuPcs on H terminated Si(100) . . ... ... ... ... ... ..
313 LuPcoonAu(lll) . . ... .. ... ... ... ... ...
3.2 Surface Morphology of LuPcy ThinFilms . . . ... ... ........
321 Au(111) . ...
322 LuPcythinfilms. . . . . . . . . . . .
33 Conclusions . . . . .. .. . . .. e

4 Results: Reactivity

41 Pristinemolecule . ... ... ... .. ... ... ..
41.1 Electronicstructure . . . . . . .. ... ... .
412 NEXAFS . . . . . e
42 Reactivity TowardsOxygen . . ... ... .. ...............
43 Reactivity Towards Water . . . ... ... .. ... ............
44 Reactivity Towards Air . . . . . ... ... ... . . oL
45 Reactivity of LuPcy/Si(100) . . . .. ... ...
4.6 Conclusion . . . . . . . . . e
5 Conclusions
5.1 Structureof the ThinFilm . ... ... ... ... .............
52 Molecular Reactivity . . . ... ....... ... ... ... .. .. ...
5.3 General Conclusions and Perspectives . . . .. ... ...........
A Beam Damage
A.1 Parameters influencing beam damage . . ... ... ... ........
A2 Data. ... ... . e e

Bibliography

51
51
51
53
55
65
65
66
78

79
79
79
83
84
93
96
97
99

101
101
102
103

105
105
107

111



List of Figures

1.1

1.2

1.3

14

1.5

1.6

1.7

1.8

1.9

1.10

1.11

Number of papers published each year with the keywords "organic
electronics”, "OLED" "OPV’ and "OFET." . . . . . . .. ... ... ....
Pictorial depiction of an OLED device (top) and its energy level scheme
(bottom). . . . . . . .
Pictorial depiction of an OPV device (top) and its energy level scheme
(bottom). . . . . . . .
Pictorial depiction of an OFET device (top) and its energy level scheme
(bottom). . . . . . .
The different conduction models: a)hopping; b)Poole-Frenkel trap
and release; c)bands. Image adapted from ref. [131], Ey is the valence
band energy, Er is the energy of the trap states, E¢ is the conduction
bandenergy. . . ... .. ... ... L
Molecular packing structure of TIPS-pentacene thin films prepared
under different conditions: a) thermal evaporation; b)deposited by
spin coating; c) same as b) but along the cofacial axis. Image taken
fromref. [56]. . . . . ..
top:Energy level scheme for a perfectly ordered ideal system (a) show-
ing a localized state and a real disordered system (b) showing a larger,
less localized state; ] is the overlap integral, the size of the arrow is
proportional to the integral value. Bottom: perfectly ordered ideal
system c), examples of possible off diagonal disorder: rotation d) or
displacement e) of a molecule in the lattice. . . . . ... ... ... ...
Schematic of the energy level alignment of the interface between a
metal contact and an OSC donor/acceptor mixture. The dotted lines
show the shift of the molecular levels upon vacuum level pinning.
Taken fromref. [44].. . . . . . . . . . ...
Structure of porphyrin (left), isoindole unit (centre) metal phthalocya-
nine (right). . . ... ... .. L
Crystal structure of the o and § phase of HaPc. (a) Schematic depic-
tion of the « (left) and f3 (right) projected on the (100) and (001) plane
respectively. (b) view of the molecular plane arrangement in the struc-
ture. c) needle like shape of crystals of CuPc. Image a) and b) taken
fromref. [152]. . . . . . .
UV-Vis spectra of different phthalocyanine. Adapted from ref. [58]. . .

vii

2

3

4

7

9

16



viii

1.12

1.13

21
2.2
2.3
24
2.5

2.6
27

2.8
29
2.10

211

212

213

2.14

2.15

Ball and stick model of a lutetium bis-phthalocyanine a),b); schema of
the electronic configuration of the frontier orbital of LuPca c). . . . .. 17
Optical absorption spectra of the molecule in dichlorometane (a); Fron-
tier orbitals for LuPc; as calculated by DFT (b); spatial localization of
the frontier orbitals(c). (a) taken from ref. [12]; (b) adapted from ref.
[120] and (¢) fromref. [101]. . . . . . . . . . . . . . ... ... ... ... 20

Working principle of a bending magnet (left); Emission spectrum of
the bending magnet at the 11011 at Maxlab (right). . . . . .. ... ... 24
Schematic of an undulator (left); Intensity as a function of the chosen

harmonics (right). . . . ... ... ... ... . . oo Lo 25
Photo of the UHV diffractometer on the SIXS beamline. . . . . . .. .. 26
Image of the optics on Cassiopée beamline. . . . . ... ... ... ... 26
Image of the geometry at beamline Aloisa. . . .. .. ... ....... 27
Photo of the cooling system at the D1011 beamline. . . . ... ... .. 28

Relation between the energy levels in a solid and the photoemission
spectrum obtained for photons of energy hv. The energy scale is set
toOatthe Fermilevel. . ... .. ... ... ... .. ........... 29
XPS cross section taken fromref. [150]. . . . . . . . ... ... ... ... 31
"Universal curve" for the inelastic mean free path, taken from Ref. [68]. 32
Left: schematic of the different de-excitation processes. (a) the unper-
turbed system, (b) the photoemission step, (c) the Koopmans” bind-
ing energy, (d) the shake-up process, (e) the shake-off process. Im-
age adapted from ref.[8] Right: C 1s spectrum of CuPc deposited on
Au/Mica. Inset: CuPcmolecule. . . ... ... ... ... ........ 33
Effect of the polarization of the impinging electric field E on the spec-
trum of well-ordered samples, the so-called Search Light Effect. Note
that the o bonds are in fact formed by two hybridized sp? orbitals, and
therefore possess a certain amount of s character that allows them to
besampled. . . ... ... ... 36
Cross section for the Auger and X-ray Fluorescence process for in-
creasing values of the atomic number. Taken from ref. [73]. . . . . . .. 37
Two different methods for calibrating the photon energy in NEXAFS
spectra: a) Carbon 1s spectrum measured using the first (left) and sec-
ond (right) diffraction order of the monochromator. The peaks have
been fitted with a Gaussian curve. b) internal standard using the im-
purities on the monochromator. Image b) courtesy of L. Floreano. . . . 39
a) schema depicting the experimental setup used in this work; b) the
calculated SDRS spectrum for LuPc; thin film deposited on gold, with
the Data relative to a ~2 nm thick film obtained experimentally. . . . . 40
Changes in tip-sample system energy and tunnelling conditions as the
bias polarity isinverted. . . ... ... ... ... .. L 42



2.16

2.17
2.18
2.19

2.20
2.21

3.1

3.2

3.3
34
3.5
3.6
3.7

3.8

39

X

STM correction procedure: a)superposition of the measured lattice on
the image; b)distortion of the original image to match the measured

lattice. . . . . . .. 44
Geometry of the scattering vector construction. . . . . . ... ... ... 45
Schematic representation of a §/26 experimental setup. . . . . . .. .. 47
Example of the different X-ray diffraction techniques used in this work:

a) 0/20 scan of LuPcy on H terminated Si(100); b)pole figure on the
Si(111) peaks of LuPcy on H terminated Si(100); c)out of plane map of

LuPcy over Au(111). . . . . . .. o 48
Schematic of a pole figure measurement. . . . . . ... ... ... .... 49
Schematic depiction of GIXD geometry. . . . ... ... ......... 50

top: a phase from CuPc as taken from ref. [133], the molecules be-
longing to the lower planes are coloured in lighter colour; centre: the
B structure from NdPcs taken from ref. [34]; bottom: the ~ struc-
ture from LuPc, taken from ref. [98]. The atoms belonging to the
lower plateau of double-decker phthalocyanine and the second plane
in the structure of single decker phthalocyanine are coloured in lighter
colours forclarity. . . . ... ... .. Lo 52
Specular scan (top) and reflectivity scan (bottom) of LuPc, deposited
on H terminated Si(100). . . . . . . . . . . . ... 54
Pole figure around the (040) peak of LuPc; on H terminated Si(100). . . 55
Depiction of the molecular stacking of LuPc; on H terminated Si(100). 56

0/20 scan on a 200 nm thick LuPcs thin film on Au(111). ... ... .. 56
Pole figure of LuPcy/Au(111) taken at q=3.61 AL, 57
Inplane mesh (1=0.05) of the (110) peaks of the clean Au(111) substrate

(left) and cut along one of the diagonal of the reciprocal space com-
prehending the herringbone reconstruction (right). The cut has been
projected on the h vector of the reciprocal lattice for ease of represen-
tation. . . . ... 58
Specular scan around the (200) peak of the 3 structure of LuPc, de-
posited on Au(111). Red line is the Gaussian fit of the experimental

(Top)In-plane mesh (1=0.05) of the LuPcy/Au(111) sample after heat-
ing to 285°C . The position of the 110 peak of gold is at 84.0+£0.3°,
marked by the vertical line. (bottom) cut along two lines to evidence
the alternating pattern of thepeaks. . . . . ... ... ... ... ..., 61



3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

The different symmetry inequivalent domains of LuPcy over Au(111).
Only the lattice directions of the substrate has been shown as the exact
adsorption point could not be extracted from the XRD measurement
presented here. The upper LuPc; plane has been coloured in light
grey for clarity. In red the vectors relative to the intermolecular dis-
tance are shown, as taken from the 3 phase, which has the following

unit cell: a=19.43+0.1 A, b=19.434+0.1 A, v=90°. . . . . . ... ... ... 62
h scan (0.9<k<1.1; 1=0.05) of the LuPcy/Au(111) sample around the
(110) peak of the substrate. . . . . . ... ... ... ... ... ... 64
STM images of the Herringbone reconstruction of Au(111). Large
scale a) and small smaller scale b). V=-03V,1=300 pA. . ... ... .. 66
Large-scale image of the sample as deposited, V=-2 V; I1=300 pA, on
the right the height profile on the showed lines labelled Aand B. . . . 67
Large scale STM image of the sample after 10 minutes annealing at
250°C. V=-3V;I=300pA. . . .. ... 67

STM image at large scale of the flat islands that appear after 15 min-
utes at 300°C. The tilting of the image is due to the drift correction, as
explained in the experimental section. V=-3.9 V; I=300 pA. . . . .. .. 68
top: STM image of an island. V=-2.6 V; =300 pA; bottom: profile
obtained over the line shown on the STM image, with a depiction of
the molecular stacking (the horizontal axis is not on scale). . . . . ... 69
Magnification of the hole shown in Figure 3.16. . . . . .. ... ... .. 71
STM image of an island with some isolated molecules on the under-
lying plateau. The different colours of the circles showing the differ-
ent orientation of the molecules on the underlying terrace. V=-2.5V;

(a-b)STM image and molecular model of the "on top" adsorption con-
figuration V=-2.5 V; I=300 pA; (c-d) STM image and molecular model
of the "staggered" configuration V=-2.5 V; I=300 pA; (e) molecular or-
bitals of LuPc; as calculated by DFT inref. [10]. . . .. ... ... ... 73
STM image of a single isolated molecule (left) and of a few molecules
in the lattice (right). The molecular model is superimposed. V=-2.5V;
I=300 pA; At the bottom the DFT calculated Lattice for a single layer
of LuPcy deposited on Au(111). . . . ... ... ... ... .. ... 74
Top left: STM image at V=2V, with superimposed the calculated DOS
and the molecular ball and stick model; Top right: the calculated
DOS at V=2 V with superimposed the molecular model. Bottom left
STM image at V=-2 V, with superimposed the calculated DOS and the
molecular ball and stick model; Bottom right: the calculated DOS at
V=-2V with superimposed the molecular model. The lower Pc ring is
coloured in light grey for clarity. . . ... ... ... .. .. ... .... 75



3.22 Calculated DFT lattice for LuPc; monolayer adsorbed on Au(111) (left),
superimposed on the measured STM image (right) V=-2.5 V; 1=300 pA.

3.23 a) STM image showing different domains V=-2.6 V, =700 pA; b) model
of the two different domains as deduced from the STM image. . . . . .

4.1 XPS spectra of LuPcy ~1 nm deposited on Au(111). a) Survey; b) Lu
4f,c)Cls;d) N ls.. o oo oo
4.2 Resolution of the single spectral components of XPS spectrum of the
N 1s peak of a LuPcy thin film (~1 nm) deposited on Au(111). . . . ..
4.3 Resolution of the single spectral components of XPS spectrum of the
C 1s peak of a LuPc; thin film (~1 nm) deposited on Au(111). . . . ..
44 NEXAFS spectrum of a ~1 nm thick LuPcy deposited on Au(111).
(top) with polarization perpendicular (90°) to the surface (out-of-plane),
(bottom) with polarization parallel (4°) to the surface (in-plane). The
filling represents the contributions: pyrrolic (blue) and azabridge (pur-
ple)Natoms. . ... ... ... ... ... .. .. .
45 XPS spectra of the N 1s peak of LuPcy/Au(111) during and after expo-
sure to water (left) and oxygen (right) in the Near Ambient Pressure
regime. a)pristine LuPc; film, b) during oxgygen dose, c) after oxygen
hasbeen pumpedout. . . ... ... ... .. .. ... .. 0.
4.6 XPS spectra of LuPcy/Au(111). C 1s (left) and N 1s (centre) and O 1s
(right) before (a) after 3600 L (b) after 90000 L (c) of oxygen at 88 K,
and after heating up (d) at room temperature. . . . . .. ... ... ...
4.7 Fitting results on the C 1s (left) and N 1s (right) peak for the clean

xi

76

81

LuPcy/Au(111) film (a), after 3600 L (b) and after 90000 L (c) O, at 88 K. 87

4.8 Molecular orbitals of LuPcy as calculated by DFT (taken from ref.
[10](a)); Geometry of oxygen absorption on isolated LuPcy molecule
as calculated by DFT seen from side (b) and top (¢). . . ... ... ...

49 NEXAFS spectra of LuPcy/Au(111) on the N K-edge before (a), and
after 90000 L (b) (top) of oxygen at 88 K; serie of NEXAFS spectra
taken during the desorption process (bottom). . . ... ... ... ...

410 Zoom on the 7* transitions for the pristine LuPcy molecule a), after
a 3600 L oxygen dose b) and after a 90000 L dose c)(left); the energy
levels involved in the 7* transitions, the arrow size is proportional to
the transition intensity (right). . . . . ... ... ... ... .. ...

411 NEXAFS spectrum of LuPcy/Au(111) at the O K-edge taken after ex-
position to 90000 L Oz at88 K. . . . . . .. ... ... .. ... ... ..

412 XPS spectra of LuPcy/Au(111) exposed to water. The N 1s (right) and
O 1s (right) before (a), are shown during and after the H,O exposure.

413 XPS spectra of LuPcy/Au(111) exposed to water. The C 1s (a) N 1s (b)
and O 1s (c) are presented before and after the exposition to water at
T=100K. . . . ..



xii

4.14
4.15

4.16

4.17

Al

A2

A3

A4

NEXAFS spectra of the O K-edge after the dose and after desorption. .
XPS spectra of the sample after exposition to air. O 1s (left); C 1s
(centre); N 1s (right) after exposition to air (a); pristine sample (b). . . .
STM image of the LuPcy/Au(111) sample after exposition to air and
annealed to 280°C; V=-3 V; I=300pA.. . . . . . ... ... .. ...
left: XPS spectra of the N 1s peak as deposited (a), after 27000 L O3 (b)
and after air exposition. right: Si 2p spectrum of the clean sample (a),
after LuPc, deposition (b), after exposition to air (c) and a thermally
oxidized sample for comparison (d). References for the Silicon oxides
BE are taken fromref.[41]. . . . . . . . ... ... ... o

Evolution with time of the diffraction peak relative to the (200) plane
of a 3 nm thick LuPc; thin film deposited on Au(111), and linear fit
of thedecrease. . . . ... ... ... .. .. ... .. ... . ..
XPS spectrum of a £3 nm thick LuPc; thin film deposited on Au(111)
after measuring for half an hour (a) and on a fresh spot (b). . . . . . ..
C 1s XPS spectra of a LuPcy sample +3nm thick deposited on Au/Mica.
The spectra taken moving the sample every 30 seconds (a) and after
measuring 4 minutes on the samespot(b). . . . .. ... ... ... ...
C 1s spectra of a LuPcy 1 nm thick sample deposited on Au(111) after
2h irradiation (a), after 5h irradiation (b) and after 10h irradiation (c). .

95

96

98

110



xiii

List of Tables

1.1 Brief summary of the biggest advantages and disadvantages of the
organic-based electronic technologies. . . . . ... ... ......... 5

1.2 Charge carriers mobility for different organic semiconductors: LuPcy,
CuPc and polytiophene, compared to amorphous Si (a-Si:H), single
crystal (SC) Si and perovskites. Values taken from ref.[92] [81] and

referencestherein. . . . . . . . . . . . . ... . 6
41 Peak parameters of the N Isfitting. . . . ... ... ... ......... 81
4.2 Peak parameters of the C Isfitting. . . . . ... ... ... ... ..... 82
4.3 Peak fitting parameters of the N 1s spectra including BE, Area (nor-

malized on the first peak)and FWHM. . . . . . .. ... ... ... ... 88

4.4 Peak fitting parameters of the N 1s spectra including BE, Area (nor-
malized on the first peak)and FWHM. . . . . . .. ... ... ... ... 88






List of Abbreviations

BE
DFT
FET
GIXD
HOMO
HR-XPS
IPS
LCD
LED
LEED
LN
LUMO
MPc
NEXAFS
OFET
OLED
orv
0OSC

Pc

PE

PEY

RE

RT
SAM
SDRS
STM
uv
UPS
Vis
XES
XANES
XPS
XRD
XRR

Binding Energy

Density Functional Theory

Field Effect Transistor

Grazing Incidence X-ray Diffraction
Highest Occupied Molecular Orbital
High Resolution XPS

Inverse Photoemission Spectroscopy
Liquid Crystal Dynamics

Light Emission Diode

Low Energy Electron Diffraction
Liquid Nitrogen

Lowest Unoccupied Molecular Orbital
Metal-phthalocyanine

Near Edge X-ray Absorption Fine Structure
Organic Field Effect Transistor
Organic Light Emission Diode
Organic PhotoVoltaic

Organic SemiConductor
Phthalocyanine

Photon Energy

Partial Electron Yield

Rare Earth

Room Temperature

Self-Assembled Monolayer

Surface Differential Reflectance Spectroscopy
Scanning Tunnelling Microscopy
Ultra-Violet

Ultra-violet Photoelectron Spectroscopy
Visible

X-ray Emission Spectroscopy

X-ray Absorption Near Edge Structure
X-ray Photoelectron Spectroscopy
X-Ray Diffraction

X-Ray Reflectivity

XV






XVil

Abstract

In this thesis work I studied the structure and reactivity of Lutetium bis-phthalocyanine
(LuPc2) thin films deposited on metallic surfaces. The knowledge of the structure of
epitaxial organic thin films is extremely important to design the next generation of
devices based on organic electronics, because crucial parameters as carrier mobility,
and to an extent charge recombination, critically depend on the molecular configu-
ration and thin film ordering. The second part of the work deals with the reactivity
of molecular thin films towards atmospheric gases. This is particularly important
when considering the lifetime of the device, as at the moment this is one of the
greatest hindrance to the extensive use of organic electronic devices in everyday life.
Phthalocyanine were chosen due to their already wide use in devices and their ease
of process. In particular we chose LuPc2 because, due to the double decker molec-
ular geometry they should present a different reactivity respect to single decker ph-
thalocyanine, as the second macrocycle should hinder the reactivity on the metallic
cation.

The work was carried out with a surface science approach, the thin films were pre-
pared by thermal evaporation under ultra-high vacuum conditions and analysed
by means of Scanning Tunnelling Microscopy (STM) and X-ray Diffraction (XRD)
to achieve a complete characterization of the structure and the morphology. Than
the chemical changes after reaction towards gases were studied by means of X-ray
Photoemission Spectroscopy (XPS) and Near Edge X-ray Absorption Fine Structure
Spectroscopy (NEXAFS) to study:.

We resolved the structure of a LuPc; thin film deposited on Au(111), showing that
the molecules adopt a 3 structure, the interaction with the substrate via the relax-
ation of the surface reconstruction, and demonstrated the templating effect of the
substrate via the epitaxial relations with the overlayer. We then present the surface
morphology at the molecular scale, showing the formation of large (tens of nm) is-
lands composed by a double layer of molecules. From a careful analysis of the STM
images we are able to show the stacking geometry, as well as the relative orientation
of the different domains and compare this results with the one obtained by XRD.
We tested the reactivity of these thin films towards atmospheric gases, in particular
oxygen and water, showing a low reactivity and managing to demonstrate the ad-
sorption sites, which indeed are not the central cation, but rather on the macrocycle.
We also showed how molecular oxygen is a greater threat to the molecular stability
than water.






Xix

Resumé

Cette these présente des les résultats de mes travaux sur la structure et la réactivité
des bisphthalocyianine de lutétium en couche mince.

Dans le premier chapitre je présente un résumé de 1’état de I’art sur les dispositifs
basés sur des matériaux organiques et sur cette classe des molécules. Le chapitre
commence avec une introduction sur 1’électronique organique en général, 1'intérét
qu’elle suscite actuellement, et les principales démarches historiques qui ont amené
a cette situation. Apres une rapide introduction aux principaux dispositifs basées
sur des matériaux organiques, notamment les diodes organiques a émission de lu-
miere (OLED), les cellules photovoltaiques organique (OPV) les transistors organiques
a effet de champs (OFET) avec leurs structures et leurs modes de fonctionnement.
Apres le concept de semi-conducteur organique (OSC) est introduit. Les OSC sont
définies par Maitrot en 1987 comment des matériaux organiques (constitue par des
unités moléculaires bien définies et agrégés a 1’état solide), avec une conductivité
intrinséque entre 1076-1071 Q"' em™!, et possible a doper avec et des donneurs et
des accepteurs d’électrons. Le probleme de la conduction dans des solides qui ne
sont pas parfaitement ordonnés comment les semi-conducteurs inorganiques, mais
présentent toujours un dégrée de délocalisation est discuté.

Evidemment plusieurs facteurs peuvent influencer 1'efficacité des dispositifs. La
structure des films est certainement un des plus importants : il a été démontré que le
7 stacking décale est plus efficace que le structures a chevrons. Un autre facteur tres
important est le degré d’ordre, soit ordre structurale et ordre en énergie, relatif aux
variations locaux des interactions entre molécules. Un autre facteur tres important
est représenté de la possibilité de dégradation de la couche moléculaire. Cet évene-
ment peut se produire a cause de la réactivité des molécules avec des gazes, ou aussi
a cause de I'oxydation du substrat (les métaux utilise pour les contacts électriques
par exemple). Une autre source de dégradation est la température : les composés or-
ganiques sont sensibles méme a température modérément élevée (~ 100°C), qui sont
atteintes dans les cellules solaires organiques en fonctionnement. Le derniere facteur
qui a été prise en compte est l'illumination : les composés organiques blanchissent
sous rayonnement UV, surtout si couple avec la présence des gazes oxydants. Apres
la physique des interfaces a été décrite, et trois types d’interfaces ont été présentes :
interface entre couche organique et métal, entre couche organique e oxyde, et inter-
face entre différentes couches organiques. L'interface Organique/métal est impor-
tante pour les contacts électriques du dispositif, et par conséquent 1’allégement des
niveaux énergétiques est particuliérement important. L'interface organique/oxyde
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est étudiée a cause de la présence de ces isolants dans les OFET et les OPV. Aussi
les oxydes conducteurs sont utilisés autant que contact dans certains dispositifs.
L'interface organique/organique est concerné surtout dans les OPV, ou la couche
active est souvent composée de deux différents matériaux interconnectes (hétéro-
jonctions de volume, BHJ).

Ensuite la description des phthalocyanines (Pcs) est présentée. Ces macrocycle or-
ganiques ont été synthétisée la premiere fois en 1907, et depuis une large quantité de
molécule appartenant a cette classe a été découverte, avec des différents groups au
centre du macrocycle, ou avec des différents groupes fonctionnels, ou notamment
des doubles. Les phthalocyanine sont des molécules organiques composes des qua-
tre unités isoindoliques disposes en carre et rejointes par des azotés pontants. La
cavité peut étre remplie par deux atomes d’hydrogene (H2Pc) ou par des cations
métalliques (MPc). Ces molécules sont tres résistent aux hautes températures et aux
attaques chimiques a cause de leur systeme de 18 électron 7 conjugués, qui fournit
une forte stabilisation. Des HaPcs ont été exposées vers NO, en montrant 1’oxydation
des deux N-H centraux. Si c’est une MPc a étre exposée a des gazes oxydants (Oq,
NO, NOs...) c’est invariablement le cation métallique qui réagit, qui renvoyé a un
probléme de chimie des complexes métalliques.

Une classe similaire de molécules est composée de phthalocyanine doubles. Cela
comprends des molécules ou le cation central (normalement une terre rare en con-
figuration 3+) est trop gros pour étre accommodé dans la cavité du macrocycle, et
du coup est complexé par deux macrocycle, qui se trouvent en position étalée, mais
pas symétrique : 1’angle entre les axes moléculaires des deux plateaux est de 25°. 1l
est important de remarquer est que les deux macrocycle sont électriquement équiv-
alents, cela signifie que tout le deux portent une charge 1.5-. La raison pour laquelle
ces molécules sont intéressantes est qu’elles possedent un orbital occupe a plus haute
énergie (HOMO) et aprés un orbital mi rempli (SOMO) avant 1’orbital vide a plus
basse énergie (LUMO), ce qui le rend en principe facile a oxyder ou a réduire. Les
propriétés électroniques sont, comme en général pour les phthalocyanines, dirigées
par les électron 7, qui donnent vie a 4 bandes d’absorption entre le proche UV et le
proche infrarouge. La bande B a 3.2 eV (transitions des états profonds au LUMO et
LUMO+1), la bande BV a 2.8 eV (du HOMO-1 au SOMO), la bande Q a 1.9 €V (du
HOMO et SOMO au LUMO et LUMO+1) et la bande RV a 1.5 eV (du HOMO au
SOMO).

Dans le deuxiéme chapitre les systemes expérimentaux ont été décrits. L'ultravide
est introduit, avec la raisons principale pour s’en servir (éviter la contamination des
surfaces, qui arrive trés rapidement a pression ambient), et les principales méth-
odes pour le produire et le surveiller. Successivement les vraies techniques expéri-
mentales sont décrites, aprés une introduction au rayonnement de synchrotron, des
que la plupart des expériences présentées dans cette these ont été réalisé dans des
synchrotrons, et aux différentes lignes de lumiere utilisée pendants ces travaux.
La premiere technique montre est la photoémission des rayons X (XPS), avec ses
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principes de base, pour 1'use qualitatif et quantitatif, et I'explication des certaines
techniques de traitement des données utilisées pendant cette these. Puis la spectro-
scopie d’absorption de rayons X (NEXAFS) est introduite, toujours avec les principes
de base, avec un regard particulier sur la possibilité d’étudier I'orientation des molécules.
Apres les détails expérimentaux sont présentes, notamment les méthodes de récolte
des donnes et leur calibration en énergie. Ces deux techniques de spectroscopie
nous ont permis d’étudier les propriétés électroniques des molécules, une fois dé-
posées sur le substrat et apres avoir été exposées aux gazes pour en étudier la réac-
tivité. Troisiéme est présentée la spectroscopie de réflectivité différentielle de sur-
face (SDRS), qui nous a permis de vérifier en temps réel la préparation des notres
couches. A la suite la microscopie par effet tunnel (STM) est présentée, qui nous
a permis d’étudier la morphologie de surface de notres couches. La physique sur
laquelle cette technique est basée est présentée en premier, suivie par certains détails
expérimentaux, la préparation des pointes et la correction de la dérive. Derniere est
présentée la diffraction des rayons X, (XRD), en particulier les techniques qui ont
été utilisée pendant ce travail, le scan 6/26, les pole figures, utilisée pour étudier la
mosaique des échantillons et la diffraction en incidence rasante (GIXD), tres utilisée
dans les études des couches minces.

Dans le troisieme chapitre les résultats sur la structure et la morphologie des couches
minces ( 20 nm) de LuPcy déposée sur Au(111) sont présentés. Les études ont été
menées par XRD et STM. En premier la structure des couches minces de LuPcy dé-
posées sur du Si (100) reconstruit 2x1 terminé avec une couche passivant de Si-H est
étudié. Le substrat est utilisé autant qu’exemple d'un substrat faiblement réactif. Les
molécules s’organisent sur la surfaces avec une structure a chevron, appelée struc-
ture v avec les plans moléculaires presque perpendiculaires a la surface du substrat.
Celui-ci est la structure plus stable dans la poudre, ce qui est raisonnable en con-
sidérant la faible réactivité du substrat. Successivement les résultats sur les couches
minces (20 nm) déposé sur Au(111) sont présentés. Les molécules s’auto organisent
avec les plans moléculaires paralleles a la surface du substrat, probablement avec
la structure «, qui par contre n’a pas été résolue pour des phthalocyanines doubles.
Cette structure se transforme en la 8 avec un recuit a 280°C. La structure est stabil-
isée par un faible transfert de charge du substrat vers la couche moléculaire, qui a été
montré par la relaxation de la reconstruction de surface (herringbone) du substrat.
La couche présente au moins 2 domaines rotationaux, comment a été montré par
des mesures de pole figures. Un étude plus approfondi de l'orientation des domains
de la couche moléculaire relativement au substrat par GIXD avec radiation de syn-
chrotron a été effectué. Les résultats montrent d’abord que, aprés un recuit la struc-
ture « se transforme en la 3, qui a le méme forme dans le plan, carré avec un vecteur
de maille de 19.4angstrom avec les molécules a plat sur la surface, mais probable-
ment un empilement different. Dans un des deux domains les vecteurs de la cellule
unitaire sont presque paralleles a la direction [110] du substrat, le désalignement de

un degree génere deux domains désalignés dans les deux sens par symétrie. Dans
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I"autre domaine c’est la diagonal de la cellule unitaire qui est paralléle a la direction
[110]. Dans les deux cas l'effet prépondérant est 1’alignement des axes moléculaires
sur les directions plus condensées du substrat, pour maximiser les interactions de
type van der Waal. L'effet de modelé des corrugation de la reconstruction a chevron
du substrat est probablement moins important.

La morphologie de surface a été caractérise via STM. La couche est plutot désordon-
née apres un dépot a température ambiante, avec une surface a boulles. Apres un re-
cuit a 280degreeC pendant 10 minutes la surface reconstruit avec des larges terrasses
avec beaucoup des molécules isolées dessus. Un recuit successif a 300°C amené a des
iléaux en forme de doughnut (avec un trou au milieu). Ces iléaux ont par rapport
a la terrasse sur laquelle croissent une hauteur qui est deux fois celui des molécules
isolées. Elles sont donc formées d"une double couche des molécules, probablement
a cause de I'élevée énergie associé a I'interaction molecule-molecule. De fagon simi-
laire le trou au milieu est ,, profond” comme deux couches de molécules. Les iléaux
et la terrasse sous-jacent ont la méme structure dans le plan. La structure est carrée
avec un parametre de maille de 19.4A. Le packing dans le plan suit le principe des
maximiser la distance entre les cycles benzéniques pour réduire la répulsion électro-
statique, avec I'axe moléculaire tourné de 25° par rapport au vecteur de la cellule
unitaire, qui a été confirmé par les calculs DFT. En particulier cet ordre-ci amené
a deux géométries, dont une majoritaire. L'empilage moléculaire suit un principe
different : les molécules s’empilent 'une sur ’autre avec les axes moléculaires paral-
leles. Ces deux conditions amenent a une superposition des anneaux benzéniques,
qui est explicables en regardant la simulation des orbitaux moléculaires, qui mon-
trent que la densité de charge de 'HOMO est surtout localisée sur la moitié du
cycle benzénique, ce qui permet I'empilage en minimisant la répulsion électrosta-
tiques. L'empilement avec les benzenes en position échelonnée est aussi présent,
et ni I'une ni l'autre géométrie ne sont majoritaire. L'investigation des différents
orbitaux moléculaires (HOMO et LUMO) est poursuivie avec des topographies a
différentes tensions (entre +2 V et -2 V), et comparée avec les résultats obtenu par
DFT.

Dans le quatrieme chapitre la réactivité des couches minces de LuPc; est présentée.
D’abord les propriétés électroniques de la molécule isolée ont été étudiées. La de
convolution des pics de photoémission du C 1s et du N 1s est présentée avec une
discussion sur la position des pics de shake-up. En particulier dans le cas du pic
du C la transition de shake-up plus probable est celui entre HOMO—LUMO, dans
le cas du N 1s est plutdt une transition SOMO—LUMO. La spectroscopie NEXAFS
montre que les molécules sont a plat sur la surface d’or, qui est en accord avec les
résultats de diffraction et STM, et les différents pics sont assignés a 1’aide des calculs
DEFT présents en littérature. La réactivité vers 1’oxygene a été étudiée en condition
de ,haute” pression (autour de 1 mbar) avec la spectroscopie NAP-XPS (Near Ambi-

ent Pressure-XPS). Le pic d’oxygene est présent dans les spectres recueillis pendant
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I'exposition au gaz, mais disparait apres la ré-évacuation de la chambre. Ce fait sig-
nifie que I'oxygene ne colle pas sur la couche moléculaire. En plus les pics du C 1s,
N 1s et Lu 4f ne présentent aucun changement. Baisser la température autour de
80 K permet d’augmenter le coefficient de collage des molécules d’oxygene sur la
couche moléculaire. L'oxygene est effectivement physisorbé sur la surface a 88 K. A
I’XPS on voit aussi apparaitre une bosse at haute énergie de liaison (Binding Energy,
BE) dans le spectre du N 1s et C 1s (plus évidente sur le spectre du N 1s), qui aug-
mente avec la dose d’oxygeéne. Le processus est complétement réversible des que le
systeme est réchauffé a température ambient, i.e. 'oxygene est complétement dé-
sorbé et les spectres de la couche apres la désorption sont superposable a ceux avant
I'exposition. La faible température de désorption, couplée avec ’analyse des BE des
composantes additionnelles dans les spectres de XPS nous permet de exclure la for-
mation d’une liaison chimique entre I’'oxygene et la molécule de LuPc;. Avec le sup-
port des simulations DFT on peut formuler ’hypothese que la molécule d’oxygene
soit adsorbée sur un des carbones pyrroliques (atomes de carbone liés a 1’'azote
pyrrolique). La spectroscopie NEXAFS permet de vérifier 1'effet de 'adsorption sur
les orbitaux vides de la molécule, et apres I'exposition a 1’oxygene montre une tran-
sition supplémentaire due a la transition No, — LUMO due aux atomes d’azote
avec un contexte chimique différente a cause de I'absorption d’oxygene. En plusil y
a une inversion des intensités des deux transitions 7%, due a I’épuisement de charge
dans le LUMO. Le NEXAFS sur 1'oxygene montre que une multicouche a été adsor-
bée et confirme aussi que l'interaction avec la couche moléculaire est faible. Aucun
changement n’est vu pour le lutétium.

La réactivité vers l'eau a été testée aussi. A haute pression (et température ambi-
ent) les résultats sont similaires a ceux avec 1'oxygene, ce qui signifie pas de pic
d’oxygene résiduel apres 1’évacuation de la chambre. La seule différence est la
présence d’un shift rigide des pics de photoémission de 0.2 eV pendant I’exposition a
I'eau du probablement a un changement du potentiel de surface ; la position initiale
est récupérée apres 1'évacuation de la chambre. A basse température 1’eau condense
(gele) sur la couche moléculaire, et est désorbé a -107°C. L’absorption ne porte a
aucune variation sur les spectres XPS et NEXAFS du C et N, mais I’analyse du spec-
tre NEXAFS de 1’eau permet de trouver un faible transfert de charge de la couche
moléculaire aux molécules d’eau.

L’exposition a 'air a été également testée. Une couche de contamination est présente
sur la surface de I'échantillon, probablement composée des molécules organiques a
base de C et O (CO ; COs...), qui est enlevée apres un recuit a 280°C pour 15 minutes.
Le recuit permet d’obtenir une surface qui est possible imager avec un STM.

Pour tester I'effet de la structure de la couche sur la réactivité et en particulier sur la
pénétration des gazes un échantillon de LuPcy déposée sur du Si(100) a été exposé
a l'air. Sur le Si(100) propre les molécules ont une structure plutdot amorphe, avec
des domains de structure 7. La couche moléculaire ne fournit aucune protection au
substrat, qui s’oxyde a I'atmosphére. Un appendis est présenté pour comparer les
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résultats obtenu sur les effets de la radiation X sur nos échantillons avec des résultats
de littérature.



Chapter 1

State of the art

1.1 Organic electronics

1.1.1 Introduction to organic electronics

Organic electronics is attracting a lot of interest lately. Figure 1.1 shows the number
of papers found on the Web of Knowledge with search word "organic electronics”,
"organic LED" "organic photovoltaic" and "organic field effect transistors" in the last
20 years. A steady increase is seen for all the three categories, showing the inter-
est of the scientific community for this new promising technology. All this atten-
tion started with the synthesis in 1977 of electrically conducting organic polymers
through controlled halogen doping by A. G. MacDiarmid, A. ]J. Heeger and H. Shi-
rakawa [127]. This work was later acknowledged as a major breakthrough and the
three were awarded the Nobel prize in chemistry in 2000. This opened the gates to
a whole new world for electronics. Organic materials have a lot of unique proper-
ties with respect to their inorganic counterpart. The carbon chemistry is extremely
rich, allowing for countless variations and fine tailoring of the final material: the
first conducting materials were insoluble, and intractable, but functionalization led
to soluble, easy to use materials with the desired properties. All the processes can
happen in solution [96], allowing the final device to be actually printed roll to roll,
firstly shown in 2005 by Makela and coworkers [94], then improved by Krebs [78],
who was able to avoid the use of Indium Tin Oxide as an electrode and now widely
used in industrial production (see for example the paper from Krebs [79] and the
review by Sendergaard [130]). Also another important advantage of organic devices
is the need for only a mild annealing (usually below 200°C), which is very low (and
therefore very easy and very cheap) if confronted with the 1425°C needed for the
Czochralski process for Silicon. Another important aspect in a world that is becom-
ing more and more aware about resources usage is the possibility of producing fully
recyclable devices, as was shown since 2010 by Matyba and coworkers [96] who pro-
duced an OLED (Organic Light Emission Diode) made entirely in plastics, exploiting
graphene as a transparent conducting electrode.

Following the discussion of the three most important class of devices which will

benefit from a switching to an organic-based technology.
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FIGURE 1.1: Number of papers published each year with the key-
words "organic electronics”, "OLED" "OPV’ and "OFET."
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FIGURE 1.2: Pictorial depiction of an OLED device (top) and its en-
ergy level scheme (bottom).

Organic Light Emission Diode Right now OLED is the most industrially exploited
organic-based technology. The organic display TV and smartphone market is worth
almost 35 billion dollars in 2016 (source: IDTechEx). The working principle is quite
simple, and divisible in 5 steps (see Figure 1.2):

1. Voltage is applied between two electrodes holes (electron) are injected in the
organic layer from the anode (cathode)

2. the charge than migrate under the influence of the applied electric field
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FIGURE 1.3: Pictorial depiction of an OPV device (top) and its energy
level scheme (bottom).

3. a moving hole and an electron have to capture one another to form an exciton
(excited state) on a molecule (or on a polymer segment);

4. the exciton has to decay radiatively with the emission of a photon;
5. the photon has to escape from the device.

For the Organic Photo Voltaics (OPV) the process runs in the opposite direction.
In most cases architecture optimization are usually put in place, most notably the
addition of a Hole Transport Layer and an Electron Transport Layer, to better match
the energy levels of the contacts and the active layer. This implies a large number of
interfaces, which all play a fundamental role in the functioning of the device, most
notably in the energy level alignment. OLED with respect to LCD displays offer a
lower power consumption, a darker black (amount of light emitted when the pixel
is switched off) and high contrast.

Organic PhotoVoltaics Due to low efficiency (13.2% being the world record (source:
Heliatek)) their use is not yet wide. But the low cost and the increasing lifetime is
making them interesting for wide area, for example on windows (where only semi-
transparent organic solar cells can be installed). The working principle is the exact
opposite of the OLEDs (see Figure 1.3): a photon is absorbed by the active layer, and
an exciton is formed. The exciton is then split and hole and electron migrate to the
opposite electrodes where they are collected. Usually the charge transport happens
in two different materials, an electron donor and an electron acceptor. The interface
between the two is crucial in both the smoothness (a large contact area between the
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FIGURE 1.4: Pictorial depiction of an OFET device (top) and its en-
ergy level scheme (bottom).

two moieties will allow a more efficient charge transfer process) and in the alignment
of the energy levels. The interfaces with the electric contacts play a very important
role as well in the same way as in the OLED.

Organic Field Effect Transistor Organic Field Effect Transistors (OFET) are the
most interesting organic-related technology. The possibility of producing microelec-
tronic devices by roll to roll printing is extremely attractive for low-cost application
as radio-operate labels where they can be used for example to replace barcodes so a
customer would not have to pass all the items in front of the reader, but just transit
with the full cart in front of the reader. Other applications are information storage,
or as an actuator in active matrix OLED screen to allow the control of single pixels.
Another interesting application is as gas sensors. In this field the interest is due to
their inverted architecture, which brings the semiconductor in direct contact with
the analyte. A field effect transistor (FET) consists of four different parts (see Figure
1.4 top) three metallic contacts for the Source, Drain, and Gate contacts, a semicon-
ducting layer connecting the source to the drain, and an insulating layer to separate
the gate from the semiconducting layer. In an O-FET at least the semiconducting
layer has to be made with an organic material. The working principles of an OFET
are schematized in Fig.1.4. In particular the schema refers to a p-type channel based
on charge accumulation: when a voltage is applied between the Gate and the source
the energy level of the organic align and the charges (in this case holes) can hop
be injected in the organic semiconductor where they start accumulating. When a
voltage is applied between the source and the drain then a current can pass in the

OSC. This working principle is very inefficient due to great off-currents (leakage). It
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TABLE 1.1: Brief summary of the biggest advantages and disadvan-
tages of the organic-based electronic technologies.

PROs \ CONis

Cheap materials Low electrical conductivity
due to low carrier mobility

Cheap processing Processing incompatible
with existing technology

Recyclable Low lifetime

Fast production High leakage current
(bad transistors)

Taylorable

Flexible (adapts to different
surfaces, does not break)

Compatible with existing
technology (silicon)

was not until 2013 that an OFET was demonstrated to work in the charge inversion
mode [91]. They were able to show an efficient depletion and inversion transistor.
Depletion was achieved simply by keeping the OSC layer as thin as possible while
inversion devices were created by doping both the drain and the source contacts to

increase the efficiency in the charge carriers injection.

Comparison with inorganic technologies Table 1.1 shows a brief summary on the
comparison between organic and inorganic based technologies. It is apparent that
for a new technology the advantages are large, in particular the cheaper processes
and materials are appealing, while the flexibility (and the semi transparency) allows
for the use in niches that are impossible to fill with silicon-based devices.

1.2 Organic Semiconductor

The possibility of designing all the above-mentioned devices resides on the avail-
ability of organic materials with semiconducting properties. An intrinsic (inorganic)
semiconductor is defined as a semiconductor with a finite concentration of charge
carriers in absence of doping. The creation of free carriers (i.e. the excitation of elec-
trons in delocalized states) is achieved by thermal or electrical excitation, opposed to
doped semiconductors where it is achieved by adding electrons or electronic states
to the pure material by doping. Organic semiconductors (OSC) were defined in anal-
ogy with a paper by Maitrot in 1987 with the following criteria [93]:



6 Chapter 1. State of the art

e It should be a molecular material, i.e. built from well-defined molecular units
which can be synthesized separately and then assembled in some organized
condensed phase (single crystal, thin film...).

e The intrinsic conductivity of the material should be around 1076-1071 Q! em~2.

o The material can be doped with electron donors or acceptors.

TABLE 1.2: Charge carriers mobility for different organic semicon-

ductors: LuPcy, CuPc and polytiophene, compared to amorphous Si

(a-Si:H), single crystal (SC) Si and perovskites. Values taken from
ref.[92] [81] and references therein.

Material p(em?vV-1s™h

a-Si:H 01-2
SC-Si 300 - 1200
InAs 80000
perovskite <2000
polytiophene 2x107°
BCuPc 9.7x107°
LuPcy 1074

The mobility of the three different organic semiconductors (two molecular and one
polymeric) are compared to single crystal (SC) Silicon and to amorphous silicon (a-
Si:H) in Table 1.2, showing way lower values for organic semiconductors. Note that
mobility (p) is related to conductivity (o) by the equation o = nep where n is the
charge carriers density and e is the elemental charge. In inorganic semiconductor
electronic transport happens along delocalized states (bands), in organic materials,
however, the situation is more complex. Two models have been proposed: band
conduction and hopping process, but except from these very strict conditions other
processes are involved. In this case the principal difference between the two models
is probably the community that introduced them. Organic electronics is a contact
point between chemists, who adopt the molecular point of view, and therefore con-
sider individual units, and physicists, who adopt the crystal point of view, and think
in terms of band structure. Indeed a contact point has to be found between the two
extreme pictures. Indeed a contact point has to be found. We can start examining the
models. At one side of the spectrum the Variable Range Hopping (VHR) model is
found, where electronic states are confined on a single molecule, and for the conduc-
tion to happen the charge has to "hop" from one molecule to the adjacent one (see
Figure 1.5 a)) For this to happen a donor molecule and an acceptor one are needed
in the allowed spatial and energy range. The model was first introduced by Mott
[99] for impurity conduction in inorganic semiconductors and can be described by
the equation

P(r,W) = exp <—ar — &) (1.1)
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FIGURE 1.5: The different conduction models: a)hopping; b)Poole-
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is the valence band energy, Er is the energy of the trap states, E¢ is
the conduction band energy.

where P is the hopping probability, a is a constant, r is the spatial distance between
hopping sites, W is the energy separation between the two sites, and kgT is Boltz-
mann’s factor. The model is effective in explaining the temperature dependence of
the mobility, which was experimentally found to be a power law. It is clear from
Equation 1.1 that it exists a radius where two adjacent spheres begin to touch each
other. When this condition applies we enter in the field of the Percolation Theory,
where the current is allowed to percolate through a network of conductive material
embedded in a non-conducting environment. At the opposite end of the spectra
there is band theory (see Figure 1.5 c)), where charges do not belong to a single
molecule anymore, but to the whole crystal. Band structure derives from the trans-
lational symmetry of the inorganic crystals, and in fact in ultrapure organic single
crystals "bands", i.e. states delocalized over a few molecules, are indeed found [102].
This model allows to explain the field dependent mobility observed in organic semi-

E
conductors which is of the form of y ~4 with ¢ the dielectric constant of the
me

medium, q the elementary charge ad E the applied field. The dichotomy between
the two cannot be as sharp as depicted: sure molecular overlap is important, but it
cannot be accountable for the loss of 6 order of magnitude passing from single crys-
tal to amorphous pentacene. The answer to this problem are trap states [131]. The
trap states arise from the imperfect stacking in non-crystalline materials or under
coordination which leads to unpaired electrons. These kinds of states are very abun-
dant, up to some percent. Regarding the number of trap state we can range from
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FIGURE 1.6: Molecular packing structure of TIPS-pentacene thin

films prepared under different conditions: a) thermal evaporation;

b)deposited by spin coating; c) same as b) but along the cofacial axis.
Image taken from ref. [56].

the situation where only trap states exist (Multi-Trap Release or MTR model). This
hybrid model has the advantage of explaining both the temperature and the field
dependence of the mobility and also of unifying two different theories used for the

same phenomenon.

1.3 Factors Influencing the Efficiency of the Devices

As we have seen before the charge mobility is a crucial factor in determining ef-
ficiency of devices based on organic semiconductors. There are, however, a few

different factors that influences charge mobility, which are discussed below.

1.3.1 Film Structure

Charge carrier mobility is known to vary along different crystallographic directions
in inorganic materials. In organic materials, where the anisotropy is even larger
the same rule applies and two structural factors can influence the mobility: molec-
ular stacking and order. The first is closely related to the structure of the material.
Because the transport happens either by hopping or band-like it needs an overlap
between adjacent molecule orbitals. The most common structure adopted in organic
conjugated material is a herringbone-like structure, which is a highly anisotropic
one, with a dense in-layer stacking and a poor overlap between the layers. It was
shown that the interlayer mobility was lower respect to the in-layer mobility by a
factor 3 or 4 [134]. This shows that the herringbone structure might not be the ideal
structure for electric conduction. Other geometries, for example the 7 stacked ones
might be more interesting, as the conduction might as well happen between the lay-
ers. In fact this is rarely true. The actual 7 stacking in fact is not with the molecules
one on top of the other since a cofacial packing would be unfavourable due to the pi
electron cloud repulsion, but is usually displaced along one or two of the molecule
axis [16], which reduces the 7-m repulsion, but might reduce the orbital overlap as
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FIGURE 1.7: top:Energy level scheme for a perfectly ordered ideal
system (a) showing a localized state and a real disordered system (b)
showing a larger, less localized state; ] is the overlap integral, the size
of the arrow is proportional to the integral value. Bottom: perfectly
ordered ideal system c), examples of possible off diagonal disorder:
rotation d) or displacement e) of a molecule in the lattice.

well. In fact it was shown reducing the 7-7 distance by means of lattice strain as
shown in Figure 1.6 a) and b) resulted in a 6-fold augmentation of the mobility in a
TIPS-pentacene layer [56]. So to engineer the ideal structure a precise knowledge of

the topography of the frontier orbitals is necessary.

1.3.2 Order

Not only structure but also order (or, talking about organic thin films, disorder) is a
key factor when discussing the electronic properties of OSC. However different kind
of disorder can influence charge transport in OSC. Coropceanu [30] divided it in Di-
agonal and Off-Diagonal disorder. Diagonal disorder refers to the fluctuations in site
energy which is usually caused by po