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Kurzfassung

Im Zuge dieser Dissertation wurde Ballistic Electron Emission Microscopy/Spectroscopy
(BEEM/S) verwendet um organische Halbleiter Heterostrukturen zu charakterisieren. Im
Detail wurden Heterostrukturen unterscuht, welche die zwei organischen Halbleiter Ti-
tanylphthalocyanine (TiOPc, C33H1sNgOTi)) und Hexa-peri hexabenzocoronene (HBC,
CsoHig) beinhalten.

Au/TiOPc/GaAs Dioden wurden mittels BEEM/S untersucht. Aufgrund der BEEM
Bilder lasst sich der Schluss ziehen, dass unsere mit MBE hergestellten Proben im Ver-
gleich zu aufgedampften organischen Filmen sehr homogen sind. Alle Merkmale in den
BEEM Bildern unserer Proben korrelieren ausschliellich mit der kornigen Struktur und
den topographischen Merkmalen von der Au-Schicht und nicht mit der organischen Schicht
darunter. Bei der Analyse der BEEM Spektren wurde festgestellt, dass das TiOPc die
Schwellspannung der BEEM Spektren im Vergleich zu Au/GaAs-Dioden erhéht. Die Bar-
rierenhohe, die in der Au-TiOPc-GaAs Heterostruktur gemessen wurde betragt V, ~ 1.2
eV. Dariiber hinaus sieht man in der ersten Ableitung des BEEM Stromes zusatzliche
Schwellen der Energie iiber dem lowest unouccupied molecular orbital (LUMO) levels. In
der ersten Ableitung der BEEM Spektren konnten Signaturen des L- and X-Tals von GaAs
indentifiziert werden. An herkémmlichen Au-GaAs Dioden sind die Einfliisse der hoheren
Taler ebenfalls in der ersten Ableitung des BEEM Spektrums als erhohte Anstiege sichtbar,
da die hoheren Taler weitere Transportkanéle in die Kollektor Elektrode eréffnen. Die Po-
sitionen der hoheren Téler in GaAs konnen nun dazu benutzt werden um die Energieskala
zu kalibrieren. Damit kann das I'-Tal von GaAs indentifiziert werden, welches fir die
Au/TiOPc¢/GaAs Heterostruktur 1.1 eV ergibt. Dieser Wert von 1.1 eV liegt aber deutlich
unter der gemessenen Schottky Barriere von 1.2 eV und aus diesem Grund sind wir sicher,
die Schottky Barriere am Au-TiOPc Ubergang gemessen zu haben. Temperaturabhéingige

Massungen zeigen einen Anstieg der Schottky Barriere von 1.2 eV bei Raumtemperatur



bis hin zu 1.5 eV bei T=10 K.

Die energieabhangigen Elektrontransmissionseigenschaften von TiOPc wurden eben-
falls untersucht. Es wurde herausgefunden, dass die Transmission und auch die mittlere
freie Weglange in Abhangigkeit der Energie steigen, aber ein unterschiedliches Verhalten
als Funktion der Temperatur zeigen. Wahrend die mittlere freie Weglinge mit steigender
Temperatur sinkt, steigt die Transmission mit steigender Temperatur. Wir glauben, dass
die mittlere freie Weglange durch Phononstreuprozesse dominiert wird, wahrend die Tran-
mission dominiert wird durch Streuprozesse, die durch Storstellen verursacht werden. In
der Annahme, dass ionisierte Unreinheiten Steuprozesse an den Ubergingen verursachen
und Phononstreuprozesse im Bulk dominieren, konnen unsere Ergebnisse sehr gut erklart
werden.

Zur Analyse der Daten wurde eine Modellrechnung des BEEM Stromes durch die
Au/TiOPc/GaAs Heterostruktur implementiert. Es wurde herausgefunden, dass der bal-
listische Strom durch die Au/TiOPc/GaAs Heterostruktur fiir hthere Energien mit der
Heterostrukturerweiterung des Bell-Kaiser Models nicht sehr gut beschrieben werden kann.
Bei niederen Energien (Bsp. einige meV bis ung. 200 meV iiber der Schottky Barriere)
beschreibt das Model den BEEM Strom durch die Au/TiOPc/GaAs Heterostruktur hinge-
gen sehr gut. Der Grund fiir die Abweichungen des Models bei hoheren Energien sind
folgende: Erstens, der Einfluss der hoheren GaAs L und X- Téler wurde in den Rechnun-
gen vernachlassigt und zweitens, das Modellieren der TiOPc-Schicht mit einer einfachen
rechteckigen Potentialbarriere ist nicht exakt genug. Zusatzlich wurde eine Naherung fiir
die Abschwachlange von TiOPc als Funktion der Energie vorgestellt.

Die Schottky Barriere der Au/HBC/GaAs Heterostruktur wurde ebenfalls mit BEEM
untersucht. Zwischen T"= 300 K und 7' = 10 K, steigt die Schottky Barriere am Au/HBC
Ubergang von 1.3 eV bei T = 300 K zu 1.56 eV bei T = 10 K. Gleichzeitig, wird das
Fermi level pinning am HBC/GaAs Ubergang systematisch tiefer, beginnend bei einer Po-
sition von 1.2 eV iiber dem Leitungsband von GaAs bei T" = 300 K bis hinzu 1.4 eV bei
T = 10 K, dieser Wert ist schon sehr nahe am Valenzband von GaAs. Diese hohe Barriere
am HBC-GaAs Ubergang macht das organische Material HBC zu einer vielversprechenden

Grenzflachenschicht um die open circuit voltage von GaAs Schottky Solarzellen zu erh6hen.
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Abstract

In the framework of this thesis Ballistic Electron Emission Microscopy /Spectroscopy (BEEM/S)
was used to investigate semiconductor heterostructures. Especially heterostructures in-
cluding organic semiconductors like titanylphthalocyanine (TiOPc, C33H16NgOTi)) and
hexa-peri hexabenzocoronene (HBC, CyoHg).

Au/TiOPc/GaAs diodes were investigated by BEEM/S. From the BEEM images it can
be concluded that our MBE grown samples are very homogeneous in comparison to organic
films manufactured by evaporation. All features visible in the BEEM images of our samples
correlate exclusively with the granular structure and the topographic features of the Au-film
and cannot be correlated to the organic film underneath. Analyzing the BEEM spectra
we find that the TiOPc increases the BEEM threshold voltage compared to reference
Au/GaAs diodes. The barrier height measured on the Au-TiOPc-GaAs heterostructure
is V, &~ 1.2 eV, whereas the barrier on the Au/GaAs diode is 0.9 eV. In addition, the
derivative of the BEEM spectra shows multiple features in the energy regime above the
lowest unoccupied molecular orbital (LUMO) level. Using the first derivative of the BEEM
spectra signatures of the L- and X-valleys of GaAs can be seen. On conventional Au-GaAs
diodes, the influence of higher valleys is normally seen as an increased slope in the first
derivative of the spectrum, as the higher valleys open additional transport channels into the
collector electrode. The positions of the higher valleys in GaAs can now be used to calibrate
the energy scale. Hence we are sure that the measured Schottky barrier height really is
the barrier height at the Au/TiOPc interface. Temperature studies show an increase of
the SBH from 1.2 eV at room temperature to 1.5 eV at 10 K.

The energy dependent electron transmission properties of TiOPc were investigated too.
It was found, that the transmission and the mean free path both increase with energy, but
exhibit a different behavior as a function of temperature. While the decreasing mean free

path with increasing temperature suggests, that the mean free path is dominated by phonon



scattering processes, the TiOPc transmission increases with increasing temperature, which
suggests that the transmission is dominated by impurity scattering processes. Assuming
dominant ionized impurity scattering at the interfaces, and dominant phonon scattering in
the bulk, however, our findings can be consistently explained.

To analyze the data, a model calculation for the BEEM current through the Au/TiOPc/GaAs
heterostructure was implemented. It was found that at higher energies, the ballistic cur-
rent through Au/TiOPc/GaAs heterostructure can not be described precisely with the
heterostructure extension of the Bell-Kaiser model for mainly two reasons: First, the in-
fluence of the GaAs L and X valleys was not included into the calculations, and second,
modelling the TiOPc with a simple rectangular potential barrier is not accurately enough.
Additionally, an approach for the determination of the attenuation length of TiOPc as a
function of energy has been successfully introduced.

Finally, the Schottky barrier heights of Au/HBC/GaAs heterostructures were investi-
gated by BEEM. Between T' = 300 K and 7" = 10 K, the Schottky barrier height at the
Au/HBC interface increases from 1.3 eV at 7' = 300 K to 1.56 ¢V at 7' = 10 K. Simultane-
ously, the Fermi level pinning at the HBC/GaAs interface becomes systematically deeper,
starting with a position of 1.2 eV above the GaAs conduction band at 7" = 300 K and
ending at 1.4 eV at T" = 10 K, which is close to the valence band of GaAs. The high barrier
at the HBC-GaAs interface makes this material a promising interfacial layer for increasing

the open circuit voltage of GaAs Schottky barrier solar cells.
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Chapter 1
Introduction

The current trend of developing small size electronic devices requires high resolution in the
characterization and control of metal-semiconductor heterostructures. To improve device
characterization and performance, and for a better understanding of the basic physics of
metal-semiconductor interfaces, there is an increase demand for nanometer scale probes,
all the way down to the atomic level, of the spatial and electronic properties of metal-
semiconductor junctions and semiconductor heterostructures.

The invention of the Scanning Tunneling Microscope (STM) [1, 2] by G. Binning, H.
Rohrer and coworkers in 1981 was the trigger for the new field of Scanning Probe Mi-
croscopy and Spectroscopy (SPM/SPS) which has since then experienced a rapid flourish-
ing. The development and application of local probe techniques, such as STM, Atomic
Force Microscopy (AFM), Scanning Near field Optical Microscopy (SNOM), Transmission
Electron Microscopy (TEM), and many more, gave rise to the possibility of a thorough
investigation of micro- and nanometer sized structures.

Ballistic Electron Emission Microscopy/Spectroscopy (BEEM(S) is a powerfull tool for
nondestructive local characterization of semiconductor heterostructures, and was invented
by Bell and Kaiser [3, 4] in 1988. In BEEM, the metallic STM tip (emitter) injects electrons
across the tunneling gap into the metal (base) layer deposited on a semiconductor. A third
terminal on the sample backside is used to collect those electrons, which traverse the

interface.
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CHAPTER 1. INTRODUCTION 12

1.1 State of the Art

Orginally the BEEM technique was invented as a unique microscopic and spectroscopic
method to probe the Schottky Barriers on a local scale [4], including technologically impor-
tant semiconductors such as Ga(Al)As [5, 6, 7], Ga(In)P [8, 9, 10], Ga(As)N [11, 12, 13, 14],
and Si [15, 16], SiC [17].

BEEM has also been successfully used to study the electronic properties of buried
heterojunctions. Further, BEEM was successfully applied to metal-insulater-semiconductor
structures to study the transport related oxide properties on a microscopic scale in buried
CaFy/Si [18] and SiO9 [19]. In SiOs- based metal-oxide-semiconductor structures, BEEM
was used to study the quantum interference effects and trapped charge distribution that
is very important of metal-oxide-semiconductor field-effect transistors [20, 21]. Significant
progress was accomplished in establishing BEEM as an effective method for measuring
semiconductor heterojunction offsets [7, 22, 23], for measuring resonant transport through
single-barrier [24], double-barrier [25] and superlattice resonant tunneling heterostructures
26, 27], for investigation of hot carrier transport in low-dimensional nanostructures such
as quantum wires [28, 29] and quantum dots [30, 31, 32|, as well as for imaging of defects
buried below the surface [33, 34, 35].

Another interesting application of BEEM is to investigate metal-organic-semiconductor
heterostructures, which is presented in this work. There have been investigations about
metal-organic-semiconductor heterostructures, e. g. : BEEM of a buried Ag/polyparaphenylene
interface [36, 37|, BEEM on Ag/polyparaphenylene/semiconductor and Ag/poly(2-methoxy-
5-2-ethyl-hexyloxy-1,4-phenylenevinylene) /semiconductor heterostructures [38], BEEM stud-
ies on Au/octanedithiol/GaAs diodes [39], BEEM studies on Au/alkanedithiol/GaAs diodes
[40], BEEM investigations of a Au/GaAs diode with a discontinuous monolayer of dicar-
boxylic acids at the interface [41], and BEEM studies of organic molecules (fullerene Cg
and 3,4,9,10-perylene-tetracarboxylic acid dianhydride) on uniformly flat surfaces of bis-
muth grown on silicon [42], and of course the works presented here on Au/TiOPc/GaAs
43, 44, 45, 46, 47) and Au/HBC/GaAs heterostructures [48].
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1.2 Overview About the Work Presented in this The-
Sis

In this work a systematic study of metal-organic-semiconductor heterostructures is pre-
sented. The organic semiconductors investigated in this work are: titanylphthalocyanine
(TiOPc, C33H14NgOTi)) and hexa-peri hexabenzocoronene (HBC, CyoHg).

After a introduction to BEEM in chapter 2, a short description to the transfer matrix
method is given in section 2.5, and in chapter 3 a introduction to organic semiconductors
and energy level alignment at metal-organic interfaces is given.

In chapter 4 first experimental results on Au/TiOPc/GaAs diodes incorporating ultra
smooth thin films of the archetypal organic semiconductor TiOPc are presented. From
our BEEM images we conclude that our molecular beam epitaxial (MBE) grown samples
show very homogeneous transmission, compared to organic films manufactured by simple
evaporation. The barrier height measured on the Au-TiOPc-GaAs is V}, &~ 1.2 eV, which
is in good agreement with the data found in reference [49].

In chapter 5 the Schottky barrier heights of the Au/TiOPc/GaAs heterostructure are
investigated for various temperatures and show an approximately linear increase from 1.2
eV at room temperature to 1.5 eV at T' = 10K.

In chapter 6 BEEM/S measurements are used to determine the transmission of ballistic
electrons through TiOPc as a function of energy and temperature. A modelling of the
BEEM current through the Au/TiOPc/GaAs heterostructure is implemented. It is found
that the ballistic current through Au/TiOPc/GaAs heterostructure can not be described
precisely with the heterostructure extension of the Bell-Kaiser model at higher energies.
This is because of two reasons: First, we did not include the influence of the GaAs L and X
valleys into the calculations, and modelling the TiOPc with a simple rectangular potential
barrier is not accurately enough.

In chapter 7 we investigate the electron transmission properties of TiOPc. Additionally,
an approach for the determination of the energy dependent attenuation length of TiOPc is
successfully introduced. Further, we present an experimental investigation of hot electron
transport in thin TiOPc films grown on GaAs and an alternative approach to calculate the
attenuation length in titanylphthalocyanine.

In chapter 8 Au/HBC/GaAs heterostructures are investigated by ballistic electron emis-
sion microscopy. At room temperature, the Schottky barrier height at the Au/HBC inter-
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face was measured to be 1.3 eV, while the Fermi level at the HBC-GaAs interface is pinned
1.2 eV below the GaAs conduction band. Decreasing the temperature down to "= 10 K,
the Au/HBC Schottky barrier height increases up to 1.55 eV and the Fermi level pinning
at the HBC-GaAs interface reaches a value of 1.4 eV, close to the valence band of GaAs.
These high values make HBC a promising interfacial layer in order to increase the open
circuit voltage of GaAs Schottky barrier solar cells

Finally, in chapter 9 a summary of the presented work is given together with an outlook.



Chapter 2

Ballistic Electron Emission

Microscopy (BEEM)/
Spectroscopy (BEES)

2.1 Introduction

Understanding the atomic structure of materials, the behavior and reaction of atoms at
surfaces, and the nature of electronic properties at the atomic scale have been the goals of
fundamental and applied research for many decades. There where only few experimental
probes to verify imagination and intuition for physics on the atomic scale, but still on
an indirect or incomplete glimpse of the atomic structure at surfaces. The development of
Scanning Tunnel Microscopy (STM) [1] has revolutionized the approach to the investigation
of many aspects of material properties at the atomic scale. The STM and the technique
have provided methods to measure accurately the three dimensional structure and elec-
tronic properties of single surface atoms. Extensions of the STM technique, such as atomic
force microscopy, have allowed various other properties to be measured on an nanometer
scale. As STM methods have been refined, several experiments have demonstrated the
ability to manipulate individual atoms accurately. These recent STM demonstrations are
not only accomplishments of modern science, but also fulfill the aspirations of those who
first imagined the existence of atoms. This technique has proven to be a powerfull and
versatile tool for the determination of structural and electronic properties of samples [2],

[50], [51]. With the introduction of ballistic electron emission microscopy / spectroscopy
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(BEEM/BEES) by Kaiser [4] and Bell [3] the unique spatial resolution of the STM has
been combined with the possibility of locally probing the electronic structure of sub-surface

interfaces. This chapter will give an introduction to BEEM.

2.2 Basic Principles of BEEM

The term Ballistic Emission Microscopy/Spectroscopy (BEEM /BEES) denominates a tech-
nique utilizing a scanning tunnelling microscope (STM) as an emitter for ballistic electrons.
The spectroscopic and imaging capabilities of STM have made it a powerful method for
measuring and viewing surfaces at the atomic level. An introduction to STM can be found
for example in [52, 53, 54]. A typical BEEM /S sample consists of at least two layers form-
ing an interface, which functions as a potential barrier for the electrons. To optimize the
measurement of the ballistic current the conducting top (base) electrode has to be in con-
tact with an n-type semiconductor. Fig. 2.1 shows a typical sample of BEEM/S. Here the
natural band bending accelerates the ballistic electrons in the semiconductor away from
the metal-semiconductor interface thus preventing them from leaking back into the base.
The BEEM spectrum is recorded by keeping the STM tip at a fixed position while the
tunnel voltage is varied within a predefined interval and the ballistic current depending
on the tunnel voltage, 1.(V;) is measured at this position by maintaining constant current
mode.

Figure 2.2 displays the conduction band profile of a simple Schottky diode sample
together with the ballistic current.

The potential for electrons in the STM tip exceeds the potential in the base due to
the applied tunnel voltage, with the tip under negative voltage compared to the base.
Therefore, electrons reaching the base via tunnelling through the vacuum barrier show
energies high above the Fermi level in the base metal, i.e. they are defined as so-called
ballistic or hot electrons. Aslong as the energy provided by the tunnel voltage, eV}, does not
exceed the Schottky barrier height, no electrons will be transmitted into the semiconductor,
thus the ballistic current is zero. On the other hand, having an energy higher than the
Schottky barrier at the metal-semiconductor interface, the injected electrons will enter into
the semiconductor thus causing a measurable ballistic current I, at the collector electrode.
The higher the tunnel voltage is, the more electrons will increase the magnitude of ..

Recording the corresponding ballistic current while keeping STM tip constant in xy
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Figure 2.1: Sketch of a BEEM setup with a Schottky diode as a sample (not to scale). The
tunnel voltage V; is applied between the STM tip and the metal surface of the sample, the
tunnel current I; in this circuit is kept constant by the STM feedback loop. A second am-

peremeter measures the ballistic current /. between the metal base and the semiconductor

collector.
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Figure 2.2: Left part: Schematic energy diagram of a BEEM experiment on a Schottky
diode. Electrons tunnel from the STM tip into the base. If eV; > eV}, electrons will be able
to surmount the Schottky barrier and enter the semiconductor. — Right part: Ballistic
current spectrum /.(V;) corresponding to the energy diagram on the left (for varying V;).

Defining zero by the Fermi level of the base, the current sets in at V;=V,,.
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Figure 2.3: (a) STM topographic image of a 70 A thick gold film evaporated onto a GaAs
substrate. Scan size: 100 nm x 100 nm, z-scale: 4 nm, V; = 1.8 V, I; = 5 nA. Bright
regions indicate elevations. (b) BEEM image corresponding to (a). z-scale: 100 pA. Bright

regions indicate areas of higher transmission.

with respect to the sample surface and varying the tunnel voltage within a chosen interval
represents the spectroscopic part of BEEM, often also explicitly referred to as BEES. The
plot of 1.(V;) is usually denoted BEEM spectrum.

As mentioned above BEEM image is done by moving the STM tip in constant cur-
rent mode across the sample surface while keeping the tunnel voltage constant. If the
tunnel voltage is chosen correctly, e.g. areas of different barrier height can be directly
depicted with this procedure. Because the size of the ballistic current is also influenced
by topographic effects, BEEM images are usually taken simultaneously together with the
corresponding STM image, to distinguish between topographic effects and changes in the
sub-surface properties of the sample. This is a straightforward procedure since the tunnel
current and ballistic current are measured independently anyway. Figure 2.3 gives an ex-
ample of an STM topography and the corresponding BEEM image, taken on an Au/GaAs
Schottky diode. The structures are the gold grains of the polycrystalline base layer. The
transmission for ballistic electrons is smaller for regions with a thicker gold coverage, there-
fore producing dark regions in the BEEM image in those areas which show elevations in
the STM topography.
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2.3 Electron Refraction Effects in BEEM

When the electrons are crossing an interface, their momentum component parallel to this
interface does not change. This is often called as parallel momentum conservation. This
fact that the xy-momentum is conserved during the passage through the interface has
profound implications in BEEM.

Typical BEEM samples possess a huge potential step between the base and the collector
(caused by the Schottky barrier) as well as strongly different effective masses in the involved
areas. As a consequence, electron "refraction” effects are observed, which are described
in detail as follows: Note, that for refraction effects, the influence of the potential step is

usually even more significant than the mass difference [55].

(@) ’ (b) .
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O] e 1| O
5|2 2|
< |E VZGaAs <|=
A~
Au GaAs Au e~ GaAs
VXyAU e y4 yd
o
VZAU

Figure 2.4: (a) Electron refraction: By crossing the interface from Au to GaAs, the electron
will gain velocity parallel to the interface and lose velocity perpendicular to it. — (b) Total
reflection: If the incident angle with respect to the z-axis is larger than the critical angle,

the electron cannot enter the GaAs and is reflected.

As a typical example for electron refraction effects, Figure 2.4 illustrates the situation at
the Au-GaAs interface. The effective electron mass in the gold is equal to the free electron
mass, mg, while the effective electron mass in the semiconductor, m*, is respectable smaller
(for GaAs: m* = 0.067 my). To quantify the consequences of this situation, we first write

down the energy of the motion parallel to the interface :

_ ks, _ h?
2m(z)  2m(z)

E,, = E(ky,) (k2 + k) (2.1)
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By using the relation given in equation 2.1 for the energy associated with the motion in
the xy-plane and the momentum conservation law for k,,, the energy component parallel

to the interface changes according to:

GaAs Au
E. 7 =E, — (2.2)
The conservation of the total energy FE is another limitation, which can be written as:

h?k? h?

E="" {p,=—""
2m(z)+ PL T om(2)

(K24 K4+ E) + Ept = Evy + E. + Epyt (2.3)

Therefore, the energy associated with the movement vertical to the interface is given by:

EzGaAs — F — Eg/aAs —Ey=FEy+ E;‘lu + E;‘lyu . E;‘lyu % — B,

*

EGeds — piv _ phv (% - 1) — eVio (24)

where eVyy := Fy — Ej is the height of the potential step at the interface, with Ej the
conduction band minimum in the metal, and Ej the conduction band minimum in the
semiconductor. The first subtrahend in this expression represents the decrease in F, due
to the change of effective mass, while the second one just originates from the potential
step.

For the particular case of an Au-GaAs interface, where the effective mass in the GaAs
is just 6.7% of the electron mass in the Au layer, Efy“AS is almost 15 times higher than the
energy parallel to the interface in the gold. Electrons crossing the Au-GaAs interface will
gain I/, according to equation 2.2 and lose E, according to equation 2.4. Therefore, they
will be refracted away from the z-axis, as depicted in Figure 2.4(a). Only those electrons
which have exactly a perpendicular angle of incidence at the interface, i.e. k;, = 0, will
not undergo any refraction.

A instantaneous consequence of this refraction away from the z-axis is the possibility
of total reflection at the Au-GaAs interface. By considering the arrangement of a BEEM
experiment, it is obvious, that only electrons with k594 > (0 can travel through the
semiconductor and finally be collected at the backside of the heterostructure, i.e. contribute

to the ballistic current. From this it follows automatically an upper limit for £,, and
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therefore a maximum angle of incidence (with respect to the z-axis) for an electron in the
base.

Now we want to calculate this critical angle for total reflection, therefore we use equation
2.3 to isolate E, and take this in turn to find an expression for the momentum component

vertical to the interface, k,:

2m,
ki = \/h—QO(E — Ey) — k3, (2.5)
aAs 2m*
ket = \/ (B = EBy) = k2, (2.6)

From k%94% > () and equation 2.6 it follows directly, that:

2m*
2
B, <

(E— Ep) (2.7)
The angle of incidence with respect to the z-axis can be described by:

sin(f,) = 522 with k= k| = /2L (2.8)

By combining relation (2.7) and equation (2.8) , the critical angle can be determined

m* E—Eb_m* El—e‘/;,(]

.2‘957'1’ - -
sin” (Oerit) me E—FEy myg B

(2.9)

with E' = E — Ey, the total electron energy referring to the conduction band minimum
in the gold base and eV}, as defined above, the height of the potential step. In a typical
experimental situation, where the material in front of the interface is represented by the
base layer of the BEEM sample, it is more convenient, to refer all energies to the Fermi
level in the base layer rather than to the conduction band minimum. This can be achieved
by the simple substitution of eV = E' — E; and eV, = eVyy — Ef leading to a critical angle
of:

m* eV — eV,

in ecri =
sin(Beri) mo eV + Ey

(2.10)

where eV}, now is the usual Schottky barrier height and E is the position of the Fermi

level with respect to the conduction band minimum in the base layer. eV + F; is the total
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energy of the incident electron, e.g. provided by a tunnel voltage. Electrons are only able

to cross the interface, if their angle of incidence, 6, fulfils the requirement:

sin(0) < sin(6,.) (2.11)

Electrons with a larger angle of incidence will be reflected at the interface, as depicted
in Figure 2.4(b). In a BEEM experiment, the above condition defines the opening angle
of the so-called acceptance cone for electrons in the metal film, which selects a fraction of
those electrons, which have overcome the tunnel barrier, for further transmission into the
semiconductor.

Taking typical values for a BEEM experiment on an Au-GaAs interface, one can see
nicely the influence of the effective mass change: Assuming a Schottky barrier height of 1
eV and an injection energy of 1.1 eV, the critical angle without considering the effective
mass would be about 18°. But if we consider the change in effective mass too, the critical
angle will be just 4.5°.

There is significant effect on the lateral resolution of BEEM caused by the small critical
angles. Only electrons within the acceptance cone will determine the lateral resolution,
because only those will be able to enter the semiconductor and therefore to contribute to
the ballistic current. Assuming a point-like electron source at the top of the base layer,

the minimal lateral resolution is determined by:

Az = 2d tan(0..) (2.12)

where d is the thickness of the base layer. Taking the critical angle calculated above,
the lateral resolution will be 16 A for a 100 A thick base layer and 11 A for a 70 A thick
one.

Note, that the determination of the lateral resolution by the acceptance cone further
has the consequence, that scattering in the base layer will usually not deteriorate the
lateral resolution. Scattering in the base will just lead to a general decrease of the ballistic
current, because it will remove electrons from the acceptance cone by changing their angle
of incidence.

Finally, because it will be needed later, also the restriction on the initial energy com-
ponent parallel to the interface shall be written down here explicitly. From equation (2.7)

21.2

and Efy“ = hoy immediately follows, that:

2myo
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*
Au m
E. <

(E—E,) . (2.13)

mo
Expressing this in terms of E4* rather than in terms of the total energy, by using
E = E;C“y“ + EA% + By, and further replacing again Ej, directly by the barrier height, with

Ey = eV + Ejy, one receives:

*

u m u u
By < o (B + B+ Ey — eVio — Eo) (2.14)
m*
FAv <« 7 (pAv ey, 2.15
$Z/—m0_m*( z ebO) ( )

Or, referring again to the more common Schottky barrier height with respect to the

Fermi level in the Au base, by substituting eV = eV}, + Ey:

*

Er < m% (EX — By — V) . (2.16)

2.4 The Bell-Kaiser Model

In 1988, Bell and Kaiser introduced BEEM, they presented a formula for the ballistic
current, which is known as the Bell-Kaiser model and is widely utilised in BEEM/BEES
[3]. Their first step in developing their model was to use the well-known formalism for
tunnelling between planar electrodes as an approximation. For simplicity, the STM tip and
the base layer are assumed to be identical metals. Further, heterostructures incorporated
into the collector, are not treated by the original Bell-Kaiser Model.

At T=0, electrons tunnelling from the STM tip to the metal base occupy tip states
within a half-shell (because of the restriction k, > 0) of the Fermi sphere between E = Ey
and £ = Ey — eV;. Within this model, the tunnel current can be written as [3, 56]:

2¢ A
(2m)?

For convenience, here as well as in the following, all energies are referring to the STM

[ Tu BT (1) — (B + i) (2.17)

0

]t(vt) =

tip conduction band minimum. The BEEM sample is assumed to be energetically lowered
with respect to the tip by a positive tunnel voltage V; applied to the base layer of the
sample. A is the effective tunnel area, f the Fermi function and T (F.) the tunnelling

probability. Note, that the expression Zf—g is the velocity component parallel to the z-axis.
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Provided that the barrier between tip and base at V; = 0 is a square barrier of height ®
and width s, and will be distorted into a trapezoidal shape by applying a tunnel voltage,
the tunnelling probability given by the WKB model can be approximated by [57]:

Ty(E.) = e sV Erte=5t = (2.18)

with o = v/8mg/h = 1.024 eV 2 AL,
Substituting the integral over the wave vector by integrals over the energy components

associated with k;, and &, yields:

L) = C [ AB.Tw(E) [ dEwy [1(E) ~ B+ V) (2.19)

with the constant C' = 47 Amge/h?>.

A analogical expression can be forthwith obtained for the collector current. How-
ever, due to the conservation of the total energy and the xy-momentum at the metal-
semiconductor interface, additional restrictions apply to those tip states which can con-
tribute to the collector current. The first one originates from the requirement, that the
electrons must have enough energy to overcome the Schottky barrier between the base layer
and the semiconductor ballistically. Because here, E, refers to the tip conduction band
minimum and the conduction band minimum in the base layer lies at —eV; with respect to
the one in the tip, the minimum FE, which facilitates a ballistic entry of the semiconductor

1s:

EM" = B — eV + eV, (2.20)

The second limit has its origin in the refraction at the metal-semiconductor interface
and is given by equation 2.16. Again, one has to bear in mind, that the energies now refer

to the tip, and therefore:

m*

maxr __
Exy =

(E. — Ef+ eV, —eW) (2.21)

mg — m*
Using these two restrictions as integration limits, one can express the collector current

as:
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- B
1.(Vi) = RC / dE. Ty(E.) / AE,, [[(E) - [(E + V) (2.22)
Emain 0

R is a measure of the attenuation due to scattering in the base layer. The attenuation
length for ballistic electrons in metals is in very good approximation energy independent
within the energy ranges used in BEEM experiments for the measurement of Schottky
barrier heights, and therefore R shall be treated here as a constant.

To get an expression of the ballistic current and to eliminate the prefactor C', Bell and
Kaiser [3], suggested to normalise I.(so, Vi) by I;(so, V;) for each voltage V;. The expression

for I. then takes the following form, commonly known as the Bell-Kaiser-Formula:

mazr
EZy

[ dB.Tu(E.) [ a8 1F(B) = B+ )

min
E z

1.(Vi) = R Iy (2.23)

[ AB.T(E) [ dE,, [f(E) = f(E + V)]

where [ is the constant tunnel current at which the ballistic spectrum is measured. The
Bell-Kaiser formula is well suited for fitting ballistic electron spectra on simple Schottky
diodes in a tunnel voltage range of up to ~ 200 mV [58, 59, 60, 61, 62, 63, 64, 65, 66,
67, 27, 68, 69, 70, 71, 26, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 29, 85] above
the onset, i.e. eV}. Many authors use the Bell-Kaiser model even up to tunnel voltages
of ~ 600 mV [86, 87, 88, 89| above the onset. However, for such large ranges usually a
noticeable deviation has to be taken into account. At higher tunnel voltages numerous

scattering processes occur and energy dependent influences become important.

2.4.1 Heterostructure Extension for the Bell-Kaiser Model

Recently BEEM techniques have been extended to the study of buried semiconductor
heterostructures [90, 25]. An extension of the initial theoretical description of the ballistic
current was introduced by Smith and Kogan [63]. Their model was developed to describe
the BEEM spectra of buried heterostructures such as the double barrier resonant tunneling
diode used by Sajoto [25]. Essentially, their model is a modification of the original Bell-
Kaiser model, where the properties of the buried heterostructure are described by an
additional transmission coefficient 7}, introduced into the numerator of the Bell-Kaiser

formula.
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maxr
EZy

[ AB.TE)Tu(B) [ A [f(B) = (E+ Vi)

1.(V) = R L

(2.24)

o¢] e}

bf dE. Ty(E.) [ dE. [f(E) — f(E 4 eV})]

0

Besides T}, all variables are defined just as in equation 2.23. The integration limits
are again given by equations 2.20 and 2.21. Note, that T} does not only describe the
transmission behaviour of the buried heterostructure, but must also include the quantum
mechanical reflections in the region between the metal-semiconductor interface and the
buried heterostructure. The total coefficient T}, is usually calculated by a transfer matrix
method, as described in the following section.

It must be pointed out, that the formula above only accounts for the coupling of the
transverse and the longitudinal energy via the upper border of integration limit E7*.
While this is not a problem for simple Schottky barriers, the proper choice of E3* for
samples with buried tunnelling structures is not straightforward.

In our opinion, a much more instructive way to include this coupling, is to calculate the
transmission through the BEEM sample, starting at the metal-semiconductor interface, in
dependence of both, F,, and £.:

J dB. Ty (E.) 7‘° 0E sy Ta(Ez, Eay) [F(E) — f(E + V)]

min
E z

1.(Vi) = R Ly (2.25)

o0

[dE.Tu(1) T dE,, [f(E) — f(E +eVy)

In this expression E7* does no longer have to be declared explicitly, because this limit
is now implicitly included via the dependence of T}, on E,,. Note, that the transmission
coefficient of the vacuum barrier and the transmission of the heterostructure should not be
combined into an overall transmission coefficient since this leads to quantum interferences
between the vacuum barrier and the collector barrier when calculating I explicitly. In
principle, such interferences could exist, but in practice they are not observed in BEEM,
because of the scattering processes at the non epitaxial Au-GaAs interface and the electron-
electron scattering in the Au-base layer. Details on the calculation of T}, are described in

the following section.
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zQ Zj-1 Zj Zn-1
z

Figure 2.5: Approximation of an arbitrary potential profile by a piecewise constant poten-
tial. The j-th section is located between z;_; and z;. Note, that the width of the single
steps does not need to be equal for all subdivisions, but can be adjusted according to

requirements.

2.5 The Transfer Matrix Method

The transfer matrix method [91, 92] is used to calculate the quantum mechanical trans-
mission factor of the considered heterostructures, which is essential for the description of
BEEM spectra. Because it is based on the approximation of an arbitrary potential by
a piecewise constant potential, it is especially well suited to calculate the transmission
through such heterostructures which exhibit a band profile consisting on rectangles, e.g.
double-barrier resonant tunneling diode and superlattices. The principles of this method
as well as the modifications concerning the electron refraction effects mentioned earlier are
outlined in the following.

The following description is based on a one-dimensional, arbitrary potential profile
V(2). The given potential shape can be subdivided into several sections. For each section
the potential and the effective mass is assumed to be constant (see Figure 2.5). Each
potential change between two such sections represents an ideal step function. These as-
sumptions allow for the Schrodinger equation to be written and solved for each of these
sections without difficulties. In the next step, those partial solutions are connected to-
gether by using the continuity of the wave function and its derivative to match the wave

functions at each sampling point.
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First, a band profile which is subdivided into n sections can be written as:

n—1
tforzj_; <2<z
Vi) =YV with: V=4 COTOTAISESE (2.26)
=0 0 elsewhere

The analogous description applies to the z-dependent effective mass, where m; is the
(effective) mass in the j-th region.
Using a stationary approach, the one-dimensional Schrodinger equation within the re-

gion j (i.e. for a constant potential and a constant effective mass) is:
h*  d?
B 2mj @

It must be pointed out, that we first consider electrons with zero parallel momentum

+V; = E.|¥(z) =0 (2.27)

and therefore with zero components of kinetic energy due to a motion parallel to the
barriers. As in this case the energy depends on k. only, it is therefore denoted as F..
Electrons with non-zero k,, and electron refraction effects will be considered later in this
section.

The general solution v, in the region z € [z;_1, ;] is written as :

¢j (Z) = Ajeika + Bje_ika (228)

_ 2m;(E, — VJ)
k= L (2.29)

The boundary conditions at the sampling point z = z; between the two adjoining

with:

sections j and j + 1 are:
¥i(2;) = ¥j41(2)) (2.30)

1 9y(2) 1 Oz

m; 0z imey Mt 0z

(2.31)

2=Zzj5

For convenience, the following abbreviations are introduced:

u;(z) = Ajeika and vi(z) = Bje—ika
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Now, the relations between u; and v; on the one hand and wu;,; and v;;; on the other
hand can be calculated from the boundary conditions (equation (2.30), (2.31)), which read

as:

ui(z5) +v;(25) = wipa(z5) +vj11(z5) (2.32)
ikj Z]C] iijrl iijrl
Pz — Dy () = L A bt P . 2.33
m; U (ZJ) m; Uj (ZJ) ijuH—l(ZJ) M1 UJ+1(ZJ) ( )

Before we continue to describe the transfer matrix method, we have to discuss the
influence of non-zero k,, values on the relation between k; and k;.

If k,y is zero, k; and k;4y are simply calculated by equation (2.29). For non-zero ki,
the mass induced coupling between the parallel and vertical components of energy has to
be taken into account. For better understanding, we first split the total energy E into a
vertical component £, and an energy component parallel to the barriers, F,,. Thus, the
total energy is: E= E,,+FE,. While k,, is always conserved, £, is not. Calculating F,,
in the regions (j) and (j+1) we get :

h2k?
Eppy = —2 (2.34)
Y, 2m3
h2k?
E.i1= el 2.35
y,J+1 2mj+1 ( )

As the total energy has to be conserved, this simply means that E. is no longer the

same in the regions (j) and (j+1). The relation between E, ;11 and E, ; is given by:

E.jii=E.;+(V; = Vig) + (Eryj — Eryji1) (2.36)

From equation (2.36), the relation between k; and k;4; for non-zero k,, can now be

calculated as earlier:

omi(E, ; — V;
k; :\/ my = ;) (2.37)
2mai(E. 1 — V-
k1 :\/ My Z;; Vi1) (2.38)

Having the relations between k; and £;;1, both for zero and non zero parallel momen-

tum, we can now write equation (2.33) in matrix form:
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( u;(2) ) — MY < ujy1(25) ) (2.39)
vj(27) vj+1(2])

where
kjiimj _ Ekjpamg
M — 1 1+ kjm; 1 1 kjm;jt1 (2.40)
2 1 — kjyimj 1 kjyimj ’
kjmj1 kjmj1

Note, that the matrix MU) does not depend on z. This information is solely comprised
in the vectors consisting of v and v.
Because the potential and the mass between two sampling points are constant, the wave

function in this area can be written as:
< u;(z) ) _ NG+ < u;(zj41) ) (2.41)
v;(25) v;(2j41)

—ikit1Az;
NU+D ( et 0 ) (2.42)

0 etkj+18z541

where

The matrix NU*D depends only on the distance Azji1 = zj4+1—2; between two sampling
points, not on the location of a sampling point itself. The absolute position z is, again,
only contained in the vectors consisting of u and v.

For the whole sequence of potential steps one can write:

tolzo) ) _ g [ nn) (2.43)
vo(20) Un(2n)
where M is the product matrix of all M) and NU*D:

M= MO . ND . ME-D N (2.44)

equation (2.43) links the waves incoming on the potential V(z) to the outgoing ones
by means of a series of (2 x 2) matrices (equation (2.44)). The matrices M/ perform the
connection of two parts of the global wave function across an interface, while the matrices
N7+ describe the propagation within a region of constant potential and constant (effective)

mass.
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Finally, to calculate the global transmission through the structure, one should demand,
that v, = 0, which means, that on the outgoing side of the structure just a transmitted

wave exists. With this, the global transmission can be simply described by:

r(E) = Falmo [Aal? _ kalmo 1
[kolmn |Ao2  |ko|m, M2

Note, that the transfer ratio of a barrier is defined as the ratio of the impinging and

(2.45)

the transmitted electron currents. As the current is a vector, and for non-zero k,, the
current is not impinging vertically onto the barrier, the ratio of the absolute values of the
k-vectors, |k| = \/kZ + k2, has to be used in equation (2.45).



Chapter 3

Organic semiconductors

3.1 Introduction

Recently there has been much interest in electronically functional organic materials with
respect to various applications. In 1986 the first field effect transistor based on organic
semiconductors was presented [93]. Shortly after that very efficient electro-luminescence
from an organic thin film device [94], and a few years later the first polymeric light emit-
ting diode [95] followed. Starting from these initial investigations the interest in organic
semiconductors increased dramatically. The possibility of achieving highly efficient elec-
troluminescence from thin films prepared by simple production techniques such as spin
coating or dip coating opened up potential new fields in display and lighting technology.

Accordingly many applications including organic semiconductors have been reported:
Organic thin film transistors [96, 97, 98, 99], organic light emitting diodes [95], photovoltaic
cells [100, 101], sensors [102, 103], radio frequency identification tags [104, 105, 106] for
integration into low cost, large area electronics [107]. The main advantages of using organic
materials lie in the cost and processibility.

In contrast to inorganic materials that consist of covalent or ionic bonds of atoms over
the entire expanse of solids, organic materials are based on independent molecules and
characterised by weak intermolecular interactions. Therefore, designs of organic materials
can be readily performed on the molecular level. In particular, organic m-electron systems

have received attention as potential photo- and electro-active materials.

32
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Figure 3.1: Electronic structure of a polyatomic molecule. VL is the vacuum level, A is

the electron affinity and I is the ionisation energy.

3.2 The electronic structure of organic semiconduc-

tors

We start considering a polyatomic molecule. The atomic orbitals are deeply localised in
the potential well. Figure 3.1 gives a pictorial representation of molecular orbitals. The
effective potential well of an electron is formed by the atomic nuclei and other electrons.
The wells of the nuclei are merged in the upper part to form a broad well. Deep atomic
orbitals are still localized in the atomic potential well (core levels), but the upper atomic
orbitals interact to form delocalized molecular orbitals. The outermost horizontal part of
the potential well is again the vacuum level (VL). The energy separations from the highest
occupied molecular orbital (HOMO) or lowest unoccupied molecular orbital (LUMO) to
the VL are the ionization energy (I) or the electron affinity (A) of the molecule, respectively.

If we consider weak interactions between the molecules, like the Van der Walls interac-
tion, than the picture that describe the organic solid is the one shown in Figure 3.2. Since
the molecules interact only by the weak van der Waals interaction, the top part of the oc-
cupied valence states (or valence band) and the lower unoccupied states (conduction band)

are usually localized in each molecule, with narrow intermolecular band widths of < 0.1
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Figure 3.2: Electronic structure of an organic solid. VL is the vacuum level and Ey is the

Fermi energy.

eV. Thus the electronic structure of an organic solid largely preserves that of a molecule
or a single chain, and the validity of usual band theory (which assumes itinerant electrons)
is often limited. The top of the occupied state and the bottom of the unoccupied state are
often noted as HOMO and LUMO, reflecting the correspondence with the molecular state.

The situation in Figure 3.2 is often simplified to those in Figure 3.3 and even more
simplified 3.4. In Figure 3.3 and 3.4, the Fermi level is also indicated (E). Since the
electrons fill the energy levels following the Fermi statistics, the concept of Fermi level is
always valid. The ionization energy (I) and electron affinity (A) of the solid are defined
as the energy separation of the HOMO and the LUMO from the VL. The values of I
and A are different from those of an isolated molecule due to a multielectronic effect.
The work function ® of the solid is defined as the energy separation between the Fermi
level and the VL. The value of I can be determined by techniques such as ultraviolet

photoemission spectroscopy and photoemission yield spectroscopy [108]. The entire valence
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Figure 3.3: Simplification of the electronic structure of an organic solid. VL is the vacuum
level, A is the electron affinity and I is the ionisation energy, ® is the work function Ey is
the Fermi energy, and F, is the HOMO- LUMO bandgap.
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Figure 3.4: A more extended simplification of the electronic structure of an organic solid.
VL is the vacuum level, A is the electron affinity and I is the ionisation energy, ® is the

work function Fy is the Fermi energy, and F, is the HOMO- LUMO bandgap.
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electronic structures can also be studied by ultraviolet photoemission spectroscopy and X-
ray photoelectron spectroscopy [109].

More precisely, the optical bandgap E;’pt is in general, different from the true bandgap
(excitonic effect). Tt has to be also note that critical selection of various energy parameters

is available for representative organic semiconductors.

3.3 Electronic structures at interfaces

An interface between the solids of two materials can be formed either by: a) the contact
of two solids, or b) the deposition of one material on the solid surface of the other. The
studies of interfaces in these views have been developed rather separately in the fields of
electronic devices and surface science, at least for organic molecules. In the following, we
attempt to combine the knowledge from these studies. Although we will primarily examine

a metal /organic interfaces.

3.4 Energy level alignment at the interfaces

When a metal and an organic solid are far away, their energy levels are aligned sharing
VL. When the solids come into contact without rearrangement of the electric charge, the
organic layer is now in the potential of the surface dipole of the metal, and its energy levels
are raised to have a common VL in an extremely narrow interfacial gap.

In the actual systems, a dipole layer may be formed right at the interface, due to
various origins such as charge transfer across the interface, redistribution of electron cloud,
interfacial chemical reaction, and other types of rearrangement of electronic charge [110,
111].

With such interfacial dipole formation, there will be an abrupt shift of the potential
across the dipole layer.

This leads to the shift in VL in the organic layer at the right-hand side in Figure 3.6
from that of the metal at the left-hand side. Consequently, this factor has often been
neglected in the field of organic devices. On the other hand, this possible shift of the VLs
is well known in the field of surface science at the adsorption and deposition of molecules
on metal surfaces [110, 111]. It is usually called the change in the work function (or surface

potential) of the metal, and extensive studies have been carried out for small molecules
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Figure 3.5: Schematic representation of assuming common vacuum levels at the interface.
VL is the vacuum level, A is the electron affinity and I is the ionisation energy, ® is the
work function of the metal, F; is the Fermi energy, £, is the HOMO- LUMO bandgap, ®';
and @' denote the injection barriers for electrons and holes into the organic semiconductor.
A is the interfacial dipole at the metal-organic interface which is assumed to be zero in

that case.
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Figure 3.6: Interfacial energy diagram with a shift of the vacuum level A at the interface
due to the dipole layer formation. VL is the vacuum level, A is the electron affinity and I is
the ionisation energy, ® is the work function of the metal, F; is the Fermi energy, E, is the
HOMO- LUMO bandgap, ®%, and ®%, denote the injection barriers for electrons and holes

into the organic semiconductor. A is the interfacial dipole at the metal-organic interface.

[111]. Usually, controlled deposition in ultrahigh vacuum is a convenient way to examine
the interfacial electronic structure [112]. Unfortunately, most of such studies for organic
compounds have been limited in the thickness region of submonolayer to several layers,
and not much work has been carried out in interfaces with thicker organic layers, which
can be regarded as solids. Also, most studies of the work function change were carried out
for small molecules, and electronically functional large molecules have not been extensively

examined, although there were some exceptions.

3.5 Electron and hole injection barriers at interfaces

In the case of Figure 3.5 without interfacial dipole layer formation, the VL at the interface
is common, and the barrier heights of carrier injection at the interface for hole ®% and

electron ®% are given by:
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o =1-0, (3.1)

P =9, - A=E,— o (3.2)

respectively, where ®,,, is the work function of the metal, I is the ionisation energy of
the organic semiconductor, A is the electron affinity of the organic semiconductor, and E,
is the bandgap of the organic layer. Equations 3.1 and 3.2 are known as the the Schottky
Mott rule [113], and correspond to the case of simple contacts. When this rule applies, we
can deduce the barrier height from the values of ®,, and I determined by techniques like
ultraviolet photoemission spectroscopy. The injection barriers for the case with interfacial

dipole, see Figure 3.6 are given by:

=19, — A (3.3)

L =0, - A+A=FE,— o (3.4)

where the case of depositing organic layer on metal has been considered. We see that
the injection barrier is modified from the simple expectation of equations 3.1 and 3.2 by
A. This modification is critically important for applications using carrier injection, such

as electroluminescent devices [114, 115].
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3.6 Carrier transport in organic semiconductors

For the dark and photoelectric conductivity of organic compounds it is decisive that the
electronic carriers produced in primary or secondary processes can migrate through the
solid. The essential transport mechanisms in organic semiconductors, tunneling and hop-

ping are discussed in the following.

3.6.1 The tunneling mechanism

This mechanism, which has been first discussed by [116, 117], assumes that an electron,
exited for example to the singlet state F, can tunnel through the potential barrier between
the molecules and thus reach a non occupied term of the neighboring molecule [118, 119,
120]. Since the tunneling probability [121, 122, 123] is

Wr=DZ ~ 10" — 10" 57! (3.5)

(D is a transmission coefficient and Z is the number of impacts against the potential

barrier) and the probability for an excited singlet state to return to the ground state is

1
krp=—~10%s7" (3.6)
To
from which follows:
W.
L ~10° —10°. (3.7)
R

This means that the probability for an excited electron to reach its neighbor molecule
is higher by a factor of 10® - 10® than the probability of a return to the ground state. The
transition probability is still higher if a long-living triplet state is involved. The differences
between electron and hole mobilities cannot be explained whiting the tunnel mechanism.
The observed decrease of mobility with increasing temperature also disagrees with the
mechanism of intermolecular tunneling.

Thus the tunnel effect permits only an incomplete description of the carrier transport
through the organic solid. Nevertheless we see that, in spite of the potential barriers

between the molecules, an excited electron may tunnel over distances of many molecules.
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3.6.2 Hopping

In organic solids with broad intermolecular potential barriers (a > 10 A) electrons cannot
tunnel from one molecule to the neighboring molecule, but they can reach it by the so

called hopping mechanism. The hopping probability is

Wy = vjexp(—AE;/kT), (3.8)

where AF; is the barrier height and v; is a frequency factor which depends on the

exchange energy

J=Jy exp(—%) (3.9)

to be derived from electron paramagnetic resonance (EPR) or electron spin resonance

(ESR) measurements according to

J
l/j:%.

In the above equations 3.9 and 3.10 r is the effective electron radius, a is the width of

(3.10)

the intermolecular barriers and h is Plancks constant. On the basis of Einstein’s relation

between the mobility p and the Diffusion D:

_©
W= T
one gets with D = Wya? and Equations 3.8 and 3.9

D, (3.11)

a’e a’e
i = Wi = 1=viexp(=AE;/RT), (3.12)
or
pj = pjo exp(—AE; /kT) (3.13)
where v;, = % Measurements on inorganic semiconductors, e.g. selenium, NiO, etc.

(124, 125] confirm the temperature dependence of mobility to be expected from equation
3.13.

With the assumption of hopping mechanism, equation 3.10 and 3.12 yield for the con-
ductivity (o = enpu):
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a’eJ
2hkT

where Ag is an anisotropy factor. Because of the localization of the electrons, n in

0:A0n

exp(—AE;/kT), (3.14)

equation 3.14 corresponds to the molecule concentration in the case of compounds dissolved
in a neutral matrix.

Strictly speaking, the activation energy of conductivity has two components: The en-
ergy AFE; necessary to overcome the intermolecular potential barriers potential barrier, and
a constitution dependent energy AFE supplied to the individual molecules during thermal
or optical excitation of the electrons. With polymers AFE can tend to zero as the individ-
ual conjugation zones grow, while the activation energy of conductivity may be high and
carriers mobility may be low because of the potential barriers separating the conjugation
zones. With n = N exp(—A/2kT) and equation 3.13 this fact is described by [126]:

AE
og=enp=eN exp(—ﬁl/jo exp(—AE;/kT), (3.15)

from which follows:

(AE + QAE]-)] | (3.16)

2kT

With decreasing intermolecular distances tunneling of electrons is facilitated. As a

o = eNpj, exp {—

consequence, the hopping mechanism is replaced by a carrier transport according to the
band theory [127]. The upper limit of the hopping process therefore agrees approximately
with the lower limit of the band model.
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3.7 Some of the most studied organic molecular semi-

conductors

Some of the most widely investigated molecular semiconductors are presented, they belong

to the families of the following.

3.7.1 Oligoacenes

Oligoacenes [128, 129] are a class of materials, which has been studied for several decades
[130], and currently provides among the best semiconductors in the field of organic elec-
tronics. The class of oligoacenes consists of benzen-rings, e.g. naphtalen (n = 2), anthracen
(n = 3), tetracene (n = 4) see Figure 3.7, and pentacene (n = 5) see Figure 3.8. Special
attention has been given to tetracene, pentacene, and derivatives, which have well-defined

crystal structures [131].

Figure 3.7: Chemical structure of tetracene. Tetracene consists of 4 benzen rings.

Figure 3.8: Chemical structure of pentacene. Pentacene consists of 5 benzen rings.

Pentacene exhibits several crystal polymorph’s, which has proven useful to investigate
crystal structure transport relationships [132]. Among the derivatives of the oligoacenes,
rubrene (a tetracene molecule substituted by four phenyl rings see Figure 3.9 for molecular
structure) has been the midpoint of many recent studies [133, 134, 135, 136, 137].
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Figure 3.9: Chemical structure of rubrene. Rubrene is a tetracene molecule substituted by

four phenyl rings.

3.7.2 Oligothiophenes

The molecular structure of a simple oligothiophene is given in Figure 3.10. The crystal
structures for oligothiophenes [138, 139, 140] are available for the n = 2, 3, 4, 5, 6 and 8
oligomers and a number of substituted derivatives.

The class of the oligothiophenes is of special interest because ever since the first organic
transistor, built with sexithinyl (n = 6) as the active semiconducting material, was reported
[141]. Usually most oligothiophene and oligoacene compounds are used as p-type materials
(that is, as hole transporters), their backbone can derivatized with fluorinated substituents

to yield efficient n-type materials (electron transporters) [142, 143, 144, 145].
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Figure 3.10: Chemical structure of oligothiophenes. Oligothiophenes are available for the

n=2,3,4,5, 6 and 8 oligomers and a number of substituted derivatives.

3.7.3 Discotic liquid crystals

Discotic liquid crystals [146] are based on 2 dimensional, disc-like molecules made of a
central conjugated core substituted by saturated chains on the periphery. In the discotic
phase, these molecules organize in the form of quasi 1 dimensional colums that provide 1
dimensional pathways for electron and/or hole transport (the n- or p-type character can be
tuned as a function of the nature substituents). Systems representative for discotic liquid
crystals are triphenylene (for molecular structure see Figure 3.11), hexabenzocoronene,
perylenediimide, and metal phthalocyanine (for molecular structure see Figure 3.12) cores.

Nevertheless the absence of crystalline order, mobility values in the order of 0.4 cm?/Vs
have been reported in discotic phases of hexabenzocoronene derivatives [147]. Investiga-
tions about transport in liquid crystals formed by rodlike molecules have also been reported
(148, 149].

3.7.4 'Triphenylamines

Triphenylamines compounds such as the prototypical 4,4’-bis(N-m-tolyl-N-phenylamino)biphenyl
(TPD, for molecular structures of some TPD’s see Figure 3.13) molecule, have a long his-
tory as organic photoconductors in the Xerox industry [150]. These compounds have also
been extensively used in organic light emitting diodes as hole-transporting materials under

the form of vacuum-deposited amorphous films [151].

3.7.5 Perylenes

Perylene exhibits a peculiar crystal packing in which dimers and not single molecules are

arranged in an herringbone fashion [152]. The attachment of dianhydride moieties lieds to
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Figure 3.11: Chemical structure of triphenylene.

perylene-3,4,9,10-tetracarboxylic-dianhydride (PTCDA) and 3,4,9,10-perylene-tetracarboxylic-
diimide (PTCDI) (molecular structure can be seen in Figure 3.14), both compounds have

good n-type properties [153].

3.7.6 Tetrathiafulvalenes

Tetrathiafulvalenes and derivatives belong to the organic semiconductors which have been
initially widely investigated as donor entities in highly conducting charge-transfer salts
[154, 155]. There has been work extended to their transport properties in thin films and
crystals [156, 157, 158].
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Figure 3.12: Chemical structure of metal phthalocyanine.

3.7.7 Fullerenes

The interest in fullerene (Cgy molecular structure see Figure 3.15) and derivatives [159, 160]
stems for their extensive use as electron acceptors in organic blends for photovoltaics. It
also has to be noted that in the case of single-wall carbon nanotubes, ballistic transport
has been measured with carrier mobilities on the order of 80 000 cm?/Vs [161]. Ballistic
transport implicates that the carrier mean free path is longer than the nanotube.

Conjugated polymer chains have also been the focus for many scientists. Charge trans-
port in conjugated polymer chains has been investigated intensely. For totally disordered
polymer films, charge mobilities are small, namely in the range of 107¢ - 1073 ¢cm? /Vs. Usu-
ally the mobilities increase significantly when the polymer chains present self-assembling
properties that can be exploited to generate ordered structures [162]. Via introduction of
a liquid crystal character high mobilities can also be achieved [163, 164].

Among the above listed organic semiconductors also the most studied organic polymeric

semiconductors will be listed in the following.
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Figure 3.13: Chemical structure of 4,4’-bis(N-m-tolyl-N-phenylamino)biphenyl’s (TPD’s).

3.7.8 Polyparaphenylene and Polyparaphenylenevinylene

Polyparaphenylene (PPP), polyparaphenylenevinylene (PPV) and their derivatives were
initially the focus of many experimental and theoretical studies in view of their high lu-
minescense quantum yield in the solid state, which is feature of major interest for light-
emitting applications. [95, 165].

The molecular structures of PPP and PPV can be seen Figures 3.16 and 3.17 respec-
tively.
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Figure 3.14: Chemical structure of perylene-3,4,9,10-tetracarboxylic-dianhydride
(PTCDA) for X=0 and 3,4,9,10-perylene-tetracarboxylic-diimide (PTCDI) for X=NH.

3.7.9 Polyfluorene

Polyfluorene (PF) and some of it’s alternating copolymers represent a new generation of
materials of light emitting polymers with high purity and stability [166]. For
The molecular structures of PF and PF copolymers can be seen Figures 3.18 and 3.19

respectively.

3.7.10 Polythiophene

The regio-regular alkyl-substituted polythiophene (PT) and derivatives display currently
among the highest mobilities (around 0.1 cm? /Vs) due to their packing in well-organized
lamellae [162]. There have been reports on even higher mobilities on the order of 0.6 cm?

/Vs for PT derivatives incorporating fused thiopehene rings [163].
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Figure 3.15: Chemical structure of fullerene Cgg.

PPP

Figure 3.16: Chemical structure of Polyparaphenylene (PPP).

3.7.11 Discussion

Polymers which are m-conjugated are generally exploited as p-type materials. But Polymers
with high electron affinity such as the poly(benzobisimidabenzophenanthrolines) [167], can
be used as n-type semiconductors. It is important to bear in mind that the characterization
found in the literature of an organic semiconductor as p-type or n-type most often not
reflect the intrinsic ability of the material to transport holes or electrons; mostly it rather
translates the easy way with which holes or electrons can be injected into the material
from the electrodes. Theoretical investigations of the past few years found in the literature

[168, 169], points to the conclusion that, in many organic semiconductors, the electron and
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PPV

Figure 3.17: Chemical structure of polyparaphenylenevinylene (PPV).

Figure 3.18: Chemical structure of Polyfluorene (PF).

hole mobilities are expected to be comparable. Usually, the observation of a low n-type
mobility is generally the consequence of extrinsic effects, such as the presence of specific
traps for electrons (due to photo-oxidation of the w-conjugated backbone) or the instability
of radical-anions with respect to water, hydroxyl groups, or oxygen [170, 171], which was
very nice demonstrated by [172]. It was shown in the literature that SiO,, commonly used
as gate dielectric in organic field-effect transistors (OFETS), presents a large number of
hydroxyl groups on its surface, which act as traps for electrons injected into the organic
semiconductor channel [172].

Charge transport through organic semiconductors requires that the charges be able to
move from molecule to molecule and to be trapped or scattered to be efficient. This is the
reason why charge carrier mobilities are influenced by many factors including molecular
packing, disorder [136, 173, 96, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184, 185,
186, 187, 188, 189, 190, 191], presence of impurities [192], temperature [193, 194, 133, 137,
182, 183, 195, 196, 197], electric field [198, 133, 199, 200, 201, 202, 203], magnetic field,
charge-carrier density [204], molecular size or molecular weight [205, 168, 196, 206, 207],
pressure [208, 204, 209], etc. . Now a few impacts of these parameters on charge transport

in organic semiconductors will be discussed.
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Figure 3.19: Chemical structure of Polyfluorene (PF) copolymers.

f\

PT

Figure 3.20: Chemical structure of Polythiophene (PT)

Anisotropy of charge transport in single crystals points out that the efficiency is inti-
mately related to the relative positions of the interacting molecules, and hence to crystal
packing. In the most circumstances, unsubstituted m-conjugated molecules crystallize into
a layered herringbone packing. A packing like this causes 2 dimensional transport within
the stacked organic layers [96] while transport between layers is less efficient. Generally the
anisotropy is measured by orienting the crystal along the two axes defining a layer. It has
been shown in an elegant approach that by laminating an organic crystal onto a transistor
stamp one can build an OFET [136]. This approach allows for multiple relamination steps
with the same material and has been exploited with a rubrene single crystal to measure
the mobility in multiple directions within the herringbone layer. The mobility anisotropy
has also been characterized experimentally for a pentacene single crystal contacted by an
electrode array [173].

Information about charge-transport parameters in organic semiconductors can be found
in Refs. [210, 130, 144, 211, 212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222, 223, 224,
225, 226, 227, 228]
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3.8 The organic semiconductor titanylphthalocyanine

Titanylphthalocyanine (C3sH16NgOTi, TiOPc) is a phthalocyanine with the titanoxide

(TiO) group protruding from its centre plane (for the molecular structure see Fig. 3.21).

Figure 3.21: Molecular structure and space-filling model of titanylphthalocyanine, top and

side view.

In the solid state, so far, five different crystal structures are known [229]. A very in-
teresting property of TiOPc is that its optical absorption depends strongly on its crystal
phase. This allows the identification of the different crystal phases, to a certain extent, by
optical absorption measurements without the need of X-ray diffraction measurements [230].
Many metallophthalocyanines [231] have strong absorption and good photoconductivity in
the near infrared (700 - 900 nm), which facilitates their use as photoconductors in diode
laser-based printers [232, 233, 234], in generall metallophthalocyanines [235, 236], cop-
perphthalocyanine [237], vanadylphthalocyanine [238; 239], chloroindiumphthalocyanine
[240], indiumphthalocyanine [241], magnesiumhthalocyanine [242], and of course TiOPc
have been studied due to deir low cost, nontoxicity, photosensitivity and stability. Espe-
cially TiOPc has become of special interest for many scientists all over the world due to its
photogenerating properties when exposed to infrared light. This photogenerating activity
in the near infrared makes it of use in photoreceptors designed for use in laser printers
and digital copiers equipped with light emitting diode-arrays or laser diodes. Additionally
TiOPc is of special interest namely for many research areas as: impact of an interface dipole
layer on molecular level alignment at an organic-conductor interface [243], analysis of the
substrate influence on the ordering of epitaxial molecular layers [244], organic-inorganic
heteroepitaxial growth of molecules on crystalline substrates [245], space charge distribu-

tion of TiOPc films on metal electrodes [246], electronic sensory behaviour of TiOPc [247],
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crystallization on substrates [230, 248], quasi-instrinsic semiconducting state of TiOPc

films [249], and atmospheric effect of TiOPc films of doping, band bending and Fermi level
alignment [49, 250, 251, 252].
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3.9 The organic semiconductor hexa-peri hexabenzo-

coronene

Hexa-peri hexabenzocoronene (CsHis, HBC, structural formula shown in Fig. 8.2) is a
large flat hydrocarbon with very interesting electric properties [147, 253]. The most im-
portant energy characteristics of many-electron 7 systems, in particular of large polycyclic
aromatic hydrocarbons, is the energy gap. Values for the bandgap of HBC can be found
in the literature [254, 255]. In [254] there is a transport gap of ES““(HBC) ~ 3.2 eV, an
optical transport gap of ESP'(HBC) ~ 2.8 eV, ionization energy of I = 5.9eV and in [255]
a value of Egpt(H BC) ~ 2.7 for the optical gap with a exciton binding energy of 0.5V,
including a interfacial dipole layer of A ~ —0.8 eV. In this work a electronic transport
bandgap of 3 eV is used for HBC.

o
=
350

Figure 3.22: Molecular structure formula of hexa-peri hexabenzocoronene (CyHs, HBC)

HBC is often used as a relatively simple model compound, it can be found in the
literature that HBC can be grown in large ordered domains [256, 257, 183]. Since HBC is
used as a model compound there is a lot of investigations on the properties of HBC done
as: ultraviolet photoelectron spectroscopy [255, 254, self assembly at surfaces [258, 259],
electronic properties [253, 260], ordered architectures of HBC at surfaces [261], nanophase
segregation and rectification in monolayers of functionalized HBC [262], observation of

organic-organic heteroepitaxy [263, 264, 256], and charge transport in HBC [147, 265].
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Ballistic Electron Emission
Microscopy/Spectroscopy on
Au/Titanylphthalocyanine/GaAs

Heterostructures

Au/titanylphthalocyanine/GaAs diodes incorporating ultra smooth thin films of the archety-
pal organic semiconductor titanylphthalocyanine (TiOPc) were investigated by Ballistic
Electron Emission Microscopy/Spectroscopy (BEEM/S). Analyzing the BEEM spectra, we
find that the TiOPc increases the BEEM threshold voltage compared to reference Au/GaAs
diodes. From BEEM images taken we conclude that our molecular beam epitaxial (MBE)
grown samples show very homogeneous transmission, compare to wet chemically manufac-
tured organic films. The barrier height measured on the Au- TiOPc-GaAs is Vj, ~ 1.2eV,
which is in good agreement with the data found in reference [49]. The results indicate that
TiOPc functions as a p-type semiconductor, which is plausible since the measurements

were carried out in air [230].

4.1 Introduction

In recent years, organic semiconductors have attracted much interest due to their variety
of interesting optical, electrical and photoelectric properties. Photo- and electro-active or-

ganic materials have been the subject of recent attention including organic semiconductors,

o6
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Figure 4.1: Schematical sketch of the BEEM setup with two interfaces: first the metal
organic semiconductor interface and second the organic semiconductor n-type semiconduc-
tor interface. In this case the organic semiconductor is TiOPc. The tunnel voltage V; is
applied between the STM tip and metal surface of the sample, the tunnel current I, in
this circuit is kept constant by the STM feedback loop. A second amperemeter measures
the ballistic current I, between the metal base and semiconductor collector. The arrows

symbolise the electrons emitted from the STM tip.

organic light emitting diodes [266, 267], organic field effect transistors [268, 106], or pho-
tovoltaic devices [269, 270]. In addition, organic semiconductors are already widely used
in xerography, plate making printings and laser printers. Physicists and chemists have
focused on the charge transfer phenomena of organic molecules and polymer organic semi-
conductors in the field of organic solar cells during the past decade. Besides these applied
aspects there are important features motivating basic research, namely the interface prop-
erties between semiconductors and organic films e.g. the deformation of the bandstructure

at the interfaces.

4.2 Experimental

Ballistic-electron-emission microscopy (BEEM) [4, 3] is a three terminal extension of scan-

ning tunneling microscopy (STM) [1, 2], where electrons tunnel between the STM tip and
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a thin Au film evaporated on a semiconductor surface such as Si or GaAs. Figure 4.1 shows
a sketch of the experimental setup. Between the Au-base and n-type GaAs a thin film of
TiOPec is located.

If the electron energy is high enough to overcome the Schottky barrier height at the
metal-semiconductor interface then the electrons can penetrate ballistically into the semi-
conductor, this causes a current, which is measured with the third electrode on the back-
side of the sample. By sweeping the applied tip voltage BEEM current spectra can be
obtained. By mapping the BEEM current for a constant tip bias while scanning the sam-
ple surface, images can be taken with a spatial resolution of about 1 nm. Over the last two
decades BEEM became a well-established technique to determine Schottky barrier heights
(SBH) and subsurface band offsets. An overview of this technique can be found in detail
(271, 272, 70].

Figure 4.2: (a) STM topographic image of Au/TiOPc/GaAs heterostructure, recorded at
T = 300K, I; = 5nA, V; = 1.4V. (b) Corresponding BEEM image (recorded simultaneously
with the STM image,color scale corresponds to 0...1pA .

To guarantee good internal sample resistance and optimized BEEM signals, molecular
beam epitaxial (MBE) grown GaAs samples were used as substrates. In detail, low doped
(Np ~ 1 x 10" ¢cm™?) GaAs layers (d = 1uym) were grown on an n*-wafer. On these
substrates, TiOPc-films (d ~ 6 monolayers) were grown with organic MBE. Finally, a 7
nm Au layer was evaporated on the samples. From BEEM images taken we conclude that
the samples are very homogeneous, in contrast to wet chemically manufactured organic

films.
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4.3 Results and Discussion

At first the BEEM-images are presented. Then the BEEM spectra and the analysis to
extract the Schottky barrier height are presented.
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Figure 4.3: Histogram of the measured Figure 4.4: Histogram of the measured
barrier height of Au/TiOPc/GaAs (sam- barrier height of Au/TiOPc/GaAs (sam-
ple A). ple B).

Figure 5.1a shows the topographic STM image and Figure 5.1b the corresponding
BEEM image of our Au/TiOPc/GaAs sample. The BEEM image was obtained simulta-
neously at a tip bias (V;) of 1.4V and a tip current (I;) of 5nA, with a scan area of 200nm
x200nm. The STM constant current image shows the typical or characteristic granular
structure of Au. In the corresponding BEEM image,brighter areas indicate an enhanced
electron transmission. Features visible in the BEEM image correlate exclusively with the
granular structure and the topographic features of the Au-film and can not be correlated
to the organic film underneath. Therefore we think, that our MBE grown TiOPc-film is
very homogeneous, compare to wet chemically manufactured organic films.

To investigate the transmission behavior of TiOPc, we systematically measured ballistic
electron spectra on various positions of our sample. The BEEM current is on different
positions of the sample distinct. This can seen very clearly in Figure 4.5. In Figuer 4.5 are
three different spectra taken at various positions plotted. One can see very clearly that
curve 1 in Figure 4.5 has the the highest amount of BEEM current and the curve 3 in
Figure 4.5 has the lowest BEEM current. But they all three have almost the same current

onset, which is marked with the arrow in Figure 4.5.
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Figure 4.5: Raw BEEM spectra taken at different positions of the sample. Curve 2 shows
the highest BEEM current and curve 3 the lowest.

To extract the barrier height, i.e. the onset voltage, from the measured data, we use a

quadratic power law fit (see, e.g. [271]).

IBEEM(W) = Oé(Vt - Vb)2 . (4'1)

The fit-formula used to analyse the experimental data is shown in equation 4.1. « and
V, are fit-constants, Vj is the fitted onset. The Bell-Kaiser model was not used because
already the straightforward power law, despite of its simplicity, fits our data very well and
is completely sufficient for our purposes. The barrier height values gained from the power
fit are 1.24 eV and 1.18 eV for sample A and B. The histograms of the two samples are in
Figure 4.3 and 4.4.

We measured an effective barrier height of Au/TiOPc/GaAs it must be pointed out
that at present, we can not decide if the measured barrier height is the barrier of the
Au-TiOPc interface or the barrier of the TiOPc-GaAs interface or a combination of both.
It is clear that is not the Schottky barrier height of Au/GaAs interface, because the onset
we measured is significantly higher than 0.9eV.

The solid line in Figure 4.6 shows averaged BEEM spectra (I; = 5nA, T= 300K) and
the dashed line is its first derivative taken of over 100 individually BEEM spectra. The

spectra are taken over the a voltage-range of 0.8 to 2.3 V.
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Figure 4.6: Averaged BEEM spectra (solid line) and its first derivative (dashed line) from
Au/TiOPc/GaAs. Multiple features are clearly visible in the first derivative.

Above the onset several features are visible, three steps at the points: 1.34, 1.52 and
1.61V. The same behavior of metal-organic interfaces was also found in [37, 36, 38]. Besides
these features there are two significant peaks at 1.7 and 1.85V. Above 2.3V the data were

not reliable, because of the increased signal to noise ratio.

4.4 Conclusion

Due to the BEEM images, it can be concluded that the samples are very homogeneous,
in comparison to wet chemically manufactured organic films. All features visible in the
BEEM images of our samples correlate exclusively with the granular structure and the to-
pographic features of the Au-film and cannot be correlated to the organic film underneath.
Analyzing the BEEM spectra we find that the TiOPc increases the BEEM threshold volt-
age compared to reference Au/GaAs diodes, which was also found in [39], where a BEEM
study on a Au/Molecule/n-GaAs diode was done. The barrier height measured on the
Au-TiOPc-GaAs is V, &~ 1.2eV, which is in good agreement with the data found in refer-

ences [49]. The results indicate that TiOPc functions as a p-type semiconductor, which is
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plausible since the measurements were carried out in air [230]. In addition, the derivative
of the BEEM spectra shows multiple features in the energy regime above the LUMO level

[230]. Possible origins of these features are currently under investigation.



Chapter 5

Ballistic Electron Transport Through
Titanylphthalocyanine Films

In this chapter BEEM investigations of the Au/TiOPc/GaAs heterostructure are presented.
The Schottky barrier height of Au on TiOPc was studied as a function of temperature.
MBE grown films of TiOPc¢ were incorporated into the base layer of a BEEM sample on
GaAs. TiOPc-films (nominal thickness of about 6 and 10 monolayers, corresponds to about

19 Aand 32 A) were grown using organic MBE. The thicknes of the Au layer is 7 nm.

5.1 Results and Discussion

Figure 5.1 (a) shows the topographic STM image and Figure 5.1 (b) the corresponding
BEEM image of our Au/TiOPc/GaAs sample. The BEEM image was obtained simultane-
ously at a tip bias (V;) of 1.4 V and a tip current (I;) of 5 nA, with a scan area of 200 nm
x200 nm. The STM constant current image shows the characteristic granular structure
of Au. In the corresponding BEEM image, brighter areas indicate an enhanced electron
transmission. As one can see, however, the features visible in the BEEM image correlate
exclusively with the granular structure and the topographic features of the Au-film and
can not be correlated to the organic film underneath.

To investigate the transmission behavior of TiOPc, we systematically measured ballistic
electron spectra at various temperatures. To improve the signal to noise ratio, a large
number of spectra are taken at different positions of the sample and finally averaged. All

curves were normalized to the value of 1 (the BEEM current values are divided by the
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Figure 5.1: (a) STM topographic image of the Au/TiOPc/GaAs heterostructure. The
image was recorded at T' = 300K, I, = 5nA, V; = 1.4V. Scansize is 200nm x 200nm.
(b) Corresponding BEEM image recorded simultaneously with the STM image. The color

scale corresponds to 0...1pA .

maximum BEEM current value).

In Figure 5.2 (a) such averaged BEEM spectra are displayed for various temperatures.
The shown curves are averaged of over 100 individually BEEM spectra. The tunneling
current was I; = 20 nA for T= 70, 100, 120, 170,300 K and I; = 5 nA for T=10, 50 K. for
each temperature.

In BEEM measurements, the Schottky barrier height is defined by the onset of the
collector current in the BEEM spectra. To extract this barrier height from the measured
data, a quadratic power law fit was employed. (see [271]). The Bell-Kaiser model was not
used because already the straightforward power law, despite of its simplicity, fits our data

very well and turned out to be completely sufficient for our purposes.

Igpen (Vi) = a(V; — Vi)* . (5.1)

The fit-formula used to analyse the experimental data is shown in 5.1. « and V}, are
fit-constants, V, is the fitted onset.

Figure 5.2 (a) shows a set of spectra, which were recorded at different temperatures.
First thing to be mentioned is: we find that the TiOPc increases BEEM threshold voltage

compared to reference Au/GaAs diodes, which is also found in the literature [36, 39]. One
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can clearly see that with decreasing temperature, the onset is significantly shifted to higher
values. A detailed data analysis shows that the Schottky barrier increases from 1.2 eV at
T= 300 K to a value of 1.5 eV at T= 10 K. In Figure 5.2 (b) the Schottky barrier heights
are plotted versus temperature and show an approximately linear behavior.

Figure 7.1 shows a sketch of the experimental setup together with the conduction band
profile of our sample. The higher valleys for GaAs (X- and L-valley) are also shown.

According to our measurements, the lowest unoccupied molecular orbital (LUMO)
of TiOPc is 1.2 eV above the Fermi energy and the highest occupied molecular orbital
(HOMO) of TiOPc is 0.6 eV according to the literature [49] below the Fermi energy of the
sample.

Concerning the interface between TiOPc and GaAs, our experiments indicate that the
LUMO-level of TiOPc is above the I'-valley of GaAs and we therefore directly measure the
Schottky barrier height of Au on TiOPc. Details are outlined below.

As final point in this work, we have to prove our assumption that the measured Schottky
barrier height is in fact the barrier height between Au and TiOPc and not the height of the
barrier between Au and GaAs. There are two arguments which support our assumption:
First, the Schottky barrier height of 1.53 eV at a temperature of T= 10 K would exceed
the band gap of GaAs, wich is 1.51 eV. This is extremely unlikely because due to the
high surface state density on GaAs, the SBH is in the order of E,/2 for all known metals.
Further, a SBH above the energy gap of GaAs would also imply a hole inversion layer at
the surface of the n-type GaAs sample, which again is extremely unlikely.

In addition to these arguments, we can find further features by analyzing the shape of
the BEEM spectra, especially by plotting the numerically calculated first derivative of the
BEEM spectra. As typical example, Figure 5.4 shows the averaged and normalized BEEM
spectrum at 300 K (left axis ) and its first derivative (right axis). The first derivative of the
BEEM spectrum was calculated using the Savitzky Golay smoothing filter method [273].

As one can see, there are two another very distinct onsets in the first derivative of the
spectrum and additional further spectral features at higher bias. The tunneling conditions
in the current experiment, however, were not good enough for systematic measurements in
the high bias regime.

As shown below, however, the two distinct onsets can be identified as signatures of
the L- and X-valleys of GaAs. On conventional Au-GaAs diodes, the influence of higher

valleys is normally seen as an increased slope in the first derivative of the spectrum, as the
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Figure 5.2: (a) averaged BEEM spectra for various different temperatures, between 300K
and 10K. For better viewing, all curves were normalized to the value of 1 (the BEEM current

values are divided by the maximum BEEM current value). (b) Temperature dependence

of the measured SBH with error bars and a linear fit to the data.
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Figure 5.3: (a) Schematical view of the experimental setup. (b) The conduction band

profile of our sample (I'-valley at 170K) and the higher X- and L-valleys in valleys for

GaAs are also shown. E7*™ ' is the Fermi energy of the sample, Vi is the tunneling
voltage and Igggs is the ballistic current.
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higher valleys open additional transport channels into the collector electrode.

Most probably to an increased scattering in the base of our Au-TiOPc-GaAs samples
compared to pure Au-GaAs diodes. Taking these higher onsets in the first derivative (see
the marked positions in Figure 5.4) as energetic positions of the L- and X-valleys in GaAs,
respectively, we measure an energy difference of 0.17 eV.

The theoretical value of the energy difference between the L- and X-valleys of GaAs

can be canculated using

2

AEF* = 0.296 — 6.45107° 2

L 0:296 = 64510 T+4204 (52)
GaA 5 ’

AEfY = 0462+ 8.0510~ :
X = 0462 4805107 o (5.3)
AEGH = AEGYY — AEGHY (5.4)

If we compare this experimental value with the calculated energy difference between
the L- and X-valleys of GaAs using the above formulae found in [274] for 300 K, we get a
value of 0.16 eV and therefore an excellent agreement with the literature values.

As the positions of the higher valleys in GaAs can now be used to calibrate the energy
scale, we start from the L-valley and subtract the literature value of the energy difference
between the I'- and L-valley (0.295 eV at 300 K [274]) to determine the position of the
[-valley. As result we obtain a value of 1.1 eV which is clearly smaller than the measured
Schottky barrier height of 1.2 eV at 300 K. Hence we are sure that the measured Schottky
barrier height really is the barrier height at the Au/TiOPc interface.

5.2 Summary

In summary, MBE grown Au-TiOPc-GaAs diodes were investigated by BEEM. Analyzing
the BEEM spectra we find that the TiOPc layer increases the BEEM threshold voltage
compared to reference Au/GaAs diodes, and that the measured SBH is the barrier height
at the Au-TiOPc interface. Temperature studies show an increase of the SBH from 1.2 eV

at room temperature to 1.5 eV at 10 K.
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Figure 5.4: Averaged and normalized BEEM spectrum, curve 1 (the BEEM current values
are divided by the maximum BEEM current value). The curve 2 is the first derivative,

both curves for room temperature.



Chapter 6

Ballistic Electron Mean Free Path of
Titanylphthalocyanine films grown
on GaAs

In this chapter BEEM measurements were used to determine the transmission of ballistic
electrons through TiOPc as a function of energy and temperature. Further the mean
free path of the ballistic electrons through TiOPc is presented. The mean free path and
the transmission through TiOPc is estimated using only one TiOPc film with a nominal
thicknes of about 32 Awith the help of Au/GaAs reference measurements. The thicknes
of Au in Au/GaAs and Au/TiOPc/GaAs was the same, namely 7 nm.

6.1 Results and discussion

The conduction band profile of our experiment is shown in Figure 7.1 . If the bias between
the tip and the Au-base layer is large enough, ballistic electrons coming from the STM
tip into Au-base overcome the barrier at the Au/TiOPc interface and are collected in the
semiconductor at a backside collector contact. The corresponding current /. as a function
of bias V; called BEEM spectrum.

To investigate the transmission behavior of TiOPc, we systematically measured ballis-
tic electron spectra at various temperatures. The temperature dependence of the Schottky
barrier height in Au/TiOPc/GaAs is well described in [43] and in this article the trans-

mission and the mean free path (mfp) is investigated as a function of temperature.
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Figure 6.1: (a) Schematical view of the experimental setup. (b) The conduction band

profile of our sample (I'-valley at 300K) and the higher X- and L-valleys in valleys for

GaAs are also shown. E7"™ ' is the Fermi energy of the sample, Vgry is the tunneling

voltage and Igggys is the ballistic current.
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Atiopc(A)

Figure 6.2: The energy dependent attenuation length of TiOPc for various temperatures,
from 170K down to 10K. The shifting onset of the curves is due to the increasing Schot-
tky barrier height with decreasing temperature. One can clearly see linear increase of
the attenuation length with energy for all temperatures. The temperature dependence of

attenuation length, however is rather weak.

Calculating the transmission we assumed that the BEEM current through Au/TiOPc/-
GaAs is a energy dependent transmission factor times the BEEM current through Au/-
GaAs, 1597 (F) = TTOP¢(E)1§eds (E). With the help of reference measurements on
Au/GaAs samples the transmission through TiOPc, can be obtained by division of these
two spectra according to
TTOP(B) = [598(E) /1585 (E).

From these data, the attenuation length of the ballistic electrons, A, can be determined.
For this purpose, the ballistic electron current Igggs is expressed as Iggppy = I;T (E)e‘d/ A
where I; is the tunneling current, 7'(F) the energy dependent transmission through TiOPc
obtained like described above and d the film thickness of TiOPc.

In Figure 6.2 is the energy dependent attenuation length of TiOPc shown. Two features

are clearly visible: With the increase of the SBH with decreasing temperature [43] also the
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Figure 6.3: The attenuation length of TiOPc in dependence of the temperature taken at
certain energies. Curve 1 shows values of the attenuation length taken at the SBH, Curve
2 shows values 100meV above the SBH, Curve 3 shows values 200meV above the SBH
and Curve 4 shows values 300meV above the SBH. The solid line is a a7~ 2 + b fit to the

experimental data.

onset of the attenuation length is shifted to higher energies with decreasing temperatures
In addition, one can also see a linear increase of the attenuation length with the energy for
all temperatures. The temperature dependence of attenuation length, however, is rather
weak.

To investigate the temperature dependence behaviour of the mfp, mfp-values taken
at different energies, (at the SBH, 100meV, 200meV and 300meV above the SBH) were
plotted as a function of temperature. The results of this procedure can be seen in Figure
6.3. As one can see, the mfp increases with decreasing temperature. Assuming phonon
scattering to be responsible for this behavior, the solid lines are fits to the experimental
values of the mfp, where the fitted curves follow a al~2 +b relation, which is the typical
dependence for phonon scattering. Curve 1 is obtained for the mfp at the SBH, Curve 2,
3 and 4 are for 100, 200 and 300 meV above the SBH, respectively. As one can see, the
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Figure 6.4: The transmission of TiOPc in dependence of the temperature, taken at different
energies. Curve 1 shows values of the attenuation length taken at the SBH, Curve 2 shows
values 100meV above the SBH,

curves fit the data reasonably well.

In addition to the mfp, we also investigated the energy dependent transmission of TiOPc
as a function of temperature. In Figure 6.4, curve 1 shows transmission values taken at
the SBH and curve 2 values 100 meV above the SBH, respectively. In contrast to the mfp,
the transmission of TiOPc decreases with decreasing temperature, suggesting that for the
transmission, ionized impurity scattering processes play a major role in this case.

For the fits to the data, a al? +b power law behavior behavior was assumed. As one
can see, this expression is in very good agreement with the data for the transmission values
taken at the SBH. For the values taken 100 meV above the SBH the data show increased
noise and larger deviations from the aT' S4b behavior, which are getting larger for the
transmission values taken 200 meV and 300 meV above the SBH. This, however, is not
surprising in our opinion, since at higher energies a number of other scattering processes
(avalange multiplication, Auger scattering etc.) may play an increasing role.

As shown above, the mfp and the transmission of TiOPc exhibit a different behavior as
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a function of temperature. While the decreasing mfp with increasing temperature suggests,
that the mfp is dominated by phonon scattering processes, the transmission seems to be
dominated by impurity scattering and increases with increasing temperature, which seems
to be an apparent contradiction.

Assuming a dominant ionized impurity interface scattering, however, either at the Au-
TiOPc, TiOPc-GaAs or both interfaces, and in addition, only a moderate impurity scat-
tering in the TiOPc bulk, can help to clarify the situation. In this case, ionized impurity
scattering in the TiOPc bulk would only have a weak influence on the mfp and therefore
the observed qualitative difference of the temperature behavior is consistently explained.
On the other hand, however, this does not explain the surprisingly weak dependence of the
mip on the temperature, which is only in the order of 10 % in the investigated temperature
regime. From this we conclude, that other scattering processes, which we cannot identify
in the current experiment must also play a role and that the observed behavior is probably

a superposition of all of them.

6.2 Summary

In summary, we have investigated the temperature and energy dependent electron trans-
mission properties of TiOPc. It was found, that the transmission and the mfp both increase
with energy, but exhibit a different behavior as a function of temperature. While the de-
creasing mfp with increasing temperature suggests, that the mfp is dominated by phonon
scattering processes, the TiOPc transmission increases with increasing temperature, which
suggests that the transmission is dominated by impurity scattering processes. Assuming
dominant ionized impurity scattering at the interfaces, and dominant phonon scattering in

the bulk, however, our findings can be consistently explained.



Chapter 7

Ballistic Electron Attenuation
Length in Titanylphthalocyanine

Films Grown on GaAs

In this chapter an experimental investigation of hot electron transport in thin TiOPc films
grown on GaAs is presented. The transmisson through a Au/TiOPc/GaAs heterostructure
is evaluated using the Bell-Kaiser model [3]. In addition, an approach to calculate the
attenuation length in TiOPc is presented, whereas the method to calculate the attenuation
length in TiOPc presented in this chapter is independent of the Bell-Kaiser model and
independent of the method presented in chapter 6. Two Au/TiOPc/GaAs heterostructures,
whereas the TiOPc-films had a nominal thickness of 10 and 6 monolayers, which correspond

to about 3.2 and 1.9 nm, respectively. With a 7 nm thicknes of Au.

7.1 Results and Discussion

A schematic diagram of our experiment is shown in Figure 7.1. If the bias between the
tip and the Au-base layer is large enough, ballistic electrons tunneling from the STM tip
into Au-base can overcome the barrier at the Au/TiOPc interface and are collected in
the semiconductor at a backside collector contact. The corresponding current Igggys as a
function of bias V; is called BEEM spectrum.

First measurements on the Au/TiOPc/GaAs heterostructure are published in [44] and
the temperature dependence of the Schottky barrier height in Au/TiOPc/GaAs is already
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described in [43]. In this article we focus on the transmission behavior of hot electrons
through TiOPc and calculate the corresponding electron attenuation length.

In Figure 7.2 (a), a typical set of averaged BEEM spectra is shown. Figure 7.2 (a) shows
the data for several TiOPc thicknesses (curve 1: Onm TiOPc, curve 2: 1.9nm TiOPc, curve
31: 3.2nm TiOPc), embedded between a Tnm Au film and a GaAs bottom contact. From
this point on we are using the following nomenclature for the samples: sample A (0 nm
TiOPc), sample B (1.9 nm TiOPc) and sample C (3.2 nm TiOPc). One can clearly see
the increase of the BEEM current threshold in the presence of TiOPc. With increasing
thickness of TiOPc from 1.9 nm to 3.2 nm the onset of the ballistic current does not change,
the current, however, is significantly decreased.

To analyze the data in more detail the Bell-Kaiser model [3] was used:

Join AE=Ty(E2) [ dEy, [f(E) = f(E + €V})]

taeen (V) = st = g (B2 [ dB (B) — J(B 5 )]

(7.1)

where the above formula is known as the Bell-Kaiser formula. Ig7rps is the constant
tunnel current at which the ballistic spectrum is measured, R is a measure of attenuation
due to scattering in the Au layer, and T}, is the transmission coefficient of the vacuum
barrier which is calculated by a transfer matrix method [91, 92]. The SBH V, appears in
the coefficients E™" = E; — eV, + eV, and E7T = E, — Ef + eV — e, The prefactor
R and V}, are fitting parameters. The Bell-Kaiser formula is well suited for fitting ballistic
electron spectra on simple Schottky diodes in a voltage range of up to ~ 200meV above
the onset. Formula 7.1 describes our sample A very well as one can see in Figure 7.2 (a).
The calculated BEEM-current yields a SBH at the Au-GaAs interface of V, = 0.89 eV,
which is in very good agreement with the values from the literature [26, 65].

For the samples B and C we use a extension of the above formula which is a modification
of the original Bell-Kaiser model and consists of an additional transmission coefficient T},

to describes the properties of the heterostructure [63]:

fEan dE. Ty(E.) fooo dEy Ths(Es, Eyy) [f(E) — f(E +eV})]

o ) = RS I T Iy ey (B) — SO+ Vi)

(7.2)

In this expression E;}* no longer has to be declared explicitly, because the limit is

now implicitly included via the dependence of T}, on E,,. To avoid quantum interferences
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between the vacuum barrier and the collector barrier, the transmission coefficients T}, and
T}, are not combined into an overall transmission coefficient. To calculate T}, we used
the transfer matrix method using a potential shown in Figure 7.2 (b). The TiOPc layer is
modelled via a rectangular barrier with the height of the measured Schottky barrier and
the width of the samples B and C. In Figure 7.2 (a) the calculations for the samples B
and C are shown where the extended Bell-Kaiser model equation 7.2 was used. Here, the
calculation yields the same SBH for the samples B and C, V}, = 1.2 eV, respectively, for
the Au-TiOPc interface. As one can see in Figure 7.2 (a) for both samples with TiOPc
the extended Bell-Kaiser model does not describe the BEEM-current for higher energies
extremely well for two major reasons: first the influence of the GaAs L and X valleys was
not included in the calculations, and second the assumption of modelling the TiOPc with
a simple rectangular potential barrier is not precise enough.

Now we want evaluate the attenuation length through TiOPc as a function of the energy.
Since the Bell-Kaiser model does not describe the BEEM current through the samples B
and C sufficiently at high energies we use a different approach. First, we write the BEEM
current through the Au/TiOPc/GaAs heterostructure as:

Iggem(driope) = st tior = Lstar taw triope(driopre), (7.3)

which is the BEEM current through the whole structure. Igr)s is the constant tun-
nel current at which the ballistic spectrum is measured, t;,; is a measure of attenuation
through the whole structure and can be written as a product of the attenuation through
the base layer and the attenuation through TiOPc. In the above formula 7.3 the product
Istart 4y stays constant, because gy, is constant anyway and t 4, can be treated as energy

independent, therefore and we can write:

Isgem(driope)

= Igrpr tay = const. 7.4
triopc(driope) TM (7.4)

now we put BEEM currents for two different thicknesses of TiOPc in equation 7.4 and

get:

1 2
Igpem(dbipp.)  triord(dip.) ' (75)

Ippen(dSlpp.)  trior(dPip.)

by writing triope(driope) < exp(—driope/ A\riore)
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we finally get equation 7.6, from which we obtain an expression for the attenuation

length, Ariop.(E), in dependence of the energy:

2 1
)\T'OP — d'(Ti)OPC B d'(Ti)OPC ) (77)
o In (IBEEM(dEIIi)OPCvE))

IBEE]VI(dr(I?i)opcyE)

With formula 7.7 one can plot Apop.(F) from the logarithmized measured values. We
note that our evaluation of Ap;op.(E) is independent of the use of the Bell-Kaiser model.
In Figure 7.3 we see the outcome of such a calculation for Ap;op.(E), where the BEEM
currents of sample B and C were used. The attenuation length is increasing at the Schottky
barrier height to about 4 A and saturates at this value at about 1.25 eV.

7.2 Summary

In summary, we have investigated electron transmission properties of TiOPc. It was found
that the ballistic current through Au/TiOPc/GaAs heterostructure can not be described
precisely with the heterostructure extension of the Bell-Kaiser model at higher energies.
This is because of two reasons: First, we did not include the influence of the GaAs L and X
valleys into the calculations, and modelling the TiOPc with a simple rectangular potential
barrier is not accurately enough. Additionally, an approach for the determination of the

attenuation length of TiOPc as a function of energy has been successfully introduced.
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Figure 7.1: (a) Schematical view of the experimental setup. (b) Band profile of our exper-

iment. E;amp ' is the Fermi energy of the sample, V; is the tunneling voltage and Izppas

is the ballistic current.
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Figure 7.2: (a): Averaged BEEM spectra of Au/GaAs and Au/TiOPc/GaAs at 300 K.
Curve (1): Averaged BEEM spectrum of 7 nm Au/GaAs. Curve (2): 7 nm Au/3.2 nm
TiOPc/GaAs. Curve (3): 7 nm Au/1.9 nm TiOPc/GaAs. Solid lines are the calculated
spectra. Curve (1) was calculated using the conventional Bell-Kaiser model, curve (2) and
(3) are calculations for the situation depicted in (b), which were carried out applying the

heterostructure extension of the Bell-Kaiser model.
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Figure 7.3: Ballistic electron attenuation length of TiOPc versus electron energy. The plot

was generated from the BEEM current spectra of samples B and C, see text



Chapter 8

Temperature Dependent Schottky

Barrier Height and Fermi Level
Pinning on Au/HBC/GaAs Diodes

Au/ HBC (hexa-peri hexabenzocoronene, CypHjs) /GaAs heterostructures were investi-
gated by BEEM. At room temperature, the Schottky barrier height at the Au/HBC inter-
face was measured to be 1.3 eV, while the Fermi level at the HBC-GaAs interface is pinned
1.2 eV below the GaAs conduction band. Decreasing the temperature down to "= 10 K,
the Au/HBC Schottky barrier height increases up to 1.55 eV and the Fermi level pinning
at the HBC-GaAs interface reaches a value of 1.4 eV, close to the valence band of GaAs.
These high values make HBC a promising interfacial layer in order to increase the open

circuit voltage of GaAs Schottky barrier solar cells, e.g.

8.1 Introduction

During the last years, much interest has been focused on thin organic films due to their po-
tential applicability for electronic and optoelectronic devices such as organic light-emitting
diodes (OLEDs) [94, 275, 276], optical detectors, waveguides, thin insulators, sensors, or-
ganic field effect transistors [277, 278], and photovoltaic devices [269, 279, 280]. Organic
thin films are nowadays already widely used in various electronic devices, such as organic
solar cells, OLEDs, xerography, plate making printings and laser printers. Therefore the

knowledge and understanding of the metal-organic interface plays a significant role in the
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Figure 8.1: Schematical view of the experimental setup.

further development and improvement of organic and molecular electronics.

With the increasing interest in organic semiconductors, BEEM was also used to study
metal-organic interfaces [36, 39, 41, 43|, and especially large flat hydrocarbons like hexa-
peri hexabenzocoronene (CyoHig, HBC, structural formula shown in Fig. 8.2 (a)) are useful

as relatively simple model compounds which have interesting electronic properties [253].

8.2 Experimental

For our experiment, we used low doped (Np ~ 1 x 10'% cm™3) GaAs substrates purchased
at Wafer Technology LTD, UK. On these substrates, HBC-films having a nominal thickness
of about 4 monolayers, which corresponds to about 12 A, were grown using organic MBE
[230]. For the base layer, we evaporated a 70 A thick Au film onto the sample via a shadow

mask prior to the BEEM measurements. The BEEM measurements were carried out in
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Helium exchange gas in the variable temperature inset of a cryostat. The temperature in

our experiment ranged from 10 K to 300 K.

8.3 Results and Discussion

To investigate the highest occupied molecular orbital (HOMO) / and the lowest unoc-
cupied molecular orbital (LUMO) energy positions with respect to the GaAs conduction
bands at the Au/HBC and HBC/GaAs interfaces, ballistic electron spectra were measured
systematically at different temperatures. In order to improve the signal-to-noise ratio, over
100 individual spectra were acquired and averaged at different locations on the sample sur-
face. The SBH is then defined by the onset of the collector current in the BEEM spectra.
To extract the barrier height from the measured data in a reproducible way, a quadratic
power law fit was employed (see Ref. [271]). We will show below that the barrier extracted
from the BEEM spectra corresponds to the SBH at the Au/HBC interface. We will also
show that the Fermi level pinning at the HBC/GaAs interface causes the position of the I'-
valley in the GaAs conduction band to be significantly lower than the SBH at the Au/HBC
interface.

A typical averaged BEEM spectrum measured at room temperature can be seen in
Figure 8.3 (left axis) together with its first derivative (right axis). Two main features
are evident in the spectra: First, the organic layer increases the BEEM threshold voltage
compared to reference Au/GaAs diodes, where a typical onset bias of 0.9 eV is found.
Second, the Fermi level pinning at the HBC-GaAs interface is much closer to the valence
band than on Au/GaAs diodes, leading to an unusually large difference between the Fermi
energy and the I'- valley of GaAs of 1.2 eV at the HBC/GaAs interface.

To obtain this result, we only have to identify the signatures of the L and X valleys of
GaAs in the BEEM spectra and use them as reference points on the energy scale, as we
already did it in our previous work on Au/TiOPc/GaAs samples [43]. According to the
literature on conventional Au/GaAs diodes, [6] the signatures of the L and X valleys of
GaAs are visible as additional features in the derivatives of the BEEM spectra, as regions
with increased slope [6, 43]. In our data (see Figure 8.3 (right axis), one can also identify
the signatures of the L and X valleys as two additional onsets in the first derivative of the
BEEM spectra, but in contrast to Au/GaAs diodes, these features are observed at higher

bias.
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As the energetic differences between the I'-; L— and X valleys of GaAs are known,
the position of the I'- valley can now be determined. In our case, we get a value of 1.2
eV (T = 300 K) for the position of the GaAs TI'-valley above the Fermi energy at the
HBC/GaAs interface, which is a very high value compared to the SBH of Au-GaAs diodes
(Vi ~ 0.9 eV) without an organic interfacial layer.

We now want to discuss the alignment of the HOMO and the LUMO with respect to
the Fermi energy and the GaAs conduction band. Values for the bandgap of HBC can be
found in the literature [254, 255]. In Ref.[254] a transport gap of E'““(HBC) ~ 3.2 eV,
an optical transport gap of Egpt(H B(C) ~ 2.8 €V, and an ionization energy of I = 5.9 eV
is reported. In Ref. [255] a value of E*(HBC) ~ 2.7 eV for the optical gap, an exciton
binding energy of 0.5 eV and a surface dipole of A ~ —0.8 eV can be found.

Note that the situation in Refs. [254, 255] is quite different to ours. In Refs.[254, 255]
HBC on Au is considered, but in our case we have polycrystalline Au evaporated on HBC
and thus, there is a difference between organic/metal and metal/organic interfaces [281].
Metals on organic substrates are much more complex than the organic films on metal
substrates because chemical reactions and metal diffusion can readily occur [282, 283].

However, if we take the literature value of ~ 3 eV for the transport gap, the value of
—0.8 eV for the interface dipole layer, and 5.1 eV for the workfunction of polycrystalline
Au, we obtain a conduction band diagram as shown in Figure 8.2 (b), which turns out to
be consitstent with our experimental data. An interface dipole at the HBC-GaAs interface
was neglected. By applying the Schottky-Mott rule for metal-semiconductor interfaces one
gets ¢y = I — ¢, — A = 1.6 eV for the hole injection barrier, and the electron injection
barrier is calculated as ¢ = E, — ¢} = 1.4 eV. This value is 0.1 ¢V higher then the
measured SBH of 1.3 eV, we assume that is most likely due to breakdown of the Schottky
Mott rule for metal-organic interfaces [284, 285].

To study the temperature dependence of the SBH and the Fermi level pinning at the
HBC/GaAs interface, systematic BEEM measurements were carried out in the whole tem-
perature range from 7' = 300 K down to 7" = 10 K.

The results for the SBH at the Au/HBC interface are plotted in Figure 8.4 (a), and
the energy difference between the Fermi level and the GaAs I'-valley at the HBC/GaAs
interface can be seen in Figure 8.4 (b). For reference purposes, the corresponding SBH for
a Au/TiOPc interface [43] is also plotted in Figure 8.4 (a). As one can see, the SBH at
the Au/HBC interface increases approximately llinearly from 1.3 eV at T'= 300 K to 1.56
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eV at T'= 10 K. The Fermi level pinning, which means the energy difference between the
Fermi level and the GaAs I'-valley, follows this trend and increases from 1.2 eV at T" = 300
K to 1.4 eV at T'= 10 K, which is already close to the valence band of GaAs.

While the increasing SBH with decreasing temperature is not surprising, the high bar-
rier at the HBC-GaAs interface is indeed. Compared to Au-GaAs Schottky diodes (V;, = 0.9
eV), the barrier height at the HBC/GaAs interface is larger by 30% at room temperature.
At T =10 K, (V, = 1.0 eV) the difference is even larger and and the inrease amounts to a
value of 40%. Although the mechanisms responsible for this behavior are completely un-
clear to us at the moment, our finding has an interesting application: On Schottky contact
solar cells, the open circuit voltage V,. is mainly determined by the SBH, and it is known
from Si-solar cells [286] that V,. can be increased by additional interfacial layers. While
in Si-solar cells, however, the increased V. is a consequence of the complex electrostatic
situation in the metal-insulator-semiconductor system under illumination, HBC seems to
change the Fermi level pinning directly. Thus, we expect that HBC interfacial layers in-
crease the open circuit voltage V. of Schottky barrier solar cells significantly and in a more

efficient way.

8.4 Summary

In summary, the Schottky barrier heights of Au/HBC/GaAs heterostructures were inves-
tigated by BEEM. Between T" = 300 K and 7" = 10 K, the Schottky barrier height at
the Au/HBC interface increases from 1.3 eV at 7' = 300 K to 1.56 eV at T' = 10 K. Si-
multaneously, the Fermi level pinning at the HBC/GaAs interface becomes systematically
deeper, starting with a position of 1.2 eV belov the GaAs conduction band at T" = 300
K and ending at 1.4 eV at T" = 10 K, which is close to the valence band of GaAs. The
high barrier at the HBC-GaAs interface makes this material a promising interfacial layer

for increasing the open circuit voltage of GaAs Schottky barrier solar cells.
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Figure 8.2: (a) Structural formula of hexa-peri hexabenzocoronene (CyH;s, HBC).

(b)Band diagram of our sample. E}*"™" ' is the Fermi energy, E%4s and ES*4s is the
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valence and conduction band of GaAs respectively.
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Figure 8.3: Averaged BEEM spectrum (left axis) and its first derivative (right axis). Both

curves represent room temperature data.
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Figure 8.4: (a) SBH versus temperature for the Au/HBC and Au/TiOPc interface. The
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Chapter 9

Summary and Outlook

9.1 Summary

Due to the BEEM images, it can be concluded that the samples are very homogeneous, in
comparison to organic films manufactured by evaporation. All features visible in the BEEM
images of our samples correlate exclusively with the granular structure and the topographic
features of the Au-film and cannot be correlated to the organic film underneath. Analyzing
the BEEM spectra we find that the TiOPc increases the BEEM threshold voltage compared
to reference Au/GaAs diodes, which was also found in [39], where a BEEM study on a
Au/Molecule/n-GaAs diode was done. The barrier height measured on the Au-TiOPc-
GaAs is Vj, &~ 1.2eV, which is in good agreement with the data found in references [49].
The results indicate that TiOPc functions as a p-type semiconductor, which is plausible
since the measurements were carried out in air [230]. In addition, the derivative of the
BEEM spectra shows multiple features in the energy regime above the LUMO level [230].
Possible origins of these features are currently under investigation.

In chapter 5, MBE grown Au-TiOPc-GaAs diodes were investigated by BEEM. An-
alyzing the BEEM spectra we find that the measured SBH is the barrier height at the
Au-TiOPc interface. Temperature studies show an increase of the SBH from 1.2 eV at
room temperature to 1.5eV at 10K.

In chapter 6, we have investigated the temperature and energy dependent electron
transmission properties of TiOPc. It was found, that the transmission and the mfp both
increase with energy, but exhibit a different behavior as a function of temperature. While

the decreasing mfp with increasing temperature suggests, that the mfp is dominated by
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phonon scattering processes, the TiOPc¢ transmission increases with increasing tempera-
ture, which suggests that the transmission is dominated by impurity scattering processes.
Assuming dominant ionized impurity scattering at the interfaces, and dominant phonon
scattering in the bulk, however, our findings can be consistently explained.

In chapter 7, we have investigated electron transmission properties of TiOPc. It was
found that the ballistic current through Au/TiOPc/GaAs heterostructure can not be de-
scribed precisely with the heterostructure extension of the Bell-Kaiser model at higher en-
ergies. This is because of two reasons: First, we did not include the influence of the GaAs
L and X valleys into the calculations, and modelling the TiOPc with a simple rectangular
potential barrier is not accurately enough. Additionally, an approach for the determination
of the attenuation length of TiOPc as a function of energy has been successfully introduced.

In chapter 8, the Schottky barrier heights of Au/ HBC(hexa-peri hexabenzocoronene,
CsoHig) /GaAs heterostructures were investigated by BEEM. Between 7" = 300 K and
T = 10 K, the Schottky barrier height at the Au/HBC interface increases from 1.3 eV
at T = 300 K to 1.56 eV at T" = 10 K. Simultaneously, the Fermi level pinning at the
HBC/GaAs interface becomes systematically deeper, starting with a position of 1.2eV
above the GaAs conduction band at T'= 300 K and ending at 1.4 eV at T = 10 K, which
is close to the valence band of GaAs. The high barrier at the HBC-GaAs interface makes
this material a promising interfacial layer for increasing the open circuit voltage of GaAs

Schottky barrier solar cells.

9.2 Outlook

As organic MBE [230] growth nowadays allows the fabrication of many different types
of hereterostructures. As few examples, we only mention Au/TiOPc/HBC/n-GaAs, Au/
TiOPc/3,4,9,10-perylenetetracarboxylic-3,4,9,10- dianhydride (PTCDA) /n-GaAs, Au/PTCDA /-
HBC/n-GaAs among many others. As all these materials and heterostructures have appli-
cations as OLEDS or solar cells, electron transport through metal-organic, organic-organic,
and organic-semiconductor interfaces is very important, especially if it can be studied on
the nanoscale like in BEEM. The most relevant parameter for every heterostructure is the
relative energetic alignment of the energy levels in the respective materials. Presently, the
relative band alignment in organic hetererostructures is only known from measurements

on macroscopic samples, however, no microscopic studies can be found in the present liter-
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ature. Ballistic Electron Emission Microscopy is perfectly suited to determine sub-surface
barrier heights and band offsets, as it was already demonstrated on the GaAs-AlGaAs
system. Thus, measuring the relative positions of the LUMO levels on a PTCA-HBC het-
erostructure is a straightforward task, which can be extended to any material combination
available. Investigating resonant tunneling structures on organic materials is a logical step
forward. A proof of concept for resonant tunneling in organic resonant tunneling diodes
and superlattices can be found in the literature but no local studies are reported until
now. Here we have the possibility to study resonant tunneling processes and superlattice
transport by BEEM, but also by other local probe techniques like conducting AFM mea-
surements e.g.. As main advantage on organic semiconductors, however, scanning probe
techniqgies like BEEM or coducting AFM measurements can be used to study the efficiency
of electron injection process for organic light emitting diodes (OLEDs). As the quantum
efficiency for electroluminescence in organic semiconductors is close to unity, both BEEM
and conducting AFM measurements can be carried out in emission mode simply by adding
a photomultiplier and a spectrometer to the experiment. Also organic resonant tunneling
structures are interesting to be tested with respect to their emission capabilities, since
the involved processes leading to luminance are obviously not yet understood. Traps in
heterostructures can also be studied by BEEM or scanning capacitance microscopy e.g..
BEEM allows a direct imaging of impurities as well as spectroscopic studies. Scanning
capacitance microscopy allows imaging, too, and frequency dependent measurements can
be utilized to study the dynamic behavior of traps in organic materials. Finally, BEEM/S
experiments could be carried out on metal-organic-semiconductor heterostructures in an
magnetic field perpendicular to the current direction. Such experiments could be performed
to get information about the magnetic properties of organic semiconductors.

From the examples above, one can see that there are many open questions and the
possible combinations for organic materials are almost unlimited. As BEEM experiments
are relatively easy to perform, we are therefore confident that ballistic electron transport

will continue to play an important role in organic device physics in the future.
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Abbreviations & Symbols

A.1 Abbreviations

AFM atomic force microscopy

BEEM ballistic electron emission microscopy (also often used as a synonym to describe

both ballistic electron emission microscopy and spectroscopy techniques)
BEES ballistic electron emission spectroscopy
BHEM ballistic hole emission microscopy
BHES ballistic hole emission spectroscopy
CBM conduction band minimum
EPR electron paramagnetic resonance
ESR electron spin resonance

FKE Institut fir Festkorperelektronik der Technischen Universitat Wien (Floragasse 7,
A-1040 Wien)

HBC hexa-peri hexabenzocoronene
MBE molecular beam epitaxy

MISZ Mikrostrukturzentrum der Technischen Universitat Wien (Floragasse 7, A-1040
Wien)
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OFET organic field-effect transistor

OLED organic light emitting diode

PPP polyparaphenylene

PF polyfluorene

PPV polyparaphenylenevinylene

PT polythiophene

PTCDA perylene-3,4,9,10- tetracarboxylic- dianhydride
PTCDI 3.4,9,10-perylene-tetracarboxylic-diimide

SPM scanning probe microscopy, a term including a vast of local probe techniques, as for
instance AFM, and STM.

SBH Schottky barrier height

SNOM scanning near field optical microscopy
STM scanning tunneling microscopy

STS scanning tunneling spectroscopy

TEM transmission electron microscopy

TiOPc titanylphthalocyanine

TPD 4,4’-bis(N-m-tolyl-N-phenylamino)biphenyl

UHYV ultra high vaccum
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A.2 Frequently Used Symbols

ao Bohr radius, ag = #12 = 0.529177 A
e elementary charge, e = 1.60219 x 1071 C
myg free electron mass, my = 9.1095 x 1073! kg

d2E)—1

m* effective electron mass, m* = RQ(W

kp Boltzmann constant, kg = 1.38062 x 10~% J/K
E total energy

E; Fermi energy

E. conduction band edge

E, valence band edge

96

E; part of the kinetic energy associated with the i-th component of the wave vector mo-

mentum

E? initial value of E;

E,, kinetic energy component associated with kg,

f Fermi distribution/Fermi function f(E) = — -
e BT +1

I, ballistic current (collector current)

I; tunnel current

—

k wave vector, tied to the momentum p by p = hik.

k; component of the wave vector parallel to the i-th axis (i = x,y, 2)

kY initial value of k;

kz, component of the wave vector parallel to the interface.

N4 acceptor concentration
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Np donor concentration
eV (Schottky) barrier height (in eV).
V. collector voltage

V; tunnel voltage
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S. Ozcan, T. Roch, G. Strasser, J. Smoliner, R. Franke and T. Fritz,

”Ballistic Electron Emission Microscopy/Spectroscopy on Au/Titanylphthalocyanine/GaAs
Heterostructures”,

J. Phys: Conf. Ser., 61, 1371, (2007).

S. Ozcan, J. Smoliner, M. Andrews, G. Strasser, T. Dienel, R. Franke and T. Fritz,
"Ballistic Electron Transport Through Titanylphthalocyanine films”,

Appl. Phys. Lett., 90, 092107, selected for the ” Virtual Journal of Nanoscale Science
and Technology”, March 12 (2007).
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phys. stat. sol. (c), 5, No. 1, 386 — 389 , 2008.

S. Ozcan, J. Smoliner, M. Andrews, G. Strasser, T. Dienel, R. Franke and T. Fritz,
"Ballistic Electron Attenuation Length in Titanylphthalocyanine films grown on
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Semicond. Sci. Technol., xxx, rxx, 2008, accepted in print.
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Physica B 359, 1177 2005

e M. El-Hagary, H. Michor, S. Ozcan, M. Giovanni, A. Matar, Z. Heiba, P. Kerschl M.
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"Hot Electron Transport Through Titanylphthalocyanine films”,
Talk: At the 15th International Conference on Nonequilibrium Carrier Dynamics in

Semiconductors, Tokyo, Japan; July 23 — 27, 2007.

e S. Ozcan, T. Roch, G. Strasser, J. Smoliner, R. Franke, T. Fritz,
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27.4.2006.

e S. Ozcan, J. Smoliner, T. Roch, G. Strasser, R. Franke, T. Fritz,
”Ballistic Electron Emission Microscopy/Spectroscopy on Au/Titanylphthalocyanine/GaAs
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Talk: At the Infrared Optical Nanostructures workshop, Wien; 12.05.2006.
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C.2 Poster Presentations

e S. Ozcan, J. Smoliner, M. Andrews, G. Strasser, T. Dienel and T. Fritz,
"Ballistic Electron Transport Through Titanylphthalocyanine films”,
Poster: At the DPG-Tagungen, Regensburg, Germany; March 2007.

e S. Ozcan, T. Roch, G. Strasser, J. Smoliner, R. Franke and T. Fritz,
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Poster: International Conference on Nanoscience and Technology (ICN+T), Basel
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