Metal-Polymer Interfaces Studied
with Adsorption Microcalorimetry
and Photoelectron Spectroscopy
Untersuchungen von Metall-Polymer Grenzflächen mittels Adsorptions-Mikrokalorimetrie
und Photoelektronenspektroskopie

Der Naturwissenschaftlichen Fakultät der
Friedrich-Alexander-Universität Erlangen-Nürnberg
zur Erlangung des Doktorgrades Dr. rer. nat.

vorgelegt von

Fabian Bebensee
aus Gelsenkirchen

Als Dissertation genehmigt
durch die Naturwissenschaftliche Fakultät
der Friedrich-Alexander-Universität Erlangen-Nürnberg

Tag der mündlichen Prüfung: 21.06.2010

Vorsitzender der Promotionskommission: Prof. Dr. Eberhard Bänsch
Erstberichterstatter: Prof. Dr. Hans-Peter Steinrück
Zweitberichterstatter: Prof. Dr. Rainer Fink

Abbreviations
x̃

Reduced Form of x

IMFP

Inelastic Mean Free Path

|x|

Absolute Value of x

IR

Infra Red

hxi

Expected Value of x
LEED
Derivation with Respect to x

d
dx

Low Energy Electron
Diﬀraction

∂
∂x

Partial Derivation with
Respect to x

LEIS

Low Energy Ion Scattering
Spectroscopy

×
·

Cross Product
(Dot-)Product

NMR
Nuclear Magnetic Resonance
NEXAFS Near-Edge X-Ray Absorption

exp

Exponential Funktion

OLED

Spectroscopy
Organic Light Emitting Diode

ln

Natural Logarithm

P3HT
PI

Poly(3-Hexylthiophene)
Polyimide

Å
∞

Ångstrøm
Inﬁnity

PMMA
PPV

Poly(Methyl Methacrylate)
Poly-(p-Phenylene Vinylene)

◦

Arc Degree
Integral

PVDF
QCM

Polyvinylidene Fluoride
Quartz Crystal Microbalance

R

QMS
Auger Electron Spectroscopy rms
SIMS
Atomic Force Microscopy

Quadrupole Mass Spectrometer
root mean square

Deutscher Akademischer
Austauschdienst

TEM

Spectrometry
Transmission Electron Microscopy

Density Functional Theory
Electron Spectroscopy for

TFT
TPD

Thin Film Transistors
Thermal Programmed Desorption

TPS
UHV

Thermal Desorption Spectroscopy
Ultra High Vacuum

UPS

HRV

Energy Loss Spectroscopy
Heating Rate Variation

Ultraviolet Photoelectron
Spectroscopy

HR-XPS

High Resolution XPS

UV

Ultraviolet

AES
AFM
DAAD
DFT
ESCA

Chemical Analysis
HREELS High Resolution Electron

Secondary Ion Mass

i

XPS

X-Ray Photoelectron

h

Planck Constant

XSW

Spectroscopy
X-Ray Standing Wave

kB
R

Boltzmann Constant
Gas Constant

Degree Celsius

a

Coeﬃcent

eV

Elektronvolt

A

Absorptance

J
K

Joule
Kelvin

b
d

Coeﬃcent
Thickness

m
ML

Meter
Monolayer

D
E

Diﬀusion Coeﬃcient
Energy

MLE
mol

Monolayer Equivalents
mole

h
H

MolarEnthalpy
Enthalpy

s

Second

I
m

Intensity
Mass

C
Ca

Carbon
Calcium

n
n

Parameter
Amount of Substance

N
O

Nitrogen
Oxygen

N
p

Number of Electrons
Pressure

S

Sulfur

q
Q

Molar Heat
Heat

Index Activation
Index Adsorption

R
R

Reﬂectivity
Rate

Index Binding
Index Compression

s
S

Molar Entropy
Entropy

Index Desorption

t

time

Index Experimental
Index Final State

T
u

Temperatur
Molar Inner Energy

Index Gas Phase
Index Initial State

U
v

Inner Energy
Molar Volume

Index Koopmans
Index Measured

v
V

Velocity
Volume

Index Metal
Index Maximum

x
z

Spatial Coordinate
Spatial Coordinate

Index Metal Oxide
Index Vacuum

β

Crystalline Phase

◦

C

act
ads
B
c
des
exp
f
gas
i
K
m
m
max
mo
vac

ii

δ

Energy Correction

µ

Chemical Potential

∆
θ

Diﬀerence Operator
Coverage

ν
τ

Frequency
Residence Time

ϑ
λ

Detection/Emission Angle
Wavelength

Φ

Work Function

λ

Inelastic Mean Free Path

iii

Contents
1 Introduction

1

1.1

Enthalpy of Adsorption . . . . . . . . . . . . . . . . . . . . . . . . . .

1.2
1.3

Desorption Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Adsorption-Desorption Equilibria . . . . . . . . . . . . . . . . . . . . 10

1.4

Calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.4.1 The Original Wire Calorimeter . . . . . . . . . . . . . . . . . 14
1.4.2
1.4.3

Beeck’s Calorimeter . . . . . . . . . . . . . . . . . . . . . . . . 16
Microcalorimetry on Single Crystals . . . . . . . . . . . . . . . 20

2 Experimental
2.1

2.2

26

Calorimetry Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.1.1 The Calorimeter . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.1.2
2.1.3

The Metal Atom Beam Source . . . . . . . . . . . . . . . . . . 29
Calorimeter Calibration . . . . . . . . . . . . . . . . . . . . . 32

2.1.4
2.1.5

Beam Flux Measurements . . . . . . . . . . . . . . . . . . . . 34
In-situ Determination of the Sticking Probability . . . . . . . 34

2.1.6 Relating the Measured Heat to the Adsorption Energy . . . . 37
The X-ray Photoelectron Spectrometer . . . . . . . . . . . . . . . . . 39
2.2.1
2.2.2

2.3

3

Fundamentals of Photoelectron Spectroscopy . . . . . . . . . . 41
Layer Thickness Determination Using XPS . . . . . . . . . . . 44

Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.3.1 Poly(3-hexylthiophene) . . . . . . . . . . . . . . . . . . . . . . 47
2.3.2

CN-MEH-PPV . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3 Design of a Novel SCAC
53
3.1 The Calorimeter Chamber . . . . . . . . . . . . . . . . . . . . . . . . 53
3.2
3.3

The Beam Chopper . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
The Beam Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.4

Thermal Design of the Calorimeter . . . . . . . . . . . . . . . . . . . 60

v

4 Metal-Polymer Interfaces

63

5 Calcium Adsorption on Unmodified P3HT

67

5.1

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.1.1 Sticking Probability . . . . . . . . . . . . . . . . . . . . . . . . 68
5.1.2
5.1.3

5.2

5.3

Low-energy Ion Scattering (LEIS) . . . . . . . . . . . . . . . . 69
Heats of Adsorption . . . . . . . . . . . . . . . . . . . . . . . 70

5.1.4 X-ray Photoelectron Spectroscopy . . . . . . . . . . . . . . . . 73
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.2.1
5.2.2

Growth Model of Ca on P3HT . . . . . . . . . . . . . . . . . . 76
Chemical Reaction between Ca and P3HT . . . . . . . . . . . 76

5.2.3

Depth Range of Ca Diﬀusion and Reaction . . . . . . . . . . . 81

5.2.4 Comparison to Ca Adsorption on Other Polymers . . . . . . . 85
Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6 Calcium Adsorption on Electron-Irradiated P3HT
88
6.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.1.1

X-ray Photoelectron Spectroscopy . . . . . . . . . . . . . . . . 89

6.1.2
6.1.3

Low-energy ion scattering (LEIS) . . . . . . . . . . . . . . . . 94
Sticking Probability . . . . . . . . . . . . . . . . . . . . . . . . 95

6.2

6.1.4 Heats of Adsorption . . . . . . . . . . . . . . . . . . . . . . . 98
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.3

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

7 Calcium Adsorption on P3HT at Low Temperature
105
7.1 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 107
7.2

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

8 Ca Adsorption on CN-MEH-PPV
8.1

8.2

vi

115

Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 115
8.1.1
8.1.2

LEIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
Heats of Adsorption . . . . . . . . . . . . . . . . . . . . . . . 117

8.1.3
8.1.4

Sticking Probability . . . . . . . . . . . . . . . . . . . . . . . . 119
X-ray Photoelectron spectroscopy . . . . . . . . . . . . . . . . 121

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

9 Summary and Outlook
9.1
9.2

124

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

10 Zusammenfassung und Ausblick

128

10.1 Zusammenfassung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
10.2 Ausblick . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
11 Danksagung

133

List of Figures

135

Bibliography

137

vii

1 Introduction
The formation of chemical bonds at the surface or at interfaces has been recognized
as a fundamentally important process. A detailed understanding of the interface formation is not a purely academic one, aiming solely at a gain in knowledge, but has a
tremendous impact on improving working devices in a smart, that is a directed and
cost eﬃcient, way. Surface nanocalorimetry was employed in combination with photoelectron spectroscopy to investigate the interface formation between π-conjugated,
semiconducting organic molecules and calcium as a low work function metal, which
is a technologically very relevant case.
π-Conjugated molecular semiconductors play an increasingly important role in organo electronic devices (OEDs) such as organic light emitting diodes (OLEDs),
organic ﬁeld-eﬀect transistors (OFETs), and organic solar cells. [1–3] Especially with
respect to “printable electronics”, organic semiconductors have a very promising
future. The large number of applications, which includes ﬂexible OLED displays
(already available in mobile phones, cameras, MP3 players, etc.), e-paper, organic
thin-ﬁlm photovoltaic (OTFPV) devices, and radio frequency identiﬁcation (RFID)
tags, may suﬃce to illustrate the tremendous economic and ecological importance
of this technological sector. [4]
Interfaces between π-conjugated polymers and low work function metals, such as Li
or Ca, occur at the electron-injecting electrodes of organic semiconductor devices,
for example OLEDs. The metals are oftentimes evaporated onto the polymer (vapor deposition) at moderately low rates. This route is generally thought to show
enhanced diﬀusion compared with other techniques. Such interfaces are expected to
have a high structural and chemical complexity necessitating extensive spectroscopic
investigation along with the calorimetric measurements. It is commonly accepted
that the properties of interfaces between the organic semiconductors and (metal)
electrodes are decisive for the performance of organic electronic devices.
A related ﬁeld is the study of organic molecular materials, like pentacene, and metals.
For certain systems, it has been found that the ﬁrst monolayer of an adsorbed organic molecules can act as a template and thus inﬂuence the structure of the further
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layers. In addition, the overlap of wave functions at the metal/organic interface (i.e.,
the chemical bond) can lead to new electronic states which can modify the charge
injection rates. [5] Therefore, extensive research eﬀorts have been directed towards
the understanding of the geometric and electronic structure of the ﬁrst molecular
layers on well-deﬁned metal surfaces. In this context, the strength of the chemical
bond between molecule and surface is an important, yet largely unexplored issue.
The reasons for this issue being unexplored lie on both the experimental and the
theoretical side. On the one hand, conventional experimental techniques cannot be
used because of the non-reversible adsorption of the molecules. On the other hand,
the methods of theoretical chemistry, especially density functional theory (DFT),
are not able to predict accurate adsorption enthalpies with suﬃciently small error
bars (or other parameters such a surface-adsorbate bond distances) for large organic
molecules, mainly because of the size of the systems and fundamental problems in
treating van-der-Waals interactions, especially dispersion interactions. For these reasons, such a fundamental parameter as the total strength of the adsorbate-substrate
bond is unknown for most large organic molecules. The bond strength also gives
insight into the character of the bond (physisorption vs. chemisorption) and how
the balance between these contributions depends on the molecular structure and
the type of substrate. Up to now, such questions are often discussed on the basis
of indirect information such as photoelectron and vibrational spectra, which show
adsorption-induced changes of the electronic structure or the vibrational frequencies, as well as adsorbate-substrate bond distances, measured by the X-ray standing
wave technique (XSW). In the past years, the group of Dr. Gottfried at the Chair of
Physical Chemistry II (Prof. Steinrück) has applied photoelectron spectroscopy and
XSW to adsorbed phthalocyanines, porphyrins and other π-conjugated molecules
and some of their metal complexes. In agreement with previous and parallel studies
on adsorbed π-conjugated molecules, it could be shown that chemisorptive contributions are present, especially in the case of metal complexes, but it is completely
unknown how much they contribute to the total binding energy between molecule
and surface. At this point, surface nanocalorimetry, in combination with photoelectron spectroscopy, is the only technique that can provide answers.
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1.1 Enthalpy of Adsorption
In an adsorption calorimetry experiment, the temperature change of a sample caused
by adsorption of a pulse of molecules or atoms is recorded as a function of coverage,
i.e., for a number of successive pulses. The fundamental thermodynamics inherent
to this experiment are easiest to capture by considering the eﬀect of a single pulse
and its impact on the sample surface.
It is very helpful to notice that several quantities may be considered constant for
the duration of an experimental run. Among these are the area on the sample where
adsorption takes place and the sample temperature is restored via a thermal reservoir
just before a new pulse of atoms reaches the surface. The gas to be adsorbed, or
adsorptive, is generally treated like an ideal gas, a system for which the enthalpy is
well known. In the experiment, a transition from the gaseous state (index “gas”) to
the adsorbed state (index “ads”) occurs. The respective enthalpies can be expressed
as:
Hgas = Ugas + pgas · Vgas = Ugas + n · R · T

⇐⇒

hgas = ugas + R · T

(1.1)

Hads = Uads + pads · Vads
| {z }

⇐⇒

hads = uads

(1.2)

≈0

where Hgas is the enthalpy of the gas, Ugas its internal energy, pgas the pressure, Vgas
the volume occupied, and n the number of moles. Hads , Uads , pads and Vads are the
respective quantities in the adsorbed phase. Here and throughout this work, upper
case letters refer to extensive and lower case letters to molar quantities. The term
pads · Vads drops out of Equation (1.2), because the volume in the adsorbed phase it
is negligibly small. It is important to keep in mind that uads includes the internal
energy of the atom on the surface itself as well as the interaction energy between the
atom and the substrate (adsorbate binding energy) and potentially a change in the
free energy of the surface which might be altered by the adsorption of a species. The
change in molar enthalpy for the phase transition is simply the diﬀerence between
the two molar enthalpies given above:
∆h = (hgas − hads ) = ugas − uads + R · T
| {z } | {z }
=qads

(1.3)

=qc

qads denotes the so-called diﬀerential heat of adsorption, the sought after quantity
in calorimetric experiments. The diﬀerential heat of adsorption is the change in
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internal energy during the adsorption process along a path on which no work is
performed. qc is the heat of compression, stemming from the transformation of the
ﬁnite volume in the gas phase into the approximately zero-volume adsorbate layer.
In the above equation, qc is calculated assuming that all atoms from the pulse adsorb
on the surface. This helps to keep the complexity as low as possible, but can easily
be corrected for by multiplying the term with the fraction of molecules/atoms that
do indeed adsorb, the so-called sticking coeﬃcient.
For the relationship between the heat of adsorption qads (θ) and the heat detected
by the calorimeter qm (θ), which may both depend on the coverage, one ﬁnds:
qads (θ) = qm (θ) − qc (θ)

(1.4)

where θ is the coverage. Up to now, the heat of adsorption was always expressed as
the diﬀerential heat of adsorption, i.e., the internal energy change of the adsorbed
species due to adsorption of an inﬁnitesimal small amount of gas. This quantity is
very similar with and easily comparable to isosteric heats obtained from adsorption
isosteres discussed below.
Another interesting quantity is the integral heat of adsorption, which accounts for
the total amount of energy released by adsorption from zero coverage to a given
coverage θ and thus provides an average heat of adsorption up to this coverage.
Integral (∆hint ) and diﬀerential (∆h) heat of adsorption are mathematically related
via the following expression:
Rθ
∆hdθ′
(1.5)
∆hint = 0 θ
R
dθ′
0

Usually, the term “heat of adsorption” (Qads ) is used synonymously with “enthalpy
of adsorption”. However, they are deﬁned such that their signs are opposite and
their mathematical relationship therefore reads:
−∆Hads = Qads

(1.6)

A number of eﬀects may contribute to the heat adsorption, rendering it a truly
complex quantity: the energy of the surface bond, changes in degrees of freedom of
the atoms/molecules, the energy of interaction between the adspecies, surface relaxations or rearrangements, as well as changes in the electronic structure of the adsorbate. Due to this complexity, the combination of heat of adsorption measurements
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with other experimental techniques is often highly desirable, if not mandatory. [6]
Determination of the heat of chemisorption from the (integral) heat of adsorption is
not as straight forward as it may seem: only the average of the binding energies of
all diﬀerent sites weighted with their respective relative coverage is accessible. This
is particularly problematic for polycrystalline samples, where a variety of adsorption sites is intrinsically present. Nevertheless, also single crystals do not provide
energetically completely homogeneous surfaces. Therefore, the integral heat of adsorption is of little signiﬁcance on its own. [7, 8] Choosing favorable conditions and
applying complementary techniques may lead in numerous cases to the desired gain
in knowledge of the system under investigation. Within this work, high-resolution Xray photoelectron spectroscopy (HR-XPS) is used as the complementary technique
providing insight into the nature and relative coverage of diﬀerent adsorption sites.
If coverage regimes are found, where only one speciﬁc site is signiﬁcantly populated,
the corresponding heat of adsorption reﬂects the heat of chemisorption of this site.
Even in this idealized case, adsorbate-adsorbate interactions may lead to complications in the analysis of such systems via coverage-dependent heat of adsorption
values.
Despite experimental diﬃculties in gathering adsorption enthalpies, they constitute
an important and thus sought after thermodynamic quantity in the study of gas
phase/solid interactions. Adsorption enthalpies are especially useful in the ﬁeld of
heterogeneous catalysis, where they provide a glimpse at the thermodynamics of interesting systems. In this way, they may aid in the design of improved catalysts. [9–11]
Furthermore, the heat of adsorption represents an experimentally accessible observable, while remaining a fundamental result of theoretical considerations. [6, 12, 13] In
this sense, accurate calorimetric measurements may be used to benchmark calculated
adsorption energies from various computational methods. [14]
Essentially, three diﬀerent approaches for the experimental determination of enthalpies of adsorption exist: evaluation of adsorption equilibria, e.g., adsorption
isosteres, desorption kinetics, e.g., temperature programmed desorption (TPD), and
calorimetric measurements. The three routes have distinct advantages and disadvantages depending on the particular system under investigation. All of them certainly
have their limitations with respect to their scope of application. A further complication arises from the fact that the data obtained using diﬀerent techniques are
not directly comparable “as measured”, as Stuckless et al. have pointed out. [11]
In the following, the three methods for determining enthalpies of adsorption shall
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be introduced. The discussion of these methods will be completed by a historical overview over the most important developments in adsorption microcalorimetry,
e.g., calorimetric measurements on small surface area samples.

1.2 Desorption Kinetics
Measurements of desorption kinetics allow, as mentioned above, the determination of adsorption enthalpies. The most suitable experimental procedure, namely
temperature-programmed desorption (TPD) or thermal desorption spectroscopy
(TDS), was introduced by I. Langmuir. [15] The technique became widely used in
surface science and catalysis [16–21] as it grants experimentally undemanding access
to such important parameters like activation energies and frequency factors of desorption. With the help of an appropriate kinetic model, one can calculate frequency
factors and desorption activation energies Edes , which are closely related to adsorption entropies and enthalpies, respectively.
The adsorption enthalpy describes the energetic diﬀerence between the adsorbed
atom or molecule to the case of the atom or molecule being in the gas phase including all eﬀects based on phase changes, changes in the free energy of the surface
or adsorbate system, respectively, and the energy released due to bonding of the
atom/molecule on the surface. The adsorbate binding energy, in contrast, only accounts for the diﬀerence in potential energy, i.e., the energy stored in the bond
formed as the result of the adsorption process. They may still be related to one another, such that results from techniques yielding desorption or adsorption energies
may well be compared with those from measurements of heats of adsorption, most
prominently isosteric heats of adsorption. As theoretical calculations usually yield
adsorbate binding energies rather than heats of adsorption, the relationship between
these two quantities eﬀectively establishes the link between calorimetry experiments
and theory.
In a TPD experiment, the adsorbate precovered sample is heated with a deﬁned heating rate β = dT /dt in a temperature range including the desorption temperature.
Simultaneously, the mass spectrometer signal, which is proportional to the partial
pressures of the desorbing species, is recorded. Plots of the measured mass spectrometer signal versus temperature yield the thermal desorption spectrum (see Figure 1.1
for a set of sample TPD spectra). Frequently, the Polanyi-Wigner equation [23] is
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Figure 1.1: Set of exemplary TPD spectra of oxygen on Au(110)-(1 × 2) with initial
coverages of 1.45 ML for diﬀerent heating rates β (from reference [22]).
employed as the basis for the evaluation of TPD experiments:


dθ
dθ dT
dθ
Edes
n
Rdes = −
=−
=−
· β = νn · θ exp −
dt
dT |{z}
dt
dT
R·T

(1.7)

=β

Here, Rdes denotes the rate of desorption, θ the temperature dependent coverage, t
the time, T the temperature, β the heating rate, νn the frequency factor of desorp-

tion, Edes the desorption activation energy and R the universal gas constant.
Among a number of diﬀerent methods for the extraction of the activation parameters, most importantly Edes , only the method commonly referred to as “heating
rate varation” (HRV) will be discussed below. For further information and a critical
comparison of the diﬀerent methods, the reader is kindly referred to the article by
de Jong and coworkers. [24]
Using the HRV formalism, the temperature Tmax at which the highest desorption rate
is observed, as a function of the heating rate β allows the determination of Edes and
νn , in cases, where the desorption order n is known. Typically, TPD spectra display
the mass spectrometer signal at a certain mass. Under favorable conditions, this
signal is proportional to the desorption rate −dθ/dT as a function of temperature.
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The corresponding form of the Polanyi-Wigner equation reads:


dθ
νn n
Edes
exp
Rdes = −
=
· θ exp −
dT
β
R·T

(1.8)

exp
In this equation, Rdes
denotes the rate of desorption with respect to the temperature.
At Tmax , the temperature at which the desportpion rate is the highest, Equation (1.8)

must obviously exhibit a local maximum. The mathematical translation of this is
simply that diﬀerentiation with respect to the temperature T yields an expression
that must be equal to zero:



exp
νn n
dRdes
d
Edes
=
· θ · exp −
dT
dT
β
R·T
T =Tmax


Edes
Edes
νn n
·θ ·
· exp −
=
2
β
R · Tmax
R · Tmax


Edes
νn
dθ
+ exp −
·
· n · θn−1
R · Tmax
β
dT
=0

(1.9)

and hence


νn
Edes
Edes
n−1
=
·n·θ
· exp −
2
R · Tmax
β
R · Tmax

(1.10)

Rearranging and taking the natural logarithm leads to the following form of Equation (1.10), with the tilde expressing that the respective quantity is to be divided
by an appropriate quantity so as to allow application of the logarithm:
!
!


2
Temax
Edes
Ẽdes
ln
=
+ ln
+ (1 − n) · ln θ̃max
(1.11)
e ·n
R · Tmax
β̃
ν̃n · R


2
Plots of ln Temax
/β versus 1/Tmax are linear for cases in which the desorption be-

havior is adequately described by the Polanyi-Wigner equation and the activation
parameters are constant. In these cases, the desorption activation energy and the
frequency factor are readily available from the slope and the intercept with the
ordinate, respectively. This method is particularly convenient in cases with the
desorption order n equal to one (ﬁrst order desorption), because then the coverage dependent term on the right hand side of Equation (1.11) vanishes. One of
the drawbacks of this analysis method is that a number of TPD spectra must be
recorded for the same initial coverage but varying heating rates β. Thus, it is rather
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E

Eact
r

Edes
Eads

Eads Edes

Figure 1.2: Potential energy curves for activated (red curve) and non-activated
(black curve) desorption. Here, E denotes the potential energy, Edes the desorption activation energy, Eact the energetic barrier in activated desorption, and
Eads the adsorption energy.
uneconomical with respect to the data material that needs to be collected.
A method for estimating the desorption energies from individual TPD traces and
thus circumventing the aforementioned problem, was proposed by Redhead. [25] One
can simply solve Equation (1.11) for Edes assuming ﬁrst order desorption:
 



ν1 · Tmax
Edes
Edes = R · Tmax · ln
− ln
β
R · Tmax

(1.12)

Redhead demonstrates that variation of the ratio ν1 /β in the range 108 K−1 to
1013 K−1 leads only to small errors (<1.5 %) and that the approximation
ln (Edes /R · Tmax ) ≈ 3.64

(1.13)

works satisfactorily. This leads ﬁnally to the Redhead equation, which relates the
desorption energy directly to the temperature at which the maximum desorption
rate is observed:
Edes

 


νi · Tmax
= R · Tmax · ln
− 3.64
β

(1.14)

In this equation ν1 is often assumed to be on the order of 1013 s−1 . Consequently,
for reasonable heating rates β, the ratio ν1 /β falls within the considered range.
Provided that the desorption process is non-activated or the activation barrier is
small, the desorption energy is equal or suﬃciently close to the adsorption energy,
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which is the quantity of primary interest in this work. A schematic presentation
of the relationships between desorption energy Edes , adsorption energy Eads and
adsorption activation energy Eact is presented in Figure 1.2.
However, one fundamental problem is inherent to desorption based techniques with
respect to the determination of the adsorption energy: the system must be thermally
robust, i.e., no alteration of the adsorbate system (except desorption) may be caused
by heating the sample up to the desorption temperature.

1.3 Adsorption-Desorption Equilibria
The Clausius-Clapeyron equation, which describes the temperature-dependence of
the adsorption/desorption equilibrium pressure, deﬁnes diﬀerent isothermal heats of
adsorption depending on the parameter which is kept constant. Keeping the coverage
θ, i.e., the number of adsorption sites within a monolayer divided by the number
of ﬁlled adsorption sites, constant is experimentally convenient. The diﬀerential
equilibrium conditions for such a situation reads:
dµgas = dµads

(1.15)

with the chemical potential µ and the indices gas and ads referring to the gas
phase and the condensed phase, respectively. As the chemical potential in the gas
phase depends on temperature T and pressure p, while the chemical potential of the
condensed phase additionally depends on the coverage θ, the total diﬀerential reads:


∂µgas
∂T



· dT +
p




∂µgas
· dp =
∂p T






∂µads
∂µads
∂µads
· dT +
· dp +
· dθ (1.16)
∂T p,θ
∂p T,θ
∂θ p,T

In the above equation, one assumes that the number of adsorption sites in one
monolayer does not change. Taking into account that under isosteric conditions
the last term in Equation (1.11) vanishes and substituting the appropriate molar
entropy s and partial molar volume v for the partial diﬀerentials, one arrives at:
−sgas · dT + vgas · dp = −sads · dT + vads · dp
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wich can be written as


dp
dT



θ

=

sgas − sads
hgas − hads
=
vgas − vads
T · (vgas − vads )

(1.18)

Exploiting that the molar volume of the gas phase is considerably larger than that
of the condensed phase and using furthermore the ideal gas law to express the molar
volume of the gas phase, Equation (1.18) yields:
=∆



dp
dT



θ

h

ads
}|
{
z
p · ∆ads h
p · (hgas − hads )
=−
=
2
R·T
R · T2

(1.19)

Rearranging this equation ﬁnally leads to an expression that readily gives access to
the molar heat of adsorption ∆ads h:


∆ads h
qst
∂ ln(p)
=−
=
(1.20)
∂1/T θ
R
R
Equation (1.20) describes adsorption isosteres and thus deﬁnes the isosteric heat of
adsorption, qst . This is related to the molar adsorption enthalpy via:






∂Hads
∂Hgas
∂∆ads H
∆ads h ≡
= hads − hgas ≡
−
= −qst (1.21)
∂n
∂n p,T
∂n p,T
p,T
In this equation, hgas and hads stand for the partial molar enthalpies of the gas
phase and the adsorbed phase, respectively, and ∆ads h = hads − hgas for the molar
adsorption enthalpy.
One can utilize Equation (1.20) to determine qst as a function of coverage from
experimental data. A typical experiment for the determination of the isosteric heat
of adsorption proceeds as follows: while keeping the partial pressure constant, the
sample temperature is slowly varied and the equilibrium coverages are constantly
monitored. The equilibrium coverages can be extracted from continuously measuring
the work function change, for example. Collecting data for various equilibrium
pressures results in data triplets (p, T , θ), which can be used to create plots of ln(p)
versus 1/T at a ﬁxed coverage θ. Making use of Equation (1.20) readily gives qst
from this plot for this coverage.
It is desirable and in many cases even mandatory to determine the same quantity
using diﬀerent approaches in order to fully characterize a system. A comparison
of data obtained from TPD experiments and adsorption isosteres requires a link
between the two respectively measured quantities, i.e., between the adsorbate bind-
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ing energy E0 (TPD) and the isosteric heat of adsorption qst (adsorption isosteres).
This relation between qst and the adsorbate binding energy E0 can be derived from
equipartition considerations. E0 represents nothing else, but the adsorption energy
Eads per mol (see Figure 1.2), which is identical to the desorption activation energy
Edes for non-activated desorption. Thus, the relation between the E0 and qst is the
key in order to compare isosteric heats with results of TPD experiments. One ﬁnds
that two limiting cases need to be distinguished for this relation: mobile adsorption
and localized adsorption. For a monatomic ideal gas, the enthalpy in the gas phase
Hgas is:

5
5
Hgas = Ugas + p · Vgas = · R · T ⇐⇒ hgas = · R · T
| {z } 2
2

(1.22)

=n·R·T

Considering mobile adsorption, the adsorbed phase retains two degrees of translational freedom and one vibrational degree of freedom perpendicular to the surface.
Thus, the enthalpy of the condensed phase hads amounts to:
hads = uads = 2 · R · T − |E0 |

(1.23)

Using Equation (1.21), one ﬁnds for mobile adsorption of a monatomic gas
1
· R · T + |E0 |
2

(1.24)

for localized adsorption of a monatomic gas

(1.25)

for mobile adsorption of a diatomic molecule

(1.26)

qst = hgas − hads =
Similarly, one arrives at:
1
qst = − · R · T + |E0 |
2
qst = |E0 |
3
qst = − · R · T + |E0 |
2

for localized adsorption of a diatomic molecule (1.27)

Obviously, qst is always reasonably close to the adsorbate binding energy |E0 | (in
the case of non-activated desorption: Edes per mol) under the assumption that all
adsorbate-substrate vibrations are fully excited.
Instead of keeping the partial pressure constant and varying the temperature, one
may as well ﬁx the temperature and vary the partial pressure. In this way, adsorption
isotherms are obtained, which may be evaluated to yield the isosteric heat of adsorption, too. In any case, one problem is common in deducing heats of adsorption
from adsorption-desorption equilibria and desorption kinetic measurements: both
rely on the adsorption being fully reversible and thus are not applicable for a huge
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number of systems. [26, 27]

1.4 Calorimetry
Calorimetry was introduced by J. Black, who observed that melting ice takes up heat
without changing its temperature in 1761. [28] This observation laid the foundation
of thermodynamics, a very important discipline within chemistry.
The word calorimetry stems from the Latin expression “calor” meaning heat and
the Greek word for measure, “metron”, readily deﬁning its task: measuring the heat
of chemical reactions or physical changes (e.g., phase changes). Within this work,
emphasis is put on the heat released as a species is adsorbed onto a solid substrate
and its subsequent reactions, the heat of adsorption/reaction. The experimental
implementation appears rather simple: the rise in temperature as a result of dosing
a reagent (i.e., a gas) is measured. Due to its nature, calorimetric determination
of the heats of adsorption does not require any model or theoretical framework to
arrive at the heat of adsorption, which is directly measured. This, furthermore,
lends calorimetry the advantage over the two other principal ways to measure heats
of adsorption discussed above: it is applicable for reversible adsorption as well as
for irreversible adsorption, as it directly measures the heat released upon adsorption
and does not rely on desorption. Another advantage over the other two methods
is that calorimetric experiments are conducted at a ﬁxed temperature, a condition
that is much easier to control compared to deﬁned changes in temperature needed
for the other methods. In addition to the relative experimental simplicity, the state
of the adsorbate is always well deﬁned in such experiments, in contrast to TPD
experiments, for example, where the adsorbate structure is disturbed in the course
of the experiment.
Despite these profound advantages, adsorption calorimetry has only recently entered the ﬁeld of surface science, where low speciﬁc surface samples are considered –
calorimetry on high surface samples, i.e., powders, is well established. The explanation for this fact is twofold: ﬁrstly, ultrathin single crystals as adsorbents with low
heat capacities were only accessible recently [29–32] and secondly, the early calorimeters (wire or Beeck’s type calorimeter) were only suitable for cases, where the heat
of adsorption was deposited suﬃciently fast in the sample. [6, 11, 32] The problem of
slow deposition of heat in an adsorption experiment is essentially a problem with
low sticking probability of the adsorptive: in such cases, it takes a large amount
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of time after admittance of the gas dose, until the adsorption equilibrium is established. Besides the very general problem that this renders the observed temperature
rise void of meaning with respect to the total amount of heat deposited, it may well
be that the heat deposited may be removed by only transiently adsorbed atoms or
molecules.
The historical development of adsorption calorimetry on low surface area samples
shall be brieﬂy outlined below.

1.4.1 The Original Wire Calorimeter
To make full use of his theoretical treatments of the heat of adsorption on homogeneous surfaces and the inﬂuence of adparticles surrounding a ﬁlled adsorption site
thereon, J. K. Roberts was in need of experimental data to compare his expressions derived for mobile and localized adsorption. [6, 33, 34] To this end, he devised
a calorimeter that allowed the determination of the heat of adsorption created by
the adsorption of incremental gas doses on thin metal wires, which simultaneously
served as the adsorbent and resistive thermometer. The wires could be ﬂashed to
high temperatures (up to 2000 K) allowing the study of adsorption starting from a
bare surface.
Problems encountered with this type of experiment include a low surface to volume
ratio of the wires used as the sensing element: it was 28 cm long and 6.6 µm in
diameter, yielding a surface area of 0.58 cm2 . Its heat capacity of 2.5 J·K−1 was
large compared to the relatively low number of sites for adsorption the wire provided. Also, the use of a polycrystalline adsorbent encompasses the disadvantages
that it remains essentially unknown what speciﬁc sites contribute to what extent
to the measured heat of adsorption. It also provides only a rather small coverage resolution. [6] Nevertheless, the results Roberts achieved for the adsorption of
hydrogen on tungsten yielded results comparing very well against measurements
undertaken some forty years later. [6, 35]
In 1959, P. Kisliuk revived the calorimetric experiments pioneered by Roberts. The
use of ribbons instead of wires led to a signiﬁcant increase in the surface-to-volume
ratio and thus to an increase in sensitivity. He also used a second ribbon as a source
for dosing nitrogen via ﬂash desorption. Overall, these improvements enabled him
to collect a higher number of data points of the heat of adsorption curve. At the
same time, he was able to lower the level of contamination. [36] However, due to
the polycrystalline nature of the ribbon, the measured heat of adsorption values
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Figure 1.3: Simpliﬁed sketch of the apparatus used by Kisliuk (from [36])
deviated between diﬀerent ribbons considerably at high coverages. This fact seeded
doubts about the validity of the low coverage data as well and inspired the idea
of using single crystals (i.e., single crystal ribbons) to solve the problem of low
reproducibility. The measurements on such ribbons, as proposed by Kisliuk, were
never published. [6] The ﬁrst measurements on a single crystal surface were reported
27 years later.
Several reﬁnements of the general approach were introduced later on without leading to a breakthrough. Calorimetrically well studied were the H2 /W [33, 37–40] and
N2 /W [36, 39, 41] systems, but data were also published for O2 /W [33, 34] and H2 and N2
on diﬀerent metals (see References [6] and [42] for more references).
Although quite impressive results could be obtained, the limitations of such experiments were quite obvious:
• The choice of the adsorbent is limited to metals which can be annealed without loss of their structural stability or similar disadvantageous side eﬀects of
annealing, for example segregation of impurities to the surface.
• The requirement of fast heat deposition limits calorimetry to systems with a
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Figure 1.4: Schematic sketch of a Beeck-type calorimeter (from Reference [6])
high sticking probability, where the dosed gas is adsorbed (almost) completely.
• While extremely thin wires were advantageous in the sense that their high
resistance allowed for a higher sensitivity, they entailed disadvantages in their
structural properties, especially when heated or exposed to gas.
• Determination of the absolute surface coverage of the wires suﬀered from uncertain assumptions (nature of planes exposed, roughness, surface area occupied by single adparticle, etc.).
• Due to the small number of individually built experiments, comparability of
results is further limited (beyond limitations set by the adsorbent).

1.4.2 Beeck’s Calorimeter
In the later 1930s, interest in thin ﬁlms of transition metals and their catalytic qualities was sparked by Leypunski, [43, 44] de Boer [45] and Beeck. [46, 47] As the elucidation
of the reaction mechanisms called for heat of adsorption measurements, O. Beeck
devised a calorimeter capable of determining the heat of adsorption on such thin
ﬁlms in 1940. It was not until 1945, that a brief description and ﬁrst results were
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published. [47] The calorimeter, a sketch is shown in Figure 1.4, consisted of a wire
(hairpin-shaped) in a thin-walled glass tube. A resistance thermometer was wound
around the glass capsule and the whole assembly was mounted in a glass jacket that
could be evacuated and immersed in a liquid (ice water or liquid air) to stabilize
the temperature of the calorimeter. In an experiment, a thin ﬁlm (typically ﬁlm
thicknesses on the order of 10 nm were used by Wedler [48–53] ) was evaporated from
the metal wire on the inside of the glass capsule and pulses of gases were admitted. The temperature change as evidenced from the change in resistance was then
recorded and evaluated. For the data evaluation, the weight of the metal ﬁlm after
evaporation (from the weight of the wire before and after the experiment) and the
heat capacity of the calorimeter had to be known. The latter was calculated from
the masses and heat capacities of the individual components. As an alternative way
to relate the data from the calorimeter with the amount of heat deposited during
an experiment, an electric heater could be used for calibration.
This method, ﬁrst introduced by Kisliuk for the original wire calorimeters, was
already incorporated into the experimental setup shown in Figure 1.4. Its accuracy
was initially viewed rather critically. However, Kisliuk’s results were conﬁrmed later
and Wedler used this method of calibration very successfully. [54, 55]
Even from this brief description, the most critical points for this type of calorimeter
are obvious [6] :
• The walls of the glass capsule must be thin in order to guarantee ready and
complete transfer of heat generated by adsorption/reaction to the detector.
• The walls must exhibit a uniform thickness so that the response of the systems
remains comparable no matter on which part of the wall the adsorption occurs.
• The design (shape and dimension) of the vessel must ensure that each the gas
admitted in every dose can reach the whole ﬁlm, e.g., pressure gradients must
be avoided.
Besides these issues, the temperature stability [49, 54, 56–64] , the morphology of the
evaporated thin ﬁlms [49, 50, 60, 65–75] , the calibration of the calorimeter [33, 38, 54, 55, 65, 76]
and the data evaluation methods [57, 60, 61, 65, 77, 78] were crucial points and discussed
to great extent.
This original design by Beeck was improved and used until long after the death of
its inventor in 1951. The most notable changes were introduced by G. Wedler and
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Figure 1.5: Wedler’s calorimeter (from Reference [6])
S. Černý :
Wedler, who held the Chair of Physical Chemistry II at the University ErlangenNürnberg from 1966 until 1995, employed a spherical vessel (shown in Figure 1.5) in
contrast to the cylindrical shape favored by Beeck. This design minimized deviation
in the ﬁlm thickness. Another improvement was made by reducing the inﬂuence
of electromagnetic ﬁelds using induction-free, twisted tungsten wires as a resistance
thermometer and for heating. With this setup, Wedler and his coworkers studied
the adsorption of gases (H2 , CO, CO2 , H2 O) on various transition metals such as
iron, nickel, and titanium. [48–50, 52, 53, 58, 61, 62, 67, 77, 79–83]
Černý extended the use of the Beeck-type calorimeter to the adsorption of light
hydrocarbons on platinum and molybdenum. [86–88] His group in Prague also investigated the adsorption of hydrogen, oxygen, carbon monoxide and light hydrocar-
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Figure 1.6: Adsorption calorimeter for polycrystalline ﬁlms employing a pyroelectric
temperature sensor. [84, 85]
bons on lanthanides. [45, 89–95] A very important contribution from this group was
the introduction of a pyroelectric heat detector. [84, 85] As this detector is sensitive
to temperature changes, it easily allowed to measure the heat of adsorption from a
pulsed molecular or atomic beam. This is a huge improvement over the previously
described approaches in that it allows for collection of a comparably large number of
data points within a reasonable time. A schematic sketch of an apparatus employing
this type of detector is shown in Figure 1.6. The same type of detector was used
many years after its introduction by Černý in single crystal calorimetry. Hence,
Černý must be viewed as a pioneer in this ﬁeld, too. Great progress was achieved
Time Period
1945 — 1950
1951 — 1960
1961 — 1970
1971 — 1980
1981 — 1990
1991 — 1995

Number of Publications
3
7
10
18
11
5

Table 1.1: Number of original publications including experimental results from polycrystalline ﬁlm calorimeters (from [6])
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applying these reﬁned calorimetry experiments: higher reproducibility, precision and
accuracy led to relevant new insights and calorimetry was established as a valuable
tool. However, major problems could still not be resolved. Among these issues, the
experimental limitations to systems exhibiting a fast heat release upon adsorption
and the lack of control over the cleanliness and structure of the sample (all the samples were polycrystalline) were the most severe ones. In addition, the complexity of
the experimental set-ups, which were essentially home-made and the time-consuming
nature of the experiments posed serious drawbacks. Together with the diﬃculties in
the determination of the amount of gas that is adsorbed, the incompletely characterized and therefore not comparable ﬁlms and problems arising from the calibration
and data analysis procedures resulted in huge deviations in measurements on the
same system in diﬀerent laboratories. From the number of publications per year
that contain calorimetry data from such apparatuses (see Table 1.1), one may conclude that the interest in such experiments and therefore their impact diminished
over time as these problems became obvious. This did not lead to abolishment of
the idea of obtaining calorimetric data from low surface area samples, but inspired
new developments to overcome the problems encountered.

1.4.3 Microcalorimetry on Single Crystals
Despite the problems due to the polycrystallinity of the samples used in all previously
described experimental approaches, it was not until 1986 that a calorimeter for
studies of single crystals was devised (a schematic is shown in Figure 1.7) and ﬁrst
results were published by D. A. Kyser and R. J. Masel. [97]
They performed adsorption experiments on a Pt(111) crystal disc with a diameter of 10 mm mounted on two thin tantalum wires. Two thermistors mounted in
quartz capillaries in holes drilled through the crystal served as temperature sensor and heating elements for the calibration procedure. The crystal is housed in
an UHV chamber which is also equipped for Auger Electron Spectroscopy (AES)
measurements in order to ensure sample cleanliness and to determine adsorbate
coverages. Temperature stabilization was achieved by a water bath and placing
the whole assembly in a constant temperature room. The sample was heated in
an oxygen atmosphere until no impurities could be detected with AES. However,
this procedure required a long time for thermal equilibration before the actual experiment could be performed. Typically thermal equilibration took several hours.
During this time, residual carbon monoxide could adsorb on the sample rendering
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Figure 1.7: Schematics of the apparatus (left) and crystal mount (right) of the single
crystal adsorption calorimeter developed by D. A. Kyser and coworkers (from
[96]).
measurements in the low coverage regime impossible. Another problem was that the
heating procedure caused irreversible changes in the thermistor, which thus had to
be recalibrated for every single experiment. A considerable reduction of the heat capacity of the crystal, although impossible to achieve due to the way the calorimeter
was assembled, would have increased the sensitivity and decreased the equilibration
time. This way, the most pressing problems would have been solved. In the end,
this approach was not developed further due to the mentioned problems, although
reasonable results could be achieved for the adsorption of CO and C2 H4 on platinum.
Nevertheless, Kyser and Masel were the ﬁrst to publish work on single crystals.
Sir D. A. King achieved a major breakthrough in this ﬁeld, when he introduced a new
strategy for adsorption calorimetry on single crystal surfaces in 1991: he used very
thin (0.2 µm thick) single crystals. A prerequisite for this technique was a technical
development at the University of Åarhus, where extremely thin single crystals could
be prepared of many metals and of diﬀerent orientations. Even stepped, thin crystals
could be prepared. [98, 99]
The heat delivered to the sample via adsorption is assumed to be lost mainly via
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Figure 1.8: Single-crystal adsorption calorimeter using an IR detector for heat
detection. [29]
radiation in an UHV environment. King used an IR detector (outside the chamber)
to detected this radiation. The back face of the sample was blackened with carbon in
order to increase the emissivity of the sample and thus the sensitivity of the set-up
(a sketch is provided in Figure 1.8).
Low Energy Electron Diﬀraction (LEED) and AES were available to characterize
the sample and ensure sample cleanliness. Knowledge of the impinging ﬂux from
the molecular beam onto the sample surface (via the stagnation gauge) and in-situ
measurement of the sticking probability with the mass spectrometer (employing a
modiﬁed King-Wells method) allow for a very accurate determination of the coverage without disturbing the calorimetric experiment. One of the diﬃculties connected
with King’s approach is that low temperatures are not accessible: according to the
Stefan-Boltzmann law, the change of radiated power with temperature is proportional to ∆T · T 3 causing the signal to drop very fast at low temperatures. [76] Another problem is that in cases of low adsorption enthalpies, the number of molecules
desorbing in between two gas pulses becomes equal to the number of molecules adsorbing during each pulse. In such cases, determination of the coverage is diﬃcult,
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Figure 1.9: Schematic of the micromechanical sensor used by Gerber. [105]
as the measurements would falsely indicate an ever increasing coverage. [11, 32, 100–104]
In order to overcome the problems connected with low temperature, the idea to
use a pyroelectric material as the sensing element ﬁrst proposed by Černý was revitalized. Use of such a detector in the calorimeter allowed for measurements at
sample temperatures as low as 90 K and extremely small rises in temperature of
only 2.5·10−5 K could be detected. [29, 32]
The experiments performed within the group around Sir D. A. King have contributed
a lot towards a better understanding of the chemisorption of NO, CO and small
hydrocarbons on diﬀerent single-crystal surfaces. Certainly, their successful work on
single-crystals has reestablished the use of calorimetric methods in modern surface
science.
A diﬀerent approach was taken by C. Gerber and his coworkers in 1994 by making
use the diﬀerent thermal expansion coeﬃcients of diﬀerent materials in a so-called
micromechanical calorimeter. He used a bilayer cantilever (silicon/aluminum) as the
temperature sensor [105–107] . Just like a bimetallic ribbon, this assembly is deformed
as a result of a temperature change. The deformation of the cantilever due to a
change in temperature can be detected in the same way as a deﬂection of a cantilever
in atomic force microscopy (AFM): the reﬂection of a laser beam is analyzed with
a position sensitive detector, in this case a two-segment photodiode.
This sensor (see Figure 1.9 for a schematic) proved to be extremely sensitive, such
that heat ﬂuxes in the nanowatt regime can be measured. A fast response time
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Figure 1.10: Schematic view of the apparatus used by Heiz (from [108]): PSD, position sensitive detector; DL, detection laser; HL, heating laser; CA, cantilever
array. The inset shows a micrograph of the cantilever array.
of one millisecond sets the detection limit to 1·10−12 J. These exceptional sensor
characteristics are a direct result of its small heat capacity, which turned out to be a
problem in many of the approaches attempted before. Gerber used this instrument
to study the catalytic conversion of hydrogen and oxygen to water over a platinum
surface. [105] One major issue in such miniature sensors is to determine the amounts
that are adsorbed on the sample.
Heiz reﬁned this concept and used cantilever arrays instead of single cantilevers as
depicted in Figure 1.10. He studied the hydrogenation reaction of 1,3-butadiene on
palladium clusters. [108] However, the problems connected with the determination of
the amount adsorbed by the sample remained unsolved.
C. T. Campbell introduced a calorimeter in 1998 that used a pyroelectric heat
dectector. [14, 109] In contrast to the principally similar designs by Černý or King, his
design (see Figures 1.11 and 2.1) incorporated a poled β-polyvinylidene ﬂuoride (βPVDF) ribbon as the heat detector. This design gives relatively good control over the
substrate and allows even harsh cleaning procedures, as the detector can be retracted
from the sample. At the same time, the heat capacity and the corresponding thermal
equilibration time is still very low, such that experiments do not suﬀer from too
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Figure 1.11: Schematic of the Campbell-Calorimeter from [14].
extensive preparation or equilibration times. Systems studied with this kind of setup include metal adsorption on magnesium oxide, [110, 111] adsorption of hydrocarbons
on platinum surfaces [109, 112–114] and even adsorption of metals on polymers. [115, 116]
This concept has been adopted and modiﬁed by three groups so far, although these
groups have not published results yet (S. Schauermann / H.-J. Freund, Fritz Haber
Institut, Berlin; R. Schäfer, TU Darmstadt; J. M. Gottfried / H.-P. Steinrück,
Universität Erlangen-Nürnberg). The development of a calorimeter of this type is an
integral part of this dissertation and will be discussed in some detail within this work.
The growing interest in adsorption calorimetry is also reﬂected in a growing number
of publications: from 1996 to 2000, 23 papers containing adsorption calorimetry data
were published, from 2001 until today the respective number amounts to 50. These
numbers compare very favorably against the number of publications just before the
breakthroughs by Campbell and King (see Table 1.1).
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The heat of adsorption data presented here were collected mainly by the author
in Prof. C.T. Campbell’s laboratory in Seattle within a cooperative project between the University of Erlangen and the University of Washington funded by the
German Academic Exchange Service (“Deutscher Akademischer Austauschdienst”
DAAD). These data are complemented by X-ray photoelectron spectroscopy (XPS)
performed mainly in Erlangen.
In this section, the diﬀerent experimental setups employed will be described along
with the respective relevant techniques they provide. The systems discussed include
the calorimetry chamber in Prof. Campbell’s laboratory in Seattle and the Scienta
SES-200 XPS spectrometer in Erlangen.
The preparation of the polymer samples and the qualities of the diﬀerent polymers
will be described at the end of the chapter.

2.1 Calorimetry Apparatus
The calorimeter, including the heat detector shown in Figure 1.11 in the introductory chapter, is housed in an ultrahigh vacuum (UHV) chamber with a base
pressure of 1·10−10 mbar shown in Figure 2.1. Besides the calorimeter, the following
experimental tools are available: low-energy electron diﬀraction (LEED) optics, a
hemispherical electron energy analyzer providing Auger electron spectroscopy (AES)
with the electron gun of the LEED optics as the excitation source and low energy
ion scattering spectroscopy (LEIS) employing a focused ion source, a quartz crystal
microbalance (QCM), a quadrupole mass spectrometer (QMS) and a metal atom
source.

2.1.1 The Calorimeter
A pyroelectric material, i.e., a material exhibiting a permanent polarization, is used
as the detector material. The material used in the calorimeter in Seattle is poled
β-polyvinylidene ﬂuoride (β-PVDF) in the form of a sheet coated on both faces
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Figure 2.1: The calorimetry chamber in Professor Campbell’s laboratory. The most
important visible parts are labeled. (Picture by Jack H. Baricuatro)
with nickel aluminum. This metallic coating ensures that the polarization of the
pyroelectric is compensated by free electrons in the metal coating, when the two faces
are electrically connected. Heat input, for example from the adsorption of atoms,
leads to thermal ﬂuctuations within the pyroelectric and changes its polarization
momentarily. This changed polarization is in turn compensated via a charge transfer
between the two faces, i.e., a current. The current compensating the change in
polarization is ampliﬁed and serves as the measure for the amount of heat deposited.
For adsorption experiments using a polymer as the substrate, the detector geometry
shown in Figure 2.2 is used: the metal coated poled β-PVDF sheet is held in place
by a copper face plate screwed to the sample platen. This also connects the front
face electrically to the outer portion of the assembly. The back face of the detector
sheet is connected only to a signal bolt that is electrically insulated from the rest of
the sample platen. Front and back face of the detector sheet or the signal bolt and
the rest of the sample platen are electrically connected via the preampliﬁer serving
to extract and amplify the current resulting from heat input.
The polymer ﬁlm serving as the substrate for the calorimetry experiments can be
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Figure 2.2: Schematic of the detector assembly for the study of adsorption on polymers from Reference [116].
deposited directly onto the detector sheet ensuring the best thermal contact between
polymeric substrate and the pyroelectric detector possible. For the experiments
reported here, the polymer ﬁlms were spin coated onto the detector sheet. Spin
coating, also referred to as spin casting, is a procedure to deposit ﬁlms of a material
on a substrate. A solution of the material to be deposited is squirted from a pipette
in the center of the substrate, which is rotating at a constant speed. Due to the
centrifugal force, the solution deposited in the center is accelerated towards the edge
of the sample and a compact area is covered with the solution. Upon evaporation of
the solvent, a ﬁlm of the dissolved material remains on the substrate. This technique
usually gives ﬁlms of a fairly homogenous thickness. It furthermore allows control
over the ﬁlm thickness via the rotational speed of the substrate or the solvent used.
Other techniques for the deposition of polymer ﬁlms from solution include dip coating and drop casting. Dip coating refers to a procedure, where the substrate is
immersed in a solution of the material to be deposited and pulled out of the solution, usually at a constant speed. Similar to spin coating, this technique allows some
control over the deposited ﬁlm morphology via the speed with which the substrate
is removed from the solution or via the solvent itself. For drop casting, a solution
of the material to be deposited is applied to the substrate, which in contrast to spin
coating is not revolving. In contrast to the two other methods described above, this
procedure generally does not result in uniform ﬁlms and does not allow as much
control over the ﬁlm thickness.
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The sample platen is held ﬁrmly in a sample fork which is connected to a thermal
reservoir, a copper block, during measurement. The idea behind this is twofold: ﬁrst,
this conﬁguration ensures thermal stability and second the ﬁrm mechanical contact
minimizes vibrations. The latter point is of great importance, because every pyroelectric material is also piezoelectric. Therefore, mechanical vibrations constitute
the main source of noise on the detector and must be suppressed. Ampliﬁcation
changes the signal from a current to a voltage, which is recorded using a computer
with a digital interface card. A measure for the sensitivity of the sensor can be
calculated by dividing the output signal by the total gain of the ampliﬁcation. With
the set-up described above, this sensitivity typically amounts to 450 V/J. [116]
On a side note, in experiments where a single crystal is used as the substrate,
a slightly diﬀerent setup is used: a ribbon made of β-PVDF is pressed against the
back face of the crystal during measurements. Obviously, this method provides a far
worse thermal contact between the sensing element and the sample and the typical
sensitivity amounts to only 100 V/J. [14] Not surprisingly, the sensitivity value for
polymer samples which are directly spin coated onto the detector compares quite
favorably against the one for single crystalline samples. This in turn allows for
more ﬂexibility with other experimental parameters, for example the ﬂux of the
adsorptive.

2.1.2 The Metal Atom Beam Source
The metal beam source providing the metal ﬂux for the adsorption experiments is
shown in Figure 2.3. It incorporates a commercially available high-temperature,
high-volume metal eﬀusion cell (EPI-10-HT) with a 10 cm3 crucible. The metal (in
this work: calcium) was evaporated from an alumina liner placed in a tungsten crucible at temperatures around 1000 K. [115] This alumina liner and limitations in the
ﬁlling height of the liner caused by the almost horizontal orientation of the Knudsen
cell reduced the ﬁlling capacity to around 2.5 cm3 . The two beam deﬁning apertures
of 2 mm radius (108 mm and 303 mm downstream from the Knudsen cell) are shown
in Figure 2.3, while another two, water-cooled apertures close to the mouth of the
source are omitted from the sketch. The two water-cooled apertures mainly serve to
prevent fast blocking of the beam deﬁning apertures and must be cleaned regularly,
usually upon every third calcium ﬁlling. The aperture set-up not only collimates the
beam to give an umbra (region of constant ﬂux) of 4 mm diameter in which 91 % of
the atoms are deposited, but also shields the sample from non line-of-sight thermal
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Figure 2.3: Schematic diagram of the Knudsen cell and associated atom beam path
and optic elements used for laser calibration of the calorimeter from Reference
[14] (not drawn to scale).
radiation from the oven. The complete beam path up to the last aperture is placed
in a tapered snout allowing for eﬃcient diﬀerential pumping of the beam source. The
snout also prevents non line-of-sight atoms and stray light originating from the hot
Knudsen cell from reaching the sample, as these are both adsorbed by its blackened
inner walls. A mechanically driven chopper-wheel is installed in the beam path in
order to transform the constant ﬂux from the Knudsen cell into 100 ms long pulses
with a repetition rate of 0.5 Hz. A turbomulecular pump placed near the mouth
of the Knudsen cell allows for independent pumping of the molecular/atomic beam
source. A gate valve downstream of the chopper wheel separates the main chamber from the beam source. Thus, the Knudsen cell may be reﬁlled and degassed
without breaking or degrading the vacuum in the main chamber. For the investigations involving adsorption of metal atoms on a sample surface a new problem arises.
Opposite to the studies using volatile adsorptives like gases or light hydrocarbons,
which both do not require a heated source, the radiation from the hot metal source
is detected as a contribution to the heat signal, as part of it is absorbed by the
sample. The metal atom beam is designed such that the heat contribution is low
because of the large distance between the Knudsen cell and the sample (312 mm).
As the radiance decreases with distance as 1/r2 , this distance helps to minimize
the radiative contribution to the measured heat signal. The ﬂux, of course, also
decreases with distance in the same way. Fortunately, this can be compensated by
raising the temperature. However, as the ﬂux increases exponentially (Arrhenius
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law) and thus faster than the radiative energy (T 4 dependence, Stefan-Boltzmann
law), a large distance indeed can be used to eﬀectively lower the radiation impinging
on the sample at a given ﬂux. In order to account for the portion of the radiation
still reaching the sample, a BaF2 window can be placed between snout and sample.
As BaF2 transmits a large part of the radiation, but is impenetrable for metal atoms,
this allows for measurement of the radiative contribution captured by the calorimeter. The material’s speciﬁcation imply that only ∼8 % of the radiation from a black
body in the temperature range between 1130 K and 1660 K are not transmitted.
Measurements with and without the window in the beam path thus directly yield
the radiative contribution from the hot Knudsen cell within reasonable limits and
the measured heats of adsorption can easily be corrected for it. It shall be noted
that a number of factors complicated the exact determination and correction of
the radiative contribution. First of all, the Knudsen cell is not strictly a black
body and the temperatures used for the deposition of calcium are below 1130 K.
As a result, the amount of heat not transmitted by the window is probably larger
than 8 %. Secondly, the transmittance of the window deteriorates with time in the
beam path due to metal deposition. The helium-neon laser (also used for the laser
calibration discussed below) can only probe the transmittance at a wavelength of
632.8 nm. This allows for correction of small changes in the window’s transmittance.
Of course, this test can not be used to correct for large changes caused by massive
contaminations, as these most likely would also change the spectral characteristic
of the window’s transmission function. Whenever the test procedure with the laser
indicates such a large contamination of the window, a clean spot on the window
is used or the window is replaced. Another diﬃculty is that the absorbance of the
sample may change as the experiment proceeds and the metal coverage is increased.
In reasonable intervals, the changes in sample reﬂectivity can be determined using
the procedure employed to determine the radiative contribution or alternatively
by comparing the heat input caused by the calibration laser at diﬀerent stages of
the experiment. The latter procedure is much faster and is less invasive on the
experiment, yet it probes the sample reﬂectivity only at one wavelength, which was
mentioned as a problem above, already. Yet another limitation in the eﬀort to
account for the radiative contribution to the measured heat is that the radiative
power incident on the sample is assumed to be constant, which is not necessarily
the case. In reality, ﬂuctuations and changes in the ﬁll level of the cell for example
may lead to small errors.
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Figure 2.4: Detector response to pulses of lead atoms with and without the BaF2
window in the beam path (from Reference [14]).
To demonstrate the approximate size of the heat signal generated by the radiation
from the metal beam source, the detector response to pulses of lead atoms with and
without the BaF2 window in the beam path is shown in Figure 2.4. It is obvious
that the eﬀect mandates a correction as the signal due to radiation is approximately
20 % of the total amount of heat deposited in the sample by adsorption of lead
atoms.

2.1.3 Calorimeter Calibration
The signiﬁcance and diﬃculties related to the absolute calibration of adsorption
calorimeters have already been pointed out. Similar to the approach by D. A. King,
the Seattle group employs the same He-Ne laser for calibration of the detector and
for checking the transmission of the BaF2 window mentioned above. The laser
beam is shone through a beam expander, which enlarges the illuminated area, and a
window onto the prism in the beam chamber (see Figure 2.3). In its proper position
for calibration, the prism redirects the incoming, expanded laser beam by 90◦ such
that the laser light takes exactly the same path to the sample that metal atoms
from the Knudsen cell would take. As it has to pass all beam deﬁning apertures,
the spot illuminated on the sample closely resembles the region in which metal
atoms are deposited. The laser beam also passes the chopper and consequently the
laser pulses arriving at the sample have the same spatio-temporal characteristic as
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the metal atom pulses from the Knudsen cell. The heat inputs from both sources
are directly comparable under the condition that the adsorption process and the
connected deposition of heat in the sample are occurring on the same timescale
and the signal shapes are very similar. This condition is considered to be fulﬁlled
when the heat input is completed, e.g., the adsorbate ﬁnds it ﬁnal conﬁguration, on
a timescale much smaller than the time constant of the detection system (usually
200 ms). Delayed heat input on a timescale comparable to the time constant of the
detection system, for example caused by restructuring of the adsorbate or a delayed
heat input due to diﬀusion processes, should appear as resolvable changes in the
line shape. Although determination of the heat released in such slow processes
is uncertain, a detailed analysis of the line shape, e.g., by deconvolution, can in
principle be used to reveal the dynamics of the processes involved.
To this point, the procedure allows only ascertaining that the signals arising from
adsorption of metal atoms and absorption of laser light may indeed be compared and
can be related to each other. Absolute calibration calls for determination of the heat
deposited into the sample by the laser in each pulse. That in turn requires knowledge
of two quantities: the laser intensity at the sample position and the reﬂectance of
the sample at the laser wavelength. A calibrated photodiode detector placed at the
sample position for the respective measurements is employed to determine the ﬁrst
one. The latter one is measured using an integrating sphere. In the study involving
polymeric substrates, each individual sample is measured. For metal single crystal
samples, this procedure may be performed once and one assumes that the cleaned
sample will always exhibit the same constant reﬂectivity. In any case, the literature
value for the respective bulk material may be used in ﬁrst approximation. With
knowledge of the detector response, the laser intensity and the sample reﬂectance at
the laser wavelength, the detector signal can readily be converted into an absolute
amount of energy deposited in the sample via multiplying the laser power at the
sample with the pulse length resulting in the pulse energy. Multiplication of this
pulse energy with the absorbance of the sample then gives the amount of energy
deposited, which can readily be related to the detector output to give the sensitivity
of the set-up.
As the reﬂectivity measurements are so crucial for the accuracy of the data collected,
some of the problems in this context shall be discussed. First of all, the choice of a
suitable laser and its respective wave length is essential, because the measurements
are more prone to errors when the reﬂectivity of the sample is too high. As the
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reliability of the reﬂectivity measurement is about ±1 % and the absorbance may
be expressed as follows:
R=1−A

(2.1)

Here, A denotes the absorbance and R the reﬂectivity of the sample. Very high
reﬂectivity values lead to large errors, because the error is of the same order as the
quantity to be determined.
Proper calibration of the calorimeter calls for repetition of the described procedure
for diﬀerent amounts of energy deposited per laser pulse, which can be easily done via
attenuation of the laser using neutral density ﬁlters. Proportionality of the detector
response with respect to the amount of energy was demonstrated by correlating the
detector signal with the amount of heat deposited in a range between 0.12 µJ and
12 µJ per pulse. [14]

2.1.4 Beam Flux Measurements
A quartz crystal microbalance (QCM) that can be placed in front of the nozzle
of the atom beam source is used to measure the beam ﬂux absolutely so as to
allow determination of heats of adsorption per adsorbed atom. As the deposition
spot is much smaller than the active area of the crystal, a calibration of the QCM
is mandatory, because the speciﬁed accuracy of the device applies to a uniform
deposition on the whole active detector area. Furthermore, a calibration increases
the accuracy in converting the readings to absolute amounts of metal dosed onto
the detector. Calibration of the QCM is done via dissolving the metal from the
quartz crystal in a known volume of acid. The solution is subsequently analyzed
quantitatively for its metal content employing inductively coupled plasma atomic
emission spectroscopy. This procedure is repeated after each series of experiments.
As the deposition spot can be seen with the naked eye, correct positioning of the
QCM can be checked at the same time.

2.1.5 In-situ Determination of the Sticking Probability
In order to relate the heat released to the number of atoms that contribute to this
heat, one obviously needs knowledge of the number of atoms that adsorb on the sample. This measurement is done employing a modiﬁed King and Wells method. [117]
While the original King and Wells method employs a non line-of-sight mass spectrometer to measure the fraction of atoms/molecules that do not permanently adsorb
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on the sample, a line-of-sight mass spectrometer is employed in the modiﬁed method.
The original method is void of inﬂuences on the signal caused by the angular distribution and velocity of the atoms leaving the surface, which is highly desirable.
However, the technique is only applicable in cases where the atoms/molecules dosed
do not stick to the chamber walls. In the case of metal deposition, the sticking coefﬁcient at the walls is high, which makes the line-of-sight detection of the desorbing
species mandatory. The metal atoms may desorb from the surface in a broad angular distribution, in many cases the variation in this distribution can be expressed
as a cosn (θ) function, where θ is the angle to the surface normal and n is a parameter assuming values typically between one and nine. [118, 119] Problems arise when
n changes with coverage, because then the measured mass spectrometer signal also
depends on n. However, it has been shown that a “magic angle” for the mass spectrometer position relative to the surface normal of the sample exists, under which
the dependence on n is smaller than under every other angle. This angle depends
on the sample dimensions and the distance between sample and mass spectrometer.
Typical values for this angle, also referred to as “magic angle for desorption” (see
Reference [119]) are 34◦ to 42◦ . [119] In Seattle, a QMS is placed at an angle of 35◦ to
the surface normal, the “magic angle” for this setup. In order to obtain the sticking
probability, e.g., the fraction of atoms that adsorb permanently on the sample, a so
called “zero sticking reference” is needed. This reference is obtained via desorbing
a known amount of metal from a tantalum foil located at the same position as the
sample during calorimetric experiments. The foil is heated to high temperatures and
the mass spectrometer signal is recorded. [14, 120, 121] The recorded signal is corrected
for the average velocity of the desorbing atoms: the mass spectrometer signal is
proportional to the residence time of the impinging atoms within the ionization volume of the spectrometer. The proportionality of the residence time τ to the inverse
velocity of the molecules/atoms is evident from the following relation:
τ ∝v

−1

=

r

2 · Ekin
m

!−1

=

r

4 · kB · T
m

!−1

(2.2)

Here, m denotes the mass of the atom, Ekin its kinetic energy, kB the Boltzmann
constant and T the temperature and assuming for the kinetic energy of the atoms
a value of 4/2 · kB · T , as the atoms desorbing from the surface into the detection
volume of the mass spectrometer constitute a ﬂux (see Reference [118]). Thus, the
spectrometer response is proportional to T −1/2 . [118] From the comparison of the
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Figure 2.5: Graphical summary of the course of a calorimetric experiment and the
data necessary to extract the experimental heat of adsorption values from an
experiment.
QMS signal recorded during the experiment with the zero sticking reference, the
fraction of desorbing atoms can be determined. From the desorbing fraction of
atoms, the number of permanently adsorbed atoms may be calculated, as well. In
the comparison of the two signals, one must take the ﬂux used for the respective
experiment into account, of course, so as to allow to adjust the height of the zero
sticking reference to the number of atoms actually impinging on the sample. This
way, the absolute amount of atoms deposited on the sample may be calculated by
using combined sticking and QCM data.
All of the measurements discussed above – determination of the ﬂux, zero-sticking
reference and in-situ sticking probability measurements, laser calibration and the
actual calorimetric experiment, e.g., dosing metal pulses on the sample and recording
the detector output – must be conducted with high accuracy to ﬁnally yield the
desired heat of adsorption, which is the primary objective of the investigation. A
graphical summary of the complex experimental procedure is shown in Figure 2.5.
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2.1.6 Relating the Measured Heat to the Adsorption Energy
As was alluded to in the introduction, heats of adsorption determined using the
diﬀerent methods may diﬀer from each other. This obviously renders reported values
void of meaning, if it is not explained what exactly the heat of adsorption is in the
respective measurement. In the following, the heat of adsorption reported using
nanocalorimetry will be well deﬁned and its relation to the data will be explained.
Deposition of a reactive metal such as calcium onto a polymer constitutes a complex
situation and the adsorption process, i.e., the bonding of the calcium atom to the
surface of the polymer, may be followed by diﬀusion into the surface near region
and subsequently a reaction with a reactive group within the polymer. As these
processes – diﬀusion and reaction – are occurring so fast that they are experimentally
not distinguishable from the adsorption process, the deﬁnition of the adsorption
energy Eads shall be adapted to the situation at hand. Here, the adsorption energy
is deﬁned as the negative diﬀerence in internal energy −∆Uads between an initial
state, a number of gaseous metal atoms and a solid surface, both at 300 K, and the
ﬁnal state, where a fraction of the dosed atoms is bonded to the substrate of the
completely relaxed adsorption system. In this ﬁnal state, calcium atoms may have
diﬀused into the surface near bulk of the polymer and undergone a reaction there
and do not necessarily form a true adsorbed phase. This way, the adsorption energy
is independent of the structure the molecules assume in the ﬁnal sate.
The common deﬁnition of the adsorption energy uses the same initial state as in
the deﬁnition above, but a diﬀerent ﬁnal state: there, the ﬁnal state is that of the
impinging atoms having bonded to the surface of the substrate, forming an adsorbed
phase. No diﬀusion or reaction below the surface is allowed within this model. In
any case, the two deﬁnitions of the adsorption energy are identical for systems,
where a true adsorbed phase is formed by the impinging atoms/molecules in the
calorimetric experiment.
The measured calorimetric heat Qcal is the measured energy input per pulse of atoms
referenced to the absolute laser calibration of the calorimeter discussed above. As
the number of atoms in a given pulse is known, one can easily obtain the more
meaningful molar heat of adsorption qcal by dividing Qcal by the number of moles of
atoms in a pulse. This heat, of course, constitutes the diﬀerence between an initial
and a ﬁnal state. In the initial state, there is a pulse of atoms from a Knudsen cell
at the source temperature Tsource and a solid surface at its respective temperature,
which is the room temperature in most cases. In the ﬁnal state, all the atoms
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dosed from the Knudsen cell are thermally equilibrated with the sample and the
thermal reservoir. Hence, an adsorption/desorption mechanism is assumed for the
non-sticking atoms instead of a bounce oﬀ mechanism. One should keep in mind
that this is an assumption that is reasonable to make, but can lead to a small error,
as there may well be a certain fraction of atoms that is not thermally equilibrated
with the sample in the ﬁnal state.
The diﬀerence between qcal and Eads as deﬁned above is the diﬀerence between the
kinetic energy of atoms in an eﬀusive beam from a Knudsen cell (4/2 · R · T ) [118] at
the source temperature Tsource and the kinetic energy of the same number of atoms
in a Boltzmann distribution (3/2 · R · T ) at the sample temperature Tsample . This
diﬀerence would be deposited in the sample irrespective of adsorption of atoms and
must therefore be subtracted from the measured heat of adsorption in order to yield
the adsorption energy [14] :
Eads = −∆Uads = qcal −



3
4
· R · Tsource − · R · Tsample
2
2



(2.3)

Here, it is assumed that all impinging atoms are completely thermally equilibrated
after hitting the sample. This may not be exactly true for all systems, however the
determination of the kinetic energy of the atoms leaving the surface is rather diﬃcult.
In addition, the error that may result from this assumption is small compared to
typical heats of adsorption in the systems investigated within this work.
Similarly to the deﬁnition of the adsorption energy, the heat of adsorption Qads
is deﬁned as the negative of the change in standard enthalpy ∆Hads for the same
process whose energy of adsorption was derived above. “Standard” implies that all
species are in their standard thermodynamic state corresponding to the standard
pressure of one bar at standard temperature. The so deﬁned heat of adsorption
Qads is then directly comparable to standard enthalpy changes, for example standard
enthalpy of sublimation with both phases at the same temperature. The only work
done in an adsorption experiment is the gas-phase pressure-volume work, also quite
descriptively in this context referred to as “work of compression”. The pressurevolume work term as given below is well approximated by −R · T : [11]
p·

∆Vgas
≈ −R · Tsample
nads

(2.4)

Here, p refers to the gas-phase pressure, ∆Vgas to the change in the volume of the gas
as a result of the adsorption process, and nads to the number of moles of adsorbate.
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Accounting for the work of compression by adding R · T to the adsorption energy
then yields for the heat of adsorption qads :


5
4
· R · Tsource − · R · Tsample = −∆Hads
qads = qcal −
2
2

(2.5)

To gain a feeling for the order of magnitude of the correction necessary to convert
the measured heats qcal into qads , consider the deposition of calcium atoms at room
temperature in the multilayer regime with a typical evaporation temperature for
calcium of 1000 K, such that the correction amounts to:
4
5
kJ
· R · 1000 K − · R · 300 K = 1250 K · R = 10.4
2
2
mol

(2.6)

Compared to the standard enthalpy of sublimation for calcium of 178 kJ/mol, this
is a rather small correction on the order of 6 %. Nevertheless, one must take this
correction into account in order to obtain the most accurate results possible.

2.2 The X-ray Photoelectron Spectrometer VG
Scienta SES-200
The X-ray photoelectron spectrometer used for the XPS part of this work is depicted
in Figure 2.6. The apparatus is a VG Scienta ESCA-200 photoelectron spectrometer
modiﬁed to meet the experimental requirements in Dr. J. M. Gottfried’s group.
The apparatus with a base pressure of about 2·10−10 mbar comprises an analysis
and a preparation chamber separated by a gate valve. Pumping of the analysis
chamber is done via a turbo molecular pump, an ion getter pump and a titanium
sublimation pump. This chamber is equipped with an Al-Kα X-ray source and an
X-ray monochromator for XPS experiments at a photon energy of 1486.6 eV. It also
provides a diﬀerentially pumped gas discharge lamp (UVL-HI, Fisons) for ultraviolet
photoelectron spectroscopy (UPS). In both cases, the photoelectrons are analyzed
with a hemispherical energy analyzer (SES-200). An ion gun (IQE 12/38, Specs)
allows for low energy ion spectroscopy (LEIS) measurements. The preparation chamber is pumped via a turbomolecular pump. Additionally, the rotary feedthrough of
the manipulator attached to the preparation chamber is pumped by an ion getter
pump and a rotary vane pump. The preparation chamber provides a sputter gun
(ISS-2000-A, VSI Vacuum Instruments GmbH), a QCM (STM-100/MF, Sycon Instruments), a QMS (QMA 400, Pfeiﬀer Vacuum), a low energy electron diﬀraction
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Figure 2.6: The Scienta SES-200 X-ray photoelectron spectrometer – the ultra high
vacuum apparatus used for the XP spectra acquisition in this work. Center: spectroscopy chamber with hemispherical energy analyzer (top), X-ray
monochromator (left), UV light and ion sources; left: analyzer electronics; right:
preparation chamber with load lock, mass spectrometer, LEED optics, evaporators and some more electronics.
(LEED) optic (ErLEED-1000A, VSI Vacuum Instruments GmbH), an electron-beam
evaporator (EFM3, Focus) and an in house built Knudsen cell evaporator.
The Knudsen cell evaporator used for deposition of calcium in this work was designed by Dr. Florian Maier and is depicted in Figure 2.7. It is separated from the
preparation chamber by a gate valve and pumped independently by a turbomolecular pump. This setup allows for a change of the substance to be evaporated without
breaking the vacuum in the preparation chamber. The manipulator can position
a permanently mounted sample, as well as a transferable sample, which may be
introduced to the preparation chamber from the load lock chamber equipped with
another turbomolecular pump.
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Figure 2.7: The Knudsen cell type evaporator used for the deposition of calcium on
the polymer, here shown without its heat shield.

2.2.1 Fundamentals of Photoelectron Spectroscopy
Photoelectron spectroscopy employs the interaction between photons of a certain
energy E = h · ν with matter. The matter under investigation here are polymer
ﬁlms and calcium covered polymer ﬁlms. Interaction of photons and matter leads
to the emission of electrons, so called photoelectrons, with a speciﬁc kinetic energy
Ekin . Considering an ideal process without any other interactions, the kinetic energy
and the binding energy EB are related to each other via the Einstein Equation:
EB = h · ν − Ekin

(2.7)

The kinetic energy of the photoelectrons can be determined using an electron energy
analyzer. The set-up used for data collection within this work employs a hemispherical capacitor, which deﬂects only electrons with the correct kinetic energy to the
detector. Analyzers of this type are commonly referred to as hemispherical energy
analyzers.
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Figure 2.8: Schematic energy diagram (for a metal) for photoelectron spectroscopy. [122, 123]
The common reference level for binding energies used in gas phase experiments
and in calculations is the vacuum level Evac . The choice of this reference level is
based on it representing a state with no interaction between the photoelectron and
the core hole state. For condensed matter, the Fermi level is usually used as the
reference. As the sample and the analyzer are electrically connected and grounded,
a common Fermi level is established. This way, the binding energy with respect to
the Fermi level may be calculated without explicit knowledge of the work function
of the sample ΦS and the work function of the analyzer ΦA and the kinetic energy
of the photoelectrons at the sample position. Only the energy relative to the Fermi
level, Ekin,eff , is of importance. This quantity may be obtained from the measured
kinetic energy of the photoelectron at the analyzer position and the work function
of the analyzer, which is usually known from calibration of the spectrometer. The
scheme in Figure 2.8 shows the relations between the various energy levels mentioned
above.
A standard procedure to determine the Fermi level is to use a well known and reproducible feature in an XP spectrum to calibrate the energy scale of the spectrometer.
It is evident that the best results are obtained employing features that show a high
intensity and a small energetic width, e.g. the Au 4f7/2 peak.
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The ideal case in which the emitted photoelectron does not interact with the surrounding matter is rather a special case. Typical interactions that occur are inelastic
scattering, which includes excitation of electron-hole pairs (excitons) at or near the
Fermi level of metals, vibrational and other electronic excitations. A photoelectron
may well undergo several of such interactions before ﬁnally leaving the sample and
prior to its detection in the analyzer. Due to these losses, the photoelectron exhibits
a lower kinetic energy and thus a higher apparent binding energy. Such scattering
events produce secondary electrons, i.e., electrons that gain suﬃcient energy from
scattering events with photoelectrons to leave the sample. The secondary electrons
in turn explain the steep increase of the background at low kinetic energy, ergo at
high binding energy, that is often observed in XP spectra.
The chemical surrounding of a molecule or an atom does inﬂuence its core electrons, even though the core-electrons are not directly involved in chemical bonds.
Consequently, the core levels of the same species in diﬀerent chemical environments
are shifted with respect to each other. The eﬀects leading to this behavior can be
divided into so called initial state eﬀects and ﬁnal state eﬀects. The two terms refer
to the states before and during the photoelectron emission process. The binding
energy obviously is the diﬀerence of their respective energies:
EB = EfN −1 − EiN

(2.8)

with EfN −1 denoting the energy of the ﬁnal state with N − 1 electrons and EiN
representing the energy of the initial state with N electrons. Koopmans’ Theorem
states that, under the assumption of the spatial distribution and the energies of the
remaining N − 1 electrons after the photoionisation process remaining unchanged,
the binding energy or Koopmans’ Energy EK , is equal to the negative orbital energy
of the emitted photoelectron.
The frozen orbital approximation ignores relativistic and correlation eﬀects, which
both usually increase the core electron binding energies by δrel and δcorr , respectively.
Also, the possibility of a relaxation of the N − 1-electron system to minimize its
energy and an according decrease in the binding energy by δrelax is not considered
within this model. Taking these eﬀects into account, the binding energy is more
accurately described by the following equation:
EB = EK − δrel − δcorr + δrelax

(2.9)
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An exemplary initial state eﬀect is the presence of a partial charge at the emitting
atom: the measured kinetic energy is usually higher in case of a negative partial
charge and lower for a positive partial charge. This eﬀect can be easily explained with
the decreased (negative charge) or increased (positive charge) Coulomb interaction
between the photoelectron and the sample.
A prototypical ﬁnal state eﬀect is a more eﬃcient screening of the core hole created
by the photoemission process by surrounding electrons. The more eﬀective screening
lowers the interaction between core hole and the emitted photoelectron so that the
photoelectron has a larger kinetic energy due to a decreased Coulomb interaction.
Ineﬃcient screening in contrast, leads to a lower kinetic energy of the photoelectron,
as the interaction between the core-hole and the photoelectron is increased.
Core levels of diﬀerent elements are in many cases well separated in binding energy
and can therefore be measured separately and analyzed quantitatively. The ability to
quantify X-ray photoelectron spectroscopy data led the usage of the term “electron
spectroscopy for chemical analysis” (ESCA), reﬂecting the quantifying character of
such experiments.

2.2.2 Layer Thickness Determination Using XPS
One way to exploit the quantitative nature of XPS experiments is to determine the
thickness of a layer. For a very simple model system consisting of a homogenous
overlayer on a thick sample, the thickness of the overlayer may be determined by
comparing XP spectra containing a substrate peak before and after the overlayer
is deposited. Making use of the exponential damping of the substrate signal, the
following equation may be used for the evaluation of such a situation: [123]
 0
I
λ
· ln
d=
cos(ϑ)
I

(2.10)

In this formula, d denotes the overlayer thickness, λ the inelastic mean free path
(IMFP) of electrons at their respective kinetic energy in the overlayer material, the
angle between surface normal and detection direction, also referred to as detection
angle, I 0 the signal intensity before and I the signal intensity after deposition of the
overlayer.
Although this is a quite common way to determine the thickness of metal ﬁlms
deposited on a substrate, for example, its range of application is rather limited.
One reason for the limits of application is the need for two spectra recorded before
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Figure 2.9: Schematic diagram of an oxide-covered metal investigated by McCaﬀerty
and Wightman. The diﬀerent layers are shown along with their composition
in parentheses and their respective thicknesses t. Also, the composition and
thickness of what is commonly referred to as oxide layer is indicated.
and after modiﬁcation of the sample.
In cases where the spectra before and after the modiﬁcation are not both accessible, for example in the study of native oxide layers on semiconductors, a diﬀerent
route has to be taken to gain the desired information. In their study on the concentration of surface hydroxyl groups on metal oxide ﬁlms, E. McCaﬀerty and J.
P. Wightman [124] used an analysis method that allows determination of the oxide
layers on top of metal substrates from a single spectrum. A schematic presentation
of such a system is shown in Figure 2.9. The following expression, which is ultimately based on the rather simple equation employing the exponential dampening
of signals arising from a certain depth in XPS experiments given above, yields the
oxide layer thickness:

 


Dm · λ m
Imo
·
(2.11)
d = λmo · cos(ϑ) · ln
+1
Dmo · λmo
Im
In this equation, d refers to the thickness of the oxide layer, λ to the IMFP for
the corresponding kinetic energy of the electrons, ϑ to the detection angle, D to
the atomic density and I to the measured intensity; the subscripts “m” and “mo”
refer to the metal and metal oxide, respectively. The same method was used by
Strohmeier [125] in work on aluminum alloys.
A very interesting feature of this analysis method is that, in favorable cases, even
buried layers can be investigated within the limitations of XPS; the favorable condition needed for such studies being similar kinetic energies of the electrons from
the two diﬀerent species under investigation. Then, the signal for both species is
damped to (nearly) the same extent by a common adlayer, e.g. a carbonaceous
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contamination. As the equation relies solely on the intensity ratios, the value for
the layer thickness is not aﬀected at all by the additional layers.
Despite the huge advantage this analysis method provides in requiring only one
spectrum, it is only useful for well known systems, because a number of not readily
available parameters such as the atomic density for diﬀerent species and the inelastic
mean free paths are needed with suﬃciently high accuracy.
One important information for an interface resulting from deposition of a metal onto
a semiconducting polymer is certainly the width or extent of the interface, i.e., the
depth up to which the dosed calcium atoms diﬀuse into the polymer. As the interface is characterized by a certain species, the reacted sulfur in the case of calcium
adsorption on poly(3-hexylthiophene) (P3HT), the situation is not very much different from the oxide layer determination on a metal expolored by McCaﬀerty and
Wightman. However, as the parameters necessary for the evaluation of the spectra
with respect to the interface thickness are often not well known, a common approach
is to simplify as much as possible. In the case studied here, the two relevant peaks
in the XP spectrum (reacted and unreacted sulfur for P3HT) are very close to each
other, meaning that the respective photoelectrons have almost the same kinetic energies and thus almost identical IMFP values. Furthermore, the density of these
species is very similar, in the example of P3HT the volume concentration of sulfur
is considered to remain unaﬀected by adsorption of calcium atoms. As a result,
the ﬁrst factor in the logarithm in Equation (2.11) is equal to one. What remains
is a very simple expression for the layer thickness, with the parameters being the
measured intensity ratio between the two signals from the upper (Itop ) and lower
(Ibottom ) layer, the detection angle ϑ and the IMFP λ in the top layer:


Itop
(2.12)
d = λ · cos(ϑ) · ln
Ibottom

2.3 Materials
After introducing the experimental set-ups employed in this work and the fundamentals of the diﬀerent techniques, the most important materials used in this work
shall also be addressed: the two investigated polymers, namely regioregular poly(3hexylthiophene-2,5-diyl) (rr-P3HT) and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-(1cyanovinylene)-phenylene] (CN-MEH-PPV).
Films of these polymers were produced by spin coating. In both cases, the polymer
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Figure 2.10: On the left: structure of regioregular P3HT in head-to-tail conformation; two repeat units which contain two thiophene units each are shown. On the
right: photograph of rr-P3HT solution in chloroform utilized for spin coating.
was dissolved in chloroform to yield 0.3 % w/w (P3HT) and 0.5 % w/w (CN-MEHPPV) solutions. The solutions were dropped on the samples at 1000 revolutions per
minute (rpm). The rotational speed was kept constant at this speed for the ﬁrst 30
seconds after applying the solution, before it was raised to 2000 rpm for an additional
90 seconds. The samples used for XPS experiments were spin coated on 0.1 mm thick
aluminum foil, the samples for calorimetry experiments were spin coated directly
onto sheets of the detector material (β-PVDF) sandwiched between metal tantalum
plates. The tantalum plates served to increase the mechanical stability of the thin
and wobbly β-PVDF sheet. A hole in the top plate served as a mask for the spin
coating procedure, avoiding that the edges of the sheet are covered with the polymer
ﬁlm. Covering the edges of the β-PVDF sheet must be avoided, because this would
eﬀectively short the detector.
Solvents etc. were used without further treatment unless stated diﬀerently.

2.3.1 Poly(3-hexylthiophene)
The structure of rr-P3HT in a head-to-tail conformation is shown in Figure 2.10.
Individual thiophene rings are attached to neighboring rings at the 2- and 5-position
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as indicated by the name. This type of coupling is referred to as head-tail coupling.
Coupling via the 2-2’-position or the 5-5’-position would result in a head-head or
tail-tail conformation, respectively. One prominent and common structural property
is that the hexyl side-chain points alternating in opposite directions.
The rr-P3HT used in this work was obtained from Sigma-Aldrich and comes as
a black powder which is soluble in chloroform, trichlorobenzene, chlorobenzene,
toluene and xylenes. Dissolving the black powder in chloroform results in an amber
solution that can be used for spin coating samples. The certiﬁed purity of the
polymer used in the experiments presented in this work is greater than 99.995 %
with a regioregularity higher than 95 %. Typical trace metals in this polymer are
iron, magnesium and nickel.
The molecular weight of approximately 30.000 atomic mass units (amu) corresponds
to a mean length of a single polymer chain of 180 monomer units. Due to its electrical
properties in combination with good solubility, processibility and environmental
stability, P3HT has been widely studied. [126–129]
The increased solubility with respect to unsubstituted polythiophene results from
the alkyl substituents, here hexyl chains. [128] Three diﬀerent synthesis routes have
been established: oxidative polymerization of 3-alkylthiophenes by oxidants such
as ferric chloride (FeCl3 ), [130, 131] nickel-catalyzed coupling of thiophene Grignard
reagents [132, 133] and electrochemical polymerization.
In solution, the UV-vis spectra of rr-P3HT shows three maxima at 262, 456 and
607 nm. The ﬂuorescence peak is located at a wavelength of 570 nm. In spincast ﬁlms, UV-vis spectra exhibit two almost equally intense peaks at 556 and
610 nm and a shoulder at 526 nm. [128] The band gap of rr-P3HT (head-to-tail)
of 1.7 eV is considerably lower than the band gap of regiorandom P3HT, which
amounts to 2.1 eV [128] , as determined by the isobestic point of the π-π ∗ transition
in the absorption spectra. [134, 135] This diﬀerence is ascribed to the much greater
conjugation length in the regioregular conformation. An electrical conductivity of
as high as 100 S/cm has been reported for rr-P3HT ﬁlms. [136] The saturation ﬁeld
eﬀect mobility in rr-P3HT based thin ﬁlm transistors (TFT) is typically between
5 · 10−3 cm2 /V · s and 3 · 10−3 cm2 /V · s. The mobility was found to increase
with prolonged operation of such devices. Polarized absorption and micro-Raman
spectroscopy experiments suggest that the reason for the increase in mobility is an
increased interchain order of the polymer induced by the electric ﬁeld applied during
operation of the devices. [137]
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Figure 2.11: Schematic illustration of the layered structure of rr-P3HT with deﬁnition of the axes from Reference [138] (left) and Reference [137] (right).
Thin ﬁlms of rr-P3HT from chloroform solution, either by drop casting or spin
coating, generally show well-deﬁned morphologies with ﬁbrils indicating crystalline
ordering. The ﬁbrils consist of crystalline lamellae, as shown in Figure 2.11 with
an interchain distance of 3.8 Å (stacking distance between thiophene backbones, baxis) and an interlamellar distance of 17 Å (a-axis). [139] Diﬀerent orientations of the
lamellae have been found, for example on SiO2 , the a-axis was found to be normal
to the substrate surface. [138]
Concerning the thermal behavior, two temperatures are worth noting: the glass
transition temperature at 65◦ C and the melting point at 238◦ C. [140] Due to its
favourable qualities, rr-P3HT is a suitable material for organic light emitting diodes
(OLEDs) and solar cells. Under the brand name “Plexcore” it is sold in solution for
inkjet-printing making use of its outstanding processibility for working devices. The
manufacturer, Plextronics, promotes use of the polymer solution for the following
applications: printed ﬁeld eﬀect transistors, plastic solar cells, printed memory,
smart packaging, chemical and optical sensors, display and lighting backplanes, and
smart textiles.
Konarka produces and distributes solar cells under the brand name “Power Plastic”. The already available products, some of those are depicted in Figure 2.12,
demonstrate how the advantages of organic solar cells can be exploited in everyday
products.

49

2 Experimental

Figure 2.12: Examples for already available products making use of rr-P3HT (from
www.konarka.com): Solar cells are integrated in parasols (left) and bags (right)
providing the opportunity to charge mobile electronic devices such as cell phones
or laptop computers.

2.3.2 CN-MEH-PPV
The structure of the second polymer used in this work, poly[2-methoxy-5-(2ethylhexyloxy)-1,4-(1-cyanovinylene)phenylene] or CN-MEH-PPV, is shown in Figure 2.13. This is a cyano derivative of the electroluminescent poly-(p-phenylene
vinylene) (PPV) [141] and emits light at a wavelength of 577 nm. [142] Due to its
electrical qualities, it is used as an electron transport layer in organic LEDs, where
it considerably increases the performance of devices. [143] Alike rr-P3HT, CN-MEHPPV exhibits suﬃcient solubility in toluene and chloroform as to allow spin coating
of ﬁlms from such solutions. Especially the closed and uniformly thick ﬁlms that
can be prepared via spin-coating from toluene in combination with the ability to
act as an electron acceptor render the material well-suited for use in two-polymer
electroluminescent devices. [144]
PPV and its cyano derivatives such as CN-MEH-PPV ﬁnd application in OLEDs
and organic photovoltaic devices [141, 145–148] . The schematic structure of an OLED
employing indium-tin oxide (ITO) and calcium or other low work-function metals as
electrodes is shown in Figure 2.14. Such devices show a good conversion eﬃciency,
although a still better performance was expected. [149] In a double-layer conﬁguration of PPV and CN-MEH-PPV with ITO and aluminum electrodes, a remarkable
brightness of 1000 cd/m2 at an operating voltage of 6 V has been observed. Such a
red OLED showed a luminous eﬃciency of 2.5 lm/W, an internal quantum eﬃciency
of 10 % and a lifetime of a few thousand hours. These characteristics meet the target
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Figure 2.13: Structure of the repeat unit of CN-MEH-PPV.

Figure 2.14: Schematic structure of an OLED along with common choice for the
materials.
speciﬁcations for low-level backlighting and use in computer displays. [146]
Despite its quite extensive use in organic electronic devices, work on the structural
characteristics of CN-MEH-PPV is lacking. In an NMR study, Y. Li et al. proposed a reason for the limited performance of CN-MEH-PPV based devices normally
present in trans conﬁguration. [149] They suggest that a substantial amount of cisconformational segments is present in this polymer. Diﬀerent from the eﬀect of such
segments on PPV, where it actually enhances the electroluminescence eﬃciency, [150]
it degrades the performance of CN-MEH-PPV. Large amounts of cis-segments may
lead to a looser packing between CN-MEH-PPV chains compared to a purely transpolymer. A loose packing should increase the probability for the CN-MEH-PPV
to undergo a non-radiative relaxation via cis-trans- or trans-cis-isomerization of the
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cyanovinylene group compared to the radiative relaxation from an electronically excited state. This explains the decrease in electroluminescence performance. More
insights into the mechanisms responsible for limitations in the device performance
and how to manufacture devices that are less aﬀected by these will render this
material even more interesting for future applications and devices. [149]
One route to synthesize CN-MEH-PPV is by Knoevenagel condensation and polymerization. [144] The CN-MEH-PPV used in this work was obtained from SigmaAldrich. The dark red powder was dissolved in chloroform yielding a clear, orange
solution that was subsequently used to spin coat samples. Spin coating samples
using 0.5 % w/w solution results in ﬁlms with a typical thickness of around 100 nm
as estimated from AFM line-scans over a scratch in a sample on a silicon wafer.
This thickness is suitable for a combination of calorimetry and XPS experiments,
because the samples are thick enough to ensure bulk-like behavior of the samples and
suppress any signal from the substrate in XPS, yet their heat capacity is suﬃciently
low and the thermal conductivity is satisfactory as to allow easily for calorimetric
measurements.
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Adsorption Calorimeter
In the following sections, the design of a novel single crystal adsorption calorimeter
currently being built in Erlangen is described. As an exhaustive description of the
design of the calorimeter and all subsystems is far beyond the scope of this chapter,
only the major diﬀerences and ﬁelds of improvement over previously constructed
adsorption calorimeters are pointed out.

3.1 The Calorimeter Chamber
The calorimeter chamber as shown in Figure 3.1 is organized in three sections: two
for calorimetry experiments and one providing space for various surface analysis
techniques: XPS, AES, low energy ion scattering (LEIS) and low energy electron
diﬀraction (LEED). Therefore, this section is labelled “surface analysis” in Figure 3.1. Within the individual sections, each port is oriented towards the center of
the respective section.
The unique feature of housing two calorimeters in one chamber is motivated by the
ﬁeld of study the calorimeter is intended for: for a number of interesting systems,
two successive deposition steps are performed and their energetics deserve to be
studied with the highest precision possible.
One example for such a system would be the metallation of porphyrins, which has already been investigated in Dr. Gottfried’s group at the Chair for Physical Chemistry
II (Prof. Steinrück) with other techniques. [151–154] With the calorimeter presented
here, both the adsorption of the porphyrins on the surface and the metallation process can be studied without breaking the vacuum. Experiments of this kind may
give new insight into the mechanism of the metallation process, which is not completely understood up to now. In addition, the interaction of metallated porphyrin
molecules with gases may be investigated further. For this system, too, spectroscopic and microscopic investigations have shown very interesting results, [155, 156]
which may be complemented by calorimetry experiments. Here, the opportunity to
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Figure 3.1: Top-view schematic diagram of the calorimeter. The three diﬀerent sections (horizontally), two calorimeters and one surface analysis section are indicated as well as the purpose of the most relevant ports.
have two diﬀerent types of beam sources, e.g., one for the deposition of a metal and
the other for admitting a gas, is a tremendous advantage over the calorimeters used
today in the groups of Campbell and King.
Another ﬁeld of application for such a two-step experiment is catalysis: in the ﬁrst
step, a metal is deposited on an oxide support – Au on TiO2 is a suitable example.
In the second step, a gas is dosed on this system, for example carbon monoxide. The
inﬂuence of the support on the active component is widely debated at the moment
and such studies are bound to contribute to this discussion considerably.
The designated ﬂanges for the calorimeters are on top of the chamber. This helps
avoid lateral forces on the translation stage and the mount of the calorimeter which
are problematic when the translational axis for the calorimeter is oriented horizontally. Then, the calorimeter is either prone to sagging and thus a less reproducible
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positioning or a very bulky construction would be necessary to support the calorimeter suﬃciently.
The calorimeter on top of the chamber requires that the beam source is mounted on
the bottom ﬂange pointing straight up. In this position, the whole capacity of the
crucible in the beam source can be used (diﬀerent from more horizontal orientations
of the beam source) and inserting the reﬁlled Knudsen cell is much easier.
Compared to the other calorimeters in use today, considerable more space was allotted for surface characterization and analysis. Recent studies have demonstrated
the success resulting from a combination of adsorption calorimetry in conjunction
with photo electron spectroscopy. In these studies, separate systems had to be used
for calorimetry and photoelectron spectroscopy, respectively. The ability to conduct both types of experiments in the same chamber on the very same sample is
very likely to increase the beneﬁt from the combination of various techniques even
further.

3.2 The Beam Chopper
A stepper-motor driven chopper (see Figure 3.3) is used to produce a pulsed atomic
or molecular beam onto the sample from the constant ﬂux provided by the Knudsen
cell. In our setup, an arm with a U-shaped end resembling a two-pronged fork is
used instead of a common chopper wheel (a wheel with a missing segment). The
whole setup, motor and fork, are placed inside the beam chamber. Hence, there is
no need for a motion feed-through. Furthermore, this chopper allows adjustment of
the pulse-length independently from the repetition rate. A priori, one may expect a
problem with this type of chopper: diﬀerent from the chopper wheel that is rotating
at a constant speed, the blade-type chopper is moved back and forth. As its center
of mass is not even close to the axis of rotation, this setup is prone to create mechanical vibrations and accordingly noise from this source is visible in the detector
signal. This problem can not be completely circumvented, but the angular moment
transmitted form the chopper and thus the noise can be minimized. To this end,
the arm of the chopper is kept as short as possible and made from titanium in order
to keep its weight low.
A similar level of control over the temporal characteristic of the beam is achieved
in the setup by King with a piezoelectric crystal valve. However, this solution is
only applicable for dosing gases and not metals. The chopper-wheel driven by an
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Figure 3.2: Several views of the main chamber.
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Figure 3.3: CAD drawing of the molecular beam source optimized for large organic
molecules.
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external motor in Campbell’s calorimeter has a ﬁxed ratio between the on and oﬀ
times of the beam, but allows to dose metals. Another drawback of this solution
is the susceptibility of the mechanical feed-through to failure, which entails a high
down-time of the machine for maintenance. In conclusion, the new chopper concept
employed in our setup in Erlangen is the attempt to combine the strength of both
of these two systems and preliminary tests have given promising results.

3.3 The Beam Source
During the planning stage of the calorimeter, some attention was focused on the
design of the beam source (a CAD drawing is provided in Figure Figure 3.3) and
the requirements it must meet. The Knudsen cell has to provide high enough temperatures to create a suitably high vapor pressure, and thus a suﬃciently high ﬂux,
to allow for calorimetry experiments. At the same time, the thermal radiation must
be kept to a minimum in order not to disturb the experiment. In the newly designed
calorimeter as well as in the prototype in Seattle, this is achieved via water cooled
heat shields around the Knudsen cell.
As experiments involving large organic molecules planned in Erlangen are new with
respect to the material dosed, the beam source must be adjusted accordingly. These
adjustments include a very compact design in order to minimize the distance between
Knudsen cell and sample. As large organic molecules are generally thermally less
stable than metals, the cell temperature and correspondingly the vapor pressure are
limited.
The only way to ensure a suﬃciently high ﬂux on the sample then is to place the
Knudsen cell as close to the sample as possible (see also Section 2.1.2). For this
purpose,the Knudsen cell is mounted on a z-translation stage. The placement of
the Knudsen cell close to the sample is also of economical interest: the cost for
evaporation materials may amount to several hundred Euros (e.g. ∼600 e per gram
for pentacene), or even more. In the pulsed beam, 95 % of the material dosed is
not deposited on the sample, but on the chopper for typical 100 ms long pulses at
a repetition rate of 0.5 Hz. Even more material is lost due the fact that only a
miniscule portion of the material evaporated actually reaches the sample for pure
geometric reasons. Considering the most simpliﬁed case, where the beam is not
directed and the material from the cell is uniformly deposited in a hemisphere, the
amount deposited on the sample is only around 0.9 % in our setup. Combining the
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losses from pulsing the beam and the losses due to the distance, only about 0.04 %
of the material dosed is actually used for the experiment. As the ﬂux is inversely
proportional to the square of the cell to sample distance, reducing this distance
increases the percentage of material not wasted signiﬁcantly, which is why a lot of
eﬀort was spent on optimizing the beam source.
Another design criterion for the beam source was that the cell must be reﬁllable in a
glove box. Here, the z-translation stage also plays an important role: the Knudsen
cell can be retracted from the dosing position behind a gate valve. The beam section
behind the gate valve can be removed from the chamber and docked to a glove-box,
where the cell can be reﬁlled under inert gas atmosphere. The z-translation stage
is needed to gain access to the crucible from within the glove-box, as its load-lock
chamber is too small to accommodate the whole beam section.
The opportunity to reﬁll the cell under inert gas atmosphere and introducing the
cell into vacuum without exposing the deposition material to ambient conditions is
especially important for delicate materials: organic molecules that may react with
water or oxygen or highly reactive metals like alkali and alkaline earth metals.
A specially designed and custom made in-line valve seals the main chamber, when
the Knudsen cell is being reﬁlled. The separation of the beam source from the main
chamber in order to avoid frequent baking of the whole system is already widely used,
of course. Usually, a gate valve mounted directly on the main chamber separates
the beam source from the main chamber. Due to the compact design of the beam
source in Erlangen, it was not possible to place a gate valve in between main and
beam source chamber. Hence, a more complicated solution had to be devised: a
sealing element made of copper on a z-translation stage is integrated into the setup.
This element seals the ﬂange on which the source chamber is mounted in the closed
position without blocking any part of the molecular or atomic beam in the open
position. Especially with the heavy geometric limitations, implementation of the
separating valve turned out to be quite a challenge.
In order to determine the radiative contribution from the hot Knudsen cell to the
calorimetry signal, a BaF2 window may be used (see Section 2.1.2). However, this
approach is suﬃciently accurate only for metals, which can usually be deposited at
high temperature and that often have a low emissivity in the infrared region. In
such cases, the power irradiated in the far infrared region exceeding the transmission
window of BaF2 is very small and does not contribute to the heat signal signiﬁcantly.
For large organic molecules, the situation is completely diﬀerent: these materials
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usually show high emissivity in the infrared region and can not be heated to very
high temperatures. The consequence is, that the power irradiated in the far infrared
region beyond the transmission window of BaF2 becomes too high to be neglected.
As no material is transmissive enough in the far infrared region to be used as a
window, a diﬀerent way to determine the radiative contribution from the Knudsen
cell to the heat signal had to be found. In contrast to materials that are highly
transmissive in the far infrared region, highly IR reﬂective materials are readily
available. Thus, an array of mirrors can be inserted into the beam path. Just like
the BaF2 window, this setup blocks the atomic/molecular beam from the cell, but
allows the radiation to reach the sample. While the principle of this solution appears
quite simple, the incorporation into the compact beam source proved quite diﬃcult,
as a two stage diﬀerential pumping system and optics for the laser calibration (see
Section 2.1.3) also need to be contained in the small beam source chamber.

3.4 Thermal Design of the Calorimeter
The central part of the calorimeter is shown in Figure 3.4. A main aspect in the
design of this part was thermal stability: the copper block serving as the thermal
reservoir and the support for the sample during calorimetry experiments are made
from copper. In order to enhance the thermal conductivity between the thermal
reservoir and sample accommodation, copper braids are used in addition to the
copper screws holding the support in place. Furthermore, also the housing of the
detector itself and the sample holder are made of copper to ensure a uniform temperature in the surrounding of the sample. Thus, measuring the temperature of the
sample accommodation close to the sample itself should be a fairly accurate way to
determine the sample temperature. A second thermocouple on the thermal reservoir
serves as an indicator that thermal equilibrium between the sample, more accurately,
the sample accommodation, and the reservoir is established and experiments can be
performed.
The detector housing is constructed in a way such that it self-aligns with the sample when it approaches the measurement position. This is achieved by giving the
detector housing a conical shape and implementing a matching cavity in the back
of the sample holder. As the detector approaches the sample, it is guided to always
end up in the same position relative to the sample, as the detector is allowed a
little movement oﬀ axis. This feature does not eliminate the need to calibrate the
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Figure 3.4: Central part of the Erlangen single-crystal adsorption microcalorimeter
with heat detector and sample (top: photograph; bottom: CAD drawing). The
electron beam heater and other elements have been omitted here for clarity.
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calorimeter for every single experiment. However, as the thermal contact is quite
reproducible, degradation of the detector polymer is much easier to recognize, as
this then poses the main source of variation in the detector sensitivity.
The complete assembly of copper parts is supported by ceramic rods. These rods
have a low thermal conductivity, which is necessary to reach maximum thermal stability at any chosen temperature. Their low thermal expansion coeﬃcient is also
advantageous in that the sample position is very little eﬀected by the temperature
at which experiments are conducted. Thus, a comparison between high and low
temperature experiments is easy to accomplish. Of course, this is not connected to
alignment of the detector to the sample. The detector is self-aligning, as pointed
out above, but a change in the sample position may inﬂuence the ﬂux of atoms or
molecules onto the sample, as the beam source orientation is ﬁxed and independent of the sample temperature. One may well account for a diﬀerent ﬂux in such
experiments, however keeping the experimental conditions as similar as possible is
certainly beneﬁcial for the comparability of a series of experiments. Especially, as
the deposition rate is known to have a profound inﬂuence on the growth mode of
the deposited material, it seems advisable to aim for very similar conditions. [157]
This eﬀect was also observed on recent studies on the deposition of Ca onto a semiconducting polymer. [115, 158] A very helpful element worth mentioning is the mirror
attached to same z-translation stage as the QCM and the zero-sticking ﬂag (not
shown in the picture). Alike the QCM, this mirror can be positioned at approximately the measurement position of the sample. It deﬂects the laser beam of the
calibration laser to a window, where its intensity can be measured with a photodiode. This allows determination of the laser intensity impinging on the sample
routinely, even at the beginning and end of every experiment. Without the mirror,
a correlation between the laser intensity on the sample and the detector signal is
only possible, when the chamber is vented and the photodiode can be placed at
the sample position. As the incident laser power on the sample is, however, easily aﬀected by minor misalignment of the laser, the opportunity to determine this
quantity routinely will deﬁnitely improve the accuracy of the experiments.
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The metal-polymer interface has been extensively studied for quite some time by
now – the interest was high enough in 1987 for the American Chemical Society
to arrange for a national meeting focused on metallization of polymers in 1989. [159]
Widely used tools in studies concerning surface analysis of such interfaces include Xray and ultraviolet photoelectron spectroscopy (XPS and UPS), near-edge X-ray absorption spectroscopy (NEXAFS), high-resolution electron energy loss spectroscopy
(HREELS), and static secondary ion mass spectrometry (SIMS). Less popular in this
context are elastic recoil detection (ERD) and techniques for trace element analysis
like proton-induced x-ray emission (PIXE) and neutron activation analysis (NAA).
The major strengths of the above mentioned methods with respect to metal-polymer
interfaces are:
• Photoelectron spectroscopy proved to be a powerful tool in the study of interfacial chemistry. [159–162] With XPS, reactions taking place at the interface can
be followed and the inequivalence of metal-on-polymer and polymer-on-metal
interfaces could be demonstrated (see [159] and references therein).
• NEXAFS is a very powerful tool for determining molecular orientation, even
of very complex systems, and bonding interactions. [159, 163–165]
• HREELS, too, delivers information on the bonding interaction and on the
adsorption geometry of, e.g., metal atoms deposited on a polymer. [159, 166–168]
• SIMS yields depth-resolved information on the elemental composition. This is
exploited in studies involving diverse modiﬁcations of polymer surfaces: ionbeam or plasma induced changes, as well as changes brought about by simply
depositing metals. [159]
Electron microscopy, especially transmission electron microscopy (TEM), and atomic force microscopy (AFM) also are valuable tools for the investigation of the
morphology of (metallated) polymer surfaces. [159, 169]
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Similar to the wealth of tools for investigating the metal-polymer interface, an almost equally large tool-set for the modiﬁcation of polymer surfaces and interfaces
has been known for a substantial amount of time. In the above cited older work
many studies are concerned with polyimides, which were used in microelectronic
devices as insulating materials due to their high tolerance against harsh (production) environments. [159] In order to use the polymers more eﬃciently for this kind
of application, it was highly desirable to increase the metal-polymer adhesion, as to
allow for fabrication of more durable devices. Among the most common routes to
modify polymer surfaces to achieve a higher adhesion are ion- and electron-beam
irradiation [170] and plasma treatments. [169, 171, 172] Changes to the polymer may also
be caused by laser [173] and UV light irradiation or thermal treatment [159] , in these
two cases the resulting modiﬁcations are generally considered detrimental as they
may ultimately damage or destroy the interface. [127] With respect to metallization,
also the substrate temperature during deposition and the deposition rate of the
respective metal were shown to have an inﬂuence on the interface morphology. [170]
Despite the wealth previous investigations, the energetics of the formation of polymer-metal interfaces remained a matter of not well-founded conjectures. Therefore,
the processes leading to adhesion of metal ﬁlms on polymers could not be readily
related to an observable and attempts to improve metal adhesion were only poorly
guided by previous ﬁndings. Particularly, it remained questionable whether metal
evaporation could actually lead to the formation of metal-polymer bonds, as the
corresponding deposition or impact energy of the metal atoms is very low (around
10 kJ/mol [174] ) compared to sputter deposition (950 kJ/mol [175] ), for example. In a
simple picture, one would expect that the activation energy for a reaction between
polymer and metal is on the order of the energy of covalent bonds (340-400 kJ/mol)
and therefore a reaction accordingly unlikely to occur in the former case. [159]
More recently, the interest in polymers has shifted to semicounducting, π-conjugated
polymers, such as derivates of poly-(phenylene-vinylene), polyﬂuorene and polythiophene. The reason for the particular interest in this class of materials lies in their
suitability for fabricating organic electronic devices. An incomplete list of such
devices includes organic light emitting diodes (OLEDs) [141] , photovoltaic cells [176] ,
photodiodes, ﬁeld eﬀect transistors [177–179] and solar cells [180–184] . All of these applications carry a high technological and economical potential and, in contrast to the
older work, the polymer is the active component in such devices. They all have in
common that metal contacts, and thus metal-polymer interfaces play a very decisive
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role here, as well.
As an exemplary case, one of the best electrode/polymer combinations in terms
of performance in solar cell applications is considered: Ca on regioregular poly(3hexylthiophene) (rr-P3HT). Usually, the devices are made with an Al ﬁlm ontop of
the Ca electrode to prevent degradation of the Ca-P3HT interface. Quite extensive
studies have been performed on this system, including XPS [160, 161, 185] and LEIS [186]
studies. It is known that the bonding situation there, although widely unknown in
detail, strongly inﬂuences the rates of charge injection. [5] The bond strength has
only been discussed on the basis of indirect information such as photoelectron and
vibrational spectra (which show adsorption-induced changes of the electronic structure or the vibrational frequencies) as well as adsorbate-substrate bond distances
(from X-ray standing wave (XSW) experiments) so far. In this work (Chapter 5),
the ﬁrst experimental investigation directly probing the energetics of the interface
formation of Ca deposited on rr-P3HT is presented, along with structural (LEIS)
and chemical (XPS) analyses. The diﬃculty in the study of the energetics of the interface formation is caused by the irreversible nature of the adsorption process, e.g.,
the use of classical desorption based techniques is ruled out. Only recent advances
in adsorption calorimetry have made it possible to study the interfacial energetics
directly, providing now thermodynamic information of general interest for a broad
range of metal/polymer systems.
The modiﬁcation of polymer surfaces prior to metal deposition aiming at optimizing device performances is already a well-established ﬁeld, as such studies have
been performed on insulating polymers before (see above). Even today, the most
commonly used routes for such modiﬁcation remain plasma treatments [187–189] to
tune the surface free energy, and electron- [190–193] and ion-irradiation [194–196] for
the chemical modiﬁcation of polymer surfaces. These procedures have the goal to
improve the interface quality by reducing stress between the metal ﬁlm and the substrate or to improve the adhesion. In Chapter 6, the calorimetric investigations are
extended from the unmodiﬁed to electron-irradiated rr-P3HT surface. The combination of calorimetry with XPS, LEIS and surface scattering substantially improved
the understanding of the changes induced by electron-beam irradiation, which was
previously studied employing mass spectrometry by Massey and coworkers. [191]
Yet another way to inﬂuence the interface is the substrate temperature during deposition. Strunskus et al. noted that a very sharp interface could be obtained at low
temperatures. [170] However, a demonstration of this eﬀect has not been shown in the
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literature, at least not in the sense that the interfaces created at low temperature
sustained its sharpness after being heated to room temperature. In contrast, the
opposite eﬀect that elevated temperatures facilitate diﬀusion and consequently lead
to a larger thickness of the interfacial layer, i.e., the depth up to which metal atoms
diﬀuse into the bulk of the polymer, is well known. [169] In Chapter 7, the ﬁrst study
on the formation of a sharp interface at low temperature with a sustained decrease
of the interfacial layer thickness even at room temperature is presented.
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P3HT
The adsorption of Ca on poly(3-hexylthiophene) (P3HT) has been studied by adsorption microcalorimetry, atomic beam/surface scattering, X-ray photoelectron
spectroscopy (XPS), low-energy He+ ion scattering spectroscopy (LEIS), and ﬁrstprinciples calculations. The sticking probability of Ca on P3HT is initially 0.35 and
increases to almost unity by 5 ML (a monolayer of Ca is deﬁned as the number of
Ca atoms in a Ca(111) plane, 7.4 · 1014 atoms/cm2 ). A very high initial heat of
adsorption in the ﬁrst 0.02 ML (625 kJ/mol to 500 kJ/mol) is attributed to the
reaction of Ca with defect sites or residual contamination. Between 0.1 ML and
0.5 ML, there is a high and nearly constant heat of adsorption of 405 kJ/mol, which
is ascribed to Ca reacting with subsurface sulfur atoms from the thiophene rings of
the polymer. This is supported by the slow increase of the LEIS signal for Ca and
the shift of the S 2p XPS binding energy by −2.8 eV for reacted S atoms. The heat
of adsorption decreases above 0.6 ML coverage, reaching the sublimation enthalpy
of Ca, 178 kJ/mol, by 4 ML. This is attributed to the formation of Ca nanoparticles,
and eventually a continuous Ca(solid) ﬁlm, on top of the polymer. LEIS and XPS
measurements, which show only a slow increase of the signals related to solid Ca,
support this model. Incoming Ca atoms are subject to a kinetic competition between
diﬀusing into the polymer to react with subsurface thiophene units versus forming
or adding to three-dimensional Ca clusters on the surface. At ∼1.6 ML Ca coverage,
Ca atoms have similar probabilities for either process, with the former dominating
at lower coverage. Ultimately about 1.6 ML of Ca (1.2 · 1015 atoms/cm2 ) reacts with
S atoms, corresponding to a reacted depth of ∼2.6 nm, or nearly 5 monomer-unit
layers. Density-functional theory (DFT) calculations conﬁrm that the heat of reaction and the shift of the S 2p signal are consistent with Ca abstracting S from the
thiophene rings to form small CaS clusters.
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Figure 5.1: Sticking probability of Ca on a P3HT ﬁlm at 300 K plotted as a function
of Ca coverage. Monolayer coverage (1 ML) is deﬁned as 7.4 · 1014 Ca atoms
per cm2 (the Ca(111) packing density).

5.1 Results
5.1.1 Sticking Probability
In order to determine the amount of Ca that actually adsorbs on the P3HT surface
and causes the heats of adsorption and reaction measured by microcalorimetry, the
sticking probability of Ca on P3HT must be known. Figure 5.1 shows the sticking
probability as a function of Ca coverage at 300 K. The curve is the average of three
independent, yet highly reproducible experiments. Three distinct regimes can be
identiﬁed. In the low coverage regime, the sticking probability increases rapidly
from an initial value of 0.35 to 0.6 at a coverage of 0.5 ML. In the range of intermediate coverages between 0.5 ML and 1.5 ML, the curve is less steep and a sticking
probability of 0.7 is reached at 1.5 ML. Above 1.5 ML, the sticking probability further increases with a steeper slope until it asymptotically approaches unity around
5 ML. Note that all coverages reported in this work refer to the amount of Ca that
is actually adsorbed on the surface. These coverages are calculated by multiplying
the Ca dosage – the ﬂux of the atomic beam multiplied by the deposition time – by
the sticking probability integrated over the total dosage.
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Figure 5.2: The relative integrated Ca LEIS peak intensity as a function of Ca coverage on P3HT at a sample temperature of 300 K, with all intensities normalized
with respect to the saturation signal obtained for high Ca coverages. The blue
dashed line indicates the expected trace for layer-by-layer growth. The inset
shows a blow-up of the low-coverage region.

5.1.2 Low-energy Ion Scattering (LEIS)
Metal ﬁlms growing on polymer surfaces form a variety of structures, including
three-dimensional (3D) particles and continuous ﬁlms. In addition, diﬀusion of
the metal atoms to the subsurface region and reaction with functional groups of
the polymer have been observed. [120, 170, 197–199] Knowledge of the growth mode is,
therefore, an essential prerequisite for interpreting the measured coverage-dependent
heats of adsorption. LEIS with He+ ions provides a valuable tool for the evaluation
of the growth mode of Ca on P3HT, because it is element-speciﬁc and extremely
surface-sensitive, that is, it probes only the topmost atomic layer. Figure 5.2 shows
the evolution of the normalized LEIS peak intensity of Ca as a function of Ca
coverage with the inset displaying the low coverage regime in more detail. Ion beam
damage was proven not to be inﬂuencing this curve by repeating measurements
at several Ca coverages with ∼3-fold less ion exposure. In these experiments, no
diﬀerences could be detected with respect to the ones with normal ion dose. The
data reveal that the intensity of the Ca signal increases approximately linearly until
saturation is reached around 11 ML. For comparison, a dashed line representing the
layer-by-layer growth mode is displayed. The much slower growth of the observed
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Figure 5.3: The diﬀerential heat of adsorption of Ca atoms on a rr-P3HT surface as
a function of Ca coverage at 300 K. The inset shows an enlarged plot of the lowcoverage range. The dashed line refers to a two-site model for Ca adsorption
that is explained in the text. On the right hand side, the sublimation enthalpy
of Ca, Hsub (Ca)=178 kJ/mol, is displayed.
Ca peak intensity is consistent with 3D island growth resulting in tall, large Ca
islands, which eventually coalesce into a continuous ﬁlm around 11 ML, combined
with diﬀusion of Ca atoms into the subsurface region of the polymer ﬁlm at low
Ca coverages. Note that since this curve would have the same qualitative behavior
with or without this added subsurface diﬀusion, the LEIS data alone does not prove
subsurface diﬀusion.

5.1.3 Heats of Adsorption
Figure 5.3 presents the diﬀerential heat of adsorption of Ca on P3HT averaged over
three experimental runs at 300 K as a function of coverage. These measured heats
represent the standard enthalpies at 300 K. The inset shows the low-coverage region
(0 to 0.6 ML) in more detail. The pulse-to-pulse standard deviation of the heats of
adsorption at high coverages, where the heat is independent of coverage, is less than
2 kJ/mol for a pulse size of approximately 0.01 ML.
As can be seen, the heat of adsorption drops very quickly from an initial value of
625 kJ/mol to ∼405 kJ/mol, where it remains almost unchanged in the coverage
range between 0.1 ML and 0.6 ML. Beyond 0.6 ML, the heat of adsorption starts
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to decrease and, above 4 ML, asymptotically approaches the absolute value of the
reported bulk heat of Ca sublimation (∆Hsub =178 kJ/mol) [200] to within 2 kJ/mol.
This agreement conﬁrms the absolute accuracy of our heat and ﬂux calibrations.
The sharp decrease in the heat of adsorption occurring at very low coverages (0
to 0.05 ML) is indicative of a small concentration of adsorption sites on the P3HT
surface (or in the near-subsurface) that bind Ca very strongly. These sites may
originate from impurities such as residual chloroform or adsorbed water, or intrinsic
surface defects. Based on the calorimetry data, the number of such sites is very low
(<0.05 ML), which is consistent with the fact that they were not detected by XPS.
After these few sites are saturated, Ca adsorbing on P3HT releases a heat of adsorption of about 405 kJ/mol. This suggests a strong interaction between Ca and
some site on or below the polymer surface, as this heat is much higher than that of
Ca adsorbed on Ca (178 kJ/mol). From the appearance and growth of a strongly
shifted S 2p XPS peak (see below) that correlates in coverage with this high heat,
we conclude that weakly adsorbed Ca diﬀuses to the subsurface and preferentially
binds to the sulfur atoms in the thiophene rings. Thus, the relatively high heat of
adsorption at low and medium coverages reﬂects the chemical interaction between
Ca and the S atoms. Above 4 ML, the curve reaches the heat of sublimation of Ca,
indicating that adsorbing Ca atoms are added to large, bulk-like 3D Ca particles.
The smooth decrease of the heat of adsorption between 1 ML and 4 ML indicates
that both processes occur simultaneously and that the formation of 3D Ca clusters
becomes predominant as the coverage increases.
The heat of adsorption trace implies in conjunction with the sticking probability
data that Ca initially populates a very weakly bound, transient adsorption state
(precursor). [201] In this precursor state it can rapidly diﬀuse across and possibly
into the polymer subsurface, or desorb again if it does not ﬁnd a stronger binding
site or if the reaction with this binding site is not successful because of an activation
barrier. Such a weakly bound transient species is expected, since the interaction
of Ca with the dominant CH2 , CH and CH3 groups of the polymer (these groups
are most probably exposed on the surface to minimize the surface energy [202] ) is
only very weakly attractive. This precursor state and the kinetics of the diﬀerent
reaction pathways will be discussed in more detail in Section 5.2.4.
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Figure 5.4: XP spectra of the S 2p region for diﬀerent Ca coverages on P3HT
recorded with photon energies of (a) 200.0 eV [53] and (b) 1486.6 eV.
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5.1.4 X-ray Photoelectron Spectroscopy
Figure 5.4a shows high-resolution XP spectra of the S 2p region for various coverages
of Ca on P3HT. The spectra were recorded using synchrotron radiation with a photon energy of 200 eV. The spin-orbit splitting of the S 2p peak is well resolved with
a spacing of 1.2 eV; the respective binding energies (165.0 eV and 166.2 eV) agree
well with previous experimental results. [160, 161] Upon Ca deposition, two signiﬁcant
changes can be observed in the spectra, (a) damping of the original S 2p signal of
pristine (“unreacted”) P3HT and (b) the appearance of a new doublet shifted by
2.8 eV towards lower BE relative to the original S 2p signal. The signal of pristine
P3HT disappears for Ca coverages above 1.3 ML while the new feature (of “reacted”
P3HT) can still be detected, albeit with very low intensity, at the maximum coverage reached in this experiment (6 ML). For comparison, the results of a similar
experiment using a monochromatized Al-Kα source (h · ν=1486.6 eV) are shown in
Figure 5.4b. Here, the kinetic energy (Ekin ) of the S 2p photoelectrons and, consequently, their inelastic mean free path (IMFP) are signiﬁcantly higher than in the
above experiments with 200 eV photons. As a result of the thus increased probe
depth, the original S 2p signal of pristine P3HT is visible for all Ca coverages up
to 14 ML. The diﬀerent attenuation lengths for electrons in the two experiments
provide information on the diﬀusion of Ca into the polymer, as will be discussed in
Section 5.2.3.
With increasing Ca coverage, the positions of the S 2p signals shift considerably
(up to around 0.5 eV at 10 ML coverage) toward higher binding energies. Since the
same shifts are observed in the C 1s peaks (Figure 5.5), they are most likely due to
downward band bending (mainly during the ﬁrst ML of Ca deposition) associated
with long-range electron donation into the polymer. [203] Beyond this band bending,
the C 1s signal is much less aﬀected by the deposition of Ca than the S 2p signal,
indicating that Ca predominantly reacts with the sulfur rather than with the carbon
containing backbone of the polymer or its side chains. The Ca 2p signal (not shown)
initially appears at a binding energy of 348.1 eV. With increasing Ca coverage, a
shoulder arises on the low binding energy side, which grows into a peak located at
347.1 eV due to 3D Ca(solid) (at 14 ML). Thus, the Ca 2p signal of “reacted” Ca
(that is, Ca that chemically reacts with the polymer) is shifted by 1.0 eV towards
higher binding energy relative to the signal of pure Ca multilayers. Note that after
correction for band bending, the shift is even higher, 1.5 eV.
The changes of the C 1s and the S 2p peak intensities as a function of Ca coverage
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Figure 5.5: C 1s XP spectra of Ca adsorbed on P3HT, recorded with a photon energy
of 1486.6 eV. Inset: Binding energy shift as a function of Ca coverage for the
S 2p Figure 5.4b and C 1s signals.
are plotted in Figure 5.6 for the spectra taken at 1486.6 eV. The ﬁgure also shows
the separate intensities of the “reacted” and “unreacted” S 2p peaks, as well as their
ratio (inset). The intensity of reacted S increases up to 4 ML Ca, above which
its intensity decreases due to Ca ﬁlm growth on top. The reacted:unreacted ratio
increases steeply up to a value of 0.75 at 4 ML Ca, after which the curve slowly
approaches a saturation value near unity.
To ensure that these relative XPS intensities and lineshapes did not change significantly due to X-ray beam damage, XPS spectra of the polymer (before Ca and at
some ﬁxed Ca coverages) were taken with greatly decreased and greatly increased
beam exposure times, with no signiﬁcant changes besides the expected signal:noise
diﬀerences.

5.2 Discussion
The experimental results can be summarized as follows:
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Figure 5.6: Normalized integrated intensities for the S 2p (Figure 5.4b) and C 1s
(Figure 5.5) signals as a function of coverage. For S 2p, the intensities of the
components for reacted and unreacted sulfur are displayed separately. Inset:
ratio of the S 2p intensities of reacted and unreacted sulfur.
1. The heat of Ca adsorption on P3HT for low and medium Ca coverages (<4 ML)
is very high (∼405 kJ/mol) and much larger than the negative heat of Ca
sublimation.
2. The LEIS intensity of Ca increases ten times more slowly with Ca coverage
than expected for layer-by-layer growth.
3. Ca adsorption causes the appearance and growth of a new S 2p XPS peak,
which is shifted by 2.8 eV compared to the unreacted portions of the polymer
and correlates with the high (∼405 kJ/mol) heat of adsorption, whereas the
C 1s signal is much less aﬀected.
In the following, a consistent model of the chemical state of the Ca/P3HT interface
from these observations will be presented along with additional support for this
model using DFT calculations.
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5.2.1 Growth Model of Ca on P3HT
The LEIS data in Figure 5.2 show that the Ca signal increases much more slowly
with Ca coverage than expected for the formation of a continuous ﬁrst layer and
subsequent layer-by-layer and/or three-dimensional (3D) growth. Rather, the data
are consistent with 3D growth from the beginning or with diﬀusion of parts of the
adsorbed Ca to the subsurface or bulk region of the polymer. In the ﬁrst case, the
heat of adsorption should approximately equal the negative heat of Ca sublimation,
178 kJ/mol (or less in the case of small clusters, due to the Kelvin eﬀect [204] ).
However, the measured heats of adsorption (Figure 5.3) are considerably higher
than that for all coverages below 4 ML. Thus, the initial growth must follow the
second scenario, that is, diﬀusion of parts of the adsorbed Ca to the subsurface or
bulk region of the polymer (see below for an estimate of the diﬀusion depth), where
a more exothermic reaction takes place than formation of Ca(solid). The decrease
in the heat of adsorption between 1 ML and 4 ML shows that a growing amount
of the adsorbed Ca contributes to the growth of 3D Ca clusters on the surface and
that beyond 4 ML cluster growth is the dominating process. The LEIS data in
Figure 5.2 show that these clusters coalesce around 11 ML, forming a continuous
Ca(solid) multilayer ﬁlm on the surface of the polymer.

5.2.2 Chemical Reaction between Ca and P3HT
The high heat of adsorption values at coverages below 4 ML (Figure 5.3) and the
corresponding large S 2p core level shifts of −2.8 eV (Figure 5.4) indicate that there
is a strong chemical interaction between Ca and P3HT. It is unlikely that such a
large shift could be caused by a simple bonding mechanism whereby the Ca atom
interacts with the S atom in the thiophene ring without breaking its S−C bonds.
In addition, ﬁrst-principles calculations (performed by the group of Dr. Hieringer
at the University Erlangen-Nürnberg) of a Ca atom interacting with a thiophene
molecule in the gas phase show that such an interaction leads to a bond energy
of only 17.5 kJ per mole of Ca (MP2 level), which is not nearly as large as the
experimental heat of 405 kJ/mol below 0.5 ML. Several such interactions on one Ca
atom cannot combine to increase this heat to anywhere near 405 kJ/mol. For this
reason, all interactions that do not involve bond cleavage in the polymer, combined
with their replacement by stronger bonds, appear to be not adequate explanations
for the observed heat of 405 kJ/mol.
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Cluster Seize ∆E in kJ/mol
(CaS)1
0
(CaS)4
−351
(CaS)32
−471
(CaS)108
−502
(CaS)∞
−503
Table 5.1: Energies of CaS clusters (per mole of CaS units) relative to the energy of
an isolated (CaS)1 molecule, according to DFT calculations.
Therefore, it is suggested that a strongly exothermic chemical reaction is taking
place that involves bond cleavage and formation. The strongly shifted S 2p peak
indicates that this bond cleavage must be at the S atom of the thiophene. The most
obvious possibility is that the Ca atoms abstract sulfur from the thiophene rings to
form small clusters of CaS embedded in the polymer, and the two C atoms which
lost their bonds to S form new C−C bonds. The simplest C−C bond formation
mechanism is ring closure to form a cyclobutadiene ring, but this is probably too
unstable. A more energetically favorable reaction would be that the C atoms from
two nearby thiophene rings (which both lost their S atoms via abstraction by Ca)
couple, resulting in polymer chain crosslinking. To obtain a crude estimate of the
enthalpy of such a reaction, the simplest related reaction for which thermodynamic
data are available is considered:
Ca(gas) + Thiophene(liquid)

−→

CaS + 1/2Cyclooctatetraene(liquid)

(5.1)

To estimate the heat of this reaction, the standard enthalpies of formation of Ca(gas)
(177.8 kJ/mol), thiophene(liquid) (80.96 kJ/mol), CaS(solid) (−473.21 kJ/mol),
and cyclooctatetraene(liquid) (254.5 kJ/mol) are used. [200] From these values, the
standard reaction enthalpy amounts to −604.7 kJ/mol, which is ∼50 % larger than
the measured heat of 405 kJ/mol in the plateau region below 0.5 ML in Figure 5.3.
However, depending on their size, the CaS clusters in the polymer are expected to
be less stable than bulk CaS(solid). To illustrate this size eﬀect, the calculation
of the standard enthalpy of the reaction according to Equation (5.1) was repeated,
but the enthalpy of formation of a single CaS molecule, +123.59 kJ/mol, [205] was
used this time. The resulting reaction enthalpy is only −7.92 kJ/mol compared to
−604.7 kJ/mol for the formation of bulk CaS(solid). Even considering that embedding the CaS molecule in the polymer matrix will make the reaction slightly more
exothermic, the diﬀerence to the measured heat (−405 kJ/mol) remains very large.
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This shows that neither single CaS molecules nor bulk CaS can be formed along
with cyclooctatetraene, but small clusters of CaS. To obtain quantitative information about the size dependence of the energy of the CaS clusters, DFT calculations
of the cluster stabilization energies ∆E relative to the energy of the isolated CaS
unit were performed in the group of Wolfgang Hieringer (Table 5.1): As can be
seen, the stabilization energy depends strongly on the cluster size for very small
clusters, but approaches rapidly the value for the inﬁnite crystal (CaS)∞ for clusters
larger than (CaS)108 . Using the values in Table 5.1, we now relate the diﬀerence of
200 kJ/mol between the enthalpy of adsorption (−405 kJ/mol) and the calculated
standard reaction enthalpy (−604.7 kJ/mol) to the reduced stability of small CaS
clusters relative to bulk CaS. Table 5.1 shows that the (CaS)4 cluster is less stable by
152 kJ/mol than bulk (CaS)∞ and, using interpolation, it is estimated that a (CaS)3
cluster is less stable by ∼270 kJ/mol than bulk (CaS)∞ . Therefore, a destabilization
of 200 kJ/mol is consistent with the formation of clusters which, on average, contain
3 to 4 CaS units. Considering this estimate, the assumed reaction (Equation (5.1))
is energetically consistent with the measured heats. There will be additional small
energy diﬀerences associated with the fact that, in the real Ca/P3HT reaction, the
thiophene and cyclooctatetraene units have their C−H bonds partly replaced by
C−C bonds to neighboring units. The question arises of whether the CaS molecules
are suﬃciently mobile in the polymer matrix and on the time scale of the calorimetry
signal (∼0.1 s) to diﬀuse around and form clusters soon enough to have the heat of
CaS−CaS bonding show up as part of the heat signal. Since no data for the mobility
of CaS in P3HT are available, we will use data for other small molecules in other
polymers for a rough estimate. For example, the diﬀusion coeﬃcient, D, of CO2 in
poly(ethylene 2,6-naphthalene dicarboxylate) (PEN) is 4 · 10−14 m2 /s at 293 K. [206]
According to the Einstein equation for the mean square displacement,
x2 = 2 · D · t

(5.2)

this corresponds to a mean displacement of ∼90 nm within the ∼0.1 s time-scale of
the experiment. Since the mean distance between two neighboring S atoms in P3HT
in only ∼0.6 nm, the mobility should be more than suﬃcient for the formation of
small clusters, even if CaS is less mobile than CO2 due to its larger size and dipole
moment.
Further support for the formation of CaS comes from a comparison of the observed
S 2p XPS shifts (2.8 eV to lower binding energies upon reaction) and the computed
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core-orbital energy shifts. According to the DFT calculations, the S 2p core orbital
energies are shifted to lower binding energies by 2.4 eV to 4.1 eV with respect to
gas-phase thiophene depending on the size of the CaS clusters considered. Larger
clusters are characterized by smaller shifts (2.4 eV to 3.7 eV for Ca32 S32 , 3.6 eV to
3.8 eV for Ca4 S4 , ﬁnal-state eﬀects not included).
The ∼1.5 eV higher Ca 2p binding energy for the “reacted” Ca compared to the
3D Ca(solid) is also consistent with formation of small CaS clusters, if the less
eﬃcient screening in the clusters (as compared to the bulk materials) is taken into
account. [207–209]
One might expect to notice stronger changes in the C 1s spectra due to the extraction
of S from the thiophene ring than the corresponding spectra (Figure 5.5) show.
However, the two C atoms attached to the S atom are of the type −C= within
a conjugated π-system and would remain so after losing the S neighbor, which
in turn is replaced by a C−C nearest neighbor. The two types of C atoms are
already present in the pristine polymer (along with aliphatic carbon) and thus their
respective components are part of the C 1s peaks before any reaction with the Ca
takes place. Thus, the proposed reaction is compatible with the observed lack of
change in the C 1s spectra.
The combined calorimetry, XPS, and LEIS data suggest the following picture of
the interaction between Ca and P3HT: Parts of the deposited Ca react with the
thiophene units at the surface and in the surface-near bulk of the polymer. The
reaction involves cleavage of the thiophene ring and formation of calcium sulﬁde as
described above. Concurrently, and especially at higher coverages, 3D Ca islands are
formed at the surface of the polymer, until the surface is completely covered with
Ca at coverages above 11 ML. Thus, the decrease of the heat of adsorption between
0.6 ML and 4 ML can be interpreted as a superposition of the reaction (405 kJ/mol)
and the formation of Ca clusters (178 kJ/mol, identical to the absolute value of the
sublimation enthalpy). (There is also a very high heat, ∼600 kJ/mol, at very low
Ca coverages (<0.1 ML), which we attribute to reaction with defects or impurities
in the polymer and will ignore in the analysis below.)
The simplest approach for interpreting the heat of adsorption curve is a two-site
model, [120] which includes sites with higher adsorption energy (405 kJ/mol, Ca
interacting with the polymer S atoms) and other sites with lower adsorption energy
(178 kJ/mol, adsorption of Ca onto 3D Ca particles). The step in the dashed line
in Figure 5.3 is placed such that the integral under this curve is identical to the
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integral under the experimental curve in the range above 0.1 ML. The position of
this step indicates that approximately 1.6 ML Ca binds directly to S atoms of the
polymer with a heat of 405 kJ/mol, whereas the rest of the Ca binds to Ca islands,
releasing the heat of sublimation. The smooth heat curve is interpreted as due to
a gradual transition between these two modes of bonding associated with a kinetic
competition between Ca diﬀusing deeper and deeper below the surface to ﬁnd S
atoms, and Ca nucleating in clusters on the surface. The former process gets slower
as the reacted polymer grows deeper, and the latter gets faster as more and larger
Ca clusters are formed.
According to this two-site model, Ca binds exclusively to subsurface S atoms in the
coverage range from 0.1 ML to 0.6 ML, where the Ca heat is nearly constant around
405 kJ/mol in Figure 5.4. The LEIS results show that only 1 % to 3 % of the surface
is covered by Ca clusters in this coverage region. Thus, a tiny amount of the Ca
is also appearing on the surface already, possibly as Ca clusters which contribute
a lower heat (178 kJ/mol). Correcting the value of 405 kJ/mol for this possible
contribution means that the true reaction heat with S may actually be ∼ 6% higher,
or up to 430 kJ/mol.
The model for the interaction between Ca atoms and P3HT presented above is, to
the best of today’s knowledge, an adequate one. However, there are two critical
points that shall not be omitted from the discussion:
1. The DFT calculations suggesting that an interaction between intact thiophene
units and Ca atoms could not possibly be strong enough to account for the observed high heats of adsorption were done on isolated P3HT units (as opposed
to oligomers or polymers).
2. The dependence of the formation energy of CaS clusters on the cluster size
gives quite a large window of 503 kJ/mol (computed value) to ﬁnd a matching
heat of adsorption value. Note that using experimental heats of formation
results in an even larger window of 592 kJ/mol.
Concerning the ﬁrst point, one has to realize that, due to conjugation, the lowest
unoccupied molecular orbital (LUMO) of P3HT has a lower energy than the LUMO
of an isolated thiophene molecule. Thus, there may be charge transfer from Ca
to P3HT, but not to a single thiophene, because the LUMO energy of the latter
is too high. Therefore, the calculations for Ca interacting with a single thiophene
molecule are not truly representative for the real system. It is obvious that charge
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transfer would lead to ionic interactions between Ca and polymer, which are much
stronger than the interaction energies calculated for the isolated thiophene/Ca complex. Consequently, an alternative model for the Ca/P3HT interaction is suggested,
in which the Ca atoms only donate charge to the polymer without breaking any
covalent bond. Taking the large Ca induced shift of the S 2p signal into account,
it may be speculated that the additional charge acquired by the P3HT is mainly
localized at the sulfur atoms. This model is also consistent with the C 1s data,
which show that Ca deposition hardly aﬀects the carbon backbone of the polymer.
The second point shows that essentially any measured heat of adsorption between
8 kJ/mol and 600 kJ/mol could be explained by cleavage of the thiophene units
and formation of CaS. Thus, the conclusiveness of the argument based on the heat
of adsorption alone is limited. However, the combination of all experimental results strongly supports the model presented above. The theoretical considerations
support this model insofar as they do not contradict this model in any instance.
Unfortunately, the system proved to be too complex to ﬁnd direct support for the
presented model in the calculations at this point.

5.2.3 Depth Range of Ca Diffusion and Reaction
In the following, the fact that the S 2p XPS measurements at diﬀerent photon
energies probe diﬀerent depth ranges and thus provide complementary information
about the depth up to which the Ca atoms diﬀuse into and react with the S atoms
in the near-surface region of the polymer will be exploited.
The XP spectra in Figure 5.4a were taken at a photon energy of 200 eV, at which
the kinetic energy of the S 2p photoelectrons (Ekin ≈ 34 eV to 41 eV) is close to
their minimum inelastic mean free path (IMFP), λ. This thus provides high surface
sensitivity. Recognizing from the LEIS data that less than 10 % of the surface is
covered by any 3D Ca particles below 2 ML of adsorbed Ca (Figure 5.3), it is a good
approximation to use only the P3HT value below 2 ML Ca coverage and neglect the
faster attenuation through the small amounts of 3D Ca. For the given energy range,
we estimate λP3HT = 0.18 nm based on IMFP data for the structurally very similar
poly(3-octylthiophene). [210]
In contrast, the S 2p spectra in Figure 5.4b where taken with Al-Kα radiation,
1486.6 eV, which leads to much larger mean free path of the resulting S 2p photoelectrons (λ = 4.8 nm at Ekin = 1320 eV for poly(octylthiophene)). [210] As a result,
the signal of “unreacted” sulfur is now visible even at a large Ca coverage of 14 ML.
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The thickness d of the layer containing exclusively “reacted” sulfur, i.e., the diﬀusion
depth of the Ca atoms, is now calculated by comparing the intensities of the signals
for “reacted” and “unreacted” sulfur, relying on the exponential damping of signal
intensity at depth z below the surface. This is done via the formalism devised by
McCaﬀerty and Wightman already discussed Chapter 2. [124]
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with D denoting the atomic density of the probe element (metal there, but sulfur
here), I the intensities, λ the inelastic mean free path of electrons, ϑ the emission
angle and the subscripts “m” and “mo” referring to the metal and the metal oxide species, respectively. For the Ca-P3HT system, Equation (2.11) simpliﬁes (for
ϑ=90◦ ) to:
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where d is now the average depth of reacted S in the polythiophene. The concentration of Ca in the polymer is suﬃciently low to justify the assumption that λ ≈ λP3HT .
Note that this model assumes that there is an abrupt interface between the reacted
and unreacted polymer, which is probably not completely true when the reacted
depth is large. However, the rapid decrease of the signal of the unreacted sulfur
in the S 2p XPS data taken with 200 eV photons (Figure 5.4a) and the fact that
for coverages exceeding 0.65 ML only the reacted species is visible in the spectra
shows that a layer-by-layer reaction of the Ca with the polymer dominates at least
for small reaction depths.
Figure 5.7 shows plots of this reacted depth of S versus Ca coverage estimated using
Equation (5.3) and the reacted : unreacted S 2p intensity ratios from Figures 5.4
and 5.6. The data taken at the higher photon energy show that the reacted depth
increases with Ca coverage up to ∼3 nm. Since the signal of unreacted sulfur at
h · ν = 200 eV becomes too small for an accurate estimate at higher coverages, no
higher-coverage data are plotted for this experiment. Below 0.5 ML, there is good
agreement between the data for both photon energies.
Another, independent estimate of the reaction depth can be derived from the simple
two-site interpretation of the heat of adsorption measurements, which show that
1.6 ML of the Ca deposited reacts with the polymer at the highest Ca coverage (see
above). This reacted Ca coverage can be converted to a reacted thickness, assuming
that each reacted Ca atom binds one sulfur atom of the polymer, by using the mass
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Figure 5.7: (a) Thickness of the reacted layer vs Ca coverage as extracted from the
XPS data in Figure 5.4a (red open circles) and Figure 5.4b (black closed circles)
using Equation (5.3). The grey solid line is an exponential ﬁt with a function
of the type a(1 − exp(−bx)). The blow-up of the low-coverage range (inset)
shows good agreement between the two data sets in the low-coverage range.
(b) Blue diamond-shaped symbols: thickness of the reacted layer determined
by analysis of the heat of adsorption data, based on the two-site model and
assuming layer-by-layer reaction. This is compared to the results of the XPS
data from Figure 5.7a (grey solid line) and Monte-Carlo simulations of the
XPS intensities (red closed circles). The dashed line shows the hypothetical
reaction depth for the case that all adsorbed Ca reacts stoichiometrically with
the polymer in a layer-by-layer fashion. See text for further details.
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density (1.33 g/cm3 ) [211] and the stoichiometry of the polymer. This reacted Ca
coverage of 1.6 ML (= 1.18 · 1015 atoms/cm2 ) corresponds to a depth of 2.5 nm at
the highest Ca coverage, in excellent agreement with the value of ∼3.0 nm obtained
from the XPS data in Figure 5.7a.
To obtain the reacted depths for the lower coverages, we now apply the same type of
two-state analysis of the heat data as described above for the highest Ca coverage.
Figure 5.7b shows the results and compares them to the reacted depths derived
from XPS. (Note that the integral heat of adsorption minus the heat of sublimation
directly gives the amount of Ca in the stronger bonding state at each coverage.) The
agreement with the XPS results is remarkably good. Also shown here for comparison
is the reacted depth that would result if the adsorbed Ca reacted completely and
stoichiometrically with the polymer in a layer-by-layer fashion (dashed line). The
good agreement with both data curves at low coverages reveals that the Ca initially,
below 1 ML, reacts indeed completely with the polymer. At higher coverages the
formation of Ca clusters as the competing process becomes increasingly eﬃcient.
This analysis was veriﬁed using the XPS simulation program SESSA by Smekal et
al., [212] which performs Monte-Carlo simulations of the electron trajectories based
on the partial-intensity approach for the electron-solid interaction. [213] As input parameters, only the stoichiometry and the density (1.33 g/cm3 ) of the material are
necessary. Thus, this approach has the very important advantage that no assumptions about the IMFP of the electrons need to be made, as it will be determined
as part of the simulation. The program SESSA was used to simulate the damping
of the signal of unreacted P3HT by a layer of reacted P3HT, assuming again an
abrupt interface between the two layers. The resulting curve (red open symbols in
Figure 5.7b) shows good agreement with the data derived from the experiment and
thus conﬁrms the validity of our approach. (Note that the fraction of the deposited
Ca that actually reacts with the polymer is needed to relate the total amount of
deposited Ca to the thickness of the reacted layer. This fraction was determined
using the calorimetric data as described above.)
In summary, the Ca coverage range over which Ca reacts with sulfur, as revealed by
the heats in Figure 5.3, is very consistent with the range revealed by the XPS data
taken at higher photon energy. Note that the LEIS data indicated the existence
of a continuous Ca ﬁlm on top of the polymer for coverages exceeding 11 ML,
proving that this coverage indeed represents a Ca excess. It shall be pointed out
here that the damping of S 2p intensities caused by any Ca overlayer does not
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aﬀect the above thickness calculation, because only the ratio of peak intensities
of the two sulfur species was used, which are equally inﬂuenced by the Ca layer.
The shape of the Ca sticking probability versus Ca coverage curve (Figure 5.1) can
now be understood. The initial value of 0.4 corresponds to the intrinsic sticking
probability of Ca on clean P3HT, which is small because of the very weak attraction
of Ca to the dominant CH2 , CH and CH3 groups of the polymer. Even if a Ca
atom binds to these groups and enters a weakly-held mobile precursor state, it may
desorb again before it ﬁnds a strong binding site, and this would appear as if it
did not stick in this measurement. Furthermore, the highly exothermic reaction
between Ca and thiophene under formation of CaS involves cleavage of C−S bond
and therefore probably has an activation barrier. This would also lead to a reduced
sticking probability. The initial, rapid increase in sticking probability from 0.4 to
∼0.65 occurs in the ﬁrst 1/3 ML of Ca, which is approximately the amount of Ca
required to react with the sulfur atoms in ﬁrst layer of P3HT monomers. Thereafter,
the sticking probability slowly increases from 0.6 to 0.7 up to ∼1.4 ML, when the
thiophene groups at the surface have already reacted and additional Ca is mainly
reacting with thiophene groups deeper in the polymer. This broad coverage range of
nearly constant sticking probability indicates that the intrinsic sticking probability
of Ca is ∼0.65±0.05 on fully reacted P3HT (i.e., P3HT in which the thiophene units
have already reacted with Ca, presumably via a reaction analogous to Equation (5.1)
above). Then, from 1.5 ML to 2.5 ML, the sticking probability increases more rapidly
again as the growth mode of Ca becomes dominated by the growth of 3D Ca particles
on top of the polymer. On the 3D Ca, the sticking probability is clearly higher than
on the polymer, with or without subsurface Ca. Eventually, the surface is covered
with a continuous overlayer of Ca(solid), which has an intrinsic sticking probability
of unity, as also observed previously. [120, 121]

5.2.4 Comparison to Ca Adsorption on Other Polymers
The qualitative trend of the heat of adsorption versus Ca coverage seen here for Ca
on P3HT Figure 5.3 is very similar to that previously reported for Ca on poly(methyl
methacrylate) (PMMA) [120] and Ca on polyimide (PI) [214] , and would probably be
even closer if the Ca/PI data had used true measured sticking probabilities instead of
assuming unit sticking probability. This suggests that the same basic reaction events
are at work in each case. The Ca/P3HT reaction is shown to initially involve a sulfurspeciﬁc abstraction mechanism (which requires subsurface diﬀusion). However, the
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coverage dependence of the heat requires a kinetic competition between this highly
exothermic subsurface reaction and the much less exothermic clustering of Ca on
top of the polymer surface to form solid Ca particles and eventually a continuous
Ca ﬁlm. The subsurface reaction dominates initially but, as the diﬀusion depth
required for this reaction increases, it becomes less likely and, as the area covered
by Ca clusters increases, Ca addition to these becomes more likely. It must be this
same kinetic competition between some highly exothermic reaction below the surface
and the clustering of Ca on top of the polymer which is the common feature in the
reaction of Ca with these three very diﬀerent polymers. In the case of PMMA, the
highly exothermic subsurface reaction occurs with ester groups and is also thought
to require cleavage of C-heteroatom bonds. [120] In the case of polyimide, the highly
exothermic reaction probably involves Ca inducing some subsurface C−O or C−N
bond cleavage.
The qualitative trend of the Ca sticking probability versus Ca coverage seen here
for Ca on P3HT (Figure 5.1) is also very similar to that previously reported for
Ca on PMMA. [120] This is also due to the similarity of this kinetic competition.
Initially, the sticking probability is low since the polymer surfaces are inert and the
physisorbed Ca atoms must diﬀuse subsurface to ﬁnd the dominant reaction sites,
during which time the Ca adatom may also desorb. In addition, the initially predominating reaction of Ca with P3HT involves cleavage of C−S bonds and thus
probably has an activation barrier, which reduces the sticking probability, as mentioned above. Once the Ca reacts with the ﬁrst layer of subsurface thiophenes or
esters, this changes the electronic structure of the polymer, which seems to increase
its intrinsic sticking probability for Ca. During these stages, the sticking probability is controlled by a kinetic competition between the relative rates of subsurface
diﬀusion and desorption of the very weakly adsorbed Ca atoms. If the Ca-induced
change in electronic structure upon reaction of the ﬁrst layer of subsurface thiophenes or esters is suﬃcient to increase the former rate or decrease the latter rate,
then the sticking probability will increase, as observed. A further increase in sticking
probability occurs as Ca particles nucleate and begin to cover a larger and larger
fraction of the surface, since Ca sticks with unit probability to Ca surfaces. Unit
sticking probability is reached by ∼4 ML, well before LEIS shows that the surface
is completely covered by Ca (∼11 ML). This indicates that Ca traps with nearly
unit probability into a weakly-bound precursor state on the Ca-free parts of the
polymer surface, and rapidly diﬀuses across the surface to ﬁnd growing Ca clusters.
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Such behavior is common in metal nucleation and particle growth on surfaces which
attract metal atoms only weakly, such as many oxides. [215] This also explains why
the heat of Ca adsorption reaches the bulk heat of sublimation already at 4 ML.

5.3 Conclusions
Calcium adsorbs on poly(3-hexylthiophene) with a high heat of adsorption of
405 kJ/mol between 0.1 ML and 0.6 ML, which correlates in coverage with the
appearance and growth of a new S 2p XPS signal that is shifted by −2.8 eV relative
to the respective signal of the unreacted polymer. These ﬁndings are attributed to
Ca inducing the cleavage of C−S bonds in the thiophene groups below the surface,
and formation of CaS clusters. LEIS and XPS measurements reveal that Ca ultimately reacts with sulfur atoms down to a depth of ∼3 nm, which corresponds to
1.2 · 1015 atoms of reacted sulfur atoms per cm2 , or nearly 5 monomer-unit layers.
At high coverage, the adsorbed Ca also forms 3D Ca clusters on the surface of the
polymer. This process, which competes with diﬀusion to the subsurface region and
reaction with sulfur, predominates above ∼2 ML and leads to the formation of a
continuous Ca(solid) multilayer ﬁlm beyond 11 ML. These competing kinetics can
be explained by invoking a transiently adsorbed, mobile Ca species, bound by the
very weak attractive interaction of Ca to the dominant polymer moieties (CH2 , CH
and CH3 ). This adsorbed Ca precursor state can either (a) diﬀuse to the sulfur
atoms of subsurface thiophene units and react, (b) diﬀuse to ﬁnd other Ca atoms
on the surface and to form Ca clusters, or (c) desorb.
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Electron-Irradiated P3HT
The adsorption of Ca on electron-irradiated P3HT surfaces at 300 K (Ekin =100 eV)
has been studied by adsorption microcalorimetry, atomic beam/surface scattering,
X-ray photoelectron spectroscopy (XPS), and low-energy He+ ion scattering spectroscopy (LEIS). The results are compared to the studies of Ca adsorption on pristine P3HT presented in Chapter 5 and the corresponding publication. [115] The major
structural eﬀect of electron irradiation is a substantial increase in the fraction of unsaturated carbon atoms, probably a result of electron-induced hydrogen abstraction
from the hexyl chains and formation of new C=C double bonds, whereas no loss
of sulfur was observed. The combined XPS, LEIS and calorimetry data indicate
that the reaction and growth behavior of Ca on P3HT surfaces is not signiﬁcantly
aﬀected by this electron damage, apart from an increased sticking probability at
low coverages. The sticking probability of Ca on the irradiated P3HT is initially
0.63, compared to 0.36 on the pristine surface. It increases with coverage, up to
unity by 4 ML Ca. The heat of adsorption stays nearly constant at 405 kJ/mol
up to a coverage of 0.6 ML, which is ascribed to Ca diﬀusing below the surface
and forming CaS clusters by abstraction of sulfur from the thiophene rings, based
on XPS and LEIS data. The heat of adsorption then decreases gradually until it
reaches the heat of sublimation of bulk Ca, 178 kJ/mol, by 4 ML. This is attributed
to the formation of 3D Ca islands on top of the polymer, which eventually coalesce
into a continuous Ca ﬁlm by 11 ML. The heat of reaction versus coverage and the
ultimate depth to which the Ca atoms react with the polymer thiophene groups
(∼3 nm) are nearly independent of electron damage, except for a diﬀerence in the
heat of adsorption below 0.1 ML associated with defects or impurities. The increase
in initial sticking probability caused by electron damage is explained by a stronger
bonding of Ca adatoms to unsaturated versus saturated hydrocarbons. These very
weakly held Ca adatoms are transient precursors to the two reactions which dominate the measured heat of adsorption (reaction with thiophene units and Ca cluster
formation), but they can also desorb in this 3-path kinetic competition. Mass spec-
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trometer data show that these precursors have longer surface residence times on the
electron-damaged surface.

6.1 Results
6.1.1 X-ray Photoelectron Spectroscopy
To analyze the inﬂuence of the electron bombardment on the chemical composition
of the polymer surface, XPS investigations before and after irradiation of the P3HT
sample with 10 MLE electrons (corresponding to 7.4 · 1015 electrons per cm2 ) with
a kinetic energy of 100 eV were performed. The survey XP spectra in Figure 6.1a
show no major diﬀerences caused by the electron irradiation. However, they assure
cleanliness of the sample, since only sulfur and carbon contribute to the spectrum.
The inset furthermore proves that there is no S 2p intensity in the binding energy
region 160-164 eV, which is important with respect to the Ca deposition studies
described below.
Previous XPS investigations on pristine P3HT showed that deposition of Ca onto
the polymer leads to the following changes: (a) damping of the S 2p and C 1s signals,
(b) gradual shift of all S 2p and C 1s features towards higher binding energy due
to band bending-like eﬀects and (c) evolution of a new S 2p component, which is
shifted by −2.8 eV relative to the S 2p signal of P3HT prior to Ca deposition. [115]
The last and most signiﬁcant change (c) is attributed to a reaction of Ca with the
S atoms from the thiophene rings of the polymer, resulting in the formation of CaS
clusters. This interpretation has been conﬁrmed by density functional theory (DFT)
and MP2 calculations of core level shifts and reaction enthalpies. The depth up to
which Ca atoms react with the polymer was calculated from the intensity ratio of
the original and the new feature in the S 2p region. Here, similar investigations
are reported for electron irradiated P3HT, in order to clarify the inﬂuence of the
irradiation on the reaction depth of Ca.
The deposition of Ca on the irradiated P3HT sample was investigated by collecting
spectra of the S 2p region before and after incremental deposition of Ca. Figure 6.1b
displays spectra collected in direct succession: (i) before electron irradiation, (ii)
after electron irradiation, and (iii) after deposition of 1.0 ML Ca on the irradiated
surface. This Ca coverage allows for a straightforward comparison with a previous
XPS investigation of Ca on pristine P3HT. [115]
It is noteworthy that there is no eﬀect of electron irradiation visible in the S 2p
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Figure 6.1: (a) Survey XP spectra recorded before (bottom) and after electronirradiation (top). The inset shows the S 2p region after irradiation in more
detail. Note that there is no S 2p intensity in the range between 160 eV and
164 eV before or after irradiation, consistent with our earlier results. [18] (b) XP
spectra of the S 2p region acquired before (i) and after (ii) electron irradiation
and after deposition of 1.0 ML Ca on the electron irradiated P3HT sample (iii),
recorded consecutively on one sample. The inset shows the molecular structure
of P3HT.
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Figure 6.2: XP Spectra of the sulfur region before and after electron irradiation.
The spectra were normalized with respect to the background signal, only (no
other post processing was performed).
region of the spectra, as spectra (i) and (ii) are virtually identical. This indicates
that the thiophene ring is not aﬀected by the electron bombardment; in particular,
no loss of sulfur as reported in earlier studies [216, 217] is observed. In addition, the
lack of any shift in binding energy conﬁrms that the electron-beam induced changes
in the C 1s region discussed below are not related to charging or band bending
eﬀects, which would also shift the sulfur feature.
In Figure 6.2, the two spectra are displayed right on top of each other, after normalization to the background signal in the individual spectra. It is obvious that the
spectra are not distinguishable without labeling, which emphasizes strongly that no
sulfur is lost due to electron irradiation and that no shift in binding energy occurs,
as was concluded above from Figure 6.1.
Spectrum (iii) in Figure 6.1 recorded after deposition of 1 ML Ca exhibits the
expected damping of the S 2p feature by the Ca overlayer and a shift of 0.31 eV
towards higher binding energy. The latter eﬀect is attributed to band bending
eﬀects. Most importantly, a new feature shifted by −2.8 eV relative to the original
signal evolves. All these changes agree with our previous results for Ca on pristine
P3HT. [115] In particular, the intensity ratio of the original S 2p feature to the newly
evolved one (0.3) and the observed binding energy shift are in perfect agreement
with the respective values on the pristine surface for a Ca coverage of 1 ML. [115]
With the depth proﬁling method based on the relative S 2p intensities of reacted and
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unreacted polymer introduced in Section 2.2.2, the thickness of the reacted layer is
calculated to be 1.2 nm at this Ca dose. This conforms with the value for pristine
P3HT obtained from the same type of analysis. [115]
Figure 6.3 displays XP spectra of the C 1s region of (a) pristine and (b) electronirradiated P3HT. According to a previous study by Ratcliﬀ et al. and in agreement
with the composition of the polymer (see inset of Figure 6.1b), the spectrum of
pristine P3HT can be deconvolved into two components with a 3:2 intensity ratio,
one for saturated aliphatic carbon atoms (6 atoms per repeat unit) and another for
unsaturated (aromatic) carbon atoms (4 atoms per repeat unit). [218] Using these
two components with their reported binding energy diﬀerence of 0.4 eV [218] , the
C 1s spectrum in Figure 6.3a is deconvolved with two peaks of equal full widths
at half maximum of 0.8 eV, one at 285.8 eV for saturated and another at 286.2 eV
for unsaturated carbon. The ﬁtting procedure leads to an intensity ratio of 3:2,
reﬂecting the polymer structure correctly. Irradiation with electrons with a kinetic
energy of 100 eV results in small but signiﬁcant changes in the C 1s XP signal,
most notably a shift towards higher binding energy. Since no shifts occur for any
of the other core level signals of the sample, charging and band bending eﬀects
can be excluded as possible origins of the C 1s shift. For the deconvolution of the
C 1s spectrum of the irradiated sample (Figure 6.3b), it is assumed that there is
still saturated and unsaturated carbon, but with a diﬀerent ratio. Therefore, the
same two components for saturated (285.8 eV) and unsaturated (including aromatic)
carbon (286.2 eV) that were used in the peak ﬁtting for the pristine sample are used,
again. For the irradiated sample, however, the relative intensities amount to 34 %
(saturated carbon) and 66 % (unsaturated carbon), respectively; in other words,
the saturated:unsaturated ratio has changed from 3:2 before electron irradiation to
1:2 afterwards. The fraction of unsaturated carbon atoms obviously increased due
to the inﬂuence of the electron beam, presumably by electron-induced hydrogen
elimination followed by intramolecular rearrangement yielding C=C double bonds.
This interpretation is supported by a previous study of the irradiation of poly-styrene
with 100 eV electrons, where it was found that H+ is the predominantly desorbing
ion. [191]
A deconvolution of the C 1s signal using two components – one ascribed to C atoms
attached to the S atom in the thiophene ring and the other one to all remaining C
atoms – with an intensity ratio of 1:4 (as was used previously in reference [160]) did
not yield adequate ﬁtting results. Thus, this model was discarded. The C 1s spectra
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Figure 6.3: XP spectra of the C 1s region (a) before and (b) after electron-irradiation
(electron dosage 10 MLE). The black open circles represent the experimental
data, while the two individual components used to ﬁt the experimental data
are displayed using blue (unsaturated / aromatic carbon) and red (saturated
carbon) lines. The sum of the individual components is indicated by the black
line. The intensity ratio saturated (aliphatic):unsaturated (aromatic) carbon is
3:2 in (a) and 1:2 in (b), respectively.
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Figure 6.4: LEIS measurements of Ca on electron-irradiated and pristine P3HT.
The relative integrated Ca LEIS peak intensity is displayed as a function of Ca
coverage at 300 K. All intensities were normalized with respect to the saturation
signal obtained for high Ca coverages (red hollow circles: irradiated sample; blue
diamonds: pristine sample). The black dashed line indicates the expected trace
for layer-by-layer growth. The inset shows the low-coverage region in more
detail.
recorded during Ca dosing on electron irradiated P3HT (not shown here) show the
same shift to higher binding energies as was previously observed after Ca adsorption
on pristine P3HT. [115] This shift is attributed to band bending eﬀects. Here, these
shifts add to the shift of the C 1s signal caused by the electron irradiation prior to
deposition of Ca.

6.1.2 Low-energy ion scattering (LEIS)
Because of its top-layer surface sensitivity, LEIS is a valuable tool for investigating
the varying growth modes of metals on polymer ﬁlms. [219] In Figure 6.4, the normalized Ca LEIS intensity is plotted as a function of the Ca coverage, again for both,
pristine and electron-irradiated P3HT; the inset shows the low coverage range in
more detail. The curves show no statistically signiﬁcant diﬀerence, indicating that
the growth mode is not aﬀected by electron irradiation prior to Ca deposition. In
both cases, the Ca intensity increases nearly linearly, but saturation is not reached
until ∼11 ML. This is a much higher coverage than expected for layer-by-layer
growth, where saturation would occur at 1.0 ML.
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Figure 6.5: Sticking probability of Ca on a P3HT ﬁlm at 300 K plotted as a function
of Ca coverage for the pristine (blue diamonds) and electron-irradiated (red
hollow circles) P3HT surface. The coverage was calculated from the Ca dosage
and the sticking probability.
In order to exclude any detectable degradation of the polymer induced by exposure to the He+ -ion beam, similar LEIS measurements were performed using much
shorter acquisition times and accordingly reduced ion doses. These experiments
show essentially the same result, namely that substantial degradation induced by
the ion bombardment can be excluded.

6.1.3 Sticking Probability
Figure 6.5 displays the sticking probability of Ca on electron-irradiated P3HT at
300 K as a function of Ca coverage and, for comparison, the respective data for
pristine P3HT. At low Ca coverage, the sticking probability in both cases deviates
from unity quite signiﬁcantly, but approaches unity between 4 ML and 5 ML. Since
clean, multilayer Ca surfaces have unity sticking probability for Ca [120] , this implies that the surface remains incompletely covered by Ca at least up to ∼5 ML,
consistent with the LEIS data shown above. The shape of the sticking probability
curve for irradiated P3HT is qualitatively very similar to the shape of the curve
for the pristine polymer: the sticking probability steeply increases from its initial
value of 0.6 to 0.75 at 0.33 ML. Then, the curve ﬂattens and slowly reaches 0.8 at
1.5 ML. Above this coverage, the slope increases again and the curve reaches unity
around 5 ML. The major diﬀerence between the two curves is an upwards-shift of the
trace for electron-irradiated P3HT. The higher initial sticking probability of Ca on
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Figure 6.6: The observed Ca QMS signal (at m/e = 40) as a function of time for
100 ms pulses of Ca impinging on a P3HT surface at a repetition rate of 0.5 Hz
with and without electron irradiation. The data points are the average of three
experiments, for which the ﬁrst 100 pulses of Ca onto P3HT (Ca coverage range
0 to ∼0.7 ML) were averaged for each experiment; in this coverage range the
sticking probability of Ca on both pristine and irradiated surfaces is non-unity.
The red lines are ﬁts to the data generated by convolving two exponential
decays with the instrument response function. The inset gives the average
best-ﬁt parameters for the two exponential decays, with the estimated error
bars based on the range of values for the best ﬁts to multiple data sets (but
always using τ1 = 5 ms, which is its average value within its acceptable range
0 < τ1 < 10 ms).
the electron-irradiated P3HT is not unexpected, as this electron-damage eﬀect has
been observed before, for example for Ca adsorption on poly(methyl-methacrylate)
(PMMA) [120] , and will be discussed below. The sticking probability data reported
here, in conjunction with the ﬂux of Ca atoms, will be used in Section 6.1.4 for
determining the molar heat of adsorption of Ca.
The pulsed molecular beam used here to measure the sticking probability by mass
spectrometry also allows the determination of surface lifetimes for the impinging
atoms that do not permanently adsorb to the surface. [114, 220] The measured QMS
signal plotted in Figure 6.6 is a convolution of the instrument response function
with the system response function, which is an expression for the physical processes
that lead to a time lag for Ca atoms desorbing from the surface. Assuming a
simple trapping/desorption mechanism with ﬁrst-order desorption kinetics for the
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atoms that do not “stick” permanently, the system response function is a simple
exponential decay with characteristic time constant τ , corresponding to the lifetime in the precursor state. Then, the system response function y(t) is of the form:


t
(6.1)
y(t) = A · exp −
τ
were A is a ﬁtting parameter. An attempt to ﬁt the pulse shapes in Figure 6.6
with this simple model resulted in inadequate results. The data were, however,
well ﬁtted using a system response function incorporating two trapping/desorption
pathways. The corresponding system response function is the sum of two exponential
expressions:



t
y(t) = A1 · exp −
τ1





t
+ A2 · exp −
τ2



(6.2)

Fits employing this kind of system response function are shown in Figure 6.6 along
with the best ﬁt parameters. A similar behavior has been observed previously in a
study of the adsorption of Pb on Mo(100). [220] There, desorption from terrace sites
and step sites constituted the two diﬀerent desorption pathways. As the quality of
the ﬁtting results were not inﬂuenced by variation of τ1 between 0 and 10 ms, this
step is concluded to be faster than the instrument response time, which is on the
order of 10 ms.
2 ·τ2
The ratio A
, listed as N2 /N1 in the ﬁt parameters, is equal to the ratio of the
A1 ·τ1
number of Ca atoms desorbing from the two pathways within the two-second pulse
period. This ratio is well below one for both the pristine and electron irradiated
P3HT, indicating that the dominating contribution to the signal stems from the
faster pathway. The main eﬀect observed after electron irradiation is an increase
the contribution of the slower (τ2 ) pathway and a signiﬁcant increase in the time
constant for the slower pathway from 42 ms to 90 ms.
It may seem surprising that the small changes between the two lower traces in Figure 6.6 can be responsible for the large change of the sticking probability. However,
it should be considered that the signal shape is dominated by the non-sticking fraction, which corresponds to atoms which are simply reﬂected or desorbing from a
very short lived precursor state (<10 ms). In contrast, the precursor states with
the longer lifetimes (42 ms and 90 ms) contribute only marginally to the desorption
signal because of their much higher probability for permanent adsorption.
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Figure 6.7: The diﬀerential heat of adsorption of Ca atoms on an rr-P3HT surface
(red hollow circles: electron-irradiated sample, blue diamonds: pristine sample)
as a function of Ca coverage at 300 K. The inset shows an enlarged plot of the
low-coverage range, where the curves are diﬀerent. On the right hand side, the
sublimation enthalpy of Ca, ∆Hsub =178 kJ/mol, is indicated.

6.1.4 Heats of Adsorption
Figure 6.7 presents the diﬀerential heats of adsorption, that is, the standard enthalpies at 300 K, of Ca on both pristine and electron-irradiated P3HT, as a function
of coverage. The data shown are averaged over three highly reproducible experimental runs. In the inset, the low-coverage region (0 to 0.6 ML) is shown in more detail.
There is only a small diﬀerence due to electron damage, as discussed below.
For the irradiated sample, the heat of adsorption stays nearly constant at around
405 kJ/mol for coverages up to 0.6 ML. This high heat is attributed to Ca abstracting
subsurface thiophene S atoms to form CaS clusters and C−C bonds between adjacent
polymer chains, as shown to occur on the pristine surface (see Chapter 5). [115]
Above 0.6 ML coverage, the heat of adsorption decreases, gradually approaching
the sublimation enthalpy of Ca (∆Hsub=178 kJ/mol) to within 2 kJ/mol by a
coverage of 4 ML, where Ca is mainly adding to 3D Ca particles to eventually make
a continuous Ca ﬁlm on the surface. It is clear from the similarity of the heat of
adsorption curves that these same processes also occur on the electron-damaged
surface. The heats of adsorption on the irradiated P3HT diﬀer only in the very
low coverage regime (<0.1 ML) from those observed on pristine P3HT. The very
high initial heat of adsorption (625 kJ/mol) for the pristine P3HT surface has been
ascribed to the reaction of Ca with ∼0.02 ML of defect or impurity sites. [115] The
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absence of this very high initial heat of adsorption for the electron-irradiated P3HT
may be due to the electron-induced removal or altering of these defect or impurity
sites such that they can no longer react with impinging Ca atoms.

6.2 Discussion
It was shown that irradiating P3HT surfaces with electrons of 100 eV kinetic energy
leads to distinct changes in some of the polymer’s properties and the adsorption
behavior of Ca thereon, while other properties are less aﬀected. In the following,
these electron-induced chemical changes and the resulting eﬀects on the interaction
of Ca with the polymer will be discussed. Based on the previous study of Ca on
pristine P3HT [115] , a detailed mechanistic model of adsorption, reaction and growth
of Ca on the irradiated polymer surface will be presented.
The interaction of Ca atoms with pristine P3HT surfaces was extensively discussed
in Chapter 5 and reference [115]. Only the most important points related to our
new results on electron irradiated P3HT shall be recalled here to allow for a better
comparison. XPS investigations showed the evolution of a new feature in the S 2p
region upon deposition of Ca on pristine P3HT. With the aid of DFT and MP2
calculations, this new feature could be attributed to calcium sulﬁde clusters formed
by the reaction of Ca with the thiophene groups of the polymer. Furthermore, XPS
depth proﬁling with respect to the concentrations of reacted and unreacted thiophene groups revealed that the Ca atoms diﬀuse sub-surface and react with the
polymer up to a depth of ∼3 nm. In competition with this reaction, Ca atoms also
form 3D clusters and solid particles on the surface. LEIS, adsorption calorimetry
and sticking probability data show that this process becomes increasingly eﬃcient
at higher coverages and prevails above 4 ML. The Ca particles coalesce into a continuous Ca ﬁlm by around 11 ML.
First, the chemical changes of the polymer surface induced by electron-irradiation are
addressed. The S 2p XP spectra taken before and after electron irradiation (Figures
6.1b and 6.2) show no substantial diﬀerences. This indicates that the thiophene ring
is not aﬀected by the electron beam and in particular that no sulfur is removed from
the surface region. Note that previous work reports that irradiation with electrons
of 500 eV kinetic energy leads to partial desulfurization. [217] Instead, the electron
beam damages the aliphatic parts of the P3HT. Especially, the C 1s XP spectra
show that electron irradiation increases the fraction of unsaturated carbon atoms,

99

6 Calcium Adsorption on Electron-Irradiated P3HT

Figure 6.8: Schematic of the kinetic competition between diﬀerent reaction pathways
for impinging Ca atoms discussed in the text.
presumably by hydrogen abstraction and formation of new C=C double bonds in
the hexyl side chains of the polymer.
The calorimetric measurements show that the heat of adsorption and reaction of Ca
is almost identical with and without electron irradiation, in particular in the range
0.1 to 1.6 ML, where the reaction between Ca and the thiophene groups is the dominant contribution to the heat of adsorption. Further evidence that the thiophene
groups are unaﬀected by the electron irradiation is provided by the S 2p XP spectra
recorded after incremental doses of Ca on the irradiated P3HT. These spectra show
exactly the same behavior as the corresponding spectra on the pristine sample [115] ,
particularly with respect to the signal intensities of reacted and unreacted sulfur as
a function of Ca coverage. This suggests that the sulfur in the surface region is not
lost due to the electron irradiation and that the reaction depth of ∼1.2 nm at 1 ML
Ca coverage, as derived from the XPS experiments, remains unchanged with respect
to interpolated values for Ca adsorption on pristine P3HT.
It was demonstrated in previous work (see Chapter 5 and reference [115]) that
the thickness of the reacted layer can also be derived from the heat of adsorption
data. Applying this method to Ca deposition on irradiated P3HT yields a value of
∼3 nm for the saturation thickness of the reacted layer on electron-irradiated P3HT.
The same value as was previously found for pristine P3HT. [115] This result is not
surprising, because the heat curves before and after irradiation are identical except
for the very low coverage regime (<0.1 ML).
Second, the sticking probability of Ca atoms on the polymer surface is elaborated. To
understand why this probability is substantially increased by electron irradiation,
as was shown in Section 6.1.3, one needs to recall the model developed for the
understanding of Ca adsorption on pristine P3HT. According to this model, the
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shape of the sticking probability vs. coverage curve reﬂects a kinetic competition
between three reaction pathways of a Ca atom in a transiently adsorbed precursor
state, which is also presented graphically in Figure 6.8: (1) desorption, (2) subsurface
diﬀusion and subsequent reaction with the thiophene groups under formation of
CaS, and (3) formation and growth of Ca clusters and eventually a continuous Ca
ﬁlm on the surface of the polymer. For the ﬁrst 1 ML, processes (1) and (2) prevail,
leading to subsurface reaction exhibiting a high heat of adsorption, but a low sticking
probability (0.4 to 0.6). The low sticking probability is associated with the fact that
the reaction of the weakly-held Ca with the thiophene groups involves bond cleavage
and thus has an activation barrier comparable to its desorption barrier. The rapid
increase of the sticking probability in the coverage range 0 to 0.33 ML is ascribed to
changes in the electronic structure induced by reaction of Ca with the polymer. The
coverage at which the curve starts to ﬂatten, approximately 0.33 ML, corresponds
to the amount of Ca required to completely react with the sulfur atoms in the ﬁrst
layer of thiophene units and to form one complete layer of “reacted” repeat units
of the polymer. These will have a diﬀerent electronic structure than pristine P3HT
and thus a diﬀerent bonding energy for weakly-held Ca atoms, which apparently
gives rise to a higher sticking probability. Above this coverage (and up to ∼1.4 ML,
where process (3) comes into play), the curve therefore corresponds to the intrinsic
sticking probability of Ca on P3HT in which the topmost thiophene units have
already reacted with Ca. In this coverage range (0.33 ML to 1.4 ML), there is
less change in the sticking probability, since additional Ca predominantly reacts
with thiophene groups deeper in the polymer. Between 1.5 ML and 2.5 ML, the
sticking probability increases more rapidly, because adsorbing Ca atoms can now
undergo process (3) and add to Ca clusters on the surface. Since Ca atoms have a
sticking coeﬃcient of unity on solid Ca and since the number and/or the size of the
clusters grow, this process competes increasingly successfully with the diﬀusion of
the metal into the polymer, until the surface is eventually covered with a continuous
Ca ﬁlm. The same mechanism and kinetic competition can be used to explain the
very similar shape of the sticking probability versus coverage curve for the electronirradiated P3HT. Note that Ca atoms bind strongly to the Ca clusters or the Ca
ﬁlm (178 kJ/mol) and therefore are unlikely to detach and react further with deeper
layers of the polymer at room temperature. This is the most likely reason why the
ultimate thickness of the reacted layer is intrinsically limited.
The markedly higher sticking probability of Ca on the irradiated sample was ex-
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plained in Section 6.1.3 with the prolonged lifetime of the transiently adsorbed Ca
precursor state, which was observed directly by atomic beam/surface scattering.
The longer lifetime of the precursor increases its chance of ﬁnding an appropriate
adsorption or reaction site for the Ca atoms before desorbing, and thus causes a
higher sticking probability. Based on the observation that electron irradiation leads
to the formation of C=C double bonds at the expense of C−C single bonds, we propose that the increased interaction of weakly-held Ca with the additional π-bonds
is responsible for the higher sticking probability on the irradiated polymer.
The shape of the heat of adsorption curve in the region above 0.1 ML is determined
by the same kinetic competition as the shape of the sticking probability curve. At low
coverages, the strongly exothermic reaction (405 kJ/mol) of Ca with thiophene under
formation of CaS prevails, as was shown previously [18] , whereas the less exothermic
formation of bulk Ca (178 kJ/mol) becomes the predominating process at higher
coverages. The fact that the curves before and after electron irradiation have almost
the same shape above 0.1 ML indicates that the two processes have the same relative
probabilities at any given coverage, regardless of whether the surface was bombarded
with electrons prior to Ca adsorption or not.
The two heat vs. coverage curves are markedly diﬀerent only in the range below
0.1 ML. For pristine P3HT, the heat of adsorption changes rapidly from 625 kJ/mol
to 405 kJ/mol within the ﬁrst 0.1 ML. This feature has been attributed to a very
small concentration of defect or impurity sites on the P3HT surface (or in the nearsubsurface) that bind or react with Ca very strongly. These sites may originate
from impurities such as residual chloroform, dioxygen or water, or from intrinsic
surface defects such as the ends of polymer chains. Based on the calorimetry data,
the number of such sites is very low: <0.1 ML distributed over a depth range of
∼3 nm or more, if the impurities are mobile and can diﬀuse to the surface within
the timeframe of the experiment. This is consistent with the fact that they were not
detected by XPS within reasonable data acquisition times. After these few sites are
saturated (i.e., at Ca coverages above 0.1 ML), Ca adsorbing on P3HT releases a
heat of adsorption of about 405 kJ/mol, which originates from the reaction of the Ca
atoms with the thiophene groups. If Ca is adsorbed after electron irradiation, the
heat vs. coverage curve starts directly at 405 kJ/mol and the heat remains almost
constant within the ﬁrst 0.5 ML. This qualitative diﬀerence was independent of the
order in which the measurements were made, i.e., pristine samples were measured
both before and after electron-damaged samples, providing strong evidence that this
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diﬀerence is not due to variations in the way the samples were prepared or outgassed.
Apparently, the impurities and/or defect sites are removed or deactivated by electron
bombardment, which is the opposite of what may naïvely be expected. For example,
residual solvent from the spin coating process may be removed from the surface by
electron stimulated desorption. Another possibility is that reactive molecules such
as residual dioxygen may be dissociated by the electron bombardment and react
with the polymer, such that a reaction with Ca is not possible or less exothermic.
Since the nature of the sites with the very high adsorption energy is unknown, the
explanation must remain speculative at this point.

6.3 Conclusions
The adsorption and reaction of Ca on poly(3-hexylthiophene) (P3HT) was studied
after irradiation of the polymer with electrons with a kinetic energy of 100 eV. The
results are compared with the investigation of Ca on pristine P3HT, which allows
for the presentation of a conclusive picture of the changes induced by the electron
irradiation.
XPS shows that electron irradiation increases the ratio of unsaturated to saturated
carbon from initially 2:3, which agrees with the chemical composition of the pristine
polymer, to 1:2 after irradiation. This change is attributed to hydrogen abstraction from the hexyl side chains of the polymer and formation of new C=C double
bonds. In contrast, the aromatic thiophene groups are apparently not aﬀected by
the electron bombardment; in particular, no loss of sulfur is observed.
These chemical changes inﬂuence the adsorption of Ca atoms and lead in particular
to higher sticking probabilities below 5 ML due to longer residence times of Ca
atoms in the precursor state. This eﬀect is ascribed to a stronger interaction of the
trapped Ca atoms with the unsaturated carbon atoms.
The coverage dependence of the sticking probability and the heat of adsorption can
be understood on the basis of a kinetic competition between three reaction channels
for the trapped Ca atoms: (1) desorption, (2) subsurface diﬀusion and reaction with
thiophene groups under formation of calcium sulﬁde and (3) formation of 3D Ca
particles on the surface, which eventually coalesce into a continuous ﬁlm of solid Ca.
The LEIS, sticking probability and calorimetry data show that the relative rates for
the three processes are nearly identical for the electron-irradiated and the pristine
polymer and vary in the same way with Ca coverage. However, electron damage
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increases the lifetime of the transiently adsorbed Ca precursor. As a result, the
fraction of Ca atoms that undergo processes (b) and (c) increases measurably at low
coverages resulting in a higher sticking probability.
In contrast, electron irradiation has no inﬂuence on the heats of adsorption at low
coverages (405 kJ/mol in the range 0.1 ML to 0.5 ML, attributed to the reaction
of Ca with thiophene) and at high coverages (178 kJ/mol above 5 ML, attributed
to the formation of bulk Ca). In addition, the depth up to which Ca reacts with
the polymer, ∼3 nm, is not inﬂuenced by the electron bombardment. The only
diﬀerence in the heats of Ca adsorption concerns the range of very low coverages
(<0.1 ML). On pristine P3HT, the heat of Ca adsorption changes from 625 kJ/mol to
410 kJ/mol within this coverage range, which was attributed to the initial reaction
of Ca with impurities or defects sites in the pristine polymer. For the electron
irradiated polymer, however, the heat is constant at 405 kJ/mol, even below 0.1 ML.
This shows that the impurities and/or defect sites are removed or deactivated by
electron bombardment via a mechanism that is yet unknown.
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The importance of the metal-polymer interface has been emphasized in Chapter 4
and the basic processes governing the interface formation between P3HT and Ca
are addressed in Chapters 5 and 6. This chapter now focuses on the inﬂuence of the
substrate (P3HT) temperature during vacuum-based vapor deposition of Ca. The
preceding chapters have shown that the resulting interface exhibits a high chemical
and structural complexity: Ca atoms diﬀuse into the polymer, undergo chemical
reactions with the polymer and form clusters atop the polymer surface. It is well established that the metal-polymer interface is decisive for the performance of working
devices; charge injection rates at the metal/organic interface depend critically on the
overlap of wave functions, i.e., the chemical bonds at the metal-polymer interface. [5]
It is quite obvious that especially the reaction between metal and polymer strongly
inﬂuences the chemical composition and the electronic structure.
In Chapters 5 and 6, it was shown that Ca cleaves the thiophene units of the polymer,
forming calcium sulﬁde (CaS). When Ca is deposited at 300 K and low ﬂuxes of
∼0.4 ML per minute, the reaction zone extends ∼3 nm into the polymer, but does
not grow any further irrespective of continued dosage of Ca. Excess Ca accumulates
on the surface of the polymer in Ca clusters, which eventually coalesce into a closed
ﬁlm. Detailed investigation of energetics and dynamics of the interface formation
revealed that subsurface diﬀusion and reaction of an adsorbing Ca atom proceeds
at a lower rate than the attachment of the Ca atom to particles (clusters) of solid
Ca on the surface (or in the near-surface region) of the polymer. [115, 158] Based on
these ﬁndings, it is proposed that subsurface diﬀusion and reaction is only possible
during the initial phase of metal adsorption. Once Ca clusters have been formed
on the surface, additional adsorbing Ca adds to these clusters rather than diﬀusing
into and reacting with the polymer.
If this scenario is correct, a sharp, well-deﬁned metal/polymer interface will be
obtained, if subsurface diﬀusion and reaction is suppressed during the initial stages of
metal adsorption. Here, it is demonstrated that this can be achieved by performing
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Figure 7.1: XP spectra collected of (a) pristine P3HT under normal emission (the
intensity is scaled by a factor of 0.33) and 12 ML Ca dosed at 300 K on P3HT
at an emission angle of (b) 0◦ and (c) 70◦ .
the metal deposition at low temperatures (∼130 K). After warming up to room
temperature, the interface remains sharper compared to the case when the metal
was directly deposited at room temperature. In fact, this route has been suggested
by Strunskus et al. in reference [170] and some results for deposition of a metal on
a polymer at low temperature were presented by the same group in reference [157]
– here low temperature refers to 230 K. However, an eﬀect persisting after heating
the sample to room temperature had not been reported yet.
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7.1 Results and Discussion
For monitoring the reaction between Ca and the polymer, X-ray photoelectron spectra of the S 2p core level were collected. In these spectra, signals from reacted and
unreacted P3HT can be distinguished. The S 2p XP spectrum of the clean polymer
(in the form of a thin P3HT ﬁlm spin-coated onto an Al foil) is shown in Figure 7.1a.
It features a spin-orbit split signal at 164.1 eV (S 2p3/2 ) and 165.3 eV (S 2p1/2 ), which
is attributed to sulfur in the unperturbed thiophene unit. Onto this pristine P3HT
surface, Ca is vapor deposited at a rate of 0.4 ML/minute and at a substrate temperature of 300 K up to a total dose of 12 ML. Taking the coverage-dependent sticking
coeﬃcient into account (see Chapter 5), this dose leads to a coverage of 10.5 ML,
which is suﬃcient for the formation of a closed Ca ﬁlm on the surface of the polymer,
as conﬁrmed by low-energy ion scattering (LEIS) spectroscopy [115] .
Figure 7.1b shows the S 2p spectrum after Ca deposition on pristine P3HT at 300 K.
The signal of pristine P3HT (S 2p3/2 ) now appears at 164.4 eV, i.e., shifted by 0.3 eV
relative to the S 2p3/2 signal before Ca deposition. This shift is due to band bending
and occurs similarly in all spectra with Ca deposition; it is a purely electronic eﬀect,
which was observed in earlier studies as well (see Chapters 5 and 6). [115, 158] More
importantly, the spectrum in Figure 7.1b features a new signal at 161.7 eV, i.e.,
−2.7 eV relative to the signal of pristine P3HT. As was discussed in Chapter 5,
this signal results from small calcium sulﬁde (CaS) clusters which are formed by
reaction between Ca and thiophene in the surface-near region. [115, 158] Spectrum
7.1c refers to the same sample as spectrum 7.1b, but the photoelectrons were here
detected under an angle of 70◦ relative to the surface normal. As illustrated in
Figure 7.1, this leads to an increased surface sensitivity, i.e., the information depth
of the experiment is reduced from ∼14 nm (detection along the surface normal) to
∼5 nm. The information depth stated above refers to the information depth with
respect to the polymer surface and not to the Ca covered surface, where an accurate
determination of the information depth is impossible due to the complexity of the
interface. The changes of the relative intensities of the two signal components in the
spectra 7.1b and 7.11c with the detection angle thus allow us to estimate the depth
of the reaction zone. Using the intensities for the reacted and unreacted sulfur and
Equation (2.11), a value of 3.1±0.3 nm is obtained. This result is consistent with
previous studies, which show a maximum thickness of the reaction zone of ∼3 nm
upon deposition at room temperature. In order to suppress the reaction between Ca
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Figure 7.2: XP spectra of the S 2p region: (a) pristine P3HT (normal emission),
12 ML Ca dosed on P3HT at 130 K under 0◦ (b) and 70◦ (c) recorded at 130 K,
and after warming the sample up to 300 K under 0◦ (d) and 70◦ (e).
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and P3HT and to form a sharp metal-polymer interface, Ca is vapor-deposited on
the polymer cooled to 130 K. The resulting S 2p spectrum is shown in Figure 7.2b.
As can be seen, the signal of reacted sulfur (S 2p3/2 ) at 162.3 eV is now very small
and appears only slightly larger in the more surface sensitive 70◦ detection geometry.
This indicates that the reaction zone is very thin, approximately 0.3 nm (note that
due to the low intensities, the error bar on this value is quite substantial in size:
±0.2 nm) and that subsurface diﬀusion and reaction are eﬃciently suppressed at
this temperature.
Now the question arises whether this eﬀect persists after warming up the cold
Ca/P3HT interface to 300 K. The answer is given by the S 2p spectrum in Figure 7.2d, which shows some intensity of the signal related to reacted sulfur, but
still considerably less than after room temperature deposition. We conclude that
deposition at 130 K permanently reduces subsurface diﬀusion of Ca and its reaction with the polymer. The 70◦ spectrum 7.2e conﬁrms this conclusion, especially
by direct comparison with spectrum Figure 7.1c for deposition at 300 K. The estimated depth of the reaction zone is now only 1.5±0.1 nm compared to ∼3.1 nm for
room-temperature deposition.
One may naively expect that the damping of the sulfur signal resulting from deposition of a substantial amount of Ca (12 MLE) leads to stronger signal damping
than is observed in the spectra. The explanation for this unusual small damping
is oﬀered by the LEIS data (see Chapter 5 and Reference [115]), evidencing that
the clusters coalesce only at high coverages of approximately 10 ML. This in turn
means that after dosing 12 ML Ca, part of the surface are covered only by a very
thin layer of Ca, while the thickness of the Ca ﬁlm exceeds the nominal coverage
in other parts. Accordingly, the areas with low local coverage show only very limited signal damping, while the parts of the polymer covered by a thicker Ca show a
correspondingly larger attenuation. It can easily be shown that such a morphology
leads to reduced damping compared to the case were the material forms a layer of
uniform thickness. To illustrate this, an extreme case shall be considered, in which
all material is contained in an inﬁnitely tall island with zero lateral extension. The
damping will be complete at the point of the island, but zero elsewhere. As the
result, the overall damping will be zero at any coverage. In real cases of islands with
ﬁnite height, the eﬀect will of course be less pronounces, but show the same trend.
Another point that may catch the attention of the reader is the small diﬀerences
between spectra recorded under normal and 70◦ emission. This eﬀect may too be
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Figure 7.3: Schematic sketch to illustrate the inﬂuence of the morphology on the
expected damping of the substrate signal for normal (blue arrows) and 70◦
emission (red arrows). Shown are the situation for a planar layered system (a),
a roughened layered system (b) and a core-shell type particle (c).
rationalized considering the morphology of the sample: the inﬂuence of an overlayer
on the underlying material’s signal is usually considered for ideally ﬂat surfaces.
In that case, the way through the overlayer is signiﬁcantly shorter (by a factor of
∼3) for electrons emitted under normal emission compared to electrons emitted
under 70◦ , such that a large signal dampening of the underlying substrate occurs
in the corresponding spectra. This is shown schematically in Figure 7.3a. However,
this is an ideal case and for other, more “rough” morphologies, the diﬀerences are
not as pronounced. The other limiting case would be a spherical, core-shell type
particle as depicted in Figure 7.3c. The determination of the thickness of the shell
is not possible from the analysis of spectra recorded under diﬀerent angles, because
the apparent thickness of the shell remains unchanged for electrons emitted under
diﬀerent angels. A rough surface, ﬁnally, can be considered as an intermediate
between both extremes discussed so far – it may or may not lead to a measurably
diﬀerent attenuation of the deeper layer, depending on the respective morphology.
For the polymer surface, a certain roughness is to be expected; AFM micrographs
of P3HT imply a root mean square (rms) roughness of 0.4 nm. [115] Therefore, the
lack of a pronounced diﬀerence in the signal strength between the spectra recorded
under normal and 70◦ emission can be rationalized, especially in conjunction with
the point addressed above concerning the overall small damping. Figure 7.4 displays
LEIS data recorded for incremental doses of Ca on Au, P3HT at 130 K and P3HT
at 300 K. It is obvious from this representation that the Ca dose necessary to create
a closed Ca ﬁlm on top of the substrate is lowest for the Au, followed by P3HT at
130 K; the highest amount of Ca is necessary to completely cover a P3HT surface
at 300 K. This is in line with the expectation that diﬀusion of Ca is hindered on the
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Figure 7.4: Relative LEIS Ca intensity as a function of dose for Ca deposition on Au
(black squares), P3HT at 130 K (blue diamonds) and 300 K (red open cirles).
P3HT surface held at 130 K and the Ca overlayer therefore forms a closed ﬁlm at
lower coverages compared to a P3HT surface at 300 K. As the sticking probability
of Ca on P3HT is supposedly higher at 130 K compared to 300 K, the eﬀect would
appear less drastic in a plot of LEIS intensity versus coverage than Figure 7.4 may
suggest. However, best comparison between the LEIS data are achieved with the
plots as a function of dose, simply because sticking probatility data is not available
for all three samples. This allows to conjecture that the decrease in thickness of the
reacted layer after deposition of Ca at 130 K is not due to lack of available Ca, as
the same amount was deposited in both cases (see Figures 7.1 and 7.2).
Further support for this information is provided by the XP spectra of the Ca 2p
region shown in Figure 7.5a and 7.5b: the spectra recorded at 130 K after Ca
was deposited at the same temperature clearly show the ﬁngerprint of metallic Ca.
The high intensity of the satellite at approximately 8.2 eV higher binding energy
compared to the Ca 2p3/2 peak and the large spin-orbit splitting of 3.8 eV are clear
indications for metallic Ca. [221, 222] Upon warming the sample to 300 K, the spectra
7.5c and 7.5d exhibit another feature at a binding energy approximately 1 eV higher
than the feature ascribed to metallic Ca, which is especially visible in the Ca 2p3/2
peak. This new feature is ascribed to reacted Ca. Its intensity relative to the signal
of metallic Ca is highest in normal emission (0◦ ), conﬁrming that the reacted Ca
is indeed below the metallic Ca, i.e., at the interface to the polymer. Especially in
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Figure 7.5: XP spectra of the Ca 2p region. On the left side, spectra recorded after
Ca deposition at 130 K are displayed: at 130 K under normal (a) and 70◦
emission (b) and after the sample was warmed up to 300 K under normal (c)
and 70◦ emission (d). On the right side, spectra after Ca deposition at 300 K
in normal (e) and 70◦ (f) emission are shown for comparison.
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comparison with the spectra 7.5e and 7.5f recorded after Ca deposition on P3HT
at 300 K, it is obvious that a substantial amount of metallic Ca is present in the
sample prepared at 130 K, even after heating it up to room temperature. These
observations exclude the possibility that the depth of the reacted layer is limited for
this preparation route by lack of metallic Ca for further reaction. It shall be noted
here that the strong satellite of the Ca 2p3/2 line signiﬁcantly aﬀects the shape and
even the apparent size of the Ca 2p1/2 peak – in spectrum 7.5a the corresponding
peak height appears even larger than for the Ca 2p3/2 peak. Therefore, it seems
advisable to concentrate on the unperturbed Ca 2p3/2 peak in the evaluation of the
presented spectra.
The LEIS data in Figure 7.4 also supports this notion of availability of metallic Ca
not being the limiting factor, as they indicate that the dose of Ca is suﬃcient to form
extensive clusters or even a closed ﬁlm on top of the polymer. These observations
have two important implications. First, they conﬁrm the model that subsurface
diﬀusion occurs predominantly only before Ca clusters have formed on the surface.
This is also in agreement with previous observations that the degree of diﬀusion can
be inﬂuenced by the deposition rate of the metal, since a high deposition rate is
likely to favor cluster formation. [170] Second, the results presented above strongly
suggest to perform metal deposition at low temperatures when the aim is to obtain
as sharp a metal-polymer interface with as little subsurface diﬀusion and reaction
as possible.
These ﬁndings directly induce the next questions: why is diﬀusion and reaction
not completely prevented by low-temperature deposition (some reaction still occurs
when the temperature is raised to 300 K) and what could be done to achieve this?
The most likely reason is that the low-temperature deposition of Ca leads initially
to the formation of dendritic Ca structures with a large fraction of highly undercoordinated Ca atoms. Such a growth behavior is typical of metal nucleation and
growth under extreme non-equilibrium conditions. [223–226] The undercoordinated
metal atoms have a much lower binding energy than regular surface or interface
atoms. If the temperature is increased, those undercoordinated Ca atoms can detach easily from the Ca structures and diﬀuse into the polymer, where they react
with the thiophene units. This consideration suggests that there is an optimum
substrate temperature during deposition: it should be suﬃciently low to suppress
diﬀusion of the Ca atoms into the polymer, but at the same time it should allow
for a certain degree of sintering of the Ca structures, such that the amount highly
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undercoordinated metal atoms is kept to a minimum. This optimum deposition
temperature obviously depends on the polymer as well as the metal. However, it
appears likely that knowledge of the energetics of the respective interface formation,
e.g., from calorimetric studies, with information on the sintering behavior of the
metal deposited (which is known for a large number of relevant metals, already)
can be used as an eﬃcient guide determining the optimum deposition temperature
rather easily for diﬀerent interfaces.

7.2 Conclusions
It was shown that the deposition of Ca on P3HT at 130 K results in a sharper interface and less reaction between metal and polymer compared to deposition at 300 K
under otherwise identical conditions. The diﬀerences in the interface structure and
composition persist to a large extent after warming up to room temperature, which
makes the approach very interesting for practical applications. In combination with
other parameters that inﬂuence the interface morphology, such as deposition rate,
an optimization of the deposition temperature for individual metal/polymer combinations provides a strong tool for the precise control of chemistry and morphology
of metal-polymer interfaces.
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Alike P3HT, poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-(1-cyanovinylene)phenylene]
(CN-MEH-PPV) is an interesting material for organic electronic devices. The electroluminescence in the green spectral region (577 nm) renders the material very
interesting for the use in OLEDs, where the Ca/polymer interface, again, plays a
very important role (compare Chapters 5 to 7).
Apart from its interesting properties with respect to potential applications, CNMEH-PPV may serve as a good comparison for our studies performed on P3HT.
Since it contains two diﬀerent types of hetero atoms, nitrogen and oxygen, it will
allow us to ﬁnd general trends in the interface formation behavior of Ca and heteroatom containing, π-conjugated polymers.
The interface formation of Ca vapor-deposited onto CN-MEH-PPV has been studied
using the same experimental tools as were used in the previous studies on P3HT:
LEIS, atom beam scattering, adsorption calorimetry, and XPS. The samples were
prepared very similarly to the routine for the preparation of thin ﬁlms of P3HT: The
polymer is spin coated from a 0.5 % w/w solution in chloroform directly onto the
pyroelectric detector sheet for calorimetric studies or onto 0.1 mm thick aluminium
foil for XPS investigations.
Due to the complexity of the interface formed and unexpected behaviour of this
system, several points could not be elucidated completely, so far. Therefore, the
results presented in this chapter are to be viewed as preliminary, as is also pointed
out in the summary and outlook (Sections 9.1 and 9.2).

8.1 Results and Discussion
8.1.1 LEIS
In Figure 8.1, the relative Ca LEIS intensity is plotted as a function of Ca coverage
for deposition temperatures of 130 K and 300 K, along with a dashed line representing the intensities expected for layer-by-layer growth. One can easily recognize
the substantial deviation from layer-by-layer growth for both temperatures; while
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Figure 8.1: Ca LEIS intensity as a function of coverage for Ca deposition at 130 K
(blue diamonds) and 300 K (red hollow circles). The solid blue and red lines are
only guides for the eye, the trace expected for layer-by-layer growth is indicated
by the dashed black line. In the inset, the structure of CN-MEH-PPV is shown.
Ca deposited at 130 K forms a closed layer above a coverage of 9.5 ML, it takes
a signiﬁcantly higher coverage to achieve the same at 300 K. (Unfortunately, the
measurements at 300 K were not continued until saturation was reached.) A similar
behavior was observed before in the case of Ca deposition on P3HT. Therefore, a
very similar interpretation is here proposed: initially, Ca atoms may diﬀuse into the
subsurface region or form islands atop the polymer. These clusters grow in size and
form three dimensional particles, which coalesce into a closed ﬁlm at high coverage, indicative of large heights of the respective particles. This may be intuitively
interpreted as an indication that the surface is not very reactive towards Ca, as
impinging Ca atoms obviously prefer interaction with other Ca atoms in clusters.
Especially in conjunction with the results for diﬀerently treated P3HT surfaces (pristine and electron-irradiated), the LEIS results for CN-MEH-PPV suggest a general
trend in the growth model: interaction with the species forming the top layer of
the polymer surface is rather weak. It appears likely that for both P3HT and CNMEH-PPV, saturated hydrocarbon chains terminate the surface on the vacuum side.
Deposition of Ca at lower temperature increases the density of clusters formed on
the surface, which is very likely an eﬀect of the decreased diﬀusion of impinging Ca
atoms. This higher cluster density in turn leads to formation of a closed layer at a
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Figure 8.2: Heat of adsorption as a function of Ca coverage for Ca deposition at
130 K (blue diamonds) and 300 K (red hollow circles). The inset displays the
low coverage region in more detail.
lower coverage compared to Ca deposition at higher temperatures with accordingly
decreased cluster density.

8.1.2 Heats of Adsorption
The heats of adsorption for Ca deposited on CN-MEH-PPV held at 130 K and 300 K,
respectively, are shown in Figure 8.2. On the cold polymer (130 K), the initial heat
of adsorption amounts to 330 kJ/mol. This value quickly decreases with coverage
until the bulk heat of adsorption for Ca (178 kJ/mol) is reached at a coverage of
around 1 ML.
In the case of Ca deposition at 300 K, the heat of adsorption curve is signiﬁcantly
diﬀerent from the one discussed above. The initial heat of adsorption is 430 kJ/mol.
It increases up to a value of 460 kJ/mol at 0.1 ML coverage, a change occurring
in parallel with the increase in sticking probability. From the maximum heat of
adsorption value, the heat of adsorption decreases and ﬁnally reaches the bulk heat
of sublimation of Ca (178 kJ/mol) at around 4 ML Ca coverage.
The curve for 300 K can be explained with a two-site model, which successfully describes the situation of Ca adsorption on PMMA: except for the very low coverage
regime below 0.1 ML, where defect sites seem to play a role adsorbing Ca atoms
can either react with the polymer or form/add to 3D Ca particles. [120] In contrast
to Ca adsorption on P3HT (see Chapter 5), the heat of adsorption does not exhibit

117

8 Ca Adsorption on CN-MEH-PPV
a plateau but drops immediately after peaking at approximately 0.1 ML. Such a
behavior is a hint that the formation of clusters occurs from the onset of Ca deposition on, because the only explanation for a decreasing heat of adsorption within
this model is that the pathway with the lower heat (here: formation of Ca clusters,
178 kJ/mol) plays an increasing role. The fact that cluster formation occurs already
at very low coverages makes it diﬃcult to assign a correct heat of formation for
the process with the higher heat, because it is unclear how the adsorbing Ca atoms
are distributed over the two channels. Therefore, the heat of reaction of the more
exothermic process is at least 460 kJ/mol but possibly higher, if cluster formation
occurs already at the lowest coverages.
However, based on entropy considerations, it appears unlikely that cluster formation
plays a signiﬁcant role at very low coverages. It is thus reasonable to identify
the maximum measured heat of 460 kJ/mol with the more exothermic, reactive
pathway. With this assumption, the two-site-model makes it possible to determine
the amounts of Ca in each of the two reaction channels from the heat of adsorption
curve: the measured heat of adsorption is nothing else but the sum of the two heat
of adsorption values assigned to the diﬀerent pathways weighted with the fraction of
Ca atoms adsorbing via either one of the two pathways. The proper analysis of the
heat of adsorption curve yields an amount of 1.1 ML Ca that reacts via the reactive
route, i.e., exhibiting a heat of adsorption of 460 kJ/mol. As this heat of adsorption
must be regarded a lower limit as discussed above, the calculated amount of reacted
Ca must be considered an upper limit, accordingly.
In this context, the presence of a plateau for Ca deposition of Ca onto P3HT poses
a very signiﬁcant diﬀerence with respect to Ca-deposition on CN-MEH-PPV considered here. On P3HT, the existence of the plateau region made it reasonable to
assume that Ca exclusively reacted with S atoms in the polymer up to a coverage
of 0.6 ML. Thus, the assignment of the corresponding heat of adsorption and the
total amount of reacted Ca was straight. It was found that a higher amount of Ca,
1.6 ML, reacts with P3HT, compared with at most 1.1 ML on CN-MEH-PPV.
While the fraction of Ca atoms adding to clusters increases with coverage, the fraction reacting with the polymer correspondingly decreases. At 4 ML, Ca adds only
to islands and eventually to a closed ﬁlm, as evidenced by the observed heat of
adsorption of 178 kJ/mol, which matches the bulk heat of adsorption of Ca. The
notion that cluster formation and growth starts out at the very beginning of the
experiment also helps to account for the high initial sticking probability compared
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to unmodiﬁed P3HT, for example (see Section 8.1.3).
Ca deposition at 130 K leads to a lower initial heat of adsorption than deposition
at 300 K. On the basis of the two-site model (i.e., assuming that the same processes
occur as at 300 K), this indicates that formation of Ca clusters must occur already
at the lowest coverages to a signiﬁcantly larger extent and that the fraction of
Ca atoms reacting with the polymer is rather small: only 0.2 ML based on the
analysis described above. At this temperature, the heat of sublimation of Ca is
reached already at ∼1.5 ML coverage, indicating that cluster growth outcompetes
the reactive pathway much faster in this case, which is in perfect agreement with
the interpretation given above and the sticking probability data in Section 8.1.3.
Based on the maximum heat of adsorption value observed, a possible reaction pathway for the interaction between Ca and the polymer is the formation of CaO by
cleavage of the ether groups. For comparison with thermodynamic data from the
literature, the standard reaction enthalpy for the following reaction was calculated:
Ca(gas) + C6 H5 OC2 H5 (liquid)

−→

CaO(solid) + C6 H6 (liquid) + C2 H4 (gas)

(8.1)
This reaction was chosen because it represents the most closely related case for
which thermodynamic data are available. It yields a standard reaction enthalpy of
559 kJ/mol. The maximum measured heat of adsorption is 460 kJ/mol, signiﬁcantly
lower than the value obtained in the calculation for the model reaction. This diﬀerence may be explained with formation of small CaO clusters. Such small clusters
are usually less stable than the respective bulk material, which was assumed in the
calculation. In fact, the situation for Ca deposition on P3HT (see Chapter 5) was
very similar, only that there CaS clusters were formed there.

8.1.3 Sticking Probability
The sticking probability is displayed as a function of coverage in Figure 8.3. Again,
data were recorded for deposition temperatures of 130 K and 300 K. At 130 K, the
initial sticking probability for Ca on CN-MEH-PPV amounts to 0.92. It increases
monotonously and reaches unity around 1.5 ML. As the Ca ﬁlm is not closed until
a coverage of approximately 9.5 ML according to the LEIS data presented above
(see Section 8.1.1), this suggests that a very high number of Ca clusters is formed
and, as a result, impinging atoms are eﬃciently captured even before the surface is
completely covered with a Ca ﬁlm.
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Figure 8.3: Sticking probability for Ca deposition at 130 K (blue diamonds) and
300 K (red open circles). The inset shows the low coverage region in more
detail.
The situation is diﬀerent for Ca deposition at 300 K: from the initial value of 0.69, the
sticking probability increases to about 0.75 by 0.1 ML. Then, the sticking probability
decreases again until a minimum value of 0.62 is reached at 1.5 ML. After this, the
sticking probability slowly increases, again. The simplest model explaining this
trace is the following: initially, the impinging Ca atoms are predominantly trapped
by defect sites and engage in a reaction with the polymer.
These defect sites seem to act as nucleation sites for Ca clusters, but exhibit a lower
sticking probability (note the lower heat of adsorption in this coverage region, as can
be seen in the data in Section 8.1.2) than the reactive site for Ca adsorption in the
polymer. Their number seems to be quite low, as both the heat of adsorption and
the sticking probability peak at a coverage of only 0.1 ML. Beyond this coverage, the
sticking probability starts decreasing slightly, presumably because a high fraction
of reactive sites on the surface has already reacted and such sites deeper in the
polymer are not as readily available. The clusters formed on the surface are not
yet large enough to have an impact on the sticking probability until a coverage of
about 1.5 ML is reached. Then, their size seems to be large enough to capture an
increasing amount of impinging Ca atoms, which leads to an increase in the sticking
probability. This interpretation is supported by the heat of adsorption, too.
Although the trace can be explained with a reasonable model, there remains a
critical point to discuss: the sticking probability does not reach unity until very
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high coverages. (In fact, the measurements were unfortunately not continued until
unit sticking probability was reached.) In conjunction with the heat of adsorption
data suggesting that Ca is not reacting with the polymer to a signiﬁcant amount
above a coverage of 4 ML, this points to extremely tall Ca islands.
Two interesting aspects shall be discussed in comparison with the sticking probability of Ca on P3HT. First, the initial sticking probability on CN-MEH-PPV is
signiﬁcantly higher than on P3HT. A reasonable explanation is to attribute this to a
lower barrier for reaction with the reactive site or an intrinsically higher probability
for cluster formation, for example caused by a larger mobility of adsorbed Ca atoms.
Second, the decrease in sticking probability at medium coverages (0.1 ML to 1.5 ML)
for deposition on CN-MEH-PPV is peculiar. One can think of two eﬀects playing
a role in this: the reaction may proceed such that, in order to react, Ca atoms
must take a reaction route with a higher activation energy, which in turn would
lead to a higher probability for desorption. For example, the two non-equivalent
oxygen species in the polymer may exhibit slightly diﬀerent activation barriers towards formation of CaO and thus contribute to the observed eﬀect. An alternative
explanation is that chemical/structural changes lead to weaker bonding of the precursor state. In this context, it is proposed that the formation of CaO makes the
polymer more polar and thus creates an energetically unfavourable environment for
the non-polar hydrocarbon chains sticking, which consequently protrude out of the
surface. An inﬂuence of the reaction of Ca with the polymer on the sticking probability was also suggested in the results for P3HT presented in Chapter 5, only that
there the resulting change in sticking probability was in the opposite direction, i.e.,
the sticking probability increased.

8.1.4 X-ray Photoelectron spectroscopy
XPS investigations were performed at 300 K in order to identify the species within
the polymer reacting with the dosed Ca. As previous work has shown that the
interaction between Ca and carbon atoms in the polymer is only very weak, the
focus was put on the hetero atoms. No signiﬁcant changes could be observed in the
N 1s region upon Ca deposition, while the O 1s region shows substantial changes
with increasing Ca coverage, as can be seen in Figure 8.4. In the spectrum of the
pristine polymer, only one main feature with a binding energy of approximately
534.6 eV is visible. With increasing Ca coverage, a second feature emerges, initially
at a binding energy of ∼533 eV. At still higher coverages, yet another contribution
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Figure 8.4: XP spectra of the O 1s spectra recorded after incremental doses of Ca
onto CN-MEH-PPV at 300 K.
at a binding energy of approximately 531 eV appears in the spectra. This third
feature is most likely due to contaminations arising from the residual gas, as the
coverage at which this feature emerges is beyond the coverage at which a signiﬁcant
amount of impinging Ca reacts with the polymer according to the heat of adsorption
data. In addition, the feature grows dramatically between Ca coverages between
2 ML and 4 ML: in this coverage regime, the dominating process is the growth of
Ca islands. This complication demonstrates the diﬃculties in clearly assigning the
reactive species in cases, where similar species may originate from residual gases. For
the polymer investigated in Chapters 5 to 7, P3HT, it was much easier to monitor
the reaction progress with XPS, as the reactive species in that case was sulfur
and therefore a contamination from the background with similar species could be
excluded. Nevertheless, combining the heat of adsorption data with the XP spectra
presented certainly support the interpretation that the reactive species in CN-MEHPPV towards Ca is indeed oxygen.
The general shifts observed for all oxygen species are attributed to band bending
eﬀects, as they are visible in the C 1s features as well. This eﬀect has also been
observed during the formation of similar interfaces, for example the interface between
Ca and P3HT presented in Chapters 5 to 7.
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In this chapter, the interface formation between CN-MEH-PPV and Ca (vapordeposited under UHV conditions) is addressed using LEIS, atomic beam scattering,
adsorption calorimetry and XPS. Combining the various experimental results, suggests the following picture of the interface formation process at a substrate temperature of 300 K: apart from a small number of defect sites, impinging Ca atoms
may either react with an oxygen atom from the ether groups of the polymer to form
CaO or form Ca clusters on the surface. Heat of adsorption and sticking probability
suggest that both of these processes are relevant from zero coverage on. However,
while the contribution of the reaction with the polymer diminishes with coverages,
the respective contribution of cluster growth of Ca on top of the polymer increases.
At 4 ML coverage, Ca reacts exclusively with Ca already present on the surface.
(However, the surface is not completely covered with Ca yet, as indicated by LEIS,
and the low sticking coeﬃcient of ∼0.8 ML shows that diﬀusion of Ca atoms on the
polymer surface is suﬃciently slow that some of the trapped Ca atoms can desorb
before they bind to a Ca cluster.) The total amount of Ca that reacts with oxygen
within the polymer is estimated to be around 1.5 ML, which implies that diﬀusion
of Ca below the surface occurs.
Ca deposition at 130 K leads to qualitatively very similar results. However, cluster
formation occurs immediately (i.e., already at very low coverages) and is greatly
enhanced at the expense of reaction with oxygen of the ether groups and correspondingly formation of CaO. This is visible as a greatly reduced heat of adsorption
and a markedly higher initial sticking probability. Ultimately, only 0.2 ML of Ca
react with the polymer. A comparison of these results with the interface formation
between Ca and P3HT shows that there are a number of similarities: the kinetic
competition between two reaction pathways, the presence of a speciﬁc species within
the polymer that is reactive towards Ca adsorption (sulfur and oxygen, respectively).
One may also notice that the eﬀect of deposition of Ca at a low substrate temperature generally leads to reduced diﬀusion below the surface and an increased amount
of Ca in clusters on top of the surface in the low coverage regime. The diﬀerences are
obvious, as well: the energetics of the reaction between Ca atoms and the respective
reactive species within the polymer diﬀers substantially in the two cases considered
in this work, as well as the total amount of Ca reacting with such reactive sites,
1.1 ML for CN-MEH-PPV compared to 1.6 ML for P3HT (at 300 K).
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9.1 Summary
The interface formation between Ca and two diﬀerent semiconducting, π-conjugated
polymers, namely poly(3-hexylthiophene) (P3HT) and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-(1-cyanovinylene)phenylene] (CN-MEH-PPV), was investigated using
adsorption microcalorimetry, LEIS, atomic beam scattering and XPS. In addition to
the interface formation on pristine, i.e., untreated polymer surfaces, the inﬂuence of
electron irradiation prior to Ca deposition and of the substrate temperature during
deposition was studied.
In the ﬁrst chapter, adsorption calorimetry is introduced: its development as an
important technique for the study of adsorption enthalpies and the most recent
technical improvements are brieﬂy reviewed. In comparison with other experimental methods for determining adsorption enthalpies, the great advantage of adsorption microcalorimetry becomes obvious: its applicability to irreversible adsorption
systems, which is crucial for the investigation of metal-polymer interfaces.
Despite the tremendous advances on the technical side of adsorption calorimetry,
further developments are necessary in order to expand the range of systems that
can be studied. Along this line, a number of crucial improvements over existing
calorimetry setups, which are a prerequisite for studying the adsorption of large
organic molecules on single crystal surfaces, are presented in Chapter 3. Especially
the high IR-emissivity of large organic molecules is problematic. A very compact
molecular beam source, along with a specially designed optical system, as introduced
in Chapter 3, helps solving this problem. All of these improvements are incorporated
into the calorimeter currently under construction at the University of Erlangen.
The two polymers are described in detail in Chapter 2, where also the experimental
setups used for this work are presented. Due to their outstanding electrical properties paired with good and cost-eﬃcient processability, P3HT and CN-MEH-PPV
are employed in organic electronic devises, such as organic solar cells or organic
light emitting diodes (OLEDs). The interface between the respective polymers and
metallic electrodes is known to be decisive for the device performance. However,
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little is known about the interface formation on a fundamental level. The current
state of knowledge is summarized in Chapter 4.
These chapters set the stage for the main part of this work, the experimental investigation of two of such important interfaces using adsorption microcalorimetry,
delivering the ﬁrst results concerning the energetics of the interface formation for
such systems, and photoelectron spectroscopy: the Ca/P3HT and the Ca/CN-MEHPPV interface.
The reactive site for the interaction for Ca atoms impinging on a pristine P3HT surface (Chapter 5) appears to be the sulfur in the thiophene ring, as is concluded from
a combination of XPS, adsorption calorimetry and theory results. The interaction,
in fact, is strong enough that the sulfur atom is abstracted from the thiophene ring
under formation of CaS. The overall reaction energy of this process is 405 kJ/mol.
As the sticking probability in the low-coverage regime is rather small, initially only
0.35, there obviously exists a substantial activation barrier in this reaction pathway.
In spite of this barrier for the reaction of Ca with P3HT, cluster formation as the
competing process does not occur at very low coverages. At higher Ca coverages,
cluster formation sets in and becomes the predominant process above 3 ML. This is
accompanied by an increase in the sticking probability of Ca atoms and a decrease
in heat of adsorption. XPS analysis of the depth up to which the sulfur atoms in
P3HT react with Ca suggests that this reacted layer reaches a thickness of only
3 nm, irrespective of additional Ca deposition. A closed Ca layer is formed on the
surface at a coverage of approximately 11 ML.
In Chapter 6, the eﬀect of electron-irradiation on P3HT and the interface formation
with subsequently dosed Ca is discussed. Irradiation of the sample with electrons
having a kinetic energy of 100 eV results in hydrogen abstraction from the hexyl
chains of the polymer, which is manifested in XP spectra of the C 1s region. The
ratio of saturated to unsaturated carbon is changed from 3:2 before irradition to
1:2 afterwards. This eﬀect does not change the reaction of Ca with the polymer
qualitatively. From the results presented in Chapter 5, this behavior was expected,
as the Ca atoms react with the thiophene units rather than with the hexyl chains.
Even the ultimate reaction depth is not changed with respect to the pristine surface.
In contrast, the sticking probability of Ca is dramatically increased to 0.63. This
eﬀect is ascribed to a stronger attachment of the adsorption precursor state to C=C
double bonds, which are formed as a result of electron-induced hydrogen abstraction.
Another parameter that inﬂuences the Ca/P3HT interface morphology is the depo-
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sition temperature, as was discussed in Chapter 7. Adsorption at low temperatures
(130 K) reduces the diﬀusion of Ca below the surface and the reaction of Ca with S
greatly. Heating the sample to room temperature after low-temperature Ca deposition leads to diﬀusion of Ca atoms into the bulk and reaction with S, but only to
a limited extent. The thickness of the reacted layer deduced from XP spectra only
amounts to 1.5 nm, which is about 50 % of the thickness observed for deposition
at room temperature. So far, this is the ﬁrst demonstration that a “sharper” interface which is produced at low temperature persists after warming the sample to
room temperature. Obviously, the Ca atoms show less tendency to react with the
polymer, once they have been incorporated into larger clusters or closed ﬁlms.
The interface of Ca evaporated onto CN-MEH-PPV is the subject of Chapter 8.
Again, it is possible to identify the reactive species in the polymer. In this case, this
species proves to be the oxygen of the ether groups. Diﬀerent from Ca deposition on
P3HT, formation of Ca clusters on top of the polymer starts at the very beginning of
the interface formation, as the heat of adsorption drops immediately after peaking at
approximately 0.1 ML. One of the consequences is that the initial sticking probability
is much higher compared to P3HT, which may be due to a lower activation barrier
or the existence of two adsorption channels (reaction and cluster formation) even at
very low coverages. However, the present results leave some questions unanswered:
the LEIS and sticking probability data suggest cluster heights normally considered
unreasonable. Here, a more thorough investigation of the morphology of the Ca
particles formed on top of the polymer employing scanning electron microscopy or
atomic force microscopy as well as additional LEIS experiments will lead to a clearer
picture on the situation. Furthermore, although XPS investigations point to oxygen
being the reactive species towards adsorption of Ca on CN-MEH-PPV, a concise
analysis is obstructed by contaminations arising from residual gas in the analysis
chamber in combination with long acquisition times.
Overall, studies on the interfaces of Ca with semiconducting polymers such as P3HT
and CN-MEH-PPV demonstrate that such interfaces present very complex systems,
indeed: great care must be taken ensure suﬃciently good experimental conditions
and when interpreting the results.
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9.2 Outlook
The study of these two interfaces and diﬀerent ways to inﬂuence these interfaces have
led to a wealth of new insights, also with respect to practical applications. Especially
for the experimentally more challenging interface, the Ca/CN-MEH-PPV interface,
a number of points need further attention. In the meantime, extensive alterations
have been made to the X-ray photoelectron spectrometer, including installation of
a new electron detector and the connected electronics. These alterations promise
signiﬁcantly faster data acquisition times and therefore additional XPS experiments
are expected to deliver a better data set for a more quantitative analysis.
Another ﬁeld for future work certainly includes the study of other metals deposited
on the polymers addressed in this work. Aluminum, which is also a common cathode
material in working devices, is a very promising candidate in elucidating the inﬂuence
of the metal on the interface. In this context, UPS may be used to evaluate the
inﬂuence on electronic structure of the resulting interfaces and potentially correlate
them with the other results presented in this work.
The results obtained so far present a good starting point for investigating a technologically very interesting type of interface: the interface between metals and polymer
blends, which are already used in highly eﬃcient devices. However, without a good
understanding of interfaces between single component polymers and metals, such
interfaces are too complex to be studied successfully.
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10.1 Zusammenfassung
Die Ausbildung der Grenzschicht zwischen Kalzium und zwei technologisch äußerst interessanten halbeitenden, π-konjugierten Polymeren wurde unter besonderer Berücksichtigung ihrer Energetik und Morphologie untersucht. Dabei kamen
Adsorptions-Mikrokalorimetrie, niederenergetische Ionenstreuspektroskopie (LEIS),
Atomstrahlstreuung und Röntgenphotoelektronenspektroskopie (XPS) zum Einsatz.
Die Grenzschicht wurde durch Aufdampfen von Kalzium auf die Polymeroberﬂächen im Vakuum hergestellt. Bei den zwei untersuchten Polymereren handelt es sich
um Poly(3-hexylthiophen) (P3HT) und Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-(1cyanovinylen)phenylen]. Die Untersuchungen beschränkten sich dabei nicht auf das
Studium der entsprechenden Grenzschichten auf den unbehandelten Polymeren; zusätzlich wurden auch der Einﬂuss von Elektronenbeschuss des Polymers vor dem
Aufdampfen und der Einﬂuss der Substrattemperatur während des Aufdampfens
von Kalzium untersucht.
Die Hauptuntersuchungsmethode, Adsorptions-Mikrokalorimetrie, wird in Kapitel 1
vorgestellt. In einem kurzen Abriss der historischen Entwicklung der Methodik werden die wichtigsten technischen Entwicklungen aufgezeigt und die eigentliche Messgröße, die Adsorptionsenthalpie, erläutert. Für die Untersuchung der in dieser Arbeit untersuchten Metall-Polymer-Grenzschichten ist vor allem die Anwendbarkeit
von Adsorptions-Mikrokalorimetrie auf irreversible Adsorptionssysteme wichtig. Im
Vergleich zu anderen experimentellen Methoden zur Bestimmung der Adsorptionsenthalpie ist dies ein Alleinstellungsmerkmal der hier verwendeten Methode.
Technische Neuentwicklungen haben der Adsorptionskalorimetrie durch die damit
verbundene Erschließung neuer, interessanter Systeme in der Vergangenheit ein steigendes wissenschaftliches Interesse verschaﬀt (gemessen an der Zahl der Publikationen je Zeiteinheit). Besonders bedeutend war der Schritt zur Verwendung von
einkristallinen Proben. Trotz der gemachten Fortschritte werden weitere experimentelle Verbesserungen immer wieder notwendig, um neuartige Systeme überhaupt
untersuchen zu können. Zu dieser Gruppe von Systemen zählt beispielsweise die
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Adsorption großer organischer Moleküle auf Einkristallen. Die Problematik dabei
ist in der hohen Emissivität der Moleküle im IR-Bereich begründet. Diese führt
dazu, dass in kalorimetrischen Experimenten ein erheblicher Teil des Signals durch
auf den Detektor treﬀende Wärmestrahlung hervorgerufen wird. Um diese Probleme
zu umgehen, wurde eine sehr kompakte Molekularstrahlquelle mit einem passenden
Spiegelsystem, das eine Trennung der adsorptions- und strahlungsinduzierten Signalanteile ermöglicht, entworfen. Diese Entwicklungen werden in Kapitel 3 vorgestellt
und sind Teil des in Erlangen im Aufbau beﬁndlichen Adsorptions-Kalorimeters.
Die zwei in dieser Arbeit verwendeten Polymere sowie die verwendeten Apparaturen werden in Kapitel 2 beschrieben. Die Polymere ﬁnden aufgrund ihrer elektronischen Eigenschaften, gepaart mit guter Verarbeitbarkeit, Anwendung in elektronischen Bauteilen: P3HT wird in organischen Solarzellen, CN-MEH-PPV in organischen Leuchtdioden (OLEDs) eingesetzt. In solchen Anwendungen spielt gerade
die Grenzﬂäche zwischen den aktiven Materialien – den genannten Polymeren – und
den (metallischen) Elektroden eine entscheidende Rolle für die Leistungsfähigkeit
der entsprechenden Bauelemente. Trotzdem ist über die elementaren Prozesse bei
der Ausbildung dieser Grenzschichten wenig bekannt, insbesondere über deren Energetik. Der aktuelle Forschungsstand diesbezüglich ist in Kapitel 4 zusammengefasst.
Diese einführenden Kapitel bilden die Grundlage für den Hauptteil der Arbeit, der
experimentellen Untersuchung der Ca/P3HT und Ca/CN-MEH-PPV Grenzschichten. Die hier vorgestellten kalorimetrischen Ergebnisse sind die ersten ihrer Art für
solche Systeme und werden durch XPS-, LEIS- und Atomstreuexperimenten ergänzt.
Thema von Kapitel 5 ist die Ausbildung der Grenzschicht zwischen Kalzium und unbehandeltem P3HT. Die Untersuchungen zeigen, dass die in Bezug auf die Adsorption von Ca-Atomen reaktive Spezies im Polymer der Schwefel in den Thiophenringen
ist. Die Wechselwirkung zwischen Ca- und S-Atomen ist dabei so stark, dass Schwefel unter Bildung von Calciumsulﬁd (CaS) aus dem Thiophenring abstrahiert wird.
Dabei beträgt die Reaktionsenthalpie des Gesamtprozesses 405 kJ/mol. Der mit 0,35
sehr niedrige Haftkoeﬃzient bei geringer Ca-Bedeckung lässt auf das Vorhandensein
einer erheblichen Reaktionsbarriere schließen, die jedoch nicht dazu führt, dass CaCluster gebildet werden. Solche Ca-Cluster treten erst bei höheren Bedeckungen auf
und Clusterwachstum wird bei einer Bedeckung oberhalb von 3 ML zum dominierenden Prozess. Mit dieser Verlagerung des vorherrschenden Prozesses gehen eine
Verminderung der Adsorptionsenthalpie bis auf 178 kJ/mol (Sublimationsenthalpie
von Kalzium) und eine Erhöhung des Haftkoeﬃzienten einher. Die Dicke der Schicht,
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in der Ca-Atome mit Schwefel im Polymer reagieren, kann über eine quantitative
Auswertung der XP-Spektren zu 3 nm bestimmt werden. Dieser Wert wird auch vom
Verlauf der Adsorptionsenthalpie als Funktion der Ca-Bedeckung gestützt. Oberhalb
einer Bedeckung von 11 ML ist schließlich die komplette Polymeroberﬂäche von einem geschlossenen Ca-Film bedeckt.
In Kapitel 6 werden die Auswirkungen von Elektronenbeschuss (kinetische Energie
der Elektronen: 100 eV) von P3HT vor dem Aufdampfen von Kalzium auf die resultierende Grenzschicht diskutiert. Wie XP-Spektren der Kohlenstoﬀregion deutlich
zeigen, resultiert der Elektronenbeschuss des Polymers in einer deutlichen Veränderung des Verhältnisses von gesättigtem zu ungesättigtem Kohlenstoﬀ. Vor der
Bestrahlung beträgt dieses Verhältnis 3:2, danach 1:2, was durch partielle Dehydrierung der Hexylketten verursacht wird. Die Reaktion zwischen Kalzium und Schwefel wird durch diese Veränderung nicht beeinträchtigt: die Adsorptionsenthalpie bei
geringen Ca-Bedeckungen beträgt auch in diesem Fall 405 kJ/mol und auch die
insgesamt mit dem Schwefel reagierende Kalziummenge bleibt mit 1,6 ML unverändert im Vergleich mit unbehandeltem P3HT. Eine deutliche Auswirkung haben die
strukturellen Veränderungen infolge des Elektronenbeschusses auf den Haftkoeﬃzienten: dieser ist mit 0,63 bei niedrigen Bedeckungen deutlich höher im Vergleich mit
dem unbehandelten Polymer. Eine Erklärung hierfür ist eine stärkere Wechselwirkung zwischen Ca-Atomen mit den, auf Grund des Elektronenbeschusses gebildeten,
C=C Doppelbindungen, als mit den gesättigten Hexylketten.
Die Substrattemperatur während des Aufdampfens ist ein Parameter, der die Morphologie der Ca/P3HT Grenzschicht entscheidend beeinﬂussen kann, wie in Kapitel 7
dargelegt wird. Aufdampfen von Ca bei tiefen Temperaturen – das P3HT-Substrat
wurde auf 130 K abgekühlt – führt zu einer deutlichen Verminderung der Reaktionszone von Ca- und S-Atomen. Selbst das Aufwärmen der Probe führt nur zu einer
geringen Verbreiterung dieser Reaktionszone auf 1,5 nm, was in etwa der Hälfte
der Dicke entspricht, die beim Raumtemperatur-Experiment auftritt (siehe Kapitel 5). Mit den vorgestellten Ergebnissen wurde erstmals gezeigt, dass sich schärfere
Grenzschichten durch eine niedrige Substrattemperatur während des Aufdampfens
herstellen lassen, wobei eine deutlich verminderte Ausdehnung der Reaktionszone
auch bei anschließender Erwärmung auf Raumtemperatur erhalten bleibt. Oﬀensichtlich ist die Barriere für Ca-Atome, einen bestehenden großen Cluster oder geschlossenen Film wieder zu verlassen um mit S-Atomen reagieren zu können, groß
genug, um nennenswerte Reaktionen im Anschluss an das Erwärmen der Probe auf
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Raumtemperatur zu verhindern.
Die Ca/CN-MEH-PPV-Grenzschicht ist Gegenstand von Kapitel 8. Wie im Fall von
P3HT, gelingt es auch hier die reaktive Spezies in Bezug auf Ca-Adsorption zu ﬁnden: der Sauerstoﬀ in den Ethergruppen des Polymers. Anders als bei P3HT deuten
die experimentellen Befunde bei CN-MEH-PPV darauf hin, dass Clusterwachstum
auf der Polymeroberﬂäche schon bei sehr niedrigen Bedeckungen einsetzt. Insbesondere der Verlauf der Adsorptionsenthalpie als Funktion der Bedeckung ist ein
Indiz für ein frühes Einsetzen der Clusterbildung, da die Adsorptionsenthalpie im
Gegensatz zu P3HT kein Plateau zeigt, sondern bei 0.1 ML ein Maximum aufweist
und danach abfällt. Dieser Unterschied ist eine mögliche Erklärung für den im Vergleich zu P3HT höheren Haftkoeﬃzient, speziell bei geringen Bedeckungen. Weitere
Faktoren, die den relativ hohen Haftkoeﬃzienten erklären, sind eine geringere Aktivierungsbarriere und damit verbunden das Vorhandensein zweier Adsorptionskanäle
(Reaktion und Clusterbildung) selbst bei niedrigen Bedeckungen. Obwohl die Untersuchungen in einigen Bereichen zu einem guten Verständnis der Situation führen,
bleiben andere Sachverhalte noch ungeklärt: so deuten die LEIS- und Haftkoeﬃzientmessungen auf ungewöhnlich hohe Ca-Partikel hin. Die geschätzte Höhe dieser
Partikel ist sogar so groß, dass deren tatsächliche Existenz als fragwürdig erscheinen muss. In diesem Punkt sollten zusätzliche Experimente, beispielsweise mittels
Transmissionselektronenmikroskopie (TEM) oder Rasterkraftmikroskopie (AFM),
sowie weitere LEIS-Messungen für mehr Klarheit sorgen. Des Weiteren sind auch die
XPS-Resultate aufgrund einer Verschmutzung aus dem Restgas noch nicht quantitativ verwertbar. Diese Problematik entsteht vor allem daraus, dass die untersuchte
Spezies zum einen nur in relativ geringer Konzentration in der Probe vorhanden
ist, was lange Messzeiten bedingt, aber andererseits eine Verschmutzung aus dem
Restgas durch eine ähnliche Spezies (Wasser, CO, CO2 ) nicht vollständig vermieden
werden kann.
Insgesamt verdeutlichen die beiden betrachteten Grenzschichten zwischen Kalzium
und P3HT bzw. CN-MEH-PPV sehr gut, wie komplex diese Systeme sind. Große
Sorgfalt muss darauf verwendet werden ausreichend gute experimentelle Bedingungen herzustellen (was bei CN-MEH-PPV bisher nur teilweise gelungen ist). Auch
müssen die Ergebnisse sorgfältig und vorsichtig interpretiert werden, da belastbare
Aussagen meist nur durch Verknüpfung mehrerer Methoden zu erzielen sind.
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10.2 Ausblick
Die Untersuchungen der beiden System Ca/P3HT und Ca/CN-MEH-PPV haben
zu einer Vielzahl neuer Erkenntnisse geführt, die auch für reale Anwendungen von
Bedeutung sind. Allerdings konnten gerade in Bezug auf die Grenzschichtbildung
zwischen Kalzium und CN-MEH-PPV nicht alle Fragen geklärt werden, was vor
allem auf experimentelle Schwierigkeiten mit diesem System zurückzuführen ist.
Aufgrund zwischenzeitlich vorgenommener technischer Verbesserungen am Röntgenspektrometer (neuer Detektor und Elektronik) versprechen erneute Messungen bei
deutlich verkürzter Messzeit eine deutlich bessere Datenbasis und werden vermutlich
auch eine quantitative Analyse ermöglichen.
Weitere interessante Untersuchungen stellen sicherlich die Grenzschichten zwischen
den untersuchten Polymeren und Aluminium dar, da dieses ebenfalls ein gebräuchliches Kathodenmaterial ist und sich gute Vergleichsmöglichkeiten mit den durchgeführten Experimenten ergeben. Um den Einﬂuss des Metalls auf die jeweilige Grenzschicht besser verstehen zu können bietet sich dabei auch Ultraviolett-Photoelektronenspektroskopie (UPS) an, um eine mögliche Korrelation zwischen elektronischer
Struktur und anderen Eigenschaften der Grenzschicht aufzudecken.
Interessant ist mit Sicherheit auch die Ausweitung der untersuchten Grenzschichten
auf Polymermischungen als Substrat. Für derartige Untersuchungen ist ein gründliches Verständnis der reinen Komponenten unerlässlich, da die Komplexität eines
solchen Systems sonst zu groß wäre.
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