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Abstract

Non-adiabatic effects during the oxidation of alkali metal surfaces were studied. For this
purpose thin film Schottky diodes based on silicon substrates were developed. The diodes
were used to detect low lying electron-hole pair excitations leading to chemicurrents
through the devices. The chemicurrent concept has been combined with a setup to
detect highly energetic exoelectrons emitted in the cause of the reactions. In contrast to
previous studies, it has been found that the chemicurrent is not simply proportional to
the reaction rate. Exposure dependent chemicurrent and exoemission efficiencies have
to be assumed to correctly describe the time evolution of chemicurrent and exoemission
traces.

Most experiments were carried for liquid nitrogen cooled samples at a temperature of
120 K. From independent photo emission experiments the reaction kinetics of the oxi-
dation of alkali metal films in a low pressure oxygen atmosphere could be determined.
The structure of the O 1s photoemission line was used to determine the chemical com-
position of the oxide films. For lithium and sodium substantial amounts of dissociatively
adsorbed oxygen could be observed. Molecular adsorption as peroxides and superoxides
is dominant for the other alkali metals. Unactivated adsorption of oxygen on fresh potas-
sium films occurs predominantly as peroxide. The high exposure regime is dominated
by diffusion of potassium atoms to the surface and the absorption of superoxide ions.
Valence band photoemission (UPS) reveal the molecular adsorption which confirm the
previous interpretation of the chemical shift in the O 1s XPS data.

Chemicurrent and exoemission data for oxygen adsorption show that non-adiabatic
effects are not restricted to the dissociation of oxygen molecules. The second charge
transfer O, — O3 efficiently generates low lying electronic excitations which can be
measured as a chemicurrent. At the same time high energy exoelectrons are emitted via
Auger processes. A shift between the chemicurrent and exoemission traces are observed
which is explained by the low bandwidth of the alkali metals. If the injected hole
state lives sufficiently long, there is the possibility for it to be injected below the band
bottom. This suppresses the resonant ionization of the adsorbate, and hence reduces the
chemicurrent. The exoemission, however, is not affected. The oxidation of the surface
effectively decouples the adsorbate states from the metal leading to a longer lifetime of
the injected hole states. An increase of the non-adiabaticity of the adsorption is the
consequence.

Model calculations using a Newns-Anderson Hamiltonian were carried out to calculate
non-adiabatic excitation spectra for the adsorption of an oxygen molecule on a clean
K(100) surface. Parameters for the time-dependent Newns-Anderson calculation were
obtained from independent DFT results. A large imbalance between excited holes and
electrons is found. These results show that the effective temperature description of the
spectra is not suitable for the system.






Kurzfassung

In dieser Arbeit werden nicht-adiabatische Effekte bei der Oxidation von Alkalimetallober-
flichen untersucht. Hierzu wurden Diinnschicht-Schottkydioden auf der Basis von Silizium-
substrat hergestellt. Die so hergestellten Dioden dienten als Detektoren zur Messung von
durch niederenergetische Elektron-Loch-Paar-Anregungen induzierte Chemostréme. Das Che-
mostromkonzept wurde mit einem Aufbau zur Detektion von hochangeregten Exoelektronen,
die im Verlauf der Reaktion freigesetzt werden, erweitert. Im Gegensatz zu vorhergehenden
Studien wurde festgestellt, dass die Chemostrome keiner einfachen Proportionalitit zur Re-
aktionsrate folgen. Bedeckungsabhingige Chemostrom- und Exoemissionseffizienzen miissen
angenommen werden um die zeitliche Entwicklung des Chemostroms und der Exoemission
korrekt wiederzugeben.

Die Experimente wurden grofitenteils an mit fliissigem Stickstoff gekiihlten Proben bei einer
Temperatur von 120 K vorgenommen. Durch unabhéngige Photoemissionsexperimente wurde
die Reaktionskinetik der Oxidation von Alkalimetallfilmen bei tiefen Temperaturen in einer
Sauerstoffatmosphére bei niedrigem Druck bestimmt. Die Struktur der O 1s Photoemissions-
line diente dazu die chemische Zusammensetzung der Oxidfilme zu bestimmen. Auf Lithium-
und Natriumfilmen adsorbieren betrichtliche Anteile des angebotenen Sauerstoff dissoziativ.
Bei den anderen Akalkimetallen wurde vorwiegend molekulare Adsorption als Peroxid und
Superoxid gefunden. Auf unbedeckten Kaliumoberflichen wurde eine direkte Adsorption von
Peroxidionen beobachtet. Bei hoheren Bedeckungen wird die Reaktion durch die Diffusion
von Kaliumatomen durch den Oxidfilm dominiert und durch Superoxidadsorption bestimmt.
Valenzbandspektroskopie (UPS) untermauert die Interpretation der vorgestellten chemischen
Verschiebung der O 1s Linie, die durch XPS-Messungen bestimmt wurde. Die Chemostrom
und Exoemissionsdaten zeigen, dass die nicht-adiabatischen Effekte nicht auf die Dissoziation
von Sauerstoffmolekiilen beschriankt sind. Der zweite Ladungstransfer O; — Og_ generiert
tief liegende elektronische Anregungen, die als Chemostrom detektiert werden kénnen. Gleich-
zeitig fithren allerdings Augerprozesse zur Emission von Exoelektronen. Ein Versatz zwischen
Chemostrom und Exoemission wurde beobachtet, welcher durch die niedrige Bandbreite der
Alkalimetalle erklirt wird. Bei einer ausreichenden Lebensdauer des injizierten Lochzustands
kann dieser unter die Bandkante des Metalls gedriickt werden, was die resonante Ionization
des Adsorbats (und damit den Chemostrom) unterdriickt. Die Exoemission dagegen ist hiervon
nicht betroffen. Die Oxidation der Oberfliche entkoppelt die Adsorbatzustidnde effektiv von
denen des Metalls. Dies fiihrt zu einer verldngerten Lebensdauer der injizierten Lochzusténde,
was eine erhohte Nichtadiabatizitdt der Adsorption zur Folge hat.

Modelrechnung wurden unter Benutzung eines Newns-Anderson Hamiltonian durchgefiihrt
um nicht-adiabatische Anregungensspektren hervorgerufen durch die Adsorption eines Sauer-
stoffmolekiils auf einer K(100) Oberfliche zu beschreiben. Parameter fiir das zeitabhéngige
Newns-Anderson Model wurden aus unabhéngigen Dichtefunktionalrechnungen entnommen.
Ein grofles Ungleichgewicht zwischen angeregten Locher und Elektronen wurde gefunden. Diese
Ergebnisse zeigen, dass eine Beschreibung durch eine effektive Temperatur fiir die betrachteten
Systeme nicht angemessen ist.






Es ist egal, ob eine Sache wahr
ist oder nicht. Sie wird es mit
der Zeit schon werden.

(Gabriel Garcia Marquez)
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1. Introduction

1.1. Energy Dissipation at Surfaces

The interaction between particles from the gas phase and solid surfaces plays a vital
role in numerous applications. In particular, many technically relevant processes used
by the chemical industry are based on the heterogeneous catalysis of reactions at metal
surfaces. In spite of their wide use the details of these reactions have remained to the
least elusive for a long time. Indeed, only with the advent of the ultra high vacuum
technology in the early 1960s experiments became feasible that led to a sharp rise in
knowledge and understanding of many aspects of surface chemistry.

One of the problems that remains without a satisfying answer up to today is in which
way the energy released during a chemical reaction is dissipated into heat. It is a clear
fact that most of the energy released during the formation of a chemical bond in an
exothermal reaction eventually leads to a temperature rise of the lattice. Apart from
the direct conversion of chemical into kinetic energy of the lattice, different paths of
energy flow are thinkable. One is the intermediate excitation of the electronic system in
the solid which subsequently relaxes through electron-phonon coupling. If the energy is
dissipated directly into the lattice one often uses the term adiabatic as opposed to non-
adiabatic energy dissipation which includes electronic excitations. These non-adiabatic
pathways of energy release are the subject of this study.

Non-adiabatic excitations during a gas-surface reaction include a variety of elementary
processes which may be observed experimentally. Figure 1.1 gives an overview over
the most widely exploited processes for the study of non-adiabaticity, including the
emission of light, the emission of charged particles from the surface and the excitation of
electron-hole pairs in the solid. Chemiluminescence, i.e., the emission of a non-thermal
spectrum of light, and exoelectron emission, i.e., the emission of electrons excited through
an exothermic reaction, have been observed and studied for a wide range of reactions
by a large number of people [Kra5l, GAC70, KW75, Gre97, Nie02]. In spite of its

popularity the investigation of electron exoemission is especially limited by the fact that
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1. Introduction
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Figure 1.1.: Elementary excitation processes during the reaction of a gas molecule with a metal
surface. They include the direct excitation of phonons, chemiluminescence, the
emission of exoelectrons and the excitation of electron-hole pairs in the solid.

only electrons with energies sufficient to surmount the surface barrier can be observed.
This reduces its practical use to highly exothermic reactions or to metal surfaces with
low work functions, e.g., alkali metal surfaces [KTNL79, PLF81, BGG193, GFG194,
GGBE94].

More recent attempts to circumvent this problem have used semiconductor devices
with a built in barrier. In this way, electronic excitations in the solid become accessible
to experimental studies which measure chemicurrents. Historically, chemicurrents were
detected using thin film metal-semiconductor devices also known as Schottky diodes
INBGT99, GNWMO1, GN04, KNN07, UKN10a]. Among the virtues of these devices are
their simplicity of fabrication and electrical characterization, their well known transport
properties and their low barrier height. In spite of these virtues, their fixed barrier height
limits their use for spectroscopic applications and hence fail to deliver much needed input

for a thorough comparison between experiment and theory.

It therefore seems that a different approach is needed to at least gain some insight

into the spectrum of chemically excited electrons and holes. Several attempts have been
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1.2. Thesis Outline

made to directly access the spectrum by altering the barrier height of Schottky diodes
while keeping its reactive surface unchanged [NKGO7]. A different approach is to use thin
oxide layers in metal-insulator-metal (MIM) or metal-insulator-semiconductor (MIS) as
tunneling devices which give, if limited, access to spectroscopic data [MHDO06, KGK*10].
These however also require a substantial amount of model assumptions in order to extract
these data.

Given the results of these efforts so far, it is the objective of this thesis to compare the
exoemission and chemicurrents in a single experiment. The oxidation of alkali metals
is used as a prototype system as it is known that the violent adsorption of oxygen
produces strong excitations of the electron system. The resulting exoemission has long

been investigated and shall now be combined with chemicurrent experiment.

1.2. Thesis Outline

In the following chapters the background of non-adiabatic energy dissipation will be pre-
sented. Chapter 2 contains an overview over the experimental concepts of chemicurrent
detection and the related properties of semiconductor devices. In particular, the ba-
sic theory of Schottky contacts and their application for chemicurrent detection will be
presented. Chapter 3 discusses the theoretical concepts behind the non-adiabatic exci-
tations and their relation to the breakdown of the Born-Oppenheimer approximation. A
model by Norskov, Newns and Lundquist is introduced which captures the basic picture
of non-adiabatic adsorption dynamics. The harpooning and chemical hole diving mech-
anism by Greber and Boéttcher is presented. Finally, a computational model employing
the time-dependent Newns-Anderson approach for the description of electron dynamics
during an adsorbate-metal surface interaction will be presented.

The following chapters 4 and 5 present the experimental techniques and the setup.
Chapter 6 deals with the thermochemical description of the alkali oxides and the gas
phase electronic structure of the molecular oxygen ions. In chapter 7 the experimental
results obtained through photoelectron spectroscopy, and chemicurrent and exoemission
experiments are presented. Chapter 8 contains model calculations using density func-
tional theory and results for the time-dependent Newns-Anderson model applied to the
oxidation of a potassium surface.

The final chapter 9 summarizes the results from the previous chapters and gives an

outlook on further experimental investigations.
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2. Detection of Hot Charge Carriers

using Semiconductor Devices

2.1. Phenomenological Theory of Chemicurrents

As discussed above, thin-film metal-semiconductor devices may be used to capture elec-
tronic excitation caused by chemical reactions. The principle of detecting hot electronic
excitations relies on the ballistic transport of hot charge carriers through a metal film.
In Figure 2.1 a schematic picture of the electronic band edges in a Schottky diode with
a thin metallic electrode is presented. The bending of the conduction band minimum
(CBM) and the valence band maximum (VBM) relative to the Fermi level (Ef) are
shown. The Schottky barrier ®g, g, acts as a barrier for the majority charge carriers in
the n- or p-doped semiconductor. Only electrons/holes with sufficient energy may cross
the barrier from the metal film into the semiconductor.

Chemical reactions at the very surface of the metallic film may create hot elec-
trons/holes which may penetrate the metal ballistically and traverse the Schottky barrier
if they are sufficiently energetic. To be efficient, the width of the metal film must be
well below the mean-free path of the electrons/holes in the metal. Depending on the
kinetic energy the later is of the order of few nanometers [SD79).

If the flux onto the sample is sufficiently low and if the chemical reactions are inde-
pendent events, the chemicurrent density j..(t) will be proportional to the reaction rate
R(t). If multiple reaction steps are involved a general expression for the chemicurrent

reads

Jee(t) = Z a;(t)eoRi(t), (2.1)

where the a; determine the chemicurrent efficiency and the sum includes every reaction
step.

A three step model for the chemicurrent has been proposed by Nienhaus [Nie(2]
which is similar to the four step model of ballistic electron injection (BEEM) [KB8§].

17



2. Detection of Hot Charge Carriers using Semiconductor Devices

Figure 2.1.: Principle of chemicurrent detection for (Left panel) holes on p-doped semicon-
ductor and (Right panel) electrons on n-type Schottky diodes. Majority carriers
travel ballistically through the metal film and are injected into the semiconductor
by crossing the Schottky barrier [Nie02].

The efficiency is determined by (i) the efficiency to generate a hot charge carrier of a
given energy, (ii) the transport of this carrier through the metal film, (iii) its traversal
of the Schottky barrier and (iv) electron loss and gain processes in the semiconductor.
The chemicurrent efficiency may therefore be written as an integral over all k-space (or

impulse space)
a;(t) ://dek:R-(k, t)D;(k,t)A;(k, t)T;(k, ). (2.2)
0 4w

The factor D;(k,t) describes the efficiency of the reaction to create a hot electron of
an energy E(k,t), the factor A;(k,t) determines the attenuation of the electrons in the
film and T;(k, t) reflects the transport probability over the Schottky barrier. Additional
contributions due to recombination currents and impact ionization in the semiconductor
are modeled into the factor P;(k,1).

Experimentally the attenuation of electrons due to scattering in the film is easiest

to access. According to Beer’s law A(k) depends exponentially on the thickness of the
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2.2. Schottky Diodes

metal d

A(K) ~ exp GW) , (2.3)

where the attenuation length depends on the k-vector of the electron and 6 is the angle

between k and the normal of the surface.

2.2. Schottky Diodes

The properties of metal-semiconductor interfaces or Schottky diodes have been studied
extensively in the past [Sze81, Mon01]. Their usefulness as detectors for hot charge
carriers that are excited during chemical reactions has been shown in a number of pub-
lications [NBG199, Nie02, GN04, Kri05]. Therefore only those facts necessary for the

understanding of their use in chemicurrent detection shall be recapitulated.

2.2.1. Potential Step at the Interface

Figure 2.2 shows a simplified version of the potential energy landscape at the interface of
a Schottky contact. The potential is characterized by a steep increase right at the junc-
tion between metal and semiconductor z = 0 and a slow tailing into the semiconductor.

The electric potential ¢ is governed by Poisson’s equation

Vig(r) = - p(r), (2.4)

where p is the charge density, ¢ is the relative electric permittivity and ¢( is the permit-
tivity of free space. For further discussion of the implications for the charge accumulated
at the interface the problem shall be treated as one dimensional. The potential ¢(z) can

be approximated by

Pri e
o) = WQ(Z Wy [ if0<z<W, 2.5)

0 , everywhere else,

which is compatible with the boundary conditions for ¢ to vanish in the bulk and to
reach a constant value ¢y; at the interface. Equation 2.5 is valid under the assumption
of total depletion of the space charge layer within a width W in the semiconductor, i.e.,

the charge is given by the dopant density p = eNp. Formally, Eqns. (2.4) and (2.5) can

19



2. Detection of Hot Charge Carriers using Semiconductor Devices
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Figure 2.2.: (Upper panel) Electrical potential in the vicinity of a metal semiconductor junction
(Lower panel) Corresponding charge density consisting of contributions from freely
moving majority charge carriers and dopant atoms fixed in space.

be combined to give

82

550(2) = 20(2) +4(z = W)S(2) + (= — w22z, (2.6)

0z

20



2.2. Schottky Diodes

using Dirac’s delta function 6(z). For further discussion we observe the definitions

O(z) = lim% [1 +erf <i)} , (2.7)

d—0 \/§d
5(2) = lim — =z d (2.8)
Z) = dli)l’(l) \/%d exXp 2d2 , all .
0 , 1 2?

which allow us to plot the charge density as shown in the lower panel of Fig. 2.2. The
spatial width d of the potential step at z = 0 therefore has to be chosen such that
d < W. In reality d is of the order of atomic distances, while W is of the order of the
Debye length, i.e., several hundred nanometers depending on the dopand density. For
clarity the examples were computed using d = 0.01. As is apparent from the plot, the

charge density can be seen as consisting of two contributions [Bar47]:

1. A dipole layer of atomic dimensions right at the interface, which can be seen to
consist of a double layer at the metal surface, a double layer at the semiconductor
interface and a dipole layer formed from surface charges on the metal and on the

semiconductor.

2. A double layer consisting of a surface charge of atomic dimensions on the semi-

conductor surface and a space charge in the bulk of the semiconductor.

It is the purpose of every theory of the Schottky junction to derive a formula for the
band bending and thus for the Schottky barrier. Figure 2.3 depicts a more detailed
picture of the band bending at a metal-semiconductor junction. It can be studied in
more detail when observing that bringing a metal surface close to a semiconductor gives
rise to an electric field

E = W (2.10)
in the gap between the two, where a is the width of the gap, Wy, is the metal’s work
function and Wj is the work function of the semiconductor. The charges in the semicon-
ductor comprise the charge in the Schottky depletion layer o and an interface charge

o;. They both counteract the charge o, held on the metal such that

Om = —(0s + ;). (2.11)
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2. Detection of Hot Charge Carriers using Semiconductor Devices
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Figure 2.3.: Detailed energy-band diagram of a metal-n-semiconductor contact with an inter-
facial layer (vacuum) of the order of an atomic distance (after [Sze81]).

The magnitude of the surface charges is determined by the electric field

Ema‘oW = —(0s+03) (2.12)

where €,6¢ is the permeability in the gap. While the work function of the metal is not
changed very much by the additional charge, the work function of the semiconductor may
be shifted appreciably. Likewise, the separation of the charge on the semiconductor the
modified work function can be separated into two contributions from a surface potential
¢s and from the band bending ¢y,;. It is apparent from the definitions and from Fig. 2.3
that

Ws - 60(¢s + ¢bi + an) and (213)
PBno = Pbi + Pn- (2.14)

22



2.2. Schottky Diodes

In the full depletion approximation the contribution of the depletion layer is given by

the square root relation

o; = \/265550ND ((I)Bn() — ¢n) (215)

Equation 2.12 can therefore be written in terms of the band bending ¢y,; or alternatively
in terms of the Schottky barrier &g,
Wm - 60<¢s - (I)Bn(]>

EmEo ” = — (0s(Ppno) + 7i(Ppno)) (2.16)

provided a relation for o3(®pyo) can be found.

In the original papers by Bardeen it was assumed that surface states at the semi-
conductor surface were holding additional charges [Bar47]. As has been pointed out by
Heine, localized surface states cannot exist at a metal semiconductor junction [Hei65].
Instead so called metal induced gap states (MIGS) were introduced in order to explain
the relative insensitivity of the Schottky barrier to the metal work function [Ter84,
Ter86]. On the metal side the MIGS are the usual oscillating Bloch functions of the
bulk, whereas in the semiconductor the wave function Wynas(2) falls of exponentially on

a typical lengths scale gyas.

In general the MIGS are assumed to have a density of states Dyngs(FE) and are filled
up to their charge neutrality level (CNL), Wenr, when no external field is applied. When
assuming a constant density of states around the CNL the charge accumulated in the

MIGS is simply given by
Qwias = eDanas(Wons) (Went — Er). (2.17)

The penetration depth of the probability density |Yancs,cnL(2) |2 at the charge neutrality
level can then be used as a measure of the dipole length a = %qMIGS,CNL. Observing that
the charge in the depletion layer is small compared to the one in the MIGS finally leads

to the formula

€mEo (Wm - 60(@55 - ¢Bn0)) =

=3 eDiigs(Wene) (@Bno — denL)s (2.18)
gMIGS,CNL

which is usually expressed in terms of the electronegativity W, = A, Xy:

1

em€o (Ax(Xm — X5) — dBno) = 2qMIGS, ONL

eDyiigs,oNs (@Bno — PeNL) (2.19)
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2. Detection of Hot Charge Carriers using Semiconductor Devices

which is the formula derived by Ménch in the MIGS-and-electronegativity model [M6n96,
Mén01].

2.2.2. Current-Voltage Characteristics

Various methods of determining the Schottky barrier are available. Capacitance-voltage
measurements, internal photoemission and the determination of the Schottky barrier
of very thin metal electrodes using photoemission (XPS) are regularly used. Current-
voltage characteristics (I/V-curves) open an easy access to the barrier between metal and
semiconductor. Thermionic emission of majority charge carriers is by far the dominating
process in the temperature and doping range used for this study and therefore the

current-voltage relation

I(V,T) = Io(T) (exp (Z—?) - 1) (2.20)

with  Io(T) = AA™T? exp (—&> (2.21)

kgT
holds [Sze81]. Equation (2.20) reflects the case of an ideal Schottky diode giving a re-
lation between the current I through the diode and the applied voltage V', where A is
the area of the diode, A** is an effective Richardson constant and 7" is the temperature.
Taking it as a fitting parameter the barrier height ®g can be determined from experi-
mental I/V-curves. Equation (2.20) often poorly compares to experimental results and

is thus often used in a modified form

I(V,T) = Io(T) (exp ( eOVnzT})Zg’ T)) - 1) (2.22)

with Io(T) = AA™T? exp (—M) , (2.23)
kgT

introducing the effective barrier ®p ¢ and the ideality factor n. Due to the series and
spread resistance of the film, I is given only implicitly and Eqn. (2.22) has to be solved
numerically. In general both parameters are temperature dependent. A lowering of the
effective barrier and ideality factors n > 1 are regularly observed when decreasing the
diode temperature. Image-force lowering, recombination-generation currents, tunneling,
and weak pinning by interface states have been proposed as an explanation for the
temperature behavior [Sze81]. Tung gives an alternative explanation in terms of interface

inhomogeneities leading to so called low barrier patches [Tun91]. Schmitsdorf et al.
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have applied Tung’s theory in order to explain the linear correlation between barrier
heights and the respective ideality factor when the effective barrier height is plotted as
a function of the ideality factor for a number of different diodes [Sch97, SKM97]. With
their extrapolation scheme it is possible to determine the barrier height of an ideal diode,
i.e., the barrier height of the homogeneous interface, from I/V-curves of non-ideal diodes.
The same procedure has been successfully used to determine the homogeneous barrier
height from I/V-curves recorded from one diode at different temperatures, although the
scheme lacks a thorough theoretical background [Sch97, SKM97].

2.2.3. Capacitance of the Depletion Layer

A second method of determining the Schotty barrier is based on the measurement of the

)
oviv:

varying of the width of the depletion layer W as a function of the stored charge

voltage dependent capacitance C(V) = } The voltage dependence is due to the

Q(V) = Ay/2e0g0e: Np (Vi — V). (2.24)
The respective capacitance

eocoerNp

‘W= sm—v)

(2.25)
of the ideal Schottky diode is therefore a function of the dopand density Np and the
applied voltage V' [Sze81|. Equation 2.25 is usually written in a form more suitable for

analysis
I 2W—=V)
C(V)2  A2epgpe:Np’

(2.26)

which is a straight line. By extrapolating Eqn. (2.26) it can be seen that the intercept
of the resulting straight line is at the Schottky barrier. The slope on the other hand

gives access to the dopant concentration in the semiconductor.

2.3. Current Measurements

2.3.1. Photocurrent

Schottky diodes are known to be excellent photodetectors in the infrared [MS85]. Since

chemicurrent measurements are performed in the dark only infrared light emitted from

25



2. Detection of Hot Charge Carriers using Semiconductor Devices
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Figure 2.4.: Spectral photon number density as a function of photon energy. For black body
radiation at 7' = 300 K the intensity is still significant in the detection range of
Schottky diodes, e.g., @, ~ 0.3eV for Pt and Pd diodes on silicon.

the surrounding environment poses a problem if low barrier Schottky diodes are used,
e.g., palladium based diodes. For a surrounding environment at 7" = 300 K the high
energy tail of the Planck distribution

dE (2.27)

is appreciable in the energy range around F = 0.3eV. As is also apparent from Fig.
2.4, excitations across the bulk band gap can be neglected for thermal radiation from a

room temperature source in the case of silicon Schottky diodes, Fgap s ~ 1.12€V.
2.3.2. Change of Device Parameters

It is a regular concern that changes in the device parameters, i.e., the Schottky barrier,

may lead to an apparent current through the device. Such currents may occur if the
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capacitance of the device is altered. Changes in the capacitance are accompanied by a

displacement current

In(t) = % (2.28)
_ %Q . Tl_vddvtbi _ % . Wl—v% (2.30)
= OV, V) (dﬁi E C;—Z) :

which is indiscernible from a chemicurrent. As the interface is virtually impenetrable to
majority charge carriers they have to flow through the shortcut imposed by a current
amplifier connected to the diode. A term taking into account the changing area %—? when
loosing contact to parts of the film is not included in (2.31) because it does not lead to
a current.

Typical dopant concentrations of the silicon substrates used in this study are Np =~
10" cm™3. According to (2.25) the Schottky diodes show capacitances on the order of a

few nanofarads:

12 101 cm-3
COV) = 1cm2\/ ; 0(??1\/ £0%0 (2.31)

= 41 nkF,

while using the static dielectric constant of silicon €, g; ~ 12, a barrier height &5, ~ 0.5V
and a typical diode area A = 1 cm?. Device changes as the source of chemicurrents can

therefore be safely excluded in most cases when Schottky diodes are used.
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3.1. Born-Oppenheimer-Approximation

In principle, a system consisting of an adsorbate and a metal surface may be described

by the (non-relativistic) Hamiltonian
ZM Wi, — = m—1v2 +V(r,R), (3.1)

which describes the motion of the atomic nuclei at their positions R,, and of the electrons
with positions r;. The motion of nuclei and electrons is coupled by an interaction
potential V(r,R). In principle, all aspects of the system may be derived from the
solutions W;(r, R, t) of the time-dependent Schrédinger equation

H(r,R)¥;(r,R,t) = ih%\ﬂj(r,R, t). (3.2)

Although possible in theory, finding these solutions is a major theoretical and computa-
tional challenge due to the large number of particles involved in the problem.

The Born-Oppenheimer approximation (BOA) paves the way to greatly simplify this
problem by decoupling the electronic from the nuclear degrees of freedom. Although the
BOA was developed in order to describe the dynamics of molecules it has been shown
to be applicable in adsorbate-surfaces problems [BO27, DH95, WTAO04]. In a first step

the full Hamiltonian (3.1) is rewritten as
hQ
H= ) Z M;'Vi. + Hu(r;R), (3.3)

where the second term H,(r;R) contains the position of the nuclei only as parameters
and can therefore be interpreted as a Hamiltonian of the electrons for fixed R. The

normalized eigenfunctions ®,(r;R) of the electronic Hamiltonian form a complete and
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3. Theoretical Concepts

orthonormal basis set which are solutions to the timeindependent Schrédinger equation
Ha(r;R)®;(r; R) = E(R)®;(r; R). (3.4)

The exact wave function

U(r, R, 1) Zcer R, 1) (3.5)

may be expressed as a linear combination of the ®;(r; R). Inserting equation (3.5) into
the time dependent Schrédinger equation (3.2) using the Hamiltonian (3.1), multiplying
with ®%(r; R) from the left and integrating over all r yields a set of coupled differential
equations for every solution E;(R) of (3.4).

ih%Qj(R, t) = m% / ?*(r; R) (Z ®;(r; R) (R, t)) dr
:/¢;(r;R ( ZM1V2 +Heer>(Z<I> (r;R)2 ))d
_ _52221\4 (/ (r: R) (Vi ;(r: R))dr) Vi, (R, 1)
- ZZM (/ r;R) (V& ®;(r; R)) dr) (R, 1)
- 7 ZMcle%{an(R, t)

+ E;(R)Q;(R, )
(3.6)

In the BOA transitions from one electronic state ®; to a different state ®; are neglected.

Mathematically this means that the coupling vectors
ZM / (r; R)Vg, ®;(r; R)dr (3.7)
ZM / % (r; R) Vi, @;(r; R)dr (3.8)
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3.2. Diabatic Representation

in (3.6) are assumed to be small and are set to zero.

d;;(R) =0 (3.9)
D;;j(R)=0 (3.10)
In this way a Schrodinger equation
R 0
—5 DM Vi, + Ei(R) | (R 1) = iho (R, 1) (3.11)

describing the motion of the nuclei in a potential given by the instantaneous eigenvalues
of the electronic Hamilton operator is obtained. It follows from Eqn. (3.11) that the
E;(R) can be interpreted as potential energy surfaces for the motion of the nuclei, which
are determined by the electronic wave function ®;(r;R).

Even so the solution of (3.11) still requires a tremendous computational effort because
Eqn. (3.4) must be solved for every possible combination of positions of the nuclei R.

In practice, the dynamics of the nuclei are therefore often described classically
> MRa(t) = =) Vi, E;(R(1)). (3.12)

This extremely reduces the computational cost because Eqn. (3.4) must only be solved
for the R(t) on the trajectory.

3.2. Diabatic Representation

In the previous section the eigenstates of the Hamiltonian H, were used to obtain a set of
equations for the coupled motion of electrons and nuclei. In this way we arrived at the so
called adiabatic, meaning non-crossing, description. As the electronic Hamilton operator
becomes diagonal when expressed in terms of its eigenstates it becomes evident from (3.6)
that transitions between potential energy surfaces are only caused by the coupling terms
d;; and D;;. These terms are expressed in terms of the operator Vi which introduces
the velocity of the nuclei into the equations. In the adiabatic representation, the cause
of electronic excitations is thus the movement of the cores.

It is by no means necessary to use the eigenstates of Hg for the expansion (3.5),
i.e., to use the adiabatic representation. Choosing a different basis leads to a different

representation of (3.1) which might be closer to the actual physical problem. A so called
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diabatic basis must therefore be carefully adjusted to the physical problem whereas the

adiabatic basis is mathematically well defined by (3.4).

Had a different, normalized, but not necessarily orthogonal, and complete basis {®/,(r; R)}

of basis functions been used in Eqn. (3.6) a different set of equations

inZ o (m.1) —hQZZM (/ ¥ (r:R) (VRad);(r;R))dr) Ve Q/(R.1)

Tk
_ %22 Z M1 </ 7 (r;R) (Vg, ®j(r;R)) dr> QR 1)
_ %QZ S ( / c1>;.*q>;dr) V4 (R, 1)
Y (/(b/*q)d ) 9 om.1)
+y ( / ‘I)}*Helq%dr) (R, 1) (3.13)

i

= 1) dj;(R)Vgr, %R, 1)+ —ZD R)(R, )

h2 —1x72 / : 9 /
—> " Si(R) (5 ; M, Vi 2R, 1) + ih— (R, t))

i#]

+) Vi(R)Q(R, ¢

i#]
h? B
-5 > MI'VE (R, ) + Bj(R)Y(R, 1)

for the time evolution and the coupling would have been found. Comparing (3.13) with
its analog in the adiabatic description (3.6) it can be seen that two additional terms

appear that lead to a coupling between states €2'. The first term
h? —1v2 O 20
> 1SR | 5 ) M 'VE QR 1) + ih— (R, 1) (3.14)
oy 2 ~ o ot

includes the direct overlap S;; between the electronic wave functions and vanishes if the

basis set is chosen to be orthogonal. The second term

> Vi(R)Q(R, 1) (3.15)
i#]
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couples the wavefunctions of the nuclei by virtue of the interaction potential V;; between

electronic states.

Strictly speaking the Born-Oppenheimer approximation (3.9) may still hold in the
diabatic basis while it becomes invalid in the adiabatic description. A short example

will make the difference between the two representations clearer.

3.3. Two-state example

A simple two-state example introduced by Tully et al. demonstrates the difference
between the diabatic and the adiabatic representation [Tul90]. For clarity, the diabatic
states in this example can be seen as the neutral and ionic state of an adsorbing molecule.
The example electron Hamiltonian matrix in the diabatic basis ¢; = {¢1(x; X), pa(x; X)}

Vii Vi
Hy=| " 7 (3.16)
Va1 Va

is defined trough its matrix elements

Yoy (X) = A(l—exp(—Bzx)) if X >0 (3.17)

—A(1 —exp(Bzx)) else
Vi2(X) = Cexp (—DX?) (3.18)
Vot (X) = Via(X) (3.19)
Vs (X) = Viu(X) (3.20)
(3.21)

which depend solely on the nucleus coordinate X. The corresponding wave functions
¢i(z; X) are not given explicitly but are assumed to be normalized and orthogonal.
Additionally, they vary slowly as a function of the nucleus coordinate X, or in other

words

do;
~ 0. .22
< ~0 (3.22)

To find the eigenvectors of H, the secular equation

|Ha— E1] =0 (3.23)
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must be solved which has the solutions

1
E, = §(V11 + Vo) £/ VA = Vi Vaa. (3.24)

The corresponding eigenvectors ¢,,

Ga(r; X) = (f1(x; X) + ¢po(x; X)) and (3.25)

[\

Op(2; X) = —=(¢1(7; X) — o(7; X)), (3.26)

Sl

form the basis used in the adiabatic representation. In general they are linear combina-

tions

Bu(w; X) =Y i X)i(w; X) (3.27)

i
of the original wavefunctions ¢;. In order to calculate the Born-Oppenheimer coupling

constants d,,, the first derivatives

d¢y x; X o ZCU/ )i (; X) (3.28)

dcw( 1, + Z u/ dgbz T, X) (329)

i

have to be calculated. From (3.22) it can be seen that the second term in (3.29) must
vanish. Thus the sole contribution to the d,, comes in through the change of the

coeflicients ¢;,

() = M [ 6,0) 6, 0 X (3.30)

s /ch o X) Y dcﬂcl”)((X>¢j(x;X)dx (3.31)

dll/
_ M- E:% c X (3.32)

where the orthogonality of the original basis functions was used in the last step. A

numerical calculation was carried out using a set of constants

A =001 B=16
C = 0.005 D =10. (3.33)
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3.3. Two-state example

Figure 3.1 shows results from a numerical calculation using these constants. The
lower panel shows the energy expectation values for the two diabatic states ¢; (dashed
lines) and the energy eigenvalues for the adiabatic solutions ¢, (solid lines). The adi-
abatic states are characterized by the fact that states originating from coupled states
(like in this example) do not cross, hence adiabatic, in the sense that the energy eigen-
values do not cross as a function of the position of the nuclei. The upper panel shows
the interaction potential Vi, between the diabatic states and the middle panel shows
the Born-Oppenheimer coupling parameter d,g. As expected, the adiabatic coupling
strength is strong if the interaction potential is strong and if the adiabatic states show

an avoided crossing.
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Figure 3.1.: Example calculations for a sample two-state problem in a diabatic representation.
Upper panel: Coupling strength between diabatic electronic states Via. Middle
panel: Born-Oppenheimer coupling parameter d,g between the adiabatic states.
Lower panel: Energy expectation values for the diabatic states ¢; (dashed lines)
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and energy eigenvalues for adiabatic states ¢, (solid lines).
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3.4. Surface Molecular Orbitals: The

Norskov-Newns-Lundquist Model

The reactions between electropositive metal surfaces and electronegative molecules from
the gas phase have been widely studied in the context of the accompanying charge trans-
fer and its implications for non-adiabatic behavior. Detailed experimental studies have
been presented for the adsorption of halogen molecules as well as oxygen on alkali metals.
In particular, interest into these reactions was sparked because they proceed strongly
non-adiabatically showing exoemission of electrons as well as surface chemiluminescence.

Norskov, Newns and Lundquist (NNL) introduced a semi classical theory capturing
the essentials of these charge transfer reactions in an effort to describe surface chemilu-
minescence spectra [NNL79]. The underlying idea is to describe the surface reaction in
a similar way as one would describe gas phase reactions using molecular orbital (MO)
correlation diagrams as shown in Fig. 3.2.

In panel 3.2 (a), the anti-bonding 0%, -orbital of a halogen X; molecule is depicted while
crossing the one electron states of a metal’s valence band as the molecule approaches
the surfaces and forms a bond. The MO of the free molecule is diabatically, through
its molecular symmetry, connected to the px surface bond between the metal and the
halogen atom X. In the ground state, all single electron levels are occupied up to the
Fermi level, as indicated by filled circles. Empty circles represent unoccupied states.
Of course the picture simplifies the situation as the adsorbate state would really be
broadened into a resonance, but the overall idea remains unaltered. From the one
electron molecular orbitals total states, e.g, Slater determinants, can be constructed
which, again, can be plotted in a correlation diagram (Fig. 3.2 (b)).

Far from the surface, the ground state is reached if the o%, MO remains unoccupied.
By taking one or two electrons from the Fermi level and placing it on the molecule,
indicated by er — 0%,, two excited states can be constructed. Clearly, the doubly
occupied state connects diabatically to the ground state of the product state, while the
other two connect to excited total states. By configuration interaction, the adiabatic
states will avoid the crossing of the diabatic states, thereby connecting both sides on
the ground state potential energy surface. If the reaction proceeds non-adiabatically,
there will be a finite probability that the system does not proceed on the ground state
potential but ends up in one of the excited states.

If the molecular orbital is pressed below the Fermi level, while the molecule approaches

the surface on its trajectory, electrons from the surface may resonantly tunnel through
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the potential barrier between the surface and the molecule. With the knowledge about
the interaction matrix elements, NNL calculate the probability that the molecule remains

neutral up to a time ¢ on its trajectory

t

Pt = [ = w(t)dt] = exp | - / w(t)dt | | (3.34)

!
<t s

where w(t) denotes the resonant lifetime of the molecular state. In an Anderson treat-

ment of the surface reaction this would be the resonance lifetime
2
w(t) = ﬁ?T Z |(k|V | a>|2 d(ea(t) — k) (3.35)
k

due to tunneling between the metal states ¢, and the adsorbate state ¢,.

Kasemo et al. extended the NNL model, that was originally indented for the explana-
tion of photo emission, to the description of other non-adiabatic deexcitation pathways.
In order for the chemisorption to occur, the anti-bonding MOs of the impinging molecule
must be filled. Photons may be emitted if the intermediate hole state is filled by radiative
decay (Fig. 3.3 (¢)). By far most hole states, however, will be filled resonantly in a pro-
cess refered to as "hot hole injection” leading to a cascade of electron-hole pair excitations
(Fig. 3.3 (a)). Further relaxation of the hot holes occurs predominantly by electron-
electron scattering in the conduction band. If the molecular hole state is injected deep
below the Fermi level, sometimes referred to as chemical hole diving [Gre94, GFG194],
sufficient energy may be transferred into a single electron like excitation, which may act
as a source for exoelectron emission. The hole state may also be filled by direct Auger
deexcitation (Fig. 3.3 (b)), which is a second source for exoelectron emission, provided

the excitation energy of the initial hole becomes larger than the work function.

3.5. Harpooning and Chemical Hole Diving;:
Greber-Bottcher Model of Oxygen Chemisorption

Greber and Bottcher provide a model similar to the one proposed by NNL that de-
scribes the observed non-adiabatic effects in the oxidation of alkali metal surfaces [Gre94,
GFGT194]. In these reactions, regardless of whether the oxygen molecule is dissociatively
adsorbed or not, the 7* MO of the oxygen molecule needs to be filled by two subsequent

charge transfers from the surface. Figure 3.4 (a) depicts the first charge transfer which
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Chemisorption
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Figure 3.2.: Schematic one-electron orbital (a) and total energy (b) correlation diagrams for
X chemisorption on a metal with the Fermi energy er (adapted from [NNL79]).

(a)

Figure 3.3.: Deexcitation processes for an intermediate hole state injected below the Fermi
level resulting in (a and b) electron ejection and (c) photon emission (adapted
from [KTNL79]).
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is thought to occur quite far from the surface in a processes called harpooning'. Because
of the slow velocity of the molecule there is enough time for the electron to tunnel res-
onantly into the affinity level of the Oy molecule in spite of the large distance between
the surface and the molecule. After the first charge transfer, the molecule accelerates on
the potential energy surface of the singly charged ion which is dominated by the image
force felt by the electron on the molecule. The second charge transfer O, — O3~ occurs
much closer to the surface but still remains adiabatic (Fig. 3.4 (b)).

In the following step the unstable O3~ is thought to dissociate into two O~ ions (Fig.
3.4 (c)), which, in rare cases, transfers sufficient kinetic energy onto one of the ions to
eject them into the vacuum. Indeed, these ions have been observed experimentally, how-
ever, the probability of such an event is extremely small. It is the last step, depicted in
Fig. 3.4 (d), that supposedly initiates the non-adiabatic processes leading to exoelectron
emission. Just as the molecule did before, the O~ fragments of the oxygen accelerate
further toward the surface. As a result the O 2p orbital is rapidly pushed below the
Fermi level. This introduces a highly excited hole state which may relax through the
mechanisms discussed earlier. In the case of exoelectron emission this would be an Auger
transition involving two electrons from the metallic band and the molecular hole state.
In a simple picture only those electrons may be detected which have sufficient energy to

surmount the surface barrier.

E

e vacuum level o e (a) Ey " (c)
05> EA(O2 Ea (O 7
~ @ Al o/ 7] Ee ‘(_’4—:_ A(0) / O—
F 05 A o
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Figure 3.4.: Model for the oxidation of an alkali metal surface, i.e., lithium, including the
dissociation of the oxygen molecule (adapted from [GFGT94]).

! Harpooning vividly refers to the picture of Captain Ahab hauling in the whale after shooting him
with his harpoon.
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3.6. Newns-Anderson-Model

The Newns-Anderson-Model has been used extensively over the past decades to describe
features of the adsorbate-surface interaction, including the excitation of electron-hole
pairs [BN89]. Recently, its time-dependent version has been applied to the adsorp-
tion of hydrogen atoms on metallic surfaces in order to model non-adiabatic excitations
[MBPHO05, MBPHO07, MBPHO08]. Numerical as well as analytical solutions of the prob-
lem in the wide-band limit given by the authors were able to produce single electron
excitation spectra which were used to explain chemicurrents. Their results have been
shown to be in reasonable agreement with more sophisticated theoretical approaches like
time-dependent (TD)-DFT [BMLPO08, TK09] on the one hand and with experimental
results on the other hand [KNNO7].

The picture of non-adiabaticity used in these kinds of treatment differs from the one
introduced in the previous sections. The coupling between adiabatic electronic states
was mediated through the motion of the nuclei, and a time-independent Schrodinger
equation

Ha(r;R)®;(r; R) = E;(R)®;(r; R) (3.36)

for the electronic part of the full Hamiltonian had to be solved. The evolution of the
electronic part of the wave function is therefore governed by Eqn. (3.13). In contrast, in
the model described in the following section the dynamics of the electrons are determined
by a time-dependent Schrodinger equation

.0
=

Halo(x.0)) = iz

|o(r, 1)) (3.37)

solely for the electrons. From now on, the label and the parameter r will be dropped
because it should be clear that only electronic degrees of freedom are considered in this

section.

Mean-field Newns-Anderson Hamiltonian The aim of the model is to solve the time-

dependent Schrodinger equation using the following Hamiltonian

H= Z gaa(t)clgcaa + Z 5kJCLJCkU
o k,o
+ ) (Var(t)cl o + Hoc.) (3.38)
k,o

- Unao(t)na—a (t) )
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where a labels the adsorbate state, k the metal states, and o the spin of the state.
The interaction potential V,; determines the coupling between the adsorbate and the
substrate states, while the Coulomb energy U determines the interaction between the
two spin states of the adsorbate. The last term in Eqn. 3.38 accounts for the double
counting of the Coloumb repulsion in the mean-field treatment. The cf_ and c,, are
fermion creation and annihilation operators for an electron in the state o having spin o.

The effective adsorbate energy &,, is defined as
€ao = €a + Ung—_y, (3.39)

where n,, denotes the mean field occupation of the adsorbate with spin —o. No addi-
tional assumptions are made for the fermion states with the exception that they should
form a complete and orthogonal basis set. Especially the adsorbate state |a) should be

orthogonal to every substrate state |k).

Because it contains only quadratic terms in the fermion operators the Hamiltonian

can be effectively written as a one electron matrix operator

Eaoc Vak Var Vak

*

ak 610— 0 0
H° 50 e 0 L. (3.40)

*

ak 0 0 830-

which contains non-zero elements only on the first row, in the first column, and on the

diagonal.

The time dependence of the Newns-Anderson model is introduced by varying the
energy of the bare adsorbate g,(t), the interaction potential V,;(¢), and possibly the intra-
adsorbate Coulomb repulsion U(t) as a function of time. They can be obtained by fitting
them to adsorbate projected densities of state from independent DFT calculations. This
procedure makes use of the so called wide-band limit solution of the time independent
Newns-Anderson model. In that case the adsorbate projected density of states is usually

written as a Lorentzian

1 T/2
(e —¢eq)2+12/4

pale) = (3.41)

where I is the full width at half maximum (FWHM) of the Lorentzian. The interaction
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potential V,, is directly related to the FWHM by
T =27 [Vai|* pm (3.42)

where p,, is the density of states in the metal band. Earlier, in the discussion of the

NNL model, this quantity was also label w(t).

At an initial time ¢, the electronic eigenstates of the instantaneous Hamiltonian |v7 (¢))
are thought to be occupied following a Fermi distribution f7, . Accordingly, a density

operator

§jmz ®) f2, (3.43)

can be defined where the |u?) are the time evolving wavefunctions with |uf(t9)) =

w7 (to)) and f7, = f7, which follow the one-electron Schrédinger equation

H |p? >—Z— 7). (3.44)

The density operator p(t) defines the electron distribution function (EDF)
n?(e,t) = Z( P01 p7(@) [v] (1)) o(e — &) (3.45)
—§:|m D) fiwd(e — &) (3.46)

which can be used to analyze the electronic spectrum caused by the time-varying Hamil-
tonian. In order to calculate the spectrum of electronic excitation the adiabatic counter-
part of (3.46) must be subtracted. In the adiabatic case the time evolving wavefunctions
\ug(t)) are equal to the eigenfunctions |7 (t)) of the Hamiltonian and therefore the adi-

abatic density operator pJ, is given by
Paa(t) Z w7 (8)) (7 (O] £ 74, (3.47)
With these definitions the spectrum of non-adiabatic excitation

nglet) =Y W76 57(t) = pa(t) | w7 (1) 8 — &) (3.48)

= dle—=z) (Z (147 (Olw7 DI i) — ;’,m) (3.49)

I
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can be calculated for every spin component.
It should be noted that the definition of the excitation free or adiabatic spectrum

(3.47) differs from a Fermi distribution over the instantaneous eigenstates.

44



4. Experimental Techniques

4.1. Auger Electron Spectroscopy

Auger electron spectroscopy (AES) has been used to check the cleanliness and chemical
composition of the substrates as well as of the samples used in this study [CCL*95].
Electrons ejected from a sample surface fired at with a high-energy beam of electrons
are collected in an electron analyzer and filtered with respect to their kinetic energy.
From the resultant spectrum, intensity vs. kinetic energy, conclusions can be drawn
about the stoichiometry as well as the chemical state of surface atoms in the sample. In
a usual setup, the kinetic energy is referenced with respect to the vacuum energy level
of the spectrometer, which adds to some extend to the uncertainty of tabulated Auger
energies.

In an Auger process an excited ion relaxes in the radiationless way depicted in Figure
4.1 [Aug25]. An initial process, e.g., an incident high energy electron, removes a K shell
electron. A second electron neutralizes the hole state and transfers the energy gained in
the process to a third electron. The Auger transitions are labeled by the energy levels
of the electrons involved, e.g, the transition of Figure 4.1 would be a KLyiLy, or simply
KLL, transition. The first character labels the energy level of the initial core hole. The
second and third correspond to the other energy levels involved. If one of the levels
involved is the valence band of the solid, one usually writes the letter V instead of the
X-ray spectroscopy label of the shell.

Because no two elements have the same binding energy for all electronic levels, the
kinetic energy of the Auger electron can be used to identify elemental species. Additional
information can be gained from the peak shape and, to limited extend, from the peak
position of the Auger peaks. This is especially true for transitions including the valence
band, e.g., the Si(LVV) transition, where reactions with adsorbates cause a drastic
change of the valence band and thus of the Auger peak shape.

The surface sensitivity of AES, and of most other electron spectroscopic methods, has

its origin in the limited lifetime of the emitted electrons in the solid. Depending on its
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Figure 4.1.: Schematic diagram of a (KLL) Auger transition. Electrons from the incident beam
remove an electron from the K shell (adapted from [CCLT95]).

kinetic energy the escape depth, or inelastic mean free path, may be only of the order of
a few Angstroms. It follows a general trend, often referred to as universal curve [SD79],
valid for almost every material with a minimum escape depth at a kinetic energy of a
hundred electronvolts. The universal behavior of the mean free path is a consequence
of the similar mechanism causing the energy loss of the electrons: at fairly low energies
up to one hundred electronvolts the dominant loss path is through electron-electron
scattering, or electron-hole pair creation, while at higher energies the predominant loss

mechanism is the excitation of collective electron vibrations, or plasmon.

4.2. Photo Electron Spectroscopy

Since its introduction into surface science in the 1960s photoelectron spectroscopy has
been an invaluable tool in the characterization of sample surfaces and the in situ deter-
mination of reaction products. X-ray photoelectron spectroscopy (XPS) is widely used
to identify the chemical state of adsorbates as well as for a quantitative analysis of the
surface composition. In particular, XPS has been used to characterize the nature of
the alkali metal films that were deposited during this study. Furthermore, quantitative

results for the reaction kinetics of the oxygen oxidation of these very films at low tem-
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perature could be obtained. Ultra violet photoelectron spectroscopy (UPS) was used as

an additional tool to verify the molecular (or atomic) nature of the adsorbed oxygen.

X-ray Photo Electron Spectroscopy (XPS) In X-ray photo electron spectroscopy
high energy photons from X-ray sources are used to ionize atoms by removing an electron
from a core level. A schematic picture of the photo emission process and the energy labels
used for its description have been included in Fig. 4.2. The ejected photo electrons will
have a kinetic energy Fi;, characteristic of the ionized energy level E}, and the photon
energy hv of the light source used in the experiment. Thus, from the measurement of the
kinetic energy, which is referenced to the vacuum level of the spectrometer, the binding

energy
Eb = hv — Ekin — (I)a (41)

can be calculated. Because the binding energy is usually referenced to the Fermi energy
the analyzer work function ®, needs to be subtracted. The effective analyzer work
function needs to be determined experimentally, which can be done by fitting known
spectra with sharp emission lines. In addition to the photo electrons, Auger electrons
from the relaxation of the (photo) excited ions in the sample are observed. Of course,
these have the same kinetic energy as in AES, which is independent of the light source
used in the experiment. Therefore, often two light sources emitting at different X-ray
energies, e.g, Mg K, and Al K, are used to easily distinguish between Auger and photo
emission lines. This becomes particularly useful if many different, or heavy elements with
many lines, are present in the spectrum and lines overlap. Then, the use of a different
light source may move the position of an Auger line to a different binding energy where
it does not interfere with other photo emission lines.

As in AES, the position and shape of the spectral lines are sensitive to the chemical
environment of the ionized atom. This chemical shift can be used to, e.g., determine
the charge state of an atom or molecule adsorbed at the surface. Every primary emis-
sion line is accompanied by a spectral background which is caused by additional losses
experienced by the ejected electrons while they leave the solid. The actual shape of
the background can contain valuable additional information about the environment of
the elements present in the surface. Low energy losses, below a few electronvolts, in
metals are often caused by electron-electron scattering and become visible as an asym-
metrically shaped line. Additional, well defined peaks to the high binding energy side

of the primary peak, are visible which often indicate plasmon losses. Of course, other
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Figure 4.2.: Schematic diagram of the XPS principle. The incident X-ray photon hv ionizes a
surface atom by removing an electron from an inner shell.

loss mechanisms, like interband transitions or exciton excitations, may be present but

the above are by far the ones most commonly encountered.

Ultraviolet Photo Electron Spectroscopy (UPS) Strictly speaking, there is no qual-
itative difference between XPS and UPS. The main difference lies in the energy range of
the primary photons, which are X-rays in the case of XPS and UV light in the case of
UPS. Usual UV light sources have photon energies of up to a few tens of electron volts,
e.g., a He I gas discharge lamp emits at the primary energy of 21.218 V.

While the energy levels in XPS are labeled by their single electron levels, it is often
more suitable to use total states for the description of UP spectra because correlation
effects between different spin configurations may play a role. Exploiting the low line
width and the high intensity of UV lasers it is possible to study the photoelectron
spectra of gas phase molecules in much detail. Regularly, the resolution of such systems
in sufficient to easily discern between vibrational levels of, e.g., diatomic molecules. In
combination with high accuracy quantum chemical calculations, the potential energy
surfaces (PES) of many neutral molecules and stable anions can be determined.

As an example, the potential energy curves (PEC) of the ground states of the O,

molecule and its anion are shown in Figure 4.3. For every electronic state vibrational
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levels exist which can be calculated in the Born-Oppenheimer approximation. Tran-
sitions between these vibrational levels can be observed experimentally, e.g., by photo
detachment and photo electron spectroscopy. Every pair of levels results in a line in
the photo electron spectrum, like the one shown in Fig. 4.4, at an energy that is equal
to the difference between the two. The intensity of the various lines in the band is
determined by the overlap of the nuclear wave function, which is known as the Franck-
Condon principle [FD26, Con26]. In an iterative process, the potential energy curves
of the underlying electronic state can be reconstructed, e.g., by using schemes like the
Rydberg-Klein-Rees (RKR) method [Ryd32, Kle32, Ree4T].

The electron affinity is defined as the negative minimum energy required to attach an
electron to a molecule or ion. In our example, the electron affinity of the neutral molecule
EAp(Os) is given by the energy difference between the v = 0 vibrational states of the
O, X?’E; and the Oy X2Hg potential energy curves. For oxygen, the electron affinity is
actually positive because the molecule gains energy by attaching an additional electron.
This definition of the electron affinity differs from the so called adiabatic electron affinity
EA,(Oy) which is given by the difference between the minimums of the PECs.

The vertical electron affinity EF A, is closely related to the Frank-Condon principle.
From the observation that electronic transitions occur almost instantaneously when com-
pared to the timescales of nuclear vibrations, it is reasonable to conclude that transitions
occur wertically, i.e., at fixed nuclear positions, between potential energy curves. The
vertical electron affinity is therefore defined as the difference between the ground state
PECs at the minimum position of the neutral molecule. From the PECs of Fig. 4.3,
the vertical affinity F'A,(O3) can be determined which is negative, while the adiabatic
electron affinity is actually positive.

In solid state UPS, vibrational levels cannot regularly be resolved because of the
(in)homogeneous broadening of the electronic levels. Still, differences between transi-
tions into excited electronic states are resolvable because the energy spacing between

these states is often on the order of several electronvolts.

Electron Analyzer Among the most commonly encountered electron analyzer in sur-
face science labs are the hemispherical energy analyzer (HSA) and the cylindrical mirror
analyzer (CMA). In Auger electron spectroscopy, where high throughput is required, the
CMA is regularly used while the HSA is usually used for photo emission experiments.
The energy dispersion in a CMA is achieved by applying a voltage between two con-

centric cylinders (Fig. 4.5). The sample, the electron detector, and the electron gun
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Figure 4.3.: Potential energy curves for the ground states of the free oxygen molecule and the

O5 anion. The data for the Oy X?’E; state were deduced from vibrational spectra

using the RKR method. The potential energy curve of the Oy XQHg was calculated
[BS70].
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reside on the CMA axis. The exit slit of the analyzer determines the energy resolution
of the analyzer. The CMA acts as a band pass filter whose resolution varies proportion-
ally with the analyzer voltage. Therefore, the resolution AE/E of the CMA remains
constant throughout the spectrum.

Its sensitivity on the sample position makes the CMA less suitable for XPS analysis
where chemical shifts of a few hundred meV must be resolved. If the sample is not placed
accurately at the focal position of the analyzer, the measured energy FE,, differs from
the nominal analyzer energy FE, ,which is proportional to the voltage applied between
the cylinders. This dependence, AFE,, < E,Az, of the measured energy on the distance
of the sample from the focal plane can easily be on the order of an electronvolt per
micrometer. This is remedied by measuring the peak of elastically reflected electrons
at a fixed energy and changing the sample position until the nominal and measured
energies coincide.

Figure 4.6 shows the typical schema of a hemispherical energy analyzer used for photo
emission. An electron lens system consisting of a number of electrostatic lenses projects
the electrons emitted from the sample onto the entrance slit of the hemispherical ca-
pacitor section. Electrons on a trajectory in the middle between the outer and inner
hemisphere may pass through the analyzer and can be detected at the detector. The
resolution of the hemispherical energy analyzer depends on the energy of the electrons
passing through the hemispheres. To achieve a maximal resolution, the analyzer is often
operated in the fixed analyzer transmission (FAT) mode. In this mode the electrons are

decelerated to a fixed pass energy at the entrance slit.

Light Sources In the lab, the most common light source used in XPS setups consists of
a water cooled copper anode which is bombarded by electrons of a few kilo electronvolts.
A suitable electrode material is deposited as a thin film of a few micrometer thickness on
the tip of the anode. In this way, only X-ray radiation from the electrode material gets
emitted while ensuring good thermal contact with the enforced water cooling. Usually,
different materials are deposited on either side of the anode’s beveled head. In a typical
combination of materials one uses a magnesium anode in combination with an aluminum
electrode because these combine a reasonably low line width, below one electronvolt, with
primary photon energies of 1253.6eV and 1486.6 eV, which give access to most relevant
energy levels.

In recent years, the use of synchrotron radiation sources has become more and more

important because of the much higher photon flux these machines may generate and the
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Figure 4.5.: A schematic diagram of a cylindrical mirror analyzer (CMA).
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Figure 4.6.: A schematic diagram of a hemispherical energy analyzer (HSA). Picture similar
to a SPECS Phoibos 100 analyzer.
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ease of altering the photon energy.

Gas discharge lamps are used as light sources for UPS. Most commonly, a low pres-
sure helium discharge in the vacuum is started which provides the UV light. He I at
21.2182€V and He II at 40.8138 eV are the primary emission lines which are frequently
used in the experiment. Because all window materials are opaque at these photon ener-
gies, the discharge chamber and the UHV system are directly connected through a glass
capillary. A two staged differential pumping system is used to lower the pressure at the
low pressure side of the capillary to a level compatible with UHV. For this purpose, two
orifices are cut into the capillary which connect to a rotary vane pump in the first stage

and a turbo molecular pump in the second stage.

4.3. Electron Exoemission

In general, an electron spectrometer could be used for all electron exoemission experi-
ments. For energy resolved exoemission the setup is therefore quite similar to the one
used in UPS. The only difference lies in the way of excitation. Although valuable infor-
mation about the spectrum of excitation can be gained from such a setup, the time need
to achieve a reasonable signal to noise ratio limits its use for time-dependent studies.
Therefore, the very simple setup shown in Fig. 4.7 is used: the sample is placed at a
distance of a few centimeters in front of a naked channeltron detector. Electrons emitted
from the sample may reach the first dynode, a metal mesh, of the channeltron detector.
Secondary electrons are created at a specially coated surface inside the detector and a
pulse of electrons is generated by the high voltage applied to the detector. The pulse
can be extracted at the far end of the channel and fed into suitable electronics for the
amplification of the signal and the counting of individual pulses.

Because the sample surfaces in exoemission experiments have a work function ®g
which is regularly much smaller than the one of the first dynode ®¢, the electron needs
to work against the electric field in between the sample and the detector. Only those
electrons with kinetic energies larger than ®¢ may reach the detector. To remedy this
problem, an additional voltage AV is applied to the first dynode which reverses the
field in the field region such that the electrons only need to surmount the work function
of the sample. Usually, a voltage in greater excess of the work function difference is
applied because the sensitivity of the channeltron increases as a function of the primary
kinetic energy of the incident electrons. Although the maximum sensitivity is reached

at around 100 ev, much smaller voltages are necessary (< 10V) to reach good signal to
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Figure 4.7.: A schematic diagram of a setup for exoelectron collection.

noise ratios. Indeed, if the bias voltage is chosen too high, there is a chance of saturating

or even damaging the channeltron.

4.4. Work Function Measurement: Kelvin Probe

The Kelvin method utilizes a vibrating probe to measure the work function of metals,
semiconductors, and liquid interfaces [McA04]. A typical Kelvin probe configuration
consist of parallel plate capacitor comprising the sample and a reference electrode sus-
pended above the sample surface. In a simplified version of the electric connections to
the Kelvin probe, see Fig. 4.8, the sample is regularly held at ground potential, while
a variable (DC) voltage is applied to the reference electrode. If the coil drive is at rest,
both inputs of the difference amplifier see an equal voltage and the output voltage is
zero. Changing the capacitance, e.g., by varying the distance between the electrodes,
between the reference and the ground electrode generally causes a displacement current

to flow. As a consequence the potential at the one input of the amplifier also changes and
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a corresponding voltage for every capacitance change can be measured at the output.
Even if no voltage is applied, an electric field is present between the electrodes which
is caused by the contact potential difference (CPD) between either sides. Obviously, the
presence of this field requires that charges () of equal amount but opposing signs must
be present on the electrodes. For a parallel plate capacitor of area A, the capacitance is

given by the well known formula

A
C = 5805, (42)
where d is the distance between the plates. In the general case of an applied voltage
Vback, the sum AV = V.4 + Vepp must be used to calculate the displacement current
_dQ ac

I = =AV— 4.3

dt dt (43)
of the vibrating capacitance. If the backing potential equals the contact potential dif-
ference ey X Vgpp = @, — ®,., the displacement current vanishes. The contact potential
difference can, therefore, be easily measured by changing the applied backing potential
until the displacement current vanishes.

For the actual measurement, the reference electrode is put into a harmonic oscillation

d = d() =+ d1 sin ((Ut + Qb) (44)

around an equilibrium position dy at an amplitude d;. The frequency w can be freely
chosen to fit the experimental requirement, usually approximately 100 Hz, and ¢ is an

arbitrary phase. The usual routine is to measure the current

diw cos (wt + ¢)
(do + dyw cos (wt + ¢))2

I = —eggAV (4.5)
using a lock-in amplifier and changing the backing potential until the lock-in signal
vanishes. The alternative method, employed here, is to deliberately apply a number
of backing voltages around the expected contact potential difference and measure the
respective signal amplitude [McA04]. The data points of current versus applied voltage
result in a straight line whose intercept with the voltage axis is just at the position of

the desired contact potential difference.
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Figure 4.8.: Kelvin probe setup: if Vjaqc equals the contact potential difference between the
sample and the reference electrode, the AC component of the output voltage van-
ishes.
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5.1. Ultra High Vacuum Chamber

Parts of the work performed for this study were carried out under ultra high vacuum
(UHV) conditions. The ultra high vacuum system comprises three chambers: an electron
spectroscopy chamber, a preparation chamber and a quick load-lock system. Every

chamber can be vented separately without affecting the pressure in the others.

5.1.1. Electron Spectroscopy Chamber

The UHV chamber used for electron spectroscopy holds a hemispherical electron spec-
trometer and the light sources used for ultra-violet electron spectroscopy (UPS) and
X-ray electron spectroscopy (XPS). The chamber is evacuated by a turbo molecular
pump backed by a rotary vane pump. The vacuum reaches a base pressure of typically
1 x 107 mbar or better as determined using an uncalibrated Bayert-Alpert gauge. A
quadrupole mass spectrometer can be used for residual gas analysis. The samples can be
transfered from the preparation chamber to a pocket cooled by a liquid nitrogen cryo-
stat. The minimum temperature that could be reached was 120 K as measured using
a thermocouple attached to the sample holder. The sample position could be altered
using a manipulator.

A SPECS Phoibos 100 hemispherical energy analyzer was used for X-ray and UV
photoelectron spectroscopy as well as for energy resolved exoemission (EREE). A custom
built dual anode X-ray gun could be switch between MgK, and AlK, radiation. A
SPECS UVS 10/35 UV lamp was used for valence band spectroscopy using He I light.

5.1.2. Preparation Chamber

The preparation chamber was used for the deposition of metal films on the substrates
as well as for the film characterization using Auger electron spectroscopy (AES), Kelvin

probe (KP) and for the chemicurrent and exoemission measurements. The chamber was
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Figure 5.1.: Sample holder with pivoted front contact to be mounted on a liquid nitrogen
cryostat. Sketch of the electrical contacts used for chemicurrent measurements as
well as for I/V characterization.

pumped using an ion getter pump, a titanium sublimation unit and a non-evaporable
getter pump. The total pressure was determined using an uncalibrated inverted mag-
netron gauge and a Bayert-Alpert hot filament gauge. Regularly a base pressure better
than 1 x 107 mbar could be reached. Samples were characterized for cleanliness and
film thickness using a CMA with an integrated electron gun for AES and a commercial

KP for work function measurements.

The sample manipulation system was designed to allow in situ sample growth, charac-
terization and chemicurrent/exoemission without the need of transferring and possibly
warming the sample in between steps. It comprises a liquid nitrogen cryostat capable of
controlling the sample temperature between 100 K and 600 K and a pivoted mechanism
to contact the metal films for electrical measurements. A sketch of the sample holder
mounted on the liquid nitrogen cryostat is shown in Figure 5.1. The rotatable front
contact can be flipped in the vacuum, and thereby the metal film can be contacted using

the gold ball attached at the tip. Using the manipulator the sample could be placed in
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front of the metal sources, the CMA, the KP and in front of a naked secondary electron
multiplier needed for exoemission experiments.

Palladium was deposited onto the silicon substrate from a thermal evaporator (Knud-
sen cell) whose flux was determined using a quartz balance. A standard SAES alkali
metal dispenser was used for the deposition of alkali metals. To reduce the amount of
contaminations during the deposition of the alkali metals the dispensers were mounted

into a shroud cooled with liquid nitrogen.

5.1.3. Electric Characterization: IV-Curves, Chemicurrents

After depositing the metal electrodes the metal films were contacted by flipping the gold
front contact onto the sample surface. A Keithley 236 source-measure unit (SMU) was
used for the DC measurements in chemicurrent experiments and for I/V characterization
of the Schottky devices alike. Figure 5.1 shows a sketch of the analog part of the
measuring circuit. Inside the chamber unshielded signal wire was used, while regular coax
cables were used on the air side. Regularly the back contact was fixed at ground potential
and only the front contact was attached to the SMU. For chemicurrent measurements
the metallic side of the samples was usually kept at zero bias with respect to ground.
Current-voltage characteristics were obtained by applying the potential to the front

contact and keeping the back contact grounded.

5.1.4. Electron Multiplier: Exoemission

A Burle Series 4800 channeltron was used to collect electrons emitted in the exoemission
experiments. The electron multipliers first dynode was biased at +10V with respect to
the sample surface to counteract the work function difference between the collector front
and the sample. At a multiplier voltage of 2050 V the channeltron pulses are sufficiently
high to be detected using a custom build amplifier-discriminator electronic. A detailed

description of the measurement circuitry can be found in Appendix C.

5.2. Sample Preparation

Single crystalline silicon wafers cut in the (001) direction were used throughout this
work. The wafers were cut into pieces of 11 x 10 mm? and were polished on the front
side. The back side of the samples was made ohmic by ion implantation and subsequent

annealing at the Fraunhofer-Institute for Microelectronic Systems and Circuits (IMS).
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After this treatment the samples carry a thick protective oxide layer which requires
further wet-chemical etching steps to be removed.

The as-received samples were cleaned using ultrasonic cleaning in water and iso-
propanol to wash away dust and organic contaminations on the oxide surface. In a
second step the oxide was striped in a solution of 5% hydroflouric acid (HF). Then
the samples were re-oxidized in a 1:1 mixture of sulfuric acid and hydrogen peroxide.
Afterwards the samples were again rinsed in water and cleaned in an ultrasonic bath
of isopropanol. In a final step the chemical oxide including any contaminations from
previous treatments was removed by etching in 5% HF.

The procedure effectively removes carbon contaminations from the surface and yields
a flat, but atomically rough, hydrogen passivated silicon surface. Afterward, the samples
were transfered into vacuum and regularly checked for chemical contaminations. Using
Auger electron spectroscopy traces of oxygen were found on the surface whose origin
are to be sought in the last HF treatment step. All other contaminations, especially
carbon, were below the detection limit of AES and XPS. Additional cleaning steps like

sputtering-annealing were not used so that the hydrogen passivation layer remains intact.

5.3. A Word on Pressure Measurement

Because oxygen readily adsorbs on all clean surfaces in the UHV chamber, all pressure
readings, and therefor all exposure ratings, must be considered with some care. In
particular liquid nitrogen cooled surfaces have a large getter capacity whose pumping
rate may easily exceed those of the vacuum pumps. Especially for the photo emission
experiments and the energy resolved exoemission this poses quite a problem because
the pressure gauge used for the pressure measurements is located in the preparation

chamber.
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The alkali metals form a large variety of oxides when brought in contact with an oxygen
atmosphere [GE03, SLCT83]. In general they may be divided into atomic oxides and
molecular oxides. In the regular oxides, the oxygen is bound in the form of an O~ ion
carrying a doubly negative charge. In the peroxides M;O, and superoxides MOy the
anions are oxygen molecules which are singly or doubly charged. These oxides can be
obtained for all five alkali metals under appropriate conditions. Additional oxides and
stable suboxides exist, especially for the heavier metals [Lid95, GE03].

During the oxidation of thin metal films under UHV conditions a variety of oxides can
be formed depending on the reaction conditions. Film thickness, temperature, oxygen
pressure and time of exposure have a crucial influence on the reaction products. The
different alkali metals behave differently under oxygen exposure although similarities
exist. In general the prepared oxides are not pure but consist of a mixture of different

molecular and atomic species.

6.1. Thermodynamical Data

From the thermodynamical point of view all alkali oxides, the peroxides as well as the
superoxides, are stable compounds under standard conditions, i.e., at T° = 298.15 K and
p° = 1bar and unit activities. Table 6.1 lists a number of thermodynamical parameters
for the most important alkali metal oxides [Lid95, LM]. Under standard conditions the
Gibbs free energy AG® is negative for all compounds giving the necessary condition for
stability.

Given the tabulated data the temperature and pressure dependence of the Gibbs free

energy of formation can be calculated [Atk98]|. The Gibbs free energy is defined as

where H (p, T) is the enthalpy and S(p, T') the entropy at a temperature 7' and a pressure
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Table 6.1.: Thermodynamical data of the stable alkali metal oxides including the standard
enthalpy of formation AH® from the elements, the standard entropy S° and the
Gibbs free energy AG® [Lid95, LM]. Standard conditions refer to 7° = 298.15K

and p° = 1 bar.

AH3 (kJ/mole) S° (J/K mole) AGS (kJ/mole)
Lithium
Li 0 29 -8.6
Li, O -599 38 -562
Lis O, -636 45 -571
Sodium
Na 0 51 -15.2
Nay,O -418 75 -379
NayO, -510 95 -447
NaO, -260 116 -218
Potassium
K 0 65 -19.4
K5O -363 94 -322
K50, -495 113 -429
KO, -285 123 -241
Rubidium
Rb 0 7 -23.0
Rb,O -337 109 -293
Rby0O, -427 105 -351
RbO, -263 59 -197
Cesium
Cs 0 85 -25.3
Csy0 -320 126 -276
Cs204 -404 118 -327
CsOq -278 65 -211
Oxygen
O, 0 205 -61.1
O 249 161 201
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6.1. Thermodynamical Data

p- Standard enthalpies of formation AH} and entropies AS} are tabulated for a wide
range of substances and can be combined to find the Gibbs free energy of formation
AGS = AHp — TAS3. If the pressure and temperature conditions of interest are not
listed estimates of the thermodynamical potentials can still be calculated. It follows
directly from the definition of the heat capacity (), that the change of enthalpy when

changing the temperature from 77 to T3 is given by

H(Ty) = H(T)) + / C,dT, (6.2)

T

when the pressure is kept constant during the heating (cooling). Equally, the entropy

change is given by
Ty
CP
S(Ty) = S(Ty) + ?dT. (6.3)
T

To find the Gibbs energy when changing the pressure of a system at a fixed temperature

the volume work done on the system has to be considered. It follows that

p2

G(p2) = G(p1) +/Vdp- (6.4)

p1

Equations (6.2) to (6.4) are exact by definition. To further equate their value model
assumptions have to be taken. For the elements all necessary data at standard pressure
are tabulated, and therefore only their pressure dependence has to be considered. As
the volume change of solids is small the Gibbs free energy can be treated as constant for
the alkali metals as well as for the oxides. Oxygen can be treated as an ideal gas under
the experimental conditions. Its state function therefore is V' = RT'/p, or if substituting
into (6.4)

p2

Gloa) = Glp) + BT [ % = Gpr) + RT log(22) (6.5

p1
The temperature dependence of the alkali metal oxides can be approximated using the
Debye model of specific heat [AM76, Kit96]. At low temperatures T' < Tp only the

acoustic branches of the phonon spectrum contribute to the heat capacity, and one finds
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Figure 6.1.: Thermodynamical potentials of LiO and Li;O at p = 10~ mbar as a function of
temperature. Lithium peroxide was treated as a Debye solid with Tp = 930 K and
oxygen as an ideal gas [JB51, Ser09, LM]

Tp/T

O ~Cy = 9NR ( T )3 / Ty (6.6)
~ = — ———drT, :
Py Tp (er —1)°

where T is the Debye temperature and N is the number of atoms in the unit cell.

Figure 6.1 shows the temperature dependence of the enthalpy and the Gibbs energy
of formation of lithium oxide and lithium peroxide at a pressure typical for UHV experi-
ments, p = 10~ mbar. The data for lithium oxide were computed from tabulated values
obtained from low temperature experiments [JB51] using only the pressure dependence
as given by Eqn. (6.5). The lithium peroxide data were obtained by extrapolating data
above room temperature using a Debye model. A Debye temperature of Tp = 930 K was
chosen in accordance with total energy calculations [RS01, Ser09]. It is quite obvious
that the temperature dependence of AG; is dominated by the entropy term —TAS?,

whereas the temperature dependence of AH/ is negligible.
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6.1. Thermodynamical Data

A clear trend can be observed for the difference of the standard enthalpy of forma-
tions between the normal oxide and the peroxides for lithium, sodium and potassium.
Therefore an analysis similar to the one for Li (Fig. 6.1) was carried out for K and Na
as well, which is presented in Figure 6.2. The enthalpy difference AH7 = 37kJ /mol
between the regular lithium oxide and the peroxide is much smaller than for the other
alkali metals. The respective literature values for sodium and potassium , 95kJ /mol and

130kJ/mol (Tab. 6.1), are nearly trice as high. As has been shown, virtually the entire
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Figure 6.2.: Thermodynamical potentials of alkali metal oxides and peroxides at p = 10~ 9mbar
and T'= 125 K.

temperature dependence of AG is due to the entropic term introduced by the oxygen
gas. For the purpose of this study, all other terms can therefore be safely neglected
in the analysis. The result of the calculations reveals that the trend suggested by the
difference in reaction enthalpy holds also for the Gibbs free energy: while for Na and
K the Gibbs free energy is more negative for the peroxides in the relevant temperature
regime, the driving force toward the formation of the peroxide is missing in the case of

lithium.
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6. Alkali Metal Oxides

6.2. Electronic Structure of the Oxygen lons

Elemental oxygen under standard conditions is a diatomic molecule O, with an electron
configuration of 307 1m;1m:. A corresponding molecular orbital (MO) schema following
the method of linear combination of atomic orbitals (LCAO) is shown in Fig. 6.3.
In the ground state the electrons are found in the O, X3Eg state, i.e., in accordance
with Hund’s rules two electrons with parallel spin-moment occupy the anti-bonding 17
orbital. The singly charged superoxide ion O; has the electron configuration 30217@117331.
In the gas phase its ground state is O; X2II,. The peroxide ion O3~ has a filled outer
17* shell corresponding to the O3~ X', state, which is unstable in the gas phase.

Atomic oxygen has four valence electrons in the O 2p-shell. To fill the valence shell two
more electrons are therefore needed. In a compound with alkali metals atomic oxygen
is therefore usually found as a doubly negative ion O%~ with a filled 2p-shell.

For the interpretation of UV spectra it is helpful to compare the experiment with

3o

u

*

in

teitd

O2p in,
Ground state: 1‘
triplett oxygen’Z;

30

Figure 6.3.: In an oxygen molecule the atomic 2p orbitals are split into two binding (304 und
17g) and two anti-bonding (30, und 1m,) orbitals. Their occupation in the ground
state is determined according to Hund’s rules. The ground state therefore is the
triplett state X*%; .
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6.2. Electronic Structure of the Oxygen lons

theoretically computed spectra. Potential energy curves for the different electronic states
of the oxygen molecule as well as the superoxide ion are available for the gas phase
[SL77, KNW*73, LM] and can be used for this purpose. From these the vertical energy
differences between the electronic states can be extracted for specific O-O separations
which need to be adjusted to the intra molecular bond length in the solid. The spacing
between states is often similar to the spacing between features corresponding to different
final states in photoemission experiments.

Table 6.2 lists the energy differences between electronic states of the oxygen molecule
and the superoxide molecule which can be reached by photoemission from the ground
state of the superoxide and peroxide molecule [Atk98]. The energies of the Oy molecular
states are given relative to the O(*P) — O(®P) configuration of oxygen atoms. With the
exception of the B3X; state, which is connected to the O('D) — O(®*P) configuration,
all the states are adiabatically connected to this configuration. The energies of the
superoxide ion states are given relative to its Oy X*II, ground state.

For the photoemission from the O3~ XlZg ground state the interpretation of the final
states is quite simple because the spin direction does not play a role in closed shell
molecules. It is the emission of one electron from the 7, the 7, or the o, molecular
orbital leaving the O3 ion in the Oy X?II,, the O3 %II, and the O3 2%, state.

The photoionization of the superoxide ion on the other hand is complicated by the
alignment of the spin moment in different O, final states. The MO representations of
various low lying states of the oxygen molecule presented in Fig. 6.4 help to understand
these transitions. All of these states are adiabatically connected to the O(*P) — O(*P)
atomic states of the dissociated oxygen atoms and are stable or metastable in the gas-
phase.

Although the oxygen ions are tightly bound in the molecular alkali oxides it has been
shown that surprisingly good agreement between the theoretical predictions and the
experiment [JDB92| is found if only energy separations are considered. This indicates
that the overall symmetry of the molecular ions is preserved and shall help to identify

possible molecular species during the adsorption of oxygen on alkali films.
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6. Alkali Metal Oxides

Table 6.2.: Vertical energy separations between molecular states for the oxygen molecule and
the superoxide ion; the values were computed using configuration-interaction meth-
ods for an O-O separation of 1.37A and 1.59A[SL77, KNW*73]. Energies of the
oxygen states are relative to the O(®P) — O(3P) configuration, energies of the su-
peroxide states are relative to the Oy X2Hg ground state.

Superoxide ion Oy Oxygen molecule O,
Molecular state AFE ‘ Molecular state FE AFE
X1, 0 X3Eg_ -4.49 0
211, 3 al Ay -3.51 0.97
IR 4.4 blE;’ -2.93 1.55
s -0.65 3.84
C3A, -0.42  4.06
A3y -0.31 4.18
B3%. 1.92  6.42
1311, 2.01  6.50
Superoxide ion Oxygen molecule
X%5 X°5, a'A, b’y c's,
- » - » -
Y
[ ]t] [t ]t]
n, 1, n, n, n,
30, 30, 30, 30, 30,
C3A, AT 1°11,
L] L] []
3o} 3o} 307
TN 1 (A I 1 [
(1]t ] [t ]
n, n, n,
]
30, 30, 3o,

9 9

Figure 6.4.: Molecular orbital diagrams for the states involved in the photoionization of a
superoxide ion. Only oxygen molecular orbits adiabatically connected to the
O(®*P) — O(®P) are shown.
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7. Experimental Results

The knowledge of the barrier height of the used Schottky diodes is of crucial importance
because it determines the sensitivity of the devices for weak electronic excitations. In the
first part of this chapter, Schottky contact 1/V-characteristics are presented that were
used, if possible, to determine the homogeneous barrier height of the ideal interface.
Where proper IV-curves, that could be fitted using thermionic emission theory, were
not available the barrier height was calculated using the MIGS-and-electronegativity
concept [Moén01].

For the second part of this chapter, X-ray photoelectron spectroscopy (XPS) was
used to determine the composition of alkali metal films while they were exposed to oxy-
gen. The earliest investigations on non-adiabatic energy release using the chemicurrent
method assumed a constant efficiency of the current generation. This assumption led
to the conclusion that the chemicurrent traces directly reflect the reaction rate, i.e.,
Joc(t) = a x R(t), [GNO4]. To test this assumption, the reaction rate, or equivalently
the oxygen uptake, must be measured separately. In this way, the reaction mechanism
could be determined and compared to the outcome of the combined exoemission and

chemicurrent experiments.

The third section contains a brief study of the work function change of potassium

films under oxygen exposure which was measured using the Kelvin probe method.

In the following section results from exoemission and chemicurrent experiments are
presented. Both were recorded simultaneously as a function of time in a combined
experiment during the oxidation of alkali metal surfaces. A comparison between the
resultant chemicurrent and exoemission traces, and the reaction rate shows that the
simple assumption of a constant efficiency does not hold for the systems that were

investigated in this study.

In the last section a model incorporating the previously shown findings will be pre-

sented.
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Figure 7.1.: Barrier heights laterally homogeneous silicon Schottky contacts as a function of
the Miedema electronegativity of the metal. Triangles are data for abrupt metal-
semiconductor contacts, the open circles represent data from silicide interfaces
[M6n01, HKMNOQ9]. Filled symbols are for metals used in this study.

7.1. Schottky Contacts

Two different kinds of Schottky contacts were used for the experiments in this study:
either the alkali metal was directly deposited on the semiconductor substrate or an

intermediate layer of palladium was deposited on the silicon surface.

7.1.1. Palladium-Silicon Schottky Contacts

Figure 7.2 (a) shows I/V curves recorded at a number of temperatures in the range of
120K to room temperature (RT) in steps of 5 K. In thermionic emission theory the
current through a Schottky diode is given by Eqn. (2.22). The total current measured
is given by the sum of (2.22) and the photo current due to infrared radiation in the
chamber. For Figure 7.2 (b) theoretical curves calculated with the help of (2.22) are
used to fit I/V curves in the temperature range between 125K to 155K. To reduce
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(b) Temperature range around 120K. Lines indicate fits according to
the thermionic emission theory.

Figure 7.2.: I/V curves recorded at various temperatures in the range of 120K to RT in steps
of 5K for a Schottky diode with a 1.2nm Pd metal electrode on H-terminated
p-type Si(001) substrate.
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effects of the series resistance of the thin film, the voltage range used for the fits was
restricted to a range of —0.1V to 0.1 V. The data can be fitted with a Schottky barrier
®, ~ 0.41+0.01eV and an ideality factor n = 1.01, taking into account the image force
lowering of the Schottky barrier.

The theory of metal-induced gap states (MIGS) and electronegativity relates the ho-
mogeneous barrier height ®p, with the electronegativity difference of a given metal-
semiconductor pair [CK96, Mén01]. Figure 7.1 compiles a number of barrier heights
for metal contacts on p-doped silicon which were obtained using various techniques like
ballistic electron microscopy, photo emission and 1/V characterization. Data sets for
reactive silicide-silicon (open circles) and abrupt metal-silicon interfaces (triangles) were
plotted. Barriers for contacts used in this study are marked by filled symbols. In the
case of metal-p-Si contacts, an empirical formula has been derived which predicts the
barrier height

P, = (0.36 — 0.101 x (xm — xsi)) €V, (7.1)

where xu and ys; = 4.7 are the Miedema electronegativities [MdCdB80] of the metal
and the silicon substrate [HKMNO09]. Although (7.1) is strictly valid only for abrupt
interfaces, reasonable agreement with barrier heights of silicide-silicon interfaces has
been shown [Mén01]. For PdySi diodes, the model predicts a homogeneous barrier
height ®p, = 0.28eV (xpq = 5.45) whereas the barrier height found for our diodes is
markedly higher than this. Similarly discrepancies have been observed for numerous
metals on hydrogen passivated surfaces and were explained by an extrinsic dipole layer
caused by hydrogen remaining at the interface which adds to the dipole introduced
by the MIGS at the interface [KM95, HKMNO09]. At defected transition metal silicide
interfaces, deviations from the ideal behavior of the MIGS-and-electronegativity concept
must also be expected which are caused by dangling d orbitals [FA94, M6n01]. They
lead to additional charging of the interface and hence an altered barrier height which
depends on the exact structure of the interface.

Because of their low barrier palladium Schottky diodes are very efficient light sensors
even in the infra red. The additional current simply adds to the thermionic current and
establishes a shift of the I/V curves which can be seen in panel 7.2 (b). For a surrounding
environment at 300 K this photo current is already of the order of a nanoampere which
is close to the current strength regularly observed for chemicurrents. This would not
pose a problem if the photo current remained constant throughout the chemicurrent
experiment. In fact, this is not so because the optical properties of the film (absorption,

reflectivity) change during the an oxygen exposure. So, in spite of their low barrier
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which results in a high sensitivity to low-energy electronic excitations, palladium based

diodes are not especially suitable for the study of small chemicurrents (= 1pA).

7.1.2. Alkali-Silicon Schottky Contacts

Alkali-silicon Schottky interfaces are in particular interesting because of their dissimilar
I/V-characteristics on p-doped and n-doped silicon. Whereas the p-doped diodes have
excellent diode characteristics, Ohmic contacts form on negatively doped substrates. At
the same time, photo emission data show Schottky barriers g, ~ 0.6eV for sodium
on silicon which is in good agreement with the MIGS theory. A direct validation of the
MIGS-slope from 1/V characteristics is therefore only possible using p-doped diodes.
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Figure 7.3.: Sample I/V-characteristic of a K/H:p-Si(001) and Na/H:p-Si(001) Schottky diode.

A comprehensive study of potassium-silicon Schottky diodes has been published re-
cently by Huba et al. [Hub08, HKMNO09] who analyzed the same diodes also used for
this thesis. In agreement with the general behavior, n-doped Schottky diodes showed
Ohmic characteristics and could not be used for chemicurrent experiments. In contrast,
the barrier height of a homogeneous potassium contact on p-doped silicon could be de-
termined as ¢p, = 0.55eV. Accordingly, a reduction of the residual photo current by
two orders of magnitude could be reached in comparison with the photo current in palla-
dium based diodes. Sample I/V characteristic for a sodium diode and a potassium diode

have been included in Fig. 7.3. Fit curves according to Eqn. 2.22 have been including
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Table 7.1.: Schottky barrier height ®pj, of laterally homogeneous Schottky contacts on silicon.

Metal Interface structure Dy (eV) PRI (eV) Data source
Li N/A N/A 0.55 -
Na (7 x 7)-Si(111) 0.58 (PES) 0.56  [Moén01, PNHHOS]
(3 x 1)-Si(111) 0.51 (PES) 0.56
K (1 x 1)-H:Si(001)  0.54 (IV) 0.61 [HKMNO09], this work
Rb N/A N/A 0.62 -
Cs (7 x 7)-Si(111) 0.62 0.64 [Mon01]
Pd (1 x 1)-H:Si(001) 0.42 0.28 this work

in the figure. Ideality factors far greater than n = 1 have to be used to satisfactorily fit
the currents in the exponential forward direction, which indicates to a very inhomoge-
neous interface. The I1/V characteristics are quickly dominated by the serial resistance
of the films, which is due to the spread resistance of the extremely thin metal layer.
Several factors contribute to the current in the reverse direction and are responsible for
its deviation from the ideal behavior. They include: (a) photocurrent at a much lower
level then for palladium based diodes, (b) ohmic current paths parallel to the diodes,
(c) charging of the diodes according to I = Odd_t.

Table 7.1 includes a compilation of the barrier heights of laterally homogeneous Schot-
tky contacts on p-doped silicon substrates for metals that were used in this study. For
potassium and palladium reliable experimental data are available for Schottky diodes
fabricated using hydrogen passivated silicon whereas the experimental foundation for the
other alkali metals is rather weak. If necessary the MIGS theory value @%/IPIGS computed

from the Miedema electronegativities were used [MdCdB80].
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7.2. Photoelectron and Auger Spectroscopy

7.2.1. Silicon

The wet-chemically etched silicon wafers were regularly checked for cleanliness and com-
plete oxide removal. Figure 7.4 shows representative Auger and X-ray spectra of an
as prepared sample after quick insertion into the UHV. Both methods are capable of
detecting contaminations as low as approximately one surface contamination atom in a
hundred substrate atoms.

The Auger and XP spectra in Fig. 7.4 show that the initial silicon surface is essentially
free of hydrocarbon contaminations. In comparison with previous studies, that reported
an appreciable amount of hydrocarbon adsorbates on the wet chemically cleaned silicon
surfaces, this must be seen as a large improvement of the cleanliness of the sample
preparation with regard to carbon contaminations [Gla04]. The crucial step toward the
reduction of these contaminations was the intermediate etching in the HySOy4 : HoOq
solution. Spurious oxygen contaminations on the order of one percent of a monolayer
are visible which were introduced in the last step of the wet chemical preparation. Most

probably, these are caused by residual hydroxyl groups bonded to the surface.

7.2.2. Lithium
Metallic Lithium Films

Metallic lithium films were deposited on hydrogen passivated, clean, and n-doped silicon
wafers. An example X-ray spectrum of a lithium film deposited on a wet-chemically
prepared Si(001) surface is presented in Fig. 7.5. In Figure 7.6, Auger spectra of the
clean silicon surface, the metallic lithium film as it was deposited, the lithium film at
elevated temperatures, and an oxidized film at room temperature are shown. Samples
using negatively doped substrate were used for all spectroscopic measurements because
their Ohmic contacts effectively prevent the metallic film from charging.

The upper panel of Figure 7.5 shows a survey spectrum of a multi-layered (/~ 10 ML)
Li film that was deposited at a temperature of 120 K and was kept at that temper-
ature afterward, with the exception of a brief period of time during the transfer into
the electron spectroscopy chamber. Two features dominate the spectrum: the Li 1s
photoemission line and a broad loss spectrum starting at a binding energy of 100 eV.
In particular, there is no clear photoemission visible from the Si 2s and Si 2p lines in

the spectrum. Instead a large background loss signal is seen at that position. A thor-
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ough explanation of this result has yet to be established but from its position it may
be concluded that this feature is due to silicon photoelectrons undergoing losses in the
lithium film on top. For this reason reliable thickness data could not be established for
the lithium samples when recording XPS spectra, because the intensity decrease of the
Si 2p peak cannot be determined. Oxygen and carbon contaminations were below the
detection limit of XPS.

The films are stable if held at a temperature of 120 K. Spectra with higher resolution
were recorded in the Si 2s and Si 2p region as shown in Fig. 7.5. Data from the
same sample which were recorded earlier (10 min) in the session are included in red.
The composition of the film’s surface does not change during this time. Also radiation
damage from the X-ray beam was neither expected nor found experimentally. Likewise
the emission from the Li 1s line does not change during that time (see Fig. 7.8). The
metallic character of the film can be seen from the high intensity plasmon losses starting
at 7.7 eV below the primary Li 1s line [Ale71].

Lithium-Silicon Interdiffusion

Lithium readily dissolves into the bulk of silicon substrates even at cryogenic temper-
atures. The effect can be observed by X-ray photoemission at temperatures as low as
200 K as presented in Fig. 7.7. The blue curve shows a Li film deposited at 120 K right
after transferring it into the analysis chamber, while the red line shows the same sample
after it was held at 200 K for five minutes. In both curves the Si 2s, the Si 2p, and the
Li 1s peak at 54.9¢eV are clearly visible. But while the silicon photoemission lines are
initially weak they become much more pronounced after the thermal treatment. Great
care must therefore be taken to hold the temperature of the sample below 130 K at all
times.

Auger spectroscopy data confirm the diffusion of lithium into the silicon substrate.
Figure 7.6 compiles Auger spectra of lithium films that were deposited on a hydrogen
passivated Si(001) substrate. The spectra were recorded with a primary excitation volt-
age of 3000V and a peak-to-peak modulation of 2V. The difference between the stable
metallic film and the silicide film are easy to discern. The position of the Li KVV line
shifts from 49.5eV for the metallic film to 47.5€V in the silicide, and the peak of the Si
LVV line changes from an asymmetric appearance to a symmetric shape. The metallic
film remains stable for hours at the deposition temperature of 120K, even though a
silicide interface has already been formed.

At higher temperatures the spectrum gradually changes to the typical lithium silicide
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composition, leading to a gradual increase of the silicon peak height. The thickness of
the film was approximately three monolayers, which was determined by the attenuation

of the Si LVV peak through the metallic film.

Lithium Oxidation and Oxides

During the oxidation of lithium thin films mainly lithium oxide LiyO is formed. UPS
data show a single peak originating from atomic O 2p orbitals at low exposures and
a subsequent development of additional features that can be attributed to molecular
orbitals. Figure 7.9 shows a plot of the valence band region of a lithium film on a silicon
substrate during an exposure to Oy at a partial pressure p(Oz) = 1078 mbar. In the upper
part of the panel UP spectra recorded with a He I light source at different exposure are
shown. The lower panel shows a contour plot of the same exposure. The oxidation
starts with the production of O?~ as in Li;O which is eminent in the appearance of a
large peak at 5.3 eV which shifts slightly toward higher binding energies with increasing
exposure. The peak is caused by the ionization of the O?~ ion with a transition into the
2P state of the singly charged oxygen atom. Obviously, the initial film already contained
a small amount of oxygen which stems from the deposition itself.

Two additional features start to develop at higher exposures at 12eV and around
7.9eV. A comparison with spectra obtained for molecular alkali oxides shows that the
peak at 12eV cannot be explained by O 2p related orbitals from peroxide or superoxide
ions [JDB92|. A straight forward explanation is reached if bonds between oxygen and
silicon are considered: the O 2p-Si 3s,3p orbitals indicate that silicon from the substrate
is also oxidized to form SiOy during the reaction [FPDG77, SGBF02, WOW™05]. The
peak at 7.9eV can be explained as either being due to emission from non-bonding
O 2p orbitals from oxygen incorporated into SiOs or due to emission from molecular
Li; O, orbitals. Both explanations are compatible with previous observations from the
literature [JDB92, WOW™T05]. The appearance of molecular orbitals also accounts for
the apparent shift in the position of the lithium oxide peak when the molecular peaks
start to overlap with the emission from atomic states.

A further close-up of the valence band region around the Fermi edge during the ox-
idation is presented in Fig. 7.10. While data were obtained for the same oxidation
experiment already shown in Fig. 7.9, they reveal the change of the lithium conduction
band much better than the UP survey spectrum. Remarkably, no distinguished Fermi
edge expected for a metallic surface could be observed for the as deposited films and the

Li valence band does not show the expected triangular shape typical for the alkali metals
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Figure 7.8.: Multi-layered Li film on n-Si(001) at a temperature 7' = 120K - Photo emission
spectrum of the Li 1s region
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Figure 7.9.: Multi-layered Li film on n-Si(001) at a low temperature of 7' = 120K - Valence
band region during oxidation at 120 K.
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[KLM*73]. Because of its higher surface sensitivity compared to X-ray photoemission
UPS probes a few atomic layers of the film which may already be partly oxidized at
the start of the experiment. A film that appears metallic in XPS may therefore appear
non-metallic in UPS. For the same reason surface oxygen may be detected using UPS
even if only small amounts of oxygen were visible in XPS.

Two peaks appear within the region of the Li conduction band at binding energies
of 1.45eV and 2.65eV whose origins are not clear. Possibly, these indicate that this
particular film was built up from lithium silicide which might have formed during the
transfer of the sample. This would also explain the appearance of silicon oxide related
peaks in the oxide spectra and the lack of a sharp Fermi edge.

After oxidation of lithium silicide at room temperature, the Li KVV peak splits into
a doublet structure shifted to a kinetic energy of 39eV (Fig. 7.6).
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Figure 7.10.: Multi-layered Li film on n-Si(001) at a low temperature of 7'= 120K - Valence
band region around the Fermi edge during oxidation at 120 K.
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7.2.3. Potassium

Over the last decades, the exact mechanism underlying the oxidation of potassium in an
oxygen atmosphere has been the subject of numerous studies. While some agreement
has been established in the literature on the identification of the various potassium oxide
species [PK77, JDB92, LSR95] little is known about the reactions kinetics during the
oxide formation. In particular, the confusion in this subject is caused by the sensitivity
of the reaction on the experimental conditions, especially on the temperature employed.
Early studies on the subject stated that the oxidation of a cooled surface (77 K) follows
a nucleation and growth mechanism [KW78] - much the same as is observed for the
oxidation of magnesium [GNO04]. However, due to the method of the investigation, the
authors were not able to tell which kind of oxide was formed. In later studies, the
growth and chemical composition of oxidized potassium layers could be clarified in more
detail which revealed that molecular adsorption dominates at low oxygen pressures and
proceeds in a layer-by-layer fashion [LSR95]. However, a general model for the reaction

kinetics as a function of temperature is still not available.

Metallic Potassium Films

Figure 7.11 shows the photoemission in the K 2p region of a thick (multi-layered) film
of potassium on n-Si(001) before and after oxygen oxidation. Non-monochromatized
MgK,, radiation was used for the XPS-spectra and spectra were recorded in normal
emission. The upper panel shows the as deposited film while the lower panel shows the
film after exposing it to 40 L of oxygen at 120 K. The spectrum of the as deposited film
shows a large loss structure due to plasmon scattering at the high binding energy side
of the K 2p-doublet. This indicates the metal like electronic structure of the film which
is lost during the oxidation. Hence the plasmon losses vanish for the oxidized films.

The data were fitted using a sum of multiple Voigt profiles employing a standard
Levenberg-Marquard fitting routine. The spin doublet structure of the 2p peaks was
reproduced by requiring a 4 : 2 ratio for the peak areas, a peak-to-peak distance of
2.80eV and equal line widths (FWHM). Each photoemission line gives rise to multiple
plasmon loss features which are reproduced for a plasmon energy of 3.4 eV. The position
of the K 2p3z/; peak was found to be 294.5eV.

After the oxidation only a slight shift of the K 2p3/» peak toward a binding energy of
294.8 eV is observed. In contrast to the strong chemical shift observed for the O 1s line,

surprisingly little information about the oxidation state, e.g., peroxide vs. atomic oxide,
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can be extracted from the potassium photoemission lines.

Potassium Oxidation and Oxides

In contrast to the spectra that were obtained for thin lithium films, the Ols line in
potassium is highly structured. This can be exploited to distinguish between the var-
ious oxide species appearing in the potassium film. As can be seen from the photoe-
mission data presented in Figures 7.12 and 7.13 the O 1s line splits into three peaks.
The splitting of these peaks is caused by the different oxidation states of the oxygen
bound in the film and they are ordered with respect to the number of electrons resid-
ing on the oxygen atoms. The lowest binding energy peak (527.9eV) is interpreted as
a marker for dissociatively adsorbed oxygen O?~. Peroxide like oxygen molecules O3~
are identified by a peak at 532.1eV and the superoxide species O, shows a peak at
534.0eV[PK77, JDB92, LSR95]. The total oxygen uptake shown in Fig. 7.14 has been
plotted as a function of exposure. Assuming an initial sticking coefficient of unity, the
initial slope can be used to scale the equivalent plots for other metals which will be
presented throughout this chapter.

Under the chosen conditions molecular adsorption is preferred over dissociative ad-
sorption. Figures 7.15 and 7.16 (for higher exposures) show the intensities of the oxide
(red squares), the peroxide (blue triangles) and the superoxide (purple circles) peaks
as a function of oxygen exposure ®g. Initially, some oxygen dissociates at defect sites
on the clean surface thus forming O% ions. Aside from the defect induced adsorption,
oxygen is predominantly adsorbed as molecular ions. In a first step oxygen is bonded as
K504 and at later stage incorporated as KO,. The oxides grow in a layer like manner,
the later oxide growing on top of the earlier oxides. Peroxide grows on top of the layer
of atomic oxide. Likewise the peroxide layer becomes covered by a superoxide layer.

The peroxide intensity follows an exponential law

IKQOQ x 11— exXp (_(DE/TI) (72)

typical for Langmuirian adsorption with a rate proportional to a number of free ad-
sorption sites. ®g designates the exposure. At large exposures the peroxide intensity
decreases due to the afore mentioned covering of the peroxide layer with superoxide
growing on top.

Because of the large intensity of the peroxide peak it seems implausible that the

adsorption is restricted to a single molecular layer on top of the surface. The description
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Figure 7.11.: Potassium multi-layered film deposited on n-Si(001) at 120K - Photo emission
in the region of the K 2p line before and after oxygen oxidation at 120 K.
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of the molecular reaction therefore differs from simple Langmuir adsorption kinetics in
the sense that the number of available reaction sites cannot be identified simply by the
number of surface sites. Therefore some transport of either potassium atoms to the
surface or diffusion of oxygen molecules into the bulk must be considered. In this sense
the fixed number of adsorption sites required by the Langmuir model can be identified
by metal atoms in a thin layer near the surface which can reach the surface through
diffusion. This process must be much faster than the impinging rate to ensure that the
concentration of potassium atoms is constant within this layer and that it remains in
thermal equilibrium with the surface.

In contrast, the superoxide growth must be described by a square root law
IK02 X (I)E (73)

which is observed for diffusion limited processes. Potassium diffuses through an already
existing oxide layer and reacts either with oxygen from the gas phase or oxygen already
physisorbed on the surface. A detailed discussion of the model, its implications and a

derivation of (7.3) can be found in Appendix A.
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Figure 7.12.: Potassium multi-layered film deposited on n-Si(001) at 120 K - Photo emission
in the region of the O 1s line during the oxygen oxidation at 120 K.
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Figure 7.13.: Potassium multi-layered film deposited on n-Si(001) at 120 K - Photo emission
in the region of the O 1s line during the oxygen oxidation at 120 K.
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Figure 7.14.: Potassium multi-layered film deposited on n-Si(001) at 120K - Increase of the O 1s line intensity during the oxygen
oxidation at 120 K.
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Potassium multi-layered film deposited on n-Si(001) at 120K - Increase of the O 1s line intensity during the oxygen
oxidation at 120 K.
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Valence Band Spectroscopy

The UPS valence band spectrum using a He I light source shown in Fig. 7.17 is domi-
nated by O 2p related peaks which can be identified as molecular orbitals. Oxygen was
adsorbed on a thick layer of potassium at a temperature of 120 K. The results compare
well with the findings of Petersson and Karlsson [PK77] and with the interpretation of
Jupille et al. [KNWT*73, JDB92]. For the initial deposit, the M3VV Auger peak at
3.9eV (corresponding to a kinetic energy of 17.3eV) and valence band plasmon losses
at 7.2eV and around 11eV are visible. The K 3s valence band itself has a much lower
intensity and will be discussed separately (see Fig. 7.19).

At very low coverages some oxygen is presumably adsorbed as a O?~ species. The
feature corresponding to the O 2P state is found at a binding energy of 2.7eV, which
is in agreement with the low intensity 527.9eV peak seen in the XPS spectra. During
the next phase, two peaks which relate to the O3 223, the O3 ’II, and the O3 2Hg
final states appear. While the transition into the O X2Hg ground state can be clearly
resolved, the Og ZE;F and the Oy ZHu could not be resolved as single peaks. They rather
appear as one broad peak because of their overlap with features related to the ionization
of superoxide ions, i.e., transitions into O, states. For the same reason the position of
these peaks can not be accurately determined here. The relative distances between the
peaks given by Krauss et al. [KNW*73] for an O-O bond length of 1.59 A were used
to describe the spectrum in agreement with the interpretation of Jupille et al.. Given
the uncertainties in the measurement as well as in the theoretical values assigning the
weakly visible peak at 8eV to the O 2Zj final state transition seems also possible.

The increasing oxygen coverage leads to a transition from a peroxide dominated spec-
trum to a spectrum typical for superoxide adsorption. The high energy structure around
2.7¢eV vanishes and a new peak at a binding energy of 11 eV appears. In the literature,
the high energy peak is explained by excitations into the nearly degenerate O,°% and
Os 3Hg and the O, 12;, 0,°%A, and O, 32:[ states. Again, the distances between these
states as shown in Fig. 7.17 are equivalent to the vertical separations between these
states calculated by Saxon et al. for the free molecule at a binding distance of 1.37 A
[SL77, JDB92|. The structure formerly assigned to the O ’I1, excitation grows fur-
ther in size because of an overlap between peroxide excitations and excitations into the
O IE:[, Os lAg and Oy X?’Z; final states of the ionized superoxide ion®.

A close up of the valence band in the region of the Fermi edge is given in Fig. 7.18. The

IThese are the lowest lying states singlet and triplet states of the neutral oxygen molecule. The
(0] XBEQ_ is the ground state of the free molecule.
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Figure 7.17.: Multi-layered K film on n-Si(001) at low temperature 7' = 120K - Valence band
region and emission from O 2p related levels during oxidation at 120 K.
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photoemission of the clean surface is dominated by a narrow conduction band. During
the oxidation the intensity near the Fermi edge (see Fig. 7.19) decreases exponentially
as free electrons of the metal are bound into the oxide. For low to moderate oxygen
exposures additional peaks located within the conduction band become visible. They
can be attributed to metastable molecular species bound in a metallic environment.
Their binding energy is lessened compared to the bulk oxides discussed above because

of the missing Madelung energy that stabilizes the oxides in their bulk environment.
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Figure 7.18.: Multi-layered K film on n-Si(001) at low temperature 7' = 120K - Valence band
region near the Fermi edge during oxidation at 120 K.
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Figure 7.19.: Multi-layered K film on n-Si(001) at low temperature 7' = 120K - Valence band
depletion near the Fermi edge during oxidation at 120 K.
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7.2.4. Sodium

Sodium can be deposited on silicon at low temperatures around 120 K to form thick bulk
like layers. Like in the case of potassium, two oxide species form during the oxidation of
sodium films when they are exposed to low pressure oxygen at a temperature of 120 K.
The oxide films comprise a mixture of atomic oxide, which forms through the dissociation
of oxygen molecules, and of molecularly adsorbed oxygen, which is present in a peroxide
state.

The O 1s spectra shown in Fig. 7.20 and Fig. 7.21 show clearly distinguishable peaks
at 529.2eV and at 533.0 eV which are signatures of the regular and the peroxide. In Fig-
ure 7.23 the total oxygen uptake has been plotted as a function of exposure. Apparently,
both peaks shift toward higher binding energies of the oxygen covered surface which may
be a sign for a higher binding energy for the bulk oxides vs. oxides that are adsorbed at
the surface. The much narrower line width of the atomic oxygen feature, =~ 1.5eV vs. a
FWHM of ~ 2.5eV for the peroxide, could lead to the wrong impression that the early
stages of the oxidation might be dominated by dissociative adsorption. This is not true
as can be seen from the area integrated intensity which has been plotted in Fig. 7.22
as a function of oxygen exposure. Indeed, the initial reaction rate for both processes is
approximately the same. The dissociative reaction rate is constant up to an exposure of
approximately 5 L. where it abruptly turns to zero. Afterward the atomic oxygen signal
becomes attenuated by the peroxide layer growing on top of it. The molecular signal
shows a smoothly curved intensity which approximately follows a first order exponential
decay of the reaction rate.

Dissociative adsorption occurs only on the metallic surface and is a spontaneous pro-
cess which does not require the diffusion of sodium atoms to the surface. Its constant
reaction rate is puzzling because it implies that the concentration of the metallic reac-
tion partner does not play a role in the reaction kinetics. The peroxide reaction on the
other hand seems to follow regular Langmuir adsorption kinetics in a process similar to
the potassium films.

It is peculiar that no superoxide species was observed on sodium films in these exper-
iments as reports of such a species exist in the literature [BNRS89, BGG93]. Whether
this is due to an insufficiently long exposure, which would imply that sodium superoxide
would be observable at this temperature, or whether sodium superoxide is thermody-
namically unfavorable at this temperature cannot be told from these data. A final answer
to this problem can only be found through additional measurement, preferentially using

a molecular beam setup which allows a better control of the gas flux.
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Figure 7.20.: Sodium multi-layered film deposited on n-Si(001) at 120 K - Photo emission in
the region of the O 1s line during the oxygen oxidation at 120 K.
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Figure 7.21.: Sodium multi-layered film deposited on n-Si(001) at 120 K - Photo emission in
the region of the O 1s line during the oxygen oxidation at 120 K.
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Figure 7.23.: Sodium multi-layered film deposited on n-Si(001) at 120 K - Intensity of the O 1s transition during the oxygen oxidation
at 120 K.
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7.2.5. Rubidium

X-ray photoemission spectra of the Rb 3d line before and after the oxidation are shown
in Fig. 7.24. A thick layer of rubidium of approximately 10 ML was deposited on an n-
Si(001) substrate at a temperature of 120 K. After subtracting a linear background the
Rb 3ds/2 peak position was found at a binding energy of 111.5eV for the as deposited
film. The metallic nature of the film can be deduced from the strong plasmonic loss
structure of the as deposited film. Although the loss peaks are too broad to determine
the plasmon energy from this measurement the spectra are well reproduced by multiple
bulk plasmon losses using the literature value of 3.3 eV [MSSB95, FBG194].

After oxidizing the film the Rb 3ds; line shifts slightly toward a lower binding energy of
111.2 eV which is in accordance with the general trend of this line in rubidium compounds
[MSSB95]. In favor of an increasing intensity of the primary photoemission lines the
intensity of the plasmon losses is drastically reduced and vanishes for a completely
oxidized film. Instead and in addition to the photoemission lines, a small feature from
shake-up processes appears in the spectra.

The development of the O 1s line was monitored while the film was exposed to molecu-
lar oxygen. Figure 7.25 shows the region of the XP spectrum containing the O 1s line for
exposures of 5, and 10 L. While it was not possible to determine the reaction kinetics
from the data, four oxygen components are visible for all exposures. The regular oxide,
peroxide and superoxide peaks are found at binding energies of 527.7eV, 531.5eV and
535.0eV. In addition, a fourth component can be observed that shows up as a shoulder
at the high binding energy (533.0eV) side of the peroxide peak. Similar components
have been observed regularly for potassium as well as cesium layers [LSR95, SLC*83]

and are commonly interpreted as originating from a sesquoxide species M5Os.
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Figure 7.24.: Rubidium multi-layered film deposited on n-Si(001) at 120 K - Photo emission in
the region of the Rb 3d line during the oxygen oxidation at 120 K.
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Figure 7.25.: Rubidium multi-layered film deposited on n-Si(001) at 120 K - Photo emission in
the region of the O 1s line before and after oxidizing the film at 120 K.
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7.2.6. Cesium

Layers of cesium were deposited on an n-Si(001) substrate in the thickness range of
10 ML as was determined by the attenuation of the Si 2p core level emission. The films
were deposited on the cooled sample surface at 120K. From the large contribution
of plasmon losses to the photoemission in the Cs 3d shown in the lower panel of Fig.
7.26 the metallic nature of the surface is obvious. The location of the Cs 3ds/, and
the Cs 3ds/, were found to agree with the literature values of 726.4eV and 740.4eV
for bulk cesium and the data were fitted after subtraction of a linear background using
Voigt profiles assuming multiple plasmon losses with the bulk plasmon energy of 2.3eV
[MSSB95].

On oxidation the film looses its metallicity and the intensity of the primary pho-
toemission lines increases as the plasmon losses vanish. A shift toward lower binding
energy in accordance with the observations made for rubidium is also seen for the Cs 3d
photoemission lines.

The region around the O 1s line shown in Fig. 7.27 is highly structured showing
contributions from three different oxygen species. The assignment is straightforward
and follows the lines of the other alkali metals. An atomic oxide species is found at
527.7eV, the peroxide and superoxide lines are seen at 531.2eV and 533.8eV. Reports
of additional oxide species can be found in the literature but could not be observed under
the experimental conditions of this study. The total oxygen uptake has been plotted in
Fig. 7.29.

Figure 7.28 shows the intensity of the different oxide peaks as a function of oxygen
exposure. The red squares, the purple circles and the blue triangles mark the absolute
peak area of the regular oxide, the superoxide and the peroxide peak. The superoxide
and regular oxide signal have been scaled by an appropriate factor to facilitate the
comparison between the differing reaction kinetics. The black line is an exponential
fit to the peroxide data. At the conditions of the experiment most of the oxygen is
incorporated in a peroxide phase with some superoxide contributions. The fraction of
superoxide with respect to the peroxide content in the film remains constant over the
whole exposure regime, which can be seen from the normalized curves. On the other
hand there is only a small contribution of regular oxide at the very beginning of the
reaction up to an exposure between 2L and 3L where the normalized curve for the

regular oxide deviates from the one for the molecular species.
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Figure 7.26.: Cesium film deposited of ~ 10 ML thickness on n-Si(001) at 120 K - Photo emis-
sion in the region of the Cs 3d doublet before and after oxygen oxidation at

120 K.
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Figure 7.27.: Cesium film deposited of ~ 10 ML thickness on n-Si(001) at 120 K - Photo emis-
sion in the region of the O 1s line during the oxygen oxidation at 120 K.
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Figure 7.29.: Cesium film deposited of ~ 10 ML thickness on n-Si(001) at 120 K - Intensity of the O 1s transition during the oxygen
oxidation at 120 K.
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7.2.7. Chemical Trend

Table 7.2.: Binding energies and assignments of the O 1s XPS peaks of the various oxide species
occurring during the oxidation of alkali metal films.

Atomic Peroxide Superoxide

Lithium 530.7 £ 0.2 this work
Potassium 527.1+£0.2 530.34+0.2 534.7+£0.2 [JDB92]
527.2 531.0 534.3 [LSR95]

528.3 [LSR95]

5282+ 0.3 531.94+0.3 534.5+0.3 [PK77]

529.7 531.5 534.6 +0.3 [HSSX92]

527.9 532.1 534.0 this work

Sodium 529.2 533.0 this work
Rubidium 527.7 531.5 535.0 this work
Cesium 527.7 531.2 533.8  this work

A clear chemical trend toward dissociative adsorption shows when going upward in
the periodic system (Fig. 7.31). Whereas the dissociative adsorption seems to be defect
related or at least limited to the very early oxidation for cesium, rubidium and potassium,
it is an intrinsic property of the oxidation of sodium and lithium thin films. Still,
this result should not be considered as a general feature of the oxidation. It should
rather be emphasized that strictly speaking this behavior is only true in the temperature
regime around 120 K and might be entirely different at a higher (or lower) temperature.
Especially the dissociation of the oxygen molecule may be an activated process which
would then be very sensitive to the temperature of the experiment.

As a second result, the binding energy of the O 1s electrons of the oxide species as
a whole shift toward higher binding energies when going upward in the periodic system
(see Table 7.2 for a comparison). At the same time, it shows that the relative position
of the oxide, peroxide and superoxide peaks remains essentially the same for all alkali
metals. This leads to yet another unambiguous identification of the chemical nature of
these species which is independent of the previously mentioned UPS results.

Figure 7.30 shows the shift of the O 1s binding energy as a function of Miedema’s elec-
tronegativity for the alkali oxides (circles), peroxide (triangles) and superoxides (squares)
which were prepared for this study. The nearly linear relation between the binding en-

ergy and the electronegativity is to be expected because the underlying reason for the
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chemical shift is the charge transfer from the metal onto the oxygen ion.
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Figure 7.30.: Binding energies of the O 1s photoemission line for the alkali oxides (circles),
peroxide (triangles) and superoxides (squares) as a function of Miedema’s elec-
tronegativity [MdCdBS&0].
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Figure 7.31.: Chemical trend in the oxidation of alkali metal films under UHV conditions and
low temperatures. Shift of the O 1s binding energy for the alkali metal oxides.
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7.3. Work Function Changes

The response of the work function of potassium covered palladium diodes under oxygen
exposure was determined using the Kelvin probe method. Figure 7.32 shows the work
function change resulting from an exposure of thick K adlayers to molecular oxygen. The
potassium layer was deposited on a thick palladium film. Although the work function
is initially the same for all coverages shown here, its evolution upon oxygen exposure is
highly dependent on the amount of deposited potassium. For low coverages (dk ~ 2 ML)
the work function initially decreases by 50 meV but eventually increases monotonously
by more than 1eV. For high coverages di the work function change is quite different:
the work function decreases to a broad but shallow minimum (100meV). After some
critical Oy exposure it rises to a value only 0.2eV above the initial work function.
These observations are typical for alkali modified transition metal surfaces and are also
commonly seen for alkali multilayers [PC73, PBB80, SRK87, WSK*87]. It is commonly
believed that at first oxygen is preferentially incorporated into the bulk of multilayered
alkali films. The adsorbed oxygen diffuses into the bulk and forms an oxide layer just
underneath the uppermost potassium layer. The surface on the other hand essentially
remains free of oxygen for low exposures. This causes an initial decrease in work function,
presumably because of a change of potassium from a metallic to an ionic state. Once the
potassium layer is saturated, further oxygen is adsorbed on top of the surface effectively

causing the observed increase in the work function.
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Figure 7.32.: Work function change while exposing potassium films on palladium to oxygen at

T = 120K [KHN09).
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7.4. Chemicurrent and Exoemission

Chemicurrent experiments were performed for a number of alkali metal surfaces. Apart
from depositing the pure metals, i.e., lithium, sodium, potassium, rubidium, and cesium
on silicon directly, potassium modified palladium surfaces were also investigated. The
virtue of using metallic support films lies in their electrical stability during the chemical
reactions. Depending on whether palladium diodes were used or not the investigation
focused on the low coverage regime of < 1 ML or on thick samples with alkali metal films
1nm or thicker. Chemicurrent experiments were only possible on p-doped because only

these show diode behavior.

7.4.1. Lithium

Thin lithium films were deposited directly on hydrogen passivated silicon substrates.
The metal was deposited at a substrate temperature of below 120 K which prevented
the formation of lithium silicide phases. All exposures were carried out under the same
temperature conditions if not stated otherwise. Figure 7.33 shows the chemicurrent
(blue curve) and the total exoemission (red curve) during an exposure at an oxygen
pressure of 10~® mbar. The chemicurrent is dominated by a rapidly decaying transient
that shows a broad shoulder at around 3 L of oxygen exposure. The maximal intensity is
seen right at the beginning of the exposure. The exoemission on the other hand reaches
its maximum value only after an induction period of 3 L.

In Figure 7.34 exoelectron spectra and the integrated exoemission yield from an en-
ergy resolved experiment are shown. The lower panel shows the exoemission yield as
calculated from the spectra shown in the upper panel. The result in Fig. 7.34 com-
pare well with the results obtained from the combined exoemission and chemicurrent
measurements which were presented in Fig. 7.33. The upper part gives an impression
of the spectral features of the exoemission during the exposure. In Fig. 7.35 the same
spectra are presented in a different form. Similar spectra and exoemission yields have
been reported on earlier by Greber et al. [GFGT94]. The overall emission is restricted
to a narrow region above the vacuum level. From a fit to the exponential tail (Fig. 7.36)
of the data a characteristic energy of AE = 0.18 ¢V is found.

The onset of the exoemission / the work function decreases during the exposure start-
ing from a value of 2.74+0.1eV. As can already be seen from Fig. 7.34, the work function
decreases in two distinct regions each showing a different slope. In Fig. 7.37 the onset

of the exoemission spectra has been plotted as a function of the oxygen exposure. From
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Figure 7.33.: Chemicurrent vs. exoemission for a thick sample of lithium on silicon
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these data a slope of 215 + 20meV /L for the initial region and 55 + 8 meV/L for the
high-exposure region has been extracted by a linear regression. After an exposure of
6 L no further change of the work function can be observed. This is mainly so because
the intensity of the exoemission is reduced to a level at which it becomes impossible to

determine the onset of the emission.

Discussion

It is a striking feature of these results that the exoemission and the chemicurrent show
different exposure dependencies. In addition, it cannot be seen as a coincidence that the
maximum of the exoemission and the shoulder of the chemicurrent occur at the same
exposure. It is rather suggestive to appoint these two to the same chemical process.
This is also supported by the observed kink in the work function which occurs in the
same exposure regime. All of this points to changed reactions conditions on the surface.

Earlier studies explained the decreasing work function by the incorporation of oxygen
below the first alkali layer. The negatively charged oxygen ions below the surface results
in a dipole layer which effectively reduces the work function [GFG™94, KHN(09]. The
kink in the work function therefore indicates a change from subsurface incorporation
of oxygen to a different mechanism of oxidation. Possible mechanism include (a) the
diffusion of lithium to the surface formation additional oxide layers and (b) the molecular
adsorption of precursor oxygen on the oxide surface [GFG*94].

The photo emission data and the available thermo chemical data show that atomic
oxygen is formed by dissociation on the surface during the oxidation. At the start of
the reaction a strong chemicurrent but no significant exoemission of electrons can be
observed. Exposure dependent exoemission and chemicurrent efficiencies must be con-
sidered because the respective yields are not directly proportional to each other. Several
reasons for the delayed onset of the exoemission may be found from the experiment: (a)
the work function is greatly lowered during the oxidation and thereby the emission over
the barrier is eased, (b) the kink in the work function suggests a second reaction mech-
anism that sets in after the saturation of a first oxide layer, and (c¢) chemicurrent and
exoemission show a maximum at the same exposure also indicating a different reaction
mechanism or a slowed reaction rate after the formation of the first oxide layer.

These results may be explained in the picture of the NNL model which takes into
account the lifetime of excited hole states on the impinging molecule. This lifetime is
itself depending on the instantaneous state of the surface. Apart from the work function

the later may be described by the electron density right at the surface. The electron
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Figure 7.34.: Energy resolved electron exoemission from a thick sample of lithium on silicon
under oxygen exposure. Upper panel: contour plot of the exoemission as a func-
tion of exposure. Lower panel: integrated exoemission as a function of exposure.
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Figure 7.35.: Energy resolved electron exoemission from a thick sample of lithium on silicon
under oxygen exposure. Exoemission at selected exposure times.
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constant oxygen partial pressure at 120 K and an exposure of 3 L.
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Figure 7.37.: Change of the onset of the exoemission/work function change of a thick, metallic
lithium film on a silicon substrate
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density is high during for the freshly deposited metal film and during the first stage
of the oxidation. Hence the chemically excited holes have a short lifetime because the
ionization probability in front of the surface is high. Still the lifetime is sufficiently long
to produce excitations that can be detected in a chemicurrent experiment. On the other
hand the energy of the excitations is insufficient to provide the energy for any electrons
to move over the surface barrier. Once the surface is covered with an oxide layer there
are far less electrons available for the reaction which (a) reduces the reaction rate and
(b) delays the charge transfer from the surface to the molecule and thereby increases the
non-adiabaticity of the reaction.

In the literature the exoemission during the oxidation of lithium films has been ex-
plained to occur during the dissociation of the oxygen molecule [GFGT94]. This con-
clusion was justified by cluster calculations which showed a deexcitation energy (4.5eV)
for the transition O~ — O?~ which were compatible with the maximum energy of the
observed exoelectrons. On the other hand some doubt must be stated if these results
are applicable also for the oxidized surface - especially because the main exoemission
stems from the oxidized surface. In this light it cannot be ruled out that the charge
transfers to the molecule which must precede its dissociation are responsible for parts

of the chemicurrent signal and for the exoemission peak.
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7.4.2. Sodium

Chemicurrent and Integrated Exoemission

The chemicurrent traces that were recorded for thick sodium films show features similar
to the ones seen for lithium. Figure 7.38 shows a typical trace of the chemicurrent and
the exoemission during the oxidation at 120 K. In an initial region the chemicurrent
decays rapidly from an initial maximum value while no exoemitted particles can be
detected. Around an exposure of 1.2 L, a local maximum of the chemicurrent is seen.
The exoemission steeply increases in a similar way to reach is maximum shortly after
the observed maximum of the chemicurrent. The absolute value of the exoemission can
not be directly compared with the results of the other alkali metals because a different
counting electronic was used, which was not able to capture all the emitted electrons.
Like for lithium, the dissociative adsorption during the initial phase of the reaction
creates sufficiently energetic holes for the detection of a chemicurrent but lacks the high
energy electrons observed as exoemitted electrons. The chemicurrent tails off exponen-
tially as the surface becomes saturated with sodium oxide and the reaction rate levels
off. The local maximum of the chemicurrent is due to the molecular adsorption of a

peroxide species.

Temperature Programmed Exoemission (TPEE)

After exposing them to oxygen at low temperatures the samples were heated to above
room temperature at a constant rate. While heating the samples the exoemission of
electrons was monitored. Figure 7.39 shows the resulting exoemission for two thick
sodium samples that were exposed to 8 L. of oxygen when they were heated from 120 K
to 350 K at a constant rate of § = 50mK/s. The curves show two maxima at 179 K and
around 300 K.

Similar observations have been made for Cs monolayer film on Ru(0001) substrates by
Grobecker et al. [GGBE94] where they attributed the thermally activated exoemission
to the dissociation of preadsorbed oxygen molecules. In general this may explain the
thermal emission from sodium surfaces, yet additional data on the chemical transfor-
mation in the temperature regime of this study are necessary. Indeed, the second peak
around 300 K marks that at least two processes lead to thermally activated exoemission
which makes an explanation solely on the dissociation questionable.

The analysis of TPEE spectra is quite similar to the analysis of temperature pro-

grammed desorption (TPD) data [Red62]. In the simplest approximation of first order
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reaction kinetics, the activation energy FE, of the two processes can be calculated from

their peak position 7}, alone:

E v E
= _ Y __fa ), 4
RT? 56Xp( RTTP) (7.4)

The attempt frequency v could be evaluated by changing the ramp rate §, which has
not been done for this study. Instead a typical phonon frequency v = 10 Hz, and
indeed the one found by Grobecker et al., has been used for the analysis. The high
energy peak with £, = 0.9 £0.1eV is in agreement with the literature data. From the
low energy peak at 179 K, which has not been observed so far, an activation energy of
E, = 0.55 4+ 0.1eV is derived. Possibly, the low energy peak is due to the thermally

activated diffusion of Na from the bulk to the surface.

Pressure Dependence

The influence of the oxygen partial pressure on the reaction parameters of the oxidation
was tested in the pressure range between 10~° mbar and 10~" mbar. Essentially, no
influence of the partial pressure on the reaction dynamics was found in this pressure
range. Figure 7.40 shows the variation of the maximum current density and the time
to reach the local maximum as a function of pressure on a double logarithmic scale. A
direct proportionality between the maximum current density and the pressure and an
inverse proportionality between the time to reach the second maximum and the oxygen
flux was observed.

Especially, these results show that the mutual interaction between possibly physisorb-
ed oxygen on the surface has no effect on the chemicurrent. Indeed, they show that the
surface reaches thermodynamical equilibrium in between reaction events. This requires
that all rate constants, e.g., desorption rate or diffusion constants, must be much larger

than the impingement rate which is directly proportional to the partial pressure.

Discussion

On the fresh surface the molecular adsorption does not efficiently create hot holes nor
electrons and consequently does not produce a chemicurrent nor does it show any exoe-
mission. Again, as more parts of the surface oxidize the more non-adiabatic the reaction
becomes. Two possible mechanism may explain this behavior. Firstly, the charge trans-

fer that finally leads to the electronic excitation may be delayed because the surface
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electron density of states is reduced. This in turn reduces the coupling between ab-
sorbate and metallic states and therefore leads to an increased lifetime of an induced
empty state. Secondly, additional stabilization effects due to neighboring sodium perox-
ide cells may effectively increase the adsorption energy and therefore increase the energy
that is available for the excitation of electronic degrees of freedom.

Bottcher et al. report similar exoemission results for sodium films on metallic sub-
strates in conjunction with MDS and work function data [BGG193]. While their data
on the non-adiabatic reaction pathway is limited to exoemitted electrons, which require
much higher excitations than chemicurrents, their interpretation agrees with the one
presented in this study: the lowering of the surface density of states leads to an in-
creased non-adiabaticity during the oxidation. They however attribute the exoemission
to the formation of superoxide like oxygen molecules. This is thought to occur through
the reaction of an oxygen molecule from the gas phase with an activated NayO3 species
on the surface. This differs from the observation in this study in two respects: (a) no su-
peroxide signal was observed in the XPS data, and (b) the potassium data suggest that
the superoxide formation leads to exoemission only when the metal film is thoroughly
oxidized and therefore two peaks in the exoemission are usually observed.

However, the authors used thinner sodium film (5 ML in their case) and a higher
sample temperature (230K vs. 120K) than in this study. They may, therefore, have
missed the second peak resulting from the superoxide formation and therefore could not

discern between the two processes.
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Figure 7.38.: Chemicurrent vs. exoemission for a thick sodium layer on silicon.
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Figure 7.40.: Multi-layered sodium films deposited on p-Si(001) exposed to oxygen at T =
120 K. Pressure variation of the reaction speed: linear relation for the chemicur-
rent yield and inversely linear reaction speed.
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7.4.3. Potassium on Palladium-Silicon Diodes
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Figure 7.41.: Chemicurrent traces recorded on K/Pd/p-Si(001) Schottky diodes during the
oxidation of the surface in a continuous beam of molecular oxygen.

Figure 7.41 shows typical chemicurrent traces recorded while the samples were exposed
to a continuous beam of molecular oxygen (p = 108 mbar). The samples were based
on silicon substrate which held a thin layer of palladium (d = 1.2nm). Potassium was
deposited on the surface of the palladium electrode which activated the non-adiabatic
processes. The measurements were performed at a sample temperature of 7' = 120K
which reduced the thermionic backward current below the detection limit. Due to the
low Schottky barrier of the Pd diodes a residual photo current of approximately 1 nA had
to be subtracted for clarity. It is quite obvious that the amount of potassium deposited
on the surface has a strong effect on the shape of the chemicurrent traces. Three distinct
features are present which are labeled by the letters A, B and C in the plot. The feature
labeled A is present for all coverages, while B and C are only observed when the surface

is fully covered?. Apparently the film has to be in a certain condition to support the

2The coverage unit used is relative to the amount of surface atoms of the substrate. The surface is
fully covered for a potassium coverage of 0.25 ML.
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Figure 7.42.: Position of the main features in the chemicurrent observed for a number of
K/Pd/p-Si(001) with varying potassium coverage while exposed continuous beam
of molecular oxygen.

generation of chemicurrent. Figure 7.42 shows how the maximum positions of A and
B shift with increasing potassium coverage. Before discussing the reasons it must be
certain that the current observed is a ballistic chemicurrent.

Figure 7.43 shows chemicurrent traces as well as the total charge carried by the chemi-
current as a function of an increasing thickness of the palladium electrode. As expected
for a ballistic current an exponential attenuation is observed while the general shape of
the current traces remains the same [Nie02, GN04]. According to Beer’s law (2.3) an

attenuation length was determined by an exponential fit

Que(d) ~ exp (—%) 75)

of the total charge @) . as a function of film thickness d. The attenuation length A =

1.2nm for palladium as compared to the values for other electrode materials found in
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Figure 7.43.: Increasing the palladium film thickness attenuates the chemicurrent signal. The
total charge accumulated during the reaction falls of exponentially with the Pd
thickness with an attenuation constant A ~ 1.2nm
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the literature can be explained by scattering of the hot electrons with the palladium
d-bands which leads to a drastic reduction of carrier lifetime [LHPADO4].

Curves resembling Fig. 7.41 have been observed for the reaction Oy — Mg/p — Si(111)
and have been attributed to a changing reaction rate [GN04, Gla04]. The variations of
the chemicurrent

. dN

Jeolt) = a(t) == (1) (76)
were thus interpreted as due to a changing reaction rate while the chemicurrent efficiency
«a was assumed to be constant. A similar approach was taken by Bottcher et al. who
explained their experimental results on the oxidation of cesium by a complicated rate
equation model. These interpretations do not fit the photo emission data that were
presented in section 7.2. There it was found that the oxidation rate of the alkali metals
under the conditions used in the chemicurrent experiments is monotonously decreasing
with increasing exposure. In particular the uptake curves that were recorded do not
show an S-like shape which would be an indication of a transiently increased reaction
rate. Therefore it has to be concluded that in the case of alkali metals the chemicurrent
does not follow the simple behavior (7.6) that was observed in previous chemicurrent

studies. It is therefore mandatory to make use of the full equation
jeo(t) = Z a; () R; (1), (7.7)

considering time dependent chemicurrent efficiencies, where the summation goes over
every reaction step. If we assume that there is no conversion between oxide (there
are no reactions of the form K,O; — K, Oy), the summation in (7.7) runs over every

produced oxide species, i.e., regular oxide, peroxide and superoxide.

In the presence of excess potassium at low oxygen exposures and high potassium
coverages it is most likely that KO is produced. Feature C therefore is attributed to
the dissociation of oxygen and its incorporation as K,O into the film. At slightly higher
oxygen concentrations the production of K5O, becomes dominant and gives rise to peak
B. Increasing the oxygen exposure even further favors the production of the oxide with
the least potassium content. Thus peak A can be attributed to the formation of a
superoxide species. This is also confirmed by the fact that it is the feature that becomes

first visible even at low potassium coverages.
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7.4.4. Potassium

Potassium - in contrast to lithium and sodium - absorbs oxygen predominantly as
molecules and therefore serves as a model system of the associative chemisorption of
oxygen molecules. This opens up the opportunity to investigate the non-adiabaticity of
the charge transfer mechanism without the interference caused by the breaking of the
0-0 bond during dissociative absorption. In section 7.4.3 chemicurrent traces for ultra-
thin potassium films on a metallic substrate were presented which showed a profound
influence of the specific reaction conditions, as there are temperature, oxygen partial
pressure, and alkali film thickness, on the non-adiabatic processes. Similar effects must
be expected if the initial potassium films are deposited directly on the semiconductor

substrate.

Dependence on Potassium Deposition

Figure 7.44 shows the chemicurrent and exoemission for a number of potassium films
directly deposited on hydrogen passivated silicon. Four films of varying thickness were
prepared and exposed to oxygen at the same pressure level of 1078 mbar and to the same
total exposure of 20 L. After exposing the films the thickness of the resulting oxygen film
was determined from the attenuation of the Si 2p features using XPS. The chemicurrent
is governed by two features: a broad peak-like feature that broadens with increasing film
thickness and an additional signal at the beginning of the exposure featured by the thick
films. The broad maximum is due the adsorption of oxygen as peroxide ions, while the
initial feature is related to the dissociative adsorption of oxygen presumably at defect
sites.

Depending on the film thickness up to three features can be discerned in the corre-
sponding exoemission data plotted in the lower panel of Fig. 7.44. A broadly peaked
maximum slightly below an exposure of 1L corresponding to molecular adsorption of
peroxide ions, a shoulder at the high exposure side of the exoemission that shifts to higher
exposures for thicker films in the superoxide region, and initial exoemission related to
adsorption at defect sides can be made out.

Because of their relative importance in the oxidation of potassium, peroxide and su-
peroxide related effects shall be the focus of a close investigation. The lower panel in
Fig. 7.45 shows the position of the peaks seen in the exoemission and the chemicur-
rent during the peroxide formation. While the maximum position of the chemicurrent

is constant in the thickness range investigated, the maximum of the exoemission shifts
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Figure 7.44.: Chemicurrent vs. exoemission for potassium samples of varying thickness on sili-
con. Both signals show a profound dependence of the signal shape and amplitude
on the thickness.
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Figure 7.45.: Chemicurrent vs. exoemission for potassium samples of varying thickness on sili-
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linearly toward higher exposures with increasing film thickness. The upper panel shows
the position of the last maximum of the exoemission as a function of film thickness. In
contrast to the linear dependence we found for the peroxide related peak, a quadratic
dependence is found for the position of the superoxide peak.

A close relation between the observed features in the chemicurrent and the exomission
and the reaction products can be established. Figure 7.46 shows X-ray photo emission
spectra in the O 1s region after exposing the samples shown in Fig. 7.44 to 20 L of oxygen.
For the lowest thickness only peroxide and superoxide are present on the surfaces. This
corresponds to the broad peak in the exoemission and the chemicurrent as well as to
the shoulder present in the exoemission data. The peroxide feature is strongest for the
lowest thicknesses because peroxide is only formed while the surface remains unoxidized.
Subsequently offered oxygen becomes incorporated on top of the peroxide layer thus
suppressing the peroxide signal slightly. This is only possible if potassium atoms diffuse
through the oxide film. The X-ray spectrum for the 3nm differs distinctively from the
other spectra seen so far. While the molecular species follow the trend described earlier,
there is a strong peak due to the presence of an atomic oxygen species on the surface.
Its presence on the surface is caused by the dissociation of oxygen at defect sites that
were introduced during the deposition of the potassium films. The number of defect site
is not directly related to the thickness of the film but rather to the exact conditions of
the dispenser and the silicon substrate. As a consequence they can not be controlled in
a systematic manner. Yet, in spite of their presence they do not seem to have a direct
influence on the two other processes. Possibly the other two processes occur in parallel

on areas unaltered by the defects.

Interrupting the Oxygen Exposure

An additional interesting fact that helps to understand the origin of the shifts in the
exoemission spectra is shown in Fig. 7.47. The exposure was interrupted well after the
maximum of the chemicurrent was reached and switched back on later. The chemicurrent
as well as the exoemission after the interruption is found to be lager albeit the oxygen
pressure was constant. In section 7.2.3 on photo emission from oxidized potassium
layers it was shown that the oxidation does not stop after the first monolayer. It was
rather observed that the whole potassium film becomes oxidized essentially forming
a thick superoxide film. This and the observed behavior of the chemicurrent gives
evidence for the diffusion of potassium atoms through the oxide film thereby increasing

the concentration of unreacted potassium on the surface. This is equivalent to stating
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that the reaction conditions are set back to a previous state. As the signal was decreasing
at the time of the interruption an increased signal is found when switching the oxygen

supply back on.

Bias Dependence

Figure 7.48 shows the I/V-characteristics of a potassium diode under oxygen exposure.
A diode characteristic with an additional current offset is observed. The forward bias
region is dominated by the thermal emission current found in Eqn. (2.22). Due to the
relatively high Schottky barrier of the alkali metal diodes photo currents are usually
below 1pA and cannot account for the high reverse current seen in the diagram. The
usual chemicurrent is measured under zero bias conditions V' = 0V in order to minimize
the influence of capacitance related effect. Here, the dependence of the chemicurrent on
the applied reverse bias voltage was explicitly checked and is found to be negligible. The
absence of any bias dependence of the chemicurrent in the reverse direction indicates
that emission over the barrier is the primary mechanism of chemicurrent generation.
Voltage assisted tunneling and displacement currents do not seem to play a role as they

would be highly sensitive to the applied voltage.

Spectrally Resolved Exoemission

The energy spectrum of the emitted electrons during an exoemission experiment was
recorded. Figure 7.49 shows these spectra at different exposures for a thick potassium
film during the first stages of the oxidation. As with the integral exoemission, cryogenic
temperatures of 120 K were maintained in order to prevent dissociative adsorption. Dur-
ing the experiment the oxygen partial pressure was kept constant at 2 x 10~ mbar.

In general, the exoemission sets in sharply above the work function and shows an
exponential tail off at higher energies. Depending on the energy of the primary exci-
tation a shift between the work function and the maximum of the exoemission might
be expected. Respective results have been shown for the oxidation of thin sodium films
[BGG193]. Indeed, the work function of the oxidized surface of 2.5€eV is only slightly
less than the ~ 2.7eV binding energy of the 17* electrons in the peroxide. Within the
resolution of this experiment (&~ 250meV) it is therefore difficult to distinguish if the
exoemission spectrum is peaked at an energy higher than the vacuum level cut off or
not.

A maximum energy for the exoemission cannot be given because the signal tails of

exponentially as depicted in Fig. 7.50. The data were fitted to a single exponential with
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Figure 7.47.: Chemicurrent of a potassium film under oxygen exposure.
supply is interrupted and switched back on later the chemicurrent sets in at a
higher level than expected. The same effect is observable for the exoemission
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a slope of 270 meV which reproduces the data for a wide range of energies up to 4eV

above the Fermi level.

This seems to some extend be surprising because the electron binding energy is much
less than that (=~ 2.7eV in peroxide). On the other hand the enthalpy for the reaction is
—495kJ /mole or —5.13 eV per oxygen molecule which is well above the observed 4eV.
Still these results raise the question of how energy conservation should be introduced into
theoretical calculation of exoemission and chemicurrents, e.g., can there be a hundred

percent transfer of the available chemical energy into a single electron excitation.

Discussion

The chemicurrent and exoemission results fit the chemical trend that was observed in
the photo electron spectra and was expected from the thermochemistry data. The disso-
ciative adsorption increases in strength when moving upward in the periodic table. It is
strongest for the lithium oxide which results in a large and rapidly decaying background
in the chemicurrent. On the other hand the molecular adsorption is the strongest for
potassium. Accordingly the chemicurrent is dominated by a single large maximum and
shows only a small background transient. Finally, the chemicurrents observed on sodium
films resemble a mixture between lithium and potassium as they show a large contri-
bution from atomic oxygen as well as a peaked contribution from a molecular peroxide

adsorption.

If the total reaction is dominated by a single process j, the exoemission and the
chemicurrent are directly proportional to the reaction rate. In the ratio between the
exoemission yield and the chemicurrent the reaction rate therefore cancels and an ex-

pression for the ratio

Yee(t) _ 2 Rit)agsi(t)  ome,(t)
Icc(t) 2 Ri(t)acci(t)  aoc;(t)

(7.8)

can be determined experimentally. Figure 7.51 shows a normalized version ((t) =
Yig/Icc calculated from the traces shown earlier in this section. In the peroxide domi-

nated region all the curves follow a general relation which can be modeled by the simple
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Figure 7.51.: Ratio between exoemission yield and chemicurrent normalized to its saturation
value as a function of exposure.

function
Y t sat
((t) = IEEEti - (7.9)
e 1+ ( b 1) exp (—t/7)
o
~ (pexp (t/7.) for small ¢ and (p < (at- (7.10)

The later approximation is especially valid for thick potassium samples where the initial
exoemission intensity is low and hence (; is small.
The quantity thus calculated may not have a direct physical meaning but it could be

a useful check for theoretical calculations.
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7.4.5. Rubidium and Cesium

The oxygen chemistry of rubidium as well as cesium is distinctly different from the
lighter elements. They support a large variety of oxides which results in highly struc-
tured chemicurrent traces. The metal films were deposited directly onto the hydrogen
passivated silicon substrate at a constant sample temperature of 120 K. The film thick-
ness was chosen such that the metallic nature of the films could be verified in photo

emission experiments which corresponds to a thickness of 5 ML to 10 ML.

Integral Exoemission and Chemicurrent

Figure 7.52 shows representative chemicurrent and exoemission traces for low expo-
sures that were gathered while the films were exposed at an oxygen partial pressure of
10~ mbar. As has been observed previously, the exoemission is initially suppressed on
the cesium films [BGIT95]. A chemicurrent in contrast can be measured right from the
beginning of the exposure. Two maximums are observable for the chemicurrent: a small
one that is reached quickly after the start of the exposure and a large one that is reached
around an exposure of 2 L. Interestingly, the exoemission is only significant at exposure
levels at which the chemicurrent is already diminished significantly. On the other hand
the chemicurrent tails of at a much larger rate than the exoemission.

The rubidium films show a much shorter induction period of the exoemission. The
exoemission traces splits into a pronounced maximum that tails of in a similar manner
as is seen for the cesium films and a second contribution that is seen as a shoulder
to the left of the exoemission maximum. Likewise the chemicurrent traces show two
features seen as a maximum that is reached quickly after the start of the experiment
and a smaller maximum at around 1 L.

Fig. 7.53 presents exoemission yields and chemicurrent for a long term exposure of a
thick cesium film. At higher oxygen exposures a second maximum of the exoemission is
observed. The second maximum occurs well in the region of saturation of the surface
and therefore at a time in the reaction where only superoxide forms. A tiny maximum

in the chemicurrent can be observed which was not initially expected.

Spectrally Resolved Exoemission

The spectrum of the emitted electrons in the low exposure regime was monitored in more
detail. Figure 7.54 shows spectra recorded during the exposure of a thick ceasium film.

During the experiment the oxygen partial pressure was kept constant at 2.1 x 10~ mbar.
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Figure 7.52.: Chemicurrent vs. exoemission for thick samples of cesium and rubidium on sili-
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The sample temperature was 120 K.

The spectra are quite similar to the ones obtained for potassium. They set in sharply
at the surfaces work function and tail off exponentially at higher energies (Fig. 7.55).
However, the maximum of the exoemission does not coincide with the vacuum level for
very low exposure. This observation is probably due to an inhomogeneous oxidation of
the surface. Low work function patches on the partly oxidized surface spread the inset
of the work function which causes the apparent shift of the maximum to higher energies.
Another possibility is that energy in excess of the work function is truly transferred to a
single electron. Indeed, the O~ binding energy from UPS shows a peak at Fg = 2.8¢eV
[BGIT95, WSK™87], which is larger than the average work function.

Discussion

Rubidium and cesium have in common that the maximum of the chemicurrent as well as
of the exoemission is located in a region where the surface changes from predominantly
peroxide like to superoxide like [GFGT94]. At this point of the reaction the second charge
transfer into the Oo7™ is increasingly suppressed. It is therefore suggestive to appoint the
non-adibatic effect to the first charge transfer O, — O, . However, it becomes apparent
from the exoemission at high exposures that this cannot be entirely true: from the high
exposure data shown it can be deduced that the second maximum of the exoemission is
due to this first charge transfer as it occurs at a time in the reaction where no peroxide
formation, and therefore no second charge transfer, is observed.

It could be argued that the first charge transfer is also responsible for the exoemis-
sion and the chemicurrent in the early reaction. This seems implausible because the
same chemical process - the intermediate superoxide generation - would be inefficient in
generating hot electrons in between two regions where it is very efficient.

A comparison between chemicurrent and exoelectron yield again shows a delayed
emission of electrons. The maximum of the chemicurrent in the peroxide region precedes
the exoemission maximum. The conclusion is the same as for potassium and sodium: the
maximum of the chemicurrent as well as of the exoemission occur when the reaction rate
already declines. The increase in non-adiabaticity (and thereby the chemicurrent and
exoemission probability) exceed the decline in reaction rate and leads to the observed
maxima.

It is not clear if the second maximum in the current is due to a regular chemicurrent.
As was discussed in the theory section the interface between film and silicon substrate

is also accompanied by a space charge. If the chemical environment of the interface

151



7. Experimental Results

2500 |- -

O,—Cs/n-Si(001)
T=120K

2000 -

——0.07L
——0.17 LA
——0.28L
———047L |
——0.66 L
——1.07L
—— 213 L7

1500 |-

1000 |-

Exoemission (cps per 10°mbar)

energy resolved

500 exoemission

15 20 25 30 35 4.0
Kinetic energy E-E_ (eV)

Figure 7.54.: Energy resolved electron exoemission from a thick sample of cesium on silicon
under oxygen exposure. Exoemission at selected exposures.
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is changed, so is the charge content of the space charge layer. Consequently a current
through the device may be observed. A similar effect has been discussed by Hagemann
et al. in a recent publication where a currentdue tot he formation of the Schottky
barrier was superimposed on a regular chemicurrent due to non-adiabatic adsroption of

magnesium atoms on a magnesium surface [UKN10a, UKN*10b].

7.4.6. Chemical Trend

In Figure 7.56 an overview of typical chemicurrent and exoemission traces are presented.
The detailed shape of the curves is quite different for every alkali metal. Still, similari-
ties between the traces can be found. Pronounced maximums in both chemicurrent and
exoemission show for all metals that were investigated. With the exception of lithium,
these occur when the reaction products change from peroxide dominated to superoxide
like. At this stage of the reaction the concentration of electrons at the surface drops
below a certain limit. At this concentration of electrons the stable production of super-
oxide species becomes possible. It has been shown that this process is gradual and the
concentration of electrons at the surface decreases exponentially (for UPS data, refer to
Fig.7.19). In the figure, a vertical line marks the exoemission maximum that has been
attributed to this region of electron depletion.

From these data, and in particular for the heavy alkali metals, is can be seen that the
maximums of the exoemission of electrons and the chemicurrent do not occur simulta-
neously. Rather, the chemicurrent shows its maximum intensity before the exoemission
reaches its maximum. As a figure of merit I'®, the ratio between chemicurrent at the
time when the exoemission reaches its maximum value Io¢(tmae pr) and the maximum
chemicurrent intensity /cc mqs is used. The use of such a relative unit reduces the error
introduced through the uncertainty of the pressure calibration. Additionally, all contri-
butions from transport losses cancel out making a comparison between different samples
possible.

Figure 7.57 shows I" as a function of the bulk bandwidth of the metal layer [Gre97].
As was observed in the previous sections, I' is unity for metals with a large bandwidth,
as in the case of Li. The chemicurrent maximum and the maximal exoemission occur at
the same time. For metal surfaces with a small bandwidth, Cs and Rb, the chemicurrent
has already decreased to almost half its maximum value when the emission of electrons

is most pronounced. A line has been included as a guide to the eye that separates the

3This must not be confused with the resonance width describing the interaction of the adsorbate with
the metal surface in the Newns-Anderson model.
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region of possible values of I' and the region of I" values that have not been observed.
Secondly, data points for extremely thin potassium films have been included into the
plot. For thick, bulk like films I' is substantially less than unity and follows the trend
observed for the other alkali metals. Decreasing the film thickness leads to a shift toward
higher I" values approaching unity.

A possible explanation for the chemical trend seen in this shift starts from the ob-
servation that the bandwidth of the conduction band increases when going downward
in the periodic table. While the bandwidth is almost 5eV for lithium, it reduces to
1.5eV for cesium. Figure 7.58 refers to the chemical hole injection picture used for the
description of the exoemission process. Auger processes are responsible for the ejection
of exoelectrons while the chemicurrent is sustained by resonant hole injection.

For metals with a large bandwidth, the possibility of a resonant charge transfer into the
conduction band is present at all times. For this reason exoemission and chemicurrents
in lithium can be observed at the same time. If the conduction band is quite narrow,
the unoccupied adsorbate state must be injected below the band bottom for exoemission
to be efficient. The resonant ionization mechanism does not work if the adsorbate state
is pressed below the band bottom. The Auger process responsible for the emission of
exoelectrons on the other hand is unaffected by the reduced bandwidth.

Considering the statistical nature of the adsorption process this leads to a simple
explanation of the delayed maximum of the exoemission: the maximum of the exoemis-
sion is only reached if the surface conditions allow the adsorbate state to be pressed
far below the band bottom. Resonant processes being the most efficient process for
chemicurrents cannot occur under these conditions, hence, the chemicurrent efficiency

is already reduced.
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Auger

Large bandwidth Narrow bandwidth

Figure 7.58.: Model of non-adiabatic excitation during the adsorption of oxygen on an alkali metal surface. Influence of the bandwidth
of the underlying metal on the possible relaxation mechanism.
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Figure 7.59.: Model of non-adiabatic excitation during the adsorption of oxygen on an al-
kali metal surface. Influence of the changing surface conditions on the non-
adiabaticity of the charge transfer.

7.5. A Model of Chemicurrent and Exoemission

Transients

A thorough description of the non-adiabatic effects in the alkali oxidation must include
both the reaction kinetics and the dynamics of the single process. While the former
can be accessed by standard surface science methods, the later is much more difficult to
handle. In the previous chapters experimental data for the non-adiabatic dynamics of
the reaction were presented using the methods of chemicurrent and electron exoemission.
From these data it became apparent that a simple proportionality between the chemi-
current and the reaction rate is insufficient to explain the experimental results. Most
theoretical methods cannot solve this problem easily because they require a detailed
knowledge of the surface geometry which is clearly not available even if the experiment

started out with a single crystalline surface.

The oxide formation in the reaction O, — K serves as a model for the molecular

adsorption of oxygen on an alkali metal film. It has been shown that there is a continuous
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progression from the initial peroxide formation on the clean film toward the production of
potassium superoxide if the surface is already covered with oxygen. Two charge transfers
are therefore involved in the reaction: a first one forming the superoxide species and a
second one which is responsible for the peroxide formation. The first charge transfer is
seen even for highly oxidized surfaces while the later process can only be observed for
the clean surface.

In Fig. 7.59 the underlying excitation mechanisms are depicted for different states
of the surface. In the upper panel, diabatic potential energy surfaces representing the
chemisorption well of the oxygen molecule in its neutral, singly charged and doubly
charged states are shown. The lower panel contains the corresponding single electron
picture comprising the continuum of metal states to the left and two single electron
states located on the molecule crossing the Fermi level. From left to right the oxygen
coverage is thought to increase as depicted by the white bar between the molecular states
and the metal.

In the preceding section it was shown that the chemicurrent can be explained by the
resonant transfer of electrons from the metal onto the molecule effectively giving rise to
a hot hole current into the semiconductor. Two parameters determine the chemicurrent
efficiency (a) the effective interaction potential and (b) the maximum binding energy of
the one-electron adsorbate states. In the extreme if the interaction potential is quite large
the electronic states will be filled right at the Fermi level and neither a chemicurrent nor
exoemission will be observed if one neglects the small contributions from the electronic
friction mechanism.

For potassium peroxide the situation on the clean surface is as such that the hole
survival probability for the second charge transfer is large enough to contribute a sub-
stantial chemicurrent but not to generate exoemitted electrons. The time to fill the hole
is small compared to the time that is needed for the nuclei to reach their equilibrium
position because the surface can easily provide the necessary electrons. Therefore the
maximum excitation energy is much smaller than the equilibrium binding energy of the
electrons. Hence the reaction cannot provide the necessary energy for the exoemission
of an electron via an Auger process.

If during the course of the reaction the surface becomes oxidized two effects will

contribute to an increased non-adiabaticity

e some of the surface atoms will already be close to the distorted structure of the
peroxide unit cell. It will therefore be easier for an impinging oxygen molecule to

find an adsorption place that releases the equilibrium chemical energy.

160



7.5. A Model of Chemicurrent and Exoemission Transients

e the existing oxide layer decouples the metal states from the surface thereby reduc-

ing the interaction potential with the oxygen molecule.

Both effects lead to a reduction of the ratio between the time needed to reach the
adsorption position and the average time to fill the molecular hole state. While this
also has an influence on the chemicurrent efficiency the effect on the exoemission yield
is much more pronounced (the exoemission yield increases exponentially with respect to
the chemicurrent). Eventually, the energy level of the adsorbate state will drop below
the band bottom while it is still substantially unoccupied which suppresses the resonant
charge transfer. From this point on the chemicurrent efficiency should start to decrease
because less charge is directly injected into the band. The only way for the hole state
on the molecule to relax is through an Auger process which increases the probability of
exoemission.

At highest exposures diffusive transport of potassium atoms to the surface must be
considered as the driving force of the reaction. Because the oxide layer is too thick for
the electrons to tunnel through, zero-valent alkali atoms have to diffuse through the layer
thus providing the necessary electrons at the surface. At this point the reaction becomes
similar to a gas phase reaction of isolated atoms because of the extremely low density of
reaction partners for the oxygen molecules. Obviously this leads to the point at which
the first charge transfer onto the molecule becomes strongly non-adiabatic leading to
exoemitted electrons. The chemicurrent on the other hand is quenched because the

transport through the non-conduction oxide film is suppressed.
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8. Model Calculations

8.1. Density Functional Calculations: Potassium

Peroxide

A potassium surface with an Oy adsorbate impinging at the K(100) hollow site was sim-
ulated in a slab model using density functional theory (DFT) on the Kohn-Sham level.
All calculations were carried out in the framework of the Vienna Ab-initio Simulation
Package (VASP) [KH93, KH94b, KH94a]. Potentials for the projector augmented wave
(PAW) method employing the Perdew-Burke-Ernzerhof generalized gradient approxima-
tion which were supplied with the DFT package were used for both the potassium as
well as the oxygen atoms [Bl694, PBE96, KJ99]. The K potential treated the 2s, 2p,
and 3s states as valence states. A cutoff energy of 300eV was used for the dynamic as

well as for the static calculations.

Static Calculations The surface was modeled by a 6-layer K slab in a 7 x 3 x 3 super
cell using a potassium lattice constant of 5.33 A. The oxygen molecule was placed in
parallel to the surface and on top of the K(100) hollow site. The molecular axis was
pointing toward its corners. A 5 x 5 k-point mesh including the gamma point was used
during the relaxation runs.

The anion position was determined by relaxing the oxygen atoms, the four potassium
atoms surrounding the hollow site and the potassium atom directly under the molecule.
The found position determines a local minimum of the total energy. Figure 8.1 shows the
resulting adsorption geometry of the oxygen molecule. As has been expected from the
much larger density of the oxides a substantial rearrangement of the potassium atoms
surrounding the oxygen ion takes place. Its rhombohedral structure resembles the bulk
structure of potassium peroxide. The identification of the ionic state as peroxide like is
confirmed by the large intra molecular distance of 1.51 A which is typical for an adsorbed
peroxide. Additionally, a Bader charge analysis which showed a total charge of 1.7 ey on

the molecule which is only slightly short of the expected two additional charges [HAJ06].
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Figure 8.1.: Peroxide like adsorption site of an oxygen molecule on a K(100) surface. The four
potassium atoms surrounding the hollow site and the second layer atom underneath
the oxygen molecule were allowed to relax into their equilibrium position.
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8.1. Density Functional Calculations: Potassium Peroxide

Adiabatic Molecular Dynamics Simulation Keeping in mind that the surface needs
to undergo a substantial reconstruction, it seems unlikely that a potential energy surface
with a rigid surface should adequately reflect the physics of the peroxide adsorption on
a potassium surface. Out of the many possible trajectories one should be chosen that

reflects the typical processes as there are
e molecular adsorption
e restructuring of the surface
e charge transfer
e stretching of the O-O bond

For the adiabatic molecular dynamics simulation the system size was reduced to a
7 x 2 x 2 super cell and a 3 x 3 x 1 grid of k-points. Again the highly symmetric
position above the K(100) hollow site was used as a starting point. To speed up the
calculations the oxygen molecule was placed 4 A above the top-most layer and was given
an initial kinetic energy of 476 meV. This assumes that far away from the surface most
of the binding energy is transformed into kinetic energy of the molecule. Only the four
potassium atoms and the potassium atom directly under the hollow site were allowed
to move in the simulation. Because of the initial symmetry of the supercell no angular
momentum can be transferred onto the molecule.

Figure 8.2 shows snapshots at intervals of 25fs while the oxygen molecule impinges
on the surface. The upper panel of Fig. 8.3 shows the total potential energy (black
line) in the supercell and the kinetic energy (orange line) while the molecule penetrates
the surface layer and undergoes a hard collision with the subsurface potassium atom.
The middle and lower panel show the oxygen-oxygen bonding distance and the distance
between the molecules center of mass and the subsurface potassium atom.

Far from the surface most of the potential energy is converted into translational energy
of the oxygen molecule while it is attracted due to its image potential. While charge is
transferred from the surface into the anti-bonding 7* orbital the oxygen-oxygen bond is
weakened and the bonding distance increases monotonously. Nearer to the surface, the
top-layer potassium atoms are accelerated toward the oxygen molecule which reduces
the size of the surface cell. Finally, the molecule penetrates the top surface layer and
collides with the a subsurface potassium atom. Due to the nearly equivalent mass of the
molecule and the atom most of the kinetic energy is transferred directly onto the atom.

The molecule stretches even further and starts to oscillate on its way back.
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(m) 100fs (n) 1251s (o) 150fs (p) 1751s

Figure 8.2.: Still images of the molecular dynamics simulation of an oxygen molecule impinging
on top of the hollow site of a K(100) surface. The molecular axis lies parallel to
the surface plane and points toward two of the potassium atoms surrounding the
hollow site. The molecular dynamics simulation starts at a molecule-surface plane
distance of 4 A.(Additional data in the electronic version)
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Figure 8.3.: Total energy, oxygen bond length and distance between sub-hollow site K atom
and the molecule for an Oy molecule impinging at the hollow site of a K(001) slab.
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Figure 8.4 shows the evolution of the Kohn-Sham eigenvalues relative to the Fermi
energy during the simulation. In general, formerly occupied states tend to shift upwards
in energy, whereas formerly unoccupied states shift downward as they are filled. Because
of its localized nature, it is easy to recognize the oxygen related molecular states. Initially
they are located close to the Fermi edge and are therefore only partly occupied. On the
way to the surface they shift slowly toward higher binding energies as they are attracted
by the image potential. Likewise, the metallic states of the potassium film shift upwards

as they become less occupied.

As the peroxide ion contains two additional electrons in an anti-bonding orbital it
is not stable in the gas phase. In contrast, the surrounding potassium ions stabilize a
doubly charged oxygen configuration when it is embedded in the crystal. In addition,
the oxygen molecule itself needs to expand to lower the Coulomb repulsion between these
electrons. Surprisingly, the later process seems responsible for quickly pushing down the
electron levels, a process which can be observed as a steep descent of the energy around
150 fs.

Although a spin-polarized solution would be expected from the gas phase configuration
of the oxygen molecule, and which is indeed reached by DFT for a molecule in a single
supercell, the DFT results remain spin-unpolarized for all molecule surface distances.
This should be considered a failure of the current implementation of DFT and cannot
be easily mended. A possible solution to this problem, that at the same time allows the
calculation of diabatic PES, is the decoupling of the molecular states from the metal by
imposing constraints on the allowed basis functions for the two subsystems [Beh04]. In
addition, constraints on the number of allowed electrons as well as the number of spins
on the molecule may be kept fixed while calculating a self-consistent potential and the
corresponding wave functions. This approach has been used to successfully describe the
oxidation dynamics on aluminum surfaces and have been implemented into commercially
available ab-initio packages. While theses schemes may be installed reasonably easy in
all electron codes using atomic basis functions [Beh04], an implementation into plain
waves codes as in VASP requires a larger afford because of the conceptually different

approach.

A diabatic description in this sense may lead to reasonably correct results for the
alkali-oxygen system if the weak mixing between the molecular and metallic states are
considered. Unfortunately, the artificial decoupling between the molecular and metal-
lic states renders the results less useful for the intended non-adiabatic description of

electron-hole excitations. Mostly this is because of the lack of mixing that the interac-
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tion matrix elements cannot be extracted from the projected density of states but must
be computed explicitly from the potential and the diabatic wave functions. Although
this does not pose as much of a problem for more detailed calculations that rely on
the direct calculation of the Hamiltonian, it strongly diminishes the virtues of a simple
model calculation.

For the use of this study the spin-unpolarized solution will be considered as good
enough for the purpose and will be used further on.

The steep descend of the electronic levels caused by the expansion of the molecule is
particularly interesting because experimental work by White et al. showed an efficient
coupling between large amplitude molecular vibrations and electronic degrees of freedom,
e.g., they observed exoemission of electrons for highly vibrationally excited NO molecules
impinging on a cesiated gold surface [WCM™'05]. Recently the underlying mechanism
has been attacked theoretically using an extension to Tully’s surface hopping algorithm
which included single electronic excitations [Tul90, RST09]. This mechanism may be of
more general relevance as the impinging molecule is set into a highly excited vibrational
state (v & 4 for the MD run shown above) by the very collision with the surface itself.
Even if the vibration itself is not responsible for the excitations (The KS eigenstates
do not cross the Fermi level again and the molecule does not work as an actual charge
pump.) it accelerates the descent of the electronic levels. This is because the motion
in the chemisorption well caused by the image charge potential is much slower than
the motion caused by the vibration of a light molecule. One could see this mechanism
as an intermediate between molecular and dissociative adsorption as the dissociation
can be seen as being caused by an extremely large vibrational excitation. In this light
the proposed influence of the vibrational motion on the non-adiabaticity of the reaction
can be understood as an intermediate step toward previously proposed mechanism of

exoemission from dissociative chemisorption [GFGT94]
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Figure 8.4.: Kohn-Sham eigenenergies for an Oz molecule impinging at the hollow site of a
K(001) slab.
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8.2. Non-adiabatic Model

The underlying mechanism of both chemicurrent and exoelectron emission is the non-
adiabatic charge transfer of electrons from the metal substrate onto the molecule and
possibly back to the metal. A Newns-Anderson model Hamiltonian has been param-
eterized using the numerical results from the MD-DFT calculations presented in the
previous section. The method cannot be expected to yield quantitative results for the
chemicurrent (or exoemission) yield but must be seen as a tool to describe general fea-
tures of non-adiabatic excitations. At the same time, the model describes the physical
processes accurately enough to go beyond a mere rate-equation based description as it
explicitly includes quantum mechanical mechanisms [Hagh4]. Especially, it may help to
understand the origin of the often assumed and calculated temperature like excitation
spectra [TGBT02, KNN07, TK09].

Parameterization

The upper panel in Figure 8.5 shows the density of states projected onto the p, or
equivalently the p, orbitals of one of the oxygen atom. Lorentzians given by Eqn. 3.41
were used to fit the projected density of states from DFT on a logarithmic scale. The
fitting procedure yields the parameters V,; by virtue of (3.42) and the center of the

surface resonance ¢, plotted in Fig. 8.5.

Because of the ionic nature of the bond, and therefore the lack of mixing between the
wave function of the molecule and the metal states the width of the ad-atom resonance
[' is only of the order of 20meV even in close vicinity of the surface. Determining such
narrow resonance widths is only possible by using an dense distribution of k-vectors
and a small smearing parameter in the calculations. As this significantly increases the
required amount of memory and computation time it was only calculated for selected
points on the trajectory and in a non-selfconsistent calculation which used the charge

density of the molecular dynamics run.

The metallic states were distributed evenly over a width of 5eV with the band bot-
tom at —2.5eV. Convergence of the numerical results was reached when using 511 metal
states per spin direction and a total number of 512 electrons which results in an approx-
imately half filled band. Further details on the numerical integration of the Schrodinger

equation can be found in Appendix B.
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Figure 8.5.: Upper panel: Kohn-Sham density of states projected onto p, (or equivalently p,)
orbitals of one of the oxygen atoms in the molecule. Lower panel: Parameters for
the Newns-Anderson model Hamiltonian that were extracted from from the data
in the upper panel.
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Excitation Spectra

Figure 8.6 shows snapshots of the excitation spectra n®(t) calculated for the system
parameters given in Fig. 8.5. Both panels show the same dataset on a linear (upper
panel) and on a logarithmic scale (lower panel). The dotted line shows the Gaussian
with a root mean square deviation of 20meV used to approximate the J-distribution
introduced in the definition of excitation spectrum (see Eqn. (3.49)). Areas of the
spectrum with an excess of electrons point upwards, hot holes are indicated by negative
numbers. The initial electron temperature was set to 120 K, close to the experimental
conditions.

Because the total number of electrons must be conserved in the simulation the same
number of electrons and holes are excited. There is no rule that fixes the sum of electron
hole-pairs to a special number or requires the spectra to be symmetric. In the case of
oxygen on potassium where the interaction matrix elements are small and negative
charge is transferred onto the molecule this results in a sharp distribution of electrons
around the Fermi edge and a spread out distribution of hot holes.

The general features of the hot hole distribution can be understood based on the
classical picture of charge transfer and chemical hole diving. Because the molecular
states are initially located at the Fermi edge they are half filled. As the states are
pushed down below the Fermi edge hole density is transfered from the molecule to the
metal proportional to the number of holes ny, in the molecular state at the given time.
If the rate of change of the adsorbate energy is small and fairly constant the exponential

decrease of the transfer rate translates from the time domain into the spectra:

dnp, dt dt
at , /) 2 1
o 1 const. X exp (—t/T) 7B (8.1)
= const. X exp (—E/kpTex) (8.2)

In the range between —0.5eV and the Fermi edge, which is swept by the adsorbate
state on the incoming trajectory in the chemisorption well, an effective temperature like
distribution according to (8.2) is well reproduced in the calculated spectra. The sharp
drop of the electron energy when the molecule hits the surface on the other hand leads
to a nearly constant distribution of hole density. Because the rate of change of the
one electron energy is high the occupation of the molecular state remains fairly constant
while the energy sweeps the range between —1.25eV and —0.5eV. As a consequence the
probability of a hole transfer remains constant throughout and a constant distribution

of hot holes is generated.
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The electron distribution cannot be understood in the light of these semi-classical
considerations. The electron spectrum features a sharp distribution near the Fermi edge
which are caused by the additional density of states that was introduced into the band
by the adsorbed molecule. In thermal equilibrium this must result in a slight shift of
the Fermi energy. A similar effect appears in the adiabatic distribution which needs to
be subtracted from the non-adiabatic case. As a result a term proportional to df /de
appears in the spectra which is only significantly different from zero near the Fermi edge.

On the logarithmic scale appreciable quantum mechanical contributions at energies
far from the resonance center become apparent. The level broadening leads to excita-
tions which are otherwise not possible and which are small compared to the dominant
features discussed above which have classical counterparts. Some of the contributions
are probably caused by the oversimplification of the wide band limit (constant V' for all

|k)) and the constant density of states employed in this simulation.

Total energy

A theory relying on a trajectory based approach relies heavily on the assumption that the
trajectory used for the calculation of the electronic Hamiltonian is also a good approxi-
mation of the trajectory associated with the non-adiabatic electron density. Especially,
this can be checked by comparing the total energy of the adiabatic system to the energy
transferred into electron hole pairs. If the later is small compared to the former one may
conclude that this assumption may be a good one. In Figure 8.7, the total energy change
AE = (3", ha)) — (3=, het)) 1o of the electronic system® has been plotted as a function
of time. The red squares represent the adiabatic solution while the green circles denote
the non-adiabatic total energy. The difference between the two is the energy transferred
into electron-hole pairs and is plotted as blue triangles.

The adiabatic and the non-adiabatic solution reveal total energies which differ by

approximately 10%.

Fermi edge shifting

Especially in the limit of a vanishing resonance width the sharply pointed distribution
of electrons at the Fermi edge can be understood by the renumbering of states as the
adsorbate state crosses the metallic energy levels. Figure 8.8 depicts the physical situ-

ation in this case. Initially, the states u; in this example are thought to be eigenstates

' As always, the spin index has been dropped because of the spin degenerated solution.
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Upper panel: Excitation spectra n at different time steps on the adiabatic trajec-
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Lower panel: same as in the upper panel, but plotted on a semi-logarithmic scale.
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Figure 8.7.: Adsorbate induced energy gain of the electronic system (red squares), electronic resonance position (green circles), and
the energy transfer into non-adiabatic excitations (blue triangles).
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of the instantaneous Hamiltonian at a time t; as depicted in the left part of the figure.
They are given numbers ¢ = 1..N according to their one particle energy. Likewise, each
state is a assigned an initial occupation number f; which can be a Fermi distribution and
remains fixed at all times. The density operator p on the other hand will evolve in time
as the states change under the influence of the electronic Hamiltonian as depicted on
the right. Because the non-diagonal matrix elements of the Hamiltonian are all zero the
initial states remain eigenstates of the instantaneous Hamiltonian even if the energy of
the adsorbate is changed. Yet, the order of the states with respect to their eigenenergy
may change.

It is straightforward to write down the occupation numbers of these states in the
adiabatic and the non-adiabatic case. In the adiabatic case the number of the electronic
states are ordered with respect to their instantaneous eigenenergy such that the ordering
of eigenenergies and the occupation numbers are the same. In the non-adiabatic case
this is not the case because the occupation of a particular state does not change while
it evolves with time. A simple example will make this clearer.

In Figure 8.8 the adsorbate state initially has the occupation number f5 because it
has the fifth lowest eigenenergy. Subject to the Hamiltonian it will evolve over time but
its occupation probability will remain f5. So although its eigenenergy has been reduced
to the second lowest value, its occupation number has not changed to fy as it should

have in the adiabatic case.
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Figure 8.8.: Renumbering of the one-particle states if the energy of the adsorbate state changes.
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9. Summary and Outlook

The results presented in this study answer open questions arising in connection with the
non-adiabatic effects present in the reaction of molecular oxygen with alkali metal sur-
faces. Theoretical as well as experimental approaches were used to study these systems.
Experimentally, the reaction kinetics were studied using photoelectron spectroscopy con-
firming predictions from thermodynamical calculations. This knowledge was used to in-
terpret chemicurrent as well as exoelectron emission data which were recorded as part of
this thesis. On the theoretical side, electronically non-adiabatic model calculations based
on input from density functional theory were presented for the adsorption of molecular

oxygen on a potassium surface.

9.1. Summary

9.1.1. Photoelectron Spectroscopy

Photoelectron spectroscopy was used to determine the kinetics of molecular oxygen
reacting with alkali metal surfaces. Typical experiments were conducted under UVH
conditions (base pressure ~ 107''mbar) and at low surface temperatures (typically
< 120K). The samples were exposed to a low pressure atmosphere (~ 107® mbar) of
oxygen while XPS and UPS spectra were recorded. A rich variety of oxide species was
found to form under these conditions: regular oxide, peroxide and superoxide species
could be identified in agreement with previously published data. They were identified by
using the chemical shift of the O 1s photoemission line in XPS. Emission from molecular
orbitals observed using UPS confirmed the assignment of these peaks. The chemical shift
of the O 1s line was explained by the increased charge that is transfered onto the oxygen
atoms in their different oxidation states. The regular atomic oxides show the lowest
binding energy, followed by the peroxides and the superoxides at the highest binding
energies. A chemical trend toward higher binding energies can be observed when going

upward in the periodic system (Cs — Rb — K — Na — Li). Pronounced differences
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between the relative contribution of the various oxide species are found for the specific

elements:

e Lithium forms the regular oxide LiO, with dissociatively bound oxygen atoms
when exposed to molecular oxygen in the UHV and at surface temperatures as low
as 100 K.

e Sodium oxidizes to form NaO, as well as NayO,, which were shown to exist simul-

taneously and in approximately equal contribution (UHV, < 120 K).

e The oxidation of potassium is dominated by molecular adsorption, first as peroxide
K505, later as potassium superoxide KO,. Some dissociation of oxygen and the
formation of regular oxide K5O has been found at very low exposures which seems

to be defect related (UHV, < 120K).

e Rubidium and cesium films show a rich variety of oxides. Clear reaction kinetics
could not be determined from the available photoemission data (UHV, < 120 K).

The reaction kinetics of potassium were studied in more detail: the initial oxidation
is dominated by the direct adsorption of peroxide ions on the surface which leads to
a simple exponential saturation of the peroxide concentration (Langmuir adsorption).
On top of the peroxide layer a superoxide films grows, whose growth is driven by the
diffusion of zero-valent potassium atoms from the bulk to the surface. The final thickness
of the superoxide layer therefore depends on the initial thickness of the potassium layer.

The successive oxidation of the oxide film causes a reduction of the electron density
that is available at the surface. UPS data of the K 4s valence band show an exponential
decrease of the photoemission yield near the Fermi edge (He I, UHV, < 120K). This
leads, on the one hand, to a decreased reaction rate because of the lack of electrons and
on the other hand, to the enhancement of non-adiabatic effects. The later is caused
by the reduced interaction between the metal and the adsorbate, which results into an

increased lifetime of a possibly injected transient hole state.

0.1.2. Chemicurrent and Exoemission

Chemicurrents were observed on p-type doped Schottky diodes which show excellent
diode characteristics at low temperatures. Hot holes are efficiently excited by the oxida-
tion of alkali metal surfaces which has been demonstrated by large chemicurrent yields.

The detection of hot electrons in a chemicurrent was not possible because the alkali
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metals form Ohmic contacts on n-doped silicon substrates. An attempt to remedy this
by the introduction of a palladium buffer layer was not successful.

The exoemission of electrons was monitored alongside the chemicurrent experiments.
A delay between the chemicurrent maximum and the peak exoemission was observed,
which could not be explained by a simply proportionality between the reaction rate and
the respective excitation probabilities. Instead the change of the respective efficiencies
while the surface changes its electronic structure must be considered.

An explanation was presented in the framework of the NNL model taking into account
the limited band width of the alkali metals. The chemicurrent was explained by the
resonant injection of hot holes into the metallic band whereas the exoemission was
explained by Auger transitions. For the clean metal surface the charge transfer to the
molecule occurs resonantly near the Fermi level causing little electronic excitations.
The increasing oxygen coverage reduces the density of available electrons at the surface
which enhances the lifetime of electronic hole excitations located on the molecule in
front of the surface. This in turn leads to an increasing non-adiabaticity of the reaction
and hence increased exoemission and chemicurrent efficiency. Because the recorded
signals are the product of the reaction rate and the efficiencies this leads to a maximum
in the chemicurrent and the exoemission. Because the exoemission requires an, in a
sense, higher degree of non-adiabaticity than the chemicurrent, the maximum of the

chemicurrent precedes the one of the exoemission.

9.1.3. Model Calculations

Density functional calculations showed that the interaction potential between the oxygen
molecule and a potassium surface only of the order of a few ten milli electronvolts.
This leads to a long lifetime of hole states localized on the molecule which in turn
is in favor of non-adiabatic excitations. Electronic friction alone cannot account for
the excitation spectra calculated in a Newns-Anderson approach. Instead, resonant
charge transfer of hot holes within the metal’s conduction band seems responsible for the
chemicurrent. A pronounced imbalance between electron like and hole like excitations
was found. The results are compatible with classical descriptions of charge transfer
according to Hagstrum [Hagb4] and so called chemical hole diving [Gre97].

To solely explain the descent of the molecular levels in front of the surface by the image
potential interaction does not seem to capture the complete physics of the process. From
the presented molecular dynamics calculations it seems that the vibrational motion of

the molecule plays an active role in the excitation of the hot holes. Further theoretical
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insights into the role of vibrational excitations as well as into the role of the spin would be
highly desirable. Especially multi surface molecular dynamics combined with electronic
excitation calculations may be helpful to further understand the mechanism of electronic

excitations through molecular adsorption.

9.2. Outlook

The interpretation of chemicurrent data becomes exceedingly complicated if the exact
reactions conditions are of importance. Better knowledge of the kinetics of the gas-
surface reactions is therefore mandatory. One way to achieve this aim would be to reduce
the system size from square centimeter sized Schottky diodes to nano structured devices.
Thereby the homogeneity of the surface is hoped to be enhanced. Additionally one may
be able to investigate quantum size effects on the surface chemistry. A second approach
would be to proceed to well defined surfaces. In this way surface science methods could
be employed to learn more about the interaction between geometric structure, electronic
structure and non-adiabaticity.

The model calculations showed a great imbalance between hot holes and electrons.
Because the electronic excitations are limited to secondary processes and (probably)
the electronic friction mechanism, this imbalance should also show in the chemicurrent
when experiments on p-doped substrate are compared to studies conducted on n-doped
substrate. Due to its importance as a test of this theoretical prediction further attempts
to build n-type alkali Schottky diodes (possibly using other buffer layers) should be

considered.

182



A. Diffusion Limited Growth

gas oxide potassium
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Figure A.1.: Model for the oxidation of potassium (Figure adapted from [DG65]).

The bulk oxidation follows a diffusion controlled process similar to the famous Deal-
Grove model used to describe the thermal oxidation of silicon [PK77, DG65]. In the
case of silicon oxygen diffuses through the oxide layer and the growth happens at the
interface between the oxide and the silicon. For potassium it is the potassium atoms
that diffuse through the oxide. The oxide layer is therefore growing from the surface.

Figure A.1 shows the adaptation of Deal and Grove’s model for the situation in a
potassium film. The flux F} of potassium atoms from the metal into the oxide film is
given by

Fy = h(cx — a), (A1)
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A. Diffusion Limited Growth

where h is a rate constant coupling the potassium concentration ck in the metal and the
concentration of free potassium atoms in the oxide film right at the interface ¢;. Fick’s
law states that, assuming steady state conditions, the flux F5 inside the oxide layer must
be constant throughout the thickness of the oxide film d,,. Thus F5 can be calculated
from the difference between the surface concentration cg and the concentration at the

interface
€l — Cs

F2 - Deff 5 <A2)

de
where D.g is an effective diffusion constant. The flux out of the surface F3 is given by

the reaction with the oxidant

F3 = kaZCS (A?))

which is proportional to the potassium concentration at the surface and to the oxygen

flux fo, from the gas phase. Under steady state conditions the flux must be equal

at all positions z. Eliminating cs and ¢ the flux

kaQCK
kfo, n k fo,dox
h Deg

F =

(A.5)

1+

can be explicitly written as a function of the oxide thickness. The growth of the oxide

layer on the other hand is determined by the differential equation

d . . kaQCK/p
@t == o, oo (46)
h Deff

if p is the number density of potassium atoms incorporated into a unit volume of the

oxide. Equation (A.6) can be easily solved by straightforward integration

la c la\?
dox = —=— + t+ | =— (A.7)
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with

a=1+ Y (A.8)
1kfo
b=-—>2 A9
2 Deg (4.9)
¢ = kfo, X (A.10)
P
For long reactions times
c 1a\)?
—t —— A1l
ik (2 b) (A.11)
Eqn. (A.7) can be further simplified to the quadratic relation
t(dow) = —L— 2 (A.12)
2CKDeff Ox

between the time needed to grow an oxide film and its thickness. Especially, the time
needed to thoroughly oxidize the film varies with the square of the initial thickness of the
metallic film. Notice also that Eq. (A.12) does not include the oxygen pressure explicitly.
The reaction time should therefore be relatively insensitive to pressure changes as long
as a sufficient supply of the oxidant is guaranteed. For relatively small reactions times

on the other hand, Eqn. (A.7) can be approximated by

/(%)
dox (A.13)

o) = e

a linear relationship which is independent of the diffusion constant but is almost lin-
early depended on the pressure. In the linear regime the reaction should therefore be
insensitive to temperature changes if changes in the chemistry of the reaction can be

neglected.
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B. Numerical Details

Integration of the Schrodinger equation In a quantum mechanical problem it is often
necessary to solve the time dependent Schrodinger equation

Ht)U(t) = i%\IJ(t) (B.1)

to find the evolution of a wave function W(¢). In section 8.2 this procedure was used
to calculate electronic excitations in an ensemble of non-interaction electrons that were
caused by the adsorption of an adsorbate molecule. A practical approach to a numerical

solution of Eqn. (B.1) is to consider the formal solution of the Schrédinger equation
T(At) = exp (—@'Hm) 7(0) (B.2)

for a time-independent Hamiltonian. Formally, the exponential function can be approx-
imated by .
1—LHAt

P )= ia

(B.3)

which is correct to O (At?). This can be seen by expanding the exponential function in

a Taylor series

x 2 2 x 2 2l
1 _) l—pt ) =1— IS R B.4
(+2( v+ o+ ) st to ot (B.4)
3
x xr
1 B.5
>t (B.5)
Z 3
—1-2+0() (B.6)

and multiplying with 1 + ¢ from the left. This holds also true for the operator (or

matrix) exponential function if

-1
_ (1 + l]:[At) (B.7)
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is considered as the inverse of the denominator. This naturally leads to the well known

prescription for the numerical integration of the Schrodinger equation
(1 + %Hm) gt = <11 - %ﬁm) o, (B.8)

If the wave function W is expanded in a finite basis set this equation is a linear equation
of the form AX = B which can be solved efficiently using standard methods of numerical

mathematics.

Shift of the chemical potential The introduction of an additional state below the
chemical potential p of the unperturbed metall causes a shift of the chemical potential
. Initially, the metallic states were occupied by a number of electrons N. After the
charge transfer to the molecule this number is reduced by one. From this observation
the shift of the chemical potential y — o of the equilibirum Fermi distribution f (e, u)

can be calculated by

N = /po(a)f(a,uo) de, and (B.9)
N—-1= / ple)f (e, ) de. (B.10)

Subtracting the second equation provides a way to calculate the shift by solving

[e.e]

1= [ D) copin) — F (e de (B.11)

— 00

Given that the shift of the chemical potential is small, the integral can be approximated
by

o0

1= [ @5 o= e (B.12)

—00

This equation can be further simplyfied by noticing that because of f(e,u) = f(e — p)

the partial derivatives satisfy
of _ of

= B.1
Oe ol (B.13)
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and by noticing that df/0e is only considerably different from zero close to the chemical
potential. Finally, the shift of the chemical potential can be calculated from the metallic

density of states at the Fermi edge po = po(0)

L Jor
po(po — 1) 4 0= (B9
= —(f(o0) = f(=0)) (B.15)
—1 (B.16)

From the definition of the excitation spectrum n.y given in section 3.6 the non-vanishing

thermal part of the spectrum

nex(€) = po (f (g, o) — f(&, 1)) (B.17)
~ Po%g—i (€, o) (B.18)
Nex(€) = Z—Z (e, po) (B.19)

can be calculated which is solely due to the shift of the chemical potential and should

not be considered a non-adiabatic excitation.
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C. Pulse Counting Electronics

C.1. Circuit Description

During the course of this study it became apparent that the counting electronics, which
were available at the time, were not suitable for the counting of electrons for exoemission.
Initially, a charge sensitive preamplifier followed by a differentiating amplifier was used.
Such a setup is frequently used in nuclear physics because they conserve the initial energy
of the impinging particle as the peak height. These preamplifiers have a fast rise time
and an extremely long decay time. A short charge pulse at the input therefore leads to
a step like output. If the pulse rate is too high, these stairs will add up until the output
of the amplifier saturates. This is obviously not desirable. A low cost electronic circuit
has therefore been developed.

The circuit comprises three stages: (a) a high voltage decoupling, (b) a fast pulse
amplifier and (c¢) a discriminator circuit for pulse shaping. Parts (a) and (b) are shown
in Fig. C.1. A circuit diagram of the discriminator circuit (c) is included in Fig. C.2.
The DC high voltage at the channeltron output is decoupled through the three high
voltage resistant capacitors. A resistor work fixes the potential and two diodes protect
electronics at the output from overvoltages. The amplifier comprises a common base
amplifier followed by a common emitter driver stage. The output of the amplifier is fed
into a LT1016 comparator circuit which transforms the millivolt output of the amplifier
to a £3V output signal, which can be used as the input of any digital counter. The
discriminator level can be adjusted by changing the potentiometer at the input of the
buffering amplifier. Because of the high frequencies at the output, a terminal resistor of

approximately 200 €2 must be fitted to the far end of the output cable.
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Figure C.1.: Channeltron pulse amplifier for Burle Series 4800 channeltron.
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Figure C.2.: Discriminator for pulse amplifier electronics
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C.2. Signal Characterization
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Figure C.3.: Output signal after signal conditioning by the preamplifier and discriminator.

C.2. Signal Characterization

The output signal of a channeltron has a peak width of approximately 4 ns which gets
broadened by the electronic circuitry. Figure C.3 shows the output after conditioning
by the preampflifier and discriminator recorded with a digitial sampling scope. The rise
time of the signal is determined by the LT1016 descriminator. The 20 ns peak width is
caused by the capacitances in the circuit. The electronics can be easily used for counting

rates of two megahertz and more which is demonstrated in Fig. C.4.
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Figure C.4.: Output signal after signal conditioning showing the output at a counting rate of
two megahertz.
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