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CHAPTER 1

I ntro duction

The excited electronic states of conjugated organic moleculeshave attracted
interest since the early 1930,when the ¯rst theoretical approaches towards an un-
derstanding of the photophysical properties of large ¼-electron system were estab-
lished. Besidesthe electronic levels of isolated molecules,molecular solid state
properties have attracted many researchersand molecular crystals have beentopics
of numerousexperimental and theoretical e®orts. Over the last few yearsthin ¯lms
of conjugatedmolecular systemshave drawn considerableattentions to polymersas
well as oligomericmaterials, e.g oligo-thiophenesor oligo-phenylenes. These inves-
tigations weremotivated by the possibletechnological applications, such asorganic
light emitting devices,¯eld e®ecttransistors and especially in our interests photo-
voltaic devices. In addition to the technological chances,there is still a need for
deeper understanding of the thin ¯lm properties and among the various scienti¯c
questionsthe optical properties in the solid state areof fundamental interest. Model
systemsare therefore necessaryto optimize the growth of thin organic ¯lms and to
acquiredetailed information on well-de¯ned and ordered¯lms, to establisha deeper
understanding of the electronic properties.

The thermal stabilit y of the used compounds para-hexaphenyl and C60 up to
several hundred degrees,allows to usevacuumsublimation techniqueslikemolecular
beam epitaxy (MBE) or hot wall epitaxy (HWE). In this work Hot wall epitaxy
method was applied for the preparation of thin organic ¯lms. The aim of this work
was the controlled production of thin organic ¯lms and bi/m ulti-la yer structures.

1



2. PARA-HEXAPHENYL 2

1. Conjugated Oligomers

Many small molecular semiconductorsand unsubstituted oligomers take the
form of rather rigid, planar molecules,which aregenerally insoluble in many organic
solvents. Due their thermal stabilit y, thin ¯lms of these low weight materials are
achieved by sublimation techniques. Other advantages of oligomers compared to
polymers are [4]:

² high molecular order (defect-freemolecules)
² high chemical purit y (up to electronic grade)
² high structural order in the solid state (up to single crystals)

On the other hand vacuum deposition is expensive and time-consuming,very cheap
and fast preparation of thin ¯lm by spin-, drop-casting or o®set-printing techniques
are not directly (or so simple) applicable with thesematerials.

2. para-Hexaphen yl

The six member oligomerof para-poly-phenylene(PPP) namelypara-hexaphenyl
(PHP) 1 , is a organic semiconductor. It consistsof a linear chain of six linked ben-
zene (phenyl) rings showing strong delocalization in the direction of the chains,
leading to a typical band-structure of a semiconductor with a bandgap (' 3eV).
The strong delocalization of the ¼ electron system yields in anisotropic electronic
e®ects.

Figure 1.1. para-hexaphenyl (PHP)

In contrast to PPP hasPHP a melting point of 437±Cand is thermally stable. It
is insoluble in the most organic solvents. Other techniqueslike spin or drop-casting
arenot applicablewith pure PHP. Due to its high photoluminescencequantum yield
(above 30%) it is a promising candidate for active layers in light emitting diodes
[5].

2.1. Crystal structure of PHP. The crystalline structure of PHP is mon-
oclinic. This meansthat the lattice-constants of the conventional unit cell are not
equal (a 6= b 6= c) and one anglesbetweenthe axesnot-equal 90±[6].

1the pre¯x stands for the position of the second phenyl ring. In organic chemistry the C-
atoms are clockwise numbered in a phenyl-ring from 1-3 with the corresponding names ortho (1),
meta (2) and para (3) this yields in a linear chain. Hexa (or Sexy) stands for six repeating units.
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Figure 1.2. Orientation of PHP in the conventional unit cell

2.2. A simple mo del for the electronic structure of para-hexaphen yl.
In this section,the Hueckel-method is applied for calculating a quasi-band-structure
of PHP.

The MO energy level diagrams of ¼-electron molecules, especially of conju-
gated systemscan be constructed using a set of approximations suggestedby Erich
Hueckel. These sp2 de-localized orbitals spread over all the atoms and cannot be
identi¯ed with a bond betweena particular pair of atoms.

The Hueckel theory make the following simpli¯cations:

² Separation from the ¼ to the ¾ orbitals, and treat the latter as a rigid
framework. In other words, forget the ¾ bonds except for the way that
they determine the geometry of the molecule.

² Treat all C-atoms identical. This means that all the on site Coulomb-
integrals ® are set equal.2

² All Overlap-Integrals set equal to zero
² All resonanceintegrals between non-neighbors are set equal to zero to

minimize the energy.
² All remaining resonanceintegrals are set equal (to ¯ )3

2For example ethene, tak e the ¾-bonds as given, and concentrate on ¯nding the energies of
the ¼ bonds and its ¼-anti-b ond

3these are obliviously very severe approximations, but they let us calculate at least a general
picture of the MO energy levels with very little work
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The ansatz is a linear combination of six benzeneorbitals. The energy can be
estimated with

(1) E =
hª jH jª i

hª jª i

By variation of eq.(1) gives a energy what is always higher than the realized one.
The coe±cients are found by setting all ¯rst partial derivativesequal zero to mini-
mize the energy.

(2)
@E
@ci

= 0

The linear combination of the six benzene¼orbitals can be written as:

(3) ª =
6X

i =1

ci pi

Which yields for normalized pi in:

(4) hª jª i =
6X

i =1

c2
i +

X

i 6= j

ci cj hpi jpj i

And for the numerator:

(5) hª jH jª i =
6X

i =1

®i c2
i +

X

i 6= j

¯ i;j ci cj

With the de¯nitions ® = hpi jH jpi i and ¯ = hpi jH jpj i . In the literature ® is called
as Coulomb-Integral, ¯ as Resonant-In tegral and hpi jpj i as Overlap-Integral.

Hueckel approximation set ®i = ® (just identical C-atoms), ¯ i;i § 1 = ¯ and
¯ i;j 6= i § 1 = 0 (just neighbor atoms put in the calculation]

With eq.(5)and eq.(4) the variation of eq.(1)yields in an homogeneousequation-
system. Thesecan be written in the form:

D =

¯
¯
¯
¯
¯
¯
¯
¯
¯
¯
¯
¯

®¡ E ¯ 0 0 0 0
¯ ®¡ E ¯ 0 0 0
0 ¯ ®¡ E ¯ 0 0
0 0 ¯ ®¡ E ¯ 0
0 0 0 ¯ ®¡ E ¯
0 0 0 0 ¯ ®¡ E

¯
¯
¯
¯
¯
¯
¯
¯
¯
¯
¯
¯

= 0(6)

Thesematrix has the roots:

(7) En = ®+ 2¯ cos(
n¼
7

)]; (1 · n · 6)

Assuming electron-holesymmetry the energy can be described by "+" for the
conducting band states and "¡ " for the valenceband states. In the valenceband
all theseeigenstateare occupied.

(8) En = § [¢ + 2¯ cos(
n¼
7

)]; (1 · n · 6)]

The samecalculation can beedonefor the in¯nite systemPPP (Para-Poly-Phenyl).
In this caseD eq.(6) is the sametridiagonal matrix just in¯nite large. A wave with
the ansatz

(9) sn = eipna
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is an eigenvector of determinate D . This can beeseenby looking at the n-element
of D .

(D s)n = ®sn + ¯ (sn ¡ 1 + sn +1 ) =

= [®+ ¯ (e¡ ipa + eipa )]eipna =

= (®+ 2¯ cos(pa))sn(10)

A eigenvalue of D in respect to s is (® + 2¯ cos(pa)) p is a real number and has
the physical interpretation of the momentum k and a is the distance between the
benzenerings. For PPP they are pmin = 0 and pmax = ¼=a yielding in a continuous
spectrum.

(11) E = ®+ 2¯ cos(ajkj); k = [0; ¼=a]

For PHP ¯ is set to -1.16eV [7] and ¢ is set to 3.63eV. Similar calculation on
the benzenemolecule yields in four di®erent energy-levels. The two lowest are
completely occupied. Denoted as a2

2u , e4
1g [8]. The two times degeneratedlevel

e1g¼ is called the highest occupied molecular orbital (HOMO). On PHP one of
these level are characterized by a high electron density at the carbon atom, which
are a part of the C¡ C bridge between the rings and these benzeneorbitals are
spreadacrossthe whole moleculeforming de-localizedstateswith energiesgiven by
eq.(8). The other one has a node at the bridge to next benzenering and the low
orbital overlap results in the formation of non-bonding dispersionslessPHP states.
Similar considerationscan be applied to the benzenee2u ¼? states. In the ansatz
the linear combination of the ¼orbitals are one of the e1g benzeneorbitals.
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Figure 1.3. Band-structure PPP drawn as cosine-function and
the energy-levels in PHP drawn as lines
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2.3. Optical transitions. Luminescencestudies shows for di®erent excita-
tion directions anisotropy optical absorption. These e®ectscan be understood by
applying elementary selection rules. The transmission betweenª and ª ? are just

k

E

E

k

x

y

z

Figure 1.4. PHP-moleculesunder di®erent excitation direction.
Seetext.

allowed if the orbitals have di®erent parit y or the integral eq.12doesnot vanish. In
¯rst order of 'disturbing' theory, the Hamilton is separatedin H = H mol ecul e + H1

whereH1 = erE is the linear disturbing-term from the excitation-light. An absorp-
tion can be measuredif the integral eq.12doesnot vanish

hª ? jeEr jª i 6= 0(12)

This can just be valid if the ª and ª ? have di®erent parit y. The eigenstates
of the Parit y-operator P are Pj¼i = (¡ 1)n j¼i where n is even/odd for even/odd
wavefunctions. By applying Pr P = ¡ r in eq.(12)

hª ? jeEr jª i =

¡ eEkhª ? jPr P jª i =

(¡ 1)n ? + n +1 hª ? jeEr jª i(13)

And this is just valid if n + n? is odd or in other words ª and ª ? have a di®erent
parit y 4. By de¯ning the wavefunction as product of separatedwavefunctions in x
and y=z coordinates ª = ª x ª yz the allowed transitions by applying E in x (or y=z)
direction is given by hª ?

x ª ?
yz jPxP jª x ª yz i = hª ?

x ª ?
yz jxjª x ª yz i (¡ 1)n ?

x + n x +1 . And
require di®erent parit y of ª in the direction of E . For di®erent excitation direction
we can conclude:

² E vector is in z¡ y plane: In in z¡ y plane (see¯g.1.4) the parit y between
ª yz to ª ?

yz is changing and this yields in dipole allowed transitions from
HOMO to LUMO and HOMO-1 to LUMO+1 respectively

² E vector is in x-direction: In eq.8 electron/hole symmetry is assumed
5 and the symmetry of the wavefunction in HOMO/LUMO, HOMO-
1/LUMO+1,...are the same. This yields in forbidden transitions from
HOMO to LUMO and HOMO-1 to LUMO+1 respectively

4such transitions are called "dip ole-allowed"
5this can be done, becausethe Fermi-lev el is close to middle of the bandgap [9]
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2.4. In°uence of linear absorption versus chain length. The linear ab-
sorption and emissionof oligomersshifts to lower energiesfor longer chain lengths
in an approximately linear relation with the inverts number of the monomer units
[10]. In the limit of in¯nite long chain e.g. PPP becometheseapproximation un-
reliable and the non-linearity on the reciprocal conjugation length can be described
by [11].

(14) E = A + B (1=n) + C(1=n2)

Where n is the number of the monomers. These "¯t" can bee understood by ex-
panding the cosine function in eq.8 to the secondorder and this is in agreement
with measurements in [12].



CHAPTER 2

Photo excita tion and electron tra nsfer

In this chapter generalconsiderationsof photo-excitation on conjugated poly-
mers/oligomersarepresented. In the text wearediscussingin termini of conjugated
polymers. Similar conceptscan be applied to the short member of polymers called
oligomers.

The discovery of semiconducting,conjugated polymers and the abilit y to dope
theseover the full rangefrom insulator to metal resulted in the creation of a classof
newmaterials that combinesthe electronicand optical properties of semiconductors
and metals with the attractiv e mechanical properties and processingadvantagesof
these polymers. Many conjugated polymers in their un-doped, semiconducting
state are electron donors upon photo-excitation (electrons promoted to the anti-
bonding ¼? band). The possibility to utilize light absorbing systemsto duplicate
the overall processof photosynthesis is attracting more and more researchers in
the scienti¯c communit y. Conjugated systemsseemto ful¯ll all properties required
for photosynthesis: light absorption and charge separation. The idea of using this
property in conjunction with a molecular electron acceptor to achieve long living
charge separation was based on the stabilit y of the photo-excitations ( such as
polaronsor polaron pairs) on the conjugated-systembackbone. After the transfer of
the photo-excited electron to an acceptorunit, the resulting cation radical (positive
polaron) specieson the conjugated-systemis stabilized due to the delocalization
of the excitation over several repeating units. In analogy to the chemical doping
process,we will describe the photoinduced electron transfer as "photo-doping ". A
basic description of the intermolecular electron transfer betweena donor D and an
acceptor A is given as follow:

(1) Step: D + A ! 1;3D? + A, (excitation on D)
(2) Step : 1;3D? + A ! 1;3(D ¡ A)?, (excitation delocalized on D-A complex)
(3) Step : 1;3(D ¡ A)? ! 1;3(D±+

¡ A±¡
)?, (charge transfer initiated)

(4) Step : 1;3(D±+
¡ A±¡

)? ! 1;3(D+ ²
¡ A¡ ²

)?, (ion radical pair formed)
(5) Step : 1;3(D+ ²

¡ A¡ ²
)? ! D+ ²

+ A¡ ²
, (charge separation)

Here 1 and 3 denote the singlet or triplet state respectively. Steps 1 and 2
describe the photo-excitation of the conjugated system(donor) and the delocaliza-
tion of the excitation to a near acceptor. The acceptorscan be either covalently
bound (intramolecular electron transfer) or spatially very closelocated (intermolec-
ular electron transfer). At each step, the D-A complexcan relax back to the ground
state of the single components either by energy de¯cient processesto the lattice
(heating) or through radiation. The critical step for the charge transfer, step 4, is
in°uenced by a number of factors. Generally, the ionization potential of the excited
state of the donor (I D? ), the electron a±nit y of the acceptor(AA) and the Coulomb
attraction of the separatedradicals (UC ) including the polarization e®ectsshould
match the following inequality:

(15) I D? ¡ AA ¡ UC · 0

8



1. THE PHOTOPHYSICS OF CONJUGA TED POL YMERS/C 60 COMPOSITES 9

But even when this criterium is ful¯lled, some other factors may inhibit the
charge transfer processsuch as a potential barrier preventing the separation of
the photo-excited electron-holepair or the morphology of the blend preventing the
overlap of the donor and acceptor excited state wave functions due to too large
intermolecular spacings. Independently , Santa Barbara and Osaka groups reported
studies on the photophysics of mixtures and bilayers of conjugated polymers with
fullerenes[13, 14, 15, 16, 17, 18, 19, 20, 21] The experiments clearly evidenced
an ultrafast, reversible,metastablephotoinduced electron transfer from conjugated
polymers onto the C60 in solid ¯lms. Schematic description of this phenomenonis
displayed in ¯g.2.1

Figure 2.1. Schematic description of the photoinduced electron transfer

1. T he photoph ysics of conjugated Polymers/C 60comp osites

A strong quenching of the luminescencein the present of C60 of a wide class
of conjugated polymers [18, 21] is consistent with e±cient ultrafast photoinduced
electron transfer. The occurrenceof luminescencequenching can be explained by
various mechanisms. The excited singlet state can relax to the ground state alsoby
non-radiative processes(thermal heating), energy transfer of electron transfer pro-
cesses.Sincethe absorption and luminescencestudiesdemonstratethat the excited
states of the conjugated polymers strongly interact with C60, a comparative spec-
troscopic study of this excited state is necessary. The ¯rst results on the excited
state spectroscopy of these composites originate from near-steady-statephotoin-
duced absorption (PIA) studies. To clearly distinguish the spin multiplicit y of the
photoinduced absorption (PIA) peaks,photoinduced absorption detectedmagnetic
resonanceexperiments were performed [17].

1.1. Steady State Infrared Photoinduced Absorption. In semiconduct-
ing, conjugatedpolymers, the quasi-one-dimensionalelectronic structure is strongly
coupled to the chemical (geometrical) structure. As a result, the nonlinear ex-
citations (solitons, polarons and polaron pairs) are dressedwith local structural
distortions creating states with energieswithin the energy gap. "New" infrared
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bands with large intensities (IRAV modes) are induced by doping and/or photo-
excitation. Solitons, polarons and polaron pairs are charged "defects"which break
the local symmetry and therefore make Raman modesinfrared active [22, 23, 24]

1.2. Direct Exp erimen tal Observ ation of the Metastable Charge Sep-
aration: Ligh t Induced Electron Spin Resonance (LESR). A powerful
method to investigatechargetransfer systemsare light induced Electron Spin Reso-
nancestudies (LESR). De¯nitiv e evidenceof charge transfer and chargeseparation
is obtained from these experiments. Two photoinduced ESR signals can be re-
solved; one at g=2.003 and the other at g=1.9997 [13]. The higher g-value line.
is assignedto the conjugated polymer cation (polaron) and the lower g-value line
to C60-anion. The assignment of the lower g-value line to C60- is unambiguous,
for this low g-value is atypical for organic systems[25, 26]; the higher g-value is
typical of conjugated polymers. At 200 K, the LESR signalsof the di®erent spec-
imens have nearly vanished, demonstrating the reversibilit y of the photoinduced
generation of radicals. Subsequent LESR measurement cyclesof heating to 290K,
cooling down to 100K, illumination with light, switching light o® and heating up
again yield identical results. Lately [27, 28] the saturation behavior and the line
shape of the LESR signal of conjugated polymer/C 60 systemshas been studied.
Analysis con¯rms the ¯nding that the two di®erent peaksbelong to di®erent light
induced radicals.

1.3. Photo voltaic and Photo detector applications. The utilization of
organic materials for photovoltaic deviceshas been investigated intensely during
the last couple of decades(for a summary of the early reports see for example
[24, 29, 30] Tang demonstrated photovoltaic activit y in small molecular bilayers
that were vacuum evaporated [31]. Extensive literature exists on the fabrication
of solar cells basedon small molecule dyes as well as donor-acceptor systems(see
for example[32] and referencestherein). Inorganic oxide semiconductorshave also
beenusedto facilitate electron transfer from organic dyesto achieve chargesepara-
tion and photovoltaic conversion (seefor example [33, 34] and referencestherein).
With the improvement and development in the synthesis of soluble conjugated
polymers, conjugated polymer layers have beenusedin solar cells (seefor example
[35, 36, 37] and referencestherein). Even the acceptor properties of fullerenes
have been utilized for photodiodes, although not with conjugated polymers. Ya-
mashita and coworkers reported a bilayer photodiode basedon the organic donor
tetratiafulv alene(TTF) and C60 [38].

Becauseof the ultrafast photoinduced electron transfer with long lived charge
separation, the conjugated polymer/C 60 systemo®ersa special opportunit y. Using
conjugated polymers as donors with di®erent acceptors, results in photoinduced
charge separation with quantum e±ciency near unit y and with correspondingly
enhanceddeviceperformance.



CHAPTER 3

Hot Wall Epita xy

The growth technique used in this work is the Hot Wall epitaxy (HWE). The
HWE method was developed by Lopez Otero [39] at university of Linz (Austria)
for deposition of IV-VI compounds. In contrast to other vacuum sublimation tech-
niques like MBE, HWE growth was performed in high vacuum conditions. HWE
allows to grow epilayers closeto the thermodynamic equilibrium. Detailed descrip-
tion of the HWE technique and of the usedHWE-setup are given in [2] and [40].

The HWE systemis, in contrast to other growth techniques like °ash evapora-
tion or more sophisticated MBE methods, a closedgrowth system[40]: The HWE
system, as depicted in [1] and depicted in ¯g.3.1, consistsof a quartz tube which
servesas growth reactor. There are at least four separateheatersallowing the in-
dependent temperature adjustment in four regions. At the bottom of the tube the
source material is evaporated at a temperature TSour ce. The substrate is placed
closeto the tube end (distance 5mm) and can be heatedduring the growing process
(temperature TS ). The region betweensourceand substrate (temperature TW al l )
guarantees a nearly uniform and isotropic °ux intensity and kinetic energy of the
molecules.Finally, the main advantagesof the HWE growth technique are:

² HWE works closeto the thermodynamic equilibrium, which is very essen-
tial in the caseof van der Waals epitaxy of organic compounds

² The lossof evaporating material is reducedto a minimum
² The high vapor pressureof the sourcematerial can be maintained and the

grow rate can be controlled in a wide range
² Only high vacuum technology is required

Also the disadvantage can be summarizeas:
² The in-situ control of the growing processis more complicated compared

to other sublimation methods

1. HWE-setup

In ¯g.3.2 the used HWE setup is shown. It consists of two growth reactors
and one annealing/pre-heating oven. The samplecan be moved with a step-motor
from oneoven to the other one. This allows the production of multila yer-structures.
The high-vacuum valve is installed betweenthe growth chamber and the Load lock
chamber. This allows the change of the substrate without braking the vacuum in
the growth chamber. If necessaryto prevent the sample from air, it can be taken
to the measurements under vacuum conditions by removing a part of the load lock
chamber (see[40] for details).

11
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Figure 3.1. Schematic crosssection of Hot Wall Epitaxy system
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Figure 3.2. Hot Wall-Epitaxy apparatus for PHP/C 60 ¯lm
growth. There are two hot wall systemsand one annealing/pre-
heating oven in growth chamber
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2. Gro wth of pristine C 60 ¯lms on mica substrates

The C60 ¯lms weremostly grown on (001)-oriented cleaved mica. It wasproven
that mica is a promising substrate for the growth of thin C60 ¯lms of high crystalline
quality with a lattice mismatch of about 3.4 % [1, 2, 40, 41]. In ¯g.3.3 a schematic
picture of a C60 monolayer on mica is given. In this work, all C60 ¯lms on cleaved
mica (100) were grown with the optimized parameters given in [1] resulting in
mono-crystalline C60 ¯lms. The growth conditions were: T S=140± , TW al l =400±,
TSour ce=400±. Resulting in a low deposition rate of ' 2 nm/min

Figure 3.3. Schematic picture of a C60 monolayer on mica. The
C60 moleculesare drawn as circles. The mica silicontetraeder are
drawn as triangles (Just each second silicon triangle is drawn).
Taken from ref.[1].

3. Sample preparation

The enemy of every epitaxy-method is dirt. Very careful sample-preparation
is essential. After cleaning the substrates were put immediately in the load lock-
chamber. The usedsubstrate-materials were:

² glasswith a high quality surface
² gold coated glass: glasswas coated with a thin highly conduction trans-

parent gold layer.
² ITO-coated glass: Indium-Tin-Oxid (ITO) sputtered glass. ITO is con-

ductive and highly transparent.
² Mica: Muscovite mica; crystalline substrate. Very promising substrate-

material for production of thin organic ¯lms with remarkable high crys-
talline quality. Figure 3.4 present a typical C60 rocking curve on mica.
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Figure 3.4. Rocking curve of a typical C60 ¯lm on [001] mica.
Taken from ref.[2].

3.1. Preparation of glass, gold coated glass and IT O substrates. For
the cleaning procedure just solvents from high chemical grade and diionized water
was used. The cleaning processincluded the following steps:

² removing of ¯ngerprin ts etc. with rinsing agent
² "mechanical" rubbing of the substrate with Kodak-paper and Acetone

Repeating of the two ¯rst stepsseveral times. In the next stepsa strong ultra-sonic
bath with heating was used. Each cleaning step with the ultra-sonic takesaround
10 min. Betweeneach step nitrogen blowing was usedto remove the solvents.

² Methanol (2 times)
² Acetone (3 times)
² Trichloroethylene (2 times)

3.2. Preparation of mica substrates. [001] oriented Muscovite mica can
be very easily cleaved with a scotch-tape to get a clean surface. It is important to
remove the tape in a small angle parallel to the substrate to get a perfect cleaved
surface. Large stepson the mica surfacedisturb the growth process.
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4. Preparation of thin PHP ¯lms

The ¯rst growth experiment was doneon glasssubstratesto ¯nd the necessary
growth conditions. The growth processitself is described in other sections. At
all growth experiments the wall-temperature TW al l was set equal to the source
temperature TSour ce and the pre-heating-oven temperature was set equal to the
substrate-oven temperature to minimize the variation of the growth parameter.
The pre-heating time was set to 30 min, to be sure that the substrate reaches
the preheat-oven temperature. At this point it is necessaryto note, that further
variation of the growth-parameters are required -like variation of the deposition-
rate, ¯lm-annealing...etc.

4.1. Variation of the Source-temp erature. In ¯g.3.5 the Arrhenius-plot
of the deposition rate versus the source-temperature is presented. In Arrhenius
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Figure 3.5. Arrhenius plot of deposition-rate in [nm/min] of PHP
on glassversusTSour ce, TS=100±, growing time=60 min.

presentation the measuredpoint are aligned a long a line which allows to write
[42]:

(16) Rate = const: ¤ e¡ E a
k T S our ce

Assuming that the deposition-rate is proportional to the °ux-rate of the PHP
molecules,Ea correspondsto an "activation-energy"and hasthe valueEa = 3907=kB =
0:18eV.

4.2. Variation of the gro wth time. In ¯g.3.6 the ¯lm-thic knessof PHP on
glassversusthe growth-time at two di®erent substrate-temperatures is presented.
The source temperature TSour ce was 240±in both cases. The resulting deposition
rates at TS=100±and 140±are 2 and 2.3 nm/min respectively.
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CHAPTER 4

Results and discussions

1. Morphology studies

In this chapter the results of AFM and Light-microscope-studiesare presented.
The given pictures are not selectedareasof the samples. At all samplesPHP was
homogeneouslydistributed over the hole substrate and no signi¯cant changeof the
morphology at di®erent positions was observed.

1.1. Ligh t microscop e studies of PHP and
PHP/C 60 bila yer. Observations are a good technique to get a ¯rst impressionof
the ¯lm morphology.

Table.4.0 gives the growth parameters of samples used for light microscope
pictures. The pictures weretakenin trough-light and on-light geometryrespectively.
In trough-light the incident light waspolarized and a secondpolarizer in the ocular
was usedas analyzer. In on-light geometry the unpolarized foci-sized light from a
halogenlamp illuminated the ¯lm under a small angle of 10±.

Table 4.0. Growth parameter of PHP and PHP/C 60 bilayer on mica

PHP C60 PHP/C 60

Sample- TS TW al l =Sour ce TW al l =Sour ce Growth Preheat Ref
Nr. [±C] [±C] [±C] time [min] [±C] Fig.

mcp04 140 240 400 20/60 140 4.3,4.4
mc05 90 240 - 20/- 90 4.1,4.2
mcp06 140 240 400 20/20 140 4.5
mcp07 90 240 400 20/20 90 4.6

1.1.1. Light-micr oscope studiesof PHP on mica. In this sectionlight-microscope
pictures of PHP on mica are given.

As proven with the AFM-microscope PHP on mica is forming large oriented
structures like "needles". Is the growth processnot distorted by e.g step on mica
surface the orientation of the needlesdo not change. Such perfect cleaved mica
surfacesare possibleto prepare 1.

Fig. 4.1,4.2was shot in on-light geometry. The incident beam comefrom the
right side parallel to the horizontal border of the picture. Is the incident beam
acting perpendicular to the "needles", di®racted light is observed (¯g. 4.1). No
non-re°ective areasexcept one edgewas observed. After rotating the samplemc05
120± clockwise, these edgebegin to di®ract the incident light. As can be seenon
the AFM picture ¯g.4.21 a step on the mica surfacedistorted the PHP ¯lm growth
processand turned the direction of the needles.

1seecaption Substrate preparation on page 14

18
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Figure 4.1. Sample mc05: Light microscope picture of PHP on
mica in on-light geometry.

Figure 4.2. Sample mc05: Light microscope picture of PHP on
mica in on-light geometry. Rotated 120±in respect to ¯g.4.1
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1.1.2. Light-micr oscope studies on C60/PHP bi-layer on mica. In this section
light-microscope pictures of bilayers on mica are represented. Fig.4.3 and ¯g.4.4
shows photos from the same area of the sample mcp04. Fig.4.3 was shot in on-
light and ¯g.4.4 was shot in trough-light geometry. In on-light geometry di®erent
bright areasof di®racted light are detected. In trough-light geometrya unequivocal
relation to the di®erent bright areasin ¯g.4.4 and the di®racted light in ¯g.4.3 can
beeseen.As proven with the AFM microscope at high T S PHP is forming oriented
island on C60 ¯lms (see ¯g.4.28). This indicates the di®erent orientation of the
PHP-islands on C60 coated mica.

The brown area in ¯g.4.4 is pure C60 (both layers are not exactly at the same
position on the substrate). In ¯g.4.6 and ¯g.4.5 two light-microscope pictures of
samplemcp06 and mcp07 grown at T S=90± and 140± are given.
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Figure 4.3. Samplemcp4: Light microscope picture of PHP/C 60

bilayer on mica in on-light geometry.

Figure 4.4. Samplemcp4: Light microscope picture of PHP/C 60

bilayer on mica in trough-light geometry.
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Figure 4.5. Sample mcp06: Light microscope picture of
C60/PHP bilayer on mica in trough-light geometry. Blue:PHP,
brown C60/PHP . TS=140±C

Figure 4.6. Sample mcp07: Light microscope picture of
C60/PHP bilayer on mica in trough-light geometry. Left PHP,
brown C60/PHP . TS=90±C
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1.2. AFM-Studies of PHP ¯lms.
1.2.1. AFM-Studies of PHP ¯lms on glass. A seriesof ¯lms were prepared on

glasssubstrates. The half side of the glasssubstrateswas covered with a thin gold
layer. The gold layer is transparent in the visible range. A further advantage is,
that you can comparedirectly the morphology of the ¯lms on glassand gold coated
glass. Table.4.6shows the growth conditions of the given AFM pictures.
On amorphous substrates as glass and gold coated glass, no large scale ordered
structure can be seen. The growth processstarts with the formation of islands.
This means,that the growing of the secondlayer begins before the ¯rst is closed.
Between the Samplesag01/gl01 and ag02/gl02 the only changed parameter was
TS . At low TS or not heated substrates, the islands are smaller and the dendritic
character is lesspronounceddueto the smaller "mobilit y" of the molecules.Compare
Fig.4.8, 4.12 and 4.13. Higher T S enhancesthe formation of islands resulting in
an open ¯lm. Sample gl03 was grown without pre- and heating of the substrate
during the ¯lm growth. Resulting in a very smooth closed¯lm. The ¯lm on ITO
was grown with the sameconditions as sample gl03. Comparison of sample gl03
(¯g.4.13) and ito03 (¯g.4.15) shows, that the roughnessof the PHP ¯lm on ITO is
at least two times higher. PHP on ITO is forming layered islands with a step-size
of around 3-6 nm (see¯g.4.16 height pro¯le).

X-ray studies[43] and luminescencemeasurements show, that at higher T S the
moleculesare staying perpendicular to the substrate. Too high substrate tempera-
ture stops the ¯lm growth processcompletely (sample gl04).

Table 4.6. Growth parameter of PHP ¯lms

Sample- Substrate- T S TW al l =Sour ce Growth time Preheat Ref
Nr. material [±C] [±C] [min] [±C] Fig.
gl01 glass 90 240 20 90 4.7,4.8
ag01 gold 90 240 20 90 4.7,4.9
gl02 glass 120 240 20 120 4.10,4.12
ag02 gold 120 240 20 120 4.10,4.11
gl03 glass 20-802 240 60 - 4.14,4.13
ito03 ITO 20-803 240 60 - 4.15,4.16
gl04 4 glass 180 240 60 - -

2T S not controlled, heating of the substrate through thermal radiation
3T S not controlled, heating of the substrate through thermal radiation
4No ¯lm on the substrate
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Figure 4.7. top: Sample gl01, AFM micrograph of PHP on
glass; bottom: Sample ag01, AFM micrograph of PHP on gold.
TS=90±C for both cases.
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Figure 4.8. Sample gl01, AFM section analysis PHP on glass,
height betweenmarks ¢ h = 50nm. T S=90±C

Figure 4.9. Sample ag01, AFM section analysis PHP on gold,
height betweenmarks ¢ h = 23nm. T S=90±C
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Figure 4.10. top: Sample gl02, AFM micrograph of PHP on
glass, bottom: Sample ag02, AFM micrograph of PHP on gold
coated glass. TS=120±C for both cases.
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Figure 4.11. Sample ag02, AFM section analysis PHP on gold
coated glass,height betweenmarks ¢ h = 23nm. T S=120±C

Figure 4.12. Samplegl02, AFM sectionanalysisof PHP on glass,
height betweenmarks ¢ h = 39nm. T S=120±C
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Figure 4.13. Sample gl03, left: AFM height pro¯le, Z-
range=20nm. Right: micrograph of PHP on glass. T S=20-80±C

Figure 4.14. Sample gl03, left: AFM height pro¯le, Z-
range=10nm. Right: micrograph of PHP on glass. T S=20-80±C
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Figure 4.15. Sample ito03, left: AFM height pro¯le, Z-
range=20nm. Right: micrograph of PHP on glass. T S=20-80±C

Figure 4.16. Sample ito03, left: AFM height pro¯le, Z-
range=20nm. Right: micrograph of PHP on glass. T S=20-80±C
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1.2.2. AFM Studiesof PHP on mica. It hasbeenshown that layeredsubstrate
and especially mica, are promising candidates for the epitaxy of thin C60 ¯lms
of high crystalline quality [40]. Essentially for the growth processis the lattice
con¯nement. The mismatch of the evaporated material and the substrate lattice-
constant should be in the range of percent. In the caseof C60 on mica it is 3.4
percent [1]. PHP also "¯ts" . The distance betweenthe phenyl rings is 5.12 A and
the mica lattice constant is 5.2 ºA resulting in a lattice mismatch of 1.5 percent. The
luminescenceplotted as function of the excitation wavelength (action spectrum) of
PHP on mica (see¯g.4.31) indicates that the moleculesare arrangedmainly parallel
to the substrate.

Table 4.16 shows the sample growth parameters of the given AFM pictures.
As on glass, higher T S enhancesthe forming of large oriented structures. These
structures look like "needles". Theseneedlescan be several hundred ¹ m long have
a height of » 50 nm and are several hundred nm wide (sample m01). Changing T S

from 90±C to 140±C the needlesbecomewider (range of ¹ m) an higher » 250nm. In
both casesPHP is homogeneouslydistributed all over the substrate and the PHP
¯lms are not closed. Seeheight pro¯le in ¯g.4.22,4.23. The ¯lms were stable on
air but very soft and the AFM-tip madedamageson the ¯lm surface. Fig.4.20 was
taken after ¯g. 4.19. It clearly shows the area of the scan of ¯g. 4.19 in ¯g. 4.20
observable.

Table 4.16. Growth parameter of the PHP ¯lms on mica

Sample- TS TW al l TSour ce Growth time Preheat Ref
Nr. [±C] [±C] [±C] [min] [C±] Fig.
m01 90 240 240 20 90 4.17,4.18,4.22
m02 140 240 240 20 140 4.19,4.20,4.21,4.23,4.24

Figure 4.17. Sample m01: PHP on mica. Left height-pro¯le,
right micrograph. TS=90±C
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Figure 4.18. Samplem01, micrograph of PHP on mica T S=90±C.
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Figure 4.19. Samplem02: micrograph of PHP on mica. T S=140±C
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Figure 4.20. Samplem02: micrograph of PHP on mica. T S=140±C
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Figure 4.21. Samplem02: micrograph of PHP on mica. T S=140±C
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Figure 4.22. Samplem01: AFM section analysis PHP on mica,
TS=90±C; height betweenmarks ¢ h = 49nm

Figure 4.23. Samplem02: AFM sectionanalysisof PHP on mica,
TS=140±C; height betweenmarks ¢ h = 230nm

In ¯g.4.21 a change of the direction of the "needles"was found, the angle be-
tweenthe PHP needlesare 120± or 60± respectively, in agreement with the threefold
symmetry of the cleaved mica surface. The growth processwas distort by a step
on the mica surface(seesection analysis in ¯g. 4.24). On perfect cleaved mica the
orientation of the needlesdoesnot change.

Figure 4.24. Samplem02: AFM section analysis PHP on mica,
TS=140±C; height betweenmarks ¢ h = 530nm

Such highly oriented ¯lms are interesting subjects for further work. The mor-
phology of the needlesis not clear. X-ray studies are required and non-linear optic
behaviors are expected.
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1.3. AFM studies of PHP/C 60 bila yer on mica. The unique setup in
HWE with two sourcesallowsthe production of bi- and multila yers,just by changing
the position of the substrate from one oven to the another. It has beenshown that
layeredcrystals, like MoS2 and mica, are promising substrate materials for epitaxial
growth of C60 . Especially for [001]oriented mica, the existenceof well aligned[111]-
C60 planes parallel to the surfacewas proven. In our work for the preparation of
the C60 ¯lms, the optimized parameter given in [2] were used. Resulting in perfect
mono-crystalline C60 ¯lms. On such ¯lms we studied the growth processof PHP.

The only changedparameterwasT S . As on glassand mica, higher T S enhances
the forming of oriented islands.

Table 4.24. Growth parameter of PHP/C 60 bilayer on mica

PHP C60 PHP/C 60

Sample- TS TW al l = TSour ce TW al l = TSour ce Growth Preheat Ref
Nr. [±C] [±C] [±C] time [min] [±C] Fig.

mcp01 90 240 400 20/20 90 4.25,4.26
mcp02 120 240 400 20/20 120 4.27,4.29
mcp03 140 240 400 20/20 140 4.28,4.30
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Figure 4.25. Sample mcp01: AFM micrograph of PHP on C60

coated mica; TS=90±C
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Figure 4.26. Samplemcp01: AFM section analysis PHP on C60

coated mica; TS=90±C; height betweenmarks ¢ h = 28nm

On sample mcp01 and mcp02 (¯g 4.25,4.27)we can identify layered islands.
This indicates the growth of separatedPHP layers resulting in a homogeneously
covered ¯lm. Such a growth is called quasi-epitaxial growing. If the mobilit y of the
PHP moleculesis high enough,they are forming structures following the symmetry
of the C60 surfacesee¯g. 4.28. The angle between the islands is again 60±/120±

or 90± respectively. C60 moleculeson mica are forming FCC (face-centered) ¯lm
surfacesthis results in a sixfold symmetry parallel to the substrate.
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Figure 4.27. Samplemcp02: top: height pro¯le of PHP on C60

coated mica; bottom: micrograph of PHP on C60 coated mica.
TS=120±C
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Figure 4.28. Sample mcp03: AFM micrograph of PHP on C60

coated mica; TS=140±C
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Figure 4.29. Samplemcp02: AFM section analysis PHP on C60

coated mica; TS=120±C; height betweenmarks ¢ h = 46nm

Figure 4.30. AFM section analysis PHP on C60 coated mica;
TS=140±C; height betweenmarks ¢ h = 31nm

At high TS= 140±C the PHP ¯lm is not closedand the islands becomea very
°at top (¯g.4.30). This is a good starting point for further work. Variation of the
deposition rate and the growth time are required.
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2. Photoluminescence studies on thin PHP-¯lms

In this chapter detailed photoluminescencestudies of thin PHP-¯lms on dif-
ferent substrates are shown. E±cien t excitation of luminescenceis observed for
excitation energiesabove 3.1 eV (400nm). The peak position of the PL excitation
spectrum is determined by a superposition of the absorption parallel and perpen-
dicular to the backbone. Theoretical calculations using linearized augmented plane
wave (LAPW) method [3] predict a strong anisotropy between the dielectric co-
e±cients parallel and perpendicular to the chain. For excitation perpendicular to
the chain the absorption starts around 410 nm (90±) and is blue shifted for smaller
anglesbetweenexcitation-light and the chain-orientation. See¯g. 4.31.

Figure 4.31. left: Variation of optical absorption with PHP ori-
entation. right: Measuredand calculated optical density for PHP:
(a) polycrystalline ¯lm (experiment], (b) oriented ¯lm (experi-
ment); (c) oriented ¯lm (theory). Taken from ref. [3].

Action spectra of PHP on mica and ITO are given. The excitation beam
illuminated the ¯lm perpendicular (® = 0±) and parallel to the substrate (® = 90±).
The excitation-spectrum on ITO (¯g.4.32 and 4.33) indicates moleculesare staying
perpendicular to the substrate. In contrast, on mica the chains are arrangedmainly
parallel to the substrate ¯g.4.34.
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Table 4.31. Growth parameter of PHP ¯lms

Sample- Substrate- T S TW al l =Sour ce Growth time Preheat Ref
Nr. material [±C] [±C] [min] [±C] Fig.
gl02 glass 90 240 30 90 4.36
ito03 ITO 140 240 30 140 4.36,4.32,4.33
mic03 mica 90 240 10 90 4.36,4.34,4.37

The di®erent action-spectrum on mica and ITO can be understood by com-
parison with the calculated spectra. The vertical transitions in the k-space are
symmetry allowed if the excitation beam acts parallel to the molecular chain and
the vertical transitions are symmetry forbidden if the excitation beam excite the
moleculeperpendicular to the chain.

Table 4.31. Calculated and measured optical transmissions of
thin PHP ¯lms

transmission E theor y ¸ theor y ¸ measur ed on ITO ¸ measur ed on mica
[eV] [nm] [nm] [nm]

0-0 3.08 402 410 -
0-1 3.72 332 330 330
0-2 4.66 266 -5 -
1-1 4.37 280 283 -

On the ITO sample (ito03) the vertical transitions (¯g.4.32) HOMO-LUMO,
HOMO-1 - LUMO+1 denoted as 0-0,1-1 and 2-2 and the no- vertical transition
(¯g.4.33) HOMO - LUMO+1 (0-1) are in agreement with the calculated spectra in
tab.4.31.

5not measured, but local-minim um in ¯g.4.32
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Figure 4.32. Sample: ito03; Excitation-spectrum of PHP on
ITO. ® = 0±
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Figure 4.33. Sample: ito03; Excitation-spectrum of PHP on
ITO. ® = 90±
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Figure 4.34. Sample: mic03; Excitation-spectrum of PHP on
mica. ® = 0±
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Non vertical transitions in k-spaceare induced by excitation perpendicular to
the chain (¯g.4.33),4.34). Due to the ¯nite sizeof the PHP-moleculethe k-vector of
the wavefunction is not longer a good quantum-number and non-vertical transitions
with a small inducedk vector arepossible.6 The broad signalof the action-spectrum
on mica and ITO by excitation perpendicular to the chain cannot beeunderstood by
applying the simple band-structure model and seemsto be a intermolecular e®ect.
One explanation is the socalled Davydov-splitting interaction (¯g.4.35). When two
adjacent oligomersare aligned along the sameaxis, The exited state will split into
exciton levels by Davydov interaction. The transition dominant dipole are aligned
alongthe chain. The magnitudesof the dipolestrengthsconnectionthe ground state
with these two exciton levels is determined by the intrinsic dipole strength of the
oligomersand their relativeorientation: D § = (1=2)(~¹ a0n § ~¹ b0n )2, where ~¹ 0n is the
electric transition moment of the j0i ! jni transition. It is important to not that
whentwo identical transition dipolemoments areexactly parallel, excitation to (and
emissionfrom) the lowest level is formally forbidden and no (or a small) splitting
occurs[44]. The magnitude of the Davydov splitting dependson the intermolecular
distance. The relationship betweenoptical properties of oligothiophenesand their
microcrystalline structure has been investigated by Garnier et al [45, 46, 47]. In
thin 6T polycrystalline ¯lms a wide excitonic band was interpreted as the lower
level of the Davydov splitting.

|0>

|n>

a b

|n >+

|n >-

Figure 4.35. Schematic energydiagram of exciton (Davydov) splitting

The PL emissionspectra shows vibrational ¯ne-structure, mainly determined
by the C=C stretching of the backbone [48]. The presenceof vibrational structure
indicates a strong electron-phononcoupling. In [44] it was shown that the photo-
luminescencespectrum of oligothiopenesis invariant to the excitation wavelengthas
long as it lies within the ¼¡ ¼? absorptions band. Such vibrational ¯ne-structure
was also observed in para-quarter-phenyl. The spectra strongly depends on the
morphology of the sample. In a common picture the origin of the luminescenceis
the existenceof a long-living state in the band-gapand the broad background is due
to emissionfrom defect states, but their density and nature are strongly depend on
the ¯lm morphology [49].

In ¯g. 4.37 the photoluminescence(PL) emission of PHP on mica at room
temperature and helium-temperature are shown. At room-temperature the spectra
on mica becomea broad signal due longer wavelengths.

6No vertical transitions occurs by changing the nuclear geometry
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Figure 4.36. Normalized luminescencespectra of PHP on mica
(mic03), glass(gl02), ITO (ito03). Excitation-w avelength=350 nm
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Figure 4.37. Sample mic03: Normalized luminescencespectra
of PHP on mica at 4K and room-temperature. Excitation-
wavelength=350 nm



3. LUMINESCENCE STUDIES ON PHP AND C60 /PHP BILA YER STR UCTURES 48

3. Luminescence studies on PHP and C 60/PHP bila yer structures

On cleaved mica substrates PHP ¯lms and C60/PHP bi-layer structures with
the optimized growing conditions for C60-layer given in [1] and a low substrate
temperature of TS= 90± for PHP-layer was chosen. Due to the ultrafast electron-
transfer to C60 [13] a quenching of the photoluminescenceis observed. The strong
photoluminescenceof PHP is quenched by one order of magnitude at 4K (¯g.4.38)
and becomemore e±cient at higher temperatures (¯g.4.40). The quenched pho-
toluminescencespectra of sample mic12 and mic13 shows no shifting to higher or
lower energiesor new spectral resolved speciesand indicates no new radiativ e states
below the ¼¡ ¼? gap of PHP. The excitation was provided by the 350.7nm line of
an argon-laser. The C60 luminescenceoccurs above 690nmat low temperature and
the shape is in agreement with measurements in [2]. Thesemeasurements are not
¯nished. The temperature dependent photo-luminescenceof pure PHP ¯lms and
C60 /PHP bilayers with di®erent growing conditions are required.

Table 4.37. Growth parameterof PHP ¯lm and C60/PHP-bila yer
on mica

Sample- TS TW al l =Sour ce Growth time Preheat Ref
Nr. [±C] PHP/C 60 [±C] C60/PHP[min] [±C] Fig.

mic11 90 400/240 -/10 90 4.38
mic12 140/90 400/240 30/10 140/90 4.38, 4.39, 4.40
mic13 140/90 400/240 10/10 140/90 4.38
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Figure 4.38. Sample: mic12; Luminescenceof PHP (top curve)
and C60/PHP bilayer (bottom curve) at 4K. ThicknessPHP: 30nm,
C60: 90nm. Excitation-w avelength 350.7nm
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Figure 4.39. Temperature depended luminescenceof C60/PHP
bilayer (sample mic12). Spectra are o®setto clarify the presenta-
tion. Excitation-w avelength=350.7 nm



3. LUMINESCENCE STUDIES ON PHP AND C60 /PHP BILA YER STR UCTURES 51

0
10

20
30

40
50

60
70

15
25

35
50

75
90

12
0

28
0

Intensity [a.u]

10
00

/T
 [K

-1
]

T
em

pe
ra

tu
r 

 T
  [

K
]

E
m

is
si

on
:4

00
nm

42
0n

m
45

0n
m

72
0n

m
73

3n
m

Figure 4.40. Arrhenius-plot of the C60/PHP bilayer (sample
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nm are plotted with the factor of 10 to clarify the presentation.
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4. Polarized photoluminescence

PHP on glass is forming very smooth ¯lms. No large ordering was observed.
The ¯lms arepoly-crystalline. However the luminescenceshowsa strong anisotropic
e®ect. In ¯g. 4.41 the two usedgeometriesare given. In the excitation beam and
in front of the detector polarizers were installed.
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Figure 4.41. Geometry of the polarized luminescencesetup

In casea) the excitation light illuminated the ¯lm parallel to the substrate
and in the other caseb.) the illumination acts perpendicular to the ¯lm surface.
Polarization directions are given relative to the plane de¯ned by the incident beam
(excitation) and luminescencebeam.

4.1. Polarized photoluminescence on PHP-¯lms on glass. A polariza-
tion e®ectof the luminescencewas found by changing the polarization of the exci-
tation beam or the illumination beam, if they are acting parallel to the substrate.
And no (or a small) polarized e®ectof the luminescencewas found by changing
the polarization of the excitation beamor the illumination beam, if they are acting
perpendicular to the substrate.

The absorption of PHP [3] is anisotropic. High optical densities are expected
if the electric ¯eld vector acts parallel to the chain of the molecules. This yields
in a polarization e®ectof the excitation beam or luminescencerespectively. So
we conclude that the moleculesare standing perpendicular to the substrate. The
excitation wavelength was set to 350nm. These ¯ndings are in agreement with
X-ray studies of MBE grown PHP ¯lms [43].

Table 4.41. Growth parameter of PHP ¯lms

Sample- Substrate- T S TW al l =Sour ce Growth time Preheat Ref
Nr. material [C±] [C±] [min] [C±] Fig.

gl018 glass 140 240 30 140 4.42,4.43



4. POLARIZED PHOTOLUMINESCENCE 53

380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560

In
te

ns
ity

 [a
.u

]

Wavelenght [nm]

EM=0°,EX=90°
EM=0°,EX= 0°

380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560

In
te

ns
ity

 [a
.u

]

Wavelenght [nm]

EX=0°,EM=90°
EX=0°,EM=0°

Figure 4.42. Sample: gl018; polarized luminescenceof PHP in
geometry a)
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Figure 4.43. Sample: gl018; polarized luminescenceof PHP in
geometry b)
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4.2. Polarized photoluminescence on PHP/C 60 multila yer on glass.
A seriesof PHP/C 60 multila yer on glasswere prepared. On the most samplesno
luminescencecould be detected and was completely quenched due to the electron-
transfer to C60. As on PHP-¯lms on glass,the luminescenceshow a strong anisotropic
e®ect. Fig.4.44 and 4.45 show the action and luminescencespectra of sample
multi38. Both spectra were recorded in geometry b.). In geometry a.) no sig-
nal was detected. The growth conditions were:

Table 4.43. Growth parameter of PHP/C 60 multila yer

Sample- Substrate- T S TW al l =Sour ce Preheat
Nr. material [±C] PHP/C 60 [ ±C]

multi38 glass 140 240/400 140

The growth times are: 30 min PHP, 20 times (5 min C60 / 10 min PHP),5 min
C60

Estimated layer thicknessof PHP around 30 nm and C60 around 20 nm.
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Figure 4.44. Sample: multi38. Action spectrum of PHP/C 60

multila yer in geometry b.). Emission=420nm
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Figure 4.45. Sample: multi38. Photoluminescencespectrum
of PHP/C 60 multila yer in geometry b.). Very weak signal
EM=90 ±(bottom spectra) and EM=0 ±(top spectra). Excitation-
wavelength=300nm
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5. Photo curren t studies

Molecular crystals of un-doped conjugated polymers have very low intrinsic
conductivities. The energy gap of PHP is 3eV, the fraction of electrons exited
acrossthe gap at room temperature is of the order of 10¡ 27! This low intrinsic
conductivit y has dramatic consequencesfor the description of the metal-oligomeric
semiconductor junction as well for the organic hetero-junction interface [13].

² At metal/oligomer junction is a negligible chargeexchangeocuresand the
extend of charge region and the band bending is very small

² At the oligomer/C60 hetero-junction, there are no chargecarriers available
to °ow acrossthe interface at room temperature. This implies that the
depletion layer is very thin (few mono-layers) with nearly vanishing built-
in potential

² The metal/oligomer junction can be described as metal/insulator junc-
tions (MIM) rather than metal/semiconductor junction

5.1. PHP and PHP/C 60 hetero-junction photo dio des. Considering the
energy band diagram in ¯g. 2.1, it is clear that the hetero-junction betweenPHP
and C60 should exhibit a recti¯ng current-voltage characteristics (e.g. analogousto
p-n junction). Electron injection (reversebias) on the C60 side from Al contact is
energetically unfavorable and results in a very low current density. On the other
hand electron injection onto C60 from PHP and electron removal from C60 to Al is
energetically favorable, creating conducting specieson both sides.

Table 4.45. Growth parameter of PHP/C 60 ¯lms

Sample- TS TW al l =Sour ce Growth time Preheat Thickness
Nr. [±C] PHP/C 60 [±C] PHP/C 60 [min] [±C] PHP/C 60 [nm]

dev04 90 240/- 120 90 100
dev05 90 240/400 120/72 90 100/80

In table 4.45 the growth conditions of the organic ¯lms are given. Figure 4.47
and ¯g. 4.48 shows the current voltage characteristics of the ITO-PHP-Al and
ITO-PHP/C 60-Al device. Positive bias is de¯ned as positive voltage applied to the
aluminum contact (reversebias).

C60
PHP

ITO

Al

Glass

Figure 4.46. Schematic cross-sectionof the hetero-junction de-
vices from PHP and C60

Pure PHP is showing a symmetric current-voltage characteristics, in agree-
ment with the reported absenceof recti¯cation in ITO/C 60/Au and ITO/MEH-
PPV/Al devices[13, 50]. Figure 4.48showsthe current-voltagedata, with the ITO-
PHP/C 60-Al devicein the dark and with deviceilluminated with 388nmmonochro-
matic light of a xenon-lamp. Exponentially turn-on up to 0.3 V in forward bias is
clearly observable; the recti¯cation ratio is approximately 103 and is limited by the
ohmic contact of the Cu-wire to Al and ITO contacts respectively (bias ¸ 1V). In
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¯g. 4.49 the spectrally resolved photocurrent of ITO-PHP/ C60-Al device is given.
It follows more or lessthe action-spectrum and absorption of PHP/C 60 bilayer (see
¯g.4.50) which initiated the photoinduced electron transfer.
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Figure 4.47. Sample: dev04. Current vs. voltage characteristics
of ITO-PHP-Al device in dark (black triangles) and upon illumi-
nation with monochromatic light of a xenon-lamp(open triangles).
Intensity=1mW cm¡ 2, Excitation-w avelength=388 nm
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Figure 4.48. Sample: dev04. Current vs. voltage characteris-
tics of ITO-PHP/C 60-Al devicein dark (black triangles) and upon
illumination with monochromatic light of a xenon-lamp (open tri-
angles). Intensity=1mW cm¡ 2, Excitation-w avelength=388 nm
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Figure 4.49. Sample: dev05. Spectrally resolved photocurrent
of ITO-PHP/C 60-Al device unter forward bias -2 V. Excitation
intensity=1mW cm¡ 2 was determined by a calibrated Si-Diode.
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Figure 4.50. Sample: dev05. Action spectrum of PHP/C 60 bi-
layer on glass. Excitation acts perpendicular to the substrate.
Emission is set to 440nm.
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