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Abstract 

 

This thesis investigates the surface cleaning procedures, passivation and interface formation 

following high-κ deposition on Ge(100) and InAs(100) substrates using soft x-ray 

photoemission spectroscopy (SXPS). A comparison study between the thermal cleaning of 

the native oxide covered InAs(100) surface and atomic hydrogen cleaned surface indicated 

that thermal annealing to 450
o
C is not sufficient to produce an oxide and carbon free surface 

whereas atomic hydrogen cleaning at 360
o
C resulted in the removal of both native oxides and 

surface carbon contamination to produce a clean In rich surface.  

 

The selenium passivation of this atomically clean InAs showed evidence of arsenic 

replacement in the near surface region. Subsequent MgO deposition resulted in interface 

oxidation indicating that the selenium treatment has not been successful in passivating the 

InAs surface. In a similar study on the atomically clean Ge(100) surface, interface oxide 

formation was observed following MgO deposition while on the selenium passivated surface, 

no interface oxides were observed. 

 

 Wet chemical sulphur treatments of both the Ge(100) and InAs(100) surfaces showed that 

the sulphur passivation layer was stable up to 500
o
C and 600

o
C, respectively. Subsequent 

studies involving the atomic layer deposition of ultra thin high-κ dielectric layers on these 

surfaces showed that thermal annealing was effective at reducing the interfacial oxides 

without altering the dielectric material’s stoichiometry.  

 

 The high pressure post oxygen annealing treatment of Al2O3/Ge structures were chemically 

characterised using SXPS and x-ray photoelectron spectroscopy (XPS), and electrically tested 
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after fabricating MOS capacitor structures. The density of interface states (Dit) was 

significantly decreased when the Ge(100) surface was subjected to wet chemical based 

sulphur treatments prior to dielectric deposition. Finally, the concentrations of germanium 

sulphide formation on the Ge(100) surface achieved by diluting ammonium sulphide in 

various alcohols was studied using SXPS and the electrical impact on the CV measurements 

of MOS structures on these surfaces was investigated.  
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1 Introduction 

This chapter introduces the main ideas behind the introduction of high-κ gate dielectric 

materials and high mobility substrates for the future development of complementary metal 

oxide semiconductor (CMOS) technology. It also provides a short literature review of surface 

preparation procedures suitable for the semiconductor substrates investigated in this thesis, 

germanium and indium arsenide, and concludes with an outline of the thesis layout. 

1.1 Device scaling-Moore’s law 

For the past few decades, silicon and silicon dioxide have been the leading substrate and 

dielectric material for (CMOS) device fabrication which has underpinned the development of 

computer technology. The ability to accurately control the silicon doping density and form 

high quality electrical interfaces between silicon and silicon dioxide are the main reasons for 

the development of silicon based electronic devices which dominate the microelectronics 

industry. 

The metal oxide semiconductor field effect transistor (MOSFET) is the basic building block 

for microprocessor fabrication in that it allows logic operations to be carried out in an 

efficient manner. Increasing device performances while decreasing size is the key driver to 

meet the continuous demands such as higher packing density, lower power dissipation and 

higher circuit speed set by International Technology Roadmap for semiconductors (ITRS) 

[1]. In 1960’s, Gordon Moore co-founder of Intel, predicted that the number of transistors in 

integrated circuits would double every two years [2]. The increasing trend of FET density as 

a function of year of fabrication is shown in figure 1.1. Due to downscaling, a MOSFET 

made of silicon and silicon dioxide materials were scale down to 45 nm gate length in 2008 

from its original 10 μm gate length in 1971 [2]. Ideally further device scaling can be achieved 
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by continuing to reduce device dimensions and operating voltages while maintaining constant 

a electric field across the gate dielectric.  

 

 

However, in practice, the device dimensions and operating voltages cannot be continually 

reduced due to fundamental limits dictated by quantum mechanics. 

1.2 Why high-κ material? 

The continuous scaling has thinned the SiO2 gate dielectric layer to 1.1 nm (for 0.1 μm 

technology node). At this thickness, direct electron tunnelling across the gate dielectric is the 

main concern as it contributes to a dramatic increase in junction leakage current which 

degrades the electrical performance [3]. Replacement of SiO2 with a higher permittivity 

(high-κ) material allows an increase in the physical thickness of oxide to reduce the gate 

leakage current while maintaining or decreasing the oxide capacitance (Cox). The Cox is 

defined as  

                                                              Cox =
εo

tox
κ. A                                                                          1.1 

 

Figure 1.1: Number of transistors integrated per chip versus year of introduction (Intel). 
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Where 𝜀𝑜 is the permittivity of free space (8.854×10
-12 

F/m), 𝜅 is the permittivity of the gate 

dielectric material (SiO2 ~ 3.9), A is the area of capacitor and tox is the thickness of the 

dielectric layer. Cox of a particular gate dielectric material is proportional to the ratio of 

dielectric constant to physical thickness of the oxide, therefore as tox decreases, the 

capacitance increases. 

The oxide capacitance can be maintained by using a material whose dielectric constant is 

higher than SiO2 while increasing the thickness of the dielectric layer thereby reducing the 

tunnel current. Materials whose dielectric constant is higher than SiO2 are called high-κ 

materials. The equation 1.1 can be rewritten in terms of equivalent oxide thickness (EOT) or 

theoretical thickness of SiO2 as 

                                                       tox = EOT =  3.9
K  tHiK                                                           1.2 

 

Where 𝑡𝐻𝑖𝐾  and κ are the physical thickness and the dielectric constant of the high-κ 

dielectric layer, respectively. The schematic representation of equation 1.2 is shown in figure 

1.2, which illustrates that the introduction of a high-κ layer increases the physical thickness of 

the dielectric while maintaining the same capacitance. 

 

 

Figure 1.2: A schematic showing replacement of thin SiO2 with thicker high-κ dielectrics results 

same EOT and capacitance. 
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1.3 Guidelines for choosing alternate high-κ dielectrics 

An ideal high-kappa dielectric material would conform with the requirements listed by 

Robertson [4] for the continued development of MOSFET device performance with future 

scaling.  

1. The κ value must be high enough so that gate dielectric can be scaled for reasonable 

number of device generations.  

2. The oxide and substrate interface must be thermodynamically stable so that interfacial 

layer formation can be avoided. For example, high temperature vacuum anneal of 

Al2O3/III-V structure results in the formation of indium hydroxide at the interface which 

can degrade the electrical properties [5].  

3. The introduction of a new chemical layer at the interface by the interaction of oxide and 

substrate material could increase the EOT and might degrade the electrical properties. 

4. The dielectric material must be kinetically stable and compatible with the processing 

temperatures up to 1000
o
C for 5 mins. The thermal dopant activation of source/drain 

implantations requires processing at high temperatures hence the dielectric properties 

must not be affected during at these processing temperatures. 

5. The dielectric material must have energy band offsets with the substrate of more than 1 

eV to inhibit carrier injection. Figure 1.3 shows that band gap of dielectric materials and 

the dielectric constant kappa are inversely proportional [6]. 

6. The dielectric must form a good electrical interface with the substrate with a low density 

of defect states. For example, elemental arsenic present at the Al2O3/III-V interface gives 

rise to defect states in the band gap of semiconductor which pin the Fermi level [7]. 
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7.  The dielectric must have few electrically active bulk defects. These defects can be 

formed due to excess or deficiency of oxygen or other impurities. The presence of these 

defects could trap charge and shift the threshold voltage (operating voltage) of a device. 

The mobility degradation and breakdown of oxide are also possible due to the presence of 

these trapped charges.  

 

 

1.4 Integration of high-κ dielectrics and high mobility substrates for Si 

CMOS 

In 2005, IBM researchers proposed the idea of integrating high mobility and high-κ materials, 

into the development of future generation of Si CMOS technologies as shown in figure 1.4 

[8]. 

 

Figure 1.3: Band gap of various dielectric materials and its dielectric constant [4]. 
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Germanium and III-V materials (especially InGaAs) were proposed as suitable high mobility 

candidates for PMOS and NMOS devices because of their higher hole and electron mobility 

than silicon. These materials have been previously investigated as to their suitability for 

device integration in the in the 1940’s when the first bipolar junction transistor was fabricated 

using germanium [9] and in the 1960’s early attempts to develop III-V substrate based 

MOSFET [10] were initiated. However the poor quality of the native oxides which form on 

these substrates displayed higher interfacial defect state densities than SiO2/Si interface. In 

addition, the thermal stability and good insulating properties of SiO2 are significantly better 

than for the native oxides on germanium and III-V substrates. The integration of high-κ 

dielectric materials onto these materials would enable further scaling of CMOS technology 

and has therefore been the subject of extensive investigation. However problems associated 

with the interface property of high-κ/Ge and III-V substrates are still a major concern. The 

surface cleaning and passivation of these high mobility materials has become a much studied 

research field in attempts to avoid an undesirable growth of interfacial oxides prior to or 

during high-κ deposition. 

Figure 1.4: Integration of high mobility substrates for CMOS devices [8]. 

 



7 
 

1.4.1 Surface preparation of Germanium and III-V surfaces 

As mentioned previously, the poor electrical quality of the native oxides on III-V and 

germanium surfaces makes difficult to realise the advantages of higher electron and hole 

mobility than silicon [11] shown in table 1.1. 

 

 

Therefore strategies for the preparation of clean surfaces and controlling interface formation 

to limit interface defect state densities are critically important for device applications such as 

metal oxide semiconductor (MOS) structures which is the fundamental building block of the 

field effect transistor (FET). Ideally, a common surface cleaning treatment needs to be 

developed for both germanium and III-V substrates in an attempt to simplify the fabrication 

process of CMOS devices. However, the chemical reactivity of the native oxides which form 

on both surfaces are different. For example germanium oxide (GeO2) is water soluble 

whereas the native oxides in InAs are not. Thus finding a common solution for both 

substrates is one of the challenges faced by the semiconductor industry. There are several 

surface treatments reported for the preparation of oxide free germanium and III-V surfaces 

[12-14]. However preserving the elemental stoichiometry during the cleaning process is 

Table 1.1: Material property of various semiconductors [11]. 
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particularly important for III-V substrates. The atomic hydrogen treatment on III-V surfaces 

is reported to produce clean surfaces however prolonged exposure results in indium loss [15, 

16]. In-situ treatments like argon ion bombardment are reported to result in oxide free 

surfaces however this treatment can damage the surface [13,14]. The wet chemical cleaning 

procedures followed by annealing treatments have also been reported to produce clean 

surfaces [17-19]. The subsequent necessary step following successful surface cleaning is the 

passivation of the surface prior to dielectric deposition in order to control interface oxidation. 

1.4.2 Why surface passivation? 

The surface passivation of semiconductors aims to achieve two objectives, chemical and 

electronic stability of the semiconductor surfaces. The chemical passivation is designed to 

make the cleaned surface inert towards both ambient contamination, mainly oxygen and 

control interface formation with a high-κ layer. Electronic passivation aims to limit the 

density of interface state formation between the semiconductor and the dielectric as these 

states impact on the ability to move the Fermi level across the gap which has direct 

implications for FET operation.  

1.4.3 Passivation of Germanium and III-V surfaces 

When clean germanium and III-V surfaces are exposed to air, native oxides readily form 

within a few minutes. The chemical passivation of germanium and III-V surfaces using 

methods like chalcogenide treatments, nitridation and halogenation have been reported to 

inhibit ambient oxidation upon air exposure. Therefore, these treatments have been utilized in 

controlling interface formation between the substrates and high-k layers and have shown 

encouraging results. The thermal stability of these passivation layers requires investigation 

as, particularly for III-V semiconductors, thermal annealing at the temperatures used in 

device fabrication can impact on the stoichiometry of the semiconductor.  
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1.4.3.1 Chalcogenide treatments 

The elements occupying the 16
th

 column of the periodic table are called chalcogenides and 

these elements have been widely used in the passivation of semiconductor surface. In-situ 

treatment using sulphur, selenium and tellurium elements have been reported to passivate 

germanium and III-V surfaces [19,22-26]. Sulphur and selenium passivation of III-V surfaces 

are reported to result in arsenic replacement in the near surface region [24,25]. However, the 

passivation of germanium using elemental sulphur was reported to create defect states in the 

band gap which is undesirable for MOS devices [27]. Several other approaches have been 

studied to achieve sulphur passivation on these surfaces to prepare high quality dielectric 

semiconductor interfaces [20,28,29]. Previous studies report that the wet chemical 

ammonium sulphide based sulphur treatment is suitable for both germanium and III-V 

surfaces [30,31]. This treatment is reported to be successful at removing native oxides from 

both substrates. In addition, the sulphur passivated germanium surface was reported to be 

more resistant to ambient oxidation than chlorine or hydrogen terminated germanium 

surfaces [32]. Thathachary et al [33] reported the unpinning of the Fermi level using a 

sulphur passivation treatment on metal-Ge contacts. Recent studies have shown the 

possibility of achieving 1nm EOT using sulphur passivated germanium MOS stacks [34]. 

Selenium, from the same group as sulphur, is also expected to show similar promising 

chemical and electronic properties. Previous studies suggested that the selenium passivated 

germanium surface effectively suppresses germanium oxide formation during molecular 

oxygen treatment and has a lower interfacial defect states density than unpassivated 

germanium MOS structures [35]. Selenium passivation of III-V surfaces was achieved by 

using sodium selenide in ammonium hydroxide [36]. As a result of this treatment, three 

chemical states of selenium were formed on the surface namely, selenates (Se
4+

) elemental 

selenium (Se
0
) and selenides (Se

2-
). However sodium selenide solution treatment also results 



10 
 

in complete removal of native oxides and coverage of selenium in the form of selenides 

(As2Se3) on III-V surface [37]. Alternate way of removing oxide and selenium termination on 

III-V surface was also reported using wet chemical based Se/NH4OH treatments [38]. 

1.4.3.2 Nitridation 

Nitridation of germanium and III-V surfaces have also been reported to successfully suppress 

native oxide formation [39,40]. A wide range of nitridation approaches using plasma 

nitridation, wet chemical hydrazine solution [41], thermal NH3 treatment [42-45] and 

exposure to N2H2(CH3)2 vapour [46] have been reported to form germanium nitride and III-V 

nitride on germanium and III-V surfaces. Previously GeOxNy and Ge3N4 gate dielectrics on 

germanium surfaces were tested however these dielectrics were not suitable to achieve 

ultimate scaling due to their low-κ values [47,48]. Hence these dielectric materials are used as 

a thin passivation layers between high-κ dielectrics and germanium substrates [49]. 

Nitridation of the germanium surface using gas mixtures such as H2/N2/Ar and H2/N2/NH3/Ar 

allows the tuning of the atomic concentration of N which is integrated into the GeOxNy layers 

[50,51]. Recent study suggests the similar nitridation treatment improves the electrical 

properties of III-V MOS devices [52]. However, the comparison study of Al2O3 on sulphur 

passivated and nitrided III-V surfaces shows similar origin of interface traps at both 

interfaces [40]. This suggests that nitridation is also a possible passivation method compatible 

with substrates similar to ammonium sulphide based sulphur treatments. However sulphur 

passivation of germanium MOS structures has been shown to result in lower fixed charge and 

interface state density than nitridation treatment [53]. 

1.4.3.3 Halogenation 

Chlorine and bromine treatments on germanium and III-V surfaces are commonly achieved 

by HCl and HBr chemical solutions [54-57]. Delabie et al [57] reported that HBr treatment 
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completely removes germanium oxide whereas traditional hydrogen fluoride (HF) treatment 

leaves ~ 0.3 nm oxide on the germanium surface. As for III-V and germanium surfaces, the 

HCl treatment was not effective at completely removing the native oxides [57,58]. The HBr 

based chemical treatment on III-V surface also shows complete removal of oxides [56,57]. 

However HBr pre-treatment on germanium surfaces results in higher break down voltage 

than HCl:H2O2 mixture treated sample for the MOS stacks [59]. As already mentioned Cl 

termination of germanium was not as effective as sulphur passivation in preventing ambient 

oxidation [32]. However HCl plus sulphur passivation on both substrates shows improvement 

in the electrical characteristics of the MOS stacks [60,61]. 

1.5 Thesis organisation 

Chapter 2 discusses the principle of surface characterisation tools employed in this study such 

as x-ray photoelectron spectroscopy (XPS) and soft x-ray photoelectron spectroscopy 

(SXPS). The detailed explanations of deposition techniques including thermal evaporation 

and atomic layer deposition are presented. The basic operation of metal oxide semiconductor 

(MOS) and extraction of various electrical parameters from CV measurements are also 

described. Chapter 3 presents the effectiveness of selenium passivation layer on both 

germanium and InAs substrate in preventing growth of interfacial oxides during MgO 

deposition. In addition, a comparison study between the thermal cleaning of the native oxide 

covered InAs(100) surface and atomic hydrogen cleaning has also been undertaken using soft 

x-ray photoemission spectroscopy. Chapter 4 and 5 investigate the thermal stability of high-k 

materials (Al2O3 and HfO2) deposited on both germanium and InAs surfaces as a function of 

surface preparations using synchrotron based photoemission spectroscopy. These chapters 

discuss possible ways to prepare oxide free semiconductor-dielectric interfaces and evaluate 

and report on the thermal stability of interfacial oxides which form on both substrates during 
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high-κ deposition. Chapter 6 presents the effect of sulphur passivation in tuning chemical and 

electrical properties of metal/Al2O3/Ge MOS stacks and discusses the electrical and chemical 

impact of alcohol based sulphur passivation treatments on germanium MOS stacks. The 

systematic electrical studies of post deposition annealing in oxygen and forming gas ambient 

are also presented. Chapter 7 discusses the overall conclusions and future suggested works. 
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2. Principles of the main experimental techniques 

This chapter discusses the principles of the surface characterisation tools employed in this 

study such as x-ray photoelectron spectroscopy (XPS) and soft x-ray photoelectron 

spectroscopy (SXPS). The detailed explanations of deposition techniques including thermal 

evaporation and atomic layer deposition are presented. The basic operation of metal oxide 

semiconductor devices and extraction of various electrical parameters from CV 

measurements are also described. 

2.1 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy is a highly surface sensitive analytical tool used for the 

chemical analysis of solid surfaces. X-ray irradiation of samples results in the emission of 

electrons via the photoelectric effect [1], as for example photoelectron emission from the O 

1s core level as shown in figure 2.1.  

 

 
Figure 2.1: Schematic showing photoelectron emission from the O 1s core level [2]. 
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The incident X-ray can penetrate up to ~ 1 μm and covers an area ~ 1×1 cm
2
 as schematically 

shown in figure 2.2. The probability of photo emitted electrons escaping from the surface 

without any collision decays exponentially with depth into the solid, thus elemental 

information can only be extracted from the outermost layers (< 10 nm) making XPS a surface 

sensitive analytical tool.  

 

 

 

 

Figure 2.2: Schematic diagram showing surface sensitivity of XPS [2, 3]. 
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2.1.1. XPS instrumentation 

The schematic of a XPS experimental set up is shown in figure 2.3.When a sample surface is 

irradiated with low energy (< 1500 eV) x-rays in a vacuum environment, the photoemitted 

electrons with a wide range of kinetic energies can be collected by an electron energy 

analyzer and ultimately the intensity of the signal can be plotted as a function of kinetic 

energy. 

 

 

 

 Maintaining the vacuum at ~ 10
-9 

mbar in the analysis chamber facilitates the transmission of 

photoelectrons into the energy analyzer. The set up basically consist of an x-ray source, a 

sample under investigation, an electrostatic lens, an electron energy hemispherical analyser, 

detection system and computer controlled output to display the acquired spectrum. 

Figure 2.3: Basic experimental setup of conventional XPS system [3]. 
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2.1.1.1. Hemispherical electron energy analyzer 

The electron energy analyzer shown in figure 2.4 consist of two concentric hemispheres with 

the radii of curvature R1 and R2. By the application of different applied voltages to the two 

hemispheres with the outer hemisphere being more negative than the inner hemisphere, it 

allows electrons with a given kinetic energy so called the “pass energy” to reach the detector.  

 

 

 

                                                   E = e∆V  
R1R2

R2
2−R1

2                                               2.1 

                            

Where E is the kinetic energy of the photoelectrons, e is the electron charge, ΔV is the 

voltage difference between concentric hemispheres with radii of R1 and R2. 

The radius of hemispheres is constant therefore the above equation 2.1 can be written as 

                                                    E = Ke∆V                                                            2.2 

Where the spectrometer constant is given as K and it depends on the analyser design. 

Figure 2.4: Schematic representation of hemispherical energy analyser. 
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The electrons with higher kinetic energy than the pass energy will collide with the outer 

hemisphere as they will try to follow a radius larger than mean radius of hemisphere while 

however electrons with energy less than the pass energy will travel in smaller radius than the 

mean radius and therefore collide with the inner hemisphere. 

2.1.1.2 Dual anode x-ray source 

The x-ray source in a conventional XPS system is usually equipped with twin anodes which 

can generate different monochromatic x-ray lines typically, Al Kα and Mg Kα lines. These 

characteristic x-ray lines have photon energies of 1486.7 eV and 1253.6 eV which allow for 

core level electron excitation for many elements in the periodic table. Figure 2.5 shows a 

schematic diagram for a dual anode x-ray source consisting of filaments (cathode) and water 

cooled anodes mounted on a supporting copper rod.  

 

 

 

 

 

 

 

 

 

Figure 2.5: Schematic drawing of x-ray dual anode source [4]. 
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High intense Bremsstrahlung radiation is produced when the water cooled anode is 

bombarded by high energy electrons accelerated from the filaments through a potential 

difference ranging from 10-15 kV. The high operating voltage of the anode combined with 

milliamp current emission generates significant waste heat necessitating adequate water 

cooling to avoid evaporation and interdiffusion of metal films from the anode surface. The 

high intensity Kα emission lines are generated by the transition of electrons from the Al or 

Mg 2p doublets to the 1s core level vacancies created by the incident high energy electrons. 

These emission lines result in the generation of characteristic x-ray lines 1486.7 eV and 

1253.6 eV with the energy spread (line width) of 0.85 eV and 0.7 eV for the aluminium and 

magnesium anode targets, respectively. Aluminium foil (~ 2 μm) placed at the exit aperture 

of x-ray source protects the sample from stray electrons, contamination and the heat from the 

filaments. 

2.1.1.3 Electrostatic lens  

The electrostatic lens collects photo emitted electron from a wide angular distribution and 

directs them to the entrance of the electron energy analyzer. It retards the energy of electron 

to the pass energy.  

2.1.1.4 Channeltron detector 

The channeltron detector consists of a spiral glass tube which is connected to the output of 

the analyser and is schematically shown in figure 2.6. The inner walls are coated with an 

insulating material such that an incident electron on the material can results an emission of 

many secondary electrons.  
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The potential applied across the channeltron of typically 3 kV accelerates the incoming 

photoelectrons and ensures that the electron cascade effect amplifies the incoming signal. The 

output of channeltron is fed into the pulse counter where it provides a count rate of typically 

higher than 10
6
 counts per second (c.p.s). 

 

 

2.1.2 Energy level diagram of photoemission analysis process 

The energy level diagram for the principle of photoemission spectroscopy is shown in figure 

2.7. The sum of kinetic energy and binding energy with respect to Fermi level of the photo 

emitted electron is not equal to the irradiated x-rays photon energy. Thus the difference 

between Fermi and vacuum level referred as work function has to be included while 

calculating the actual kinetic energy and expressed in the following equation 2.3. 

                                                                       hν = EB
f + Ekin

1 + ϕs                                                       2.3 

 

Figure 2.6: Schematic diagram showing channeltron detector [4]. 
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It is assumed in figure 2.7 that sample and spectrometer are in electrical contact. When 

electrons pass from sample to spectrometer they experience a potential difference which is 

equal to the difference between sample and spectrometer work functions. Therefore measured 

kinetic energy can be written as 

                                                                   Ekin = Ekin
1 +  ϕs − ϕspec                                             2.4 

 

 

 

By substituting the measured kinetic energy into equation 2.4, the following photon energy 

expression can be found. 

                                                         hν = EB
f + Ekin + ϕspec                                                            2.5 

Figure 2.7: Energy level diagram showing spectrometer and sample in electrical contact [5]. 
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After re-arranging equation 2.5 

                                                    EB
f = hν − Ekin − ϕspec                                                                    2.6 

The equation 2.6 allows the calculation of binding energy of an electron by knowing the 

incident x-ray photon energy, measured kinetic energy and the spectrometer work function. 

The binding energy of a particular photoemitted electron provides element specific 

information which can be used to identify that element. 

2.1.3 Inelastic mean free path 

The photoemitted electrons which are scattered in the solid prior to emerging and being 

detected in the analyser provide no useful information via the photoelectric effect and 

contribute to the secondary electron background in the spectrum. The average distance an 

electron travels in a solid without been involved in any collision is termed the inelastic mean 

free path (IMFP). This is generally material independent and the kinetic energy dependence is 

shown in figure 2.8.  

Figure 2.8: Universal mean free path λ of electrons in a range of materials [6]. 
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The minimum IMFP (< 0.50 nm) covers the electron kinetic energy range between 50-100 eV 

which indicates that the photoemitted electrons with these energies will have the greatest 

surface sensitivity. The probability of an electron P(d) travelling a distance d within the solid 

without any scattering can be expressed as follows in equation 2.7. 

 

                                                          P d = e
−d

λ                                                                 2.7 

Where λ is IMFP of the electron and d is the thickness of a layer. The exponential decay of 

the probability as a function of depth into the solid is shown in figure 2.9. 

 

 

The integration of the area up to 3λ constitutes 95% of unscattered photoemitted electrons 

and is called the sampling depth into the material. The typical IMFPs for photoemitted 

Figure 2.9: Diagram showing emission of unscattered photoelectron as a function of sample depth. 
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electrons using the conventional x-ray source fall in the range of 1-2 nm, giving an overall 

sampling depth range of 3-6 nm for most solids.  

2.1.4 Elemental identification and chemical shifts 

The survey spectrum for a particular sample allows identification of all elements present on 

the surface of the sample with a concentration greater than ~ 0.1%. The core level peaks can 

be identified using unique binding energies as illustrated for a germanium sample survey 

spectrum shown in figure 2.10. 

 

 

 

Another important feature of XPS is the ability to distinguish the same element in different 

chemical environments. Changes in the electron density around the atom due to chemical  

Figure 2.10: Germanium survey spectra taken at 1486.7eV showing photoelectrons from germanium, 

carbon and oxygen core levels. 
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interaction scan result in the observation of a chemically shifted component of the core level 

peaks. These chemical shifts are basically dependent on the electronegativity of the bonding 

atoms. The Ge 3d spectrum from a native oxide covered germanium surface shown in figure 

2.11 displays two component peaks which have been curve fitted. The main peak at a binding 

energy of 29.9 eV is attributed to the Ge substrate while the peak at 32.9 eV is attributed to 

germanium-oxide component previously identified as being Ge2O3 (Ge
3+

) [7].  

The higher binding energy of the oxide component reflects the increased ionic nature of the 

Ge-O bond relative to the Ge-Ge bond. The electrons emerging from these slightly positive 

Ge atoms have less kinetic energy compare to Ge-Ge bonds which results in the peak 

appearing at higher binding energy. The thickness of thin oxide layer can be calculated from 

the intensity attenuation of photoemission signal from the substrate after deposition of a thin 

overlayer by using the following equation 2.8.  

                                                             Io = Ie
−d

λ                                                                 2.8 

Figure 2.11: Ge 3d core level spectra of the native oxide on a germanium surface. 
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Where  Io  and I is the intensity before and after oxide deposition, λ attenuation length in the 

oxide and d is the thickness of the over layer. The thickness can also be determined from the 

ratio in intensity of the oxides to substrate peaks.  

2.1.5 Peak width 

The peak width of given a photoemission signal is defined as a convolution of a Gaussian and 

a Lorentzian peak. The full width at half maximum (FWHM) of a peak is composed of 

contributions from electron energy analyser Ea, x-ray source Es and core hole life time El. The 

FWHM of a peak is defined as the square root of sum of squares of these contributions. 

                                                               FWHM =  ( Ea
2  +  Es

2 + (El
2))

1

2                                 2.9    

The line shape due to core hole life time and instrumental contribution is referred as 

Lorentzian and Gaussian. The intrinsic peak width (Γ) due to core hole life time is measured 

using Heisenberg uncertainty principle given in equation 2.10.   

                                                                  Γ =
h

τ
                                                                                     2.10                 

Where h is Plancks constant and τ is core hole life time, the intrinsic peak width is larger for 

inner shell than outer shell orbitals because electrons from outer shell orbitals fill vacancies 

created in the inner shell orbital. Therefore, the deeper the orbital, the larger the peak width 

and the shorter, the core hole life time. For example intrinsic peak widths of gold (Au) metal 

increases in the order of 4f < 4d < 4p < 4s. The probability of electrons fill inner core level 

from outer core level increases with increasing valence electron density. Hence intrinsic peak 

width increases with the increase of atomic number.  
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2.1.6 Depth analysis with kinetic energy 

The sampling depth into a surface depends on the kinetic energy of the emerging 

photoelectrons. As an element in the material can have more than one core level at different 

binding energies, the effective sampling depth can be changed by analysing the photoemitted 

electrons from different core levels, particularly if they are well separated in binding energy. 

The Ge 3d and Ge 2p core level spectra recorded for the native oxide covered germanium 

surface using the Al kα x-ray source are shown in figure 2.12.  

The Ge 3d emerges at a kinetic energy of 1450 eV which gives a IMFP of ~ 2 nm as 

estimated from figure 2.8 with a corresponding sampling depth of ~ 6 nm. The kinetic energy 

of the emerging Ge 2p electrons is 264 eV giving an IMFP of ~ 0.8 nm and a sampling depth 

Figure 2.12: Ge 3d and Ge 2p core level spectra for the native oxide covered germanium surface. 
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into the surface of ~ 2.4 nm. This difference in sampling depth is reflected in the difference in 

the relative intensity of the substrate and oxide overlayer peaks which is directly related to 

the difference in the sampling depths for the two core level peaks. The shallower sampling 

depth for the Ge 2p core level results in a significantly larger oxide signal, as this is surface 

localised, than that observed for the Ge 3d peak. This is an effective non-destructive way of 

studying chemical information on the surface and bulk of the samples. The similar depth 

selectivity study can also be undertaken by exciting the same core level using different x-ray 

energies. 

 

2.2 Synchrotron radiation 

Synchrotron radiation is the electromagnetic radiation emitted by charged particles which are  

accelerating radially. When the velocity of the particles approaches the speed of light, the 

radiation emission pattern is strongly collimated in the forward direction. The resulting 

radiation produces a continuous wavelength spectrum from infrared to x-rays. The main 

advantage of using synchrotron light for photoemission studies is that higher surface 

sensitivity can be achieved by tuning the photon energy using a suitable monochromator such 

that the kinetic energy of the electrons emerging from a particular core level can be selected 

to coincide with the minimum value on the IMFP curve. This is not possible in conventional 

x-ray photoelectron spectroscopy as it has only fixed photon energies dependent on the anode 

selected. A schematic diagram of the ASTRID Synchrotron Storage Ring at Aarhus 

University is shown in figure 2.13. The photoemission studies of InAs and Ge samples 

studied in the work were carried out on the SX700 and SGM1 beam lines, which have photon 

energy ranges of 60 to 600 eV. 
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2.2.1 Principle of operation 

A schematic representation of a synchrotron light source layout is shown in figure 2.14. The 

basic instrument consists of an electron gun, a linear accelerator (linac), a booster ring and a 

storage ring. The electrons from the heated cathode filaments are fed into a linear particle 

accelerator (linac) where these electrons are accelerated by microwaves produced by radio 

frequency cavities. The linac then directs electrons into the booster ring which uses magnetic 

field and RF cavities to increase the energy of the electrons to high energy ~ 3 GeV. The 

electromagnets are used to direct and produce fine beam of electron bunches. The electrons 

are transferred to storage ring when the energy of electron inside the booster ring is close to 

speed light. The storage ring consists of straight tube like section and an arc of bending 

magnets. The insertion devices are connected along the straight sections to achieve change in 

electron trajectory. Insertion devices such as wiggler or undulator consist of periodic array of 

Figure 2.13: Schematic of ASTRID synchrotron storage ring [8]. 
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magnets. If a wiggler is used as an insertion device then electrons undergoes wiggling action 

along the straight path and results high flux x-ray beam. As for undulator, the electrons are 

forced to travel into weaker zig-zag motion thus radiates energy before reaching the bending 

magnets which are at each corners of storage ring to direct electrons  into a circular path. The 

photon ports at the storage ring feed synchrotron lights into the beam lines. The 

monochromaters connected between the photon port and the user research stations are used to 

select the user required photon energies to study material properties. 

 

Figure 2.14: Schematic representation of synchrotron light generation [3]. 
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2.2.2 Why SXPS? 

 This section discusses the surface sensitivity of SXPS over XPS in accurately identifying the 

chemical states at the sample surface. The As 3d spectra of the Al2O3 covered sulphur 

passivated InGaAs sample measured using XPS at 1486.7 eV and SXPS at photon energy of 

92 eV are shown in figure 2.15. 

 

The same core level of same sample irradiated with XPS and SXPS results different kinetic 

energy for the emitted photoelectrons. Thus XPS and SXPS measurement offers sampling 

depth of ~ 7 nm and ~ 2 nm. This variation in sampling depth reveals that spectra recorded 

using SXPS results higher surface sensitive spectra than XPS. The As 3d spectra clearly 

shows high intense oxide signal measured using SXPS as 95% of photoelectrons are emitted 

within 2 nm from the surface. The As 3d spectra shows attenuated oxide signals which is 

measured using XPS. This suggest that photoelectrons emitted from bulk substrate is higher 

Figure 2.15: As 3d spectra of the Al2O3 covered sulphur passivated InGaAs surface measure using 

XPS and SXPS.  
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than surface. Thus SXPS provides higher surface sensitivity than XPS measurements. 

However in SXPS tuning photon energy to vary sampling depth is an alternative non-

destructive way to study chemical information as function of depth. This study is not possible 

in a conventional XPS as photon energies are fixed for the two anodes whereas already 

discussed that depth analysis can be possible by irradiating widely separated energy core 

levels. The energy resolution of SXPS spectra measured at lower photon energies are 

approximately 0.7 eV which is 0.3 eV lesser than our home XPS at DCU. The lower energy 

resolution offers higher chance of identifying any little interaction of atoms at the surface. 

2.3 Thin film deposition 

Thickness scaling of high-κ dielectric materials is a fundamental requirement for the future 

development of CMOS. Therefore parameters such as film uniformity, purity, roughness, 

coverage and defects have to be considered while choosing an oxide deposition method.  

The two oxide deposition methods utilised in the course of this work were thermal 

evaporation and atomic layer deposition (ALD). 

 

2.3.1 Thermal evaporation 

High purity thin film metals and metal oxides can be deposited by heating the material which 

is mounted on a tungsten filament up to evaporation temperature. Alternatively, other 

materials can be thermally deposited from a tantalum pouch wrapped in a tungsten filament, 

particularly if the evaporation temperature isn’t very high. In this course of study, selenium 

(purity of 99.9%) was deposited by thermal evaporation from a tantalum pouch on both 

germanium and InAs substrates. The metal oxide films (MgO) were deposited by evaporating 

magnesium metal from a tantalum pouch in an oxygen background pressure of 10
-6 

mbar. The 
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thickness of metal and metal oxide films were measured by taking account of substrate peak 

intensity before and after metal or metal oxide deposition. 

2.3.2 Atomic Layer Deposition 

Atomic Layer Deposition (ALD) is a self limiting chemical vapor deposition method for 

depositing a wide range of thin flims. The basic principle which involves layer by layer 

deposition of metal and oxide species offers high levels of film uniformity and thickness 

control thickness. In a metal oxide deposition, introduction of the metal precursor (or oxidant 

precursor), purge N2 and the oxidant precursor (or metal precursor) sequentially into the 

reactor chamber constitutes one cycle. The required thickness of the metal oxide film can be 

achieved by controlling the number of cycles including purge time for metal and oxidant 

precursors at a constant substrate temperature. The metal and oxidant reaction sequence in a 

ALD deposition process is schematically shown in figure 2.16.  

 

 

 

 

 

 

 

 

 

 

In the first step of ALD growth, the introduction of the metal precursor into the reactor 

saturates the surface through chemisorptions. The subsequent gas purging step removes 

excess or unreacted metal precursor and the subsequent introduction of the oxidant precursor 

Figure 2.16: ALD process steps [9]. 
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reacts with the functional group formed during the previous pulse. The removal of excess 

reactants by purging of N2 prevents additional film growth. This self limiting oxide growth 

enables large coverage area, control of thickness, uniformity and pin hole free deposition. 

Typical substrate temperatures are 150
o
C to 300

o
C maintained during ALD deposition. This 

thesis investigates the high-κ materials such as Al2O3 and HfO2 deposited using tri-methyl 

alumina (TMA), tetrakis (ethyl-methyl-amino) hafnium (TMEAH) and water as precursors 

on both germanium and InAs substrates. 

2.4 Atomic Hydrogen Cracker 

TC50 Oxford Instruments thermal cracker was used to generate atomic hydrogen beam which 

has previously been reported to remove the native oxides and carbon contamination from III-

V substrate surfaces at relatively low substrate temperatures [14]. A schematic diagram of the 

thermal cracker is shown in figure 2.17.  

 

 

 

 

 

 

The capillary tube is held at 1 kV so the electrons emitted from the filament at earth potential 

accelerate towards it, which increases the temperature of capillary to more than 1000
o
C. 

Figure 2.17: A schematic diagram of thermal cracker [10]. 
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Atomic hydrogen is produced when the hydrogen molecules thermally dissociates after 

hitting the capillary wall. This atomic hydrogen source was used to clean the InAs surface at 

relatively low temperatures.  

2.5 Electrical Characterisation - CV measurements 

Capacitance Voltage (CV) measurements are a widely used electrical characterization 

technique for metal oxide semiconductor (MOS) structures to study the physical parameters 

such as interface state density, fixed and mobile charges. The MOS structure is a two 

terminal device where the metal gate and semiconductor are the two terminals, shown in 

figure 2.18. 

The insulating high-κ gate dielectric prevents direct flow of current from the metal gate to the 

substrate while applying potential across it.  

 

 

Figure 2.18: Metal Oxide Semiconductor capacitor. 
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2.5.1 Non ideal MOS capacitor 

Non-ideality behavior always existed in a practical MOS device due to the presence of fixed 

charge, mobile ionic charge and oxide trapped charges which are schematically shown in 

figure 2.19.  

 

The fixed charge can be present at the oxide/semiconductor interface or in the bulk region of 

oxide. This charge is independent of bias voltage applied to the MOS device. The CV curve 

shifts opposite to the polarity of fixed charge as schematically shown in figure 2.20 for a 

pMOS capacitor. 

 

 

 

 

 

Figure 2.19: Schematic representation of charge in MOS capacitor [9]. 

Figure 2.20: Effect of fixed charge in CV characteristics [9]. 
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The CV curve shift towards the positive side in the above example indicating the presence of 

negative fixed charge in the MOS device. The charge trapping sites can be found in an 

amorphous dielectric layer due to its irregular structure. The oxide charge can be positive, 

negative or neutral depending upon holes or electrons trapped in these sites during the device 

operation. In an accumulation region, a p-type MOS device with high enough electric field in 

the semiconductor surface can push holes directly into the oxide, and these may get trapped 

in trapping sites. This type of carrier injection is referred as substrate injection of holes. 

Similarly, electrons injected from the gate metal in to the oxide layer is called gate injection. 

Hysteresis of a CV curve can be measured by sweeping from inversion to accumulation and 

then accumulation to inversion (back and forth) at high or low frequencies. An example 

illustrating hysteresis due to the effect of trapping and de-trapping of holes as a function CV 

measurement is shown in figure 2.21.  

 

 Figure 2.21: Hysteresis effect on the ideal CV curve [9]. 
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The presence of impurities like Na
+
/K

+ 
alkali ions act as mobile charge which moves 

depending on the gate bias and can result in unstable shifts in the threshold voltage. This 

charge can be significantly reduced by choosing proper surface cleaning and ALD-high-κ 

deposition. 

2.5.2 Extraction of Interface states-Conductance method 

The density of electrically active defects created at the semiconductor/oxide interface during 

the fabrication of MOS device is referred as density of interface states (Dit). The defect states 

will give rise to an energy level, if these levels are present in the bandgap of semiconductor 

then the electrical properties of MOS and MOSFET performance will be degraded. A 

conductance method is used to estimate the interface defect state densities of MOS gate 

stacks fabricated in this study. This method requires CV and conductance voltage 

measurements (GV) to extract the interface defect states. The parallel conductance (  ) over 

angular frequency ( ) is given in equation 2.11 

 

                                                  
Gp

ω
=

ω × Cox
2 × Gt

(Gt + ω2 ×  Cox − Ct 2)
                                                     2.11 

Where Cox is the oxide capacitance, Ct and Gt is the measured capacitance and conductance at 

respective voltages. The Dit can be extracted by substitution of equation 2.11 in the below 

equation 2.12. 

                                                    Dit =
2.5

q
 
Gp

ω
 peak                                                                           2.12 

 

The interfacial defect states Dit were examined throughout the study using this conductance 

method which was developed by Nicollian and Goetzberger [11]. 
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3 Surface and interface characterization of Ge and InAs surfaces 

by photoemission spectroscopy  

This chapter presents the effectiveness of selenium passivation on both germanium and InAs 

substrates at preventing the growth of interfacial oxides during MgO deposition. In addition, 

a comparison study between the thermal cleaning of the native oxide covered InAs(100) 

surface and atomic hydrogen cleaning has also been undertaken using soft x-ray 

photoemission spectroscopy 

3.1 Interface formation between MgO and the atomically clean and 

selenium passivated Ge (100) surfaces. 

Germanium has long been proposed as a suitable candidate material for high mobility p-type 

metal oxide semiconductor (p-MOS) devices primarily because of its high hole mobility. 

However, this advantage has been difficult to realize because of the problems associated with 

controlling germanium sub-oxide growth prior to and during high-k deposition. There have 

many studies of germanium based MOS devices with investigations of HfO2 [1,2], HfSiO [3], 

Al2O3 [4], Er2O3 [5], La2O3 [6] and ZrO2 [7] high-k dielectric layers with varying reports of 

the presence of interfacial germanium sub-oxides which impact on the electronic 

performance of the device. The removal of these sub-oxide states is essential to minimize the 

interface defect states and to decrease the overall equivalent oxide thickness (EOT) of the 

dielectric layer. A wide variety of surface preparation treatments including argon ion 

bombardment [8], wet chemical etching using hydrochloric acid (HCl) [9], hydrogen bromide 

(HBr) [10], hydrofluoric acid (HF) [11], ammonium hydroxide (NH4OH) [12,13], sulphur 

(gas and liquid based) [14-16]
 
treatments, silicon interlayers [17], nitridation (NH3 treatment) 

[18,19], and fluorine incorporation [20] have been investigated in attempts to suppress 

germanium sub-oxide layer either at the surface or high-κ/Ge interface. In this study, 

synchrotron radiation based soft x-ray photoelectron spectroscopy (SXPS) was used to 
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characterize the chemistry of interface formation between MgO and the clean Ge(100) 

surface with and without the presence of an interfacial selenium layer. MgO was preferred as 

a dielectric material for this study as it known to grow epitaxially on the germanium surface 

and have sufficient band offsets to minimize the leakage currents [21]. Previous studies have 

shown that MgO lattice matched with germanium substrates offers high quality interfaces for 

application in spintronic devices [21-24]. However, x-ray photoelectron spectroscopy (XPS) 

studies have reported the presence of germanium sub-oxides at MgO/Ge interface [22]. 

Therefore, in this study the effectiveness of selenium passivation of the clean Ge(100) surface 

prior to dielectric deposition has been investigated. This approach is consistent with a recent 

XPS study which showed that the selenium passivation of atomically clean germanium is 

effective at suppressing sub-oxide formation upon exposure to molecular oxygen [25]. 

 

 

3.1.1Experimental 

The soft x-ray photoemission experiments were carried out on the SGM1 beamline at the 

Astrid synchrotron light source in the University of Aarhus in an ultrahigh vacuum (UHV) 

system consisting of a preparation chamber (5x10
-10

 mbar) and an analysis chamber (2x10
-10 

mbar). The SCIENTA SES-200 electron energy analyzer collects photoelectrons over a solid 

angle of 8° centred at 40°
 
from the direction of the incoming photons. All photoemission 

scans were taken at normal emission with respect to the sample position. The p-type Ge (100) 

samples (4×10
17

 cm
-3

) were cleaned by a cyclic series of argon ion bombardment and anneals 

at 550
o
C to remove the surface oxide and carbon contaminants from the surface. Insitu Se 

passivation was carried out by depositing a thick Se layer and annealing at 300
o
C to remove 

the excess Se from the surface. MgO was subsequently deposited in a stepwise incremental 

fashion at room temperature by thermally evaporating Mg from a tantalum pouch in a 
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background oxygen partial pressure of 5 x 10
–7

 mbar followed
 
by UHV anneal at 300

o
C for 

20 minutes to test the thermal stability of the high-κ/Ge interface. The photoemission spectra 

of Ge 3d, Mg 2p, Se 3d and the valence bands, were acquired at photon energies of 60 and 

130eV where the total instrumental energy resolution was estimated to be 70 meV. In order to 

accurately determine the incident photon energy, core level spectra of the Ge 3d were 

acquired with both 1
st
 and 2

nd
 order light as the kinetic energy difference gives the precise 

photon energy. The Ge 3d core level peak was fitted with parameters such as Gaussian 

(Lorentzian) full width at half maxima (FWHM) of 0.32±0.02 eV (0.15±0.02 eV) and a 

branching ratio and spin-orbit-splitting of 0.61 and 0.59 eV, respectively, consistent with 

previous reports [26].  

 

3.1.2 MgO deposition on Se passivated Ge surface 

 

Figure 3.1 displays the Ge 3d core level spectra acquired at 60 eV photon energy for the 

atomically clean Ge(100) surface, following selenium passivation and subsequent MgO 

deposition and anneal. The Ge 3d clean surface signal can be curve fitted with four spin orbit 

split doublet peaks attributed to up dimer atoms, down dimer atoms, a second surface layer 

and a bulk derived components [26]. The bulk and surface component appears at 29.73 eV 

and 29.48 eV binding energy, the up dimer and down dimer atom shifted to 0.19 eV lower 

and 0.59 eV higher binding energy, respectively, from the bulk peak consistent with the 

previous studies [26]. The down dimer atom is shifted 0.78 eV to higher binding energy with 

respect to the up dimer atom suggesting charge transfer from the up to down dimer atoms 

similar to the charge shifts observed by Goldoni et.al [26]
 
and Patthey et.al [27]. Selenium 

passivation of the clean germanium surface shows the attenuation of the dimer signals and the 

appearance of a new component peak shifted 0.63 eV to higher binding energy indicative of a 
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Ge-Se bonding interaction as the selenium has higher electronegativity than germanium. A 

similar higher binding shifted component was also reported for the interaction of sulphur with 

the germanium surface [28].  

Subsequent MgO deposition results in the appearance of a low binding energy peak shifted 

by 0.67 eV from the Ge 3d substrate peak suggesting a bonding interaction between the 

deposited Mg and the Ge surface as has been observed for Mg interactions with the silicon 

surface [29]. An additional component peak shifted by 0.4 eV to higher binding energy of the 

bulk peak is also observed indicative of a limited bonding interaction with oxygen. The 

estimated thickness of the MgO dielectric film was approximately 1.0 nm as determined by 

the attenuation of the Ge substrate signal by the overlayer. Annealing this surface at 300
o
C 

showed no significant impact on the peak profile suggesting that the interface is thermally 

Figure 3.1: Ge 3d core level spectra taken at 60eV for the atomic clean Ge(100) surface, the selenium 

treated surface following MgO deposition and anneal. 
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stable at this temperature and no evidence of selenium diffusion into the MgO layer was 

observed. 

3.1.3 MgO deposition on atomically clean Ge surface 

Figure 3.2 shows the Ge 3d core level spectra for the deposition and anneal of a similar 

thickness MgO layer deposited onto the atomically clean Ge(100) surface. MgO deposition 

results in a significant increase in intensity on the higher binding energy side of the Ge 3d 

peak compared to selenium treated germanium surface and is attributed to the growth of 

interfacial sub-oxides which can be curve fitted with three distinct Ge oxidation states shifted 

by 0.8 eV, 1.8 eV and 2.6 eV to higher binding energy. These chemical shifts are consistent 

with the presence of Ge
1+ 

(Ge2O), Ge
2+

 (GeO) and Ge
3+

 (Ge2O3) oxidation states as 

previously reported [30]. These results contrast with the recently reported XPS studies by 

Jeon et.al [21], for the molecular beam epitaxial (MBE) growth of MgO on the clean Ge 

Figure 3.2: Ge 3d core level spectra taken at 60eV for the atomic clean Ge(100) surface following 

MgO deposition and anneal. 
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surface which observed no evidence of interface oxidation. However, by acquiring the Ge 3d 

spectra at 60 eV as opposed to the conventional Mg kα x-ray source photon energy the 

surface sensitivity is significantly increased. A low binding energy component peak shifted 

by 0.62 eV from the bulk peak is also observed similar to the Se passivated surface and is 

indicative of a Ge-Mg bonding interaction. Subsequent annealing at 300
o
C results in the 

partial transformation of Ge sub-oxides to GeO and similar results has also been reported 

after annealing native oxide covered germanium surface [30].  

 3.2 Investigation of MgO on selenium passivated InAs surface 

For the development of complementary metal oxide semiconductor (CMOS) devices beyond 

the 22 nm technology node, III-V transistor channel materials such as InAs have been 

proposed as potential candidates due to their high electron mobility. However, the growth of 

poor quality interfacial oxides upon high-k dielectric deposition makes it difficult to fabricate 

high quality interfaces. Previous reports suggest that Fermi level pinning behaviour, which 

results in difficulty in inverting the channel, can be attributed to the presence of interfacial 

oxides at the high-k/III-V interface [31,32]. Therefore, preparation of an oxide free interface 

is an important prerequisite for the reduction of the defect state density. Many cleaning 

procedures have been suggested including sulphur passivation [33] and tri-methyl aluminium 

treatment (TMA) [34], HCl cleaning [34,35], low energy ion sputtering [36,37], molecular 

hydrogen cleaning (MHC) [38,39] and atomic hydrogen cleaning (AHC) [40,41] to prepare 

oxide free III-V surfaces. The preservation of the stoichiometry of the InAs surface after wet 

or dry cleaning treatment is also important as changes can have a severe impact on Fermi 

level pinning [42]. Sugata et.al [43] suggested an atomic hydrogen cleaning method to 

prepare oxide free GaAs surface without any stoichiometric change in the surface 

composition. In addition to the surface cleaning step, passivation strategies for the III-V 

channel materials before high-k deposition need to be developed in order to control the 
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interfacial oxide growth. Previous studies suggest that selenium passivation on the 

germanium surface can effectively suppress the oxide formation upon molecular oxygen 

exposure [25]. Selenium treatment of III-V surfaces has also been reported [44,45] but the 

chemical stability towards oxygen has not been well explored which motivates this study of 

interface formation during high-k deposition. MgO has been chosen as a high-k gate material 

as it has a large band gap (~ 7.6 eV) which ensures sufficient band offsets [46] as described 

by Robertson [47] to minimize the carrier injection into the bands. It has also been reported to 

form abrupt interfaces with silicon [48] and germanium substrates [21]. Therefore, in this 

study an atomic hydrogen cleaning procedure has been used in the preparation of a clean 

InAs surface. An insitu selenium passivation treatment was then performed in an attempt to 

control the interfacial oxide growth during subsequent high-k deposition. High surface 

sensitivity synchrotron radiation based soft x-ray photoelectron spectroscopy (SXPS) has 

been used to characterize the interface formation between the deposited MgO and the 

selenium treated InAs(100) surface.  

3.2.1 Sample preparation 

Native oxide covered n-InAs(100) samples (5×10
17 

cm
-3

) were loaded without any pre-

cleaning into an ultra-high vacuum chamber with a base pressure of 1×10
-10 

mbar. The 

photoemission experiments were carried out on the SX700 beam line at the ASTRID 

synchrotron in Aarhus University, Denmark. The samples were subjected to an atomic 

hydrogen beam generated by an Oxford Research thermal cracker while been held at 360
o
C 

for 90 mins to produce an atomically clean InAs surface [49]. Insitu Se passivation was 

carried out by thermally evaporating Se onto the InAs surface at room temperature and 

annealing at 300
o
C to remove un-bonded excess selenium. Subsequently, MgO was deposited 

insitu at room temperature by thermally evaporating Mg in an oxygen partial pressure of 

5x10
-7 

mbar in a sequential fashion as reported previously [50], and the sample was vacuum 
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annealed at 300
o
C for 20 minutes. The photoemission spectra of As 3d, In 4d, VB, Mg 2p, Se 

3d, O 1s and C 1s core levels were acquired at photon energies ranging from 69eV to 600 eV. 

The As 3d (In 4d) peak profile was fitted with a doublet ratio of 0.66 (0.67), spin-orbit-

splitting of 0.7 eV (0.85 eV), Gaussian width of 0.72±0.02 eV (0.73±0.01 eV) and Lorentzian 

width of 0.07 eV (0.2 eV), consistent with reported values [51,52]. The As 3d and In 4d core 

level spectra were measured at photon energies of 69 eV and 92 eV to get a comparable 

sampling depth of approximately 2 nm. The total instrumental energy resolution was 

estimated to be 0.7 eV at these photon energies. Work function changes were measured by 

collecting the secondary photoemitted electrons while the sample was biased -9 V by a 

battery. 

3.2.2 Results and discussion 

Figures 3.3 and 3.4 display the In 4d and As 3d curve fitted peak profiles for the atomic 

hydrogen cleaned InAs (100) surface and following the subsequent Se and MgO depositions 

and anneal.  

 

 

 

 

 

 

 

 
Figure 3.3: In 4d core level spectra taken at 69 eV for atomic hydrogen cleaned InAs, selenium 

passivation, MgO deposition and anneal at 300
o
C. 
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An atomically clean InAs(100) surface was prepared by exposing the native oxide covered 

surface to a beam of atomic hydrogen at 360
o
C for 90 mins which produced an In rich surface 

consistent with previous studies [40,41]. The subsequent selenium deposition results in the 

appearance of a chemically shifted In 4d component at 0.47 eV high binding energy from the 

bulk In 4d peak at 17.5 eV attributed to a selenium bonding interaction. MgO deposition on 

this surface increased the intensity on the higher binding energy side of the bulk In 4d peak 

which was curve fitted with two distinct In oxidation states shifted by 0.4 eV and 1.3 eV to 

higher binding energy consistent with the presence of In2O and In2O3 chemical species as 

previously reported [51,53,54]. This would indicate that the Se layer was unable to prevent 

the oxidation of the In at the MgO/InAs interface which contrasts with our previous study of 

MgO/Ge (100) interface formation where selenium passivation was effective at suppressing 

interfacial oxide growth. Annealing the MgO/InAs sample at 300
o
C resulted in an attenuation 

of In2O3 signal however, a slight increase in the In2O signal is observed suggesting the partial 

transfer of oxygen from the higher oxidation state. 

As illustrated in figure 3.4, selenium deposition on the atomic hydrogen cleaned InAs surface 

shows no evidence of a bonding interaction with arsenic confirming that the surface is 

primarily In terminated. This is similar to the observation by Petrovykh et al [33] who 

reported that for an XPS study of the ammonium sulphide passivated InAs (100) the sulphur 

exclusively bonded to indium. The selenium treatment of the Ga rich GaAs surface also 

reported the observation of Ga-Se bond formation and an absence of any As-Se interaction 

[55]. Subsequent MgO deposition results in no evidence of As oxidation again consistent 

with the In rich nature of the clean InAs surface. The appearance of an additional low binding 

energy component shifted by 0.64 eV is attributed to the formation of arsenic dangling bonds 

which originated following the oxidation of the surface indium to form In2O and In2O3. The 

thickness of MgO dielectric film was estimated to be approximately 1.2 nm from the 
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attenuation of InAs substrate signal by the oxide layer. The spectra shown in figure 3.5 for 

the atomically clean InAs surface and following selenium treatment indicate that the As 3d 

core level intensity decreases relative to the In 4d signal following selenium deposition from 

an intensity ratio of 0.3 to 0.2 reflecting the replacement of As by Se in the near surface 

region. Similar arsenic replacement processes was observed upon selenium treatment of InAs 

surface [56] and for InGaAs after sulphur passivation [57]. 

 

 

 

Figure 3.4: As 4d core level spectra taken at 92eV for, atomic hydrogen cleaned InAs, selenium 

passivation, MgO deposition and anneal at 300
o
C. 
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The O 1s spectrum following MgO deposition shown in figure 3.6 displays two chemically 

shifted components separated by 2.22 eV with the lower binding energy peak at 530.94 eV 

assigned to MgO and the higher binding energy peak at 533.16 eV to indium interfacial 

oxides which re-grow during the early stages of MgO deposition. Confirmation that the 

higher binding energy component is related to these interfacial oxides is obtained from a 

significant reduction in the intensity of this peak following the thermal annealing step. 

Figure 3.5: Spectra consisting of In 4d, As 3d and Se 3d core levels for both the atomic hydrogen 

cleaned and selenium terminated InAs surface showing the change in ratio of the In:As following Se 

deposition. The spectra have been normalised to the same In 4d peak intensity. 
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Work function measurements which reflect the changes in electronic properties of the surface 

are shown in figure 3.7 for the experimental sequence. The clean InAs surface following the 

atomic hydrogen treatment results in a low energy cut off value of 4.49 eV consistent with 

the unrelaxed ideal InAs surface [58]. Selenium deposition resulted in an increase in work 

function to 5.32 eV suggesting the formation of a surface dipole layer due to the presence of 

the electronegative selenium. This is similar to the change in work function reported for the 

sulphur treatment of the atomically clean InGaAs surface [57]. The decrease in work function 

following MgO deposition to 3.15 eV reflects the suppression of the surface dipole by the 

Figure 3.6: O 1s core level spectra acquired at 600 eV for the atomic hydrogen cleaned InAs, 

selenium passivation following MgO deposition and anneal.  
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MgO layer towards the expected value for a thick MgO film while the subsequent annealing 

increases work function which may be due to densification of the MgO layer. 

 

 

3.2.2.1 Energy band offset MgO/Se/InAs structure 

The conduction and valence band offsets were calculated from the valence band spectra taken 

at 69 eV using the proposed method by Kraut et al [59]. The measured valence band spectra 

are shown in figure 3.8 for atomically clean InAs surface, selenium passivated surface and 

following MgO deposition. 

 The valence band edge of the atomic hydrogen cleaned InAs surface is 0.8 eV below a 

metallic reference Fermi level in contact with the sample. Given that the bandgap for InAs is 

0.36 eV, this would suggest that the Fermi level in the InAs is 0.44 eV above the conduction 

band edge in agreement with other studies which suggest the formation of a natural 

accumulation layer on the InAs surface [60,61]. The Fermi level position remains unchanged 

Figure 3.7: Work function measurements during the formation of MgO/Se/InAs structure. 
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following selenium deposition indicating no significant effect on the surface states consistent 

with the selenium treatment on GaAs surface [55].  

 

 

 

 

MgO deposition allows the valence band maximum of the MgO layer to be identified relative 

to the InAs valence band edge. As suggested by Robertson [47] the band offsets should be 

over 1 eV to minimise the hole or electron injection into the dielectric oxides. The band offset 

values are calculated using the following equation 3.1[59]. 

                         ∆EV = ∆ECL +  ECL
InAs − EVBM

InAs  −  ECL
Oxide − EVBM

Oxide                                  3.1 

 

Figure 3.8: Valence band spectra acquired at 69 eV photon energy for the clean InAs surface, 

following selenium passivation and MgO deposition. Estimated uncertainty during the 

extraction of valence band minimum using linear interpolation method ±0.1eV. 
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Where ∆ECL  is the binding energy separation between the oxide and As 3d core level peak 

estimated as 10.4 eV. The  ECL
InAs − EVBM

InAs   and  ECL
MgO

− EVBM
MgO

  terms are the binding energy 

difference between As 3d core level spectra and the valence band maximum (VBM) 

calculated to be 40 eV and the Mg 2p core level peak to MgO VBM determined to be 47.5 

eV. The valence band offset can be calculated by substituting the appropriate values in 

equation 3.1 and the conduction band offset can be obtained by using the valence band offset, 

the known band gap of the MgO layer and InAs substrate as shown in equation 3.2. 

                                    ∆EC = Eg(MgO) − Eg(InAs) − ΔEV                                                   3.2 

 

Klau et.al [34] have reported that the MgO band gap increases from 5.6 eV to 7.6 eV as a 

function of thickness from 2 to 6 monolayers (ML). As the MgO thickness in this experiment 

was estimated to be 1.2 nm (~ 6 ML) it is assumed that the band gap of MgO is 7.6 eV at 

room temperature. Therefore the estimated valence band and conduction band offsets are 2.9 

eV and 4.34 eV, respectively, and are illustrated in the schematic energy band diagram shown 

in figure 3.9. Thus ensures the required band offsets are present to inhibit the electron or hole 

injection into the oxide band. 

 

 

Figure 3.9: Schematic energy band diagram of MgO/Se/InAs structure. 



58 
 

3.3 Comparative study of thermal annealing and atomic hydrogen cleaning 

of InAs surfaces 

The use of atomic hydrogen (AH) as a method for oxide removal and surface cleaning of III-

V semiconductors has been proposed due to the relatively low temperature needed to 

instigate the oxide removal,
 
[62,63] which is important due to the low decomposition 

temperature of III-V semiconductor materials. This treatment has been used to prepare an 

atomically clean GaAs surface at ≤ 430
o
C without any residual surface oxides [64,65]. 

However, when the same cleaning procedure was studied on native oxide covered InGaAs, 

the complete removal of the surface oxides resulted in the loss of indium which could have 

implications for device operation, as majority carrier mobility in InGaAs scales with indium 

content [62]. Previous studies have shown the complete removal of surface oxides from both 

polar and non-polar InAs surfaces upon atomic hydrogen exposure around 400
o
C substrate 

temperature using high resolution electron energy loss spectroscopy (HREELS) and Auger 

electron spectroscopy measurements [40,41] however, details of the surface chemical 

interactions were not investigated. In this study the changes in the surface chemical 

composition of the native oxide covered InAs surface up to an annealing temperature of 

450
o
C are compared with the atomic hydrogen cleaning at 360

o
C using high surface 

sensitivity synchrotron radiation based soft x-ray photoemission spectroscopy. 

3.3.1 Impact of vacuum annealing 

The As 3d and In 4d core level spectra acquired from the native oxide covered InAs surface 

and following thermal vacuum annealing are shown in figures 3.10 and 3.11, respectively. 

The As 3d core level spectrum for the native oxide sample was curve fitted with four 

components consisting of a bulk As peak at 40.8 eV, an elemental As peak shifted 0.5 eV to 

higher binding energy and two oxidation states of arsenic As
3+ 

(As2O3) and As
5+ 

(As2O5) 
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shifted to 3.2 eV and 4.4 eV higher binding energy, respectively, consistent with previous 

assignments [51].  

 

 

Annealing at 300
o
C results in the complete attenuation of the As2O5 without any other 

significant difference observed in the other oxidation state intensities. Subsequent annealing 

at 450
o
C for 30 mins results in a significant attenuation of the As2O3 peak intensity as was 

reported for a similar study on InGaAs [51]. The Indium (In) 4d signal for the native oxide 

sample, shown in figure 3.11, was peak fitted with a bulk indium peak at 17.5 eV and a peak 

shifted to higher binding energy is attributed to oxidized indium [51,66]. Annealing up to 

450
o
C results in the progressive reduction in the intensity of the In oxidation state, however, a 

considerable oxidized indium signal is still detected at the highest temperature anneal. The 

change in the intensity of both the As and In oxidation species as a function of successive 

anneals expressed as a ratio to the substrate signal intensities is plotted in figure 3.12.  

Figure 3.10: Curve fitted As 3d core level spectra acquired at 92 eV photon energy for the native oxide 

surface and the successive anneals up to 450
o
C. 
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Figure 3.11: Curve fitted In 4d core level spectra acquired at 69 eV photon energy for the native 

oxide surface and the successive anneals up to 450
o
C. 

 

Figure 3.12: Ratio of arsenic oxidation states to bulk arsenic and indium oxidation state to bulk indium 

calculated from the As 3d at 92 eV and In4d at 69 eV for the native oxide surface and the subsequent 

annealing treatments. 
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This shows that the As
5+

 state is completely attenuated at 300
o
C and there is a corresponding 

increase in the intensity of As
3+

 and the elemental arsenic signals attributed to the partial loss 

of oxygen from the surface, as has been reported by Brennan et al [51] for the thermal anneal 

of native oxide covered InGaAs substrate. The presence of elemental arsenic and the As
3+

 

state have been suggested as the cause of Fermi level pinning in high-κ/GaAs MOS devices 

[31,32,67,68]. At 450
o
C, As

3+ 
state and elemental arsenic species have decreased in intensity, 

however there is still a significant amount present which is inconsistent with the reported 

desorption temperature of As
3+

 at 200
o
C [69]. The gradual attenuation of the oxidized indium 

signal suggests the relatively high thermodynamic stability of this oxide up to 450
o
C. Figures 

3.13 displays the O 1s and C 1s signal of the native sample and the subsequent annealing at 

elevated temperatures. The FWHM of the O 1s signal for the native oxide sample 1.9 eV 

gradually decreases in width as a function of annealing treatments consistent with the 

reduction of arsenic and indium oxides and confirms that annealing at 450
o
C is not sufficient 

to completely remove the surface oxides.  

 

 

 

 

 

 

 

 
Figure 3.13: O 1s and C1s core level spectra acquired at 600  eV and  345 eV photon energies for 

the native oxide surface and following thermal anneals up to 450
o
C. 
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The C 1s signal shows a steady drop in peak intensity up to 450
o
C attributed to the desorption 

of carbon present on the surface but again, annealing at this temperature is insufficient to 

completely remove the carbon contamination. 

3.3.2 Impact of Atomic Hydrogen Clean (AHC) 

Figure 3.14 and 3.15 shows the peak fitted As 3d and In 4d core level spectra taken during 

the intermediate steps of the atomic hydrogen cleaning treatment. The As 3d and In 4d 

spectra for native oxide sample were fitted with the same fitting parameters as mentioned 

above.  

 

 

 

All detectable arsenic and indium oxides were completely removed after the first atomic 

hydrogen exposure at 360
o
C for 45 minutes. The bulk arsenic peak at 40.8 eV and the 

Figure 3.14: Curve fitted As 3d core level spectra acquired at 92 eV photon energy for the native oxide 

covered InAs surface and the subsequent atomic hydrogen exposure at substrate temperatures up to 

420
o
C. 



63 
 

additional peak shift to 0.5 eV lower binding energy is indicative of As dimer formation in 

agreement with Brennan et al [51]. The bulk indium signal from the substrate at 17.5 eV 

binding energy was fitted with a single spin-orbit-split component with no evidence for any 

elemental indium signal.  

 

 

 

 

 

 

 

 

 

 

The reaction path for the atomic hydrogen cleaning of InAs has involves the hydrogen 

reduction of both the In and As surface localised oxides at elevated temperatures [40,62]. 

Further exposure of the InAs surface to atomic hydrogen at both 360
o
C for 35 mins and 

420
o
C for 45mins resulted in no further change in the In or As peak intensities indicating that 

the surface composition remains constant after the oxide removal. This results contrasts with 

that reported for the atomic hydrogen clean of the InGaAs surface at 390
o
C which lead to the 

loss of indium from the surface [40].  

Figure 3.15: Curve fitted In 4d core level spectra acquired at 69 eV photon energy for the native 

oxide covered InAs surface and the subsequent atomic hydrogen exposure at substrate temperatures 

up to 420
o
C. 
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The changes in the oxygen and carbon related signals following this atomic hydrogen 

treatment are shown in figures 3.16. While there is complete attenuation of the O 1s peak 

following the first clean, there is a small residual C 1s signal which is attenuated further with 

the higher temperature treatments.  

 

 

 

The complete removal of carbon contamination can enhance the device performance as the 

presence of carbon has been suggested as contributing to the electrical degrade of metal oxide 

semiconductor (MOS) devices [70-72]. Bing et al [73] have also reported that variations in 

carbon contamination possibly alter the barrier height between metal electrode and high-κ 

dielectric layers.  

Figure 3.16: O 1s and C 1s core level spectra acquired at 600 eV and 345 eV photon energies for the 

native oxide covered InAs surface and the subsequent atomic hydrogen exposure at substrate 

temperatures up to 420
o
C. 
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3.3.2.1 Work function measurement 

The work function measurement is a sensitive indicator of surface cleanliness and the 

changes in the measured value for the thermally treated surface are shown in figure 3.17(a). 

The native oxide work function measured at 3.73 eV and increased to 4.06 eV at 450
o
C 

which is lower than the 4.55 eV [69] value reported for a clean InAs surface, consistent with 

the presence of residual oxides on the surface.  

 

 

 

 

 

 

 

 

Figure 3.17: Work function changes for (a) the native oxide covered InAs surface and (b) the atomic 

hydrogen treated InAs surface with the thermal annealing treatments. 
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In figure 3.17(b), work function measurements for the atomic hydrogen exposure at 360
o
C 

for 45 minutes show a sharp increase to 4.47 eV which is near to the 4.55 eV reported for the 

ideal InAs surface [69]. Further atomic exposure up to 420
o
C result no significant change in 

work function suggest no surface compositional changes consistent with the photoemission 

results indicating the thermal stability of the cleaned InAs surface up to 420
o
C. 

3.4 Conclusion 

The interface chemical stability of selenium in limiting interfacial oxide formation during 

MgO deposition on both high mobility Ge and InAs substrates has been investigated using 

high surface sensitivity synchrotron radiation based photoemission spectroscopy. This study 

displays the effectiveness of a selenium interlayer at preventing interface oxidation between 

the deposited MgO and the Ge surface promoting the formation of an abrupt interface which 

could have implications for pMOS device performance. However, room temperature 

selenium passivation of the atomic clean InAs surface has been shown to result in selenium 

substitution for arsenic in the near surface region and this passivation has been shown to be 

unable to prevent interfacial oxide growth upon subsequent MgO deposition. The magnitude 

of the calculated band offsets are such that they ensure sufficiently high barriers at the 

semiconductor-dielectric interface to inhibit the injection of carriers into the dielectric layer. 

Thermal annealing of native oxide covered InAs to 450
o
C has been shown to be not effective 

at removing surface contamination or native oxides. Atomic hydrogen cleaning at the 

comparatively low temperature of 360
o
C produced an oxide and carbon free surface which 

was indium rich. Thermal stability of the cleaned InAs surface was also investigated as a 

function of longer atomic hydrogen exposure suggesting no In or As desorption from the 

surface up to a temperature of 420
o
C.  
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4. Thermal stability of 1 nm high-κ material/Ge(100) interface as 

a function of surface preparation 

This chapter describes an effective way to prepare oxide free dielectric-semiconductor 

interfaces between both HfO2 and Al2O3 and the chemically treated germanium surface.. 

Energy band offsets for both high-κ layers deposited on the germanium substrate using 

photoemission spectroscopy measurements will also presented. 

4.1 High-κ materials on Ge substrates 

The passivation of the germanium surface is a possible method to minimize the interfacial 

defect states (Dit) and Ge out diffusion into the high-κ dielectric layer which has been 

reported to increase the leakage current density [1,2]. A wide range of germanium surface 

treatments such as chalcogenide [3,4] and rare-earth oxides [5] passivation, silicon deposition 

[6], nitridation [2,7,8] and oxidation [9-11] have been suggested to improve the electrical 

characteristics of high-κ/Ge MOS devices. Sulphur passivation has been shown to be one of 

the most promising methods for suppressing interfacial oxide growth in order to achieve 

equivalent oxide thickness (EOT) scaling following high-k deposition and has also been 

effective at reducing the interface state density (Dit) [12]. Several studies using sulphur [13-

15] as an interlayer at the Al2O3/Ge interface have investigated the effects of post dielectric 

deposition or post metallization annealing on the thermal stability of the interface. Recently, 

Swaminathan et al [16] reported interfacial GeO2 growth at Al2O3/Ge interface after forming 

gas anneal. Similarly Oshima et.al [17] also reported GeO2 formation in a GeOxNy layer at 

the HfO2/Ge interface following molecular hydrogen annealing. Xie et al have also reported 

the reduction of Ge diffusion into a HfON layer for the sulphur treated sample as compared 

with the HF pre-cleaned germanium surface after post deposition anneal at 500
o
C in N2 

ambient [18]. In addition, there are a number of studies which report hafnium germinate 

interlayer formation at the HfO2/Ge interface with and without post deposition annealing 
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treatments [13,19,20]. In addition, Frank et al [21] reported the complete desorption of 

sulphur from the sulphur passivated germanium surface at ≤ 380
o
C after vacuum annealing 

treatment. Therefore, it is necessary to understand the chemical changes that occur at the 

dielectric/Ge interface during post deposition anneal in order to optimize interface formation. 

This study investigates the thermal stability of ALD deposited Al2O3 or HfO2 on hydrofluoric 

acid (HF) and sulphur treated Ge (100) surfaces up to 700
o
C using high surface sensitivity 

synchrotron radiation based soft x-ray photoemission spectroscopy (SXPS). This 

photoemission spectroscopy technique offers high surface sensitivity enabling accurate 

identification of the chemical changes that occur at the Al2O3 or HfO2/Ge interface as a 

function of thermal annealing. 

4.2 Sample preparation 

Native oxide covered n-Ge samples with resistivity 0.029 Ω cm were degreased in acetone 

and methanol for 2 minutes before being etched in a cyclic HF/water rinse treatment (HF: 

H2O=1:10) to remove the native oxide layer [22]. For sulphur passivation, the HF treated 

sample was immersed in 10% aqueous ammonium sulphide ((NH4)2S) solution at room 

temperature for 20 minutes with a final water rinse and N2 blow dry.  

The HF treated and sulphur passivated samples were immediately loaded into an ALD 

chamber and ~ 1 nm HfO2 or Al2O3 layer was deposited using 10 cycles of 

tetrakis(ethylmethylamino)hafnium (TMEAH) and water or trimethyl aluminium (TMA) and 

water as the precursors at 250
o
C or 300

o
C substrate temperature. Subsequently these samples 

were loaded and annealed in a step wise manner up to 700
o
C in an ultra-high-vacuum 

chamber on the SX700 beamline at the ASTRID synchrotron in Aarhus University, Denmark. 

The core level photoemission spectra of Ge 3d, Hf 4f, Al 2p, S 2p, O 1s, C 1s and valence 

band (VB) were taken at photon energies ranging from 60 to 600 eV for the successive 
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annealing treatments. The overall estimated instrumental energy resolution at 60 eV and 130 

eV photon energy is ~ 70 meV. The bulk Ge 3d peak was curve fitted with a Gaussian width 

0.52±0.04 eV, a Lorentzian width 0.18eV, spin orbit splitting of 0.61 and branching ratio of 

0.59 eV. The incident photon energy was corrected by taking the energy difference between 

the 1
st
 and 2

nd 
order photoemission peak. 

4.3 Thermal stability of HfO2 deposited on S passivated Ge surface 

The Ge 3d core level spectra acquired at 130eV of the HfO2/S/Ge sample and the ratio 

calculated for the interfacial oxide and sulphur component to bulk germanium as a function 

annealing treatments up to 700
o
C are shown in figures 4.1 and 4.2, respectively.  

 

 

 

 

Figure 4.1: Ge 3d core level spectra taken at 60eV for the HfO2/S/Ge sample of successive annealing 

cycles up to 700
o
C. 
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The Ge 3d spectrum measured at room temperature was curve fitted with a bulk peak at 29.9 

eV, a higher binding energy peak shifted by +0.9 eV attributed to Ge-S bond formation and 

peaks at +1.85 eV and +2.9 eV relative to the bulk peak assigned to Ge
2+ 

(GeO) and Ge
3+ 

(Ge2O3) oxidation states, consistent with previous studies [23-25]. 

Annealing this sample up to 400
o
C shows a gradual attenuation of Ge

3+
 signal accompanied 

with a marginal increase of Ge
2+

 signal which can be more clearly seen from the ratio 

calculated for the oxide to bulk germanium component [25,26]. Annealing at 500
o
C 

attenuates both the Ge
3+

 and Ge
2+

 oxide signals which is consistent with previous report that 

desorption of the Ge
2+ 

oxidation state begins to occur at 430
o
C [26]. 

The intensity of the sulphur component is significantly attenuated at this temperature and is 

completely removed from the interface following the 600
o
C anneal. This is identical to the 

desorption temperature observed for the thermal annealing studies of Al2O3 on the sulphur 

passivated germanium surface discussed later. While following the 700
o
C anneal residual 

traces of interfacial oxide can be detected, given the surface sensitivity of the measurements, 

Figure 4.2: Ratio of interface oxide and sulphur components to Ge 3d bulk at successive annealing 

cycles up to 700
o
C. 
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the interface can be considered to be effectively oxide free. Figures 4.3 and 4.4 show the O1s 

and Hf 4f peak acquired at 600 eV and 130 eV and the S 2p peak at 230 eV for the successive 

vacuum annealing steps. 

 The binding energy difference of 513.5 eV between the O1s and Hf 4f signals for the room 

temperature measurement varied by no more than ±0.4 eV throughout the annealing sequence 

which is consistent with the HfO2 layer remaining stable at the reported value for 

stochiometric HfO2 material [27].                                                                                                                                                     

The Hf 4f peak full width at half maximum (FWHM) of 1.3 eV showed no change as a result 

of successive annealing suggests that it is thermally stable up to 700
o
C.Noriyuki et al [28] 

and Chu et al [29]
 
previously reported HfO2 layer to be thermal stability at 500

o
C for 10 

minutes and 700
o
C for 1 minutes for post vacuum annealing treatments on germanium 

substrates. The S 2p peak located at 162 eV indicates the presence of sulphur at HfO2/Ge 

interface [18]. This interface sulphur peak profile was not significantly affected up to 400
o
C 

however further annealing at 500
o
C progressively reduced the intensity of sulphur signal and 

Figure 4.3: O 1s and Hf 4f spectra taken at 600eV and 130eV for the HfO2 on sulphur passivated 

sample at various stages of annealing treatments. 
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after 600
o
C annealing treatment, the sulphur was completely removed from the interface as 

consistent with our current study where the complete removal of interface sulphur at this 

same temperature from the Al2O3/S/Ge stack was also observed.  

However, previously Frank et al [21] reported complete desorption of sulphur from the 

sulphur passivated germanium at 380
o
C in the absence of a capping overlayer. 

4.3.1 Thermal stability of sulphur passivated Ge surface 

The thermal stability of a sulphur passivated Ge (100) surface without a high-κ overlayer was 

studied as a function of annealing temperatures. The Ge 3d spectra taken at 130 eV and S 2p 

core level spectra at 230 eV (inset) with the thermal anneals which are shown in figure 4.5 

indicate that no change in the sulphur signal is seen up to 400
o
C, however, sulphur was 

completely removed after the 600
o
C annealing . This indicates that the presence of the HfO2 

overlayer doesn’t have significant impact on the desorption temperature of the interfacial 

sulphur.  

Figure 4.4: S 2ptaken at 230eV for the HfO2 on sulphur passivated sample at various stages of 

annealing treatments. 
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4.3.2 Energy band offset for HfO2/S/Ge structure 

The Valence band (VB) spectra acquired at 60 eV for the sulphur passivated germanium 

surface before and after HfO2 deposition are shown in figure 4.6. 

 

 

Figure 4.5: Ge 3d peak at 130eV and S 2p peak at 230eV (inset) for the sulphur passivated germanium 

sample as a function of annealing temperatures. 

Figure 4.6: Valence band (VB) spectra taken at 60 eV for the sulphur passivated sample and the HfO2 

deposited on the sulphur passivated sample Approximated uncertainty during the extraction of valence 

band minimum using linear interpolation method ± 0.1 eV. 
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The valence band maximum of sulphur passivated germanium surface and HfO2 dielectric 

material was extracted using a linear interpolation method. The valence and conduction band 

offsets were estimated from the following equations [30]. 

                             ∆EV = ∆ECL +  ECL
Ge − EVBM

Ge  −  ECL
HfO 2 − EVBM

HfO 2                                     4.1 

Where ∆ECL  is the core level energy difference between Hf 4f (dielectric oxide) and Ge 

3d(substrate) peak  ECL
HfO 2 − ECL

Ge  and is measured to be 12.6 eV while  ECL
Ge − EVBM

Ge   and 

 ECL
HfO 2 − EVBM

HfO 2  were calculated to be 29.37 eV and 14.0 eV, respectively. These values 

were substituted into the above equation and the valence band offset (∆EV) was estimated as 

2.7 eV. A conduction band offset (∆Ec) of 2.2 eV was calculated by substituting  ∆EV , the Ge 

and HfO2 band gaps of 0.66 eV and 5.7 eV [31], respectively, into the following equation. 

                               ∆EC = Eg HfO2 − Eg Ge − ΔEV                                                              4.2 

The schematic energy band diagram for the HfO2/S/Ge structure plotted from the determined 

band offsets using the model proposed by Kruat et al [30] shown in figure 4.7 suggests this 

dielectric layer/Ge interface has sufficiently high barriers to inhibit hole or electron injection 

[31]. 

 

 

 

 

 

 

Figure 4.7: Energy band diagram of HfO2/S/Ge sample inferred from the VB spectra 
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4.4. Thermal stability of HfO2 deposited on HF treated Ge surface 

The Ge 3d spectra taken for the HfO2 deposited on the HF treated germanium surface at 130 

eV and the ratio of interfacial oxide components to bulk Ge 3d with the successive annealing 

stages are shown in figures 4.8 and 4.9.The Ge 3d spectra acquired at room temperature was 

peak fitted with bulk peak at 29.9 eV and the higher binding energy interface oxide peak 

components shifted to +0.85 eV, +1.85 eV and +2.9 eV are identified as Ge
1+ 

(Ge2O), Ge
2+ 

(GeO) and Ge
3+ 

(Ge2O3) [24,25]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Ge 3d core level spectra taken at 130 eV for the HfO2/Ge sample of successive annealing 

cycles up to 700
o
C. 

 

Figure 4.9: Ratio of interface oxide to Ge 3d bulk at successive annealing cycles up to 700
o
C. 
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The gradual attenuation of interfacial oxide component Ge
3+

 and Ge
1+ 

peaks along with a 

slight increase of Ge
2+

 signal suggests some oxygen transfer from the Ge
3+

 and Ge
1+

 state to 

Ge
2+

 up to 400
o
C annealing treatment. Subsequent annealing shows progressive attenuation 

of all the interface oxide signals with a very small residual interfacial oxide remaining 

following the 700
o
C anneal in contrast with previous studies which reported strong chemical 

interaction between hafnium and silicon at the HfO2/SiOx/Si(111) interface at this annealing 

temperature [33]. The thickness of residual interfacial oxides was estimated to be ~ 0.9 nm. 

4.5 Investigation of interfacial oxides –HfO2/S/Ge and HfO2/Ge samples 

The Ge 3d spectra acquired at a photon energy of 130 eV for the sulphur passivated and HF 

treated germanium samples before and after HfO2 deposited are shown in figure 4.10 and 

provide an insight into the origin of interfacial oxides present on both the samples. 

 

 

 

 

 

 

 

 Figure 4.10: Ge 3d peak at 130eV for the HF treated and sulphur passivated germanium and HfO2 

deposited on sulphur and HF treated germanium surface.  
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Following sulphur passivation, no germanium oxide components are present in the Ge 3d 

bulk peak profile, however, following HfO2 deposition, an interfacial oxide ~ 1.1 nm thick is 

detected which has either formed during the ALD growth or following air exposure. Similarly 

for the HF treated germanium surface, the post etch surface had a very thin residual 

germanium oxide, but the thickness of the HfO2/Ge interfacial oxide is comparable to the 

sulphur treated surface. He et al [34] reported the growth of an interfacial oxide following the 

deposition of ALD-HfO2 on GeOx/Ge surface, however they observed an increase in the 

thickness of this layer following a post deposition anneal at 450
o
C in a nitrogen environment, 

in contrast to the vacuum annealing results in the current study. No evidence of Ge or Hf 

diffusion was observed for either surface preparation and the results suggest that an 

essentially oxide free HfO2/Ge (100) interface can be formed by vacuum annealing to these 

high temperatures without affecting the stoichiometry of high-κ layer, This is in contrast to 

the study by Renault et al who reported evidence of hafnium germanate formation after ALD 

deposition of HfO2 at 350
o
C without any addition post deposition annealing treatment [19]. 

4.6. Thermal stability of Al2O3 deposited on sulphur passivated Ge surface 

Figure 4.11 show Ge 3d core level spectra taken at 60 eV for the Al2O3/S/Ge sample at 

successive anneal cycles up to 600
o
C. The Ge 3d core level can be curve fitted with a bulk 

component at 29.9 eV and the higher binding energy components are identified as Ge-S (0.63 

eV),Ge
3+ 

(2.7 eV) and Ge
4+ 

(3.5 eV), respectively [13,15,25]. The estimated inelastic mean 

free path λ of the photoemitted electrons for 60 eV photon energy is ~ 0.5 nm giving an 

overall sampling depth of less than 2 nm [35]. The estimated thickness of the interfacial oxide 

layer is approximately 0.7 nm. Annealing the sample at temperatures of 300
o
C, 400

o
C and 

500
o
C shows a significant reduction in the interface oxide components as can be seen from 

the changes in the profile of the Ge 3d core level peak.  



84 
 

 

 

 

 

 

 

 

 

Further annealing at 600
o
C which completely removed the interface component is 

accompanied by the appearance of a lower binding energy peak shifted to 0.53 eV from the 

bulk and identified as dangling bond formation at the interface. The ratio of the oxides to 

substrate peak intensity calculated to precisely quantify the removal of the interfacial oxide as 

a function of  annealing treatments are shown in figure 4.12. Annealing at 400
o
C shows a 

significant attenuation of the Ge
3+

 and Ge
4+

 components however there was no significant 

attenuation of the sulphur signal suggesting that the presence of the high-κ layer inhibits this 

desorption as XPS studies reported by Frank et al [21]
 
reported that sulphur is completely 

desorbed from the sulphur treated germanium surface at 380
o
C in a vacuum anneal. 

Subsequent 500
o
C annealing treatment further reduces the interface oxide components which 

are completely attenuated after the 600
o
C annealing treatment implying abrupt Al2O3/Ge 

interface formation.  

Figure 4.11: The Ge 3d core level spectra acquired at a photon energy of 60 eV for the Al2O3/S/Ge 

sample at successive anneal cycles up to 600
o
C. 
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This vacuum annealing treatment showed no evidence of germanium out diffusion into the 

Al2O3 high-κ layer in contrast to the results of a rapid thermal annealing study of Al2O3/Ge 

structure in N2 ambient at 600
o
C by Chao-Ching Cheng et al [36] which reported significant 

out diffusion of interfacial GeO2 into the Al2O3 layer. 

Figure 4.13 and 4.14 display the S 2p spectra acquired at 230 eV and the O 1s and Al 2p 

spectra at 600 eV and 120 eV, respectively, for the successive vacuum anneals. The interface 

sulphur S 2p core level spectra at 161.8 eV [15, 37]
 
can be curve fitted with a single spin-

orbit-split component peak consistent with the formation of a well defined Ge-S bonding 

interaction at the Al2O3/Ge interface. A similar S 2p peak profile has been reported after 

annealing the sulphur treated germanium surface at 200
o
C [38,39] 

 

Figure 4.12: Ratio of the interface oxide and sulphur components to the Ge 3d bulk component at 60 

eV for the sulphur passivated sample at the different annealing temperatures up to 600
o
C. 
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Figure 4.13: Curve fitted S 2p spectra acquired at a photon energy of 230eV showing the attenuation 

in the signal above 400
o
C anneals for the Al2O3/S/Ge sample. 

 

Figure 4.14: O 1s and Al 2p spectra acquired at photon energies of 600eV and 120eV, respectively for 

the sulphur passivated sample at different annealing stages up to 600
o
C. 

 



87 
 

Annealing up to 400
o
C shows no significant change in the peak profile however at 500

o
C 

there is a sharp decrease in the intensity of sulphur signal suggesting the desorption of 

sulphur from the interface. Subsequent annealing treatment at 600
o
C completely removes the 

sulphur component consistent with the attenuation of the high binding energy peaks in the Ge 

3d core level spectrum consistent with the breaking of the Ge-S bonds. The binding energy 

difference between Al 2p peak and the O1s peak is approximately 456.7 eV which is 

indicative of the presence of a stoichiometric Al2O3 layer as reported in previous studies [36]. 

The binding energy difference varies no more than ±0.2 eV with the annealing treatments and 

is very close to the value reported for sapphire [40]. The Al 2p spectra show no change in 

terms of the full width at half maximum (FWHM) of 1.5 eV indicating the thermal stability 

of this dielectric layer up to 600
o
C.  

4.6.1 Energy band offset for the Al2O3/S/Ge structure 

The thermal stability of the dielectric-semiconductor valence band offset for the Al2O3/S/Ge 

structure was determined from the valence band(VB) spectra acquired at 60 eV photon 

energy taken after successive anneals up to 600
o
C and shown in figure 4.15. The main 

difference with temperature is the appearance of Ge substrate signal intensity in the 0.6 eV – 

4 eV binding energy range attributed to the desorption of the interfacial oxide layer. The 

valence and conduction band offsets were calculated using the model proposed by Kraut et al 

[30]. The VB spectrum following the 600
o
C anneal displayed a clear VB maximum from 

which it is possible to determine the band offsets to the Al2O3 valence band feature. 

Therefore, the substrate and dielectric VBM were directly extracted from the VB spectra of 

using a linear interpolation method. Thus the valence band offset can be estimated from the 

following equation.  

                                      ∆EV = ∆ECL +  ECL
Ge − EVBM

Ge  −  ECL
Al 2O3 − EVBM

Al 2O3                             4.3 
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Where ∆ECL is the binding energy difference between Al 2p and Ge 3d core level spectra 

given as 45.33 eV;  ECL
Ge − EVBM

Ge   as 28.8 eV and  ECL
Al 2O3 − EVBM

Al 2O3  70.7 eV. The estimated 

valence band offset of 3.4 eV is substituted in the following equation by assuming the band 

gap of Al2O3 is 6.8 eV and the germanium band gap is 0.66 eV. 

                                        ∆EC = Eg Al2O3 − Eg Ge − ΔEV                                                        4.4 

 

The calculated conduction offset is 2.7 eV which is consistent with reported values using 

photoemission studies [17,43]. The band offset calculations shown in figure 4.6 suggest this 

Al2O3/Ge stack has sufficient band offset to prevent carrier injection as suggested by 

Robertson [32]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Valence band (VB) spectra taken at 60eV for the sulphur passivated sample up to 600
o
C 
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4.7 Thermal stability of Al2O3 deposited on HF treated Ge surface 

The Ge 3d core level spectra of the HF etched surface taken at 60 eV for the Al2O3/Ge 

sample exposed to successive annealing steps up to 600
o
C are shown in figure 4.17. The Ge 

3d spectra were curve fitted with bulk and three oxide components shifted to 1.8 eV, 2.7 eV 

and 3.5 eV higher binding energy as Ge
2+  

(GeO), Ge
3+  

(Ge2O3) and Ge
4+  

(GeO2) from the Ge 

3d bulk peak at 29.9 eV [25]. The thickness of interfacial oxide was estimated to be 

approximately 0.7 nm. Annealing at 400
o
C shows significant attenuation of the Ge

4+
 and Ge

3+
 

oxidation states, however, the increased Ge
2+

 signal is attributed to the partial oxygen transfer 

from the higher oxidation states of germanium. Subsequent annealing at 500
o
C results in the 

continued attenuation of the oxidation states and the appearance of a lower binding peak 

shifted by 0.63 eV from the bulk peak again identified as dangling bonds. The interfacial 

Figure 4.16: A schematic energy band diagram after the 600
o
C anneal showing the calculated VB and 

CB offsets. 
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oxides were not completely removed even after 600
o
C annealing treatment, however, given 

the surface sensitivity of these photoemission spectra, the residual oxide is significantly less 

than a monolayer coverage. 

 

 

 

 

 

 

 

 

 

 

 The ratios of the oxide to substrate signal intensities as a function of thermal anneal are 

shown in figure 4.18. The increase in Ge
2+

 signal occurs simultaneously with the attenuation 

of Ge
3+

 and Ge
4+ 

signals suggesting partial oxygen transfer in agreement with annealing 

studies of a thin germanium oxide covered germanium substrate [26]. Annealing at 500
o
C 

significantly attenuates the Ge
2+ 

and Ge
3+ 

signals in agreement with the work of Prabhakaran 

et.al [26] as they reported the loss of the Ge
2+ 

oxidation state at 430
o
C. 

 

 

Figure 4.17: The Ge 3d core level spectra acquired at a photon energy of 60 eV for the Al2O3/Ge 

sample at successive anneal cycles up to 600
o
C. 
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4.8 Investigation of interfacial oxides-Al2O3/S/Ge and Al2O3/Ge stacks 

The origin of interfacial oxide layer beneath the Al2O3 (1 nm) layer for sulphur passivated 

and HF treated Ge samples required further investigation. Therefore, a separate set of 

samples were prepared with the same surface treatments but without any Al2O3 deposition 

and were measured at 130 eV by synchrotron radiation based photoemission. The Ge 3d core 

level spectra for sulphur passivated, HF treated and native oxide (untreated) samples acquired 

at 130 eV photon energy are shown in figure 4.19 and compared to the Ge 3d spectra for  

Al2O3 deposited on HF treated and sulphur passivated germanium surfaces. The Ge 3d peak 

profiles of the HF and sulphur treated surfaces are almost identical prior to Al2O3 deposition 

Figure 4.18: Ratio of interface oxide components to Ge 3d bulk component at 60eV for the HF treated 

sample at the different annealing temperatures up to 600
o
C. 
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indicating almost complete removal of the native oxide. Following Al2O3 deposition, the 

magnitude of the interfacial oxide on both surfaces is also very similar and estimated to be 

approximately 0.7 nm thick.  

 

 

 

 

 

 

 

 

 

Therefore, the interfacial oxide thickness is independent of surface preparation and grew 

either during the Al2O3 deposition process or post deposition when the samples were air 

exposed. Previous studies have reported interfacial germanium oxide growth on the clean 

germanium surface following the deposition of a 1 nm thick Al2O3 layer [42]. In addition, 

oxygen permeability studies of Al2O3 on silicon substrates [43] reported an increase in the 

interfacial oxide layer thickness after exposure to atmospheric conditions. Interfacial 

Figure 4.19: The Ge 3d peak acquired at 130eV photon energy for the native oxide (untreated), HF 

treated and sulphur passivated germanium in comparison to the Ge 3d peaks acquired for the sulphur 

and HF treated Al2O3 capped germanium surfaces.  
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germanium oxide growth at the Al2O3/Ge interface following oxygen treatment at elevated 

temperature also confirms the oxygen permeability of thin Al2O3 layers [9,10,44]. Therefore, 

it is not possible to unambiguously determine when this interface oxidation occurred, but the 

fact that the same thickness resulted on two differently prepared surfaces would indicate that 

the growth has a self-limiting nature and this study has shown that it can be removed at 

elevated temperatures. 

4.9 Conclusion 

The interface formation between ALD deposited HfO2 and Al2O3 layer on both HF and 

sulphur passivated germanium surfaces and the subsequent high temperature thermal stability 

were studied using high resolution synchrotron based photoemission spectroscopy. The 

interfacial oxides were effectively removed at the higher annealing temperature on both 

samples without impacting the high-κ dielectric materials stoichiometry. The interfacial 

sulphur component present beneath the high-κ layer was removed from the interface above an 

annealing temperature of 500
o
C. The calculated valence and conduction band offsets are of a 

sufficiently large magnitude to inhibit carrier injection. 
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5. High temperature thermal stability study of 1 nm high-κ 

materials deposited as a function of InAs surfaces 

This chapter discusses the thermal stability of ultra-thin atomic layer deposited (ALD) high-κ 

(Al2O3 and HfO2) layers (~1 nm thick) on sulphur passivated and native oxide covered InAs 

surfaces. The impact of the thermal anneal on the sulphur passivated InAs surface before and 

after high-κ deposition are investigated. Energy band offsets for both high-κ layers on the 

InAs surface determined from valence band photoemission measurements are also presented.  

5.1 Introduction 

Integration of high mobility InAs substrate materials in the development of n-channel metal 

oxide semiconductor (n-CMOS) devices potentially offer higher electron mobility than 

silicon substrates. However problems associated with the abrupt dielectric-semiconductor 

interface formation hampers the realization of this advantage. Previous studies relate Fermi 

level pinning to the poor electrical quality of interfacial oxides which form at the high-κ/III-V 

interfaces [1,2]. Several surface treatment methods like low energy ion sputtering [3,4], 

molecular hydrogen [5,6] and atomic hydrogen cleaning [7-9] methods have been used to 

prepare oxide free III-V surfaces. However, surface passivation strategies are one of the most 

promising approaches to limit substrate re-oxidation prior to or during high-κ deposition. The 

ex-situ passivation methods using wet chemical sulphur treatments have been reported as 

being effective at removing native oxides and passivating the surface [10]. The sulphur 

passivation combined with the post deposition annealing (PDA) of high-κ/III-V structures are 

reported to improve the electrical properties [11, 12]. Previously, Katayama et al [13]
 

reported the complete removal of sulphur at 430
o
C from the sulphur passivated InAs surface. 

Therefore there is a need to further investigate the thermal stability of sulphur at the 

semiconductor-dielectric interfaces. There are several other studies which suggest the 
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diffusion of substrate elements across the high-κ/III-V interfaces after the post annealing 

treatments [14, 15]. In addition to this, recently Martinez et al reported indium hydroxide 

formation at the Al2O3/InAs interface after post deposition anneal (PDA) at 600
o
C in vacuum 

[16]. This study investigates the chemical changes induced by the post deposition annealing 

of ultra-thin ALD deposited Al2O3 or HfO2 on sulphur and native oxide covered InAs surfaces 

using high resolution synchrotron radiation based photoemission spectroscopy which offers 

higher surface sensitivity than the conventional x-ray photoelectron spectroscopy. 

5.2 Experimental 

5.2.1 Sample preparation 

N-type InAs(100) samples with doping density of 4×10
17

 cm
-3

 were pre-cleaned with acetone 

followed by methanol for 1 minutes prior to immersion in the ammonium sulphide solution 

(10%) for 20 minutes. The sulphur passivated and native oxide covered InAs surfaces were 

immediately loaded into the ALD chamber and ~1 nm Al2O3 or HfO2 was deposited using 10 

cycles of tri-methyl aluminium (TMA) and water or tetrakis(ethyl methyl amino) hafnium 

(TMEAH) and water as precursors. Subsequently these samples were secured into a 

molybdenum sample holder and loaded into the ultra high vacuum (UHV) chamber on the 

SX700 beamline at Aarhus University, Denmark. The SXPS spectra acquired for In 4d, As 

3d, Al 2p, O 1s, S 2p, Hf 4f and valence band spectra were acquired at photon energies 

ranging from 69eV to 600 eV from room temperature and following successive anneals up to 

600
o
C. The As 3d and In 4d spectra taken at photon energies of 92 eV and 69 eV, 

respectively, to give comparable sampling depths of approximately 2 nm. The As 3d (In 4d) 

core level spectra was curve fitted with a branching ratio of 0.66 (0.67), a spin orbit splitting 

ratio of 0.7eV (0.85 eV), Gaussian line width of 0.72 eV (0.73 eV) and Lorentzian line width 

of 0.07eV (0.2eV). The photon energy at which these photoemission peaks were acquired 
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was energy corrected by taking the kinetic energy difference between the peaks acquired by 

1
st
 and 2

nd
 order light from the monochromator. 

5.3 Thermal stability of sulphur passivated InAs surfaces before and after 

Al2O3 deposition 

The S 2p at 230 eV, and As 3d at 92 eV and In 4d at 69 eV for the sulphur passivated InAs 

surface was shown in figure 5.1 and 5.2. The increase of As 3d and In 4d photoemission peak 

intensity at higher binding energy attributes the bonding interaction with sulphur. The S 2p 

spectra results progressive attenuation at 500
o
C and completely attenuated at 600

o
C 

consistent with the removal of higher binding energy signals from bulk As 3d and In 4d core 

level spectra. However these results suggest that sulphur component on InAs surface can be 

stable up to 500
o
C whereas previous studies report complete attenuation of sulphur at 430

o
C 

[13]. Subsequently, ALD-Al2O3 on sulphur passivated InAs surface was measured to study 

any impact of top dielectric layer in retaining interfacial sulphur components during post 

deposition annealing.  

Figure 5.1: The S 2p spectra at 230eV for the sulphur passivated InAs surface following successive 

anneals. 
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The As 3d and In 4d spectra was shown in figures 5.3(a) and (b) for the ultra thin Al2O3 

deposited on sulphur passivated  InAs surface as a function of annealing stages up to 600
o
C. 

The As 3d core level spectrum taken at room temperature was curve fitted with the bulk peak 

at 41 eV and higher binding energy peaks shifted to +3 eV, +2.9 eV and +3.7 eV are 

attributed to As-S, As2O (As
2+

) and As2O3 (As
3+

) chemical states consistent with previous 

studies[17-20]. The origin of these interfacial oxides will be discussed later. Annealing the 

sample up to 400
o
C results in the gradual attenuation of the As

2+
 and As

3+
 states with no 

significant change in the As-S signal, however, at 600
o
C complete removal of all arsenic 

oxidation states and the As-S signal was observed. The In 4d core level spectrum was curve 

Figure 5.2: The As 3d and In 4d at 92 eV and 69 eV taken for the sulphur passivated InAs surface 

following successive annealing stages. 
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fitted with a bulk peak at 17.5 eV and two higher binding peaks shifted by +0.65 eV and 

+1.38 eV were attributed to oxidised indium (Indium oxide 1) and In-S states [21-23].  

 

Figure 5.3: (a) Curve fitted As 3d at 92 eV and (b) In 4d at 69 eV of the Al2O3 on sulphur passivated 

InAs surface as a function of post deposition anneals. 
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The binding energy difference between assigned In-S component at In 4d peak and S 2p of 

143.68 eV is consistent for the reported indium sulphide chemical state [21]. Subsequent 

annealing up to 500
o
C shows gradual attenuation of both higher oxidation states however 

600
o
C annealing results an additional higher oxidation state shifted to 1.3 eV was attributed 

to another oxidised indium signal (Indium oxide 2) [11]. Figure 5.4 displays the ratio of 

oxidation states to bulk substrate peak intensity calculated to precisely quantify the chemical 

changes during the post deposition anneals. The appearance of additional oxidised indium 

component (Indium oxide 2) after 600
o
C annealing treatment could be due to the oxygen 

transformation from the As
3+

 state. This method of indium oxidation is possible during high 

temperature thermal anneal since the Gibbs free energies of As2O3 is -137.7 kcal/mol and 

In2O3 is -198.6 kcal/mol [24]. The complete attenuation of As2O3 and As-S signals were 

observed at 600
o
C annealing treatment while previous studies reports complete attenuation of 

interfacial As-S signal at the HfO2/GaAs interface after the post deposition anneal at 400
o
C 

[25].  

 

 

 

 

 

 

 

 

Figure 5.4: Ratio of interface oxidation components to bulk substrate peak for the Al2O3/S/InAs 

structure as a function of post deposition anneals. 
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Figures 5.5 (a) and (b) shows O 1s and Al 2p spectra at 600 eV and 120 eV and the S 2p 

spectra taken at 230 eV for the Al2O3 deposited on sulphur passivated InAs sample as a 

function of vacuum anneals.  

 

 

Figure 5.5: (a) displays the O 1s and Al 2p spectra at 600 eV and 120 eV and (b) the S 2p spectra taken 

at 230 eV of the Al2O3 deposited on sulphur passivated InAs sample following subsequent post 

deposition annealing temperatures. 
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The Al 2p and O 1s core level peak binding energy difference of 456.6 eV [26] consistent 

with previously reported energy difference for the stoichiometric Al2O3 material however 

post deposition annealing shows change in binding energy difference not more than ±0.2 eV 

remains still very close to sapphire [27]. The S 2p taken at 230 eV shows gradual attenuation 

up to 500
o
C however subsequent anneal to 600

o
C still shows sulphur signal which is in 

contrast with the thermal stability studies of sulphur passivated InAs surface where sulphur 

was stable up to 500
o
C. This result suggests that addition of high-κ layer can significantly 

inhibit complete removal of sulphur from the interface up to 600
o
C anneal. 

5.4 Thermal stability of Al2O3 deposited on native oxide covered InAs 

surface. 

The ALD-Al2O3 on native oxide InAs surface was also investigated to study any chemical 

changes induced on this structure without sulphur treatment and as a function of post 

deposition annealing up to 600
o
C. Figure 5.6 (a) and (b) shows peak fitted As 3d at 92 eV and 

In 4d at 69 eV core level spectra of the ultra thin Al2O3 deposited on native oxide covered 

InAs surface for the successive vacuum anneals up to 600
o
C. The As 3d spectra were fitted 

with bulk peak and two distinct oxidation states identified as As2O and As2O3 shifted to +2.9 

eV and +3.7 eV higher binding energy from the bulk peak at 41 eV consistent with previous 

literatures [17,18]. Subsequent annealing to 500
o
C showed attenuation of As

3+
 state with the 

complete removal of As
1+

 state however further anneal at 600
o
C resulted in an additional 

lower binding energy component shifted by -0.64 eV from the bulk peak attributed to 

dangling bond formation at the interface accompanied with the removal of As
3+

 state. The In 

4d spectrum taken at 69 eV was peak fitted with two oxidation states shifted to + 0.65eV 

higher binding energy from the bulk peak at 17.5 eV was again attributed to oxidised indium 

(Indium oxide 1) [21,22]. Annealing the sample up to 500
o
C showed gradual attenuation of 

the Indium oxide 1 signal. Subsequent anneal at 600
o
C results increase in higher binding 
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energy shifted by +1.3 eV from bulk indium peak was identified as Indium oxide 2 signal 

consistent with the current Al2O3/S/InAs study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: (a) Peak fitted As 3d at 92eV and (b) In 4d at 69eV core level spectra of the Al2O3 

deposited on native oxide covered InAs surface as a function of post deposition annealing treatments 

up to 600
o
C. 
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The ratio estimated for oxide to bulk substrate signal intensity for this Al2O3 on native oxide 

covered InAs sample was shown in figure 5.7. The As
3+

 and As
1+

 states are completely 

attenuated after 600
o
C annealing treatment while residual oxidised indium signals were still 

present. 

 

 

 

 

 

 

 

 

 

 

 

5.5 Origin of interfacial oxide-Al2O3/S/InAs and Al2O3/InAs stacks 

The origin of arsenic interfacial oxide formation beneath the Al2O3 of native oxide covered 

and sulphur passivated InAs surface are discussed further. The As 3d and acquired at 92 eV 

for the Al2O3 deposition on before and after sulphur and native oxide covered InAs surfaces 

are shown in figure 5.8. The As 3d for native oxide InAs surface shows progressive reduction 

of oxides after the deposition of Al2O3. As for the sulphur passivated sample, magnitude of 

interfacial oxide was increased after the deposition of Al2O3 layer. The estimated interfacial 

arsenic oxide is approximately 0.8 nm which suggests the thickness of interfacial oxide is 

Figure 5.7: Ratio of interfacial oxidation components to bulk substrate peak for the Al2O3/InAs 

structure as a function of post thermal anneals. 
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independent for both InAs surfaces. Therefore, this interfacial oxide might grown after post 

air exposure [28]. 

 

 

 

 

 

 

 

 

 

 

5.6 Energy band offset for Al2O3/S/InAs structure 

The Valence band (VB) spectra measured at 69 eV for the sulphur passivated InAs surface 

before and after Al2O3 deposition on sulphur passivated InAs surfaces are shown in figure 

5.9(a). The sulphur passivated InAs sample results Fermi level position at 0.34 eV above the 

conduction band minimum assuming a bandgap of 0.36 eV. The valence band minimum 

(VBM) of sulphur passivated and Al2O3 deposited on sulphur passivated InAs surface was 

extracted as 0.7 eV and 3.51 eV by using linear interpolation method. The valence band 

offset was estimated as 2.81 eV by substituting the InAsVBM and Al2O3VBM in the following 

equation 5.1. 

 

Figure 5.8: As 3d peak acquired at 92eV photon energy for the native oxide (untreated) and sulphur 

passivated InAs surface before and after Al2O3 deposition. 
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                        ∆EV = Al2O3VBM
− InAsVBM                                                    5.1 

The conduction band offset was calculated as 3.6 eV by assuming band gap of 0.36 eV and 

6.77eV [29] for InAs substrate and Al2O3 dielectric material in the below equation 5.2. 

                                          ∆EC = Eg(Al2O3) − Eg(InAs) − ΔEV                                  5.2 

The calculated valence band offset and conduction band offset are 2.81 eV and 2.45 eV, are 

represented in the schematic energy band diagram shown in figure 5.9 (b). Thus, conduction 

and valence band offsets ensure the required barrier to prevent carrier injection into the 

dielectric bands as suggested by Robertson [30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: (a) Valence band (VB) spectra taken at 69 eV for the sulphur passivated InAs before 

and after Al2O3 deposition sample (b) a schematic energy band diagram showing the calculated VB 

and CB offsets. Estimated uncertainty in VBM extraction ~ ± 0.1 eV.  
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5.7 Thermal stability of HfO2/InAs surface 

The As 3d core level acquired at 150 eV is shown in figure 5.10 for the HfO2 deposited on 

native oxide covered InAs sample as a function of thermal annealing cycles. The As 3d core 

level spectra was peak fitted with bulk component at 41 eV and the oxide component was 

identified as As2O3 shifted to 3.5 eV higher binding energy [18]. 

 

 

 

 

Annealing the sample at 400
o
C reduced the intensity of the As

3+
 state while subsequent 

annealing at 500
o
C completely attenuates the As

3+
 signal and results in an arsenic oxide free 

interface. This complete removal of interfacial arsenic oxide is consistent with the study 

reported by Trinh et al after the post deposition anneal of HfO2/InAs structure at 500
o
C [11]. 

The corresponding In 4d/Hf 4f core level spectra taken at 69 eV for the HfO2 deposited native 

oxide InAs surface and following post deposition annealing are shown in figure 5.11.  

 

Figure 5.10: Curve fitted As 3d core level spectra acquired at 150 eV photon energy for HfO2 deposited 

on native oxide covered InAs surface as a function of post deposition thermal anneals. 
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Because of similar binding energy, it is not possible to resolve the individual contributions of 

the In 4d and Hf 4f to the overall spectral profile, however, the reduction in intensity on the 

high binding energy side of the peak as a function of anneal is consistent with removal of In 

oxide components.  

The O1s and Hf 4f/In4d core level spectra taken at 600 eV and 130 eV, respectively, for the 

HfO2 deposited on native oxide covered InAs surface and for the successive vacuum anneals 

are shown in figure 5.12. Acquiring the composite Hf 4f/In4d core level at a photon energy of 

130eV effectively suppresses the contribution from the In 4d to the extent that the Hf 4f 

signal dominates the spectrum. The In 4d sub shell photo-ionization cross-section of 0.2813 

is much lesser than 6.626 for Hf 4f core level at 130 eV [31]. The binding energy difference 

between the O 1s and Hf 4f/In4d peaks was 513.2 eV consistent with a stoichiometric HfO2 

Figure 5.11: In 4d/Hf 4f core level spectra acquired at 69 eV photon energy for the HfO2/InAs 

structure following post deposition anneals. 
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layer [32]. The high temperature annealing results in this energy separation changing by no 

more that ±0.2 eV indicating that the HfO2 layer remains unchanged by the annealing cycles. 

. 

 

 

 

 

 

 

 

 

 

 

 

5.8 Thermal stability of HfO2/S/InAs structure 

The As 3d spectra acquired at 150 eV photon energy for the HfO2 deposited on the sulphur 

passivated InAs surface are shown in figure 5.13 for the step wise annealing stages. The As 

3d core level peak was curve fitted with a bulk component at 41 eV and higher binding 

shifted components at +3 eV (As-S) and +3.5 eV (As2O3) are consistent with the literature 

[18,20]. Subsequent annealing up to 500
o
C results in the gradual attenuation of As-S and 

As2O3 signals, however, interfacial arsenic oxidation components are completely removed at 

600
o
C. This annealing approach is therefore an effective way of removing the interfacial 

Figure 5.12: O 1s and Hf 4f/In4d core level spectra acquired at photon energies of 600 eV and 130 eV, 

respectively for the HfO2/InAs structure and following subsequent anneals. 
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oxide which could impact on the electrical properties of the interface as previous studies 

reported that the arsenic oxide free Al2O3/InGaAs interface results in unpinning Fermi level 

behaviour [1]. The presence of interfacial As-S signal after the 500
o
C anneal is in contrast 

with the complete attenuation of interfacial As-S after post deposition anneal of 

Al2O3/InGaAs structure in nitrogen ambient at 400
o
C for 20 s [33]. 

 

 

 

 

 

 

 

 

 

 

The In 4d/Hf 4f core level spectra of the HfO2 deposited on sulphur passivated InAs surface 

following thermal anneals acquired at 69 eV are shown in figure 5.14. Again similar to the 

native oxide covered InAs surface, the interfacial indium components are substantially 

attenuated during the initial anneals however, even at 600
o
C evidence of the presence of 

residual indium oxides can be observed from the high binding energy side of the core level.  

 

Figure 5.13: Peak fitted As 3d spectra acquired at 150 eV photon energy for the HfO2 deposited on 

sulphur passivated InAs surface and following anneals up to 600
o
C. 
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The S 2p spectra taken at 230eV are shown in figure 5.15 for the different vacuum anneals. 

Annealing the sample up to 600
o
C results in the gradual attenuation of the sulphur signal,  

Figure 5.14: In 4d/Hf 4f core level spectra acquired at 69 eV photon energy for the HfO2/S/InAs 

structure following post deposition anneals. 

 

Figure 5.15: S 2p spectra acquired at 230 eV photon energy for the stepwise post annealing 

treatments. 
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however this was not completely attenuated which is in contrast with the complete removal of 

sulphur from the sulphur treated InAs at 430
o
C [13] similarly in our previous study sulphur 

was stable up to 500
o
C for the sulphur passivated InAs without any top high-κ layer. This 

suggests that the presence of a high-κ layer prevents the desorption of the sulphur from the 

interface, as previously reported. 

5.9 Investigation interfacial oxide for the HfO2/S/InAs and HfO2/InAs structures 

A comparison between the profile of the As 3d spectra for the sulphur passivated and the 

native oxide InAs surfaces before and after HfO2 dielectric layer deposition is shown in 

figure 5.16. The change in the intensity of the As oxide signal between the native oxide and 

sulphur passivated surfaces indicates that prior to HfO2 deposition on the sulphur passivated 

surface, there was no As oxide component.  

 

 

 

Figure 5.16: As 3d spectra for the sulphur passivated and native oxide covered InAs surface before and 

after high-κ deposition showing the presence of the interfacial As oxide. 
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The fact that the interfacial As oxide on both the native oxide and sulphur passivated InAs 

surfaces following HfO2 deposition are equivalent in intensity would suggest that the oxide 

grew to a limiting thickness post deposition, possibly on exposure to ambient conditions [28]. 

However, the results of this study show that it is possible to effectively remove this interfacial 

As oxide by post deposition annealing, regardless of whether the InAs surface was subjected 

to a sulphur passivated treatment in advance of the HfO2 deposition.  

5.10 Energy band offset –HfO2/S/InAs structure 

The valence band spectra taken at 69 eV for the sulphur passivated InAs surface before and 

after HfO2 deposition are shown in figure 5.17. 

 

 

 

 

The valence band maximum (VBM) of the HfO2 layer was measured to be 3.13 eV below the 

Fermi level position and the VBM of the sulphur passivated InAs was 0.7 eV, both which 

were extracted using a linear interpolation method. The Fermi level position at 0.34 eV above 

Figure 5.17: Valence band (VB) spectra taken for the sulphur passivated and HfO2/S/InAs surface at 

69eV photon energy. Approximated uncertainty in VBM extraction for both substrate and dielectric is 

±0.1 eV.  
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the conduction band minimum for the sulphur passivated InAs surface is consistent with 

previous studies [10,34]. A valence band offset of 2.43 eV was calculated from the energy 

difference between VBM of both the substrate and the dielectric layer. The conduction band 

offset of 2.91 eV was estimated from the following equation 5.3 by assuming an energy gap 

of 5.7 eV [35] for HfO2. 

                                                                ∆EC = Eg(HfO2) − Eg(InAs) − ΔEV                              5.3 

The calculated conduction and valence band offsets of 2.91 eV and 2.43 eV are shown in 

figure 5.18 ensure sufficient barrier for carrier injection as suggested by Roberston [30]. 

 

 

 

 

 

 

 

 

 

5.11 Conclusion 

Thermal stability of Al2O3 and HfO2 deposited on both sulphur and native oxide InAs 

surfaces as a function of post deposition anneal up to 600
o
C were studied using synchrotron 

radiation based photoemission spectroscopy. The interfacial sulphur components of Al2O3 or 

HfO2/InAs structure was thermally stable up to 600
o
C whereas sulphur was completely 

removed at 600
o
C from the sulphur treated InAs surface without any dielectric layer. These 

results show an effective way to substantially remove the interfacial oxide at 600
o
C without 

        InAs      HfO2 

ΔEc=2.91eV 

 

ΔEv=2.43eV 

 

Eg=5.7eV (HfO2) 

 

Eg=0.36eV (InAs) 

 

Figure 5.18: Schematic energy band diagram shows CB and VB offsets determined using photoemission 

spectroscopy measurements. 
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affecting dielectric stoichiometry which could have implications for the development of n-

MOS device performance. The energy band offset estimated using photoemission 

measurements ensure effective barrier to inhibit carrier injection. 
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6 Analysis of interface preparation on Al/Al2O3/Ge MOS 

capacitor characteristics 

This chapter presents the effect of sulphur passivation on tuning chemical and electrical 

properties of metal/Al2O3/Ge MOS stacks and discusses the electrical and chemical impact of 

alcohol based sulphur passivation treatments on germanium MOS structures. The systematic 

electrical studies of post deposition annealing in oxygen are also presented.  

6.1 Sulphur passivation with different pre-cleaning methods of Al2O3/S/Ge 

gate stacks 

The presence of native germanium oxides at the high-κ/Ge interface could result in interfacial 

defect states and an increase in the equivalent oxide thickness (EOT). Previous report 

suggests that the direct deposition of high-κ on germanium substrates without any passivation 

layers results in poor electrical characteristics due to the following issues 

1. First principle study shows metal interaction of germanium substrate during high-

κ deposition creates defect states at the Ge band gap [1]. 

2. Undesirable interfacial germanium oxide could pin the Fermi level in the band 

gap [2]. 

3. Diffusion of germanium into the high-κ material may form a pathway for high 

leakage current [3]. 

4. Intermixing of interfacial germanium oxide and the high-κ material can reduce the 

overall EOT of the device [4]. 

Therefore passivation of the germanium surface is one of the possible methods of avoiding 

the aforementioned issues. This chapter discusses the effectiveness of sulphur passivation on 

the electronic and chemical properties of germanium surfaces. 
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6.1.1 Gate stack preparations 

The p-type native oxide germanium samples with a doping density of 4×10
17

 cm
-3

 were 

treated with following pre-cleaning methods. 

1. HBr: HCl (10:1) for 4 mins, final HBr rinse. 

2. NH4OH (10%), H2O2 (6%), Methanol, water for 2 times, final NH4OH rinse. 

3. Native oxide germanium surface (reference sample). 

Subsequently these substrates were passivated with sulphur using ammonium sulphide 

(NH4)2S:H2O (1:10) for 20 minutes at 70-80
o
C with a final rinse in water and dried with N2. 

Metal oxide semiconductor (MOS) device structures were fabricated by deposition Al2O3 (9 

nm) using tri-methyl aluminium (TMA) and water as precursors at 250
o
C substrate 

temperature on these treated surfaces. Aluminium metal (~ 100 nm) contacts diameter of ~ 

355 μm were deposited using shadow mask on the front and subsequently the back contacts 

were made using the same metal. Finally, the samples were annealed in a forming gas 

ambient. A schematic diagram of sample preparation is shown in figure 6.1. 

Figure 6.1: Schematic diagram showing MOS preparations. 
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6.1.2 SXPS studies of sulphur passivation of germanium surfaces 

The Ge 3d spectra acquired at a photon energy of 130 eV for the native oxide covered 

germanium surface and as a function of thermal annealing is shown in figure 6.2 (a). The 

higher binding energy peak at 33.5 eV binding energy is attributed to germanium-oxygen 

interactions and these signals were not significantly attenuated in the annealing sequence up 

to 350
o
C. 

The equivalent Ge 3d spectra following the sulphur passivation of the native oxide covered 

germanium surface are shown in figure 6.2 (b). There is clear evidence that this treatment is 

effective at removing the native oxide signal and the higher binding energy signal is 

attributed to residual oxides and sulphur bonding interactions. Figure 6.2 (c) shows that the 

HBr treated results in almost complete removal of the residual oxides from the germanium 

surface which is consistent with previous studies [6]. The annealing of the Br passivated 

germanium surface at 350
o
C shows a significant attenuation of the Br 3d signal acquired at 

130eV photon energy as shown in figure 6.3. Previous studies have reported that the HBr 

treatment is effective at both removing oxides and preventing the germanium surface from re-

oxidation even after 6 hours of exposure in air [7]. The Ge 3d spectra taken after sulphur 

passivation of this HBr treated germanium surface are shown in figure 6.2 (d). The intensity 

of higher binding signal was significantly attenuated by the bonding interaction of sulphur 

and germanium however Ge-S signal was thermally stable up to 350
o
C. The absence of Ge-

Br state was confirmed from the Br 3d peak after sulphur passivation. The Ge 3d spectra of 

the ammonium hydroxide based pre-cleaning treatment shown in figure 6.2 (e) indicate that it 

is not effective at completely removing the germanium oxides from the surface.  
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 Figure 6.2: Ge 3d spectra for the (a) native oxide (b) sulphur passivation on native oxide Ge surface (c) 

HBr treated(d) Sulphur passivation on HBr treated Ge surface (e) NH4OH treated and (f)sulphur 

passivation on NH4OH pre treated Ge surface as a function of thermal anneal. 
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The subsequent sulphur passivation of this surface shown in figure 6.2 (f) indicates that the 

residual oxide can be removed to produce a surface similar to the sulphur passivated native 

oxide sample.  

The S 2p spectra acquired at a photon energy of 230 eV for the sulphur passivation of (a) the 

native oxide (b) HBr pre-clean and (c) NH4OH treated germanium surfaces at successive 

anneals upto 350
o
C are shown in figure  6.4. The S 2p spectra show similar attenuation with 

annealing irrespective of the pre-cleaning step suggesting that the different surfaces are 

similarly sulphur terminated.  

 

Figure 6.3: Br 3d spectra for the HBr pre-treated germanium surface. 
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Figure 6.4: S 2p spectra for the various sulphur passivated (a) native oxide (b) HBr and (c) NH4OH 

germanium samples as a function of thermal anneals. 
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The bidirectional capacitance-voltage (CV) measurements for a frequency of 1MHz for the 

Al2O3/Ge MOS capacitor structures are shown in figure 6.5 for (a) native oxide and following 

sulphur passivation (b) HBr treated and sulphur passivated and (c) NH4OH treated and 

sulphur passivated.  

 

   

  

Figure 6.5: 1 MHz bi-directional CV Sweep for (a) native oxide and sulphur passivation on native 

oxide Ge surface (b) HBr treated and Sulphur passivated on HBr pretreated Ge surface (c) NH4OH 

treated and Sulphur passivated on NH4OH pretreated Ge surface. 
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The interfacial defect state density (Dit) for the MOS capacitors with and with out sulphur 

treatments are listed in table 6.1. The Dit density was significantly reduced with sulphur 

passivation suggesting the effectiveness of sulphur in saturating the defect states compare to 

unpassivated germanium samples. 

 

6.2 Alcohol based sulphur passivation 

There are several reports which suggest that sulphur passivation is effective in improving the 

electrical properties of MOS devices [2,5]. The sulphur passivation is usually achieved on 

germanium by treating with an ammonium sulphide (10%) solution diluted with water (90% 

by volume). 

Previous studies have suggested that the sulphur coverage of passivated gallium nitride 

surfaces could be varied by treating with ammonium sulphide solutions (10%) diluted in 

alcohols (90%) of different dielectric constants (methanol > ethanol > IPA > tert-butanol). 

This systematic study investigates the chemical and electrical impact of sulphur passivation 

of germanium using ammonium sulphide solutions (10%) diluted with alcohols (90%) such 

as methanol, ethanol, iso-propyl alcohol and tert-butanol at 60-70
o
C for 20 minutes. Prior to 

sulphur passivation, the germanium surfaces were pre-cleaned with cyclic rinses of NH4OH, 

H2O2, methanol and water. Rinsing the germanium surface in NH4OH [8] has been reported 

Table 6.1: Showing Dit extracted the various chemical treated Ge MOS stacks. 
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to minimize carbon and oxide contaminants while the subsequent rinse in H2O2 solution 

results in oxidation of the surface which is removed by the final methanol ,water and NH4OH 

rinses. MOS structures were fabricated by depositing Al2O3 (~ 9 nm) by ALD on the sulphur 

treated surfaces followed by subsequent front and back side Al (~ 100 nm) metallization. The 

S 2p spectra at 230 eV measured for the sulphur passivated germanium samples with various 

alcohols are shown in figure 6.6.  

The increased intensity of the signal on the higher binding energy side of the S 2p peak with 

decreasing dielectric constant of the alcohol is attributed to the presence of a second chemical 

state of sulphur bonded to the germanium surface consistent with previous studies [10]. 

The Ge 3d spectra acquired at 130 eV for the respective alcohol based sulphur passivations 

are shown in figure 6.7. The higher binding energy component attributed to sulphur bonding 

interactions shows the same trend as that displayed by the S 2p signal in that as the dielectric 

constant of the alcohol reduces, so does the sulphur bonding interaction.  

 

Figure 6.6: S 2p peak shows sulphur passivation of germanium surfaces by ammonium sulphide 

diluted as function of alcohols. 
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The 1 MHz bi-directional CV measured on the MOS capacitors fabricated on these sulphur 

passivated germanium surfaces are shown in figure 6.8. 

 

 

 

 

 

 

There is a clear trend in the Cmax values of capacitance with the alcohol dielectric constant 

matching the systematic changes seen in the XPS studies, however the origin of these 

changes are not obvious and require further investigation. The estimated Dit for the sulphur 

passivated germanium surface using conductance method was approximately 5E11 eV
-1 

cm
-2

. 

Figure 6.8: 1 MHz CV Sweep for the sulphur passivated Ge-MOS stacks as function of alcohols.  

Figure 6.7: Ge 3d peak taken at 60 eV for the sulphur passivated germanium samples as a function of 

various alcohols. 
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6.3 Post deposition annealing in oxygen ambient 

Several surface passivation procedures such as sulphur [5] and rare-earth oxides passivations 

[11], Si interlayer [12], nitridation [13,14] plasma [16] and thermal oxidation [17] treatments 

have been studied to perfect the dielectric-semiconductor interface in terms of minimizing the 

interface state density. Recently high performance Ge-MOSFET device performance has 

been demonstrated with a thermally grown GeO2 passivation layer [18]. However a major 

issue in the thermal growth of a GeO2 layer is the desorption of GeO species at temperatures 

> 420
o
C from the surface which may lead to high defect state densities [19,20]. To address 

this issue, it has been proposed that a high pressure high temperature oxidation process can be 

used to control the GeO volatilization by reducing the vapour pressure of GeO at the 

GeO2 surface [11]. The thickness of the germanium oxide layer can be controlled by tuning 

the parameters such as processing time, temperature and oxygen pressure [21]. However, 

direct deposition of ALD high-κ layer on GeO2/Ge structure might chemically affect the 

GeO2 layer and create large interfacial defect state densities. A plasma based post oxidation 

treatment process has been shown to result in the growth of a thin GeOx layer at the Al2O3/Ge 

interface with the alumina limiting the GeOx thickness [15,16]. Therefore this study examines 

the electrical and chemical impact due to high pressure post oxygen treatment on the 

Al2O3/Ge interfaces. The re-growth of oxide on germanium surfaces is reported to vary with 

surface cleaning methods. However, the presence of sulphur in the interfacial GeOx layer can 

reduce the concentration of interface defect states. The chemical treatments of germanium 

samples are as follows 

1. HF:H2O (1:10) for 2 mins then final water rinse. 

2. HBr:HCl (10:1) for 4 mins, final HBr rinse. 

3. Native oxide germanium sample (reference). 

These samples were then sulphur passivated using a standard ammonium sulphide 

treatment. The samples were then loaded simultaneously into the ALD reactor and ~ 1 nm of 

Al2O3 was deposited (9 cycles of TMA and water precursors) at a substrate temperature of 
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250
o
C. Following this ALD growth, these samples were exposed to high pressure oxygen (8 

Torr) at 375
o
C for 10 minutes in the ALD reactor before the subsequent growth of 9 nm of 

Al2O3 without air exposure. MOS capacitor structures were fabricated by the thermal 

deposition of ~ 100 nm of Al through a shadow mask of diameter 355 µm and a similar 

thickness of Al was deposited as a back contact. The process flow diagram shown in figure 

6.9 schematically illustrates the fabrication steps from initial stage of surface preparations to 

metallization of the devices. 

 

  

Figure 6.10 shows the Ge 3d XPS spectra for the post oxygen annealed Al2O3/Ge samples 

with and without sulphur treatments. The sulphur treated germanium samples were curve 

fitted with bulk and germanium oxide (GeOx(S)) component, with the sulphur inside the 

bracket indicating the presence of sulphur on germanium surface whereas for the other 

Figure 6.9: Schematic representation of sample preparations. 
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samples the peaks were fitted with bulk peak and a single germanium oxide component. The 

binding energy difference of ~ 2.5 eV between the substrate Ge signal and the germanium 

oxide component for each treatment is indicative of the formation of a GeOx interfacial layer 

where x<2 (references of chemical shifts of different Ge oxides). 

 

 

 

 

 

 

 

 

 

The thickness of these interlayer oxide component can be calculated using equation 1
17

. 

                                                                 x = λfcosθln  1 +
1

Q
                                                        6.1 

  

Where Q =  
Is ,x

If ,x
 ×  

If ,∞

Is ,o
 ,θ is the emission angle and λf  is the attenuation constant. In 

order to estimate the thickness x, the intensities of substrate to thin oxide photoemission peak 

Figure 6.10: Ge 3d spectra for variety of chemically treated surface before Al2O3 deposition followed 

by oxygen annealing. 
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Is ,x

If ,x
  and the absolute photoemission peak intensities of the substrate (atomically clean 

surface) to oxide (infinitely thick layer)  
If ,∞

Is ,o
  has to be known. By taking the ratio of  

Is ,x

If ,x
  

for two photoemission peaks i.e. Ge 3d and Ge 2p, the common absolute intensities will 

cancel out. The overall general observation is that the thickness of the interfacial GeOx oxide 

layer (~ 2 nm) which forms is effectively independent of the different surface preparations 

with the exception of the untreated native oxide sample what has a thinner oxide layer. This 

range of interlayer thicknesses have been reported to exhibit low Dit for the post plasma 

oxidation germanium samples with an Al2O3 dielectric [15, 16]. Houssa et al. studied the 

GeO2 and GeOx species, and reported that while a higher concentration of lower oxidation 

states exists for thinner GeO2 layers, this might not result in defects in the band gap [22]. 

They also suggested that good electrical properties could be expected from thin GeOx layers 

formed by the post oxygen annealing treatments. The electrical properties for these structures 

were studied using CV and GV measurements. Figure 6.11 (a) shows normalized 1 MHz bi-

directional CV profiles for the untreated and sulphur passivated samples.  

 

 

 

 

 

 
Figure 6.11: (a) 1 MHz bidirectional CV sweep for GeOx (native oxide) and GeOx (S+Native oxide) 

samples. 
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The charge trapping sites present at the dielectric layer results in hysteresis during the 

bidirectional CV sweeps. Hysteresis of 90 mV was observed for the native oxide sample 

which reduced to 20 mV following sulphur passivation. The density of slow traps can be 

estimated using the equation 6.2. 

                                                            Nst =
Cox ∆Vfb

q
                                                            6.2 

Where Cox  is the oxide capacitance, ∆Vfbis the hysteresis voltage offset at the flat band 

capacitance, and q is the electron charge. The density of slow traps calculated for the native 

oxide surface as 2.4×10
11 

cm
-2 

decreased to 3.6×10
10 

cm
-2 

with the presence of sulphur. The 

fixed oxide charges present in the bulk dielectric and near to the dielectric semiconductor 

interface can be extracted from the equation 3. 

  

                                                                     Nfixed =  −Vfb + Wms  
Cox

q
                                          6.3 

Where Vfb  is the flat-band voltage calculated from the experimental and theoretical CVs, 

Wms is the work function difference between semiconductor and metal,Cox  is the oxide 

capacitance and q is the electron charge. Recent theoretical and experimental studies on the 

origin of fixed oxide charge at the Al2O3/III-V interface suggest that Al and O dangling 

bonds play a major role [23]. The negative fixed charge density of 3.5 ×10
12 

cm
-2 

for native 

oxide sample slightly reduced to 2.3×10
12 

cm
-2

 following sulphur treatment. Weber et al [24] 

reported that O dangling bond states were present below the Fermi level and nearer to the 

Al2O3 valence band edge and Al dangling bond states were present above the Fermi level and 

nearer to the Al2O3 conduction band edge using first-principles calculation studies. This 

suggests that O and Al dangling bond states will be negatively and positively charged in the 

Al2O3 dielectric film. Both samples exhibited negative fixed charge density attributed to 

excess oxygen at the dielectric semiconductor interface caused by the oxygen treatment on 

the Al2O3/Ge structures. The density of interface states was ~ 8×10
11

 cm
-2

/eV for both 
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samples as estimated using the conductance method. Figure 6.11(b) shows 1MHz bi-

directional CV sweep for GeOx (HF) layer on the HF treated sample and GeOx (HF+S) layer 

on the sulphur passivation sample.  

 

 

 

 

 

 

 

 

The hysteresis of 90mv for the GeOx (HF) interlayer sample was reduced to 60mv for the 

GeOx (HF+S) layer grown on the sulphur passivated surface. Hysteresis has been observed 

for both samples implying the presence of slow traps. The density of slow traps was 

estimated as 1.8×10
11 

cm
-2 

for GeOx (HF) sample which only slightly reduced to 1.2×10
11 

cm
-

2
 for the GeOx (HF+S) sample. Similarly negative fixed charge density (2.72×10

12 
cm

-2
) and 

Dit of (8×10
11

 cm
-2

/eV) for GeOx sample were again slightly reduced to 2×10
12 

cm
-

2
,4.5×10

11
 cm

-2
/eV, respectively, for the GeOx(S) sample. 

 Dual sweep 1 MHz normalized CV profiles shown in figure 6.11(c) for GeOx (HCl:HBr) 

layer and GeOx (HCl:HBr+S) display no significant change in either hysteresis (< 90 mv) or 

trapped charge density (2.4×10
11 

cm
-2

). 

 

Figure 6.11: (b) 1 MHz bi-directional CV curve for the GeOx (HF) and GeOx (S+ HF) samples. 
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The negative fixed charge density of 2.2×10
12 

cm
-2 

for GeOx (HCl:HBr) reduced to 1.7×10
12 

cm
-2 

for the GeOx (HCl:HBr+S) sample and a similar trend was also seen in the extracted Dit 

as 4.5×10
11

 cm
-2

/eV GeOx (HCl:HBr+S) sample and 7.7×10
11

 cm
-2

/eV for GeOx (HCl:HBr) 

again suggest sulphur passivation reduces interfacial defect state densities. 

 

6.4 Conclusion 

Investigation of sulphur passivation on germanium surface results in the removal of the 

native oxides and the reduction of Dit. The sulphur passivation achieved by diluting 

ammonium sulphide in various alcohols shows an increase in sulphur coverage of germanium 

surfaces which were reflected in increased capacitance in the CV measurements. The post 

deposition oxygen annealing of sulphur passivated samples results in interfacial GeOx(s) 

formation which was investigated by XPS measurements. These interfacial layers result in a 

Figure 6.11: (c) 1 MHz bi-directional CV profile for the GeOx (HCl:HBr) and GeOx (S+ 

HCl:HBr) samples. 
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general trend causing a reduction in the negative fixed charge density and the density of 

interface states for sulphur passivated surfaces compared with unpassivated surfaces. 
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7 Conclusions and Future work 

7.1 Conclusions 

The objective of this study was to find a compatible method to limit or prevent interfacial 

oxide growth on both high mobility Ge and InAs substrates prior to or during high-κ 

deposition, in view of simplifying the fabrication process of future CMOS devices. 

 MgO deposition on atomically clean germanium surface resulted in interface oxide 

formation whereas no oxidation states were observed for the selenium treated germanium 

surface indicating the effectiveness of this interlayer at producing an abrupt MgO/Ge (100) 

interface. However the same selenium passivation on InAs surface was not successful at 

preventing interfacial oxide growth. 

A comparison study of thermal annealing and atomic hydrogen cleaning of native oxide 

covered InAs surfaces was investigated. Annealing native oxide InAs surface up to 450
o
C 

showed a reduction in the intensity of the In and As oxides, however this anneal was not 

sufficient to produce an oxide and carbon free surface. Exposure to a beam of atomic 

hydrogen at 360
o
C resulted in the removal of both native oxides and surface carbon 

contamination producing a clean In rich surface. 

A systematic approach to prepare oxide free dielectric-semiconductor interfaces was also 

studied. High temperature post deposition annealing treatment of high-κ materials deposited 

on germanium and InAs substrates resulted substantial reduction of interfacial oxides without 

affecting the stoichiometry of the dielectric materials. Energy band offsets were also 

estimated for these structures using photoemission measurements. 

The electrical and chemical properties of sulphur passivated germanium surfaces with various 

pre-cleaning chemical solutions were studied by fabricating Ge based MOS capacitors. The 

tunning of electrical and chemical characteristics on MOS capacitors was achieved by alcohol 

based sulphur passivation. The post deposition oxygen annealing treatment of Ge MOS 
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stacks prepared using various chemical treatments showed an improvement in the electrical 

properties. 

 

7.2 Future work 

Suggested extensions of this thesis are proposed below. 

 Optimization of wet chemical selenous acid based selenium passivation on both 

germanium and InAs surfaces. Fabrication of MOS capacitor using the optimized 

selenium passivation method would help to understand the electrical and chemical 

impact of selenium passivation. 

 Argon ion bombardment followed by annealing is the common method to prepare 

atomically clean germanium surface. However this treatment could induce damage on 

the surfaces. The atomic hydrogen cleaning of InAs surface was demonstrated in this 

thesis thus repeating the same treatment on germanium could produce oxide and 

carbon free surface. 

 The presence of oxide contaminants on InAs surfaces are reported to have a greater 

influence on Fermi level pinning behaviour. The removal of these contaminants using 

atomic hydrogen treatment is shown in this study. Studying the electrical properties of 

InAs MOS caps prepared using this surface treatment would help to understand the 

relation between surface contaminants and the Fermi level pinning mechanism. 

 In-situ selenium passivation of InAs surface was not successful at preventing 

interfacial oxide whereas for the germanium surface this passivation was successfully 

prevented the surface from oxidation. Repeating the experiment on both surfaces with 

sulphur passivation instead of selenium would help determine whether the elements 

from same group (VI) has similar chemical properties. 
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 Alcohol based sulphur passivation on germanium surfaces resulted in an increase of 

sulphur coverage as a function of dielectric constant of alcohols. The similar 

experiment could be repeated on InAs surfaces to test the consistency of the variation 

of sulphur coverage with alcohol dielectric constant. 


