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ABSTRACT

INTERFACE STRUCTURE

IN

METAL/CARBON MULTILAYERS

W /C  Multilayers

We have studied  the structure of W /C  m ultilayers u sin g  a diverse 

n u m b ers of tech n iq u es. The sam p les w ere prepared b y  p lasm a rf 

sp u tterin g  tech n iq u es and the m odulation and lattice structure were 

determ ined  by x -ray  diffraction and electron  m icroscopy. E lectron  

energy  lo s s  sp ec tro sco p y  w a s u sed  to ob ta in  a n o n  d estru ctive  

com position  depth  profile o f th e  m aterial by  changing the im pinging  

electron  energy. The m ea su rem en ts  w ere carried o u t u n der UHV 

conditions. All the major electron energy lo ss  peaks of the m ultilayers 

were identified . The m easu rem en ts were perform ed a s a  fun ction  of 

tem p eratu re, b etw een  293K  and 973K . A uger sp ec tro sco p y  and  

Rutherford b ack  scattering m easu rem en ts were a lso  perform ed in all 

the sam p les. We found EELS to be very sen sitive  to th e  structural 

m odifications in  the sam ples. We observed the form ation of a  carbide 

at th e  W /C  interface. The structure o f the interface w a s identified  

u sin g  surface electron energy lo ss  fine structure and x-ray scattering. 

We in v estig a ted  th e  s ta b ility  of th e  m u ltila y ers in  an  oxid izing  

environm ent and at high tem peratures.
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Single crystal T iC [ l l l ]

The electron  energy lo s s  (EEL) sp ectra  o f a  TiC [111] single  

crystal were m easured over a  wide range of electron prim ary energies. 

The e lectron  energy lo s se s  below  16 eV w ere analyzed  u s in g  the  

theoretical band ca lcu la tion s of Price and Cooper.1 The volum e and  

surface p lasm a excitations were identified from their electron primary 

energy dependence. Energy lo sse s  due to core electrons autoionization  

effects were identified above 35  eV. We observed a difference in  the  

electronic structure of the surface vs the bulk  of TiC. The tem perature  

dependence of EEL spectra w as stu d ied  betw een  3 0 0  to 1250  K. The 

rea c tio n  o f th e  TiC su rface  w ith  e th y len e  and  oxygen  w as a lso  

investigated . The ethylene bonding to th e  TiC surface w as found to be 

very weak. There is evidence of the form ation of surface defects on the  

TiC  [111] surface at high tem peratures.

T i/C  M ultilayers

We h ave  perform ed an  ex p er im en ta l in v e st ig a t io n  o f the  

str u c tu r e  of T i/C  m u ltilayers. The sa m p les  w ere prepared by  

conventional techn iques and the lattice structure w as characterized by  

x-ray diffraction. The m odulation  w avelengths o f the sam p les were 

from 27  to 38  A , and the total th ick n esses betw een 1350  to 1900  A. 

The m easu rem en ts were analyzed u s in g  Fresnel’s  law s of optics and  

a ssu m in g  G a u ss ia n  r o u g h n ess  at th e  in ter fa ces . R utherford  

B ack sca tter in g  (RBS) w as em ployed  to ch aracterize  th e  ch em ical 

com position of the sam ples. It w as observed th at the T i/C  interface is  

isolated by a thin titanium  oxide layer. The electron density  of carbon  

sh ow s a graphitic character. We have found that the interface h a s a
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g ra p h ite  lik e  a tom ic  a rra n g em en t ra th er  th a n  a ca rb id e-lik e  

arrangem ent.

Single crystal a-S iC -6H  [OOOl]

We report a stu d y  o f the surface com position  of a-SiC  betw een

room tem perature and 1273 K. Electron energy lo ss  spectroscopy w as 

em ployed to detect the changes in  surface structure of silicon  carbide 

as a fu n ction  of tem perature. The electron energy lo ss  spectra  were 

analyzed u sin g  the bulk  and surface dielectric functions of a-SiC. Auger

sp ectroscop y, RBS, e la stic  reson an ce scatter in g  of a -p artic les  from

ieO, and surface reflected electron energy lo s s  fine stru ctu re  were 

em ployed to characterize the sam ple. We observed the form ation at 

rather low  tem peratures ( around 57 0  K) of a graphitic surface layer 

on th e  silicon  carbide. We attribute the form ation o f th is  layer to 

carbon m igration to the surface. T his m igration w ill create carbon  

vacancies in  the bulk. We also  found evidence o f internal oxidation of 

the silicon  carbide at tem peratures of 823  K and above.

S i/C  M ultilayers

We have stu d ied  u s in g  angu lar resolved electron  energy lo ss  

sp ectroscop y  the structure of s ilicon /carb on  m ultilayers. The total 

th ick n ess  of the m ultilayers w as betw een  90 0  to about 2 0 0 0  A. The 

m odulation w avelength of the sam ples w as 14 to 62 A, as determ ined  

from x-ray  diffraction. The major electron  energy lo ss  p eaks were 

identified. We inferred from the electron energy lo ss  m easu rem en ts  

that a  carbidic interface is present at the silicon-carbon interface. The
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electron  energy lo s s  m ea su rem en ts  o f th e  m u ltilayers w ere a lso  

carried out at h igh tem peratures, up  to 8 73  K.

We have a lso  stu d ied  u sin g  x-ray reflectivity, the structure of 

silico n /ca rb o n  m ultilayers. The m easu rem en ts were analyzed u sin g  

F resn el’s  law s of optics and a ssu m in g  G au ssian  rou gh n ess a t the  

in terfaces. We found from the an a lysis  of the data th at a  carbidic  

interface forme at the silicon-carbon interface for sam p les heated  in  

vacu u m  to 8 7 3  K. T h ese  r esu lts  are in  very good agreem ent w ith  

electron energy lo ss  m easurem ents.
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CHAPTER 1 

INTRODUCTION

1

M ultilayers (or superlattices) are artificial la ttices th a t co n sist of 

alternating layers o f two different types o f e lem ents. The th ick n ess of 

th e  ind ividual layer is  betw een  a few  angstrom s and a few  hundred  

angstrom s. R ecent progress in  u ltra th in  layer deposition  techn iqu es  

h a s  m ade p ossib le  the deposition  of elem en ts w ith a  regularity o f a  few  

angstrom s. Supported by th ese  developed deposition  tech n iq u es, it is  

also  p ossib le  to deposit m etallic m ultilayers onto sh aped , ultra sm ooth  

su b stra tes leading to optics w ith focusing properties.

M ultilayer s tru ctu res  have sh ow n  su c c e ss fu l prom ise for the  

production o f xu v  and x-ray optical elem ents. The m ultilayer coatings 

can  en h an ce the xu v  reflectivity of mirrors over a w ide range o f angles 

and at th e  sa m e tim e provide sp ectra l se lectiv ity . T h ese  coatin gs  

c o n sis t  of different refractive in d ices in  each  layer, and are sim ilar to 

th e  m ultilayer m irrors u sed  at longer w avelen gth s. The m ultilayers  

can  be u sed  a s diffraction grating in soft-x-ray spectrom eter for space  

astronom y, or for m icroscop y .2 4 M ultilayers can  a lso  be u sed  as  

b an d p ass reflector th at sca tters a  range of w avelength into  a  defined  

solid  angle w ith  high efficiency. T his b an d p ass reflector h a s  been  

applied exten sively  in  producing focu sed  b eam s of x -rays for x-ray  

lithography5 or other techn iqu es w here a h igh flux of x-rays in  a range 

of w avelengths is  required in  a sm all area. T hus the developm ent of 

th is  n ew  type of optics h a s  im portant applications in  a w ide variety of 

fields, and a  full understanding of the micro m echan ism  is necessary.

In the new  la ttices , a s  in  the case  w here th e  layer th ick n ess



2
b e c o m e s  com p arab le  w ith  atom ic d im e n sio n s , th e  p rop erties of 

m ultilayers take on  characteristics representative o f new  com pound  

m a te r ia ls . T h e se  c h a r a c te r is t ic s  are n o t  o b ta in ed  b y  sim p ly  

co n sid er in g  th e  su m  of th e  com p on en t m ater ia ls . T he periodic  

variation  o f th e  layers g ives r ise  to a  period ic a ltern ation  in  the  

electronic potential. One can  expect that at th e  interface, the Fermi 

level o f th e  e lem en t w h ich  lo o se s  e lec tro n s w ill sh ift  to  low er  

en erg ies , and  th e  Ferm i level o f th e  e lem en t w h ich  ta k es up  the  

e lectro n s sh ifts  to h igh er  en erg ies, w ith in  th e  resp ective  va len ce  

bands. This charge redistribution in the lattices m ay change the bond 

structure, and consequently, will have a strong effect on m any physical 

p roperties.

The sem icon d u ctor  su p erla ttice  m ateria ls have b een  stu d ied  

exten sively  in  the p a st two d ecades. C onsiderable atten tion  is  now  

given to th e  m an-m ad e on e-d im en sion a l periodic structure, referred  

to a s m etallic m ultilayers. M any anom alous physical properties have 

been  reported. For in stan ce , W. M. C. Yang et a l. ,6 J . E. H illard , 7 D. 

Baral et a l . ,8 and D. Wolf et a l .9 have investigated  the m echan ica l 

properties of m etallic superlattices, and they have found an  anom alous 

en h a n cem en t in  the e la stic  m od u lu s and  in  a num ber of sy stem s. 

Thaler, K etterson and H illard10 have reported an  enh an cem en t in  the  

m agnetization density  in C u /N i system s.

The in terest in  m etallic superlattice m aterials h a s com e in  large 

m easu re from the fact th at it is  p ossib le  to produce n ew  m aterials  

w h ich  do not occu r naturally . In th is  th esis , w e have p u rsu ed  the  

stu d y  of the interface structure in m eta l/carb on  m ultilayers. We w ant 

to stu d y  a new  c la ss  o f ultra thin m ultilayer structure fabricated by two
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dissim ilar m aterials (W /C, T i/C , S i/C ). Thin m etal /carb on  m ultilayers 

w ere se lec ted  in  order to ob ta in  a m ore d eta iled  p icture o f the  

interface and the accum ulation  of signals from each layer can  enhance  

th e  sign a l received by th e  detector. Our am bition is  to stu d y  the  

electronic structure at the interface, to discover the un ique properties 

o f th ese  artificial m aterials. We attem pt to u n d erstan d  w hether the  

m etallic m ultilayers can offer an advantage over the naturally occurring 

crystalline stru ctu res in m aintain ing high-tem perature stab ility  in  an  

oxygen  con ta in in g  environ m en t. The m eta l-carb on  b on d s a t the  

interface sh ou ld  be very sim ilar to the b on d s in  th e  carbides. The 

carbides are refractory m aterials o f great im portance b ecau se  of their  

rem ark ab le  s ta b ility  an d  s tr e n g th  a t h ig h  tem p era tu re . The 

m u ltilayers can  be u sed  a s  m odel sy s tem s for h igh  tem perature  

com posite m aterials and for the stu d y  of the therm al and chem ical 

stability  of the interfaces.

We also  have stu d ied  som e standard crysta ls (TiC, SiC), sin ce  

the stu d y  of natural single crystals (TiC, SiC) can  supp ly  the reference 

p o in ts  for th e  id en tifica tio n  of th e  b eh av ior  o f th e se  m eta llic  

m ultilayers, esp ecia lly  the electronic excita tion s. T ransition-m etal 

carbides from the IVB, VB and VIB colum ns o f the periodic table  

are uncom m on com pounds. In general, the carbides w hich exhibit 

th e  g rea test h a rd n ess  and b r ittlen ess  rep resen t th o se  m ateria ls  

w hich are covalently bonded w hile still preserving a degree o f m etallic  

electrical and therm al conductivity. Their m elting tem p eratures11 are 

higher than  the m etallic con stitu en ts alone, and th u s, place them  well 

am ong the refractory m aterials. This com bination  of properties has  

m ade th e  carb id es im p ortan t in  a w ide variety  o f ap p lica tio n s.
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T ita n iu m  carbide is  one o f the refractory m etal m onocarb ides. Its 

lig h t w e ig h t h a s  m ad e it  p a r ticu la r ly  a ttra c tiv e  in  a ero sp a ce  

applications. S ilicon carbide is  a lso  a high tem perature, high therm al 

con du ctiv ity  m aterial. It offers the electronic device m anufacturer  

m any u sefu l features w hich are not available from other sem iconductor  

m aterials; in  particular, its  refractory natu re, in ertn ess , and large

energy gap (p-SiC =2.2~2.6eV , 2H -SiC =3.3eV , 6H -S iC = 2.86 eV) 12 allow

high power d issipation and superior reliability.

Recently, h eat-fusion  research  w orkers1314 have discovered that  

th e  s ilic o n  carbide and titan iu m  carbide are th e  m o st prom ising  

candidate m aterials for u se  as the coating on the first-w all. B ecau se  

coatin g  m ateria ls w ith  low  Z like SiC and TiC have high  stab ility  

a g a in st therm al load and n eu tron  bom b ard m en t. T hey can  help  

improve the surface erosion under the im pact of p lasm a particles.

It is  our other d esire  to u se  su rface sen s itiv e  tech n iq u es  to 

in vestiga te  th e  electron ic  stru ctu re  and  tem p eratu re  sen s itiv ity  of 

th ese  single crystals (TiC, SiC).

In th is  research, we em ployed a  variety of tech n iq u es to stu d y  

the interface structure; Auger spectroscopy (AS), electron energy loss  

sp ec tro sco p y  (EELS), su rface  e lectron  energy  lo s s  fine stru ctu re  

(SEELFS), Rutherford b ack -scattering  (RBS) and X-ray reflectivity at 

sm all angles to characterize the sam ples.

T his d issertation  is divided into 9 chapters. The first chapter  

exp la in s th e  objective and m otivation  o f th is  research . C hapter 2 

deals w ith  the theoretical background w hich  is  n ecessa ry  for the  

un derstand ing of the experim ental resu lts. In Chapter 3 , w e d iscu ss  

the experim ental se t-u p  and sam p le preparations. In C hapters 4
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through  8  w e d isc u ss  a ser ies o f experim ental r esu lts  (AES, EELS, 

SEELFS, RBS, and X-ray reflectivity). M ultilayers of W /C , T i/C , S i/C  

are d iscu ssed  in  Chapter 4, 6 , and 8 , respectively. S ingle crystals  

T iC and SiC are d iscu ssed  in  Chapter 5 and 7, respectively. Finally, in  

C hapter 9 , w e su m m arize th e  r e su lts  and c o n c lu s io n s  of all our  

investigations.



CHAPTER 2  

THEORETICAL BACKGROUND

6

2.1  E lectron  S p ectro sco p y

2 . 1 .1  Introduction

D uring the p ast two decades, the advances in  ultra-high vacuum  

technology and electron optics have m ade the slow -electron scattering  

from so lid s in to  a n ew  probe for m icrostru ctu re a n a ly s is . Surface  

sp ec tro sco p es  th a t m ake u s e  o f e lectron  sca tter in g , lik e  A uger  

e lec tro n  sp ec tro sco p y  (AES), e lec tro n  en ergy  lo s s  sp e c tro sco p y  

(EELS), and surface electron energy lo ss  fine structure sp ectroscop y  

(SEELFS) have been  u sed  w idely to investigate  th e  ch em ica l and  

physica l properties of su rfaces. E lectrons w ith  energies betw een  10 

to 1000 eV are ideally  su ited  to investigate the top surface layers of 

solids. The reason is  that their m ean free path in  so lid s is  only a few  

atom ic layers. The ch aracter istic  electron  m ean  free p a th  a s  a  

function of electron energy is show n in  Figure 2 .1 .

E lec tron  sp e c tr o sc o p ie s  h ave  fo u n d , by  far, th e  w id e s t  

application in surface an alysis for a  num ber of reasons. E lectrons can  

be easily  focused into a beam , and then  detected. E lectrons can  also  

be analyzed w ith resp ect to energy or angular d istribution . A nother  

advantage of u sin g  electrons a s  a probe is  that electrons d isappear in  

the vacuum  cham ber after being u sed  for surface an a lysis , w hereas  

atom s or ion s do not have su ch  an advantage.

The electron  sp ec tro sco p es are b a sed  on  an  a n a ly s is  o f the  

energy distribution of electrons em itted from the sam ple surface. A
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Figure 2.1 U niversal curve for the e lectrons m ean  free p ath  in  
so lids a s  a  function  of their energy.

typical energy distribution spectrum  o f electrons em itted from a solid  

that is  subjected  to bom bardm ent by an  electron beam  w ith  energy  

Ep is  sh ow n  in  Figure 2 .2 . The relative in ten sity  of the different 

fea tu res in  th e  sp ectru m  d ep en d s on th e  in ten sity  o f th e  prim ary  

beam , the angle of the incid en t beam , and the angle o f th e  detecting  

system .
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Figure 2 .2  S ch em a tic  en ergy  d is tr ib u tio n  o f b a ck sca ttered
electrons obtained w ith an incident beam  energy of Ep (eV ).

The energy d istr ib u tion  curve, N(E), m ay  be divided in to  4  

regions:

(1) The large peak located in  the very low  energy range (region 

I) represents the so  called “true secondary electron s.” T his broad and  

hu ge bum p is created by th e  inelastic  co llisions betw een  the prim ary 

beam  and the e lectrons bound in  the solid. W hen a sin gle  prim ary 

electron  su ffers several in e la stic  co llis ion s, a  ca scad e  of secon dary  

e lectron s is  th en  generated  by the transfer o f a  sm all am oun t of  

energy in  each  collision.

(2) In region II, the spectrum  is  a su perp osition  o f som e sm all 

peaks and a sm ooth  background. The tran sition s in  th is  region are 

u su ally  caused  by the Auger electrons, SEELFS, or ionization losses.
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(3) In region III, th e  characteristics o f th e  spectrum  are cau sed  

by th e  energy lo sse s  of the prim ary e lectrons due to the electronic  

ex cita tio n  in  th e  so lid , or th e  co llective  excita tion  o f th e  va len ce  

electrons in the solid,

(4) In region IV, th e  sharp peak  at energy Ep is  due to the  

e la s t ic a lly  reflected  e le c tr o n s . T h is e la s t ic  p eak  c o n ta in s  th e  

structural inform ation of the bulk  and surface. The energy lo sse s  of 

m u ch  le s s  th an  1 eV are ca u sed  by th e  excita tion  o f th e  su rface  

vibrations or phonon excitation s. They are norm ally n o t separated  

from the e lastic  peak, u n le s s  higher reso lu tion  energy analyzer and  

prim ary electron beam  are used . In th is work, w e are in terested  in  

regions II and III of the electron scattering spectrum .

2 .1 .2  Auger Electron Spectroscopy

2.1 .2 .1  Introduction

W hen a core level electron in  a  free atom  is  ionized by x-ray  

irradiation or by an energetic electron, an  inn er sh e ll vacan cy  is  

created. The excited atom s can  release  their energy in  one of the  

following processes:

(1) Radiative transitions: An e lectron  from  a  h igh er level drops

into the “core h o le .” The available ex ce ss  energy (EK - E LI) w ill be  

released by the em ission  of a  characteristic x-ray photon.
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\  X- r ay  Aphoton A I NCI DENT
ELECTRON

EXCITATION

© ----© ---------1'i  ® ----------Li
INNER SHELL
VACANCY

D e - E X C I T  ATI  O N

X - R A Y

( c )  ( d )

Figure 2 .3  Auger p rocess, (a) X-ray photon  or electron  in cid en t 
u p on  an  atom , (b) Ionization of inner sh e ll electron by an  im pact of 
e lectron , (c, d) P ro c esse s  o f d e -ex c ita tio n , (c) e m iss io n  o f x -ray  
radiation, (e) em ission  of an  Auger electron.

(2) Nonradiative transitions: An electron from an  outer level fills

the “core h o le .” The extra available energy is  transm itted  to another  

electron either in the sam e level or in  an outer level, w hereupon the  

second  electron is  ejected. This process is  called Auger effect (Figure 

2.3), and the ejected electrons are called Auger electrons.

The relative probabilities o f relaxation by em ission  o f an  Auger 

electron and by em ission  of an x-ray photon  per K-electron vacancy is  

show n in the Figure 2 .4 .
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Figure 2 .4  Relative probabilities of relaxation by em ission  of an
Auger electron and by em ission  of an  X-ray photon  following creation  
of an inner vacancy hole in  the K shell.

In th is  figure, the probability is  plotted a s  a  fun ction  o f the atom ic  

num ber. The probability o f relaxation by A uger electron  em ission  is  

favored over that of x-ray em ission  for lower atom ic number.

The Auger electron  em issio n  p rocess involves a  three-electron  

transition . There are no str ict se lection  ru les, b u t the transition  is  

m ain ly  controlled  b y  th e  e lectrostatic  forces b etw een  a hole  in  an  

incom plete sh e ll and its surrounding electron clouds. For th e  x-ray  

e m iss io n  p rocess , the probability  is  governed by the se lec tio n  for 

dipole transition.

The Auger transition , a s  described in  Figure 2 .3 , is  nam ed in  

the conventionally  u sed  j - j coupling KLjLjjj. Generally, the Auger 

e lectron s are c la ssified  b y  referring to th e  energy leve ls  in  their  

production and they are nam ed in the notation WpXqYr. (W, X, Y= K,
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L, M are th e  x-ray  level notation; p, q, r are the j values). Wp is  the  

level in  w h ich  the prim ary vacancy  hole is  generated , Xq is  the level 

from w hich an  electron fills the vacancy hole, and Yr is  th e  level from  

w h ich  th e  Auger electron is  ejected. The Auger tran sition  in  w hich  

the in itial vacancy, and one o f the electrons that fills th is  vacancy are 

in  a  sh ell w ith  the sam e principal quantum  num ber ( like WpWqYr), is  

called a s a  Coster-K ronig transition . S u ch  Auger tran sition s are very  

fast. They are observed on ly  in  a  lim ited part in  th e  periodic table  

s in c e  th e  d ifferen ces in  th e  su b sh e ll b in d in g  en erg ies  m u st  be  

sufficient to eject an electron from an orbital in the n ext outer shell.

In th e  c o n d e n sed  m atter, th e  A uger tr a n s it io n s  are m ore  

com plicated . The reason  is  th a t th e  electrons a t th e  higher level of 

the solid (outer level) alw ays form an energy band (valence band) w ith  

m ore or le s s  delocalized electronic s ta te s  and a fin ite energy w idth. 

The Auger e lectron s can  be em itted  from th e  va len ce  band (as in  

Figure 2.5).

Vacuum

Valence Band

Primary

Auger effect in the condensed  matter.

In th e se  c a se s , th e  notation  w ill be changed  from  WpXqYr to  

W pW . ( V here only represents the valence electrons). For exam ple,
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in  Si, the LMM will be replaced by L W , if the hole is  in  the L level, 

and  is  filled b y  an  e lectron  from th e  va len ce  ban d , and  anoth er  

electron is  em itted from the valence band.

The energy of th e  A uger e lectron s is  a  ch aracter istic  o f the  

target atom , it can  be u sed  to d iscrim inate th e  e lem en ts o f a  solid  

from th e Auger spectrom eter. Therefore, it is  very im portant to have a  

know ledge of the d istribution  of Auger electron energies. In th e  first 

approxim ation, th e  k inetic  energy Ewxy of th e  Auger electron  can be  

calculated as follows:

Ewxy = EWp(Z) - EXq(Z)- Eyr (Z+l)- (J)A. 2.1

w here Ewp(Z) is  th e  b inding energy of an  electron in  th e  sta te  wp of 

the neutral atom , Exq(Z) is  the b inding energy o f the electron in  the  

level Xq, and Eyr (Z+l) is  the b in d ing  energy o f the y r level in  the  

p resen ce  of a  hole in  the level x q, and is  therefore d ifferent from

Eyr(Z), and <I>A is  the work fun ction  of th e  analyzer (not the sam ple).

For practical app lication s, th e  energy of th e  Auger e lectron s can  be  

found from the H andbook .15

The AES is  one of the m ost popular and conven ient m ethods to 

identify unam biguously  the com position of solid surfaces. It is  capable  

of un iqu ely  identifying each  elem ent, except of course, hydrogen and  

helium , and is  essen tia lly  a  surface probe, a s the data com e from the  

top atom ic layers .1618 It h a s  been  reported19 that a  sm all am ount of

con tam in an ts dow n to 1 0 12 a to m s/cm 2 range can  be detected  under

h igh -vacu um  conditions. Moreover, the line sh ap e of the Auger peak  

ca n  a lw a y s h e lp  u s  to d e term in e  th e  c h em ica l e ffect o f th e  

environm ent. For exam ple, the carbon line sh a p es are very different
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in  graphite and in  the com pound sta te  of titanium -carbide (see Figure 

2 .6 , 2 .7 , 2.8).

In th is  work, th e  A uger sp ce tro sco p y  w a s u se d  m a in ly  to  

determ ine the c lean lin ess of the sam p les, the com position  of the solid  

surface, and the chem ical effect.

HI
T3

Z
T3

G ra p h ite

0 100  20 0  3 0 0  40 0
Energy (eV)

Figure 2 .6  Auger spectra  of graphite in  the energy range 0 to 4 40  
eV.

SiC

1 0 0 2 0 0 300 4 0 00

Energy (eV)

Figure 2 .7  Auger spectra of SiC in  the energy range 0 to 4 4 0  eV.
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Figure 2 .8  Auger spectra  o f TiC in the energy range 0  to 500eV.

2.1 .2 .2  Exam ple

In F igures 2 .6 , 2 .7 , 2 .8 , th e  Auger sp ectra  are sh ow n in  the

dN (E )/dE  m ode resp ectively  for graphite, a -S iC -6 H, and TiC. It is

noted  the large d ifferences in  the line sh a p es o f carbon betw een  

graphite and titanium  carbide.

Because o f th e  variou s energy lo ss  p ro cesses  (N(E) mode) in  

their  w ay ou t o f th e  so lid , A uger p eak s have a “ta il” on  their low  

energy side [see Figure 2 .9 a  ] and  appear to fall off relatively m ore 

rapidly on their h igh energy side. The first derivative m ode of AES is  

sh ow n in  Figure 2 .9b . The AES structures u su a lly  c o n sist  o f a  m ain  

peak followed by additional features on the low-energy side b ecau se  of 

different co u p lin g s  of th e  A uger tra n sitio n  to th e  v a len ce  band  

electrons. The energy position  o f an  Auger electron transition  energy  

va lu es is m easured in the position  of the negative end of the p eaks [

TiC
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see  Figure 2 .9  b]. The peak-to peak signal strength  in  the derivative 

spectrum  is u su a lly  used  a s a  relative quantitative m easure of elem ental 

surface concentration.

dN(E)N(E)
cJE

E --> E — >
(a) (b)

F igure2.9  (a) Auger peak in  th e  energy distribution fun ction  N(E). 
(b) The first derivative of N(E) for identification of Auger peaks.

2 .1 .3  E lectron  Energy L oss S p ectroscop y

2 .1 .3 .1  D escrip tion  o f  EELS

A b eam  of m on oen ergetic  e lectron s w ith  certa in  energy Ep 

im p in ges u p o n  th e  target, part o f th e  prim ary e lectron s undergo  

in e la s tic  sca tter in g . An energy lo s s  o f AE from  th e se  prim ary  

e lectron s w ill contribute to the excitation  o f th e  target e lectrons. 

T hese excitations are m ainly caused  by one electron or m any electrons 

in teractions w hich  are characteristic of the electronic structure of the  

target. The sca ttered  e lectron s are d etected  th rou gh  th e  energy  

analyzer. The recorded electron energy d istribu tion  sp ectru m , w ith  

r e sp e c t  to th e  prim ary b eam , is  ca lled  e lec tro n  en ergy  lo s s  

sp ectroscopy (EELS).
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EELS c a n  be d iv ided  in to  fa s t  an d  s lo w  e lec tro n  energy  

sp ectroscopy. E lectrons w ith  energies ranging from  103 to 105 are 

u su a lly  treated a s fa st e lectrons, and th o se  w ith  en erg ies th a t fall 

below  1 0 3 are custom arily  regarded as slow  electrons. F a st electron  

in e la stic  scatter in g  (FEELS) is  u su a lly  u sed  at forward sm all angle  

tran sm ission  scattering m easurem ents. FEELS in elastic  scattering has

been  developed m ainly by the experim ental work of R aether et a l , 20

G eigers ,21 and B oersch 22 and  is stu d ied  broadly in  so lid s for the p ast 

4 0  y ea rs. The r e su lts  o f th e  reported FEELS23 are surp risin g ly  

m atched in  the position  o f the extrem e poin ts and line sh ap e w ith the  

lo ss  fun ction  Im (-l/e(0 ,o))) w h ich  is derived from  optical reflectivity

m easurem ents. FEELS is  considered as one of the b e st tech n iq u es in  

detecting the electronic structure in  so lids. Contrary to FEELS, and  

b eca u se  of th e  sh ort m ean  free p ath  ch aracter istics , slow  electron  

energy lo ss  sp ectroscop y  (SEELS) can  only be u sed  in  the reflection  

sca tter in g  m ea su rem en ts . In th e  p a st 2 0  years, SEELS h a s  been  

extensively  u sed  for surface analysis. One im portant a sp ect of th is  

sp e c tr o sc o p ic  tec h n iq u e  is  th e  p o ss ib ility  o f o b ta in in g  a n on  

d estructive d epth  profile o f the m aterial by  ch an g in g  th e  im pinging  

electron  energy.

2.1.3.2 E xcita tion  of Core, Valence, and  C ollective E lec trons and  
Surface V ibrations

An exam ple of a  typical EELS in the secon d  derivative m ode is  

sh ow n in  Figure 2 .1 0 . The characteristic  lo s se s  can  be described  

m ainly in the following four categories:
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d 2N(E)
d E 2

0 1 0 20  3 0  4 0  5 0  60
E nergy L oss (eV)

Figure 2 .1 0  A typical EELS in  the secon d  derivative m ode.

(a) E xcitation of Core Electrons: T h ese  e x c ita t io n s  o c cu r  if  th e

prim ary electron interacts w ith the inner sh ell electron, and transfers 

an am ount of energy (AE), w h ich  is su fficient to raise the core electron  

into an  unfilled state above the Fermi level. The energy lo ss  AE can be 

described as follows:

AE > Ef - Eb , 2 .2

w here Ef is  the Fermi level energy, and EB is the binding energy of the  

core electron. T h ese tran sition s m ay provide inform ation abou t the  

unoccupied  density  of sta tes (DOS) in the conduction ban ds of so lid s .24 

The threshold  energy of the core electrons u su a lly  agrees to w ith in  a  

few eV w ith the know n ionization energy o f the atom . T h us the core

In ter band t r a n s i t io n  
In tra band t r a n s i t io n
S urface P la sm o n

B ulk
P la sm o n  Core Ion ization
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electron energy lo ss  can  provide another easy  w ay of identifying atom s  

of different types in the target.

(b). One E lectron E xcitation of V alence Electrons: T h is ex c ita tio n  

involves an energy transfer from  a  few  eV to 2 0  eV. U sually , an  

electron in  the valence band of a  solid  m ay be excited by the incident 

e lectron  to a h igh er un filled  level o f th e  sam e band  (intra-band  

transition) or into another energy band (interband transition). T hese  

tran sition s involve a convolution  o f th e  valence and condu ction  band  

density  of sta tes, and h en ce  are not easy  to interpret.

(c). Collective E xcitations of Valence Electrons: In s o l id s ,  th e  

collective osc illa tions of valence band electrons lead to d iscrete peaks 

w ith  ch a ra cter istic  freq u en cy  G)p. T h ese  o sc illa tin g  e lec tro n s are 

called  p lasm on s. The energy of th ese  collective excitation  is  in  the  

range o f 5  to 50  eV. The p lasm on  frequency cop m ain ly  depend s on  

th e  electron d en sity ,25

w here m  is  th e  effective m a ss  o f th e  va len ce  e lectron , ne is  the  

electron density, and e is  the electron charge.

At the surface of solids, collective excitation can  also exist. This 

kind o f excita tion  is  ca lled  su rface  p la sm o n . 26 Its ch aracteristic

frequency cos  is  defined as:

w here e is  th e  d ie lectr ic  c o n sta n t o f th e  m ed iu m  o u ts id e  o f th e  

surface.

2 .3

2 .4
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In reflection electron energy lo ss  sp ectroscopy, b u lk  p lasm on s  

can  be d istingu ished  from surface p lasm on s by th e  energy dependence  

of the lo ss  peak intensity.

(d). Excitation of Surface Vibrations: T h e s e  e x c i t a t io n s  a r e

p red om in an tly  d u e  to p h on on  ex c ita tio n  or th e  v ib ration  of the  

adsorbed atom s at the surface o f th e  so lids. Energy lo s se s  o f th ese  

excitations are u su a lly  le ss  than  1 eV, and they  can  be seen  only u sing  

a  higher resolution  EEL spectrom eter.

2.1 .3 .3  Inelastic Scattering and Inelastic Scattering Cross Section  

o f Electrons

Our goal in th is section  is  to d iscu ss  briefly the theories w hich  

d escrib e  th e  relation  b etw een  d ifferential c ro ss  sec tio n , d2o/dcodQ

and th e  solid dielectric function  e(q,co).

It is  w ell know n th a t the d ie lectr ic  fu n ctio n  d escr ib es th e  

resp on se  of the e lectrons in  a  solid  to an  applied electric field. The 

dielectric function  and the differential cross section  can  be connected  

togeth er through  the tran sition  rate w h ich  can  be ca lcu la ted  from  

q u an tu m  m ech an ics. The electron-electron  scatter in g  through  the  

C oulom b field involves two m ain  scatter in g  processes: one is the

elastic  scattering, the other is  the in elastic  scattering. In EELS, we 

are in terested  in  the in e la stic  scatter in g . The follow ing d iscu ssio n

will closely  follow the an alysis of references [27-28].

Theoretically, the total H am iltonian w hich  describes the system , 

incident electron and the sam ple, should  be considered:



w here the first term  HQ d escrib es th e  unperturbed sam p le system ,

the secon d  term  p2/ 2 m  is  the k inetic energy of the in cid en t electron, 

and th e  third term  is  th e  Coulom b in teraction  betw een  th e  incident 

electron  and electrons in  th e  sam ple. The p osition s o f th e  incident 

electron and the electron labeled a s j in  th e  sam ple are denoted by r 

and Tj, respectively.

The eigenfunction of the unperturbed system  h a s the form

I 1» k o >  =  (J)j(ri  r]\j)g iko .r » 2  6

w here ^ (r^  rn ) is  th e  m any-body w avefunction  for th e  sam ple in

sta te  1 w ith  energy Ej, exp(ik 0 -r) is  th e  p lan e w avefu n ction  o f the

in cid en t electron w ith  w ave vector k 0 . After a  sm all-angle scattering, 

the wave vector of the incident electron ch an ges to k. In Figure 2 .11 , 

a typical representation  o f the wave vector before and after scattering  

is  shown.

k o

Figure 2 .1 1  Prim ary e lec tro n s o f m om en tu m  R'ko, a fter  b e in g  
scattered at an angle 0 , w ith  m om entum  change to li-k, and w ith  the  
m om entum  transfer hQ being equal to kQ - k.
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From the first order tim e perturbation theory, one can  calculate  

the tran sition  rate29 from  th e in itia l sta te  i of energy Ej to the final 

sta te  f  of energy E f. That is,

Rfi = ^j?l(ftH|i}|2 g(E f - E i±  Rco) » 2  7

w here < f  I HI i> is the transition  matrix.

In th e  electron scatterin g  system , w e define the in itia l sta te  as  

l l0 ,k0>, and the final sta te  a s  ll,k>. T hus th e  transition  rate is

R lo,ko> ’§(Ei°d ?i± hco) . 
R

After calcu lating the Coulom b interaction term, we have

R i„ -->1 =
2k 47ie2
R2 . q2 .

(i £ e x p ( i q . f j  10)  2g ^ P - - E i ±  R c o )  ,

j R

w here RQ is the m om entum  transfer.

If we replace the delta function  by an integral representation ,

SlEfecE! +co) = 
R

- j J
2 k  J

u^ E l + (0 ) t  

c  R dt

= 2 ^ j  e(1COt) E' ^  d t  ’

2.8

2 .9

2.10

then  Eq. 2 .9  can be written as follows :

I dt e (icot)/ l0R i0 ->i(q,03)= 27c 4k c 2
R2 . q2 /

iE ip t  - iE io t
2 ^ e  jj e l£i rJe r 1 1 lo\.

I 2 .1 1

w here X je1̂  can  be treated a s  the electron d en sity  operator nq(r).
IEiot -IEiot

The e R e ’iq‘rje R term  can  be treated as the Fourier transform  of the

electron density  at tim e t. The transition  rate will th en  have the form
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271 4rce2
h2 . q2 . I

dt e (1C0t)(lo| nq(t ) |1)(1| n_q |10) .
2 .1 2

In real experim ents, w e m easu re only the total transition  rate R(q,co),

w hich is  the su m  of the final sta tes  1 for a given energy of the scattered  

electrons. The tota l tran sition  rate after gettin g  th e  su m  over the  

final sta tes is

R(q,co)= 2$2 n 47te2l
h2 q2 .

2 k 4 n e 2
h

. q2 .

I
dt e<tot) (lolnqUJn-qllo) 

S(q,to) ,
2 .1 3

w h ere

S(q,co)_ 2n
[ dt e(tot) (lolnqttjn-qllo)

2 .1 4

is  called  th e  dynam ic stru ctu re  factor. It is  th e  sp ace-tim e Fourier  

transform  o f the electron d en sity  - density  correlation function . This 

dynam ic factor is  related to th e  longitudinal dielectric function  of the  

sam ple as follows:

,2
S (q ,c o )= -4 — I m ( - ^ - - )  

4 n 2e 2 £(q>®)
2.15a

S(q,co) = e2
4n2e2 e? + e§

2.15b

w here e is  th e  d ielectric  fu n ction  e(q,w), (e(q,w) = e1(q,to)+ie2(q,co)), 

w h ich  d escrib es th e  characteristic  resp on se  o f the sam p le under an
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ap p lied  e lectr ic  field . (D eta ils o f th is  re la tion  are d escr ib ed  in  

Appendix A.) U sing Eq. 2 .15a , Eq. 2 .1 3  can be written as:

Rq2 e 2 .1 6

T hus, if e can  be determ ined from other in d ep en d en t so u rces , th en

the transition  rate at sm all angles can be figured out. The differential 

sca tter in g  cro ss  sec tio n  per atom  can  th en  be ob ta in ed  from  th e  

tran sition  rate. A ctually, the differential cro ss  sec tio n  is  equal the  

transition  rate divided by the incident flux Rk/m, the num ber of atom s 

in  the sam ple N, and th en  m ultiplied by the num ber of sta tes  available  

for the electron  to lo se  energy betw een  Rco and h ((0+ 800). The final

resu lt is:

doodD (7tea0q)2N 2 .1 7

w here aQ is  the Bohr radius, V is  the volum e for the norm alization of 

the incident electron wave function.

E quation 2 .1 7  describes the differential scattering cross section  

th a t an  electron  exp erien ces in  the b u lk  of th e  sam p le . For the  

e lectron  scattered  at the surface, b e c a u se  h a lf  o f th e  sp a ce  is  in  

vacuum , the field inside the m edium , w hich  is  bu ilt up  by a m oving

electron  ou tsid e , is  screen ed  by a factor of e+1 due to polarization. 

T h us we have to replace e by e+1, and the differential scattering cross  

section  at the surface is:
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doxiQ (7iea0q)2N e(q,co)+l 2 .1 8

In th e  EELS, th e  factors Im (-l/e )  an d  I m ( - l / ( e + l)  are

cu sto m a rily  ca lled  b u lk  lo s s  fu n ction  and su rface  lo s s  fu n ction , 

respectively. E ach con ta in s both  one-electron  (inter-band, intraband) 

and m any electron (plasmon) excitations.

2 .1 .3 .4  T he D ielectric F u n ction  o f  Free Electron, Bound Electron and 

Interband Excitation

The interpretation of the EELS spectra generally  u s e s  one of the

three m odels: the dielectric m odel,30'32 the d en sity -o f-sta tes m o d e l,33'

36 or the jo in t-d en sity  of s ta tes  m odel th a t is  m odified b y  exchange  

in teraction s .37 E xcept for the DO S m odel, the other two directly or 

in d irectly  involve th e  u s e  o f th e  d ie lectr ic  fu n ctio n . A  deeper  

understanding of the dielectric function is  very im portant.

The dielectric resp on se  fu n ction  of a  so lid  to  th e  electron  or 

p h o to n  e x c ita tio n  is  d eterm in ed  by e ith er  th e  lo n g itu d in a l or 

transverse dielectric function . B oth  th e  longitud inal and transverse  

dielectric fu n ction s are equal in  the random  p h ase  approxim ation, in  

the sm all m om entum  transfer (q) limit. This equivalence allow s u s  to 

com pare the EELS spectra  w ith the lo ss  spectra  derived from optical 

m easu rem en ts.

In FEELS, the scatter in g  angle is  ch o sen  to be sm all, the  

energy lo ss  is  sm all com pared w ith  the prim ary electron beam , and  

the m om entum  transfer q is  very sm all. The differential cross  

section  for th is  scattering process can  be described b y :27
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d E d n  ^  1 / 1  2 1 9

w here q is  the m om entum  transfer, r is  the electron d istan ce  for the  

atom . The operator in the m atrix elem ents can  be expanded as follows:

e^ T =  1 +  iq .r - i< q .f)2 + ......  ,
M 2 M 2 .2 0

therefore, the dipole approxim ation is  valid.

For slow  electron energy lo ss  spectroscopy th at is  m easured  in  

th e  CMA or sp herica l detector, the scattering angle is  very large, if 

one considers only a one- in elastic-scatterin g-step  process. Actually, 

m u ltip le -sca tter in g  can  a lw ays h ap p en  in  th e  e lectron  sca tter in g  

p rocess. M ost of th e  acceptab le  in terpretations abou t the in e lastic  

reflection  scatter in g  is  th a t several scatter in g  even ts are responsib le  

for sca tter in g  a nu m ber o f in e la stic  e lectron s in to  th e  backw ard  

direction . The sim p lest m odel th a t is  su g g ested  by E. Bauer, E. 

Sickfus, and N. R. Avery35-38-39 is  the tw o-step  process in w hich the  

electrons experience an elastic  scattering, and then  follow an  inelastic  

scattering (I-E) or v isa  versa  (E-I). To sh ow  the scattering picture, we 

plot the tw o-step  process40 in  Figure 2 .1 2 , w hich  is  especia lly  su ited  

for the interpretation  of the SEELS m easu rem en ts u s in g  a  CMA. In

Figure 2 .1 2  (a) ko ’ k are the m om entum  before and after scattering,

respectively, and Q is  the m om entum  transfer. The left hand side of

(a), and of (b) describe th e  I-E scattering, and the right hand side of 

(a) and o f (b) describe the E-I scattering.
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Figure 2 .1 2  A typical diagram  of a tw o-step  [ I-E, E-I ] scatterin g  
process [Ref. 40].

B ased  on th is  idea, the m axim um  and m inim um  m om entum  

transfer q can  be calculated as follows:

q  (max) = f im A E  ? 
n 2.21

q (min) = i ^ ( V E o  - V E o - AE) , 
n 2.22

w here AE is  the energy lo ss, and E 0  is  the prim ary energy. According

to th is  relation, w e p lot the m om entum  transfer v s  energy lo ss  for 

three different prim ary energy b eam s in  Figure 2 .1 3 . From Figure 

2 .1 3 , we can see  that at an  energy lo ss  sm aller than  20  eV, the  

m inim um  m om entum  transfer is  le ss  than  0.5A"1. T hus the dipole
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approxim ation at a  lower energy lo ss  region is  valid. For a  large q, a  

higher order approxim ation sh ou ld  be considered. E vidences for slow  

EELS have been  reported by m any authors like C. Colavita, H. Araki, M. 

H. M ohammed, etc. 41-43

3

max

2

Ep=100eV
1

Qi min p=250eV

Ep=600eV !
0f  — . .       ■ - i - ..................... ............................

0 5 10 15 20 25 30 35
Energy Loss (eV)

Figure 2 .1 3  M axim um  and m inim um  m om entum  transfer q at three  
different primary energies. At the sm all energy lo ss  region, the long  
w avelength approxim ation is  possib le.

For the angle resolved SEELS, the detector h a s th e  freedom  of 

focu sing at th ose  inelastic  scattering electrons w hich are closed to the  

sp ecu lar beam . If the scatter in g  angle is  very sm all, th en  th e  dipole  

approxim ation is valid.

(1) Free Electron: The long  w avelength  dielectric fun ction  e(co) of a

free electron gas w ith dam ping and relaxation tim e % is  obtained from
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the equation of m otion of a  free electron in  an  electric field E(x,t),

m x + — x  =- eE .
x 2 .2 3

Let both  x  and E have a tim e dependence of exp(-icot), th en

-mcox - io&ffl-x = - eE ,
x 2 .2 4

mco2 + ico^
2 .2 5

The dielectric function  at frequency co is

E(fi)) =  D M  =  1 +  i z E P M
E(co) E(co) 2 .2 6

w here P(co) is  th e  polarization, and is  defined a s the dipole m om ent

per u n it volum e. That is,

P = -n ex  . 2 .2 7

Then it follows from Eqs. 2 .2 5  - 2 .2 7  th at the dielectric function  of 

free e lectrons is

e(c0) = i -  -  4 m e 2
mco2 +icoia 

x
_ 4 x n e2 /m

co2 +ia  
x

= 1 ^2—  , 2 .2 8
co2 + i^  

x
w here (Op2 =47tne2/m  is  defined as the p lasm on frequency. 
Since e = £2 + i^  f

then



At e(cfl) = 0, w e obtain a s a  solution , to = coj + icĉ , w here

Cfl^COpt 1- ^  _ 2 ]1 jl/2
(2C0pT)2 2 >31

0)2 2% ' 2 .3 2

If dam ping is  neglected , for tor » 1 ,  we th en  have % = cop and 002=0 .

By su b stitu tin g  the va lu es of ex and e2 from Eqs. 2 .2 9  and  2 .3 0 , 

respectively, into the lo ss  function

„ _ S L  = ------- ! * « ? --------  . 2.33
8  e l + e 2 (0 )2  _ o)2 )2 +(C0/ t ) 2

There is a  m axim um  for sm all 1 /% at (Op in  th is  Lorentz-like function, 
th at is,

Im(=J-) = —1—  = tOpT . 2.34
£ max £ (C0p)

In Figure 2 .1 4 , a  sch em a tic  rep resen ta tion  o f elt £2 an d  th e  lo ss  

fu n ction  Im (-l/e )  are sh ow n . A p la sm on  osc illa tio n  frequ en cy  is  

observed w hen ex crosses the zero value and £2 is at a  sm all value.
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Figure 2 .1 4  The dielectric function  of elt e2 and the lo ss  function of 
a free electron gas at hcop =15 eV [ Ref. 32].

(2) B ound Electron: In the case of an electron bound by a harm onic

force and acted upon by an  electric field E(x,t), the dielectric function  

e(co) can be obtained in  the sam e w ay as in the free-electron case, and  

th a t is  by solving the equation of m otion, 

m x + 22-x + ma>n= - eE
T ZiUO

w here cOjj is  the eigenfrequency of the bound electron.
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e(co) is  given by

e(co) =1+ t o e l
m  o& - co2 +i(o/x 2 .3 6

w here n  is  the num ber o f e lectrons per u n it  volum e. If n f is  the  

num ber of f~ee electrons per un it volum e, there will be nj-, e lectrons in  

eigenfrequency o^ . The dielectric fun ction  can  be described  in  th is  

way

e(o)) = 1 +%f +%b 2 .3 7

w ith the contribution o f free electrons 

_ 47tn{e2 i
m -o)2 -io)/x ’ 2 .3 8

and the bound electrons

_ 47inbe2 l
m  cog - co2 - ito/x 2 .3 9

The eigenfrequency of p lasm on  excitation  w ith  1 /x  =0 is  th e  so lu tion  

of Ei = 0  :

2 —
2 .4 0

w here 0^  is the p lasm on frequency under the perturbation of bound

electron  exc ita tion s. There are tw o different p la sm on  freq u en cies  

under the in fluences of the bound electron excitations :

(a) If ton  lies at higher frequencies (see Figure 2 .15) 

co < gd̂  and cop <con  , thu s
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(oj = < ^ .4 5 2 1 ,6 1 ^  
b ^  m  <ai 2.41

This m eans that the p lasm on energy is reduced w h en  the p lasm on  

frequency of n f  free electrons lies below  the bound electrons.

(b) The reverse h ap p en s if th e  regarded frequ en cies co are higher

than  the interband transition  and w ith cor i  < go. We th en  have

_ m2 ,47tnbe2
cob -  (Op + m • 2 .4 2

So the p lasm on energy Rcob sh ifts to the higher energy side. A  sim ple

picture show ing the resu lts  is  given in  Figure 2 .1 5 .

%<%ei(co)

F igure 2 .1 5  The in flu en ce  o f b ou n d  e lectron s in  th e  d ielectric  
fu n ction , (a) If th e  eigenfreq uency  of th e  bou nd e lectron s ct^, lies

below  the p lasm on frequency of the free electrons (Op, the position  of
ejfw) = 0 will sh ift to h igher va lu es, (c) The reverse tak es p lace if  con

>cop [Ref. 32].
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(3) D ielectric function  and interband transition: The b asic  connection  

betw een  electron band stru ctu re  and the dielectric co n sta n t43 82 can  

be expressed by:

w here Mcv is  the dipole transition  matrix. This equation tells  u s  that  

th e  im aginary part o f th e  d ielectric  co n sta n t is  determ ined  by all 

p ossib le  interband tran sition  betw een  sta te s  of energy difference hco

and the m atrix e lem ent e.M cv w hich  depends on the wave function  of

both the initial and final state.

Ej can  th en  be obtained through the Kramers - Kronig integral

relation

T hus in  principle, once the band structure is  know n, one can  calculate  

all the dielectric con stan t Ej, e2 through Eqs. 2 .4 3  - 2 .44 .

Equation 2 .4 3  can be transform ed into a surface integral by using  

the 8 function relation

2 .4 3

2 .4 4

h (x )8 [f(x)]dx = £  h (x0)

,b

2 .4 5

It th en  takes the form
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JhV k(E c - Ev )ec - Ev, = hco

|e .M cv(k) |2

2 .4 6

The m atrix  e lem en t Mcv iS alw ays a sm ooth  fun ction  of k  except near  

sp ecia l k  vectors w here I e.Mcv I van ish es b ecau se  of sym m etry. The 

kernel part of the integral

The contribution to the dielectric function  from a pair of b an d s is  now  

proportional to 1 /co2 and the quantity from JDO S. The JD O S sh ow s a  

strong variation in the neighborhood of particular va lu es of E:

w h ich  are called critical poin t energies. T hese critical po in ts defined  

by Eq. 2 .4 8  and characterized by a se t  of v a lu es (co,k) are th e  m ost  

im portant part in  the d iscu ssio n  of optical spectra.

2.1.4 Surface E lectron  Energy Loss F ine S tru c tu re  (SEELFS)

2.1.4.1 In troduction

SEELFS (Surface E lectron  E nergy L oss F ine S tructure) is  a  

su rface-sen sitive , e lectron-induced  sp ectroscopy. It a lso  d isp lays the  

osc illa tion s above th e  threshold  frequency, and bears inform ation of 

interatom ic d istan ces. The stu d y  of SEELFS is a  parallel developm ent

z  I, ^ ------------
V ,c  I Vk(Ec - Ey )ec-Ev= hco

d s

is  alw ays defined a s the jo in t density  o f sta tes (JDOS)

2 .4 7

Vk E C(K) = Vk Ev(K) = 0 , 2 .4 8
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to the photon  induced EXAFS techniques.

It is  w ell know n th a t the x-ray absorption cross section  will be  

m od u lated  by th e  p resen ce  of other a tom s c lo se  to th e  absorb ing  

cen ter. The ph otoelectron  em itted  in  th e  ab sorp tion  p rocess  will 

propagate a s  a  sp h erica l w ave. The ou tgo in g  w ave w ill b e  back  

sc a tter ed  b y  th e  n e igh b orin g  a to m s (see  F igure 2 .1 6 ) , th ereb y  

produ cin g

Figure 2 .1 6  S ch em atic  rep resen ta tion  of th e  in terferen ces o f two 
different w aves incom ing and  outgoing. The outgoing photoelectron  
(solid line) originated from the central atom  ( circle) propagates to 
th e  n eigh b orin g  a tom s (dashed  lin e s  circle). The b a ck -sca ttered  
w aves (dashed lines) interfere w ith the outgoing w aves, and give rise  
to the EXAFS.

an  in co m in g  w ave w h ich  w ill in terfere e ith er  c o n str u c tiv e ly  or 

d estru ctive ly  w ith  th e  outgoin g  w ave. The final resu lt  is  th a t the  

in terference g ives rise to an  oscillatory  variation  in  th e  absorption
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cro ss  section . It w as sh ow n  th a t th is  oscillatory  behavior con ta in s  

inform ation on the interatom ic d istan ces.44

2 .1 .4 .2  EXAFS and SEELFS

Theoretically, the x-ray m odulation  of the absorption  rate45 in  

the Extended X-ray A bsorption Fine Structure (EXAFS) (Figure 2.17)

after norm alized to back-ground absorptions (p0) can be described as:

w here the absorption rate |i described by th e  dipole approxim ation  

for th e  x-ray induce transition  of an  electron from an  in itial sta te  I (Jjp 

to a  final state I <|>f> h as the form:

X(E) = (p(E) - p0(E )) /M E ), 2 .4 9

2 .5 0

where D is  a  constant.

x
zL

in
(3

PR E- E 0 
EDGE

E

Figure 2 .1 7  Typical X-ray absorption spectrum  |ix  v s E (Ref. 46).
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In the k  sp ace , %(k) can  be expressed , in  m ore detail, in  the  

structure param eters as:

X(k) =SjAj sin(2krj+0,j(k)) , 2 .5 1

w ith Aj=SjNj Sj(k) Fj(k) exp(-2oj2k2 )exp(-2rjA j(k)) /krj2  ,

w here Nj is  the num ber of neighboring atom s of th e  jth  shell, Sj(k) a 

red uction  factor, and Fj(k) is  the b ackscattering  am plitude function .

The term  exp (-2oj2k 2 ), is  th e  D ebye -W aller factor, tak in g  into

accou n t th e  therm al vibration and static  disorder of the atom s in the

jth  sh ell. The term  exp(-2rjAj(k)) is  due to the photoelectron inelastic

scattering w ith  a m ean free path of Aj(k). G^k) is  th e  total p h ase  sh ift 

experienced by the photoelectron. It is  described by:

0lj1(k)=0i1(k)+0j(k)- be, 2 .5 2

w here G^k) and 0j(k) are th e  p h ase  sh ift o f th e  absorber and the  

backscatter, 1=1 for K an d  Lj ed g es  and  1=2 or 0  for Lnm . 

Sin(2krj+01j(k)) is  the oscilla tion  part due to the m odulation  from the

presence of th e  other atom s in  an  EXAFS spectrum .

In F igure 2 .1 8 , a sim plified  m odel o f the in teraction  o f fa st  

electrons w ith  an atom  is  show n. W hen the inner sh ell electrons are 

excited  b y  th e  in e la stic  sca tter in g  o f fa st e lectron s, th e  EELS 

spectrum  can exhibit EXAFS - like oscillations. S u ch  observations have  

been  reported in recent literature.47 48 In the EELS, the scattering  

cross sectio n 27 (under the B o m  approximation) can be described as:
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4>f S  exp(iq.Fj)

2 4 
aoq

8(Ei-Ef-hco), 2 .5 3
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Figure 2 .1 8  In teraction  o f fa st e lectron s w ith  an  atom . M any  
different tra n sitio n s  m ay h ap p en  after an  atom  is  ion ized  by an  
energetic  in c id en t e lectron . C on tin u ou s w h ite  rad ia tion  m ay be  
produced w hile the incident electron is  decelerated in  the field of the  
nu cleu s, [ref. 45]

w h ere  fico is  th e  energy lo ss  in  an in elastic  scattering, a 0 is  the Bohr 

radius, and q is the m om entum  transfer. Ej and E f are the initial and

final sta te  energies o f th e  target, respectively . \|/j and \j/f are th e

corresponding m any - electron determ inantal wave fun ctions. In the  

close  sh e ll in itia l s ta te s , th e  m atrix elem en t can  be reduced  to a 

single electron m atrix elem ent:49
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IW  S j  exp(iq.5) Jvi) P= V2|{<|>Jexp(iq.i(4>i)|2_ 2  5 4

—> -»
For sm all T r va lu es, the sin g le  e lectron  m atrix  e lem en t can  be  

expressed  by the dipole approxim ation:

dfidco n2 n4
m  2 .5 5

w here ^  is  th e  u n it vector of q. C om paring Eq. (2 .50) w ith  Eq.

(2 .55 ), th e  m atrix  e lem en t for in e la s t ic  e lectro n  sc a tter in g  in  

SEELFS is sim ilar to th at for x-ray absorption. T his equivalence show s  

that the oscillating fine structures detected above the core edge in  the  

lo ss  spectra of SEELFS should  obey the EXAFS form ula (Eq. 2 .51) and  

in d irectly  give in form ation  ab ou t th e  radial a tom ic  d istr ib u tion  

function F(R) around the absorbing central atom.

In the reflection electron energy lo ss  sp ectroscop y m easured  in  

the CMA, the scattering angle is  very large if  one consid ers on ly  one  

in elastic  scattering step  process [Sec. 2 .1 .2 .4 ]. The rad ius d istan ce  r 

for a core electron is  sm aller than  lA, so  th at dipole approxim ation is  

possib le . A com parison betw een the SEELFS and EXAFS techn iqu es  

h a s been  reported by M. De C rescenzi et a l,50 and their resu lts  m ade 

a very strong evidence th at both  SEELFS and EXAFS spectra  have  

sim ilar fine structures.
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2 .2  Rutherford Back Scattering and a  particles on 160  resonance

E lastic S catter in g

2 .2 .1  In troduction
R utherford  b a c k sca tte r in g  sp ec tro sco p y  (RBS) is  a  u se fu l

techn iqu e to m easure the concentration  vs depth  profiles o f elem ents  

in  the outerm ost layers of a  solid. W hen u sin g  2M ev H e+ ions, one can

get a  penetration depth o f around 1 (im. Under sp ecia l circum stances,

the depth  resolu tion  m ight be 1 n m .51 The RBS can  provide fast and  

quantitative profiles th at are nondestructive and reliable. Its major 

applications have been  directed tow ards layered structures containing  

few elem ents.

T h e b a s ic  e x p e r im e n ta l a r r a n g e m e n t o f  a  R u th erford  

backscattering is show n in Figure (2.19).

I n c id en t  P a r t ic l e s Energy

Eo
Beam
S o u r c eT a r g e t

B a ck sc a t ter ed
P a r t i c l e s

Part ic le

O utput

M ult ichannel Analyzer

Figure 2 .1 9  S c h e m a tic  d iagram  o f a  ty p ica l b a c k sc a tte r in g  
experim ent in u se  today.
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The ion  sou rces ch osen  for the probes are u su a lly  the light elem ents  

su ch  like He+ and H+. The energy of acceleration  is  often kept below  

th e  th resh o ld  for n u clear  reaction s or reson an ce  scatter in g . The 

probability th at the ion particles experience a large angle scattering is  

about 1 0 5.

The b asic  p h ysica l con cep ts o f RBS. can  be ascribed  to the  

follow ing three parts: (1) k inem atic factor, (2) scatterin g  cross section  

, and (3) energy loss.

2 .2 .2  Kinem atic Factor (K) of Elastic Collision

In an  e la s tic  co llis io n  (like th e  RBS), th e  m on oen ergetic  

partic les (He+, H+) h it a  very heavy target n u cleu s. The target n u cleu s  

w ill rem ain stab le and absorb only a little energy. The backscattering  

partic les (He+, H+) will retain m ost o f its  incid en t energy. B ut, if the  

projectile particles (He+, H +) h it on a light target n u cleu s , the target 

w ill absorb m ost o f the energy and leave the backscattered  particles  

(H e+, H+) w ith  a  low  energy. The energy ratio  o f th e  projectile  

particles after and before scattering (Eafter c o l l i s i o n / E b e f o r e  c o l l i s i o n )  i s  

sp ecified  by th e  k inem atic factor (K) (Eafter c o m s i o n / E b e f o r e  c o l l i s i o n ) -  

T his factor can  b e  ca lcu lated  by u s in g  th e  m om en tum  and energy  

conservation laws. The resu lts of th is calculation is  :

_  E after collision _  
Ebefore collision

mcos(0)+(M2 -m2sin2(0)) 
m+M

1/2

2 .5 6

w here m , M is  th e  m a ss  o f the projectile, target separately; 0 is  the

scattering angle. From Eq. 2 .56 , we can  find that the energy transfer  

will favor the light target.
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2 .2 .3  Scattering Cross Section

Rutherford backscattering is  totally  due to coulom b forces, and  

can  be a ccu ra te ly  d escrib ed  b y  th e  R utherford d ifferentia l cro ss  

section  form ula52

w here Zj is  the atom ic num ber of the ion, (He+, H +) w ith m ass m and

Z2 is  th e  atom ic num ber of the target w ith m ass M. 0 is  the scattering

angle in  the laboratory fram e. From Eq. 2 .5 7 , one fin d s th a t m ore 

scattering occurs for high atom ic num ber target atom s and le s s  from  

low er o n es. Therefore th is  tech n iq u e  is  m ore sen s itiv e  to sm all 

am oun ts o f heavier elem ents than  to light ones.

2 .2 .4  Energy Loss

W hen the ion  p u sh es  its  w ay through th e  target, it w ill lose  

sm all am ou n ts of energy due to the co llisions w ith  the den se  electron  

se a  of the target. T his energy lo ss  is  a lm ost con tin u ou s and p a sse s  

through  the final energy, providing inform ation to the total depth  

len gth  of the projectile in  th e  target. T his energy lo ss  8E per u n it

length  Sx (normal to the target surface) depends on the density  o f the

target, the velocity  and th e  identity  of the projectile. The relation  

betw een  energy lo ss  and penetration depth (x) can be specified by .53

w here e is  called the stopping cross section , N the atom  density  in  the  

target and x  the ion  penetration depth.

{ [ l - ( » i n ( 0 ) n  +cos(0)}

[ l- (O s in (0 ) )z ]

2

2 .5 7

AE = [e]Nx 2 .5 8
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2 .2 .5  Example

In Figure 2 .2 0 , a  sch em atic  rep resen tation  of RBS is  show n. 

From  th is  figure, the large energy ch an ge o f th e  projectile can  be  

u sed  to identify  th e  atom ic m a sse s  in  the target from  th e sim ple  

correlation  E after collision=KE0. One can  a lso  see  th a t energy lo ss  

distributions are in  a broad band. This is  b ecau se  of the sm all am ount 

of energy lo s se s  due to th e  electron  se a  o f th e  target. The ion s  

scattering depth in  the target give lower energy. So each  broad peak  

gives the profile o f the target elem ent concentration versu s depth.

Eo

M

Substrate

m

■Energy
Eo

Figure 2 .2 0  A typical backscattering spectrum  of an  ion  at energy  
E 0. M represents the heaviest elem ent, su bstrate  is  the ligh test. The
heavy m a ss (M) gives a signal at h igh energies side, then  next m . The 
high energy edge of each peaks is equal to KE0 [ref. 53].
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2.2 .6  160  resonance elastic scattering

Sm all am ou n ts of low  atom ic m a ss  m ixed in  a target w ith  

higher atom ic m a ss are very difficult to detect by RBS. However, if one  

ch ooses the scattering at the resonant scattering, the scattering cross 

section  will be greater th an  the pure Rutherford backscattering  m any  

tim es. From reference,54 we find that the scattering cross section  for

3 .0 5  M ev a -p artic les im pinging on 1 ^ 0  is  very large com pared to

RBS. This provides a good w ay to detect the oxygen.

2 .3  X-RAY Reflectivity

2 .3 .1  Introduction

X-ray h as the property of long range penetration in  the surface of 

a so lid  com p ared  to low  en ergy  e lectron  b ea m s. W ith th is  

ch aracteristic , X -ray reflectivity a t sm all an g les is  one o f th e  b est  

techn iqu es for m easuring th e  electron d en sity  in  a solid. The electron  

d en sity  at the interface of the m ultilayers m ay be extracted from the  

param eters obtain ed  b y  fittin g  to a th eoretica l form ula. W ith the  

electron  d en sity  inform ation one can  determ ine the com p osition  of 

the sam ple. The basic  theory is  described as follows.

2 .3 .2  The Refractive Index of Matter for X-rays o f Wavelength X :

It is  w ell know n th a t the com plex refractive in d ex  (n) obtained  

from  op tica l m e a su r e m e n ts  can  be u se d  to ch a ra cter ized  th e  

n o n m eta llic  m ed iu m . For th e  m eta llic  m ed iu m , a t a  certa in  

w avelength of X-rays, the m etallic m edium  is  a lso  characterized by its  

com plex refractive index n. The refractive index of m atter for X-rays
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of w avelength A, is  expressed  as:

n = l-  6+ip , 2 .59

w h ere

2 .6 0

P=A.p/(4jc), 2 .6 1

w h ere  N 0 p/A is num ber of atom s per u n it volum e. Z+Af is  the real part 

of the scattering factor, p i s  the linear absorption coefficient, p is  the  

effective electron density . For low  Z m aterials, p is  ju s t  equal to the  

tota l electron  d en sity  pT. But for h igh  Z m ateria ls, there is  som e  

fraction [f) o f the electrons having b inding e n erg ies  w hich are greater  

than  the incident x-ray energy, th e  d en sity  p should  change to pT( l-  / ) .

By ignoring p, w e can have n = l -  8 < 1 . This com plex refractive

in d ex  (n) in  m atter is  le ss  th a n  unity, therefore it is  totally  externally  

reflected  from a su rface  a t sm all g lan cin g  angle in cid en ce. The

condition for total external reflection is  w hen :

0  <  6 C «  V26 -  fpX 2 .6 2

For a  silicon substrate and A = 1 .5405  A, 9c = 0 .2 2 2 °  d e g r ee .
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2.3 .3  Reflectivity and  Fresnel form ula

(a) T h in  Film

The reflectiv ity  o f X -rays from  a flat, id ea l su rface  can  be  
c a lc u la te d  b y  u s in g  th e  c la s s ic a l  M axw ell e q u a t io n s .55 For a  
h om ogeneous th in  film (Figure 2.21,) the Fresnel form ula, for a n o n ­

m agnetic m edia, (1= 1 , can  be expressed as:

ri2 _ nicos(0i) - n2cos(6t)
nicos(9i) + n2cos(0t) 2 .63

Figure 2 .2 1  A sch em atic  rep resen tation  of th e  reflectivity a t sm all 
angle.

w h ere  r12 is  th e  reflectiv ity  coeffic ien t, n lt n 2 are th e  com p lex

refractive ind ex  of m edia 1 and 2 . 0j and 0t are the in c id en t and

tra n sm iss io n  angle w ith  resp ect to th e  norm al direction . T hen the  

reflectivity is  given by Eq. 2.63:

2
R = | r , 2 p = nicos(0i) - n2cos(0 t)

nicos(0j) + ri2cos(0 t) 2 .64

At a sm all angle and by u sin g  Snell’s  law  [(n1sin (0 i)= n 2sin (0 t)], the
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reflectivity56 can be modified as following:

2 .6 5

w here 0 is  defined as in  Figure 2 .2 2 , 0C is  the total reflection critical

angle. It is  m ore con ven ien t to exp ress th e  reflectiv ity  u s in g  the  

scattering vector by  transform ing

This form is  valid for angles greater than  about tw ice th e  critical angle, 

w here refraction effects are negligible.

For the real su rfaces, the interfaces are neither sharp  nor flat. 

R ou ghn ess su rfaces alw ays ex ist betw een th ese  interlayers. T hus the  

distributions of electron density  will not behave like a step  function. A  

com m on and w ell know n m ethod to take accou n t of th is  effect is  by  

m ultiplying by a G aussian-Iike factor the Rf. That is:

w here a  is  the root m ean -sq u are average of the ro u g h n ess  o f the  

surface. The presence of roughn ess m odify the type o f equations that 

are needed to analyze the reflectivity.

q = 4xsin (0 )A ; qc =4rcsin(0c) /X.
That is  :

R f=  q  - (q2-qg+2i/[i)1/2 2

q + (q2-qc+2i/|i)1/2 2.66

R =  R f e x p ( - a ^ q 2 ) _ 2 .6 7
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(b)Multilayer

The calculation  of th e  reflectivity of a  m ultilayered structure h as  

b een  treated in m any optical textb ook s (for exam ple, reference 56-

5 7 ) .  One can  ca lcu la te  th e  m ultilayer perform ances either b y  the

Matrix m ethods or by the iterative u se  of the single film form ula. In 

the m atrix m ethod, each boundary (or each  film) is  characterized by a  

m atrix  (Mj) and the m ultilayer is  characterized by th e  product Matrix 

(M):

M =M 1*M2 * Mn . 2 .6 8

The reflectivity is  expressed  by the elem en ts of the product m atrix M:

p _ |m 2i 2 
1 m n

In the iteration m ethod, the reflectivity coefficient58 is

r0 u( q ) _  roj+rtjj+iexpcaqjdj)

1 "*_r0jrtj,j-H 1 exp(2iqjdj) 2 .69

/ t  _  rj,j+i+ r j+i,j+2 exp(2iqj+idj+1) \ ^
\ j,j+1 1+rj,j+irj+1 j+2 exp(2iqj+idj+i) j ’

w here rtjj+i is  the com pound reflectivity am plitude arising at the j, j+1  

interface, dj is the th ick n ess of the j layer.

From th e above an a lysis , one can  see  th at the reflectivity is  a

fun ction  of th e  refractive index n4 and the th ick n ess  dj. T hus by

fitting  th e  d a ta  w ith  the th eoretica l reflectiv ity  form ula, th en  th e  

electron  d en sity  at a  different layer can  be figured out. A t the  

interface, if there is a change in chem ical state, the electron density  

will be different from other layers, and it can  be extracted from the
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param eters after fitting. A su c c e ss fu l determ ination  o f  the oxide  

layers on thin  solid  film b y  m easuring the X-ray reflectivity h a s  been  

reported  in  reference [59]. The oxide layers u su a lly  produ ce an  

additional am plitude m odulation in  the reflectivity, w hich depend s on  

the average th ick n ess and the density  o f the oxide layers.
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CHAPTERS

EXPERIMENTAL DESCRIPTION AND SAMPLE PREPARATION

In th is  chapter, w e w ill m ake a sim p le  d escrip tion  o f the  

surface sc ien ce  experim ental se t up.

3.1 E lectron S p ectroscop y  Apparatus

The equipm ent u sed  in  th is  experim ent are

(1) Two ultra h igh vacuum  cham ber system s (VSW, Perkin 

Elmer) w h ich  were equipped w ith

a  a Cylindrical mirror analyzer (CMA) (in the Perkin

Elmer vacuum  chamber),

b. a  H em ispherical energy analyzer (in the VSW vacuum  

cham ber),

c. a  High resolution  electron gun  (EM50) (in the VSW  

vacuum  chamber),

d. a  Sputter ion gun,

e. a  Sam ple m anipulator and holder,

f. a  H eater and therm ocouple,

(2 ) Vacuum  pum p

(3) Pressure gauge

3.1 .1  Cylindrical mirror analyzer equipm ent

In Figure 3 .1 , we sh ow  one o f the se t u p s in the (Perkin Elmer) 

vacuum  chamber.

The m ain co n stitu en t part of the electron sp ectroscop y  sy stem  

(AES, EELS, SEELFS) is  th e  e lectron  energy an a lyzer  w h ich  is  

entirely contained inside the high vacuum  chamber. In our laboratory,
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I CM A

Window

Vacuum chamber

Sputtering 
Ion Gun

SP -LE ED Window

Figure 3.1 A sch em atic  b lock  diagram  of experim ental s e t  up  for 
the surface sc ien ce  research.

w e have a cylindrical mirror analyzer and a concentric hem ispherical 

analyzer(CHA). A schem atic  diagram  of th e  CMA is  show n in  Figure 

3 .2 . The schem atic diagram for the CHA will be show n 3 .1 .2 .

In Figure 3 .2 , the electron beam  is generated from th e electron  

gun  w hich is  m ounted coaxially w ith two cylinders. The two cylinders 

have radius rpinner) and r2 (outer). The inner cylinder is  grounded  

with the analyzer and the outer cylinder is  negative- b iased through
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term inal Vm. E lectrons reflected from the sam ple p a ss  through  an  

aperture and th en  deflected  by th e  electric  field b u ilt up  betw een  

th ese  cylinders, and th en  directed through the exit aperture on the  

CMA to the electron  m ultiplier. The rela tion sh ip  o f th e  energy of  

electrons ch osen  to p ass through the CMA and the applied voltage Vm  

is  (in our CMA):

Epass - 1 .7  Vm 3.1

Outer Cylinder

Electron
Multiplier

0 - 4  KV

—Inner 
Cylinder

Magnetic Shield

Modulation
Control

Sweep
Supply

Figure 3 .2  A typical Cylinder Mirror Analyzer.
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w here E pass and Vm are in  the u n it  o f e lectron  vo lts  (eV). The  

con stan t 1.7 is determ ined from the analyzer geom etry structure.

B y changing the b ias voltage Vm on the outer cylinder, and by  

m e a su r in g  th e  r e su lt in g  c u r re n t s im u lta n e o u s ly , th e  en ergy  

distribution  function  N(E) of the electrons reflecting from the target is  

produced . The A uger sp ectru m  can  be m ore em p h asized  if  the  

derivative of th e  energy distribution is depicted rather than  the energy  

distribution N(E) itself. One w ay to carry th is out is  to apply a sm all AC 

voltage com ponent to the DC voltage applied to Vm. The am plitude of 

the applying AC voltage ranges from 0  -1 0  V. By detecting the first 

harm onic syn ch ron ous signal, by u s in g  an  electron m ultiplier and a  

lock- in  am plifier, the first derivative o f th e  energy d istr ib u tion  is  

obtained . Surface c o n stitu en ts  can  th en  be identified. The secon d  

derivative m ode a lso  can  be ob ta in ed  by d etectin g  th e  seco n d  

harm onic synchronous signal.

3 .1 .2  A ngle Resolved. S p ectroscop y  E quipm ent

In Figure 3 .3 , w e sh ow  a flow  chart o f th e  angle-resolved  

electron sp ectroscopy se t up . The energy analyzer and th e  electron  

gu n  are in sta lled  in the VSW high vacuum  cham ber. The in c id en t  

electron beam  is  generated from the electron m onochrom ator, after 

scatterin g , th e  reflected e lectron s are detected  and analyzed by the  

hem isp h erica l analyzer. The d etected  s ig n a l is  in  the in tegrated  

m ode.

In F igu re 3 .4 , a sc h e m a tic  d iagram  o f th e  c o n c en tr ic  

hem isp h erica l analyzer(CHA) is  show n. Two concentric  hem isphere  

surfaces of inner radius R: and outer radius R2 are m ounted w ith the
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Analyser
Output to analyser

Monochromato
Control HAC

Contron
UnitElectron

Monochromator

W  P re-
S ig n a lJ  amp 

Rear I
Bias  L _

P o w a r.   .

„ — IRat emet er  
Signal!

Output

Target

R a te m e te r
analogue
ou tpu t

Pen
L i f t

Chart

Recorder Weep

F igu re3 .3  Typical experim en ta l arran gem en t u s in g  th e  electron  
m onochrom ator (EM50) and VSW hem ispherical analyzer.

com m on center of O. Rq is  the m ean radius, the entrance and the exit 

s lits  are both  centered on it. A potentia l V is  applied betw een  the  

su rfaces so  that the outer sphere is  negative and the inner sp here is  

positive w ith  resp ect VRo> w hich  is  th e  m edian equipotential surface  

b etw een  the h em isp h eres . The re la tion sh ip  b etw een  th e  k in etic  

energy Epass of an  electron  traveling in  an orbit o f rad ius RQ and  

applied voltage V is  given by the expression:

^ p ass =eV /(R 2/R 1- R 1/R 2) 3 .2
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R2

R1

d

Figure 3 .4  A sch em atic  diagram  of th e  C oncentric H em ispherical 
Analyzer(CHA).

3.2 RBS equipm ent

The RBS equipm ent is  u s in g  an  already b u ilt up  D ynam itron  

accelerator at Brooklyn College. A general se t  up  for m easuring  the  

Rutherford B ack scattering  is  sh ow n in  Figure 3 .5 . The accelerator  

co n sists  of an ionization cham ber for creation of the ions, followed by a 

colum n w here the ion s are accelerated. The acceleration  h igh  voltage  

is obtained from a series High Voltage m ultiplier w h ich  is  supplied  by  

a RF oscillator. T his accelerator can  su p p ort a  m axim um  voltage  

around 3.7M ev. The pressu re in  the beam  line is  from 10 7 to 10 6
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Torr. A n an n u lar  s ilico n  su rface  barrier d etector  w ith  reso lu tion  

around 15KeV w as u sed  in  all the m easu rem en ts. Scattering  angles 

were se lected  around 160°.

Ion Source

A c c e l e r a t o r

^  Q uadrupo le
-J  Focusing 

Magnet
“ S l i t l

D e t e c t o r

PC
Magnetic
Analyzer

^Vacuum
PumpS am ple

i________ i i__________ i i___________ I
Data Handling Scattering Chamber Beam Generation

F igure 3 .5  A typ ica l sc h e m a tic  d iagram  o f a  B a c k sc a tter in g  
spectrom eter system .

3.3 X-ray reflectivity equipm ent

The X-ray specular reflectivity m easu rem en ts w ere perform ed at 

room tem perature u sin g  beam  line X -18B and X-6B at th e  Brookhaven  

N ational Synchrotron  Light Source facility. F igure 3 .6  sh o w s a  

sch em atic  o f the X -ray reflectivity m easu rem en t se t  up. A Si(220) 

double crystal m onochrom ator w as u sed  for se lectin g  the synchrotron
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radiation w avelength . The sam ple w as m ounted  on  a h igh  precision  

g on iom eter  a tta ch ed  to a two a x e s  H uber d iffractom eter. The  

m onochrom atic X-ray beam  p a sse s  through the beam  m onitor cham ber  

w h ich  m ea su res th e  in te n sity  of in c id en t beam  IQ, th en  th e  beam  

strikes the sam ple. Reflected X-ray w as detected by a  Nal scintillation  

d etector, and th en  digitized and collected u sin g  com puter interfaces.

Detector
Photon

Shutter
Beam
Monitor

Slit4
X-ray Source

Slit3

Sample
Crystal

Monochromator
Storage
Ri ng >  Hutch

Figure 3 .6  A typical X-ray reflectivity experim ental set-up .
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3 .4  SAMPLE PREPARATION

3.4.1 W/C, Ti/C  Multilayers60

The m u ltilayers (W /C, T i/C ) w ere prepared u s in g  an  argon  

plasm a rf-sputter deposition system . The su b stra tes were placed on a  

w ater cooled platform  rotates below  th e  carbon (reactor-grade ATJ 

graphite) or W /T i (99.95%) targets. A shutter w ith a circular opening  

a llow s th e  preparation  o f severa l sa m p les  u n d er  a lm o st id en tica l 

c o n d itio n s . The b a se  p r e ssu r e s  w ere 5 x 1 0 5 Pa an d  th e  argon  

p r e ssu r e  d u rin g  d e p o s itio n  ( - 0 .1 5Pa) w a s  co n tro lled  u s in g  a  

capacitance m anom eter a t argon gas flow rates of ~ 0 .4 c c /s e c . W ater 

vapor w as gettered from the Ar sputtering gas by flowing it through a 

titanium  gettering system .

The s ilico n  s in g le  c ry sta ls  [111] w ere m icrop o lish ed  b y  a  

com b in ed  c h e m ic a l-m e c h a n ic a l p r o c e ss . B efore d e p o s itio n , th e  

su b stra tes were heat treated at 4 0 0 °C for 2 hours. The targets were 

pre-sputtered  for ~2hours in order to clean  surface contam ination in 

th e  targets. The sa m p les  w ere ch aracterized  u s in g  M icrocleave  

T ran sm ission  E lectron M icroscopy61 and X-ray diffraction. The W /C  

sam p le  m o d u la tio n s w ere b etw een  11 to 3 0  A. The W and C 

th ick n esses  were from 5 .9  to 10 A, and from 4 .7  to 2 0  A respectively. 

The num ber of periods w a s different in  each  sam ple, and the top layer 

w a s term in ated  by carbon. The T i/C  sam p le  m od u la tion s w ere  

betw een 27  to 3 8  A. The T i and C th ick n esses were from 14.7 to 2 5 .7  

A, and from 11.5 to 12.1 A respectively. The num ber of periods w as  

in the average around 50, and the top layer w as term inated by carbon.
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3.4 .2  S i/C  M ultilayers62

The s ilic o n /c a rb o n  m u ltilayers w ere prepared by m agnetron  

sputtering of 5N silicon and 4N graphite targets. The su b stra tes were 

placed on a w ater cooled platform rotating below  the Si and C targets. 

The b ase  pressure of the system  w as around 10 9 Torr. The su bstrates  

u sed  for preparing the m ultilayers were a-A l20 3 (1120) and float g lass,

th e  su bstrate  tem perature during growth w as m aintained around 3 0 0  

K. The sa m p les were characterized  b y  low  and w ide angle  X -ray  

sca tter in g  u s in g  an  in  h o u se  facility . The tota l th ic k n e ss  o f the  

sa m p le s  w ere b etw een  9 0 0  to ab ou t 2 0 0 0  A. The carbon  layer  

th ick n esses  were betw een 10 to 3 5  A, and the silicon  layer betw een  

5 to 3 5  A th ick . The m od u lation  w avelen gth  of th e  sa m p les  w as  

determ ined to be from 14 to 62  A.
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CHAPTER 4

INTERFACE STRUCTURE AND STABILITY IN W/C

MULTILAYERS

4.1 Introduction

R ecen t p rogress in  sp u tter in g  d ep o sitio n  tec h n o lo g ie s  have  

m ade p ossib le  the preparation o f m ultilayers from refractory m eta ls  

like tu n g sten . The in terest in  m etallic  m ultilayers ar ises from the  

p o ssib ility  o f producing new  m ateria ls w ith  novel properties. In 

recent years there h a s been  great in terest in the fabrication of W /C  

m ultilayers that can find applications as X-ray mirrors in  the soft X-ray 

and UV range.63*66 T ungsten-carbon com pounds p o sse s  extraordinary  

m aterial properties, from both  a physical and a chem ical point o f view. 

The tu n g sten  carb ides (WC/W2C) have h igh  m eltin g  point, extrem e  

h a rd n ess , and  m eta l like th erm al and  e lectr ica l c o n d u ctiv it ie s .67 

T ungsten-carbide can be u sed  as a  catalyst for a  num ber of reactions 

w h ich  are read ily  cata lyzed  by p latinu m , b u t n o t by  tu n g ste n  

m etal.68’69 The tu n g ste n  carb id es are ch em ica lly  sta b le  a t room  

tem perature, they oxidize in  air only at very high tem p eratures.70-71 In  

stru ctu ra l ap p lica tion s, th e  cem ented  tu n g sten -ca rb id es are w idely  

u sed  a s tip s on drills, m etal-cu tting  tools, w ear- resistan t, protective  

coating, etc. All th ese  peculiar properties h a s stim ulated  our in terest 

in studying the tu n gsten /carb on  m ultilayers.

We report in  th is th esis  a  system atic  stu d y  of W /C  m ultilayers. 

Our m ain  in terest is  the stu d y  of the m eta l-carbon  b on d s in  the  

m u ltilayers. A d iverse n u m b er o f exp erim en ta l tec h n iq u es  w ere  

em ployed in the characterization of the sam ple, Auger spectroscopy,
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electron energy lo ss  spectroscop y (EELS), Rutherford back-scattering,

reson ance e lastic  scattering of a-particles by ieO, X-ray diffraction etc.

EEL sp ectroscop y  is  h igh ly  sen sitiv e  to variations in  th e  electron ic  

stru ctu re  at the surface and bulk  of the m aterial. Several p rocess  

con trib u te  to th e  en ergy  lo ss  sp ectrum ; op tica l in te r /in tr a  band  

tr a n s it io n s , co llec tiv e  e x c ita tio n  and core io n iza tio n  an d  A uger  

p r o c e sse s31’387273. We em ployed  in  our exp erim en ts th e  e lectron  

reflection geom etry. We m easure the evolution o f the EEL spectra  of 

th e  W /C  m ultilayers at h igh  tem peratures. The objective w a s  to  

in vestiga te  th e  e lectron ic  stru ctu re  o f the m u ltilayers u n d er su c h  

con d ition s, and to u n d erstan d  w h eth er  th e  artificia lly  con stru cted  

stru ctu res offer an  advantage over the naturally  occurring crystalline  

stru c tu res  in  m a in ta in in g  h igh-tem perature stab ility  in  an  oxygen  

c o n ta in in g  e n v iro n m en t. O ur r e se a r c h  w a s  d irec ted  to w a rd s  

characterization  of th e  W /C  in terfaces, and their  p o ssib le  role in  

determ ining the m aterial properties o f the m ultilayers.

4.2  Experim ental

We em ployed  a variety  of tech n iq u es  to stu d y  th e  in terface  

stru ctu re. We u sed  R utherford B ack  S catter in g  (RBS), reso n a n ce

e la stic  sca tter in g  o f a -p a r tic les  b y  leO, A uger sp ec tro sco p y  (AS),

electron  energy lo ss  spectroscop y, and surface electron  energy lo ss  

fine structure (SEELFS) to characterize the sam ple.

The RBS m ea su rem en ts w ere perform ed u s in g  the Brooklyn  

College CUNY D ynam itron accelerator. Two different ion  so u rces  (p,
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a) were em ployed a s the probe in th is investigation. We a lso  u sed  the

oxygen elastic  scattering resonance of a-particle a t 3 .0 5  MeV to detect

th e  p resen ce  and d istr ib u tion  o f oxygen w ith in  th e  sam p le . T his 

tech n iq u e  w a s  em p loyed  b e c a u se  o f its  great se n s it iv ity  to the  

presen ce of oxygen in  the sam ple. If there is oxygen in  the sam ple, 

th en  oxide in c lu sio n s w ill be presen t th a t w ill affect th e  m echan ica l 

properties of the m ultilayers.

For AS, EELS, and SEELFS m easu rem en ts , the sam p le  w as  

m o u n ted  on  a  M olybdenum  sam p le  holder. A C hrom el A lum el 

therm ocouple w as attached to the surface o f the sam ple. The sam ple  

holder w a s han gin g  on a h igh  precision  m anipulator w ith  electron  

beam  heating. The vacuum  system  u sed  in  th ese  experim ents h a s a  

base pressure around l x l O 10 Torr. The AS and EELS m easurem ents  

w ere taken  u s in g  a cylindrical mirror analyzer. The first derivative  

m ode w a s u sed  for AS and th e  seco n d  derivative for th e  EELS

m easurem ents, w ith a resolution  A E /E  =0.6%. The m odulation voltage

u sed  for the m easurem ents w as 1 eV p-p. The SEELFS m easurem ents  

were carried ou t u sin g  an electron prim ary energy o f 2 2 0 0  eV and a  

m odulation of 8  eV p-p.

The EEL sp ectra  w ere m easu red  a t room  tem perature u s in g  

d ifferent e lectron  prim ary en erg ies , from  100 to 1 8 0 0  eV. The  

tem perature depend en ce of the EEL spectra  were m easu red  betw een  

2 9 3  K and 9 7 3  K. The oxidation of the m ultilayers w ere stu d ied  by  

exposin g  the m aterial to 60  L (L=10 6 Torr) o f oxygen at 7 73  K. AS 

m easurem ents were taken before and after exposure to oxygen.

The X-ray specular reflectivity m easurem ents w ere carried out at
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room  tem perature u s in g  beam  line X -6B  and X -18B  at th e  N ational 

Synchrotron Light Source facility at Brookhaven National Laboratory. A  

Si(220) dou b le crysta l m onochrom ator w as u sed  for se lec tin g  th e  

synchrotron radiation w avelength . H orizontal and vertical s lits  were  

placed  before th e  m onochrom ator to define th e  beam  size  prior to  

m onochrom atization of the radiation. Inside the experim ental h u tch  

a secon d  slit w as placed for defining the m onochrom atic beam  and a  

beam  m onitor w as p lace after th is  s lit  to m easu re th e  p h oton  flux  

before scattering from th e sam ple. A third slit w as p laced  after the  

beam  m onitor (ionization cham ber) for trim m ing of the slit scattering, 

b u t cau sin g  no reduction in  the collim ated photon  beam . The sam ple  

w as m ounted  on a h igh  precision  goniom eter attached  to a  two axes  

H uber diffractom eter. After the sam ple a fourth slit w as placed to cu t  

down any scattering not originating in  the sam ple. The la st s lit w as  

placed before a  Nal scin tillation  detector and w a s se t  w ide en ough  to  

accept all the specularly reflected scattering. At very low angles the X- 

ray in ten sity  is  very large and th is  w ill sa tu ra te  and  dam age the  

d etector . To avoid th is problem  at very low  angles w e u sed  a se t  o f 

calibrated alum inum  absorbers to reduce the beam  in ten sity  reaching  

th e  detector. In X-ray sp ecu lar  reflectivity m easu rem en ts, one m u st  

determ ine the angle of incidence w ith  great accuracy. The alignm ent 

of the sam ple and diffractom eter w as carried out u sin g  a m ethodology  

sim ilar to th at described in  reference.56 The energy of the X-ray u sed  

in th is investigation w as 9 .9 8 8  KeV. The spectra from different beam  

lin es for the sam e sam ple were totally reproducible.

Table 4.1 gives the lis t of sam ples studied  in th is work.
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Table 4.1

W and C com position o f the m ultilayers

w
T h ick n ess
(A)

C
T h ick n ess
(A)

No. of Periods

6 5 200
7 7 150
10 20 150
10 13 65

4.3  R esults and Discussion

RBS and a-particles reson an ce scattering from ie O were u sed  to

obtain  a com positional profile o f the m ultilayers. In Figure 4 .1  we

plotted  the RBS sp ectra  W /C = 7A /7A  correspond ing to a -p artic les

w ith  energies of 3 .0 6 5  to 3 .0 4  MeV. One ob serves th e  dom in ant 

scattering by the high Z elem ent, tu n gsten , and the silicon  su bstrate  

contribution. We detected also  the presence of sm all am ounts of argon 

(which is  incorporated in the sam p les during sputtering). O xygen only  

appears a t a  beam  energy of 3 .0 5  MeV and w ith a very narrow peak. 

From  reference [74] w e know  th a t 3 .0 5  MeV is  th e  energy for the

reson ance elastic  scattering of a -p articles by 160 .  At th is  energy the

scatter in g  cro ss-sectio n  is  very large com pared to Rutherford back  

scatterin g . We in creased  the beam  energy, so  th a t the reson an ce  

could occur not only on the sam ple surface b u t a lso  in  the bulk. The 

resu lts  were negative, ind icating th at the oxygen in  the m ultilayer is  

present only on the surface. AS m easurem ents show  also  the presence  

of surface oxygen.
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Figure 4 .2 . RBS spectrum  for a  W /C  m ultilayer ( W /C = 7  A /7  A) u sin g  
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The carbon sig n a l can n ot be observed  a t th is  energy range  

( -3 .0 5  MeV), b ecau se  its cross-section  is  at the low est va lu e .75 W hen  

we changed the ion  sou rce to protons and turned the energy to 3 .0  

MeV, then  the carbon signal w as easily  detected, see  Figure 4 .2 .

EELS is  sensitive  to the surface and bu lk  electronic properties of 

the m aterial. One im portant asp ect of th is sp ectroscop ic techn ique is  

the possib ility  of obtain ing a non destructive com position  depth profile 

o f th e  m ateria l by  ch an g in g  the im pinging  e lectron  energy. The 

in e la stic  sca tter in g  is  proportional to Im (-l/e(q,a>)) for th e  bulk ,

w here e(q,to) is  th e  d ielectric  fu n ction  o f th e  crystal. The surface

in e la stic  sca tter in g  is  proportional Im (-l/(l+e(q ,co)). In EELS, the

lon g itu d in a l part o f th e  electric field is  involved , w h ile  in  optical 

p ro cesses  the tran sverse field is  involved. In our stu d y  w e u se  as  

standards the lo ss  fu n ctions calculated from optical m easurem ents for 

graphite and tu n g sten 76-77'78. S ince up to now, there is not any optical 

m easu rem en ts for the W /C  m ultilayers. We try to con stru ct the lo ss  

function  in two different w ays. The first w ay is  to treat the dielectric 

co n sta n ts  of graphite and tu n gsten  separately. The secon d  w ay is  to 

treat th e  two se t  o f d ielectric co n sta n ts  com bined in  a m ethod  

analogous to capacitor in series. In Figure 4 .3  we plot the bu lk  lo ss  

function  for tu n gsten  and graphite, and the surface lo ss  fun ction  for 

graphite separately.

The volum e and  su rface  lo s se s  o f graphite are very ea sy  to 

observe in  Figure 4 .3 . The peak around 6 .7  eV is due to the bu lk  loss

function - Im (l/e), p lasm on excitation of the n e le c tr o n s76, and at

2 5 .3  eV by the jz electrons p lu s a  e lec tro n s .76 The surface p lasm on
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produced by the n e lectrons is  at about the sam e energy as th e  bulk

p lasm on , b u t th e  h igh  energy su rface  p lasm on  (19 .5  eV) is  w ell 

separated from the bulk  plasm on at 2 5 .3  eV.

The lo ss  p eak s at energies of 10 .0 , 15 .2 , 2 5 .3  eV for the bulk  

lo ss  fu n ction  of tu n g sten  have b een  identified a s b u lk  p la sm o n s .18 

T h ese  b u lk  p la sm o n s (except the one at 15 .2  eV) a lso  have been  

observed by L uscher79 u s in g  EELS. The peak  around 3 1 .5  eV in  

tu n g sten  is  produced by th e  core (NVi, NVII) ion ization .80 The h igh  

energy broad peak observed at 4 3  eV in  Figure 4 .3  is due to the core 

ionization of On .80

In the com bination m ethod, w e u se  the b asic  series-cap acitor  

m odel to ca lcu la te  th e  lo ss  fu n ction  from the two se t  o f d ielectric  

c o n s ta n ts  (d ielectric  c o n sta n ts  o f W and  C). S in ce  th e  (W/C) 

m ultilayers are fabricated layer by layer, the w hole package looks like 

a con denser constructed  b y  two different dielectric m edia. B y u sin g

th is  m ethod, the l / ( e tota i) can  be described as:

_ J  = ( J _  + J _ ) +(J _  + J _ ) + ...... (—1 + I  ) . 4.1
S t o t a l  £ c l  £ \ v l  £ c 2  £ \ v 2  £ c N  £ \ v N

________ ggs-------------------------------------------------- -—§5»-

1st bilayer 2nd bilayer Nth bilayer

In the case  of EELS m easurem ents, b ecau se  the in elastic  scattering  

is  very strong, it is  m ore reasonable to introduce th e  m ean  free path

^ 1
factor into Eq. 4 .1 . By m ultiply a th ick n ess (t) and m ean free path (A,

) dependent factor in each term s in Eq. 4 .1 , we can  get the

new  1 /(e totai ). The resu lt is:

' A *  =  A / E 2  +  B E 1 / 2  ( W h e r e  E  I s  t h e  p r i m a r y  e n e r g y ,  A , a n d  B  a r e  c o n s t a n t s ) ® *
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 1  z= ( £-f(tcl_,A,)_!__|_£-f(twl X)_1_ \ £'f(tc2, .̂)_l__|-e -f(tw2,A.)_i_ \
Ctotal Eel £wl £c2 Ew2

^  g - f( tc N .X ,)  1  - |-g - f ( tw N .A ,)  1  \
EcN EwN

Re t i - )  + I m ( J - )  . 4.2
Etotal Etotal

Then the lo ss  function can  be extracted from 4 .2  u sin g  the relation:

-Im (l)  = - I n X ^ L )  .

In F igures 4 .4 a -4 .4 b , w e p lotted  th e  com bined  dielectric lo ss  

function a s a  function of primary energies (Ep). The bilayer num ber  

(N) applied in  F igures 4 .4 a  and 4 .4 b  is  4. The th ick n ess  o f W /C  in  

Figures 4 .4 a  and 4 .4b  are 6A /5A  and 6A/2A respectively. The aim  for 

choosin g  different of W /C  th ick n ess is  ju s t  for a  com parison. From  

th ese  two figures, w e can see  that the dom inate peaks (at energy 7eV  

and 25eV) are from  carbon , som e sm a ll w riggles (at energy  

10ev ,15ev  and 32eV) are from the tu n gsten . (The th in ner C is , the  

clearer tu n g sten  sign al appears.) The characteristic  tran sition s are 

obviously  not a s  clear a s th ose  from Figure 4 .3 . In th is  m odel of 

expression , the lo ss function  can only be show n up to 40eV, sin ce  the 

provided dielectric constan t values are good only up to 40eV.

We m ea su red  th e  e lec tro n  en ergy  lo s s  sp ec tra  at room  

tem perature as a function of primary energies (from 100 to 1800  eV). 

The EELS spectra  for the W /C = 6A /5A  are sh ow n in  F igures 4 .5  and

4 .6 . Sim ilar spectra were obtained for the other sam ples. The inset
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is  an expansion  of the spectra  from 10 eV to 70  eV. The p osition s of 

the m ost prom inent energy lo ss  p eaks are listed  in  Table 4 .2  and  

have been  labeled as a  to  i.

At prim ary energies of 100 and 150 eV, th e  EEL sp ectra  have  

the characteristic  lo sse s  o f graphite. At th ese  energies the prim ary 

beam s can  only penetrate a  few angstrom s, the carbon top layer. We

Table 4 .2

Electron Energy L osses of W/C=6A/5A.

LOSS PEAKS (eV)

ENERGY 
[Ep (eV)]

a b c d e f g h i

10 0 3 .6 6.1 13 .6 2 0 .7 2 6 .6
1 50 3 .6 6.1 13 .7 2 0 .7 2 5 .4
2 0 0 4 .4 7 .5 13 .7 2 0 .8 2 5 .7 3 5 .0
2 5 0 5.1 1 3 .4 2 0 .7 2 5 .4 3 5 .0 5 2 .0
3 0 0 6 .0 13 .7 2 0 .9 2 5 .3 3 4 .9 5 4 .2
3 5 0 6 .6 13 .7 2 0 .8 2 5 .2 3 4 .5 4 3 .8 5 3 .4
4 0 0 7 .4 14 .3 2 1 .4 2 5 .3 3 4 .6 4 3 .8 5 3 .4
5 0 0 10 .3 14 .5 2 5 .7 3 4 .8 4 4 .0 5 3 .8
8 0 0 15 .3 2 5 .3 4 3 .9 5 3 .7
1 0 0 0 2 4 .6 4 4 .2 5 3 .7 8 0 .6
1 4 0 0 2 5 .4 5 3 .1 8 0 .2
1 6 0 0 2 5 .5 5 2 .9 8 0 .0
1 8 0 0 2 5 .5 5 3 .6 8 0 .0
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Figure 4 .5 . EEL sp ectra  at room  tem perature before h eatin g  for a  
W /C  m ultilayer ( W /C= 6 A /5  A). The spectra were taken  for primary 
energies from 100 to 4 0 0  eV.
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obtained sim ilar spectra for the other W /C  m ultilayers w hen u sin g  the  

sam e electron prim ary energies. Peak a  centered at 3 .6  eV is  far

aw ay from  the k e lectron s b u lk /su r fa ce  p lasm on s of graphite. T his

peak is  probably an in ter /in tra  band transition of graphite. Peak c at

13 .6  eV is assigned  a s  an  n- >o  interband transition  from p3"to p3+ in

a single layer of graphite band structure calcu lated  by Painter et a l.82 

(see  ap p en d ix  B). The r e su lts  o f th e  u n p olarized  n ea r  norm al 

reflectance m ea su rem en ts on natu ral grap h ite ,76 dem on strated  a  

broad peak in  the im aginary part of the dielectric con stan t a t 14 .5  ± 

0 .5  eV. Wills et a l.83 observed a peak at 13 .5  eV in  photoem ission  and  

secondary electron em ission  m easurem ents. Therefore the assign m en t  

of p eak  c is  in good agreem ent w ith  b an d  ca lcu la tio n  and  other  

experim ental m easurem ents. We assign ed  peak b a s  the com bination  

of surface and bu lk  p lasm on  of the n e lectron s, peak d as a  surface

p lasm on  and e as the bu lk  p lasm on  of the n +o e lectron s o f the  

graphite layer.76

W hen the prim ary energy in creases to 2 0 0  eV a sligh t sh ift in  

energies take place for peaks a and b. At higher energy lo sse s , w hile  

peaks c, d, and e remain at the sam e positions, a  new  broad w eak peak  

appears around 35  eV. This peak (f) is  the (NVI, NVII) core ionization  

from tu n gsten . The em ergence of th is peak su g g ests  th a t the beam  

had pen etrated  to the tu n g sten  layer at th is  prim ary energy, a s  

expected . At th is primary energies the EELS m easu rem en ts su ggest  

that the interface W /C  h a s not reacted in th is sam ple. By contrast, we 

detect the presence of a pronounced electron energy lo ss  peak  around  

9 eV in a m ultilayer with W /C= 7A / 7 k .  The latter loss peak appears to
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be characteristic o f the interface for th is particular sam ple, se e  Figure

4.7.

W hen the prim ary energies in creases to 2 5 0 , 3 0 0 , and 3 5 0  eV 

the relative in ten sities o f peak  d and e start to change. We attribute  

th is  to the fact that the EEL spectra  will sh ow  a  larger contribution  

from the bulk  of the m ultilayer. The in ten sity  of peak  f in creases and  

peak g  (the On core ionization  of tungsten) is  observable. Peak h  is  

identified as due to bu lk  m ultiple p lasm on lo sse s . W hen the prim ary  

energy in creases over 5 00  eV, the contribution of the energy lo sse s  at 

f  and g  d im inishes. All the m ultilayer sam p les sh ow  sim ilar spectra, 

w ith  different th resh o ld  en erg ies tow ards th e  app earance of the  

tu n gsten  m etal features in the EEL spectrum .

We m easured the electron energy lo ss spectra  of the sam p les as  

a function  of tem perature. Our objective w as to u se  th is techn ique to 

investigate the possib le reactions taking place at the interface W-C. In 

F igu res 4 .8  and 4 .9  w e sh o w  the EEL sp ectra  tak en  at different 

tem perature for E p=200 and 3 5 0  eV. We observe an  irreversible 

p h a se  tran sition  at tem perature betw een  873° K and 373° K. The 

EEL spectra at 973° K are very different from th ose  spectra m easured  

at lower tem perature. The electron energy lo sse s  at 13.5 and 2 0 .6  eV 

disappeared, see  Table 4 .3 . A new  peak( ccg) appears centered at 9 .6

eV (10 .8  eV for Ep = 3 5 0  eV). The peaks corresponding to the NVI 

and NV1I core ion ization  o f W located  at 3 4  eV are n ow  very w ell 

resolved . T his spectrum  h a s som e of the ch aracteristic  lo s se s  of 

tu n gsten .79 H owever som e o f the fea tu res o f the EEL sp ectru m  

su ggest the presence of a new  com pound. All the sam p les sh ow  a  

sim ilar behavior at high tem peratures. We were lim ited in our
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our h igh  tem perature m easu rem en ts to m axim um  of ab ou t 1000  K, 

due to the therm al properties o f the silicon substrate u sed  to grow the  

m ultilayers.

We m easure the AS spectrum  after heating the sam ple in UHV,

see  Figure 4 .1 0  line (b). The tu n gsten  signal h as increased . This 

reflects the fact th at som e carbon m igration into  th e  W layer took  

place.

Table 4.3o
Electron energy lo s se s  o f W /C=6A/5A a s  a  fun ction  o f tem perature  
(E p=350 eV)

T em perature
(K)

a b c
LOSS PEAKS (eV) 
d e f  g  h

2 9 3 6 .6 13 .7 2 0 .8 2 5 .2 3 4 .5  4 3 .8  5 3 .4
4 7 3 6 .5 13 .7 21 .1 2 5 .7
6 7 3 6 .5 13 .7 2 0 .9 2 6 .0
7 7 3 6 .5 13 .3 2 0 .8 2 6 .4
8 7 3 6 .3 13 .4 2 0 .4 2 5 .9

(XI (X2 CX3 <X4 (X5
9 7 3 6 .3 10 .8 2 4 .5 3 3 .5 -3 5 .2  4 3 .2
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m ultilayer ( W /C = 6  A /5  A): (a) before heating, (b) after h eating  and  
(c) after reaction w ith oxygen.
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In order to verify th is phenom enon, we exposed the sam ple to oxygen  

at 773° K for one m inute. The AS spectrum  taking after th is  reaction  

is  very illu m in atin g , Figure 4 .1 0  lin e  (c). The Auger sp ectru m  of 

carbon (KL23L23 at 2 7 3  eV) after the reaction changes, and additional 

features a t 2 6 0  eV and 2 5 2  eV appear. The Auger spectrum  sh ow s the  

characteristic structure of the form ation of carbides. Figures 4 .11  and  

4 .1 2  we sh ow  th e  EEL spectra  before heating, a t 973° K, and after 

reaction. The EELS sp ectra  after heating  and after reaction are very  

sim ilar ind icating that a  carbide interface w as formed during heating. 

The exposure to oxygen rem oves the graphitic top layer and expose  

the carbidic interface. The EEL spectra h as energy lo sse s  from W and  

the carbide a s w ell as from the other deeper layers (depending on the  

im p in g in g  energy). The carb id es are very sta b le  in  an  oxygen  

environm ent, at least up to 773 K.

Inner core sh e ll e lectron s can  be excited  by th e  in e la stic  

scattering of electrons and the EELS spectrum  can  exhibit EXAFS like 

oscilla tions.44 We perform ed SEELFS m easu rem en ts47-48 at the carbon  

K-edge for the sam p les before, after heating  and after reaction . The 

m agnitude of the Fourier transform s ( m ultiplied by the square of the  

m om en tum  of th e  electron) for the SEELFS sp ectra  are sh ow n  in  

Figure 4 .1 3 . The spectra  are dom inated by the carbide character of 

the interface. This provides further proof of the correct identification  

of th e  interface. The p osition  of th e  C /C  and C /W  d ista n ce  are 

indicated in the Figures. X-ray diffraction m easurem ents gave further 

evidence of carbide form ation. The type o f carbide form ed a t the  

in terface w as identified  a s  W2C. A com p arison  o f n ear-n eigh b or  

distan ces for the Carbon atom s in the W2C and the experim ental
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m easu rem en ts (extracted from Figure 4 .1 3 b  after heating) is  listed  in  

Table 4 .4 . The deviation betw een  th e  true d istan ce  r and the peak

p osition  r \  due to the p h ase  sh ift Oy (k) can  be roughly estim ated  

u sin g  the linear approxim ation (0ij(k) = Po+Pjk). The oscillation  part 

sin(2krj+0jj) in  Eq. 2 .51  is  now  rewritten as follow s after introducing  

the linear phase function  0y (k ):

sin(2krj+0ij) = sin(2krj+P0+ P ik )

= sin(2k(rj+^-)+p0)

= sin (2kr j+po). 4 .3

The deviation Ar = rj- r̂  is approxim ately equal to -0 .5P}. P x can  now

be found out by fitting the theoretical phase sh ift data. In th is analysis, 

we u sed  th e  theoretical p h ase  sh ift data  listed  (in app en dix  V) in  

ref. (45], and th en  perform ed a lea st square fit to the data. In th is  

fitting, w e lim ited  the m axim um  k to 1 0 A 1. T his is  b eca u se  the  

m axim um  k value in  the SEELFS is  only about 1 0 A 1 (400eV  in  energy  

scale, see Figure 4.13a). After the fitting, the param eters o f Pi for C- 

C and C-W are about -0 .7  and -0 .6  respectively. The interatom ic  

d istan ces F(R) after the p h ase  sh ift correction are listed  in  the Table 

4 .4 . Som e of the interatom ic d istan ces have 20% deviation from the  

standard crystal. T his can  be realized, sin ce  the peaks in  Figure 4 .13b  

(solid line) are not very separated  from each  other, and th ese  peaks  

overlapping can  prevent u s  to determ inate the rad iu s rj’ precisely . 

Our objective in  th is  analysis is  to have a sem iquantitative evaluation of 

the param eters for a corroboration of the id en tity  o f th e  sp ec ies  

present in the sam ple.
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Table 4 .4
Com parison of near-n eigh bor d istan ces for th e  Carbon atom s in  the  
W2C[ref. 84] and the experim ental m easu rem en ts (from the solid  line  
in  Figure 4.13).

Shell
HCP W2C 
Bond D istances
(A)

Exp. F ’(R)

(A)

After Phase Shift 
C orrection F(R)
(A)

1 2 .0 9  C-W 2.2 2 .5
2 2 .9 9  C-C 2 .7 3 .0
3 3 .6 4  C-W 3.2 3 .5

Graphite Exp. F ’(R) After Phase Shift
Shell Bond D istances C orrection F(R)

(A) (A) (A)

1 1 .42  (C-C) 1.1 1.4
2 2 .4 6  (C-C) 1.7 2 .0
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X-ray reflectiv ity

The basic  theory for analyzing the X-ray reflectivity data h a s  been  

d iscu sse d  in  chapter 2 . In th e  follow ing an a ly sis , w e w ill u se  the  

iteration  m ethod (Eq. 2 .69 ) and a G au ssian  type ro u g h n ess a t the  

interface to fit the experim ental data. In th is an a lysis o f the data, the  

in terface r o u g h n ess , and  th e  e lectron  d en s ity  o f e a ch  layer are 

assum ed  to be constan t throughout all the layers. B ecau se  of the large 

num ber o f data  p o in ts in  each  sp ectru m  and th e  tim e con su m in g  

iteration  ca lcu lation , m o st o f th e  experim ental data  can  only be  

analyzed in  the m ain frame (CUNYVM) computer.

F igu res 4 .1 4 , 16, 18, and 4 .22(a) sh o w  part o f the X -ray  

reflectivity m easurem ents. Figure 4 .1 4 a  sh ow s the experim ental data  

and the fit resu lt o f sam ple W /C = 6A/5A. In th is  figure, th e  upper line  

indicated fit(+l), is  sh ift up by 1 in  the log sca le  from the Y axis. There 

are three different m od u lation s in  th is  experim ental data  spectrum . 

One is  from the the bilayer structure, one is  from the interference of 

reflectivity w aves betw een  the su bstrate  and the total th ick n ess, and  

the rem ainder is  from an  un kn ow n layer. From  the w id th  o f the  

m odulation, one can estim ate that the th ick n ess of th is unknow n layer 

is about 60A. In the theoretical calculation, we a ssu m e that there is  an  

extra layer w ith certain  th ick n ess  em bedded betw een  th e  su b stra te  

and the first layer (tungsten). The resu lt o f th e  rough ca lcu la tion  

sh ow s th at the m edium  frequency m odulation  is  from a layer w ith  

th ick n ess around 53A and electron density  at 2 .8 (6 .0 2 2 x l0 23 e /c m 3). 

The line shape of the fitting and the am plitude of the h igh  frequency  

m odulation are very sim ilar to the experim ental data.
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Figure 4 .1 4 a  X-ray sp ecu lar  reflectivity o f m ultilayer o f W /C=6A/5A  
w ith  2 0 0  periods. The upper curve is  the theoretical ca lcu lation  and  
is  shifted by 1 from the Y axis for illustration. The va lu es o f the fitting  
param eters are sh ow n  in  Table 4 .5  and  Figure 4 .1 5 . The large 
m odulation  in  th is  fitting curve is  produced by assu m in g  th at there is  
an extra layer w h ich  is  j u s t  em bedded betw een  th e  su rface o f the  
su b stra te  and the m ultilayer w ith th ick n ess of 53A, electron  d en sity  
2 .8 ( 6 .0 2 2 x l0 23 e /c m 3). F igures 4 .1 4 b -4 .1 4 d  are th e  ex p a n sio n s of 
Figure 4 .14a .
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Table 4.5

Param eter obtained from the fitting of the experimental data for the 
W/C=6A/5A multilayer.

M aterials T h ick n ess  In terface-R oughness

d(A) o(A)

Si(substrate) OO 0.3 (Si - bottom layer)
bottom layer 5 2 .5 0 .8 (bottom layer - W)
W 4 .5 7 2 .6 (W - W2C)
W2C 2 .1 0 2 .9 (W2C - C)
C 3 .6 5 3 .8 Iu

2 .9 (W2c  - C)
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Figure 4 .1 5  A com parison of electron density  betw een the know n bulk  
sta te  and the experim ental state. The experim ental electron d ensities  
of W, W 2C and C are from the param eters u sed  to obtain fit in  Figure 
4 .1 4 a . The electron densities o f W, W2C and C are about 10% , 7% and  
14% le ss  than  the know n bulk  state  respectively.
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The fitting is  n ot perfect b u t b asica lly  it te lls  u s  th a t th e  m edium  

frequency m od u lation  is  b u ilt up  from a th in  layer w ith  certa in  

electron density . The th ick n ess , electron  d en sity  and  th e  interface- 

rou gh n ess param eters of th e  individual layers are sh ow n in  Table 4 .5  

and Figure 4 .1 5 . Thin tu n gsten  carbide W2C layer w as about 2A at the  

interface.

Figure 4 . 1 6  is  a  spectrum  m easured  from sam p le W / C = 7 A / 7 A  

before heating and Figure 4 .1 8  from sam ple W /C = 7 A /7 A  after heating. 

Both figures are very similar. The position  of the two p eaks from the  

first Bragg peak  in  Figure 4 .1 8  is  slightly  higher th an  the p eaks from  

Figure 4 .1 6 .  T his ind icated  th at th e  growing of the carbide at the  

interface m ay cau se  a contraction from the bilayer. It is  very hard to 

ex p ect a  good fittin g  in  th e se  two figu res b e c a u se  of th e  w eak  

reflectivity at the first Bragg peak. In th is  an a ly sis  o f the data, the  

follow ing m odel is  u sed . We a ssu m e th at the two p eak s at th e  first 

Bragg peak  p osition  w ere m ade up  by two m u ltilayers w ith  very  

sim ilar b ilayer th ic k n ess . In F igure 4 . 1 6 ,  w e a ssu m e  th a t th e  

th ick n ess  (Aa) of the bilayer from peak (a) is  about 1 3 .2 A  and w ith 2 3

periods (let u s  nam e th is m ultilayer a s Ma), the th ick n ess from peak  

(b) is  3.5%  least than peak (a) b u t w ith 127 periods (let u s  nam e th is  

m ultilayer as M^). The m ultilayer Ma is  arranged on th e  top of the

m ultilayer M^. The th ick n ess of the bilayers and Aa is assu m ed  to

be linearly increasing from the direction of su b strate  layer to th e  top  

layer w ith a a / a  = ± 1% for peak b (±1.8% for peak a). The th ick n ess  

ratios dw /d W2C/d c are kept constant. For the case  in  Figure 4 .18 , 

we u se  the sam e m odel but the th ickn ess o f the bilayer of peak  (b) is  

about 6.5% least than peak (a). The theoretical calcu lations are
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Figure 4 .1 6  X -ray sp ecu lar  reflectivity o f m ultilayer o f W / C = 7 A / 7 A  
w ith  150 periods. The th in  line curve is  th e  theoretical ca lcu la tion  
and the coarse line is  the experim ental data. The va lu es of th e  fitting  
param eters are given in  Table 4 .6  and Figure 4 .17 . The two peaks at 
the first Bragg peak  position  were m ade up by two different th ick n ess
bilayer la ttices. In Figure 4 .1 6 , w e a ssu m e th a t the th ick n ess (A) of 
th e  bilayer from peak (a) is  about 13.18A  and w ith 2 3  periods, the  
th ic k n ess  from  peak  (b) is  3.5%  lea st th an  peak  (a) b u t w ith  127  
periods.
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Table 4.6

Param eters obtained from the fitting of the experim ental data  for the  
W /C  = 7 A /7A  m ultilayer before heating.

M aterials T h ic k n ess  Interface-R oughness

d(A) c(A)

Si(substrateJ 2^4 (Si - W)
W 4 .4  5 .6  (W - W2C)
W2C 2 .3  6 .8  (W2C - C)
C 4 .3  5 .5  (C - W2)

5 .3  (W2C - W)
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Figure 4 .1 7  A com parison of electron density  betw een the know n bulk  
sta te  and the experim ental state. The experim ental electron d ensities  
of W, W 2C and C are from the param eters u sed  to obtain fit in  Figure 
4 .1 6 . The electron d en sities o f W, W2C and C are about 1% , 2% and  
8% le ss  than  the known bulk  state respectively.
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Figure 4.18 X-ray sp ecu lar  reflectivity of m ultilayer o f W /C=7A/7A  
w ith  150 periods after heating. The th in  line curve is  the theoretical 
calcu lation  and the coarse line is  the experim ental data. The va lu es of 
the fitting param eters are show n in  Table 4.7 and Figure 4.19. In 
the theoretical calculation , we u sed  the sam e m odel a s in Figure 4.16  
b u t the th ick n ess of the bilayer of peak (b) is  about 6.5% lea st than  
peak (a).
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Table 4.7

P a ra m e te r  obtained from the fitting of the experim ental data for the  
W / C = 7 A / 7 A  m ultilayer after heating.

M aterials T h ic k n ess  In terface-R oughness

d (A) o(A)

Si(substrateT <*> 2^4 (Si - W)
W 4 .3  5 .5  (W - W2C)
W2C 2 .4  6 .6  (W2C - C)
C 3 .9  5 .7  (C - W2)

5 .3  (W2C - W)
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Figure 4 .1 9  A  com parison of electron density  betw een the know n bulk  
sta te  and the experim ental state. The experim ental electron den sities  
of W, W2C and C are from the param eters u sed  to obtain fit in  Figure 
4 .1 8 . The electron d en sities o f W, W2C and C are about 1% , 1% and  
2% le ss  than  the know n bulk  state respectively.
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sh o w n  in  T able 4 .6 , F igu re 4 .1 7  and  T able 4 .7 , F igure 4 .1 9  

respectively . The ro u g h n ess at each  interface is  very large. We 

believe th a t th e  poor reflectivity a t th e  diffraction p eak  is  m ain ly  

caused  by th is roughness.

Figure 4 .2 0  is  a spectrum  m easured from sam ple W /C  =10A/20A. 
We can not find the interference of the reflectivity w aves betw een  the  

substrate and the total th ick n ess in  th is figure. The reason  is  th at the  

wave w idth  created from th e interference o f the 4800A  bilayers is  

m uch sm aller than the resolution  of the diffractometer. In the analysis  

o f th e  d ata , th e  th ic k n e ss  o f th e  b ila y ers a  is  fou n d  to be  

m onotonically  increasing from the su bstrate  up to th e  top layer with  

AA/A ~ ± 2.5%. The th ick n ess and electron density  param eters of the

individual layers are show n in  Table 4 .8  and Figure 4 .21 .

F igure 4 .22 (a ) is  a  sp ectru m  m ea su red  from  sam p le  W /C  

= 10A/13A. The in terferen ce  of reflectiv ity  w a v es b e tw een  th e  

substrate and the total th ick n ess in th is figure is  very irregular. This is  

m ainly cau sed  by the influence of the th ick n ess  errors 

w h ich  are d istributed  in  a  random ize seq u en ce . It can  n ot be fit 

properly. So we u se  a sim ulation m ethod to specify th is  spectrum . In 

th is sim ulation , we a ssu m e th at the th ick n ess of th e  b ilayers can  be 

divided into several groups w ith different occu pation  num bers. The 

occupation num ber of the bilayer is assu m ed  to have a G aussian  type 

distribution with respect to the th ick n ess. The d istribution  is  show n  

in Figure 4 .23 . The 150 bilayers are random ly arranged in a sequence  

in  the w ay to form the m ultilayer. An X-ray reflectivity ca lcu lation  is  

th en  perform ed. Figure 4.22(b) is  one of the resu lts  by u s in g  the  

sim ulation  m ethod. From 4.22(b), we can find out th e  sim ilarity of
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th e  irregular in terference w h ich  hap pened  in  F igure 4 .22(a). It is  

ind irectly  proved th at the th ic k n esses  in  th is  sam p le are random ly  

distribu ted . The th ick n ess  and electron d en sity  param eters o f the  

individual layers are show n in  Table 4 .9  and Figure 4 .24 .



1 0 2

!
|
i
I

Theory

■I

■5

0.04

q lA 1)

Figure 4 .2 0  X-ray sp ecu lar  reflectivity o f m ultilayer o f W/C=10A/20A 
w ith 65  periods. The th in  line curve is  the theoretical calcu lation  and  
th e  circle lin e  is  the experim ental data. The v a lu es  o f the fitting  
param eters are show n in Table 4 .8  and Figure 4 .21 .
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Table 4.8

Parameters obtained from the fitting of the experimental data for the 
W /C=10A/20A multilayer.

M aterials T h ick n ess In terface-R oughness

d (A) a(A)

Si(substrate) oo 7 .0 (Si - W)
W 8 .4 9 .0 (W - W2C)
w 2c 7 .7 11 .0 (W2C - C)
C 9.1 10 .0 (C - W2C)

8 .5 (W2C - W)
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Figure 4 .21  A com parison of electron density  betw een the know n bulk  
sta te  and the experim ental state. The experim ental electron d ensities  
of W, W 2C and C are from the param eters u sed  to obtain  fit in  Figure 
4 .2 0 . The electron d en sitie s  of W, W2C and C are about 16% , 15% 
and 17% le ss  than  the know n bulk  state respectively.
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Figure 4 .2 2  X-ray specular reflectivity o f m ultilayer of W/C=10A/13A  
w ith 150 periods. The top one (a) is  th e  experim ental m easurem ent  
and the lower one (b) is  the theoretical calculation . The va lu es of the  
sim ulation  param eters are show n in Table 4 .9  and Figure 4 .24 .
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Figure 4 .2 3  A G aussian distribution of the occupation num ber versus  
bilayer th ick n ess. The deviation a u sed  in  th is m odel is  1.2 A.

Table 4 .9

Param eters obtained from the fitting of the experim ental data  for the  
W /C = 10A /13A  multilayer.

M aterials T h ick n ess Interface R oughness

d(A) a(A)

Si (substrate) oo 4 .5  (Si - W)
W 5.2 4 .3  (W - W2C)
w 2c 4 .6 4 .4  (W2C - C)
C 8.1 4 .4  (C - W2)

4 .4  (W2C - W)
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Figure 4 .2 4  An illu stration  of electron d en sity  for the know n bu lk  
sta te  and the experim ental state. The experim ental electron d ensities  
of W, W2C and C are from the param eters used  to obtain the sim ulation
in Figure 4 .22b . The electron d en sitie s  of W, W 2C and C are about 
19% , 15% and 17% less  than  the know n bu lk  state  respectively.
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SINGLE CRYSTAL TIC[111]

107

5.1 Introduction

T itan iu m  carbide is  an  uncom m on com pound, it h a s  a sim ple  

cu b ic  r o ck -sa lt  stru c tu re . It is  sim ilar  to m eta ls  in  its  therm al 

conductivity  and electrical resistivity. Its h igh  m elting  poin ts and  

h a rd n ess11 m ake it w idely  u sed  in  cu ttin g  too ls, w ear resista n t  

su rfa ces  and  h igh  tem perature m ateria ls . S om e carb id es p o sse s  

su p e r c o n d u c t in g  p ro p er tie s  a t lo w  te m p e r a tu r e s .11 T h ese  

rem arkable ch aracter istics have stim u lated  c o n tin u o u s  theoretica l 

and experim ental research  of th is  com pound. T itan iu m  carbide is

one o f th e  m o st technologically  im portant carb ides. The TiC m icro­

h ard n ess sh ow s a curious tem perature dependence w h en  compared  

to other transition  m etal-carbides. The h ard n ess d ecreases linearly  

from 3 0 0 0  to 4 0 0  (k g /m m 2)85 w h en  th e  tem perature in creases

from  3 0 0  K to 1073  K. Above th is  tem perature it b ecom es rather  

ductile and deform s plastically. These physical properties should  

be to ch anges in electronic structure.

D uring the p ast two decades, there have been  a  num ber of 

T iC  band  ca lcu la tio n s perform ed by different m eth od s, tigh t  

binding approxim ation, EPM, LCAO, APW and MAPW,1-86'93 to nam e a  

few. The resu lts of th ese  calcu lations are not alw ays in  full agreem ent. 

H owever, m ost of them  show  that the C -2p and T i-3d  sta tes  

form the stron gest bonding, and th at the C -2s s ta te s  are w ell 

sep arated  from th e  low er level. More recen t ca lcu la tio n s are
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considering not only pure covalent bonding but a m ixture of covalent, 

m etallic and ionic bonding betw een carbon and titanium .

E xperim entally XPS and UPS have been  u sed  to investigate the

ban d  stru ctu re  o f titan iu m  carb id e.91-94'98 The r e su lts  o f th o se  

m easurem ents show  that the C -2s band lies 1 0 .0 -1 0 .6  eV below  the  

Fermi level, and the C-2p and T i-3d hybridized band lie 2 .9 -3 .6  eV 

below  the Ferm i level. The m ea su rem en ts are c o n s is te n t w ith  

recent band structure calculations.

We present in th is th esis  an  electron energy lo ss  spectroscop y (

EELS) s tu d y  o f TiC [111]. We a lso  report in  th is  m a n u scr ip t th e  

evolution of the EEL spectra at high tem peratures. The objective w as  

to investigate the electronic surface structure under su ch  conditions. 

The reactivity o f the TiC surface tow ards oxygen and eth ylen e w as  

also  investigated u sin g  the sam e techniques.

5 .2  Experimental

The crystal stud ied  w as 8 x 1 1  m m ^ and 2 m m  thick . It w as

m ou n ted  on a M olybdenum  sam p le  holder. A C hrom el A lum el 

therm ocouple w as attached to the surface of the sam ple. The crystal 

w as m ounted  on a h igh  p recission  m anipulator w ith  electron  beam  

h ea tin g . A h igh  pow er Yag Laser (200  W) w a s u sed  for su rface  

a n n ea lin g  o f th e  sam p le . The v a cu u m  sy s te m  u sed  in  th e se

experim ents h as a b ase pressu re around 5X1 O'11 torr. The Auger

sp ec tro sco p y  (AS) and EELS m ea su rem en ts  w ere ta k en  u s in g  a 

cylindrical mirror analyzer. The first derivative m ode w as u sed  for AS 

an d  th e  seco n d  derivative for th e  EELS m ea su r em e n ts , w ith  a
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reso lu tion  A E /E =  0.6% . The m o d u la tio n  vo lta g e  u se d  for th e  

m easurem ents w as 1 eV p-p.

The AS sp ectru m  of the sam p le show ed  th e  p resen ce  of

oxygen and graphitic carbon on the surface. After m any hours of 

annealing and m any cycles of argon ion (at 2 0 0 0  eV) sputtering we 

were able to obtain a c lean  sam ple as sh ow n in  Figure 5 .1a . In 

order to m onitor the c lea n n ess  o f th e  su rface, A uger sp ectra  were  

recorded before each  EELS m easurem ent. Usually, it ju s t  needed a  

flash-heating for the removal of the residual oxygen.

We m easured the EEL spectra in the N(E) and -dN 2/d 2E m odes  

for com p arison  p u rp o ses  u s in g  e lectron  prim ary en erg ies  from  

E p=100 to 3 5 0  eV, see  Figure 5 .2 . We observe in  the figure th at the 

N(E) m ode h a s  a strong background, and th at can  create difficulties 

in detecting sm all features in the EEL spectrum . B y contrast, in  the  

-dN 2/d 2E m ode, the background is  su ppressed , so th at sm all features 

are e a sily  d etected . B eca u se  o f th is  fact, w e decided  to u sed  the  

secon d  derivative m ode in  our stu d ies . For com parison  pu rp ose we 

also m easured the EEL spectrum  of a  Ti single crystal.

The TiC EEL spectra  for the c lean  sam ple w ere m easured  at

room tem perature u s in g  seven  different electron prim ary energies ( 

Ep= 100, 150, 2 0 0 , 2 5 0 , 3 0 0 , 3 5 0 , 4 5 0  eV ). The sp ectra  are 

show n in  Figure 5 .3 . The tem perature dependence of the EELS 

spectra w as m easured in  two different regions; betw een 128 K and 

1073  K for Ep = 150, 3 0 0  eV; and betw een  3 0 0  K and  1250  K for 

E p=200 eV.



d
!N

(E
)/

d
E

1 1 0

/-v
I

3

0 100 200 300 400 500 600
Energy (eV)

Figure 5.1 Auger spectra for (a) clean TiC (b) with Oxygen coverage.



lr
B

.te
ss

.s
ity

 
(a

.

111

250eV N(E)

350eV N(E)

0 10 20 30 40 50 60 70
E n e rg y  L oss (eV)

Figure 5 .2  EELS spectra for N(E) and -dN2 /d 2 E m ode a s  a function  
o f prim ary electron energy (100 to 3 5 0  eV) at 3 0 0  °K.



1 1 2

The c lea n  TiC sam p le  w a s exp osed  to 2 4 0  L o f e th y len e  at  

various tem peratures 136 K to 7 00  K. Light exposu res to oxygen were

a lso  perform ed on the c lea n  sa m p les  to in v estig a te  th e  su rface  

oxidation of the sam ple.

5 .3  R esu lts and D iscussion

AS: The Auger spectra for the TiC sam ple w ith  and w ithou t oxygen

are sh ow n in Figure 5 .1 . Figure 5 .1 a  sh ow s the sp ectru m  of a  clean  

TiC sam p le after ion  sp u tterin g  and therm al an n ea lin g  ( in c lu d in g  

laser  an n ea lin g  ). F igure 5 .1 b  sh ow s a typical sp ectru m  of a  TiC 

sam ple w ith sm all am ount of oxygen on the surface.

EELS: The EEL spectra of clean TiC are show n in  Figure 5 .3 . They  

were m easured  at room tem perature u sin g  electron prim ary energies  

of Ep =100, 150, 200 , 2 5 0 , 300 , 350 , and 4 5 0  eV. The spectrum  of 

T i m eta l (Ep= 150 eV ) is  a lso  show n in Figure 5 .3  for com parison  

pu rp oses. The electron energy lo ss  p eaks of TiC are indicated in the  

Figure by the letters a  to 1. All electron energy lo ss  spectra in Figure

5 .3  have been  norm alized w ith  resp ect to the e la stic  peak. T h e  

enegy lo ss  peak positions are listed in Table 5 .1 . We a lso  reproduce  

in  Figure 5 .4  the projected DOS ca lcu la tion s from Price and Cooper.1 

We will u se  th is  theoretical ca lcu la tion  for the interpretation  o f the  

EEL spectra.

Peak a at 4 .4  eV appears at electron primary energies from 100

eV to 3 5 0  eV. This peak is not ea sily  observed at 4 5 0  eV d u e to  

energy resolution  lim itations of the CMA. We a ss ig n  th is  energy lo ss  

a s an in ter/in tra  band transition from the occupied valence sta tes
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Figure 5 .3  EELS sp ectra  at 3 0 0  °K  a s a fu n ction  o f prim ary  
electron energy (100 to 4 5 0  eV).



Table 5.1.

Electron energy lo sse s  o f TiC [111].

ENERGY
(Ep)

a b c d

Loss

e

Peaks (eV) 

* g h i •
J k 1

100 4 .4 6 .8 8 .8 11.6 16 .4 2 3 .5 3 5 .2 3 9 .6 4 6 .2
150 4 .4 6 .8 8 .6 11.6 16.6 2 4 .5 2 6 .6 3 5 .2 40 .1 4 6 .2 52 .1 64.1
2 0 0 4 .4 6 .8 8 .6 11.6 16.6 2 3 .7 2 6 .4 3 5 .5 40 .1 4 6 .2 5 1 .9 64.1
2 5 0 4 .4 6 .8 8 .8 11.7 16.6 2 4 .0 2 6 .9 3 5 .8 4 0 .4 4 6 .7 52 .1 6 4 .5
3 0 0 4 .4 6 .8 8 .3 11.5 16.6 2 4 .0 2 6 .6 3 6 .0 4 0 .4 4 6 .7 52.1 6 4 .5
3 5 0 4 .4 6 .8 11.5 16 .4 2 3 .7 2 6 .6 3 6 .2 4 0 .4 4 6 .7 5 2 .4 6 4 .3
4 5 0 6 .7 11.5 16.7 2 3 .6 2 6 .5 3 6 .3 4 0 .0 4 6 .6 5 2 .2 6 4 .4
avg. 4 .4 6 .8 8 .6 11.6 16.6 2 3 .9 2 6 .6 3 5 .7 40 .1 4 6 .5 52 .1 6 4 .3
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C -2p, T i-3d  to the T i-3d em pty sta te s  (p3 --> d 5, d 4--> d 5, se e  Figure

5 .4  and Table 5 .2). We a ss ig n  th is transition  u s in g  the theoretical 

ca lcu la tio n s given in  Figure 5 .4 . The in ten sity  o f p eak  a  sh ow s a  

strong energy depence. It em erges as the strongest peak at Ep =100  

eV, and th en  d ecreases gradually. T h is is  strongly suggestive  of 

surface sta tes , a t low  electron  prim ary energies on ly  th e  top atom ic  

layers of th e  sam ple are scan n ed . The in e lastic  m ean  free path  at 

th e se  en erg ies is  sh ort en o u g h  to s e n s e  on ly  th e  su rface  layers. 

A ccording to Ion Scattering Sp ectroscopy (ISS) and angle d ep en d en t

XPS m ea su r em e n ts"  the top layer of TiC [111] is  favored by the  

titan iu m  atom s. This non n eu tra l surface can  be stab ilized  by  

charge red istribution  accom panied  by sign ifican t ch an ges in  the  

surface electronic structure. This m ean s th at the surface DO S is  

sign ifican tly  different from the bu lk . Fujim ori e t a l.100 have 

calcu lated  the surface DOS for an  eight atom ic-layers film of TiC 

[111], Ti or C term inated . Their r e su lts  sh ow  th a t for th e  T i 

term inated surface the em pty sta tes  are quite different from the  

bulk . All th ese  observations are con sisten t w ith  our interpretation of 

peak  a as produced by surface sta tes. Peak b located  at 6 .8  eV is  

identified as a  transition from the occupied C-2p and T i-3d  sta tes to 

em pty sta tes C-2p and T i-3d ( e.g. p 1--> d 6, p j—> d 5, d2—> d 7, d2-- 

> d 5, d3--> p4, d3—>d7, se e  Figure 5 .4  and Table 5.2). T h is peak

does not show  a strong dependence on the electron primary energy.

Peak c is  a ssign ed  a s  an inter band transition . T his peak  is  

narrow  and w eak w h en  com pared to the others. Peak d can be  

identified as an  inter band transition from the occupied sta tes C- 

2 p ,T i-3 d  to em pty sta tes ( e.g. p i—>p5, P i—>d9, d2--> p 5, d2--> d 9 , see
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Table 5.2

Electron energy lo ss  p eak s in  Figure 5 .3  and the corresponding tran sition s according to  
Figure 5.4.

loss peak energy lo ss (eV) M ost probable transition path (Figure 5.4)

(a) 4 .4 C-2p-> T i-3d , T i-3d-> Ti- 3d  
(p3- > d 5, d4—>d5 )

(b) 6 .8 C-2p -> C-2p, Ti-3d -> Ti-3d  
( P i - > d 6 , P i" > d 5, p2” >d7, p2-->P4 
d2- > d 6, d2—>d5, d3- > p 4, d3—>d7)

(c) 8 .8 C-2p -> Ti3d, T i-3d ->Ti3d  
(p3- > d 8, d4—>d8 )

(d) 11.6 C-2p -> T i-3d, T i-3d -> T i-3d  
(P r -> P 5. P i--> d 9. d2- > p 5, d2-->dg)

(e) 16.6 C-2s-> C-2p, T i-3d->C -2p, T i-3d-> T i-3d  
(C -2 s -> p 5, d r ->p5, d r ->d8, d r ->d9)

* All the pi (i= 1 to 5), and d: (i=1 to 9) refer the C-2p and Ti-3d states respectively.
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Figure 5 .4 ). A ngle R eso lved  P h o to em issio n  w a s em p loyed  in  

reference [97] to stu d y  TiC, th ey  observed a transition  at 11 .7  eV 

c lo se  to th e  p osition  of p eak  d. T hey id en tified  th is  p eak  a s a  

tran sition  from L3. to L x. T hose m easu rem en ts seem s to be in  good  

agreem ent w ith reported theoretical band calcu lations. 86-88- so,91,92

The assign m en t of peak  d is  very different in  our work to that of

reference[87]. In referen ce[87], th e  optical lo s s  fu n ction  -Im (l/e )

show ed a strong peak at an energy around 11 eV, they identified th is  

peak as a bulk  plasm on. The range o f the optical m easurem ents w as 

from 0 .5  eV to 21 eV; th ey  m issed  th e  range w here the bu lk  

plasm on  will appear. We com pare in  Figure 5 .5  our m easu rem en ts  

(EELS at E p=200 eV) to th e  lo ss  function  obtained in  reference[87]. 

We u se  the sam e sca le  b u t shifted to lower energies by 0 .5  eV. The 

d ot lin e  r ep re sen ts  th e  lo s s  fu n c tio n  derived  from  op tica l 

m easurem ents. We can observe in the figure th at the position s of 

the two fun ction s m axim a appear at abou t the sam e energies. The

m ajor difference is  th e  relative in te n sity  o f th e  p eak s. T his 

agreem en t can  be tak en  a s further ev id en ce  th a t th e  d ipole  

approxim ation can be used  to analyzed the EEL m easurem ents

In Figure 5 .6a , we plot peak  d in ten sity  vs prim ary electron  

energy, Ep. From the figure we can  observe th a t the in ten sity  

in c re a se s  rapidly at low  energ ies, b u t after 2 0 0  eV, it s ta r ts  to 

saturate. It does not sh ow  the characteristics energy dependence of 

bulk plasm ons.
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The energy lo ss  v a lu es o f peak e and f  are 16 .6  and 2 3 .9  eV  

resp ectively . T hey are a ss ig n ed  a s su rface  and b u lk  p lasm on  

resp ectively . The a ss ig n m en ts  are accord ing to (1) th e  d ielectric  

c o n sta n t th eo ry 101 and  (2) from  th e  lo s s  p e a k s  fu n c tio n a l  

d e p e n d en ce  on in c id e n t prim ary e n erg ies . G enerally , w ith ou t  

considering the structure of the valence electrons; the free electron  

p la sm o n  from  the 8 v a len ce  e lectron s (4 from  carbon, 4  from  

titanium ) sh ou ld  be 2 3 .3  eV. B ut from the (LMTO) ca lcu la tio n 1 and  

other band calcu lations,86-88-90-91 >92 there are two C -2s electrons deeply  

b ou nd at the low est level of all other b an d s. The p lasm on  energy  

sh ou ld  cou n t only on 6 valence electrons, th is  will give a value of 

about 2 0 .3  eV. From the dielectric con stan t theory101, th e  frequency  

of the bu lk  p lasm on under the influence of in tra /in ter  band transitions  

can be expressed as:

1 -  8£(COp2)fc ..................( 5 .1 )

W h e r e  a>p *2 = n e 2 / ( m * e o )

{ m ‘ : electron effective m ass  over the Fermi surface for k’- k=q => 0.

£o : (4t t x 9 x 1 0  ̂ V  Coul. (Volt cm)' "*}

5e((0p‘ )fC the contribution  from the interband transition  [ 

from the conduction band (c) to the free band (f) above it ]. The term  

8s((0p* ) f c in the dom inator, is  only a sm all correction. It is  positive
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w h en  th e  inter band tran sition s occur at an  energy below  the free

electron p lasm on , and negative in the reverse case . U sin g  the free

electron approxim ation (m* = m), w e obtain  R c o p *  = 2 0 .3  eV . In the

energy lo ss  sp ectra , we can  observe in ter b an d  tra n sitio n s in  an  

energy range below  the free electron p lasm on  value. C onsequently. 

We expect th at the true p lasm on  sh ould  sh ift to h igher energy, th is  

can explain w hy we do not m easure the bulk  p lasm on a t 2 0 .3  eV, but  

at the energy of peak f  2 3 .9  eV.

From the surface and bu lk  p lasm on energy relation, we have:

hcos=RcOp/V (l+e)   ( 5 . 2 )

or hcos=hcOp/V 2   (5.3) (vacuum boundary)

If w e in sert the bu lk  p lasm on  (23 .9  eV) va lue into equation  (3) we 

can  find that = 1 6 .9  eV; very very close  to the value of peak e. In

Figure 5 .6b , w e p lot the relative in te n sity  of peak  f  to  peak  e vs 

electron  beam  energy. From th e  figure we can  se e  th a t the ratio 

ch an ges rapidly w hen Ep increases. This is  related to the energies

d ep en d en ce of th e  electron  m ean  free path . At low  en erg ies the  

probability of exciting surface p lasm ons is  higher. We m u st add that 

from the DOS theoretical ca lcu la tion s1 there is a p ossib le  contribution  

to peak e from interband transitions. According to the calcu lations  

in  referen ces90 and91 th is transition  can  happen from the C-2p to
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T i-4 s  sta tes. The resu lts show  th at the energy level o f T i-4 s  is  high  

above th e  fermi energy, the T i-4 s charge will d iffuse to T i-3d & C-2p  

to form th e m etal-m etal, m etal-carbon b on d s, so  th e  C-2p

electron s still have a great probability to be excited  to the partial 

em pty T i-4s states.

Peak g appears on ly  at h igh  prim ary energies a s  a  sm all

shoulder o f peak  f. This peak is  not clearly resolved, and w e have  

not given any assignm ent to it.

We assign  peak h a s  a transition  from the core level T i-3p  to 

th e  T i-3d  em pty s ta te s102. The m easured energy lo ss  value is 3 5 .7  

eV. It is shifted by 3 eV in  com parison to titanium  m etal. It sh ow s a  

m axim um  in ten sity  betw een  100 and 150 eV. The strong energy  

dependence is  partially related to the core-ionization cross - section  

variation w ith prim ary electron energy. We have u sed  W orthington  

and T om lin 's103 104 calcu lation s obtained from the m odified B ethe's 

eq u ation 105 to evaluate the energy depend en ce o f the cross-section . 

The m odified equation is given by:

„ 4Un|

[1.65+2.35exp(l-Uni) (5.4)

where anl is  the num ber of electrons in that shell; U nl =Ep/E nl; C is a 

c o n sta n t ( 6 .5 1 X 1 0 14); b nl is  a param eter (for the M sh e ll
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bnl=0.25). The cro ss-sectio n  is  only a  function  o f Unl, see  Figure 

5 .7 . The m axim um  in  th e  cross-section  occu rs around U nl =3, and  

d ecreases rapidly there after. For a b inding energy of 3 5 .7  eV, the  

m axim um  cross-section  will be at a  prim ary energy o f 107 eV. This 

value is  very c lose  to th a t observed experim entally. There is  a lso  a  

strong contribution from tran sitions to the em pty 3d surface s ta te s101. 

At th e se  energy th e  p en etra tion  o f th e  prim ary e lectro n s in  the  

sam p le  is  very sen sitive  to the electronic stru ctu re of th e  surface. 

T hese two factors dom inate the behavior of peak h  at low  energies.

P eaks L j., and k are n o t c learly  observed  at low  prim ary

energ ies, Ep = 100  eV. Their in te n s it ie s  in crease  for Ep values

above 150 eV. The energy lo ss  va lu es for the i , j. and k p eaks are

4 0 .1 , 4 6 .5  and 52 .1  eV respectively. We a ss ig n  th ese  p eak s as  

autoion ization  electron em ission  corresponding to the T i-3p  - T i-3d  

resonant tran sition s.106 109 The p rocesses can be described as :

3p63 d N ~ >  3p53 d N+1 .................  (5.5)

3p5 3dN+1— > 3p63dN' 1 + e f   (5.6)

w here ef is the electron em itted into a continuum  sta te  w h ich  is  

well above the vacuum  level. Eq. (5.5) represents the T i-3p ->  T i-3d  

reson an ce  excitation . In eq. (5.6), the final sta te  is  followed by an  

Auger transition  accom panied by a  shake up process. There are m any  

reports in the literature about the auto ion ization  em issio n  effect, 

esp ecia lly  for transition  m eta ls. O ptical reson ance effects m easured  

on T itan iu m  and N itrides o f T ita n iu m  a lso  sh o w  th is  

phenom enon, ios- i i o
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Peak 1 is  assign ed  a s a  T i-3 s  core-ionization. According to ref. 

[ I l l ] ,  th e  b ind ing energy of T i-3 s is  5 8 .7  eV referred to the  

fermi level. The clean  titan ium  m etal EEL sp ectru m  a lso  d isp lays a  

strong peak at 5 8 .7  eV and a sm aller one at 6 3 .5  eV. In the carbide 

th is transition  appears a t 6 4  eV, the sh ift in  energy is  attributed to  the  

strong covalent bonding present in  TiC.

Ti metal: In Table 5 .3 , w e lis t  the lo ss  p eak s of th e  c lean  m etal. 

The m ost com m on interpretation of the energy lo s se s  found in  the

l i t e r a t u r e 1 0 2 1 12 .1 1 3  j s  t h e  f o l l o w i n g  :

(6.,) is the surface-p lasm a loss.

( IB2) is the volum e-plasm a loss.

( B3) is  a  com bination of surface-volum e p lasm a lo sses.

( 64) is  due to the second harm onic of the volum e plasm on.

( 65) is the transition  from the Ti 3p to em pty 3d sta te s  (M core 

ionization).

( I36) is  attributed to the Ti 3p reson an ce(T i 3p -3d  th resh o ld  

transition).

( B7) is  from th e  T i 3 s  to em pty 3d s ta te s  transition(M  core  

ionization).

^Table 5.1l.
E lectron energy lo sse s  (in eV) of clean Ti(100) for E p =150 eV.

Loss Peaks
6 1  B 2  ^ 3  ^ 4  ^ 5  ^ 6  ^ 7

6.1 1 1 .6  1 7 .0  2 5 .9  3 2 .7  4 4 .9  5 8 .4
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Bertel et a l.114 and Robins and S w a n 115 identified th e  17 eV lo ss

a s  a vo lu m e p la sm o n , b e c a u se  from  th e  w ell-k n ow n  "D ielectric

Theory",116 the volum e-plasm a lo ss for free electron is

AEp= ho)p=W47cne2/m =17.7 eV 

while the surface -p lasm on loss :

AES= RcOp/̂ 2 =12.5 eV.

B e st ,117 how ever, a ss ign ed  th e  11 .4  eV lo ss  a s  an  interband

transition and the 25 .1  eV lo ss a s volum e plasm on.

A com parison  b etw een  titan iu m  m etal and  the carbide sh ow s

great d ifferences in  th e  EEL sp ectra . T his is  a sso c ia ted  w ith  the

variation in  the electronic structures of the com pounds, the bonding  

is m etallic for the former and m ainly covalent for the carbide.

Temperature Dependence

We sh ow  in F igures 5 .8 , 5 .9 , 5 .1 0  and 5 .11  th e  EEL spectra  

taken  at different tem peratures for three electron prim ary energies, 

E p=150, 2 0 0 , and 3 5 0  eV. The EEL spectra  rem ained the sam e in  

th e  tem perature range from 128 K to 6 7 3  K (Ep=150 eV). W hen  

the tem perature increases to 1073 K one can  observe a  sh ift in peak  

e to 14 eV from 16.6 eV. This peak is also narrower. We can  observe  

th at peak  a in creases w ith  tem perature and the in ten sity  o f peak  c 

decreases. We attribute th ese  changes to partial surface
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Figure 5 .8  EELS sp ectra  for Ep = 150  eV a s  a  fun ction  of 
tem perature (128 °K to 1073  °K).
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Figure 5 .9  EELS sp ectra  for Ep = 350  eV a s  a fu n ction  of 
tem perature (128 °K to 1073  °K).
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Figure 5 .10 Lower range EELS spectra for Ep =200 eV as a
function of temperature (300 °K to 1250 °K) with Oxygen coverage.
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Figure 5.11 Higher range EELS spectra for Ep =200 eV as a
function of temperature (300 °K to 1250 °K) with Oxygen coverage.
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oxidation. The core level peaks, show n in  Figure 5 .7 , are very stab le  

through all the tem peratures. For a prim ary electron energy o f 3 5 0  

eV, the EEL spectra  rem ain the sam e a s  a fun ction  of tem perature. 

T h is fact is  tak en  a s  ev id en ce th a t th e  b u lk  e lectron ic  stru ctu re  

rem ains unaltered a s com pared w ith the surface.

In Figure 5 .1 2  the electron reflectivity is  show n a s a function  

of tem perature for two different prim ary energies. At low  energy  

(Ep= 150 eV ) there is  a  large decrease in  reflectivity above 750  K. By  

con trast for a h igher energy ( Ep= 1000  eV ) there is  a sign ifican t  

in crease  in  reflectivity. T his is  probably indicative of the p resen ce  of 

defects on the surface at high tem perature. The surface also  sh ow s  

th e  p resen ce of a very sm all am ount of oxygen. The ch an ges in  the  

su rfa ce  e lectron ic  stru c tu re  o f th e  carb id e ca n  have im portant  

tec h n o lo g ic a l im p lic a tio n s  in  b on d in g  o f th e  ca rb id es to o ther  

su rfaces. The [111] surface seem s to sh ow  som e tem perature effects  

th a t can  be detrim ental tow ards th e  form ation of stab le  in terfaces in  

ceram ic m aterials.

Ethylene Reaction With TiC [111]

Figure 5 .1 3  sh ow s th e  EEL sp ectra  recorded after C2H4 

adsorption at 136 K. Basically, the spectra are very sim ilar to the  

spectra sh ow n in Figure 5 .3 . The position s of the m axim a are the  

sa m e b u t th e  relative in te n s it ie s  are d ifferent. There is  a peak  

denoted as (c) that appears and keeps its position  and in ten sity  even

at higher prim ary energies. T his peak  is  identified a s  a  n b- n *

transition from ethylene (7.6 eV gas phase).117 This peak remains
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Figure 5 .1 2  The reflectiv ity  m easu rem en t v s  tem perature; (a) for 
E p=150 eV; (b) for E p=1000 eV.
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even after the tem perature is  ra ised  to 3 0 0  K. B u t after flash- 

heating the peak  disappears. The EELS spectra returns back  to that 

of clean  TiC. This im plies th at the the bonding to the carbide surface  

is  w eak , e th y len e  b o n d in g  to th e  su r fa c e  s e e m s  to b e  on ly  

physisorption.

Molecular Oxygen Reaction With TiC [111]

Figure 5 .1 4  sh ow s the EEL spectra  after 0 2 adsorption taken at 

room tem perature. The Auger m easu rem en t show ed th at th e  oxygen  

coverage w as 1.6ML. The in ten sity  o f peak  a  ch an ges appreciable  

w h en  com pared to th e  c lean  sam p le  and it fad es rapid ly  after  

Ep=250 eV. T his reveals th a t he electronic structure at the surface  

h a s  been  changed by the reaction w ith  oxygen. However, th e  EEL 

spectra  are different from th ose  observed for titan ium  o x id e .118 Peak  

c is  stronger th an  in  th e  c lean  sam p le at th e  sam e Ep. At 

Ep=100eV we find an  extra peak  located at 13 eV, th is  peak  is  

in d u ced  by th e  su rface  oxygen. It is  attrib uted  to an  oxygen  2p  

ion ization  lo ss . For higher electron  prim ary energies, w e can  not 

observe th is peak. All other peaks sh ow  no significant changes with  

respect to the clean carbide.
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CHAPTER 6

INTERFACE STRUCTURE AND STABILITY IN T i/C

MULTILAYERS

6.1 P revious w ork

Previous w ork on AES and  EELS

In 1 9 8 8 , N. T h an gp rasen t et a l .118 h ad  s tu d ied  th e  Ti/C  

m ultilayers by u sin g  surface sen sitive  tech n iq u es like AES and EELS. 

It w as observed th at the T i/C  interface is  iso lated  by a th in  T itanium  

oxide layer. The estim ated  th ick n ess  o f T i0 2 layer is  about 4 -5A .119 

The cen ter o f the Ti layer gives a  typical EELS spectrum  of Ti m etal. 

The carbon sh ow s a graphitic character. The r e su lts  o f th e se  

m ea su r em e n ts  have confirm ed th a t th e  eq u ilib riu m  stru c tu re  is  

dom inated  by C-C bonding and they found th at the interface h a s  a  

g r a p h ite -lik e  a tom ic  a rra n g em en t ra th er  th a n  a carb id e  lik e  

arrangem ent. They further explored the in teractions in  th is  graphitic  

arrangem ent and found th at the interface does not have a  sign ificant 

T i-C  bonding and that the interface m ost likely co n sists  o f sim ply a 

layer o f grap h ite  ad jo in in g  a tita n iu m  su r fa c e .119 T h is carr ies  

im portant im plications for th e  diffusion and bonding at the interface.

6.2 In tro d u c tio n

It is  well know n th at titan ium  carbide is  one o f th e  refractory  

m etal m onocarb ides. Its h ard n ess, h igh-tem perature stab ility , good  

e le c tr ic a l co n d u ctiv ity  an d  lig h tw eig h t have m ade it ex trem ely  

attractive in the aerospace industry. The in terest in  titanium  carbon  

m ultilayers is  based  on the fact that it is  possib le  to syn th esize  som e
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novel m ateria ls w ith  character sim ilar to titan ium  carbide b u t m ore 

d u ctile . Som e artificial s tru ctu res have sh ow n rem arkable e la stic  

properties, so -ca lled  su perm od uli had  b een  discovered by W. M. C. 

Yang e t a l . ,6 J . E. H illard ,7 D. Baral et a l.,8 and D. W olf et a l..9 

M ultilayers are artificial stru ctu res th at have drawn atten tion  due to 

th e  p o ssib ility  o f ta ilorin g  m aterial properties by  appropriation o f  

ch em ical e lem en ts and periodicity. M ultilayer syn th esized  T i/C  is  

one w ay to control and m odify the bonding betw een m etal and carbon. 

If w e can  ch an ge  the b o n d in g  len g th  th en  w e m ay su cc ee d  in  

contro llin g  th e  m ech an ica l properties o f th e  m u ltilayers, b eca u se  

cova len t b on d in g  typ ica lly  su p p lie s  h ard n ess, b u t a t th e  price o f  

brittleness, w hile m etallic bonding su p p lies ductility. T his is  one w ay  

to explore th e  correlation  b etw een  stru ctu re  and b on d in g  at th e  

interface and m echanical properties o f the m ultilayers.

In th is  chapter we u sed  X-ray reflectivity at sm all angles and RBS 

to stu d y  the properties of T i/C  multilayers.

6 .3  E xperim ental.

The m ultilayers stu d ied  in  th e  p resen t paper w ere prepared  

u s in g  a  P erkin-E lm er argon p la sm a -rf-sp u tter  d ep o sitio n  sy stem . 

Table 6 .1  gives the list of sam p les studied in  th is work.

Table 6.1

T i and C com position of the m ultilayers

T i C No. of Periods
(A) (A)

2 5 .7A 11 .5A 5 0 (Sam ple 1)
14.7A 1 2 .1A 5 0 (Sam p le 2)
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The X-ray specular reflectivity m easurem ents were carried out at 

the National Synchrotron Light Source facility at Brookhaven National 

Laboratory u sin g  beam  lin es X -6B. The alignm ent of the sam ple and  

diffractom eter w as carried ou t u s in g  a  m ethodology sim ilar to that  

described  in  reference[56]. At very low  an g les, a se t  o f calibrated  

alu m in u m  absorbers w as u sed  to reduce th e  beam  in ten sity  before  

reach in g  th e  detector. All the m easu rem en ts w ere carried ou t at 

room  tem perature. The energy of the X-ray u sed  in  th is investigation  

w as around 10.0 KeV.

We a lso  u sed  RBS to obtain  the e lem ental com position  of the  

sam p les a s  a  function of depth. The RBS experim ents were carried out 

at the Brooklyn College CUNY D ynam itron accelerator. Two different 

ion  b eam s were em ployed in  th is  in vestigation , protons and alph a

particles. R esonance e lastic  scattering of a  - particles by ieO, w ere

also  u sed  to detect the presentation  of oxygen w ithin the m ultilayers. 

Different energies of ion beam  had been  u sed  in  th is study.

6.4  R esults and  D iscussion 

RBS

Figure 6.1 show s a typical RBS spectrum . In th is m easurem ent, 

we u sed  He+ as the ion source, and the accelerating energy at 2.2M eV. 

For all the sam p les we observed the presence of two p eaks due to Ti 

and C a s well a s  features due to the su bstrate  Si. We also observed a  

sm all p eak  below  the Ti th a t corresp on d s to Argon (w hich w as  

em bedded in  the sa m p les  during sp utterin g). The m o st active
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elem ent - oxygen cannot be seen  at th is energy range (it did ex ist at 

th e  interface from the AES, EELS m ea su r em e n ts118). In order to 

m ake sure of the presence of oxygen in  the bulk  of the sam ple or not, 

w e u sed  the e lastic  scatter in g  reson an ce  o f a lph a  particles at 3 .0 5  

MeV. Figure 6 .2  sh ow s a typical spectrum  at the resonance energy for 

alpha particles energy. Oxygen can be clearly observed at th is  energy  

stage . There is  a  stron g  d epend en ce of the O p eak  on  th e  a lp h a  

particles energy. A work o f caution  is n ecessary  concerning th e  area  

of the peaks. A lthough O and C peaks seem  to have sim ilar areas, the  

am ount of oxygen is  very sm all. T his is  b ecau se  resonance scattering  

i s  a n u c le a r  force sc a tter in g . The sc a tte r in g  c ro ss  se c t io n  is  

a n o m a lo u sly  en larged  and it ca n n o t be treated  like RBS. T his 

id en tifica tio n  o f th e  p resen ce  o f oxygen  w ith in  th e  sa m p le  is  

con sisten t w ith the AS and EELS m easu rem en t.118 The total th ick n ess  

(t) of oxygen at the interface can  be calculated by u sin g  (Eq. 2 .58)

AE=[e]Nt,

w here AE = energy loss,

[e] = stopping cross section  factor,

N = num ber of atom s (Oxygen in  TiO^ in  cubic center meter.
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Figure 6.1 RBS spectrum for alpha particles at 2.2MeV.
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Figure 6.2 A typical RBS spectrum for alpha particles at 3.05 MeV.
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By a rough calcu lation , one can  obtain  the total th ick n ess  t  around  

540A ~ 670A for en ergy  lo s s e s  a t 20 keV and  25 keV. (This 

calculation  is slightly larger than  the AES, EELS m easurem ents.) The 

average th ick n ess  of oxygen at each  in terfaces is  abou t 5.4A-6.7A. 

T his th in  oxygen layer h a s  b een  p roved118 th a t it  co m es from  the  

titan ium  oxide layer w hich  formed at the T i/C  interface.

RBS from the proton ion  beam  did not give sign ifican t resu lts  

b u t it provided a  better signal for the carbon.

X-ray reflectiv ity

The basic  theory for analyzing the X-ray reflectivity data h a s been  

m en tioned  in  chapter 2. In th e  follow ing an a ly sis , w e w ill u se  the  

iteration  m ethod (Eq. 2 .69 ) and a G au ssian  type ro u g h n ess a t the  

interface to fit the experim ental data. In th is  an a lysis o f the data  

fitting, we do not consider the oxidation layer as an  individual layer, 

b eca u se  th e  electron  d en sitie s  o f T i0 2 and Ti are a lm ost th e  sam e. 

The electron  d en sity  sen s itiv e  X -ray reflectiv ity  can  n o t m ake the  

discrim ination  betw een them .

S am p le  1: The sam ple c o n s is ts  of 50  bilayers of [Ti(25A)/C(12A)J on  

Si. In th is  a n a ly s is  o f the data, th e  follow ing m odel is  u sed . The

th ick n ess  of the b ilayers A is  a ssu m ed  to be linearly increasing  from

the substrate  layer to the top layer w ith a a / a  = ± 2.5%. The th ick n ess  

ratio dT1/d c is  kept constan t. The rou gh n ess betw een  titan ium  and  

carbon, and the electron den sity  o f titan ium  and carbon are assum ed  

to be con stan t throughout all the 50 layers. In order to have a  good fit 

to the experim ental data, the changing of th ick n ess of each  bilayer is  

necessary. A continuously , sm oothly changing th ickn ess can always
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elim inate the strong interference happening around the Bragg peak.

Figure 6 .3  show s the experim ental data and its  b est fit. The data  

and the fit are represented  by the c losed  circles and th e  bold solid  

line respectively . The sp ectru m  of th e  data  is  quite com plicated  

b ecau se  there are three different m odulations m ixed together. One is  

from the bilayer structure, one is  from the interference of reflectivity  

w aves b etw een  th e  su b str a te  and  th e  to ta l th ic k n e ss , an d  th e  

rem ainder is  an  unknow n one. This unknow n m odulation  is  due to a

layer w ith total th ick n ess (A) about 320A. Therefore, the possib ility

for a  th in  interface oxide layer creating th is kind of m odulation  is  

very sm all. T his layer can  only ex ist in  three different cases: (a) a s a 

bottom  layer, (b) a s  a  subm ultilayer w ith different electron density  in  

every 320 A w ithin the T i/C  multilayer, (c) a s a topm ost layer. We did 

try to fit the data for the three different ca ses. In case  (a) and (b) we  

can not get a  good fitting, only in case (c) can we obtain a good fitting  

like in  F igure 6.3. In F igure 6.3, th e  fittin g  is  very c lo se  to  

experim ental d a ta  up  to the first B ragg p eak  p osition  (due to th e  

bilayer structure near q = 0 .1 7 A 1). The secondary fringes, due to the  

interference of the reflected w aves betw een the su bstrate  and the total 

th ic k n ess  of the m ultilayers m atch  each  other very w ell regarding  

angle (from q= 0 .0 6 5 A 1 to  0 .1 8 A 1) and in ten sities . The p osition  of 

the critical angle and Bragg peaks give inform ation about the electron  

density  contrast of the first few top layers, and m odulation wavelength. 

T hose are accurately  determ ined by th is fitting. An angle divergence

A0 = 0 .0 0 9 ° of the incident X-ray beam  w as taken into consideration.
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The th ick n ess and electron density  param eters o f the individual 

layers are sh ow n  in  Table 6 .2  and Figure 6 .4 . In th is  fitting, the  

know n bulk  electron d en sity  ~ 1 .124(6 .0 2 2 x l0 23e /c m 3) for carbon in  

graphitic state  is  u sed . The electron den sity  of carbon is  about 20%  

le ss  th an  its nom inal b u lk  value. The th ick n ess o f the topm ost layer is  

323A  an d  its  electron  d en sity  ~ 0 .3 2 4 (6 .0 2 2 x l0 23e /c m 3). T his layer  

m ay be formed by low electron density  organic m aterials deposited  on  

the the sam ple. Figure 6 .5  illu strates the structure of T i/C  m ultilayer 

near th e  su b stra te  w ith  the interface ro u g h n ess obtained  from the  

fitting. Thin titan ium  dioxide layer w as introduced in  th is  schem atic  

diagram  in  order to sp ecify  th e  configuration  a t th e  interface. The 

roughn ess a t the T i0 2/C  interface is  only 1 .2 -1 .3  A.

Table 6 .2

Param eters obtained from the fitting o f the experim ental data  for the  
T i(26A) /C (12A) m ultilayer.

M aterials T h ick n ess
d(A)

Interface R ou ghn ess
o (A)

Si (substrate) oo 18 .5 .0
T i 2 5 .7 1.3
C 11.5 1.2
T opm ost-layer 3 2 3 .7 10 .0
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Figure 6.5 Schematic diagram of the [Ti(26A)/C(12A)] multilayer 
near the substrate with interface roughness values.

Sam p le 2: The second m ultilayer sam ple con sisted  o f 5 0  bilayers of 

[Ti(15A)/C(12A)] on Si. In Figure 6 .6  w e sh ow  the X-ray reflectivity  

m easu rem en ts for th is  sam ple. The plot in  Figure 6 .6  in c lu d es the  

first Bragg peak  due to the m ultilayer spacing, the theoretical fit is  

also  show n. In the analysis of the data the th ick n ess of the bilayers A 

is  found to be m onoton ically  increasing  from the su b stra te  up to 19

layers w ith AA/A ~ 5.8%  and then  decreasing slightly  by 1% up to the
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top layer. The th ick n ess ratios were kept constan t during the analysis. 

It w as n ecessary  to assu m e the presence of an extra layer of S i 0 2 w ith  

th ick n ess around 190 A em bedded betw een the bottom  layer and the  

su bstrate . W ith th is extra S i0 2 layer w e can  obtain  a  good fit of the  

m edium  frequency m odulation.

Figure 6 .6  sh ow s the experim ental data and its b est fit. The data  

and the fit are represented  by the c losed  circles and the bold solid  

line respectively. The fitting is  very c lose  to the experim ental data  

from the angle q^O.OOSA1 to 0 .2 5 5 A 1 w hich  is  ju s t  before the first 

B ragg p eak . The seco n d a ry  fr in ges d u e  to th e  in terferen ce  of  

reflectivity w aves betw een the su bstrate  and the total th ick n ess of the  

m ultilayers m atch  each other very w ell regarding angle and in tensities. 

In th e  region o f q^O.OSSA1 to 0 .0 9 5 A 1, there is a  slight discrepancy  

betw een the data and the fit.

The th ick n ess and electron density  param eters of the individual 

layers are sh ow n in  Table 6 .3  and Figure 6 .7 . The electron d en sity  of 

T i and C are ab ou t 2% and  2% le s s  th an  its  n om in al b u lk  value  

respectively. The th ick n ess and electron density  of the S i0 2 layer are 

1 9 0 .7A and 1 .3 8 0 (6 .0 2 2 x 1 0 23e /c m 3) respectively. T his layer could be 

formed during su bstrate  cleaning. Figure 6 .6  illu strates the structure  

of T i/C  m ultilayer near th e  su b stra te  w ith  the interface rou gh n ess  

ob ta in ed  from  th e  fitting . T hin  tita n iu m  diox ide layer w a s a lso  

introduced in  th is  schem atic  diagram. The rou gh n ess a t the T i0 2/  C 

interface is  8 .0  A. Compared w ith sam ple 1 th is rou gh n ess is  very 

large.
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Table 6.3

Parameters obtained from the fitting of the experimental data for the 
Ti(15A)/C(12A) multilayer.

M aterials T h ic k n ess
d(A)

Interface R ou ghn ess
a (A)

Si(substrate) oo 7 .0
S i0 2 1 9 0 .7 16 .0
T i 14.7 8 .0
C 12.1 8 .0

eo

I
2.5

Expt.
K nown Bulk S tate 2 .104

2.0

SiCb
1.3171.5 1.156

1.124

1.0

0.5

0.0
Bilayer — > Z

Figure 6 .7  A com parison of electron den sity  betw een the know n bulk  
sta te  and the experim ental state. The experim ental electron densities  
of S i0 2, T i and C are from the param eters u sed  to obtain fit in Figure 
6 .6 . The electron d en sities  o f S i0 2, Ti and C have changed about 
+5% , -2% and -2% w ith respect to the known bulk  state.
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Figure 6 .8  Schem atic  diagram  of th e  [Ti(15A)/C(12A)] m ultilayer  
near the substrate w ith the values o f the interface roughness.
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CHAPTER 7  

SURFACE STUDY OF SINGLE CRYSTAL o f a-S iC -6H  [0001] 

AT HIGH TEMPERATURES

7 .1  In trod uction .

S ilicon  carbide is  a  very im portant h igh  tem perature m aterial 

th a t find w ide in d u str ia l a p p lica tio n s. SiC is  a  w ide b an d  gap  

sem iconductor w ith good therm al conductivity and a sm all expansion  

c o effic ien t.120121 T hese properties m ake th is  m aterial v e iy  su itab le  

for h igh  tem p eratu re  a p p lica tio n s in  e lec tro n ic  d ev ices . S ilico n  

carbide finds wide app lications a s a  structural m aterial. Self-bonded  

SiC w as u sed  a s  a  cladding for nuclear fuels in  gas cooled reactors.122 

It can  be u sed  in the aerospace industry  for wear resistan t parts, a s  a  

refractory m ateria l, for co a tin g s, and rein forcem en t o f m ater ia ls  

exp osed  to h igh  tem p eratu res. SiC is  one o f  th e  com m on ly  u sed  

reinforcers in carbon and other com posites.

SiC appears in m any polytypes that differ from one another only  

in the stack ing  sequ en ce of double layers of Si and C a to m s.124 Each  

double layer c o n sis ts  of a  p lane of c lose-packed  (cp) S i a tom s over a  

plane of cp C atom s; w here one silicon  atom  lies directly  over each  

carbon atom  in  a double layer. The m ost frequently encountered  form  

of silicon  carbide is hexagonal a-SiC , a lso  know n a s  6H -SiC . The

lattice param eters of a-SiC  are a 0 = 3 .0 8 0 6 5  A and c 0= 1 5 .117384  A. It 

su b lim es at tem peratures higher th an  1800  C. Its physical stab ility  if 

considered  excellen t below  1500  C. [5-SiC is  a  cubic form of silicon
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carbide (zinc b lende structure) th at h a s  been  stu d ied  in  considerable  

detail in  recent years.

T here is  c o n s id e r a b le  in te r e s t  in  th e  h ig h  tem p era tu re  

properties of silicon  carbide. It h a s been  reported that SiC evaporates 

w ith an ex cess  o f silicon  in  the vapor ph ase , free carbon being formed  

on  th e  so lid  su rface . It h a s  b een  reported  th a t th e  su rface  is  

com p lete ly  covered w ith  graphite in  th e  h igh  tem perature region. 

Adachi et a l124 reported the evaporation of S i a t h igh  tem peratures  

u n d er  UHV con d ition s. The su rface  d ep letion  of s ilico n  w a s a lso  

ob served  for (3-SiC.125 G reat progress h a s  b een  accom p lish ed  in

recen t y ea rs  in  u n d e rsta n d in g  th e  su rfa ce  p rop erties o f s ilico n  

carbide. In general the m o st com m on tool em ployed to stu d y  the  

s ilic o n  carb id e su rface  h a s  b een  A uger sp ec tro sco p y  (AS). It is  

in terestin g  to observe th a t th e  carbon AS sign a l is  n o t sign ifican tly  

d ifferen t from  th a t observed  for grap h ite . E lectron  en ergy  lo s s  

sp ectroscop y (EELS) h as n ot been  w idely applied to the stu d y  of the  

surface properties o f silicon  carb id e.126-127 We find th is techn iqu e far 

superior to AS for surface characterization of silicon carbide.

We rep ort in  th is  th e s is  a  se r ie s  o f h ig h  tem p era tu re  

m easurem ents on hexagonal p latelets o f a-SiC , th e  p latelets faces were

perpendicular to th e  crystal c -ax is < 0 0 0 1>. The in itia l surface face  

w as carbon term inated . The surface m easu rem en ts were perform ed  

under UHV conditions. We em ployed AS, EELS and surface electron  

energy lo ss  fine structure (SEELFS) to characterize the variations in  

surface com position  a s a function  of tem perature and under oxidation  

conditions. Rutherford back  scattering (RBS) and l60 (a ,a )  ieO resonant
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scattering were em ployed to stu dy the elem ental profile o f the silicon  

carbide before and after reaction w ith oxygen.

7 .2  E xperim ental.

The m easu rem en ts were perform ed in  an  u ltra h igh  vacu u m  

sy stem  w ith  a vacu u m  b etter th an  10'10 Torr. The sa m p les  w ere  

characterized by X-ray scattering prior to their u se  in  the UHV system . 

The SiC sam p le w as a ttach ed  to a tu n g sten  sam ple holder, and an  

electron beam  heater w as u sed  to raise the sam ple tem perature. The 

tem p eratu re  w a s m onitored  and  con tro lled  u s in g  a proportional 

tem p erature controller. The cham ber w a s equip ped  w ith  a LEED 

system  and a single p a ss  cylindrical mirror analyzer(CMA) for AS and  

EELS m easurem ents. The second  derivative m ode w as u sed  for the  

electron energy lo ss  m easurem ents u sin g  the CMA. The sam ple were 

exp osed  to oxygen u s in g  a n eed le  valve, th e  sam p le  tem perature  

during oxygen exposu res w as varied betw een  room  tem perature and  

8 2 3  K. The an gu lar  reso lved  AS and  EELS m ea su rem en ts  w ere  

perform ed in  a UHV system  equipped w ith a 5 0  m m  hem isph erica l 

analyzer w ith a position  sen sitive  electron detector. A high resolution  

electron  gu n  w as em ployed for the angular resolved EELS (AREELS) 

m easurem ents (15 meV resolution  at 25  eV).

A very powerful tool to investigate the local atom ic structure is  

SEELFS w h ich  h a s  a sim ilar fine stru ctu re  a s EXAFS. We have  

em ployed th is  tech n iq u es to stu d y  the variation  in  local stru ctu re  

around the carbon and silicon  atom s. We u sed  electron energy lo ss  

fine structure in our stu d ies  becau se  of th e  low threshold  energies of 

the carbon K-edge and silicon  L ^ -ed ge . The energy reso lu tion  for
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the SEELFS m easurem ents w as about 8  eV. A m odulating voltage of 8 

vo lts w as u sed  in the m easu rem en ts. This is  n ecessa ry  in  order to 

obtain  good signal to n o ise  in  th e  secon d  derivative detection  m ode. 

The incident electron energy u sed  in  th is experim ent w as 1500eV.

T he R B S a n d  160 ( a ,a ) 160  e la s t ic  s c a tte r in g  r e so n a n c e

m e a s u r e m e n ts  w ere  p erform ed  u s in g  th e  B ro o k ly n  C ollege  

dynam itron. T his tech n iq u e  w as u sed  to determ ine the elem ental 

com p osition  profile on th e  silicon  carbide sam p les before and after  

oxidation. We em ployed th is  tech n iq u e  to determ ine th e  oxygen  

con ten t and depth  profile in SiC. We a lso  em ployed th ese  too ls to 

se lec t our sam p les from different sin g le  crystal b a tch es in  order to 

have sam ples with no oxide inclusions.

7 .3  R esu lts and D iscussion .

Auger Sp ectroscopy.

We em ployed AS for chem ical characterization  of the silicon  

carbide surface. A ngular integrated AS did not sh ow  a h igh  enough  

sensitiv ity  to determ ine the type of carbon bonding at the surface or to 

d is t in g u is h  b e tw e e n  ca rb id ic  an d  g ra p h itic  ca rb o n  a t h ig h  

tem p eratu res. A ngular reso lved  AS w a s m ore se n s it iv e  for the  

identification  of the su rface com position . Figure 7.1 sh ow s two AS 

spectra  m easured  at two different angles o f incidence, one a t a lm ost  

g lan cin g  angle (a) and th e  secon d  at norm al in c id en ce  (b). The 

sp ec tra  w ere co llected  in  th e  co u n t m ode (no derivative of th e  

sp ectru m  w as taken), one easily  d etects the p resen ce  o f S i and  C. 

One can clearly observe the presence of oxygen on the surface of the  

sam ple and its absence in the bulk. The oxygen peak disappears
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Figure 7.1 A ngular resolved  AS a) g lancin g  angle of in cid en ce, b) 
angle of incidence 70°.

after m oderated h eatin g  of th e  sam p le . The angu lar resolved  AS 

m e a su r e m e n ts  did n o t give a n y  fu r th er  in fo rm a tio n  a t h igh  

tem peratures.

Surface E nergy L oss S tructure F in e S tructure.

It is w ell-know n th at the X-ray absorption cross section  will be  

m odu lated  by the p resen ce  of other a tom s c lo se  to th e  absorb ing  

cen ter. Inner sh e ll e lectron s can  a lso  be excited  by the in e la stic  

scattering of electrons and the EELS spectrum  can  exhibit EXAFS like 

o sc illa tio n s. S u ch  observation s have b een  recen tly  reported in  the  

literature.47*48 In the p resen t work w e u sed  th e  sam e m ethodology  

reported in  referen ces.47-48 We m easured the K-edge of C and the L23
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edges of Si. In Figure 7 .2  w e show  the SEELFS sp ectra  for the Si L~ 

edge before and after h eatin g  to I273K . One can  observe the good  

quality of the signal to n oise  in the data. The m agnitude of the Fourier 

transform s of the data before and after heatin g  are sh ow n in  F igures 

7 .3 a  and 7 .3b  respectively. It is  noted th a t no appreciable change h a s  

occurred  in  th e  S i n e a r e st  n e igh b ors en v iron m en t. In m arked  

co n tra st th e  carbon  K -edge sp ec tra  sh o w  rem arkable d ifferen ces  

before and after heating. In F igures 7 .4 a  and 7 .4b  one observes th at  

the spectra are very different. We attribute th is difference to th e  fact 

that a  th ick  graphitic surface layer h a s  form ed on top o f the SiC. A  

com parison of the near-neighbor d istan ces for carbon atom s in a-SiC

6H and the experim ental m easu rem en ts (extracted from Figure 7.4a) 

is  listed  in  Table 7 .1 . Table 7 .2  is  a  com parison for carbon atom s in  

graphite and the experim ental m easu rem en ts (extracted from Figure 

7 .4b ). The difference b etw een  th e  true d ista n ce  r and th e  peak

position  r \  Ar = r -  r’ due to the p h ase sh ift Oy (k) in  Eq. 2 .5 2  can  be  

roughly estim ated  u s in g  th e  linear approxim ation (0ij(k) = Po+Pjk).

The deviation Ar = r - r’ is equal to -0.5PJ. Pj can now  be found out by

fitting th e  theoretical p h ase  sh ift data. In th is  ana lysis , w e u sed  the  

theoretical phase sh ift data listed  (in appendix V) in  ref. [45], and then  

perform ed a lea s t  sq u are fit to th e  data . After th e  fitting, the  

param eters of pj for C-C an d  C -S i are a b o u t -0 .7  an d  -0 .4 8  

respectively . The in teratom ic d is ta n ce s  F(R) after th e  p h a se  sh ift  

correction are listed  in  the T ables 7 .1  and 7 .2 . Som e o f the  

interatom ic d istan ces have 16% deviation from the standard crystal. 

T his can  be understood, sin ce  the p eaks in  Figure 7 .4 a  and  7 .4b  are
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not very separated from each  other, and th ese  p eaks overlapping can  

prevent u s  to determ inate the real d istan ce . Our objective in  th is  

analysis is  to have a  sem iquantitative evaluation of the param eters for a  

corroboration of the identity of the sp ecies present in th e  sam ple.

A word caution  is  pertinent at th is  point. Great care m u st be  

tak en  in  o u tg a ss in g  the electron  sou rce  prior to carrying ou t an y  

m easurem ent at the carbon K-edge and to have excellent b ase  vacuum . 

If one ignores th ese  procedures the detected  graphite could  be the  

resu lt of residual g a ses reacting w ith the electron beam . We took  the  

appropriated precautions to avoid th is problem.

Table 7.1.
Com parison of n ear-n eigh bor d istan ces for the Carbon atom s in  the  
a- SiC-6H (128 84  ̂ and th e  experim ental m easu rem en ts extracted  from  
Figure 7.4a.

a- SiC-6H Exp. F ’(R) After P hase Shift
S h e ll Bond D istan ces F ig7.4(a) C orrection F(R)

(A) (A) (A)

1 1 .89 C-Si 1.9 2.1
2 3 .0 7 C-C 2 .9 3 .2
3 3 .61 C-Si 4 .0 4 .2
4 4 .7 5 C-Si 4 .8 5 .0

Table 7.2
Com parison of near-n eigh bor d istan ces for the Carbon atom s in  the  
graphitet84) and th e  exp erim en ta l m ea su rem en ts  ex tracted  from  
Figure 7.4b.

G raphite Exp. F ’(R) After Phase Shift
S h ell Bond D istances Fig7.4(b) co rrectio n  F(R)

(A) (A) (A)

1 1 .42 1.5 1.8
2 2 .4 6 2 .4 2 .7



160

3
<0
co
u._iuiUl<0

5 113 18541 7 7 149
Energy (eV)

(b)

3
cd
U)u.-iUIUI
CO

5 185113 14941 77
Energy (eV)

Figure 7 .2  Top SEELFS spectrum  at the Si L-edge before heating and  
bottom  after heating.
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spectrum  o f Si: a) before heating; b) after heating.
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RBS and 160 (a ,a )  m easu rem en ts.

The RBS m easu rem en ts were u sed  to stu d y  th e  purity  o f our  

sam p les prior to its  se lection  for our stu d ies . The e lastic  scattering

r e so n a n c e  o f a  p a r tic le s  b y  l60  w ere u se d  to  in v e stig a te  th e

penetration o f oxygen in th e  m aterial. We observed for b est sam p les  

th at oxygen w as confined to the surface at room tem perature. There 

w as evidence of rapid penetration  o f oxygen in  the b u lk  for sam p les  

th a t were exposed  at h igh  tem peratures to an  oxygen environm ent. 

In som e c a ses  oxygen w a s detected at a depth of m ore th an  3 0 0  A. 

The reactions were carried rapidly, in  a m atter of secon d s.

E lectron  Energy L oss m easu rem en ts.

In our stu d y  we have calculated the dielectric functions for a-SiC

and graphite. In Figure 7 .5  we plotted the bu lk  and surface lo ss  

fu n ction s, a s well a s  the secon d  derivatives. One observes a  broad  

peak around 2 2  eV th at corresponds to th e  b u lk  p lasm on , and a  

secon d  peak  at 17 eV corresponding to the su rface p lasm on . For 

graphite we obtain a bu lk  p lasm on at 25  eV and the surface p lasm on at 

about 19.5 eV.

The EEL sp ectra  m easu red  w ith  th e  CMA u s in g  prim ary  

energies betw een  100 to 5 0 0  eV. The angular resolved EEL spectra  

were taken at various angles of reflection. One obta in s great surface  

sen sitiv ity  w ith  th is  techn iqu e, in particular for a g lan cin g  angle of 

d etection  w ith  resp ect to the crystal face. The electron  prim ary  

energy in  the angular resolved m easurem ents w as varied betw een 50  

to 3 0 0  eV.
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Figure 7 .5  Energy lo ss  fu n ctions and secon d  derivatives for the  
surface and bulk  of a-SiC.
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In Figure 7 .6  w e sh ow  the EEL spectra  (second derivative mode) 

a s a fu n ction  of prim ary electron energy (Ep) at norm al in cid en ce. 

The sp ec tra  corresp on d  to th e  p r istin e  s in g le  crysta l, w ith  th e  

ch aracteristic  a-SiC  p lasm on  lo sse s  at 2 2 .2  and 18 .6  eV. The bulk

p lasm on  p eak  b ecom es m ore pronounced for h igh  electron  prim ary  

en erg ies . The in e la s t ic  sca tter in g  m ean  free p a th  for 5 0 0  eV  

electrons is  about 2 2  A. In the figure w e have ind icated  w ith  letters  

(a-f) the energy position  of th e  electron lo sse s  (Ep=150eV): a= 3 .2  eV; 

b = 6 .0  eV; c= 1 1 .3  eV; d = 13 .6  eV; e= 1 8 .6  eV; f= 22 .3  eV. It is  very  

sign ificant that peak  a is  very close in value to the band gap in  silicon  

carbide, we identify th is peak  a s an exciton lo ss. The energy lo sse s  

change slightly  w ith increasing primary energy. There is considerable  

structure at low  Ep due to surface sta tes  and ex cess  carbon. B asically  

our EEL sp ectru m  d oes differ m uch  from th e o n es reported in  the

litera tu re127 for a-SiC  (0001) and (3-SiC (111).

In F igu res 7 .7  an d  7 .8  th e  EEL sp ec tra  are sh o w n  for 

tem peratures betw een  3 0 0  K and 1273 K. A very sign ificant change  

occu rs betw een  room tem perature and 5 73  K, one observes th a t the 

p lasm on  lo sse s  h a s  sh ifted  sign ificantly  to h igher va lu es, ab ou t the  

sam e a s m easured  for graphitic carbon. The low  energy lo s se s  have  

not sh ifted significantly. In Figure 7.7(Ep=150eV) one can  clearly see  

th e  form ation  o f a  grap h itic  layer on  top  o f th e  sa m p le . Two 

m ech an ism  contribute to th is  ph en om en on  m igration o f carbon by  

creation of vacancies in the bulk  and Si loss. The dram atic ch anges in 

a ll sp ec tra  o c cu rs  a t ra th er  low  tem p era tu res , w h ere  s ilic o n  

evaporation is im possible. Consequently surface m igration of carbon
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Figure 7.6 EEL spectra of a-SiC taken at room temperature as a
function of electron primary energies. The insert is the expanded
spectra of the most important energy loss region.
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r e m a in s  th e  on ly  m e c h a n ism  th a t  c a n  e x p la in  th e  ob served  

phenom enon. T his surface is rather resistan t towards oxidation at low  

tem peratures. The structural integrity of the carbide could be affected  

by the presence of the carbon vacancies, w hich could facilitate internal 

oxidation  if  the surface h a s porosity tow ards oxygen. In F igures 7 .9  

and 7 .1 0  w e sh ow  the sp ectra  ( Ep= 150  and 5 0 0  eV) before, after  

heating, and after reaction  w ith oxygen at 8 2 3  K. It is  noted  th at the  

spectra  at Ep=150 eV after heating and after reaction w ith  oxygen are 

practically  identica l. However, the sp ectru m  for Ep= 5 0 0  eV sh ow s  

sm all differences that su g g ests  the presence of a third sp ec ies w ithin  

the b u lk  of the sam ple. T hese observations were corroborated b y  the  

alpha scattering m easurem ents from 160 .

We u sed  AREELS to stu d y  the angular dependence o f th e  a-SiC

energy lo s s e s  and  facilita te  their  correct id en tifica tion . We w ere  

concerned  th at the p resen ce  of carbon on th e  su rface w h ich  could  

co n fu se  som e o f our e lectron  energy lo s s  a ss ig n m e n ts . In th e se  

experim ents we were able to detect sign a ls com ing from the top two A  

from  th o se  from  th e  bu lk . We stu d ied  th e  p r istin e  sam p le , after  

h eating  and after sputtering. In th ese  m easurem ents w e em ployed the  

cou n tin g  m ode o f detection  and not th e  second  derivative m ethod. We 

have very high energy resolution  in th is system , the observed w idth of  

the energy lo sse s  are intrinsic to the transitions and not instrum ental. 

Typical AREEL sp ectra  are sh ow n  in  Figure 7 .11  for an  angle of 

in cid en ce of 3 5 °  w ith respect to the crystal face norm al, and E p= 3 0 0  

eV, the spectra were taken for different angles of detection. One

clearly observes the bulk plasm on peak of a-SiC , and at glancing
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Figure 7.9 EEL spectra plotted at room temperature, after heating
and after reaction with oxygen for Ep=150 eV.
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Figure 7.10 EEL spectra plotted at room temperature, after heating
and after reaction with oxygen for Ep=500 eV.
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Figure 7 .11  Angular resolved EEL spectra taken at room  tem perature  
for an  angle o f incid en ce o f 35° and an g les o f reflection o f a) 55°, 
b)70°, c) 8 5 ° . All the an g les are m easured w ith resp ect to th e  norm al 
to crystal face.
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detection  angle the surface p lasm on can be seen  a s a  shoulder of the  

m ain  p lasm on  peak. For a prim ary energy o f 5 0  eV th e  surface  

p la sm o n  p eak  d o m in a tes  th e  sp ectru m  a t a  g la n c in g  an g le  of 

detection. We clearly observe the form ation of a  graphitic layer on the  

su rface after h ea tin g  the sam ple. Figure 7 .1 2  is  an  AES spectrum  

taken after sputtering. This figure clearly sh ow s a strong carbon peak  

b u t no oxygen and silicon . The AREELS m easu rem en ts are in  good  

agreem ent w ith  our m easu rem en ts u sin g  the CMA secon d  derivative 

m ethod. Finally, we w ant to point ou t th at a  m ild sp u tterin g  o f the  

surface w ith argon ion s produces a  sign ificant change in  the AREELS 

resu lts . We observed S i en rich m en t o f th e  su rface  th a t is  ea sily  

detectab le  from th e characteristic  energy lo sse s . F igure 7 .1 3  is  an  

EELS spectrum  m easured after sputtering at Ep=200eV . The incident  

angle is  about 35°, and the detecting angle is  about 72° w ith  resp ect to 

the norm al direction.
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Figure 7 .1 2  T his AES sp ectru m  w a s tak en  at g lancing angle after 
sp u tterin g(0 in =72°, 0out =35°). This figure clearly sh ow s a strong carbon  
peak b u t no oxygen and silicon.
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Figure 7 .1 3  T his is  an EELS spectrum  m easured  after sputtering at 
Ep=200eV. The incident angle is  about 35°, and the detecting angle is  
about 72° w ith respect to the norm al direction.
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C hapter 8

INTERFACE STRUCTURE AND STABILITY IN S i/C

MULTILAYERS

8.1  In troduction

M etal-carbon m ultilayers are artificial stru c tu res th a t have  

found app lications in  soft X-ray o p tic s129*130. M ultilayers o f S i/C  are 

very attractive for high tem perature applications, in  particular if  the  

interface Si-C h a s  carbidic character. T hese sy stem s have potential 

applications a s  low w eight structural com ponents. They a lso  can  be 

u sed  a s m odels for high tem perature structural m aterials to in vesti­

gate th e  bonding and therm al stab ility  of th e  carb on-silicon  carbide  

in terfa ces of su c h  m ater ia ls . A pow erful tool to  determ in e the  

interface structure is  X-ray sp ecu lar reflectivity. The non -destructive  

character of th is  techn iqu e perm its the characterization  of interfaces  

in su ch  m aterials.

We report in  th is  th e s is  the first e lectron  energy lo ss  stu d y  of  

silico n -ca rb o n  m u ltilayers . We m e a su r ed  a d iv erse  n u m b er  o f  

m u ltila y ers o f variab le  th ic k n e ss e s  and  grow n on  tw o d ifferent  

su b strates, sapphire and float g lass (S i0 2). The m easu rem en ts were 

perform ed under UHV conditions. We em ployed Auger sp ectroscop y  

(AS) and  EELS to characterize  the sa m p les  and the var ia tion s in  

com position as a function of depth. The stability  of the interfaces w as 

m easured as a function of tem perature for all the sam ples.

We also  em ployed the X-ray sp ecu lar reflectivity m easu rem en ts  

to  ch aracterize  th e  s ilico n -ca rb o n  m u ltilayers. We m easu red  a  

n u m b er  o f m u ltila y ers  o f  variab le  th ic k n e s s e s  an d  m od u la tion  

w avelengths.
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8 .2  E xperim ental.

The Auger sp ectroscop y and electron energy lo ss  spectroscop y  

m easurem ents were performed in  an  ultra h igh vacuum  system  with a  

vacuum  better than  1 0 '10 Torr. The S i/C  m ultilayers w ere m ounted  

on a tu n g sten  sam ple holder, and electron beam  heater w as u sed  to 

change the sam ple tem perature. The tem perature w as m onitored and  

controlled  u s in g  a proportional tem perature controller. The sam ple  

tem perature w as varied betw een  room  tem perature and 1073K  ( for 

m u ltilayers grow n on  a sap p h ire  su b stra te ). T he ch am b er w as  

equipped w ith  a single p a ss  cylindrical mirror analyzer(CMA) for AS 

and EELS m easurem ents. The secon d  derivative m ode w as u sed  for 

the electron energy lo ss  m easu rem en ts u s in g  th e  CMA. The electron  

prim ary energies w as varied betw een  2 0  eV (using a h igh  resolu tion  

gun) to 2 6 0 0  eV. This large range of va lu es for the prim ary electron  

beam  allow s to obtain depth sen sitiv ity  in  the EELS m easu rem en ts. 

The angular resolved AS and EELS m easurem ents were performed in  a  

UHV system  equipped w ith a 50 m m  hem ispherical analyzer m ounted  

on a goniom eter w ith a p osition  sen sitive  electron detector for rapid 

data acquisition.

The X-ray specular reflectivity m easurem ents were carried out at 

room tem perature u sin g  beam  line X -18B  at the N ational Synchrotron  

Light Source facility at B rookhaven N ational Laboratory. A Si(220) 

double crystal m onochrom ator w as u sed  for se lectin g  the synchrotron  

radiation w avelength. X-ray beam  m onochrom atization is  the sam e as  

described in  chapter 2. The sam ple w as m ounted on a h igh  precision  

goniom eter attach ed  to a two axes H uber diffractom eter, and a Nal
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sc in tilla tion  detector w a s u sed  in  th is  m easu rem en t. At very low  

angle, we u sed  a se t of calibrated alum inum  absorbers to reduce the X- 

ray beam  in ten sity  before reaching the detector. The alignm ent of the  

sam ple and diffractometer w as carried out u sin g  a m ethodology sim ilar  

to  th a t d escrib ed  in  reference[56]. All th e  m ea su rem en ts  w ere  

carried ou t at room  tem perature. Table 8.1 gives the lis t  o f sam p les  

studied  in th is work.

Table 8.1
Si and C com position of th e  m ultilayers

Si
T h ick n ess
(A)

C
T h ick n ess
(A)

No. of Periods

10A 19A 3 0 (sam p le  1)
25A 25A 3 0 (sam p le  2)
29A 14A 3 0 (sam p le  3)

8 .3  R esu lts and D iscussion .

AREELS, AES, EELS

The AREEL sp ectra  w ere m easu red  w ith prim ary energies  

betw een 4 5 0  to 2 6 0 0  eV and are show n in  Figures 8 .1a , 8 .1b  and 8 .2a , 

8 .2 b . The angular resolved EEL spectra  were tak en  at an  angle of 

in c id en ce  o f 4 0 °  and equal to th e  angle o f reflection( the an g les are 

m easured w ith respect to the sam ple normal). F igures 8 .1a , and 8 .1b  

sh ow  the m easured spectrum  u sin g  the angular resolved system  for a 

S i/C  m ultilayer with Si=25 A and C=25 A (sam ple 2), 3 0  periods thick. 

We observe a sign ificant variation in peak position s as the energy of 

the im pinging electron increases. In Figures 8 .2a , and 8 .2b  we show



178

E = 1 5 5 0 e V

1 3 5 0 eV

0
ci

1 150eV

95 0 eV
i—i

7 5 0 e V

4 5 0 e V

0 5 10 15 20 25 30 35
Energy Loss (eV)

Figure 8.1(a) Angular resolved EEL spectrum as a function of
electron primary energy for Si(25A)/C(25A) at Ep=450-1550eV, the
angle of incidence is equal to the angle of reflection=40°.
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Figure 8.1(b) Angular resolved EEL spectrum as a function of
electron primary energy for Si(25A)/C(25A) at Ep=1750 - 2600eV, the
angle of incidence is equal to the angle of reflection=40°.
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the secon d  derivative of th e  spectra  given in  F igures 8 .1 a , and 8 .1b . 

T his figures give a m ore detailed  p icture of th e  varia tion s in  peak  

p osition s as a function of primary electron energies.

E = 1 5 5 0 eV

3 5 0 e V9

0

cd
1 1 5 0 e V

9 5 0 e V

7 5 0 e V

4 5 0 e V

0 5 10 15 20 25 30 35
Energy Loss (eV)

Figure 8.2(a) Angular resolved EEL spectrum  ( secon d  derivative) 
a s a function  of electron prim ary energy for Si(25A)/C(25A) at E p=450  
- 1550eV , the angle of in cid en ce is  equal to the angle of reflection  
= 40°.
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Figure 8.2(b) Angular resolved EEL spectrum  ( secon d  derivative) 
a s  a fu n ctio n  o f e lectron  prim ary energy for Si(25A)/C(25A) at  
E p = 1750  - 2600eV , the angle of in cid en ce is  equal to the angle of  
reflection =40°.
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The top layer o f the sam p le  is  m ade o f carbon, w e d etect at low  

en erg ies a  stron g  energy lo s s  around 2 3 -2 4  eV, a  va lu e  sligh tly  

sm aller th an  for pure graphite. T his resu lt is  n o t tota lly  surprising  

sin ce  the carbon crystallographic form in  th is  type of m ultilayer is  not 

w ell u n d ersto o d , and is  a  su b je c t o f co n sid era b le  in te r e st  and  

controversy. T hese experim ental observations are in  good agreem ent 

w ith the angular resolved AS m easurem ents, see Figure 8 .3 . In the AS

7 0

60

3

cd 50

40

30

50 100 150 200 250  300
Energy (eV)

Figure 8 .3  A ngular resolved ASo sp ectru m  a s  a fu n ction  of electron  
primary energy for Si(25A)/C(25A), the angle of in c id en ce  is  equal to 
the angle of reflection=30°, 40°, 50°, 60°, and 70°.
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m easu rem en ts the carbon signal sh ape is  sign ificantly  different from  

th a t o f graphitic or carbidic carbon. W hen the electron  prim ary  

energy in creases one observes w hat appears to be a contribution from  

the interface S i/C , a  lo ss  peak near 21 eV. E ventually  a  pronounced  

energy lo ss  peak appears around 18 eV. The latter peak is  typical of 

th e  Si b u lk  p lasm on. One obta in s great surface sen sitiv ity  w ith  the  

AREELS technique, in  particular for a glancing angle o f detection with  

resp ect to the crystal face. In Figures 8 .4a , 8 .4b , 8 .4c , 8 .4d , and 8 .4e  

the AREELS spectra are sh ow n as a  function  of angle of incidence and  

reflection, E p=2400 eV. We observe the sam e behavior of the electron  

energy lo ss  peaks, at angles c lose  to norm al the S i p lasm on peak  is  

very pronounced . At g lan cin g  an g les th e  carbon top layer and  the  

in terface  co n tr ib u tio n  are very  p ro n o u n ced . W hen th e  sam p le  

tem perature in creases the EELS spectra becom es m ore like th ose  of 

graphitic carbon (see F igu res 8 .5 a , 8 .5 b , and 8 .5c). The effect of 

tem p eratu re  is  to a n n ea l the carbon and  form  m ore crysta llin e  

graphite layers. This resu lt is  also corroborated by th e  change in the  

shape of the carbon Auger signal.

In Figure 8 .6  w e sh ow  the AREEL spectra  (second derivative 

mode) for a m ultilayer w ith  S i= 29  A and C=14 A a s a fu n ction  of 

prim ary electron  energy (Ep), th is  sam p le  w a s prepared on  S i0 2 

substrate. The angle of incidence of the electrons is equal to the angle  

o f reflection , 40°. The b u lk  p lasm on  peak  o f S i b ecom es m ore  

p ro n o u n ced  a t low er e le c tr o n  prim ary  en e rg ie s , th a n  in  th e  

Si(25A)/C(25A) m ultilayer case. S u ch  resu lts  are indicative that our 

in terp retation  of th e  EEL m easu rem en ts is  correct. It is  noted  in  

Figure 8 .6a , 8 .6b  that the interface contribution can  be seen  at
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Figure 8.4(a) Angular resolved EEL spectrum as a function of the
angle of reflection for Si(25A)/C(25A) at incidence angle 30°.
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Figure 8.4 (b) Angular resolved EEL spectrum as a function of the
angle of reflection for Si(25A)/C(25A) at incidence angle 40°.
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Figure 8.4 (c) Angular resolved EEL spectrum as a function of the
angle of reflection for Si(25A)/C(25A) at incidence angle 50°.
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Figure 8.4(d) Angular resolved EEL spectrum as a function of the
angle of reflection for Si(25A)/C(25A) at incidence angle 60°.
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Figure 8.4 (e) Angular resolved EEL spectrum as a function of the
angle of reflection for Si(25A)/C(25A) at incidence angle 70°.
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Figure 8.5(a) EEL sp ectru m  a s a fu n ction  of tem perature  
Si(25A)/C(25A ) m ultilayer, at E p=150 eV.
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Figure 8.5(b] EEL spectrum as a function of temperature for
Si(25A)/C(25A) multilayer, at Ep=350 eV.



— 
dd

N
/d

dE
 

(a
.

191

E =600eV 300K

473K

673K

873K

0 5 10 15 20 25 30 35
Energy Loss (eV)

Figure 8.5(c)o EEL spectrum as a function of temperature for
Si(25A)/C(25A) multilayer, at Ep=600 eV.
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electron  prim ary en erg ies b etw een  7 5 0  to 1150  eV. The silicon  

carbide p lasm on  peak  is  detected  a t th ese  electron im pinging  

energ ies.

E = 1550eV

1350eV

1 150eV

950eV

7 50eV

4 5 0 eV

0 5 10 15 20 25 30 35
Energy Loss (eV)

Figure 8.6(a) A ngular resolved EEL spectrum  a s  a fun ction  of 
electron  prim ary energy for Si(29A )/C (14A ) at E p = 450-1550eV , the  
angle of incidence is  equal to the angle o f reflection=40°.
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Figure 8.6(b) Angular resolved EEL spectrum as a function of
electron primary energy for Si(29A)/C(14A) at Ep=1750-2650eV, the
angle of incidence is equal to the angle of reflection=40°.
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In Figure 8 .7  we sh ow  the AREELS spectra  for very low  primary 

electron  energies. We observe two energy lo sse s  th a t are typical of 

carbon electronic tran sition s, one at 4 .4  eV, th e  secon d  at 6 .5  eV. 

The low er p eak  (at energy 4 .4  eV) is  a ss ig n ed  a s  th e  in terband  

transitions at Q 2g— Q'2u in  the graphite band structure calculated by  

Painter et a l .82 (see ap p en d ix  B). T h is tra n sitio n  h ad  a lso  b een  

observed from th e p h o to em issio n  and secon d ary  electron  electron  

e m is s io n  m e a s u r e m e n t s .83 F ro m  o p t i c a l  r e f l e c t a n c e  

m easu rem en ts76-131 of th e  graphite, a  peak  w h ich  corresponded to 

interband transition  in the im aginary part o f the dielectric con stan t at 

energy 4 .5eV  had been  found. Greenaway et a l.132 observed a peak  in

optical reflectivity for polarization E 1  C at photon energy about 4 .6

eV, w hich they assigned  a sQ '2g— Q '2u transitions. The peak  at 6 .5eV

is  referred to th e  com bination  of surface and b u lk  p lasm on  of th e  n

electrons from graphitic carbon.76 The major effect o f heatin g  the  

sam ple to m oderate tem peratures (due to the silicon  su bstrate  m elting  

point) is  to m ake the carbon layers m ore graphitic and probably to 

help in the form ation of a  carbidic interface.

The EEL spectra  for the other sam p les reflect the variations in  

relative th ick n esses of the Si and C layers. For a th inner carbon layer 

the silicon  lo ss  peak appears at lower prim ary electron energies. The 

low  en erg y  lo s s e s  h a v e  n o t sh ifte d  s ig n if ic a n tly  in  a ll th e  

m easurem ents and reflect the graphitic character of the carbonaceous  

top layer. In the case of sam p les prepared on a silicon oxide substrate  

there is clear evidence th at the S i/C  interfaces are rougher. The m ost 

s ig n if ic a n t ch a n g e  th a t o ccu rs  a t h ig h  tem p er a tu r es  are th e
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crystallization  of the carbon layers, and probably an  in crease  in  the  

carbidic interface th ick n ess.
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Figure 8 .7  A ngular resolved EEL sp ectru m  a s  a fu n ctio n  of low  
electron  prim ary  e n e r g ie s  for Si(29A)/C(14A), th e  a n g le  o f  
in cid en ce is  equal to the angle of reflection=45°.
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X-ray reflectivity results and discussions.

M easurem ents of the specular X-ray reflectivity give inform ation  

on the electron den sity  profile of the m u ltilayers.133 This inform ation  

can  be u sed  to determ ine the com position  profile o f th e  sam ple. In 

our a n a ly s is  w e em ployed  th e  m eth od  d evelop ed  b y  V idal and  

V in c e n t133 to fit the reflectiv ity  data, in  th is  ca se  w e a ssu m e  a 

G a u ss ia n  type o f r o u g h n ess  at th e  in terface . The th eo re tica l 

reflectivity is  fitted to the experim ental data to obtain inform ation on  

th e  e lectron  d e n s ity  co m p o sitio n  o f th e  layers and th e  norm al 

ro u g h n ess  at the in terfaces. We a ssu m e  th a t th e  S i/C  interface  

rou gh n ess is the sam e for all the layers. The C /S i interface is  another  

param eter in  the fit in  particu lar for the sam p le h eated  to 8 7 3  K 

under UHV conditions. The top and substrate  rou gh n ess are assu m ed  

to be in d ep en d en t param eters. S in ce th e  sa m p les are exposed  to 

am bient conditions during the m easu rem en ts the top m ost layer will 

have a significantly different electron density.

The theoretical fit is  valid over all an g les sin ce  w e are solving  

the full dynam ical problem, no kinem atic approxim ation w as taken. In 

our m easu rem en ts we se lec t an X-ray energy of 2 4 .5  keV in  order to 

neglect absorption effects.

In Figure 8 .8  we show  the X-ray specular reflectivity for sam ple 

1 w hich con sists  of 30  bilayers of (Si(10A)/C(19A)] on a - A120 3. In the

an alysis of the data, the th ick n ess of the bilayers A is assu m ed  to be

linearly decreasing from th e  su bstrate  to the top layer w ith AA/A « ±

7% and the th ick n ess ratio ds i /d c is  kept as a con stan t. T his w as 

found to give the b est fit to  the experim ental data. The roughness
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betw een  silicon  and carbon, and the electron d en sity  o f silicon  and  

carbon are assu m ed  to be a s  a  con stan t throughout all the 30 layers. 

It w a s  n ecessa ry  to add an  extra top m ost th in  layer w ith  very low  

electron d en sity  to achieve a good fitting to the data. B y introducing  

th e  top layer, one can  a lso  reproduce a w eak node in  the reflectivity  

sp ec tru m  q = 0 .0 7 5 A 1 in  F igure 8 .8 . F igu re 8 .8  sh o w s th e  

experim ental data and the b est fit. The th ick n ess o f the topm ost layer 

is  in  35.0 A and its electron density  is  0.46(6.022x1023 e /c m 3). The 

d ata  and th e  fit are represented  by the c losed  circles and the solid  

line respectively. F itting is  a lm ost perfect up to the first Bragg peak  

p o sitio n  du e to th e  m od u la tion  stru ctu re  n ear q ^ O ^ lA 1. The  

secondary fringes due to the interference of reflectivity w aves betw een  

th e  su b stra te  and th e  total th ick n ess of the m ultilayers m atch  very  

well, regarding both  angle and in ten sities. The position  of the critical 

angle and Bragg peaks give inform ation of electron d en sity  contrast 

o f the first few  top layers, and m odulation  w avelength  respectively. 

T hose are accu rately  determ ined by th is fitting. The node sh ap e  at 

q=0.075A_1 can also be recovered in  th is fitting curve. A ttem pts to fit 

the data w ithout a low electron density  top layer gave a poor fit to the  

data. D ivergence of the in cid en t X-ray beam  w as found to be A0 =

0 .0 0 5 °  and w as taken into consideration  in the an a lysis of the data. 

The variation in  the total th ick n ess w as introduced in  the an a lysis of

the data by assu m in g  a G aussian  function w ith standard deviation aD. 

The relation u sed  in the an a lysis w as R'p (0)=  J g(D)R(@,D)dD, w here  

g(D) is  a gau ssian  function, R(@,D) is  the reflectivity at an angle o f inci­

dence 0 ,  and D is  the total th ickn ess of the multilayer. T his relation
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take into consideration the variation in total thickness of the sample 

and the best fit was accomplished with oD =10 A.

The param eters of th ick n ess and electron d en sity  in  individual 

layers are show n in  Table 8.2 and Figure 8.9. Figure 8.10 illustrate  

th e  stru ctu re  o f m u ltilayer near the su b stra te  w ith  th e  interface  

rou gh n ess obtained from the fit. The electron den sity  of silicon  and  

carbon are ab ou t 3% and 15% le s s  th an  its  nom in al b u lk  va lue  

resp ectively . The ro u g h n ess  at th e  s ilicon  in terface is  on ly  0.5A  

indicating a very sharp interface in the S i/C  m ultilayers, partly because  

of am orp hou s nature of S i and C. S u ch  a m ultilayer w ith  a sm all 

interface rou gh n ess is  an  im portant physica l sy stem s. It is  an  ideal 

m odel for stu d y  the nature of interface bonding and roughness. It has  

im portant im plications in term s of the m echan ism  of thin  film growth.

Table 8.2

Parameters obtained from the fitting of the experimental data for the 
Si(10A)/C(19A) multilayer.

M aterials T h ick n ess
d (A)

Interface R ou ghn ess  
a (A)

a-Al2 0 3 oo 0 .8
Si 10.0 0 .5
C 19 .4 0 .5
T op m ost 3 5 .0 4 .0
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the b ilayers A is  found to be m on oton ica lly  in crea sin g  from  the
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ratios were kept co n sta n t during the an a lysis . The tota l th ick n ess  

stan dard  deviation obtained  w as cjd=15 A, w e em ployed  the sam e

m ethodology in  th is analysis as in sam ple # 1.

In Figure 8 .11  we sh ow  the X-ray reflectivity m easu rem en ts for 

th is  sam ple. The plot in  Figure 8 .1 0  inclu des the first Bragg peak due 

to the m ultilayer spacing, the theoretical fit is  a lso  show n. In th is case  

it w as abso lu tely  im possib le to fit the data w ithout the presen ce of a  

s ilic o n  carb id e in terface . T h is ob serva tion  w a s  in d ep en d en tly  

corroborated by electron energy lo ss  spectroscopy.

SiC layers were form ed a s the resu lt o f an  interface reaction  

during h ea tin g  of the sam p le . The stru ctu re  now  c o n s is ts  of 30  

bilayers o f [Si(12A /SiC (10A )/C (13A /SiC (10A )]. The interface roughn ess  

betw een Si and SiC, betw een SiC and C are kept con stan ts respectively  

throughout the film in the fit of the data. The electron d en sities of Si 

and C are also kept constan ts for all the layers. Figure 8 .11  show s the 

exp erim en ta l d a ta  an d  it s  b e s t  fit. The d ata  an d  th e  fit are  

rep resen ted  by th e  c losed  c ircles and th e  so lid  lin e  resp ectively . 

Fitting is a lm ost perfect from the region of critical angle q » 0 .Q 4A 1 

to 0 .1 2 A 1, w h ich  is  j u s t  before the first Bragg peak . A good  

agreem ent is  observed betw een  theory and th e  experim en t for the  

secondary fringes due to the interference of the reflected w aves from  

the substrate and the total th ickn ess of the m ultilayers. In the region  

o f q = 0 .12A '1 to 0 .1 5 A 1 there is  slightly  d iscrepancy betw een  the  

data and the fit. Beyond the Bragg position , the good fit recovered  

again. A su rprising resu lt is that in sp ite  o f the chem ical reaction  

resu lt a t interface the m odulation  structure is w ell preserved w ith  

larger roughn ess betw een Si and SiC.
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Figure 8.11 X-ray specular reflectivity of 30 bilayers of [Si(12A/SiC(10A)/C(13A)/SiC(10A)] 
on a-Al20 3. The solid line is the theoretical fit to the data. 203
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T he th ic k n e s s  an d  e le c tr o n  d e n s ity  p a ra m eters  for th e  

individual layers are sh ow n in Table 8 .3  and F igure8.12 . Figure 8 .1 3  

illu strates the structure of S i/C  m ultilayer near the su bstrate  w ith the  

interface rou gh n ess va lu es obtained from the fit. The electron density  

of Si, SiC and C are about 2%, 3% and 15% less  th an  their nom inal 

bulk  va lues. The rou gh n ess at the S i/S iC  interface is  o  = 5 .0  A. On

the other hand the roughn ess at the S iC /C  interface is only 0.5A. This 

r e su lt  su g g e s ts  th a t S i is  m ore reactive  th a n  th e  C a t su c h

tem peratures. The ro u g h n ess betw een  Si and su b stra te , a-Al20 3 is

also  very large (13.0A), th is  is  due to the large chem ical reactivity at 

the su b stra te  in terface during h eatin g  of the sam p le. We did not  

observed the presence of a  low density  top layer on th is sam ple. This 

is  a ttrib u ted  to th e  sam p le  h ea t treatm en t to 8 7 3  K under UHV 

conditions, probably the desorbing the surface contam inants.

Table 8 .3

Param eters obtained from the fitting o f the experim ental data  for the  
Si(25A)/C(25A) m ultilayer after reaction at 8 7 3  K.

M aterials T h ickn ess
d(A)

Interface R oughness  
a  (A)

a-A l2 0 3 oo 13.0
Si 12.1 5 .0
SiC 10.1 0 .5
C 13.1 0 .5



205

eo

M
C*
O
tD

§
v

Q
cs
8
o

2.5

2.0

1.5

1.0

0.5

W 0.0

a —AL O

a>

1
I
m

Expt.
Known Bulk State

1.124

Bilayer —>Z

Figure 8.12 A com parison of electron density  betw een the  known 
b u lk  s ta te  and  the  experim ental s ta te . The experim ental electron 
densities of Si, SiC and C are from the param eters used to obtain fit in 
Figure 8.11. The electron densities of Si, SiC and C are abou t 2%, 
3% and 15% less th an  the known bulk  sta te  respectively.
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Figure 8.13 Schematic diagram of the Si(25A)/C(25A) multilayer 
near the substrate with the values of the interface roughness.

The th ird  sam ple consists of 30 bilayers of [Si(29A)/C(14A)] on 

S i02. In th is fitting, the th ickness of the bilayers a  is assum ed to be 

linearly decreasing from the substra te  and then  linearly increasing

until to the top layer. The variation of theAA/A is ± 7%. The rougnhess
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betw een silicon and carbon, and the  electron density  of silicon and 

carbon are assum ed to be as a constan t throughout all the 30 layers.

Figure 8 .14 show s th e  experim ental d a ta  and  its  b es t fit w ith 

angle divergence around  0 .0125° and the stan d ard  to tal th ickness

deviation aD about 60 A. The d a ta  and the fit are represented  by the

closed circles and the solid line respectively. The secondary fringes 

due to the interference of reflectivity waves between the su b stra te  and 

the to tal th ickness of the  m ultilayers can  no t be observed in th is  

sample.

The param eters of th ickness and electron density  in  individual 

layers are shown in Table 8 .4  and Figure 8.15. Figure 8.16 illustrates 

the s tru c tu re  of S i/C  m ultilayer near the su b stra te  w ith the interface 

roughness obtained from the  fitting. The electron density  of silicon 

and carbon are abou t 2% and 9% less th a n  its  nom inal bu lk  value 

respectively. The roughness a t the interface is very large compared 

with sam ple 2, and 3. The sam ple prepared on a  float glass substra te  

show s X-ray sp ecu la r reflectivity ch a rac te ris tic  of sam ples w ith 

considerable mixing a t the interface. Although they can  be fitted with 

ou r theoretical dynam ical m odels th e  inform ation on the interface 

com position is not as definite as in the  case of the m ultilayers grown 

on sapphire.



Re
fle

ct
iv

ity
 

(L
og

)
1  

O  

- 1

-2 

- 3  

-4 

- 5  

-6
.2

q (A1)

Figure 8.14 Low angle X-ray specular reflectivity of 30 bilayers of a  [Si(29A)/C(14A)] on float 
glass. The solid line is the theoretical fit to the data.

q  ( A 1)

208



209
Table 8.4.

Param eters obtained from the fitting of the experim ental d a ta  for the 
Si(29A)/C(14A) multilayer.

M aterials T h ickness Interface Roughness
d (A) <y (A)

S i02 oo 0.3
Si 28.53 12.3
C 13.99 10.3
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Figure 8.15 A com parison of electron density  betw een the  known 
b u lk  s ta te  and  the experim ental s ta te . The experim ental electron 
densities of Si, and  C are from the param eters used  to obtain fit in 
Figure 8.14. The electron densities of Si, and  C are abou t 2%, and 
9% less th an  the known bu lk  state respectively.
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CHAPTER 9 

CO NCLUSIO NS

9.1 W/C Multilayers

We have studied the interface s tructu re  of W /C m ultilayers using 

a  num ber of diverse techniques. We were able to identify all the major 

electron energy losses in the  m ultilayers. The W /C m ultilayers show 

the presence of a  carbidic interface. The interface th ickness grew in 

an  irreversible fashion above 873° K. After the oxygen reaction, the 

graphitic  layers are strongly  reduced, and  th e  carbidic p h ase  are 

dom inates in  the AS and the EEL spectra. The carbidic interface was 

identified as W2C. This interface and the m ultilayer s tru c tu re  shows 

good therm ally stability in the presence of oxygen up  to 773 K.

9.2  Single crystal TiC[111]

The observed EEL spectra  in th is work are in good agreem ent 

w ith the optical loss function. The EEL spectra  for TiC [111] have 

been analyzed using  the [LMTO] density-of s ta te s  calculations. The 

theoretical DOS was used  to identify the m ost probable in tra /in te r  

b an d  tra n s itio n s . The m ajo r e lec tron  energy  loss p eak s  were 

identified as in terband  transition , (surface, bulk) plasm on excitations 

and core resonance - excitations. The tem perature dependence of the 

energy losses show evidence of a  variation in the surface electronic 

s tru c tu re  com pared to the bulk  of the m aterial. The surface s tru c tu re  

of the m aterial show s evidence of the form ation of defects a t high 

tem peratures. Ethylene bonding to the clean TiC surface was found 

to be very weak. The reaction with small am ounts of oxygen leads to 

the formation of an  interm ediate surface oxide.
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9.3 Ti/C  Multilayers

We have used  X-ray specular reflectivity and  RBS to s tu d y  the 

com positional profile and interfaces of the  T i/C  multilayers. We have 

experim entally observed th a t there is a  sm all am ount of oxygen within 

the sam ple. The strongly alpha particles energy dependence specified 

th a t the oxygen distributed deeply inside the sample. The great affinity 

of titan ium  tow ards oxygen m ade u s  believe th a t oxygen could only 

exist w ith a titanium -oxide s ta te  in  the carbon-titan ium  interface. 

T h is  c o n c lu s io n  is  c o n s is te n t w ith  th e  AES a n d  EELS 

m easurem en t.118 212 Due to the sim ilarity in  electron densities, we 

cannot detect th is  oxidation using the X-ray reflectivity. From the X- 

ray  reflectivity analysis, we can infer th a t the titan ium  layers have a 

bulk  m etal character, the carbon layers show a  graphitic behavior. The 

interface does no t have significant Ti-C bonding b u t h as  a  graphite like 

atom ic arrangem ent ra ther th an  a carbide like arrangem ent.

9.4 cx-SiC-6H[0001]

We have used  a diverse num b er of tech n iq u es to s tu d y  the

surface com position of a-SiC a t high tem peratures. We were able to

identify all m ajor electron energy losses in  the  sp ec tra  of silicon 

carbide. There w as clear evidence of carbon m igration to the surface 

d u rin g  h e a tin g  of th e  sam p le  u n d e r  UHV co n d itio n s . This 

phenom enon  occurs a t ra th e r  low tem p era tu res , a ro u n d  573 K. 

Consequently, the formation of carbon vacancies in the bulk  occurs at 

low tem p era tu res . At su ch  tem p era tu res  Si evaporation  is not 

probable. We also found evidence th a t oxygen can m igrate into the
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bu lk  and  form oxide inclusions. We th in k  th a t carbon vacancies in 

conjunction with surface porosity can prom ote such  an  oxidation. It 

is noted  th a t  in  ou r experim ents the  oxidation ch a rac te ris tic s  are 

d ep en d en t on th e  h is to ry  of th e  sam ple ( p u rity , p resen ce  of 

protecting surface oxide, etc).

9.5 Si/C  Multilayers

We have p repared  S i/C  m ultilayers of various th icknesses. 

Sam ples grown on sapphire su b stra tes  show sm oother interfaces th an  

those prepared  on S i0 2. We have used AS, EELS and  AREELS to 

study  the variation in electronic structu re  of the S i/C  m ultilayers. We 

were able to identify all m ajor electron energy losses in the spectra  of 

th e  m u ltilayers . The values of the  e lectron  energy  lo sses  were 

estim ated  from th e  dielectric functions ca lcu la tions for g raphite , 

silicon  an d  a lp h a-silico n  carb ide. T here is evidence from  our 

m easu rem en ts th a t  an  interface of silicon carbide is formed in the 

m ultilayers. This phenom enon probably occurs during  preparation  of 

the m ultilayers a n d /o r  during heating.

We have studied  the interfaces of S i/C  m ultilayers grown on a-

A120 3. The sam ples grown on sapphire su b s tra te s  show  very sm ooth 

in terfaces. We have used  X-ray specu lar reflectivity to s tu d y  the 

com positional profile of the S i/C  multilayers. We were able to identify 

the stru c tu re  of the m ultilayers interface. We also found the form ation 

of silicon carbide a t the interface silicon-carbon after the m ultilayer is 

hea ted  in  UHV to 873 K. The silicon carbide is form ed in the 

m ultilayer du ring  heating  by in terdiffusion of carbon  an d  silicon. 

These observations are in good agreem ent with electron energy loss
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m easurem en ts in  the sam e system s. There is evidence th a t  the  Si 

layer is more reactive th a n  the carbon layer since it also reacted with 

sapphire substrate.
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Appendix A

Structure Factor and D ielectric Function

Image th a t the electrons system  of the sam ple is perturbed by an  

external electrostatic potential w hich couples to the  electron charge 

density  th rough  the in teraction

- /
H ’ =  S p(r)<l>ext(r,t)d3r

...........................  A .1

The e lec tro s ta tic  p o ten tia l could  be p roduced  by  th e  in jec ting  

electrons. The induced electron density  can  be calculated  by using  

Kubo’s 134 perturbation  and  response function theory. The resu lts  is

Pind (r,co) I exp(icot)pind (r,t)dt- HI k  IJ . oo

I
= I F(r,r’,to)(|)ext( r',C0 )d3r’ ,

.......................  A . 2

w here F(r,r\co) is the response function and is described by 

F(r,r'o))=-i I exp(i(co+i8t)[p(r,t),p(r10)])dt •
.......................  A . 3

The Fourier transform ation of Eq. A.2 yields

Pind (q,CO) =F(q,C0)(|)ext(q,(D)   A 4

where

F(q,co) = -i I exp(i(co+i6t)(pq(t),p_q(0)])dt •
Jo   A 5



It is well known that the (r.oo) can be expressed as follows:
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A.6

By using Eq. A.2, the Fourier transform ation in m om entum  space of 

Eq. A.6 is given by:

4 k
^ ndM = ^ F ( ^ ( o ) ^ J ^ c o )  ■ A ?

From  th e  defin ition  of th e  d ie lec tric  fu n c tio n  a n d  a  little

m athem atical arrangem ent, we can have

1 _E(q,co) 
e(q,co) D(q,co)

J>totai(q.<n)
<))ext(q,co)

................ A.8

By using Eq. A.7 and <J)totai =(l)ind+<l)ext * the dielectric function in the  q 

space is given by:

e(q,to) =1+ q2 F(q*co) . ................ A g

In Eq. A.9, the  im aginary part of l/e(q,(o) should equal the  imaginary

p a r t of F(q,co), th en  we can  have the relation betw een th e  response 

function and the dielectric function:

-lm(F(Q’ft))=7-lm P^) 
471 £ A. 10
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In order to find out the relation between S(q,co) and Im (-l/e), we 

derive the relation between S(q,a>) and F(q,co).

Suppose th a t we have a  complete se t of s ta tes  for an  interacting 

system  in  therm al equilibrium . S(q,w) can  be described in  term s of 

these  system  and the ir energies

{where p = 1 /kT} 

T he correlation function can be expressed in a  sim ilar way

e «ot e -PEiô  lo| | l êHElo - EiJt/h  ̂ ]j | ^ t

=  £  1  e -pE,c|( l^nqi 1)|2 5(co +B ° - p i) . 
uifi n A. 11

e1(0t T (q ,t)d t
oo

e ic°t e-!3 El°{ rEq(O) nq(t)} d

=  I i e ^ (  10|n.q11)|2 5(co - f - Lr- S a) .
i i n n A. 12

When interchanging the dum m y indices 1 and 10, we have

T(q,co) = e P hco S(q,co) A. 13

W ith th is  relation (Eq. A13) and the  Eq. A.5, we can  determ ine the



218
re la tion  betw een response  function  F(q,to) to the  s tru c tu re  factor 

S(q,co). The resu lt is :

F(q,co) = -ie2 j e1*® + i5)t ([nq(t), n_q(0)] )dt 
Jo

-ie2 I etf® + (S(q,t) - T(q,t))dt
Jo

-ie2J  e«® + i5)t e1®* (SCQ’Co’J-Tfq.co’JJdt dto'

................ A. 14

After the time integral, the  response function F(q,co) is given by:

F (q,(o)= e2 f S ( q ^ :T(cL0l')dm
J_ to - to +i8

- ( l-e N )S (q ,to ’)d io, 
to - to +i8

= e2S(q>co)i7t(l- e M  •   A. 15

And S(q,co) can then  be expressed:

, -Im(F(q,co))
S(Q’to) = 9 , R. .

e2rc(l- e P h(0)   A. 16

For the special case, w hen p h to »  1  ̂ s truc tu re  factor is given by:

s n . r i  =-lm(F2(q-<0)).
e27t   A. 17

Finally, by combining Eqs. A. 10 and A. 17, the relation between
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stru c tu re  factor S(q, co) and  the dielectric function Im (-l/e) is given by
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Appendix B

Energy- band  s tru c tu re  of a single two dim ensional layer of graphite 
calculated by Painter and Ellis, Ref. [82].
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