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Abstract:
The growth of thin bismuth films on the GaSb(110) surface has been studied using low energy electron
diffraction (LEED) and Auger electron spectroscopy (AES). The GaSb samples were single crystal bars
and the (110) surface was prepared by cleaving in situ. Bismuth was evaporated from a solid source,
and the evaporation was monitored with a quartz crystal oscillator. Diffraction spot profiles and
integrated intensity versus voltage (IV) curves were measured at temperatures ranging from 120 K to
350 C. Bismuth was found to grow epitaxially for monolayer coverages, preserving the p(lxl) LEED
pattern symmetry. Upon annealing a phase transition occurred such that the p(lxl) symmetry was
replaced by a p(lx2) symmetry, where the LEED pattern periodicity was doubled along the [001]
direction of the bulk GaSb crystal. Preliminary work has been done toward the determination of the
atomic structure of the Bi/GaSb(110) interface. Modifications were made to the existing computer
programs, including the incorporation of the simplex algorithm into the structure search
decision-making process. Using this method, the calculated atomic structure of the clean GaSb(110)
surface was shown to be in agreement with that obtained by previous methods. Searches were also
made for the atomic structure of the p(lxl) structure for a bismuth coverage of one monolayer. The
results indicate an ordered bismuth overlayer with an atomic structure differing markedly from the
truncated bulk or reconstructed clean GaSb(110) surface structure. 
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ABSTR AC T

The grow th o f th in  b ism uth  film s  on the G aSb(IlO ) surface has been studied 
us ing  low  energy electron d iffra c tio n  (LE E D ) and Auger e lectron spectroscopy 
(AES). The GaSb samples were single crys ta l bars and the  (H O ) surface was 
prepared by cleaving in  s itu . B ism uth  was evaporated from  a solid source, and the 
evaporation was m on ito red  w ith  a qua rtz  c rys ta l osc illa to r. D iffra c tio n  spot 
pro files and in teg ra ted  in te n s ity  versus voltage (IV ) curves were measured a t 
tem peratures rang ing  from  120 K  to 350 C. B ism u th  was found to grow ep itax ia lly  
fo r m onolayer coverages, preserving the p ( lx l )  LE E D  p a tte rn  sym m etry. Upon 
annea ling  a phase tra n s it io n  occurred such th a t the  p ( l x l )  sym m etry  was 
replaced by a p ( lx 2 ) sym m etry, where the LE E D  pa tte rn  pe riod ic ity  was doubled 
along the [001] d irection o f the b u lk  GaSb crystal. P re lim ina ry  w ork  has been done 
tow ard  the de te rm ina tion  o f the atom ic s truc tu re  o f the BiZGaSb(HO) in terface. 
M o d ifica tions  were made to the  e x is tin g  com puter program s, in c lu d in g  the 
incorpora tion  o f the sim plex a lgo rithm  in to  the s truc tu re  search decision-m aking 
process. U s in g  th is  m ethod, the  ca lcu la ted  atom ic s tru c tu re  o f the  clean 
G aSb(IlO ) surface was shown to  be in  agreement w ith  th a t obtained by previous 
methods. Searches were also made fo r the atom ic s tructure  o f the p ( lx l )  s tructure  
fo r a b ism u th  coverage o f one monolayer. The results ind ica te  an ordered b ism uth  
overlayer w ith  an atom ic structu re  d iffe ring  m arked ly from  the truncated b u lk  or 
reconstructed clean GaSb(HO) surface structure.
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CHAPTER I  

IN TR O D U C T IO N

The w ork  presented in  th is  thesis represents the resu lts  o f the experim enta l 

and th e o re tica l in ves tiga tions  in to  the g row th  o f th in  b is m u th  film s  on the  

G aSb(IlO ) surface. The m otiva tion  fo r such a study is m any-fold. ■ GaSb (ga llium  

an tim on ide ) is an im p o rta n t I I I - V  sem iconductor. I t  has m any in d u s tr ia l 

app lica tions fo r the  construction  o f e lectron ic devices such as e lectro-optica l 

sensors and lig h t  e m ittin g  diodes [ I ] .  The successful construction o f electronic 

devices, w h ich  are g e tting  increas ing ly  sm aller, could bene fit g rea tly  from  the 

knowledge o f atom ic and electronic s tructures o f sem iconductor-m etal interfaces. 

Th is  is im p o rta n t in  s tudy in g  the fo rm a tion  o f S chottky b a rr ie rs  and ohm ic 

contacts [2], A t  the atom ic scale, however, l i t t le  is understood about the electronic 

s tru c tu re  a t these in terfaces, due to com plex atom ic reconstruc tions o f the  

sem iconductor substrate and lack o f su ffic ien t theore tica l models to  describe the 

in terface [2], A lthough  the (HO ) surface o f the I I I -V  semiconductors is less used 

in  in d u s tr ia l app lications (than, fo r example the (100) surface), i t  is  somewhat 

s im p le r in  th a t the surface is charge-neutra l, and the substra te  reconstructions 

are com parative ly w e ll understood [2,3]. Clean (HO ) surfaces hence provide an 

exce llen t basis fo r the  s tudy  o f a tom ic and e lectron ic  s tru c tu re s  a t m e ta l 

in terfaces.

B ism u th  was selected as an absorbate because i t  was found to  fo rm  an 

ordered in te rface  on a s im ila r I I I -V  compound G aA s(IlO ) [4]. For th is  reason i t
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was believed th a t b ism uth  would fo rin  an ordered in terface on G aSb(IlO ), w h ich 

could then  be s tud ied  by LE E D  (low  energy e lectron d iffra c tio n ), w h ich  is  a 

pow erfu l and extensively-used tool fo r surface analysis.

The experim enta l techniques used in  the study o f the BiZGaSb(IlO) system 

include LE E D  and AES (Auger electron spectroscopy). The grow th o f b ism uth  was 

investiga ted  fo r m onolayer coverages, and the effects o f annea ling  were studied. 

M easurem ents taken w ith  LE E D  inc luded d iffra c tion  spot in te n s ity  profiles and 

in te n s ity  versus voltage (IV ) curves. Auger measurements were p r im a r ily  used 

to  m easure the  desorption o f b ism u th  th a t occurred w hen the  sample was 

annealed.

The theo re tica l analysis o f the data  invo lved  m ode lling  o f the atom ic 

s truc tu re  o f the in terface. Th is inc luded dynam ical LE E D  ca lcu la tions fo r the 

generation o f IV  data for the proposed model, wh ich could then be compared to the 

expe rim en ta l IV  data. A  best f i t  s tru c tu ra l model was th e n  searched fo r by 

m a k in g  changes to the  m odel u n t i l  the  ca lcu la ted  da ta  best m atched the 

experim enta l data. In  the fo llow ing  chapters, the resu lts  o f these studies o f the 

BiZGaSb(IlO) system are presented fo llow ing a description o f the techniques used.
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CHAPTER 2

CONCEPTS IN  LEED  CRYSTALLOGRAPHY 

The LEED Experim ent

The essentia l elements o f a LE E D  apparatus consist o f an u ltra -h ig h  

vacuum  chamber, an electron gun to provide a monoenergetic electron beam over 

an energy range from  30 to 400 eV, a c rys ta l holder w ith  fa c ilit ie s  fo r m oving, 

heating and cooling the sample, and a detection system fo r m easuring the num ber 

o f e las tica lly  scattered electrons in  a prescribed direction. The type o f detection 

system used in  th is  w ork  is the display system shown schem atically in  F igure I .

Electron gun

Fluorescent 
collector screen

Sample

Suppressor grids

Figure I: Display detection system for LEED
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The electron gun produces a beam o f electrons w h ich sca tte r from  the c rys ta l 

surface. The e las tica lly  scattered electrons are filte re d  by the suppressor grids, 

then accelerated in to  the fluorescent screen by a voltage o f 4-5 kV . The in te n s ity  

p a tte rn  produced by the electrons s tr ik in g  the screen can then  be measured by 

photographic or video record ing techniques. Fo r a well-ordered crys ta l surface, 

the LE E D  in te n s ity  p a tte rn  contains a w e a lth  o f in fo rm a tio n  concerning the 

surface sym m etries and surface atom ic geometries. The ex tra c tion  o f these 

surface properties, though, often requires extensive analyses. The no ta tion  and 

methods used in  such analyses are developed below.

Surface C lassifications

W hen  co n s id e rin g  an o rdered  surface, the re  are tw o  im p o r ta n t 

fundam en ta l concepts, th a t o f a la tt ic e  and a basis. The la tt ic e  is the  tw o 

d im ensional a rra y  o f reference points w h ich possess the tra n s la tio n a l sym metries 

o f the surface. The basis is the arrangem ent o f the surface atoms w ith  respect to 

the la tt ic e  points. The geometry o f a p a rtic u la r surface s truc tu re  is said to be 

com pletely determ ined once both the la ttice  and the basis are know n. There are 

five possible d is tin c t two dim ensional la ttices, called B rava is la ttices. These are 

shown in  F igure 2. The p r im itiv e  vectors, a i  and a%, define the  surface u n it  cell, 

and are genera lly  selected to  fo rm  the sm allest possible pa ra lle logram  w h ich  

preserves the surface symmetries.

The c lassification o f a surface s truc tu re  often relates the tw o d im ensional 

surface la ttice  to the three dimensional substrate lattice. One scheme, proposed by 

P a rk  and Madden [5], relates the surface la ttice  p rim itive  vectors (a i,a 2) to
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lattice
points

Square

ai = a 2

Primitive

at ^ a 2

Centered

a 1 ~4- a 2

Hexagonal

a 1 = a 2

Oblique

a i ^  a 2 

a  ^  90°

Rectangular

Rectangular

Figure 2: Two-dimensional Bravais lattices
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those o f a pa ra lle l substrate plane (b i,b 2 ) w ith  a trans fo rm ation  m a tr ix  M , such 

th a t

b i  = M 11B1 + M 12U2 

bg = M 21R1 + M 22a 2

The s truc tu re  is called sim ple when a ll entries o f M  are integers, and coincidental 

i f  M  conta ins bo th  in tegers and ra tio n a l num bers. I f  M  conta ins ir ra t io n a l 

num bers, the  s tru c tu re  is  labe lled  incoheren t or incom m ensura te. A lth ough  

un ive rsa lly  applicable, th is  method does not always provide an in tu it iv e  p ic ture  for 

w ha t the s truc tu re  looks like . O ther methods have been proposed w h ich are more 

descriptive, such as the one proposed by Wood [6]. Here, the re la tio n  between the 

surface and substra te  la ttices  is expressed by the ra tios  o f the  lengths o f the 

p r im it iv e  vectors, I b i / a i  I and I bg/ag I , and the ro ta tion  angle between the two 

la ttices, cp. The surface u n it  cell is labelled as e ither centered (c), or p r im itive  (p). 

A  centered u n it  cell im plies th a t there is a la ttice  po in t in  the center o f the surface 

u n it  cell. Th is m ethod is simple and applicable to a large num ber o f structures, 

inc lud ing  the BiZGaSb(IlO) system studied here. Some examples o f labe lling  w ith  

th is  scheme are presented in  F igure 3.

D irections on the surface are usua lly  expressed in  re la tio n  to the u n it  cell. 

A  standard  approach is to  use the M ille r  indices h' and k ', where h ' and k ' are 

both in tegers, such th a t (h ',k ') refers to a d irection  on the surface. This d irection 

is defined to be perpendicu lar to the trans la tion  vector D  given by

D  = h 'a i + k'ag (2)
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c(2x2) P(VSx^)SO0

Figure 3: Examples of surface classifications
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As illu s tra te d  in  F igure 4, the surface la ttice  can be though t o f as pa ra lle l rows o f 

points w ith  separation dh'k' given by

I  _ h '2 k '2 2h 'k 'cosy

d^k ' a2 s in2 y a2 s in2 y a 1a2s in2y

where y is the angle between a i  and ag. This in te rp re ta tion  w i l l  become useful in  

the next section in  discussing the geometric theory o f d iffraction.

Geometric Theory o f D iffrac tion

The s ta rtin g  po in t fo r describing electron d iffrac tion  a t c rys ta l surfaces is 

the de Brog lie  re la tion,

A. = h/p (4)

w h ich  re lates the lin e a r m om entum  o f the electron p to its  wavelength A. h  is 

P lanck's constant (4.13 x IO '15 eV sec). W hen expressed in  te rm s o f the k in e tic  

energy o f the electron (E = p2/2m), the de Broglie re la tion  becomes

A = h/V2m E (5)

W hen A is in  Angstrom s (A), and the energy E is in  electron vo lts (eV), the re la tion  

is approxim ate ly,

A = V 150Ze (6)
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Surface unit cell

Translation vector

D t

Direction 
defined by

Rows of lattice points with
spacing dHk

ZtYKcosy
Q1B2Sin2Y

Figure 4: Row representation of surface lattice points
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In te rfe rence effects occur when the electron wavelength is o f the same order o f 

m agnitude as the atom ic spacing on the crysta l surface. W ith  atom ic spacings on 

the order o f a few Angstrom s, the corresponding energy range is  I  to 500 eV. The 

actual energy range used in  LEED  experim ents is somewhat sm aller, 50-300 eV, 

ow ing to in e la s tic  sca tte ring  and in s tru m e n ta l effects, w h ich  are discussed in  

la te r sections. In  the geometric theory, a ll scattering is assumed to be elastic, and - 

in s tru m e n ta l effects are ignored.

F o r e las tic  wave sca tte ring  from  a one d im ens iona l period ic  a rra y , 

constructive in terference takes place when the scattered waves from  neighboring 

la ttice  points have path  differences o f m u ltip les  o f the electron wavelength X. I f  d 

is the a rray  spacing, and Oq is the angle o f incidence measured from  the norm al, 

then  constructive  in te rfe rence o f the back-scattered waves occurs a t angles 0 

w hen,

d(sin0 - sin0o) = n  X (7)

Here n  is an in teger denoting the order o f d iffraction. This is know n as the Bragg 

equation in  one dimension. Since our LE E D  experiments are perform ed a t norm al 

incidence, i t  w i l l  be assumed th a t Oq = 0, henceforth.

In  extending the Bragg equation to  a tw o dim ensional surface, reca ll from  

the  previous section th a t the surface la tt ic e  po in ts can be though t o f as an 

ensemble o f pa ra lle l rows w ith  d irection (h ',k ') and separation dh 'k '- W hen each 

row  is considered a scatterer, interference m axim a are expected for

sin0 = ( l/d h 'k ') n  ^  (8)

or w ith  the use o f equation (6),
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sin 8 = ( I  /  dh'k ' ) • n  • VTsoTW (9)

From  th is  equation, i t  is  evident th a t an increase in  electron energy w ill cause the 

d iffra c tio n  m axim a to move closer to the surface norm al, and th a t the la rge r the 

u n it  cell, the closer the f ir s t  m axim um  w il l  be to the surface norm al.

In  la be llin g  the d iffra c tion  m axim a, the M ille r  indices are combined w ith  

the order o f d iffrac tion  n, to y ie ld  the Laue indices,

W ith  th is  notation, a d iffrac tion  m axim um  is referred to as the (h,k) beam.

W ith  m ost LE E D  apparatus, the  d iffra c tio n  beam p a tte rn  is  d ire c tly  

observable, w h ich  in  p r in c ip le  a llow s fo r  the  d e te rm in a tio n  o f d h 'k ' and 

consequently the geometry o f the surface u n it  cell. A  more sophisticated approach 

to ana lyz ing and in te rp re tin g  LEED  patterns makes use o f the reciprocal la ttice , 

described below.

For every two d im ensional B rava is  la ttice , there exists a corresponding 

reciprocal la ttice  whose p r im itiv e  vectors, (a ^ a ^ )  satisfy

h = n  h' and k  = n  k ' (10)

a j • a j — 2jc5y (ID

From  th is  equation, the lengths and directions o f the reciprocal la ttice  vectors can 

be determ ined.
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(12)
* 2 TL

ai = ----- :----ai sm y

a -I a j  fo r i * j  (13)

Here again y is the angle between a% and a 2 . Reciprocal la ttices  fo r the five  two 

dim ensional B ravais la ttices are shown in  F igure 5. The u t i l i t y  o f reciprocal space 

analyses is  th a t the LE E D  pa tte rn  is a d irec t representa tion  o f the reciprocal 

la ttice , as shown below.

The fo rm ation  o f the LE ED  p a tte rn  can be explained us ing  the concept o f 

rec ip roca l space w ith  the  he lp  o f an E w a ld  construction , shown fo r no rm a l 

incidence in  F igu re  6. A  set o f lines is  d raw n pe rpend icu la r to the surface 

th rough  the reciprocal la ttice  points, w h ich  become the reciprocal la ttice  rods. A  

sphere o f rad ius I  A, is then drawn d irec tly  above one o f the reciprocal la ttice  points 

a t a distance I  A, from  the surface. A n  arrow  draw n from  the center o f the sphere 

to the surface represents the inc iden t e lectron wave vector. The in tersections o f 

the reciprocal la ttice  rods w ith  the sphere define the d irections o f the d iffrac tion  

beams. The vectors k g  and k  represent the wave vectors o f the  inc iden t and 

scattered beams, respectively, and k  - k g  is  the m om entum  transfe r. I t  can be 

seen from  th is  construction th a t the d iffrac tion  beams com pletely characterize the 

sym metries o f the reciprocal la ttice, so the LE ED  pa tte rn  is a d irect representation 

o f the la ttice.

Once the reciprocal la ttice  o f a surface s truc tu re  is determ ined (from  the 

LE ED  patte rn ), the Bravais la ttice  can be found by a transform ation  from
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Real Space Lattice Reciprocal Space Lattice

a.

a;

a2

Figure 5: Two-dimensional reciprocal lattices



14

0 - 3  0 - 2  0 -1  00 01 02 03

Reciprocal Lattice points

Figure 6: Ew ald Construction

reciprocal space to rea l space. The surface reciprocal la ttice , (a i* ,a 2 *) may be 

correlated to th a t o f the substrate, (b i* ,b 2 *) in  a manner s im ila r to equation ( I) .

b x — M 11B 1 +  M  12^2 

bg = M 21B1 + M 22H2
(14)

The M*j can be de te rm ined  by an in spec tion  o f the LE E D  p a tte rn . The 

transfo rm ation  to find  the m a tr ix  M , from  M * is [7]

M ij
r_ ± l _ >

<detM *y
(15)
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The advantages o f us ing  recip roca l la ttices  in  LE E D  p a tte rn  ana lysis 

becomes more ev iden t when s tudy ing  overlayer s truc tu res  and pa tte rns  w ith  

dom ains. D e ta iled  descrip tions o f these types o f analyses are discussed in  

references [7,8].

So fa r  on ly  the positions o f the d iffra c tio n  beams have been considered. 

A na lys is  o f the beam positions can be used to  determ ine the geometry o f the 

surface u n it  cell, b u t provides no in fo rm a tion  fo r the atom ic positions w ith in  the 

u n it  cell, i.e. the basis. Th is in fo rm a tio n  is  contained in  the d iffra c tion  beam 

in tensities. The d iffrac tion  beam in te n s ity  as a function o f electron energy is very 

sensitive to  atom ic positions, and thus provides a means o f deducing the complete 

atom ic geometry. There does not exist, however, a means o f ex trac ting  a geometry 

d irec tly  from  the IV  curves. The most common approach is to employ a search 

technique, whereby ca lcu la ted IV  curves fo r a proposed theo re tica l model are 

compared to  the expe rim en ta lly  obtained curves, then changes are made to the 

model u n t i l  the two sets o f IV  curves are compatible. The techniques for s tructu re  

searches are discussed fu r th e r  in  Chapter 5. In  the fo llow ing  section the basic 

e lem ents fo r a k in e m a tic a l theo ry  o f sca tte rin g  are discussed, then  some 

development is made tow ard  describing a more complete dynam ical theory.

D iffrac tion  In tens ities

The determ ination  o f the basis for a surface s tructure  re lies on the analysis 

o f the d iffra c tion  in tens ities  and th e ir  dependence on the inc iden t electron energy. 

I  p resent below a k in e m a tica l developm ent, in  w h ich  the  effects o f m u ltip le  

sca tte ring  and in e la s tic  sca tte ring  are ignored. Extensions to more complete 

d yna m ica l theo ries  w h ich  inc lude  these effects are th e n  discussed. The
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k in em a tica l theory is accurate in  p red ic ting  the general shape o f IV  curves, and 

provides a usefu l s ta rtin g  po in t for more complete dynam ical theories.

The in c id e n t e lec tron  beam is  represented by a p lane  wave, w ith  

wavelength X, and direction given by u n it  vector sq, by

V  = Vo-Clko r  (16)

where kg  = (27tA,)so is the electron wave vector w h ich  also represents the crysta l 

m om entum  o f the electron. W hen the scattered wave is also represented as a 

plane wave, w ith  wave vector k  = (2tiA,)s, the scattered wave am plitude a t position 

r  due to scattering from  atom j  is [8]

V = (x|/o 'e - ‘k r ) . f j ( k , k 0) .e ‘ |k- k - ,R i (17)

The f ir s t  te rm  describes an outgoing wave, and f j is the atom ic scatte ring facto r 

w h ich  depends in  general on the in it ia l and f in a l wave vectors kg  and k . The la s t 

te rm  describes the phasesh ift between the wave scattered from  the j th  atom, a t 

position  r j ,  and a wave sca tte ring  from  the  orig in . W hen a ll the atoms are 

considered, the am plitude m ust be summed,

v  «  e - 'k "  . % f , ( k , k , )  - e'(k - k°) A' (18)

In  the  k in e m a tica l approxim ation, the sum over fj is replaced by the so-called 

s truc tu re  factor F [8], w h ich depends on the geometry o f the u n it  cell, the types o f
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atoms w ith in  the u n it  cell, and th e ir  respective positions, i.e. the basis. The vector 

R j, can be w ritte n  in  term s o f the u n it cell as

Rj = n 1a 1 + n 2a2 (19)

which, along w ith  F, can be substitu ted in to  equation (18) to y ie ld

. . Mg
y  -  F • e™£kr . ^ y niar(k-ko) • ^ e™2a2'(k™ko) (20)

Hi Hg

The upper lim its  o f these two summations, M i  and M 2 , depend on the area o f the 

crys ta l surface th a t the electron beam scatters from . The double sum m ation is 

sometimes called the la ttice  factor G. The scatte ring  in te n s ity  I ,  w h ich is  the 

physica lly  measurable quan tity , is thus

H F ] 2 -IGl2 (21)

The sum m ations in  equation (20) can read ily  be performed, g iv ing

' 2 _ Sin2^ M 1U1- ( k - k o ) )  s in2( | M 2a2 - ( k - k p ) )

s in2 (-i a x • (k  -  k 0)) s in2 a 2 • (k  -  k 0))
(22)

where M i  and Mg are the upper lim its  on the summations. This equation predicts 

d irections k  fo r the in te n s ity  m axim a such th a t
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(23)

where h i  and hg are integers. A n equiva lent expression, using k  = (2jr/X)s, is

These are the Laue conditions fo r d iffrac tion  from  tw o dim ensional la ttices, w h ich 

are equ iva lent to the Bragg equation, equation (8). The u n it  vectors s which satisfy 

these re la tions  then  determ ine the sca tte ring  angles fo r w h ich  the d iffra c tio n  

beams occur.

The in te n s ity  o f a d iffrac tion  beam, a t a given energy, depends on the f ir s t  

te rm  in  equation (21), nam ely the square o f the structure  factor, I F l 2. Recall th a t

where the fj are the atom ic scattering factors. The fj can be expressed as a series 

expansion in  angu la r variab les [7,8],

a 1- ( s - s 0) = h 1X and 

a 2 " ( S - S 0 ) = I i2X
(24)

(25)

= X (2Z + 1JpZ(cosCpG)el8z s in 5, (26)

where (pG is the angle between k  and kg , and X is 7z/k. The P; are Legendre 

po lynom ia ls , and the indices I are the  same ang u la r m om entum  quan tum  

num bers th a t  are used in  describ ing the angu la r p a rt o f an e lectron ic wave
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function. The properties o f scatte ring are contained in  the phaseshifts 5/, w h ich  

are determ ined from  the scattering po tentia l used in  the m ethod described below.

The crysta l sca tte ring  po ten tia l is genera lly approxim ated as a m u ffin  t in  

p o te n tia l,  constructed from  overlapp ing  in d iv id u a l atom ic po ten tia ls  [9]. The 

m u ffin  tin s  are spherica lly  sym m etric regions su rround ing  the ion-cores w ith in  

the crysta l, w ith  ra d ii defined by the distance fo r w h ich the po tentia ls  fo r tw o 

adjacent ion-cores is equal. The regions between the m u ffin  t in  spheres are given 

a constant po ten tia l, w h ich  contains in  pa rt, the optica l po ten tia l o f the crysta l. 

The optica l po ten tia l consists o f both a rea l and an im ag inary  pa rt. The real part, 

called the in n e r po ten tia l V 0, is re la ted to the index o f re frac tion  o f the crystal, in  

th a t the electron experiences a change in  k ine tic  energy inside the crysta l re la tive  

to its  energy in  the vacuum. The p rim a ry  effect o f changes in  V 0 is to  s h ift the 

peaks in  the IV  data along the energy axis [7], The im ag ina ry  p a rt o f the optica l 

po ten tia l V j characterizes the electron's energy loss th rough  in e la s tic  collis ions, 

p r im a r ily  w ith  o ther electrons. I t  is d irec tly  re la ted to the ine lastic  mean free path  

Xee fo r an electron in  the crystal, by [8]

The optica l po ten tia l cannot, in  general, be derived from  theore tica l principles, b u t 

is determ ined em p irica lly  by choosing the set o f V 0 and V i w h ich  provide the best

A no the r im p o rta n t aspect o f the sca tte ring  process is the exchange effect, 

due to the Ferm i s ta tis tica l behavior o f the electrons. The effect o f exchange is th a t 

electrons o f the same spin states repel each other, and are a ttrac ted  when th e ir

'ee
(27)

IV  data.
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sp in  states are d iffe ren t. This effect can be modelled by a po ten tia l, called the 

exchange potentia l. The exchange po ten tia l and the crysta l po ten tia l characterize 

the sca tte ring  po ten tia l, w h ich is  the s ta rtin g  po in t fo r describ ing electron-solid 

scatte ring w ith  the Hartree-Fock equation.

W hen w r itte n  in  the Born-O ppenheim er approxim ation, the H artree-Fock 

equation can be w ritte n  as [9]

where (p0 represents the inc iden t electron wave function, and E is the e lectron 

energy. V s is the crysta l potentia l, and V 6XfPo is the exchange con tribu tion  to the 

in te rac tion . The crysta l po ten tia l V s, from  which the phaseshifts can be computed 

and the exchange po ten tia l V ex are discussed below.

In  the ove rlapp ing  charge dens ity  m odel developed fo r the  s tudy  o f 

compound sem iconductors [9,10], the p o te n tia l V a , fo r a p a r t ic u la r  ion  core 

labelled by a, is expressed in  term s o f the e lectronic charge density  pa(r), the 

atom ic num ber Za, and the io n ic ity  I a , as

The la s t te rm  in  th is  expression contains the electrostatic M adelung sum M  [11] 

fo r  the  c rys ta l la tt ic e , and d is  the  nearest ne ighbor d istance. Th is  te rm  

represents the electrostatic in te rac tion  o f one ion  core w ith  a ll the others in  the 

crysta l. The effect is th a t the anion potentia ls are un ifo rm ly  sh ifted negative by a 

sm all am ount, and the cation potentia ls are sh ifted  positive [10]. The in teg ra tion

(-H 2 /  2m )V2 + Vs ( r)  -  e ] • cp0 ( r ) = - V ex • (p0 ( r ) (28)

(29)
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can be s im p lified  by assum ing th a t the charge density is spherica lly  sym m etric,

i.e.

PaM = O aM
4 n r2

(80)

W ith  th is  assumption, the expression fo r the po ten tia l near an ion-core is

V aM  = + f  j CaW t  + e2j ^ d t  + + VexW r ) )  (31)
r  r  * J t  d

The la s t te rm  is the exchange portion  o f the po ten tia l w hich is generally modelled 

by a fu n c tio n a l o f the charge dens ity  as w i l l  be seen below . T h is  is  the  

representation th a t is used to evaluate V a num erica lly . The m u ffin  t in  c rys ta l 

po ten tia l can then be constructed by superposing neighboring ion-core potentia ls.

The ca lcu la tion  o f the phaseshifts from  the po ten tia l is  approached in  a 

standard way [12]. The ra d ia l Schrodinger equation

M 2 I d2R K r) |
 ̂2m J d r2

Va(r) + V^(p(r)) + 1(1 + l)7z2 
2m r2

Rz (r) = (E + V0 )Rj (r) (32)

is  solved n u m e rica lly  ou t to  the boundaries o f the m u ff in  t in  spheres. The 

exchange po ten tia l in  th is  equation is a functiona l o f the charge density p. Also 

note th a t the  in n e r po ten tia l, V 0 enters in to  th is  expression. The lo g rith m ic  

deriva tive  o f wave function  R ;(r) is matched to  the solution outside the m u ffin  tin , 

w h ich consists o f spherical Bessel functions j ;  and n /, a t the m u ffin  t in  boundary 

[12].
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The phaseshifts also depend e xp lic itly  on the exchange po ten tia l V ex. The 

models fo r the exchange po ten tia l used in  m ost LEED  calculations are the S la ter 

model [13] and the H a ra  model [14]. The con tribu tion  to  the  phaseshifts when 

using the S later exchange model is [10]

r MT

5slater( E ) ~ ( l / k )  Jp 1/3(r)dr (83)

and when using the H a ra  model, i t  is

r MT

5Hara( E ) ~ ( l / k 3) J p(r)dr (34)

These two expressions are va lid  in  the l im it  th a t k  rjviT » 1 .  Note th a t the S later 

effect fa lls  o ff w ith  increas ing  energy as 1/k, or 1/E ^ 2, w h ile  the H a ra  m odel 

decreases faster, as 1/E3/2. Because the H a ra  model is more sensitive to  the 

charge density ( it  depends on p instead o f p 1̂ ) ,  the phaseshifts calculated w ith  the 

H a ra  model are in  general more sensitive to charge density varia tions. The H a ra  

exchange model is used in  th is  w ork because i t  has been shown to provide the best 

agreement between theory and experim ent fo r compound semiconductors [10].

Once the  phaseshifts, geometry, and the composition o f the crysta l have 

been specified, the d iffra c tion  in tens ities can be calculated. One popular m ethod 

fo r compound semiconductors is called the T -m a tr ix  m u ltip le  sca tte ring  m ethod 

[3,8,9]. Th is method u tilizes  a layer-by-layer approach in  describ ing the scattering 

process. The calculations are perform ed in  reciprocal space, where the scatte ring 

between layers and w ith in  the layers can be described w ith  p roba b ility  am plitudes



and m a tr ix  equations, w h ich are more su itab le fo r ite ra tive  calculations [3]. The 

details o f th is  m ethod are described in  [3,8,9].

23
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CHAPTER 3

E X P E R IM E N TA L TECHN IQ UES 

TEED

The experim enta l apparatus used in  th is  w ork  is depicted in  F igure 7. The 

m ajor components consist o f the reverse v iew  LE ED  optics, model R V L 10-120, 

from  P rince ton  Research, an u ltra -h ig h  vacuum  cham ber, a h igh  reso lu tion  

P u ln ix  model TM -840N  CCD camera, and a M acintosh I I  personal computer. The 

sample is he ld  by the ve rtica l sample holder, w h ich can be moved tra n s la tio n a lly  

in  a ll th ree dim ensions, and ro ta ted  about the v e rtica l axis. The optics and 

e lectron  gun are m ounted  on a fo rm ed bellows w ith  a d ju s tin g  screws fo r 

a lignm en t norm a l to the sample surface. H eating  to 500°C is possible by use o f a 

bu tton  heater located a t the sample base. A  liq u id  n itrogen  cold finge r provides 

sample cooling capabilities to 150 K. The camera is in te rfaced to the com puter 

th rough  a D ata  T rans la tion  Q uick C aptu re™  frame grabber board. The software 

package developed fo r th is  system, called M a c L E E D , is  w r it te n  in  the M PW  C 

p rogram m ing  language and u tilize s  standard  M acintosh too l box functions and 

m enu-type d isp lays. D a ta  acqu is ition  fo r LE E D  w ith  th is  a rrangem ent is  

re la tive ly  easy, and a b r ie f ou tline  o f the process is presented below. More detailed 

discussions o f th is  system can be found in  references [15] and [16].

The d iffra c tio n  p a tte rn  is recorded by the camera and transfe rred  to the 

com puter as a standard composite video signal. The video signal is then d ig itized
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by the fram e grabber board one fram e a t a tim e, and tem p o ra rily  stored in  the 

board's RAM. The stored image can then  be displayed on the com puter m onitor, 

o r placed in to  the com puter's m emory fo r fu tu re  analysis. A  single fram e, or 

video image is tran s fe rred  from  the camera to the com puter every 1/3O^h o f a 

second. Thus, each fram e corresponds to a lig h t signal accum ulated in  a very 

short tim e. In  order to get the best possible sens itiv ity  w ith  stored images, several 

(usua lly  16) fram es are added together and stored as one sing le p ic tu re . A n 

ex te rna l t im in g  c irc u it  has recen tly  been constructed w h ich  allows the video 

signal to be in teg ra ted  inside the camera ra th e r than  th rough  computer software 

techniques. A  discussion o f th is  c irc u it  and its  perform ance are g iven in  

Append ix B.

For the collection o f IV  data, the user m ust specify the inc iden t electron 

energy range (typ ica lly  40-300 eV), the energy step in te rv a l (usua lly  2 eV), the 

d iffra c tion  beams o f in te rest, and the num ber o f frames over w h ich each image is 

to be in tegra ted . The specification o f the d iffra c tio n  beams is  accomplished in  

three steps. F irs t, an im age is d isplayed fo r the LE E D  p a tte rn  a t an electron 

energy near the beg inn ing energy, then  the positions o f the d iffra c tion  spots are 

recorded. Next, an image is displayed fo r an energy near the top o f the range, and 

the positions o f the beams are again recorded. The user m ust then  l in k  the in it ia l 

and f in a l positions fo r each beam. The pos ition  o f each d iffra c tio n  beam is  

im p o rta n t because IV  data is measured on ly fo r a sm a ll area su rround ing  each 

spot (usua lly  20x20 pixels).

F rom  the tw o given positions and energy values, the  com puter calculates 

where the spots should be fo r each energy va lue in  the specified range. The 

electron gun is then  set to the s ta rtin g  energy, and the com puter searches fo r an 

in te n s ity  m ax im um  w ith in  a sm a ll rectang le  centered on the  expected spot
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position. Once the  m ax im um  is found, the  rectang le  is  centered on th is  

m axim um , the in te n s ity  is in tegra ted , and a background sub trac tion  is made by 

su b trac ting  from  the in te n s ity  the average va lue around the pe rim e te r o f the 

rectangle. The com puter stores the in te n s ity  data, then advances the electron gun 

energy and the above steps are repeated.

For the collection o f stored images, the user specifies the num ber o f frames 

to accumulate and the electron gun energy. The computer then  reads the frames 

successively from  the fram e grabber board, and stores the data in  a 16 b it  form at, 

where the in te n s ity  values range from  0 to 255. The to ta l accum ulated signa l is  

then  d iv ided by the num ber o f frames. In  th is  case, the en tire  image (619 x 422 

pixels) is  saved.

AES

The system can be read ily  converted to collect Auger data by changing a few 

e lectrica l connections, as shown in  F igure 8. This arrangem ent is  know n as the 

re ta rd in g  fie ld  method. Several other methods fo r AES measurements have been 

developed, and are discussed in  de ta il elsewhere [7,17]. The fo llow ing  discussion 

o f the AES techniques used in  th is  w ork  is applicable to re ta rd in g  fie ld  type AES 

systems in  general.

A  h ig h ly  energetic (1-2 keV) beam o f electrons is a im ed a t the sample, 

producing core-level excita tions in  the crys ta l atoms. D e-excita tion th rough the 

Auger process causes emission o f outer shell electrons from  the excited atoms.

The k in e tic  energies o f these electrons are ch a rac te ris tic  o f the  e lectron ic  

configurations o f the e m ittin g  atoms, and thus provide a means o f s tudy ing  the 

electronic s tructure  o f the atoms in  the crysta l [17]. The AES technique is



28
Electron gun

Sample

V1 sin cot

Lock-in
A m p li f ie r

Figure 8: E lectrica l connections fo r AES

applicable to surface analysis because electrons em itted from  deep w ith in  the bu lk  

o f the crysta l lose k ine tic  energy to ine lastic collisions before escaping to the 

vacuum. The effect o f these electrons on the Auger spectrum  is to increase the 

background in ten s ity , leaving the m ain  features o f the spectrum  to re ly  on atoms 

on or near the crysta l surface. For most m ateria ls, the depth o f AES sens itiv ity  is 

about 10 atom ic layers. When the Auger spectrum is analyzed, several properties 

o f the c rys ta l surface can be deduced, such as e lem enta l com position and 

chemical bonding [17].

R eferring again to F igure 8, the Auger electrons are filte red  by grids 2 and 

3 w h ich  are held a t a po ten tia l V r , know n as the re ta rd in g  po ten tia l. The
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re ta rd in g  p o ten tia l provides a low er l im it  on the k in e tic  energy o f the electrons 

allow ed to  pass th rough. W hen Vr  is va ried  from  -V m ax to  zero, the cu rre n t 

detected by the collector a t a p a rticu la r value o f Vr  is

i(V r )=  jN (E )d E  (35)
" " e V m a x

where eVm ax is the inc iden t electron beam energy, and N (E ) is  the d is tr ibu tion  o f 

the electrons (num ber o f electrons detected). Th is  d is tr ib u tio n  appears as sm a ll 

steps on a large, s low ly  va ry in g  background [7,17]. A  b e tte r reso lu tion  o f the 

Auger peaks can be achieved by m easuring the qua n tity  dN/dE [17]. This quan tity , 

however, is  no t d ire c tly  measurable, b u t i t  can be m easured in d ire c tly  in  the 

fo llo w in g  m anner.

A  sm all AC m odu la ting  voltage is superimposed on the re ta rd ing  potentia l, 

V r  = V r  + V q sincot, (36)

such th a t the collector cu rren t i, becomes a function  o f V r , and the Taylor series 

expansion about i(V r ) is

i(V r + V0 sincot) = i(V r ) + V0 sincot
^d i(V r ) ̂

+
V0 s in2 d2i(V r )

+... (37)

The term s in  th is  expansion proportional to sincot and cos2cot are

A(CO) = V0f  di(Vr ) l r  d 3i ( v r ) )
I  d V r J 8 I  dV 3 J

(38)
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B(2co) V02 d^KV,.)! (  d4i(V r ) )
4 I  d V f J 48 I  d V 4 J

(39)

The second harm onic component, B(2m) o f the collector cu rre n t is then measured 

by a phase-sensitive (lock-in) am p lifie r. W hen V q is  sm all enough, the f ir s t  te rm  

in  B (2go) is dom inant, and the m easurem ent o f B(2oo) is p roportiona l to dN(E)/dE. 

The reso lu tion w ith  th is  system is ~8 eV fo r a m odulation voltage o f 8-10 volts. For 

most types o f AES surface analysis, a much bette r resolution is  necessary [17], b u t 

our reso lu tion  is adequate fo r the w o rk  presented here, in  w h ich  AES was used 

p r im a r ily  to  m o n ito r the  re la tive  changes in  concentra tion o f b ism u th  on the 

surface.

D ata collection in  the AES mode consisted o f a few sim ple steps. The energy 

range was specified for each scan, along w ith  a fu ll scale sens itiv ity  factor fo r the 

lo ck -in  a m p lifie r. The com puter then  con tro lled  the re ta rd in g  po ten tia l, and 

received the  s igna l B(2co), from  the lo ck -in  a m p lifie r. Then the s igna l was 

converted to an x-y a rra y  and d isplayed on the com puter m o n ito r as a curve, 

dN/dE versus E. Once p re lim ina ry  AES scans were made, i t  was only necessary to 

scan c e rta in  regions o f the energy spectrum , corresponding to  cha rac te ris tic  

peaks fo r ga llium , antim ony, and b ism uth. B y comparing the changes in  peak to 

peak ra tios fo r the three elements, the re la tive  changes in  concentrations on the 

surface could be deduced.
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Sample P repara tion

Single crys ta l GaSb samples were single crys ta l bars w ith  n-type doping, 

and ca rrie r concentrations o f ~1.7 x (cm-1). Sample sizes were nom ina lly  1.5" 

in  length  w ith  .25" square cross sections. The o rien ta tion  o f the crysta l was such 

th a t the (H O ) plane was perpend icu la r to  the long axis o f the crysta l. A  clean 

surface was obtained by cleaving the sample w ith  a knife-edge along the (H O ) 

plane. To a lign  the knife-edge p a ra lle l to  the (H O ) plane, and thus m in im iz in g  

steps and facets on the cleaved surface, sm all cuts were made in  the sample w ith  

a diam ond cu ttin g  wheel .045" deep, .020" wide, and spaced .080" apart. This is 

shown in  F igu re  9. The sample was then  cleaned u ltra so n ica lly  in  a ba th  o f 

acetone. Ins ide the chamber, the sample was held w ith  the long axis ve rtica l and 

cleaved w ith  the ho rizon ta l knife-edge. The q u a lity  o f the  cleaved surface was 

im m e d ia te ly  assessed by v isu a l observation, and by observing the d iffra c tio n  

p a tte rn  as the sample was tran s la ted  h o rizo n ta lly  w ith  respect to the electron 

beam. The surface was deemed acceptable, i f  a b r ig h t and clear p ( lx l )  pa tte rn  

was observed.

To position the sample fo r an experim ent, a region was searched fo r th a t 

gave a b r ig h t and consistent LEED pa tte rn  over a .020" x .020" area. The sample 

was th e n  pos itioned  so the  e lectron beam s tru c k  the  cen te r o f th is  area. 

A lig n m e n t o f the e lectron beam perpend icu la r to  the surface was achieved by 

tu rn in g  the  ad jus tm ent screws attached to  the large bellows a t the top o f the 

chamber, see F igure 7. The a lignm ent procedure was m onitored by the computer, 

w h ich  d isplayed coordinates on the screen fo r both  the ac tua l and the desired 

locations o f the p r im a ry  re flection  (00) beam. Adjustm ents were made u n t i l  the 

positions coincided.
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Figure 9: Sample preparation
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QCO C a libra tion

The deposition o f b ism uth  was achieved by evaporation from  a solid piece o f 

b ism u th  he ld  in  a tungsten basket. The crucib le was heated to  the sub lim ation  

tem pera ture  o f b ism u th  (~600 °C), by p lac ing  the basket in  a low-voltage h igh- 

c u rre n t c irc u it. The deposition was m on ito red  w ith  a qu a rtz  c rys ta l m ic ro - 

balance osc illa to r he ld  near the sample d u r in g  evaporation. The change in  

frequency o f the quartz  c rysta l was ca lib ra ted to b ism uth  coverage on the sample 

in  the fo llow ing  m anner.

A  quartz  crysta l has several modes o f v ib ra tio n , corresponding to several 

resona n t frequencies. The m ost common mode used in  m ic ro  balance 

applications is the shear mode along the AT-plane [18]. The resonant frequencies 

o f the quartz  crystals used in  these applications is typ ica lly  4-5 M H z [18], and the 

frequency change fo r a coverage o f a few  monolayers is usu a lly  10-100 Hz [19]. 

Over such a sm a ll frequency in te rva l, the re la tio nsh ip  between the frequency 

change A f and the mass o f the adsorbed m a te ria l Am is ve ry  nea rly  linea r, and 

can be stated as [19]

A f = C Am (40)

where C is a constant. Th is re la tion  rem ains v a lid  as long as A f  is much less than  

the resonant frequency (4-5 MHz).

Fo r ca lib ra tin g  the m icro-balance fo r an experim ent, Am  is  replaced by 

pAAx, where p is the mass density o f the adsorbed m ate ria l, At its  thickness, and 

A  is the area o f the quartz crystal. Equation (40) then becomes
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A f = C A  p At (41)

Since the area o f the crysta l is also a constant, the equation can be w ritte n  as

A f = (1/k) p A t  (42)

W ith  the equation in  th is  form , the constant k  is re fe rred to  as the in s tru m e n t 

se n s itiv ity  [ 1 9 ] .  I t  is determ ined, in  p a rt, by the geometry o f the m icro-balance 

construction. Fo r the micro-balance used in  th is  work, the in s tru m e n ta l constant 

was de te rm ined  to  be 3 . 0 0 9 x 1 0 - 8  in  cgs u n its . Th is  was accomplished by 

com paring the frequency change as compared to th a t o f a com m ercia lly-obta ined 

osc illa to r. The accuracy o f th is  m ethod has been v e r if ie d  w ith  R u th e rfo rd  

backscattering experiments, and the two methods agree to w ith in  about 10% [15].

In  order to ca librate the QCO fo r b ism uth  adsorption on GaSb, the s tick ing  

coefficient fo r b ism uth  on the quartz c rysta l was assumed to be equal to th a t fo r 

GaSb. W ith  th is  assumption, a change in  the frequency o f the oscilla to r is d irec tly  

p roportiona l to b ism uth  coverage on the sample. The goal o f the ca lib ra tion  was to 

determ ine the am ount o f frequency change corresponding to  a coverage o f one 

monolayer, where a m onolayer is defined as one b ism uth  atom  per substrate atom 

on the G aSb(IlO ) surface. In  reference to  equation (42), the product A t  p is the 

surface mass density (g/cm2) o f the overlayer m ate ria l, w h ich was a convenient 

q u a n tity  to calculate firs t.

The (H O ) surface o f a zincblende crys ta l has two atoms per surface u n it  

cell, and a u n it  cell area o f
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A (43)

where a is the crys ta l la ttice  constant. For GaSb, a=6.095 A, w h ich  gives a u n it  

cell area o f 2 6 . 2 7 x 1 0 " cm^.  W ith  tw o atoms per u n it  cell, the surface atom ic 

density pa is then

Pa — = 7.61 x  1014 atoms /  cm2 
A

(44)

The surface mass density  was then  found by m u lt ip ly in g  pa by the ra tio  o f the 

mass num ber o f b ism uth  d ivided by Avogadro's constant,

Al; • p = pa -
'  209.0 N
^6.02 x 1024;

= 2.64 x  10“8 g / cm2 (45)

Thus, the frequency change fo r one m onolayer o f b ism u th  on the G aS b(IlO ) 

surface was determ ined to be

A f = (2.64 x IO-8) --------------- = = 8.8Hz
3.01 xlO™8

(46)
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CHAPTER 4

GROWTH A N D  K IN E T IC S  OF BiZGaSb(IlO)

Deposition and G row th o f B ism uth

The f ir s t  experim ent was an a ttem pt to reproduce the resu lts  obtained by 

Duke, et.al. [20] fo r the clean G aSb(IlO ) surface. IV  curves were measured a t low  

tem perature (150 K ) fo r v isua l comparison w ith  the previously-obtained data and to 

ensure th a t  the  clean surface characte ris tics  were consis ten t w ith  previous 

experiments. The IV  curves matched very w e ll, in  th a t a ll o f the m ajor features o f 

the curves were successfully reproduced. The sym m etries o f the clean surface 

y ie lded, as expected, a c lear p ( lx l )  LE E D  p a tte rn  w ith  a m ir ro r  re fle c tion  

sym m etry, (-h,k) = (h,k).

N ext, a s tudy o f IV  dependence on b ism u th  coverage was made. B o th  

deposition and data collection were perform ed at room tem perature. IV  data were 

taken fo r several coverages, rang ing from  0 to 2 monolayers, to determ ine whether 

long range sym m etry existed in  the b ism u th  overlayer. The resu lts  fo r the (0,1) 

beam are shown in  F igure  10. The ove ra ll in te n s ity  g ra d u a lly  decreases w ith  

coverage, except fo r a s ligh t increase near a coverage o f about one monolayer, and 

the shape o f the curve changes continuously up to about one m onolayer. The 

changes in cu rred  by the rest o f the beams are s im ila r to th is , except fo r the (1,0) 

and (-1,0) beams (th is  effect is  discussed below). Presented la te r  in  the discussion 

section is the conclusion th a t th is  continuous change in  IV  data together w ith  the
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(0,1) beam Bi/GaSb(110)

2.03 ML

1.40 ML

1.20 ML

' “ 1.00 ML

0.84 ML

0.66 ML

0.43 ML

'  0.20 ML

clean

Electron Energy (eV)

Figure 10: (0,1) d iffraction  beam dependence on b ism uth  coverage
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increase in  overa ll in te n s ity  o f a ll bu t the (1,0) and (-1,0) beams is ind ica tive  o f long 

range order in  the one m onolayer system.

The p ( lx l )  order and m ir ro r  re flection  sym m etry o f the clean surface d id  

not change w ith  coverage. The re ten tion  o f sym m etry between the (2,1) and (-2,1) 

beams is shown in  F igure 11. Since the in tens ities  o f the tw o beams are equal in  

m agnitude, th is  also verifies the a lignm ent o f the electron beam perpendicu lar to 

the surface. Low  tem pera ture  IV  data was collected fo r the clean surface and a t 

IM L  coverage fo r subsequent s tructure  analyses.

G row th K ine tics and A nnealing

The d iffra c tio n  beam profiles were recorded a t each o f the coverages fo r 

d iffe re n t in c id e n t e lectron  beam energies. Fo r subm onolayer coverages, an 

energy-dependent broadening effect on the d iffrac tion  beams was observed, b u t the 

effect was not seen fo r coverages o f I  M L  or more. The effect was th a t some o f the 

d iffra c tion  spots w ent from  being sharp and w e ll defined to  diffuse and fuzzy,and 

then  became sharp again as the inc iden t e lectron energy was varied. A  v isu a l 

representation o f th is  effect a t a coverage o f 0.4 M L  is given in  F igure 12. F igure 

12(a) is a d iffra c tion  pa tte rn  image taken w ith  an electron beam energy o f 52 eV. 

F igures 12(b) and 12(c) correspond to 76 and 106 eV respectively. The effect can be 

seen fo r the (0,-1) and (1,0) beams. The location o f the (0,-1) beam is a t the low er 

r ig h t side o f the images, and the (1,0) beam is located near the top o f the images. 

The sizes o f these two d iffrac tion  spots both  increase from  12(a) to  12(b), and then 

decrease again in  12(c). The effect is v isu a lly  more obvious fo r the (0,-1) beam. To 

fu r th e r  support th is  size effect, the spot in te n s ity  profiles fo r the (1,0) beam are 

p lo tted in  F igure 13. The data fo r these plots were taken d irec tly  from  the d ig itized 

images in  F igu re  13, and the p ro file  m axim a have norm alized. Note th a t the
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(2,1) beam 
(-2,1) beam
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F igu re  11: Sym m etry retention between the (2,1) and (-2,1) beams
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( a )  5 2  e V

( b )  7 6  e V

( c )  1 0 6  e V

Figure 12: Energy-dependent size effect
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Figure 13: (1,0) beam profiles at difierent electron energies
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changes in  the fu l l  w id th  a t ha lf-m ax im um  (FW H M ) o f the pro files agree w ith  

F igure 12, in  th a t the spot size increases, then decreases. A n  in te rp re ta tion  o f th is  

effect is  given in  the discussion section.

A n im po rtan t feature o f the LEED pa tte rn  its e lf  was th a t the (-1,0) and (1,0) 

beams vanished as the b ism uth  coverage approached one monolayer. The re la tive  

in tens ities  fo r the ( I ,  0) and (0,1) beams are p lo tted  in  F igure  14. The in te n s ity  

values used in  th is  p lo t were obtained by in te g ra tin g  the IV  curve over the energy 

range. As ind ica ted  earlie r, the (0,1) beam experiences an increase in  in te n s ity  

near a coverage o f about I  M L , bu t the in te n s ity  o f the (1,0) beam becomes ve ry  

sm a ll a t a coverage o f about I  M L , and rem ains sm a ll as more b ism u th  is  

deposited. I t  w i l l  be shown th a t th is  im p lies  the surface s truc tu re  fo r b ism u th  

coverages above I  M L  is p lana r, causing  destruc tive  in te rfe re nce  in  these 

directions.

A nnea ling  effects were then considered. The sample was given an in it ia l 

coverage o f b ism u th  and then subjected to a series o f hea ting  and cooling cycles. 

Several d iffe ren t annea ling  experim ents were perform ed, w ith  in i t ia l  coverages 

rang ing  from  0.4 to 2.9 M L . In  each case, the sample was annealed fo r about 

th ree  m inu tes , a t tem p e ra tu re  in te rv a ls  o f 30-50°C, up  to  350°C. A uge r 

m easurements were made in it ia l ly  and a fte r every anneal cycle to establish the 

am ount o f desorption occurring a t each step.

The most notable effect o f annealing was a tran s ition  from  the p ( lX l)  LE E D  

pa tte rn  to a p ( lx 2 ) pattern , in  which ha lf-order spots formed along the k-axis o f the 

LE ED  patte rn . The tra n s itio n  began a t an annealing tem pera ture o f about 100°C. 

Fo r annea ling  tem pera tu res above 350°C, the sym m etry  re tu rn e d  to  p ( lx l ) ,  

suggesting complete desorption o f the b ism uth. For coverages o f 1.5 M L  or more, 

the tra n s it io n  became complete a t an annea ling  tem pera ture  near 200°C. For
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subm onolayer coverages, the tra n s it io n  was never qu ite  completed, b u t fa in t  

streaks were seen to fo rm  between the d iffra c tio n  spots along the  k-axis o f the 

LE E D  pa tte rn . The tra n s itio n  to the p ( lx 2 ) sym m etry is shown in  F igure 15. The 

three p ictures in  th is  F igure correspond to d ig itized  images taken w ith  an in it ia l 

b ism u th  coverage o f 2.9 M L , and the electron beam energy fo r each o f the images 

was 77 eV. The annealing tem peratures are labelled fo r each o f the images. The 

tra n s it io n  begins w ith  streaks fo rm ing  between the d iffra c tion  spots along the k -  

axis, as ind ica ted in  F igure 15(a). F igures 15(b) and 15(c) demonstrate th a t as the 

annea ling  tem pera tu re  is  increased, the streaks coalesce in to  w e ll defined 1/2 

order d iffra c tion  spots.

Shown in  F ig u re  16 is  a p lo t o f the  AES s igna ls versus annea ling  

tem pera ture  fo r the fou r in it ia l coverages ind ica ted earlie r. The AES signal used 

was the peak to peak he igh t o f the 96-101 eV b ism uth  Auger feature. The portions 

o f the p lo t corresponding to the p ( lx l )  and p (lx 2 ) phases are labelled in  the Figure. 

W hen the annealing process was begun w ith  a coverage o f more th a n  1.5 M L  o f 

b ism u th , the tra n s it io n  to  the p ( lx 2 )  sym m etry  was accompanied by b ism u th  

desorption down 1.5 m onolayer. Fo r in i t ia l  coverages less th a n  1.5 M L , no 

b ism uth  desorption was observed. This is  also evident from  F igure 16.

D iscussion

The Ordered G row th o f B ism uth

As ind ica ted  earlie r, the grow th o f b ism uth  up to one m onolayer appears to 

be an ordered process. One reason fo r th is  conclusion is th a t i f  the grow th was 

p u re ly  d isordered, o r random , i t  w o u ld  have c o n tr ib u te d  on ly  incoherent 

sca tte ring  and hence no increase in  the d iffra c tion  in ten s ities  w ould  have been 

observed. A no ther reason is th a t the changes in  the features o f IV  curves m ust
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( a )  1 2 5 ° C

( b )  1 7 5 ° C

( c )  2 7 5 ° C

Figure 15: Form ation o f half-order d iffraction  spots
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Figure 16: B ism uth  Auger signal dependence on annealing temperature
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have come from  changes in  the long-range order o f the surface atom ic geometry. 

These observations w ith  g row th  o f b ism u th  ind ica te  th a t ( I )  long range order 

exists in  the b ism uth  overlayer, or (2) the b ism uth  its e lf  is  no t ordered bu t induces 

changes in  the geometry o f the substrate a t the interface. The poss ib ility  th a t the 

changes in  IV  data  are due solely to  b ism uth -induced  reconstruc tion  o f the 

substrate, and no t from  long range order in  the  b ism u th  overlayer its e lf  is  

discussed in  C hapter 5. Since there are no add itiona l changes in  the features o f 

the IV  curves fo r h igher coverages, the method o f grow th beyond one monolayer is 

no longer tw o-d im ensiona lly  ordered. Th is lack o f order prevents fu rth e r LE E D  

analyses in to  the grow th process above I  M L.

The energy-dependent size effect discussed above fu r th e r  supports these 

conclusions. A  s im ila r size effect has also been observed w ith  the SbZGaAs(IlO) 

system [21], and more recently w ith  the BiZGaAs(IlO) system [4]. This effect has 

been dem onstrated to be ind ica tive  o f two dimensional ordered is land  grow th o f the 

adsorbate [22]. The absence o f the effect a t I  M L  and h ighe r coverages ind icates 

th a t the g row th  process beyond I  M L  is  no longer v ia  tw o-d im ensiona l ordered 

islands. Th is is consistent w ith  the changes observed in  the IV  curves, m entioned 

above.

A  few  comments can be made about the atom ic s tru c tu re  o f the I  M L  

in te rface  based on the  observa tion th a t  the (1,0) and (-1,0) beams became 

increas ing ly  sm a ll fo r th is  coverage. I f  the surface were to have the truncated 

b u lk  s truc tu re  o f the (HO ) plane, these beams, as w e ll as a ll (h,0) (h=odd) beams, 

should not have appreciable in tensities due to an interference effect [3]. Since th is  

effect was observed fo r the I  M L  coverage, i t  is  suggested th a t the structure  o f the I  

M L  b ism u th  overlayer system m igh t resemble th a t o f the truncated b u lk  structure.
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Th is  consideration was used in  construc ting  a theore tica l m odel fo r the IM L  

atom ic s tructure , w h ich is discussed in  Chapter 5.

The p ( lx l )  to p flx 2 ) Phase T rans ition

The phase t ra n s it io n  observed upon annea ling , in  w h ich  the p ( lx l )  

sym m etry was replaced by a p (lx 2 ) sym m etry is now discussed. The k-axis o f the 

LE E D  p a tte rn , a long w h ich  the p e rio d ic ity  changed, corresponds to the  [001] 

d irection on the crysta l surface. The form ation o f h a lf  order LE E D  spots along th is  

d irec tion  ind ica tes the  fo rm a tion  o f a surface s truc tu re  w ith  long-range order, 

th a t has a p e rio d ic ity  o f tw ice  the u n it  cell o f the substra te  along the [001] 

d irection . The gradua l tra n s it io n  o f the LE E D  p a tte rn  sym m etry  ind ica tes a 

continuous change in  the re-ordering o f the surface atoms. S im ila r form ations o f 

superstructures have been observed w ith  b ism u th  on o ther I I I -V ( I lO )  substrates 

[23].
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CHAPTER 5

STRUCTURE ANALYSES 

Propram O verview

Searches were c a rrie d  bu t fo r tw o  d iffe re n t s tru c tu re s , th a t o f the  

reconstructed  clean surface, and the I  M L  p ( lx l )  b is m u th  overlayer. The 

param eters used in  these two searches consisted o f the bond lengths, bond ro ta tion  

angles, and the real and im ag inary  parts o f the optica l poten tia l. The ju s tifica tio n  

fo r us ing  these param eters w il l  become evident in  the discussion section o f th is  

Chapter, where i t  w i l l  be shown th a t the use o f these param eters lead successfully 

to the de te rm ina tion  o f the reconstructed clean surface s truc tu re , w h ich was in  

agreement w ith  the results obtained by Duke, et.al. [20].

A  general o u tline  o f the procedures used in  the B iZG aSb(IlO ) s truc tu re  

searches is presented in  F igure 17. The f ir s t  step is the ca lcu la tion o f the atom ic 

potentia ls. Th is was accomplished by a se lf consistent calcu la tion, w h ich  started 

w ith  the specifica tion o f an in i t ia l  charge density. A n  atom ic p o te n tia l was 

constructed from  the charge density, then  the re la tiv is tic  H a rtree-F ock-S la te r 

equation  [9] was solved fo r the e lectron wave functions, us ing  a local S la te r 

exchange [13]. The wave functions were then  used to  ca lcu la te  a new charge 

density, and the process was continued u n t i l  convergence c r ite r ia  were met, i.e. 

the po ten tia l and charge density were consistent w ith  each other.
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The crys ta l po ten tia l was then computed by overlapping atom ic potentia ls  

in  a m anner described in  Chapter 2. The atom ic potentia ls and a crysta l data file , 

w h ich specifies the geometry o f the ,crystal and its  atom ic composition were used 

as in p u t fo r th is  step. For the I  M L  p ( lx l )  overlayer system, tw o separate crysta l 

potentia ls were calculated, one for the overlayer, and one fo r the substrate.

The sca tte ring  phaseshifts were then obtained from  the crys ta l po ten tia l, 

us ing the H a ra  model fo r the exchange potentia l. The phaseshifts were calculated 

fo r sca tte ring  from  each atom ic species in  the crysta l. For the clean surface only 

two sets o f phaseshifts were needed, b u t i f  scattering from  the b ism u th  overlayer 

was to be included, then  three sets o f phaseshifts were needed. The phaseshifts 

were ca lcu la ted  fo r Z-values up to Z=6, and are shown in  F ig u re  18. The 

phaseshifts fo r h ighe r angu la r m om entum  states were ve ry  sm all, and hence 

re la tive ly  in s ig n ifica n t in  com puting the scatte ring in tens ities. This is somewhat 

evident from  F igure 18, where the phaseshifts fo r Z=5 and Z=6 rem a in  close to zero 

over m ost o f the energy range. S ca ttering cross-section versus in c ide n t energy 

plots were constructed from  the phaseshifts in  F igure 18, and are shown in  F igure 

19. The dashed lines in  these plots represent the to ta l sca tte ring  cross section, 

obtained from  the in d iv id u a l cross sections shown w ith  solid lines. These plots 

provide a more in tu it iv e  p ic tu re  for the scatte ring dependence on inc iden t energy. 

M ost o f the scatte ring is seen to occur fo r the energy in te rv a l 100-130 eV, fo r a ll 

three species.

The next step is to  specify the in i t ia l  model param eters, such as surface 

bond leng ths, bond ro ta tio n  angles, etc. The same phasesh ifts  were used 

th ro u g h o u t the  search, even as the geom etric param eters are varied , w h ich  

in troduced  some e rro r because the phaseshifts were ca lcu la ted  fo r a specific
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Figure 18: Scattering phaseshifts for (a) antimony, (b) gallium, and (c) bismuth
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Figure 19: Scattering cross-sections for (a) anitmony, (b) gallium, and (c) bismuth
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geometry. The e rro r should have been sm all, however, and th is  m ethod has been 

successfully u til iz e d  in  w o rk  s im ila r  to  th a t presented here [3,9]. The energy 

range and the d iffra c tio n  beam indices were also specified a t th is  stage. Th is 

in fo rm a tion  was then read in to  a structure file , wh ich is a data file  th a t specifies 

the model geometry, energy range, beam indices, in n e r po ten tia l, etc. o f the model 

in  a s tandard  fo rm at, w h ich  can then  be read by the m a in  program  dyn leed , 

described next.

The s truc tu re  file , together w ith  the phaseshift files comprised the in p u t for 

the  m a in  program , called dyn leed . Dynleed was used to  compute the LE E D  

in tens ities  fo r the d irections defined by the Laue conditions, equation (24) a t the 

energy values specified in  the structu re  file . The program  was w ritte n  to  u tilize  

the T -m a tr ix  m ethod m entioned in  Chapter 2.

The resu ltin g  IV  data was compared to  the experim enta l data by the x-ray 

r-factor m ethod [9], o r ig ina lly  developed for use w ith  x-ray d iffra c tion  studies. The 

r-factor m ethod compares two sets o f curves, xe and ye, such th a t

i i
Z  (%e- C iY e f

(47)

w here r i  is the r-fa c to r fo r the i^h p a ir  o f IV  curves, and the  sum m ation  is  

perform ed over the discrete energy value index, e. ci is  a norm a liza tion  constant 

defined by

Ci
E x 6Ye

(48)
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These sum m ations are perform ed fo r each o f the pairs o f IV  curves, and then an 

overa ll r-fac to r is  determ ined from

R
2
3

3 J_ 
2 N

N

X riAe
i=l

i=l

(49)

In  th is  equation, N  is the  num ber o f pa irs  o f IV  curves, and Aei is  the energy 

range for the i^ 1 beam. Th is equation puts an emphasis on the size o f the data sets 

being compared and is, essentia lly, ta k in g  the average o f the in d iv id u a l r-factors 

rp  The re su ltin g  r-fac to r R describes the degree to w h ich the tw o sets o f curves 

m atch. A  low er r-fac to r means the proposed model provides a be tte r f i t  to the 

experim enta l data.

The m ethod o f va ry ing  the param eters in  searching fo r a best f i t  s tructu re  

was based on the sim plex a lg o rith m  (see Appendix A). W ith  th is  method, the r- 

facto r is used as the con tro lling  factor in  the search, and the  sim plex m ethod 

converges on a model, i.e. the set o f op tim a l param eters,' w ith  the m in im u m  r -  

factor. The search was s ta rted  several tim es fo r each proposed s truc tu re  w ith  

d iffe ren t in it ia l sets o f parameters to ensure th a t a structu re  was found th a t gave 

the absolute m in im u m  r-factor. C rite r ia  fo r deciding how low  an r-factor m ust be 

has been discussed by Duke [20]. In  general, the LEED  s tru c tu re  analyses are 

used in  co llabora tion  w ith  o ther surface sensitive techniques, such as angle- 

resolved photoemission for confirm ation o f the results [3,7,8,9].
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Discussion

G aSbfl 10) Clean Surface Geometry

U sing the method described above, four d iffe ren t searches were in it ia te d  for 

the reconstructed clean surface s truc tu re , each s ta rtin g  w ith  a d iffe ren t set o f 

in it ia l param eters. The d iffrac tion  in tens ities  were computed fo r scattering from  

the f irs t  fou r layers o f the model, and the scatte ring from  the f ir s t  three layers was 

computed exactly. Six phaseshifts were used fo r each atom ic species. The results 

o f these searches were in  good agreement w ith  the results previously obtained by 

Duke, et.al. [20]. The bond length parameters converged to values w ith in  1% o f the 

unreconstructed lengths, and the top layer ro ta tion  angle converged to 30° ± 1°, 

such th a t the top layer anion (antim ony) was rota ted away from  the surface and 

the top layer cation (ga llium ) toward the surface. Shown in  F igure  20, is a side 

view o f the (HO ) surface w ith  the bond lengths labelled as A, B, C, and the top layer 

ro ta tion  angle is labelled as coi. This bond length-conserving ro ta tion  is iden tica l 

to th a t observed by Duke, et.al. [20]. When the values for the real and im aginary

S anion 

O cation

Figure 20: Side view of the I I I -V ( I lO )  surface, showing the 
bond lengths A, B, C, and the top layer ro ta tion  angle coi.
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parts o f the in n e r po ten tia l were also used as parameters, they converged to values 

o f 10.1 eV fo r the rea l p a rt and 4.5 eV fo r the im ag ina ry  pa rt, w h ich  also agrees 

w ith  previous results [20].

In  each o f the fou r searches, the r-fac to r values converged near 0.27, which 

is somewhat h igher than  w hat was previously obtained [20]. I t  took an average o f 

25 cycles fo r bo th  the r-factors and the param eters themselves to converge to 

w ith in  1%. Since a single cycle o f the s im plex loop requ ired  about one hour o f 

com puter CPU tim e, the clean surface s tru c tu re  search was no t pursued any 

fu rth e r. I t  w i l l  be shown in  A ppend ix A  th a t the s im plex m ethod converges 

qu ick ly  to the neighborhood o f the f in a l values, bu t the num ber o f requ ired cycles 

increases ra p id ly  fo r a tig h te r convergence.

The set o f IV  curves fo r the converged s tru c tu re  are compared to  the 

expe rim en ta l curves in  F igu re  21. The experim enta l da ta  are depicted w ith  

dashed lines and so lid  lines are used fo r the proposed model data. There are 

s lig h t discrepancies between the data sets, b u t these resu lts  c lea rly  ind ica te  the 

v a lid ity  o f us ing the sim plex method fo r LE E D  s truc tu re  analyses. W ith  th is  in  

m ind, the same approach was used in  ana lyzing the surface s truc tu re  associated 

w ith  the IM L  p ( lx l )  structure.

The I  M L  p ( lx l )  S tructure

Analyses fo r tw o d iffe ren t IM L  p ( lx l )  model s tructu res were attem pted, 

w h ich bo th  fa iled  to converge w ith in  good agreement w ith  the experim enta l data. 

I t  thus  appears th a t  these two models are both  inco rrec t fo r th is  p a r t ic u la r  

s truc tu re , b u t the resu lts  o f these calculations are s t i l l  in fo rm a tive  and im po rtan t 

in  th a t  these tw o models can be ru led  out. The f ir s t  m odel w h ich  I  ca ll the 

disordered model, assumes no long range order in  the b ism uth  overlayer. Instead



170.0 233.0 300.0300.0233.0170.0

F igure 21: Comparison o f calculated and experim ental IV  curves for the clean 
G aSb(IlO ) surface. Dashed lines correspond to experim ental data and the solid 
lines represent theoretical data.
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i t  assumes th a t the changes in  the IV  data ind ica ted  in  F igure  10 are due to 

b ism uth-induced reconstruction o f the GaSb substrate, w ith  no con tribu tion  to the 

IV  characteristics from  the b ism uth  except fo r an overall decrease in  in te n s ity  due 

to  incohe ren t sca tte ring . Hence, no b ism u th  phasesh ifts w ere used in  the  

analysis. As fo r the clean surface analysis, fou r d iffe ren t simplex-based searches 

were made. In  each case the sim plex search converged w ith  an r-fac to r value 

between .43 and .46, and upon a d iffe re n t set o f param eters each tim e. The 

converged geometric structures were w ide ly  d iffe ren t, as m uch as ±20° fo r the top 

layer bond ro ta tion  angle and 12% va ria tion  fo r the bond lengths. The convergence 

o f the r-factor a t such h igh  values, together w ith  the fact th a t an en tire ly  d iffe ren t 

geometric s truc tu re  was reached in  each case suggests th a t the disordered model 

is inappropria te  fo r th is  structure.

The second model used in  the IM L  p ( lx l )  analysis was one in  w h ich the 

b ism u th  overlayer atoms occupy the vacant anion and cation sites a t the surface, 

and the s truc tu re  a t the surface resembles th a t o f the trunca ted  b u lk  s tructure . 

The experim enta l results ind ica ted  th a t th is  was a favorable model, as m entioned 

in  C hapter 4. Th is  model is often called the Goddard model [25], and the I  M L  

SbZGaAs(IlO) system has been shown to  have th is  s tru c tu re  [21]. Since the 

geometry o f th is  arrangem ent is somewhat o f an extension o f the truncated b u lk  

s truc tu re , the  same geom etric param eters were used as in  the  clean surface 

ana lys is, see F igu re  20. The bond ing  con fig u ra tion  o f th is  a rrangem ent is  

discussed by Skeath e t.a l [25]. Again, fou r d iffe ren t searches were made. The 

results were s im ila r to those obtained fo r the disordered model, in  th a t the r-factor 

values converged at h igh  values (.41-.50), and the converged geometric parameters 

corresponded qu ite  d iffe ren t structures in  each case. A n average o f 24 cycles were 

completed in  the sim plex loop fo r the search us ing  th is  model. These resu lts
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ind ica te , as w ith  the d isordered m odel, th a t  th is  m odel is  in a p p ro p ria te  fo r 

describ ing the I  M L  p ( lx l )  structure , w h ich consequently m ust be qu ite  d iffe ren t 

from  the truncated b u lk  structure.
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CHAPTER 6

SU M M AR Y A N D  CONCLUSIONS

From  the resu lts  o f the experim enta l observations presented in  Chapter 4, 

the power and u t i l i t y  o f surface analysis w ith  LEED  has become evident. Several 

conclusions about the q u a lita tiv e  characteris tics o f the g row th  and k ine tics  o f 

b ism u th  on G aSb(IlO ) were reached. C u rre n tly , developments are being made 

tow ard more quan tita tive  approaches to the analysis o f the experim enta l data. For 

example, a collaborative e ffo rt is cu rre n tly  in  progress w ith  members o f the M SU 

ch e m is try  dep a rtm en t fo r a more rigo rous and system atic  ana lys is  o f the  

d iffra c tion  spot profiles, w h ich  w ill lead to  a be tte r understand ing  o f the k inetics 

invo lved in  the grow th  and annealing processes.

The resu lts  o f the clean surface ca lcu la tions ind ica ted  th a t the s im plex 

a lgo rithm  is qu ite  adequate fo r m in im iz in g  the r-fac to r and fin d in g  the correct 

model param eters. This fu rth e r supports the conclusion in  Append ix A, th a t the 

s im p lex a lg o r ith m  can be successfully used in  the de te rm in a tio n  o f atom ic 

structures w ith  LE E D  calculations.

The e ffo rt to determ ine the structures o f the b ism uth  overlayer systems is 

being continued and developed fu rth e r a t th is  tim e. C u rren tly , w o rk  is being done 

in  deve lop ing o th e r models fo r the I  M L  p ( lx l )  s tru c tu re , based on the 

considerations o f the experim enta l observations fo r th is  and s im ila r  systems, and 

on the resu lts  o f s im ila r s truc tu re  searches [26].



62

APPENDICES



A P P E N D IX  A

S IM P LE X  A LG O R IT H M

The sim plex a lgorithm , f irs t  proposed by N elder and Meade in  1965 [27], is  a 

m in im iz a tio n  ro u tin e  fo r m u lt iv a r ia te  functions based on geometric p rinc ip les. 

Advantages o f us ing  th is  a lg o rith m  are th a t  i t  does n o t re q u ire  n um erica l 

calculus or m a tr ix  m an ipu la tions, and th a t i t  makes no use o f one dim ensional 

m in im iza tio n  techniques. One disadvantage is th a t i t  is  no t very  e ffic ien t in  the 

num ber o f function  evaluations th a t i t  requires. A  descrip tion o f the a lgorithm , 

and how i t  was incorporated in to  the structu re  search process is  presented below.

A  sim plex is defined as the geometrical figure  consisting, in  N  dimensions, 

o f N + l vertices. Connecting lines and polygonal faces are considered p a rt o f the 

simplex. In  two dimensions, a sim plex is a triang le , and in  three dimensions i t  is  

a tetrahedron. A  necessary res tric tion  on the sim plex is th a t i t  be non-degenerate, 

i.e. i t  m ust contain a f in ite  volume o f d imension N. W ith o u t th is  requirem ent, the 

sim plex would  be confined to a space o f dim ension less th a n  N , and the function  

param eters w ou ld  be s im ila r ly  constrained.

For the m in im iza tio n  o f function  o f N  param eters, an in i t ia l  s im plex is  

constructed by a rb itra r ily  choosing N + l sets o f function  param eters. These sets o f 

param eters then define the in it ia l vertices. The response o f the function  is found 

fo r each o f the vertices, and a search is begun fo r a param eter set w h ich gives the 

low est fu nc tion  value. Th is is achieved by "m oving" the s im plex th rough  the 

space defined by the fu nc tion  param eters, th ro ugh  a series o f operations  and
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decis ions  w h ich  exchange old vertices fo r new ones th a t give be tte r, i.e. lower, 

function  response values.

The f ir s t  steps in  "m oving" the sim plex are to determ ine the best, worst, 

and second w orst vertices, and then to f in d  the centroid o f the hyperplane defined 

by a ll the vertices except the worst. Then one o f 4 operations is performed, as 

shown in  F igure  22 for the two d im ensional case. The boldface triang les  in  the 

F igure represent the in i t ia l  simplexes, and the new vertices found by each o f the 

operations are labelled accordingly. Associated w ith  each operation is a coefficient 

a, w h ich represents the leng th  ra tio  defined in  the Figure. These coefficients are 

decided upon before the m in im iza tion  rou tine  is started. The choice o f values fo r 

these coefficients is a rb itra ry , and usua lly  based on in tu it io n  and experience. The 

values used in  the program  described in  C hapter 5 are: a r = l,  a e=2, and

(Xq—CCg-i/2.

The sim plex decision-m aking a lgo rithm  is depicted in  a flow cha rt fo rm a t 

in  F igure  23. Here, a procedura l ou tline  is  given for deciding where to  look fo r 

new vertices, and when to exchange old vertices fo r new ones. In  th is  F igure, 

nw ors t represents the second w ors t vertex. Note th a t the ve rtex  found by the 

re flec tion  operation is no t kep t unless the function  response is  be tte r th a n  the 

second w orst value. This is because the new ly acquired vertex w ould  then be the 

w ors t vertex, and the next operation w ould  be a re flection  back to the previous 

w orst vertex, re q u irin g  a repetitious function  evaluation. Examples o f com puter 

programs u t il iz in g  the sim plex a lgorithm  can be found in  references [28] and [29].

The sim plex a lgo rithm  was incorporated in to  the B iZGaSb(IlO ) s truc tu re  

searches by us ing  model param eters such as bond lengths, bond ro ta tion  angles,



Figure 22: Simplex operations in  two dimensions
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and the in n e r po ten tia l as the function  parameters, and le tt in g  the r-fac to r fo r a 

given model ca lcu la tion represent the function  response. The app licab ility  o f th is  

approach was tested w ith  a t r ia l s tructure  fo r several d iffe ren t s ta rtin g  simplexes, 

fo r both correct and incorrect s tru c tu ra l models. The experim enta l data used in  

these tests were the  clean G aS b(IlO ) IV  data, fo r w h ich  the  correct atom ic 

s truc tu re  has been determ ined [20].

The convergence o f the r-factor, fo r these tests is shown in  F igure 24(a). 

The resu lts  fo r s ix  d iffe re n t searches are shown here, w ith  the  so lid  lines 

corresponding to  the correct model, and the dashed lines representing the use o f 

an incorrect model. W hen the correct model was used in  the search, the r-factors 

converged ve ry  near to the same value a ll three tim es, b u t the use o f an incorrect 

model caused the r-factors to converge to qu ite  d iffe ren t values fo r each search. 

For the searches made w ith  the correct model, about 20-30 cycles were required fo r 

the r-fac to r to converge to w ith in  a com parative ly sm all devia tion from  the f in a l 

value. A d d itio n a l convergence o f the r-fac to r values requ ired  m any more cycles, 

w h ich is evident from  the Figure.

A  comparison o f the r-fac to r convergence to  the convergence o f the model 

param eters fo r one search is shown in  F igure 24(b). The dashed line  represents 

the percent standard deviation o f the r-factor value, and the solid lines correspond 

to the model param eters. Fo r th is  p a rticu la r search, the param eters converged at 

approxim ate ly the same rate as the r-factor. This is representative o f a ll o f the test 

searches, even when the incorrect model was used. In  th is  F igure , a reasonable 

convergence was reached a fte r about 30 cycles o f the sim plex loop, and add itiona l 

convergence was com paratively slow. The o ther test searches converged s im ila r ly  

a fte r 20-30 cycles.
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The resu lts  o f these test searches ind ica te  th a t the simplex-based search 

converges q u ick ly  up to  20-30 cycles, and m uch slower the rea fte r. They also 

ind ica te  th a t when the correct model was used in  the search, the sim plex search 

converged tow ard  the same s truc tu re  each tim e, and th a t the use o f an incorrect 

model led to d iffe ren t structures each tim e. Based on these resu lts, the sim plex- 

based search m ethod appears to have m e rit fo r use in  LEED  s truc tu re  analyses, in  

th a t a d is c rim in a tio n  can be made between correct and in co rrec t s tru c tu ra l

models.
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Figure 24: Results o f s im p lex convergence tests, (a) Average r-fac to r values, (b) 
Convergence o f model param eters compared to r-factor convergence.
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AP P E N D IX  B

V ID E O  CAM ERA T IM IN G  C IR C U IT

I  present in  th is  section a discussion o f the t im in g  c irc u it  designed to 

fa c ilita te  us ing  the video camera in  the random -in tegra tion  mode, b u t f ir s t  some 

fundam enta l features o f the video signal its e lf  are presented.

The ou tpu t s igna l from  the video camera follows the standard  in te rlaced  

video fo rm a t where one fram e, or complete image, is composed o f an odd and an 

even fie ld . The fie lds correspond to the horizon ta l lines o f the video signal. The 

odd fie ld  contains the video signal fo r the odd-numbered lines and the even fie ld  

contains the even-numbered lines. The tw o fie lds together fo rm  the in te rlaced  

frame. F igure  25(a) shows the camera ou tpu t when used in  the norm al operating 

mode. I t  is composed o f a lte rn a tin g  odd and even fie lds, each separated by  a 

ve rtica l sync. The ve rtica l syncs occur w ith  a frequency o f 60 H z so a complete 

fram e is trans fe rred  every 1 /3 0 ^  o f a second. As seen in  the F igure, the video 

ou tpu t u tilizes  a IV  peak-to-peak tim in g  signal. W ith in  the camera a single CCD 

a rray  is used to measure the lig h t signal fo r both fields. In  the norm al operating 

mode, the  CCD a rra y  reads the lig h t  s igna l fo r 1 /6 0 ^  second fo r each fie ld , 

transfers the fie ld  signal, then  reads the signal fo r the next fie ld , and so on. This 

p a rt ic u la r  cam era (P u ln ix  M odel TM -840N ) is equipped fo r random -in teg ra tion  

ou tput, in  w h ich the CCD array can be ins truc ted  to read the lig h t signal fo r any 

desired leng th  o f tim e (longer than  l/6 0 th  sec). This feature is useful in  low -ligh t
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app lica tions, where an accum ulated, i.e. in te g ra te d  s igna l is necessary fo r 

adequate sensitiv ity .

In  order to use the in teg ra tion  contro l feature, an ex te rna l T T L  o r CMOS 

b in a ry  s igna l m ust be supplied to  a p in  connection on the back o f the camera. 

W hen th is  signal is  held low  (0 Volts), the ou tpu t from  the CCD a rray  is inh ib ited . 

W hen the signal is  sw itched to h igh  (+5 Volts), ou tpu t begins a t the next ve rtica l 

sync. This is shown in  F igure 25(b). Note th a t the camera ou tpu t always contains 

the basic t im in g  signal, and only the superposed lig h t signal is  affected by us ing  

the in te g ra tio n  control. Also note th a t when using the in te g ra tio n  control, on ly 

one fie ld  can be in teg ra ted  a t a tim e, and the in tegra ted fie lds are separated by the 

tim e  o f in te g ra tio n . The im portance o f these features w i l l  become obvious in  

discussing how the t im in g  c irc u it was constructed.

The Q u ick Capture™  fram e grabber board w h ich  is  used to d ig itize  the 

video signal is  designed to read one complete frame, or two consecutive fields, a t a 

tim e. B u t when the camera is used in  the in teg ra ting  mode, the in teg ra ted  fie lds 

do not appear consecutively. R ather th a n  try in g  to separate and recombine the 

in te g ra te d  o u tp u t s igna l, an a lte rna te  approach was used w h ich  is described 

below.

The d ig it iz in g  board has the provis ion fo r an external trigge r, to in it ia te  

d ig itiza tion . Use o f the externa l tr igge r requires a T T L  signa l also. D ig itiza tio n  

then  begins a fte r the ve rtica l sync w h ich fo llows a low  to h igh  tra n s itio n  o f the 

ex te rna l tr ig g e r connection. So when the  ex te rna l tr ig g e r  is  p rope rly  used, 

d ig itiza tion  can be in it ia te d  for each o f the frames contain ing the  in tegra ted  fields. 

Each o f these frames contains only one in tegra ted  fie ld, so when they are d ig itized 

and read in to  memory, they m ust be added together to make a complete in tegra ted 

image. Presented next is the T T L  c ircu it developed for these applications.



73

A  schematic descrip tion o f the c irc u it is presented in  F igure  26. The base 

t im in g  signal from  the camera is used to provide the in it ia l signal. The IV  signal 

is  adequate fo r use in  T T L  c ircu its . Th is s igna l is  passed th ro u g h  a series o f 

t im in g  c ircu its , w h ich  change the t im in g  o f the signa l to  a llow  fo r in te g ra tio n  

tim es corresponding to an in te g ra l num ber o f frames, i.e. m u ltip les  o f 1/3O^h o f a 

second. The design o f the c ircu it allows fo r in teg ra tion  tim es o f 33, 66, 99, 233, and 

363 microseconds. The camera ou tpu t resu lting  from  the use o f th is  t im in g  c ircu it 

is  shown in  F igure  27. A lso shown in  F igure 27 is the signa l to be used fo r the 

externa l trigge r, w h ich is the same as the in teg ra tion  contro l signal. The tim in g  

o f th is  s igna l is such th a t on ly the fram es conta in ing  the in teg ra ted  fie lds are 

d ig itized.

Th is t im in g  c irc u it represents the f ir s t  step tow ard us ing  the video camera 

in  the in te g ra tin g  mode. Complete inco rp o ra tion  o f th is  c irc u it  w i l l  requ ire  

fu rth e r refinem ents in  the data acqu isition software so the in teg ra ted  frames can 

be combined and stored correctly.
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Figure 26: Block diagram for the video camera tim ing  c ircu it
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