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Abstract

Organic solar cells (OSC) are interesting as low cost alternative to conventional solar cells.
Unsubstituted Metal-phthalocyanines (Pc) are excellent electron donating molecules for het-
erojunction OSC. Usually organic solar cells with Pcs are produced by vapor deposition, alt-
hough solution based deposition (like spin casting) is cheaper and offers more possibilities to
control the structure of the film. With solution based deposition several parameters (like tem-
perature, solvent and etc.) affect the self-organized structure formation via nucleation and
growth. The reason why vapor deposition is typically used is the poor solubility of the metal-
phthalocyanines in most common solvents. Furthermore the process of nucleation and growth
of Pc aggregates from solution is not well understood. For preparation of Pc films from solu-
tion, it is necessary to find the appropriate solvents, assess the solution deposition techniques,
such as dip coating, and spin casting. It is necessary to understand the nucleation and growth
process for aggregation/precipitation and to use this knowledge to produce nanostructures
appropriate for OSC. This is important because the nanostructure of the films determines their
performance.

In this thesis, optical absorption and the stability of 8 different unsubstituted metal Pc’s were
studied quantitatively in 28 different solvents. Among the several solution based deposited
thin films produced based on this study, copper phthalocyanine (CuPc) dissolved in trifluoro-
acetic acid (TFA) is chosen as a model system for an in-depth study. CuPc has sufficient solu-
bility and stability in TFA and upon solution processing forms appropriate structures for
OSCs. CuPc molecules aggregate into layers of nanoribbons with a thickness of ~ 1 nm and
an adjustable width and length. The morphology and the number of deposited layers in the
thin films are controlled by different parameters, like temperature and solution concentration.
Material properties of CuPc deposited from TFA are studied in detail via x-ray diffraction,
UV-Vis and FT-IR spectroscopy. Atomic force microscopy was used to study the morphology
of the dried film.

The mechanism of the formation of CuPc nanoribbons from spin casted CuPc/TFA solution in
ambient temperature is investigated and explained. The parameters (e.g. solution concentra-
tion profile) governing nucleation and growth are calculated based on the spin casting theory
of a binary mixture of a nonvolatile solute and evaporative solvent. Based on this and inter-
molecular interactions between CuPc and substrate a nucleation and growth model is devel-
oped explaining the aggregation of CuPc in a supersaturated TFA solution.

Finally, a solution processed thin film of CuPc is applied as a donor layer in a functioning
bilayer heterojunction OSC and the influence of the structure on OSC performance is studied.

Keywords: Copper Phthalocyanine, Adsorption, nucleation and growth, Spin casting, Organic Solar Cell.
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1. Introduction

Research focus, back ground and motivation

Urgent needs to reduce CO, emission have raised the interest in renewable energy sources,
such as using solar energy to produce electricity. Organic solar cells (OSC) are new systems
promising cost-efficient production with low environmental impact [1]. Many researchers
focus on the production of OSCs, understanding their physical and chemical parameter and
improving them [2]. A typical heterojunction OSC is made of two layers of electron accepting
and donating organic material sandwiched between two inorganic conductive electrodes [3].
The configuration of the nanostructure within these layers is an important parameter which
influence the energy conversion efficiency [4]. A nanostructure network in the range of the
diffusion length of the exciton (electron-hole bound state), < 100 nm, is promising for effec-
tive exciton diffusion to the interface, charge generation and collection [5]. Understanding and
controlling the parameters which influence the nanostructure formation is one approach to
increase the energy conversion efficiency. This research work is aimed to produce structures
of small molecules (phthalocyanine) from cost-efficient solution based deposition techniques,
like spin casting, and to understand the nucleation and growth of the aggregates on the surface

from solution.

Metal phthalocyanines (MPc) have attracted considerable attention due to their unique optical
and electronic properties [6] as well as their chemical and thermal stability [7]. They are mo-
lecular organic semiconductors [8] with numerous applications, such as organic solar cells [5,
9-11], chemical sensors [12-15], field effect transistors [16-18], and optical data storage [19-
21]. Recently, highly efficient organic solar cells containing phthalocyanines were produced
[22] exploiting their favorable optical and electronic properties, like the large absorption coef-
ficient and an energy band gap, which matches the solar spectrum [6, 7, 23]. Additionally,
phthalocyanines are attractive for organic photovoltaics due to their low material costs [24]. It

is interesting to use low cost and simple device preparation via solution processing [25-27],
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like roll-to-roll processing [28], ink-jet printing [29], or spin casting [30]. The poor solubility
of the unsubstituted molecule in common solvents hinders using these methods [31, 32]. Two
strategies are currently used to overcome this problem. One focuses on chemical functionali-
zation of the molecule, which decreases the conductivity of the Pc and degrades the perfor-
mance of the OSC [33]. Modification substantially increases the material cost compared to the
readily available unsubstituted Pcs [6, 34, 35]. The second approach applies high vacuum

vapor deposition, which is cost extensive and technically complicated [36].

Clearly, it is desirable to find appropriate solvents for unsubstituted Pcs to be used for deposi-
tion of a thin film by solution processing techniques. Solution based deposited thin films of
Pcs are still new. Most of the studies concentrate on production of such thin films from vapor
phase [37-40] or application in devices [41-45]. The mechanism of the film formation (nucle-
ation and growth) is still not well understood. Especially it is interesting to investigate param-
eters which influence the formation of nanostructures in the film. These parameters can be
controlled to influence the size and shape of the nanostructure and produce structures favora-

ble for the application in OSCs.

Objectives

The goals of this thesis are to understand the film formation mechanism (nucleation and
growth) of unsubstituted metal phthalocyanine via solution based deposition techniques like
spin casting or dip coating, to find the parameters to control the film structure, to produce thin

films, and apply them in OSCs.

In the first step to overcome the solubility problem, a systematic study on the solubility of
unsubstituted metal phthalocyanines in different solvents including conventional standard
solvents, acids and ionic liquids is performed. The solubility, stability and absorption coeftfi-
cient is investigated by absorption spectroscopy. With the help of these results, solution based
deposited thin films of unsubstituted phthalocyanines were produced. Among several thin
films deposited via spin casting and dip coating, novel structures of CuPc nanoribbons were
found. The structures form on SiO,, glass or ITO surfaces after evaporation of the solvent
from CuPc/TFA solution. Similar structures are produced with other unsubstituted metal Pcs

dissolved in TFA. Due to the chemical stability [46], reliable organic semiconducting proper-
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ties of CuPc [47] and applicability in organic photovoltaic devices [48], the preparation of a
thin film of CuPc from solution is studied in detail. The parameters which control the film
morphology like concentration of solution and temperature were investigated. Furthermore
material properties and the mechanism of the formation of the CuPc structures deposited from
supersaturated solution are studied. Especially, the parameters which play an important role in
supersaturation of CuPc solution, nucleation and growth of the thin film are discussed. The
aggregation of CuPc from solution by evaporation of solvent is explained based on nucleation

and growth in a binary nonvolatile solute and evaporating solvent mixture.

This thin film is applied in a heterojunction bilayer OSCs. It demonstrates the practical feasi-
bility of technically rather simple wet processing of heterojunction bilayer OSCs containing
Pcs without chemically modifying the Pcs. The approach can be extended to an all-wet-
processing preparation of OSCs by the sequential use of suitable “orthogonal” solvents i.e.,

solvents that do not dissolve the underlying layer upon deposition of a new one.

Outline

Chapter 2 of this thesis focuses on the theoretical background and methods used. First the
theory of nucleation, growth and adsorption is explained. Properties of phthalocyanines are
briefly introduced. The theory of spin casting and dip coating in preparation of a thin film
from solution is explained briefly. Also heterojunction organic solar cell is introduced briefly.
Chapter 3 contains experimental details on materials, on sample preparation and measurement
methods. Chapter 4 presents the result of solubility studies of eight unsubstituted metal-
phthalocyanines and their stability and optical absorption. Chapter 5 presents examples of thin
films prepared using the results of the solubility study. Findings on the influence of concentra-
tion and temperature on structures prepared by dip coating of CuPc/TFA solution are present-
ed in this chapter. In Chapter 6 the material characteristics measured on CuPc dissolved in
and deposited from TFA are explained. In chapter 7 a nucleation and growth model is devel-
oped to explain the formation mechanism of CuPc into nanoribbons by deposition from TFA
solution. In chapter 8 the application as a donor film in hybrid organic solar cells is investi-
gated. The appendix contains further measurements and descriptions which support the argu-

ments in the main body.
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2.  Scientific Background

Chapter overview: This chapter aims to provide an overview for understanding the following
chapters. Nucleation and growth in solution based deposited films are introduced. Adsorption
models and solution processed thin film deposition techniques are described. Pc molecules
and some information on their characteristic properties are presented. Finally OSC architec-

ture and function are introduced.

2.1 Solution based film deposition

a) o b) c) d)

E, evaporation rate

. ttttt tt111

o
© o 0 o 0 o0 hioooo 0000
0
L

© 0o ° co °o°°°] © 09, o 00% 0 h,e a®2° o o8® B B oo
| 1 1

Figure 2-1 a) A solution is placed onto the substrate, b) an evaporating liquid film with the thickness %, and con-
centration ¢, is formed, c) the solution becomes supersaturated at the thickness /; and concentration ¢, and the

solute start to aggregate, d) the solvent has completely evaporated and a film of solute remains on the substrate.

In solution based deposition a substance (solute) is deposited onto the substrate from a solu-
tion, see Figure 2-1. The process is described based on the model of a mixture of the nonvola-
tile solute and evaporating solvent. The solution containing the solute is placed onto the sub-
strate, Figure 2-la. A liquid film with a thickness (%) and concentration (cy) covers the
substrate. From this liquid film, the solvent evaporates, Figure 2-1b. Because of evaporation,
the liquid film thickness reduces and the solution becomes concentrated. When the solution

becomes supersaturated (concentration ¢, and height 4y), the solute starts to aggregate (nuclea-
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tion and growth), Figure 2-1c. After complete solvent evaporation, a film of solute remains on

the substrate, Figure 2-1d [49].

2.1.1 Nucleation

Two steps are essential in the formation of a solid assembly from solution: first the formation
of a stable aggregate (nucleus) and then growth of the nucleus into a larger aggregate. Before
supersaturation, molecules or ions (solute) in solution collide and sometimes form aggregates
and dissolve again in solution. In a supersaturated solution these aggregates reach a critical
size. Aggregates equal to or larger than the critical size do not dissolve again and are stable.
These aggregates are called nuclei. After nucleus formation the aggregates grows further rela-

tively unimpeded [49].

There are two classes of nucleation: homogenous and heterogeneous nucleation. Homogenous
nucleation is the spontaneous formation of a new phase inside a uniform phase. Heterogene-
ous nucleation is the aggregation in the presence of an interface (a foreign surface). A hetero-
geneous nucleation has a lower barrier than of the homogeneous nucleation, therefore most

nucleation processes are heterogeneous nucleation [49, 50].

a) b) r <r c) r~r. dyr>r

AG. AG, +AG,

Figure 2-2 a) Surface Gibbs free energy, 4G;, and volume free energy, 4G,, in formation of aggregate as a func-
tion of aggregate radius. b) r < r, formation of unstable aggregate, c) r ~ r, formation of nuclei, d) r > r, growth of

nuclei.

Homogenous nucleation: when the solution becomes supersaturated, the Gibbs free energy
of the system increases. The overall Gibbs free energy of a supersaturated solution can be
reduced by segregation of solute from the solution, i.e. aggregation. The changes of Gibbs
free energy (4G) by formation of a cluster have two terms. 1) The volume Gibbs free energy

for the transformation of growth-units from solution into solid phase (4G,,;):
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AG,,, = —nAg (2-1)

Where, 4g is the difference in molar free enthalpy of the two phases. It is clear that by in-
creasing the concentration of the solution the Gibbs free energy of aggregation per volume
decreases. 2) This energy reduction is opposed by the interface energy. The total change of
the Gibbs free energy for the formation of a spherical aggregate in the solution is described
as:

(2-2)

4
AG = AGyy; + AGgyyr = — 3

3 1 2
nr EAQ + 4nrcy
Where 7 is the interface energy per unit area and r is the aggregate radius, a is the size of the
solute molecules. Figure 2-2a shows the changes in the Gibbs free energy as a function of
aggregate radius. From this figure it is clear that an aggregate with radius smaller than r,, dis-
solves and reduces the overall free energy. The nucleus forms when the radius of the aggre-
gate exceeds the critical size, r., Figure 2-2b and 2-2¢. An aggregate larger than 7. (nucleus)

grows spontaneously, Figure 2-2d [49, 51-54].

b) r <. C) r~r. dyr>r,
m
o =]
m
=] | =
= m m =] =]
mm = 2 e R HH ofH

Figure 2-3 a) Gibbs free energy of homogeneous, 4G},,,, and heterogeneous, 4G, , nucleation as a function of
aggregate’s radius. b) r <r, formation of unstable aggregate, c) r ~ r. heterogeneous nucleation on a substrate, d)

1 > r. growth of nuclei.

Heterogeneous nucleation: heterogeneous nucleation is occurring when a wetting surface is
involved. For instance, instead of spherical nuclei in the bulk, spherical cap-shaped nuclei are
formed at the interface. For a drop which is almost wetting the surface, the radius of curvature
of the drop surface is larger than the radius of a sphere of the same volume, so that the drop

nucleates at a smaller total Gibbs free energy, see Figure 2-3a. The change of Gibbs free ener-
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gy by formation of a cluster is again calculated from the contributions of the volume and in-
terfaces. Geometrical calculations and the force balance of the surface tensions of a partially
wetting droplet show that in heterogeneous nucleation the Gibbs free energy of homogeneous

nucleation is reduced by a function of the contact angle (f(9)):

AGper = AGpomf(0) (2-3)

Therefore the phase transition starts at smaller supersaturation concentration rather than ho-

mogeneous nucleation [49, 52, 53, 55, 56].

Nucleation is influenced by temperature, type of the solvent, additive in the solvent, and im-
purities in solvents. For instance, Cao et al report that the critical size of nanoparticles by
preparation from supersaturated solution increases with temperature, since temperature influ-

ences supersaturation and also interface energy [54].

2.1.2 Growth

After the nucleation, the aggregates grow by attachment of the solute to the nucleus. Kossel
[57] and Stranski [58] introduce a model to explain the growth of an ionic crystal (e.g NaCl
cubic lattice). In this model the ions can attach to different surface sites (six sites in case of
the cubic lattice). Each site has an individual potential energy. Growth from solution involves
also transport of ions to the solid surface (diffusion) and adsorption of the ions to the solid

surface [49, 52, 53, 56].

The growth process is influenced by concentration gradient due to material diffusion [59].
When atoms and molecules in some volume attach to a nucleus, a depletion region appears
around the nucleus where the concentration is smaller. The size of the depletion and its influ-
ence on the growth depend on the aggregation rate and diffusion of the solute in the solution
[55, 60]. The parameters which influence the growth, like growth rate, diffusion of solute in

solution depend on the studied system [54, 56].
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2.2 Adsorption models

a) B b) = B [

. ' B adsorpt Hslsn|s,S.S.|81S,S(s(]s‘sls{‘
desorption\ ) adsorption

vacant site

occupied site c) = H L I

[ \ adsorbate

adsorbent

Figure 2-4 a) Schematic drawing of adsorption b) Langmuir for monolayer, ¢) BET for multilayer adsorption

The material onto which the adsorption takes place is called adsorbent; the substance in the
adsorbed state is called adsorbate and the substance to be adsorbed, adsorptive or adsorpt, see
Figure 2-4a. In adsorption the adsorbed substance can desorb from and adsorb again onto the
surface. The amount of adsorbed substance is described by the number of adsorbed moles per
area, /. This amount, /", depends on several parameters, such as temperature, partial pressure
(in case of adsorption by evaporation) or concentration (in case of adsorption from solution)
[53, 55]. The adsorption experiments are usually performed at constant temperature. An em-
pirical or theoretical expression of the adsorbed material as a function of pressure or concen-
tration at constant temperature is called adsorption isotherm. Adsorption isotherms help to

understand the adsorption process and predict the amount of adsorbed material.

In the following, the most famous adsorption models, Langmuir and BET see Figure 2-4b and
2-4c, are introduced. The Sigmoid adsorption model used to explain the result in chapter 7 is

described afterwards.

2.2.1 Langmuir and BET adsorption

Langmuir assumes that there is a certain number of binding sites in a monolayer on the sub-
strate per area S. S, is the number of occupied and Sy = S-S; is the number of vacant sites, see
Figure 2-4b. The adsorption is proportional to the number of vacant sites Sy, and the number
of adsorbate molecules, i.e. concentration in solution or pressure in gas, k,s Sp P. In Langmuir

adsorption each binding site can bind just one molecule and the binding energy is independent
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of the other bound molecules. In equilibrium the adsorption, k,; Sy, and desorption rate, kg S,

are equal. The coverage of the surface is [49, 53]:

@_ﬁ_ kqaP (2-4)
S kg + kggP

I II 11

Figure 2-5 a) Schematic drawing of a Langmuir adsorption, b) isotherm as a function of amount of deposited

Illlf HEEEEREEEN [

material: At low coverage more vacant sites are available on the substrate and the adsorption rate is large (I). As

the vacant sites are filled, the adsorption rate decreases (II) and becomes zero (III).

Alternatively the adsorption isotherm can be expressed by introduction of the equilibrium
constant K; =k,/ks. and the maximum number of adsorbed moles per area where all the bind-

ing sites are occupied, 1 on:

— rmonKLP (2—5)
1+K,P

The Langmuir model explains the adsorption only for one monolayer, figure 2-5a and 2-5b.
For multilayer adsorption, the BET model is used; see Figure 2-4c. The BET model (Stephen
Brunauer, P. H. Emmett , Edward Teller) [61] assumes a Langmuir adsorption in each layer. It
considers that each layer has a particular adsorption heat, O;. Also adsorption is only taking
place without including lateral interaction between the adsorpt and adsorbate. The adsorbed
molecules cannot move between adsorbed layers and the desorption rate in each layer is
proportional to the adsorption heat, so that the adsorption to a vacant site in each layer is
expressed by a rate of K,;PS;.; and the desorption by a;Sexp(-O/RT). The adsorption

isotherm is obtained by addition of the total number of adsorbed mole per area. Assuming:
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kl,p kLaP o, 2-6
= a_olleol/RT and B = a_ieQL/RT, g = P/P0 (2-6)
one obtains:
Si=aS, andS; = a B1S,=C LS, (2-7)
The BET adsorption depends on the C and f, according to:
Cp (2-8)

C= ad—pa-pgrcp men

2.2.2 Sigmoidal adsorption

a)

Figure 2-6) Schematic drawing of a sigmoidal adsorption, b) isotherm as a function of amount of deposited ma-
terial (V) and the adsorption rate: At low coverage small amount of material is available and the adsorption rate
is small (I). As the vacant sites are filled, the adsorption rate decreases due to the lateral interaction of adsorbing

and adsorbed material (II), and as the substrate is filled up the adsorption rate becomes zero (III).

Sigmoidal adsorption involves a cooperative effect. In this case the molecules attach stronger
to a surface if they interact with neighboring adsorbed molecules [53]. At low amounts of
adsorbed material (N << N;) few adsorbate can interact with the adsorpt, Figure 2-6a (II. As
the fraction of adsorbate increases, the adsorbing molecules find more possibilities for interac-
tion with the adsorbed molecules, therefore the adsorption rate increases; Figure 2-6a (II). As
the fraction of adsorbate further increases (N >> Ny), less free places are available for the
adsorpt, so that the adsorbent becomes saturated with the adsorbate and the adsorption rate

decreases to zero, Figure 2-6a (III). Such an adsorption curve has a sigmoidal shape:
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Iimax (2-9)

vy = 1+ e-7Y(N—No)

At the inflection point (Ny) of the sigmoid function the adsorption rate (d//dN) has a maxi-
mum [62], see Figure 2-6b. The amount of adsorbed material (V) is large enough to provide
many binding sites that the adsorpt and the adsorbent is not saturated (/'(N) = [ },,/2). By in-
creasing the amount of adsorbed material, the amount of vacant sites on the adsorbent de-
creases (I'(N) >> I,,,/2) so that the adsorption rate also decreases. When the adsorbent be-
comes saturated the amount of adsorbed material is maximal (/3,,,) and the adsorption rate

decreases to zero.

The Langmuir model can be modified to include also lateral interactions by including the en-
ergy term of binding sites for neighboring adsorbed molecules. For that it is assumed that the
average number of binding sites of an adsorbed molecule is 76 and the additional energy per

bond is E£. The Langmuir constant changes to [63]:

Q+ nHE) (2-10)

K, =K, exp( BT

Using this constant as Langmuir constant in the adsorption isotherm gives the adsorption iso-
therm including the lateral interaction between the neighboring atoms. This model is also

called also Frumkin—Fowler—Guggenheim [64, 65].

2.3 Solution based deposition

a) Evaporation of solvent b)

o T T E ) Heterogeneous Homogeneous
Yapolir-llquld Ca J; nucleation  nucleation
interface > VL
Liquid film «— g D, Diffusion
Liquid-solid (of solute molecules)
interface <« het

Cis het het => ¢
Substrate . . horn
Cs Gy ¢

Figure 2-7 a) Schematic drawing of a liquid film with a height /# and evaporation rate E, solute concentration c,

and diffusion coefficient D; b) Concentration of solution at the vapor-liquid, liquid-solid interface
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In solution based deposition, like spin casting, a liquid film with a thickness 4 is sandwiched
between two interfaces: liquid-vapor (the liquid film and the solvent vapor in ambient air) and
solid-liquid (the solid substrate and the liquid film), see Figure 2-7a. From the liquid-vapor
interface the solvent evaporates. Therefore a layer with higher concentration forms near this
interface. From this layer the solute molecules diffuse through the liquid film causing the con-
centration increase in the liquid film. The concentration gradient in the liquid film depends on
the diffusion coefficient (D) of the solute molecule in the liquid film with a thickness (#) and
the evaporation rate of solvent (E) [66]. E.g. when in an arbitrary time interval the diffusion
distance of solute molecules is much larger than the liquid film thickness, /4, the concentra-

tion, ¢, remains almost uniform in that time interval.

During evaporation the concentration of solute molecules increases. At any point where su-
persaturation is reached, nucleation starts. Generally there are three regions for nucleation, 1)
homogeneous nucleation in the liquid film away from any interface, 2) heterogeneous nuclea-
tion at liquid-vapor interface or 3) at solid-liquid interface. Heterogonous nucleation starts
earlier at any interface (heterogeneous) [56]. There are two regions for heterogeneous nuclea-

tion:

1) Liquid-vapor interface especially because the concentration near to this interface is
higher due to evaporation, see Figure 2-7b. Even with relatively large diffusion in the
liquid film there is always a concentration increase due to evaporation. Therefore the
solute concentration is always higher near this interface, compared to elsewhere in the
solution.

2) The solid-liquid interface near the solid surface of the substrate. The concentration
near this interface depends on the diffusion and evaporation rate. If the diffusion is ef-
fective enough the concentration gradient will be small. If the tendency of solute mol-
ecules to adsorb and nucleate on the substrate is strong enough then they start to ag-
gregate near the supersaturation concentration. Although the solute concentration is

smaller near this interface, the nucleation start earlier at the substrate.

The concentration gradient in the liquid film (influenced by evaporation rate and diffusion
coefficient in the liquid film of thickness /4) and solute-substrate interaction are two major

parameters determining where nucleation starts.
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After supersaturation nuclei may form and then the growth starts. Due to the adsorption of the
molecules from solution into nuclei, the concentration decreases at growth front. Simultane-
ously evaporation causes a concentration increase. The competition between evaporation and
aggregation cause the concentration in supersaturation state to be almost constant, until the
solvent is completely evaporated. Thus, the rate of the aggregation after supersaturation is
influenced by the evaporation rate. Furthermore at distances larger than the diffusion distance
of the solute, concentration gradient appear. These concentration gradient may cause for-
mation of new nuclei and influence the homogeneity of the patterns formed [67, 68] [54].
Therefore the shape and size of the deposited pattern is influenced by diffusion of solute mol-
ecules [69]. In case of spin or dip coating, the liquid film thickness is in the um range and the
experiments are performed at uniform temperature. In this range the process is isothermal and

fluctuations due to heat transfer are negligible [70, 71].
Diffusion

In a fluid the material diffuses from higher to the lower concentration. The first Fick’s law
relates the diffusion of a flux J in such a medium to the concentration gradient in the steady
state [55]:

dc (2-11)

J=-D=

D is the diffusion coefficient. The second Fick’s law predicts that the concentration changes
with time by diffusion according to:

dc _ _d%c (2-12)

ot D6x2

The motion of an atom or molecule in a viscous medium can be modeled as the motion of a
sphere. The force required to move such a sphere depends on the size of the sphere and the
viscosity of the medium. The motion of atoms or molecules in a fluid is described by the
Stokes-Einstein relation to first approximation, (#: viscosity of the fluid and a: diameter of the

atom or molecule) [72]:
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kgT (2-13)
D =
3nna

Spin casting
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Figure 2-8) Schematic drawing of spin-casting indicating the dominant process at the beginning of the spin cast-

ing (spin-off) and later after the equilibrium liquid film thickness is reached.

For spin casting, a drop of liquid solution is placed onto a rotating substrate. The liquid
spreads rapidly over the substrate due to the centrifugal forces, and the excess material is spun
off at the edge of the substrate, Figure 2-8a. In the early stages of spin casting the rate of thin-
ning by centrifugal forces is much greater than by evaporation. The thinning of a liquid film
after spin-oft is just due to evaporation and occurs constantly. The transition point between
the spin off and evaporation stages is taken to be the point where the thinning rate due to
evaporation is the same as the thinning rate due to centrifugal forces. The film thickness at the
transition is defined as /4y, see Figure 2-8b. The time after reaching the transition point is
called here drying time #4,4ing. Supersaturation, nucleation and growth occur in #4,se. The lig-
uid film becomes supersaturated due to evaporation of the solvent, see Figure 2-8c. After

complete evaporation, a solid film is deposited onto the substrate, Figure 2-8d [73, 74].

The film thinning for an ideal (Newtonian) liquid is described by Meyerhofer as [74]:

D kn - (2-14)
dt

where 4: film thickness, E: evaporation rate and K: Spin-off coefficient, which is defined as:



Scientific Background | 17
w? (2-15)

here w is the spinning speed, v, the kinetic viscosity of the liquid. Karpitschka et al. solved the
equation analytically, if the evaporation rate is constant. The amount of material deposited at

the end of the spinning process in the dry film is [75]:

(2-16)

1
3

E\s _2
~a3) @7

here N is the amount of material and 4 is the surface area. The equation above describes that

W=

N(h - 0) E
P00 g ()

the amount of deposited material can be controlled by the initial concentration, evaporation

rate, and spinning speed.

Dip coating

a) v: withdrawal b) ¢) d)
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Figure 2-9) Schematic drawing of the dip coating process including the different steps: a, b) immersing the sub-

strate into solution and withdrawing the substrate and solvent evaporation, c,d) solvent evaporation and drying.

Dip coating is also a solution deposition technique. The substrate is immersed into the solu-
tion and withdrawn at a constant speed, v, Figure 2-9a. As the substrate is withdrawn from
solution, a liquid film covers the substrate, Figure 2-9b. The film flows down until an hydro-
dynamic equilibrium thickness is reached, Figure 2-9c. This equilibrium thin film is defined
where evaporation is neglected. The withdrawal speed (v), the viscosity () and density (p) of
the liquid are the main parameters determining the thickness of the liquid film [76, 77]. Lan-

dau and Levich calculated the coating thickness, /4 [78]:
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(n-v)*? (2-17)

h= VT
Y- g)1/2

Where 17 is the liquid-vapor surface tension and g: gravity. After complete solvent evapora-

tion, the solid film remains on the substrate, 2-9d. Consequently, the amount of deposited ma-

terial is:

R CEION (2-18)

y Co-h
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Figure 2-10 a) Chemical structure of a Pc molecule (here CuPc), b) n—n* transition, according to the calcula-

tions of Stillman et al. [79]

Pc molecules are used in this work for application in OSC and as model system to study for-
mation of nanostructures by absorption of the molecule in thin film solution deposition meth-
ods, like spin casting and dip coating. The motivation of using these molecules is the diverse
application of their thin films [6] especially in organic photovoltaics [80]. The word phthalo-
cyanine is derived from greek word “naphtha” (rock oil) and “cyanine” (dark blue), see Figure
2-10a. Pc was discovered in 1907 by Braun and Tcherniac [81]. In 1929 the first patent on the
Pc preparation was published by Dandridge, Drescher, and Thomas [82]. Since then Pc’s are
used in science and technology for diverse applications. Metal Pcs have unique optical and
electronic properties [23] and a high chemical and thermal stability [7]. They are used as or-

ganic semiconductors [8] with numerous applications such as OSCs [5, 9-11, 22, 80, 83],
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chemical sensors [12-14] and electronic devices like field effect transistors [16-18] and opti-

cal data storage [20, 84].

There are also many spectroscopic studies on Pc in vapor [85] in solid, [86], in solution [87]
as well as theoretical studies on their spectroscopic properties [88]. Experimental and theoret-
ical studies showed that the UV-Vis spectrum of metal Pcs is dominated by n-n* transitions in
the strong Q-band (600nm-750nm) and the broad B-Band (300nm-450nm) [24, 89-91].
Gouterman et al. showed that to a first approximation the strong Q-band (600nm-750nm) is
associated with transitions from ay, to e,* orbitals (n-n*). The broad B band is related to tran-

sitions between a,, and by, to e,* orbitals, see Figure 2-10b [85, 90-92].

Dissolved Pcs often show solvatochromic effects [32, 93-98]. Dimerization of Pc molecules
in solution causes a (reversible) band shift [99]. The deformation of the Pc molecules due to
interactions with the solvent changes the symmetry of the molecules and influences the ab-

sorption spectra, e.g. the splitting of absorption bands in case of Dy, to Cyy transitions [ 100].

2.5 Organic solar cells

a)

- Metal contact ‘
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N Acceptor
junction

Donor

Transparent electrode
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Figure 2-11 a) schematic of a heterojunction bilayer OSC b) band diagram of heterojunction bilayer OSC

from[101], ¢) increasing the efficiency at the interface from [102]

OSCs are devices made of polymers or small molecules that convert light into electric current
(photovoltaic effect). Heterojunction bilayer OSCs are made of an electron releasing (donor)
layer and an electron accepting (acceptor) layer sandwiched between two conductive elec-

trodes. One of the electrodes should be transparent to light, see Figure 2-11a. Up to now, het-
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erojunction bilayer OSCs achieve higher efficiencies rather than single layer OSCs [103-105].
In OSC the absorption of photons (Figure 2-11b step 1 and 2) results in the creation of bound
electron-holes pairs in the absorbing layer, called excitons. The excitons diffuse to the hetero-
junction (Figure 2-11b step 3) and dissociate to electrons and holes. Electrons transfer to the
acceptor layer and holes to the donor layer (Figure 2-11b step 4). In Figure 2-11b, /P(D) de-
notes the HOMO energy level of the donor layer and E4 the LUMO energy level of the ac-
ceptor layer. The difference between /P(D) and EA determines the open circuit voltage under

illumination (V) [101].

For an efficient OSC, the excitons should reach the heterojunction within the lifetime of the
exciton (some nanoseconds) [102]. The transport of the exciton in the organic layer occurs by
diffusion at a distance < 50 nm. One of the methods to collect the excitons efficiently and thus
improve the OSC, is structuring the interface of the heterojunction. Here structuring means
increasing the interfacial area in the range of the exciton diffusion length, e.g. by increasing
the roughness of the interfacial area and formation of an interpenetrating donor—acceptor net-
work [102] [106], see Figure 2-11c. One way to structure the interface is using the solution
deposition method and controlling the parameters influencing the nucleation and growth from

solution, such as solvent, temperature, and etc [107].

OSCs containing unsubstituted Pcs are typically prepared by high vacuum deposition because
of their poor solubility [80, 108]. To use alternative, technologically simpler solution deposi-
tion, many research activities focused on synthesizing new soluble Pcs by adding chains or
radicals to the Pc molecule [109-111]. For instance, recently Varatto et al. [112] used func-
tionalized ZnPc to produce OSCs from solution (with a rather small power conversion effi-
ciency of up to 0.12%). Schuhmann et al. [113] used substituted CuPc in OSCs with a power
conversion efficiency of 0.3%. Unfortunately, most of the substituted Pcs are less stable than
the unsubstituted compounds, and their electronic properties also differ [6, 35] [23]. In addi-
tion, chemical modification increases the material cost. Hence, it is desirable to prepare OSCs
with reasonable efficiency from unsubstituted Pcs by solution deposition. Only recently, Sue
et al. [38], and Komino et al. [40] prepared spin coated films of CuPc dissolved in
TFA/chlorobenzene. Derouiche et al. blended CuPc and C60 (or PCBM) in dichlorobenzene
and TFA mixture to prepare a bulk heterojunction [45, 114].
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2.5.1 Current-Voltage characteristic measurements

The power conversion efficiency is the ratio between the electrical output of a solar cell abd
the incident energy of sunlight. The electric current of a photovoltaic solar cell corresponds to
the number of created charges that are collected at the electrodes. This number depends on the
fraction of photons absorbed; the fraction of electron-hole pairs that are produced, and finally

the fraction of charges reaching the electrodes [101] [26].

- ---Dark
——Light

o

Current Density (mA/em®)

Voltage (V)

Figure 2-12) Typical I-V curve of a solar cell [101]

The power conversion efficiency (PCE) is determined by measuring the voltage-current char-
acteristics of OSCs under illumination and once in dark. The solar cell behaves like a diode in
an electric circuit under dark condition (no illumination). Under illumination charge carriers
can drift in this electric field to the electrodes and the solar cell has a different potential on its
electrodes. The electrodes of OSC have different Fermi levels, see Figure 2-12a. The electrons
move to the metal with lower work function and the holes to the opposite electrode. The max-
imum voltage is called the open circuit voltage Vo, which corresponds to the difference in
the metals’ work functions and balances the built-in field, see Figure 2-12 [26]. The maximum
generated photocurrent flows under short-circuit conditions (Jy.). To calculate the PCE, the
device parameters i.e., open circuit voltages (V,.), short circuit currents (J,.), and maximum
power point (Jyuax XVmar) are measured. The PCE, which is the most important metric of an

OSC is defined as (P, : incident power density) [101]:

Jmax X Vinax (2-19)
Pinc

PCE =
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The fill factor is the ratio of the actual maximum power output of a solar cell to its theoretical
output if both current and voltage were at their maximum pint (Js., V5.). It represents the ideal-

ity of a solar cell, and is calculated as:

FF = ]max X Vmax (2-20)
]sc X Voc
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3. Experimental Details

Chapter overview: In this chapter the experimental details are presented. First, materials and
the general preparation methods are introduced. Detailed information on preparation of spe-

cific samples and measurements are introduced afterwards.

3.1 Methods

In this work mainly AFM is used to study morphology and coverage. Experimental methods
and set up used in this thesis are explained in appendix-2. Below Tapping-mode AFM as the

main method is introduced.
3.1.1 Atomic force microscopy (AFM)

In Atomic force microscopy (AFM) a flexible cantilever is used to probe the interaction be-
tween the sample and tip, see Figure 3-1. The tip, has a radius of curvature < 10nm. The canti-
lever is a miniature spring with a length of 100-400 um and a spring constant of some mN/m.
During the measurement it is attracted or repelled mainly by van der Waals forces. The attrac-
tive or repulsive forces bend the cantilever. This deflection is detected using a laser beam re-
flected from the back of the cantilever into a photodetector. This laser spot moves in the pho-
todetector, as the cantilever is deflected towards or away from the sample surface. The signal
is calculated by comparing the signals from four quadrants of the detector [115], see Figure 3-
la. Regarding the distance between sample surface and tip (d), three different primary imag-
ing modes are possible: contact mode (d < 0.5 nm), non-contact mode (0.5 nm <d < 10 nm),
and tapping mode (d ~ 0.5-2 nm), see Figure 3-1b. In contact mode, the tip scans the sample
surface by being pushed against the surface. Contact mode is suitable for hard surfaces where

the tip cannot damage the surface [116]. In non-contact mode the separation of tip and surface
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is so large, that the interaction between tip and sample-surface is small and mostly in the
range of the damped forces in ambient conditions. Therefore non-contact mode is appropriate
for measurement mostly under vacuum [117], and even sub-molecular resolution can be

achieved [118].

In tapping mode, the cantilever oscillates and the tip taps the surface slightly during scanning,
see Figure 3-1b. Thus the surface is damaged less than in contact mode while the lateral forc-
es are eliminated. The cantilever oscillates near its resonance frequency. The interaction be-
tween sample and tip influences the amplitude and phase. The oscillation is monitored by a
feedback loop and the height of the cantilever will be adjusted accordingly to measure the

changes in the surface of the sample [119].

In the following I use tapping mode for measuring the morphology of thin films of organic
molecules, which allows a higher resolution than non-contact mode. Furthermore the tapping

mode does not destroy the organic layers as in contact mode, see Appendix 5.

a) b) Force Tappingg
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Figure 3-1 a) Schematic drawing of AFM measurement, b) the force curve of interaction between tip (probe) and

sample surface.

Radius of the curvature of the tip: The tip radius has a significant influence on the lateral
resolution and the size of the measured features, see Figure 3-2. Considering the relation be-
tween the tip radius (R) and the feature’s radius (r), there are three general cases possible:
R>r1, R~rand R <r. If the tip radius is much smaller than the feature’s radius, the measured
width depends on the shape of the tip, especially on the conical angle of the tip, see Figure 3-

2a [120]. When the tip radius and the feature radius are of the same size the measured width is
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a sum of the tip and feature width. To a first approximation calculations are available for

measured height (H) assuming the geometry of Figure 3-2b:

2 (3-1)
T wee
The width of a feature is estimated as (h: height of the feature) [121]:
W = V8Rh (3-2)

Tip trajectory

TN ~ AH ™
T
- O r+d/2| d

Figure 3-2 Schematics of a) curvature radius of the tip (R) smaller than studied feature radius (r), b) R =, ¢)

lateral resolution of AFM, images from [120, 121].

When the tip radius is much larger than the feature’s size, obviously the measurement resolu-
tion is not sufficient to detect the real size of the features. With the equation (3-2) the meas-
ured size of a feature can be estimated to first approximation. Consider we measure a spheri-
cal feature with a diameter of 1 nm using tips of various radii: 10 nm, 2 nm, and 1 nm. The
measured size of the same feature for each tip radius is, respectively: ~ 10 nm, ~4 nm,

and ~ 3 nm.

Tip-sample interaction: The resolution of AFM images is also influenced by the environ-
mental conditions. E.g. the sample surfaces can be covered with a layer of adsorbed gases
such as water vapor, oxygen, dioxide carbon etc., which impacts the measurement. For the
water layer, the humidity plays an important role. A hydrophilic substrate exposed to ambient
atmosphere can be covered with a thin film of liquid water. The liquid water film covers both
tip and sample surface. It is reported that when tip and sample are in contact, the water in the

overlapping region is displaced and accumulated at the edge of the contact area and forms a
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meniscus when the tip is retracted [122]. During an oscillation of the AFM tip, the shape of
the meniscus changes permanently and influences the measurement. Further influences arise
from sample-tip interactions. Sticky substances or very loosely bound materials can be at-
tracted to the tip by a very gentle contact of the tip and sample in oscillation intervals of the
tapping mode. This effect can change the tip radius slightly even in the first approach [123],

thus giving features with larger size than expected.

Device: For AFM measurements different devices were used: Veeco multimode and dimen-
sion and JPK Nanowizard 3. Tapping mode-tips (NCHR type) with ~ 10 nm radius of curva-
ture and (NCRW type) with ~ 2 nm radius of curvature and resonance frequency of 320 kHz
were purchased from Nano World. For high resolution AFM measurement tips with 1 nm ra-
dius of curvature and resonance frequency of 150 kHz from Budget Sensors were used. All

measurements were performed in ambient atmosphere.

Fiber

Skeleton

Fiber/skeleton
width

Figure 3-3) Schematic drawing of fiber analysis in SPIP software, image from [124].

Analysis: For the evaluation of the AFM data SPIP 6.0.1 software was used. Using pore and
fiber analysis in SPIP, the number of fibers, width of fibers and coverage in each AFM image
were Figured out. Especially fiber’s width and length in SPIP are estimated by the area of the
shape divided by the fiber length, which is the mean width perpendicular to the fiber. For
measuring the length the skeleton of a polygon shape fiber is estimated by thinning the shape
into a one pixel wide branched line. The skeleton length is the sum of the length of all branch-
es (or segments) of the skeleton, see Figure 3-3 [124]. However it is not possible using this
software to distinguish the fibril structure. At coverages where the fibril structure is not pro-
nounced clearly, the measured values are not correct and have to be measured per hand. The

number of nodes per area is counted manually because no appropriate software was found.
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3.1.2 Ultra Violet-Visible spectrophotometry (UV-Vis)

Sample, c, €

l|) l l
|
Polychromator

UV-vis  Aperture < s CCD
Source Detector

Figure 3-4) Schematic drawing of UV-Vis spectrometer

The absorption spectroscopy measurements were performed with an Agilent 8453 spectropho-
tometer. The light sources of the spectrophotometer were a deuterium and a halogen lamp.
The combination of dispersion and spectral imaging is accomplished by using a concave hol-
ographic grating. The grating disperses the light onto the diode array (detector) at an angle
proportional to the wavelength. A schematic drawing of the UV-Vis spectrometer is shown in

Figure 3-4.

Thin films were prepared by spin casting the solution onto a glass substrate. A quartz cuvette
from Starna Scientific (England) was used for UV-Vis measurements of solutions. The light
paths of the cuvettes were chosen as 1, 0.1 or 0.01 cm, respectively, to optimize the absorption

range for the measurement. The cleaning procedure is similar to that for SiO, wafers.

3.2 Materials

Unsubstituted metal Pc: In this thesis unsubstituted metal Pc were used 1) to prepare a solu-
tion to be used in for deposition from solution, 2) to produce a thin film from solution with
application in OSC and 3) to study the formation of such a film from solution: CuPc (> 99%)
and ZnPc (> 99%) were kindly supplied by Minakem Leuna. The other Pcs, MgPc (90%),
MnPc (90%), CoPc (> 97%), FePc (90 %), NiPc (85%), and SnPc (97%), were purchased
from Sigma Aldrich.

Other materials: For OSCs, the following materials were used in high vacuum vapor deposi-
tion: Cgo (>99.9%) from MER, bathocuproine (BCP, ~97%) from Fluka and Aluminum
(99.999%) from Alfa Aesar.
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The solvents, listed in table 1-1, are used as supplied without further treatments.

Table 3-1: List of the solvents and their supplier

Purity

Density

Solvents Abbreviation (%) Kem Supplier
Acids:
1. Acetic acids AcOH 99.8 1048 Fisher Scientific
2. Formic acid FA 99.5 1220 Fisher Scientific
3. Phosphoric acid PA 99 1680 Fisher Scientific
4. Sulfuric acid SA 99.99 1840 Sigma-Aldrich
5. Trifluoroacetic acid TFA 99 1535 Acros Organics
Ionic liquids:
6. 1-Ethyl-3- STOR 90 1027 BASF
methylimidazoliumacetate
7. 1-Ethyl-3-methylimidazoliumethyl EMIM 99 1024 Iolitec
sulfate
Standard solvents:
8. Acetone 99.5 790 J.T.Baker
9. Acetonitrile ACN 99.95 786 Merk
10. Anisole 99 995 SAFC
11. Benzene 99.5 880 Roth
12. Chlorbenzene CBZ 99.8 1106 Sigma-Aldrich
13. Chloroform TCM 99.5 1490 Chemsolute
14. Decanol 98 825 Alfa Aesar
15. Dichloromethane DCM 99.8 1330 VWR
16. Dioxane 99 1034 Acros Organics
17. Dimethylacetamide DMAC 99.97 940 Fisher Scientific
18. Dimethylformamide DMF 99 994 AppliChem
19. 1,3-Dimethyl-3,4,5,6-tetrahydro- DMPU 98 1060 Alfa Aesar
2(1H)-pyrimidi7none (DMPU)
20. Dimethyl sulfoxide DMSO 99.9 1100 Merck
21. Ethanol EtOH 99.8 790 VWR



Experimental Details | 29

22. Ethyl acetate EtOAc 99.5 900 Chem solute
23. Isopropanol IPA 99.7 785 Chem solute
24, Methanol MeOH 99.8 790 J.T.Baker
25. N-Methyl-2-pyrrolidone NMP 99.8 1026 Roth

26. Tetrahydrofuran THF 99.9 890 Sigma-Aldrich
27. Toluene 99 866 Acros Organics
Substrate

Si0;: SiO, provides an amorphous surface with a very low roughness (<1 nm). It was used as
a model substrate to study the formation of the thin film in solution deposition. Silicon wafers
with artificially grown oxide layers of ~300 nm thickness (SiO, substrates) were purchased

from Silchem (Freiberg, Germany).

The cleaning procedure, the purity and the age of the wafer influence the surface property of
the silica wafers. Wafers with metal contamination or old wafers have different properties and

can produce different results [125, 126].

The SiO, substrates were cleaned with acetone and ethanol in an ultrasonic bath, with 10 min
for each solvent separately. Then they were rinsed several times with deionized water. After-
wards they were submerged into a piranha solution (hydrogen peroxide and sulfuric acid,
mixing ratio 1 to 2) for 30 min and finally washed 10 times with deionized water and 10 min

with deionized water in ultrasonic bath.

ITO: indium tin oxide (ITO) is used in OSCs as a conductive transparent electrode on a glass
substrate. However the high roughness (> 2 nm) and structured surface of ITO makes it im-

proper as a model substrate to study nucleation and growth.

Glass substrates coated with different film of ITO (~ 15 nm ITO, roughness of ~ 2nm, and
resistance of 500 Q/sq; ~ 300 nm ITO, roughness of > 2nm, and resistance of 5 /sq) were
obtained from PGO (Iserlohn-Germany). The ITO substrates were cleaned by submerging
them into acetone and ethanol in ultrasonic baths, in each solvent for 20 min. Finally they

were rinsed thoroughly with deionized water.
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ITO for OSC: for OSC substrates (ITO, 300 nm) with a sheet resistance of 5 (2/sq were used.
For the preparation of OSCs, ITO substrates of the size 13 x 24 mm were structured with laser

in Helmholtz Zentrum Berlin, so that the front and back electrode in the OSC are isolated.

Glass: Glass substrates from Carl-Roth (Germany) for UV-Vis measurement were cleaned as

SiO, substrates.

33 Sample preparation and measurement protocol

3.3.1 Solubility measurement protocol

Solution preparation for solubility study: First a stock solution of each Pc was prepared.
From this 3 to 4 diluted solutions were derived. Acid solutions were prepared by shaking (20
min with 500 mot/min). Metal Pc molecules can be dissolved in many acids and usually inter-
act with acids. This interaction can lead to protonation of metal Pc. This will be discussed
later in each case. The solutions with conventional liquids and with ionic liquids were pre-

pared by sonication (10 min) at room temperature.
Solubility measurement protocol: Two measurement protocols are used:

1. The molar absorption coefficients were derived from the relation between the absorp-

tion intensity and the concentration of the metal Pc.

2. The saturation concentrations were derived from the absorption intensities of saturated
solutions using the molar absorption coefficients. If available, molar absorption coeffi-
cients were determined by the measurements according to protocol 1. If the solubility
was too low to reliably measure a precise molar absorption coefficient in the applied
solvent, a mean value of the measured molar absorption coefficients of similar kind of

solvents and with similar spectra was used.

Molar absorption coefficient measurements: For the molar absorption coefficient meas-

urements only the following selection of solvents were used:

Acids: SA and TFA
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Ionic liquids: STOR
Conventional solvents: DMAC, DMF, DMPU, DMSO, NMP

For the other solvents from Table 3-1 the solubility was typically too low to obtain quantita-
tive concentration data or their solvatochromic/chemical effects were too strong. They were

not used for the molar absorption coefficient studies.

The main uncertainty in the concentration data (estimated > 10%) originates from the weigh-

ing errors of the low sample weights because of the typically rather low solubilities.

Saturation concentration measurements: An amount of metal Pc exceeding the maximum
solubility (i.e., leading to the precipitation of undissolved Pcs) was introduced into the various

solvents to obtain saturated solutions.

After typically 20-30 minutes the saturated solutions were separated from the undissolved Pc
by centrifugation at room temperature for 10 min at 25.000g. FA solutions were centrifuged at
0 °C to reduce the catalytic decomposition of acid [127, 128]. The spectroscopic measure-

ments with the clear supernatants were performed immediately after the centrifugation.

The dispersion of the solid Pc particles in the rather viscous ionic liquids takes longer than
only a few minutes. Typically after 24 hours the solution reached its maximum concentration.
The ionic liquid solutions were shaken per hand occasionally and finally centrifuged one day

after preparation.

3.3.2 Solution based deposited thin films

Solution preparation for CuPc thin film deposition: First a stock solution of CuPc in TFA
with a concentration of 1.7 x 10~ mol-L™ (near saturation solution) was prepared by stirring
the solution with a magnetic stirrer for 3 hours. From this 3 to 4 diluted solutions were pre-

pared.

Spin casting: A drop of the solution is placed onto the rotating substrate. The solution spreads
on the substrate and after evaporation of the solvent a thin dry film remains. Spin coater SCI

and SCE (NOVOCONTROL Technologies GmbH) devices were used. Because TFA as a cor-
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rosive solvent turned out to be aggressive for spin coaters, the coating was performed under a

hood. The rotating speed is given as round per second (rps).

Dip coating: The substrates are immerged into the solution and drawn out with a given speed.
After solvent evaporation a thin film remains on the substrate. Dip coating is done with a
home-made device. The device was built with an electric motor connected to a controller for
setting up the speed, tweezers to hold the substrate and a closed box in which substrate and
solution are placed. Dip coating is performed in the box, so that the environmental air fluctua-

tions have less impact on film formation.

Drop casting: Drop casting is technically the simplest way of deposition from solution. The
solid film is not homogenous in comparison with spin casting and dip coating. But the film is
thicker, because the thickness of the film is not limited by centrifugal or gravitational force.
The film formation is complicated and influenced by the evaporation and Marangoni effect
[129]. Drop casting was used to bring more material onto the substrate for measurements

where the material properties of the film were studied, like XRD or FT-IR spectroscopy.

The substrates for sample preparation are used immediately after cleaning. After preparation

the samples were stored in a closed plastic box.

3.3.3 X-ray diffraction measurement

XPRD: To investigate the crystallographic structure of CuPc after dissolution in TFA and
evaporation of the solvent, a thick film is scratched very carefully, the product is gathered and
X-ray powder diffraction of the product is measured. Later this powder was heated to 200°C
under vacuum for 30 min to remove any residual solvent residuals. The crystal structures be-

fore and after dissolution in TFA and after heating were analyzed.

Furthermore, XRD was performed on a drop casted film, once after preparation and once after

heating up to 200°C for 30 min. The X-ray diffraction method is explained in appendix-1.

Analysis: The measured diffraction patterns were compared data from the data bank of the
International Centre for Diffraction Data (ICDD) and also other published XRDPs on CuPc
which are not in the ICDD data bank [130]. To compare the diffraction patterns precisely, the
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patterns of a-CuPc from the Crystallography Open Database (COD) were simulated based on
the Hoshino et al. studies [131], using the molecular and crystal structure visualization soft-
ware “Diamond” version 3.1f. The simulated patterns were compared with the measurements
to track the crystal structure and lattice parameters of CuPc deposited from TFA solution by

evaporation of solvent.

Device: a D8 Diffractometer (Bruker-Germany) is used for the diffraction measurements.
3.3.4 SEM and TEM

SEM samples were prepared by drop casting the solution onto the Si02 substrate.

For TEM measurements a drop of the solution was places on the TEM grid and dried.

Cryo-TEM measurements were obtained at FU-Berlin by Dr. Bottcher. For the measurement a
thin film of the liquid CuPc/TFA solution was placed on the TEM-grid and undercooled spon-
taneously. The frozen liquid film was investigated using transmission electron microscopy at

liquid nitrogen temperature.
Further information on the measurement set up is presented in appendix 1.

3.3.5 FT-IR and UV-Vis spectroscopy of thin films

FT-IR samples were prepared by drop casting the solution (1.7 x 10~ mol-L™) onto the SiO,

substrate.

UV-Vis samples were prepared by spin casting the same solution at 35 rps. The samples were
measured once after evaporation of the solvent and once after heating them to 200°C under

vacuum for 30 min. The FT-IR measurement setup is described in appendix 1.
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34 OSC preparation

a) ITO b) OSC d) encapsulation box

Figure 3-5 a) Photograph of ITO substrate, b) photograph of OSC, ¢) schematic drawing of OSC, d) photograph

of encapsulation box.

OSCs based on a combination of solution and vacuum processing were fabricated as follows:
Layers of different CuPc coverages were prepared on ITO by solution processing with single
or multiple drop spin casting (each drop is added after the film is dried) under ambient condi-
tions (room temperature, ambient atmosphere). The spin casting of OSC film is explained in
detail in chapter 8. Then the samples were heated for 30 min at 200°C under vacuum to re-
move the residual solvent. Upon these samples, via vacuum vapor deposition, a 30 nm layer
of C60 as acceptor (~0.07 nm/s), a 10 nm thick BCP buffer (~0.03 nm/s) as hole-blocking
layer [48, 132] and finally a 100 nm thick Aluminium back contact (~0.15 nm/s) were depos-
ited (For high vacuum evaporation set up see appendix 1), see Figure 3-5a for ITO substrate,
3-5b for OSC, and 3-5c for schematic of the OSC. Directly after the preparation the devices
were encapsulated (under inert gas) to avoid degradation induced by the ambient humidity

and oxygen, see Figure 3-5d.

PCE measurement: The photovoltaic properties of the OSC are measured using a commer-
cial sun simulator at the Helmholtz Zentrum-Berlin. In the sun simulator, the OSCs are illu-
minated by a xenon and halogen lamp; which gives a spectrum similar. After encapsulation,
the cells were taken out of the glove box and were transported to the sun simulator with a
commercial source (1.5 AM, 100 mW-cm™, 25°C). A voltage is applied between 1 V and -1 V

in 0.025 V steps to the cell, and the current is measured.
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4.  Solubility of Unsubstituted Metal Phthalocyanines

Chapter overview: For deposition of a thin film from solution, information on the solubility
of unsubstituted metal Pc is needed. Unfortunately there are no studies on the solubility of
unsubstituted Metal Pcs. The generally poor solubility of unsubstituted metal Pcs limits their
use in low cost solution deposition technologies. Usually high vacuum deposition techniques
are used to deposit thin films of unsubstituted metal Pcs or the molecules are chemically func-
tionalized to be soluble. Both methods are technically complicated and increase the cost of the
material [6, 36] [34] [35]. Furthermore chemical functionalization changes the performance of

Pcs in OSC [33].

In the following a systematic study on the solubility of unsubstituted metal Pcs is presented.
The solubility and stability of the molecules are investigated in various neutral conventional
solvents, acids, and ionic liquids. The aim of the study is a systematic quantitative assessment
of the solubility of various unsubstituted metal Pcs, their saturation solubilities and their inter-

actions with the solvents.

These results are published in “Journal of Chemical & Engineering Data” [133].

4.1 Solubility measurement

The molar absorption coefficients and saturation concentrations were determined spectroscop-
ically via the Lambert-Beer law assuming a linear relationship between the absorbance, A;,
the molar absorption coefficient, €, of the absorbing species at the wavelength A, the concen-

tration, c, and the light path, I:

A)l = E;\Cl (4-1)
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For the solubility studies, the absorbance of the Q band was used to measure the solute con-
centration. Although the position of the absorption bands and their shape can be solvent de-
pendent, their relative positions remain roughly constant [134] and usually the absorption co-
efficient does not vary drastically [135]. According to Stillman et al. the high energy B band
represents mostly the charge transfer transitions [130, 136-139]. The less solvatochromic Q
band is in most cases well separated from its neighboring bands and there is no vibronic mix-
ing between the Q band and the higher lying states [93]. The influence of the vibronic transi-
tions near the Q band was neglected, since in most cases they were much smaller than the Q
bands. In cases, in which more than one intensive Q band exists (Q band splitting), only the
molar absorption coefficient of the stronger transition as a measure for the solubility is taken.
To a rough approximation, the molar absorption coefficient of the Q band is in the range of
10> L-mol"-cm™ [46]. Dimerization may change the molar absorption coefficient of the Q
band slightly, e.g., from 2.5 x 10° L'mol™-cm™ (monomer) to 2.2 x 10° L-mol™-cm™ (dimer)
as shown by Hush et al. [140]. The measurements show that depending on the central metal
atom the molar absorption coefficient may change by up to one order of magnitude, whereas

solvent effects cause only smaller variations.

4.2 Determination of the molar absorption coefficients

The molar absorption coefficients were determined from the slope of the absorption intensity
of the Q band versus the amount-of-substance concentration (as an example see Figure 4-1).
For this protocol the maximum solubility had to be sufficiently high and the solution had to be
sufficiently stable. Then the coefficients could be derived with sufficient certainty (typically
+10%). However, sufficiently high solubility was not given for many of the conventional sol-
vents and some of the ionic solvents. Some of the acidic solutions were not sufficiently stable.

In these cases no molar absorption coefficient is presented (Table 4-1).

For the spectroscopic determination of the saturation concentration a molar absorption coefti-
cient is needed. In those cases where a reliable value could not be derived from the concentra-
tion-dependent absorptivity due to low solubility, a mean molar absorption coefficient is de-

rived. This mean coefficient is the averaged value of the molar coefficients of solutions of the
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same Pc dissolved in comparable solvents with sufficiently high concentration and with very

similar spectra.

Only in the case of SnPc and NiPc, the mean molar absorption coefficients for conventional
solvents have to be derived from acidic solutions, because there were no conventional sol-

vents of sufficient solubility.

Table 4-1: Molar absorption coefficient of metal Pcs derived from the intensities of the Q band*

Solvents CoPc CuPc FePc MgPc MnPc NiPc SnPc ZnPc
Acids:

SA 1.5 1.6 0.34 1.2 0.5 1.7 0.6 2.4
TFA 1.3 1.3 0.18 1.1 1 4.2 1 1.4

Ionic liquids:

STOR f f 0.47 3.7 t f F 3.1

Conventional solvents:

DMAC 0.8 T 0.12 2.4 0.18 i} T 2
DMF 1.1 T 0.26 2.1 0.28 i} T 2.7
DMPU 1.8 i 0.5 2.7 0.18 il T 2
DMSO i i 0.1 1.7 0.38 il T 2.1
NMP 1.3 i 0.1 1.8 0.11 il T 1.6
From literature:

DMF [87] 0.16 0.23 2.3 4.00
DMSO [93] 1.2 7.6 1.5 2.9
Glass [86, 141] 1.20 5.60 1.60 3.50 4.00 1.60
Doped glass [142] 3.8 4.00 2.50 1.50 1.60 1.70
Polymer [143] 3.00 2.00

* The unit is (10° L-mol '-cm ™). The error in the absorption coefficient is estimated to be + 10 % of the reported

values.
1 Due to strong spectral changes, the mean absorption coefficient was used.

1 Due to low solubility (concentration <10~* mol-kg "), the mean absorption coefficient was used.
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Table 4-2: Maximum concentration, ¢,,,,*

Solvents  CoPc CuPc FePc MgPc MnPc NiPc SnPc ZnPc
Acids:

FA 5.75x10° 3.1x10°  1.63x10° % 6.36x10"%  2.96x10° 3.02x10™
PA i ¥ 1.73x10° i iy i i i

TFA 8.63x10*  2x107 2.94x10°  5.52x10" % 32x10*  7.43x10*  2.19x107
Ionic liquids:

STOR 1.91x10°  4.71x107  3.61x10* 1.06x10* + 1.25x10"  2.02x10°  9.19x10™
EMIM 8.53x107 432x10"  1.75x10%  6.64x10° + 3.1x107
Conventional solvents:

cetone 01x10°

A i i T i LO1x10™ T T

CAN 5.22x107 % 5.09x10°  2.76x10"  6.81x10° + 3.65x10°
Anisole  1.75x10°  4.57x107 1.01x10° 1.05x10" 7.32x10* 1.23x10° 8.36x10° 2.8x10°
Benzene 2.61x107 i 3.91x10°  6.85x10° 4.86x107

CBZ 1.14x107  3.74x107  1.56x10° 6.39x10*  2.9x10*  1.41x10° +

TCM ¥ ¥ + ¥ + + 226%x10°
Decanol ¥ 2.68x10°  1.9x10*  1.32x10* ¥ + 5.33x10°
DCM ¥ T 5.95x10°  1.32x10°  6.28x10° 4.31x10* 2.57x10° +
Dioxane  3.92x10° 4.42x107 4.76x10° 5.63x10* 2.47x10° + 2.05x10°  1.27x10™
DMAC  4.03x10° + 3.21x10%  3.12x10%  7.47x10°  + 7.53x10°  9.96x10™
DMF 2.06x10% 2.71x10%  1.7x10*  8.24x10° ¥ 8.73x10°
DMPU 6.47x10"  3.75x10°  6.05x10* 7.35x10% 5.99x10° 7.26x10* 1.27x10° 5.59x107
DMSO 3.32x10°  + 1.94x10*  2.63x10*  1.97x10° ¥ 5.6x10°  5.58x10™
EtOH 3.46x107 1.01x10°  4.29x10° 1.92x10° ¥ + 2.38%10°°
EtOAc ¥ T + 2.38x107°  2.99x10° % + +

IPA ¥ ¥ + 7.67x10°  1.43x10* + 1.53x10°
MeOH 1.33x107 ¥ 1.05x10°  7.48x107 1.84x10° + 2.38x107  1.23x10°
NMP 1 536x107 2.85x10* 5.48x10° 3.45x10* 5.15x107  6.92x10°
THF 9.87x10°  9.1x10°  1.25x10° 6.48x10° 6.62x10° 1.43x10° 2.9x10°  7.97x10™
Toluene  8.3x10®  3.25x107 7.15x107 2.75x10° 6.03x10° 5.63x107 1x10° +

* The unit is molality (mol-kg-1). The uncertainty in the amount of MPc maximum concentration is estimated to be + 50% of
the reported values.

I Due to strong spectral change, the value could not be measured accurately.

T Due to Low solubility (concentration <10-8 mol-kg-1) and low absorption (<0.05), the value could not be measured accu-

rately.



Solubility of Unsubstituted Metal Phthalocyanines | 39

4.3 Determination of the concentration of the saturated solutions

With the help of the molar absorption coefficients, the maximum (saturation) concentrations,
Cmax, Were determined from the measured saturation absorbance, A qy,, of the Q bands, see

Figure 4-1.

If a molar absorption coefficient could not be determined for the individual Pc-solution, a
mean molar absorption coefficient is used. The detailed results on the maximum concentration

of metal Pcs, ¢4y, in different solvents are listed in Table 4-2.

(a) (b)
ZWPCinDMAC ' s{ = Qband of ZnPC in DMAC
linear fit, ¢ = 0.01 cm

&= 2 x10%(L.mol”.cm

Absorbance, arb
Absorbance

A D

330 440 550 660 4.0x10% 8.0x10% 1.2x10°
Wavelength, nm amount concentration of ZnPC, mol/L

Figure 4-1 a) Absorption spectra of ZnPc in DMAC for different concentrations; b) Absorption intensity of the

Q-band versus the concentration of ZnPc¢; the slope of the line yields the molar absorption coefficient.

Before presenting the results for the individual Pc solutions in detail, here are first a few, more

general remarks:

e Metal Pcs dissolve quite well in SA. The saturation concentration in SA is reported to be
1 mol'kg™. Tt is also known that at high concentrations the metal atom can be removed
from the Pc molecules. This decomposition of metal Pc is time, concentration and temper-
ature dependent [144-147]. SA solutions are not stable. Accordingly, no spectra of Pcs in

SA are presented.

e TFA and FA almost tend to alter the spectra of the Pcs compared to those obtained for
conventional solvents. Ellis et al. suggested that TFA protonates all four nitrogen atoms in
the porphyrin section [148]. Studies of Ledson et al. show that in Pc just the outer bridge

nitrogen atoms are protonated [134]. Ledson et al. discuss, that the outer nitrogen may
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play a role and the molecule can be slightly deformed [134]. Through the protonation of
the Pcs new energy bands become active, and the absorption band shifts. Obviously the
acidity of solvents affects the spectra, as can be seen also from the spectral modifications
in the case of EMIM, the more acidic ionic solvent, compared to STOR, see following

measurements for ZnPc and MgPc.

FA can be decomposed catalytically by Pcs (HCOOH — H20 + CQO2). Hanke et al. stud-
ied the activation energy for the catalytic decomposition of FA in the presence of a metal
Pc and at different temperatures [128, 149, 150]. To minimize this reaction cold FA (~0°C)
is used for this study. Even cooling the solution was often not sufficient to avoid decom-

position. In several cases no saturation concentration could be determined.

The average error, estimated for the maximum concentration, originates mainly from er-
rors in the mean molar absorption coefficients. In addition, the equilibrium concentration
might in some cases not have been reached due to the solubility kinetics or decomposi-

tion, etc. Based on this an error of up to £50% of the presented values was assumed for

saturation concentrations to provide a very conservative estimate.

4.4 The saturation concentration results
a) CoPc b) CuPc
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Figure 4-2 a) Maximum concentration of CoPc in different solvents (left) and their corresponding normalized Q-

band absorption spectra (right); b) Maximum concentration of CuPc in different solvents (left) and their corre-

sponding normalized Q-band absorption spectra (right)
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4.4.1 CoPc

CoPc dissolves with measurable amounts in many of the conventional standard solvents, in
acids, and in ionic liquids (see Figure 4-2a). The typical Q bands remain relatively unaltered
in conventional solvents and in ionic liquids. In acids, the spectra are shifted and broadened.
The spectrum of CoPc in TFA shows the typical protonation band of the Q band [97]. The
unpaired electron of the cobalt in Pc can interact with solvents and also oxygen [151, 152].

This interaction leads to shifts of the absorption bands.

The molar absorption coefficient could not be measured accurately in ionic liquids and also in
some of the conventional solvents due to the low solubility. The estimation of the concentra-
tion in these cases is based on a mean value of the measured molar absorption coefficients
((1.3+£0.7) x 10° L-mol™-cm™). CoPc solutions are not long-term stable. Solution prepara-

tions and measurements should be done within less than a five hours.
44.2 CuPc

CuPc is hardly soluble in any of the tested solvents (Figure 4-2b). The spectra of CuPc dis-
solved in conventional solvents show the typical, “normal” Q band. CuPc only dissolves in
one of the ionic liquids, STOR, albeit with very low concentration and with a somewhat dis-
torted spectrum. CuPc dissolves with high concentrations only in TFA, where it becomes pro-

tonated and new bands appear in the absorption spectrum [39, 153].

Due to the low solubility (< 10" mol-Kg'l), the molar absorption coefficients of CuPc in con-
ventional solvents and in ionic liquids could not be measured individually. For estimating the
concentrations the molar absorption coefficient ((1.4 + 0.7) x 10° L-mol™-cm™) was derived

from TFA solutions. CuPc is quite stable (four weeks) in the solutions.

4.4.3 FePc

FePc dissolves at reasonable concentrations in many of the tested solvents. However, some
spectra, including even those from some standard solvents show shifts, broadening and band
splittings (Figure 4-3a). The low saturation concentrations (<10 mol-kg'l) are derived with a

mean molar absorption coefficient ((2.7 £ 1.4) x 10* L'mol™-em™).
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FePc solutions are not chemically stable (less than 4 hours). The metal center of FePc can be
oxidized easily when interacting with solvents [154]. As a result the absorption band broad-
ens/changes [154-156]. According to Minor et al. increasing the oxidation state of the central
metal changes the Q band and different FePc species are produced in the solution [92]. This
instability of FePc can be followed easily by visual inspection of the solvent as pronounced
color changes. In TFA this color change occurs within one hour. Notably this effect is time

and temperature dependent.

Additionally, FePc tends to dimerize at high concentration in solvents like NMP, DMF and
DMSO. This dimerization results in a shift and broadening of the absorption band. In NMP
and DMF the interaction of the nearly parallel Pc rings in the dimers causes a splitting of the

monomer transition and the generation of new transitions [99].
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Figure 4-3 a) Maximum concentration of FePc in different solvents (left) and their corresponding normalized Q-
band absorption spectra (right); b) Maximum concentration of MgPc in different solvents (left) and their corre-

sponding normalized Q-band absorption spectra (right).

4.4.4 MgPc

MgPc is the most soluble Pc (Figure 4-3b). Most of the standard solutions have a regular Q
band at 670 nm. In the ionic liquid EMIM, the absorption bands are red-shifted and split.
These shifts and spectra modifications are even more pronounced in acid solutions due to the

protonation of MgPc leading to symmetry changes of the molecule [157-159].
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MgPc dissolves in FA at rather high concentrations (more than 10~ mol-kg™), giving a dark
blue liquid. The broadened absorption band is a sign of activation of several transitions near
the Q band. FA decomposes in the presence of MgPc [128, 160]. Therefore, the maximum

concentration presented has to be regarded carefully.

For solvents where the solubility is low, a mean molar absorption coefficient
((2.1+1.6) x 10°L-mol'-cm™) is used. The solutions of MgPc are stable for a week (except
for the FA solution).

4.4.5 MnPc

MnPc shows comparatively high solubilities in many standard solvents and one of the ionic
liquids (EMIM) (Figure 4-4a). The Q bands are usually unaltered, except for NMP and
DMPU solutions.

a) MnPc b) NiPc
EMIM 4 - - - R | I N
DMF+-------==--- w--4 "~ ] FA+----------- ..___.ﬁ_/_—‘_’\-’-\h___‘_
DMACT - === ===~ -~ e | e N
THF 4 ---=-=--=-=-- Ifﬂ-——'—-—'—'j\—-,_\ TFA 4 - e ceen- - --- —_/KH
DMPUf---=------~- A" 5 5
DCM -~ D | e N N ¥ A . fkg
EOH oo e =
ioxanet - -~~~ "~~~ "~ - - - -
MeOH4 - - - - - - .- _‘_‘_,_,./‘\.__‘_g CBZt----"--~~~ _/‘/Lg
DMSO 4 ---------- [ I N
v I o] m—— . —/‘“‘\\%
Anisole4 - - - -- - - - e —,_-—-‘f‘\__
S B e AT 2 oMPU e AN -
NMP 4 - - - "~ = S
IPA4 ------ M- --an- — NN = THF 1+ ---®----------- “ff'\ks
A . - - == D — N ] 7]
Bccne;ggce: —————— R __._-—/"\,___2 Anisole - - m oo oo _J\__Q
Toluenet - ---- B -- - - - - R N
EtOAco - - - - R "~ 1 Toluencd -m-------------1
ACNt - -m------------+ _.__,__/"\__‘_ _____,"/v\__._"_'
10° 10" 10° 600 700 800 107 10* 600 800
Molality (mol/Kg)  Wavelength (nm) Molality (mol/Kg)  wavelength (nm)

Figure 4-4 a) Maximum concentration of MnPc in different solvents (left) and their corresponding normalized Q-
band absorption spectra (right); b) Maximum concentration of NiPc in different solvents (left) and their corre-

sponding normalized Q-band absorption spectra (right).

MnPc is (as FePc and CoPc) well-known for its charge transfer between the metal and the Pc
ring [161]. In interaction with the solvent the central metal can be oxidized from Mn(Il) to

Mn(III) [162, 163]. It was not possible to obtain stable solutions in acids and measure their
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spectra. For poor solvents, the maximum concentration is estimated with a mean molar ab-

sorption coefficient of (2.7 + 1.4) x 10* L-mol™-ecm™.

MnPc solutions are not very stable and have to be prepared and measured within less than 4

hours.

4.4.6 NiPc

In most of the studied solvents, NiPc has a solubility below a reasonable spectroscopic quanti-
fication limit. The Q band is typically split into two bands, see Figure 4-4b. Supposedly this
originates from a lowered symmetry of the molecule resulting in non-degenerate electronic
states [100]. For estimating the concentration, it was assumed that the most intensive absorp-
tion band has the “normal” oscillation strength of the symmetrical Pcs with degenerated
LUMO (eg) and thus a single Q band [46]. A mean value of (3 £ 1.5) x 10° L-mol™-cm™is
used for the molar absorption coefficient. It was derived from the spectra of solutions of TFA
and SA which had a sufficiently high solubility to quantify a molar absorption coefficient.

NiPc solutions are stable for four days.

4.4.7 SnPc

SnPc has a rather low solubility in the studied solvents (Figure 4-5a). The Q bands in all con-
ventional solvents are quite regular. In acids, the spectra are shifted in comparison to conven-
tional solvents. Edwards et al. reported that strong acid solvent like TFA causes a dimerization

or exciton coupling between SnPc rings [46].

Due to the low solubility in conventional solvents, the molar absorption coefficient could not
be measured individually. Only for the DCM the molar absorption coefficient in DCM
(roughly 4 x 10* L-mol"-cm™) could be estimated. The saturation solubility for the various
solvents was estimated using a mean absorption coefficient ((7 +4) x 10* L-mol™-cm™) de-

rived from DCM, SA and TFA solutions. SnPc solutions are stable for four days.

4.4.8 ZnPc

ZnPc is comparatively soluble in many solvents (many types of solvents, Figure 4-5b). In

conventional solvents, the Q band remains unaltered. In acid, the Q band shifts, broadens and
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new absorption bands appear. The band broadening is similar to MgPc and other Pcs. Hanke
et al. showed that the activation energy for the decomposition of FA in the presence of ZnPc is

slightly larger than for FePc, CuPc, NiPc, and CoPc [150, 164].

a) SnPc b) ZnPc
S D | M, S 0 DA |~
FA—******I********——”—"“—'_/\"‘— TFA 4 - - oo [ _,_J—v-'—’\/\'\a—\‘_
STORY -~ N ] STOR{ - ------- a-- -] I —
DCM - = L Nl EMIMAt----- oo o] e NN P
S el 0 S | I N 1 RNV —— R I N |
nrd ] AN LN J ™ .Y
CBZ ] = DMPU = =
DMF1----@-------- /18 DMACt-------- L EREEEEE A |E
Anisolef - -~ - ---- oo~ N 1= THEf-------~- L ——— 15
DMACA -~ m-omooom o f—fN 12 DMF{---o- - P A N -]
DMSO-----I-----------—-—"'_""/\—‘—-"ﬁg DMSO 1 -------- R e M P>
THF T ---m-----------+ = Dioxane ------ L b—— =
Dioxane4 - - - - - - -~ - - - -~ 4 N\ fé‘ Decanol+ - -~~~ L AP A N
DMPU---I-------------—"'_"/\“'—E ACNT--#----------- 15
Toluene---l----——----—--—-—"“—'—/\‘—.o EtOH T - -®----===-~--= -~ 4 AN sl
Benzenet -w------------—-Jwmed Nt << Anisolet - -mo - AN <
ISRV 1 S | E—— A — IPA 4 - - o oo oo AN
MeOH T8 -~~~ -~~~ -~~~ 1 e MeOH T - # -~~~ -~~~ -~~~ 1 ————
107 10° 10° 600 700 800 107 100 10" 600 700 800
Molality (mol/Kg)  Wavelength (nm) Molality (mol/Kg)  Wavelength (nm)

Figure 4-5 a) Maximum concentration of SnPc in different solvents (left) and their corresponding normalized Q-
band absorption spectra (right); b) Maximum concentration of ZnPc in different solvents (left) and their corre-

sponding normalized Q-band absorption spectra (right).

For poor solvents the saturation concentration was estimated with a mean molar absorption
coefficient of (2.2 + 1.1) x 10’ L-mol'-em™. ZnPc solutions (including FA) are stable within

four weeks.

4.5 Summary and conclusions

The solubility and spectral solution properties of the unsubstituted metal Pcs CoPc, CuPc,
FePc, MgPc, MnPc, NiPc, SnPc and ZnPc were studied quantitatively in different conven-
tional solvents, ionic liquids, and acids. For each metal Pc solution the molar absorption coef-
ficient was measured (above 10™ mol-Kg'l) or at least estimated (for the low solubility cases),
based on the absorption intensity of the Q band. The saturation concentration was determined
for quite a number of solvents, including “conventional” solvents (e.g., toluene, DMSO, etc.),

ionic liquids, and acids (in particular TFA). Solvent-induced spectral alterations were dis-
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cussed, in particular in view of the chemical stability of the solutions. According to this study,
MgPc and ZnPc have the highest solubility and their solutions are stable in ambient atmos-
phere for weeks. FePc, MnPc and CoPc can be dissolved with considerable concentrations but
their solutions are less stable and alter within hours up to one day. This can be seen from the
broadening and shift of the Q bands. CuPc, NiPc and SnPc are little soluble in most of the
tested solvents and the molar absorption coefficients and saturation concentrations could only
be estimated (except for TFA, where the solubility is rather high). Especially CuPc has a good
solubility in TFA. CuPc, NiPc and NiPc solutions are rather stable (more than one day) in

ambient conditions.
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5.  Solution Processed Deposited Films

Chapter overview: In this section several morphologies prepared by deposition of solutions,
introduced in the previous chapters are presented. Based on the solubility studies, solutions
are used, which are chemically stable and show sufficiently high solubility. Finally, the struc-

tures, which seem to be appropriate for OSC, are chosen to be studied systematically.

An appropriate solvent for producing a dry thin film should 1) have a high enough evapora-
tion rate, 2) have a high enough solubility to dissolve a reasonable amount of material for thin
film deposition (> 10 mol L™), 3) be chemically stable. Films prepared with solvents of low
evaporation rates do not dry under deposition conditions and are also not applicable, like

DMSO, DMPU, NMP and etc.

An appropriate thin film for OSC should 1) be chemically stable, 2) have a homogenous cov-
erage in um ranges, 3) have feature/structures within the range of the exciton-diffusion length

(< 100 nm), and 4) produce a close thin film to prevent short-circuits in OSCs.

5.1 Thin film deposition from solution

From the solubility results, see chapter 4, it can be seen that molecular films of several unsub-
stituted metal Pcs can be produced via solution deposition techniques like spin casting or dip
coating. For instance, Figure 5-1 shows some of the structures prepared by spin casting a Si0,
substrate with MgPc and ZnPc solutions. Figure 5-la shows structures deposited from
MgPc/FA solution. The structures are fibrous and do not form a closed film. Structures pre-
pared by deposition of ZnPc in DMAC, Dioxane and THF solutions are not homogeneous and

also do not yield a closed film.
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Solution Processed Deposited Films

Figure 5-1) AFM images of different unsubstituted metal Pc prepared by spin casting (35 rps) the solution of a)
MgPc/FA, b) ZnPc/DMAC, ¢) ZnPc/Dioxane and d) ZnPc/THF

Among several solvents TFA has a good solubility (~ 10~ mol/L) and high evaporation rate
(~ 0.5 um/s). CuPc and ZnPc in TFA solution are stable while FePc, CoPc and MnPc solutions
degrade under ambient condition within one day. Spin casted FePc, CuPc and MgPc TFA so-
lution yield interesting fiber-like structures, which are potentially interesting for OSCs, see
Figure 5-2. The CuPc have a homogeneous coverage up to 100 of um, Figure 5-2a. FePc cov-
erage is not homogenous and alters within some pm on the substrates, Figure 5-2b. MgPc
coverage 1s also homogeneous as is the case of CuPc, Figure 5-2c. ZnPc aggregates into large
particles which are inappropriate for OSC, Figure 5-2d. According to literature, CuPc and
ZnPc are both the most appropriate materials for an OSCs with unsubstituted Pc [165].

Figure 5-2) AFM images of different unsubstituted metal Pc prepared by spin casting (35 rps) a solution of a)
CuPc, b) FePc, ¢) MgPc, and d) ZnPc in TFA.
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Because CuPc/TFA solutions have proven in the initial experiments to be the most promising
candidates for OSC production, the CuPc structure deposited from TFA by spin casting are
studied in detail. CuPc/TFA favorable properties are: good solubility [133] and acceptable
evaporation rate of the solvent, chemical stability of the CuPc/TFA solution [133], promising

morphology found in the initial study, as well as application in OSC [80, 108].

5.2 CuPc deposited from solution

CuPc structures deposited from solution can be controlled via several parameters. In the fol-
lowing, the influence of concentration and temperature is shown. Furthermore the structure
can be controlled by deposition from a solution mixture, e.g. mixture of TCM and TFA, see

appendix 6.

5.2.1 Dip coating with different concentrations at room temperature

The SiO, substrate was dip coated into CuPc/TFA solutions with concentrations ranging from
2x10°to 1.2 x 107 mol-L" for 1 mm/s (millimeter per second) dipping speed, see Figure
5-3.

At low coverages a submonolayer is observed, where CuPc aggregates into single ribbons
with a height of ~ 1 nm, varying width (<50 nm) and length, see Figure 5-3a and 5-3b. At
higher coverages, a submonolayer mesh is formed. The CuPc molecules aggregate into long,
interconnected flat ribbons of uniform height (~ 1 nm) and varying widths (tens of nm). The
ribbons are lying flat on the substrate without any overcrossing and form a mesh (2-
dimentional aggregates), see Figure 5-3c to 5-3f. The concentration of the solution determines
the amount of deposited material and influences the morphology. By increasing the concentra-
tion, the size of CuPc nanoribbons increase, see Figure 5-3a to 5-3f for width. The width,
length and coverage of CuPc films are controllable via the solution concentration. As Figure
5-4a shows the coverage is linearly increasing with concentration. The widths increase linear-

ly with increasing the concentration (amount of the material per area), Figure 5-4b.
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Figure 5-3) CuPc deposited by dip coating (1 mm/s) the SiO, substrate into CuPc/TFA solution. The yellow areas

in AFM images represent the CuPc structures and the dark brown areas represent the SiO2 surface.

With increasing the amount of the adsorbed material the following is found: an increase of 1.)
the number of ribbons per area, 2.) their widths, and finally at multilayer coverage 3.) the
number of layers of ribbons, with the height of each layer being ~1 nm, see Figure 5-3. To a
first approximation, the increase is linear. Further measurements on film thicknesses are pre-
sented in appendix 2. Similar morphologies form by spin casting the solution, which will be
presented in chapter 7, where also the adsorption of the molecules from solution and the for-

mation of the structures will be discussed in detailed.
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Figure 5-4 a) Amount of the adsorbed material versus solution concentration, b) Fiber width versus amount of

the adsorbed material.

5.2.2 Dip coating at different temperatures

Figure 5-5 shows CuPc structures deposited at different temperatures. To this end, the sub-
strate was dip coated into CuPc/TFA solution (7 x 10* mol-L™", 1 mm/s) at different environ-
mental temperature ~ 0°C, at room temperature, ~ 22°C, and heated up to ~ 70-80°C, see Fig-
ure 5-5. At ~0°C, discrete areas of constant thickness (Figure 5-5a), at room temperature
(~ 22°C) areas of stripes with uniform intensity (Figure 5-5b) and at higher temperature ag-

gregates of varying but high intensity are found, Figure 5-5.

Figure 5-5) CuPc deposited by dip coating (7 x 10 4 moleL-1, 1 mm/s) at a) ~ 0°C, b) room temperature, c) ~ 70-

80°C.Below are given the height profiles along the white lines in the images.
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At ~0°C CuPc aggregates into islands which overlap. At room temperature as explained above
CuPc aggregates into nanoribbons of ~ 1 nm thickness. At ~70-80°C, single isolated aggre-
gates form. These aggregates have a thickness of up to 15 nm. These aggregates can be used
as a template for OSC. Apparently it is possible to control the CuPc structures deposited from

solution with ambient temperature.

5.3 Summary and conclusions

CuPc dissolved in TFA is used among several thin films of Pcs as the most promising mor-

phology for OSCs for further studies.

It is found that, CuPc deposited from TFA solution at room temperature aggregates into nano-
ribbons of ~ 1 nm thickness. The width of the nanoribbons depends on the concentration of
CuPc. At higher temperature isolated rod-like aggregates of 10-15 nm thickness and um
length form. At lower temperature (~ 0°C) separate islands of < 5 nm thickness cover the sub-
strate. It is shown that the shape of the aggregate and the coverage depend on temperature and

CuPc concentration.
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6. Material Properties of Copper Phthalocyanine Deposited
from TFA Solution

Chapter overview: In this chapter the material properties of the CuPc dissolved in TFA and
precipitated form TFA solution by evaporation of the solvent at room temperature are present-
ed. The crystal structure of CuPc deposited from TFA is compared with those of common
CuPc-crystal phases. The stability, dimerization and solvatochromic effect of CuPc in solution
are studied. The aggregation of CuPc in solution and the influence on the absorption spectrum
are investigated. The spectral characteristics of the CuPc thin film is studied with FT-IR and
UV-Vis spectroscopy.

6.1 Crystal structure of CuPc precipitated from TFA

CuPc molecules align into molecular stacks in solid form [23]. The color of CuPc varies be-
tween blue and green and is affected by the mode of molecular stacking within the crystal [6].
CuPc has polymorphs with crystal structures such as a-, -, y-, 8-, €-, @-, y-phases. Among
them a- and B-phases are the most common ones [166-169]. The crystal structure of CuPc
deposited from TFA was studied by X-ray powder diffraction of bulk CuPc and X-ray diffrac-
tion of drop casted films. The molecular orientation and size of the unit cell was estimated to

a first approximation by comparing the measured diffraction with previously published data.
6.1.1 Bulk properties measured by X-ray powder diffraction

In the following three different XRPD measurements are presented: CuPc before dissolution

in TFA, after dissolution in TFA and after heating up to 200°C for 30 min under vacuum .

Before dissolution in TFA: According to XRPD measurements, CuPc exists in a B-phase, see
Figure 6-1a. In this phase CuPc molecules are packed in molecular stacks with ~0.97 nm dis-

tance between stacks and 0.48 nm distance between the individual molecules [170]. Within
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the stacks the molecules are inclined by 45° with respect to the main molecular axis, so that
each copper molecule coordinates with the nitrogen atom in the outer ring of the two next

molecules [7, 170, 171].

after heating

,MM c) a—CuPc

after solvent evaporation

b) CuPc¢/TFA

Intensity (normalized)

after sublimation

" ] A de a) B~CuPc
1 I T T 1 I T
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20(degrees)

Figure 6-1) Measured diffraction pattern of CuPc a) after sublimation, b) after evaporation of TFA and c) after

heating

After TFA evaporation: The diffraction pattern of CuPc deposited from TFA solutions
(CuPc/TFA) resembles that of the a-phase , see Figure 6-1. The identical pattern was available
neither in ICDD nor in publications. For this study, it was important to know if CuPc mole-
cules are still arranged in the molecular stacks, because the stacking arrangement is used to
estimate the material density in AFM images. Therefore, it was necessary to derive the key

parameter of the structure from the diffraction pattern.

After TFA evaporation and heating: The measured diffraction pattern of CuPc is the XRPD
pattern of a-phase. According to Hoshino et al., the unit cell in the a-phase is triclinic (space
group P -1 (2)) with crystal axis a = 12.8860 A, b =3.7690 A, ¢ = 12.0610 A, and o = 96.22°,
B =90.62° and y =90.32°[131], see Figure 6-2. The molecules in the stack are tilted by ~ 26°

with respect to the molecular axis.



Material Properties of Copper Phthalocyanine Deposited from TFA Solution | 55

Figure 6-2 a) Unit cell of a-CuPc in bulk; b) 2-D crystal ; orientation of a-CuPc molecules in stacks

The XRPD pattern of CuPc after solvent evaporation (CuPc/TFA) shows all the peaks repre-
senting the d-spacing of the molecular stacks (~ 13.2 A and 12.1 A). This confirms that CuPc
molecules are indeed arranged in molecular stacks. Notably, there are minor changes com-
pared to the diffraction pattern of a-CuPc: shift in the d-spacing of some peaks (< 0.5 A) and
additionally new peaks appear at a d-spacing: 17.3 A, 10.15 A, 6.4 A and 4.5 A. However
Hoshino et al. showed that the one at a d-spacing 6.4 A and 4.6 A may also appear in a-CuPc,
but with intensity close to background noise. Nevertheless, they are expected in the calculated
diffraction pattern. The peaks at d-spacings 17.3 A and 10.5 A do not appear in o-CuPc. It is
reasoned that these peaks appear due to a symmetry break in the a-CuPc structure caused by
solvent molecules present in the crystal. Additionally, these two peaks are approximately dou-
ble d-spaced to the one at ~ 8.8 A and 5.5 A, which might become visible due to crystal dis-
tortion by solvent molecules. The presence of solvent molecules in the material is also con-

firmed by FT-IR spectra.

6.1.2 Film structure studies by X-Ray diffraction

The X-ray diffraction pattern of drop casted CuPc films has a broad peak around 5° to 8°
which corresponds to a d-spacing of 17 A to 12 A, see Figure 6-3. After heating the film at

200°c for 30 min under vacuum, two diffraction peaks appear which are almost at the same d-
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spacing as that of the bulk after heating, i.e. ~13 A and 12 A. This is the typical spacing be-

tween the columnar stacks of CuPc as also seen in XRPD.

7 molecular film of CuPc deposited from TFA
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Figure 6-3) Measured XRD of a film of CuPc deposited from TFA by drop casting a) after deposition, b) after

heating under vacuum for 30 min

These XRD results confirm that the nanoribbon pattern, presented in the former chapter, are
formed from parallel columnar stacks of the molecules covering the substrate. The stacks
have a distance of about 1.2-1.3 nm. In those stacks the molecules are inclined with respect to

the molecular axis and have a distance of about ~ 0.4 nm, see Figure 6-4.

a) 0.3_§’nm b)
0.38 nm
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Figure 6-4 Schematic Pc arrangement a) perpendicular to the surface; d) parallel to the substrate

6.2 CuPc/TFA solution

6.2.1 CuPc/TFA solution properties

CuPc shows a strong absorption band in TFA solution. The four peripheral nitrogen atoms in

CuPc can be protonated so that [CuPc.H]", [CuPc.2H]*",[CuPc.3H]* and [CuPc.4H]*" are
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formed. The number of protonated nitrogen atoms (1 to 4) depends on the acidity of the medi-
um, or the excess amount of TFA in the solution [172, 173]. In case of protonation, the maxi-
mum absorption band of the Pc (Q band) is red-shifted [174]. According to Lin et al., protona-
tion leads to a symmetry change of the Pc molecule. Thus the symmetry drops from D»y, to
Cy, and the e, orbital (HOMO) splits into two orbitals, a; and b;. The ay, orbital (LUMO)
does not change. The absorption band upon protonation is related to the a,,—b; transition.
The intensity of the a;,—b; in comparison to a,—a; depends on the concentration of the pro-

tonated species [174].
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Figure 6-5 a) UV-Vis spectra of CuPc solutions of different concentrations: b) Absorbance of the Q-band versus
CuPc concentration; ¢) UV-Vis spectra of a CuPc solution at different times after preparation; d) red shift in the

absorption of the Q band with increasing solvent polarity (from THF to sulfuric acid).

Besides protonation dimerization, aggregation and degradation have an impact on the spectra.

These parameters are studied together with the solvatochromic effect in CuPc solution.
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Absorption: The concentration dependent absorption spectra of CuPc solutions are presented
in Figure 6-5a, where the concentration is varied between 4.5 x 10 and 1.7 x 10” mol-L™",
The UV-Vis spectrum is associated mainly with m—n* transitions of the strong Q-band
(600nm-750nm) and the broad B-Band (300nm-450nm) with weaker transitions near those
bands [89-91, 93, 130]. Gouterman et al. showed that to a first approximation the strong Q-
band (600nm-750nm) originates from m—7m* transitions from ay, to eg* orbitals. The broad B
band is caused by transitions between a,, and by, to eg* orbitals [85, 90-92]. The weak and
broad absorption band at about 530 nm is associated with the charge transfer between ligand

and metal in the Pc molecule [24].

Dimerization: Dimerization of Pc in concentrated solutions causes a shift and an intensity
change of some CuPc absorption bands [99]. A deviation from Lambert-Beers’ law for con-
centration dependent measurements is commonly used to check if dimerization occurs. To
verify, if Lambert-Beers’ law is obeyed, the absorbance of the Q-band, at 717 nm, versus
CuPc concentration is plotted. Figure 6-5b shows that absorbance increases linearly with in-
creasing concentration. Therefore, dimerization can be excluded for the concentration window

under investigation.

Stability over time: Unprotonated metal Pcs are catalysts that are capable to activate oxygen
[37, 174]. Additionally, protonation weakens the peripheral C-N bond, which can therefore
react more easily with activated oxygen leading to decreased Pc stability in acidic solutions.
Lin et al. reported that the decomposition depends also on the axial coordination ability [174].
While CuPc is one of the most stable metal-Pc, Fe-, Mn- or CoPc decompose fast in the pres-

ence of acids [46, 145].

To study the stability of the solution under ambient conditions, the absorption spectra are
measured at different times after solution preparation between less than one day and one
month (Figure 6-5¢). The UV-Vis spectra show that CuPc is stable in TFA for at least one
month. However, the intensity of the ligand and metal charge transfer band at 530 nm increas-

es, which is an indication for a beginning aggregation [24]

Solvatochromic effect: Dissolved Pcs often show solvatochromic effects, such as changes in

the position, intensity or half-width of the absorption bands due to the solvent-solute interac-
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tion [93, 95, 97]. The absorption bands can be red or blue shifted due to a charge transfer [93,
138, 157]. In the solvatochromic effect, the polar state involved in the transition will be stabi-
lized more by polar solvent. Thus the transition energy changes and causes a red or blue shift

in the absorption band [175].

Figure 6-5d shows a comparison of the CuPc Q-band in three different solvents: THF, TFA,
and H,SO4. With increasing solvent polarity, from THF to H,SOj, the Q-band exhibits a bath-
ochromic shift (red shift) due to the fact that the excited state of the n—n* transition in CuPc
is polar and, thus, stabilized by a polar solvent. Therefore, the transition energy decreases and

the corresponding band is red shifted [175].

6.2.2 Aggregation of CuPc in solution
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Figure 6-6 a) UV-Vis spectra of the Q-band region of CuPc in TFA without water and with 30%-vol. and 60%-

vol. water; b) precipitation of CuPc in TFA/water mixtures for different water/TFA ratios after less than10 min

and after 1 hour.

Aggregation of CuPc in a good solvent is achieved by either solvent evaporation or by adjust-
ing the solubility through addition of a poor solvent. In both cases, the solution becomes su-
persaturated and CuPc starts to aggregate. Figure 6-6a shows how the addition of water, as
poor solvent, to CuPc/TFA solutions (~ 10 mol-L™) leads to aggregation and influences the
UV-Vis spectra. The Q-band of the solutions broadens, shifts to lower wavelengths, and dis-

plays a weaker absorbance.

This formation of CuPc aggregates in volume ratios between 10 to 60%-vol. water is shown
in Figure 6-6b. The images confirm that for less than 10%-vol. water CuPc does not aggregate

in the solution. For water contents between 20 and 50%-vol., the aggregates remain dispersed
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within the first 10 min after preparation and then slowly precipitate to some extent within 1 h .
With further increase of the water content, CuPc aggregates directly and completely sedi-

ments within 10 min.

77 )30 vol. %

¢) 60 vol. % &

|

Figure 6-7) SEM images of CuPc/TFA aggregates from solvent with water content of a) 0%; b) 30%, c) 60% and
d) 90%.

The size and shape of the CuPc aggregates, depending on the water content in the solution,
was studied by SEM, Figure 6-7. The solutions/dispersions were drop casted onto the SiO;
substrates and allowed to dry. If no water was added before drop casting, fibers that developed
during drying were found, Figure 6-7a. The fibers have a width of less than 100 nm and
lengths of some 10 um. By increasing the water content to 30%-vol., an increase in fiber
width to ~200 nm and a morphology change was observed, Figure 6-7b. Further addition of
water led to the formation of larger rod-like aggregates with a diameter of ~1 um and a length
of some 10 um (Figure 6-7c, 60%-vol. water). By further increasing the water content to
90%-vol., extended fibers with a diameter of 6 um and a length of several 10s of um were

formed, Figure 6-7d.

Concerning the UV-Vis absorption and SEM images, two processes can be distinguished in
aggregation of CuPc into fibrous structures: 1) aggregation in the solution by decreasing the
solubility and formation of aggregates in solution, 2) aggregation due to evaporation of the
solvent. The shape and size of the aggregates produced in these two processes and the UV-Vis

spectra are different.
6.2.3 Cryo-TEM of CuPc in solution and TEM of CuPc aggregates

The TEM image of a frozen liquid film of CuPc/TFA (Figure 6-8a and 6-8b) and of dried
CuPc structures precipitated from CuPc/TFA solution (Figure 6-8c, 4-8d and 6-8f) are com-
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pared to see if any aggregates of CuPc are present in the solution. Especially the fibrous ag-

gregates, observed in the dry film, were detected.

The light gray area in the images of Figure 6-8a and 6-8b present the edge of a cell in the
TEM-grid. The light grey area is the frozen liquid film (1.7x107 mol-L™). As Figure 6-8a and

6-8b show, no aggregates could be detected in the frozen liquid film area.

la) solution b) solution

50 nm
e

Figure 6-8 a, b) Cryo-TEM image of CuPc/TFA solution c, d and ) TEM image of dry film after solvent evapo-

ration.

Figure 6-8c, 6-8d and 6-8¢ shows the TEM measurements of CuPc ribbons after solvent
evaporation. The solution was drop casted onto the TEM grids and allowed to dry. Figure 6-8c
and 6-8d show nanoribbons of some 10 nm width, formed by drop casting a solution of
3.4 x 10" mol-L" concentration. Figure 6-8¢ shows nanoribbons (width > 100 nm) prepared
by drop casting a solution of higher concentration (1 x 10 mol/L). These Cryo-TEM meas-
urements confirm the UV-Vis results that CuPc nanoribbons are not formed in the starting

solution but by evaporation of the solvents.

TEM measurements show that the surface of CuPc nanoribbons is smooth to first approxima-
tion, Figure 6-8c. At higher resolution the surface of the nanoribbons has a striped texture,
Figure 6-8e. Presumably this texture is due to the stacking arrangement of CuPc molecules,

see Figure 6-8e.

6.3 Spectral characteristics of CuPc molecular films

The properties of CuPc molecular films were studied via FT-IR and UV-Vis spectroscopy
after evaporation of the solvent and after heating at 200°C under vacuum for 30 min, see Fig-

ure 6-9a and b.
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Figure 6-9 a), b) FT-IR spectra, ¢c) UV-Vis spectra of CuPc film before and after heating

6.3.1 FT-IR Spectra after evaporation and after heating

The FT-IR spectra of a CuPc molecular films have typical vibration modes [176] [172] of the
CuPc such as n(N-N) and p(C-C) at ~ 900 cm™, 8(Cu-N) at ~ 947 cm™, n(N-N) and n(C-C) at
~ 1070 cm™, 8(C-H) at ~ 1167 cm™, §(C-C) and p(C-H) at ~ 1287 cm™, and v(Cu-N), 8(C-N),
V(C-C) and n(N-N) at ~ 1334 cm™, see Figure 6-9a and 6-9b. In the FT-IR spectra of CuPc
molecular films after evaporation of TFA, the v(C-F) stretching mode at ~ 1140 cm™ from
TFA [177, 178] is present. This peak vanishes by heating the sample to 200°C for 30 min un-
der vacuum. Heating decrease also the intensity of the 6(O-H) in plane bending mode at

~ 1205 ecm™ [179].
6.3.2 UV-Vis Spectra after evaporation and after heating

Figure 6-9¢ shows the absorption band of CuPc film after solvent evaporation and after heat-
ing at 200 °C under vacuum for 30 min. The Q-bands of CuPc film after deposition appear at
~ 580 nm and ~ 682 nm. These bands shift to higher wavelength, ~ 627 nm and ~ 700 nm,

after heating the sample, see Figure 6-9c.

The UV-Vis spectra of thin solid films in comparison with solutions are more complicated
due to interfacial and especially Davydov effects [93]. The latter result from the interactions
in the unit cell which lead to the splitting of the exciton energy states in the solid molecular
film. From the above FT-IR studies one concludes that by heating the molecular film the TFA
molecules desorb. As XRPD studies show by heating the CuPc after precipitation from TFA
the symmetry in the unit cell of CuPc changes slightly. The band shift in the UV-Vis absorp-
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tion spectrum can be related to the annealing of the molecular film and elimination of TFA

molecules.

6.3.3 AFM measurement after evaporation and after heating

Figure 6-10 shows the AFM image of CuPc nanoribbons spin coated on SiO; substrates a)
after solvent evaporation and b) heated under vacuum at 200 °C for 30 min. The purpose of
this heat treatment was 1) annealing (chemical and physical equilibration) and 2) getting rid
of any residual solvent (including H,O, TFA is hygroscopic). Figure 6-10 demonstrates that
the heat treatment does not change the morphology of the CuPc ribbons significantly.

[a) after depositonf§
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Figure 6-10) CuPc deposited by spin casting from TFA solution: a) after deposition b) ditto after additional heat-

ing at 200 °C for 30 min under vacuum.

6.4 Summary and conclusions

The measured FT-IR and UV-Vis spectra and X-ray diffraction results show that CuPc depos-
ited from TFA solutions exhibits a distorted a-phase crystal, meaning that the CuPc molecules
are arranged in molecular stacks each of which is approximately 1 nm apart and the spacing
between CuPc molecules in the stack is about ~ 0.4 nm. The molecules are standing with the

short edge on the substrate and build up molecular stacks parallel to the surface.

UV-Vis measurements of the solutions reveal that CuPc solutions show a solvatochromic ef-
fect, which depends on the acidity of the solvent. CuPc dissolves in TFA by protonation of the

Pc moieties leaving the CuPc/TFA solution nevertheless chemically stable. Concentration
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dependent UV-Vis spectra propose that dimerization of CuPc molecules in TFA solutions is
negligible. On the other hand, aggregation can be induced by adding a poor solvent to the
solution. This aggregation can be followed by UV-Vis spectra as broadening of the Q-band

and associated intensity decrease.

Cryo-TEM results confirm that CuPc molecules dissolve homogeneously in TFA. The nano-
ribbons form by evaporation of TFA. TEM measurements show that the surface of the CuPc
nanoribbons is smooth. Especially, at high resolution, the surface of the nanoribbons shows a
striped texture in the nm range. Presumably, this texture is due to the arrangement of CuPc
molecules in the stacks. Spectroscopic measurements show that a small amount of solvent
molecules is present in the dry film. They can be removed without significant influence on the

morphology of the nanoribbons by heating at 200°C under vacuum for 30 min.
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7.  Nucleation and Growth of Copper Phthalocyanine

Chapter overview: In this chapter the nucleation and growth of CuPc nanoribbons from solu-
tion on SiO, substrate is studied. The CuPc nanoribbons form by spin casting the CuPc/TFA
solutions. In the liquid film, the CuPc concentration increases due to evaporation of the sol-
vent. Eventually the solution becomes supersaturated and the CuPc molecules deposit onto
the substrate and form CuPc nanoribbons of approximately uniform height (~ 1 nm), see Fig-
ure 7-1 (cross-section below AFM images). To understand how these nanoribbons are formed
by spin casting the solution and evaporation of solvent, the spin casting theory is studied in

detail for CuPc/TFA.

Figure 7-1) AFM image of CuPc nanoribbons spin casted from different CuPc/TFA solution concentration on

Si0,. The cross-section (height information) below each image shows that the height of nanoribbons is ~ 1 nm.

The spin casting theory is used to describe the parameter influencing the spin casted liquid
film. From this theory the deposited amount of material is calculated and compared with
measurements. The important parameters influencing supersaturation, nucleation and growth

in the liquid film are calculated to first approximation. The influence of these parameters on
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nucleation and growth is discussed. The adsorption of CuPcs is explained using adsorption

models and discussed based on intermolecular interactions.

Manuscript is under preparation for publishing in “Langmuir”.

7.1 Spin casting
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Figure 7-2) Schematic drawing of an evaporating liquid film of CuPc/TFA with CuPc enrichment, deposited by

spin casting

The so called spin casting time (%) starts with deposition of liquid and ends with complete
evaporation, see Figure 7-3. In spin casting, a drop of CuPc/TFA solution is placed onto the
rotating substrate, Figure 7-2a. In the beginning, the liquid film becomes thinner mainly due
to spin-off (centrifugal forces, hydrodynamic thinning). In this stage evaporation has not a
significant influence, so that the concentration remains the weighted concentration of the solu-

tion (cyp).

As the film thins, hydrodynamic thinning slows down and at transition point (#y) the thinning
is just due to evaporation of TFA. The transition point is where the evaporative and hydrody-
namic thinning becomes equal, Figure 2-7b. The liquid film thickness at transition point is
named here /). The time at transition point is called transition time (#y), and at supersaturation
is called supersaturation time (Z;). At #4.ing, the evaporation is finished and the solute is precip-

itated.
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Figure 7-3) Film thickness curve versus time by spin casting

Due to the evaporative film thinning after ¢, the concentration of the liquid film increases.
Near to the liquid-vapor interface the concentration is higher due to evaporation, Figure 7-2c.
From the enrichment layer the solute diffuses and increases the concentration elsewhere in
liquid film. The concentration change in the liquid film depends on the competition between
evaporation and diffusion in the liquid film. The Sherwood number is a measure of the com-
petition between diffusion and evaporation in the liquid film [75]. It is defined as: “evapora-

tion rate (E) x liquid film thickness at transition point (%)/ diffusion (D)”:

When the Sherwood number is much larger than one, the evaporation is more effective than
concentration. Therefore the concentration near the liquid-vapor interface is significantly
larger than elsewhere in the solution. The solution can become supersaturated near this inter-
face, whereas elsewhere in the solution the concentration is below the supersaturation. In this
case the solute aggregates near liquid-vapor interface (top-down aggregation), Figure 7-2d (I).

After the complete evaporation the aggregates precipitate onto the substrate, Figure 7-2¢ (I).

When the Sherwood number is much smaller than one, the diffusion is so effective that the
concentration in the evaporating liquid film is almost homogeneous. The concentration at lig-
uid-vapor interface is still constantly increasing. However, due to diffusion of CuPc, the con-
centration increases near the substrate, too. Therefore the solution near substrate can become

supersaturated at the same time as the liquid-vapor interface. With a concentration increase
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beyond supersaturation (4c), the molecules overcome the nucleation barrier and aggregate
near the substrate (bottom-up), Figure 7-2d (II). After complete evaporation the dry film is

grown on the surface, Figure 7-2¢ (II).

AFM images at multilayer coverage, Figure 7-1c and 7-1d, suppose that a molecular film of
nanoribbons grow on the substrate and on top of it smaller nanoribbons grow. It shows that

the film of CuPc forms a bottom-up aggregation near substrate, as in Figure 7-2¢ (II).

7.1.1 CuPc coverage by spin casting

The spin casting theory is based on the approximation of the binary mixture of an ideal (New-
tonian) volatile liquid and nonvolatile solute. In this theory the evaporation rate is considered
to be constant. The amount of deposited material is calculated from solution concentration
(cp) and the liquid film thickness (%) at the transition point. This liquid film thickness, 4y,

depends on the evaporation rate and spin casting speed.

In the following, the amount of deposited material is calculated based on the spin coating the-

ory and compared with the measured values.

Coverage calculated from spin casting theory: From reflectometry measurements of spin
casted TFA liquid films, the evaporation rate is measured as £ ~ 0.5 pm~s’1 and #gying ~ 1.5's,
see appendix 2. Karpitschka et al showed that the transition film thickness at transition point

1s [75]:

3|13v-F (7_1)
ho = 202

313X 6.4 X 1077[m2-s71] -5%x1077[m.s~1]
2 X 352 [s72]

hy = = 7.3 x 1076 [m]

Where kinetic viscosity (v) of TFA is 6.4 x 107 m-s™ [180, 181]) and spin casting speed (o =
35 1ps).

According to the theory, the final coverage (the amount of material (N) per area (4)) is:
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= w — (7'2)

1 hy co = 7 X 1076 [m] ¢,
To a first approximation at constant temperature and evaporation rate, the concentration and
cubic root of the inverse square of the spinning speed (»”) influence the liquid film thickness.
In comparison with concentration the spinning speed has a weaker influence on the coverage.
CuPc coverage determined from AFM images: Coverages in the AFM images are evaluat-
ed by measuring the size of the area covered with CuPc in each image and multiplying it by
the number of molecules per area from crystallographic data [131], see Figure 7-4. The max-
imum coverage of one monolayer without any crystallographic defects on the substrate per

area is ~3.1 pmol'm™:

I -t 1 (7-3)
monolayer = grea of CuPc Ny

1 1
T 04x109m] x 1.2 x 10-°[m] 6.022 x 1023[mol~1]

=3.1x 10~%[mol-m~?]

AFM image of CuPc nanoribbons|

------
______________
-------------

--------------------

“<—>12nm

Figure 7-4) Schematic drawing of a) AFM image, yellow area covered with CuPc nanoribbons, brown area rep-

resents the bare SiO, substrate, b) Arrangement of CuPc molecules in molecular stacks
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The relative surface area covered with CuPc is measured with SPIP software. It is multiplied

with Iponolayer to find the amount of material per area.
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Figure 7-5) a) Coverage measured with AFM versus solution concentrations applied in spin casting, b) coverage

estimated from film thickness measurement with ellipsometry, see Appendix 2.

The coverage for a set of AFM images, with CuPc solution of different concentration, spin

coated at 35 rps is presented in Figure 7-5a, it is found that:

=10 x 107 [m] ¢, (7-4)

The difference in the calculated and measured value is in the range of measurement errors,
these are mainly errors in the 1) measuring evaporation rate, 2) estimation of the area with
SPIP software because of the uncertainty in the threshold of the structure contour, 3) molecule
per area estimation due to the assumption of defect-free mono-crystallinity of CuPc nanorib-
bons, and 4) experimental errors in concentration (volume and weight) due to small weight

and volume values for the stock solution.

Coverage from ellipsometry: The amount of deposited material is estimated from ellipso-
meric film thickness measurements (appendix 2), Figure 7-5b. However, the estimation is not
very accurate for several reasons. It is about 3 x 10°[m] c,. The refractive index of CuPc
nanostructures was not known very well. It is taken from literature for similar structures [182,
183]. It is very sensitive to crystal structure of CuPc and wavelength of the incident light. In
ellipsometry larger areas of the sample are measured whereas in AFM the area in the middle

of the substrate. In ellipsometry the larger aggregates or particle near to the outer film area
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may contribute to the film thickness. Furthermore the concentration of the solution is not ac-
curate because of the small weight and volume. In one concentration series, although the ab-
solute value has large errors, but since all solutions are prepared from the same stock solution,

the relative concentration increase is correct.

Calculated and estimated coverage: The calculated coverage from spin coating theory,
equation (7-2), and the measured coverage from AFM images, equation (7-4) and Figure 7-5a,
depend both linearly on the solute concentration. The spin casting theory predicts the cover-
age of CuPc deposited from TFA solution pretty well. This confirms the validity of the theory,
which is used in the following to describe nucleation and growth of CuPc structures in spin

casted TFA solution.

7.1.2 Deposition of liquid film

In the following, the parameters which play an important role in nucleation and growth in spin
casting process are discussed. These are concentration change, supersaturation, diffusion, and
evaporation. These parameters are estimated to the first approximation as a function of time
(¢) for different solution concentrations (amount of material per area, I"). Time in these calcu-
lations is a variable starting from transition point 7y and ending at the drying point (Zying). For
each time interval (J¢), ¢ is the residual time and is defined mathematically as ¢ = #4yine-0t.
From reflectometry measurement the drying time (#4ine) 1s approximately ~ 1.5 s, see appen-
dix-2. The time at which a solution becomes supersaturated is called supersaturation time (#)

and the corresponding concentration is called supersaturation concentration (c;).

Supersaturation: From solubility study, see chapter 4, the approximate supersaturation con-
centration (c¢g ) of CuPc in TFA is estimated. The approximate supersaturation concentration

(cs) 1s estimated from solubility measurement as, see chapter 4:

cs~ 10 (mol -m™3) (7-5)

Diffusion: With the help of the Stokes-Einstein relationship [184] the diffusion coefficient
(D) of CuPc in TFA is estimated as:



Nucleation and Growth of Copper Phthalocyanine | 72

kT 1.38 x 10723[J - K~ 1] x 297[K 7-6
D= = []_ ] [ _] ~ 4 x 1071%[m? - s71] (7-6)
3mnma 3 X3.14%x9.5%x 107 4[Pa-s] x 10=°[m]

where #, viscosity of TFA is 8.2 mPa‘s™ [180, 181] and «, the diameter of the CuPc is taken

~ 1 nm for the first approximation.

Then Sherwood number for spin casted CuPc/TFA solution is:

Ehy 5% 1077[m-s7'] x 7 x 107°[m]
D 4 x 10-10[m2 - 1]

(7-7)

Sh = =8x1073

Sh <<'1, which shows that the concentration in the liquid film is almost homogeneous.

Concentration as a function of time: Because of the solvent evaporation the liquid film be-
comes thinner and the concentration increases. To a first approximation, the thinning of the
liquid film is linearly proportional to evaporation rate (£). The thickness of liquid film can be

indicated as a function of time:

h(t) = E.t = E (tarying — O1) (7-8)
h(t) =5%x10"7[m-s71] ¢, E~5x10"7"m-s7?!

Using equation (7-8) for the thickness, /(?), the total concentration change due to evaporation,

c(t), can be calculated as a function of time as:

_N_ N T (7-9)
‘O=v=Th0 " Et
c(0) = I'[mol - Tn‘z] 1 r

where V' is the volume of the liquid film, N is the number of the molecules in the liquid film,
and /" the amount of the material per area (N/4, A4: area). Since CuPc is not volatile, the num-
ber of molecules (/) is constant and independent of the solvent. Furthermore the area (4) is

also constant and does not change with film thinning. Therefore it is appropriate to refer to
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concentration as the amount of molecules per area (), which is proportional to weighted con-

centration.

Figure 7-6 a and b) Concentration as a function of time, c(?), of CuPc in the evaporating liquid film and ¢, the

supersaturation concentration.

The concentration function of the solution versus time (for different amounts of material per
area) is shown in Figure 7-6 in blue, and the concentration at supersaturation in green. After
supersaturation, CuPc molecules start to aggregate and after supersaturation, the overall aver-
age concentration is approximately constant (c; ~ 10 mol'm™). The “concentration increase”
due to evaporation, is compensated by a “concentration decrease” due to aggregation of CuPc
molecule. The ¢(?) function reaching supersaturation gives information on the rate of aggrega-

tion of CuPc molecules (nucleation and growth rate).

Distance between molecules: The distance between the CuPc molecules in the solution
changes due to concentration increase. It can be calculated from equation (7-9) for the mean

volume per molecule in the solution, see Figure 7-7:

B A (7-10)
A0~ IN= [en

dy =222 me s 10-10[ Gomi-s3| |
= —_— mo . m . S —_—
6.022 x 1053[mol™*] T r
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Figure 7-7) d(t) the mean distance between CuPc molecules, d, ,the distance between molecules at supersatura-

tion, and d,,, in crystal

The distance between the molecules in the solution at supersaturation concentration (d,) is
estimated from the available volume per molecule at supersaturation concentration (equation

7-5). This distance is:

d, ~ i/vs ~ 6nm (7-11)

The distance between CuPc molecules in crystal can be obtained from the unit cell of a-CuPc

crystal [131]:

dsona = i/Vcrystal ~ 0.6 nm (7-12)

The distance curve of CuPc molecules (d(?), equation 7-10), the intermolecular distance at
supersaturation (ds, equation 7-11), and in the crystal (dsolia, equation 7-12) are shown in Fig-
ure 7-7 versus time and amount of material per area. Figure 7-7 shows that at supersaturation
the distance between the molecules is ~ 10 times larger than the distance between the mole-
cules in crystal. From equation (7-6), this distance between the molecules at supersaturation is

equivalent to a diffusion time of 107s:
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(7-13)

E{

X =
36 x 10718[m?]
4 X 10719[m?2 - s71]

.7?2
t = o= =9x 1078[s] = 1077[s]

It means that regarding diffusion the organization of the molecule from solution into solid
takes roughly 10”s time. The drying process after supersaturation typically takes some 10
milliseconds. This means that the aggregation of CuPc at supersaturation is very fast and less

influenced by the drying time.

From literature the typical time scale for self-organization of molecules into crystal, is in
nano- to microsecond range, including diffusion and conformational dynamics [185, 186].
Figure 7-8 shows the average diffusion time and length of CuPc from equation (7-13). It indi-
cates that in the millisecond range (time from supersaturation to complete drying) the mole-
cule diffusion length is some 100 of nm. With other words, in the microsecond range the dif-
fusion is effective in a region of some 100 nm. Beyond that region concentration gradient can
appear. These may result in a local concentration increase over supersaturation and formation

of a new nucleus.

0.01

104
I(s
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Figure 7-8) The average diffusion time and length of CuPc from ¢,=X,"/D

Nucleation: Although the average supersaturation concentration is constant due to a small
Sherwood number (effective diffusion in comparison to evaporation), aggregation of CuPcs

influences the concentration locally.
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At supersaturation, a concentration increase (4c) causes the CuPc pass the nucleation barrier
and forms a nucleus, see Figure 7-9. After the nuclei formation, the CuPc nanoribbons grow

spontaneously.
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Figure 7-9) Concentration curve of evaporating liquid film

When the nanoribbons form and grow the concentration in a region near the growth fronts
decreases slightly and remains at ~ ¢, [56]. Molecules from other part of the solution diffuse
to this region. The local concentration in that region is determined by the comparative influ-

ence of growth rate and diffusion.

In a region where the growth front are more than some 100 nm separated, the diffusion is not
effective enough as showed before. The concentration in this region may increase slightly and
a concentration gradient forms locally. In that region further nuclei can form. After formation,
these nuclei grow. However as they are formed later, they remain smaller. Presumably thinner

nanoribbons, which appear in a mesh, are of this type.

7.2 Morphology of the solution processed CuPc film

In the following, the morphology of the CuPc nanoribbons for different concentration is ex-
plained. The adsorption of CuPc molecule onto the substrate is discussed. The growth of CuPc

nanoribbons in length, width and height of CuPc molecules is explained using AFM images.
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Figure 7-10 a) AFM height image of different solution concentration, b) high resolution AFM image, and c)
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Figure 7-10 shows CuPc nanoribbons formed by spin casting CuPc/TFA solutions of different
concentrations on a SiO, substrate. The SiO, serves as planar and smooth model surface to
investigate the morphology of CuPc aggregates by AFM. In Figure 7-10a the AFM images of
Sum length, in 7-10b the high resolution AFM images, and in 7-10c the schematic drawing of
cross section of AFM images are shown. For each AFM image, a height-profile of a random
line is given below the image (cross-section). Images are categorized into four sets: (1) I and
II, submonolayer before mesh formation; (2) III and IV, submonolayer after a mesh formation;
(3) V and VI, multilayer/ when the second layer forms; (4) VII and VIII, multilayer with more
than 2 layers.

1.) First Layer, submonolayer: At very small amount of material per area (< 0.2 pmol-m™ or
~ 7% of a monolayer) small aggregates form, which have the form of individual long strings
or sticks, Figure 7-10 (1) with a width distribution <50 nm. These aggregates increase in

length with increasing concentration.

2.) First Layer, submonolayer after mesh formation: As the amount of material per area in-
creases to > 0.2 pmol-m?, a single-layer-mesh of nanoribbons forms, see Figure 7-10 (2).
Each ribbon is typically several tens of nm wide but only about 1 nm thick. In between the
ribbons, the bare substrate is exposed. At such submonolayer coverage, CuPc always aggre-
gates into long, interconnected flat nanoribbons of varying widths. The ribbons are lying flat
on the substrate without any crossing over, and form a mesh (2-dimentional aggregates). With

increasing amount of material per area, the width of the nanoribbons increases.

3.) Second layer: After the amount of material per area increases to ~ 2.5 pmol-m™ (or ~ 80%
of a monolayer), a second layer forms, which has also a height of ~ 1 nm, Figure 7-10 (3). By
increasing the concentration further the width and length of the nanoribbons in this layer in-

creases, see Figure 7-10 (3).

4.) Multilayer: At larger amount of material per area (> 5 pmol-m™), a third layer forms. The
adsorption in the third layer is similar to the first and second layer, the width and length of the
nanoribbons increase with increasing amount of material per area. Importantly, the next layer
starts to form at smaller amounts of material per area. The second layer starts when the first

layer is filled up to ~ 80%. The third layer forms when the second layer is filled up to ~ 60%
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and the fourth layer forms when the third layer is filled up to ~ 30%, see Figure 7-10 (4). In

multilayers, the coverage of the upper layer (yellow) is smaller than the layer near the sub-

strate (brown). Hence the cross section of the film has a pyramidal shape, with the apex point-

ing upward, see Figure 7-10 (4). Based on the shape of the cross-section, a bottom-up growth

is assumed, where nucleation and growth starts on the substrate.

7.2.1 Analysis of the morphology of the solution processed CuPc film
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Figure 7-11 Amount of material per area in each layer versus the total amount of material per area a) with Lang-

muir fit, b) with Sigmoid fit, c) maximum coverage in each layer, d) height (formation of next layer) versus

amount of adsorbed material

Figure 7-11 summarizes the results of AFM measurements for multilayer coverage. Figure 7-

11a and 7-11b show the amount of material per area in each layer (/") versus the total amount
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of material per area (27). Each layer is indicated in a different color. Figure 7-11a presents the
Langmuir fit and Figure7-11b sigmoidal fit. Figure 7-11c presents the maximum coverage in a
layer (1 u4x), estimated from the plateau of the fit curve in Figure 7-11b. Figure 7-11d presents
the height-change, versus total amount of material per area. The height of each layer is
~ 1 nm. Each point in the curve gives the amount of material per area, at which a new layer is

formed, taken from the fit-function of Figure 7-11b.

The Langmuir adsorption assumes that the adsorbing molecules have an interaction with the
substrate. Other interactions are assumed to be negligible. The sigmoidal function involves a
cooperative growth. In a cooperative adsorption molecules attach better to a surface if they
can interact with neighboring adsorbate molecules [53]. The Sigmoid function fits better to
the data, see Figure 7-11a and 7-11b. It supposes that the CuPc molecules interact with each
other. The adsorbed CuPc neighboring molecules provide a binding site for the free mole-
cules. At the inflection point the amount of adsorbed material in that layer is large enough to
provide many binding sites for free molecules and the adsorbent is not yet too saturated. With
increasing amount of adsorbed material, the number of vacant sites in the layer decreases so
that adsorption rate in that layer also decreases. When the layer becomes saturated the amount
of the adsorbed material is maximum (/7,,,) and the adsorption rate in the layer decreases to

zero and the next layer starts to form.

The maximum coverage for each layer in Figure 7-11a and 7-11b can be calculated from the
saturation coverages of that layer, 1.e. coverages before the next layer forms. The maximum
coverage of the first layer is ~3 wmol-m™. Within the next layer this value decreases to

~2.7 pmol-m™, see Figure 7-11c.

Figure 7-11c shows at which amount of material the next layers form. It also explains the rela-
tion between the height increase of the film and the amount of adsorbed material for a rough

approximation.

Nanoribbon formation: The nanoribbon formation can be studied specially at lower concen-
tration, Figure 7-10 (1) and 7-10 (2). In the following the information on these coverages are

summarized and compared.
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The measurements show that the size of nanoribbons increases by increasing the amount of
material per area; however their height remains constant in submonolayer (~ 1 nm). It is as-
sumed that between nanoribbons of different sizes (area 4; and A,, width w; and w, length L;
and L,) geometrical similarities exists. This assumption is just to compare the ratio of nano-
ribbons size increase. For the first approximation, it is assumed that the length and width are

proportional (w=a-L):

Ay Lyowy (L1)2 _ (Wl)z
Az_Lz'Wz_ L, a W3

The area is proportional to the number of the molecule. The number of the molecule per area

(27 is also proportional to length and width:

n <L1)2
—_— OC —
I, \L,

In the following, the increase in length, width and height is estimated according to the square
root of the amount of material per area. Because of the measurement difficulties, the meas-

ured length, width, and height are parameters of different concentration regimes.

The length data is from concentration regimes before a mesh form. The width of nanoribbons
in this regime (measured > 5 nm and < 50 nm) is very sensitive to the radius of AFM tip and

hard to measure, see appendix 5.

In a concentration regime after mesh formation the width increase is significant. In a mesh,

the ribbons are connected and no length can be identified.

The height of the ribbons at submonolayer is ~ 1 nm. The height increase requires a new layer
formation, which means that the mesh is almost filled up and no length and width can be
measured. At the upper layer, the ratio of width and length is so large that it is not possible to

follow the concentration dependence experimentally.

To compare the changes of length, width and height of the nanoribbons, a linear fit is used for
fitting the data to the first approximation. This fit allows comparing the ratio of increase in

each dimension with increasing the concentration approximately.
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Length: before a mesh forms, the length of nanoribbons increases, see Figure 7-12a. In this
regime nanoribbons of various length and width are available. Between larger nanoribbons,
smaller one appears. These nanoribbons nucleate later, as discussed before. From AFM imag-
es of low coverages the increase in the average length versus concentration can be followed,

Figure 7-10 (1).
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Figure 7-12 a) Schematic draw of length increase, b) length versus square root of amount of material per area

The length of nanoribbons versus the number of molecules per area are shown in Figure 7-
12b. The ratio of length-increase (R;) versus the total number of molecule per area (27 is

defined to the first approximation as:

A(L) (7-14)

LT A G

A(L) is the increase in length of the nanoribbons (L) and (27 is the number of the molecule

per area. From the linear fit in Figure 7-12b, the ratio of length-increase is:

R, ~ 300 [umol~1/?] (7-15)

Width: when the mesh forms, the average width of the ribbons increases with increasing
number of molecules per area, Figure 7-10 (2). In the free spaces between the ribbons of a
mesh, thinner ribbons can be seen. Their smaller width supposes that they are formed later
than the other ribbons. These ribbons are also connected to the mesh and almost no free rib-

bon ends can be detected. Therefore in this regime, no length increase can be detected.
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Similar to length-increase, Ry is defined to compare the increase in width with the number of

molecules per area (27):

AW (7-16)

fw = AX[(ED)

A(W) is the increase in width of nanoribbons (/). From the linear fit in Figure 7-13b, the ratio

of width-increase to the amount of material per area for the first approximation is:

Ry ~ 50 [umol=1/?] (7-17)
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Figure 7-13 a) Schematic draw of width increase, b) width versus square root of amount of material per area

Height: The height of the nanoribbons is approximately 1 nm. The height of the structure
increases just when a new layer is formed, Figure 7-11d. The ratio of height-increase versus
the total amount of material per area can be estimated by comparing the maximum height of
the CuPc film and the total amount of material per area (27). The ratio of height-increase (Ry)

versus the total number of material per area (27) is defined to the first approximation linearly

as:

_AH) (7-18)

R = A%[(ED)

A(H) is the increase in maximum height (H) from Figure 7-11d. From the linear fit of the

height versus number of molecules per area, the ratio of height-increase is:
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Ry = 1 [umol='/?] (7-19)

Notably, the growth in lateral direction (length and width) is much larger than growth in
height (formation of a new layer). In lateral direction growth in length is much more favorable
than in width: R, > Ry > Ry. Hence first a mesh forms (significant length growth) and then

the width of the nanoribbons in the mesh increases. Later the next layers form.

Nucleation: two kind of nucleation can be defined regarding AFM images. Especially in a
mesh, nanoribbons of thinner width can be found. Presumably these nanoribbons are formed

later than nanoribbons of larger width.
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Figure 7-14 a) Schematic draw of ribbon formation, b) crosslinking density versus of amount of material per area

The first nuclei form after supersaturation and grow immediately into nanoribbons. This nu-

cleation is called here primary ribbon formation.

After the primary ribbon formation, these ribbons grow unimpeded. When the distance be-
tween the growth-front is comparatively large, and the enrichment rate is high, the diffusion is
eventually not effective enough to transport CuPcs to growth front. Due to the local enrich-
ment, new nuclei form on the substrate. This nucleation is called here secondary ribbon for-

mation.

Due to secondary ribbon formation, by increasing the amount of material per area, the num-

bers of nuclei increases, too, see Figure 7-14.
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7.2.2 Discussion on the formation of CuPc nanoribbons

Figure 7-15) Schematic of nanoribbon formation at submonolayer (xp: diffusion length)

R, Ry, Ry ratios show that when the nuclei form, the aggregation of CuPc molecules in
length is the most favorable. When the first nuclei form, they grow in length faster than width,
in width faster than height, and thus form nanoribbons (primary ribbon formation), see Figure
7-15a. By increasing the concentration the length and width of primary ribbons increase and
also secondary ribbons form, Figure 7-15b and 7-15c. The nanoribbons connect and form a

mesh. With further increasing the amount of material the width of nanoribbons grow 7-16a.
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Figure 7-16) Schematic draw of nanoribbons formation at new layer (xp: diffusion length)

Eventually the first layer is partially filled, Figure 7-16a, the distance between the growth-
fronts increases, Figure 16-7b. Again comparative diffusive transport and local enrichment

cause secondary ribbon formation on the first layer, Figure 7-16c.

7.2.3 Discussion on the intermolecular interaction of CuPc and substrate

a) b)

c) d)
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Figure 7-17) Schematic draw of the interactions of CuPc-molecules by adsorption on the substrate

Regarding the geometry of CuPc molecules, 6 directions can be envisioned for the interac-
tions of the molecule with the environment, Figure 7-17a. The interaction vertical to the plane
of the disc shaped molecule are mainly n-r interaction, named k;,, Figure 7-17b. The interac-
tions parallel to the plane of the molecule mainly van der Waals, called here 4, Figure 7-

17¢c. For a molecule in a uniform environment, the van der Waals interactions are of the same
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strength. For CuPc adsorbed onto the SiO, substrate, the molecule interact with the substrate,

this interaction is called here &, Figure 7-17d.

The k values define the strength of the interaction and thus determine the shape of the aggre-
gates. For example, if all interactions were similar, the molecule would aggregate in all direc-
tion with the same probability and form bulky aggregates with the same height, width and
length. For CuPc molecules the interaction along the stacking axis is mainly of ©-m type and is
the strongest (compared with van der Waals). It is more favorable for CuPc molecules to stand
and attach face to face together (mainly n-m) rather than to lie on the substrate (mainly van der
Waals). Therefore, it is expected that the molecules stand on the substrate, build stacks and
grow in the stacking direction faster. Based on this and the fact that the solution is supersatu-

rated, the nucleation and growth scenario is as follows.

When a single stack forms on the substrate, it grows immediately. A second stacks forms par-
allel to that and grows further. A bundle of these stacks forms nanoribbons. The primary rib-
bon formation is when the first nuclei are formed and grow into ribbons. When the diffusion
is not enough to transport the molecules to growth fronts, local enrichment causes new nu-

cleation (here called secondary ribbon formation).

The ribbons grow in length and width until they form a mesh. In a mesh the width grow fur-
ther by stacking CuPc molecules. Furthermore, new nuclei (secondary ribbon formation) form
and grow. As the CuPc ribbons grow further, the mesh will be partially filled and the distance
between the growth front increases. Eventually the diffusion is not effective enough to
transport the molecule to growth front. A local enrichment causes nucleation onto the first
layer and formation of the second layer. The growth of nanoribbons in the second layer and

formation of the upper layers follows similar scenario.

7.3 Summary and conclusion

The mechanism of the formation of CuPc nanoribbons from spin casted CuPc/TFA solution in
ambient temperature is investigated and explained. Based on the spin casting theory (the ap-

proximation of the binary mixture of an ideal (Newtonian) volatile liquid and nonvolatile so-
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lute) the important parameters (e.g. concentration profile) influencing nucleation and growth

were calculated. Accordingly the nucleation and growth scenario is developed.

The coverage calculated from spin casting theory was in agreement with coverage from AFM
images, which proves the validity of the theory. Parameters like diffusion, concentration var-
iation with time were estimated for spin casted CuPc/TFA solution. Supposedly, after the su-
persaturation of the solution, the nucleation starts near the substrate by aggregation of CuPc

molecules into the substrate.

The growth rate of nanoribbons on SiO; substrate in length is larger than in width, and both
are larger than in height. After nucleation, CuPc aggregates grow in length faster than in
width. Formation of a new layer is delayed until the first layer is approximately filled up. In
that case the distances between the growth fronts increase and the diffusion is not effective
enough to move the molecules to the free areas of the first layer. The concentration increases

locally on the first layer and new layers forms.

Based on a solute-solute and solute-substrate interaction model, the mechanism of the growth
is discussed. Due to the strong m-m interaction (between the molecules along the molecular
stacks), the growth in length is the most favorable. This leads to a faster growth in length. For
a new layer formation, there is a threshold in the amount of material per area which is the
largest in first layer (near the substrate). The interaction with substrate (perpendicular to mo-
lecular stacks) is stronger than the interaction with molecules in upper layer. As a result the
threshold in the amount of material per area in the first layer is the largest. The strength of the
interaction with the substrate decreases with increasing the distance to the substrate. Thus
upper layers have a smaller coverages and the cross-section of the multilayer film has a py-

ramidal shape.
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8. Application of Copper Phthalocyanine from Solution in
Organic Solar Cells

Chapter overview: The unsubstituted CuPc layer prepared via wet-deposition, spin casting
and drying from a TFA solution was applied as a donor layer in an OSC. The other layers are
formed by established vacuum evaporation. For the first time that unsubstituted CuPc molecu-
lar film deposited via spin casting is used in an OSC. In this chapter I report on the prepara-
tion, structural characterization, and device performance of this OSC prepared via a combina-

tion of solution and vacuum processing.

Solution
processed

Figure 8-1) Schematic architecture of OSCs prepared by a hybrid solution/vacuum-process. The CuPc electron

donor film is prepared by wet-deposition from solution. The other layers are prepared by vacuum deposition.

The OSC structure was maintained intentionally as simple as possible to study the parameters
influencing the OSC function concerning solution processed CuPc molecular films. Without
using PEDOT:PSS or blending C60, a comparable PCE of up to 0.5% was obtained by im-
proving the CuPc molecular film property. The resulting cell architecture is shown schemati-

cally in Figure 1.

The results are published in “Thin Solid Films” [187].
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8.1 CuPc films from solution

(
1000

Figure 8-2) AFM images of the morphologies of a) bare ITO substrate, b) CuPc molecular film deposited by
single drop spin casting onto the ITO substrate from 1.7x10” mol-L™" CuPc/TFA solution.

ITO has a much higher roughness (R,> 5nm, see Figure 8-2a) in comparison with SiO,
(R4<0.2 nm). Despite the roughness of the underlying ITO template one can see that the CuPc
forms fiber structures. The CuPc morphology on ITO differs from the morphology on SiO;.
On both substrates columnar aggregates of CuPc are formed. On SiO, homogeneous coverag-
es of nanoribbon shaped aggregates with a height of ~Inm were discovered. On ITO fiber
shaped aggregates of CuPc are present with a height of some 10 nm. In the pm range the cov-
erage is not homogeneous. AFM image of Figure 8-2b is from the same sample of CuPc/TFA
spin coated on ITO (1.7 x 10™ mol-L™") .The aggregates of CuPc on ITO obtained by single
and multiple drop spin casting (each drop is added after the film is dried) are also different.
Two distinctly different types of CuPc aggregates are found. With CuPc concentrations signif-
icantly below the saturation limit and single drop deposition the CuPc forms fiber-like aggre-
gates. These aggregates are favorable for the OSC performance. With concentrations ap-
proaching the saturation limit or with multiple drop deposition also large micron size
aggregates are found. These aggregates do not contribute to the OSC efficiency, they even
deteriorate the performance. Nevertheless, with multi drop deposition it is possible to obtain
significantly higher coverages with the preferred ribbon like aggregates with a lower portion

of micron size aggregates than via single drop preparations with any CuPc concentration.
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8.2 Morphologies of the surfaces buried within a hybrid solution/vacuum-processed

OSC
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Figure 8-3) AFM images of the morphologies of buried interfaces of the hybrid wet/vacuum prepared OSC: a)
bare ITO substrate, b) CuPc molecular film deposited by spin casting onto the ITO substrate from 1.7x107
mol-L™" CuPc¢/TFA solution (20 drop deposition, RT, 35rps), ¢) C60 and BCP film on surface (b) prepared by

vacuum deposition.

Figure 8-3a presents the surface morphology of the ITO/air surface with its typical polycrys-
tallinity and surface roughness. Figure 8-3b shows the surface morphology of a wet deposited
CuPc layer on top of the ITO. Figure 8-3c shows the surface morphology of the film of BCP
and C60, covering the CuPc layer. The surface is smoother than that of Figure 8-3b. Obvious-
ly the evaporated BCP and C60 covers the CuPc ribbons but also fills up the holes between

them.

8.3 Device performance of the hybrid solution/vacuum-processed OSCs

Figure 8-4 presents the current-voltage characteristics of OSCs with different CuPc layer

thicknesses.

The power-conversion efficiency (PCE) of OSCs without CuPc layer is negligible (case (1)).
With increasing CuPc layer thickness, the PCE is 0.2% for a thickness of ~5-7 nm (ii) and
0.3% for ~13 nm (ii1). With a CuPc-coverage of ~18 nm the PCE reaches ~0.5% (iv). This

value is nearly twice as large as the one for hybrid solution/vacuum prepared OSCs with sub-
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stituted Pcs [19]. For even higher CuPc layer thickness of 25-30 nm (v) the PCE again drops
to ~0.15%.

PCE mcasurlmcnts film
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Figure 8-4) I-V characteristics of various OSCs with CuPc electron-donor films of different coverage/thicknesses

that were wet-deposited from CuPc/TFA-solution. i: no CuPc film (just the solvent, TFA, is spin coated onto
ITO. Using bare ITO without TFA led to the same results); ii: single step (1.7 x 10~ mol-L™), iii, iv and v: multi-
step spin coated CuPc film with 35rps (iii: 100 drops, 6.5 x 10* mol-L™'; iv: 20 drops, 1.7 x 10 mol-L™"; v: 100
drops, 1.7 x 10” mol-L™). The coverages are derived from AFM-scratching experiments and reflect the effective

film thickness of a closed CuPc¢ layer. The vacuum deposited parts of the OSCs are all identical.

The findings can be explained by a combination of optical and structural contributions. By
increasing the coverage with CuPc, more light will be absorbed. This will increase the efti-
ciency because the absorbance of CuPc films only a few tens of nm thick is still quite low
(~%10) despite the very high specific absorption coefficient of CuPc (~105 cm™) [188]. Thus,
for thin CuPc films a large amount of light is not absorbed, the PCE is therfore low. With in-
creasing film thickness more photons get absorbed and converted, so the PCE increases [189].
However, as the CuPc coverage increases, also the layer structure changes. In this case, in
particular, an increasing amount of large, micron-sized CuPc crystals/aggregates were found.
In Figure 8-5 the optical image of the CuPc surface for each type of OSC is presented. The
light-grey areas are homogeneous coverages of the CuPc film with a morphology similar to
the AFM image of Figure 8-2b. The dark grey areas show large aggregates. These aggregates
are typically more than 300 nm in height and their size increases in width with every spin
casting step. Large aggregates are absent in case (i1), they cover =5% of the area in case (iii),

~10% in case (iv), and ~50% in case (Vv), see supporting information. The large aggregates do
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not contribute to the power conversion [108]. Excitons produced within the aggregates in
most cases cannot reach the interface within their life time and recombine internally [189,
190]. Thus charge generation is inefficient. In addition, the large aggregates may even reduce
the efficiency of the adjacent film with the CuPc nano-bundle structure by changing its inter-

face and thus influencing the charge separation [191, 192].

1.5 mm

Figure 8-5) Optical images of CuPc films spin coated from a solution of CuPc/TFA by single and multi-step spin
casting with 35 rps. The grey areas are covered with CuPc film with the ribbon morphology as described in the

manuscript. The dark areas are large aggregates with thickness beyond 300 nm.

8.4 Summary and conclusions

In this chapter the preparation, structural investigation, and performance of bilayer hetero-
junction OSCs whose absorption layer consists of CuPc¢ nanoribbons is reported. The CuPc-
ribbon coverage is, however, less than 10 nm thick resulting in a low overall absorbance. To
some degree this drawback has been overcome by multi-drop spin casting which increases the
amount of deposited Pc. However, multi-drop spin casting under ambient conditions also
leads to an increasing amount of unfavorable, large CuPc aggregates. For cells with optimum
performance the CuPc layer absorbance is only about 0.1. This is the main cause for the rather
low cell efficiency of 0.5%. A substantial increase of the CuPc coverage respectively overall
absorbance without unfavorable large CuPc aggregates appears quite feasible by multi-step
spin casting under optimized nucleation and growth conditions (e.g., elevated temperatures,
different solvents respectively solvent mixtures). Alternatively one might also increase the

overall absorbance by adding nano-aggregates [193], see appendix 9.
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9. Overall summary and conclusions

Organic solar cells (OSC) are interesting as cost-efficient alternative to conventional solar
cells. In heterojunction OSC unsubstituted metal phthalocyanines (Pc) are used as excellent
electron donating molecules. Usually OSCs with Pcs are produced by vapor deposition, alt-
hough solution based deposition (like spin casting) is cheaper and offers more possibilities to
control the structure of the film. The nanostructure of the film determines the performance of
OSC. Several parameters (like temperature, solvent, etc.) affect the self-organized structure
formation in the nucleation and growth process in solution. The reason why vapor deposition
is still preferred is the poor solubility of the metal-phthalocyanines in most common solvents.
Furthermore the process of nucleation and growth of Pc from solution is not well-understood.
For the preparation of Pc films from solution, it is necessary to find appropriate solvents and
to assess the solution deposition techniques, such as dip coating and spin casting. It is neces-

sary to understand the nucleation and growth process leading to aggregation/precipitation.

In this thesis, the solubility of 8 different metal phthalocyanines was studied, the solubility
limit in 28 different solvents was determined, and the chemical stability of these solutions was
analyzed. Out of this set of 224 solutions, 10 solutions were selected, that showed promising
properties favorable for OSC assembly. These properties include good solubility of the Pc’s
(> 10° mol L"), good chemical stability of the solutions (> 1 week), and a sufficiently high
evaporation rate of the solvent for forming a dry film under ambient conditions. The 10 solu-
tions were used in an evaluation study of film formation by solution deposition. The morphol-
ogy of the resulting thin films was characterized using atomic force microscopy. As a result
out of the 10 Pc solution, copper phthalocyanine, CuPc, dissolved in Trifluoroacetic acid,
TFA, was chosen as a model system and as most promising for an in depth analysis due to its

optimum combination of film morphology, solubility limit, and chemical stability.
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In solution, UV-Vis absorption spectroscopy and Cryo-TEM proved that CuPc is dissolved by
TFA homogeneously and that aggregates are absent in these solutions. Upon evaporation of
the solvent in the solution deposition process under ambient condition, CuPc molecules ag-
gregate into nanoribbons. These nanoribbons are formed from bundles of stacks of the disc-
like CuPc molecule parallel to the surface with individual CuPc molecules standing upright.
Notably, the length and width of the nanoribbons depend on the initial concentration of the
CuPc solution and on the preparation temperature. At 70°C to 80°C, discrete nanorod-like
aggregates of up to 15 nm height are formed. At 0°C, a multilayer film of interconnected
nanostripes assembles from solution. At room temperature, CuPc molecules aggregate into
nanoribbons of ~ 1 nm thickness (~ height of CuPc molecule) deposited onto the substrate
(Si0,, ITO,...). The length and width of these nanoribbons depend on the initial concentration
of the CuPc solution. The ribbon formation at ambient temperature can be divided into three
regimes: (1) formation of individual, isolated ribbons, (2) formation of an interconnected
mesh of nanoribbons, and (3) formation of multilayers of nanoribbons. These results were
obtained by an elaborate atomic force microscopy (AFM), UV-Vis-spectroscopy, FTIR-
spectroscopy, and X-ray diffraction (XRD) investigation.

The nanoribbons can be produced by drop casting, dip coating, and spin casting. For a further
in depth analysis, CuPc nanoribbons produced by spin casting at room temperature were se-
lected as a model system to study the nucleation and growth mechanism. The coverage of
nanoribbons measured from AFM images is in agreement with the coverage calculated from
spin casting theory. The theory assumes an ideal binary mixture of nonvolatile solute and
evaporative solvent. Right after the deposition of the solution on the rotating substrate the
liquid film thins mainly fluid-dynamically and due to spin-off. After a transition point, where
hydrodynamic and evaporative thinning is equal, the thinning is dominated by evaporation of
solvent from liquid-vapor interface. This increases the solute (Pc) concentration. The Pc con-
centration gradient in the liquid film is determined by the competition between the evapora-
tion rate and diffusion, which is characterized by the Sherwood number. It is shown that in
case of CuPc and TFA, the Sherwood number is << 1 i.e., the concentration with the thinning
film is almost homogeneous. While the solvent evaporates, the solution becomes eventually
supersaturated. After supersaturation CuPc molecules aggregate and form individual nuclei.

These nuclei grow into ribbons like aggregate at the substrate surface.
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Based on the spin casting theory and intermolecular interactions, a model of the nucleation
and growth of CuPc nanoribbons from a supersaturated solution on the substrate is developed.
In this model nucleation and growth is discussed based on the enrichment and transport of
CuPc in supersaturated TFA solution. The model shows that the typical size of the pattern in
lateral dimension is given by the diffusion/transport length of the system in pm range. The
strong -1 interaction between the molecules along the stacking axis compared to the weaker

van der Waals interaction leads to the stack formation and finally to the nanoribbons.

Finally, a functioning hybrid vacuum/solution processed OSC is produced with CuPc nano-
ribbons spin casted from solution. Although due to limitations in thickness of the CuPc layer
the light absorbance was low (up to ~ 0.1), a conversion efficiency of up to 0.5% could be
realized. This efficiency is comparable to the one of OSCs produced with functionalized
phthalocyanine molecules. It can be envisioned, that the efficiency of CuPc based OSC’s can
be improved by tailoring the structures deposited from solution via a rational approach as de-

scribed in this thesis.
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Appendix 1 — Methods

e Scanning electron microscopy (SEM)

e Transmission electron microscopy (TEM)

e Cryogenic Transmission Electron Microscopy (Cryo-TEM)
e Spectroscopy

e FT-IR Spectroscopy

e X-Ray powder diffraction

e High vacuum vapor deposition
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Fig. 1) Schematic draw of a) SEM device, b) TEM, c) sample preparation for cryo-TEM.

In SEM the surface of the sample is scanned with a focused electron beam, called primary
electron beam. This beam is focused using electromagnetic lenses. By interaction of the pri-
mary beam and atoms near the sample surface, elastic and in elastic scattering, the secondary
electron, back scattered electron, characteristic X-rays and etc. are emitted from the surface of
the sample, see fig. 1a. Typically the secondary electrons are used to produce images of the
sample surface. Due to the narrow electron beam, high resolution images with detailed in-

formation of up to 1 nm resolution can be taken using appropriate devices [194].
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The samples were measured with a Gemini Leo 1550 instrument at an operation voltage of 3
keV. The measured SEM images have almost a resolution of some 10 nm and are not suitable

for measuring the nanostructures
Transmission electron microscopy (TEM)

TEM works similar to light microscopy but uses electron radiation. The wavelength of the
electron is 10° times smaller than that of visible light, so that smaller features of a few Ang-
strom size can be detected. In a TEM the electron radiation travels through vacuum in the
column of the microscope, see fig. 1b. The radiation is focused by electromagnetic lenses so
that a parallel radiation passes through the sample. Depending on the density of the material
some of the electron may be scattered. The unscattered electron hits the detector at the bottom
of the microscope. It is important that the sample is transparent for the electron radiation

[194].

I used gold TEM grids and dropped a solution on them. After evaporation of the solvent, the

samples were transported to the TEM device for measurement.
Cryogenic Transmission Electron Microscopy (Cryo-TEM)

Cryo-TEM is a well-established method to detect fine specimens as macromolecules floating
in the solution. The sample is frozen immediately and preserved in a special cooling sample
holder in liquid nitrogen. The preparation is as follows: a TEM grid is picked up with twee-
zers and a drop of the sample is placed on it. The grid is transferred to a cell cooled immedi-
ately with ethanol and then with liquid nitrogen, see fig. 1c. The frozen sample is transferred

undercooled to the microscope [195].
Spectroscopy

In spectroscopy, the interaction between light and matter is studied. The light, as an electro-
magnetic field, interacts with the molecule as a quantum system. In quantum mechanics the
molecule is described as a system of N electrons and Z nuclei with the Hamiltonian [196,

197]:
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Hmol = Tel + Vel—nuc + Vel—el + Tnuc + V;‘Luc—nuc (2'19)

where T,; and Ty, are the kinetic energy of electrons and nuclei, Vernue 5 Verer and Viyenue are
the potential energy of the interaction of nuclei and electrons, the interaction of electrons
among themselves and of nuclei, respectively. Different quantum mechanical approximations
offer the possibility to estimate the solution of such complicated systems. According to the
Born-Oppenheimer approximation, the nuclei are presumed fixed, while the electrons move.
The resulting Hamiltonian yields the potential energy surface of the molecule as a function of

nuclei separation.

As illustrated in fig. 2, the energy values of a molecule are expressed with quantum numbers,
which fall usually into three groups: (1) n, which is associated with the electronic motion and
can be obtained from the Born-Oppenheimer approximation (2) v, the quantum number,
which defines vibrational states of the nuclei (¢) quantum number J, which depends on the
rotation of the nuclei. The vibration of the molecule is described as a function of nuclei dis-

placement from their equilibrium position.

Energy s

Electronic n +1 Rotational states
groundesxcited _

Electronic n

ground state Electronical transition

(LW & Optical)

Vibrational transition
{Infrared)

Rotational Transition

nuclei separation »
Fig. 2) Schematic drawing of energy states of a molecule

Molecules or atoms can absorb or emit radiation if the energy state of the matter and the fre-
quency of the radiation match, the molecules or atoms can transit from an initial state (¥;) to a
final state (Wr). Quantum mechanically the transition dipole moment is expressed as (u: di-

pole moment operator):
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X 2-20
W = f Ve ' (2-20)

If the transition moment is not zero (g # 0), the transition appears in the infrared or ultra

violet spectrum.
UV-Vis Spectroscopy

The wavelength of ultra violet and visible light ranges from 200 to 900 nm. This radiation
energy can cause a change of electronic state of the molecules or atoms. The electrons in a
molecule are usually in three possible types of ground state: single bond (o), multiple bond
(m) and non-bonding (n). By absorbing the radiated energy the electrons transit from HOMO
to LUMO. c-electrons have the lowest energy level and require a lot of energy to be excited.
n-electrons are in higher energy levels and can be excited with relatively lower energies. n-
electrons are electrons belonging to a lone pair and are of higher energy levels. Both n- and -
electrons can be excited in the UV-Vis range. Transitions of c-electrons appear seldom in this

range [198].
FT-IR Spectroscopy

The heart of the spectrometer is the interferometer, generally a Michelson interferometer. It
includes mainly a beam splitter, BS. The beam splitter allows half of the polychromatic radia-
tion to be transmitted toward a moving mirror MM. The other half of the radiation will be
reflected toward the fixed mirror perpendicular to the first, see fig. 3. Mirror MM moves back
and forward on an axis parallel to its normal with an amplitude x. The reflected radiation from
MM reaches the beam splitter after the distance 2(L + x). The one from the fixed mirror
reaches the beam splitter after 2. As a result the two interfere constructively if x is an even
multiple of wavelength A, and destructively if it’s an odd multiple of 1/2. Thus the intensity

I(x) in the interferogram of the radiation leaving the interferometer would be:
[(x) = S(v) cos (2mvx), v =1/A

S(n) the intensity of the radiation at wave number v.
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Digitalization of Interferogram
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Fig. 3 a) Interferometer, b) using a He-Ne laser to digitize the interferogram, c) the probe beam passes through
the sample, d) calculating the Fourier transformation of sample and reference interferogram by computer, )

finding the absorption spectrum

The probe beam passes through the sample exciting the molecular vibrational and rotational
transitions which are active in the infrared range. At corresponding wave numbers the intensi-
ty will be reduced because of absorption and the interference with the reference beam is

changed. The computer takes this interferogram from the detector and calculates the spectrum
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with some special Fourier transformation algorithms. The transmission spectrum is deduced

from these two spectra:

S(v)

=R

S(n) is the intensity of the radiation at wave number n. To improve the precision of the spec-

troscopy the monochromatic beam of a He-Ne laser will be used to digitize the interferogram.
X-Ray powder diffraction

Bragg considers crystals made of parallel planes of atoms, spaced a distance d apart. The con-
dition for a sharp X-ray peak is 1) X-ray should be specular reflected by species in one plane,
2) The reflected ray should interfere constructively. The geometrical relation between wave-
length (1), the spacing between parallel plane (d) and the angle between the incident ray and
the plane () is [199], see Figure 2-10a:

nl = 2d siné, n=12,.. (2-23)

2) b) x-Ray Tube

Detector

h Receiving Slit

S 1 Divergence #
\ I Slit [

(2|
Sample :

Fig. 4 a) Schematic drawing of a) Bragg diffraction b) x-ray diffractometer

In Von Laue formulation, the crystal is assumed to be composed of identical macroscopic ob-
jects (set of ions or atoms) placed at the site R of a lattice, each of which can radiate the inci-
dent radiation in all direction. Sharp peaks will be observed just in the direction and at a
wavelength for which the rays scattered from all lattice points interfere constructively. Inci-
dent X-rays are considered to be from very far away, along a direction n with a wavelength 4,

a wave vector k=2zn/). The scattered ray will be observed in n” direction with the same



Appendix 1 — Methods | 113

wavelength and wave vector k'=2zn /., provided that the path difference between the reflect-

ed waves is an integer number of wavelength [199], see Fig. 5:

kK = 11( (2-24)
. 7 K-

Fig. 5) Laue condition of diffraction

An incident wave vector k will satisfy the Laue condition if and only if the tip of the vector
lies in a plane that is perpendicular bisector of a line joining the origin of k-space to a recipro-

cal lattice point K. Such k-space planes are called Bragg planes.

The Bragg condition requires that 6 and A match (or the Laue that the tip of k lies on a k-space
Bragg plane of the crystal lattice). X-ray with the wavelength A striking a 3 dimensional crys-
tal at an arbitrary incidence angle will generally not satisfy the Bragg (or Laue) condition and
will not be reflected. Hence experimentally a continuous range of A or 0 should be studied,
usually 6. The simple geometric construction of Ewald allows to visualize these methods.
Ewald draws a sphere in k-space centered on the tip of incident wave vector k of radius k.
There will be some wave vector k™ satisfying the Laue condition if and only if some recipro-
cal lattice point in addition to the origin lies on the surface of the sphere. In that case there

will be a Bragg reflection from a family of direct lattice planes perpendicular to the RL vector.

There are different methods to search for the crystal structure. In the powder diffraction meth-
od (Debye-Scherrer) the diffraction pattern is a combination of diffraction patterns of all ori-
entations because powder grains are randomly oriented. The diffraction patterns are deter-
mined by fixing the incident k vector and with it the Ewald sphere and letting the reciprocal

lattice rotate around all possible angles about the origin, so that the reciprocal lattice vector K
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generates a sphere of radius K about the origin. The sphere intersects the Ewald sphere in a
circle if K is less than 2k. Thus each reciprocal lattice vector K, K<2k, generates a cone of
scattered radiation with angle ¢ to the forward direction. An X-ray power diffractometer con-
sists of an X-ray source, a sample stage and a detector, see fig. 4b. The angle, 0, has to be var-

ied during the measurement.

High vacuum vapor deposition

a) high vacuum chamber b) chematic drawing of chamber
Rotating Torthy léd.(.-.
Quartz substrate Sl (i)
grysw,lt, holder (ii) >
Cposition 4
controller Q) 5
T

(1) .
Mask changer

(iv)
D D Oven for
material
B D evaporation
D G D v)

Fig. 6 a) Photograph of high vacuum chamber, b) schematic drawing of the chamber, c¢) photograph of sample

holder, mask changer and quartz crystal deposition controller inside the chamber

For vapor deposition of organic material and metal deposition a high vacuum deposition
chamber was used, see fig. 6. The evaporation chamber of organic material was supplied with
a pre-pump and turbo pump. The organic ovens were positioned on the bottom of the chamber
with their opening facing upward. Each oven was closed with a shutter. A heater and a water
cooling system surrounded the ovens to control the temperature. For evaporation the shutter

over the oven has to be opened and the temperature has to be set up.

Samples were mounted on the sample holder and transported to the organic evaporation
chamber through a lock-chamber. The sample holder was rotating during the evaporation to

provide a homogeneous growth of the deposited layer. The thickness of the deposited layer
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was monitored using a quartz-crystal deposition controller near the sample holder; see fig. 3b

and 3c. The deposition rate depends on the oven temperature.
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Appendix 2 — Supporting measurements

e Film thickness measurement with X-ray reflectivity
e Film thickness measurement with ellipsometry

e Evaporation rate results by reflectometry
Film thickness measurement with X-ray reflectivity

The X-ray beam is scattered at small angles (< 10°) from a thin layer (CuPc) with a refractive
index different from the substrate (SiO;). As a result of constructive and destructive interfer-
ence of the reflected beam from the two interfaces (CuPc and SiO,) and the reflected beam
becomes an oscillating function with periods called Kiessig fringes. The thickness of a thin

layer can be directly determined from Kiessig fringe analysis, see fig. 1:
nA = 2dsinf

4w (n, —ny) =2d (g, — q1)

_27r
_Aq

a) e b) C) critical angle, densit
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CuPc 26 o
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Fig. 1 a) Set-up of reflectivity measurements, b) Reflection at surface, c) a typical X-ray reflectivity intensity for

three different sample thicknesses from

Fig.2 shows the result for a multilayer of CuPc deposited by spin casting (200 rps) CuPc/TFA
for two concentrations: 1.2 x 10°mol-L" and 3.4 x 10 *mol-L"!. Even for these two concen-

trations the Kiessig fringes are not clearly distinguishable, so that the error of the measure-
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ments is large: 1.2 x 10 mol'L™!, d~ 6 + I nm and 3.4 x 10°mol-L", d~ (3+£1) nm. At lower

concentration (submonolayer) the results were not reliable.

a)

Intensity (arb.)

Intensity (arb.)v

b)
061 d =21 /slope = 54.654° ~ 5.5
CuPc¢/TFA, (1.2 x 10° mol/L) osl 1 siope = RO 3.
04
a5 |
S 0.3 .
= 02
=2
0.1 r
00{ *
.1 nlz (1‘3 U,'-t (J,‘i n.'(: n.‘? 1 2 3 4 5
q (1/A°) n
d) o6 ,
CuPc/TFA, (3.4 x 10* mol/L) d =2n/slope=27.484°~2.Tnm
0.5
04
o
< 03
; 0.2
0.1 !
- - : - T ; 0.0
02 03 04 05 06 07 1 2 3
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Fig. 2) X-ray reflectivity measurement for multilayers of CuPc deposited by spin casting (200 rps) solutions of a
and b) 1.2 x 10°mol-L™", ¢ and d) 3.4 x 10 mol-L"*

Film thickness measurement with ellipsometry

In ellipsometry linearly polarized light is produced by polarizer/compensator and hits the

sample surface. The two components of the electric field, parallel (£,) and perpendicular (£y)

to the plane of incidence are out of phase after reflection. Both phase and amplitude of the

light change after reflection depending on the optical property of the surface, see fig. 5.

p-plane

Elliptically polarised

Linearly polarised

Sample

Trinity College Dublin
http:/fwww.tcd.ie

Fig. 3) Schematic diagram of a polarizer — compensator - analyzer ellipsometer
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The incident and reflected electric field of light have an angular frequency (@), a wavenumber

(¢) and a phase term (9):

E = Eycos(qz — wt + §)

In an ellipsometric measurement the phase difference (4) between the two reflected electric

fields, parallel (£,) and perpendicular (E):
4= 6rp — Ors
And also the change in the ratio of the amplitudes is measured:

N

tan¥ =

Ts

. 7

tany . ed = L

Ts
where 7 is the Fresnel coefficient of the p and s polarized light. The film thickness can be cal-
culated from the measured value of 4 and . The film thickness was calculated using the Fit-
software. Ellipsometry measurements and evaluation have been performed with the kind sup-
port of Dr. Antonio Stocco, see fig. 6. Due to the several uncertainties in the measurement,
especially at low concentration the film is not complete (submonolayer) and the roughness

and a complex refractive index are necessary to obtain reliable results.

CF‘
-

+

+

ih

Thickness (nm)

o

0 2.0x10™
Concentration (mol/L)

Fig. 4) Ellipsometry result of CuPc thickness deposited by spin casting from different concentrations
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The measured thickness for a concentration range is not linear, see fig. 4, which is not ac-
ceptable concerning the spin casting physics discussed in chapter 2 and 6. However, at higher
concentration (near saturation concentration), presumably a certain fraction of the CuPc, that

was deposited already in the preceding deposition step, is again re-dissolved and spun-off.

Evaporation rate results by reflectometry

The evaporation rate was determined by measuring the change of the TFA liquid-film in the
spin casting process. The spin coater was placed in an ellipsometer set-up, see fig.1a. The

changes in the film thickness produce an interferometry pattern see fig. 1b.

The changes in thickness (4d) were determined from the maximum point of the oscillation

amplitude in the reflection pattern, see fig. 1a and b:

A
Ad = :
2(Vn? — sin?0)
a) b) c)
14
Detector | 12
—g \] 10
S air = 1 .-
H = | | rm =1
24 N Y4444 evaporating B LY =6
ad] thin liquid film 2 W 3 4 \
& - 2 L
rotating substrate 0 .

0 1000 2000 3000 0 1000 2000 3000

L_/ Time (ms) Time (ms)

Fig. 5 a) Schematic set-up of film-thickness measurement during spin casting, b) reflectivity versus time, c)

changes of film thickness versus time.

Unfortunately the measurement for TFA is not very accurate. At the beginning of the spin
casting the liquid film becomes thinner by spin-off and evaporation. At this stage the fluctua-
tions in oscillation are very high. Later as equilibrium film thickness is reached, the film
thickness changes due to the evaporation. However after one or three oscillations TFA is
evaporated. This makes it difficult to measure a reliable value for the changes in film thick-

ness. From about 10 measurements, the evaporation rate is estimated to be 0.5 pm-s™.
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Appendix 3 — XRPD results
X-ray diffraction measurement
13.17A (100) CuPc after heating 132A CuPc after evaporation of TFA
(100)
12 A (001) 2.1 A 57 A 32A
o~ — (001) (-201) (-1-12)
5 89A  57A 364 33A | Bl afi00sa  38A 333 A
. (201) (0-12)
o (-101)  (201) (-1-11)-122) | & A
z 6A ssh 1A 324 | Z BSA 6A JsSA  336A
g (-201) (-102) (-112)  (-1-12)| § (002) (-102) (-1-11)
2 | = 6.4 A 46A 374
46 8 1012141618202224262830 4 6 8 10 12 14 16 18 20 22 24 26 28 30
20(degrees) 20(degrees)
Fig. 1) X-ray powder diffraction pattern of a-CuPc (right) and CuPc deposited from TFA (left).
Table 0-1) Experimental data available on a-CuPc [131]
Chemical formula Cs,H;6CuNg Density (mg-m‘3) 1.64
Volume of unit cell (A%) 582.3 a, b, ¢ (nm) ~13,~038,~1.2

Table 1) Diffraction peaks and d-spacing and estimates using crystal structure visualization software “Diamond”

version 3.1f compared to simulated pattern and unit cell of a-CuPc from Hoschino et al. [131]

CuPc after TFA evaporation

after TFA evaporation and heating

a-CuPc[131]

20° + d-spacing

0.1° A Intensity 2@°+0.1°  d-spacing A d-spacing A Intensity hkl
5.1 17.3% 4504

6.7 13.2 20339 6.8 13.1 24147 12.8849 3029933 100
7.3 12.1 15094 7.4 12 17234 11.9892 1919467 001
8.7 10.2+ 1397

10 8.8 3018 10 8.87 3261 8.8280 291459 -101
13.9 6.4 951 i i 6.4425 5032 200
14.8 5.98 814 14.8 5.98 898 5.9946 56027 002
15.5 5.7 2754 15.6 5.67 3124 5.6480 328398 201
15.9 5.57% 2771

16.2 5.46 2612 16.2 5.47 3229 5.459 372942 -102
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19.4 45 2870 ¥ I 4.4140 1725 202
24 3.7 1833 239 3.72 2844 3.6919 53232 0-11
25 3.6 1950 24.9 3.57 2425 3.6043 52133 -1-11
26.7 3.33 4306 26.7 3.34 4579 3.3443 653464 0-12
27.5 3.24 8499 27.6 3.23 5806 3.2373 717386 -1-12

* 4+, +:new peaks (~ 2 x 8.8), (~ 2% 5.4)

I the intensity of the peaks were too low in comparison with a-CuPc[131].
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Appendix 4 — The adsorption function results

The amount of adsorbed material (/,(N)) in each layer ( a: layer number) versus the total
amount of adsorbed material (N) can be calculated using a sigmoid function (/,.x, Ny and y,

are constants defined for each layer):

Linax (7-17)
1 + e-Ya(N=No)

I(N) =

The inflection point of the sigmoidal function (Ny) is where the adsorption rate (dI7/dN) is

maximum [62].

Table 1) Sigmoid growth function for the amount of adsorbed material in each layer

Layer Adsorption function Lax y Ny

1 3 3+0.1 2+0.1 1.3+0.1
L(N) = 1+ e-2(N-13)

2 2.7 2.7+0.1 1.3+0.2 44402
L(N) =

1 + e-13(N—4.4)

3 24 24+0.1 1+0.2 7.2+0.2
W = e

4 2 2+0.2 1+£0.2 8.8+0.3
W = e
5 1 1+0.3 1+04 9.6+0.8
W = e
a 36—05a (3.6+0.3)— 2 £03) - 21+07)a
LN) =~

14 e-(2-030N=20) 0.5+0.1)a 03+0.1)a
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Appendix 5 — Supporting AFM measurements

e AFM images of drop casted film

e Influence of the tip on the structures
AFM images of drop casted film:

In a drop casted film the morphology is not homogeneous and different coverages can be
found in different parts of the drop area. Fig.1 shows different areas of a drop of CuPc/TFA

solution dried under ambient condition.

drop casted

Fig. 1) AFM image of different part of drop casted film
Influence of tip on the structures in high resolution measurements:

As mentioned in chapter 2, the material loosely binding to the substrate can be attracted to the
AFM tip. This effect can change the features and also the tip radius. Especially at high resolu-
tion measurement, the tip is longer in contact with the sample. In that case the influence of the
tip is more prominent. In low resolution measurements, the influence of tip is not significant

and the AFM images are up to several scans (at least 5 scan per area) reproducible.

Fig. 2 shows AFM images taken sequentially from a ribbon of ~ 50 nm width. The images are
taken by a soft tapping AFM mode. The amplitude image (fig 2 c) shows that the measure-
ment is not noisy. At monolayer coverage, the structures were slightly changed by measuring

in light tapping mode with JPK-Nanowizard:
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Fig. 2) Sequential Tapping mode AFM scans of a nanoribbon on SiO,. The images show the influence of a tip on
the structure. a) Height image of first scan, b) height image of second scan, ¢) amplitude image of second scan,

d) height image of third scan, e) height image of fourth image, and f) height image of the larger area.

At multilayer coverage, the structures can be changed easier than in monolayer coverages, see
fig. 3. This verifies that the binding of the molecule with substrate (monolayer coverage) is

stronger than binding of molecules with molecules in the next layer (multilayer coverage).

Fig.3) Sequential Tapping mode AFM scans of a multilayer coverage on SiO».

Dip coating in a solution mixture

With a mixture of TFA and chloroform (1:1) solvent, two different structures were deposited:
the typical CuPc nanoribbons as deposited from TFA (see Figure 5-2a) and larger aggregates

(40-50 nm). Measurements showed that the mixing ratio influences the structure of the film.
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Appendix 6 — Results on CuPc film from solution mixture

for application in organic solar cells

Solvent mixture is used to produce 3-dimensional structures for OSC application. Using TFA
and TCM mixture as solvent, I was able to produce novel structures of CuPc nanoribbons

(< 10nm) with larger aggregates on top (some 10s of nm), see fig. 1.

40-50 nm

WI< 10 nm
SO, |

b)

Fig. 2 a) optical image of drying pattern produced by spin casting CuPc/TFA/TCM (1,3) and AFM cantilever (2)
b) schematic drawing of the drying pattern ¢, d, and f) AFM image of the film
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Further AFM measurements show that by spin casting the CuPc/TFA/TCM solution in ambi-
ent atmosphere, a film of nanoribbons is produced. On this film drying patterns (Marangoni
instability) are formed, see fig. 2a and 2b. The AFM image of the film is presented in fig. 2b,
and of larger aggregates/ drying patterns in fig. 2¢ and 2.d.

The AFM images indicate a phase separation during film formation, where two kinds of solid
aggregate nucleate and grow from solution. Furthermore the influence of water was studied
on CuPc/TCM/TFA solution. To this end a drop of water (0.2 ml) is added to a
CuPc/TCM/TFA solution (1:1). The CuPc/TCM/TFA is homogeneous and has a light reddish
blue color, see fig. 3a. By adding water, the color of the solution changes to green and an el-
liptical liquid volume (pink-blue) precipitates on the bottom of the container, see fig. 3b and
3c. The green part of the solution is CuPc/TFA (see chapter 6 aggregation of CuPc in
TFA/water mixture), and the elliptical volume is CuPc/TCM/(with presumably small amount

of TFA).

a) CuPc/TCM b) CuPc/TCM ¢) CuPc/TCM
/TFA /TFA/water /TFA/water

Fig. 3) Solution of a) CuPc/TFA/TCM, b) solution (a) + 0.2 ml water, and c) larger picture of solution (b)

Furthermore the contact angle of the solvent mixture of TFA/TCM on planar SiO, surfaces for
different volume content is measured (vol. %), see fig. 4a and 4b. The contact angle of TFA
on Si0; substrate is ~ 0°and of TCM ~ 10°. The contact angle of the mixture is changing from
0° to 40°. This indicates that not just the water content of the atmosphere, but also the mixing
ratio of TFA and TCM play a major role on dewetting during aggregation of CuPc in the solu-

tion mixture.
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Fig. 4) contact angle measurement of TFA/TCM mixture on SiO, substrate

Supposedly, the large aggregates (some 10s of nm) are formed due to a dewetting of the solu-
tion due to the water existence. The nucleation and growth of the structure is caused by insta-
bilities during the drying process and therefore is very sensitive to experimental conditions,
especially water content. Due to the hydrophobicity of chloroform and the sensitivity of the
chloroform to the environment condition, the experiments are not exactly reproducible in am-
bient condition. For understanding the system and producing aggregates of favorable sizes,
the instabilities have to be controlled in laboratory conditions. Therefore further equipment

was necessary to continue the experiment.
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Appendix 7 — Results on CuPc/ Hexacosane as template

for application in organic solar cells

Fig. 1) AFM image of a) CuPc nanoribbons prepared by dip coating , b) sample a dip coated into hexaco-

sane/toluene solution, ¢) sample b heated and cooled down. d) Schematic drawing of the experiment; optical

image of e) sample b, and f) sample ¢

CuPc/hexacosane is used to produce a template for OSC. The idea is to cover part of the sur-
face with a blocking layer (nonconductive) and then evaporate the organic layer to produce a
dendrite structure, which may help for effective exciton diffusion and charge transport in
OSC. The dendrite structure needs to be in the nm-range (exciton diffusion length). Unfortu-

nately the structures are much larger (um range), see fig. 1.

CuPc nanoribbons dipped into toluene solvent: Submonolayer and multilayer of CuPc na-
noribbons can be washed out by immersion into toluene for ~ 3 min. With 10 dippings and
drawing into toluene solvent (1 mm/s), the coverage becomes lower, however CuPc nanorib-

bons can still be seen with AFM.
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CuPc nanoribbons dipped into hexacosane/toluene solution: Multilayer (two layer) cover-
ages of CuPc nanoribbons were produced by dipping SiO, wafers into CuPc/TFA (1 % 10
Smol'L', 1mmy/s) solutions, fig la. Then the sample was dipped into hexacosane/toluene solu-
tion, fig 1b. The dry film is first heated to 60°C and then cooled down (20°C per min), fig 1c.

The melting temperature of alkane is far below the CuPc phase transition temperature.

Although a multilayer coverage of CuPc was used, fig. 1a, after dipping the observed CuPc
coverage was a submonolayer, fig. 1b and le. By heating the alkane melts and by cooling
down it aggregates into solid, fig. 1d. The front of solid aggregates of alkane follows the CuPc

nanoribbons shape, fig. 1¢ and 1f.



Appendix 8 — Results on the effect of the CuPc nanoribbons | 130

Appendix 8 — Results on the effect of the CuPc¢ nanoribbons

as template in organic solar cells

CuPc and ZnPc are used as donor layer in OSC. I studied the influence of CuPc nanoribbons

(prepared by spin casting in ambient condition) as a morphological template for ZnPc deposi-

tion in high vacuum.

a) ICuPc spin coated on ITQ|  b)CuPc spin coated on SiO,

1nm | L snm
Lo J\"W‘*«\(ﬂm oy
0 200 400 600 800 5 ;
nm HIn

Fig. 1) CuPc spin coated from solution on a) SiO2 CuPc, b) on ITO, (3.2 % 10-4 mol/L and 50 rps)

In comparison with ITO, SiO, substrates have a low roughness <Inm and have no special
morphological features in AFM, therefore features of the deposited layer can be studied with
less ambiguity on that surface. I used SiO, parallel to ITO for the morphological study, fig. 1.

Fig. 2) ZnPc evaporated on CuPc/SiO, (fig. 1a) for 1, 5, 10, 30nm.
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CuPc/TFA was spin coated onto the SiO2 substrate to prepare a template with nanoribbons,
fig 1. a. ZnPc was evaporated in high vacuum onto the template with a ZnPc film-thickness of
Inm, Snm, 10nm, 30nm. By a ZnPc film of 10nm the pre-structure of the template is partially
filled, by 30nm the pre-structures are completely filled, fig. 2. Presumably the template influ-

ences mainly the interface between the ITO contact and ZnPc as electron donor-layer in OSC.

Performance OSC

a) b) I —s
47| —*—CuPC template v{ FF :59 %
Al contact ' from solution Il vV, :054V
BCP w’g + without template 'I I :0.19 mA/cm’
i < 7| PCE:1.86 %
C60 / ED'O 7
ZnPC n o .JJ' | FF .57 %
e V., :052V
n ﬂ-ﬂ 1) ﬂn{}nn 7 qmwj’ 11, :0.17 mA/lem’
ITO PCE : 1.55 %

0.0 05
V (V)

Fig. 3 a) schematic drawing of OSC, b) Comparison of I-V characteristics of with and without a thin solution

based template layer of CuPc

The wet deposition was performed via spin-coating, followed by drying, both under ambient
conditions (RT). A rather thin wet-deposited CuPc layer served as template for a conventional
vacuum evaporation deposited ZnPc layer. 25 nm zinc phthalocyanine (0.07 nm/sec) as elec-
tron donor, 30nm fullerene (0.07nm) as electron acceptor and bathocuproine (BCP, 0.01nm)
as hole-blocking layer and aluminum (AL, 0.1nm/sec) as electric contact were evaporated
sequentially by thermal evaporation in ultrahigh vacuum (~10" mbar) with the substrate at
room temperature. The highest PCE of an optimized typical ZnPc/C60/BCP/AL OSC pre-
pared at the same conditions without any template can reach up to 1.5%. Using the template

increases the efficiency up to 1.83%.
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Appendix 9 — Results processing silver nanoparticles

from TFA solution for application in organic solar cells

Silver nanoparticles are usually synthetized by physical vapor deposition or through compli-
cated methods like ion implantation or wet chemistry [200] [201]. A self-assembly method is
of interest due to its simplicity and cost-efficiency [202]. By combining physical vapor depo-
sition and solvent treatment (spin casting), I applied a simple hybrid method to produce ap-
propriate silver nanoclusters for organic solar cells. Through evaporation of the silver film (~
5 nm), nanoclusters (of ~4 nm height and ~ 25 nm widths) cover the surface. By spin casting
the solvent, a thin liquid film covers the evaporated film. The silver clusters redistribute in the
solution film and by evaporation of the solvent, they aggregate in larger clusters (~20 nm
height and ~45 nm width). The process is influenced via physical parameters of growth from
solution like evaporation rate and liquid film concentration. I show that the size of the clusters
can be controlled by the thickness of the deposited film, type of solvent, and spin casting
speed. I applied this method to increase the efficiency of a hybrid solution processed and vac-

uum deposited unsubstituted copper phthalocyanine/fullerene organic solar cells.

N AN A
ISR

I:Lb@noi ICQ)TFAC)OI I@m Ii

|
a) [ . b) Rff_"J. o .

Fig. 1) Schematic drawing of formation of silver clusters by spin casting TFA solvent on evaporated silver film

Ag was evaporated onto the substrate in high vacuum for three film thicknesses: 2, 5 and 30
nm. A thin liquid film of TFA was spin coated on the Ag film in ambient atmosphere (50 rps),
fig. 1a.The deposited Ag cluster becomes mobile in the liquid film and aggregates into larger
clusters, simultaneously the solvent evaporates, fig. 1b. By evaporation of the solvent the Ag
nanoclusters precipitate onto the substrate, fig. 1c. Nanoclusters were studied using AFM.

Spectral changes were measured with UV-Vis spectroscopy.
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Fig. 2) Formation of silver clusters by spin casting CuPc/TFA solution on evaporated silver film

CuPc dissolved in TFA was spin coated onto the Ag film in ambient atmosphere, fig. 2a. Ag
nanoclusters aggregate in the solution. Fig. 2b. Simultaneously TFA evaporates and CuPc
becomes supersaturated. After complete solvent evaporation CuPc and Ag aggregates precipi-
tate onto the substrate, fig 2c. For organic solar cells, C60, BCP and Aluminum are evapo-
rated in high vacuum, fig. 2d. A control sample was prepared by spin casting CuPc directly

onto ITO.
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Fig. 3 a) AFM image, b) schematic drawing of silver clusters as evaporated and after solvent treatment

By deposition of Ag in high vacuum the SiO, substrate is covered with nanoclusters. The
nanoclusters’ size depends on the film thickness. The size of the nanoclusters can be changed

by aggregation in liquid. The nanoclusters become mobile in the solution, redistribute and
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aggregate to larger nanoclusters. After solvent treatment of 2 and 5 nm thick films, the
nanoclusters aggregate into particles with 20-25 nm height and 50-70 nm width. In case of 30

nm film thickness, the size does not change that much.
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Fig. 4) Absorption spectrum of silver clusters as evaporated and after solvent treatment

The absorption band of Ag films with 5 nm thickness shifts to higher energy due to the in-

crease in the size of the nanoclusters, fig. 4.

Using Ag particles increases the thickness of the solution processed CuPc film, fig 5a and 5b.
Presumably Ag nanoclusters increase the wettability for CuPc. Using Ag nanoparticles in-
creases the absorption twice, fig. 5c. Therefore the PCE increases by Ag nanocluster incorpo-

ration, fig. 5d.
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Fig. 5) CuPc/TFA film spin coated from CuPc/TFA on a) SiO, substrate, b) silver film evaporated on SiO, sub-
strate, ¢) absorption spectra of CuPc nanoribbons without and with silver cluster, d) current voltage characteris-

tics of OSC prepared with CuPc nanoribbons without and with silver cluster.
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Appendix 10 — Results on sequential solution based deposition

of CuPc/acceptor thin films for application in organic solar cells
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Fig. 1 a) CuPc spin casted from TFA solution on ITO (50 /o), b, c, d) acceptor molecule spin casted on CuPc
film

For a solution based heterojunction OSC, acceptor molecules are spin casted on CuPc struc-

tures.

Xem, is an acceptor molecule form Hemholtz-Zentrum Berlin. This molecule is dissolved in
TFA, mixed with CuPc/TFA solution and spin casted onto the substrate. Unfortunately, the
molecules do not wet the CuPc film and forms large aggregate. These aggregates are not fa-

vorable for OSC.

C60 is dissolved in toluene and spin casted onto the dry CuPc nanoribbon film. Again the

molecule forms aggregate and the coverage is not large enough to cover the CuPc film.

PCBM dissolved in dichlorobenzene and spin casted onto dry CuPc film produce almost close
film. It seems to produce promising structures for further study and preparation of a complete-
ly solution based heterojunction OSC and is going to be investigated further. This work is

done with the help of Markus Regnat.
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