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ABSTRACT 

This doctoral thesis investigates treating and modifcation of silicon and gallium ni-
tride surfaces and their interaction with metals in metal-semiconductor contacts. The 
key factor behind the experiments and results in this thesis is the utilization of ultra-
high vacuum conditions in preparation and characterization of the materials. The 
interface between the metal and the semiconductor determines the type and quality 
of the formed contact, which is why understanding and developing of it is crucial 
to reduce electrical losses and enhance the effciency and life span of semiconductor 
devices. 

In this work, the surfaces of n-type silicon and p-type gallium nitride were in-
vestigated. The surfaces were treated with wet chemistry and by heating and expos-
ing the surfaces to gasses in ultra-high vacuum. The surfaces were measured with 
scanning tunneling microscopy/spectroscopy, x-ray photoelectron spectroscopy, and 
low-energy electron diffraction. The metal-semiconductor contacts were character-
ized by measuring the contact resistivity, and with gallium nitride, the interface was 
also investigated with synchrotron radiation x-ray photoelectron spectroscopy. 

The results show that i) nickel forms a silicide with the silicon already at the room 
temperature but the electrical properties of the said silicide depend on the silicon 
surface treatments, and the doping concentration has a clear impact on the path of 
the current fow between the contacts; ii) by heating the Ni-GaN interface in ultra-
high vacuum, the gallium diffuses to the nickel layer and the vacancies created in the 
interface act as a route for the charge carries to tunnel through the potential barrier, 
leading to an ohmic contact; iii) by treating silicon devices, which already contained 
metal contacts, in ultra-high vacuum, the quality of the surface can be improved, and 
hence it is possible to improve the performance of devices made from silicon. 

KEYWORDS: Ultra-high vacuum, contact losses, surface treatment, semiconductor 
interfaces 
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¨TIIVISTELMA

Tämä väitöskirja käsittelee pii- ja galliumnitridipintojen käsittelyä ja muokkausta, 
sek¨ odyn-a niiden vuorovaikutusta metallien kanssa metalli-puolijohdekontakteissa hy¨ 
täen tyhjiötekniikan menetelmiä. Väitöskirjan kokeiden ja tulosten yhdistävä tekijä on 
ultrasuurtyhjioolosuhteiden¨ kaytt¨ ¨ asittelyss¨aminen materiaalien k¨ a ja karakterisoin-
nissa. Metallin ja puolijohteen välinen rajapinta määrittää syntyvän kontaktin tyypin 
ja laadun, jolloin sen ymmärtäminen ja kehittäminen ovat avainasemassa sähköisten 
h¨ oiden v¨ amisess¨ aytt¨ an paran-avi¨ ahent¨ a ja puolijohdelaitteiden tehokkuuden ja k¨ oi¨ 
tamisessa. 

Työssä tutkittiin n-tyyppisen piin ja p-tyyppisen galliumnitridin pintoja. Pin-
toja k¨ ark¨ a ultrasuurtyhji¨ a l¨ am¨ a ja altistamalla asiteltiin m¨ akemialla sek¨ oss¨ ammitt¨ all¨ 
kaasuille, ja metallin kanssa muodostettuja rajapintoja käsiteltiin niin ikään ultra-
suurtyhjioss¨ ä l¨ am¨ a ja altistamalla kaasuille. Pintoja tutkittiin tunneloin-ammitt¨ all¨ 
timikroskopialla ja -spektroskopialla, röntgenviritteisellä fotoelektronispektoskopi-
alla sekä matalaenergisellä elektronidiffraktiolla. Metalli-puolijohdekontakteja karak-
terisoitiin mittaamalla kontaktiresistiivisyytta, ja galliumnitridin tapauksessa rajapin-¨ 
taa tutkittiin myos synkrotronil¨ ¨ a r¨ahteisell¨ ontgenviritteisellä fotoelektronispektroskopi-
alla. 

Vait¨ ¨ a i) nikkeli muodostaa piin kanssa silisidinoskirjan tutkimukset osoittavat, ett¨ 
jo huoneenlämmössä, mutta sen sähköiset ominaisuudet riippuvat piin pintakäsit-
telysta,¨ ja piristyskonsentraatio vaikuttaa suuresti virran reittiin kontaktien v¨ a;aliss¨ 
ii) Ni-GaN rajapintaa lämmitettäessä ultrasuurtyhjiössä gallium diffusoituu nikke-
likerrokseen ja rajapintaan syntyvät vakanssit aiheuttavat varauksenkuljettajille re-
itin tunneloitua potentiaalivallin läpi, johtaen oomiseen kontaktiin; iii) ultrasuurty-
hjiössä tehtävillä käsittelyillä on mahdollista muokata piilaitteiden, joissa on jo met-
allikontaktit, ominaisuuksia ja täten parantaa niiden suorituskykyä. 

ASIASANAT: Ultrasuurtyhjiö, kontaktihäviöt, pintakäsittely, puolijohderajapinnat 
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1 Introduction 

Semiconductors are the basis for all modern electronics and communication. Since 
the invention of a planar silicon transistor in 1959, the number of components in one 
chip has increased and increased in a manner known as Moore’s law. A well known 
feature of Moore’s law is that as the number of components increases in one chip, the 
feature size, that is, the lithography line width of one component decreases [1]. The 
reduction in feature size also leads to an increased role of the semiconductor surfaces 
and interfaces [2]. 

Semiconductor devices are dependent on metal-semiconductor contacts, which 
provide the connection of the devices to the outer world, and problems in the con-
tacts hinder the device performance. For example, in complimentary metal-oxide-
semiconductor (CMOS) devices, contact resistance is becoming a more dominant 
part of the total resistance of the device as the feature size decreases [3]. As an-
other example, in solar cells, harmful recombination of charge carriers occurs in poor 
quality contacts, decreasing the current collected from the solar cell [4]. To further 
improve the understanding and performance of the metal-semiconductor interfaces, 
the interfaces and the semiconductor surfaces before and after the metal deposition 
need to be studied further. 

In this work, the surfaces of silicon and gallium nitride were investigated as well 
as their interaction with metal contacts and the resulting contact resistivities. The 
surfaces were treated using wet chemistry for cleaning and passivation of the sur-
faces, and the wet chemical treatments were often combined with ultra-high vacuum 
treatments. In ultra-high vacuum, the surfaces were treated by heating the samples 
and exposing them to different gasses. Ultra-high vacuum was also utilized in char-
acterization and annealing of the metal-semiconductor contacts. 

Chapter 2 gives a brief theoretical insight on the properties of semiconductors 
and metal-semiconductor contacts as well as device examples. In Chapter 3 all the 
experimental methods utilized in this work are introduced. Finally, in Chapter 4 
a summary and main fndings of each article I-III associated with this thesis are 
presented. 
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2 Principles of semiconductors and
interfaces 

The key for developing modern semiconductor devices and solutions is understand-
ing the properties of semiconductor surfaces and the interfaces they form with other 
materials. A single device can contain multiple interfaces (e.g. semiconductor-metal, 
semiconductor-oxide, and sidewalls of chip) that each have individual properties, and 
thus individual impact on the device performance. This chapter introduces some ba-
sic properties of semiconductors, their surfaces, and interfaces they form with metals. 

2.1 Basics of semiconductors 
2.1.1 Basics of crystal structure 

The ideal crystalline structure of a material is formed from a lattice and a basis. The 
basis is the smallest building block that forms the material crystal, and the lattice is 
the mathematical point construction in which the basis is attached. In this case, the 
basis is a group of atoms, and only one basis can be attached to one lattice point. The 
lattice is defned by using vectors a1, a2 and a3, and a position of a certain atom can 
be noted as 

r = �1a1 + �2a2 + �3a3, (1) 

where �� are arbitrary integers. This is also the notation to defne the Bravais 
lattice: an infnite array of points that are arranged and oriented in a way that it looks 
identical despite the direction where the array is observed. The primitive cell is the 
smallest cell that can be used to fll the lattice space, and single vectors a1, a2 and a3 

– also called primitive axes – form it. The primitive cell always has one lattice point. 
By using these axes, different crystal structures can be formed [5; 6]. Since two 
different materials were used in this thesis, their crystal structures are introduced. 

The diamond structure is formed from the face-centered cubic (FCC) structure 
with a basis of two atoms. FCC is a cubic structure in which the cube has atoms 
in its corner and in the middle of it’s faces. In contrast to a regular FCC structure, 
the diamond structure has additional atoms placed at a1/4 + a2/4 + a3/4 position 
from each atom in the FCC structure. Since only four additional atoms are inside 
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Principles of semiconductors and interfaces 

the same unit cell, the diamond structure, in fact, consists of two FCC structures, 
interpenetrating each other with a displacement of 1/4 in all three dimensions [7]. 
The diamond structure is represented in Figure 1. 

ɑ

ɑ

ɑ
ɑ
4

Figure 1. The diamond crystal structure. [8] 

While the diamond consists of two interpenetrating FFC structures, the wurtzite 
structure consists of two hexagonal close-packed structures (HCP) consisting of dif-
ferent atoms. In HCP, each atom is connected to six other atoms, forming layer A. 
Because stacking the atoms on top of each other is not stable, a second layer B con-
sisting of three atoms is added by connecting each of the layer B atoms with three 
atoms in layer A. Then an additional layer A is placed right over the bottom A layer 
atoms. By repeating, ABABAB... structure is achieved. HCP has two lattice param-
eters, a and c, of which the parameter a describes the distance between two atoms 
in layer A and B, and the parameter c the distance between two layers of A. In the 
wurtzite structure, two interpenetrating HCPs are displaced from each other by 3/8c. 
[9]. The wurtzite structure is represented in Figure 2. 

Real space periodic lattice also has a periodic potential. This means that a po-
tential in point r is the same as in point r+R, where R is any Bravais lattice vectors. 
From this periodicity of potential, we can have 

G = �1A1 + �2A2 + �3A3, (2) 
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Figure 2. The wurtzite crystal structure of GaN structure with highlighted Ga and N atoms. [10] 

where �� are arbitrary integers and Aj are vectors which are defned by 

ai · Aj = 2��. (3) 

This relationship leads to the concept of reciprocal lattice, which is constructed 
by the vectors in G. The reciprocal lattice lies in k space (i.e. 1/m space), which is 
also periodic. The primitive unit cell of k space is called the frst Brillouin zone, and 
Brillouin zone is also later used to describe the energy bands of semiconductors. [11] 

2.1.2 Electrical properties of semiconductors 

A semiconductor is defned as a material for which the resistivity is highly depen-
dent on the temperature. In the absolute zero point, the semiconductor behaves as a 
perfect insulator, and the resistivity decreases as the temperature increases. At room 
temperature, the resistivity of the semiconductor is between 10−2 and 109 ohm·cm 
[5]. The reason for this lies in the band structure: electrons in the highest occupied 
electrical state, the valence band, can thermally excite to the lowest unoccupied elec-
trical state, the conduction band, but this requires the temperature to be over 0 K. 
In comparison, with metals the bands overlap, resulting in conductance at 0 K as 
well, and with insulators the band gap is so large that the thermal excitation from the 
valence band to the conduction band is hardly probable. The separation in energies 
between the valence and conduction bands is called the band gap, and in the band 
gap between the valence and conduction bands lies a Fermi level [6]. The band gap 
can be either direct or indirect, meaning that the valence band maximum (VBM) and 
conduction band minimum (CBM) can be located in the same or separate positions 
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Principles of semiconductors and interfaces 

in the k space. This is demonstrated in Figure 3. Since the lattice is considered peri-
odic, the x-axis is presented with symmetry points of the frst Brillouin zone in the k 
space along the wavevector k, and they refer to certain points in the reciprocal lattice. 
[12; 13]. 

k
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15

1 Ev
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6

1

1

Ec

(a) (b)

Figure 3. An example of (a) indirect [14] and (b) direct band gap [15] from Si and GaN, 
respectively. 

The directness of the band gap has a role in determining to which application 
the semiconductor is suitable for: for example, light-emitting diodes (LEDs) require 
a direct band gap material. With direct band gap material, the electron can excite 
straight from the VBM to the CBM with the energy it receives - provided that the 
received energy is larger than the band gap. At some point, depending on the carrier 
lifetime, the electron recombines back to the valence band. As the charge carriers 
recombine, an amount of energy equivalent to the band gap is released. In the direct 
band gap, the energy is released as a photon, making it radiative recombination and 
hence emitting light. With the indirect band gap, the electron doesn’t only require 
energy to excite to the conduction band, but also momentum, i.e., phonon, so that it 
can move in k space. However, if the energy of the photon is larger than the band 
gap, the conduction band structure has energy level to which the electron can excite 
directly. Since the conservation of momentum is required, for indirect band gap 
materials the radiative the recombination is highly unlikely, as the energy is released 
as a phonon transferring the momentum and the energy to the lattice, heating the 
material. [16] 

Band gap of the semiconductor itself can not be altered, as it is based on the 
material properties. However, the band structure can be altered by doping, i.e., delib-
erately introducing impurity atoms to the material with different electron structure. 
The change in the band structure depends on what kind of impurity atoms are intro-
duced to the material. If the impurity atoms have one additional electron compared 
to the atoms in the lattice, the material becomes n-type and an additional empty 
level is created below the CBM, between it and the Fermi level. This extra electron 

5 



Mikko Miettinen 

level is called a donor state. If the impurity atoms have one electron less, the ma-
terial becomes p-type, and an additional electron level is created above the VBM, 
between it and the Fermi level. This level is called an acceptor state. These states in-
crease, among other things, the conductivity of the material and opens possibilities to 
make devices by combining n- and p-type materials (see 2.3.1) [17]. However, there 
are maximum values for effective dopant concentrations depending on the material, 
due to issues in dopant atom solubility, dopant activation and compensating doping 
[18; 19; 20]. 

While deliberately introducing impurities to the lattice adds benefcial doping 
states to the band gap, not all states in the band gap are desirable. Defects, contam-
ination and unwanted impurities create unwanted energy levels, trap states, to the 
band gap, which hinder the electrical performance of the material. The trap states 
can act as a recombination centers, resulting in unwanted recombination. In appli-
cations where the charge carrier fow to the outer circuit is required, the unwanted 
recombination hinders the device effciency. Trap states in the band gap caused by 
the issues in the lattice are called deep states, while trap states caused by the surface 
contaminants and defects are called surface states (see more in 2.2). 

2.1.3 Semiconductor materials 

Silicon 

Silicon is a group IV elemental semiconductor with a diamond crystal structure with 
a lattice constant of 5.4311 Å. It has an indirect band gap of 1.12 eV [21]. Silicon 
can be doped with boron to produce p-type silicon or with antimony, arsenic, or 
phosphorus to produce n-type silicon [22]. N-type silicon used in this thesis was 
doped with phosphorus. 

A common way to produce crystalline silicon is the Czochralski (Cz) method: 
polycrystalline blocks are melted in a crucible, and a seed crystal is placed into the 
molten mass. The seed crystal is raised slowly from the mass while the crucible 
rotates in the clockwise direction and the seed crystal to counterclockwise direction. 
Slow rise speed and rotation are used to ensure a uniform distribution of atoms and 
higher crystal quality [23]. 

Silicon is the most used semiconductor material in the world. Compared to the 
other common elemental semiconductor, germanium, it has a higher breakdown elec-
tric feld and a larger band gap, which makes it capable of operating in a higher tem-
perature range without issues caused by the intrinsic conductivity. Silicon is also the 
second most common material on the Earth, making it easily available and cheap 
[12]. Silicon is used in, for example, solar cells, photodetectors, and transistors [24]. 

6 
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Gallium Nitride 

Gallium nitride is a wide band gap III-V compound semiconductor with a wurtzite 
crystal structure. Due to the wurtzite structure, GaN has two lattice parameters, � 
and �, which have values of 3.188 ˚ A, respectively [25]. A and 5.185 ˚ 

GaN has a band gap of 3.39 eV, which makes it a superior material for power 
electronics compared to silicon: a higher band gap enables a higher electric feld 
tolerance. Higher electric feld tolerance enables smaller components, which de-
creases the switching time. A higher electric feld also means a higher current den-
sity, thus decreasing the switching time even further. The leakage current is smaller 
in high band gap materials, as less charge carriers are generated in the depletion 
region. These properties make GaN more feasible for, e.g., high-frequency appli-
cations compared to elemental semiconductors [26]. Moreover, GaN is the main 
material for white LEDs [27]. Typical dopants for GaN are silicon and magnesium 
for n- and p-type doping, respectively [28]. 

Gallium nitride can be grown by using wither molecular beam epitaxy (MBE) 
or metal organic chemical vapour deposition (MOCVD). The material used in this 
thesis was grown using a vertical fow MOCVD, depositing GaN layers on a sapphire 
substrate. The method utilizes a hot reactor chamber, generally above 1000 ∘C, in 
which the precursor gases react with each other. For GaN growth, trimethylgallium 
(Ga(CH3)3) and ammonia (NH3) are used. Doping is achieved by adding a dopant 
precursor to the gas mix. For Si, silane (SiH4) or disilane (Si2H6) is used, and for 
Mg, cyclopentadienyl magnesium (C5H5)2Mg is used [28]. 

2.2 Surface properties of semiconductors 
While the bulk is well defned and generally follows a periodic and ordered struc-
ture, the surface is much more complicated. The surface is created by broken bonds 
pointing towards vacuum, and these bonds are called dangling bonds. The exis-
tence of dangling bonds makes the surface structure more energetically unfavorable, 
which leads to different surface atom arrangements due to relaxation or reconstruc-
tion [29; 30]. 

The surface is considered to be relaxed if the surface unit cell is similar with the 
bulk. The horizontal placement of atoms stays the same, but the vertical changes so 
that there is a displacement, keeping the 2D Bravais lattice, and thus the 2D trans-
lational symmetry the same. The vertical change means that the surface atoms lie 
closer to the next atom layer than they would be in the bulk. This is most common 
in metals, but is also seen in semiconductors such as GaAs. Reconstruction, on the 
other hand, means that the unit cell is different from the bulk. In reconstruction, 
the dangling bonds form new bonds with adjacent atoms and the surface atoms rear-
range by moving closer to each other, hence alternating the 2D Bravais lattice. This 
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is common, especially in the tetrahedrally bonded semiconductors due to the strong 
directionality of the bonds between the atoms. [31; 32] 

The reason for a semiconductor surface to form a reconstruction is the degenerate 
ground states, meaning a higher energy (inner energy) related to the danging bonds. 
In other words, a surface reconstruction decreases the total energy of the material. 
With dangling bonds, there is only one electron per dangling bond, although the bond 
could accommodate two electrons. By pairing two surface atoms symmetrically, i.e., 
creating a dimer, half of the dangling bonds are saturated, but half of them are still 
there, meaning that there are half-flled electron states which are of the same energy. 
By breaking the symmetry, the lower electron state is flled and the degeneracy is 
lifted. This is also called the Jahn-Teller effect or theorem. In the case of Si(100), 
the asymmetry is achieved by partial transfer of an electron from one atom to the 
other in the dimer, alternating the bond angle and creating a buckled dimer, i.e., the 
other atom in the dimer is higher than the other one. With some semiconductors, such 
as the GaAs mentioned earlier, the surface relaxes rather than reconstructs due to the 
electrostatic neutrality of the surface: the surface has one cation and one anion in the 
unit cell, hence there are two dangling bonds and two electrons, and no degeneracy 
is created [31; 32]. In reality, to achieve the reconstruction on the semiconductor 
surface, the surface needs to be annealed. A temperature as low as 300 ∘C can be 
suffcient [33]. Unfortunately, reconstruction can be held for a long time only in 
vacuum. 

Although the reconstruction provides lower energy for, e.g., silicon surface, it’s 
not stable in ambient. In fact, in room temperature in an ambient atmosphere, surface 
atoms bond to other materials such as oxygen, carbon, and hydrogen due to surface 
reactivity [34; 35]. Most importantly, the surface spontaneously forms an amorphous 
native oxide of which growth is self-limiting. Again, the surface-related energy de-
creases by forming bonds with oxygen, and the native oxide protects the crystal from 
further contaminants. It is also possible to grow amorphous thermal silicon oxide, 
which can be controlled more precisely, and it has historically been one of the cor-
nerstones of metal-oxide-semiconductor devices: it is thermodynamically stable, has 
good interfacial bonding properties, and is a good insulator. The downside is the pos-
sibility of it acting as a diffusion path for contaminants, especially metal ions, to the 
semiconductor crystal, causing degradation in metal-oxide-semiconductor devices 
[35; 36; 37]. 

The oxide layer can be removed and the surface can be cleaned with, for exam-
ple, wet chemistry [38]. After this, the surface is rough and full of dangling bonds. 
Roughness and dangling bonds are known to cause surface states to the band gap 
[39; 40]. The said features can also be detrimental to the quality of the formed inter-
face when an additional material layer is deposited on top of the surface [41]. The 
surface and interfacial states are harmful states in the band gap that are detrimental 
to the performance of a semiconductor device. They can cause a decrease in electron 
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drift mobility, leakage current, hinder solar cell performance, and cause Fermi level 
pinning [31; 41; 42; 43]. 

Surface roughness and dangling bonds as well as interface issues can be im-
proved by surface treatments. One of the classic ways to improve the surface is pas-
sivation. The passivation method depends on the targeted semiconductor material, 
but generally the passivation can be done using wet chemical or gaseous treatment. 
An additional way is to grow a thin non-reactive layer on top of a clean surface. For 
example, with silicon, the most typical passivation agent is hydrogen, which can be 
applied by using hydrofuoric acid (HF) solution, hydrogen gas or hydrogen plasma. 
The hydrogen bonds with the dangling bonds, decreasing the states created by them. 
In addition, the hydrogen passivation prevents the formation of native oxide for a lim-
ited duration [44; 45; 46]. Hydrogen isn’t an universal passivation agent, and with, 
for example, III-V semiconductors it doesn’t provide the desired passivation. With 
these semiconductors, passivation can be achieved by depositing a thin high-� layer, 
a Si layer, plasma treatments or sulfur based treatments. Sulfur based treatments are 
closest to hydrogen passivation with HF in Si, since they remove the native oxide 
and sulfur bonds to the surface, leading to passivation [47]. 

2.3 Metal-semiconductor contacts 
Metal-semiconductor interfaces are a key component in semiconductor devices. They 
act as a gate for the charge carriers to move in to the device or out from there. The 
role of this interface increases continuously as the device size decreases, as the sur-
face properties, in general, also become more dominant. There are two main types 
of contacts that form between a metal and a semiconductor: Schottky and ohmic 
contacts. 

In an ideal case, the type of formed contact is determined by the work functions 
of the semiconductor �� and the metal �� . The work function describes the potential 
difference between the Fermi level and the vacuum, i.e. how much kinetic energy 
the electron needs to escape from the Fermi level to free space at 0 K. When metal 
and semiconductor are brought into contact, their Fermi levels align, causing band 
bending and a potential barrier (also called Schottky barrier) formation. The barrier 
height is 

�� = �� − �, (4) 

where � is the electron affnity of the semiconductor, meaning the potential differ-
ence between the bottom of the conduction band and the vacuum [48]. Schottky 
contacts present an asymmetric current-voltage (IV) behavior. With forward bias 
voltage, the potential barrier height on the semiconductor side decreases according 
to the applied forward bias, increasing the current fow from the semiconductor to 
the metal in an exponential manner. With reverse bias, the potential barrier height on 
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the semiconductor side increases, making the current fow from the semiconductor 
to the metal minimal. Hence, the contact is rectifying, meaning that it lets current 
through with forward bias but practically blocks the current fow on reverse bias [24]. 

Ohmic contacts, on the other hand, have linear IV behavior following the Ohm’s 
law. With ohmic contact, there isn’t similar potential barrier between the semicon-
ductor and the metal, but the bands bend in such a manner that the current can fow 
straight from the semiconductor to the metal or vice versa. An ideal ohmic con-
tact has a negligible contact resistance, and the voltage drop is minimal compared 
to that of the actual active part of the device. Since resistance is property of an ac-
tual contact rather than an interface junction, the quality of ohmic contacts is usually 
evaluated using specifc contact resistivity ��. To achieve suffciently low ��, ideally 
the semiconductor material must have a high doping concentration, and the two ma-
terials forming the contact must have such work functions that the potential barrier 
is as small as possible. If both doping concentration and barrier height are high, it 
is possible that a contact, which in principle would be a Schottky contact, actually 
behaves like an ohmic one due to tunneling of carriers through the barrier. [49] 

With the n-type semiconductor, the contact will be ohmic if �� < �� and 
Schottky if vice versa. With the p-type semiconductor, the contact will be ohmic 
if �� > �� and Schottky if vice versa. The illustration of interface band structure is 
presented in Figure 4. 

However, in reality, the contact type can not be predicted with just the measured 
work functions, as they are bulk properties and the surfaces usually have different 
work functions because of defects, dangling bonds, and contaminants. These features 
can create interfacial states in the band gap at the metal-semiconductor interface. A 
high amount of these interfacial states may lead to Fermi level pinning, in which the 
Fermi level is stuck at some energy where it initially would not be, resulting in a 
Schottky contact even though, based on work functions, the contact should be ohmic 
[24; 48; 50]. 

The contact metal can also contribute to the interfacial states. The origin of extra 
states in the band gap is explained with metal-induced gap states (MIGS). In vacuum, 
the wavefunctions of the electrons in the metal decay to the vacuum, but when placed 
in contact with a semiconductor, the decaying wavefunction tails extend over the 
interface to the semiconductor. In the energy range where the top of the conduction 
band of the metal overlaps with the semiconductor band gap, a continuum of states 
appears. At the same time, semiconductor induced, bulk like states appear on the 
metal side of the interface. These states affect the Schottky barrier height and make 
predicting the type of contact more diffcult. [51] 

Not only do the mentioned issues affect the contact type, they also generally hin-
der the performance of the said contacts even if the contact type is the one that was 
desired. For example, with Schottky contacts, the interfacial states generate a higher 
leakage current, that is, unwanted current fow in the off-state, leading to parasitic 
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Figure 4. Formation of ohmic and Schottky contacts for n-type semiconductor. In (a) the metal 
work function �� is smaller than that of semiconductor �� , which leads to a formation of ohmic 
contact seen in (b). In (c) the metal work function is greater than that of semiconductor, leading to 
a Schottky type contact and the formation of potential barrier VB seen in (d). 

drain [52]. In a similar manner, the interfacial states increase the dark current in 
photosensitive devices, because the thermal excitation of charge carriers in the semi-
conductor increases via the defect levels, making the device less effective [53; 54]. 
With ohmic contacts, the density of states in the interface has been seen to directly af-
fect the specifc contact resistivity, and the low specifc contact resistivity is not only 
a desired feature of ohmic contacts but also Schottky contacts [3; 55]. These prob-
lems highlight that further metal-semiconductor interface optimization is needed, 
especially since the meaning of interface increases as the device size decreases. 

2.3.1 Device examples 

Solar cells 

The solar cell is a photovoltaic device that is used to generate electricity from sun-
light. It is based on pn-junction between semiconductors and a photovoltaic effect. 
A schematic of a pn-junction with photovoltaic effect is presented in Figure 5. 

As n- and p-type semiconductors are brought to a contact, they form a junction. 
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p-type

n-type

Figure 5. A schematic drawing of a solar cell. The p- and n-type materials form a pn-junction, 
creating a depletion region (white mesh). The electrons (blue dots) and holes (orange dots) 
generated by the photons (yellow arrow) drift to their respectful sides and to the metal contacts. 

In the middle of the junction, a space charge region is generated. This creates an in-
ternal electric feld, which moves the free electrons to the n-side and the holes to the 
p-side. As more and more carriers are packed to both sides, the carrier movement is 
slowed down. Eventually, the movement of charge carriers is halted as the junction 
is emptied from the free charge carriers. This empty space is called the depletion 
region, and if more charge carriers are generated, the internal electric feld will sep-
arate them to their respectful sides. The pn-junction essentially turns into a Schottky 
diode once a metal contact is added [56]. 

The photovoltaic effect is essentially the electron excitation mechanism described 
in section 2.1.2 when the source of exciting energy is an incoming photon. In a solar 
cell, if the photon energy is suffcient and the p-n junction is excited, the generated 
electron in the conduction band and the hole left on the valence band will drift to 
opposite directions due to the internal electric feld of the junction. This will create 
a voltage, which is effectively the output of the solar cell [57]. 

Metal-oxide-semiconductor feld-effect transistor 

One of the cornerstones of modern electrical devices is the metal-oxide-semiconductor 
transistor (MOSFET). It consists of a semiconductor substrate with certain doping, a 
source and drain regions with a semiconductor doped with high opposite doping, and 
a gate area in the middle with oxide layer. The substrate region between the source 
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and the drain, under the gate oxide, is called a channel. Essentially, the source and 
drain form a npn- or pnp-junction with the substrate, depending on the setup. A 
schematic fgure of a MOSFET structure is presented in Figure 6. 

p-type substrate

n n

Figure 6. A schematic drawing of a MOSFET. Source and drain regions have opposite doping 
than the substrate, and a gate insulator is deposited between them (black and white striping). 
When voltage is applied to the metal contacts (black), a channel forms under the gate oxide (white 
mesh). 

The source, drain and gate have metal contacts on top of them, and the gate is 
effectively a metal-oxide-semiconductor capacitor. When the voltage inserted into 
the gate is zero, there is no current fow between the source to the drain, meaning 
that the transistor is in off-state. This is due to a potential barrier generated between 
the source/drain and the channel area due to the opposite doping, blocking the fow 
of charge carriers. When the bias voltage is fed to the gate, the potential barrier 
starts to decrease. Once the bias voltage is greater than the threshold voltage, that 
is, the height of the potential barrier, the channel opens and the charge carriers can 
fow between the source and the drain. If the substrate is p-type, the source and the 
drain are n+-type, and the current fow is from the source to the drain and the charge 
carriers are electrons. If the substrate is n-type, the source and the drain are p+-type, 
and the current fows from the drain to the source as the holes act as charge carriers. 
[58] 
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3 Experimental methods 

This chapter covers the experimental methods used in the research work of this the-
sis. Methods include ultra-high vacuum (UHV) surface science techniques combined 
with wet chemistry and electrical characterization. As a result of combining these 
methods, the materials and their properties have been thoroughly investigated, and 
changes as a result of treatments have been analyzed. 

3.1 Ultra-high vacuum (UHV) 
In order to avoid immediate reaction of the semiconductor surface with the environ-
ment after treatment/cleaning, a clean and a contaminant free environment must be 
established. This can be achieved using ultra-high vacuum. This is also the prereq-
uisite for utilizing many surface science techniques since the particles used in the 
technique require a long mean free path so that they don’t annihilate before they 
reach their target. 

Ultra-high vacuum is defned as an environment having a pressure below 10−9 

mbar, and a typical modern UHV system can easily reach pressures below 10−10 

mbar. Such pressures are achieved using different types of pumping. The pumping 
confguration consists of roughing pump, which can be an oil rotary-vane pump or a 
dry scroll pump (also called a back pump in some context), a turbomolecular pump, 
and an ion pump. With roughing pumps, it is possible to achieve pressures of 10−3 

mbar. To get lower than that, turbomolecular pumps must be used, which can enable 
low 10−9 mbar pressures. Ion pumps are required to get even lower than this. The 
roughing pumps and turbomolecular pumps are completely mechanical and base on 
either mechanical pressing of the gas molecules in cyclic manner or fast rotating 
blades which collide with gas molecules and direct them through the structure of 
rotating and stationary blades, respectively. Ion pumps, on the other hand, rely on 
high voltages giving stray electrons enough energy to ionize gas molecules in the 
event of collision, which are then collected in the ion pump by having the ions react 
with the Ti layer on the pump walls and stick there. Pumps also have the possibility 
for Ti sublimation to create a new covering layer to refresh the Ti coating on the 
pump walls. [59] 

UHV requires tight sealing between the components, which can also withstand 
the great pressure difference. While welding the parts together is a solid method 
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to create air-tight connection, it denies modifcation and modularity of the UHV 
system, which is why only the actual UHV chamber is assembled by welding. As for 
fanges, ports and view ports knife-edge or ConFlat fanges is used. Usually made 
from stainless steel as the chamber itself, two fanges are sealed together by placing 
a soft metal gasket between the fanges and tightened together with bolts. The knife 
edges in the fanges penetrate the soft metal gasket, creating the seal. Copper is the 
most used and reliable gasket material, but nickel and aluminum are also possible 
materials. The bolts used to join the fanges have to be the same material as the 
fanges so that the whole joint expands uniformly in elevated temperatures. [60] 

For pressure measurement, three main gauge types are used: Pirani, cold cathode, 
and hot cathode. The Pirani gauge is based on a wire heated with current, and the 
wire is part of a Wheatstone bridge circuit. A change in the pressure leads to a 
change in the thermal conductivity, which changes the temperature of the wire, which 
ultimately leads to a change in the resistance of the wire. The change in the resistance 
can be used to monitor the pressure. The most sensitive and accurate way to operate 
the setup is to keep the resistance of the wire constant by varying the voltage fed to 
the bridge. Pirani gauges can measure pressures down to 10−3 mbar [61]. For lower 
pressures, cold or hot cathode gauges are needed. In the cold cathode gauge, a DC 
voltage in the kilovolt range is used to create a gas discharge between the anode and 
the cathode. The discharge generates electrons, and with the magnetic feld, the path 
of the electrons is increased by forcing the electrons to travel in spirals. The spiral 
trajectory increases in the path length compared to a direct anode-cathode path, thus 
generating more ionizing collisions resulting in a broader measurement range. The 
current generated by the ions that reach the cathode is used to determine the pressure. 
A reasonable measurement range for such a gauge is between 10−2 mbar and 10−8 

mbar [62]. The hot cathode gauge uses a glowing cathode to generate electrons. 
The generated electrons are accelerated to the anode, where they collide with gas 
molecules, which ionize and when reaching the ion collector generate the ion current, 
which is used to determine the pressure. In the most common type of hot cathode 
gauges, Bayard-Alpert ionization gauge, the electrons generated by cathode wires 
are accelerated to the cylindrical mesh anode, where they ionize the gas molecules. 
The collector is a thin wire in the middle of the anode on the axis of the cylindrical 
mesh. The reason for the construction is to minimize the effect of soft x-rays, which 
form when the electrons collide with the anode. When the x-rays hit the collector, 
the photoelectrons are released, and the current loss from this would give a falsely 
high pressure reading. The measurement limit for Beyard-Alpert gauges can be as 
low as 10−13 mbar [61; 62]. 

The UHV system used in this work consisted of three chambers: load lock, 
preparation chamber, and analysis chamber separated by gate valves. Samples of 

26 x 12 mm were introduced into the system via the load lock pumped with turbo 
pump. The load lock was connected to the preparation chamber pumped with turbo 
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and ion pumps. The preparation chamber consisted of a sample manipulator with a 
resistive heating element, a selection of different evaporators (not used in this work), 
and a needle valve for introducing gasses into the chamber. The base pressure in 
the chamber was 1 × 10−8 mbar. The preparation chamber was connected to the 
analysis chamber, which was also pumped with turbo and ion pumps. The analysis 
chamber featured a sample manipulator with resistive heating element and a direct 
current heating setup, x-ray photoelectron spectroscopy (XPS), scanning tunneling 
microscopy/spectroscopy (STM/STS), and low-energy electron diffraction (LEED) 
instrumentation. The base pressure in the analysis chamber was 5×10−10 mbar. The 
schematic structure of the used system is presented in Figure 7. 

Load-lock
Preparation

chamber

Analysis

chamber

Gas inlets,

indirect heating

Direct and

indirect heating

XPS, STM,

LEED

Figure 7. A schematic drawing of the used ultra-high vacuum system. 

3.2 Preparing the semiconductor surface 
In order to understand how the semiconductor surface and the deposited metal inter-
act, the surface prior to metal deposition has to be optimized. The principal methods 
used here are wet chemistry and UHV treatments. 

3.2.1 Wet chemistry 

Wet chemistry was used for two purposes: cleaning/treating the surface and remov-
ing metal from the surface after lithography. 

For silicon surface cleaning, the full Radio Corporation of America (RCA) pro-
cedure with HF dip, and only HF dip was used. RCA utilizes sulfur acid (H2SO4), hy-
drogen peroxide (H2O2), ammonium hydroxide (NH4OH), hydrochloric acid (HCl) 
and de-ionized water (DIW), and the procedure was as follows: 3 minute ultrasonic 
baths in acetone, methanol, and 2-propanol followed by N2 drying. Following ul-
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trasonication, the sample was immersed in a 80 ∘C Piranha solution consisting of 
H2SO4 (95-97 %):H2O2 (30 %) (3:1). After this, the sample was inserted into the 
80 ∘C SC-1 solution of NH4OH (28-30 %):H2O2 (30 %):DIW (1:1:5) followed by an 
immersion into a 80 ∘C SC-2 solution of HCl (37 %):H2O2 (30 %):DIW (1:1:6). The 
fnal step was to immerse the sample into a 5 % HF solution for 5 seconds to remove 
the silicon oxide from the surface and passivate the surface by hydrogen termination 
to prevent native oxide from forming in air. After each step except the ultrasonica-
tions, the sample was rinsed with DIW and blow dried with N2. The other treatment 
was to immerse the sample in a 5 % HF solution for 5 seconds followed by DIW 
rinse and N2. The GaN surface was treated for 1 minute in 60 ∘C 4 M potassium 
hydroxide (KOH) solution followed by immersion in DIW for 1 minute. 

3.2.2 UHV treatments 

Two main UHV treatments for semiconductor surfaces were used: heating and gas 
exposure. Both treatments were possible at the same time in the UHV system in-
troduced in 3.1. The UHV system provided a possibility to heat the semiconductor 
samples by either conducting current straight through the sample (later referred to 
as direct heating) or by using a heater in the sample manipulator beneath the sample 
(later referred to as indirect heating). Direct heating was used for silicon to achieve 
temperatures as high as 1250 ∘C fast (later referred to as fash heating). To prevent 
excessive pressure increase due to the outgassing of the sample, the treated sam-
ple was initially degassed in 600 ∘C for multiple hours to allow the vacuum recover 
from pressure increase resulting from heating the sample to the degassing tempera-
ture. The purpose of degassing was also to remove carbon contamination, which can 
cause a formation of unwanted SiC clusters at elevated temperatures. One cycle of 
fash heating was done by quickly ramping the temperature to 1250 ∘C, keeping the 
temperature for 5 seconds and returning to 600 ∘C. This was repeated 5-10 times. 

Indirect heating consisted of tungsten wire bend so that it formed an rectangular 
heater. Wire was covered with ceramic insulator to prevent short-circuiting. Element 
was located in the manipulator in a position where the sample holder was placed so 
that the element was directly under the sample holder. Indirect heating was used to 
heat the samples up to 500 ∘C, and in opposite to the fash heating cycle, the heating 
time was up to 1 hour. Both direct and indirect heating’s were conducted in the 
analysis chamber. 

For gas exposures, a leak valve connected to the preparation chamber was used. 
Gas was selected by adjusting the valves at the valve table connected to the gas 
bottles including O2, H2 and NH3. Gas was introduced to the chamber by slowly 
opening the leak valve and observing the pressure. Typical gas exposure was done 
at 5 × 10−6 mbar partial pressure while pumping with a turbo pump. In case of 
combining heating and gas exposure, the temperature was frst set to the desired 
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value and then the leak valve was opened to achieved the desired partial pressure. 

3.3 Surface characterization techniques 
Three different ultra-high vacuum surface characterization methods and one con-
tact resistivity measurement method were utilized in this work. X-ray photoelectron 
spectroscopy was used for characterizing the chemical composition of the surface, 
low-energy electron diffraction was used to determine the surface structure and re-
constructions, and scanning tunneling microscopy/spectroscopy to scan the surface 
topology on the atomic level as well as measuring local density of states to determine 
the band gap of the surface. 

3.3.1 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy is used to characterize the chemical composition 
of the upmost surface. It is based on the photoelectric effect. As the material absorbs 
a photon, the photon gives all its energy to the material system of which energy states 
change via the electron-level occupation. If the energy of the photon is greater than 
the binding energy of the electron in the solid material, i.e., the energy required to 
remove the electron from the material to the vacuum, the electron is removed from 
the material and a photoelectron is created. The kinetic energy of the photoelectron 
in this case is 

�� = ℎ� − �� − �, (5) 

where ℎ� is the photon energy, �� is the binding energy of the electron and � is the 
work function of the spectrometer. The work function can be defned by measuring 
the spectrum of a known material, e.g., gold, and adjusting the work function so 
that the measured spectrum matches the reference spectrum. Since the energy of the 
incoming photon can vary according to used x-ray source, it is more convenient to 
use electron binding energy in the analysis, which can be presented as 

�� = ℎ� − �� − �. (6) 

Common x-ray radiation sources in commercial devices are Al k-� and Mg k-� x-
ray tubes with photon energies of 1486.6 eV and 1253.6 eV, respectively. X-rays 
can also be produced by using a synchrotron, for which a separate facility has to 
be built (please see the subsubsection ”Synchrotron radiation x-ray photoelectron 
spectroscopy”). [63] 

To achieve discrete spectra, the incoming radiation has to be monochromatic, and 
in case of Al the system needs to have an additional monochromator. In addition to 
the x-ray source the measurement equipment consists of analyzer for distinguishing 
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the photoelectrons and a detector to receive the information about the photoelectron 
energies. As the photoelectrons are removed from the material, they fy to the an-
alyzer. Extraction optics at the beginning of the analyzer gather the electrons so 
that the electrons can enter the analyzer only with a certain trajectory. The kinetic 
energy required to enter the analyzer can also be regulated by adjusting the pass 
energy. Higher pass energy enables larger amount of photoelectrons to enter the 
analyzer with a cost of resolution and vice versa. After the extraction optics the pho-
toelectrons enter the hemispherical analyzer. The hemispherical analyzer consists 
of two hemispheres with a voltage difference between them. This voltage modifes 
the trajectory of the photoelectrons according to their entering kinetic energy, so that 
once the photoelectrons reach the detector, they hit different spots on the detector 
which makes the determination of different energies possible [63; 64; 65]. A simple 
schematic of an XPS setup is shown in Figure 8. 
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Figure 8. A schematic drawing of an XPS measurement setup. 

The penetration depth of the x-rays is dozens of micrometers, however due to 
collisions between other particles the escape depth of the photoelectrons is roughly 
less than 10 nm depending on the material. The intensity of the received signal de-
pends on the electron core where the photoelectron escapes: deeper the core level is, 
the higher the measured binding energy is. In addition to this, the physical escape 
depth of the photoelectron affects the signal intensity, enabling depth analysis with-
out a need for depth profling using sputtering: by measuring photoelectrons from 
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deep core levels known to have low intensity, low kinetic energy and small escape 
depth, it’s possible to distinguish if the measured material is right at the surface or 
deeper. [66] 

If the material is insulating, the loss of photoelectrons can lead to positive charg-
ing of the surface. This will cause a shift in the measured core-level spectrum towards 
higher binding energy due to opposite charges if the surface and the photoelectron, 
and cause broadening in the peaks. Shift in core-level spectrum makes the chemi-
cal composition analysis diffcult as the binding energy of the electrons depends on 
the bonding environment of the atoms in the material. In turn the broadening of the 
peaks causes the component crystallinity analysis diffcult, as the sharpness of the 
peaks is directly proportional to the crystallinity of the measured material compo-
nent. This can be compensated with a separate electron gun, which shoots electrons 
to the surface. The electron fux from the electron gun has to be adjusted to match 
the electron loss of the surface. [63] 

Two XPS devices were utilized: one with non-monochromatized Mg k-� with 
spot size of 3-4 mm in the UHV system (in-situ XPS), and Thermo Scientifc Nexsa 
system with monochromatized Al k-� with charge compensation and adjustable spot 
size (ex-situ XPS). In-situ XPS was used to characterize the surface during UHV 
processing, while ex-situ XPS was used to determine surface composition after metal 
deposition and study the effect of air exposure to the treated surfaces. 

Synchrotron radiation X-ray photoelectron spectroscopy 

For more accurate photoelectron spectroscopy, a synchrotron radiation source is 
needed. Compared to standard laboratory XPS like described earlier, synchrotron 
radiation x-ray photoelectron spectroscopy (SR-XPS) require facilities that are much 
more complicated. Figure 9 shows the basic structure of the synchrotron radiation 
facility. [67] An electron gun produces electrons that are guided through a linear 
accelerator (linac). Once the electrons are accelerated, they move to the booster ring. 
Here the electrons are accelerated further, typically to the energy of the electrons 
which are in the main storage ring. The electrons from the booster ring are fed to the 
storage ring but only when the current in the storage ring drops to a certain thresh-
old. The storage ring holds the electrons used to produce the synchrotron radiation. 
The electrons in storage ring have energies of GeV’s, and are traveling close to the 
velocity of light. [67] 

Despite the name ”ring”, the storage ring isn’t a perfect circle but has corners and 
straight lines. Ring-like form is made with bending magnets at the corners, which 
defect the electrons so that they change their trajectory along the ring. Change in the 
trajectory generates radiation, but the insertion devices at the straight parts are the 
main source of the radiation. Insertions devices alter the trajectory of the electrons 
back and forth, and the change in the travel direction results radiation. Either wig-
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Figure 9. A schematic drawing of a synchrotron radiation facility. Only one beamline is drawn here 
as an example, but in reality after every insertion device there is a beamline. 

glers or undulators can be used as insertion devices, and they have similar working 
principle of consecutive opposite magnets causing back and forth movement in elec-
tron path, except that the magnitude of the movement is different with the two. With 
undulator the movement is smaller, resulting in narrower radiation beam. Emission 
of the synchrotron radiation causes losses in electron energy, which is compensated 
by radio frequency (RF) supply. The energy of the electron is raised back to the 
storage ring energy every time the electron passes through the supply. [67] 

Beamline is placed along the straight parts of the ring, tangentially to the bending 
magnets. After the front end of the beam, which separated the storage ring from the 
beamline, the optics modify the beam and are customary to each beamline depending 
the purpose of the beamline. The fnal stage is the end station or the experimental 
hutch, in where the actual experiment is performed. [67] 

One of the greatest benefts of synchrotron radiation in surface surface compo-
sition analysis is the tunability of photon energy. Even with small photon energies 
the attenuation length of the photon is easily hundreds of nanometers, meaning that 
the photons penetrate much deeper than the surface layer usually is. However, the 
photoelectron attenuation length is signifcantly smaller, in the range of nanometers. 
By adjusting the photon energy, the attenuation length of the photoelectron, i.e., the 
signal depth, can be adjusted. This enables measuring the surface composition at 
different depths, even below 1 nm, in comparison to XPS equipment with a fxed 
energy photon source [68]. 
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The experiments were conducted in the MAX IV synchrotron facility at the 1.5 
GeV storage ring at the FinEstBeAMS beamline. Unlike in Figure 9, MAX IV 
doesn’t use booster ring but accelerates electron only using linear accelerator. The 
beamline consists of two branch lines and three end stations, of which the solid state 
end station (SSES) was used [69; 70]. The source uses undulator type insertion de-
vices, and the beam goes through baffes, mirrors and plane grating. Beam is divided 
to branches with exit slits, which are followed with higher-order suppressing flters 
before mirror directing the beam to the end station. 

3.3.2 Low-energy electron diffraction 

Low-energy electron diffraction is a surface crystalline structure characterization 
method which utilizes electrons with energies ranging between 20-500 eV directed 
to the sample surface. Incoming electrons have a wavelength �, which is recipro-
cally connected to the wavevector �. The magnitude of this wavevector can be used 
as a radius of the Ewald sphere, which illustrates the diffraction condition. In three 
dimension presentation Ewald sphere covers a region consisting of lattice points. To 
simplify, presenting it in two dimensions enables presenting the diffraction condition 
using rods rather than points [65]. Figure 10 demonstrates the use of Ewald sphere. 
As the electron beam hits the surface, the electrons interact with the frst less than 

(0,0) (1,0)(-1,0)(-2,0) (2,0) (0,0) (1,0)(-1,0)(-2,0) (2,0)

a) b)

kin kin

kdiff

kdiff

Figure 10. The principle of the Ewald sphere with a) lower and b) higher electron energy. The 
radius of the sphere is determined by the magnitude of the incoming electrons wavevector �in and 
thus its energy; higher the energy, larger the sphere. The diffraction condition is satisfed when the 
elastically scattered wavevector �dif has a direction towards the intercept of Ewald sphere and the 
rod. 

10 atom layers and both elastically and in-elastically scattered electrons are created. 
Elastically scattered electrons have the same energy as the incoming electrons, and 
thus their wavevector magnitude is also the same. This is also why the surface sen-
sitivity of LEED is much higher than that of XPS, because the elastic electrons frst 
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have to travel to the material and then back to the vacuum. Every elastically scat-
tered electron wavevector that is directed to the intersection of Ewald sphere and the 
rod satisfes the diffraction condition and creates a spot in LEED pattern. As a re-
sult of the conservation of momentum, diffraction can only occur within the range of 
the Ewald sphere. Two dimensional LEED spots are annotated using Miller indices ℎ 
and �. Increasing the energy of the incoming electrons creates a larger Ewald sphere, 
which leads to increased amount of spots visible in LEED. [65] 

The experimental setup consists of electron gun, a set of grids with varying elec-
trical potentials and a fuorescent screen, and is presented in Figure 11. The electron 
gun is directed to the sample surface and is used to produce the incoming electrons. 
As the electrons hit the surface, both elastically and in-elastically scattered electrons 
are generated. The majority, 95-98 % of the scattered electrons are in-elastically 
scattered. Once the electrons scatter from the surface, they travel towards the fuo-
rescent screen through a set of three grids with varying electrical potentials. Small 
negative potential between grid 1 and grid 2 flters most of the in-elastically scattered 
electrons out but lets the elastically scattered electrons pass. Grid 3 and the fuores-
cent screen has large potential difference, which is used to accelerate the electrons 
towards the fuorescent screen. Filtering the in-elastically scattered electrons out 
helps to reduce the bright background in the fuorescent screen and accelerating the 
scattered electrons ensures that they can excite the fuorescent material in the screen 
to show the diffraction pattern. [71] 

3.3.3 Scanning tunneling microscopy/spectroscopy 

Scanning tunneling microscopy is a measurement technique that provides the pos-
sibility to determine the topography of the surface at the atomic level. It utilizes 
tunneling current �t between the sample and a sharp tip which is linearly dependent 
on the local density of states at the surface. Tunneling current is also exponentially 
proportional to the root of the potential barrier � and distance between the sample 
and the tip � as follows: 

√ 
�� � ∝ � . (7) 

Due to the exponential proportionality of current to the distance, even a slight 
change in the distance causes signifcant change in the current and vice versa, the tip 
has to be very close to the surface in order for tunneling to occur [72; 73]. Due to this 
the tip also has to be very sharp, ideally atomically sharp, since the tunneling current 
will fow from any atomic-scale feature on the tip when brought close to the surface. 
If the radius of the tip is large, tunneling can occur from multiple spots on the tip, 
leading to poor resolution. In reality, getting a atomic sharpness is not possible but 
the radius of a realistic atomic resolution tip is a few hundred Å [74; 75]. 
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Sample

G1 G2 G3 F

Electron gun

Figure 11. A schematic of the LEED measurement equipment. Grids 1, 2 and 3 are labeled as 
G1, G2 and G3, respectively, and the fuorescent screen as F. 

Although the measured topography fgure can be considered to represent the real-
space structure of the surface, i.e., atom structure and order on the surface, in reality 
STM gives information on the electronic structure of the surface. In the resulted 
image the dots representing the atom locations are in fact electronic states. Electronic 
states follow the same symmetry than the actual atoms on a local scale, but it is 
not possible to determine the exact location of the surface atoms with single STM 
measurement. However, local symmetry is suffcient to determine atomic steps and 
fat terraces. [76] 

A simple STM measurement equipment is shown in Figure 12. A basic measure-
ment setup consists of a sample, a sharp metal tip usually made of W, piezoelectric 
drives for tip or sample manipulation, vibration isolation, a feedback loop, and a 
control unit. Depending on the setup, either the tip or the sample is connected to 
��� piezodrives. Using the � piezo, the sample and the tip are brought closer to each 
other. The user can make a coarse approach, but the fnal approach to the measure-
ment distance is done by the control unit. With preset gap voltage �g and current 
values, the control unit moves the sample and the tip closer to each other step by step 
while monitoring the tunneling current with the feedback loop. Once the preset value 
for tunneling current is achieved, the approaching is stopped and the setup is ready 
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for measuring. A sawtooth voltage is applied to the � piezo and a ramping voltage 
is applied to the � piezo, which results in a �� plane imaging. The voltage between 
the sample and the tip can be either positive or negative: with a positive voltage the 
electrons tunnel from the occupied states in the tip to the empty states in the sam-
ple, and with a negative voltage the tunneling occurs from the occupied states of the 
sample to the empty states in the tip. Since the distance between the sample and the 
tip is only a mere fraction of a nanometer, even a small vibration can prevent one 
from obtaining an atomic resolution image. Hence, the vibration isolation is crucial 
and the disturbance has to be less than a picometer. The damping system based on 
suspension springs with eddy-current damping is considered to be one of the most 
effcient one. [73; 75] 

Sample

Feedback

loop

Tunneling current

Computer

z-values

Pre-set tunneling

current

z-piezo

adjustment

Tip

x-piezo 

adjustment

y-piezo 

adjustment

Figure 12. A schematic of the STM measurement equipment. 

For topography measurement, a constant current mode is used. Since the current 
is proportional to the current between the sample and the tip, while scanning the 
surface with constant current, the distance should remain approximately the same. 
During �� scan, should the surface have, for example a terrace step, as the tip goes 
over the step, the tip height is adjusted so that the current remains constant. By 
tracking the � piezo voltage, the variation in the height of the tip can be monitored, 
and from this the topography of the sample surface can be constructed for the image. 
It is also possible to use the constant height mode so that the height of the tip stays the 
same and the changes in current are observed. Having a constant tip height requires 
slower feedback and a very smooth sample surface so that the tip does not hit a higher 
feature on the surface. The information gathered from either the constant current 
mode and the constant height modes is generally close to each other, and since the 
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constant current mode is more safe from the point of view of tip preservation, it is 
used more. [74] 

In addition to topography measurement, STM equipment can be used for scan-
ning tunneling spectroscopy. In contrast to STM which gathers information about 
the surface by rastering, the STS measurement is based on keeping the tip at a cer-
tain point on the surface and measuring the local density of states with varying gap 
voltage. Typically, the point is selected from the STM image so that the surface con-
dition is known before the STS measurement, but it is not mandatory. Varying the 
gap voltage results in an I-V curve, from which a fgure of a ��/��g as a function 
of the gap voltage �g can be drawn. This fgure can be used to analyze the band 
structure on the surface: at 0 V is the Fermi energy, and generally the voltage area 
with ��/��g equal to 0 around the Fermi energy is considered to mark the band gap. 

For measurements presented in this thesis, the Omicron Scala STM/STS was 
used. All measurements were performed at room temperature. 

3.4 Specifc contact resistivity measurements 
For determining specifc contact resistivity �� a transfer length method (TLM) was 
used. The method utilizes a set of metal contacts with length � and width � placed 
on the semiconductor surface with increasing distance �� as seen in Figure 13. By 
measuring voltage drop between the contacts with increasing contact spacing it is 
possible to determine contact the resistance without knowing the sheet resistance of 
the material layer below the contacts. Based on the IV curve measured between the 
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Figure 13. TLM structure. 

metal contacts it is possible to calculate the total resistance �� between the contacts. 
Plotting the resistance values as a function of contact distances gives a slope, which 
can be used to determine the contact resistance ��. Figure 14 shows that the contact 
resistance is half of the intercept value of the y-axis. This value could be used to 
calculate the contact resistivity since the contact dimensions are known, however 
the current doesn’t fow through to the whole contact but only through the edge of 
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Figure 14. As a result of TLM measurement a plot between total resistance and the contact 
distance can be formed. The contact resistivity �� and the effective contact length �� can be 
determined using the slope from the plot. 

the contact. This effect called current crowding has to be taken into account, and the 
effective contact length �� can be determined as a negative half value of the intercept 
of the x-axis. [48] 

Thus, the specifc contact resistivity is calculated using the following equation: 

�� = ��� �� . (8) 

The contact resisitivity measurements were conducted using Rucker & Kolls 666 
probing stage connected to the HP4145B semiconductor parameter analyzer, which 
was controlled with a LabView program. 

3.4.1 Sputter deposition 

The most basic sputtering setup consists of a vacuum chamber, a gas inlet, a metal 
target working as cathode, a sample plate working as anode and a power source. 
Once a suffciently large voltage is applied between the anode and the cathode, the 
argon gas fed into the vacuum chamber at low vacuum range forms a plasma dis-
charge. The metal target working as cathode draws the positively charged argon ions 
towards itself. As the ions hit the metal target, metal atoms are detached from the 
target and fy to the anode where the metal is wanted to be deposited. [77] 

Metal layers for TLM measurements were deposited using Bal-tec MED-020 
sputtering device. The metals used were platinum and nickel, and the metal layer 
thicknesses ranged from 3 nm to 270 nm. 

27 



Mikko Miettinen 

3.4.2 Contact patterning 

For contact patterining, two different lithography methods were used; ”standard” 
and lift-off. In standard lithography, a metal layer covering the whole surface was 
deposited on the sample after the surface treatments. After this, the surface was 
cleaned with acetone and IPA before spreading the positive photoresist on the sur-
face by spinning. After spinning, the photoresist was baked at 115 ∘C for 1.5 minutes 
on a hot plate. This so-called softbake was done to decrease the amount of solvent in 
the deposited resist, thus improving resist adhesion to the surface and decreasing the 
risk of mask contamination and mask sticking to the resist. After baking, a shadow 
mask with the contact pattern was placed on top of the sample and the surface was 
radiated with UV light for 80 seconds. The photoresist exposed to UV radiation was 
dissolved in 0.15 M NaOh solution acting as a developer. As a result, the surface had 
photoresist only at the spots where the contacts were wanted to be formed. Since the 
surface still had excess metal around the desired contact areas, the metal had to be 
etched away. For Pt, the etching solution was boiling aqua regia consisting of HCl 
(37 %):nitric acid (HNO3) (65 %) (1:1), and for Ni the solution was room tempera-
ture HCl (37 %):DIW (1:2). With both solutions, the etching time was determined 
based on the visible changes on the surface. The remaining photoresist on top of the 
contacts was removed with acetone, followed by IPA rinse and drying with N2. 

In lift-off lithography, photoresist deposition and patterning was done before the 
metal deposition. In this case, the desired contact pattern was patterned to the pho-
toresist so that the resist layer had holes on the spots where the fnal metal contact was 
meant to be. The photoresist was patterned using the Kloé Dilase 250 laser writer. At 
this stage, it was still possible to do surface treatments which did not interfere with 
the photoresist layer, such as HF dipping. After the surface was patterned, a metal 
layer was deposited on the surface. The excess metal was removed by removing the 
photoresist beneath it using acetone, followed by IPA rinse and drying with N2. 

The contact pattern used for the TLM measurements consisted of four rows of 
rectangular contacts with dimensions of 300 µm x 600 µm. The distance between the 
frst two contact columns was 300 µm, and the distance increased by 100 µm after 
each column. From each sample, at least four contact pairs were measured from at 
least two contact rows to get a suffcient amount of data for plotting and analysis. 
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4.1 Effects of Ultra-High Vacuum Treatments on n-Si 
Contact Resistivity 

We investigated the effects of combining wet chemical and UHV treatments on n-
type Si contact resistivity. The motivation for this research topic was to see how the 
surface of (100) silicon could be improved from the contact resistivity point of view, 
because UHV has not been used much in metal contact manufacturing. The impact of 
the treatments was tested with low and highly phosphorus doped n-type silicon. Wet 
chemical treatments included Radio Corporation of America (RCA) cleaning with 
HF dip in the end, and a stand-alone HF. UHV treatments consisted of annealing’s 
ranging from 400 ∘C to 1200 ∘C. Surface properties were defned using XPS, LEED 
and STM, and contact resistivity was measured using TLM. 

For low doped n-Si the best treatment was a combination of 1200 ∘C heating 
(”fash heating”) followed by 5 s HF dip. The surface after the fash heating was 
smooth with 2D terraces with visible dimer rows in STM and (2x1)(1x2) reconstruc-
tion in LEED. Surface was cleaned from oxygen and carbon contaminants, and the 
oxide formation during transfer from UHV to HF dip was small. Passivation pro-
vided by the HF dip proved to hold well, and before metallization only very minor 
sub-oxide formation was seen. For highly doped n-Si this, however, was not as suc-
cessful treatment. In fact, the contact resistivities measured from both low and high 
doped samples were the same. 

The main issue with fash heating for high doped n-Si was dopant out-diffusion. 
Such high temperature caused doping atoms to diffuse out from the surface, decreas-
ing the doping concentration and thus increasing the contact resistivity compared 
to just HF treated sample. This was also visible in STS curves, where the surface 
seemed to change from n-type to p-type due to band bending occurring from doping 
concentration difference between the very surface and the area beneath it. Decreas-
ing the temperature to 400 ∘C helped to keep the dopant atoms on the surface, thus 
decreasing the contact resistivity when combined with HF treatments. 

The doping concentration played a crucial role in the current fow mechanisms 
in the samples, as the contact resistivity measured from low doped n-Si turned out to 
origin from a silicide alloy at the interface rather than from an actual ohmic contact. 
The alloy formation was conclude to occur already during metal deposition phase 
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without any annealing, causing the current to fow through the silicon-metal chan-
nel. Alloying was clearly visible in measured XPS spectra from between the metal 
contacts. Surprisingly, the resistivity of the alloy reacted to the surface treatments, 
indicating that the silicon surface structure affects also the silicide properties. When 
replicating the experiments with low doped silicon but using lift-off lithography, the 
measured contacts were Schottky type. With high doped silicon the measured con-
tact resistivities were the same with both standard and lift-off lithography, indicating 
that the values obtained from high doped silicon were actual contact resistivities, and 
the current fows beneath the silicide layer in the semiconductor. 

Experiments showed that the selection of a correct lithography method is crucial 
in contact manufacturing. It is not only a matter of convenience, i.e., no need to select 
a metal specifc etching solution with lift-off, but also an important aspect in achieve 
realistic contact behavior. But, despite the alloy formation, the electric properties of 
the alloy was dependent on the surface treatment of the silicon. Also, a high enough 
doping concentration enabled current fow past the alloy and straight through the 
semiconductor. 

4.2 Surface Properties of p-GaN and Formation of Nickel 
Metal Contacts 

Low-resistivity ohmic metal contacts have proven to be diffcult to manufacture on 
Mg doped p-type gallium nitride. Diffculties in doping activation, high Schottky bar-
rier and Mg-H complexes mean that just increasing the doping concentration doesn’t 
yield low contact resistivity. Annealed stack of Ni and Au has provided low contact 
resistivity contacts due to Ga solubility to Au, but they can not be used if p-GaN 
CMOS technology is to be integrated to Si CMOS processing lines. We investigated 
a simple system of Ni metal contacts on p-GaN to investigate, whether it is possible 
to fabricate ohmic contacts with only Ni and if yes, what happens at the interface. 
Prior to metal contact experiments, the surface of the p-GaN was investigated to un-
derstand the starting surface. Surface was investigated using XPS, LEED and STM. 
Electrical measurements were done using TLM and the metal-semiconductor inter-
face was characterized using SR-XPS. 

Prior to any treatments, the p-GaN surface showed a clear hexagonal (1x1) LEED 
pattern and large terraces in STM. Closer imaging in STM showed that the surface 
has fat areas with white dots. After the KOH treatment the LEED pattern got brighter 
and the white spots disappeared from STM close-up. KOH clearly removed some-
thing from the surface, and XPS measurements showed a change in Mg 1s spectra 
towards more metallic line shape. As there were no changes in Ga 3d spectra but 
the amount oxygen reduced, we concluded that the change in Mg 1s and thus also 
in STM close-up is a result of KOH removing MgO from the surface. However, the 
surface most likely still had gallium oxide, as no change was observed in Ga 3d and 
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surface still clearly had oxygen. 
Annealing was crucial to obtain ohmic contacts; without any annealing, the con-

tacts were Schottky type. The resistivity and the result uniformity depended on the 
annealing background: by annealing only in UHV, the resistivity wasn’t uniform 
when measured from different contact rows. By annealing in NH3 background gas 
at 5 × 10−5 mbar partial pressure the resistivity did not only half, it also was sig-
nifcantly more uniform. Beneft of NH3 background gas was suggested to be the 
suppression of nitrogen vacancies which can work as a compensating n-type doping. 

SR-XPS measurements showed that as a result of UHV annealing an additional 
Ga component is created. The sample annealed with NiO on the surface had a clear 
Ga peak with 500 eV photons, and inspection with very surface sensitive 200 eV 
photons showed two sharp Ga peaks. Diffusion of Ga to the surface was clear since 
no Ga was observed even with high energy photons prior to the annealing. Sharp 
additional Ga component was also observed in the sample with NiO removed before 
annealing. Since the spectra measured from this sample also had signal from Ga-
N region due to thinner capping layer, the binding energies of KOH treated and 
metal capped UHV annealed surfaces could be compared; the UHV annealed surface 
showed a clear shift in Ga 3d spectra towards higher binding energy. 

Combination of contact type change and the changes in XPS lead to a conclusion 
that the diffusion of gallium to the nickel layer left gallium vacancies to the interface. 
These vacancies generate extra electron levels which lie in the band gap close to the 
valence band and act as a path for the charge carriers to tunnel through the Schot-
tky barrier. Annealing also caused nitrogen diffusion, which could be suppressed 
using NH3 background gas, but the effects to the chemical composition of the inter-
face should be investigated more to determine the role of the background gas more 
accurately. 

4.3 Potential of ultrahigh-vacuum based surface treat-
ments on silicon technology 

Despite UHV being clean and controlled environment for silicon processing, it is not 
that common in silicon technology. One of the issues is the high temperature which 
is considered to be needed to increase the crystallinity of the silicon surface. To 
investigate possibilities of making UHV more compatible with the industry, we con-
ducted four different investigations: low temperature annealing of RCA cleaned and 
HF dipped Si in hydrogen partial pressure, UHV oxidation and annealing of fashed 
Si, post-annealing of RCA cleaned Si and oxidation of sidewalls of a commercial Si 
diode. 

Annealing a RCA treated Si in H2 background at 200 ∘C increased the surface 
crystallinity; the surface sensitive LEED measurement with lower electron energies 
showed a clear increase in diffraction spot brightness. At the same time the carbon 
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concentration at the surface reduced by 2.5 times. The result shows that generation 
of atomic hydrogen or hydrogen plasma is not necessary, but a gentle exposure with 
low temperature is enough to clean the surface. 

200 L oxidation of a fashed Si surface at 400 ∘C created an oxide on the surface. 
STM measurements showed visible two-dimensional islands on the surface indicat-
ing local crystalline order despite local variation. Heating the surface to 600 ∘C 
increased the surface roughness. 

RCA cleaned Si surface had a chemically grown oxide on the surface and did not 
provide any LEED pattern prior to UHV annealing. Annealing at 500 ∘C didn’t re-
sult a LEED pattern, but 700 ∘C resulted a faint (1x1). The band gap measured with 
STS was the same for both 500 ∘C and 700 ∘C annealed samples, indicating that the 
surface was still clearly oxidized after 700 ∘C annealing. The reason for the (1x1) 
diffraction spots could be the contribution of the underlying bulk layers due to the 
increased roughness which makes the oxide layer thinner, or that annealing increases 
the crystalline order of the oxide. Annealing in 800 ∘C changed the surface struc-
ture to (2x1)(1x2) reconstruction, but STM showed that the surface roughness had 
increased, highlighting that LEED isn’t an absolute measure of surface crystallinity. 
An increase to 800 ∘C was also crucial for the surface oxygen concentration reduc-
tion, as the O 1s showed a 30-time decrease in XPS. 

Oxidation of native oxide covered Si diode sidewalls increased the oxide con-
centration at the surface. Additionally, the electron levels in the band gap near the 
Fermi levels decreased, which lead to lower leakage current in the reverse bias volt-
age region. The resulted oxide has proven to be stable as re-measuring the leakage 
current after 1 year showed only a very slight increase in the leakage current. This 
gives a good reason for UHV based treatments to be included in the silicon device 
fabrication process. 
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