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Abstract

This thesis investigates a range of surface and interface preparation procedures for the
ternary I11-V semiconductor, InGaAs which has potential applications in high speed
metal-oxide-semiconductor field effect transistors (MOSFETSs). Various chemical
methods of passivating the InGaAs surface prior to high-k dielectric deposition have
been studied. Both conventional x-ray photoelectron spectroscopy (XPS) and high
resolution synchrotron radiation based photoemission spectroscopy (HSRPES) have
been used to investigate the chemical interactions at the high-k/InGaAs interface while
electrical characterisation studies have been made by current-voltage (I-V) and
capacitance-voltage (C-V) measurements. A systematic study of in-situ sulphur
passivation of the atomically clean InGaAs surface has been performed and a
comparison has been made with wet chemical ex-situ preparations methods. High
temperature thermal stability experiments were also performed to establish a threshold
decomposition temperature for these surfaces. In addition, high temperature thermal
stability studies were carried out on interfaces between ultrathin atomic layer deposited
(ALD) Al,03 layers and differently prepared InGaAs surfaces. The interface formation
between an in-situ deposited MgO dielectric layer and the atomically clean InGaAs
surface was studied by high resolution synchrotron radiation based photoemission.
Finally, the effectiveness of the insertion of ultrathin ALD deposited Al,O3 dielectric
layers on the Schottky barrier formed at the interface between different work function

metals and the InGaAs surface was also investigated.
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Chapter 1

Introduction

1.1 Need for high-k dielectrics in nanoelectronics

Dimensional scaling of silicon based complementary metal oxide semiconductor
(CMOS) technology has been at the heart of Moore’s law. In 1965, Gordon
Moore [1] predicted that for silicon-based integrated circuits, the number of
transistors per square centimetre would double every 12-18 months. Indeed the
number of transistors per chip has been increased from a few hundred in the 1970’s
to billions in current processor technology. As the number of transistor devices per
unit area continues to increase, the dimensions of the transistor devices must
decrease accordingly. The scaling of the MOS-devices has become the driving force
for the semiconductor industries. The challenges which the semiconductor device
industry faces include reduced power consumption and high speed operation at a low
cost. A critical factor in the performance of a metal oxide semiconductor field effect
transistor (MOSFET) is the thickness of the gate dielectric. For the last three decades
of MOSFETSs fabrication, SiO, has been used as the dielectric material on the Si
substrate because of its excellent material and electrical properties. It is relatively
easy to thermally grow high quality layers of controlled thickness on the Si substrate,
it has good electrical insulation properties and forms a highly stable interface with
silicon. At the Si/SiO, interface of high quality MOS structures the interface state
defect density is ~10'%/cm? and hard breakdown fields in excess of 10 MV/cm are
routinely achievable. However, with continued dimensional scaling, these ultrathin
SiO, dielectrics suffer heavily from reliability and high power consumption issues
caused in part by charge trapping and quantum tunnelling through the dielectric
which manifests itself as leakage current. In MOSFETS the gate capacitance would
decrease with the reduction in the channel length and the gate area which can be
compensated by decreasing oxide thickness in order to prevent short channel effects.
Therefore a replacement of the SiO, must be found. According to the International
Technology Roadmap for Semiconductor (ITRS) [2], after reaching the oxide

thickness of 1.2 nm the scaling in Si CMOS has more or less stopped which
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Wave function

results in a substantial undesirable leakage current due to guantum mechanical

tunnelling [3].

The mechanism of direct quantum tunnelling across the insulating dielectric of thick

and thin barrier (d) in MOS capacitors is graphically represented in Figure 1.1

Wave function

Barrier thickness (d) Barrier thickness (d)

Figure 1.1 For thick and thin potential barriers, the wave function of an electron

as it reaches a potential barrier

The tunnelling current Jpr in @ MOS structure increase exponentially with decreasing

oxide thickness and is given by the equation

Jor =5 ¢exp($<2me)1/2 toxwl/z) (1.1)

 2[ht2,

Where q is the charge of the electron me is the effective mass of the direct tunnelling

electrons, to is the thickness of the oxide.
This equation shows the strong dependence on oxide thickness and barrier height at
the interface.

B = @, (12)

2

where @ is barrier height at the metal oxide semiconductor interface and E is the
electric field across the oxide. With a physical thicknesses of SiO; below 1 nm,
quantum mechanical tunnelling would allow gate leakage currents of 1 A/cm?at 1V,

while it is desirable that it does not exceed 1.5 x 102 A/cm?. Therefore new dielectric
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materials which have higher dielectric constants must be used to reduce the leakage

current. The capacitance of a parallel plate capacitor cane be written as

C= efA (13)

where g IS the permittivity of free space, k is the relative permittivity of the
dielectric material, A is the area of the device and t is the thickness of the dielectric
layer. In device scaling, when the area A of the structures decrease, in order to
maintain the same capacitance the thickness t of the dielectric layers must also
decrease which leads to undesirably large gate leakage currents. Hence, the solution
to the tunnelling problem is to replace SiO, with a physically thicker layer of a new
material of higher dielectric constant (permittivity) k in order to retain the same

equivalent capacitance at reduced leakage currents.

In successive generations of device scaling all FET dimensions reduce
proportionately. When new gate dielectric materials are introduced it is convenient to
define an ‘electrical thickness’ of the new gate oxide material in terms of its

equivalent silicon dioxide thickness or ‘equivalent oxide thickness’ (EOT) as

(1.4)
t,, = EQT =227 highk

0x Kk

where 3.9 is the static dielectric constant of SiO; and tyignk is thickness of the high k
dielectric layer For a material of a k value of roughly 20, a 5 nm thick layer would
have the same dielectric properties as 1 nm of SiO, and would significantly reduce
any leakage current. An important objective in continued microprocessor
development is therefore the introduction of high-k oxides which allow scaling to

continue to ever lower values of EOT.
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1.2 Choice of high-k dielectrics

One of the main challenges with high-k oxide integration is to achieve a high quality
interface between the high-k film and the semiconductor substrates. At the Si/SiO,
interface of high quality MOS structures, the interface state defect density is
~10"%cm?. The search for alternative high-k oxides that could offer stable interfaces
with a low density of electrically active defects has become a topic of major interest.
Beyond silicon dioxide (SiO,) and silicon nitride (Si3N4), a number of high-k
dielectric candidates such as aluminium oxide (Al,O3) [4-6], gadolinium oxide
(Gd,03) [6], magnesium oxide (MgO) [7-9], erbium oxide (Er,O3) [10], lanthanum
aluminium oxide (LaAlO3), La,Os(lanthanum oxide) [11, 12], tantalum pentoxide
(Ta,Os) [13, 14, 15], zirconium dioxide (ZrO;) [16,17], zirconium silicate
(ZrSi04)[18], hafnium oxide (HfO,) [19-22] hafnium silicate (HfSiO4) [23], and
strontium titanate (SrTiO3), have been proposed and investigated, with HfO, and
Al,O3 getting special attention. Table 1.1 and Figure 1.2 shows that the k value of
candidate oxides tends to vary inversely with the band gap value.
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Figure 1.2 Band gap versus static dielectric constant for

candidate gate oxide materials [24]
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Table 1.1 Static dielectric constant (k) and experimental band gap of high-k
oxides [25].

Dielectric k value Band gap (eV)
SiO, 3.9 9
Si3gNy 7 5.3
HfO, 25 5.8
Al,O3 9 8.8
TiO, 80 3.5
Tay0s 22 4.4

SrTiO; 2000 3.2
ZrO, 25 5.8

HfSiO4 11 6.5
La,03 30 6
Y203 15 6

LaAlO; 30 5.6

For a good quality semiconductor/dielectric interface the required properties for a
new high-k oxide according to John Robertson [24]:

1. It must have a high enough ‘k’ that it will be used for a reasonable number of
generations of scaling. It is reported that a k value between 25-30 is required [24],
and while there are several available candidates with k values as large and larger
than this (30-110) Ta,Os , SrTiO3 [24] and TiO, [25] these materials do not satisfy
some of the following criteria such as band offsets, large leakage current and poor
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thermal stability [26]. Robertson reports that, in general, the bandgap of materials

decreases as the dielectric constant increases as shown in Figure 1.2

2. The dielectric material must be thermodynamically stable to withstand the high

temperature annealing steps in device fabrication (1000 °C for 5 seconds).

4. It must act as an insulator, by having band offsets relative to channel and gate over

1 eV to minimise carrier injection into its bands.
5. It must form a good electrical interface with the semiconductor channel.

6. It must have few electrically active bulk defects.

Ideally the gate oxide film should be a single amorphous structure for a given
composition, no dislocations or grain boundaries and a continuous random linkage
which tends to minimize electrically active defects. While a variety of different
deposition techniques can be used to deposit the dielectric films in a controlled way;
atomic layer deposition (ALD) is one of the principal methods for the deposition of
high-k dielectrics for MOSFET applications. ALD is a layer by layer growth process
carried out at low temperature (100- 400 °C). It provides outstanding film thickness
control and near perfect conformity because of its surface saturating character. There
are two factors which causes the saturation of the surface: steric hindrance of the
ligands and the number of reactive the surface sites. Steric hindrance of the ligands
can cause the ligands of the chemisorbed species to protect the surface from being
accessible to the reactant. Now the surface can be considered full and no bonding
sites are available to access.

1.3 High-k dielectrics incompatibility with Si: Call for new channel material

High-k dielectric materials processing is an important issue for the incorporation of
these materials with the conventional Si MOSFET technology. It was observed that
high-k processing on Si resulted in reduced reliability because of the high defect
concentrations, particularly O vacancies, which resulted in charge trapping, transient
threshold and voltage shifts. Another issue of importance in considering any gate
oxide, and high-k dielectric is the channel carrier mobility degradation due to

Coulombic scattering as schematically shown in the Figure 1.3 is taken from [26].
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Figure 1.3 Schematic illustrations of reasons contributing to carrier

mobility degradation in a high-k oxide layer [26]

Therefore progress in scaling of MOSFETS is not limited to the high-k materials
issues only in that the search is on for new possible channel materials with better
transport properties than Si. A range of alternative semiconductor materials are being
considered in order to obtain better transport properties and to drive for technologies
beyond the 16 nm CMOS fabrication node. The integration of high-mobility
conduction channels such as InGaAs for n-channel and Ge for p-channel devices
with novel high-k gate dielectrics is being intensively investigated. The electron and
hole mobility values for Si, GaAs and Ing53Gag 47AS are given in Table 2 and explain

the motivation for using these I11-V materials for high speed device applications.
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Table 1.2 Band gap (Eg), electron mobility (pe) and electron saturation
velocity (vsy) for Si, GaAs and Ings3Gags7As of semiconductor materials.
[27]

Si GaAs Ing53Gag 47AS
E, (eV) 1.12 1.42 0.75
pe (cm’/V-s) 800 4000 7000
Vsar(CM/s) 8 x 10° 8 x 10° 7 x 10°

1.4 InGaAs based MOSFET

The integration of certain 111-V semiconductors into MOSFET devices offers the
opportunity to benefit from their high electron mobility and high transconductance
[28]. However, a largely unresolved issue relating to achieving this objective for all
I11-V semiconductors is the high density of defect states (Dj) at the I11-V/dielectric
interface. This high density of defect states is thought to arise from the presence of
native oxides, surface contamination, dimers and dangling bonds at the
semiconductor surface which results in the Fermi level being effectively pinned in
the semiconductor bandgap [29, 30]. Surface states in the semiconductor bandgap
can act as donors or acceptors. The crystallographic density of surface atoms is
approximately 10 /cm?. Fermi level pinning at the semiconductor surface is
explained in the band diagram shown in Figure 1.4 (a) - (d). Figure 1.4 (a) shows a
flat band condition of the n- type semiconductor. When a positive bias is applied to
the n- type semiconductor, the Fermi level moves, inducing the band bending shown
in Figure 4.1(b). Figure 4.1 (c) shows the band diagram of the n type semiconductor
with surface states filled up to the Fermi level showing band bending, even in the
absence of an applied bias. If the density of these surface states is high enough, an
applied bias cannot move the Fermi level, therfore it is pinned as shown in Figure
4.1(d). To overcome these problems, surface passivation treatments have been
developed to reduce Dj; in order to facilitate the inversion of the semiconductor [31-
34]. A range of approaches to control Dj; have been employed including interface
control layers, wet chemical passivation treatments and forming gas anneals (FGA)

with varied levels of success [35-43].
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1.5 Surface passivation

Semiconductor surface passivation technology must address two problems. Firstly, it
must prevent the clean semiconductor surface from oxidising either in air or at the
dielectric interface which is referred to as chemical passivation. Secondly, it must
significantly reduce the interfacial state density at the dielectric interface which is

effective electrical passivation.

Sulphur passivation of 111-V compound semiconductors has been performed in two

distinct ways

1) Passivation from solutions
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2) Passivation from the gas phase

There have been many efforts of sulphur passivation by H,S, molecular sulphur and
(NH,).S, which show good results in terms of chemical passivation [47, 56-58]. The
wet chemical solution based passivation methods reported in the literature have been
shown to be able to fully remove the native oxides from InP and GaAs. However, the
surface passivation has not been as successful as that of Si/SiO, based devices due to
complexities in achieving a high quality interface between the high-k film and these
semiconductors. Among them sulphur passivation of I11-V semiconductors has been
extensively explored since the 1990’s [43-52] and has been shown to be effective in
improving the electrical properties of MOS and MOSFET devices [53-56]. In
addition, these treatments reduce the rate of re-oxidation upon exposure to the
atmosphere. Surface and interfacial defects arise from the presence of native oxides,
surface contamination, dimers and dangling bonds at the semiconductor surface.
Sulphur allows both chemical and electronic passivation of a surface and is therefore
a promising method in I1I-V semiconductor technology. On the one hand,
chalcogenide passivation (S, Se etc.) makes it possible to decrease substantially the
density of surface states in the band gap thereby decreasing the surface
recombination velocity and, as a result, improving many characteristic features of the
devices. On the other hand, it makes it possible to slow down the re-oxidation of a

clean semiconductor surface upon exposure to the atmosphere.

GaAs surfaces have been passivated in aqueous solutions of K2Se as well as in the
solutions Na,S+RuCl, [59], Na,Se/NH,OH [60], SeS;[61], S.Cl, [62] and
Se/NH,OH [63]. Later, (NH;).S solution was found most effective in reducing
thesurface state densities. Many of these investigations utilize similar surface
treatments to those employed for GaAs surfaces. Later, the technology of sulphide
passivation from solutions has led to the development of alternative sulphur based
passivation including H,S and ultra high vacuum based electrochemical cell
deposition methods. Electrochemical sulphide passivation has made it possible to
obtain a relatively thick sulphide coating on a GaAs surface [64]. H2S/H2mixture,
obtained by decomposition of copper sulphide in hydrogen, was used as the sulphur
containing gas including H2S. Adsorption of H,S on the surface of strongly doped n-
GaAs grown immediately prior to the experiment by molecular-beam epitaxy, was

investigated [65]. A mixture consisting of atomic hydrogen and hydrogen sulphide
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molecules, was decomposed by means of a microwave discharge, which resulted in
the production of atomic sulphur that was adsorbed on the GaAs surface at 60—70 °C
[66].

InGaAs is a prime candidate for incorporation into future devices replacing silicon
and has been the subject of extensive research due to its previous use in high electron
mobility transistors (HEMT) high power devices and detailed processing protocols
exist from this application [67]. Recently, large numbers of passivation techniques
have been proposed for the passivation of InGaAs eg. in-situ high-k oxide on
InGaAs [68] atomic layer deposition (ALD) of Al,O3 [68,69], amorphous ultrathin
Si or Ge [70,71]. In fact, ALD of Al,O3; on InGaAs received a lot of attention due to
the effects associated with the use of tri methyl aluminum (TMA) molecule, which
reduces the Ga and As native oxides [,68]. An in-situ deposited amorphous Si
interface passivation layer (IPL) of at least 1.5 nm thicknesses can be used to reduce
interface state density and prevent the Fermi level pinning at InGaAs interface [38].
In the literature it has also been reported recently that different thermal treatments
like post deposition forming gas annealing (FGA) at temperatures of 400-500 °C can
be used to improve the electrical characteristics of Al,Os/InGaAs based MOS
structures [72,73].

The principal aims of this work were (a) to examine various surface preparation
methods for InGaAs substrates in terms of the removal of the native oxides and
surface contamination, (b) investigate interface formation with high-x dielectric
materials and (c) study the high temperature thermal stability of these layers. The
principle techniques used in this study High resolution synchrotron radiation
photoemission spectroscopy (HRSPES) and x-ray photoemission spectroscopy
(XPS). However, the higher surface sensitivity of the synchrotron radiation
photoemission measurements provides a great advantage in determining the extent of
oxide formation at the surfaces and interfaces investigated. Electrical measurements
were also performed to observe the effects of chemical passivation treatments. These
studies have highlighted a number of problems that need to be addressed for the

process optimisation of high speed InGaAs based MOSFET devices.
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1.6 Thesis organisation

Chapter 2 introduces the analysis techniques used in this study, along with the
principles behind their operation. In first part of the chapter, the technique of x-ray
photoelectron spectroscopy is described. XPS based on conventional laboratory
based x-ray source and a synchrotron radiation source are considered. The electrical
characterisation techniques used on the fabricated MOS structures are also described.
In second part of the chapter, the ultra-high vacuum (UHV) systems used for these
experiments, along with the thin film deposition and semiconductor surface
preparation procedures employed throughout the study are outlined. The deposition
techniques used in this study include atomic layer deposition and thermal deposition.
The fabrication processes for both MOS and Schottky diode structure are also

described.

Chapter 3 focuses on the production of the atomically clean InGaAs surface in an
ultra high vacuum (UHV) environment. Systematic studies of in-situ and ex-situ
sulphur passivation were carried out to observe the differences between these
passivation strategies. High temperature stability studies of the passivated surfaces

were also undertaken.

Chapter 4 presents the advantages of high surface sensitivity synchrotron radiation
based photoemission over conventional XPS to characterise 1nm Al,O; layers
deposited on the native oxide and sulphur passivated InGaAs surfaces. High
temperature annealing studies were also carried out to observe the chemical changes
induced at the interfaces. The growth of Al,O3; layers by ALD on different
chemically treated InGaAs surfaces characterised by conventional XPS is also
presented.

Chapter 5 presents the investigation of the interfacial oxide formation and
improvements during the stepwise deposition of the MgO layer on atomically clean

InGaAs surface.

Chapter 6 presents the results of electrical measurements on MOS and Schottky
diode structures formed on the differently prepared InGaAs surfaces. In this chapter
sulphur passivation effects were investigated by C-V and |-V measurements and
showed that a reduction in the defect state densities at the interface resulted in
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limited Fermi level movement within the band gap for both p-type and n-type
substrates. This chapter investigates the effectiveness of the insertion of ultrathin
ALD deposited Al,O5 dielectric layers on the Schottky barrier formed at the interface
with metals of different work function metals. MOS structures (Al/Al,O3/InGaAs)
formed on native oxide covered and sulphur passivated InGaAs surfaces are also

investigated by capacitance measurements.

Chapter 7 presents an overall summary of the results and outlines the future research

directions which this work could lead.

Each of the experimental results chapters are sub-divided into sections, which relate
to different aspects of the study. At the end of each section a brief summary is given
in an attempt to highlight the main results and place them in context within the

chapter.
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Chapter 2

Experimental Details

This chapter outlines the principles and experimental details of the analytical techniques
used in this work including the primary surface science techniques of Xx-ray
photoemission and high resolution synchrotron radiation based photoemission
spectroscopy. It also describes the details of the ultra-high vacuum (UHV) systems and

deposition tools used to prepare the surfaces/interfaces.
2.1 X-ray photoemission spectroscopy (XPS)

The typical experimental set up for conventional XPS analysis is shown in Figure 2.1,
consisting of an x-ray source, a sample under analysis, electron collection optics,
electron kinetic energy analyser and a detection system connected to a computer to
display output signal.

Electron energy analyser

X-ray source
Electron optics

Electron detector

o T e

~ Si(2p) 1

XPS signal

Sample

Figure 2.1 Schematic diagram of the photoemission experimental

arrangement
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2.1.1 Principle of Photoemission Spectroscopy

Photoemission spectroscopy involves the analysis of electrons emitted from atoms of a
sample which has been irradiated with photons (X-ray, UV). The kinetic energy of
photoemitted electrons is related to the photon energy of the incident x-ray and the
electronic structure of the atom or molecule from which it is photo excited. The number
of electrons emitted is proportional to the concentration of the emitting atoms in a

material. The complete photoelectron process takes place as follows;
Photoionization (photoelectron formation)
A+ hv =A" +¢ (2.1)
Where A is an atom and hv is the energy of the incident photon.
Conservation of energy requires
E(A) + hv = E(A") + E(e) (2.2)

Since the ejected photoelectron is free, the kinetic energy (Exin) Of photoelectron can be

written as follows
Exin(¢) = hv — [E(A") - E(A)] (2.3)

[E(A") - E(A)] represents the energy difference between the ionised atom and the
neutral atom and is called the binding energy Eg (BE) of the electrons and leads to the

following equation
Ekin=hv—-Eg (2.4)

Thus, the binding energy can be obtained by measuring the kinetic energy of the emitted

electron, as the energy of the x-ray photon source is known.
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The principle of photoemission process is shown in Figure 2.2 and is based on the

photoelectric effect [1].

A Ejected photoelectron
Ekin
\
/ Vacuum level
Ds .
Conduction band
) Fermi level
Incident Valance band
X-ray
\ -
2s
EB
Core levels
v S . Is

Figure 2.2 Schematic diagram of the photoemission process

XPS spectra can be acquired from gases, liquids and solids. For gases, the binding
energy of an electron in a given orbital is identical to the ionization energy or first
ionization potential of that electron. In solids, the influence of the surface is felt, and an
additional energy component is required to eject an electron from the surface [2].

Therefore the binding energy Eg of the electron is written as
EB = hV - Ekin - Qs (25)

Where @ is the work function of sample material as shown in Figure 2.2, which is the

difference in energy between the Fermi level and the vacuum level.
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2.1.2 Binding energy reference

From the previous section it is clear that the electron binding energy in a solid is
calculated from the measured kinetic energy of the emitted photoelectron. To do this, a
reference spectrometer is required for calibration and placed in electrical contact with a
conductive sample. The Figure 2.3 shows the energy level diagram when conducting

sample and spectrometer are in electrical contact.

. G .
—_ Spectrometer
Sample © p
L 3
| |
1 p— 1
| |
| |
| 1
-+ — } T
| |
I I E
I I vkm Vacuum
| |
I | spec ) s
Vacuum I — —— -
| |
hl) S I I spec F . 1 1
Fermi level | ! ermi leve
| |
E, I
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i | |
| |
Sample [ I Spectrometer
| |

Figure 2.3 Energy level diagram for the photoemission process showing a
sample and spectrometer in electrical contact [3]

When the sample is placed in electrical contact with a spectrometer, Fermi levels of both

sample and spectrometer are aligned. From Figure 2.3 we can see the sum of the kinetic
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energy Exin and binding energy (Eg) is not equal to the incident X-ray. Then the kinetic
energy of the photoelectrons is measured from the Fermi level of the spectrometer.

Therefore photoemission equation is as follows

Ekin = hv - Eg - @s (2.6)

Exin =hv - Eg- @5 - (Dspec - Ds) (2.7)
Exin = hv - Eg - Dspec (2.8)

Eg = hv - Exin - Dspec (2.9)

From above equation it is clear that we only need to know the spectrometer work
function, @spec to calculate Eg. The spectrometer’s work function can be calibrated by
measuring the Au standard sample in the spectrometer and adjusting the instrument
setting until the binding energy for Au is attained. The linearity of the binding energy
scale may then be calibrated by adjusting the energy difference between two widely
spaced spectral lines of known values (e.g., 2p and 3p photolines of Cu at 933eV and

75eV respectively)

In the case of insulating samples a relative surface charge potential (Ech) build up at the
spectrometer which raises the Fermi level of the spectrometer relative to the sample

resulting in an apparent increase in binding energy and is given by following equation
Eg = hv - Ein- @spec - Ecn (2.10)

To compensate the potential developed by positive surface charges, a mono-energetic
source of low energy electrons (flooded gun) is required by which electrons (2~ 20 eV)

can be flooded onto the sample.
2.1.3 XPS peak width

The peak width AE of a given photoelectron peak is defined as the full width at half
maximum (FWHM) and is composed of a number of different contributions,
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AE = ( AE%,+ AE? , + AE?%, )2 (2.11)

Where

AE, = lifetime width of the core hole level
AEp = width of the photon source (X-ray line)
AE, = analyser resolution

The AE, is calculated by the Heisenberg uncertainty principle
AE,=h/t (2.12)

Where 1 is the Planck constant and 7 is core hole life time and is larger for inner shell
orbitals verses outer shell electrons because inner shell electrons can be filled by the
outer electrons shells when electrons are emitted from the inner shell, therefore the
deeper the orbital the shorter the life time and larger the intrinsic peak width. Instrument
effects that broaden the peak are the photon source width and the analyser resolution.
Typically it is assumed that the line shape due to the core hole lifetime is Lorentzian and

the instrumental contribution to the peak is a Gaussian line shape.

The Lorentzian peak width will be expected to increase with atomic number and for
higher binding energy core levels. For example, for the Ag 3d peak with a natural line
width of ~0.37 eV, this equates to a lifetime of ~1.1 x 10™ s. If the lifetime were to
decrease to ~6 x 10 s, this would increase the Lorentzian value to 0.7 eV, effectively

doubling the natural line width.
2.2 Interpretation of the XPS spectra

The core level peak assignment of an InGaAs sample is shown in the survey spectrum in
Figure 2.4 and generally scanned from 0-1000 or 1400 eV depending on the elements
present in the sample. The plot has characteristic peaks for each element found on

InGaAs surface of the sample.
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InGaAs survey spectrum
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Photoelectrons
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Figure 2.4 Survey spectrum of InGaAs sample

In this spectrum we can see photoemission and x-ray Auger induced emission peaks.
Photoemission peaks are well defined intense spectral lines which have not suffered any
energy loss in inelastic collision within the sample. They relate to the specific core level
binding energies and can be identified using tabulation of binding energy values [4]. The
electrons which have lost energy during the photoemission process give rise to a

background signal which is continuous and rising in nature.

Where ambiguity exits in identifying a peak it is useful to look for the all photoemission
lines of the same elements. For example, in InGaAs, the strongest emission are In 4d at
18.2 eV and other strong emission lines are the doublet In 3ds, at 443.0 eV and In 3ds,
at 449.0 eV. The valence band (4d, 5s) emission occurs at a binding energy of 0 ~ 8 eV
(measured with respect to the Fermi level). The remaining peaks are Auger peaks which
are labelled in the spectra as As L,M4sMys and As L3MysMys and Ga LsMysMys. These

lines can be readily distinguished by changing the energy of the x-ray source (Mg and
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Al K,) as the kinetic energy of the Auger lines will remain the same while the

photoemission lines will shift by the energy difference between the Mg and Al K, lines.

2.3 Inelastic mean free path

Typically the penetration depth of x-rays of approximately 1 keV photon energy is of
the order of several microns into the solid and the photoemission process can occur
down to these depths. However, the actual sampling depth in an XPS experiment is
typically less than 10 nm. This difference is due to the fact that inelastic collisions can
otherwise occur within the solid before the photo-excited electrons emerge from the
surface. Electrons which suffer one or more inelastic collisions before being emitted
from the solid do not provide any useful information about the electronic structure of the

solid as the photoelectric equation is no longer valid.

Photoemission

peak
Inelastic scattering

tail

Intensity

Detector

Incident x-ray

1

I d~ 10 nm

Photoelectron

Figure 2.5 Diagram showing paths of various electron emissions

during photoemission process
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The different paths of photoemitted electrons from the sample surface are schematically
shown in Figure 2.5 where electrons 1 and 3 have suffered scattering events which
means that they contribute to background of the XPS spectrum while electron 2 reaches
the detector without any energy loss thereby contributing to the photoemission peak.
Therefore, in photoemission experiments useful information may only be obtained from

the first 5 — 10 nm of the surface, making the technique highly surface sensitive.

The probability of such interactions can be statistically predicted based on the inelastic
mean free path (IMFP) of the given material, which is dependent on the initial Kinetic
energy of the electron of the material and nature of the solid shown in the universal

mean free path curve in Figure 2.6.

200
u Al + Hg
- e O Ag A Mo
100E % ® Au 1 Ni
\ A Be apP
= & 8 vC o Se
: 50 & X © Fe ¢ Si
= *\theory > Ge v W
© \
a \
S 20 oe '\ S A
— * -
& N ,
o \ ol AT
£ 10 - o ;'\‘\ Pay B : 5
\\\ b 4: »'/;r
\\hix\ ‘_.—, ".’
5 - ) —~ - \
AL
3 | | LA I | i LA A i T .- \ A
2 5 10 20 50 100 200 500 1000 2000

electron kinetic energy (eV)

Figure 2.6 Universal mean free path (MFP) curve, showing a range of
materials [5].

Therefore the IMFP is a measure of the average distance travelled by an electron

through a solid before it is inelastically scattered. The IMFP may be expressed as
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P(x) = exp (-x/1) (2.13)

Where P(x) is the probability of any single electron travelling a distance x through a
solid and 7 is inelastic mean free path of electron for a given energy. Figure 2.7 shows

the probability decays very rapidly and essentially becomes zero when x > 5 A.

P=exp (-x/A)
1.00
' 1A=>P=63% 14
p— — o,
2h=>P=86% 2%
P(x)
= = g
3A=>P=95% 3%
63 % q
0.00 23% | o —~f__|
0.00 5.00

x/A
Figure 2.7 Probability of unscattered electron emission as a function of depth [6]

When x =%, P =exp (-1) = 0.37, i.e. escape of the electron in a direction to the normal
of surface and without inelastic scattering occurs with a 37 %.

When x = 2%, P = exp (-2) = 0.14, i.e. escape of the electron in a direction to the
normal of surface and without inelastic scattering occurs with a 14 %.

When x = 3%, P = exp (-3) = 0.05, i.e. escape of the electron in a direction to the normal
of surface and without inelastic scattering occurs with a 5%.

In conclusion, we can see virtually all the signal of unscattered electrons comes from
within 34 of the surface and therefore the sampling depth of XPS is defined as three
times the IMFP.

2.4 Core level chemical shift

One of the most important aspects of XPS is that the core level energy depends on the
chemical state of the atom. Changes in the local charge density around a particular atom

resulting from the formation of a chemical bond can result in a shift in core level
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binding energies. The chemical shift occurs due the electronegativity effect and is

correlated with the overall charge on an atom and its magnitude is influenced by

(i) Number and type of surrounding atoms
(ii) Electronegativity of atoms
(iii) Oxidation state of the atom

Withdrawal of valence electron charge (oxidation) from an atom gives rise to an
increase in the binding energy of the photoemitted electrons. Conversely, the addition of
valence electron charge results in a decrease in the binding energy position. Atoms of a
higher positive oxidation state exhibit a higher binding energy due to the extra
Coulombic interaction between the photoemitted electron and the ion core. This ability
to discriminate between different oxidation states and chemical environments is one of
the major strengths of the XPS technique. An example of chemical shift for the

silicon/silicon dioxide system, using the Si 2p spectrum is shown in Figure 2.8.

Si 2p spectrum showing 5iand 5i0), features

. ) . 8151
4 eV chemical shifi bond
/ 51 bulk

5i-0 bonds
5i0,

T - T = T v T ¥ T ¥ v
108 106 104 102 100 a8 96 94

Binding energy (eV)

Figure 2.8 Si 2p spectrum showing a 4 eV chemical shift between
component peaks which indicates the presence of Si and SiO; [7]
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Figure 2.8 shows a Si 2p spectrum taken from a thin (~ 4 nm) SiO; layer which was
thermally grown on a Si (111) substrate. It can be seen that electrons excited from the Si
substrate appear at a binding energy of ~ 99.3 eV, while those from the SiO, over layer
appear at a higher binding energy position, chemically shifted from the Silicon bulk by
~ 4 eV. This is due to the different bonding environment present within the two
chemical species. The covalent Si-Si bonding system seen within the Si bulk allows the
valence electrons to be shared equally among each of the Si atoms involved in the bond
structure. However, the incorporation of O atoms, which have considerably higher
electronegativity than Si, results in the transfer of electron density toward the O atoms.
As such, Si-O bonds are more ionic and electrons which are excited from these silicon
atoms are leaving an atom which has a slightly greater positive charge than those within
the Si bulk. The effect of this positive charge is to reduce the kinetic energy of the

emitted electrons, which is apparent from the increased binding energy of the SiO,.
2.5 Quantification

Analysis of the relative intensity of strong core-level peaks from the different elements
present in a sample can be used to yield semi-quantitative information on the relative
atomic concentrations in the film. However, there are a number of factors which must be
taken into account in order to accurately quantify chemical composition using XPS peak
intensities. The XPS peak intensity [8] is given by

I;j=n;K T (KE) Ljj 0;;MKE) cos© (2.14)

Where Ij; is the peak area of the peak j present in the i element, n; is the atomic
concentration of element assuming the compound is homogenous, K is the instrument
constant that contains x-ray flux and the area of the sample from which photoelectrons
are detected, T(KE) is the transmission function of the analyser, Lj; is the angular
asymmetry factor of orbital j of element i which depends on the type of atomic orbital
the photoelectron is emitted from, o is the photoionization cross section of peak j of
element i which is the probability that an electron of that core-level will be excited, %

(KE) is the inelastic mean free path, and cos© is the emission angle
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The atomic concentration of n; of an element i is given by

n;
.= ! 2.15
n; S (2.15)

% lij/oij A(KE)

Si is called the atomic sensitivity factor. Therefore n; is dependent on the peak area and

sensitivity factor

n; = I”_/S‘ (2.18)
2 1i/S;

Using all these contributions it is possible to determine relative sensitivity factors
(RSF’s) for each core-level associated with each element present and from these it is
possible to determine the relative atomic concentrations in a material. Published values
for these RSF’s are available from XPS reference manuals and the use of these factors
can yield semi-quantitative analysis. The strongest core-level peak from each detected
element is ‘normalised’ by dividing the integrated intensity by the relevant RSF. The
total sum of all normalised peak areas is then defined as 100% and the atomic

percentages can be easily calculated.

An example to calculate the element concentration is explained below

Suppose a compound has 4 elements present in it (C, Si, N and O), the concentration
of the Si is calculated as follows and defined in the table

Isi
Ne: = /SSi

Si Is; I I 1

=0.21
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Element RSF(S) Peak area Area/RSF(S) Atomic %
C 1 2944 2944 30
O 2.85 12754 4471.92 46
N 1.77 475 258.19 3
Si 0.83 1663 2003.61 21

2.6 Angle resolved XPS

Angle resolved XPS (ARXPS) allows non-destructive depth profiling to be achieved for
a thickness into the sample surface which is comparable to the sampling depth.
Therefore, the maximum sampling depth is achieved by aligning the sample so that the
electrons which emerge normal to the surface are detected by the analyser. However,
electrons emerging from shallower angles with respect to the surface may also be

analysed by rotating the sample relative to the analyser. This is graphically represented

in Figure 2.9.

Figure 2.9 Schematic of angle resolved XPS at normal emission and 6 > 0,

shading shows the information depth from which electron can escape from the

surface
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Plotting the relative intensities of different photoemission peaks as a function of the
emission angle allows for a depth profile of a region equal to the maximum sampling
depth for that material. An example of a SiO; film on silicon analysed at two different
angles in Figure 2.10 shows an increase in the intensity of the overlayer SiO; signal as
the detector angle with respect to the surface normal is increased. However, when the
sample is rotated by increasing the detector angle, the perpendicular depth from which
the electrons escape from the surface is considerably less than for normal emission. This
effectively enhances the surface sensitivity of the core level spectra over those taken at
normal emission. This is further evidenced by Si 2p spectra in Figure 2.10 which are
taken from an SiO; layer (~ 5.4 nm) on a silicon substrate at emission angles equal to 0 °
(normal emission) and 60°. It can be clearly seen that the spectrum taken at 60° shows

an increased intensity from the Si oxide overlayer.

Mormal Emission
"off-angle™ Emission (607)

Si2p
~5.4 nm Si(';i2

Si bulk

T ¥ T ' T ¥ T d " '
108 106 104 102 100 o8 96 94

Binding Energy / eV

Figure 2.10 Si 2p spectra taken from a 5.4 nm SiO, layer on silicon

showing the increased surface sensitivity using ARXPS [7]
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2.7 Thickness Calculations

XPS can be a useful tool for estimating the thickness of overlayers which are less than
10 nm thick by comparing the attenuation in the intensity of a core level feature from an
element in the substrate resulting from the presence of an overlayer. XPS thickness
calculations used in this study can be divided into two categories. The overlayer
thickness can be estimated based on the suppression of the substrate peak by the
presence of an overlayer. When the same element is present in distinguishably
different chemical environments in the overlayer and substrate, the overlayer

thickness calculations are simplified.

For a sample of material A which forms a thin uniform layer of thickness d on
a substrate of material S, the following equation can be written for the relative
intensity of the substrate (Is) and overlayer (Ia) XPS signals (assuming

exponential attenuation of the overlayer) [9,10].

et~ (i ewe)
IA_ 4 €xp AA,A COSH) (219)

I [o'e) _d
* Is"exp (AS_ 4 COS 9)

The angle 6 in this equation is the emission angle of the photoemitted electrons
and is measured with respect to the surface normal. Factors I;° and I° are peak
intensities taken from the overlayer and substrate of effectively infinite thickness. The
parameters Ap a and Ag a are the effective attenuation lengths of electrons emerging
from the overlayer and the substrate respectively [11]. The effective attenuation
length (EAL) is known to differ from the inelastic mean free path (IMFP) due to
elastic-scattering which causes the photoelectron signal to decay in a non-exponential
manner [12]. This variation from the IMFP value is dependent on the composition of the
sample but, in general, changes in physical properties such as an increased density will

result in a reduction of the EAL.
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For the case of SiO, on Si, where the Kkinetic energy of the substrate and overlayer
signals differ by approximately 4 eV the values Aaa and,Asa are approximately equal
and can be replaced by a single term A [11], making d the subject of the expression

equation 2.19 is found

I
d= AcosfIn|1+ IAZ (2.20)
Is°
11% can be referred to as K [11, 13, 14] leaving;
A
I
d= AcosfIn [1 + K (f)] (2.21)
S

As stated earlier, equation 2.20 relates only to situations where the Kinetic energy of the
substrate and overlayer peaks are comparable. A value for A can be found in the
literature [11]. Thickness calculations based on this method can be achieved using
software such as NIST Electron EAL Database [15].

2.8 Synchrotron radiation photoemission

The method of providing increased resolution and surface sensitivity is by using
synchrotron radiation to carry out photoemission studies as presented in this thesis.
Synchrotron radiation is electromagnetic radiation generated by the acceleration of ultra
relativistic (i.e., moving near the speed of light) charged particles through magnetic
fields. The radiation produced may range over the entire electromagnetic spectrum, from
radio waves to infrared light, visible light, ultra-violet light, X-rays, and gamma rays. It
is distinguished by its characteristic polarization and broad featureless wavelength
spectrum. The synchrotron radiation emitted by an electron storage ring is an intense
spectral continuum, from which photons of the desired energy can be selected by means
of a suitable monochromator while the conventional laboratory based x-ray line sources
suitable for photoemission emit photons at fixed energy sources. The synchrotron

55



radiation source is linearly polarized while the conventional line x-ray sources are not.
However, high resolution synchrotron radiation photoelectron spectroscopy (HRSPES)
allows for considerably improved resolution and greater surface sensitivity than

conventional XPS.
Synchrotron radiation is characterised by:

* High brightness and high intensity, many orders of magnitude greater than that

offered by x-rays produced in conventional x-ray source.

* High brilliance, exceeding other natural and artificial light sources by many orders of
magnitude: 3 generation sources typically have a brilliance greater than 10
photons/s/mm?/mrad/0.1% BW, where 0.1% BW denotes a bandwidth 10° o centred on

the frequency o.
* High collimation, i.e. small angular divergence of the beam

» Low emittance, i.e. the product of source cross section and solid angle of emission is

small

» Widely tuneable in energy/wavelength by monochromatisation (sub eV up to the MeV

range)
* High level of polarization (linear or elliptical)

* Pulsed light emission (pulse durations at or below one nanosecond, or a billionth of a

second)
2.8.1 The ASTRID synchrotron

A schematic diagram of the ASTRID synchrotron in Aarhus, Denmark is shown in
Figure 2.11. A linear accelerator is used to inject electrons into a storage ring which is
designed to maintain the electron beam circulating in the ring for many hours at a time.
Storage rings are typically made up of a series of straight sections connected in a
polygon arrangement. The change in momentum of the electron beam as it negotiates

the curved sections results in the concentrated emission of synchrotron radiation at these
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points. The radiation is extracted through a series of beamlines connected to the ring at
these points of centripetal acceleration, bringing the radiation to different user stations

where it can be used in a range of different analysis techniques.
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Figure 2.11 Diagram of the ASTRID synchrotron in Aarhus, Denmark

2.9 Electrical Characterisation

The two electrical characterisation techniques used in this study were current-voltage (I-
V) and capacitance-voltage (C-V) measurements. Schottky barrier formation between a
metal and a semiconductor substrate, with some structures having a thin deposited
dielectric interlayer was studies by I-V measurements. Capacitor structures formed by
high-k deposition on semiconductor substrates followed by the deposition of an

appropriate metal were characterised by C-V measurements. In the experimental setup
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used, an electrical probe was brought into contact with a metal gate while the back of

the sample was in electrical contact with the ‘chuck’ of the probe station.

2.9.1 MOS diode C-V characteristics

Figure 2.12 shows an example of a C-V sweep for an HfO, dielectric layer deposited a
p-type silicon substrate [16]. When plotting capacitance versus voltage, the capacitance
measured on different sized devices can be normalised once the area of the device size is
known and quoted as capacitance per unit area. By drawing majority carriers to the
semiconductor/insulator interface, the capacitor structure is brought into ‘accumulation’
and the maximum measured capacitance is achieved due to their being the lowest
possible physical distance between the charges across the dielectric material. By pushing
the majority carriers away from the interface the channel region is said to be in
‘depletion’ and the capacitance drops to a minimum due to the larger distance between

the “plates” of the capacitor.
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Figure 2.12 Typical C-V characteristics of 12 nm HfO, on p-type Si [16].
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The concept of accumulation, depletion and inversion within a MOS device can be
described using electron energy band diagrams. Initially it is best to consider the
idealised case of a perfect MOS device and subsequently discuss the problems caused
by real surfaces. Figure 2.13 shows the band diagram for an ideal p-type MOS device,

which may be essentially viewed as a parallel plate capacitor.

Oxide Semiconductor

Figure 2.13 Energy band diagram for ideal p-type MOS capacitor

While the work function of a metal is usually defined as the energy required to move an
electron from the electron Fermi level (Erm) to outside the metal, in this case it is more
relevant to define a modified work function (q®r,) measured from Egy, to the conduction
band of the oxide. It should be noted that in this idealised case the metal and
semiconductor work functions are taken to be equal (q@m= q®s) . Given that this is a p-
type semiconductor it can be seen that its Fermi level (Ers) lies close to the valence band
and below the intrinsic level (Eg). This is of some importance to subsequent
discussions, as it is the Fermi level position relative to the intrinsic level which defines

the conduction properties of the device.

If the polarity of the voltage is changed the Fermi level of the metal is lowered with
respect to that of the semiconductor, tilting the oxide conduction band in the opposite

direction to that seen previously in Figure 2.14
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Figure 2.14 Application of a negative voltage on the metal gate causes the
accumulation of holes at the semiconductor/oxide interface which results in a maximum

capacitance value within the measured C-V profile.

Accumulation in MOS capacitors is evidenced by a maximum capacitance (Cmax) level
in the C-V curve (Figure 2.11). In the ideal case the Cnax in accumulation should be
determined by the dielectric properties of the oxide, allowing the dielectric constant (k)
of the oxide to be obtained using the simple parallel plate capacitor equation

€ kA 2.22
Cmax = Cox = od ( )

where A is the device area, d is the thickness of the oxide and g is the permittivity of

free space.

If the polarity of the voltage is changed, the conduction band and intrinsic Fermi level
moves closer to the Fermi level, tilting the oxide conduction band in the opposite

direction to that seen previously (Figure 2.15)
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Figure 2.15 Energy band diagram showing depletion in MOS capacitors. Application

q
EFm

of a positive voltage depletes the semiconductor surface of majority carriers

This voltage applies a positive charge to the metal plate, and attempts to form a
corresponding negative charge at the semiconductor-oxide interface. As electrons are
the minority carriers in p-type semiconductors this negative charge is formed by the
“depletion” of holes from the region near the surface, which leave behind
uncompensated, negatively charged acceptors. The creation of hole/electron pairs forms
a depletion region which is analogous to that seen for p-n junction diodes. The
formation of this deletion region means that the concentration of holes at the
semiconductor surface is reduced. This causes E; to be lowered closer to Eg, If the
strength of this voltage is further increased the bands continue to bend, causing E; to

bend below Egas shown in Figure 2.16

Now the surface of the semiconductor is inverted. This results in an inversion region at
the semiconductor surface which is separated from the p-type bulk by a depletion
region. The case of strong inversion occurs when the surface region becomes as strongly
n-type as the bulk material is p-type. Therefore, by moving the semiconductor Fermi
level with respect to the intrinsic position, a p-type device may be converted into an n-

type device (or vice-versa) by simply applying a voltage. Depletion and inversion are
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shown by a reduction in the measured capacitance of the C-V curve. In the ideal case
the minimum capacitance value indicates strong inversion, which occurs at a threshold
inversion Vy (Figure 2.12). Thus far the operation of MOS capacitors has been

discussed in terms of ideal structures.
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Figure 2.16 Energy band diagram showing depletion in MOS capacitors.
Application of a positive voltage depletes the semiconductor surface of

majority carriers

In the ideal case, shown in Figure 2.12, it can be seen that no band bending occurs prior
to the application of an external voltage. However, factors such as differences in the
metal and semiconductor work functions, and the presence of interfacial charge, can
result in band bending under equilibrium conditions (V = 0). Therefore, a voltage must
be applied in order to return the device to flat band conditions. The voltage required to

achieve this is referred to as the flatband voltage (Veg).

Defects at the semiconductor-oxide interface may create a measurable capacitance that
may be viewed as another parallel plate capacitor, in series with the oxide capacitance
and in parallel with that of the semiconductor. While the measured capacitance in

accumulation will still be dominated by the oxide properties, if the density of interfacial
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defects (Dy) is sufficiently large it may contribute to the measured total capacitance
during depletion and inversion. This deforms the profile of the C-V curve. C-V
characterisation is also commonly used to measure the effects of Fermi level pinning in
MOS devices. As shown previously, in order to achieve inversion the semiconductor
Fermi level must be moved through the band gap with respect to the intrinsic level.
However, the presence of defect energy states within the bandgap may prevent this
movement, acting to “pin” the Fermi level. As such, the device may not be able to reach
accumulation or inversion or indeed both, depending on the density and energy position
of defect states within the bandgap. This is evidenced by a reduction in the difference
between the maximum and minimum capacitance values measured from the C-V curve
[17]. Therefore, in pinned devices, the Cni, value may not represent true inversion in the
device, and may simply present the lowest level of depletion achievable. Similarly, Cpax
values taken from pinned devices may not represent the dielectric properties of the oxide
layer as the Fermi level may not be free to move across the band gap and allow majority
carriers to accumulate at the interface. Fermi level pinning is most commonly seen
subsequent to metal oxide deposition onto IlI-V semiconducting materials, and is
indicative of high interface state density (Dj; ) and poor interface quality [18,19].

2.9.2 Schottky diode I-V characteristics

One of the most interesting properties of the metal-semiconductor (MS) interface is its
Schottky barrier height (SBH). At a metal/n-type semiconductor interface the SBH is the
difference between the conduction band minimum and the metal Fermi level.
Conversely, for a p-type MS interface, the SBH is the difference between the valance
band maximum of the semiconductor and the metal Fermi level as shown in Figure 2.17
(@). In case of p-type semiconductors, when applying a forward bias to a MS-contact
(meaning a positive potential on the semiconductor) as shown in Figure 2.17 (b), the
potential drop across the interface region results in a reduction in the potential barrier
seen by mobile holes flowing from S—M allowing for an exponential increase in
current (turn on voltage) as shown in Figure 2.17. Applying a reverse bias as shown in
Figure 2.17 (c), which increases the potential barrier across the MS interface, results in a
exponentially reduced current in the S—M direction. Furthermore since the SBH or ®g
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is not influenced by the reverse applied bias there is always a constant cross barrier
M—S electron flow. The current flow in a Schottky diode is determined primarily by
the height of the Schottky barrier [20, 21]. From a purely theoretical point of view, low
reverse leakage current could be achieved by increasing the barrier height however, in
practice this is not easy to do. The Schottky barrier height depends on the work function

of the metal.

Vy; built in voltage; Vi reverse bias voltage; V forward bias voltage
bi g R g F g
bgyis the barrier height at metal semiconductor interface

q0p, "4V q(V,.

@ ®)

Figure 2.17 Energy band diagram of metal/p-type semiconductor (a) thermal equilibrium,

(b) positive bias and (c) reverse bias.

The current-voltage J-V characteristics obtained for the Schottky devices fabricated on

passivated p-type substrates are shown in Figure 2.18.
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Figure 2.18 J-V characteristics of Al-InGaAs Schottky diode

The thermionic emission current is given as

>, - V
J= ATZexp| —9% |xe av_ 4 2.22

Where A" is the Richardson constant, T is the temperature, q is the electron charge, @
is the effective Schottky barrier height (SBH), Kg is the Boltzmann constant, n is the
ideality factor ( < 1), and V is the applied forward voltage. In this study Schottky diode
has been fabricated with and without passivation to study the density of oxide—

semiconductor interface states by measuring the SBH.
2.10 Vacuum system description

Figure 2.19 is the XPS system used in these studies and consists of a stainless steel
vacuum chamber with oil diffusion pumps capable of attaining ultra-high vacuum
(UHV), a twin anode x-ray source, an electron lens, an electron energy analyser and
detection system and an external computer system to display the detector output. The

system consists of three vacuum chambers: a small load lock maintained at 10 mbar for
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the introduction of multiple samples, a preparation chamber at 107 mbar for in-situ
anneals up to 500°C, and an analysis chamber at 10™° mbar equipped with a twin anode
X-ray source (Mg and Al), and a VG CLAM electron energy analyser with a triple
channeltron detector. The system is pumped using diffusion pumps backed by rotary
pumps and was used as a dedicated XPS analysis system, as no surface preparation or

thin film deposition was carried out in this chamber.

Figure 2.19 XPS analysis chamber
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A graphic representation of the X-ray source is shown in Figure 2.20.
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Figure 2.20 Diagram showing the operation of a dual anode X-ray
source [22]

The x-ray source consists of a silver, anode target coated with thin films of aluminium
and magnesium that can be selected independently. Electrons accelerated through high
voltage (10 - 15 kV) bombard the Mg and Al anodes creating the characteristics x-rays
on a continuous Bremstrahlung energy background. The Bremshtralung radiation
produced is partially removed by placing an Al foil (~ 2 pm thick) at the exit aperture
of the X-ray source, while radiation which is not removed adds to the background of the
spectrum. The anode source must be water cooled during operation in order to avoid
damage due to excess heating. X-rays are emited at peak intensities from the respective
sources (Mg Ko = 1253.6 eV and Al Ko = 1486.6 eV). While the use of an X-ray
monochromator can reduce the line width to ~ 0.3 eV, the non-monochromated system
used in these studies has a line width of ~ 0.7 eV for the Mg source and ~ 0.85 eV for
the Al source [2].

X-rays striking the sample surface result in the emission of photoelectrons, as described
earlier in section 2.1. These photoelectrons are collected and analysed using a VG

CLAM electron energy analyser, similar to that schematically shown in Figure 2.16. The
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electrostatic field generated by a system of two electron lenses acts to successively focus
electrons to a point within the analyser system [20]. As the kinetic energy of the
electrons greatly affects the focal point of the lens system, electrons first pass through a
fine mesh grid which is held at a negative potential known as the retarding voltage. This
restricts the kinetic energy of the electrons to a range called the pass energy, which is in
this study was 20 eV. Given that the kinetic energy of electrons emitted from the sample
commonly varies by up to ~ 1100 eV, the retarding voltage applied to the grid must be
continually changed in order to ensure that all electrons have the same pass energy
which is essential to achieve uniform resolution across the spectrum. Electrons focused
by the lens system then enter a hemispherical electron energy analyser, as shown in
Figure 2.21. The voltage applied to the two hemispheres is adjusted to ensure that only
electrons which enter the analyser with the correct pass energy are allowed through the
analyser to be detected and amplified in the channeltron. Electrons which enter with
kinetic energies different from the pass energy are lost to collisions within the

hemispheres, and as such do not contribute to the measured photoelectron signal.

Hemispherical
analyser

Typical XPS setup

Detector
Electron lens system

Data analysis )
X-ray gun

Ultra-high vacuum
pumping system

Stainless Steel
vacuum chamber

Figure 2.21 Schematic diagram of an XPS analysis system [23]
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2.11 Synchrotron vacuum system at ASTRID Aahrus, Denmark

The vacuum system used at the SX700 beamline at the ASTRID Synchrotron in the
University of Aarhus, Denmark, for the photoemission studies presented in Chapter 3, 4
and 5 is shown in Figure 2.22. The ultrahigh vacuum system consists of a preparation
chamber (5 x 10 mbar) and an analysis chamber where a base pressure of better than
10'° mbar was routinely achieved after a bake out procedure with pumping carried out
by a turbo molecular pump backed by a rotary roughing pump. Sample temperatures up
to 1000 °C were measured by calibrating a thermocouple attached directly to the sample
holder. Therefor the system is very useful for high temperature annealing measurements.
Deposition can also be carried out on this system by installing thermal evaporation

sources.

Figure 2.22 Vacuum end station on the SX700 beamline at the
ASTRID synchrotron in Aarhus, Denmark
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2.12 Deposition techniques
2.12.1 Atomic layer deposition

Atomic layer deposition (ALD) is a thin film deposition technique that is based on the
sequential use of a gas phase chemical process. ALD is a chemical vapour deposition
process distinct from the typical CVD process in that it is a strictly layer by layer growth
process with reactions taking place at the sample surface. Unlike CVD, there is less need
of reactant flux homogeneity, which gives large area (large batch and easy scale-up)
capability. The surface—controlled reactions give rise to excellent conformality which
can produce thin dense and smooth films in a highly reproducible fashion. These
advantages make the ALD method attractive for microelectronic device manufacture for

future generations of integrated circuits

Figure 2.23 shows a schematic representation of Al,O3 ALD deposition. Starting with a
clean surface (oxide and contaminant free as much as possible) usually hydroxyl
terminated, during the first pulse of trimethyl-aluminium (TMA), it reacts with
hydroxyls groups on the substrate in one of two ways. The aluminium can bond to one
oxygen atom and remain bonded to two CHj3 groups liberating one hydrogen atom from
the hydroxyl and one CH3 which forms methane (CH,). Alternatively, the aluminium
can also bond to two oxygen atoms and remain bonded to only one CH3 group. This
liberates two hydrogen atoms and two CH3 groups which form two methane molecules.
This process continues until the whole surface is covered with a monolayer of
methylated Al atoms such that no more are able to interact with the surface. Any surplus
TMA along with the methane is then purged by nitrogen and the oxygen containing
water pulse is then injected. During this pulse, the water reacts with any CH3 groups that
are still bonded to aluminium resulting in the formation of Al-O bonds, with the released
hydrogen bonding to CHs This results in the formation of methane which is then
removed along with any surplus water by another nitrogen pulse. This complete
sequence is referred to as one ALD cycle. This process is repeated until a film of the

desired thickness is deposited.
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Figure 2.23 Graphic representation of one full ALD cycle starting with (a) a
bare substrate, (b) introducing an organo-metallic precursor, (c) saturating the
surface with one organo-metallic layer, (d) purging remaining gas and
introducing an oxygen source, (e) reaction to form a metal oxide and (f)

formation of one atomic layer of metal oxide [24]

2.12.2 Thermal evaporation

In this process a low melting point source material is contained in a tantalum pouch
which is wrapped in a tungsten or tantalum filament, and resistively heated by passing a
current through the filament [25]. This thermal deposition method is appropriate for
metals with low melting temperatures (e.g. Mg), and the use of high purity (typically
>09.9%) source material results in the deposition of highly pure thin films. Metal oxide

71



films were grown by the evaporation of metals in an oxygen background pressure (5 x
10" mbar) which allows the metal to oxidise on the sample surface and form metal
oxide films, which were measured to be stoichiometric using conventional XPS. In this
study, in-situ deposition of MgO films on InGaAs was achieved by evaporating metallic

Mg in an oxygen partial pressure using this deposition method.
2.13 Surface preparation methods

For 111-V semiconductors surface cleaning is an important step in device fabrication as
exposure to ambient conditions results in the formation of oxides and carbon based
impurities. Since the quality of the interface between the gate dielectric insulator and the
InGaAs substrate is of critical importance, ensuring that the insulator layer is grown on a
clean substrate is vital. In this study the organic cleaning method used before XPS
studies consisted of successive 1 minute dips in acetone, methanol and isopropyl alcohol
(IPA), with samples being subsequently dried in an N, gas flow before being loaded into
the vacuum vessel. The different chemical cleaning methods used in this work to
remove the oxides from the InGaAs substrate (e.g. 2 stage etch, HCI, sulphur

passivation) will be outlined in subsequent chapters.
2.14 Sulphur Cell [26]

A schematic illustration of the electrochemical sulphur source is shown in Figure 2.19.
The cell was prepared from a compressed pellet of powders of silver (Ag), silver iodide
(Agl) and silver sulphide placed between two sheets of platinum mesh. The pellet sits
into the glass chimney with the electrical contacts made to the front and back end of the
pellet. The glass chimney is surrounded by a sheet of tantalum, which is heated
radiatively by passing a suitable current (~ 6 A) through the exterior tungsten wire
which is wrapped into a helical coil. The hot tantalum sheet then uniformly heats the
pellet. When heated to approximately 200°C an electrochemical potential of 200 mV

exits across the cell.
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Figure 2.19 A schematic illustration of the electrochemical sulphur

source

As silver iodide becomes an ionic conductor at this temperature, applying a suitable
negative bias to the back of the cell under constant current conditions results in Ag* ions
flowing from the silver sulphide through the silver iodide to the back silver electrode.
Molecular sulphur effuses from the throat of the chimney in direct relation to the Ag ion
current flowing in the cell in a controlled fashion.
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Chapter 3

High resolution synchrotron radiation based photoemission

studies of the sulphur treated InGaAs surface

3.1 Introduction

Controlling the interface properties of InGaAs with dielectric materials is one of the
major challenges for the future of high speed electronic devices. Poor electronic
properties of the InGaAs/oxide interface in metal oxide semiconductor (MOS) devices
is attributed to the presence of a high density of defect states Dj; which pin the Fermi
level and consequently make it difficult to invert the semiconductor. Therefore there is
need for some kind of passivation to reduce defect states as described in chapter one. In
next section 3.1.1 passivation methods reported in the literature for InGaAs will be
outlined as well the methods used in this study.

3.1.1 InGaAs surface passivation

In the specific case of InGaAs various surface preparation methods are currently under
investigation, including wet chemical approaches [1-5], thermal vacuum annealing [6-
9], As-capping and decapping [10-13], silane and ammonia passivation [15], exposure
to H-plasma cleaning and atomic H exposure to molecular species [15,16], including
H.S [17]. In addition, surface passivation strategies need to be developed which prevent
re-oxidation of the surface following ambient exposure. In recent years sulphide
passivation from solutions has led to the development of alternative passivation in
which (NH4),S solutions were found to be most effective in reducing the surface state
densities [18-20]. However, relative to GaAs and InP, the details on the surface
passivation of InGaAs are less well established. Further studies can help to identify the
common factors and trends in the sulphur based passivation of InGaAs surfaces as a
way of developing the most effective method for device fabrication. Hence,
understanding of the chemical passivation performed by the in-situ dry sulphur and wet
ex-situ chemically sulphur treated surfaces, and their thermal stabilities at higher
temperature need to be addressed. However, despite this breadth of work, the

underlying role of sulphur in acting as a surface passivant is not fully understood.
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Therefore the principal aim of this chapter is to characterise the effects of in-situ and ex-
situ sulphur passivation of InGaAs surfaces on the surface chemical composition.
The focus of this chapter is divided into four sections:

Preparation of the atomically clean InGaAs surface and thermal stability studies of

this surface at high temperature.

¢ In-situ gaseous sulphur passivation of the atomically clean InGaAs surface and
thermal stability study.

e Ex-situ sulphur (ammonium solution based) passivation of the native oxide covered
InGaAs surface and thermal stability study.

e Comparison between the different surface preparations in terms of high temperature

thermal stability.

The main technique used in this study was high resolution synchrotron radiation based
photoemission spectroscopy (HRSPES). Photon energies of 69 eV and 92 eV were
chosen for the In 4d/Ga 3d and As 3d core level spectra, respectively, to give
comparable electron escape depths and high surface sensitivity, as photoemitted
electrons from both core levels will have kinetic energies of approximately 50 eV
thereby maximizing surface sensitivity. The photoionization cross section for the Ga 3d
at 69 eV photon energy is significantly smaller than for the In 4d core level. Acquiring
these two closely spaced peaks at a photon energy of 130 eV reversed the relative
intensities due to changes in cross sectional effects making it easier to identify sulphur
and oxygen bonding interactions with gallium. Spectra are also recorded at photon
energies 105 eV and 300 eV to investigate the variation in the peak intensities with
incident photon energy. This is illustrated in Figure 3.1 in the raw data of In 4d and Ga
3d peak at three different photon energies of 69 eV, 130 eV and 300 eV. These intensity
changes assist in the deconvolution of the various spectra as it permits a more accurate

identification of the component peaks by changing their relative intensities.
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Figure 3.1 shows the photoemission spectra for In 4d/Ga 3d core levels for clean
InGaAs surface at different photon energy (a) 69 eV, (b) 130 eV and (c) 300 eV

highlighting the change in the relative intensity due to photo-ionisation cross-

sectional effects

In the first section of this chapter, atomically clean InGaAs surfaces were prepared by
desorbing a protective arsenic cap and this surface was studied by a high resolution
synchrotron radiation based photoemission. A subsequent systematic study of in-situ
dry sulphur deposition and thermal anneal of this InGaAs surface was then carried out
on both n and p-type InGaAs and resultant changes in the surface chemical

composition, Fermi level position and work function were recorded.
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3.2 Preparation of atomically clean InGaAs surface by thermal desorption of a

protective As cap
3.2.1 Sample preparation

The soft x-ray photoemission experiments were carried out on the SX700 beam line at
the Astrid synchrotron in the University of Aarhus in an ultrahigh vacuum (UHV)
system which had a base pressure of 5x10'° mbar. Two 100 nm As capped samples, 0.5
um thick p-type Be doped Ings3Gag.47As(100) epilayer (5x10" cm™) and 0.5 pm thick n-
type Si doped Ings3sGag47As(100) epilayer (5 x 10 cm™) lattice matched to InP
substrates, were secured to a molybdenum holder before being loaded into the vacuum
system. Samples were decapped by annealing at 410 °C for 30 minutes and allowed to
cool to room temperature prior to acquiring spectra. After removal of the As cap and the
acquisition of clean surface spectra, the sulphur deposition was carried out at room
temperature by exposing the surfaces to a beam of molecular sulphur for 30 minutes
from an electrochemical cell [21]. Photoemission spectra were subsequently acquired
for all core levels following thermal anneals at 400 °C, 480 °C and 530 °C. The spectra
were curve fitted using Voigt profiles composed of Gaussian and Lorentzian line shapes
and using a Shirley-type background. The reference fitting parameters for different core
levels were acquired from the atomically clean surfaces and these were used to curve fit
the InGaAs spectra following the changes induced by the sulphur deposition and anneal.
The use of AAnalyzer fitting software for the analysis of the photoemission spectra
attained after these thermal and chemical changes to the oxidation states allows for
simultaneous fitting of up to 10 spectra at one time, ensuring the maximum correlation
of the fitting parameters possible between all the spectra. It systematically applies any
variation in the fit parameters seen to develop in one spectra to all the others in the
series so that the highest level of consistency possible between them collectively is
attained. The fitting procedure was an iterative process whereby all peaks were fitted
concurrently with peak widths initially fixed to the values determined from the
decapped sample. The peak width of all oxide peaks were allowed to vary as the level of
oxide present changed as a result of the various chemical and thermal processes. Both
Gaussian and Lorentzian contributions to the line shape were correlated as well as the
peak separation from the bulk component. Confidence in the peak fitting comes from

the adoption of this systematic approach in combination with a realistic understanding
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of what surface chemistry should occur, which has been determined from studies of
binary 111-V materials such as GaAs and InP. A Shirley type background was employed
for all peaks which was modified to account for the secondary electron cascade
background at low kinetic energy for certain SRPES spectra where the electrons were
emitted with low KE. The residual (number of counts by which the fit differs from the
actual experimental data), was required to be within the noise of the data with fit error
being less than 3% of the experimental counts. In addition to using the residuals and the
x2 measures for fit accuracy, a rigorous analysis of all relevant spectral regions (As 3d,
Ga 3d, O 1s, In 4d) is performed to ensure a self-consistent analysis. The final criterion
for the peak synthesis analysis is that any state identified within the spectral envelope
must be explained in terms of the electronegativites of possible bonding arrangements.
Initially the spectra were fitted with the minimum number of peaks and additional peaks
were only added when it was clear that the spectra could not be fitted without their

incorporation after investigating variations in peak widths and positions.

The curve fitting parameters used for the As 3d core level included a doublet ratio of
0.66, a spin orbit splitting of 0.70 eV and the FWHM of the bulk peak was 0.70 eV
which was composed of a Gaussian contribution of 0.64 eV and Lorentzian value of
0.07 eV. For In 4d and Ga 3d peaks, doublet ratios of 0.66 were also used, doublet
splitting of 0.87 eV (In) and 0.44 eV (Ga), with Gaussian contributions of 0.54 eV and
0.48 eV for In and Ga, respectively and Lorentzian value of 0.20 eV for both peaks.
These values were then used throughout the study for the bulk component peaks so that
any variations from these parameters would be indicative of changes in the bonding

environment.
3.2.2 Atomically Clean InGaAs Surface

The in-situ synchrotron studies of the 100 nm arsenic capped InGaAs surface confirmed
the presence of an elemental arsenic overlayer on the substrate. The As 3d peak
acquired at a photon energy of 92 eV shown in Figure 3.2 (a) at a binding energy of
41.6 eV confirms the presence of the elemental As cap with no evidence of arsenic

oxide which are found at higher binding energies (43-46 eV) [22]. This measurement
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Figure 3.2 Photoemission spectra of As 3d peak acquired at a photon energy of 92
eV of the (a) 100 nm As capped surface (b) annealed at 340 °C showing evidence

of elemental arsenic and (c) the atomically clean surface annealed at 410 °C

shows that the As capped surface has not oxidised in the 15 minutes taken to load the
samples into the vacuum chamber. The spectra shown in this section are for the p-doped
sample. The As cap layer was initially thermally desorbed at 340 °C which removed a
substantial amount of the cap. Two component peaks were now necessary to peak fit the
As 3d spectrum as shown in Figure 3.2 (b), one component at 40.75 eV binding energy
was assigned to the substrate As and the other peak at 41.45 eV was assigned to residual
elemental arsenic on the surface. Figure 3.2 (c) shows the As 3d core level spectra
acquired at 92 eV, following the removal of the As cap at 410 °C. The As 3d peak can
be curve fitted with a bulk As component and an As dimer component shifted by 0.50
eV to lower binding energy in agreement with previous studies [21, 23]. Decapping of
InGaAs at this temperature has been reported to result in an arsenic terminated surface
[12]. No In 4d /Ga 3d peak was observed on the 100 nm As capped InGaAs surface
while Figure 3.3 shows the In 4d/Ga 3d core level spectra acquired at 69 eV, following

the removal of the As cap at 340 °C and 410 °C anneals. The core level peaks were
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curve fitted with an In bonded with As and Ga bonded with As peaks separated by 1.80
eVv.

Photon energy 69 eV ! In-As
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23 22 22 20 19 18 17 16 15 14 13
Binding energy (eV)

Figure 3.3 Photoemission spectra of the raw data of In 4d/Ga 3d peak acquired at a
photon energy of 69 eV of the (a) annealed at 340 °C (b) atomically clean surface
annealed at 410 °C

3.2.3 Thermal annealing of atomically clean surface at high temperature

In this study atomically clean InGaAs surface was annealed up to high temperature to
quantify the effects of high temperature annealing on the surface chemical com-
position. As 3d spectra at a photon energy of 92 eV and In 4d/ Ga3d spectra at a photon
energy of 130 eV and 300 eV were acquired at thermal anneals up to 560 °C.
Normalised spectra of As 3d following thermal anneals are shown in Figure 3.4 and

illustrate that no change in the peak shape profile is observed.
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Figure 3.4 Normalised As 3d photoemission spectra acquired at a
photon of energy 92 eV during the thermal annealing sequence showing
no change in the peak profile

Curve fitted As 3d spectra at a photon energy of 92 eV are shown in Figure 3.5 for the
410 °C (clean surface), 530 °C and 560 °C anneals. The two peak fit is required to
curve fit the spectra one is due to bulk As-Ga signal at 40.60 eV and the other is related
to the presence of a state at 40.10 eV or -0.50 eV from the bulk peak. This lower
binding energy peak is generally reported due to As-As dimer bond formation at the
surface [21, 23]. A model has been proposed by Robertson [24] which describes the
defect density of the GaAs and InGaAs surfaces in terms of Ga and As dangling bonds
at the conduction and valence band edges which would support the assignment of these
peaks. The arsenic intensity as a function of anneal is shown in the histogram in Figure
3.5 (b) calculated from the curve fitted peak areas. It is clear from the histogram that no
change in the arsenic intensity is observed following thermal anneals, however
following the high temperature anneals there is a reduction in the arsenic dimer signal as
shown in Figure 3.5 (b) reflecting the loss of the arsenic termination layer at these high

temperatures.
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Figure 3.5 (a) Curve fitted As 3d spectra at a photon of energy 92 eV at 410 °C,
530 °C and 560 °C (b) curve fitted area showing the As intensity and As dimer

signal as a function of thermal anneals.

Curve fitted spectra for the In 4d/ Ga 3d core levels at photon energies of 130 eV and
300 eV are shown in Figure 3.6 (a) and (b) for the clean surface (410 °C), and following
530 °C and 560 °C anneals. No changes in the intensity of the indium or gallium signals
are observed up to 480 °C. When the surface is annealed at 530 °C, there is a reduction
in the In 4d peak intensity which reflects that at this temperature the InGaAs surface has
started to decompose. The areas calculated from curve fitted peaks and the changes
induced in the individual peak intensities are more clearly observed in the histogram
representation plotted in Figure 3.6 (c) and (d).
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Figure 3.6 Curve fitted spectra of In4d/Ga 3d spectra at a photon energy of
(@) 130 eV and (b) 300 eV at 410 °C, 530 °C and 560 ° C, (c) and (d) Curve

fitted area of In4d and Ga 3d signal as a function of thermal anneals.

Annealing at 530 °C leads to a 5% reduction in the intensity of the In 4d core level with
no reduction in Ga signal. A further drop in In signal (15%) was measured following a
560 °C anneal, while no corresponding reduction in the Ga or As signals was observed.
The work function value for the clean surface was determined to be 4.7 eV.
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3.3 In-situ sulphur passivation of InGaAs and thermal anneals
3.3.1 Impact on As 3d spectra

Figure 3.7 shows the normalised As 3d core level spectra acquired at 92 eV photon
energy for the clean InGaAs surface decapped at 410 °C, following sulphur deposition
and subsequent anneal at 400 °C illustrating the change in the peak shape as a function

of surface treatment.
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Figure 3.7 Normalised photoemission spectra for the As 3d peaks
at 92 eV photon energy showing the evolution of the peak shape
with the removal of the As cap, sulphur deposition and anneal.

Figure 3.8 shows the As 3d curve fitted photoemission spectra for p-type InGaAs at 92
eV for (a) the clean InGaAs surface (b) following sulphur deposition and (c) 400 °C
anneal, respectively. The clean decapped InGaAs surface had been exposed to a
molecular sulphur flux from the electrochemical cell at room temperature for 30
minutes and the changes in the As 3d core level spectrum following this deposition are
shown in Figure 3.8 (b). The As 3d peak displays a large chemically shifted component
which was curve fitted with two peaks at 1.45 eV and 1.84 eV higher binding energy
with respect to the bulk As peak as shown in Figure 3.8 (b). These peaks are interpreted
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as evidence of significant sulphur — arsenic bond formation and have been previously

identified as originating from As-S bond and As(S-S) disulphide bonding interactions,
respectively [25-28]. Annealing the sulphur treated surface at 400 °C results in the
complete disappearance of the As-S bonding components as shown in Figure 3.8(b) and

the As 3d peak can now be curve fitted with two peaks identical to those used to fit the

clean surface spectrum as has previously been reported for studies on GaAs [21].
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Figure 3.8 As 3d curve fitted photoemission spectra for p-type

InGaAs at photon energy 92 eV for (a) Clean surface (b) sulphur

exposed at room temperature (c) sulphur + 400 °C anneal.

3.3.2 Impact on In 4d /Ga 3d spectra

Figure 3.9 shows the corresponding normalised In4d/Ga 3d spectra at the three different
photon energies with (a) 69 eV, (b) 130 eV, (c) 300 eV on p-type InGaAs for the

decapped surface, sulphur deposition and anneal to 400 °C. These spectra show the

variation in the relative In and Ga peak intensities due to changes in the photoionization

cross section with photon energy resulting in a significantly larger In 4d peak while
using 69 eV photon energy and a larger Ga 3d signal at both 130 eV and 300 eV.
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Figure 3.9 Normalised In4d/Ga3d spectra at the three different photon energies
of (a) 69 eV, (b) 130 eV, and (c) 300 eV on p-type InGaAs, black : clean surface,

red : sulphur exposed at room temperature and green: sulphur + 400 °C anneal.

The In 4d and Ga 3d core level spectra of the clean decapped surface acquired at 69 eV
shown in Figure 3.10 (a) are curve fitted with single spin-orbit split components
separated by 1.80 eV binding energy. The changes in the Ga 3d/In 4d composite peak
resulting from sulphur deposition shown in Figure 3.10 (b) display evidence of a
bonding interaction between the indium and the sulphur as indicated by the presence of
a In-S component in the curve fitted spectrum, shifted by 0.45 eV to higher binding
energy which is similar to previously reported values [29]. The subsequent 400 °C

anneal also results in the appearance of a Ga-S attributed bonding component shifted by
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0.50 eV [30] relative to the bulk Ga 3d peak in the spectrum. Because of the low
photoionization cross section of the Ga 3d core level at this photon energy as mentioned
in section 3.1.1, it is difficult to detect any evidence of a Ga-S bonding interaction
following sulphur deposition. However, acquiring the same core levels at 130 eV and
300 eV as shown in Figure 3.11 for both room temperature sulphur deposition and
following the 400 °C anneal allows clear identification of a Ga-S bonding component in

agreement with comparable studies of sulphur deposition on GaAs [21, 31].
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Figure 3.10 In 4d and Ga 3d curve fitted photoemission spectra for p-type
InGaAs at photon energy of 69 eV for (a) clean surface, (b) sulphur

exposed at room temperature and (c) sulphur + 400 °C anneal
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Figure 3.11 In 4d and Ga 3d curve fitted photoemission spectra for p-type
InGaAs at photon energies of 130 eV and 300 eV for (a) clean surface, (b)

sulphur exposed at room temperature and (c) sulphur + 400 °C anneal.
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This dependence can be exploited to accentuate the bonding interactions between
sulphur and either Ga or In by selecting the appropriate photon energy for curve fitting.
The area of As, As-S, In, InS, Ga and GaS bonding components for the full deposition
and annealing temperature sequence have been plotted as a histogram for the differently
prepared surfaces as shown in Figure 3.12 (a). The maximum intensity of the As peak
following the 340 °C anneal and the significant decrease in the intensity of the peak
following sulphur deposition and anneal at 400 °C probably reflects desorption from the
surface. This is accompanied by the complete removal of all evidence of As-S bond
formation as shown in the curve fitted spectra in Figure 3.8 (b). The intensity of the As
3d peak decreases to approximately 1/3 of its original value reflecting the extent of the

loss of As from the near surface region as shown in Figure 3.12 (a).

The impact of changes in the photo-ionization cross section on the relative intensities of
the In 4d/Ga 3d component peaks is clearly evident from this analysis in Figure 3.12
(b), (c) and (d). At 69 eV photon energy the In signal is a maximum on the decapped
surface following the 410 °C anneal and similar behaviour is exhibited by the Ga 3d
intensity in the 130 eV photon energy spectra. Sulphur deposition results in the
significant suppression of these intensities and the appearance of an In-S bonding
component. As described in earlier section 3.3.2 at 69 eV, the Ga-S bond could not be
detected due to low photoionisation cross section while it can be seen at photon energies
of 130 eV and 300 eV. Annealing at 400 °C results in an increase the In/Ga intensity
level as well as of the In-S and Ga-S signals as shown in the profiles in Figure 3.12 (b),
(c) and (d), resulting from both the desorption of the surface As and excess sulphur on
the surface. Further annealing at 480 °C and 530 °C results in a reduction in the In

signal and a corresponding increase in the Ga and Ga-S intensities were observed.

91



Area

Area

350

300

250

200

150 -

100 -{

50 -

300

250

200

150

100

50

I As [ As-S I As-S
Photon energy 92 eV
As 3d (a)
T T I T T I T
340°C 410°C  410°C+S S+400°C  480°C 530°C
Surface treatment
I In 1 In-S 1N Ga M Ga-S
1 Photon energy 130 eV )
In 4d/Ga 3d
340°C 410°C 410°C+S S+400°C  480°C 530°C

Surface treatment

Area

I \n 1 In-S 1M Ga Il Ga-S

6001 Photon energy 69 eV

In 4d/Ga 3d
500

400 4

300

200

100

(b)

18 4
16 4

14

340°C 410°C  410°C+S S+400°C  480°C 530°C
Surface treatment
I In 0 In-S I Ga I Ga-S
20 1Photon energy 300 eV (d)
1In 4d/Ga 3d
340°C 40°C  410°C+S S+400°C  480°C 530°C

Surface treatment

Figure 3.12 Area plot for (a) As 3d at a photon energy of 92 eV, In 4d and Ga 3d

for

treatment 340 °C, 410 °C, 410 °C +S, S+400 °C, 480 °C and 530 °C

3.3.3 Impact on sulphur spectra following thermal anneals

p-type at photon energy (b) 69 eV, c) 130 eV and (d) 300 eV for surface

The broadened nature of the S 2p component peaks for the room temperature deposited

spectrum shown in Figure 3.13 reflects the range of chemical environments in which the

sulphur exists resulting from As-S, In-S and Ga-S bonding interactions. After the
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thermal anneal at 400 °C which results in the removal of the As-S bonds, the peak
becomes more resolved and can be fitted with two well defined components. The lower
BE component is attributed to sulphur bonded to both In and Ga at the surface and the
high BE peak is attributed to a subsurface component, consistent with its higher
coordination, resulting from the diffusion of sulphur into the top most atomic layers in
agreement with previous studies for both sulphur and selenium passivation of GaAs
[21,32]. No significant change is seen in the relative intensities of these component

peaks at higher temperature anneals of 480 °C or 530 °C (not shown).
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Figure 3.13 S 2p curve fitted spectra acquired at 220 eV photon energy for room
temperature deposition and following 400 °C anneal. The high binding energy
component peak at 163 eV, which is removed by the 400°C anneal, is attributed

to an As-S bonding.

3.3.4 Indium desorption from surface at higher temperature anneals

While these higher temperature anneals have no significant impact on the intensity of
the As 3d signal as shown in Figure 3.12 (a), the effect on the Ga 3d/In 4d core level
intensities can be seen from normalised and curve fitted spectra in Figure 3.14 (a) and

(b), respectively, acquired at a photon energy of 105 eV which gives almost equal
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intensity to the Ga 3d and In 4d core level peaks for the clean surface. The loss of
indium from the surface is more clearly displayed in the histogram in Figure 3.15
reflecting the change in intensity of the component peaks which has previously been
observed during the thermal annealing of the atomic hydrogen cleaned InGaAs surface
[16].
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Figure 3.14 The loss of In as a function of thermal anneal is
apparent in these spectra acquired at a photon energy of 105 eV (a)

normalised spectra (b) curve fitted spectra

These changes in surface chemical composition are also accompanied by a decrease in
the intensity of the In-S bonding component and an increase in the intensity of the Ga-S
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component peak which is consistent with the relative bond energies of In-S and Ga-S
calculated by Ohno and Shiraishi [33]. It is also observed that at 530 °C that the peak
width of the Ga 3d becomes narrower which reflects the sulphur desorption taking place

at a higher temperature.
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Figure 3.15 The magnitude of the changes in the intensity of the indium
bulk, S-In and S-Ga components acquired at a photon energy of 105 eV

as a function of thermal anneal

3.3.5 Angle resolved measurements

The photoemission results indicate that there is a strong interaction at room temperature
between the deposited sulphur and the atomically clean InGaAs surface. Evidence of a
significant bonding interaction between the sulphur and the As 3d and In 4d are clearly
observed, while the interaction with Ga 3d is less apparent. Annealing at 400 °C
completely removes the As-S component peaks with the resulting As 3d profile
identical to that from the clean surface. However, the resulting change in the intensity of
the arsenic signal shown in the bar chart in Figure 3.12 (a) highlights the extent to
which the surface arsenic signal has been attenuated by this treatment. The change in

the relative intensity of the In, Ga, As peaks following sulphur deposition and anneal
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are shown in the results of the angle resolved XPS measurements in Figure 3.16
acquired at normal emission and 60° off normal, which corresponds to a factor of two

reduction in the sampling depth.
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Figure 3.16 Ga : As and S : As ratios at normal emission and 60° off

normal showing that sulphur replaces the As in the near surface region

No attempt has been made to quantify the elemental composition by the use of relative
sensitivity factors and the ratios displayed are the raw data. The Ga:As intensity ratio of
the cleaned InGaAs surface shows almost no dependence on angle indicating that within
the sampling depth, the composition is uniform. The clean surface Ga:As intensity ratio
of 0.23 increases to 0.58 at normal emission following sulphur deposition and anneal
suggesting the loss of As within the photoemission sampling depth (~2.0 nm), as no
detectable change in the Ga signal intensity is apparent from Figure 3.16. Acquiring the
same spectra at 60° off normal results in a further increase in this ratio to 1.04 indicating
that in the upper most atomic layers, the As loss is even more accentuated. The
assertion that this change reflects the substitution of As by S in the near surface region
is supported by the fact that the S:As ratio increases from 0.32 to 0.57 between the

spectra taken at normal emission and 60° off normal. Similarly, on the clean InGaAs
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surface, there is no change on In:As ratio (not shown) between normal emission and 60°
off normal while on the sulphur deposition + 400°C anneal, the In:As ratio increases
from 2.1 to 3.48 consistent with the loss of As from the near surface region. Therefore,
when these results are combined with the fact that after the 400 °C anneal there is no
evidence of As-S bonding, this suggests that the surface is composed of an In-S and Ga-

S bonded layer with sulphur taking the place of arsenic.

3.3.6 Fermi level position as a function of treatment from valence band
measurements

The change in position of the Fermi level in the InGaAs bandgap was monitored as a
function of surface treatment for both n and p-doped InGaAs substrates. The position of
the Fermi level in the gap was determined by measuring the energy difference between
the valence band edge and the metallic Fermi level of the sample holder in contact with
the sample. The determination of the valence edge for the clean surface, sulphur
deposited and S + 400 °C surface is shown in Figure 3.17. The valence band maxima
indicated in the figure were determined by the linear extrapolation and the Fermi level
position is determined from the photon energy. The change in position of the Fermi
level in the InGaAs bandgap was monitored as a function of surface treatment from
valence band measurement and is displayed in Figure 3.18. For both doping types, the
Fermi level position was found to be in midgap on the atomically clean surface in
agreement with the recent scanning tunnelling spectroscopy measurements by Shen et al
[12] on similarly decapped InGaAs surfaces. The deposition of sulphur results in the
Fermi level moving towards the conduction band for both doping types and the
subsequent anneal does not significantly alter the positions. This suggests that the initial
interaction with sulphur at room temperature primarily determines the electronic impact
of the treatment. The identical shifts in Fermi level positions for both doping types
confirms that sulphur is essentially doping the near surface region by acting like a
shallow donor rather than unpinning the Fermi level. A similar photoemission study by
Scimeca et al [32] reported that the maximum Fermi level movement on the GaAs(001)
surface following the in-situ adsorption of Se was observed when the surface As atoms

had been replaced by Se atoms.
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Figure 3.17 Valence band spectra for clean surface, sulphur exposed at

RT and sulphur + 400 °C anneal surface : (a) p-type (b) n-type
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Figure 3.18 Fermi level position relative to VBM for both n and p-

doped substrates as a function of surface treatment (From figure 3.17).

Koenders et al. [34] also reported similar Fermi level behaviour for n and p-doped GaAs
(110) cleaved surfaces following insitu deposition of high exposures of sulphur from an
electrochemical cell. A photoemission study by Zahn et al [35] of both sulphur and
selenium passivation of atomically clean GaAs(100) prepared by arsenic decapping
found reduced band bending for n-type substrates and an increase in band bending for p-
type, consistent with the findings in the current study for InGaAs. Therefore, at a more
general level, when the results of this study are taken in conjunction with previous
studies on both InGaAs and GaAs semiconductor surfaces [34, 35] it can be concluded
that the chalcogenide treatment results in similar trends being observed involving the
replacement of the As in the near surface region by the chalcogen and the consequential
local n-type doping of the surface, regardless of the initial doping type of InGaAs.

The subsequent anneal does not significantly alter the Fermi level positions suggesting
that the initial interaction with sulphur at room temperature primarily determines the
electronic impact of the treatment. The resulting band bending configuration is

schematically shown in Figure 3.19
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Figure 3.19 Band bending diagram for both doping types (a) and (b) ideal

condition, (c) and d) clean surface after As decapping, (€) and (f) sulphur deposited
surface

3.3.7 Change in InGaAs work function with sulphur deposition and anneal

The change in work function with sulphur deposition and anneal is shown in Figure

3.20. Work function measurements on both doping types after sulphur deposition and
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anneal show similar behaviour displaying a value close to 6 eV which is indicative of

the formation of a surface dipole layer related to the presence of sulphur on the surface.
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Figure 3.20 Change in work function value on sulphur deposition and

following thermal anneals

The change of the work function on a surface can be approximately predicted by
knowing the electronegativity of the adsorbates [36]. For the clean InGaAs surface the
work function value is 4.7 eV. With the sulphur deposition the value reaches 5.54 eV.
As the sulphur atom is more electronegative than the atoms in InGaAs, the charge
transfer takes place from substrate to the sulphur layer which generates a surface dipole
layer reinforcing the pre-existing dipole on the InGaAs surface. Annealing at 400 °C
increases the work function value towards 6 eV for both doping types which could be
the result of increased In-S and Ga-S bond formation in the near surface region. On
further annealing at higher temperatures, the work function value decreases, possibly
reflecting the disruption of the In-S bond as indium desorbs and the start of the
desorption of sulphur from the surface.

Following the sulphur passivation and anneal at 530 °C the sample was exposed to air
for one week, to observe the regrowth of the oxide on the surface. The air exposed
surface was compared with the native oxide InGaAs surface. For comparison curve
fitted As 3d and In 4d/Ga 3d spectra acquired at a photon energy of 92 eV and 69 eV for
exposed surface and native oxide surface are shown in Figure 3.21 (a) and (b). Both
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Intensity (a. u.)

spectra reflect the regrowth of oxide on the surface composed of a mixed phase oxide
(Ga, In, As). However the As 3d spectra shown in Figure 3.21 (a) shows the level of
oxide on the air exposed surface is significantly less than the native oxide surface. The
oxide thickness calculated on the native oxide surface was approximately 1.1 nm while
on air exposed surface was calculated to be approximately 0.35 nm. It is well known
that As in InGaAs surface oxidizes mainly to As,O3 and As,Os states. The
corresponding chemically shifted peaks in the As 3d spectra from those compounds are
shifted by 1.2-4.5 eV [37] to higher binding. Similarly curve fitted spectra for In 4d/Ga
3d shown in Figure 3.21 (b) display the level of indium and gallium oxide growth on the

surface.
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Figure 3.21 Comparison of (a) As 3d and (b) In 4d /Ga 3d curve fitted photoemission
spectra acquired at photon energies of 92 eV and 69 eV on native oxide surface and

air exposed surface following sulphur deposition and anneal

However the gallium oxide re-growth is significantly larger than the indium oxide re-
growth. This oxidation behaviour of the surface is attributed to the decomposition of
the surface at higher temperature 530 °C. At this temperature the InGaAs surface was
observed to be gallium rich and indium deficient which indicates larger level of gallium

oxide re-growth on the surface.
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3.4 Native oxide and wet chemical sulphur passivated InGaAs surfaces

investigation by synchrotron radiation based photoemission
3.4.1 Sample preparation:

For ex-situ sulphur passivation, an n-type Be doped Ings3Gag47As epilayer 0.5 um
thick (5x10'" cm™) lattice matched to an InP substrate was degreased for 1 min in
acetone followed by 1 min rinse in methanol prior to being immersed in 10%
ammonium sulphide ((NH,).S) solution for 20 min at room temperature (290 K). The
sample was secured to a molybdenum holder before being loaded into the vacuum
system in less than 10 minutes after removal from (NH;),S to minimize both native
oxide regrowth and ambient oxidation. In order to provide a consistent fit for the core
level peaks, reference spectra were acquired from an atomically clean InGaAs wafer
which had been capped with arsenic, in order to obtain the correct curve fitting

parameters.

3.4.2 Synchrotron radiation photoemission study of wet chemical sulphur

passivated InGaAs surface
3.4.2.1 Impact on As 3d spectra

Figure 3.22 shows the normalised spectra of As 3d at a photon energy of 92 eV for
native oxide and sulphur passivated surface. The profile of the As 3d peak shows that
there is evidence of a residual arsenic oxide component present on the sulphur
passivated surface when comparison is made with the native oxide covered surface
spectrum. These spectra show that the sulphur passivation is very effective in removing
the surface oxide and preventing re-oxidation even after ambient exposure up to 10

minutes.
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Figure 3.22 Normalised As 3d spectra acquired at a photon energy of 92
eV for native oxide and sulphur passivated surface showing the

effectiveness of the (NH,),S treatment in removing the oxides.

The curve fitted spectra for the As 3d peak for native oxide and the wet chemical
sulphur passivated surface at a photon energy of 92 eV are shown in Figure 3.23. The
sulphur passivated spectrum consists of a bulk As component, an As dimer component
at -0.65 eV, elemental arsenic As® (+0.55 eV ) and mixed phase of interfacial arsenic
oxide composed of As'* (+1.3 eV), As®* (+1.7 eV), AsSO (+2.55 eV) [22] and
As*(+3.4 eV) respectively, A <+’ or ¢ - * sign indicates a shift toward higher or lower
binding energy. The peak of native oxide surface wer curve fitted with As dimer
component (-0.65 eV), elemental arsenic As® (+0.55 eV ) and mixed phase of interfacial
arsenic oxide composed of As** (+1.23 eV) , As®* (2.55 eV), As>* (+3.24 eV) and
As™(+4.44 eV ) and GaAsO, ( +5.08 eV). These peaks previously have been reported
by Brennan et al. [37] in his synchrotron studies of the native oxide covered InGaAs

surface.
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Figure 3.23 Curve fitted As 3d spectra at photon energy of 92 eV

for

surface showing the effectiveness of the treatment in removing

the
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(a) native oxide and (b) wet chemical sulphur passivated

native oxide
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O 1s spectra for both surfaces are shown in Figure 3.24 displaying a residual oxygen
signal on the sulphur passivated surface. Higher oxygen signal was observed on native
oxide surface in comparison to the sulphur passivated surface that also reflects the

reduction in the oxide from the sulphur treated surface.
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Figure 3.24 Normalised O 1s spectra at a photon energy of 600 eV
for native oxide and sulphur passivated InGaAs surface

3.4.2.2 Impact on In 4d/ Ga 3d spectra

Curve fitted spectra at different photon energies of (a) 69 eV (b) 105 eV (c) 130 eV for
the sulphur passivated surface are shown in Figure 3.25. In 4d/Ga 3d bulk peaks were
curve fitted with single spin-orbit-split components separated by 1.80 eV binding
energy and chemically shifted components consisting of the In** (+0.45 eV) , In** (0.60
eV), Ga'* (+0.60 eV) and Ga>* (+1.1 eV ) oxidation states [22]. Due to the relatively
small binding energy separation differences between the In 4d/Ga 3d bulk peak and the
various reported sulphur and oxygen oxidation states [22], so no attempt was made to

identify these individual component peaks.
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Figure 3.25 Curve fitted spectra for In 4d and Ga 3d at different photon energy of
(@) 69 eV (b) 105 eV (c) 130 eV for the sulphur passivated InGaAs surface

At a photon energy of 130 eV while it is difficult to detect the indium oxidation states
as the indium signal is small, the gallium signal is very strong making it possible to
identify the oxidation states. However, at a photon energy of 69 eV the relative

intensities are reversed making it easier to identify the indium oxidation states.
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To observe the effectiveness of sulphur passivation, a comparison is made between the
ratio of the peak intensities to bulk intensity for both native oxide and sulphur
passivated surfaces as shown in Figure 3.26. The change in oxide to bulk ratio can be
seen for native oxide and the sulphur passivated surface. Reduction in arsenic oxide was
calculated 94 % shown in Figure 3.26 (a). A similar analysis on the indium and gallium
oxide to bulk ratios at different photon energies also shows a similar reduction of 93%
in indium oxide while 87% reduction in gallium oxide as shown in Figure 3.26 (b) and
(c) respectively, indicating the effectiveness of wet chemical sulphur passivation at
removing the native oxide layer. These ratios highlight changes in the relative
composition of the oxide layer by tracking the trends determined from the peak fitted
data.
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Figure 3.26 Sub-oxide to bulk ratio comparison for native oxide and sulphur
pasivated surface (a) arsenic sub-oxide to bulk ratio, (b). indium sub-oxide to
bulk ratio and (c) gallium sub-oxide to bulk ratio
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3.4.3 Thermal stability of the wet chemical sulphur passivated InGaAs surface at

high temperature
3.4.3.1 Thermal annealing

Figure 3.27 shows the As 3d normalised spectra at photon energy of 92 eV after
incremental annealing from room temperature (RT) to 700 °C of a sulphur passivated
surface. It is clear from these spectra that the residual surface As oxides/sulphides can

be completely removed by a thermal anneal at 545 °C.

Photon energy 92 eV
As 3d

RT
400° C anneal
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Binding energy (eV)

Figure 3.27 Normalised As 3d spectra at a photon energy of 92 eV

for wet chemical sulphur passivated surface as a function of thermal

Figure 3.28 (a)-(d) shows the corresponding spectra at the four different photon energies
of (a) 69 eV (b) 105 eV (c) 130 eV and (d) 300 eV after incremental annealing up to
700 °C. Again these highlight the variation in the peak intensities of the In and Ga peaks
with the change in photon energy. The decrease in the peak widths clearly shows that
the increase in annealing temperature has a significant effect in removing the residual

surface oxides and sulphides present on the surface.

109



Normalised Intensity (a. u.)

Normalised Intensity (a. u.)

Photon energy 69 eV (@) Photon energy 105 eV (b)
In 4d/Ga 3d In 4d/Ga 3d
RT ~ |RT
400° C anneal ; 400° C anneal
>
545' C anneal @ |545'C anneal
635" C anneal g 635’ C anneal
700° C anneal 3 700° C anneal
0
©
£
2
B L B L e | — T T T T T T T 1
8 % M 20 8 15 “u 2 2 24 2 20 18 16 14 12
Binding energy (eV) Binding energy (eV)
Photon energy 130 eV (c) Photon energy 300 eV (d)
In 4d/Ga 3d In 4d/Ga 3d
S
RT p RT
~ 0
400° C anneal > | 400" Canneal
[
0
545’ C anneal g 545'C anneal
= 0
635’ C anneal 5 |6BcC anneal
700° C anneal 2 700° C anneal
T
£
[e]
z
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
28 2 24 2 20 18 16 14 12 8 % 24 2 2 18 16 14 12

Binding energy (eV)

Binding energy (eV)

Figure 3.28 Photoemission spectra for the In 4d and Ga 3d peaks at photon energies of
(@) 69 eV (b)105 eV (c) 130 eV (d) and 300 eV after annealing up to 700 °C on sample

treated by wet chemical sulphur.
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3.4.3.2 Impact on As 3d spectra

Figure 3.29 shows the changes in the As 3d curve fitted photoemission spectra at 92 eV
as a result of thermal annealing up to 700 °C. Due to the relatively small binding
energy separation differences between the As 3d bulk peak and the various reported
sulphur and oxygen oxidation states [22,37-42], no attempt has been made to
distinguish between the chemical shifts of the two elements in the curve fitted data. At
room temperature, the As 3d peak was curve fitted with a bulk As component, an As
dimer component (-0.65 eV), elemental arsenic As® (+0.55 eV ) and mixed phase of
interfacial arsenic oxide composed of As'* (+1.3 eV) , AsSO (+1.7 eV), As** (+2.55
eV) and As**( +3.4 eV ). A “ +’ or “ -’ sign indicates a shift toward higher or lower
binding energy as described in earlier section. Annealing at 400 °C leads to the removal
of the As™* state, a significant reduction in all other cationic arsenic oxidation states and
a small reduction in As®, while the As dimer signal remains constant. Subsequent

annealing at 480 °C ( not shown) shows a further reduction of higher arsenic oxides and
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Figure 3.29 Curve fitted core level spectra of As 3d at photon energy of
92 eV on sulphur passivated InGaAs surface following thermal anneal.
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states with a removal of the lower oxidation states. Complete arsenic oxide and
sulphides removal was observed annealing at a temperature of 545 °C (not shown) with
an increase in As bulk signal while arsenic dimers and As® remains at the surface. An
increase in As signal with thermal anneals was observed as a result of the removal of the
arsenic oxides which enhance the substrate signal. Further annealing at high
temperature shows no change in the arsenic signal. The resulting change in the intensity
of the As signal shown in the bar chart in Figure 3.30 highlights the removal of the
oxidation states upon annealing and illustrates that the higher temperature anneals have

no significant impact on the intensity of the As 3d substrate signal.
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Figure 3.30 Magnitude of the changes in the intensity of arsenic
components as a function of thermal anneal are clearly observed.
3.4.3.3 Impact on In 4d/ Ga3d spectra

Figure 3.31 shows the changes in the In 4d/Ga 3d curve fitted photoemission spectra at
69 eV as a result of thermal annealing up to 700 °C. As stated above for the

deconvolution of the As peak, similar difficulty occurs here for In and Ga peak
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oxidation states in making any distinction between oxides and sulphides, so no attempt
was made to identify these individual component peaks. At RT, In 4d/Ga 3d bulk peaks
were curve fitted with single spin-orbit-split components separated by 1.80 eV binding
energy and chemically shifted components consisting of the In'* (+0.45 eV) , In** (+ .60
eV), Ga'* (+0.60 eV) and Ga>* (+1.1 eV ) oxidation states [22].
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Figure 3.31 Curve fitted core level spectra of In 4d/Ga 3d at a photon
energy of 69 eV on sulphur passivated InGaAs surface following thermal

anneals at various temperature.

Annealing at 545 °C and 635 °C results in a disappearance of the higher oxidation states
of In and a concurrent increase in the lower oxidation states of In. Similarly, an increase
in the lower oxidation states of Ga and a complete removal of the higher oxidation
states was observed following annealing at 635 °C. The final anneal at 700 °C shows a
significant decrease in all oxidation states, loss of In and a substantial increase in the Ga
signal consistent with the decomposition of the InGaAs surface. Changes in the

intensity of the In and Ga signals were calculated from curve fitted area and plotted in
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the histogram shown in Figure 3.32. Similar behaviour was observed when the same
core levels peaks were acquired at a photon energy of 130 eV as shown in Figure 3.33
(@) which reverse the relative intensities of In and Ga peaks due to changes in cross
sectional effects and makes it easier to identify the gallium oxidation states. The
magnitude of the changes in the intensity of In and Ga component peaks at a photon

energy of 130 eV as a function of thermal anneal are clearly observed in Figure 3.33 (b).
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Figure 3.32 Magnitude of the changes in the intensity of In and Ga
components as a function of thermal anneal up to 700 °C.
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Figure 3.33 (a) Curve fitted core level spectra of In 4d/Ga 3d core levels at a photon
energy of 130 eV on sulphur passivated InGaAs surface following thermal anneals
(b) the magnitude of the changes in the intensity of In and Ga components as a

function of thermal anneal up to 700 °C.

The effect of thermal anneals up to high temperature on the In 4d/Ga 3d core level
intensities can be seen from the curve fitted spectra. Again the effects of annealing at
700 °C on the surface chemical composition can be observed as resulting in a

substantial loss of the In from the surface. By acquiring these photoemission spectra at a
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photon energy 105 eV, which gives almost equal signal of the In and Ga core levels, the
extent of the indium loss can be quantified. These spectra along with the areas

calculated from curve fitted peaks are displayed shown in Figure 3.34 (a) and (b).
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Figure 3.34 (a) Curve fitted core level spectra of In 4d/Ga 3d at photon
energy of 105 eV on sulphur passivated InGaAs surface following
thermal anneals (b) The magnitude of the changes in the intensity of In

and Ga components as a function of thermal anneal are clearly observed.
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The wet chemically sulphur treated surface was stable up to the 635 °C anneal which is
attributed to the presence of mixed phase of oxides and sulphides enhancing the thermal
stability of the surface. The higher temperature anneals results in the removal of
substantial amounts of the residual surface oxides. However, it appears that when these
oxides have been removed, the surface becomes chemically unstable and begins to
decompose. This loss of indium on the wet chemically prepared sulphur passivated
surface will be compared in the next section with the thermal behaviour of the in-situ
molecular sulphur passivated atomically clean InGaAs surface and the atomically clean
InGaAs surface [43].

Sugahara et al. [30] have shown in a synchrotron radiation photoelectron spectroscopy
study that Ga-S, As-S, and S-S bonds are formed on (NH4)S treated GaAs
surface, but Ga-S bonds become dominant after annealing at 360 °C for 10 mm
in vacuum. The O 1s core level spectra were also recorded at a photon energy of 600
eV and the raw data are shown in Figure 3.35 following thermal anneals up to 700 °C. A
weak signal of O 1s peak is observed which indicates that a small amount of oxide is
present on the surface. A decrease in O 1s signal was seen as a function of annealing
temperature. At 545 °C a very small signal was observed while no oxygen O 1s signal

was observed on further annealing at 635 °C and 700 °C.

01s RT
Photon energy 600 eV 400°C
545°C
635°C
0

MWWWWWM

Intensity (a. u.)

T T T T T T T T T T T T T T T
540 538 536 534 532 530 528 526 524

Binding energy (eV)

Figure 3.35 Changes in the O 1s at a photon energy of 600 eV
signal as a function of thermal anneals up to 700 °C on a wet
chemical sulphur passivated surface.
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Figure 3.36 displays changes in the sulphur 2p signal as a function of thermal anneal
and illustrates a large drop in sulphur was observed only at 700 °C anneal which reflects

desorption of the most of the sulphur from the surface at this temperature.

Photon energy 220 eV RT
S 2p 400°C

Intensity (a. u.)

T v T v T v T v T v T v T v v
170 168 166 164 162 160 158 156 154

Binding energy (eV)

Figure 3.36. Changes in the S 2p signal at a photon energy of 220
eV as a function of thermal anneals up to 700 °C.

3.5 Thermal stability comparison between differently prepared InGaAs surfaces

The atomically clean InGaAs surface was prepared by desorbing a 100 nm thick As cap
layer from the surface by annealing at 410 °C. To study the effect of high temperature
anneals, the atomically clean surface was annealed at high temperature up to 530 °C
(section 3.2.3). It was observed that annealing at 530 °C leads to a 5% reduction in the
intensity of the In 4d core level with no reduction in Ga signal. A further drop in indium
signal (15%) was measured following a 560 °C anneal [44], while no corresponding
reduction in the Ga or As signals was observed. No change in the In:Ga ratio was
observed up to 480 °C which shows that the surface is stable up to this temperature.
The thermal stability of the clean surface favourably compares with the typical InGaAs

growth temperature of 500 °C in that the chemical composition is stable even in the
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absence of an arsenic flux [45]. While the in-situ sulphur passivated surface displayed a
significant loss of indium following a 480 °C anneal (section 3.3.2), the atomically
clean InGaAs surface was found to be stable at this temperature. A higher anneal at 530
°C resulted in a further reduction in the indium signal on the sulphur passivated surface
and only a small reduction is seen on the atomically clean surface. No change in the
intensity of the As 3d spectrum was observed during these thermal anneals [43]. A
summary of the thermal stability for three surfaces prepared in this work is shown in
table 1.

Table 1 : Thermal stability of the atomically clean, in-situ dry sulphur and ex-situ wet
chemical sulphur passivated InGaAs surface

Surface type Initial decomposition Higher temperature
temperature (Indium loss | anneal (Indium loss in
in %0) %)

Atomically clean InGaAs 530°C (5%) 560 °C (15 %)
surface
In-situ sulphur passivated 480 °C (33 %) 530 °C (50 %)
surface
Ex-situ wet chemical 700°C (80%) | @ e
sulphur passivated surface

When these two surfaces were compared with ex-situ sulphur passivated surface, it was
found that the ex-situ treated surface is stable up to higher temperature (635 °C) and
thereafter an 80 % reduction in the indium signal is observed. Ex-situ wet chemically
sulphur passivated InGaAs (section 3.4.3) is more thermally stable than in-situ S-based
passivation of atomically clean InGaAs and atomically InGaAs surfaces. The stability
of the wet chemical sulphur passivated surface up to 635 °C is attributed to the presence
of thermally stable In and Ga sub-oxides and sulphides. These studies show that the
changes induced in surface chemical composition resulting from the incorporation of

sulphur in the near surface region of InGaAs by in-situ sulphur passivation significantly
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impact on the thermal stability of the surface. Given that post deposition annealing
treatments at temperatures of 500 °C have been used to improve the electrical
characteristics of Al,Os/InGaAs based MOS structures [46] the thermal stability of
chemically modified InGaAs is of importance.

3.6 Conclusion

This chapter has compared the thermal stability of the atomically clean InGaAs surface
with that of different sulphur passivated surfaces. High temperature thermal annealing
studies of atomically clean InGaAs up to 560 °C were performed to see the effect of
thermal anneals on the compositional changes in InGaAs surfaces. In-situ sulphur
passivation was carried out on the atomically clean InGaAs surface. The room
temperature sulphur adsorption leads to the formation of As, In and Ga bond to sulphur
while annealing at 410 °C results in the complete removal of the As-S bonding states
with only sulphur bonds to In and Ga remaining. The important result of this study is
the fact that the Fermi level position is in the mid band gap for the clean surface of both
doping types and that sulphur adsorption moves the Fermi level close to the conduction
band for both materials. The study shows that sulphur is acting as a donor in the near
surface region and this has to be considered in its use as a surface passivation layer.
There is also an increase in work function observed during sulphur deposition due to the
formation of a surface dipole. High temperature annealing studies of in-situ sulphur
passivation followed by thermal anneals up to 530 °C have shown significant changes in
the chemical composition of the surface. The important result of this study is the fact
that the Fermi level position which is in a mid band gap position on the clean surface of
both doping types moves close to the conduction band following sulphur deposition,
independent of initial doping type. This indicates that the replacement of arsenic by

sulphur in the near surface region results in it acting as a surface dopant

This chapter also investigated the ex-situ wet chemical sulphur passivation of native
oxide surface and compared it with the native oxide surface. It was observed that
sulphur passivation was very effective in most of removing the oxide from the surface
and forming a protective layer to protect it from ambient oxidation. High temperature
annealing up to 700 °C has been carried out to observe the compositional changes as a
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function of thermal anneals. It was observed that the surface is stable up to 635 °C

which is attributed due to the presence of oxides and sulphides.

The ex-situ treated surface was found to be more thermally stable than the in-situ treated

surface at high temperature These findings have important consequences for high

temperature annealing of InGaAs based devices as it is important to preserve the

InGaAs stoichiometry for applications in high mobility electron channel devices. Since

majority carrier mobility in InGaAs scales with indium content, the thermal stability of

the InGaAs surface is an important consideration in that preserving the stoichiometry in

the near surface region has implications for channel mobility in a device.
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Chapter 4

Interface characterisation of Al,O3; deposition on differently
prepared InGaAs surfaces by x-ray photoemission and high
resolution synchrotron radiation based photoemission

spectroscopy

4.1 Introduction

As mentioned in Chapter 1, high indium content InGaAs is a leading IlI-V
semiconductor candidate to realise high performance for n-channel metal oxide
semiconductor (MOS) devices driven by the need for high speed and low power
transistors at the nanometre scale. In recent years significant progress has been made in
improving the electrical quality of the high-k dielectric-InGaAs interface by the atomic
layer deposition (ALD) of high-k materials on passivated surfaces [1-3]. A range of
experimental passivation approaches to control Dj; by removal of the native oxide have
been employed [4-8]. One of the more common ex-situ passivation techniques involves
the use of sulphur based chemicals such as ammonium sulphide (NH4),S [1,9] which is
widely used due to its effectiveness at removing native oxides and passivating the

surface thereby improving the electrical characteristics of devices [1,3,10,11].

In the literature it has been reported that different thermal treatments like post
deposition forming gas annealing at temperatures of 400-500 °C can be used to improve
the electrical characteristics of Al,03/InGaAs based MOS structures [12,13]. There is
therefore a need to understand what effect these high temperature anneals have on the
Al,O5/InGaAs interface chemistry as some studies have shown evidence of inter-
diffusion across the interface [13,14]. In the previous chapter [15,16] our investigations
have shown a much higher indium loss from the in situ sulphur passivated InGaAs
surface compared to either the ex situ or the atomically clean InGaAs surface at 530 °C.
Also, similar studies of indium lost have been reported by Aguirre-Tostado et al. [17]
where the native oxide InGaAs surface was annealed and exposed to atomic hydrogen.
Since majority carrier mobility in InGaAs scales with indium content, the thermal

stability of the InGaAs surface is an important consideration in that preserving the
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stoichiometry in the near surface region has implications for channel mobility. Hence,
understanding changes in the interface chemistry of the sulphur-passivated InGaAs
surfaces capped with insulators, such as Al,Os, at high temperature is important for
InGaAs based MOS devices.

In this study comparison has been made between XPS and high resolution synchrotron
radiation based photoemission spectroscopy (HRSPES) measurements of interface
formation between Al,O3 and differently prepared InGaAs surfaces. The advantage of
using synchrotron based photoemission for this study is the higher surface sensitivity
afforded by control of the kinetic energy of the emerging photoelectrons resulting in
sampling depths of ~2 nm which is significantly smaller than conventional x-ray

photoelectron spectroscopy (XPS).
4.2 Experimental

N-type Be doped Ings3Gag.47As epilayer 0.5 um thick (S: 5x10* cm ) lattice matched
to InP substrates were degreased for 1 min in acetone followed by 1 min rinse in
methanol prior to being immersed in 10% ammonium sulphide ((NH4),S) solution for
20 min at room temperature (290 K). Both sulphur passivated and native oxide covered
samples were then immediately loaded into an atomic layer deposition (ALD) chamber
load lock within a minute to minimize the air exposure. The TMA was delivered to an
integrated dual chamber ALD reactor with a substrate temperature of 250 °C and a base
pressure of ~700 mTorr through heated lines and valve. TMA oven was at 35 °C , TMA
line is at 75 °C and H,O oven at room temperature. Approximately 10 cycles of alumina
(Al,03) was deposited at 300 °C using tri-methyl aluminium (TMA) and water as the
precursors. Each full cycle consisted of:

0.1sTMA+4sNy+01sHO+4sN,

Before the photoemission experiments samples were exposed to air for 15 days. samples
were subsequently secured to a molybdenum holder and measured on the soft x-ray
photoemission SX700 beam line at the ASTRID synchrotron in the University of
Aarhus in an ultra high vacuum (UHV) system which had a base pressure of 5x10™°
mbar. Photoemission core level spectra were subsequently acquired for In 4d, Ga 3d, As
3d, Al 2p, O1s and S 2p core levels following thermal anneals up to 700 °C. A photon
energy of 92 eV was chosen for As 3d and while a range of photon energies ( 69 eV,
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105 eV and 130 eV) were used to acquire the In 4d/Ga 3d core levels for the
photoionization cross-sectional reasons mentioned in Chapter 3. The spectra were curve
fitted using Voigt profiles and using a Shirley-type back ground as previously reported
[17]. The total energy resolution in these photoemission experiments is estimated to be
~0.7eV.

4.3 Advantage of synchrotron technique over convention XPS

Figure 4.1 displays the comparison of the As 3d spectra acquired at a photon energy of
92 eV for InGaAs using conventional XPS and synchrotron based photoemission for
different surfaces/interfaces. Figure 4.1(a) shows the As 3d profile for 1 nm Al,O3 layer
on sulphur passivated surface (A1), the native oxide surface (A2) and the InGaAs native
oxide surface with no dielectric overlayer (A3). The exact same samples were then
measured using the MgKa x-ray line for a conventional XPS source and the
corresponding spectra are shown in Figure 4.1(b). The Figure shows the advantage of
the synchrotron source in terms of surface sensitivity in detecting the extent of interface
oxidation in that oxide/sulphides component peaks which are not observed in the XPS
measurements can be seen in the synchrotron radiation spectra. With an incident photon
energy of 92 eV, the emerging photoemitted electrons have a kinetic energy of ~50 eV
which is at the minimum of the inelastic mean free path (IMFP) curve, giving a
sampling depth into the material of approximately ~ 2 nm. Using the convention Mg
Ka x-ray source, the emerging As 3d photoelectron has a kinetic energy of ~1200 eV
giving an total sampling depth of ~ 6-7 nm into the material. On the sulphur passivated
sample (Al) no interfacial oxide is observed in the XPS spectrum, however, a clear
interfacial oxide signal can be seen in the HRSPES spectrum acquired using 92 eV

photon energy.
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Figure 4.1 Comparison of the As 3d spectra for (a) synchrotron based
photoemission (92 eV) photon energy and (b) conventional XPS for different
surfaces/interfaces : 1nm Al,O3 layer on sulphur passivated surface (Al) and

native oxide surface (A2), bare native oxide surface (A3) (no overlayer)

Curve fitted spectra of As 3d and In 4d /Ga 3d are shown in Figure 4.2 for samples Al
and A2, using both the 92 eV photon energy and XPS. For both samples, the As 3d core
level XPS spectra are curve fitted with a bulk As component, elemental arsenic (+0.75
eV) and mixed phase of interfacial arsenic oxides composed of As®* (+ 2.7 eV), As**( +
3.4 eV) and As>* (+ 4.7 eV). Similarly, the As 3d core level spectra recorded at a photon
energy of 92 eV are curve fitted with a bulk As component, As dimer/dangling bond (-
0.65 eV) elemental arsenic (+ 0.75 eV ) and mixed phase of interfacial arsenic oxides
composed of As'* (+1.4 eV) , As®* (+ 2.7 eV) As**(+ 3.4 eV ) As** (+4.7eV).
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Figure 4.2 Comparison of oxidation states in curve fitted core level spectra of As
3d and In4d/Ga3d by XPS and HRSPES for Al,O3 deposited on sulphur passivated
and native oxide surface using XPS (a) As 3d and (b) In 4d/Ga 3d and using
HRSPES (c) As 3d and (d) In 4d/Ga 3d
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Similarly, In 4d/Ga 4d core level XPS spectra are curve fitted with single spin-orbit split
components separated by 1.80 eV binding energy and chemically shifted components
consisting of the In** (+ 0.90 eV), Ga'* (+ 0.60 eV) and Ga**(+ 1.3 eV) oxidation
states, respectively. The In 4d /Ga 4d bulk synchrotron spectra at a photon energy 69
eV is curve fitted with single spin orbit split components separated by 1.80 eV binding
energy and chemically shifted components consisting of the In** (+ 0.60 eV) , In®** (+
0.90 eV), Ga'* (+ 0.60 eV) and Ga**(+ 1.3eV) oxidation states. The differences in the
As 3d curve fitted spectra between the two measurement methods indicate the
significantly enhanced surface sensitive of the 92 eV photon synchrotron radiation

spectra allowing more accurate identification of the individual oxidation states.

For a clearer picture of the reduction of native oxides by sulphur passivation, the curve
fitted area of the oxide and substrate signal is shown in a histogram in Figure 4.3. In
Figure 4.3 (a) we see an equal intensity of the As bulk signal on both samples Al and
A2 in XPS measurements as signal is received from bulk while in Figure 4.3 (c) the
intensity of the As bulk signal on sulphur passivated sample (Al) is greater than on the
native oxide sample (A2). As the native oxide sample (A2) has a thicker interfacial
oxide than the sulphur passivated sample, the contribution of the substrate signal to the
spectrum is reduced. This is attributed to the fact that the synchrotron radiation based
photoemission allows the selection of incident photon energies to enhance signal in near
surface region. Sulphur passivation effectively removes the native oxides and protects
the surface against regrow of the oxide during Al,O3; deposition. Therefore, the
interfacial oxide thickness is thinner on sulphur passivated sample (Al) than on the

native oxide sample (A2).
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Figure 4.3 Comparison of oxidation states in curve fitted core level spectra of
As 3d and In 4d/ Ga3d by XPS and HRSPES for Al,O3 deposited on sulphur
passivated and native oxide surface (a) As 3d and (b) In 4d/ Ga3d (XPS), (c)
As 3d and (d) In 4d/ Ga3d (HRSPES)

Figure 4.4 displays the comparison of the detection level of the interfacial oxides by
XPS and HRSPES by calculating the oxide/sulphide to bulk ratio in As 3d and In 4d/Ga
3d spectra on sulphur passivated and native oxide samples. On sample Al, we can see
there is substantial amount of interfacial oxide measured by HRSPES while sulphur
passivation substantial reduced the oxide level from 0.60 to 0.30, 1.5 to 0.46, 0.92 to
0.22 and 0.26 to 0.16 in the As®, As*, As** and As'* oxidation state ratios,

respectively. A rise in As-As signal is observed on the sulphur passivated sample (Al)
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Oxide/sulphide to bulk ratio

measured by both techniques and we believe that sulphur passivation removes the
oxygen from arsenic oxide and the remaining excess As gives rise to the As-As signal.

A drop in the As-dimer/dangling bond is also observed.

Similarly Figure 4.4 (b) displays the In 4d/Ga 3d oxide/sulphide to bulk ratio on sulphur
passivated and native oxide sample and comparison of the detection level of the
interfacial oxides by XPS and HRSPES.
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Figure 4.4 Comparison of oxide to bulk ratio measured by HRSPES and XPS for
(@) Al,O3 on sulphur passivated surface (A1) and (b) native oxide surface (A2)

Similarly, significantly higher levels of oxides or sulphides are observed in the In 4d/Ga
3d core level profiles for measurements made by HRSPES in comparison to XPS.
Significant reductions in Ga'* and Ga®" oxidation state ratios are seen after sulphur
treatment while a rise in the In'* ratio is observed which we believe to be due to In-S
bond formation resulted from the sulphur passivation as sulphur preferentially makes a

bond with In as reported in the literature [9,17].

Photoemission spectra of the Al,O3 overlayer were acquired using HRSPES at photon
energies of 120 eV for the Al 2p and 600 eV for the O 1s core levels as well as with the
Al ko source for both sample Al and A2 and are shown in Figure 4.5 (a)-(d). The
binding energy positions of the O 1s and Al 2p core levels are consistent with those
expected for Al,Os. The intensity of the Al 2p signal acquired by the XPS source is
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significantly lower than that measured by HRSPES, reflecting the difference in

sampling depth related to the kinetic energy of the emerging photoelectrons.
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Figure 4.5 Normalised photoemission spectra by HRSPES and XPS for
the Al 2p and Ols peaks at photon energies of 120 eV and 600 eV
respectively, for Al,O3 on sulphur passivated (A1) and native oxide (A2)

surfaces.

4.4 High temperature thermal stability studies of 1nm Al,O3; deposited on native

oxide and sulphur passivated InGaAs surfaces

Figure 4.6 (a) and (b) display the As 3d core level spectra for both the sulphur
passivated (A1) and native oxide (A2) covered surface following incremental annealing
from RT to 700 °C. The spectra highlight the thermally induced reduction of the
interfacial oxides for both interfaces. The attenuation in the oxide signal can be seen for
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annealing temperature above 425 °C with almost complete removal of the oxides at 635

°C and at 700 °C, the surface is arsenic oxide free.
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Figure 4.6 Normalised photoemission spectra for As 3d peaks at photon energy 92
eV after annealing at temperatures incrementing from RT to 700 °C for Al,O3 on (a)

sulphur passivated surface (A1) and (b) native oxide surface (A2)

Similarly, Figure 4.7 (a)-(f) shows the corresponding spectra of In 4d and Ga 3d at the
three different photon energies of 69 eV, 105 eV, and 130 eV after incremental
annealing from RT to 700 °C for both sulphur passivated (Al) and native oxide (A2)
interfaces. The increase in annealing temperature has a significant effect on the
composition of the oxides and sulphides present on the surface with changes in the peak
intensities and line shapes evident after the first anneal at 425 °C. Annealing at high
temperatures has the effect of reducing the interfacial oxide which is apparent from the
decreasing width of the composite core level. Significant differences in the relative
height of the In 4d/Ga 3d component peaks on the differently prepared surfaces are only
apparent following the 700 °C anneal, however detailed analysis of the changes which
occur require curve fitting of the spectra which will be presented in the next section.
The spectral feature observed at a binding energy of 24 eV is related to the oxygen
signal from the Al,O3 over layer. Comparison between the differently prepared surfaces
indicates that the Al,O3 layer is thinner on the native oxide surface reflecting the slower

nucleation rate during the ALD growth.
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Figure 4.7 Normalised photoemission spectra for the In 4d and Ga 3d peaks at
photon energies of 69 eV, 105 eV and 130 eV after annealing at temperatures
incrementing from RT to 700 °C for Al,O3 on sulphur passivated surface

(left) and native oxide surface (right)
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4.4.1 Impact on As 3d Spectra

Figure 4.8 shows the changes in the As 3d curve fitted photoemission spectra at 92 eV
for 1 nm Al,O3 on sulphur passivated (Al) and native oxide InGaAs (A2) surface as a
result of thermal annealing up to 700 °C. Due to the relatively small binding energy
separation differences between the As 3d bulk peak and the various reported sulphur
and oxygen oxidation states [9, 17, 19], no attempt has been made to distinguish
between the chemical shifts of the two elements in the curve fitted data. At room
temperature, the As 3d peak was curve fitted with a bulk As component, an As dimer or
dangling bond related component (- 0.65 eV) [19], elemental arsenic (+ 0.75 eV ) and
mixed phase of interfacial arsenic oxides composed of As'* (A ~ +1.4 eV) , As®*" (+ 2.7
eV) As**(+ 3.4 eV ) As™ (+ 4.7¢V ), respectively. A * + or © - * sign indicates a shift

toward higher or lower binding energy for both samples A1 and A2.
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Figure 4.8 Curve fitted photoemission spectra for the As 3d peaks at photon
energy of 92 eV after annealing at RT, 545 °C, 635 °C and 700 °C for
Al, O3 on (a) sulphur passivated sample(Al) and (b) native oxide

Comparison with previous synchrotron radiation photoemission studies of oxidised
InGaAs at these photon energies [19], indicate that the thickness of the interfacial oxide
on the sulphur passivated surface is estimated to be no more than 0.3 nm while on the
native oxide surface, the interfacial oxide is less than 0.7 nm thick. During the initial
thermal anneals up to 485 °C for both samples a decrease in the higher oxidation state

peak intensities (As?*, As®* and As®") was recorded with a concurrent increase in lower
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oxidation states As**. An increase in the intensity of the elemental As was also observed
at this temperature which is attributed to the reduction of the arsenic oxides. This
observed preferential removal of the higher oxidation states with thermal annealing is
similar to the behaviour previously reported for the thermal anneal of native oxides on
InGaAs [19]. Subsequent annealing at 545 °C shows a decrease in all arsenic oxidation
states on both A1 and A2 samples as shown in Figure 4.8. Annealing at 635 °C removed
all the higher As oxidation states (As**, As°*) on sample Al with only traces of As™
and As®* states remaining while residual evidence of all arsenic oxidation states was
observed on sample A2. Subsequent annealing at 700 °C shows only a small change in
the As interfacial oxides for the sulphur passivated surface with elemental As, As
dimers/dangling bond related signal and residual As** and As®* signals remain at the
interface while for sample A2, there is effectively a complete removal of the As
interfacial oxides. For a clearer picture of the changes induced by the thermal anneals,
the intensity ratio of the individual arsenic oxidation states to the bulk arsenic signals

are shown in Figure 4.9 (a) and (b) for both samples.
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Figure 4.9 Arsenic oxidation states component to arsenic bulk ratio
highlighting changes in the oxide composition as a function of thermal
anneals (a) for Al,O3; on sulphur passivated InGaAs surface (Al) (b) for
Al,O3 on native oxide InGaAs surface (A2)

The ratios reflect the thicker initial interfacial oxide on sample A2 compared to the
sulphur passivated surface which is attributed to the effectiveness of the sulphur

treatment at removing the native oxide. As reported in the literature [20,21,22], the
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ALD deposition of Al,O3 results in the so-called “clean up effect”, which consumes
interfacial oxides during the initial stages of Al,O3 growth. This is apparent from a
comparison between the As 3d spectrum for sample A2 and that of a native oxide
covered InGaAs (A3) sample with no Al,O3; shown in Figure 4.1(a). While the extent
of the clean-up effect depends on the initial native oxide thickness [23] we believe that
the interfacial oxide present on sample Al has grown during the Al,O3; deposition
process. This is confirmed by the As 3d spectrum of the sulphur passivated InGaAs
surface acquired prior to Al,O3 deposition also shown in Figure 4.1 (b) which displays a
much smaller As oxide component that that observed for sample Al. The observed
changes in the As oxides with thermal anneal are in agreement with a recent XPS study
by Yoshida et al [2] of the thermal annealing of ALD deposited Al,O3 on the InGaAs
surface which shows a decrease in higher oxidation arsenic states with increased
temperature. They also reported the presence of interfacial oxide at the Al,O3/ InGaAs
interface after 17 cycles of ALD growth. The high temperature thermal anneals
essentially leave both interfaces chemically identical in relation to the As 3d spectrum
and there is no evidence of arsenic out diffusion, in contrast to a recently reported study
on Al,O3 on InGaAs at this temperature [13].

4.4.2 Impact on In 4d/Ga 3d Spectra

Figures 4.10 (a) and (b) show the changes in the In 4d/Ga 3d curve fitted photoemission
spectra acquired at a photon energy of 105 eV for 1 nm thick Al,O3 on sulphur
passivated (Al) and the native oxide InGaAs (A2) surfaces, respectively. As stated
above for the deconvolution of the As peak, similar difficulty arises for In and Ga
oxidation states in making any distinction between oxides and sulphides, so no attempt
has been made to identify these individual component peaks. At RT In 4d/Ga 4d bulk
peaks were curve fitted with single spin orbit split components separated by 1.80 eV
binding energy and chemically shifted components consisting of the In** (+0.60 eV),
In** (+ 0.90 eV), Ga'* (+ 0.60 eV) and Ga** (+1.3 eV ) oxidation states, respectively.
On sample Al during the initial thermal anneals up to 485 °C (not shown) there is a
slight decrease in the In**, In®* and an increase in the Ga** and Ga®*" which is indicative

of the transfer of oxygen [19] or sulphur [16] from In to Ga bond. Subsequent annealing
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Figure 4.10 Curve fitted core level spectra In 4d/Ga 3d at 105 eV

following thermal anneals (a) for Al,O3 on sulphur passivated InGaAs
surface (A1) (b) for Al,O3 on native oxide InGaAs (A2)

at 545 °C removes the higher oxidation states of In®*, decreases the In** states and
increases the Ga'* state. Annealing at 635 °C shows a continued decrease in the In**,
and the Ga" state and the first reduction in the Ga'* oxidation state peak intensity.

Annealing at 700 °C effectively reduces the Ga** state completely with just the In** and
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Ga'* remaining at the interface. Spectra of the sulphur 2p core level shown in Figure
4.11 reveal that it remains throughout the high temperature annealing sequence

suggesting that In-S and Ga-S bonding configurations are present at the interface.

RT Photon energy 230 eV

156 158 160 162 164 166 168
Binding energy (eV)

Figure 4.11 Core level spectra of S 2p peak at photon energy of
230 eV for Al,O3 on the sulphur passivated surface.

The changes in intensity of the oxide and sulphides peaks as a function of thermal
anneal are more clearly seen by plotting the oxide/substrate peak intensity ratios for the
individual In and Ga oxidation states as shown in Figure 4.12 (a) and 4.12 (b).
Annealing sample A2 up to 545 °C shows a similar trend in terms of the reduction in
intensity of the In oxides and a consequential increase in the Ga oxide peak intensities.
At 635 °C there is a decrease in the In oxidation state intensities, while the Ga'* state
remains constant. Further annealing at 700 °C results in the complete removal of the
residual oxides/sulphides, however this is accompanied by a significant change in the
chemical composition of the InGaAs surface. A large drop in the In signal was observed
following this anneal and a corresponding rise in the Ga signal which indicates that the
InGaAs surface region becomes Ga rich. This is in contrast to the observations on the

sulphur passivated surface indicating that the sulphur bonding interactions contributes to
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Figure 4.12 In and Ga oxidation states component to bulk ratio highlighting
changes in the oxide composition as a function of thermal anneals (a) for Al,O3
on sulphur passivated InGaAs surface (Al) (b) for Al,O3 on native InGaAs
surface (A2)

the surface stability at high temperature. A recent study by Alian et al [9] reported
evidence of differences in Indium out diffusion into an ALD deposited Al,O3 layer on
InGaAs for sulphur passivated and un-passivated InGaAs surfaces. While these
differences were observed for Al,O3 layers deposited at normal growth temperatures
(250 °C), the beneficial effect of sulphur passivation in increasing the chemical stability

of the Al,Os/InGaAs interface is reflected in the results obtained in this current work.

Confirmation of the indium loss on sample Al was also observed when spectra at
different photon energies of 69 eV and 300 eV were acquired with the higher photon
energy spectra having a larger sampling depth into the surface. The spectra are curve
fitted with the individual component peaks having the same binding energy separations
as those used to curve fit the spectra acquired at a photon energy of 105 eV. The
resultant curve fitted spectra at different photon energies for both samples are shown in
Figure 4.13.
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Figure 4.13 Curve fitted photoemission spectra for the In 4d and Ga 3d peaks at
photon energy of (a) and (b) 69 eV and (c) and (d) 300 eV after annealing at RT,
545 °C, 635 °C and 700 °C for Al,O3 on the sulphur passivated sample (Al)

and native oxide surface (A2) respectively.

The effect of annealing on the individual indium and gallium oxidation states compared
to the respective bulk signals is shown in Figure 4.14 and follow the general trends
observed in the spectra acquired at 105 eV (Figure 4.12). The In** and In*'ratios
decrease with thermal anneal while the gallium oxide peaks increase up to an annealing
temperature of 545°C. Thereafter the ratios are seen to decrease with higher temperature

annealing. There is very little trace of In?* remaining, whereas no In** was observed at

high temperature on the sulphur passivated surface.

142



Ratio

Ratio

1 nm AL O, on sulphur passivated surface (A1) 1 nm Al,0, on native oxide surface (A2)

25
084 Photon energy 69 eV In” | Photon energy 69 eV In”*
v v In3* 3+
074 — v/ 20 In
064 Gaa* 4 v Ga:.
154 /
0.5 '/
. ]
./ \ g — /
0.4 - 5 1.0 v
\.
— {1 o— °
034 ~—
' 054 = n 1
/ - \.___ &-
02 ® N ] o,
|
0.1 '\. '\ 0.0+
0.0+ \o ° °
T v T v T v T v T v T v T 05 ) v ) v ) v ) v ) v L] v L]
RT 365°C  425°C  485°C  545°C  635°C  700°C RT 365°C  425°C  485°C  545°C  635°C  700°C
Surface treatment Surface treatment
1 nm ALO, on sulphur passivated surface (A1) o 1nm ALO, on native oxide surface (A2)
0.35-{ Photon energy 300 eV In? In* Photon energy 300 eV
. |n34
In®

0.30 4

N ] T A

" \\ J N

i ~
\ 0.04 \'

0.00 - — ° ° °

Ratio

T T T T T v T v T v T v T T T T T T T T T T T T T T
RT 365°C  425°C  485°C  545°C  635°C  700°C RT 365°C  425°C  485°C  545°C  635°C  700°C

Surface treatment Surface treatment

Figure 4.14 Indium and gallium components to bulk ratio highlighting changes in
oxide composition and thermal stability at photon energies of 69 eV and 300 eV as
a function of annealing temperature for both Al,O3; on sulphur passivated surface

(A1) and on the native oxide surface (A2).

In contrast to In oxidation states, the Ga oxidation states were seen to increase with the
annealing temperature. What is clear from all the plots is that the increase in the total
gallium ratio is due to transfer of oxygen from indium oxide to gallium oxide as
explained in earlier section 4.4.2. At 545 °C the decrease in all the oxidation states was
observed and at 700 °C anneal temperature, the Ga** was found to be the most stable

form of oxide which still remains at the surface, while Ga®" ratio drops almost to zero.
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The change in Ga : In ratio for Al,O3 on sulphur passivated sample is shown in Figure
4.15. The Ga:ln ratio was found constant on all photon energies which reflects that
InGaAs stoichiometry on the sulphur passivated sample remains preserved. The change
in the Ga:ln ratios at different photon energies for 1nm Al,O3; on native oxide sample
are shown in Figure 4.15. These ratios suggest that the Ga : In ratio remain constant up
to 635 °C and the increase in Ga : In is found for all photon energies with different
sampling depths. At photon energy 130 eV the Ga : In ratio is highest as indium is lost
from the surface which makes the near surface region gallium rich. Higher photon
energy at 300 eV causes an increased sampling depth that reflects the loss of indium

deep below the near surface region.
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Figure 4.15 Ga : In ratios at different photon energies as a function of annealing

temperature for (a) sulphur passivated (b) un-passivated Al,Os/InGaAs

4.5 Al,O3 film thermal stability

Al 2p and O1s spectra acquired at 120 eV and 600 eV photon energies, respectively, up
to 700 °C are displayed in Figure 4.16 (a)-(d). There was no change in the relative
intensities or binding energy positions of either the Al 2p or O 1s peaks as a function of
thermal anneal indicating that the chemical composition of the Al,O3; layers were
unaffected by the high temperature anneals. While the Al 2p peak profile also remained
unaltered throughout the anneal sequence, there was a noticeable narrowing of the O1s
peak for the highest temperature anneals consistent with the removal of the interfacial
InGaAs oxides.
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Figure 4.16 Normalised photoemission spectra by HRSPES for the Al 2p

(top) and O1s (bottom) peaks at photon energies of 120 eV and 600 eV

respectively following thermal anneals for Al,O3 on the sulphur passivated

surface (Al) and on the native oxide surface (A2).

4.6 Growth of Al,O3 layer on InGaAs surface

While details of the interfacial chemistry of Al,O3/InGaAs were discussed in chapter 4,
in this study more focus was placed on the growth characteristics of Al,O3 on different
chemically treated InGaAs surfaces. The experimental approach taken was to use XPS
to characterise the chemical composition and thickness of the Al,O3 layers grown on the
differently treated surfaces by depositing on all the surfaces simultaneously. This way,
the influence of surface preparation on ALD nucleation and growth can be directly

compared. The Al,O3 layer was deposited on the following chemically treated surfaces
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1) Native oxide surface

2) Pre-clean surface: Prolonged exposure to ambient conditions results in the formation
of predominantly carbon based impurities on the surface of semiconducting
substrates. This organic pre-cleaning method was used to remove these impurities
and consisted of successive 1 minute dips in acetone, methanol and isopropyl
alcohol (IPA), with sample being subsequently dried using N, gas.

3) 2 stage etch surface: This surface preparation was done in three steps, first surface
was pre-cleaned (as pre-clean surface). Thereafter, a two stage piranha etching
procedure (4:1:100 H,SO4:H,0,:H,0 for 2 minutes followed by 1:3 HCI:H,O for 30
seconds) [24] was used to remove the native oxide without passivating the surface.

4) Sulphur passivated surface: Sample was degreased for 1 min in acetone followed by
1 min in methanol prior to the sulphur passivation. It was then dipped into 10%
ammonium sulphide ((NH,4),S) solution for 20 min at room temperature (290 K) to
remove the oxide and passivate the surface.

5) H,0, treated surface: This surface treatment was usedto grow thick native oxide by
dipping the sample in 30% H,0O, solution for 20 minutes.

The cleaning procedures for all samples were arranged in such a way that samples were
then loaded into an atomic layer deposition (ALD) chamber load lock within a minute
after the cleaning process to minimize the air exposure to the samples. Approximately 3
nm (30 cycles) of alumina (Al,Os3) was deposited at 300 °C using trimethyl aluminium
(TMA) and water as the precursors on all the samples. ALD parameters used for
deposition were described in experimental section 4.2. These samples were prepared at
Queens University Belfast UK as a part of collaboration work.

4.6.1 As 3d spectra

Figure 4.17 shows the profile of As 3d spectra following Al,O3 deposited on all treated
surfaces. As 3d curve fitted spectra for all samples are shown in Figure 4.18 (a).
Spectra consists of As bulk peak, elemental arsenic (+ 0.65 eV) As,O ( + 1.2 eV ) on
native oxide, preclean and 2 stage etch sample while As,O3 (+ 3.2 eV ) was observed
only on H,O, treated sample, whereas no oxide was observed on the sulphur passivated

sample. The oxide to bulk ratios are plotted in Figure 4.18 (b).
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Figure 4.18 (a) Curve fitted As 3d core level spectra (b) oxide to bulk
ratio, for Al,O3s/InGaAs interface of different chemically treated surfaces




As there is no discernable difference between the native oxide and pre-cleaned surface it
suggests that the ALD “clean-up” effect has succeeded in removing the As oxide from
the surface during ALD growth. However, on the H,O, treated surface and the two
stages etched surface traces of arsenic oxide were observed. As H,O, treatment grows
the oxide to a thickness greater than the native oxide, it is possible that the self-cleaning
effects do not completely consume the oxide from the surface. As reported in the
literature self-cleaning depends on the initial level of oxide present on the surface before
ALD dielectric deposition [25], whereas the two stage etch treatment makes the surface
arsenic rich which results in small residual arsenic oxide formation during the

deposition.
4.6.2 In 4d/Ga 3d spectra

Figure 4.19 displays the normalised spectra of In 4d and Ga 3d peaks for all treated
surfaces. The fact that the relative intensity of these two peaks is the same for all
InGaAs samples, means that they all have the same In:Ga composition ratio - Ing4;Ga
053As. When all the samples are compared the broadening of the In 4d/ Ga 3d peak on
the higher binding energy (HBE) side (20.7 eV) suggests that there is interfacial oxide
present on the H,O, treated surface. On the pre-cleaned surface the peak is narrower
than other surfaces which reflect the reduced amount of interfacial oxide present at the

interface.

In 4d/Ga 3d Native oxide
’ Precleaned

Sulphur
H,O, treated

O 2s signal
(ALO)

Normalised Intenisty (a. u.)

Binding energy (eV)

Figure 4.19 Normalised In4d/Ga 3d core level spectra for Al,Os/InGaAs

interface of different wet chemically treated surfaces
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The In4d/Ga3d spectra were curve fitted are shown in Figure 4.20 (a). The spectra
consist of In 4d and Ga 3d peak separated by 1.82 eV and InO (+ 0.90 eV) and GaO (+
0.85 eV). Indium and gallium oxides were seen in all the samples. The oxides to bulk
ratio was calculated from curve fitted area and shown in Figure 4.20 (b). Again the
highest intensity of the oxide was observed on the H,O, treated surface indicating that
the oxide was not completely removed by self-cleaning during ALD deposition. Less
oxide signal was observed on native, pre-clean and sulphur treated surfaces. These
results reflect the fact that the precleaning and sulphur passivation method helps in

reducing the oxide from the interface.
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Figure 4.20 (a) Curve fitted In 4d/Ga 3d core level spectra (b) oxide to

bulk ratio, for Al,Os/InGaAs interface of different chemically treated

surfaces
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Following Al,O3 deposition, there is an additional peak at ~23.8 eV BE which is related
to the O 2s core level signal from the overlayer. The intensity of this peak resulting
from the presence of residual surface oxides is negligible. It is worth noting that the O
2s signal intensity varies as a function of surface treatments which suggests that the
Al,O3 film thickness is different on these surfaces. A plot of the curved fitted area of
this O 2s peak as a function of surface preparation is shown in Figure 4.21. The O 2s
signal is a maximum on the 2 stage etched and sulphur treated surfaces and a minimum
on the native oxide and H,O, treated surfaces reflecting the fact that despite the fact that
all surfaces were subjected to the same number of ALD cycles, the film nucleation rates
were surface dependent. The calculated thicknesses of the ALD overlayers on the
sulphur treated and 2 stage etched surface is approximately ~ 3 nm while the on the
pre-cleaned surface the thickness is ~ 2.1 nm and on native oxide and H,O, treated

surfaces itis ~ 1.2 nm.

1. Native oxide

2. HZO2 treated
3. Precleaned
4. Sulphur
5. 2 stage etch
1 2 3 4 5

Surface treatment

Area

Figure 4.21 Graph display the curve fitted area of O 2s signal verses
surface treatments showing the growth rate of Al,O3

To confirm the different growth rates of Al,Os; layers on the treated surfaces, the
intensity ratio of the substrate peak to Al and O peak intensities were calculated and

shown in table 4.1.
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Table 4.1: Ratio of substrate peak to Al 2p and O 1s peak intensities

Sample As3d/ In 4d/ In3d/ As In3d/ | In4d/ Al

3d 2p/O1s
O1s O1s Ols JAI Al2p | Al2p

2p
Native 0.05 0.04 0.22 0.40 2.33 0.40 0.12
oxide
H,0O, 0.04 0.04 0.26 0.38 2.42 0.37 0.12

Pre- 0.03 0.03 0.21 0.33 1.34 0.35 0.12
cleaned

sulphur 0.02 0.02 0.09 0.22 0.72 0.18 0.12
passivatio
n

2 stage 0.02 0.02 0.08 0.26 0.68 0.28 0.13
etch

As 3d/O 1s, In 4d/O1s and In 3d/O 1s intensity ratios are lower on the sulphur
passivated and 2 stage etch in comparison to the native, preclean and H,O, treated
surfaces. Similar trend was observed for the As 3d/Al 2p, In 4d/ Al 2p and In 3d/ Al 2p
intensity ratios. These ratios confirm the variation in the thickness observed on
differently treated surfaces. The Al/O intensity ratio is the same for all the samples
which shows the uniformity of the Al,O3 layer on InGaAs. The profile of the Al 2p and
O 1s peaks are shown in Figure 4.22 and shows that all the samples have similiar
chemical composition. The aluminium oxide peak is at 74.3 eV and the energy
separation between this peak and the O 1s peak of 457.5 eV, indicative of a

stoichiometric Al,O3 layer.
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Figure 4.22 (a) Al 2p and (b) O 1s spectra showing the uniform composition on

all the samples

The native oxide and H,O, treated covered surfaces has the thinnest Al,O3 layer. On
two stages etch and sulphur treated surfaces the film thickness is approximately equal
and is attributed to the fact that these chemical treatments remove the native oxide
present on the surface before Al,O3 deposition which helps in forming the nucleation
sites and reduces the clean-up requirements. On the pre-cleaned surface which is an
organic clean the film thickness is thicker than the native oxide and H,O, treated
surfaces, however thinner than the sulphur treated and two stages etch surfaces.

4.7 Conclusions

This chapter has focused on the interfacial chemical characterisation of a high k- Al,O3
layer deposited on the sulphur passivated and un-passivated surfaces. The high surface
sensitivity advantage of synchrotron based photoemission has been used to show its
benefit over conventional XPS. The interfacial oxide at the Al,Os/InGaAs interface on
differently chemically prepared surface has been detected by the HRSPES which is
beyond the XPS detection limit to measure. These results would indicate that the
complete removal of the interfacial oxide layer at the unpassivated Al,O3/InGaAs
interface at 700 °C results in the decomposition of the InGaAs by the loss of In which is
assumed to occur by its out diffusion through the Al,O3 overlayer and evaporation from
the surface. The enhanced thermal stability of the sulphur passivated Al,Os/InGaAs
interface following the 700 °C anneal meant that it showed a residual gallium oxide

signal. While it is not possible to definitively determine whether the oxidised gallium
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signal composes of oxides and sulphides the fact that the sulphur 2p signal remains
throughout the annealing sequence would suggest that the interface stability is enhanced
by sulphur bonding configurations. These results therefore set an upper limit on an
annealing temperature for the Al,Os/InGaAs interface to substantially remove the
interfacial oxides without initiating major chemical disruption across the interface.
These findings could have implications for optimising MOS device fabrication
strategies in that they demonstrate an effective way to remove the interfacial oxide

without compromising the substrate composition.

The difference in growth rate of the Al,O3; on different chemically treated InGaAs
surfaces was investigated by depositing on all surfaces simultaneously. Significant
differences in the resulting thickness of the deposited Al,O3 film are attributed to
different nucleation rates for the layer on the various surfaces. There is evidence of
arsenic oxide at the interface at the Al,O3 covered H,O, and 2 stage etched InGaAs
samples. The O 1s and Al 2p peak shapes and BE positions suggest that both samples
have similar chemical composition of Al,O3 layers.
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Chapter 5

Interfacial oxide formation study of in-situ deposition of MgO

on atomically clean InGaAs surface by HRSPES

5.1 Introduction

As mentioned in the introductory chapter, the search for alternative high-k oxides that
could offer stable interfaces on I11-V semiconductor substrates with a low density of
electrically active defects has become a topic of major interest and intense research
efforts have focused on perfecting high-k dielectric/InGaAs interfaces. Recent studies
have shown that high quality interfacial properties can be achieved using Al,O3; or HfO,
dielectric layers on InGaAs [1-4]. Magnesium oxide (MgO), which has a similar
dielectric constant to Al,O3 [6,7], has shown promising results as an interface
control(ICL) layer in bilayer studies [8]. MgO is a wide bandgap material and ICL is to
be reported as a barrier to tunnelling, oxygen diffusion [9] and provides a high band
offset. MgO has been also been reported as an alternative dielectrics and to have
promising electrical characteristics on InP [10,11,12], GaAs [13,14] and InGaAs
substrates [15]. The reaction chemistry between high-k materials and 111-V substrates is
more complex than the Si/SiO, system, with the possibility for competing bonding
configurations comprising more than one substrate element, and associated native
oxides, resulting in interface defect formation. Therefore an understanding of the
specific bonding arrangements that arise at high-k dielectric / 111-V semiconductor
interface has great importance for the integration of these high-mobility materials into

device fabrication.

The first part of this study focuses on atomically clean InGaAs which has been prepared
insitu by the thermal desorption of an As-capping layer. The evolution of the interface
chemical interactions resulting from the deposition of an MgO dielectric layer is
investigated by high resolution synchrotron radiation based photoemission. The extreme
surface sensitivity afforded by this technique allows details of the interfacial oxide
growth to be revealed and subsequent changes resulting from thermal annealing and

metallic Mg deposition.
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In second part the growth rate of Al,O3 deposited by ALD on the different chemically
prepared InGaAs surfaces was studied by XPS.

5.2 Experimental details

The soft x-ray photoemission experiments were carried out on the SX700 beam line at
the Astrid synchrotron in the University of Aarhus in an ultrahigh vacuum (UHV)
system which had a base pressure of 5x10™° mbar. A 100 nm As capped sample, 0.5um
thick p-type Be doped Ings3Gao.47As(100) epilayer (5x10' cm™) lattice matched to the
InP substrate was secured to a molybdenum holder before being loaded into the vacuum
system. The protective As cap (100nm) was removed by annealing at 410° C for one
hour and allowed to cool to room temperature prior to acquiring spectra. After removal
of As cap and the acquisition of clean surface spectra, MgO was sequentially deposited
insitu by thermally evaporating Mg in an O, background pressure of 5 x 107 mbar as
previously reported [15]. The deposited film was subsequently annealed at 400 °C for
30 minutes prior to the deposition of a metallic Mg overlayer. Photon energies of 69 eV
and 92 eV were chosen for the In 4d/Ga 3d and As 3d core level spectra, respectively, to
give comparable electron escape depths and high surface sensitivity, as photoemitted
electrons from both core levels will have kinetic energies of approximately 50 eV
thereby maximizing surface sensitivity. The spectra were curve fitted using Voigt
profiles composed of Gaussian and Lorentzian line shapes and using a Shirley-type
background. The reference fitting parameters for different core levels were acquired
from the atomically clean surfaces and these were used to curve fit the InGaAs spectra
following the changes induced by the MgO deposition and anneal. The curve fitting
parameters used in the study for the substrate core levels were identical to those
previously reported [17].

5.3 MgO growth on atomically clean InGaAs
5.3.1 As 3d spectra

Figure 5.1 displays the curve fitted core level spectra of As 3d at 92 eV for the
atomically clean InGaAs surface decapped at 410 °C and after each MgO deposition.
Decapping InGaAs at this temperature has been reported to result in an arsenic

terminated surface [16]. The As 3d clean surface spectrum was curve fitted with two
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component peaks identified as a bulk peak and an As dimer or dangling bond related

peak shifted by -0.65 eV to the lower binding energy side [17].
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Figure 5.1 Curve fitted core level spectra of As 3d at 92 eV for an atomically
clean InGaAs surface and after each MgO deposition, anneal and Mg

deposition, To show the actual presence of weak interfacial oxides enlargement

(Magnification x 2) of the oxide peaks was used.
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The first deposition of MgO results in the observation of three weak, but noticeable
oxidation states of arsenic, As**, As** and As>* shifted to the higher binding energy
side indicating a mixed phase interfacial oxide of As,O ( +1.1eV ), AsO ( +2.55eV)
and As;O3 (+3.4 eV), consistent with previous studies [17]. The second deposition
leads to the appearance of the higher As®* oxidation state consistent with the formation
of As,0Os (+4.2 eV), an increase in the peak area of the As dimer related peak and a
reduction in the areas of the As,O and AsO component peaks suggesting that the lower
As oxidation states are converted into higher oxidation states with increased MgO
deposition. A subsequent third MgO deposition results in an increase in the As,Os peak
intensity and a further decrease in As,O and As,O3 peak areas, confirming this trend of
oxygen transfer. Annealing at 400 °C results in a reduction in the intensity of the As,03
and As,Os however, the persistence of an As>* oxidation signal when the As** signal
has almost been completely attenuated is the reverse of what is observed on the
annealing behaviour of native oxide covered InGaAs surface [17]. This annealing
treatment appears to result in the formation of a single As,Os oxidized state at the MgO
interface. Figure 5.2 plots the attenuation in the intensity of the As 3d substrate signal as
a function of the MgO deposition, anneal and final metal Mg deposition. The estimated
total thickness of the MgO overlayer prior to thermal anneal was calculated to be
approximately 1 nm and the thickness of the interfacial oxide layer is significantly less
than one monolayer and is at a level which would not be detected by conventional XPS.
The small increase in substrate signal intensity following the thermal anneal reflects

both the densification of the film and the attenuation of the interface oxide layer.
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Figure 5.2 As 3d absolute intensity plot as a function of
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The change in the intensity of the individual As oxidation states expressed as a ratio of
the As substrate signal intensity shown in Figure 5.3 clearly shows the increase in the
As,0Os oxide component at the expense of the lower oxidation states and the residual

presence of this high As oxidation state following the thermal anneal.
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atomically clean InGaAs surface and after each MgO deposition, anneal and
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5.3.2 In 4d/Ga 3d Spectra

The In 4d/Ga 3d spectrum following MgO deposition displayed in Figure 5.4 shows the
presence of just one oxidation state, the In?* indicative of the formation of InO (~ +0.45
eV). There is very little evidence of any change in the intensity of the In oxidation state
with subsequent MgO deposition consistent with the arsenic rich nature of this surface.
The appearance of a significant Ga oxide signal following the 400 °C anneal
corresponding to the conversion of In oxides to Ga oxides has been previously reported
for the oxidized InGaAs surface [18].
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400 °C

3" Mgo
deposition
~1nm

Intensity (arb.)

2" MgO deposition
~ 2 monolayer

I* MgO deposition
~ 1 monolayer

Clean Surface

22 - 20 - 18 - 16 - 14
Binding Energy (eV)

Figure 5.4 Curve fitted core level spectra of In 4d/Ga 3d at 92eV for the

atomically clean InGaAs surface and after each MgO deposition, anneal and Mg

deposition.
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Figure 5.5 (a) plots the absolute intensity of the In 4d substrate signal as a function of
the MgO deposition, anneal and final metallic deposition. It is apparent from this plot
that there is a similar decrease in the intensity of the bulk signal with MgO deposition as
observed for the As 3d peak. The transfer of oxygen from In to Ga oxides following the
thermal anneal is clearly observed in Figure 5.5 (b) and may well be a critical
interaction in the changes subsequently observed following the deposition of metallic
Mg.
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Figure 5.5 (a) In 4d absolute intensity plot as a function of successive MgO
depositions and anneal b) InO and GaO to In and Ga substrate ratio
respectively, for the atomically clean InGaAs surface and after each MgO
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The As 3d spectrum shown in Figure 5.1 following the deposition of metallic Mg on the
MgO surface displays the complete attenuation of the As,Os oxide peak leaving a very
small residual As,O component peak at the MgO/InGaAs interface. This is attributed to
a gettering effect resulting from Mg deposition, in that the oxidation of the deposited
Mg results in the formation of an oxygen deficient MgO film which can result in the
decomposition of the residual interfacial oxide, as no metallic Mg signal was detected.
However, the change in the In 4d peak profile in Figure 5.4 provides evidence of a
stronger bonding interaction with the indium resulting from the Mg deposition which
results in the appearance of a metallic like In 4d signal. This is attributed to the out
diffusion of the In which can be observed in both the increase in the absolute intensity
of the In signal Figure 5.5(a) and a shift of 0.60 eV in the In 4d peak to lower binding
energy.

5.3.3 O 1s spectra

Figure 5.6 shows that the O 1s core level spectrum following the 2™ MgO deposition
consists of two components, the lower binding energy (LBE) peak is related to the
signal from MgO layer and the higher binding energy (HBE) peak relates to the

interfacial oxide.
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Figure 5.6 O1s core level spectra following MgO deposition, thermal anneal

and subsequent Mg deposition.
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Annealing results in the reduction of HBE component peak intensity which is consistent
with reduction in interfacial oxide as observed in curve fitted As 3d and In 4d/Ga 3d
peaks. The further attenuation of the HBE O1s peak after Mg deposition confirms the
effective complete removal of the interfacial oxide.

5.3.4 Valence band spectra and energy band diagram

Valence band spectra acquired at 69 eV showing the valence band offset resulting from
the MgO deposition on atomically clean InGaAs surface are displayed in Figure 5.7 (a).
The valence band (VB) offset was extracted by recording the difference between the VB
maximum of clean InGaAs surface and MgO (bandgap ~ 7.8eV). Taking the
Inos3Gap47As bandgap as 0.75eV, the band diagram of MgO on InGaAs was
experimentally constructed as shown in Figure 5. 7 (b)). The valence band offset and
conduction band (CB) offsets were calculated to be 3.2 + 0.3eV and 3.8 + 0.3eV,
respectively. However, the non-abrupt nature of the MgO/InGaAs interface following
the removal of the interfacial oxide would be expected to result in non-ideal electrical
characteristics for a metal-oxide-semiconductor device fabricated using this approach.

Valence band (b)

@ Photon energy 69eV

AE =38¢eV
MgO on InGaAs ¢
MgO
h E = InGaAs
\ 9 IE =0.75eV
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Figure 5.7 (a) Valence band spectra acquired at 69 eV showing the change in the
valence band offset resulting from the MgO deposition on atomically clean
InGaAs surface. (b) Band diagram of MgO / InGaAs. Valence band (VB) offset
is (3.2 £ 0.3) eV and conduction band (CB) offset is (3.8 £ 0.3) eV
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5.4 Conclusion

The deposition of an ultrathin MgO dielectric layer on atomically clean InGaAs results

in the observation of As,O, AsO, As;O3; and InO interfacial oxides at submonolayer

levels. Subsequent MgO deposition leads to the appearance of higher oxidation states of

As at the expense of the lower oxidation states without any significant change in the In

oxide signal. Annealing leads to the attenuation of the As oxides and transfer of the

oxygen from In to Ga. Mg deposition results in the complete removal of the higher

oxidation states of As and out diffusion of In. The results suggest that the complete

removal of an interfacial oxide layer between the deposited dielectric and the InGaAs

surface can result in severe disruption of the interface.
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Chapter 6

Modification of metal — InGaAs Schottky barrier height by
atomic layer deposition of ultrathin Al,O3; interlayers and

fabrication of MOS structures on InGaAs.

6.1 Introduction

In recent years, great consideration has been given to the high indium content InGaAs
which is a leading candidate for n-channel devices in future generations of
complementary metal-oxide-semiconductor (CMOS) technology due to its high electron
mobility and high saturation velocity. Significant progress has been made in improving
the electrical quality of the high-k dielectric InGaAs interface by the atomic layer
deposition (ALD) of high-k materials on passivated surfaces [1,2]. An additional
technological issue which needs to be addressed for metal oxide semiconductor field
effect transistors (MOSFETSs) fabrication is the relatively high source/drain (S/D)
contact resistance which results from poor dopant activation in 111-V semiconductors.
Schottky barrier formation at metal/lll-V semiconductor interfaces has been of
considerable on going interest because of the apparently weak dependence of barrier
height on metal work function. One proposed solution to this issue is to fabricate metal
S/D Schottky-barrier MOSFET devices which requires control over the barrier height at
the metal-InGaAs interface. It has recently been reported [3] that the insertion of an
ultrathin layer dielectric layer at the interface between the metal and the semiconductor
can help in releasing the Fermi level to obtain a rectifying contact.

In this study we investigate the effectiveness of the insertion of an ultrathin ALD
deposited Al O3 dielectric layer on the Schottky barrier height formed at the interface
between the metal and the InGaAs. Schottky contacts were fabricated on 1 nm and 2 nm
Al,O3 layers deposited on native oxide and sulphur passivated Ings3Gag47As for both n
and p-doped substrates. To investigate the dependence of Schottky barrier height (SBH)
on metal work function (WF), both low (Al ~ 4.30 eV) and high (Pt ~ 5.65 eV) WF
metals were deposited on these surface. In the later section of the chapter C-V

measurements were carried out at a range of frequencies to see the effect of sulphur
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passivation in reducing the interfacial defect states. The electrical measurements (C-V)
can be correlated with the X-ray photoemission spectroscopy (XPS) measurements

carried out on the native oxide and sulphur passivated InGaAs surfaces in chapter 4.
6.2 Experiments details

Samples used in this study are 1 pum thick p-type Be doped Ings3Gag47AS epilayers
(5x10*"cm™) and 0.5 um thick n-type Si doped Ings3Gaos7As epilayers (5 x 10%" cm™)
lattice matched to InP substrates. All samples (twelve p-type and twelve n-type) were
degreased for 1 min in acetone followed by 1 min in methanol. For sulphur passivation,
Ino53Gag47As samples (six p-type and six n-type) were then dipped into 10%
ammonium sulphide ((NH,4)2S) solution for 20 min at room temperature (290 K)
followed by de-ionized (DI) water rinse and N, blow dry. All sulphur passivated and
un-passivated samples were then loaded into an atomic layer deposition (ALD) chamber
load lock within a minute after the cleaning process to minimize the air exposure to the
samples. Approximately 1nm (10 cycles) and 2 nm (20 cycles) of alumina (Al,O3) were
deposited at 250 °C on all these samples. Tri-methyl aluminum (TMA) and water were
the precursors used for ALD alumina deposition. The Pt Schottky devices are realized
by sputtering through a shadow mask (contact area 350 um?), however, Al Schottky
devices are realized by evaporation. Aluminum metallization was performed to provide

ohmic back-contacts.
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6.3 Schottky J-V characteristics

The current-voltage J-V characteristics obtained for the Schottky devices fabricated on
passivated p-type and n-type substrates are shown in Figure 6.1, 6.2, 6.3 and 6.4. The

thermionic emission current is given as

x — \V4
J= A'T? —9%s |« 9 -1 2.22
exp[ KT j eXp[nKBT (2.22)

Where A" is the Richardson constant, T is the temperature, q is the electron charge, @
is the effective Schottky barrier height (SBH), k is Boltzmann’s constant, n is the

ideality factor, and V is the applied forward voltage.

From above equation @ (SBH) was calculated for each Schottky junctions formed on n
and p-InGaAs.

6.3.1 P-type

Figure 6.1 (a) and (b) displays the J-V characteristics of metal/p-InGaAs junctions with
and without the ultrathin layer (1nm and 2nm) of Al,O3 for Al contacts on InGaAs.
Rectifying behaviour was observed for the p-type substrates (both native and sulphur
passivated) for the Al-InGaAs and Al/Al,Os/InGaAs junctions indicating that the Fermi
level can be moved across the InGaAs bandgap. For metal/p-InGaAs junction the SBH
was measured to be ~0.60 eV on sulphur passivated and unpassivated sample. This
indicated that when the low WF Al is deposited, on the p-type Fermi level is moved
close to the conduction band edge as the barrier height is almost equal to the InGaAs
bandgap. For the corresponding Al/lnm Al,O5/InGaAs and Al/2 nm Al,Os/InGaAs
junctions, the SBH was measured 0.55 eV. The effect of insertion of the interlayer
shows a small drop of 0.05 eV in SBH on p-type InGaAs irrespective of the thickness of
the Al,O3 layer which is in agreement with the recent study by Wang et al [3] who
reported a similar 0.05 eV decrease in the SBH after insertion of 2 nm thick Al,O3

between p-InGaAs and the metal.
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Figure 6.1 Typical J-V characteristics of p-type Al/InGaAs and
Al/Al,O5/InGaAs junctions (a) native oxide (b) sulphur passivated

surface

Figure 6.2 (a) and (b) displays the J-V characteristics of metal/p-InGaAs junctions with
and without ultrathin layer (1 nm and 2 nm) of Al,O3 for Pt contacts. Ohmic or near
ohmic behaviour was observed on the Pt-InGaAs and Pt-Al,Os-InGaAs junctions
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regardless of the dielectric thickness. The high WF metal on the p-type InGaAs
substrates would be expected to give rise to a low barrier height which manifests itself
as effectively an ohmic contact in these measurements. The reduction in the current with
increasing thickness of the Al,O3 layer reflects the increase in resistance of the

junction.
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Figure 6.2 Typical J-V characteristics of p-type Pt/InGaAs and Pt
Al,O3/InGaAs junctions (a) native oxide (b) sulphur passivated surface

junctions.
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6.3.2 N-type

Figure 6.3 and 6.4 displays the J-V characteristics of metal/n-InGaAs junctions with and
without ultrathin layer (1nm and 2nm) of Al,O3 for Al and Pt metals, respectively.
Ohmic behaviour was observed for all metal/n-InGaAs contacts without the Al,O3
interlayer. For the Al,Og interlayers on the native oxide surfaces, again ohmic behaviour
was observed regardless of metal WF with the reduction in current for the thicker Al,O3

layer attributed to an increase in junction resistance.

N

& 1E-3
£ 3
3]
S
£ 1E-4 o
< Y
=" 1E-5 - \“\
1E-6 { Al on n-type native | —=—no overlayer
1 oxide InGaAs H —e—1nm ALO,
1E-7 4 ) 2nm ALO,

T T T T

0.0
Volatge (volt)

11: ﬁ/_ (b)
013 Ll
-
0.01 4
NE 1E-3 :
s 7
S ] \
g 164 4 #
> 15 }!
4 :
. —=— no overlayer
E61 Al on n-type sulphur y
E . —e—1nm Al.O
167 ] passivated InGaAs 273
3 2nm Al.O
E 23
T T T T T
-1.0 -0.5 0.0 05 1.0

Volatge (volt)

Figure 6.3 Typical J-V characteristics of n-type Al/InGaAs and Al
/Al,04/InGaAs junctions (a) native oxide and (b) sulphur passivated
surface
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Rectifying behaviour was observed for Al and Pt contacts on the 2 nm Al,O3/InGaAs
junctions on sulphur passivated InGaAs surface and SBH heights of approximately 0.32
eV and 0.42 eV respectively. It is difficult to extract barrier height measurements for the

1 nm Al,Os interlayer as the linear section of the J-V curve is difficult to identify.
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6.3.3 Discussion

The change in the effective SBH with and without the Al,O3 interlayer on Al/p-InGaAs
junction is very small, however definite rectification is observed which is consistent
with an unpinned Fermi level in the InGaAs layer. This observation didn’t depend on
the presence of either a sulphur passivation treatment or a Al,O3 interlayer. For the
same surface treatments effectively a zero barrier height is observed on the Pt-InGaAs
junctions irrespective of presence of the Al,O; interlayer. Al has a low work function
(4.3 eV) value and in the case of p-InGaAs, the ideal Fermi level position is close to
valence band. Therefore in the case of Al contacts on p-type InGaAs the equilibrium
Fermi level position would result in band bending equivalent to the bandgap and hence
give rise to a SBH approximately equal to what is measured in this study. In the case of
Pt which has a high work function (5.65 eV), when it is in equilibrium with p-type
InGaAs, Fermi level alignment would result in a low barrier height as observed in the
measurements. However change in the SBH due to Al,O3 interlayer is observed to be
just 0.05 eV for p-InGaAs indicating that it does not have a major impact on the
interface properties. The most interesting result on the n-type InGaAs samples is that
rectifying behaviour was only observed on the sulphur passivated samples with a 2 nm

Al,O3 indicating that both surface treatments were necessary to unpin the Fermi level.
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6.4 MOS capacitors

6.4.1 Al/AI,O3/n-1ng53Gag 47AS/Al capacitor fabrication with and without sulphur

passivation

Metal-oxide-semiconductor (MOS) capacitors were fabricated with and without sulphur
passivation on n-type InGaAs samples with Al,O3 as gate dielectric and aluminum as
gate metal. For MOS capacitor fabrication, the 2 pm thick n-type (S: 4x10%" cm™®)
Ino53Gag47As layers used throughout this work were grown by metal-organic vapor
phase epitaxy (MOVPE) on highly doped n-type (S: 3-8x10'cm™) InP substrates with
0.1 pm thick n-type (S: 4x10™ cm™) InP buffered layer in between. All samples were
degreased for 1 min in acetone followed by 1 min in methanol prior to the sulphur
passivation. Ings3Gag47As samples were then dipped into 10% ammonium sulphide
((NH4),S) solution for 20 min at room temperature (290 K). All sulphur passivated and
un-passivated samples were then loaded into an atomic layer deposition (ALD) chamber
load lock within a minute after the cleaning process to minimize the air exposure to the
samples. Alumina of thickness 19 nm was deposited on passivated and un-passivated
samples in the same ALD run. Thermally evaporated aluminum was used as gate metal
and patterned into 1 mm diameter contacts. Figure 6.3 shows the schematic diagram of

the InGaAs capacitor.

< ALDALO;

Aluminiu |n0|53Gagl47AS, 2 M, S: 4)(1017 Cm-s

InP \NnP buffered layer

2L 0.1y, S: 4x10'8 cm?

S:3-8x10%¢m™3

Figures 6.5 Schematic diagram of Al/Al,Os/n-InGaAs capacitors
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The CV profiles of the capacitor structures at variable frequency are shown in Figure
6.6. The sulphur passivated sample has significantly less hysteresis (300 mV) compared
with the un-passivated sample (600 mV) at 1 MHz, which indicates low trap density at

the interface for the sulphur passivated sample compared with that of the un-passivated

sample.
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Figure 6.6 show the capacitance-voltage measurements on un-passivated
and sulphur passivated Al/Al,O3/n-1ng53Gag47AS capacitors respectively
measured at room temperature with a frequency range of 1 KHz-1MhZ.

The Hysteresis behaviour at 1 MHz is also shown in these figures
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The depletion region is not fully formed for the un-passivated sample, indicating a high
trap density. Sulphur passivation is beneficial in forming the depletion region in
Al;03/n-1ng 53Gag 47AS capacitors. On sulphur passivated sample inversion region starts
to form at lower voltage (- 4 V) while on native oxide sample no inversion region was
observed even at high voltage (- 5 V). Frequency dispersion was less for the sulphur
passivated sample. Cox (Crax in accumulation region) is very slightly reduced, possibly

due to a thin deposited layer resulting from the passivation treatment.

The interface defect states density (Dj;) was calculated by the following Terman method

[8]

-1
1 dog
Die(Vg) = ~ Cox [(d“’/’g) — 1] - Caep 6.2

Where Co is the maximum capacitance, g is charge of the electron, s is the suface
potential which is twice of the flatband voltage (Ves), Vg is the gate threshold voltage
measured from the CV curve, and Cgep IS a series capacitance of Crg and and Coxwhere
Ces is the capacitance at flat-band voltage.

From equation 6.2 on the native oxide sample, the Dj; was calculated to be Nss ~ 5.4 x
10" /cm? while on sulphur passivated sample it was reduced by approximately 50% to
(Nss ~ 2.0 x 10" /cm?). These values reflect the effect of sulphur passivation in

reducing the defect states from the interface.
6.5 Conclusions

The effectiveness of the insertion of ultrathin ALD deposited Al,O3 dielectric layers on
the Schottky barrier formed at the interface between different work function metals and
the InGaAs surface was investigated. The results show that it is easier to form Schottky
barriers on p-type InGaAs junctions. The C-V measurements were also carried out on
native oxide and sulphur passivated InGaAs surfaces which showed a reduction in the
interfacial defect density due to sulphur passivation effects.
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Chapter 7

Conclusions

The atomically clean InGaAs surface was prepared in the UHV chamber by
desorbing 100 nm As cap layer at 410 °C. Both in-situ and ex-situ sulphur
passivation was carried out to observe the difference in chemical bonding and the
effectiveness of the passivation. In-situ sulphur passivation of atomically clean
surface and ex-situ sulphur passivation were carried out to study the chemical
bonding in near InGaAs surface region. Fermi level position was determined on
the atomically clean surface and found to be in the midgap of InGaAs band gap.
Sulphur was found as a acting donor in near surface region therefore sulphur
adsorption moves the Fermi level close to the conduction band. Work function
value was also calculated on sulphur adsorbed surface and as a function of thermal
anneals. High temperature thermal annealing of the in-situ sulphur passivated
atomically clean InGaAs surface was performed which leads to the significant
changes in the InGaAs chemical composition as a function of thermal anneals. In-
situ sulphur passivated surface was exposed to air to observe the effectiveness of
the passivation against air exposure and found to have an increase in the gallium

oxide due to the gallium rich surface.

In order to reduce the detrimental impact of native oxides on potential
semiconductor device performance, wet chemically ex-situ sulphur passivation
using the commonly available aqueous ammonium sulphide was investigated as a
method to both remove and prevent the native oxides from forming on the
semiconductor surfaces. Ex-situ treated surface was found very effective to
remove large amount of the native oxide present on the surface. However during
loading the sample it exposed to air and took 10 minutes, traces of oxide were
seen on the surface. High temperature thermal annealing studies was carried out to
remove the residual oxide from the surface and to observe the compositional

changes as a function of thermal anneal upto 700 °C.

A threshold decomposition temperature was established on all three surfaces
which were observed 530 °C, 480 °C and 700 °C with indium loss of 5% , 33%

and 80% for atomically clean in-situ and ex-situ sulphur passivated surface
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respectively. High temperature was established to remove the residual oxide from
wet chemically treated surface which was observed thermally stable at higher
temperature without impacting the stoichiometry than the atomically and in-situ
sulphur passivated surface.

Second chapter has been focused on the advantages of the synchrotron
measurements over XPS. Interfacial chemistry of Al,O3; on native oxide and
sulphur passivated surface was investigated by XPS and HRSPES. Both
techniques shows the different level of the oxide present on same
surfaces/interfaces, larger level of oxide on HRSPES while smaller level on XPS
which suggests oxide present at the interface is beyond the XPS detection limit. A
series of thermal annealing upto high temperature 700 °C was carried out to
observe the chemical changes at the interface on both Al,Os/InGaAs interface.
Thermal annealing at 700 °C on the unpassivated Al,O3/InGaAs interface results
in the decomposition of the InGaAs by the loss of In which is assumed to occur by
its out diffusion through the Al,O3 overlayer without impacting the InGaAs
stoichiometry of Al,O3 covered sulphur passivated interface while huge amount of
indium loss was observed at 700 °C on Al,O3 covered native oxide interface.
These results therefore set an upper limit on an annealing temperature for the
Al,0O3/InGaAs interface to substantially remove the interfacial oxides without

initiating major chemical disruption across the interface.

The stepwise deposition of ultrathin MgO layer was carried out on the atomically
clean InGaAs surface. An evolution of the growth of the interfacial oxides at
submonolayers levels was observed as a function of deposition. Annealing results
in the reduction in the arsenic interfacial oxide while conversion of InO to GaO
was seen. Mg deposition leads to the disappearance of the higher oxidation states

and results in the disruption of the interface with indium out diffusion.

Different growth of the Al,O; was observed on differently chemically treated
surface. The difference in growth rate is attributed to the different nucleation sites
available to grow the layer on various treated surface. Higher growth rate was
observed on the 2 stage etch and sulphur passivated surface whereas on the native

oxide and H,0, treated surface growth rate was similar but lower than 2 stage and
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sulphur treated surface. On pre-clean treated surface which helps in removing the
organic contamination adsorbed on the surface from air exposure the growth rate
was seen higher than the native oxide surface. These treatments provide a nice
insight of the growth rate on various treated surfaces which certainly will help in

improving the InGaAs surface optimisation process for MOSFET applications.

Modification of Schottky barrier height was examined by inserting of an ultrathin
ALD deposited Al,Oz dielectric layer on the Schottky barrier formed at the
interface between the metal and InGaAs. The results indicate that the SBH
modulation is more effective on sulphur passivated n-InGaAs interfaces than on
sulphur passivated p-InGaAs interfaces when using the same Al,O3 thickness. On
n type interface the Fermi level was observed in the midgap and weakly pinned
while on p type It was seen close to the conduction band. The change in the SBH
is independent of the metal work function and attributed to the formation of the

dipole formed at the interface.

In this work in-depth study of in-situ (dry) and ex-situ (wet) sulphur passivation
of InGaAs and high temperature annealing have been carried out by using
photoemission studies. Sulphur treatment was found to be an effective way to
terminate the semiconductor surface leaving a chemical passivation layer to
protect the surface against regrow the oxide following air exposure, However
sulphur passivation can only slow down the growth rate of the native oxide when
exposed to ambient or any dielectric deposition as thermodynamically the oxides
are more stable than the sulphides. On an ideal flat I11-V semiconductor surface
sulphur atoms can act as a termination layer leaving no dangling bonds which are
the origin of surface and interface defect states. The other advantage of sulphur
passivation shown in this study is that it remains at the interface with a dielectric
overlayer up to 700 °C. Further study is required to produce a good quality
interface when deposition of the dielectric layer is performed on the atomically
clean surface, in-situ and ex-situ sulphur passivated surfaces. Optimisation of the
annealing temperature after dielectric deposition on these surfaces and correlation
with the electrical measurements would also be helpful. The Al,Os/InGaAs
interface chemistry on two different surfaces and their interface thermal stability
at high temperature has been described in chapter 4 where results demonstrate an
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effective way to remove the interfacial oxide without compromising the substrate
composition on sulphur passivated sample. However, further study is required to
optimized the annealing temperature where sulphur does not contribute any
charge which results in the threshold voltage shift reported by Gu et al. [1]. Also,
it is needed to distinguish the thermal stability of Al,Os/InGaAs interface on
sulphur passivated surface is either due to the presence of capping layer or the
mixed phase of the sulphides and oxides at the interface at 700° C as indium lost
was observed on Al,Os/InGaAs interface on native oxide surface.

In chapter 5, deposition of Al,O3 on various chemically prepared InGaAs surfaces
shows a different film growth rate and presence of different level of interfacial
oxide at the interface. It would also be helpful to use the high surface sensitivity
of HRSPES to study the different chemically prepared dielectric/ interface and
their high temperature annealing would indeed also be helpful.

By performing forming gas annealing and vacuum annealing at high temperature
on different chemically prepared interfaces/surfaces would also be very useful to

optimise the interface quality.

An attempt has been made to modulate the SBH of metal/InGaAs and
metal/dielectric/InGaAs junctions on native oxide and sulphur passivated surface
for making source/drain contact where SBH was found independent of the metal
work function and regardless of the dielectric thickness. Therefore further studies
is required to modulate the SBH barrier height by using suitable cleaning and

passivation method
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