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ABSTRACT

The work rep o rted  in  th i s  d is s e r ta t io n  was an a tte n p t  a t  

o b ta in in g  a  b e t te r  understanding  o f th e  behavior o f  g o ld -n -s llic o n  

su rface  b a r r ie r  d iodes. Low rev erse  c u rre n t, h ig i  breakdown 

vo ltage  Au-n-Si su rface  b a r r ie r  diodes were fa b r ic a te d  by using  

c e r ta in  combinations o f e tch  quenchants and su rface  tre a tm e n ts .

Ihe e f fe c ts  of th ese  e tch  quenchants, su rface  trea tm en ts  and 

d if f e r e n t  ambient conditions on the  su rface  p ro p e rtie s  o f s i l ic o n  

were s tu d ied  by perform ing low frequency f i e ld  e f f e c t  measurements 

on filam en t sairples of s i l ic o n .  A new ambient cycle was evolved in  

o rder to  ob ta in  the  conductance minimum In  the  f i e ld  e f f e c t  

rrfêasurements. D if fe re n tia l  capacitance nsasurem ents were made In  

order to  c o rre la te  the r e c t i f i c a t io n  c h a ra c te r is t ic s  o f th e  surface  

b a r r ie r  diodes w ith  t h e i r  d iffu s io n  p o te n t ia ls .  These measurements 

were no t successfu l due to  slow charge m igration  on th e  s i l ic o n  

su rface . A model o f slow charge m igration  and th e  r e s u l t s  o f  I t s  

experim ental confirm ation are  p resen ted . The c o r re la tio n  o f the 

r e c t i f ic a t io n  c h a ra c te r is t ic s  to  th e  d en sity  o f f a s t  su rface  s ta te s

, 111



and to  the  th ick n ess  o f th e  in t e r f a c ia l  lay e r  i s  d iscussed . The 

ro le s  o f oxygen and w ater vapor in  th e  form ation o f th e  diode a re  

explained . A siirple  p h y s ica l model o f  the  su rface  b a r r ie r  diode 

i s  p resen ted  which exp la in s many o f th e  observed e f f e c ts .
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SURFACE STATES AND THE GOLD-n-SILICON BARRIER

CHAPTER I  

INTRODUCTION

The g o ld -n -s lU co n  su rface  b a r r ie r  i s  a  s p e c if ic  exairple 

o f a  gen era l m etal-sem iconductor co n tac t. I t  has been w idely used 

during th e  l a s t  decade in  th e  f i e ld  o f n u c le a r  spectrom etry . 

Although i t  was th e  f i r s t  type o f sem iconductor ju ric tion  counter to  

be used in  n u c le a r  spectrom etry^, i t s  behavior and p r in c ip le  of 

opera tion  a re  th e  l e a s t  understood among a l l  types o f  semiconductor 

ju n c tio n  coun ter.^  However, th e  su rface  b a r r ie r  counter o f fe rs  ap 

im portant a t t r a c t io n  in  th a t  i t  i s  b a s ic a l ly  very sim ple to  f a b r i ­

c a te , re q u ir in g  very l i t t l e  so p h is tic a te d  equipment. T herefo re , i t  

can be e a s i ly  fa b r ic a te d  in  any w ell-equipped la b o ra to ry . B esides, 

the  su rface  b a r r i e r  coun ter o ffe rs  some advantages over o th e r  types 

o f n u c le a r  coun ter in  c e r ta in  a p p lic a tio n s .^

B a s ic a lly , an Au-n-Si su rface  b a r r i e r  c o n s is ts  o f  a  th in
O

(100-500A) gold  f ilm  vacuumr-evaporated on one su rface  o f an etched

d isc  o f n -ty p e  s i l ic o n  to  which a n o n -re c tify in g  con tact i s  made a t

the o th e r  su rface . A p o te n t ia l  b a r r ie r  i s  formed a t  th e  go ld-n-

s i l i c c n  in te r f a c e  which e x h ib its  e l e c t r i c a l  r e c t i f i c a t io n

c h a r a c te r is t ic s .  E le c t r ic a l ly ,  such an Au-n-Si su rface  b a r r ie r
1



behaves very much l ik e  a  one-sided  s tep  p-n  ju n c tio n , w ith  th e  gold 

e lec tro d e  behaving l ik e  the  h eav ily  dcped p -s id e  o f th e  ju n c tio n .

Ihe space-charge region  which i s  dep le ted  o f  f re e  charge c a r r ie r s ,  

a lso  known s in p ly  as th e  d ep le tio n  reg io n , l i e s  ex c lu siv e ly  w ith in  

th e  n -type  s i l ic o n  and extends inwards from th e  Au-Si in te r f a c e .

The voltage drop due to  the  p o te n t ia l  b a r r ie r  tak es  p lace  over the  

su rface  space-charge reg icn . Hence th e  name s u rfa c e -b a r r ie r .

O p era tia i as a  N uclear Counter

When a  rev erse  vo ltage  b ia s  i s  ap p lied  to  th e  su rface

b a r r ie r  (gold e lec tro d e  a t  a  negative  p o te n t ia l  w ith  re sp ec t to  the

s i l i c o n ) ,  then the w idth o f  th e  d ep le tio n  reg io n  in c reases  as th e

square ro o t o f the  rev erse  v o ltag e . For a  good su rface  b a r r i e r ,  th e

magnitude o f the  rev e rse  cu rren t d en sity  w i l l  be extrem ely sm all,
2ty p ic a l ly  le s s  than 1 pA/cm fo r  se v e ra l hundred v o lts  rev erse  b ia s .

Thus, almost the  e n t i r e  rev erse  vo ltage  drops across th e  d ep le tio n

reg io n , making i t  a  h igh  e le c t r i c  f i e ld  reg io n . I f  an io n iz in g

p a r t ic le  such as an alpha p a r t ic le  i s  now in c id e n t through th e  gold

f ilm  and i s  conp le te ly  stopped w ith in  the  h igh  f i e ld  reg io n , then

a l l  the h o le -e le c tro n  p a ir s  c rea ted  by the  io n iz in g  p a r t ic le  w i l l  be

swept away by the  high e l e c t r i c  f i e ld  and a  n e t  charge w i l l  be

c o lle c te d  a t each e le c tro d e .

I f  the io n iz a tio n  d ensity  along the  tra c k  o f the  in c id en t

p a r t ic le  i s  no t exceedingly high as w ith  the  case o f heavy ions or
2

f is s io n  frag ræ n ts , th en  McKay has shown th a t  th e re  i s  no columnar 

recom bination o r capture o f th e  f re e  c a r r ie r s  w ith in  th e  d ep le tio n



reg ion  so th a t  a l l  th e  h o le -e le c tro n  p a ir s  c rea ted  w i l l  be c o lle c te d .

I f  E i s  th e  energy o f th e  in c id en t p a r t ic le  and e i s  the 

average energy req u ired  to  c re a te  a  h p le -e le c tro n  p a i r ,  then  the  

number o f f re e  c a r r ie r  p a ir s  c rea te d  w i l l  be E/e . With s u ita b le  

e le c tro n ic s  such as a  ch a rg e -sen s itiv e  a n p l i f ie r ,  th e  c o lle c te d  fre e  

c a r r ie r  charge w i l l  give r i s e  to  a  vo ltage  pu lse  which i s  propor­

t io n a l  to  the in c id e n t charged p a r t ic le  energy. A m ulti-channel

p u lse  h e ig h t ana lyzer can tjien s o r t  out th e  vo ltage p u lses  in to
!

^ p r o p r ia te  energy in te rv a ls  "giving r i s e  to  an energy spectrum .

I h i s ,  in  essence, i s  how an Au-n-Si su rface  b a r r ie r  i s  

used in  n u c le a r  spectrom etry. In  th i s  a p p lic a tio n , i t  i s  used as 

a  d e te c tin g  device and behaves much l ik e  an io n iz a tio n  chamber 

whose b a s ic  function  i s  to  c o l le c t  charge p ro p o rtio n a l to  the 

in c id en t p a r t ic le  energy. In  conform ity w ith common usage, the  

su rface  b a r r i e r ,  in  i t s  a p p lic a tio n  in  n u c lea r spectrom etry , w i l l  

be r e fe r re d  to  simply as a  d e te c to r  o r counter a l th o u ^  a  more 

ap p ro p ria te  name would be a  s o l id  s ta te  io n iz a tio n  chamber.

U seful Q uality  C r i te r ia  f o r  N uclear SpectronBtry A pplications

The most in p o rt an t c r i t e r i a  f o r  determ ining th e  q u a li ty  o f 

a  su rface  b a r r ie r  in  r e la t io n  to  n u c lea r sp e c tro n e tr ic  a p p lic a tio n s  

are l i s t e d  below. Ihese are  d iscussed  in  d e ta i l  in  Chapter 2.

1. R eso lu tion . The re so lu tio n  o f a  n u c le a r  counter i s  a 

measure o f i t s  a b i l i ty  to  d is tin g u ish  between two c lo se ly  separa ted  

energ ies  o f th e  in c id en t p a r t i c le .  The re so lu tio n  i s  u su a lly



m easurable only f o r  th e  system as a  whole, th a t  i s ,  in c lu d in g  the 

e le c tro n ic s .  However, q u ite  o f te n , i t  i s  the  d e te c to r  which 

co n trib u te s  th e  most to  th e  lo ss  of re so lu tio n . Ihe lo ss  of 

re so lu tio n  i s  caused mainly by random e le c t r i c a l  no ise  p re sen t in  

th e  d e te c to r  although th e re  w i l l  be a  c e r ta in  lower l im it  o f  noise' 

p re sen t in h e re n tly  due to  th e  s t a t i s t i c a l  n a tu re  o f h o le -e le c tro n  

c re a tio n  by th e  i a i i z e d  p a r t ic le .  As w i l l  be shown in  Chapter 2 , a  

good measure o f  th e  d e te c to r  n o ise  i s  i t s  amount o f rev e rse  cu rren t 

a t  th e  v o l t a ^  b ia s  under co n sid e ra tio n . In  g en e ra l, th e  la rg e r  

th e  rev e rse  c u r re n t,  the  more th e  n o ise  and th e  poorer the  

r e s o lu t ia i .

2 . D epletion Width. For energy spectrum  measurements 

o f n u c lea r r a d ia t io n s ,  i t  i s  obviously necessary  th a t  th e  in c id en t 

io n iz in g  p a r t ic le  lo se  a l l  i t s  energy w ith in  th e  high f i e ld  reg io n . 

This means th a t  f o r  ra d ia tio n s  such as b e ta  rays o f energy > IJyfeV 

and h igh  energy pro tons e t c . , th e  d ep le tio n  w idth must be of the  

o rd er o f  s e v e ra l m illim e te rs . A la rg e  d ep le tio n  width a lso  helps 

in  reducing  th e  therm al n o ise  by reducing th e  d e te c to r  capacitance. 

For a  f ix e d  r e s i s t i v i t y  o f the s i l ic o n  m a te r ia l,  the d ep le tio n  

w idth i s  p ro p o rtio n a l to  th e  square ro o t o f th e  reverse  v o ltag e .

Ihe maximum u se fu l d ep le tio n  w idth i s  then  governed by th e  maximum 

value o f th e  rev e rse  vo ltage to  which the  no ise  remains w ith in  

th e  req u ired  l im i ts .  U sually , the reverse  breakdown voltage i s  

taken  as a  c r i te r io n  fo r  judg ing  the  maximum av a ilab le  d ep le tio n  

w idth.



3. S ta b i l i ty .  I t  i s  o ften  n ecessa ry , as in  th e  case of. 

a lpha spectrom etry , to  operate  the  d e te c to r  under a va cuum. Dur i ng  

normal s to rage and o p e ra tio n , the  de tec to r, w i l l  be exposed to  varying 

amounts o f o!xygen ’ and ..moisture in  th e  atm ospheric a i r ,  ahd to  o th er 

gases and vapors. For long te r n  u t i l i t y ,  th e  ; o p e ra tio n a l ch arac te r­

i s t i c s  o f the  d e te c to r  should remain s tab le -u n d e r d if f e re n t  antoient ' 

co n d itio n s.

Need f o r  Research on Au-n-Si Surface B arr ie rs  

Considerable success has been achieved in  making su rface  

b a r r ie r s  which have th e  p ro p e rtie s  l i s t e d  above, namely, low reverse  

c u rre n t, h igh  breakdown v o lta g e , r e la t iv e  immunity ag a in s t anfoient

changes and in s e n s i t iv i ty  to  s to rag e  tim e. For exanple, surface
3b a r r ie r s  have been rep o rted  '  ivith rev e rse  cu rren t d e n s itie s  o f

p
le s s  than  1 yA/cm a t  about 1500-2000 v o lts  rev e rse  b ia s  a t  room 

ten p e ra tu re  and much le s s  cu rren t a t  lower, te n p e ra tu re s . Also, 

breakdown v o ltages as high as 4000-5000 v o lts  have been achieved 

and f o r  very high  r e s i s t i v i t y  m a te r ia l,  a  d ep le tio n  width o f 3*5
3

to  4 mm has been rep o rted . However, co im erc ia lly  av a ilab le  counters 

do n o t u su a lly  exceed 2 mm d ep le tio n  w idth. I n s e n s i t iv i ty  to

ambient c h a n ts  has been p o ssib le  by s p e c ia l encapsu la tion
5

techniques using epoxy.

In  s p ite  o f a l l  th i s  su ccess , i t  can be s a id  th a t  the 

fa b r ic a tio n  techniques are  based more on em p irica l observations 

than  on s c ie n t i f i c  knowledge. ^ ^ ^  The y ie ld  o f good surface  - 

b a r r ie r s  i s  veiy  low and su rface  b a r r ie r s  such as those rep o rted



above are  r a th e r  ra re  and expensive. Most su rface  b a r r ie r s  are 

ex tren e ly  s e n s it iv e  to  am bients, e sp e c ia lly  m oisture and o th er 

chemical v ^ o r s ,  become very noisy  o r  break down a t  vezy low 

v o l t a ^ s  in  a  vacuum, and change c h a ra c te r is t ic s  w ith  tim e. Good 

su rface  b a r r ie r s  req u ire  s p e c ia l  su rface  tre a tm e n ts . Hence the  

need f o r  fundamental research  on th e  b a s ic  p h y s ica l p rocesses o f 

su rface  b a r r ie r  opera tion .

The research  rep o rted  here i s  concerned more w ith  th e  

fundamental p h y s ica l p rocesses of operation  o f  an Au-n-Si su rface  

b a r r ie r  than  w ith  i t s  a p p lic a tio n s  in  n u c le a r  spec tro ire try . I t  

i s  t ru e  th a t  th e  s ta r t in g  p o in t fo r  th i s  re sea rch  was th e  m otivation 

to  p u t th e  fa b r ic a tio n  procedure o f su rface  b a r r ie r  counters on a 

more s c ie n t i f i c  b a s is ,  thereby  improving the  y ie ld  and reducing 

the c o s t,  and to  inprove th e  s ta te - o f - th e - a r t  o f  su rface  b a r r ie r  

coun ters. However, th e  re sea rch  was fundamental and could be more 

ap p ro p ria te ly  termed as research  cn th e  physics and chem istry o f 

s i l ic o n  su rfaces , using  the  Au-n-Si con tact as a  to o l.

Cnly a  c le a r  understanding o f s i l ic o n  su rfaces  and o f 

m e ta l-s i l ic c n  con tacts can lead  to  a  s c ie n t i f i c  foundation fo r  the  

fa b r ic a tio n , maintenance and operation  o f su rface  b a r r ie r  counters. 

In  o rd er to  o b ta in  such a  c le a r  understand ing , we must tu rn  to  

some o f the  unresolved problems about th e  Au-n-Si su rface  b a r r ie r .  

Ihese problems are  a lso  shared  by many o th e r  me ta l-sem i conduct or 

con tacts  and they  a l l  a r is e  due to  what are  known as surface  

s t a t e s .



Surface S ta te s

Surface s ta te s  are  lo c a liz e d  e le c tro n  energy le v e ls  

w ith in  th e  forb idden band and are  lo c a ted  a t  th e  sem iconductor 

su rface  and w ith in  o r  a t th e  o u te r  su rface  o f a  la y e r  o f adsorbed 

atoms. IVfo types o f su rface  s t a t e s , f a s t  and slow , are known to
p

e x is t .  The f a s t  s ta te s  are  g en e ra lly  a sso c ia te d  w ith the  

te rm in a tio n  o f th e  c ry s ta l  l a t t i c e  and d e fec ts  and I n p u r l t le s  a t  

the  sem iconductor su rfa c e , and the  slow s ta te s  w ith  th e  adsorbed 

atoms. Both f a s t  and slow s ta te s  can be e i th e r  d cn o r-llk e  o r  

a c c e p to r - l lk e . A dcnor-U ke su rface  s ta te  I s  e le c t r i c a l ly  n e u tra l  

when f i l l e d  and p o s itiv e  when enpty . An ac ce p to r-llk e  su rface  

s ta te  I s  e l e c t r i c a l ly  n e u tra l  when enpty and negative  vflien f i l l e d .  

F ast s ta te s  have a  re la x a tio n  time (tim e req u ired  to  f i l l  o r  u n f l l l  

a  su rface  s ta te )  o f 10 ^ sec . o r  le s s  whereas fo r  slow s t a t e s .  I t  

r a n ^ s  from se v e ra l m illiseconds to  se v e ra l hours. Three In p o rtan t 

q u a n ti t ie s  c h a rac te rize  a  su rface  s t a t e ,  namely. I t s  energy p o s it io n  

In  th e  fo ib ldden  band. I t s  d e n s ity , and I t s  re la x a tio n  tim e. A ll 

o f  th ese  q u a n ti t ie s  are s e n s it iv e  fu n c tio n s  o f s e v e ra l d i f f e r e n t  

p h y s ic a l and chemical f a c to rs .

In  th e  absence o f su rface  s ta t e s ,  th e  theo iy  o f the  

Au-n-Sl su rface  b a r r ie r  would be very s ln p le . Ihe d iffu s io n  

p o te n t ia l  and the current--volt age c h a r a c te r is t ic  are then  gi.ven by 

the  Schottky t h e o r y ^ w h i c h  I s  d iscussed  in  g re a te r  d e ta i l  In  

Chapter 3- Ihe r e c t i f i c a t io n  c h a ra c te r is t ic s  would be s ta b le  w ith 

re sp ec t to  time and airiblent co n d itio n s. However, I t  I s  found In



r e a l i ty  th a t  su rface  s ta te s  co n tro l the  behavior o f most m eta l- 

semiconductor c o n t a c t s . T h e  presence o f su rface  s ta te s  has 

given r is e  to  a wealth o f observed phenomena and has crea ted  

imitEnse d i f f i c u l t i e s ,  both  in  theory  and e)$)eriment, in  the  study 

o f m etal-sem iconductor co n tac ts .

IMresolved Problems

The follow ing are the im portant unresolved problems

p e r ta in in g  to  th e  Au-n-Si su rface  b a r r ie r .

1. Ihe r e c t i f i c a t io n  c h a ra c te r is t ic s  o f a  su rface

b a r r ie r  depend s tro n g ly  on th e  ambient co n d itio n s. I t  has been

found from experience th a t  a  f re sh ly  evaporated gold con tact on

fre sh ly  etched  s i l ic o n  w i l l  not be s tro n g ly  r e c t ify in g  u n t i l  a f t e r
17s u f f ic ie n t  exposure to  a i r  o r  oxygen. I f  one s ta r t s  measuring

the  reverse  cu r^ '-n t-vo ltage c h a ra c te r is t ic s  soon a f t e r  exposure to

a i r ,  xie fin d s  the  reverse  cu rren t a t  a  given vo ltage to  reduce by

two o r th re e  orders o f magnitude over a  p e rio d  of days. This i s

the  so c a lle d  forming o r aging p erio d  fo r  su rface  b a r r ie r s .

There i s  no g en era l agreement regard ing  the  sequence or

amount o f exposure. A s u f f ic ie n t  exposure a f t e r  e tch in g  bu t p r io r
18to  gold evaporation  i s  considered adequate by some whereas 

o thers m aintain  th a t  only po st-ev ap o ra tio n  exposure i s  u se fu l in  

the  form ation o f a  good r e c t i f i e r .  Another aspect o f  am bient- 

s e n s i t iv i ty  i s  th a t  even a f t e r  p roper ag ing , th e  rev erse

c h a ra c te r is t ic s  are very s e n s it iv e  to  the  ambient. For exanple,

the reverse  cu rren t a t a given v o l t a ^  changes considerably upon



exposure to  a  high vacuum o r to  vapors o f NH ,̂ HF, halogens e tc .  

A lso, a  c e r ta in  amount o f m oisture In  th e  a i r  has been found to  be 

necessary  during  the aging p erio d . P e rfec tly  dry a i r  does no t 

y ie ld  good r e c t i f i e r s .  Ih ls  apparently  I s  paradoxical since  fo r  

n -ty p e  s i l ic o n ,  dry a i r  I s  known to  make the  su rface  more p-type 

whereas m oisture tends to  make I t  more n -type . E v iden tly , both  a i r  

and m oisture are needed to  y ie ld  good r e c t i f i e r s .

The problem here I s  to  gain  a  thorough understanding of 

th e  p h y s ica l reasons behind th ese  observations as w ell as to  devise 

means by which su rface  b a r r ie r s  can be made am b len t-ln sen s ltlv e .

One method o f achieving  a m b le n t- ln se n s ltlv lty , w ith  lim ited  success , 

has co n s is ted  o f encapsu la tion  o f the su rface  b a r r ie r  In  an In e r t  

Ixrpermeable m a te ria l such as epoxy.

2. Chemical su rface  treatm ents p r io r  to  go ld-evaporatlcn

have a lso  been found to  In fluence the  r e c t i f i c a t io n  c h a ra c te r ls -  
1 19tlc s^ ^  s ig n if ic a n t ly .  C ertain  chemical treatm ents have been 

e3g>erlmentally found to  y ie ld  b e t te r  r e c t i f i e r s  w ith high reverse  

breakdown voltages than o th e rs . However, th e re  I s  no general 

agreement among research  workers regard ing  t h e i r  conparatlve m erits . 

No s c ie n t i f i c  exp lanation  e x is ts  fo r  the e f fe c ts  o f  su rface  

tre a tm en ts . Both th e  ambients and the  surface treatm ents ai’e 

In tim a te ly  t i e d  to  the  su rface  s ta te s .  The problem then Is  to  

In v e s tig a te  the  re la t io n  of the ambients and su rface  treatm ents to  

the en erg ies  and d e n s itie s  o f f a s t  and slow su rface  s tac es  and of 

the  su rface  s ta te s  to  the  r e c t i f ic a t io n  c h a ra c te r is t ic s .
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3. In  s p ite  o f th e  presence o f surface s ta t e s ,  th e re  i s  

s t i l l  some r e la t io n  between the  r e c t i f i c a t io n  c h a ra c te r is t iç s  and 

the  work fu n c tio n  o f th e  m etal used. Gold i s  g en era lly  used 

because i t  has been experim entally  found to  give good r e c t i f i c a t io n  

c h a ra c te r is t ic s ,b u t  S i f f e r t  and Coche have shown th a t  chromium 

and p latinum  can be used equally  w e ll. When a  p a r t ic u la r  m etal 

such as gold  has been chosen, one need no t be concerned about the  

m etal work function  anymore. However, i t  i s  necessary  to  understand 

th e  ro le  p layed  by gold  in  g iv in g  good r e c t i f i c a t io n  c h a ra c te r­

i s t i c s .  For exanple , S i f f e r t  and Coche be liev e  th a t  th e  h ig h er 

work function  o f gold conpared to  th a t  o f  s i l ic o n  causes an e le c t r i c  

f i e ld  between the  gold  and s i l ic o n  which a id s th e  f ix a tio n  of 

negative  oxygen ions to  the  s i l ic o n  su rfa c e , thereby  forming an 

in v e rs io n  su rface  la y e r  on th e  n -type s i l ic o n .  This i s  why they 

b e liev e  th a t  only post-g o ld -ev ap o ra tio n  ej^osure to  a i r  i s  u se fu l. 

They have a lso  shown th a t  a f t e r  s u f f ic ie n t  exposure to  a i r  ( ip  to  

one y e a r ) , almost any m etal forms a  s tro n g ly  r e c t ify in g  contact 

reg a rd le ss  o f i t s  work fu n c tio n . This suggests th a t  th e  ro le  

p layed  by the  m etal ( in c lu d in g  gold) i s  s in p ly  th a t  o f an e lec tro d e  

o r ohmic con tact to  th e  p -type su rface  la y e r ; the  m etal i s  n o t the  

cause o f th e  su rface  b a r r ie r  which i s  c le a r ly  th e re  due to  su rface  

s ta te s .  The problem here i s  to  v e r ify  to  what ex ten t t h i s  l a s t  

statem ent i s  tru e .

4. Having e s ta b lish e d  the  dependence o f th e  r e c t i f ic a t io n  

c h a ra c te r is t ic s  on the  am bients, su rface  treatm ents' and m etal work
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function  J i t  i s  necessary  to  determ ine t h e i r  r e la t iv e  in p o rtan ces . 

For exanple, W alter and Boshart^^ r a te  th e  r e la t iv e  im portance o f 

su rface  tre a tm e n ts , adsoihed gases and m etal work fu n c tio n  in  th a t  

decreasing  o rder. F u rth e r experim ental evidence i s  necessary  fo r  

such a  ranking .

5 . There have been c o n f lic tin g  re p o rts  regard ing  the

r e la t io n  between th e  reverse  c h a ra c te r is t ic s  and the  su rface  b a r r i e r
19h e ig h ts . W alter and Boshart found th a t  th e  la rg e r  th e  b a r r i e r

20h e ig h t, the  lower th e  rev erse  s a tu ra t io n  cu rre n t. Gibbons found

no such c o r re la t io n . A lso, th e  r e la t io n  between th e  b a r r i e r  he igh t

and the  rev e rse  breakdown vo ltage i s  n o t known. Ih u s , more

in v e s tig a tio n  i s  necessary  in  th i s  m a tte r.
216. Archer has re p o rte d  th a t  when s i l ic o n  i s  e tched  in  

an HNO -̂HF e tc h a n t, a  s ta in  f ilm  i s  formed on th e  su rface  whose 

th ick n ess  depends cn whether the  e tch in g  re a c tio n  i s  quenched by 

deion ized  w ater o r  by an excess o f HNÔ  follow ed by r in s in g  in  

deion ized  w ater. He rep o rted  th e  f ilm  th ick n ess  to  range from
o o

10-20 A fo r  HNÔ  quenched re a c tio n s  to  about 100-200 A f o r  deion ized  

w ater quenched re a c tio n s . Ihe exact com position o f  th e  film s was 

no t determ ined b u t they were b e liev e d  to  be e i th e r  e lem ental s i l ic o n  

o r  some form o f s i l ic o n  hydride fo r  n -ty p e  s i l ic o n .  I t  i s  necessary  

to  in v e s tig a te  the  r e la t io n  o f the  f ilm -th ic k n e sse s , th a t  i s ,  o f 

d if f e r e n t  quenchants to  th e  r e c t i f i c a t io n  c h a r a c te r is t ic s .  The 

almost u n iv e rsa l acceptance of deion ized  w ater as the  quenchant 

should th e re fo re  be questioned .
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I f  A rcher’s r e s u l ts  are correct., then  one i s 'f a c e d  w ith  two 

in te r f a c ia l  lay e rs  between th e  gold and th e  s i l ic o n .  Che la y e r  i s  

due to  chemlsofbed atoms and another i s  due to  the  quenchSBits and /o r 

p o s t-e tc h  su rface  trea tm en ts . Both o f th e se  in t e r f a c i a l  lay e rs  

could be the  s e a ts  o f  su rface  s ta te s  and could thereby c o n tro l th e  

r e c t i f i c a t io n  c h a r a c te r is t ic s .  Very l i t t l e  in form ation  i s  a v a ila b le  

on th e  conposition , th ick n ess  and d ie le c t r ic  constan t o f ,  and th e  

energy and d en sity  o f su rface  s ta te s  ( f a s t  and /o r slow) in  e i th e r  

in t e r f a c i a l  la y e r . I t  i s  c e r ta in ,  however, th a t  both  th e  i n t e r ­

f a c ia l  lay e rs  must be tra n sp a ren t to  f re e  charge c a r r ie r s  in  o rd e r

to  account fo r  th e  high forward c u rren ts .
22Cowley and Sze have proposed a  theo ry  which r e la te s  th e  

su rface  b a r r ie r  h e i ^ t  to  the  work functions o f th e  m etal and sem i-' 

conductor, to  th e  d ensity  o f su rface  s ta te s  and to  th e  th ick n ess  o f 

the  i n t e r f a c ia l  la y e r . I h e i r  theory  assumes only one in t e r f a c i a l  

la y e r , w ithout regard  to  i t s  n a tu re  o r o r ig in , and makes no 

d is t in c t io n  between f a s t  and slow su rface  s ta t e s .  W alter and 

B o s h a r t h a v e  a tte n p te d  to  extend th is  theory  to  th e  case o f  two 

in te r f a c ia l  lay e rs  and they  consider both  f a s t  and slow s ta te s .

The problem i s ,  however, th a t  most o f  th e  param eters used in  e i th e r  

theory are  of unknown m agnitudes, so th a t  one can only make educated 

guesses regard ing  th e i r  va lues.

Q u a lita tiv e ly , however, t h e i r  theory  p re d ic ts  th a t  the  

la rg e r  the d en sity  o f f a s t  s ta te s  and /or the  th ick n ess  o f th e  in n e r  

in t e r f a c ia l  la y e r , th e  sm aller w i l l  be th e  dependence o f  the
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semiconductor surface  p o te n tia l  on the ambient and/or the  m etal 

work: function . An experim ental confirm ation o f  th is  p re d ic tio n  i s  

necessary .

M otivation-for th e  P resen t Besearch

Having d iscussed  th e  unresolved problems p e r ta in in g  to  the 

Au-n-Si su rface  b a r r ie r  i t  i s  now appropria te  to  s ta te  the  motiva­

t io n  behind the research  rep o rted  in  th is  th e s is .  S p e c if ic a l ly , 

th i s  m otivation was th re e fo ld :

1. To make a  conparatlve evalua tion  o f th e  d if fe re n t 

techniques used fo r  th e  fa b r ic a tio n  o f Au-n-Si surface  b a r r i e r s .

2. To shed l ig h t  on some of the unresolved problems 

mentioned above, e sp e c ia lly  those p e r ta in in g  to  the  e f fe c ts  of 

am bients, quenchants and su rface  treatm ents on th e  r e c t i f ic a t io n  

c h a ra c te r is t ic s ,  and to  in v e s tig a te  the r e la t io n  between the  b a r r ie r  

h e ig h t and the r e c t i f ic a t io n  c h a ra c te r is t ic s .

3. To develop a  model fo r  th e  Au-n*-Si surface b a r r ie r ,  

in co rp o ra tin g  surface s ta t e s ,  which can e jp la in  the observed 

e f f e c ts .



CHAPTER I I

THE GOID-n-SILICON SURFACE BARRIER AS A 

NUCLEAR RADIATION COUNTER

The p r in c ip le  o f o p e ra t ia i  o f  an Au-n-Si su rface  b a r r ie r  

as a  n u c le a r  counter has been d iscussed  in  Chapter I .  The c r i t e r i a  

which determ ine th e  q u a lity  o f a  su rface  b a r r ie r  were a lso  l i s t e d  

th e re . These w i l l  now be d iscussed  in  g re a te r  d e ta i l .

D epletion Width

For a  hom o^neously doped n -type s i l ic o n  su rface  b a r r ie r  

a t  room ten p era tu re  th e  d ep le tio n  width i s  given by th e  r e la t io n

d = 5 .3  X 10 ^(p^V)^^cm , (1)

# ie re  i s  the  r e s i s t i v i t y  o f the  s i l ic o n  in  ohm-cm and V i s
5th e  t o t a l  rev erse  v o ltag e , in c lu d in g  the d iffu s io n  v o ltag e . I t  i s  

th e re fo re  seen th a t  in  o rder to  ob ta in  a  la rg e  d ep le tio n  vâd th , i t  

i s  necessary  to  use a high r e s i s t i v i t y  m a te r ia l and a  la rg e  reverse  

v o ltag e . For a  r e s i s t i v i t y  o f 10,000 ohm-cm, a d ep le tio n  width of 

5 mm would req u ire  a  reverse  vo ltage o f approxim ately 10,000 v o lts .  

Hence th e  n e c e ss ity  o f a  high breakdown voltage when a  large  

dep le tio n  w idth i s  d esired . I t  i s  a lso  necessary  th a t  the  reverse

14
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cu rren t a t  such h igh  v o ltages be low In  o rder to  minimise 

n o ise . .

R eso lu tion

The re so lu tio n  o f a  n u c le a r  counter In d ic a te s  I t s  

q u a li ty  and u se fu ln ess  as a  charged p a r t ic le  energy spectrom eter.

I t  I s  a  measure o f  th e  minimum se p a ra tio n  in  energy th a t  can be 

unambiguously reso lv ed .

Consider a  m cnoenergetlc beam o f charged p a r t ic le s  

In c id en t on th e  counter. Then Id e a l ly ,  th e  output vo ltag e  p u lses  

should a l l  be o f th e  same magnitude. In  p ra c t ic e  th e re  w i l l  be 

sone spread  in  th e  p u lse  h e ig h ts  and th e  pu lse  h e ig h t spectrum  w il l  

appear s im ila r - to  th a t  shown In  F igure 1.

FWHM

Gkayine^l oy* Syie-jz

Figure 1

Pulse Height Spectrum fo r  a  M cnoenergetlc Beam
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The re so lu tio n  has been conveh tlanally  defined  in  two ways.

1. I f  the  peak o f the  spectrum occurs a t  a  c e r ta in  

energy, say E MeV, then  th e  ab so lu te  w idth o f  the  spectrum  curve 

in  lyfeV (o r KeV) a t  h a l f  th e  value o f the  peak counts i s  c a lle d  

the  f u l l  w idth a t  h a l f  maximum (FWHM) re so lu tio n .

2. When th e  f u l l  w idth a t  h a l f  maximum re so lu tio n  defined  

above i s  e ^ r e s s e d  as a  percentage f ra c t io n  o f  th e  peak energy E , 

then  th i s  percentage f ra c tio n  i s  c a lle d  th e  f r a c t io n a l  w idth a t  h a l f  

maximum re so lu tio n  and i s  a lso  denoted as FWHM.

I t  w i l l  be r e a liz e d  th a t  the  above d e f in it io n s  o f 

re so lu tio n  denote the  o v e ra ll  re so lu tio n  o f th e  conposite  n u c lea r 

spectrom eter system in c lu d in g  th e  e le c tro n ic s .  Noise p re sen t in  

both th e  counter and the  e le c tro n ic s  (mainly in  th e  ch a rg e -sen s itiv e  

p r e a n p lif ie r )  w i l l  c o n trib u te  to  a  poor re so lu tio n . I f  th e  n o ise  

in  th e  e le c tro n ic s  i s  sm all compared to  t h a t  in  th e  coun ter, the  

re so lu tio n  i s  then  c o n tro lle d  alm ost e n t i r e ly  by the  counter. This 

may o ften  be the  case in  p ra c tic e .

Noise in  Ju n c tio n  Counters

There are  se v e ra l causes o f n o ise  in  a  r e c t i fy in g  ju n c tio n  

counter. These are  d iscussed  in  th e  fo llow ing pages.

S t a t i s t i c a l  F lu c tu a tio n s  in  Io n iz a tio n

Since the  c re a tio n  o f h o le -e le c tro n  p a ir s  by an in c id en t 

charged p a r t ic le  i s  a  s t a t i s t i c a l  p ro c e ss , a  beam o f  mcnoenergetlc 

p a r t ic le s  w i l l  give r i s e  to  some spread  in  th e  p u lse  h e ig h ts
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obtained. I f  N h o le -e le c tro n  p a ir s  are  c rea ted  by a  charged 

p a r t ic le  as a  r e s u l t  o f  N e n t i r e ly  independent io n iz in g  e v e n ts , then
I /o

the  standard  dev ia tion  in  N would be N . In  r e a l i t y ,  th e  

events are  not a l l  independent and th e  standard  dev ia tio n  i s  given 

by

a = , (2 )

where P i s  the  Fano fa c to r  which i s  le s s  than one. Equation (2) 

serves as th e  d e f in it io n  o f the  Fano fa c to r  when a i s  the 

a c tu a lly  observed standard  d ev ia tio n . The percentage standard  

dev ia tio n  i s  then given by

| '=  ( | ) ^ 2  , (3)

Eand since  N = — , th i s  becomes

I  = . m

I f  the pu lse  heigh t spectrum i s  approxim ately gaussian , 

then the f ra c t io n a l  width a t  h a l f  maximum re so lu tio n  i s  2.35 tim es 

th a t  given by (4).

I t  i s  seen from (4) th a t  the lower the  energy req u ired  to  

c rea te  a h o le -e le c tro n  p a i r ,  the  b e t t e r  the re so lu tio n . ,t 

In  o rder to  have an id e a  of the amount o f  no ise 

co n trib u ted  by s t a t i s t i c a l  f lu c tu a tio n s , i t  can be ca lcu la te d  th a t  

fo r  a  1 ]VfeV charged p a r t ic le  beam in c id en t on a s i l ic o n  coun ter, and
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f o r  P = 0 .1  , the f u l l  w idth a t  h a l f  maximum re so lu tio n  W ill be

0 .4  KeV. In  p ra c t ic e ,  the Fano fa c to r  f o r  s i l ic o n  i s  b e liev ed  to
2Q

l i e  between 0.13 and O.Oo. I h is  value g ives th e  th e o re t ic a l  

l im it o f  the b e s t re so lu tio n  p o ss ib le  w ith  a  given semiconductor 

m a te r ia l, due to  in h eren t l im ita tio n s .

Incomplete Charge C o llection

Incomplete charge c o lle c tio n  can occur in  th re e  d if f e re n t  

manners. F i r s t ,  i f  the  io n iz a tio n  d en sity  along th e  p a r t ic le  t ra c k  

i s  very la rg e , as w ith a  f is s io n  fra@ nent, columnar recom bination 

can take  p lace  and those charge c a r r ie r s  lo s t  along th e  p a r t ic le  

tra c k  co n trib u te  a n e g lig ib le  amount to  th e  s ig n a l p u lse . Second, 

i f  th e  l ife t im e  of some f re e  charge c a r r ie r s  i s  not la rg e  enough 

fo r  them to  tra v e rse  th e  conplete e l e c t r i c  f i e ld  reg io n , then  th e i r  

c o n trib u tio n  to  th e  s ig n a l w i l l  only be a  p a r t i a l  co n tr ib u tio n .

Such a case can a r is e  In  a  la rg e  d ep le tio n  width counter w ith  

in s u f f ic ie n t  c a r r ie r  l ife t im e . Third , i f  the  p a r t ic le  tra c k  i s  

longer than the ac tiv e  reg ion  o f th e  coun ter, then  q u ite  n a tu ra lly  

th e re  w i l l  be Inconplete c h a r ^  c o lle c tio n .

Ihe lo ss  o f re so lu tio n  due to  columnar recom bination i s  

in  most cases sm aller than  th a t  due to  s t a t i s t i c a l  f lu c tu a tio n s  in  

N . The second fa c to r  causes th e  same amount o f lo ss  o f re so lu tio n  

as th e  s t a t i s t i c a l  f lu c tu a tio n s  in  N and i s  im portant only when 

the a c tiv e  width o f the  counter i s  la rg e  conpared to  th e  c a r r ie r  

d r i f t  len g th . Regarding th e  th i r d  case , i f  th e  counter i s  to  be
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used fo r  t o t a l  energy spectronB try , then  i t  I s  o f no value to  use 

one whose d ep le tio n  width i s  le s s  than  the  p a r t ic le  tra c k  leng th  iri 

the  counter m a te r ia l. I f ,  on tjie o th e r  hand, th e  counter i s  to  

be used fo r  dE/dx measurements, then  th i s  problem does no t a r is e  

s in ce  in  a  dE/dx coun ter, th e  d ep le tio n  reg ion  covers th e  e n t i r e  

w idth o f th e  counter.

Thermal Noise

Thermal n o ise , o r  Johnson n o ise , occurs in  any conductor 

due to  th e  therm al v e lo c i t ie s  o f c h a r ^  c a r r i e r s ,  reg ard less  o f 

w hether a  cu rren t i s  flow ing through i t  o r  n o t, The p r e a n p l i f ie r  

connected to  th e  counter w i l l  see th i s  n o ise  as an r .m .s . voltage 

whose value i s  given by

^  , (5)

where k i s  th e  Boltzmann co n s ta n t, T th e  abso lu te  tem perature o f

th e  counter and C i s  th e  t o t a l  capacitance o f the  counter
5

in c lu d in g  s tra y  capacitance o f th e  lead s . The amount of l in e  

broadening o r lo ss  o f re so lu tio n  i s  then  defined  as th a t  energy 

AE o f  the in c id e n t p a r t ic le  which w i l l  c rea te  a  vo ltage pu lse  o f 

the same h e ig h t as the  r .m .s . therm al n o ise  v o ltag e . I t  i s  given by

AE = J  (kTC)^^ . (6)

For s i l ic o n  a t  room te n p e ra tu re , th i s  gives
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AE = 1.4 C^^KeV , (7)

where C I s  measured in  p f .

I t  I s  seen from th is  equation  th a t  to  keep th e  e f f e c t  o f 

therîiH l n o ise  on th e  re so lu tio n  to  a  minimum, th e  t o t a l  capacitance 

o f th e  counter must a lso  be kept a  minimum. I f  th e  s tra y  

capacitance in  th e  leads is, n eg lec ted , and i f  the  counter i s  t r e a te d  

as a  p a r a l l e l  p la te  capacitance o f p la te  sep a ra tio n  equal to  the  

d ep le tio n  depth d , then  th e  ju n c tio n  c ^ a c i ta n c e  p e r  u n i t  a rea  o f 

th e  counter i s  given by

(B,

o r  e q u iv a le n tly , by

I  -  .

where, i s  th e  r e s i s t i v i t y  of th e  n -type  s i l ic o n ,  i s  th e

e le c tro n  m o b ility , th e  donor d e n s ity , th e  d ie le c t r ic

constan t of s i l ic o n ,  the  p e rm it t iv i ty  o f f re e  space, and V i s

the t o t a l  v o ltag e .

I t  i s  seen th a t  a  la rg e  d ep le tio n  width i s  u se fu l in

reducing the  therm al no ise  due to  a  red u c tio n  in  capacitance . I t
2

can be ca lc u la te d  th a t  fo r  a  1 cm s i l ic o n  ju n c tio n  a t  room 

te n p e ra tu re , the d ep le tio n  w idth must be a t  le a s t  equal to  214 

microns in  o rd er t o  keep th e  l in e  boradening due to  therm al no ise
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w ith in  10 KeV.^

Noise Due to  Reverse Current

I t  has no t been p o s s ib le , so f a r ,  to  c a lc u la te  the

amount o f l in e  broadening o r lo ss  o f energy re so lu tio n  due to

rev erse  cu rren t as was done w ith  th e  o th e r sources o f n o ise . There

are  a t  le a s t  th re e  d if fe re n t sources o f rev erse  cu rren t and each

can co n trib u te  to  no ise  in  a  d if f e re n t  manner, independent o f the

o th e r  two. There does not e x is t  an exact p ro p o rtio n a lity  between

the  amount o f rev erse  cu rren t and th e  amount o f n o ise  s in ce  th e

t o t a l  cu rren t no ise  depends on the  r e la t iv e  p ro p o rtio n s o f th e

in d iv id u a l sources o f rev erse  cu rren t. Thus, f o r  exairple, 0 .5  viA

rev erse  cu rren t due to  recom bination in  the  d ep le tio n  reg ion  may
23

re s u l t  in  g re a te r  no ise  than 1 uA o f  surface leakage c u rre n t. I t  

i s  q u ite  t ru e ,  however, th a t  f o r  a  given dev ice , o r  a  given s e t  o f 

devices prepared  in  b a s ic a lly  th e  same manner, th e  n o ise  w i l l  in  

^ n e r a l  be p ro p o rtio n a l to  th e  reverse  cu rren t. Thus, the  amount 

o f rev erse  cu rren t i s  a  u se fu l measure o f th e  no ise  in  a  su rface  

b a r r ie r  counter. Let us now consider the  th ree  d if f e re n t  sources 

o f cu rren t n o ise  in  some d e ta i l .

I .  Bulk D iffusion  Current

The m inority  c a r r ie r s  p resen t in  th e  undepleted reg ion  

w i l l  co n stan tly  d iffu se  in to  the  dep le tio n  reg ion  and give r i s e  to  

a room tem perature bulk d iffu s io n  cu rren t density  given by
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= 7xlO"3p̂ Î Tp̂  pVcm^ , (10)

where i s  th e  n-type bulk r e s i s t i v i t y  in  ohm-cm, 1^ i s  the

hole d iffu s io n  leng th  in  cms and i s  th e  hole life t im e  in  y see . 

This equation  i s  v a lid  when the  w idth o f th e  undepleted  reg ion  i s  

l a r ^  conpared to  and when th e re  i s  no su rface  recom bination. 

Equation (10) c le a r ly  shows the  need f o r  a  bulk m ateidal w ith  a  

la rg e  m inority  c a r r ie r  l ife tim e  bu t i t  a lso  shows th a t  in  o rder to  

reduce , th e  bulk r e s i s t i v i t y  must n o t be too  h igh . In

p ra c t ic e ,  h igh bulk  r e s i s t i v i t i e s  a re  chosen anyway to  o b ta in  la rg e  

d ep le tio n  w idths a t  reasonable v o ltag es . The bulk  d iffu s io n  cu rren t 

can be minimized by to ta l ly  d e p le tin g  th e  counter provided th a t  th i s  

does n o t cause a  problem due to  c a r r i e r  in je c t io n  from th e  base 

c o n ta c t.

I I .  Reverse Current Due to  C h a r^  G eneration in  th e  D epletion 

Region.

This cu rren t a r is e s  from th e  therm al g eneration  o f charge 

c a r r ie r s  w ith in  the dep le tio n  reg ion  v ia  ^ n e r a t io n  apd r e ­

combination cen te rs . For th i s  case , th e  theory  o f Sah, Noyce and 
2RShockley g iv e s , a t  room tenpei’a tu re ,

I  = 6xlO"^(p V ) ^ x : ^  yA/cm^ , (11)g  ri p

Where V , p^ , Tp have been defined  e a r l i e r .  I t  i s  seen th a t  Ig  

i s  p ro p o rtio n a l to  the d ep le tio n  w idth. Here ag a in , a  la rg e
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m inority  c a r r ie r  l ife t im e  in  th e  bulk m a te r ia l i s  o f considerable 

advantage. Although bo th  and 1^ in c rease  w ith  the  

r e s i s t iv i ty ,  p ^ , o f  th e  s ta r t in g  m a te r ia l,  th i s  in c rease  may n o t be 

as la rg e  as i t  appears s ince  in  f lo a t-zo n e  re f in e d  s i l ic o n  the 

m inority  c a r r i e r  l ife t im e  t a lso  tends to  in c rease  w ith  p .P T1

I I I .  Surface leakage Current

This cu rren t i s  due to  a  conducting shunt p a th  between 

th e  gold  e le c tro d e  and the  base e le c tro d e  due to  the  space charge 

reg ion  which e x is ts  under th e  e n t i re  su rface  o f th e  counter. The 

cause o f th i s  space charge reg ion  and i t s  theory  are  d iscussed  in  

Chapter 3» The w idth and conductance o f th is  space charge reg ion  

depend on the  amount o f  bending o f the  energy bands a t  the  su rface , 

th a t  i s ,  on th e  su rface  p o te n t ia l .  I f  an in v ersio n  la y e r  e x is ts  a t  

the  su rface  due to  su rface  treatm en ts o r  ambierts, then the  shunt 

pa th  w i l l  have a  r e la t iv e ly  la rg e  conductance.

I t  i s  p o ss ib le  to  minimize th i s  su rface  cu rren t by 

causing th e  su rface  p o te n t ia l  a t  th e  f re e  su rface  o f  th e  s i l ic o n  

to  be lower in  magnitude than  the  d iffu s io n  p o te n t ia l  under th e  gold 

e le c tro d e . Cne way o f doing th is  i s  by encapsu la ting  the  counter 

in  an epoxy r e s in  w ith  an amine type hardener which preven ts th e  

form ation o f an in v ers io n  la y e r  under i t .  A p-n  ju n c tio n  w i l l  then 

be formed between th e  in v e r te d  space charge reg ion  below th e  gold
5e lec tro d e  and th e  n o n -in v erted  space c h a r ^  under th e  f re e  su rface . 

Another method of minimizing the  su rface  le a k a ^  cu rren t i s  by 

using  c e r ta in  su rface  tre a tm e n ts ,a s  was done in  th e  work rep o rted  iTesre.
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I t  I s  seen th a t  th e  t o t a l  rev e rse  cu rren t cjepends on 

se v e ra l f a c to rs .  Under c e r ta in  co n d itio n s , one o r more of the 

sources o f th e  rev e rse  cu rren t can be e lim in a ted  o r minimized. For 

example, Langmann and Meyer have shown th a t  w ith  proper 

en cap su la tio n , th e  rev e rse  cu rren t I s  almost to t a l l y  made up of 

d if fu s io n  and g enera tion  c u rre n ts . Minimum su rface  leakage cu rren t 

has a lso  been achieved by using  su rface  trea tm en ts  In s tead  of 

en c ap su la ti on.

C ptlm lzatlon o f  T o ta l Noise

Ifevlng considered  th e  d if f e re n t  sources o f n o ise  in  some 

d e t a i l ,  we can now draw th e  follow ing g en era l conclusions:

1. Most sources o f n o ise  In crease  w ith  th e  ac tiv e  area  

o f th e  counter.

2. I t  i s  extrem ely Irrportan t to  have a  s ta r t in g  m a te ria l 

w ith as la rg e  a  m inority  c a r r i e r  l ife t im e  as p o ss ib le . I t  I s  In  

th i s  regard  th a t  su rface  b a r r ie r s  are  su p e rio r  to  the  d iffu sed  

ju n c tio n  coun ters. When counters are  d e s ire d  w ith  la rg e  areas and 

la rg e  d ep le tio n  w id ths, both th ese  fa c to rs  give r i s e  to  Increased 

cu rren t n o ise . The only o th e r c o n tro lla b le  v a r ia b le  I s  the 

m inority  c a r r ie r  l ife t im e . Now, s ta r t in g  w ith  high m inority  

c a r r ie r  life tim e  s i l ic o n .  I t  I s  p o ss ib le  to  m aintain  I t  In  a 

su rface  b a r r ie r  but not in  a d iffu sed  ju n c tio n  counter. The 

fa b r ic a t io n  of a  su rface  b a r r ie r  i s  p erfo rned  a t  room ten p era tu re  

whereas th e  high tem perature req u ired  fo r  th e  d iffu s io n  process In 

a  d iffu se d  ju n c tio n  counter degrades the  m inority  c a r r ie r  l ife tim e .
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3. In  o rd er to  ob ta in  a  la rg e  d ep le tio n  w idth . I t  I s  

b e t t e r  to  use high r e s i s t i v i t y  m a te r ia l than  to  use an extrem ely 

high v o ltag e . This I s  because of th e  f a c t  th a t  a  h igher r e s i s t i v i t y  

may be acconpanled by a  b e t te r  m inority  c a r r ie r  life tim e  and a lso  

because a  hlgjh vo ltage may give r i s e  to  microplasma breakdown no ise  

due to  su rface  Inhonogeneltles .

4. There a re  e s s e n t ia l ly  two c o n f lic tin g  fa c to rs  In  the  

op tim ization  o f counter n o ise . The therm al n o ise  reduces w ith  an 

Increase  In  d ep le tio n  width due to  red u ctio n  In  capacitance. How­

ev er, th e  cu rren t n o ise  Increases w ith  d ep le tio n  w idth. Thus, In  

order to  optim ize th e  o v e ra ll counter n o ise , one must use th a t  

reverse  vo ltage  which w i l l  give the  le a s t  o v e ra ll  n o ise  fo r  a  

given counter. When an a p p lic a tio n  demands a  la rg e  d ep le tio n  w idth, 

the  cu rren t no ise  w i l l  dominate over th e  therm al n o ise . One must 

then t r y  to  minimize the cu rren t no ise  by f a b r ic a tin g  th e  counter 

out of high r e s i s t i v i t y  high life tim e  m a te r ia l and using  th e  proper 

su rface  trea tm en ts and /o r encapsu lation  techn iques. However, In  

the  case o f an a p p lic a tio n  l ik e  alpha p a r t ic le  spectrom etry where

a  la rg e  d ep le tio n  width I s  not req u ired . I t  I s  in  genera l p o ss ib le  

to  minimize the o v e ra ll  n o ise .

Breakdown Voltage

As d iscussed  e a r l i e r ,  la rg e  d ep le tio n  width counters 

req u ire  la rg e  rev erse  b ia s  v o ltag es . At la rg e  e l e c t r i c  f ie ld s  In  

the  d ep le tion  reg io n , avalanche breakdown v jl l l  occur. I t  should be
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no ted , however, th a t  in  genera l th e re  w i l l  be two d ep le tio n  reg ions 

in  th e  su rface  b a r r ie r  coun ter, namely, (1) the  main su rface  b a r r ie r  

dep le tio n  reg ion  under th e  gold e le c tro d e  and (2) th e  d ep le tio n  

region a t  the  ju n c tio n  between th e  f re e  su rface  and su rface  b a r r ie r  

space charges. Ihe f re e  su rface  i s  th a t  p a r t  o f  th e  su rface  which 

i s  eD^osed to  th e  ambient. When th i s  second d ep le tio n  reg ion  

breaks down, a  space c h a r ^  lim ite d  su rface  ’ cu rren t w i l l  then  flow 

and i t s  magnitude w i l l  be c o n tro lle d  by th e  conductance o f th e  f re e  

su rface  space charge. Depending on th e  cond itions a t  th e  fre e  

su rfa c e , i t  i s  o ften  p o ss ib le  f o r  th e  space charge ju n c tio n  to  break 

down a t  a  much lower vo ltage than the  su rface  b a r r ie r .  This i s  

the reason why the breakdown vo ltage i s  so ambient s e n s i t iv e .  In  

many cases , th e re  may a lso  be inhom ogeneities in  the  s ilic o n ^  

su rface  o r  bulk  where a  breakdown may occur. Such inhom ogeneities 

can produce la r^ e  no ise  pu lses w ithout co n tr ib u tin g  much to  the 

t o t a l  a v e ra ^  reverse  cu rren t. Surface b a r r ie r s  w ith  h igh  break­

down v o ltages can be obtained  by using  c e r ta in  chemical su rface  

trea tm en ts and /o r encapsu la tion .

Summary

In  th e  l i ^ t  o f th e  d iscu ssio n  p resen ted  in  th i s  chap ter 

i t  i s  now p o ssib le  to  m eaningfully define  th e  th re e  most im portant 

a t t r ib u te s  o f a  good q u a lity  su rface  b a r r ie r  counter. F i r s t ,  and 

most in p o r ta n t ,  i s  the  re so lu tio n  o f a  counter. I t  i s  tru e  th a t
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a l l  p o ss ib le  ap p lic a tio n s  do no t demand th e  same amount of high 

re so lu tio n ; n e i th e r  I s  I t  always p o ss ib le  to  achieve I t ,  s in ce  th e  

re so lu tio n  depends on the ac tiv e  a re a , d ep le tio n  w idth , th e  

ten p era tu re  o f o p era tio n , and th e  degree o f so p h is tic a tio n  o f the  

e le c tro n ic s .

No mention was made e a r l i e r  o f the  ten p e ra tu re  o f 

operation  bu t I t  I s  t ru e  th a t  th e  therm al n o ise  as w ell as the  

sources o f cu rren t n o ise  can be considerab ly  reduced by m ain tain ing  

the counter a t  ten p e ra tu re s  between th e  s o l id  COg and l iq u id  

n itro g en  te n p e ra tu re s . However, I t  I s  a  g re a t disadvantage In  

terras o f convenience and cost to  have to  operate  a t  low tenpera­

tu re s .  B esides, th e re  I s  a lso  th e  a sso c ia te d  problem o f p rev en tin g  

m oisture condensation on the  counter and th e  ra d io a c tiv e  sample 

vÆien the  sanple needs to  be changed. I t  I s  f o r  t h i s  reason th a t  

a l l  e f f o r t  was p u t In to  developing h lg h -re so lu tlo n  counters which 

a re  operable a t  room ten p e ra tu re .

The second c r i te r io n  fo r  judging  th e  q u a li ty  o f a  counter 

Is  th e  maximum a v a ila b le  dep le tio n  w idth. For a  given r e s i s t i v i t y  

of th e  s ta r t in g  m a te r ia l,  th is  I s  governed by the  maximum value of 

the  reverse  vo ltag e  to  which the n o ise  remains w ith in  the req u ired  

l im i ts .  Here ag a in , th e  a p p lic a tio n  w i l l  determ ine the s iz e  o f th e  

dep le tio n  w idth which I s  necessary  bu t a  counter capable o f having 

a la rg e  d ep le tio n  width w i l l  be u se fu l fo r  more a p p lic a tio n s  than  

one which I s  n o t.

F in a l ly ,  th e  counter must be s ta b le  w ith  re sp ec t to  I t s



28

re so lu tio n  and breakdown voltage over a  long period  o f time as 

w e ll as under vacuum. A vacuum i s  necessary  fo r  alpha and low 

energy b e ta  spectrom etry. Most surface b a r r ie r  counters tend  to  

become exceedingly no isy  under a  vacuum and a lso  tend  to  break 

down a t  very low v o ltag es. f

The follow ing genera l statem ents can be made regard ing  

th e  fu lf i l lm e n t  of the  above th re e  c r i t e r i a  in  o rder to  produce a 

good su rface  b a r r ie r  counter.

1. High re so lu tio n  a t  room ten p era tu re  can be achieved 

w ith  c e r ta in  su rface  trea tm en ts when the  s ta r t in g  m a te r ia l has a 

la rg e  m inority  c a r r ie r  l ife tim e .

2. The same surface  treatm ents which s a t i s f y  1. a lso  

give r i s e  to  high breakdown vo ltages so th a t  la rg e  d ep le tio n  widths 

can be achieved when high r e s i s t i v i t y  s ta r t in g  m a te r ia l i s  used.

3. Proper encapsu la tion  w ith epoxy re s in  a f t e r  the 

r ig h t  k ind  o f su rface  treatm ent can prevent d e te r io ra tio n  w ith 

time and under a  vacuum environment.



CHAPTER I I I  

THEORY

The theory  of th e  Au-n-Si su rface  b a r r ie r  w i l l  be 

p resen ted  in  th is  chap ter. F i r s t ,  the  Schottky theory  of a  metal-^ 

sem iconductor con tact in  th e  absence o f su rface  s ta te s  w i l l  be 

d iscussed  in  b r ie f .  Next, a  theo ry  o f th e  semiconductor space 

charge reg ion  w i l l  be developed in  regard  t o  both  sw fao e  Channel 

conduction and th e  a .e .  f i e ld  e f f e c t .  F in a lly ,  the  g o ld -n -s ilic o n  

su rface  b a r r ie r  in  the  presence o f su rface  s ta te s  w i l l  be considered.

Schottky Theory-of a  .Metal-Semiconductor Contact 

in  the  Absence:: of. Surface S ta tes

The Schottky theory  w i l l  n o t be p resen ted  in  d e ta i l  since

i t  does no t correspond to  th e  r e a l  s i tu a t io n .  However, i t  i s  s t i l l

in p o rta n t because i t  shows how a  met a l-sem i conduct o r  con tac t can be 

expected to  e x h ib it  r e c t i f i c a t io n  c h a ra c te r is t ic s .

Consider the  s p e c if ic  case o f a  g o ld -n -s il ic o n  con tact o f

the  type shown in  F ig . 2a. F igures 2b, c , and d show th e  energy

band diagrams fo r  th is  co n tac t under therm al eq u ilib riu m  (no cu rren t 

flo w ), fo n fard  vo ltage b ia s  and rev erse  vo ltage b ias  re sp e c tiv e ly . 

Forward b ia s  corresponds to  th e  gold  being a t  a  p o s it iv e  p o te n t ia l

29



30

SPACE CHARGE REGION 

/ - G O L D  LAYER

n -T Y P E  SILICON

OHMIC CONTACT

F ig . 2a G old-n-S illcon  Contact w ith  B iasing 
E le c tr ic a l  C irc u it

Wm

-qVb

FM‘

T

i SPACE CHARGE i f

" 3
Ec
E ps

METAL
SEMICONDUCTOR

P ig . 2b Energy Band Diagram o f the  Au-n-Si 
Contact Under Thermal E quilibrium



31

— Ec
t t s —

Fig . 2c

E fm

Va

F ig . 2d

Fig. 2 (Cont’d) Energy Band Diagrams of a  Forward Biased 
Au-n-Si Contact ( c ) ,  and of a  Reverse 
Biased Au-n-Si Contact (d ) .

F ig . 2
Au-n-Si Contact in  the  Absence of Surface S ta tes



32

w ith  resp ec t to  the  s i l ic o n  and reverse  b ias  corresponds to  th e  

opposite p o la r i ty  co n d itio n s . I t  i s  im portant to  no te  th a t  these  

energy diagrams shown in  F ig . 2 r e f e r  only to  th a t  reg ion  o f the  

s i l ic o n  which i s  d ire c t ly  under th e  g o ld -s ilic o n  in te r fa c e .  At the 

su rface  o f s i l ic o n  which i s  f a r  removed from the  go ld , th e  energy 

bands w i l l  continue to  be s t r a ig h t  r ig h t up to  the  s i l ic o n  surface  

s in ce  no su rface  s ta te s  are  asstased to  be p re se n t.

F i r s t  consider the  case o f therm al equ ilib rium  as shown

in  P ig . 2b. Here, th e  h igher work function  o f  gold causes e le c tro n s

to  flow from th e  s i l ic o n  to  i t  u n t i l  th e  two Feimi lev e ls  coincide,

as demanded by the  condition  o f therm al equ ilib rium . When th is

happens, an e le c t r o s ta t i c  f i e ld  i s  s e t up between th e  negative

su rface  charge on th e  gold and an equal amount o f p o s itiv e  space

charge in  the s i l ic o n .  The m agiitude of the  e l e c t r i c  f i e ld  must be

such as to  prevent fu r th e r  flow o f e le c tro n s  from the  s i l ic o n  to

gold under equ ilib rium . The space charge extends to  a  non-

ne g lig ib  le  depth below the Au-Si in te r fa c e  due to  the sm all number

o f  fre e  e lec tro n s  in  the s i l ic o n . The energy bands o f th e  n-type

s i l ic o n  must be bend upwards in  o rder to  account fo r  th e  v a r ia tio n

o f the  f re e -e le c trc n  density  in  the  space charge reg ion  as a

fu n ctio n  of the d istan ce  from the  su rface . The amount o f bending

o f the  bands a t th e  s i l ic o n  surface  i s  given by the  d iffu s io n
10p o te n t ia l  , as obtained  from th e  equation:
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where q I s  the  magnitude of th e  e le c tro n ic  charge, are

th e  m etal and semiconductor work fu n c tio n s , x I s  th e  e le c tro n  

a f f in i ty  o f th e  s i l ic o n  and i s  th e  energy d iffe ren c e  between 

the  bottom edge o f th e  conduction band and th e  Fermi le v e l  In  the 

s i l ic o n  bulk  ( f a r  removed from the  s u rfa c e ). Ihe very l a r ^  m icro-

p o te n t ia l  b a r r ie r  due to  x and I s  very sm all In  w idth and I s

tra n sp a re n t to  e le c tro n s  due to  quantum mechanical tu n e l l ln g . , 

which I s  th e  su rface  p o te n t ia l  o f  s i l ic o n  under th e  gold  e lec tro d e  

under zero ap p lied  b ia s .  I s  c a lle d  th e  d iffu s io n  p o te n t ia l  because 

under therm al euqlU brium , I t s  magnitude I s  j u s t  s u f f ic ie n t  to  

cause a  d r i f t  cu rren t which ex a c tly  coun teracts th e  d iffu s io n  

cu rren t.

A lthougi I s  th e  t ru e  p o te n t ia l  b a r r ie r  a g a in s t th e  

flow o f e le c tro n s  from th e  s i l ic o n  to  th e  go ld . I t  I s  customary to  

define  th e  b a r r ie r  h e ig h t, , as the energy req u ired  to  tak e  an 

e le c tro n  from th e  Fermi le v e l  In  th e  m etal to  the  conduction band

e d ^  a t  th e  s i l ic o n  su rface . I s  given by th e  equation :

X = -qVgt . ( 1 3 )

We see from (12) th a t  th e  Schottky theory  p re d ic ts  a  

su rface  p o te n t ia l  b a r r ie r  # i lc h  depends on th e  d iffe ren ce  between 

th e  m etal and seiioiconductor work fu n c tio n s . Bardeen^^ was th e  f i r s t  

to  propose an exp lanation  of th e  observed lack  o f dependence o f th e  

d iffu s io n  p o te n t ia l  on th e  m etal and semiconductor work fu n c tio n s  

on th e  b a s is  o f su rface  s ta te s .
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When a  forw ard b ia s  such as th a t  shown in  P ig . 2c i s  

ap p lied , th e  b a r r i e r  h e ig h t remains constan t bu t th e  s i l ic o n  

su rface  p o te n t ia l  decreases in  magnitude so th a t  an e le c tro n  

d iffu s io n  cu rren t flows from th e  s i l ic o n  to  th e  gold . The 

re s is ta n c e  to  cu rren t flow i s  r e la t iv e ly  sm all in  th i s  d ire c tio n . 

However, when a  rev e rse  b ia s  i s  a p p lie d , in c rea se s  in  magnitude 

and th e  re s is ta n c e  to  cu rren t flow i s  r e la t iv e ly  very h igh  in  th i s  

d ire c t io n . I f  th e  ap p lied  rev erse  vo ltag e  i s  la rg e , then  a  h igh  

e l e c t r i c  f i e l d  w i l l  e x is t  across th e  space charge reg ion  and i t  w i l l  

sweep away any f re e  c a r r ie r s  th a t  a re  generated  w ith in  o r  happen to  

d iffu se  in to  th e  space c h a r ^  reg ion . Hence a  f i n i t e  bu t sm all 

rev e rse  cu rren t w i l l  flow .

Q u a n tita tiv e ly , th e  Schottky theory  g ives th e  c u r re n t-
g

v o ltag e  c h a r a c te r is t ic  to  be:

Where i s  th e  cu rren t d e n s ity , th e  conductiv ity  o f  th e  

n -type  s i l i c o n ,  th e  donor d e n s ity , th e  d ie le c t r ic  constan t 

o f  s i l i c o n ,  th e  p e rm it t iv i ty  o f f re e  space, th e  ap p lied  

v o ltag e  b ia s ,  p o s it iv e  when rev erse  and negative  when forw ard, and 

the o th e r  q u a n ti t ie s  have been p rev io u sly  defined . This equation  

i s  v a l id  only fo r  a  met a l-sem i conduct o r  con tact in  which i s  

n e g a tiv e , th a t  i s ,  the  m etal work fu n c tio n  i s  la rg e r  th an  th a t  of
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the  n -type s i l ic o n .  I t  i s  a lso  assumed th a t  m inority  c a r r ie r  

in je c t io n  i s  n e g lig ib le  so th a t  th e  cu rren t i s  due to  a  flow o f 

e le c tro n s  only.

The rev e rse  cu rren t d en sity  g iven by th e  above equation  

i s  a c tu a lly  h ig h e r  than th e  ejg^erim entally observed rev e rse  cu rren t 

d en sity  by two o r th re e  orders o f magnitude. I t  has been shown by 

Langmann and Mayer^^ th a t  a t  room te n p e ra tu re , and in  th e  absence 

o f su rface  channel conduction, th e  rev erse  cu rren t can be q u ite  

accu ra te ly  expressed  as th e  sian o f  two conpq ien ts, v i z . ,  th e  bulk 

d iffu s io n  cu rren t given by (10) and th e  cu rren t due to  charge 

^ n e r a t io n  in  th e  d ep le tio n  reg ion  as given by (11). The a c tu a l 

cu rren t'-vo ltage  c h a r a c te r is t ic  thus d i f f e r s  from th a t  p re d ic te d  by 

th e  Sd io ttky  theory  in  two ways. F i r s t ,  th e  rev e rse  s a tu ra tio n  

cu rren t i s  much sm alle r and secondly , i t s  dependence on the  

d iffu s io n  p o te n t ia l  i s  much m ild er than  th e  in v erse  exponen tia l 

dependence given by ( l4 ) .  A recen t inprovement on th e  Schottky
Q

theory  can account fo r  th e  sm alle r rev e rse  s a tu ra tio n  cu rren t but 

i t s  r e la t iv e  lack  o f dependence on can only be exp la ined  by 

the presence o f su iface  s ta te s .  I t  i s  ev iden t th a t  su rface  s ta te s  

make the  Au-n-Si su rface  b a r r ie r  b^bave more l ik e  a  p -n  ju n c tio n  

diode than l ik e  a  me t  a l-sem i conduct o r  c o n tac t. A lso, su rface  

s ta te s  make such a  su rface  b a r r ie r  s e n s i t iv e  to  chemical trea tm en ts  

and anh ien ts and c rea te  an a d d itio n a l source o f rev e rse  cu rren t 

th r o u ^  the su rface  space charge la y e r .
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Theory o f the  Semiconductor Space Charge Reglcn

A space c h a r^  w i l l  a r is e  under th e  su rface  o f a  semi­

conductor whenever th e re  I s  an e l e c t r i c  f i e ld  p resen t a t  I t s  

su rface . Such an e le c t r i c  f i e ld  can a r is e  In  th re e  ways: 1) by

slrrply p lac in g  the  semiconductor In  a reg ion  o f space con tain ing  

an e l e c t r i c  f ie ld  due to  some e x te rn a l source; 2) when the seml- 

ccnductor I s  In  the close proxim ity of a  m etal w ith a  d if fe re n t  

work function  than I t s  own; and 3) when th e re  I s  a  su rface  sheet 

o f c h a r ^  due to  e lec tro n s  o r  holes bound In  surface  s ta te s .

Cnee a space charge I s  c rea ted . I t  has c e r ta in  unique 

p ro p e rtie s  which do not depend on th e  manner In  which I t  was 

brought about. Hence, in  the  follow ing d iscu ss io n , th e  p ro p e rtie s  

o f th e  space charge w il l  be considered w ithout regard  to  the 

s p e c if ic  agency causing I t .

Consider the  energy band diagrams o f an n -type semi­

conductor as shown In  F igures 3a and b . P ig . 3a corresponds to  a  

p o s itiv e  space charge and P ig . 3b corresponds to  a  negative  space 

charge. A ll the In p o rtan t param eters are  shown In  th e  f ig u re .

The reference o f energr I s  taken as th e  Perm, le v e l  , 

The I n t r in s ic  Perm  le v e l ,  which I s  given by

c

I s  assumed to  coincide w ith  the  e le c t r o s ta t i c  m acropo ten tia l. A 

se m l- ln f ln lte  homogeneous c ry s ta l  under therm al equ ilib riu m  I s
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assumed. The su rface  I s  rep resen ted  by the  p lane x = 0 and the 

bulk  by p o s itiv e  values o f x . The e le c t r o s ta t i c  p o te n t ia l  b a r r ie r  

as a  fu n c tio n  o f  x I s  then  given by

E.. -  E. (x)
V(x) = -  , (16)

where I s  th e  value o f E^ In  th e  b u lk , f a r  removed from the

su rface . Thus, V m i l  be negative vÆien th e  bands bend up 

(p o s itiv e  space charge) and p o s itiv e  wnen th e  bands bend down 

(negative space charge). This Is  because o f th e  negative  charge on 

the  e le c tro n ;  when I t s  p o te n t ia l  energy I s  p o s it iv e  I t s  e le c tro ­

s t a t i c  p o te n t ia l  I s  n eg a tiv e  and v ice  versa.

The e le c t r o s t a t i c  p o te n t ia l  w ith  re sp ec t to  the  Fermi 

le v e l  I s  given by

Ep- E .(x )
+(x) =   . (17)

I t  I s  more convenient to  d efine  dlm enslonless q u a n ti t ie s  

V 5  u by th e  equations

v(x) .  ; u ( x ) = 3 ^  . ( 18)

The c a r r ie r  d e n s it ie s  under therm al equ ilib riu m  can then  

be expressed  as

n(x) = n^^e^^^^ = n^e^^^^ (19)

p(x) = n .e “^^^^ = p, , (20)
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_______

d e n s it ie s  in  the  bu lk . I t  a lso  follow s from th e  d e f in it io n s  th a t

where n̂  ̂ = n^e and Py = n,.e a re  th e  e le c tro n  and hole

v(x) = u(x) -  Uĵ  . (21)

The cond itions u(x) % 0 correspond to  n (x ) <  p(x) . When 

u(x) = 0 , then n (x ) = p(x) = n^ , th e  i n t r i n s i c  c a r r i e r  d en s ity . 

A lso, v(x) ^  0 corresponds to  the  energy bands bending down, no 

bending, and bending up re sp e c tiv e ly . At th e  su rfa c e , x = 0 , th e  

values o f v , u  , V and. ((> are  denoted w ith  a  su b sc r ip t s as 

Vg , Ug , Vg and re sp e c tiv e ly . Then f o r  a  homogeneously 

doped c r y s ta l ,  v^ = 0 means th a t  th e  bands a re  s t r a ig h t  r ig h t  up 

to  the  su rfa ce . U iis  i s  known as th e  f la t-b a n d  con d itio n .

When Vg and Uĵ  a re  o f th e  same s ig n , then  the  

m ajo rity  c a r r ie r  d en s ity  in  th e  space charge reg ion  w i l l  be g re a te r  

than  th a t  in  th e  bulk  and we g e t what i s  c a lle d  an accum ulation 

la y e r . When v^ and Uĵ  a re  o f opposite  s ig n , we ge t e i th e r  a  

d ep le tio n  o r an in v e rs io n  la y e r . The space charge reg ion  up to  the  

p o in t where th e  m inority  c a r r ie r  d en s ity  i s  equal to  th e  m ajo rity  

c a r r i e r  bulk  d en s ity  (where v (x) = -2u^^) i s  c a lle d  the  d ep le tio n  

reg ion . Between th i s  p o in t and th e  su rfa c e , the  m inority  c a r r ie r  

d en sity  exceeds th e  m ajo rity  c a r r i e r  bulk  den sity  and th i s  region 

i s  c a lle d  the  in v e rs io n  la y e r . I t  i s  p o ss ib le  f o r  th e  d ep le tio n  

reg ion  to  extend  r ig h t  up to  th e  su rface  i f  |Vg| £  |2Uj |̂ .

The cond ition  of space charge n e u t r a l i ty  in  th e  bulk 

reg io n  g ives
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V "d “ V "a . (22)

where and are  the d e n s itie s  of Ion ized  accep to r and 

donor atoms re sp e c tiv e ly . In  th e  space charge reg io n , the  n e t 

space charge density  w i l l  then  be

p(x) = q(p+n„) -  q(n+n.)
°  A (23)

= q(p-p^) -  q(n-n^) .

The v a r ia t io n  o f p o te n t ia l  With th e  d is tan ce  x from th e  

su rface  i s  obtained by so lv ing  Poisson*s equation  which, in  terms 

o f  the reduced p o te n t ia l  v , can be given by

£ z  = -

& 2 '

^r"o? k T  ( P 'V  n + "b) - (24)

This equation  can be w ritte n  as

where L i s  the e f fe c tiv e  Debye leng th  which i s  defined  as

E E kT 1/2r  o 
q‘ ( V  p^)

L =  ]  . (26)
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M ultip ly ing  both s id e s  o f (25) by and in te g ra tin g

from X = « in  th e  bulk to  x = x , we have, using  th e  cond ition

th a t  ^  = 0 a t  X = o o ,

and in te g ra tin g  once more from x = 0 , v  = Vg to  x = x , v  = v(x),

we ge t

where

coshCu. + v) 1/2
P(Ub,v) = Æ -  V tanh u^- 1] . (29)

The minus sign  in  f ro n t o f  P (u^,v) in  (27) and (28) 

r e fe r s  to  v > 0 (bands bending down o r negative  space charge) and 

the  p lu s sign  i s  fo r  v < 0 (bands bending up o r p o s it iv e  space 

c h a r ^ ) .  Ihe in te g ra tio n  in  (28 ) cannot be performed in  a  c losed  

form except when u^ = 0 ( in t r in s i c  m a te r ia l) .  I t  must th e re fo re

be ev alua ted  num erically .

Ihe su rface  space charge den sity  i s  defined  as th e

t o t a l  n e t charge in  the space charge reg ion  p e r  u n it  su rface  a rea , 

^sc i s  f ie s  Gauss’ law since  th e  e l e c t r i c  displacem ent v ec to r 

D must vanish  in  the bulk.

Hence
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^sc dx x=0

= +q(i^+ Pj^)LP(u^^,Vg) , (30)

where P(u^,Vg) I s  th e  value o f P evaluated  a t  v = v^ . Prom 

(30) ,  we see th a t  th e  su rface  space charge d en sity  f o r  s i l ic o n  i s  

s t r i c t l y  a  fu n c tio n  o f th e  su rface  p o te n t ia l  (Vg o r Vg), th e  bulk 

c a r r ie r  co n cen tra tions and th e  tem perature and i s  independent o f  the  

n a tu re  o r  cause o f the  band bending agency.

Excess Surface C a rr ie r  D ensities

%  d e f in i t io n ,  the  space charge d en sity  must a lso

be given by

^sc "  ^ + n^)dx , (31)

which can be w r itte n  as

Egg = q(AP -  AN) , (32)

where

AP = /  (p-p, )dx (33)
0 “

AN = /  (n-n^)dx • (34)

27
AP and AN a re  known as th e  excess su rface  c a r r ie r  d e n s it ie s  ' 

which are  defined  as the  number o f mobile holes o r e le c tro n s  p e r  

u n i t  a re a  o f th e  su rface  in  excess of t h e i r  number p e r  u n it  su rface
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a re a  under f la t-b a n d  co n d itio n s. AP and AN w i l l  be o f opposite 

s ig n s . For exanple, f o r  < 0 , (p o s itiv e  space charge), AP w il l  

be p o s it iv e  s ince  th e  ho le  d en sity  in  the  space charge region i s  

larger  than in  the  bu lk . However, th e  e le c tro n s  w i l l  be depleted  

from th e  space charge reg io n  and AN w i l l  be n eg a tiv e .

As w i l l  be shown l a t e r ,  i t  i s  necessary  to  evaluate  AP 

and AN in d iv id u a lly  in  o rd er to  c a lc u la te  the su rface  conductance 

o f th e  space charge reg io n . For th i s  reason , (33) and (3%) must be 

p u t in to  ano ther fo m .

I f  we change th e  v ^ i a b l e  o f in te g ra tio n  in  these 

equations from x to  v  , then  we can pu t these  in  th e  fonn

<35)
S

s

Tn th i s  form, AP and AN can be num erically  evaluated  

on a  d i g i t a l  computer fo r  a  range o f values o f th e  su rface  p o te n tia l  

Vg , once th e  value o f U|̂  i s  known, u^ i s  found from the type 

and r e s i s t i v i t y  o f th e  sem iconductor m a te r ia l by using  the  equation

%  = '  <57)

where i s  the  bulk  r e s i s t i v i t y ,  i s  the e le c tro n  m obility  

fo r  n -ty p e  m a te r ia l and n̂ _ i s  the  in t r in s ic  c a r r ie r  concen tration
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a t  th e  given te n p e ra tu re . Miowing and n̂  ̂ , and L can 

be ev alu a ted  by using  (19) ,  (20 ) and (26) .

I t  i s  seen th a t  fo r  a  given u^ , AP and AN are  s in g le  

valued functions o f th e  su rface  p o te n t ia l  v^ and th e o re t ic a l  

curves can be p lo t te d  o f AP and AN over a  wide range o f both 

p o s it iv e  and n egative  values o f  v^ . Using (32 ), the  surface  

space charge d en sity  can a lso  be p lo t te d  as a  fu n c tio n  o f Vg .

Surface Conductance o f  th e  Space Charge Region

Ihe su rface  conductance o f the space charge re g io n , AG , a t  

any su rface  p o te n t ia l  v^ i s  defined  as th e  change which occurs 

in  the  conductance, p a r a l l e l  to  th e  su rfa c e , p e r  square su rface  a rea  

o f th e  semiconductor sanple when th e  su rface  p o te n t ia l  i s  changed 

from 0 to  Vg . E f fe c tiv e ly , AG i s  th e  conductance, p a r a l le l  to  

the  su rfa c e , p e r  square su rface  a re a  due to  th e  excess su rface  

c a r r ie r  d e n s itie s  on ly , s ince  i t  i s  th e  d iffe re n c e  between the 

conductance p e r  square su rface  a re a , p a r a l l e l  to  the  su rfa c e , when 

th e re  i s  a  space charge and th e  same q u an tity  when the bulk  c a r r ie r  

d e n s itie s  extend r ig h t  up to  the su rface  (fla tb a n d  co n d itio n s).

Consider a  semiconductor filam en t as shown in  Figure 4, 

f o r  which £ , w and d denote, r e sp e c tiv e ly , i t s  le n g th , width 

and depth. The x, y , z axes are  taken along d , w and £ 

re sp e c tiv e ly . F latband cond itions are  assunsd to  p re v a il  a t  a l l  

faces except th e  face x = 0 where we have a  su rface  p o te n t ia l  v^ . 

Let Cg , dg and , d̂  ̂ denote, re sp e c tiv e ly , th e  average
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c o n d u c tiv itie s  and depths o f the  space c h a r ^  and bulk  reg io n s.

îh e  conductance o f  such a  filam en t along i t s  len g th  i s

given by

In  th e  absence of a  space charge reg io n , th a t  i s ,  when 

Vg = 0 , th e  filam en t conductance would be given by

• (39)

Hence, th e  change in  conductance, p a r a l l e l  to  the 

su rfa c e , when v^ i s  changed from 0 to  v^ i s

AS = S -

= . (40,

The su rface  conductance p e r  square su rface  a rea  AG i s  

now defined  as

40 = i  Ag

“ (V  “b’‘’s • (41)

Since both l  and w have th e  dimensions o f le n g th , AG 

has th e  dimensions o f  conductance. However, AG does no t re p re se n t 

th e  t o t a l  conductance o f  th e  f ilam en t. AG i s  c a lle d  th e  su rface
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conductance p e r  square and I t s  u n its  are  u sually  w ritte n  as irihos/sq. 

o r  limhos/sq. AG w i l l  be th e  same fo r  a  square a rea  o f th e  surface  

w hether i t  be a  square cm. o r a  square m eter o r any o th e r u n it  o f 

a rea .

In  o rder to  eva lua te  AG as a  function  o f and u^ ,

we need to  ev a lu a te  o and a, . From th e  fundamental equation
S u

a = q(u^n + jipP) , (42)

we can w rite

Since i s  th e  average conductiv ity  o f th e  space 

charge reg io n , i t  can be w ritte n  as

0= = f  a(x)dx
^ ' ‘s 0

= 3-  f  q(u n(x) + W p(x ))dx  . (44)
s Gg 0  n p

I f  we assume th a t  the  hole and e le c tro n  m o b ilitie s  in  the  

space charge region  are  th e  same as in  th e  bu lk , which i s  a  f a i r  

assumption except in  the  case o f s trong  accumulation o r inversion  

r e g i o n s , t h e n  using  (41), (43) and (44), and the  fa c t th a t  i s

a  constan t and can be taken under the in te g ra l  s ig n , we have
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4%
aG = /  [qp^(n-n^) + qy^ (p-Pj^ ) ]dx

■'s
= /  qy^(n-n^)dx + /  qy (p-Pj^)dx . (45)

We now note th a t  f o r  the  upper l im it o f th e  in te g ra ls ,  

can be rep laced  by “ , s in ce  in  r e a l i ty  the  space charge region 

approaches th e  bulk conditiohs only a sy n p to tic a lly .

Hence, we have

AG = qCy^AN + y^AP) , (46)

where AN , AP are th e  excess su rface  c a r r ie r  d e n s itie s  given by 

(35) and (36). This equation  t e l l s  us th a t  AG , l ik e  Z , i s  

a lso  a  s in g le  valued fu n ctio n  o f v^ fo r  a  given so th a t  

th e o re t ic a l  curves o f AG versus v„ can be p lo t te d  fo r  a  wide 

range o f values o f v^ . A lso, i t  i s  p o ssib le  to  p lo t  AG versus 

Zg w ith  Vg as a  param eter. As w i l l  be shown, such a  th e o re t ic a l  

AG -  Zg^ curve i s  a t  the  very b a s is  o f  in te rp re t in g  d a ta  from ac 

f i e ld  e f f e c t  measurements.

T h eo re tica l AG versus Z Curvesc

P ig . 5 shows a  th e o re t ic a l  curve of AG versus Z^^ fo r

450 ohmr-cm n-type s i l ic o n ,  = 6.676  and L = 1.23 m icrons),

values o f th e  su rface  p o te n t ia l  v^ are a lso  in d ic a te d  on the

The
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curve. This curve was ob tained  by ev a lu a tin g  th e  In te g ra ls  f o r  AN 

and AP num erically  on an IBM 360 Model 40 d i g i t a l  computer using  

th e  36-p o ln t Gauss-Legendre Quadrature method. AN and AP were 

ev a lu a ted  fo r  values o f v^ ranging from -25 to  +25 In  s tep s  o f

0.25 s corresponding to  th e  bending o f th e  energy bands by O.65  eV In  

e i th e r  d ire c tio n  around f la tb a n d s . In  s te p s  o f  O.OO65 eV.

S ta r t in g  w ith  v^ la rg e  and p o s i t iv e ,  we can tra c e  through 

th re e  d i s t in c t  reg ions o f th e  curve as v^ goes th r o u ^  zero to  

l a r ^  neg a tiv e  v a lu es .

The reg ion  AG > 0 , < 0 , (v^ > 0) corresponds to  an

accum ulation reg ion . The space charge I s  n e g a tiv e , th e  bands bend 

down and th e  su rface  conductance I s  mainly due to  th e  la rg e  number 

o f  m ajo rity  c a r r ie r s  (e le c tro n s  fo r  n - ty p e ) . As v^ approaches 

zero th r o u ^  p o s it iv e  v a lu e s , AN reduces b u t AP does no t Increase 

s ig n if ic a n t ly  so th a t  AG reduces, as does At v^ = 0 ,

we have fla tb an d s  and both AG and must be zero by d e f in i­

t io n .  The curve thus passes through th e  o r ig in  a t  f la tb a n d s .

The reg ion  AG < 0 , E^^^> E^^> 0 (-2u^< v^< 0)

corresponds to  the  d e p le tio n  reg ion . As v^ becomes n e g a tiv e , th e  

bands bend up and th e  space charge becomes p o s i t iv e .  AN continues 

to  decrease bu t th e  In c rease  In  AP I s  no t s u f f ic ie n t  to  

con tribu te , s ig n if ic a n t ly  to  the  su rface  conductance so th a t  AG 

keeps on decreasing. At v„, = -2 u  , the  f re e  ho le  d en s ity  a t  th e

su rface  becomes equal to  th e  bulk e le c tro n  d en s ity  and we e n te r  In to

th e  In v ers io n  reg ion .
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For Egg > EgQi^ 0 (Vg< -2u^) we have the, in v ersio n  

reg io n . For v^< -2uy , AG continues to  jpeduce fu r th e r  u n t i l  a t

Vg = -2u^- 3nCM̂ /jjp) . . (47)

AG reaches a  minimum value. I t  i s  seen th a t  th e  su rface  p o te n tia l

a t  which th e  conductance minimum occurs i s  a  unique fu n c tio i  o f  Uĵ  

and i s  approximately equal to  -2uj^ fo r  la rge  u^ .

As Vg becomes more negative  beyond the  conductance 

minimum, AG s ta r t s  in c reas in g  due to  hole conduction. The curve 

once again  passes th r o u ^  AG = 0 when

. (48)

Beyond th a t  p o in t ,  we have a  s tro n g  in v ersio n  la y e r  and the  su rface

conductance i s  due mainly to  m inority  c a r r ie r s  (holes in  th i s  case ).

I t  may be noted  th a t  th e  AG versus curve i s  l in e a r

over most p a r t  except n ea r th e  conductance minimum and a t  very la rg e  

values o f Vg where s a tu ra tio n  e f fe c ts  and degeneracy s e t  in .

No co rrec tio n s  have been sp p lie d  in  e v a lu a tin g  th e  

th e o re t ic a l  AG v /s  curve fo r  the  reduction  o f m o b ilitie s  of

e le c tro n s  and holes in  th e  space c h a r ^  region  due to  su rface
28s c a t te r in g . Such c o rre c tio n s , f i r s t  woriced out by S c h r ie f fe r ,  

a re  im portant only fo r  s tro n g  accumulation and in v ers io n  la y e rs , 

th a t  i s ,  la rg e  values o f Vg . Since such large  |Vg| values are 

o rd in a rily  u n rea lizab le  in  p r a c t ic e ,  S c h r ie f f e r 's  co rrec tio n s  are
O

g en era lly  neg lected .
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Surface S ta te s

A b r ie f  d iscussion  on su rface  s ta te s  was p resen ted  in  

Chapter 1. I t  was nentioned  th e re  th a t  su rface  s ta te s  can be of 

the  f a s t  o r  slow type and can a lso  be donor-like  o r  a c c e p to r- lik e .

We w i l l  now d iscuss in  some d e ta i l  th e  o r ig in  and n a tu re  o f both 

slow and f a s t  s ta te s  and th e  e f f e c ts  o f donor- and a c c e p to r-lik e  

s ta te s  on th e  energy band s tru c tu re  o f a  semiconductor n ea r i t s  

su rface .

Consider th e  energy le v e l  diagram fo r  an n -type semif-

conductor as shown in  P ig . 6a. When th e re  are no su rface  s ta te s

p re se n t, and in  the  absence o f an e x te rn a l e l e c t r i c  f i e ld ,  f la tb a n d

conditions w i l l  e x is t .  Now suppose th a t  a c c e p to r-lik e  surface
2

s ta te s  w ith  a  den sity  p e r  cm , reg a rd le ss  o f being  of th e  f a s t  

o r  slow ty p e , a re  in troduced  a t  an energy le v e l below th e

Fermi le v e l.  Since th e  su rface  s ta te s  are  enpty and below th e  Ferrai 

le v e l ,  some o f the  e le c tro n s  from the  conduction band w i l l  f a l l  in to  

them. This causes a  sheet o f  negative  c h a r ^  a t  the  su rface  and a 

p o s it iv e  space charge underneath i t .  The energy bands in  th e  space 

c h a r ^  reg ion  w i l l  bend upwards w ith  re sp ec t to  the  Fermi le v e l .  

A lso, s ince  th e  lo c a liz e d  le v e ls  are  due to  sh o rt range atomic 

fo rces  (m icro p o ten tia l) and a re  hence u n affec ted  by th e  space charge 

m acro p o ten tia l, they w il l  r id e  w ith  the  energy bands. E quilibrium  

w il l  be reached when th e  p o s it iv e  space charge i s  ex ac tly  e q u a l.in  

magnitude to  th e  negative su rface  s ta te s  charge. Under eq u ilib riu m .
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the le v e ls  w i l l  l i e  s l ig h t ly  above th e  Fermi le v e l  and w i l l  

th e re fo re  be only p a r t i a l ly  f i l l e d .  Ihe eq u ilib riu m  ccn d iticn  i s  

shown in  F ig . 6b.

We have thus seen th a t  th e  presence o f a c c e p to r- lik e  

s ta te s  a t  the  su rface  bends th e  energy bands towards and g ives r i s e  

to  a  p o s itiv e  space c h a r ^ .  I h is  statem ent i s  obviously tru e  even 

fo r  a  p -type semiconductor. An argument s im ila r  to  th e  one above 

w i l l  show th a t  when donor^ like su rface  s ta te s  a re  In troduced  above 

the Fermi le v e l ,  ho les from th e  valence band w i l l  f a l l  in to  them 

and the  energy bands o f  both  p -  and n -type semiconductors w i l l  bend 

downwards, lead ing  to  a  n egative  space charge.

Thus, f o r  an n -ty p e  sem iconductor, donor-H ke su rface  

s ta te s  w i l l  give r i s e  to  an accum ulation reg ion  and a c c e p to r- lik e  

s ta te s  w i l l  cause a  d ep le tio n  reg ion  and, perhaps an in v ers io n  

reg ion  a lso . A lso, th e  l a r ^ r  th e  number o f io n ized  su rface  S ta te s ,  

the g re a te r  th e  magnitude o f th e  su rface  sh ee t o f  charge and th e  

more th e  bending o f th e  energy bands.

Normally, on a  r e a l  su rface  of a  sem iconductof, th a t  i s ,  

on a  su rface  th a t i s  chem ically etched  and exposed to  th e  atmosphere 

o r o th e r  g ases, th e re  e x is t  both donor- and a c c e p to r- lik e  su rface  

s ta te s  sim ultaneously . Ihe bending o f  th e  energy bands and th e  

type o f space charge w i l l  then be due to  the  o v e ra ll  n e t  e f f e c t  o f 

both  kinds o f s ta te s .  I t  i s  then p o ss ib le  th a t  on th e  same p iece  

of a  sem iconductor, th e re  may be d if f e re n t  reg ions o f th e  su rface  

w ith d if f e r in g  space charge. In  co n tra s t to  t h i s ,  a  c lean  s u rfa c e ,
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such as i s  obtained by cleavage under u l t r a - h l ^  vacuum o r  by ion 

bombardment and annealing , i s  always found to  have a  p o s itiv e  space 

c h a r ^ ,  corresponding to  accep to r-lik e  su rface  s ta t e s ,  on both  n -  

and p-type semiconductors. This i s  be liev ed  to  be due to  e lec tro n s  

trapped by th e  dangling bonds a t  the  su rface .

Ihe charge c a r r ie rs  which are  trapped  in  su rface  s ta te s  

behave as bound c h a r t s  and do no t take p a r t  in  th e  conduction 

process under normal e le c t r ic  f ie ld s .  I h i s ,  o f course, i s  fo r  the 

same reason th a t  charge c a r r ie r s  in  donor and accep to r im purity 

lev e ls  behave lik e  bound charges. However, as w il l  be po in ted  out 

l a t e r ,  c h a r^  trapped  in  slow su rface  s ta te s  w i l l  m igrate extrem ely 

slowly on the su rface  under th e  in fluence  o f an e le c t r i c  f i e ld  

p a r a l l e l  to  th e  su rface . The cu rren t due to  such a  su rface  io n ic  

m igration i s  n eg lig ib le  but i t  does give r i s e  to  a  s ig n if ic a n t  

v a r ia tio n  o f th e  dep le tion  width and rev erse  ju n c tio n  capacitance 

of m etal-sem iconductor surface b a r r ie r s  over a  p erio d  o f minutes o r 

hours.

The occupation s t a t i s t i c s  o f su rface  s ta te s  i s  governed 

by the  Permi-Dirac s t a t i s t i c s  in  the  same manner as f o r  im purity  

le v e ls . Thus, th e  p ro b a b ility  th a t  an e le c tro n  occupies th e  energy 

le v e l is^ ^

W  = — i   ----------------------  . » 5 )
1+ ^  exp [(E^- Ep)AT] 

where g^ and g^ rep resen t th e  number o f degenerate quantum
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s ta te s  o f th e  le v e l when i t  i s  vacant and occupied,
fre sp e c tiv e ly . I f  we now define an e f fe c t iv e  energy le v e l such 

th a t

= E^+kT ln(gyg3_) , (50)

then th e  occupation p ro b a b ili ty  can be w rltten ^ ^  as

f„(E f)  -------------- ^ -------------- . (51)
1 + ejqp [(E^- Ep)AT]

The su rface  d e n s itie s  o f  occupied and unoccipled su rface  

le v e ls  w i l l  be given by

" t  = “t  f52)

P t = “t  f p ( i )  . (53)

W h ere f^(E^) = 1 -  f^(E^) and n ^ +  i s  t h e  t o t a l  d en sity

o f s u r f a c e  l e v e l s  a t  t h e  e n e r g y  E^ . The s u r f a c e  l e v e l s  w i l l  n ow

f
be h a l f  occupied when the P erm  le v e l  co incides w ith r a th e r

fthan  w ith  Ê . . The maximum ra te  o f v a r ia t io n  o f f^(E^) and
f  ffp(E^) w ith  energy occurs a t  E^ = Ep . Hence, su rface  s ta te s

close to  the  P erm  le v e l are the  most e f fe c t iv e .  Those close  to
fth e  band edges are  th e  le a s t  e f fe c t iv e .  Of course, E^ a lso  r id e s  

w ith  the energy bands so th a t  th e  occupation p ro b a b ility  changes as 

th e  bands bend.

In  ^ n e r a l ,  th e re  can be s e v e ra l su rface  s ta te  energy 

le v e ls .  The n e t su rface  charge d en s ity  can then be given by
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: s s  -  9  z N y f p C E ^ j ) -  q  z  .  ( 5 4 )

where N, . i s  th e  su rface  density  o f don o r-lik e  lev e ls  a t  energy 
t j

and i s  th e  surface  density  o f a c c e p to r-lik e  lev e ls  a t

energy .

In  th e  absence o f an ex te rn a l e l e c t r i c  f i e ld ,  th e re  w il l  

be a  space charge o f  equal magnitude and opposite p o la r i ty ,  so th a t 

th e  t o t a l  charge d en s ity  i s  given by

%SS+ =80 = °  • '55)

I f  an e x te rn a lly  app lied  e l e c t r i c  f i e ld  e x is ts  a t  the  

su rfa c e , (such a s , f o r  exairple, a  ca p a c itiv e ly  ap p lied  f i e l d ) ,  then 

th e  charge induced by th e  app lied  f i e ld  w i l l  be d iv ided  between the 

su rface  charge (charge bound in  su rface  s ta te s )  and t)ie space 

charge. Gauss' law w i l l  tjien give

where

= iP a  = i 'i ^ o ^ a  * (57)

D i s  th e  magnitude of the e l e c t r i c  displacem ent v ec to r and e- i s  

the d ie le c t r ic  constan t o f  th e  medium externa l to  the  semiconductor 

su rface . i s  th e  e l e c t r i c  f ie ld  s tre n g th  in  th is  surrounding

medium. Ihe p lus sig n  i s  fo r  the e l e c t r i c  f i e ld  p o in tin g  in to  the
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sem iccnductor su rface  and th e  minus s ig n  i s  f o r  th e  f i e ld  p o in tin g  

outwards. For th e  case o f an ap p lied  e l e c t r i c  f i e ld ,  we then  have

= :ss+  ' « 8 )

So f a r ,  i t  has no t been necessary  to  d is tin g u ish  between 

f a s t  and slow su rface  s ta te s .  However, such a  d is t in c t io n  becomes 

e s s e n t ia l  when considering  th e  e f f e c ts  o f  a  time vary ing  e x te rn a l 

e l e c t r i c  f ie ld .  A ctu a lly , th e  d is t in c t io n  i s  more fundamental than 

th a t  o f merely d if f e r in g  t r a n s ie n t  behavior. The n a tu re  and o r ig in  

o f f a s t  and slow s ta te s  are  q u ite  d i f f e r e n t ,  and they behave q u ite  

d i f f e r e n t ly  under d if f e r e n t  p h y s ic a l and chem ical co n d itio n s . Hence 

a  b r i e f  d e sc rip tio n  o f th e  o r ig in  and n a tu re  o f  f a s t  and slow 

su rface  s ta te s  w i l l  be p re sen ted  a f t e r  d e fin in g  them in  terms o f 

t h e i r  t r a n s ie n t  behavior.

Consider a  cap a c ito r  made up of a  m etal e le c tro d e  in  th e  

c lo se  proxim ity  o f an n -type  semiconductor su rface  w ith  an 

in te rv e n in g  d ie le c t r ic  medium. This i s  shown in  F ig . 7a. Suppose 

th a t  t h i s  c a p a c ito r  i s  uncharged a t  f i r s t  and a  n e t d en s ity  o f 

a c c e p to r- lik e  su rface  s ta te s  causes th e  energy bands to  bend up­

wards as in  F ig . 7b. I f  now th e  m etal e le c tro d e  i s  g iven a  negative  

p o te n t ia l  w ith re sp e c t to  th e  sem iconductor, then  th e  e l e c t r i c  f i e ld  

in  th e  d ie le c t r ic  w i l l  be p o in tin g  outwards from th e  sem iconductor 

su rfa ce . Ihe ca p ac ito r  charges up by removing some o f th e  f re e  

e le c tro n s  from th e  space charge reg ion  o f th e  sem iconductor, thereby 

bending the energy bands s t i l l  fu r th e r  upwards.



59

METAL

DIELECTRIC

SILICON

(a)

(b) t> 0 ~ .  EQUILIBRIUM

Sc
Uiz
LÜ

iK

W

( c )  f " 0 +  NON-EQUILIBRIUM

(d )  *> 0+  EQUILIBRIUM 
UNDER FIELD

7 'i'ranslent !i<’havlor o f Surface States



60

I t  i s  assurrfêd, fo r  s i i r p l ic l ty ,  th a t  the  surface  p o te n tia l  

Vg i s  not too  l a r ^  even in  th e  presence o f  th e  e l e c t r i c  f i e ld  so 

th a t  th e  m inority  c a r r ie r  (hole) d en sity  in  th e  space charge region  

i s  s t i l l  n e g lig ib le . Ih is  assurrption i s  very o ften  j u s t i f i e d  in  

p ra c tic e . I h is  charging up process takes p lace  in  a  r e la t iv e ly  

sh o rt time (o f the  o rder o f  10 ^ sec  o r  le s s )  so th a t  th e  conducticn 

band o f th e  semiconductor i s  in  eq u ilib riu m  w ith  th e  f i e ld  w ith in  

th i s  sh o rt time a f t e r  the a p p lic a tio n  o f th e  f ie ld .  Ihe energy 

band diagram a t  th i s  in s ta n t  ( t  = 0^) i s  shown in  F ig . 7c. Ihe 

surface  s ta te s  are  s t i l l  no t in  eq u ilib riu m  w ith  th e  induced charge. 

This eq u ilib riu m  can be reached only when some o f th e  e le c tro n s  are 

re le a se d  from the  accep to r-lik e  su rface  s ta te s  in to  the  conduction 

band and when the  conditions o f (54) and (58) are  both s a t i s f i e d .

Ihe f in a l  eq u ilib riu m  conditions are  shown in  P ig . 7d. As the  

eq u ilib riu m  between th e  su rface  s ta te s  and the  induced charge i s  

being  reached, the energy bands w i l l  re la x  towards t h e i r  o r ig in a l  

p r e - f ie ld  p o s itio n s . Ihe amount o f  re la x a tio n  i s  determ ined by th e  

d e n s itie s  and energy p o s itio n s  o f th e  su rface  s ta te s .  Hence, a  

study o f the  t r a n s ie n t  behavior o f su rface  s ta te s  can y ie ld  

inform ation  regard ing  th e i r  d e n s itie s  and energy p o s itio n s .

Ihe induced charge i s  d is t r ib u te d  between th e  space 

charge and the su rface  charge. E f fe c tiv e ly , th e n , the  su rface  

s ta te s  p a r t ia l ly  s h ie ld  th e  space charge from an e x te rn a l f ie ld .  

With a  high d en sity  o f  su rface  s ta te s  c lose  to  th e  Fermi le v e l ,  th e  

sh ie ld in g  o r re la x a tio n  can be almost t o t a l .
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Ihe f a s t  and slow su rface  s ta te s  are  defined  w ith  resp ec t

to  th e i r  re la x a tio n  tim es, th a t  i s ,  th e  time they  in q u ire  to  reach

eq u ilib riu m  w ith  th e  Induced c h a r ^ .  ïhose  su rface  s ta te s  which

have a  r e la x a t im  time o f th e  o rder o f  10”^ sec . o r  le s s  are  c a lle d

f a s t  su rface  s ta te s .  Surface s ta te s  w ith a  re la x a tio n  time ranging 
-2from about 10 sec . to  se v e ra l hours are  c a lle d  slow s ta te s .

We can now d iscu ss  the  o r ig in  and n a tu re  o f  f a s t  and slow 

su rface  s ta te s .  Considering th e  f a s t  s ta te s  f i r s t ,  i t  i s  reasonable 

to  assume th a t  s in ce  th e  f a s t  s ta te s  do no t re q u ire  too  much t in e  

to  cone in to  eq u ilib riu m  w ith  the  energy bands, they  must have an 

in tim a te  c o ita c t  w ith  th e  semiconductor su rface . The f a s t  s ta te s

are  th e re fo re  assumed to  e x i s t  a t  th e  sem iconductor su rface  i t s e l f .
12 11 I t  was f i r s t  shown by Tairm, and l a t e r  by Shockley,

th a t  even a t an id e a l  su rface  (fre e  o f d e fe c ts ,  in p u r i t i e s ,  adsorbed

atoms o r  displacem ent o f su rface  atom s), lo c a liz e d  energy le v e ls  can

e x is t  w ith  a  d en s ity  o f  r o u ^ ly  one p e r  su rface  atom, due to  the

te rm in a tio n  o f the c ry s ta l  l a t t i c e .  More c ru d e ly , we can say th a t

dangling bonds o f th e  su rface  atorrs w i l l  e x is t  a t  th e  su rface  and

th a t  e le c tro n s  can be trapped  to  s a t i s f y  th ese  dangling bonds. Ihe

a c tu a l s tru c tu re  o f a  semiconductor su rface  i s  r a th e r  conplex bu t

i t  has been observed in  p ra c tic e  th a t  a  clean  semiconductor su rface

always has a  p o s it iv e  space-charge which c c n flm s  th e  dangling bond

hypo thesis  to  sons e x te n t. In  r e a l i t y ,  th e re  w i l l  be in p u r i t ie s

(dopant) and d e fec ts  even o i a  clean su rface  and th ese  csn give

r is e  to  f a s t  su rface  s ta te s  a lso . I t  i s  customary to  a sso c ia te
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f a s t  su rface  s ta te s  to  su rface  trap p in g  and recoiribination le v e ls ,  

reg a rd le ss  o f th e  o r ig in  o f such tra p p in g  le v e ls .  E le c tr ic a l ly ,  

th e  behavior o f th ese  su rface  le v e ls  i s  th e  same as th a t  of 

tra p p in g  and recontoination cen ters  in  th e  bu lk .

P ast su rface  s ta te s  w i l l  a lso  e x is t  on chem ically etched 

( re a l)  su rfaces  which are  e3Ç)osed to  the  atmosphere. Ihe density  

o f f a s t  s ta te s  on r e a l  su rfaces  i s  found to  be about two to  th ree  

o rders  o f magnitude sm alle r than  on clean su rfa c e s . This i s  

b e liev ed  to  be due to  th e  s a t i s f a c t io n  o f some of the dangling bonds 

by adsorbed atoms. Both chemical su rface  trea tm en ts  (e tch ing , 

quenching, and p o s t-e tc h  chemical t re a t iœ n ts )  and gaseous ambients 

a f f e c t  th e  d e n s it ie s  o f  f a s t  su rface  s ta te s .  There i s  experim ental 

evidence th a t  th e  energy p o s itio n s  o f the  f a s t  s ta te s  are  q u ite  

in s e n s i t iv e  to  chemical su rface  trea tm en ts  and gaseous anb ien ts.^^  

This evidence i s  q u ite  conclusive fo r  th e  case o f gaseous ambients 

but no t so conclusive f o r  chemical su rface  trea tm en ts .

The slow su rface  s ta te s  are  u su a lly  a sso c ia ted  w ith 

chemisorbed atoms. A r e a l  semiconductor su rface  w i l l  normally have 

a  la y e r  o f chemisorbed atone on i t  and such atoms can a lso  tra p  

e le c tro n s  o r  h o les . Since th ese  trap p in g  le v e ls  do not have an 

in tim a te  con tact w ith  th e  semiconductor su rfa c e , t h e i r  re la x a tio n  

tim es w i l l  be coirparatively  la rg e . The presence of the  slow 

su rface  s ta te s  w i l l  a f fe c t  th e  d e n s itie s  o f f a s t  s ta te s  in  two ways. 

F i r s t ,  th e  slow s ta te s  can s a t i s fy  some o f th e  dangling bonds. 

Secondly, th e  c h a r ^  trap p ed  in  th e  slow s ta te s  w i l l  cause an equal
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and opposite charge to  be d is t r ib u te d  between th e  f a s t  s ta te s  and 

the space charge, ih e  bending o f th e  energy bands w i l l  th e re fo re  

change, thereby changing th e  occupation d e n s it ie s  o f th e  f a s t  

s ta te s ,  ih u s , we note th a t  gaseous ambients can change the  

su rface  p o te n t ia l  in  much th e  same manner as an app lied  e x te rn a l 

e l e c t r i c  f ie ld .  A ctu a lly , d i f f e r e n t  gases and vapors can change 

the  su rface  p o te n t ia l  much more e f fe c t iv e ly  than  an e l e c t r i c  f ie ld .  

Coupled w ith t h e i r  lack  o f in flu en ce  on th e  energy p o s itio n s  o f f a s t  

s t a t e s ,  th i s  makes them very u se fu l in  ac f i e ld  e f fe c t  measurements.

Theory o f th e  Low Frequency AC F ie ld  E ffec t

Consider an n -type s i l ic o n  su rface  under a  given ambient 

in  the  absence o f an e x te rn a l e l e c t r i c  f ie ld .  Gauss' law then 

gives

■ (59)

where Z „ and are the  su rface  charge d e n s itie s  in  th e  slowsss  i s s
and f a s t  su rface  s ta te s  re sp e c tiv e ly . Under an e x te rn a l e le c t r i c  

f i e ld  corresponding to  an inducing charge d en sity  , we have

=  - ( : S 8 S +  =  ^ I n  •

where %. i s  the charge den sity  induced by th e  combined ac tio n  of 

lonl'/ec} slow surface  s ta te s  and an e le c t r i c  f ie ld .

Now suppose th a t  the  e x te rn a l e l e c t r i c  f ie ld  i s  an ac 

f ie ld  w ith a  frequency which i s  high ennug!: so as to  prevent
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th e  in te ra c t io n  o f th e  slow su rface  s ta te s  w ith  the  induced chargé 

but low enough to  allow  conplete In te ra c tio n  between th e  f a s t  

su rface  s ta te s  and th e  induced charge. Such a  frequency can l i e  

between a few Hz and a  few KHz. T hen ,if rep re sen ts  th e  change

in  over a  time At, we w il l  havecL

4=80 '  - “ a  = “ to  (61)

th a t  i s ,  the  induced charge i s  d is tr ib u te d  only between th e  f a s t  

s ta te s  and the  space charge. Now the  charge trapped  in  th e  f a s t  

su rface  s ta te s ,  Z^^^ , i s  immobile and th e re fo re  does no t co n trib u te  

to  th e  su rface  conductance. A lso, th e  charge Z^^^ ,  being a t  the  

very su rface , does no t e n te r  in to  P o isson 's  equation  (Bq. (24)) f o r  

the r e la t io n  between Z^^ and v^ . Even in  the  presence of 

the surface  p o te n t ia l  v^ i s  s t i l l  a  s in g le -v a lu ed  fu n c tio n  of Z^^ 

(Vg i s  a  double-valued fu n c tio n  of AG although AG i s  a  s in g le ­

valued fu n ctio n  of v^ bu t in  th e  case o f Z^^ and v^ , each i s  

a s in g le -v a lu ed  fu n c tio n  o f the o th e r) . Thus we see th a t  th e  

f ra c t io n  o f th e  induced charge which goes in to  the space-charge 

reg io n , namely AZ^  ̂ , g ives r i s e  to  a  unique change in  the  su rface  

p o te n t ia l  v^ , which, in  tu rn , gives r i s e  to  a unique change in  

the su rface  conductance. What happens in  p ra c tic e  i s  th a t  a  given 

ambient (^ggg) determ ines a  d e f in ite  su rface  p o te n t ia l  v^ , and 

hence, d e f in ite  values o f Z^^ and AG , in  th e  absence o f an 

e le c t r i c  f ie ld .  An ac e l e c t r i c  f i e ld  then  v a r ie s  v^ , Z^^ and AG 

by sm all amounts around t h e i r  eq u ilib riu m  f ie ld - f r e e  values.
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Another airbient allow s d if f e re n t  f ie ld - f r e e  values of v^ ,  and 

AG around which they can be v a ried  by the  ap p lied  e le c t r i c  f ie ld .

Qy u sin g  a s u f f ic ie n t  number o f d if f e re n t  a n b ie n ts , i t  i s  p o s s ib le , 

in  p r in c ip le ,  to  cover a  la rg e  range o f values o f v^ , and 

AG . Ih u s , i t  i s  p o ssib le  to  cover a  s ig n if ic a n t  p o rtio n  o f the 

th e o re t ic a l  AG versus E^^ curve, in c lu d in g  the  conductance 

minimum. Ihe d if f e re n t  ambients a f f e c t  only th e  occupation 

d e n s it ie s  o f f a s t  su rface  s ta te s  but no t t h e i r  energy p o s itio n s  in  

th e  forb idden band. This allow s th e  f i e ld  e f f e c t  curves fo r  

d i f f e r e n t  ambients to  p a r t i a l ly  overlap and to  form a smooth over­

a l l  curve which would otherw ise be ob tained  w ith  a  s in g le  ambient 

and a  l a r ^  enough ac e l e c t r i c  f ie ld .  Ih u s , th e  d if f e r e n t  ambients 

perform  th e  same fu n c tio n  as would an u n rea lizab ly  la rg e  ap p lied  

e l e c t r i c  f ie ld .

The e3Ç)erimental f i e ld  e f f e c t  curve i s  b u i l t  up o f a  

number o f f i e ld  e f f e c t  cu rves, each o f which d ep ic ts  th e  change in  

su rface  conductance from i t s  f ie ld - f r e e  value versus th e  t o t a l  f ie ld -  

induced charge d en sity  AE^ = AE^^^f AE^  ̂ . AE^ can be 

c a lc u la te d  from th e  known magnitude o f th e  ap p lied  ac f i e ld  u sing  

(57). I f  the  o v e ra ll  experim ental curve con tains th e  conductance 

minimum, then  we know th a t  the  conductance minimum should occur a t 

th e  same value o f v^ and E^^ as fo r  the  th e o re t ic a l  curve. We 

th e re fo re  a lig n  the  th e o re t ic a l  and th e  experim ental curves so th a t 

t h e i r  conductance minima coincide along th e  su rface  conductance 

a x is .  Then th e  o rd in a te s  o f th e  e jp erim en ta l curve w i l l  a lso
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rep re sen t th e  tru e  values o f AG , A lso, the values o f v^ and 

^sc each p o in t on the experim ental curve w i l l  be the  same as 

fo r  a  corresponding p o in t on the th e o re t ic a l  curve. A corresponding 

p o in t on th e  th e o re t ic a l  curve i s  one which has th e  same value of 

AG and which l i e s  in  the  same type o f  regioh (accum ulation, 

d e p le tio n , o r  in v e rs io n ) as th e  chosen p o in t on th e  experim ental 

curve. Although v^ i s  a  double valued function  of AG , i f  th e  

type o f reg ion  i s  a lso  sp e c if ie d  a lonç w ith  AG , then a  unique 

r e la t io n  between v^ and AG can be e s ta b lish e d .

The a b sc issa  on the  o v e ra ll  experim ental f i e ld  e f fe c t

curve w i l l  be , except th a t  no p re c ise  reference

p o in t i s  av a ila b le  along th is  axds as i t  i s  along the  AG a x is .

This i s  because the charge induced by any given ambient i s  no t known

in  abso lu te  magnitude. I f  th e  referen ce  p o in t f o r  th e  induced 

c h a r ^  i s  a r b i t r a r i ly  chosen to  correspond to  zero e l e c t r i c  f i e ld  

in  some s p e c if ic  ambient such as vacuum o r oxcygen, then the 

conductance minimum o f the th e o re t ic a l  curve can be a ligned  with 

th a t  re fe ren ce  p o in t on the experim ental curve. The d iffe ren ce  

along th e  ab sc issa  between two corresponding p o in ts  on the 

experim ental and th e o re t ic a l  curves w i l l  then give Z^^^ , the  

su rface  d en s ity  o f charge trapped  in  f a s t  su rface  s ta te s  w ith 

re sp ec t to  i t s  value under th e  re fe ren ce  ambient. Of course, the 

value o f Z ,̂gg fo r  any ambient w il l  be in  e r ro r  by a t  most an 

a d d itiv e  constan t. The f ie ld  e f f e c t  measurements are  s t i l l  u se fu l 

in  y ie ld in g  the co rrec t o rder o f magnitude o f th e  d ensity  o f ion ized
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f a s t  s ta te s .  The d e n s itie s  fo r  d if f e r e n t  ambients in  re fe ren ce  to  

the chosen s tandard  ambient w i l l  no t s u f fe r  from any e r ro r  o th e r  

than due to  the  l im its  o f ex p e riiæ n ta l accuracy.

We have thus seen th a t  by measuring th e  surface 

conductance m odulation under a  cap ac itiv e ly  ap p lied  tra n sv e rse  ac 

e l e c t r i c  f i e ld ,  i t  i s  p o ssib le  to  ev a lu a te  the  su rface  p o te n t ia l  

Vg and th e  d en sity  o f io n ized  f a s t  s ta te s  fo r  d if f e re n t  am bients, 

provided th a t  th e  conductance minimum can be ejg^erim entally achieved* 

Prom th e  v a r ia tio n  o f th e  occupation d e n s itie s  o f f a s t  s ta te s  w ith  

Vg , i t  i s  a lso  p o ss ib le  to  ev a lu a te  the  energy le v e ls  o f th e  f a s t  

s ta te s .  However, th i s  cannot be done uniquely s in ce  se v e ra l 

d if f e re n t  s e ts  o f energy le v e ls  w i l l  give r i s e  to  th e  same 

occupation s t a t i s t i c s .  Hence, no e f f o r t  was made in  th i s  work to  

evalua te  th e  energy le v e ls  o f f a s t  su rface  s ta te s .  The g re a te s t  

u t i l i t y  o f th e  f i e ld  e f f e c t  technique l i e s  in  the f a c t  th a t  i t  

enables one to  q u ite  accu ra te ly  measure the in fluence  o f chemical 

su rface  trea tm en ts and gaseous ambients on the  su rface  p o te n t ia l  

and th e  d en sity  o f f a s t  su rface  s ta te s  a t  a  semiconductor su rface .

The r e la t iv e  s in p l ic i ty  o f th i s  method to g e th e r  w ith i t s  v e r s a t i l i t y  

has made i t  by f a r  th e  most popular technique in  the  study of semi­

conductor su rfaces .

The Au-n-Si Surface B a rr ie r  in  th e  Presence o f Surface S ta te s

We have seen th a t  a  m etal semiconductor con tact in  the  

absence o f su rface  s ta te s  w i l l  behave according to  th e  Schottky theory
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and w i l l  have no su rface  channel conductance. The d iffe ren ce  

between th e  m etal and semiconductor work fu n c tio n s  causes a  su rface  

p o te n t ia l  b a r r ie r  and a  space charge to  appear under th e  semi­

conductor su rface  and th e  con tac t e x h ib its  e l e c t r i c a l  r e c t i f i c a t io n  

c h a r a c te r is t ic s .

in  th e  presence o f  su rface  s t a t e s ,  a  p o te n t ia l  b a r r ie r  

w i l l  norm ally e x is t  a t  th e  semiconductor su rface  even w ithout a  

m etal co n tac t. I f  now a  co n tac t i s  made w ith  a  m eta l, then  most o f  

th e  induced charge due to  th e  e l e c t r i c  f i e l d  a r is in g  out o f th e  work 

fu n c tio n  d iffe ren ce  w i l l  l i e  in  th e  su rface  s ta te s  r a th e r  than  in  

th e  space c h a r ^ .  For th e  s p e c if ic  case o f  th e  Au-n-Si c o n ta c t, 

th e  s i l ic o n  energy bands under th e  gold  con tac t w i l l  bend upwards 

by only a  sm all amount conpared to  th e  bending in  the  absence of 

su rface  s ta te s ,  ihe  su rface  s ta te s  thus e f fe c t iv e ly  sh ie ld  th e  

sem iconductor space charge reg ion  from an e x te rn a l  e l e c t r i c  f ie ld ,  

ih e  la rg e r  th e  d en sity  o f su rface  s ta te s  and th e  c lo se r  t h e i r  energy 

p o s itio n s  to  the  Fermi le v e l ,  th e  more e f fe c t iv e  i s  t h e i r  sh ie ld in g . 

F igures 8a and b show, re sp e c tiv e ly , th e  energy band diagrams o f an 

n -ty p e  s i l ic o n  su rface  w ith  a c c e p to r- lik e  su rface  s ta te s  befo re  and 

a f t e r  contact w ith  gold.

I t  i s  seen from th e  above d iscu ss io n  th a t  in  the  presence 

o f  a  l a r ^  d en s ity  o f  su rface  s t a t e s ,  th e  b a r r i e r  h e ig h t o f  the 

m etal-sem iconductor c o i ta c t  w i l l  show l i t t l e  o r  no r e la t io n  to  the  

m etal-sem iconductor work fu n c tio n  d if fe re n c e s . Ib is  means th a t  

th e  r e c i t f i c a t io n  c h a ra c te r is t ic s  o f a  m etal-sem iconductor con tact
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Pig. 8a Energy Band Diagrams of the Metal and 
Semiconductor Before Contact^in the 
Presence of A cceptor-like Surface S ta tes
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Fig. 8b Energy Band Diagrams of th e  Metal and 
Semiconductor A fter Contact and in  
Thermal Equilibrium . Surface S ta tes  
S h ield  th e  Semiconductor Space Charge

Au E lectrode

n-type Si FscVq

Ohmic Contact

F ig . 8c Au-n-Si Surface B a rr ie r  in  th e  Presence 
of Surface S ta tes
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can be c o n tro lled  more by the  surface  trea tm en ts  and ambients than  

by th e  type o f m etal used. This exp la ins the  experim ental 

observation  th a t  a f t e r  s u f f ic ie n t  e3Ç>osure to  a i r ,  almost any m etal 

y ie ld s  a  r e c t ify in g  con tact on n-type s i l ic o n  reg a rd less  o f i t s  

work fu n c tio n .

However, th e  m etal work function  does p lay  an im portant 

ro le  in  y ie ld in g  low rev erse  cu rren t su rface  b a r r i e r s . The ro le  o f 

the  m etal can only be app rec ia ted  a f t e r  considering  the  reverse  

cur re n t-v o lt  a ^  c h a r a c te r is t ic .

Consider th e  Au-n-Si surface  b a r r ie r  as shown in  F ig . 8c.

A r e la t iv e ly  la rg e  n e t d en sity  o f a c c e p to r-lik e  su rface  s ta te s  i s  

assumed to  be p resen t on th e  e n t i re  s i l ic o n  su rface . Let and

Fsc th e  space charge regions under the gold e lec tro d e  and

under th e  f re e  su rface  re sp e c tiv e ly . The corresponding su rface  

p o te n tia ls  w i l l  be and . Now and w i l l  in  general 

be d if f e re n t .  The causes fo r  t h e i r  d iffe ren ce  w i l l  be d iscussed  

l a te r .  Here, we need only consider th e  consequences o f t h e i r  

d iffe re n c e . We may r e c a l l  th a t  and w i l l  uniquely

determine th e  excess c a r r ie r  concen trations AN and AP in  the

two reg io n s . Thus, i f  and are d if f e re n t  from each o th e r ,

a  graded ju n c tio n  w i l l  be formed between and F^^ .

Now consider th e  a p p lic a tio n  o f a  reverse  vo ltage  to  th is  

su rface  b a r r ie r  r e c t i f i e r .  F i r s t  o f  a l l ,  th e re  w il l  be a  reverse  

cu rren t through B^^ . There i s  s u f f ic ie n t  experim ental evidence to  

show th a t  th i s  rev erse  cu rren t does not depend d ire c t ly  on as
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p re d ic te d  by th e  Schottky th eo ry . R ather, i t  i s  pade of the

bulk  d iffu s io n  and th e  space-charge genera tion  cu rren ts  as given by

(10) and (11 ), j u s t  as fo r  a  re g u la r  p-n  ju n c tio n  diode. In  f a c t ,

except f o r  th e  su rface  channel c u rre n t, th e  su rface  b a r r ie r  diode

behaves ex ac tly  l ik e  a  one-sided s tep  p-n  ju n c tio n . The o f

th e  su rface  b a r r ie r  corresponds to  th e  b u i l t - i n  vo ltage o f th e  p -n  ,

ju n c tio n  except th a t  whereas th e  l a t t e r  depends o i the  product o f

the  im purity  doping concen tra tions in  each reg io n , th e  former

depends on th e  s i l ic o n  doping c c n c e tra tio n , th e  d e n s itie s  and

energy p o s itio n s  o f èurface s ta te s  and on th e  m etal work function
22in  a  r a th e r  coup le x  manner.

Next, we must consider th e  cu rren t th a t  flows across the

boundary between B and F and through F„„ to  the  bulko O o O Q C
co n tac t. Ih ree  p o ss ib le  cases can be considered  fo r  th is  c u rre n t.

(1) I f  IVgl > |V^| , then  AP w i l l  be la rg e r  in  F^^

than in  B and th e  B -  F ju n c tio n  w ill, be forward b iased
o C  SC SC

s in ce  F^^ i s  a t  a  p o s itiv e  p o te n t ia l  w ith  re sp e c t to  B^^ . A 

l a r ^  sp ace-ch arg e-lim ited  channel cu rren t w i l l  now flow so th a t  

the  o v e ra ll  rev erse  cu rren t w i l l  be predom inantly made up of th i s  

channel cu rren t.

(2) I f  |Vg| = |V^| , then again  a la rg e  space-charge-

lim ite d  channel cu rre n t w i l l  flow o f approxim ately the  same 

magnitude as in  the  f i r s t  case.

(3) I f  |Vg| < |V^j , then  the  B^^- F^^ ju n c tio n  w i l l
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be rev erse  b iased  and th e  channel cu rren t w i l l  be th e  sm all rev erse  

cu rren t through the  ju n c tio n  as long as th e  reverse

vo ltage across th i s  ju n c tio n  i s  much sm alle r than  i t s  avalanche 

breakdown vo ltag e .

In  r e a l i ty ,  the  P^^ ju n c tio n  w il l  be a  two-

d in en sio n a l graded ju n c tio n  and the  development o f i t s  exact theory  

i s  extrem ely d i f f i c u l t .  However, we can see from th e  above 

argurrents th a t  th e  rev e rse  cu rren t o f  a  su rface  b a r r ie r  w i l l  depend 

cn both and and no t on alone. A lso, i t  i s  because 

o f th i s  reason th a t  th e  rev e rse  c h a ra c te r is t ic s  are  so much 

dependent on su rface  tre a tm e n ts , quenchants, ambients and th e  m etal 

work fu n c tio n  s ince  a l l  o f th ese  fa c to rs  co n tro l and th e  f i r s t

th re e  c o n tro l . A lso, i t  i s  p o ss ib le  th a t  th e  breakdown vo ltage  

o f  th e  Bg^- Pg^ ju n c tio n  may be s ig n if ic a n t ly  lower than  th a t  o f 

the  Au-Si con tact e i th e r  due to  s tro n g  accum ulation o r in v e rs io n  of 

the  fre e  su rfa c e , o r  due to  lo c a liz e d  inhom ogeneities o f th e  su rface  

s ta te s  charge o r bo th . This may th e re fo re  co n tro l th e  o v e ra ll  b reak- 

dcm. vo ltage  o f th e  su rface  b a r r ie r .

In  o rd e r to  in v e s tig a te  the e f fe c ts  o f  su rface  tre a tm e n ts , 

e tch an ts  and quenchants on th e  r e c t i f i c a t io n  c h a ra c te r is t ic s  o f the  

Au-n-Si su rface  b a r r i e r ,  i t  i s  th e re fo re  necessary  to  study the  

v a r ia t io n  o f both  and Vg w ith  each o f th ese  v a r ia b le s . Of 

th ese  two, can be ev a lu a ted  by d i f f e r e n t ia l  capacitance 

measurements on a su rface  b a r r ie r .  However, Vg must be ev a lu a ted  by 

low frequency f i e ld  e f f e c t  measurements cn filam en tary  samples
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prepared in  th e  same manner as th e  su rface  b a r r ie r  except fo r  the  

gold e v ^ o ra t io n .

We can now see why th e  m etal worte function  does p lay  a 

secondary y e t im portant ro le  in  c o n tro llin g  th e  r e c t i f ic a t io n  

c h a ra c te r is t ic  o f a  surface  b a r r ie r .  I f  the m etal work fu n ctio n  i s  

l a r ^ r  than th a t  o f  th e  n -type s i l ic o n ,  then  the  e l e c t r i c  f i e ld  

re s u lt in g  from th e  work function  d iffe ren ce  w il l  a id  the  f ix a tio n  

o f negative ions such as 0~ . I t  w i l l  thereby  help c rea te  an 

in v ersio n  la y e r  under the  gold e le c tro d e . Ihe s tre n g th  o f in v e rs io n  

may be c o n tro lled  by the su rface  trea tm en t and quenchant (d en sity  

o f  f a s t  su rface  s t a t e s ) . Thus, a  m etal such as Au o r P t ex h ib its  

good r e c t i f ic a t io n  c h a ra c te r is t ic s  w/ithin minutes o r hours a f t e r  

exposure to  a i r ,  whereas low work fu n c tio n  m etals req u ire  sev e ra l 

moiths of exposure to  a i r .  Even then  they do n o t y ie ld  such low 

reverse  cu rren ts  as are obtained  writh Au, P t ,  Cr e tc .



CHAPTER IV

EXPERIMENTAL WORK ON Au-n-Sl SURFACE BARRIERS 

F ab rica tio n

In  o rd er to  in v e s tig a te  th e  e f f e c ts  o f e tch  quenchants 

and p o s t-e tc h  chemical su rface  trea tm en ts on the  r e c t i f ic a t io n  

p ro p e rtie s  o f Au-n-Si su rface  b a r r ie r s ,  d if f e r e n t  conbinaticns o f 

th ese  were used in  th e  fa b r ic a tio n  procedures.

Ihe choice o f the  d if f e re n t  quenchants in v e s tig a te d  was 

based cn th e  fo llow ing reasoning . Since th e  a c tiv e  conponents o f 

the  e tch an t CP4A are  HNÔ  and HP, i t  was argued th a t  i f  an excess 

o f HNOg gives r i s e  to  a th in  s ta in  f ilm  on th e  s i l ic o n  su rfa c e , then 

an excess o f HP would give r i s e  to  a th ic k  f ilm  conpared to  th a t  

given by deionized w ater- Ih u s , the  th re e  d if fe re n t quenchants 

chosen were: (1) excess HP, (2) deicn ized  w ater and (3) excess

HMOg .

Ihe p o s t-e tc h  su rface  trea tm en ts used were: (1) no

s p e c if ic  chemical b u t s to rage  in  deionized  w ater fo r  1-2 weeks w ith  

w ater changed d a i ly ,  (2) immersion in  b o il in g  deionized  w ater fo r  

30-40 min, (3) immersion in  aqueous so lu tio n  o f potassium  d i -  

chromate a t  70-80°C f o r  20-30  min and (4) immersion in  aqua re g ia  

(HCL/HNOg = 3/1) a t  70-80° fo r  20 min. Ihe f i r s t  trea tm en t was

75
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found by Reynolds and Persson to  y ie ld  low rev erse  cu rren t diodes}^ 

However, t h e i r  treatm en t a lso  included  a  two week exposure to  

f i l t e r e d  a i r  p r io r  to  gold evaporation  which was n o t used in  th is  

work. Ihe bo iU n g  w ater and: sodium d ichromâte trea tm en ts  have been 

w idely used except th a t  potassium  dichromate was used in s te a d  o f 

sodium dichrom ate, s in ce  i t  i s  a  very s tro n g  o x id iz in g  agen t. Ihe 

aqua re g ia  treatm ent evolved from an observation  th a t  su rface  

b a r r ie r s  which were once fa b r ic a te d  and destroyed  by d isso lv in g  th e  

gold  e le c tro d e  in  aqua re g ia  tu rn ed  out to  be b e t t e r  r e c t i f i e r s  upon 

re fa b r ic a t ic n ,  in  s p ite  o f a  tho rou# i r in s in g  in  deionized  w ater and 

re -e tc h in g .

P re -e tch  P rep ara tio n

S evera l 5 mm th ic k  s l ic e s  were cu t from a  s in g le  450 ohm-cm 

n -ty p e  s i l ic o n  ingot o f  2 cm diam eter and w ith  th e  ax is  along the 

(111) c r y s ta l lo g r ^ h ic  d ire c tio n . The m inority  c a r r ie r  l ife t im e  was 

unknown but based on th e  rev e rse  cu rren ts  i t  was c a lc u la ted  to  be 

o f  the  o rd e r o f 100 ysec. These s l ic e s  were once made in to  Au-Si 

su rface  b a r r ie r s  but were found to  have poor rev e rse  c h a r a c te r is t ic s . 

The d e te c to rs  were th e re fo re  destroyed  by immersion in  ho t aqua 

re g ia .

Each s l ic e  was then  lapped on both faces w ith  American 

O p tica l M302 , M303 ab rasives cn a  ground g la ss  p la te .  A fte r  r in s in g  

away the  a b ra s iv e , they were then  given an u ltra s o n ic  de te rg en t b a th , 

r in se d  w ith  deionized w ater, given an u l tra s o n ic  ba th  in  TOE
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( tr lc h lo ro e th y le n e ) , d r ie d  on f i l t e r  paper and s to re d  in  de icn ized  

w ater in  a  very thoroughly r in se d  beaker. A fte r  l o p i n g ,  each 

s l ic e  was handled ex c lu s iv e ly  w ith  a  s e t  o f  clean  te f lo n  coated 

tw eezers.

E tching and Quenching

The e tch an t used was CP4A which i s  made up o f  HNOg: HE: 

CHgCOOH = 5 :3 :3 . F resh e tch an t was made each day and was cooled 

fo r  2-4 hours in  ic e  b efo re  use. Each s l i c e  was in d iv id u a lly  

etched  in  about 120 ml. o f  e tch an t f o r  24 minutes w ith  th e  e tch in g  

beaker being  surrounded by ic e -c o ld  w ater and being  s t i r r e d  q u ite  

v igorously  by hand. The e tch in g  a c tio n  was quenched in  one o f the  

fo llow ing  th re e  manners.

1. A fte r 24 min. o f  e tc h in g , about 50 ml o f  concen tra ted  

(48%) HP was added to  th e  e tch an t and s t i r r e d  fo r  ano ther 10-15 

seconds a f t e r  which deion ized  w ater was g rad u ally  added and the 

f lu sh in g  o r r in s in g  was performed u n t i l  the  r e s i s t i v i t y  o f  th e  over­

flow ing w ater was about 1 ffegohra-cm.

2. The e tch in g  was quenched by high r e s i s t i v i t y  deionized 

w ater follow ed by a  th o ro u # : r in s in g  in  deion ized  w ater.

3. Same as in  the  case o f HP quenching except th a t  the  

quenchant was about 100 ml. o f  concen trated  ( 70%) HNO .̂

Surface Treatments

Following quenching and r in s in g , th e  s i l ic o n  s l ic e  was
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given one o f the fo u r cjoemlcal su rface  treatm en ts described  above.

A l ig h t  r in se  In  deionized  w ater was given a f t e r  each 

su rface  treatm ent except the  f i r s t .  Care was taken to  minimize 

e3Ç>osure to  a i r  from the s t a r t  o f e tch in g  t i l l  the  completion of 

the gold e v ^ o ra t lp n . Ih u s , a f t e r  th e  su rface  tre a tm en ts , the  

s l ic e s  were again s to red  In  deionized  w ater fo r  1-2 days u n t i l  

ready fo r  gold evaporation .

Gold Evaporation and Contacts

2
A gold e lec tro d e  o f 12.5 mm In  diam eter and 20 jjgm/cm 

th ickness was evaporated on each c ry s ta l  th ro u ^ r te f lo n  masks. A 

2 .5  mm diam eter gold dot o f a d d itio n a l th ickness was evaporated 

a t  th e  periphery  o f each gold  e lec tro d e  fo r  making con tac t to  I t .  

The' back con tact was made w ith Anchor Alloy model Shurbard I I I  

conducting s i lv e r  p as te . To ensure a  good n o n -re c tlfy in g  co n ta c t, 

a 2-3  mm diam eter area o f th e  back face o f each c ry s ta l  was 

l l ^ t l y  scra tch ed  w ith a  diamond p o in t p r io r  to  gold evaporation . 

A fte r  gold evaporation , th e  c ry s ta l  was mounted on a  7 mm diam eter 

kovar s tu d  covered w ith s i lv e r  p a s te . The o v e ra ll mounting 

arrangement I s  shown In  P ig . 9» Contact w ith the  gold e le c tro d e  

was made by bonding a gold band onto th e  th ic k  gold dot w ith s i lv e r  

p a s te . The completed su rface  b a r r ie r s  were s to re d  In  a  clean  d u s t-  

fre e  enclosure . JMo form o f ed g e-p ro tec tlo n  o r encapsu la tion  was 

used.
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Gold Band Bonded 
with S ilv e r  Paste

Gold Electrode

n-type Si

Kovar Mounting Stud 
Bounded with S ilv e r 
Paste

Aluminum Disc

Pfetal feed-through 
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Fig. 9 Mounting Arrangement of the Au-n-Si Surface B arrie r

Quenchant
S u r fa ce
Treatm ent
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d e io n iz e d  HgO
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Id e n t if ic a t io n  Scheme

Table 1 shows th e  scheme o f names used to  id e n tify  each 

su rface  b a r r ie r .

The f i r s t  two l e t t e r s  o f  each name id e n t i f ie s  the  su rface  

trea tm en t -  AR f o r  aqua r e g ia ,  Dl fo r  dichrom ate, e t c . ,  and the  

l a s t  l e t t e r  id e n t i f ie s  th e  quenchant used -  H f o r  h y d ro flu o ric  a c id , 

W f o r  w ater and N f o r  n i t r i c  ac id . This system  o f  naming has an 

a d v a n ta ^  over a  numbering scheme in  th e  f a c t  th a t  during th e  

d iscu ss io n  o f th e  comparative p ro p e rtie s  o f  d if f e re n t  surface  

trea tm en ts  and quenchants, one need no t r e f e r  back o r  commit to  

memory th e  correspondence between a  number and th e  method o f 

p re p a ra tio n .

The su rface  b a r r ie r  NOW was n o t p repared  s in ce  i t  had 

been s tu d ie d  ex ten s iv e ly  p r io r  to  th i s  work. However, f i e ld  e f fe c t  

measurements were a lso  performed on an NOW sample.

Reverse Current-V bltape C h a ra c te r is tic s

Both forward and rev e rse  cu rren t-v o ltag e  c h a ra c te r is t ic s  

were measured on a  Tektronix Model 575 t r a n s i s to r  curve t r a c e r  a t  

se v e ra l in te rv a ls  o f  time over a  seven month p e rio d . F igures 10 

and 11 show th e  curve t r a c e r  photographs taken a f t e r  sto rage in  

f i l t e r e d  room a i r  fo r  one week and seven months re sp e c tiv e ly . For 

both  forward and rev erse  p o l a r i t i e s ,  the  sca le  a lo ig  the  vo ltage 

(h o riz o n ta l)  ax is  i s  20 vo lts/cm . and th a t  along th e  curren t 

( v e r t ic a l )  ax is  i s  100 pA/cm. The h y s te r i s i s  in  the  reverse
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Fig. 10 Curve T racer C h a ra c te r is tic s  o f Surface B arrie rs  
A fte r One Week o f Storage In F i l te re d  Room A ir
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c h a ra c te r is t ic  curve i s  caused by ju n c tio n  and s tra y  capacitances. 

For th ese  measurements, th e  su rface  b a r r ie r s  were sh ie ld ed  from 

l i ^ t  and were mounted w ith in  s ix  inches o f th e  curve t r a c e r  inpu t 

te rm inals  in  o rder to  minimize s tra y  capacitance .

A fter one week o f s to rage in  c lean  a i r ,  measurements were 

a lso  made fo r  d e ta i le d  p o in t by p o in t cu rren t-v o ltag e  c h a ra c te r is ­

t i c s  on a l l  su rface  b a r r ie r s  except those t r e a te d  w ith  potassium  

dichrom ate. For th e  su rface  b a r r ie r s  o f  th e  DI group, the rev erse  

cu rren ts  were so la rg e  even a t  low v o ltag es  th a t  curve t r a c e r  

photographs were q u ite  accu ra te  fo r  them. These p o in t by p o in t 

measurements were made using  a  1500 v o l t  reg u la te d  dc power supply , 

a  10 megohm cu rren t l im itin g  r e s i s to r ,  a  Boontcn Model 95A 

picoammeter and th e  su rface  b a r r ie r ,  a l l  connected in  s e r ie s .  The 

su rface  b a r r ie r  was mounted in  a  sp e c ia lly  co n stru c ted  m etal 

chamber which was a  good e l e c t r i c a l  and l i ^ t  s h ie ld  and which 

could hold  a  high vacuum. Each su rface  b a r r ie r  was te s te d  a t  

atm ospheric p ressu re  up to  a  rev e rse  vo ltag e  o f alm ost 1500 v o l ts .  

F igures 12, 13 and 14 show the  reverse  c h a ra c te r is t ic s  o f  the 

NO, AR and BW groups of su rface  b a r r ie r s  re sp e c tiv e ly .

The r e s u l t s  o f the  curve t r a c e r  and d e ta ile d  c u rre n t-  

v o ltage c h a ra c te r is t ic s  can be summarized as fo llow s:

1. With re sp ec t to  both  forward and rev e rse  c h a ra c te r is ­

t i c s ,  the su rface  trea tm en ts  can be ranked in  a  decreasing  order 

of su p e r io r ity  as 1) NO, 2) AR, 3.) BW and 4) DI. There i s  

soriB am biguity about the  ranking of AR and BW.
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2. The quenchants can be c la s s i f ie d  in  a  decreasing  

o rder of s u p e r io r ity  as 1) HP 2) HgO and 3) HNOg fo r  th e  NO, 

AR and DI su rface  trea tm en ts  and in  the  decreasing  order of

1) HNOg, 2) HgO and 3) HF fo r  the  BW su rface  trea tm en t.

3. The DI su rface  trea tm en t does not produce good 

r e c t i f i e r s  but i t  appears to  be extrem ely u se fu l in  the  ev a lu a tio n  

o f th e  d if fe re n t  quenchants, a t  le a s t  fo r  th e  NO and AR surface 

tre a tm en ts , s ince  i t  c le a r ly  d is tin g u ish e s  among them in  th e  curve 

t r a c e r  c h a ra c te r is t ic s .

4. The contilnation o f su rface  trea tm en t and quenchant 

viiich g ives the  b e s t rev erse  c h a ra c te r is t ic  a lso  g ives th e  b es t 

forward c h a ra c te r is t ic .  I t  must be noted  th a t  i f  the  back con tact 

to  the  s i l ic o n  bulk m a te ria l i s  no t a  p e r fe c t ly  n o n -re c tify in g  

co n tac t, then  i t  w i l l  be reverse  b iased  when th e  g o ld -s ilic o n  

con tact i s  forward b iased . Thus, th e  forward c h a ra c te r is t ic  

a c tu a lly  d ep ic ts  the  q u a lity  of the  bulk c o n ta c t. We can then  say. 

th a t  the same mechanism which causes a  good rev erse  c h a ra c te r is t ic  

of the  Au-Si su rface  b a r r ie r  a lso  causes a  n o n -re c tify in g  bulk 

c o n ta c t.

5. A fte r seven months o f aging in  f i l t e r e d  room a i r ,  the  

bulk  con tact becomes more r e c t ify in g . However, the  previous 

comments s t i l l  apply in  the  sense th a t  the  b e t te r  th e  Au-Si su rface  

b a r r ie r ,  the  slow er th e  d e te r io ra tio n  o f th e  bulk  co n tac t.

6. For th e  BW su rface  tre a tm e n t, th e  rev erse  cu rren t
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c h a ra c te r is t ic s  in d ic a te  th a t  th e  decreasing  o rd er o f su p e r io r i ty  

f o r  quenchants i s  1) HNO ,̂ 2) Ĥ O and 3) HP. However, f o r  the 

sane su rface  b a r r i e r s , th e  forw ard c h a ra c te r is t ic s  on the  curve 

t r a c e r  in d ic a te d  a rev erse  o rder f o r  th e  quenchants a f t e r  one week 

and the  same order as given above a f t e r  seven months.

D if fe re n tia l  Capacitance IVfeasurements f o r  the 

Evaluation o f  the  D iffu sio n  P o te n tia l

The d iffu s io n  p o te n t ia l  o f a  m etal-sem iconductor surface  

b a r r ie r  i s  most commonly ev a lu a ted  by th e  method o f d i f f e r e n t i a l  

c ^ a c i ta n c e  measurements. Under th e  cond ition  th a t  th e  semi­

conductor space charge i s  coirprised o f ia i iz e d  im purity  atoms only 

( th a t i s ,  when th e re  i s  no in v ers io n  la y e r ) ,  the ac d i f f e r e n t ia l  

capacitance o f a  m etal-sem iconductor su rface  b a r r ie r  i s  given by

n
W h ere j  i s  t h e  c a p a c i t a n c e  p e r  u n i t  a r e a ,  t h e  d o n o r  d e n s i t y

f o r  an n -type semiconductor (assumed f u l ly  io n ized  in  th e  space

charge re g io n ), the  d iffu s io n  p o te n t ia l  and th e  ap p lied

vo ltage and q , , e .  have been defined  b e fo re . Thus, i f  —̂r  o
i s  p lo t te d  ag a in s t the ap p lied  rev e rse  v o l t a ^ ,  th e re  w i l l  be an 

in te rc e p t  on the  negative  vo ltage  a x is  equal to  V^.

Ihe d i f f e r e n t ia l  capacitance measurements were made w ith  

a  Boonton Model 74C-88 s e n s itiv e  capacitance bridge w ith  a  50 mV 

peak-to-peak 100 KHz in te rn a l  t e s t  s ig n a l. The rev erse  vo ltage
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b ias  could be ap p lied  w ith an in te rn a l  do power supply and 

measured w ith  a  n u ll- ty p e  Fluke Model 887A dc d i f f e r e n t ia l  v o l t ­

m eter.

When the  d i f f e r e n t ia l  capacitance measurements were made 

on the  surface b a r r ie r  NOH, i t  was found th a t  as the  rev erse  b ias  

was v a rie d  from cne value to  an o th er, th e re  was a  slow re la x a tio n  

e f f e c t  in  the  capacitance a t  each reverse  v o ltage . For example, 

suppose a  reverse  b ias  o f 0 .2  v o lts  had been app lied  fo r  a  long 

tim e, say 1 hour, and th e  steady s ta te  capacitance had been 

measured. Then when the reverse  vo ltage  was changed to  0 .4  v o l t s ,  

th e  capacitance would a t  once decrease as expected and then  over a  

p e rio d  of 20-30 m inutes, i t  would in crease  by a  s ig n if ic a n t  amount 

(as much as 10% o f i t s  value a t  the  lower vo ltage) and s e t t l e  down 

a t  a  new value fo r  0 .4  v o l ts .  Ihe same k ind o f behavior would be 

observed when th e  voltage was changed from 0 .4  to  0 .6 . At each 

rev erse  vo ltage  a  s l ig h t  change in  rev erse  cu rren t was a lso  

observed. For example, when th e  vo ltage  was changed from 0.2 to  

0 .4 , the reverse  cu rren t would a t  once in c re a se , as expected , and 

then  re la x  back to  a  s l ig h t ly  sm aller value w ith  tim e. At h igher 

rev erse  vo ltages the  re la x a tio n  became le s s  and le s s  u n t i l  i t  

vanished around 20 v o lts  o r so.

I f  th e  measurements were made w ith  th e  reverse  vo ltage 

decreasing  in  s tep s  from a high v a lu e , an ex ac tly  s im ila r  but 

rev erse  r e la x a t ia i  of capacitance was observed. That i s ,  a t  a 

sm alle r rev erse  v o l t a ^ ,  th e  capacitance increased  a t  f i r s t  and
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then re lax ed  to  a sm aller value.

jWON and ARH were found to  e x h ib it ex ac tly  s im ila r  

behavior. D if fe re n t ia l  capacitance measurements were no t perfom ed  

on o th e r  su rface  b a r r ie r s  because th e  re la x a tio n  o f capacitance 

would render th e  d iffu s io n  p o te n t ia l  values u n re lia b le . I t  was 

f u l ly  confirmed th a t  th e  re la x a tio n  e f fe c ts  observed were t ru ly  

due to  th e  surface  b a r r ie r s  and not the  e le c tro n ic s . Replacing 

the surface  b a r r ie r  by a  f ix e d  c a p ac ito r  o f s im ila r  value showed 

no such e f fe c ts  a t  a l l .  F ig . 15 shows a  re p re sen ta tiv e  curve o f. 

the v a r ia tio n  o f capacitance w ith  time f o r  th e  surface  b a r r ie r  NON, 

w ith th e  reverse  v o l t a ^  In creasin g .

In v e s tig a tio n  o f Capacitance R elaxation E ffec t by 

Alpha P a r tic le  Probing Experiment

Ihe fo llow ing model was a rr iv e d  a t  in  o rder to  e 3̂ la in  

th e  slow re la x a tio n  o f  the d i f f e r e n t ia l  capacitance.

F ig . 16a  shows an Au-n-Sl su rface  b a r r ie r  In  equ ilib rium  

a t some rev erse  v o l t a ^ ,  say 2 v o l ts .  At th is  v o lta g e . I t  w i l l  have 

a c e r ta in  dep le tio n  w idth and a corresponding d i f f e r e n t ia l  

capacitance and reverse  cu rren t. The space charge region  In  the 

s i l ic o n  w i l l  have a s l ig h t ly  la rg e r  a rea  than th a t  o f the  gold 

e le c tro d e . Due to  th e  e d ^  e f f e c t ,  the  e l e c t r i c  f i e ld  l in e s  from 

the periphery  of th e  gold e lec tro d e  w il l  term inate  In to  the  s i l ic o n  

space charge no t d i r e c t ly  below but a  l i t t l e  fu r th e r  away. This 

w i l l  give r i s e  to  a  ta n g e n tia l  conponent o f th e  e l e c t r i c  f i e ld
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Capacitance Relaxation fo r  NON 
5 v o lts  applied  a t t=0  
Capacitance at 0 v o lts  = 4$6 p f

4 6 0

4 4 0

4 2 0

4 0 0

^  3 8 0

3 6 0

3 4 0

3 2 0

F ig. 15 Time Relaxation o f Capacitance fo r  the Surface 
B arrier NON
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(b )  Stages in  the  Spreading o f Space Charge Due to  
Negative Ion M igration on the  S ilic o n  Surface

P ig . 16
Figure I l lu s t r a t in g  the  Capacitance R elaxation Model
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along the s i l ic o n  surface in  the v ic in i ty  of the periphery  o f the  

gold e lec tro d e .

Now suppose th a t  the reverse  voltage i s  changed to  5 v o lts .  

This a t  f i r s t  causes th e  dep le tion  width to  in c re a se , w ith a 

corresponding decrease in  the d i f f e r e n t ia l  capacitance. The 

l a t e r a l  spread o f the space charge w il l  a lso  s l ig h t ly  in c rease  and 

so w ill  the ta n g e n tia l conponent o f  the e l e c t r i c  f i e ld  on the  

s i l ic o n  su rface . The ta n g e n tia l e l e c t r i c  f i e ld  w i l l  cause the  

m igration of the  chemisorbed io n s. With a  reverse  v o ltag e , the 

d ire c tio n  of the  ta n g e n tia l  f i e ld  w i l l  be towards the  gold 

e lec trode  so th a t  negative ions such as those o f oxygen w i l l  tend  

to  move away from th e  e lec tro d e . This surface  m igration o f the  

chemisorbed ions must presumably be slow in  o rder to  exp la in  the  

re la x a tio n  time o f se v e ra l m inutes. As the  surface  ions m igrate 

away from the  gold e le c tro d e , the s i l ic o n  space charge underneath 

w il l  a lso  tend  to  spread fu r th e r ,  thereby in c reasin g  the 

d i f f e r e n t ia l  capacitance. This i s  shown in  P ig . l6b. A lso, as 

the o v e ra ll a rea  o f th e  space charge reg ion  in c re a se s , th e  reverse  

cu rren t decreases by a  very sm all amount, presumably due to  th e  

reduction  in  the bulk d iffu s io n  cu rren t. The equ ilib rium  

capacitance w il l  thus be s l ig h t ly  h igher than i t s  value soon a f t e r  

Increasing  the  reverse  vo ltage . When the reverse  voltage has 

reached a  s u f f ic ie n t ly  high v a lu e , the  w idth of the  d ep le tio n  region 

w il l  be q u ite  la rg e , even beyond th e  periphery  o f the gold 

e le c tro d e , and most o f the io n ic  charge w i l l  already have been



94

m igrated  so th a t  the space charge, and hence the  d i f f e r e n t ia l  

capacitance w i l l  no t s ig n if ic a n tly  change any fu r th e r ,

By an ex ac tly  s im ila r  reason ing , i t  can be seen th a t  

when the reverse  vo ltage i s  decreasing , th e  capacitance a t  each 

lower vo ltage  W ill a t  f i r s t  in crease  and then  re la x  back to  a  lower 

value.

In  o rd er to  experim entally  confirm  the  above modal, i t  

was decided to  conduct the  follow ing experim ent.

Sippose a  f in e ly  co llim ated  beam o f monoenergetic a lpha 

p a r t ic le s  i s  in c id e n t normally cn a su rface  b a r r ie r  a  l i t t l e  

beyond th e  edge o f th e  gold e le c tro d e . I f  the su rface  b a r r ie r  i s  

used as a  n u c lear spectrom eter in  conjunction  w ith p roper 

am p lifie rs  and a  m ultichannel pu lse h e ig h t ana lyzer and i f  the  

range o f th e  alpha p a r t ic le  i s  much l a r ^ r  than  th e  d ep le tio n  w idth 

a t the  p o in t of in c id en ce , then  the peak o f the  pu lse  heigh t 

spectrum w il l  correspond to  an energy which i s  p ro p o rtio n a l to  the  

dep le tio n  w idth. VJhen the  reverse  v o l t a ^  i s  changed, then i f  th e  

peak of the  pu lse  h e ig h t spectrum s h i f t s  w ith  tim e, th a t  must 

correspond to  a change in  dep le tion  w idth w ith  time as req u ired  

by the above model. By measuring the  time v a r ia t io n  o f th e  peak 

o f the  pu lse  he ig h t spectrum , as a  fu n ctio n  o f both d if fe re n t 

In creasin g  and decreasing  vo ltages and d if f e re n t  d is tan ces  from 

the edge of the  gold e le c tro d e , a  complete mapping o f the  w idth of 

the  space charge as a  function  of tim e, reverse  vo ltage  and 

d istan ce  from th e  gold e lec tro d e  can be made.
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A d e ta ile d  a lpha p a r t ic le  probing experim ent as described  

above was not c a r r ie d  out b u t time v a r ia tio n  measurements made a t  

two d if f e re n t  d is tan ces  from th e  gold e lec tro d e  edge d id  show a 

t in e  s h i f t  o f th e  peak o f  th e  p u lse  h e l ^ t  spectrum  as expected. 

These r e s u l ts  a re  shown In  Table 2. There were se v e ra l experim ental 

d i f f i c u l t i e s  a sso c ia ted  w ith  th is  experiment which could not be 

com pletely overcome so th a t  th ese  r e s u l ts  should be regarded  as 

only a  q u a l i ta t iv e  confirm ation o f th e  model p resen ted  above.

Table 2

Time V aria tio n  o f Alpha Energy a t  P o s itio n  1

Reverse Voltage 
1 Volt

Reverse Voltage 
2 V olts

Reverse Voltage 
5.04 V olts

Time mln a MeV a MeV a MeV

0 1.236 2.293 3.481

1.65 1.256 2.488 3.509
3.30 1.297 n cn )i 3.512

4.95 1.329 2.536 3.512

6 .60 1.342 2.533 3.522
8.25 1.352 2.570 3.507
9.90 1 .360 2.558 3 .516

11.55 1.369 2.577 3.513
13.20 2.583 3.514
14.85 2.594 3.518



CHAPTER V 

FIELD EFFECT MEASUREMENTS

In tro d u c tio n

The theory  of the  low frequency ac f i e ld  e f f e c t  

measurements was p resen ted  In  Chapter I I I .  Although th e  id ea  o f 

using  a  cap ac itiv e ]y  ap p lied  tra n sv e rse  e l e c t r i c  f i e ld  to  modulate 

the  conductance of a  th in  se ip icaiductor filam en t had been used 

p re v io u s ly . Brown was the  f i r s t  to  show in  1955 th a t  th e  su rface  

p o te n t ia l  as w ell as the  d e n s it ie s  and energy p o s itio n s  o f f a s t  

su rfaces  s ta te s  could be ev a lu a ted  from such measurements when a  

conductance minimum was obtained .

Experim ental Arrangement

In  o rder to  derive  th e  experim ental AG versus 

cui"ve (S. = Zf, + Z , i s  the  f i e ld  induced su rface  charge
i n  X 5 5  5 c

d en sity ) from th e  measured param eters o f th e  f i e ld  e f f e c t  

experim ent, i t  i s  necessary  to  d escrib e  the  experim ental 

arrangeron t f i r s t .  Ih is  i s  shown schem atically  in  P ig . 17 and i s  

described  in  the follow ing paragraphs.

A c o is ta n t c u rre n t, I  , equal to  about 1 mA i s  made to  

flow through the  re ty p e  s i l ic o n  filam en t under in v e s tig a tio n  by
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connecting i t  in  s e r ie s  w ith a  la rg e  r e s i s to r  and a  high dc 

voltage V . The cu rren t flows along the  leng th  o f th e  sanple 

whose dimensions are approxim ately 2 cms x 2 mm x 0.2 ram and which 

has two n o n -re c tify in g  con tac ts  a t  th e  ends. The sanple i s  p laced  

w ith in  an ambient co n tro l chamber where i t  can be kept under a 

high vacuum o r  under any d es ira b le  gaseous o r  vapor ambient. A 

250 Hz, 0-2000 v o lts  peak to  peak ac s in u so id a l g en era to r i s  

connected to  two m etal f i e ld  p la te s  which are ap p lied  to  th e  broad 

su rfaces o f th e  sanple and sep ara ted  from them by th in  p ieces o f 

mica. P a rt o f  t h i s  ac vo ltage forms th e  h o r iz o n ta l sweep o f a  

d i f f e r e n t ia l  a n p l i f ie r  in p u t dual beam o sc illo sco p e . The ungrounded 

o r s ig n a l end o f  th e  sanple i s  ac coupled to  in p u t A o f th e  upper 

beam inpu t am p lifie r  whose inpu t B i s  fed  by a  conpensating RC 

network whose function  i s  to  a n u ll th a t  p a r t  o f th e  f i e ld  e f f e c t  

s ig n a l which i s  due so le ly  to  the c a p a c itiv e ly  induced displacem ent 

cu rren t. The f u l l  ac f i e ld  p la te  vo ltage  i s  ap p lied  to  in p u t C 

of th e  lower beam, and i t s  function  i s  to  provide m onitoring o f 

the h o riz o n ta l and v e r t ic a l  voltage m agnitudes. When both  th e  dc 

and ac vo ltages are  ap p lied , curves such as are  shown in  P ig . 18 

are ob tained , where th e  upper s tr a ig h t  l in e  i s  the  m onitoring ac 

voltage and th e  lower curve i s  the  conductance modulation curve.

Let R, g denote the re s is ta n c e  and conductance o f the 

sanple in  the absence of an ac f ie ld .  Then g i s  a c tu a lly  the  

p a r a l le l  conductance of the c e n tra l  core where the  bulk  fre e  

c a r r ie r  d e n s itie s  p re v a il  and th e  two su rface  space-charge reg ions
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B W W :  v a c B W W :  a i r B W W :  a i r

B W N : N HB W H : v a cB W H : 0

D I H : a i r D I H : v a c D I N : N H ,

Pig. 18 R epresentative O scilloscope FE Curves fo r  the  
BW and DI Groups of Surface Treatments
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of th e  broad fa ce s . With a constan t cu rren t I  flow ing through the  

san p le , th e  dc vo ltage  across the  filam ent w i l l  be = IR = g  . 

Now when the ac v o l t a ^  i s  ap p lied  to  th e  f i e ld  p la te s ,  an 

a l te rn a t in g  e l e c t r i c  f i e ld  w i l l  be se t-u p  in  the  reg ion  between 

each f ie ld - p la te  and the  corresponding su rface  o f  th e  sample.

l e t  = Vq s in  wt be th e  f i e ld  p la te  v o ltag e . Then

the  charge d en sity  induced on the  s i l ic o n  su rface  i s

Cv
“ in = - i t  «3)

where C i s  th e  low frequency capacitance between th e  f i e ld  p la te s  

and th e  san p le , and A i s  the  e f fe c tiv e  a re a  o f th e  sanple 

su rface  under each f ie ld  p la te .

The induced space c h a r ^  d ensity  w i l l  change the 

conductance o f th e  space charge reg ion  according to  th e  r e la t io n  

expressed by th e  th e o re t ic a l  AG versus curve. Thus the

filam ent conductance w i l l  be c]nanged by an amount Ag and i f  the 

cu rren t i s  m aintained co n s ta n t, a  vo ltage  AV̂  given by

Ag AV„ (64)
4

w il l  appear a t  th e  inpu t A . Since = IR ,

AVf.
Ag = ------5- . (6 5 )

IR^
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Now, in  o rder to  convert Ag In to  conductance p e r 

square we must have

0 0
A8' = 5 ^ A g  = - g j - X ^  • ( 6 0

Here I and w are  th e  e f fe c t iv e  leng th  and w idth o f 

the  filam ent sanple a c tu a lly  under the  f i e ld  p la te ,  I  the constant 

curren t through i t ,  R i t s  re s is ta n c e  under the  p a r t ic u la r  ambient 

under zero ac f i e ld  and AV̂  th e  observed vo ltage v a r ia t io n .

Here, AG* does not rep resen t th e  su rface  conductance w ith 

re sp ec t to  f la tb a n d  conditions bu t r a th e r  w ith  re sp ec t to  th e  f ie ld -  

f re e  su rface  p o te n tia l  under th e  given am bient. I t  i s  only when 

th e  conductance minima o f the experim ental and th e o re t ic a l  curves 

a re  a lig n ed  th a t  the tru e  values o f AG w ith  re sp ec t to  f la tb an d s 

can be obtained fo r  each po in t o f the  experim ental curve. Using 

equations (66) and (63) we can transfo rm  th e  observed f ie ld  e f fe c t  

curve on th e  o sc illo sco p e  in to  an experim ental AG* versus 

curve.

As p o in ted  out e a r l i e r ,  in  p ra c tic e  i t  i s  hard ly  ever 

p o ssib le  to  ob ta in  a  s in g le  experim ental f i e ld  e f fe c t  curve under 

any given ambient which w i l l  cover a  wide range of AG* versus 

Zfn v a r ia tio n  and w il l  include th e  conductance minimum. E le c tr ic  

f ie ld s  as high as 10 vo lts/cm  f a l l  to  produce a  wide enough siting 

of the  surface p o te n t ia l  so th a t  what i s  obtained in  p ra c tic e  i s  a 

sm all f ie ld -in d u ced  swing in  su rface  p o te n t ia l  around each o f i t s
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quiescent values as determ ined by the  am bient. One thus has to  

su b jec t th e  sanple t o  an ambient cycle which successive ly  swings 

the  su rface  p o te n t ia l  from th a t  corresponding to  an accumulation 

reg ion  to  th a t  f o r  an Inversion  reg ion . Ihe fragm entary curves f o r  

the  d if fe re n t  ambients are  then  superposed where they  overlap to  

form a  smooth continuous curve o f AG versus . Even so , i t

i s  q u ite  o ften  n o t p o ssib le  to  ob ta in  a  conductance minimum, 

e sp e c ia lly  in  the  case o f s i l ic o n  which has a  r e la t iv e ly  wide fo r ­

bidden band. Ihe fa c t  th a t  i t  i s  p o ssib le  to  f i t  th e  d if f e re n t  

fragments in to  a s in g le  curve i s  a  d ire c t  in d ic a tio n  o f th e  fa c t  

th a t  i t  i s  only th e  f a s t  su rface  s ta te  d e n s it ie s  which change w ith  

ambient and not t h e i r  energy p o s itio n s  in  the  forbidden band.

P repara tion  o f th e  S ilic o n  Samples

The s i l ic o n  sanples used in  th e  f i e ld  e f f e c t  measurements 

were in  th e  form o f filam ents o f average dimensions 1.7 cm x 3.2 mm x 

0.25 mm. This form i s  b e s t s u ite d  fo r  f i e ld  e f f e c t  measurements 

s in ce  i t  a ffo rd s  th e  la rg e  su rface  to  volume r a t io  necessary  to  

reso lv e  th e  sm all f i e ld  induced conductance m odulation from the  

la rg e  shunting  bulk conductance. Several 0 .5  ram th ic k  s l ic e s  were 

cut w ith a th in  blade diamond saw from a c y lin d r ic a l  ingo t o f 

450 ohmrcm n-type s i l ic o n  w ith the c y lin d r ic a l  ax is  being 

perp en d icu la r to  the (111) faces . These s l ic e s  were lapped w ith  

American O p tica l M302 and M303 ab rasives on a  ground g lass  p la te  

u n t i l  th e  faces showed no mechanical damage due to  sawing. The
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lapped s l ic e s  were then cu t In to  filam en ts  w ith  th e  help  o f a 

diamond s c r ib e . The filam en ts  were again lapped u n t i l  t h e i r  

th ick n ess  was around 0 .3  mm. The filam en ts were then  cleaned in  an 

u l tra s o n ic  d e te rg en t b a th , r in se d  thoroughly in  deionized w ater, 

subsequently  cleaned in  u ltra s o n ic  TCE bath  and d rie d  on f i l t e r  

paper. These were then  s to re d  in  p e t r l  d ishes in  a  d u s t- f re e  

en clo su re . A fte r  th e  f in a l  lapping  o f th e  f ila m e n ts , they  were 

untouched by hands and were handled only w ith po lyethylene o r te f lo n  

coated  tw eezers which were r in se d  thoroughly in  deionized  w ater each 

time befo re  use.

For each f i e ld  e f fe c t  ru n , two sanples were e tched  and 

su rface  t r e a te d  sim ultaneously  to  in su re  ag a in s t one o f them n o t 

being  s u ita b le  fo r  measurements. The filam en ts  were e tched  in  

100 cc o f  CP4-A e tch  fo r  4 minutes w hile being s t i r r e d  vigorously  

and ho ld ing  the  e tch in g  beaker in  ic e -c o ld  w ater. The e tch  m ixture 

was f re sh ly  p repared  f o r  each run and was cooled fo r  2-4 hours in  

ic e  befo re  being used. A fte r  ex ac tly  4 rain, o f  e tch in g , the 

filam en ts  were quenched w ith  e i th e r  HP, deionized  w ater o r  HMÔ  as 

described  b efo re .

About 10 to  15 seconds a f te r  adding the  quenching agen t, 

the  e tch in g  m ixture was d ilu te d  w ith  slowly running deionized  w ater 

u n t i l  th e  r e s i s t i v i t y  o f the overflow ing w ater was a t  le a s t  about 

3 megohm-cm. The filam en ts  were thus thoroughly r in se d  to  ensure 

th e  absence o f any re s id u a l ac ids on t h e i r  su rfac e s . The sanples 

were then  given th e  same s e t  o f su rface  trea tm en ts  as th e  su rface
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b a r r ie r s ,  which were described  e a r l i e r .

Extreme care was taken to  prevent eixgposure to  a i r  during 

the  e n t i r e  p rocess o f e tc h in g , r in s in g  and surface trea tm en t. Even 

a f t e r  the  su rface  tre a tm e n t, a  maximum o f 10 min. o f exposure to  

a i r  was allowed. During th i s  tim e, th e  filam ents were d ried  on 

f i l t e r  p ^ e r ,  g en tly  sc ra tch ed  on both  s id es  a t  each end w ith a 

diamond s c r ib e  and then  masked o f f  w ith mica p ieces and p laced  in  

the high  vacuum evaporato r fo r  d ep o sitio n  of aluminum contacts over 

th e  ends. The evaporato r system was so se t-up  th a t  aluminum could 

be sim ultaneously  evaporated  on both s id es  so as to  again e lim inate  

exposure to  a i r  during  changing o f face . A film  th ickness in
O

excess o f lOOOA o f A1 was evaporated under a high vacuum o f below 

5x10*’^ mm. o f Hg. At l e a s t  2 hours o f pumping was used to  in su re  

as l i t t l e  th ick n ess  as p o ss ib le  o f th e  in te r f a c ia l  la y e r  between A1 

and S i.

One of th e  f i la n e n ts  was then  removed from th e  high vacuum 

and s ta in le s s  s te e l  f o i l  f i e ld  p la te s  w ith clean cleaved mica 

spacers were qu ick ly  a ttach ed  to  i t .  The f ie ld  p la te s  were h e ld  by 

a l l ig a to r  c l ip s .  This lan d  o f a  momblng arrangement was chosen 

a f t e r  t ry in g  sev e ra l o th ers  because i t  provides a  minimum o f a i r  

gap between the  f i e ld  p la te -m ic a -s ilic o n  cap ac ito r. A fter e tch in g , 

the  c ro ss se c tio n a l shape o f th e  filam en t becomes sometimes l ik e  th a t  

o f a  convex le n s ,  thus re q u ir in g  f le x ib le  f i e ld  p la te s  fo r  maximum 

c o v e ra ^ . A fte r  mounting th e  f i e ld  p la te s ,  two s in g le -s tra n d  wire 

leads about 3 inches long were a ttach ed  a t  each end over the
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evaporated aluminum w ith  Anchor Alloy s i lv e r  p a s te . The s i lv e r  

p as te  has a  tendency to  cause a  s tro n g  in v ersio n  lay e r  under i t  so 

th a t  care was taken to  no t l e t  the  s i lv e r  p as te  touch the  s i l ic o n  

beyond the  evaporated  aluminum. The f a i r l y  th ic k  film  of A1 a lso  

helped in  p reven ting  the  s i lv e r  p as te  from p e n e tra tin g  i t  and 

reach ing  th e  s i l ic o n .  The leads were a ttach ed  a f t e r  mounting the 

sanple w ith in  the ambient co n tro l system , so th a t  i t  could be 

quickly  p laced  under a  h i ^  vacuum w ithout having to  w ait fo r  the 

s i lv e r  p as te  to  dry in  a i r .  Thus th e  sample was exposed to  a i r  fo r  

only about 20 min. between the  tim e i t  was removed from high  vacuum 

a f t e r  A1 evaporation  and th e  time i t  was again in  h igh vacuum ready 

fo r  f i e ld  e f f e c t  measurements.

The need f o r  n o n -re c tify in g  co n tac ts  fo r  the  success of 

f i e ld  e f f e c t  measurements cannot be overemphasized. Excessive 

v a r ia tio n  o f  con tact re s is ta n c e  w ith  ambient renders th e  f i e ld  

e f fe c t  measurements u se le ss  fo r  any q u a n ti t ia t iv e  in fo rm ation ; f i r s t  

by in tro d u c in g  e r ro rs  th a t  cannot be co rrec ted  and secondly by 

p reven ting  th e  atta inm ent o f th e  conductance minimum. Considerable 

e f fo r t  was spent over a  p e rio d  o f alm ost two years to  achieve non­

re c t ify in g  con tac ts  onto high r e s i s t i v i t y  s i l ic o n .  This e f f o r t  met 

w ith  only p a r t i a l  success. Contacts made on evaporated A1 over 

scra tched  su rfaces  were g en era lly  found to  be good provided 

exposure to  a i r  p r io r  to  A1 evaporation  was minimized. Even so , 

the  con tacts  remained good in  a i r  fo r  only a  few days o r  weeks.

This may ex p la in  why two filam en ts  were p repared  sim ultaneously and



106

vÆiy exposure to  a i r  was minimized.

F ie ld  E ffec t Measurements

The experim ental arrangement was as described  e a r l i e r  and 

as shown in  P ig . 17- The dc vo ltage was ob ta ined  from two high 

vo ltage reg u la ted  power su p p lies  stacked  in  s e r ie s  to  give about 

4500 v o l ts .  The s e r ie s  re s is ta n c e  was 6 megohms which gave a  dc 

cu rren t o f about 7^0 microamperes through th e  sanp le . A Boonton 

Model 95A S en sitiv e  DC Meter was used to  read  and m onitor the  dc 

c u rren t. The filam en t re s is ta n c e s  were o f th e  o rd er o f 100 kilohms 

and v a rie d  by as much as +30 kilohms under d if fe re n t  ambients but 

much le s s  over th e  e n t i r e  swing o f th e  ac f i e ld .  Thus th e  dc 

cu rren t was s u b s ta n tia lly  co n stan t. The co rre c tio n  f o r  no t having 

an id e a l  cu rren t source fo r  I  i s  given by

^ ^ f( tru e )  ^^f(observed)^  Rg^ '  (^7)

where R i s  th e  dc filam en t re s is ta n c e  under a  p a r t ic u la r  ambient 

and th e  o th e r q u a n ti t ie s  have been defined  p rev io u sly . With R = 

100 kilohm and Rg = 6 megohm, the  c o rrec tio n  i s  seen to  be le s s  

than  3 p e r  cen t. Proper co rrec tio n s  were a p p lied  to  a l l  the  

experim ental AG versus cu rves. I t  may be p o in ted  out th a t

use o f a  la rg e r  s e r ie s  re s is ta n c e  would have made the co rrec tio n  

n e g lig ib le  bu t i t  would have e i th e r  made i t  necessary  to  use an 

unduly high dc v o l t a ^  w ith i t s  a sso c ia te d  breakdown problems o r  i t
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would have reduced the dc cu rren t w ith  a  subsequent red u ctio n  in  

th e  re so lu tio n  of the  measurements. Of course , the  dc cu rren t must 

be lim ite d  to  a  sa fe  le v e l  th a t  does not h ea t th e  filam en t since 

under a  vacuum am bient, th e  hea t lo sse s  through the leads may be 

in s u f f ic ie n t .

The frequency of th e  dc f i e ld  was 250 Hz. The ac frequency 

i s  no t c r i t i c a l  and no d e te c ta b le  change in  th e  f i e ld  e f f e c t  

measurements was observed over a  wide range of frequencies o f from 

40 Hz to  about 1 kHz. The frequency must be w ith in  th i s  range 

because i t  must be h igh enough to  e lim in a te  e f f e c ts  o f slow s ta te s  

and low enough to  include a l l  f a s t  s t a t e s ,  th a t  i s ,  to  m ain tain  an 

eq u ilib riu m  between a l l  the f a s t  s ta te s  and th e  energy bands. The 

ac vo ltag e  was ob tained  from an audio o s c i l l a to r  and a  h igh vo ltage  

audio a m p lif ie r  which was capable o f g iv ing  a  s in u so id a l vo ltage  o f 

2000 v o lts  peak-to-peak . Most o f th e  tim e , however, a  f i e ld  p la te  

v o ltage  o f only 800 v o lts  peak-to-peak was used.

Ihe compensating network was made up o f an a i r  d ie le c t r ic  

150 p f  v a r ia b le  condenser in  s e r ie s  w ith two 0 .5  megohm p o te n tio ­

m eters, th e  output being a t  th e  connection between the  two p o te n tio ­

m eters. When an ac vo ltage  i s  ^ p l i e d  to  th e  f i e ld  p la te ,  the 

output vo ltage  across th e  filam en t c o n s is ts  o f two components:

1) a  vo ltag e  which i s  alm ost 90° out of phase w ith  th e  ap p lied  ac 

vo ltage  and i s  due to  the  charging o f th e  f i e ld  p la te - s i l ic o n  

c ap a c ito r  through th e  r e la t iv e ly  sm all filam en t r e s is ta n c e , and

2) a  vo ltage  which i s  in  phase w ith the  ap p lied  ac vo ltage  and due
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to  the modulation of surface conductance. The purpose of the 

conpensating network i s  to  cancel the out o f  phase displacement 

conponent. With zero dc cu rren t flowing through the filam en t, the 

conpensating network i s  ad ju sted  to  give a h o riz o n ta l s tr a ig h t  l in e  

on the scope in d ic a tin g  th a t  in  the absence of any conductance 

m odulation s ig n a l,  the can ce lla tio n  of the  out o f phase s ig n a l i s  

p e r fe c t .  This condition  i s  no t always easy to  ach ieve, e sp e c ia lly  

when a  p a r t ic u la r  ambient causes an in v ersio n  la y e r , thus lead ing  

to  high contact re s is ta n c e s  a t  th e  two ends o f th e  sanple . I f  th i s  

cond ition  i s  achieved, then  only a s l ig h t  adjustm ent should be 

necessary  to  get a  good f ie ld  e f fe c t  curve when th e  filam en t dc 

cu rren t i s  not zero. Quite o ften  the  conductance modulation s ig n a l 

i s  so la rg e  coirpared to  the displacem ent s ig n a l th a t  conpensation 

becomes a  s in p le  m atter.

Ihe f i e ld  e f fe c t  curves were obtained  d ire c t ly  on the  

Tektronix Model 502 d i f f e r e n t ia l  a m p lifie r  inpu t dual beam 

o sc illo sco p e  w ith a  P o laro id  camera attachm ent. The scope was 

c a lib ra te d  w ith  the  help of th e  audio g en era to r and a  Fluke Model 

887A AC/DC d i f f e r e n t ia l  v o ltrre te r. The h o r iz o n ta l sweep fo r  the 

scope was obtained  from the f i e ld  p la te  vo ltage through a  p o te n tia l  

d iv id e r.

For each ambient, th e  dc cu rren t was noted. A c a lib ra tio n  

curve was made to  ob ta in  the dc filam ent re s is ta n c e  from the  dc 

c u rre n t. The ac voltage was then gradually  increased  from zero up 

to  about 800 to  1000 v o lts  peak-to-peak. Under some am bients, only
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a sm all ac vo ltage  was p o ssib le  due to  vo ltage breakdown. The 

r e s u l t in g  f ie ld  e f f e c t  curve was photographed fo r  each ambient. In  

p r a c t ic e ,  a  tim e reco rd  was kept and photographs were taken a t  

c e r ta in  time In te rv a ls  during an ambient cycle.

The Ambient Cycle

A d e f in ite  ambient cycle was evolved a f t e r  try in g  a  la rg e  

number o f d if f e re n t  ones. F ie ld  E ffe c t Curve photographs were taken 

a t approxim ately th e  follow ing t l iæ s  during the  ambient cycle which 

I s  described  below.

1. In  a i r  soon a f t e r  mounting and a ttach in g  lead s .

2. In  vacuum a t  about 2xlO~^ t o r r  a f t e r  1 h r .  o f 

d iffu s io n  pumping.

3. In  vacuum a t  5x10 t o r r  o r le s s  a f t e r  a t  le a s t  12 

hours o f d iffu s io n  pumping.

4. W ithin th e  f i r s t  minute a f t e r  l e t t in g  In  dry oxygen 

f o r  30 seconds. The oxygen was ob tained  from a Linde high p ressu re  

oxygen cy lin d er through a  liq u id  n itro g en  cold  t r ^  to  condense any 

m oisture In  I t .  Oxygen was l e t  In to  th e  b e l l  j a r  a t  a  slow ra te  

fo r  30 seconds a f t e r  which the b e l l  j a r  was sea led  o f f .

5. 3 mln. a f t e r  l e t t in g  In  oxygen.

6. Anywhere between 6 and 10 mln. a f t e r  l e t t in g  In  Og.

7. Within one minute a f t e r  l e t t in g  In  dry SOg fo r  15 

seconds. The SOg was f re sh ly  p repared  by re a c tin g  NaHSO  ̂ (sodium
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s u lp h ite )  w ith  concentrated  su lp h u ric  a c id , in  a  g la ss  f la s k  which 

was connected to  th e  l iq u id  Ng co ld  t r a p .  With the  Og s t i l l  w ith in  

the  b e l l  j a r  a t  below atm ospheric p re ssu re , th e  SOg was sucked in  

along w ith  room a i r  ju s t  by opening s l ig h t ly  th e  b e l l  j a r  vent 

valve .

8 . About 3 min. a f t e r  l e t t in g  in  SOg.

9. About 6 to  10 min. a f t e r  l e t t i n g  in  SOg.

10. W ithin cne minute a f t e r  l e t t in g  in  dry NgO fo r  15 secs . 

NgO was ob ta ined  by h ea tin g  NĤ NÔ  c ry s ta ls  in  a  f la s k  and was 

sucked in  through th e  co ld  t r a p ,  along w ith  room a i r ,  in  th e  

presence o f Og and SOg.

11. About 3 min. a f t e r  NgO in ta k e .

12. About 6-10 min. a f t e r  NgO in ta k e .

13 . In  vacuum a f t e r  punping fo r  anywhere between 15 min. 

and a  few h rs .

14. In  m oist a i r  ob tained  by bubbling room a i r  through 

w ater. The m oist a i r  was l e t  in  fo r  15 secs , o r  sometimes even 

fo r  a  few m inutes.

15 . In  m oist NĤ  ob tained  by bubbling room a i r  through an 

aqueous so lu tio n  o f NĤ OH. Ihe NHg was l e t  in  fo r  15 to  30 seconds.

16 . In  vacuum a f t e r  pumping out NH .̂ Soiretimes, se v e ra l 

photos were taken  during prolonged evacuation .

17 . In  room a i r ,  soon a f t e r  l e t t i n g  in  ^ r  fo llow ing 

evacuation  o f NH .̂

18 . A fte r  30 min. o r  so in  room a i r .
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Ihe ambient cycle described  above i s  only meant to  give 

an o u tlin e  o f  th e  ambients used and th e  r e la t iv e  t in s  in te rv a ls  a t  

which th e  f i e l d  e ffec t curve photographs were taken . N either the 

ambients not the tim es were r i ^ d l y  follow ed f o r  each sanple since 

th e  prim ary purpose o f t]ie gmblent cycle was to  he lp  ob ta in  a  

conductance minimum so as to  be able to  ev a lu a te  the  su rface  

p o te n tia ls  in  room a i r ,  m oist a i r  and vacuum. Thus th e  ambient 

cycles and tim es o f photographs d if fe re d  s l ig h t ly  from sanple to  

sanple and were always chosen to  y ie ld  th e  b e s t p o ss ib le  s e t  o f 

p a r t i a l ly  overlapping  f i e ld  e f f e c t  curves. A re p re se n ta tiv e  s e t  

o f  f i e ld  e f f e c t  photographs i s  shown in  P ig . l8 .

R esu lts  o f th e  F ie ld  E ffec t ffeasurements

The o sc illo sco p e  photographs o f th e  PE ( f ie ld  e f f e c t )  

curves rep resen ted  AV̂  versus , which could then be converted

in to  AG' versus AE^ by use o f equations 66 and 63 . In  

p r a c t ic e ,  a l l  the  PE curves fo r  a  given filam en t were f i r s t  

norm alized to  some f ix e d  filam en t r e s is ta n c e . These were then  

f i t t e d  to  form a  s in g le  PE curve. In  some c a se s , a  conductance 

minimum was never ob ta ined  bu t could be estim ated  q u ite  w ell by 

s l i ^ t  e x tra p o la tio n  o f th e  PE curve. The p o s itio n  o f the 

conductance minimum was chosen as a  re fe ren ce  f o r  measuring AV̂ . 

and Vĝ  ̂ . The f i e ld  p la te - s i l ic o n  c ^ a c i ta n c e  and th e  p h y s ica l 

dimensions were measured fo r  each filam ent and the  experim ental AG 

versus E^^ curves were construc ted .
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Figures 19 and 20 show the ejqjerlm ental AG versus 

curves fo r  th e  NO and AR surface treatm ent groups. The th e o re t ic a l  

AG versus Z^^ curve i s  a lso  p resen t in  each f ig u re . The f ie ld -  

f re e  p o s itio n  fo r  some ambients are marked and th e  h o riz o n ta l 

reference fo r  each curve i s  a r b i t r a r i ly  taken as the f ie ld - f r e e  

p o s itio n  under high vacuum a f t e r  prolonged evacuation. The con tact 

re s is ta n c e s  f o r  the BW and DI groups o f su rface  trea tm en ts were very 

l a r ^  and v a rie d  too  much w ith the d if fe re n t  ambients and under 

the ac f ie ld .  Therefore , th e  su rface  p o te n tia l  could not be 

q u a n tita tiv e ly  evaluated  as a  function  of ambients and quenchants 

fo r  th e  BW and DI groups of surface  trea tm en ts . However, u se fu l 

q u a li ta t iv e  in fe rences can be drawn from th e i r  FE curves. 

R epresentative FE curves fo i‘ the  BW and DI su rface  treatm en ts are 

given in  Figure l8 .

Table 3 gives the  surface p o te n t ia l  in  m il l iv o lts  and 

^ fss  * surface d ensity  o f ion ized  f a s t  s ta te s  in  u n its  o f 

10 cm" f o r  th e  NO and AR groups. A negative  su rface  p o te n t ia l  

means a  d ep le tion  o r an in v ersio n  region  and a  p o s itiv e  

corresponds to  an accumulation reg ion . A p o s itiv e  value o f Z^^^ 

denotes a  n e t p o s itiv e  charge s to re d  in  th e  f a s t  su rface  s ta te s  

w ith resp ect to  th a t  s to red  under a  h i ^  vacuum. Thus, the  sig n  of 

Zfss has only a r e la t iv e  s ig n if ic an ce .
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TABLE 3 

R esu lts o f PE Lfeasurements

Ambient Surface P o te n tia l  V in  mV
in  p(Density o f Ion ized  P ast S ta te s  in  10 S ta tes/cm  )

NOH NOW NON ARH ARW ARN

1. Prolonged -260 -326 -351 74 96 26
Vacuum (—0.62) (-0 .74) (-0 .79) (0.76) (1.20) (0.16)

2. ‘ ~10 rain Og -223 -235 -229- 67 -31 -79C. (-4.28) (-8 .20) (-6 .0 ) (4 .35)' (21.79) (12.35)
3. rain SO. -329 -326 -369 0 -116 -197d. (7.29) (-0 .73) (0.31) (26.2) (27.7) (22.2)

h. 2 h r . vac. -104 -194 -191
a f t e r  0.+ 80. (42.0) (32.5) (6.37)

5. 10 rain vac. -309 — -382
a f t e r  0^+ 80^ (5.29) — (2.58)

6. 1.5 rain NH. —68 -265 42 78 135 124
3 (-12.7) (-6 .15) (-11.0) (-1.25) (-16.44) (-25.29)

7. >10 rain vac. -316 -308 -311 112 119 -19
a f t e r  NĤ (6.2) (-2.68) ( -2 .4 4 ) , (-25.8) (-6.87) (6.37)

8. >15 rain a i r -313 -331 — -275 -30 -■348
a f t e r  ambient (5.87) (2.37) - (67.7) (21.8) (35.9)
cycle



CHAPTER VI 

DISCUSSION

This chap ter includes a  d iscu ssio n  o f th e  r e s u l t s  obtained. 

The in fe ren ces which can be drawn from th e  r e s u l ts  o f the  c u rre n t-  

vo ltage  measurements and f i e ld  e f f e c t  measurements w i l l  be p resen ted  

f i r s t .  A model o f the  Au-n-Si surface  b a r r ie r  w i l l  then  be given 

which ejç)lains many o f the  experim entally  observed e f f e c ts .  

Conparison w i l l  be made to  th e  r e s u l ts  ob tained  by o th e rs .

F in a lly , some o v e ra ll  conclusions w i l l  be p resen ted  regard ing  the 

r e la t iv e  success o f th i s  research  in  f u l f i l l i n g  the  m otivations 

behind i t  and regard ing  fu r th e r  research  th a t  needs to  be done in  

th is  area .

In ferences from th e  Current Voltage C h a ra c te r is tic s  

and F ie ld  E ffec t Measurements

The follow ing in fe rences can be drawn from th e  r e s u l t s  o f 

the reverse  cu rren t-v o ltag e  c h a ra c te r is t ic s  and th e  FE measurements.

1. The NO, AR and BW (except fo r  BWH) su rface  trea tm en ts  

prevent th e  form ation o f an in v ersio n  region  a t  the  s i l ic o n  surface  

even under s tro n g  e lec tro n eg a tiv e  am bients. The D1 su rface  

treatm ent forms a  stro n g  in v ersio n  reg ion  a t  th e  S i su rfac e . I f

116



117

th e se  PE r e s u l ts  a re  c o rre la te d  w ith th e  reverse  c h a ra c te r is t ic s ,  

then a  p e r fe c t  c o rre la tio n  I s  obtained  s ince  a l l  su rface b a r r ie r s  

except BWH and those of the  DI group had low reverse  c u rre n ts .

Also one must conclude from th is  th a t  low rev erse  cu rren ts  w i l l  no t 

be obtained  In  surface  b a r r ie r s  which have a f a i r ly  strong  

in v ersio n  reg ion  a t  the f re e  s i l ic o n  su rface  beyond the gold 

e le c tro d e . I t  seems th a t  In  cases where a  s tro n g  Inversion  reg ion  

appears a t  the  f re e  su rfac e , e i th e r  the cond ition  |V^| > jV^I I s  

no t re a liz e d  o r  I f  I t  I s  re a l iz e d , th e  d iffe ren ce  |V^| -  |Vg[ I s  

very sm all and th e  breakdown voltage o f th e  Pg^ ju n c tio n  I s

sm all because of th e  large  hole concen tra tions in  each space charge 

reg ion . Ih u s , fo r  s tro n g ly  in v e rte d  su rface  b a r r ie r s  l ik e  those  o f 

the DI group, th e  condition  |V^| = |Vg| presumably holds and 

th e re fo re  la rg e  surface  channel cu rren ts  can flow.

2. Por th e  NO and AR su rface  tre a tm e n ts , the quenchants 

HNOg, HgO and HP cause an in c re a s in g  d en sity  o f f a s t  su rface  s ta te s  

in  th a t  o rder. This i s  in d ica ted  from the  slopes o f th e  PE curves 

a t  any v^ o r  AG . A ctually , I t  I s  th e  q u an tity  dz^g^/dVg , 

which I s  th e  re c ip ro c a l slope o f th e  v^ versus curve, which

In d ic a te s  th e  e ffe c tiv en ess  o f th e  f a s t  su rface  s ta te s  In  sh ie ld in g  

the  space charge from an e x te rn a l f i e ld .  This q u an tity  I s  more 

In p o rtan t than  ju s t  the  density  o f f a s t  su rface  s ta te s  ( re la t iv e  to  

th e  d ensity  under some standard  am bient). This I s  because I t  a lso  

takes account o f the  energy p o s itio n s  o f th e  f a s t  su rface  s ta te s  

and gives t h e i r  o v e ra ll sh ie ld in g  e f fe c tiv e n e s s . However, s ince
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f o r  most ambients j ,

^  ^  if (68)S o  o

and sin ce  a t  a  given AG o r  v„ i s  th e  same f o r  a l l  su rfaceavg s
tre a tm e n ts  and quenchants, i t  i s  good enough to  use th e  re c ip ro c a l 

slope o f th e  experim ental FE curves fo r  purposes o f com­

p ariso n  of th e  d if f e re n t  su rface  trea tm en ts  and quenchants. The 

sm alle r in  th e  slope ( in  abso lu te  magnitude) o f the  experim ental 

FE curve a t  any given v^ , the  le s s  s e n s it iv e  w il l  the  su rface  

p o te n t ia l  be to  v a r ia tio n s  in  chemisorbed in p u r i t ie s .

For the  NO and AR su rface  tre a tm e n ts , the  in c re a s in g  

d en s ity  o f  f a s t  Surface s ta te s  w ith  HNO ,̂ H^O and HF (except fo r  

ARW) can be exp lained  on th e  b a s is  o f  an in c rea s in g  in te r f a c ia l  f ilm

th ick n ess  caused by these  quenchants in  th a t  o rder. This i s  in
21accordance w ith  A rcher's  r e s u l t s .  Archer found th e  s ta in  film s 

to  be conposed o f e i th e r  e lem ental s i l ic o n  o r s i l ic o n  hydride so 

th a t  the  f ilm  i s  q u ite  p o ssib ly  a  re s tru c tu re d  p a r t  o f  th e  s i l ic o n  

su rface  r a th e r  than an e x te rn a l f ilm  and i s  th e re fo re  l ik e ly  to  

con ta in  a  la rg e  number o f tra p p in g  cen te rs  w ith in  i t .  I f ,  th e re fo re , 

i t  i s  assumed th a t  th e  f a s t  su rface  s ta te s  re s id e  w ith in  th i s  f ilm  

r a th e r  than  a t  the  in te r fa c e  between th i s  f ilm  and th e  s i l ic o n ,  then  

the  la rg e r  th e  f ilm  th ic k n e ss , th e  la rg e r  w i l l  be the  su rface  

d en sity  o f f a s t  s ta te s .  The above experim ental r e s u l ts  can then  be 

very w e ll exp lained . The anomalous behavior o f the  BW group cannot
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be exp la ined  w ithout r e l ia b le  PE d a ta  on them.

A c o r re la tio n  i s  a lso  found to  e x is t  between the  density  

o f f a s t  s ta te s  and th e  rev erse  cu rre n t. Thus, th e  decreasing  

rev e rse  cu rren t f o r  HNO ,̂ HgO and HP can be c o rre la te d  w ith  the  

In c reas in g  d en s ity  o f  f a s t  su rface  s ta te s  in  th a t  o rder. In  terms 

o f  the  r e l a t iv e  magnitudes o f  and , t h i s  r e s u l t  can be

e3$)lalned by th e  f a c t  th a t  f o r  a  given su rface  tre a tm e n t, the  la rg e r  

the  d en s ity  o f f a s t  s t a t e s ,  th e  more I t  w i l l  p reven t and P^^

from s tro n g ly  in v e r tin g .

3. I t  i s  seen from the experim ental PE curves th a t  the  

NO su rface  treatm ent g ives r i s e  to  a  sm alle r d en s ity  o f f a s t  su rface  

s ta te s  th an  does th e  AR trea tm en t. This r e s u l t  a t  f i r s t  appears to  

be co n p le te ly  a t  variance w ith  the  above d iscu ss io n  on quenchants, 

s in c e  th e  NO group o f su rface  b a r r ie r s  have a  lower rev erse  cu rren t 

than  th e  AR group. However, th e re  i s  no co n trad ic tio n  involved i f  

we r e a l iz e  th a t  sh ie ld in g  by a  la rg e  d en sity  o f f a s t  s ta te s  i s  ju s t  

one way o f  p rev en tin g  P^^ and from stro n g ly  in v e r tin g . This

i s  th e  mode o f op era tio n  o f th e  quenchants. The su rface  trea tm en ts , 

one th e  o th e r  hand, operate  in  an e n t i r e ly  d if f e r e n t  manner. I t  was 

p o in ted  ou t e a r l i e r  th a t  the  su rface  trea tm en ts  in flu en ce  th e  

s tru c tu re  and chemical r e a c t iv i ty  o f th e  s i l ic o n  s u rfa c e . Thus, th e  

su rface  trea tm en t a c tu a l ly  co n tro ls  the amount o f cheraisorption of 

the  ambient atoms o r m olecules by c o n tro llin g  t h e i r  s tic k in g  

c o e f f ic ie n ts .  For example, i f  th e  s i l ic o n  su rface  i s  in  a  pure 

o x y ^ n  am bient, then  th e  type o f su rface  trea tm en t w i l l  c o n tro l the
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number o f ojçygen atoms th a t  a re  chemisorbed whereas the  quenchant 

(b ^ e d  on f a s t  s ta te  d e n s it ie s )  w i l l  c o n tro l the  f ra c t io n  o f th e  

charge induced by th e  io i iz e d  0~ atoms which goes in to  th e  space 

charge. This means th a t  the  NO su rface  trea tm en t reduces the  

s tic k in g  c o e ff ic ie n ts  fo r  most ambients conpared to  the  AR su rface  

trea tm en t. This statem ent i s  a lso  confirmed by the  f a c t  th a t  fo r  

the  NO surface  tre a tm en t, the  su rface  p o te n t ia l  values are  confined 

to  a  r e la t iv e ly  narrow range (almost conp le te ly  w ith in  the  d ep le tio n  

reg ion  range) over th e  e n t i re  ambient cycle .

4. Under a  p ro lo n g d  exposure to  vacuum, th e  AR group and

BWH have a  s l i ^ i t  accumulation la y e r  whereas th e  space charge fo r

the NO group and fo r  BWN and BWW i s  h igh ly  d ep le ted  and the  surface

p o te n tia l  i s  close to  i t s  value n ea r the  conductance minimum. This

r e s u l t  can be explained  on the b a s is  o f a  la rg e  number o f w ater
R2molecules chemisorbed on the  AR tr e a te d  su rfa c e s . Jan tsch  has 

shown th a t  chemisorbed w ater can cause both  slow and f a s t  donor-like  

su rface  s ta te s .  This can then ex p la in  the  la rg e  d en sity  o f f a s t  

s ta te s  on AR tr e a te d  su rfaces.

5. The v a r ia tio n s  in  th e  su rface  p o te n t ia l  are  not 

conpletely  re v e rs ib le  under d if f e re n t  am bients. Por the  NO and AR 

surface  trea tm en ts , th e re  i s  a  tendency fo r  th e  su rface  p o te n t ia l  

to  sonewhat s ta b i l iz e  a t  some f in a l  value c lose  to  th a t  n ea r  the 

conductance minimum. Ih  f a c t ,  i t  can be seen from Table 3 th a t  in  

many cases, th e  su rface  p o te n t ia l  i s  much la rg e r  in  magnitude under 

room a i r  a f t e r  le s s  than  30 min. o f exposure a f t e r  the  ambient cycle
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than i t  i s  under s tro n g  e lec tro n eg a tiv e  ambients such as Og and SOg. 

This in d ic a te s  th a t  i n i t i a l l y ,  th e  s i l ic o n  su rfa c e s , e sp e c ia lly  o f 

the  AR group, a re  predom inantly covered w ith w ater m olecules, a  good 

p roportion  o f which a re  g radually  d isp laced  by e le c tro n e g a tiv e  atoms 

such as 0~, as shown by Maxwell and Green^^ fo r  Ge su rfa c e s . Once 

th is  displacem ent p rocess i s  co n p le te , a  somewhat s ta b le  su rface  

p o te n t ia l  i s  reached which does no t change much w ith  fu r th e r  ambient 

changes. E v id en tly , th e  displacem ent p rocess takes p lace  much 

f a s te r  in  th e  NO group and BWN, BWW than  in  th e  AR group and BWH.

6. An exposure to  vacuum a f t e r  Og and SOg Increases  the  

magnitude o f  th e  su rface  p o te n t ia l  in  most cases. This in d ic a te s  

the loosening o f  the  bond s tren g th s  o f th e  w ater molecules by Og 

and SOg so th a t  th e  vacuum p u lls  away th e  w ater m olecules leav ing  

a l a r ^  number o f n e t a c c e p to r-lik e  su rface  s ta t e s .  This can 

ex p la in  th e  very la rg e  degradation o f su rface  b a r r ie r s  under th e  

f i r s t  vacuum e3Ç)osure.

Model fo r  th e  Au-n-Sl Surface B a rr ie r  

in  th e  Presence of Surface S ta te s

I t  was shown in  Chapter 3 how th e  r e la t iv e  magnitudes o f 

and Vg a f fe c t  the  rev erse  cu rren t in  a  g o ld -n -s ilic o n  su rface  

b a r r ie r .  The previous d iscu ss io n , based on th e  experim ental 

r e s u l t s ,  shows how the  su rface  tre a tm e n ts , quenchants and ambients 

c o n tro l the  r e c t i f i c a t io n  c h a ra c te r is t ic s  o f th e  Au-n-Si su rface  

b a r r i e r  by d if f e r e n t  mechanisms. Based on th e se  experim ental



122

r e s u l t s  and those obtained  by o th e rs , th e  fo llow ing s ln p le  model 

I s  p resen ted  fo r  th e  behavior o f an Au-n-Sl su rface  b a r r ie r .

A fte r  e tch in g , the  quenchant c o n tro ls  th e  th ick n ess  o f th e  

s ta in  f ilm  which. In  tu rn ,  co n tro ls  th e  d en sity  o f f a s t  su rface  

s ta te s .  The la rg e r  th e  th ick n ess  o f th e  in t e r f a c la l  f ilm , the 

la rg e r  th e  number o f f a s t  s ta te s  p e r  u n it  su rface  a rea . I t  must be 

no ted  th a t  what I s  observed e:)^erlm entally  I s  only th e  d en sity  o f 

Ion ized  f a s t  s ta te s  and n o t t h e i r  t o t a l  d en s ity . Thus, In  o rder 

f o r  th e  previous statem ent to  be c o r re c t ,  th e  energy p o s itio n s  of 

the f a s t  s ta te s  must be e s s e n t ia l ly  th e  same under th e  d if fe re n t  

quenchants. This I s  j u s t i f i e d  by the  e x c e lle n t c o r re la t io n  between 

th e  d e n s itie s  o f Ion ized  f a s t  s ta te s  and th e  f ilm  th ick n esses .

The occupation d e n s itie s  of th e  f a s t  s ta te s  a re  c o n tro lle d  

by the amount o f bending o f th e  energy bands which. In  tu rn .  I s  

c o n tro lle d  by the  su rface  trea tm en ts  and am bients. The su rface  

treatm ent co n tro ls  th e  s tic k in g  c o e f f ic ie n ts  o f  the  d if f e re n t  

am bients. The s tic k in g  c o e f f ic ie n t  f o r  a  given gas o r  vapor 

molecule (o r atom) I s  defined  as th e  p ro b a b ili ty  of th a t  molecule 

(o r atom) to  be chemisorbed upon inp lng ing  on the  s i l ic o n  su rface . 

A lte rn a tiv e ly , the s tic k in g  c o e f f ic ie n t I s  the  r a t i o  o f the  number 

o f molecules o r atone th a t  are  chemisorbed to  th e  t o t a l  number 

Inp lnging . The s tic k in g  c o e f f ic ie n t  w i l l  be a  s tro n g  fun ctio n  of 

the  coverage, th a t  i s ,  o f  the  nunber a lready  chemisorbed. Under a  

given ambient co n d itio n , th e  d ensity  o f slow s ta te s  w i l l  thus 

s tro n g ly  depend on the  su rface  trea tm en t.
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The p reven tion  o f a  s tro n g  Inversion  reg ion  a t  the surface 

can be achieved by one o f th ree  nBchanisms, v iz . : 1) by reducing

the  chemisojrption o f acce p to r-lik e  i irp u r itie s  such as oxygen, o r

2) by co u n te rac tin g  th e  adsorp tion  o f oxygen by an equally  high 

adso rp tion  o f w ater o r  (3) by sh ie ld in g  the space-charge region 

w ith  a  la rg e  d en s ity  o f  f a s t  s ta te s .  The experim ental r e s u l ts  

in d ic a te  th a t  the  quenchants operate (HF operates most e f fe c tiv e ly )  

v ia  th e  th i r d  mechanism whereas th e  su rface  trea tm en ts NO, AR and 

BW operate  v ia  th e  f i r s t  and /or second mechanisms. The anomalous 

behavior o f the BW group w ith  re sp e c t to  th e  quenchants cannot be 

exp la ined  w ithout fu r th e r  in v e s tig a tio n . The DI surface  treatm ent 

apparen tly  covers th e  su rface  w ith  a la rg e  d ensity  o f chemisorbed 

oxygen and causes a  s tro n g  in v ersio n  reg ion .
32I t  i s  now assumed, along w ith JA htsch, th a t  a f t e r  the  

e tc h in g , quenching and su rface  trea tm en t, th e  s i l ic o n  su rface  i s  

covered w ith a  la rg e  d en s ity  o f daemisorbed w ater molecules and a 

much sm alle r d en s ity  o f oxygen m olecules. Then, p r io r  to  any 

s ig n if ic a n t  exposure to  a i r ,  th e  energy bands w i l l  be bent s l ig h t ly  

downwards a t  the su rface .

During th e  evacuation f o r  th e  gold e lec tro d e  evaporation ,
20the  chemisorbed in p u r l t ie s  are p a r t ia l ly  desorbed. Gibbons has 

in d ic a te d  th a t  th e  energy o f the gold atoms impinging on the 

su rface  during gold dep o sitio n  may be s u f f ic ie n t  to  d islodge chemi­

sorbed atoms o r  m olecules so th a t  the desorp tion  may be g re a te r  

under the gold e lec tro d e  than  a t  the f re e  su rfa c e . During exposure
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to  a i r  a f t e r  gold d ep o s itio n , oxygen and w ater are  chemisorbed

again . However, now the  adsorp tion  c h a ra c te r is t ic s  are  d if fe re n t

under th e  gold e lec tro d e  than  a t  th e  f re e  su rface . I t  i s  here th a t

the m etal work fu n c tio n  en te rs  th e  p ic tu re .  The e le c t r i c  f i e ld  due

to  the  d iffe ren ce  in  work functions o f the gold  and s i l ic o n  w il l

be such as to  a t t r a c t  negative  ions towards th e  s i l ic o n  su rface  and

to  re p e l p o s it iv e  ions away from i t .  Thus, one o r both o f the

follow ing two e f fe c ts  w i l l  take p lace . I f  th e  w ater molecules o r

oxygen atoms are  io n ized  w hile d iffu s in g  through th e  gold  la y e r ,

then the  e l e c t r i c  f i e ld  w i l l  help  the  d iffu s io n  o f oxygen and re ta rd

th a t  o f w ater. Secondly, even i f  w ater and oxygen d iffu se  as

n e u tra l  molecules and atoms re sp e c tiv e ly  ( i t  i s  known th a t  d iffu s io n

of diatom ic gases such as 0^, Ng e tc .  takes p lace  as atoms, no t as 
S4m olecu les), th e  e l e c t r i c  f i e ld  w i l l  a id  th e  bonding o r  f ix a tio n

o f o x y ^ n  b u t w i l l  h in d er th a t  o f  w ater. D iffusion  through th e  gold

e lec tro d e  must be assumed in  o rder to  ex p la in  the v a r ia t io n  o f the
17aging tim e w ith  the th ick n ess  o f the  gold la y e r . The above

d iscussion  then accounts fo r  the aging t in e  o f only a few days fo r  

the h i ^  work fu n c tio n  m etals Au, Cr, F t conpared to  se v e ra l months 

fo r  o th e r low work function  m etals.

U sually , th e  exposure to  vacuum during gold deposition  i s  

not more than  2-3 h o u rs , and th e  vacuum i s  n o t very high (pressure 

~10 ^-10~^ to r r )  so th a t  th e re  may not be a  s ig n if ic a n t desorp tion  

o f im p u ritie s  and i f  the  p re -g o ld -d ep o sitio n  exposure to  a i r  was 

n e g lig ib le , then th e  bands may s t i l l  be bending downwards a t  the
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s i l ic o n  su rface  soon a f t e r  gold d ep o s itio n , even under th e  gold 

e le c tro d e . The su rface  b a r r ie r  w i l l  n a tu ra l ly  e x h ib it a  la rg e  

reverse  cu rren t under th ese  c o n d itio n s , as observed by S i f f e r t  and
1C

Coche. During p o s t-g o ld -d e p o sitio n  exposure to  a i r ,  oxygen w i l l  

p r e fe r e n t ia l ly  d iffu se  through the  gold e le c tro d e  as d iscussed  

above. At th e  free  su rfa c e , oxygen w i l l  g rad u a lly  tend  to  d isp lace  

much o f the w ater over a  p e rio d  o f s e v e ra l days. Maxwell and Green 

have shown th a t  such a  displacem ent o f w ater by oxygen takes p lace  

on germanium su rfaces  and i t  i s  th e re fo re  reasonable to  assume th a t  

i t  a lso  occurs on s i l ic o n  su rfa ce s . The r a te  o f displacem ent 

depends on the su rface  trea tm en t. On su rfaces  t r e a te d  by the DI 

trea tm en t, th e  oxygen d isp laces  w ater r a th e r  rap id ly  whereas fo r  

the  AR surface  tre a tm e n t, th e  displacem ent i s  th e  slow est. I t  i s  

th is  period  o f oxygen d iffu s io n  th r o u ^  th e  gold  and d isp lacenen t 

a t  the  fre e  su rface  which conprises th e  aging p e rio d  fo r  a  su rface  

b a n d e r .

During th e  aging p ro cess , th e  energy bands continue to  bend 

upwards both  a t  th e  fre e  su rface  and under the  gold  e lec tro d e  u n t i l  

some eq u ilib riu m  values o f and in  a i r  are  reached. For 

su rface  b a r r ie r s  y ie ld in g  low rev erse  c u r re n ts , such as NOH, ARH 

e t c . ,  th e  condition  s a t i s f i e d ,  w ith  the proper

value o f |V(jl ~ |Vgl to  y ie ld  a  high breakdown vo ltage fo r  the 

reverse  b iased  ju n c tio n . The cond ition  |V^| > \Y^\ i s

f u l f i l l e d  because o f the  la rg e r  d en sity  o f w ater m olecules a t  th e  

f re e  su rface  than under th e  gold e le c tro d e . This a lso  ex p la ins why
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a c e r ta in  amount o f m oisture In  the  a i r  I s  necessary  In  o rd er to  

y ie ld  low rev erse  cu rren t su rface  b a r r ie r s .  I t  a lso  ex p la in s  why 

th e  su rface  b a r r ie r  which g ives a  low rev erse  cu rren t In  a i r  

d e te r io ra te s  considerably  under a  poor vacuum a f t e r  only a  sh o rt 

time o f évacuation . Presumably, th e  bcn d -stren g th  o f th e  w ater 

m olecules a t  the  f re e  su rface  I s  reduced a f t e r  th e  displacem ent o r 

aging process so th a t  even a  s l ig h t  evacuation  removes th e  w ater 

m olecules, and Increases |Vg| . |V^| w i l l  remain e s s e n t ia l ly

constant under a  s U ^ t  évacuation  so th a t  |Vg | w i l l  approach 

|V^| and give r i s e  to  a  la rg e  rev e rse  cu rre n t. The r e la t iv e  

s t a b i l i t y  under a  second exposure to  vacuum a f t e r  recovery In  a i r  

can be explained  by the  f a c t  th a t  recovery  tak es p lace  due to  th e  

displacem ent o f  some of th e  oxygen by w ater which now has a  t ig h te r  

bonding than  b efo re . Jahtsch^^ observed th a t  w ater m olecules can 

permeate chemisorbed oxygen and reach  th e  s i l ic o n  su rfa c e . The 

exact mechanism o f displacem ent o f w ater by oxygen o r o f oxygen by 

w ater and o f the  ensuing bond s tre n g th s  I s  n o t w e ll understood.

F in a l ly ,  th e  d e te r io ra tio n  of su rface  b a r r ie r s  under 

e le c tro p o s it iv e  vapors such as NĤ  and HP can be exp la ined  on th e  

b a s is  o f the  P^^ Ju n c tio n  break ing  down a t  very low v o ltag es .

This I s  due to  a  la rg e  d en s ity  o f e le c tro n s  In  the  f re e  su rface  

space charge reg ion  and a  h igh  d en s ity  o f ho les  In  th e  b a r r ie r  

space charge reg ion . The su rface  channel cu rren t I s  s ig n if ic a n t ly  

c o n tro lle d  by th e  P^^ breakdown vo ltage  even a t  vo ltag e  values

w e ll below th i s  breakdown vo ltag e  because o f th e  avalanche
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m u ltip lic a tio n  In  the  reverse  b iased  ju n c tio n . The

low est su rface  channel cu rren t I s  obtained  when I s  h ighly

dep le ted  and I s  s l l ^ t l y  In v erted . When th i s  happens, the

t o t a l  rev e rse  cu rren t I s  then given mainly by the  bulk  d iffu s io n  

and d ep le tio n  region generation  cu rren ts  o f th e  su rface  b a r r ie r  

p ro p er, as shown by Langnann and Mayer.

Conclusions

The follow ing conclusions can be drawn w ith  re ference  to  

th e  p rev io u sly  s ta te d  m otivations behind th e  work rep o rted  h ere .

I .  Ihe ejq^erlmental r e s u l ts  allow  us to  make a  conparatlve 

ev a lu a tio n  o f th e  d if fe re n t fa b r ic a tio n  techniques fo r  surface 

b a r r ie r s .  We then f in d  th a t :

1) The NO surface treatm ent I s  su p e rio r  to  th e  o th e r 

trea tm en ts  te s te d . I t  can a lso  be s a id  th a t  reg a rd le ss  o f th e  type 

o f su rface  treatm en t used, a  few days o f s t o r a ^  In  high r e s i s t i v i t y  

deion ized  w ater y ie ld s  su p erio r diodes than does a  p re -g o ld - 

dep o sltlo n  e)$iosure to  a i r .

2) Por th e  NO and AR surface  tre a tn f in ts , the  HP 

quenchant I s  su p erio r to  the n o rn a lly  used HgO quenching procedure.

3) Any exposure to  a i r  p r io r  to  th e  gold e lec tro d e  

d ep o sitio n  I s  unnecessary.

I I .  With reference to  the p rev iously  s ta te d  unresolved 

problems regard ing  the  e f fe c ts  o f su rface  tre a tm e n ts , quenchants, 

am bients, and m etal work functions on the  r e c t i f i c a t io n
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c h a ra c te r is t ic s  o f su rface  b a r r ie r  d iodes, th e  follow ing statem ents 

can be made.

1) Ihe model p resen ted  above accounts q u ite  w ell fo r  

the  n ec e ss ity  o f  e]$)osure to  both a i r  and m oisture ( th a t  I s ,  to

normal humid a i r ,  no t dry a i r )  In  o rd er to  y ie ld  low reverse  

cu rren ts . Regarding t |ie  amount and sequence o f  exposure, an 

exposure o f a  few days a f t e r  gold  dep o sitio n  Is  s u f f ic ie n t .  E ffec ts  

o f o th e r gases and vapors can a lso  be exp lained  on the b a s is  o f t h e i r

r e la t iv e  In fluences on V„ and V, . Ambient In s e n s i t iv i ty  can be

achieved only by p roper encapsu la tion .

2) The mechanism by which th e  chemical su rface  

trea tm en ts operate I s  mainly by c o n tro llin g  th e  s tic k in g  c o e ff ic ie n ts  

o f  d if f e re n t  ambients although I t  I s  a lso  p o ss ib le  th a t  th e  su rface  

treatm ent has some In fluence on th e  energy p o s itio n s  o f the  f a s t  

s t a t e s .

3) The ro le  o f  th e  m etal work function  I s  b e liev ed  to  

be th a t  o f  caus in g  p re fe r e n t ia l  adso r p t ion o f c e r ta in  am bients, so 

as to  m aintain th e  equ ilib riu m  value o f [V^| la rg e r  than  th a t  o f 

|Vg| . On th e  whole, the m etal work function  Is  o f secondary 

Importance compared to  the su rface  tre a tm e n t, quenchant and am bients.

4) Ihe rev erse  cu rren t does n o t depend d ir e c t ly  on 

the b a r r ie r  h e ig h t; r a th e r .  I t  depends on th e  r e la t iv e  magnitudes 

o f |V^| and |Vg| . Even th e  tru e  su rface  b a r r ie r  c u rre n t, aside 

from the  su rface  channel c u rre n t, does no t depend exponen tia lly  on 

the d iffu s io n  p o te n t ia l  as p re d ic te d  by the  Schottky th eo ry .
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Thus, th e re  i s  a  s tro n g  ejqDerlniental evidence th a t  th e  su rface  

b a r r ie r  behaves lik e  a  re g u la r  p-n  ju n c tio n  diode.

(5) A rcher's  r e s u l ts  regard ing  in c re a s in g  f ilm  th ic k ­

ness in  going from an HNÔ  quenched su rface  to  an 1^0 quenched 

su rface  seem to  be confirmed. I t  a lso  appears th a t  HP quenching 

gives a  s t i l l  th ic k e r  f ilm , a t  le a s t  f o r  the  NO, AR and DI su rface  

trea tm en ts . The mechanism by which th e  quenchants c o n tro l the 

r e c t i f i c a t io n  c h a ra c te r is t ic s  i s  by c o n tro llin g  th e  su rface  d en s ity  

o f  f a s t  su rface  s t a t e s .

I I I .  The sim ple model p resen ted  above does ex p la in  most 

o f th e  observed e f f e c ts .  These have already  been d iscussed .

Recommendations fo r  F u rth e r  Research

F u rth e r work can be performed on the Au-n-Si in  th e  

fo llow ing a reas .

1. Tireorrctical-work ,can be done in . o rd e r j:o  o b ta in  

q u a n ti ta t iv e  re la tio n s h ip s  between V^, V^, and th e  rev erse  cu rren t 

and breakdown v o ltag e . V^, should in  tu rn ,  be p o ss ib le  to  

o b ta in  from the  d e n s it ie s  o f slow s ta te s  and the  d e n s it ie s  and 

energy p o s itio n s  o f f a s t  s ta te s .  O btaining th e  value o f w i l l  

a lso  req u ire  a  know led^ o f the  th ick n esses  and d ie le c t r ic  constan ts  

o f the  in te r f a c ia l  la y e rs .

2. More work should be perform ed on the  chemical aspects 

o f the behavior o f su rface  tre a tm e n ts , quenchants and am bients.

3. An a tte n p t should be made o f perform ing th e  same type



130

o f measurements as rep o rted  here except th a t  the  su rface  b a r r ie r  

and f i e ld  e f f e c t  sample should both  be p a r ts  o f  the  same f ila m e n t, 

as shown in  P ig . 21. Then, f i e ld  e f f e c t  and cu rren t vo ltage 

measurements can be sim ultaneously  performed under any given ambient.

lyfetal F ie ld
P la teMica

Spacer Lead

S ilic o n
Filam ent

S ilv e r  
P aste  -

Gold
D epositionSolder

\  Aluminum 
Lead D eposition

Figure 21

The con tac ts  f o r  th e  FE measurements should be made to  th e  bu lk  as 

w e ll as to  th e  su rface  so as to  e lim in a te  th e  inaccuracy  o f  FE 

measurements. The su rface  con tact i s  made w ith  s i l v e r  p a s te  on 

e v ^ o ra te d  aluminum whereas th e  bulk con tac t should be made by 

so ld e rin g  on a  roughened-up su rface .
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