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Abstract

The formation of polymorph crystal structures of the molecule dihexyl-terthiophene
is investigated within thin films. Different thin film preparation methods were used:
on one hand films are prepared by solution processing: spin-coating and drop-
casting. The films are investigated in terms of their crystallographic structure and
thin film morphology by different x-ray scattering and microscopy methods. Three
different types of polymorph crystal structures are found. Their appearance depends
on the thin film preparation method. The evaporation rate of the solvent during the
crystallisation process determines which type of phase is prefered. In case of a slow
crystallisation process two different stable bulk structures are formed, which also
grow by crystallisation from the melt. One of these stable bulk structures is fully
solved by single crystal X-ray diffraction. In case of a fast crystallisation process
a specific phase appears. This phase is metastable, since it is formed under non-
equilibrium conditions. The formation of the metastable phase is studied starting
from the monolayer coverage: highly aligned crystallites grow on top of a closed
monolayer which acts as a template for the subsequent crystal growth. This re-
veals that the metastable phase is mediated by the presence of a surface during the

crystallisation process.



Kurzfassung

Diese Arbeit beschéftigt sich mit der Entstehung von polymorphen Kristallstruk-
turen des Molekiils Dihexyl-terthiophene in diinnen Filmen. Zwei Herstellungsme-
thoden wurden angewandt. DROPCASTING und SPINCOATING. Die Filme wurden
hinsichtlich ihrer kristallographischen Struktur mittels Rontgenstreuungsexperimen-

te und ihre Morpholgie durch mikroskopischen Methoden untersucht.

Drei verschiedene kristalline Polymorphe wurden gefunden. Die Untersuchungen er-
gaben dass die resultierende Phase von der Herstellungmethode abhéngig ist. Im
Speziellen von der Verdampfungsrate des Losungsmittels wihrend des Kristallisati-
onsvorganges. Diese bestimmt welche der drei Phasen bevorzugt entsteht. Im Falle
einer sehr langsamen Verdampfung des Losungsmittels treten bevorzugt zwei als
BULK-Strukturen titulierte Phasen auf. Zusétzlich entstehen diese beiden auch bei
der Kristallisation aus der Schmelze und werden daher als thermodynamisch stabil
behandelt. Bei sehr schneller Verdampfung des Losungsmittels tritt eine spezielle
Phase auf. Da sie nicht unter Bedingungen im thermodynamischen Gleichgewicht
entsteht wird sie als metastabil angesehen. Die Entstehung dieser metastabilen Phase
wurde ausgehend von einer Monolage bis zu groferen Schichtdicken untersucht. Die
experimentellen Ergebnisse implizieren, dass zuerst eine Monolage ausgebildet wird.
Auf dieser wachsen weitergehend sehr gut ausgerichtete Kristallite mit hoher Qua-
litdt. Es wird angenommen dass das Vorhanden sein einer Oberfliche und/oder die
Geschwindigkeit der Kristallisation das Kriterium fiir die Entstehung dieser Phase
ist.
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Chapter 1

Basics of X-ray diffraction

experiments

X-rays are electromagnetic waves which, since their discovery in 1895 by Wilhelm
Rontgen, are used in a variety of applications ranging from medicine and security
over lithography on to material science and many others. The energy of X-rays is
typically in the range of 120 eV to 120 keV, which corresponds to a wavelength range
of0.01 nm to 10mm. At these high energies, electromagnetic waves are relatively
weakly interacting with matter, allowing them to penetrate several mm to cm into
solid materials. This low adsorption coefficient for X-rays is exploited in transmission
experiments like medical X-ray or computer tomography. The ability of X-rays to be
diffracted, as first discovered by MAX VON LAUE, allows an even deeper insight into
material properties with a resolution as small as the atomic scale, e.g., the double-
helix arrangement of the acid-base pairs in DNA as one of the most important

results.

In this work, the results of X-ray diffraction experiments performed at a variety of
experimental setups are used to elucidate the internal and crystal structure of the
molecule DH3T. In the next sections, a brief summary of the theory of diffraction
experiments together with the experimental setups will be given. For more detailed
explanations of the theoretical description of X-ray diffraction and its application
see for instance [25][4][18][1].
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1.1 The Direct Lattice and i1ts Unit Cell

Many materials are crystalline in their soldid state, i.e., they consist of more or less
“periodic repetitions in three dimensions of a motive composed of atoms [25|”. Most
experiments with X-rays are using this periodic property of the solid. This part will

give a brief introduction to how an ideal crystal is described [7].

1.1.1 The Lattice

The direct lattice consisting of atoms or molecules is a periodic repetition of a
property f(r) = f(r+ Ry,) and can be described as a linear combination of a set
of basis vectors ay, as, az in real space. In general, we are dealing with non-unitary

systems. The lattice points R, represent this latice

Ry, =) nay (1.1)

n = (n1,ng,n3) is a triple of integers. The basis vectors can be varied in multiple
ways to describe the same lattice and, therefore, a unit cell is defined as the set of

a; with the smallest volume

VUC :‘ al (ag X 83) ’ (12)

These unit cells can be categorized in crystal systems and BRAVAIS [attices with

specific properties and are discussed in detail in literature [25][7].

Figure 1.1: lattice point 2a;, as, 3as view along as



CHAPTER 1. BASICS OF X-RAY DIFFRACTION EXPERIMENTS 3

a;_as
a h k

Figure 1.2: A lattice plane described by h-u+ k- v+ (- w = 1 in a non-unitary
system

1.1.2 Lattice Planes

A plane generally can be represented by 3 points not lying on the same line. Within
the lattice, planes can be identified by its axis intersections in multiples of | a; |.
For unitary and non-unitary systems, equation. 1.3 defines a plane where the recip-
rocal values of the h, k, [ (MILLER indices) are the distances from the origin to the
intersections with the according axis (A, B, C) in units of a; (figure 1.2)[25|. The
length from 0 to A, for example, is a; /h.

h-u+k-v+l-w =1 (1.3)

The normal vector to the plane can be calculated from the vector product

N = (signof hkl) | (T —=22) x (Z =)

- a; X as _ Ay X Qg _ a; X ag n Ao X ag
B hk kk hl kl
. Ay X ag asz X aj a; X az

- ) () - ()

1
= W {h(a2 X ag) + k(ag X al) + l(a1 X ag)}
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and the length | N | of the normal vector N is [25]

1 Vuc
d Rkl |

IN| =

with d as the shortest distance from the origin to the plane. We therefore have a

unit vector pointing from the origin towards the plane of

. (a2 X a3) (a3 X al) (a1 X ag)}
n = dsh + k +1
{ VUC VUC VUC

In a more compact formulation

n = dr*
" (a2 X a3) (a3 X al) (a1 X 3.2)
r' = h +k +1 1.4
VUC VUC VUC ( )
1
1 = = 1.5
vl = 2 (15)

So we have three important results:

1. A lattice plane is described by 3 MILLER indices (hkl)
2. The vector r* is perpendicular to the defined lattice plane (hkl)

3. The length | r* | of the vector is the reciprocal value of the lattice-plane spacing

Figure 1.3 shows this schematically.

1.2 The Reciprocal Lattice

Beside the real lattice, a reciprocal lattice can be defined as (cf. eq. 1.4):
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Figure 1.3: The hkl directions of a cubic crystal structure (| a; |=| ag |=| a3 | and

90° between them). The normal vectors of all sketched planes in this figure are
intersected with the unit sphere for simplicity.



CHAPTER 1. BASICS OF X-RAY DIFFRACTION EXPERIMENTS 6

R, = ) ma; (1.6)

The reciprocal basis vectors a; are defined as:

2

a;] = il (ag X ag)
Vue
2

a, = il (ag x aj)
Vue
2

a; = il (a; X ay)
Vue

and the reciprocal cell volume is simply:

27
Vivc = 1.7
Voo (1.7)
The two systems are orthogonal and, consequently
aia;- = 27 5ij (18)

The reciprocal vector Q

Q = haj+ka;+la;

is perpendicular to a set of parallel lattice planes of the direct lattice and unam-

biguously describes this family:

. d
2

d = —— 1.9
Q) (1.9)

n is the unit vector perpendicular to a set of lattice planes and d is the distance

between the lattice planes. This is schematically shown in figure 1.4.
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aq

Figure 1.4: (a) A lattice plane defined by (2,1,1). (b) Lattice-plane families (101)
and (302); view along as.

1.3 X-ray Scattering and Diffraction

The electric field of an X-ray beam traveling through vaccum is described as:

E(r) = Eg - e'kr—t) (1.10)

and it is the transversal component of an electromagnetic wave. It is the mainly
interacting part with the lattice [29]. Eq is the electrical field, k is the wave vector,
w the angular frequency. During the experiment, the detector measures an intensity
I ~| E'(r) |* so the time-depending factor is neglected in the following steps. The

length of the wave vector is
k=k = %
c

and is called the wave number, which is connected to the wavelength X\ via

Therefore, k can be separated in a unit vector s, which defines its direction, and its
length k.

2
k =k-s= TW - S
The photon energy is given by
h-c 12.398
ElkeV]| = — =
heV] == NA
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The electric field of the X-rays can interact with electrons, force them to oscillate,
and therefore to radiate an electromagnetic spherical wave. If no energy trans-
fer occurs (elastic or Thomson scattering), an electromagnetic wave with the same
wavelength as the incoming electromagnetic field is generated. So | k |=|] k' | and

|w =l

The origin 7 = 0 is set somewhere within an atom described by his electronic density
p(7) . The field E’ at an observation point r’ is a superposition of contributions from

different scattering centers and is proportional to (fig. 1.5(a)) :
E' (') ~ —To/d3fp(f) giAer) (1.11)

ro is the Thomson scattering length [1].

The phase factor €/2¢*") is important for constructive interference and is different for
every scattering center. It is defined by the position of the scattering center 7 and the
direction of the wave vectors s and s’ (r/, 7) (fig. 1.5(b)) When setting the observation
point to infinity so the s’ (r/,7) = s’ get parallel (Frauenhofer approximation) the

phase factor is

Ap = (s —s)i="T8i=(K-k)i=q-

and equation 1.11 denotes to
E'(q) ~ —To/d3f’p(f) el (1.12)

The scattering vector q (momentum transfer) is defined as
hq = hk' — hk (1.13)

where hk and Ak’ are the initial and final momenta of the photon .

For describing the whole lattice one has to sum up all contributing scattering centers

iAG (P

and keep track of the phase e ) of the incident wave as it interacts with the

scattering center.

E(q) ~ —ro / 7 p(7) €1 il (1.14)
Ve

Where V, is the volume of the whole lattice.
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(b)

Figure 1.5: (a) Illustration of superposition of the scattered waves. (b) Illustration of
interference. When assuming the scattered waves meet in infinity, they are parallel

(Frauenhofer approximation). Then the path difference between s’ scattered by 0
and Pisa—b=r7(s —s).



CHAPTER 1. BASICS OF X-RAY DIFFRACTION EXPERIMENTS 10

Figure 1.6: The gray spots symbolize the R,-periodic p(7) proportional to the
electronic density around an atom. The wave amplitude at points R, relative to
the same origin equal; i.e. p(0) = (R,,) or in general p(7) = p (7 + R,) respectively.
2 Points at positions 7 do not equal in general instead.

As mentioned above in section 1.1 a crystal per definition is a defined arrangement of
a periodic property like p(7), i.e. those p(7) are the same for any 7+ R,, (fig. 1.6(a))
. Note that all p(#) are therefore represented within only one unit cell. Equation

1.12 subsequently can be written as

E,<q) ~ Z _TO/deuc p(fuc) eiqf eiqR“

Ro Ve
E'(q) ~ —Tg/d3f’ P(Tue) €89 E ¢ aRn
Vie Bo
. N——
~ lattice sum
structur factor

The structure factor fs(q) in detail is irrelevant as long as we only consider the
theoretical directions of the maximal intensity and not the absolute value of scattered
intensity. So the integral denotes to a constant and a sum over all R,, within the

crystal.

Now E'(q) is:

E'(q) = fs(q)) eoB
Rn
= fs(q)) ermilam).y " eimalaaz) .y " ginslas) (1.15)

ni n2 n3
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Constructive interference occurs when the phase difference is a multiple of 27. There-
fore, the following equations, called LAUE equations, have to be fullfilled. The

(ﬁ, /;:, Z) denote the order of the diffraction maxima and are called LAUE indices.

a-q = 2r-h (1.16)
ay-q = 27k (1.17)
az-q = 2m-1 (1.18)

When choosing q as any of the Q defined in subsection 1.2, one automatically gets

constructive interference due to the fact that

aia;f = 27 5ij (].].9)

So equation 1.15 can be rewritten as

E(Q) = fs(a)) &

n

_ fS (q> Zeimh(a’f a1) . Zeinzk(agaz) . Zeingl(agag) (12())

ni n2 n3

and the exponents of the phase factors are

a-Q = 2r-h (1.21)
a,-Q = 27k (1.22)
a;-Q = 2r-l (1.23)

L.e., the reciprocal lattice is a mapping of the direct lattice.

The MILLER and LAUE indices just differ in a factor n;
(B, i Z) — n(hk 1)

So we have three important results:

1. In a diffraction experiment the scattering vector has to simultaneously equal in

length and direction a reciprocal lattice vector to observe enhanced intensity
qa=Q

2. The peak maximum occurs when the scattering vector q is perpendicular to a
lattice plane (hkl)
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3. The length | Q | of the vector is the reciprocal value of the lattice-plane spacing

1.3.1 Slit Interference Function

Another interesting result deriving from the lattice sum is the so called slit inter-
ference function that describes the scattered intensity around a crystal Bragg peak

and writes as [4]:

sin®(Nya1q/2) sin®(Naasq/2) sin?(Nzazq/2)
sin?(a1q/2) sin?(axq/2) sin®(aszq/2)

I(q) = (1.24)
with N; as the lattice extension in the i-th direction (in numbers of unit cells). The
formula reveals two important results. First, strong maxima at |q| = |Q| = 2%
which correspond to Bragg peaks. Second, side maxima around strong maxima
occur (Laue oscillations). These side maxima are, in general, observable only for
high quality crystals and allow for an accurate determination of the crystal extension.

Figure 1.7 shows a simulation of the slit interference function.

1layer ——2 layer

160 3 layer 4 layer o)

14_— -
121 Bragg peaks 1
a 10|
S gt ]
> i . i
g 5l antl-Brng ]
S 4l poin i
- I
£ 2L/ \__ -

0 RN/ \V

0.2 0.3 04 05 06 0.7 0.8 0.9 1.
-1
q, [A]

Figure 1.7: Peak simulation of multilayer arising from a crystal with a d-spacing
of 15.4 A The peak positions remain the same and are independent of the layer
thickness. As the number of layers increases, the full width at half maximum is
reduced and the number of Laue oscillations in between the Bragg peaks increases.
Image reproduced from [31]
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1.4 Geometric Considerations

The incident wave vector kg in most experimental setups is fixed and the detector
and the sample are shifted and rotated to adjust the crystals to fulfill the Laue
condition. We choose a coordinate system in a way that kg is along the x-axis (1).

We call it the laboratory system. So k§ in the laboratory system is given by

2
KL — 7”(1,0,0) (1.25)

The detector rotates on two axes to scan for scattered waves. The rotation axis
q& = (0,1,0) of ©; is the y-axis (2) and .%. = (0,0,1) for O3 is the z-axis (3). The
starting position of the detector is set in a way that ©; = ©5 = 0. In that case k"

1S

2
K- - ;(1,0,0) (1.26)
and the detector is on a vector in direction d° = (1,0,0).The mathematical de-
scription of a clockwise rotation by an angle © around a given axis A is given by

[26]:

D;; (©,A) = A;A;j(1—cosO)+ 0;;cosO + €, A,sinO (1.27)

D(©,A) = A2A1 (1 —cos©) — A3sin®© (A2)2 (1 —cos®) +cos®  AzA3 (1 —cosO) + Apsin©®

(A1)%2 (1 — cos©) +cos© A1As (1 —cosO) 4+ A3sin® A;A3 (1 —cos®) — Axsin®©
A3A1 (1 —cos®) 4+ Azsin® Az3As (1 —cosO) — A1 sin© (A3)% (1 — cos©) +cos©

When rotating the detector arm by ©; we are observing for a wave in direction of

o= o)

When rotating the detector arm by ©; and ©,, we are observing a wave with
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K = | I[ p. <@n,A> -d° (1.28)
2r
= Dp (Om, A | Dpy | Oy, A |- —-d
mi m2 )\
m é {ml,mg}

In a more compact version the resulting rotation matrix A for M axes is

A@©Am = ] Dn<@n,A> (1.29)
A©) = A(©,A,m)
@ = {@1,...,@n,...,@]\/[}
A — {1},...,%,...,%}
m = {my,...,my,...,my}

and rembering the axes configuration

A©) = A(O,A,m)

The rotations are not commutative, which means that it matters how the M rotation
axes are coupled. The order has to be taken into account. m is a list which defines
the order of the rotations. From right to left; axis m); is mounted on axis my;_1, is
mounted on axis my;_o, is mounted on ... . In the case of m is {1,2} the rotation
axes é gets tilted for ©;. So when rotating by ©,, the detector is moving on a circle
on the rotation sphere towards (0,1,0) (figure 1.8) . When rotating by ©, in the
case m = {2, 1}, we get a horizontal circle with constant height. Figure 1.9(a) shows
the principle of the rotation for the case m = {2,1} ,é = (0, 1,0),1;& = (0,0,—1).
The scattering vector is q~ = k¥ — k&.

So the overall rotation is defined by M - 3 parameters!.

As next step, a sample is illuminated along kg and we want to scan through the k
for detecting the waves scattered by the according lattice planes. The sample has
its own coordinate system (sample system). It is rotatetable for ©y on an axis along
the y-axis (2/) % = (0,1,0) . Relative to the laboratory system it is chosen in a way
that for @y = 0 the axes of the sample system and the laboratory system have the

1One also has to consider the rotation directions. This can be done by defining the rotation
axes by choosing the values +1 suitable.
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3

Figure 1.8: (a) Rotation of the detector in the laboratory system for the case
m = {1,2} ,11& =(0,1,0),A = (0,0, —1).

9

same directions and both have the same origin. Through rotating by ©,, we vary
the incident angle of the beam and the sample system gets tilted with respect to
the laboratory system (Figure 1.9(b)). For transforming k% and k{ into the sample
system it is obvious that we have to rotate them for ©y somehow. To tansform from
a cartesian system into a cartesian system, the transformation is the inverse of the
rotation [26]. The inverse of a rotation matrix is simply the transposed rotation

matrix. Therefore the transformation can be described as

k¥ = Dy (@0,%) K"
kK = Dy (@0,%) KL
and the observed scattering vector is
@® = K -kJ
= ;' (0.4) (k- K)

= D' (00 4)-d"

Note that | g~ |= | q° |.

In the case that the sample is rotatetable around more axes, equation 1.29 can be

used to formulate a transformation matrix for transforming a vector r" from the

laboratory system into to the sample system r° .
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(a)
<\ 3 Laboratory
system
0,
1 k" It
S — g
2
(b) <\
3 3 Laboratory
e} 1 system
I ’
N
1 kr ,‘ kg
[Lasies O
O
22 Sample
system
(¢)
Sample

system

ky

= .-z @O
r----- - /

Figure 1.9: (a) Rotation of the detector in the laboratory system for the case m =
{2,1} ,q& = (0,1, 0),% = (0,0, —1). (b) Transformation from the laboratory system
to the sample system. (c) Wavevectors in the sample system after rotation.
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All together now:

1.4.1 ©/20 Scan
Let’s assume for example the case that ©; = 20, = 20. We get

cos20 0 —sin20
D, (2@, A) — 0o 1 0
sin20 0 cos2©

and therefore

cos20 —1 —2¢in? O
Lo 0 _ 0
T = )

sin 20 2sin © cos ©

with the identities

sin20@ = 2sin© cos®
cos20 = 1—2sin’O

The length of the scatttering vector is

g~ | = 2; \/4sin2@ (sin® © + cos® O)

= ;sin@

17

(1.30)
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Transforming into the sample system reveals

ot (e4) =
@ = 2%
@ = 2;
¢ = QTW

So we just get components perpendicular to the substrate and the norm of q° is

| q

S| 4

cos® 0 sin®
0 1 0
—sin® 0 cos©®

—25in? © cos O + 2sin® O cos O
0
sin ©2sin? © + cos? ©2sin ©

0
0
2 5in O(sin® © + cos? O)
0

0
2sin ©

=q, = Tsin@

18

At angles where the laue condition is fullfilled, we can expect enhanced intensities?

That’s Bragg’s law . kSand kj are

kg

kS

2T
S — N
A = 2dsin®
5 cos ©
T
= = 0
—sin©®
5 cos ©
sin ©

(1.31)

So when performing a measurement in that way we scan for | q |= ¢, perpendicular

2Note that the quantitative amount of photons reaching the detector dependens on factors like

the structure factors.
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detector (a)

Figure 1.10: (a) Rotation of the detector through the beam to determine the cen-
ter channel ¢q and the channel per degree cpd. (b) Angular relationship for the
calculations.

to the x-y plane of the sample system. So for (hkl) parallel to the xy-plane. The
incident angle equals the angle of the scattered wave relative to the latice plane.
This type of scan is named Specular Scan or ©/20 . This scan type is very useful

and is described more in detail below.

1.4.2 1D Detector
1.4.2.1 The 1D Detector

A 1D detector consists of i = 1,2, ..., N pixels with a spacing d. and pixel width d,,
and is mounted on an arm at a distance d from the origin. We assume the pixels on
a plane with the y-axis as the normal vector (n§ = (0, 1,0) and the point for defining
the position in space is the center of rotation. The pixel hitted by the beam when
O, = O, = 0 is denoted as ¢y, i.e. the pixel that is on the x-axis. So the absolute
pixel position p; of the i’th pixel in the laboratory system is given by (schematic see
figure 1.10(b)).

pi = (@, vi, 2i)
zi = (1—cp) d.
r, = d
yi = 0

1.4.2.2 Calibration

The parameters ¢y and d are not known a priori so they have to be evaluated. To
determine ¢y and d the detector is rotated through the beam by varying ©; . This
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is illustrated in figure 1.10(b). So the beam hits a certain pixel at the angel 6; = ©

when
Z.
tand, = =
X
1—cy) d
tanei — &

d

and therefore the relation for the i-th pixel at the angle 6; is

d
2(91) = co—i—d—tan(%

Cc

d% is called channel per degree (¢pd) and is the slope of the function

i(0;) = co+ cpd tanb; (1.32)

The parameters ¢y and cpd are obtained from a fit of the experimental data with
the model function 1.32, so the exact distance does not have to be known but can
be calculated via d = ¢pd - d..

Note that in most cases @ is varied in a region where tan () can be assumed as linear,
and 6 instead of tan () as independent variable is taken in the model function 1.32
to obtain the parameters ¢y and channel per degree cpd® respectively. This has to
be considered when comparing or communicating these parameters. The formalism
is then different from the shown one. Instead of channel per degree it should be
named channel per radian cpr in this context. 6 as independent variable is suitable
as long as the distance d between detector and origin is large enough. A conversion

from cpd to cpd’® is performed via

cpd® = cpdl

So every pixel is looking at the origin under an angle

0; = arctan (Z — CO)
cpd

The theoretical angular resolution A©; (i) = ;41 — 0; of the detector? therefore is

3For the effective resolution the beam geometry has to be considered.
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not linear in general.

d 1
e arctan (r) = i cos? (arctan ())

The angular resolution 00, deriving from the height of the pixel and linear behavior

can be calculated as:

50, = — (1.33)

The angular resolution 00, deriving from the width d,, of the pixel:

d
) = 2 1.34
©: cpd d,. ( )

The cartesian directions dY represented by the now known 6; (or the parameters ¢,

and cpd) end on a circle with radius 1. This is shown schematically in figure 1.10(b).

d? = (cosb;,0,sin6;) (1.35)
d? = (cos |arctan L= % 0,sin |arctan L= % ) (1.36)
’ cpd T cpd
0 17— Co . 71— Co
) = 1.
d; (cos [ e } , 0, sin [ e }) (1.37)

Another usefull way to generate the d? is by rotating the starting point (1,0,0) for

the 6; on the rotation axis nY.

1
d} = Dq(i,ng)-| 0 (1.38)
0

The wave vectors k() at the initial position subsequently can be written as:

21

ki) =

Note To simplify cos [arctan ()] we have to express cos (x) in tan (x).
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cos® (z) +sin®(z) = 1
sin? () B 1
cos? () ~ cos? ()
1
tan” 1 = 1.39
an” (z) + o (2) (1.39)
So the cosine gets
1
cos(x) =
tan® (z) + 1
1
cos (arctan (7)) = ——
2+ 1
and the sinus respectively
. 1
sin (arctan (z)) =
L +1
Equation 1.36 now is
1 1
d(z) = ( 0, )
i—co 2 cpd 2
(cp_d> +1 <i—c0> +1

1.4.2.3 Rotation of the 1D detector

The direct aproach to calculate the end positions is to applie the rotations defined

in section 1.4.

d, = A<@)'d?
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For example when rotating just for ©; the position of the d; is given by.

d;, = A(©,,0)-d!

cos®; 0 —sin®, cos 6,
= 0 1 0 0
sin®; 0 cosO, sin 6;

cos ©1 cos B; — sin Oy sin b;
— 0,

sin ©1 cos 8; + cos O sin b;
cos (©1 + 6;)

— 0,

sin (01 + 6;)

There is a more elegant way when rembering that at the initial position ©; = 0, = 0
the directions dY are unit vectors ending on a circle around the center of rotation.

They all are on a plane defined by the normal vector ng .nG is (0,1,0) at ©; = Oy = 0.

So the endpositions of the d; is a rotation of a point (1,0,0) and then for 6; on the

circle around n, afterwards.

1
di = Dd (9,, 1’12) . D1 (@1) . 0
0
cos); 0 —sinb; cos®; 0 —sin®, 1
= 0 1 0 0 1 0 0
sinf; 0 cosb,; sin®; 0 cosO, 0
cos;cos©; —sinf;sin®; 0 —sinf,; cos©; — cosb;sin O
— 0 1 0
sinf; cos ©; + cos#;sin®; 0 —sin#,;sin O + cosb; cos O
cos (©1+6;) 0 —sin(O;+6;) 1
= 0 1 0 0
sin (@1 + 491) 0 COS (@1 + ‘91) 0
cos (©1 +6;)
= 0,

sin (©1 + 6;)
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Figure 1.11: (a) Rotation of the detector for m = {2,1}, q& = (0,1,0), é =

(0,0,—1). d., behaves like a point detector and n, stays in the x-y plane. The
d; stay on a circle in a plane defined by the orientation of ng; which gets tilted
according to the axes configuration m. (b) Rotation of the detector for m = {1,2},
ﬁ& =(0,1,0), A =(0,0,—1).

)
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During a general rotation for ©; and ©, n, gets tilted according to equation 1.29.

ng = A©,0,)-n
1
d,‘ = Dd (9“112) 'A(@l,@g)' 0
0

(1.40)

Explicitely for nj = (0,1,0) and m = {2,1} equation 1.40 can be written as

1
d = AO©:1+6,02)-[ 0
0
1
0
cos (©1+6;) 0 —sin(O;+6;) cosOy; —sin®y 0 1
= 0 1 0 sin®, cos®, 0 0
sin(©1+6;) 0 cos(O;+6;) 0 0 1 0
cos (©1+6;) 0 —sin(O; +6;) cos O
0 1 0 sin O4
sin (@1 + 91) 0 COS (@1 + 91) 0

cos (01 + 6;) cos O

sin (")2

sin (©1 + 0;) cos O,



Chapter 2

Experimental Techniques

In this chapter the experimental methods applied in this work are introduced. First
and foremost, x-ray diffraction techniques using monochromatic x-rays in various
experimental geometries are presented, which were the main experimental tools ap-
plied throughout this work. These diffraction experiments are supported by optical
and atomic force microscopy investigations, which were carried out to determine the

morphology of the investigated samples.

In the present section the notation of several angles is changed from the form used
in the derivations in Chap.1 to the more common form as found in literature, since,

in the following, no more indexing of the angles is necessary. Therefore, the angle
Oy is labeled © and ©, is labeled 20.

2.1 X-Ray Specular Scan

In this type of experiment the angles 20 and © move coupled and therefore the
incident angle o; and the exit angle oy are kept identical relative to a reference
plane (i.e., the scattering plane). In practical experiments, where the x-ray source
(e.g., a sealed tube, a beamline at a synchrotron light source) is generally fixed
in space the detector is moved at twice the the speed (20) of the sample ©. By
performing specular x-ray diffraction measurements information on lattice planes

(hkl) perpendicular to the scattering plane is obtained.

Specular x-ray diffraction measurements, which are also frequently denoted as © /20
scans in literature, are, for instance, the standard method of choice for powder
samples. Strictly speaking, powder diffraction experiments are measurements in
which the rotation of the sample around the angle © is obviously not necessary,

because the grains of powder samples are statistically distributed in the x-ray beam.

26
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Therefore, for a certain set of lattices planes (hkl) (corresponding to a certain 20
value, that is, detector position), the Laue equations are fulfilled independently of
©. Figure 2.1 illustrates the diffraction conditions for a powder sample for a certain

set of lattice planes.

Figure 2.1: Schematic of a crystallite powder. The grains are statistically distributed
in three dimensions and therefore the Laue conditions are fulfilled independently of
the angle © during the scan.

However, this is no longer true for crystals grown on the surface of a substrate, as it
is the case for crystalline organic films investigated in this work, where the detector
is moved by 20 while the sample here is indeed rotated by the angle © being the
half of 20. Most importantly, epitaxial or textured films grown by vapor deposition
or from solution can be investigated, which means that a preferential orientation of
the crystallites in relation to the substrate plane can be determined. If the majority
of crystallites in films grown on a substrate is preferentially oriented with respect
to the substrate normal while they are azimuthally statistically oriented (i.e., in the
form of a two-dimensional powder) this specific growth mode is denoted as fiber
texture. This phenomenon is reported in an large number of studies on thin organic
film growth, mostly on amorphous substrates (see, e.g., Ref.[4]). In Figure 2.1 a

sketch of grains grown in a fiber-texture are shown.

Figure 2.2: Schematic of a fiber-textured film (2D-powder).
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A

Figure 2.3: Schematic of a specular measurement. 20, and © move coupled and
therefore the incident angle «; and exit angle oy are equal during this (symmetric)
scan. Therefore lattice planes (hkl) perpendicular to the xy-plane of the sample
system are scanned. In the case of an ideal powder (see Figure 2.1) in the range of
the scan all (hkl) contribute to the measured pattern. In the case of, e.g., a (001)
fiber textured film a series of (00l) peaks is observed in the pattern.

In general, the surface is aligned with the xy-plane of the sample system. As demon-
strated in the previous chapter the components of the scattering vector during a

Specular sSCall are

Qe = 0
qy = 0
2 4
. = g = Tﬂ sin O (2.1)
2
A = 2dsin 76 (2.2)

and enhanced scattering intensity is observed when the Laue conditions are fulfilled.
A peak therefore identifies a certain lattice spacing with its associated reciprocal
lattice vector Qpni;. In Figure 2.3 the scaling of the reciprocal vector during a

specular scan is shown.

Bragg’s equation 2.2 is a different representation of the diffraction condition (fully
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equivalent to the Laue conditions), which is frequently used for determining the
wavelength of a beam of unknown (or not exactly known) wavelength using a crystal
of known crystal structure like, e.g., single crystalline silicon. This may become
necessary if monochromatization at synchrotron light sources is not achievable with

the desired accuracy.

The equations for the wave vectors during a specular scan are given by

9 COS ¢y;
T
k() - 7 0
— S1n &;
COos Cvy
2T
k = =2 0
A

sin vy



CHAPTER 2. EXPERIMENTAL TECHNIQUES 30

1

| substrate |

Figure 2.4: Crystallites in real thin films and their plane normals, which are not
perfectly aligned. This deviation from ideality contributes to peak broadening of
rocking curves of the respective Bragg peak. Image reproduced from [22]

2.2 X-Ray Rocking Curve

»The measurement of a rocking curve is performed such that the detector on the
20 circle is fixed to the center position 209 of the Bragg peak under investigation,
while the sample is tilted on the © circle (“rocked”) in the vicinity of the Bragg
angle ©9«[4]. In real thin films the lattice planes of, e.g., the fiber-texture, in
laterally separated grains are in general distributed around their ideal positions
(that is parallel to the substrate), as shown in Figure 2.4. In diffraction experiments
on single crystals peak broadening due to imperfections of the crystal also occurs
in rocking curves. To determine the extent of deviation from ideality the surface
is, again, tilted for an angle w relatively to the reference position, e.g., the surface.
Then, w is the deviation of the surface normal n from the scattering vector. w is in
general the half of the scattering angle of the symmetric position 20, relative to ©.
Thus, if ©® = O this deviation is zero.

w = 60— 2% (2.3)

2

Note that for w-angles exceeding —0,, and +6, the incident beam or the detector
would lie below the sample surface, respectively. In this case, no more scattering
information from the sample can be obtained, and therefore the range of a rocking
curve experiment is restricted to the range between —0, and +0,. The width of the
measured [ (w) peaks is proportional to the dislocation density within the film or the
crystal. In the case of a single crystal, the rocking width is in general exceedingly

low compared to that of a thin film sample.

The components of the scattering vector in terms of ; and ay are [18]:
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Figure 2.5: Schematic of a rocking curve measurement. The detector is set on a
position 20,. Thus the scattering vector Q is constant (regarding both length and
direction). The sample is “rocked” for ©, and therefore the incident angle a; and
exit angle oy are varied for w relative to the surface. The resulting curve depends on
the misalignment of the grains on the substrate. As a matter of principle, rocking
curves of an ideal powder do not show enhanced intensity along ©.

27

¢« = (cos af — cos ;)
Qy = 0
m . .
¢ = ~+ (sin ap + sin o)
In terms of w:
. 4 . 2@0 .
¢ = | Q|sinw= st ) sinw

qQy = 0
47T . 2@0
. = |Q|cosw= —smT COS W
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Figure 2.6: X-ray reflectivity scan on a thin film deposited on a certain substrate.
The distance between two consecutive minima (or maxima) of the Kiessig fringes and
Laue oscillations are illustrated. Inset: Low g¢,-region demonstrating the footprint
effect. (Image reproduced from [23])

2.3 X-Ray Reflectivity

X-Ray Reflectivity (XRR) is a suitable method for determining the average thickness
Dy, and roughness o of surface layers and thin films. It makes use of reflection and
refraction of radiation similar to optical ellipsometry. For more detailed explanations
of the theoretical description of X-ray reflectivity and its application see for instance
4, 27, 18, 1].

Figure 2.6 shows a typical specular diffraction pattern of a thin film on a substrate
in the regime of low momentum transfers ¢,. The numerical values and ranges given

in brackets are examples derived for the sample shown in Figure 2.6.

For values of ¢. below a certain value (e.g., ¢. ~ 0.1nm™!) the pattern reveals
high intensity with a fast decay upon increasing ¢, that arises from contributions

from the primary beam directly striking the detector, and, upon increasing ¢., being
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shadowed by the rotating sample. Note that upon proper alignment of the sample
20 = (0° and © = 0° and the sample shielding half of the x-ray beam. At a
certain point (¢, ~ 0.1mm™!) the intensity increases with increasing ¢.. Here,
the detector is moved out of the area of the primary beam and only contributions
of primary-beam reflections from the sample surface are measured (still below the
angle of total external reflection). At these low angles the projection of the beam
(i.e., its footprint) exceeds the sample dimension, and this exceedance is reduced at
increasing angles. This therefore leads to the observed deviation from a constant
plateau behavior (/(q.) = const.) in the region of the total external reflection. Upon
further increase of ¢, the footprint of the sample successively decreases, resulting
in more x-rays being reflected at the sample surface and hitting the detector: An
increase in intensity with increasing ¢, is observed in this region. At a characteristic
q. (~ 0.3nm™! in the Figure), that is the critical angle of the substrate, a sharp
change in intensity is observed. Here, an additional small kink in the curves may
be observed corresponding to the critical angle of the film material itself. For larger
values of ¢, the intensity finally follows the behavior I(q) ~ ¢;*, which arises from
Fresnel reflectivity [31]. In the following ¢. range (70.5 to ~ 2nm~! in Figure 2.6)
pronounced oscillations are observed and arise from coherent interference effects
(Kiessig fringes) of x-rays escaping from the thin film [18, 27]. For crystalline films
at ¢, values corresponding to the lattice spacing (~ 5nm™") of the adsorbate steep
increases of the intensity occur and Bragg peaks are observed. For highly crystalline
films so-called Laue oscillations around the Bragg peaks can be found in addition,
from which the crystal grain dimension perpendicular to the substrate surface can
be estimated. For ¢. values larger than the value for the Bragg peak 5nm~! the
intensity decreases down to background intensity. The approximate values of the

layer thickness D can be deduced from the spacing of the Kiessig fringes [23]:

27
Kiessi
A gy Y

D; ~
where A ¢&%519 denotes the ¢.-spacing of the fringes. A rough approximation for

the crystal height is given by

2
A qLaue

z

hcrystal

where A ¢L®¢ denotes the g.-spacing of the Laue oscillations [23].
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ES

Figure 2.7: General geometry of the X-Ray Pole Figure Technique. Sequential
variation of the tuple (¢,1) for ¢ between 0° and 360° and ) between 0° and 90°
allows mapping all accessible directions in a half sphere of radius | q | of reciprocal
space.

2.4 X-Ray Pole figure

X-Ray Pole Figure Technique is the method of choice for determining the orienta-
tional distribution of crystallites (i.e., its texture). A film comprising a large number
of preferentially oriented crystallites is generally denoted as well textured., in con-
trast, a powder sample comprising randomly distributed crystallites is denoted as

non textured.

In general, in a diffraction experiment the scattering vector has to simultaneously
equal a reciprocal lattice vector both in length and direction in order to observe
enhanced diffraction intensity. Therefore, on using monochromatic x-ray radiation
a certain set of net planes (hkl) of a single crystal in general does not lie parallel
to the scattering vector q and the irradiation of the crystal with the x-ray beam
does not lead to diffraction (Figure 2.7). Hence, the crystal has to be reoriented
in a proper way in order to fulfill the scattering conditions. This can be done by
rotating the sample around two perpendicular axes, frequently labeled as ¢ and .
Sequential variation of the tuple (¢, 1) for ¢ between 0° and 360° and ) between 0°
and 90° results in a mapping of all accessible directions in the half sphere of radius

| q | of reciprocal space (Figure 2.7).

With © and 20 set to positions, where the Bragg condition is fulfilled for a certain
(hkl), peaks at tuples (¢, 1)) are observed according to the orientation of the single
crystal or the crystallites in thin films. The representation of the tuples (¢, )
in stereographic projection is hence called Pole Figure. Figure 2.8 illustrates the

experimental procedure described above..

The rotations of ¢ and 1 in a pole figure measurement are performed in the sample

system. This therefore yields additional rotation matrices for the transformation
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w=0. 90° \o
0=0.. 360°

Figure 2.8: O, 20 and therefore the scattering vector are fixed in space during the
measurement and define the inter-planar distance (corresponding to a certain (hkl))
under investigation. The single crystal is rotated along ¢ and v varying the position
of npy;. Diffraction occurs if the reciprocal lattice vector Qi and the plane normal
Nk are oriented parallel to each other. Image reproduced from [23]

from the laboratory system to the sample system. {} is usually in the xy-plane
and perpendicular to %; i.e., on the x-axis; % is perpendicular to both of them
and, therefore, on the y-axis. Thus, the equation describing the scattering vector

in terms of the scanning angles can be calculated from the given formula in the

previous section:

q® = A (0,9,0)A(20)d’

2.5 X-Ray Grazing Incidence Diffraction (GID)

GID is the method of choice for investigating fiber-textured thin films (down to
monolayer thickness) of unknown crystal structure due to its high surface sensibility
|4, 18].

For textured films in specular geometry only few (and linearly dependent) reflexes
are experimentally accessible, because in the case of fiber-textured films the grains
are statistically distributed with respect to ¢ and well aligned with respect to the
substrate. Therefore, a fiber-textured film represents a two-dimensional powder
(Figure 2.9). To gain access to off-specular reflexes of a fiber-textured film, in

principal x-ray pole figure technique can be applied. However, this experimental
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Figure 2.9: Schematic of diffraction of a 2D powder in GID geometry.

geometry has significant drawbacks concerning its surface sensitivity compared to
GID, which, in principal, makes GID the method of choice for investigating fiber-
textured thin films (down to monolayer thickness) of unknown crystal structure [4].
Here, the incidence angle («o; = Oy) is set fixed at/below the critical angle . of total
external reflection of the sample (note that a,. strongly depends on the substrate
material used). Several sweeps of (1, ©y) then provide an intensity map that can be
transformed into reciprocal space, yielding a Reciprocal Space Map. At certain tuples
(61, ©,) within this map the Laue conditions are fulfilled and peaks corresponding
to distinct (hkl) occur (Figure 2.10).

The components for the scattering vector q in the sample system can be calculated
by

q® = A 1(O))A(0,0,)d°

Due to the fact that the grains under investigation are statistically distributed with
respect to the azimuthal angle ¢ in fiber-textured samples information on q is lost in
an RSM experiment. The components of q reduce to two, i.e., ¢ and ¢., as sketched

in Figure 2.11. These two components are derived by:

qllz\/m
& = d €
&y = q -¢€y
= = q -e;
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Figure 2.10: Schematic of a Grazing Incident Diffraction experiment. The majority
of the incident x-ray intensity is totally reflected because of the grazing incident ge-
ometry with ; < a.. For a number of (hkl) in the fiber-textured film the diffraction
conditions are fulfilled yielding at peaks in the reciprocal space map (picture taken
from [23]).

Figure 2.11: In fiber-textured films the reciprocal lattice degenerates into a set of
rings around the fiber axis. This allows determining information on the whole lattice
by a single planar cut (¢ and ¢.) through the reciprocal space in terms of a reciprocal
space map. (Image reproduced from [16])
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tip

measured profile

Figure 2.12: An atomically sharp tip scans over a surface. Measuring the forces
in between allows to determine the three dimensional topology of the surface.The
width of the tip primarily determines the measurement resolution of the device. This
is sketched in the image above distinguishing between the real and the measured
profile (dashed). (picture taken from [23])

where e,, e,, e, are the base vectors of the z-axis in the sample system.

2.6 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a very high-resolution method to map a surface
in 3D with a hight resolution on the order of atmic scale. Forces between the
atomic sharp tip and the substrate are measured and several mechanisms maintain
that either the forces between surface and tip stay constant or the tip remains at a
constant height over the surface. These forces are proportional to the local height
of the sample. Therefore a three dimensional topographical maps of the surface can
be produced|19, 3].



Chapter 3
Processing Techniques

Coating of surfaces is an important part of industrial and scientific processes. On one
side to control / investigate the properties of the coating on the other side to obtain
functional products in a wide field of applications. Techniques where solutions are
involved often are applied in engineering and science, for reasons of easy processing,

low costs, ... . Especially in organic electronics and polymere science.

3.1 Solution Fabrication

In this manuscript fabrication of thin films from solution is the mainly applied
preparation method in different varieties. As the solution parameters contribute to
morphology and properties of the produced film some common definitions are intro-
duced to assure reproducibility. The definitions are taken from “THE GOLDBOOK”
the Compendium of Chemical Terminology|[13, 6, 9].

A solution is a homogeneous mixture composed of two or more substances [9]. In
this work it is dealt with a 2 component system; a solid material (solute) is dissolved
in a liquid (solvent). The concentration characterizes the composition with respect
to the amount of each component in the mixture. There are several ways to define

the concentration, and therefore the used are listed below.

39
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mass concentration (y): Mass of a constituent divided by the volume of the mix-

ture.
mass-volume percentage (%% %): Mass concentration y multiplied by 100

mass fraction (w): Mass of a constituent divided by the total mass of all con-

stituents in the mixture

mass percentage (wt%): Mass fraction w multiplied by 100

To determine the mass of the constituents a balance from “Acculab Lab” named
“Balance ALC-110.4” was used. The stated values are correct to the endmost decimal

place.

The solution preparation was performed always in the same manner. The weight of
a glass bottle was measured without and with the solvent within. So the difference is
the weight of the solvent. A separately weighted portion of the material was mixed
with the solvent. The solution was stirred with a PTFE! coated magnetic stir bar for
several hours. The concentration of the solution is given as mass-volume percentage
in mg/ml. The volume of the solvent is calculated by multiplying the mass with

the inverse of the density at room temperature 293K.

A simple calculation example is given in table 3.1.

THF unit
p 0.889 | g/cm™3
mg 0.828 g
Vs 0.93 ml
solute | 0.001 g
wt% | 0.12 %
Y% | 1.07 | mg/ml

Table 3.1: Table with parameters to determine the concentration of a solution.
Where p is the density , m, the mass and V, the volume of the solvent. The
volume is calculated by the inverse of the density multiplied by the mass. p is taken
at room temperature ( 293K). Mass percentage is abbreviated as wt%. Mass-
volume percentage as % % stated in mg/ml.

Ipolytetrafluoroethylene (PTFE) is most well known by the DUPONT brand name TEFLON(®)
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3.2 Dropcast

Dropcasting is a very simple but rough method to produce films or better film
equivalent morphologies. The procedure simply consists of three steps: A drop
of the solution is deposited on a substrate (1) where it disperses and the solvent
evaporates (2) until no solvent is left and a dried film of the dissolved material

remains (3). This is sketched in figure 3.1.

) 2 ®3)

I ——— [ —————

Figure 3.1: A drop of the solution is deposited on a substrate (1) where it disperses
and the solvent evaporates (2) until no solvent is left and a dried film of the dissolved
material remains (3).

The resulting film properties are only qualitative controllable.

e First the amount of remaining material on the substrate previously dissolved
in the solvent determined by the concentration and amount of the solution

applied.

e Second the evaporation time of the solvent determined by the vapor pressure

of the solvent, ambient pressure and ambient temperature.

e Further geometrical factors as substrate size and tilt angel (e.g. horizontal

alignment)

Both drying process as the processed film usually are macroscopic observeable with
the eye or the microscope. This circumstance is very usefull to valuate the resulting
film and get an overall feeling for the processes taking place. It’s a good starting

point for x-ray investigations according to texture and polymorphism.

The evaporation time of the solvent was controlled by covering the sample with glass
spheres. To generate a protective atmosphere of solvent vapor and to reduce the
amount of solvent escaping. Drying times in the range of 2 min to several hours

could be realized.
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3.3 Spincoating

Spin coating is a typical process to manufacture reproduceable and defined thin films
in organic electronics and science [32, 31, 28, 10|. Filmthickness depends on several

process variables; including spin speed, viscosity, drying rate, surface tension, ...

In principle there are three main steps. A solution drop is deposited on a substrate
(1) where it disperses due to the rotation of the substrate (2) until no solvent is left
and a thin film of the dissolved material remains (3). A schematic of this process is

shown in figure 3.2.

(1) (2) 3)

Figure 3.2: A solution drop is deposited on a substrate (1) where it disperses due
to the rotation of the substrate (2) until no solvent is left and a thin film of the
dissolved material remains (3).

Most common parameter used to control the film thickness h are spin speed w and
viscosity 7. In a first approximation the relation for the filmthickness in terms of w

and 7 can be formulated as [10].

h = con?w

o is proportional to the molecule extensions. The fast rotation generates centrifugal
forces resulting in a radial flow. h and spin speed w are related by a power law of
the form h o« w™* and therefore reducing the thickness. The flow is hindered by
viscous forces which are determined by the solution and increases the film thickness
i.e. ¢y > 0. The absolute values depend on the used system [32]. The spin speed
determines the velocity of the process affecting the evaporation rate and drying time.
The viscosity amongst others is a function of the concentration p(c) [32, 11, 21].

For dilute solutions even a linear relationship is reported [32] .

The film thickness at a certain spin speed therefore is controllable by varying the
concentration. With this two parameters a sequence of increasing layer thickness is
produceable as applied for experiments described below. A close up of the principle

processes is shown in Figure 3.3.
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Figure 3.3: Close up of the spin coating process. During the rotation the fluid
disperses due to centrifugal forces. The flow is hindered by viscous forces which are
determined by the solvent (a). A thin lubric film remains and the remaining solvent
evaporates aided by rotation (b). Image reproduced from [32].



Chapter 4

The Materials

4.1 Substrate

As base material for the substrates (100) cutted thermal oxidized silicon wafers
were used. The wafers were cutted in to small pieces of about 1,5 x 1,5¢m and
afterwards cleaned in an ultra sonic isopropanol bath for about 2 hours. After the
bath they were blown clear with C'O,. This procedure was applied to all substrates

to minimize contamination by unmeant particles on the surface.

Figure 4.1 shows the low ¢ specular diffraction pattern of the cleaned substrate.
For ¢, values smaller than 0.1 nm™! the pattern reveals high intensity with a strong
decay as the ¢, is increasing and arises due to contributions from the direct beam
striking the detector. At ¢, = 0.1nm™! the intensity increases with increasing g..
At this ¢, values the detector is moved out of the area of the primary beam and
only contributions from the sample surface are measured. The projection of the
beam (footprint) at this shallow angles exceeds the sample dimension. This results
in a deviation of the plateau behavior (I(g,) = const.) in the region of the total
external reflection. As ¢, is increasing the footprint of the sample decreases resulting
in more X-rays being able to be reflected at the sample surface and hit the detector;

1 a sharp

an increase of intensity with increasing ¢, is noted. At ¢, ~ 0.29nm~
change in the intensity is observed and belongs to the critical angle of the silicon
substrate. For ¢, values larger than the 0.29 nm ™! the intensity follows the typical
I(q) = q;* arising from the Fresnel reflectivity. In the ¢, range from 0.5 to 2nm ™!
fast oscillations are noted and arise from the coherent interference (Kiessig fringes)
of x-rays escaping from the Si—Si0,. For ¢, - values larger than 2.42nm™"' the

s reached. The layer thickness

intensity decreases until the background at 3.5nm™
of the used silicon substrates is ~ 80 nm. Determined by a fit of the XRR pattern

shown in the figure 4.1.

44



CHAPTER 4. THE MATERIALS 45

I T I T I T I T H
experimental data 104
— fit

Intensity [arb. u.]

100_' | 1 1 1 1 N
0 1 2 3 4

q,[nm’]

Figure 4.1: X-Ray reflectivitiy pattern on the cleaned substrate to determine S:0,-
layer thickness

The fit was performed with the program WinGixa in version 1.102.
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4.2 DH3T

Dihexyl-terthiophene (DH3T) is a rodlike small molecule with the molecular formula
Cs4H32S3. Tt consits of a rigid aromatic core of 3 thiophene and 2 flexible hexyl side

chains. The structural formula is shown in figure 4.2

H ° /\ ° C
¢ Y Y ;

Figure 4.2: Structural formula

. The length of the flat molecule is approximately! ~ 2.8 nmand has a molecular
weight of about ~ 416.716 (g/mol). As powder it is dark green and tends to create
needle like structures. It consistens is kind of slippery similar to graphite. It has a
dipolmoment of about 0.6 Debyel? with its direction normal to long axis and along
the flat core. It is hydrophobic and lipophilic. A transition from the crystalline
state to a liquid crystalline state is observed at 52°C and melting of the material
was detected at 82°C [5].

Its unit cell parameters in the a-phase are a; = 2.394nm, a; = 0.565nm, az =
5.240 nm with a non orthogonal angle between ay = £(ay,a3) = 97.817°. So the
unit cell Volume is Vo = 6.9925 nm?. The packing of its single crystal (a-phase) is
shown in figure 4.3.

'The length of a hexyl-chain is approximately: (0.15+ n-0.127) nm. A terthiophene has a
length of approximately 1.03 nm|5].
2Private conversation: Georg Heimel (Humboldt Universitit, Institut fiir Physik, SMS)
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Figure 4.3: Molecular packing of DH3T in the single crystal (a-phase).

47



Chapter 5

Experimental Results

5.1 Dropcast

5.1.1 Fitting
A reflection profile / (20) in general can be written as

The fitting is performed with 20 [°] as independent variable[4].

XRR Peaks of XRR pattern in this section are fitted with a Gaussian profile,
because only the peak position and relative heights are taken into account. Data
analysis were performed with the program MagicPlot (©) 2010 (MagicPlot.com). The
used model function 5.1 uses the fitting parameters amplitude [, the peak position
20 and the Half Width Half Maximum w.

The Gaussian distribution function is usually written with the power of the Standard

Deviation 2 as denominator in the exponential term.

A _e—20p)?
e 2052
™
o\/5

The data is manually baseline corrected so the background Iz is not needed and
A
CRVe

now is:

I =Ig+

gets Iy instead and can be seen as the amplitude. The remaining equation

_ 2
[ = Ipexp [_M}

202
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w is calculated by
w = V2In2c

and therefore the model function with w as denominator is:

2

2 W
77 22
_ 2
I = Ijexp —ln2w (5.1)
w
I1(20) = Iyfe (20 —20,w) (5.2)

Following tables in this section contain Full Width Half Maximum 2w because it is

more common. 2w is calculated by

2w = 2w (5.3)

XRD & Rocking Peaks of XRD an rocking curves shown in this section are fitted
with a PSEUDO-VOIGT function. Data analysis was performed with the program
TOPAS and fityk!. The PSEUDO-VOIGT function is a weighted superposition of
CAUCHY fe and GAUSS fg functions.

fov (20) = nfc(20)+ (1 -1) fc(20)

The weight parameter 1 determines the amount of Cauchy share in the combined
profile [4]. With

(20 — 20,)*

w?

fc(20) = [1 +

—In2 (20 — 26,)

w?

fc(20) = exp[

http://www.unipress.waw.pl/fityk/
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solvent | THF

p 0.889 | g/cm™3
DH3T | 0.001 g
mg 0.828 g
Vs 0.93 ml
wt % 0.12 %

% 1.07 | mg/ml

Table 5.1: Parameters for calculating the concentration of the used solution. It was
used for sample (0011),(0012) and (0013). p...density of solvent, mg... mass of
solvent, V... volume of solvent, wt % ... mass percentage, U’Vt % ... mass-volume
percentage. The used solvent was Tetrahydrofuran(THF).

5.1.2 Evaporation Rate

A series of drop casted films was prepared by variation of the evaporation rate of the
solvent. While under ambient conditions the drop volume dried within two minutes,
the evaporation time of the solvent could be delayed to 600 minutes by using a

protective atmosphere of the solvent.

The sample preparation was performed the same way for all treated in this section
except the evaporation time. 8 drops where deposited on the substrate in a way that
all of the surface was covered. The elusion of the solvent was hindered by subse-
quentially more glass domes covering the sample. Principally four stages where used
and are denoted as P I, P II, P IIl and P IV . When using Tetrahydrofuran® (THF)
resulting in an evaporation time t. of ~ 2min, ~ 12min, ~ 30min, ~ 130min
respectively. The roman numerals represent increasing coverage while increasing.
To determine an approximate evaporation time the time was recorded from the de-
position till the end of the evaporation process. The end point was defined as the
moment where no liquid could be seen with the eye anymore and changes of the
morphology could be observed. The resulting structures were analyzed by x-ray

techniques and optical light microscopy.

5.1.2.1 Preparation I

The shown results in this subsection where obtained from the sample with the iden-
tification number (0011). It was produced from a solution with a concentration of
1.07mg/ml. One dome was put half over the sample resulting in an evaporation time
of two minutes t, ~ 2min. The necessary parameters to evaluate the concentration

are given in table 5.1.

2ROTIDRY®) >99,9 % (<50 ppm H20) , CAS-number [109-99-9]
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Figure 5.1: X-ray reflectivity scan on drop-casted film prepared by method P I. (a)

logarithmic plot (b) linear plot with fitted curves
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XRR Figure 5.1(a). shows a XRR pattern of the dropcasted film with sample

I a small

number (0011) and an evaporation time of ~ 2min. At ¢, = 0.24nm™
kink in the curves is observable which corresponds to the critical angle of the DSHT
film. In general, a more pronounced critical angle for homogeneous films are ob-
served and allows for a highly accurate determination of the density of the material.
However, as the critical angle for this film is not clearly defined in Fig.1.1 indicates
a layer formation which is not homogeneous over the entire film which will be fur-
ther discussed below. In the ¢, range from 0.5 to 2nm ™" fast oscillations are noted,
other oscillations in this ¢, range are not observed indicating again a non uniform
film formation of the drop casted D3HT film. At ¢, values larger than 2nm=! a
steep increase of the intensity occurs and two Bragg peaks can be identified revealing
the presents of highly crystalline D3HT with the peak position at 2.28 nm~! and
2.42nm~1. For the evaluation of the Bragg peaks Gaussian fits to the experimental
data are applied (Fig. 5.1(b)). The data is corrected for the Fresnel reflectivity.
A fit consisting of two simultaneous Gaussian distribution functions is required to
fit the experimental data. The extracted peak position and the full width at half
maximum values for each Bragg peak is summarized in Table 5.2. The first Bragg

! corresponding to a real space lattice plane

peak reveal a peak position at 2.28 nm™
distance of 2.76 nm which is close to the maximal theoretical extension of a DH3T
molecule of 2.8 nm; see section 4.2. This suggests that the D3HT molecules arrange
in a up right standing morphology with the long molecular axis nearly perpendic-
ular to the sample surface and is classified as the surface mediated thin-filmphase
(s-phase) as will be further discussed below. The Bragg peak with the maximum at
2.42nm ™! corresponds to a real space lattice plane distance of 2.6 nm revealing the
existence of a second crystalline phase with DH3T molecules nearly perpendicular
to the sample surface. The thiophene units, the alkyl chains or the entire molecule
has to be tilted slightly away from the surface normal on account of the reduced
normal extension. The corresponding phase is classified as the (002)* reflex from
the alpha phase (a-phase) and is known from the single crystal solution described in
section 4.2. The evaluation of the peaks reveal similar peak width for the thin film
phase and the alpha phase within the film; for details see table (5.2).

| phase | @@ (nm™) | £(nm™) | 2w (n,m™Y) [ £(nm™") | Iy (arb.u.) | £(arb.u.) |
s 2.28 0.01 0.06 0.01 5230 60
a 2.42 0.01 0.07 0.01 301 8

Table 5.2: fitting parameters from data shown in figure 5.1

The width 2w corresponds to the crystallite extension [4], i.e. the number of net

planes along the surface normal. This suggests that the crystallite size of the two
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phases are comparable. The intensity of the Bragg peak corresponds to the amount
of crystallites within the sample and reveal a 17 times more intense Bragg peak for
the thin film phase compared to the alpha phase. This strongly suggests that the
number of crystallites are strongly dominant within the film. However, an exact
evaluation of the crystallite size is strongly hindered by the absence of proper low
q. standard that would allow to identify the line broadening within a diffraction

pattern due to the experimental setup in use.

° 'experiemtal data 8x10° -
—fit sum
"""" peak
"""" background

o experiemtal data ]
— fit sum
rrrrrrr peak
rrrrrrr background

6x10* 5
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Figure 5.2: X-ray rocking scan on drop-casted film with an evaporation time of about
2min. (a) s-phase (b) a-phase (¢) normalized and corrected according equation 2.3.

Rocking Curve The 20 circle was fixed to the centroid position 20, of the Bragg
peak (002)?, and ¢, = 2.28nm ™! respectively, while the sample is tilted on the ©
circle in the vicinity of the Bragg angle ©(. The achieved rocking curves or w-scans
for the two phases are shown in Figure 5.2(a) and (b). The rocking curves I,..(w) are
symmetric around w = 0 for both the s- and a-phase, i.e. the majority of crystallites
is preferentially oriented with respect to the substrate normal and are therefore fiber
textured. The best fit of the patterns reveals a FWHM of 2w, = 0.07° for the s-phase
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| type | phase | O[] | £00 [ 2w[] | £2w | n | £n | Lyfarbu] | £1o | Iy [arbu] | £1y |
PV S 1.62 | 0.01 | 0.07 | 0.01 | 0.30 | 0.01 66500 160 6510 80
PV a 1.71 | 0.01 | 0.1 | 0.01 | 0.60 | 0.15 3600 190 4000 170

Table 5.3: List of fitted peaks from rocking scans shown in 5.2. Where Oy is the cen-
troid position the © circle, 2w the FWHM, 7 the weight parameter, Iy the amplitude
and Iy the maximum of the Background,.

and 2w, = 0.1° for the a-phase. Compared to the a-phase the s-phase has a smaller
2w and therefore is more well textured. Additionally the ratio of background to
amplitude is a hundred time smaller even the specular peak is 17 times higher. This

is clearly represented in Figure 5.2(c).

XRD At a higher scanning range additional higher order reflection peaks are ob-
served in the the pattern (figure 5.3).

25 experimental data . Si
®  phases 1
[ e phasea \
20 X unknown
_ ]
= R
.=
S, 15 F X
oy o
Z - X
3 S
i mx
5 L
L 1 ] | l
10 15 2
q, [nm™']

Figure 5.3: X-ray Diffraction (XRD) specular scan on a drop-casted film with an
evaporation time of ~ 2 min. Higher order reflection peaks of both the s-phase
and the a-phase are observed. The marks sign the assigned phase. A red square
indicates a peak of the s-phase and a blue diamond of the a phase. Peaks with
unknown derivation are signed with a red cross..



CHAPTER 5. EXPERIMENTAL RESULTS 95

Except three peaks all occurring peaks could be assigned. The list of the fitted
peak positions and dedicated (hkl) is shown in table 5.4. The Bragg peak with the
maximum at 23.156 nm ! is not a feature deriving from the film but belongs to the
Si(400) of the substrate. Arising from the higher harmonic content (A = 0, 770299 )
of the incident beam. When multiplying the calculated lattice plane spacings dy
with their multiple n, one obtains the according distance for the (001) reflex. They
should be ideally equal since its value is defined by the lattice plane spacing but they
differ for different n,. This reveals from an miss alignment called height error A 20
[4]. The sample is at a position with distance b below or above the optimal position
and therefore a shift of the peak position occurs. The height error is decreasing

—% where R is the distance between detector

with increasing © by A 20 =
and center of rotation. Taking into account the height error the lattice spacing is

door = (2.770 = 0.001) nm. Defined by its peak position ¢, = (2.268 4 0.001) nm.

Figure 5.4 shows the measured and simulated peaks® of the single crystal structure

introduced in chapter 4. The intensities are normalized to the strongest reflex.

I I I I I I I
10k O Intensity simulated a -
-0 Intensity experiment
08 | :::'. "1:.::‘ n
S
2 06} -
S,
£ 04 : ) -
0.2 O
=N . B
0.0 | . o e
I I I I I I I
8 10 12 14 16 18 20

Figure 5.4: Comparison of simulated intensities from crystal structure and measured
intensities where L is the L’th order. The intensities are normalized relative to the
(0014) reflection.

3Simulation was done with the program POWDER CELL in Version 2.3.
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Table 5.4: List of fitted peaks of the pattern shown in 5.3.
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The good agreement supports the assumption that the a-phase is the same phase as

the known structure.

(a) (b)

Figure 5.5: Pictures revealed from optical light microscopy of sample (0011) with
(a) 20x magnification (b) 50x magnification. There are small needles and large flat
areas

Optical Light Microscopy The crystallites on the substrate show a needle like
morphology and large flat areas (figure 5.5). The drying process works like this.
The solution at the start is like a big fat drop covering the whole substrate. As
the solvent evaporates this spheroid drop gets smaller until its kind of flat. Then
it starts drying from the borders to the center and a round disk gets smaller and
smaller. On some positions the drop remains and after a short time rapidly gets
smaller. The crystallization process at this stage is very fast and happens within
some seconds. It was not possible to distinguish between when the flat areas appear
and at which stage the needles grow. This indicates a very high solubility of the
material since most of the solvent volume allready has vanished before a structure
is visible. Additionally the crystallites tend to have a preferred direction according
to the fluid flow (figure 5.5(b)).
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5.1.2.2 Preparation 11

The shown results in this subsection where obtained from the sample with the iden-
tification number (0012). It was produced from then same solution like above with
a concentration of 1.07mg/ml. One dome was put fully over the sample resulting
in an evaporation time of £, ~ 12min. The necessary parameters to evaluate the

concentrations are given in table 5.1.

XRR In difference to the pattern from sample (0011) a fit consisting of three
simultaneous Gaussian distribution functions are required to fit the experimental
data shown in figure 5.6.
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Figure 5.6: P II

The first Bragg peak reveals a peak at position ¢, = 2.28nm™!

corresponding to
a real space lattice plane distance of 2.77nm which is relay close to the maximal
theoretical extension of a DH3T molecule of 2.8 nm; see section 4.2. And is identified
as the s-phase. The Bragg peak with the maximum at 2.42nm™! is again the (002)®
reflex from the alpha phase (a-phase). The new additional phase now defined by

its peak position at ¢, = 2.48nm ™!, from now on is named b-phase. The extracted
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peak position and the full width at half maximum values for each Bragg peak is

summarized in Table 5.5.

| phase | ¢ (nm™) | £(nm™Y) | 2w (nm™Y) | £(nm™Y) | Iy (arb.w.) | +(arb. u.) |

s 2.27 0.01 0.04 0.01 556 12
a 2.42 0.01 0.04 0.01 1279 26
b 2.48 0.001 0.06 0.01 803 12

Table 5.5: fitting parameters from data shown in figure 5.6

The evaluation of the peaks reveal similar peak width for the a- and s-phase but is
slightly higher for the new b-phase. Compared to the sample (0011) the amplitude
of of the s-phase got smaller and even the width. The grain size is proportional to
the width and the amplitude to the overall scattering volume. Therefore the grains
got bigger but less. In figure 5.7 there are few to now flat areas any more, indicating

that this “flat” morphology can be connected to the s-phase.

(a) (b)

Figure 5.7: Pictures revealed from optical light microscopy of sample (0012) with
(a) 20x magnification (b) 50x magnification. There are still needles but nearly no
flat areas.

The a-phase amplitude instead got much higher and the width smaller. As men-
tioned above the intensity of the Bragg peak corresponds to the amount of crystal-
lites within the sample and reveal a 2 times more intense Bragg peak for the a-phase
compared to the s-phase. This suggests that the area containing crystallites in the
a-phase now is bigger. So we should see less of the flat areas and more of something
else. There are more needle like structures, but it is not obvious to which phase the

needle belong. The drying process was the same as described for the sample (0011).
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5.1.2.3 Preparation III

60

The shown results in this subsection where obtained from the sample with the iden-

tification number (0013). It was produced from then same solution like above with

a concentration of 1.07mg/ml. Two domes were put over the sample resulting in

an evaporation time of ¢, ~ 30min. The necessary parameters to evaluate the

concentrations are given in table 5.1.

The pattern from sample (0013) shows similar features as obtained for sample (0012)

(figure 5.8).
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The extracted peak position and the full width at half maximum values for each

Bragg peak is summarized in Table 5.6.

| phase | @@ (nm™) | £(nm™) | 2w (nn™") [ £(nm™Y) | Iy (arb.u.) | +(arb.u.) |

s 2.28 0.01 0.04 0.01 183 15
a 2.42 0.01 0.04 0.01 1960 17
b 2.48 0.01 0.06 0.01 534 13

Table 5.6: fitting parameters from data shown in figure 5.8
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Again three peaks where observered and are identified as the s-phase, a-phase and

b-phase.

The evaluation of the peaks reveal equal peak width for the a-phase, b-phase and
s-phase compared to the previous produced. Compared to the sample (0012) the
amplitude of the s-phase again got smaller. The a-phase amplitude instead got much
higher and now is 11 times more intense compared to the s-phase. There are more
and bigger needle like structures, and one could assume that the a- or b-phase is

connected to the needle like structure.

The drying process was different from the previous one. The solution on the sub-
strate at the start again was like a big fat drop covering the whole substrate. As
the solvent evaporates this spheroid drop gets smaller until its flat. On the opposite
it doesn’t start drying from the borders to the center but stays flat. The liquid
surface went silver and stayed in this state for a some time. At a sudden on some
few positions the surface got some sparkles. This lasted for some time. Then a area
in the middle of the sample went dry and the regions of the border stayed wet. Then
after some time another crystallization process started. Needles started to grow at
randomly distributed spots and grew straight forward in a direction each on a line.
This went as fast as described for sample (0011). This behavior indicates that some
part of the material stays dissolved until a critical concentration is reached and then

the needles start to grow. The resulting structures are shown in figure 5.9.

(a) (b)

Figure 5.9: Pictures revealed from optical light microscopy of sample (0012) with
(a) 20x magnification (b) 50x magnification. The crystallites are big needles and
nearly no large flat areas. Additionally small spots are visible.



CHAPTER 5. EXPERIMENTAL RESULTS 62

5.1.2.4 Preparation IV

The shown results in this subsection where obtained from the sample with the iden-
tification number (0025). It was produced from a solution with a concentration of
0.92mg/ml. Two domes were put over the sample and an additional PTFE gas-

ket was applied resulting in an evaporation time of t. ~ 130 min. The necessary

parameters to evaluate the concentrations are given in table 5.7.

solvent | THF
p 0.889 | g/em™®
DH3T | 0.0012 g
Vs 1.31 ml
wt % 0.10 %
% 0.92 | mg/ml

Table 5.7: Parameters for calculating the concentration of the used solution for sam-
ple (0025). p...density of solvent, mg ... mass of solvent, V; ... volume of solvent,

wt % ... mass percentage, % % ... mass-volume percentage. The used solvent was
Tetrahydrofuran(THF).

In the pattern revealed from the measurements on the sample (0025) shown in
figure 5.10 only two peaks are observeable. The amplitude connected to the s-phase

is completely vanished.
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Figure 5.10: X-ray reflectivity scan on drop-casted film prepared from THF solution
of sample (0025). (a) logarithmic plot (b) linear plot with fitted curves.

The additionally intensity increase of the a-phase and the b-phase indicate that

subsequently reducing the processing speed / evaporation time results in a larger
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scattering volume from phase a and b. The extracted peak position and the full

width at half maximum values for each Bragg peak is summarized in Table 5.8.

| phase | 0 (nm™") | £(nm™) | 2w (n,m™") [ £(nm™") [ Iy (arb.u.) | £(arb.u.) |
a 2.43 0.01 0.03 0.01 7849 36
b 2.48 0.01 0.06 0.01 2726 28

Table 5.8: Fitting parameters from data shown in figure 5.10

Additonally to the vanishing of the s-phase amplitude an new feature can be observed
(figure 5.10(b)). In the range between 0.5nm™" — 3nm™'a curvature occurs. This
long oscillation reveals from the coherent interference (Kiessig fringe) of a very thin

! revealing in an rough

layer. The length of the fringe is approximately 2.2nm™
estimation of the layer thickness of approximately ~ 2.8 nm. This is in the region of
the extension of an upright standing molecule. Though the minimum of the fringe
is not good pronounced indicates that the layer doesn’t fully cover the substrate

surface.

At a higher scanning range additional higher order reflection peaks are observed in
the pattern (figure 5.11).
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Figure 5.11: X-ray diffraction pattern of the drop-casted films no sample (0025).
The marks are set on the theoretical positions of the according phase. .

The list of the fitted peak positions and dedicated (hkl) is shown in table 5.9. The
Si(400) peak is absent because of a small missalignment and is not strongly affecting
the qualitative results.

The drying process was different from the previous ones. The solution on the sub-
strate at the start again was like a big fat drop covering the whole substrate. As
the solvent evaporates this spheroid drop gets smaller until its flat. On the opposite
to the previos samples no part was drying. So the substrate seem to be wetted
completely, taking into account that we now have a thin layer on the substrate. The
liquid surface went silver and stayed in this state for a long time. At a sudden on
some few positions the surface got some sparkles. This lasted for some time. And
then suddenly another crystallization process started. Big needles started to grow
at randomly distributed spots and grew straight forward in a direction each on a
line. This went as fast as described for sample (0011). This behavior indicates that
some part of the material stays dissolved until a critical concentration is reached

and then the needles start to grow. The resulting structures are shown in figure
5.12.
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Table 5.9: List of fitted peaks in the pattern shown in 5.11.The sample was prepared

with method P IV that yields to a drying time of about 3 hours.
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Figure 5.12: (a) 20x (b) 50x
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5.1.2.5 Discussion

The experimental results above show that the molecule DH3T at least form three
different types of crystallographic phases. These phases are clearly identified by
specular x-ray diffraction considering the 002 Bragg peaks denoted with s, a and b
for the three different phases. The a - phase can be related to the phase observed
in the single crystal as the Bragg peak positions (figure 5.3) and the according
intensities (figure 5.4) are very close to the theoretical values.

The results indicate that preparation of the films has a strong impact on the for-
mation of specific polymorph phases. Comparing the results summarized in table
5.10 indicates that at high evaporation rates the s - phase appears, while at low
evaporation rates the a—phase and the b-phase is formed (figure 5.13).

12000
i s~ 130 min
10000 - ~ 30 min
i ~ 12 min
m— ) miIn
— 8000 -
k=
5 -
‘g 6000 |-
b L
7
E) 4000 [~
.E N
2000 -
0
| 1 1 | 1 |

q, [nm™']

Figure 5.13: : X-ray diffraction specular scans on drop-casted films prepared by
different evaporation time of the solvent
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| Preparation | time | Io(s — phase) | Iy(a — phase) | Io(b — phase) |
PI " 2 min 523 30 0
P1II ~ 12 min o6 128 80
P III ~ 30 min 18 196 o4
P IV ~ 130 min 0 785 273

Table 5.10: Amplitudes resulting from different evaporation time of the solvent.
Solvent used and amount of solution is the same for sample prepared by method P
I to P IV, so amplitude of each phase can be compared. The structure factor is not
known so comparing intensities between different phase is not allowed. 5.13

Further more the spendable material remaining on the substrate is nearly the same
for all contemplated samples. Therefore the vanishing of the s-phase while decreasing
the processing speed strongly indicates that the transition from the dissolved state
to the a-phase and b-phase needs more time relative to the s-phase. Therefore the
a-phase and the b-phase are assigned as stable bulk structures. Contrariwise a faster
reduction of degree of freedom results in more contribution of s-phase grains within
the film. The s—phase is somehow different; obviously it appears in connection
with fast processing. The s — phase is formed in case of “fast” drop casting. It is
assumed that the crystallization processes during the “fast” processing take place
far from the thermodynamic equilibrium state compared with slow growth from
solution. Therefore, it can be suggested that the s-phase represents a metastable

crystal structure.

The drying process also is affected by the time the system has to settle since the
liquid flow during the evaporation series changes. It is suggested that the wetting
behavior changes caused by molecules adsorbed on the substrate surface and there-
fore changes the surface energy. This weeting layer causes a better wetting and the

liquid covers larger areas. As a result a long oscillation occurs in the XRR pattern.

The morphologies of the four different films are depicted in Figure 5.14. For all
four samples the crystallites show typically a needle like morphology. The size of
the crystals increases with the evaporation time of the solvent from fine needle like
structures with a width from few pum up to 40 um, for the samples with evaporation
time 2 min. and 130 min., respectively. The length of the needles increases from
several tenth of pum up to the mm regime. The large flat like areas dominating
That indicates that this
morphology can be identified as the s-phase. For the a-phase and b-phase there

in (a) are getting less and smaller through the series .

is no clear difference in the morphology of these two different polymorph phases

observed.
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(a) 2min (b) 12min

(¢) 30min (d) 130min

Figure 5.14: Optical light microscopy of drop casted films prepared by different
times of solvent evaporation
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Figure 5.15: : X-ray reflectivity scans on drop-casted films prepared by drop casting.
Different evaporation time of the solvent generates different polymorphs of DH3T.
The faster the processing the more Thinfilm phase appears and vice verse.
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5.2 Spincoating

In the previous subsection a dependents of the evaporation rate was indicated. To
falsify this a method like spin coating was applied. During the spin coating process
the solvent evaporates in subseconds. Additionally the film forming properties of

DH3T on the fast removement of the solvent is investigated on these films.

DH3T is dissolved in THF with concentrations ranging from 0.2 mg/ml to 2.8 mg/ml
to obtained different film thickness as mentioned in section 3.3. Thin films were
produced with the same spin parameters for all samples; the initial spin speed was
1000 rpm for 9 s followed by 1500 rpm for 30 s. Spin Coater in charge was the
KW-4A manufactured by CHEMAT TECHNOLOGY.

5.2.1 Spincoated DH3T films

The measured x-ray reflectivity curves of the pure substrate and the various spin
coated DH3T films are shown in Figure 5.16. The fast oscillation in the experimental
curves are oscillations occurring due to the thermal grown oxide of the silicon wafer
with a layer thickness of 120mm. At a concentration of 0.21 mg/ml the reflectivity
curve shows a clear low frequent oscillation indicating the formation of a defined thin
layer. As the concentration is increased to 0.66 mg/ml the low frequency oscillation
is vanished and the presence of a Bragg peak at ¢. = 2.28 nm~! is noted; the d-
spacing calculated from the the peak position reveals d = 2.755 nm which correspond
to the 002 reflection of the thin film phase of DH3T. For concentration higher than
0.21mg/ml the peak intensity increased with increasing concentration suggesting
the formation of more extended DH3T crystallites on the silicon wafer. For the
two most concentrated solutions, additional Laue oscillation next to the Brag peak
are observed. Laue oscillation in general are only observed in films with a narrow
crystallite extension distribution, i.e. most of the crystallites have similar size. Note

that there are no indicators that another phase is present within the films.
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Figure 5.16: XRR spectra for the silica substrate and the spincoated DH3T film
produced from various concentrations. The curves are shifted for clarity.

5.2.2 Fitting

For the evaluation of the XRR curves model fits with the Parratt’s formalism are
used according to [31]. The reflectivity is calculated by taking into account the
electron density of the substrate and the electron density distribution of the DH3T
film. The DH3T film was modeled as standing molecules with alkyl chains and
thiophene units separated along the substrate surface normal. The coverage of each
layer was taken into account by multiplying the common basis of the DH3T layer
by a factor ranging from 0 to 1. The experimental data together with the best fits
are shown in Figure 5.17. For the DH3T films a good agreement of the fits and the

experimental data is observed. The revealed fits are shown in figure 5.17.
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Figure 5.17: (a) X-ray reflectivity of different thin films of the molecule dihexyl-
terthiophene (DH3T) together with best model fits. Films are prepared by spin
coating from tetrahydrofuran solutions with concentrations of 2.79 mg/ml, 1.91
mg/ml, 1.09 mg/ml, 0.66 mg/ml and 0.21 mg/ml (from top to bottom). The lowest
curve represents a scan on a plane substrate. Curves are shifted for clarity.

5.2.2.1 Substrate

As base material for the substrates (100) cutted thermal oxidized silicon wafers
were used. The wafers were cutted in to small pieces of about 1,5 x 1,5¢m and
afterwards cleaned in an ultra sonic isopropanol bath for about 2 hours. After the
bath they were blown clear with C'O,. This procedure was applied to all substrates
to minimize contamination by unmeant particles on the surface. This was checked
by AFM. The results are shown in figure 5.19. A fit of the reflectivity curve shown
in figure 5.18 revealed a layer thickness of ~ 120 nm of the thermal grown oxide on

the silicon wafer.
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Figure 5.18: X-ray reflectivity scan on plane substrate
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Figure 5.19: AFM image of pure substrate (a) and a corresponding heigth profile.

5.2.2.2 DH3T Thin Films

For the film produced from the 0.21mg/ml solution one layer was sufficient to fit the

experimental data (figure 5.20). The coverage of this layer was 0.85 compared to a
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fully covered layer (see Fig.5.17).
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X-ray reflectivity scan on spin-coated film from 0.2 mg/ml DH3T /THF

This corresponds to the AFM image of this film and is shown in figure 5.21.
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Figure 5.21: AFM image of the thinfilm produces from the 0.2mg/ml solution. (a)
was mapped in the center area and (c) in the region of a boarder. (b) and (d)
represent the line profile marked in the map.

The stepheight of the islands is in accordance with the d-spacing of the 002 reflection
of DH3T thin film phase. The size distribution of the island and the island separation
are randomly. For the sample produced from the 0.2mg/ml solution the layer
closeset to the silicon substrate on top of the wetting layer was around 0.85. So it

is nearly covering the whole substrate surface.

As the concentration is increased more layers had to be introduced to be able to
fit the experimental data. In addition a wetting layer of 1.5nm and an electron
density similar to the bulk DH3T had to be introduced between the DH3T film and
the silicon wafer to achieve reasonable agreements of the fit and the experimental
data. The resulting fitparameter are shown in table 5.11. The maximal number

of layers required for the fit increased with increasing concentration; 8 layers were
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Lc(g/l)| n | h(nm) | Sc |
0.2 1 2.77 1 0.85
0.6 8 22.2 1 0.83
1.0 121 332 ]0.95
1.9 (13 ] 36.0 |0.99
2.8 21| 58.1 1.00

Table 5.11: Best fit results from the according pattern. ¢ as the concentration, n
the needed layers for the fit and the resulting thickness h, and S. as the coverage.

required for the 0.66 mg/ml sample and 21 layers for the 2.8mg/ml sample. For
the subsequent layers the coverage was decreasing; i.e with increasing height of an

island the layer gets smaller. This corresponds to the AFM image shown in figure
5.22.
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Figure 5.22: AFM image of the thinfilm produced from the2.8 mg/mlisolution. (a)
Mapped in the center area. (b) represents the line profile marked in the map.

A full coverage for the first layer was present for the highest concentration of
2.8mg/ml.



CHAPTER 5. EXPERIMENTAL RESULTS 78

80 T T T T T T T
70 B 294/ -
L e 194l j
60 | 1.0 g/l ] a
| v 0649/ )
T 50k 0.24/ N
S L j
n
1] 40 + -
2 i o ]
S
'_E 30 I~ =
e i v 1
g 20t .
x I j
10 -
otk -
-10 - 1 . 1 . 1 . 1
0 1 2 3

Figure 5.23: Evaluated film thickness resulting from spincoated films prepared from
different concentrated solutions.

The relation between film height and concentration is shown in figure 5.23 and seems
to be linear. This can be explained when taking into account that the remaining
liquid film thickness before the evaporation is only determined by properties of the
solvent due to the low concentration. Therefore the amount of remaining material

is proportional to the concentration.

Grazing Incidence Diffraction (GID) Figure 5.24 shows a GID map of a spin
coated film with solution concentration of 4mg/ml. The defined peaks indicate
good in plane ordering of the molecules and that they are well fiber textured. A
good first guess for the unitcell parameters is a; = 3.056 nm~1,a; = 2.228nm~1
az = 5.560nm~1 and a; = as = az = 90°. Assuming a herring bone structure
reveals 64 molecules in the unit cell. So the average molecule distance in the direction

of aj = 0.764nm, a3 = 0.557nm and aj = 2.78 nm.

Additionally features of the a-phase occur marked with red dots in figure 5.24.
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Figure 5.24: Indexed reciprocal space map of a spincoated film produced from a
solution with concentration of about 4mg/ml. The white spots mark the peaks of
the thin film phase. Red spots mark peaks from the a-phase. The (442) peak is not
marked for better readability.

5.2.2.3 Discussion

The XRR and AFM results reveal the formation of a sub monolayer structure of
DH3T for a concentration of 0.21 mg/ml in THF with the used spin parameters of
1000 rpm for 9s and 1500 rpm 30s. The stepheight of the islands and the Bragg
peak position is in accordance with the d-spacing of the 002 reflection of DH3T
thin film phase. The size distribution of the island and the island separation are
random and untypical for the film formation of small molecules at an interface.
Especially if films are vacuum deposited a fractal type growth of the islands is
observed with common size and separation distribution for all islands (See Fig. 5.25
left). This effect is usually addressed to limited molecule diffusion on the surface
during the film deposition. However the DH3T film show remarkably similarities
to solution deposited wetting structures of polymers. An example of F8T2 spin
coated from xylene is shown in Fig. 5.25(right) revealing the formation of island
with non common size and separation distribution. During the spin coating process
the solvent evaporation occur fast resulting in spontaneous immobilization of the
DH3T molecules and limit the molecule diffusion drastically. The arrangement of
the molecules to adjacent molecules therefore is strongly determined by the solvent
evaporation process and a structure similar to a wetting structure of a polymer film

occurs.

As the concentration of DH3T in THF is increased the film morphology changes. The
initial monolayer formation is exchanged by 3 dimensional terrace like structures.
The step height is the same as for the monolayer regime revealing the same crystalline
structure is present in the thicker films and the monolayer film. The XRR and the

AFM images reveal a decrease in the coverage with increasing separation of the layer
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Figure 5.25: AFM height image of vacuum deposited pentacene islands in the sub
monolayer regime (left). AFM height image of solution deposited polymer film in
the sub monolayer regime (right). Images taken from [31].

to the silicon substrate surface. Such a growth behavior is typical for small molecules
growth and reflects the limited diffusion of molecules during the deposition. A
molecule that is intially adsorbed at a terrace surface is able to diffuse to a certain
extend on top of this terrace. As a terrace edge acts as an diffusion barrier the
molecule favors to stay on this terrace and crystallize with other molecules present
at the terrace.

As the spin casting process is fast a equilibrium structure is hardly achieved. There-
fore it is even more surprisingly that on the time scale of the spincasting process
structures similar to vacuum deposited films occur indicating the highly favorable
formation of crystalline domains in DH3T. For a more detailed study of the initial
nucleation process and the influence of the solvent on the film morphology additional
measurements are required with systematic exchange of solvents (with different wet-
ting behavior, vapor pressures and boiling points) and the spin parameters. This will
then allow to identify the relevant time scales that are relevant for the film forming
process of spin coated thin films. For the use of DH3T in thin film transistor ap-
plications, for instance, the film morphology required are fully closed homogeneous
layers that allow for a continuous channel formation which can be expected to be

achievable with a optimization of the spin casting process.
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Figure 5.26: As the concentration of DH3T in THF is increased the film morphology
changes. The absence of fringes indicate that the initial monolayer formation (second
line from bottom) is exchanged by 3 dimensional structures.
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Figure 5.27: AFM images of spincoated thinfilms processed from (a) 0.2 g/l and (b)
2.9 g/1 solution.



Chapter 6
Overall Discussion and Conclusion

Polymorphism in organic thin films has large influence to the performance of organic
electronic devices, since fine details of the molecular packing change the intermolec-
ular overlap and therefore the electronic band structure considerably [14]. Nearly all
prominent organic electronic materials show polymorphism, which is not restricted
to polymers or small molecules [8]. Generally, conjugated molecules with flexible
units and complex molecular conformation show a large tendency to form different
types of crystal structures [2]. But also simple and rigid molecules — like pentacene

— can show distinct polymorphism [15].

Several thermodynamic parameters but also kinetic factors influence the formation of
polymorph crystal structures in organic thin films [24]. The growth of pentacene on
a silicon oxide surface starts with the formation of a monolayer of up-right standing
molecules. On top of this monolayer the nucleation of crystals starts [30]. Crys-
tallographic polymorphism appears only due to small differences in the molecular
packing like the tilt angle of the molecules or the herringbone angle of the aromatic
units [17]. The reason for the formation of a thin film phase is not fully clear. The
dependence of its appearance is discussed in terms of substrate temperature during
the thin film deposition but also in terms of supersaturation during the thin film
growth [20].

The results shown in chapter 5 indicate that preparation speed of films has also a
strong impact on the formation of specific polymorph phases. Table 5.10 indicates
that at high evaporation rates the s - phase appears, while at low evaporation
rates the a—phase and the b-phase is formed. This results suggests two important
parameters for the formation of a thin thin film phase. One parameter is the presence
of a surface during the crystallization process. The other parameter is correlated
with the available time for the organic molecules to adapt its proper conformation

and align within the crystalline order. This is in principle compareable to low

82
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temperatures of the substrate at physical vapor deposition, where the movement of
the crystallites is “frozen” when hitting the substrate [20]. A similar dependence
was reported for spincoated conjugated polymeres where the spin speed was varied
[12, 8]. Higher spin speed leads to higher evaporation rates during the processing

and therefore describes a similar behavior.
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