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ABSTRACT

T his thesis describes the grow th and  characterization  o f  a -S n  film s
pseudom orphically  grow n on InSb substrates by m olecu lar beam  epitaxy (M B E). 
S em iconducting  properties o f  a -S n  and  the basic princip les o f  M B E grow th are 
b riefly  review ed.

Several c leaning techniques for InS b  substrates are studied  using X -ray
photoem ission spectroscopy, A uger e lectron  spectroscopy, reflection  h igh
energy  electron d iffraction  (R H EED ) and  N om arski m icroscopy. T he m ost 
satisfactory  resu lt is achieved using a m odified  C P4A  etchan t 
(HNC>3 : C H 3C O O H  : H F  : D I H 20  @  2 : 1 : 1 :  10) fo llow ed by a com bination  o f  
low  energy A r ion bom bardm ent (~ 350 eV ) and low  tem perature annealing  
(~ 275 °C ).

T he grow th o f  a -S n  film s is carried  out in a custom -designed M B E  
system . T he effect o f  grow th conditions on the surface quality  and  stability
o f  the  a -S n  film s is  studied using R H E E D , optical m icroscopy and A uger 
com position  profiling . C oherent, single-phase a -S n  film s m ore than 1500A
th ick  can be grow n only  on InSb substrates w ith (100) orientation. T he a  -» (3
phase  transition tem perature , used as a m easure o f  stability  o f  a -S n  film s, 
is found  to be dependent on the overlayer thickness. T h inner film s are found 
to have  a h igher transition  tem perature than th icker ones. D ue to enhanced
m igration  o f  surface adatom s, film s grow n at elevated  substrate tem peratures 
and slow  grow th ra tes produce sharper R H EED  patterns w hich correspond to
better surface ordering. O n the o ther hand, p referential d iffusion o f  Sb
in to  the overlayer can be detected in film s grow n under these conditions. 
T he optim um  grow th conditions are achieved using grow th rates in  the range 
o f  0 .5  to 0.7 A /s and substrate tem peratures betw een 10°C  and 50°C . U sing
th is set o f  grow th conditions, h igh quality  a -S n  film s w ith  good surface 
m orphology  can be stabilized  to tem peratures up to ~100°C .

A  detailed investigation  o f the surface structure o f  a -S n  film s grow n
on InSb(100) is carried  ou t using the R H EED  technique. T he im portance o f
em ploy ing  a m ulti-azim uthal and m ulti-L aue zone approach is em phasized. T he 
observation  o f  cu rved  1/2-order d iffraction  streaks along <100>  azim uths o f
the InS b  surface p rio r to  grow th is explained in term s o f  the presence o f  
1-D d isorder boundaries. T he in itial stage o f  a -S n  film  grow th is
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characterized  by d isorder features. A bove 20A  coverage, grow th proceeds in a
layer-by-layer m ode and the a -S n  film s are found to  exhib it 
th ickness-dependent surface reconstructions. T w o-dom ain  (2x1), (2x2), c(4x4)
as w ell as atom ic step structures are observed. T he surface structure o f
a-Sn(lO O ) is  found  to  be very  sim ilar to  th at o f  Si(100) and a  structural 
m odel based on  d im ers is proposed.

T he electrical properties o f  the a -S n /In S b  system  are found  to be
dom inated  by  a  high concentration , high m obility  tw o-d im ensional electron
gas (2D EG ) at the interface. D ue to  m u lti-carrier conduction  effects,
e lectrical da ta  from  H all m easurem ents are d ifficu lt to analyze and  require
careful in terpretation . Instead, Shubnikov-de H aas (SdH ) e ffect and 
m agneto-optical techniques are used. T w o-dim ensionality  o f  the electron  gas
is dem onstra ted  by the l/co s 'd  (ft is the tilt angle w ith respect to the
norm al o f  the  2D E G  plane) dependence o f  the observed SdH  oscillations. T he
total carrier concentration  o f  the 2D E G  is around 6x10 c m ’ w ith  at least
seven subbands being occupied at 4.2K . Individual subband occupancy is found 
to  be dependent on the overlayer th ickness. M agneto-optical spectra  fo r
a -S n /In S b  sam ples are very  com plicated . In  addition to bound  hole
transitions in  the substrate, several broad structures w ith  d ifferen t
overiayer th ickness dependence can  also be observed. T hese structures are
believed  to  arise from  cyclotron resonance transitions involv ing the 2D EG
(corresponding to effective m asses betw een 0 .044m  to  0 .051m  ) and the w arpedo o
energy surfaces o f  the h ighly-strained pseudom orphic a -S n  overlayer 
(corresponding to  0 .018m  and betw een 0 .028m  to  0 .034m  ). P ossib le  reasonso o o
fo r the occurrence o f  the 2D E G  are discussed in term s o f  substrate cleaning
and cross-doping artefacts, quantum  size effects and band-bending effects at 
the a -S n /In S b  in terface.
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CHAPTER 1 INTRODUCTION

It has long been know n that the  group IV  elem ent tin  (Sn) can undergo  a 
transform ation  fro m  its usual m etallic  (P) phase to a sem iconducting  (a )  
phase w hen the tem perature drops below  13.2°C . A pocryphal tales re la ting  the 
w oes suffered as a resu lt o f  th is phase transform ation are legion, e.g ., it 
is c la im ed that N apo leon’s w in ter re trea t from  M oscow  w as seriously im peded  
by  the  fact that tin  trouser buttons and  bu lle ts w ere used by  h is arm y.

S cien tifically , a -S n  is generally  accepted as a  sym m etry-induced 
zero-bandgap sem iconductor. By apply ing a uniaxial stress o r by alloying
this m aterial w ith  G e, a very sm all energy gap can be opened  up, g iv ing rise
to poten tia l in frared  device applications. A fter the extensive 
investigations on the electrical and  m agnetic properties o f  bulk  a -S n  by
E w ald  and his co-w orkers in the late  1950s, very  little  activity concerning 
this m aterial w as reported  in the fo llow ing  decade. T he m ain reason fo r  this
can be attributed  to the instability  o f  the sem iconducting a -p h ase  o f  bulk  
Sn w hich m akes sam ple preparation  extrem ely d ifficu lt and h indered  the 
prospect o f  am bien t tem perature device applications. I t w as no t un til the
advent o f  the m olecular beam  epitaxy (M BE) technique w hich enables the 
grow th o f  substrate-stabilized  a -S n  thin film s w ith  phase transition
tem peratures above 70° C, that research  in terest in a -S n  and its alloys w as 
revived.

T he w ork described in this thesis is concerned w ith  the grow th and 
characterization  o f  a -S n  film s pseudom orphically  grow n on InS b substrates by 
m olecu lar beam  epitaxy (M BE). I t begins w ith a rev iew  on the sem iconducting 
p roperties o f  a -S n  in w hich the probab le  band structure o f  the bu lk  m aterial 
and the p roperties o f  a -S n -re la ted  thin film s are discussed. In chap ter 3, 
the princip les o f  m olecular beam  epitaxy and special features concerning the 
grow th o f  a -S n /In S b  such as pseudom orphism , substrate-stabilization  and 
non-po lar/po lar epitaxy are discussed. Several substrate preparation  
techniques are described  in chap ter 4. T he credib ility  o f  each m ethod  is
assessed using surface science techniques such as X -ray  photoem ission (X PS), 
A uger electron  spectroscopy (A E S), reflection  h igh  energy electron 
d iffraction  (R H E E D ) and N om arski m icroscopy. C hapter 5 gives a b rie f 
descrip tion  o f  the M B E system  used in  this w ork. T he effect o f  grow th
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conditions such as substrate orientation , overlayer th ickness, grow th ra te
and substrate tem perature on the quality  and stability o f  the  a -S n  film s is 
presented . A  detailed  study o f the surface structure o f  a -S n /In S b (1 0 0 ) using 
R H E E D  is given in the follow ing chapter. T he R H E E D  technique and the 
in terpreta tion  o f  d iffraction  patterns are briefly  rev iew ed. A  com parison  
betw een  the structure o f  the a-Sn(lO O ) surface and that o f  Si(100) is  then 
presented . F inally  in chapter 7, the  range o f  m agneto-transport and
m agneto-optical techniques used fo r sam ple characterization  is ou tlined  and 
the experim ental resu lts  are sum m arized. T he effect o f  the presence o f  an 
in terfacia l tw o-d im ensional electron gas (2D EG ) on the electrical p roperties
o f  the a-S nA nSb sam ples is also discussed.
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CHAPTER 2 REVIEW ON THE SEMICONDUCTING PROPERTIES OF oc-Sn

2.1 In tro d u c tio n

A ccording to  early  studies o f  the electronic p roperties o f  bulk  a -S n , 
it is  generally  considered that th is low  tem perature phase  o f  Sn is a
zero-bandgap sem ico nducto r.1 U nlike the o ther group IV  sem iconductors, 
nam ely  Si and G e, w hich also have the  diam ond structure, a -S n  has so fa r 
rece ived  m uch less attention despite  its  natural occurrence. In  the  past, 
unless special precautions w ere taken, bulk  a -S n  w as alw ays obtained  in 
pow d er form  on w hich electrical m easurem ents w ere d ifficu lt to p e rfo rm .1 In  
the late  1950s, E w ald  and co-w orkers successfully g rew  single crysta l a -S n  
fro m  a solution in m ercu ry .2 T he ensuing extensive investigations on  the
electrical and m agnetic  properties o f  th is m aterial led  G roves and P au l to 
propose  the w idely  accepted band structure m odel fo r bu lk  a -S n . T he feature  
o f  th is m odel is that the a -S n  conduction  and valence bands belong to  the
sam e irreducible representation  o f  the T* sym m etry group and they  are
degenerate  at k  =  0. M any o f  the sem iconducting p roperties o f  bulk a -S n  have
also been estab lished .4

B eginning in the early 1970s, there  w as a long in terval in w hich little
activ ity  concerning a -S n  w as reported . T his occu rred  partly  because 
po ten tia l applications w ere severely lim ited  by the low  phase transition
tem perature  o f  a -S n  sam ples. It has long been know n th at at tem peratures 
above 13.2°C , bulk  Sn can exhib it a phase transition fro m  its sem iconducting
( a )  phase to a  m etallic  (p) phase accom panied by a 27%  decrease in v o lu m e .1 
T his apparently  elim inated  any p rospect for am bien t tem perature device
applications and m ade even routine handling o f  the m aterial h ighly
inconvenient. H ow ever, the recent advent o f  the m olecular beam  epitaxy (M B E) 
technique resu lted  in the possib ility  o f  producing substrate-stabilized  a -S n  
th in  film s w hich can survive at tem peratures w ell above 300K . Success in  M B E  
grow th  o f  a -S n  film s w as first reported  by F arrow  et. al.5 in  1981.
P seudom orphically  grow n on InSb(lOO) and CdTe(lOO) substrates, these film s 
w ere found to  be substrate-stabilized to about 7 0 ° C. H ow ever, at 77K  they 
had  hole densities greater than 10 c m ' and m obilities <  250 cm  /V s. M ore
recen tly , T u  et. al.6 have grow n a -S n  film s w ith  m uch m ore attractive
electrica l properties : n ~  4x10 c m ' and \i as h igh as 1.3x10 cm  /V s at
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77K . L arge optical non-linearities at 10.6 (im  have also been reported . 
T hese encouraging results coupled w ith  recent pred ictions that quan tum  w ell 
structures, com prising  sym m etry-induced zero bandgap sem iconductors like 
a -S n  confined betw een  w ider bandgap sem iconductors, should  exhib it novel and 
poten tia lly  useful infrared absorption  p roperties8 ’ 9 have rev ived  
considerable in terest in the study o f  a -S n  related  m ateria ls and a  large 
num ber o f  experim ental data have em erged  in  the past few  y e a rs .10

In this chap ter, the sem iconducting  properties o f  a -S n  are briefly  
rev iew ed. In  § 2 .2 , the probable  band  structure o f  b u lk  a -S n  is  discussed
and its electrical and m agneto-transport param eters are sum m arized. T his is 
fo llow ed by a b rie f account o f  the properties o f  a -S n -re la ted  m aterials 
pseudom orphically  grow n by M B E and o ther fabrication techniques (§ 2.3).

2.2 P ro p e r t ie s  o f  B u lk  a -S n

2.2.1 H istorical B ackground

Since the d iscovery o f  its sem iconducting properties in  1 9 5 0 ,11 
considerable progress has been m ade in the preparation  o f  a -S n  sam ples in 
the form  o f  filam ents and  film s for m ore re liab le  determ ination  o f  
e lectrical data. In  their 1960 rev iew  p a p e r,1 B osch and K em  have com piled
considerable am ount o f  experim ental da ta  although ra th er large d iscrepancies 
betw een the resu lts w ere found. T hey  suggested that all the analyses that
had been m ade could  be incorrect because they all assum ed a sim ple tw o-band 
conduction  m odel. T hey  also po in ted  ou t the need fo r fu rther m easurem ents 
on  h igher purity  m aterials, in particu lar single crystals. In  1958, E w ald
and co-w orkers successfully grew  a -S n  by crystallization  from  a liquid  
am algam . R elatively  pure single crysta l sam ples w ith donor concentration
as low  as 5 x 1 0 14 c m ’ 3 w ere p repared .12 Since then, extensive investigation
o f  the e lectrical, m agneto-transport and stress-related properties o f  a -S n
has been carried  out. M easurem ents on  a -S n  single crystals soon y ielded
evidence o f  tw o types o f  negative charge carrier and  therefore th ree-band
condu ction .4 O n the basis o f  these experim ental results, G roves and P au l3 
dev ised  an inverted  band structure m odel for bulk a -S n  w hich w ill be
d iscussed in  the next section.

7
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2.2 .2 . B and S tructure o f  B ulk a -S n

T heoretical calculations o f  the band  structure o f  bu lk  a -S n  using  the
orthogonalized  p lane-w ave m ethod (O PW ) predicted  that the low est conduction
band o f  th is m aterial is a t the  cen tre  o f  the B rillioun  zone w ith  T ‘
sym m etry  and the h ighest valence band  has the T+ sy m m etry .13 T h is is  in 
agreem ent w ith  low  tem perature m agnetoresistance da ta  w hich show ed no 
m easurable an iso tro p y .14,15 A bove 200K , how ever, the transport p roperties
w ere found to be dom inated  by electrons in the conduction  band m in im a having 
(111) sy m m etry .14 Furtherm ore, m easurem ents o f  conductiv ity  and  H all
coeffic ien t as a function o f  tem p era tu re11,16 revealed  that above 150K,
electrons w ere in trinsically  excited  w ith  an activation  energy o f  about
0 .09eV  fo r sam ples w ith  im purity  concentrations in the 10 c m ’ range. 
T hese  data suggested the presence o f  band m inim a having (111) sym m etry 
(p lausib ly  L *) at a  slightly h igher energy above the low est conduction  band.
H ow ever, th is com bination  o f  (000) and  (111) bands apparently  contradicts
the oscillatory  m agnetoresistance m easu rem en ts15 w hich give an effective 
e lectron  m ass o f  0 .02m  w ith no  apparent dependence on  carrier concen tration  
(fo r n  <  4 x 1 0 16 c m '3 at 4.2K ).3

F rom  the above experim ental data  and by calcu lating  the effective  m ass
o f  the  T ’ electrons using the k p  m ethod, G roves and  Paul suggested  that
the T ' state should be p laced 0 .3eV  below  the T + state and that the  T
conduction  and valence bands are degenerate  at k= 0 . T his structure  is
qualitatively  d ifferen t from  that o f  the o ther group IV  sem iconductors and
is a  resu lt o f  the system atic variation  o f  atom ic in teractions dow n the
g ro u p .4 W ith increasing  atom ic num ber the T* band, w hich in Si and G e lies
above T* m oves dow nw ard. In  a -S n , it lies below  the T+ bands. B ecause o f8 8
its in teraction  w ith  the light m ass T + valence band, the curvature  o f  both
bands is reversed. T he inverted  T* light hole band  becom es the  a -S n
conduction  band; the degeneracy po in t a t T + is both the  top o f  the  valence
band  and the bo ttom  o f  the conduction  band. T he bandgap is therefore  zero  in  
accord  w ith the  m easured T 3 /2  dependence o f  the in trinsic  carrier
concentration. R esults from  high tem perature pressure  and conductiv ity
m easurem ents 3 ,1 4  led G roves and Paul to p lace the L + m inim a, hav ing  (111) 
sym m etry , at ~  0 .09eV  above the T* conduction band m inim a. T his G -P  band
m odel explains m ost o f  the electrical and m agneto-transport data
satisfactorily  and  has been w idely  accept as the  m ost p robable  band
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structure m odel fo r bulk a -S n . Fig. 2.1 show s a  full zone band structure  for 
this m a te ria l19 (obtained from  the non-local em pirical pseudo-poten tial 
m ethod) w hich closely  resem bles the G -P  m odel.

F ig . 2.1 A  fu ll zone  ban d  s tru c tu re  fo r  b u lk  a - S n  (fro m  R e f. 19)

2.2 .3 Sem iconducting  Properties o f  a -S n

T ransport and optical param eters o f  bulk a -S n  determ ined  from  
m agneto-reflection , H all ’ and infrared reflectance m easurem ents ’ 
are sum m arized in T able  2.1 and illustrated  in association w ith  the
schem atic G -P  band structure in Fig. 2.2. A s stated in the  previous 
sections, bulk a-Sn is a zero bandgap semiconductor and some of its 
properties are sum m arized below  :
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TABLE 2 . 1

P a r a m e t e r s V a lu e s R e f .

* + m (T )n 8 0.024mo 15/ 21,  24
* „+ m (T )n 6 0 . 1 7 - 0 . 21mo 20
* + m ( T  )P 8 0.195mo 12

0.260m o 24
m (T )p 7 0.058mO 12

E (L+ -  r +) eVg  6 8 0.092 0 4.2K 20
0.115 0 OK 24

fi (T+) cm2/Vsn 8 1 . 2 x l 0 5 0 100K 20
+ 2 ,fi (L ) cm /Vsn 6 ~ 103 0 4.2K 20

211 cm /Vsp 1.0x10 4 0 100K 20
A(r+ - r +) ev8 7 0.80 12

average e 24 23

F ig . 2 .2  A sch em a tic  b an d  s tru c tu re  o f  bulk  q -S n  b a se d  on the G ro v e
and P au l m odel (fro m  R ef. 12)
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a) E lectron m obilities at low  tem p era tu re14,15 for nom inally  undoped  sam ples
are in excess o f  1x10 cm  /V s and the net donor concentration  can be as
low  as 5 x 1 0 14 c m ’ 3.

18 3b) B ulk a -S n  sam ples with donor concentration  in the range o f  2 .5x10 c m ’
exhib it very pronounced Shubnikov-de H aas oscillations as show n in 
F ig. 2.3. Spin-splitting features can be clearly  resolved above 0 .7 T  and 
the quality  o f  the oscillations is am ong the best observed  in
sem iconductor m aterials.

F ig . 2.3 A n ex am p le  o f  p ro n o u n ced  S dH  o sc illa tio n s  o b ta in ab le  fro m  bulk
q -S n  sam p les  (fro m  R e f. 22)

c) D egeneracy o f the conduction  and valence band can be lifted  if  the
inversion sym m etry o f  the lattice is destroyed by ex ternal perturbations 
such as anisotropic stress.4 A study o f  the transport phenom ena o f
uniaxially com pressed a -S n  has indeed revealed the ex istence o f  a

2 <stress-dependent therm al energy gap.
d) T he sym m etry-induced zero bandgap gives rise  to an anom alous q ’ 1

divergence in the static d ielectric function £(q,0) at sm all va lues o f  q 
w hich can lead to a very  effective screening o f  the C oulom b in teractions 
betw een electrons and ionized im purities. ’ In the low  concentration
lim it, th is dielectric  screening effect can m anifest itse lf th rough an
enhanced  free carrier m obility  at low  tem perature w hen ion ized  im purity

20scattering  is dom inant. G alvanom agnetic  results o f  L avine and  E w ald
indicate  that such a m obility  enhancem ent does take p lace and a deviation
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fro m  the expected  concentration dependence can be observed.

e) B eing a zero bandgap sem iconductor, a -S n  also exh ib its all the special 
features characteristic  o f  narrow  bandgap m aterials. T hese include  the 
non-parabolic d ispersion o f E (k) in the conduction band, m ixed sym m etry  
character and spin m ixing in the electron  w ave functions, and the strong 
dependence o f  the stress-induced energy  gap and effective  m ass on

27tem perature, pressure, m agnetic field  and e a rn e r density.

2.3 Brief Survey of Thin Film a-Sn and Related Materials

It is well know n that if  a thin layer o f  a zero gap sem iconducto r o f 
th ickness com parable to the inelastic m ean free path  o f  carriers can be
grow n on a non-zero  bandgap sem iconductor, the conduction  and valence  bands 
w ill be split in to subbands and a bandgap can be opened up as a resu lt o f 
quantum  size effects. a -S n -b ased  superlattices are thus poten tia l in frared
heterojunction detector and laser candidates w ith the bonus o f  in teresting
electronic properties. T he theoretical bandgap o f  a -S n  grow n on C dT e as a
function  o f overlayer th ickness calcu lated  by C raig and G arrison is show n 
in Fig. 2.4. O ther calculations considering  the d ielectric  response o f  thin
a -S n  film s indicate that the bulk singularities in q ' 1 and co’ 1/2 are not
presen t in thin film s. Instead, the static d ielectric  constan t depends
linearly  on the a -S n  film  th ickness.8 D ue to a gap-independent effective  
m ass and a drastic  change in the jo in t density  o f  states, the  absorption
coefficient o f a thin a -S n  film  is m uch higher and m ore abrupt than that o f

8 2 9an alloy sem iconductor w ith a com parable energy gap. ’

NUMBER OF Sn LAYERS
16 30 50

F ig . 2 .4  T h e o re t ic a l  b a n d g ap  o f  
e p itax ia l a - S n  g ro w n  on C d T e  as a 
fu n c tio n  o f  o v e r la y e r  th ic k n e ss  

( fro m  R ef. 28)
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I f  the lattice constan t o f  th is zero  gap sem iconducto r is reduced , fo r 
exam ple by alloying a -S n  w ith G e, the resulting  bandgap o f  the a -S n ^ G e i 
alloy can be tailored  over a w ide range. A ssum ing a  linear relationsh ip  
betw een the band structure o f  both com ponents, the ind irec t L *- T* gap o f  G e 
w ould  turn in to  a d irect T - I"* gap o f  E  ~  0 .55eV  fo r x ~  0.2. 0 A bove this
Sn concentration , the bandgap w ould  c lose further even tually  reach ing  the
zero gap condition  at x  ~ 0.65. F ig . 2.5 is a schem atic  illustration  o f  the 
postu lated  band structure variation w ith  alloy com position . D ue to the 
greatly  reduced p o lar scattering, these a -S n ^ G e j a lloys can exh ib it very  
h igh carrier m obilities. T heir po ten tia l in in fared  device  applications,
especially  as an alternative to H g ^ C d j ^Te, has prov ided  great incentive for 
the study o f  a -S n -re la ted  thin film s in recent years. U nfortunately , m any 
problem s exist in the preparation o f  these a -S n ^ G e  alloys. B esides the
w ell em phasized instability  o f  a -S n  at tem perature above 13.2°C , the m utual 
solid solubility betw een Sn and G e is less than 1%. A ttem pts to grow  these 
m etastab le m aterials m ust therefore rely  on non-equilib rium  techniques such 
as M B E. T he fo llow ing  is a b rie f account o f som e o f  the m ost im portan t 
developm ents in the study o f  these m aterials.

ENERGY (eV)

F ig . 2 .5  S ch em a tic  il lu s tra tio n  o f  the p o s tu la ted  b an d  s tru c tu re  
v a r ia tio n  o f  q - S n ^G e i w ith  a lloy  co m p o sitio n
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2.3.1 M etastable a -S n  th in  film s

a) a -S n  on InSb

In 1981, F arrow  et. al.5 dem onstra ted  that up to 0 .5 |im  o f  a -S n  can be 
grow n on  InSb(OOl) substrates at 25°C. T hese film s w ere  found to be 
substrate-stabilized  to  about 7 0°C  before  transform ing back  to  the P-phase 
(details o f  the substrate  stabilization e ffect w ill be d iscussed  in  the  next
chap ter). S ince then, there have been several confirm ato ry  investigations 
and  even h igher transition  tem peratures have  been reported .3 3 ,34 T he a  -> p
conversion  in a -S n  grow n on InSb(OOl) substrates w as studied  by  M enendez 
and H ochst using R am an scattering. T hey  suggested th a t the a -p h a se  is 
stabilized  by substrate  in terfacial bonds and the phase transition  
tem perature  o f  a -S n  film s 600A  th ick  w as found to be as h igh as 115°C .
S tructural studies o f  a -S n  film s grow n on InSb(OOl) substrates using
reflec tion  high energy  electron d iffraction  (R H E E D )3 5 ,3 6  and  low  energy 
electron  d iffraction  (L E E D ) revealed  a tw o-dom ain (2x1) reconstruction  
sim ilar to  that observed  on Si(100) surfaces. R ecently, w e have observed  tw o 
new  reconstructions, nam ely  p(2x2) and c(4x4), on ou r a -S n  film s. T he
structure o f  the film  is found to  undergo  a thickness dependen t change and a

o od im er m odel has been proposed (see chap ter 6 fo r details). T he electronic
band  structure o f  a -S n  thin film s has been determ ined by angle-reso lved
photoem ission  studies (A R U P S )39,40 and found to agree w ell w ith  theoretical 
calculations. U sing core-level photoem ission, the fina l valence band
d iscontinu ity  at the a -S n /In S b(1 00) hetero junction  was found  to be 0 .40 ±
0 .06eV , in close agreem ent w ith the  theoretical va lue  calcu lated  using 
T e rso ff’s m odel (0 .33eV ).41 Evidence fo r som e Sb segregation  in to  the a -S n  
film s during the in itia l stages o f  in terface form ation w ere also revealed.
T his m ay be re lated  to  Satoh and K im ata’s observation that the quality  o f  
a -S n  film s grow n on InSb(lOO) substrates at h igh tem peratures (~75°C ) w as 
superio r to that grow n at low er tem pera tu res.34 R ecently , there has been a
surge o f  in terest in the  study o f  a -S n  film s from  A T & T  B ell L abs, w here
trip le-ax is X -ray  d iffractom etry  w as em ployed to  de term ine the structural 
param eters and the strain d istrib u tio n .42 T he study o f  the optical 
p roperties o f  a -S n /In S b (1 0 0 ) sam ples has so far been lim ited  to  the 
m easurem ent o f  the d ielectric  function  using ellipsom etry .43 T he reported
resu lts  com pared reasonab ly  w ell w ith available band structure calculations.
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B esides the (100) surface, there have also been attem pts to grow  a -S n
film s on  o ther InS b surfaces. H ochst and  co-w orkers have conducted  A R U PS 
and  R H E E D  studies to  investigate the grow th m ode and m icroscopic electron ic
structure  o f  a - S n ( l l l )  film s grow n on I n S b ( l l l )  and  (1 1 1 ) su rfaces.4 4 ,4  
T hey  reported  that bu lk  a - S n ( l l l )  could  only  be grow n up to  a  th ickness o f  
~  40M L s (~ 150A), beyond w hich 3-D  island grow th started and the film s
show ed a  m ixture o f  a  and P phases. O nly  a  bulk  ( l x l )  reconstruction  pattern  
w as observed th roughou t the grow th. In  contrast, K asukabe et. al.A6 have
succeeded in grow ing up  to 150M Ls (~ 600A ) o f  a - S n ( l l l )  on I n S b ( l l l )  
substrates cleaned by  heating  in Sb4 beam s. T he a -S n  surface show ed a  (3x3)
reconstruction  pattern. O ur a - S n / I n S b ( l i l )  film s up to 1000A  th ick  w ere
found  to  exhib it the sam e reconstruction .47 In addition, w e also observed  a 
(3x1) pattern  in th icker film s. E pitaxial film s as th ick as 1500A have been
successfully  grow n w ith  no detectab le p-phase form ation and 
m agneto-transport m easurem ents have been perform ed (detailed  discussions can 
be  found  in § 7 .3 .3 ).47 R elatively  th in  (300A ) a -S n  film s have been

3 3deposited  on the non-po lar (110) surface o f  InSb by M enendez and H ochst. 
T he quality  o f  these film s w as found to  be inferior to  those grow n on  the 
(100) surface and no  sharp a  -> p transition  could  be observed. R H E E D
experim ents carried  ou t during grow th show  w eak d iffraction  spots indicating
island  grow th. R ecently , w e have also grow n a-S n /In S b (1 1 0 ) layers w ith
th icknesses up to 1000A w hich exhib it c lear diffraction streaks in the R H E E D
patterns (refer to § 5 .4 .1).

T he grow th o f  a -S n  film s on InS b  substrates is not lim ited  to the use 
o f  the M B E technique. Islets o f  a -S n  epitaxially  grow n by liqu id  phase
ep itaxy  (LPE) on InS b (T IT ) substrates w ere found to  be stable to
approxim ately  60° C  although the m orphology o f  the film  as revealed  by
scanning electron m icroscopy (SEM ) w as quite p o o r.48 N evertheless, th is 
ind icates the ex ten t to  w hich the studies o f  a -S n  film s have proceeded  in
recen t years.

b) a -S n  on CdTe

In addition to  InSb, C dTe substrates, w hich are also c losely
la ttice-m atched  to  a -S n , have been used to stabilize a -S n  film s. W hereas the
study o f  the electrical p roperties o f  a -S n  film s grow n on  InSb is h indered
by  m ulti-carrier conduction  arising fro m  the substrate, C dT e substrates are
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available  in  h igh resistance form  thereby m aking the in terpreta tion  o f
electrical data  easier. O n the o ther hand, the structural quality  o f  a -S n  
film s grow n on CdTe(lOO) w as reported  to  be poorer than those grow n on
InSb(lOO) in  term s o f  the narrow ness o f  the  fu ll w idth h a lf  m ax im a (FW H M ) o f  
double  crystal X -ray  rocking  (D C X R ) curves and structures in  X -ray  
to pographs.49

T he first a -S n  film  grow n on CdTe(OOl) substrates by  F arrow  et. al.5
w as rep orted  to  be p-type w ith  a high d on or concentration (10 cm* ) and low
m obility  (<  250 c m 2/V s @ 77K ). T akatan i and  C hung50 have also  grow n a -S n
film s up to  200A  on  C d T e ( l l l )  substrates w hich w ere stable up  to  80°C . F rom  
their H R E E L S (high resolution  electron  energy loss spectroscopy) results, 
they concluded  that fin ite  bandgaps in  the  range o f  420  to  230 m eV  can
exist in  a -S n  layers ~  50 to 80A thick. T heir resu lts com pare favourably 
w ith  theoretical estim ation o f  quantum  size effects in  a -S n  film s w hich
pred ic ts the existence o f  a th ickness dependent bandgap due to  carrier

2 8confinem ent w ithin  the overlayers (see Fig. 2.4).

F ollow ing  their success in  the study o f  bulk a -S n  during  E w a ld ’s e ra ,4
research  groups in N orthw estern  U niversity  (U SA ) have con tinued  to  pursue
the m agneto-transport p roperties o f  a -S n /C d T e(001 ) th in  film s in recent 
y ea rs .6 ,5 1 ’ 54 G row n on a  C dTe buffer layer, the e lectrical properties o f  
their a -S n  layers are far superior to  those reported  by  F arrow  et. al..5
T hin  film s (less than ~  400A ) w ere found to be p -typ e  w ith carrier
concen trations as h igh as 2x10 c m ’ w hich they a ttribu ted  to  out-d iffusion
o f  the substrate elem ents. T his is in con trast to A R U PS resu lts  from  w hich 
T ang  et. al.29 found  that the a -S n /C d T e(100 ) in terface is  abrupt and
non-reactive  w ith no  noticeable in ter-d iffusion  nor segregation o f  Cd in the
a -S n  layer. F ilm s th icker than 400A  w ere found to be n -type  w ith carrier
densities as low  as 2 x l0 17 c m ’ 3 (H all m easurem ents) and low  tem perature 
m obilities in  excess o f  104c m 2/V s .6 •51 Q uantum  size effects, m anifested  as a
th ickness dependent bandgap, w as also observed. R ecently  they reported  the 
first observation  o f  SdH  oscillations in a -S n /C dT e(001) he terostructu res.51
T he S dH  carrier concentration  o f  a 1210A film  w as found to  be 2 .3 x 1 0 17cm * 3, 
w hich is  in good agreem ent w ith the H all data. The observed  oscillations at 
ob lique m agnetic  fie ld  angles w ere found  to  be increasingly  tw o-dim ensional
in character as the film  thickness decreased. T hey  ascribed these
observations to the  quantization  o f  carrie r m otion in  the d irection  norm al
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to  film  grow th and  the occupation o f  several subbands arising  from  quantum  
size-effects. A  far in fared  study o f  cyclotron resonance (CR) and
p lasm a-sh ifted  CR  w as also carried  ou t on  these sam ples.54 A n effective  m ass 
o f  m* = (0.0333 ±  0 .0002)m  and an estim ated  dielectric constan t o f  e  »  23° 2 3w ere reported , in close  accord w ith values fo r bulk a -S n  sam ples. CR  
features and SdH  oscillations involv ing m any m ore subbands w ere also 
reco rded  in  o u r a -S n  film s grow n on  InSb(lOO) and (1 1 1 ) substrates although 
a h igh  carrier concentration  tw o-dim ensional electron gas (2D EG ) is
responsib le  in  our case .4 7 ,5 5

R ecently , H offm an et. a l56 rep o rted  detailed m agneto-transport studies
o f a-S n /C d T e(100 ) M B E layers using  a  three-band transport m odel
<L 6 electrons, r s electrons, and T g holes). E lectron transfer from th e  r 8
m inim um  to  the L  valleys w as studied and  the L  - T  energy  gap w as found to 6 6 8
resem ble  closely the bu lk  value. T he sam e group has also reported  the

7 5 7observation  o f  optical non-linearity  at 10.6fim  in their a -S n  sam ples. *
N on-degenerate  four-w ave m ixing experim ents revealed  a non-linear 
susceptib ility  com parable  in m agnitude to  that observed  in  H gT e-C dT e
superlattices.

T he effect o f  grow th conditions on the  stability o f  a -S n  film s grow n on
d iffe ren t surfaces o f  C dT e substrates w as studied  by R eno and  S tephenson o f
Sandia  N ational L ab., U .S .A ..58 T hey show ed that the non-po lar (110) surface 
is a  better orien tation  than (100) and that C dT e (T IT ) is  to tally
unacceptab le  fo r M B E grow th o f  a -S n  film s. H ochst et. al.59 have conducted  
in terface  and grow th studies o f  a-S n /C d T e(1 1 0 ) superlattices (10 periods,
each  50A thick). C ore-level photoem ission spectra indicated  both sides o f
the in terface to be stable, non-reactive and abrupt fo r grow th tem peratures 
up to  100°C  and a valence band offset o f  l . l e V  w as obtained.

U p to date, the m ost sophisticated structure involv ing  a -S n  has been 
p rodu ced  by Satoh and  K im ata .34 C dT e/a-S n /C dT e/InS b  m ultilayer structures 
in vo lv ing  15 periods o f  a -S n /C d T e  superlattices (30A each) have been grow n 
at ~  170°C.

2.3.2. a -S n ^ G e i alloys and  a -S n /G e  superlattices

In  their p ioneering  w ork resulting  in the first successful grow th o f
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a -S n  film s by M BE, F arrow  et. al.5 also  grew  sam ples w ith  1% G e added. T he 
resu lting  change in  lattice param eter w as m easured using D C X R  and found to  
obey V egard ’s law . T hereafter, P au l’s group have synthesized G e i ^Sn^ alloys 
w ith  x  -> 0.3 using pulsed  U V  laser crysta lliza tion .31 T heir studies
dem onstra ted  the opening  up o f  a d irec t bandgap vary ing  from  0  to  0 .5eV  
depending  on  x. U sing  m ulti-target sputter deposition, G reene  and co-w orkers 
have successfully  grow n single crystal m etastab le  G e j ^Sn^ (x <  0.08) alloys 
on G e(100) and GaSb(lOO) substrates.60 R ecently , they  have  extended their
studies to  (G aS b )( i  x ) (S n 2) x61 and quaternary  (G aS b )l ^ (G e2 ( i  y ) S n 2y)^ 62 
alloys grow n on GaAs(lOO) substrates.

S ing le  phase Sn G e alloys w ith x  <  0.3 M B E grow n on S i(100) have
been reported  by Pukite  et. al. a t IB M . T o provide a  be tter la ttice m atch,
G e bu ffer layers w ere grow n p rio r to  the deposition  o f  the alloys. T he
critica l th ickness o f  the alloy film  is lim ited  to ~ 2000A  fo r x =  0.3 due  
to the  onset o f  phase separation. A t th is com position , the  optical bandgap
is estim ated  to be 0 .4  ±  O .leV  and the room  tem perature  m obility  is
com parable  to that o f  pure  G e film s ( = 1000 c m 2/V s fo r n ~  5 x l 0 18c m ’3). O n 
the o ther hand, A som  et. al.64 o f  A T & T  B ell Labs, have  grow n alloys o f  
a -S n ^ G e j w ith 0.01 < x <  0.1 by M B E  on InSb(100) substrates. U sing R H E E D , 
they observed a  (2x1) reconstruction w hich deteriorated  in to  a spotty
pattern  w hen the film  th ickness reached  1500A. W e also  observed a (2x1)
reconstruction  pattern  fo r our 1000A a -S n  G e sam ple. T he band
structure  and electronic properties o f  m etastable a -S n  G e j alloys have 
been extensively  studied by Jenkins and D o w .6

F ollow ing  their success w ith a -S n  film s, H ochst’s group have m oved on  
to the studies o f  M B E  grow n a -S n ^ G e j alloys and som e o f  their results are 
sum m arized  as fo llow s :
a) G row th  studies :3 0 ,4 9

- C dTe(100) substrates are not su itable fo r the g row th  o f  hom ogeneous
film s w ith  x > 0.1.

- a lloy film s w ith  good crystalline o rder can be grow n w ith a th ickness 
up to  ~  300A at ~  4 0 0 °C  on G e(100) and preferen tia l grow th o f  an alloy 
w ith  x  ~  0.5 (com positional pinning) is  observed.

b) Angle-resolved photoemission spectroscopy (ARPES) studies of 
a-Sn Ge„ „  on Ge(100) :66

0 . 4 8  0 . 5 2  v '
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- a sh ift o f  the Tg valence band fro m  ~  0.6eV  in  G e(100) to  ~  0 .16eV  
below  E p in the alloy.

- a  d irect band gap o f  E  ~  0.2eV .g
c) M agneto-transport m easurem ent w ith a th ree-band  transport m odel :56 

(cc-Sn^ xG©x on CdTe(lOO) w ith  x  < 0 .02)
- th e  L  - r  energy gap has a strong dependence on alloy  com positiono o

w hich  goes in the opposite d irection from  that expected  on  the  basis
o f  bu lk  properties due to  lattice-m ism atch-induced strain.

d) M agneto-optical studies ( a -S n Q 99G eQ on  CdTe(lOO) w ith  x  <  0 .02) :56
- observation  o f C R  effective  m asses in the range o f  0.0365 to 0 .0372m  .O

7 5 7e) N on-degenerate  four-w ave m ixing experim ents : ’
(a -S n ^  xGe^ on C dT e(100) w ith  x < 0 .08)

large non-linear susceptibility  %(3) observed at 10.6p,m w hich varies
w ith  com position.

R ecently , short-period a -S n /G e  strained-layer superlattices (SLSs) 
lattice-m atched  to G e(001) substrates have also been synthesized by M B E
using a  large m odulation  o f  substrate tem perature during grow th. T hese 
SLSs, consisted  o f  a sequence o f  a lternating  2M L  a -S n  and 20M L  Ge, w ere 
found  to  be stable up to  ~  395°C. P seudom orphic  grow th w ith  good crystalline 
quality  and little in term ixing  was revealed  in high reso lu tion  lattice 
im ages. D istinct superlattice effects w ere also observed in  the structural
and phonon  scattering properties o f  these sam ples.

2 .3 .3 a -S n  Si A lloys

G allem eau lt et. al.6% reported  that Si is at least as effective  as G e
in stab ilizing  a -S n . R ecently , H anke et. al.69 calculated the band  structure
o f  S W S n ^ O O l) short period  superlattices using the em pirical tight-b inding
m ethod  and treating  the band-offsets and the location o f  the  strain as
param eters. T hey found that, depending on  their detailed  assum ptions about 
these  param eters, the superlattice could be a m etal o r a  new  zero  bandgap 
sem iconductor. H ow ever, doubts have been raised  about the stability  o f  the
superlattice in the presence o f  a 20%  lattice m ism atch .10
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C H A P T E R  3 F U N D A M E N T A L S  O F  M O L E C U L A R  B E A M  E P IT A X Y

3.1 Introduction

M olecular beam  epitaxy (M B E) is  a  h ighly  contro lled  crysta l grow th 
technique involv ing  m olecular/atom ic beam s chem ically  reacting  w ith  or 
d irectly  condensed  onto a heated single crystal substrate in  an  u ltra-h igh
vacuum  (U H V ) environm ent. It is essentially  a  com bination o f  tw o  grow th 
techniques that em erged in  the 1960s :
(i) T he "three-tem perature" technique used by G un ther70 fo r the

stoichiom etric grow th o f polycrystalline III-V sem iconductor film s. In
this m ethod, separate elem ental (group III and group V) sources
m ain tained  at d ifferent tem peratures w ere used to p rov ide the
appropriate  flux  ratio at the substrate w hich is held  at som e third
tem perature. It w as not until a decade later, how ever, that D avey and

7 1P ankey dem onstrated the epitaxial grow th o f single crystal G aA s using
this m ethod.

(ii) T he m olecu lar beam  system  used by Joyce and co-w orkers to  investigate
the nucleation  o f  hom oepitax ial Si film s produced by the pyro lysis o f
S iH 4> T hey  also studied the in fluence o f  the substrate surface on
nucleation and the subsequent behaviour o f  layer grow th. A t the sam e
tim e, A rthu r w as investigating  the surface k inetics o f  the
in teraction  o f  m odulated  G a and A s beam s w ith G aA s substrates w hich2
provided  the  basis fo r the understanding o f  the grow th m echanism  o f 
this m aterial.

T hese investigations led to  the developm ent o f  M B E as a practical th in  film
grow th technique w hen C ho applied  a sim ilar technique to grow  th in  film s fo r 
device app lica tion .74

In th is chapter, the basic concepts underly ing epitaxial g row th  w ill be
outlined, g iv ing special attention to the d ifferen t grow th m odes identified
experim entally . T he princip les o f  M B E and its differences fro m  other
epitax ial techniques w ill be discussed in  § 3.3. F inally , special features
concern ing  the grow th o f  a -S n  on InSb substrates such as the concep t o f
pseudom orphism , substrate-stabilization o f  the m etastable a -p h a se  and 
non-polar/po lar epitaxy w ill be addressed.
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3.2 Theories of Epitaxial Growth

E pitaxy refers to the form ation o f  an overgrow th  w hich  is
crystallographically  related  to the substra te .75 B y defin ition , ep itaxy  is a
dynam ic phenom enon and the ro les o f  therm odynam ics and kinetics are both
im portant. C onventional theories o f  th in  film  grow th have m ostly  been  based 
on statistical therm odynam ic form ulations and kinetic  rate  equations. W eeks
and G ilm er have rev iew ed the general theory from  a therm odynam ic view
poin t and verify  som e predictions o f  analy tical theories based  on  the
so lid-on-solid  (SO S) m odel using M onte-C arlo  sim ulations. L ater, 
V enables et. al. rev iew ed the m ore atom istic nucleation  theory based on 
k inetic  rate  equations and com pared it w ith experim ental results based  on 
electron m icroscopy. These and o ther experim ental studies on  epitaxial
grow th have established three basic grow th m odes w hich are illustrated
schem atically  in  F ig. 3.1 :77 ,78

V - W

d  <  1 ML

1 <  $  <  2 ML r~\

d >  2 ML A ~ \

(a)

F ig . 3.1 S c h e m a tic  illu s tra tio n s  o f  the  th re e  b asic  e p ita x ia l g ro w th  m ode
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a) In  the V olm er-W eber (V -M ) o r island grow th m ode (F ig 3 .1a), in itial 
deposit atom s aggregate as sm all 3-D  islands w hich increase in  size as
fu rther deposition  continues until they touch and in tergrow  to  fo rm  a
continuous film . Such nucleation occurs w hen the b inding betw een  the
deposit atom s is stronger than their b inding to the substrate. T he
in itial stages o f  M B E grow th o f  InS b on  GaAs(OOl) w as found to  p roceed  by 
th is m o d e .79

b) T he F rank-van  der M erw e (F-M ) o r layer-by-layer grow th m ode (Fig. 3.1b)
proceeds through 2-D  nucleation because the deposited  atom s are m ore 
strongly bound to the substrate than to each other. D eposit atom s
aggregate to  fo rm  m onolayer islands w hich enlarge as deposition  continues 
until a com plete  m onolayer coverage has taken place. T his layer is then 
covered w ith  a som ew hat less tightly  bound second layer. P rov id ed  the
binding energy  o f  the new ly arrived atom s w ith  respect to the bu lk  value
o f  the deposit is decreasing, layer-by-layer grow th is m aintained. The
true F -M  m ode represents a  som ew hat idealized situation w hich is
im probable though not im possib le to  achieved in  practice. I t is m ore 
likely , how ever, that a th ickening layer grow s in the fo rm  o f
"sim ultaneous m ultilayers" w hereby a new  layer starts to grow  before 
the com pletion  o f  the layer underneath (see inset o f  F ig . 3.1b).
H om oepitax ial grow th o f  G aA s(O O l)80 as w ell as S i(0 0 1 )81 w ere  found to 
proceed in  this w ay as evidenced from  the dam ped oscillatory  behaviour o f
the R H E E D  in tensity  observed during grow th.

c) T he S transki-K rastanov (S-K ) o r layer plus island grow th m ode depicted  in
F ig. 3.1c is an in term ediate  case. A fter form ing  the firs t few
m onolayers, subsequent layer grow th is unfavourable and islands are
form ed on top o f  these in term ediate  layers. T his grow th m ode is  com m only
observed in heteroepitaxial system s w ith finite m isfit since uniform
film s w ith  th icknesses greater than several m onolayers are rep o rted  to be

8 2unstable in such cases.

In addition  to  these w ell-classified  m odes, grow th can also  proceed 
v ia  the form ation  o f  steps and k inks on the grow ing surface due to
therm odynam ic fluctuations at h igh tem perature and thereby circum venting  the
need  fo r nucleation  as suggested by B urton et. al. 83
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3.3 Basic Principles of Molecular Beam Epitaxy (MBE)

M B E is a versatile  technique fo r grow ing thin ep itax ial structures
involv ing therm al m olecular/atom ic beam s o f  the constituen t elem ents
chem ically  reacting  w ith o r directly  condensing onto a  substrate  surface
(usually m ain tained  at an e levated tem perature) in  u ltra-h igh vacuum . T he 
use o f  the term  "m olecular" beam  epitaxy is som ew hat confusing  as it  does 
not refer to  the chem ical com position o f  the beam , but ra th er to  the fact 
that the flow  o f  com ponents from  the source to  the substrate  is  in the
m olecu lar and no t v iscous flow  reg im e as in  m etal-organic chem ical vapour
deposition (M O C V D ).84 T he beam s can thus be considered as un idirectional
w ith neglig ib le in teraction betw een them . T he com position o f  the grow n
overlayer and its doping level depends on the arrival ra tes o f  the
constituent e lem ents and dopants. F o r solid sources, the arrival rates
depend on the evaporation  rates o f  the appropriate  sources. T he grow th rate  
em ployed  in  M B E (typically 1 fim /h o r 1 m onolayer/s) is low  enough to  enable
surface m igration  o f  the im pinging species on  the grow ing surface. S im ple 
m echanical shutters can be p laced  in fron t o f  the beam  sources to  in terrupt
the fluxes thereby allow ing abrupt changes in com position and dop ing  on an
atom ic scale. D etails o f  the M B E  system  used in this w ork w ill be described 
in chap ter 5 and rev iew s o f  the M BE process can be found in a num ber o f
artic les7 4 ,8 5 ,8 6  and boo ks.8 4 ,8 7 ,8 8

W hat d istinguishes M B E from  other vacuum  deposition techniques is its 
significantly  m ore precise contro l o f  the beam  fluxes and grow th conditions.
E m ploy ing  vacuum  deposition, M BE grow th is carried  out under conditions far 
from  therm odynam ic equilib rium  and is governed m ainly  by the k inetics o f  the
surface processes occurring w hen the im pinging  beam s reac t w ith  the 
outerm ost atom ic layers o f  the substrate c ry sta l.88 T his is in  contrast to 
o ther epitaxial grow th techniques, such as liqu id  phase epitaxy (L PE ) w hich
proceed  at conditions near therm odynam ic equilib rium  or vapour phase  epitaxy 
(V PE) w hich is m ost often  transport (both m ass and heat) lim ited . T his is
particu larly  im portan t fo r a -S n  related  m aterials since epilayers contain ing
m etastab le phases can on ly  be grow n (e.g. a -S n  G e alloys) by
non-equilib rium  techniques such as M B E .89

In  com parison to all o ther epitaxial grow th techniques, M B E  has a 
unique advantage. B eing rea lized  in an u ltra-h igh vacuum  environm ent, it m ay
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be m onitored  in-situ by surface sensitive d iagnostic  m ethods such as 
reflection  h igh energy electron d iffraction  (R H EED ), A uger electron
spectroscopy (A E S), photoem ission spectroscopy (PES) o r low  energy  electron 
d iffraction  (LEED ) e tc ..88 T hese facilities allow  the chem ical and
structural properties o f  the epilayer to be m onitored  th roughou t the grow th 
process. M uch o f  the guessw ork involved in  crystal grow th can thus be 
e lim inated  and the grow th conditions op tim ized to  enable the fabrication  o f  
sophisticated device structures. T he first tw o m ethods, nam ely  R H E E D  and
A ES, have been used extensively fo r the grow th studies o f  a -S n  in  th is w ork.

B ecause o f  the lack o f  involvem ent o f  kinetics in the predom inantly  
therm odynam ic approach in  their form ulation , conventional theories 
concerning epitaxy seem  to be ill-equipped fo r describ ing the M B E  process.
T o  address th is problem , M adhukar and co-w orkers perfo rm ed  M onte-C arlo
sim ulations o f  M B E (m ainly G aA s grow th) w ith  the inclusion o f  relevant 
k inetic  and grow th param eters. B ased on the concept o f  localized
equilibrium  betw een the substrate and the grow ing film , the ro le  o f  kinetic 
param eters such as sticking coefficient, surface m igration  and evaporation 
rate  w as d iscussed in details.

T o date, m ost effort on grow th sim ulations has been d irected  tow ards 
III-V  com pound sem iconductors and group IV  m aterials have received
com paratively  little  attention despite  the reduced  com plexity  due  to  the
involvem ent o f  only one species. H ow ever, recent developm ents in  the
in tegration  o f  III-V  opto-electronic devices w ith  elem ental sem iconductors, 
in particu lar G aA s on S i,90 have stim ulated in terest in  the theoretical
studies o f  hom o- and heteroepitaxy o f  group IV  sem iconductors. In  their
M onte-C arlo  sim ulation o f  S i(001) grow th by M BE, B arnett and  R ockett
m odified  the SOS m odel to  account for the d iam ond stru ctu re .91 Surface
reconstruction  w as also included by allow ing d im er form ation to occu r on the
surface. T h e ir results ind icate  that surface dim ers p lay  an im portan t ro le  
in de term in ing  the crystal grow th kinetics, w hich is a com bination  o f  step 
propagation  and tw o-dim ensional island nucleation. A ccounting for the
subsurface strain energy in teraction  betw een dim ers, d im er pairs form ing
ordered  (2x1) dom ains w ith  a sm all percentage o f  c(4x2) dom ains w ere 
observed in the sim ulated grow th surface (note that B arnett and  R ockett
labelled the c(4x2) domains as c(2x2), treating one dimer pair as a single
unit). T he co-existence o f  these structures w as confirm ed by  scanning
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0 0tunneling  m icroscopy results. F o r the case o f  low  tem perature  S i grow th, 
C larke and V vedensky93 in troduced a surface incorporation  m echanism  in to  the
SOS m odel, w ith w hich they w ere able to  reproduce the layer by layer grow th 
m ode m anifested  experim entally  by  the  presence o f  m onolayer R H E E D
oscilla tions at tem peratures too low  to  prom ote sign ifican t surface adatom
m obility , previously  believed to  be the driv ing m echanism  o f  the
layer-by -layer grow th m ode in M B E .94 C larke et. al.95 ex tended  th is m odel by  
exp licitly  including a surface an iso tropy in  in teratom ic bonding w ith
respect to  the d irection  o f  the d im ers and a  fin ite  ranged  incorporation
m echanism . T hey w ere able to  account fo r the observation  o f  a b ilayer period  
in  the intensity oscillations o f  the R H E E D  specular spot due to  the
alternation  o f  (2x1) and (1x2) reconstructions in p rogressive m onolayers on
pre-annealed  Si(001) su rfaces.81 T he orig in  o f  the azim uthal dependence o f  
these  b ilayer oscillations and the need fo r pre-annealed  surfaces w as also
discussed.

B esides the S i(001) surface, these m odels are also applicable fo r
studies o f  the G e(001) su rface.91 O n the o ther hand, the study o f  the 
a -S n /In S b  system  is still in  its in fancy and to date  there have been no
rep orts o f  theoretical grow th studies o f  this novel m aterial. Inevitably, 
the grow th m echanism  o f  a -S n  on InSb(lOO) w ill be d ifferen t from  the
hom oepitaxy  o f  S i(100) due to the non-polar/polar in terface. N evertheless,
the sim ilarity  o f  the (100) surface structure betw een Si and  a -S n  such as
the co-existence o f  (2x1) and c(4x2) dom ains and  the alternating  
(2x1) <-> (1x2) reconstructions (see chapter 6 fo r details) offers the
possib ility  o f  m odify ing  the Si(100) m odels fo r the study o f  the
a -S n /In S b (1 0 0 ) surface.

3.4 Pseudomorphic Growth and Stabilization of Metastable Phases

P seudom orphic grow th is characterized  by the im position  o f  the in -p lane 
crysta l structure and lattice dim ensions o f  the substrate on the overlayer 
g row ing  upon it w ith  a corresponding distortion in  the orthogonal lattice
param eters o f  the overlayer perpendicu lar to the in te rface .96 T he idea o f  
pseudom orphic  grow th is in troduced by F rank  and van  d er M erw e fo llow ing  
their studies o f  the layer-by-layer grow th m ode. T hey  suggested that the
low est energy state o f  a grow ing m onolayer w ould be one  m atching in spacing 
w ith  the substrate surface plane p rovided  the natural m isfit is  less than
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(3.1)

som e lim iting  value. T he m isfit f  is  norm ally defined  as :98
a - ar  o s

w here a^ and a s are the stress-free lattice param eters o f  the overlayer and
the substrates respectively. T hey  pred icted  that any epitax ial layer having
less than 9% m isfit w ith  the substrate w ould  in itia lly  grow  
pseudom orphically , i.e. fo r very  th in  layers the deposit w ould  be 
e lastically  strained to have the sam e in teratom ic spacing as the  substrate,
form ing  a coherent in te rface .97 A t su fficiently  low  tem perature, a la rger
m isfit (up to 14%) can also be accom m odated w ith the overlayer m etastab ly

9 7deposited  in exact fit on the substrate.

0 8L ater, Jesser and K uhlm an-W ilsdorf m odelled the phenom enon o f  
coheren t grow th fo r the case o f  a cubic deposit on a cubic substrate crystal 
(Fig. 3.2). In  their m odel, the in terfacia l energy is con tro lled  by the
energy o f  the in terfacial dislocations. I f  the film  is elastically  strained
to accom m odate the lattice m ism atch (Fig. 3.2b), the in terfacia l energy is 
reduced  at the expense o f  the strain energy  stored in  the film . T he
equilib rium  elastic strain in the film  is that w hich m inim izes the to tal 
energy o f  the bicrystal system , i.e. the sum  o f  the in terfacia l energy and 
stored elastic  strain energy. F o r sufficiently  th in  film s, they show ed that 
the to ta l energy is m in im ized  w hen the film  is strained to  accom m odate the
lattice m ism atch com pletely . F o r th icker film s how ever, m isfit d islocations 
w ill be generated to re lieve  part o f  the m isfit (Fig. 3 .2 a) '. T he critical
th ickness h c, beyond w hich it becom es energetically  favourable fo r
dislocation  form ation w as calcu lated  to be :98 ,9 9

2G  b ‘
h = ----------------------------------------

c 2?ta I f  I (1  +2d ) (G  + G )
c I I n  «

In
(G  + G ) G . ( l - o )  )

2n G  G  | f |
(3.2)

w here G  , G  and G are the shear m oduli o f  the in terface, overgrow th and
1 o s

substrate, a  the lattice constan t o f  the substrate, b  the m agnitude o f  the
S

B urgers vecto r and v  the P o isson’s ratio . F o r sem i-quantitative estim ates, 
th is ra ther form idable equation  can be sim plified to

b
2 If I (3.3)

Since b is always of the order of the unit cell dimension, Eqn. 3.3 can thus
be in terp re ted  to m ean that the overlayer w ill be pseudom orphic  until the
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accumulated misfit (h jf |)  exceeds about half of the unstrained unit cell 
dimension (~ b/2).99

bulk form

overlayer substrate

epitaxial form

over layer

interface

substrate

(a) (b)

Fig. 3.2 Schematic diagrams of the interface between a cubic substrate and 
cubic epitaxial film illustrating the difference between heteroepitaxial 

growth with lattice misfit accommodated by (a) interfacial misfit 
dislocations and (b) elastic strain in the film.

The concept of stabilizing metastable phases by epitaxy has its origin 
in the studies of coherent and pseudomorphic growth of metals on single
crystal metal surfaces during the 1950s and 1960s. Jesser and Matthews100 
reported the first demonstration of the stabilization of a metastable 
(allotropic) phase of Fe by epitaxy and provided convincing evidence that 
the substrates can control the crystal structure of thin overlayers. They
found that room temperature deposition of Fe on the (001) surface of Cu in 
ultrahigh vacuum resulted in 2-D pseudomorphic growth of y-Fe. This is
remarkable since the y-phase of Fe is only thermodynamically stable within 
the limited temperature range of 916-1400°C. In thicker films (> 20A),
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misfit dislocation and a-Fe nuclei were observed indicating the onset of the 
relaxation of the metastable phase to its thermodynamically stable phase 
(i.e. a-Fe) by the generation of local disorder.

The observation of this substrate-stabilization phenomenon has opened 
up prospects for the preparation of a variety of interesting and potentially 
useful metastable materials such as a-Sn by a similar technique. Indeed, 
substrate-stabilized a-Sn epilayers have been successfully grown on both
InSb(lOO) and CdTe(lOO) surfaces5 (at 25°C, the lattice constants for bulk
a-Sn, InSb and CdTe are 6.489A, 6.479A and 6.4829A respectively).5, 42 In
both cases, the lattice mismatch is small enough (~ 0.14% and 0.094% 
respectively) to enable pseudomorphic growth for films less than 0.5 pm 
thick. Since there are no reliable elastic modulus data for a-Sn thin films,
the critical thickness cannot be calculated accurately using Eqn. 3.2. 
From the simplified expression of Eqn. 3.3, the lower limit of h£ is
estimated to be ~ 0.25pm. Experimentally, Asom et. al42 reported that
unrelaxed a-Sn layers up to 1pm thick can be pseudomorphically grown on 
InSb(100) substrates. They postulated that the dislocation formation was
kinetically inhibited due to the low growth temperature (< 30° C).

3.5 Heteroepitaxial and Non-polar on Polar Growth

The growth of high quality abrupt heterojunctions using MBE has already 
been well demonstrated with certain material systems during the past
decade. The most intriguing feature of these structures is the earner
confinement at the interface resulting from energy band discontinuities and
the associated space charge fields between the two semiconductors. The
motion of charge carriers normal to the plane of the heterojunction is thus
quantized into 2-D discrete energy subbands and the mobility of these
carriers can be very high. The interfacial properties of lattice-matched 
non-polar/polar heterostructures formed between elemental group IV and III-V 
compound semiconductors are particularly interesting because : i) The
occurrence of the quantum effect requires extreme crystallographic 
perfection at the interface and is most frequently observed in 
lattice-matched systems, ii) The {100} and {111} interfaces contain both 
polar and non-polar bonds whereas only the latter is present at the {110} 
interface101 (see Fig. 3.3), and iii) The interfacial and carrier
confinement properties of these heterojunction can be used in device
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Fig. 3.3 Atomic arrangements at the interfaces of three heterostructures 
having different orientations

The Ge/GaAs(100) system, a prototype of such lattice-matched
non-polar/polar heterostructures, has been extensively studied in recent 
years.101"10 3 There were indications that a planar atomic configuration
composed of unbroken bulk planes at the non-polar/polar Ge/GaAs(100) and
(111) interfaces is highly unfavourable energetically. This interfacial
instability arises from the problems of electrical neutralization at the
polar interface.101 It has been suggested that one way in which the
interface can minimize the electrostatic energy involved is by
reconstruction in order to neutralize the interface dipole,101 •10 4 i.e. the
group IV atoms will bond with group III atoms as well as group V atoms
forming a highly disordered and electrically compensated interfacial region
extending over several transition layers. The resulting atomic rearrangement 
at the polar interfaces suggested by Harrison et. a l .101 is shown by arrows 
in Fig. 3.3a and b. It must be noted that due to the use of elevated growth
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temperatures (~ 300°C),102 which may enhance certain kinds of atomic
dynamics such as inter-diffusion, the exact mechanism controlling the
energetics of the interfacial reconstruction cannot be unambiguously defined 
in this system. An exchange reaction resulting in the formation of a
GeAs-like compound103 may further complicate the interface region. The
isoelectric a-Sn/InSb system can, however, be grown at room
temperature42,47,55 and neither SnAs nor InSn compounds have been
identified, suggesting this system may be more suitable for the study of 
heterojunction properties. Inevitably, an electrically compensated 
interfacial region will also be present in this system due to the
non-polar/polar heterojunction, but the observation of a two-dimensional
electron gas (2DEG) at the interface of the a-Sn/InSb system47,55 and not at
that of Ge/GaAs seems to indicate that the interfacial structure in the
former system is more abrupt and well-defined. On the other hand, the
problem with inter-diffusion still cannot be ruled out totally. A 1%
diffusion of atoms over one monolayer (or 10’4 atoms over 1 A) either way

i 2  2would produce the observed density of ~ 10 cm* for the 2DEG.
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C H A P T E R  4 S U B S T R A T E  P R E P A R A T IO N

4.1 Introduction

I t is w ell know n that p roper substrate  preparation, y ie ld ing  a sm ooth,
sto ichiom etric  and atom ically  clean surface, is  an essen tial prerequisite  
fo r the grow th o f  h igh quality  film s by m olecular beam  e p itax y .105 A ny 
defect o r dislocation presen t in the substrate  m ay rep licate  itse lf  o r 
p ropagate  onto  the overlayers and degrade them . U sing  several X -ray
diffraction  techniques, B ow m an et. a l4 9 ' 106dem onstrated  that the  quality  and 
hom ogeneity  o f  their a -S n  and a - S n i ^Ge^ m etastable ep ilayers depend
strongly  on the structural perfection o f  the substrates. Substrate  quality  
is particu larly  im portan t for the grow th o f  a -S n  since it has been reported  
that the a  to p phase transition alw ays originates fro m  defects o r 
d islocation  sites.5 S im ilar results have also been observed in  ou r sam ples 
and w ill be discussed in chap ter 5.

T he grow th and subsequent rem oval o f  native oxides has p roven  to  be the
107m ost successful m ethod fo r cleaning Si and G aA s substrates fo r M B E  w ork.

A th in  oxide film  is form ed on the substrate surface by  chem ical etching 
w hich  is then rem oved in-situ under vacuum  p rio r to grow th. W hen the sam e 
approach is used fo r the preparation o f  InS b substrates som e d ifficulties 
arise : i) W hile  m any chem ical etchants have been used, none o f  them  seem s 
to be satisfactory. It has been pointed ou t by  H enneke that som e o f  these 
e tchants can  lead  to non-stoichiom etric  surfaces. In  som e cases, surface 
roughenings have also been observed in the etched  su rfaces.109,110
ii) U nlike  G aA s w here the oxide layers form ed from  chem ical e tching can be 
read ily  desorbed therm ally , it has no t proved possib le  to  prepare
passivating  layers for InS b substrates w hich can  be as easily  rem oved  and 
are a t the sam e tim e resistan t to atm ospheric  contam ination . Som e oxides
(depending on  the particu lar etchant used) form ed on InS b  surfaces do  not
evaporate  even up to a tem perature w here the substrates start to decom pose.
In  addition , therm al desorp tion  is found to be inefficient in  rem oving  high 
concen tration  o f  carbon  con tam inan ts .111 • 112 ifi) W hile  the alternative
in-situ c leaning m ethod i.e. the cyclic process o f  ion bom bardm ent fo llow ed 
by annealing  is very  effective  in the rem oval o f  active con tam inants such as 
oxygen  and carbon, it is w ell know n that In  droplets can be  fo rm ed  due to
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preferen tia l spu ttering .40 ,113  T his technique also has the  d isadvantage o f  
causing  crystallographic d am ag e114 and can even p roduce  a slightly
conducting  surface la y e r.111,115

In  v iew  o f these difficulties, several chem ical e tchan ts and in-situ
cleaning procedures w ere studied in o rder to  find  an appropriate  and
rep roducib le  cleaning process fo r InSb substrates p rio r to  M B E  grow th.
M orphological analyses o f  the treated surface w ere perfo rm ed  by  N om arski 
m icroscopy and R H EED  w hile  surface atom ic com positions w ere determ ined  by 
X -ray  photoem ission spectroscopy (X PS) and A uger e lectron  spectroscopy
(A ES). In  th is chapter, the m ain results from  these studies are  presented
and the p ros and cons o f  each cleaning m ethod are d iscussed. F inally  an 
op tim um  cleaning procedure fo r preparing  InS b substrates p rio r to  M B E
grow th o f  a -S n  is proposed.

4.2 Ex-situ Cleaning

4.2.1 C hem ical etching

InSb(lOO) substrates as received from  M C P Ltd. have been m echanically  
po lished  to  a m irro r finish. T hey are covered  w ith petro leum  je lly  for 
pro tection  during  transit w hich has to  be rem oved chem ically . A  typical 
degreasing procedure  is ou tlined  below  :
1) B oil in  T richloroethyne tw ice, each for 3 m ins.
2) B oil in  A cetone fo r 3 m ins.
3) B oil in  M ethanol fo r 3 m ins.
4) B oil in  P ropanol fo r 3 m ins.
5) B low  d ry  w ith filtered  n itrogen gas

P rio r to  loading in to  the system , the  substrates w ere chem ically  etched 
to rem ove  surface defects and passivate their surfaces from  atm ospheric 
contam ination . In  this study, various etchants com m only used  fo r preparing 
InSb substrates w ere com pared. Since m ost o f  these e tch ing  processes are 
d iffusion co n tro lled ,109 it is desirable to ro tate  the substrate un iform ly
in the  etchant. A  ro ta tab le  holder has been designed and  w as used fo r all 
subsequent etching. O nly analytical grade quality  chem icals w ere  used in all 
substrate  c lean ing  processes.
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A  m ixtu re  o f  lactic acid  : H F  : H N 0 3 is one o f  the  m ost w idely  used 
etchants fo r the preparation  o f  InSb substrates. B oth N oreika  et. al.ne and  
A shley  et. a/ . 117 have used it in the proportion  o f  25:4:1 fo r the 
subsequent hom oepitaxial grow th o f  InSb(lOO). T he substra te  surface so 
prepared  is found to  exhib it undulations w hen observed u n d er a  N om arski
m icroscope as show n in  F ig. 4.1. T hese artefacts have p rom pted  us to  seek 
fo r an a lternative etchant and  several recipes have been tried.

B rom ine-M ethanol (B r2- M eO H ) etchan ts w ith vary ing  B r2 concentrations 
have been used by several w orkers to  prepare  InSb su b stra tes .1 1 0 ,1 1 8 "120
W hen tested, etchants contain ing low  concen tration  o f B r2 (0.05 - 0 .4% ) did
not cause significant reduction  in substrate  defect density . O n the o ther
hand, h igher brom ine concentrations (0 .4  - 1.0%) w ere found  to  produce
‘orange p eel-like’ su rfaces110 (Fig. 4 .2). In  their p reparation  o f  In S b (llO )
substrates fo r hom oepitaxial grow th, B osch et. a / .110 used HC1 : E thanol 
(1 : 10) to  strip o ff  the  native oxide before  etching w ith  0 .2%  B r2~ M eO H . 
H ow ever, no  observable im provem ent on the surface m orphology cou ld  be found
using th is treatm ent.

T he process o f  chem ically  polish ing InS b has also been investigated  by 
L uft et. al.109 T hey claim ed that etchan ts contain ing H 20 2 : H F  : lactic
acid  in  the proportion  range o f  30-60%  : 20-70%  : 2-20%  by vo lum e w ill give 
a surface roughness o f  less than 0 .02 |im . V arious com positions w ithin  this 
p rescribed  range have been tried, all o f  them  resulting in ripp les on the 
surface sim ilar to those show n in Fig. 4 .1 . A pparently , the h ighly  viscous 
lactic acid  is not a very  suitable reagen t fo r d issolv ing InS b  oxidation 
reaction  products. C H 3C O O H  (acetic acid) w ith  a low er v iscosity  w as tried
instead. In  addition, large am ount o f gas bubbles w ere observed  w hen the 
substrate w as etched using L u ft’s orig inal rec ip e ,109 suggesting  that the
etch ra te  m igh t have been too fast. T he oxidizing agent w as thus changed
from  H 20 2 to H N 0 3 and  the w hole solution w as d ilu ted  by de-ion ized  (DI) 
w ater. V arious concentrations have been tried and  a  so lution o f
H N 0 3 : C H 3C O O H  : H F  : D I H 20  in the proportion  o f  2 :1 :1 :10  w as found to
provide the m ost satisfactory surface finish. This rec ipe  is  actually a
m odification  o f  the C P4A  etchan t (H N O  : C H  C O O H  : H F  @ 5 : 3 : 3 )  used fo r 
the study o f  the m echanical properties o f  InSb. U sing th is etchant, InSb
substrate  w ith  m irro r fin ish  and low  surface defect density  can  be obtained 
as dem onstra ted  by the N om arsk i m icrograph show n in Fig. 4.3.
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Fig. 4.1 Undulations observed on InSb(lOO) surface etched by 
lactic acid : HF : H NQ 3 @ 25 : 4 : 1

Fig. 4.2 Orange peel-like features observed on InSb(lOO) surface etched
by 0.4% Br - MeOH 
— -------------------------------------------------------------  2 ---------------------------------------------------------

i___ I___ i

10|im

t

Fig. 4.3 Smooth InSb(lOO) surface etched by the modified CP4A etchant
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B esides good surface m orphology, the c leaning procedure  should  aim  to 
produce a  substrate surface that is free from  carbon contam inants. I t has 
been rep orted  that residual carbon can cause surface roughening  as w ell as 
affecting  the electrical characteristics o f  M B E grow n G aA s film s. O ne 
possib le  source o f  carbon contam ination  has been identified  to arise from  
atm ospheric C 0 2 being absorbed by the w ater film  left on the substrate
su rface .122,1 23 E xcep t fo r B r2- M eO H  w here the  fresh ly  etched  substrates are 
rinsed  in  m ethanol, it is com m on practice to  give the substrate a  thorough
rinse  in D I w ater before it is  dried, m aking  it susceptible to  carbon 
contam ination. It is therefore im portan t to m inim ize the tim e that the  w et 
substrate is exposed to the atm osphere. O ne solution is to  boil the 
substrate in  propanol (w hich is m uch m ore volatile  than w ater) im m ediately  
after the D I w ater rinse p rio r to drying. T his procedure  has been used 
throughou t th is study. B oth A ES and XPS studies show ed that all o f  the
etching procedures tested p roduced  approxim ately  the sam e residual carbon 
level w hich w as low  enough to  be readily  rem oved by in-situ c lean ing  (see 
§ 4 .3 .2  fo r details).

4 .2 .2  S tudy o f  oxide com position by X PS

A nother criterion  fo r choosing a suitable e tchant fo r InS b is that the 
passivating  oxide form ed should be readily  desorbed in-situ. T his depends 
very  m uch on  the com position  o f  the oxide form ed since d ifferen t etchants 
are know n to  produce passivating  layers w ith  d ifferen t In to Sb oxide 
ra tio s .10 8 • 112 • 12 4 T hree e tchants producing acceptable surface fin ishes w ere 
tested and the detailed treatm ents are listed in T able  4.1. In  addition , an
oxide layer form ed by anodization com m only  em ployed  in InS b  M OS
technology w as also studied. T his sam ple w as anodically  oxid ized  using a 
K O H  electro ly te  and possessed a characteristic bluish appearance. T he effect 
o f  ex-situ treatm ents on the com position  o f  the oxide layers and the  ease o f
rem oving them  w ere investigated by X -ray  photoelectron spectroscopy (X PS).
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TABLE 4 . 1

Sample 1 HNO : HF : CH COOH : H 0 @ 2 : 1 : 1 : 10
3 2 3 2

(modified CP4A)
★1. Degrease

2. Dip in  e tchant for  2 m ins .
3. Rinse in DI-H 0 for  3 m ins .2
4. B o i l  in MeOH for  3 mins.
5. Blow dry with f i l t e r e d  n i trogen

Sample 2 0.4% Br -  MeOH 2
★1. Degrease

2. Dip in  etchant for  10 s e c .
3. Rinse in  MeOH for  2 mins .
4. Bo i l  in MeOH for  3 mins.
5. Blow dry with f i l t e r e d  n i trogen

Sample 3 HC1 -  EtOH + Br -  MeOH 2
★1. Degrease

2. Etch in  HC1 -  EtOH @ 1:20 for  10 sec .
3. Rinse in  DI-H O for  3 mins.2
4. Bo i l  in MeOH for  3 mins .
5. Dip in  co ld  MeOH for  1 min.
6. Etch in 0.4% Br -  MeOH for  10 s e c s .2
7. Rinse in MeOH for  2 mins.
8. Bo i l  in MeOH for  3 mins.
9. Blow dry with f i l t e r e d  n i trogen

Sample 4 Anodization by KOH
*1. Degrease

2. Anodize using  a KOH e l e c t r o l y t e
3. Rinse in  DI-H 0 for  3 mins.2
4. Blow dry with f i l t e r e d  n i trogen

* d e t a i l s  of  the degreasing  procedures are l i s t e d  in § 4 .2 .1
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a) T heoretical background

T he basis o f  photoelectron spectroscopy involves exposing  a  specim en to 
a  flux  o f  nearly  m onoenergetic  rad iation  w ith  m ean energy  ha), and observ ing  
the resu ltan t em ission o f  photoelectrons w ith k inetic  energ ies described  by  
the pho toelectric  equation : 126

E  = hi) - E  - ¥  (4.1)k b

w here E fc is the k inetic  energy o f  the photoelectron, 'E  the  w ork function  o f  
the solid and E l the binding energy  o f  the electron in  the solid re lative  tob
the F erm i level.

A  photoelectron spectrum  is an energy distribution  curve o f  counts o f
electrons (proportional to the photoelectron  current) p e r energy increm ent
against b inding energy (BE). T he energy  distribution o f  these photoelectrons 
has a one-to-one correspondence w ith  the in itial state energy distribu tion
and hence m irrors the electronic structure o f  the analyzed m aterial.

T he technique o f  X PS utilizes X -ray  rad iation  to stim ulate em ission.
P ho ton  sources m ost com m only  used in these studies are the A1 o r M g K a  
lines, both o f  w hich are energetic enough to excite the core  levels o f  m ost 
atom s. S ince these core levels representing  filled  subshells have w ell
defined  b inding energies, the peaks in  XPS spectra are  characteristic  o f
ind iv idual elem ents and are w ell tabulated . E lem ent identification  can thus 
be accom plished by locating  the core  levels and com paring  them  w ith
reference  data. B ecause o f  the ability  o f  XPS to iden tify  elem ents, th is
technique is also referred  to  as E S C A  (electron spectroscopy fo r chem ical 
analysis).

Surface sensitiv ity  in  X PS is due  to the short escape depth  o f
photoelectrons. D epending  upon the m aterial and the ionization  energy, the 
m ean  depth  fo r em ission ranges fro m  3 to 10 a tom ic layers and the
observation  o f  photoelectrons in trinsically  em phasizes the surface 
c o n trib u tio n .1 2 6 ,127 In  the fo llow ing  studies w here  A lk a  rad iation  
(1486 .6  eV ) is used to probe the 3d transitions, the  e lectron  escape depth  
is approxim ately  6 - 7  atom ic layers.

W hen com paring  E SC A  lines from  the sam e elem ent in  d ifferen t
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surroundings, shifts in peak  positions can often be observed  w hich  are
caused  by the rearrangem ent o f  the average charge d istribu tion  o f  the
valence electrons. In  princip le, each  set o f  chem ically  in equ ivalen t 
a tom s w ill give a  d istinct core b inding energy in  the E S C  A  spectrum . T he 
chem ical shift is  generally  tow ards h igher binding energy  w ith increasing
oxidation  state. A n oxidation  process corresponds to a  partia l decrease  o f
valence electron density  at the ox id ized  atom  w hich in  tu rn  decreases the  
sh ielding o f  the rem ain ing  atom ic electrons (including core  electrons), 
y ie ld ing  an increase in  E  . D ifferences in the chem ical sh ifts from
species o f  equivalent oxidation state are  usually correla ted  w ith  the
electronegativ ity  o f  the ligands. In  th is study, chem ical sh ifts are used  to
detect the presence o f  oxide layers on  the  substrate surfaces. T he identity  
o f  the  oxides can also be determ ined by com paring the  observed chem ical 
sh ifts w ith  the litera tu re  values fo r standard oxides. I t should be  noted  
that several o ther effects, p rim arily  re la ted  to com plexities in the final
state o f  photoem ission (e.g. relaxation  phenom ena, m any electron 
in teractions etc.), can  also affect the  observed chem ical shifts a lthough
they w ill not be  considered here. A  com prehensive d iscussion on  the
in terpreta tion  o f  chem ical sh ifts can be found  in Ref. 129.

b) E xperim en tal D etails

X -ray  electron spectroscopic experim ents w ere conducted  in  a  E SC A L A B  
M ark II system  (V G  Scientific), courtesy  o f  D r. R. D . E gdell and  the
C hem istry  D epartm ent, IC STM . This system  is equipped w ith  a tw in anode X -ray 
source and a concentric  hem ispheric analyzer (CHA). N oise arising from
B rem sstrahlung and stray electrons is m inim ized by p lacing a thin A1 w indow  
betw een the X -ray  source and the sam ple. A coaxial R F  feedthrough (L eybold
H eraus L td .) fitted  inside the in troduction  cham ber provides heating  fo r
therm al desorption and annealing purposes.

Sam ples are secured by tantalum  fo ils w hich are fo lded  at the com ers 
and spot-w elded onto  M o holder stubs. T hese stubs can be m anipulated  inside 
the system  by m eans o f  w obble sticks. O nce in troduced inside the E SC A L A B  
th rough the fast en try  loadlock, the substrates are heated  to  about 200° C
fo r an hour in the preparation  cham ber. T his in itial outgassing  p rocedure  is 
req u ired  to desorb  w ater vapour and o ther volatile contam inants fro m  the
substrate  surface p rio r to  analysis.
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A ll data  acquisition, storage and  processing w hich  includes signal
averaging, background subtraction, spectral deconvolution  and  curve fitting
etc. are accom plished using an A pple II m icrocom puter and supporting
softw are.

X PS spectra arising  from  the 3d transitions in In  and  Sb w ere ob tained
by runn ing  the A lk a j source (hi) =  1486.6 e V )12 6 ,1 2 9  at a po ten tia l o f
10 keV  w ith 10m A em ission current. D uring  analysis, the  base pressure o f  the 
system  w as kep t below  1 0 ’ 9 T orr. T he constant analyzer energy (C A E) m ode
w hich  m aintains a fixed  resolution  at all k inetic  energies w as used
th roughou t th is w ork. A  pass energy o f  lOeV rep resen ting  a com prom ise
betw een  resolution  and signal to noise ratio  w as selected  fo r all the runs. 
T o  take in to  account charging effects and  w ork function  d ifferences betw een 
the sam ple and the analyzer, b inding energies fo r the transitions have to be
calibrated . T his is achieved by referencing  to the C ls  line (assum ing a 
b ind ing  energy o f  285 .0  eV ) from  carbon contam inants adsorbed on the sam ple
su rfa ce .12 8 ’ 13 0

It m ust be stressed that due to  the fairly  low  resolution  o f  the 
E SC A L A B  (± 0.5 to 0.75 eV accuracy), all XPS peaks recorded  are com posite.
T hey  represent a convolution  o f  m any d ifferent states such as surface and
bu lk  core  levels and  transitions arising  from  d ifferen t chem ical environm ent 
experienced  by the elem ent. In  the follow ing studies, chem ical shifts
ra th er than absolute b inding energies are preferen tia lly  used to  identify
the chem ical species.

c) R eference Spectra

Sam ples m ade from  pure  In w ires (6N , M CP L td .) and Sb shots (6N , M C P 
L td .) w ere used fo r the determ ination o f  pure  elem ental oxide com position .
T herm al oxides (InO ^ and  SbO ^) w ere form ed by heating  these sam ples in an 
oxygen  atm osphere in the in troduction  cham ber. A n argon-ion-cleaned InS b
sam ple w as also included  fo r reference. X PS spectra, co rrected  by  sm oothing
and subtracting  the appropriate linear background fro m  experim ental curves 
reco rded  during p rogressive oxide rem oval by therm al desorption, are show n 
in F igs. 4 .4  - 4.6. A lso  show n in these spectra are the 3d transitions o f  Sb
and In  in  the argon-ion-cleaned InS b sam ple (free fro m  carbon and oxygen) 
fo r com parison.
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F ig . 4 .4  S b 3 d 3 /2  sp ec tra

(a) as rec ieved

(b) A 320°C for  15 mins.
(c) A 320°C for  another 15 mins.
(d) A 390°C for  10 mins.

F ig . 4 .5  S b 3 d , sp ec tra
— J  t  ,r_

(a) as rec ieved

(b) A 320°C for  15 mins.
(c) A 320°C for  another 15 mins.
(d) A 390°C for  10 mins.

525 530 535

Fig. 4 .6  In 3 d ^ 2 sp ec tra

(a) A 250°C for  30 mins.

( b )  A 440°C for  30 mins.

( c )  A 550°C for  30 mins.

Figs. 4.4 - 4.6 XPS spectra showing the progressive removal of oxides
by th e rm a l d eso rp tio n
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T he 3d transitions are sp lit in to  3d„ and 3dr „ peaks because o f  
sp in-orbit in teraction  although the In 3 d 3 /2  peak  is no t show n here. T he 
sp in-orbit separation for the Sb3d transitions w as m easured to  be 9 .40 ±

13 10.5 eV  w hich is  consistent w ith  that obtained  by  C opperthw aite  et. al.. 
C om posite peak  structures are clearly  v isib le  in  the Sb3d spectra  o f  the
freshly p repared  SbO^ sam ple (Figs. 4 .4 a  and  4.5a). T he low  energy  peaks 
(537.6 and 528 .0  eV ) belong to  bulk  Sb w hile  the larger doub le ts at h igher
B .E. co rrespond to oxidized Sb species. In  both  transitions, chem ical shifts
o f  2.3 ±  0 .5eV  w ere observed betw een the doublets. A  fu rther com plication 
occurs in  the S b3d5 /2  case due to  the p rox im ity  o f  the Sb ox ide  peak  and the 
O ls  line. T hese tw o peaks cannot be reso lved  in our X PS spectrum  and the
high energy doub le t (@ ~ 530.3 ±  0 .5eV ) has to  be treated  as a superposition 
o f  these tw o peaks. O n the o ther hand, the In3d  peak  (F ig. 4 .6a) appears3/Z
singular bu t is very  broad and asym m etric. Such a lineshape m ay resu lt from  
the overlapping o f  bulk  and oxide signals since chem ical sh ifts o f  the In3d
levels are know n to be very  sm all. ’ T hese observations are all
consistent w ith  the fact that w e are looking at an oxide layer on  top o f  a
bulk  structu re .124

T he observed binding energies fo r various transitions are listed in
1 2 4  1 3 0  VT able 4 .2  together w ith som e results obtained  by o ther w orkers.

C om paring the In3d transitions, the b inding energy o f  o u r therm ally  grow n
InO  is very  close to that o f  In O  . S ince the trioxide is know n to be the
only stable crystalline In o x id e ,124 it can be concluded that In 2C>3 was
form ed on  the pure  In surface on oxidation. O n the o ther hand, the identity
o f the Sb oxide form ed therm ally  is still very  controversial. W hile  it has
been w idely  assum ed that the therm al oxide is S b 20 3 w here  the reaction
betw een Sb and O is p resum ed to proceed  under a defic ien t supply o f

I I O  1 0 / foxygen, ’ ’ T ang  et. al. recently  argued that the m ore
energetically  stable pentoxide S b 20 5 w as form ed after heating  the pure  Sb
sam ple in  0 2. It is no t easy to distinguish  these tw o oxides since their
d ifference in  b inding energies is very  sm all (< leV ) and can  be m asked by
charging effects due to their poo r con d u ctiv ity .124 T here  are also large
discrepancies in  the litera tu re  values o f  their b inding energ ies due to
differen t experim ental conditions and reference levels adopted  (refer to
T able  4 .2). H ow ever, if  the chem ical shifts are com pared in stead  o f  the 
absolute b inding  energies, it  is evident that our therm al Sb oxide is m ore
likely  to  be Sb20 5. The possib ility  that the tw o k inds o f  ox ides co-existed
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on the surface cannot be ru led  out although the line shapes o f  the  O ls  and 
S b3d3/2 (oxide) peaks seem  too sym m etric.

TABLE 4.2

Sample
Binding Energies (eV) Chemical Shifts3(eV)

Ref .
Sb3d3/2 Sb3d5/2 In3d5/2 ASb3d3/2 ASb3d5/2 Aln3d5/2

Sb 537.6 528.3 124
526 .5±0 .2b 131

537 .7 C 528.3° 136
5 3 7 .8b 5 2 8 .5b 137

537 .8±0 .5b 5 2 8 .4±0.5 this
work

Sb 02 3 538 .8d 5 2 9 .4d 124
528 .4±0 .2b 1 .910 .4 131

538 .4±0 .3b 530 .1±0 .3b 1 . 6±0.6 1 .610 .6 137
Sb 0 2 5 540 .0d 530 .5d 124

2.5 134
540 .2±0 .3b 531 .0±0 .3b 2 . 4±0.6 2 .5 1 0 .6 137

SbO
Xthermaloxide

540 . l b 530 .8b 2.3 2 .3 this
work

In 443.9 124
444 .0±0 .2b 131
443 .6±0 .2d,f 133
4 4 3 .6±0.I® 135

444.15° 136
In 0 2 3 444 .5±0 .2d' f 0 .9 1 0 .4 133

1.0 134
444 .9±0 .1e 1 .4 1 0 .2 135

InO
Xthermaloxide

444.5b this
w o r k

p.t.o.
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co n t’d

Sample Binding Energies (eV) Chemical S h i f t s 3 (eV)
R ef .

Sb3d3/2 Sb3d5/2 In3d5/2 ASb3d3/2 ASb3d5/2 Aln3d5/2
InSb 537 .0 d 527.8d 444 .2 d 124

- 0 .5 inoi 0 .4 130
526 .010 .2b 4 4 4 .5 1 0 .2b 131

537 .4 b 5 2 7 .6b 444 .3 b th i s
work

InSb 
+ 02

537 .2± 0 .1b 5 2 7 .8 1 0 . l b 4 4 4 .3 1 0 . l b 2.1 2.1 1.0 130
5 4 0 .0C 5 3 0 .6C 444.7° 136

etched InSb sample : th i s
work

1 5 3 9 .5b 530 .2b 444.3b
2 5 3 9 . 6b 5 3 0 .4b 4 4 4 .6b
3 5 3 9 .5b 5 3 0 .3b 4 4 4 .6b
4 5 3 9 .8b 5 3 0 .8b 4 4 4 .5b

a : w . r . t .  pure element 
b : w . r . t .  Cls = 285.0 eV
c  : w . r . t .  emission th resho ld  of the c lean samples 
d : argon ion cleaned
e  : w . r . t .  Au4f = 83.8 eV1/ 2
f : w.r.t. Cls = 284.4 eV (pass energy = 25 eV)

A fter 3 cycles o f  annealing up to 390° C, the Sb oxide peak  d isappeared 
leaving a large bulk Sb peak in both o f  the Sb3d spectra (Fig. 4 .4d  and
4.5d). T his provides additional support fo r the argum ent that the pentoxide 
w as found since bulk  S b 20 5 is know n to lose oxygen at ~ 3 8 0 °C  w hile  S b 20 3 
sublim es at the m uch higher tem perature o f  ~ 1 5 5 0 °C .136 F o r InO^, annealing 
at successively h igher tem perature narrow ed the linew idth  o f  the In3d0 / Z
and shifted the peak  tow ards low er B E reflecting  a decrease in oxidation  
num ber (Fig. 4 .6c). W hen the sam ple w as annealed to 5 5 0 °C  (close to the
m elting  po in t o f  InSb) the m ain peak  energy w as found to be ~  444eV , sim ilar
to that o f  pure  In  (refer to  T able  4 .2). H ow ever, a w eak asym m etry  still
rem ained  w hich tailed o ff  tow ards h igher b inding energies. T his suggests 
that som e In oxide is still p resen t in the sam ple even a fter annealing at
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such a high tem perature. It also indicates that InO ^ is m uch m ore d ifficu lt 
to  desorb  than SbO  as expected  from  the difference in  their free  energies 
o f  fo rm atio n .13 2 • 13 4 i t  i s know n that In  O  , w hich  is  ionic in  nature, has a2 3
very  high m elting  po in t and low  vapour pressure w hereas Sb oxides are m uch
m ore  volatile. I t follow s that the substrate w ill be easier to  c lean  by 
therm al desorp tion  i f  its passivating  oxide contains a la rger proportional 
o f  SbO  than In  O  .

X 2 3

N ote that the Sb3d peaks in  InS b  (dashed curve in F igs. 4 .4  to  4 .6 ) are
sh ifted  tow ards low er b inding energies w ith  respect to  the pure  Sb sam ple
w hereas the opposite  trend is observed fo r the In3d  transition . T h is  is
consistent w ith  the oxidation state dependence o f  chem ical shifts m entioned
in  § 4 .2 .2a and indicates a  positive charge transfer from  Sb to  In  on
form ing  InSb.

d) R esults and discussions

Figs. 4.7 - 4 .9  show representative X PS spectra fo r InS b  surfaces
treated  by the fou r cleaning m ethods listed in  T able 4.1. A t least three
sam ples treated  by each m ethod w ere studied and the resu lts w ere found  to  be
very  consistent (d ifference in  b inding energy <  0 .2eV ). R eference spectra
fro m  clean InS b (dotted curve) and the therm al oxides ln 20 3and SbO ^ (dashed
curve) are also show n in the re levan t graphs. T he low  energy  peak  in
Fig. 4.7 corresponds to Sb in a bulk  InS b  surrounding and the o ther
represents Sb in  an oxide am bient. F o r the Sb3d spectrum  (Fig. 4 .8 ), theD / Z
sm aller peak  at low er energy again corresponds to Sb in InS b b u t the  high
energy peak  is a superposition o f  the Sb3d oxide peak  and the 01s peak
w hich  includes contributions from  both Sb and In oxides. T he spectra  for
each sam ple d iffe r significantly  from  each other in term s o f  the in tensity
ratio  o f  the tw o peaks. T he positions o f  the peaks, how ever, are very
sim ilar (except sam ple 4) and closely  resem ble those found in the  therm al
oxide. T he anom alous shift in b inding energy observed in sam ple 4  can be
attribu ted  to  the fact that anodization can produce m uch th icker oxide
layers than chem ical etching p ro cesses.124 N ote that the line  shape o f  the
high energy oxide doublet in the Sb3d spectrum  is very  asym m etric
(Fig. 4.8b) suggesting  that several k inds o f  oxides (In 2C>3, S b 2C>3, S b 2C>5
etc.) m ay be present. In  the In  spectrum  (Fig. 4 .9 ), shifts in  B E  w ith
respect to c lean InS b as w ell as the lineshapes are d ifferen t fo r d ifferen t
sam ples as the am ount o f  In oxide present varies according to  treatm ent.
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F igs. 4 .7  - 4 .9  X P S  sp e c tra  fo r fo u r d if fe re n tly  p re p a re d  InSb(lO O )
su b stra te  su rfa c e s
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Judging from  the position  o f the m ain peaks, it can be concluded  that In 2C>3 
is form ed in all these sam ples. T he observed binding energ ies and chem icals 
sh ifts w ith respect to  the pure elem ents are collected  in  T ab le  4 .2 . In
cases w here com posite  peak  structures are present, energ ies o f  the h igh
energy peaks pertinent to the oxide m atrix  are  listed.

These sam ples w ere then cleaned in turn by therm al desorption . T he 
S b 3 d 5 /2  X PS spectra fo r sam ple 1 (etched by  HNC>3 : C H 3C O O H  : H F  : D I H 20  @ 
2:1:1:10) are show n in  F ig. 4.10. A s the sam ple w as gradually  heated , the 
in tensity  o f  the h igh energy peak decreased  accordingly. A fter 25 m ins, o f
heating  at 4 4 0 °C , this peak d isappeared com pletely  suggesting that all
oxides (from  both In  and Sb) have been rem oved.

A 440°C for  25 mins

A 430°C for  20 mins 

A 420 C for  15 mins

A 420 C for  20 mins
A 380°C for  25 mins 
A 320 C for  10 mins

F ig . 4 .10  S b3d ĝ  X P S  sp e c tra  fo r  sam p le  1 (e tc h e d  by m o d ifie d  C P 4A  
e tc h an t)  sh o w in g  the  seq u en tia l rem o v a l o f  oxide by th e rm a l d eso rp tio n
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T he com plete rem oval o f  oxides w as not, how ever, ach ieved  fo r the o ther 
sam ples. T ake sam ple 3 (etched by H C l-E tO H  + 0.4%  B r - M eO H ) as an exam ple : 
after heating  the sam ple up to about 4 5 0 °C , the  oxide peak  in  the Sb3d 
spectrum  (Fig. 4 .11a) d isappeared com pletely . H ow ever, a  sizable high energy 
peak  still persisted  in the Sb3d spectrum  (Fig. 4.11b) w hich  is  likely  to 
com e from  the O ls  line due to the p resence o f  In  oxide. A  com parison  betw een 
the In 3 d 5/2 spectrum  o f  th is sam ple and  that o f  the c lean  InS b  reveals a 
significan t sh ift in  b inding  energies ind icating  that som e In  oxide d id  
rem ain  on  the substrate surface (Fig. 4 .11c). T his suggests that B r2- M eO H  
etchants produce In  oxide rich  surfaces w hich are d ifficu lt to  clean by
therm al desorption, a  resu lt that is  consistent w ith  th a t obtained by 
T ang et. al..124 A n enrichm ent o f  C d has been found in  B r2- M eO H  treated  
C dT e sam p les.138 A ssum ing that InS b  behaves in a  sim ilar fashion, a
corresponding  enrichm ent o f  In o r In  brom ide can  be expected.
C hang et. al.101 suggested that rinsing  the sam ple w ith  m ethanol and
exposing it to air m ay convert the brom ides in to  oxides and  large am ounts o f
In  ox ide can thus be form ed. F ollow ing th is argum ent, it is no t surprising
that sam ple 2  (0.4%  B r2~ M eO H ) w as also d ifficu lt to clean.

T he attem pt to com pletely  rem ove the anodic oxide fro m  sam ple 4  w as 
also unsuccessful. A nodization  has been show n to  produce passivating  film s
com prising  a  m ixture o f  In  and Sb o x id e s125 w hich is consisten t w ith our
observations (Figs. 4 .7-9b). W ilm sen show ed that his anodic  oxide form ed
using K O H  is an In  ox ide contain ing a large concentration o f  elem ental Sb.
T his is supported  by the fact that K O H  can dissolve pure  Sb oxides but no t
ln 20 3. * It seem s that ou r anodically  oxidized sam ple is  also rich  in 
ln 20 3 and is therefore d ifficu lt to clean by therm al desorption.

F rom  the above findings, it can be concluded that the  best chem ical 
e tchan t fo r InS b is a m ix tu re  o f H N O  : C H  CO O H  : H F  : D I H  O  in the3 3 3 2
proportion  o f  2:1:1:10. T his treatm ent produces a sm ooth surface passivated 
by an oxide layer low  in  carbon con ten t and easy to  rem ove by in-situ
therm al desorption.
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(a) _S b 3 d 3/2 sp e c tra

B i n d i n g  E n e r g y / e V

(b) _S b3 d5/2 sp e c tra

(c) _ In 3 d 3/2 sp e c tra

F ig . 4 .11 X P S  sp e c tra  fo r  sam p le  3 (e tc h e d  by H C l-E tO H  + 0 .4%  B r ^ - M e O H ) 
sh ow ing  the in co m p le te  rem o v a l o f  In  ox ide  by th e rm a l d eso rp tio n
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4.3 In -S itu  C lean in g

A ccord ing  to Farrow  et. a / . ,5 cycles o f  low  energy  argon ion
bom bardm ent (IB) fo llow ed by annealing is  the m ost rep rod uc ib le  w ay o f
achiev ing a  w ell-ordered, im purity  free  InS b surface w hich  can sustain
rep roducib le  epitaxial a -S n  film s. S ince then, this c lean ing  procedure has 
been w idely  adopted fo r the grow th o f  a -S n  on  InSb. ’ ' ’ H ow ever, the
side effects o f  ion bom bardm ent such as In  island fo rm ation  due to
preferen tia l sputtering o f  S b 4 0 ,113  and m odification o f  the electrical 
properties o f  the su bstra tes115 have also been reported . A n alternative
m ethod, nam ely  therm al desorption used by Satoh et. al.34 in  grow ing 
a -S n /C d T e/In S b  superlattices w as therefore tried  and com pared  w ith  the ion
bom bardm ent m ethod. T he effects o f  IB and therm al desorp tion  on surface
sto ichiom etry  w ere investigated  in  term s o f  the Sb/In peak  ra tio  by X PS. In
a la te r stage, the cleaning experim ents w ere conducted in  the M B E  system . 
T his allow s the com plete substrate cleaning procedure used  fo r  M B E grow th 
(including substrate m ounting, outgassing and transfer betw een cham bers
etc.) to  be assessed. Surface com position and stoichiom etry w ere checked by
A uger e lectron spectroscopy (A ES). R eflection high energy  electron 
d iffraction  (R H EED ) w as used to m onitor the surface m orphology  during heat
treatm ents. T he electrical properties o f  in-situ c leaned substrates w ere
investigated  using the Shubnikov-de H aas (SdH ) effect. F inally , the effect
o f  the c lean ing  procedures on  the quality  o f  the overlayers w ere studied by
grow ing a -S n  test layers on the treated substrate surfaces.

4.3.1 X PS S tudies

a) E xperim en ta l D etails

T hree  batches o f  InS b  substrates treated  by the m odified  C P4A  etchant 
w ere in-situ cleaned by cycles o f  argon ion bom bardm ent follow ed by
annealing  and therm al desorption  at tw o d ifferent tem peratures. C leanliness 
o f  the substrates w as ensured by the d isappearance o f  the C ls  and the h igh 
energy peaks in the S b 3 d 5 /2  spectra a fter the in-situ treatm ents. Surface 
sto ich iom etry  o f  the substrates w as deduced from  the Sb to  In  atom ic ratio  
(N  /  N  ). In X PS , the in tegrated  in tensity  o f  an e lectron  signal I (area 
under the peak) is directly proportional to the fractional atomic
concen tration  o f  the species X. T ak ing  in to  account the d ifference in
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photoelectric  cross sections betw een the tw o elem ents, the atom ic ra tio  can 
be estim ated from  : 133

N
Sb

I
Sb

N
In In

G_
Sb

(4.2)

w here G is the photoelectric  cross section. V alues calculated  by S cofield  141 
are used  in this study and are tabulated in T ab le  4.3.

TABLE 4.3

e le c tr o n  tr a n s it io n s ★io n iz a t io n  c r o s s -s e c t io n s  (O')
Sb3d 16.39

5 / 2

In3d 13.32
5 / 2

Sb3d 11.35
3 / 2

In3d 9.22
3 / 2

* For the Ka l in e s  o f A1 at 1487 eV, in  u n its  of the Cls c ro ss  s e c t io n  of 
2 2 , 2 0 0  barns (from r e f .  141)

T o achieve greater surface sensitivity , grazing angle em ission  w as used 
in addition to norm al em ission. By changing  the exit angle ($ ) , the electron
escape depth is m odified  w hich in tu rn alters the a ttenuation  o f  the
substrate signal due to inelastic scattering  in the overlayer. T he
surface contribution  to the X PS peak in tensity  thus increases (w ith  respect 
to that from  the bulk) w ith decreasing A  U sing an exit angle o f  ~ 20° in 
this study, the escape depth o f  the electrons has been lim ited  to ~  2 atom ic
layers.

A rgon ion bom bardm ent was conducted  in the preparation  cham ber o f the 
E SC A L A B  using a P enning-type AG2 argon ion source. T he ion gun w as operated
at voltages ranging from  0.5 to 2 keV  w ith a background pressure o f
approxim ately  1 0 ’ 6 T orr. R F heating w as used for both therm al desorption  
(T td > 400° C) and post-ion-bom bardm ent annealing  (T a = 200°C).
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b) R esults and discussions

A s f t  w as low ered to  ~  2 0 ° , m arked  changes occu rred  in the relative
in tensities o f  the X PS peaks as illustrated  by  the Sb3d spectra  o f  an
as-loaded sam ple w ithout any in-situ treatm ent (Fig. 4 .12). T he surface
enhancem ent effect w as even m ore dram atic w hen the sam ple w as "nearly  clean" 
a fter being  heated  at 4 4 0 °C  fo r 4  m ins. (Fig. 4.13). W hereas the in tensity
con tribu tion  o f  the th in  oxide layer le ft on the surface is  hard ly  v isib le
at norm al em ission, the spectrum  obtained a t f t  = 20° by con trast exhibits a
clear h igh-energy  oxide peak . T his observation  is o f  particu la r im portance
as the cred ib ility  o f  an in-situ c leaning p rocedure  is partly  ju d g ed  by  its 
ability  to  rem ove the surface oxide com pletely . A s a resu lt, the S b3d5 /2
spectrum  taken at grazing angle o f  em ission w as alw ays checked  after each 
treatm ent.

A  m ajor requirem ent for achieving surface sensitivity enhancem ent w ith 
grazing em ission is that the surface has to be flat. Surface roughness can
lead to an averaging o f  electron ex it angles and p roduce shadow ing
e ffe c ts .126 T he observation o f  m arked enhancem ent in surface sensitivity 
proved  ind irectly  that o u r c leaning procedure can  indeed p roduce  sm ooth and
flat su rfaces.126

In  theory , a shift in b inding energy should be detected  accom panying
the increase  in surface sensitivity. T he orig in  o f such surface core level
shifts has been explained by Spanjaard et. al. . 142 T he reduced  coordination
num ber o f  the surface atom s results in a narrow ing o f  the valence band and 
produces a  m odification  o f  the charge distribution  in the surface region. 
T his im plies a local change o f  poten tia l w hich is felt by the core
electrons causing  a sm all change in the b inding energies. H ow ever, due to 
the lim ited  resolution  o f  ou r spectrom eter, no c lear surface core level
shifts w ere detected. Instead, a  slight difference in lineshape can be
observed  as illustrated  in F ig . 4.12.

T he average atom ic ra tio s fo r the 3d transitions resu lting  from  three
d ifferen t in-situ c leaning m ethods are sum m arized in T ab le  4.4. A t norm al 
em ission, the  Sb to In  ra tios fo r the therm ally  desorbed and IB sam ples are 
all c lose  to  unity. W hen the em ission angle w as low ered  to  2 0 ° , surface 
sto ich iom etry  w as m ain tained  in  the therm ally  desorbed sam ple w hereas the
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atomic ratios of the IB sample were found to have reduced by about 10%. A 

considerable amount of Sb has thus been depleted from the top layers o,f the 

latter sample probably due to preferential sputtering, the well known 

artifact of the IB treatment. 40 
• 

1 1 3 This can often lead to the formation of 

In islands on the substrate surface and degrade the quality of the 

overlayer. The Sb to In ratios can be further reduced by increasing the ion 

bombardment voltage. The effect of ion dosage on the quality of the a-Sn 

overlayer has been investigated using AES and will be discussed in the next 

section (§ 4.3.lc). 
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Fig. 4.12 Sb3d
5
fl XPS spectra 

of an as-loaded sample 

Fig. 4.13 Sb3d
512 

XPS spectra of 

a "nearly clean" sample after being 

heated at 440° C for 4 mins. 



.... 

Finally, it should be noted that although thermal desorption can 

produce a stoichiometric InSb surface, this process is very difficult to 

control in the ESCALAB. Without any in-situ facilities (such as RHEED) for 

monitoring the surface structure during annealing, it is very easy to 

overheat the sample. The surface stoichiometry of a sample subjected to 

prolonged high temperature annealing is found to be severely disturbed as 

· its Sb to In ratios for both normal and grazing emission are well below 

unity (see Table 4.4). This probably occurs because of preferential 

desorption of Sb from the surface due to its much higher volatility compared 

with In. In addition, some of the thermally desorbed substrates have shown 

defect spots on the surface when viewed under the Nomarski microscope as a 

consequence of overheating (Fig. 4.14). Further experiments on thermal 

desorption were thus carried out in the MBE system where the RHEED technique 

could be utilized to monitor and control the heating process as discussed in 

the next section. 

TABLE 4.4 

In-situ 
Thermal Prolong High Argon Ion 

Treatment 
Desorption Temp. Annealing Bombardment 

(440°C, 25 mins) (550°C, 5 mins) + Annealing 

f} 90° 20° 90° 20° 90° 20° 

Sb3d 
512 

1.036 1.013 0.642 0.675 1.013 0.916 
In 3d (1.270) (1.246) (0. 790) (0.831) (1.247) (1.127) 

5!2 

Sb3d 
3/2 

1.001 1.003 0.606 0.669 1.006 0.880 
In 3d (1.233) (1.236) (0. 746) (0.818) ( 1. 238) ( 1. 083) 

3/2 

The figures in brackets are the measured integrated intensity ratios 

without correcting for the difference in photoelectron cross sections. 

55 

10~m 

Fig. 4.14 InSb( 100) surface subjected 

to prolong high temperature annealing 

showing circular pits 



4.3 .2  A ES and R H EED  Studies

In view  o f  the d ifficulties encountered  in using the E SC A L A B  fo r heat 
treatm ents, in-situ c leaning experim ents w ere conducted  inside the M B E 
system . B uilt-in  analytical facilities such as AES and R H E E D  are used fo r 
assessing the surface cleanliness, stoichiom etry and m orphology  o f  the
treated  samples.

a) T heoretical B ackground

T he rad iation less A uger electron em ission and X -ray  em ission are
com peting  processes in bringing an excited  atom  back to  a low er energy 
state. B oth AES and X PS involve the ejection o f electrons w ith energies E e
characteristic  o f  the elem ental com position  and chem ical state o f  the
target. E lectron bom bardm ent is used in A ES to cause the ejection o f  either 
core o r valence electrons, depending on the prim ary energy E^. T hese e jected  
e lectrons do not exhib it discrete energy  values because o f in teractions
betw een the electrons. T he core level ion ized  atom  retu rns to a state nearer
to the  atom ic ground state by the  decay o f  an upper level electron . 
D e-excitation  m ay take p lace by the transfer o f  the released  energy to a 
second electron w hich is ejected as an A uger electron o r by em ission o f  a
characteristic  X -ray photon. D ue to the d iscrete na tu re  o f  the electronic
levels concerned, the energy E  o f  the ejected A uger e lectron is
characteristic  o f  the em itting  atom  o f atom ic num ber Z  (see F ig. 4 .15) :

F ig . 4 .15  S ch em atic  il lu s tra tio n  o f  the  A u g er p ro c e ss
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w here E w, E x and E y denote  the e lectron ic energy levels o f  the a tom  w ith  
respect to  the Ferm i level, 'F  is the w ork  function  o f  the sam ple and  A is

S

the de-screening correction  , i.e. the change in  the  effective  nuclear 
charge Z  due to the de-screening in  the doubly  ionized fina l state o f  the 
atom .

E = E (Z) - E (Z) - E (Z+A) - *F (4.3)

A ES is essentially  a  surface probe as the data com es fro m  the top five  
layers o r so, depending upon the m aterial and the ion izing  energy .143 F o r 
transition  energies up to 500eV , the m ean free  path o f  the  e lectrons is less
than 20A.

Q ualitative A uger analysis for e lem ent identification using  the energy
E wxy and  the shape o f  the A uger lines is straightforw ard since standard
"fingerprint" A uger spectra o f  elem ents w ith  Z>3 are read ily  available for 
co m p ariso n .144 A s in  X PS , considerable chem ical shifts often  occur in A ES 
w hich are caused by changes in the e lectron density d istribu tion  due to
chem ical bonding. T hese shifts, how ever, are often less m arked  and are
d ifficu lt to  in terpret in A ES since three e lectron levels subjected  to  such
changes are involved and w ill no t be considered in  this study.

M axim um  values o f  the  ionization cross section affecting  A uger yields 
can be obtained w hen the prim ary energy (E ) o f the inciden t e lectrons ispabout 3 to 5 tim es the energy o f  the excited  core level (Ew). S ince the
prim ary  energies available in  typical A uger system s lie betw een 0.5 to
lOkeV, there are necessarily  lim itations in any one part o f  the Periodic
T able  on the A uger transitions that can be excited w ith op tim um  efficiency. 
T he m ost prom inent A uger lines for elem ents relevant to this study i.e. C,
O, In , Sn and Sb are sum m arized in T able  4.5. The energetic positions o f  the
A uger peaks are taken, by convention, as that o f  the m in im a in the high

. • 1 2 6  energy  negative excursions.
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TABLE 4 . 5

Elements Prominent Auger l in e s » • • + Inverse S e n s i t iv i t y  Factors (a)
tr a n s it io n s en erg ies  (eV)

C KL L 2,3 2,3 272 3.00 ± 0.7*
In M N N4,5 4,5 4,5 410 0.56  ± 0 .1
Sn M N N4,5 4,5 4,5 430
Sb M N ' N4,5 4,5 4,5 454 0.67 ± 0 .1
0 KL L 2,3 2,3 510 2.40  ± 0.2*

+ from r e f .  145
* assumed to  be equal to  th ose  for  a GaAs m atrix

T he surface atom ic concentration (X .)  o f  each e lem en t i can be 
estim ated from  the sim plified sem i-quantitative form alism  w hich requires
only the A uger current I and the inverse sensitivity factors a  w hich are 
listed in T able  4.5 :146

a . I .
X  = ----------i— L _  (4.4)

1 I  a  I
j j j

w here j  runs over all e lem ents present in the sample. F o r InSb, the Sb to In 
atom ic ra tio  is thus given by :

X
Sb

a  I
Sb Sb

X
In

a.
In

I
In

(4.5)

In theory, the in tegrated  intensity  o f  the high energy  doublet should 
be used  since a variation  in the m atrix  com position can a lter the shape o f  
the A uger peak as w ell as its height. H ow ever, due to the lim ited  resolution  
achievable in our system , the m ain peak  height was used instead. In a w ay, 
Eqn. 4.5 is an over-sim plified  relation . N evertheless it enables a
com parison to be m ade betw een the Sb to In ratios befo re  and after the
various in-situ cleaning treatm ents.
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b) E xperim en tal D etails

S am ple preparation  procedures are sim ilar to  those used in  the  ESC A L A B  
except fo r the  m ounting o f  the sam ples. F o r o u r M BE w ork, the substrate is
attached to a  M o-block using m olten G a (M .P. = 38°C). S am ples w ere  outgassed 
at abou t 200° C  in the preparation  cham ber p rio r to in-situ c leaning. T hree 
batches o f  substrates w ere  studied, each having received  a  d ifferen t
treatm ent w hich included A r+ ion bom bardm ent follow ed by  annealing , therm al 
desorption  and  a com bination  o f  both. D eta ils  o f  the three c lean ing  m ethods 
em ployed are sum m arized in  T able  4.6.

D uring  ion bom bardm ent, the entire  p reparation  cham ber w as filled  w ith 
high pu rity  argon gas (M asonlite) up to a p ressure  o f  ~  1 0 ’ 4 T orr. A  V G  AGS1 
ion gun, capable  o f producing  A r+ ions w ith  energies ranging  fro m  0 .2  to 10 
keV  w as used  in the defocused m ode. Sam ples w ere p laced  at near norm al
incidence to the ion beam . L ow  tem perature  heat treatm ent (< 300°C)
including in itial outgassing and post-IB  annealing  w ere conducted  in the
preparation  cham ber. T he sam e outgassing stage can be used  fo r heating , IB 
as w ell as A uger analysis. O n the o ther hand, the fina l heat treatm ent 
em ployed  in  all o f  the c leaning m ethods w as carried o u t in the grow th 
cham ber. T his allow s the surface m orphology  o f the substrates to  be
continuously  m onitored by R H E E D , thereby reducing the risk  o f  overheating. 
D etails o f  the R H EED  facilities available w ill be described in chap ter 6.

S to ich iom etry  as w ell as carbon and oxygen content o f  the  substrate
surfaces before  and a fter in-situ treatm ents w ere studied by  A E S. A uger 
experim ents w ere carried  out in the p reparation  cham ber using a  V G  L E G 2 
electron gun w ith a re tard ing  field  analyzer (RFA ) com prising  o f  a 3-grid
optics arrangem ent. B y vary ing  the negative bias poten tial o f  the repeller 
grid, a scattered electron energy distribution can be obtained. In  order to 
include the C, O, In, Sb and Sn signals in  the spectrum , the  g rid  potential
is scanned from  -560 to  -200 eV  (refer to  T able 4 .6  fo r the energies o f
these A uger lines). T he p rim ary  energy o f  the incident electrons w as set at

12 82keV  fo r effic ien t ionization.
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TABLE 4 . 6

Treatment 1 : Ar + Ion Bombardment + Annealing
1. Outgas at 180°C fo r  30 m ins, in  p rep aration  chamber
2. IB at 800eV fo r  1 hr. at room tem perature (P ~ 7 x 10 6 Torr)
3. Anneal at 180 C °for 35 mins.
4. Anneal at 385 C°for 1 hr. in  growth chamber
5. Perform Auger a n a ly s is  in  p rep aration  chamber
6. Heat up to  385 C°and slow down to  room temp, in  1 hr.
7 . S ta rt oc-Sn growth
8 . In terru pt growth a f te r  0 . ljim a-Sn coverage
9. Perform Auger a n a ly s is
10. Growth continued u n t i l  the a-Sn la y er  th ick n ess  reached ~ 0 . 4/jm
11. Perform Auger a n a ly s is

Treatment 2 : Thermal D esorption

1. Outgas at 180°C fo r  45 m ins, in  prep aration  chamber
2. Heat up to  350°C in  growth chamber
3. In crease tem perature grad u a lly  and anneal at 400°C fo r  90 m ins.
4. Perform Auger a n a ly s is  in  preparation  chamber
5. Repeat step s 3 and 4
6. Grow an a-Sn la y er  0.15/jm th ick
7. Perform Auger a n a ly s is

Treatment 3 : Low Energy Ar+ Ion Bombardment + Low Temperature Annealing

1. Outgas at 375°C fo r  30 m ins, in  prep aration  chamber
-  32. IB at 350eV fo r  35 m ins, at room tem perature (P ~ 3 x 10 Torr)

3. Anneal at 275°C fo r  1 hr. in  growth chamber
4. Perform Auger a n a ly s is  in  prep aration  chamber
5. G radually heat up to  275°C and slow  down to  room temp, in  1 hr.
6. Grow a lay er  o f a-Sn 0.2/jm th ick
7. Perform Auger a n a ly s is

60



Since a  R FA  is a h igh pass filter, i.e. it w ill transm it and  collect 
e lectrons w ith  energies greater than the set pass energy , th e  collector
curren t I is  g iven by :

E
1 (E )  = [ P N (E ) dE  (4.6)

,'eU

w here E  and  eU  are the prim ary  energy o f  the incident electron  and  the pass 
energy o f  the R FA  respectively . T he actual e lectron energy d istribu tion  N (E) 
w as ob tained  by d ifferentiation  accom plished electronically  in  o u r system  by 
m odulating  the repeller grid  w ith a  sm all am plitude sine w ave (~ 6V  p .t.p ., 
4 .5K H z.). T he m odulated  output from  the electron  m ultip lier w as then fed 
in to  a phase-sensitive lock-in  am plifier so that signals proportional to
d l/dE  could  be extracted.

A fter in-situ cleaning, th in layers (<  0.3 fim ) o f  a -S n  w ere grow n onto
the substrates. D etailed  grow th procedures w ill be described in  § 5 .3 .2. The 
effects o f  each cleaning m ethod on the quality  o f  the a -S n  overlayers w ere
studied by R H E E D  and A ES.

c) R esults and D iscussions

i) Ion-bom barded  sam ple

A uger spectra o f  InSb(lOO) substrates p rio r to in-situ c lean ing  alw ays 
show  considerable  carbon and oxygen surface contam ination . A  typical 
spectrum  is depicted  in F ig. 4.16a. N ote that the In and Sb signals are 
both very  w eak. F o r th is sam ple, in-situ c leaning w as accom plished  by an 
hour o f  A r+ IB at 800eV  and subsequent annealing at 3 5 0 °C in  the grow th 
cham ber (details o f  the c leaning procedures can be found in T ab le  4.6). T he 
resu lting  A uger spectrum  (Fig. 4 .16b) show ed the rem oval o f  carbon and
oxygen im purity  peaks and substantial increase in the In and Sb A uger peak
intensities. H ow ever the Sb/In  peak ra tio  w as found to  be very  sm all
suggesting  that the substrate surface w as not stoichiom etric. In  fact, the
Sb/In  ra tio  w as found to  have decreased by  ~  50%  after th is in-situ
treatm ent.

A fter 0.1 |im  o f  a -S n  w as grow n, a series o f  Sn-related peaks em erge in
the A uger spectrum  (Fig. 4.16c). H ow ever, w hen grow th w as term inated  after
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the a -S n  coverage had reached  ~  0 .4  p m , a  sizable In  signal still rem ained
w hich w as som ew hat unexpected  fo r such a h igh coverage. (F ig. 4 .16d). The 
persistence o f  the In  signal (but not Sb) on  a -S n  overlayers grow n on IB
InSb substrates has also been reported  by M iddelm an et. al.40 in  th e ir X PS
studies. A  possib le cause fo r these observation  m ay be the preferentia l
sputtering o f  Sb leading to  the form ation o f  free  In  w hich coalesces in to
droplets. T he form ation o f  such droplets is  w ell know n in  sputtered  and
annealed  surfaces o f  o ther III-V  com pound sem iconductors. T h is  is  also
consistent w ith  the low  Sb/In  peak  ra tio  recorded  in  the A uger spectrum
prio r to  grow th (Fig. 4 .16b) as w ell as o u r E S C A  data. It is a lso know n that
betw een the In droplets, the surface is  c lean  and w ell-ordered . This
explains the  fact that sharp R H E E D  patterns revealing  c lear surface
reconstructions could  still be seen in the IB sam ples.

It has also been suggested that the p resence o f  the In  peak  m ay be
caused by  an exchange reaction  at the in te rface .40 Indium  released  during
the reaction  is free to  d iffuse through the a -S n  layer and can coalesce in to
droplets. H ow ever, the possib ility  o f  th is happening m ay be very  rem ote
since no  stable com pound o f  Sn and Sb (nor Sn and In) is know n to  exist.

(d) 0.4pm a-Sn on InSb(lOO)

(c) 0.1pm a-Sn on InSb(lOO)

(b) InSb(lOO) a f te r  IB (800eV) and 
annealing (350 C fo r  1 h r .)

(a) InSb(lOO) as loaded

—i--------- 1---------- 1______ i______ I______ t______ i Energy (eV)
5 0 0  4 0 0  3 0 0  2 0 0

F ig . 4 .1 6  A u g er sp e c tra  o f  an  io n -b o m b ard ed  InSb(lO O ) su b s tra te  b e fo re  
and  a f te r  th e  g ro w th  o f  an a - S n  o v e r la y e r
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ii) Thermally desorbed sample

A fter an A uger spectrum  o f  the as loaded InS b substrate w as obtained
(Fig. 4.17 a) and in itial outgassing w as com pleted , the sam ple w as
transferred  to  the grow th cham ber fo r fu rther heat treatm ent. S tarting  from
350° C, the substrate  tem perature w as slow ly raised  a t approxim ately  10°C
every  5 m ins, w ith  a w aiting period  o f  10 m ins. A t the  beginning, the R H EED
pattern  w as very  diffuse. W ith  increasing tem perature, the background
intensity  decreased  and a  series o f  d iscrete  spots began to  em erge.
G radually , these diffraction spots becam e elongated  and fa in t streaks could
be seen. A t th is point, the substrate tem perature w as frozen until a clear
(4x2) su rface reconstruction  w as revealed. C hanges in the R H E E D  patterns
recorded  during  the desorption  process are show n in  F ig. 4.18.
In terpretation  o f  R H E E D  patterns is the subject o f  chapter 6 (§ 6.4).

T he sam ple w as then cooled  dow n to  room  tem perature and transferred
back to the preparation  cham ber fo r A uger analysis. A fter tw o cycles o f
heating  at around 400° C, the oxygen and carbon peaks disappeared , leaving
only In  and Sb related  peaks (Fig. 4.17b). T here w as also significant
increase in  the Sb/In peak  ratio  (~ 50% ) com pared w ith  that treated  by
ion bom bardm ent (Fig. 4.16b).

A fter depositing  0.15 fim  o f  a -S n , no  trace o f  In  could  be seen in  the
A uger spectrum  (Fig. 4 .17c). T his suggested that the In  signal observed in
Fig. 4 .16c from  the previous sam ple m ight indeed be caused by IB ra th er than 
an in terfacial reaction . U nfortunately , unlike that sam ple, th is one was 
very  d ifficu lt to  rem ove from  the M o-block after grow th. T he w hole  assem bly 
had to be heated  up to ~ 7 0 °C  before  the sam ple could  be rem oved. This 
tem perature is dangerously close to the phase transition tem perature  o f  the
a -S n  film  and w ill inevitably degrade its quality. It is speculated  that 
the G a m ay have alloyed in to  the M o-block during the h igh tem perature 
annealing process. It seem s that therm al desorption can only be used in  the
M B E  grow th o f  a -S n  on InSb if  an alternative can be found to rep lace  the Ga. 
O ne possib ility  m ay be to use a non-bonded heaters w hich is now  com m ercially  
available.
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500 400 300

(c) 0.15/jm a-Sn on InSb(lOO)

"v

(d) InSb(lOO) after 2 cycles of
, Oannealing (~ 400 C for 45 mins.) 

(a) InSb(100) as loaded

200 Energy (eV)

Fig. 4.17 Auger spectra of a thermally desorbed InSb(lOO) substrate 
before and after the growth of an a-Sn overlayer

Fig. 4.18 RHEED patterns observed from an InSb(lOO) substrate surface
during thermal desorption
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iii) Low energy Ar+ Ion Bombarded Sample

It is now  obv ious that for the M B E grow th o f  a -S n  film s, in-situ
- * Vcleaning o f  the InS b substrates should not involve prolonged high

tem perature  treatm ent nor h igh energy IB that w ould induce the form ation o f  
In  droplets. T o  conform  w ith  these requirem ents, A r+ ion bom bardm ent was
conducted  at a m uch red uced  energy o f  350eV  fo r an hour. T he substrate was 
then gradually  heated  up in the grow th cham ber to anneal the surface dam age. 
U nlike the therm al desorbed  sam ple, a  clear (4x2) R H E E D  pattern  could be 
seen as soon as the tem perature  reached -  275 °C  (see the inset o f
Fig. 4 .19). T he sam ple w as left at th is tem perature for another hour before
it w as transferred  back to  the preparation  cham ber fo r A uger analysis. 
U sing these param eters, on ly  one cycle o f  IB and annealing w as enough to 
rem ove all traces o f  carbon  and oxygen. T he Sb/In peak ratio  w as found* to 
have increased  by nearly  40%  after th is in-situ treatm ent (Fig. 4.19a

500 400 300 200 E n e rg y  (eV)

F ig . 4 .1 9  A u g e r  sp e c tra  o f  a lo w  e n e rg y  A r io n -b o m b ard ed  InSb(lO O ) 
su b s tra te  b e fo re  and  a f te r  the  g ro w th  o f  an q - S n  o v e r la y e r  

(inset : R H E E D  patterns o f  the cleaned substrate p rior to grow th)

[H O ]

[100]

[110]
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A fter the grow th o f  a  0.3 p m  a -S n  film , no  In peak  w as observed  in the 
A uger spectrum  (Fig. 4 .19c) suggesting that the prob lem  o f  In  droplet
form ation has been surm ounted by low ering the ion bom bardm ent energy. B y 
reducing  the annealing tem perature to  ~  275 °C , alloying betw een  G a  and M o
has also been avoided and the sam ple could  be easily rem oved  at tem peratures 
below  4 0 ° C.

B esides the AES and R H E E D  results, both m agneto-transport and  X -ray  
d iffraction  m easurem ents also indicate th is to  be the favoured  cleaning
m ethod. O ur H all data  indicated  that InS b  substrates p repared  in  th is w ay
retained  their bulk electrical characteristics dow n to low  tem perature.
Zheng et. a / . 115 have recently  observed a 2D E G  exhib iting  S hubnikov-de H aas 
(SdH ) oscilla tions in a C dT e/InSb heterostructure. T hey suggested  that the
2D E G  actually  arose from  an IB -induced n + reg ion  in the p-type  substrate 
since the SdH  oscillations could  be observed  even w ithout the C dTe
overlayer. In  contrast to  their results, ou r substrate bom barded  at 350 eV
(as com pared  to  the 500eV  they used) d id  no t show SdH  effect at liquid 
helium  tem perature. D etails o f  SdH  and o ther m agneto-transport resu lts w ill 
be presen ted  in chapter 7. In  addition, the FW H M s o f  o u r InS b substrate 
peaks in  double  crystal X -ray  rocking  curves lie  betw een ~  17-19 arc. sec. 
fo r the (400) reflec tion .38 T hese linew idths o f  InSb substrates are com m only
assum ed to indicate crysta l perfection acceptable for M B E  application  and
are am ong the best values reported  for the grow th o f  a -S n .5 ,106

4.4 Conclusions

Several cleaning techniques fo r InSb(100) substrates have been
investigated , w ith  em phasis on their su itability  fo r supporting  M B E  grow th
o f h igh quality  a -S n  film s. T he credib ility  o f  each m ethod  w as assessed
using several surface science techniques including X PS, A E S, R H E E D  and 
N om arsk i m icroscopy.

F o r ex-situ treatm ent, the surface m orphology  o f  the sam ple and the 
com position  o f  the passivating  oxide layer form ed w ere o f  p rim e concern. 
Passivating  layers contain ing large am ounts o f  In  oxide w ere found  to be
very d ifficu lt to  rem ove. A  m odified  C P4A  etchan t consisting  o f
H N 0 3 : C H 3C O O H  : H F  : D I H 20  in the proportion  2:1:1:10 w as found  to be the
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best choice. T h is e tchant w as found to  produce a fla t su rface w ith  low
defect density  and a passivating  layer consisting  m ainly o f  easily  rem ovable 
Sb oxide.

T w o o f  the m ost com m only  used in-situ c leaning m ethod  nam ely , A r+ ion 
bom bardm ent (em ploying energy in excess o f  500 eV) ’ ’ ’ and  therm al
desorption  ( a t tem perature >  4 1 5 °C )34 have both  been found to  be unsuitable 
fo r the a -S n /In S b  system . Instead, a  com bination  o f  low  energy  ion
bom bardm ent (~ 350 eV ) and low  tem perature desorption  (~ 275 °C ) w as found to 
produce the m ost satisfactory results.

67



C H A P T E R  5 M B E  G R O W T H  O F  S U B S T R A T E -S T A B IL IZ E D  a -S n

5.1 Introduction

A s discussed in  the prev ious chapter, M B E  is a grow th technique 
involv ing reactions betw een therm al m olecu lar beam s and  crystalline 
surfaces. T he technique is d istinctly  characterized  by its ability  to 
contro l the grow th precisely , fo r instance, by  in terrupting  the  incident
atom ic o r m olecu lar beam . T his characteristic  enables the g row th  o f  very
com plicated  low -dim ensional sem iconductor structures. T he success o f  the M B E 
technique, how ever, requires a clean u ltra-h igh-vacuum  (U H V ) cham ber; 
contam ination-free evaporation sources; d iagnostic tools fo r m onitoring  the
grow th as w ell as the provision o f  facilities for in troducing  sam ples in to  
the system  w ithout breaking the vacuum  and fo r substrate cleaning. D ue to 
the stringent requirem ent fo r cleanliness and the com plicated  natu re  o f  the 
process, a com m ercial M B E system  is very  expensive (= £200 - £500K  at the
tim e o f  th is w ork). T hrough the co-operation  w ith  L eisk  V acuum  C o., w e have 
assem bled a M B E  system  at a m uch low er cost. T his system  is custom -designed 
(by D r. W . T. Y uen o f  P hysics D epartm ent, Im perial C ollege) and  em bodies 
features d istinct from  " o ff- th e -sh e lf  com m ercial m achines. D etails o f  the 
system  configuration  and the im portant com ponents are given in  § 5.2.
Special em phasis are p laced  on the grow th cham ber and the design o f  the
K nudsen cells. W here appropriate, the significance o f  the design aspects to 
the quality  o f  the grow n layers w ill be discussed. T he perfo rm ance o f  the 
system  in term s o f  vacuum  in tegrity  and cleanliness are assessed and  routine 
procedures fo r preparing the grow th environm ent are outlined  in § 5.3.

In  the second h a lf  o f  th is chapter, the grow th o f  a -S n  film s is
described in detail. T he effect o f  grow th conditions such as substrate
orientation , overlayer th ickness, grow th rate  and substrate tem perature  on
the quality  and stability o f  the a -S n  film s is studied. T he a  -> P phase 
transition  tem perature, as determ ined by optical m icroscopy, is used  as a
m easure  o f  stability. T he quality  o f  the a -S n /In S b  layers is assessed by
reflection  h igh energy electron d iffraction  (R H EED ) and A uger electron 
spectroscopy techniques. F inally , the optim um  grow th conditions used  for the 
grow th o f  a -S n  th in  film s are presented.
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5.2 System Configuration

T he m ain  build ing blocks o f  ou r M B E  system  are show n in  F ig . 5.1 w ith 
the principal functions indicated . T h is system  com prises th ree  units
separated by gate valves : a g row th cham ber, a p reparation  and  analysis 
cham ber and a sam ple in troduction  cham ber (loadlock). I t is  im portan t to
note that the la tter tw o cham bers are  positioned  orthogonally  so that the
transfer ro d  "B" (see F ig. 5 .1), w hich transfers sam ples betw een the
preparation  and  grow th cham bers is never exposed to  the am bien t during a 
grow th run.

Substrates are bonded to 3-pin m olybdenum  substrate-m ounting blocks
(M o-block) by a  liquid layer o f  Ga. T he substrate assem bly is in troduced 
in to  the preparation  cham ber v ia  the loadlock by m eans o f  a
m agnetically-driven transfer m echanism  (transfer rod  "A" in  F ig . 5.1). U sing 
the orthogonal transfer rod  "B", sam ples can be parked  at the outgassing 
stage in  the  preparation  cham ber o r at the substrate m an ipulato r in the 
grow th cham ber. B oth o f  these rods are term inated  w ith  a sam ple ho lder cup 
w hich incorporates slots and bayonet fittings for retain ing the M o-blocks.

Substrate c leaning facilities such as heat treatm ent and  ion beam  
bom bardm ent as w ell as surface analysis equipm ent for L E E D  and  A ES studies
are installed  in  the  preparation cham ber. R ough pum ping, com m on to  the w hole
system , is p rov ided  by four sorption pum ps operated  sequentially.

R eproducible  grow th o f  sem iconductor structures is  rea lized  by utilizing
effective autom atic  control over the various grow th param eters. T his entails 
the use o f  a rea l tim e com puter contro l system  to ensure  synchronization  o f
events th roughou t the grow th process. A n IB M -A T  com patib le  com puter is used 
to contro l the  K nudsen-cell tem peratures (i.e. m olecular beam  flux), the
substrate tem perature  and the shutter status. T he com puter is also used to 
m onito r the  background pressure  o f  each cham ber and detect any sudden
pressure upsurge.
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5.2.1. G row th C ham ber

T he grow th cham ber is the m ost im portant com partm ent in  the w hole  M B E 
system . I t houses all the necessary  com ponents w hich enable  con tro lled
epitax ial g row th to  take p lace in  an extrem ely c lean  environm ent. F o r our 
system , these include K nudsen effusion cells (K -cells) and the associated
shutters; liqu id  nitrogen (LN  )-filled  cryogenic shrouds; a  substrate 
m anipulator w ith  heating, translation  and double-axis (angular and 
azim uthal) ro ta tion  facilities; a  R H E E D  system  consisting  o f  a  5 K eV
electron gun and  a  phosphor screen; a  pressure contro l un it w ith  a V G  Q X 200
quadrupole m ass spectrom eter and several ion gauges. T he schem atic cutaw ay
view  o f  the grow th cham ber is p resented  in  F ig . 5.1. C ustom -designed
features such as the geom etry o f  the cham ber, cryopanels, m an ipulato r and
K nudsen cells etc. w ill be discussed in  the follow ing sections.

a) G eom etry  o f  the G row th C ham ber

T he axis o f  the grow th cham ber is tilted at 2 6° to the horizon tal in
order to  m axim ize the lifetim e o f  the evaporation  sources w hile  at the  sam e
tim e preven ting  flakes o f  condensates from  falling  back in to  the K nudsen 
cells (K -cells). S ix  K -cell ports each subtending at 26° to  the  substrate
surface are fitted  rad ially  on a 16-inch flange, giv ing an effective
effusion d istance (K -cell to substrate) o f  about 125mm . C hem ical
cross-contam ination  betw een adjacent cells is m in im ized  by a baffle
arrangem ent w hich therm ally  and chem ically  isolates each cell in  their ow n
L N 2~cooled baffle  enclosures. F o u r cells loaded w ith In , Sb, Sn and G e
sources are housed in these ports and the arrangem ent is  show n in  F ig. 5.2.
A m ong them , the Sn source has the highest consum ption ra te  and is  therefore
p laced  in the low est position so that the m axim um  am ount o f  source m aterial
can be loaded  in to  the crucib le. T he K -cell contain ing  the h igh vapour
pressure Sb source is p laced diagonally  w ith respect to  the G e cell w hich is 
operated  at the h ighest tem perature ( up to ~  1350°C  during  outgassing). T he 
shutter ports w ere b lanked  throughout th is study although 
pneum atically-contro lled  shutters using bellow s have been designed and m ade 
w ith the co-operation  o f  V S W  T echnology L td.. T hey  w ill be insta lled  in to  
the system  w hen the grow th o f  InSb buffer layers and m ore com plicated  
structures such as a - S n j ^G e^ superlattices com m ences. A  view  p o rt at the 
cen tre  o f  the K -cell flange is included fo r tem perature m easurem ent (e.g. by
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using an in frared  pyrom eter). This po rt is also used to m onitor the  surface 
reflectance o f  the sam ple during grow th. T his is particu larly  usefu l for
a -S n  grow th since the a  -> p  phase transition  is accom panied by  a co lou r 
change from  grey to white.

F ig . 5 .2  A rra n g e m e n t o f  K -c e lls  
co n ta in in g  d if fe re n t so u rc e  
m a te r ia ls  u sed  in  th is  w o rk

P rim ary pum ping o f  the grow th cham ber is p rovided by tw o d iode ion 
pum ps (7.5K V ) capable o f producing a com bined pum ping  speed o f  2801/s. 
Secondary pum ping  in the near v icin ity  o f  the grow th environm ent, essential
fo r the production  o f  high purity  sem iconductor m aterial, is p rov ided  by a
L N 2~baffled titanium  sublim ation pum p (TSP). T he cryopanel o f  the TSP, 
having an ex tra  large surface area designed for pum ping 1500 litres o f  N 2
p er second, is positioned vertically  above the grow th reg ion and securely
supported by the filling  ports.

b) C ryopanelling

To provide an optim um  grow th environm ent, tw o sections o f  cryopanel are 
used. T he m ain cryopanel is essentially  a cylindrical vessel em ploying  a
double skin reservoir design enclosing the grow th region. A second
cryopanel, therm ally  isolated from  the m ain one, is dedicated  to the hot
evaporation  sources (see Fig. 5.1). T he cooling o f  the tw o cryopanels can be
contro lled  independently . T he advantage o f  th is configuration  is the
resu lting  reduction  o f  heat load in to  the grow th region. T his can  m inim ize 
the creation o f  N 2 gas pockets in the m ain cryopanels and sudden eruptions 
o f  gas from  its w all tow ards the grow th region. In addition , the aperture
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size o f  the m ain  cryopanel is restric ted  such that on ly  m olecu les th a t are 
d irected  at the substrate are a llow ed to  pass through. T his arrangem ent can
reduce  the am ount o f  stray rad iation  o r m olecu lar flux  h itting  on to  the
cryopanels o f  the grow th reg ion  and  can  thereby im prove system  cleanliness 
during  grow th.

c) M anipulato r and Substrate C arousel

T he requirem ents o f  angular as w ell as azim uthal m otion, robust
construction  fo r holding large and bulky  substrate m ounting  blocks, durable
and precise m otion  control fo r sam ple transfer etc. m ean that the standard
m anipulato r design fo r surface science studies is unsu itab le  for M B E  w ork. 
T he substrate m anipulato r used in  th is system  is m odified  from  a H unting ton  
P M -600-X Y Z T  m odel and is show n in  Fig. 5.3a. T he item  as purchased  can 
prov ide  linear m otion in the X, Y  and  Z  directions, 360° ro ta tion  along  the 
p rim ary  axis and  tilting  up to 6° using a th ree-m icrom eter tilt system . In
o rder to determ ine unam biguously the surface reconstruction  o f  the sam ple, 
R H E E D  patterns along tw o o r m ore azim uths have to be m onitored  (see § 6.3).
A zim uthal m otion can be realized  by connecting  an in ner ro tary  shaft to  the 
existing  ro tary  drive.

T o the end  o f  the m ain shaft, a stainless-steel p late  is attached to
support a beam  m onitoring  ionization gauge (BM IG ) and  a  cylindrical gearbox
w hich  can drive  tw o substrate ho lders (see F ig. 5 .3b). T he m ain substrate
ho lder designed and m ade by L eisk  has been used fo r the m ajority  o f  the w ork  
presen ted  here. R ecently , the heater assem bly has been m odified  to im prove 
the  uniform ity  o f  the heating profile. T h e  new  design consisted  o f  a  T a  w ire 
(0 .5m m  dia.) w ound non-inductively  around a specially  m achined P B N  
(pyroly tic  boron nitride) annulus w ith holes along  its circum ference 
(supplied  by F u lm er CVD L td .) as show n on the le ft o f  F ig. 5.3b. T he
substrate  ho lder as w ell as the B M IG  can  be ro ta ted  in to  and out o f  the beam  
flux  using the angular m otion drive.

A  very  basic requirem ent fo r M B E  grow th is that the ep ilayer should
have uniform  th ickness and dop ing  pro file  characteristics across the w hole 
substrate. S ubstrate  rotation, first used  by C ho and C h en g ,147 has been 
p roved  to enhance significantly  the thickness and com position  hom ogeneity  
o f  the grow n film . H ow ever, F arley  et. a / .148 have  recently  show n that
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Fig. 5.3 Pictures of the modified substrate manipulator used in the growth
chamber : a) Overall view (the substrate holder has been detached for
clarity). b) Close-up view of the substrate carousel. The heater assembly

inside the substrate holder is shown schematically on the left.
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ro ta ting  the substrate m ay cause h igh levels o f  carbon-rela ted  con tam ination  
(e.g. C, C H 4> CO , C 0 2 etc.) to be released  and incorpo ra ted  in to  the  M B E  
layers. O n a  research  level w here on ly  sm all substrates (1/4  o f  a  2-inch
w afer) are used, as in  our studies, sufficient un ifo rm ity  can be ach ieved  
sim ply  by the close p roxim ity  o f the source cells.

d) K nudsen E ffusion  C ells (K -cells)

M B E  grow th o f  h igh quality  epitaxial film s requ ires evaporation  sources 
to p rovide stable and  ultrahigh pu rity  m olecular beam s o f  appropria te
in tensity  and uniform ity . By far the m ost com m on m ethod  o f  flux generation
is v ia  therm al evaporation  from  resistively-heated  furnaces, although o ther
techniques such as electron beam  evaporators, e lectrochem ical cells and
gas-crack ing  cells etc. have also been em ployed .8 4 ,88 C harges o f  the source 
m ateria l are contained  in an enclosure  w ith a very  sm all o rifice  w hich 
d irects the flux to the substrate.

F o r the grow th o f  a -S n  and a -S n  G e alloys, som e o f  our K -cells have
X 1-x

to be operated  at tem peratures as h igh as 1300°C . A t these tem peratures,
decom position  o f  furnace fabrication  m aterial has been show n to  cause
contam ination  o f  the m olecular f lu x e s .149 Specifically , the choice  o f
in su la to r m aterial has proven to  be critical in decid ing the residual
im purity  level o f  the grow n layers. S in tered  alum ina (A12C>3) w as found  to  be
unsuitab le  fo r use at tem perature above 8 5 0 °C 84 ,88 ’ 149 and the m ore 
chem ically  inert P B N  is used as an insu lato r as w ell as crucib le m ateria l in  
all o u r K -cells. A  total o f  four K -cells o f  tw o d ifferen t designs are
curren tly  installed. B oth types are w ater-cooled  since it  is considered  to

8 8be m ore  effic ien t at d issipating heat than their L N 2-cooling counterparts.

T he first design is based on a sp irally-w ounded, tw o-zone heating
configuration  (supplied  by V SW  T echno logy  L td .). T h e  heating  filam ents are
arranged  in  the fo rm  o f  a spiral supported  at the side by  th in  P B N  rods as 
show n schem atically  in  Fig. 5.4a. T he m ain draw back o f  th is design is  the  
use o f  lengthy P B N  rods w hich are in  in tim ate contact w ith  the ho t filam ent, 
thereby  inducing  unnecessary  decom position/outgassing o f  the PB N  rods w hen
the cell is  at h igh tem perature. ’ T h is K -cell is curren tly  used to  house  
the Sn source.
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F ig . 5 .4  S ch em a tic  d ra w in g s  o f  the tw o  K -c e ll  designs u sed  in  th is study :
a) S p ira lly -w o u n d , tw o -z o n e  h ea tin g  K -c e ll  su pplied  by V S W .
b) H o m e -d e s ig n e d  K -c e ll . T h e  th re e  cu sto m -m ad e  P B N  annulus u sed  fo r 

supporting  th e  h e a te r  w ire s  a rc  sh ow n  a t the top r ig h t hand  c o rn e r .
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T h e rest o f  the K -cells are hom e-designed (constructed  w ith  " th e
co-operation  o f  L eisk  V acuum  L td .) and adopt a "up-and-dow n" c o n f ig u ra tio n  
fo r the heater elem ents. A  schem atic representation  o f  th is type o f  K -c^ell 
is show n in F ig  5.4b. These cells are designed to operate  at tem pera tiirres
up to  ~ 1 300°C  and sustain short outgassing sequences at ~  1400°C  as re q u iire d  
fo r G e evaporation.

T he design o f  o u r K -cells is d istinctly  d ifferen t fro m  c o n v e n tio n a l
versions w hich use m assive am ount o f  P B N  tubings fo r electrical in s u la tio n . 
T he high therm al m ass o f  the P B N  assem bly together w ith  the in e v i ta b le
decom position  o f  the P B N  at high tem peratures (> 1400°C )84,88 has l i m i t e d
the applicability  o f  the "up-and-dow n" configuration fo r high te m p e ra tu re
K -cells (e.g. fo r evaporating  G e in ou r case). A s an alternative, our h e a t e r
assem bly is  m ade up o f  a T a  w ire (0 .5m m  dia.) w ound non-inductively  from  e = n d  
to end  through three custom -m ade ultra-th in  PB N  annuli (F ulm er CVD Ltd.) as
depicted  at the top o f  F ig. 5.4b. N ote that the am ount o f  PB N  used is
m inim al.

A s show n in F ig. 5 .4b, a tw o-zone heating configuration  is form ed w hi_ch 
m inim izes rad iation  heat loss and large tem perature drop in  the vicin ity  o f
the orifice. T he tem perature difference betw een the base and orifice o f fu h e
crucib le  is  less than 30° C  as m easured by an optical pyrom eter. Stafc>le
tem perature  contro l is provided  by proportional-in tegral-derivative (TEED) 
contro llers (Eurotherm ) and therm ocouple feedbacks. A W -R e (5-26%  f c e )
therm ocouple  is sp ring-loaded to the recess o f  the crucib le base. Ea_-ch
furnace is surrounded by m ultip le  T a rad iation  shields to  im prove both t l h e  
tem perature  stability and therm al efficiency.

5 .2 .2  P reparation  and A nalysis C ham ber

It is  w ell know n that the quality  o f  substrates can influence t l h e
properties o f  film s to a very  large e x te n t.105 In-situ cleaning o f  t S i e
substrates, m ainly by  ion cleaning and heat treatm ent, is thus a s&zxy
im portan t stage in the M B E  process. In  addition, it is often  useful to h r* v e
surface analysis capabilities to check the quality o f  the substrates p r l^ o r
to grow th , and also o f  the grow n layers. Several in-situ cleaning a n d
analy tical instrum ents are housed in our preparation and analysis c h a m b s * .
T hese include i) an ion  c leaning unit com prising a VG  L E G 2 ion gun, A r g ^ s
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line and several contro lling  valves; and ii) surface science equipm ent
including  tw o electron guns (one at norm al and the o ther at g lancing  angle) 
and a retard ing  fie ld  analyzer based on  3-grid  optics fo r L E E D  and  A uger 
analysis. T he cham ber is pum ped by a  L N  -trapped d iffusion pum p backed by a 
ro ta ry  pum p (E dw ard V acuum  L td .). S econdary  pum ping is  p rov ided  by  a  T S P  
situated  at the bottom  o f  the cham ber. S am ples are re ta ined  in  an  outgassing 
stage fitted  to the end  o f  a  high p recision  m anipulator (V G  H P T 205). T he 
heating  assem bly is sim ilar to that in sta lled  in the grow th cham ber. Sam ple 
transfer betw een the preparation cham ber and the load lock  (i.e. from
transfer rods "A" to "B" as show n in  F ig. 5.1 and v ice  versa) takes p lace 
inside an in term ediate  cham ber. T his cham ber is an extension o f  the 
p reparation  cham ber and is isolated from  the loadlock by a  p late  valve. It 
houses another high precision  m anipulato r (H untington PM -600-X Y Z T ) w here a 
saddle stage m ounted w ith  tw o substrate cups fo r parking sam ples is fitted.

5 .2 .3. Sam ple In troduction  C ham ber (Loadlock)

T he loadlock com prises a low  volum e cham ber w ith  a rap id  access en try  
lock. T he cham ber houses a K -cell outgassing port and  a tw o-cup saddle 
stage w hich allow s a  to tal o f  three substrates to be loaded in to  the system  
at one tim e. L ike the preparation  cham ber, the loadlock is also pum ped by a 
d iffusion  pum p unit.

5 .3  S y stem  O p e ra tio n

5.3.1 A ttainm ent o f  U H V  C onditions

A fter the M B E system  w as installed, a prolonged bakeou t (230°C fo r 3
w eeks) o f  the m achine w as carried  ou t to  ensure the elim ination  o f  residual
solvents w hich w ere used for c lean ing  the stainless-steel cham bers. T he
K -cells w ere then outgassed briefly  in the outgassing  port. F urther
outgassing  o f  the K -cell crucib les (at 1300°C) w as carried  ou t in the grow th 
cham ber after the system  has been baked fo r another w eek  a t 200°C. F inally , 
h igh pu rity  sources w ere loaded in to  the K -cell and the w hole system  w as
baked  fo r a fu rther 10 days at around 2 0 0 °C  before it  w as ready  fo r use.
U ltrah igh  vacuum  w ith  a base pressure in  the low  1 0 '11 T o rr range is now
rou tine ly  achieved th roughou t the w hole system . The p ressure  o f  the grow th
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cham ber often reaches the x-ray detection  lim it o f  the ion ization  gauge
1 2(< 1 x 1 0 ’ Torr) w hen the cryopanels are filled w ith liquid n itrogen.

A residual gas analysis (Fig. 5.5) show s that at these low  pressures the 
predom inant species inside the grow th cham ber is P K  In particu lar, residual
hydrocarbon peaks are below  the detection  lim it o f  the m ass spectrom eter
(1 x 1 0 ’ 14 Torr). T races o f  residual H 20 ,  C O  and N 2 are also  found. T he
latter com es m ainly from  the PB N  crucib les during outgassing  and is believed
to have no deleterious effects on overlayer quality . 84

IN T E N S IT Y  (a.u .)

a m u

Fig. 5.5 Mass spectra showing the gaseous species inside the growth chamber
a) b e fo re  and b) a f te r  bakeout
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5.3 .2  G row th  Procedures

F o r norm al grow th operations, the  cryopanels are  cooled  to liqu id
nitrogen  tem perature. T he Sn K -cell and  substrate stage are  then ram ped  to
5 0 °C  above the grow th tem perature (T  ) and 375 °C  respectively . T hey  are kep t
at these  tem peratures fo r a t least 2  hours w hile the substrates are being 
cleaned  in  the preparation  cham ber. T h is  outgassing p rocedure  is necessary
in o rd e r to reduce the am ount o f  carbon  and oxygen in  the grow th reg ion  
w hich  m ay be detrim ental to the overlayer quality. T h e  c leaned  substrate is
then transferred  to the grow th cham ber fo r a final annealing  at around 
275 °C , after w hich a sharp (4x2) R H E E D  pattern  can be observed. G row th can
com m ence w hen the desired  substrate tem perature ( T ) is  reached  and the
K -cell tem perature and the corresponding beam  equivalent p ressure  (BEP) is 
stabilized. D uring grow th, the  T SP , B M IG  and m ass spectrom eter are all
sw itched o ff  to  avoid contam ination. W hen the grow th sequence is com pleted, 
the sam ple is transferred  back  to the analysis cham ber w here  its com position 
can be checked  by the A uger technique.

Im m ediate ly  after the sam ple is  taken ou t from  the M B E  system , the  G a
solder is stripped from  the back surface o f  the substrate. T he sam ple is 
etched  in  HC1 w ith the surface pro tected  by a layer o f  G -vam ish  w hich can
later be rem oved by acetone. It is extrem ely  im portant to  strip o ff  the G a
as soon as possib le since it can creep up to the sam ple surface along the
edges. D ue to the h igh d iffusion rate  o f  G a  in Sn, the overlayer quality
w ill easily  be degraded in th is way.

5.4 G ro w th  S tu d ie s

In th is section, the effect o f  grow th conditions on  the stability and
quality  o f  the a -S n  overlayers is exam ined. T he specific grow th param eters 
considered  are substrate orientation, overlayer th ickness, substrate
tem perature  ( T s) and grow th rate. T he purpose o f  th is study is to determ ine 
the op tim um  set o f  param eters for the grow th o f  a -S n  film s. T h e  onset o f  a  ->
P phase transition  provides a convenient m eans o f  assessing the stability o f  
the a -S n  overlayers. S ince pure  a  and P-Sn are grey and w hite  in co lour 
re sp ec tiv e ly ,1 the a  -> p  phase transition  is accom panied by a co lour change
w hich  can  be easily  detected . Fig. 5.6 is  a real tim e record ing  o f  the phase
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transform ation  observed through a N om arski m icroscope. N ote that P-Sn
nucleated  at defect sites (encircled in  F ig . 5.6c) and the  phase
transform ation  w as found to proceed by  ledge propagation  along the <110>  
d irections (Fig. 5.6e). A ccording to A som  et. al. ,42 the a  -> P phase
transform ation  occurs by a  m artensitic  la ttice  shear m echanism . T he
step-like m otion  o f  the in terface is  believed to  be caused by  the 26%  volum e 
difference betw een a  and  P-Sn. T his produces a long-range tensile  strain 
field  w hich  stalls the transform ation w hen tw o parallel fron ts approach each 
o ther (Fig. 5.6e). R eaction proceeds fo llow ing  a  fluctuation  w hich breaks
the m irro r sym m etry and the tw o fronts eventually  jo in  at a co m er (Fig. 
5.7f). T he highly  faceted and step-w ise m otion o f  the tx/p in terface strongly 
suggests that the solid-solid  transform ation is d iffusionless and, thus, 
m artensitic .42

Inform ation  concerning the phase o f  the overlayer can  also be
determ ined  from  R H E E D  patterns. D ue to  the  large decrease in  volum e 
associated w ith  the a  -> p  transition, w ell-ordered reconstruction  patterns
observed in  epitaxial a -S n  film s w ill becom e diffuse w hen P-Sn begins to
form . In  the extrem e case, ring  patterns characteristic  o f  polycrysta lline
p-Sn can be observed .5 T he quality  o f  the a -S n  layers can thus be assessed 
by the sharpness o f  the R H EED  patterns.

T he change o f  the A uger in tensities o f  substrate and overlayer
constituents w ith  overlayer th ickness can also provide inform ation  about the
in terfacial quality  o f  the sam ple. H om ogeneous film  grow th is characterized  
by an exponential decrease in the A uger in tensity  o f  all the substrate
e lem en ts .150 A ny segregation o r diffusion across the in terface can thus be
detected  by analyzing the A uger com position profile. T he peak-to-peak  height
o f  the A uger lines for Sn(430eV ), In(410eV ) and Sb(454eV ) w ere taken as a 
m easure o f  the  in tensity  o f  the A uger transitions. D etails o f  the A uger and 
R H E E D  techniques can be found in chapters 4  and 6 respectively  and  w ill not 
be repeated  here.
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F ig . 5 .6  N o m arsk i m ic ro g ra p h s  show ing  the tim e-d ep en d en t d istrib u tio n  o f  a  and  fl-Sn ( lig h te r  co lo u r) on an q -S n /In S b  
sam p le  u n d erg o in g  h e a t tre a tm e n t. N o te  th a t p -S n  a lw ay s o r ig in a te  a t d e fe c t s ites  and the  a  -> p phase

tra n s fo rm a tio n  p ro ceed s by leg d e  p ropaga tion  a long  the <110>  d ire c tio n s .



5.4.1 E ffec t o f  Substrate O rientations

T hree InS b orientations : (100), (110) and (1 1 1 ) w ere used  in this
study. A ll these substrates w ere subjected to the sam e clean ing  procedure
discussed in chapter 4. a -S n  layers w ere grow n on each o f  the substrates at
a grow th ra te  o f ~ 1.5A/s (corresponds to  B E P  = 2x10*7 T orr, T k= 1130°C ) 
with the substrate kept at room  tem perature. a -S n  film s grow n on  all three 
orientations w ere found to exhib it d istinct th ickness-dependent surface
reconstructions. F o r the a -S n /In S b(1 00) sam ple, tw o-dom ain (2x1), (2x2) and
c(4x4) reconstructions as w ell as atom ic step structures can be observed .38
A detailed  study on the structural properties o f  this system  w ill be given 
in the next chapter. T he R H E E D  patterns fo r the o ther tw o o rien tations are
m uch sim pler. U sing the (1 1 1 ) orientation, a bulk ( l x l )  pattern  is observed
for the first 20A o f grow th and then a (3x3) structure takes over until the 
film  th ickness exceeds 1000A. Further grow th reduces the in tensity  o f  the 
1/3-order streaks along the < 2 1 1> azim uths and a (3x1) pattern  begins to
develop as the film  th ickness approaches 1200A.47 The observation  o f  the 
(3x3) structure agrees w ith that reported  by K asukabe et. al.46 but differs 
from  the ( l x l )  structure observed by H ochst et. a l.45 F o r the
a -S n /In S b(1 10) sam ple, the surface reconstruction  changes from  a ( l x l )  to a 
w eak (2x1) structure fo r film s th icker than 20A. A t som e critical th ickness,
d ifferent fo r each orientation, the R H EED  patterns becom e very  d iffuse and
w hite specks o f  p-Sn can be observed on the sam ple surfaces. T he variation 
o f critical th ickness w ith substrate orientation is sum m arized in T able 5.1.

TABLE 5.1

Sample InSb S ubstrate  
O rien ta tion

Maximum O verlayer  
Thickness (A)

Sn-42p ( 1 0 0 ) 4000
Sn-31p ( 1 1 1 ) 1500
Sn-53p ( 1 1 0 ) 2 0 0

Growth co n d itio n s  : T = 25°C, Gs R.  ̂ 0 . 6  A / s
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N ote that the onset o f  a  -> P transitions w as ju dged  v isua lly  and these 
results m ay therefore no t be conclusive quantitatively . H ow ever, they do  
indicate that a -S n  film s grow n on InSb(lOO) are  m uch m ore stable and m uch 
th icker film s can be grow n in this o rientation . InSb(lOO) substrates w ill 
thus be used exclusively in the fo llow ing studies.

5 .4 .2. E ffec t o f  O verlayer Thickness

A nother param eter that can affect the stability  o f  the a -S n  film  is the 
overlayer th ickness. A  series o f  a -S n  film s w as grow n on  InSb(lOO) 
substrates under the sam e conditions (T  =  25 °C , grow th ra te  ^ 0.6A /s)

S

except fo r the overlayer th ickness. In all cases, the R H E E D  patterns o f  the 
sam ples rem ained  sharp and w ell-ordered w hen the desired  th icknesses w ere 
reached. O verlayer th ickness w as determ ined by  an ex-situ m ethod. Thin
sheets o f  tantalum  w ere spot-w elded onto the edge o f  the substrate  blocks to
produce a step on the grow n layer. T his step height, w hich is  equivalen t to 
the overlayer thickness, w as then m easured  by a talystep. In  o rder to 
determ ine the transition tem perature o f  the a -S n  film s, the  sam ple w ere
heated  inside a B io-R ad Polaron reaction  cham ber. T em perature  calibration 
w as checked  against the m elting  point o f  In. The sam ples w ere  gradually  
heated to  5 0 °C  in about 10 m ins., after w hich the heating ra te  w as reduced
to ~  l°C /m in .. T he sam ple surfaces w ere constan tly  m onitored  w ith  an optical
m icroscope. S ince the a  4  p  phase transition  is accom panied by  a  colour 
change, the transition tem perature can be found easily. U sing  d ifferent 
p ieces from  the sam e sam ple, the transition tem perature de term ined  in this 
w ay w as reproducib le  to w ith in  3°C .

T he resu lts listed in T able  5.2 show  that th inner sam ples have a h igher 
transition  tem perature than th icker ones. Such behaviour is expected  since
the substrate-stabilization  effect w hich raises the transition  tem perature 
o f  a -S n  film s beyond the bu lk  value o f  13 .2°C  w ill be reduced  as the 
overlayer th ickness increases. T his trend has also been observed  in a -S n

r ofilm s grow n on C dTe substrates. T he h igher transition  tem perature
attainable in  th inner film s offers the possib ility  o f  g row ing  a -S n /In S b  
superlattices that w ould  be stable enough fo r device applications.
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TABLE 4 . 2

Sample O verlayer 
Thickness (A)

a -> /3 Phase T ra n sitio nOTemperature ( C)

Sn-48p 200 132
Sn-39p 1500 106
Sn-35p 2000 97
Sn-41p 3000 94
Sn-42p 4000 93

Growth co n d itio n s  : T = 25°C,s G.R. -  0 . 6  A / s

5.4.3. E ffec t o f  Substrate T em perature  and G row th R ate

W hile observing the a  P phase transform ation under the m icroscope, it 
was noticed that P-Sn orig inated  at defect sites in the film  as previously  
reported  by o ther w orkers.5 ,3  4 ,5 8  It w as therefore  reasonable to expect that 
if  the num ber o f  such defects could be low ered, the transition  tem perature
should increase. F rom  double crystal X -ray d iffraction  m easurem ents, Satoh
and K im ata34 concluded that the quality o f a -S n  film s could  be im proved  by 
using an elevated  substrate tem perature for grow th. R eno and S tephenson 
also reported  that the quality  o f  their a -S n  film s grow n on C dT e substrates
could  be increased by raising the substrate tem perature to about 75 °C  and 
low ering the grow th rate. In o rder to test th is theory  on the oc-Sn/InSb(100)
system , several sam ples w ere grow n using d ifferen t grow th ra tes and
substrate tem peratures. G row th rates w ere in ferred  from  the m easured
thickness o f  the overlayers and  the grow th tim e. R ates ranging  from  0.35A /s 
to 1.5A/s could be achieved by varying the K -cell tem perature from  1080 to 
1130°C  (corresponding to B E P values o f 1.2 to 2.1 x 10'7 T orr). T he substrate
tem peratures quo ted  in this w ork  w ere readings from  the therm ocouple
attached to the substrate heating block. N ote that the low est substrate
tem perature actually  attainable in this system  is about 25 °C  due to
rad iation  from  the K -cell. C oherent a -S n  film s (with no noticeable  B-Sn 
specks) th icker than 1500A can be grow n at substrate tem peratures as high as
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2 0 0 °C. Judging from  the sharpness o f  the R H E E D  patterns observed  in  film s 
m ore than 1500A  thick, h igher surface quality  was indeed  ach ieved  using 
elevated  tem peratures and low  grow th rate. U n d er these cond itions, surface 
ordering and  flatness w ere im proved due presum ably  to the enhanced  surface 
m igration  o f  surface adatom s.

A nother fac to r affecting the in terfacial quality  o f  the  a -S n /In S b  
layers can be seen from  the A uger com position  profiles show n in  F ig. 5.7. 
W ith the substrate  set a t 15°C , the A uger in tensities o f  both In  and  Sb w ere 
found to  decrease exponentially  (Fig. 5.7a). O n the o ther hand , a  m uch
slow er decrease o f  the Sb signal w ith respect to that o f  In  w as observed in
the sam ple grow n at 100°C  (Fig. 5.7b). T his deviation is believed  to  be the
resu lt o f  a preferential d iffusion o f  Sb in to  the a -S n  o v e rla y e r.150 N ote 
that the Sb signal is detectab le for Sn coverages up to  -  60A  at this
tem perature. Sb d iffusion w as found to be m ore severe (i.e. the decay  o f  the 
Sb signal is slow er) w hen even higher substrate tem peratures w ere  used. 
S im ilarly , the com position profiles w ere found to vary w ith  grow th rate  
(com pare F igs. 5 .7a and c). H ow ever, w ith in  the range o f  grow th ra tes used 
in th is study, the difference is  m uch less than that observed by vary ing  the 
substrate tem perature. In addition , the reduction  o f  the Sb signal as w ell
as the rise  o f  the Sn signal w ere found to  be m ore gradual w hen a  slow er
grow th ra te  w as used. In general, low ering the  grow th ra te  w ou ld  cause a
larger am ount o f  Sb d iffusion in to  the overlayer. In  term s o f  in terface
quality , therefore, low  substrate tem perature and m oderate g row th  rate  is
preferred. A t first sight, th is seem s to contradict the R H E E D  results
discussed previously . H ow ever, it should be noted  that the R H E E D  technique
w as used to  assess the surface quality o f  relatively  th ick film s (> 1500A)
w hereas the A uger com position  p rofiling  analysis y ielded  inform ation
regarding the in terfacial quality  o f  the  a -S n /In S b  sam ple (overlayer
th ickness <  100A).
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a) T = 15°C,-----------  s ----------------------

G.R. = 0.6A /S (BEP = 2 .1 x l0 ~ 7 Torr)

OVERLAYER THICKNESS (A)

b) T = 100°C, G.R. = 0 .6A /s

c) T = 15°C,
---------------- S ----------------------------------------------

G.R. = 0 .35A /s (BEP = 1 .2  x io ”7 Torr)

F ig . 5 .7  A u g e r  com p o sitio n  p ro file s  show ing the change in o v e rla y e r (S n ) and  su b s tra te  (In  and  Sb)
sig n a ls  w ith  re sp e c t to o v e rla y c r th ickness fo r th ree  d if f e re n t  g ro w th  co n d itio n s



5.4 .4  C onclusions

T he effect o f  grow th conditions on  the quality  and  stability  o f  a -S n  
film s grow n on  InS b  w as exam ined. T he grow th o f  a -S n  film s th icker than
1500A can only  be sustained on InS b  substrates w ith the (100) orien tation . 
T he a  -> P phase transition tem perature, used as a m easure  o f  the stability
o f  the a -S n  film , show s a dependence on  the overlayer th ickness. T h inner
film s w ere found to have a  h igher transition  tem perature than th icker ones.
p-S n  w as found to orig inate from  defect sites and the phase transition  
proceed  by ledge propagation  along the <110> directions. T he surface quality
o f  a -S n  film s w as found to  be im proved  by low ering the grow th ra te  and 
raising  the substrate tem perature fo r grow th due to enhanced m igration  o f
surface adatom s. T his in turn should increase the phase transition  
tem perature o f  the film s. O n the o ther hand, significant d iffusion o f  Sb 
in to  the a -S n  overlayer w as detected in sam ples grow n at slow  grow th rates 
and high substrate tem peratures. T herefore, in the grow th o f  a -S n /In S b ,
there exists an optim um  com bination o f  grow th rate and  substrate tem perature
due to the com peting effects o f  surface ordering and Sb diffusion. In  ou r 
case, grow th ra tes in the range o f  0.5 - O.lA/s and substrate tem peratures
betw een 10 to 50°C w ill produce a  w ell-ordered a -S n  film  w ithou t any 
significant Sb diffusion. T he transition  tem perature o f  such film s w ere
found  to  be h igher than 90°C even fo r film s as th ick as 3500A. T his set o f  
g row th conditions w ill be used exclusively in all subsequent w ork.
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CHAPTER 6 STRUCTURAL PROPERTIES OF cc-Sn : A RHEED STUDY

6.1 Introduction

T he classic experim ents o f  D avisson and G e rm e r151 (1927) on  the  
d iffraction  o f  low  energy electrons and the a lm ost sim ultaneous 
dem onstration  by T hom son and R e id 152 o f  the d iffraction  o f  h igh energy  
electrons transm itted  through th in  fo il la id  the foundation  fo r electron
d iffraction  techniques em ployed in  the exam ination o f  surfaces and th in
film s. R eflection  h igh energy electron  diffraction  (R H E E D ) w as first
dem onstra ted  by  N ishikaw a and K ikuchi in 1928 w hen d iffraction  w as 
obtained  from  the surface o f  a calcite  crystal using a  beam  o f  high energy  
electrons at grazing incidence. T hese early  w ork  verified  the w ave-partic le  
nature o f  e lectrons as postu lated  by de B roglie  in 1924 .154

T his chap ter starts w ith a b rie f rev iew  on som e sim ple e lectron
d iffraction  theories and the R H E E D  technique. D iffrac tion  patterns are
analyzed using a purely  kinem atic treatm ent based on  E w a ld ’s sphere and
reciprocal la ttice concepts. T he im portance o f  m ulti-azim uthal analysis is 
also explained. R H E E D  patterns recorded  at various stages o f  a -S n  grow th are 
presen ted  and the structural in form ation extracted is  discussed. F inally ,
the structure o f  the a-Sn(lO O ) surface is com pared w ith  that o f  the w ell
know n S i(100) surface and a grow th m odel is p roposed fo r the a-S n /In S b (1 0 0 ) 
system .

6.2 Fundamentals of RHEED

E lectron  d iffraction  techniques are based on the  w ave nature o f
electrons and their strong in teraction  w ith m atter. Incorporating  the
relativ istic  correction , the w avelength associated w ith  electrons w ith  
energy  E  in  vacuum  is given by :

X = h

2m  e E  ( 1 +o '•
e E

2m  c 2 )
(6.1a)

w here m Q is the e lectron rest m ass, e the electronic charge, h the P la n c k ’s
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constan t and c the speed o f  light. N um erically ,

X = 12-26  ----------  (6.1b)
J E  ( 1 +  0 .9788 x 10 '6 E  )

w here X is in A and E  in  eV. In  R H E E D , the energy o f  the e lectrons is 
typically  betw een 5 to 100 keV. T his corresponds to w avelengths betw een 0.17
to 0 .037 A  w hich are m uch sm aller than the lattice spacing o f  typical 
sem iconducto r crystals.

A  typical experim ental RH EED  system  is shown schem atically  in Fig. 6.1. 
A beam  o f  high energy electrons is d irected  tow ards the crystal surface at 
grazing incidence (usually 1-3°). S ince the incident e lectron m om entum
norm al to the surface is very sm all, the d iffraction pattern  observed on the
fluorescen t screen w ill be characteristic o f  the surface atom ic structure.
T he R H E E D  technique is thus extrem ely  useful for continuous assessm ent o f
the surface during grow th because o f  its favourable grazing incidence
geom etry  and non-destructive nature. Inform ation obtainable from  R H EED
analysis includes :

1) sym m etry and periodicity  o f the surface layer (from  the existence and
location o f  d iffraction  spots or streaks).

2) surface structure and topography including  defects 
the geom etries o f  the d iffraction features).

and disorders (from

3) position  o f  the atom s w ithin the unit cell 
d istribution  w ithin the d iffraction pattern).

(from the intensity

F ig . 6.1 S ch em a tic  d iag ra m  o f  a ty p ic a l ex p e rim e n ta l R H E E D  sy stem
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6.2.1 G eom etric  Theory

In  th is section, reflec tion  electron d iffraction  o f  a p lane  w ave by  a
single crysta l is d iscussed using only  geom etric considerations and
neglecting  the interaction m echanism  betw een the w ave and the crystal.

W hen  a  plane w ave w ith  w ave-vector k is inciden t on  the parallelO
planes o f  atom s in a  crystal, constructive in terference o f  d iffracted  beam s 
from  successive planes occurs w hen the B ragg  condition  :

2 d s in d  =  nX (6.2)
is satisfied. H ere d is the in terplanar distance, $  the angle o f  incidence 
and n is an integer.

6 .2 .2 R eciprocal lattice and E w a ld ’s Sphere C onstruction

In  the discussion o f  periodic structures, it is useful to  in troduce the 
ideas o f  reciprocal space and reciprocal la ttice w hich are representations 
o f  the  spatial properties o f  a  crystal in Fourier sp ace .96 F o r a perfect
single crystal w hich is a  th ree-dim ensional (3-D) repetition  o f  identical
build ing blocks, the corresponding reciprocal la ttice is  an infin ite  
period ic  3-D  array o f  po in ts w hose spacings are inversely  proportional to 
the d istances betw een planes in the real lattice.

I f  a , b  and c are the prim itive  translational vecto rs o f  a space
lattice in  real space, the corresponding prim itive  vectors in the reciprocal 
space can  be defined as :

a 2 k b  x c 
a b x c 2 k

c x  a  
a b x c

*c 2 k
a  x b 
a b x c (6.3)

w hich satisfy  the relations :

a a *  = b b *  = c c *  =  2 k  
a b *  = b e *  = ca*  = a c *  =  0

(6.4)

P rov id ed  that scattering is elastic so that there is no  change in the 
m agn itude o f  the w ave-vector, the  B ragg condition  can be rew ritten  as :
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(6.5)Ak = k  - k  = Go hkl

w here k  and k  are the d iffracted  and incident w ave-vectors, and
*  *  °  *G hki = h a  + k b  + lc is a reciprocal lattice vecto r perpen d icu lar to the

(hkl) plane. This gives rise to the w ell know n L aue conditions for 
d iffraction  :

a-Ak = 27th b-Ak = 27tk c-Ak =  2 tc1 (6.6)

It is thus possib le to envisage a geom etrical construction  in
reciprocal space w hich w ould sim ulate the d iffraction process. Suppose the
w ave-vector k  o f  the inciden t beam  is draw n as a vecto r w hich  term inates ato
a reciprocal lattice poin t denoted as the origin  o f  the rec iprocal space.
F rom  the o ther end o f  k  , a sphere can be draw n w ith rad ius |k  | = 2njX.o o
W henever a reciprocal lattice point in tersects the surface o f  th is sphere, 
the B ragg condition fo r elastic scattering (Eqn. 6.5) is satisfied and
diffraction  occurs. T he scattered beam  is represented  by the w ave-vector k  
as show n in Fig. 6.2. T his construction, know n as the E w a ld ’s sphere
construction  w ill be used extensively fo r in terpreting d iffrac tion  patterns
in the fo llow ing  sections.

6.2.3 G eneral D iffraction  T heory

M ost o f  the existing  theories o f  e lectron d iffraction are based on the
general scattering form alism  w ith vary ing  degrees o f  approxim ations. T he 
incident and scattered electrons are rep resented  by p lane and spherical
w aves respectively . T he m utual in teraction betw een the inciden t electrons
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and the crystal can be described by an effective  crystal po ten tia l U (r)  and 
a d ifferen tial equation o f  the fo rm  :96

[V2 + k2 - U (r)] ¥ ( r )  =  0  (6.7)

In e lectron  diffraction, only  the values o f  'F(r) w here the d istance | r | is 
large com pared  to the d im ensions o f  the crystal are considered. In  term s o f• /Ir-, r»the inciden t plane w ave = e , Eqn. 6.7 can be w ritten in an in tegral 
form  :

'P(r) = e ,ko' r 1 f e ,k ■^, U (r') *F(r') dr' (6.8)

i.e. the scattered w ave can be considered as a spherical w ave w ith  a com plex 
scattering am plitude f(k ) given by :

f(k ) =  J e  ‘k r '  U (r') 'F(r') dr' (6.9)

6.2 .4 K inem atic  Theory

In the kinem atic theory, it is assum ed that the scattered w ave
am plitude is m uch sm aller than that o f  the incident w ave. T he w ave function
'F (r )  in E qn. 6.8 can therefore  be approxim ated by the inciden t w ave (B om
approxim ation) and the scattering am plitude can be w ritten as :96

f(Ak) = J e iA k r 'u (r ') dr' (6.10)

w ith Ak = k k Q. T herefore under the kinem atic approxim ation, the
scattering am plitude is the Fourier transform  o f the effective  crystal
potential.

F o r a crystal w ith translational vectors a , b and c, the presence o f
crystal sym m etry can fu rther sim plify  Eqn. 6 .10  in to  :

f(A k) =  [ e - ‘ A k r 'u ( r ' )  dr • £  £  £  e '  «' A k (m a + n b + v c )
m = 0 n = 0 v = 0

i------------------------ ,-------------------- ' '---------------------------- 1----------------------------- 1
=> f(A k) =  F  ( A k ) • G (A K )
or | f ( A k ) |2 =  |F ( A k ) |2 • |G ( A k ) |2 (6.11)

w here m ,n ,v  are in tegers and the integral is over a unit cell.
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I F(Ak) | 2 is called  the ‘structure fac to r’ w hich con ta ins all
in form ation on  the scattering properties o f  a single atom . | G(Ak) | 2, know n
as the ‘la ttice  fac to r’, is ju s t due to the repetition  o f  iden tical units.
U nder the B ragg  condition o f  constructive in terference (Eqn. 6 .5), the
lattice fac to r has appreciable values only  around a rec ip rocal lattice
point. In  addition , since | F(Ak) | 2 varies only slow ly w ith  Ak as com pared  to
I G(Ak) | 2, the  existence o f  a  d iffraction  feature  and its geom etry  can be

com pletely  explained  by the lattice fac to r .1 5 5 ,156 O n the o ther hand, the 
in tensity  o f  the d iffraction  features and hence the conten t o f  the un it cell
m ay no t be in terpreted  w ithout the evaluation o f  | F(Ak) | 2. S ince this
‘structure fac to r’ describes the outgoing w aves, it also  has to  include the
effect o f  m ultip le  scattering. T his effect is unaccounted fo r in  the
kinem atic  theory  w hich is based on  the assum ption that the  in teraction
betw een electrons and the crystal is w eak. Therefore, a m ore  advanced
dynam ic theory  is required  fo r the quantitative in terpreta tion  o f  R H EED
intensities. S ince w e are only in terested  in the structural p roperties o f
the surface, all the discussions that fo llow  w ill be exclusively  concerned
w ith the geom etric  aspects o f  the R H EED  patterns w hich can be in terpreted
w ith in  the k inem atic  approxim ation fram ew ork.

6.3 Multi-azimuthal Analysis

In o rder to obtain  unam biguous inform ation on the overall surface 
structure from  R H EED , it is  im portant to analyze the d iffraction  patterns at 
several d ifferen t azim uths. T he need fo r such a  m ulti-azim uthal analysis is 
supported by the fo llow ing argum ents :
1) D iffraction  streaks are the  m ost prom inent features observed in  R H EED  

patterns arising  from  single crystal sem iconductor surfaces. V ery  often
these streaks exhib it very little  o r no  m odulation  along  their
lengths. T his m akes it extrem ely d ifficu lt to determ ine the surface
sym m etry com pletely  and unam biguously from  one single azim uth . F o r
exam ple, (2x1), 2-dom ain  (2x1), (2x2), c(4x2) and  c(4x4)
reconstructions on a (100) surface w ill all produce in tegra l and
1/2-order streaks in the  first L aue zone along the [110] azim uth. In
the case o f  2-dom ain  (2x1), (2x2) and c(4x4) structures, all o f  w hich
exhib it a 2x pattern  along the orthogonal [fTO] azim uth, a th ird
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azim uth is needed to distinguish them  (refer to F ig. 6 .4  in  § 6.4.1).
2) 1-D d isorder boundaries (depending on its orien tation  w ith respect to

the inciden t beam ) can g ive rise  to curved d iffraction  streaks in 
certain  azim uths w hereas only a hom ogeneous increase  in the background 
in tensity  can be found in  o th e rs .157 T his effect w ill be dem onstra ted
in § 6 .4 .3. T his led Joyce et. a / . 157 to conclude that any 1-D o r 2-D
disorder in  the surface can only  be detected and  analyzed by  using 
several azim uths.

15 83) N eave and Joyce pointed  o u t that a streaked pattern  in  a g iven 
azim uth is  only  a necessary but not sufficient condition  to  define a 
sm ooth surface. A  classical exam ple is given by a  (4x2) G aA s surface 
grow n w ith  excess G a flux. W hereas the streaked pattern  along [FID] 
suggests a  com paratively  fla t surface, the orthogonal [TID] d iffraction

15 8pattern  reveals slanted streaks and extra  reflections from  tw ins.
T herefore, analysis o f  R H EED  pattern  at a single azim uth can p roduce 
m isleading inform ation  on the topography o f  the surface.

B ased on the analysis o f  d iffraction  features be longing  to in term ediate  
L aue zones, H em andez-C alderon  and H o ch st3 5 claim ed that one single R H E E D  
pattern  along a  given azim uth can prov ide  enough inform ation  to determ ine in 
a defin ite  w ay the reconstruction o f  the surface. T h is seem s to  contradict
the m ulti-azim uthal argum ents m entioned above. H ow ever, it  should be noted  
that the separation betw een L aue zones m ay be very large (depending on  the 
lattice spacing and the energy o f  the electrons) and the in tensity  o f  the
diffraction  features in fractional-order L aue zones is o ften  very  w eak. T his
m eans that it m ay be quite d ifficu lt to record  these features th rough the
fluorescen t screen fo r analysis and thereby ham per the  usefulness o f  their
m ethod.

6.4 Interpretation of RHEED Patterns

In  this section, w e w ill show  how  inform ation on  surface m orphology, 
d iso rder and topography can be extracted  from  R H E E D  patterns th rough a 
sim ple extension o f  the reciprocal la ttice-E w ald’s sphere construction. T he 
im portance o f  m ulti-azim uthal analysis w ill also be po in ted  ou t in  the 
re levan t sections.
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6.4 .1 . S treak P atterns

T he orig in  o f streaks in diffraction patterns is still very
controversial. Q ualitatively , it is generally believed that streaked
patterns are indicative o f  a flat, w ell-defined single crystal r 1 0 5surface.
S treak ing  is also enhanced by refraction  o f  the electron  beam  as it
en ters in to  the crystal a t low  ang les.105 T here  are som e w orkers w ho believe
that streaks occu r in  crystals that exh ib it a considerable degree o f  1-D
disorder w hich m ay be  produced by  stacking fau lts o r can  be found in  layer 
la ttices .96,159 Such defects cause extension o f  reciprocal la ttice po in ts in 
the d irection  perpend icu lar to the fau lt p lane and produce  m ore o r  less
continuous streaks in  R H E E D  patterns. A lternatively , it has been p roposed  
that poorly  co llim ated  and m ononchrom atized electron beam  can resu lt in
streaked p a tte rn s .160 O n the o ther hand, these streaks m ust have an
in trinsic  orig in  if  they are to  be observed  from  a perfect surface using  an 
ideal instrum ent. T here  are sound theoretical reasons (though not 
substantiated  experim entally) for believ ing  that streaks m ay arise from  a
therm al diffuse scattering  m echan ism .161 In  considering rea l surfaces, the
observation  o f  streaked patterns can be readily  explained  using  the
rec iprocal la ttice-E w ald ’s sphere construction. A ny contribu tion  to 
streaking from  the non-ideality  o f  the in strum ent is assum ed to  be sm all.

U nder conditions o f  grazing incidence em ployed in R H E E D , the period icity  
along  the surface norm al is lost and the reciprocal la ttice  becom es a  2-D  
set o f  in fin itely  long rods norm al to  the surface, i.e. the th ird  L aue
condition  is re lax e d .157,162 Since the rad ius o f  the E w a ld ’s sphere (~ 40A ' 1
at 5keV  used in o u r system ) is large com pared w ith the reciprocal lattice
spacings (~ lA*1 fo r the (100) surfaces o f  InSb and a -S n ) , it w ill cu t the 
rec iprocal la ttice rods along their length  as indicated  in Fig. 6.3a. T he
R H E E D  patterns o f  a fla t surface w ill therefore consist o f  short, in tense 
and w ell-defined streaks norm al to the shadow  edge o f  the sam ple. It should
be no ted  that i f  there are any asperities on the surface, the electron  beam  
w ill be d iffracted  by the 3-D  atom ic arrangem ent w ith in  these asperities. 
A s a result, a series o f  discrete  spots w ill be seen in  the d iffraction
patterns.

It is w ell know n that sem iconductor surfaces undergo  reconstructions 
fo r energy m inim ization  purpose. Surface reconstructions can be determ ined
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by m easuring the separation o f  streaks in the R H E E D  p a ttern s.35 A s
illustra ted  in F ig. 6.3, the in tersection  o f  each row  o f  reciprocal rods
perpend icu lar to the inciden t beam  w ill be projected  on  a  screen over arcs 
o f  circum ference - the L a u e  zones. W ith  the incident beam  parallel to  b* (as 
show n in F ig. 6 .3b), the separation betw een streaks on  the sam e L aue zone 
w ill g ive inform ation o f  the period icity  in the o rthogonal a* direction .
S ince a*, b* « | k Q|,  the fo llow ing relation  can be obtained from  the
geom etry  o f  Fig. 6 .3b :

a  • t =  L  • X (6.12)

w here a =  2n/a* is the in teratom ic in  real space, L  is  the cam era length  o f
the R H E E D  system  and X = 2 tc/  I k  I is the w avelength  o f  the inciden t° *electrons. T o  obtain  the periodicity  along b  , the sam e procedure can be 
used to  analyze the R H E E D  pattern recorded  w ith the inciden t beam  parallel 
to a  . A lternatively , th is period icity  can be determ ined  from  thea < *separations betw een differen t L aue zones. F rom  Fig. 6 .3 , the distance b
in rec ip rocal space betw een the 00 ro d  and any given ro d  can be calculated  
by using  :

b* 2 k

X « cos 'd  -
2

- ta n d  ) + 1
-.-1/2

(6.13)

w here D  is the distance betw een the incident spot I and  the  projection  o f  a 
g iven ro d  on the screen. D ifferen t k inds o f  surface reconstructions can thus 
be d istinguished by com paring these in teratom ic d istances w ith  that o f  the 
ideal unreconstructed  surface.

T he real space and reciprocal space representations fo r several surface 
reconstructions relevant to the a -S n /In S b(1 00) system  are  show n in  F ig. 6.4. 
In  the  sam e diagram , schem atics o f  the  theoretical R H E E D  patterns expected  
from  these reconstructions are also show n fo r the [TIO], [100] and [110] 
azim uths and the results are sum m arized in  T able  6.1.
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[110]
A

a*
A

F ig . 6.3 S ch em a tic  d iag ram s i l lu s tra t in g  the  c o rre la tio n  b e tw e e n  the 
re c ip ro c a l la tt ic e  and  the o b s e rv e d  R H E E D  p a tte rn s  ( fro m  R e f. 35)

TABLE 6.1

R econ stru ction s Azimuths

( [110] x [110] ) [110] [100] [HO]

(4x2) 2 2 4
c (8x2) 1 2 4

two-domain (2x1) 2 1 2
two-domain c(4x2) 2 1 2

(2x2) 2 2 2
c (2x2) 1 2 1
c (4x4) 2 4 1
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F ig . 6 .4  S c h e m a tic  R H E E D  p a tte rn s  and the c o rre sp o n d in g  re a l  and  re c ip ro c a l
sp ac e  re p re se n ta tio n s  fo r  s u rfa c e  rec o n s tru c tio n s  re le v a n t to the cc-Sn/In S b(100) system

(A s o l id  c ir c le  rep resen ts  a su rface  atom and
an open c i r c l e  rep resen ts  a bulk atom)

( r h e e d  patterns which can be observed from our system are shaded)
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6.4 .2  S treak B roadening and L engthening

T he F ourier relationship  betw een real and reciprocal space m eans that 
any lack o f  perfect o rdering in a particu lar d irection  w hich restric ts the 
average size o f  the ordered reg ions on the crystal su rface w ill lead  to the 
reciprocal lattice rod  becom ing tw o-dim ensional, fo rm ing  solid ellipso idal
cylinders. T he case w here the dom ains are extensive in  one d irection  and 
restric ted  in the orthogonal one is illustrated in F ig. 6.5. W ith  the
electron beam  along the short dom ain  side, the d iffraction  streaks are long
and narrow  (Fig. 6.5a). W hen the beam  is parallel to  the long dom ain  side, 
short and broad streaks are produced  (Fig. 6.5b). T his situation occurs in 
clean InSb(lOO) surfaces w here (4x2) and c(8x2) dom ains can co-ex ist and
w ill be discussed in detail in § 6 .5 .2a (see Figs. 6.9 and 6.10).

Reciproca l Reciprocal
(a) la t t ic e  ro d s  la tt ic e  ro d s  ru \

Fig. 6.5 R e c ip ro c a l sp ace  - E w a ld  sp h ere  c o n stru c tio n  sh ow ing  the 
b ro ad en in g  and  len g then ing  o f  d if f ra c tio n  s treak s ( fro m  R ef. 157)

6.4 .3 C urved Streaks

C urved streaks in diffraction  patterns m ay arise from  random ly
distribu ted  1-D features w hich can be caused by dom ain  boundaries betw een 
co-ex isting  structures random ly dispersed on the surface. In reciprocal
space, these boundaries give rise  to 2-D  planes. P rojections o f  the
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in tersections o f  these d isorder planes w ith  the E w ald ’s sphere on to  the
R H E E D  screen w ill generate curved diffraction  streaks in  the appropria te
directions. F o r exam ple, the co-existence o f  (4x2) and c(8x2) dom ains,
com m only  observed in GaAs(lOO) surfaces, produces curved streaks along <100>  
at the 1/2-order positions. It is im portan t to note that the d irections o f  
the curved  streaks depend not only on the orientations o f  the 2-D  p lanes, 
bu t also the d irection  o f  the inciden t electron beam  (Fig. 6.6). F o r
instance, plane A  along [110] can generate  streaks along  [100] and [010]
curv ing  in opposite directions. On the o ther hand, w hen the electron beam  is 
parallel to the d isorder boundaries (i.e. along <110>), the rec iprocal 
la ttice plane is tangential to the E w a ld ’s sphere and only an increase in 
background in tensity  can be observed. T hus the d irections o f  the curved
streaks along d ifferen t azim uths can, unam biguously , indicate the
orientation  o f  the 1-D d isorder boundaries in real space and the need fo r 
m ulti-azim uthal analysis is clearly dem onstrated. The co-existence o f  (4x2) 
and c(8x2) dom ains in InSb(100) surfaces w ill be d iscussed in § 6 .5 .2  w here 
exam ples o f  such curved  streak patterns w ill be show n in Fig. 6.9.

F ig . 6 .6  R e c ip ro c a l sp ace  - E w a ld  sp h ere  c o n stru c tio n  sh o w in g  the 
o rig in  o f  c u rv ed  d if f ra c tio n  streak s
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6.4 .4  Split o r M odulated S treaks

T he existence o f  an ordered array  o f  atom ic steps fo rm ing  a  v icinal 
surface is revealed  by the m odulation  and/or splitting o f  the d iffracted  
beam s in  a form  characteristic  o f  the orientation  and spacing o f  the steps. 
T he e ffect o f  step array  on d iffraction  patterns has been analyzed
extensively  by H ottier et. al. (R H E E D )163 and  H enzler (L E E D ).164

T he periodic structure o f  a  v ic inal surface can be  considered  as the  
convo lu tion  o f  a  single d iffracting  unit (one step) by  a period ic  function
(the period ic  repetition  o f  th is single step that gives rise  to the v icinal 
surface). R eciprocal la ttice for a (100) v icinal su rface having a sim ple
reg u la r step array can then be constructed  as show n schem atically  in  F ig.
6.7. A  single step has a reciprocal la ttice m ade o f  rods cen tred  at the sam e
position  as an infin ite  lattice along the [100] d irection . These rods are
narrow  w hen view ed in the direction perpendicu lar to  the  in fin ite  d im ension 
o f  the  steps (i.e. norm al to  the p lane o f  the paper) and  are broad w hen
v iew ed in  the d irection  perpendicular to  the finite d im ension  o f  the step. 
In th is figure, the reciprocal lattice rods are show n in  the azim uth
perpend icu lar to the fin ite  dim ension. T his streak broaden ing  effect has
already been described in  § 6.4.2. On the o ther hand, the reciprocal la ttice
associated w ith the periodic arrangem ent o f  the steps is a set o f  rods 
perpend icu lar to the d irection  o f  the  m acroscopic su rface plane. T he
resu lting  reciprocal lattice fo r the w hole structure is  g iven by the
in tersection  o f  these tw o sets o f rods. T his is shown as heavy lines in F ig.
6.7 w hich is a d irect v iew  o f  the R H E E D  pattern in the azim uth w here the 
inciden t e lectron beam  is parallel to the edges o f  the steps (i.e. along the 
in fin ite  dim ension). T he broadened rods arising from  the low  index (100)
p lane  are split in to  streaks perpendicu lar to the m acroscopic surface.
In fo rm ation  about the inclination  o f  the v icinal plane and the dim ensions o f
the underly ing steps can be obtained by  m easuring the m isorientation  angle 
and the  separation o f  the split streaks in the d iffraction  p a tte rn .163,164

U sing  the sam e princip le, d iffraction  patterns fo r irregular step
arrays can be deduced. In  general, the background in tensity  o f  the resu lting  
R H E E D  patterns w ill be very  strong and diffraction  spots can be observed due 
to the  3-D  nature o f  these step arrays. S ince the grow th ra te  in M B E is w ell 
contro lled , the height o f  m ost surface steps on a sem iconducto r film  grow n
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F ig . 6.7 R e c ip ro c a l and  re a l sp ac e  re p re se n ta tio n s  o f  a re g u la r  
step  a r ra y  on an (100) v ic in a l su rfa c e  (fro m  R ef. 163)

0 0  0 0  0 0

(a) f ix e d  ter r a c e  w idth, ir r e g u la r  step  d ir e c t io n (b) ir r e g u la r  ter r a c e  width, monotonic s tep  d ir e c t io n (c) ir r e g u la r  ter r a c e  width 
and step  d ir e c t io n

F ig . 6 .8  R e c ip ro c a l and  re a l  sp ace  re p re se n ta tio n s  fo r ir re g u la r  s tep  a rra y s
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by th is technique are found to  be constan t w hereas the terrace w id th  and/or
edge orien tation  can vary  considerably. In  the fo llow ing discussion, th ree
step array  arrangem ents w ith  constan t step heigh t are considered.
a) T errace w id th  is fixed  bu t the step d irection  is irreg u la r :

In  this case, the reciprocal la ttice rods due to  the low  index 
p lane  are m odulated along its length. T he m odulated  structures are
enclosed by slanted rods arising from  m acroscopic  planes 
characteristics o f  the various step directions. A n exam ple is show n in  
F ig. 6 .8 a  w here the reciprocal ro d  is m odulated  in to  a  series o f
parallelogram s. N ote that the in tensity  p ro file  w ith in  the 
parallelogram s is no t hom ogeneous. T he in tensity  o f  the envelope is 
m uch stronger than that in the centre. In  cases w here the separation
betw een atom s along the facet planes are sm all, only arrow -head
features can be seen.

b) M onotonic step sequence w ith  irregular terrace w idth :
In  this arrangem ent, the 00 rod  is m odulated  asym m etrically  along 

its length  as depicted  in F ig. 6.8b. D ue to  the m onotonic  nature o f  the 
step direction , the m odulated  structures are p referen tia lly  slanted
tow ards one d irection (tow ards the rig h t in this figure). S ince a
large num ber o f  facet planes can arise due to  irreg u lar inclinations
betw een terraces w ith  d ifferen t w idths, w ell-defined  m acroscopic 
p lanes cannot be found. T he in tensity  profile  w ith in  the m odulated
structure w ill thus be m ore uniform  than that in case (a) although its
shape w ill depend on the exact arrangem ent o f  surface steps.

c) B oth terrace w idth and d irection  o f  steps are irregular :
T h is can be treated  as a  convolution  o f  the prev ious tw o

arrangem ents and in m ost cases only  broadened rods w ith  m ore o r less
hom ogeneous in tensity  are produced (Fig. 6.8c).

It is found  that the R H E E D  patterns fo r a -S n (1 0 0 ) film s w ith  th ickness 
around 1000A  exhib it sim ilar features and w ill be d iscussed  in a later
section (§ 6 .5 .2b).
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6.5 E x p e r im e n ta l

6.5.1 B ackground

In the past, the study o f  a -S n  th in  film s has been ham pered  by the
in trinsic d ifficu lty  in sam ple preparation  (§ 2 .1). F o llow ing  the p ioneering 
w ork  by F arrow  et. al.5 w ho successfully grew  th in  film s o f  a -S n  on  InSb by 
M BE, there is still very  little  p rogress in  the study o f  the structural
properties o f  th is system.

U sing R H E E D , F arrow  et. al.5 reported  the observation  o f  a  (2x2)
pattern  from  a 0 .2 p m  a -S n  film  grow n on an InSb(lOO) substrate. O n the o ther 
hand, W o o d ru ff et. al.31 dem onstrated  unam biguously , using L E E D , th at a 50A  
a -S n  overlayer exhibited a tw o-dom ain (2x1) pattern. T his resu lt agrees w ith
that obtained  by H em andez-C alderon  and H o ch st3 5 w ho used  a single azim uth 
to determ ine the surface sym m etry. R ecent photoem ission and  R H E E D  studies
concerning in terface form ation o f  a -S n  on InSb(100)-(4x2) In-stable and
c(4x4) S b-stable surfaces confirm ed the existence o f  a tw o-dom ain  (2x1) 
structure fo r a -S n  film s about 200A  th ick .36 T here has, how ever, been no
system atic investigation  o f  the surface structure and m orphology  o f  
a -S n /In S b(1 00) surfaces and the follow ing w ork  is an a ttem pt to  prov ide  such 
inform ation. It is believed that such studies are essential fo r the
understanding o f  the fundam ental p roperties o f  this group IV  sem iconductor 
w hich is o f  po ten tia l technological im portance.

A ll o f  the fo llow ing R H E E D  experim ents are carried out in the grow th 
cham ber o f  o u r M B E system  using a V G  Scientific LEG 31 e lectron  gun. T he 
angle o f  incidence is norm ally  set betw een 1 to 3°. T he e lectron  gun is 
capable o f  producing  an electron beam  up to 5keV  w ith a m in im um  spot size
o f  about 1m m. R H E E D  patterns recorded  along the [100] and the tw o 
orthogonal <110>  azim uths w ill be shown.

6.5 .2 R esults

a) clean InSb(lOO) substrate

O ur in-situ cleaned InSb(lOO) substrates (see § 4.3) alw ays produce
sharp R H E E D  patterns as show n in  Fig. 6.9. T he surface reconstruction  o f  the
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InSb(lOO) surface can be sim ply determ ined by com paring the o rders o f  the
streaks in the zeroth-order L aue zone (L ) o f  the observed pa tterns w ithO
that show n schem atically in  F ig. 6.4. T he occurrence o f  the 1/4-order
streaks along [110] and the 1/2-order streaks along [flD ] and [100]
d irections suggest that the reconstruction  is predom inantly  (4x2).

H ow ever, the m ost im portan t features in  the R H E E D  pa tterns are  the 
1/2-order streaks w hich are curved  tow ards opposite  d irections along  the tw o
orthogonal <100>  azim uths. T he origin  o f  curved  streaks and the dependence 
o f  their curvature  have already been discussed in § 6.4.3. W hereas curved
streaks are com m only  observed in  GaAs(lOO) surfaces due to the co-existence 
o f  (4x2) and c(8x2) do m ain s,15 7 • 16 5 this effect has never been reported  for
the isoelectric  InSb(lOO) surface. S ince the (4x2) and  c(8x2) 
reconstructions are sim ply re lated  by random  positioning in the d irection  o f
the tw o-fo ld  periodicity  (see F ig. 6.10) and are therefore  readily  
in terchangeable, it is believed that these tw o structures can also co-exist 
in InSb(lOO), giv ing rise to  the form ation o f  1-D disorder boundaries along
[110]. F rom  Fig. 6.10, it is c lear that boundaries betw een these tw o dom ains 
w ill p roduce streaks curv ing  to the righ t in the [100] azim uth. S ince the
periodicity  is random  only in  the tw o-fold  reconstruction  d irection  and that 
the (4x1) lattice o rder is  m aintained, the d isorder reciprocal lattice
lattice p lanes w ill no t pass th rough the orig in  and curved streaks are only 
presen t in the 1/2-order positions.

O n the o ther hand, streaks rem ain vertical in the <110>  azim uths w hich 
are e ither parallel o r perpendicu lar to the d isorder boundaries (see
§ 6 .4 .3). N ote that streaks in  the [1T0] azim uth are m uch longer than that
in the orthogonal d irection and  nearly m erge w ith that in the 1 /4-order L aue 
zone ( L j / 4 ). As discussed in § 6.4.2, this is evidence o f  the presence o f  
dom ain structures on the surface w ith the ‘sh o rt’ dom ain side parallel to 
the [ITD] direction . T his is  consistent w ith  the situation depicted  in
Fig. 6.10. It can therefore be  concluded that our atom ically  c lean InSb(100)
surfaces consist o f  p redom inantly  (4x2) structures w ith  a sm all am ount o f
c(8x2) dom ains.
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[1 1 0 ] Rheed Pa t t e r n

R h e e d  S c r e e n

Reciprocal Space

[100]

[010]

♦

[110]

♦
F ig . 6 .9  R H E E D  p a tte rn s  o b se rv ed  fro m  c le a n  
InSb(lO O ) su b stra te  su rfa c e  p rio r  to  g ro w th

F ig . 6 .10  S ch em atic  illu s tra tio n s  o f  cu rv ed  
d iff ra c tio n  s tre a k s  a ris in g  fro m  the 
c o -e x is te n c e  o f  (4x2) and  c (8 x 2 ) dom ains

107



b) oc-Sn(lOO) thin film s

i) below 200A coverage

A s soon as grow th is  in itiated , the (4x2) superstructure o f  the
substrate  pattern  is  quenched to  the bulk  structure w ith  a  strong
background. A fter about 20A o f  Sn have been deposited , 1 /2-order streaks
begin  to  appear in  the <110>  azim uths w hile the b u lk  structure is  retained
along  <100>. W hereas L  o f  the clean InS b surface along [ITD] can be
clearly  observed, coverage o f  a -S n  causes it to  fade in to  the  background.
D uring  th is stage, the d iffraction  patterns exh ib it w eak  intensity 
oscillations w here the frequency is observed to  increase w ith grow th rate. 
T his set o f  R H E E D  patterns and hence the surface reconstructions rem ain  the 
sam e until the overlayer th ickness approaches 200A w hen the streaks start to
broaden slightly  (Fig. 6.11).

B y considering the zeroth-order L aue zone (L q) alone, the d iffraction
patterns show n in  the figure  exhib it very  w eak 1/2-order streaks along the
[100] direction . In  contrast, w ell-defined 1/2-order streaks along <110>  are
observed. A ccording to F ig. 6.4, th is set o f  R H E E D  patterns suggests the
existence o f  2-dom ain  (2x1) and/or 2-dom ain  c(4x2) structures w hich m ay be 
accom panied by very  w eak  secondary d iffraction  fro m  c(2x2) o r p(2x2)
structures. T he la tter tw o secondary structures w ould  contribu te  w eak
1/2-order streaks in  L q a long the [100] azim uth. H ow ever, since this
1/2-order streak as show n in  F ig. 6.11 is  a lm ost unobservable, the
proportion  o f  these tw o structures in the surface, i f  presen t at all, m ust
be extrem ely  sm all.

T o  proceed  further, consider the  streaks in  L  along the [100]
azim uth. Som e w eak 1/4- and 3 /4-order streaks can be seen in  th is L aue zone
w hich m ay correspond to e ither 2-dom ain  (2x1), p(2x2) o r  2-dom ain  c(4x2)
structures. H ow ever, since the 1/8-order L aue zone in F ig. 6.11 w hich should
be located  betw een L  and L  is featureless, the  possib le  existence o f
the la tter structure, nam ely the 2-dom ain c(4x2) structure can be ru led  out.
T herefore, w e m ay conclude that the surface o f  the 200A th ick a -S n  layer is
dom inated  by  2-dom ain  (2x1) structures and perhaps accom panied by a very
sm all am ount o f  p(2x2) and/or c(2x2) structures.
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[ 110 ] [100] [ 110]

Fig. 6.11 RHEED patterns from the surface of a 200A thick a -S n  film

This structural determination is indirectly supported by the following two 
observations :
1) In comparison with the InSb(100)-(4x2) In-stable surface, the

background intensity of the a-Sn RHEED patterns are much stronger
and the 00 rods are broader. These observations suggest the presence of 
disorder in the a-Sn surface which may result from the co-existence of 
several surface structures forming many domain boundaries. 
Alternatively, disorder can occur due to atomic rearrangement for
charge neutralization at the non-polar/polar interface of the 
a-Sn/InSb(100) system or the formation of defects such as vacancies.

2) For overlayer thicknesses ranging from 20 to 200A, the diffraction
patterns, in particular the 00 beam and the 1/2 order streaks, exhibit 
very weak intensity oscillations similar to those reported by
John et. al.. It is found that the intensity oscillation of the 00 
beam decays rapidly while that of the 1/2-order streaks persists until
the thickness exceeds 200A. Note that any change in the concentration 
of the (2x1) and (1x2) domains may induce an intensity alternation of 
the 1/2-order streaks along the [110] and [IT0] azimuths and
oscillations can thus be observed in these positions. The persistence 
of these 1/2-order streaks along <110> throughout this range of film
thickness may indicate the co-existence of orthogonal (2x1) and (1x2) 
structures. On the other hand, the intensity oscillation of the
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specular beam  (in contrast to that o f  the 1/2-order streaks) m ay be 
indicative o f  a layer-by-layer grow th m o d e .80 T his p icture  is  sim ilar
to that observed on S i(100) surfaces w here  grow th proceeds layer by
layer bu t w ith  the second layer starting to grow  before  the com pletion 
o f  the firs t.81 N ote that the frequency o f  the in tensity  oscillation
increases w ith grow th rate.

ii) 500 - 1000A coverage

A s grow th proceeds, the in tensities o f  the h a lf  and in tegral o rder
streaks becom e m ore intense. F o r a -S n  film s w ith  th icknesses greater than
200A, the in tensities o f  the 1/2-order streaks along  < 110>  increase
significantly  and a t about 500A coverage, w eak  1/2-order streaks are also
observed along the [100] direction  (Fig. 6.12). N ote that the  00 beam  along
[100] is  broader and  longer than that observed fo r low er coverage. W hen the
overlayer th ickness approaches 1000A, the R H E E D  pattern  exhib its a  very
com plex structure (Fig. 6.13) : parallelogram s enclosed by tw o sets o f
parallel slanted streaks can be seen along the in tegral rods, in  particu lar
the 00 ro d  in the  [100] azim uth (refer to  the schem atic representation  at
the bottom  o f  the figure). T hese changes are accom panied b y  the em ergence o f  
w eak 1/4-order streaks and m uch stronger 1/2-order beam s in L q along [100].
B y using a  sm aller d iffraction  vecto r perpendicu lar to the su rface (kj_),
i.e. a sm aller angle o f  incidence, a new  rin g  w ith  streaks at 1/4 and 3/4
positions and very  fain t streaks at h a lf  and in tegral positions are ju st
observable above L q along the [100] azim uth. M oreover, the  streaks in  L q are 
fu rther elongated  and alm ost overlap w ith th is new  zone. W hen the 
d iffraction  vector ( k j )  is increased, m odulated  structures (the 
parallelogram -like features) along the in tegral rods can be clearly  observed 
(show n in  F ig. 6.13 a long  the [FIO] azim uth).

T he structure o f  the a -S n  surface w ithin  th is in term ediate  coverage o f
500 - 1000A is characterized  by  the increasing in tensities o f  the 1/2-order
streaks in  L q a long  [100]. T his observation suggests th at an increasing 
am ount o f  e ither the p(2x2) o r the c(2x2) structures begins to  appear on
the a -S n  surface. In  addition, a  1/4-order L aue zone ( L J / 4 ) begin  to  em erge
along [100] w ith streaks in  the 1/4- and 3/4-o rder positions and fain t
streaks a t the 1/2-order position  w hen coverage approaches lOOOA. T he
difference in  in tensities o f  these tw o sets o f  fea tu res indicates the
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[ 110 ] [ 100] [ 110 ]

Fig. 6.12 RHEED patterns from the surface of a 500A thick q -Sn  film

[ 110] [ 100] [ 110]

1 1 2  4 2 4

Fig. 6.13 (top) : RHEED patterns from the surface of a 1000A thick oc-Sn film 
(bottom) : corresponding schematic representation of the patterns
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existence o f  at least tw o surface structures. A ccording to F ig . 6.4, it
seem s that the streaks at the 1/4 and  3/4-order positions m ay be induced  by 
the form ation o f  p(2x2) dom ains. T his suggests that the increase  in 
in tensity  o f  the  1/2-order streak in  L q along this azim uth  is  p redom inan tly  
due to an increasing  am ount o f  p(2x2) dom ains presen t in  the surface. T he
existence o f  c(2x2) structures can thus be ru led  o u t accordingly. O n the
o ther hand, the developm ent o f  c(4x4) structures m ay be responsib le  fo r the
occurrence o f  the w eak 1/2-order streaks in  th is 1/4-order L aue zone.

A nother feature  o f  th is grow th stage is  the appearance o f
parallelogram -like m odulated  structures along the in tegral rods. A ccording
to § 6 .4 .4, th is suggests the presence o f  irregu lar step arrays on  the  a -S n  
surface. S ince o u r R H EED  patterns closely  resem ble those show n schem atically
in  F ig. 6 .8a, it  seem s that the w id th  o f  these steps are constan t b u t the
d irection  o f  steps is irregular (i.e. can go up and dow n at random ). In
addition, the step terraces should be flat and w ide enough to support the
surface reconstructions m entioned above w hich give rise  to  streaks in the 
fractional-o rder positions. N ote  th at the R H E E D  patterns along the tw o 
orthogonal < 110>  directions are very  sim ilar except that the d iffraction
features in [110] are shifted upw ards due to the use o f  a la rger ( k j )  for
recording. T he tw o sets o f  slanted streaks enclosing the parallelogram s in
these azim uths are  inclined at about 7 .5° to each side o f  the integral
streaks. A long [100], the m odulated  streaks are m uch broader and the
inclination  angle is also larger (= 12°).

T he slanted streaks in the d iffraction  patterns m ay correspond to high
index planes such as {510} o r {711} w hich form  in terp lanar angles o f
11.4°and  11.3° w ith  the {100} p lane resp ec tiv e ly .156 T hey  m ay rep resen t the 
m acroscopic surface plane o f  a step array w ith  perpend icu lar planes 
(Fig. 6.14a) o r the inclined side-planes o f  each step (Fig. 6 .14b  and
inset). A lthough R H E E D  is effective in  detecting  the  presence o f  surface
steps, their exact shapes can only be  revealed  by  som e sort o f  m icroscopic
techniques. P lan  v iew  transm ission e lectron m icroscopy (TEM ) has p roved  to
be very  useful in  such s tud ies.166

In o rder to  support the c(4x4) reconstruction  observed  in the R H EED  
pattern , the w id th  o f  the terrace d  in  the [110] d irection  m ust be  larger
than ~  26A  (= 4a  w here a is the lattice constant o f  pseudom orphic a -S n
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film s w hich is equal to the bulk  InSb(lOO) value o f  6 .479A). F o r an 
inclination  angle o f  'd =  12°, the step height h m ust satisfy the fo llow ing  
geom etric relation (see F ig. 6.14) :

T herefore, it seem s that the height o f  the surface steps on the a -S n  su rface
is at least d iatom ic.

It m ust be em phasized that the step array arrangem ent depicted in  F ig.
6 .14 represents ai' surface step structure obtainable only  from  ideal
layer-by-layer grow th. In a real g row ing  film  surface, 2-D  nucleation m ay
occur on the terraces form ing kinks that reside along the step edges. T he 
presence o f  these k inks w ill fu rther com plicate  the R H E E D  patterns by, fo r
exam ple, in troducing inhom ogeneity  in the in tensity  p rofile  w ithin  the
m odulated  streaks o r broadening the slanted streaks.

h/tanf) = d  >  26k
h > 5.32A (6 .14)

[100] (100)
-  [110]

[110] {510} or {711}

(a) macroscopic
plana

(b)

Inclination angle $

(a) s tep  array w ith perpendicu lar p lan es (b) 3tep array w ith in c l in e d  p lan es 
( in s e t  : r e la t iv e  o r ie n ta t io n  o f the 
of s id e s  o f a step  or an is la n d )

forming a m acroscopic su rface  p lane

Fig. 6 .14  T w o  possib le  s tep  s tru c tu re s  on the  a - S n  su rfa c e
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iii) 1000 - 2500A coverage

N o new  features are observed from  the R H E E D  pattern  as grow th proceeds
further. O n the o ther hand, the in tensities o f  the slanted  streaks along
<110>  and the 1/4-order streaks along [100] increase w ith  the thickness o f
the a -S n  overlayer and at a coverage o f  2000A, they becom e clearly
observable (Fig. 6 .15). D ue to  the com plexity  and w eak in tensities o f  the
R H E E D  patterns, schem atic patterns along [110] and [100] are also draw n
(bottom  o f Fig. 6 .15) to  facilita te  discussion. T w o  sets o f  streaks,
labelled A  and B, located at tw o d ifferen t L aue zones can be observed along
the [110] azim uth. T he streaks labelled  A are located at the 1/4 and 3/4
positions in L  w hile  a fain t streak at the 00 position  ex tending from
L  is seen in B. A  com parison o f  these R H E E D  patterns w ith  that show n in 
F ig. 6.4e proves unam biguously the presence o f  c(4x4) structures.

[110] [1 0 0 ] [110]

F ig . 6.15 a - c : R H E E D  p a tte rn s  f ro m  th e  su rfa c e  o f  a 2000A th ick  q - S n  film  
d - f  : c o rre sp o n d in g  sc h e m a tic  re p re se n ta tio n  o f  th e  p a tte rn s



F o r coverage exceeding 2500A , both the in tensities o f  the streaks and 
the background in the R H E E D  pattern increase. W hen the overlayer th ickness 
approaches 3000A , w hite specks o f  P-Sn can be seen on the su rface o f  the 
sam ple. T he developm ent o f  surface structures fo r the a-Sn(lO O ) surface is 
sum m arized in T able 6 .2 .38

TABLE 6 .2

a - S n  C o v e r a g e R e c o n s t r u c t i o n s

0
(clean InSb(lOO) substrate )

CMX*1*

0 -  20 A ( 1  X  1 )

20 -  200 A
2-domain (2 x 1)

+ v e r y  w e a k  p ( 2  x  2 )  
o r  c  ( 2  x 2 )

500 -  1000 A p ( 2 x 2 )
1000 -  2500 A c ( 4 x 4 )

6.6 Structural Models for a-Sn(lOO) Surfaces

oc-Sn and Si are both group IV  elem ents having the d iam ond crystal
structure. B ecause o f a) the sim ilarity o f  the core poten tia ls o f  these tw o
elem ents and b) the occurrence o f  a seem ingly 2-dom ain (2x 1) structure in 
the oc-Sn(lOO) surface w hich is com m only found in Si(100) surfaces, it m ay be

3 8instructive to com pare the structural m odels o f these tw o surfaces.
Ihm  et. al. suggest that the results o f  their total energy calculations
on various Si(100) surface structures can be applied to G e(100) and in fact 
to any ( 100) surfaces w ith diam ond structures.

6.6.1. the S i(100) surface 

i) surface reconstructions

T he atom ically  clean S i(100) surface w as found to exh ib it several
reconstruction  structures such as 2-dom ain (2x1), p(2x2), c (4x2 ) 169 and
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(2xn) w here  6<n< 10 . 170 T he 2-dom ain  (2x1) structure is  com m only  observed  at 
room  tem perature and an ordered  structure o f  2-dom ain  c(4x2) has been
observed  a t about 200K .171 In  fact, it is com m only  found that several o f  
these structures can co-exist on  Si(100) surfaces. E x trem ely  surface
sensitive experim ents such as atom  diffraction  studies reveal that
S i(1 0 0 )-(2 x l)  surfaces consist o f  very  rough and d isordered  structures w ith
secondary d iffraction  from  (2x2) and c(2x4) superstructures. T h is resu lt 
agrees w ith  the scanning tunnelling  m icroscopy (ST M ) 169 da ta  w hich  also 
indicates the occurrence o f  these surface structures. T his co-ex istence can
also be ju stified  on  energetic grounds : theoretical calculations by  Ihm  et.
al. and C hadi reveal that the total energies o f  these structures are
alm ost degenerate. F urtherm ore, m onatom ic steps from  2-dom ain  (2x1)
structures (in contrast to the single dom ain (2x 1) w hich exhib its biatom ic
steps), the  coexistence o f  d ifferen t dom ains such as 2-dom ain (2x 1), (2x2)
and c(4x2) and the phase boundaries betw een them  could  all contribu te  to the 
observed roughness and d isorder o f  the surface.

A n additional structure has recently  been observed from  Si(100)
surfaces : exposure o f  (2x 1) surfaces to a hydrogen dosage h igher than

2 ®10' L  fo llow ed by a b rie f annealing at 600 C  induces the fo rm ation  o f
c(4x4) structures. 17 4 *17 5 i_ y  profiles o f  the d iffracted  L E E D  spots o f  this

17 5structure reveal the existence o f  m onatom ic steps on the surface, 

ii) structural m odels

R econstruction  o f  the Si(100) surface has now  been universally  accepted 
as arising from  the form ation o f  surface d im ers and the (2x 1) structure is 
recogn ized  as the basic build ing block. T he d im erization  o f  surface atom s 
can be in the fo rm  o f  sym m etric o r asym m etric dim ers. (2x 1), p (2x 2), c(2x2), 
c(4x2) and c(4x4) structures form ed by a sy m m e tr ic  d im e rs  can easily  be 
rea lized  by  arranging the tw o non-equivalent d im ers in d ifferen t w ays as
show n in  F ig. 6.16a. A lternatively , Pandey has proposed  a  m iss in g  d im e r  
d e fec t (rc-bonded defec t) m odel w hich can account fo r all o f  the observed 
structures and  is found to be energetically  m ore favourable than that o f  the
asym m etric  d im er configurations (see F ig. 6.16b). U sing STM , T rom p et.
al}69 have show n that both  k inds o f  dim ers as w ell as m issing d im er 
defects are presen t on the S i(100) surface.
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(a) Asymmetric Dimers m '* = A
• S  s  B

C2 x |) P (2  x 2) CC2 x 2) c (4 x 2) c (4  x 4 )

n
or

A
A

A

A

n

A— i i A A )k— i

<<

K— D A
it 1i B B A A A A A  f1 A !!
ir— Jl A A Jl — Jl A A *it— B— k

—B— t̂ B A B
fi B I I B B B
(i A I1 A B A
li B I B B B
A - -B—i B A B

(b) 71-Bonded Defect = missing Dimer

missing dimer

= A 
= D

M odel 1 1-Dimer

(2 X I ) p (2 X 2) C (2  X 2 )  c (4  X 2 ) C (4 x 4)

A A A D 

A D A A 

A A D A

A

A

D :n A— A

I) I) 

k—ti
A A 

D D 

A A

D

A A 

D A D
A A

/ roughened 
V (2x1) )

A— B—A D A 

A D 

D A

-B— A 

D I) 

A I) 

D I) 

■ B—A

D A 

D D 

A D 

D D 

D A

M odel 2 : 3-Dimers

A A A A A

A A D A A

d A A A

A A D

A A A A A

A A D A A

A A A A A

A A A A D

/ ordered \
1 (2x1 ) 1

A A A
A— B— A

A A A 
I) A I) 

A A A
A D -A

A A A
D A D

A A 

D A 

A A 

A D 

A A 

D A 

A A 

A D

F ig . 6 .1 6  C o n stru c tio n s o f  v a rio u s  s u rfa c e  re c o n s tru c tio n  s tru c tu re s  using
(a )  a sy m m e tric  d im e rs  and  (b) sy m m etric  d im e rs  and  rc-bonded d e fe c ts
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O n the o ther hand, it is  w ell know n that the  adsorption o f  H  can  revert 
asym m etric d im ers to sym m etric ones by fu lfilling  the dangling  bonds in  the 
surface and eventually  breaking the d im er bon ds . 177 F ailure  to  convert the
c(4x4) reconstruction  back to  (2x1) o r  ( l x l )  structures upon 
hydrogenation174,175 suggests that an alternative to  asym m etric d im ers m ay
be req u ired  to  m odel the S i(100)-c(4x4) surface. K ato  et. al. have used
P an dey’s m iss in g  d im e r  m o d el to construct both a roughened  and an ordered 
(2x1) structure (first colum n in F ig. 6.16b). In  addition, they proposed  a 
regular arrangem ent o f  m issing defects in  a (4x4) unit m esh w hich  form s
islands w ith  m onatom ic step height. In  this arrangem ent, th ree  d im ers are
treated  as a single unit as depicted  in F ig. 6 .16b (m odel 2). S tructural 
change betw een the roughened (2x1) and c(4x4) surfaces, considered  as
disorder and o rder form s o f  the m issing d im er defects, w as found  to  occur at 
~ 600°C . T he num ber o f  m issing dim ers could  be reduced  by fu rther annealing 
the surface to  ~ 7 00 °C  and give rise  to an ordered (2x1) structure. T he
c(4x4) period icity  constructed using this 3-d im er m odel, how ever, w ill not
be annih ilated  upon hydrogen adsorption w hich agrees w ith  experim ental
resu lts . 174,175  T his suggests that m ost o f  the dim ers presen t on  the S i(100) 
surface m ay be sym m etric.

6 .6 .2  A nalogy o f  Si(100) and a-Sn(lO O ) surfaces

S im ilarity  o f  the surface structures and the energetics betw een
a-Sn(lO O ) and S i(100) surfaces are dem onstrated in the fo llow ing argum ents :
a) F rom  § 6.5 .2, it is c lear that the a-Sn(lO O ) surface can exhib it

2-dom ain  (2x1), p(2x2) and c(4x4) reconstructions w hich are also found 
in S i(100) surfaces (§ 6.6.1).

168 .173b) T otal energy calculations perform ed by Ihm  et. al. and Chadi
show ed that the h igher o rder reconstructions found in S i(100) surfaces 
can be classified in to  tw o groups according to the energies and
in terchangeabilities o f  the structures. T he first group consists o f  
(2x1), p(2x2) and c(4x2) structures w hich are alm ost degenerate  in
to tal energies. In addition , structural transitions am ong these phases
can read ily  occur (see F ig. 6.4). T he second group is based  on  c(2x2) 
and p(4x2) structures w hich are also degenerate in to tal energies.
D om ains o f  these tw o fam ilies can co-ex ist on the S i(100) surface 
because the d ifference in their total energies is very  sm all. On the
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other hand, in terchanging the structures betw een the tw o fam ilies 
requires huge am ount o f  energy fo r the breaking  o f  som e d im er bonds and 
creating  som e new  ones. In  a-Sn(lO O ) surfaces at 500A  coverage,
2-dom ain (2x 1) and p(2x2) structures can co-ex ist w hich p roves that the 
energy d ifference betw een these dom ains is  also very  sm all on  this
surface. N ote that neither c(2x2) nor p(4x2) dom ains are p resen t in
this case.

Such observations im ply that the theoretical resu lts on the S i(100) 
surface m ay be applied  to  the a-Sn(lO O ) surface.

6.6 .3 the a-S n /In S b (1 0 0 ) Surface

i) reconstruction  build ing  blocks

F rom  the p rev ious section, it  is c lear that a structural m odel based  on 
d im erization  can also be used to account fo r the sequence o f  structural
changes in the oc-Sn(lOO) surface. U nlike S i, 1 74,175  hydrogen adsorption
experim ents cannot be used to distinguish  sym m etric and asym m etric d im ers in 
a -S n  because tin hydride is unstable. H ow ever, due to  the strong
background and broadened streaks observed in ou r R H E E D  patterns w hich are 
characteristics o f  a roughened and disordered surface, it seem s appropriate
to use sy m m e tric  d im e rs  together w ith m iss in g  d im e r  de fec ts  as the build ing 
b locks fo r the a-Sn(lO O ) reconstruction  m odel. Such a  m odel is  characterized
by a roughened  and disordered surface w hich is consistent w ith  the  strong 
background and broadened streaks observed in ou r R H E E D  patterns (see Fig. 
6.11). U sing th is m odel, it is  obvious from  F ig. 6 .16b that various h igher 
o rder structures can be constructed. In  practice, how ever, random ly  
d istribu ted  asym m etric  dim ers and sym m etric d im ers w ith m issing d im er
defects m ay w ell co-exist on the a -S n  surface due to  the sim ilarities in

1 7 3 , 1 7 8energies.

ii) reconstruction  m odels

A s show n in  F ig. 6.16b, it can be seen that various superstructures 
based  on the d im erization  o f  surface atom s can be constructed  in  term s o f  
the fo llow ing  tw o m odels :
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(1) a d im er (depicted as A  in  F ig. 6.16b) together w ith a 7t-bon ded  defect
(depicted  as D).

(2) a th ree-d im er block together w ith  a m issing d im er defect.

U sing m odel 1, it is  c lear that the  structural transition  betw een
2-dom ain  (2x 1) and p (2x2) does no t involve a large degree o f  bond breaking
(4 bonds p e r unit cell) and  therefore the energies o f  these structures m ay 
be very  sim ilar to each other. O n the o ther hand, transition  o f  p(2x2) to
c(4x4) requ ires the breaking o f  8 bonds p e r un it cell. N ote  that an
alternative c(4x4) unit cell (depicted in F ig . 6.16b, m odel 2) involv ing
few er m issing  d im er defects can be form ed by rep lacing row s o f  defects in 
m odel 1 w ith  row s o f  dim ers. H ow ever, the transition betw een these tw o 
d ifferen t fo rm s m ay be energetically  unfavourable since considerable  bond 
breakage is needed. T he c(4x4) structures in m odels (1) and (2) are 
characterized  by the presence o f  m issing d im er defects and the form ation  o f  
clusters o f  surface atom s respectively .

F rom  the previous d iscussion (§ 6.5 .2b) it is evident that 2-dom ain
(2x1), p(2x2) as w ell as c(4x4) structures co-ex ist on the a-Sn(lO O )
surface. T he background in tensity  o f  the R H E E D  pattern  is also found  to have 
increased due  to the presence o f  d isorder in the surface. T he random
distribution  o f  dom ain w alls separating d ifferen t superstructures and the
presence o f  defects in the fo rm  o f  m issing d im ers o r lattice vo ids m ay be
responsib le fo r the surface disorder. T hese tw o observations alone w ould 
favour the  use o f  m odel 1 fo r the reconstructions o f  the a-Sn(lO O ) surface.
On the o ther hand, the a -S n  surface exhib its significant facets and step 
structures. T his m ay be indicative o f  the presence o f  islands o r blocks o f
structures, fo r instance, the c(4x4) and/or p(2x2) dom ain w hich w ould  favour

i n ethe use o f  m odel 2. D ue to  the com plicated  nature o f  th is a-Sn(lO O ) 
surface, it seem s prem ature, a t this stage, to stick to  one particu lar 
m odel w ithou t fu rther investigation.

T he progressive increase in periodicities o f  the surface atom s as the
th ickness o f  the a -S n  film  increases, i.e. the occurrence o f  2-dom ain  (2x1)
follow ed by  p(2x2) and then c(4x4) structures, m ay be related  to the am ount 
o f  strain  energy  stored in the a -S n  film s. In  fact, P h illip s179 has proposed
a theory  to  account fo r the stabilization o f  m icrodom ains by epitaxial
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m isfit strain  energies. In  contrast to  the general ru le  (O stw ald ’s R ule)
that sm all un it cells are m ore stable than large ones at h igh  tem peratures,
it w as found  that the superstructures o f  Sn on G e ( l l l )  changed  from  (5x5) to  
(7x7) as the tem perature is  increased . 179 P h illip s179 suggested  that th is is
m ain ly  due  to  the energy-contro lled  form ation  o f  closely  packed  islands - a
characteristic  o f  strained-layer system s. I t w as suggested that the  size o f
these  islands o r the periodicity  o f  the surface atom s are  energy-dependent : 
fo rm ation  o f  large islands are energetically  m ore favourab le  at h igher 
tem perature  as a resu lt o f  a m ore rap id  decrease in m isfit strain energy  o f

. 17 9the atom s in the surface p lane than that in the local rebondm g energy.
K aplan has argued that w hile certa in  reconstructions w ith  large unit
cells are suppressed on  narrow  terraces, larger period icities can be
supported  w hen the islands gradually coalesce to form  w ider terraces as m ore
and m ore  atom s are deposited.

In  our case, the pseudom orphic grow th o f m etastab le  a -S n  film s,
substrate-stabilized  to tem peratures above the bulk value  o f  13.2°C, w ould
be energetically  favourab le  if  the strain energy o f  the film  is less than
that req u ired  fo r the developm ent o f  a dislocation (refer to § 3.4). A s the
th ickness o f  the a -S n  overlayer increases, the am ount o f  strain energy
stored  w ill increase and the substrate stabilization effect w ill be reduced.
W hen the thickness o f  the overlayer approaches a certa in  critical value, the
surface layer w ill start to  relax. M ore bonds w ill be broken  and a  m ore open
lattice  (i.e. w ith larger unit cells) w ill be form ed. T his p icture  is
consisten t w ith  the c(4x4) structure depicted in  m odel 1 o f  F ig. 6.16b.

6.7 C o n c lu s io n s

Structural properties o f  a -S n  th in  film s pseudom orphically  grow n on
atom ically  clean InSb(100)-(4x2) surfaces have been investigated  by R H EED . 
D iffrac tio n  patterns are analyzed using the rec iprocal la ttice-E w ald ’s
sphere construction  w ith in  the kinem atic approxim ation fram ew ork. S im ilar to 
the w ell-know n GaAs(lOO) surface, InSb(lOO) surfaces p repared  by ou r
substrate  cleaning procedure  are found to consist o f  predom inantly  (4x2) 
structures w ith a sm all am ount o f  c(8x2) dom ains. T he co-existence o f  these
tw o structures gives rise  to 1/ 2-order curved streaks along < 100> azim uths,
seen fo r the first tim e in InSb(lOO) surfaces. T he orig in  and
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characteristics o f  these curve streaks are explained in  term s o f  the
presence o f  1-D d isorder boundaries.

D ifferen t a -S n  surfaces w hich evolved during  various stages o f  grow th 
are discussed. T he surface m orphology o f  the  grow ing a -S n  surfaces can be 
broadly  classified  in to  four stages :
i) In itia l stage :

T he ot-Sn/InSb(100) in terface is characterized  by d iso rder features 
w hich m ay be caused by  either the breakage o f  surface d im er bonds in
the substrate  o r by  atom ic rearrangem ent at the in terface. D ue  to the 
low  grow th tem perature (< 50°C), the surface m igration ra te  o f  Sn atom s 
is lim ited  and d isorder m ay arise from  the random  distribu tion  o f  Sn 
atom s on the surface.

ii) P lanar grow th :
F o r thickness greater than 20A grow th proceeds in  a layer-by-layer 

m ode. T he surface reconstruction  is p redom inantly  2-dom ain  (2x1) w ith a
sm all am ount o f  p (2x2) structures.

iii) S teps and  island grow th :
p (2x2) surface structures are w ell developed at a  coverage o f  

500A. W hen the a -S n  overlayer th ickness approaches 1000A, m odulated
structures are found along the in tegra l-o rder streaks in  the R H E E D  
patterns. T his suggests that arrays o f  steps w ith  fla t tops, fixed  
heigh t and irregular step d irections are random ly d istribu ted  on the 
surface. A t the sam e tim e, c(4x4) structures also starts to em erge.

iv) R elaxation  o f  pseudom orphic film  :
C lear c(4x4) R H E E D  patterns w ith  increasing in tensities in the 

1 /4-order streaks are observed w hen the overlayer th ickness approaches 
2500A. A t a thickness o f  about 3000A, w hite specks o f  p-S n  are observed 
on the surface.

D ue to  the sim ilarities o f  core poten tia ls and surface reconstructions 
betw een the Si(100) and a-Sn(lO O ) surfaces, structural m odels based on the 
d im erization  o f  surface atom s m ay be applicable for both surfaces. S ince the
grow th o f  a-Sn(lO O ) film s is  pseudom orphic and strong background is observed 
in the R H E E D  pattern, it  is believed that the surface structure is  dom inated
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by sym m etric  dim ers and m issing d im er defects. T he driv ing  force  fo r the 
progressive  increase in  periodicities o f  the surface atom s w ith  film  
th ickness (i.e. 2-dom ain (2x1) -» p(2x2) -> c(4x4)) is d iscussed  in  term s o f  
the energetics o f  the a -S n  film . I t is  thought that a -S n  film s tend to  relax  
at h igh  coverage due to  the reduction  o f  the substrate stabilization effect, 
lead ing  to  the form ation o f  a m ore open surface structure.
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C H A P T E R  7 M A G N E T O -T R A N S P O R T  A N D  M A G N E T O -O P T IC A L  P R O P E R T IE S
O F  a -S n

7.1 In tro d u c tio n

A lthough the R H EED  technique discussed in the previous chap ter can
provide valuable  in form ation on surface structural properties, d irect 
assessm ent o f  the "quality” o f M B E grow n sam ples has to be ob tained  from  
electrical and m agneto-transport m easurem ents. H all effect m easurem ents are
com m only  em ployed to obtain  m aterial param eters such as sem iconductor type,
carrier concentration , resistiv ity  and H all m obility . ’ In  a
sem iconductor w ith one dom inant carrier, the h igh-m agnetic-fie ld  H all
coeffic ien t is  a d irect m easure o f  the sem iconductor type and its carrier
concentration. In  heteroepitaxial system s, how ever, m ixed conduction  o f
light holes, heavy holes and electrons from  closely  p laced conduction  band 
m inim a can m ake H all m easurem ents d ifficu lt to in terpret as in the case o f
the a -S n /p -In S b  system . B ecause o f  its narrow  bandgap, InS b  has no
insulating  o r sem i-insulating form  and w hen used as a substrate  can
contribute significantly  to the m easured H all quantities. D uring  the course 
o f th is w ork, a tw o-d im ensional electron gas (2D EG ) is observed fo r the
first tim e at the in terface o f  an a -S n /In S b  heterostructure. T his 2D E G
dom inates the  electrical behaviour o f  the system  and fu rther com plicates the
analysis o f  H all data, thus lim iting  the usefulness o f  the technique .55

M agnetoresistance m easurem ents based on S hubnikov-de H aas (SdH ) effect, 
on the o ther hand, are particularly  useful in studying the p roperties o f  the 
a -S n /In S b  system . T he existence o f  a  2D EG  occupying several d ifferent 
subbands is m anifested  by the presence o f  m ore than one frequency in the SdH  
oscillations and the relative  d istribution  o f  carriers betw een the subbands 
can be deduced from  the oscillation periods. T he reduced d im ensionality
o f the carriers is ev ident from  the results o f  tilted  m agnetic  fie ld
experim ents.

In  o rder to understand the nature and the location o f  the 2D E G  as w ell
as the properties o f  the carriers in the bulk a -S n  film s, fa r in frared  
m agneto-optical experim ents w ere also carried  out. In  addition to bound-hole 
transitions from  the p -InS b  substrate, cyclo tron resonance transitions can
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also be observed w hich provide a d irect and accurate m ethod o f  m easuring the 
effective  m asses o f  the charge carriers. M uch o f  the experim ental w ork
rep orted  in this chap ter w as carried  ou t in  co-operation  w ith  D r. W . T . Y uen 
(Physics D epartm ent, Im peria l College).

In  this chapter, the basic theories behind these m agneto-transport and 
m agneto-optical experim ents w ill be presented. T he p ractical aspect o f  the 
m easurem ents and the results w ill then be discussed.

7.2  H a ll E ffec t M e a su re m e n ts

7.2.1 Basic theory

H all effect m easurem ents are rou tinely  used to determ ine the electrical
transport p roperties o f  sem iconducting m ateria ls . 180 In  these experim ents, a 
know n current is constrained to flow  along a  w ell-defined d irection  by the
sam ple geom etry. ’ T he application o f  a m agnetic fie ld  perpendicu lar to 
the curren t d irection  w ill cause an in itial deflection o f  charge carriers in 
the transverse d irection , i.e. in a d irection  norm al to both  the curren t and
the m agnetic field. S ince no curren t path  exists in this direction , carriers
w ill accum ulate on  one side. A H all electric fie ld  is thus established w hich
opposes the m otion o f  the carriers preventing  fu rther accum ulation. In
equilibrium , the m agnetic  L orentz force  w ill be exactly  balanced by  this
H all electric fie ld  and all the carriers w ill m ove through the sam ple
undeflected , p rovided  they have the sam e drift ve locity . In this case, the
m agnetoresistance w ill be zero, i.e. there w ill be no change in the sam ple 
resistance w hen a m agnetic field  is applied. In practice, how ever, carriers
do have a d istribution  o f  speeds and only  for those o f  som e "average" speed 
is the  m agnetic deflection  o f  the L oren tz  force exactly  com pensated  by the
electrostatic  H all field. C arriers m oving either faster o r slow er than this
average speed w ill fo llow  a curved (and hence elongated) path  from  one end
o f  the sam ple to the other. C urvature o f  m any carrier paths g ives a  low er
m acroscopic conductance resulting  in the m agnetoresistance effect w hich w ill
be d iscussed in the next section (§ 7.3).

Suppose a cu rren t density  (J ) is established in the sam ple along the
x-direction , the m agnetic  fie ld  (B^) is applied in the z-d irection and no
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curren t is allow ed to flow  in  the d irection  o f  the H all fie ld  (E y). In  H all
e ffect experim ents, the resistiv ity  (P xx) and H all coeffic ien t (Rh) are 
m easured. T hese tw o param eters are re la ted  to the com ponents o f  the
conductiv ity  tensor (a )  by  :

p J B >
a

X X
(B )

a 2 (B )  +  a 2 (B )
xx xy

(7.1)

r h (B) E y  

J B
-axy(B)

B a 2 (B ) +  a 2 (B )
xx xy

(7.2)

H ow ever, the u ltim ate  purpose o f  m ost o f  these experim ents is no t to 
de term ine the conductiv ity  elem ents them selves but ra ther som e underly ing
properties such as the density  and the  m obility  o f  the carriers. F o r the 
sim plest case w here (a) there is only  one dom inant carrier and all
conduction  takes p lace  in a single band  w ith  a spherical Ferm i surface,
(b) the dependence o f  energy E  on crysta l m om entum  k is  parabolic , and
(c) scattering  can be described by a single relaxation  tim e constant, the
carrier density  (n o r p ) and H all m obility  (p H) can be easily  obtained
fro m  :

q R H
H„ = lR„l a (7.3)

q  is the e lectron ic charge and the value o f  the H all fac to r rH dependsw here
the dom inating  scattering m echanism . F o ron an isotropic, energy-independent

relaxation  tim e, r  is equal to unity. In  this case, R  and  p
H H x ?

independen t o f  B and the e lem ents o f  the conductiv ity  tensor are g iven  by
are both

a  (B) =
X X

e n p
1 +  |x2B 2

z
°xy(B) =

e n p  B
1 + h 2 B 2

z

(7.4)

U nfortunately , sam ples that m eet these requ irem ents are rarely
encountered . In  the case o f  p-type InS b  substrate, for exam ple, H all effect 
m easurem ents are com plicated  by the m ixed  conduction o f  e lectrons and holes 
due to  their large d ifference in m obility . W ith a low  m agnetic  field , 
c lassical M axw ell-B oltzm ann statistics g ive the fo llow ing expressions fo r
the conductiv ity  and H all coeffic ien t :
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c (7.5)

w here Li
n

= e (nu  +  p j i )
n p

= - r H ( n ^n -

q (nnn + pnp) 2
and  |x are the m obilities o f  electrons

(7.6)

and holes respectively .

E xperim entally , deviations from  classical behaviour are o ften  observed, 
especially  in  heterostructures and in bu lk  structures having  a  surface
accum ulation  layer w here m ulti-carrier conduction  occurs. In  the case 
w here a tw o-dim ensional e lectron gas (2D EG ) is present, m obility  d ifference 
betw een carriers in  d ifferen t subbands (see § 7 .3 .1) can  produce
m ulti-carrier changes in the m easured H all quantities w hich m ay becom e very 
com plicated  fo r analysis. B ased on a  theoretical m odel fo r m ultilayer
structures, L ou  and F rye have successfully accounted fo r the dependence
on surface condition and sam ple th ickness observed in H all da ta  obtained
from  L P E  H gC dT e layers. Som e o f  their results are sum m arized in  F ig. 7.1 and 
w ill be used  for com parison w ith  the H all data  obtained from  o u r a -S n /In S b  
sam ples. Q uantitatively , B eck and A nderson have developed an analytical 
technique in  w hich the concentration  and the corresponding m obilities o f  
each carrier p resent in a m ulti-layer structure can be obtained. U sing the 
m agnetic fie ld  dependence o f  the H all data, they are able to generate a
"m obility spectrum " in w hich the m axim um  carrier density  o r m axim um
conductiv ity  can be determ ined as a continuous function o f  m obility . T he 
m ajor advantage o f  th is technique is that it does no t requ ire  p rior
know ledge o f  the num ber o f  d ifferen t types o f  carriers nor their properties. 
T his technique has been used to analyze H all data from  a m odulation-doped 
m ulti-quantum -w ell G aA s/A lG aA s heterostructure. The carrier densities and
m obilities o f  the confined 2D E G s deduced from  the m obility  spectrum  is found 
to be in good agreem ent w ith  that from  SdH  m easurem ents. T h is technique can, 
therefore, be used to tackle the m ulti-carrier conduction p rob lem  in our 
a -S n /In S b  sam ples. U nfortunately , the im plem entation o f  the m obility
spectrum  algorithm  is quite  a form idable task and is beyond the scope o f  
this w ork. In  the fo llow ing studies, H all data  w ill be used solely for 
determ in ing the  carrier type o f  the a -S n  epilayer and to identify  the
presence o f  m ulti-carrier conduction.
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(a) n -sk in  on (b) n -sk in  on (c) n-bulk layer
n-type bulk layer  p-type  bulk layer  on p-bulk layer

F ig . 7.1 Q u a lita tiv e  re p re se n ta tio n  o f  th e  s im u la ted  H a ll c o e f f ic ie n t (R fr)-—■ — * ■■■ " ■■■ ■■ 1 ..... " ■■■■■" ■■ 1 - H —
and H a ll m obility  ( |i„ )  fo r  th re e  d if fe re n t  h e te ro s tru c tu re s  ( fro m  R e f. 181)— • 1 ■ " ■ "H    ..... . ■

7 .2 .2  E xperim ental Techniques

T he sam e sam ple preparation p rocedure  was used fo r all e lectrical
characterization  including H all, SdH  and m agneto-optical m easurem ents.
Square sam ples (~5m m  x  5m m ) w ith standard  four-poin t-con tact geom etries w ere 
em ployed. C lover-leaf o r H all-bar patterns w ere not used lest local heating
arising  from  the eroding process m ight affect the quality  o f  the m etastab le
a -S n  epilayer. F or the sam e reason, the com m only  used In  contacting  m ethod
w hich requires high tem perature annealing (~150°C ) and subsequent so ldering 
w as unsuitable for the a -S n /In S b  system . Instead, highly conductive A g pain t
w as used w ith thin gauge copper w ires and  the contacts w ere  m ade as near to
the com ers o f  the ep ilayer as possible. In all cases, the ohm ic contact
requ irem ent w as checked before  pursu ing any electrical m easurem ent.

V an der Pauw  H all m easurem ents w ere carried ou t using an autom ated
pulsed-m agnetic-fie ld  system  w hich allow s continuous tem peratu re  m easurem ent 
in the range o f  4 .2  to 300K  (see R ef. 187 for details). In  addition, H all
m easurem ents w ere also perform ed at 4 .2K  prior to Shubnikov-de H aas
m easurem ents using a superconducting m agnet system  (see § 7 .3 .2). F o r a 
particu lar com bination o f  tem perature and m agnetic fie ld  strength, eigh t
voltages w ere recorded  to take in to  account the tw o d irections o f  curren t
and m agnetic  field. A ny m inor contact poten tial and geom etric  asym m etry
w ould  thus be cancelled  through averaging. F rom  the m easured  voltages, the
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specific resistiv ity  (p) and H all coeffic ien t (R  ) could  be com p u ted  from
186 Hthe fo llow ing  expressions :

/ i  B

I

•  •

•  •

)  (

R

O
>

II

V C
ABCD I A-»B

A  ,R =  -i- f  | R + lRa * . l  )ABCD 2  ̂ 1 A BCD

AR =  - LACBD 2 I R » c s d (  +  B > ♦  > W - B >I

i rH  f A  Ap = na |R _____+ R,
21n2 AB CD BC

\ / R  \| r (  ABCD |
DAJ J { R  JBCAD

R  =H
AR + ARACBD BDAC

(7.7)

B

w here the sam ple thickness d is assum ed to be the sam e as the substrate
18 6th ickness (~ 0.5m m ) and f  is the V an der Pauw  function.

U sing the autom ated pulsed-m agnetic-fie ld  system , the varia tion  o f  p 
and R  as a function  o f  tem perature in the range betw een 4 .2  to 300K  could 
be obtained. D ata  w ere norm ally  taken on w arm ing up the sam ple to  ensure  a 
m ore contro llab le  tem perature change. A lternatively , the m agnetic  field
dependence o f  the resistiv ity  and H all coeffic ien t could  also be obtained. 
S ince the m agnetic  field  strength w as lim ited  to approxim ately  0 .1T , all 
m easurem ents w ere therefore restric ted  to the low  field  reg im e ( |iB  <  1) 
w here quantum  oscillations w ould not be observed. F rom  the tw o quantities p 
and R  , the a p p a re n t  carrier concentration  (n) and H all m obility  (u  ) could 
be com puted from  Eqn. 7.3.

7.2 .3 R esults and D iscussions

i) H all M easurem ents o f  p-InS b substrates

H all m easurem ents w ere perform ed on p -InS b substrates subjected  to the 
norm al c leaning procedure d iscussed in chap ter 4 but w ithou t subsequent
epitaxial grow th. C lassical behaviour can be observed in the p lo t o f  the 
m agnitude o f  the H all coeffic ien t ( | R  | ) as a function o f  tem perature
(Fig. 7 .2). A t h igh tem peratures (T > 125K) w here in trinsic  e lectrons w ith
high m obility  dom inate the conduction , the H all coefficient is negative. A t 
low er tem peratures, the e lectron concentration  decreases w ith  decreasing
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tem perature according to n 2/p  in w hich the in trinsic  carrier concen tration
(n .)  decreases m uch faster than the hole concen tration  (p). A ccord ingly ,
holes dom inate the conduction and give rise  to the exhaustion  reg ion  w here
the H all coeffic ien t is positive. In the  in term ediate  tem perature  range, the 
large m obility  ra tio  betw een electrons and  holes causes m ixed  conduction  and 
the H all coeffic ien t changes its sign (at around n = p  (|1 /  | i  ) 2 accord ingp ®
to E qn  7.6), going from  negative in the e lectron-dom inated  reg ion  to
positive  in the ho le-dom inated  region.

F rom  the tw o experim entally  m easured quantities, nam ely the H all 
coeffic ien t and resistiv ity , the H all m obility  can be derived  from  E qn. 7.3
and its tem perature dependence is also show n in F ig. 7.2. A t low
tem peratures, the H all m obility  reflec ts the drift m obility  o f  the m ajority
carriers and its value is therefore low  because o f  the low  m obility  o f  the 
holes. As the tem perature increases, the H all m obility  is fu rther reduced  by
lattice scattering. T his decrease is counteracted  by the onset o f  in trinsic
electron conduction at around 125K, giv ing rise to a sign reversal sim ilar 
to the behaviour o f  the H all coefficient. A bove 200K , the H all m obility  
starts to decrease as lattice scattering becom es im portan t at high 
tem peratures.

IrJ  (cm3/ C) \ iH (cm2/ Vs)

F ig . 7 .2  A  ty p ic a l re su lt o f  lo w -f ie ld  H a ll m ea su re m e n ts  fo r  a p-InS b(lO O ) 
su b s tra te  su b jec ted  to p re -g ro w th  c lean in g  p ro c e d u re s .
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ii) H all M easurem ents o f  a -S n /p -In S b

A s m entioned  in chapter 4, the electrical properties o f  a -S n  epilayers
depend very  m uch on the details o f  substrate preparation  p rio r to  grow th. 
H all m easurem ents show ed that the extrinsic conduction  o f  the ep ilayer could  
becom e p-type  i f  the A r ion bom bardm ent energy  used for substrate  c leaning 
is too h igh (>500eV ). U sing an optim um  substrate c leaning m ethod  (see 
chapter 4), structures consisting o f  unintentionally  doped  a -S n  film s grow n 
on p -InS b show  a reproducible n-type H all effect. H all m obility  as h igh as
9,000 cm  /V s at 4 .2K  w ith apparent carrier concentration  correspond ing  to 
low  10 cm ’ could  be obtained. D ue to the m u lti-carrier conduction  
m entioned earlier, it should be realized  that these values do  no t truly
reflect the electrical properties o f  the a -S n  epilayer.

T he m ulti-carrier conduction effect can som etim es be m anifested  by
anom alous tem perature  dependence o f  the H all coefficient and H all m obility  
w here double  reversals o f  sign are observed in both quantities as the
m aterial is cooled  dow n from  room  tem perature (see F ig. 7.3). Such anom alous
behaviour is correla ted  w ith an apparently  low  H all m obility . T h e  reversal
at about 130K  is due to the freeze-out o f  in trinsic  carriers in  the InSb
substrate w hich becom es p-type at low  tem peratures. T he second reversal (at
around 11 OK) is thought to be due to the increasing conductiv ity  o f  the a -S n
epilayer o r the  2D E G  at the in terface w ith respect to the p -InS b  substrate 
as the sam ple cooled  dow n. It should be em phasized that the apparen t H all 
m obility  is anom alously  low  fo r sam ples show ing such sign reversals o f  the
H all coefficient. T he quality  o f  the Shubnikov-de H aas peaks fo r  these 
sam ples w as as good as those having h igher H all m obilities (see § 7.3.3). 
C om paring ou r H all data  w ith  the sim ulated results o f L ou and F rye  shown
earlier in  F ig. 7.1 revealed  a sim ilarity  betw een the a -S n /p -In S b  and a
n-type skin layer on p-type substrate structures. In the sim ulated  case,
holes from  the substrate are frozen out at low  tem peratures and  electrons 
from  the n-skin  layer dom inate the conduction , giving rise  to the second
crossover in  the H all coefficient and H all m obility . A  consequence o f  this
behaviour is the increase in  the low  tem perature m obility  as the  influence 
o f  the n-sk in  increases. Such an increase in  H all m obility  is indeed
observed in ou r sam ple as show n in F ig. 7.3. A ccording to  the sim ulation,
the shape o f  the  H all coeffic ien t and H all m obility  curve depends strongly 
on the ra tio  betw een the electron concentration in the skin layer (N s) and
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the hole concentration (N  ) o f  the substrate. A double c rossover structureA
can only be observed if  th is ratio  is h igh w hich is consisten t w ith  fact 
that o u r InS b substrate is only doped to 1 0 14 cm ’3.

R {| (cm3/ C)

2 5 5 0 75 100

|iH (cm2/ Vs)

4 0 0 0

2000

125
T ( K )

F ig . 7 .3  H a ll m e a su re m e n t fo r  an ~ 2 500A  th ic k  a - S n  f ilm  g ro w n  on p -In S b
(Note that a double reversa l  of  s ign  i s  observed in the  temperature  

dependence of  the Hall  c o e f f i c i e n t  (|R |) and Hall  m o b i l i ty  (fi ) . )H H

7.3 S h u b n ik o v -d e  H a a s  (S dH ) E ffec t M e a su re m e n ts

7.3.1 B asic Theory

a) E ffec t o f  M agnetic F ield  on E lectrons in a  Sem iconductor

C ase  1 : T hree-dim ensional (3-D ) System

W ithin  the effective m ass approxim ation in w hich the effect o f  a
period ic  crystal poten tial is incorporated  as a renorm alization  o f electron 
m ass, the in fluence o f  a m agnetic field  on an electron in an iso tropic
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•  • 1 8 8sem iconducto r w ith  parabolic  bands is rep resented  by the H am ilton ian  :

H  =  — L  ( P  - eA  ) 2 (7.8)
2m*

* Aw here m  is the renorm alized  effective m ass, P  the m om entum  operator and A 
the m agnetic  vecto r potential.

F o r a sem iconductor w ith spherical F erm i surfaces, it  can  be show n that
the e igen-energies o f  the electrons (including spin) w ith  m agnetic  f ie ld  (B)

18 8applied  along the z-d irection  are given by :
h 2 k 2

En = ( N  +  -±-) WD + ( - ^ - )  ±  ^ - g V BB (7 .9)

H ere all energies are m easured from  the bottom  o f  the conduction  band. N  is
an in teger, co the cyclotron frequency given by co = eB /m  , g 
L ande g-factor, and |IQ= ... is the B ohr m agneton.

o

the effective

T he m agnetic  fie ld  thus has the  effect o f  quantiz ing  the electron
m otion in the p lane perpendicular to  itself, giving rise  to a d iscrete
series o f  energies know n as the L andau levels (first term  on the rig h t o f  
E qn. 7 .9). S uperim posed on this set o f  levels is a free m otion in the fie ld  
d irection . In the E -k  diagram , this can  be represented  by a  fam ily  o f

Z

quadratic  parabolae shifted by hco re la tive  to one another along the energy
1 caxis, w ith  the low est level hco above the bottom  o f  the band  (seeL c

Fig. 7 .4a). In  fact, the fie ld  causes all the allow ed energy  states in  the 
F erm i sphere to red istribu te  them selves on the surface o f  a set o f  coaxial
cy linders parallel to k  ,183

In  the absence o f  a m agnetic field , the num ber o f  electron states per
unit vo lum e w ith in  an infin itesim al range o f  w ave-vector k is g iven by :183

D (k) dk  =  2 4rck dk
( 2 i t / L ) 3 L 3

w here L  is the period icity  o f  the perm itted  states in each d irection o f  real
space and the fac to r o f  tw o is included to take account o f  the tw o
possib ilities fo r e lectron spin. F rom  E  = h 2k 2/  2m*.
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D (E )  dE  = D ( k )  - g £ -  d E

m2 _ 2 71 h
(2 m * E >? _  d E

D (E ) = 2n‘ (■

h
2 m 3 / 2  1/2

)  E (7.10)

N ote that the 3-D  density  o f  states D (E ) is p roportional to  the square roo t 
o f  the energy as depicted by the dotted line in F ig. 7.4b.

A pplication  o f  a m agnetic field  w ill cause a red istribu tion  o f  the
density  o f  states am ong the quantized L andau  levels. T he density  o f  states 
D 0(E) fo r the energy spectrum  given by E qn. 7 .9  is d iscontinuous and fo llow s 
the shape o f 188

D b(E) ~  r  E  - (N  + 4 - ) M > e ] (7 1 1 )

as depicted  by the solid lines in Fig. 7.4b.

E E E

D'(E)
(c)

F ig . 7 .4  Schem atic representations o f  (a) the variation o f  energy  with
in a 3-D  system  w hen a m agnetic fie ld  B is applied in the z-direction, (b) 
the 3-D  density o f  states as a function o f  energy w hen a m agnetic  field  is 
applied  (solid lines) and in the absence o f  the field  (do tted  line), and
(c) the corresponding density  o f  states fo r a 2-D system . N ote that the
density  o f  states in the presence o f  a m agnetic fie ld  (solid  line) is

broadened by scattering  effects.
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C ase  2 : T w o-D im ensional E lectron  G as (2D EG )

In a  tw o-d im ensional (2-D ) system , e lectrons are free  to  m ove in  tw o 
spatial d im ensions but their m otion in  the third, say the z-d irection  is 
constrained. T his gives rise  to the confinem ent o f  a tw o-d im ensional
electron gas (2D EG ) in a  one-dim ensional poten tial w ell. ’ T he
eigen-states fo r the z-direction are quantized in to  a set o f  d iscrete  levels
know n as e lectric  subbands (e  .), w hereas those in the x-y  p lane  w ill be
essentially  unm odified  in the absence o f  a m agnetic  field . T he
eigen-energies fo r electrons in an isotropic 2-D  system  are thus given by  :

E . =i h
2m*

+ e  .i (7.12)

This equation  im plies that a continuum  o f  allow ed states is associated  w ith
each electric  subband e .  w ith i = 0,1 ,2 ... T he form  o f e  • depends on the
shape o f  the confin ing poten tial w ell w hich in turn depends on the orig in  o f  
the 2D EG . E xperim entally , a 2-D  system  can be realized  in a num ber o f
differen t m ed ia  such as sem iconductor/oxide interfaces; m odulation-doped
heterostructures; surface accum ulation o r inversion layers; and ultrathin
film s e tc ..1 89,1 90 F o r thin film s and layered structures, e lectrons can be 
considered as being  confined w ithin  a rectangu lar w ell w hereas in the case
o f an inversion or accum ulation layer, the poten tial w ell can be
approxim ated by an 1-D triangu lar w ell. 190 In the E ( k ) and E (k  )

x y
representation , the allow ed states are parabolae w hereas in the  E(k^) plot,
only po in ts o f  allow ed states are ob tained . 190 T he 2-D  density  o f  states
D '(E ) fo r one subband can be calculated  from  :

D '(k )  d k  =  2 ------ 2nk dk-------- = A  dk
(2 tc/ L ) 2 L 2 k

=> D '(E )  d E  = — ----------2!—  dEK h 2 k

D '( E )  =  — ( 7. 13)  
TUh

N ote that the density  o f  states is now  energy independent in contrast to 
that in a 3-D  system  (c.f. E qn. 7.10). T he reduction  in d im ensionality  also 
changes its shape from  a parabolic variation  to a stepped variation  as 
rep resented  by the dotted  line in  Fig. 7.4c.
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W hen a  m agnetic  field  is applied  along the z-d irection w hich  is
perpend icu lar to the plane o f  the 2D E G , an infin ite  set o f  L andau  levels 
associated  w ith  each electric subband w ill be in troduced . 1 89,190 T h e  to tal 
energy  w ill now  be com pletely  quantized and w ill consist o f  term s 
rep resenting  both the L andau level quantization  and the confinem ent o f  the 
po ten tia l w ell :

i = ( N  + — ± A ) hco + g .N,l V 2  ' c l (7 .14)

A is the spin term  w here Ahco =c —  g V „ B  2 B A =
♦ *g m
4m  'o

A s in the 3-D  case, the density  o f  states w ill becom e d iscontinuous and 
in the absence o f  any scattering, can be represented  by  a  series o f  delta  
functions at the L andau level energies. In  practice, the density  o f  state
function  w ill be broadened by scattering as show n by the solid cu rves in
F ig. 7.4c.

b) T he Shubnikov-de H aas (SdH) E ffect

A s show n in the previous discussions, e lectrons are quantized  in to
L andau  levels in the presence o f  a  m agnetic  field. A s the m agnetic fie ld  is 
varied , these L andau levels w ill pass through the F erm i level (E p) w hich is 
a lm ost independent o f  the field. F o r a degenerate  sem iconductor, the
conduction  properties are dom inated  by electrons c lose to  the F erm i level 
w hich  is high up in the conduction  band. T he scattering  probabilities o f  
these electrons w ill be affected by the sudden change in  the density  o f  
states w hen the bottom  o f a L andau level coincides w ith the F erm i level,
i.e. w hen

E = ( N + -1  ± A ) (7.15)
2 m

T his gives rise  to  a series o f  oscillations in the m agnetoresistance know n 
as the  Shubnikov de-H aas (SdH ) effect from  w hich im portan t param eters o f  the 
carriers can be obtained directly . C arrier concen tration  and band 
an iso tropies can be deduced from  the fie ld  position  o f  the peaks;
tem perature  and fie ld  dependence o f  the oscillation am plitudes prov ide
in fo rm ation  about the effective m ass and m obility  o f  the carriers; and the
g -fac to r can be found from  the sp in-splitting o f  the peaks. In  th is w ork, 
how ever, only the carrier concentration  w ill be extracted  from  SdH  effect
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m easurem ents.

A ccording to Ferm i-D irac statistics, the carrier concen tration  (n) is
18 3given by : ®

n = D (E ) f(E ) dE  (7.16)
o

w here f(E ) is the expectation o f  occupancy o f  a state w ith  energy E  and D (E) 
the density o f  states. F o r a degenerate  sem iconductor o f  w hich the
conduction  properties are dom inated  by  the varying occupancy o f  states at

18 3the F erm i energy E p, E qn. 7 .16  can be reduced  to  :

F D (E ) dE  (7.17)

C ase  1 : 3-D  System s

F or a 3-D  system , the carrier concentration can be found  from  
Eqns. 7 .10 a n d  7 .1 7  g iv in g

3/2 3/2

*Fn = 1

3% ( - ^ T - )  E ,

=> Ef = - V  P*2")
2 / 3

(7.18)

(7.19)
2m

SdH  oscillations w ill occur w hen the Landau levels coincide w ith the 
Ferm i level, i.e. w hen

- „ 2/3 ,- V  (3^2n) - ( N + i -  ± A ) 
2m 2

E  =F
h e B

m
(7.20)

F o r tw o successive quantum  num bers n , w e obtain
1

B N B
h e

N + 1 m  E

M-L) = 2e (3rc2 n )

F

2 / 3

(7.21)

(7.22)

N ote that the SdH  oscillations are period ic  in reciprocal m agnetic  fie ld  and 
the oscillation period  A (l/B ) is independent o f  the effective  m ass. T he 
carrier concentration  (n) can thus be obtained d irectly  from  th is period
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18 0w ithout the uncertainty  associated w ith the estim ation o f  the H all factor 
(r ) as d iscussed in § 7.2.1.H

C ase  2 : 2-D  System s

SdH  oscillations are m ore pronounced in  a  2-D  system  due to  a m ore 
abrupt change in the density  o f  states a t the F erm i level. In  the case w here 
m ore than one electric subband is occupied, each w ill con tribu te  to  a
d istinct series o f  oscillations periodic in 1/B. * T he ea rn e r
concentration  o f  each subband (n .)  can be deduced from  the correspondingi 1oscillation period  A f —  ) as follow s :

B i
from  E qn. 7.21 A (— ) =

B m  E p

E m X
from  E qns. 7 .13  &  7 . 1 7  n  =  [ D '( E )  d E  =  --------r~

J 0 7th2

H ~ ) .  =  - I V  <7-23>B i i
A t su fficiently  high m agnetic fields, m agnetoresistance spectra m ay be
com plicated  by  structures arising from  spin-splitting o f  the L andau  levels. 
G reat care m ust thus be taken w hen in terpreting  the SdH  results.

In  o rder to  observe the SdH  effect, the requirem ents hC0c» k fiT , E p » k BT
and 0) x » 1 have to be satisfied . 191 H ere  x refers to the  life tim e o f  ac
quantum  state and k  the B oltzm ann’s constant. In  practice , these
requirem ents p lace stringent dem ands on the m agnetic fie ld  strength and the 
quality  o f  the sem iconductor sam ple.

c) T ilted  F ie ld  and D iam agnetic  SdH  E ffects

A ll d iscussions so far have im plicitly  assum ed that the m agnetic  field
is aligned perpendicu lar to  the p lane o f  the 2D E G  (i.e. along the
z-direction). In  the presence o f  a m agnetic  field having  an in-plane
com ponent, the electric and m agnetic quantization  are m ixed  in a  com plex
m anner. C yclotron orbits w ill be constra ined by the confin ing  potential
to rem ain  in  the plane o f  the 2D EG  and the L andau level sp litting  w ill be
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determ ined solely by the perpendicular com ponent o f  the fie ld  Bj_ (= Bcosf)
w here $  is the tilt angle w ith respect to  the norm al o f  the 2D E G  plane).
U sing a perturbation approach, it can be show n that the e igen-energ ies o f

18 2electrons under the in fluence o f  a tilted m agnetic  fie ld  are given by :

E n ,- = (N  + 7 )
h e B l

m g n B l8 +  G • +  l
2 D  2 e B 11

m
<Az.> (7.24)

w here B ± and B „ are the perpendicular and parallel com ponents o f  the
m agnetic fie ld  B w ith respect to the p lane o f  the 2D EG  and <Az.>2 represents
the ex ten t o f  the e lectron ic w ave-function o f  the i l subband in  the
z-direction.

O n tilting  the m agnetic  field, SdH  peaks arising from  a perfect 2D E G  
w ill m ove upw ards in fie ld  as l/cosf>. O n the o ther hand, bu lk  oscillations 
depend on the total value o f  the m agnetic  fie ld  and are unaffected  by the
change in $ . The l/cosf> dependence o f  the SdH  oscillations is thus
characteristic  o f  the tw o-dim ensionality  o f  the carriers. 189,191 T he spin
energy, given by the second term  on the righ t hand side o f  E qn. 7 .24, also
depends on the total field  and hence the spin effect w ill becom e m ore
pronounced  as the ra tio  o f  sp in-splitting to L andau level splitting
increases w ith  l /c o s $  (see F ig. 7 .5 ) 181,191

N = 1

0

<
< k

jT

1
t< ? i

l a l 
t

=  0

>  2 A S

1

0

J * i  >  0

J A l =  2 A s

F ig . 7 .5  R ela tio n sh ip  b e tw e e n  L an d au  
le v e l sp litting  (Al ) and  sp in -sp littin g  
(A g ) o f  a 2 D E G  fo r  v a rio u s  tilt an g les D 

(fro m  R ef. 188)

2
1
0 A,

> 0 1

=  As
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T he last term  in  E qn 7 .24 represents a d iam agnetic  shift o f  the  
subbands and accounts fo r the only change in the energy  o f  the 2D E G  at 
paralle l fie ld  (i.e. =  90° => B ± = 0). D ue to the spatial extension o f  the
electron  w ave-functions, the subband m in im a w ill be sh ifted  w ith respect to  
kn = 0  and raised  in  energy as the m agnetic  fie ld  (By) increases. H ere  k N 
is the  com ponent o f  a w ave-vector in  the plane o f  the 2D EG . T h is energy  
shift w ill m ove each subband successively up through the F erm i level, 
causing  them  to depopulate  and red istribu te  their carriers am ong low er ly ing  
subbands. A s a resu lt, the m agnetoresistance w ill go through a series o f  
m axim a and m in im a due to the successive reduction  o f  in ter-subband 
scattering. T his behaviour w ill p roduce a series o f  w idely-spaced peaks 
w hich are not period ic  in 1/B and is called  the "diam agnetic Shubnikov-de 
H aas e ffec t".191 T his effect can give valuable in form ation  about the num ber 
o f  subbands occupied , w hich is particu larly  useful w hen unam biguous resu lts 
cannot be obtained from  the norm al SdH  e ffe c t A t som e in term ediate  angles, 
the change in subband separation caused by the parallel com ponent o f  the 
m agnetic  field  can shift the L andau  levels o f  h igher subbands in to  
coincidence w ith those o f  the low er subbands. A ny m ixing o f  these 
degenerate  levels can lead  to hybrid ized behaviour in the periodicity  o f  the 
SdH  series.

7 .3 .2  E xperim ental T echniques

A ll SdH  and m agneto-optical experim ents w ere perfo rm ed  at liqu id  helium  
tem perature  (4.2K) in  a double superconducting m agnet system  (T hor 
C ryogenics L td .) using the 8T coil. S am ples w ere in troduced  in to  the bore o f  
the superconducting solenoid v ia  a cryogenic in sert enclosed in a 
stainless-steel sleeve. G ood therm al contact betw een the liqu id  helium  bath
and the sam ple w as facilita ted  by filling  the sleeve w ith  helium  gas (at P  =
1 atm .). A ro ta tab le  insert (show n in  Fig. 7.6) w as designed fo r tilted  
fie ld  experim ents such that the tilt angle could  be varied  w hile m ain tain ing  
the in tegrity  o f  the cryogenics. S ince the m agnetic fie ld  is along the 
leng th  o f  the insert, bevel gears had to  be used to ro ta te  the surface p lane
o f  th e  sam ple in and ou t o f  the field. T he sam ple ho lder w as constructed  
fro m  a b lock o f  T ufno l w ith eigh t p ins fo r electrical connections w hich w ere 
term inated  in a standard  D IL  p lug fu rther up the insert. T he sam ple ho lder 
together w ith its stainless-steel support is rem ovable from  the m ain in sert 
to facilita te  sam ple changing procedures. A  series o f  th in  copper baffles
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w as p laced  along the length  o f  the in sert (not show n in  the picture) to  
reduce  helium  boil o f f  due to rad iation  from  the 300K  end. E lectrical leads 
using sub-m iniature coaxial cables w ere connected  to  L em o type  connectors on 
the top end  o f  the insert. C oaxial cab les o f  stain less-steel construction
w ere used  in an attem pt to m inim ize conductive  heat loss dow n the insert. 
F o r m agneto-optical experim ents, the sam ple could  be illum inated  dow n a 
ligh t-p ipe p laced  in  the centre.

In  SdH  experim ents, the transverse resistiv ity  p o f  the sam ple is 
m easured  as a function  o f  the applied m agnetic  field. F o r d.c. m easurem ents, 
a know n current w as passed  betw een a pa ir o f  neighbouring contacts and the 
vo ltage generated  across the other pair w as recorded w hile  the fie ld  w as 
sw ept. A  constant cu rren t source w as bu ilt from  a batch o f  15V batteries and 
tw o po ten tia l d ividers. A utom atic data  acquisition  w as accom plished  by the 
use o f  an A m strad 1512 m icro-com puter equipped  w ith standard  IE E E  interface.
T urbo  P ascal routines w ere used to drive  tw o digital vo ltm eters (K eithley 
195A ) w hich m easured the sam ple resistance and a vo ltage p roportional to  the
m agnetic  field. SdH  oscillations arising fro m  a 2D EG  w ith  m ore that one 
subband occupied  are seen as a superposition  o f  oscilla tions from  separate 
subbands as discussed in  the prev ious section. In  m ost cases, it is
extrem ely  d ifficu lt to  ex trac t individual subband carrier densities from  the 
raw  m agnetoresistance data. Instead, the data  m ust be analyzed  by a F ourier 
technique w hich yields a series o f  peaks corresponding to  ind iv idual subband 
carrier densities. A F ast Fourier T ransfo rm  (FFT) a lgorithm  together w ith
num erical averaging and differentiation routines are available  to facilita te
data analysis.

In  m ost m easurem ents, the oscilla tory  com ponents o f  the longitudinal
resistiv ity  are m asked by a strong m agnetoresistance background  arising  from  
m ulti-carrier conduction effects and could be o f  the order o f  on ly  1% o f  the
m easured  resistiv ity . In  those situations, a field  m odulation  technique
using a m odulation  coil w as em ployed to  suppress the  slow ly varying
background m agnetoresistance. A s the d.c. fie ld  from  the 8T  m agnet w as 
sw ept, a sm all oscilla tory  m agnetic fie ld  o f  m uch sm aller am plitude w as 
applied  colinearly . T he m odulation  coil (show n in F ig. 7 .6a) w as m ade by
w ind ing  m ulti-filam ent N bT i superconducting w ire (~0.352m m  dia.) round a
sm ooth T ufnol tube insulated  with a layer o f  th in M ylar tape. T he d iam eter
o f  th e  T ufnol tube (29m m ) was chosen such that it cou ld  fit betw een the
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F ig . 7 .6  A p p ara tu s  u sed  fo r SdH  and m ag n e to -o p tica l ex p e rim e n ts  :
(a) Sample holder of the rotatable insert and the modulation coil
(b) Top end of the insert showing the mirror box connecting the light-pipe 

to the laser system, the rotary control and the electrical connectors
(c) Circuitry for driving the modulation coil in a.c. SdH measurements.
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sam ple ho lder end  o f  the insert and the stainless-steel sleeve. T he coil w as 
positioned  such that its centre coincided w ith  that o f  the 8 .3T  m agnet coil. 
W ind ing  o f  the  solenoid w as achieved by tensioning the superconducting  w ire 
and ro ta ting  the tube in a  lathe. A s w inding  progressed, each com pleted
layer w as thoroughly  coated in  low  tem perature S tycast epoxy resin  and a 
total o f  four layers w as w ound. T he m odulation  coil w as driven by  a 120W  
audio pow er am plifier pro tected  by tw o zener diodes. U sing a  m odulating  
frequency o f  35H z and a supply voltage o f  IV  across the coil, a m agnetic 
field  o f  approxim ately  0 .005T  could  be generated. U sing a  phase  sensitive 
and lock-in  detection  technique, a d.c. ou tpu t signal p roportional to  the
first derivative o f  the m agnetoresistance could  be recorded. A n a.c. 
p ream plifier w as also used to im prove the signal to noise ra tio  o f  the
output. C ircu itry  used fo r a.c. SdH  m easurem ents is schem atically  show n in
Fig. 7.6c.

7.3 .3 R esults and D iscussions

a -S n  film s grow n on InSb substrates show ed very high m agnetoresistance 
characteristic  o f  m ulti-carrier conduction. F ig. 7.7 a indicates that the 
SdH  oscillations observed from  a a -S n /p -In S b  layer at liqu id  helium
tem perature produced  a relatively  sm all m odulation  o f  the m onotonic 
m agnetoresistance (m arked by  arrow s) and the fie ld  m odulation  technique was
required  to  suppress the slow ly vary ing  background m agnetoresistance.
Fig. 7 .8a show s typical record ings using this technique fo r film s o f  various 
th icknesses w ith  the m agnetic  fie ld  applied perpendicu lar to  the sam ple .55

N ote the rem arkable  d ifference betw een the peak  structures observed  from  the 
thin (200A) and th ick (3000A ) film s. T he ra ther com plicated 
m agnetoresistance was found to be a superposition o f  several SdH  series
w hich could  be attributed to the presence o f  a h igh density  2D EG . D ue to the 
com plexity  o f  the oscillatory  structures, F ast F ourier T ransfo rm  (FFT)
analysis w as required  to determ ine the 1/B periodicity  and  to identify
individual subbands. T he corresponding F F T  pow er spectra show n in F ig. 7.8b 
reveal the presence o f  a series o f  strong m axim a. F o r the a - S n /p - I n S b ( l l l )  
film , as m any as nine subbands w ere occupied  w ith a to tal occupancy  o f 
~  7 .5x10 c m ’ . T he carrier concentrations are very high and it is  believed
that the 2D E G  is located at the a -S n /In S b  in terface rather than the surface. 
T he presence o f  surface states in a -S n  has not been reported  and  is  thus
believed to  be insignificant. The variation  o f  to tal carrier concentration
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flx  (a u )

F ig . 7 .7  D .C . m a g n e to re s is ta n c e  re c o rd in g s  tak en  a t 4 .2 K  w ith  the  m ag n e tic  
f ie ld  p e rp e n d ic u la r  to  th e  g ro w th  p la n e  fo r  :

(a) an ~3000A th ic k  q-Sn f i lm  grown on p-InSb(lOO) and
(b) a p-InSb(lOO) su bstra te  subjected  to  pre-growth c lea n in g  procedure

TABLE 7 .1

★ Overlayer Carrier Concentrations , . 1 2x 10 cm )Sample Thickness
(A) n0 n l n2 n3 n4 n5 n 6 n7 2 n .JL

Sn-48p 200 1.55 • 1.09 0.71 0.50 0.31 0.18 4.16

Sn-39p 1500 1.90 1.37 0.94 0.64 0.41 0.25 5.50

Sn-32p 2000 1.97 1.37 0.94 0.67 0.41 0.23 0.16 0.11 5.58

3000 1.90 1.43 1.02 0.69 0.46 0.26 0.21 0.13 6.10Sn-41p
e t c h e d  i n  H C l  

f o r  2 m i n s . 1.66 1.19 0.85 0.58 0.39 0.27 0.19 0.10 5.23

Sn-26p 3000 2.2 1.55 1.09 0.76 0.47 0.32 0.24 0.17 6.40

Sn-27p 3500 2.03 1.38 0.97 0.60 0.37 0.25 0.08 5.68

Sn-42p 4000 1.68 1.23 0.80 0.46 0.30 0.21 0.11 4.45

Sn-31p(111) 1500 2.18 1.61 1.20 0.89 0.66 0.46 0.33 0.14 7.46

* a l l  samples were grown on p-InSb(lOO) substra tes  u n les s  otherwise  s t a t e d
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INT. (a.u.)

>—*

Pi, (»■ “ ■ )

F ig. 7 .8  E x p e rim e n ta l rec o rd in g s  fro m  a .c . S dH  m ea su re m e n ts  show ing  :
(a) Second d e r i v a t i v e s  of  the magnetoresi stance recorded at 4.2K with the magnetic f i e l d  perpendicular to  the growth plane  

for  ( i)  200A and ( i i )  3000A th ic k  a-Sn f i lm s  grown on p-InSb(lOO), and ( i i i )  1200A th ick  a-Sn f i lm  grown on p - I n S b ( l l l )
(b) Corresponding FFT power spectra for these three samples
(c) Corresponding diamagnetic resonances spectra  recorded with magnetic f i e l d  p a r a l l e l  to the growth plane.  Note that the  

depopulation f i e l d s  of in d iv id u a l  subbands are in d ica ted  by the arrows.



and subband occupancy for several sam ples w ith  d ifferen t overlayer
th icknesses and substrate orientations are sum m arized in  T ab le  7.1. W hen  the
m agnetic  fie ld  w as applied parallel to  the sam ple su rface i.e. paralle l to
the p lane  o f  the 2D E G , series o f  m ore  w idely-spaced peaks w ithou t 1/B 
character w ere observed due to the depopulation  o f  successive subbands. T h is 
"diam agnetic SdH  effect" shown in F ig . 7.8c dem onstra tes consistently  the 
presence o f  a large num ber o f  subbands in  all o f  these  film s. D epopu lation  
fie lds o f  individual subbands are m arked by arrow s in the d iagram .

C onfinem ent o f  the conduction electrons is fu rther ev idenced from  the 
resu lts o f  tilted  m agnetic  field  experim ents in w hich the m agnetic  fie ld  is 
ro ta ted  to  a variab le  angle w ith respect to the norm al o f  the grow th
p lan e .47 A s m entioned  before, fundam ental fields in the S dH  series fo r a
true 2D E G  should increase as l/co s 'd , i.e. the separation  o f  the L andau
levels should decrease w ith increasing  F ourier-transfo rm ed resu lts o f
tilted  fie ld  m easurem ents perform ed on an a - S n /p - I n S b ( l l l )  sam ple are show n 
in F ig . 7.9 w ith  the fundam ental fie ld  scaled to B cosfk N ote that the fie ld  
position  and hence the occupancy o f  each  subbands depends strongly on  the 
o rien tation  o f  the m agnetic  field. F o r & <  45°, the dependence is close to 
1/cosf) (dashed lines in Fig. 7.9) w hich  confirm ed the tw o-dim ensionality  o f  
the e lectron gas. A bove th is angle, som e peaks start to m erge together
(m arked by arrow s in the figure). T h is behaviour m ay arise  from  the m ix ing
betw een L andau levels belonging to tw o adjacent electric subbands o r from

19 0the decrease o f  L andau level sp litting  w ith respect to  spin splitting 
(refer to § 7 .3 .1c and Fig. 7.5). S im ilar results w ere observed from  a -S n  
layers grow n on InSb(lOO) substrates.

H aving  confirm ed  the existence o f  a  2D EG  in the  a -S n /In S b  layer, the
next question to be answ ered w ould  be the orig in  o f  th is 2D EG . 
Z heng et. a / .115 observed a low  carrier density 2D E G  in  an InS b/C dT e
heterostructure  and suggested the possib ility  that it arose fro m  a n+ reg ion  
in the  substrate. T hese w orkers conducted  their A r ion bom bardm ent at 500eV  
w hich is h igher than the energy w e used for cleaning o u r InSb substrates.55 

O ur substrates subjected to the usual cleaning procedure  w ithout subsequent 
epitax ial grow th do  not exhib it any SdH  oscillation as show n in F ig. 7 .7b. 
T his dem onstrates that the 2D EG  in o u r a -S n /In S b  layer is unlikely  to  be 
caused  by substrate cleaning artefacts. T he charge density  o f  the 2D EG  seem s 
to be affected  by the th ickness o f  the a -S n  overlayer in  a  com plex m anner as
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show n in Table 7.1. F o r film s grow n on InSb(lOO) substrates, the charge  
density  increases w ith  overlayer th ickness for film s less than 3000A  th ick , 
w hile  the opposite trend  occurs w hen th is th ickness is  exceeded. O n reducing  
the th ickness o f  a 3000A  film  by etch ing  the surface w ith  HC1 fo r 2  m ins., 
the to ta l charge density  w as found to  fall by about 10%. O ne possib le  
explanation  for these observations is that the th ickness dependence o f  the
dielectric  constant o f  epitaxial a -S n  causes a corresponding  variation  in
the shape o f  the poten tial w ell confin ing  the 2 D E G .8 In  addition , d ie lec tric  
effects can also alter the poten tial o f  the w ell v ia  the im age force.

INT. (a.u.)

F ig . 7 .9  T il te d - f ie ld  F F T  p o w e r sp e c tra  fo r  an q - S n / p - I n S b ( l i r )  sam p le  
T he fundam ental fields for the subbands have been scaled to B cosfi w here 
is the tilt angle o f  the m agnetic fie ld  w ith respect to  the norm al o f  the 
grow th plane. F o r a true 2D EG , the peaks should follow  the dashed lines.
N ote that from  about 0  = 45° onw ards, som e peaks start to m erge together 
as m arked by the arrow s.
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T w o-dim ensional behaviour has also been detected in SdH  oscilla tions 
observed in thin a -S n  film s (~8(X)A) grow n on CdTe(OOl) by Song et. al..53 It 
w as assum ed that the carriers are confined  in a po ten tia l w ell w hich is 
approxim ately  rectangular in shape, g iv ing rise to quantum  size effects. In  
this case, the difference o f  consecutive subband energies as w ell as their 
occupancy difference should increase w ith  decreasing film  th ick n ess190 and
is indeed  observed by Song et. al.. O n the contrary , F ig. 7 .8b  ind icated
that the reverse trend is true fo r ou r a -S n /In S b  layers and the ratio  o f  the 
subband occupancies n ./n . is re latively  constant (~ 1.4 as listed  in
T able  7.1) fo r a w ide range o f  film  thicknesses. Q uantum  size effects thus 
cannot be fully responsible fo r the observed S dH  results.

C arrier confinem ent can also arise from  band-bending effects at the 
in terface o f  the a -S n /In S b  heterostructure. A t 4.2K , the Ferm i levels fo r 
a -S n  and p-InSb (low  doped to 1014 c m * 3) are about 20m eV  and Im eV  above the 
valence bands o f  the tw o m aterials respectively  (see E qn. 7.19). T he first 
figure is estim ated from  H all m easurem ents, w hich gives an apparent electron  
concentration  o f  1 0 17 c m ’ 3 fo r the a -S n  layer. F rom  core  level pho toem ission
studies, the valence band offset fo r the a-S n /In S b(1 00) heterostructure w as
estim ated to be 400 ±  60 m eV .36 U sing  this value, the d ifference in F erm i
level o f  the tw o m aterials in vacuum  w ill be about 420 ±  60 m eV  as depicted  
in F ig. 7.10a. B ecause o f  the h igh carrier concen tration  o f  the a -S n
overlayer, m ost o f  the band bending w ill occur in the InS b  substrate w ith  
the space charge reg ion extending fo r m ore than 1000A in to  the bulk  (Fig. 
7 .10). It is therefore unlikely  that the observed 2D E G , w hich obeys the 
l/cosf> ru le in tilted m agnetic fields w ith  up to 4 5 ° , arises from  carrier 
confinem ent w ithin the space charge reg ion depicted  in the figure.

before contact : a -S n InSb after equilibrium :

T— 20 meV ==-=— i /

(a)

F ig . 7 .1 0  S ch em atic  d iag ra m  sh o w in g  the b an d -b en d in g  e f f e c t  in 
q -S n /p -In S b (1 0 0 )  h e te ro s tru c tu re s
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O n the o ther hand, Fig. 7 .10  is very  m uch an over-sim plified
representation  o f  the a -S n /In S b  in terface w hich can be com plicated  by  
factors such as :
a) P seudom orphically  grow n a -S n  film s are h igh ly -strained  and  the

sym m etry-induced degeneracy o f  the conduction  and valence  band in bu lk
sam ples is expected  to be lifted. A  fin ite  bandgap should  therefore  exist
in  epitaxial a -S n  layers and the band-bending  depicted in F ig. 7 .10  is no 
longer valid.

b) D ue  to the non-polar/po lar nature o f  the a -S n /In S b(1 00) system , a  large
concen tration  o f  in terface states m ay be present w hich  m ay a lter the
in terfacia l potential su bstan tia lly .104

In  both  cases, the in terfacial band structure w ill be very  com plicated  and 
carrier confinem ent m ay occur at both sides o f  the hetero junction . S ince
in form ation  regarding the band structure o f  epitaxial a -S n , both  theoretical
and experim ental, is very  lim ited, it is  d ifficu lt to ru le  o u t any o f  these
possib ilities at th is stage.

In  chapter 3 it w as m entioned that cross-doping artefacts orig inating
from  both  sides o f  the heterojunction could  give rise to  a 2D E G  w ith  the 
observed  charge density  as in 8-doped sam ples. Indeed , there is som e 
ev idence (§ 5.4 .3) that Sb segregation can occur at the a -S n /In S b  in terface 
w hen elevated  grow th tem peratures o r slow  grow th rates are used.

7.4 Far Infrared (FIR) Magneto-optical Measurements

In  o rder to understand m ore about the  nature o f the 2D E G  as w ell as the 
properties o f  the carriers in the bulk  a -S n  film s, h igh resolution
m agneto-optical m easurem ents w ere carried  out in the fa r in frared  (FIR)
reg ion . I t is hope that these experim ents can shed som e ligh t on  the orig in  
and the location o f  the 2D EG  through the determ ination  o f  the effective  
m asses involved  in the conduction  o f  the a -S n /p -In S b  system.

7.4.1 B asic theory

T he phrase  "m agneto-optical m easurem ents" w as first used by Z eem an to 
describe optical experim ents on  atom s in  a m agnetic field. A s already show n
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in § 7 .3 .1 , a m agnetic field  in troduces L andau levels in the energy bands 
and m ost m agneto-optical experim ents are concerned w ith  transitions betw een 
these L andau  levels. In  o rder to d iscuss all the possib le  transitions, the 
eigen-energies fo r bulk  electrons in a m agnetic  field  expressed  in E qn. 7 .9  
is rearranged  to  the form  :

2 , 2 h  k
z

2m*c
w here E g is the bandgap o f  the sem iconductor and the superscrip t (c) denotes 
the conduction  band. A ll energies are now  m easured from  the top o f  the
valence band. A sim ilar relationship  exists fo r electrons in a sim ple,
non-degenerate  valence band :

h 2 k 2
E ;  =  - ( N  + | )  h o /  +  ( — -L-) ±  | g * \ B  <7 -26>

2 2m 2

F o r in traband m agneto-optical transitions, the peaks in  the 3-D  density
o f states depicted  in F ig. 7 .4b  becom e sharp optical features corresponding 
to transitions betw een L andau  levels in the sam e band. D epending  on the
pho ton energy (co) available for excitation, several types o f  transition can
be observed  such as :
a) C yclotron resonance (CR) w hich occurs at co = 0>c fo r spin conserved

N  -> N + l transitions and  from  w hich inform ation about the effective m ass 
o f  carriers can be deduced. In  practice, scattering o f  electrons is
inevitab le  and the linew idth  o f  a C R  peak  is determ ined by  the electron
life tim e (x). D istinctive cyclotron resonance can be reso lved  only  if
co x » 1 such that an electron can m ove through a significant part o f  its

 ̂ • 18 3cyclo tron  orb it before being scattered.
j|(b) Spin  resonance w hich occurs at co =  co = |g  I|1 B fo r spin reversed  N  -> Ns 1 1 B

transitions. B eing a m agnetic d ipole transition, the in tensity  o f  spin
resonance  is, in general, w eaker than that o f  cyclotron resonance.

c) C om bined  resonance w hich is only  allow ed in sem iconductors w ith
zinc-b lende structures such as InS b fo r spin reversed N  -> N + l transitions 
occu rring  at co =  C0c +  o k  T his k ind  o f  transition can be significant w hen 
sp in -o rb it coupling is large as is  the case w ith  narrow  bandgap
sem iconductors w hich are generally  heavy elem ents.

In  addition  to in traband  transitions, transitions from  L andau  levels in

) ±  i g ' V B  (7.25)
2 B
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the valence band  to those in  the conduction  band can also  occur. Several
in terband transitions am ong levels o f  d ifferen t N  and d ifferen t spin m ay be 
observed and thus m any independent m easurem ents o f  the conduction  and
valence band  param eters m ay be extracted. In  particular, these  transitions
m ay be extrapolated  back to the zero-field  condition from  w hich  a m ore 
accurate value o f  the bandgap (E) can be deduced  (see Eqns. 7 .25 and  7.26).

In  the case o f  a 2D E G  arising from  space charge effects w here  a set o f
L andau levels is associated w ith  each subband, only in traband  cyclotron
resonance betw een adjacent L andau levels tends to  be o f  experim ental

18 8im portance.

F o r the a -S n /p -In S b  system , transitions originating from  ho le  bands in
the substrate can also be observed as w ill be seen later. F o llow ing  P idgeon
and B ro w n’s schem e,193,194 energy levels fo r holes in  a  m agnetic  fie ld  are
classified  in to  L andau ladders a and b, w here loosely speaking, a and b 
correspond to  "spin-up" and "spin-dow n" levels respectively . H ereafter, the
notations - N a , + N a, - N b, +  N b w ill be used w here N  denotes the quantum
num ber o f  the L andau level. S ince the L andau  levels associated  w ith  each 
hole band  contain  a strong m ixture o f  light hole and heavy hole band
character, the signs - and +  are used sim ply to d istinguish  the set o f
ladders w ith  w ider energy separations (hence light-hole-like) and those w ith 
narrow er separation (hence heavy-hole-like) respectively .

A t low  tem peratures, such as 4 .2K  used in our experim ents, free holes 
are frozen ou t onto acceptor sites and excitations invo lv ing  acceptor
im purity  o r bound-hole states dom inate over free-hole transitions. T he
standard approach fo r the treatm ent o f  im purity  states in the  presence o f  an
external m agnetic  field  is to use the effective m ass approxim ation. T he
follow ing discussions on bound-hole transitions in InS b are  based  on the
analysis o f  L in -C hung and H en v is ,194 w ho extended the standard  m ethod to
include details o f  the InS b band structure. B ecause o f  the degeneracy  o f  the
valence band  structure, acceptor states in a m agnetic fie ld  exist in
association w ith  both heavy- and light-hole L andau levels. A t low
tem peratures, it is expected  that the excited  acceptor state w ould  be the
final state o f  a hole transition orig inating  from  a ground acceptor state.
T ransitions to  the continuum  levels are not expected to dom inate  since the
transition probabilities to states in the continuum  are w eak  and  decrease
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w ith increasing  f ie ld .195 T he zero-field  acceptor ground state  b inding
energy can be extracted from  low  tem perature data  by considering  all the 
fie ld  con tribu tions to the bound-hole transition  energy (hco) w hich  is given
u  195by :

hCD = E 8(0) + AEg(B) +  E*’b(N ,B ) - E e(B) (7.27)a a In a

w here E 8(0) is the b inding energy o f  the accep to r ground state, AE8(B) the 
fie ld-induced  shift o f  the ground state energy, E â  (N ,B) refe rs  to  the 
energy o f  the N th light-hole L andau  level in ladder a o r b, and E®(B) is the  
b inding energy  o f  the excited  light-hole acceptor state (i.e. the final 
state fo r the  transition). S ince AE8(B) and E e(B) are sm all quantities o fa a
com parable m agnitude and opposite sign, their contribu tions to the

19 5transition  energy  can be neglected  and E qn 7.27 can be sim plified to  :

hco <* E8(0) +  E*'b(N ,B ) (7 .28)a In

B y p lo tting  a "fan-chart" o f  m agnetic fie ld  against d ifferen t photon 
frequencies, the binding energy o f  the accep tor at zero fie ld  E 8(0) can thus
be found.

7 .4 .2  E xperim en tal T echniques

A ll m agneto-optical m easurem ents in this w ork  w ere carried  out at 4 .2  K  
using fixed  photon energies and a continuous sweep o f  m agnetic  fie ld
ranging  fro m  0  to 8T. P hoton  energies in  the F IR  reg ion w ere p rovided  by a 
coherent F IR  laser system  optically-pum ped by a C 0 2 laser (E dinburgh
Instrum ents). B y suitable choice  o f  m olecular gas m ixture, the w avelength 
range o f  th is system  can ex tend  from  7 0 .5 p m  up to 1.22m m  although only the 
three m ost in tense lines at X =  70.5, 96  and 118pm  w ere used  in these
studies. T he laser w as operated  in the continuous w orking (CW ) m ode w ith a 
pow er level o f  approxim ately  lO m W  and the F IR  beam  w as chopped  at 
approxim ately  600H z. F u rther details o f  the experim ental set-up for
m agneto-optical m easurem ents can be found in  R ef. 187. U npolarized  light in 
the F araday  configuration, w here the inciden t rad iation  propagates in  a
d irection  parallel to the m agnetic  field, w as used exclusively  in this w ork.
In o rd e r to  enhance the sensitiv ity  for detecting  sm all am ount o f  im purities 
in the substrate  as w ell as carriers in the th in  a -S n  film s, 
pho toconductiv ity  spectra w ere  taken in preference to transm ission o n e s .195
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These spectra  m ay, how ever, be d istorted  as the sam ple resistance and  hence 
the detection  sensitivity changes w ith  m agnetic field . E xtrinsic  
photoconductiv ity  w as detected using a cross m odulation  technique w here the 
change in  d.c. conductivity  (o ) w as m easured by phase  sensitive
techniques. T h e  m agnetic fie ld  w as again prov ided  by the T hor 8T  system  and 
the sam e ro ta tab le  insert and biasing circu itry  w ere used  as in  SdH
m easurem ents. In  fact, H all, SdH  and m agneto-optical m easurem ents w ere
usually carried  ou t on the sam e sam ple in succession in  o rd e r to  m inim ize
the tim e and the am ount o f  liquid  H e consum ed during the sam ple changing 
process. T o  cu t o ff  any 9 - 10pm  com ponents in  the F IR  beam  arising  from
pum ping rad iation , a  T PX  (poly 4  m ethyl pentene-1) w indow  w as m ounted  at the 
top end  o f  the  light-p ipe w hich w as fixed  at the centre o f  the insert.

7.4.3 R esults and D iscussion

7.4.3.1 Photoconductiv ity  R esponse at X = 7 0 .5 p m

a) S tructures orig inating  from  the p-InS b  substrate

Fig. 7 .11a  show s the photoconductiv ity  spectra taken a t a laser 
w avelength o f  70 .5 p m  for a p-InS b substrate (doped w ith Cd) subjected to the 
norm al c lean ing  procedure bu t w ithout subsequent epitaxial grow th. F o r
C d-doped p -InS b, holes are frozen ou t onto  acceptor sites at tem peratures 
below  14K. U sing  laser w avelengths o f  10 to 70 .5pm , L ittle r et. al. w ere 
able to  observe bound-hole transitions orig inating  from  heavy-hole-like 
ground states to final excited  acceptor states associated w ith  light-hole 
L andau levels w ith  quantum  num ber N  = -1 to 27 at 4 .2K . T he transition 
energies deduced  from  the sharp structures recorded in F ig. 7 .11a  is in
excellen t agreem ent w ith th e ir results. In  this spectrum , the  num bers used 
to identify  the individual peaks refer to  the light-hole L andau  level w ith 
w hich the  excited acceptor states are associated. W ith  increasing 
w avelengths (i.e. 96 and 118pm ), these bound-hole transitions w ere found to 
occur at lo w er m agnetic fie ld  as expected. A  fan-chart o f  m agnetic  fields 
against pho ton  energies is p lo tted  in  Fig. 7.12. B y ex trapolating  the
experim ental da ta  back to zero field, the ground-state b inding energy for
the acceptors is  found to be 8.9±0.3 m eV . T his energy is close  to  the values

195 197cited fo r C d im purities in the literature.
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IN T . (a u )

0 1 2 3 4 5 B  (T)

Fig. 7.11 P ho toconductiv ity  resp o n se  re c o rd e d  using a la se r  w a v e le n g th  o f  
70 .5nm  fo r  :

(a) A p-InSb(lOO) substrate subjected to pre-growth cleaning showing a 
series of bound-hole transitions. The labels refer to the light-hole 
Landau levels to which the excited impurity states are associated.

(b) A 200A thick a-Sn/p-InSb (100) sample
(c) A 3000A thick a-Sn/p-InSb(100) sample
(d) Sample (c) after being etched in HC1 for 2 mins.

E n e r g y  (meV)

20

15

10

1 3 5 EB (T)

X = 70.5 Atm

A  = 9 6 / i m  
A  = 118/>im

F ig . 7 .1 2  A fa n -c h a r t  o f  m ag n e tic  f ie ld s  ag a in st pho ton e n e rg ie s .
(By extrapolating the experimental data back to zero field, the ground- 
state binding energy of the acceptor is found to be (8.910.3) meV.)
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b) S tructures o rig inating  from  the 2D E G  and the a -S n  film

A lso show n in Fig. 7.11 are  photoconductiv ity  spectra taken from  
a -S n /p -In S b  structures w ith various overlayer th icknesses. T he response  in 
the fie ld  range o f  2  to 3 .5T  is found to  be dependent on  the film  th ickness

the in tensity  increases as the film  becom es th icker. A t an overlayer 
th ickness o f  3000A , a broad hum p centred  at about 2 .6T  is c learly  observed
(Fig. 7 .11c) w hich is found to be quenched w hen the film  th ickness is
effectively  red uced  by etching the surface (Fig. 7. l i d ) .  T his b road  feature,
corresponding to an effective m ass o f  (0.018 ±  0 .0 02)m Q, is thus re la ted  to
the a -S n  overlayer although the effective  m ass value is too sm all com pared
w ith the bulk  a -S n  value o f  approxim ately  0 .0 24m o. 15 ’ 21 *24 T his discrepancy 
is believed to be the resu lt o f  the strongly non-parabolic  and w arped  energy
surfaces characteriz ing  the h ighly -strained  pseudom orphic a -S n  overlayer.
T he com plex band  contour is reflected  in the broadness o f  the cyclotron 
resonance peak  w hich m ay include contributions from  a range o f  effective 
m asses associated  w ith d ifferen t poin ts on the constan t energy  surface.
S trong adm ixtures o f  the conduction  and valence band w ave function  expected 
in narrow  bandgap sem iconductors can also cause broadening in the C R  peaks.

7.4.3.1 Photoconductiv ity  R esponse at X = 96  and 118 p m

U sing a longer w avelength o f  96pm , transitions arising  from  both bound 
holes and free-carrier cyclo tron resonance are expected  to sh ift to  low er
m agnetic fie ld  (see Fig. 7 .13). B ound-hole transitions orig inating  from  the 
substrate dom inate  the photoconductiv ity  spectra below  3T  and the tw o peaks 
labelled S 1 and S 2 correspond to the light-hole L andau levels 0a and -lb/-\a
respectively  to  w hich the acceptors are excited. A t h igher field , an 
overlayer th ickness dependence is again observed. A  broad  hum p at about 5T
(corresponding to effective m asses in the range o f  0 .0 44m Q to 0 .05 InL ) can 
be observed in the th inner film  (Fig. 7 .13a) w hich gradually  d im in ishes as 
the film  th ickness increases (Fig. 7.13b). T ransitions involv ing  effective 
m asses in  th is range are also observed in the photoconductiv ity  response
using a laser w avelength o f  118p.m. These transitions are tentatively  
attributed  to  the 2D EG  at the in terfacial region, w here its in fluence on the 
overall conductiv ity  o f  the sam ple is expected to  decrease as the overlayer 
becom es th icker. H ow ever, it is still no t possib le to determ ine w hether the
2D E G  is confined  at the a -S n  o r the InSb side o f  the hetero junction . In  both
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cases, the Ferm i level w ill be high due to strong non-parabolicity  and high 
carrier concentration o f  the 2D EG . T he effective m asses associated w ith  the
2-D  electrons can thus be very large. In  fact, in inversion layers on p -InS b 
surfaces w ith electron densities in excess o f  3 x 10 c m ’ , CR  m asses o f

1 98  1 99the low est subband are found to be larger than 0 .0 40m Q.

In contrary  to the broad hum p centred  at around 5T , tw o sharp peaks
labelled  A and B in the 9 6 |im  photoconductiv ity  spectra (Fig. 7 .13b) can  only
be observed in the th icker sam ple. T w o  sim ilar peaks are also observed  in
the 118fim spectra at slightly low er field. T hese tw o peaks, co rresponding  
to effective m asses o f  0 .028m  and 0 .034m  , are believed to be cyclo trono o
resonance structures w hich arise from  the w arped energy surfaces o f  the a -S n
overlayer. A broad cyclotron resonance structure cen tred  at an effective
m ass o f  0 .033m  has also been observed in an a -S n /C d T e(0 0 1 )o
heterostructure .54

F ig . 7 .13  P ho to co n d u c tiv ity  sp e c tra  re c o rd e d  using  a la s e r  w a v e len g th  o f  
9 6 |im  fo r  (a ) 200A  and  (b) 3000A  th ick  a - S n  f ilm s g ro w n  on p -InS b(lO O ).

(Ŝ  and S2 represent bound-hole transitions associated with the final 
states Oa and -lb/-la. The two peaks labelled A and B are believed to be 
cyclotron resonance features arising from the warped energy surface of 
the a-Sn overlayer.)
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7.5  C o n c lu s io n s

In conclusion, results from  conventional H all m easurem ents fo r the
a -S n /In S b  system  are d ifficu lt to  in terpret due to  the m ulti-carrier
conduction  effect. T he observation o f  a  double reversal o f  sign in  the  H all 
coeffic ien t as the sam ple is cooled  suggests that a n -type  skin layer o r  a 
2D E G  m ay be presen t in  this system . T ilted  fie ld  SdH  experim ents dem onstra te  
unam biguously  the  presence o f  a 2D E G  w ith high carrier concen tration  a t the 
in terface o f  a -S n /p -In S b (1 00) and (1 1 1 ) heterostructures. T his is  the first
rep o rted  observation  o f  a 2D E G  in  such structures.55 T he fact that very
clear SdH  oscillations w ith sharp peaks can be observed  suggests th at the
m obility  o f  the 2D E G  is high. T hese experim ents, how ever, cannot de term ine
the orig in  (or origins) and the exact location o f  th is 2D EG  in  any
defin itive  m anner and a  num ber o f  possib ilities are discussed. In  theory ,
determ ination  o f  the effective m asses involved in the conduction  can prov ide  
the  answ er. Photoconductiv ity  spectra from  m agneto-optical experim ents 
revealed  several sets o f  cyclotron resonance structures corresponding to  a 
w ide range o f  effective  m asses. F rom  the overlayer th ickness dependence o f
the photoconductiv ity  response, som e o f  these features can be tentatively
assigned to the 2D E G  and som e to  free  carriers in the  a -S n  film s. H ow ever,
due to the fact that these cyclotron resonance energies overlap w ith  those
o f  the bound-hole  transitions o rig inating  from  the p -InS b  substrate, and
that large effective  m asses resu lting  from  high carrie r concentrations and 
strong non-parabolicity  can be obtained  in both  a -S n  and InSb,
m agneto-optical m easurem ents also cannot unam biguously identify  the orig in
nor the location o f  the 2D EG .
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C H A P T E R  8 C O N C L U S IO N S

T he w ork p resen ted  in  this thesis w as oriented tow ards the grow th and
characterization  o f  a -S n  film s on InS b substrates by M B E . B ulk  a -S n  is a
sym m etry-induced zero-bandgap sem iconductor. By applying a uniax ial stress
o r by  alloying w ith  G e, a sm all bandgap can be opened up. E p itax ia l a -S n  
film s, substrate-stabilized to tem peratures near 100°C , thus have po ten tia l
in in fra red  device applications.

Substrate quality  w as found to be extrem ely im portan t fo r the
pseudom orphic grow th o f  a -S n  film s since the a  p phase transform ation w as 
found  to orig inate from  defect sites. Several cleaning m ethods fo r InSb
substrates w ere studied using surface science techniques. T he m ost
satisfactory  resu lt w as achieved using a m odified  C P4A  etchan t 
( H N 0 3 : C H 3C O O H  : H F  : D I H  O @ 2 : 1 : 1 : 10) fo llow ed by  a com bination  o f  
low  energy A r ion bom bardm ent (~350eV ) and low  tem perature annealing
(-2 7 5  °C).

T he grow th o f  a -S n  film s w as carried  out in a  custom -designed M B E 
system  and the effect o f  grow th conditions on the surface quality  and
stability  o f  these film s w as studied. It was found  that coherent, 
single-phase a -S n  film s m ore than 1500A th ick could only  be grow n on InSb 
substrates w ith (100) orientation. T he a  p phase transition  tem perature,
used as a m easure o f  stability o f  the a -S n  film , w as found  to be dependent 
on the overlayer th ickness. It was show n that th inner film s had a h igher
transition  tem perature (~ 130°C  for a 200A  th ick film ) than th icker ones 
(-90° C for a 4000A th ick film ). Such behaviour is expected  since the
substrate  stabilization effect w ould be reduced w ith  increasing overlayer
thickness. The h igher transition tem perature  attainable in  th inner film s
offers the possib ility  o f  grow ing a -S n /In S b  superlattices that w ould  be 
stable enough fo r device applications. D ue to the enhanced  m igration  o f  
surface adatom s, film s grow n at elevated  substrate tem peratures and slow
grow th rates w ere found  to  produce sharper R H EED  patterns, corresponding to 
be tter surface ordering. On the o ther hand, preferentia l diffusion o f  Sb 
in to  the overlayer w as detected in film s grow n u nd er these conditions. 
O ptim um  grow th conditions w ere achieved w ith  grow th ra tes in the range o f
0.5 to  0.7A/s and substrates tem peratures betw een 10 and  50°C . U sing  this
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set o f  grow th conditions, it w as dem onstra ted  that h igh quality  a -S n  film s
w ith good surface m orphology could  be stabilized up to tem peratures near 
100°C .

T he structural properties o f a -S n  film s grow n on  InSb(lOO) substrates 
w ere studied in detail using the R H E E D  technique. C lean InSb(lOO) surfaces
p rio r to grow th w ere found to exh ib it predom inantly  (4x2) structures w ith  a
sm all am ount o f  c(8x2) dom ains. T he co-existence o f  these  tw o structures 
gave rise  to curved 1/2-order d iffraction  streaks in the < 100>  azim uths. T he 
in itial grow th o f  a -S n  overlayers w as found  to be characterized  by d iso rder
features caused by either the breakage o f  d im er bonds along  the substrate  
surface o r by atom ic rearrangem ent at the interface. T his w as fo llow ed by a 
layer-by -layer grow th m ode for film s th icker than 20A . It w as also show n 
that a -S n  film s exhib ited  th ickness-dependent su rface reconstructions. 
T w o-dom ain  (2x1), (2x2), c(4x4) as w ell as atom ic step structures w ere
observed. T he surface structure o f a-Sn(lO O ) w as found to be very sim ilar to
that o f  Si(100) and a structural m odel based on dim ers was proposed.

T he electrical properties o f  the a -S n /In S b  heterostructure  studied by 
m agneto-transport (H all and SdH  effect) and m agneto-optical techniques w ere 
found to be dom inated  by a high concentration , high m obility  2D EG  at the 
in terface. D ue to m ulti-carrier conduction  effects, da ta  from  H all
m easurem ents w ere d ifficu lt to analyze and required  carefu l in terpretation . 
T w o-dim ensionality  o f  the electron gas w as dem onstrated  by the l/cosf> 
dependence o f  the observed SdH  oscillations in tilted fie ld  experim ents. T he
total carrier concentration  o f  the 2D E G  w as found to be around 6x10 cm  
w ith at least seven subbands being occupied  at 4.2K. A n overlayer th ickness
dependence o f  individual subband occupancy was observed. M agneto-optical 
spectra  fo r a -S n /In S b  sam ples w ere found  to  be very com plicated . B ound hole 
transitions orig inating  from  the InS b substrate as w ell as som e broad
structures w ith  d ifferen t overlayer th ickness dependence w ere observed. T he 
la tter w ere believed to arise from  cyclotron resonance transitions involv ing 
the 2D E G  (corresponding to effective m asses betw een 0 .044m ^to  0 .0 5 1 n O  and 
the w arped energy surfaces o f  the highly-strained pseudom orphic a -S n
overlayer (corresponding to  0 .018m  and betw een 0 .0 28m Q to 0 .0 3 4 n O . N either 
SdH  nor m agneto-optical m easurem ents w ere able to identify  unam biguously the 
o rig in  and location o f  the 2D EG  although cross-doping, band-bending and
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quantum  size effects w ere all thought to be able to  con tribu te  to its 
occurrence.
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