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ABSTRACT 

/ . 5 6 0 0  
I n  t h e  first sec t ion  of t h e  report  the requirements f o r  t h e  sur face  

f i lm,  for  t h e  semiconductor, and for  t h e  vacuum are presented i n  d e t a i l .  

The major requirements a r e  : 

A. 

B. 

C. 

Metal Surface Film 

1. It  must be poss ib le  to ac t iva t e  t h e  f i l m  w i t h  a low- 

work-function coa t ing  so t h a t  t h e  vacuum b a r r i e r  is  

low (s 1.3 ev) .  

2. The su r face  f i l m  must make a blocking contact  w i t h  

a high barrier (2 1.3 ev) w i t h  t h e  semiconductor 

used. 

3. The hot -e lec t roa  mfp (mean-free-path! should be as 

long as possible .  

4. It must be poss ib le  to  deposit  a continuous f i l m  on 

t h e  order of  l O O i  i n  thickness.  

5. The sheet r e s i s t a n c e  of the f i lm  should be as l o w  as 

poss ib le .  

Semi conduct o r  

1. A l a r g e  band-gap (2 2 ev) is required t o  minimize 

hole  i n j e c t i o n  from t h e  metal su r face  f i l m .  

2. It  must be poss ib le  t o  make an ohmic contac t ,  which 

means it is necessary t o  dope t h e  c r y s t a l  n-type t o  

a reasonably l o w  r e s i s t i v i t y .  

3. The semiconductor must be ava i l ab le  i n  reasonably 

l a r g e  s i n g l e  c r y s t a l s .  

Vacuum 

1. An o i l - f r e e  vacuum system i s  required t o  produce a 

c l ean  metal/semiconductor junc t ion  and a c lean  

vacuum su r face  f o r  t h e  cathode. 
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-9 
2. A vacuum of - 1 0  

during and at  a l l  t i m e s  subsequent t o  f ab r i ca t ion  of 

t h e  cathode s t ruc tu re .  This is necessary t o  achieve 

and t o  maintain a l o w  vacuum work funct ion.  

t o  lo-'' torr i s  bel ieved necessary 

G a l l i u m  phosphide crystals have been in t ens ive ly  s tud ied  f o r  appl i -  

cation t o  t h e  sur face-bar r ie r  co ld  cathode. H a l l  measurements and o p t i c a l  

t ransmission measurements have been made and t h e  r e s u l t s  analyzed f o r  t w o  

l x g e  high-quzlity c r y s t a l  obtained from two d i f f e r e n t  sources. 

Lapping, pol ishing,  and etching s t u d i e s  have been conducted on 

t h e s e  crystals  t o  determine optimum su r face  prepara t ion  procedures. It 

has been found t h a t  ohmic contac ts  t o  Gap can be produced by a l loy ing  

l ead  (€5) o r  Te-doped Ag t o  t he  crystal  sur face .  I t  has also been found 

t h a t  evaporated Pt forms a blocking contac t  with a high b a r r i e r  (- 1.45 

ev) t o  Gap. These diodes w e r e  not prepared i n  an o i l - f r e e  vacuum s y s t e m ,  

and e l e c t r i c a l  measurements emphasize t h e  need f o r  an o i l - f r e e  system. 

Such a s y s t e m  has been completed and i s  now ready f o r  opera t iona l  use.  

Two Pt/evaporated BaO phototubes made r ecen t ly  i n d i c a t e  t h a t  such a 

combination produces a work function l a r g e r  than 1.5 ev. Thus t h e  simple 

s y s t e m  GaP-Pt-BaO does not appear f eas ib l e .  The systems GaP-Pt-Ag-BaO 

or GaP-Pt-Ta-BaO look promising, however. The s y s t e m  GaP-W-BaO is 

cu r ren t ly  undergoing evaluat ion.  

Long l i f e  has been demonstrated f o r  GaP-Pt  diodes and f o r  Ag-BaO 

phototubes. The GaP-Pt  diodes a re  undergoing dynamic opera t iona l  l i f e  

tests and have not changed s i g n i f i c a n t l y  a f t e r  1000 hours. The Ag-BaO 

photosurf ace is  unchanged a f t e r  nine months. 
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I INTRODUCTION 

The ob jec t ive  Of t h i s  program is t o  perform research  on semiconductor/ 

metal, hot-electron cold cathodes. The hot e l ec t rons  are generated i n  a 

t h i n  m e t a l  su r f ace  f i l m  by forward-biasing a r e c t i f y i n g  semiconductor/ 

metal diode. The m e t a l  f i lm  is  on t h e  order  of 50-to-100 A i n  thickness  

and i s  ac t iva t ed  by a low-work-function coa t ing  t o  reduce t h e  vacuum 

b a r r i e r  below t h e  semiconductor/metal b a r r i e r .  Energy diagrams f o r  t h e  

cathode, with and without b i a s ,  a r e  shown i n  Figs.  l ( a )  and l ( b ) .  The 

dimensions of t h e  s t r u c t u r e  a r e  not drawn t o  scale. The th ickness  of 

t h e  m e t a l  f i lm i s  exaggerated f o r  reasons of c l a r i t y .  Referr ing t o  

Fig. l ( b ) ,  a por t ion  of t h e  hot e lec t rons  emit ted over  t h e  t o p  of t h e  

b a r r i e r  i n t o  t h e  metal f i lm  t r ave r se  t h e  f i lm  b a l l i s t i c a l l y  and e n t e r  

t h e  vacuum. Most of those  e lec t rons  t h a t  become s c a t t e r e d  i n  t h e  metal 

f i lm  are lost ,  however; and t h e s e  e lec t rons  c r e a t e  a b i a s  cur ren t  f o r  

t h e  device. 

* 
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( a )  ENERGY VS. DISTANCE OF SURFACE BARRIER CATHODE WITHOUT BIAS. 

VACUUM LEVEL 

2 
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I1 DISCUSSION 

A. DISCUSSION OF REQUIREMENTS 

Refer r ing  t o  Fig. l(a), i t  is evident t h a t  a primary requirement 

i n  t h e  metal/semiconductor cathode s t r u c t u r e  is  t h a t  cp 

yi, where cp’ denotes t h e  work funct ion of  t h e  metal-vacuum in t e r f ace .  

Owing t o  the surface treatiiieiit, the value  c?f m’ w i l l ,  i n  general ,  be 

less than  the  bulk metal work function cp 

over t h e  su r face  b a r r i e r  i n t o  t h e  metal then  have s u f f i c i e n t  energy t o  

overcome the  p o t e n t i a l  s t e p  at t h e  metal su r face  and can emerge i n t o  t h e  

vacuum. 

be g rea t e r  than b 

m 

ym 
Electrons which a r e  emit ted m’ 

A l l  reported experimental and t h e o r e t i c a l  evidence points  t o  t h e  

f a c t  t h a t  t h e  lowest obtainable  work func t ions  f o r  metal f i lms a r e  

g r e a t e r  than 1 ev. 1-6* 

produce low-work func t ion  sur faces  wi th  cp’ on the  order  of 1.6 ev. 

Experiments with evaporated l aye r s  of BaO on r e f r ac to ry  metals i n d i c a t e  

t h a t  work funct ions as l o w  as 1.3 ev can be ~ b t a i n e d . ~ ~ ~  Various com- 

plex substances with work functions of about 1 .0  ev have been prepared7 

but t h e s e  are general ly  unsui table  f o r  t h e  present purpose, s i n c e  they 

are usua l ly  semiconductors r a t h e r  than metals, and are conveniently pre- 

pared only i n  r e l a t i v e l y  t h i c k  fi lms, on t h e  order  of 1000 i.8~9 
c o n f l i c t s  wi th  t h e  requirement, t o  be discussed below, t h a t  t h e  metal 

f i lm be very t h i n  (- 100A). 

Evaporated monolayers of cesium on metal f i lms  
1-4 

m 

This 

0 

1. Metal Film 

The metal f i lm  must s a t i s f y  t h r e e  primary requirements. In 

addi t ion  t o  t h e  requirement t h a t  the metal be capable of producing a 

low-work funct ion 9’ upon s u i t a b l e  treatment of i t s  surface,  i t  m u s t  

have a hot e l ec t ron  a t tenuat ion  length, Le, which is  grea t  enough t o  
m 

* 
References are l i s t e d  at  t h e  end of t h e  r epor t .  
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allow most of t h e  electrons e m i t t e d  over t h e  su r face  b a r r i e r  t o  reach 

t h e  metal-vacuum in t e r f ace .  The t h i r d  requirement is t h a t  t h e  metal 

must produce a high su r face  b a r r i e r  at  t h e  metal-semiconductor i n t e r -  

face.  This requirement w i l l  be discussed more f u l l y  i n  t h e  following 

sec t ion .  

Measurements performed i n  t h i s  labora tory  i n d i c a t e  t ha t  t h i n  

evaporated f i lms  of BaO on r e f r ac to ry  and noble m e t a l  sur faces  are 

capable of producing the low values of cp' which are necessary for  t h e  

f a b r i c a t i o n  of a successfu l  cathode. This approach is based l a rge ly  

upon the r e s u l t s  obtained by Moore and Allison,' who measured t h e  

thermionic work func t ions  of W, Mo, Ta and Z r  coated with BaO f i lms  of 

var ious thicknesses .  The r e s u l t s  on W, Mo, and Ta i n d i c a t e  thermionic 

work funct ions as l o w  as 1.0 ev, for  t h e  t h i c k e s t  BaO f i lms  ( - 2 0  mono- 

layers).  This l i m i t i n g  work function i s  presumably t h a t  of bulk BaO. 

Thin f i lm (< 1 monolayer) of BaO @n W produce w o r k  func t ions  of  about 

1.3 ev. The most promising r e s u l t s  obtained t o  da t e  i n  t h i s  labora tory  

have been obtained wi th  BaO-activated Ag f i lms.  Values f o r  cp' of about 

1.35 ev have been measured f o r  t h i s  case. 

m 

m 

The a t t enua t ion  length L of e l ec t rons  i n  a f e w  m e t a l s  has e 
been s tud ied  experimentally and t h e o r e t i c a l l y  by a number of workers. 

Some of t h e  re ferences  t o  the experimental work are Gold 

has been inves t iga t ed  i n  g rea t e s t  d e t a i l ,  and t h e  latest measurement~ '~  

i n d i c a t e  t h a t  L = 350A f o r  e lec t rons  0.95 ev above the Fermi l eve l .  

This  number probably represents  an  upper l i m i t  f o r  t h e  value of L f o r  

most metals at t h i s  energy. 

an e l e c t r o n  w i l l  t r a v e l  a d is tance  x i n  t h e  m e t a l  f i l m  without s c a t t e r i n g ,  

it can be appreciated t h a t  t h e  thickness  of t h e  metal f i l m  i n  t h e  pro- 

posed cathode must be less than  L so t h a t  most of t h e  e l ec t rons  emitted e 
over t h e  sur face  barr ier  can reach the vacuum i n t e r f a c e .  T h i s  m e a n s  

t h a t  extremely t h i n  (- 1 O O i )  f i l m s  a r e  required,  and t h a t  metals which 

are t o  be considered f o r  use i n  t h e  cathode must be e a s i l y  deposi ted i n  

t h i n ,  continuous f i lms .  The re f rac tory  metals seem t o  m e e t  t h i s  require- 

ment most s a t i s f a c t o r i l y ,  s i n c e  they  show t h e  l e a s t  tendency t o  agglo- 

merate i n  t h i n  f i l m s .  Fortunately,  t h e  r e f r ac to ry  metals have r e l a t i v e l y  

e 

e 
Since t h e  p robab i l i t y  is  exp(- x/Le), tha t  

4 



l a r g e  bulk work funct ions which a re  required t o  produce high su r face  

b a r r i e r s  at  t h e  metal-semiconductor i n t e r f a c e .  

Materials which can withstand t h e  temperatures encountered 

i n  tube bake-out are des i r ab le  from t h e  s tandpoint  o f  t h e  f a b r i c a t i o n  

of an e l e c t r o n  tube containing a metal-semiconductor su r f  ace b a r r i e r  

cathode. Again, r e f r ac to ry  metals are t h e  most promising i n  t h i s  

respect, s i n c e  they show less tendency t o  d i f f u s e  i n t o  t h e  semiconductor 

a b  -+ elevate:! temperatgtures than do zcn-refractory m,et a l s  . 
Another requirement on the metal, o f  lesser importance than 

those  j u s t  discussed, is t h a t  it have a l o w  sheet  resistance i n  t h i n  

f i lms .  This requirement i s  based on t h e  necessi ty  f o r  preventing l a r g e  

t r ansve r se  vol tage drops i n  t h e  fi lm when it is  biased f o r  normal opera- 

t i o n  of t h e  cathode, and is  analogous t o  t h e  requirement t h a t  t h e  l a t e ra l  

vo l t age  drop i n  t h e  base of a junct ion transistor be minimized. The 

shee t  resistance of metallic fi lms is s t rong ly  dependent on t h e  sub- 

strate material, t h e  manner i n  which t h e  f i l m  is deposited,  and any 

treatment of t h e  f i l m  subsequent t o  deposi t ion,  e.g., annealing. Ob- 

se rva t ions  of f i l m  sheet  r e s i s t i v i t y  i n  t h i s  laboratory have been made 

on Pt f i lms;  and f o r  l O O A  f i l m s  deposited on a room temperature g l a s s  

s u b s t r a t e ;  r e s i s t i v i t i e s  cf t he  order of lOm/Uare indicated.  This 

f i g u r e  is  probably r ep resen ta t ive  of t h e  r e s i s t i v i t i e s  t o  be expected 

f o r  r e f r a c t o r y  metal f i lms  o f  t h e  same thickness.  I f  t h i s  r e s i s t i v i t y  

proves t o  be t o o  high, it might be necessary to  evaporate a g r i d  p a t t e r n  

of t h i c k e r  material on t h e  metal f i lm i n  o rde r  t o  provide low-resistance 

cu r ren t  paths to  t h e  e n t i r e  f i l m .  

2. Semiconductor Requirements 

I n  view of t h e  requirement t h a t  v > y', an important property b m  
of any semiconductor considered for use i n  t h e  proposed cathode is i ts  

a b i l i t y  t o  form high surface b a r r i e r s  with metals. Since t h e  height (p 

of t h e  su r face  b a r r i e r  i n  an n-type semiconductor/metal contact  cannot 

exceed t h e  band gap E a general  requirement i s  t h a t  E be g rea t e r  than 

t h e  b a r r i e r  height desired.  

number of semiconductors t h a t  t h e  general r e l a t i o n  'p 

b 

g ' g 
Mead and Spitzer' ' have shown f o r  a l a r g e  

E is v a l i d  b - 3  g 
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f o r  t h e  n-type semiconductor-metal contact .  The assumption i s  made 

here  t h a t  t h e  Fermi l e v e l  a t  t h e  in t e r f ace  is pinned by su r face  s t a t e s  
1 a t  - E 

A more d e t a i l e d  a n a l y s i s  of t h e  dependence of (p on su r face  states and 

t h e  m e t a l  work func t ion  has been made by Cowley and Sze,17 but t h e  re- 

s u l t  of Mead and S p i t z e r  provides a convenient "rule  of thumb" f o r  use 

i n  t h e  preliminary evaluation of a p a r t i c u l a r  semiconductor. According 

tc! this n l e ,  the band gap of t h e  semiconductor must be g rea t e r  than  

1.5 t i m e s  t h e  des i red  su r face  b a r r i e r  height .  Since w e  have ind ica ted  

t h a t  t h e  lowest ob ta inable  metal-vacuum work funct ions,  q;, are i n  t h e  

range 1.0 t o  1.3 ev ,  t h i s  places  a lower l i m i t  of about 1.3 ev on (p 

and 1.5 X 1.3 w 2 ev on E i n  order  t h a t  t h e  condi t ion rp 

s a t i s f i e d .  This r e s t r i c t i o n  eliminates many of t h e  semiconductors of 

g r e a t e s t  cur ren t  technological  importance, e.g. ,  S i ,  Ge, GaAs. 

Some semiconductors which do m e e t  t h i s  res t r ic t ion ' '  a r e  

above t h e  valence band edge, regard less  of  which metal is  used. 
3 g  

b 

b 
be g ' b ' 'L 

gallium phosphide, cadmium su l f ide ,  and z inc  oxide. Gallium phosphide 

i s  cu r ren t ly  under inves t iga t ion  i n  t h i s  laboratory, and t h e  r e s u l t s  f o r  

t h i s  mater ia l  show t h a t  i t  is capable of producing b a r r i e r s  higher than  

1.3 ev wi th  high work-function metals (e.g., Pt); t hese  r e s u l t s  a r e  i n  

agreement wi th  work previously reported by o t h e r  workers .I7 9" 

oxide has a l so  been t h e  subjec t  of invest igat ion,20 but t he  r e s u l t s  wi th  

t h i s  mater ia l  w e r e  less promising. Because t h e  devices inves t iga t ed  

w e r e  prepared i n  an o i l -d i f fus ion  vacuum s t a t i o n ,  however, t h e  b a r r i e r  

he ights  i n fe r r ed  from measurements of t h e  electrical behavior of t h e  

diodes may not have been co r rec t .  It  may t he re fo re  be worthwhile t o  re- 

open the  inves t iga t ion  of ZnO, using diodes prepared i n  t h e  Vac-Ion 

vacuum s y s t e m  which has r ecen t ly  become ava i lab le .  

Zinc 

Blocking contac ts  on cadmium s u l f i d e  have been inves t iga t ed  i n  

g rea t  d e t a i l  by Goodman,21 and by Sp i t ze r  and Mead.22 With t h e  exception 

of Pt on chemically cleaned c rys t a l s ,  b a r r i e r s  f ab r i ca t ed  on CdS w e r e  a l l  

smaller than 1 ev. Platinum on chemically cleaned crystals produced a 

b a r r i e r  height  of 1.20 k 0.15 ev. Therefore, wi th  t h e  poss ib le  exception 

of t he  platinum diode, CdS i s  not a candidate  f o r  t he  semiconductor i n  

6 



. t h i s  program. A grea t  number of semiconductors with band gaps g rea t e r  

than  2 . 0  ev are but for a v a r i e t y  of reasons, some of which 

w i l l  be discussed below, most of them are unsui tab le  f o r  i nves t iga t ion  

i n  t h e  present  program. 

In  order  f o r  a wide-band-gap semiconductor t o  be usefu l  i n  

t h i s  program, it m u s t  be capable of being doped n-type, wi th  a reasonably 

low r e s i s t i v i t y .  This requirement arises from t h e  necess i ty  f o r  es tab-  

l i s h i n g  ohmic contac ts  to the material (easexitially a &ping prrrcessj ‘ t  

and from the requirement f o r  a b a r r i e r  t o  electrons flowing i n t o  t h e  

m e t a l  [Fig. l ( a ) ] .  This cons t ra in t  e l imina tes  a grea t  number of s e m i -  

conductors and a l l  i n su la to r s .  

Semiconductors t o  be used i n  the cur ren t  program must of course 

be ava i l ab le  i n  s i n g l e  crystals which are l a r g e  enough to  provide sur faces  

upon which to  form ohmic and blocking contac ts .  This requirement has 

proven t o  be an obstacle t o  t h e  inves t iga t ion  of  S i c  as produced i n  t h e  

SRI Mater ia ls  Research Laboratory. This program i s  expected t o  produce 

l a r g e r  s i n g l e  c r y s t a l s  of  @-Sic i n  t h e  near  fu tu re ,  however; and as t hese  

become ava i lab le ,  t h e  inves t iga t ion  of su r face  barriers w i l l  be con- 

t inued. I n  view of t h e  extensive effor t  being devoted i n  var ious in-  

d u s t r i a l  research  l abora to r i e s  t o  the  growth and inves t iga t ion  of  s i n g l e  

c r y s t a l  wide-band-gap semiconductors, it i s  a l s o  an t i c ipa t ed  t h a t  many 

more of t hese  materials w i l l  become ava i l ab le  i n  t h e  near fu ture .  T h i s  

is  an encouraging prospect,  i n  view of t h e  necessar i ly  r e s t r i c t i v e  re- 

quirements placed on semiconductors s u i t a b l e  f o r  use i n  the  present  

cathode program. 

3. Vacuum Requirements 

The need for  a high, c lean vacuum has been w e l l  e s t ab l i shed  

i n  the production of  low-work-function sur faces  and coat ings.  Pa r t i -  

c u l a r l y  notable  i n  this respect  are photoemissive sur faces  for  photo- 

tubes and inves t iga t ive  programs. Before t h e  advent of modern, oil-free 

vacuum technology, such vacuums could only be produced by an e l abora t e  

and complicated schedule of bake-out and degassing, a f t e r  which t h e  

apparatus which required a high vacuum w a s  s ea l ed  permanently i n  a g l a s s  

7 



. 

envelope. A f u r t h e r  increase  i n  vacuum can o f t e n  be obtained by f l a sh ing  

a g e t t e r  i n  the  tube. The  use of such experimental techniques i n  inves- 

t i g a t i o n s  of su r face  phenomena which depend on a l a rge  number of 

parameters has obvious disadvantages, pr imari ly  t h e  r e l a t i v e l y  long time 

requi red  t o  produce a s i n g l e  device upon which one can perform measure- 

ments. The Vac-Ion vacuum system recent ly  acquired by t h i s  laboratory 

is  expected to  e l imina te  many of t h e  complicated f a b r i c a t i o n  procedures 

involved i n  the experiiiieiits or, lsn,.-work fcnction coat ings  w i t h  BaO. It 

has been necessary i n  t h e  work described i n  past  reports2' t o  conduct 

BaO experiments i n  sealed, ge t te red  g l a s s  envelopes, produced by t h e  

methods described above. I t  i s  now an t i c ipa t ed  t h a t  such experiments 

can be set up i n  a matter of hours using the Vac-Ion system. The u l t i -  

m a t e  vacuum of t h e  Vac-Ion s y s t e m  is also much lower than  t h a t  of an 

o i l -d i f fus ion  pumped system, and vacuums of 10  to r r  should be obtained. -10 

The importance of high vacuum has been more r ecen t ly  demon- 

s t r a t e d  i n  t h e  inves t iga t ion  of the proper t ies  of metal-semiconductor 

sur face-bar r ie r  diodes." I n  general  it i s  found t h a t  t h e  methods for 

measuring barrier height  give ambiguous r e s u l t s  when appl ied t o  de- 

v ices  prepared i n  o i l -d i f fus ion  pumped systems. T h i s  i s  recognized as  

being due t o  the formation of  an i n t e r f a c i a l  f i l m  on t h e  semiconductor 

s u b s t r a t e  p r i o r  t o  t h e  evaporation of the  metal contac t ;  f i l m s  w i t h  

th ickness  on t h e  order  of tens of Angstroms a r e  s u f f i c i e n t  t o  cause 

drast ic  changes i n  t h e  capacitance behavior of t h e  diodes.lg 

upon the s t i c k i n g  c o e f f i c i e n t  of the  r e s idua l  gas molecules, a monolayer 

of absorbed molecules can form i n  less than  one second t o  a f e w  seconds 

i n  a vacuum of 

need f o r  much higher  vacuums, on the  order  of 10 

b 

Depending 

t o  lo-' to r r .24  T h i s  observat ion emphasizes the  
-9 t o  10-l' torr .  

B. SEMICONDUWR STUDIES 

1. G a l l i u m  Phosphide Crystals  

Unt i l  q u i t e  recent ly ,  s izab le ,  good-quality s i n g l e  c r y s t a l s  of 

gall ium phosphide have not been ava i lab le  from any source.  Two d i f f e r e n t  

gall ium phosphide crystals  have been obtained for  evaluat ion,  however. 

One c r y s t a l ,  obtained from Stanford University,  is  r e fe r r ed  t o  as 
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C r y s t a l  No. 1. A second crystal ,  obtained from t h e  Monsanto Chemical 

Co.,  is  r e fe r r ed  t o  as C r y s t a l  No. 2. The Monsanto Chemical Co. is the  

only commercial source of s i z a b l e  s i n g l e  c r y s t a l s  of gall ium phosphide 

known a t  present.  

a. C r y s t a l  No. 1 

Crys ta l  No. 1 is approximately 15  mm square and 0.5 mm 

t h i c k  and w a s  produced by a process developed at Stanford University.  

This c r y s t a l  w a s  made i n  an open-tube flow s y s t e m  us ing  p u r i f i e d  hydro- 

gen carrier gas t o  p ick  up phosphorus t r i c h l o r i d e  vapor from a bubbler 

s a t u r a t o r .  The phosphorus t r i c h l o r i d e  and hydrogen then  e n t e r  t h e  re- 

a c t i o n  tube and r eac t  wi th  l i q u i d  gallium metal, which is held i n  a 

qua r t z  boat at  93OoC, t o  form t h e  reactants. 

and combine on a gall ium arsenide s u b s t r a t e  t o  form gall ium phosphide 

at  a temperature of S l e C  i n  a zone with  a temperature gradient  of about 

2OoC per c m .  C r y s t a l s  may also be conveniently doped by adding s u i t a b l e  

doping elements t o  t h e  hydrogen gas stream during growth. 

These flow down the  tube 

During t h e  deposit ion,  t h e  gall ium arsenide s u b s t r a t e  is  

etched by t h e  r eac t an t  gases;  and f o r  deposi t ions requi r ing  long t i m e s ,  

t h e  gallium arsenide may be completely etched away. The a r sen ic  content 

of t h e  gallium phosphide crystals has not been determined; however, 

c r y s t a l s  with r e s i s t i v i t i e s  as high as 600 ohm-cm have been grown by 

t h i s  method, which ind ica t e s  a high degree of pu r i ty  by present  s tan-  

dards. Since t h e  growth process involves an open-tube arrangement, i t  

i s  poss ib le  t h a t  t he  cons t i t uen t s  of t h e  gall ium arsenide are c a r r i e d  

away by the  gas stream and do not  e n t e r  i n t o  any f u r t h e r  reac t ions .  This 

is  not t h e  case f o r  t h e  Monsanto closed-tube technique, where reactant 

products remain i n  t h e  sys tem.  

Conceptually, the Stanford Universi ty  technique appears 

t o  be capable of producing gallium phosphide s i n g l e  c r y s t a l s  of pu r i ty  

and per fec t ion  exceeding t h a t  of any o the r  known technique. Since 

addi t iona l  crystals  are not ava i lab le  from t h e  Universi ty ,  t h e  apparatus 

required t o  grow c r y s t a l s  by t h e  Stanford Universi ty  technique would 

have t o  be constructed i f  more crystals a r e  needed. The d e t a i l s  of t h e  
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Stanford apparatus are ava i l ab le  so t h a t  t h i s  could be done i f  necessary. 

A t  present ,  i t  appears t h a t  t h e  c r y s t a l  on hand w i l l  be s u f f i c i e n t  t o  

complete t h e  evaluat ion.  

b. Crys ta l  No. 2 

C r y s t a l  No. 2, approximately 10 mm i n  diameter and 0.5 mm 

th i ck ,  w a s  obtained from t h e  Monsanto Chemical Company. This c r y s t a l  

represents  t h e  r e s u l t s  o f  the l a t e s t  techniques developed at  hbnsanto 

and is of t h e  h ighes t  p u r i t y  and r e s i s t i v i t y  cu r ren t ly  ava i lab le .  This 

c r y s t a l  contains  up t o  two percent of a rsen ic ,  presumably due t o  the  

techniques used f o r  i t s  growth. I t  appears t h a t  as many of t hese  

crystals as des i red  w i l l  be ava i lab le  from hbnsanto; however, the  cost 

is f a i r l y  high ($240 per  c r y s t a l ) .  It  i s  a l so  poss ib le  t o  o b t a i n  

c r y s t a l s  containing lower concentrat ions of a rsen ic ,  but t h e  cos t  rises 

very rap id ly  as t h e  a r sen ic  content i s  lowered; t he  p r a c t i c a l  lower 

l i m i t  of a r sen ic  is  not known at present. 

The complete details  of t h e  Monsanto process f o r  pro- 

ducing gallium phosphide c r y s t a l s  have not been re leased;  however, a 

l i m i t e d  amount of information has been obtained. Apparently, the  

Monsanto process involves a closed tube reac t ion ,  using iod ine  vapor 

t o  transfer t h e  gall ium phosphide cons t i t uen t s  from a po lyc rys t a l l i ne  

source t o  a seed wafer of gall ium arsenide.  This r e s u l t s  i n  a gall ium 

phosphide l a y e r  tha t  contains  about 15  percent arsenic .  By lapping t h e  

a rsen ide  s u b s t r a t e  o f f  and us ing  the  gall ium phosphide l a y e r  as a sub- 

s t ra te  i n  a second deposi t ion,  a subsequent gall ium phosphide l a y e r  

containing only about t w o  percent a r sen ic  is  obtained. The highest  

r e s i s t i v i t y  t h a t  has been obtained by t h i s  method i s  about 0.08 ohm-cm. 

It may be poss ib le  t o  perform more lapping and redepos i t ion  s t e p s  and 

improve t h e  pu r i ty  of  t he  gall ium phosphide fu r the r ,  but t h i s  has not 

been t r i e d .  

I t  is  expected t h a t  the  a rsen ic  would s u b s t i t u t e  fo r  t h e  

phosphorus i n  the  gall ium phosphide la t t ice  and t h a t  t he  r e s u l t i n g  

Crys ta l  would exh ib i t  t he  c h a r a c t e r i s t i c s  of a gallium-arsenide-phosphide 

alloy. The major e f f e c t  t o  be considered would be t h e  an t i c ipa t ed  change 
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i n  t h e  band gap; however, s ince  the a r sen ic  concentrat ion i s  low, t h i s  

change should be negl ig ib le .  

c. Measurements 

H a l l  e f f e c t ,  conduct ivi ty ,  and o p t i c a l  t ransmission 

measurements have been made on C r y s t a l s  Nos. 1 and 2 t o  determine t h e  

important proper t ies .  A summary of t h e s e  d a t a  and o the r  c h a r a c t e r i s t i c s  

is  shown i n  Table I. 

Table I 

SUMMARY OF GALLIUM PHOSPHIDE PROPERTIES 

Conductivity Type 

Impurity Type 

C r y s t a l  Plane Exposed 

Resistivity--ohm-cm 

H a l l  Mobility--cm /volt-sec 
-3 

C a r r i e r  Concent ration--cm 

Band Gap--ev 

2 

C r v s t a l  No. 1 

n 

Su l fu r  

r1111 
0.38 

125 
17 

2.15-2.22 

1.3 X 10  

Crvs ta l  No. 2 

n 

Te 11 urium 

r1111 
0.079 

110 
17 7.2 X 10 

2.15-2.22 

(1)  H a l l  Ef fec t  and R e s i s t i v i t y  Measurements 

H a l l  e f f e c t  and r e s i s t i v i t y  measurements w e r e  made 

using t h e  method of van der  PauwZ5 and t h e  measuring c i r c u i t  of Dauphinee 

and Mooser.26 

contac ts .  The measurements on C r y s t a l  No. 2 agree closely wi th  those  

made by t h e  suppl ie r ,  Monsanto Co. 

and a rough estimate of t h e  r e s i s t i v i t y  of C r y s t a l  No. 1 w a s  t h e  only 

information known about t h i s  c r y s t a l .  

Meta l l ic  lead  w a s  al loyed t o  the  c rys ta l  t o  provide ohmic 

The i d e n t i t y  of t h e  s u l f u r  impurity 

Mobi l i t i es  i n  t h e  range of 100-110 f o r  low-  

r e s i s t i v i t y  gall ium phosphide have been reported f a i r l y  cons i s t en t ly  

by o t h e r  workers. The mobil i ty  of C r y s t a l  No. 1 is  somewhat g rea t e r  

than  t h i s  i nd ica t ing  t h a t  t h i s  crystal  may have b e t t e r  c r y s t a l l i n e  

s t r u c t u r e  than crystals produced by o t h e r  techniques,  o r  t h a t  impurity 
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, s c a t t e r i n g  may be important at room temperature. If t h e  1.at ter  is  t r u e ,  

h i g h e r - r e s i s t i v i t y  gall ium phosphide could be expected t o  have higher  

mobilities. 

(2) Opt ica l  Transmission Measurements 

Transmission-vs .-wavelength d a t a  have been obtained 

on both crystals  using t h e  Perkin E l m e r  spectrometer and t h e  tungsten 

source  as set up previously f o r  photo-excitation tests on cathodes. 

While t h i s  measurement is  not  t h e  most s e n s i t i v e  t o  changes i n  c rys ta l  

cons t i t u t ion ,  i t  i s  t h e  least involved method from which a reasonable 

amount of information can be obtained. Figure 2 shows t h e  r e l a t i v e  

absorpt ion for C r y s t a l  No. 1, and F i g .  3 shows t h e  same d a t a  f o r  C r y s t a l  

No. 2. The i n t e r p r e t a t i o n  of  Figs.  2 and 3 follows below. 

Elec t ronic  t r a n s i t i o n s  across  t h e  band gap of gallium 

phosphide must involve the absorption or  emission of a phonon i n  order  

t o  conserve crystal  momentum. For t h i s  s i t u a t i o n  t h e  absorpt ion con- 

s t a n t  is r e l a t e d  t o  t h e  absorbed photon energy as  

where 

E is  the photon energy, 

E is t h e  energy of the phonon involved i n  t h e  t r a n s i t i o n ,  

E is t h e  forbidden band gap, 
g 

k is Boltzmann's constant,  

P 

S 

T is  the  temperature i n  degrees Kelvin, 

C i s  a constant ,  and 

a is  t h e  absorpt ion coe f f i c i en t .  
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The f i r s t  t e r m  i n  t h e  above equation can be considered as o p t i c a l  

absorp t ion  r e s u l t i n g  i n  t h e  simultaneous absorpt ion of a phonon (cy ), 

and t h e  second t e r m  can be considered as t h e  o p t i c a l  absorpt ion r e s u l t i n g  

from t h e  emission of a phonon (cu 1. I f  more than  one phonon is  involved, 

add i t iona l  terms must be added. From t h e  experimental data,  t h e  t w o  

components of t h e  absorpt ion can be separa ted ;  and t h e  s t r e n g t h  of t h e  

phonons and t h e  band gap of t he  mater ia l  can be determined from t h e  re- 

l a t ionsh ips :  

+ 

- 

1 E =-(E + E )  
g 2 +  - 

(3 
1 E =-(E - E ) s 2 +  - 

where 

F: is the N = 0 in te rcept ,  and -+ -+ 
E i s  the a- = 0 i n t e rcep t .  - 

Figures 2 and 3 both show t h e  effects of phonon 

absorpt ion and emission; however, t h e r e  is evidence tha t  two prominent 

phonons are involved r a t h e r  than  only one. Presumably, breakpoint A 

on t h e  curves i s  i n d i c a t i v e  of the  e f f e c t s  of t h e  higher-energy phonon, 

and breakpoint B i nd ica t e s  t h e  e f f e c t s  of a lower-energy phonon. In  

order t o  sepa ra t e  t h e  e f f e c t s  of  these t w o  phonons, an addi t iona l  break- 

poin t  should occur at a photon energy l o w e r  than breakpoint B. Since 

t h e  data become badly s c a t t e r e d  at l o w  absorpt ion c o e f f i c i e n t s  , t h i s  

breakpoint is not obvious and exact values  of t h e  band gap are not de- 

terminable.  From t h e  da t a  obtained, it appears t h a t  t h e  band gap should 

l ie  between 2.15 and 2.22 ev  f o r  both t h e  Monsanto and Stanford crystals 

at the temperature of the measurements. 

d. Surf ace PreDaration 

Lapping and pol ishing opera t ions  on gall ium phosphide a r e  

accompanied by t h e  release of phosphine gas. This is  associated wi th  

any mechanical abrading process , which apparently enhances t h e  formation 

of poisonous phosphorus compounds through ca ta ly t ic  ac t ion .  Phosphine 
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gas is  very high i n  t o x i c i t y ,  and t h e  maximum allowable concentrat ion 

is  0.05 ppm. 

as phosphine has a s t r o n g  c h a r a c t e r i s t i c  odor which becomes not iceable  

a t  very l o w  concentrat ion l eve l s .  Because of t he  t o x i c  q u a l i t i e s  of t h e  

lapping and pol i sh ing  products, al l  mechanical operat ions should be done 

i n  a fume hood with a f l o w  rate s u f f i c i e n t  t o  maintain concentrat ions 

below t h e  m a x i m u m  allowable values.  

Concentrations w e l l  below t h e  maximum a r e  e a s i l y  detected 

A progrm was ;r;;bert&en t o  optimize the swfaee prepara- 

t i o n  of Gap t o  be used as a subs t r a t e  for  m e t a l  deposi t ions and barrier 

s t u d i e s .  T h i s  appl ica t ion  requi res  a uniform mirror f i n i s h  su r face  with 

very f e w ,  i f  any, e t c h  o r  pol i sh  p i t s .  I t  w a s  found t h a t  one s ide of  

C r y s t a l  No. 1 did  not po l i sh  as w e l l  as the  o the r  when subjected t o  

mechanical lapping and pol ishing.  This observat ion w a s  confirmed using 

seve ra l  d i f f e r e n t  po l i sh ing  techniques. 

Good su r faces  on other  types of c r y s t a l s  had previously 

been prepared using Dymo pol i sh ing  compounds. These are abrasive pas tes  

conta in ing  diamond p a r t i c l e s .  The p a s t e s  a r e  d i l u t e d  t o  proper con- 

s i s t e n c y  by adding an eythelene glycol sol i t t ion.  Several  methods w e r e  

t r i e d  using 6 micron pas t e  on both a g l a s s  p l a t e  and Buehler po l i sh ing  

wheel followed by 1/2-micron pas te  on a pol i sh ing  wheel and using seve ra l  

types of wheel sur faces  inc luding  s i l k ,  nylon, and Buehler AB Microcloth. 

These procedures gave f a i r  r e s u l t s  along w i t h  some p i t t i n g ,  especially 

on t h e  side of t h e  c r y s t a l  tha t  had previously been t h e  roughest sur face .  

I t  w a s  thought t h a t  t h e  diamond may be too harsh on the  c r y s t a l s  causing 

small  pieces t o  break from t h e  sur face .  

Alumina i n  a deionized water s l u r r y  w a s  t r i e d  next. Five 

micron p a r t i c l e s  followed by 0.3 micron p a r t i c l e s  on var ious backing 

p l a t e s  and c l o t h s  a l l  gave similar r e s u l t s .  S i l k  and nylon c l o t h s  gave 

f a i r  po l i sh  but many s m a l l  scratches w e r e  evident.  Fine microcloth 

gave high g loss  but severe ly  rounded edges and had a tendency t o  produce 

an orange peel"-l ike surface.  

under medium power magnification. 

11 I n  a l l  cases, s m a l l  p i t s  w e r e  evident  
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Electronic-grade methyl alcohol w a s  s u b s t i t u t e d  f o r  t h e  

It w a s  theor ized  t h a t  phosphine, which deionized water i n  t h e  s l u r r y .  

i s  re leased ,  could be combining with t h e  water and forming an acid which 

w a s  e t ch ing  t h e  c r y s t a l  and producing p i t s .  Subsequently, t h i s  procedure 

w a s  dropped as p i t s  w e r e  not eliminated and it w a s  learned t h a t  Monsanto 

Co. used deionized water wi th  good r e s u l t s .  

It was found t h a t  t h e  s i l k  and nylon pol i sh ing  c l o t h s  

w e r e  too hard and t h e  nap on t h e  microcloth w a s  too high f o r  e f f e c t i v e  

po l i sh ing  of GaP crystals.  Other c lo ths  w e r e  t e s t e d ;  t he  best  compromise 

f o r  a f l a t  uniform mirror su r face  was obtained wi th  Buehler AB Texmet 

po l i sh ing  c l o t h  backed by a g l a s s  p l a t e .  A l l  lapping and pol i sh ing  w a s  

done by hand i n  a wel l -vent i la ted  fume hood t o  p ro tec t  personnel from 

t h e  t o x i c  phosphine which is  released i n  t h e  mechanical processing. 

A l l  of t h e  f i n i s h e s  produced mechanically w e r e  i n f e r i o r  

t o  those  obtained earlier using a hot aqua r e g i a  e tch .  Etching t h e  face 

of t h e  c r y s t a l s  which had a good mechanical po l i sh  produced rough sur- 

faces .  

of t h e  crystal  w i l l  e t c h  t o  a mirror f i n i s h  i n  hot aqua r e g i a  but w i l l  

p i t  and sc ra t ch  very easi ly  by mechanical abrasion, while t h e  "B" 

(phosphorus) s i d e  takes  a good mechanical po l i sh  and e tches  t o  a m a t t  

f i n i s h  i n  hot aqua r eg ia .  

Through experimentation i t  w a s  found t h a t  t h e  "A" (gallium) s i d e  

Other e tches  t r i e d  included d i f f e r e n t  concentrat ion ratios 

of hydrochlor ic  t o  n i t r i c  acid,  various combinations of hydrofluoric  and 

n i t r i c  acid,  and even a nonaqueous e t ch  made by bubbling ch lor ine  gas 

through methyl alcohol.  The bes t  e t c h  w a s  found t o  be aqua r e g i a  a t  

7oOc. 

e. O h m i c  Contacts 

O h m i c  con tac t s  t o  gallium phosphide have been made by 

a l loy ing  m e t a l l i c  l ead  t o  t h e  back s i d e  of t h e  c r y s t a l .  The apparatus 

shown i n  Fig. 4 is  used f o r  t h i s  operation. It c o n s i s t s  of a carbon- 

c l o t h  s t r i p  hea te r  (shown i n  Fig. 5)  enclosed i n  a pyrex b e l l  j a r  pro- 

vided with gas i n l e t s  and o u t l e t s  so t h a t  a l loy ing  may be done i n  a 
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cont ro l led  atmosphere. Pur i f ied  and dr ied  hydrogen was found t o  produce 

t h e  most cons is ten t  r e s u l t s  and seemed t o  act as  an e f f e c t i v e  f lux  during 

t h e  a l loy ing  operation. The s m a l l  c r y s t a l  on t h e  pu r i f i ed  graphi te  block 

r e s t i n g  on t h e  carbon-cloth hea ter  s t r i p  shown i n  Fig. 5 is  i n  pos i t ion  

f o r  alloying. The hea ter  s t r i p  temperature may be accurately cont ro l led  

by m e a n s  of a va r i ab le  power supply (not shown). Current is supplied t o  

t h e  hea te r  s t r i p  through the  water-cooled supporting columns. 

X e t a i i i c  l ead  is a convenient mater ia l  t o  use f o r  

laboratory contacts ;  however, a material  with a higher melting tempera- 

t u r e  and higher vapor pressure is required f o r  high vacuum devices. 

S i l v e r  containing one atomic percent t e l l u r i u m  makes a good ohmic con- 

t a c t  t o  n-type gallium phosphide and has t h e  required vacuum charac- 

teristics. Tellurium-doped s i l v e r  w a s  evaporated onto a gallium phosphide 

c r y s t a l  and alloyed at about 900°C i n  t h e  a l loy ing  s t a t i o n .  To protect  

the  s i l v e r  from oxida t ion  and from n i t r i c  acid etches used during o ther  

f ab r i ca t ion  s teps ,  a t h i n  f i lm of gold w a s  evaporated over it. This 

provided a s t a b l e  ohmic contact of t h e  des i red  c h a r a c t e r i s t i c s .  

2. Blocking Contacts 

As ind ica ted  previously, a high sur face  b a r r i e r  is  required 

between the  semiconductor and t h e  t h i n  m e t a l  sur face  f i l m .  I n  order  t o  

be able  t o  use evaporated BaO for the  ac t iva to r  f i lm,  a b a r r i e r  equal 

t o  or g rea t e r  than about 1.3 ev i s  required.  O f  a l l  t h e  semiconductor/ 

metal systems reported i n  the l i t e r a t u r e ,  only two semiconductors appear 

t o  m e e t  t h e  b a r r i e r  height  requirements: CvLSiC and Gap. 

a. S i l i c o n  Carbide 

Some WSiC c r y s t a l s  w e r e  given to  us by Dr .  D. Hamilton 

of Westinghouse. One of t h e  c rys t a l s  w a s  polished and etched i n  molten 

NaC1. Small ohmic contacts  w e r e  formed i n  four  loca t ions  on one s i d e  

of t h e  c r y s t a l .  

percent tantalum by hea t ing  i n  a vacuum i n  s t e p s  t o  an u l t imate  t e m -  

perature  of 157eC.  

of the  c r y s t a l  by evaporating platinum. 

These contacts  were made with an a l loy  of gold and 15 

Blocking contacts w e r e  applied t o  t h e  o the r  s i d e  
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Figure 6 i s  a photograph of  an I -V c h a r a c t e r i s t i c  of t h e  

diode on a curve tracer. Because the b a r r i e r  is  obviously l o w ,  no attempt 

w a s  made t o  measure a b a r r i e r  height.  

b. G a l l i u m  Phosphide 

GaP-Pt Schottky diodes w e r e  f ab r i ca t ed  by vacuum evapora- 

t i o n  of Pt on GaP s i n g l e  c r y s t a l s .  On t h e  f i r s t  run  t h e  crystals w e r e  

prepared by simple degreasing. The I-V c h a r a c t e r i s t i c s  of t h e  r e s u l t i n g  

diodes possessed a suspic ious ly  high forward break vol tage,  which was 

suggest ive of  a non-intimate metal-semiconductor contact  (Fig. 7 ) .  On 

the  next run, g rea t e r  care w a s  exercised i n  c rys ta l  preparat ion,  with 

more meaningful r e s u l t s .  The c r y s t a l s  w e r e  prepared by f i r s t  e tch ing  

i n  50% HCl-50% H2N03 f o r  about th ree  minutes. 

removed from the  etchant .  Instead, electronic-grade methyl  a lcohol  w a s  

added u n t i l  t h e  concent ra t ion  of  the e tchant  w a s  negl ig ib le .  The crystal  

w a s  placed i n  t h e  vacuum chamber w e t  wi th  a lcohol ,  and the  b e l l  jar w a s  

evacuated as rap id ly  as possible .  The purpose of t h i s  procedure w a s  t o  

m i n i m i z e  exposure t o  atmosphere and possible oxida t ion  of the c r y s t a l .  

The crystals w e r e  not 

-6 A t  a pressure of about 10  torr ,  platinum w a s  evaporated 

through an appropr ia te  mask onto t h e  Gap c rys ta l .  The platinum source 

w a s  heated by electron-beam bombardment. No s h u t t e r i n g  w a s  used, and 

the  vacuum s y s t e m  used an o i l  d i f fus ion  pump which w a s  l iquid-ni t rogen 

trapped . 
Lead w a s  a l loyed onto t h e  o t h e r  f ace  of t h e  crystals t o  

form ohmic contac ts .  The I-V c h a r a c t e r i s t i c s  of t w o  of t he  r e s u l t i n g  

diodes are shown i n  Figs. 8 and 9. These diodes w e r e  c i r c u l a r ,  having 

a diameter of 0.056 inch. Figure 10 is  a semi-log p l o t  of  I vs. V, and 

Fig. 11 i s  a log-log p l o t  f o r  t h e  same diode. 

Capacitance-vs.-voltage d a t a  w e r e  taken on t w o  of t he  
2 

0.056 inch  diameter diodes,  and the  r e s u l t i n g  1/C -vs.-V p l o t s  are shown 

i n  Figs.  12 and 13. I n  Fig.  12, t h e  ex t r apo la t ion  of t h e  s t r a i g h t - l i n e  

reverse  c h a r a c t e r i s t i c  y i e lds  an in t e rcep t  of  about 3.7 ev, which c l e a r l y  

cannot be t h e  barrier height.  The forward c h a r a c t e r i s t i c  is  beginning 

2 1  



FIG. 6 I-V CHARACTERISTICS OF Sic-Pt DIODE 
Horizontal scale: 1 volt/’division 
Vertical scale: 230 po,’division 

FIG. 7 I-V CHARACTERISTICS OF Gap-Pt DIODE 
Horizontal scale: 1 volt,”division 
Vertical scale: 10 paldivision 
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FIG. 8 I-V CHARACTERISTICS OF Gap-Pt DIODE 
Horizontal scale: 5 volts,/’division 
Vertical scale: 10 pa,,’division 

i 

FIG. 9 CHARACTERISTICS OF Gap-Pt DIODE 
Horizon to I s ca le: 2 vo It s/d i vi  s ion 
Vertical scale: 10 paldivision 
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FIG. 12 1/C2 vs. V PLOT FOR Gap-EVAPORATED Pt - DIODE 2 

VOLTS 

FIG. 13 1/C2 vs. V PLOT FOR Gap-EVAPORATED Pt - DIODE 3 
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t o  drop at about 1.25 ev, however, i n d i c a t i n g  a b a r r i e r  height  of about 

1.5 ev. I n  t h e  case of t he  o t h e r  diode, t h e  curve could not be extended 

f a r  enough i n  t h e  forward d i r ec t ion  t o  ob ta in  a drop i n  1/C , so t h a t  no 

b a r r i e r  height could be deduced, as shown i n  Fig. 13. I n  t h i s  case, 

ex t r apo la t ion  of  t h e  reverse-bias  s t r a i g h t  l i n e  por t ion  y i e l d s  an i n t e r -  

cept  of about 3.75 ev, which again is c l e a r l y  too  high t o  represent  t h e  

b a r r i e r  height .  These r e s u l t s  w i l l  be discussed shor t ly .  

2 

One of the diodes FES then munted  9x1 the ?E112 spectro- 

m e t e r  and a zero-bias s p e c t r a l  response w a s  taken. Figure 14 i s  a 

Fowler p lo t  of t h e  square root of t h e  response-vs.-photon energy, and 

t h e  ex t rapola ted  in t e rcep t  of t h e  s t r a i g h t - l i n e  cutoff  region ind ica t e s  

a Schottky b a r r i e r  height  of about 1.4 ev, i n  agreement with t h e  1 /C  -vs.- 

V forward d a t a  of Fig.  12, and also i n  agreement with t h e  r e s u l t s  obtained 

by C o ~ 1 e y . l ~  

2 

A l l  of these  da t a  w i l l  now be discussed i n  d e t a i l .  

The semi-log p lo t  shown i n  Fig. 10  ind ica t e s  t h a t  t h e  

forward cur ren t  follows t h e  law I cy exp - over  t h e  s t r a i g h t - l i n e  

po r t ion  of t h e  c h a r a c t e r i s t i c ,  where n is  about 3.5. According t o  - 
simple Schottky theory,  n should be uni ty ,  so t h e  b a r r i e r  is  not of t h e  

s imple Schottky type.  
- 

Another i n d i c a t i o n  t h a t  t h e  b a r r i e r  is  not of t h e  simple 

Schottky type is  t h e  l a rge  values  of zero in t e rcep t  obtained on t h e  

1 / C  -vs.-V p l o t s  of Figs. 12 and 13. It has been learned from D r .  A. M. 

Cowley t h a t  s i m i l a r  r e s u l t s  on 1 / C  vs.  V were obtained on GaP-Pt diodes 

at S tanford  University when t h e  pt w a s  evaporated i n  an o i l -d i f fus ion-  

pumped system. When t h e  Pt was evaporated i n  an ion-pumped system, on 

t h e  o t h e r  hand, low i n t e r c e p t s  of  about 1.45 ev w e r e  obtained; and t h i s  

va lue  checked w e l l  wi th  b a r r i e r  heights Cowley obtained from hot-electron 

da ta .  Cowley a t t r i b u t e s  these  r e s u l t s  t o  a contaminating o i l  f i lm  i n  

t h e  case of  t h e  Pt evaporated i n  t h e  oil-diffusion-pumped s y s t e m .  

2 

* 2 

* 
Personel communication. 
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. Such a contaminated i n t e r f a c e  might also expla in  t h e  high 

va lue  of n found from t h e  s lope  of t h e  l o g  I-vs.-V p l o t  of Fig. 10. I n  

essence,  the contaminated layer ,  which  is  i n  series w i t h  t h e  t r u e  

b a r r i e r ,  reduces the  forward current  w e l l  below t h e  t h e o r e t i c a l  values 

corresponding to  n uni ty .  

- 

- 
Because t h e r e  i s  a contaminating o i l  f i l m  between the  G a p  

2 
and t h e  Pt, the 1/C -vs.-V plot does not approach zero when the  b a r r i e r  

i s  reduced t o  zero but i n s t ead  approaches l /C , ,  where C 

(e  = f i l m  pe rmi t t i v i ty ,  and t = f i l m  th ickness) .  

is seen  t o  be approximately 4 X 1017 farad 

of 1600 pf .  For a dielectric constant of uni ty ,  t h i s  capaci tance value 

corresponds to  a f i l m  thickness  of 60A. T h i s  f i l m  th ickness  is reasonable 

for l a r g e  organic  molecules. 

2 
L 1 -  = A ef / t f  

From Fig. 6 ,  l/< 
-2 f f 
, which implies  a C value 1 

0 

2 
The s lope  of t he  1 / C  -vs.-V curve should s t i l l  correspond 

t o  tne donor dens i ty  i n  t h e  semiconductor, even when a contaminating 

f i l m  e x i s t s  between t h e  semiconductor and t h e  metal. From the  s lope  

observed i n  Fig. 6 ,  a donor d e n s i t y  of 6.85 X 1017 c m  

The measured r e s i s t i v i t y  is  0.079 ohm-cm f o r  this Gap, and t h e  measured 

mobil i ty  is 110 c m  /volt-’ s e c  

dens i ty  of 7 . 0  X 1017 c m  

agreement with the  6.9 X 10 cm obtained from t h e  capaci tance measure- 

ment s . 

-3 can be ca lcu la ted .  

2 -1 

-3 
(Table I ) .  From t h e s e  values a donor 

can be  calculated.  This value i s  i n  good 
17 -3 

There i s  evidence of series re s i s t ance  l i m i t i n g  t h e  for-  

ward cur ren t  a t  high values  o€ forward b i a s .  If t h e  s t r a i g h t - l i n e  por t ion  

of the l o g  I-vs.-V p lo t  of Fig. 10 is ext rapola ted  upwards and the vol- 

t age  d i f f e rence  between t h i s  l i n e  and t h e  experimental curve is p lo t t ed  

aga ins t  t h e  cu r ren t ,  a s t r a i g h t  l i n e  r e s u l t s  wi th  a s lope  corresponding 

t o  a series r e s i s t a n c e  of about 1000 ohms. The most l i k e l y  explanat ion 

f o r  t h i s  series resistance is  the high r e s i s t a n c e  caused by t h e  con- 

taminat ion at  t h e  in t e r f ace .  

The hot-electron technique f o r  measuring barrier he ights  

appears t o  be t h e  most r e l i a b l e  method ava i lab le ,  s i n c e  t h e  proper re- 

s u l t s  are ev ident ly  obtained even for an unclean semiconductor/metal 
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junc t ion .  By t h e  same token, however, t h e  c l ean l ines s  o r  per fec t ion  of 

t he  i n t e r f a c e  cannot be ascer ta ined by t h i s  method. I t  would appear t o  
2 

be des i rab le ,  therefore ,  t o  t ake  1/C -vs.-V d a t a  as w e l l  as hot-electron 

d a t a  i n  o rde r  t o  ob ta in  the  m a x i m u m  amount of information possible .  

S t i l l  a t h i r d  method of ob ta in ing  b a r r i e r  he ights  is t o  

use t h e  Richardson equation, 

where @ i s  t h e  b a r r i e r  height and V i s  t h e  appl ied voltage.  This equa- 

t i o n  neglects  image forces ,  so t h a t  i t  should be appl ied only f o r  low 

vol tages  and cu r ren t s .  A s m a l l  error is  introduced because of t h e  un- 

c e r t a i n t y  i n  A. 

us ing  the  experimental da t a  of Fig.  10 and t h e  vacuum emission f o r  A of 

120 amp/cm deg 2. 
t h e  e f f e c t s  of image force  lowering o f  t h e  b a r r i e r .  The r e s u l t  was a 

CP of  about 0.7 ev. This i s  too low and probably r e s u l t s  from a leakage 

condi t ion.  This p a r t i c u l a r  diode had been made a month previous t o  

t ak ing  t h e  da t a  i n  Fig. 10, so there  may have been some contamination. 

The forward-bias d a t a  cannot be used r e l i a b l y  because of t he  high v a l u e  

of n i n  exp - qv compared t o  uni ty .  - nkT 
made t o  apply (n 1 1 1 ,  t h e  value of @ obtained from the  Richardson 

equat ion should check w e l l  wi th  the values obtained from 1/C -vs.-V 

and from hot-electron da ta .  

b 

An attempt w a s  made t o  c a l c u l a t e  @- from t h i s  equation, 
D - 

- 
2 

The cur ren t  was chosen a t  0.1 v o l t  b i a s  t o  minimize 

b 

When simple Schottky theory can be 

2 b - 

A Gap.€% diode has  been on dynamic l i f e  test f o r  over  

1000 hours with no s i g n i f i c a n t  changes i n  c h a r a c t e r i s t i c s .  Figure 15 

i s  a photograph of t h e  I -V  c h a r a c t e r i s t i c s  of t h i s  diode as displayed 

on a curve tracer. 

A considerable  amount of e f f o r t  has been expended i n  

a t tempting t o  develop a quan t i t a t ive  theory t h a t  w i l l  enable accurate  

p red ic t ion  of metal/semiconductor su r face  b a r r i e r  heights .  A paper has 
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FIG. 15 PHOTOGRAPH OF I-V CHARACTERISTICS OF GaP/EVAPORATED Pt-DIODE 
ON L IFE  TESTER 
Horizontal Scale: 1 volt/div. 
Vertical Scale: 200 pcddiv. 

been prepared  r e c e n t l y  concern ing  an a t  t ernpt t o  v e r i f y  Schot tky  t h e o r y  ; 

Appendices B and C comprise a p r e p r i n t  of t h i s  paper .  

C. ACTIVATION 

The approach i n  t h i s  s t u d y  has been based l a r g e l y  upon t h e  r e s u l t s  

o b t a i n e d  by Moore and Allison‘ i n  a c t i v a t i n g  v a r i o u s  meta ls  w i t h  t h i n  

evapora ted  f i l m s  of  BaO. They r e p o r t e d  thermionic  work f u n c t i o n s  as 

low as 1 .0  ev  w i t h  BaO on v a r i o u s  r e f r a c t o r y  meta ls .  A number o f  photo- 

e l ec t r i c  experiments  has  been performed, and t h e  r e s u l t s  a r e  promising.  

I n  t h e s e  experiments  t h e  BaO was d e r i v e d  from a B a a  d e p o s i t  t h a t  
3 

was c o n v e r t e d  t o  t h e  o x i d e .  A s h u t t e r  was i n c o r p o r a t e d  i n  t h e  phototube 

t o  s h i e l d  t h e  s u b s t r a t e  d u r i n g  t h e  convers ion .  I n  i n i t i a l  exper iments  

w i t h  hlo t h e  ca thode  was a p i e c e  of s h e e t  &Io. I n  l a t e r  exper iments  t h e  

metal w a s  evapora ted  o n t o  a s u b s t r a t e  j u s t  b e f o r e  t h e  a c t i v a t i o n  began. 
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I 

A hea te r  w a s  incorporated i n  t h e  subs t r a t e  t o  l i b e r a t e  any f r e e  B a  t h a t  

may have been deposi ted i n  evaporating t h e  BaO. 

measured with a PE112 spectrometer us ing  a W source.  In  most cases t h e  

phototubes w e r e  ge t t e r ed  wi th  B a  and t ipped  o f f  t o  make t h i s  measurement. 

The tubes with evaporated Pt  cathodes w e r e  t e s t e d  on t h e  pumping s t a t i o n  

by br inging  t h e  vacuum system up t o  t h e  spectrometer and by using a l ens  

s y s t e m  to focus t h e  l i g h t .  

The photoresponse was 

The ob jec t ive  with t h e  l a s t  two tubes made w a s  t o  determine t h e  

lowest a t t a i n a b l e  work funct ion with BaO on evaporated Pt. In  tube No. 5 

t h e  Pt source burned out  before the  Ta s u b s t r a t e  w a s  uniformly covered 

with Pt, so t h e  r e s u l t s  w e r e  somewhat ambiguous (Fig. 16).  The lower 

i n t e r c e p t  of 1.32 ev i s  a t t r i b u t e d  t o  t h e  Ta. The Pt source i n  tube 

No. 6 was heated by induct ion  so a s a t i s f a c t o r y  f i l m  w a s  deposited on 

a Mo subs t r a t e ,  r e s u l t i n g  i n  a w o r k  func t ion  of about 1 .6  ev (Fig. 17). 

Figure 18 is  a p lo t  of t h e  s q u a r e  root of t h e  response-vs.-photon 

energy from t h e  m o s t  recent  measurements made on phototube No. 

Ag-BaO tube.  This is t h e  t y p e  of p l o t  t h a t  has been made i n  analyzing 

a l l  t h e  d a t a  obtained, and i n  t h e  l i t e r a t u r e  is  o f t e n  r e fe r r ed  t o  as a 

4, a 

I t  I t  Fowler Plot .  A review of t h e  ea r ly  l i t e r a t u r e  i n  t h i s  a r ea  (e.g., 

Hughes and DuBridgeZ7 ) d i sc loses  tha t  t h e  t e r m  "Fowler Plot"  o r i g i n a l l y  

r e fe r r ed  t o  a p l o t  of l og  (I/T ) vs. hv/kT. A comparison of t hese  two 

types of analyses i s  made i n  Appendix A; and Fig. 19 i s  a p lo t  of t h e  

l a t t e r  t y p e ,  using t h e  same da ta  from phototube No. 4. 

2 
10  

The resu l t s  obtained from t h e  t w o  methods i n  t h i s  case a r e  i d e n t i c a l .  

The main d i f f i c u l t y  wi th  t h e  JR-vs.-hV p l o t  i s  i n  determining accura te ly  

t h e  l o c a t i o n  of t h e  i n t e r c e p t  when t h e  response near  threshold depar t s  

somewhat from a square-law dependence on energy. Through use of t h e  

more r igorous l o g  p lo t  it is  usually poss ib le  t o  overcome t h i s  d i f f i -  

cu l ty .  

An off -ax is  e l l i p s o i d a l  mirror has been mounted at  t h e  e x i t  s l i t  of 

t h e  spectrometer.  I t  produces 

approximately 0.100 i n  X 0.025 

f u t u r e  measurements of b a r r i e r  

s t r u c t u r e s .  

a demagnified image of the  e x i t  s l i t  

i n .  This attachment w i l l  f a c i l i t a t e  

heights  and work funct ions on s m a l l  
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From the  experimental r e s u l t s ,  i t  appears un l ike ly  t h a t  vacuum 

b a r r i e r s  below 1.5 ev can be obtained with BaO on evaporated Pt. Moore 

and Allison' d id  not measure BaO on Pt but they report a value of  1.9 ev 

f o r  SrO on Pt .  Since they obtained almost i d e n t i c a l  values f o r  BaO and 

SrO on Mo, W, and Ta, t h e  values above 1.5 ev f o r  BaO on Pt are not un- 

reasonable.  The measured height of t h e  Schottky b a r r i e r  formed by Gap 

and Pt is  less than  1.5 ev;  i t  w i l l  t he re fo re  be necessary to use another 

metal o r  a combination of metals. Since Ag and Ta have been ac t iva ted  

t o  values  below 1.5 ev wi th  BaO, a t h i n  f i lm  of F% could be used next 

t o  t h e  GaP t o  ob ta in  t h e  necessary Schottky b a r r i e r ,  followed by a t h i n  

f i lm  of Ag o r  Ta which would be t r ea t ed  with BaO i n  t h e  usual  manner. 

Another p o s s i b i l i t y  i s  t o  replace the  Pt with another metal having 

a s l i g h t l y  lower work funct ion.  Experiments are being conducted on W 

f i lms;  and i f  Schottky b a r r i e r s  on t h e  order  of 1.3 ev can be obtained, 

it might St: 8 suitable rep laresent  for &?t. Xi is amther ~ e t s l  thrt is 

being considered f o r  this purpose. 

When a metal i s  ac t iva t ed  w i t h  a l o w  work func t ion  element l i k e  Cs,  

t h e  reduct ion i n  the  work funct ion of t he  m e t a l  can be explained i n  terms 

of a d ipole  l a y e r  on t h e  sur face .  The Cs is absorbed as pos i t i ve  ions 

with an opposing negat ive charge on t h e  su r face  of t he  metal. The re- 

duct ion i n  work func t ion  

where N i s  t h e  number of 

between t h e  pos i t i ve  and 

i s  

2 Acp = 477 N e  d 

absorbed ions per 

negat ive charges. 

(5) 

2 
cm and d is  the  d is tance  

I f  a s i m i l a r  model can be applied to  t h e  BaO a c t i v a t i o n  process,  

then  t h e  f i n a l  value of cp would be r e l a t e d  t o  t h e  work funct ion of t h e  

m e t a l ,  cp,. However, Moore and Allison6 poin t  out t h a t  t he  cleanliness 

of t h e  m e t a l  su r f ace  has a dominating e f f e c t .  Uniformly l o w  values of 

cp w e r e  obtained with t h e  re f rac tory  metals Mo, W, and Ta  which w e r e  

thoroughly outgassed by prolonged heating. On  t h e  o t h e r  hand, t h e i r  

Pt and N i  s u b s t r a t e s  could not be heated t o  t h e  same exten t  and did not 

a c t i v a t e  as w e l l .  
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With evaporated m e t a l  f i lms ,  optimum a c t i v a t i o n  wi th  BaO can be ob- 

t a i n e d  i f  t he  f i lms  are evaporated i n  a vacuum t h a t  precludes any gas 

absorpt ion on t h e  su r face  before the BaO a c t i v a t i o n  is  s t a r t e d .  From 

t h e  r e s u l t s  obtained i n  t h i s  laboratory,  t h e  rate at which the  BaO is  

evaporated also seems t o  be important. Moore and Allison’ c l a i m  t h a t  

f r e e  Ba has no appreciable  e f f e c t ,  but it has been observed t h a t  a rap id  

evaporat ion usual ly  r e s u l t s  i n  higher b a r r i e r s  than  with slower evapora- 

t i o n s .  This e f f e c t  can be l a r g e l y  overcome by hea t ing  t h e  s u b s t r a t e  t o  

l i b e r a t e  t h e  f r e e  Ba produced by t h e  higher  source temperatures. 

The r e s u l t s  obtained wi th  BaO-Ag phototube No. 4 a re  very encouraging. 

The m o s t  recent  measurement of 1.35 ev was made nine months a f t e r  t h e  

i n i t i a l  measurement of 1.44 ev. T h i s  i nd ica t e s  t h a t  BaO-activated 

cathodes w i l l  not d e t e r i o r a t e  over extended periods of t i m e  i n  a good 

vacuum. The ac tua l  pressure i n  t h i s  barium-gettered tube cannot be 

determined, but it is assumed t o  be on t h e  order  of 10 torr .  The f a c t  

t h a t  t h e  latest value of (p is  l o w e r  than the  previous values does not 

necessa r i ly  mean t h a t  t h e  tube  has improved with t i m e .  The cathode 

area i n  t h i s  tube i s  l a r g e  and the re  i s  some v a r i a t i o n  i n  the  amount of 

a c t i v a t i o n  over t h i s  surface.  The value of 1.35 ev w a s  obtained by 

maximizing t h e  response on t h e  spectrometer as the  l i g h t  w a s  focussed 

on d i f f e r e n t  areas  . 

-9 
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I11 CONCLUSIONS AND SUMMARY 

Gap appears t o  be an excel lent  choice f o r  t h e  semiconductor to  use 

i n  t h e  surface-barr ier  cold cathode. Good-quality c r y s t a l s  are ob- 

t a i n a b l e  from Monsanto Chemical Co. Techniques have been developed i n  

our  labora tory  f o r  su r face  preparat ion of t h e  c r y s t a l s .  Good ohmic 

con tac t s  have been demonstrated with Pb and with al loyed Te-doped Ag. 

Good blocking contac ts  have been obtained wi th  evaporated Pt. Long l i f e  

and s t a b i l i t y  have been demonstrated f o r  GaP-Pt diodes on dynamic l i f e  

test .  

D i r e c t  use of a GaP-Pt ,  cold-cathode emitter does not appear t o  be 

possible ,  however, because BaO-activated platinum has a higher work 

func t ion  (- 1.55 ev)  than  t h e  GaP-Pt sur face  b a r r i e r  (- 1.45 ev) .  One 

s o l u t i o n  t o  t h i s  problem would be to eva-porate a double m e t a l  layer onto 

t h e  Gap, e . g . ,  Pt followed by Ag. The Pt would then form a high sur face  

b a r r i e r  (- 1.45 ev)  and t h e  Ag would a c t i v a t e  w e l l  wi th  BaO t o  form a 

low vacuum work func t ion  (- 1.35 ev). A more des i r ab le  so lu t ion ,  how- 

ever ,  would be t o  f i n d  some s i n g l e  m e t a l ,  My such t h a t  Gap-M-BaO would 

form a workable combination. 

Long l i f e  and s t a b i l i t y  f o r  low-work-function evaporated BaO sur-  

faces  have been demonstrated i n  an ult ra-high vacuum environment. The 

theory of metal/semiconductor contacts  has been extended and re f ined .  
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I V  PROGRAM E'OR NEXT INTERVAL 

1. Fabricate and test GaP-W surface barrier diodes. 

2 .  Fabricate and test W-BaO phototubes. 

3 .  I f  the system GaP-W-BaO looks worthwhile, fabricate and test a 

surface barrier co ld  cathode using this combination of materials.  

4 .  Continue l i f e  tests on GaP-Pt diode and on BaO phototubes. 

4 0  
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APPENDIX A 

PHOTOELECTRIC THRESHOLD MEASUREMENTS 

FOR METAL SURFACES AND METAL-SEMICONDUCrOR 

SURFACE BARRIER JUNCl'IONS 

The emission of photoelectrons over the barrier at the interface 

of a metal-semiconductor contact is completely analogous to the well- 

known vacuum photoelectric effect, and just as the vacuum photoelectric 

effect has been used to determine the work function of solids, es- 

pecially metals, the photo-effect in surface barrier junctions can be 

This appendix briefly outlines used to measure the barrier height 'p 

the theory of the photo-effect according to Fowler2' and shows the equi- 

valence of the Fowler method to the commonly used "square-root yield vs. 

hut' method [c.f for example, C. R. Crowell, et al., Phys. Rev. 127, p. 

2006 (1962)].11 

cpm 

b .  

FOWLER THEORY 

The Fowler Theory of the photoelectric effect is based on the Som- 

merfeld free-electron theory of a metal. It is well established, of 

course, that the Sommerfeld model gives only a very crude picture of the 

electron distribution in most metals. However, for the purpose of cal- 

culating the photoemission for photon energies which are only slightly 

greater than threshold, it turns out that the Sommerfeld model gives a 

theoretical expression for the photoelectric yield-vs.-photon energy 

which is in good agreement with experiment for most metals. 

The Sommerfeld model treats the metal as a potential well, with a 

potential step, at the surface, as shown in Fig. Al. The height of the 

potential step at the surface, measured from the Fermi level, may repre- 

sent the work function 'pm 

or the barrier height 'p 

In any case, this quantity will be denoted by the symbol 

in the case of the metal-vacuum interface, 

in the case of a metal-semiconductor contact. b J  
CJI . 
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. 

E, 

-E= 0 

F1G.A-1 ENERGY DIAGRAM OF METAL 
SURFACE (Sommerfeld Model) 

The r e l a t i v e  pho toe lec t r i c  y ie ld  i n  electrons/photon can be calcu- 

la ted by first consider ing the  d i s t r i b u t i o n  func t ion  N(E) f o r  t h e  f l u x  

of electrons having energy E di rec ted  perpendicular t o  t h e  emi t t ing  

s u r f a c e  of t h e  metal. 

stat  i s  t ical  cons idera t  ions as 

Fowler2' derives N(E) f r o m  s t ra ight forward  

where E is the  Fermi energy. F * 
The following assumptions are made regarding t h e  i n t e r a c t i o n  of 

photons w i t h  the assembly of e lec t rons  i n  the  metal: 

A photon wi th  energy hv imparts a l l  of i t s  energy t o  

t h e  e l e c t r o n  i n  a d i r ec t ion  perpendicular to  the  sur-  

face, i.e., t h e  perpendicular energy of an e l e c t r o n  

with i n i t i a l  perpendicular energy E is  E + hv a f t e r  

t h e  in t e rac t ion .  

The p robab i l i t y  of an e l ec t ron  absorbing a photon is  

independent of i t s  energy. 

* 30 A discussion of t hese  and o t h e r  assumptions i s  given by L. A. I)uBridge. 
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. These t w o  assumptions are equivalent t o  s t a t i n g  t h a t  when a stream 

of photons illuminates a m e t a l ,  a s m a l l  f ixed  f r a c t i o n  K of  t h e  e l ec t rons  

i n  each energy increment dE are s h i f t e d  upward i n  energy by t h e  photon 

energy hv. Denoting t h e  "shif ted" d i s t r i b u t i o n  by N' w e  can w r i t e  

(A-2 1 4mnkT "(E) = I( - 
h3 kT 

In t eg ra t ion  of "(E) over a l l  energ ies  g r e a t e r  than t h e  p o t e n t i a l  * 
s t e p  y i e lds  t h e  pho toe lec t r i c  current  per un i t  photon f lux ,  o r  t h e  

pho toe lec t r i c  y i e ld ,  as i t  is  commonly ca l l ed :  

Y(hv) = K - 4TnnkT log, [I + exp (EF -kE + ")] dE . (A-3) 

h3 EF-@ 

Changing t h e  va r i ab le  allows t h i s  i n t e g r a l  t o  be w r i t t e n  

The i n t e g r a l  i n  (A-4) has been evaluated as an i n f i n i t e  series by 

Fowler2* and can be w r i t t e n  

Y(hv) = K +- -  

where u = v. 
When T = 0, Eq. (A-5) reduces to  

2Km 2 
Y(hv) -- (hv - cp)  T=O h3 (A-6) 

* 
This is  tantamount t o  assuming tha t  t h e  t ransmission coe f f i c i en t  of 
e l ec t rons  over t h e  b a r r i e r  i s  unity i f  E > cp + EF and zero i f  
E < cp + EF. This point  is  also discussed by DuBridge ( o p . ~ i t . ) . ~ '  
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For u >> 1, i.e., hV yep+ 3kT, a good approximation t o  Eq. (A-5) 

is 

i.e.,  f o r  photon energies such t h a t  hv g tp + 3kT, t h e  y i e l d  is w e l l  

approximated by i ts  zero temperature value.  It is thus  expected t h a t  

f o r  photon energ ies  more than  3kT o r  so above t h e  threshold  t h e  y i e ld  

w i l l  vary a s  t h e  square o f  photon energy. I f  t h e  square root of t h e  

measured response is p lo t ted ,  a s t r a i g h t  l i n e  should r e s u l t  which, when 

ex t rapola ted  t o  t h e  Y = 0 axis, y ie lds  t h e  work func t ion  o r  b a r r i e r  

height  cp. This is t h e  method used by C r o w e l l  e t  a l .  (op. c i t . ) . "  

Equation (A-5) may be divided by T and r ewr i t t en  a s  follows: 

-- 
2 

- -  Y(hv) - e f ( u )  
T2 

(A-8) 

-2U - 3 U  
where C = K - 4mk' and f ( u )  = + $ u2 - {e -u - - e +--  e ...} . 

2 
TI 

h3 22 32 
Taking t h e  common logarithm of Eq. (A-8) w e  o b t a i n  

(A-9) 

where F(u) = l og  f ( u ) .  10 

F(u) is a universa l  curve which has been ca l cu la t ed  and tabula ted  

Evidently a p l o t  of experi-  [c.f. A. L. Hughes and L. A. DuBridge"']. 

mental values of l o g  (Y/T ) vs. hv/kT w i l l  y i e ld  a curve which is  dis- 10 
placed B u n i t s  v e r t i c a l l y  and tp/kT un i t s  hor izonta l ly  from a p lo t  of t h e  

universa l  curve F(u). 

b a r r i e r  height  cp i n  u n i t s  of kT, at  any temperature. 

o r i g i n a l l y  used by Fowler. 

2 

The amount of hor izonta l  displacement y i e lds  t h e  

This i s  t h e  method 

The two methods j u s t  described are ev ident ly  equivalent  i f  s u f f i -  
c i e n t  da t a  with hV 2 cp + 3kT can be obtained f o r  t h e  11 square root" method. 

The "loge>' method is  p re fe rab le  i f  r e l i a b l e  d a t a  can be obtained only 

wi th in  a few t en ths  of an ev of threshold.  Figures 18 and 19, Sec. 11-C, 

provide a comparison of t h e  two methods f o r  t h e  case of a BaO-activated 

Ag photocathode. 
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1. Introduct ion 

APPENDIX B 

CORRELATION OF METAC-SEMICONDUCMIR 

BARRIER HEIGHT AND MEZAL WORK 

FUNCTION; EFFECTS OF SURFACE STATES 

The height ,  ‘pb , of a metal-semiconductor sur face  b a r r i e r ,  as 

given by t h e  Schottky theory,  is  

where ‘pIE i s  the work funct ion of t h e  m e t a l ,  and EA is the  e l ec t ron  

a f f i n i t y  of t h e  semiconductor. I n  general ,  poor co r re l a t ion  is  obtained 

between t h e  b a r r i e r  he ight  predicted by Eq. (Bl)  and t h a t  measured experi- 

mentally. 

I n  order t o  show t h i s  c l e a r l y ,  Figs.  B1 through B4 w e r e  prepared for 

four  semiconductors f o r  which values of e lec t ron  a f f i n i t y  were known and 

f o r  which barrier height measurements have been taken f o r  a number of 

metals. The values of work function used were t h e  average values tabu- 

l a t e d  by M i ~ h a e l s o n . ~ ~  

Michaelson3’ are a l s o  shown by t h e  hor izonta l  l i n e s .  Electron a f f i n i t y  

values  w e r e  taken from Gobeli and Allen32 f o r  S i  and GaAs, and from 

Kindig33 for CdS. 

f o r  GaP. 

f o r  S i  and GaP ,  and from S p i t s e r  and Mead22 f o r  CdS and GaAs. 

CdS from Goodman2’ a r e  a l s o  included i n  Fig. B2. 

f o r  S i  are included i n  Fig.  B 1  from Crowell et  a1.l’ 

The spreads i n  work funct ions tabulated by 

An e lec t ron  a f f i n i t y  of 4.0 ev was a r b i t r a r i l y  assumed * 
The b a r r i e r  height da t a  were obtained from Cowley and Sze” 

Data f o r  

I n  addi t ion ,  data  

* 
Cowley and Sze computed t h e  S i  b a r r i e r  he ights  from da ta  reported by 

Archer and Atalla.34 
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I n  studying t h e  lack  of agreement between Schottky theory and experi- 

ment, the authors came t o  two r e l a t ed  conclusions. F i r s t ,  it should be 

recognized t h a t  t h e  magnitude of t h e  d i f f e rence  between two numbers t h a t  

a r e  very near ly  t h e  same is  very sens i t i ve  to  t h e  exact values of t h e  two 

numbers. Thus, a very small percentage e r r o r  i n  e i t h e r  'p or EA i n  

4. (Bl )  could produce a very la rge  percentage e r r o r  i n  t h e  ca lcu la ted  

value of 'p 

lated by Michaelson3' is, i n  general ,  not j u s t i f i e d .  For most metals 

there is  8 considerable spread i n  the values of work funct ion reported by 

d i f f e r e n t  workers, as noted i n  Figs. B1 through B4. This l a rge  spread 

i s  understandable because t h e  work func t ion  of a metal i s  typ ica l ly  

q u i t e  s e n s i t i v e  t o  sur face  Contamination. I n  t h e  case of thermionic 

emission, the sur face  may i n  some cases--for example, tungsten--be 

cleaned by the heat ing process;  however, i n  the  case of photoe lec t r ic  

emission o r  t he  contact  p o t e n t i a l  method of measuring work funct ion,  

the metal w u l d  have to be Gutgassed thcrcrughly in 8" ult rz-high vacuum 

sys t em before the  work funct ion measurement could t ake  on any r e a l  s ig-  

n i f icance .  Or, a l t e r n a t i v e l y ,  measurements could be made on f r e sh ly  

evaporated f i lms i n  an ul t ra-high vacuum. 

m 

Second, t h e  use of t h e  mean values  of work funct ion tabu- 
b *  

These precautions w e r e  not always observed by t h e  various workers, 

and many of t h e  values a r e  therefore  unre l iab le .  Rel iab le  measurements 

have been made f o r  some metals i n  recent years ,  as w i l l  be discussed 

l a t e r .  

an evaporated metal f i lm  may vary severa l  t en ths  of a vo l t  from the bulk 

value,  and t h a t  annealing of such evaporated f i lms can cause l a rge  changes 

i n  work function. I n  addi t ion,  the s u b s t r a t e  can exe r t  a considerable 

inf luence  on the  s t r u c t u r e  of the condensing f i lm  and consequently t h e  

However, i t  has come t o  be recognized that the work funct ion of 

work function. 

T h i s  paper w i l l  f i r s t  consider t h e  following question: Can Eq. (Bl) * 
be made t o  agree with experiment through t h e  use of t h e  co r rec t  

func t ion  f o r  each metal? Assuming t h e  answer t o  t h i s  quest ion i s  i n  the 

work 

Correct" here  means t h e  work funct ion of a metal f i lm  evaporated i n  an *t* 

ult ra-high vacuum onto a cold subs t r a t e  i d e n t i c a l  t o  t h a t  used f o r  t h e  
metal-semiconductor b a r r i e r s  of Figs. B 1  through B4. 
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a f f i rma t ive ,  a second ques t ion  then a r i s e s :  Can t h e  co r rec t  values  of 

work func t ion  be found from the  experimental b a r r i e r  height  data? A 

t h i r d  ques t ion  concerns the  values of e l e c t r o n  a f f i n i t y  f o r  t he  semicon- 

ductors--i .e. ,  Can c o r r e l a t i o n  be found between t h e  independently mea- 

sured e l e c t r o n  a f f i n i t y  values and the values  required t o  make Eq. (€31) 

f i t  experiment? It i s  the purpose of t h i s  paper t o  attempt an answer t o  

t h e s e  quest ions.  Conclusions concerning the v a l i d i t y  of Eq. ( B l )  can 

then be drawn. It w i l l  be shown tha t  e l e c t r o n  a f f i n i t y  values  can be 

made t o  f i t  by modifying Eq. (Bl) to include the  e f f e c t s  of sur face  states. 

2. Calcula t ions  

As a f i r s t  s t e p  i n  attempting t o  answer the  preceding ques t ions ,  

Table B I  was prepared. 

The t h i r d  column i n  Table B I  cons i s t s  of the  mean values of work * 
func t ion  f o r  each metal as tabulated by M i ~ h a e l s o n . ~ ~  

column c o n s i s t s  of the experimental va lues  of b a r r i e r  height. The f i f t h  

column c o n s i s t s  of the e l ec t ron  a f f i n i t y  values  required t o  f i t  Eq. (Bl). 

The e l e c t r o n  a f f i n i t y  values were then averaged f o r  each semiconductor, 

a s  l i s t e d  i n  the  s i x t h  column of Table B I .  Equation ( B l )  was then solved 

f o r  cp f o r  each metal on each semiconductor, using the average values 

of e l e c t r o n  a f f i n i t y .  The seventh column of Table B I  shows the r e s u l t s  

of these ca l cu la t ions ,  t he  values b e i n g  r e f e r r ed  t o  as the adjusted work 

func t ion  values .  

The fou r th  

m 

W e  can now compare t h e  adjusted values of cp f o r  the same metal b 
on d i f f e r e n t  semiconductors and thereby answer the f irst  ques t ion  r a i sed .  

Table B I I  l ists  these  ad jus ted  (p values ,  and it can be seen t h a t  rea- 

sonably good agreement is  indeed obtained between t h e  values of adjusted 

cpb 

b 

f o r  t he  same metal on d i f f e ren t  semiconductors. The w o r s t  dev ia t ions  

occur f o r  CdS, t he  values being cons is ten t ly  high 

The average value of cp f o r  each metal was then b 
a r e  shown i n  Table B I I I .  

f o r  t h i s  semiconductor. 

found; t hese  r e s u l t s  

~ ~~ * 
The mean values  of more recent  t ab le s  could have 

be shown, the f i n a l  r e s u l t s  and conclusions would 
a l t e r e d .  

been used; bu t ,  a s  w i l l  
not be s i g n i f i c a n t l y  
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Table B-I 

ELECI?IDN AFFINITY AM) ADJUSTED WORK FUNCTION 

VALUES ACOOBDIlpG “l SCEYIlKY T”)RY 

N i  
Ag 
Al 
w 
Au 
Pt 

4.84 0.61 
4.28 0.69 
3.74 0.67 
4 . e  0.78 
4.58 0.81 
5.29 0.85 

S i  
(Crowell et al.”) 

C d s  
(Spitzer and &fed2) 

Ag 4.28 0.66 
cu 4.47 0.55 
Au 4.58 0.80 
w 4.82 0.71 

Au 4.58 0.78 
Ag 4.28 0.56 
CU 4.47 0.36 
M 4.84 I 0.45 
Pt 5.29 0.85 

EA R e q u i r e d  to  
F i t  Eq. ( E l )  

(ev ) 
3.10 
3.76 

4.23 
3.59 
3.07 
4.04 
3.77 
4.44 

.) 
d . * O  

3.86 3.62 
3.92 
3.78 
4.11 

4.52 
4.41 
4.66 
4.57 

3.80 
3.72 
4.ii 
4.39 
4.44 

cds 
(Goodman21 ) 

GaAs 
(Spitzer and Me&“) 

Gap 
(Cowley and Sze”) 

3.90 
4.22 
4.02 
3.91 
4.09 

Au 4.58 0.68 
w 4.82 0.60 
cu 4.47 0.45 
& 4.28 0.37 
Pt 5.29 1.20 

Au 4.58 0.90 
Al 3.74 0.80 
Ag 4.28 0.88 
cu 4.47 0.82 
Pt 5.29 0.86 
Be 3.37 0.81 
Sn 4.11 0.65 

Mg 3.46 1.04 
Al 3.74 1.05 
Ag 4.28 1.20 
cu 4.47 1.20 
Au 4.58 1.28 
Pt 5.29 1.45 

3.68 
2.94 
3.40 
3.65 
4.43 
2.56 
3.46 

2.42 
2.69 
3.08 
3.27 

3.10 

A v e r a g e  EA 
for each Adjusted Work 

Semiconductor Function 

3.72 4.08 
4.43 

4.33 I 4.41 
4.39 1 4.50 
4.53 

1 qc I.** 

1 4.57 

4.14 

3.30 
3.84 1 

4-09 I t:fX *.*a I .r I 4.54 
, 4.94 

4.38 
4.55 
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Table B-I1 

COMPARISON OF ADJUSTED WORK FUNCTIONS F R O M  TABLE B-I 

S i  
(Crowell 
et a l . )  

4.41 

4.52 

4.57 
4.66 

Semiconductor 4 

Metal 

Mg 
cu  
Sb 
N i  
Ag 
A l  
w 
Au 
Pt 
Be 
Sn 

CdS 
(Spi t  z e r  CdS 
and Mead) (Goodman) GaAs Gap 

4.14 
4.45 4.48 4.27 4.30 

4.54 
4.65 4.40 4.33 4.30 

4.25 4.15 

4.87 4.71 4.35 4.38 
4.94 5.23 4.31 4.55 

4.63 

4.26 

S i  
(Cowley 
and S z e )  

4.08 
4.43 
4.35 
4.33 
4.41 
4.39 
4.50 
4.53 
4.57 

M e t  a1 

Mg 
cu 
Sb 
N i  
Ag 
A l  
w 
Au 
Pt 
B e  
Sn 

Average Adjusted 
Work Functions 

(ev 1 
4.11 
4.39 
4.35 
4.44 
4.44 
4.26 
4.57 
4.58 
4.72 
4.26 
4.10 

Table B-I11  

AVERACE OF ADJUSTED WORK FUNCTIONS FROM TABLE B-I1 
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The foregoing 

mean work funct ion 

procedure i s  tantamount t o  assuming t h a t  although the  

values tabulated by Michaelson31 are unre l i ab le ,  t h e  

average value of work funct ion f o r  a l l  t h e  metals i s  probably c lose  t o  

t h e  average value of t h e  cor rec t  work funct ions.  The procedure then as- 

sumes t h a t  t h e  e l ec t ron  a f f i n i t i e s  of t h e  semiconductors used i n  Table B I  

are unknown, and t h e  first s t e p  i s  t o  f ind  these  e l ec t ron  a f f i n i t i e s .  

Assuming Eq. (B1) is v a l i d  and the Michaelson3’ average values apply,  an 

average of t h e  e l ec t ron  a f f i n i t y  values of t h e  f i f t h  column should be 

clnse to the correct electrnn ~ f f i n i t y  fnr ezch semicom!uctor. These 

averages are shown i n  t h e  s i x t h  column of Table B I .  The next s t e p  is  t o  

f i n d  t h e  adjusted work funct ions tha t  f i t  Eq. (Bl).  These a r e  shown i n  

the  seventh column of Table B I  and l i s t e d  i n  Table B I I .  The next assump- 

t i o n  i s  t h a t  t h e  average values of work function of Table B I I  a r e  c lose  

t o  t h e  cor rec t  work functions.  These averages a r e  l i s t e d  i n  Table B I I I .  

An i t e r a t i v e  procedure is  then employed, as shown i n  Table BIV. This 

t a b l e  is  l i k e  Table B I ,  except that t h e  average adjusted work functions 

of Table B I I I  w e r e  used ins tead  of the mean work funct ion values of 

M i ~ h a e l s o n . ~ ~  

i n  t h e  four th  column of Table BIV are much more cons is ten t  fo r  each s e m i -  

conductor than was t h e  case f o r  Table B I .  The average value of e lec t ron  

a f f i n i t y  f o r  each semiconductor i s  then found, a s  shown i n  the  f i f t h  column 

of Table BIV. N e w  readjusted work €unctions f o r  each metal on each s e m i -  

conductor are then found, as shown i n  t h e  s i x t h  column of Table BIV and 

a s  l i s t e d  i n  Table BV. It can be seen t h a t  t h e  values f o r  CdS a r e  no 

longer cons is ten t ly  high, as they were i n  Table B I I .  The average value 

of work funct ion f o r  each metal l i s t e d  i n  Table BV was then found, as 

shown i n  t h e  four th  column of Table BVI. These values w i l l  subsequently 

be r e f e r r e d  t o  as t h e  der ived values of work funct ion.  

It can be seen t h a t  the various values of e l ec t ron  a f f i n i t y  

The foregoing procedure could be i terate-d,  but t he  c l o s e  agreement 

between t h e  average EA values i n  Tables B I  and B I V  and between t h e  cp 

values of Tables B I I I  and BVI ind ica te  t h a t  only in s ign i f i can t  changes 

would occur. 

m 

Figures B5 through B8 were then prepared, using t h e  average values 

56 



3.88 4.56 
4.48 
4.33 
4.25 

3.58 

3.21 

4.48 
4.38 
4.46 
4.40 
4.44 
4.39 
4.23 

4.25 
4.26 
4.41 
4.41 
4.49 
4.66 

Table B-IV 

ADJUSTED ELECTRON AFFINITY AND READJUSTED WORE 

FUNCTION VALUES ACCORDING TO SCHOTTKY THEORY 

Average 
d j u s t e d  Work 

Function 
(ev 1 
4.11 
4.39 
4.35 
4.44 
4.44 
4.26 
4.57 
4.58 
4.72 

4.44 
4.39 
4.58 
4.57 

Met a1 

Mg 
cu 
Sb 
Ni 
Ag 
A l  
w 
Au 
Pt 

Ag 
cu 
Au 
w 

Semi conductor 

S i  
(Cowley and Sze17) 

3.75 
3.68 
3.72 
3.83 
3.75 
3.59 
3.79 
3.77 
3.87 

3.75 4.11 
4.46 
4.38 
4.36 
4.44 
4.42 
4.53 
4.56 
4.60 

3.78 
3.84 
3.78 
3.86 

3.81 4.47 
4.36 
4.61 
4.52 

CdS 
(Spi tzer  and Mead'") 

Au 
As 
cu 
N i  
Pt 

4.58 
4.44 
4.39 
4.44 
4.72 

9.80 
3.88 
4.03 
3.99 
3.87 

3.9i 4.69 
4.47 
4.27 
4.36 
4.76 

CdS 
( Goodmanz1 ) 

Au 
w 
cu 
Ag 
Pt 

4.58 
4.57 
4.39 
4.44 
4.72 

3.90 
3.97 
3.94 
4.07 
3.52 

G a b  
(Spi tzer  and Mead"") 

Au 
A1 
As 
cu 
Pt 
Be  
Sn 

3.68 
3.46 
3.56 
3.57 
3.86 
3.45 
3.45 

4.58 
4.26 
4.44 
4.39 
4.72 
4.26 
4.10 

4.11 
4.26 
4.44 
4.39 
4.58 
4.72 

3.07 
3.21 
3.24 
3.19 
3.30 
3.27 

G a p  
(Cowley and Sze17) A l  

Ag 
cu 
Au 
Pt 
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Table B-V 

COMPARISON OF READJUSTED WORK FUNCTIONS FROM TABLE B-IV 

Semiconductor 4 

M e t  a1 

Mg 
cu 
Sb 
N i  
Ag 
A 1  
w 
Au 
Pt 
Be 
Sn I 

S i  
(Cowley 
and Sze) 

4.11 
4.46 
4.38 
4.36 
4.44 
4.42 
4.53 
4.56 
4.60 

M e t  a1 

Mg 
cu 
Sb 
N i  
Ag 
A 1  
Pd 
Au 
Pt 
Be 
Sn 

GaAs 

4.40 

4.45 
4.38 

4.48 
4.44 
4.39 
4.23 

i S i  
l (Crowell 
et a l . )  4.36 I 

4.47 

4.52 
4.61 

Gap 

4.25 
4.41 

4.41 
4.26 

4.49 
4.66 

CdS 
(Spi tzer  
and Mead) 

4.27 

4.36 
4.47 

4.69 
4.76 

CdS 
(Goodman 1 

4.33 

4.25 

4.48 
4.56 
5.08 

Table B-VI 

COMPARISON O F  WOW FUNCTION VALUES 

Michaelson ' s 
Mean 'pm 

(ev 1 

3.46 
4.47 
4.08 
4.84 
4.28 
3.74 
4.82 
4.58 
5.29 
3.37 
4.11 

Recent Measurements of 'pm 
(ev 1 

(3.68)* 
4.52 k 0.04,40 4.39,39 4.3g3' 
(4.25)* 
4.74 k 0.04,~' 4.59,35 5 .0 ,~ '  5.1442 
4.31 k 0.03,40 4.38,39 4.2335 
4.20 k 0.0540 
4.95 k 0.05,40 4.9536 
4.70 k 0.03,40 4.83 k 0.02,41 4.839 
5. 4835 
(3.92)* 
4. 3336 

Derived 
Values 
Of % 

(ev 1 

4.18 
4.37 
4.38 
4.36 
4.42 
4.35 
4.51 
4.56 
4.71 
4.39 
4.23 

* 
See explanat ion i n  t e x t .  
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. 
of EA f r o m  Table BIV and the  derived values of cp of Table BVI.  The 

agreement between theory and experiment using the  derived values of 

i s  seen t o  be q u i t e  s a t i s f ac to ry .  

m 

A 
E 

W e  are now i n  a pos i t i on  t o  judge the v a l i d i t y  of Eq. ( B l ) .  W e  

s h a l l  proceed t o  do t h i s  i n  two ways; f i r s t ,  w e  w i l l  compare some of t h e  

der ived work func t ion  values  w i t h  values measured r ecen t ly  under meaning- 

f u l  condi t ions.  Second, w e  w i l l  compare t h e  der ived e l ec t ron  a f f i n i t y  

values  w i t h  those measured by photoe lec t r ic  experiments. 

3. Comparison of Work Functions 

i n  the t h i r d  column of Table BVI are recent  mea- 
'pm 

The values  of 

surements made on t h i n  f i l m s  evaporated onto g l a s s  subs t r a t e s .  I n  a l l  

cases the f i lms  w e r e  evaporated and measured i n  vacuums of 10 

or better. 

W ~ r l l e r - ~ ~  

g r e a t e r  than  50 a. 
of Au, A g ,  and Pt. 

-8 torr ,  

The th innes t  films--i.e., - 100 i - - w e r e  used by Suhrmann and 

wm on thickness  fo r  f i lms They r epor t  no dependence of 

This  i s  confirmed by Bryla and Feldman36 f o r  f i lms  

There i s  a dependence of 'p on the  s t r u c t u r e  of the f i lm as reported m 
by Suhrmann and Wedless and  other^.^^,^' 
t u r n  t o  t h e  type of s u b s t r a t e ,  the method of depos i t ion ,  and pa r t i cu la r ly  

t o  any heat  treatment during and following deposi t ion.  The values quoted 

from Suhrmann and Wedler3' and Culver et al.39 a r e  for f i lms deposited on 

s u b s t r a t e s  a t  77OK o r  90°K. 

s u b s t r a t e s  a t  room temperature. A l l  the  values  of cpm w e r e  measured 

without subsequent heat ing of the f i l m s .  I t  i s  i n t e r e s t i n g  t o  note  t h a t  

i nc reases  of t h e  order  of 0.5 ev i n  the values  of 

Suhrmann and Wedler36 when the f i l m s  are heated t o  100°C o r  200°C. 

This dependence i s  r e l a t e d  i n  

The other values a r e  for  f i lms  deposited on 

cp m are reported by 

The measurements were made by a v a r i e t y  of techniques.  Revi'kre4' 

measured t h e  contact  p o t e n t i a l  d i f fe rences  with respec t  t o  W , f o r  which 

he used a 

p o t e n t i a l  technique. 

fe rence  between Au and B a ,  using a v a l u e  of 2.52 ev f o r  Ba. Suhrmann and 

Wedler35 and Anderson and Klem~erer*~ made pho toe lec t r i c  measurements. 

value of 4.565 f 0.025 ev. Culver e t  al.39 used a r e t a rd ing  'P, 
P. A. Anderson41 measured t h e  contact  po ten t i a l  d i f -  
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. 
No recent  values could be located f o r  Mg, Sb, or Be f i lms t h a t  were 

prepared and measured by methods comparable t o  those described. Additional 

values  f o r  t h e  o the r  metals l isted were r e j ec t ed  on a s imi l a r  bas i s .  A 

l a t e r  t abu la t ion  by M i ~ h a e l s o n ~ ~  selects prefer red  values f o r  hIg and Be 

from t h e  values  used i n  h i s  o r i g i n a l  tabula t ion .  

3.92 ev,  respect ively.  I n  t h e  case of Sb no prefer red  value i s  indicated,  

but an  addi t iona l  value of 4.60 ev is included, which would br ing t h e  

mean value f o r  Sb up t o  4.25 ev. 

They are 3.68 ev and 

A review of M i c h a e l s o n ' ~ ~ ~  tabulated values  f o r  Zn, Cd,  S r ,  C a ,  Ba ,  

M g ,  B e ,  and A 1  i nd ica t e s  a steady increase i n  t h e  measured values of cp 
m 

over the years ,  from t h e  ea r ly  measurements i n  the 1920's t o  t h e  l a t e r  

measurements i n  the 1950's. For many of these  metals it is  known t h a t  t h e  

work func t ion  of the metal oxide i s  lower than t h a t  of the corresponding 

m e t a l .  It seems reasonable ,  then,  t o  a t t r i b u t e  t h i s  increase i n  work 

func t ion  over t he  years  t o  improved vacuum technology. P a r t i a l  oxidation 

of S r ,  C a ,  o r  Ba during preparat ion and t e s t i n g  would c e r t a i n l y  reduce 

t h e  value of cp .5 I n  t h e  case of Mg, Stevenson and Hensley** repor t  

work func t ion  values f o r  t he  oxide ranging from 2.31 ev t o  3.70 ev. For 

A l ,  Chapman45 gives  a value i n  t h e  v i c i n i t y  of 3.9 ev fo r  the oxide. 

Since these values are less than the respec t ive  values of (p f o r  the 

m e t a l ,  p a r t i a l  oxidat ion due t o  inadequate vacuums would help t o  explain 

the l a r g e  change i n  work funct ion values. Since Be i s  a l s o  a Group I1 

element, a s i m i l a r  argument should apply t o  t h e  measurement of i t s  work 

funct ion.  

m 

m 

The values of cp derived by the  r e i t e r a t i v e  process f o r  M g ,  A l ,  m 
and B e  are i n  b e t t e r  agreement w i t h  t h e  more recent ly  measured values 

l i s t e d  i n  t h e  t h i r d  column of Table BVI than with t h e  average values of 

Michaelson' s o r i g i n a l  tabu1ation3l l i s t e d  i n  t h e  second column. Barrier 

height  data f o r  Mg and B e  a r e  l imited;  but i f  t h e  Schottky model i s  cor- 

rect, the derived values of cp obtained from t h e  b a r r i e r  height mea- 

surements may be ind ica t ive  of the values that  w i l l  be measured u l t imate ly  

by o the r  techniques. 

m 

Another e f f e c t  should be considered with metals l i k e  Pd and P t .  
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P r i o r  t o  t h e  advent of electron-beam hea t ing  f o r  evaporation, i t  was d i f -  

f i c u l t  t o  prepare pure f i l m s  of these  metals. With prolonged evaporations 

from resis tance-heated sources,  t r aces  of impur i t ies  with l o w e r  work 

func t ions  could have been deposi ted along w i t h  t h e  metal i n  quest ion.  

Considering t h e  d i f f i c u l t i e s  encountered i n  making meaningful mea- 

surements of cp and t h e  many f ac to r s  involved i n  preparing t h i n  f i lms  

of metals, t h e  f i n a l  values  of cp derived i n  t h i s  paper from b a r r i e r  

he ight  measurements should be ve r i f i ed  experimentally.  The work funct ions 

of the metals used to form the b a r r i e r s  snouid be measured on t'ne same 

s t r u c t u r e  on which t h e  b a r r i e r  height i s  measured. I n  t h i s  way the need 

f o r  c o r r e l a t i n g  s u b s t r a t e  e f f e c t s  and depos i t ion  techniques from separa te  

measurements of 

may be some v a r i a t i o n  between the  e f f e c t i v e  work funct ion a t  the  metal- 

semiconductor i n t e r f a c e  and that measured a t  t h e  metal-vacuum in t e r f ace .  

I n  t h i s  connection it would be des i rab le  t o  use the th innes t  continuous 

f i l m  poss ib le .  

m J  

m 

w i l l  be eliminated. Even w i t h  t h i s  procedure there 'P, 

4. Comparison of Elec t ron  A f f i n i t i e s  

The average e l e c t r o n  a f f i n i t y  values of Table BIV may now be compared 

with the  ava i l ab le  experimental values for t h i s  quant i ty .  Gobeli and 

Allen32 repor t  a value of 4.01 ev for  t he  e l ec t ron  a f f i n i t y  of S i ,  based 

on a r a t h e r  involved i n t e r p r e t a t i o n  of their  photoe lec t r ic  emission da ta  

from vacuum-cleaned S i  sur faces  .46 They used "atomically f l a t "  sur faces  

f o r  t h e i r  experiments, obtained by a s p e c i a l  c leaving technique. T h i s  

refinement was an important considerat ion i n  the i n t e r p r e t a t i o n  of the i r  

da t a ;  f o r  as has been pointed out by Kane47 i n  a t h e o r e t i c a l  t reatment  

of photo-emission processes from semiconductors, t h e  condi t ion of t h e  

semiconductor su r face  has an important e f f e c t  on t h e  s c a t t e r i n g  of photo- 

exc i t ed  e l ec t rons  as they leave  t h e  semiconductor, and hence a f f e c t s  t he  

yield-vs.-photon energy r e l a t ionsh ip  near threshold.  Recent work by Van 

Laar and Scheer4* on S i  sur faces  prepared by f r ac tu r ing  S i  i n  high vacuum 

has d isc losed  a dependence of photoe lec t r ic  y i e l d  on photon energy; t h i s  

presumably can be ascr ibed t o  t h e  condition of the S i  sur face ,  s ince  i t  

i s  observed i n  general  t h a t  f ractured sur faces  a r e  highly imperfect com- 

pared t o  those prepared by t h e  method of Allen and G ~ b e l i . ~ '  The e l ec t ron  
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. 
a f f i n i t y  i n f e r r e d  from the  da ta  of  Van Laar and Scheer is about 4.3 ev, 

according t o  their assumption t h a t  the pho toe lec t r i c  y i e l d  " ta i l"  i n  

t h e i r  experiments i s  due t o  emission from su r face  s t a t e s .50  Th i s  assump- 

t i o n  has  been c r i t i c i z e d  by Gobeli and Allen,32 and it seems equally 

reasonable  on the b a s i s  of Kane's treatment47 t o  a sc r ibe  the  " t a i l "  

emission observed by Van Laar and Scheer t o  t r a n s i t i o n s  from volume 

s t a t e s  i n  the valence band near the  sur face  w i t h  t he  rough sur face  ac t ing  

as a momentum absorber.  This i n t e r p r e t a t i o n  r e s u l t s  i n  an  e l ec t ron  

a f f i n i t y  of 3.75 ev for the broken o r  ''ioiperfect" Si surface.  

agrees  w e l l  w i t h  t h e  value d e r i v e d  in  t h i s  work (Table BIV). I t  i s  cer- 

t a i n l y  reasonable t o  compare the  surfaces  used by Archer and Atalla34 

f o r  t h e  prepara t ion  of the metal-Si contac ts  t o  the sur faces  used by 

Van Laar and Scheer, r a t h e r  than t o  those used by Gobeli and Allen,  s ince  

Archer and Ata l l a  used no spec ia l  precautions t o  insure  "atomically f la t"  

 his value 

sur faces  a s  d id  Gobel i  and Allen.  However, the ques t ion  of the  correct 

i n t e r p r e t a t i o n  ( i . e . ,  sur face  states-vs.-valence bandj 01 Van Laar and 

Scheer 's  photo-emission da ta  i s  still  open a t  t h i s  time. 

The e l e c t r o n  a f f i n i t y  of vacuum-cleaved GaAs is  reported by Gobeli 

and Allen32 t o  be 4.07 ev. This  i s  a t  variance w i t h  the  value of 3.58 ev 

i n f e r r e d  i n  t h i s  work (Table B I V ) ,  b u t  it w i l l  be pointed out i n  the  next 

s e c t i o n  t h a t  a p l aus ib l e  explanation f o r  t h i s  discrepancy can be formu- 

l a t e d  i n  t e r m s  of sur face  e lec t ronic  s t a t e s  below the Fermi l e v e l  a t  t he  

G a A s  sur face .  

e a s i l y  cleaved than  S i ,  and suggest t h a t  cleavages performed using ordi-  

nary techniques (e .g . ,  the  technique used by Sp i t ze r  and Mead"") a r e  

l i k e l y  t o  produce atomically f l a t  surfaces .  It i s  the re fo re  reasonable 

t o  assume t h a t  t he  sur faces  used by Gobeli and Allen and by Sp i t ze r  and 

Mead w e r e  near ly  i d e n t i c a l ,  and tha t  t h e  e l e c t r o n  a f f i n i t y  in fe r r ed  by 

Gobeli and Allen i s  appropriate  a l so  t o  the metal-GaAs junc t ions .  The 

e l e c t r o n  a f f i n i t y  of CdS obtained i n  t h i s  work i s  about 3.9 ev, using 

either the da ta  of S p i t z e r  and Mead"" (cleaved surfaces)  o r  of Goodman2' 

(chemically cleaned subs t r a t e s ) .  

f o r  the e l e c t r o n  a f f i n i t y  of CdS c r y s t a l s  cleaved i n  ul t ra-high vacuum, 

and has es t imated t h e  e l ec t ron  a f f i n i t y  f o r  samples cleaved i n  a i r  a t  

Gobeli and Allen32 report  t h a t  G a A s  c r y s t a l s  a r e  more 

Kindig33 has reported a value of 4.8 ev 
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3.8 ev. There i s  apparently good correspondence between t h e  value ob- 

t a ined  here from Goodman's da ta  and t h e  es t imate  of Kindig, s ince  t h e  

su r faces  i n  both experiments a r e  expected t o  be contaminated by oxide 

and/or adsorbed a i r  molecules. 

i n  the vacuum-cleaved cases  i s  offered i n  t h e  next sect ion.  

A possible  explanation f o r  t he  discrepancy 

No conclusions regarding the e l ec t ron  a f f i n i t y  f o r  GaP can be drawn 

a t  t h i s  t i m e ,  s i nce  t h e  only published "value" cur ren t ly  ava i l ab le  i n  

t h e  l i t e r a t u r e  is t h e  estimate of Cowley and Sze.17 

5. Surface S t a t e s  

It is  w e l l  e s tab l i shed  , both theoret ical lys1 and experimentally, s2 

t h a t  l oca l i zed  e l ec t ron ic  states occur i n  t h e  forbidden gap a t  a f r e e  

semiconductor surface.  It  is  expected t h a t  there w i l l  be roughly two 

su r face  States per  sur face  atom, and tha t  these  s t a t e s  w i l l  be more o r  

less uniformly d i s t r i b u t e d  i n  energy i n  t h e  forhidden gap, 51 

states have been invoked by Bardeens3 t o  expla in  both the  r e l a t i v e  

constancy of semiconductor work funct ion with l a rge  changes i n  bulk 

Fermi l e v e l ,  and t h e  apparent l a c k  of s t rong dependence of barrier 

height  i n  metal-semiconductor diodes on metal work function. Recent 

i nves t iga t ions  of metal-semiconductor systems seem t o  confirm t h e  pre- 

sence of sur face  s t a t e s  i n  these  junct ions .I7 ,22 ,34 

challenged the  customary view of surface s t a t e s  i n  metal-semiconductor 

junc t ions ,  i n  which the  states a re  assumed t o  have t h e  same o r i g i n  a s  

t h e  so-called Shockley s t a t e s  a t  the free surface.  H e  ob jec ts  t o  t h i s  

view mainly because many of t h e  most recent  experiments on metal-semi- 

conductor systems have been performed using evaporated metal contac ts  

on cleaved semiconductor surfaces .  There is every reason t o  be l ieve  

t h a t  t h i s  technique produces metal-semiconductor contac ts  t h a t  are 

in t imate  on an atomic scale, and, s t r i c t l y  speaking, no "surface states" 

should e x i s t  i n  such a junct ion.  Heine proceeds, however, t o  show tha t  

t h e  "tails" of t h e  metallic e lec t ron  wave-functions which e x i s t  i n  the 

semiconductor (o r ,  i n  some cases ,  vice-versa) produce e l ec t ron ic  s t a t e s  

i n  t h e  forbidden gap near t h e  semiconductor sur face  which, f o r  p r a c t i c a l  

purposes, have the  same e f f e c t  on t h e  v a r i a t i o n  of t h e  p o t e n t i a l  b a r r i e r  

Surface 

Heine54 has recent ly  
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11 height  with work func t ion  a s  do t r u e  "sur face  s t a t e s .  It  i s  t h e  purpose 

of t h i s  s ec t ion  t o  show t h a t ,  whatever t he  mechanism f o r  t he  ex is tence  of 

l oca l i zed  e l e c t r o n i c  l e v e l s  a t  t he  semiconductor su r face  may be, it is  

poss ib l e  t o  invoke t h e s e  l e v e l s  t o  explain t h e  discrepancies  i n  e l ec t ron  

a f f i n i t y  noted i n  t h e  las t  section. 

The rough ca lcu la t ions  of Heine54 f o r  S i  i n d i c a t e  t h a t  a d i s t r i b u t i o n  

( i n  energy) of electronic states, tha t  is m o r e  dense near  t he  edges of t h e  

band gap than  i n  t h e  cen te r ,  e x i s t s  i n  the semiconductor forbidden gap 

near  the semiconductor-metal i n t e r f ace .  H i s  model p r e d i c t s  t he  highest  

dens i ty  of states near  t h e  valence band. H i s  es t imate  of t h e  dens i ty  of 

states averaged over t h e  mean band gap of S i  [- 4.5 ev a t  t h e  (111) plane] 

i s  3.5 X 1014 states/ev/cm . 
cen te r  of the o p t i c a l  band gap are low, perhaps 10 /ev/cm , w h i l e  den- 

si t ies near the band edges a r e  higher ,  approaching 10 

Adapting t h i s  p i c t u r e  of t he  densi ty  of sur face  states i n  the forbidden 

gap, w e  can conjec ture  t h a t  t h e  f i l l i n g  of sur face  s t a t e s  up t o  some 

l e v e l  cp near t h e  valence band produces a neu t r a l  sur face  (ha l f  of 

t h e  ava i l ab le  states must f i l l  up for  n e u t r a l i t y ,  assuming t w o  states 

per  l a t t i c e  site) .I7 

2 This could mean t h a t  d e n s i t i e s  near t he  
12 2 

13 /ev/cm2 or higher.  

0 

If w e  denote t h e  dens i ty  of surface s t a t e s  a t  energy F by Nss(E) 

Q s s  , 
2 per  c m  

i s  given by 

per  ev,  then  t h e  ne t  charge i n  sur face  s t a t e s ,  denoted by 

F 
(r 

Qss = - . J  
'PO 

i n  the O0K approximation t o  the F e r m i  funct ion.  I f  w e  assume t h a t  

N a t  the Fermi l e v e l  i s  small ,  then most of t he  cont r ibu t ion  t o  Q 
ss ss 

i s  due t o  s t a t e s  below t h e  Fermi l e v e l ,  and Q is  approximately inde- 

pendent of the  pos i t i on  of E i n  t he  forbidden gap a t  the sur face .  

I n  Appendix C t h e  b a r r i e r  height  of a metal-semiconductor contact  f o r  

t h i s  case is  derived approximately a s  

ss 

F 
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is the metal work function, EA the semiconductor electron 'pm where 
affinity, and A 'pn the image force lowering. The V3 term arises 

from the presence of surface states, as derived in Appendix C. The 

first three terms on the right side of this equation are equal to the 

barrier height for a Schottky barrier under the usual assumptions of 

no surface states at the junction. The added term V3 arises from the 
surface states at the interface, and is a constant independent of Fermi 

level position under the assumption that significant contributions to 

Q arise from high M (E) 5elo.:: the Ferai level. 
s s  ss 

The appearance of the V3 term in E q .  (B3) can explain the low 

values of electron affinity for Si and GaAs calculated on the basis of 

Eq. (Bl). The number of surface states below the Fermi level necessary 

to account for these discrepancies is on the order of states/cm , 
assuming 

2 

s = 10 a,  ei = eo . 
A surface state distribution having the form described above might 

also explain the deviation of Au and Pt points from the GaAs line (Fig. 

B7): As the barrier height tends t o  increase, the Fermi level finally 

enters the region of high N (E) near the valence band edge, and the 

slope of 'p vs. cpm is reduced sharply. The extreme case treated in 

Appendix C (delta-function of surface-states) results in a horizontal 

'p, vs. 'p zelation. 

s s  

b 

m 

6. Discussion 

The interpretation, in terms of Eq. (B3), of the available barrier 

height data for metal-semiconductor junctions is an alternative to that 

given by Cowley and Sze.17 

Sze, that Schottky theory is valid, i.e., the barrier height varies in 

direct proportion to changes in the metallic work function. The investi- 

gation of the barrier height-vs.work-function data for four semiconductors 

reveals that a self-consistent set of metallic work functions may be 

derived from the barrier height data, assuming the validity of the 

Schottky theory. The values for metal work functions obtained in this 

way are not unreasonable in view of the wide spread in published work- 

function values for most metals. 31 

We initially assumed, contrary to Cowley and 

In fact, the work-function values 
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obtained here are general ly  i n  agreement with recent ly  measured values  

obtained f o r  t h i n  f i lms  under conditions of ul t ra-high vacuum. 

Cowley and Sze obtained a least-squares  s t r a i g h t  l i n e  f i t  t o  t he  

same b a r r i e r  height-vs.-work-function da ta  used i n  the  present paper. 

W i t h  t h e  exception of the CdS da ta  of Goodman,"' the r e s u l t i n g  s t r a i g h t  

l i n e s  had s lopes of much less than uni ty ,  i nd ica t ing  t h a t  Schottky 

theory i s  apparent ly  not appl icable  i n  these  cases. However, it should 

be recognized t h a t  t h e  s lopes  of the l i n e s  obtained by t h i s  procedure 

a r e  extremely s e n s i t i v e  t o  the vaiues chosen for the Work fi;nctfons of 

the metals. Referr ing t o  the GaP d a t a  i n  Fig.  B4, f o r  example, one can 

see t h a t  tak ing  the P t  work function t o  be 4 .6  ev6 has a marked e f f e c t  

on the  s lope of t h e  f i t t e d  l i n e ;  i f  i n  add i t ion  

be about 4 .0  ev, and cp ( A l )  i s  taken a s  Rivikre 's4'  recent ly  measured m 
value of 4 .2  ev,  a l i n e  whose s lope is  e s s e n t i a l l y  uni ty  can be f i t t e d  

t o  t h e  data. A s i m i l a r  argument holds f o r  S i  and GaAs.  

cp, (Mg) i s  taken t o  

7 .  Conclusions 

On t h e  b a s i s  of t h e  thoughts presented i n  t h i s  paper, t he  authors 

have drawn the following conclusions: 

(1) The present ly  ava i l ab le  b a r r i e r  height-vs.-work-function data  

for S i ,  GaP, GaAs, and CdS are probably inadequate fo r  t he  purpose of 

der iv ing  or ver i fy ing  a quan t i t a t ive  theory f o r  t he  b a r r i e r  height  of 

m e t a l  con tac t s  t o  these semiconductors. A l a r g e r  number of experimental 

r e l a -  m po in t s  i s  needed t o  c l e a r l y  establish the  form of the cp b-vs. -cp 
t ionship.  

(2) Measurements of meta l l i c  work funct ion reported i n  the l i tera- 

ture have been performed under condi t ions which i n  general  do not dupli-  

c a t e  t h e  s t r u c t u r e  of a m e t a l  f i lm on a s ing le-crys ta l  semiconductor 

s u b s t r a t e .  Since it  is  well-known tha t  t h e  metal l ic  work funct ion is 

s e n s i t i v e  not only t o  the condi t ion of the metal sur face ,  but a l s o  t o  

the c r y s t a l  s t r u c t u r e  of the bulk metal ,  i t  would seem t h a t  a t tempts  

a t  c o r r e l a t i o n  of b a r r i e r  height  w i t h  me ta l l i c  work funct ion are meaning- 

f u l  only if t h e  work func t ion  and b a r r i e r  height measurements a r e  per- 

formed Using f i l m s  of a given metal whose bulk and sur face  proper t ies  

a r e  i d e n t i c a l .  
7 0  



(3) In the interest of eliminating as many experimental "variables" 

as possible, it is important that in measurements of barrier height and 

electron affinity, the same crystal face of a given semiconductor be used. 

Comparison of, for example, electron affinities obtained by photothreshold 

and barrier height measurements, each on a different semiconductor crystal 

face, would be meaningless. Recent experiments on silicon vacuum-cleaved 

surfacesss show that heat treatment (annealing) of the crystals has a 

marked effect on both the electron affinity and the distribution of sur- 

face states. This work emphasizes the importance of insuring uniform 

surface treatment of semiconductors that are to be used in experiments 

attempting to correlate surface properties with barrier height. 

* 

It is hoped that the work presented herein will stimulate further 
experimental effort along the lines indicatedin the conclusions above. 

An experiment that could shed much light on the question of the depen- 

dence of cp on cpm is the evaporation of barium contacts onto the 

various semiconductors listed in the text of this paper. Barium has a 

work function that is fairly well established at - 2.5 ev, and would 
provide a point in the 

of the present data. Cesium would also be a candidate for an experiment 

of this type, but the experimental difficulties in evaporating a pure 

layer of cesium onto a localized region of semiconductor would be 

greater. 

b 

rpb-vs. -cqm data which is well beyond the range 

* 
D. Kahng, for example, [Bell Syst. Tech. J., 43, p. 215 (1964)ls6 
observes that for GaAs-metal surface diodes, the barrier height cph is 
strongly dependent on the crystallographic orientation of the sem1c"on- 
ductor surface used to fabricate the diodes. 
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STATE LEVEL 
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APPENDIX C 

POTENTIAL BARRIER I N  METAL-SEb¶IOONDUCTOR 

SYSTEM W I T H  DISCRETE SURFACE 

STATE LEVEL 

1. Free Semiconductor Surface 

The ezergy band diagram of an n-type semiconductor su r face  is  

shown i n  Fig. C-1. 

t o  l i e  somewhere below t h e  d i s c r e t e  su r face  s ta te  l e v e l  shown on t h i s  

diagram. F i l l i n g  up t h i s  l e v e l  corresponds, therefore ,  t o  charging the  

su r face  negat ively.  In  equilibrium f o r  t h e  f r e e  sur face ,  t h e  su r face  

states f i l l  up and t h e  semiconductor bands must bend up t o  uncover a 

s u f f i c i e n t  number of donor ions t o  provide o v e r a l l  charge n e u t r a l i t y ,  

i.e. , 

The sur face-s ta te  n e u t r a l i t y  l e v e l  cp l7 is assumed 
0 

= o  
Qss + Qsc 

where Q 

space charge. 

is t h e  charge i n  su r face  states, and Qsc is  the  semiconductor 
ss 

The sur face  states charge Q,, i s  given by 

- -  - e N  
Qss ss 

provided t h a t  t h e  Fermi l e v e l  always lies above t h e  su r face  states 

l e v e l .  Referr ing t o  Fig. C-1, it can be v e r i f i e d  t h a t  t h i s  condi t ion  

r equ i r e s  

'bo Eg - 'ss - 'P, 

where V is  the  amount of band-bending i n  t h e  semiconductor, E is  t h e  
bo g 

energy gap, and Vss is  t h e  surface s ta te  energy r e fe r r ed  t o  t h e  valence 

band. The space charge i n  the  semiconductor, assuming ful ly- ionized 

donors i n  the  bulk, is  given by 
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( a  ) SURFACE STATES EMPTY ( b 1 EQUILIBRIUM : SURFACE STATES FULL 

F1G.C-1 ENERGY BAND DIAGRAM FOR A FREE n-TYPE SEMICONDUCTOR SURFACE 
WITH DISCRETE SURFACE STATES LEVEL. Surface state level has N S S  
state/crn2. 

2 
cou 1 / c m  

3 
where c = semiconductor d i e l e c t r i c  constant ,  and N = donors/cm . 
S u b s t i t u t i o n  of (C-2) and (C-4) i n to  (C-1) r e s u l t s  i n  an equat ion f r o m  

which Vbo can be found as 

S d 

kT +-  
e? s s  - - 

'bo 2 c s  Nd e (C-5 1 

2. Metal-Semiconductor Contact 

Figure C-2 shows t h e  band diagram of a metal n-type semiconductor 

contac t .  Inspect ion of the diagram r e a d i l y  shows t h e  fol lowing equation 

t o  be va l id :  

If Ao, t h e  p o t e n t i a l  drop across  the i n t e r f a c i a l  l a y e r ,  is  regarded as 

p o s i t i v e  when a negative su r face  charge Q 

by Gauss ' l a w  

appears on the m e t a l ,  then m 

6 
'i 

Qm 
A = - -  
0 

(C-7 
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SEMICONDUCTOR INTER- METAL 
FACIAL 
LAYER 

F1G.C-2 ENERGY BAND DIAGRAM FOR A METAL-n-TYPE 
SEMICONDUCTOR CONTACT WITH DISCRETE 
WRFACE STATES !-!?.'EL LC)r,A?ESr Y ey 

ABOVE VALENCE BAND 
5 s  

where 6 and e are the  thickness  and permit t iv i ty  of the  i n t e r f a c i a l  

layer ,  re spec t ive ly .  From t h e  requirement for overa l l  charge neutral i ty ,  

w e  have 

i 

Qm = - (Qss + QSC) (C- 8 1 

so that  

(Qss + Qsc) 
6 A = -  

0 Ci 

Using ( C - 2 )  and ((2-4) t h i s  becomes 

I!! 
A. = - 6 {- eNss + [2ecsNd ( .bo  - $91 } . 

"i 

Rewriting (C-6) as 

A. = (vm - 'p, - EA) - %o 
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w e  now have two equations,  (C-10) and (C-111, which can be combined and 

solved f o r  V Introducing t h e  d e f i n i t i o n s  
bo. 

b2 V = 2es  N - 
1 s d  2 

'i 

kT v = -  
2 e  

6 
Ns S 

V3 = e -  
'i 

w e  ob ta in  

1 

[V1(vbo - V 2 > l Z  = Tm - cpn - E A + V3 - 'bo 

(C-12 1 

(C-13) 

(C-14) 

(C-15) 

by equat ing (C-10) and (C-11). Equation (C-15) can now be solved f o r  

Vbo. For l o w  enough donor dens i t i e s ,  (ND 5 10  c m  ), an approximation 

t o  ((2-15) can be made: 

t h e  order  of 0.01 ev i f  b 

orde r  of one v o l t ,  t h e  l e f t  hand s i d e  of  (C-15) is  on t h e  order  of 0.1 ev. 

I t  is  the re fo re  not a bad approximation t o  w r i t e  

17 -3 

The quant i ty  V1 defined above i s  found t o  be on 

1 0 A  and ei eo; and s i n c e  V i s  on t h e  bo 

5 - v n - E  + V 3  'bo cpm A 
(C-16) 

o r  i n  t e r m s  of cp b: 

where A'pn i s  t h e  image fo rce  lowering of t he  b a r r i e r .  

Eq. (C-17) p lo t t ed  f o r  s i l i c o n ,  taking E = 4.01 ev 

The quant i ty  V is  chosen t o  make Eq. (C-17) agree with the  curve i n  

Fig.  B-5, and is  found f o r  t h i s  case t o  be 0.2 ev. The dashed l i n e  i n  

Fig. C-3 represents  t he  exact so lu t ion  of Eq. (C-15) f o r  t h e  same choice 

of parameters, showing t h a t  l i t t l e  e r r o r  i s  incurred i n  using t h e  more 

convenient approximate form, Eq. (C-17). 

Figure C-3 shows 
2 and V1 a 0.01 ev. 

A 

3 
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SILICON : 

- E,= 4.01tV 

v3= 0.2 tv 
V, = 0.01 eV - 

0 I 2 3 4 5 6 
4m- t V  

FIG. C-3 BARRIER HEIGHT vs. WORK FUNCTION FOR SILICON-METAL SYSTEM 
WHERE SURFACE STATE LEVEL REMAINS BELOW FERMI LEVEL 

It should be clear a t  t h i s  point t h a t  t h e  assumption of a d i s c r e t e  

sur face-s ta tes  l e v e l  is not necessary i n  the preceding der iva t ions ;  i t  

is  s u f f i c i e n t  t h a t  all sur face  s t a t e s ,  regard less  of t h e i r  d i s t r i b u t i o n  

i n  energy, l i e  more than kT/e v o l t s  below the  Fermi l e v e l  a t  the sur face .  

T h i s  insures  tha t  Q remains constant as d i f f e r e n t  metals are used t o  

form t h e  contac t .  
s s  

3. Bar r i e r s  w i t h  V bo - ' s s  - qn 

I n  consider ing what happens when (C-3) i s  not f u l f i l l e d ,  i .e.,  when 

t h e  Fermi l e v e l  a t  t he  sur face  e n t e r s  t h e  energy region of high sur face  
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s t a t e s  densi ty ,  i t  is convenient again t o  assume t h e  d i s c r e t e  su r face  

s t a t e s  l eve l .  The behavior of t h e  contact  as t he  metal work func t ion  

'pm is  increased beyond t h a t  value which makes 

(C-18) 

11 remains pinned" to  t h e  value given i n  (C-18), 'bo is  e a s i l y  understood: 

e d  the change i n  contac t  p o t e n t i a l  d i f f e rence  between metal and s e m i -  

conductor, necess i ta ted  by t h e  increase  i n  cp is provided by t h e  

emptying of t h e  su r face  states l eve l  which allows a l l  t he  change i n  

p o t e n t i a l  t o  occur across  t h e  i n t e r f a c i a l  l ayer .  Figure (C-4) has been 

prepared from Eq. (C-17) f o r  G a b ,  with E = 4.07 ev 2 , V3 = 0.5 ev, 

V1 * 0.01 ev. 

state l e v e l  is  loca ted  0.55 ev from t h e  valence band, then t h e  curve i n  

Fig. (C-4) bends toward t h e  hor izonta l  f o r  b a r r i e r s  of about 0.85 t o  

0.90 ev. Comparing Fig. (C-4) and Fig.  B-7, i t  can be seen t h a t  t h i s  

model provides a reasonable explanation f o r  t h e  devia t ion  of t h e  Au and 

m' 

A 
I f  Vss is taken t o  be about 0.55 ev, i.e., t h e  su r face  

pt poin ts  from t h e  "Schottky" r e l a t i o n  l i n e  , Cpb - - (pm - 3.57. 
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DENSITY NSS (E) FOR HIGHER WORK FUNCTION METALS 
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