
 

 

 

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 APPROVED: 
 
Jeffry A. Kelber, Major Professor 
Steven A. Cooke, Committee Member 
Thomas Cundari, Committee Member 
William E. Acree, Jr., Committee Member 

and Chair of the Department of 
Chemistry 

James D. Meernik, Acting Dean of the 
Robert B. Toulouse School of 
Graduate Studies 

FREE RADICAL INDUCED OXIDATION, REDUCTION AND METALLIZATION  

OF NiSi AND Ni(Pt)Si SURFACES 

Sudha Manandhar, M.S. 

Dissertation Prepared for the Degree of 

DOCTOR OF PHILOSOPHY 

 
 

UNIVERSITY OF NORTH TEXAS 
 

August 2010 



Manandhar, Sudha, Free Radical Induced Oxidation, Reduction and Metallization 

of NiSi and Ni(Pt)Si Surfaces. Doctor of Philosophy (Chemistry - Analytical Chemistry), 

August  2010, 103 pp, 1 table, 59 illustrations, reference list, 70 titles. 

A systematic study of the effects of atomic and molecular oxygen-induced 

oxidation of NiSi and Ni(Pt)Si, and of the effects of dissociated ammonia on oxide 

reduction was carried out under controlled ultrahigh vacuum (UHV) conditions. X-ray 

photoelectron spectroscopy (XPS) has been used to characterize the evolution of 

surface composition. Vicinal surfaces on NiSi and Ni(Pt)Si were formed in UHV by a 

combination of Ar+ sputtering and thermal annealing. Oxidation of these surfaces in the 

presence of either O+O2 or pure O2 at room temperature results in the initial formation 

of a SiO2 layer ~ 7 Å thick.  Subsequent exposure to O2 yields no further oxidation.  

Continued exposure to O+O2, however, results in rapid silicon consumption and, at 

higher exposures, the kinetically-driven oxidation of the transition metal(s), with oxides 

>35Ǻ thick formed on all samples, without passivation.  The addition of Pt retards but 

does not eliminate oxide growth or Ni oxidation. At higher exposures, in Ni(Pt)Si surface 

the kinetically-limited oxidation of Pt results in Pt silicate formation. Substrate dopant 

type has almost no effect on oxidation rate.   

Reduction of the silicon oxide/metal silicate is carried out by reacting with 

dissociated NH3 at room temperature. The reduction from dissociated ammonia 

(NHx+H) on silicon oxide/ metal silicate layer shows selective reduction of the metal 

oxide/silicate layer, but does not react with SiO2 at ambient temperature.   
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

In the past three decades, the integrated circuit (IC) industry has witnessed a 

trend of downsizing devices by doubling the number of transistors per IC roughly every 

two years. In 1965, Gordon Moore predicted this trend by formulating the famous 

Moore’s law.1  Rapid scaling down of the feature size of transistors has driven the 

revolution on information technology and the fast growth of the Semiconductor Industry. 

Recently, transistor size has decreased to nanometer regimes. Figure 1.1 shows the 

feature size reduction over the past three decades and the dramatic reduction of cost 

per transistor. 

 
Figure 1.1.  Technology development and transistor features size shrinkage, and 
transistor cost versus year. 
 

Figure1.2 shows the predictions on the process technology (e.g., interconnect) 

size shrinkage between the year 1999 to 2013.2 The advantages of smaller device 

feature size are increased chip clock speed and reduced manufacturing cost, but 

reduced dimensions have increased the demand for new materials, to maintain 

performance at smaller dimensions.  Cu has replaced Al in interconnect lines for lower 

resistivity and gate delay.  Hf silicate has replaced SiO2 as the transistor gate oxide to 



 2 

minimize electron tunneling between channel and gate, and NiSi or Ni(Pt)Si is replacing 

other silicides as electrical contacts to the transistor in order to improve conductivity and 

reduce Si consumption over, e.g., CoSi2.   

 
Figure 1.2. Prediction on the process technology size shrinkage up to 2013. 
 
 
 
1.1.1 NiSi: Source/Drain Contacts for Ultra-Small Transistors 

The evolution of metal silicide contacts for transistor structures has been driven 

by the need for enhanced conductivity at ever smaller dimensions.  As shown in Figure 

1.3, CoSi2 
is expected to be replaced by NiSi for nanometer node technology.3 In 1991, 

nickel silicide was proposed for the first time. However, it took more than a decade to be 

taken into account for the practical application of devices.4  

In a modern complementary metal oxide semiconductor (CMOS) device for 

salicidation (self-aligned silicidation) process to form NiSi on a thin Si layer, the amount 

of Si consumption needs to be well- controlled so that the entire deposited Ni film could 

react with Si. NiSi formation has been shown to be a one step annealing process and is 
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formed by solid-state reaction between nickel and silicon under a rapid thermal 

annealing (RTA) in N2 
ambient at 500 °C for 30 sec.5, 6 

 
Figure 1.3. Progress of silicide contact materials.  Lg refers to transistor gate length. 
 
 
Reactions between Ni and SiO2 was not seen; this became an advantage in that 

formation of NiSi over oxides between gate and source/drain regions was inhibited.6,7 

Therefore, there is no adverse line-width dependence of sheet resistance in case of 

NiSi, while it is a big problem in TiSi2.
8, 9 The controlled diffusion of Ni rather than Si10 

and lower temperature in NiSi formation than TiSi2 contributes to reducing the voiding 

observed in Co silicided narrow poly-Si lines.11  The silicidation process of Ni on Si 

substrates requires a lower process temperature than other metal silicidation.12 

However, in the case of TiSi2 
salicidation process, formation of TiN is very common due 

to the reaction of a part of the deposited Ti with nitrogen. Consequently, it becomes very 

difficult to determine the actual amount of Ti film which reacts with the Si layer.6 It is well 

researched that Ni consumes less Si than other di-silicides of interest (e. g., TiSi2 
and 
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CoSi2), during certain thickness of NiSi formation, NiSi stands as an advantage for 

device application on ultra-thin Si layers on insulator substrates. Hence NiSi has 

become an attractive material for source, drain and gate contacts in advanced CMOS 

devices7 as shown in Figure 1.4.  

   
Figure 1.4. Cross-sectional TEM images of Ni-silicided narrow poly-Si gates.  

 
 

Again, NiSi is also a suitable contact material for Si-Ge transistors, as NiSi is 

thermodynamically compatible with Ge.11 The mechanical stress of NiSi on silicon is 

also very small. 

Since self-aligned silicidation is realized after transistor source/drain formation, 

the silicidation temperature should keep sufficiently low to avoid diffusion of dopant 

impurities in order to keep ultra-shallow junction depth for sub-100 nm CMOS. In the 

same time, sheet resistance comparison of NiSi on both n-doped
 
and p-doped layers is 

found almost the same and is inversely proportional to the thickness of NiSi layers12, as 

shown in Figure 1.5.  
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Figure 1.5. Dependence of sheet resistance on NiSi metal thickness.  

 
 

There are three different phases of NiSi reported depending on thermal budget of 

the Ni reaction with Si. Ni reacts with Si substrates at about 350 °C to form Ni2Si, while 

NiSi phase forms in between 400 °C and 750 °C and  the sheet resistance of NiSi is 

stable and low enough between this temperature. Above 750 °C, phase transition is 

converted from NiSi to NiSi2 (equations (1) and (2)), which results in the increment of 

the sheet resistance and silicon consumption6, 7, as shown in Figure 1.6.  

1 nm Ni＋1.84 nm Si → 2.2 nm NiSi     (1-1) 

1 nm Ni＋3.63 nm Si → 2.2 nm NiSi2     (1-2) 

Silicon consumption of NiSi (mono-silicide) is smaller than that of NiSi2 
(di-

silicide) during the silicidation. On the thermal stability study of prolong annealing on 

nickel mono-silicide (e. g., NiSi), it was found stable up to 4 h annealing at 500 ºC.13    
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Figure 1.6.  Phase transformation curves for Ni silicidation on undoped Si starting from 
12 nm Ni (•), 18 nm Ni (■) and 18 nm Ni with a Ti cap (�). Average sheet resistance vs. 
silicidation temperature.  
 

 

1.1.2 Ni(Pt)Si: Thermally Stable Source/Drain Contact Material 

The poor thermal stability of NiSi above 750oC, with formation of di-silicides (e. 

g., NiSi2) and reduced conductivity stands as the major drawback.14,15 The introduction 

of the Pt metal into the NiSi (typically, ~ 5 atomic wt %) improves its thermal stability 

and reduces the nucleation of other silicide phases 9, as shown in Figure 1.7.  

 
Figure 1.7. Variation of the Ni 2p XPS peak position (binding energy) with the 
temperature during in situ annealing of Ni (broken line) and Ni(Pt) (solid line) films on 
(100)Si inside the XPS system. 
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Addition of 5%  at. wt.  Pt significantly increases in the thermal stability of the low 

resistivity mono-silicide phase.  Therefore NiSi and Pt-doped NiSi, which is Ni(Pt)Si are 

of broad  interest as source, drain and gate contact material in IC fabrication process. 

 

1.1.3. Importance of Plasma Environment on NiSi and Ni(Pt)Si  

NiSi and Ni(Pt)Si are often exposed to plasmas during device fabrication.  

Notably, even noble gas plasmas can provide an oxidizing environment, due to the 

presence of O2 or H2O impurities,16  as shown in Figure 1.8. It has been found that the 

sheet resistance of the contact materials increases monotomically with exposure to an 

oxidizing environment16, shown in Figure 1.9.  

 
Figure. 1.8.  XPS showing NiSixOy formation as result of exposure to contact etch and 
strip chemistries.  
 

 Hence the plasma induced damage of NiSi (mono-silicide) has been investigated 

in different oxidizing environments.5, 17,18 Silicides are exposed to fluorine based plasma 

chemistry to fabricate contact holes with silicide substrate in typical dry and wet etch 

processes. Often O2 is present in this plasma. When NiSi is exposed to oxygen-
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containing fluorocarbon plasma etching, the result is a mixture of metal oxide/silicate 

formation (NiSiOx) with high sheet resistance and different oxidation behavior in both n-

doped and p-doped substrates.5  

 
Figure 1.9. Sheet resistance of blanket NiSi vs. process step in forming contacts. NiSi 
was formed on doped silicon or poly and exposed to production processes and 
chemistries.  
 

It was found the oxidation of n-doped NiSi is greater than p-doped NiSi during fluorine 

based etching process.19 The oxidation on NiSi after this process is believed due to the 

fluorine remaining during etching. The fluorine incorporation can be reduced by in situ 

nitrogen plasma19 and by in situ H2 gas5 treatments during the post etching process. 

This in situ H2 and N2 cleaning process has decreased NiSi oxidation during etching, but 

do not completely halted. Similarly, Pt incorporation into the NiSi and formed Pt-doped 

NiSi, the oxidation rate on this mono-silicide is effectively reduced during both 

salicidation etch/clean and contact plasma etch processes 17, as shown in Figure 1.10. 

This reduced oxidation behavior of Pt-doped NiSi is attributed to the aggregation of Pt 

near the surface and formation of PtSi on top having strong Pt-Si chemical bonding. 
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Figure. 1.10. Surface oxide thickness comparison among three different dopant types 
(B-, As- and non-doped) of NiSi and NiPtSi films, after salicidation process, and with 
and without O2 plasma treatment (from ref. 17). 
 

 

1.1.4. Cleaning of Metal Oxides/Silicate Surface Layers 

 To achieve low contact resistance and ensure good interfacial nucleation and 

adhesion, the removal of oxide or silicate over-layers prior to metallization of the Pt-NiSi 

surface is extremely important. The widely used surface cleaning techniques are 

sputtering, thermal treatment and reactive cleaning to clean the surfaces of bulk 

crystalline samples. A combination of Ar ion sputtering (to remove contaminants) and 

annealing in UHV (to induce impurity segregation to the surface) has been proven to be 

an effective method in the preparation of the surfaces i.e., single element or simple 

metal oxide systems20 , but complications due to preferential sputtering or surface 

segregation of a particular element can occur with more complex alloys or 

semiconductors. Similarly, roughening of the surface is very common. Hence it is 
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necessary to anneal in vacuum (not always practical in industrial situations) to restore 

the surface structure and desired chemical composition.21   

  There is another procedure known as wet cleaning process of ultra-large scale 

integrated circuits (USLI), in which the introduction of cleaning agent and de-ionized 

water in to fine gaps and holes are the culprit.  Given the situation, dry cleaning (e.g., 

plasma or vapor chemical cleaning) is also expected to be applicable from the viewpoint 

of chemical integration and other chemical vapor deposition techniques. Specially, 

removals of the native oxides from Si have been studied in detail through HF vapor dry 

cleaning method.22 In the other hand other dry etching methods like NF3/H2O exhibit a 

low oxide etching rate of substrate and excessive etching of Si.22  A high etching rate 

was observed with partially dissociated NF3 together with heated NH3 gases, as it was 

found that the etchant was directly generated by the thermally excited species.22  

Another dry cleaning method reported is atomic H reduction of oxides of semi-noble 

metals.23, 24  Dissociated ammonia has been used to reduce RuO3 25 and it was reported 

the absence of any observable N-containing species incorporated during the reduction. 

Hence the reduction process by dissociated ammonia (NHx+H) is due to the role of 

atomic H, there is no considerable role of N-species.26 Radical species are the main 

reacting agents with surfaces in dry cleaning methods.   

 

1.2. Experimental Methodology 

The atomic structure on the surface of a material can assume fundamentally very 

different than the bulk due to the change in equilibrium position and bonding 

reconstruction on the outermost layer26-28 and reaction with the vapor or liquid 
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environment at the surface/vacuum or surface/liquid interface. Ultra high vacuum (UHV;  

total pressure  <  ~10-9 Torr is necessary to minimize gas/surface interactions and 

maintain surface atomic composition of reactive surfaces—such as Si or transition 

metals--over the time necessary to do an experiment. The atomic concentration on the 

surface of a solid is on the order of 1015 cm-2. 26  A gas pressure of 10-6 Torr at a gas 

temperature of 300 K will provide a flux to the surface of ~ 1015 molecules-cm-2-sec-1.26 

Assuming a sticking coefficient is 1, i. e., every molecule which hits the surface absorbs,  

then the surface will be covered with a monolayer of absorbents within a sec. 26, 27 

Hence the unit of gas exposure is called a Langmuir (L) which is 10-6 torr-sec. The 

development of the surface techniques has been successful to detect contamination on 

the surface on the order of 1% of a monolayer.26, 27 To achieve atomically clean surface 

to perform an experiment, the working chamber need to maintain ultra high vacuum 

(UHV) condition; means working pressure of ≤ 10-9 torr, at least for the required period 

of time, often it is not less than an hour.26  

 X-ray photoelectron spectroscopy (XPS) was employed in surface composition 

analysis for this research. The principle of operation for the technique is discussed 

below. 

 

 
1.2.1. X-Ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as ESCA (electron 

spectroscopy for chemical analysis), is used to characterize the chemical composition 

and electronic structure of the surface region of materials (typically, the outermost ~ 50 

Å) for all elements except hydrogen and helium. XPS is a surface sensitive and non 
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destructive surface analytical technique. The modern XPS was developed in the mid 

1960s by K. Siegbahn and his research group.29  Siegbahn won the Nobel Prize in 

physics (1981) for developing the field of electron spectroscopy for chemical analysis of 

molecules and surfaces.  The principle behind the XPS technique involves the detection 

of photoelectrons from (usually) the surface region of a material due to the absorption of 

photons in the UV or x-ray region of the electromagnetic spectrum. The photoemission 

process is illustrated in Figure 1.11. Today XPS and related methods are commonly 

used to address the broad variety of issues involving the electronic and chemical 

structure of the surface regions of materials both in academic and industrial research. 

This derives from the inherent surface sensitivity of the technique under typical 

laboratory conditions, where the inelastic mean free paths of photoelectrons are ~ 10 Å 

– 100 Å27 In XPS, the primary process is ionization and the emission of a core (inner 

shell) electron. If the energy of the excitation photon is known, the electron binding 

energy (BE) of each of the emitted electrons can be determined by using the following 

equation:27 

     (1-3) 

By measuring the kinetic energy of the photoelectron, the binding energy can be 

determined using Eqn. (1-3). Where energy of the incident X-ray photon is Ephoton, 

binding energy of the ejected electron is Ebinding, and kinetic energy of the ejected 

electron measured by the instruments is Ekinetic.  The work function of the spectrometer 

is Φ; need to be mention Φ is spectrometer, not of the material. 

For every element, Ebinding serves as a “fingerprint” as characteristic binding 

energy associated with each core atomic orbital. Typical values for Ebinding in XPS are 

http://en.wikipedia.org/wiki/Electron_binding_energy
http://en.wikipedia.org/wiki/Electron_binding_energy
http://en.wikipedia.org/wiki/Work_function
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between 20 eV and 1100 eV. Additionally, Ebinding is sensitive to the oxidation state of 

the atom and other factors in the chemical environment and shows the "chemical shift" 

effect.  Such “chemical shifts” (ΔEbinding) are typically ~ 0.1 eV – 10 eV, depending on 

the element involved and other factors.  Therefore the XPS spectrum from a mixture of 

elements is the sum of the peaks of the individual constituents. The higher positive 

oxidation state of an element typically exhibits a higher binding energy due to the extra 

coulombic interaction between the photo-emitted electron and the ion core. 

 
Figure 1.11. Photoemission process for one electron model in a solid: (A) R-ray 
photoemission process, (B) Auger emission process. 
 

The strength of XPS lies in its ability to determine chemical shifts with high 

precision, which became possible due to the modern electron energy analyzers. XPS is 

a powerful tool for characterizing both surface elemental composition and chemical 

bonding/electronic structure. XPS is also capable quantitative analysis of the sample27 

because the intensity of the XPS peak is the sum of the concentration of the different 

elements within the sampled region.  

The surface sensitivity of XPS derives from the limited inelastic mean free paths 

(IMFP) for photoelectrons in XPS from the emitted electrons. The IMFP is the average 
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distance travelled by an electron in a solid without undergoing an inelastic collision or 

before losing any chemical information (eqn. 1-3). Such electrons have very short 

inelastic mean free path ~ λ (IMFP) in solids although the X-rays penetrate deep into 

the sample.  The attenuation of photoemission intensity due to an over-layer of 

thickness d generally follows an exponential dependence, (eqn. 1-4):27 

I(d) = I(0) exp (-d/λ)        (1-4) 

Assuming a λ value of 10 Å, for example, an over-layer of 30 Å, will attenuate the 

photoemission signal of the substrate by a factor of e-3, or 95%. 

Depending on the intensity of the photoemission cross section for a given 

element, to ~1% of the surface concentration chemical species (1013 atoms-cm-2) can 

be detected by XPS.  As such, XPS experiments must be conducted under UHV (<10-9 

Torr) to avoid surface contamination, and attenuation of radiation and scattering of 

electrons in the gas phase.27 IMFP values vary somewhat with the density of the 

material through which the photoelectron passes, but are in general a function of the 

photoelectron kinetic energy.  

A typical X-ray photoelectron spectrometer27 is displayed in Figure 1.12.  The 

components consist of an X-ray source for fixed energy radiation, electron energy 

analyzer to measure the flux of emitted electrons of same energy, electron detector, and 

a recorder.   An electron analyzer measures the kinetic energy distribution of the 

emitted photoelectrons. The concentric hemispherical analyzer (CHA) consists of lens, 

entrance slit, two concentric hemispheres held at negative voltages, and an exit slit 

(Figure 1.12). The incident X-rays used in ejecting the electrons has energy that is non-

monochromatic and of accurately known. The X-ray source material must also be a light 
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element since X-ray line widths, which must be as narrow as possible in ESCA, are 

proportional to the atomic number of the source material.  

 
Figure 1.12. Schematic drawing of a XPS spectrometer with a concentric hemispherical 
analyzer. 
 

It is for these reasons that commercial XPS systems typically use two types of X-ray 

source: one is Kα X-rays of aluminum (Al Kα E = 1487 eV) and another is magnesium 

(Mg Kα E = 1254 eV). The emitted photoelectrons will therefore have kinetic energies in 

the range of 0 - 1480 eV or 0 - 1250 eV, respectively. Now the ejected photo-electrons 

are passes through the lens, which has two functions.  The first function is to focus 

photoelectrons emitted from the substrate onto the entrance slit to the analyzer.  

Secondly, the lens retards the photoelectrons to achieve a constant kinetic energy equal 

to the pass energy set in the instrument. Hence the pass energy is the retardation 



 16 

voltage applied in an electron to slow it down and be captured by the detector. The 

difference in voltage between the two hemispheres is set as pass energy (typically 

between 10 and 100 eV).  Fixed Pass energy allows only electrons with a kinetic energy 

equal to the pass energy to get through the analyzer. Given that the fundamental 

energy resolution of modern analyzers does not vary with kinetic energy,  it is much 

easier to detect chemical shifts of ~ 0.5 eV for an electron with 50 eV kinetic energy, 

than for an electron with 1000 eV kinetic energy.  

The incident X-ray source also can execute an Auger process. The auger 

process is complex than XPS. The Auger process for the KLL transition is shown 

schematically in Figure 1.11(B). Excitation of a core (K shell) electron by the XPS 

process will lead to the creation of a hole in the K level. Once the core hole is created, 

the energy can relax by filling the hole by an electron transition from higher level (with 

energy EL1). The energy difference (EK-EL1) is available as excess kinetic energy in the 

system.  The energy liberated in this process may be simultaneously transferred to 

another electron in the same or a more shallow level (e.g. L2,3) as the one that fell into 

the hole.  The second electron is ejected with a characteristic Auger kinetic energy 

independent of the incident excitation. This is called an “Auger” process.30 which is a 

radiation-less relaxation compared to a photon-emitted process. Auger spectra are used 

for elemental analysis but are generally not reliable for chemical shift information 

(electronic structure) of the surface due to the complexity associated with Auger peak. 

  

1.2.2 Take-Off Angle Resolved XPS 

XPS also provides a non-destructive analysis for compositional information as a 
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function of depth. Take-off angle resolved XPS (TARXPS) is shown in Figure 1.13. 

Given λ is the inelastic mean free path (IMFP) of the ejected electron and θ is the angle 

between the sample surface normal and analyzer axis, the escape depth within the solid 

sample is proportional to λcosθ. 27  As θ increases, the effective electron escape depth 

decreases and the analyzed region therefore becomes more surface localized, leading 

to an increase of the surface sensitivity. 

 

Figure 1.13. Schematic of angle resolved XPS: Angle resolved XPS can be used to 
analyze the surface composition as function of depth. 

 
 

The advantages of  TARXPS includes that  it can be applied to films that are too thin to 

be analyzed by conventional depth profiling techniques or polymers that are irretrievably 

damaged by such methods. The information given by the relative peak intensities at 

different θ of a species determines the chemical state at the surface region about 

enriched or depleted.  

 

  



 18 

1.2.3. Thermal Cracker: Dissociation of O2 and NH3 

The UHV-compatible thermal gas cracker TC 50 is shown in Figure 1.14.  

 
Figure 1.14. Mechanism and schematic representation of a thermal cracker. 
 

The function of thermal cracker is to dissociate molecular gases like oxygen, hydrogen, 

ammonia and generating a stream of highly reactive atomic species. The thermal 

cracker available from Oxford Applied Research employs an iridium tube which is 

heated up to 1273
o 

K by electron beam induced heating. The gas line is directly 

connected to cracker tube, thus reducing the gas load and providing a large surface 

area and a long path length. The temperature of the cracker is maintained to ambient by 

direct water cooling system circulating through the head of the cracker which also 

minimize out gassing even at maximum power. The molecular gases are sent through 

the feed then converted to radical species by catalytic dissociation at the Ir surface and 

subsequent desorption as radical species. Dissociation efficiencies vary with species 
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and pressure. The dissociation efficiency of the thermal cracker for molecular O2 was 

monitored using RGA (residual gas analyzer), and it was found ~ 50%. Hence the gases 

deliver from out feed through of the cracker is actually a mix flux of molecular and 

atomic species.  

 

1.2.4 UHV (Ultra High Vacuum): Experimental Chamber 

Experiments were carried out in a system consisting of an ultra-high vacuum 

(UHV) analysis chamber for surface characterization, and a processing chamber 

permitting the exposure of samples to reactive environments (for, e.g. chemical vapor 

deposition, dissociated gases exposures) without compromising the UHV integrity or 

instrumentation in the analytical chamber. This system is shown schematically in Figure 

1.15. The analytical chamber (turbomolecularly pumped, base pressure 1 x 10-10 
Torr) 

consists of a 100 mm mean radius hemispherical analyzer (Vacuum Generators) and 

non- monochromatic X-ray source (Physical Electronics) for acquisition of XPS spectra, 

LEED (low energy electron diffraction) as well as an ion gun (Physical Electronics) for 

sample bombardment/cleaning. The processing chamber (turbo molecularly pumped, 

base pressure 5 x 10-8 
Torr) consists of a precursor dosing apparatus,  a commercially 

available (Oxford Applied Research) thermal catalytic cracker for the generation of free 

radical species compatible with UHV operating conditions. This processing chamber 

can be modified easily according to the experiment desired. The processing chamber 

was equipped with a DC magnetron sputter deposition on the view port when it was 

desired the deposition experiment. Sample temperature in the main chamber is 

controllable between 150 and 1200 K by a combination of liquid nitrogen cooling and 
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resistive heating. Sample transport between chambers occurs via magnetically-coupled 

feed-thru under UHV conditions, with chamber separation accomplished by a 

differentially pumped Teflon seal when the sample is in the main chamber. Sample 

temperature is monitored with a type-k thermocouple attached to the sample holder. 

The pressure in each chamber is monitored by nude ion gauges. 

 
Figure 1.15. System for in-situ atomic oxygen (O + O2 ), molecular oxygen O2, and 
atomic ammonia (H + NHx ) dosing  (molecular and dissociated species) and XPS 
studies of the surface modification on NiSi and Ni(Pt)Si. 
 
 

1.2.5  Direct Current (DC) Magnetron Sputtering 

 Planar magnetron was first introduced by J. S. Chapin in 1974.31 Since then 

magnetron sputtering has found widespread use for the deposition of thin films. 

Actually, the “sputtering process” was first observed by Grove in 1852 as an undesired 

dirt effect.31 Unfortunately, due to the need of reliable and affordable vacuum 
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technology, it took more than one century to gain the benefit of the “sputtering process” 

in industrial label.31  Direct current magnetron sputter deposition allows deposition of 

various materials, i. e., metals, alloys, ceramic, and polymer thin films on the surface of 

various substrate materials for numerous technical application.32 For an example, the 

microelectronic industry uses sputtering as a process deposition of metal and metal 

compounds as diffusion barrier layer, adhesion or seed layers, primary conductors, 

ets.32 Magnetron sputtering is a physical vapor deposition process in which the surface 

of a target (cathode) is bombarded with energetic ions from plasma of inert gases, 

usually Ar+ or Ne+.33 Figure 1.16 shows a schematic of typical magnetron sputter 

deposition process of target material on the surface of a substrate. 

   
Figure 1.16. Discription on dc magnetron sputter deposition process. 

 

In a conventional dc magnetron sputtering discharge, which operates at 1-10 m 

Torr, the majority of ions are the ions of the inert sputtering gas and the sputtered vapor 

is mainly neutral and only a small fraction of the sputtered atoms are ionized (~ 1%). To 

achieve higher flux of the sputtered ions than the flux of the sputtered neutrals, a dc 

magnetron sputtering discharge need to be operate at higher pressure, i. e., at 10-50 
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mTorr with cathode potential of 300–700 eV,  the electron density in the substrate 

vicinity can be achieved in the range 1019 m–3 and the effective electron temperature is 

2–4 eV, with the reasonable ionization mean free path in a order of cm.34 This leads to 

current densities below 100 mA cm−2 and power densities of up to 50 W cm−2. The 

deposition species are vaporized by sputtering from the metal target (the cathode) by 

ion bombardment.  The dc magnetron plasma technique utilizes external magnetic fields 

to enhance and confine the plasma close to the deposition source.   The magnetic field 

can be created by permanent magnets, electromagnets or a combination of both, with a 

magnetic field strength of 0.01-0.1 T32 and the electrons are trapped by this 

configuration. The magnetic field created by this magnet confines ionizing energetic 

electrons near the cathode (metal) allowing the operation at high plasma densities and 

low pressures. Hence this magnetically confined plasma sputter the atoms from cathode 

(metal) target, in other word, the target material is sputtered by the ion bombardment of 

high energy ions accelerated over the cathode sheath potential. This process generates 

secondary electrons as a result of ion bombardment and accelerated away from the 

target surface. To maintain the plasma density in magnetron sputter deposition, there is 

an important role of these electrons. Thus the plasma is efficiently confined near the 

magnetron target, but the substrate usually lies far from the target in weak plasma.   

The major draw back of d. c. sputtering is radiation damage and sample heating from 

the interaction of the plasma with the sample, which can be grounded or held at a bias 

potential with respect to the source.  
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Figure 1.17. The principle of magnetron sputtering. Electrons are trapped by the Lorentz 
force K= e  (v x B) in an inhomogeneous magnetic field, resulting in an enhanced 
ionisation of argon atoms, from ref 31. 
 

The DC magnetron source produces dense plasma in low (m Torr) pressure 

volumes, hence capable of resulting high deposition rate with reduced electron 

bombardment (i. e. less substrate heating) compared to conventional diode sputtering 

system.35-37 
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CHAPTER 2 

OXIDATION OF Ni(Pt)Si BY MOLECULAR VS. ATOMIC OXYGEN∗ 

2.1. Introduction 

The use of nickel monosilicide (NiSi) as a contact material for source, drain and 

gates of CMOS transistors has received considerable recent attention [1,2-8].  The 

addition of Pt to NiSi -- (Ni(Pt)Si) -- is known to improve the thermal stability of the low-

resistivity mono-silicide phase [9], and is therefore of considerable practical interest.   In 

the course of device fabrication, however, the Ni(Pt)Si layer is generally exposed to 

oxidizing conditions, either due to plasma etching, wet etching or air exposure. Since 

metallization requires the preliminary removal of the oxidized over-layer without 

destruction of the underlying silicide, understanding the oxidation of Ni(Pt)Si is of 

technological and fundamental importance.  Previous TEM cross-sectional data [1] have 

indicated that,  in general, the addition of Pt retards oxidation of NiSi in a variety of 

oxidizing environments, resulting in a smaller oxide thickness than on comparable Pt-

free NiSi, and that this retardation effect is observed on As-doped, B-doped and un-

doped substrates. 

An issue of both fundamental interest and practical concern is the chemical 

composition of the oxidized over-layer resulting from different oxidizing treatments.  

Studies of NiSi surfaces exposed to an oxidizing plasma indicate the presence of an 

oxidized Ni feature for samples grown on both p-type and n-type substrates [3,7], 

whereas no oxidized Ni features were observed for samples oxidized under non-plasma 

conditions [7].  This raises the possibility that NiSi and Ni(Pt)Si films exposed to different 

                                                 
∗ This chapter is reproduced with permission from Elsevier from Manandhar, S; Copp, B; Kelber, JA. 
Applied Surface Science 2008, 254, 7486-7493. 
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oxidizing conditions may display chemically dissimilar oxide over-layers, which may 

require different removal procedures prior to metallization or further processing. 

In order to obtain fundamental insight into the evolution of the oxide/Ni(Pt)Si 

interface during the oxidation process, we have carried out XPS studies of the oxidation 

of a clean Ni(Pt)Si surface formed under ultra-high vacuum (UHV) and exposed to 

distinct but controlled oxidizing environments, with the transition from oxidation to XPS 

analysis chamber also occurring under UHV conditions.  The clean Ni(Pt)Si surface 

(200 Å -thick film formed on an As-doped Si substrate) was exposed  to either O2  or 

mixed atomic and molecular oxygen (O+O2) at  ambient temperature.  This report 

concerns the effects of atomic vs. molecular oxidation on the oxidation of a clean 

Ni(Pt)Si surface.  Effects due to the presence/absence of Pt, or substrate p- vs. n-type 

doping, will be discussed in a future publication. 

The results reported here demonstrate that in both molecular and mixed 

molecular+atomic oxygen environments, oxidation at ambient temperature 

(approximately 300-320 K) results in initial formation of a silicon oxide over-layer, and 

formation of metal-rich Pt and Ni silicide substrate phases.  The process is far more 

aggressive in the presence of atomic oxygen, however, where the formation of a Pt 

silicate phase is observed at larger exposures, consistent with previous studies [3,7] of 

Pt-free  NiSi samples exposed to plasma environments.  Importantly, passivation of 

oxygen uptake is readily observed in the presence of molecular oxygen.  In the 

presence of atomic oxygen, however, the rate of oxidation actually increases at longer 

exposures, coincident with the onset of Pt silicate formation.  These data indicate that 

qualitatively different oxidation processes occur at the Ni(Pt)Si surface in molecular 
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compared to atomic oxygen environments, resulting in oxide over-layers of different 

chemical composition. 

 

2.2. Experimental Methods 

Experiments were carried out in an integrated ultrahigh vacuum (UHV) analysis/ 

atomic layer deposition (ALD) processing system. The system consists of a 100 mm 

mean radius hemispherical analyzer (Vacuum Generators) and non-monochromatic x-

ray source (Physical Electronics) for acquisition of XPS spectra , as well as an ion gun 

(Physical Electronics) for sample bombardment/cleaning.  The ALD chamber consists of 

a precursor dosing apparatus, a quadruple mass spectrometer (Stanford Research 

Systems) and a commercially available (Oxford Applied Research) thermal catalytic 

cracker for the generation of free radical species compatible with UHV operating 

conditions.  Sample temperature in each chamber is controllable between 150 K and 

1200 K by a combination of liquid nitrogen cooling and resistive heating.   Sample 

transport between chambers occurs under UHV conditions, with chamber separation 

accomplished by a differentially pumped Teflon seal when the sample is in the main 

chamber.  Sample cleaning and preparation were accomplished by a combination of Ar+ 

bombardment (1 KeV) and annealing in UHV. Sample temperature was monitored with 

a type-k thermocouple attached to the sample holder. 

 The sample, 1 cm x 1 cm, was scored from a Ni(Pt)Si wafer (approximately 200 

Å thick, 5% at. wt. Pt) provided by STMicroelectronics-Crolles. Resistivity 

measurements indicated that the Si substrate was As-doped with a density of ~ 5 x 1015 

cm-3. The sample as received was mounted on a Ta foil which was in turn spot-welded 
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to Cu leads for resistive heating/ liquid nitrogen cooling. Each chamber was 

independently pumped by a turbo-molecular pump, and pressure in each chamber was 

independently monitored by a nude ion gauge out of line of site to the sample. The base 

pressures in the analysis and ALD chambers were 6 x 10-10 Torr and 5 x 10-8 Torr, 

respectively.  

 XPS spectra were acquired with non-monochromatic MgKα radiation, and with 

the analyzer in constant pass energy mode (22 eV).  Analysis of XPS spectra was 

performed according to established methods [11], with commercially available software 

(ESCATOOLS) and Shirley background subtraction.  The analyzer energy scale was 

calibrated against sputter-cleaned polycrystalline Cu foil. Sample peak intensities were 

taken as proportional to the peak area (after background subtraction) and were 

determined by fitting to Gaussian-Lorentzian components. Relative elemental 

concentrations were calculated with corrections for electron inelastic mean free paths. 

[12].  The relative Ni/Si atomic ratio (XNi/XSi) was estimated using the intensities of the 

Ni(2p3/2) and Si(2p) intensity  at 100 eV (Si(2p)100)  according to: 

(1) X Ni/XSi = F
NiSi  (INi

/S
Ni

)/(I
Si

/S
Si

) 

where I and S represent, respectively, the corresponding intensities and atomic 

sensitivity factors appropriate to this analyzer.  The matrix correction factor, FNiSi is 

given by 

(2) FNiSi = ( λNi dNi) /(λSidSi) 

where λ and d represent the corresponding electron inelastic mean free paths and 

atomic number densities.  The relative Pt concentration was estimated in a similar 

fashion. 
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 The inelastic mean free paths (IMFPs) of the photoelectrons were calculated 

according to methods detailed in the NIST database [13].  This leads to decidedly 

longer IMFPs for photoelectrons in SiO2 compared to NiSi, due to differences in 

densities.  Calculated Ni(2p), Si(2p) and Pt(4f) IMFPs in NiSi (density ~ 5.98 g/cm3) are 

9.4 Å, 20.0 Å, and 20.3 Å, respectively,  Corresponding IMFPs in SiO2 (density ~ 2.65 

g/cm3) are 14.1 Å, 30.0 Å and 30.5 Å.   

 The above method for estimating stoichiometries (eqns. 1 and 2) involves some 

error due to the fact that the rather broad Si(2p) feature at 100 eV (Si(2p)100) (Figure 

2.1a) can include contributions from both Pt and Ni silicides [14,15] so that the  relative 

Ni/Si stoichiometry (eqn. 1) is simply a measure of the relative concentrations of Ni and  

total Si in the silicide phases (Ni and Pt) within the surface region.  Nonetheless, the 

measured results (see below) correspond well with literature values [9] for Ni/Si atomic 

ratios at or below 2. 

 Oxygen radicals were generated by the thermal source, consisting of an Ir tube 

heated to ~ 1300 K by electron bombardment to enhance catalytic dissociation of O2.  

The oxygen source was electronic grade O2 (99.999%).  The total oxygen pressure was 

controlled with a manual leak valve and kept constant at 5 x 10-6 Torr. RGA 

measurements of the 32 amu parent peak intensity indicate an O2 dissociation 

efficiency of 45% for the thermal source operating conditions employed in this study.  A 

heat shield and water cooling mitigated temperature increases of samples in the 

chamber.  In our experiments, even though the sample surface was located 

perpendicular to the tube at a distance of 4.25 cm, the rise in sample temperature was 

never more than 20 K, even after prolonged exposure to the free radical flux. 
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 Estimated total oxygen exposures are displayed in Langmuir (L); 1 L = 10-6 Torr-

sec.  During exposure to O+O2, the total oxygen pressure during exposures was kept at 

5 x 10-6 Torr.  During molecular oxygen exposures, the total oxygen pressure during 

exposures was kept at 10-5 Torr.  Calculated exposures have not been corrected for 

different ion gauge sensitivities to atomic vs. molecular oxygen, or for flux to the sample. 

 

2.3. Results 

2.3.1. Formation of a Clean Ni(Pt)Si Monosilicide Surface 

XPS spectra are displayed in Figure 2.1a (Pt(4f), Si(2p) and Ni(2p)) and Figure 

2.1b (C(1s), O(1s))  for the as-received wafer, and after Ar+ sputtering and annealing to 

900 K (for 30 minutes) and after subsequent annealing to 1000 K (for 30 minutes).  

Analysis of the spectra acquired for the as-received sample indicates the presence of 

an oxide over-layer of 17(2) Å average thickness. A Ni(2p3/2) feature (Figure 2.1a, 

bottom trace)  is observed at 853.6 eV binding energy, indicative of the presence of a 

Ni-rich silicide phase (Ni2Si) for the Pt-doped material (Figure 2.2 and ref. [9]).  The 

Si(2p) spectrum for the as-received sample displays a feature near 103 eV and second, 

more intense feature near 100 eV binding energy. XPS studies of Pt-free Ni silicide 

phases report Si(2p) binding energies of 98.85 eV and 98.75 eV for Ni2Si and  NiSi, 

respectively[14], with binding energies of  ~ 100.2 eV for  Pt silicides [15].  We therefore 

attribute the Si(2p) peak near 100 eV  to Si in Pt-doped nickel silicide--i.e., due to both 

Ni and Pt silicides,  with little sensitivity of binding energy to metal/Si stoichiometry.   
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Figure 2.1. (a) Ni(2p3/2), Si(2p) and Pt(4f) spectra of (bottom trace) as-received Ni(Pt)Si 
wafer w/ native oxide, (middle trace) after sputtering and annealing at 900K for 30 
minutes, and (top trace) after annealing at1000K for 30 minutes  (b) Corresponding 
O(1s) and C(1s) spectra. For (a) and (b), intensity scale bars are shown in the bottom 
trace for each element. 
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Figure 2.2.  Variation of Ni(2p3/2) binding energy as a function of Ni/Si stoichiometry 
(XNi/XSi) calculated from XPS intensities. 
 

These assignments are corroborated by the fact that Ar+ sputtering and annealing 

to 1000 K result in the diminution of both the Si(2p) feature near 103 eV, and of the 

corresponding O(1s) signal (Figure 2.1b), and shift of the Ni(2p3/2) peak to higher 

binding energy (Figure 2.1a), while the Si(2p) feature near  100 eV increases in intensity 

with no observable change in binding energy. 

Ar+ sputtering and annealing to 900 K results in a shift of the Pt(4f) spectrum to 

lower binding energy. The Pt(4f7/2) binding energy changes from 73.1 eV to 72.8 eV 

(Figure 2.1a, center trace).  Further annealing in UHV (to 1000 K) restores the Pt(4f) 

spectrum to the binding energy observed for the as-received sample.  During the 

sputtering and annealing process, the O(1s) and C(1s) spectra (Figure 2.1b) and the 

Si(2p)103  feature (Figure 2.1a) are removed or significantly diminished.  Pt(4f7/2) binding 

energies for PtSi have been reported between 72.5 eV and 73.1 eV [14-16], but with 
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corresponding Si(2p) features at binding energies slightly greater than 100 eV [14,15].  

The transition from PtSi to Pt2Si involves only a shift of perhaps 0.4 eV to smaller Pt(4f) 

binding energies [14,15].  We therefore attribute the Pt(4f) spectrum for the as-received  

sample (Figure 2.1a) to PtSi in the near surface region.  Sputtering and annealing to 

900 K evidently results in preferential removal of Si and formation of Pt2Si (or at least 

Pt-rich PtSi).  Annealing to 1000 K in UHV restores the mono-silicide phase. The Si(2p) 

feature near 100 eV (Figure 2.1a, top trace) exhibits an asymmetric broadening to 

higher binding energies, as previously observed for PtSi, and attributed to Pt-related 

loss features [14].  The persistence of observable C and O features even after 

sputtering and annealing (Figure 2.1b) indicates that the Ni(Pt)Si surface is reactive 

even under UHV conditions, with some contamination due to reaction with background 

gases (notably H2O and CO) a constant factor.  

 The XPS data in Figure 2.1 therefore indicate that the as-received sample 

consists of a largely silicon-oxide and carbon-containing over-layer and a Ni2Si 

substrate, with PtSi segregated to the near-surface region.   The surface segregation of 

Pt in the as-received sample is evidenced by the fact that the initial sputter/annealing 

cycle (Figure 2.1a, center trace) results in the formation of a Pt-rich silicide with no 

effect on the Ni silicide composition. Annealing to 1000 K results in a shift of the Ni 

(2p3/2) feature to 854.0 eV, consistent with the formation of a stoichiometric Ni(Pt)Si 

phase, and consistent with a return of the Pt(4f) feature binding energy to that observed 

for the as-received sample [9].  In agreement with the literature [1], the data displayed in 

Figure 2.1 indicate the preferential segregation of Pt to the surface region as a PtSi 

phase. 
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 Quantitative analysis of XPS intensities during various stages of sputter cleaning 

and annealing allowed a correlation to be developed between XPS intensity-derived 

surface stoichiometry (eqns. 1-3)  and Ni(2p3/2) binding energy (Figure 2.2). Although the 

calculated Ni/Si atomic ratio is actually a ratio of total Ni to total Si in both Pt and Ni 

silicide phases, the results are in general accord with literature values [9]. The 

correlation displayed in Figure 2.2 then serves as a useful guide for interpreting 

observed Ni(2p) binding energy shifts in terms of changing surface stoichiometry during 

subsequent oxidation experiments. 

 The x-ray excited valence band spectra for Ni(Pt)Si and Ni2(Pt) Si  are displayed 

in Figure 2.3.   

  
Figure 2.3.  X-ray excited valence band spectra for Ni(Pt)Si and Ni2(Pt)Si. 
 
 
The data show that the Ni-rich silicide exhibits a greater density of occupied states at 

energies just below the Fermi level, with the valence band peak shifting to ~ 2 eV higher 

biding energy. This can be explained as the result of Ni(3d) contributions to the valence 

band, as similar trends are observed in the x-ray excited valence band spectra and 

corresponding DFT-calculated densities of states  of  Ni-poor (NiSi2) and Ni-rich (Ni3Si) 

phases in the absence of Pt [17]. The changes in the valence band densities of states, 
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therefore, can be ascribed to increasing relative Ni content rather than to any changes 

to the Pt phase.  This is not an un-expected result, given the higher IMFP values and 

therefore relative insensitivity to surface composition for photoelectrons with ~ 1250 eV 

kinetic energy. 

 

2.3.2. Oxidation of the Ni(Pt)Si Monosilicide Surface  

The evolution of Ni(Pt)Si core level spectra upon exposure to O+O2 at 5 x 10-6 

Torr total oxygen pressure at ambient temperature is shown in Figure 2.4.  The Ni(2p3/2) 

peak (Figure 2.4, lower left) displays a steady decrease in intensity and shift to lower 

binding energy.   Analogous behavior is observed for the Pt(4f) spectrum (Figure 2.4, 

lower right). The behaviors of both the Pt and Ni core level features are indicative of the 

growth of an attenuating oxide over-layer, combined with the formation of increasingly 

metal-rich silicide phases [9,15].  More complex behavior, however, is exhibited by the 

O(1s) spectrum (Figure 2.4, upper left), and by the Si(2p) spectrum (Figure 2.4, upper 

right).   

A total O+O2 exposure of 1.8 x 104 L  results in the growth of an O(1s) feature 

with a binding energy of 532.5 eV, and a Si(2p) feature with a binding energy of 103.3 

eV, consistent with formation of  SiO2 [16]. At higher O+O2 exposures, however, the 

O(1s) main peak shifts to lower binding energies, and  the spectrum displays a new 

shoulder near 530 eV binding energy.  At these exposures, significant increases in 

intensity are also observed at binding energies between 103 eV and 101 eV in the 

Si(2p) spectrum.   Both changes are consistent with the inclusion of transition metal 
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species in the oxide over-layer [18], and the formation of either a mixed oxide or silicate 

phase [11,16]. 

 
Figure 2.4.  Evolution of Ni(2p3/2) , O(1s), Si(2p) and Pt(4f) XPS spectra with increasing 
exposures to O+O2 at ambient temperature, 5 x 10-6 Torr total oxygen pressure. (i) after 
annealing to 1000 K in UHV (no oxygen exposure); (ii) 1.8 x 104 L; (iii)  4.5 x 104L ; (iv)  
8.1 x 104 L.  
 

 
Figure 2.5.  Evolution of Ni(2p3/2), O(1s), Si(2p) and Pt(4f) XPS spectra upon increasing 
exposures to O2 at ambient temperature at 1 x 10-5 Torr.  (i) after annealing to 1000 K in 
UHV (no oxygen exposure); (ii) 1.2 x 104 L ; (iii) 1.8 x 105 L; (iv) 4.8 x 105 L. 
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The corresponding evolution of Ni, Pt, Si and O core level spectra upon exposure 

to molecular oxygen is displayed in Figure 2.5.  There are qualitative similarities in the 

behavior of the Ni(2p3/2) and  Pt(4f) features (Figure 2.5, lower left and lower right, 

respectively).  In both cases, there is a decrease in peak intensity and shift to lower 

binding energy, consistent with the formation of an oxide over-layer, loss of Si from the 

substrate, and formation of metal-rich silicides [15,16].  The Si(2p) spectrum (Figure 2.5, 

upper right) shows the growth of a feature near 103 eV, as expected for SiO2 formation.  

The intensity of this feature relative to the main Si feature at 100 eV, however, is far less 

than that observed upon oxidation in an O+O2 environment (Figure 2.4, upper right), or 

as-received after exposure to ambient (Figure 2.1a).  The O(1s) spectrum (Figure 2.5, 

upper right), although increasing in intensity, never develops a shoulder near 530 eV, as 

observed upon exposure to O+O2 (Figure 2.4, upper left).   

The change in total O(1s) intensity upon exposure to O2 is compared to the 

corresponding data for exposure to O+O2 in Figure 2.6.  A significantly more rapid 

increase in O(1s) intensity is observed upon exposure to the atomic oxygen-containing 

environment, compared to exposure to molecular oxygen only.   

 
Figure 2.6.  Evolution of total O(1s) XPS intensity as a function of exposure to O+O2  
(filled circles) and exposure to O2 (open circles). Exposure conditions as in figures 2.4 
and 2.5. 
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A close inspection of Figure 2.6 indicates that an enhancement in the rate of 

increase of the O(1s) signal occurs at ~ 4.5 x 104 L O+O2 exposure, at which point the 

O(1s) spectrum displays a shoulder near 530 eV (Figure 2.4, upper left).   In contrast to 

oxidation in the presence of atomic oxygen, exposure to O2 results in a slow increase in 

total O(1s) intensity, with the process approaching passivation at exposures > 2 x 105 L.  

The total O(1s) intensity is far less than observed for much lower exposures to O+O2, 

and there is no increase in the rate of oxygen uptake at larger exposures to O2.   The 

more aggressive oxidation process that occurs in the presence of atomic oxygen is 

reflected in the average oxide over-layer thicknesses derived from the Si(2p)103/Si(2p)100 

intensity ratios.  Results for oxidation by O+O2, O2, and ambient (as received) are 

compared in Table I.  The data show that oxidation in the presence of atomic oxygen 

results in a far greater oxide over-layer  thickness  (23(3) Å) than is observed upon 

either greater exposures to molecular oxygen at 10-5 Torr (8(1) Å) or in the as-received 

sample (exposed to ambient)-- (17(2) Å). Data presented in Figure 2.7a corroborate the 

onset of a new oxidation process in the presence of O+O2 at an exposure of 4.5 x 104 L.  

In Figure 2.7a, the relative intensities (I) of the Ni(2p3/2), Pt(4f7/2) and Si(2p)100 features, 

normalized to the corresponding intensities prior to oxidation (I0), are plotted vs. total 

O+O2 exposure. Corresponding data for exposure to O2 are shown in Figure 2.7b.  The 

data in Figure 2.7a indicate that exposure to O+O2 results in a monotonic decrease in 

Ni(2p3/2) and Si(2p)100 intensities, as expected for a silicide layer being overgrown by an 

SiO2 layer.  At exposures of 4.5 x 104 L and higher, however, no further attenuation of 

the Pt(4f7/2) intensity is observed.   In contrast, corresponding data for exposure to 

molecular oxygen (Figs. 2.5 and 2.7b) indicate slow oxide growth, with gradual 
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attenuation of the Ni, Pt, and Si core level intensities up to exposures of less than 1.5 x 

105 L.  At greater exposures, no change in intensities is observed, indicating passivation 

of the oxidation process under these conditions. 

Table 2.1:  Summary of Results for Ni(Pt)Si Exposure to Different Oxidizing 
Environment  
 

Sample Exposure Oxide 
overlayer 
thickness1(Ả) 

Overlayer 
Composition  

Remarks 

As-received ambient 17(2) Si, O, OH  
O+O2

2 8.1x104 
Langmuir 

23(3) Si,O, OH, Pt Oxidation rate 
accelerates with Pt 
silicate formation, no 
passivation 

O2
3 4.8x105 

Langmuir  
8(1) Si, O, OH Slow growth/passivation 

 

 
Figure 2.7.  Changes in intensities (I) relative to initial values prior to oxidation (I0) for 
Ni(2p3/2), Si(2p), and Pt(4f) spectra vs. total oxygen exposure to (a) O+O2, and (b) O2.  
Solid lines are guides to the eye. 
 

                                                 
1 Average oxide thickness calculated from relative intensities of Si(2p) features at 103 eV binding energy 
and 100 eV binding energy, respectively.  Numbers in parentheses are uncertainties in the last digit. 
2 O+O2 flux generated by pure O2 in a thermal cracker with 45% dissociation efficiency.  Total oxygen 
pressure maintained at 5 x 10-6 Torr.  
3 O2 pressure maintained at  1x 10-5 Torr. 
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2.3.3. Take-Off Angle-Resolved Spectra of Oxidized Surfaces 

A more detailed understanding of the composition of the oxide surface and 

interface regions can be obtained from XPS spectra acquired at different take-off 

angles.  Spectra acquired at “normal emission” (surface normal aligned with the axis of 

the analyzer lens) have a larger sampling depth than spectra acquired with the surface 

normal rotated with respect to the analyzer lens axis, due to geometric shortening of the 

photoelectron escape depth. [19].   Data acquired at normal emission and at more 

surface-sensitive “600 emission” (600 rotation of the surface normal relative to the 

analyzer lens axis) are displayed in Figure 8 for a Ni(Pt)Si surface exposed to 8.1 x 104 

L O+O2.   

 

Figure 2.8.  XPS spectra acquired for a Ni(Pt)Si surface at normal emission( open 
circle) and with the surface normal rotated 600 with respect to the axis of the analyzer 
(grazing emission, solid line) after exposure to 8.1x104 L O+O2.   
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Corresponding data are displayed in Figure 2.9 for a Ni(Pt)Si surface exposed to 

1.8 x 105 L of O2.  The data in Figure 2.8 (upper left) show a significantly lower Ni(2p) 

intensity at 600 emission, indicating a lower concentration of Ni species at the surface 

and near-surface region of the sample.   

 
Figure 2.9. XPS spectra acquired for a Ni(Pt)Si surface at normal emission( open circle) 
and with the surface normal rotated 600 with respect to the axis of the analyzer (grazing 
emission, solid line) after exposure to 1.8x105 L O2. 
 

Similarly data in Figure 2.8, upper right, indicate a higher Si(2p)103/Si(2p)100 intensity 

ratio at 600 emission, as expected for a thin oxide over-layer on top of a silicide 

substrate.  Importantly, however, the maximum of the Si(2p)103 feature exhibits a shift to 

somewhat lower binding energy at normal emission, indicating a greater intensity  in the 

103-101 eV binding energy region for that part of the oxide over-layer closest to the 

oxide/silicide interface.  Similarly, a comparison of the O(1s) spectra (Figure 2.8, lower 
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left) shows increased intensity near 530 eV at normal emission. In contrast, negligible 

change is observed in the Pt(4f) spectrum (Figure 2.8, lower right) upon change in 

takeoff angle, either in total intensity or binding energy.  Changes in both the Si(2p) and 

O(1s) spectra are consistent with the formation of an over-layer with a high 

concentration of metal silicate near the over-layer/silicide interface, but which is 

increasingly SiO2-like at the outer surface of the over-layer.  

The spectra in Figure 2.9 indicate a significantly different composition for the 

oxide over-layer formed in the presence of molecular oxygen only.  The relative 

changes observed for the Ni(2p) (Figure 2.9, upper left) and Pt(4f) (Figure 2.9, lower 

right) spectra  acquired at normal and 600 emission are similar to those observed after 

exposure to O+O2:  there is a notable decrease in Ni(2p) intensity upon going from 

normal to 600 emission, but very little change in the corresponding Pt(4f) spectrum.  

This indicates that Ni concentration is decreased at the surface/near surface region of 

the sample relative to the bulk after exposure to O2.  The behaviors of the O(1s) and 

Si(2p) spectra upon exposure to O2 (Figure 2.9, lower left and upper right, respectively) 

differ significantly from those displayed in Figure 2.8 (O+O2).   The Si(2p)103/Si(2p)100 

intensity ratio after O2 exposure is much lower at both take-off angles than observed 

after exposure to O+O2, indicative a significantly smaller average oxide thickness (Table 

2.1). This is corroborated by the greatly reduced absolute intensities for both O(1s) 

spectra (Figure 2.9, lower left) compared to the corresponding spectra  acquired after 

exposure to O+O2 (Figure 2.8, lower left). Additionally, neither O(1s) spectrum in Figure 

2.9 displays an observable shoulder near 530 eV binding energy. This indicates a lack 

of significant transition metal content anywhere within the oxidized over-layer formed by 
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exposure to molecular O2. The O(1s) spectrum (Figure 2.9) acquired at 600 emission 

displays significantly greater intensity in the 534-532 eV binding energy region than the 

spectrum acquired at normal emission. This suggests hydroxylation of the surface of the 

silica layer.  In contrast, both the normal and 600 emission O(1s) spectra acquired after 

exposure to O+O2 display significant intensity in the 534-532 eV binding energy region, 

suggesting significant OH content. 

 

2.4. Discussion 

The data presented in this report demonstrate that exposure of a clean Ni(Pt)Si 

surface to a mixed atomic/molecular oxygen environment results in a far more 

aggressive oxidation process than occurs upon exposure to O2 , with formation of a 

substantially thicker oxide over-layer than that formed by exposure to O2 or ambient 

(Table 2.I), and with no passivation of the surface up to exposures of  8 x 104 L O+O2 .  

Furthermore, the evolution of the O(1s) spectrum upon exposure to O+O2 (Figs. 2.4, 

2.8) indicates the presence of a partially resolved shoulder at ~ 530 eV, characteristic of 

a transition metal oxide [18] or silicate [11,16].  Notably, the feature at 530 eV is absent 

in O(1s) spectra acquired after exposure to O2 (Figs, 2.5, 2.9) or for the as-received 

sample (Figure 2.1).  The Si(2p) spectra formed upon exposure to O+O2  (Figs 2.4, 2.8) 

demonstrate that, at higher exposures, substantial intensity is observed in the 103-101 

eV binding energy region.  Although this region is associated with Si sub-oxide 

formation, it is also associated with the formation of various metal silicates, including Pt 

[20], Ta [11] and Al [21].  Considering both the O(1s) and Si(2p) spectra acquired after 

exposure to O+O2, the evidence demonstrates the formation of a metal silicate layer.  
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Such a metal silicate layer is not observed after exposure either to O2 (Figs 2.5, 2.9) or 

to ambient (Figure 2.1).  This is entirely consistent with literature reports regarding Pt-

free NiSi exposed to oxidizing plasma environments [3,7], indicating the presence of  

oxidized Ni. 

 At issue, then, is whether the metal in the silicate over-layer is Ni or Pt.  The 

evolution of the O(1s) spectrum during exposure to O+O2 indicates the formation of an 

observable shoulder near 530 eV only for O+O2 exposures of 4.5 x 104 L or higher 

(Figure 2.4).  Data in Figure 7a indicate that at O+O2 exposures > 4.5 x 104 L, there is 

continued attenuation of the Si(2p)100 (silicide) feature, and of the Ni(2p) intensity, but 

that there is no further attenuation of the Pt(4f) intensity.  This is consistent with 

migration of Pt into the oxide over-layer at these exposures, but not the migration of Ni.  

The reaction of Pt and Si(111) under oxidizing conditions to form a Pt silicate layer 

(PtSiO4) has been investigated by XPS [20].  The data in Figure 2.4 indicate that the 

Pt(4f) peak maxima do shift to lower binding energies upon exposure to O+O2, and 

there is also some broadening of the peaks. The Pt(4f) binding energy shifts associated 

with transformation from a Pt silicide phase to a Pt silicate appear to be < ~ 0.8 eV[20]. 

It would certainly be difficult to distinguish such a shift for a Pt(4f) signal with 

contributions from PtSis, Pt2Si and PtSiO4, present at different concentrations [15].  

More telling, however, is negligible attenuation of the Pt(4f) intensity at  600 emission 

(Figure 2.8).  The attenuation of the Pt(4f) intensity (I), for a Pt-containing surface by a 

Pt-free oxide over-layer is given [19] by: 

(3)  I = I0 exp(-d/λ), 
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where d is the average oxide over-layer thickness (23 Å, Table 2.1) and λ is the Pt(4f) 

IMFP in SiO2--30.5 Å at normal incidence (vide supra) and  30.5 cos(600) = 15.25 Å at 

600 emission [19].  Therefore, if  Pt were attenuated by a Pt-free SiO2 over-layer of 23 Å 

average thickness, the estimated decrease in intensity going from normal to 600--due 

solely to the change IMFP because of geometric factors--would be slightly larger than 

50%, which is manifestly not observed (Figure 2.8. lower right).  Such an analysis, of 

course, neglects any inherent decrease in total intensity at larger take-off angles due to 

the angular dependence of the photoemission process [19], which is difficult to 

accurately estimate for a surface of unknown topography.  Any inclusion of this effect, 

however, would lead to an even larger discrepancy between the calculated and 

experimental change in intensities with emission angle.  The fact that significant 

attenuation of the Ni(2p) signal  at 600 relative to normal emission is observed (Figure 

2.8) after exposure of the surface to O+O2, while  negligible corresponding  attenuation 

of the Pt(4f) signal is observed, is additional strong evidence for the existence of a Pt 

silicate phase in the oxide over-layer.  

 There is only a small difference in the Pt(4f) spectra acquired at normal and 600 

emission for the sample exposed to O2 (Figure 2.9).  In that case, however, the average 

thickness of the oxide over-layer is only 8 Å, and the long IMFP for Pt(4f) photoelectrons 

in SiO2 (30.5 Å) would result in an attenuation of total intensity, due to geometric 

factors, of only  ~ 20%.  A small decrease in total intensity of ~ 9 % is, in fact, observed.  

By similar logic, and using a calculated Ni(2p) IMFP value of 14.1 Å , a silica over-layer 

of this thickness would result in a calculated intensity 32 % in going from normal to 600 

emission, due solely to the geometrically-induced decrease of the effective IMFP value 
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to 7.01 Å.  In fact, a 30% decrease of the total intensity of Ni(2p) is observed. In this 

case, the absence of any observable O(1s) feature near 530 eV is evidence that there is 

no significant oxidation of Pt (or Ni) in the presence of pure O2. 

 The formation of a Pt silicate surface layer upon exposure to O+O2 indicates a 

kinetically-limited oxidation process in the presence of atomic oxygen:  the migration of 

Si into the over-layer results in a Si-poor substrate and eventual metal oxidation 

because there are simply too few Si atoms remaining.  Evidence of this is shown in  

Figure 2.10 , which displays the changes in Ni(2p3/2) and Pt(4f7/2) peak binding energies 

upon exposure to O+O2 (Figure 10 a) and upon exposure to O2 (Figure 2.10b).   

 

Figure 2.10. (a) Evolution of Ni(2p3/2) (solid dots) and Pt(4f7/2) (open dots) binding 
energy vs. O+O2 exposure; (b) corresponding data for O2 exposure .  Solid lines are 
guides to the eye. 
 

Although the Pt(4f7/2) feature exhibits a shift to lower binding energies upon 

exposure to O+O2 (Figure 2.10a), the evolution of the Ni(2p3/2) binding energy is 

especially striking, resulting in formation of  an estimated Ni:Si stoichiometry of 2.5:1 

(Figure 2.2).  This, together with the presence of Pt in the oxidized over-layer, indicates 
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that the aggressive oxidation of Si in the presence of atomic oxygen, results in transport 

of Si from the NiSi substrate to the PtSi layer, and eventually into the oxidized over-

layer.  The formation of Ni2.5Si occurs at the same total O+O2 exposure where the 

development of a 530 eV feature in the O(1s) spectra signals the onset of Pt silicate 

formation (Figure 2.4a). Corresponding effects in the presence of pure O2 are much less 

pronounced (Figure 2.10 b). The approach to passivation in the O2 environment (Figure 

2.6) as well as changes in the Pt(4f) and Ni(2p) spectra (Figure 2.5) indicate that 

exposure to molecular oxygen results in some metal enrichment of both the Pt and Ni 

silicide phases, but no metal silicate formation. 

 

 

Figure 2.11.  Schematic of oxidation mechanism in the presence of O+O2 vs. O2. (A) 
Initial exposure to either environment results in Si oxidation, and formation of a SiO2 
over-layer, with metal enrichment of substrate silicide phases.  In the presence of pure 
O2, the process passivates after formation of a 6Ǻ - 8Ǻ thick over-layer. (B) In the 
presence of pure O+O2, oxidation continues, and rapid Si oxidation results in the 
kinetically driven oxidation of Pt.  
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The observation of Pt silicate formation in the presence of atomic oxygen, or of 

Ni silicate formation in the presence of oxidizing plasma treatments of Pt-free NiSi [3,7] 

is evidence that the presence of O free radicals results in extremely aggressive 

oxidation and mass transport of Si from the silicide and into the over-layer, even at 

ambient temperatures.  One might suppose that this difference in oxidation rate is due 

simply to pre-dissociation of O2, but the presence of Pt at the Si surface has been 

shown to catalyze O2 pre-dissociation [10].  The oxidation of Ni(111) by a molecular 

beam of atomic oxygen has been compared to the corresponding oxidation by 

molecular oxygen, [22] and that study concluded that the enhancement of oxidation in 

the presence of  atomic oxygen could not be accounted for simply by pre-dissociation.  

The data presented here strongly suggest that atomic oxygen is able to react at silicide 

surface sites that are not accessible to O2 (or, perhaps, H2O during exposure to 

ambient) as the oxidation process proceeds past the initial formation of SiO2.  It should 

be noted that the more aggressive oxidation rate is associated specifically with the 

presence of atomic oxygen, as exposure to ambient (Figure 2.1a) does not produce a 

silicate phase.  Moreover, the proposed oxidation mechanism is shown schematically in 

figure 2.11 for Ni(Pt)Si, oxidation results in Si depletion from the substrate as the silica 

over-layer is initially formed.   In the presence of pure O2, passivation is observed at this 

point.  Continued aggressive oxidation due to O, however, results in kinetically-driven 

metal oxidation once the substrate phases become sufficiently depleted of Si. The 

passivation of the oxidation process in the presence of pure O2 after formation of a thin 

8Å SiO2 over-layer and continued oxidation in the presence of atomic O (Figure 2.11) 
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suggest that O can react at the silica/vapor interface even when O2 has no further 

surface sites for dissociation. 

 

2.5. Summary and Conclusions  

The evolution of the composition of a clean Ni(Pt)Si surface during exposure to 

O+O2 or to pure O2 environments at 300 K -320 K has been characterized by XPS.  The 

clean Ni(Pt)Si surface was obtained by Ar ion bombardment and annealing in UHV of 

an as- received 200 Å -thick film (5 at.wt. % Pt) formed on an As-doped substrate.  

Exposure to O2 resulted in the growth of a thin SiO2 over-layer that grows slowly and 

approaches passivation with an average thickness 8(1) Å at an O2 exposure of 4.8 x 105 

L.  In contrast, exposure to O+O2 resulted in a greatly enhanced oxidation rate that 

increased at longer exposures (4.5 x 104 L), coincident with the onset of Pt silicate 

formation.  The more aggressive behavior in the presence of atomic oxygen is 

consistent with reported results of metal silicate or oxide formation in films exposed to 

plasma [3,7].  The metal oxidation is due to the drastically greater rate of Si oxidation in 

the presence of atomic oxidation, resulting in the formation of extremely metal-rich 

substrate phases, and the kinetically-limited oxidation of the metal.  In the case of 

Ni(Pt)Si, Pt is oxidized, because of  formation of a Pt surface segregation and formation 

of a PtSi surface layer prior to oxidation.  These arguments indicate that, in the absence 

of Pt doping, Ni silicate formation would be observed, as has been reported [3,7].  

These findings indicate that Ni(Pt)Si surfaces may form relatively thick oxide/silicate 

over-layers upon exposure to oxygen-containing plasmas, with chemical compositions 

(inclusion of metal silicate phases) which  differ substantially from the Si oxide-only 
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composition observed upon exposure to molecular oxygen or ambient.  The presence of 

such metal silicates may demand a different approach to oxide removal prior to 

metallization, while the formation of extremely Ni-rich substrate phases during the 

exposure to atomic oxygen (or plasma) poses the possibility of Ni diffusion into other 

areas of the device upon further annealing. 
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CHAPTER 3 

EFFECTS OF MOLECULAR VS. ATOMIC OXYGEN ON NiSi AND Ni(Pt)Si FILMS 

GROWN ON BOTH p- AND n-DOPED Si(100)∗ 

3.1. Introduction 

NiSi and Pt-doped NiSi (Ni(Pt)Si) films are of wide interest as source, drain and 

gate contacts for advanced transistor structures [1-9].  Understanding the oxidation of 

these surfaces is therefore of practical and scientific importance. Several studies [5, 9, 

10] demonstrate that plasma treatment of NiSi results in Ni oxidation/silicate formation. 

Other work has demonstrated that the presence of Pt retards oxide growth during both 

plasma and plasma-free oxidation [2], but without information concerning the 

composition of the oxide or near-surface substrate, and with ambiguous results 

regarding the effects of substrate doping on oxidation rate or thickness.  Other 

investigators [10,11] report enhanced oxidation, under different oxidizing conditions, for 

NiSi films grown on As-doped substrates. To gain a more precise understanding of the 

effects of Pt addition, substrate dopant type, and oxidizing environment, we have 

carried out detailed XPS studies in which the above effects are directly compared and 

for which oxidation, sample transfer and analysis occur under rigorously controlled 

conditions without ambient exposure. An account of atomic oxygen effects on 

Ni(Pt)Si/n-Si(100)--“n-Ni(Pt)Si”-- has been published elsewhere [12], but the effects of 

more extensive oxygen exposures as well as a comparison to Pt-free films on n- vs.-p-

doped substrates are presented here.  

  

                                                 
∗ This chapter is reproduced with permission from American Institute of Physics, from Manandhar, S and 
Kelber, JA. Applied Physics Letter 2008, 92, 154106. 
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3.2. Experimental Methods 

Experiments were conducted in a two-chamber system. Both chambers--

separated by a gate valve--were turbo-molecularly pumped, with pressure monitored by 

nude ion gauges, and with sample transport between chambers accomplished by 

magnetically couple feed-through. Oxidation studies were carried out in the processing 

chamber (base pressure: 5 x 10-9 Torr) equipped with a commercially available thermal 

gas cracker at a distance of 4.3 cm from the surface of the sample.   Two oxidizing 

environments were studied:  (1) a mixed flux of atomic and molecular oxygen (O+O2) 

produced by the operation of a thermal cracker; and (2) an environment of pure 

molecular oxygen (O2). All oxygen exposures were carried out at ambient temperature 

(300 K - 320 K). O+O2 studies were carried out at a total oxygen pressure of 5 x 10-6 

Torr.  Mass spectra and thermocouple measurements carried out with identical 

sample/cracker configuration and operating conditions in a different chamber [12] 

indicate that sample temperature was consistently < 320 K, with an O2 dissociation 

efficiency of 45%.  O2 exposures were carried out at ambient temperature and at 5 x 10-

6 Torr. Exposures are reported here in Langmuir (L; 1 L = 10-6 Torr-sec), uncorrected for 

flux to the sample or ion gauge sensitivity. 

 The analytical chamber (base pressure 2 x 10-10 Torr) was equipped with a 

commercially available hemispherical analyzer, polychromatic x-ray source, LEED and 

ion sputter gun, and has been described previously in detail [13].  Spectra were 

acquired at fixed analyzer pass energy (22 eV) with the MgKα source operated at 15 

kV, 300 W.  The spectrometer energy scale and work function were calibrated against 
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sputtered polycrystalline Cu [14].  XPS data analysis was carried out with commercially 

available software (ESCATOOLS), according to standard methods [12, 13, 15]. 

 Ni(Pt)Si and NiSi films, deposited on Si(100) substrates, were provided by third 

parties.  Substrate dopant type and concentration were determined from 4-pt probe 

resistivity measurements. The Ni(Pt)Si sample (5 wt. % Pt) was grown on a As-doped 

substrate at a level of 5.0 x 1015 cm-3.  The NiSi samples were formed on As- or B-

doped substrates with dopant levels of 5.0 x 1018 cm-3 and 2.6 x 1019 cm-3   respectively.  

1 cm2 samples were scored from the as-received wafers.  As-received samples were 

restored to a vicinal condition by a combination of Ar+ sputtering and annealing in UHV.  

These procedures, as well as the methods used to calculate Ni (or Pt)/Si ratios and 

oxide film thicknesses from XPS data are discussed elsewhere [12].  XPS spectra (not 

shown) of the vicinal Ni(Pt)Si surface revealed the presence of a PtSi-enriched surface 

region, consistent with literature reports [1, 8].  

 

3.3. Results 

3.3.1. O(1s)/Si(2p) Intensity Ratios vs. Oxygen Exposure 

The changes in O(1s)/Si(2p) intensity ratios vs. exposure are shown in Figure 3.1 

for n-Ni(Pt)Si, n-NiSi and p-NiSi exposed to both O+O2 and O environments.  O+O2 

exposures at 4.5 x 104 L  yielded total oxide thicknesses, determined from relative 

oxidized Si(2p) and unoxidized Ni(2p3/2) intensities,  of  41(4) Å on n-NiSi, 45(4) Å on p-

NiSi, and 28(3) Å (uncertainty of last digit in parentheses).  At larger exposures, 

accurate estimation of oxide thickness becomes increasingly problematic due to 

attenuation of substrate features and increasing transport of Ni into the oxide over-layer.  
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Although the rate of oxidation in an O+O2 environment is significantly decreased by the 

presence of Pt, there is no evidence of passivation.   

 

Figure 3.1.  Ratio of total (1s) to total Si(2p) intensities vs. exposure to O+O2  or O2 at 
ambient temperature:  (■)--n-NiSi/O+O2; (▲) p-NiSi/O+O2;  (●) n-Ni(Pt)Si/O+O2; (�) n-
NiSi/O2; (Δ) p-NiSi/O2; (ο) n-Ni(Pt)Si/O2. Arrows mark initial observation of a ~ 530 eV 
O(1s) shoulder indicative of metal oxidation.   
 

No passivation of oxide growth is observed for any sample in an O+O2 environment, in 

contrast to observed passivation for all samples in O2 after formation of 6Å - 7Å thick 

oxide over-layers.  The type of doping,  however, yields no significant difference in 

oxidation behavior for O+O2 exposures <  4.5 x 104 L, and perhaps a slight relative 

increase for n-NiSi vs. p-NiSi at larger exposures.   

 

3.3.2. O+O2 vs. O2 Exposure on n-NiSi 

XPS core level spectra for n-NiSi are shown in Figure 3.2 for exposures to O+O2 
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and O2 environments.  Essentially identical spectra were observed for p-NiSi, and 

similar spectra for Ni(Pt)Si have been published [12].  In the presence of O+O2, Si(2p) 

spectra (Figure 3.2, left, top) show initial formation of a broad  feature at 103-102 eV 

and an O(1s) feature with a maximum at 532 eV, but with a pronounced shoulder near 

530 eV.   

 
Figure 3.2.  Evolution of XPS Si(2p) (top), O(1s) (middle) and Ni(2p3/2)(bottom) spectra 
during exposure to O+O2 (left) or O2 (right).  Insert (bottom, left) displays expanded view 
of Ni(2p3/2) spectrum after exposure to 6.3 x 104 L O+O2.  Arrow marks higher binding 
energy feature characteristic of Ni(II). 
 

The broad feature with a maximum at 103 eV - 102 eV is consistent with SiO2, metal-

silicate, and sub-oxide formation [10, 14].  The feature near 532 eV is also consistent 
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with SiO2 formation, but the pronounced shoulder near 530 eV indicates the presence of 

a transition metal oxide in the over-layer [14, 16].  Importantly, the feature near 530 eV 

is observed for all samples exposed to O+O2, and none exposed to O2, even for as-

received samples exposed to ambient.  Importantly, the feature near 530 eV is 

observed for all samples exposed to O+O2, and none exposed to O2, even for as-

received samples exposed to ambient.  This indicates that the formation of oxidized 

metal species is specific to the presence of atomic oxygen.  The Ni(2p3/2) spectrum 

(Figure 3.2, bottom left)  decreases significantly in intensity, consistent with rapid 

formation of a relatively thick silica over-layer.   At higher exposures (Figure 3.2, bottom 

left, insert) a high binding energy shoulder indicative of Ni(II) is clearly present (arrow). 

In contrast, negligible changes in Ni(2p3/2) binding energy or intensity are observed 

upon exposure to O2. 

 

3.3.3.  Changes on Ni(2p3/2) Peak Maximum Binding Energies on Exposure to O+O2 or 
O2 for Both Surfaces  

 
Further insight into the mechanisms of oxidation in O+O2 vs. O, and the effects of 

Pt,  can be gained from Figure 3.3, which compares the changes in Ni(2p3/2) peak 

maximum binding energies as a function of exposure to O+O2 or O2 for n-NiSi and n-

Ni(Pt)Si. (Data for p-NiSi are essentially identical to those for n-NiSi and are not 

displayed here.).  Exposure to either oxidizing environment results in an initial shift of 

the Ni(2p3/2) binding energy to lower values, indicating relative Ni enrichment of the 

silicide phase 8. Exposures to O+O2 > ~ 2.8 x 104 L (Figure 3.3a) then yield a steady 

increase in Ni(2p)3/2 binding energy, consistent (Figure 3.2) with the formation of 

oxidized Ni.   A similar process is observed for O+O2/n-Ni(Pt)Si (Figure 3.3a), but 
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shifted to higher O+O2 exposures, consistent with Pt-induced reduction of the oxidation 

rate, but not total inhibition.  Indeed, the onset of Ni oxidation in this sample, (> 6 x 104 

L, Figure 3.3a) corresponds to a perceptible increase in oxide thickness (arrow, Figure 

3.1). In contrast to effects of O+O2 exposure, exposure of either n-NiSi or n-Ni(Pt)Si to 

O2 results in relatively slight decrease in Ni(2p3/2) peak maximum binding energies, with 

O2 exposures >  ~ 3 x 104 L (n-Ni(Pt)Si) or ~ 4.5 x 104 L  (n-NiSi) yielding no further 

change in binding energy or (Figure 3.1) oxide thickness. 

 

Figure 3.3.  Evolution of Ni(2p3/2 ) peak binding energy as a function of exposure to (a) 
O+O2 : (o) n-NiSi; (●) n-Ni(Pt)Si or (b) O2 : ( ) n-NiSi; (■) n-Ni(Pt)Si. 
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3.4. Discussion and Conclusions 

Data presented here (Figure 3.1) demonstrate the p- vs. n-doping has no 

significant effect on NiSi or Ni(Pt)Si oxidation at room temperature in either O+O2 or O2 

environments, except possibly at very large O+O2 exposures where some preferential 

oxidation of n-NiSi occurs. This is not inconsistent with the literature, as reports of 

abnormal oxidation of NiSi 10,11 and CoSi2 [17] on n-doped substrates involve 

exposure to elevated temperature (> 473 K) during or immediately after the oxidation 

step, whereas the studies reported here were carried out at < 320 K, where mass 

transport effects are less pronounced. 

 The data (Figure 3.1) demonstrate that the presence of atomic O results in an 

enhanced initial oxidation rate relative to exposure to pure O2, with formation of 

significantly thicker oxide over-layer that contains oxidized metal (Figure 3.2), and which 

does not exhibit passivation. The presence of Pt significantly retards but does not 

altogether inhibit the oxidation process (Figure3.1), consistent with the formation of a 

PtSi-enriched surface region prior to oxidation [1, 8, 12].  Pt oxidation occurs first, as 

indicated by the formation of a 530 eV shoulder in the O(1s) spectrum (not shown, see 

ref. 12 ) at O+O2  exposures < 4 x 104 L, followed eventually by Ni oxidation (Figure 3.3) 

at exposures > ~ 6.5 x 104 L.   

 Formation of a SiO2 over-layer passivates further oxidation by O2, but not by O 

(Figure 3.1), resulting in the kinetically-driven oxidation of Pt and/or Ni as the silicide 

substrate becomes metal rich.  The fundamentally different oxidation process observed 

in the presence of atomic O is unlikely to be due to preferential O vs. O2 diffusion 

through the SiO2 over-layer [18, 19] and may instead reflect a greater availability of 
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reaction sites for O than for O2 at the oxide surface. The formation of a metal-containing 

oxide layer in atomic O environments (plasmas) may have practical implications in 

addition to metal consumption. Metallization steps, for example, require the prior 

removal of the surface oxide, but chemical processes such as the NH3/NF3 clean are 

optimized for removal of SiO2, rather than transition metal oxides [4, 20], and ion 

sputtering methods may erode additional substrate. 
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CHAPTER 4 

MECHANISM STUDY ON OXIDATION OF NiSi AND Ni(Pt)Si:  MOLECULAR VS. 

ATOMIC OXYGEN ∗ 

4.1. Introduction 

NiSi and Pt-doped NiSi (Ni(Pt)Si) are of significant interest for source, drain and 

gate metallization for the 65 nm node and beyond [1].  Previous studies of NiSi [2-4] 

demonstrate that plasma processing results in Ni oxidation.  XPS data acquired after 

oxidation, but without uncontrolled sample exposure to ambient, can yield considerable 

insight into the mechanisms of oxidation in different environments.  The data presented 

here compare the response of NiSi and Ni(Pt)Si to O+O2 (i.e., combined atomic and 

molecular oxygen flux) vs. pure O2 environments at ambient sample temperature (300 K 

-320 K).  This account compares only films formed on n-doped Si(100) substrates.  A 

detailed account of Ni(Pt)Si oxidation is presented elsewhere [5], while possible effects 

of p- vs. n-substrate doping will be dealt with in a future publication.  Studies were 

carried out with controlled sample transfer under vacuum between processing and 

analytical environments.  This is in contrast to some previous studies [1,3,4,6] and 

permits a greater degree of control of initial surface composition, and therefore a more 

detailed understanding of relevant surface chemistry. 

 

4.2. Experimental Methods 

Studies were carried out in a system comprising separate processing and 

                                                 
∗ This chapter is adapted from Manandhar, S; Copp, B; Vamala, C; and Kelber, JA.  Oxidation of NiSi and 
Ni(Pt)Si: molecular vs atomic oxygen, in Synthesis and Metrology of Nanoscale Oxides and Thin Films, 
edited by V. Craciun, D. Kumar, S.J. Pennycook, K.K. Singh; Mater. Res. Soc. Symp. Proc. 2008, 1074E, 
1074-I03-04. 
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analysis chambers.  The turbo-molecularly pumped analysis chamber (base pressure = 

2 x 10-10 Torr) was equipped with a hemispherical analyzer, polychromatic dual anode 

x-ray source, ion gun for sample cleaning, reverse-view LEED, and sample 

heating/cooling capability (150 K -1300 K).  The turbo-pumped processing chamber 

(base pressure = 5 x 10-9 Torr) was equipped with a thermally shielded catalytic cracker 

for producing free radicals by dissociation on the inner surface of an Ir tube heated to 

1300 K by electron bombardment.  Pressure in each chamber was monitored by a nude 

ion gauge out of line of site to the sample, and gases were admitted to the chamber 

through manual leak valves. The chambers were isolated by a gate valve, and sample 

transport between chambers occurred with a magnetically-coupled feed-through, with 

the system mounted on a Ta sample holder.  

 XPS spectra were acquired at fixed analyzer pass energy (22 eV) with MgKα 

radiation (15 kV, 300 W), and with the sample normal aligned with the analyzer axis.  

XPS spectra were analyzed with commercial software (ESCATOOLS) according to 

standard methods [7-9].  The distance between sample and source was 4.3 cm. 

Exposure to O+O2 occurred at a total oxygen pressure of 5 x 10-6 Torr. Sample 

temperature and mass spectral measurements under these conditions (carried out in a 

separate chamber) indicated negligible temperature rise during operation of the thermal 

cracker (maximum temperature, 320 K), with an O2 dissociation efficiency of 45%. 

Exposures to O2 were carried out at 10-5 Torr, ambient temperature. Exposures are 

reported in Langmuir (L); 1 L = 10-6 Torr-sec, and are not corrected for differing ion 

gauge sensitivities or flux to the sample.  Both NiSi and Ni(Pt)Si (5 a.w. % Pt)  consisted 

of  films ~ 200 Å thick on n-doped Si(100) substrate wafers.  Individual 1 cm2 samples 
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were scored from wafers.  As-received samples, oxidized by previous exposure to 

ambient, were restored to clean, stoichiometric surface composition by a process of Ar+ 

sputtering (1 keV) and annealing in UHV ( < 1000 K).  A more detailed account of this 

cleaning procedure, and analysis of surface stoichiometry, is presented elsewhere [5]. 

 
 
Figure 4.1. The UHV/XPS system used in this study. The system is equipped with XPS 
and LEED. 
 
 
 
4.3. Results 

 Evolution of  the total O(1s)/Si(2p) intensity ratio as a function of exposure of 

both NiSi and Ni(Pt)Si to O+O2 and to pure O2 are shown in Figure 4.2 and compared to 

O2 exposures for both NiSi and Ni(Pt)Si.  The data show that the presence of atomic 

oxygen induces more rapid oxidation than molecular oxygen.  Oxide thicknesses 

derived from XPS intensities [5] for 4.5 x 104L O+O2 exposure are 41(3) Å and 28(3) Å 
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for NiSi and Ni(Pt)Si, respectively. (The number in parenthesis is the uncertainty in the 

final digit.)   

 

Figure 4.2.  Increase in O(1s)/Si(2p) XPS intensity ratio for n-NiSi and n-Ni(Pt)Si vs. 
exposure to O+O2  and to O2 (bottom curve). Exposure conditions; (O+O2)-- PO+O2 = 5 x 
10-6 Torr, ambient temperature (300 K - 320 K);  (O2)--PO2 = 5 x 10-6 Torr, ambient 
temperature. 
 
 
In contrast, exposure of Ni(Pt)Si or NiSi to pure O2 yields a limiting oxide thicknesses of  

only 7(1) Å. These data indicate that the presence of Pt significantly retards oxidation in 

the presence of atomic oxygen, but makes little difference in total oxide thickness in the 

presence of pure O2 under these conditions.  

 Additional insight concerning the nature of the oxidation process can be obtained 

from the individual core level XPS spectra, displayed in Figure 4.3 for NiSi and in Figure 

4.4 for Ni(Pt)Si.  Ni(2p) spectra acquired after NiSi exposure to O+O2 (Figure 4.3, top) 

indicate the presence of Ni in an oxidized state, as evidenced by a shoulder near 855.5 

eV binding energy, while a peak in the O(1s) spectrum near 530 eV (Figure 4.3, top) is 

indicative of metal oxide or silicate formation [10].  No evidence of either Ni oxide or an 
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O(1s) feature at 530 eV is observed for NiSi samples exposed to pure O2 (Figure 4.3, 

middle) or after exposure to ambient (not shown).   

 
Figure 4.3.  XPS core level spectra for NiSi after O+O2 exposure (4.5 x 104 L; top trace), 
after O2 exposure (4.5 x 104 L; middle trace) and prior to any oxidation (vicinal surface; 
bottom trace).  Exposure conditions as in Figure 4.2.  Scale bars denote counts per 
second. 
 
 
Similar results are observed for Ni(Pt)Si (Figure 4.4). Exposure to O+O2 yields a feature 

at 530 eV indicative of metal oxidation.  However, there is no evidence of an oxide-

related feature in the Ni(2p) spectrum.  The reason for this is that, in the Ni(Pt)Si sample 

after cleaning and annealing in UHV, the surface layer is heavily enriched in Pt, forming 

a PtSi-like layer [1,5]. The Pt(4f) spectrum is somewhat broad, and, as binding energies 

for the various Pt silicide and oxide phases fall within the same binding energy region 

[10,11], the lack of a distinct oxide-related feature is understandable.  The presence of a 

strong 530 eV feature in the O(1s) spectrum, combined with an absence of any 

observable Ni oxidation, is evidence that oxidized Pt is present at the surface after 

exposure to atomic oxygen.   
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Figure 4.4.  XPS core level spectra for Ni(Pt)Si) after O+O2 exposure (4.5 x 104 L; top 
trace), after O2 exposure (4.5 x 104  L; middle trace) and prior to any oxidation (vicinal 
surface; bottom trace).  Exposure conditions as in Figure 4.2.  Scale bars denote counts 
per second.  
 

Notably, however, no ~530 eV  O(1s) feature is observed for Ni(Pt)Si after exposure to 

molecular oxygen (Figure 4.4) or to ambient (not shown). 

  

4.4. Discussion 

The data show that the presence of oxidized metal is specifically due to the 

presence of atomic O.  No O(1s) feature at 530 eV is observed for either NiSi or Ni(Pt)Si 

after exposure to either molecular oxygen or to ambient.  In the case of NiSi, there is 

clear evidence (Figure 4.3) for the presence of oxidized Ni after exposure to O+O2.  For 

Ni(Pt)Si, no oxidized Ni is observed, and the presence of oxidized Pt is inferred from the 

O(1s) feature at 530 eV, due to the complexity of the Pt(4f spectrum) [5].  The presence 

of a surface layer containing an oxidized transition metal species--Ni or Pt--is certainly 

consistent with previous reports in the literature [2,6] of Ni silicate or Ni oxide formation 
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upon exposure to plasmas, even those nominally oxygen--free.  The formation of a 

metal silicate in the presence of atomic oxygen is due to the significantly enhanced rate 

of oxidation by this species (Figure 4.2).  As shown schematically in figure 4.5 for 

Ni(Pt)Si, oxidation results in Si depletion from the substrate as the silica over-layer is 

initially formed.   In the presence of pure O2, passivation is observed at this point.  

Continued aggressive oxidation due to O, however, results in kinetically-driven metal 

oxidation once the substrate phases become sufficiently depleted of Si. The passivation 

of the oxidation process in the presence of pure  O2 after formation of a thin ~7Å SiO2 

over-layer and continued oxidation in the presence of atomic O (Figure 4.5) suggest that 

O can react at the silica/vapor interface even when O2 has no further surface sites for 

dissociation. 

 

 

 

Figure 4.5.  Schematic of oxidation mechanism. The presence of atomic oxygen results 
in depletion of substrate Si, and kinetically controlled oxidation of the metal. 
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 The extremely aggressive oxidation process observed in the presence of atomic 

oxygen poses two practical difficulties for further processing: 

1) The presence of a metal oxide/silicate over-layer:  Oxidized layers must be 

removed prior to metallization to minimize contact resistance, and to provide a 

uniform, reactive interface for metallization reactions.  The NH3/NF3 process is 

effective for the removal of SiO2 [12], but the reduction/removal of transition 

metal silicates by this method has yet to be demonstrated.  While kinetic 

methods (e.g., Ar plasma sputtering) may serve in this respect, low levels of 

oxygen contaminants or over-etching are obvious problems. 

2) The formation of metal rich silicides:   Formation of metal-rich silicides 

(particularly Ni silicides) due to preferential Si diffusion from the substrate to the 

oxidizing region presents a problem in that annealing to moderate temperatures 

in UHV can restore the silicide phase to stoichiometry [5].  This of course results 

in Ni out-diffusion into other areas of the device.  Therefore, aggressive oxidation 

will almost inevitably result in additional, unwanted Ni diffusion into other areas of 

the device.  

 

4.5. Summary and Conclusions 

XPS has been used to characterize the oxidation of n-NiSi and n-Ni(Pt)Si to O2 

and O+O2 environments at ambient temperature.  The presence of atomic oxidation 

results in a greatly enhanced oxidation rate, resulting in the formation of metal-rich 

silicide substrates, and the kinetically-driven formation of Ni silicate (on NiSi) or Pt 

silicate (on Ni(Pt)Si)  in the oxide over-layer.  The presence of Pt significantly limits the 
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oxide/silicate thickness achieved under these conditions (Figure4.2).  The metal silicate 

layer may be difficult to remove compared to a thin SiO2 over-layer. Further, the 

formation of a silicate is coupled with the formation of metal-rich silicide substrates that, 

upon annealing may release Ni (or Pt) for diffusion into other areas of the device. 
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CHAPTER 5 

NiSi AND Ni(Pt)Si: REDUCTION BY ATOMIC SPECIES∗ 

5.1. Introduction 

Recent surface science studies on atomically clean silicide surfaces under 

ultrahigh vacuum (UHV) conditions have begun to yield a more detailed understanding 

of the effects of plasma and free radical environments on NiSi and Ni(Pt)Si surface 

chemistry.    O2 interactions with atomically clean Ni(Pt)Si 1, 2  result in formation of a ~ 7 

Å thick SiO2 film which inhibits further oxidation.  Atomic oxygen (O) induces initial SiO2 

formation followed by continued oxidation and the kinetically driven oxidation of Pt, 

formation of a thicker silicon oxide/metal silicate layer, and Ni-rich silicide formation in 

the substrate.  The formation of Ni-rich silicides poses the potential problem of 

thermally-induced Ni diffusion to other areas of the device.  Similar chemistry is 

observed on NiSi substrates, whether p- or n- doped3  without any evidence of 

passivation in the presence of atomic oxygen. Detailed studies of the effects of atomic 

vs. molecular oxygen on oxidation of NiSi and Ni(Pt)Si on p – and n-doped substrates 

have been discussed in previous chapters (chapters 2- 4). The results demonstrate that 

the doping of the Si substrate has a negligible effect on atomic oxygen-induced 

oxidation, and that the presence of Pt slows, but does not inhibit this process. 

Here I present detailed XPS studies of the effects of free radical reducing (H + 

NHx : dissociated NH3) environments on chemical composition of NiSi and Ni(Pt)Si. The 

result presented here are only for silicides formed on n-doped Si substrates.  

Importantly, these studies have been carried out under conditions of controlled transport 

                                                 
∗ Portions of this chapter are adapted from Manandhar, S and Kelber, JA. TechCon 2009. 
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between the reaction and analysis environments, thus permitting a detailed analysis of 

the evolution of surface chemical composition as a function of free radical-induced 

oxidation or reduction.   

 

5.2. Experimental Methods 

XPS experiments were performed in an ultra-high vacuum (UHV) system 

described previously in detail in previous chapters.  Briefly, the system consists of an 

analysis chamber (working pressures; 3–6 x 10-10 Torr) and sample introduction 

chamber (base pressure, 5 x 10-8 Torr).  Transfer of samples between chambers was 

accomplished with a magnetically coupled feed through without atmospheric exposure.  

Sample temperature in the analytical chamber was controlled by a combination of liquid 

nitrogen cooling and resistive heating between 150 K and 1200 K, with sample 

temperature monitored by a type K thermocouple mounted just below the base of the 

sample transfer platform.   

XPS spectra were acquired with polychromatic Mg Kα radiation with the source 

operating at 15 kV and 300 W and the hemispherical analyzer operated in constant 

pass energy mode (22 eV).  Methods of data acquisition and analysis have been 

described previously.1  A thermal cracker (Oxford Applied Research) was used for 

dosing with O2 or (O + O2) and NH3 or activated NHx (x=1, 2) + H.   Thermal shielding 

resulted in negligible increase in sample temperature.  The source was operated at O2 

or NH3 total pressures of 5 x 10-6 Torr, resulting in dissociation efficiencies of ~45%, and 

therefore producing fluxes of molecular and atomic species (O+O2 or NHx+H) at the 

sample surface.1 
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Relative elemental concentrations were calculated with corrections for electron 

inelastic mean free paths, as discussed in chapter 2.  Exposures are reported here in 

terms of Langmuir (L); 1 L = 10-6 Torr-sec, using recorded total oxygen or NHx/H 

pressures, uncorrected for ion gauge sensitivity or flux to the surface. 

  One cm2 samples were scored from NiSi and Ni(Pt)Si each wafer. Prior to each 

experiment, an atomically clean NiSi or Ni(Pt)Si surface was obtained by combination of 

Ar+ sputtering and annealing in UHV, as described in previous chapters. Once the 

vicinal surface was obtained both NiSi and Ni(Pt)Si mono-silicide surfaces were 

followed controlled oxidation by exposure of 8.1x104 L atomic oxygen (i. e., flux of O+O2 

) for NiSi and 11.7 x 104  L total atomic oxygen for Ni(Pt)Si to obtain thick oxides (> 35 Å 

total thickness). This oxide is the total thickness of SiO2/metal oxide/metal silicate 

layers. After obtaining the known thickness of total oxide on both n-doped substrates 

(NiSi and Ni(Pt)Si) are used to study the effect of dissociated NH3 (atomic NHx + H) at 

room temperature.  

 

5.3. Results 

5.3.1. Reduction of the Metal Oxide/Silicate Layer 

Effects of NHx+H exposure on a mixed oxide/silicate layer (formed by NiSi 

exposure to O+O2) are displayed in Figure 5.1. No N(1s) signal was observed, 

indicating that either N-containing species did not react with the surface, or were rapidly 

removed by atomic H, and that atomic H was the principal reducing agent.  Figure 5.1 

(bottom trace, left) shows that the initial O(1s) spectrum of the oxidized surface consists 

a metal oxide/silicate peak at 530 eV along with SiO2 peak at 532.5 eV.  
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Figure 5.1.  Evolution of core level XPS spectra for a n-NiSi surface pre-oxidized by 
exposure to 8.1 x 104 L O+O2 followed by varying exposures to  dissociated NH3 (NHx 
+H) at ambient temperature.  (a) O(1s) before NHx + H exposure (bottom trace); 
(b)corresponding Si(2p) spectra; (c) corresponding Ni(2p3/2) spectra.  After NHx + H 
exposure are the middle and top traces. Scale bars in spectra in bottom trace also apply 
to corresponding figures in middle and top traces. 
 
 

Similarly the Si(2p) spectrum (Figure 5.1 bottom trace, middle) shows a broad 

peak at 101-104 eV consistent with SiO2 and silicate formation.1-3 The Ni(2p3/2) 

spectrum (bottom trace, right) consists a broad peak including both NiSi and NiO. An 

exposure of 90 L NHx+H, yields dramatic reduction of the peak at transition metal 

oxide/silicate feature at 530 eV of the O(1s) spectrum (Figure 5.1 middle trace, left), but 

no change in the SiO2-related feature at 532.5 eV. 270 L NHx +H exposure yields further 

reduction of the 530 eV peak, but no change in the feature near 532.5 eV, indicative of 

the failure of atomic H or NHx to reduce SiO2  at room temperature. Effects of annealing 

the partially reduced sample in UHV (500 K), and then in NHx +H (1000 K) are shown in 

Figure 5.2.   
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Figure 5.2.  Comparison of evolution of (a) O(1s), (b) Si(2p) and (c) Ni(2p3/2) XPS 
spectra on n-NiSi surface  after reduction with 270 L N+NHx at ambient 
temperature(bottom trace), followed by annealing in UHV to 500 K for 15 min (middle 
trace), then a subsequent exposure to 90 L NHx +H at 1000 K (top trace).  Scale bars in 
(a), (b) and (c) bottom trace apply to corresponding spectra in middle and top traces. 
 

Complete reduction of the SiO2 is observed upon annealing to 1000 K in the presence  

of NHx+H.  These data are consistent with the observed behavior of SiO2 upon 

exposure to H, with reduction observed only for T >750º C.4 Ni(Pt)Si exhibits similar 

behavior upon exposure to NHx+H at room temperature (Figure 5.3).   The Ni(Pt)Si 

surface, oxidized by exposure to 11.7 x 104 L O+O2 at room temperature (Figure 5.3, 

bottom trace) is then exposed to 90 L NHx +H at room temperature (middle trace) and 

then to a total of 270 L NHx+H at room temperature (Figure 5.3, top trace).   
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Figure 5.3  Comparison of evolution of (a) O(1s), (b) Si(2p), (c) Ni(2p3/2) and (d) Pt(4f) 
XPS spectra on Ni(Pt)Si surface after oxidation with 11.7 x 104  L total oxygen 
exposure(bottom trace).  Then reduction of the oxidized surface with increasing 
exposures to N+NHx : 90L total (middle trace);  270 L (top trace).  
 

Reduction of the transition metal-oxide phase, but not the silica phase, is 

evidenced by reduction of the O(1s) feature near  530 eV, while the feature near 532.5 

eV remains unchanged (Figure 5.3a), as does the Si(2p) feature near 103 eV 

corresponding to SiO2 (Figure5.3b).  Similarly, exposure to NHx +H results in shifts of 

Ni(2p) and Pt(4f) peak maxima (Figures 5.3c and 5.3d, respectively) to lower binding 

energies, consistent with reduction of the transition metal oxide phases and formation of 

metal rich silicide phases.   

 

5.4. Conclusions 

 Exposure of the oxide/silicate phase to NHx +H at room temperature results only 

in the reduction of the metal oxide phase, with no nitrogen incorporation, leaving the 

silica phase intact.  Silica reduction is observed only upon NHx +H exposure at 1000 K, 

consistent with reported4 results for atomic H reduction of SiO2 as being 
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thermodynamically controlled and significant only above 750º C.  These data therefore 

indicate that exposure of NiSi or Ni(Pt)Si to plasmas, even nominally oxygen-free but 

containing impurities, can result in rapid silicide consumption and transition metal 

oxide/silicate formation, and possibly requiring novel chemical reduction methods prior 

to metallization. 
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CHAPTER 6 

Pt-Ni DEPOSITION ON AIR-EXPOSED VS. HF-ETCHED Si(100) XPS STUDIES 

6.1. Introduction 

The use of NiSi for source/drain and gate contacts in aggressively-scaled CMOS 

architectures raises new processing challenges.  Pt-doped NiSi (5% at. wt.; Ni(Pt)Si) is 

of interest in front end metallization applications due to the greater thermal stability of 

Ni(Pt)Si compared to pure NiSi.  The Ni diffusion and formation of nickel silicate/SiO2 

during the silicidation process is an issue.  The proper choice of surface preparation 

prior to metal deposition has shown significant influence on Ni diffusion1 and improved 

NiPtSi thermal stability.2 This work focuses on the effects of Si surface oxide (air-

exposed) or F species on interfacial chemical reactions after deposition of Ni(Pt) and 

subsequent annealing.   

 

6.2. Experimental Methods 

Studies were carried out in the system shown schematically in Figure 6.1.  This 

system contains two turbo-molecularly pumped chambers.  The processing chamber 

was equipped with a DC magnetron sputter deposition and a commercial thermal 

catalytic cracker. Ar+ was admitted to the chamber through manual leak valves with gas 

pressure monitored by nude ion or baratron gauges.  Sample temperature was not 

controlled during deposition. Ni(Pt) sputter deposition was carried out using an Ar 

plasma with a pressure of 25 mTorr.  Ni(Pt) were deposited from a Ni target with 5% 

atomic Pt doped.  All the depositions were performed at room temperature. 
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Figure 6.1. Schematic of sputter deposition system used for these experiments. 
 

 XPS spectra were acquired with non-chromatic MgKα radiation, and with a 100 

mm mean radius hemispherical analyzer operated in constant pass energy mode (22 

eV).  Analysis of XPS spectra was performed with commercially available software 

(ESCATOOLS) and Shirley background subtraction.  Peak intensities were taken as 

proportional to the peak area (after background subtraction) and were determined by 

fitting to Gaussian-Lorentzian components.  Relative elemental concentrations were 

calculated with corrections for electron inelastic mean free paths.3 The relative Ni/Si 

atomic ratio (XNi/XSi) was determined according to eqn (6-1): 

 X Ni/XSi = F
NiSi  (INi

/S
Ni

)/(I
Si

/S
Si

)     (6-1) 

where I and S represent the corresponding intensities and atomic sensitivity factors 

appropriate to this analyzer.  The matrix correction factor, FNiSi is given by eqn (6-2): 

FNiSi =( λNi dNi) /(λSidSi)      (6-2) 

where λ and d represent the corresponding electron inelastic mean free paths and 

atomic number densities. The inelastic mean free paths of the photoelectrons were 

estimated according to3 eqn (6-3): 
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 λ(E) ≈ 0.41d-1/2E1/2 (in nm)      (6-3) 

 

where E is the kinetic energy of the appropriate photoelectron. 

The thickness (d) of the ad-metal over-layer after sputter deposition was estimated4 

according to eqn (6-4): 
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In Eq. (1), NA and NB are the atomic concentration of the ad-metal over-layer and Ru 

substrate, respectively. λA(B) is the calculated5  inelastic mean free path (IMFP) for the 

photoelectrons corresponding to element A (B). Calculated IMFP values for Si(2p) are 

26.6 Å, 30.0 Å and 17.6 Å in bulk NiSi, SiO2 and Ni metal respectively. Similarly, the 

calculated IMFP value of Ni(2p) in bulk NiSi is 8.8 Å, and that of O(1s) in SiO2 is 19.6 Å. 

 One cm square samples were scored from Si(100) wafers provided by Crolles.  

The as-received sample was cleaned by sonication in ethanol and deionized water, but 

did not receive any further pretreatment prior to insertion in the vacuum chamber. This 

sample is referred to below as the “as-received sample”. A second sample was treated 

with a dilute (10%) HF etches to remove the surface oxide prior to insertion in the 

vacuum system, and is referred to below as the “HF-etched” sample 

 

6.3. Results 

6.3.1. Ni(Pt) Deposition on As-Received and HF-Etched Si(100)   

Ni(Pt) was sputter deposited onto a Si(100) substrate in six sequential 

depositions of 20 sec each.  XPS core level spectra were acquired after each 



 84 

deposition.  The Si(2p), O(1s), C(1s), Ni(2p) and Pt(4f) XPS spectra before and after 

Ni(Pt) deposition onto an as-received Si(100) surface are  displayed in figure 6.2 for 

varying sputter deposition times, while corresponding spectra for the 10%HF-etched 

Si(100) surface are shown in Figure 6.3.  

 

Figure 6.2. NiPt deposition on as received oxidized Si wafer @ 25 m Torr Ar pressure 
for total of 120 sec:  some Ni and Pt silicate formation observed at room temperature. 
 
  

Before Ni(Pt) deposition, the Si(2p) spectrum (Figure 6.2) of the as-received 

surface consists of two features with binding energies at 103.3 eV and  ~99 eV.  These 

binding energies are consistent with a Si-O  bonding environment and with elemental Si, 

respectively.5 The corresponding O(1s) spectrum consists of peaks from 531 to 534 eV 

attributable to O-Si, SiO2 and Si-OH.6 The overall oxide thickness of the as-received  Si-

wafer was 28Å. The C(1s) spectrum is well fit by a feature at 285eV corresponding to C-

C interactions.5   
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The Si(2p) spectra (Figure 6.2) acquired after 40 sec and after 120 sec of NiPt 

deposition show significant  attenuation of the elemental Si peak at 99 eV binding 

energy, and a growth of intensity in the 103-101 eV binding energy region, indicating the 

formation of a metal oxide/ silicate layer after Ni(Pt) deposition.5,7  The O(1s) and C(1s) 

spectra are also attenuated after Ni(Pt) deposition, but the O(1s) spectra display a shift 

towards lower binding energy ~530 eV, also consistent with formation of a transition 

metal oxide or silicate.5,7 Based on attenuation of the Si(2p) feature at 99 eV binding 

energy, and assuming an inelastic mean free path of 26.6 Å for Si(2p)99 photoelectrons, 

the total  over-layer thickness (oxide + metal) after 120 s Ni(Pt) deposition  is 45 Å. The 

data in Figure 6.2 indicate that most of the Ni and Pt in the over-layer region are in the 

metallic state.  The Si(2p) and O(1s) spectra, however, indicate that the surface oxide 

has been reacted to form a transition metal silicate phase. The Pt(4f) spectrum after 40 

sec sputter deposition (Figure 6.2) exhibits noticeable asymmetric broadening, 

consistent with  formation of PtO(72.2eV)8, PtSiOx(72.3eV)5 and Pt2Si (~72.5eV)9 along 

with elemental Pt (~71.2 eV).8,9 The Pt(4f) spectrum after 120 sec (Figure 6.2), 

however, indicates negligible broadening towards higher binding energy.  These data 

therefore indicate some initial reaction between Pt and the substrate upon deposition, 

followed at longer deposition times by formation of Pt in a metallic state.  Similar 

reactions most likely occur with Ni, however, the relatively small binding energy shifts 

for, e.g., NiSi and NiO, combined with the width of the Ni(2p3/2 feature (Figure6.2) 

prevents distinct resolution of such features.  

The C(1s) spectrum after deposition exhibits attenuation of the  main peak at  

285eV, and a shift to lower binding energy near 284 eV, which may indicate some 
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reduction/graphitization of a partially oxidized contaminant carbon over-layer, or some 

metal charge donation to the carbon.  No intensity is observed, near 283 eV, however, 

indicating an absence of metal carbide or silicon carbide formation during the metal 

deposition process.  

 Si(2p) and O(1s) data for the 10% HF-etched Si(100) surface prior to deposition 

(Figure 6.3) indicate that, even though the surface was exposed briefly to air prior to 

insertion in UHV, there is negligible oxide formation prior to NiPt deposition. The 

evolution of the O(1s) spectrum upon metal deposition (Figure 6.3) is broadly similar to 

that observed in Figure 6.2, but at much lower intensity indicating that the surface O 

species present react with deposited metal species to form a silicate, as indicated by 

changes in the O(1s) and Si(2p) features upon Ni(Pt) deposition.  The total thickness of 

the metal oxide/ silicate layer is ~3Å after 120 sec of NiPt deposition. In contrast to 

Figure6.2, the Ni(2p) spectrum  after 40 sec deposition (Figure 6.3)  exhibits a peak at 

~853.6 eV,  attributed to formation of NiSi. After 120 sec deposition, a shift to lower 

binding energy is observed, and the peak is well fit by two components,  one at 853.6 

eV and a second at 852.5 eV, indicating the presence of metallic Ni.9-11  The growth of 

the 852.5 eV feature with further metal deposition is indicative of metallic Ni deposition 

over a NiSi interfacial layer. The total over-layer thickness of Ni metal species after 120 

seconds deposition is ~ 12 Å.  The Pt(4f) spectrum  shows similar behavior as in Figure 

6.2, with peak broadening upon deposition which suggest the formation of Pt silicide 

species (there is negligible surface oxygen) along with the metallic Pt.  In addition, the 

Pt(4f) spectrum exhibits a growth in the metallic Pt feature upon subsequent deposition 

of NiPt. Considering all three O(1s), Si(2p) and Pt(4f) spectra acquired after 40 sec NiPt 
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deposition, the evidence demonstrates the Pt(4f) peak at ~72.4eV is mainly due to 

platinum rich silicide, possibly Pt2Si. 

 

Figure 6.3. NiPt deposition on 10%HF_etched Si (100) @ 25 mtorr Ar pressure for total 
of 120 sec: No oxide/silicate formation on deposition.  Initial Ni and Pt silicide formation 
at room temperature, subsequent deposition forms metallic species. 
 

 The O(1s) peak (Figure 6. 3) indicates the conversion of the negligible amount of 

oxide (532 eV) peak to a metal silicate peak (531 eV), but the total amount of surface 

oxide and therefore silicate present is not sufficient to cause an observable change in 

the Si(2p) spectrum in the region of 101-103 eV. The C(1s) spectra after deposition 

exhibit attenuation of the peak at  the peak at 285eV, and a shift to lower binding energy 

near 284 eV after 40 sec deposition. The observed behavior is similar to that observed 

for the as-received (un-etched) sample described in Figure 6.2. Further deposition to 

120 sec shows more shift to lower binding energy ~ 283.8, which is slightly high for 

carbide formation.  Again no broadening of the Si peak was observed during the NiPt 
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deposition. Hence it is hard to tell whether it is only reduction of some carbon 

contamination or some silicon carbide formation during the metal deposition process.      

The evolution of the average thickness of the Ni(Pt) over-layer (derived from XPS 

intensities) as a function of deposition time is displayed in Figure 6.4 for deposition on 

both the as-received and HF-etched samples. A comparison of Ni deposited thickness 

as a function of deposition time in both as received and HF- etched Si(100) is shown in 

Figure 6.4. 

 
Figure 6.4. Comparison of Ni deposition thickness vs. deposition time on both air 
exposed oxidized Si(100) and HF-etched Si(100). 

 

On the as-received Si(100), deposited Ni thickness initially increases linearly with 

the deposition time until 40 sec deposition, which corresponds to an estimated coverage 

of ~ 15 Å and then a change in slope is observed.  However, a linear growth of the Ni 

deposited thickness is observed on HF etched Si(100) until 100 sec deposition.  The 

very different initial slopes (Figure 6.4) indicate that the initial rate of metal deposition 



 89 

was higher for the as-received sample, at least at short sputtering times.  Although such 

a difference might be attributed to VW vs. SK growth, one would expect SK growth on 

the etched sample, and a higher apparent deposition rate due to lack of attenuation of 

Ni/Pt photoemission in the interior of the clusters.  Just the opposite dependency is 

observed, and we attribute the difference (Figure 6.4) to a change in sputtering 

conditions due to a change in plasma intensity and gas pressure, which proved 

somewhat difficult to control on a constant basis. 

 

6.3.2. Effect of Annealing on NiPt Deposition 

Figure 6.5 shows the change in absolute intensities of core level spectra as a 

function of annealing time for NiPt deposition on as-received Si(100), while 

corresponding spectra for HF-etched Si(100) are presented in Figure 6.6.  On the as-

received surface (Figure 6.5), the Si (2p) intensity increases as the function of annealing 

time.  Upon annealing to 700 K, the Si(2p) peak maximum shifts from 99 eV to ~ 100 

eV, indicative of silicide formation.  The Si(2p) features at 101 eV and 103 eV also grow 

sharply in intensity, indicating that silicide formation is accompanied by enhanced silicon 

oxide intensity.   Since annealing occurs in UHV, increased intensity of the SiO2-related 

features upon annealing indicates that reaction resulting in silicide formation leaves the 

original oxide/silicate layer at the surface, with silicide formation occurring beneath the 

oxide layer.  This is corroborated by the O(1s) data (Figure 6.5).   
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Figure 6.5. Annealed after NiPt sputter deposition on air-exposed Si wafer: NiPtSi 
formation after annealing to 700K; Si peak intensity increased with annealing; indicates 
silicide and oxide/silicate formation O (1s) peak shows silicate and SiO2 formation. 
 

Prior to annealing, the O(1s) feature displays a maximum near 531 eV, 

characteristic of transition metal oxide or silicate formation.5,7  Annealing in UHV (Figure 

6.5) results in a significant increase in O(1s) intensity at 532 eV, but the feature near 

531 eV does not disappear. The overall increase in O(1s) intensity is readily explained 

by diffusion of  the Ni and Pt ad-atoms from the surface into the bulk, consistent with the 

increase in Si(2p) intensity upon annealing, and with the observed decreases in both 

Ni(2p) and Pt(4f) intensities. A further anneal of the sample to 800 K for 30 minutes 

results in a further increase in O(1s) intensity near 532 eV (Figure 6.5) , as well as slight 

increases in the Si(2p) feature near 100 eV and the C(1s)  feature  near 284 eV.  

Additionally, there is a further decrease in both Ni(2p) and Pt(4f) intensity.  The Pt(4f7/2) 
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feature near 72.2 eV—corresponding to Pt silicate, increases, while the lower binding 

energy feature corresponding to elemental Pt  (Figure 6.5) decreases sharply.  These 

data therefore indicate that annealing to 800 K for 30 minutes induces additional Ni 

diffusion into the bulk and further Pt reaction to form metal silicides, The average total 

thickness of the total oxide and silicate over-layer after annealing is 14 Å in comparison 

to the total oxide thickness of the as-received Si wafer of 28 Å prior to metal deposition. 

The lower calculated oxide and silicate thickness after annealing may be due to the 

complex nature of the over-layer and resulting appropriate electron mean free path 

values through the over-layer, since these XPS-derived average thickness estimates 

are based on attenuations of Si(2p)99 intensity.  Such factors as changes in over-layer 

composition have not been considered in this simple model. The C(1s) spectrum 

(Figure 6.5) displays a small shift of peak maximum binding energy towards ≤ 284 eV, 

suggesting that the process of  metal diffusion and silicide formation is accompanied by 

some reduction and graphitization. Data for annealing of the NiPt/HF-etched Si(100) 

sample (Figure 6.6) show important differences from those displayed for annealing of 

the NiPt/as-received sample.  First, the total O(1s) intensity observed in Figure 6.6 at 

each stage of the annealing process is significantly less than that observed on the as-

received sample, consistent with a much lower initial oxygen coverage of the sample.  

Although the same general trends in O(1s) binding energy evolution are observed upon 

annealing the HF-etched surface  (Figure 6.6), there is no corresponding formation of a 

significant Si(2p) feature at 102 eV-103 eV binding energy, which would indicate 

SiO2/metal silicate over-layer formation.  The oxide/silicate formation evidenced by the 

evolution of the O(1s) spectrum (Figure 6.6) is therefore indicative of oxide/silicate 



 92 

formation, but at a much lower average thickness. Data in figures 5 and 6 indicate that 

the average oxide/silicate over-layer thickness for the as-received sample, after 

annealing to 800 K, is 14 Å, but only 3 Å on the HF-etched sample.   Another difference 

is in the behavior of contaminant C.  Actually, annealing results in a slight shift to higher 

binding energies, with a dominant feature binding energy slightly above 284 eV, 

indicating a graphitic or hydrocarbon-like layer.  There is a very small peak ~ 283 eV 

generated after the annealing process which indicates negligible amount (<1ML) of 

silicon or metal carbide formation. Whether this difference in C behavior is attributable 

to different types of adventitious carbon being introduced during the etch process, or to 

some other factor, cannot be discerned from the existing data.   

 
Figure 6.6. Annealed after Ni-Pt sputter deposition on 10%HF_etched Si wafer: Ni(Pt)Si, 
metal fluoride formation after annealing to 800K for 30min. 
 

An additional difference between the behaviors of the as-received and HF-etched 

surfaces is observed for the Ni(2p), Si(2p) and Pt(4f) spectra after annealing to 700 
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K/30 minutes and then annealing to 800K/30 minutes.  For the HF-etched surface 

(Figure 6.6) negligible differences are observed for these spectra acquired after the two 

anneals.  This is in contrast to the data in Figure 6.5 that indicate substantial further Ni 

and Pt diffusion/silicidation after the 800 K anneal.  These data indicate that the process 

of metal diffusion into and reaction with the silicon substrate is significantly slower in the 

presence of an oxide surface layer. 

  A final important difference concerns the presence of F on the surface of the HF-

etched sample, and its persistence after NiPt deposition and annealing.  Spectra are 

displayed as a function of deposition and annealing in Figure 6.6, and in more detail in 

Figure 6.7. The data in figure 6.7 indicate that the formation of Si-F species at the 

surface after HF etch, as evidenced by a binding energy near ~685.6 eV.12   

 

Figure 6.7. Comparison of fluorine spectrum: 0.16 ML surface coverage after etching 
increased to 0.36 ML surface coverage after 120 sec Ni-Pt deposition and reduced to 
0.19ML surface coverage after annealing @ 800K for 30 min. 
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NiPt deposition at room temperature results in the formation of metal fluoride species at 

the surface and dissociation of Si-F species, as evidenced by formation of new peak at 

binding energy near ~687eV.  Subsequent annealing results in a shift of the F 1s peak 

binding energy toward to close to ~687 eV, indicative of the complete dissociation of F 

species from silicon surface and the metal-F bond formation at metal sites (Figure 6.6)  

 The F(1s) spectra in figure 6.7 are displayed to compare the surface coverage by 

F(1s) in different surface environments. The data shows (bottom spectra) that the total 

surface coverage of F(1s) is 16% of 1 monolayer (0.16 ML) after a 10%HF-etch of 

Si(100)for 5 min. As the deposition process proceeds, the total surface coverage of 

F(1s) increases to 0.36 ML  after 120 sec Ni(Pt) deposition, indicating substantial F 

diffusion from the substrate through the metal over-layer. After annealing to 800K for 30 

min of the 120 sec deposited Ni(Pt) on HF-etched Si(100) sample, the total surface 

coverage of fluorine again reduced back to 19%, suggesting either desorption or 

transport of some F into the bulk upon metal diffusion at elevated temperatures.   

 

6.3.3. Take-Off Angle-Resolved Spectra of Annealed Surfaces 

A more detailed understanding of the composition of the over-layer and interface 

regions can be obtained from XPS spectra acquired at different take-off angles.  Data 

acquired at normal emission and at more surface-sensitive 450 emission are displayed 

in Figure 6.8 for Ni(Pt) deposition on as-received Si(100) for 120sec and annealed 800K 

for 30 min.  Corresponding data are displayed in Figure 6.9 for Ni(Pt) deposition on HF-

etched Si(100) for 120 min and annealed 800K for 30min.  Ni(2p) spectra in Figure 6.8 

(upper left) show a significantly higher Ni(2p) intensity at 450 emission, indicating a 
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higher concentration of Ni species at the surface and near-surface region of the surface. 

Similarly, data in Figure 6.8, upper right, indicate a higher Si(2p)103/Si(2p)100 intensity 

ratio at 450 emission, indicating a higher relative concentration of oxidized Si species in 

the surface region, with metal silicide formed underneath. 

 
Figure 6.8. Ni(Pt)/as-received Si(100) Normal take-off angle vs 450 from surface normal 
spectra after annealing to 800K for 30min: Ni and Pt metal species still dominate 
surface region. 
 

A comparison of the O(1s) spectra (Figure 6.8, lower left) shows that the relative 

intensity of the 531 eV feature (characteristic of transition metal oxidation) is enhanced 

at 45° emission, indicating that a metal silicate layer overlays an SiO2 layer.  Similarly, 

increased intensity of Pt0 is observed in the Pt(4f) spectrum (Figure 6.8, lower middle)  

45° emission, indicating that  Pt metal component is also present on the outermost part 

of the surface region.  The data indicate that Ni(Pt) deposition on the as-received 

Si(100) surface, followed by annealing in UHV, still leaves a substantial over-layer of  
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metallic Ni and Pt on top of an oxidized substrate, which in turn covers the forming 

silicide layer.  The presence of an initial SiO2 over-layer significantly retards metal 

diffusion into the Si substrate at elevated temperatures.  

 
Figure 6.9. Normal emission vs 450 angle resolved spectra after annealing at 800K for 
30min of 120 sec deposition of Ni(Pt) on 10 % HF etched Si wafer. 
 
 

Figure 6.9 displays the comparison between normal emission and 450 emission 

data acquired for HF-etched Si(100) after annealing at 800K for 30 min of 120 sec 

deposition of Ni(Pt).  The Ni(2p) spectrum at 450 emission indicates the presence of a 

high binding energy shoulder attributable to NiO formation (not observed at normal 

emission), while a similar higher concentration of higher binding energy species is also 

observed at 450 emission in the Pt(4f) spectrum.  This clearly demonstrates the 

presence of a surface transition metal oxide layer due to reaction of the deposited metal 

with the thin silica over-layer present prior to deposition.  The Si(2p) and O(1s) spectra 

are also consistent with this, while the F(1s) spectrum indicates that the outer surface of 

the film contains metal-fluoride species, with Si-F species being relatively more 
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concentrated in the substrate. The C(1s) spectra in Figure 6.9 also indicate carbide 

formation at or near the outer surface, with a relatively greater concentration of 

adventitious carbon in the substrate. 

  

6.4. Discussion  

The NiPt diffusion and silicidation process on as-received Si(100) surface is 

summarized schematically in Figure 6.10 and on the HF-etched surface in figure 6.11. 

The observation of metal silicate formation on the as-received surface immediately after 

NiPt deposition is evidence that Pt and Ni react with SiO2 over-layer present on the as-

received surface at 300 K.  While annealing in UHV results in formation of metal silicide 

substrate, a substantial surface layer of metallic Ni and Pt remain at the surface, 

indicating that the silica over-layer initially present retards Ni and Pt diffusion and silicide 

formation.  

 
Figure 6.10. Schematic of NiPt diffusion and silicidation process on as received Si(100) 
surface. 
 

In contrast, HF-etched Si(100) surface (Figure 6.11) exhibits a very low coverage of 

surface oxide, that affords relatively little hindrance to Ni and Pt diffusion into the 

substrate the bulk. The F present at the surface prior to metal deposition is not removed 

or buried by the metal deposition process. Indeed, surface F coverage increases upon 
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metallization, indicating F migration from the substrate. Upon annealing to 800 K for 

30min all the metal diffuses to bulk forming Ni(Pt)Si in near surface region, with a thin 

metal oxide/fluoride layer at the surface, and some evidence of Si-F species remaining 

in the substrate.  

 
Figure 6.11. Schematic of NiPt diffusion and silicidation process on as HF-etched 
Si(100) surface. 
 
 
 
6.5 Conclusions 

The presence of a native silica layer on as-received, air-exposed Si(100) 

substantially inhibits metal silicide formation upon Ni(Pt) deposition and subsequent 

annealing to 800 K in UHV.  In contrast, etching substantially reduces the oxide layer 

initially presence, enhancing the rate of metal silicide formation upon Ni(Pt) deposition  

and annealing in UHV.  The HF etch treatment, however, results in formation of ~ 0.16 

ML of Si-F surface species, and the subsequent sputter deposition of Ni(Pt) increases 

surface coverage to ~ 1/3 ML.  A decrease in total F surface coverage (to ~ 0.16 ML) is 

observed upon annealing in UHV, while a shift in XPS binding energies indicate that 

some of the F species have migrated from Si to metal sites. 
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