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ABSTRACT 

Application of a Thermal Field Emission Source 

for Scanning Auger Microscopy 

David W. Tuggle, M.S. 
Oregon Graduate Center, 1981 

Supervising Professor: Lynwood W. Swanson 

A thermal field emission (TFE) electron source has been incorpor- 

ated into a microprobe with two magnetic lenses to produce a 0.10 pm 

beam spot with 0.11 PA current at 12 kV and a working distance of 

13 cm, in agreement with calculated performance assuming a source 

angular intensity of 1 mA sr-l. 

Experience with cold field emitters has discouraged their use in 

many applications because of noise problems, instability, short life, 

and extreme vacuum requirements. The TFE mode of operation allows a 

relaxation of vacuum requirements by rapid thermal annealing of 

sputter-induced surface deformation, thereby minimizing the prob- 

ability of emitter destruction by a regenerative vacuum arc. Addi- 

tionally, the high emitter temperature maintains a low and constant 

coverage of adsorbed gases on the emitter surface thereby eliminating 

time dependent work function change. 

The emitter used was <loo> oriented W coated with Zr, operated 

at 1800 K. The microprobe was used to construct a scanning Auger 



microscope which produced submicron reso lu t ion  Auger elemental maps 

wi th  scan times of 5 min o r  less. 

The high vol tage  Zr/W<100> TF emi t t e r  not only e x h i b i t s  long l i f e  

(- 5000 h on severa l  t e s t s ) ,  but  s u f f i c i e n t l y  low noise  Ce.g., 0.23%) 

t o  be used i n  SAM app l i ca t ions  without t h e  need f o r  sophis t ica ted  beam 

current  s t a b i l i z a t i o n  schemes. Specimen current  d e n s i t i e s  which f a r  

exceed SAM requirements can be obtained a t  0.1 pm spot  s i z e  with 

r e l a t i v e l y  simple gun op t i cs .  A t  present  a  current  densi ty  of 1300 

~ / c m ~  o r  power densi ty  of 1.6 x lo7  ~ / c m ~  has been achieved i n  a 

0.1 pm beam spot .  This corresponds t o  an image plane br ightness  of 

5.5 x 10' A c G 2  s r - l  a t  12 kV. The geometric s t a b i l i t y  of t h e  

emit ter  s t r u c t u r e  i s  excel lent  once i t  achieves equil ibrium tempera- 

tu re .  Measurements show the  emit ter  d r i f t  over 16  h periods t o  be 

< 0.05 vm/h f o r  a TFE emi t t e r  operat ing a t  1800 K. 

x i i  



CHAPTER 1 

INTRODUCTION 

The purpose of t h e  work presented  i n  t h i s  t h e s i s  is  t o  demon- 

s t r a t e  t h e  c h a r a c t e r i s t i c s  of an e l e c t r o n  microprobe us ing  a z i r con i -  

a t e d  tungsten thermal  f i e l d  emission (TFE) e l e c t r o n  source.  The 

s p e c i f i c  a p p l i c a t i o n  of t h i s  microprobe t o  scanning Auger s u r f a c e  

a n a l y s i s  is  only one of many p o s s i b l e  a p p l i c a t i o n s  of t h i s  e l e c t r o n  

source.  F i e l d  e m i t t e r s  a r e  i n h e r e n t l y  h igh  b r i g h t n e s s  e l e c t r o n  

sources  due t o  t h e i r  smal l  v i r t u a l  source  s i z e  and h igh  cu r ren t  

dens i ty .  They a r e  capable of d e l i v e r i n g  o r d e r s  of magnitude more 

c u r r e n t  i n t o  submicron focused s p o t s  than  thermionic cathodes. 

1-4 
Seve ra l  au tho r s  have combined a scanning e l e c t r o n  microscope 

(SEM) wi th  an Auger e l e c t r o n  spectrometer  t o  determine the  s p a t i a l l y  

reso lved  s u r f a c e  chemistry of a specimen. Since t y p i c a l  SEMs d e l i v e r  

l e s s  than  a nanoamp t o  the  specimen and t h e  Auger process  i s  typi -  

c a l l y  very  low y i e l d  ( l o m 4 ) ,  p l u s  CMA e l e c t r o n  spec t rometers  have a 

t ransmiss ion  of only about  15% a t  most, t h e  Auger s i g n a l  i s  s o  weak 

t h a t  extremely long d a t a  a c q u i s i t i o n  t imes are requ i r ed .  Commercial 

i n ~ t r u m e n t s ~ ' ~  designed s p e c i f i c a l l y  f o r  Auger a n a l y s i s  and us ing  a 

LaB6 thermionic poin ted  cathode can d e l i v e r  beam c u r r e n t s  on t h e  

o r d e r  of a nanoamp a t  h igh  s p a t i a l  r e s o l u t i o n  and t h e r e f o r e  have a 

b e t t e r  s i g n a l  t o  n o i s e  (SIN) r a t i o  t han  t h e  modified SEMs. F i e l d  

e m i t t e r s ,  due t o  t h e i r  extreme b r igh tnes s ,  can d e l i v e r  10 t o  100 nA 



i n t o  t h e  same s i z e  spot  a s  the  LaB6 cathode, and thereby increase  the  

Auger SIN r a t i o  (see Figure 1-1). The only rese rva t ions  toward using 

a f i e l d  emission (FE) source a r e  t h a t  these  sources t y p i c a l l y  have a 

reputa t ion f o r  i n s t a b i l i t y  and noise ,  and a t  high current  d e n s i t i e s  

an energy spread i n  the  emitted beam occurs which could cause an 

increase  i n  focused spot  s i ze .  

There a r e  severa l  advantages i n  operat ing a f i e l d  emi t t e r  a t  an 

elevated temperature ( the  thermal-field mode), one of which i s  a 

reduction i n  beam noise.  The emit ter  used i n  t h i s  instrument is 

10 keV BEAM ENERGY 

(Typical Data) 

BEAM CURRENT (nanoamps) 

Figure 1-1. Beam diameter vs.  beam current .  



opera ted  a t  1800 K. It is  a <loo> o r i e n t e d  e l ec t rochemica l ly  etched 

tungs ten  wire  on which zirconium has  been depos i ted .  The n e t  e f f e c t  

of the <loo>  o r i e n t a t i o n  and t h e  zirconium adso rp t ion  is t o  c r e a t e  a 

low work f u n c t i o n  (100) p l ane  a t  t h e  e m i t t e r  t i p .  Th i s  r e s u l t s  i n  

t h e  e l e c t r o n  emission be ing  confined t o  a ha l f -angle  of l e s s  than  9 

degrees, '  which dec reases  t o t a l  c u r r e n t  r equ i r ed  f o r  a g iven  a x i a l  

b r igh tnes s ,  a s  compared t o  unconfined f i e l d  emission sources .  

8 Table 1-1 is  a comparison of thermionic,  f i e l d  and photo 

cathode e l e c t r o n  sources.  It can be seen t h a t  t h e  z i r c o n i a t e d  

tungs ten  <loo> o r i e n t e d  (Zr/W<100>) thermal f i e l d  e l e c t r o n  (TFE) 

e m i t t e r  has  a b r i g h t n e s s  o rde r s  of magnitude above any of t h e  o t h e r  

cathodes.  The scanning Auger microscope (SAM) descr ibed  h e r e  has  

been designed9 t o  i nco rpora t e  t h e  Zr/W<100> TFE source.  Beam n o i s e ,  

s t a b i l i t y ,  mechanical d r i f t ,  spo t  s i z e  and I-V d a t a  have been meas- 

ured f o r  the  source  and e l e c t r o n  o p t i c s .  Auger s p e c t r a  have been 

obta ined  and scanning Auger e lementa l  maps have been recorded. 

The f i r s t  p a r t  o f  t h i s  t h e s i s  comprises a review of e l e c t r o n  

o p t i c s ,  cathode c h a r a c t e r i s t i c s  and Auger spectroscopy.  The l a s t  

p a r t  covers  t h e  s p e c i f i c s  of t h i s  p a r t i c u l a r  experimental  system and 

t h e  r e s u l t s  and conclusions der ived  from t h e  system. 



TABLE 1-1 

CATHODES AND THEIR PROPERTIES 

Type of 
Emission 

Type of 
Cathode 

Thermionic 

Thermionic 

Thermionic 

Thermionic 

Thermionic 

Thermionic 

Thermionic 

Field 

Ta 

Rh 

Thoriated W 

Oxide coated 

Dispenser 

LaB6 

Single 
x- ta l  W 

Zirconiated W 

Photo 

Photo 1 ::I 

Emission, 
~ / c r n ~  

0.6 

7.3 

0.5 

0.2 

1- 3 

0.5 

0.5 t o  6 

20.4 

up to lo4 

Upper 
Pressure 

Limit,  Torr 

10-4 

Operating 
Temperature, 

Tc 

2470 

2 700 

2300 

2300 

2000 

1100 

1150 t o  1400 

2100 

Room 

B 
~ / c m * / s r  a t  20 kV 

1.8 x lo4 
1 .9  x l o 5  
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CHAPTER 2 

ELECTRON OPTICS 

A. In t roduct ion  

A l l  e l e c t r o s t a t i c  and magnetic f i e l d s  of e i t h e r  a x i a l  o r  plane 

symmetry possess the  p r o p e r t i e s  of o p t i c a l  lenses .  This  f a c t  al lows 

the  use  of  l i g h t  o p t i c a l  concepts, such a s  abe r ra t ions ,  ca rd ina l  

po in t s ,  e t c .  t o  be used t o  descr ibe  an e l e c t r o s t a t i c  o r  magnetic 

e l ec t ron  l ens .  I n  f a c t  a  d i r e c t  mathematical analogy between opt i -  

c a l  r e f r a c t i v e  index and e l e c t r o s t a t i c  f i e l d  p o t e n t i a l  exists. A 

somewhat l e s s  d i r e c t  connection between r e f r a c t i v e  index and magnetic 

f l u x  a l s o  e x i s t s .  

Before the  widespread u s e  of high speed d i g i t a l  computers, a 

g rea t  dea l  of work was done with the  few l e n s  geometries f o r  which 

a n a l y t i c a l  expressions could be w r i t t e n  and solyed f o r  t h e  a x i a l  

f i e l d .  The r e s u l t s ,  expressed i n  terms of f o c a l  lengths  and aberra- 

t i o n  c o e f f i c i e n t s ,  gave e lec t ron  o p t i c a l  des igners  some guidel ines  

a s  t o  how t o  minimize abe r ra t ions  while obta in ing t h e  des i red  focus- 

ing  p roper t i e s .  E l e c t r o l y t i c  tanks and r e s i s t o r  network analogs were 

used t o  obta in  l e n s  f i e l d s  f o r  a  wider c l a s s  of l enses ,  but  with 

l imi ted  accuracy. F i n i t e  d i f f e rence  and f i n i t e  element d i g i t a l  com- 

puter  so lu t ions  f o r  Laplace's equation now permit any l e n s  geometry 

t o  be t e s t e d  f o r  i ts  c h a r a c t e r i s t i c s  before  i C  i s  b u i l t .  These 



techniques also allow the calculation of electron trajectories for 

1 non-paraxial electron rays, Munro has carried the computer tech- 

nique one step further and written a program which automatically 

modifies the lens geometry after each calculation to minimize the 

sum of the squares of the aberration coefficients. 

The first sections of this chapter deal with glass optics. 

Then a review of magnetic lens electron optics is presented and 

finally two topics are covered which are peculiar to electron optics, 

quadrupole lenses and deflection systems. 

B. Gaussian Imaging 

Conventional geometrical optics is based on Snell's law, 

n1 sin 81 = n2 sin 02, which relates the angles of incidence (81) 

and refraction (82) at an interface between two media of different 

refractive indices, nl and n2. This law can be derived from the 

definition of the refractive index nl = c/vl, where c = speed of 

light in a vacuum and vl = speed of light in medium with index nl, 

and the condition of wavefront continuity at the interface between 

nl and np. In order to obtain manageable equations relating the 

incident and transmitted rays in an optical system, the sine function 

in Snell's law is expanded in a Maclaurin expansion as follows: 

Approximating Snell's law by nl el = n2 e2 (first order theory), 

one obtains aberration free imaging or Gaussian imaging. Since we 



w i l l  no t  be concerned wi th  m i r r o r s  o r  s i n g l e  r e f r a c t i n g  s u r f a c e s ,  

bu t  r a t h e r  wi th  l e n s e s ,  we can proceed d i r e c t l y  t o  t h e  a n a l y s i s  of 

a g l a s s  l e n s  w i t h  s p h e r i c a l  s u r f a c e s .  2  

I n  F igure  2-1, a  l e n s  w i th  r e f r a c t i v e  index n2 i s  immersed i n  a  

medium wi th  index n l .  The l i g h t  ray  proceeds a long  t h e  pa th  ACFE. 

The c e n t e r s  of cu rva tu re  f o r  t h e  l e n s  s u r f a c e s  a r e  a t  p o i n t s  D and B. 

F igure  2-1. Glass l e n s .  

Regarding t h e  t r a n g l e s  ABCA and DE:FD we can s t a t e  immediately 

a + B = O 1  and y + 6 = 8 4 .  (2-2) 

The t r i a n g l e s  DBGD and CGFC have an  ang le  i n  common. Thus, t h e  sum 

of t h e  o t h e r  two angles  i n  each t r i a n g l e  i s  equal  t o  t h i s  common 

ang le  , 



Applying t h e  f i r s t  o rde r  approximation t o  S n e l l ' s  law at  t h e  l e n s  

s u r f a c e s  y i e l d s  

n1 81 = n2 e2 and n2 e3  = n1 €I4. 

Combining t h e s e  g i v e s  

S u b s t i t u t i n g  f o r  and 84 from equat ion  2-2, we have 

Using t h e  o b j e c t  and image d i s t a n c e s  a s  def ined  i n  t h e  diagram and 

no t ing  t h a t  BC = rl and Dl? = r 2 ,  t h e  r a d i i  of cu rva tu re  f o r  t h e  l e n s  

s u r f a c e s ,  f o r  small  ang le s  we can w r i t e  

Also, f o r  small ang le s  and t h i n  l e n s e s  we can w r i t e  

CH m' ' 

C o l l e c t i n g  t h e  l a s t  t h r e e  s e t s  of equat ions  i n t o  one y i e l d s  



Thi s  i s  known a s  t h e  l e n s  maker 's equat ion.  I f  t h e  r i g h t  hand s i d e  

of t h e  equat ion  i s  rep laced  by l f f ,  where f is  t h e  f o c a l  l e n g t h ,  

t hen  i n  t h i s  t h i n  l e n s  approximation, t h e  f o c a l  l e n g t h s  f o r  both 

t h e  image and t h e  o b j e c t  s i d e s  of t h e  l e n s  a r e  t h e  same, a cond i t i on  

n o t  t r u e  i n  genera l .  

I n  g e n e r a l ,  i f  so + - then  l / s i +  l / f i  and i f  s i +  - then  l/sO 

+ l / f o  where f i  and f o  a r e  t h e  image o b j e c t  space  f o c a l  l e n g t h s ,  

r e s p e c t i v e l y .  The o b j e c t  o r  image d i s t a n c e s  approaching correspond 

t o  r a y s  p a r a l l e l  t o  t h e  o p t i c a l  a x i s .  

We have e s t a b l i s h e d  t h a t  r a y s  e n t e r i n g  t h e  l e n s  p a r a l l e l  t o  t h e  

a x i s  a l l  converge t o  a po in t  a t  f i  and t h a t  r a y s  l eav ing  tile po in t  

f o  a t  any ang le  a r e  co l l imated  and emerge p a r a l l e l  t o  t h e  a x i s .  

From t h e s e  two f a c t s  t h e  o b j e c t  and image d i s t a n c e s  and correspond- 

i n g  magni f ica t ion  can be obtained through use  of F igure  2-2 and by 

applying a s imple " lever  arm ru le . "  

I 
P' 

Lens a t  Z = 0 

Figure  2-2. Magnif icat ion diagram. 



This is known a s  t h e  Gaussian formula i n  op t i cs ;  an equivalent  

statement xlxp = f 2  and m = -f /xl  = -x2/f is  known a s  t h e  Newtonian 

formula. 

C. Aberrations 

I f  w e  include t h e  second term i n  the  expansion of s i n  8 i n  

Sne l l ' s  Law, - 
s i n  8 = 0 - e 3 / 3 !  

we obta in  imperfect imaging ( t h i r d  order theory).  There is  some 

confusion regarding the  order of var ious  aberra t ions .  Regarding the  

expansion of s i n  8 a s  determining the  order of t h e  aber ra t ions ,  the re  

a r e  only t h i r d ,  f i f t h ,  seventh, e t c .  order aberra t ions .  However, 

some authors r e f e r  t o  the  dependence of t h e  aber ra t ion  on the  power 

of e i t h e r  the  ray height  a s  it e n t e r s  the  l ens  or  t h e  aper tu re  angle 

as determining t h e  order of t h e  aberra t ion.  Addit ionally,  calcula-  

t i o n s  which determine the  c a u s t i c  cross  sec t ion  (b lur  diameter) i n  

terms of the devia t ions  of a wavefront from spher ica l  symmetry a r e  

based on t h e  order of terms i n  a polynomial expansion of the  wave- 

5 f ron t .4  Born and Wolf r e f e r  t o  t h e  d i s t i n c t i o n  between wave aberra- 

t ions ,  based on t h e  o p t i c a l  path length e r r o r  a s  a function of 

Cartesian coordinates which y i e l d s  four th ,  s i x t h ,  e i g h t h ,  e t c .  order  



a b e r r a t i o n s  and r a y  a b e r r a t i o n s ,  which a r e  of t h i r d ,  f i f t h ,  e t c .  

o rde r  i n  t h e  coo rd ina t e s .  

The primary image d e f e c t s ,  ob ta ined  by us ing  6 - e3/3!  f o r  

s i n  8 i n  S n e l l ' s  Law, were f i r s t  i n v e s t i g a t e d  by ~ e i d e l . ~  He 

expressed t h e  d e v i a t i o n  of a  ray from t h e  p a t h  p re sc r ibed  by t h e  

Gaussian formulas i n  terns of f i v e  sums, t h e  S e i d e l  sums. The 

magnitude of each sum i s  p ropor t iona l  t o  t h e  magnitude of  cha rac t e r -  

i s t i c  and i d e n t i f i a b l e  a b e r r a t i o n s  observed i n  t h e  image p l ane  of 

t h e  o p t i c a l  system. These a r e  c a l l e d  s p h e r i c a l  a b e r r a t i o n ,  coma, 

ast igmatism, Pe t zva l  cu rva tu re  (u sua l ly  c a l l e d  cu rva tu re  of f i e l d )  

and d i s t o r t i o n .  The fol lowing paragraphs ske tch  t h e  r e s u l t s  of 

t h i r d  o r d e r  theory .  

Sphe r i ca l  a b e r r a t i o n  is caused by t h e  d i f f e r e n c e  i n  f o c a l  l e n g t h s  

'or r a y s  c l o s e  t o  t h e  a x i s  (pa rax ia l )  and r a y s  c l o s e  t o  t h e  edge 

(marginal) of t h e  l e n s .  F igure  2-3 i l l u s t r a t e s  t h i s  a b e r r a t i o n .  

(B 1 
sa min 

-\ 
-\ 

-\ --\-".- 
c * 

/-@ 

// 
// - 

Long. SA 

7 s  P 

Figure  2-3. Sphe r i ca l  a b e r r a t i o n .  



The magnitude of t h i s  abe r ra t ion  can be measured by t h e  d i f fe rence  

i n  f o c a l  po in t s  between pa rax ia l  and marginal r ays  ( longi tudinal  

S.A.) o r  by t h e  r ad ius  of the  b l u r  c i r c l e  a t  the  pa rax ia l  f o c a l  point  

( l a t e r a l  S.A.). Addit ionally,  the  abe r ra t ion  can be expressed i n  

t e r m s  of the  minimum b l u r  diameter,  

1 = - 1 
(Bsa)min 2 Lat SA = (y/sp) Long SA, 

which occurs a t  a d i s t a n c e  314 of the  way between t h e  pa rax ia l  and 

marginal f o c i .  Angular b l u r  is a l s o  use fu l ,  being defined as 

1 
BSa = (Bsa)minl~p = f (y/sp2) Long SA. 

Longitudinal  S.A.  v a r i e s  i n  proport ion t o  t h e  square of the  s e m i -  

ape r tu re  and l a t e r a l  SA v a r i e s  a s  t h e  cube of the  semiaperture. A 

point  source is  imaged a s  a b r i g h t  spo t  surrounded by a halo.  

Coma i s  due t o  a v a r i a t i o n  i n  l a t e r a l  magnificat ion f o r  pa rax ia l  

and marginal rays .  The marginal rays  a r e  imaged e i t h e r  c l o s e r  t o  o r  

f u r t h e r  from the  o p t i c a l  a x i s ,  r e s u l t i n g  i n  a point  ob jec t  appearing 

a s  a po in t  image with a comet-like t a i l  extending e i t h e r  toward o r  

away from the  o p t i c a l  a x i s  (negative o r  p o s i t i v e  coma). I n  Figure 

2-4 t h e  comatic image is drawn and next  t o  i t  is shown the  l e n s  

ape r tu re .7  Ray loca t ions  in the  ape r tu re  and image planes a r e  shown 

by corresponding l e t t e r s .  Note t h a t  r ays  going around the  ape r tu re  

c i r c l e  once go around the  image c i r c l e  twice. The measures of coma 

a r e  the  t angen t i a l  coma and s a g i t t a l  coma, indica ted  i n  t h e  f igure .  



The s a g i t t a l  coma i s  one-third the value of the tangential coma. 

Coma is  proportional to  the square of the semiaperture and direct ly  

proportional t o  the f i e l d  s i z e  (distance away from the a x i s ) .  

coma = coma T 

Negative coma shown here 

B 

Aperture 

Image 

Figure 2-4. Coma 



Astigmatism i s  another  off-axis  abe r ra t ion  caused by t h e  tan- 

t e n t i a l  and s a g i t t a l  f an  of rays  f o r  an off-axis  ob jec t  point  imaging 

i n  d i f f e r e n t  planes.  I f  one c u t s  through a  spher i ca l  su r face  a t  a  

non-normal angle  with a  f an  of r ays ,  the  rays  encounter d i f f e r e n t  

su r face  curvatures  depending on t h e i r  o r i e n t a t i o n .  I n  Figure 2-5, 

t he  t angen t i a l  rays  (which form l i n e s  i n  d i r e c t i o n s  tangent  t o  a  

c i r c l e  i n  t h e  image space) come t o  a  focus c lose r  t o  the  l e n s  than 

t h e  s a g i t t a l  (or  r a d i a l )  rays .  

Tangential Image 
(Focal Line) 

Opt ica l  System 

Tangential  Fan 

Pr inc ipa l  Ray 

S a g i t t a l  Fan of Rays 

Object Point  

Figure 2-5. Astigmatism. 
7 



This is called undercorrected astigmatism, as distinguished from 

the case of a closer sagittal focus which is overcorrected. A 

point object is imaged as two lines, between which the image appears 

as an elliptical or circular blur. The magnitude of the difference 

between the tangential and sagittal focal surfaces is dependent on 

the square of the field size. Also, the length of the lines is pro- 

portional to the aperture size. 

Petzval curvature or field curvature is a curvature of the image 

surface in the absence of astigmatism. Figure 2-6 indicates the 

Petzval surface for both positive and negative lenses, as well as 

the further curvature and splitting of the image surface into tan- 

gential and sagittal surfaces if astigmatism is also present. The 

magnitude of the deviation from a plane is proportional to the square 

of the field size. 

Sagittal Focal Surface 

Petzval Surface 

Figure 2-6. Field curvature. 



D i s t o r t i o n  is  a v a r i a t i o n  i n  l i n e a r  magni f ica t ion  w i t h  of f -ax is  

d i s t a n c e  i n  t h e  image su r f ace .  An i n c r e a s e  i n  magni f ica t ion  wi th  

image h e i g h t  is  c a l l e d  p i n  cushion d i s t o r t i o n ;  t h e  oppos i t e  i s  c a l l e d  

b a r r e l  d i s t o r t i o n .  The magnitude of d i s t o r t i o n  i s  p ropor t iona l  t o  

t h e  cube of t h e  image h e i g h t  ( s e e  F igure  2-7). 

P i n  Cushion 

Undis tor ted  
Image 

Bar re l  

F igure  2-7. D i s t o r t i o n .  

The f i v e  S e i d e l  a b e r r a t i o n s  have been considered f o r  t h e  mono- 

chromatic ca se  only.  S ince  t h e  index of r e f r a c t i o n  v a r i e s  w i th  

wavelength o r  c o l o r  of t h e  l i g h t ,  t h e  f i v e  nonochromatic a b e r r a t i o n s  

a r e  a f f e c t e d  by chromatic a b e r r a t i o n  a s  w e l l .  Longi tudina l  chromatic 

a b e r r a t i o n  ( i n  t h e  absence of t h e  o t h e r  a b e r r a t i o n s )  i s  t h e  d i s t a n c e  

between t h e  f o c a l  p o i n t s  f o r  t h e  s h o r t e s t  and longes t  wavelengths i n  

t h e  i n c i d e n t  l i g h t .  L a t e r a l  chromatic a b e r r a t i o n  i s  t h e  d i f f e r e n c e  

i n  magni f ica t ion  of a  l e n s  f o r  d i f f e r i n g  wavelengths ( s ee  F igure  

2-8). 

8 
Table 2-1 (from Smith ) summarizes t h e  a b e r r a t i o n s  and t h e i r  

dependence on t h e  semiaper ture  y and t h e  image h e i g h t  h.  



Lateral 

perture 

C A 

Figure 2-8. Chromatic aberration. 

TABLE 2-1 

OPTICAL ABERRATIONS 

Aberration vs. Aperture vs. Field Size 

Y - Spherical (long. ) 

Spherical (lateral) 

Coma 

Petzval curvature 

Astigmatism 

Length of astigmatic lines Y h 

Distortion (linear) - h 

Distortion (percentage) - h2 

Axial chromatic (long.) - - 

Lateral chromatic - h 



D. Cardinal Po in t s  of a  Lens 

Before proceeding any f u r t h e r ,  it is necessary t o  de f ine  some 

terms which w i l l  be used l a t e r .  Figure 2-9 shows the  cardinal  points  

of a  lens .  P o s i t i v e  d i s t ances  a r e  shown by t h e  arrows. The subscr ip t  

o denotes t h e  object  s i d e ;  i denotes t h e  image s i d e  of the  l ens .  Fur- 

t h e r  subsc r ip t s  w i l l  be used a s  follows: 

p = Paraxia l ;  m = Marginal; 1,2,3,  etc .  = first, second, t h i r d  
l e n s  i n  a system. 

Po and Pi a r e  t h e  ob jec t  and image p r inc ipa l  points .  The p r inc ipa l  

planes a r e  shown by t h e  dotted l i n e s .  These a r e  t h e  planes where the  

e f f e c t i v e  change i n  d i r e c t i o n  occurs f o r  the  rays  passing through t h e  

respec t ive  f o c a l  points .  For a t h i n  l e n s  P and Pi a r e  coincident  
0 

and f o  = fi .  Notice t h a t  the  physical l e n s  is  not  shown. I f  d is tan-  

ces  a r e  re fe r red  t o  a physical  point  on t h e  l ens ,  then t h e  object  and 

image dis tances  a r e  usual ly  denoted by zo and zi, and t h e  d i s t ances  

t o  t h e  p r inc ipa l  planes a r e  z and zpi. 
PO 

Figure 2-9. Cardinal points .  



E. Relaying Spherical  Aberration 

I f  we have a sequence of l enses ,  i t  becomes necessary t o  de ter -  

mine how t h e  individual  abe r ra t ing  elements a f f e c t  t h e  f i n a l  image. 

We w i l l  only i n v e s t i g a t e  spher i ca l  abe r ra t ion  e f f e c t s  i n  t h i s  sec- 

t i o n ,  s ince  f o r  our app l i ca t ion  spher ica l  and chromatic w i l l  be  t h e  

only s i g n i f i c a n t  abe r ra t ions  which cannot be correc ted  o r  minimized 

i n  some way. 

Consider an o p t i c a l  system i n  which a point  ob jec t  is  imaged t o  

a point  image (on a x i s )  v i a  a two l e n s  col l imat ing  system, a s  shown 

i n  Figure 2-10. Let each l e n s  have p o s i t i v e  spher i ca l  abe r ra t ion  

(marginal rays  a r e  focused c l o s e r  t o  the  l e n s  than pa rax ia l  rays) .  

We can use  t h e  Gaussian formula f o r  t h e  pa rax ia l  rays  and f o r  the  

I I 
 ens 1 I  ens 2 

I 
I I 

o 'i 

Figure 2-10. Relaying spher ica l  abe r ra t ion  (Case 1). 
(Both l enses )  



marginal rays ,  providing w e  use a d i f f e r e n t  f o c a l  length.  For the  

paraxia l  rays  of t h e  f i r s t  l ens ,  

For t h e  dotted l i n e s ,  which de f ine  A1, t h e  longi tudinal  spher ica l  

aber ra t ion  (Long. SA) of the  f i r s t  l e n s  r e f e r r e d  t o  the  object  s i d e ,  

we have 

For t h e  s o l i d  marginal l i n e s  which converge upon leaving t h e  f i r s t  

l ens ,  and which a r e  t h e  ac tua l  marginal rays  from a point  source 

detected a t  f 
OP' 

We want t o  determine s t h e  point  where the  marginal rays  come i m  ' 
t o  a focus, so  t h a t  we can use t h i s  a s  an object  point  f o r  marginal 

ray  input  t o  t h e  second lens .  Combining equations 2-6 and 2-7 t o  

e l iminate  f  and rearranging terms y i e l d s  
om 



which gives the  r e s u l t  

Another e f f e c t  t o  consider  i s  t h a t  t h e  marginal r ays  no longer 

a r e  a t  t h e  d i s t ance  y of f -axis  when they reach the  second l ens .  The 

s lope  of t h e  marginal r a y  leaving the  f i r s t  l e n s  is  -y/slm Af te r  

t r ave l ing  a d i s t ance  L, it has moved c l o s e r  t o  t h e  a x i s  by a d i s t ance  

Ly/sim. Its d i s t ance  from t h e  a x i s  i s  then y ( l  - L/sim). Since 

Long. SA v a r i e s  a s  y2, t h e  Long. SA of t h e  second l e n s  i s  e f f e c t i v e l y  

reduced by a f a c t o r  of ( 1  - ~ 1 s ~ ~ ) ~ .  Note t h a t  when we have t h e  f i n a l  

r e s u l t  and wish t o  convert t o  Lat .  SA, the  reduced aper tu re  of t h e  

second l e n s  w i l l  again have t o  be taken i n t o  account. 

Let A2 be t h e  Long. SA of t h e  second l e n s ,  with an ape r tu re  y. 

It is  now necessary t o  append another subsc r ip t  t o  t h e  parameters t o  

d i s t i n g u i s h  between the  f i r s t  and second lens .  A s  shown i n  Figure 

2-11, the  coll imated pa rax ia l  beam focuses a t  fip2. The marginal 

r a y s , i f  c o l l i m a t e d , w o u l d h a v e f o c u s e d a t f  - A 2 =  
ip2  

fh2.  The 

a c t u a l  marginal r ays  come from a v i r t u a l  ob jec t  a t  s iml, given above 

i n  equation 2-8. We can the re fo re  apply t h e  Gaussian formula, 

remembering t h a t  f o r  the  a c t u a l  marginal rays  A2 i s  reduced by a 

2 2 f a c t o r  of ( 1  - L/siml) : TI . 



Figure 2-11. Relaying spher ica l  abe r ra t ion  (Case 1 )  
(Lens 2 only) 

s = -s 
i m l  + L 

om2 

I n  t h e  l a t t e r  equation fh2* is  t h e  e f f e c t i v e  marginal image f o c a l  

point ,  including the  e f f e c t  of the  reduced second l e n s  ape r tu re .  The 

reduction f a c t o r  i s  n. The marginal r ays  a r e  focused by the  second 

l e n s  t o  a  d i s t ance  sim2 where 

1 1 - -  1 - - 
s 2 -s + L o  
im2 f i p 2 -  '2 i m l  



Using equat ion  2-8 t o  r e w r i t e  s and s i n  terms of f  and i m l  0 P l  

A1, t h e  above equat ion  becomes 

1 - f2 / A l  + L - f i  + A2 112 - =  £opl  o p l  

'im2 (fip2 - A2 s2) (fopl - f E p l / ~ l  + L)  * 

F i n a l l y ,  t h e  o v e r a l l  Long. SA, denoted by A I 2 ,  is  given by 

- - (fip2 - A2 s2)  (fop - f 2 p / ~ l  o + L ) 
A12= f  - s (2-13) 

ip2 - fip2 f - f 2  /d l  + L - fip2 + A2 112 
' 

op l  o p l  

To conver t  t h i s  t o  Lat .  SA we no te  t h a t  t h e  a p e r t u r e  y i s  reduced 

by II- 

Lat .  S A ~ ?  = (sy/fip2) Long. SA 

f - f 2  / A l  + L - fipZ + A 2  s2 o p l  o p l  

To g e t  t h e  e n t i r e  equat ion  back i n  terms of Lat .  SA, u s e  t h e  follow- 

i n g  d e f i n i t i o n s :  

£0 1 - 2 Lat.  S A ~  A1 = Long. SA1 - 
Y 

'i 2 
A 2  = Long. SA2 = --& Let .  SA2 



t o  r ewr i t e  equation 2-14 as 

Lat. SA12 

( n  - n2 Lat. S A ~ )  ( f o  - yfo l/Lat.  SAI + L)  
= 

op l  - f  o p l  y/Lat.  SA1 !L - fi:Z+(nfip2/y Lat.  SAz ) 

Now let 's  i n v e s t i g a t e  a  s l i g h t l y  d i f f e r e n t  condi t ion ,  shown i n  

Figure 2-12. The point  source has been moved t o  the  r i g h t  s o  t h a t  

now the  marginal rays a r e  coll imated and t h e  pa rax ia l  r a y s  d iverge  

s l i g h t l y .  

Figure 2-12. Relaying spher ica l  abe r ra t ion  (Case 2) .  



For t h e  diverging pa rax ia l  rays  ( s o l i d  l i n e s )  w e  have 

1 1 - = -  1 +-= 1 
f + - .  

s 
0 ~ 1  i p l  I o p l  - 1  s i p  1 

Solving f o r  sipl, 

Unlike t h e  previous case,  where the  marginal rays  extended only 

t o  ny and no f u r t h e r ,  here  t h e  pa rax ia l  beam spreads out  and the  

energy dens i ty  decreases but  t h e r e  i s  no "edge" t o  t h e  pa rax ia l  beam. 

The energy dens i ty  a t  the  second l e n s  has a d i p  i n  the  center  (on 

ax i s )  and s o  the  focused image conta ins  a reduced i n t e n s i t y  contribu- 

t i o n  from t h e  pa rax ia l  cone of rays  which causes the  image t o  appear 

a s  an annular  r ing .  The ou te r  edge of the  annular r i n g  still  deter -  

mines t h e  b l u r  diameter, even though the  c e n t r a l  i n t e n s i t y  is  

reduced. I n  t h i s  case,  then,  w e  can neglec t  the  e f f e c t  on spher ica l  

abe r ra t ion  of t h e  diverging pa rax ia l  beam. The image formed by t h e  

f i r s t  l e n s  ( a t  sipl f o r  pa rax ia l  rays;  a t  - f o r  marginal rays)  becomes 

t h e  ob jec t  f o r  t h e  second lens .  

S = L - s  S - - OD 

0 ~ 2  i p l  ' om2 

We now apply the  Gaussian formula t o  t h e  second lens :  



1 1 1 1 
- i : -  

1 +-= 
f +- 

S s L - s  i p l  s ip2  
ip2 op2 ip2 

Since t h e  incoming marginal beam is coll imated,  the  marginal 

rays  a r e  focused a t  f  = f - A .  The f i n a l  Long. SA i s  
im2 ip2  

using equation 2-19 t o  obta in  s i n  terms of f and A l .  
i p l  0 ~ 1  

A s  before ,  we can convert t h i s  equation i n t o  terns involving 

Lat .  SA. The r e s u l t  is: 

f (. - yfopl  + 

i ~ 2  Lat.  S A ~  o p l  
Lat .  SA12 = 

fi  2 - f + Lat . SA2 (2-23) 
ip2 Y 

L - 

To summarize the  r e s u l t s  of t h i s  sec t ion ,  we can r e w r i t e  the  

expressions f o r  Lat.  SA, dropping e x t r a  subsc r ip t s  since i n  the  f i n a l  

equations f l  and f 2  can be used f o r  f and f wi th  no ambiguity. 
0 ~ 1  ip2 

W e  can a l s o  introduce t h e  ape r tu re  ha l f  angles  a1 = , a2 &, and 

a l f  1 a =I=- 
L L  L . A s  previously s t a t e d ,  



- rl = (1 - L / s ~ ) .  

Using equation 2-8 for siml and equation 2-15 for P I ,  

L n - 1 -  

For the f i r s t  case (diverging marginal beam) the r e s u l t  i s :  



F. Magnetic Lenses 

Consider a system wi th  c y l i n d r i c a l  symmetry and a  region of 

t h a t  system containing a  r o t a t i o n a l l y  symmetric magnetic f i e l d  

(Be = 0). If an e l e c t r o n  is  in jec ted  i n t o  t h e  region and is  t r ave l -  

ing with a  v e l o c i t y  (O,O,vZ), then the  r a d i a l  component of t h e  f i e l d  

a c t s  on t h e  moving e lec t ron  with a fo rce  which c r e a t e s  a  0 component 

i n  t h e  v e l o c i t y ,  vg.  Then v  i n t e r a c t s  with BZ r e s u l t i n g  i n  an 
8 

inward r a d i a l  fo rce .  The momentum of t h e  e l ec t ron  i s  thus r ed i rec ted  

by the  magnetic f i e l d  i n t o  angular and r a d i a l  components which, f o r  a  

col l imated beam of e l ec t rons ,  produces a  focused spot .  

W e  now look a t  t h e  process quan t i t a t ive ly .9  The magnetic s c a l a r  

p o t e n t i a l  $, f o r  which 

can be  expanded f o r  a  r o t a t i o n a l l y  symmetric f i e l d  a s  

This expansion fol lows from t h e  f a c t  t h a t  $ obeys ~ a p l a c e ' s  equation. 

Using t h i s  and equation 2-28 above, we can obta in  expansions f o r  the  

magnetic f i e l d  a t  an off -axis  point  i n  terms of the a x i a l  f i e l d  and 

i ts de r iva t ives .  

r 2  BZ(r,z) = B(z) - - r4 
4 B" (z) + a B"" (z) . . . 

r 
Br(r,z) = - - r 

2 B' (z) + %  B'" (z)  . . . 



If we consider only paraxial electrons we can approximate the field 

by the first terms of the expansions. 

The dynamics of electron motion in a magnetic field containing no 

8 component are as follows: 

1) inward force = Lorentz force + centrifugal "force" 

d 
2) (angular momentum) = moment of Lorentz force 

3) axial force = Lorentz force 

If we substitute equation 2-33 into 2-35, we obtain 

Integration with respect to time yields 



I f  6 = 0 where BZ = 0 ou t s ide  t h e  l e n s ,  then C = 0. Therefore, 

ind ica t ing  t h a t  the  angular  v e l o c i t y  of a  pa rax ia l  beam is only 

dependent on t h e  a x i a l  component of t h e  magnetic f i e l d .  

I f  we s u b s t i t u t e  equation 2-38 f o r  9 and equation 2-33 f o r  Br 

i n  equation 2-36, w e  have 

This expression i s  of a  higher order  than f i r s t ,  so  we can neglec t  i t  

and say t h a t  t h e  a x i a l  v e l o c i t y  of the  pa rax ia l  beam is constant .  

The r a d i a l  equation 2-34, with equation 2-38 s u b s t i t u t e d  f o r  6 ,  

becomes 

The inward r a d i a l  f o r c e  is propor t ional  t o  t h e  r a d i u s  and i t s  

d i r e c t i o n  i s  independent of the  p o l a r i t y  of t h e  magnetic f i e l d .  I f  

t h e  time v a r i a b l e  i s  el iminated from t h i s  equation,  it becomes t h e  

t r a j e c t o r y  equation: 



Here V i s  t h e  acce le ra t ing  p o t e n t i a l  f o r  the  e l ec t rons .  Let  prime 

s tand f o r  d i f f e r e n t i a t i o n  wi th  r e spec t  t o  z. Then, i f  we i n t e g r a t e  

t h i s  equation with r e spec t  t o  z, we g e t  t h e  d i f fe rence  between the  

s lopes  of t h e  incoming (objec t )  and outgoing (image) r ays  of an 

e lec t ron  beam. 

I f  t h e  incoming beam is coll imated rot= 0. I f  t h e  l e n s  is a " th in  

lens ,"  then the  ray  d i r e c t i o n  of t h e  l e n s  i s  changed with no appreci- 

a b l e  change i n  r, t h e  off-axis  ray  d i s t ance .  Then t h e  above equation 

reduces t o  

This formula f o r  t h e  f o c a l  length  of a weak magnetic l e n s  was f i r s t  

derived i n  1926 by Busch. 10  

Most p r a c t i c a l  l enses  of i n t e r e s t  f o r  e l e c t r o n  microscope appl i -  

ca t ions  do not  admit an a n a l y t i c a l  s o l u t i o n  f o r  t h e i r  ca rd ina l  points .  

I n  p a r t i c u l a r ,  t h e  l enses  used i n  the  SAM have such a l a r g e  borelgap 

r a t i o  t h a t  t h e r e  seems t o  be no approximation f o r  t h e  a x i a l  magnetic 

f i e l d  t h a t  is  v a l i d .  11 

A f i n i t e  element method computer program by ~ u n r o ' ~  was used t o  

genera te  va lues  f o r  t h e  ca rd ina l  point  coordinates f o r  t h e  two Celco 



magnetic lenses .  This  program a l s o  generates va lues  f o r  Cs and Cc ,  

t h e  s p h e r i c a l  and chromatic abe r ra t ion  c o e f f i c i e n t s .  

Br ie f ly ,  t h e  Munro program solves  Laplace's equation f o r  the  

magnetic s c a l a r  o r  vec to r  p o t e n t i a l ,  depending on whether j u s t  t h e  

pole p ieces  o r  t h e  e n t i r e  l e n s  s t r u c t u r e  p lus  c o i l  winding is  speci-  

f i e d .  The a x i a l  magnetic f i e l d  is  then ca lcu la ted  from t h e  p o t e n t i a l .  

A pa rax ia l  e l ec t ron  t r a j e c t o r y  i s  then run using t h e  pa rax ia l  

ray  equation with t h e  e l ec t ron  leaving t h e  ob jec t  point  on a x i s  with 

u n i t y  s lope,  r' (zo) = 1, i f  t h e  abe r ra t ions  a r e  t o  be  re fe r red  t o  

t h e  ob jec t  s i d e  o r  wi th  t h e  e l ec t ron  approaching t h e  image point  

with negat ive  un i ty  s lope ,  r' (zi) = -1, i f  t h e  abe r ra t ions  a r e  t o  be 

re fe r red  t o  t h e  image s i d e .  Using t h e  appropr ia te  r ( z )  so lu t ion ,  t h e  

abe r ra t ion  i n t e g r a l s  a r e  then computed. 

The spher ica l  abe r ra t ion  c o e f f i c i e n t  (Cs) computed by ~ u n r o ' s  

program gives  t h e  l a t e r a l  spher i ca l  abe r ra t ion  

where u i s  the  ape r tu re  half-angle,  y / f o  o r  y/f i .  

The minimum b l u r  diameter is given by 

( B ~ ~ )  min. 
= 1 /2  Lat.  SA = 1 /2  cSa3. 

The long i tud ina l  chromatic abe r ra t ion  c o e f f i c i e n t  (Cc) gives 

t h e  d i f fe rence  i n  a x i a l  i n t e r c e p t  produced by an increment i n  

vo l t age  dV by 



dV - Long SA = Cc . 

The l o n g i t u d i n a l  chromatic a b e r r a t i o n  can be  converted t o  

l a t e r a l  chromatic a b e r r a t i o n  by t h e  geometric cons ide ra t ions  shown 

i n  F igu re  2-13. 

/ La t .  CA = a Long CA 

/ AV = 2dV ( B ~ ~ )  min. = u Cc 7 

Figure  2-13. Conversion of Long. CA t o  Lat .  CA. 

G. Quadrupole Lenses--Stigmator 

An e l e c t r o s t a t i c  o r  magnetic quadrupole produces a l i n e  focus .  

An e l e c t r o n  beam t r a v e l i n g  i n  t h e  z d i r e c t i o n  i s  converged i n  one 

p lane ,  say t h e  x,z plane and is  diverged i n  t h e  or thogonal  p lane ,  t h e  

y,z plane  ( s e e  F igure  2-14). 

A magnetic quadrupole i s  produced by f o u r  hyperbol ic-faced 

p o l e  p i eces  arranged a s  shown i n  F igure  2-15. Fo r tuna te ly ,  almost 

any shape of t h e  f o u r  pole  p i eces  w i l l  produce hyperbol ic  
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Figure 2-14. Quadrupole field effect on electron beam. 
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Figure 2-15. Magnetic quadrupole. 



equ ipo ten t i a l s  i n  the  v i c i n i t y  of t h e  z axis;') even a i r  core  c o i l s  

w i l l  be s a t i s f a c t o r y  f o r  app l i ca t ions  i n  which an in tense  f i e l d  is  

not  required.  

Besides t h e  l i n e  focusing property,  the  quadrupole l e n s  

possesses another  property d i s t i n c t  from those of t h e  a x i a l l y  

symmetric l ens ,  namely t h a t  of s t rong  focusing. I n  the  a x i a l l y  

symmetric l e n s ,  the  e l ec t ron  beam moving along the  z a x i s  encounters 

only magnetic f i e l d  l i n e s  which a r e  approximately p a r a l l e l  t o  its 

motion. I n  the  quadrupole l e n s  the  f i e l d  l i n e s  a r e  perpendicular  t o  

t h e  z a x i s  and s o  a given f i e l d  s t r eng th  has a  l a r g e r  focusing 

e f f e c t  on an e lec t ron  beam i n  a quadrupole l ens .  Two quadrupole 

l e n s e s  can be used i n  s e r i e s  t o  achieve a point  focus by r o t a t i n g  

t h e  second l e n s  by n/2 about the  z a x i s  so  t h e  diverging and converg- 

ing  p roper t i e s  add t o  y i e l d  a n e t  convergence i n  both the  x,z and 

y,z planes.  

The use  of t h e  quadrupole l e n s  i n  the  SAM system is not  f o r  

focusing bu t  r a t h e r  f o r  astigmatism correc t ion .  The off -axis  a s t i g -  

matism, analogous t o  t h e  Seidel  abe r ra t ion ,  and the  astigmatism due 

t o  mechanical imperfect ions of t h e  magnetic l e n s  combine t o  produce 

an e l i p t i c a l l y  shaped spot ,  i . e . ,  orthogonal axes have d i f f e r e n t  foca l  

points .  The in t roduct ion  of a  weak quadrupole l e n s  which can be 

va r i ed  i n  magnitude and ro ta ted  about the  beam a x i s  (z a x i s )  can 

e l iminate  the  astigmatism by introducing a converging-diverging f i e l d  

which exact ly  cancels  the  l e n s  astigmatism. This quadrupole l e n s  is 

c a l l e d  a s t igmator.  



Two po in t s  about t h i s  device r e q u i r e  some discussion.  F i r s t ,  

l enses  and o the r  mechanical p a r t s  of t h e  system a r e  not  necessa r i ly  

r e s t r i c t e d  t o  r o t a t i o n a l  asymmetries of second order ( e l l i p t i c a l ) .  

I f ,  a f t e r  co r rec t ion  of t h e  second order asymmetry by a quadrupole, 

t h e  spot  shows a t h i r d  order  asymmetry then an add i t iona l  s t igmator 

4,14 
of hexapole geometry can be used t o  c o r r e c t  t h i s  asymmetry. 

The second po in t  is t h a t  placement of the  st igmator i n  the  

o p t i c a l  column can be  important i f  one i s  t r y i n g  t o  image an extended 

ob jec t .  I f  the  st igmator introduces a co r rec t ing  asymmetry t o  t h e  

beam a t  some d i s t a n c e  from t h e  l e n s  which produces the  astigmatism, 

the  co r rec t ion  w i l l  be co r rec t  a t  only one point  i n  t h e  f i e l d  of 

view. Placing t h e  st igmator wi th in  t h e  l e n s  gap t o  c o r r e c t  the  

problem "at  i t s  source" produces a l a r g e r  s t igmat ic  f i e l d .  15 

H. Def lec t ion  

An e lec t ron  of v e l o c i t y  uo, upon encountering a magnetic f i e l d  

B t r ansverse  t o  i t s  motion, w i l l  be  def lec ted  i n t o  a c i r c l e  of r ad ius  

i n  t h e  plane containing t h e  vec to r s  uo and B. I f  the  f i e l d  extends 

only over a  small por t ion  of t h e  e l e c t r o n ' s  path,  the  e l ec t ron  w i l l  

be de f l ec ted  from its path by an angle  O where 



and z is the extent of the magnetic field along the initial direction 

of motion.16 The electron leaves the deflection field region with a 

redirected velocity vector of the same magnitude with which it 

entered. The effective deflection "principal plane" is at the 

center of the deflecting field. 

In looking at the electrostatic deflection case, it may be 

thought that a transverse E field imparts a transverse velocity to 

the beam, which, when summed with the initial velocity results in 

not only a redirected but also increased magnitude velocity vector. 

Actually, electrostatic deflection produces the same overall result 

as magnetic deflection because of the fringing fields around the 

deflection plates which reduce the longitudinal velocity vector 

in such a proportion as to leave the magnitude of the velocity un- 

changed. l7 This is an inherent characteristic of the electric field 

and not due to a specific deflecting electrode geometry. 

Magnetic deflection with the coils outside the vacuum barrier 

permits a greater flexibility in positioning the coils and modifying 

their design than would be allowed using either magnetic or electro- 

static deflection inside the vacuum system. Additionally, magnetic 

deflection systems, like magnetic lenses, are less aberrating than 

electrostatic systems. For the SAM system, since as the magnifi- 

cation increases the field size decreases, deflection aberrations 

are not a problem. If one were to require that the field of view 

at high magnification be shifted electrically rather than mechanically 



then more a t t e n t i o n  would have t o  be given t o  d e f l e c t i o n  c o i l  design 

and placement. 

Munrol has done a comparative study of var ious  magnetic deflec-  

t i o n  system conf igura t ions  using a computer program t o  c a l c u l a t e  the  

o v e r a l l  p r o p e r t i e s  of a  combination of l enses  and d e f l e c t i n g  yokes. 

He s t a t e s  t h a t  conventional post-lens s i n g l e  d e f l e c t i o n  systems can 

have b e t t e r  p roper t i e s  than conventional pre-lens double d e f l e c t i o n  

systems. H i s  s tudy i s  primari ly concerned wi th  t h e  extreme require-  

ments of e-beam l i thography.  I n  the  SAM, t h e  requirements t o  main- 

t a i n  a  0.1 pm spot  over a  10 x 10 pm f i e l d  can be adequately met by 

a simple saddle  c o i l  yoke. 

The saddle  c o i l s  produce a f i e l d  a t  an a x i a l  point  z given by 

t h e  Biot-Savart formula a s  

where t h e  v a r i a b l e s  a r e  defined by Figure 2-16. 

There i s  an optimum geometry which produces a uniform f i e l d  f o r  

these  coi l s .18  A c o i l  s e t  with a length t o  diameter r a t i o  of 2 and 

a r c s  of 120' w i l l  have no second order c e n t r a l  f i e l d  d e r i v a t i v e s  i n  

any d i r e c t i o n .  The length  t o  diameter r a t i o  of the  c o i l s  i n  t h e  

SAM is approximately 0.6 due t o  physical  l i m i t a t i o n s .  
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CHAPTER 3 

ELECTRON SOURCE 

A. In t roduct ion  

This review d e a l s  with t h e  theory of thermionic, f i e l d  and 

thermal f i e l d  emission. The l a t t e r  descr ibes  the  e l ec t ron  source 

f o r  t h e  scanning Auger microscope (SAM). The c h a r a c t e r i s t i c s  of 

t h i s  source which a r e  of importance i n  an e lec t ron  beam microprobe 

a r e  then examined i n  more d e t a i l ,  namely t h e  br ightness ,  t h e  ef fec-  

t i v e  Gaussian source s i z e  and the  energy spread of t h e  emitted elec-  

t rons .  The measured c h a r a c t e r i s t i c s  of t h e  Z r / W  thermal f i e l d  

emi t t e r  used i n  t h i s  microprobe system a r e  given i n  the r e s u l t s  

sec t ion  of t h i s  paper, including no i se  measurement. 

B. Thermionic Emission 

Thermionic emission r e s u l t s  when e lec t rons  i n  a  metal  achieve 

s u f f i c i e n t  momentum normal t o  the  metal su r face  t o  overcome t h e  metal- 

vacuum p o t e n t i a l  b a r r i e r .  The e lec t rons  can be  assumed t o  be  a gas 

of p a r t i c l e s ,  each with an i n t e r n a l  degeneracy of two, thus  being 

sub jec t  t o  Fermi-Dirac s t a t i s t i c s .  1 

A t  T = 0, the  k i n e t i c  energy of t h e  e l ec t rons  of h ighes t  energy 

is Po. Now, i f  we r a i s e  t h e  temperature of t h e  metal ,  t h e  Fermi d i s -  

t r i b u t i o n  funct ion  develops a " t a i l "  with a f i n i t e  number of e l ec t rons  



which have e n e r g i e s  g r e a t e r  than  yo ( s ee  F igu re  3-1). 

vacuum = ze ro  energy l e v e l  

metal  --------- 'TI 1- 
u 

x- 

I u 
I 

Figure  3-1. Fermi-Dirac s t a t i s t i c s .  

I n  F igu re  3-1, po = chemical p o t e n t i a l  a t  T = 0; u = chemical 

p o t e n t i a l  a t  t h e  temperature T; u  = energy a t  bottom of conduction 

band; E = ene rgy le l ec t ron .  These h igher  energy e l e c t r o n s  tend t o  

l e a k  i n t o  t h e  vacuum, reducing t h e  number of e l e c t r o n s  i n  t h e  meta l  

r e s e r v o i r .  

Assuming t h e  r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  s u r f a c e  of  t h e  meta l  

i s  zero  a l lows  us t o  make a  connect ion between t h e  number of e l e c t r o n s  

h i t t i n g  t h e  s u r f a c e  and t h e  thermionic emission c u r r e n t  dens i ty .  

Then, i f  we n e g l e c t  t h e  change i n  p o t e n t i a l  o u t s i d e  t h e  metal caused 

by t h e  space  charge of e l e c t r o n s  and n o t e  t h a t  t h e  concen t r a t ion  of 



e lec t rons  i n  the  vacuum is i n  equil ibrium wi th  t h e  concentrat ion i n  

the  metal ,  then w e  can set t h e  chemical p o t e n t i a l s  equal: 

where $ is known a s  t h e  work funct ion  of the  metal.  

Multiplying through by No (Avogadro's number) we ob ta in  

( f r e e  energy/mole) = t o t a l  i n t e r n a l  energy - Gibbs f r e e  energy. 

The work funct ion  is  so  much g r e a t e r  than t h e  mean energy produced 

thermally (Q/kT >> 1) t h a t  we can neglec t  t h e  un i ty  term i n  t h e  sum 

i n  t h e  denominator of the  d i s t r i b u t i o n  funct ion ,  equation 3-1, which 

reduces the  problem t o  c l a s s i c a l  s t a t i s t i c s .  Then, the  chemical 

p o t e n t i a l - $  of a gas i n  terms of its pressure  P is  

where Qi = t h e  f a c t o r  i n  t h e  p a r t i t i o n  funct ion  due t o  i n t e r n a l  

degrees of freedom = 2, the  degeneracy of t h e  e l e c t r o n  gas. 

Solving t h i s  f o r  P y i e l d s  



This gives the  vapor pressure of the  external  gas of e lec t rons  i n  

terms of the  work function. 

From the pressure,  one can determine the  number of gas 

p a r t i c l e s  which s t r i k e  a  u n i t  surface  per u n i t  time and thereby 

determine the  current  density 

The quantum mechanical r e f l ec t i on  and coef f ic ien t  a t  t he  

po ten t ia l  b a r r i e r  is a function of the  s i z e  and shape of the  
\ 

poten t ia l  s t ep ,  which i s  fixed and the  normal k ine t i c  energy of 

the  e lect rons ,  which i s  a t  o r  above the  vacuum leve l .  Since the  

Fermi d i s t r i bu t i on  function f a l l s  off  rapidly  with energy past  uo, 

the  major contr ibut ion of emitted e lect rons  comes from those elec- 

t rons  exactly a t  the  vacuum l eve l ,  from which we can assume the  

r e f l ec t i on  coef f ic ien t  is  constant and incorporate i ts  e f f ec t  on 

t h e  emit ter  current  by the  f ac to r  (1 - r ) .  Denoting the  work 

function by C#I and evaluating the pre-exponential f a c to r  y i e ld s  

This i s  known a s  the  Richardson equation. 

The work function is  not  temperature independent, however. We 

have indicated t h a t  



The expansion of  t h e  l a t t i c e  w i t h  temperature tends  t o  i n c r e a s e  u ,  

b u t  t h e  v i b r a t i o n a l  and t h e m 1  e f f e c t s  on t h e  l a t t i c e  tend t o  

dec rease  i t .  IJ is  a l s o  a f f e c t e d  i n  t h e  same way. These e f f e c t s  

amount t o  t y p i c a l l y  a 10'3 t o  ~ V / K  c o r r e c t i o n  t o  $. 

I n  c a s e s  of low f i e l d s  and h igh  temperatures ,  t h e  thsrmionic 

c u r r e n t  i s  p r imar i ly  temperature dependent and i s  descr ibed  by t h e  

Richardson equat ion.  I f  t h e  f i e l d  i s  increased  t o  t h e  p o i n t  where 

t h e  t o p  of t h e  p o t e n t i a l  b a r r i e r  i s  lowered, b u t  no t  t o  t h e  p o i n t  

where app rec i ab le  tunnel ing  can occur ,  t h e  process  is  descr ibed  as 

schot tky2  emission (See F igure  3-2). The Richardson equat ion  i s  

then  modified by an app l i ed  f i e l d  f a c t o r ,  

112  
where c  = (6) . 

Typica l  c u r r e n t  d e n s i t i e s  produced by a  tungs ten  thermionic 

emitter a r e  on t h e  o rde r  of 1 t o  1 0  ~ / c m * .  

--------------- 
~ e d u c e d  Funct ion w o r k r ~  

------- 
t 

Metal Vacuum 

Figure  3-2. Schottky p o t e n t i a l  b a r r i e r  lowering.  



C. F i e l d  Emission 

F i e l d  emission of e l e c t r o n s  from a me ta l  s u r f a c e  occurs  when 

t h e  e x t e r n a l  app l i ed  e l e c t r i c  f i e l d  deforms t h e  p o t e n t i a l  b a r r i e r  

t o  such a n  e x t e n t  t h a t  e l e c t r o n s  can tunne l  through t h e  deformed 

b a r r i e r .  F igure  3-3 i n d i c a t e s  t h e  b a r r i e r  deformation. 

Tunneling Region 

---------- 

Met a1 Vacuum 

Figure  3-3. Basic  f i e l d  emission. 

With a t y p i c a l  app l i ed  f i e l d  of 0.3 v/A and a  work f u n c t i o n  4 

of  4.5 e V  ( c l ean  tungs t en ) ,  t h e  tunnel ing  d i s t a n c e  is approximately 

1 5  A. 

I n  1928, R. H. Fowler and L. Nordheim published a paper  

e n t i t l e d  E lec t ron  Emission i n  I n t e n s e  E l e c t r i c  ~ i e l d s ~  which set 

f o r t h  t h e  now well-known Fowler-Nordheim equat ion  r e l a t i n g  t h e  f i e l d  

emission c u r r e n t  t o  t h e  app l i ed  f i e l d  and work func t ion  of t h e  

e m i t t e r .  They considered f i e l d  emission a s  a  one-dimensional tunnel-  

i ng  problem a t  T = O°K. They c a l c u l a t e d  t h e  WKB t ransmiss ion  c o e f f i -  

c i e n t  through t h e  p o t e n t i a l  b a r r i e r  f o r  . e lec t rons  of k i n e t i c  energy W 



(energy nonnal t o  t h e  emitter surface).  It was found t o  be 

approximately 

where C = height  of t h e  p o t e n t i a l  b a r r i e r ,  F = e l e c t r i c  f i e l d  

applied,  and k2 = 8n2m/h2, a constant.  

The number of e lec t rons  NW) inc ident  on a su r face  of u n i t  a rea  

per u n i t  time with a normal k i n e t i c  energy W ,  evaluated according t o  

Sommerfeld's theory, was shown t o  be 

where 

QD 

L(B) = $ dy 
; l~ = Fermi l e v e l  energy. 

o e B + Y + l  

Combining D(W) and N(W) t o  ge t  t h e  f i e l d  emitted current  

densi ty  f o r  a l l  energies W,  

where e = e lec t ron  charge. For low temperature, w e  can rep lace  LQ) 

by 0 when 8 is negat ive  and by zero otherwise. Since 0 = , kT 

when W > p t h e  i n t e g r a l  La) i s  zero. Using t h e  equation 3-6 f o r  

D(W) and in tegra t ing ,  



Then, evaluat ing  k,  l e t t i n g  Q = C - p = t h e  work funct ion ,  and not ing  

t h a t  f o r  l a r g e  W (= IJ) t h e  exponential term al lows t h e  i n t e g r a l  t o  be 

approximated, we ob ta in  

Evaluat ing t h e  cons tants ,  

2 where J i s  i n  ~ / c m  ,L I  a n d 4  a r e  i n  eV, and F i s  i n  ~ / c m .  This is 

known a s  t h e  Fowler-Nordheim equation. 

In  cases  of high f i e l d s  and low temperature, the  Fowler-Nordheim 

equation desc r ibes  the  cu r ren t  vs .  f i e l d  r e l a t i o n s h i p .  A Fowler- 

Nordheim p l o t  of log  J / F ~  vs. 1 /F  w i l l  have a s lope  propor t ional  t o  

#3 /2  . Therefore, work funct ions  can be  measured experimentally from 

t h e  I-V d a t a ,  i f  t h e  r e l a t i o n s h i p  between I and J ( t h e  emi t t ing  a rea )  

and between V and F ( the  f i e l d  f a c t o r  B) i s  known, o r  conversely 

these  parameters can be determined i f  t h e  work funct ion  is  known. 

For t y p i c a l  f i e l d s  i n  t h e  range of . 3  t o  .6 v/A, the  current  

d e n s i t i e s  range from l o 2  t o  lo4 ~ / c m ~ .  
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An image charge  t rea tment  of t h e  p o t e n t i a l  a t  t h e  s u r f a c e  

y i e l d s  t h e  r e s u l t  a s  shown i n  F igure  3-4: 

h ./- ------ Image Charge P o t e n t i a l  

J P o t e n t i a l  
\ 

F i e l d  Pot e n t  i a l  

F igure  3-4. Image charge e f f e c t .  

The p o t e n t i a l  is  decreased by t h e  image term a s  fol lows:  

The image term can be incorpora ted  i n t o  t h e  Fowler-Nordheim equat ion  

as s c o r r e c t i o n  f a c t o r  t o  t h e  exponent, a(y) = ( 1  - y)ll2 where 

~ o r n e r ~  summarizes t h e  r e s u l t s  of va r ious  ways of i nc lud ing  t h e  

image c o r r e c t e d  p o t e n t i a l .  Under most cond i t i ons  encountered i n  

p r a c t i c e ,  y is  0.2 t o  0.35, s o  t h a t  a  r educ t ion  i n  t h e  app l i ed  f i e l d  

of t h e  o rde r  of 10 t o  20 percent  r e s u l t s  from t h e  image e f f e c t .  



D. Thermal-Field Emission 

Thermal-field emission occurs i n  the  ranges of temperature and 

appl ied  f i e l d  which a r e  intermediate between thermionic emission and 

f i e l d  emission. 

5 Murphy and Good have given a un i f i ed  treatment of the  emission 

of e l ec t rons  which i s  v a l i d  f o r  the  thermionic, f i e l d ,  and t h e  i n t e r -  

mediate t r a n s i t i o n  region a s  wel l .  They form expressions f o r  the  

transmission c o e f f i c i e n t  through t h e  p o t e n t i a l  b a r r i e r ,  D(F,W) and 

f o r  the  number of e l ec t rons  per  second per  u n i t  a rea  inc iden t  on t h e  

b a r r i e r ,  N(T,$,W) and i n t e g r a t e  the  product t o  f ind  t h e  emission 

cur ren t  dens i ty :  

where W is  t h e  energy a t  the  bottom of t h e  Sommerfeld we l l  i n  t h e  
a 

metal .  The following p o t e n t i a l  energy diagram i l l u s t r a t e s  the  

r e l evan t  energy and p o s i t i o n  parameters (Figure 3-5). 

Figure 3-5. F ie ld  emission tunneling diagram. 



The transmission c o e f f i c i e n t  is taken t o  be u n i t y  f o r  W > V 
max ' 

For W < Vmax, i t  is evaluated by a parabol ic  WKB-type approximation 

which depends on t h e  shape of the  p o t e n t i a l  curve between the  po in t s  

x l  and x2 f o r  a given W. 

The i n t e g r a l  f o r  J(F,T,+) can be evaluated a n a l y t i c a l l y  by making 

appropr ia te  approximations f o r  var ious  ranges of F and T. The i n t e -  

g r a l  reduces t o  t h e  Richardson-Schottky equation f o r  the  t h e m i o n i c  

region and t o  t h e  Fowler-Nordheim equation i n  the  f i e l d  emission 

region.  The in termedia te  o r  t r a n s i t i o n  region cur ren t  dens i ty  is 

given by 

where O = 3t-* - 2vtm3 and v and t a r e  slowly varying funct ions  of 

F and T. 

Using the  expressions from Murphy and Good and i n t e g r a t i n g  

numerically r a t h e r  than using a n a l y t i c  approximations with l imi ted  

6 
regions of  v a l i d i t y ,  El-Kareh, Wolfe and Wolfe have generated 

graphs of J v s .  F f o r  var ious  temperatures and work funct ions  and 

a l s o  normal, t angen t i a l ,  and t o t a l  energy d i s t r i b u t i o n s  f o r  t h e  

emitted e lec t rons .  The authors  i n d i c a t e  t h a t  t h e i r  t h e o r e t i c a l  

r e s u l t s  agree  with published experimental r e s u l t s ,  a t  l e a s t  over 

the  range of cu r ren t  d e n s i t i e s  considered. The FWHM f o r  t h e  energy 

spread from t h e  above mentioned study is  predicted t o  be no g r e a t e r  

than about 0.6 eV f o r  a wide range of 4 ,  F, and T. Recently, 



however, B e l l  and swanson' have measured t o t a l  energy d i s t r i b u t i o n s  

a t  high current  d e n s i t i e s  and have found an anomalously high AE 

which increases  with current  dens i ty  J and i s  independent of tempera- 

tu re .  This work was done f o r  emi t t e r s  of both low and high work 

function and gave the  same anomalous r e s u l t s .  

The thermal-field e lec t ron  (TFE) emi t t e r  has severa l  advantages 

over t h e  thermionic cathode and the  cold f i e l d  emitter. Both t h e  

cold and thermal f i e l d  emi t t e r s  y ie ld  g r e a t e r  cu r ren t  d e n s i t i e s  than 

t h e  thermionic cathode. I n  an e lec t ron  o p t i c a l  system, s ince  bright-  

ness ( ~ / c m ~  s r )  is  a conserved quant i ty ,  i n  order t o  obta in  a high 

current  densi ty  i n  a focused spot ,  a high br ightness  cathode i s  

necessary. 

Experience with cold f i e l d  emi t t e r s  has  discouraged t h e i r  use  

i n  many appl ica t ions  because of no i se  problems, i n s t a b i l i t y ,  s h o r t  

l i f e ,  and extreme vacuum requirements. The TFE mode of operat ion 

allows a re laxa t ion  of vacuum requirements by rapid  thermal anneal- 

ing of sputter-induced surface  deformation, thereby minimizing t h e  

p robab i l i ty  of emitter des t ruc t ion  by a regenera t ive  vacuum a r c .  

Addit ionally,  t h e  high emitter temperature maintains a low and 

constant  coverage of adsorbed gases on the  emitter su r face  thereby 

el iminating time dependent work funct ion change. 

E. The Zr/W<100> TFE Emitter 

Zirconium adsorption on tungsten has been shown t o  s e l e c t i v e l y  

lower t h e  work funct ion of t h e  (100) c r y s t a l  plane from 4.5 e V  t o  



5 5 

approximately 2.6 eV. In the Fowler-Nordheim equation for field 

emitter current density, the dominant factor has the form 

exp(- const. 93/2/~) where 9 is the work function and F is the 

electric field at the tip. If the work function is reduced to 2.6 

eV, the field required for a given current density is 44% of that 

required for a work function of 4.5 eV. Since the field factor B = F / V  

is inversely proportional to the emitter radius, the radius of the 

low work function emitter can be increased by a factor of (0.44)'~ 

= 2.3 over that of the high work function emitter, with no reduction 

in current density at a given voltage. An added advantage of the 

selective (100) plane work function reduction is the angular con- 

finement of the beam to a half angle of less than about go, which 

decreases "wasted" current and excessive dissipation in the electron 

gun. 

The Zr/W <loo> TFE emitter is made by the following method. 
10 

A tungsten wire (.005 in. dia.) is triple-pass zone refined in the 

<loo> direction. The end of the wire is then electrochemically 

etched to the desired radius. A zirconium hydride ring is attached 

to the shank of the emitter. The emitter, attached to a tungsten 

hairpin filament, is placed in the electron gun. Under vacuum in 

the system, the emitter is heated to allow the zirconium to diffuse 

along the surface of the wire and out to the tip. After several 

hours of operation the emitter stabilizes with the low work function 

(100) plane at the tip producing a high angular confinement of the 

emitted electron beam. 



Operating experience with this type of field emitter, combined 

with reports from others1' has shown it to be a stable, reliable, 

low noise source of high brightness. As with any elevated tempera- 

ture source, an increased flicker noise amplitude over that of a 

cold emitter is expected; however, the large emitter radius allowed 

by the low work function surface reduces current fluctuations to an 

acceptable level. Our experience has shown that the higher voltage 

(larger radius) emitter has two additional advantages over a lower 

voltage one. First, it is more rugged and resistant to the transi- 

ents that destroy emitters of smaller radii. Second, it has been 

noticed that the larger emitter radius reduces the anomalously high 

bean energy spread observed at high emitter current density.' This 

advantage is substantiated by our spot size versus current data for 

the Zr/W <loo> TFE emitter. The larger radius emitter requires, 

however, a higher voltage for a given angular intensity since the 

field factor (6) is reduced, where the field F = BV and V is the 

applied voltage. 

The Zr/W <I007 TF emitter used in this microprobe system com- 

bines the advantages of TFE emission, a large tip radius and a low- 

ered work function. 

F. Source Parameters (Electron Optics) 

The electron beam brightness, measured in ~/cm* sr, is strictly 

conserved only in the limit of an infinitely small central zone of 

the beam in an aberration-free optical system and in regions in 
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which the potential is the same. l2 The aberration-f ree condition 

is approached as the solid angle of the beam decreases. 

D. B. Langmuir 13'14 demonstrated that the theoretical maximum 

current density (j' ) in a focused spot was limited by the cathode 

current density (j), the accelerating voltage (V) and the image 

plane semi-angle of convergence ( a ) .  The result was 

The approximation is valid when used for small convergence angles 

and acceleration voltages such that Ve >> kT, which is usually the 

case. The derivation of the above Langmuir limit assumed a plane 

cathode with a sharply bounded cathode emission region and a semi- 

Maxwellian electron velocity distribution. 

Worster l5,l6 considered the brightness of electron beams for 

a general velocity distribution at the cathode. He showed that for 

emission in the Schottky region the Langmuir law still held, even 

though the velocity distribution is not Maxwellian. He also demon- 

strated that for field emitted beams an analogous expression 

held, where 

where (E )is the average tangential electron energy at the cathode. 
t 



The parameter d is approximately proportional to the applied field 

and is independent of temperature. In the field emission region 

d > kT, i . e .  the average tangential energy of the emitted electrons 

is greater than it would be for Schottky emission at the same 

temperature. 

Worster also considered off-axis brightness in a cylindrically 

symmetric field emission system and determined that in the vicinity 

of an axial cross-over in a field emission gun (see Figure 3 - 6 ) ,  

the current density varied as 

where r = radial distance from axis, a = cathode tip radius and 

M = gun magnification, defined as 

cross-over 
position 

Figure 3-6. Electron gun cross-over. 



The standard deviation of the Gaussian current density at the 

cross-over is thus proportional to the magnified tip radius. 

Another important source parameter is the Gaussian source 

diameter. If the trajectories of electrons as they enter into a 

field-free space in the electron gun are projected back toward 

the emitter, they form a crossover which is the virtual object 

of the optical system. Several studies of this virtual source size 

have been made. ~ l - ~ a r e h l ~  wrote a computer program with an auto- 

matically contracting mesh size to solve Laplace's equation for the 

entire electron gun. He computed a source diameter of approximately 

120 A for V = 5000 V and T = 1800 K. 

wiesner18 used a sphere-on-cone emitter model and a plane anode 

with no aperture in front of the emitter: 

I 1  ... we note...that optimum apparent source radii for 

field emission are obtainable in the approximate range 

of two to four nanometers with beam half-angles (at 

the first anode) of two to eight milliradians. Operation 

of a 1.0 pm radius cathode in strong Schottky emission 

(EO0 = 400 V/pm) can yield an apparent source radius 

of about five to seven nanometers. The source size de- 

grades more and more rapidly for weaker applied fields." 

Several authors 19'20 have considered the problem of the maxi- 

mum attainable resolution of a field emission microscope (FEM), which 

gives a rough indication of the apparent source size. The geometry 



of the FEM is so much different than that of the electron gun that it 

is not too useful to consider these studies in detail here. 

A final electron optical parameter of the source to be considered 

here is the energy spread of the emitted electrons. The previously 

6 mentioned paper by El-Kareh et al., contained graphs of normal-, 

total- and tangential-energy distributions for various fields, 

temperatures, and work functions. Figure 3-7 reproduces some of 

the results of this paper for a work function of 2.7 eV. The 

total energy distribution is seen to have a FWHM value at 2000 K 

of about 0.5-0.7 eV. 

7 As previously mentioned, Bell and Swanson have measured a total 

energy spread which shows an anomalous broadening at high current 

densities. This is assumed to be due to a Boersch-effect collective 

coulomb interaction in the vicinity of the emitter. This anomaly in- 

creases the expected energy spread from approximately half a volt to 

one volt or greater at high angular current intensities (- 1 mA/sr). 

The collective coulomb interaction over an entire electron 

optical system has been investigated by Groves et al. ,21 by calculat- 

ing electron trajectories on a computer. The area in the immediate 

vicinity of the field emitter was excluded from the coulomb interac- 

tion effect due to difficulties in calculating trajectories through 

several orders of magnitude of field strength. The field emission 

source was taken into account, however, by using a ray trace "seeded" 

by the velocity spread measured by Bell and Swanson and by a separate 

term of the magnified Gaussian source diameter. The effect of the 



Normal Energy Distribution 

Total Energy Distribution 

Tangential Energy Distribution 

Figure 3-7. Graphs of the distribution of emitted electrons 
versus energy (eV) relative to the Fermi level 
for temperatures of (1) T = 1 K, (2) T = 1000 K, 
(3) T = 2000 K, (4) T = 3000 K. The maximum 
amplitude of each case is normalized to unity. 
@ = 2.7 eV. 



coulomb interaction was to introduce a "broadening" term directly 

proportional to beam current and column length and inversely pro- 

portional to beam aperture angle. The results show that for a system 

similar to ours, a 0.1 pm spot diameter cannot be maintained at cur- 

rents much above 100 nA. At greater currents the collective coulomb 

interaction over the length of the column increases the spot diameter. 

G. Noise 

In addition to the shot noise produced by any electron source, 2 2 

the field emitted current contains noise produced by surface migration 

of atoms and adsorption and desorption of residual gases, resulting in 

work function fluctuations. Information contained in the spectral 

density function W(f) can be interpreted in terms of activation ener- 

24 
gies for surface diffusion, 23  adsorbate coverage, and temperature. 

~ o m e r ~ ~  has presented a method of determining surface diffusion co- 

efficients on a single crystal plane from the autocorrelation of the 

26 noise current. Chen and Gomer present some results, again in terms 

of autocorrelation, for the W(110) surface with oxygen adsorbate. 

The surface of the Zr/W<100> field emitter is a Zr-0-W composite 

structure2' and therefore an interpretation of the spectral density 

function would be premature until it has been studied in more detail. 

The spectral density is presented in this paper in an operational 

sense, as it affects the S/N ratio of the Auger spectra generated by 

the system. 



Space charge suppression of noise can be significant at high 

current densities for field emitters. Pushpavati and Van der Ziel 28 

have shown theoretically that noise current increases with beam 

current until the current density attains a value on the order of 

lo5 to lo6 ~ / c m ~  at which point space charge noise suppression 

should cause the noise current to decrease with a further increase 

in beam current. Since the Zr/W<100> emitter is operated in our 

system with a current density on the order of lo5 ~/crn~, this noise 

suppression mechanism may be operating but a decrease in noise per- 

centage with current was not observed. An interesting further 

development in the above mentioned study is an electron velocity 

fluctuation due to current fluctuation which should vary inversely 

proportional to j / ~ ' .  Since j increases exponentially (e -'lF) with 

field, at some current density the velocity fluctuations in the 

emitted beam should start to be suppressed. Against this effect 

must be balanced the coulomb repulsive force between electrons as 

previously mentioned. 

A noise contribution observed in multi-element vacuum tubes, 

partition noise is probably not operative in the Zr/W<100> TFE 

electron gun. Partition noise is an additional noise generated as 

a result of random distribution of current between various positive 

electrodes, which occurs when the following conditions may be 

assumed : 2 9 

1) For any small area of the cathode, an emitted electron 
always has the same probability of arriving at the 
target (going through the aperture) . 



2) Whether a  p a r t i c u l a r  e l e c t r o n  w i l l  a r r i v e  a t  t h e  
anode o r  a t  t he  t a r g e t  i s  o therwise  completely 
random. 

We do have a p a r t i t i o n  of c u r r e n t  between t h e  t a r g e t  and t h e  anode 

but  t h e  a r e a s  of t h e  cathode which c o n t r i b u t e  t o  t a r g e t  cu r r en t  and 

t o  anode cu r ren t  a r e  s e p a r a t e  and t h e  only p l a c e  where both con- 

d i t i o n s  would o b t a i n  would be an annular  a r e a  on the  cathode where 

t h e  emi t ted  e l e c t r o n s  would i n t e r c e p t  t h e  a p e r t u r e  edge. It there-  

f o r e  seems t h a t  t h i s  e f f e c t  would be i n s i g n i f i c a n t .  An equal  am- 

p l i t u d e  and oppos i te  phase n o i s e  c u r r e n t  component would be p re sen t  

i n  t h e  anode c u r r e n t  i f  p a r t i t i o n  no i se  were p re sen t  i n  t h e  t a r g e t  

cu r r en t .  
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CHAPTER 4 

AUGER ELECTRON SPECTROSCOPY 

A. Theory 

Auger e l e c t r o n  spectroscopy (AES) is a we l l  es tabl i shed t o o l  f o r  

t h e  a n a l y s i s  of t h e  chemical composition of su r faces .  The Auger 

e f f e c t ,  discovered i n  1925 by P i e r r e  ~ u ~ e r , '  was f i r s t  observed i n  a 

cloud chamber which had been i r r a d i a t e d  by x-rays. H e  noted t h a t  

e l e c t r o n s  of constant  energy were emit ted,  even though t h e  x-ray 

energy was var ied .  

I n  t h e  app l i ca t ion  of the  Auger e f f e c t  t o  su r face  chemical analy- 

sis, a sample i n  an u l t r ah igh  vacuum ( U H V )  system i s  bombarded wi th  a 

beam of 3 t o  10 keV e lec t rons .  Some of t h e s e  e l ec t rons  w i l l  c o l l i d e  

wi th  inner  s h e l l  e l ec t rons  i n  the  atoms of t h e  sample, knocking them 

out  of t h e  atom (say from the  K s h e l l ) .  (See Figure 4-1.) Then an 

e l e c t r o n  from a higher energy l e v e l  (say t h e  L1 s h e l l )  w i l l  drop t o  

t h e  K s h e l l  t o  f i l l  t h e  vacancy. The energy from t h i s  t r a n s i t i o n  can 

be  re leased e i t h e r  a s  an x-ray photon o r  as an Auger e l ec t ron .  The 

Auger e l ec t ron  is  an e lec t ron  (say from t h e  L3 s h e l l )  t h a t  i s  e jec ted  

from the  atom and becomes p a r t  of t h e  secondary y i e l d .  The o v e r a l l  

Auger process i s  described by the  s h e l l s  involved (KL1L3). Transi- 

t i o n s  can occur involving o the r  s h e l l s ,  e.g., MNN, LMM, LLV where V 

denotes t h e  valence band. Since t h r e e  energy l e v e l s  a r e  involved, 



and a t  l e a s t  two core e lec t rons ,  hydrogen does not  produce Auger 

e lec t rons .  Where t h e  valence band i s  involved, information about 

t h e  valence band densi ty  of s t a t e s  may be obtained from t h e  shape 

of t h e  Auger s p e c t r a l  peak. 

Since f i n a l  s t a t e  i s  doubly ionized,  

Figure 4-1. Auger t r a n s i t i o n .  

Figure 4-2 shows t h e  x-ray y i e l d  and Auger e lec t ron  y ie ld  vs. 

atomic number of t h e  t a r g e t  mater ia l .  This i l l u s t r a t e s  one of the  

advantages of AES over x-ray spectroscopy f o r  low atomic number ele- 

ments. 

I f  an  e lec t ron  spectrometer is  used t o  obta in  a spectrum of the  

number of secondaries vs. energy (N(E)), then t h e  spectrum w i l l  show 

small  peaks where the  Auger e lec t ron  c h a r a c t e r i s t i c  energies l i e .  

Since the  peaks show up only a s  small  bumps on t h e  l a r g e  background 

s i g n a l  of the  N(E) spectrum, a de r iva t ive  spectrum dN/dE is usually 



used and the  peak he igh t s  of the  dN/dE spectrum a r e  used t o  obta in  

q u a n t i t a t i v e  r e s u l t s .  

- - r r l . r r r r - - -  
1 ' 1 . 1 . 1 . 1 . 1 ~ r ' , ' l . 1 ' 1 . 1 ~ l 1 1 ~ 1 ~ 1 . 1  
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Figure 4-2. Yield vs. atomic number. 

AES is  extremely su r face  s e n s i t i v e  f o r  although Auger e l e c t r o n s  

a r e  produced a s  f a r  i n t o  t h e  bulk  a s  t h e  primary beam w i l l  pene t ra te ,  

i n  order  f o r  them t o  be detec ted  a s  an Auger peak, they must not  l o s e  

energy i n  g e t t i n g  t o  the  surface .  Since Auger e l ec t rons  range i n  

energy from 20 t o  2000 e V ,  t h e  degree of s u r f a c e  s e n s i t i v i t y  i s  depend- 

Z 
en t  t o  some ex ten t  on t h e  p a r t i c u l a r  peak used. Experimental d a t a  

i n d i c a t e  a  range of su r face  s e n s i t i v i t y  from 5 t o  20 angstroms, depend- 

ing  on t h e  t a r g e t  mater ia l .  

3 Palmberg pointed out  t h e  way t o  g e t  u s e f u l  q u a n t i t a t i v e  r e s u l t s  

from Auger spect ra .  H e  showed t h a t  abso lu te  s e n s i t i v i t y  f a c t o r s  

can be assigned t o  a l l  elements which a r e  modified only by a 



matrix-dependent backscattering factor. Books of Auger spectra for 

the elements are available which allow quantitative analysis based 

on peak to peak height of the differentiated spectrum. 

B. Instrumentation 

AES was not used routinely until the development of two tech- 

niques which allowed the construction of systems with high detection 

efficiencies. One technique involved the use of an improved electron 

spectrometer over the modified Low Energy Electron Diffraction (LEED) 

systems which were initially used, 

The cylindrical mirror analyzer4 (CMA) uses the geometry shown 

in Figure 4-3 to produce a second order focus for electrons of a 

selected energy. 

zero 
voltage 7 r NEGATIVE Vm = 

Figure 4 - 3 .  CMA diagram. 
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An aper tu re  is  placed a t  t h e  f o c a l  point ,  t h e  s i z e  of which de te r -  

mines t h e  energy r e s o l u t i o n  of the  CMA. Physical  E lec t ron ics  

I n d u s t r i e s  (PHI) makes a CMA with s e l e c t a b l e  ape r tu res  f o r  resolu-  

t i o n s  of 0.2, 0.6, and 1.2%. This  allows the  tradeoff  between d a t a  

a c q u i s i t i o n  time ( s igna l  l e v e l )  and energy reso lu t ion  t o  be  va r i ed  

t o  s u i t  condit ions.  An e lec t ron  m u l t i p l i e r  i s  posi t ioned behind t h e  

aper ture .  The energy window of t h e  device is var ied  simply by chang- 

ing  the vo l t age  on t h e  ou te r  cyl inder .  This spectrometer has a  

t y p i c a l  t ransmission of 1 0  t o  15%. 

The o the r  technique which brought AES i n t o  rou t ine  u s e  was the  

method of de tec t ing  t h e  d i f f e r e n t i a t e d  spectrum and doing a l l  compari- 

sons i n  terms of d i f f e r e n t i a t e d  spec t ra .  A comparison of N(E) and 

d N / d ~  s p e c t r a  is  shown i n  Figure  4-4. 

Figure 4-4. Auger spectrum (Ag). 



The d i f f e r e n t i a t i o n  of the  spectrum is accomplished with a lock- 

i n  ampl i f i e r .  If t h e  ou te r  cyl inder  of t h e  CMA is  modulated with 

t h e  reference  output  so  as t o  vary t h e  energy window s l i g h t l y  about 

its s e t  value, and t h e  e l ec t ron  m u l t i p l i e r  output  i s  fed  t o  the  lock- 

i n  ampl i f ie r  input ,  t h e  lock-in ampl i f ie r  output  is  propor t ional  t o  

dN/dE. Two methods can then be used t o  average out  n o i s e  f l u c t u a t i o n s  

t o  ob ta in  a usable  spectrum. The lock-in time constant  can be 

increased t o  bandwidth l i m i t  t h e  output ,  thus  requi r ing  a reduction 

of scan r a t e  of t h e  spectrum. Al te rna t ive ly ,  i f  a s i g n a l  averager is 

ava i l ab le ,  a b e t t e r  method i s  t o  perform high speed r e p e t i t i v e  scans 

with t h e  lock-in time constant  turned off  and average t h e  output .  

F a i r l y  r ecen t ly ,  d i g i t a l  techniques have produced N(E) spec t ra  

f o r  use with primary beam cur ren t s  below 10  nA. Surface topography 

e f f e c t s  a r e  accentuated i n  t h e  N(E) spectrum, b u t  they can be  cor- 

rec ted  f o r  by non-real time computation. S e n s i t i v i t y  f a c t o r s  a r e  no t  

y e t  a v a i l a b l e  f o r  N(E) spec t ra .  Low primary beam c u r r e n t s  a r e  des i r -  

a b l e  t o  minimize su r face  damage, so  i n  a few cases i t  i s  necessary t o  

use  N(E). When poss ib le ,  i t  is  e a s i e r  and quicker t o  use  a h igher  

beam cur ren t  and t h e  dN/dE mode of d a t a  co l l ec t ion .  Topographical 

e f f e c t s  a r e  minimized by d i f f e r e n t i a t i o n .  I f  i t  w e r e  poss ib le  t o  

c o l l e c t  t h e  e l ec t rons  which a r e  stopped by t h e  energy resolv ing aper- 

t u r e  i n  t h e  CMA, t h i s  current  could be used t o  c o r r e c t  f o r  r e s i d u a l  

topographical  e f f e c t s  i n  t h e  dN/dE spectrum. 



C. Auger Signal Detection 5 

The cylindrical mirror analyzer (CMA) response function can be 

significantly affected by the termination of the field at each end 

of the mirror, by stray magnetic fields, and by electron multiplier 

characteristics. Neglecting these difficulties, the analyzer trans- 

mission can be assumed to be a Gaussian peak on the electron energy 

spectrum. 

w 

Transmission = j erp [-a (E ; 2 ]  N(E. )  d~'. 
- m 

As a -t 0 ,  the Gaussian peak approaches a delta function. For an 

analyzer resolution AE/E of 0.8%, a - 4 .  If the resolution is 

sufficiently great, the Gaussian integral of N ( E T )  can be replaced 

by the average of the function over E. The above integral then 

becomes 

The Gaussian analyzer response peak must be smaller than the Auger 

peak for this equation to hold. Extracting the constant resolution 

from the above equation, the unnormalized transmission of the CMA 

becomes 

Because of the constant resolution AEIE, the analyzer yields pro- 

portionally greater signals for greater energies, even though the 



N(E) may be unchanged. The instrument resolution is usually deter- 

mined experimentally by scanning the elastic peak. 

The modulating voltage is applied to the CMA mirror element as 

a sine wave superimposed on the dc analyzing voltage. Expanding 

this function in a Taylor series about the point sin 8 = 0, 

N(E + a sin 0 )  = N(E) + aN1(E) sin 8 + (a2/2) N" sin 8 + . . . 

The powers of the sine function are then converted to harmonics by 

trigonometric identities. The coefficients of the f irsr and second 

harmonics are 

1st harmonic = aN1(~) + (a3/8) N1'* (E) + (a5/192) N'(E) + . . . 

2nd harmonic = (aZ/4) N'*(E) + (a4/48) N"(E) + (a6/1536) N"(E) . . 

where the superscript Roman numerals refer to the order of the deriva- 

tive. For small modulation (small a) the first harmonic (fundamental) 

is proportional to the first derivative of the energy spectrum, the 

second harmonic to the second derivative, etc. If the modulation is 

increased, becoming comparable in width to the N(E) peak width, the 

signal is distorted by the addition of higher derivative terms and 

the proportionality between signal strength and modulation ampli- 

tude is lost. Also, if the modulation is small, the fact that the 

CMA response is E*N(E) instead of just N(E) can be taken into account 

by just multiplying the harmonics by a factor proportional to E. 



A tuned phase lock ampl i f ier  produces an output 

neglect ing ampl i f ier  gains which j u s t  con t r ibu te  a s c a l e  f a c t o r .  I f  

t h e  s i g n a l  N(E + a s i n  8) is s e n t  t o  the  input  of a tuned input  lock- 

i n  ampl i f ier ,  the  output  i s  

5 ~ / 2  

Let E' = -a s i n  8; then 

This has the  form of the  convolution of two functions:  t h e  

input  function N(E - E' )  and t h e  instrument response funct ion 

E1/ (a2 - E2) 'I2. In  t h i s  case, the  "instrument" is t h e  lock-in 

ampl i f ier  with s inusoidal  modulation. The modulation i s  an i n t e g r a l  

p a r t  of the  "instrumentf1 s ince  d i f f e r e n t  modulations produce d i f f e r -  

e n t  instrument responses. Figure 4-5 is a p lo t  of t h i s  response 

function.  

Convoluting t h e  response funct ion with a Gaussian peak shape 

(assumed) f o r  both small and l a r g e  modulation amplitudes, output 

s i g n a l s  r e s u l t  a s  shown i n  Figure 4-6. 



Figure 4-5. Lock-i~ amplifier response function. 

Figure 4-6. Response to Gaussian peak. 
(a) 0.25 eV p-p modulation. 
(b) 20 eV p-p modulation. 



The r e l a t i v e  i n t e n s i t y  between t h e  curves a and b of Figure 4-6 

i s  60. The assumed Gaussian FWHM was 2 eV and t h e  two modulations 

are (a) 0.25 eV p-p and (b)  20 eV p-p. For the  l a r g e  modulation, 

t h e  s i g n a l  is  no longer an approximation t o  t h e  d e r i v a t i v e .  

Figure 4-7 i s  a normalized p l o t  of the  peak t o  peak s i g n a l  

he igh t s  vs.  modulation amplitude, a l s o  normalized t o  AE, t h e  FWHM 

of t h e  Gaussian peak. Since a Gaussian peak has been assumed, t h i s  

model i s  only an approximation t o  t h e  Auger spectrum. 

Ec la VOLTS 
0 t s o  
r SO0 

h . 5  fi tan8 

Figure 4-7. Auger s i g n a l  v s ,  modulation amplitude. 



D. Auger S/N Considerat ions 

The rms sho t  no i se  associa ted  with an e lec t ron  beam probe current  

of I is 
P 

where Af i s  the  bandwidth i n  which t h e  no i se  is measured. Assuming 

t h a t  t h e  secondary emission process y i e l d s  a cu r ren t  Is = 6(E)  Ip 

where 6 i s  t h e  secondary emission r a t i o  which is  a funct ion  of Es, 

t h e  secondary energy and E t h e  primary beam energy, and f u r t h e r  
P ' 

assuming t h a t  E i s  constant  and t h a t ,  t o  t h e  f i r s t  approximation, 
P 

each primary l i b e r a t e s  exact ly  6 secondaries,  t h e  f l u c t u a t i o n  i n  

secondary emission cur ren t  is  

whereas t h e  secondary current  i t s e l f  is  j u s t  

The S/N r a t i o  of the  secondary cur ren t  Is i s  the re fo re  

S - - - Is 
N r m s  A I s  ( 4 - 3 )  

If the  S/N of a secondary s i g n a l  i s  propor t ional  t o  Jf- P , then it 

can be in fe r red  t h a t  t h e  primary beam is sho t  no i se  l imi ted ,  a t  



least t o  the  f i r s t  approximation. 

Now l e t ' s  add some complicating f a c t o r s  t o  t h i s  simple model 

t o  s e e  how an i d e a l  system would respond t o  a primary beam containing 

f l u c t u a t i o n s  above shot  noise.  

A t y p i c a l  Auger (dN/d~)  measurement se tup with a lock-in ampli- 

f i e r  may opera te  a t  8 kHz, with the  time constant  s e t  t o  0.3 sec,  a 

4 e V  p-p modulation, a 4 eV/sec scan r a t e  with E = 8 kV and 
P 

I = 25 nA. Since t h e  e l ec t ron  de tec to r  i n  t h e  CMA i s  capac i t ive ly  
P 

coupled t o  t h e  lock-in ampl i f i e r ,  t h e  n o i s e  r e j e c t i o n  of t h e  lock-in 

ampl i f i e r  reduces t h e  - 8 kHz I f l u c t u a t i o n s  t o  a n e g l i g i b l e  value.  
P 

Borrowing from t h e  r e s u l t s  sec t ion  of t h i s  t h e s i s ,  the  s p e c t r a l  

dens i ty  a t  8 kHz (ext rapola ted)  f o r  I = 30 nA i s  on t h e  order  of 
P 

2 A' /Hz. For a tuned front-end lock-in ampl i f i e r  wi th  a Q 

of 10 a t  8 kHz, t h e  bandwidth i s  800 Hz and the  nus A 1  i s  12 .7  pA 
P 

which i s  a no i se  percentage of .04%. Shot n o i s e  a t  t h i s  bandwidth 

would produce an rms A1 of 2.8 PA, o r  .009%. This no i se  i s  elim- 
P 

ina ted  almost completely by t h e  phase-sensi t ive d e t e c t o r  and t h e  

f i n a l  RC time constant .  It i s  only when t h e  time constant  i s  turned 

o f f  and mul t ip le  scans a r e  computer averaged t h a t  t h i s  n o i s e  could 

appear i n  t h e  output .  

Having thrown out  t h e  high frequency n o i s e  by phase s e n s i t i v e  

d e t e c t i o n  and f i l t e r i n g ,  the  por t ion  of the  primary beam n o i s e  

spectrum which g e t s  through t h e  lock-in ampl i f i e r  and appears a t  

t h e  output  i s  determined by t h e  low pass  output  f i l t e r .  These 

f i l t e r s  t y p i c a l l y  r o l l o f f  a t  e i t h e r  6 o r  12 dB/octave. 



For s impl ic i ty ,  assume t h a t  t h e  f i l t e r  is  a sharp-cutoff low 

pass  f i l t e r .  Then only t h a t  p a r t  of t h e  primary beam no i se  spectrum 

below t h e  f i l t e r  cutoff  w i l l  be seen i n  t h e  output .  Since the  

Zr/W <loo> TFE emitter has a p la t eau  on t h e  no i se  s p e c t r a l  dens i ty  

which extends t o  - 200 Hz (see Figure 7-7) a t  a l e v e l  of .03% rms 

noise /& whereas shot  no i se  f o r  t h i s  same cur ren t  l e v e l  (30 nA) 

amounts t o  % .0003% rms noise/&, one might expect the  f i e l d  emi t t e r  

t o  be 100 times n o i s i e r  than a thermionic cathode i n  t h e  Auger 

app l i ca t ion .  There a r e  two reasons why t h i s  may not  be t h e  case. 

F i r s t ,  t h e  thermionic cathode used i n  many scanning Auger 

systems (LaB6) doesn' t  produce a shot-noise beam cur ren t .  A meas- 

urement of t h i s  cathode7 showed a n o i s e  l e v e l  a t  100 Hz of 

.002%/& f o r  an 82 nA beam, whereas t h e  shot-noise associa ted  

wi th  82 nA i s  . 0 0 0 2 % / 6  (see Figure 4-8). Therefore, t h e  f i e l d  

emi t t e r  may appear i n  comparison t o  a LaB6 source t o  produce - 10 

times t h e  n o i s e  i n  an Auger s i g n a l  r a t h e r  than 100 times. 

Second, consider the  a c t u a l  cu r ren t  t h a t  passes through t h e  CMA 

a p e r t u r e  and is  amplified by the  channeltron and the  lock-in ampli- 

f i e r .  The Auger y i e l d  is  t y p i c a l l y  and the  CMA t ransmission i s  

" 10-I giving a n e t  a t t enua t ion  t o  t h e  primary cur ren t  of 

With a 30 nA primary beam, the  de tec ted  Auger cu r ren t  is 0.3 PA. 

The sho t  no i se  associa ted  with 0.3 pA i s  * 0.1%/&. Of course, t h i s  

Auger peak is  r i d i n g  on a background cur ren t  much l a r g e r  than 0.3 PA, 

say  3 PA, which corresponds t o  a sho t  no i se  of .03%/ 6, t h e  same a s  

the  primary beam n o i s e  a t  30 nA from the  thermal f i e l d  emitter. 





Therefore, t h e  Auger process and t h e  de tec t ion  e f f i c i e n c y  together  

a t t e n u a t e  t h e  primary current  so  much t h a t  the detec ted  Auger cu r ren t  

sho t  no i se  is  comparable t o  t h e  primary beam noise .  If t h e  at tenua- 

t i o n  f a c t o r  were more severe  a s  i n  t h e  case  of a bad CMA o r  improper 

alignment, t h e  de tec ted  Auger cu r ren t  n o i s e  would outweigh t h e  

primary beam no i se  and the  system would be  shot-noise l imi ted ,  but  

no t  because of low primary beam noise ,  

The preceeding argument has ignored t h e  f a c t  t h a t  t h e  Auger 

process and t h e  secondary emission process are random processes,  

which means t h a t  they w i l l  c r e a t e  secondary e l e c t r o n  cur ren t  f luc tua-  

t i o n s ,  even wi th  a no i se less  primary beam current .  Secondary emission 

n o i s e  i s  t r e a t e d  by Van der ~ i e l  .8 It i s  genera l ly  a  small  e f f e c t .  

Af ter  the  above argument was w r i t t e n  a paper9 containing a s i m i -  

l a r  argument was noticed i n  connection with s t u d i e s  of the vol tage  

c o n t r a s t  mechanism i n  e l ec t ron  microscopy. That work uses the  very 

desc r ip t ive  term "noise bottleneck" t o  r e f e r  t o  the  place i n  the  

s i g n a l  path a t  which the  number of s i g n a l  car ry ing quanta is  minimum. 
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CHAPTER 5 

SYSTEM CONFIGURATION 

A. Gun, Optics, Alignment 

An o v e r a l l  diagram of the  f i e l d  emission (FE) scanning Auger 

microscope (SAM) system i s  shown i n  Figure 5-1. The upper l e n s  was 

operated a t  a f o c a l  length  of 63 mm and collimated t h e  emission trans- 

mit ted through a 0.30 mm anode aper tu re  located 25 mm from the  emit ter .  

The lower l e n s  was operated a t  a f o c a l  length of 139 mm and focused 

the  collimated beam onto t h e  specimen. Geometric cons t ra in t s  of t h e  

b e l l  j a r  system prevented c lose r  working d i s t ances  than about 13 cm. 

For t h i s  o p t i c a l  system t h e  o v e r a l l  magnification M is  given by 

the  r a t i o  of lower l e n s  f o c a l  length f 2  t o  upper lens  f o c a l  length  f l  

M = f 2 / f l  

The apparent object  s i z e  a t  the object  plane of t h e  f i r s t  l e n s  is 

then obtained by adding i n  quadratureL t h e  Gaussian, d i f f r a c t i o n ,  

spher ica l  and chromatic aberra t ion d i sks  d dd, d and dc, respec- 
g' s 

t ive ly  : 

where 



Conductive Coating 

Figure 5-1. F ie ld  emission scanning Auger microscope. 
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I n  t h e  above formula t ion  V is i n  v o l t s ,  o! i s  t h e  a p e r t u r e  h a l f  a n g l e  

subtended a t  t h e  source  and Cs and Cc a r e  r e f e r r e d  t o  t h e  o b j e c t  
1 1 

s i d e  of t h e  l e n s .  S imi l a r ly ,  f o r  t h e  lower l e n s  t h e  f i n a l  spo t  s i z e  

d2  i s  

where d and d a r e  t h e  s p h e r i c a l  and chromatic c o n t r i b u t i o n s  of t h e  
s2 =2 

lower l e n s .  

The l e n s  a b e r r a t i o n  c o e f f i c i e n t s  were obta ined  from a computer 

program w r i t  t e n  by Munro, which c a l c u l a t e s  t h e  a x i a l  magnetic f i e l d  

of t h e  l e n s  w i th  boundary cond i t i ons  determined by t h e  l e n s  gap and 

bo re  geometry. The l e n s  a b e r r a t i o n  c o e f f i c i e n t s  a r e  then  found by 

i n t e g r a t i n g  t h e  p a r a x i a l  ray  equat ion  wi th  t h e  c a l c u l a t e d  a x i a l  

f i e l d .  

The e l e c t r o n  gun s t r u c t u r e  shown i n  F igure  5-2 c o n s i s t s  of a  

cathode (p rec i s ion  mounted i n  a  molybdenum e m i t t e r  s l e e v e ) ,  a suppres- 

s o r  e l e c t r o d e  and an anode. This  gun has  p rev ious ly  been descr ibed 

2 by ~ o l f e , ~  El-Kareh and ~ o n t i ~ n . '  The tungs ten  h a i r p i n  f i lament  

r e q u i r e s  approximately 2 . 3  A a t  0.8 V. This  is  suppl ied  by a  f l o a t i n g  

h igh  frequency cur ren t - regula ted  dc supply. The suppressor  e l e c t r o d e  

is  suppl ied  by a  f l o a t i n g  b a t t e r y  (300 V ) .  This  suppressor  e l e c t r o d e  

p reven t s  t h e  thermionic emission from t h e  tungs ten  h a i r p i n  f i lament  

and t h e  f i e l d  emitter shank from g e t t i n g  through t h e  bean de f in ing  

ape r tu re .  It a l s o  reduces t h e  anode c u r r e n t  which p reven t s  excess ive  

anode outgass ing ,  The anode connect ion i s  brought ou t  through t h e  
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Figure 5-2. Magnetically focused thermal field electron gun. 



g l a s s  and connected t o  t h e  t o t a l  c u r r e n t  meter which r e t u r n s  t h e  

anode c u r r e n t  t o  ground. Using computed t r a j e c t o r i e s  from t h e  f i e l d  

2 emission t i p ,  El-Kareh has  determined t h e  e f f e c t i v e  Gaussian source  

s i z e  t o  be approximately 120 A f o r  t h i s  gun. The r ep laceab le  beam- 

d e f i n i n g  a p e r t u r e  a t  t h e  bottom of t h e  anode was .012 i n .  diameter  

and a t  a  d i s t a n c e  of 1 . 0  i n .  from t h e  f i e l d  e m i t t e r  t i p .  

The upper l e n s  (Celco PF-648-380) was d r i v e n  by a c u r r e n t  regu- 

l a t o r  (Celco SR1000A). The lower l e n s  was d r iven  d i r e c t l y  by a  w e l l  

r egu la t ed  power supply. Lens alignment was accomplished by f i r s t  

focus ing  w i t h  t h e  upper l e n s  a lone  a t  low magni f ica t ion .  A low f r e -  

quency s i n e  wave modulation was appl ied  t o  t h e  c u r r e n t  r e g u l a t o r  

i npu t  t o  vary  t h e  l e n s  c u r r e n t  about i t s  focused value.  The r e s u l t -  

i n g  n o t i o n  of t h e  image on t h e  CRT monitor (SEM mode of ope ra t ion )  

was minimized by l a t e r a l  cen te r ing  of t h e  l e n s .  The s t i gma to r  w a s  

then  a l igned  by t h e  procedure ind ica t ed  below. The lower l e n s  was 

a l igned  i n  a similar way t o  t h e  upper l e n s .  This  procedure was 

i t e r a t e d  t o  convergence. It was no t  necessary  t o  a d j u s t  t h e  t i l t  of 

t h e  upper l e n s .  

An e i g h t  p o l e  s t i gma to r  was loca t ed  between t h e  l e n s e s .  Two 

quadrupole s add le  c o i l  s e t s  were wound on t h e  same c o i l  form, d i s -  

placed 45' r e l a t i v e  t o  each o t h e r .  Each quadrupole was f ed  from a 

b i p o l a r  cur ren t - regula ted  supply.  This  arrangement produced t h e  

o v e r a l l  e f f e c t  of an e l e c t r i c a l l y  r o t a t a b l e  quadrupole of v a r i a b l e  

s t r e n g t h .  Each s e t  of opposing c o i l s  had a poten t iometer  arranged 

t o  ba lance  t h e  c u r r e n t s  so  a s  t o  p l ace  t h e  quadrupole c e n t e r  a t  t h e  



beam ax i s .  Stigmator alignment was accomplished by f i r s t  ad jus t ing  

t h e  st igmator f o r  t h e  b e s t  image and then modulating the  d r i v e  

cu r ren t  t o  each quadrupole while ad jus t ing  t h e  balancing po t s  f o r  

no motion of t h e  SEM image on t h e  CRT. 

The saddle  c o i l  de f l ec t ion  yoke was centered between t h e  bottom 

of t h e  lower l e n s  and t h e  glass-to-metal s e a l .  The metal  p a r t  of 

t h e  s e a l  was non-magnetic, but  a t  TV scan r a t e s  used i n  t h e  def lec-  

t i o n  c o i l s ,  eddy c u r r e n t s  would be induced i n  the  metal which would 

degrade t h e  f i e l d  l i n e a r i t y ,  i f  t h e  c o i l s  were placed near  t h e  metal.  

The d e f l e c t i o n  yoke c o n s i s t s  of two yokes wound on the  same form. 

One is  used f o r  high magnificat ion (2  turns)  and the  o t h e r  f o r  low 

magnificat ion (20 tu rns ) .  This decreases t h e  dynamic range required 

of the  d e f l e c t i o n  ampl i f ie r  and l e s sens  t h e  e f f e c t s  of e l e c t r i c a l  

no i se  generated i n  the  de f l ec t ion  e lec t ron ics .  The yoke i s  dr iven 

by a current  feedback ampl i f ie r .  The a r e a  over which t h e  f i e l d  is 

uniform wi th in  the  yoke i s  l a r g e  enough so  t h a t  mechanical cen te r ing  

of t h e  yoke wi th  t h e  g l a s s  tube is  s u f f i c i e n t .  No e l e c t r i c a l  center -  

ing adjustments a r e  necessary. 

B. Vacuum Chamber Instrumentat ion 

Two channeltron secondary e l e c t r o n  d e t e c t o r s  (Gali leo Electro-  

Optics CDEM 4700) were i n s t a l l e d  i n  t h e  vacuum system. Due t o  physi- 

c a l  c o n s t r a i n t s ,  they were located  on nea r ly  t h e  same plane a s  the  

specimen and approximately 3 in .  d i s t a n t  from it .  Since t h e  secon- 

dary e lec t ron  y ie ld  shows a cos ine  dependence on t h e  angle  r e l a t i v e  



t o  t h e  normal i n  t h e  specimen, t h e  d e t e c t o r s  a r e  i n  f a r  from optimum 

posi t ions .  The top view of t h e  chamber shows the  l o c a t i o n  of these  

de tec to r s ,  t h e  CMA, and t h e  ion gun. See Figure 5-3. The channel- 

t r o n  adjacent  t o  t h e  CMA l o s t  nea r ly  a l l  (96%) of i ts  video s i g n a l  

when t h e  CMA was moved up t o  the  specimen f o r  Auger work. The o the r  

channeltron l o s t  only about 40% of i ts  video s i g n a l  and so it pro- 

vided a usable  s i g n a l  f o r  pos i t ioning the  specimen with t h e  CKA i n  

place.  

The output  of the  channeltron i n  use  was a-c coupled t o  a FET 

input  opera t iona l  ampl i f i e r  (Optical  Elec t ronics  9725) which fed  a 

50 ohm l i n e  terminated a t  t h e  equipment rack.  This provided a 

video bandwidth of 3 MHz. which was adequate f o r  the  present  work. 

A higher speed ampl i f ie r  (Burr-Brown 3554) w i l l  r ep lace  t h i s  one i n  

the  f u t u r e  t o  inc rease  t h e  bandwidth t o  10  MHz. 

The CMA (PHI 06-150) used an i n t e r n a l  channeltron-type mult i-  

p l i e r  which was operated a t  approximately 2000 V. The analyzer  

t ransmission was 10% and energy reso lu t ion  was 0.8%. CMA opera t ing  

vo l t ages  were provided by a s tandard Auger e l e c t r o n i c s  system (PHI 

11-500A). 

The ion  gun, used f o r  s p u t t e r  cleaning specimens and Auger depth 

p r o f i l i n g ,  was a PHI 04-161. The specimen s t age  (PHI 15-600) had 12 

sample pos i t ions  on a r o t a t a b l e ,  removable sample carousel .  One of 

t h e  sample pos i t ions  had a b u i l t - i n  Faraday cup which was used f o r  

spo t  s i z e  measurements. 

The spo t  s i z e  measurement device is  shown i n  Figure 5-4. 
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Figure 5-3. Vacuum chamber, top view. 
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F igu re  5-4. Spot diameter  measuring device .  

The Faraday cup p i cks  up t h e  primary c u r r e n t  as t h e  beam i s  scanned 

over  a mesh of 5 pm wires. The c u r r e n t  is  ampl i f ied  by ano the r  OEI 

9725 op amp ope ra t ing  i n  t h e  t ransconductance mode. 

C. Magnetic Shie ld ing  

The l a r g e  number of p o r t s  a t  t h e  s i d e s  of t h e  vacuum system 

b e l l  j a r  prevented e f f e c t i v e  magnetic sh i e ld ing .  The e a r t h ' s  f i e l d  

(0.5 Gauss) and v a r i o u s  s t r a y  a-c f i e l d s  (0.01 Gauss p-p) p r e s e n t  

were sh i e lded  from t h e  e l e c t r o n  gun and l e n s e s  by a double mu-metal 

capped c y l i n d r i c a l  s h i e l d  wi th  an  aluminum space r .  Another small 

double s h i e l d  was placed o u t s i d e  t h e  d e f l e c t i o n  c o i l s .  This  extend- 

ed from t h e  bottom of t h e  lower l e n s  t o  w i t h i n  about  an  inch of t h e  

specimen. A disadvantage of us ing  t h i s  smal l  s h i e l d  is  t h a t  it 

conducts some of  t h e  f r i n g i n g  f i e l d s  o u t s i d e  t h e  l e n s  gap. This  



c r e a t e s  two problems. F i r s t ,  t he  lower l e n s  f i e l d  is s l i g h t l y  

d i s t o r t e d  which may inc rease  aberra t ions .  Second, t h e  d-c f i e l d  i n  

the  v i c i n i t y  of t h e  specimen is increased which degrades Auger 

e l ec t ron  s e n s i t i v i t y .  The combination of the  two double s h i e l d s  

reduced the  e f f e c t  of the  a-c f i e l d s  t o  where they contr ibuted  only 

about 0 .2  pm p-p modulation of t h e  beam pos i t ion ,  which was locked 

out  by line-frequency synchronizat ion of t h e  scan. 

When the  CMA was posi t ioned c l o s e  t o  t h e  sample, i ts  cy l indr i -  

c a l  magnetic s h i e l d  concentrated t h e  e a r t h ' s  f i e l d  a t  the  sample s o  

t h a t  approximately 1 Gauss was present  a t  the  sample pos i t ion .  This 

f i e l d  is an i so t rop ic  and not  only crea ted  astigmatism i n  t h e  beam 

but  a l s o  i s  probably one reason f o r  the  poor Auger S/N r a t i o .  

I n  r e t r o s p e c t ,  f o r  systems involving low energy e lec t ron  beams 

(such a s  t h i s  one) and espec ia l ly  f o r  Auger work, the  magnetic 

sh ie ld ing  should be considered a t  t h e  o u t s e t  t o  be a t  l e a s t  a s  

important a s  t h e  e l ec t ron  op t i c s .  It is very d i f f i c u l t  t o  t r y  t o  

"tack on" adequate sh ie ld ing  i f  a system has no t  been designed wi th  

t h i s  i n  mind. 
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CKAPTER 6 

EXPERIMENTAL PROCEDURE 

A. Beam Diameter Measurements 

Three d i f f e r e n t  methods a l l  involving measurement of t h e  rise 

t i m e  of a scanned beam were used t o  determine the  s i z e  of the  focused 

beam. One of t h e  methods involved the  use  of an apertured Faraday 

cup t o  measure transmitted current  pas t  a  kn i fe  edge. We used a 

rec tangular  c ross  sec t ion  wire which permitted i t s  use  a s  a kn i fe  

edge i n  c e r t a i n  o r i en ta t ions  r e l a t i v e  t o  the  beam. The g r id  was 

scanned i n  t h e  SEM mode and an edge with s u i t a b l e  o r i e n t a t i o n  was 

se lec ted .  The rise time of the  e lec t ron  current  t ransmitted pas t  t h e  

edge i n t o  t h e  cup was used t o  obta in  the  beam s i z e  measurement. The 

same t a r g e t  was used t o  measure beam s i z e  from the  r i s e  time of back- 

s c a t t e r e d  e lec t rons .  A t h i r d  beam s i z e  measurement technique was t o  

take  a l i n e  scan over MgO p a r t i c l e s  deposited on a c lean s i l i c o n  sur- 

face. When p a r t i c l e s  smaller  than the  beam were scanned, t h e  secondary 

e lec t ron  s i g n a l  t raced out  the  beam p r o f i l e .  A l l  methods used a l ine-  

frequency locked scan t o  e l iminate  the  per turbat ion of a small s t r a y  

60 Hz  f i e l d .  

J O ~ '  has  described techniques f o r  measuring spot  s i z e  f o r  an SEX. 

Since our system d e l i v e r s  orders  of magnitude more beam current  than 

a t y p i c a l  SEM, some of h i s  e l abora te  measures t o  optimize SIN r a t i o  

f o r  t h e  Faraday cup were not  required.  Our bas ic  spot  s i z e  measurement 



technique was suggested i n  a  paper by Verhoeven and ~ i b s o n . ~  When 

using a doubly apertured Faraday cup one must ensure t h a t  the  lower 

ape r tu re  (below t h e  image plane) does not  obs t ruc t  any p a r t  of the  

beam diverging cone.' I f  t h e  ou te r  edges of t h e  beam a r e  obs t ructed ,  

even though the  obs t ruc t ion  is pas t  t h e  image plane,  the  convergence 

angle  a t  t h e  image plane i s  e f f e c t i v e l y  decreased, as shown i n  Figure 

6-1. Thus t h e  spo t  diameter w i l l  appear b e t t e r  than i t  a c t u a l l y  is. 

- - -- Image Plane 

- - - - Second Aperture 

Faraday Cup 

Figure 6-1. Beam diameter measurement device. 

A comparison of var ious  methods of spot  s i z e  measurement can be 

done i f  one assumes a Gaussian cur ren t  dens i ty  d i s t r i b u t i o n  i n  the  

beam. This is  genera l ly  t r u e  i f  the  probe s i z e  is g r e a t e r  than 

severa l  hundred angstroms.' I n  scanning an e lec t ron  beam over a  

k n i f e  edge, the  rise time of t h e  cu r ren t  between the  4 - 9 6 ~ , ~  1112- 

11 /12  (8.3-91.7%), 10-901, and 15-852 amplitude l e v e l s  has  been 

used t o  de f ine  t h e  diameter i n  var ious  publ ica t ions .  I n  the  l i n e  

scan of t h e  MgO p a r t i c l e ,  the  most convenient measurement was the  
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FWHM of the Gaussian peak. The current transmitted past a knife edge 

can be differentiated to yield a Gaussian waveform, and again the most 

convenient measurement is the n?HFf. Another spot diameter definition 

was used in the paper on electron beam chromatic and space charge 

broadening by Groves, et They used a tangent line at the mid- 

point of the rise of the transmitted current past a knife edge which 

was extended to the OX and 100% amplitude levels. The intersections 

of the tangent line with those levels defined the beam diameter, as 

shown in Figure 6-2. 

k--- 50% Amplitude 

Rise Time ' Tangent Line 

Figure 6-2. Beam size measurement conventions. 

Using standard tables of the Gaussian function,6 Table 6-1 was 

produced to compare the various methods of spot size measurement 

to the Gaussian FWHM method, which was used in this study. 



TABLE 6-1 

Bw SIZE MEASUREMENT CONPARISONS 

Amplitude P o i n t s  % T o t a l  Beam Current  % Devia t ion  from 
f o r  R i s e  Times Method i n  t h i s  Diameter FFTHE4 Diameter 

4 - 96% Rise  Time 80. 49.2% 

8.3 - 91.7% R i s e  Time 61.6 16.9% 

10  - 90% Rise  Time 56. 8.5% 

10.5 - 89.5% Tangent Line 54.8 6.3% 

1 5  - 85% R i s e  Tine 41.8 -11.9% 

B. Noise lleasurements 

The specimen s t a g e  cu r r en t  was ampl i f ied  w i t h  a PAR model 181  

c u r r e n t  s e n s i t i v e  p reampl i f i e r  and t h e  output  w a s  f ed  t o  a Quantech 

model 304 spectrum analyzer .  D i s c r e t e  d a t a  p o i n t s  were taken f o r  

s e v e r a l  runs  through t h e  spectrum from 1 Hz t o  5000 Hz. A spectrum 

w i t h  t h e  beam turned  o f f  was sub t r ac t ed  from t h e  beam n o i s e  spectrum 

t o  c o r r e c t  f o r  background. These d a t a  were analyzed w i t h  a computer 

and i n t e g r a t e d  t o  o b t a i n  t h e  f i n a l  o v e r a l l  n o i s e  percentage.  

Two p o i n t s  a r e  worth no t ing  wi th  r e s p e c t  t o  n o i s e  s p e c t r a  taken 

wi th  an  analog spectrum analyzer .  F i r s t ,  t h e  equ iva l en t  n o i s e  band- 

wid th  i s  n o t  t h e  same a s  t h e  commonly used 3 dB bandwidth.' The 

bandwidth of an a m p l i f i e r  o r  tuned c i r c u i t  i s  c l a s s i c a l l y  def ined  as 



t h e  frequency span between half-power p o i n t s .  The n o i s e  bandwidth, 

Af, i s  t h e  frequency span of a r e c t a n g u l a r l y  shaped power g a i n  curve 

equal  i n  a r e a  t o  t h e  a r e a  of t h e  a c t u a l  power g a i n  ve r sus  frequency 

curve ( see  F igure  6-3). 

F igure  6-3. Equivalent  n o i s e  bandwidth. 

The second p o i n t  t o  mention i s  t h a t  t h e  meters i n  most of t h e s e  

ins t ruments  ( inc luding  t h e  Quantech 304) ,  wh i l e  c a l i b r a t e d  i n  terms 

of rms vo l t age ,  a r e  a c t u a l l y  average responding meters.l Thus, t h e  

c a l i b r a t i o n  i s  only a c c u r a t e  f o r  s i n e  waves, where t h e  average  i s  

0.636 of  t h e  peak and t h e  rms i s  0.707 of t h e  peak. The rms s c a l e  

on t h e  meter  t h e r e f o r e  r eads  0.707/0.636 = 1.11 times t h e  v o l t a g e  

measured. Gaussian n o i s e  has an  average v a l u e  of 0.798 of rms. The 

average responding meter i n d i c a t e s  1.11 times h ighe r ,  s o  i t  r eads  

1.11 x 0.798 = 0.885 of t h e  t r u e  rms value .  So t h e  reading on t h e  

meter must be  m u l t i p l i e d  by 1/0.885 = 1.13 f o r  an a c c u r a t e  rms read- 

i n g  of Gaussian noise .  Other f a c t o r s  t o  cons ider  when us ing  an  

analog meter f o r  n o i s e  measurement a r e  meter c r e s t  f a c t o r  and band- 

width. These a r e  t r e a t e d  i n  d e t a i l  i n  a book on low-noise e l e c t r o n i c  

design.' The most r e l i a b l e  way t o  measure n o i s e  w t th  a meter  of 



unknown response  is  t o  u s e  a c a l i b r a t e d  n o i s e  source ,  no t  a s i n e  wave 

source ,  t o  determine t h e  meter c a l i b r a t i o n .  

More r e c e n t  n o i s e  measurements were done wi th  a Hewlett-Packard 

5420A D i g i t a l  S igna l  Analyzer. This  instrument  i s  capable  n o t  only 

of measuring t h e  n o i s e  power spectrum from .0005 Hz t o  25 kHz, b u t  

a l s o  of doing c r o s s  s p e c t r a  between two s i g n a l s .  It was used i n  t h e  

l a t t e r  mode t o  determine t h e  coherence between t h e  t o t a l  (anode) 

c u r r e n t  It and t h e  probe (specimen) c u r r e n t  Ip. By connect ing t h e  

ana lyze r  d i r e c t l y  t o  t h e  specimen s t a g e  t o  bypass t h e  p reampl i f i e r  

(which had a DC t o  5 kHz response) ,  an  a t t e n p t  was made t o  fo l low 

t h e  h igh  frequency n o i s e  spectrum out  t o  25 kHz. Thi s  was n o t  pos- 

s i b l e  because t h e  1 Megohm inpu t  impedance of t h e  ana lyzer  picked up 

t o o  much background s i g n a l .  The experimental  s e t u p  t o  measure t h e  

power s p e c t r a  and coherence func t ion  is  shown i n  F igure  6-4 .  

The only reason t h a t  t h e  10  LIF coupling c a p a c i t o r  was used i n  

t h e  It measuring c i r c u i t  i s  t h a t  one channel of t h e  54208 ana lyzer  

would no t  swi tch  t o  t h e  AC coupled mode ( a  d e f e c t  i n  t h e  ins t rument ) .  

I n  t h e  DC coupled mode, t h e  s teady  s t a t e  component of It overloaded 

t h e  i n p u t  of t h e  ana lyzer .  Measurements involv ing  It are t h e r e f o r e  

no t  a c c u r a t e  a t  very  low f requencies ,  on t h e  o r d e r  of 0 .1  Hz and 

below. 

Add i t iona l ly ,  i n  t h e  AC coupled mode, t h e  i n t e r n a l  i npu t  coup- 

l i n g  c a p a c i t o r s  l i m i t  t h e  low frequency c a p a b i l i t y  t o  approximately 

0.5 Hz, s o  measurements below t h i s  frequency, except ing t h e  coherence 

func t ion ,  a r e  n o t  a b s o l u t e l y  accu ra t e .  
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Figure 6 - 4 .  Noise spectrum measurement setup.  

Several  measurement c a p a b i l i t i e s  of the  D i g i t a l  Signal  Analyzer 

were used t o  analyze t h e  TFE emission noise .  The following d e f i n i -  

t i o n s  of t h e  measurements a r e  piven f o r  reference .  The l i n e a r  

spectrum, S,(f), i s  t h e  Fourier  t r a n s f o m  of the  input  vo l t age  

s i g n a l ,  x ( t )  . 
Channel 1 S  x ( f )  = F x ( t )  

Channel 2  S Y ( f )  = F y ( t ) *  



The a u t o  power spectrum i s  t h e  magnitude squared of t h e  l i n e a r  

spectrum, 

Gxx(f) = SX(f)  sx ( f )*  

* where is  t h e  complex conjugate .  The c r o s s  power spectrum i s  a 

measure of t h e  mutual power between two s i g n a l s  a t  each frequency 

i n  t h e  a n a l y s i s  band. It i s  def ined  a s :  

Both magnitude and phase informat ion  a r e  contained i n  t h i s  measure- 

ment, the phase be ing  t h e  r e l a t i v e  phase between t h e  two s i g n a l s .  

The coherence f u n c t i o n  i s  a measure of t h e  degree  of c a u s a l i t y  

between a system i n p u t  and output .  It i s  de f ined  a s :  

where denotes  an average. 

The c ros s  power spectrum may have a h igh  va lue  s i n p l y  because 

both  S and Sx happen t o  be  l a r g e  i n  a c e r t a i n  frequency i n t e r v a l ,  
Y 

no t  because t h e r e  i s  any causa l  connect ion between x ( t )  and y ( t ) .  

By normalizing t h e  c r o s s  power spectrum t o  t h e  i n d i v i d u a l  power 

s p e c t r a ,  t h e  coherence func t ion  removes t h i s  ambiguity i n  determin- 

i ng  c a u s a l i t y .  I f  a causa l  connect ion is  e s t a b l i s h e d  by means of 

t h e  coherence func t ion ,  then  t h e  phase of t h a t  c a u s a l i t y  can be 



determined by t h e  c r o s s  spectrum. The ana lyze r  a l s o  had t h e  capabi l -  

i t y  of p l o t t i n g  an  ampli tude his togram ( p r o b a b i l i t y  d e n s i t y  of 

ampli tude v a l u e s ) .  For random no i se ,  t h i s  p l o t  should b e  a  Gaussian 

o r  normal d i s t r i b u t i o n .  

C. Auger Measurements 

Auger s p e c t r a  were taken i n  t h e  s tandard  dN/dE mode. A f i x e d  

beam Auger system (PHI 10-155 o p t i c s )  w i t h  a  thermionic e l e c t r o n  gun 

mounted c o a x i a l l y  i n s i d e  a  ClL4 was a v a i l a b l e  f o r  making a  comparison 

of t h e  S/N r a t i o .  This  system used a  l a r g e r  CMA wi th  a focus  approxi- 

mately 0.25 i n .  from t h e  end of t h e  ana lyze r ,  i n  comparison t o  t h e  

CMA i n  t h e  f i e l d  emission system which had a  focus  0 .1  i n .  from t h e  

end of t h e  ana lyze r .  

Auger e lementa l  s cans  were made by feeding  t h e  ou tpu t  of t h e  

lock-in a m p l i f i e r  through a  v a r i a b l e  a t t e n u a t o r  t o  t h e  Z a x i s  i npu t  

of a Tektronix 605 s t o r a g e  monitor.  The X and Y axes were f e d  wi th  

t h e  proper  d e f l e c t i o n  vo l t ages  t o  form a r a s t e r  and a  s t o r e d  scan  was 

made. The monitor  was photographed a f t e r  t h e  s can  and t h e  Auger 

system was r e s e t  t o  another  energy peak. By a d j u s t i n g  t h e  v a r i a b l e  

a t t e n u a t o r  and t h e  lock-in output  zero  a d j u s t ,  t h e  z a x i s  vo l t age  

window f o r  a s t o r e d  t r a c e  on t h e  605 could be s e t  above t h e  n o i s e  

and s o  t h a t  t h e  h ighes t  peak occurr ing  i n  t h e  f i e l d  of view would 

no t  s a t u r a t e  t h e  s t o r a g e  sc reen  (which would smear t h e  image). A 

test scan  was i n  progress  whi le  t h e s e  adjustments  were being made. 
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CHAPTER 7 

RESULTS AND DISCUSSION 

A. Beam Diameter 

The relevant lens parameters are: fl = 63 mm; C = 139 mxn; 
S1 

C = 53.7 mm; f2 = 139 mm; C - 3000 mm; Cc = 133 mm; M - 2.2; 
=1 s2 2 

a = 0.006 rad; Q = 0.113 msr. The effective beam aperture seen by 

the emitter was .006 rad half angle. Spot size data was taken for 

two different emitters. The "emitter voltage" (Vn) was taken to be 

that required to obtain 1.0 mA/sr at a temperature of 1800 K. The 

higher voltage emitter, at 12000 V, produced a limited amount of data, 

as far as spot size is concerned. Problems occurred with the high 

voltage wiring since the system had not originally been designed to 

operate at this voltage. 

In Table 7-1 the experimental and calculated beam diameters for 

the "12000 V emitter" are given. Beam currents were varied by changing 

the beam voltage from 8.5 to 12.0 kV. An assumed Gaussian source 

diameter of 150 A" was included in the calculations. Contributions 

of the spherical (ds) and chromatic (dc) aberration disks of both 

the upper (subscript 1) and lower (subscript 2) lenses are also 

indicated. The value of the energy spread bV is known to increase 

with source angular intensity (I / a ) ;  ' thus, experimental values 
P 

for AV obtained previously from a lower voltage emitter were used. 4 

If we take the experimentally determined spot size, subtract in 



TABLE 7-1 

EXPERIMENTAL AND PREDICTED GUN OPERATING PAlWiETERS FOR 1 2 0 0 0  V EMITTER 

(Values of d in pm) 

d (calc) d (exp) AV (ev) ** 

* 
Estimated values from data on a smaller radius emitter. 

* * 
Calculated from experimental spot diameter. 



quadra ture  t h e  s p h e r i c a l  a b e r r a t i o n  c o n t r i b u t i o n s ,  we can then i n f e r  

t h e  beam energy spread.  This  is t a b u l a t e d  i n  t h e  l a s t  column. The 

t h r e e  d i f f e r e n t  methods of s p o t  s i z e  measurement agreed wi th in  + 0.02 

pm. Typica l  SEM images of two d i f f e r e n t  specimens a r e  shown i n  Figure 

7-1. 

The r e s u l t s  show t h a t  t h e  experimental  v a l u e s  of d achieved 

between 40 and 110 nA beam c u r r e n t  and w i t h  M = 2.2 are a l l  of t h e  

o r d e r  of  0.10 urn. 

The e l e c t r o n  beam broadening e f f e c t  as computed by Groves, et 

a1.5 can b e  est imated f o r  t h i s  o p t i c a l  column as fol lows:  

where 
db = b l u r  diameter  due t o  broadening 

Cb = broadening c o e f f i c i e n t  

I = beam c u r r e n t  
P 

a'  = beam convergence semi-angle a t  image p lane  

a = - = - *Oo6 f o r  ou r  system. M 2.2 

For a 25 cm column l eng th ,  Cb = . I64 cm/A. Thus, f o r  our  system 

Since  t h i s  i s  t h e  diameter  def ined  by t h e  " tangent  l i n e "  method, i t  

corresponds t o  a FWHM diameter  of .06/1.06 = .057 urn. When t h i s  i s  

added i n  quadra ture  wi th  t h e  nominal 0 .1 um s p o t  diameter ,  t h e  r e s u l t  



(0) 5j-Lm/div

(c) 90j-Lm/div
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(b) 3j-Lm/div

(d) Ij-Lm/div

Figure 7-1. SEM images from scanning Auger microprobe.

(a) and (b) -- 5 ~m wires.

(c) and (d) -- Gold-coated radiolaria.



is approximately 0.115 vm. This e f f e c t  has the re fo re  increased t h e  

diameter by only 150 A. Since the  e r r o r  i n  any measurement i s  on t h e  

order  of +_ 100 A, to  see this e f f e c t ,  we would have t o  t a k e  t h e  beam 

cur ren t  up t o  1 PA o r  so.  The present  measurements taken on t h i s  

system do not  go beyond 0.11 PA. 

The above c a l c u l a t i o n  can only be considered an es t imate ,  s i n c e  

the  broadening c o e f f i c i e n t  Cb was ca'lculated f o r  a case  of zero 

i n i t i a l  energy spread. The a c t u a l  procedure used i n  t h e  paper5 was 

t o  assume an i n i t i a l  energy spread corresponding t o  t h e  angular  

i n t e n s i t y  a t  t h e  source and incorpora te  both l a t e r a l  space charge 

broadening and long i tud ina l  "Boersch" e f f e c t  and i ts  e f f e c t  due t o  

t h e  chromatic abe r ra t ion  of t h e  p a r t i c u l a r  l e n s  system used i n t o  t h e  

db value.  The da ta  were not  provided i n  t h e  paper f o r  ca lcu la t ing  

Cb f o r  a system with an i n i t i a l  energy spread and a given value  of 

Because of the  l a r g e  value  of dI/dT f o r  t h e  low work funct ion  

Zr/W <loo> TF source, t h e  beam cur ren t  can a l s o  be  va r i ed  by chang- 

ing  the  emitter temperature while keeping the  beam vo l t age  constant .  

However, at low temperatures, gas adsorption on t h e  emitter becomes 

an increas ing problem i n  low (e.g., 10'~ t o r r )  vacuum environment. 

More extens ive  da ta  were accumulated f o r  t h e  low vo l t age  (9000 V) 

emitter by varying beam current  by means of temperature a t  severa l  

se l ec ted  vol tages .  Figures 7-2 and 7-3 show t y p i c a l  experimental 

v a r i a t i o n  of beam cur ren t  with vol tage  and temperature. To some 

ex ten t  t h e  g r i d  vo l t age  can a l s o  be used t o  vary both t h e  beam and 
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Figure 7-3. Current vs. temperature characteristic curves. 

V = 9.0 kV, V, = 9000 V. 



t o t a l  c u r r e n t s  a t  cons tan t  beam vo l t age .  . Thi s  i s  shown i n  F igure  

7-4. 

By p l o t t i n g  beam s i z e  vs .  i n v e r s e  v o l t s  f o r  t h e  low vo l t age  

e m i t t e r ,  t he  energy spread a t  a given angular  i n t e n s i t y  can be  

i n f e r r e d  from t h e  s lope  of t he  l i n e s  as shown i n  F igure  7-5. It 

would seem t h a t  t h e  h ighe r  vo l t age  emitter s t a r t s  ou t  w i t h  a  l a r g e r  

energy spread than  t h e  low vo l t age  e m i t t e r ,  and a t  h igh  angu la r  

i n t e n s i t i e s  t h e  low vo l t age  e m i t t e r ' s  energy spread  becomes g r e a t e r .  

However, i f  one looks  a t  t he  s i z e  of the  e r r o r  b a r s ,  i t  appears  t h a t  

i n  o rde r  t o  say  any more about t h i s  e f f e c t  a  more s o p h i s t i c a t e d  

experimental  se tup  would be r equ i r ed  t o  reduce the  e r r o r  t o  < 50 A. 

Figure  7-6 shows a  comparison of 8.5 and 12.0 kV emitters i n  a  

beam diameter  vs .  beam cu r ren t  p l o t .  The vo l t age  was v a r i e d  i n  both 

cases  t o  vary  t h e  beam cu r ren t .  It can be seen t h a t  even though t h e  

beam energy spread AV i n c r e a s e s  w i t h  c u r r e n t  i n  both cases ,  i t s  

e f f e c t  on t h e  beam diameter i s  cance l led  f o r  t he  h ighe r  ope ra t ing  

vo l t age ,  i n  p a r t  due t o  t h e  g r e a t e r  denominator i n  t h e  AVJV f a c t o r  

and i n  p a r t  due t o  l e s s  AV from a l a r g e r  r a d i u s  e m i t t e r  a t  a given 

angular  i n t e n s i t y ,  

A p l o t  of t he  vo l t age  v a r i a b i l i t y  of t h e  9000 V e m i t t e r  a t  a 

cons tan t  85 nA probe cu r ren t  i s  shown i n  F igure  7-7. Temperatures 

above 1900 K approach the  mel t ing  temperature of zirconium, whi le  

temperatures  below approximately 1600 K a l low adsorbed gases  t o  

b u i l d  up which a f t e r  a  s u f f i c i e n t  time (-1 hour) w i l l  " k i l l "  t h e  

emission. 



Figure 7-4. Grid control of current. 

V = 9 . 0  kV, V, = 9000 V.  



Figure 7-5.  Beam s i z e  for low voltage emitter. 

V = 9.0 kV, V, = 9000 V. 
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Figure 7-6. Beam diameter vs. beam current for two different 

emitters. 
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Figure 7-7. Voltage variability with a constant probe current. 

V = 9.0 kV, V, = 9000 V. 



B. Noise Data 

The s h o t  n o i s e  l e v e l  f o r  a probe c u r r e n t  of 30 nA i s  9.6 x 

~ ~ s e c  o r  98 £A/&. The no i se  spectrum f o r  a 9100 V e m i t t e r  a s  

measured on t h e  Quantech 304 is shown i n  F igure  7-8. A s  mentioned 

i n  t he  experimental  procedure s e c t i o n ,  t h i s  instrument  is c a l i b r a t e d  

i n  terms of a s i n e  wave r e fe rence  s i g n a l .  To c o r r e c t  t h i s  spectrum 

f o r  a Gaussian no i se  s i g n a l ,  t h e  graph should be moved up by a f a c t o r  

of (1. 1 3 j 2  = 1.28. The t o t a l  i n t e g r a t e d  no i se  from 1 Hz t o  5000 Hz 

is 0.23% uncorrec ted ,  o r  0.26% co r rec t ed .  

Note t h a t  t h e  high frequency end of t h e  spectrum f a l l s  of a s  l / f  

(-3 dB/octave).  Assuming t h a t  t h i s  behavior  cont inues  a l l  t h e  way 

down t o  s h o t  n o i s e  l e v e l ,  we can determine t h e  frequency a t  which 

t h i s  occurs  and t h e  a d d i t i o n a l  c o n t r i b u t i o n  t h a t  t h i s  ex t r apo la t ed  

h igh  frequency po r t ion  would make t o  t h e  t o t a l  rms n o i s e  percentage.  

The frequency a t  which t h e  ex t r apo la t ed  n o i s e  l e v e l  would reach  s h o t  

n o i s e  i s  190.5 kHz. The a d d i t i o n a l  rms n o i s e  i n  t h e  > 5 kHz reg ion  

is 0.27%. Therefore,  t h e  t o t a l  rms n o i s e  percentage would b e  0.53%, 

i f  one can assume t h a t  t h e  l / f  f a l l o f f  cont inues  a l l  t he  way t o  shot  

no i se .  

Since t h e  analog spectrum ana lyze r  i nd ica t ed  a l a r g e  low f r e -  

quency n o i s e  component (< 2 Hz), a complete spectrum was t u n  on t h e  

d i g i t a l  spectrum analyzer  down t o  5 x Hz. The d a t a  s c a t t e r  

increased  f o r  t h e  extremely long d a t a  runs;  t h e  lowest  frequency 

range r equ i r ed  17 hours  t o  accumulate samples r equ i r ed  f o r  20 
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Figure 7-8. Noise spectral  dens i ty .  

V = 9.1 kV, V, = 9100 V. 



averages.  Most of t h e  d i g i t a l  s p e c t r a  were t h e  r e s u l t s  of 60 t o  100 

averages.  F igure  7-9 shows the  r e s u l t s  of t h e  e n t i r e  probe cu r ren t  

spectrum f o r  I = 50 nA. Note t h a t  t he  emitter used i n  t h i s  experi-  
P  

ment was y e t  another  r a d i u s ,  s i n c e  V = 7500 V. Also no te  t h a t  t he  R 

f a l l o f f  i n  no i se  power below 0.5 Hz i s  probably due t o  i n p u t  coupling 

c a p a c i t o r s  i n  t h e  spectrum analyzer .  

A c lue  t o  t h e  na tu re  of t he  low frequency (< 2 Hz) n o i s e  power 

was seen  i n  a  c r o s s  spectrum done i n  t h e  0 .1  t o  20 Hz range. The 

r e l a t i v e  phase between t h e  probe and t o t a l  no i se  c u r r e n t s  was random 

f o r  f r equenc ie s  above 2.1 Hz bu t  t h e  n o i s e  c u r r e n t s  ab rup t ly  f e l l  

i n t o  phase (0°, t ak ing  i n t o  account t h e  180' s h i f t  from the  preamp 

and t h e  small  phase s h i f t  due t o  the  1 0  pF coupling capac i to r )  a t  

2.1 Hz and below. 

The coherence func t ion  between t h e  probe and t o t a l  c u r r e n t s  

(Figure 7-10) shows the  same behavior:  an e s s e n t i a l l y  uncor re l a t ed  

r e l a t i o n s h i p  > 2 Hz and almost complete c o r r e l a t i o n  < 2 Hz. I f  t he  

i n d i v i d u a l  I and It no i se  power s p e c t r a  a r e  m u l t i p l i e d  by t h e  
P  

coherence func t ion ,  t he  coherent  n o i s e  power i n  each spectrum can 

be p l o t t e d ,  a s  i n  F igure  7-11. 

An a t tempt  was made t o  e f f e c t i v e l y  change the  s i z e  of t h e  

a p e r t u r e  by p l a c i n g  the upper magnetic l e n s  gap a t  t h e  p o s i t i o n  of 

t he  e m i t t e r  and p u l l i n g  i n  t he  d ivergent  e l e c t r o n  t r a j e c t o r i e s  by 

magnetic focus ing  be fo re  t he  beam h i t  the  a p e r t u r e ,  thereby e f f ec -  

t i v e l y  i n c r e a s i n g  the ape r tu re .  The r e s u l t s  a r e  a s  fol lows:  



FREQUENCY (Hz)  

Figure 7-9. Noise spec tra l  dens i ty .  

Ip = 34 nA unbiased s tage  
Ip  = 50 nA biased s tage  

Spectrum taken with unbiased s t a g e .  

V = 7 . 5  kV, V, = 7500 V. 
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Figure 7-10. Coherence funct ion .  

V = 7.5 kV, V, = 7500 V. 
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Ip  = 43  nA unbiased s tage  
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Figure  7-12: Var iab le  a p e r t u r e  n o i s e  s p e c t r a  f o r  I = 110, 
P 

385, 1930 nA. 

Figure  7-13: Same s p e c t r a  w i th  r e s u l t s  normalized t o  t h e  110 

nA spectrum. 

F igure  7-14: Log r a t i o  of normalized s p e c t r a .  

F igu re  7-15: Linear  r a t i o  of normalized spec t r a .  

The l a s t  two f i g u r e s  a r e  d i f f e r e n t  p l o t s  of t h e  same r e s u l t s ,  

namely t h a t  t h e  h igh  frequency components of t h e  n o i s e  s p e c t r a  

(> 2 Hz) decrease  (percentagewise) a s  t h e  a p e r t u r e  is  opened up. 

However, t h e  f i g u r e  a l s o  shows t h a t  t h e  low frequency, coherent  

component of n o i s e  c u r r e n t  i n c r e a s e s  w i th  inc reas ing  ape r tu re .  

F igure  7-16 p l o t s  t he  t o t a l  rms no i se  c u r r e n t  percentage over 

a band 10  Hz G f  G 5 H z  a s  a func t ion  of a p e r t u r e  semi-angle. 

F igure  7-17 is a r e p l o t  of t h i s  d a t a  a s  a func t ion  of a p e r t u r e  

s o l i d  angle.  There a r e  only t h r e e  p o i n t s  on each of t hese  graphs 

and the  l i n e s  a r e  2nd o rde r  polynomial r eg re s s ion  f i t s .  S ince  t h e  

no i se  power i n t e g r a l  is r e l a t i v e l y  i n s e n s i t i v e  t o  power below 10  Hz 

i n  t h e  spectrum, t h e s e  p l o t s  a r e  unchanged by the  i n c l u s i o n  of t h e  

low frequency p a r t  of the  spectrum. The no i se  i n  the  beam c u r r e n t  

w i l l  decrease  wi th  inc reas ing  a p e r t u r e  angle ,  a s  might be expected 

s i n c e  a l a r g e  e m i t t i n g  a r e a  is subtended which produces a b e t t e r  

s t a t i s t i c a l  smoothing of t he  emission f l u c t u a t i o n s  due t o  microscopic 

s u r f a c e  e f f e c t s .  

The low frequency (< 2 Hz) p a r t  of the spectrum i s  p o s s i b l y  a 

r e s u l t  of random thermal f l u c t u a t i o n s  which a r e  confined t o  t h e  low 
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Figure 7-12. Variable aperture noise  spectra. 

Cl = 0.113 msr, Ip = 57(110) nA, no magnetic focusing 
0 = 0.396 msr, Ip = 200(385) nA, magnetic focusing 
Cl = 0.982 msr, Ip = lOOO(1930) nA, magnetic focusing 

Current Ip given for:  no target  b ias  (pos i t ive  b i a s ) .  
Ip/R referred t o  biased target .  
Noise spectra taken on unbiased target .  
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Figure 7-13.  Variable aperture noise  spectra 
nornalized to  57 nA = I p .  

V = 7.5  kV, Vn = 7500 V .  



Figure 7-14. Ratio of nornalized spectra 
to the 57 nA spectrum. 

V = 7.5 kV, Vn = 7500 V. 
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Figure 7-15 .  Ratio of normalized spectra 
to the 57 nA spectrum. 

(Linear plot)  

V =  7.5 kV, V,= 7500 V. 
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frequencies by the thermal time constant.of the tungsten wire. Since 

the fluctuations are in phase, they apparently cannot be due to a 

partition effect. A treatment of the emitter and its supporting 

structure should include resistive heating, conduction, radiation 

and emission cooling effects and is too complicated to attempt in 

the present thesis. 

Only two amplitude histograms were taken. The conditions for 

these were: V = 6800 V, I = 30 nA, It = 240 nA, T = 1800 K, and 
P 

Af = 16 Hz (bandwidth of analyzer). The I histogram was essentially 
P 

a Gaussian curve centered on the average value of I . The It histo- 
P 

gram was definitely non-Gaussian. There appeared to be a Gaussian 

peak imbedded in the It distribution which was centered on the average 

It value, but there were significant amplitude probabilities displaced 

from the average. This is another confirmation that the low frequency 

domain contains non-random fluctuations. From Figure 7-11, one can 

see that the low frequency peak in I noise is about 2 orders of mag- 
P 

nitude greater than the 10 to 100 Hz region. The I noise, however, t 

exhibits a low frequency peak 6 or 7 orders of magnitude greater than 

the 10 to 100 Hz region noise. This large low frequency noise power 

shows up in the It histogram as a non-random component. 

C. Auger Data 

Auger area maps have been obtained for a barium scandate/tungsten 

dispenser cathode with good results. Figure 7-18 shows the results of 

a series of 5 minute elemental scans, along with the SEM images of the 
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Secondary electron images (a) and (b) of a barium
scandate/tungsten dispenser cathode. Auger images
(c), (d), (e) and (f) correspond to secondary
electron image (a).



same area. These were taken with the 12000 V emitter operating at 

8500 V, 30 nA. For Auger work the probe current was not increased 

much above 30 nA to minimize specimen damage. Typical spectra for 

the barium scandate cathode are shown in Figures 7-19 and 7-20. 

The 9000 V emitter was used to do an oxygen scan of the Au-Si02 

sample after sputter cleaning (Figure 7-21). The amplitude of the 

oxygen peak permitted a 1 minute high resolution elemental scan. This 

scan shows shadowing of the Auger electrons from the analyzer due to 

the right angle geometry between the primary beam and the CMA axis. 

It also shows an "edge" to the gold pattern, apparently due to the 

forward scattered primaries from the edge of the gold. 

An LaB6 planar cathode specimen was thermally cleaned and the 

179 eV Boron peak was used to demonstrate that the Auger noise level 

is essentially shot-limited by the Auger process and the detection 

efficiency and not limited by primary beam noise. The results are 

shown in Figure 7-22. In this figure, the S/N at three different 

primary beam currents was taken from the Auger dN/dE plots. As 

described in the section of this thesis on Auger S/N considerations, 

the signal to noise ratio of the detected Auger signal will be pro- 

portional to for a shot noise limited primary beam. So if (s/N)~ 
P 

is proportional to I this indicates that the process is essentially 
P ' 

shot-noise limited. 

LaB6 cathodes were also used in a comparison of the fixed beam 

thermionic coaxial gun AES system and the field emission SAM. This 

experiment used the same primary current (50 nA) in both systems and 



Figure 7-19. Thermally cleaned barium scandate 
dispenser cathode Auger specimen. 
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Figure 7-21.
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(0) GOLD ON Si02 SUBSTRATE

(b) MAGNIFICATION = 5 }J.m/div

(c) ONE MINUTE SCAN-OXYGEN

Secondary electron images (a) and (b) and
Auger image (c) corresponding to area in (b).



Figure 7-22. Boron peak from LaB6 cathode Auger specimen. 
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measured the  Auger S/N r a t i o .  For similar system s e t u p s ,  t he  Auger 

S / N  f o r  t he  SAM was approximately f i v e  t imes worse than  t h a t  f o r  t he  

f i x e d  beam system, This  r e s u l t  i n d i c a t e s  t h a t  e i t h e r  t h e  90° beam- 

CMA geometry o r  t h e  r e l a t i v e l y  high magnetic f i e l d  a t  t h e  specimen 

(-1 Gauss) w i l l  have t o  be co r r ec t ed  t o  make f u l l  u s e  of t h e  g r e a t e r  

probe cu r ren t  a v a i l a b l e  f o r  a given r e s o l u t i o n  i n  t he  f i e l d  emission 

SAM, There may be problems wi th  the  CMA i t s e l f  which would produce 

a l o s s  of s i g n a l .  
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CHAPTER 8 

CONCLUSIONS 

The ob jec t ive  of the  cons t ruct ion  of t h e  scanning Auger micro- 

probe was t o  determine t h e  s u i t a b i l i t y  of t h e  Zr/W<100> TFE source 

i n  a SAM app l i ca t ion .  The current  vs. spo t  s i z e  da ta  i n d i c a t e  a 

performance super ior  t o  t h e  LaBs t h e m i o n i c  cathode. A cu r ren t  

dens i ty  of 1300 ~ / c r n ~  o r  power dens i ty  of 1.6 lo7  W/cm2 has been 

achieved i n  a 0.1 Dm beam spot  s i z e .  This corresponds t o  an image 

plane br ightness  of 5.5 10' ~ / c m ~ s r  a t  12 kV. This f a r  exceeds 

t h e  SAM requirements, and can a c t u a l l y  des t roy t h e  su r face  under 

ana lys i s .  With t h i s  current  c a p a b i l i t y ,  t h e  ape r tu re  could be 

reduced t o  reduce t h e  spot  s i z e  and s t i l l  have p lenty  of cu r ren t  

f o r  a SAM app l i ca t ion .  

An increas ing beam energy spread with cu r ren t  was in fe r red  f o r  

both t h e  high vo l t age  and low vo l t age  emitter, but  i n  t h e  case  of 

t h e  low vo l t age  emitter t h e  chromatic abe r ra t ion  e f f e c t s  on spo t  

diameter were much g r e a t e r .  It appears t h a t  t h e  higher vo l t age  

emi t t e r  d i sp lays  l e s s  of t h e  "Boersch e f f e c t "  energy broadening with 

angular  i n t e n s i t y .  

The beam no i se  i s  g r e a t e r  than t h a t  of t h e  t h e m i o n i c  cathode, 

bu t  an e x p l i c i t  measurement of t h e  e f f e c t  of beam no i se  on t h e  Auger 

s i g n a l  noise  was hampered by a low e l e c t r o n  c o l l e c t i o n  e f f i c i ency ,  

which appears t o  be due t o  a problem i n  t h e  CMA. Arguments based 



on shot  no i se  i n d i c a t e  t h a t  a t  t h e  current  l e v e l s  detec ted  by the  

CMA, t h e  sho t  noise  of t h e  detected current  may mask t h e  e f f e c t s  of 

noise  from t h e  primary beam. The o v e r a l l  noise  l e v e l  of an Auger 

system using a given primary beam current  on the  order of t e n s  of 

nanoamps may the re fo re  be much more a f fec ted  by t h e  transmission of 

t h e  CMA than by primary beam noise.  

The beam no i se  spectrum shows a "knee" a t  - 200 Hz, with an  

approximately constant  s p e c t r a l  dens i ty  from 2 t o  200 Hz and l / f  

behavior beyond 200 Hz. There is a l a r g e  low frequency no i se  

(< 2 Hz) i n  the  probe current  which v a r i e s  approximately a s  l / f 2  

and which is completely coherent with t h e  noise  detec ted  i n  t h e  

t o t a l  (anode) current .  This suggests  t h a t  thermal f l u c t u a t i o n s  may 

contr ibute  t o  t h e  low frequency noise ,  while emi t t e r  surface  condi- 

t i o n  f luc tua t ions  contr ibute  t o  t h e  high frequency noise .  

The t o t a l  no i se  i n  t h e  beam is reduced by increas ing t h e  aper- 

t u r e  s i z e ,  a s  would be expected f o r  a no i se  process occurring due 

t o  su r face  work funct ion f luc tua t ions .  The low frequency no i se  i n  

t h e  beam increases  with aper tu re  angle, however, but f u r t h e r  meas- 

urements a r e  necessary t o  determine i f  t h i s  is an a r t i f a c t  of t h e  

magnetic focusing technique f o r  changing t h e  aper tu re  angle. 

The geometric s t a b i l i t y  of t h e  emit ter  s t r u c t u r e  is excel lent  

once i t  achieves equil ibrium temperature. Measurements show t h e  

emit ter  d r i f t  over 1 6  h periods t o  be < 0.05 pm/h f o r  t h e  TFE 

emi t t e r  operat ing a t  1800 K. 



The c a p a b i l i t i e s  of an e l e c t r o n  o p t i c a l  system based on t h e  

Zr/W<100> TFE e l e c t r o n  source  sugges t  s e v e r a l  o t h e r  a p p l i c a t i o n s ,  

some of which have a l r eady  been r e a l i z e d .  The long working d i s t a n c e  

permi ts  a  l a r g e  scanned f i e l d  wi th  low d e f l e c t i v e  a b e r r a t i o n s .  For 

such a p p l i c a t i o n s  a s  e l e c t r o n  beam l i thography and e l e c t r o n  beam 

addressable  a r c h i v a l  memories t h e  l a r g e  working d i s t a n c e  i s  important 

and t h i s  d i s t a n c e  is a d i r e c t  r e s u l t  of u s ing  a  source  wi th  small 

v i r t u a l  s i z e .  

The smal l  v i r t u a l  source a l s o  imp l i e s  a high degree of s p a t i a l  

coherence i n  t h e  quantum mechanical wave func t ion  of t he  e l e c t r o n  

beam. Therefore,  e l e c t r o n  beam holography and e l e c t r o n  i n t e r f e r e n c e  

experiments a r e  p o s s i b l e  w i th  a  reasonable beam cu r ren t .  

The h igh  cu r ren t  s e n s i t y  i n  a small spo t  produced by t h e  thermal- 

f i e l d  emission system i s  u s e f u l  i n  a p p l i c a t i o n s  where an e l e c t r o n  

s t imu la t ed  event  produces a  low quantum y i e l d ,  s o  t h a t  t he  S/N r a t i o  

is h igh ly  dependent on the primary beam cu r ren t .  I n  a d d i t i o n  t o  Auger 

spectroscopy,  o t h e r  processes  i nc lude  x-ray spectroscopy,  charac te r -  

i s t i c  l o s s  spectroscopy and e l e c t r o n  s t imu la t ed  desorp t ion .  

Stroboscopic scanning e l e c t r o n  microscopy involves  beam blank- 

i n g  w i t h  a  t y p i c a l  duty cyc l e  of 1% o r  l e s s .  This  technique r e q u i r e s  

a  l a r g e  beam cu r ren t  s i n c e  t h e  e f f e c t i v e  c u r r e n t  seen on t h e  specimen 

s u r f a c e  is  1% o r  l e s s  of t h e  s t eady- s t a t e  beam cu r ren t .  

The power dens i ty  i n  t h e  e l e c t r o n  beam is u s e f u l  i n  such appl i -  

c a t i o n s  a s  con t ro l l ed  annea l ing  of s i l i c o n  and e-beam machining. 
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