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ABSTRACT

This thesis encompasses studies of the electronic and physical structure of three transition

metal interfaces with Si(100) substrates. ,

The first case concerns a high resolution photoemission (PES) study ofthe initial stages (0

to ~25 ML) of the formation ofthe Au/Si(100) interface at room temperature. The interface was

_ Studied using Si 2p and Au 4fcore-level PES, using synchrotron radiation. It was found that the Au

and Si react immediately upon deposition to form a Au-Si phase. This initial Au-Si phase is seen to
. change to a second Au-Si phase by 3.6 ML (1 ML = 6.78*10'* atoms/cm’) ofAu coverage. As the

coverage is increased a layer ofthe second Au-Si phase remains on the surface while pure Au layers

form undermeath it.

Second wereport a Si L,,-, Si K-, Co L,.~ and Co K-edge X-ray absorption near-edge

structures (XANES)study of a series of cobalt and cobalt silicide thin films prepared by thermally

annealing deposited Co layers on Si(100) substrates. By collecting both Total Electron Yield (TEY)

and Fluorescence Yield (FLY) XANESat the above edges we monitored the electronic and physical

structural differences between films annealed under different conditions. It was found that the as

deposited Co film exhibits noticeable intermixing at the Co-Si interface. The annealed films

consisted of CoSi,; however, both SiO, and metallic Co were found in the near surface region of

these films. The origin of the metallic Co remains undetermined. .

Thirdly, we report a Si L,.-, Si K-, Ni Z;.- and Ni K-edge, TEY and FLY XANESstudy of a

series of nickel and nickelsilicide thin films prepared by thermally annealing deposited Nilayers on

Si(100) substrates. The unannealed films again showednoticeable intermixing at the Ni-Si interface.

The annealed Ni films produced primarily NiSi and NiSi, films depending on the final annealing

temperature. Using the XANESspectra from the Ni-Si blanket films as a reference we determined
that Ni-Si sub-micron lines formed on Si(100) were predominantly NiSi; however, the conversion of
the Ni/Si system to a pure NiSi phase appeared to be affected by the line thickness, with the
conversion becoming less complete as the lines become narrower.

- Keywords: X-ray Absorption Near-Edge Structure, XANES, Photoemission Spectroscopy, PES,

Silicide Thin Films, Electronic Structure, Physical Structure, Au/Si(100), Nickel Silicide, Cobalt
Silicide, Total Electron Yield, Fluorescence Yield.

iii
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CHAPTER1: INTRODUCTION

Metal silicides were studied formany years before the adventofsilicon based solid

state electronics. The growing dependenceofoursociety on silicon based electronic

devices has madethe properties of silicon compounds ofprominent importanceto our

present and future.

Metalsilicidesfirst attracted attention at the turn of the century after the

developmentofthe electric furnace by H. Moissan [1]. The development ofthe furnace

allowed varioussilicides to be systematically prepared at aboutthis time. The early

studies ofsilicides generally focused on understanding the physical properties ofsilicides

in termsoftheir electronic and crystal structures. Other studies were stimulated by the

high temperature stability of manyrefractory silicides [2]. In the 1960's, M. P. Lepselter

- [3] at Bell Laboratories pioneered the useofsilicides as Schottky barriers. Silicide studies

since have focused on the use of metalsilicides in integrated circuit technology. See

[2][4][S][6]£7][8][9] for reviews. Such a focused effort has produced large volumes of
information on the thermodynamic,kinetic, physical, and electrical properties of most of

the silicides. Although the majority of studies have been centered on the device

characteristics and usefulness of metalsilicides, silicides have also been studied as model

systems for binary alloy formation in thin films [10] andinterfacial reactions [11].

Perhapsno otherindustry drivesitself to improve its products as fast as the

semiconductorindustry. Since Gordon Moore’s famoustalk at the International Electron

Devices Meeting (IEDM) in 1975, the industry has met or bettered his predicted growth

rate in chip complexity (and decreased minimum feature size)[12]. Moore predicted a

growthin chip complexity by a factor of two every year, now called Moore’s law. In
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order to better define the trendsin increasing complexity and identify the technological
advances necessary to continue the trends, the Semiconductor Industry Association

introduced the National Technology Roadmap for Semiconductors [13] in 1992 (with

revised editions in 1995 and 1997). The roadmap has succeededin driving innovationsin

the industry even faster, as companies competeto be thefirst to meet the projected

guidelines for new architectures. As a result, more recent studies [14][15][16][{17] of
metal silicides have focused on meeting the challenges posed by the ever decreasing
dimensions and complexity ofultra large scale integration (ULSD.

Morethanhalf the elements in the periodic table form compoundswithsilicon (see

Figure 1.1). The transition metals form a large numberofsilicides ofvarious

compositions, with most metals forming more than three stable compounds. However,

notall of the compoundsseenin the bulk phase diagrams form in the thin film regime.

Thetechnically usefulsilicides fall into three main groups:the metalrichsilicides M,Si, the

monosilicides MSi, and thedisilicides MSi,. The most importantofthese have been the

disilicides. | | |
Silicides have found applicationsin integrated circuit technology as: interconnects,

ohmic contacts to source, drain and gate in CMOS (Complementary Metal Oxide

Semiconductor) devices, see Figure 1.2, Schottky barrier devices, and more recently, as

diffusion barriers along Al metal interconnects. In orderto be usefulin these applications

a compound must, in general: have good conductivity, be compatible with current

manufacturing techniques andbereliable [2][15J[18]. These three conditions can entail:

low resistivity, high temperaturestability, ease of formation, ability and ease of patterning,

minimal junction penetration, no reaction with other metals orsilicon oxide layers, good

adhesion to other layers andresistance to electromigration [2][18]. Certainly nosilicide

can meetall these conditions.

The wide variety ofcompounds, complex phasetransitions and the need tosatisfy

such a large set of conditions to obtain gooddevice performance,has driven the

fundamentalinvestigations into metalsilicides. This has generated a large body of

knowledge about the properties of metalsilicides. Research has especially focused on

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘YoortsITALspunodutosWO]JEU]sjuatUE[sTULMOYsaguyotpotiod*]°4anyeeeS 
 

 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



 
 
 
  

 
  

ME Metal Silicides

E22) Al interconnects

W studs

BSS¢SiO,layers
(LI

Metal
Silicide

  

 

 
  

  
 

 
 

 
 
 
 

 
  
  

   
  
  

     
   
 

Figure 1.2. Schematic diagram of a CMOSlogic device showing the useofsilicides.

those metals which were found to have good compatibility with the conditions of

integrated circuit (IC) manufacture, namely Pt, Pd, W; Mo, Ti, Co, Ni and Ta [18].
In general, a CMOSdevice, such as the one schematically represented above, has

between 3 and 5 interconnect layers abovethetransistors. Currently such devices are

produced with a minimumfeaturesize (approximately the width of the gate) of 0.25 ym. .
In 0.25 ym technology the source and drain are about 60 nm deep and the gate oxideis

about 4-5 nm thick [19]. The semiconductor industry plans to reach a minimum feature
size of 0.18 um bythe end of 1999 and a minimumfeaturesize of 0.07 um by the year
2009[19].

Research on the metal silicides used in industrial processes has mainly focused on
the overall device performance. However, as the minimumfeature size ofsolid state

transistors moves toward 0.1 um, problems associated with the properties of the

interconnects and contacts, suchas parasitic resistance and capacitance [5][18], as well as

problemsassociated with the control ofreactionsin thin films, such as junction penetration
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5

{5][9][20], have become the most prominentchallenges facing the semiconductorindustry.

In order to meet the new challenges posed by decreasing device size, research has

focused on new materials, device architectures and fabrication technologies. However

promising these new materials and approaches maybe, they sidestep the main problem. As

the device size shrinks, the electrical properties ofdevices are beginning to bedominated

by the properties ofthe interfaces. Therefore, the understanding and characterization of

metal silicon (or any other new material) interfacial interactions at small dimensionsis of

vital importance to device performance. For example, the gate oxide thickness in 0.07 pm

technology will only be about 1.5 nm.

Onecan approachthe challenge ofinterfacial interactions from two directions:

1) In the surface science regime, a careful study of the changesin electronic structure
that occuras the interface forms layer by layer undera specific set of conditions.

2) Inthe thin film regime,a study of the electronic and structural properties present in
thin films (50 - 100 A) formed under varying conditions.

Metalsilicides are prepared by depositing a layer of pure metal onto a poly- or

_ Final Silicide Phase MSi,
(Crystal or Polycrytalline)

en Deposition
: Intermediate Silicide Phase(s)

Si  
T, orRoomNw

Ta-—«—Initial Silicide ptese|S| fst dan Metal Consumed
Figure 1.3. Schematic diagram illustrating heat induced synthesis of thin film

transition metal silicides.
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single crystalsilicon surface, followed by annealing at an appropriate temperature to cause

formation ofthe desiredsilicide. This process is schematically illustrated in Figure 1.3. .

The metal can be deposited by any type of source, metal andsilicon can be co-
deposited on the surface [9][17], or metal atoms can even be buried under the surface

using ion beam techniques [14]. Howeverthe metal is deposited, the depositionis

followed by annealing, which can be donein a conventional furnace or by rapid thermal

annealing techniques. All these variations can affect the order and prevalence of phases
formed as well as the overall temperatures required.

Generally the first phase to nucleateat the interface is a metalrich silicide, M,Si.

After all the metal has been used up, the monosilicide MSi forms, followed by the most
silicon rich silicide possible, usually the disilicide, MSi,. Depending on the preparation

conditions these phases can form sequentially or coexist [17]. Metalsilicide formation has

been found to be diffusion controlled. The main diffuser is the metal atom in theinitial

stages ofthe interaction, formation ofM,Si. After the initial compound has formed, the
further reaction is controlled by Si atom diffusion [17]. The initial interaction between the

transition metal and silicon to form a metal rich phase often occurs at temperatures below

~200 °C.

This thesis reports the investigation of metalsilicon interactions in both the

interfacial and thin film regime. We used synchrotron radiation based photoemission and

X-ray absorption techniques (Chapter 2) to study the electronic and physical structuresin

three transition metal-silicon systems. The systemsofinterest were:

1) Theinitial stages (sub-monolayer) of the formation ofthe Au on Si(100)interface,

studied by Photoemission Spectroscopy (PES). (Chapter3)

2) The evolution of the structure and electronic properties of Cobaltsilicides in Co

thin films on Si(100), studied by X-ray Absorption Near-Edge Structure (XANES)

spectroscopy. (Chapter 4)

3) The evolution of the structure and electronic properties ofNickelsilicides in Ni

thin films and patternedlines on Si(100), studied by (XANES). (Chapter 5)

Summary and conclusions are presented in Chapter6.
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CHAPTER2: THEORY AND EXPERIMENTAL TECHNIQUES

2.1 INTRODUCTION

Acentral tenet of modern scienceis that the electronic structure of matter, the

energy levels anid physical space occupiedby electrons in a material, determines the

physical and chemical properties of the material. An important tool that can be used to

study the electronic structure of matter is electromagnetic (EM) radiation. EM radiation
covers an immense range of energies and wavelengths from radio waves (A=1 m, E=10°%

eV) to y-rays (A=10™! m, E=10° eV). Of special significance is the part of the spectrum

from infrared to hard-X-rays. This region covers EM radiation with wavelengths that

range from the size of a protein moleculeto the length of chemical bonds. The energy in

this region ranges from that necessary to cause bond vibration to that necessary to eject
valence and core electrons ({1], Figure 2.1). Thus EM radiation in the appropriate energy

range (soft to hard X-rays), corresponding to electron binding energies, can be used to

obtain information about the electronic structure of materials by investigating the

interaction of the photons with the material.

The absorption ofEM radiationin the ultraviolet and X-ray range of energies

usually results in the ejection of a photoelectron. Thus, there is a correlation between the

study ofX-ray absorption and the study of photoelectrons.
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Figure 2.2. Schematic diagram ofthe X-ray absorption process in transmission mode.
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2.2. X-RAY ABSORPTION

2.2.1 X-ray Absorption

X-ray absorption measuresthe variation in the absorption coefficient (1) as a

function of the photon energy (Av). This is accomplished by monitoring the intensity of
the incident radiation (/,) and the transmitted radiation (/) that has passed through the

sample after interacting with it, schematically shown in Figure 2.2. Dueto the absorption,

the beam intensity decreases according to the exponential law:

=L,exp(-nd) (2.1)

where 1 is the absorption coefficient and / is the path length through the sample (sample

thickness). .

The absorption coefficient is a function of the photon energy. Whenlight of

sufficient energy, ultraviolet or X-rays, is incident on a sample the photon can be absorbed

by promoting an electron from an occupied state to an unoccupied state above the Fermi

level, or to the continuum. This process is schematically shown in Figure 2.3. To be

ejected to the continuum the electron musthavesufficient energy to overcomethe

difference between the Fermi level and the vacuum level. The difference between the

Fermi and vacuum levels is called the work function ($) and represents the work required

to remove an electron from the surface ofthe solid.

Radiation with energies below that required to excite a particular core electron can

not be absorbed by that core electron. Photons, with energies below a particular core

level, are however absorbed by shallowercore levels or valence states, giving rise to a

background absorption signal. As the photon energy reaches that required to excite a core

electron, absorption by that level becomespossible and a large jump in the absorption

coefficient, above the background, occurs which is seen as a sharp edge in the spectrum,

Figure 2.4. Theenergy at which this edge occursis called the threshold energy and
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Figure 2.3. Diagram illustrating X-ray absorption and photoemission spectra in metals. E,and E, are the
Fermi and vacuum levels respectively. Theleft side of the figure represents the densities of

states for a semiconductor, simple metal and transition metal. (After T. K. Sham [2])
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Ni K-edge X-ray Absorption Spectrum
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Pre-edge

8400 8600 8800 9000 ~

Photon Energy(eV)

Figure 2.4. Ni K-edge X-ray absorption spectrum takenin total electron vield mode
showingthe pre-edge, whiteline, XANES and EXAFSregions.

correspondsto the binding energy ofthe core hole. Historically, the edge is also known as

the whiteline, since it was first observed using photographic plates which when developed

depicted the intense edge resonanceas a white line on the plate.

Whenthe excited electron originates from the 7 = 1 shell the corresponding

absorption edge is called the K-edge. Electrons originating from the 7 = 2 shell give rise

to the L-edges. If the excited electron is a 2s electron you have the Z,~edge. The L,- and

L,-edges correspond toexcited electrons from the 2p, and 2p;, levels, respectively.

For molecules in the gas phase the energy levels (orbitals) are generally discrete.

In a solid the number of occupied and unoccupied valenceorbitals increases, causing the

discrete levels to coalesce into bands of allowed states. The valence band, below the

Fermi level, is filled while the conduction band is unoccupied above the Fermi level. The

deep energy levels close to the nucleusare largely unaffectedin the solid and maintain

their discrete nature. Asa result of the formation of bands, the absorption spectrum of a

solid sample has muchbroaderfeatures which match the density of unoccupiedstates

abovethe Fermilevel. Figure 2.3 depicts the density of states for a metallic system. For a
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transition metal the d-band crosses the Fermi level and in semiconductors the top of the

valence band and the bottom ofthe conduction band are separated by the band-gap. Ina

metallic system, the Fermilevel corresponds to the uppermostfilled level (analogousto

the highest occupied molecular orbital (HOMO) in molecules). For intrinsic

semiconductors (no doping), the Fermi level corresponds to the mid-pointofthe band

gap. In doped semiconductors, the Fermi level is closer to the top of the valence band or

the bottom of the conduction band depending on the degree and type of doping.

A general quantum mechanicaldescription for the process of absorption is based

on Fermi’s golden rule [3][4]:

W = = AH’|al? e) (2.2)

whereWis the transition probability per unit time for the system under perturbation H’
 from initial state |7 ) to final state |tT ), (tT| Ni ) is the transition matrix element, and

p(E) is the density offinal states. Here the perturbation is simply the incident photon
which can be described as:

HY’ = A, exp(ik -r) (2.3)

whereA, is a constant.

Asin most transitions, for certain combinationsofinitial and final state symmetries

the transition matrix element becomeszero and thetransition is forbidden. In the dipole

approximation the transition is restricted by the selection rules, AJ = +1 and Aj=0, +1. /

is the orbital angular momentum quantum numberand/ is the total angular momentum

quantum number,j = 7+ '%.

A general absorption spectrum is shown in Figure 2.4, it consists of two regions:

1) The XANES(X-ray Absorption Near-Edge Structure), and,

2) The EXAFS (Extended X-ray Absorption Fine Structure), where the outgoing
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photoelectron scatters offneighbouring atoms givingrise to sinusoidal oscillationsin the

absorption coefficient [5].

As described above, the absorption is measured bycomparing the intensities of the

incident and transmitted light. Therefore, in order to measure the absorption spectrum,

enough radiation must pass through the sample to be detected. For solid samplesthis

requires the use of powdered orvery thin unsupported samples which are not suitable for

the study ofthin films. .

After absorbing the photon, an atom in the material is left with a core hole. The
presence of a core hole creates an excited state from which the atom must decay. The
atom relaxes to a low energy state by having an electron from a higherlevelfill the core

hole; see Figure 2.5. The excess energy ofthis electron may be removed from the system

by ejecting another electron (Augerprocess) or by emitting a photon (fluorescence

process). The Auger and fluorescence relaxation processes are competitive, heavy

elements (Z > 30) are morelikely to decay by fluorescence whereaslight elements are

morelikely to eject an Augerelectron.

Since each absorption event creates a core hole, the probability of exciting an
electron from a particular core level at a given photon energy, the absorption coefficient,

is equal to the probability of creating a core holein this level. Since both Auger decay and

fluorescence emission decay are proportional to the annihilation of the core hole, they are

both proportional to the absorption coefficient [6]. The X-ray absorption can thus be

conveniently monitored by the by-products of the absorption process, core hole relaxation,

rather than by the amountoftransmitted light. One can thus use, Auger electron, partial

electron, total electron, fluorescence,or luminescence yields to replace the transmitted

light intensity for solid state and thin film studies. This thesis makes use of Total Electron

Yield (TEY) and Fluorescence Yield (FLY) techniques, whichareillustrated in Figure2.6.

2.2.2. Sampling depth of XAS

The sampling depth is an important factor in techniques used for the study
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Figure 2.5. Mechanisms forthe decay ofa core-holeafter the absorption of an X-ray photon.
(After S. M. Heald in Ref. [5] ,
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Figure 2.6. Schmatic diagram ofthe geometry ofTotal Electron Yield and Fluorescent Yield
X-ray absorption detection modes.
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of surfaces and interfaces. The sampling depth ofX-ray absorption from solids varies with

the particular edge studied and the chosen detection method. The sampling depth of any

techniquecan be limited by the depth of sample illuminated (penetration depth) by the
incident beam and by the depth from which measured signal can reach the detector (escape
depth) without loss of information. For both X-ray absorption and photoemission

spectroscopies the sampling depth is limited by the escape depth of the absorption

byproducts. . .

One simple way to gauge the relative sampling depthsofdifferent X-ray

absorption edges is to look at the photon penetration depth. The photon penetration

depth is often gauged with the one absorption length, whichis defined as the thickness at

which the photon intensity has decreased to 1/e ofits original value. The penetration

depth is given by the inverseofthe linear X-ray absorption coefficient (1, in units of cm”).
Based onvalues of ut tabulated, in the low energy range (<1000 eV) by B. L. Henke etal.
[7] and at higher energies by W. H. McMasteretal. [8], we have estimated the absorption

length ofphotonsat energies above the edges usedin the thesis (Table 2.1). These values,

calculated for the pure material (for example, the absorption length at the Ni L-edgeis

calculated for pure Ni), do not directly apply to the materials used but they do serve as a

general guide. It is apparent that the Si L-edge should be extremely usefulas a tool to

study the near surface region ofthin silicide films, up to about 50 nm. Thetransition metal

L-edges can provide information up to about 100 nm, whichis similar the film thicknesses
usedin this thesis. |

For comparison the penetration depths havealso been estimated in CoSi, and NiSi,

from the elemental absorption coefficients. The results do not generally change the

conclusions derived from the penetration depths in the pure elements. The variation

between the two estimates depends, partly, on the density of the absorbing material. (Ps; =

2.326 g/cm!, p,, = 8.789 g/cm, py, = 8.91 g/cm’, Psion = 2.27 gem”, Prosiz = 4.95 g/cm?
[9], Prasiz = 4.859 g/cm? [9]) Both NiSi, and CoSi, are abouthalf the density ofNi and

Co, thus, the X-rays at the metal edges are expected to penetrate furtherinto thesilicides

than into the pure metals. The actual sampling depth of XAS dependsonthedetection

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

technique.

In Total Electron Yield (TEY) all electrons escaping the sample are detected. The

majority of these electrons are low energy secondary electrons[6]. Studies ofTEY in

Table 2.1. Photon penetration depth and X-ray absorption sampling depth estimates.
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“The penetration and sampling depths have been calculated for CS (CoSi,) and NS (NiSi,) as well as the pure

 

elements. .

*From tables by B. L. Henke [7] and W. H. McMaster[8].

*KLL and LMM Augerenergiesare from A. Erbil [13] and T. A. Carlson [10].

“As calculated from the equation ofL. Reimer [20].

As taken from M. Kasrai [11].
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Figure 2.7. Plot ofthe universal curve for the mean free path ofelectronsin solids as a
function of the kinetic energyof the electrons (E,). (After J. Stéhr [6])

solids have demonstrated that the secondary electron signal is dominated byinelastically

scattered Augerelectrons. Thus, TEYis proportional to the Augeryield and the

absorption [12][13][14].

Ontheir way to the surface, the photoelectrons and Augerelectrons created by the

absorption processare scattered inelastically by electron-electron interactions. The mean

free path (unscattered escape depth)of anelectron in a solid is dependent on the energy of

the electron and follows a universal curve shown in Figure. 2.7. It can be seen that the

electron escape depth reaches a minimum of~5A (~ 2 ML)at an electron kinetic energy of
about 50 eV. The universal curve represents the limit of the sampling depthifelastically

scattered electrons are to be measured, as in photoemission or Auger spectroscopy.

Scattering of the primary photoelectron and Auger electron results in a cascade of
secondary electrons as shown schematically in Figure 2.8. Whenthe electrons reach the

surface, only those with enough energy to overcomethe surface potential barrier (work

function, :) will escape into the vacuum. This cascade of secondary electrons acts to
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Figure 2.8. Schematic diagram ofelectron production in a solid after the absorption of a photon.

Only electronsoriginating within a depth L from the surface will contribute to the TEY

signal. (After J. Stohr [6})

amplify the original high energy electron signal, thus, the secondary cascade carries the
absorption information present in the primary Augerelectrons(or photoelectrons). Since

TEY measures mainly the secondary inelastically scattered electrons the sampling depth

(L) extends to the point of the creation ofthe original high energy Auger electron which

caused the secondary cascade (Figure 2.8) [6][12][13].

The value of the TEY sampling depth, therefore, depends on the distance over

which the Augerelectrons can travel and impart their energy to the surrounding electrons.
Manyestimates of the electron range in various solids have been made

[15][16][17][18][19], however,the results differ by as muchasa factor of 2 [13] for

different definitions ofthe electron range and experimental methods. In general the

electron range can be estimated by an empirical power law [15]. Making use of one such

relationship (for electrons of energies from 1 - 10 keV) [13][20],
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whereR is the electron range in A,E is the primary Augerelectronkinetic energy in keV

and p is the density in g/cm’. Rough estimates for the TEY sampling depths at each edge

studied have been made (Table 2.1). These estimates clearly show that the TEY sampling

depth is muchshorter than the photon penetration depth. In fact the sampling depth of
TEYat the Si L-edge is expected to be only a few nm.It is interesting to note that since

the electron rangein a solid is dependent on the numberofelectrons present for

scattering, and thus the density of the material, the TEY sampling depth in the pure metals

(Co, Ni) is much shorter thanforthesilicides.

In fluorescence yield (FLY) the escaping fluorescence X-rays are attenuated in the
same manneras the incident photons; thus the photon penetration depths serve asa

reasonable estimate of the sampling depth ofFLY measurements. Clearly TEY is a more

surface sensitive technique than FLY X-ray absorption measurements.

Actual sampling depths for TEY have been measured experimentally for Al,O, at

the Ai K-edge [21] and for Cu at the Cu K-edge [22]. T. Tyliszczak and A. P. Hichcock

[23] have made measurements at the Cu, Mo and Mn K-edgeswhile A. Erbil et a/. [13]

have compared the TEY, FLY andtransmission detection modes for the Ge, Ni, Cu and

As K-edges. For Si systems M. Kasrai et al. [11] have done an extensive study of the

escape depths of both TEY and FLYtechniquesat the Si K and L-edges for the SiO,/Si

system. Their sampling depth values (Table 2.1) represent the sampling depths of TEY

and FLY through SiO,layers at the Si absorption edges. Compared to the estimated

sampling depths described above theyat least have a similar magnitude.

The X-ray absorption workpresented in this thesis involvessilicide thin films

covered by thin layers of SiO,; thus, the sampling depth values of M.Kasraief al. are used

as reasonable estimates of our sampling depths at the Si X- and L-edges. Lacking any

experimental data for the sampling depths at the transition metal edges, the estimates

presented in Table 2.1 have been used.
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2.3 PHOTOEMISSION SPECTROSCOPY

Absorption of a X-ray photonresults in the ejection of a photoelectron.

Photoemission spectroscopy (PES), also known asXPS and ESCA, examines the kinetic
energy of the ejected electronsafter the absorption of monochromatic photons. The
emission of electrons under the influence of monochromatic light, termed the photoelectric

effect, was first explained by Einstein [24]. Einstein used the principle of conservation of

energy to relate the initial state energy (E;) to the final state energy (E) of the system.

This gave the simple equation nowcalled the Einstein equation:

E, + hv = Ey + Ex (2.5)

where E, is the kinetic energy ofan ejected electron and Av in the incident photon energy.
Photoemission is inherently a many-body process, however, it can be described by

a single particle approximation [25]. The many-body phenomena are seen as asymmetric
lineshapes, shake down, shake up and shakeoffprocesses and where necessary can be

\
\

Avy (constant energy)\

 

 
Electrons (measure kinetic

energy and angle)

Figure 2.9.|Schematic diagram illustrating the photoemission process.
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dealt with as modifications to lineshape or background functionsin the spectra. In the

single particle approximation the above expression can be used to obtain the binding

energy (Eg) ofa core electron in an atom or molecule in the gas phase.

E, = hv - E , (2.6)

In a solid, for an electron to be ejected, from the energy levelit occupies within an

atom, the incident radiation must have enough energy to overcomethebinding energy of
the electron as well as the work function () of the solid. The work functionis the energy

separation between the Fermi level and the vacuum level and provides a barrier against the

loss of electrons from the solid. Thus:

hy 2 Ey +o (2.7)

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

calculated for elastically scattered photoelectrons,

Ep = hv ~ Ex - (2.8)

In a solid, after being ejected from a corelevel, a photoelectron musttravel to the

surface. Dueto interactions with the surrounding atoms, some ofthe photoelectrons will

be inelastically scattered (Figure 2.8). In photoemission, only those electrons which

escape the sample withoutbeinginelastically scattered are detected. The depth from

which photoelectrons can escape unscattered is governed by the meanfree path, or

electron escape depth, curve (Figure 2.7).. The universal curve,asit is called, has a

minimum of ~5Aatan electron kinetic energy of~50 eV. Thus, a photoemission

experiment carried out at a photon energy approximately 30-50 eV abovethe binding

energy ofthe electron will be the most surface sensitive. It is also interesting to note that

because of the shape of the universal curve the most rapid increase in the escape. depth/eV
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is obtained by decreasing the photon energy. One must howeverbecareful as decreasing

the kinetic energy of the photoelectronsalso leads to an increase in the background.

2.4 SYNCHROTRON RADIATION

2.4.1 Introduction

Synchrotron radiation is the electromagnetic radiation emitted by electrons or

positrons asthey travel at relativistic velocities in large circular orbits. The description of

the properties of synchrotron radiation can be traced back totheclassical treatment of

light emitted by accelerated charged particles by Larmorat the turn of the century [26].

Interest in this problem was revived in the 1940's with the advent of electron

accelerators with closed orbits. It was found that emission of synchrotron radiation
limited the energy achievable by accelerators such as the betatron [27]. Thus synchrotron
radiation waslabelled a technical nuisance in accelerator physics. Experimentally

synchrotronradiation wasfirst seen in 1946 at the General Electric Laboratories [28].

Finally in 1956 the potential of this nuisance as a powerful resea:ch toolfor ultraviolet and

soft X-ray absorption spectroscopy wasrealized [29]. Its usefulness for hard X-ray
experiments [30] was quickly recognized as well.

In the early years, synchrotron radiation was not considered important enough to

justify the building of accelerators dedicated to its production, thus, the pioneering work

with synchrotron radiation was done by obtaining the light as a by-product from

elementary particle accelerators. This parasitic arrangement had many negative aspects
for synchrotron radiation users since the parameters for operating the accelerators were

optimized for the elementary particle experiments and werenot suited for efficient

synchrotronradiation use. These parasitic facilities were the so-called first generation

sources. |

The second generation of synchrotron sources wasstarted by the building in 1966,

at the University ofWisconsin-Madison, of Tantalus. Its operation stimulated the building
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ofmany second generation synchrotron storage rings around the world. A storage ring

has the great advantage ofbeing able to supply a source oftuneable photons. Continuous

development ofthe accelerator machinery has improved the performance ofthe storage
rings and givenrise to a third generation of sources which have started operation in the

- last few years.

2.4.2 Synchrotren sources

A typical synchrotronstorage ring facility is shown schematically in Figure 2.10. It

consists of two main components, the storage ring and the beamlines. The storage ring
keeps charged particles circulating under vacuum in a closedorbit at relativistic speeds.

Wheneveranelectron is bent around a cornerit emits electromagnetic radiation on the

tangentto its path. The beamlines convey the radiation emitted to the experimental

chamberand provide a meansofselecting a particular photon energy from the spectrum.

The major componentsofthe storagering are:

1) The injection system, which generates electrons, accelerates them and injects them

into the vacuum chamber. Theinjection system can range from a simple

microtron,linear accelerator (Linac) to a small synchrotron.
2) The storage ring vacuum chamber. This is the metal tube through which the

electrons circulate under ultrahigh vacuum. The vacuumis necessary to prevent

loss of electrons by scattering off residual gas particles.

3) The bending magnets. Are the main magnetic elements responsible for directing

the electrons around a closed orbit.

4) The radiofrequency cavity, which replenishes the energy lost by theelectrons
(emitted as synchrotron radiation) in a circuit of the ring. The cavity works by

supplying a radio wave of the appropriate frequency so that as an electron passes

throughthe cavity it is subjected to an electric field gradient which accelerates the

electron through the cavity.

5) Other control magnets (quadrupole and sextupole), which are responsible for
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Figure 2.10 Representation ofa synchrotron storage ring showing the major components.
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controlling the orbit of the electrons in the ring as well as the physical size of the

beam.

6) Insertion devices. Insertion devices are periodic arrays of additional magnets

which produce synchrotron radiation in straight sections ofthe ring by causing the

beam to describe a sinusoidal path along the direction of travel. These devices are

most commonin third generation sources.
7) The beam ports, which allow the emitted light from bending magnetsorinsertion

devices down the beamlines.

In general, electrons(or positrons) are generated in the injection system where

they are accelerated to some energy below that ofthe final operating energy. They are

then. injected into the ring in bunches (responsible for the pulsed structure of the emitted

radiation) until a certain ring current in reached (20 - 500 mA). Byincreasing the

magnetic field in the bending magnets the electron beam is accelerated to high energies —

(200 MeV to 10 GeV) which are characteristic of specific synchrotrons (see Table 2.2).
Oncethe operating energy and current have been obtained the electrons can be stored in
the synchrotron for many hours underthe action of the RF cavity.

2.4.3 Properties [1]

X-ray absorption and photoemission experiments can be carried out using
conventional sources, such as a rotating anode, and line sources of Al Ka (1486.6 eV),

Mg Ka (1253.6 eV) or He I (21.2 eV) photons, respectively. The line sources only

provide photon beamsata few energies and with only modest intensity. Experiments
using these sources must thus be limited to the photon energiesavailable and long
acquisition times. The use of synchrotronradiationalleviates these problems and was one

ofthe driving forces behind the development of synchrotron sources. A synchrotron

radiation source provides electromagnetic radiation over a wide spectral range from the

infrared (107 eV, A=10° A)to hard X-rays (10° eV, A=107 A), with a high intensity over

the whole range.
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The power(P) radiated by an accelerated charged particle moving on a circular

path is given by:

_ _2e 2ck4
3 p7(m719¢ 2y4 (2.9)

wherep is the radius of curvature ofthe bending magnet and is independent ofthe radius
of the ring. Note that the powerradiated increases as the fourth powerofthe ring energy

(E) and decreases as the fourth powerofthe rest mass (7). This effect explains why

lighter elementary particles such as electrons and positrons are used to generate

synchrotronradiation in storage rings even thoughany accelerated chargedparticle will

generate synchrotronradiation.

The spectral distribution of a synchrotronis affected by two maincriteria, the

energy ofthe ring and the radius of curvature of the bending magnets. We can define a

parametercalled the critical wavelength(A,) at which the maximum flux of photons

occurs. A, is also correlated to the high photon energy cut off characteristic of the spectral

distribution (Figure 2.11).

 

(2.10)

where y = E/m,c?. For example the Aladdin storage ring, at University ofWisconsin-

Madison, with an operating energy of 0.8 GeV anda radius of curvature of 2.0833 m has

a critical wavelength of 22.7 A (546 eV). Figure 2.11 showsthe spectral distribution of

the Aladdin storage ring operating at 0.8 GeV and 200 mA andat 1.0 GeV and 100 mA.

Table 2.2 gives some ring parameters for the synchrotron storage rings used for this thesis

work.

Other advantages of synchrotron radiation are:

1) Its inherent collimation; synchrotronradiation is emitted over a narrow range of

angles creating a small intense beam oflight which allowsit to be moreeasily
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Figure 2.11. Bending magnetflux ofthe SRC storage ring undertwotypical operating conditions. (From
SRCpublication [31])

Table 2.2. Synchrotron radiation sources used for studies presented in this thesis.
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directed and focused onto samples.

2) Its timestructure; light emitted by storage rings comesas a series of short (nsec)
pulses; this allows investigations into rapidly occurring kinetic processes.

3) Its polarization; the beam oflight generated by a synchrotronis polarizedlinearly

in the planeofthe ring and circularly polarized above and below this plane. This

property has beenutilized to perform magnetic circular dichroism measurementsin

the X-ray region.

2.4.4 Monochromators

Once the spectrum of electromagnetic radiation has been emitted by the circulating
- electrons in the storage ring, it must be processed into a usable beam. The synchrotron

source must therefore be complemented by a beamline which contains the shutters,

apertures, mirrors and diffracting elements required to focus and filter the spectrum ofX-
rays to obtain a monochromatic beam ofthe desired size. Mostof the optical elementsin
a beamline form a coordinated unit called the monochromator. Valves and shutters, which

isolate vacuum of the beamlinefrom thatin the storage ring and experimental chamber,

and refocusing mirrors, which direct the monochromatized radiation to the experiment,

comprise the remainder of the elements in the beamline.

The monochromatorusesdiffraction to select a specific photon energy from the

total distribution emitted by the synchrotron andis the central and largest part ofa

beamline. The monochromatorconsists ofthe diffracting elements along with coordinated

mirrors andslits. A numberofdifferent types of monochromators exist and they can be

grouped into two main types, grating monochromators and crystal monochromators.

In order to obtain the best resolution the spacing of the diffraction elements must

be close to the wavelengthofthe desired light. In the UV and soft X-ray region (A=100-

1000 A) mechanically produced ruled gratings are most effective, while, in the hard X-ray

region (A=10 A orless) diffraction from the atomicplanesin a crystal providesthe best
results.
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2.4.4.1 Grating Monochromators

The typical optical elements of a grating monochromatorareillustrated in Figure

2.12. In this monochromator (Canadian Grasshopper located at the Canadian Synchrotron

Radiation Facility (CSRF) at the Synchrotron Radiation Centre (SRC), University of
Wisconsin-Madison) the synchrotronradiationis first reflected off a gold-coated curved

mirror (M,) which focuses the light into the monochromator. Next, the mirror (M,)

focusesthe light at a grazing angle into the entrance slit and mirror M, which directs the

beam onto the grating. The grating disperses the radiation, and light of the desired photon

energy passes through theexit slit and is focused onto the experimentby a refocusing

mirror. The desired photon energy is selected by the relative positions ofM,, M, and the

grating with respect to the exit slit. The complicated, concerted linear and rotary motions
required by the grating and mirrors are controlled by a single computercontrolled stepping

motor. The moving optical elements are kept in alignment by a physical toggle mechanism

attached to two long arms(the grasshopper legs). More modern monochromator designs
such as HERMON makeuse ofstepping motors for each rotation ortranslation of the

optical elements with the positions monitored by laser interferometry.

The motion ofthe elements in the monochromatorcould besimplified but this

would lead to the position ofthe final focus moving in space. For soft X-rays and UV

light the photon beam must be kept under vacuum. The beamline and experiment must .

thus be housed in vacuum chambers. The cost and difficulty in translating experimental

chambersto keep the light focused on the sample is prohibitive and grating |
monochromatorsare designed to be fixed exit devices. .

Grating monochromators makeuse ofa diffraction grating whichis a reflecting

surface with a periodic array oflines inscribed on it. The general diffraction conditions

from a gratingare given by the grating equation,

nd = a(sine + sinB) (2.11)
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where n is the orderofdiffraction, d is the distance betweenthelines, « is the angle of

incidence andf is the angle ofdiffraction. Gratings can be either plane, concave spherical
or concaveaspherical. Each type ofgrating shape has special characteristics of focus,

resolution and optimum operating range. Specifically non-planar gratings allow

simultaneous focusing and dispersion which can decrease the numberofoptical elements
in a monochromator making these monochromators cheaperand simpler.

The grating beamlines used in this work were the Canadian Grasshopper and the

High Resolution Monochromator (HERMON) located in SRCat the University of
Wisconsin-Madison. The monochromators used in this work arelisted in Table 2.3.

Tabie 2.3. Beamlines used for work presentedin this thesis.
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Range (eV)

mm)?

40-1000|Spherical 1800 7TH x 1V

SRC-Madison, 245 - 1100 Plane variable lH x 1V
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Brookhaven, NY 26000 0.5V
‘For the spot sizes H means horizontal and V meansvertical
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Grasshopper Madison, WI

 

 

 

2.4.4.2 © Crystal Monochromators

In the hard X-ray region diffraction from the crystal planesof single crystals is

used to monochromatize the radiation. The most commondesignis the Double Crystal

Monochromator which uses the sequential Bragg (nd = 2dsin®) diffraction from two
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aligned crystals to achieve the dispersion ofthe light (Figure 2.13). The synchrotron
radiation emitted by the ring is focused onto thefirst crystal whereit is scattered onto the

second crystal. Refocusing mirrors follow the monochromator to focus the light to the

desired experimental station. The workpresented in this thesis used the X-11A beamline
located at the National Synchrotron Light Source (NSLS)at Brookhaven National Labs
and the Canadian DCM located in CSRF at SRC.

2.5 CALCULATION OF DENSITY OF STATES

In this thesis X-ray absorption near edge structure (XANES)has been used to

study the electronic structure ofthin film samples. A mentioned previously (Sect. 2.2) the
structure in a XANESspectrum represents the density of unoccupied states ofallowed

symmetry to which the ejected core electron can be promoted after the absorption of a
photon. Theoretically calculated spectra can be used to help identify the origin of

changes seen in complicated series of spectra.

Methodsfor calculating the electronic structureofcrystalline solids have been well
developed over many years. Recently new approaches and codes have been developed

which, together with hardware development, allow calculations to be done quickly on
workstations and PCS. This allowsindividual researchers to supplement their work with

their own calculations.

The electrons and nuclei that compose materials comprise a strongly interacting

many-body system. In principle the properties of such systems can be calculated quantum

mechanically if a sufficiently accurate approximate technique can be employed.

‘Calculations based on the Local Density Approximation (LDA) within the Density
Functional Theory (DFT) have become someof the most important approximate methods

used in the study ofmaterials science. Excellent reviews exist on these methods

[33][34][35][3 6] and the present discussion is not intended as a comprehensive review.
The program WIEN97[37] was used to calculate the densities of states ofvarious

metalsilicides from their known crystal structures. WIEN solves the Kohn-Sham
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equations [38] to obtain the density of electronic states. Density functional theory [39]

states that the total energy and other groundstate properties of a system ofinteracting

electrons in an external potential are given exactly as functionals of the groundstate

electronic density. In order to solve the Kohn-Sham equations WIEN uses the LAPW

(Linear Augmented Plane Wave) basisset.

Figure 2.14 Partitioning ofthe unit cell into atomic spheres andan interstitial region.

In LAPWtheunit cell is divided into two parts: the atomic spheres(1) and the

interatomic regions betweenspheres(II). Inside the spheres a linear combination ofradial

and spherical harmonicsis used as the basis set while outside the spheres (region IT) plane

waves are used. They are normalized to match in value and slope at the boundary
between the regions. The normalized functions obtained are the LAPWbasisset.

Oncethe electronic density has been calculated, WIEN uses the modified

tetrahedron method ofBléchl et a/. [40] to calculate the Densities of States (DOS). The

X-ray absorption spectra are determined by using Fermi’s golden rule anddipole matrix
elements (between the core and conduction band states) to calculate appropriate DOS
which are then broadened by a Gaussian function to simulate the absorption spectra [41].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



37

2.6 SUMMARY

_ Photoemission spectroscopy (PES) and X-ray Absorption Near-Edge Structure

spectroscopy (XANES)investigate different aspects ofthe electronic structure, which can

be related to the material’s physical structure.

PES maps out the occupied density of states below the Fermi level(referto theleft
side ofFigure 2.3). The essential information in PESis the binding energies (Eg) ofthe

core levels. Changesin the valence charge around the absorbing atom (due to bonding)

are evident in the Valence Band (VB)structure andin shifts of the core-level binding

energies as compared to those of the pure compound. Thecorelevel shifts are

reproducible for a specific compound and thus serveas a fingerprint of the physical

structure (chemical environment of the absorbing atom) present. In VB photoemission

spectra the energy levels overlap and the contributions from various elements andlevels is
difficult to determine exactly.

XANES mapsout the unoccupied density of states above the Fermilevel. Like
PES, XANESisalso site specific and maps the local electronic structure aboutthe

absorbing atom. Thespectral features depend on the physical (crystal) structure of the

compoundandasin PES actas a fingerprint to the physical structure of the compound.

The threshold energy (the photon energy at which the absorption jumpoccurs)is a

measure ofthe binding energy (difference between the Fermilevel and the core-level) of

the absorbing core-level in metallic systems. The threshold energy shifts between

compoundscan thus be compared to PEScore-level binding energy shifts.

Unlike PES, XANESis limited by the dipole selection rules; thus it maps out only

those portions ofthe total unoccupied density of states with the correct symmetries.
Comparison ofthe intensity features in XANES spectra between compoundsthus allows
information about the types(s, p or d) and elemental origin of charges to be determined.

Using synchrotronradiation rather than conventional X-ray sourcesallows usto

access the complete range of core-levels from 50-20000 eV with high-resolution. Choice

of specific core-levels at both high and low energiesis essential to allow both surface and
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bulk sensitive electronic structures to be determined.

PESwas usedto study the evolution ofthe Au/Si(100) surface in the sub-

monolayer regime in Chapter 3. XANES wasused in Chapters 4 and5to study the

electronic and physical structures in thin films ofCo and Nisilicides with depth and
elemental resolution.
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CHAPTER3: THE GOLD ON SILICON(100) INTERFACE

3.1 INTRODUCTION

3.1.1 Introduction

Surface and interface phenomenacan be considered the core of semiconductor

physics. Semiconductor devices are based on metal/semiconductor and

semiconductor/semiconductorjunctions. The atomic structures formed at these interfaces

are critical in determining the ultimate electronic properties of devices. As thelateral size

ofthe devices continues to shrink, the thickness ofthe ohmic contact layers must approach

a few tens of monolayers. In this ultra-thin film regime the electrical properties and

morphology ofthe films can become dominated by interfacial effects. Relevant examples

of this are the observed room temperature reactions betweensilicon and a few monolayers

ofdeposited Co [1] and Ni [1][2][3], while thicker (nm) deposits only showsignificant

reaction to form stable silicides after being annealed to a few hundred degrees Celsius.

Thus, a detailed knowledge ofthe structure of metal/silicon interfaces is of significant

value to the semiconductorindustry for the continued development of semiconductor

devices.

Despite the importanceofinterfacial phenomena, a fundamental understanding has

been slow in developing. The main reasonforthis is the complexity of the puzzle.

Surface and interfacial structures are determined by the interaction of many small effects.

Elastic strain, coulomb energy, rehybridization energy, surface energy and the structure of

the clean surface, to name a few,can all affect the final structure ofan interface.
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In studying metal/semiconductorinterfaces two main approaches have been

adopted, the top-down approach andthe bottom-up approach. In the top-down approach
the interface to be studied is formed thenit is covered, either by layers of the top

componentofthe interface or by capping layers of another substance. The properties of

the interface are then investigated. The capping layers prevent further reactions from

occurring at the interface and create a realistic environment similar to that in which the
interface is usually found. Although the information gatheredis readily applicable to a

functioning device, it can be limited. The material abovethe interface prevents the use of

many ofthe most powerfultools available to the surface scientist, such as Scanning

Tunnelling Microscopy (STM), Atomic Force Microscopy (AFM), Low Energy Electron

Diffraction (LEED) and Photoemission Spectroscopy (PES), which are sensitive only to

the top few monolayers of the sample.

The bottom-up approachfollows the evolution of the interface as the metal is

slowly deposited onto the substrate. This approach allows the use of the commonsurface

science tools but whether the information obtained reflects the ‘true’ buried interface is an

open question. Pure surface effects, such as surface tension and rate of metal deposition,

can affect the interface as can the absence of the normally present overlayers. Despite

their limitations, both approaches have contributed to the fundamental understanding of

interfaces.

In this chapter we will follow the bottom-up approach to study the formation of

the Au/Si(100) interface using synchrotron based photoemission spectroscopy.

3.1.2 The Au/Si system

The noble metals (Au, Ag, Cu) on silicon are representative of the broad range of

interfacial phenomena [4]. Ag forms a non-diffusive interface, Cu forms a diffusive
interface with stable compound formation and Au formsa diffusive interface with no

stable compound formation [4]. Of these three, Au is perhaps the mostinteresting, as

according to the phase diagram (Figure 3.1), Au is not expected to react withsilicon, the
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two are immiscible and only form a eutectic at 300 °C. However, Au, when deposited on
a silicon surface, reacts at room temperature. The uniqueness of the Au/Si system, along

with Au’s possible use as a metal/silicon contact in integrated circuit manufacture, have

madeit an extensively studied system [6]. |

Workonthe gold-silicon system was stimulated by the observations that at room

temperature, silicon can out-diffuse to the surface of Au layers several hundred angstroms

thick [7], and that gold catalyzes the formationofsilicon oxide onsilicon surfaces [8].

Both ofthese observations indicated an interfacial reaction in which Au breaks the

covalent Si-Si bonds, providing free Si atomsat the interface. The uniqueability of Au to

induce Si bond breaking is perhaps the central feature ofthe Au/Si interface formation.

Indeed, the presenceoffree Si induced by adsorbed Au has been used as a

promoterofSi diffusion in the formation ofPt [9] and Ag [10] silicides. Small amounts of
Auare also usedto crystallize amorphousSi below 250°C [11] (well below the pure Si

crystallization temperature of 550 °C). The unique properties of the Au/Siinterface are

also behind the process of Au-Si eutectic bonding whichis usedto attach a Si wafer to a

ceramic support or another wafer [12].

The high reactivity of the Au/Si interface, althoughuseful and scientifically

intriguing, is highly undesirable for making contacts andinterconnectsin integrated circuit

manufacturing. As a result, research into controlling gold’s interaction with silicon has

been pursued. This research usually focuses on the blocking ofthe Si surface states by
reacting them with another atom, such as H [13][14][15]{16].

The majority of the research into the Au/Si interfacial structure has been done on
the Si(111) surface [6]. The first point to raise is that at room temperature the interface

does not develop a Au-induced ordered structure. At higher temperatures, numerous Au-

silicide metastable phases have been seen [17]. Overall, the room temperature junction

develops such that three distinct regions form abovethe Si substrate (see Figure 3.2).
1) A diffuse alloyed zone (about 10 ML thick) develops on the Si substrate. The

composition is unknown and both Au-rich and Si-rich stoichiometry have been

reported. Small Au crystallites have also been found throughoutthis layer [4][18].
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2) Next a layer of Auis found.

3) Finally a thin (1-2 ML) Au-rich alloy or compoundforms on the surface. The

composition ofthis phase is unknown butit appearsto be close to Au,Si [19].

 
‘Au-Si alloy

au layer
ee es==—_amorphous Au-Sialloy

—— ——— AuparticlesogSubstrate
Figure 3.2. General picture ofthe Av/Si interfacial structure.

 

  

This picture of the Au-Si interface points to the complexity of the Au-Si

interactions. A numberofquestions aboutthe interface have defied solid answers. These

include:

1)

2)

3)

4)

Whethera critical thickness of Au on the surface is required before the initial Au-

Si interaction proceeds.

Whether there exists a minimum Au coveragebefore Si beginsto diffuse to the
surface or, as has recently been suggested [19], whether the Au layer forms

between thetopsilicide layer and the Si substrate.

Whetherthe alloy phase formed at the Au-Si interface remains or whether the Au-

Si interface becomesatomically abrupt. ,

The exact positions of the atomsin the interfacial structure.

Manyofthe discrepancies between experimental data concerning the interfacial ©

structure and reactions may stem from, a) the dependance ofthe reactions on surface

preparation and dosing rates which have not been adequately controlled, and b) the

limitations in spatial and depth resolution of the experimental techniques used.

The Au/Si(100)interface, although more important technologically, has beenless

investigated [4][18][20](21][22][23][24][25][(26][27][28][29}(30][31]. The basic
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properties ofthis interface have been found to bevery similar to those of the Au/Si(111)

interface. The main differences are with the thicknesses ofthe layers and the rate at which

the interface forms. .

Photoemission using synchrotronradiation has been found to provide detailed

information aboutthe structures of surfaces. Thefirst photoemission study on the Au/Si

interface was done on Si(111) by Braicovich et al. [32], making use ofthe valence band

and both the Si 2p and Au 4f core-levels. In the study of the Au/Si(100)interface

formation, mostly Auger electron spectroscopy has been used along with valence-band

photoemission to study thesurface [20][25]{27}[28][29].

X. F. Lin and J. Nogami [31] have investigated the Au/Si(100) interface at room

temperature using Scanning Tunnelling Microscopy (STM). Theirresults indicate that the

first monolayer ofAu deposits in an ordered structure, afterwards the interface develops
layer by layer in a disordered fashion. |

Core-level photoemission studies on the Si(100)interface have only been done

infrequently [27][28][30].

The goal of the research into the Au/Si system has been to understand the growth
and resulting structurespresent at the interface. An understanding ofthe structures

present at the interface, and possibly how to control them,is critical to understanding the
electronic behaviourofthe interface. Despite extensive effort the goal has remained

elusive especially for the Si(100) surface.

This study will investigate the formation of the Au/Si(100) interface at room

temperature in the sub-monolayer and monolayer regimesusing high resolution
photoemission spectroscopy.

3.1.3 Si(100)

In order to study the interaction of Au on the Si(100) surface wefirst must

understandthe structure of the surface and how this is seen by photoemission.
Silicon crystallizes in the diamond structure (Figure 3.3B) and like diamondis a
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Figure 3.3. A) The Miller indices of three commoncrystal planes. B) The diamond structure of
crystalline silicon. C) The atomic arrangementofatomsforthe ideal Si(111) and ,
Si(100) crystal planes. The dashed line represents the planein referenceto the bulk

unit cell. The solid line represents the surface unit cell.
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A) Top view Side view

 

— Dangling bonds
@ Surface S: atom

© Second layer Si atom

Third layer Si atom

 
Figure 3.4. Simplified views ofthe A) unreconstructed (ideal) Si(100) surface, and B)

the reconstructed $i(100)-2x1 surface. The dashed line represents the
surface unit cell.
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covalent solid. Specific crystal planes are defined by a set of numbers(called Miller

indices) that specify the coordinates along the unit cell axes where the desired plane
crosses these axes. The Miller indices, (hkl) in a cubic system, represent the reciprocals

of the coordinates where the plane crosses the unit cell axes (See, Figure 3.3A). For

example the (122) plane crosses the unit cell axes ata=1,b='“%andc= 4.

Surfaces are formed by cutting the crystal at some plane. At a crystal surface the

sp’ hybrid orbitals directed out of the surface remain unbonded and form so-called,

dangling bonds (Figure 3.3C). For the ideal (111) face, one dangling bond per surface Si

atom is formed perpendicular to the surface; however, at the (100) face, two bonds per

surface Si atom remain dangling. Such surfaces are unstable and reorder themselves, or

reconstruct, to decrease the numberofdangling bonds and thus, their energy.

In the (100) surface the atomsreconstruct so that opposite rows ofatoms move

together and form a bond leaving each surface Si atom with only one dangling bond

(Figure 3.4). The formation of the dimers on the surfaceleads to an increase in the size of

the surface unit cell by a factor of two in one direction as compared to the’

unreconstructed surface unit cell. The reconstructed Si(100) surfaceis thus called the

Si(100)-2*1 surface.

Photoemission has proven to be a valuable tool in the elucidation of surface

structures, Photoemission looks at the core-level binding energies (See Section 2.3) of the

ejected photoelectrons. Any changein the valence electron configuration (through

bonding, etc.) modifies the amount of core-charge effectively seen by the core-electrons

and thus their binding energies. This is the origin of the chemical shift whichis used as a

fingerprint of the nature of the environment around an atom. High resolution synchrotron

radiation allows the subtle changes (small chemical shifts) to be visible which are not

normally visible when using a conventional X-ray source, such as the difference between

the up-dimer surface Si atom and the bulk Si atoms.

In a many-electron atom, the coupling of the spin and orbital angular moments

(spin-orbit coupling) causes levels with /> 0 to no longer be degenerate. Spin orbit

coupling causes these energy levels to be split into two levels withj= /+ s [33]. Thus the
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p (/= 1) levelsaresplit into the p3,, and p,, levels and the f (7 = 3) levels are split into the

f,p and f5,) levels. The level with the highest value is more energetic and has the lowest

binding energy. Therelative intensity ofthe twospin orbit split levels reflects the

degeneracy (2j + 1) of the spin orbit split levels. As a result, for / > 0 core-levels, each

chemically distinct set of atomsgives rise to two photoemission peaks known as a spin-

orbit doublet (See Figure 3.5) separated by the spin-orbit splitting. In systems where the

spin-orbit splitting is large (as in Au 4£, Ago = 3.7 eV), the two doublets can be separated

and only one ofthe components need be considered. In the case where the spin-orbit

splitting is small (as in Si 2p, Ago = 0.6 eV) the doublets can not always be well separated,

adding to the complexity of the subsequent analysis ofthe photoemissionresults.

Much debate was centered aroundthe exact structure, both physical and

electronic, ofthe dimer bonds and the subsequentinterpretation ofthe core-level

photoemission results. E. Landemark and coworkers, with much improved photoemission

resolution and sample preparation, came to the conclusion [34] that the dimer bondingis

partially ionic, hence, the surface dimers are asymmetric (Figure 3.4B). The ionic nature

implies a small charge transfer from the down-dimer atom to the up-dimer atom. The

extra charge on the up-dimer atom decreases the binding energy (relative to a bulk Si

atom) ofcore-electrons escaping from that atom. The loss of charge from the down-

dimer atom increases its binding energy. The asymmetric dimer model wasoriginally

proposed by D. J. Chadi [35] theoretically.

An example of a well prepared Si 2p core-level photoemission spectrum, taken

from our early work on clean and hydrogenatedsilicon [36], is shown in Figure 3.5 along
with a representative fit to the data. Clearly not all the componentsin the spectrum can be
resolved experimentally. Four components other than the bulk peak (B) are found
necessary to fit the data; these are labelled S, S’, SS and C and correspond to emission

from the up-dimer atoms, the secondlayersilicon atoms, the down-dimer atoms and a

broad componentrelated to defects, respectively [36]. The binding energy shifts of these

componentsarelisted in Table 3.1 and agree with those ofE. Landemarket al.. However,
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EmissionIntensity(Arb.Units) 
-1.0 -0.5 0.0 0.5 1.0 1.5

Binding Energy Relative to Bulk Si 2p3,. Peak (eV)
Figure 3.5. Si 2p core-level spectra of a clean Si(100)-2x1 surface and representative fitting components.

For description see text. (After D. T. Jiang et al. (36))
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Table 3.1. Core-level binding energy shifts of the components seen in the Si 2p photoemission spectra of
clean silicon. (After D. T. Jiang et al. [36])

[Components|ers|Cc|ss|
AE, relative to bulk’ eV) 0.16

“Uncertainty £0.01 eV except for SS which is as shown.

   

 
  

ourinterpretation of the origin ofthe C component differs from that ofLandemark.

The surface origin of the four extra componentscan be verified by changing the

emission angle and photonenergy in such a wayas to increase theescape depth ofthe

electrons as is shown in Figure 3.6. Clearly the relative intensity ofthe emission from the

up-dimer atom (S peak) decreases with increasing escape depth, as do the intensity ofSS

and S? which is evident from the decrease in intensity between the twospin orbit split

components of the bulk doublet. |
The surfaceorigin of the S componentis also evidencedbyits sensitivity to the

adsorption of other atoms/molecules onthe surface. The S component is seen to
disappear from the spectrum by the adsorption of~Ys monolayer ofH atoms[36], for
example. Thus the presence ofthe S componentin a photoemission spectrum can be used
as an indication that a clean silicon surface has been prepared.

The core-levelline widths of the photoemission spectra can also be affected by the

sample preparation. In order to achieve the narrow lines seen in the preceding Si 2p core-

level spectra, the preparation of a sample with low defect density wasvital. The effects of
poor sample preparation can be seen in Figure 3.7 where we comparespectra taken from

the front and back (unpolished) sides ofthe same sample. Clearly both surfaces are clean

and the spectrometerresolution is the same but the spectrum from the back has much

broaderlines due to the surface non-uniformity (roughness).
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Clean Si(100)-2x1

as
hv emission angle

130eV . 32°

EmissionIntensity(arb,units) 
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Binding Energy Relativeto Bulk Si Peak (eV)

Figure 3.6. Si 2p core-level spectra of the clean Si(100)-2x1 surface. The binding energy zero is defined
at the 2p,,, peak of the bulk emission. The excitation energies and photoemission angles

are labeled. S indicates the up dimer atom emission. (After D. T. Jiang et al. (36})
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Intensity(Arb,unit)

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

Binding Energy Relative to Bulk Si 2p,,. Peak (eV)

Figure 3.7. Comparison of two Si 2p core--level spectra taken from, A) the front side and B) the back
side of, the same sample. S indicates the up dimer atom emission.
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3.2 EXPERIMENT

3.2.1 Experimental Equipment

The photoemission experiments were performed on the Grasshopper beamline at

the Canadian Synchrotron Radiation Facility (CSRF) located at the Synchrotron Radiation

Center (SRC), University of Wisconsin-Madison using an ultrahigh vacuum (UHV)

chamber. The experimental chamber was equipped with a Leybold 180° hemi-spherical
electron energy analyser, a 4-axis manipulator, a Au evaporation source (Figure 3.8), and

was pumpedbyan ion/sublimation pump combination. The base vacuum in the

experimental chamber was 1 < 10°torr. A 1800 groove/mm grating wasused in the

grasshopperand provided optimal resolution ( ~ 0.2 eV) at about 130 eV photon energy,

with a 12.5 eV analyser pass energy.

Au was evaporated from a heated tungsten filament held 5-6 cm from the Si

sample. The dosing was carried out with the Si(100) substrate at room temperature and

no detectable increase in substrate temperature was observed during dosing. The pressure

in the chamber during dosing was kept below 5 x 10° torr. The coverage of Au adsorbed

on the Si(100) surface at the end of a series of experiments was determined by Rutherford

Backscattering (RBS). Intermediate coverages were then determined using the

accumulated dosing times. The photoemission spectra were taken from two samples. For

each sample, the current in the Au doser during evaporation was kept constant but was

varied between samples. The dosing rates were approximately 0.18 ML/min and 5

ML/min for the two experimental runs.

The Rutherford Backscattering (RBS) experiments were preformed at the van de

Graaff accelerator laboratory located at the University ofWestern Ontario. The coverage

ofAu was measured using a 1 MeV *He* beam. The backscattered Heparticles were

counted by a Si surface-barrier detector located at a scattering angle of about 150°. A Bi-

implanted standard sample wasusedto calibrate the coverage measurements with a

precision of 3%. An example ofa typical RBS spectrum for the Au covered Si(100)
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Figure 3.8. Schematic diagram of the PES experimental chamber, the important analytical
devices and the sample mountused to study the Au/Si(100) system.
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samples is shown in Figure 3.9. The area underthe Au peak is used to determine the

coverage in atoms/cm?. The coverages are then converted to coverages in monolayers
(ML). A monolayeris the number of atoms/cm?present on a clean surface, for Si(100) 1
ML = 6.78* 10" atoms/cm’.

3.2.2 Sample Preparation

Si (100) samples ofabout 6mm « 20mm size were cut from an n-type (4-7 Q cm)
wafer and mountedin a tantalum/molybdenum holder (see Figure 3.8) mounted at the end

ofthe sample manipulator in the vacuum chamber. The samples were heatedresistively
and the temperature was measured by an IR pyrometer(for the high temperatureused in

cleaning) and by a K-type (Chrome! ®/Alumel®) thermocouple spot welded on the tantalum

holder at lower temperatures.

The Si(100) samples werefirst degassed at ~600°C for a minimum of4 hours

keeping the chamberpressure in the 10° torr range. After degassing, the samples were

cleaned by flashing to 1100 °C for 30 sec., followed by rapid cooling to below 800 °C

then slow (15 - 20 min.) cooling to room temperature. Several flashing and cooling cycles
were required to achieve a clean surface initially. The pressure during cleaning washeld in
the 10° torr range. Ideally the pressure throughout the degassing and cleaning procedure
should be maintained in the 107° torr range.

Whenthe preparation conditions are optimized, this cleaning procedureis

expected to produce a defect density of<5% [37]. Although this cleaning procedure can

produce clean surfaces with low defect density (such as the sample whose Si 2p core-level
photoemission spectrum is shown in Figure 3.5)it is very difficult to control, and any
deviation from ideal conditions can leave a dirty, a visibly rough surface or a surface with
a high defect density. The Si( 100) surfaces prepared for Au deposition appearedto be
clean and werevisually smooth but had broad photoemission (Figure 3.10) lines (similar to

the back-side spectrum shown in Figure 3.7B) indicating that the prepared surfaces were

not atomically smooth.
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3.3. RESULTS AND DISCUSSION

3.3.1 Si2p Core-level Data

Looking first at the spectra taken at 130 eV photon energy. At this photon energy

the kinetic energy ofthe ejected 2p core electrons is approximately 30 eV, whichis within

the broad minimum in the universal curve ofelectron escape depths (~SA, Figure 2.7).

The spectra taken at 130 eV are thus surface sensitive. Figure 3.10 shows the spectra
obtained from dosing successive amounts of Au onto the Si(100) surface.

The Au coverages as determined by RBS and dosing timesareindicatedin the

figure. The coverages upto and including 3.6 ML are from the sample dosedat a rate of

0.18 ML/min.. Coverages above 3.6 ML (12.8 ML and 25.5 ML) are from a second

sample which was dosed at ~5 ML/min.. The spectra shown havebeen normalized to the

point of maximumintensity in the spectra. .

The binding energy scale is as recorded experimentally. The expected binding

energy of the Si 2p, peak ofbulk silicon is 99.2 eV; we observe the 2p,, bulk peak at

approximately 103.5 eV. This discrepancy (4.3 eV) is caused by the spectrometer and

sample work functions which have notbeencalibrated for in the experimental setup.

The peak corresponding to the 2p;, componentofthe up-dimer atom emission in
the clean Si spectrumis indicated by an arrowlabelled S in the figure.

A numberofobservations from these spectra are apparent:

1) The emission from the up-dimer atom S deceasesin intensity with increased gold

coverage and is almost completely gone by 0.36 ML.

2) Thereislittle change apparentin the rest of the spectra for the low coverages
except for a small broadening of the peaks towards the higher binding energy side.

3) The spectrum obtained at 3.6 ML coverageis significantly different from the

preceding spectra taken at sub-monolayer coverages. Two componentsareclearly

seen at higher and lower binding energies than in the previousspectra.

4) The lower binding energy componentin the 3.6 ML Au covered spectrum

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Intensity(Arb.Units) 
102 104 106

Binding Energy (eV).

Figure 3.10. Si 2p core-level spectra of clean Si(100) and Au covered Si(100) takenata photon energy
of 130 eV. The Au coverages are indicated in the figure. The surface component(S)

correspondingto the up dimer atomsis indicated by an arrow.
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disappeared with an increase in the Au coverage, while the higher binding energy

componentremained.

The rapid decreasein the intensity of the surface componentis hardly surprising as

this is seen in other systems of adsorbates on Si, including H [36]. Because the sampling

depth at this photon energy is only about 5 A,it is possible that physisorbed Au overlayers .
could attenuate the signal and thus decreasetherelative intensity of the S peak without

modifying the surface. This is unlikely as attenuation of S should also decrease the

relative intensity of SS and thus decrease theintensity in the valley betweenthe spin orbit

components of the main (bulk) peak (as was seen in Figure 3.6). Such a decrease clearly

does not happen andindicates that the Au atoms react with the dimer atoms to form some

surface Au silicide. The formation of a surface Ausilicide would be expected to produce

an increase in intensity somewhereelse in the spectra corresponding to the emergence ofa

photoemission doublet characteristic ofthe silicide or alloy formed. Such a change is not

immediately evident from the sub-monolayer Au covered spectra. The valley between the
two main peaks is howeverpartially filled in with the broadening of the peaksin the Au

covered spectra and a shift of the main peak to higher binding energy. This broadening

may be evidence of the expected Ausilicide photoemission.

By 3.6 ML of deposited Au, the spectrum developsinto two clearly defined
componentsto either side of the original Si bulk peak position. It has been established on

both Si(100) and Si(111) surfaces that the lower binding energy component corresponds
to bulk unreacted silicon which has been shifted towards E, by band bending

[19][28][30][38]. The band bendingshift is approximately 0.17 eV close to the low end

of the reported range of 0.2 eV [28] to 0.43 eV [38]. Theassignment of the lower

binding energy componentto bulksilicon is supported by the fact that at higher gold

coverages, this componentvanishesin favourofthe higher binding energy component

[19][38], as can be seen in the top spectrum in Figure 3.10 (12.8 ML). At higher Au

coverages (12.8 ML)the bulk silicon atomsare too deeply buried for emitted

photoelectrons to escape.

The higher binding energy componentseen in the 3.6 ML spectrumis attributed to
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a Ausilicon compound. This peak is shifted by approximately 0.7 eV to higher binding

energy from the bulk silicon peak and persists even at high Au coverages. This is evidence
that a silicide is always present at the surface andthat it originates early in the formation of

the Au-Si interface.

Moving now to the spectra obtained at 160 eV photon energy (Figure 3.11). At

this excitation energy, the photoelectronshavea slightly longer escape depth (by about 2-

3 A); this makes these spectraslightly more bulk sensitive than the spectra taken at 130
eV. This means that any surface peak should decreasein intensity relative to the bulk
while any peak that originates from deeper in the sample should increase in intensity

relative to the bulk.

The spectra shownin Figure 3.11 have been treated in the same manneras the 130

eV data in Figure 3.10. The resolution of the spectra decreases slightly with the photon

energy. The surface component(S)in the clean Si(100) spectrumis clearly reduced in

intensity relative to the bulk as compared to the 130 eV spectra. This is expected since

the 130 eV spectra are more surfacesensitive.

In the 160 eV spectra the increasein theintensity in the valley betweenthe bulk Si

2p components is muchclearer than in the 130 eV data. This is evidence for a component,

shifted roughly 0.25 eV to higher binding energy from the bulk, which increases in

intensity with increased gold coverage. The approximate position of this Ausilicide peak

is shown in Figure 3.11 with an arrow labelled “Au-Si A”. Thesilicide peak at higher

coverages, shifted by approximately 0.7 eV to higherbinding energy,is labelled “Au-Si B”

in the figure.

Besidesthe slight intensity variations noted above, the main features of the spectra

are identical to those found for the 130 eV data. Thepicture of the Au-Si interface

formation that emergesis:

1) Initial reaction of deposited Au with Si surface atoms begins immediately; no

critical coverage needs to be achieved before the reaction. The loss of the surface

silicide component (S) and the development of the “Au-Si A” componentat higher
binding energies are both clearly seen by 0.36 ML of Au coverage.
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Figure 3.11. Si 2p core-level spectra of clean Si(100) and Au covered Si(100) taken at a photon energy
of 160eV. The Au coverages are indicated in the figure along with the bulk Si signal

‘position and the positions of the two Au-Si "alloy" peaks.
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2) At higher coverages, band bendingshifts the bulk Si 2p component towards the

Fermi level. This is accompanied by the developmentofthe “Au-Si B” component

shifted to higher binding energy relative to bulk Si but by a larger amountthan

“Au-Si A”. |
3) As more Auis deposited the bulk Si signal disappears leaving only the “Au-Si B”

component. .
The fact that the low coveragesilicide (A) is more evidentin the bulk sensitive 160

eV data suggests thattheinitial silicide is formed somewhatbelow the surface. This
seems reasonableas thesilicide is formed under a layer ofdeposited Au.

The data and description of the Au-Si interface formation described aboveare |
consistent with those seen in the formation of the Au-Si(111) interface [19][38] at room
temperature, althoughin these two previous studies no evidence was found for a low

coveragesilicide. K.Hricovini et a/. [28] found that in the Au/Si(100)interface, only one

silicide was formed (with a chemical shift of approximately 0.6 eV) from 0.3 ML to over 1

ML of Au coverage.

The core-level shift of the “Au-Si B” componentseen at high gold coveragesis

consistent with those reported on the Si(111) surface [19][38] and on the Au/S1(100)-5~1

surface [30] and has been previously identified as arising from Au,Si.

The photoemission peaks from bothsilicides formed exhibit positive binding .

energy shifts which indicate that Si loses charge in bothsilicides. The increase in the shift

is indicative of eachsilicon being associated with more Au atomsin the secondsilicide (B)

comparedto the first (A). Even though Auis more electronegative than silicon, it is hard

to suggest that gold would havea significant negative charge in a compound; thus some

charge compensationis expected to exist in both these compounds.

3.3.2 Difference Spectra

Thusfar in the discussion we haveidentified the “Au-Si A” compoundin the sub-

monolayer coverage range as having a chemical shift of approximately 0.25 eV. The
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Figure 3.12. Difference between A) 3.6 ML and B) 0.36 ML Au covered and clean Si(100) spectra. The
Au covered spectra were shifted so that the bulk peaks were approximately aligned.

The core-level spectra were also normalized to the height of the bulk peak.
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chemical shift was determined bythefilling ofthe valley between the bulk Si 2p,,. and 2p,,

components, which has a chemical shift between 0.2 and 0.4 eV. An accurate chemical

shift ofthis componentis difficult to determine from the sub-monolayer spectra. Fitting of

the spectra with Voigt lineshapes (convolution ofa Gaussian and Lorentzian line) using a
non-linear least squaresfitting program was attempted; however, with the 6 required

components,the fits were not unambiguous.

A simpler method to determine the chemical shifts with greater accuracy is by

using difference spectra. By taking the clean Si(100) spectrum and subtracting it from a
Au covered spectrum, the difference betweenthe spectra can be seen. Thedifferences

seen arise from the changes in intensity ofthe various components affected by the Au

adsorption. Such difference spectra are shown, in Figure 3.12, for data collected at a

photon energy of 130 eV. The (0.36 ML - clean) and (3.6 ML - clean) cases are shown.

In both cases the Au covered spectra have been shifted and scaled to the position and

intensity of the bulk 2p,,, componentin the clean Si spectrum.

The difference spectrum between 0.36 ML Au-covered spectrum and the clean
Si(100) spectrum (Figure 3.12B) showsfirst, a negative peak with a binding energy shift

of approximately -0.6 eV, followed by a positive doublet with an approximate separation

of 0.6 eV corresponding to the spin-orbit splitting seen in Si 2p levels. Thefirst peak is

caused by the decreasein intensity of the 2p, part of the S (up-dimer surface atom) .
componentofthe clean spectrum. The second doublet clearly indicates the growth ofa
Au-Si doublet in the spectrum at higher binding energies. The 2p,,. part of the Au-Si

doublet is distorted because ofinterference from the decrease in intensity of the 2p,, part

of the S component. Therelative binding energy of the 2p,,. part of the doubletis 0.8 eV.

Subtracting the spin-orbit coupling value of 0.6 eV leaves an approximate chemicalshift

of0.2 eV.

Analysis of the difference spectrum between the 3.6 ML Au covered spectrum and

the clean Si spectrum gives the same features except that the Au-Si compound component
has a chemical shift of 0.7 eV. This simple analysis clearly illustrates the presence of the

“Au-Si A” component, with a chemical shift of 0.2 eV, in the sub-monolayer Au-covered
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spectra and the dramatic coverage dependentchangein the chemical shift to 0.7 eV, “Au-
SiB”. |

The 3.6 ML Aucovered spectrum wasanalysed using-least squaresfitting

procedure (shown in Figure 3.14B). Doniach-Sunjic (asymmetric Lorentzian) [39]
lineshapes convoluted with Gaussian lineshapes were used. The asymmetry parameter (cz)
found was small (< 0.1); thus the components are almost symmetrical. If a=0 the D-S

lineshape used reduces to a Voigt lineshape. The asymmetry arises from many-body

metallic screening ofthe core-hole [39][40]. In silicon, with no electron density at the

Fermi level, no asymmetry is required in thefitting lineshapes [34][36]. The presence ofa

small asymmetry in the peaks suggeststhatthesilicide “Au-Si B” is metallic. The

spectrum is fitted with two doublets (spin-orbit splitting of 0.602 eV) with a separation of
0.70 eV consistent with previous results [19][30] and the difference spectra analysis .

above.

In the analysis of the Si 2p core-level data the presence of the other known surface

related components(SS, S’) have been ignored because there is not enough informationin

the spectra recorded to determine exactly the changesin intensity or positions occurring
with these peaks. Higher resolution and more detailed fitting in the sub-monolayer

coverage region, based on the known clean Si(100) components (Figure 3.5), may reveal

whether Au adsorbs simultaneously on both surface dimer atoms, or whether the

adsorption process is sequential, as is the case for H atoms adsorbed on Si(100)[36].

3.3.3 Au 4f Core-level Data

Au 4f core-level data were taken simultaneously with the Si 2p data. Au core-

levels were only seen for the 3.6 ML Au coverage and above. The Au 4f core-level

spectra are shown in Figure 3.13 and representative fits of two of the 160 eV data are
shown in Figure 3.14a. As for the Si 2p data the binding energies are as recorded and

show a 4.3 eV shift due to the spectrometer workfunction.

As the Au coverageis increased, the Au 4f doublet appears to shift to lower
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Figure 3.13. Au 4f core-level spectra of clean and Au covered Si(100) taken at a photon energy of,
A) 160 eV and B) 130 eV. The Au coverages are indicated in the figure.
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Figure 3.14. Representative fits to the core-leveldata. A) Au 4f data taken at 160 eV,
B) Si 2p data taken at 130 eV. Dots corespondto the data, the
thick solid line is the fitted spectrum, components are labeled. .
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binding energy while broadeningto the lowerbinding energy side. The shift in the Au 4f

levels towards E, wasfirst seen by L. Braicovich efal. [32]. The 3.6 ML spectrum can be

fitted with one doublet (spin-orbit splitting 3.7 eV) at 89.0 eV. The higher coverage

spectra require two doublets, one at 88.85 eV consistent with the doublet found at 3.6 ML

coverage within experimental error, and oneshifted to lower binding energy by 0.6 eV to |

88.25 eV. Theseresults are consistent with others on both the Si(100) [30] and the

Si(111) surfaces [19][38]. The lower binding energy componenthasbeenidentifiedas

arising from the forming Aulayersinceit increases with increasing Au coverage and

becauseits position matches that for pure Au. The higher binding energy doubletis

_ identified with the surfacesilicide “Au-Si B”. It should be noted that this doublet never

disappears from the spectrum regardless of Au coverage indicating that somesilicide
remains on the surface [19] even at high Au coverages.

It is interesting to note that for similar coverages on the Si(111) surface, J.-J. Yeh

et al. [19] find that the bulk Au peak is moreintense than the silicide peak while in our

spectra the situation is reversed. This suggests that for a similar coverage, the thickness of

the surfacesilicide formedis larger in our samples. Whetherthis is due to differences
between Si(100) and Si(111) or just our sample preparation is unclear.

The positive binding energy shiftof the Ausilicide Au 4fpeaks suggests that Au -

loses charge. This seems to contradict the Si 2p results that had Si losing chargeas well.

This effect is common in Au compounds[41] and is consistent with the charge

compensation model. The charge compensation model [42] states that Au gains sp-type

charge but loses d-charge to compensate, causing a small net chargeflow onto theAusite.
This allows Au to satisfy both electronegativity and electroneutrality considerations. The
Au4fbinding energy shift is positive since the shift depends not only on the charge

transferred but also on the screening ability ofthe charge. Since the d-electrons screen the |
nucleus better than sp-electrons a small loss of d-charge dominatesthe binding energy
shifts.
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3.4 CONCLUSIONS

In this portion of the project, the bottom-up approachto theinvestigation of the

interactions of metals with Si(100) was usedto study the initial stages of the formation of

the Au/Si(100) interface. The interface was studied using core-level photoemission

spectroscopy using synchrotronradiation.

It was found that the Au/Siinteraction is immediate, with a decrease in Si surface

state intensity and an accompanying increase in intensity ofa Au-Si phase (Au-Si A). As
the Au coverage increases, the Au-Si phaseshifts relative to the bulk Si (Au-Si A ~ Au-Si |
B transition) and at the same time the Si bulk state is shifted towards the Fermi level by
band bending effects. The secondsilicide formed persists as the Au coverageincreases,
while the bulk silicon signal decreases until it eventually disappears from the spectrum as
the sampling depth ofPESis exceeded by the thickness of the Au overlayers. The loss of

the Si 2p bulk signal in the Si 2p core-level spectra is accompanied bythe increase ofa

pure Au doublet feature in the Au 4f spectra. The Au 4f doublet arising from thesilicide

persists through out the Au coverageseries up to high Au (25 ML and above) coverages,

indicating that the Au layer forms betweenthetopsilicide and the interface. The chemical

shifts of the Au 4f and Si 2p corelevels for the high coveragesilicide (Au-Si B) indicate
that the charge transferin thesilicide follows the charge compensation model for Au

~ bimetallics. No Au 4f peak was observed for the low coveragesilicide. The picture of the
interface formation described aboveis similar to that seen for the Si(111) and Si(100)

surface; however, the immediate reaction and presence at low coverages of a Au-Si peak

with a different chemical shift from the final Au-Si peak has not been reported before.

Several questions remain:

1) Whether the development ofthe band bending is abrupt or gradual. Along with

. this is the question ofwhen the surface changes from semiconducting to metallic
and the progress of the development ofthe Schottky barrier.

2) Whether the Au-Si compoundsare alloys or stoichiometric compounds. If the

transition from one chemical shift to the other is gradual, then alloys are formed.
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3) Whetherthefirst Ausilicide remainsat the Au-Siinterface, or the second Au
silicide remains at the interface orif the interface becomes atomically abruptas the

Aulayer forms betweenit and the topsilicide. This is difficult to answerusing

photoemission as the overlayers prevent the probing of the interface. Perhaps

XANEScan samplethe interface through the overlayers to answerthis question.

4) The exact positions ofthe atomsat the interface and compositionofthe first Au

_ silicide formed up to a few ML;this informationis increasingly importantto
controlinterfacial structuresin ultrathin films. |

5) Whether the discrepancies with previous Au/Si(100) core-level data are due to

differences in surface preparation, Au dosing rates or otherfactors.

Overall the bottom-up approachoffollowing the evolution of the Au/Si(100)
interface has solved some questions but much more workis required, in photoemission

and other techniques, to answer the remaining questionsas this project continues.
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CHAPTER4: COBALT SILICIDE THIN FILMS*

4.1 INTRODUCTION

As noted in the introduction, transition metal silicides are used in the manufacture

ofmodern MOSFETdevices as low resistivity contacts to the source, drain and gate (Fig.

1.2), In the search forthe silicide with optimal properties for incorporation into devices,
almostall the transition metalsilicides have been extensively investigated (for reviews see

[L234[S][617). For existing devices, Ti (TiSi,) has been the most commonly used

metal silicide [8][{9][10]. However, the continued down scaling ofdevice size and
development ofnew manufacturing techniques has demanded continual reevaluation of the

properties ofall the metalsilicides [7][11][12][13]. Recently, Co has come underintense

investigation as a possible candidate to replace Ti [7]{10][13] in semiconductor devices.
As a result cobalt silicides have been heavily studied [10][14][15] with the major thrust

being the material’s characteristics and compatibility with current processing techniques.

Typically the formation and properties ofsilicides have been studied by Rutherford

Backscattering (RBS), Transmission Electron Microscopy (TEM), X-ray Diffraction

(XRD), Auger spectroscopy and VB photoemission. Soft X-ray emission spectroscopy at

the Si L-edge hasalso been extensively used [16]. However, even with the large volume
ofwork on Cosilicides, only a handful ofstudies using X-ray absorption have been

tPortions ofthis chapter have been published:
a) S. J. Naftel, I. Coulthard, Y. Hu, T. K. Sham and M. Zinke-Allmang, Mat. Res. Soc. Symp. Proc. $24, 273
(1998). -
b) S. J. Naftel and T. K. Sham, J. Synchrotron. Rad. 6, 526 (1999).
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published (see Table 4.1). These X-ray absorption studies have only focused on the pure

spectra and theoretical descriptions. No studies have been carried out using X-ray
absorption as a tool to follow changesin the electronic structure arising from variations in
the thin film formation conditions.

Thin film silicides in industry are formed by heat induced diffusion synthesis

[1][2][4][6][7]. In this process a layer ofpure metalis deposited on (orin) a silicon

substrate. The deposition is accomplished using any available metal deposition source,
evaporation sources, sputtering sources, molecular beam sources, chemical vapour

deposition, or even ion implantation to form buriedsilicide layers. Oncedeposited, the

metal film is then heated to induce formation ofsilicide compoundsattheinterface

between the substrate and metal by solid state reaction. The silicide phase grows and

changesuntil all the metal deposited has been used andthe desiredsilicide phase has been

reached (See Fig. 1.3), The heating is accomplished by placing the sample in a furnace or

by a Rapid Thermal Annealing (RTA) process. |
Rapid thermal annealing [6] involves the heating of the sampleby the application

ofan intense beam, either of photonsor electrons. This process allows rapid heating of

the sample surface, followed by rapid cooling. The sample is usually held at the desired

temperature for only a few secondsand the heating process is repeated. RTAusually

requires higher final temperatures than furnace annealing [6] but the processing timeis

seconds rather than hours in the furnace and small areas may be processed separately from
the whole wafer. The short processing times and rapid heating and cooling ofRTA can
lead to distinct features in the formation ofthin films.

Cobalt andsilicon form four stable compoundsin the bulk as seen in the phase

diagram (Figure 4.1); however, only three compoundscan be detected whenthin films of

Coare heated onasilicon surface to formasilicide thin film. Initially the Co and Si react

to form a Co,Sifilm, beginning at about 300 °C, which. growsuntil all the Co deposited

has reacted. At about 400-500 °C the CoSi phasestarts to form. At higher temperatures

the silicon rich final phase, CoSi,, forms. CoSi, becomesthe only phase present above

700 °C [6][7].
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Co + Co,Si —_ CoSi — CoSi, (4.1)

The above sequenceofphasesis the same whetherthe film is processedin a

standard furnace or ifRTA is used [6]. Generally, the sequential appearance of the phases

is not distinct; thus two phasesclose in silicon content generally coexist in specific

temperature ranges. For example, the Co,Si and CoSi phases have been observed to grow

simultaneously at 400-500 °C [6]. Simultaneousexistence ofall the cobalt silicides has

been reported in extremely thick (2 mm) samples [18]. Work has also been reported that

at low coverages (3-4 ML) Coreacts with the substrate to form a CoSi,like phase at

room temperature (see [15] and references therein). Overallit is clear that the growth
depends strongly on the deposition conditions and thickness oftheinitial Co film.

Table 4.1 lists the crystal structures andlattice parametersforall the silicide phases

_ seen along with other important parameters. All the silicides are metallic in character [27]

with low resistivities. The final product, CoSi,, is stable up to 950 °C once formed. Since

CoSi, is the most important cobalt silicide industrially it has been most extensively studied
| with X-ray absorption, both in the bulk and asa thin film.

In this study the aim is to follow the differences in the electronic and physical

structure ofcobalt silicide thin films under various preparation conditions. X-ray

absorption near edge structure spectroscopy will be used to investigate the electronic

changes throughoutthefull depth of the films. In order to accomplishthis, the variations

in the sampling depth of XANESat different edges and detection techniques (Table 2.1),
are capitalised on. This multi-core and multi-detection techniqueallowsthefilms to be

investigated from the perspective of the Co orthe Si from a rangeofdepths(surface to

bulk). The XANESspectra together provide an accurate and non-destructive lookat the

morphology ofthe thin films.
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Table 4.1. Important properties ofthe cobalt silicides.
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Silicide Struct.” (uohm-cm)’|Temp. (°C)
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CoSi cubic, FeSi ~147 400-500
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‘From U. Gottlieb er af. [27] and J. P. Gambinoetal. [7].
‘Compiled from [2][4][6]{7].
4From S. P. Murarka [1].
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4.2. SAMPLES

Forthis study, a CoSi, ingot was obtained to function as a standard reference. The

CoSi, ingot was prepared from the melt by the matenals preparation group at McMaster

University using standard procedures. A set of three Co/Si(100)films were preparedat

Northern Telecom using a DC sputtering technique. 55.6 nm of Co metal were deposited

onto the Si(100) wafers and then annealed using a two step RTA process in a nitrogen

ambient. The details ofthis procedure have been described elsewhere [28]. An additional
thin film sample was obtained from Martin Zinke-Allmang of the Physics department at
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the University ofWestern Ontario. This fourth film was prepared by annealing a 100 nm
Co film deposited using an MBEprocess. The preparation conditionsofall samples are
given in Table 4.2.

All specimens were degreased by washing with methanolbefore introduction into
the various vacuum systems. No attempt was made to remove the native oxide from the

thin films. The CoSi, ingot was mechanically scraped with a diamondfile to remove the

majority ofthe oxide before introduction into the experimental chamber. A cartoon of

Table 4.2. Description and preparation conditions ofthe cobalt silicide samples.

CoSi,

Co-Si (1)

Co-Si (2)

Co-Si (3)

 

 
 

  

 
 
 

 Bulk ingot

Co (55.6 nm) film, not annealed.

Co (55.6 nm) film, annealed 450 °C/60 sec then 690 °C/60sec.

Co (55.6 nm) film, annealed 550 °C/60 sec then 690 °C/ 60 sec.

Co (100 nm) film, annealed 525 °C/ 30 min, deposition at room temp.

 
 

the basic structure of the thin film samples, both before and after annealing, is presented in
Figure 4.2. The structureofthe filmsis also visually compared to arrows representing the
approximate sampling depths at each edge and detection method. The sampling depths
range from the very shallow (5 nm for Si L-edge TEY spectra) to well beyond the _
thickness ofthe films (> 10 xm for Co K-edge FLY spectra). Comparing the XANES

Approximate sampling depths
. SiL CoL Sik CokAsdeposited TF TF TE TE After RTA

 
Figure 4.2. Schematic of the basic Co-Sithin film structure before and after annealing.
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spectra with sampling depths across this range will provide information on howthe thin

film structure changes (what actual phases are formed and where) underthe preparation

conditionslisted above.

4.3 EXPERIMENT

The experiments werecarried out at four locations. Threedifferent experimental

arrangements wereutilized.

The Co K-edge spectra were measured using beamline X-11A at the National

Synchrotron Light Source (NSLS) Iccated at Brookhaven National Lab. This beamlineis

equipped with a Si(111) double-crystal monochromator.

A standard ionization chamber, fed with a steady flow ofAr gas, was used to
measure the incident photonintensity (Ip). Light of sufficient energy ionizes the gasin the

detector creating electron/ion pairs. With the application of an appropriate voltage across

the.chamberthe electrons and ions can be collected. The measured current will be

- proportional to the intensity ofthe incident light [29]. |
The spectra taken in a total electronyield (TEY) mode were obtained using a He

amplified total electron yield detector [30]. This is basically a small ion chamberbuilt

around the sample. Photoelectrons emitted from the sample cause the subsequent

ionization of the He atomscreating more photoelectrons whichare accelerated to the
collector grid. In this way the ionization of the He atoms amplifies the original
photoelectron signal.

During some experiments, an Ar filled ion chamber detector was used to obtain

fluorescence yield (FLY) spectra simultaneously with the TEY spectra. The

monochromator was detuned 30 % during experiments in order to decrease contributions

from higher harmonics. The sample was aligned to the beam by using pieces of
photographic paper mountedin the sameplace as the samples. Figure 4.3 depicts the

| experimental setup and the He amplified TEY detectorutilized.
_ The Si K-edge spectra were measured using the soft X-ray Canadian Double-
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A) Experimental Setup
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Figure 4.3. Schematic diagram ofA) the experimental XANES setup on beamline X11-A and
B) the He amplified TEY detector.
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Crystal Monochromator (DCM) beamline of the Canadian Synchrotron Radiation Facility

(CSRF)located at the Synchrotron Radiation Centre (SRC) of the University of

Wisconsin-Madison. The DCM is equipped with InSb(111) crystals.

The incident photonintensity was measured using a N, ionization chamber. Unlike

the ion chambers used at NSLS the chamberhad to be sealed to isolate it from the

beamline vacuum. Two Bewindows isolate the N, cell from the beamline but allow the
passage ofX-rays.

Total electron yield spectra were obtained by measuring the sample current from

ground. A wire loop wasplaced in front of the sample, so as notto interfere with the
incidentlight, and held at +135 V. This setup pulls low kinetic energy electrons away
from the sample. The vacuum system could also be equipped with a channel plate FLY

[31][32] detector shown schematically in Figure 4.4B. The channel plate FLY detector

consists ofa Cu grid, two multi-channel plates (MCP) and a Cucollector, all electrically

isolated from each other. The front ofthefirst MCP wasplaced at -1450 Vto prevent

any electrons from reaching the detector. The incident fluorescent X-rays create a

photoelectron cascadein the first MCP. The electrons accelerate to the second MCP

where they are amplified and finally collected by the Cu collector. The collector current to

ground was measuredto provide a signal proportional to the intensity of the incident

fluorescent X-rays. The FLY detector was placed at 90°to the samplein the plane of the ©

ring.

The samples were mounted onstainless steel disks using double sided carbon tape

which providedsuitable electrical contact. Up to five disks could be mounted onto the

manipulatorat one time. The manipulator wasaligned to the incident beam using a sixth
disk coated in phosphor. Once the manipulator wasalignedall the mounted samples could

be reproducibly moved into position with the beam. The sample holder was mounted on a

manipulator on which the sample angle could be controlled but most measurements were

madein normal incidence. Figure4.4A showsthe typical experimental setup at the DCM

beamline.

The Si Z-edge spectra were measured on the Canadian Grasshopper
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Figure 4.5. Schematic diagram ofA) the experimental XANESsetup on the Canadian Grasshopper
beamline and B) the Au mesh Jy detector.
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- monochromator beamline ofthe CSRF. The grasshopper was equipped with a 1800

groove/mm grating whichhas its bestresolution and intensity around 100 eV makingit

ideally suited for measuring Si Z-edge spectra. The experimental chamber used for these
measurements was the same asthat used for the Co L-edge measurements. The Co L-

edge spectra were measuredon the High Resolution Monochromator (HERMON)

_ beamline at SRC. HERMONwas equipped with two variable line spacing plane gratings

which can bechangedeasily without breaking vacuumin the beamline.
The experimental chamberused in these measurements was equipped with a load

lock system which alloweda single sample to be introduced into the chamber without

breaking the main chamber vacuum. The samples were again mountedonstainless steel
disks with double sided carbon tape. TEY spectra were again measuredvia the sample

_ current from ground; however, no additional voltage loop waspresentin this arrangement.

The FLY spectra were again measured by a channel plate detector placed about 50° from

the incident light and about 50° up out of the plane of the ring and sample. This detector

position helps reduce interference from light reflected off the sample.

Theincidentlight intensity was measured in these cases by a Au mesh I, detector.

In this detector a thin Au meshis suspended in the path of the photon beam. Theincident

X-rays cause photoelectronsto be ejected from the Au which are collected at a wire
biased at +150 V. The current to the Au mesh from ground is measured andis

proportional to the amountofincident light. The experimental setup is shown in Figure

4.5 along with a schematic of the Au mesh I, monitor.

4.4 RESULTS AND DISCUSSION

4.4.1 SiL,,-edge spectra

To start the investigation of the Co-Si films, the soft X-ray absorption spectra at
the Si L;.~edge were examined. TheSi Z,,-edge arises from excitation of electronsin the

Si 2p core levels. The near-edge structures originate from the allowed p-s or d
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_ transitions. The spectra thus represent the densities of states above the Fermi level,

specifically of s- and d-character. The Si 2p level is spin-orbit split into the 2p,,, and 2p;

states with a separation of 0.6 eV. Transitions originating from theselevels give rise to

doublet structures in Si L,,-edge spectra separated by 0.6 eV. This doublet feature can be

seen in the SiZ,,-edge spectra of a Si(100) wafer shown in Figure 4.6.

All the Si L-edge spectra shown havehadalinear pre-edge background removed.

The Si(100) L-edge threshold energy (99.2 eV) wasusedas a standard forthe calibration

ofthe edge energies. An overall experimental resolution (photon,lifetime and
spectrometer) of~300 meV wasobtained at the Si L-edge using the 1800 grove/mm

grating and 30 um slits in the grasshopper.

The Si(100) spectra shownin Figure 4.6 clearly consist of two distinct edges
separated by about 5 eV. Thefirst edge originates from Si atomsin the Si(100)

environment while the second, at about 105 eV,originates from Si atomsin a SiO,

environment [33].. Silicon naturally oxidizes in the ambient atmosphere to form a surface
layer of SiO, whichis the origin ofthis second edge. This separation of the Si and Si0,
spectra is an important feature ofthe Si L,,-edge. Because the separation of 5 eV is

significantly larger than the core hole lifetime broadening (< 0.3 eV) ofthe near-edge

region, the Si spectrum, free ofoxide features, can be studied without removing surface

oxide so long as the oxide thickness does not exceed the sampling depth. This convenient

feature allows us to study the Si Z;.-edge XANES of the top-most layers of the Co-Si
films without removing the native oxide. |

Si(100) spectra takenin both Total Electron Yield (TEY) and Fluorescence Yield

(FLY) are shown in Figure 4.6. The spectra clearly demonstrate the differences between

the two XANESdetection techniques used. In the TEY spectrum the silicon and oxide

edges have edge jumpsofsimilar intensity. In the FLY spectrumtherelative intensity of

the oxide edgeis greatly reduced. This,is a graphic illustration of the effect of the
sampling depths of the two detection modes. TEY only samples approximately 5 nm [33] :

of the sample which is mostly composed of SiO,, FLY on the other hand samples

_ approximately 70 nm [33] of the sample, thus the numberofSi atomsin an oxide
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Figure 4.6. Si L,,-edge spectra of a Si(100) wafer in both TEY and FLY detection modes. The
arrowsindicate the two distinct edges.
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environment decreasesrelative to the total numberofsilicon atomsin thecrystalline

environment. This leads to the relative reduction ofthe oxide edge seen in the FLY

spectrum.

The Si L,,~edge XANESspectra ofthe Co-Sifilms takenin total electron yield

mode are shown in Figure 4.7 along with the Si(100) and CoSi, spectra for comparison.

As noted in chapter 2 and above, TEY detection leads to a sampling depth ofonly ~5 nm.

With this sampling depth only the top most 100 ML orso of the sample give rise to the
observed spectra.

Lookingfirst at the TEY spectrum of the unannealed film (Co-Si (1)) wesee a flat

line. This is not surprising since this sample is simply a 55.6 nm film of deposited Co
metal. Since X-ray absorption is element specific (ejection of a specific core electron),
this tells us that there are not enough Si atomswithin the top 5 nm of the sample to be

detected. This in turn indicates that there wasnosignificant diffusion of Si through the Co

film or any significant solid state reaction to form silicides such that Si would appear at the.

surface. Reactions between Co and Si occurring at the interface between the materials can

clearly not be ruled out at this point as they are beyond the sampling depth of the

technique. | |
The TEYspectra of the two annealed DC sputter deposited films show nosilicide

edge occurring around 99 eV but only a SiO, edge at 105 eV. This clearly shows thatin

films (2) and (3) the surface is SiO, to a depth of at least 5 nm. The CoSi, bulk sample

and the remaining film (4) both show the presence ofa silicide edge around 100 eV.

Although this edgeis smallit canstill be seen that it has a two peakedstructure. There is
a broad increase in intensity before the obvious sharp features which makesthe exact

threshold position difficult to determine. Careful analysis showsthat the threshold energy

of CoSi, is shifted 0.4 + 0.1 eV to lower binding (lower photon) energy compared to that

of Si(100) (See the vertical line on Figure 4.7).

By changing to Fluorescence detection the sampling depth increases by about a

factor of 10 (See Table 2.1, minimum ~25 nm to a maximum ~70 nm). Thus, the

‘sampling depth for FLY detection at the Si L,,-edgeis similar to the thickness of the
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Figure 4.7. Si L,,~edge spectra ofthe Co-Sithin films, CoSi, and Si(100) taken in TEY mode.
The vertical line indicates the CoSt, threshold position.
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Figure 4.8. Si L,,-edge spectra of the Co-Sithin films, CoSi, and Si(100) taken in FLY mode.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

93



94

original deposited Co layer. The Si ZL,.-edge spectra for the Co-Sifilms, bulk CoSi, and
Si(100) are shown in Figure 4.8. Only thesilicide region (<104 eV) of the spectra are
shown after a pre-edge background removal. The oxide absorption (not shown)isstill

presentbutis significantly reduced in the FLY spectra as compared to the TEY spectra
shown in Figure4.7. .

The spectra ofthe unannealed film is againaflat line in the silicide region, even

with the increased sampling depth ofFLY, confirmingthatnosilicon has reached the top

layers ofthe film. With the increased sampling depth ofFLY the Si L,2-edge spectra of
the annealed films can now beclearly seen.

The spectra of the annealedfilms consist of a broad shoulder followed by a spin

orbit split doublet of narrow intense peaks. The spectra of the annealed films and the bulk

CoSi, ingot are the same exceptfortherelative intensity. Thusthesilicide formed on
annealing ofthe films can beidentified as CoSi,, which is the desired product. The

threshold energy shift measured from the FLY spectra is again 0.4 + 0.1 eV to lower

binding energy from pureSi, as in the case for the TEY spectra.

Theinfluence of the sample preparation can beclearly seen in Figure 4.7 as the

sample prepared by annealing for longer time clearly has less surface oxide development
than those prepared using the RTA procedure. At this point no difference between the

two RTA annealed films is evident.

4.4.2 CoL,;,-edge spectra

The Co L,,-edge spectra havethe next largest sampling depths (Table 2.1). At the
Co L-edge, the sampling depth of FLYis similar to the thickness ofthesilicide film
formed (~150 nm), and the spectra are dominated by the bulk characteristics of the films.
The FLYspectra for the Co L,,-edge are shown in Figure 4.9. All spectra have had a

linear pre-edge background removed and beenscaled to the maximum peak height. The
position ofthe edge for the unannealed Cofilm was calibrated to the known position of
the Co metal L-edge. In this case the spin orbit splitting between the Co 2p levelsis
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Figure 4.9. Co L,,-edge spectra of the Co-Si films and CoSi, taken in FLY mode.
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15 eV which separates the contributionsinto the L,-edge from the 2p,, level at 778 eV

and the L,-edge from the 2p,, level at 793 eV. The Z,-edgeis the more intense and thus

the most structure can be seenin it, so the following discussion focuses on the L,-edges.

' The Co L,-edge ofthe unannealed film has one main peak (sometimes known as

the whiteline) with an asymmetric tail. This corresponds to the expected spectra of Co

metal [34] and represents the unoccupied densities of states ofd-character above the
Fermi level. The lack of any component in the spectrum duetoasilicide is consistent with

the Si Z,,-edgeresults that the unannealed Colayer doesnot react with the underlying

silicon to form anysignificant amountofsilicide.

The spectrum of the CoSi, ingot has a three peak structure which has also been

reported elsewhere for bulk CoSi, [20][21]{22][24], confirming the identity of our ingot.

The spectra ofboth the annealed films studied here (Co-Si (2) and Co-Si (3)) are similar

to that of the bulk sample. This confirmsthe Si L-edge result that the bulk of the filmsis

CoSi,.

The threshold energy of the Co Z,-edgeis shifted to higher photon energy (higher
binding energy) by 0.6 + 0.1 eV. The Si L-edge shifted to lower photon energy. At face
valuethis indicates that Si gains charge and Coloses charge uponsilicide formation. This

is interesting in connection with electronegativity considerations, since Pauling’s scale .

showsthat Co and Si have nearly identical electronegativities, suggesting minimal net

chargetransfer. The apparent charge transfer must, thus, be viewed in terms of a charge

_ redistribution in which Co favours d-s and Si favours p~s redistribution uponsilicide

formation. This is reasonable, since in the silicide the Co d-d interaction is reduced (Co

has less Co nearest neighbours) and the Si sp? hybridization is broken by interaction with
the metal. A reduction of 3d-charge at the Cosite will increase the binding energy ofall
the core-levels even if the depletion is fully compensated for by a gain of s-charge; this is

because the d-charge is more compact and screens the nucleus better than the 4s-charge.
Forthesilicon, any change from sp’ hybridization will increase the s-character at the Si

site, and hence the screening, leading to lower binding energies [35]. The abovepicture of

silicide bonding is similar to the charge compensation model [36] used to explain the
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charge transfer in bimetallic alloys and to the acceptedpicture ofsilicide bonding[1][37]

which involves metal d andsilicon p rehybridization.

The Co L,,-edge spectra taken in TEY mode are shown in Figure 4.10. All

spectra have had a linear background removed and been scaled to the maximum peak

height. The sampling depth ofTEY detection at this edge is estimated to be 10's ofnm (at

least 13 nm, see Table 2.1) thus the spectra are sensitive to the near surface region ofthe

samples. \
The spectrum ofthe CoSi, ingot (top spectrum in Figure 4.10) has essentially the

same spectral features as that taken in FLY modealthoughtheydiffer in intensity and

width. The TEY spectrum of the unannealed film shows two distinct shoulders above and

below the edge. These shoulders have been seen before, and Pong ef al. [20] attribute

them to metal oxide. These shoulders are not present in the FLY spectra, which samples

to a greater depth, indicating that the unannealedfilm has a small amount of metal oxide
present on the surface. This oxide layer could not be seen in the Si Z-edge spectra

because of the elemental selectivity.

The TEY spectra of the two annealed films are very different from their associated

FLY spectra and the TEY spectra for CoSi,. In these spectra there are many peaks

overlapping, with the lowest energy peak havingthe highest intensity. This is most

evident in the film that was only annealed to 450 °C in the initial RTA step. The near

surface region of the annealed filmsis thus, clearly not solely CoSi, as concluded from the

Si L,,-edge FLY data. The additional phase that exists is only visible in the Co LZ,,-edge

TEY spectra, which probes the Co environmentin the near-surface region ofthefilm.

Since the FLY spectra indicate that the bulk ofthefilms is predominantly CoSin,

the TEY spectra could be expected to be a superposition of a CoSi, spectrum andthe

spectrum of the unknown surface phase. Taking the TEY spectrum from the CoSi,ingot,

scaling it to just below the background level between the L,- and L,-edges, then

subtracting the scaled spectrum from the spectra of the annealed films should give an
approximation ofthe spectrum of the unknown phase. Theresults of this procedureare

shown in Figure 4.11. The difference spectra thus generated are compared to the spectra
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Figure 4.10. Co L,,-edge spectra of the Co-Si films and CoSi, taken in TEY mode. The FLY
spectraof the Co film on Si (Co-Si (1)) is also shown for comparison.
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Figure 4.11. Subtraction of scaled bulk CoSi, spectra from the TEY spectra ofthe annealed Co-Si
films, compared to the TEY spectrum of the unannealedfilm. A) Co-Si (2), B) Co-Si(3).
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ofthe unannealed film (Co metal). Both difference spectra match that of the Co spectra,
indicating that the additional phase presentat the surface ofthese films is Co metal. The

identity of this surface phase as Cois corroborated by the fact that no evidenceofits

existence is seen in the Si Z,,-edge FLY spectra, which matched the spectra ofpure

CoSi,. If the phase had been one ofthe Corichsilicides, the Si L,,-edge FLY spectra of
the annealed films should have been a mixtureofsilicide spectra and would nothave

matched that of CoSi,.

The presence ofmetallic Co in the surface and near-surface regions of the RTA
prepared samples was unexpected. The Co could exist as a layer between the SiO, cap

and the CoSi, film, or as regions ofCo and SiO, interdispersed on the surface ofthe CoSi,
film. The two possibilities can not be distinguished on the basis of XANESalone, a

surface sensitive technique such as photoemission spectroscopy would allow the exact
morphology of these surface layers to be determined.

The fact that the metallic Co componentofthe spectra in Co-Si (2) was more

intense, relative to the CoSi, component, than in Co-Si (3) points to the dependence of

this phenomenononthe preparation conditions. From the Si L,,-edge TEY spectra
(Figure 4.7), it was seen that Co-Si (4), which was annealed in one long step, had

significantly less surface oxide formed on it than the RTA prepared samples; this also

points to a dependence ofthe surface structureto the preparation conditionsofthefilms.

M.Saran and A. Naem [28] have seen a dependence on the first anneal temperature in the
sheetresistance anddiffuse reflectivity of similar Co-Sifilms.

The origin of the metallic Co is puzzling. The possibility of there being an

unreacted layer of Co metalon the surface after the annealing ofthe films can be ruled out

from the details of the preparation of the RTAfilms [28]. The RTAfilms were subjected

to an etch (70% H,PO,, 28% CH,COCH, 2% HNO,) between annealing steps to remove

any unreacted Co that remained from thefirst RTA step. Thus if the second step was
incomplete, the top layer would be either Co,Si or CoSi, not Co. |

The near noble metalsilicides (CoSi,, NiSi,, NiSi, for example) are known to
oxidize via the decompositionofthesilicide to give SiO, and the pure metal. The metal
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then diffuses through the underlyingsilicide to the Si/silicide interface whereit reacts to

form moresilicide (7113 8][39]. ‘This occurs because, for the near noble metals, the metal
diffusivity is high. Most studies of metal silicide oxidation, however, are doneat elevated

temperatures to match conditions used in industrial oxidation processes. At room
temperature the diffusivity may decrease enough to prevent the diffusion of the Co
through thesilicide and thus Co maybuild upatthe silicide/oxide interface. K.

Prabhakaran and T. Ogino [39] observed that CoSi, decomposed during oxidation and

that Co diffused to the Si/silicide interfaceat low temperatures as well; however, their
silicide was only ~2 ML thick.

The decomposition ofthe surface silicide with limited metal diffusion may explain

the existence ofmetallic Co in the surface and near-surface region of the films but why and

how the oxidation behaviour dependsonthe preparation conditionsis still unknown. A
more detailed study of this phenomenonis necessary.

4.4.3 Si K-edge spectra

The Si K-edge corelevel, at 1839 eV, has the next deepest sampling depth. At
photon energies around the edge, the incident X-rays penetrate well beyond the film

thickness. At the Si K-edge then, the data are complicated by the presence ofthe

substrate Si crystal.

Using fluorescence yield, the sampling depth is several hundred nm;thus the

majority ofthe measuredsignal is expected to originate from the substrate silicon. The

FLY spectra shown in Figure 4.12 for the films bears this out. All the spectra from the

films are very similar to that of the Si(100) standard spectrum. Compared to the Si(100)

spectrum,the spectra ofthe films display a relative reduction in the whiteline intensity and

broader features. These two differences point to thé presenceofthe silicide whose
spectrum must contribute to those observed.

The FLY spectrum ofthe bulk CoSt, ingot is also shown as the bottom curvein

Figure 4.12 This spectrum closely matches previously published spectra and calculations
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Figure 4.12. Si K-edge spectra of the Co-Si films, Si(100) and CoSi, taken in FLY mode.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

[21] for CoSi,, confirming that the ingotis in fact CoSi,.

Total electron yield detectionis inherently more surface sensitive. At the Si K-

edge the TEY sampling depth is only about 40-70 nm (Table 2.1) which is similar to the
unannealed thickness of the deposited Co film. Thus, TEY effectively minimizes the effect

of the underlying Si substrate in the spectra. It should be noted for the unannealedfilm,
TEYcan still sample the underlying substrate. Figure 4.13 shows the TEY Si K-edge

spectra for the films, clean Si(100) and the CoSi, ingot. All spectra have been normalized

to an edge jumpofunity after pre-edge background removal.

Lookingfirst at the spectrum of the unannealedfilm (Co-Si (1)) it is, at first

glance, similar to the spectrum for Si(100). However, three differences are apparent

between the two spectra:

1) Therelative whiteline intensity is greatly reduced in the spectrum ofthe as-
deposited film.

2) There is a peak at ~1844 eV in the spectrum ofthe unannealedfilm, and

3) The whiteline ofthe unannealed film is broader than that in $i(100).

Similar differences have been seen in the Ni-Si system [40]. The presence ofthe

abovedifferencesindicate that some reaction occursat the interface between the deposited

Co metal and the Si(100) substrate even at room temperature. This reaction is mostlikely

the formation of a Corich silicide at the interface. Because the spectrum of the

unannealed film is predominantly that of the substrate silicon, the contributions to the

spectrum ofthe interfacial phase can not be determined, exceptfor the presence of the
. peak at ~1844 eV. |

The TEYspectra of the annealed films clearly resemble that of the bulk CoSi,
ingot, and with Si K-edge spectra from theliterature [19][20][21], except for a much

larger peak at ~1847 eV. This peakarises predominantly from SiO,; however, it hasa
small contribution fromasilicide peak as well [41]. The intensity of the oxide peaks in the
twofilms suggests that the lower temperature annealed film (Co-Si (2)) has had more

oxide formed by reaction with the ambient atmosphere.

The presenceofthesilicide peak can be seen by comparing the CoSi, spectra taken

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

 2ae)

2
x
co

Ss

5 Co-Si(1)
2 -

2 Si (100)

1830 1840 1850 1860 1870

Photon Energy (eV)

Figure 4.13. Si K-edge spectra of the Co-Si films, $i(100) and CoSi, taken in TEY mode.
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Figure 4.14. Comparison of Si K-edge spectra of CoSi, taken in different detection modes and sample
preparation conditions. The verticalline indicates the position of the SiO, peak.
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in TEY and FLY modes. Figure 4.14 compares the CoSi, spectra from two different TEY

spectra and an FLY spectra. Thetwo TEY spectra differ only in their preparation (more

or less scraping). The only difference between these spectra is the intensity of the peak at

~1847 eV. The bulk sensitive FLY spectrum lacks a large peak at ~1847 eV but, there is

a small shoulder present whichis attributed to CoSi,.

Overall, Si K-edge data confirm that:

1) The bulk of the annealed filmsis largely CoSi,.

2) There is an SiO, layer on the surface of the annealed films which varies in thickness

with the preparation conditions. -

3) There is some interaction between deposited Co metal and the silicon substrate at

the interface that occurs upon deposition at room temperature before annealing.

4.4.4 Co K-edgespectra

The Co K-edge, corresponding to absorption ofphotons by the Is electron of Co,

has a threshold energy of 7709 eV in pure Co metal. At these energies the sampling

depths for TEY and FLYare estimated at ~300 nm and ~8.9 um, respectively. With these
estimates it is easy to see that in the case of the Co K-edge the sampling depth for both

detection methods far exceeds the expected thicknessofthefinalsilicide films (~ 150 nm).

The actual sampling depthin this caseis limited to the distribution of Coin the sample
since the X-ray absorptionissite selective.

The Co K-edge spectra are shown in Figure 4.15. The spectra have hada linear

pre-edge background removedand then have been normalized to an edge jump ofunity

(edge jumpis calculated from the pre-edge background to the EXAFS backgroundlevel).
It is apparent that the EXAFSspectraofthe annealedfilmsare similar to that of

the CoSi, ingot. Since the EXAFSoscillations are sensitive to the physical structure of

the material, it is clear that the films are composed of CoSi, predominantly. The ~

unannealed film (Co-Si (1)) is clearly distinct from the other spectra, which is

understandable as no extensive reaction between the Si and Cois expected without
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-Figure 4.15, Co K-edgespectra of the Co-Sifilms and CoSi, taken in TEY mode. Theinset shows
the detail of the XANESregion ofthe spectra.
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Figure 4.16. Comparison of TEY and FLY Co K-edge spectra for Co-Si(4).
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annealing.

The Ni K-edge spectra for Co-Si (4)is similar to that of Co-Si (3), Co-Si (2) and

CoSi, except for the presence of a peak at about 7730 eV. The origin ofthis peak is not
known;although,it could relate to the presence of some impurity picked upin the

processing of the Co-Si (4) sample. The rest of the spectral features, especially EXAFS,

indicate that the Co-Si(4)film is largely CoSi,.

Figure 4.16 shows a comparison ofthe TEY and FLY spectra for Co-Si (4). It ts

clear that the spectra are similar as would be expected since the element specificity limits
the sampling depth of both techniques to the same region of the sample. Thus, both

detection methods agree with each otherthat the films are composed predominantly of

CoSi,.

4.5 CONCLUSIONS

This study set out to investigate the structure of Co-Sifilms, formed by standard

thermal annealing processes used in industry. For this purpose XANESspectroscopy was

chosen. The reasons for choosing XANES were:

1) XANESis a proven techniquethat has been used to study the electronic and

physical structure of many systems.

2) The Co-Si system has rarelybeen investigated by X-ray absorption.

3) The availability ofbeamlines and equipmentto the group offered the opportunity
to capitalize on the inherent characteristics ofXANES.

This investigation, together with others (Ni-Si, Pt-Si, Al-TiN), was aimed at
investigating the feasibility ofusing soft X-ray XANESto characterize thin films

industrially, either in a research setting or as quality control. :
The samples obtained were made underslightly different preparation conditions

but were expected to give a basic CoSi, film (Figure. 4.2). It was found that a more

detailed picture was required (Figure 4.17, below) to accountfor the observedresults.

For the unannealed film it was found that the surface of the deposited Co film was
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Figure 4.17. Schematic ofthe structure ofthe studied Co-Sifilms.

oxidized in the ambient and that somereaction occurred at the Co-Si interface even

without annealing.

Forthe annealed films we found:

1) Thefilms were capped with SiO, layers, less than 5 nm thick, but the thickness
varied with the preparation conditions.

2) Metallic Co was foundin the surface and near-surface regions ofthe films. This
metallic Co could exist as a thin layer under the oxide cap oras regions of Co
interdispersed with SiO,. The exact morphology ofthe metallic Co could not be

determined from XANES. Photoemission spectroscopy should distinguish

between Co, SiO, layers or a mixture of phases. The intensity of the metallic Co
spectra varied with the preparation conditions. The exactorigin of this layer of

Co could not be determined from this study but is thought to be related to the

oxidative decomposition ofthe surface silicide to give Co and SiO).

3) The bulk of the film was indeed CoSi,.

Overall it was found that multi-core multi-detection XANESis well suited to the

study of thin films and buried interfaces.

4.6 CALCULATIONS OF COBALT SILICIDES

Manyofthe spectra discussed in the preceding section have distinctive structures.

For example, the Si Z-edge, which has not been theoretically investigated, has intense

narrow features. Somedistinctive spectral features were also found that mayrelate to
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compoundsfor which no standard was available. To investigate the origins of the spectral

features and possibly help identify compounds,calculations ofX-ray absorption spectra

were carried out using the LAPW package WIEN97[42].

Theresulting DOS for CoSi,, CoSi, and Co,Si are shown in Figure 4.18. The

results compare favourably with those in theliterature for CoSi, [21].

Using these DOS the X-ray absorption spectra werecalculated for both the K and

L-edges ofboth Si and Co. After the X-ray absorption spectra have been calculated from

the DOS and the appropriate matrix elements, they are broadened by convolution with a
Gaussian which represents the instrumental resolution. The width ofthis Gaussian was

estimated (from approximate total spectral resolutions seen in the data) as 0.15 eV, 0.8

eV, 0.6 eV and 1.5 eV forthe SiL, Co L, Si K and Co K-edgesrespectively.
Theresults ofthe calculations for CoSi, are shown in Figure 4.19 along with the

spectra from thefilms, which have beenalignedto the point ofinflection of the edge, and
the unbroadened spectra. The comparison with the experimental spectra showsthat the
calculations reproduce the features ofthe spectra near the edge well, although the intensity

ofthe resonances is somewhatoff, with increasing error farther from the edge. Some of

these discrepancies were accounted for by P. Lerch et al. [21] and P. J. W. Weijsetal.

[19] by includingthe relaxation of the core holein their calculations. Perhaps the most

interesting edge is the Si L,edge which had intense sharp features and a broadfeature at

the Fermi level. These features are reproduced well in the calculated spectrum. It can be

seen by comparing the unbroadened spectra and the Si unoccupied d-, and s-DOSthat the

sharp featuresresult from localized features ofd-character while s-DOSaccounts for the
broad absorption just above the Fermi level.
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CHAPTER 5: NICKEL SILICIDE THIN FILMSt

§.1 INTRODUCTION

_ Like any metal whosesilicides have properties that make them suitable for use in

semiconductor device manufacture, the Ni-Si system has been heavily studied (for reviews

see [1][2][3][4][5][6][7]). The self alignedsilicidation process [7][8][{9]

(SALICIDATION), in which the solid statereaction of a deposited metal film with a

silicon substrate is thermally induced, is the process used to make interconnects with low

resistance to the source, drain and gate in modern metal-oxide-semiconductor (MOS)

devices (Figure 1.2). The most commonly used metal for this purpose is Ti [6][10].

Recently, however, it has been found thatas the lateral dimensions ofdevices shrink below

submicron widths, theresistivity of the TiSi, films increases due to the retardation of the

phasetransition from the highresistivity C49 phase to the low resistivity C54 phase

[11][12][13][14].

NiSi has been foundto maintain its low resistivity down to the 0.1 um feature size

[12] and has thus recently been proposed as a suitable replacement to TiSi, in submicron

technologies [6][12][15]. NiSi has several advantages over CoSi,, whoseresistivity is also

relatively insensitive [6] to feature width. The main advantageis that less silicon is
consumedin the production ofNiSi, hencethereis less risk of the silicide formed

*Portions ofthis chapter have been published:
a) S. J. Naftel, I. Coulthard, T. K. Sham, D.-X. Xu and S. R. Das, Thin Solid Films 308-309, 580 (1997).
b) S. J. Naftel, I. Coulthard, T. K. Sham, S. R. Das and D.-X. Xu, Phys. Rev. B 57, 9179 (1998).
c) S. J. Naftel, I. Coulthard, T. K. Sham, D.-X. Xu, L. Erickson and 8. R. Das, Appl. Phys. Lett. 74, 2893
(1999).
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penetrating through shallow junctions [1 2]. NiSi also has a low formation temperature (~
450 °C), an extended thermal stability range (450 - 700 °C) [3][12] and a sheet resistance

comparable to CoSi, and TiSi, [7][12]. The main disadvantage with NiSiis thatit is
thermodynamically unstable on Si, the muchhigherresistivity NiSi, being the stable phase

above 700 °C [S][{7][10]. Thus, high temperature heat treatments are not possible after

NiSi formation and the formation temperature must be carefully controlled.

Nickel and silicon form six stable compoundsin the bulk as seen in the phase _

diagram (Figure 5.1). However, only three ofthese can be detected whenthin films ofNi

are heated ona silicon surface to formasilicidethin film. Similar to Co, the Niinitially

~ reacts to form a Ni,Sifilm, at about 250 °C, which growsuntil all the Ni deposited has

reacted. At about 350 °C the NiSi phasestarts to form. At higher temperatures the

silicon rich final phase, NiSi,, forms. NiSi, becomesthe only phase present above 800 °C

[3]{7].

Ni — Ni,Si — NiSi + NiSi, (5.1)

The sequence ofphases is the same whetherthefilm is processed in a standard

furnace or ifRTA is done [5]. Ni,Si has been recently observed to nucleate at room

temperature [17].

Table 5.1 lists the crystal structures and lattice parametersforall the thin film

silicide phases along with other important parameters. All the silicides are metallic in
character with low resistivities [18]. .

Few studies of the X-ray absorption ofNi silicides have been done(see Table 5.1).

Mostly the bandstructures and absorption spectra ofNiSi, have been calculated and

reported. The othersilicides have received muchless attention, P. J. W. Weijset al. [19]
have reported the Si K-edge XANESofNiSi while U. del Pennino e¢ a/. [20] and others
have reported the Ni L-edge XANESofNi,Si.

In this study, the aim is to follow the differencesin the electronic and physical

structure ofnickelsilicide thin films with various preparation conditions. X-ray absorption
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near-edge structure spectroscopywill be used to investigate the electronic changes
throughoutthe full depth of the films. In order to accomplish this, the variations in the
sampling depth ofXANESat different edges and detection techniques (Table 2.1) are

capitalised on. This multi-core and multi-detection technique allowsthe films to be

investigated from the perspective of the Ni, and ofthe Si, over a range of depths from the
surface to the bulk. The XANESspectra taken together provide an accurate, non-

destructive look at the morphology ofthethin films.

Table 5.4. Important properties ofthe nickel silicides.

nm ofFinal

Silicide

per nm ofNi?

Ni Resistivity

Silicide (uohm-cm)?

: Formation

Temp. (°C)

200-250

14-20 350-650

35-50 700-800

ortho., Co,Si

a=4.99 A

b=3.72 A

c=7.06 A

ortho., MnP

a=5.233 A

b=3.258 A

c=5,659 A

cubic, CaF,
a=5.406 A

*From P. Villars and L. D. Calvert [24], ortho. = orthorhombic.
"From U. Gottlieb er a/. [18] and J. P. Gambinoeral. [7].
“Compiled from (2](31[51(71.
{From S. P. Murarka[1].
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§.2 SAMPLES

Forthis study a set ofNi-Sifilms was obtained from S. R. Das at The National

Research Council, Ottawa, Canada. Nifilms, of a thickness of SO nm, were sputter-

deposited onto chemically clean, n-type Si(100)single crystal wafers in an Ultra High

Vacuum (UHV) magnetronsputtering system. After deposition, the Nifilms were

annealed ex-situ, in an RTA system, at successively higher temperatures in a dry N,

ambient. Details of the cleaning process and the sputter-deposition system and process

have been described previously [14]. A nickel foil was used to obtain pure Ni spectra.

The preparation conditions ofthe samples are summarized in Table 5.2.

Table 5.2. Description ofthe preparation conditionsofthe nickelsilicide thin film samples.

Ni-Si (1) Ni (50 nm)film, not annealed.

Ni-Si (2) Ni (50 nm)film, annealed 300 °C/30sec.

Ni-Si(3) _—'| Ni (50 nm)film, annealed 300 °C/30sec, 350 °C/30 sec, 400 °C/30

sec, then 500 °C/30 sec.

Ni-Si (4) Ni (50 nm)film, annealed 300 °C/30 sec, 350 °C/30.sec, 400 °C/30
sec, then 850 °C/30 sec. |
 

All specimens were degreased by washing with methanolbefore introduction into
the various vacuum systems. No attempt was madeto removethenative oxide from the

thin films. The Ni foil was mechanically scraped with a diamondfile to remove the

majority of the oxide before introduction into the experimental chamber. A cartoon of
the expected basic structure ofthe thin film samples, before and after annealing, is
presented in Figure 5.2.

Whatstructural changes occur underthe preparation conditionslisted above is the

question that we want to answer using XANES.
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Figure 5.2. Schematic ofthe basic nickelsilicide thin film structure before andafter annealing.

§.3 EXPERIMENT

The experiments were carried outat four locations using three different

experimental arrangements.

The Ni K-edge spectra were measured using beamline X-11A at the National

Synchrotron Light Source (NSLS)located at Brookhaven National Lab. This beamline is

equipped with a Si(111) double-crystal monochromator. The spectra wereobtained in

Total Electron Yield (TEY) mode using a He amplified total electron yield detector [25].

During some experiments an Ar filled ionization chamber detector [26] wasused to obtain

Fluorescence yield (FLY) spectra simultaneously. Standard ionization chambers [26] were

used to measure the incident photonintensity (I,). The monochromator was detuned 30 %

during experiments in order to decrease contributions form higher harmonics. The sample
wasaligned to the beam by using pieces of photographic paper mountedin the same place
as the samples. Figure 4.3 (page 84) depicts the experimental setup and the detectors

utilized.

The Si K-edge spectra were measured using the soft X-ray Canadian Double-

Crystal monochromator (DCM) beamline of the Canadian Synchrotron Radiation Facility

(CSRF)located at the Synchrotron Radiation Centre (SRC) of the University of

Wisconsin-Madison. The DCMis equipped with InSb(111) crystals. The incident photon

intensity was measured using a N,filled ionization chamberisolated from the beamline

vacuum by beryllium windows. Total electron yield spectra were obtained by measuring
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the sample current to ground. A wire loop wasplacedin front of the sample, so as not to

interfere with the incident light, and held at +135 V to help pull low kinetic energy

electrons away from the sample. The vacuum system could also be equipped with a

channelplate FLY detector [27][28] placed at 90° to the incident beamin the planeofthe

ring (Figure 4.4, page 86). .
The samples were mountedonstainless steel disks using double sided carbon tape

which provided suitable electrical contact. Up to five disks could be mounted onto the

manipulator at one time. The manipulator wasalignedto the incident beam usingasixth

disk coated in phosphor. Once the manipulator was aligned all the mounted samples could

be reproducibly movedinto position with the beam. The samples couldbe rotated to

changethe angle of incidence but most measurements were made in normal incidence.

The Si L-edge spectra were measured on the Canadian Grasshopper .
monochromator beamline of the CSRF. The grasshopper was equipped with a 1800

groove/mm grating which hasits best resolution and intensity around 100 eV makingit
ideally suited for measuring Si L-edge spectra. The experimental chamber used for these

measurements wasthe sameas that used for the Ni Z-edge measurements.

The Ni Z-edge spectra were measured on the High Resolution Monochromator

(HERMON) beamline at SRC. HERMONwasequipped with twovariable line spacing

plane gratings which can be changedeasily without breaking vacuum in the beamline. The

experimental chamber used in these measurements was equipped with a load-lock system

which allowed a single sample to be introduced into the chamber without breaking the

main chamber vacuum. The samples were again mounted onstainless steel disks with

double sided carbon tape. TEY spectra were measured via the sample current, however,
no additional voltage loop waspresentin this arrangement. The FLY spectra were again

measured by a channel plate detector placed about 50° from the incidentlight and about

50° upout of the plane of the ring and sample. This detector position helps reduce

interference from light reflected off the sample. The incidentlight intensity was measured

in these cases by a Au mesh detector. The experimental setup is shown in Figure 4.5

(page 87) along with a schematic of the Au mesh I, monitor.
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5.4 RESULTS AND DISCUSSION FOR THE NICKEL SILICIDE FILMS

§.4.1 SiL;,-edge spectra

The Si Z,,-edge spectra, takenin total electron yield mode (TEY), for the Ni-Si
films as well as a Si(100) crystal are shown in Figure 5.3. As noted previously (Chapter

2), the one absorption length above the Si L,.~edge photon energy (100 eV) is

approximately 40 nm. This penetration depth is comparable to theinitial Ni film thickness

before annealing. Using TEYlimits the sampling depth at this edge to a maximum of
about 5 nm (Table 2.1), thus, the spectra shown represent the electronic structure ofthe Si

atomsat the surface ofthe films.

The Si L,,-edge arises from excitation of electrons in the Si 2p core levels. The

near-edge structures originate from the allowed p-s or d transitions. The Si 2p level is.
spin-orbit split into the 2p, and 2p,, states with a separation of0.6 eV. Transitions

originating from these levels give rise to doublet structures in Si L,,-edge spectra
separated by 0.6 eV. This doublet feature can be seen in the Si Z,,-edge spectra of a

Si(100) wafer shown as the bottom spectrum in Figure 5.3.

All the Si Z-edge spectra shown have hadalinear pre-edge background removed.

The Si(100) spectra threshold energy wasusedas a standard forthe calibration ofthe

edge energies. An.overall resolution of~300 meV was obtained using the 1800

groove/mm grating and 30 umslits in the grasshopper. |
The Si(100) spectra shown in Figure 5.3 consists of two distinct edges separated

by about 5 eV. The first edge originates from the Si in the Si(100) environment while the

second, at about 105 eV,originatesfrom the Si in SiO,. Silicon naturally oxidizes in the

ambient atmosphere to form a surfacelayer of SiO, andthis is the origin of this second

edge. This separation ofthe Si and SiO, edges is an important feature of the Si L,,~edge.

Becausethe separation of 5 eVissignificantly larger than the core hole lifetime
broadening ofthe Si near-edge features, the Si spectrum, free of oxide features, can be
studied without removing the surface oxide so long as the oxide thickness does not exceed
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Figure 5.3, Si Z,,-edge spectra XANESspectra of the Ni-Sifilms and Si(100) taken in TEY mode.
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the sampling depth. This convenient feature allowsus to study the Si L,,-edge XANESof

the Ni-Si films without removing the native oxide.

The TEY spectra ofthe Ni-Si films at first glance appear uninteresting, showing
almost no signalin the silicide region. A slight signal can be seenin thesilicide region for
the high temperature annealed films (3) and (4)). The lack ofa signalin this area for the

as-deposited andlightly annealed filmsis hardly surprising as the sampling depthis

insufficient to penetrate the 50 nm Nioverlayer present in these samples.

For the high temperature annealedfilms there is somesignal present in thesilicide

region of the spectra. This indicates that the silicon and nickel have reacted to form some

silicide throughout the thicknessofthefilm so that some Si atoms are now visible within
the TEY sampling depth. The oxide features indicate the presence of surface SiO, on

these films.

The fluorescence yield (FLY) spectra are shown in Figure 5.4. The dramatic |
changein the sampling depths (now between 25 and 70 nm, Table 2.1) between TEY and

FLYis immediately apparent in the high temperature annealed films ((3) and (4)). The

unannealed and lightly annealedfilmsstill show flat lines in the silicide region, indicating

that silicon atoms do not interact enough to penetrate the Nifilm far enough to be seen by

FLY. The spectrum ofNi-Si (3) now showsfeaturesarising from NiSi. The spectrum of
Ni-Si (4) film shows a unique spectrum arising from the NiSi, formed during the annealing

process. Quite clearly the spectral features for bothfilms are distinct. The assignment of

the spectra of the films to NiSi and NiSi, is based onthe expected outcomeofthe
preparation conditions forthe films [14].

It is interesting to comparethe spectra ofNiSi, with that of CoSi, (Figure 4.8).

Both spectra have distinct sharp features which relate to the localizeddensity of
unoccupied Si s and d-states. The similarity of the spectra and thus the DOS ofNiSi, and

CoSi, is understandable as both compounds have the samecrystal structure.

It is also clear from the FLY spectra in Figure 5.4 that there is a shift in the

threshold energy (E,) betweenthesilicides and Si(100). The largest shift is exhibited by

NiSi which shifts to lower photon energy by 0.50 + 0.05 eV. The threshold energy in
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Figure 5.4. Si L,,-edge spectra of the Ni-Si films and Si(100) taken in FLY mode. The vertical
line indicates the Si L-edge threshold position.
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NiSi, is observed to shift in the samedirection but by only 0.10 + 0.05 eV. Toafirst

approximation a threshold energy shift in this direction, equivalent to a decreasein the

binding energy of the Si 2p core level, indicates that Si is gaining chargein thesilicides.

5.4.2 Ni L,,-edge spectra

In order to increase the bulk sensitivity and examine the structure of the films
below their covering oxide layers, the Ni Z;,-edge was studied. There are no Si core

levels presentin the energy range ofthe Ni L-edges, thus the spectra obtained represent
the electronic structure relative to the Ni site. Using TEY detection the sampling depth at

the Ni L-edges was estimated at a few tens of nm (minimum ~16 nm). The TEY XANES

spectra of the Ni-Si films, and a Nifoil sample, after a linear pre-edge backgroundare

shown in Figure 5.5.

The XANESforthe as-deposited and low temperature annealed films, Ni-Si (1)

and Ni-Si (2) respectively, appear essentially the same as that ofpure Ni metal. This

clearly indicates that the dominant phase in these two films, in the surface and near surface

regions, is indeed Ni metal as suggested by the Si L-edge XANES. The XANESofthe

other two films are distinctly different and exhibit threshold shifts to higher energies,

corresponding to higher binding energy for the Ni 2p core levels. The NiSi (Ni-Si (3))
threshold shifts by 1.6 + 0.1 eV while the NiSi, (Ni-Si (4)) shifts by 2.3 + 0.1 eV. These

threshold energy shifts initially indicate that Ni loses charge in forming thesilicides.

The face value indication that Si gains charge while Ni loses charge is interesting in
connection with electronegativity considerations. According to Pauling’s scale Ni and Si
haveidentical electronegativities suggestinglittle or no net charge transfer should occur.

It should also be noted thatthesilicides are metallic in nature and should thus also obey

electroneutrality considerations. Thus the apparent chargetransfer should be viewed in

terms of a chargeredistribution. In the case ofNi andSi, the Ni d-d interaction is reduced

on the dilution ofNi by Si (Ni has mainly Si nearest neighboursin the silicide crystal

structures) which should favour a d~s rehybridization at the Ni site. Si favours a p~s
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Figure 5.5. Ni L,,-edge spectraof the Ni-Si films and Nifoil taken in TEY mode.
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rehybridization on silicide formationas the Si sp’ hybridization is broken byinteraction

with the metal (Si has mainly Ni nearest neighbours).

In a chargeredistribution situation, the observed threshold shifts are a product of

not only the net charge transferred, offor onasite, but also of the type of charge (s, p or

d) [29][30]. Hence, a reduction in the 3d charge countat the Nisite will increase the

binding energy (threshold energy) ofall the core levels even if the depletionis fully

compensated for by a gain in s-charge. The reduction in d-charge dominates the binding
energy shift because the d-charge is more compactandscreens the nucleus better than the
4s charge(or in other words, the Coulombinteraction F(2p, 3d) is larger than F(2p, 4s)).
At the Si site any changein hybridization will increase the s-character, relative to Si in

bulk silicon, and hence the screening, leading to a negative binding energy shift.

Thedepletion ofd-charge at the Nisite can be confirmed by examining the
whiteline ofthe Ni L,-edge XANES. The absorption at the L-edges involves the transition
from the 2p core level to unoccupied densities of states ofpredominantly d-character [22].

A larger numberofd-holeswill lead to an increase in the whiteline area of the L-edge

spectrum (Fermi’s Golden rule (31]). Lookingbriefly at thesilicide spectra in Figure 5.5
wesee that the whiteline in thesilicidesis less intense but broader than the whiteline of

pure Nimetal.
The whiteline areasofthe silicides can be compared directly to that ofNi metal by

_normalizing the spectra to a unity edge-jump,aligning the spectra to the threshold energy

andsubtracting the Ni metal spectra from the spectra ofthesilicide. Anegative peak in

the resulting difference spectra indicates that the Ni metal spectra was moreintense within

that range of energies. A positive peakin the difference spectrum indicates that the

silicide spectrum was more intense. If the total sum of the peak areasin the difference

spectrum is positive, then the silicide whiteline is larger and the number of d-holes has
increasedin the silicide relative to the pure metal. The results of this procedure are shown

in Figure 5.6 for both NiSi (Ni-Si (3)) and NiSi, (Ni-Si (4)). The area of the peaksin the

_ difference spectra are indicated in the figure. Clearly in both casesthesilicide whiteline
area has increased over that of pure Ni metal, thus in bothsilicides the Nisite loses
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Figure 5.6. Ni L-edge whiteline difference curves betweenNifoil and the nickelsilicides.
A) NiSi and B) NiSi,
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d-charge upon formationofthesilicide.

The Ni L;,-edge XANESspectra ofthe Ni-Si thin films and a Nifoil, taken in
FLY mode, are shown in Figure 5.7. All spectra have hadalinear background removed.

The sampling depth ofFLY detection at this edge is estimated to be similar to the

thicknessofthesilicide films (~200 nm). Notice that except for the Ni-Si (2) spectrum

and the Ni foil, the XANESare apparently the same as for TEY. Thesimilarity between

the TEY and FLYspectra indicates that the chemical identity of the films is essentially the

same throughout the film asit is in the near surface region.

The spectrum of the low temperature annealedfilm showsa noticeable dropin the

intensity of the whiteline characteristic ofNi metal, accompanied by a broadening ofthe
whiteline and a shift ofthe threshold energy to higher photon energy. The changes in the

spectrum indicate that the low temperature anneal has induced someintermixing at the Ni-

Si interface. The result of this intermixing may be the formation of a Ni-richsilicide

possibly Ni,Si[3]. |
The FLY spectrum ofthe Ni foil exhibits a reduced whiteline intensity compared to

that in TEY. The intensity reduction is attributed to self-absorption effects, a feature

whichis typical of thick samples in FLY XANES measurements [32][33]. Forthin films

(see Ni-Si (1)) the thickness effect is not important.

5.4.3 Si K-edge spectra

At photon energies around the Si K-edge the incident X-rays penetrate well

beyond the film thickness, thus the presenceofsignal originating from the substrate

complicates the analysis ofthe XANESspectra.

Total electron yield detection is inherently surface sensitive. At the Si K-edge the

TEY sampling depth is only about 40-70 nm (Table 2.1) whichis similar to the thickness

ofthe unannealed Nifilm. Thus, TEY effectively minimizes the effect of the underlying Si

substrate in the spectra. It should be noted that the substrate signal is only diminished for
the high temperature annealed films (Ni-Si (3) and Ni-Si (4)) as the unannealed and low
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Figure 5.7. Ni Z,,-edge spectra of the Ni-Si films and Nifoil taken in FLY mode.
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Figure 5.8. Si K-edge spectra of the Ni-Sifilms, Ni foil, and both clean and ambient
Si(100) taken in TEY mode.
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temperature annealed films will still only have approximately 50 nm ofNi on Si(100)

allowing TEY to sample the underlying substrate. Figure 5.8 shows the Si K-edgespectra

taken in TEY modefor the Ni-Sifilms, ambient Si(100) and clean Si(100). All spectra

have been normalized to an edge jump ofunity after pre-edge background removal.

The Si K-edge XANESofthe as-depositedfilm (Ni-Si (1)) andthe film annealed
to 300 °C (Ni-Si (2)) exhibit features significantly different from those of clean Si(100).

Thereis a visible broadening ofthe characteristic whiteline doublet for crystalline silicon

and two resonances at ~1844 eV and 1847 eV. A small shift in the threshold energy of

-0.4 eV, defined as the point ofinflection of the rising edge, is also seen. The widening of

the whiteline andblurring of the doubletindicate the presence of a new phase, probably a

Ni-rich silicide, in which the long range Si-Si interaction which results in the whiteline

doublet is disrupted as the result ofNi-Si interactions [34]. The new resonances (~1844

and ~1847 eV) must also originate from this Ni-rich phase which exists at the Ni-Si

interface. As the Ni Z,,-edge XANESalready identified the bulk component ofboth films
to be Ni this Ni-rich phase must be localized aroundtheinterface. |

Since the films were prepared in an ultrahigh vacuum chamberand the surface was

covered with 50 nm ofNi, the Si surfaces are well protected from oxidation. It is thus

unlikely that the two resonancesare of an oxideorigin in the lightly annealed films Ni-Si

(1) and Ni-Si (2). Besides which, SiO, exhibits a characteristic resonance at ~ 1847 eV

and not at 1844 eV.

Theintensities ofboth resonancesincrease on initial annealing, Ni-Si (2), without

any other change in the spectral pattern and threshold energies. The intensity increases,

thus indicate that further intermixing occurs without a phase change. This interfacial

phaseis likely to be a Ni-richsilicide (Ni,Si) phase [17], but there is not enough

information to determinethe identity of the phase exactly.

As mentioned in Chapter 4 (pg. 103) the peak seen at ~1847 eV in the Si K-edge

spectra arises mostly from SiO,. The SiO,origin ofthis peak is clear from comparing the

spectra of clean and ambient Si(100). The ambient Si(100) has a layer of SiO, formed on

its surface by reaction with the ambient atmosphere. The difference between the two
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Si(100) spectra is the peak at ~1847 eV. The oxide peakis also clear in the spectra of

NiSi and NiSi,. Thereis also a silicide peak which occursat almost the same energy
(~1847 eV) in the spectra ofthe unannealed andslightly annealed films (Ni-Si (1) and Ni-
Si (2)), as discussed above. Theslight shift in energy of the peaks located around 1847
eV indicates that there is in fact a difference between the peak at ~1847 eVin films (1)

and (2) and the similar peak in films (3) and (4).

Annealing the films to higher temperatures inducessignificant changes in the
spectra. For Ni-Si (3) the Si K-edge XANESexhibits a much wider whiteline and the
pattern ofthe characteristic Ni-rich phase andcrystalline silicon are no longer seen. A

. comparisonofthis spectrum with Si K-edge spectra for nickelsilicides from theliterature

[19] (Figure 5 9A) showsthat the film has been converted to NiSi with a covering of SiO,,
as expected from the formation conditions. The NiSifilm spectrum exhibits a threshold
shift of -0.6 + 0.1 eV which is consistent with that observed at the Si Z-edge. |

For Ni-Si (4) the spectral features again change and comparison withliterature

spectrum [19] (Figure 5.9B) showsthatthe film has been convertedto thefinal NiSi,

phase with a covering of SiO,, as expected. This phase exhibits no noticeable threshold

shift at the Si K-edge.

5.4.4 Ni K-edge spectra

The Ni K-edge, correspondingto absorption of photons by the Is electron ofNi,

has a threshold energy of 8333 eV in pure Ni metal. At these energies the sampling depth

for TEY and FLYare estimated to be ~300 nm and ~10 pm,respectively. With these

estimatesit is easy to see that in the case ofthe Ni K-edge, the sampling depth far exceeds

the expected thickness ofthe final films. However, the actual sampling depthin this case

is limited to the distribution ofNi in the sample since the X-ray absorptionis site selective.
The absorption of photons at the Ni K-edgeby Si atoms only contributes to a smooth

background.

The Ni K-edge spectra taken in TEY mode are shown in Figure 5.10. The spectra

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



137

TotalElectronYield(Arb.Units) 
1830 1840 1850 1860

Photon Energy (eV)

Figure 5.9. Si K-edge TEY spectra for nickelsilicide film A) Ni-Si (3) and B) Ni-Si (4) and comparison
with NiSi and NiSi, spectra taken from P. J. W. Weijs et al. [20]. ;
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Figure 5.10. Ni K-edge spectra ofthe Ni-Sifilms and Nifoil taken in TEY mode. The inset shows
the detail of the XANESregionof the spectra.
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have hada linear pre-edge background removed and then have been normalized to an edge

jumpofunity (edge jumpis calculated from the pre-edge background to the atomic

EXAFSbackgroundlevel).

The as-deposited spectra clearly exhibit X-ray absorption fine structures

indistinguishable from that ofNi foil. This is hardly surprising as the spectrum ofthe Ni-

rich phaseseen at the other edges will be overpowered by the spectrum of the Ni over

layers which have not reacted. The Ni K-edge spectrum for the modestly annealed film,

Ni-Si (2), shows a noticeable reduction in amplitude and broadening of the spectrum. This

indicates that the thickness of the intermixing region has increased as seen in the Si K and

Ni L-edge results. A rough estimate based on the various sampling depthsyields an upper

boundto the thickness of the unreacted Nilayer of 30 nm.

Again annealing at higher temperatures causes significant changes in the XANES

spectra. The NiSifilm exhibits a thresholdshift of 1.3 + 0.2 eV to higher energies (higher

binding energies) while the NiSi, spectra hasa shift of 1.9 + 0.2 eV to higherenergies.

Thethreshold shifts seen at the various edgesstudied are listed in Table 5.3, below.

Table 5.3. Measured X-ray absorption threshold shifts ofNiSi and NiSi,.

  

 
Silicide X-ray Absorption Edge Threshold Shift (eV)

-0.50 + 0.05 16+0.1 -0.6+0.1 1.3+0.2

o1o#005|23401|0_|_19#02

Clearly bothsilicon edges shift by the same amount within experimental error. The

 
   

Ni K-edge howevershifts to a lesser amount than the Ni L-edgein both silicides. Since

neither the Ni 1s or 2p electronsare directly involved in bonding inthesilicides the

differences must arise from differencesin the screening of these electrons by the 3d

electrons. Since the decrease in the d-chargeat the Nisite leads to a larger positive shift

in the binding energy at the Ni Z-edges than the Ni X-edges, the 3d electrons must screen
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the 2p core levels better than the 1s core levels.

5.4.5 Conclusions

This study set out to investigate the structure ofNi-Si films, formed by standard

thermal annealing processes used in industry using multi-core multi-detection XANES

spectroscopy. |
The samples obtained were made underslightly different preparation conditions

but were expectedto yield Ni-Si films ofvarious compositions. It was found that the films

followed the expected sequence of phase formation upon heating and that well formed

films ofNiSi and NiSi, were producedafter appropriate annealing to 500 °C and 850°C,

respectively (Figure 5.11). |
For the unannealed film it was found that a reaction occurred at the Ni-Si interface

even without annealing. This reaction developed further on light annealing to 300 °C so

that a Ni-richsilicide phase, probably Ni,Si, was seen to develop from the Ni-Si interface

towards the surface ofthe film undera layer ofunreacted Ni (Figure 5.11).

 
Figure 5.11. Schematic ofthe structureofthe studied Ni-Sifilms.

For the high temperature annealed films we found:

1) The films were capped with SiO, layers, less than 5 nm thick dueto selective

oxidation of the films in the ambient atmosphere.

2) The bulk of the film annealed to 500 °C was indeed NiSi.
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3) The bulk ofthe film annealed to 850 °C was the expected NiSi, phase.

Overall it was found that multi-core multi-detection XANESis well suited to the

study ofthin films and buried interfaces, particularly in the soft X-ray range. The study of

the thin films also provides us with fingerprint spectra for NiSi and NiSi, at the Ni K, Ni Z,

Si K, and Si L-edges. This allows us to study more complicated structures of nickel

silicides using XANES. ,

5.5 NICKEL SILICIDE LINES

5.5.1 Introduction

Metal silicide sub-micronlines have recently become an important subject for

research. This is primarily due to the fact that as the dimensions of semiconductor devices

shrink, components must scale down accordingly without losing their desired mechanical
and electrical properties. Since it has been reported that for the commonly usedsilicide,

TiSi,, the resistance increases significantly as the lateral dimensionsofthe line shrink

(11][12][13][14], the question ofwhether or not metal silicides with desirable properties

can be prepared in sub-half-micronline widths must be addressed [12][15].

Reports that NiSi maintainsits electrical integrity even for line widths down to 0.1

um [12] have fuelled new scrutiny of the Ni-Si system for useinintegrated circuit

manufacture. As a continuation ofthe studies on Ni-Si blanket films two Ni-Si sub-half-

micron line samples were obtained and studied using the Ni Z;,-edge XANES.

§.5.2 Experiment

Nickelsilicide sub-half-micron lines were prepared on n-type Si(100) substrate by

D.-X. Xu and coworkers at the National Research Council (NRC), Ottawa, Canada. The

lines were written with a focused ion beam and were equally spaced about 6 um apart,

covering an area of~ 1 cm’. Thelines in the two samples studied had nominalline widths
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of 0.15 um and 0.2 pm. Theinitial metal thickness deposited was 15 nm. Sequential

annealing (300°C/30 sec., 350 °C/30 sec., 400 °C/30 min.) was carried out in nitrogen

ambient with the aim offorming NiSi lines. Thelines have been studied with TEM and
their electrical properties measured [15]. The TEM results show that underthe

preparation conditions used NiSi was formed. A schematicof thelines is shown in Figure
5.12.

SiO, —0.2-0.15 ym

 
nr” - Si(100)
 

Figure 5.12 Schematic diagram ofthe silicide lines on Si(100).

The X-ray absorption measurements at the Ni L,.-edge were carried out at the

high resolution monochromator beamline GIERMON) at the Synchrotron Radiation

Center, University ofWisconsin-Madison. A vacuum chamberwith a 4-axis manipulator

was used. The sample current wasused to record the Total Electron Yield (TEY) spectra

while the Fluorescence Yield (FLY) spectra were recorded using a channel plate detector.

The experiments used the same experimental set up already described previously (Chapter

4, Figure 4.5).

5.5.3. Results and Discussion

' Figure 5.13 showsthe Ni Z;,-edge XANESrecorded in TEY for the Ni-Si lines,

the four blanket films and Ni foil. As mentioned above, the XANESforthe as-deposited

and low temperature annealedfilms appear essentially the same as the XANESofNifoil.
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Figure 5.13. Ni L,.-edge spectra of the Ni-Sifilms, Ni lines and Nifoil taken in TEY mode. The
vertical lines indicate the positions of the Ni, NiSi and NiSi, peaks.
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The other twofilms exhibit distinct features and threshold shifts and are associated with

NiSi and NiSi, for the well characterized Ni-Si (3) and Ni-Si (4)films, respectively.
Now comparing the XANESspectra for the films to those for the lines wesee that

the XANES for the lines is similar to that ofNiSi. There is an additional sharp shoulder at

the low photon energy side of the XANESin the lines which is more noticeable for the

0.15 micronline. The vertical lines in Figure 5.13 mark the energy positions ofthefirst

resonance in Ni metal, NiSi and NiSi,. It is not difficult from these markers and the
general spectroscopic features to concludethatthelines are essentially NiSias desired.
The shoulder at lower photon energy has the characteristics ofNi metal and can be ©
attributed to either a small amount ofNi or Ni-rich silicide present.

The fluorescence yield Ni Z,,-edge XANESspectra for the sameseries of samples

is shown in Figure 5.14. The XANES of the lines suffer from poorstatistics due to low
count rates. They appear the sameas their TEY counterparts except for a noticeable

reductionin therelative intensity of the sharp low energy shoulder. Since FLY has a

greater sampling depth over TEYthis decreasein intensity of the shoulder indicatesthat

the Ni or Ni-rich silicide is located near the surface regionofthelines.
A moredetailed comparison ofthe lines with the standard NiSifilm is given in

Figure 5.15. It is interesting to note that the Ni peak is only clearly visible in the TEY
XANESofthe 0.15 ym line sample and is considerably weaker in the 0.2 um line sample.
This is a clear indication that under the same experimental conditions,the silicidation

processstill forms NiSi but more Ni remains at the surface as the line becomes thinner

(from blanketfilm to 0.2 to 0.15 ym). It is not entirely clear whythis is the case as Ni is

always the limiting reagent in the reaction. One plausible explanation may bethat thereis
a changein the diffusion behaviourasthe line gets thinner. More work is needed toclarify

the reasons behind this behaviour. It is conceivable, however, that a change in annealing

conditions may allow complete NiSi formation.
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Figure 5.14. Ni L,,-edge spectra of the Ni-Sifilms, Ni lines and Nifoil taken in FLY mode. The
vertical lines indicate the position of the Ni, NiSi and NiSi, peaks.
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Figure 5.15. NiZ,-edge XANESspectra of the Ni-Si lines comparedto the spectra for NiSi
in both TEY and FLY.
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5.5.4 Conclusions

The short sampling depths of photonsat the Ni Z,,-edge allowsfor the sampling

of the surface and bulk of the samples from the Ni perspective. This feature ofX-ray

absorption has proven valuable in the study ofthin film and patterned structures.

Comparison of the XANESfor the Ni-Si lines and blanket films shows that although the

desired NiSi was madein the lines under the reported experimental conditions, the

conversion ofNi/Si system to a pure NiSi phaseis affected by theline thickness with the

conversion becoming less complete as the line becomes narrower.

The conclusion that“the conversionofNi to NiSiis affected by the linewidth”is

based only on two samples and is considered preliminary. A muchlarger series of samples

is required to establish the general validity of this statement.

5.6 CALCULATIONS OF NICKEL SILICIDES

Manyofthe spectra discussed in the preceding section havedistinctive structures
like the Si L-edge which has not been theoretically investigated. Somedistinctive spectral

features were also found that may relate to compoundsfor which no standard was

available. To investigate the origins of the spectral features and possibly help identify

compounds, calculations ofX-ray absorption spectra were carried out using the LAPW

package WIEN97[35].

| The resulting DOS for NiSi,, NiSi, and Ni,Si are shownin Figure 5.16. The DOS
shown are very similar to those calculated for the Co-Si system, this is expected as both

sets of compoundshave the samecrystal structures and only differ by the addition of one

more electron to the Co-Si systems. These results for NiSi, compare favourably with
similar calculations found in the literature [19][22]{23][36][37].

Using these DOSthe X-ray absorption spectra were calculated for both the K and

L edges ofboth Sit and Ni. After the X-ray absorption spectra have been calculated from

the DOSand the appropriate matrix elements, they are broadened by convolution with a

Reproducedwith permission of the copyright owner. Further reproduction prohibited without permission.



DensityofStates

0.0

 
Energy Relative to E, (eV)

Figure 5.16. Calculated total and partial densities of states for Ni,Si, NiSi and NiSi,.
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Gaussian which represents the instrumental resolution. The width of this Gaussian was

estimated (from approximatetotal spectral resolutionsseen in the absorption data) as 0.15

eV,0.8 eV, 0.6 eV and 1.67 eV forthe Si, Ni Z, Si K and Ni K-edgesrespectively.

The results ofthe calculations for NiSi, are shown in Figure 5.17 along with the

spectra from the films, which have beenaligned to the point of inflection of the edge, and
the unbroadened spectra. The calculations reproduce well those of previous workers

{19][22][23][37]. The comparison with the experimental spectra show that the
calculations reproduce the features ofthe spectra near the edge, although theintensity of

the resonances is somewhat off, with increasing error farther from the edge. Some of

these discrepancies were accounted for by Lerch ef a/. [23] by includingthe relaxation of
‘the core hole in their calculations. Perhaps the most interesting edge is the Si LZ,,-edge
which had intense sharp features. The agreement betweenthe calculated spectra and the

experimentis not as good as was seen for CoSi,. The localized features of the unoccupied

Si d- and s-DOScan still be clearly seen in the NiSi, calculated spectra. This is in contrast

to the calculated and experimental Si L-edge spectra ofNiSi (Figure 5.18) which lacks any

intense peaks. .
Theresults ofthe calculations are very good for the Ni L-edge where the splitting

of the edgeis clearly reproducedin the simulated spectrum ofNiSi, but is absent in NiSi.
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Figure §.17. Comparisons ofNiSi, data and calculations.¢ ) Data, (——— -) Calculated spectra
and (- - - - ) Unbroadened spectra.
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Figure 5.18. Comparisons ofNiSidata and calculations. ¢ ) Data, ~~ ~ ) Calculated spectra

and (. . . . ) Unbroadenedspectra.
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CHAPTER 6: SUMMARY

Research into the properties of metal silicides is motivated mainly by the

requirements ofthe semiconductor devices industry. The overriding drive ofthe industry
continues to be the miniaturisation of devices. As device size continues to decrease, new

demandsare placed on the materials involved. As a result of the new demands, the focus
of research has shifted from the macroscopicelectrical and metallurgical properties of

thick silicide films to the understanding ofthe microscopic behaviour ofthe interfaces

presentin structures formed with restricted dimensions. Current research into technically
relevant metal silicides not only contributes to the technological advance in the

semiconductorindustry but also provides insight into fundamental challenges in the study

of interface formation. In the future, the ability to control interfacial reactions and hence

the macroscopic properties of interfaces will be a necessity to construct nanoscale devices.

This thesis presented three short investigations ofthe interactions ofthe transition

metals with Si(100) substrates with the emphasis on characterizing the electronic and

physical structure of the interfaces.

Thefirst project utilized the bottom-up approach, to investigate the initial stages of
the interaction of Au with Si(100) at room temperature. High resolution core-level

photoemission spectroscopy, at the Si 2p and Au 4f core-levels, using synchrotron

radiation was used to probethe surface layers ofthe interface as successively larger

amounts of Au were deposited on the surface.

It was found that the Au/Si interaction is immediate, with a decrease in clean Si

surface state intensity and an accompanying increase in intensity of a Au-Si phase (Au-Si

A). As the Au coverage increases, the binding energy of the Au-Si phase photoemission
\
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was foundto shift relative to that ofthe bulk Si. This represents a (Au-Si A) ~ (Au-Si B)

phasetransition. At the sametime, the Si bulk state is shifted towards the Fermi level by

band bending effects. The secondsilicide formedpersists as the Au coverage increases up

to very thick gold layers. Analysis ofthe Au 4f photoemission spectra as a function ofAu

coverage indicates that a Au layer forms betweenthetop silicide and the interface.

The picture ofthe interface formation described aboveis similar to that seen

previously for the Si(111) and Si(100) surfaces; however, the immediate reaction and

presence of a low coverage Au-Si peak with a different chemical shift from the final Au-Si

peak has not been reported before. The chemical shifts of the Au 4f and Si 2p core levels

for the high coveragesilicide (Au-Si B) indicate that the charge transferin the silicide

follows the charge compensation model for Au bimetallics, in which a gain of sp-type

charge on the Ausite is compensated for by a loss of d-charge such that a only small net

charge flow onto the Au site occurs, consistent with electronegativity and electroneutrality
considerations.

There are several questions which remain about the formation of the Au/Si(100)

interface, namely:

1) Whether the developmentofthe band bendingis abruptor gradual. Along with this
is the question ofwhen the surface changes from semiconducting to metallic and

the progress of the development of the Schottky barrier. |
2) Whether “Au-Si A” and “Au-Si B” are alloys or stoichiometric compounds.

3) Whetherthefirst Au silicide remains at the Au-Siinterface, the second Ausilicide

remainsat the interfaceorifthe interface becomes atomically abrupt as the Au

layer forms betweenit and thetopsilicide.

4) The exact positions of the atomsat the interface and composition ofthe first Au

silicide formed up to a few ML. .

5) Whetherthe discrepancies with previous Au/Si(100) core-level data is due to

differences in surface preparation, Au dosing rates or otherfactors.

These questions can only be resolved by following the reaction with many more

steps than were used. Applying complementary techniques, such as XANES,that can
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examine the buried interface when the thickness of deposited gold exceeds the sampling

depth ofphotoemission could help answerthe structure of the Au/Siinterface.

In the second project we undertookthefirst X-ray absorption study ofthin film

silicides prepared under various conditions utilizing the inherent sampling depths at each
edgeto elucidate the structure ofthe formedinterface. Together with otherinvestigations

QNi-Si, Pt-Si, Al-TiN) this study was aimedat assessing the feasibility ofusing soft X-ray

XANESto characterize thin films industrially, either in a research setting or as a quality

control tool.

Weobtained (X-ray absorption near-edge structures) XANESfrom thin films of

Co-Siat the Si Z,,-edge, Si K-edge, Co L,,-edge and Co K-edge using both Total

Electron Yield (TEY) detection and Fluorescence Yield (FLY) detection. The range of

edges and sampling techniques provided a range of sampling depths form ~ 5nm to > 10

pm.

The samples obtained were made under slightly different preparation conditions
but were expected to give a basic CoSi, film. For the unannealed film it was found that

the surface ofthe deposited Co film was oxidized in the ambient and that some reaction

occurred at the Co-Si interface even without annealing.
For the annealed films of CoSi, we found:

1) Thefilms were capped with SiO,layers, less than 5 nm thick but the thickness

varied with the preparation conditions. .

2) Underthe oxide cap, or interspersed at the surface, there were deposits of Co

metal. The thickness again varied with the preparation conditions. The exact

origin of the metallic Co could not be determined from this study butis thought to

be related to the oxidative decomposition ofthe surfacesilicide to give Co and

SiO,.

The exact morphology of the surface oxide/ metallic cobalt layers could not be determined

from the XANESdata, howeverfuture photoemission results could resolve this question.

Wehaveproventhe utility ofX-ray absorption spectroscopy for the study of thin

films especially in the soft X-ray region. Having established the technique, a more detailed
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study of the formation ofmetal films and lines dealing with formation times, temperatures,

initial thicknesses and chemical sensitivity would be useful to generate a complete picture

ofthe developmentofthesilicides. Coupling the top-down approach (XANES)and

bottom-up approaches (PES)will solve some ofthe remaining questions and represents an
important future direction for the project.

One of the main motivations ofthe project wasto investigate the effects of

decreasing dimensions on the formationofsilicide thin films. In orderto investigate this

we moved next to study the Ni-Si system. We again looked at blanketfilms prepared

underdifferent conditions with X-ray absorption spectroscopyfor the first time. The Si

L,,-edge, Si K-edge, NiL,,-edge and the Ni K-edge were again examined with both TEY
-and FLY detection modes.

The samples obtained were made underslightly different preparation conditions

but were expected to yield Ni-Si films of various compositions. It was found that thefilms

followed the expected sequence of phase formation upon heating and that well formed

films ofNiSi and NiSi, were formed after appropriate annealing to 500 °C and 850°C,

respectively, .
For the unannealedfilm it was found that a reaction occurredat the Ni-Siinterface -

even without annealing. This reaction developed further on light annealing to 300 °C so

that a Ni-rich silicide phase, probably Ni,Si was seen to develop from the Ni-Si interface

towardsthe surface ofthe film undera layer ofunreacted Ni.

Forthe high temperature annealedfilms we found:

1) The films were capped with SiO, layers, less than 5 nm thick due to selective

oxidation ofthe films in the ambient atmosphere.

2) The bulk of the film annealed to 500 °C was indeed NiSi.

3) The bulk of the film annealed to 850 °C was the expected NiSi, phase.

This study ofthe thin films provided us with fingerprint spectra for NiSi and NiSi,

at the Ni K, Ni Z, Si K, and Si Z-edges. Using the catalogue of spectra obtained we

moved on to the study ofpatterned Ni lines at the Ni Z-edge.

The short sampling depths of photonsat the Ni L,.~-edge allows for the sampling
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of the surface and bulk ofthe samples from the Ni perspective. This feature of X-ray

absorption has proven valuable in the study of thin film and patterned structures.

Comparison ofthe XANESforthe Ni-Si lines studied and the blanket films showsthat

although the desired NiSi was made in the lines under the reported experimental

conditions, the conversion ofNi/Si system to a pure NiSi phase appeared to be affected by
the line thickness with the conversion becoming less completeasthesilicide line width

narrows.

In the future it would be interesting to compare the results ofthese studies with

similar results from studies oftheTisilicides, the other commonly usedtransition metal

silicide in the semiconductorindustry. Multi-core multi-detection XANEShas proven to

be a useful tool for the study ofthin films and buried interfaces, coupled with other

techniques, such as PES,it can provide valuable information on the fundamental

challenges of interfacial structure development, not only in the transition metal silicides but

also in any thin film or buried layer structure such as TiN diffusion barriers, magnetic

multi-layers etc..
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