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S u n ary

The o b je c t  o f  th e  work d e s c r ib e d  in  t h i s  t h e s i s  was to  
f a b r ic a te  GaAs M etal-Sem iconductor F ie ld  E ffe c t T ra n s is to rs  w ith  

g a te  le n g th s  com parable w ith  th e  s m a lle s t  s t ru c tu re s  fa b r ic a te d  
p re v io u s ly  in  th i s  D epartm ent u s in g  e l e c t r o n  beam l i th o g r a p h y .  

I t  was envisaged th a t  MESFETs would be fa b r ic a te d  on both s o lid  
s u b s t r a t e s  and on th in  a c t i v e  m em branes o f  GaAs. I t  was th e n  

hoped to  t r a n s fe r  the techno logy  developed fo r the  f a b r ic a t io n  o f 
MESFETs to  the  f a b r ic a t io n  o f High E lec tro n  M obility  T ra n s is to rs  

(HEMTs).

A s u b s t a n t i a l  p a r t  o f  th e  w ork  w as d e v o te d  to  th e  
developm ent o f a low tem p era tu re  c o n ta c t technology which could 

be used  f o r  th e  fo r m a tio n  o f  ohm ic c o n ta c t s  to  GaAs. The low  
te m p e ra tu re  was th o u g h t to  be n e c e s s a ry  to  p re v e n t  u n d e s ir e d  

d if f u s io n  of the  c o n tac t m a te r ia l  during  annea ling , p a r t i c u la r ly  
on d e v ic e s  w ith  c lo s e ly  sp aced  d r a in - s o u r c e  c o n ta c t s .  I t  was 

found t h a t  by v a ry in g  th e  c o n ta c t  c o m p o s i t io n , a r e d u c t io n  in  
optimum annealing  tem p era tu re  o f  over 100 oC could be achieved 

w ith o u t a red u c tio n  in  s p e c i f ic  c o n ta c t re s is ta n c e .

The MESFETs were designed  to  conform to  a g eo m etrica l lay o u t 
s u g g e s te d  by P le s s e y  (C asw e ll)  w hich  would a llo w  them  to  be 

bonded fo r  r f  t e s t i n g .  W ith  t h i s  d e s ig n ,  MESFETs w ith  g a te  
l e n g th s  down to  0.055 |am w ere  f a b r i c a t e d  and t e s t e d  b o th  a t  dc 

and a t  h ig h  fre q u e n c y . D ev ice s  w ere f a b r i c a te d  on s e v e r a l  
d i f f e r e n t  s u b s t r a t e s  and  w e re  o p t i m i s e d  f o r  m axim um  dc 

t r a n s c o n d u c ta n c e . The d e v ic e s  worked w e ll  a t  dc e x h ib i t i n g  
transconductance  va lues as h igh  as had been repo rted  fo r  s im ila r  

dev ice  s t ru c tu re s ,  bu t th e  ac m e asu re m e n ts  ( s -p a ra m e te r s )  w ere  
d is a p p o in t in g ly  poor.

A new i s o l a t i o n  te c h n iq u e  was a ls o  dev e lo p ed  -  i s o l a t i o n  

using a boron ion im p lan t -  to  re p lace  mesa is o la t io n . As t h i s  
was o n ly  f u l l y  d ev e lo p e d  to w a rd s  th e  end o f th e  p r o j e c t  o n ly  a 

specim ai number o f d ev ices  were fa b r ic a te d  using the  techn ique. 
H ow ever, th e  p ro c e s s  h a s  s u b s e q u e n t ly  been ad o p ted  by o th e r  

w orkers in  the  e lec tron-beam  lith o g ra p h y  group and has been shown 
to  work s a t i f a c to r i ly .



With the developm ent o f th e  boron i s o la t io n  techn ique  i t  was 
p o s s ib le  to  c o n s id e r  f a b r i c a t i n g  FET ty p e  d e v ic e s  on t h i n  GaAs 

m em branes (<100 nm ). V a rio u s  new p ro c e s s in g  m eth o d s com bined  
w ith  those a lready  a v a i la b le , were used to  produce a d ev ice  w ith  

ohm ic c o n ta c ts  on an a r e a  o f  a c t i v e  GaAs m em brane, w h ich  was 
is o la te d  from the  r e s t  o f the  w afer. U nfo rtu n ate ly , th e  m a te r ia l  

p a ram ete rs  were no t s u i ta b le  fo r  c o n tin u a tio n  o f th i s  work, b u t, 
s in c e  th e  c o n c lu s io n  o f  t h i s  p r o j e c t ,  a n o th e r  w orker h a s  shown 

th a t  dev ices may y e t be made cai a GaAs membrane.

F in a lly  high e le c tro n  m o b ility  t r a n s i s to r s  were s tu d ie d . A 
desig n  fo r such a d ev ice  was com piled and the  m a te r ia l  grown in  

th i s  Department. D evices were fa b r ic a te d  and te s te d  a t  dc where 
e r r o r s  o r ig i n a t in g  w ith  th e  i n i t i a l  d e s ig n  becam e o b v io u s . I t  

was how ever, e s t a b l i s h e d  from  th e s e  r e s u l t s ,  t h a t  th e  d e v ic e s  
o pera ted  in  good agreem ent w ith  th e o r e t ic a l  p re d ic t io n s .



Chapter O G eneral In tro d u c tio n

O .1 In tro d u c tio n

P h o to l i th o g ra p h y  i s  by f a r  th e  m ost im p o r ta n t  to o l  in  th e  
sem iconductor in d u s try  fo r d e f in irg  the  fe a tu re s  which form so lid  

s t a t e  e le c tro n ic  c i r c u i t s .  The advancement in  e x p e r tis e  in  th is  
f i e ld  has, so f a r ,  enabled th e  in d u s try  to  f a b r ic a te  c i r c u i t s  o f 

p r o g r e s s iv e ly  in c re a s e d  c o m p le x ity  by th e  r e d u c t io n  o f  d e v ic e  
dim ensions. U nfo rtu n a te ly , the  minimum fe a tu re  s iz e  which can be 

d e f in e d  o p t i c a l l y  i s  d e te rm in e d  by th e  w a v e le n g th  o f  th e  
i l lu m in a t in g  r a d i a t i o n .  T h is  s e t s  a r e s o l u t i o n  l i m i t  fo r

p h o to l i th o g r a p h y  a t  a p p ro x im a te ly  0 .3  pm (deep u l t r a v i o l e t
r a d i a t i o n ) .  F u tu re  c i r c u i t  r e q u ire m e n ts  may demand s m a l le r  

fe a tu re  s iz e s ,  tending  tow ards the sub 0.1 um or nanometer s c a le , 
in  which case a l te r n a t iv e  l i th o g ra p h ic  techn iques w il l  have to  be 

found. X-ray and ion beam lith o g rap h y  a re  p o s s ib le  a l te rn a t iv e s  
b u t ,  to  d a te ,  th e  h ig h e s t  r e s o lu t io n  h as  been  o b ta in e d  u s in g  

e le c tro n  beam lith o g rap h y  (EBL) where 10 nm l in e  w idths have been
d e m o n s tra te d  [0 .1 ,0 .2 ] . C u r re n t ly  th e  p r i n c i p a l  use o f EBL

system s is  in  th e  f a b r ic a t io n  of r e t i c l e  masks fo r use in  o p tic a l  
l i th o g r a p h y .  More im p o r ta n t ly ,  from a r e s e a r c h  p o in t  o f  v ie w , 

th e  mask can  be d is p o se d  o f  c o m p le te ly  and p a t t e r n s  can be 
exposed d i r e c t l y  (D ire c t  W rite ) o n to  w a fe rs  c o a te d  in  e l e c t r o n  

s e n s i t iv e  r e s i s t .  The D ire c t W rite system  i s  p a r t i c u la r ly  u se fu l 
fo r  re s e a rc h  a p p l i c a t i o n s  b ecau se  o f  th e  e a s e  o f  w hich p a t t e r n  

in fo rm atio n , s to re d  in  computer memory, can be m odified as needs 
demand. The m ain d is a d v a n ta g e  o f d i r e c t  w r i t e  EBL sy stem s i s  

t h a t  th e  s e q u e n t i a l  m anner in  w hich th e  p a t t e r n  i s  scanned 
im poses l i m i t a t i o n s  on sam ple  th ro u g h p u t. I t  i s  th e r e f o r e  

u n lik e ly  th a t  the  techn ique w il l  be adopted fo r mass production 
purposes.

The e le c tro n  beam lith o g rap h y  group in  th i s  Department was 

s e t  IÇ) about seven years  ago to  study the  l im i ta t io n s  o f e le c tro n  
beam l i th o g r a p h y  as  a to o l  fo r  f a b r i c a t i n g  e x tre m e ly  s m a ll 

f e a t u r e s ,  l e s s  th a n  0.1 pm in  s iz e .  Much o f  th e  e a r ly  work 
c o n s is te d  o f  w r i t i n g  m e t a l l i c  g r a t i n g s  on t h i n ,  e le c t r o n  

t r a n s p a r e n t  s u b s t r a t e s ;  i n i t i a l l y  ca rb o n  [0 .3 ,0 .4 ] b u t more 
r e c e n t ly  on s i l i c o n  n i t r i d e  [0.5] and GaAs m em branes [0 .1 ,0 .6 ] .



The u l t im a te  l in e w id th  and p i t c h  r e s o lu t io n  o b ta in e d  on th e s e  
t h i n  s u b s t r a t e s  ( s i l i c o n  n i t r i d e )  w as 10 nm and 40 nm 

r e s p e c t i v e l y  [0 .1 ] . More r e c e n t l y  th e  em p h asis  has been on 
t r a n s f e r r i n g  th e  l i t h o g r a p h i c  te ch n o lo g y  to  the f a b r ic a t io n  o f 

d ev ices  which m ight e x h ib it  in te r e s t in g  c h a r a c te r i s t ic s  because 
o f  th e i r  sm all d im ensions. In  p a r t ic u la r  Mackie [0.1] developed 

th e  te c h n iq u e s  fo r  f a b r i c a t i n g  v e ry  s h o r t  g a te - l e n g t h  GaAs 
MESFETs and B in n ie  [0.7] s tu d ie d  th e  f a b r i c a t i o n  o f  s m a ll  
geom etry s i l i c o n  MOSFETs.

0 .2  P ro je c t  O a tlin e

The aim o f the  work done fo r  th i s  th e s is  was to  develop the  
techn iques fo r fa b r ic a t in g  v e ry  s h o r t  g a te - l e n g t h  GaAs MESFETs 

and to  a t te m p t  to  f a b r i c a t e  a  MESFET d e v ic e  on a th in  a c t i v e  
l a y e r  o f  GaAs. I t  h a s  b e e n  p r e d i c t e d  t h a t  d e v ic e s  w i th  

d im e n s io n s  o f  th e  o rd e r  a few  te n s  o f n a n o m ete rs  would have 
d i f f e r e n t  c h a r a c t e r i s t i c s  from  s i m i l a r  d e v ic e s  w ith  l a r g e r  

d im e n s io n s  [0 .8 ,0 .9 ] . In  s im p le  te rm s , th e  c a r r i e r s  in  an 
ex trem ely  sm all device would have a reasonable  chance o f being 

t ra n s fe re d  b a l l i s t i c a l l y  betw een c o n ta c ts ; w ithou t experiencing  
any s c a t t e r i n g  e v e n ts  in  th e  s u b s t r a t e .  I f  t h i s  h ap p en s, th e  

e le c tro n s  would not reach an e q u ilib r iu m  v e lo c i ty  meaning th a t  
c la s s ic a l  dev ice  physics no lo nger apply. Using high re s o lu tio n  

e le c tro n  beam lith o g rap h y  i t  was envisaged th a t  MESFETs w ith  ga te  
le n g th s  down to  50 nm, o r l e s s ,  co u ld  be f a b r i c a te d  on s o l id  

s u b s tr a te s .  This dim ension i s  s t i l l  too  la rg e  to  expect t r u l y  
b a l l i s t i c  e f f e c t s  b u t  i t  w as hoped  t h a t  n o v e l  d e v ic e  
c h a r a c te r i s t i c s  would be observed because o f the  very  sm allness 
o f the  dev ice . The reascai fo r a ttem p tin g  to  f a b r ic a te  dev ices on 

a t h i n  GaAs m em branes was to  ta k e  a d v an ta g e  o f  th e  v e ry  h ig h  
r e s o l u t i o n  p a t t e r n  d e f i n i t i o n  c a p a b i l i t i e s  p r e v i o u s l y  
d e m o n s tra te d  in  t h i s  D ep artm en t [0 .1 ,0 .3 -6 ] .  I t  would th e n  be 
p o ss ib le  to  fa b r ic a te  t r a n s i s t o r s  w ith  a g a te  leng th  o f the  order 

o f  10 nm and d r a in - s o u r c e  s p a c in g  ab o u t an o rd e r  o f  m ag n itu d e  
h ig h e r .

The work was d iv ided  in to  th e  fo llo w in g  main sec tio n s  :-

(1) The developm ent of a  low tem p era tu re  annealing process fo r



fo m irg  ohmic c o n ta c ts  to  GaAs. I t  was env isioned  th a t  the  low 
te m p e ra tu re  a n n e a l would e n a b le  c lo s e ly  sp aced  c o n ta c t s  to  be 

form ed w ith o u t  i n t e r d i f f u s i o n  o f th e  c o n ta c t  m a t e r i a l  be tw een  
c o n ta c ts .

(2) Q u a l i t a t i v e  a n a ly s i s  o f  th e  a n n ea le d  c o n ta c t s  u s in g  x - r a y  

m ic r o a n a ly s is  to  s tu d y  th e  l a t e r a l  d i f f u s i o n  o f  c o n ta c t s  on a 
th in  GaAs membrane and Auger a n a ly s is  to  examine c o n ta c ts  formed 
on so lid  s u b s tr a te s .

(3) P ro c e s s in g  and t e s t i n g  o f  GaAs MESFETs f a b r i c a t e d  on a 
number of d i f f e r e n t  s u b s tra te s .  The MESFETs were op tim ised  for 

maximum dc t r a n s c o n d u c ta n c e .  When t e s t e d  a t  dc th e  o u tp u t 
c h a r a c t e r i s t i c s  w ere  good even down to  a g a t e - l e n g t h  o f  55 nm. 

U n fo r tu n a te ly ,  th e  ac ( s -p a ra m e te r )  m easu rem en ts  ta k e n  from  a 
s e le c tio n  o f th e se  dev ices  were u n sa tis fa c to ry .

(4) D evelopm ent o f  an i s o l a t i o n  te c h n iq u e  to  r e p la c e  th e  

conventional mesa is o la t io n  m ethod. A n o v e l io n  im p la n ta t io n  
p rocess (m etal on polymer mask) was developed using a p o s it iv e  on 

negative  two la y e r  r e s i s t  system .

(5) F a b r ic a t io n  o f  d e v ic e s  on th in  a c t i v e  GaAs m em branes 
i s o la t e d  u s in g  b o ro n  i m p l a n t a t i o n .  A lth o u g h  no w o rk in g  

t r a n s i s to r s  were produced th e  r e s u l ts  obtained  in d ic a ted  th a t  the 
f a b r ic a tio n  o f such a dev ice  is  s t i l l  a d i s t i n c t  p o s s ib i l i ty .

(6) A b r ie f  s tu d y  o f High E lec tron  M obility  T ra n s is to rs  (HEMTs) 

was made, from th e  m a te r ia l  design  through to  th e  m anufacture and 
te s t in g  of d ev ice s .

A s h o r t  d e s c r i p t i o n  o f  th e  l i t h o g r a p h ic  p ro c e s s e s  used 
th ro u g h o u t t h i s  work i s  g iv e n  in  th e  fo l lo w in g  c h a p te r .  The 
ohmic c o n tac t p ro cess in g  and a n a ly s is  are  d esc rib ed  in  c h ap te rs  2 

and 3. C h ap te r 4 i s  d ev o ted  to  th e  f a b r i c a t i o n  o f  GaAs MESFETs 
on s o l id  s u b s t r a t e s .  In c lu d e d  in  t h i s  c h a p te r  i s  th e  dc 

c h a ra c te r is a t io n  o f d ev ices fa b ric a te d  cxi d i f f e r e n t  s u b s tra te s  as 
w ell as s -p a ram ete r m easurem ents (up to  18 Qiz) o f a s e le c t io n  of 

th e s e  d e v ic e s . A n o v e l io n  im p la n ta t io n  m ask ing  te c h n iq u e  i s  
d e s c r ib e d  in  c h a p te r  5. C h ap ter 6 d e a ls  w ith  th e  p ro c e s s e s



r e q u i r e d  in  th e  f a b r i c a t i o n  o f  MESFET d e v ic e s  on th in  GaAs 
membranes. The d esig n , f a b r ic a t io n  and te s t in g  o f HEMT dev ices 

i s  g iv e n  in  C h ap te r  7. F i n a l l y ,  some o v e r a l l  c o n c lu s io n s  and 
su g g es tio n s  fo r  fu tu re  work a re  g iven  in  ch ap te r 8.
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CHAPTER 1 1 .3  E-Beam P rocessing

1 .1  Itxoduction

Much h a s  a l r e a d y  b e e n  w r i t t e n  a b o u t  e l e c t r o n - b e a m  
l i t o g r a p h i c  p r o c e s s in g  in  th e  th e s e s  o f  M ackie [1 .1 ] , B in n ie
[1.2] and R ishton [1.3]. T herefore  a d e ta i le d  review  o f a l l  th e  
p ro c e s s in g  s t e p s  u sed  in  t h i s  work w i l l  n o t be p re s e n te d  h e re . 
H ow ever, fo r  c o m p le te n e s s ,  a b r i e f  d e s c r i p t i o n  o f  th e  m ain 

p ro c e s s e s  i s  g iv e n  in  th e  fo l lo w in g  s e c t io n s .  A r e c e n t ly  
pub lished  a r t i c l e  by Mackie and Beaumont p rov ides a good overview  

of nanometer l i th o g ra p h ic  tech n iq u es  [1.4].

1 .2  Exposure System

The m achine u sed  in  t h i s  p r o j e c t  was a P h i l i p s  PSEM 500 
scanning e le c tro n  m icroscope which was m odified  fo r lith o g rap h y . 

The main m o d if ica tio n s  w e re :-

(a) The a d d itio n  o f a beam b lanking  system to  p reven t undesired  
exposure of th e  sam ple. When th i s  fe a tu re  i s  s e le c te d , c o n tro l 
o f  th e  e l e c t r o n  beam i s  s w itc h e d  from  th e  i n t e r n a l  r a s t e r  scan  

g en era to r to  an e x te rn a l d i g i t a l  scan g en era to r. Both the  beam 
b la n k in g  and s c a n  g e n e r a to r  a r e  c o n t r o l le d  by a m ic ro c o m p u te r. 
This was o r ig in a l ly  a KIM m icroprocessor w ith  only a tem porary 
memory which meant th a t  p a t te rn  d a ta  had to  be tra n s fe re d  from 
th e  GBC 4180 m ainfram e computer a t  every exposure sess io n . The 
KIM has now been rep laced  w ith  an Ith aca  microcom puter which has 
the  f a c i l i t y  fo r  s to r in g  a l l  th e  p a t te rn  d a ta  on d is c .

(b) A t r a n s m is s io n  d e t e c to r  was f i t t e d  in  th e  sp ec im en  cham ber 
fo r the exposure and examinaticxi of th in  s u b s tra te  specim ens.

The P h ilip s  machine has a  range o f e le c tro n  ^xDt s iz e s  from 

8 nm up to  1 pm and an a c c e le ra tin g  vo ltag e  which i s  con tinuously  
v a r ia b le  from 1.5 to  50 kV. The sp o t s iz e  se le c te d  fo r exposure 
p u rp o se s  depended m a in ly  on th e  fram e s i z e  and a re a  o f  th e  
fe a tu re  to  be exposed but th e  a c c e le ra tin g  v o ltag e  was in v a r ia b ly  

s e t  a t  50 kV fo r maximum re s o lu tio n .



A s c h e m a tic  r e p r e s e n ta t i o n  o f  th e  s c a n n in g  e le c tro n -b e a m  
e x p o su re  sy stem  i s  shown in  f i g .  1 .1 . Each p a t t e r n  f i l e  i s  

g e n e r a te d  on a GEC 4180 c o m p u te r , u s in g  an i n t e r a c t i v e  p a t t e r n  
e d i t o r  (DESIGN) d ev e lo p ed  by M ackie [1 .1 ] . The f i l e s  a re  

tra n s fe re d  to  the  m icrocomputer where they  a re  s to red  on d isc . A 
p ro g ram  (EBSS) i s  ru n  on th e  m ic ro c o m p u te r w hich  sen d s p a t t e r n  

d a ta  s e q u e n tia lly  to  the  scan g en e ra to r w hich, in  tu rn , g enera tes  
the  rev e rs in g  r a s te r  scan th a t  d e f in e s  each re c ta n g le . When the  

beam i s  scanned ever the e le c tro n  s e n s i t iv e  r e s i s t ,  the  s tru c tu re  
o f  th e  r e s i s t  i s  m o d if ie d  in  su ch  a m anner t h a t  e i t h e r  th e  

exposed or the  unexposed r e s i s t  can be s e le c t iv e ly  removed in  a 
s u i ta b le  developer. The p a tte rn ed  r e s i s t  la y e r  can then be used 

as a s te n c i l  to  t r a n s fe r  a m e ta l l ic  p a t te rn  onto the  wafer or i t  
can be used as a mask fo r e tch in g .

1 .3  DESIŒ and SHAPES

DESIGN i s  th e  i n t e r a c t i v e  p a t t e r n  e d i t o r  used  fo r  p a t t e r n  

developm ent and i s  run on a GEC 4180 com puter. S ince d esc rib in g  
DESIGN in  h i s  t h e s i s ,  M ackie h a s  m o d if ie d  th e  program  to  c a te r  

fo r  m u l t i - l e v e l  p a t t e r n  e d i t in g  w hich h a s  p ro v ed  to  be m ost 
u s e f u l  in  th e  d e s i g n  o f  c o m p le te  m ask  s e t s  f o r  d e v ic e  

m anufacture. The b a s ic  concepts o f  the  program however, are the 
sam e a s  d e s c r ib e d  in  r e f .  [1 .1 ] . The d a ta  f i l e  g e n e ra te d  using  

DES 103 co n ta in s  th e  co o rd in a tes  o f the  o p p o s ite  co rn ers  o f each 
r e c t a n g le  in  th e  p a t t e r n  as w e l l  as th e  a p p r o p r ia te  exposure  

in fo rm atio n  fo r each sec tio n  o f the  p a tte rn .

SHAPES i s  a sim ple  program v ^ ich  was w r i t te n  fo r th is  th e s is  
to  g e n e ra te  t r ia n g u la r  or tra p e z o id a l p a tte rn s  made up o f a s e r ie s  

o f narrow  re c ta n g le s . Although t h i s  program i s  no t incorporated  
in to  DESK23, the  o u tp u t of SHAPES is  in  a form which can be used 

d i r e c t l y  in  DESIGN f o r  f i n a l  p a t t e r n  e d i t i n g .  U sing SHAPES, i t  
i s  assum ed t h a t  tw o  s id e s  o f  th e  f ig u r e  a re  p a r a l l e l  to  th e  x - 

a x is .  However, by reducing cxie o f the p a r a l l e l  s id e s  to  a p o in t, 
i t  i s  p o s s ib le  to  g e n e r a te  t r i a n g u l a r  p a t t e r n s  ( f ig .  1 .2 .). The 

y c o o rd in a te s  o f the  top  and bottom s id e s  o f each p a tte rn , the x 
c o o r d in a te s  o f  a l l  o f  th e  c o r n e r s  (d e f in e d  c lo c k w is e  from th e  

bottom  l e f t  hand corner) and th e  number o f re c ta n g le s  per fig u re  
a re  s p e c if ie d  fo r  each sep a ra te  p a t te rn . The diamond shape shown
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F ig .1.1 S c h e m a tic  i l l u s t r a t i o n  o f  th e  e le c tro n -b e a m  ex p o su re  
system  used throughout th i s  p r o je c t .



F ig . 1.2 Examples o f the  p a t te r n s  which can be generated  using 

th e  program "SHAPES".



in  f i g . 1.2 was made up o f  fo u r  in d iv id u a l  p a r t s  and each  p a r t  
was made up w ith  a d i f f e r e n t  number of re c ta n g le s . The cho ice  of 

th e  num ber o f  r e c ta n g le s  p e r  f i g u r e  depends on how sm ooth th e  
ed g es  o f  th e  f i n a l  exposed  p a t t e r n  needs to  be . C le a r ly  th e  

m ore r e c ta n g le s  s p e c i f i e d  p e r f i g u r e  th e  l e s s  a p p a r e n t  i t  w i l l  
becom e t h a t  th e  p a t t e r n  i s ,  in  f a c t ,  made up o f  a g ro u p  o f  

i n d iv id u a l  r e c t a n g le s .  I t  sh o u ld  be no ted  t h a t  th e  maximum 
number o f re c ta n g le s  which can be s to red  in  a DESIGN f i l e  i s  1000 

so t h i s  h as to  be ta k e n  in to  c o n s id e r a t io n  when c r e a t in g  a 
p a t t e r n  u s in g  SHAPES. In  t h i s  work th e  m ain p a t t e r n  w hich 

u t i l i s e d  th i s  program was the  ohmic co n tac t p a t te rn  o f  the  GaAs 
MESFETs (Sect. 4.2.6) v ^ ich  con tained  950 re c ta n g le s .

1.4 P a tte rn  R ep lic a tio n

1.4 .1  R e s i s t

T here  a r e  tw o ty p e s  o f  r e s i s t ;  p o s i t i v e  r e s i s t  w here th e  

a r e a s  o f  r e s i s t  exposed  by th e  e l e c t r o n  beam a r e  s u b se q u e n tly  
d is s o lv e d  in  a d e v e lo p e r  and n e g a t iv e  r e s i s t  w here i t  i s  th e  

unexposed  r e s i s t  w hich  i s  d i s s o lv e d .  N eg a tiv e  r e s i s t  ( in  t h i s  
c a s e  p o ly im id e ) was o n ly  used  a s  p a r t  o f a n o v e l p ro c e s s  fo r  

f a b r ic a t in g  m eta l on polymer ion im p lan ta tio n  masks and c i r c u i t  
c rossover p o in ts . This i s  d e sc rib ed  in  f u l l  in  ch ap te r 5 and so 

r e q u i r e s  no f u r t h e r  m e n tio n  h e re .  The b u lk  o f  th e  work was 
c a r r i e d  o u t u s in g  P o ly  (M ethyl M ethA cry la te ) (PMMA) p o s i t i v e  

r e s i s t .  When PMMA i s  i l l u m in a te d  by an e l e c t r o n  beam th e  
m olecu lar s t ru c tu re  of the  exposed a rea  o f the r e s i s t  i s  m odified 

by the  beam. Put sim ply , the  long m olecular ch a in s  a re  severed 
p r i n c i p a l l y  by th e  sec o n d a ry  e l e c t r o n s  g e n e ra te d  in  th e  r e s i s t  

from  i n e l a s t i c  s c a t t e r i n g  o f  t h e  p r im a r y  beam  e l e c t r o n s
[1 .3 ,1 .5 ,1 .6 ] .  The m o d if ie d  r e s i s t  a re a s  can be s e l e c t i v e l y  

d is s o lv e d  in  a s u i t a b l e  s o lv e n t  su ch  a s  M ethyl Iso B u ty l K etone 
(MIBK). C o n v e n t ia l ly ,  th e  d e v e lo p e r  s o lu t io n  c o n s i s t s  o f  p a r t  

MIBK and p a r t  I s o  P ro p y l A lc o h o l (IPA) th e  l a t t e r  o f  w hich 
d is so lv e s  n e ith e r  th e  exposed or m exposed r e s i s t .  The r a t io  of 

MIBK to  IPA e s s e n t ia l ly  d e te rm in es  the  s e n s i t iv i ty ,  c o n tra s t  and 
edge d e f in i t io n  o f the  r e s i s t  [1 .4].

The main p a t te rn  re p l ic a t io n  techn iques employed in  the  work
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Fig .  1,3 I l l u s t r a t i o n  show ing  th e  l i f t - o f f  and e t c h in g  
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F ig .  1.4 Developed p r o f i l e s  o f  the  two main r e s i s t s  used for  
p a t t e r n  d e f i n i t i o n ,  (a) Low r e s o l u t i o n  r e s i s t  for a l l  l i f t - o f f  

and e t c h i n g  s t e p s  o t h e r  t h a n  t h o s e  a s s o c i a t e d  w i th  g a t e  

d e f i n i t i o n ,  (b) Two la y e r ,  h ig h  r e s o l u t i o n  r e s i s t  for d e f i n i n g  

very sh ort g a te s .



o f t h i s  t h e s i s  w ere l i f t  o f f  and e tc h in g .  These p ro c e s s e s  a r e  
i l l u s t r a t e d  in  f i g  1 .3 . The l i f t - o f f  p ro c e s s  u se s  a p a t te r n e d  
PMMA film  as a s te n c i l  fo r tra n s fe r in g  a m e ta l l ic  p a tte rn  to  the  
specim en su rfa ce . A fte r p rocessing  th e  r e s i s t ,  a m e ta ll ic  lay er 
i s  d e p o s i te d  over th e  e n t i r e  s u r f a c e  o f  th e  w afer ( th e rm a l 
e v a p o r a t io n  was u sed  th ro u g h o u t t h i s  p r o j e c t ) .  The unw anted 
m e ta l  i s  th e n  rem oved by d i s s o lv i n g  th e  re m a in in g  PMMA in  
a c e to n e ,  le a v in g  th e  d e s i r e d  m e ta l  p a t t e r n  on th e  w a fe r . 
P a t te r n e d  r e s i s t  f i l m s  w ere a l s o  u sed  a s  m asks fo r  e tc h in g  th e  

s u b s tr a te  m a te r ia l below the r e s i s t .  Care had to  be taken in  the  
p re p a ra tio n  of an e tch  mask to  ensure  good adhesion between the  
r e s i s t  and s u b s t r a t e  (S ec t. 1 .4 .2 ).

Two r e s i s t  sy te m s  w ere used  e x t e n s iv e ly  th ro u g h o u t t h i s  
p r o je c t ; -

(a) A th i c k  (1 pm ), s i n g le  la y e r  o f  low  m o le c u la r  w e ig h t PMMA 

(185 000) and

(b) A h ig h  r e s o l u t i o n  two la y e r  r e s i s t  c o n s i s t in g  o f  a 170 nm 
la y e r  o f  h ig h  m o le c u la r  w e ig h t PMMA (350 000) on 100 nm o f low 
m olecular w eight PMMA (185 000).

R e s i s t  (a) was used  fo r  d e f in in g  th i c k  m e t a l l i c  p a t t e r n s  
(low  r e s o lu t io n )  by l i f t - o f f .  The p r o f i l e  o f  t h i s  r e s i s t  a f t e r  

d e v e lo p m en t i s  shown in  f i g .  1.4 a ) .  The u n d e rc u t p r o f i l e  i s  a 
consequence of the  divergence o f the  e lec tron-beam  as i t  passes 
th rough the  r e s i s t  f ilm  (due to  e l a s t i c  and in e la s t i c  s c a tte r in g  
ev en ts). F o rtu n a te ly , th i s  p r o f i le  i s  id e a l fo r l i f t - o f f  because 
th e  m etal evaporated  over the r e s i s t  i s  co m p le te ly  separa ted  from 
th e  m e ta l  on th e  sp ec im en  s u r f a c e .  T h is  a l lo w s  easy  a c c e ss  o f  
th e  so lv en t to  the  rem aining r e s i s t  and f a c i l i t a t e s  good, c lean  

l i f t - o f f  of the unwanted m e ta l [1 .1 ,1 .2 .1 .4 ] .

R e s is t (a) was a lso  used s u c c e s s fu lly  as a wet e tch  mask fo r 

v a r io u s  a p p l i c a t i o n s .  T h is r e s i s t  was ch o sen  b ecau se  o f th e  
sm all amount o f p in h o le  d e fe c ts  a sso c ia te d  w ith  the  th ic k  r e s i s t  

and fo r  i t s  r e s i s t a n c e  to  th e  e tc h  s o l u t i o n s ,  p ro v id ed  i t  was 
p ro p e rly  prepared  (see fo llow ing  s e c tio n ) .



R e s i s t  (b) was u sed  o n ly  fo r  th e  d e f i n i t i o n  o f  th e  v e ry  
n a rro w  l i n e s  used in  th e  f o r m a tio n  o f  S c h o ttk y  g a te s  on GaAs 
MESFETs. When d e v e lo p e d , th e  tw o la y e r  r e s i s t  a l s o  e x h ib i t s  a 

d e s i r e a b l e  u n d e rc u t p r o f i l e  ( f i g .  1.4b)) w hich  im p ro v es  th e  
r e l i a b i l i t y  and q u a l i ty  o f th e  l i f t e d - o f f  l in e s .  The undercu t, 

in  t h i s  c a s e ,  a r i s e s  b e c a u se  th e  lo w er la y e r  o f  r e s i s t  i s  more 
s e n s i t i v e  th a n  th e  u p p e r l a y e r .  Thus, when th e  r e s i s t  i s  

d e v e lo p e d , more m a t e r i a l  i s  d is s o lv e d  from  th e  bo ttom  l a y e r ,  
l e a v i n g  t h e  u n d e r c u t  p r o f i l e  sh o w n  i n  t h e  f i g u r e
[ 1 .1 ,1 .2 ,1 .4 ,1 .7 ] .

1 .4 .2  Choice o f C astin g  S o lven t

The PMMA, as rece iv ed  from th e  m anufactu rers, was in  powder 
form  and had to  be d i s s o lv e d  in  a  s u i t a b l e  s o lv e n t  b e fo re  i t  
c o u ld  be sp in  c o a te d  o n to  w a fe r s  f o r  p ro c e s s in g .  T here  w ere 
e s s e n t ia l ly  four r e a d i ly  a v a ila b le  so lv en ts  which could be used; 
MIBK, c h lo ro b e n z e n e , x y le n e  and t r i c h lo r o e th y le n e .  A s h o r t  
experim ent was c a r r ie d  o u t to  see i f  the cas tin g  so lv en t in  any 
way a ffe c te d  the adhesion  o f the  r e s i s t  to  a s u b s tr a te .  F i r s t  o f 
a l l ,  s o lu t io n s  o f PMMA d i s s o lv e d  in  each o f th e  s o lv e n ts  w ere 

made up and c h a r a c t e r i s t i c  p l o t s  o f  r e s i s t  th ic k n e s s  ( a f t e r  
bak ing ) v e rs u s  s p in  sp eed  w ere o b ta in e d . Then, s e l e c t i n g  sp in  

sp e e d s  fo r  each  s o l u t i o n  t h a t  would produce r e s i s t  l a y e r s  o f 
s im ila r  th ick n ess  (200 nm), s e v e ra l c lean  GaAs w afers were coated 

w ith  r e s i s t  and baked f o r  e i t h e r  2 h o u rs  or o v e rn ig h t  (12 h) a t  
180°C. An a r b i t a r y  p a t t e r n  was th e n  exposed in  th e  r e s i s t  and 

developed in  1:1 MIBK:IPA. N ext, each wafer was immersed in  a 10 
% ammonia so lu ticx i, chosen because previous experim en tal evidence 
had shown th a t  PMMA (d isso lv ed  in  xylene) had low re s is ta n c e  to  
ammonia c o n ta in in g  s o l u t i o n s .  A f te r  1 m in u te  in  am m onia, th e  
w a fe r s  w ere r in s e d  in  d e io n is e d  w a te r ,  blown d ry , and o b serv ed  
under an o p t i c a l  m ic ro s c o p e . In  th e  t a b l e  1.1 below  th e  
p e rcen tag e  o f the PMMA mask rem aining on each sam ple, a f te r  being 
su b jec ted  bo the ammonia so lu tica i, i s  shown.



TABLE 1.1

CASTING SOLVENT BAKE TIME PERCENTAŒ CF RESIST FILM REMAINING

MIBK 2 HOURS ICO %
12 It 100 %

Chlorobenzene 2 n 60 %
12 II 100 %

Xylene 2 II 0 %
12 n 50 %

Tr ich lo ro e th y len e 2 n 0 %
12 n 0 %

The obvious choice o f c a s tin g  so lv en t fo r PMMA is  MIBK which 

adhered p e r f e c t ly  to  th e  s u b s tr a te  in  th i s  experim ent even w ith  
j u s t  a  two hour bake. However, MIBK was not s e le c te d  because th e  
t im e  ta k e n  to  d i s s o lv e  th e  l a r g e  am ounts o f  MIBK re q u ire d  to  
p ro d u ce  a PMMA la y e r  o f  s i m i l a r  th ic k n e s s  to  r e s i s t  (a) above, 
was e x c e s s iv e .  C o n se q u e n tly  c h lo ro b e n z e n e  was chosen  as th e  
c a s t in g  s o lv e n t  fo r  t h e  PMMA l a y e r s  r e q u i r e d  f o r  d e v ic e  
p ro c e ss in g . The 1 pm la y e r  was ob ta ined  by d is so lv in g  15 % PMMA 
by w eight in  the so lv en t and sp in  co a tin g  the so lu tio n  onto CSaAs 
w a fe r s  a t  5000 rpm. When th e  r e s i s t  was to  be used as an e tc h  
mask i t  was always baked cv ern ig h t beforehand. S im ila r ly , the  
low er la y e r of the two la y e r  r e s i s t  (b) was obtained  by spinning 
4 % PMMA d isso lved  in  ch lo robo izene  a t  6000 rpm. U nfo rtunate ly , 
b e c a u se  th e  d i s s o l u t i o n  r a t e  o f  PMMA in  c h lo ro b e n ze n e  i s  v e ry  
h ig h ,  t h i s  s o lv e n t  c o u ld  n o t be used  a s  th e  c a s t in g  s o lv e n t  fo r  

th e  i ç ^ r  lay er o f th e  two la y e r system . This would have re su lte d  
in  p a r t i a l  d is so lu t io n  o f the  p rev io u s ly  app lied  f ilm  as soon as 

th e  second so lu tio n  was a p p lied . Xylene, which i s  a r e la t iv e ly  
s lo w  d i s s o lv e r  o f PMMA, was th e r e f o r e  chosen  a s  th e  c a s t in g  
s o lv e n t fo r the second la y e r  r e s i s t .

10



Chapter 1 R eferences

[1.1] WS Mackie, PhD T h e s is , U n iv e rs ity  o f Glasgow (1984).

[1 .2] CE B innie, PhD T h e s is , U n iv e rs ity  o f Glasgow (1985).

[1.3] SA R ishton , PhD T h es is , U n iv e rs ity  o f Glasgow (1984).

[1 .4] WS M ackie, SP B eaum ont, " M a te r ia l s  and P ro c e s s e s  fo r  
Nanometer L ithography," S o lid  S ta te  Tech. Aug 1985, p l l 7-123.

[1.5] AN B roers, "R eso lu tion  L im its  o f PMMA R es is t fo r Exposure
w ith  50 kV E lec tro n s ,"  J .  E lectrochem  Soc. 128 pl66-170 (1981).

[1.6] GR Brewer, "E lec tron-B eam  T echno logy  in  M ic r o e le c t r o n ic  
F a b ric a tio n ,"  Academic P re s s , New York, (1980).

[1 .7] CE B in n ie , SP B eaum ont, CDW W ilk in so n , JC W h ite , "The 
F a b r ic a tio n  o f Very S hort Gate Length N-Channel MOSFETs by D ire c t 
W rite  E lec tron  Beam L ithography," Proc M ic ro c irc u it  82, G renoble, 

F ran c e  (1982).

11



CHAPTER 2 COlIC OCNIACES

2 .1  Introdu ction

In  th e  f a b r i c a t i o n  o f  s e m ic o n d u c to r  d e v ic e s  good ohm ic 
c o n ta c t s  need to  be form ed to  t r a n s f e r  c u r r e n t  i n to  o r o u t  o f  

e a c h  d e v i c e .  An o h m ic  c o n t a c t  i s  d e f i n e d  a s  a m e ta l  to  
s e m ic o n d u c to r  c o n ta c t  t h a t  h a s  n e g l i g i b l e  c o n ta c t  r e s i s t a n c e  
c o m p a re d  w i th  th e  b u lk  o r  s p r e a d i n g  r e s i s t a n c e  o f  th e  

sem iconductor. A good ohmic c o n ta c t should supply th e  req u ired  
c u r r e n t  to  a d e v ic e  w i th  a v o l t a g e  d r o p  a t  t h e  m e ta l  

sem iconductor in te r fa c e  th a t  i s  s u f f i c i e n t ly  sm all compared w ith  
th e  d ro p  a c r o s s  th e  a c t i v e  re g io n  o f  th e  d e v ic e  [2 .1 ] . The 

s p e c if ic  c o n tac t re s is ta n c e ,  i s  an im portan t f ig u re  o f  m e r it
fo r th e  c o n ta c ts  and i s  de fin ed  as [2.2].

/O q -  -  V oltage drop ac ro ss  the  in te r fa c e

The i n t e r f a c i a l  c u rre n t d e n s ity

The en e rg y  band d ia g ra m  o f  a  m e ta l- s e m ic o n d u c to r  b a r r i e r  
under e q u ilib riu m  c o n d itio n s  i s  shown in  f ig .  2.1 0 ^  i s  the  work 

f u n c t io n  o f  th e  m e ta l ,  i s  th e  b a r r i e r  h e ig h t ,  A 0  i s  th e  
b a r r i e r  lo w e rin g  due to  im age f o r c e  and Vj^  ̂ i s  th e  b u i l t  in  

p o t e n t i a l .

There a re  two main c u rre n t t ra n s p o r t  mechanisms a sso c ia te d  

w ith  m e ta l sem iconductor b a r r ie r s .  These a re  therm ion ic  em ission  
o f c a r r i e r s  over the  m etal-sem  iconductor b a r r ie r s  and tu n n e lin g  

th ro u g h  th e  space  c h a rg e  r e g io n  a t  th e  m e ta l- s e m ic o n d u c to r  
i n t e r f a c e .  For c o n ta c t s  to  low  dop>ed s e m ic o n d u c to rs  (<10^^ 

/c m ^ ) , th e  th e rm io n ic  e m is s io n  d o m in a te s  and lo w e r c o n ta c t  
re s is ta n c e s  can be ob ta ined  using low er b a r r ie r  h e ig h ts  [2.2]. On 
h ig h ly  doped m a te r i a l  on th e  o th e r  hand th e  tu n n e l in g  p ro c e s s  
dom inates s in ce  the  w idth  o f th e  p o te n t ia l  b a r r ie r  d ec reases  w ith  
in c reased  doping. The b e s t c o n d itio n s  fo r low r e s i s t i v i t y  m e ta l-  
sem ic o n d u c to r  c o n ta c t  fo rm a tio n  i s  th e r e f o r e  a h ig h  dop ing  
c o n c e n t r a t io n ,  a low  b a r r i e r  h e ig h t  o r b o th . However on GaAs, 
s in ce  th e  b a r r ie r  h e ig h t i s  e s s e n t i a l ly  independent o f  th e  m etal 
used (a p p ro x im a te ly  0.8 eV) [2 .1 ,2 .3 ] ,  i t  i s  n e c e s s a ry  to  u se  
h ig h ly  doped sem iconductor c o n ta c t la y e r s  fo r the f a b r ic a t io n  o f
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c o n ta c t s  w ith  low r e s i s t i v i t i e s .  A p a p e r by P ru n iau x  [2.4] 
c la im s  th a t  heating  th e  s u b s tra te  during  c o n ta c t ev ap o ra tio n  w i l l  
red u c e  th e  b a r r i e r  h e ig h t .  H ow ever, s in c e  th e  te m p e ra tu re s  
r e q u i r e d  (>150 °C) a re  g r e a t e r  th a n  th e  g la s s  t r a n s i t i o n  
te m p e ra tu re  o f  PMMA (100 °C ), t h i s  m ethod i s  n o t p r a c t i c a l  fo r  
use when l i f t - o f f  i s  used fo r p a t te rn  d e f in i t io n .

The doping  l e v e l  o f  th e  GaAs e p i - l a y e r s  used  fo r  MESFET 
f a b r i c a t i o n  (Chap. 4) was t y p i c a l l y  10^® /cm ^ ; a b o u t te n  t im e s  

lower than the  doping le v e l req u ired  fo r  the  p o te n t ia l  b a r r ie r  a t  
th e  m etal-sem iconductor in te r fa c e  to  appear a lm ost tra n sp a re n t to  
c a r r i e r  f lo w  [2 .2 ]. H igher doped m a t e r i a l  co u ld  n o t be used  in  
MESFET f a b r i c a t i o n  b e c a u s e , a l th o u g h  th e  ohm ic c o n ta c t s  would 

im prove, the  Schottky c h a r a c te r i s t i c s  o f the  g a te , an im portan t 
e le m e n t in  th e  d e v ic e s ,  would d e t e r i o r a t e .  T h e re fo re ,  th e  
commonly used AuGe/Ni/Au c o n tac t system  was adopted fo r producing 
c o n ta c t s  to  GaAs. When th e s e  c o n ta c t s  a re  a n n e a le d , com plex 

m e t a l l u r g i c a l  r e a c t io n s  ta k e  p la c e  and a d e g e n e r a te ly  doped 
sem iconductor lay er i s  formed beneath the  co n tac t. Many a ttem p ts  

have been made to  d e sc rib e  th ese  ccanplex re a c tio n s ; th e  work o f 
Ogawa [2.5] g ives a d e ta i le d  a n a ly s is  o f annealed c o n ta c ts .

E s s e n t i a l l y  th e  d e s c r i p t i o n  g iv e n  by Ogawa fo r  a n n ea le d  
c o n ta c t s  i s  as f o l lo w s .  At 300 °C Ge d i f f u s e s  to w a rd s  th e  
c o n ta c t  s u r f a c e  and i s  tra p p e d  in  th e  Ni l a y e r .  Some o f  th e  Ni 
d i f f u s e s  in w ard . A t th e  m e ta l-sem ic o n d u c to r in te r fa c e  GaAs is  

decom posed p a r t l y  th ro u g h  th e  r e a c t io n  betw een  Ni and GaAs b u t 
m a in ly  th ro u g h  th e  r e a c t io n  o f  Au w ith  GaAs w here Ni p la y s  th e  

ro le  o f a c a ta ly s t .  At h igher tem p era tu re  (400 °C) th e  Ge which 
was tra p p e d  a t  th e  s u r f a c e  d i f f u s e s  in w a rd s  and i s  p a r t l y  

c a p tu re d  by NiAs. The r e s t  o f  th e  Ge i s  c o n s id e re d  to  be doped 
in to  the  GaAs.

In  th e  work d e s c r ib e d  h e r e ,  s p e c i f i c  c o n ta c t  r e s i s t a n c e s  

around 10”^ ohm.cm^ were o b ta in e d  on m a t e r i a l  o r i g i n a l l y  doped 

w ith  s i l i c o n  to  10^® /cm ^ . T h e o re t ic a l ly /C ^  on t h i s  m a te r i a l  
should have been about 10^ ohm.cm^ assuming a b a r r ie r  h e ig h t o f 
0.8 eV [2.2,2.6]. Ihe  doping le v e l req u ired  to  reduce^^ , to  10”^ 
ohm.cm^ i s  around  3.10^^ /cm ^ fo r  th e  same b a r r i e r  h e ig h t .  
T h e re fo re ,  d u r in g  th e  a n n e a lin g  o f  th e  AuGe/Ni/Au c o n ta c t s  th e
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d o p in g  o f  th e  se m ic o n d u c to r  l a y e r  below  th e  c o n ta c t  m u st have 
been in c reased  by more than  an o rder o f m agnitude.

2.1.2 Chapter O u tlin e

I n  t h i s  c h a p t e r  t h e  e x p e r i m e n t a l  w ork  d o n e  on th e  
f a b r i c a t i o n  o f  ohm ic c o n ta c t s  to  n"̂  GaAs i s  d e s c r ib e d .  In  
p a r t i c u l a r ,  th e  d ev e lo p m en t o f  a low  te m p e ra tu re  a n n e a lin g  
p rocess fo r co n tac ts  to  th in  e p i- la y e r s  (<10Oim) w i l l  be g iven . 
Low tem p eratu re  annealing  was d e s ir e a b le ,  p a r t i c u la r ly  in  dev ices 
w ith  s m a l l  s o u r c e - d r a in  g a p s , to  e n su re  t h a t  th e  l a t e r a l  
d i f f u s i o n  o f  th e  c o n ta c t  m a t e r i a l  d u r in g  a n n e a lin g  d o es  n o t 

a d v e r s ly  a f f e c t  th e  GaAs in  th e  v i c i n i t y  o f  th e  g a te .  I t  was 
thought th a t  i f  the annealing  tem pera tu re  could be reduced from 

th e  s ta n d a rd  te m p e ra tu re  fo r  AuGe/Ni/Au o f  420 °C to  l e s s  th a n  
300 °C (below the e u te c t ic  tem p era tu re  o f AuGe 365 °C), then  th e  
d i f f u s i o n  o f  th e  c o n ta c t  m a t e r i a l  d u r in g  a n n e a lin g  would be 

s i g n i f i c a n t l y  reduced.

B efore d esc rib in g  th e  low tem pera tu re  annealing p ro cess  fo r 
c o n ta c t s  to  th in  n+ GaAs e p i - l a y e r s  a d e s c r ip t i o n  o f  th e  

t r a n s m i s s i o n  l i n e  m o d e l u s e d  in  t h e  a n a ly s i s  o f  c o n ta c t  
p a ram eters  w il l  be g iven . Then the  i n i t i a l  experim ents on AuGe 
c o n ta c t s  to  e p i t a x i a l  and b u lk  n"̂  s u b s t r a t e s ,  in c lu d in g  th e  
e f f e c t s  o f anneal tem p era tu re  and tim e , a re  d escribed . F in a lly  
th e  o p t im i s a t io n  o f  AuGe/N i/A u  c o n ta c t s  fo r  low  te m p e ra tu re  
annealing  w i l l  be d esc rib ed . The fo llow ing  chap ter c o n ta in s  the  
a n a ly s is  o f co n tac ts  on s o l id  s u b s tr a te s  using Auger A nalysis  and 

o f  c o n ta c t s  on th in  s u b s t r a t e s  u s in g  Energy D is p e r s iv e  X -ray  

m ic ro a n a ly s is .

2 .2  Transm issicxi Line Model

2 .2 .1  Introduction

The to o l  used in  th e  a n a l y s i s  o f  p la n a r  ohm ic c o n ta c t s  i s  
th e  t r a n s m is s io n  l i n e  m odel (TLM) d ev e lo p ed  by M urrmann and 
Widmann [2.7] and in d e p e n d e n t ly  by  B erg er [2.8]. In  t h i s  m odel th e
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co n tac ts  a re  m odelled as a d is t r ib u te d  c i r c u i t  analogous to  th a t  
o f  a t r a n s m is s io n  l i n e .  A d e t a i l e d  d e s c r i p t i o n  o f  th e  TLM i s  
given in  appendix 2A.

In  t h e  o r i g i n a l  m o d e l ,  t h e  s h e e t  r e s i s t a n c e  o f  th e  
se m ic o n d u c to r  d i r e c t l y  below  th e  c o n ta c t  i s  assum ed to  be th e  
same as th e  sem iconductor lay er o u ts id e  th e  c o n ta c t reg ion . I h is  
a s su m p tio n  i s  n o t how ever r e a l i s t i c  fo r  th e  c o n ta c t s  s tu d ie d  
h e re  as  i t  i s  l i k e l y  t h a t  th e  d i f f u s i o n  d e p th  o f  th e  an n ea led  

A u/G e/N i c o n ta c t s  w i l l  be g r e a te r  th a n  th e  n+ GaAs e p i - l a y e r  
th ic k n e s s e s  (<100 nm) [2 .5 ] . H ence, i t  i s  re a s o n a b le  to  assum e 
th a t  th e  m e ta l lu rg ic a l  re a c tio n s  th a t  take  p lace  during  c o n tac t 
annealing  w i l l  s ig n i f ic a n t ly  change th e  sh ee t re s is ta n c e  o f the 

s e m ico n d u c to r below  th e  c o n ta c t  [2 .6 ,2 .9 ] .  T h e re fo re  th e  
m o d if ie d  TLM m odel d e s c r ib e d  by K e lln e r  [2 .9] and Reeves and 

H arrison  [2.10] was used in  the  a n a ly s is  o f a l l  the  c o n tac ts  made 
to  th in  e p i - l a y e r s .  In  t h i s  m odel, th e  d i f f e r e n c e  in  s h e e t  

re s is ta n c e  o f th e  sem iconductor lay er o u ts id e  the  c o n ta c t (Rg^) 
and th a t  underneath  th e  c o n tac t is  taken  in to  account. I t
sho u ld  be n o te d  t h a t  th e  r e s u l t i n g  v a lu e s  o f  s p e c i f i c  c o n ta c t  
r e s is ta n c e  o b ta in ed  using the  m odified TLM were o fte n  more than 
an o rd e r  o f  m ag n itu d e  g r e a t e r  th a n  th o s e  e v a lu a te d  u s in g  th e  
standard  models o f Berger and Murrmann and Widmann. I h i s  was 
c o n s is te n t w ith  th e  (±>servations made by both  K ellner and Reeves 
and H arriso n .

2.2.2 TLM T est S tru cture

The f i n a l  v e r s io n  o f  th e  t r a n s m is s io n  t e s t  s t r u c t u r e  

c o n s is te d  o f  a  s e t  o f  te n  i d e n t i c a l  c o n ta c t  s t r i p e s  p a t te r n e d  
over 14 or 2Qpm wide mesas o f n'*' GaAs (f ig  2.2). These co n tac ts  

extended f ro n  th e  mesa to  la rg e r  pads approx im ate ly  100 pm square 
which were used fo r probing . The d is ta n c e  between the  co n tac ts  

(L) v a r ie d  in  in c re m e n ts  o f ab o u t 4 pm from  2 pm up to  38 pm. 
From th e  measured re s is ta n c e  values between c o n ta c ts  (R,p) a graph 

o f Rgi V L w ith  9 d a ta  p o in t s  cou ld  be p l o t t e d .  A lso  from  th e  
t e s t  p a t t e r n  up to  8 v a lu e s  o f  th e  so  c a l l e d  c o n ta c t  "end 

r e s i s t a n c e "  (R^) [2 .8 -10] co u ld  be d e te rm in e d  from  g ro u p s  o f  
th r e e  c o n t a c t s .  R^ i s  d e f in e d  as th e  p o t e n t i a l  a t  th e  end o f  a 
c o n ta c t  d iv id e d  by th e  c u r r e n t  f lo w in g  i n t o  t h a t  c o n ta c t  (see
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-  Mesa Isolation Channels 
/ I Ohmic Contact Metallisation Pattern

F ig . 2.2 (a) Mesa i s o l a t i o n  and c o n ta c t  p a t t e r n s  fo r  TLM t e s t  
ch ip s  and (b) an SEM m icrograph o f  a completed t e s t  s t ru c tu re .



App. 2A). The r e la t iv e ly  la rg e  number o f  m easurem ents taken from 
each TLM t e s t  s t ru c tu re  means th a t  e r r o r s  involved in  param eter 
c a lc u la t io n s  a re  m inim ised.

2 .2 .3  Fabrication

The TLM t e s t  s t ru c tu re s  were fa b r ic a te d  using e le c tro n  beam 
lith o g rap h y  fo r p a t te rn  d e f in i t io n  a t  each o f th re e  le v e ls . Low 
m olecu lar w eight PMMA (185 000), 15 % by w eigh t in  chlorobenzene, 
was used  th ro u g h o u t . T h is  r e s i s t  was ch o sen  b ecau se  th ic k  
uniform  f i lm s  (1 pm) could be sp in  coated  onto  th e  ch ips making 

l i f t - o f f  o f  r e l a t i v e l y  th ic k  (1 0 0 -1 2 0  nm) m e t a l l i c  l a y e r s  
s t r a ig h t  forw ard and r e l i a b le  and a lso  because i t  adhered w ell to  
the  GaAs d u ring  th e  mesa e tc h irg  s te p  (Sect 1.4.2). The p a tte rn s  
w ere exposed  u s in g  a 0.25 um sp o t s i z e  in  a fram e  s i z e  o f  1.5 by

1.2 mm. Each fram e c o n ta in e d  e ig h t  TLM t e s t  p a t t e r n s  and a 
ty p ic a l  ch ip  would be p a tte rn ed  w ith 16 such fram es. The r e s i s t  

was d e v e lo p e d  in  1 :1  MIBKzIPA a t  23°C f o r  1 m in u te . The 
p ro c e s s e s  in v o lv e d  a re  s i m i l a r  to  th o s e  em ployed in  th e  d ev ice  

f a b r i c a t i o n  p ro c e s s  and w i l l  be d e s c r ib e d  in  m ore d e t a i l  in  
c h a p te r  4.

B r ie f ly  the  fa b r ic a t io n  procedure was as fo llo w s : -

-  Ohmic m a rk e rs  w ere p a t te r n e d  by l i f t - o f f ,  th e n  an n ea led  to  

p ro d u ce  low  r e s i s t i v i t y  p ro b in g  p ad s  to  be used  in  th e  mesa 
is o la t io n  s te p .

-  Channels were e tched  through the a c t iv e  la y e r ,  using  a r e s i s t  
m ask, to  i s o l a t e  p ro b in g  pads and to  d e f in e  th e  m esas betw een 
c o n ta c ts .

-  The ohm ic c o n ta c t s  w ere d e f in e d  u s in g  l i f t - o f f .  The GaAs 
w a fe rs  w ere  s c r ib e d  and b roken  up in to  c h ip s  c o n ta in in g  4 TLM 
t e s t  s t ru c tu re s  -  2 wide and 2 narrow m esas.

-  The ch ips were in d iv id u a lly  annealed and th e  measurements fo r 
c o n ta c t a n a ly s is  made using an HP 4145A sem iconductor param eter 
an a ly se r and probing system .
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Some o f the  e a r l i e r  work on ohmic c o n ta c ts  was done on le s s  
re fin e d  TLM s tru c tu re s  c o n s is i t in g  o f on ly  5 or even 3 c o n ta c ts . 
H owever, a l l  o f th e  r e s u l t s  fo r  th e  f i n a l  a n a ly s i s  o f  low  
tem pera tu re  c o n tac ts  to  th in  GaAs e p i- la y e r s  were ob tained  from 
s t r u c t u r e s  w ith  10  c o n ta c t s  p e r  m esa and th e  f i n a l  r e s u l t  
ob ta ined  from each annealed ch ip  was the  averaged values obtained  

from th e  4 t e s t  s tru c tu re s  on th a t  ch ip .

2 .3  Annealing

A ll o f  th e  sam p les  w ere a n n e a le d  on a s t r i p  h e a te r  in  a 

reducing atm osphere o f 95:5 Ar:H2» F igure 2.3 i s  a schem atic  o f 
th e  annealing  furnace. Before annealing  the  chamber was flushed  

o u t fo r  a t  l e a s t  2 m in u te s  w ith  th e  re d u c in g  g a s . D uring 
a n n e a lin g  ho w ev er, th e  g a s  f lo w  was re d u c e d , b u t n o t c u t - o f f  

a l to g e th e r , so th a t  a p o s i t iv e  Ar:H2 p re ssu re  was m ain tained  in  
th e  cham ber. T h is  p r e s s u r e  was c ru d e ly  m onitored by observing 
the  gas o u t l e t  through a b ubb ler. Annealing was c a r r ie d  o u t when 
th e  w ater le v e l in  the  o u t le t  tube was about 2 cm below th e  le v e l 
o f th e  w a te r  in  th e  f l a s k .  The re d u c t io n  in  gas flo w  was 
e s s e n t ia l  to  m ain ta in  a uniform  tem p eratu re  during the annealing .

The tem peratu re  of th e  s t r i p  h e a te r , which co n sis ted  o f a 2 
cm wide s t r i p  o f e i th e r  iro n  or tu n g s te n , was m anually c o n tro lle d  

u s in g  a v a r i a c  to  a l t e r  th e  c u r r e n t  th ro u g h  th e  s t r i p .  A 
th e rm o c o u p le , co n n ec ted  to  a d i g i t a l  th e rm o m ete r was used to  
m easu re  th e  te m p e ra tu re  o f  th e  s t r i p .  The sam p le s , w hich w ere 
t y p i c a l l y  o n ly  0.5 mm s q u a re  w ere p la c e d  as  c lo s e  to  th e  
th e rm o c o u p le  as p o s s ib le  d u r in g  th e  a n n e a l as th e  te m p e ra tu re  
v a r i a t i o n  o v er th e  s t r i p ,  p a r t i c u l a r l y  i f  i t  had been used fo r  

s e v e r a l  w eeks, was s i g n i f i c a n t .  I f  l a r g e r  sam p les  (e .g . 5 mm 
dev ice  chips) were being annealed the  therm ocouple was sometimes 
p laced  on th e  su rface  of th e  ch ip  i t s e l f  i f  a s u ita b le  p o s itio n , 
such as a f a u l ty  exposure s i t e ,  could be found.

When s e v e r a l  sam p les  w ere  to  be a n n ea le d  a t  d i f f e r e n t  
tem p era tu res  i t  was o ften  convenien t to  c a l ib r a te  the tem perature  
o f  th e  s t r i p  h e a te r  to  th e  v a r i a c  s e t t i n g  b e fo re  a n n e a lin g  th e  
s a m p le s . T h is  was n o t a o n e - o f f  p ro c e d u re  as th e  c a l i b r a t i o n  
v a rie d  from day to  day depending on the  m etal and dim ensions o f
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annealing  ohmic c o n ta c ts  to  GaAs.
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Fig. 2.4 Graph o f  tem peratu re  versus tim e  fo r  a ty p ic a l 1 m inute 
anneal c y c le . The tem pera tu re  r i s e  and f a l l  tim es a re  about 20 
and 30 seconds re s p e c tiv e ly .



the s t r i p  h e a te r  as w ell as the  p o s itio n in g  o f th e  therm ocouple 
and gas i n l e t  p ip e .

Ihe  annea ling  furnace has a very  rap id  tem pera tu re  response 
cycle . The p lo t  in  f ig u re  2.4 shows a ty p ic a l  tem peratu re  v ersus 
t im e  c u rv e  o b ta in e d  by c o n n e c tin g  th e  th e rm o c o u p le  o u tp u t  to  a 
c h a r t  r e c o r d e r  d u r in g  a 60 second  a n n e a l .  I t  can  be seen  t h a t  
f a s t  t e m p e r a t u r e  r i s e  and  f a l l  t i m e s  (20 and 30 seco n d s  
re sp ec tiv e ly ) could be achieved. Hi i s  high h ea tin g  and cooling  
ra te  i s  thought to  be im portan t in  the  p ro d u c tio n  o f c o n tac ts  o f 
low r e s i s t i v i t y  [2 .5,2.11,2.12]. The te m p e ra tu re  f l u c t u a t i o n  a t  

the  peak annea ling  tem p era tu re  could be he ld  to  + /-  5 °C w ithou t 
any d i f f i c u l t y  when th e  gas flow  was reduced as d escribed  above.

2 .4  AuGe Contacts

2 .4 .1  Thin E^)i-layer v Bulk Substrate

I t  was found e a r ly  <xi in  the  work cn ohmic co n tac ts  th a t  th e  
f a b r i c a t i o n  o f  ohm ic c o n ta c t s  to  v e ry  t h i n  ( < lOOnm) n"** GaAs 
e p i - l a y e r s  was s i g n i f i c a n t l y  d i f f e r e n t  to  th e  f a b r i c a t i o n  o f  
c o n ta c ts  to  b u lk  GaAs s u b s t r a t e s  w ith  s i m i l a r  dop ing  l e v e l s .  
I n i t i a l l y  a rra y s  o f gold germanium d o ts  (12 % Ge by w eight) lOOnm 
th ic k  were p a tte rn e d  on v a rio u s  s u b s tra te s  using p h o to lith o g ra jh y  
and l i f t - o f f .  The s u b s tr a te s  w ere:-

a) SCkim MOCW) grown n"̂  GaAs (l.S.lcA® /cm^) on an AlGaAs 
h e te ro s tru c tu re  s im ila r  to  those d esc rib ed  in  ch ap te r 6 fo r 
membrane fa b r ic a t io n  (grown a t  S ie f f ie ld  U n iv ers ity ).

b) 80 nm n'*’ GaAs (2.3.10^® /cm ^) as above.

c) Bulk n"*" GaAs (IcA® /o n ^ ) .

A f te r  th e  AuGe d o ts  w ere d e f in e d  th e  sam p les  w ere s c r ib e d  
th en  b roken  in to  s m a l le r  c h ip s ,  each  c o n ta in in g  s e v e r a l  d o ts .  
The ch ips were then  annealed a t  tem p era tu res  in  the  range 200 to  

400°C and fo r d u ra tio n s  o f 0 to  18 m inu tes. The 0 m inute anneal 
means t h a t  th e  t im e  s p e n t  a t  th e  a n n e a lin g  te m p e ra tu re  was as 
s h o r t  as  p o s s ib le .  In  o th e r  w ords th e  sam p le  was h e a te d  up to
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a n n e a lin g  te m p e ra tu re  th e n  th e  c u r r e n t  to  th e  h e a te r  was 
im m ediately  cu t o f f .

The AuGe d o ts  w ere p robed  and th e  I/V  c h a r a c t e r i s t i c s  
o b se rv ed  on a c u rv e  t r a c e r .  At t h i s  s ta g e  th e  c o n ta c t  was 
considered  chmic i f ,  when a v o ltag e  was ap p lied  between two d o ts , 
the  r e s u l t i r g  I/V  curve had l in e a r  c h a r a c te r i s t i c s  in  the  v o ltag e  
r a n g e  -5  to  +5 V. No a t t e m p t s  w e re  m ade i n  t h e s e  e a r l y  
experim ents to  an a ly se  the  c o n ta c ts  using Tl/i t e s t  s ru tu c tu re s .

2 .4 .2  R esults

Hie graph in  f ig u re  2.5 shows which anneal tem p era tu res  and 
tim es produced ohmic c o n ta c ts  to  the  v a rio u s  s u b s tr a te s .  H iere 
i s  a d i s t i n c t  a rea  on th i s  graph w ith in  v ^ ich  a l l  o f the  c o n tac ts  

on the e p i ta x ia l  m a te r ia l  e x h ib ite d  l i n e a r  I /V  c h a r a c t e r i s t i c s .  
H iis  "ohmic" reg io n  ex tends r ig h t  down to  tem p era tu res  as low as 

250°C I t  was in te r e s t in g  to  observe th a t  i f  th e  annealing  tim es 
were too long th e  c o n ta c ts  no longer produced l in e a r  curves. For 

example a t  320°C a 1 m inute anneal produced ohmic co n tac ts  to  the  
e p i t a x i a l  GaAs w a fe r s  w h ereas  a 3 m inu te  a n n e a l d id  n o t .  The 
curves obtained w ith  longer anneal tim es were g e n e ra lly  l in e a r  a t  

th e  o r ig in  but th e re  was a p o in t o f in f le c t io n  a t  about 2 v o lts .

I t  was n o t u n d e rs to o d  a t  th e  tim e  o f t h i s  e x p e r im e n t why 
ohmic co n tac ts  could be dDtained w ith a 1 m inute anneal bu t no t 

w ith  a 3 m inute anneal. On r e f le c t ic n  however, i t  seems l ik e ly  
t h a t  as m ost o f  th e  m easu rem en ts  w ere made on GaAs/AlGaAs 

h e te ro s tru c tu re s , th e  c o n tac t m a te r ia l  had p e n e tra te d  through the  
a c t i v e  la y e r  and in to  th e  u n d e r ly in g  AlGaAs l a y e r .  I t  i s  
th e r e f o r e  p o s s i b i l e  t h a t  th e r e  was some p a r a l l e l  c o n d u c tio n  
th ro u g h  th e  AlGaAs la y e r  w hich would le a d  to  th e  i n f l e c t i o n s  
observed in  the  I/V  c h a r a c te r i s t i c s  [2.13,2.14] which re s u lte d  in  
th e  co n tac ts  being la b e l le d  non-dim ic.

T h is  i n i t i a l  t e s t  d id  show t h a t  ohm ic c o n ta c t s  co u ld  be 
formed to  th in  GaAs e p i- la y e r s  a t  tem p era rtu re s  a l o t  lower than 

th e  420 to  450 °C r e q u ir e d  fo r  c o n ta c t  fo rm a tio n  to  b u lk  n"*” 
m a te r ia l .
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2 .4 .3  F ir s t  TUI Measurements

The f i r s t  t r a n s m is s io n  l i n e  model t e s t  p a t t e r n s  w ere 

f a b r i c a t e d  on 200 nm th ic k  GaAs e p i - l a y e r s  (n=1.5 X 10^® /cm ^) 
w ith  a nom inally  undoped b u ffe r  la y e r between th e  a c t iv e  la y e r 
and th e  s e m i- in su la tin g  s u b s tra te .  The m a te r ia l  was grown using 
v ap o u r phase  e p i t a x y  (VPE) a t  P le s s e y  (C a sw e ll) .  The t e s t  
p a t t e r n  c o n s is te d  o f  th r e e  i d e n t i c a l  18 pm w ide c o n ta c t s  
p a t t e r n e d  over a 75 pm w ide m esa o f  a c t i v e  m a t e r i a l  (F ig . 2 .6 ). 
The d i s t a n c e s  b e tw een  th e  c o n ta c t s  w ere 15 and 150 pm. In  t h i s  

o r ig in a l  s t r u c tu r e ,  th e  a c t iv e  la y e r below th e  probing pads was 
removed during  th e  mesa i s o la t io n  s tep . The t e s t  s t ru c tu re s  were 

f a b r i c a t e d  in  a s i m i l a r  way to  th e  u l t im a te  TLM s t r u c t u r e  
summarised in  s e c tio n  2.3.

Ihe  i n i t i a l  experim en ts invo lv ing  the  TLM were to  determ ine  
how the  s p e c if ic  c o n ta c t r e s is ta n c e  o f AuGe c o n ta c ts  v a rie d  w ith  
a n n e a l te m p e ra tu re  and a n n e a l t im e . T e s t s t r u c t u r e s  w ere 
fa b r ic a te d  w ith  AuGe c o n ta c ts  120 nm th ic k . I t  should be noted 
t h a t  in  th e  e a r l y  e x p e r im e n ts  no s p e c ia l  c le a n in g  o f  th e  GaAs 

su rface  was c a r r ie d  o u t b e fo re  c o n tac t m e ta l l i s a t io n  and th a t  no 
n ic k e l was used to  improve the  c o n ta c t r e s i s t i v i t y  [2.15].

In d iv id u a l TLM t e s t  s t ru c tu re s  were annealed in  th e  fu rnace  
d e s c r ib e d  in  s e c t io n  2 .3 . A f te r  a n n e a lin g  th e  r e s i s t a n c e s  

between c o n tac ts  were ccxnputed fro n  the  slope o f th e  I/V  curves. 
Ihe  c o n ta c t end r e s is ta n c e  which is  an e s s e n t ia l  param eter in  
the  m odified  TLM was determ ined  by both of th e  methods d esc rib ed  
in  ap p en d ix  2A. The f i r s t  o f  th e s e  m ethods was to  m easu re  th e

r e s i s t a n c e  b e tw een  c o n ta c t s  1 and 2, 2 and 3 and 1 and 3 (R j, R2

and Rg re sp ec tiv e ly )  then compute R  ̂ from the eq u ation

Rg = 0.5 ( Rj + R2 ~ Rg ).

The second method was to  pass a c u rre n t between c o n ta c ts  1 and 2 
and measure the  v o lta g e  drop between c o n tac ts  2 and 3. Ihe  va lue  
o f  Rg was then determ ined  by d iv id in g  the  measured v o lta g e  by th e  
in p u t c u r r e n t .
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w ith  18 pm c o n ta c t s t r ip e s  sep ara ted  by 15 and 150 pm.



The sh ee t re s is ta n c e  o f th e  sem iconductor lay e r o u ts id e  th e  

c o n ta c ts  (Rg^) and the  c o n ta c t r e s is ta n c e  (R^) were determ ined 
d i r e c t l y  from  th e  m easured  r e s i s t a n c e  v a lu e s  and th e  p h y s ic a l  
d im e n s io n s  o f  th e  t e s t  s t r u c t u r e .  Then, u s in g  th e  m o d if ie d  
t r a n s m is s io n  l i n e  m odel [ 2 .9 ,2 .1 0 ] ,  th e  s p e c i f i c  c o n t a c t  
r e s i s t a n c e  (/J,) and th e  s h e e t  r e s i s t a n c e  o f  th e  sem ico n d u c to r 
la y e r  d i r e c t l y  below the  c o n ta c t (Rgĵ ) were computable using the  
d e te rm in e d  v a lu e s  o f  R^, R^ and Rg^. A program  (RESCAL) was 
w r i t t e n  to  d e te rm in e  a l l  th e  c o n ta c t  p a ra m e te r s  from  m easured  
d a t a .  In  t h i s  s im p l i f i e d  t e s t  p a t t e r n  o n ly  th e  m easured 
re s is ta n c e  between c o n ta c ts , the  Rg v a lu e  and th e  spacing between 

c o n ta c ts  were in p u t to  the  program . With the  more complex t e s t  
s t ru c tu re  d e sc rib ed  in  Sect. 2.2.2, a  graph o f re s is ta n c e  between 
c o n ta c t s  v c o n ta c t  s e p a r a t io n  was f i r s t  o f  a l l  p l o t t e d .  Then, 

a f te r  f i t t i n g  th e  b e s t curve to  t h i s  d a ta , two re fe ren ce  p o in ts  
c o u ld  be ta k e n  from  th e  c u rv e  and in p u t  to  RESCAL a lo n g  w ith  an 

average v a lu e  o f Rg determ ined from up to  e ig h t measurements per 
sam ple.

2 .4 .4  S p e c if ic  Contact R esistance v  Anneal T en^rature

T ab le  2.1 c o n ta in s  th e  m easu red  and com puted r e s u l t s  from  
sam ples annealed a t  d i f f e r e n t  tem p e ra tu res  (60 seconds). Ihe Rg 
v a lu es  were determ ined  using both o f th e  methods described  above. 
I t  can  be see n  t h a t  th e  s h e e t  r e s i s t a n c e  o f  th e  sem ico n d u c to r 
l a y e r  o u t s id e  th e  c o n ta c t  (Rg^) i s  c o n s ta n t  over th e  e n t i r e  
te m p e r a tu r e  ra n g e  s tu d ie d .  The s h e e t  r e s i s t a n c e  under th e  
c o n ta c t  (Rgjç) d o es  however v a ry  w ith  th e  a n n e a l te m p e ra tu re . 
B ro a d ly  s p e a k in g , th e  lo w er th e  v a lu e  o f  s p e c i f i c  c o n ta c t  

r e s i s t a n c e  o b ta in e d  ( / ^ ) , th e  lo w e r th e  v a lu e  o f  Rg|^. The 
f l u c t u a t i o n s  in  Rg|  ̂ a re  due to  e r r o r s  in  th e  m easured  v a lu e  o f  
Rg. T h is  i s  th e  m ain re a so n  why th e  s im p le  t e s t  s t r u c t u r e  o f  
t h i s  experim en t, where caily one Rg measurement can be made, was 
subsequen tly  rep laced  by the  complex t e s t  s t r u c tu r e  (Sect. 2.2.2) 
where up to  8 measurements of Rg can be made.

In  t h i s  e x p e r im e n t th e  lo w er v a lu e s  o f  /O  ̂ (10""^ ohm.cm^) 
w ere  o b ta in e d  a t  h ig h e r  a n n e a lin g  te m p e r a tu r e s  (F ig . 2 .7). The 
red u c tio n  in  sh ee t re s is ta n c e  below th e  c o n ta c t i s  caused by the  
re a c tio n s  lA ich  take  p lace  during  an n ea lin g . I t  i s  l ik e ly  th a t
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% ble 2 .1

T R2 R3 Re Rsh Rc Rsk

280 140 380 430 45.0 133 56.6 6 .6 101.0
*42.0 6 .3 129.0

300 65 285 314 18.0 122 20.3 2 .5 19 .4
*16.0 2 .3 37 .2

325 64 280 314 14.5 120 20.0 2 .2 48.5
*11.0 1 .9 83.8

350 50 280 307 11.5 128 12.2 1 .6 6 .0
*11.5 1 .6 6 .0

380 50 282 312 10.0 129 12.1 1 .4 18 .2

* 9 .5 1 .4 22.7

400 46 265 291 10.0 121 10.8 1 .4 7 .0

* 9 .5 1 .3 11.4

425 50 270 300 10.0 122 12.8 1 .5 24.2

*10.0 1 .5 24 .2

T is  in  °C, R^, R2 , R ], Rg and R^ a re  in  ohns

Rg^ and Rg|̂  a re  in  ohm s/square / ) g  i s  in  ohm.on^ xlO”^ 
* in d ic a te s  Rg m easured using  V /I method.



a t  h ig h e r  te m p e ra tu re s  m ore Ge w i l l  have d i f f u s e d  from  th e  
c o n ta c t in to  the underly ing  sem iconductor in c reas in g  th e  doping 
le v e l  by more than an order o f m agnitude [2.9,2.10], hence, th e  
red u c tio n  in  sh ee t re s is ta n c e .

T h is  lo w e r in g  in  s h e e t  r e s i s t a n c e  below  th e  c o n ta c t  
i l l u s t r a t e s  why th e  s tan d a rd  TLM model g iv es  low er v a lu es  fo r th e  
s p e c if ic  co n tac t r e s is ta n c e  than th e  m odified TLM. In  order to  

g e t  c o n ta c t  r e s i s t a n c e s  o f  th e  o rd e r  o f  10“ ^ ohm.cm^ th e  GaAs 
do p ing  l e v e l  sh o u ld  be around  5 .10^^ /cm ^ [2 .6 ] . In  th e  c a se  o f  
c o n ta c ts  to  th in  e p i- la y e r s ,  as a lread y  d iscu ssed , i t  i s  l ik e ly  
th a t  the  whole o f th e  sem iconductor lay er w il l  be m odified  during  
c o n ta c t  a n n e a lin g  ( lo w er s h e e t  r e s i s t a n c e ) .  I f  th e  l a y e r  below  
th e  c o n ta c t  i s  n o t assum ed to  be m o d if ie d , th e n ,  in  o rd e r  to  
s a t i s f y  th e  m easu rem en ts  made on th e  TLM t e s t  s t r u c t u r e ,  th e  
c a lc u la te d  values o f s p e c i f ic  c o n ta c t re s is ta n c e  would a jp ea r to  

be sm a lle r than they  a c tu a l ly  were.

2 .4 .5  S p ec ific  Contact R esistance v  Anneal Time

A second e x p e r im e n t was c a r r i e d  o u t to  f in d  o u t how th e  
s p e c i f i c  c o n ta c t  r e s i s t a n c e  o f  th e  AuGe c o n ta c ts  v a r ie d  w ith  
anneal tim e. A s e t  o f TLM sam ples, fa b ric a te d  in  th e  same way as 
those  in  the p rev ious t e s t ,  were annealed fo r d i f f e r e n t  tim es a t  

350 ®C. The g rap h  o f  f i g .  2.8 shows t h a t i s  in  f a c t  more o r 
le s s  co n stan t fo r anneal tim es from 0  (instan taneous anneal) up 
to  18 m inutes. The in f le c t io n s  observed in  the  I/V  curves o f the  
sam p le s  f a b r i c a te d  on GaAs/AlGaAs h e te ro s tru c tu re s  w ith  longer 
anneal tim es were no t p re se n t in  th i s  t e s t  on 20Qnm n"̂  ep i la y e rs  
on undoped b u ffe rs . I h i s  confirm ed th a t  the in f le c t io n s  cbserved 
p r e v io u s ly  w ere due to  p a r a l l e l  c o n d u c tio n  th ro u g h  th e  AlGaAs 
la y e r  and not to  a  d e te r io ra t io n  in  the  co n tac t q u a li ty .

In a l l  subsequent experim ents the  anneal tim e was chosen to  
be 1 minute s in ce  th e re  was no obvious advantage in  annealing  the  

sam ples for any longer. 1 m inute was se le c ted  in  p re fe ren ce  to  
s a y  15 seco n d s to  a l lo w  th e  c o m p le tio n  o f  th e  r e a c t io n s  w hich 

ta k e  p la c e  d u r in g  a n n e a l in g .  I t  was s p e c u la te d  by Ogawa [6.5] 
th a t  co n tac ts  formed a t  low tem pera tu re  would d e te r io ra te  w ith  
t im e  b ecause  th e  r e a c t io n s  would be in c o m p le te . However, th e
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Fig 2.P Specific contact resistance versus anneal time for AuGe 
contacts annealed at 35F ®C.



r e s u l t s  o f  t h i s  e x p e r im e n t i n d i c a t e  t h a t  th e  r e a c t io n s  a re  
c o m p le ted  in  a few  seco n d s  s in c e  th e r e  i s  no im provem ent in  
r e s i s t i v i t y  when longer anneal tim es a re  used. In  l a t e r  work on 
AuGe c o n ta c t s  w ith  Ni and Au cap p in g  l a y e r s ,  low  te m p e ra tu re  
c o n ta c ts  annealed fo r 1 m inute were rem easured sane  8 weeks a f te r  
th e y  w ere f i r s t  t e s t e d  and i t  was found t h a t  th e r e  had been no 
d e te r io r a t io n  o f the  c o n tac ts  in  th i s  tim e.

2 .5  AuGe/Ni/Au C ontacts

The minimum v a lu e s  o f  s p e c i f i c  c o n ta c t  r e s i s t a n c e  (10”  ̂
ohm.cm* )̂ ob tained  in  th ese  i n i t i a l  experim ents was high compared 
w ith  o th e r rep o rted  v a lues on s im i la r ly  doped m a te r ia l  measured 

using th e  m odified  TLM [2.9,2.10]. To improve th e  r e s i s t i v i t y  a 
n ic k e l la y e r was in co rpo ra ted  in to  th e  c o n ta c ts  s in ce  the n ickel 

im proves w e ttin g  and enhances the  s o lu b i l i ty  o f th e  GaAs. Nickel 
d o es  h av e  th e  d is a d v a n ta g e  t h a t  i t  i s  a f a s t  d i f f u s e r  and a 
co m p en sa tin g  a c c e p to r  [ 2 .1 5 ,2 .1 6 ] .  A g o ld  c a p p in g  l a y e r  
t y p i c a l l y  20  nm th ic k  was a l s o  added to  re d u c e  th e  s h e e t 
re s is ta n c e  o f the  m eta l co n tac t.

I t  was a lso  found th a t  c lean in g  the  GaAs im m ediate ly  before 
th e  c o n ta c t  m e t a l l i s a t i o n  im proved th e  r e s i s t i v i t y  o f  th e  

c o n t a c t s .  A 60 second  c le a n  in  5 % ammonia s o lu t io n  p r io r  to  
m eta l ev ap o ra tio n  reduced by about a fa c to r  o f f iv e  and a lso  
im proved  th e  a d h e s io n  o f  th e  c o n ta c t s  to  th e  GaAs. I t  i s  
b e liev ed  th a t  the  ammonia so lu tio n  e tch es  away any su rface  oxide, 
thus im proving the  c o n ta c t re s is ta n c e .

2 .5 .1  Low Temperature Annealing

The i n i t i a l  r e s u l t s  from  c o n ta c t s  in c lud ing  n ick e l showed
t h a t  low  r e s i s t i v i t y  c o n ta c ts  co u ld  be form ed w ith  a n n e a lin g

te m p e r a tu r e s  in  th e  ran g e  300 -  320 (S e c t. 2 .5 .3 ). F u r th e r
experim ents were th e re fo re  c a r r ie d  o u t to  see i f  th e  com position
o f  t h e  A uG e/N i/(A u) c o n t a c t s  c o u ld  be o p t i m i s e d  f o r  low  
tem p era tu re  annealing  (Sect. 2 .5 .4 ,5 ). U l t im a te ly  c o n ta c t s  w ith  
P ç , around 10”^ ohm .cm ̂  were ob ta ined  w ith  an anneal tem perature 
o f  300 °C.

23



2.5.2 T est S tr u c tu r e s

Experim ents were c a r r ie d  ou t to  s tudy  what e f f e c t  th e  n ic k e l 
c o n ce n tra tio n  had in  AuGe/Ni/Au c o n ta c ts  to  th in  GaAs e p i- la y e r s  
and to  d e te rm in e  i f  a s u i t a b l e  c o m p o s itio n  co u ld  be found fo r  
low tem peratu re  a n n ea lirg . The TLM s tru c tu re s  d escribed  in  S ect.
2 .2 .2  ( f ig  2 .2 ) , c o n s i s t i n g  o f  10 c o n ta c t s  on m esas 14 and 20 pm 

wide, were fa b r ic a te d  on m a te r ia l  c o n s is tin g  o f an 85nm n"*" GaAs 
(n=10^ ^ /c m  ^) a c tiv e  la y e r  and a 1 pm nom inally  undoped b u ffe r  
la y e r  grown by VPE on a se m i- in su la tin g  su b s tra te . I n i t i a l l y  a 4 

X 5.2 mm c h ip  was p a t t e r n e d  w ith  9 e x p o su re s , each  c o n ta in in g  8 

TLM p a tte rn s . The fram e s iz e  fo r each exposure was 1.2 X 1.5 mm. 

When th e  ch ip  was co m p le te ly  p ro cessed , includ ing  mesa is o la t io n  

and ohmic m e ta ll is a tic x i, the  ch ip  was scribed  and broken in to  1 X 
0 .5  mm sa m p le s , each  w ith  4 t e s t  s t r u c t u r e s ,  fo r  in d iv id u a l  
an n ea lin g .

Im m e d ia te ly  b e fo re  lo a d in g  th e  sam ples in to  th e  vacuum 
system  fo r co n tac t m e ta l l i s a t io n ,  th e  GaAs su rface  was cleaned  by 
im m ersing the  sam ples in  5 % ammonia so lu tio n . Ihe sam ples were 
th e n  r in s e d  in  d e - io n is e d  w a te r  and th o ro u g h ly  blow n d ry  in  a 
stream  of n itro g en .

2 .5 .3  Varying The N ickel Concentration

The f i r s t  t e s t  was to  d e te rm in e  what e f f e c t  th e  n ic k e l  
c o n ce n tra tio n  in the  com posite m etal c o n tac ts  had on the  annealed 

c o n ta c ts . TUi s t ru c tu re s  were fa b r ic a te d  which were m e ta ll is e d  
w ith  92nm AuGe /  X nm Ni /  20 nm Au, w here X (th e  n ic k e l  

th ick n esses) were 12, 25 and 35 nm. The percen tages o f n ic k e l to  
AuGe by w e ig h t w ere 6 .4 , 12.3 and 17.5 % r e s p e c t iv e ly .  A
s tan d a rd  compositicxi fo r annealing  c o n ta c ts  a t  high tem p era tu res  
c o n s i s t s  o f  100 nm AuGe (88:12) w ith  a p p ro x im a te ly  5 % Ni by 
w eight and an Au capping lay er to  reduce the  sh ee t re s is ta n c e  o f 
t h e  c o n t a c t  m e ta l  [ 2 .1 5 ] .  The s a m p le s  w ere  a n n e a le d  a t  
tem p era tu res  in  the  range 250 -  425 °C. Tb l im i t  the  number o f 
v a r ia b le s ,  and s in ce  th e  a llo y in g  p ro cess  was shown to  be a lm ost 

independent o f annealing  tim e (se c t 2.4.5), a l l  the  sam ples were 
a n n e a le d  fo r  1 m in u te . A f te r  a n n e a lin g  r e s i s t a n c e  v a lu e s  w ere 
m easu red  from  th e  t e s t  c h ip s  and th e  av e rag e  v a lu e  o f  s p e c i f i c
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c o n tac t r e s is ta n c e  computed from th e  4 t e s t  p a t te rn s  on each o f 
the  sam ples.

F ig .  2.9 c o n ta in s  a g rap h  o f  s p e c i f i c  c o n ta c t  r e s i s t a n c e  
v e r s u s  a n n e a l te m p e ra tu re  fo r  c o n ta c t s  w ith  each  o f  th e  th r e e  
n ic k e l  c o n c e n t r a t io n s .  Curve 1 was p l o t t e d  fo r  c o n ta c ts  
c o n ta in in g  6.4 % Ni (Ni to  AuGe by w e ig h t)  and show s a minimum 
value o f 2.10"^ ohm .cm ̂  when the annealing  tem p era tu re  was 420°C. 
This i s  a  s tandard  tem pera tu re  fo r c o n ta c t fo rm ation  to  bulk GaAs 
[2.15] v ^ ich  is  reasonab le  s in ce  the  com position  o f the  co n tac ts  
o f curve 1 was c lo se  to  the  standard .

C urve 2 how ever (12.3 % N i) , show s a minimum in  s p e c i f i c  
c o n ta c t  r e s i s t a n c e ,  s i m i l a r  in  v a lu e  to  th e  minimum o f  cu rv e  1 

(2.10”^ ohm .cm ̂ ) a t  an annealing  tem p era tu re  o f  320 °C. S p ec ific  
c o n ta c t  r e s i s t a n c e s  in  th e  o rd e r  o f  2 . 1 0“ ^ohm.cm^ w ere a ls o  
(S ta in ed  from some o f th e  c o n tac ts  co n ta in in g  17.5 % Ni (curve 3) 
a n n e a le d  a t  te m p e ra tu re s  as  low a s  250 °C. U n fo r tu n a te ly ,  th e  
number o f  low  r e s i s t i v i t y  c o n ta c ts  form ed a t  th e s e  v e ry  low 
tem p era tu res  was le s s  than  the  number o f c o n ta c ts  w ith  extrem ely 

h ig h  r e s i s t i v i t i e s .

The c u rv e s  in  f i g .  2.9 show t h a t  th e  a n n e a lin g  te m p e ra tu re  

o f  A uG e/N i/A u  c o n t a c t s  c an  be r e d u c e d  by  o v e r  100 ®C by 
in c r e a s in g  th e  p r o p o r t io n  o f  n ic k e l  in  th e  c o m p o s i t io n . The 
s p e c if ic  c o n ta c t r e s is ta n c e s  obtained in  th e  c o n ta c ts  w ith  a high 
p ro p o rtio n  o f n ick e l annealed a t  300 -  320 °C were as low as were 
achieved using  a c o n tac t o f standard  con p o s i t io n  annealed a t  420 

°C. H ow ever, when th e  a n n ea l te m p e r a tu r e s  a r e  to o  low  (250- 
300°C), low r e s i s t i v i t y  co n tac ts  cannot be made r e l i a b ly  even i f  

th e  n ic k e l  c o n c e n t r a t io n  i s  in c re a s e d  f u r t h e r .  T h e re fo re ,  an 
annealing  tem peratu re  o f 300 -  320 °C was c o n s id e re d  to  be th e  
lo w est p r a c t ic a l  tem peratu re  fo r c o n ta c t fo rm atio n .

2 .5 .4  Optimum AuGe Thickness

A seco n d  s e t  o f  e x p e r im e n ts  was c a r r i e d  o u t to  f in d  o u t i f  
th e r e  i s  an optim um  AuGe th ic k n e s s  w hich would g iv e  low 
r e s i s t i v i t y  c o n tac ts  when annealed a t  low tem p e ra tu res . TLM t e s t  
s t ru c tu re s  were fa b r ic a te d  on the  same m a te r ia l  as th e  prev ious
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F ig  2.9 S p e c i f i c  c o n ta c t  r e s i s t a n c e  v e rsu s  anneal te m p e ra tu re  

fo r c o n ta c ts  w ith th e  fo llow ing  c o m p o sitio n s:-  

Curve 1 92 rm AuGe (8 8 :1 2 ) , 12 nm Ni (6.4% by weight) , 20 rm Au. 

Curve 2 " " 25 nm Ni 12.3% " "

Curve 3   35 nm Ni 17.5% " "



t e s t  c h ip s .  Four d i f f e r e n t  AuGe th ic k n e s s e s  w ere used  in  th e  
m e ta l l i s a t io n  o f the  c o n ta c ts : 30, 63 75 and 85 nm. To com plete 
th e  m e ta l l i s a t io n ,  a n ic k e l la y e r  e q u iv a len t to  10 % of th e  AuGe 
th ic k n e s s  (4.5 % w eig h t) and a g o ld  cap p in g  la y e r  20 nm th ic k  
w ere e v a p o ra te d . A n n ea lin g  was once a g a in  c a r r i e d  o u t on 
in d iv id u a l 0 .5  x 1 irni ch ip s  c o n ta in in g  4 TUi p a tte rn s .

The g ra p h  o f  f i g .  2 .1 0  sh o w s  th e  s p e c i f i c  c o n t a c t  

r e s i s t a n c e s  o b ta in e d  from  each  o f  th e s e  sam ples a n n e a le d  a t  
tem p era tu res  from 300 to  400 °C. From th i s  gragii i t  can be seen 
t h a t  c u rv e  3 w ith  75 nm o f  AuGe h a s  th e  lo w e s t s p e c i f i c  c o n ta c t  

r e s i s t a n c e  (minimum 1.4 X 10” ^ ohm.cm^) over th e  te m p e ra tu re  
range s tu d ie d . The minimum v a lu e  o f  s p e c if ic  co n tac t r e s is ta n c e  
was n o t s ig n i f ic a n t ly  low er than  any p rev io u s ly  obtained  v a lu es . 
E x trap o la tio n  o f curve 4 (85 nm) su g g ests  th a t  th i s  ccm position  
may p ro d u c e  lo w e r  c o n t a c t  r e s i s t a n c e s  when a n n e a le d  a t  

tem p era tu re  g re a te r  than  400 °C. N ev erth e le ss , the optimum AuGe 
th ic k n e ss  fo r  low tem p era tu re  annealing  o f ohmic co n tac ts  to  th in  
n"̂  (3aAs e p i- la y e r s  was taken  to  be 75 nm.

I t  was i n t e r e s t i n g  to  f in d  t h a t  when th e  AuGe la y e r  was 
th in , as was the  case w ith  th e  c o n ta c ts  o f  curve 1 in  f ig  2.9 (30 
nm AuGe), the  co n tac t r e s i s t i v i t y  became very  la rg e  v^en anneal 

te m p e r a tu r e s  g r e a te r  th a n  370 °C w ere used . I t  i s  s p e c u la te d  
t h a t  th e  re a so n  fo r  t h i s  i s  t h a t  m o st o f  th e  c o n ta c t  m e ta l  has 
d if fu se d  in to  the  sem iconductor leav in g  only a th in , uneven film  

on th e  s u r f a c e .  Ih e  th in  m e t a l l i c  l a y e r  would have a v e ry  h ig h  
sh ee t re s is ta n c e  which would r e s u l t  in  the  high re s is ta n c e  v a lu es  

m easu red  on th e s e  sa m p le s . P e rh a p s  i f  a n o th e r  g o ld  la y e r  was 
p a tte rn e d  over the c o n ta c ts  a f t e r  an n ea lin g , to  reduce th e  sh ee t 
r e s i s t a n c e ,  low er r e s i s t i v i t i e s  m ig h t have been re c o rd e d . 

However, i t  seemed u n lik e ly  th a t  such a procedure would produce 
c o n ta c ts  w ith  lower r e s i s t i v i t i e s  than  could be obtained  w ith  a 
th ic k e r  AuGe lay er. The high re s is ta n c e  v a lu es  observed in  the 
th in  c o n ta c ts  were no t seen in  the  th ic k e r  co n tac ts  excep t fo r a 

few o f  th e  sam ples w ith  63 nm Au a n n e a le d  a t  400 °C. T h is  was 
presum ably  because the d ie e t  r e s is ta n c e  a sso c ia ted  w ith  th e  m etal 
la y e r in  th e  th ic k e r c o n ta c ts  was n e g lig ib le . These o b serv a tio n s  
a re  c o n s is ta n t  w ith  those rep o rted  by D ell e t  a l  [2.19] v ^ere  60 
nm was determ ined  to  be th e  minimum to t a l  co n tac t th ic k n e ss  fo r
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Fig  2.10 S p e c if ic  c o n tac t r e s i s t a n c e  v e r s u s  an n ea l te m p e r a tu r e  

fo r  c o n ta c ts  w ith  d i f f e r e n t  AuGe th ic k n e sse s  

Curve 1 30 rm AuGe (8 8 :1 2 ), 3 rm Ni (4.5% by w eig h t), 20 rm Au. 
Curve 2 63 rm " " 6 .3  " " " ”

C urve 3 75 nm *' ” 7.5 " ” " *’ "
Curve 4 85 rm " ” 8 .5  " " *' *' "



reasonab le  c o n ta c t fo rm ation .

2 .5 .5  Varying Ni Ooncentxation On Optimum AuGe Layer

A f u r t h e r  e x p e r im e n t was c a r r i e d  o u t  u s in g  th e  optim um  
th ic k n e s s  o f  AuGe (75 nm) and n ic k e l  th ic k n e s s e s  o f  11 nm (6 .8  % 

by w e ig h t) and 18 nm (11.2 % w t.) . A 20 nm g o ld  cap p in g  l a y e r  
was included  as in  the  p rev ious s tu d ie s .

F ig  2.11 i s  a g rap h  o f  s p e c i f i c  c o n ta c t  r e s i s t a n c e  v e r s u s  
a n n e a lin g  te m p e ra tu re  fo r  c o n ta c ts  o f  th e  above c o m p o s i t io n s . 

Also included  a re  the  r e s u l t s  fron  th e  75 nm AuGe c o n tac ts  w ith
4.5 % Ni from  th e  p re v io u s  e x p e r im e n t .  Minimum c o n ta c t  

r e s i s t a n c e s  (1.5 X 10” ^ o h m .c m w e r e  o b ta in e d  e i t h e r  from  th e  
c o n ta c t s  c o n ta in in g  4 .5 % Ni an n ea led  a t  400 °C o r from  th o se  

w ith  6.8  % Ni a n n e a le d  a t  ab o u t 320 °C. I t  was a ls o  found t h a t  
s i m i l a r  r e s i s t i v i t y  v a lu e s  w ere o b ta in e d  from  th e  11.2 % Ni 

sam ples annealed a t  tem p era tu res  as low as 270 °C. However, as 
was found in  th e  e x p e r im e n ts  d e s c r ib e d  in  s e c t io n  2 .5 .3 , th e  

r e l i a b i l i t y  o f the  c o n ta c ts  formed a t  th i s  tem p era tu re  was low.

Ihe  r e s u l t s  from th i s  ex p é rim a it were s im i la r  to  the  r e s u l ts  
ob ta ined  from th e  i n i t i a l  experim ent where n ic k e l was included in  
th e  c o n ta c t  c o m p o s i tio n  ( s e c t .  2 .5 .3 ). The m ain d i f f e r e n c e  
between th e  two experim ents was the AuGe th ic k n e sse s  used -  75 nm 
in  t h i s  c a se  and 92 nm p r e v io u s ly .  When th e  optim um  AuGe 
th ic k n e s s  (75 nm) was used  th e  c o n ta c t s  c o n ta in in g  6.8  % Ni 
produced the  lo w est s p e c i f ic  co n tac t r e s is ta n c e s  v^en annealed a t  

320 °C. H ow ever, when a 92 nm AuGe l a y e r  was u se d , th e  
p e rc e n ta g e  o f  n ic k e l  r e q u ir e d  to  p ro d u ce  good c o n ta c t s  a t  t h i s  

tem pera tu re  was 12.3 %.

2 .6  D iscu ssion

From th e  r e s u l t s  o f  th e  a n n e a lin g  e x p e r im e n ts  d e s c r ib e d  
above (S ec t. 2 .5.3 to  2.5.5) i t  i s  c l e a r  t h a t  th e  p ro p o r t io n  o f  

n ic k e l req u ired  to  produce low r e s i s t i v i t y  c o n ta c ts  vAen annealed 
a t  low te m p e r a tu r e s ,  i s  d ep en d en t on th e  th ic k n e s s  o f  th e  AuGe 
l a y e r .  In  a s ta n d a rd  c o n ta c t  (abou t 100 nm AuGe) 5 % Ni i s  

in c lu d e d  in  th e  c o n ta c t  fo r  a n n e a lin g  a t  t y p i c a l l y  450 °C. I t
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Fig 2.11 S p e c if ic  c o n ta c t  r e s i s t a n c e  v e r s u s  a n n ea l te m p e ra tu re  

f o r  c o n t a c t s  w ith  th e  optim um  AuGe th ic k n e s s  and 3 d i f f e r e n t  

p e rcen tag es  o f  Ni

Curve 1 75 rm AuGe (8 8 :1 2 ) , 7 .5  rm Ni (4.5% by weight) , 20 rm Au. 
Curve 2 ” " ” 11 " 6 . 8% " " "
Curve 3 " *' " 18 ” 11.2% ” "



has been shown th a t  c o n tac ts  w ith  ^ p ro x im a te ly  th i s  com position 
a re  no t s u i ta b le  fo r low tem p era tu re  annealing . I f  needs demand 
a  th ic k  low tem peratu re  annealed c o n ta c t, then  the percen tage o f 

n ic k e l  in  th e  c o n ta c t  h as  to  be in c re a s e d  (12.3 % fo r  a 92 nm 
AuGe l a y e r ) .  However, i f  th e  o p t im is e d  AuGe th ic k n e s s  i s  used 
(75 nm) th e  p r o p o r t io n  o f  n ic k e l  r e q u ir e d  fo r  low  te m p e ra tu re  
annealing  i s  reduced to  6.8  %.

The c h o ic e  o f  w hich c o n ta c t  c o m p o s itio n  to  use in  d e v ic e  
f a b r i c a t i o n  depends on many f a c t o r s .  In  s ta n d a rd  GaAs MESFETs 

w ith  s o u r c e - d r a in  gaps o f  th e  o rd e r  o f  2 -  3 pm th e r e  was no 
p a r t ic u la r  need fo r low tem p era tu re  annealing  except th a t  b e t te r  

c o n t r a s t  co u ld  be o b ta in e d  in  th e  SEM fo r  a l ig n m e n t p u rp o s e s . 
For th i s  reason  the ty p ic a l  d e v ic e  ohm ic c o n ta c t  m e t a l l i s a t i o n  

(source d ra in  pads) co n sis ted  o f about 85 nm AuGe w ith  around 9 % 
(w e ig h t) o f  Ni and a g o ld  cap p in g  l a y e r  20 -  30 nm th ic k .  An 

anneal tem p era tu re  of 350 °C was found by experim ent to  produce 
the  minimum s p e c if ic  c o n ta c t r e s is ta n c e  fo r th i s  ccm position .

In  d e v ic e s  w ith  v e ry  s h o r t  s o u r c e - d r a in  gaps (0.5 p m ), and 
d e v ic e s  f a b r i c a t e d  on t h i n  (50nm) GaAs m em branes how ever low  
tem p era tu re  annealing is  e s s e n t ia l  to  p reven t l a t e r a l  spreading 
o f  th e  c o n ta c t  in to  th e  a c t i v e  d r a in  so u rc e  c h a n n e ls . I t  was 
shown by o th e rs  working in  t h i s  Departm ent th a t  a d i r e c t  sh o r t i s  

cfotained ac ro ss  a 0.3 pm gap on so lid  s u b s tra te s  when a standard  
c o n ta c t was annealed a t  400 °C [2.20]. However, no v is ib le  sh o rt 
c i r c u i t s  were dDtained when c o n ta c ts  w ith  a com position s u ita b le  
f o r  low  te m p e ra tu re  f o r m a t io n ,  w ere a n n ea led  a t  325 ^C. In  
a d d i t i o n ,  th e  Auger A n a ly s is  o f  c o n ta c t s  form ed on s o l id  GaAs 
s u b s t r a t e s  and th e  Energy D is p e r s iv e  E nergy M ic ro a n a ly s is  o f 
c o n ta c t s  on th in  GaAs m em branes, d e s c r ib e d  in  th e  fo l lo w in g  
c h a p te r , bo th  in d ic a te  th a t  the  d if fu s io n  of the  c o n tac t m a te r ia l 

in to  the  sem iconductor i s  s ig n i f ic a n t ly  reduced when th e  c o n ta c ts  
a re  annealed a t  low tem perature  (300 ®C) .
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j^ppendix 2A Contact A n alysis Using The Transm ission Line Model

In  t h i s  ap p en d ix  a d e s c r ip t i o n  o f th e  t r a n s m is s io n  l i n e  
model o f p lan a r c o n ta c ts , developed by Murrmann and Widmann [2.7] 

and B erg er [2 .8 ] ,  i s  g iv e n . From t h i s  m odel th e  c o n ta c t  

r e s i s t a n c e  R^, s p e c i f i c  c o n ta c t  r e s i s t a n c e a n d  th e  s h e e t  

re s is ta n c e  o f the  sem iconductor Rg^ can be deduced from sim ple 
r e s i s t a n c e  m easu rem en ts  made betw een  c o n ta c t s  on a TLM t e s t  
s t r u c t u r e .  The m o d if ie d  TLM [2 .9 , 2.10] in  w hich a d i f f e r e n t  
value i s  ob ta ined  fo r  the  sem iconductor sh ee t re s is ta n c e  d i r e c t ly  

below the  c o n ta c t (Rgj )̂ i s  a lso  d e sc rib ed .

In  F ig .  2A.1 a c r o s s  s e c t i o n  o f  a c o n t a c t  t o  a t h i n  
sem iconductor la y e r  i s  canpared w ith  a tra n sm iss io n  l in e  se c tio n . 

In  th i s  case  Rg^ i s  assumed to  be the same as Rgj .̂

Contact- metal 
Interface

v(x)

11

<

"1

)— N= DGdx 7L|j
— 0 - ■CD- -C D —

Cdx
— La

Rdx

I— -X

: ; 2
x=d

Fig. 2A.1 Compariscxi o f th e  m e ta l- s e m ic o n d u c to r  c o n ta c t  re g io n  
w ith  a tran sm iss io n  l in e  s e c t io n .
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R -  L ine  r e s i s t a n c e  p e r u n i t  le n g th  c o rre sp o n d in g  to  th e  
sem iconductor lay er r e s is ta n c e .

G -  Shunt l in e  conductance per u n i t  len g th  corresponding to  th e  
in te r f a c e  r e s is ta n c e .

C -  Shunt capacitance  per u n i t  len g th  included fo r ac o p e ra tio n .

The re tu rn  lead o f th e  tra n sm iss io n  l in e  corresponds to  th e  
m eta l lay e r o f the  c o n ta c t.

C om paring th e  t r a n s m is s io n  l i n e  w ith  th e  c o n ta c t  c ro s s  

s e c tio n  th e  fo llow ing p rim ary  l in e  param eters  can be w r i t t e n : -

R ^  (1 )
w

G = w + jOTwC* (2)

where C* i s  the  cap ac itance  per u n i t  a rea  and i s  the  s p e c if ic  
c o n ta c t  r e s i s t a n c e  d e f in e d  a s  th e  v o l ta g e  a c r o s s  th e  i n t e r f a c e  
la y e r  d iv id ed  by the  c u rre n t d e n s ity .

The secondary l in e  p a ra m e te rs  known as  th e  c h a r a c t e r i s t i c  
im pedence, Z, and the p ro p ag a tio n  c o n s ta n t, ^ , a r e ,

V  G W ;^(1 +

The dc v a lu es  a re .

W

= / ^  (6 ) 

/V/Oc
The w ell known l in e  eq u a tio n s  then  d e sc rib e  the c u rre n t and 

v o lta g e  d is t r ib u t io n  along th e  c o n tac t. For th e  most im p o rtan t

30



de case th ese  equations a re ,

V(x) = V^cosh((Xx) -  Ij.Z sin h ^x x )

I(x ) = IjCoshCcxx) -  ( l2/Z)sinh&xx) 

where x i s  the  d is ta n c e  from th e  lead in g  c o n ta c t edge. 

TIM T est Pattern for Planar Contact A n alysis .

(7)

(8 )

The TLM t e s t  s t r u c t u r e  fo r  c o n ta c t  a n a ly s i s  c o n s i s t s  o f  
th re e  or more co n tac ts  o f id e n t ic a l  geom etry p a tte rn ed  on a s t r i p  
o f  a c t i v e  m a te r i a l  (F ig . 2A .2a)). The r e s i s t a n c e  m easu rem en ts  
a re  made between ad jacen t c o n ta c ts  and p lo tte d  as a fu n c tio n  o f 
L, the  se p a ra tio n  between c o n ta c ts  ( f ig . 2A.2b). The r e s is ta n c e  

m easurement in d ic a ted  by in  th e  diagram  is  used to  determ ine  
th e  c o n ta c t end re s is ta n c e  d esc rib ed  l a t e r .

Semicomjuctor*Contacts

Fig. 2A.2 Schem atic re p re se n ta tio n  o f the  measurements made on a 
t r a n s m is s io n  l i n e  t e s t  s t r u c t u r e ,  a) i s  th e  t e s t  s t r u c t u r e  

i t s e l f  w h ile  b) i s  a g rap h  o f  v e r s u s  L o b ta in e d  from  th e  
re s is ta n c e  measurements.
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From th e  re s u l t in g  v L graph the  sh ee t r e s is ta n c e  o f th e  
sem iconductor can be determ ined from the  s lope  o f  the  curve.

A lso , e x t r a p o la t i o n  o f  th e  c u rv e  to  L=0 g iv e s  a d i r e c t  

measurement o f  th e  c o n ta c t re s is ta n c e  R  ̂ s in c e , a t  L=0, th e re  is  

no c o n tr ib u tio n  to  the  t o t a l  re s is ta n c e  between c o n ta c ts  from the  
sh ee t r e s is ta n c e  o f the  sem iconductor.

In  th e  t r a n s m is s io n  l i n e  m odel o f  th e  c o n ta c t ,  R^ i s  
e q u iv a len t to  the  in p u t re s is ta n c e  o f the  two p o r t  netw ork (f ig . 
2A.1). T h e re fo re ,  w ith  12 = 1(d) = 0  and u s in g  e q u a t io n  (8 ) ,

I I

= Zcoth(o<d) (9)
l 2^0

H ence, w ith  in c r e a s in g  c o n ta c t  le n g th  d , th e  c o n ta c t  

r e s i s t a n c e  a p p ro a c h e s  a s y m p to t ic a l ly  to  Z and fo r  d > 2.0 , R̂ . 
can be taken  to  be equal to  Z.

Before a  com plete a n a ly s is  o f the  c o n ta c ts  can be made, the

co n tac t end r e s is ta n c e ,  d e fined  as the v o ltag e  drop V2 = V(d) a t
the  Old o f th e  c o n ta c t d iv ided  by the  in p u t c u rre n t w ith  I 2 =
0 , has to  be determ ined . This can be achieved in  two ways:

a) A c u rre n t can be passed between two c o n ta c ts  (I^) and then the
p o t e n t i a l  b e tw een  th e  sem ico n d u c to r and c o n ta c t  m e ta l  (V(d))
m easured, using  an a d jacen t c o n tac t to  probe th e  p o te n t ia l  o f the 
sem iconductor.

b) Ihe  re s is ta n c e  between two ad jacen t p a i r s  o f c o n tac ts  can be 
measured (R1 and R2 f ig .  2A.2a)) and then th e  re s is ta n c e  between 
th e  tw o o u te r  c o n ta c t s  can  a ls o  be m easured  (R3 ) .  The c o n ta c t  

end re s is ta n c e  i s  g iven  as  [2 . 10 ] ,

Rg = 0 .5 (R i + R2 -  R3 ) (10 )

Using e q u a tio n s  (7 ) , (8 ) and (9) and th e  d e f in i t io n

Rg — V2 (11 )

I 2 I 2” O ,
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Re =   (1 2 )
sinh (ad )

T h e r e f o r e ,  o n ce  and  R^ h a v e  b e e n  d e te r m in e d
e x p e r im e n ta l ly ,  i t  i s  th e n  p o s s ib le  to  e v a lu a te  th e  s p e c i f i c  
c o n ta c t re s is ta n c e  of the  c o n ta c ts .  Using (9) and (12),

Rg = cosh (0(d) (13)

from which the  value o f/^ c  can be c a lc u la te d . Equation (6 ) g iv es

Rsh (14)
0(2

M odification  to  the transm ission Line Model.

The model described  so fa r  assumes th a t  the  sh ee t re s ita n c e  
o f th e  sem iconductor below th e  c o n tac t i s  th e  same as the sh ee t 

r e s i s t a n c e  o u ts id e  th e  c o n ta c t  (Rg^)- T h is  a ssu m p tio n  i s  n o t 
r e a l i s t i c  fo r  c o n ta c ts  to  th e  v e ry  th in  e p i - l a y e r s  a n a ly se d  in  
th e  c o u rs e  o f  t h i s  work s in c e  th e  a l lo y e d  d e p th  o f  th e  c o n ta c ts  

i s  l i k e l y  to  exceed th e  a c t i v e - l a y e r  th ic k n e s s .  T h e re fo re  th e  
m odified  TLM is  used [2.9, 2.10]. I f  the  sh ee t re s is ta n c e  below 
the  c o n ta c t i s  denoted by Rgj^, then  Z and o( become

Z (15)
W

(16)

Rg^, Rç, and R  ̂ can be determ ined  as b e fo re . Z i s  c a lc u la te d  
from  (9) o r  (12) and o( i s  d e te rm in e d  u s in g  (13). Then, u s in g  
(15) and ( 1 6 ) and Rg}̂  can  be e v a lu a te d .

Thus, the  m odified TLM g iv es  a f u l l e r  a n a ly s is  o f the p lan ar 
ohm ic c o n ta c t s  s in c e  th e  a c tu a l  s h e e t  r e s i s t a n c e  below  th e  
c o n ta c t s  i s  c a lc u la te d .  E x p e r im e n ta l r e s u l t s  have shown t h a t  
Rgĵ  i s  o f te n  more than an order o f magnitude le s s  than Rg^.
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CHAPTER 3 AUGER AND Q1ERGÏ DISPERSIVE X-RAY MICROANALYSIS OF
ANNEAI&D CttttC CONTACTS

3.1 In trodu ction

Auger a n a ly s i s  and E nergy  D is p e r s iv e  X -ray  M ic ro a n a ly s is  
(EDX) w ere used  to  s tu d y  a n n e a le d  ohm ic c o n ta c t s  on s o l id  

s u b s t r a t e s  and th i n  GaAs m em branes re s p e c tiv e ly . This chap ter 
co n ta in s  the r e s u l t s  o f the  c o n ta c t a n a ly s is .

On s o l id  s u b s t r a t e s ,  TLM t e s t  s t r u c t u r e s  w ere f a b r i c a te d  
w ith  AuGe/Ni/Au ohm ic c o n ta c t s  w here th e  Ni c o n c e n t r a t io n  had 
been  m o d if ie d  fo r  low  te m p e ra tu re  a n n e a lin g  (see  p re v io u s  
ch ap te r) . A fte r annealing  th e  sam ples (250-430 °C) and m easuring 
t h e i r  c o n ta c t  p a r a m e te r s ,  th e y  w ere s e n t  to  P le s s e y  fo r  Auger 
A nalysis . The r e s u l t s  of the  a n a ly s is  a re  g iven  in  s e c tio n  3.2.

C o n ta c ts  w ith  s ta n d a rd  c o m p o s itio n  (a p p ro x im a te ly  5% Ni) 
w ere  f a b r i c a t e d  on GaAs m em branes. These w ere a n n ea le d  a t  300 
and 400 °C, th e n  ta k e n  to  th e  P h y s ic s  D ep artm en t (Glasgow 
U niversity ) fo r EDX m ic ro a n a ly s is . The purpose o f th i s  experim ent 
was to  determ ine how fa r  th e  c o n ta c t m a te r ia l d if fu s e s  from the  
c o n tac t edge during  annealing . The experim ents a re  d escribed  in  
f u l l  in  s e c t io n  3.3.

3 .2  Auger A nalysis o f  Contacts to  S o lid  S u b strates.

3 .2 .1  Introduction

When an atom which has been ion ised  by in c id e n t jh o to n s  or 

e le c tro n s  undergoes su b seq u en t d e e x c i t a t i o n , t h e  t r a n s i t i o n  o f  
e le c tro n s  from one s h e l l  to  ano ther can r e s u l t  in  the  em ission  o f 

an x - r a y  ( s e c t  3.3.3) o r th e  e j e c t i o n  o f  an Auger e l e c t r o n
[3 .1 ,3 .2 ] . Auger e l e c t r o n s  o ccu r when a v a ca n c y  in  th e  in n e r  
s h e l l  i s  f i l l e d  by an e l e c t r o n  from  a l e s s  t i g h t l y  bound l e v e l  
w ith  the  subsequent e je c t io n  o f a second lower energy e le c tro n  to  

th e  vacuum. The e je c te d  Auger e l e c t r o n  h as  an e n e rg y  w hich i s  
c h a r a c t e r i s t i c  o f  th e  atom  from  w hich i t  came due to  th e  w e ll  
d e f in e d  e n e rg y  l e v e l s  o f  th e  atom . Energy a n a ly s i s  t h e r e f o r e  
a llo w s id e n t i f ic a t io n  o f the  su rfa ce  o f the  m a te r ia l  [3.2].
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Auger spectroscopy i s  only  s u i ta b le  fo r analy sing  m a te r ia l  
to  a d e p th  o f  ab o u t Inm b ecau se  th e  i n t e r a c t i o n  o f  th e  e j e c te d  

e le c tro n s  w ith  o th er atoms means th a t  the  e le c tro n s  lo se  t h e i r  
c h a r a c t e r i s t i c  e n e rg y . H ow ever, when Auger s p e c tro s c o p y  i s  

combined w ith  ion-beam e tch in g  i t  i s  p o ss ib le  to  o b ta in  a dep th  
p r o f i l e  o f  s o l id  m a te r i a l .  lon -beam  e tc h in g  can  be used to  

s lo w ly  b u t  p r o g r e s s iv e ly  rem ove atom s o f  th e  m a te r i a l  b e in g  
s tu d ie d . I f  Auger spectroscopy i s  used to  analy se  the  su rface  o f 
th e  m a te r ia l  as e tch ing  p ro g resse s , the  v a r ia t io n  o f the chem ical 
com position  w ith  depth can be d e riv ed . This method o f a n a ly s is  
was used to  study ohmic c o n ta c ts  to  s o lid  GaAs su b s tra te s .

3 .2 .2  Sample D escription

The sam ples which were analysed  co n sis ted  o f TLM s tru c tu re s  

( s e c t  2.2.2) m e ta l l i s e d  w ith  85 nm AuGe (8 8 :1 2 ), 19 nm Ni (10.2% 
by w e ig h t)  and an Au cap p in g  la y e r  35 nm t h i c k .  T h is  was a 
com position  which would a llow  low tem peratu re  annealing o f th e  

c o n ta c t s  ( th e  optim um  te m p e ra tu re  ran g e  tu rn e d  o u t to  be 320 -  
350 °C ). S ix  sam p les  w ere s e n t  to  P le s s e y  R esearch  C en tre  
(C asw e ll)  fo r  a n a ly s i s :  an u n a n n ea le d  sam ple  and f iv e  a n n ea le d  
sam ples. The annealing  tem p era tu res  were 250, 300, 350, 400 and 

450 (°C). The s p e c if ic  c o n ta c t re s is ta n c e  o f the  f iv e  annealed
sa m p le s  w ere 7 .69, 2.88, 2 .57, 3 .60 and 5.44 ( a l l  x 10“ ^ ohm.cm^) 
r e s p e c t i v e l y .  These v a lu e s  w ere  determ ined using the m odified 
TLM d escrib ed  in  chap ter 2.

The sam ples prepared fo r t h i s  experim ent a l l  came from th e  
same b a tch  (ie  they were fa b r ic a te d  on the same w afer, then th e  
w a fe r  was s c r ib e d  and b roken  in to  in d iv id u a l  t e s t  c h ip s ) .  The 

th re e  m e ta l l ic  co n tac t la y e rs  were evaporated in  sep a ra te  vacuum 
c y c le s . This allow ed c lean  m icroscope s l id e s  to  be placed near 
th e  sam p le  d u r in g  each e v a p o r a t io n .  The th ic k n e s s  o f  th e  
m e ta l l ic  la y e rs  deposited  on. th e  g la s s  s l id e s  was then measured 

by t a l y s t e p .  As a doub le  c h e c k , th e  com bined th ic k n e s s  o f  th e  
l a y e r s  d e p o s i te d  on th e  s l i d e  h o ld in g  th e  sam ple  was a l s o  
m easured. The combined th ick n ess  was found to  equal the sum o f 
th e  in d iv id u a l  la y e r  th ic k n e s s e s .  A fte r  c o n ta c t m e ta l l is a t io n  
th e  sam p le s  w ere an n ea led  and th e n  d e sp a tc h e d  to  P le s se y  fo r  
a n a ly s is  im m ediately  a f te r  making th e  TLM m easurem ents.
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3 .2 .3  R esults

F ig  3.1 a )-d )  c o n ta in s  th e  Auger d ep th  p r o f i l e s  from  th e  
unannealed sample and the  sam ples annealed a t  250 350 °C and
400 °C. The p r o f i l e  from th e  430 °C annealed sam ple was s im ila r  
to  t h a t  o f  th e  400 sam ple  a lth o u g h  th e  Ge, Au and Ni had 
d i f f u s e d  s l i g h t l y  f u r t h e r  in to  th e  GaAs (th e  300 °C sam ple was 
l o s t  in  the  system  so no p lo t  was ob ta ined).

In  the  unannealed sample ( f ig . 3.1a)) the  in d iv id u a l co n tac t 
la y e rs  can be id e n t i f ie d .  I t  can be seen th a t  even although the  
c o n ta c t has no t been annealed , th e re  has been some d if fu s io n  o f 
Ni in to  th e  AuGe l a y e r .  T h is  o b s e r v a t io n  i s  c o n s i s t a n t  w ith  
o th e r  r e p o r te d  r e s u l t s  [3 .3 ,3 .4 ] .  There h a s  a l s o  been some 

s e p a r a t io n  o f  th e  Ge and Au d u r in g  e v a p o ra t io n  even though  th e  
m e ta ls  were evaporated  from th e  same source. Both the  high mass 

and th e  l a r g e  am ount o f Au in  th e  e v a p o ra t io n  b o a t com bine to  
p ro d u ce  an A u-r i c h  f i lm  a t  th e  GaAs s u r f a c e  due to  th e  r e l a t i v e  

e v a p o ra t io n  r a t e s  o f  th e  m e ta ls .  I t  was e s t im a te d  t h a t  th e  
i n i t i a l  e v a p o r a t io n  r a t e  o f  o f  Au from  th e  AuGe m e lt  would be 

a b o u t 4 t im e s  th e  e v a p o r a t io n  r a t e  o f  Ni. [3.5 w ith  d a ta  from  
3 .6 ] .

Looking now a t  the  p r o f i l e  from the 250 °C annealed sample 
( f ig .  3 .1 b )), i t  i s  e v id e n t  t h a t  some movement o f  th e  c o n ta c t  
m a te r i a l  has a l r e a d y  ta k e n  p la c e .  The m ost s t r i k i n g  r e s u l t  i s  
t h a t  th e  Ge h as  d i f f u s e d  in to  th e  Ni l a y e r ,  away from  th e  GaAs 
s u r f a c e .  T h is  i s  th e  o b s e r v a t io n  Ogawa made in  h i s  s tu d y  o f  

a n n ea le d  ohm ic c o n ta c t s  [3 .7 ] . The Ni la y e r  h a s  a ls o  d i f f u s e d  
tow ards the GaAs su rface  and th e re  has been some d if fu s io n  o f Au 

in to  the  GaAs.

The p r o f i le  obtained  from th e  350 °C annealed sample (f ig . 
3.1c)) i s  c o m p le te ly  d i f f e r e n t .  Ni has now d i f f u s e d  a lo n g  way 
in to  th e  GaAs and Ge has a lso  d iffu se d  inw ards bu t no t as fa r  as 
the  Ni. There is  evidence o f o u td iffu sicx i o f both Ga and As b u t 
more Ga has a c tu a l ly  p e n tra ted  to  the  su rface . The Au p r o f i le  i s  
a ls o  o f  i n t e r e s t .  In  th e  p re v io u s  p l o t s  th e r e  have been tw o Au 
p e a k s , one from  th e  cap p in g  la y e r  and th e  o th e r  from  th e  AuGe 
la y e r . Now the  peaks have merged to g e th er and whereas th e re  was
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e v id e n c e  o f  Au d i f f u s i n g  in to  th e  GaAs a t  250 °C i t  a p p e a rs  n o t  
to  have d iffu se d  any fu r th e r  a t  t h i s  h igher anneal tem peratu re.

Of a l l  th e  sam p les  m easu red , i t  was th e  350 °C a n n e a le d  
sam p le  w hich  p roduced  th e  minimum i ^ c i f i c  c o n tac t re s is ta n c e . 
In  a  p re v io u s  e x p e r im e n t i t  was found t h a t  a t  th e  optim um  
ann ea lin g  tem peratu re  fo r c o n ta c ts  w ith  a com position s im ila r  to  
th e  c o n ta c ts  d escribed  h e re , more Ge than  Ni was d e tec ted  a t  any 
g iv e n  d e p th  in to  th e  s e m ic o n d u c to r . T h is  was a re a so n a b le  
o b s e r v a t i o n  s i n c e  Ge p r o v id e s  d o n o r s  in  GaAs, i f  i t  i s  
in c o r p o r a te d  in to  th e  Ga l a t t i c e  s i t e s ,  w h ereas  Ni would add 
a cc e p to rs . The mechanism fo r producing good ohmic c o n tac ts , as 
d is c u s s e d  in  c h a p te r  2 [3 .8 ] , i s  to  c r e a t e  a h ig h ly  doped la y e r  
below  th e  c o n ta c t  in  o rd e r  to  re d u c e  th e  m e ta l-s e m  ic o n d u c to r  
b a r r ie r  w id th , thus allow ing  tu n n e lin g  o f e le c tro n s  through the  

b a r r ie r .  T herefore , to  m inim ise th e  c o n tac t r e s i s t i v i t y ,  i t  i s  
c le a r  th a t  the  amount o f Ge d if fu se d  in to  the  GaAs should exceed 
the  amount o f Ni,

However, in  the  r e s u l t s  p resen ted  here i t  i s  ev iden t th a t  a 
g r e a t e r  am ount o f  Ni has d i f f u s e d  in to  th e  s u b s t r a t e .  O ther 
r e p o r te d  Auger p r o f i l e s  o f  a n n e a le d  co n tac ts  a lso  show s im ila r  

e f f e c t s  [3.4,3.5]. This suggests th a t  although la rg e  amounts o f 
Ni have d i f f u s e d  in to  th e  s u b s t r a t e ,  th e  Ni i s  n o t becom ing 
a c tiv e  as an accep tor in  the  GaAs.

Ih e  Auger p r o f i l e  o f the 400 °C annealed sample shows th a t  
b o th  th e  Ge and Ni have d i f f u s e d  f u r t h e r  in to  th e  s u b s t r a t e .  
H ow ever, in s te a d  o f  p ro d u c in g  a c o n ta c t  w ith  a lo w er s p e c i f i c  
c o n ta c t  r e s i s ta n c e , /O ^  has in c re a s e d  from  th e  350 °C a n n ea le d  
v a lu e  o f  2.57 x 10“ ^ ohm.cm^ to  3.6 x 10“ ^ ohm.cm^ (w ith  a 
f u r t h e r  in c re a s e  to  5.44 x 10” ^ ohm.cm^ a t  430 °C ). Some 
p o s s i b l e  e x p la n a t io n s  fo r  th e  in c r e a s e  in  s p e c i f i c  c o n ta c t  

r e s is ta n c e  are  given in  the d iscu ssica i below. I t  should be noted 
t h a t  in  t h i s  p a r t i c u l a r  sam ple  (400 °C a n n e a l ) , th e  an n ea led  
c o n ta c t  was h ig h ly  i r r e g u l a r  so an e x a c t  i n t e r p r e t a t i o n  o f th e  
Auger p r o f i l e  cannot be made.

39



3 .2 .4  D iscu ssion

In  th e  above e x p e r im e n ts  Auger A n a ly s is  was used  to  s tu d y  
the  d if fu s io n  of the  v a rio u s  co n tac t m e ta ls  in  GaAs. The problem 
i s  now to  t r y  and r e l a t e  th e  Auger p r o f i l e s  w ith  th e  m easured  

s p e c if ic  c o n ta c t r e s is ta n c e s .

I t  was found t h a t ,  a t  th e  optim um  a n n e a lin g  te m p e ra tu re  
(350®C) Ni had d i f f u s e d  f u r th e r  th a n  th e  Ge. S in ce  Ni i s  an 

accep to r in  GaAs i t  would be expected th a t  th e  la rg e  amount o f Ni 
w o u ld  h a v e  r e s u l t e d  in  a d e t e r i o r a t i o n  o f  t h e  c o n t a c t  
r e s i s t i v i t y .  H ow ever, s in c e  a v e ry  low  c o n ta c t  r e s i s t a n c e  was 

m easured  on t h i s  sam p le  (2.57 x 10” ^ ohm.cm^) i t  would ap p ear 
th a t  th e  Ni must be e l e c t r i c a l l y  p ass iv e  when annealed a t  350 °C. 
The donor concen tra ticx i below the  c o n ta c t, determ ined  from the  
m e a s u r e d v a l u e  [3 .9 ] ,  i s  3 x 10^^ /cm ^ w hich  i s  more th a n  an 
o rder o f m agnitude g re a te r  than the i n i t i a l  c o n cen tra tio n . This 
in d ic a te s  th a t  Ge has moved in to  the l a t t i c e  s i t e s  vacated  by the 
o u t-d if fu s in g  Ga atoms.

Two q u e s t io n s  a r i s e  from  th e  work on low  te m p e ra tu re  

annealed c o n ta c ts . The f i r s t  i s  what ro le  does the  n ic k e l p lay  in  
ohm ic c o n ta c t  fo rm a tio n ?  The work done by Ogawa [3.7] r e p o r t s  

th a t  Ni a c ts  as a c a ta ly s e r  fo r the re a c tio n  between Au and (3aAs 
r e s u lt in g  in  th e  fo rm ation  o f Au-Ga and leav in g  vacancies in  the 

GaAs l a t t i c e .  S in c e  th e  d i f f u s i o n  c o e f f i c i e n t  o f  a 
s u b s t i tu t io n a l  d if f u s e r  such as Ge in  GaAs i s  p ro p o rtio n a l to  the 
number o f l a t t i c e  v acan c ies , the  enhanced o u t d if fu s io n  o f Ga to  
th e  c o n t a c t  m e ta l  w o u ld  s u b s e q u e n t ly  r e s u l t  in  a h ig h e r  
concen tra ticx i o f Ge donors in  the sem iconductor. Other re p o r ts  
[3 .7 ,3 .1 0 ] s u g g e s t  t h a t  i t  i s  th e  f a s t  d i f f u s i n g  Ni w hich 
en h an ces  th e  d i f f u s i v i t y  o f  Ge in  GaAs. T h e re fo re ,  i t  c o u ld  be 
th a t  the  c a ta ly sed  re a c tio n  between Au and Ga, coupled w ith  the 
Ni en h an ced , Ge d i f f u s i o n  in to  th e  GaAs l a t t i c e ,  r e s u l t s  in  th e  
fo rm a tio n  o f  th e  d e g e n e r a te ly  doped la y e r  e s s e n t i a l  fo r  low  
r e s i s t i v i t y  c o n ta c t fo rm ation  [3.8].

The second  q u e s t io n  i s ,  why does th e  s p e c i f i c  c o n ta c t  
r e s is ta n c e  in c re a se  w ith  anneal tem pera tu res above the  optimum? 
Auger a n a ly s is  does no t t e l l  us anything s in ce  the  p r o f i le s  from
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the  350 °C (optimum) and 400 °C (and A3CPC) sam ples a re  s im i la r ,  
e x c e p t fo r  th e  s l i g h t l y  d e e p e r  d i f f u s io n  o f  Ni and Ge a t  th e  
higher tem pera tu res.

In  th e  p a p e r by Yoder [3 .10] i t  i s  s t a t e d  t h a t  e x c e s s  
a n n e a l in g  ( t e m p e r a t u r e  o r  t im e )  c o u ld  l e a d  to  d e e p e r  Ni 
p e n e tra tio n  in to  the  s u b s tr a te  w ith  a subsequent red u c tio n  in  the 

Ge donor concen tra ticx i below th e  co n tac t. However, o b se rv a tio n  
o f  th e  Auger p r o f i l e  a t  400 °C shows t h a t  th e r e  i s  a b o u t 20 % 
(atomic) o f Ge in  th e  sem iconductor j u s t  below th e  contact/G aA s 
in te r fa c e . I t  i s  th e re fo re  l i k e ly  th a t  th e re  a re  more Ge atoms 
p r e s e n t  th a n  Ga v a c a n c ie s  w hich im p lie s  t h a t  deep  d i f f u s i o n  i s  
no t the o r ig in  o f the  in c reased  c o n tac t r e s i s t i v i t y .

However, i t  may be p o s s ib le  t h a t  when th e  c o n ta c t  a re  
annealed a t  h igher te m p e ra tu res . Ni becomes inco rp o ra ted  in to  the  
GaAs l a t t i c e  and becom es e l e c t r i c a l l y  a c t i v e .  T h is  would have 
th e  e f f e c t  o f adding com pensating accep to rs  to  the  sem iconductor 
w hich , in  tu r n ,  would le a d  to  an in c r e a s e  in  s p e c i f i c  c o n ta c t  
re s is ta n c e  due to  th e  in c re a se  m etal sem iconductor b a r r ie r  w idth . 
Another p o s s ib i l i ty  is  th e  h igher annealing tem pera tu res  in c rease  
th e  am ount As o u t - d i f f u s i o n  (a lth o u g h  t h i s  i s  n o t e v id e n t  from  
th e  Auger p r o f i l e s ) .  The v a c a te d  As s i t e s  c o u ld  th e n  be f i l l e d  
by Ge, w hich  i s  an a m p h o te r ic  d o p an t in  GaAs. T h is  would a g a in  
have the e f f e c t  o f in c re a s in g  the  le v e l o f canpensating  accep to rs  
in  the  sem iconductor, w ith  a corresponding in c re ase  iO/C^.

Both th e  mechanisms desc rib ed  above would reduce the  q u a l i ty  
o f the ohmic c o n ta c t , however, i t  i s  im p ossib le  to  t e l l  from the 
Auger a n a ly s is  which p ro cess , i f  e i th e r ,  a c tu a l ly  occurs. What 
th e  Auger p r o f i le s  do t e l l  us i s  th a t  th e  d if fu s io n  depth o f  the 

co n tac t m a te r ia l  when an annealing  tem pera tu re  o f  400 °C i s  used 
i s  more than 400 nm. However, when a c o n ta c t was annealed a t  300 

th e  d i f f u s i o n  d e p th  was red u ced  to  a b o u t 100 nm. These 
d i f f u s io n  le n g th s  w ere d e te rm in ed  making th e  crude assum ptions 
th a t  the e tch  ra te  o f the  c o n ta c t and sem iconductor were th e  same 
and th a t  the  th ichkness o f th e  annealed c o n ta c t was the  same as 

the  deposited  m eta l th ick n ess .
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the  350 °C (optimum) and 400 °C (and 430^0) sam ples a re  s im i la r ,  
e x c e p t  fo r  th e  s l i g h t l y  d e ep e r d i f f u s i o n  o f  Ni and Ge a t  th e  
h igher tem peratures.

In  th e  p aper by Yoder [3 .10] i t  i s  s t a t e d  t h a t  e x c e s s  
a n n e a l i n g  ( t e m p e r a t u r e  o r  t im e )  c o u ld  l e a d  t o  d e e p e r  Ni 
p e n e tra tio n  in to  the s u b s tr a te  w ith  a subsequent red u c tio n  in  the  

Ge donor co n cen tra tio n  below the  c o n tac t. However, o b se rv a tio n  
o f  th e  Auger p r o f i l e  a t  400 °C shows t h a t  th e r e  i s  ab o u t 20 % 
(a to n ic ) o f Ge in the  sem iconductor j u s t  below the  contact/G aA s 
in te r f a c e .  I t  i s  th e re fo re  l ik e ly  th a t  th e re  a re  more Ge atoms 
p r e s e n t  th a n  Ga v a c a n c ie s  w hich im p l ie s  t h a t  d eep  d i f f u s i o n  i s  
no t the  o r ig in  o f the  in c reased  c o n ta c t r e s i s t i v i t y .

However, i t  may be p o s s ib le  t h a t  when th e  c o n ta c t  a r e  
annealed a t  higher te m p e ra tu re s . Ni becomes inco rpo ra ted  in to  the  
GaAs l a t t i c e  and becom es e l e c t r i c a l l y  a c t i v e .  T h is  would have 
th e  e f f e c t  o f adding com pensating accep to rs  to  the  sem iconductor 
w h ich , in  tu r n ,  would le a d  to  an in c r e a s e  in  s p e c i f i c  c o n ta c t  
re s is ta n c e  due to  the  in c re a se  m etal sem iconductor b a r r ie r  w id th . 
Another p o s s ib i l i ty  i s  th e  h igher annealing  tem peratu res in c rease  
th e  am ount As o u t - d i f  f u s io n  (a lth o u g h  t h i s  i s  n o t e v id e n t  from  
th e  Auger p r o f i l e s ) .  The v a c a te d  As s i t e s  co u ld  th e n  be f i l l e d  
by Ge, w hich i s  an a m p h o te r ic  d o p an t in  GaAs. T h is  would a g a in  
have the  e f f e c t  of in c re a s in g  the  le v e l of compensating accep to rs  
in  th e  sem iconductor, w ith  a corresponding in c rease  in

Both the mechanisms d escribed  above would reduce the  q u a l i ty  
o f th e  ohmic c o n tac t, however, i t  i s  im possib le  to  t e l l  from the  
Auger a n a ly s is  which p ro cess , i f  e i th e r ,  a c tu a lly  occurs. What 
th e  Auger p ro f i le s  do t e l l  us is  th a t  the  d if fu s io n  depth o f the  

c o n tac t m a te r ia l when an annealing  tem peratu re  o f 400 i s  used 
i s  more than 400 nm. However, v^en a c o n tac t was annealed a t  300 

th e  d i f f u s io n  d e p th  was red u ced  to  ab o u t 100 nm. These 
d i f f u s i o n  le n g th s  w ere d e te rm in ed  making the  crude assum ptions 
th a t  th e  e tch  ra te  of th e  co n tac t and sem iconductor were the same 
and th a t  the th ic k n e s s  o f the  annealed co n tac t was the same as 

the  d eposited  m etal th ic k n e ss .
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33 Energy D is p e r s iv e  X -ray M icr o a n a ly s is  o f  C o n ta c ts  to  Thin
GaAs Membranes. 

3 .3 .1  Introduction

In  th e  p rev ious experim ents i t  was no t p o s s ib le  to  determ ine 
how fa r  the  co n tac t m a te r ia l  moved l a t e r a l l y  d u r in g  a n n e a lin g . 
The re a s o n  fo r  t h i s  i s  t h a t  th e  a r e a  r e q u i r e d  f o r  p ro d u c in g  an 
Auger p l o t  ( te n s  o f  m ic ro n s) was f a r  g r e a t e r  th a n  th e  ex p ec ted  
d i f f u s i o n  le n g th  o f  th e  m a te r i a l .  T h is  m ean t t h a t  i t  was 

im p o s s ib le  to  a n a ly s e  th e  c o m p o s itio n  o f  th e  GaAs (+ c o n ta c t  
m a te r ia l)  a t  sh o rt d is ta n c e s  from the  c o n ta c t edge. T herefore, 
in  o rder to  determ ine how fa r  the c o n ta c t d if f u s e s  an a l te rn a t iv e  
technique was used.

Ohmic c o n ta c t  p a t t e r n s  w ere d e f in e d  (u s in g  l i f t - o f f )  on 
th in  GaAs membranes [3.12] and then annealed. Energy d isp e rs iv e  
x -ra y  m ic ro an a ly s is  was then used to  s tudy  the  d if fu s io n  o f the 

c o n ta c t m a te r ia l  through the  membrane. Since th e  probe diam eter 
used fo r EDX a n a ly s is  was between 2.5 and 5.Cnm, i t  was p o ssib le  
to  g e t  a  r e a s o n a b le  id e a  o f  how f a r  th e  c o n ta c t  had d i f f u s e d  
d u r in g  a n n e a l in g .  A lthough  th e  d i f f u s io n  th rough  the  membrane 

would be d i f f e r e n t  to  th a t  through bu lk  m a te r ia l ,  th e  r e s u l ts  o f 
t h i s  experim ent confirm  th a t  low tem peratu re  annea ling  should be 
used when c lo se ly  spaced, annealed c o n ta c ts  a re  req u ired .

3 .3 .2  Sangle Preparation.

The f a b r i c a t i o n  te c h n iq u e  fo r  GaAs m em branes i s  g iv en  in  
f u l l  in  c h a p te r  6 t h e r e f o r e  o n ly  a b r i e f  d e s c r i p t i o n  i s  g iv en  
h e r e .  The membrane m a te r i a l  c o n s i s t s  o f  (from  th e  su rfa c e )  
a l t e r n a t e  l a y e r s  o f  GaAs (100 nm membrane l a y e r ) , AlGaAs (330 
nm), GaAs (340 nm), and AlGaAs (1.04 pm), grown by M etal Organic 
Chem ical Vapour D eposition  (MOCVD), a t  P lessey  Research Centre 
(C asw ell), on a GaAs s u b s tra te .  The AlGaAs/GaAs (60 % Al) lay ers  
were used as e tch  s to p  la y e rs  -  when a w ell was etched  from the 
back  o f  th e  w a fe r ,  th e s e  l a y e r s  c o u ld  be s e l e c t i v e l y  removed 
u n t i l  on ly  th e  top  GaAs lay e r rem ained. This was th e  lay er which 
formed th e  GaAs membrane.
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When se v e ra l membrane sam ples had been fa b r ic a te d , they  were 
s p in  c o a te d  w ith  a th ic k  la y e r  (1 pm) o f  PMMA (m ol. w t 185,030) 

and th e n  baked a t  180 °C fo r  a b o u t 12 h o u rs . A p a t t e r n  o f  
t r a n s i s t o r  s o u r c e - d r a in  ohm ic c o n ta c t s  (see  f i g  6 . 1 2 ) was th e n  

exposed using  a 125 nm d iam eter e le c tro n  beam on each membrane. 
A fter developing in  1:1 MIBKrIPA th e  su rfa ce  o f  the  GaAs exposed 
th ro u g h  th e  d ev e lo p ed  windows in  th e  PMMA was c le a n e d  in  5% 
ammonia s o l u t i o n  th e n  r in s e d  in  d e io n is e d  w a te r  and blow n d ry . 
The c o n ta c t m e ta l l i s a t io n  co n sis ted  o f  90 nm AuGe, 13 nm Ni (6.5% 
o f  th e  AuGe la y e r  by w eig h t) and 20 nm Au. T h is  was n o t an 
o p tim is e d  c o m p o s itio n  fo r  low te m p e ra tu re  a n n e a lin g  s in c e  th e  
p e rc e n ta g e  o f  N i, r e l a t i v e  to  AuGe, was to o  low  (see  c h a p t 2). 
The t r a n s i s to r  co n tac t p a tte rn  was d e fined  by l i f t - o f f .

T h ree  membrane sam p les  w ith  c o n ta c t p a t te rn s  survived the 
fa b r ic a t io n  p ro cesses . Two of these  sam ples were then annealed, 
one a t  300 °C and th e  o th e r  a t  400 °C. F ig  3.2 c o n ta in s  STEM 
m icrographs o f th e  annealed co n tac ts  taken  frcan the  same p o s it io n  
on th e  d e v ic e  p a t t e r n s .  I t  can be seen  t h a t  when th e  c o n ta c ts  
w ere a n n e a le d  a t  400 °C th e r e  had been a l o t  o f  movement o f th e  
c o n tac t m a te r ia l  during annealing . The edges o f the  c o n tac t a re  

no lo n g e r  w e l l  d e f in e d . The c o n ta c t  m e ta l  a p p e a rs  to  have 
coalesced  form ing is la n d s  of dense c o n ta c t m a te r ia l  w ith in  a reas  

which seem to  be v i r t u a l ly  dep leted  o f c o n ta c t m eta l. When the 
annealing tem p era tu re  was reduced to  300 °C th e  c o n tac ts  appear 
to  be m ore u n ifo rm . The edges a re  r e a s o n a b ly  w e ll  d e f in e d ,  
a lth o u g h  when th e  sam ple  was o b serv ed  a t  h ig h e r  m a g n if ic a t io n  
th e re  a p p e a re d  to  be a la y e re d  s t r u c t u r e  a t  th e  c o n ta c t  edge. 

This w i l l  be d iscu ssed  in  more d e ta i l  l a t e r .

One sample was l e f t  unannealed. The unannealed sample was 
on a membrane vh ich  co n sis ted  not cxily o f the  100 nm GaAs lay er 
b u t a ls o  had th e  u n d e r ly in g  AlGaAs l a y e r .  T h is  gave a t o t a l  
membrane th ic k n e ss  o f 400nm.

3 .3 .3  Energy D ispersive X-ray N icroanalysis

Chemical a n a ly s is  in  an STEM is  perform ed by m easuring the 
energy and in te n s i ty  d i s t r ib u t ic n  o f th e  x -ray  s ig n a l generated  
by a fo c u se d  e l e c t r o n  beam [3 .1 3 ]. X -ray s  a r e  p roduced  by th e
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F ig . 3.2. SEM m ic ro g ra p h s  o f AuGe/Ni/Au c o n ta c ts  d e p o s i te d  on 
100 nm m em branes o f  GaAs. The to p  m ic ro g rap h  shows a sam p le  
w hich  was a n n e a le d  fo r  1 m in u te  a t  300 and th e  b o tto m  
m icrograph i s  o f a sample annealed fo r  1 minute a t  400 °C.



F ig . 3.3. SEM m ic ro g ra p h  o f a membrane c h ip ,  m ounted  on a 
copper TEM g r i d .  T h is  was s u i t a b l e  fo r  lo a d in g  in to  th e  HB 5 
STEM for x -ray  m ic ro a n a ly s is .



f o l lo w in g  p ro c e s s . The i n t e r a c t i o n  o f a beam e le c t r o n  w ith  an  
i n n e r - s h e l l  e le c t r o n  can  r e s u l t  in  th e  e j e c t i o n  o f  th e  bound 
e le c tro n  which leaves the  atom in  an excited  s ta t e  w ith  a vacancy 

in  th e  in n e r  e le c t r o n  s h e l l .  D uring su b seq u en t d e e x c i t a t i o n ,  
th e re  i s  an e le c tro n  t r a n s i t io n  from an ou ter s h e ll  to  f i l l  t h i s  
v a ca n c y . The e n e rg y  r e le a s e d  by t h i s  t r a n s i t i o n  can m a n i f e s t  

i t s e l f  e i t h e r  in  th e  form  o f  an x - ra y  or an e je c te d  (Auger) 
e le c tro n .  The energy o f the  tra n sm itte d  x -ray  i s  re la te d  to  the  
d i f f e r e n c e  in  en erg y  b e tw een  th e  s h a rp ly  d e f in e d  l e v e l s  o f  th e  
atom and is  re fe rre d  to  as a c h a r a c te r is t ic  x -ray .

EDX m ic ro a n a ly s is  o f  th e  an n ea led  ohm ic c o n ta c ts  on t h i n  
GaAs membranes was c a r r ie d  out in  à HB 5 STEM. The membrane 

c h ip s  w ere "g lu ed ,"  u s in g  10% p o ly im id e , on to  co p p er TEM 
sp ec im en  g r id s  ( f ig .  3.3) w hich cou ld  th en  be p la c e d  in  th e  
s ta n d a r d  specim en  h o ld e r  fo r  th e  m ic ro sco p e . An e le c t r o n  p ro b e  
d iam ete r o f 5 nm was used fo r m ic roanalysis  o f the c o n ta c ts . The 

s a m p lin g  tim e  a t  each  m easu rem en t s i t e  was 200 seco n d s . The 
s p e c tru m  re co rd ed  a t  each  sam p lin g  s i t e  was s to re d  on d i s c  fo r  
fu tu re  a n a ly s is .

3 .3 .4  C h aracteristic  X-ray Spectrum

The c h a r a c te r is t ic  x -ray  spectrum  obtained from the  c e n tre  
o f  a c o n ta c t  on th e  u n an n ea led  sam ple i s  shown in  f i g .  3.4. The 
e n e rg y  ra n g e  6 keV to  16 keV c o n ta in s  a l l  th e  s i g n i f i c a n t  
in f o r m a t io n  fo r  th e  e le m e n ts  c o n ta in e d  in  th e  ohmic c o n ta c t s .  
The x - r a y  peaks d e te c te d  in  t h i s  ran g e  w ere th e  IQx and p eak s  
fo r  N i, Cu, Ga, Ge and As as  w e ll as th e  Lex, Lp and Ly p eaks fo r  

Au. The Cu peak is  background due to  the r e la t iv e ly  la rg e  amount 
o f copper p re sen t in  the  TEM g rid  and the g rid  holder i t s e l f .

The EDX spectrum  shown in  f ig . 3.4 rev ea ls  th a t  some o f the  
p eaks a r e  c lo s e  enough in  en erg y  t h a t  peak o v e rla p p in g  o c c u rs . 

A t f i r s t  s ig h t  t h i s  would ap p ear to  c r e a te  p ro b lem s in  th e  
q u a n t i ta t iv e  an a ly s is  o f th e  co n tac ts . However, i t  was p o ss ib le  
to  e x t r a c t  th e  i n t e n s i t i e s  o f  a l l  o f  th e  peaks g iv en  t h a t  th e  
p r o p o r t io n  o f  Kc( to  Kp peak s was known fo r  each  e le m e n t [3 .1 4 ]. 

This w i l l  be i l lu s t r a te d  in  th e  fo llow ing  sec tio n
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F ig . 3.4. X-Ray Spectrum  o b ta in e d  from  th e  c e n t r e  o f  an ohm ic 

c o n ta c t (unannealed). The c h a r a c te r i s t ic  x-ray  peaks o f  i n t e r e s t  
a re  in d ic a te d  on the  diagram .
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F ig . 3 .5 . X -ray  sp ec tru m  show ing th e  m o delled  background  

superim posed on the  a c tu a l background le v e l . The windows s e t  fo r 

m odelling  the background were from 3-7 keV and 14-18 keV where 

th e re  a re  no c h a r a c te r i s t i c  x -ray  peaks.



3 .3 .5  Qpectrum A nalysis.

The f i r s t  s t e p  in  th e  a n a ly s is  o f  th e  x - r a y  s p e c t r a  was to  
model th e  background s ig n a l of the recorded sp e c tra . A so ftw are  

ro u tin e  was a v a ila b le  in  the  K iysics D epartm ait fo r th i s  purpose. 
The background was modelled by s e tt in g  two windows a t  en erg ies  

w here th e r e  w ere  no peaks from  th e  d e te c te d  e le m e n ts .  In  th e  
c a se  o f  th e  c o n ta c t s  on GaAs m embranes th e  windows w ere s e t  
b e tw een  3 and 7 keV and 13 and 17 keV. The background  i s  
r e p r e s e n te d  in  th e  form  D(a/E + b + cE) w here D i s  th e  x - r a y  
d e t e c to r  e f f i c i e n c y ,  E i s  th e  en erg y  and a ,  b and c a re  th e  
f i t t i n g  p aram eters . Fig. 3.5 shows an EDX spectrum  from O to  20 
keV w ith  th e  background m odelled  using the  technique described  
above. I t  can  be seen  t h a t  th e  m odelled  background f i t s  th e  
background o f  the  spectrum  over the e n t i r e  energy range. The x- 
ra y  p eak s  below  3 keV a re  th e  low energy  L p eak s  o f  Cu, N i, Ga, 
Ge and As w h ich , b ecau se  th e y  w ere a l l  so c l o s e l y  sp a c e d , w ere 
not used in  th e  co n tac t a n a ly s is .

Once th e  background had been m odelled, i t  was then p o ss ib le  
to  i n t e g r a t e  th e  t o t a l  number o f  co u n ts  a s s o c ia te d  w ith  each  
peak. T his was done by s e t t in g  energy windows around each peak 
then su b tra c tin g  the  background in te g ra l  to  g ive  the n e t s ig n a l 
i n t e g r a l .  For exam ple th e  en erg y  window 7.7 kev to  8.4 keV 
c o n ta in s  a l l  o f  th e  Cu Ko( peak b u t no o th e r  p e a k s , e x c e p t th e  Ni 

peak  w hich  i s  s m a ll  enough to  be assum ed n e g l i g i b l e .  In  th e  

case o f overlapping  peaks, the window was s e t  from th e  minimum 
e n e rg y  o f  th e  lo w er en erg y  peak to  th e  maximum e n e rg y  o f  th e  
h ig h e r  e n e rg y  peak  (fo r  exam ple 8.8  keV to  9.6 keV c o n ta in s  th e  
Cu K/i p eak  and th e  Ga KoCpeak). The n e t  s ig n a l  i n t e g r a l  fo r  th e  

combined peak was then deduced as before.

To e v a lu a te  th e  n e t  s ig n a l  i n t e g r a l  fo r  each  peak  in  an 
o v e r la p p in g  s ig n a l ,  a hand c a l c u l a t i o n  had to  be made. As an 
ex am p le , c o n s id e r  th e  n e t  s ig n a l  i n t e g r a l s  o b ta in e d  from  th e  

com bined Cu K/5 and Ga Koi peaks and th e  i s o l a t e d  Cu Kcx peak 
m en tio n ed  above. The r a t i o  o f  Kcx:K^ i n t e n s i t i e s  a re  w e ll 
t a b u la te d  fo r  th e  e le m e n ts  o f  i n t e r e s t  in  th e s e  e x p e r im e n ts
[3 .1 4 ]. T h e re fo re ,  i t  i s  a t r i v i a l  ta s k  to  e x t r a c t  th e  Cu K/S 
peak from th e  in te g ra l  fo r the  overlapping Cu K/i and Ga Kc( peaks
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leav in g  the  n e t s ignal in te g ra l  fo r the  Ga Kg( peak. The r e la t iv e  
i n t e n s i t i e s  o f  th e  x - r a y  p eak s  co u ld  th e n  be c o n v e r te d  to  
r e la t iv e  number of atoms by a sim ple  c a lc u la t io n  [3.15,3.16].

Using th i s  method i t  was p o ss ib le  to  e x tra c t  the n e t s ig n a l 
in te g ra l  fo r each of the e lem ents d e tec ted  from the samples. The 
o n ly  p ro b lem  a ro se  w ith  th e  Au Lo{ and Ge Kof peaks w hich o ccu red  

a t  s i m i l a r  e n e r g ie s  (9.711 keV and 9.876 keV r e s p e c t iv e ly ) .  In  
th e  b u lk  o f  th e  c o n ta c t ,  w here th e r e  was a l o t  o f  g o ld  p r e s e n t ,  
i t  was d i f f i c u l t  to  determ ine a c c u ra te ly  the  amount o f Ge which 

w as p r e s e n t .  F o r t u n a t e l y  h o w e v e r ,  th e  Ge Kf, p e a k  w as 
s u f f ic ie n t ly  separated  in  energy from any o f the o ther e lem ents 
th a t  a n e t s ig n a l in te g ra l could be obtained  fo r th is  peak on i t s  
own, th e re fo re  g iv irg  a reasonab le  in d ic a tio n  o f the amount o f Ge 
in  th e  c o n tac t.

3 .3 .6  Experimental R esults

To d e te rm in e  how f a r  th e  c o n ta c t  m e ta l had d i f f u s e d  
l a t e r a l l y  d u r in g  a n n e a lin g , x - ra y  s p e c t r a  w ere re c o rd e d  a t  
v a r io u s  p o s i t io n s  away from  th e  c o n ta c t  edge. The d i s t a n c e  
between sampling s i t e s  was 50 nm in  the  v ic in i ty  of the  c o n tac t 

edge, in c reas in g  to  h a lf  micron s tep s  away from the co n tac t edge.

In  th e  unannealed  sam ple th e r e  was a d i s t i n c t  boundary  
b e tw een  th e  m e ta l c o n ta c t  and th e  GaAs s u b s t r a t e .  I t  was 

t h e r e f o r e  s t r a i g h t  fo rw ard  to  re c o rd  s p e c t r a  a t  s p e c i f i e d  
d is ta n c e s  from the co n tac t edge. However, the boundary between 

th e  m eta l and the su b s tra te  was not so w ell defined  on the  sample 
a n n e a le d  a t  300 °C. As m en tioned  e a r l i e r ,  th e r e  was a la y e re d  

s t r u c t u r e  a t  th e  c o n ta c t  edge. T h is  i s  i l l u s t r a t e d  in  f i g .  3.6. 
The la y e r e d  s t r u c tu r e  i s  l i k e l y  to  be cau sed  by th e  d i f f e r e n t  
d if f u s io n  len g th s  of the co n tac t m a te r ia ls . For the purposes o f 
th i s  experim en t, the o r ig in a l  co n tac t edge was taken to  be a t  the 

edge o f the  d a rk e s t la y e r , as in d ica ted  in  the  figu re .

The d e f i n i t i o n  o f th e  o r i g i n a l  c o n ta c t  edge was made even 

more d i f f i c u l t  in  the case o f th e  400 annealed sample. Here, 
because th e  c o n tac t was no longer uniform , i t  was very d i f f i c u l t  
to  p r e d i c t  w here th e  c o n ta c t  edge had been  b e fo re  a n n e a lin g .
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Fig. 3.6 Schematic representation o f the layered structure found 

a t  th e  edge o f a c o n ta c t  annealed a t 300 °C. T y p ica l lo c a t io n s  
for recording x-ray ^ c t r a  are a lso  shown.
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F ig . 3.7 S chem atic r ep re sen ta tio n  o f  the edge o f  a co n ta c t  

an n ea led  a t  400 °C. X-ray sp e c tr a  were recorded a t  lo c a t io n s  

sim ila r  to those indicated in the fig u re .



How ever, c lo s e r  in s p e c t io n  o f  p a r t s  o f th e  sam ple  showed t h a t  
th e r e  w ere  row s o f s m a ll  (sub 0 .1  m icron) p a r t i c l e s  w hich 

corresponded (judging from th e i r  general p o s itio n ) to  the  o u tl in e  
o f  th e  o r i g i n a l  c o n ta c ts . I h is  i s  i l lu s t r a te d  in  f ig .  3.7.

3 .3 .7  Onarmealed Sample.

Two ty p ic a l  sp ec tra  from the unannealed sample a re  shown in  
f i g  3.8. S pectrum  a) was re c o rd e d  50 nm from  th e  edge o f  th e  
c o n ta c t ( in to  the m e ta ll ic  region) and spectrum  b) was recorded 

25 nm from  th e  c o n ta c t  edge (o f f  th e  m e ta l l i s e d  re g io n ) .  As 
e x p e c te d , a l l  th e  e le m e n ts  o f  th e  c o n ta c t  m e t a l l i s a t i o n  can be 
d e tec ted  w ith in  spectrum a) whereas only Ga and As a re  d e te c ta b le  
in  b) (excluding the background Cu peak). I h is  shows th a t  th e re  

i s  no d i f f u s i o n  o f  th e  c o n ta c t  m a te r ia l  a s  th e  m e ta l  i s  
ev ap o ra ted .

3 .3 .8  300 °C Annealed Sample

The edge o f a ty p ic a l c o n tac t annealed a t  300 °C was shown 

in  f i g  3.6. The w id th  o f th e  d i f f e r e n t  l a y e r s  a t  th e  c o n ta c t  
edge was approx im ately  50 nm a t  any p a r t ic u la r  lo c a tio n  around 

th e  edge o f  th e  c o n ta c ts .  T y p ic a lly  fo u r x - r a y  s p e c t r a  w ere 
recorded a t  each measurement lo ca tio n  on the sam ple. The sp ec tra  
o b ta in e d  ( f ig .  3.9 a )-d )) co rre sp o n d  to  25 nm in to  th e  th ic k  
c o n ta c t re g io n , the c en tre  o f the two la y e rs , and 25 nm from the 

second la y e r re sp e c tiv e ly .

From th ese  sp ec tra  the  fo llow ing deductions can be made:-

1 -  Gold and Ge have d iffu se d  outwards from the  co n tac t in to  the  
f i r s t  la y e r o u ts id e  the c o n tac t. This was ev id en t because both 
th e  Au Ly and Ge peaks w ere d e te c te d  w henever an x - ra y  

^)ectrum  was recorded frcm the f i r s t  lay er.

2 -  Only Ge h as  d i f f u s e d  in to  th e  second la y e r .  A r e l a t i v e l y  
la r g e  peak  was d e te c te d  a t  th e  Au Df-Ge Koc e n e rg y . S in ce  th e re  

was no e v id e n c e  o f  an Au Lv peak b u t th e re  was a d i s t i n c t  GeK^ 
peak i t  was concluded th a t  on ly  Ge had d iffu se d  in to  th i s  lay e r .
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Fig. 3.8 a). X -ray spectrum obtained  fro n  a p o s itio n  25 nm on to  
th e  c o n ta c t  on an unannealed  sam p le . As e x p ec te d  a l l  o f  th e  
c o n ta c t e lem en ts  p lu s  Ga and As can be d e tec ted .
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F ig . 3.8 b ). X -ra y  sp ec tru m  o b ta in e d  from  a p o s i t io n  25 nm aw ay 

from  th e  c o n ta c t  on an unannealed  sam p le . Only Ga and As (and 

back g ro u n d  Cu) can  be d e te c te d  w hich i n d i c a t e s  t h a t  th e r e  h a s  

been no d i f f u s io n  o f the co n tac t m a te r ia l .
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F ig . 3.9 a ) .  X -ray  sp ec tru m  o b ta in e d  from  th e  th ic k  p a r t  o f  an 

ohm ic c o n ta c t  ( p o s i t io n  A, f ig .  3.6) a n n e a le d  a t  300 °C. A ll o f  
th e  c o n ta c t elem ents except Ni have been d e tec te d .
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Fig. 3.9 b). X-ray spectrum obtained from the  f i r s t  lay e r around 

a c o n ta c t  a n n e a le d  a t  300 ( p o s i t io n  B, f i g .  3 .6). L arge 

amounts o f Au can be d e tec ted  in  th is  la y e r .
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F ig . 3.9 c ) . X -ray  sp ec tru m  o b ta in e d  from  th e  second  la y e r  

a ro u n d  th e  300 °C an n ea led  sam ple  ( p o s i t io n  C, f i g .  3.6). T h ere  
i s  no Au p r e s e n t  in  t h i s  la y e r  b u t a r e l a t i v e l y  l a r g e  am ount o f  

Ge can s t i l l  be d e tec ted .
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Fig . 3.9 d). X-ray spectrum recorded 25 nn away from the second 

layer around a 300 °C annealed contact (p osition  D, f ig  3.6). No 

d etec ta b le  amounts o f  Au or Ge were found here.



3 -  There were no Au or Ge peaks d e tec ted  25 nm from the edge o f 
th e  second lay er (125 nm from the o r ig in a l  c o n tac t edge).

An in te r e s t in g  observation  from these  measurements was th a t  
no n ic k e l was detec ted  a t  any o f the  (25) sampling p o s itio n s  from 
th i s  sam ple. I h is  phenomenon w il l  be d iscussed  in  se c t. 3. 10 .

3 .3 .9  400 Annealed Sample

I t  was mentioned before  th a t  i t  was d i f f i c u l t  to  determ ine 
e x a c t ly  w here th e  o r ig in a l  c o n ta c t  edge had been on th e  sam ple  
annealed a t  400 °C. However, as a rough guide sp ec tra  were taken 
from the  th ic k  m e ta ll ic  reg ions w ith in  the  c o n tac t, from the  th in  
reg io n s  w ith in  the o r ig in a l c o n tac t a rea  and in  sh o rt increm ents 

away from th e  o r ig in a l co n tac t edge.

The g en era l observations from the sp ec tra  recorded from the  
400 °C sample w ere:-

1 -  The th i c k  a re a s  o f th e  c o n ta c t  showed an abundance o f  g o ld , 
g iv in g  sp e c tra  s im ila r to  f ig  3 .9 b ) .

2 -  In  the  th in  areas (but s t i l l  w ith in  the  area of the o r ig in a l  
c o n ta c t)  th e  s p e c t r a  looked  more l i k e  t h a t  o f  f ig .  3.9c) w ith  a 
r e l a t i v e ly  la rg e  amount o f Ge p re sen t but no d e tec ta b le  Au.

3 -  O u ts id e  th e  c o n ta c t ,  th e  s p e c t r a  w ere s im i la r  to  "2" up to  
a  maximum o f 300 nm from the specu la ted  co n tac t edge in d ic a tin g  

th a t  r e l a t iv e ly  la rg e  amounts of Ge had d iffu se d  q u ite  fa r  from 
th e  c o n ta c t edge.

4 -  F u r th e r  away from th e  c o n ta c t ,  i t  was found th a t  th e r e  was 
s t i l l  d e te c ta b le  amounts o f Ge w ell away from the co n tac t edge. 
The sp e c tru m  shown in  f ig  3.10 was ta k en  a t  a p o s i t io n  on th e  
mem brane w hich was 5 pm from  th e  n e a r e s t  c o n ta c t  (th e  maximum 
d i s t a n c e  from  a c o n ta c t  on th e  m em brane). I t  can be seen  t h a t  
th e r e  i s  s t i l l  a d i s t i n c t  peak a t  th e  Ge Krx energ y  (9.876 keV). 
Care has to  be taken in  the  in te rp re ta t io n  o f th is  r e s u l t .  Even 

though  i t  a p p e a rs  as i f  th e  Ge h as  d i f f u s e d  a long way from  th e  
o r ig in a l  c o n ta c t, i t  cannot be determ ined from the x -ray  spectrum
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F ig . 3.10 This x -ray  spectrum  was recorded on the  GaAs membrane 

a t  l e a s t  5 um away from th e  n e a r e s t  c o n ta c t ,  on th e  sam p le  

a n n e a le d  a t  400 °C. T here  i s  s t i l l  a s i g n i f i c a n t  am ount o f  Ge 

p r e s e n t  in  th e  sp ec tru m  in d ic a t in g  th a t  th e  Ge h as  d i f f u s e d  a 

long way from the  o rig in ad  c o n tac t edge.



w h eth er i t  had d i f f u s e d  th ro u g h  th e  GaAs o r i f  i t  had , in  f a c t ,  
on ly  d iffu se d  over the su rface  o f the membrane. Indeed, th e re  i s  

a l s o  th e  p o s s i b i l i t y  t h a t  th e  d e te c te d  Ge may be a r e s u l t  o f  
contam ination  frcan the  a llo y in g  furnace.

5 -  As in  the 300 sam ple, no n ickel was d e tec ted  anywhere on 
th i s  sample e i th e r .

Ih e  q u a l i t a t i v e  o b s e r v a t io n s  d e s c r ib e d  so f a r  re v e a l  two 
su rp r is in g  r e s u l ts .  F i r s t ly ,  the  d is tan ce  the  Ge moved from the  
c o n tac t edge during the high tem perature annea l, assuming th a t  i t  
was d if fu s in g  through the GaAs, was fa r  g re a te r  than the  expected 
d if fu s io n  len g th  o f the m a te r ia l ,  even allow ing fo r the f a c t  th a t  
th e s e  c o n ta c ts  w ere f a b r i c a te d  on GaAs m em branes, w hich would 
confine  the  d if fu s io n  to  2 dim ensions.

S eco n d ly , i t  was i n t e r e s t i n g  to  o b se rv e  t h a t  on th e  tw o 
annealed sam ples th e re  was no d e te c ta b le  amounts o f Ni anywhere 
on th e  sam p les . I t  i s  p o s s ib le  t h a t  becau se  th e  Ni d i f f u s e s  so 
q u ick ly  (see Auger re su lts )  th a t  even a t  low anneal tem p era tu res , 

i t  spreads so fa r  through the  membrane th a t  th e  le v e l o f n ick e l 
a t  any p a r t i c u l a r  p o in t  i s  below  th e  d e t e c t io n  l i m i t  o f  th e  
measurement technique.

3 -3 .1 0  Q uantitive A nalysis

Q u an titiv e  a n a ly s is  o f the  two annealed c o n tac ts  was c a rrie d  
o u t usirQ the  methods described  in sec t 3.3.5. In th i s  a n a ly s is  

the  in te n s i ty  o f the Ge and As peaks were norm alised to  the Ga 
peak . I t  was th e n  p o s s ib le  to  c o n v e r t  th e  r e l a t i v e  number o f  

counts in to  number of atoms [3.15,3.16],

Fig. 3.11 shows the  number o f atoms of Ge and As, norm alised 
to  th e  number o f  Ga a to m s, a s  a fu n c tio n  o f  d i s ta n c e  from th e  
o r i g i n a l  c o n ta c t  edge. As ob serv ed  from th e  s p e c t r a  when th e y  
were recorded , i t  can be seen th a t  the Ge can be detec ted  a long 

way from the  c o n tac t edge (sev era l microns) when the  co n tac ts  are  
a n n ea le d  a t  400°C. H ow ever, when th e  sam p les  w ere an n ea led  a t  
300 °C Ge can only be d e tec ted  up to  a maximum d is ta n c e  o f 0.2pm 
from the c o n tac t edge. I f ,  as  was suggested above, the  detec ted
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F ig  3.11 Graph showing th e  number o f  atoms o f  Ge and As 

n o rm a lised  to th e number o f  Ga atom s as a fu n ctio n  o f  d is ta n c e  
from the contact edge for samples anneaLled at 300 % and 400 ^  

N e g a tiv e  d d en o tes  d is ta n c e  in to  th e 'c o n ta c t  and p o s i t iv e  d i s  

d ista n ce  away from the con tact.



l e v e l  o f  Ge f a r  from  th e  c o n t a c t  ed g e  (4 pm) i s  d u e  t o  
co n tam in atio n f then th is  le v e l can be su b trac ted  from the  grag^ 
o f  f i g .  3.11. I f  t h i s  i s  done , i t  i s  found t h a t  th e  maximum 
d is ta n c e  from the co n tac t edge where Ge can s t i l l  be d e tec ted  i s  
a b o u t 400 nm, w hich i s  ab o u t d o u b le  th e  d i s ta n c e  o b ta in e d  when 
th e  sam ple i s  annealed a t  300®C. I t  must be s ta te d  however, th a t  

t h i s  e s t i m a t i o n  i s  n o t v e ry  a c c u ra te  c o n s id e r in g  th e  p o o r ly  
de fin ed  edges o f the co n tac ts  annealed a t  h igh  tem peratu re  ( f ig . 
2 . 2).

Another in te re s t in g  o b serv a tio n  from the graph in  f ig .  3.11 
i s  t h a t  th e  As c o n c e n tr a t io n  below  th e  c o n ta c t  was a l o t  lo w e r 
th a n  th e  c o n c e n tr a t io n  in  th e  GaAs membrane away from  th e  

c o n ta c t. To ensure th a t  th i s  e f f e c t  was not due to  abso rp tion  o f  
th e  x -ray s  by the o ther elem ents in  the c o n ta c t, the ab so rp tio n  
c o e f f ic ie n t  fo r As Kcx Photons was ca lc u la te d .

The a b s o r p t io n  o f A rse n ic  Ko( was c a lc u la te d  fo r  ohm ic 
c o n ta c ts  o f the  com position desc rib ed  in  sec t. 3.3.2 deposited  on 
a 100 nm GaAs membrane using the  equation  [3.15,3.17]

= [1 -  exp(p^ )/) tco sec j0 )]/((U /^ )/o t.co sec^

%

where i s  th e  number o f tra n s m itte d  x -ray s , is  the number o f 
x - r a y s  g e n e ra te d  in  th e  sp e c im e n , i}i/p) i s  th e  mass a p s o r p t io n  
c o e f f i c i e n t ,  /o i s  th e  sp ec im en  d e n s i ty ,  t  i s  th e  specim en  
th ic k n e ss  and 0  i s  the ta k e -o ff  angle which i s  the  angle between 

th e  x - r a y  d e te c to r  and th e  s u r f a c e  o f  th e  sam ple  (30° in  t h i s  
case). The mass absorpticxi c o e f f ic ie n t  fo r As KoC photons by the  

specimen was eq u iv a len t to

MAS . q

where

/O/Spec. / \ / y i  

( p \ A s

\fi) i

i s  th e  mass ab so rp tion  c o e f f ic ie n t  o f As KoC in  m a te ria l i  and Cĵ  
i s  th e  m ass f r a c t io n  o f  m a t e r i a l  i .  The mass a b s o r p t io n
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c o e f f i c i e n t s  w ere c a lc u la te d  from  th e  th e o ry  in  th e  p ap er by 
T hinh  [3.18] and were co n firm ed  by lo o k in g  up th e  d a ta  b ase  o f  
r e f  [3 .1 3 ].

The a b s o r p t io n  o f  th e  As Kcx x - ra y s  by th e  specim en  was 
c a lc u la t e d  to  be o n ly  2.8 %. Even when th e  s u b s t r a t e  th ic k n e s s  

was in c re a s e d  to  400 nm (as was th e  c ase  on th e  unan n ea led  
sample) the  abso rp tion  was only increased  to  5 %. I h is  th e re fo re  

i n d i c a t e s  t h a t  th e  re d u c tio n  in  th e  As c o n c e n tr a t io n  below  th e  
ohm ic c o n ta c t s  i s  n o t caused  by th e  As x - r a y s  b e in g  ab so rb ed  a s  
they  p e n e tra te  through the sample.

I t  i s  d i f f i c u l t  to  su rm ise  w here th e  As has gone d u rin g  
a n n e a l in g . In  f a c t  a re d u c t io n  in  th e  As l e v e l  was d e te c te d  

below the  c o n tac ts  even in  the  unannealed sample. This im p lie s  
th a t  th e  d isappearance of As occurs as the m etal co n tac t la y e rs  
a re  being evaporated. As no s im ila r  lo s s  o f As was d e tec ted  from 

th e  Auger a n a ly s is  o f co n tac t on s o lid  s u b s tra te s ,  i t  may be th a t  
th e  e f f e c t  i s  p e c u l ia r  to  th e  e v a p o ra t io n  o f  c o n ta c ts  o n to  

mem brane m a te r i a l .  However w ith o u t  f u r th e r  e x p e r im e n ta l  
ev idence , no p r e c i s e  conclusions can be drawn from th is  r e s u l t .  
S i m i l a r ly  no d e f in a te  e x p la n a t io n  fo r  th e  d is a p p e a ra n c e  o f  Ni 

f ro m  th e  a n n e a le d  c o n t a c t  c an  be g iv e n .  I t  can  o n ly  be 
sp ecu la ted  th a t  the  Ni has d iffu se d  so fa r  in  the  membrane th a t  
th e  amount o f Ni a t  any p a r t ic u la r  p o in t i s  below the d e te c tio n  

l i m i t  o f  th e  EDX sy stem . T h is  e x p la n a t io n  may be v ia b le  s in c e  
the  o r ig in a l  amount of Ni in  the  c o n tac t was sm all (only about 5 
% o f the  to t a l  m e ta l l ic  lay er weight) and i t  was shown in  th e  
Auger a n a ly s i s  o f  th e  c o n ta c ts  on s o l id  s u b s t r a t e  t h a t  Ni i s  a 

f a s t  d if f u s e r  in  GaAs.

3 .4  Summary

In  t h i s  c h a p te r  a t te m p ts  have been made to  a n a ly se  ohmic 

c o n ta c t s  f a b r i c a te d  on bo th  s o l id  s u b s t r a t e s  and on th in  GaAs 
m em branes. Both th e  Auger and EDX a n a ly s i s  have j u s t i f i e d  th e  
n e c c e s s i t y  fo r  low te m p e ra tu re  a n n e a lin g  when sm a ll c o n ta c t  
s e p a r a t io n s  a re  r e q u ir e d ,  b u t th e  r e s u l t s  from  th e  membrane 
sam p les  w ere p a r t i c u l a r l y  i n t e r e s t i n g .  The f a c t  t h a t  th e  Ge 
could be d e tec ted  severa l m icrons from the n e a re s t co n tac t edge
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in  a  specim en  a n n ea le d  a t  400 °C b u t cou ld  o n ly  be d e te c te d  0.2 
pm from the c o n ta c t edge in  a specim m  annealed a t  300 °C c le a r ly  
in d i c a t e s  t h a t ,  fo r  s h o r t  d im e n s io n s , low te m p e ra tu re  c o n ta c t  
a n n e a lin g  i s  d e s i r a b le *  I t  m ust be s a id  ho w ev er, t h a t  i t  was 
n o t e s ta b lish e d  whether the  Ge had d iffu sed  through th e  membrane 
o r was on ly  p re se n t on the  su rface  of the membrane.
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CHAPTER 4 GaAs METAL SEMIGCNDOCTOR FIELD EFFECT TRANSISTORS

4.1 In trod u ction

4.1.1 S tru c tu re  o f  a  GaAs MESFET

The s tru c tu re  o f a GaAs M etal on Semiconductor F ie ld  E ffe c t 
T r a n s i s to r  (MESFET) i s  shown s c h e m a tic a l ly  in  f i g .  4.1. The 
d e v ic e  c o n s i s t s  o f  two ohm ic c o n ta c t s ,  known a s  th e  so u rc e  and 
d ra in , between which c u rre n t can flow through a th in  channel o f 
c o n d u c tin g  m a t e r i a l .  The c u r r e n t  in  th e  ch an n e l (I^) i s  
c o n tro lle d  by ap p ly irg  b ia s  to  the Schottky c o n tac t known as the 
g a te .  The d r a in - s o u r c e  c h a n n e ls  a re  form ed in  n+ e p i t a x i a l  
l a y e r s  grown on h ig h ly  r e s i s t i v e  s u b s t r a t e s  by Vapour Phase 
E pitaxy  (VPE), M etal Organic Chemical Vapour D eposition (MOCVD), 
o r M o lecu la r Beam E p ita x y  (MBE). Mesa i s o l a t i o n  o r bo ron  
i s o l a t i o n  i s  u se d  to  d e f i n e  th e  d r a i n - s o u r c e  c h a n n e l s .  
A l t e r n a t i v e l y  th e  d r a in - s o u r c e  ch an n e l can be form ed by lo c a l  

im p la n ta t io n  in to  a s e m i - in s u la t i n g  s u b s t r a t e  [4 .1 ] . T h is  
technique is  o f p a r t ic u la r  in t e r e s t  for the fa b r ic a t io n  o f sh o rt 

c h an n e l n"̂  s e l f  a l ig n e d  (SAINT) GaAs MESFETs in  w hich a "T" 
shaped  g a te  i s  used as  a mask d u r in g  th e  im p la n ta t io n  o f  h ig h  

c o n d u c t iv i ty  re g io n s  n ear th e  g a te  [4 .2 ] . U sing t h i s  m ethod, 
exceedingly  high sw itch ing  speeds have been rep o rted , the  f a s t e s t  

o f which i s  below 10 ps [4.3].

The MESFETs fa b ric a te d  in  th i s  work were a l l  d e p le tio n  mode 
dev ices  (norm ally on) which means th a t  the b u i l t  in  p o te n tia l  o f 

th e  ga te-m eta l/sem ico n d u cto r c o n tac t (Vj  ̂ does not f u l ly  d ep le te  
the  a c tiv e  channel below the  g a te . A negative b ia s  i s  app lied  to  
th e  g a te  to  in c r e a s e  th e  d e p le t io n  w id th  below  th e  g a te ,  
t h e r e f o r e  re d u c in g  I W i t h  s u f f i c i e n t  b i a s ,  th e  d e p le t io n  
reg ion  w il l  extend a l l  the  way through the a c tiv e  lay er blocking 
the  c u rre n t flow  between th e  co n tac ts . The vo ltag e  requ ired  to  

tu r n  th e  t r a n s i s t o r  o f f  i s  known as th e  p in c h - o f f  v o l ta g e .  I f  
th e  d e p le t io n  re g io n  o f th e  u n b ia sed  g a te  ex ten d ed  a l l  th e  way 
through the  a c t iv e  la y e r ,  the  device would be an enhancement mode 
MESFET (n o rm a lly  o f f ) .  In  such  a d e v ic e , a p o s i t i v e  g a te  b ia s  

h a s  to  be a p p l ie d  to  red u ce  th e  d e p le t io n  w id th  below  th e  g a te ,  
a llow ing  c u rre n t to  flow  between source and d ra in . No a ttem p ts
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were made to fabricate this type of MESFET.

The geom etry o f the f i r s t  s e ts  o f MESFETs was s im ila r  to  th e  
d e s ig n  c r e a te d  by WS M ackie [4 .4 ] . However, th e s e  w ere n o t 

s u i t a b l e  fo r  ac t e s t i n g ,  due to  th e  u n s u i ta b le  la y o u t o f  th e  
d e v ic e s .  T h e re fo re  th e  MESFET d e s ig n  had to  be c o m p le te ly  
r e s t r u c t u r e d ,  a lo n g  P le s se y  g u id e l in e s  [4 .5 ] , to  make them  
s u i t a b l e  fo r  ac t e s t i n g  ( f ig  4 .2). The d r a in  and g a te  bonding  

p a d s  o f  th e  ac d e v ic e s  w ere s i t u a t e d  d i r e c t l y  o p p p o s ite  one 
ano ther to  allow  the device to  be bonded in to  an ac t e s t  f ix tu re  

w ith  the  minimum length  of bond w ire (see s e c t  4.4). The source 
bond ing  pad was made s u f f i c i e n t l y  la r g e  to  a llo w  a doub le  w ire  
bond to  be made to  th e  s o u rc e , th u s  re d u c in g  th e  in d u c ta n c e  o f  
th e  so u rc e  bond. P a r a s i t i c  so u rce  and d r a in  in d u c ta n c e s  w ere 
reduced by using the  tapered co n tac ts  shown in  the fig u re .

4.1.2 Device O peration

Long-gate MESFETs (several microns) can be described using a 
m odel s i m i l a r  to  t h a t  used to  d e s c r ib e  a J-FET [4 .6 ]. In  t h i s  
'tw o  re g io n ' m odel, th e  c o m p lic a te d  v e l o c i t y - f i e l d  c u rv es  fo r  
GaAs [4.7] a re  s im p lif ie d  in to  a reg ion  o f co n stan t m o b ility  a t  

low  e l e c t r i c  f i e l d s  and a re g io n  o f  c o n s ta n t  v e lo c i ty  above a 
c e r ta in  c r i t i c a l  f ie ld .  In FETs w ith  sh o rt g a te  leng ths (< 2pm), 

a model vtiere f u l l  cu rren t s a tu ra tio n  is  assumed below the ga te  
h a s  to  be em ployed. The c o m p lic a te d  v e l o c i t y - f  i e ld  c u rv e s  fo r  

GaAs a l s o  have to  be tak en  in to  acco u n t [4 .8 ] . When t h i s  model 
i s  used, i t  i s  found th a t  the  sa tu ra te d  v e lo c i ty  i s  modulated by 
th e  w idth o f the  conducting channel. Returning to  f ig . 4.1, the 
n a rro w est channel opening is  lo ca ted  under the  d ra in  end o f the  

g a te . As e le c tro n s  move along the  channel, th e i r  v e lo c ity  r i s e s  
(due to  th e  in c re a s e d  f i e l d ) ,  re a c h e s  a peak and th en  d ro p s  to  
th e  s a tu r a t e d  v e lo c i ty  a t  th e  g a te  edge. In  o rd e r  to  p re s e rv e  
c u r re n t  c o n tin u ity , because o f the  narrowing channel and slow er 
m oving e l e c t r o n s ,  e le c t r o n  a c c u m u la tio n  occurs in  th is  reg ion . 
H ow ever, a s  th e  ch an n e l w id th  w id en s, th e  e le c t r o n  v e lo c i ty  

i n c r e a s e s ,  c a u s in g  a s tro n g  d e p le t io n  re g io n . In  o th e r  w ords, 
when a la r g e  enough v o lta g e  i s  a p p lie d  to  th e  d ra in  o f  th e  

d e v ic e , a d ip o le  lay er is  formed in  the channel, extending beyond 
th e  end o f the  g a te . Most o f the  d ra in  v o ltag e  i s  dropped ac ro ss
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t h i s  s ta t io n a ry  d ip o le  la y e r [4.8]. For very  sh o r t g a te  le n g th s , 
th e  e le c tro n s  may not reach an equ ilib rium  co n d itio n  in  the  high  

f i e l d  re g io n  o f  th e  d e v ic e  [4 .8 ,4 .9 ] . E le c tro n s  e n te r in g  th e  
h igh  f ie ld  reg ion  a re  a cc e le ra te d  to  tw ice th e i r  peak eq u ilib riu m  
v e lo c i ty  and then  a f te r  t r a v e l l in g  a d is tan ce  o f approxim ately  1 

pm re la x  to  th e i r  eq u ilib riu m  sa tu ra te d  v e lo c ity . This "v e lo c ity  

o v e rsh o o t"  e f f e c t  s h o r te n s  th e  t r a n s i t  tim e  o f  c a r r i e r s  in  th e  
h ig h - f ie ld  reg ion  and is  expected to  improve th e  h igh  frequency 
response o f sh o r t g a te  len g th  GaAs MESFETs.

When the g a te  leng th  becomes extrem ely  sh o r t (submicron) i t  
i s  p o s s ib le  t h a t  e l e c t r o n s  w i l l  e x p e r ie n c e  fe w , i f  a n y , 

s c a t t e r i n g  e v e n ts  as  th e y  p a ss  under th e  g a te .  Such a d e v ic e  
would be s a id  to  be o p e ra t in g  " b a l l i s t i c a l l y "  [4 .1 0 ]. A t r u e l y  

b a l l i s t i c  t r a n s i s t o r  may be d i f f i c u l t  to  r e a l i s e  in  p r a c t i c e  
s in ce  the  g a te  len g th  o f the  dev ice  would need to  be sh o rte r  than  
th e  mean free  path  o f e le c tro n s  a t  the opera ting  tem peratu re  o f 
th e  d e v ic e  [4 .1 1 ]. T h is  im p l ie s  t h a t  d e v ic e s  sh o u ld  be on 
l i g h t l y  doped m a te r ia l  and o p e ra te d  a t  low  te m p e ra tu re s .  In  
a d d i t im  the device would have to  be operated w ith  low v o ltag es  

to  av o id  in te r b a n d ,  i n t e r v a l l e y  s c a t t e r in g  o f  th e  c a r r i e r s .  
N e v e r th e le s s ,  b a l l i s t i c  p r o p e r t i e s  have been o b serv ed  a t  room 

te m p e ra tu re  in  a v e r t i c a l  FET-type s t r u c tu r e  [4.12] and n ear 
b a l l i s t i c  t r a n s p o r t  i s  p r e d ic te d  in  sub m ic ro n  GaAs d io d e s
[4 .1 3 ] . I t  i s  e n v is io n e d  t h a t  FETs w ith  b a l l i s t i c  e le c t r o n  
in jec ticx i o p era tin g  w ith  sw itch ing  of only Ips w i l l  be fa b ric a ted  

in  the  near fu tu re  [4.14].

The s o lid  s u b s tra te  MESFETs fa b ric a ted  fo r th i s  th e s is  were 
no t expected to  o p e ra te  b a l l i s t i c a l l y .  However, very  sh o rt g a te  
len g th  t r a n s i s to r s  are  o f p a r t ic u la r  in te r e s t  fo r high frequency 
a p p lic a tio n s . C onsiderable e f f o r t  has been made in  m in im is in g  

th e  n o is e  f i g u r e s  o f  h ig h  fre q u e n c y  d e v ic e s  [4 .15-17] and in  
f a b r i c a t i n g  FETs w ith  v e ry  s h o r t  s w itc h in g  sp ee d s  [4 .2 ,4 .3 ] . 
(The h ig h  e l e c t r o n  m o b i l i ty  t r a n s i s t o r  (HEMT) has a ls o  been 
d ev e lo p ed  fo r  v e ry  h ig h  speed  lo g ic  [4 .18]. More w i l l  be s a id  

about HEMTs in  chap 7).

I t  was decided to  f a b r ic a te  GaAs MESFETs w ith  gate  leng ths 
much s h o r te r  th a n  any p re v io u s ly  f a b r ic a te d  d e v ic e s . The
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r e s u l t in g  decrease  in  the g a te -so u r ce cap ac itan ce , coupled w ith  a 
low  so u rc e  r e s i s t a n c e ,  shou ld  have p roduced  v e ry  low  n o is e  

f i g u r e s  and h ig h  c u t - o f f  f r e q u e n c ie s  [4 .1 9 ], Using th e  h ig h  
r e s o l u t i o n  c a p a b i l i t i e s  o f  e le c tro n -b e a m  l i th o g r a p h y  i t  was 
p o s s ib le  to  f a b r ic a te  extrem ely sh o rt g a te - le r ^ th  t r a n s is to r s  (55 

nm) on a v a r ie ty  o f su b s tra te s . These dev ices were a l l  found to  
o p e ra te  w e ll a t  dc, evm  a t  the  s h o r te s t  g a te  len g th s . However, 
th e  ac m easu rem en ts  (s -p a ra m e te r)  made on a r e l a t i v e l y  s m a ll  
number o f dev ices d id  not produce any c o n s is te n t d a ta  which could 
be used to  p re d ic t  the high frequency perform ance of the dev ices .

4.2 MESFET Fabrication

4 .2 .1  G eneral D escription

The s ta r t in g  m a te ria l fo r GaAs MESFETs was ty p ic a l ly  a 6mm 
by 5 mm wafer o f undoped GaAs w ith  an a c tiv e  lay er o f e p i ta x ia l ly  
grow n n"̂  GaAs 50 to  100 nm th ic k .  The c o a r se  p a t te r n in g  o f  th e  
d e v ic e s  ( i s o l a t i o n ,  c o n ta c ts ,  bonding  pads) was done u s in g  a 
l a r g e  ex p o su re  fram e s iz e  o f  1.5 mm by 1.2 mm. Each ex p o su re  
fram e  c o n ta in s  9 t r a n s i s t o r s ,  and on each  w afer th e re  w ere 
ty p ic a l ly  16 fram e exposures. The lo c a tio n  o f each exposure s i t e  

on th e  w afe r was d e te rm in e d  u s in g  th e  POSITION program  [4.4] , 
which c a lc u la te s  the  exposing p o s itio n s  on the sample in  term s o f 

th e  g o n io m e te r c o o rd in a te s .  The o r i e n t a t i o n  o f th e  w a fe r , 
r e l a t i v e  to  th e  g o n io m ete r a x e s , i s  c a lc u la te d  in  POSITION so 

t h a t  th e  exposed fram es  a re  p a r a l l e l  to  th e  axes o f th e  w a fe r . 
T h is  e n a b le s  s c r ib e  l i n e s  to  be draw n p a r a l l e l  to  th e  GaAs 

c r y s t a l  axes fo r  th e  e v e n tu a l d i v i s io n  o f  th e  w afe r. The 
l o c a t i o n s  o f  th e  exposed fram es  on a w a fe r , d e te rm in ed  u s in g  

POSITION, a re  shown s c h e m a t ic a l ly  in  f i g .  4.3. The o f f s e t  
betw een the  goniom eter and specimen axes was exaggerated in  th is  

f ig u re  to  i l l u s t r a t e  the p o s itio n in g  technique.

B efo re  s tu d y in g  th e  GaAs MESFET f a b r i c a t i o n  p ro c e ss  in  
d e t a i l ,  th e  te c h n iq u e s  used fo r  a l ig n in g  one p a t t e r n  l e v e l  to  

ano ther w i l l  be described .
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4.2.2 Alignment Techniques

T here  a re  a t  l e a s t  fo u r p a t t e r n  l e v e l s  r e q u ir e d  fo r  th e  
fab ric a ticx i of GaAs MESFETs; iso la ti< x i, ohmic c o n ta c ts , bonding 
pads and g a te s . A r e l ia b le  technique was developed fo r a lig n in g  
th e  c o a r s e  f e a tu r e s  ( i s o l a t i o n ,  c o n ta c ts  and pads) r e l a t i v e  to  

p re v io u s ly  deposited  r e g is t r a t io n  marks, to  w ith in  0.5  pm over a
1.5 Iran frame. A s im ila r  technique was used fo r alignm ent o f the  
g a te  e x p o su re s  r e l a t i v e  to  m ark e rs  incorpora ted  in to  the  ohmic 
c o n ta c t p a t te r n .

4 .2 .2 .1  Alignment Test

The fo llo w in g  e x p e r im e n t was c a r r ie d  o u t to  t e s t  th e  
accuracy of the alignm ent technique. The p a tte rn  shown in  f ig .
4.4 was defined  (by e-beam exposure and l i f t - o f f )  a t  4 lo c a tio n s  
(d e te rm in e d  u s in g  POSITION) on a 3.5 by 3.0 mm GaAs w a fe r . The 
p a t te rn  c o n s is ts  o f the standard  r e g is t r a t io n  marks fo r a device 

ch ip  along w ith a s e t  o f c ro sses  which were used in  the  alignm ent 
t e s t .  The o b je c t  o f  t h i s  e x p e r im e n t was to  se e  how a c c u r a te ly  
a n o th e r  s e t  o f  c r o s s e s  co u ld  be d e p o s ite d  over th e  e x i s t in g  
c ro sse s  using the r e g is t r a t io n  marks fo r alignm ent.

A.2.2.2 Coarse A lignm ent

A fte r d ep o sitin g  the  r e g is t r a t io n  marks and the  f i r s t  s e t  o f 
c ro s se s , the wafer was recoated  w ith  r e s i s t  and then placed in to  
th e  SEM fo r alignm ent and exposure o f the secord s e t  o f c ro sses. 

The rough co o rd in a tes  of the exposure s i t e s  were determ ined using 
POSITION. When the  sample had been moved to  the  f i r s t  exposure 
s i t e  a coarse alignm ent p a tte rn  was scanned once to  <±>serve how 
th e  specimen was p o s itio n ed  r e la t iv e  to  the scanned p a tte rn . Ihe 
a lig n m e n t p a t t e r n  c o n s is te d  o f  a h o r i z o n ta l ,  10  p ix e l  p i t c h  
g r a t i n g  w hich was scanned  w ith  a d w e ll tim e  o f  2 .0  p s  p e r p ix e l  

( ie  as  f a s t  as th e  DACs in  th e  scan  g e n e ra to r  co u ld  be d r iv e n ) . 
The p a r t i a l  o u t l i n e  o f  th e  l a r g e  b lo ck s  o f  th e  r e g i s t r a t i o n  

p a t t e r n  w ere a ls o  scanned w ith  a d w e ll tim e  o f  2 0 p s  per p ix e l .  
T h is  m eant t h a t  th e  o u t l i n e  p a t t e r n  appeared  b r ig h t e r  than  th e  

scanned r a s te r  on the  VDU screen.
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markers

Registration marks (filled rectangles)

F ig . 4.4 P a t te r n  used in th e  a lig n m e n t e x p e r im e n t. The 
r e g i s t r a t io n  marks {solid p a tte rn ) are the standard  marks for an 
ac d e v ic e  c h ip .  The c r o s s e s  were used to  t e s t  th e  a c c u ra c y  o f  

the  a lignm en t technique.



The o b je c t o f the coarse a lignm ent scan was to  ensure th a t  

th e  scanned  o u t l i n e  p a t t e r n  co rre sp o n d e d  to  th e  r e g i s t r a t i o n  
b lo ck s. The f i r s t  coarse alignm ent scan o ften  showed s ig n if ic a n t  

o f f s e t s  in  X ,  y and r o t a t i o n .  These o f f s e t s  w ere c o r r e c te d  by 
dead reckoning (ie  w ith  no image on the SEM \DU) and then checked 

by  a second  c o a r s e  a lig n m e n t scan . I t  was n o t g e n e r a l ly  
n ecessa ry  to  re p e a t the alignm ent scan a th ird  tim e (the exposure 

o f  th e  r e s i s t  began to  be s i g n i f i c a n t  when 3 o r more c o a rse  
a l ig n m e n t  sc a n s  w ere u sed ). At su b se q u e n t ex p o su re  s i t e s  o n ly  

one co arse  a lignm ent scan was norm ally  requ ired  as the ro ta tio n  
d id  n o t have change s i g n i f i c a n t l y  and th e  x and y o f f s e t s ,  

d e te rm in e d  from  th e  f i r s t  a l ig n m e n t,  cou ld  be added to  th e  
ex p o sin g  c o o r d in a te s  c a lc u la te d  using POSITION. With p ra c tic e , 

th e  c o a r s e  a lig n m e n t scan  cou ld  o f t e n  be avo ided  in  a l l  b u t th e  
i n i t i a l  exposing p o s itio n . The p a t te rn s  were then aligned by the 

f in e  a lignm ent scan only.

4 .2 .2 .3  F in e  Alignment

The f i n e  a l ig n m e n t  m ark s  a r e  th e  "T" s h a p e s  in  th e  
r e g i s t r a t i o n  p a t t e r n  shown in  f i g  4.4. F ine  a lig n m e n t was 

a c h ie v e d  by sca n n in g  r e c ta n g le s  (2 us d w e ll tim e) around th e se  
"T" sh a p e s  as  shown in  f i g  4.5. T h is  means t h a t  th e  sam ple i s  

c o r r e c t l y  a l ig n e d  when no p a r t  o f  th e  "T"s a re  v i s i b l e .  At th e  
f i r s t  exposure s i t e  on a w afer, sev e ra l f in e  alignm ent scans were 

o f t e n  r e q u i r e d  to  a d ju s t  th e  x , y and r o t a t i o n  c o n t r o l s  as w e ll 
a s  th e  f i n e  x and y "varim ag" c o n t r o l s  (see  s e c t  4.2.4) to  

a c h ie v e  p ro p e r  a lig n m e n t. H ow ever, a t  su b se q u e n t exposure  
p o s i t i o n s  a l ig n m e n t was ach iev ed  w ith  a s  few as  2 scan s  o f  th e  

f i n e  a l ig n m e n t p a t t e r n .  A low  number o f sca n s  i s  d e s i r a b le  
because i t  avoids unnecessary exposure o f the r e s i s t  which could 

obscure the  r e g is t r a t io n  marks fo r subsequent p a tte rn  le v e ls ,

4 .2 .2 .4  R e su lts

The m ic ro g ra p h  shown in  f ig  4 .6 . shows th e  two s e t s  o f 
c r o s s e s  p a t te r n e d  in  th e  a lig n m e n t t e s t .  The f i r s t  s e t  o f  

c ro s se s , which a re  the sh o rte r o f the  two, were m e ta llised  w ith 
Au (100 nm). In  o rd e r  to  o b ta in  a  h ig h  c o n t r a s t  in  th e  SEM, th e  

second s e t  o f c ro sse s  was m e ta llis e d  w ith  NiCr (100 nm). I t  can
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Fig. 4.5 Schem atic of the  f in e  alignm ent technique. The sample 
i s  c o r r e c t ly  a ligned  when the  m arkers d isap p ear com pletely  from 
the  scanned alignm ent p a t te rn .

Fig. 4.6 SEM Micrograph o f the  two s e ts  o f c ro sses  deposited  in 

the alignm ent t e s t .



be se e n  from  f i g  4.6. t h a t  th e  two s e t s  o f  c r o s s e s  a re  a l ig n e d  
a lm o st p e r fe c tly . The average x and y o f f s e ts  measured from a l l  
o f  th e  c ro s s e s  in  each  o f  th e  4 expo su re  fram es was m easured  to  
be 0 .6  and 0 .5 ^m r e s p e c t iv e ly .  The ex p osu re  fram e  used in  t h i s  
e x p e r im e n t was 1.5 mm, th e r e f o r e ,  t h i s  te c h n iq u e  i s  good fo r  
r e g i s t r a t io n  o f 1 p a r t  in  3000.

4.2.3 MESFET F ateication  Outline

The fo llow ing s tep s  a re  requ ired  in  the fa b r ic a t io n  o f GaAs 
MESFETs

a) The d ep o sitio n  o f r e g is t r a t io n  marks.

b) D e fin itio n  o f the  a c tiv e  channel.

c) D eposition  and annealing of ohmic co n tac ts .

d) D e p o s itio n  o f a d d i t io n a l  m e ta l on th e  bonding pads o f  th e  
t r a n s i s t o r s  to  f a c i l i t a t e  the f in a l  device bonding.

e) G ate p a t te r n in g  w ith  a p p ro p r ia te  r e c e s s in g  fo r  o p tim is e d  
d e v ic e  transconductance.

The r e s i s t  used fo r  p a t te r n in g  l e v e l s  a) to  d) was 1 pm o f  

lo w  m o le c u la r  w e ig h t  PMMA (185 0 0 0 ). The PMMA (15% in  
chlorobenzezne) was ^ i n  coated onto the w afers a t  5000 rpm and 
th e n  baked fo r more th a n  2 hou rs  a t  180 ^C. For p a t t e r n  l e v e l s  
w h ich  re q u ire d  w et e tc h in g ,  fo r  exam ple th e  GaAs d e o x id a t io n  
b efo re  co n tac t d e p o sitio n  or the mesa is o la tio n  s tep , the  r e s i s t  
was baked o v e rn ig h t to  e n su re  good ad h es io n  d u rin g  th e  w et 

p ro c e s s in g  (S e c t.1 .4 .2 ).

The 1 pm f i lm  o f  PMMA was exposed by a 0.5 pm (0.25 pm fo r  
the  re g is tra t ic a i  p a tte rn ) e le c tro n  beam. The exposure dose was 
t y p i c a l l y  300 uC/cm^ fo r  la r g e  a re a s  and 320-350 pC/cm^ fo r  
n a rro w  l i n e s .  1:1 MIBKrIPA (23 °C) was used to  d ev e lo p  th e  
r e s i s t .  D evelopm ent t im e s  w ere a l l  60 seco n d s e x ce p t fo r  th e  
ohmic co n tac t p a tte rn  where a 45 sec development tim e was used to  
avoid excessive  developm ent o f the  narrow so u rce-d ra in  gaps. A ll
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the  m e ta l l ic  p a tte rn  le v e ls  ( r e g is t r a t io n , co n tac ts  and bonding 
pads) were defined  by l i f t - o f f .

A t y p i c a l  la y o u t o f  a d e v ic e  w afer i s  shown in  f ig  4.7. A 
row o f TLM ch ip s  (c h ^ . 2) was g e n e ra lly  included fo r f in d irg  the 
optimum annealing  tem perature fo r the  ohmic co n tac ts . When the 

w afer had been processed \jp to  the  ohmic co n tac t m e ta l l is a t io n  
s te p ,  t h i s  row o f t e s t  chips could be removed from the wafer and 
d iv id ed  in to  in d iv id u a l t e s t  ch ips co n ta in ing  4 TLM s tru c tu re s . 
T hese w ere  th e n  an n ea led  a t  d i f f e r e n t  te m p e ra tu re s  to  f in d  th e  
optimum annealing  tem perature fo r the  device w afer.

In  th e  fo llo w in g  s e c t io n s  a co m p le te  d e s c r ip t i o n  o f  th e  
d e v ic e  f a b r i c a t i o n  s te p s  i s  g iv e n . The TLM t e s t  p a t t e r n s  w ere 
p a t t e r n e d  s im u lta n e o u s ly  and re q u ire d  no a d d itio n a l processing 
s te p s .

4.2.4 R e g is tra tio n  Marks

The r e g i s t r a t i o n  m arks used fo r  a lig n m e n t o f  one p a t t e r n  
l e v e l  to  a n o th e r  a re  shown in  f i g .  4.4. The r e g i s t r a t i o n  m arks 
n o rm a lly  co n sited  o f 85 nm AuGe/15nm Ni/2Qnm Au. This m e ta llic  

sy s te m  was chosen  so t h a t  th e  sam p les  cou ld  be an n ea led  a t  low 
tem p era tu re  and ohmic co n tac ts  formed between the m arkers and the 
s e m ic o n d u c to r . These ohmic c o n ta c t s  co u ld  th e n  be used in  th e  
mesa i s o la t io n  s te p  described in  sec tio n  4.2.5.

I t  was a l r e a d y  m entioned  t h a t  th e  exposu re  c o o rd in a te s  o f  
th e  w afe r, in  te rm s of goniometer co o rd in a tes , were determ ined 

u s in g  th e  POSITION program . The s ta n d a rd  p ro c e d u re  fo r  a l l  th e  
exposure le v e ls ,  a f te r  loading the wafer in to  the SEM w as:-

1) Focus a t  the  exposing spot s iz e  w  the edge o f the Faraday cup 
(used  fo r  beam c u r r e n t  m easurem ent) on th e  specim en h o ld e r . 
Then, move the  specimen u n ti l  the  Faraday ciç> is  in  the cen ter o f 
th e  VDU sc re e n , increase  the m ag n ifica tio n  to  80 000 and measure 

the  beam c u rre n t.

2) Reduce th e  s p o t  s iz e  to  16 nm and m a g n if ic a t io n  to  X 20, and 
move to  th e  l e f t  hand edge of the  w afer. Find a p iece o f d eb ris

61
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Individual chip with 4 
TLM test structures

Fig. 4.7 Schem atic re p re se n ta tio n  o f a ty p ica l dev ice  wafer w ith 
a row o f TLM te s t  p a tte rn s  which can be removed and in d iv id u a lly  
a n n e a le d  ( te m p e ra tu re  o p t im is a t io n )  a f t e r  th e  ohmic c o n ta c t  

d e p o s ito r  s te p .



on th e  w a fe r . In c re a s e  th e  m a g n if ic a t io n  to  X 2500 and th e n  
in c r e a s e  th e  s p o t s i z e  to  th e  d ia m e te r  to  be used  fo r  th e  
exposure and refocus on the  wafer.

3) Reduce th e  m a g n if ic a t io n  and sp o t s iz e  to  X 160 and 16 nm 
re s p e c tiv e ly  and lo c a te  the  top l e f t  hard corner o f the  w afer in  
the  c e n tre  o f the MDU screen  and note the goniometer c o o rd in a te s . 
Repeat w ith  the b o tta n  l e f t  hand corner o f the w afer.

4) Use POSITION to  d e te rm in e  th e  w afer exposu re  c o o r d in a te s  in  
te rm s  o f  g o n io m ete r c o o r d i n a t e s .  The p ro g ram  t a k e s  t h e  
c o o r d in a te s  from  th e  sam ple f i l e  and c o n v e r ts  them  in to  

c o o r d in a te s  r e l a t i v e  to  th e  bottom  l e f t  hand c o o rd in a te  o f  th e  
w afer tak ing  in to  account the  m isalignm ent of the goniom eter and 

sp ec im en  axes. The exposu re  c o o rd in a te s  can th e n  be re c o rd e d  
from the  ou tpu t o f the  POSITION program.

5) R e tu rn  m a g n if ic a t io n  and sp o t s iz e  to  c o r r e c t  s e t t i n g s  and 
expose sample.

When the alignm ent marks were exposed the x and y "varimag" 
c o n tro ls  were both s e t  to  2.0. The "varimag" co n tro l i s  used to  
a d j u s t  th e  fram e s i z e  in d e p e n d e n tly  in  th e  x and y d i r e c t i o n s .  
The re a so n  fo r  s e t t i n g  a nonzero  v a lu e  was to  e n su re  t h a t  th e  
fram e  s i z e  can be a d ju s te d  bo th  above and below  th e  s e t  v a lu e . 
T h is  means t h a t  i f  th e r e  i s  a d r i f t  in  th e  fram e s i z e  fo r  
su b se q u e n t ex p o su re  l e v e l s ,  th e  exposure  fram e s iz e  can be 
a d ju s te d  u n t i l  i t  i s  e x a c t ly  th e  same as p re v io u s ly  p a t te r n e d  

fram es.

Before i^ inn ing  the r e s i s t  fo r the mesa is o la t io n  s te p , th e  

r e g i s t r a t i o n  m arks w ere an n ea led  fo r  1 m inu te  a t  320 °C. T h is  
e n su re d  th a t  ohmic c o n ta c ts  would be form ed betw een  th e  
r e g i s t r a t io n  marks and the  GaAs (for use in  the is o la t io n  s tep ). 
However, because a low tem perature  anneal was used, the  alignm ent 

marks s t i l l  had a high c o n tra s t when observed in  the SEM.

4 .2 .5  I s o la t io n  Level

In  o rd e r  to  d e f in e  th e  a c t i v e  s o u rc e -d r a in  ch an n e l and to
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i s o l a t e  d e v ic e s  from one a n o th e r  e i t h e r  mesa i s o l a t i o n  o r 
i s o l a t i o n  by boron  im p la n ta t io n  was u sed . The m a jo r i ty  o f  th e  
d ev ices  fa b r ic a te d  were iso la te d  using the  form er technique. The 
channel w id ths o f the devices varied  between 4.1 and 34 pm. The 
w ider channel devices were p refered  fo r ac t e s t i r g  due to  th e ir  
low er channel re s is ta n c e s .

4.2.5.1 Mesa I s o la t io n .

Mesa i s o l a t i o n  in v o lv e s  e tc h in g  away th e  c o n d u c tin g  e p i -  
la y e r , through a PMMA mask, leaving  an is lan d  o f a c tiv e  m a te r ia l 
on w h ich  th e  d e v ic e  i s  f a b r ic a te d .  The mesa i s o l a t i o n  p a t t e r n  
used  fo r  th e  MESFETs i s  shown in  f i g  4.8. ( th e  dashed  p a t t e r n ) .  
I t  can  be seen  t h a t ,  in s te a d  o f  rem oving a l l  o f  th e  e p i - la y e r  
excep t fo r the  source-d rain  channel, in  th ese  dev ices the ac tiv e  
m esa was d e f in e d  by e tc h in g  narrow  g ro o v es  th ro u g h  th e  a c t iv e  
l a y e r .  T h is  has th e  d e s ir e d  e f f e c t  o f  c o n f in in g  a l l  o f th e  
c u rre n t to  the  a c tiv e  is lan d  of m a te ria l between the source and 
d r a in  c o n ta c t s .  The rea so n  fo r  e tc h in g  g ro o v es  r a th e r  th an  
e tch in g  away a l l  o f the unwanted e p i- la y e r  was to  save on e-beam 
exposure tim e. However, the a c tiv e  layer below the  g a te  pads was 
removed. This was to  make sure th a t  the sou rce-ga te  capacitance 

was kep t to  a minimum.

A t s e le c te d  exposu re  s i t e s  on th e  w a fe r , windows were 
exposed  over th e  c o a rse  a lig n m e n t b lo c k s  o f  th e  r e g i s t r a t i o n  
p a t t e r n .  T h is  was to  c r e a te  o p en in g s  in  th e  r e s i s t  so t h a t  th e  
pads could be probed for m onitoring the is o la t io n  e tch .

Etching

B e fo re  commencing th e  e tc h in g , th e  c u r r e n t  t h a t  flow ed 
between r e g is t r a t io n  blocks, a t  a given v o ltag e  ( ty p ic a lly  2 V), 
was m e asu re d . The mesa e tc h in g  was th en  c a r r i e d  o u t ,  u sing  a 
slow  e tc h  to  remove th e  GaAs n o t p ro te c te d  by th e  r e s i s t  mask. 
E very  10 seco n d s  th e  w afer was removed from  th e  e tc h  s o lu t io n ,  
r in s e d  in  d e io n is e d  w a ter and blown d ry . The c u r r e n t  betw een 
pads was rem easured a f te r  each e tch , fo r the same applied  voltage 
(2V). B ecause each o f th e  pads used fo r  c u r r e n t  m o n ito r in g  was 
c o m p le te ly  su rro u n d ed  by an e tch ed  g ro o v e , ( th e  b lo c k s  formed
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— Mesa isolation pattern

—  Boron implantation mask 

■• Registration blocks

F ig . 4.8 I s o l a t i o n  L evel. The dashed p a t te r n  i s  th e  mesa 
i s o la t io n  le v e l. Grooves are etched through the e p i- la y e r  around 
th e  s o u rc e  and d r a in  c o n ta c t s ,  b u t ,  a l l  o f th e  e p i - l a y e r  i s  
removed from beneath the  g a te . The p o s itio n s  o f the  r e g is t r a t io n  
b lo c k s  used fo r  m o n ito r in g  th e  mesa i s o l a t i o n  a re  a ls o  shown. 
The s o l id  l i n e s  r e p r e s e n t  th e  ion im p la n ta t io n  mask p a t t e r n .  
O nly th e  a c t i v e  d r a in - s o u r c e  channel reg io n  o f  th e  d e v ic e s  i s  

p ro tec ted  d u rirg  im plan ta tion .



p a r t  o f  th e  so u rce  pad o f 3 o f  th e  d iv ic e s )  th e  c u r r e n t  b e tw een  
pads d im in ish es  as the e tch ing  p ro g resses . When the depth  o f the  
e tc h e d  g ro o v es  s l i g h t l y  ex ceeds th e  th ic k n e s s  o f  th e  a c t i v e  
la y e r ,  the  cu rre n t between pads becomes n e g lig ib le . Etching was 
stopped when le s s  than 1 jih  flowed between the pads.

The s o lu t io n  used fo r  th e  mesa i s o l a t i o n  e tc h  was 1 :8 :100  

^ 2 ^ 4  *^2^2 *^2^* Typical e tch  tim es for an 85 nm e p i- la y e r  were 
o f  th e  o rd e r  o f 30 sec o n d s . B efo re  each e tc h ,  th e  w afer was 
immersed in  IPA then rin sed  in  deion ised  water before p lac in g  i t  
in  th e  e tch  so lu tio n . The reason fo r th is  was to  wet the  PMMA to  
e n su re  t h a t  th e  e tc h  s o lu t io n  would g e t  in to  th e  r e l a t i v e l y  
narrow  openings in  the r e s i s t .

4.2.5.2 Boron I s o la t io n

Boron i s o l a t i o n  was used as  an a l t e r n a t i v e  m ethod o f 
con fin ing  the  c u rre n t to  an a c tiv e  channel between the source and 
d r a in  c o n ta c ts  o f  a d e v ic e . The p r in c ip a l  o f t h i s  te c h n iq u e  i s  
to  p ro te c t  the  ac tiv e  p a r t  o f the  device w ith a th ic k , removable 
mask and th en  to  im p la n t th e  w afer w ith  boron io n s . The 

im p la n te d  boron e f f e c t i v e l y  re n d e rs  th e  GaAs, n o t p r o te c te d  by 
th e  m ask, s e m i - in s u la t i n g .  T h is  i s  due to  th e  fo rm a tio n  o f  a 
la rg e  number of e f f ic ie n t ,  deep le v e l trap s  w ith in  the  GaAs (sec t 

5 .4 .)

A d e t a i l e d  d e s c r ip t i o n  o f  th e  m asking te ch n iq u e  fo r  boron  
im p la n ta t io n  i s  g iv e n  in  c h a p te r  5 (m eta l on polym er m asks). 
E s s e n t ia l ly  these  masks c o n s is t o f a th ick  prim ary m e ta l l ic  mask 

on a po lym er p a r t in g  la y e r  w hich can be d is so lv e d  in  a s o lv e n t ,  
a llow ing  easy removal of the  mask a f te r  im plan ta tion  [4.20].

The p a tte rn  for the MOP masks used for MESFET fa b r ic a tio n  i s  
shown in  f i g .  4.8 ( s o lid  p a t t e r n ) .  These masks w ere p a t te r n e d  
u s irg  th e  novel MOP mask fa b r ic a tio n  technique described  in  Sect. 
5 .4 .5 . [4 .2 1 ] . The MOP masks w ere a l ig n e d  to  th e  r e g i s t r a t i o n  
m arks d e p o s ite d  p re v io u s ly . The m asks c o n s is te d  o f  0.8 pm o f  

germ anium  on a 0.35 pm la y e r  o f  p o ly im id e . Once th e  masks had 
b e e n  f a b r i c a t e d ,  t h e  w a f e r s  w e re  s e n t  t o  t h e  SERC 
M i c r o f a b r i c a t i o n  F a c i l i t y  a t  E d in b u rg h  U n i v e r s i t y  f o r
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im p la n ta t io n .  The io n  dose was 2 x 10^^ io n s /c m ^  and th e  
im p la n ta tio n  en erg ies  were 40 and 80 keV. This was s u f f ic ie n t  to  
i s o l a t e  th e  85 nm e p i - l a y e r s ,  how ever, fo r  l a y e r s  up to  100 nm 
th ic k  an a d d itio n a l h igher energy (120 keV) im plan t was requ ired .

Borcxi iso la ticx i was the  more su ita b le  method to  use fo r the 
v e ry  s h o r t  g a te  le n g th  d e v ic e s  because  i t  a v o id s  th e  need to  
d e p o s i t  th e  g a te s  over a s te p  on to  th e  a c t i v e  c h an n e l re g io n . 
The p ro b lem  w ith  p a t te r n in g  a g a te  over th e  m esa i s  t h a t  a t  th e  

mesa edge th e  g a te  te n d s  to  be th in n e r  th a n  on th e  m esa i t s e l f .  
This i s  due to  a th icken ing  of the r e s i s t  in  the  v ic in i ty  o f the 
m esa edge w hich r e s u l t s  in  a n a rro w er d ev e lo p ed  window in  th e  
r e s i s t  a t  t h i s  p o in t .  The use o f  io n  im p la n ta t io n  i s  a ls o  
advantageous because i t  reduces the e f fe c ts  o f backgating [4.22] 
w hich w i l l  be d is c u s s e d  in  s e c t .  4 .3.4. H ow ever, as  t h i s  
i s o la t io n  p rocess  was no t fu l ly  developed u n t i l  near th e  end o f 
th is  p r o je c t ,  on ly  a few MESFET devices were a c tu a l ly  made using 
borcxi i s o l a t i o n .

4.2.6 Ohmic C ontact Level

F ig . 4.9 co n ta in s  the  p a tte rn  fo r the ohmic co n tac ts  le v e l. 
In the  regicxi o f the so u rce-d ra in  gap, the co n tac ts  were exposed 
w ith  a red u ced  dose  o f  250 pC/cm^. T h is  was b ecau se  th e  two 
c o n ta c t s  w ere p a t te r n e d  c lo s e  to  one a n o th e r  (of th e  o rd e r  o f 2 

pm). I f  a  h ig h e r  ex p o su re  dose was g iv en  to  th e  c o n ta c t s ,  i t  
would be d i f f i c u l t  to  m a in ta in  th e  sm a ll c o n ta c t  s e p a ra t io n  
b ecau se  o f  th e  p ro x im ity  e f f e c t  o f th e  c lo s e ly  spaced  p a t te r n s  

[4 .2 3 ].

Care had to  be taken to  avoid exposing the r e s i s t  during the 
alignm ent o f the exposure frame to the r e g is t r a t io n  marks on the 
w a fe r . T h is  m eant t h a t ,  a t  m o st, 1 c o a rse  a lig n m e n t scan  and 2 
f in e  a lig n m e n t sca n s  co u ld  be used fo r  lo c a t in g  and c o r r e c t ly  
p o s itio n in g  the  sam ple. The reason fo r not wanting to  expose the 
r e s i s t  around the  r e g is t r a t io n  marks was to  avoid doseuring the 
m ark e rs  by th e  ohm ic c o n ta c t  m e t a l l i s a t i o n ,  hence causing  
p ro b lem s w ith  th e  f i n a l  p ro c e s s in g  s te p  a t  t h i s  s c a le  (th e  
bonding p a d s ) . H ow ever, a l l  was n o t l o s t  i f  th e  r e s i s t  d id  
become exposed . The c o a r s e  a lig n m e n t scan  co u ld  be used to
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F ig . 4.9 Ohmic c o n ta c t  l e v e l .  A d e t a i l e d  v iew  o f  th e  d ra in -  
so u rce  reg ion  o f  th ese  dev ices i s  given in f ig .  4 .13.



l o c a t e  th e  o r ig i n a l  r e g i s t r a t i o n  b lo c k s , which w ere v i s i b l e  
through th e  co n tac t m e ta l l is a t io n . The re so lu tio n  obtained using 
the  co arse  alignm ent scan ( approxim ately  3 pm) was s u f f ic ie n t ly  
a c c u ra te  fo r the bonding pad le v e l .

The m e ta l l is a t io n  fo r the  ohmic co n tac ts  was ty p ic a l ly  85 nm 
AuGe (88:12) w ith  a 150 nm Ni la y e r  and a 20-40  nm Au cap p in g  

l a y e r .  T h is  co m p o sitio n  was s u i t a b l e  fo r  low  te m p e ra tu re  
a n n e a l in g  (Chap. 2). B efo re  p la c in g  th e  sam ple in  th e  vacuum 
system  fo r m e ta l l is a t io n , the  exposed areas o f GaAs were cleaned 
fo r 1 m inute in  5 % ammonia so lu tio n  to  remove any su rface  oxide 
from  th e  w a fe r . The sam ples w ere th en  th o ro u g h ly  blow n d ry  in  
n i t r o g e n  and loaded  in to  th e  e v a p o ra tio n  system . I t  was found 
t h a t  t h i s  e tc h  g r e a t ly  g r e a t l y  im proved th e  ad h es io n  o f  th e  
c o n ta c t m eta l to  the  GaAs.

At t h i s  s ta g e  th e  colum n o f  TLM t e s t  p a t t e r n s  a t  th e  r i g h t  
hand edge o f  th e  w afer was removed and d iv id e d  in to  in d iv id u a l  
t e s t  c h ip s .  These w ere a n n ea led  a t  d i f f e r e n t  te m p e ra tu re s  to  
f in d  th e  optimum annealing te m p e ra tu re  fo r  th e  c o n ta c t  sy s te m . 

The d ev ice  ch ip  was then annealed a t  the optimum tem perature.

4 .Z 7  Bonding Pad Level

A fte r the  ohmic co n tac ts  had been annealed i t  was e s s e n t ia l  
to  d e p o s it a fu r th e r  m e ta ll ic  lay e r on the bonding pads to  ensure 
t h a t  r e l i a b l e  bonding o f th e  d e v ic e s  cou ld  be c a r r ie d  o u t .  The 
bonding pad p a tte rn  is  shown in  f ig  4.10.

I n i t i a l l y  the pads co n sis ted  o f a 100 nm layer of NiCr and a 
200 -  300 nm lay er of Au. The NiCr ensured good adhesion to  the  
ohmic c o n ta c t and the th ick  Au lay er was required  to  f a c i l i t a t e  
bond ing  o f  th e  d e v ic e s . However, i t  was found th a t  when th e s e  
bonding pads were probed (ie  co n tac t was made to  the top  Au lay er 
b u t n o t d i r e c t ly  to  a l l  o f the  m etal la y e rs  o f the device) i t  was 
so m etim es  d i f f i c u l t  to  g e t  c u r r e n t  th ro u g h  a d e v ic e . T h is  
im p lie d  th e  p re sen c e  o f an in s u la t in g  la y e r  d e p o s ite d  w ith  th e  
bonding pads. This could have a r is e n  from the in co rpo ra tion  o f 
r e s id u a l  oxygen from th e  e v a p o ra tio n  cham ber in to  th e  f i r s t  
l a y e r s  o f  NiCr ev ap o ra ted  o n to  th e  sam p le s . The c o n d u c tio n  o f
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the  bonding pads d id  no t however improve even when a s h u tte r  was 

p laced  over the  the  NiCr evaporation  evaporation  source fo r the  
f i r s t  few seconds o f the  evaporation .

To im prove  th e  c o n d u c tio n  o f  th e  p a d s , th e  NiCr la y e r  was 

re p la c e d  by a 100 nm la y e r  o f  AuGe (p ro p o r t io n s  a p p ro x im a te ly  
88:12 b u t n o t  w eighed o u t a c c u r a te ly ) .  AuGe had been shown to  

have a b e t te r  adhesion to  GaAs then pure Au, so i t  was envisaged 
t h a t  i t  w ould a l s o  have b e t t e r  ad h es io n  to  a n n ea le d  c o n ta c t s .  

When the  pads were fa b r ic a te d  i t  was found th a t  th e  c u rre n t which 
could be passed through a dev ice w ith bonding pads was the  same 

as th e  c u r r e n t  th ro u g h  th e  d e v ic e  b e fo re  th e  bonding  p ads w ere 
d e p o s i t e d .  T h e re fo re  th e s e  pads were e l e c t r i c a l l y  su p e rio r to  

the  NiCr/Au pads used p rev io u sly . I t  a lso  tu rned  ou t th a t  i t  was 
fa r  e a s ie r  to  bond to  the AuGe/Au bonds than to  the  NiCr/Au. A ll 

o f  th e  bonds on e ig h t  d e v ic e s  (32 bonds -  s e c t  4.4) w ere 
s u c c e s s f u l l y  bonded a t  P le s s e y  (C asw ell) fo r  ac t e s t i n g .  W ith 

th e  NiCr a d h e s io n  l a y e r ,  an av erag e  o f  1 o u t o f  e v e ry  10 bonds 
f a i l e d  r e s u l t i n g  in  ab o u t 40 % of th e  a c tu a l  d e v ic e s  b e in g  

re n d e re d  u n u sa b le . F ig . 4.11 c o n ta in s  a s c h e m a tic  o f  an 
in d iv id u a l  d e v ic e  f a b r i c a te d  up to  t h i s  l e v e l  and an SEM 

m icrograph o f a device fa b r ic a te d  up to the  same le v e l.

4 .2 .8  G ate Level

The f in a l  s te p  in  the fa b r ic a tio n  o f MESFETs was to  p a tte rn  
th e  S c h o ttk y  g a te s  b e tw een  th e  so u rce  and d r a in  c o n ta c t s .  To 

achieve the  high  re s o lu tio n  requ ired  fo r fa b r ic a tin g  very  sh o r t 
g a te  le n g th  d e v ic e s ,  th e  g a te s  w ere i n d iv id u a l ly  a l ig n e d  and 

exposed  u s in g  a fram e  s i z e  o f  50 by 38 pm and a 16 nm d ia m e te r  

beam.

4 .2 .8 .1  G a te  R e s i s t

A h ig h  r e s o l u t i o n  b i - l a y e r  r e s i s t  sy stem  was used fo r  

p a t t e r n in g  th e  g a te s .  T h is  was made up o f  a la y e r  o f  h ig h  
m o le c u la r  w e ig h t PMMA (350 000) 170 nm th i c k ,  on a la y e r  o f  low  

m o le c u la r  PMMA (185 000) 100 nm th ic k .  When th e  r e s i s t  i s  
developed, th e  bottom lay e r develops fu r th e r  l a t e r a l l y  because i t  
i s  more s e n s i t iv e .  This produces an undercut in  the  r e s i s t  which
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F ig . 4.10 Bonding pad le v e l .  A s e t  o f  num bers i s  p a t te rn e d  a t  
t h e  sam e  t im e  a s  th e  b o n d in g  p a d s  to  f a c i l i t a t e  d e v i c e  

i d e n t i f i c a t i o n  when th e  c h ip  i s  e v e n tu a l ly  broken  up in to  

in d iv id m l dev ice  c h ip s .
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-----------  Ohmic contact level
 Bonding pads & device numbers

(b)

F ig . 4.11 a) A ll  the  p a t t e r n  l e v e l s  up to  the  bonding pad le v e l  
shown for an ind iv idua l device , b) An SEM micrograph o f  a dev ice  

f a b r ic a ted  to the bonding pad leve l .



i s  d e s i r a b l e  fo r  r e l i a b l e  l i f t - o f f  o f  p a t t e r n s  [4 .2 4 ,4 .2 5 ]. In  
o rd er to  f a b r ic a te  the s h o r te s t  g a te s , the r e s i s t  system had to  
be c a l i b r a t e d  a t  r e g u la r  i n t e r v a l s  ( i e ,  a g raph  o f  g a te  le n g th  
v e rsu s  exposure dose had to  be p lo tte d ) . The reason for th is  was 

t h a t  v^en th e  r e s i s t  ages some of the so lv en t evaporates from the 
s o l u t i o n  and a s  a r e s u l t  th e  th ic k n e s s  o f  th e  r e s i s t  spun o n to  

th e  w a fe r a t  a g iv en  sp in  speed in c r e a s e s .  The ex p osu re  dose 
r e q u i r e d  fo r  th e  th ic k e r  r e s i s t  i s  d i f f e r e n t  from  th e  o r i g i n a l  
exposure and so a re c a lib ra tio n  i s  requ ired .

F ig . 4.12 i s  a graph o f  l in e w id th  v e rs u s  exposu re  dose  fo r  
80 nm th ic k  AuDd lin e s  pa tte rn ed  by l i f t - o f f  using the two lay er 
g a te  r e s i s t .  The r e s i s t  was dev e lo p ed  in  1:3 MIBKrIPA fo r  40 
sec o n d s  ( a t  23.0 ^C). The t o t a l  dose i s  e q u iv a le n t  to  th e  
exposure dose o f a s in g le  scan o f the  e lec tro n  beam m u ltip lie d  by 
th e  num ber o f  sca n s  o f th e  beam. In o th e r  w ords, a dose o f  say  
4000 ^C/cm ^ was achieved by scannirg  e ith e r  a s in g le  p ix e l wide 
l i n e  w ith  th e  exposure  s e t  a t  AOOO pC /cm ^  o r a two p ix e l  w ide 
l i n e  w ith  w ith  th e  exposure  s e t  a t  2000^C /cm ^. I t  can be seen  
from the  graph th a t  the lin ew id th  was independent of the number 
o f  e l e c t r o n  sc a n s  ( a t  a g iv e n  t o t a l  dose) fo r  1, 2 and 4 p ix e l  
w ide  l i n e s  b u t th e re  was a s l i g h t  in c re a s e  when a 6 p ix e l  w ide 
l in e  was scanned. The s h o r te s t  g a te  leng ths (55 nm in the a c tu a l 
d e v ic e )  w ere exposed by 2 s c a n s  o f  th e  beam w ith  th e  ex p o su re  

dose s e t  a t  1500 pC/cm^.

When the  g a te  r e s i s t  had been baked, the wafer was scribed  
and d iv id ed  in to  ind iv idua l ch ips fo r g a te  p a tte rn in g .

4 .2 .B .2  G a te  Alignment

The MESFET g a te s  w ere a lig n e d  to  th e  m arkers  c o n ta in e d  

w i th in  th e  ohm ic c o n ta c t  l e v e l .  F ig  4.13 c o n ta in s  an e n la rg e d  
v iew  o f  th e  c o n ta c t  p a t t e r n  showing th e se  a lig n m e n t m arks 
a p p ro x im a te ly  as  th ey  ap p ea r on th e  SEM sc ree n  fo r  g a te  
a lig n m en t. The alignm ent procedure was as fo llo w s :-

1) The bottom o f  the source pad o f  each t r a n s is to r  was located  a t  

low m a g n if ic a tio n  (X 160).
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2ZZ2 Gate alignment marks

Fig. 4.13 D etailed  view o f  the d ra in -sou rce  region o f the ohmic 
c o n ta c t  l e v e l ,  showing the alignment marks used for pos ition ing  

th e  g a t e .

t

t '

Fig. 4,14 SEM micrograph of a 0.1 urn recessed gate  M ESF^



2) W ith th e  beam b la n k e d , th e  sam ple  was moved down by a f ix e d  

amount (approx im ately  0,2  mm) equal to  the d is ta n c e  between the 
bottom of th e  dev ice  and the  g a te  region.

3) The g a te  a lignm ent p a t te rn  was scanned once to  lo c a te  the  g a te  
m a rk e rs  (see  f i g  4 .13).

4) The sample was moved u n t i l  the  r e g is t r a t io n  marks co incided  
w ith  th e  scan n ed  a lig n m e n t p a t t e r n  w hereupon th e  g a te  was 

ex p o sed . I f  th e  g a te s  w ere to  be re c e s se d  windows w ere a l s o  
exposed on th e  so u rc e  and d r a in  c o n ta c ts .  These a llo w e d  th e  
d ra in  c u rre n t to  be m onitored during the recess  e tch .

4.2.8.B Gate M e t a l l i s a t i o n

Ihe g a te  m e ta l l is a t io n  co n sis ted  o f 30 nm of tita n iu m  and 40 
nm o f  a lu m in iu m . A th in  AuPd la y e r  (20 nm) was a ls o  e v a p o ra te d  

to  enhance th e  c o n t r a s t  o f  th e  g a te s  in  th e  SEM fo r  l in e w id th  
m easu rem en t. In  p la n a r  d e v ic e s  (no r e c e s s ) ,  th e  s u r f a c e  o f  th e  
GaAs exposed through the window in  the r e s i s t  fo r  the  g a te  s t r ip e  
was cleaned in  5 % ammonia so lu tio n  p r io r  to  evaporation . This 

was to  rem ove any r e s id u a l  o x id e  from th e  s u r f a c e  in  o rd e r  to  
produce the  b e s t  Schottky c o n tac t p o ssib le . During the  f i r s t  few 
seco n d s  o f  th e  T i e v a p o r a t io n ,  a s h u t te r  was used to  s h ie ld  th e  
spec im en  from  th e  in c id e n t  m e ta l .  When Ti i s  e v a p o ra te d , th e  
f i r s t  m etal to  be bo iled  o ff  absorbs any re s id u a l oxygen w ith in  

th e  vacuum cham ber. T h e re fo re , a s h u t t e r  h a s  to  be used  to  
p reven t any o f  th e  ox id ised  Ti from reaching the  sample.

However, m o st o f th e  g a te s  in  th e  d e v ic e s  f a b r i c a t e d  fo r  
t h i s  th e s is  had to  be recessed  in  order to  p in c h -o ff  the  channel 
c o m p le te ly . R ecess in g  was c a r r i e d  o u t by e tc h in g  th e  GaAs 
through the windows opened in  the r e s i s t  fo r d e fin in g  the  g a te s . 
A fte r e tch ing  a recess  in  the  GaAs the g a te  m etal was d ep o sited  

through the same r e s i s t  mask, th e re fo re , the  g a te  re cess in g  and 
th e  g a te  m e t a l l i s a t i o n  w ere s e l f  a l ig n e d . The e tc h  used  was a 

p r o p r i e t r y  P le s s e y  e tc h  w h ich , u n lik e  many o th e r  GaAs e tc h e s ,  

was designed to  leave  the  su rface  of the etched  m a te r ia l  ox ide- 
f r e e .  An SEM m icrograph o f a com pleted, recessed  g a te , d ev ice  is  

shown in  f i g  4.14.
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I t  was d i f f i c u l t  to  o b ta in  c o n s i t e n t l y  good S c h o ttk y  
c h a r a c t e r i s t i c s  fo r  g a te s  f a b r i c a t e d  on h ig h ly  doped m a te r ia l .  

H ow ever, when c a re  was ta k e n  in  t h e i r  p r e p a r a t io n  re a s o n a b le  
r e s u l t s  c o u ld  be o b t a i n e d .  F ig .  4 .15  sh o w s th e  I/v 
c h a r a c te r i s t i c s  o f one of the  b e t te r  g a te s  (both 1̂ 3 and Log(1 3̂)). 
From th e s e  c u rv e s  th e  i d e a l i t y  f a c t o r ,  n , was d e te rm in e d  to  be 

2.60 and th e  b a r r i e r  h e ig h t  0.88 [4 .2 6 ]. The v a lu e  o f  n i s  
r a th e r  h igh  but the  b a r r ie r  h e ig h t i s  in  good f r e e m e n t  w ith  the  
expected b a r r ie r  h e ig h t o f Ti on GaAs [4.27]. The b e s t g a te s  had 

a r e v e r s e  breakdow n o f  30 v o l t s ,  b u t ,  th e  a v e ra g e  was -5  to  -1 0  
v o l t s .

4 .2 .8 .4  G a te  Recessing

The am ount o f  r e c e s s in g  was m o n ito red  by m easu rin g  th e  
s a t u r a t e d  d r a in  c u r r e n t  a f t e r  th e  sam ple had been e tc h e d  f o r  
s h o r t  p e r io d s  o f  tim e. For d i f f e r e n t  dev ice m a te r ia l the optimum 
r e c e s s  c u r r e n t  fo r  maximum tra n s c o n d u c ta n c e  was d e te rm in e d  
ex p e rim en ta lly .

Fig 4.16 co n ta in s  the dc o u tpu t c h a r a c te r i s t ic s  from MESFETs 

(0.1 pm g a te  le n g th )  f a b r i c a te d  on th e  same m a t e r i a l  (85 nm VPE 

w afer) but w ith  d i f f e r e n t  re cess  dep ths. The amount o f recessin g  
i s  e x p re s s e d  in  te rm s  o f th e  r e d u c t io n  in  th e  s a tu r a te d  d r a in  
c u r re n t .  DC o u tpu t c h a r a c te r i s t ic s  were obtained  from a p lan ar 

d ev ice  (no re c e s s ) , and dev ices where the d ra in  c u rre n t had been 
reduced to  0.94, 0.88 and 0.72 tim es the unrecessed c u rre n t. The 
maximum transconductances ob ta ined  from th e s e  d e v ic e s  w ere 77, 
109, 167 and 192 mS/mm re s p e c tiv e ly  (transconductance i s  defined  

a s  I d /  Vg and i s  e x p r e s s e d  p e r  mm o f  g a t e  w id th ) .  I t  
t r a n s p i r e d  t h a t  th e  optim um  r e c e s s  d e p th  fo r  t h i s  p a r t i c u l a r  
w a fe r  o c c u r  ed when th e  d r a in  c u r r e n t  was red u ced  to  75 % o f  th e  

u n re c e s s e d  v a lu e .  At t h i s  p o in t  g^  was o f  th e  o rd e r  o f  240 
mS/mm. Below the  optimum re c e ss  dep th , the  transconductance i s  
low  b e ca u se  th e  ch an n e l i s  to o  th ic k  to  be p in ch ed  o f  by th e  
v o l ta g e  a p p l ie d  to  th e  g a te .  When th e  r e c e s s  i s  to o  d eep , th e  
d ra in  c u r re n t  i s  reduced and as a r e s u l t  the  transconductance o f 

th e  d ev ice  i s  a lso  reduced.
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4.3 DC Output C haracteristics.

4.3.1 M a ter ia l

Most o f the  GaAs MESFETs were fab ric a ted  on m a te r ia l grown 
by vapour phase ep itax y  (VPE) a t  P lessey  (Caswell). The m a te r ia l 
c o n s i s te d  o f  85 nm o f  n^ GaAs (1.5 x 10^®) grown on a n o m in a lly  
undoped b u ffe r  lay er on a sem i—in s u la t in g  s u b s t r a t e .  However, 
t r a n s i s t o r s  were fab rica ted  on various o ther s u b s tra te s . These 
a re  summarised in  the ta b le  below.

T ab le  4.1

T n Buffer Growth O rigin
1 85nm 1.5.10^® 1 um undoped VPE Plessey
2 lOOnm lCp-8 1 um undoped VPE P lessey
3 lOOnm unknown 300 nm undoped AlGaAs MOCVD Plessey
4 5Qnm 3.10^8 50nm undoped MBE Glasgow

T -  a c tiv e  lay er th icknes. n -  a c tiv e  layer doping /cm^.

The t r a n s i t e r  dc c h a r a c te r is t ic s  were measured using an HP 
4145A Semiconductor Parameter Analyser and an Omni-probe probing 
sy s te m . A ll th e  t r a n s i s t o r  c h a r a c te r i s t i c s  were recorded w ith 
th e  p r o b e r  m ic ro s c o p e  i l l u m i n a t i o n  tu r n e d  o f f .  I f  th e  
i l l u m i n a t i o n  was tu rn e d  on , th e r e  was an in c re a s e  in  th e  d ra in  
c u rre n t o f the dev ices due to  the production o f o p t ic a l ly  induced 
c a r r i e r s  in  th e  a c t i v e  l a y e r .  T h is  in c re a s e  was p a r t i c u l a r l y  

s ig n i f ic a n t  (approxim ately 10%) in  the devices fa b ric a te d  on the 
MOCW) and MBE grown la y e rs . Owing to  the r e la t iv e ly  sm all amount 
o f  s t o r a g e  s p a c e  on th e  HP o p e r a t i n g  d i s c s ,  many o f  th e  
t r a n s i s t o r  c h a r a c t e r i s t i c s  w ere n o t saved on d i s c .  T h e re fo re , 
the  r e s u l t s  p resen ted  here a re  a combination o f the o r ig in a l HP 
p l o t s  ( s to re d  f i l e s ) ,  and rep ro d u ced  cu rv es  from  th e  o r ig i n a l  

p lo ts  (unstored  f i l e s ) .

4 .3 .2  D ev ices  on 85 nm VPE L ayers.

GaAs MESFETs were fa b ric a ted  using the methods described  in  

th e  p rev ious se c tio n s  cxi the  85 nm VPE grown la y e rs . The optimum
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r e c e s s  d e p th  was d e te rm in e d  e x p e r im e n ta l ly  u s in g  th e  m ethod 
d e sc rib ed  in  Sect. 4.2.8. In th is  case maximum g^ was achieved by 
re c e ss in g  th e  g a te  u n t i l  the d ra in  c u rre n t was reduced to  75 % o f  
th e  d r a in  c u r r e n t  o f  th e  u n re c esse d  d e v ic e . No a t te m p ts  w ere 
made to  m easu re  th e  r e c e s s  d ep th  by sa y , c le a v in g  a sam ple and 
o b s e rv in g  th e  r e c e s s  p r o f i l e  in  an SEM, as t h i s  would have been 
d i f f i c u l t  due to  the sm allness o f the samples. However, i t  was 
p o s s ib le  to  c a lc u la te  th a t  the channel th ick n ess  under the g a te  

was a p p ro x im a te ly  60 nm, from th e  p in c h - o f f  v o l ta g e  o f  th e  
d e v ic e s  [4 .2 8 ]. D evices w ith  g a te  le n g th s  from  0.5 ^m down to  
0.055 pm were fa b ric a ted . The 0.055 pm devices are  the s h o r te s t  
g a te  len g th  dev ices reported  anywhere, a t  th is  tim e [4.29].

From th e  dc c h a r a c t e r i s t i c s  o f  th e se  d e v ic e s  i t  was found 
th a t  th e re  was no dram atic  d e te r io ra t io n  of the  perform ance o f 
th e  t r a n s i s to r s .  Even a t  the s h o r te s t  ga te  le r^ th s ,  the dev ices 
s t i l l  showed good d ra in  cu rren t s a tu ra tio n  above 1.5 v o lts  (V^g). 
However, in  the  very sh o rt g a te - len g th  dev ices, the channel could 
o n ly  be p in c h e d - o f f  (a t a g iv en  g a te  b ia s )  fo r  d ra in - s o u r c e  
v o lta g e s  le s s  than a sp e c if ic  value which was defined  as V^g max. 
V^g max was found to  d e c re a se  w ith  d e c re a s in g  g a te  le n g th .  F ig  
4.17 co n ta in s  the  ou tpu t c h a r a c te r is t ic s  from a 0.055 pm device  
(4.1 pm w id th ) and a 0.21 pm d e v ic e  (9.4 pm w id th ) . I t  can be 
seen th a t  the  sh o rt ga te  device only rem ains p inched-o ff (w ith a 
g a te  v o l ta g e  o f  -4V) fo r  d ra in - s o u rc e  v o l ta g e s  below  1.2V (V^g 

m ax). However, th e  long g a te  d e v ic e  rem a in s  p in c h e d -o f f  u n t i l  

V(gg e x c e e d s  2.4 v o l t s .  V^g max was found to  v a ry  w ith  th e  g a te  
len g th  of the t r a n s is to r s  but was com pletely independent of the  

t o t a l  g a te  w idth o f the devices.

A s e t  o f devices w ith gate  len g th s  ranging from 0.055 pm to  
0.5 pm was fa b ric a te d  cxi the  85 nm VPE wafer. Because, the e tch  
r a te  o f the  recessing  e tch  v a rie s  w ith  the w idth of the opening 
in  th e  r e s i s t ,  o n ly  d e v ic e s  w ith  th e  same g a te  le n g th  w ere 
fa b r ic a te d  on in d iv id u a l ch ips. This meant th a t  the recess depth 
co u ld  be k ep t re a so n a b ly  c o n s ta n t  fo r  each  p a r t i c u l a r  g a te  

l e n g th .  V^g max was m easured on a l l  o f  th e  d e v ic e s .  F ig 4.18 
shows a g isçh  o f V^g max versus g a te  leng th  fo r devices which had 
been recessed  by s im ila r  amounts (-4 v o lts  applied  to  the g a te ) . 
I t  c a n  be s e e n  t h a t  V^g max v a r i e s  e x p o n e n t i a l l y  fro m
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Fig. 4.17 DC ou tpu t c h a r a c te r is t ic s  o f a 55 nm g a te - le n g th  and a 
210 nm g a te - len g th  C^As MESFET showing the poorer p in c h -o ff  o f  

th e  sh o rt g a te  d ev ice .
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approxiina te ly  1 V w ith  Î g = 55 nm ip  to  6 V when = 360 nm.

In  p r a c t i c e ,  V^g max cou ld  be in c re a se d  by r e c e s s in g  th e  
g a te  fu r th e r .  However, th i s  re su lted  in  a reduc tion  in  the d ra in  
c u rre n t caused by an increase  in  the p a ra s i t ic  re s is ta n c e  o f the  
c h a n n e l. O ver—re c e s s in g  th e  g a te  le d  to  an u n a c c e p ta b ly  low  
tran sco n d u c tan ce .

I t  was ^ c u l a t e d  in re f . 4.29 th a t  the f a i lu r e  o f p in ch -o ff 
in  th e s e  s h o r t  g a te  t r a n s i s t o r s  was due to  th e  poor i n t e r f a c e  
between th e  n"*” e p i- la y e r  and the undoped buffer lay er o f the VPE 

grow n m a t e r i a l .  F ig , 4.19 shows th e  doping c o n c e n t r a t io n  (N^) 
v e r s u s  d e p th  p r o f i l e  fo r  t h i s  m a te r ia l .  I t  can  be seen  t h a t  

drops from 10^^/cm^ to  10^^/cm^ over a d is tan ce  o f approxim ately  
150 nm. W ith such  a g raded  i n t e r f a c e ,  i t  seemed re a so n a b le  to  
assum e t h a t  c u r r e n t  in je c t i o n  in to  th e  in t e r f a c e  re g io n  was 
l i k e l y  cause o f poor p in ch -o ff a t  higher d ra in  source v o ltag es.

4.3 .2 .1  M onte-Carlo S im ulation

Since the  p u b lic a tio n  of these re s u lts  the dev ices have been 
a n a ly s e d  u s in g  a M onte-C arlo  s im u la t io n  program  [4 .30 ]. The 
m odelling  was c a r r ie d  out for devices fab rica ted  on m a te r ia l w ith 
th e  dopirQ p r o f i le  o f f ig . 4.19 and also  for dev ices on m a te r ia l 
w ith  an ab rup t in te r fa c e  between the doped a c tiv e  lay er and the 

undoped b u f f e r .

F i r s t  o f a l l ,  the c a r r ie r  concentra tion  beneath the gate  was 
e v a lu a te d .  For t h i s  s im u la t io n  th e  g a te  was assum ed to  be 
r e c e s s e d  u n t i l  th e  ch an n e l th ic k n e s s  below th e  g a te  was 50 nm. 
The c a r r i e r  c o n c e n tr a t io n  v e rs u s  dep th  p r o f i l e s  fo r  d e v ic e s  

f a b r ic a te d  cm m a te r ia l w ith both graded and abrup t a c tiv e /b u f fe r  
la y e r  i n t e r f a c e s  i s  shown in  f i g  4.20. I t  i s  e v id e n t  t h a t  a 
h igher percen tage  o f c a r r ie r s  i s  p resen t in the in te r fa c e  region 

of the  graded m a te r ia l  than in  the abrup tly  doped m a te r ia l. This 
su p p o rts  the  ^ )e c u la tio n  th a t  cu rren t in je c tio n  in to  the b u ffe r 

la y e r  may cause problems w ith extrem ely sho rt g a te  devices.

F ig . 4.21 shows g rap h s  o f I j  v e rsu s  g a te  b ia s  fo r  bo th  s e t s  
o f  d e v ic e s  (g a te  le n g th  =0.055pm). I t  i s  c l e a r l y  shown t h a t .
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below  th e  g a te  fo r a 1 jJm g a te  d e v ic e  on m a te r ia l  w ith  a) a 

graded in te r fa c e  and b) an abrupt in te rfa c e .
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F ig . 4.22 M onte-C arlo  s im u la t io n  d r a in  c u r r e n t  v e r s u s  g a te  
v o l t a g e  fo r  d e v ic e s  f a b r i c a t e d  on m a te r ia l  w ith  a g rad ed  

i n t e r f a c e  fo r  g a te  le n g th s  o f  a) 0.1 >im and b) 1 .0 >im.



w ith  an a b ru p t  i n t e r f a c e ,  th e  t r a n s i s t o r  i s  a lm ost p in ch ed -o ff 
w ith  an a p p l ie d  g a te  v o lta g e  o f  -3  V, w h e rea s , w ith  th e  g rad ed  
in te r f a c e  th e re  i s  s t i l l  a s ig n if ic a n t  c u rre n t flow  even w ith  a 

g a te  b ia s  o f  -5  V. The program was re run  fo r longer dev ices  (0.1 
and 1 ;im) f a b r i c a te d  on th e  g rad ed  m a t e r i a l .  The d r a in  c u r r e n t  

v e rsu s  g a te  b ia s  graphs fo r these  d ev ices a re  shown in  f ig . 4.22. 
These curves c le a r ly  show th a t  as th e  ga te  len g th  i s  in c reased , 
th e  c u r r e n t  f lo w in g  in  th e  i n t e r f a c e  re g io n  i s  re d u c ed , w hich 
means th a t  b e t te r  p in ch -o ff c h a r a c te r i s t ic s  a re  ob ta ined .

These s im u la te d  r e s u l t s  a g re e  w e ll  w ith  th e  e x p e r im e n ta l  
o b se rv a tio n s  made w ith  sh o rt dev ices on the  85 nm VPE grown e p i-  

l a y e r .  T h a t i s ,  th e  c u r r e n t  i n j e c t i o n  in to  th e  b u f f e r  la y e r  i s  

confirm ed to  be the  cause of the  poor p in c h -o ff  c h a r a c te r i s t ic s  
o f  th e  s h o r t  g a te  d e v ic e s .  They a ls o  show t h a t  th e  e f f e c t  i s  
s ig n i f i c a n t ly  reduced vhen m a te r ia l w ith  an abrup t in te r fa c e  i s  
used  fo r  d e v ic e  f a b r i c a t i o n .  T h is  r e s u l t  was co n firm ed  when 
d e v ic e s  w ere f a b r i c a te d  on th e  MOCVD and MBE grow n l a y e r s ,  th e  
r e s u l t s  o f which a re  presented  in  s e c t io n s  4.3.3 and 4.3.4.

4 . 3 . 2 . 2  Variaticx) o f transconductance w ith ga te  length .

The tra n s c o n d u c ta n c e  (g^j o f  a MESFET i s  p r e d ic te d  to  be 

p r o p o r t i o n a l  to  1 /L g  [ 4 .6 ] .  T h e r e f o r e  e x t r e m e l y  h ig h  
transconductances should have been expected from the  very  sh o r t 
g a te  len g th  MESFETs. However, the  maximum transconductance was 
found to  occur in  dev ices w ith g a te  len g th s  o f 0.08 pm and not a t  
th e  s h o r t e s t  g a te  le n g th s  o f 0.055 pm . F ig 4.23 shows th e  dc 

o u tp u t c h a r a c te r i s t i c  of a 0.08 pm g a te  len g th  MESFET, where th e  
g a te  had been re c e s s e d  to  th e  optim um  d e p th  fo r  t h i s  m a te r i a l .  
The transconductance  of th is  device i s  320 mS/mm which i s  amongst 
th e  h ig h e s t  r e p o r te d  tra n sco n d u c ta n ce s  fo r GaAs MESFET dev ices . 

[4.31,4.32]. Cn average, however, g^ v a lu es  o f around 200 to  250 
mS/mm were obtained  for the range o f g a te  len g th s  produced. I t  
was s u r p r i s in g  to  f in d  th a t  th e  h ig h e s t  g ^  v a lu e s  came from  
d ev ice s  w ith  very  sh o r t channel w id ths (<10 um) since  g^ should 

be independent o f the  channel w idth. I t  was no t understood why 
h ig h er g^  v a lues were obtained in  th e  narrow  channel dev ices.

The s e n s i t iv i ty  of the  transconductance o f th ese  dev ices to
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th e  r e c e s s  d e p th  o f  th e  g a te  m eant t h a t  i t  was im p o s s ib le  to  
d e te r m in e  a c c u r a te ly  how g ^  v a r ie d  w ith  Lg. I t  was found by 
experim ent th a t  th e  transconductance was fa r  more s e n s it iv e  to  
sm all d if fe re n c e s  in  the  recess  depth than to  changes in  the  g a te  

l e n g t h .  T h e r e f o r e ,  an y  p l o t s  o f  g ^  v e r s u s  Lg w ou ld  be 

m ean ing less . However, the  maximum transconductances were a lm ost 
in v a r ia b ly  ob ta ined  from 0.08 -  0.12 pm g a te  len g th  dev ices and 

never from the  s h o r te s t  g a te  len g th  dev ices. This  im p lie s  th a t  
th e  transconductance  reaches a maximum value a t  a c e r ta in  g a te  

le n g th  and th e n  d e c r e a s e s  as  th e  g a te  le n g th  i s  re d u c ed . T h is  
e f f e c t  could be due to  the  high s e r ie s  re s ita n c e  o f th e  recessed  

s t r u c t u r e  [4.28] a n d /o r  th e  transconductance com pression due to  
f r e e  s u r f a c e  d e p le t io n  [4 .3 3 ]. In  v e ry  s h o r t  g a t e - l e n g t h  
d e v ic e s , th e  d e p le tio n  w idth below the gate  may be le s s  than th a t  
under th e  f r e e  s u r f a c e  b e tw een  th e  g a te  and d r a in .  I t  i s  t h i s  
f r e e  s u r f a c e  d e p le t io n  w hich th e n  l i m i t s  th e  c u r r e n t  in  th e  
ch an n e l.

4.3.3 Devices on 100 nm VPE grown lay e r

T ra n s is to rs  were fa b r ic a te d  on the VPE grown w afer w ith  th e  
100 nm a c tiv e  la y e r . These dev ices were e s s e n t ia l ly  fa b r ic a te d  
fo r  ac m easu rem en t b ecau se  i t  was hoped th a t  th e  t h i c k e r  e p i -  
la y e r  would red u ce  th e  p a r a s i t i c  channel r e s i s t a n c e s  o f  th e  
d ev ices . The optimum recess  depth was determ ined to  correspond 
to  a s a tu ra te d  d ra in  c u rre n t red u c tio n  to  45 % of the  unrecessed 
d r a in  c u r r e n t  ( s e c t .  4 .2 .8 ). The ch an n e l th ic k n e s s  below  th e  
re c e s s e d  g a te  was e s t im a te d  [4.28] to  be th e  same a s  fo r  th e  

d e v ic e s  on th e  85 nm la y e r  (60 nm), a s  ex p ec te d . B ecause o f  th e  
d e e p e r  r e c e s s  r e q u ir e d  fo r  th e s e  d e v ic e s ,  th e y  w ere more 
d i f f i c u l t  to  f a b r ic a te .  However, the dc ou tpu t c h a r a c te r i s t i c s  
ob ta ined  were s l i g h t ly  su p e rio r to  those of the  p rev ious d ev ices . 
The d r a in  c u r r e n t  s a t u r a t i o n  was im proved and th e  s a t u r a t i o n  

v o l ta g e  was re d u c e d , p ro b a b ly  as  a r e s u l t  o f  a r e d u c t io n  in  th e  
p a r a s i t i c  channel re s is ta n c e s . Fig 4.24 co n ta in s  an example o f  
th e  o u tp u t  c h a r a c t e r i s t i c s  o f  a d e v ic e  f a b r i c a t e d  on t h i s  
m a t e r i a l .  I t  can  be seen  t h a t  th e  d r a in  c u r r e n t  i s  much h ig h e r  
than  on any o f the  p rev ious d ev ices  due to  the increased  channel 

w id th  (34 pm).
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4.3.4 D evices on th e  50 nm MBE Grown Wafer

GaAs MESFETs w ere f a b r i c a t e d  on th e  w afer grow n by MBE in  
t h i s  departm ent (wafer 4 -  ta b le  1) [4.34], w ith  a range o f g a te  
l e n g th s  down to  0.08 /im. The m a t e r i a l  was d e s ig n e d  so t h a t  th e  

c h a n n e l be low  th e  g a te  o f  th e  d e v ic e s  co u ld  be p in c h e d - o f f  
w ith o u t  th e  need fo r  g a te  r e c e s s in g .  I t  was hoped t h a t  t h i s  

w ould g iv e  a b e t t e r  i n d i c a t i o n  o f  how th e  d e v ic e  p e rfo rm a n c e  
v a r ie s  w ith  g a te  len g th . U n fo rtu n a te ly , i t  was d iscovered  th a t  
th e  d ev ices  on th is  w afer were dom inated by a backgating e f f e c t  
which m eant th a t  only a few MESFETs were fa b ric a te d .

4 .3 .4 .1  Backgating

B ack g a tin g  i s  an e f f e c t  in  w hich  a change in  th e  s u b s t r a t e  
b ia s  r e s u l t s  in  a r e d u c t io n  in  th e  d r a in  c u r r e n t  o f  th e  MESFET

[4.35]. This is  obv iously  a d e trem en ta l e f f e c t  in  GaAs c i r c u i t s ,  
due to  th e  i n t e r a c t i o n  o f  c l o s e l y  s p a c e d  d e v i c e s  [ 4 .3 6 ] .  
B ac k g a tin g  i s  n o rm a lly  a s s o c ia te d  w ith  th e  a c c u m u la tio n  o f  

n eg a tiv e  charge on deep tra p s  a t  the  in te r fa c e  between the  a c tiv e  
la y e r  and s u b s t r a t e ,  r e s u l t i n g  in  th e  fo rm a tio n  o f  a sp ace  
c h a rg e  re g io n . The a p p l i c a t i o n  o f  a b ia s  to  th e  s u b s t r a t e  

m odulates the  space charge reg io n , which lead s  to  a change in  the  

a c t i v e  c h an n e l th ic k n e s s  and , t h e r e f o r e ,  a change in  th e  d r a in  
c u r r e n t .

However, m  the MBE w afer, the  backgating was s ig n i f ic a n t ly  
w orsened  due to  th e  f a c t  t h a t  th e  undoped b u f f e r  l a y e r  o f  t h i s  

m a t e r i a l  tu rn e d  o u t to  be l i g h t l y  p -d o p ed . T h is  means t h a t  a t  
in te r fa c e  between the  a c tiv e  la y e r and the  b u ffe r  la y e r ,  th e re  i s  

a p -n  ju n c t io n .  A pply ing  a n e g a t iv e  v o l ta g e  to  th e  s u b s t r a t e ,  
m eans t h a t  th e  d e p le t io n  w id th  o f  th e  ju n c t io n  in c r e a s e s  and 
consequen tly  the a c tiv e  channel la y e r  i s  decreased .

4.B .4.2 " G ateless  FET"

F ig . 4.25 con ta in s th e  dc c h a r a c te r i s t ic s  o f a g a te le s s  FET, 
ie ,  a t r a n s i s to r  was fa b r ic a te d  up to  the  p o in t where i t  i s  ready 

fo r g a te  p a tte rn in g , bu t was te s te d  befo re  d ep o sitin g  a g a te . I t  
can be s e a i  th a t  the  dev ice  o p e ra te s  v e ry  much l ik e  a normal FET.
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with -7  V a p p l ie d  to  th e  g a te  bonding  p ad , w hich was 5 }xm from  
th e  so u rc e -d ra in  channel, the  dev ice i s  a lm ost p in ch ed -o ff. This  

c le a r ly  i l l u s t r a t e s  the  problem s a s s o c ia te d  w ith  b a c k g a tin g  on 
t h i s  p a r t i c u la r  w afer.

L a t e r  MBE g ro w n  w a f e r s  w i th  v a r i o u s  b u f f e r  l a y e r  
th ic k n e sse s  showed th a t  the  backgating worsens w ith  b u ffe r  la y e r 
th i c k n e s s .  T h is  i s  p ro b a b ly  a r e s u l t  o f  th e  mesa i s o l a t i o n  

p r o c e s s in g .  When th e  b u f f e r  la y e r  i s  t h i n  (50nm), i t  i s  l i k e l y  
t h a t ,  under th e  g a te  pad, most o f the b u ffe r  la y e r  w il l  have been 

removed, due to  the  f a s te r  e tch  ra te  o f la rg e  a reas  compared w ith  
th e  i s o l a t i o n  g ro o v e s  (see  f ig  4 .8 ). H ow ever, w ith  th e  th ic k e r  
l a y e r s  (100 and 200nm), more o f  th e  b u f f e r  l a y e r  would be l e f t  
under th e  g a te  p a d , le a d in g  to  a w o rsen in g  o f  th e  b a c k g a tin g  
e f f e c t .

S e rio u s  backgating was only  observed on the  MBE w afer. On 
th e  o th e r w afers th e  b ack g a tir^  transconductance was o f the  order 
o f  a few mS/mm which was n e g lig ib le  compared w ith  the g^ o f the 

a c tu a l  d e v ice s  (200-300 mS/mm). Backgating g^ i s  defined  as the  
r e d u c t io n  in  d r a in  c u r r e n t ,  a r i s in g  from  th e  a p p l i c a t io n  o f  a 
p o t e n t i a l  to  a c o n ta c t  rem o te  from  th e  d r a in - s o u r ce c h a n n e l, 

d iv id ed  by th a t  p o te n t ia l  [4.37]. In th ese  dev ices the  p o te n tia l  
was ap p lied  to  the  g a te  pad deposited  on th e  b u ffe r  lay er o f the  

m a te r ia l .

S u b s e q u e n tly  when MBE w a fe rs  have been  r e q u e s te d ,  an n“ 

b u ffe r  la y e r  has been s p e c if ie d . The reason  fo r th i s  i s  th a t  th e  

n o m in a l ly  undoped MBE l a y e r s  a re  a c t u a l l y  l i g h t l y  p -d o p ed . 
T h e r e f o r e ,  to  av o id  b a c k g a tin g  th e  b u f f e r  la y e r  h as  to  be 
d e l i b e r a t e l y  grow n w ith  a l i g h t l y  doped n - ty p e  b u f f e r  l a y e r .  
H ow ever, no such  w a fe rs  w ere r e c e iv e d  b e fo re  th e  c o n c lu s io n  o f  
t h i s  w ork so i t  s t i l l  rem a in s  to  be see n  i f  im proved d e v ic e  

perform ance i s  achieved m  MBE m a te r ia l .

4 .3 .4 .3  MESFETS W ith G ates

F ig  4.26 shows th e  dc o u tp u t c h a r a c t e r i s t i c s  o f  a 0 .0 8 ^m 
g a te  le rg th  MESFET fa b r ic a te d  on the  MBE w afer. This dev ice does 
n o t e x h i b i t  th e  poor p in c h - o f f  c h a r a c t e r i s t i c s  o b se rv ed  in  th e
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d e v ic e s  on VPE grown m a t e r i a l .  I t  can be see n  t h a t  w ith  an 
ap p lied  v o lta g e  o f -4  v o lts  th e  channel i s  co m ple te ly  p in ch ed -o ff 
fo r  d r a in - s o u r c e  v o l ta g e s  up to  4 V (c f  1.2 V p r e v io u s ly ) .  The 

9 ^  o f t h i s  d e v ice , i s  192 mS/mm, h a l f  o f which could probably  be 
a t t r ib u te d  to  th e  backgating e f f e c t .

The improvement in  the  p in c h -o ff  p ro p e r t ie s  o f th i s  dev ice  
i s  p ro b a b ly  due to  th e  a b ru p t  p -n  ju n c t io n  a t  th e  a c t i v e - l a y e r  
/b u f f e r - la y e r  in te r fa c e . The ju n c tio n  b a r r ie r  w i l l  improve the  
c a r r i e r  c o n f in e m e n t  to  t h e  a c t i v e  l a y e r  o f  t h e  d e v i c e .  
T h e re fo re , a t  the  p in ch -o ff v o lta g e , c a r r ie r  in je c t io n  in to  the  
b u f f e r  l a y e r  i s  l e s s  s e v e re  th a n  on th e  VPE grow n w a fe rs  w ith  
graded doping p r o f i le s  a t  the  in te r fa c e .  U nfo rtunate ly , th e  p"” 

b u ffe r  la y e r  a lso  leads to  a very  se r io u s  backgating  problem so 
should n o t be used to  improve th e  p in c h -o ff  o f  the  dev ices.

4 . 3 . 5  D evices on the MOCVD Wa£er (AlGaAs Buffer Layer)

I t  was re p o r te d  by Ghosh and Layman [4.38] t h a t  d e v ic e  

perform ance would improve i f  the  undoped b u ffe r  la y e r i s  rep laced  
by an AlGaAs b u ffe r  la y e r . The AlGaAs lay er improves the  c a r r ie r  

c o n f in e m e n t to  th e  a c t iv e  l a y e r  and , to  a c e r t a i n  e x t e n t ,  
p r e v e n ts  th e  i n j e c t i o n  o f  e l e c t r o n s  in to  th e  b u f f e r  l a y e r .  I t  

was d e te rm in e d  in  r e f  4.38 t h a t  th e  Al c o n c e n t r a t io n  sh o u ld  be 
around 20 % fo r optimum dev ice  perform ance.

No m a t e r i a l  was a v a i l a b le  w ith  t h i s  ty p e  o f  b u f f e r  l a y e r .  
H ow ever, th e  m a te r ia l  fo r  f a b r i c a t i n g  GaAs m em branes (MOCVD 

wafer) had an e tch  stop  la y e r  o f Al^^Ga^^As im m ediately  below an 

n'*' GaAs la y e r  (see  s e c t  6 .5 ) . I t  was d e c id e d  to  f a b r i c a t e  
d e v ic e s  on t h i s  m a te r i a l .  F ig . 4.27 shows th e  dc o u tp u t  
c h a r a c t e r i s t i c s  o f  a 0.1 g a te  le n g th  d e v ic e  f a b r i c a te d  on th e  

MOCVD w a fe r . The d i f f e r e n c e  o b ta in e d  by m e asu rin g  th e  o u tp u t  
c h a r a c te r i s t i c s  under il lu m in a tio n  and in  the  dark are  shown in  
t h i s  f i g u r e .  A lthough t h i s  d e v ic e  i s  n o t p in c h e d - o f f ,  th e  
f l a t n e s s  o f  th e  I/V  c u rv e  (dark) w ith  a g a te  b ia s  o f  -2 .5  
s u g g e s ts  t h a t  th e  p in c h - o f f  p r o p e r t i e s  o f  t h i s  d e v ic e  would be 
s u p e r io r  to  d e v ic e s  f a b r i c a t e d  on th e  VPE grow n w a fe r s ,  g iv e n  

t h a t  th e  g a te  r e c e s s in g  was f u l l y  o p t im is e d .  In  th e  d e v ic e  o f  
f i g .  4.27 th e  g a te  was re c e s s e d  e tc h e d  u n t i l  th e  d r a in  c u r r e n t
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was red u ced  to  a b o u t 60 % o f  i t s  u n e tch ed  v a lu e .  However, no 
experim ents were done to  find  the  optimum re c e ss  depth fo r th i s  

w a fe r . Of a l l  th e  d e v ic e s  t e s t e d  on t h i s  w a fe r ,  i t  was found 
t h a t  o n ly  ab o u t 10 % had re a s o n a b le  c h a r a c t e r i s t i c s .  The poor 

q u a l i ty  o f th e  GaAs lay e r grown on high aluminium co n cen tra tio n  
AlGaAs (due to  la rg e  l a t t i c e  mismatch) was th e  probable cause o f 

th e  low number o f  w orking  d e v ic e s .  The g ^  o f  th e  d e v ic e  in  f i g  
4.27 was c a l c u l a t e d  to  be o n ly  72 mS/mm (9.2pm  ch an n e l w id th ) . 
T h is  i s  a l o t  lo w er th a n  th e  v a lu e s  w hich w ere o b ta in e d  on th e  
VPE grow n e p i - l a y e r s .  A g a in , th e  low  tra n s c o n d u c ta n c e  was 
a t t r ib u te d  to  th e  f a c t  th a t  a high Al co n cen tra tio n  was p re sen t 
in  th e  b u f f e r  l a y e r .  T h is  would cau se  a r e d u c t io n  in  th e  

m o b i l i t y  o f th e  GaAs a c t i v e  la y e r  an d , a s  a r e s u l t ,  a r e d u c t io n  

9m-

4.3.6 Summary o f dc Measurements

V ery s h o r t  g a te  le n g th  d e v ic e s  have been  f a b r i c a te d  on 

s e v e r a l  ty p e s  o f  w a fe r . I t  was found t h a t  a t  v e ry  s h o r t  g a te  
le n g th s , c u r re n t in je c t io n  in to  the  b u ffer la y e r r e s u l ts  in  poor 

p in c h -o ff . The p in c h -o ff  of th e  dev ices was improved using MBE 
grown m a te r ia l  and MOCV) m a te r ia l w ith  an AlGaAs b u ffer la y e r . 

U n f o r tu n a te ly ,  s e v e re  b a c k g a tin g  in  th e  MBE w afer and th e  
u n su ita b ly  h igh  Al co n cen tra tio n  o f the  b u ffe r lay e r o f the  MOCW 

w afer, means th a t  more work has to  be done to  determ ine the  most 
s u i t a b l e  ty p e  o f  m a te r i a l  fo r  e x tre m e ly  s h o r t  g a te  le n g th  
t r a n s i s t o r s .

4.4 AC M easurements (s-param eters)

M easurem ent o f  v o l ta g e s  and c u r r e n ts  become in c r e a s in g ly  

d i f f i c u l t  a t  v e ry  high freq u en c ies , th e re fo re , s c a t te r in g  or s -  
param eter measurements were used in the  a n a ly s is  o f the MESFETs.

[ 4 .3 9 ] .  S - p a r a m e t e r s  d e f i n e  t h e  r a t i o s  o f  r e f l e c t e d  and  
tra n s m itte d  t r a v e l l in g  waves a t  the  p o rts  o f a two p o rt network 
as shown sch e m a tic a lly  in  f ig  4.28a). When th e  two p o r t network 

i s  a  GaAs MESFET ( f ig  4.28b) i t  i s  p o s s ib le  to  d e te rm in e  th e  
lu m p e d -e le m e n t e q u iv a le n t  c i r c u i t  fo r  t h a t  d e v ic e  u s in g  th e  
measured s -p a ram e te rs . Fig. 4.29 shows the  r f  eq u iv a len t c i r c u i t  
o f  a GaAs MESFET and th e  l o c a t io n  o f  th e  v a r io u s  e le m e n ts  in  a
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FET S t r u c t u r e  [4 .8 ] . The in p u t im pedance o f  th e  c i r c u i t  can be 

determ ined  from the  re f le c tic x i param eter The re a l p a r t  o f

S i i  i s  equal to  the  inpu t r e s is ta n c e  + Rg 4- where i s  the  

s e r ie s  g a te  re s is ta n c e , Rg i s  the  source re s is ta n c e  and Rĵ  i s  an 
i n t r i n s i c  re s is ta n c e  a sso c ia ted  w ith  the channel below the g a te . 

The r e a c t i v e  p a r t  o f  a r i s e s  from  Cgg, th e  g a te - s o u r c e  
c a p a c ita n c e , in  s e r ie s  w ith  I ^ ,  th e  g a te  inductance. C^g and 

can be c a lc u la te d  from two sim ultaneous equations. S im ila r ly  S22 

y i e l d s  v a lu e s  fo r  th e  o u tp u t  r e s i s t a n c e ,  Rg 4- R^ + Rg^ w here R^ 

i s  th e  d r a in  r e s i t a n c e  and Rg^ i s  th e  s o u r c e - d r a in  c h a n n e l 
r e s i s t a n c e .  N o rm a lly  Rg^ >> Rg o r  R^. The o u tp u t  c a p a c i ta n c e ,  
Cdc + ^^Gre i s  the  cap ac itan ce  a sso c ia ted  w ith  the d ip o le  
la y e r  fo rm ation  and C^g i s  the  s u b s tra te  cap ac itan ce , can a lso  be 
de term ined  from 822*

The f i r s t  dev ices  to  be te s te d  were narrow channel (6.8 ^m) 
d ev ice s  fa b r ic a te d  on th e  85 nm VPE grown w afer. However, i t  was 
th o u g h t t h a t  th e  p a r a s i t i c  p a ra m e te r s  (Rg, R^, Rg and C^g) w ere 
dom inating  th e se  dev ices. S ubsequen tly  o n ly  d e v ic e s  f a b r i c a te d  
on th e  100 nm wafer (channel w id th  25 or 34 ^m) were considered 

fo r ac te s t in g .  When tak ing  dc m easurem ents i t  was p o ssib le  to  

t e s t  e v e r y  d e v ic e  on a c h i p .  H o w ev er, f o r  s -p a ra m  t e r e r  
m e asu re m e n ts  o n ly  th e  b e s t  o f  th e  d e v ic e s  w ere s e le c te d  fo r  
te s t in g .  Once se le c ted  (according to  th e ir  dc perform ance), the  
ch ip  was sc rib ed  and d iv ided  in to  in d iv id u a l dev ices fo r  mounting 
in to  th e  ac t e s t  j i g s .  These t e s t  j i g s  c o n s is te d  o f a 1.5 x 0.5 
inch ceram ic holder w ith  50 ohm m ic ro s tr ip  l in e s  extending from 
e i t h e r  end o f  th e  h o ld e r  to  a 1 mm h o le  in  th e  c e n t r e .  The 

c e ra m ic  h o ld e r s  w ere m ounted in  a s p e c ia l  t e s t  f i x t u r e  fo r  
c o n n e c tio n  to  th e  n e tw o rk  a n a ly s e r  v ia  c o a x ia l  c a b le . Fig 4.30 
shows an id iv id u a l device bonded in to  a ceram ic holder. The g a te  

and d ra in  o f the  device are  connected to  the m ic ro s tr ip  by s in g le  
25 jjm g o ld  w ire  bonds, w h e rea s , th e  so u rc e  i s  d o u b le  bonded to  
th e  b a se  o f  th e  sam ple  h o ld e r  (g ro u n d ). T h is  was to  reduce  th e  

inductance o f  the  source bonds.

A ll  th e  ac m easu rem en ts  w ere  c a r r i e d  o u t a t  P le s s e y  

(C a sw e ll) .  An HP8410 n e tw ork  a n a ly s e r  was used fo r  m easu rin g  
th e  s - p a r a m e te r s .  B efo re  p ro c e e d in g  w ith  the  measurements, the  

system  was c a l ib ra te d  using a v a r ie ty  o f  s l id in g  loads and open
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F ig , 4.30 SEM m ic ro g ra p h  o f  an in d iv id u a l  MESFET m ounted and 
bonded in to  an ac t e s t  ho lder. The d iam eter o f the hole i s  1mm.



and sh o r t c i r c u i t s  according to  th e  s o f tw a re  i n s t r u c t i o n s  from  
th e  sy s te m . H ow ever, th e  c a l i b r a t i o n  was o n ly  made up to  th e  
p la n e  a t  th e  end o f  th e  c o a x ia l  c a b le . T h is  m ean t t h a t  th e  
m easu red  s - p a r a m e te r s  w ere a co m b in a tio n  o f  th e  a c tu a l  d e v ic e  

p a ra m e te r s  and th e  h o ld e r  p a ra m e te r s  ( ie  th e  c o n n e c to r ,  50 ohm 
l i n e ,  and bond w ir e s ) .  The p a ra m e te rs  o f  th e  c o n n e c to r  w ere 
known and the  param eters  o f th e  50 ohm l in e  and bond w ire s  could 
be c a lc u la te d  from  t h e i r  p h y s ic a l  le n g th s  a l lo w in g  t h e i r  
c o n tr ib u tio n  to  th e  s-param eter measurements to  be removed. This 
p ro cess  i s  known as " s trip p in g ."

4 .4 .1  R esu lts

The s - p a r a m e te r s  o f  f i v e  w ide ch an n e l (25 and 34 ^m) 
MESFETs, f a b r i c a t e d  on th e  100 nm VPE grown e p i - l a y e r ,  w ere 

m easu red  a t  P le s s e y .  U n fo r tu n a te ly ,  the  r e s u l t s  ob ta ined  were 
in c o n s is te n t. For example, th e re  was no c o r re la t io n  betw een th e  

g a te - s o u r  ce  c a p a c i ta n c e  o f  th e  d e v ic e s , determ ined  from th e  s -  
p a ra m e te r s ,  and th e  p h y s ic a l  d im e n s io n s  o f  th e  g a te .  To 
i l l u s t r a t e  t h i s  p o i n t ,  i t  was found t h a t  Cgg o f  n a rro w  (0 .1pm ) 
g a te s  on 25 pm wide dev ices was determ ined to  be more or le s s  th e  
sam e a s  a 0.3 pm g a te  on a 34 pm w ide d e v ic e . F u r th e rm o re , th e  

C^g obtained  fro n  th e  s-param eter measurements were alw ays about 
a fa c to r  o f 3 -  5 g re a te r  than the ca lcu la ted  cap ac itan ce  va lu es  
from  th e  g a te  d im e n s io n s  and m a te r i a l  p a ra m e te rs  [4 .3 0 ]. T h is  
su g g ests  e i th e r  one o f two th in g s ; 1) the fr in g in g  cap ac itan ce  o f 
th e  g a te s  becomes im portan t a t  very  sh o rt g a te  len g th s  o r 2) th e  
m easu rem en t te c h n iq u e ,  a s  i t  s ta n d s ,  i s  n o t s u i t a b l e  fo r  

e x tra c tin g  the  very  sm all param eters expected from th e se  d ev ices . 
Although a com bination o f both the  above e f f e c ts  may lead  to  the  
in c o n s is te n t r e s u l t s ,  i t  i s  l ik e ly  th a t  the l a t t e r  e f f e c t  i s  more 
d o m in a n t. The re a so n  fo r  t h i s  goes back to  th e  s t r i p p i n g  
p a ra m a te r s  used  to  e x t r a c t  th e  d e v ic e  in fo r m a t io n  from  th e  
m easu red  r e f l e c t i o n  and t r a n s m is s io n  c o e f f ic ie n ts .  One o f  the  

p a ram ete rs , namely th e  cap ac itance  of th e  50 ohm m ic ro s tr ip  l in e  
(0.03 pF) was g r e a t e r  th a n  th e  c a lc u la te d  d e p le tio n  cap ac itan ce  
(o f th e  o rd e r  o f 0 .0 1 -0 .0 2  pF) o f  m ost o f th e  d e v ic e s  w hich w ere 
m e a s u re d . I t  s e e m s  u n l i k e l y  t h a t  th e  r e s o l u t i o n  o f  th e  

m easu rem en t te c h n iq u e  co u ld  be b e t t e r  th a n  th e  v a lu e  o f  th e  
sh ipp ing  p a ram ters . The fa c t  th a t  the  measured Cgg d id  no t va ry
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w ith  th e  g a te  dim ensions fu r th e r  sup p o rts  th i s  s ta tem en t.

F u r th e r  in e x p l ic a b le  o b s e r v a t io n s  w ere made from th e  
r e f le c t io n  c o e f f ic ie n ts  o f the o u tp u t c i r c u i t .  I t  was found th a t  
vhen th e  g a te  b ia s  was 0 V the  ou tp u t re s is ta n c e  and capacitance  

o f th e  d ev ices were ty p ic a l ly  100 ohms and 0.02 pF re sp e c tiv e ly . 
When th e  g a te  b ia s  was in c re a s e d  to  -1  V, how ever, th e s e  
p a r a m e te r s  becam e 700 ohms and 0.07 pF r e s p e c t iv e ly .  The 

in c re a se  in  the  ou tpu t re s is ta n c e  i s  due to  the  narrowing o f the  
conducting  channel below the  g a te  which would r e s u l t  in  a h igher 

^ d s  v a lu e .  However, i t  was n o t u n d e rs to o d  why th e  o u tp u t  
c a p a c i ta n c e  v a lu e  + C^g) sh o u ld  in c r e a s e  so d r a m a t ic a l ly ,  
a l th o u g h  th e  e f f e c t  co u ld  be due to  th e  poor i n t e r f a c e  o f  th e  
dopecyundoped m a te r ia l of these  d e v ice s .

The f i n a l  o b s e r v a t io n  to  be made from  th e  s -p a ra m e te r s  o f  
th e  t e s t e d  d e v ic e s  was t h a t  th e  maximum a v a i l a b l e  g a in  o f  th e  
d ev ice s  was determ ined to  be very  low and the  c u t-o f f  frequency 
was about 7 GHz a t  b est. In a d d itio n , the  b e s t  g a in  values were 
o b ta in ed  vtien the dev ices were b iased  w ith  approx im ate ly  -1 V on 

th e  g a te . This e f f e c t  could be as a r e s u l t  o f th e  r e la t iv e ly  low 

o u tp u t  r e s i s t a n c e  o b ta in e d  from  th e s e  d e v ic e s .  Once a g a in  
however, th e  observ a tio n s  were no t understood.

4.4.2 Summary o f ac r e s u l t s

I t  was d i f f i c u l t  to  o b ta in  any u se fu l in fo rm atio n  from the 
ac m e asu re m e n ts  c a r r i e d  o u t due to  th e  in c o n s i s ta n c y  o f th e  

r e s u l t s .  Because o f th ese  in c o n s is te n c ie s , i t  was decided not to  

proceed w ith  high frequency no ise  m easurem ents on th i s  p a r t ic u la r  
s e t  o f  d e v ic e s .  T h e re fo re ,  th e r e  i s  no in d i c a t io n  y e t  o f  how 

th e s e  d e v ic e s  w i l l  p e rfo rm  a t  v e ry  h ig h  sp e e d s . C le a r ly  more 
w ork n e e d s  to  be done in  th e  f i e l d  o f  ac t e s t i n g .  F i r s t  o f  a l l  
i t  has to  be e s ta b lish e d  what methods should be used to  determ ine 
th e  d ev ice  param eters . Measurement o f s -p a ram e te rs , where the 
n e tw o rk  a n a ly s e r  i s  o n ly  c a l i b r a t e d  to  th e  p la n e  o f  th e  sam ple 

h o ld e r ,  may n o t be a d eq u a te  fo r  u l t r a - s m a l l  MESFETs s in c e  th e  
p a ram ete rs  o f the  holder and connector them selves may be g re a te r  
than  th e  p a ram ters  to  be measured. This problem may be solved by 

u s in g  a  sy stem  w ith  r f  p ro b es  in  w hich th e  c a l i b r a t i o n  can be
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made r ig h t  to  th e  t i p s  o f the  probes. T herefore, on ly  th e  a c tu a l  
d ev ice  param eters  a re  measured.

Secondly, th e  desig n  of sh o r t g a te - len g th  MESFETs has to  be 
com pletely  reconsidered . For th i s  work the s tra te g y  was to  make 
a dev ice  and t e s t  i t s  perform ance. From the few ac m easurem aits 
th a t  were made on some o f th ese  dev ices i t  i s  ev id en t t h a t  more 
thought w i l l  have to  go in to  the  MESFET design  in  o rder to  o b ta in  

th e  b e s t perform ance which could p o ss ib ly  be ob ta ined  by reducing  
th e  dev ice  dim ensions.
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5 Masking techniques and Device Interconnections  

5 .1  Ihtroduc±ion

Two u s e f u l  p ro c e s s e s  w ere d ev e lo p ed  w hich can  be used  in  
GaAs dev ice  and c i r c u i t  fa b r ic a tio n .

The f i r s t  was to  e s t a b l i s h  a r e l i a b l e  method o f  i s o l a t i n g  
d ev ices  using icxi bombardment. The main advantage th i s  method 
h a s  o v e r m esa i s o l a t i o n  i s  t h a t  th e  p la n a r  s u r f a c e  o f  th e  GaAs 
can  be m a in ta in e d . Both p ro to n  and boron im p la n ta t io n s  w ere 
c o n s id e re d  as a means o f  i s o l a t i n g  d e v ic e s .  E v e n tu a l ly  boron  

is o la t io n  was adopted m ainly  because the im p lan ta tio n  f a c i l t i t y  
a v a i l a b l e  fo r  t h i s  p ro c e s s  was b e t t e r  s u i te d  to  th e  s h a llo w  
im p lan ts  requ ired  fo r GaAs MESFETs (100 nm). A s u ita b le  system  
was developed fo r masking a reas  o f the  ch ips during im p lan ta tio n  

using  m eta l on polymer masks. A novel method is  decribed  (Sect 
5 .4 .5) fo r  th e  f a b r i c a t i o n  o f  th e s e  masks u s in g  a p o s i t i v e  on 

n e g a t iv e  r e s i s t  sy s te m . These r e s i s t s  w ere PM MA p o s i t i v e  
e l e c t r o n  r e s i s t  and p o ly im id e  w hich  was found to  be a n e g a t iv e  
e le c tro n  r e s i s t .

The fa b r ic a t io n  o f dev ice  in te rco n n ec tio n s  using polyim ide 

b rid g es  to  crossover a c tiv e  elem ents on a ch ip  was developed as a 
consequence o f d isco v erin g  th a t  polyim ide was a n eg ative  e le c tro n  

r e s i s t .  A lthough  no d i r e c t  a p p l i c a t io n s  w ere found fo r  t h i s  
techn ique  in  th is  p r o je c t ,  i t  does have obvious a p p lic a tio n s  in  
GaAs in te g ra te d  c i r c u i t s  fa b r ic a te d  by e le c tro n  beam lith o g rap h y . 

I t  i s  th e re fo re  desc rib ed  in  s e c tio n  5.5. o f th is  ch ap te r.

5 .2  Ion Implantation For Device I so la t io n

5 .2 .1  Introduction

The u se  o f m esa i s o l a t i o n  i s  n o t i d e a l l y  s u i t e d  to  th e  

f a b r ic a t io n  of GaAs MESFETs w ith  e x tre m e ly  s h o r t  g a te  le n g th s .  
T h is  i s  b ecau se  th e  g a te s  have to  be d e p o s ite d  over a s t e p  from  
th e  undoped GaAs b u f f e r  m a t e r i a l ,  on w hich th e  g a te  pad i s  

p a t t e r n e d ,  o n to  th e  m esa o f  a c t i v e  m a te r ia l  w hich fo rm s  th e  
so u rc e -d ra in  channel. In the  MESFETs described  in  ch ap te r 4, the
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h e ig h t  o f  t h i s  s te p  ranged  from  50 to  100 nm d ep en d in g  on th e  
e p i ta x ia l  n+ a c tiv e  lay er th ick n ess . At the  mesa edge th e re  i s  a 

th in n in g  o f  th e  g a te  ( s e c t  4.2.5.2) w hich can  le a d  to  th e  
d e s tru c t io n  o f the  g a te  p a t te rn s  when r e l a t iv e ly  la rg e  v o ltag es  
(up to  -4 V) a re  app lied  to  p in ch -o ff the  channel.

T his problem  can be e lim in a ted  using is o la t io n  by p ro ton  or 
boron  io n  im p la n ta t io n  w hich e f f e c t i v e l y  r e n d e rs  th e  GaAs 
e p i ta x ia l  la y e r s e m i-in su la tin g . This occurs because the  damage 
w hich i s  c au sed  by h ig h  en e rg y  io n s  e n te r in g  th e  se m ico n d u c to r 

c a u s e s  many e f f i c i e n t  deep  le v e l  t r a p s  [5 .1 -5 .3 ] . As a r e s u l t ,  
th e  im p la n te d  re g io n s  become h ig h ly  r e s i s t i v e  (M-ohm.cm) and 
le a k a g e  c u r r e n t s  be tw een  i s o l a t e d  d e v ic e s  a re  red u ced  to  an 
a ccep tab ly  low le v e l  (o ften  much le s s  than a microamp).

During the  im p lan ta tio n  the  so u rce -d ra in  channels have to  be 
p ro te c te d  by masks th ic k  enough to  p reven t any ions from e n te r in g  
th e  u n d e r ly in g  se m ico n d u c to r l a y e r .  When th e  mask i s  removed 
a f t e r  im p la n ta t io n  o n ly  th e  p r o te c te d  s o u r c e - d r a in  c h a n n e ls  

rem a in  a c t i v e .  T h e re fo re ,  MESFETs can  be f a b r i c a t e d  w ith o u t 

h av in g  to  p a t t e r n  th e  g a te s  over a s t e p  o n to  th e  a c t i v e  s o u rc e -  
d ra in  ch an n e l, thus improving the r e l i a b i l i t y  o f  the  very  sh o rt 

g a te  d e v ic e s .  In  a d d i t io n ,  t h i s  m ethod o f  i s o l a t i o n  i s  c l e a r l y  
th e  o n ly  p r a c t i c a l  way to  i n s u l a t e  d e v ic e s  p roduced  on th in  

(8CXm) GaAs membranes (Sect. 6.8).

5 .2 .2  M asking D if f ic u lt ie s .

The d e p o s i t io n  o f  a m asking l a y e r , t y p i c a l l y  a th i c k  go ld  
l a y e r ,  d i r e c t l y  on to  a GaAs w afer le a d s  to  p ro b lem s when th e  

mask h a s  to  be s u b s e q u e n t ly  rem oved. The re a so n  fo r  t h i s  be ing  
t h a t  m o st w et o r d ry  e tc h in g  p ro c e s s e s  w hich co u ld  be used to  
remove th e  mask would a lso  damage the  underly ing  sem iconductor.

An a l t e r n a t i v e  m ask ing  te c h n iq u e  i s  to  d e p o s i t  th e  go ld  
la y e r  o n to  an in te r m e d ia te  p a r t in g  l a y e r .  The p a r t in g  la y e r  

sh o u ld  be o f  a  m a te r i a l  w hich can  be d is s o lv e d  in  a s o lu t io n  
which w i l l  n o t damage the  sem iconductor. With a s u i ta b le  p a rtin g  

l a y e r ,  th e  p r im a ry  mask can  be l i f t e d - o f f  by d i s s o lv in g  th e  

p a r t in g  la y e r .
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5.2.3 Develc^xnent o f  Masking Techniques

A summary o f work done in  th i s  departm ent by WS Mackie [5.4] 
on p ro to n  im p la n ta t io n  m asks w ith  d i f f e r e n t  p a r t in g  l a y e r s  i s  
g iven  in  th e  fo llow ing  sec tio n  [5.3.1]. For v a rio u s  reaso n s, no 
s u i ta b le  im p lan ta tio n  masks were fa b ric a te d .

The p re se n t author developed a gold cxi a rse n ic  t r i s u lp h id e  
m ask ing  sy stem  fo r  p ro to n  im p la n ta t io n  ( s e c t .  5 .3 .2 ). Some 
p o s i t i v e  r e s u l t s  w ere o b ta in e d  u s in g  t h i s  sy stem  and i t  i s  

p o s s ib le  t h a t  th e  te c h n iq u e  co u ld  be r e f in e d  to  p ro duce  a 
r e l i a b le  masking p ro cess . However, as the p e n e tra tio n  depth  o f 

th e  p ro to n s , even a t  the  low est a v a ila b le  energy (150keV), was so 
g re a t  th a t  i t  was d i f f i c u l t  to  produce masks which would absorb 
a l l  o f the  im planted io n s , boron im p lan ta tio n  was in v e s tig a te d . 
An io n  im p la n ta t io n  f a c i l i t y  was a v a i l a b le  w hich co u ld  be 

o p e ra te d  a t  much lo w er e n e r g ie s  (40keV) and was th e r e f o r e  m ore 
s u i t a b l e  fo r  th e  s m a ll  p e n e t r a t i o n  d e p th s  (lOOnm) re q u ire d  fo r  
both MESFET and membrane is o la t io n . The f i r s t  masking system to  
be t e s t e d  was th e  m e ta l on po lym er (MOP) m asks d e s c r ib e d  by 
Tennant [5.5,5.6]. This masking system  was found to  be s u ita b le  
fo r  boron im p lan ta tio n  (sec t 5.4.6) and was th e re fo re  employed in  
a l l  subsequent is o la t io n  t e s t s .  A usefu l m o d ifica tio n  was made 

to  the  MOP mask f a b r ic a t io n  procedure [5.7] in  which the  process 
was s i m p l i f i e d  by e l im in a t in g  th e  need to  u se  R e a c tiv e  Io n  
E tc h in g  (R IE ). The m o d i f ie d  p r o c e s s  was d e v e lo p e d  a s  a 

consequence o f d isco v e rin g  th a t  polyim ide is  in  f a c t  a  negative  

r e s i s t  and i s  desc rib ed  in  s e c tio n  5.4.5.

5.3 Proton Iso la t io n

5 .3 .1  O rig in a l P ro ton  InplantaticM i Masks

Some work was done in  th i s  departm ent by WS Mackie [5.4] to  
f in d  a m asking  sy stem  w hich would be s u i t a b l e  fo r  p ro to n  

im p la n ta t io n .  The im p la n ta t io n  was c a r r i e d  o u t a t  th e  SERC io n  
im p la n ta t io n  f a c i l i t y  a t  S u rre y  U niversity . The minimum proton 

e n e rg y  a v a i l a b l e  was 150 keV. At t h i s  energy  th e  p ro to n s  have a 
p e n e t r a t i o n  d e p th  o f  around 1 .2  m ic ro n s  in  go ld  and 1 .8  m ic ro n s  

in  GaAs. T h is  was f a r  g r e a te r  th a n  th e  th ic k n e s s  o f  any e p i -
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layers which were used for MESFET fabrication (100 nm).

T hree  d i f f e r e n t  m asking sy s te m s  w ere t e s t e d ,  w ith  b o th  
p o lym er and in o rg a n ic  p a r t in g  la y e r s .  The p r im a ry  m asks w ere 
e i th e r  gold or alum inium .

I t  was found th a t  gold on polymer masks were inadequate as 
th e  po lym er la y e r  becam e c r o s s - l in k e d  d u rin g  th e  im p la n ta t io n  
making i t  d i f f i c u l t  to  remove a fte rw ard s . I t  should be noted th a t  

th e  uncovered polymer lay e r was no t removed in  th ese  experim ents 
and t h a t  no a t te m p ts  w ere made to  f a b r i c a t e  MOP ty p e  m asks a t  

t h i s  s ta g e .  Even i f  th e  su rro u n d in g  polym er was rem oved b e fo re  
th e  p ro ton  im p la n ta tio n  i t  i s  l ik e ly  th a t  the ions would have 
p e n e t r a te d  th e  g o ld  m ask ing  la y e r  and th e  u n d e r ly in g  po lym er 
would s t i l l  have become c ro ss - l in k e d .

The second m ask ing  system  to  be t e s t e d  c o n s is te d  o f  an 
alum inium  prim ary  mask w ith  a sodium ch lo rid e  p a r tin g  la y e r . This 
was found to  be u n s u i ta b le  b ecau se  th e  ad h es io n  o f  th e  m e ta l  
p r im a ry  mask to  th e  in o rg a n ic  p a r t in g  la y e r  was p o o r. W ater 

a b s o r p t io n  from  th e  a tm o sp h ere  was th e  p ro b a b le  cau se  o f  t h i s  
p o o r adhesion.

A ttem pts to  use the  p rocess described  by D'Avanzo [5.8] were 
a lso  u n successfu l. I t  was found th a t  the calcium  f lu o r id e  p a rtin g  

la y e r s ,  rep o rted  by D'Avanzo as being " e a s ily  removable" in  weak 
HCl, co u ld  n o t in  p r a c t i c e  be removed in  30% HCl a s s i s t e d  by 
u l t r a - s o n ic  a g i ta t io n .  This method o f masking was a lso  abandoned.

5.3.2 Gold Masks With Arsenic Trisulphide Parting la y ers

Subsequently  gold  masks were p a tte rn ed , using l i f t - o f f ,  on 
a r s e n i c  t r i s u l p h i d e  p a r t i n g  l a y e r s  ( f i g  5 .1 a ) .  A r s e n ic  

t r i s u lp h id e  was chosen as a p o ss ib le  p a rtin g  lay e r fo r th re e  main 

reasons : -

-  I t  i s  e a s i ly  d isso lv e d  in  n ea t AZ developer [5.9].

-  Gold adheres w e ll to  i t .
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Ions

(a)

Gold Mask

P a r t in g  laye r

(b)

•— Aluminium
f i l m

T r a n s m i t t e d
Ions

F ig . 5.1a) Ars e n ic - t r is u lp h id e /g o ld  mask w ith  no th in  f o i l  

sh ie ld in g .

F ig .5 .1 b )  A r s e n i c - t r i s u l p h i d e / g o l d  mask w ith  th in  f o i l  

sh ie ld in g .



-  Thick layers (1 pm) can be evaporated.

Some gold on a rse n ic  tr i s u lp h id e  masks were prepared  on GaAs 
c h ip s  w ith  an e p i t a x i a l  a c t iv e  la y e r  th ic k n e s s  o f  85 nm. A 210 

nm f ilm  o f  a rs e n ic  t r i s u lp h id e  was th e rm a lly  evaporated  on to  the  
GaAs w a fe r s .  A la y e r  o f  PM MA was th e n  s p in  c o a te d  on to  th e  

AS2S3 f i l m ,  baked and th e n  exposed  u s in g  a 0.25 pm d ia m e te r  
e le c tro n  beam. The PMMA was developed in  1:1 MIBKrIPA (23°C) and 
th e n  a 500 nm g o ld  la y e r  was e v a p o ra te d  w ith  a th in  n ich rom e 

la y e r  to  enhance adhesicxi. The mask p a tte rn s , which would mask 
o f f  a r e a s  s u i t a b l e  fo r  TLM m easu rem en ts  (S e c t. 2 .2 .2 ), w ere 

d e f in e d  u s in g  l i f t - o f f .  The m asks w ere p o s i t io n e d  r e l a t i v e  to  
p r e v io u s ly  d e f in e d  m a rk e rs , to  a l lo w  r e lo c a t i o n  o f  th e  masked 
a re as  when th e  im p lan ta tio n  masks were removed.

S am p les  w ere s e n t  to  S u rre y  U n iv e r s i ty  fo r  im p la n ta t io n .  

The p r o to n  d ose  was 4.10^^ io n s /cm ^  a t  an en e rg y  o f  150 keV. 
A fte r im p la n ta tio n  the  mask was e a s i ly  removed by d is so lv in g  the  
a r s e n i c  t r i s u l p h i d e  p a r t i n g  l a y e r  in  n e a t  AZ d e v e lo p e r .  
AuGe/Ni/Au c o n ta c ts  were p a tte rn ed  on the TLM t e s t  s t r ip s  using 

e-beam  l i th o g r a p h y  These w ere th a n  an n ea led  to  p roduce  ohm ic 
c o n ta c t s  (chap . 2). U n fo r tu n a te ly  i t  was found t h a t  th e  g o ld  

mask l a y e r ,  w hich was th e  t h i c k e s t  t h a t  co u ld  re a so n a b ly  be 
evaporated  and r e l i a b ly  l i f t e d - o f f  (about 500 nm), had not been 

th ic k  enough to  a b so rb  a l l  th e  im p la n te d  p ro to n s . B ecause th e  
p ro to n s  had p e n e tra te d  the gold and a rsen ic  t r i s u lp h id e  masking 

l a y e r s ,  th e  im p la n te d  sam p les  w ere found to  be c o m p le te ly
in s u la t in g ,  even in  the  a reas  below the  masks.

The above experim ent was rep eated  only th i s  tim e a th ic k e r
a rs e n ic  t r i s u lp h id e  la y e r (800 nm) was evaporated onto the  wafer

b e fo re  th e  g o ld  mask was p a t te r n e d .  The com bined th ic k n e s s  o f  
th e  gold  and a rs e n ic  t r i s u lp h id e  la y e r s  (1.3 microns) was g re a te r  
th a n  th e  p e n e t r a t i o n  o f  150 keV p ro to n s  th ro u g h  g o ld  (1.2 
m ic ro n s ) .  A g a in , a f t e r  th e  im p la n ta t io n  i t  was found th a t  th e  
p ro to n s  had p e n e t r a te d  th e  m ask ing  la y e r  and damaged th e

und erly in g  sem iconductor, rendering  i t  h ig h ly  r e s i s t iv e .

To re d u c e  th e  ran g e  o f  th e  p ro to n s  a t h i n  a lum in ium  f i lm  

(18 um) was p laced  over the  sam ples during fu r th e r  im plan ts (fig
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l b ) .  The f i lm  was used to  a b so rb  some o f  th e  e n e rg y  o f  th e  
p ro to n s  b e fo re  they  reached the  masked w afer, thus reducing th e i r  
p e n e t r a t i o n  d e p th . The d ose  and en erg y  o f  th e  p ro to n s  w ere th e  
sam e a s  b e fo re  b u t i t  was n o t known w hat p e rc e n ta g e  o f  th e s e  

p ro to n s  a c t u a l l y  p a sse d  th ro u g h  th e  a lum in ium  f i lm  nor w hat 
e n e rg y  th e y  would have when th e  reach ed  th e  sp ec im en .

T h is  m ethod was found to  be re a s o n a b le  s u c c e s s f u l  b u t  th e  

sh e e t r e s is ta n c e  obtained  from the  masked GaAs, measured on TLM 
t e s t  s t r i p s  p a tte rn ed  as b e fo re , was found to  be tw ice  the  sh ee t 

re s is ta n c e  o f the  wafer befo re  im p lan ta tio n  (measured on a mesa 
s tru c tu re ) .  I t  was th e re fo re  l ik e ly  th a t  some p ro tons s t i l l  had 
s u f f i c i e n t  e n e rg y  to  p a ss  th ro u g h  th e  g o ld -a rse n ic  t r i s u lp h id e  
mask in to  th e  s u b s tra te  below.

A lth o u g h  f u r t h e r  im provem ents may have been  made to  t h i s  

p rocess  using  e i th e r  a th ic k e r  lay er o f aluminium f o i l  d u r irg  the  
im p la n t  o r by t r y in g  to  p ro d u ce  th ic k e r  g o ld  m asks -  in  two 
l i th o g ra p h ic  s te p s  fo r example -  the  technique on the  whole d id  

n o t seem to  be v e ry  p r a c t i c a l  o r e f f i c i e n t .  The ran g e  o f  th e  
p ro tons through th e  gold masks, even when an aluminium f ilm  was 
employed to  absorb  some o f th e i r  energy, was s t i l l  g re a te r  than 
the  th ick n ess  o f gold which could be p a tte rn ed  e a s i ly .

5 ,4  Boron Im plantation

5 .4 .1  Introduction

An a l te r n a t iv e  method o f is o la t io n  i s  to  use boron in s tead  
o f p ro ton  im p la n ta tio n . In th i s  case , because o f  th e i r  s iz e ,  the  
b o ron  io n s  have  a much s h o r t e r  ran g e  th a n  p ro to n s  o f  th e  same 
energy (approx im ately  30 %) [5 .6]. An im p la n ta t io n  f a c i l i t y  was 
a v a i l a b l e  a t  th e  SERC m ic r o f a b r ic a t io n  f a c i l i t y  a t  E d inburgh  

U n iv e r s i ty  b u t ,  a s  i t  was p a r t  o f  a s i l i c o n  f a b r i c a t i o n  l i n e ,  
gold masks had to  be avoided as the  gold could have contam inated 

the  system .
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5.4.2 Metal on Bolymer Ion im plantation

M eta l on polym er m asks w ere f a b r ic a te d  u s in g  a t h i c k  
germ anium  la y e r  (0 . 8 jum), in  p la c e  o f  g o ld , a s  th e  p r im a ry  mask 
and p o ly im id e  a s  a p a r t in g  l a y e r .  The i n i t i a l  m asks w ere 

fa b r ic a te d  using  Tennant's p ro cess  [5.5,5.6] where the  germanium 
mask was p a tte rn ed  by l i f t - o f f  on a 35Qnm film  o f polyim ide which 
was s p in  c o a te d  o n to  a GaAs w a fe r . A low pow er, oxygen p la sm a  

e tc h  was used to  remove the  polymer not covered by the mask. The 
p re s su re  was 100 mT and th e  e tch  tim e was 40 m inutes to  ensure  

t h a t  th e  germ anium  was s u f f i c i e n t l y  u n d e rc u t to  avo id  c r o s s -  
lin k in g  o f the  polyim ide (se c t 5. 4.6).

The w a f e r s  w ere  s e n t  to  E d in b u rg h  U n i v e r s i t y  f o r  

im p la n ta t io n .  A boron  d ose  o f  2x10^^ cm“ ^ and e n e r g ie s  up to  
120 KeV w ere s u f f i c i e n t  to  i s o l a t e  200 nm o f  a c t i v e  m a t e r i a l .  

The masks were removed by d is so lv in g  the  polyim ide lay er in  hot 
a c e to p h e n o n e . I t  was found t h a t  th e  masks had been e f f e c t i v e  
du rin g  th e  im p lan ta tio n  s in ce  th e  sh ee t re s is ta n c e  o f the  masked 
TLM s t r ip e s  were the same as th e  un im planted m a te r ia l. T herefo re , 

boron im p la n ta tio n  using m eta l on polymer masks was adopted as a 
means o f is o la t in g  dev ices.

5 .4 .3  Modified MOP Mask

The m o d if ie d  MOP mask p r o c e s s ,  m en tio n ed  p r e v io u s ly  was 
developed as a r e s u l t  o f d isco v e rin g  th a t  polyim ide is  in  f a c t  a 
n e g a tiv e  e le c tro n  r e s i s t .  The c h a ra c te r is a t io n  o f polyim ide as a 

n e g a t iv e  r e s i s t  i s  g iv e n  in  th e  n e x t s e c t io n .  The m o d if ied  MOP 
mask p ro c e s s  i s  th e n  d e s c r ib e d .  An a d d i t io n a l  a p p l i c a t io n  fo r  

p o ly im id e  a s  a  r e s i s t  was found in  th e  f a b r i c a t i o n  o f  c i r c u i t  

c r o s s o v e r s  ( s e c t .5.5).

5.4.4 Characterisaticxi o f  Polyim ide as a Negative Electron R esist

P olyim ide, when cured a t  low tem peratu re  (<2(XPC), does no t 
become c ro s s - lin k e d  and can th e re fo re  be d isso lv ed  in  an organic 
s o lv e n t  such  a s  a ce to p h en o n e . H ow ever, i t  was d is c o v e re d  t h a t  
when i t  i s  exposed  by an e l e c t r o n  beam th e  p o ly im id e  i s  c r o s s -  
lin k e d  and becomes in so lu b le . T herefore  polyim ide i s  s u ita b le  fo r
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use as a  n eg a tiv e  e le c tro n  r e s i s t .

The p o ly im id e  u se d  w as p r e im id is e d  C ib a -G eig y  XCJ218 
d isso lv ed  in  35:65 acetophenone:xylene. A 10% poly im ide so lu tio n  
was sp in  coated  on to  c lean  GaAs w afers and then  baked fo r 1 hour 

a t  180^0. A sp in  speed o f 5000 rpm was used to  produce a uniform  
350 nm th ic k  f i l m .  An ex p o su re  t e s t  p a t t e r n  c o n s i s t in g  o f  a s e t  

o f  s t r ip e s  %)pm wide and 30pm a p a r t  ( f ig  5.2) was exposed w ith  a 
500 nm d iam eter e le c tro n  beam. The exposure dose ranged from 100 

p C /cm ^  to  4000 p C /c m ‘̂ . A f te r  d ev elopm en t th e  th ic k n e s s  o f  th e  
r e s i s t  was measured by ta ly s te p .

F ig u re s  5.3 and 5.4 a re  t y p i c a l  d ev e lo p ed  th ic k n e s s  v e r s u s  
exposure cu rves fo r polyim ide f ilm  th ick n esses  o f 350 and 1400 nm 
r e s p e c t iv e ly .  A s o lu t io n  o f  8 :10  a c e to p h e n o n e :x y le n e  a t  room 
tem peratu re  (21°C) was used as a developer. The developm ent tim es 
were 2 and 8 m inutes re sp e c tiv e ly . The c o n tra s t  va lues obtained  
from the  maximum slope of these  curves were 2.14 and 2.15 which 
a r e  h ig h  fo r  a n e g a t iv e  r e s i s t  [5 .1 0 ]. A lso from  th e s e  c u rv e s ,  
th e  g e l dose, which i s  the  minimum exposure dose fo r the  r e s i s t ,  

i s  ab o u t 300pC/cm^ in  b o th  c a s e s .  The s ig n i f i c a n c e  o f  t h i s  
p a r t ic u la r  number w i l l  be d iscussed  in  the MOP mask fa b r ic a t io n  

s e c t io n  (5 .4 .5 .9 ) .

The developm ent ra te  can be increased  by e i th e r  heating  the 

d e v e lo p e r  s o l u t i o n  o r ,  more p r a c t i c a l l y ,  th e  ace to p h en o n e  
c o n c e n t r a t io n  can  be in c re a s e d .  S tro n g e r  (or h o t t e r )  d e v e lo p e r  
so lu tio n s  no t only  reduce the  development tim e b u t they  d is so lv e  

a l l  o f  th e  unexposed  p o ly m er; w eaker s o lu t io n s  o f te n  le a v e  

d e p o s its  o f r e s i s t  on the  su b s tra te .

F ig u re  5.5 show s how th e  d ev e lo p m en t r a t e  o f  unexposed 

polyim ide v a r ie s  w ith  the  acetophenone:xylene r a t i o  (a t 21^C). I t  
can  be seen  t h a t  th e  r a t e  i s  c o n s ta n t  fo r  a r a t i o  g r e a t e r  th an  
16:10. However, when s tro n g e r developers were used, the  g e l dose 

was increased  from 300 pC/an^  in  8:10 so lu tio n  to  550 ^C /an^  in  

n e a t  a c e to p e n o n e . T h is  i s  u n l ik e ly  to  be im p o r ta n t  when th e  
r e s i s t  i s  to  be used as a neg a tiv e  r e s i s t  s in ce  doses much h igher 
th a n  th e  g e l  d o se  would p ro b a b ly  be used  to  e n su re  t h a t  th e  
r e s i s t  i s  co m p le te ly  c ro s s - lin k e d . T herefore , th e  b e s t developer
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fo r  poly im ide was chosen to  be th e  16:10 so lu tio n . This g iv es  th e  
maximum d ev e lo p m en t r a t e  (0.5 y im /m in ), a low  g e l  dose  (400 
;iC/cm^) and com pletely  d is so lv e s  the  unexposed polyim ide leav in g  
th e  s u b s tr a te  c le a r  o f undeveloped p a r t i c le s .

The p r o f i l e  o f  th e  d ev e lo p ed  p o ly im id e  was found to  be 
s u i t a b l e  f o r  b r id g in g  c i r c u i t r y  due to  i t s  s lo p in g  r a th e r  th a n  
v e r t i c a l  s id e  w a lls . These b rid g es  w il l  be desc rib ed  in  se c tio n  

5 .5 . M e ta l on Polym er m asks w ere a l s o  f a b r i c a t e d  making use o f  
th e  n e g a t iv e  e l e c t r o n  r e s i s t  p r o p e r t i e s  o f  p o ly im id e . In  th e s e  

m asks a  w eaker d e v e lo p e r  s o lu t io n  had to  be used as  a low  g e l  
dose (300 pC/crn^) i s  an e s s e n t ia l  fe a tu re  o f the  p rocess.

5.4.5 M odified MOP Mask f a b r ic a t io n  Process

M eta l on po lym er m asks w ere  f a b r i c a t e d  u s in g  a b i - l a y e r ,  
PMMA on p o ly im id e  r e s i s t  sy stem  ( p o s i t iv e  on n e g a t iv e ) .  A 

s c h e m a tic  o f  th e  f a b r i c a t i o n  p ro c e s s  i s  g iv e n  in  f ig u r e  5 . 6 . 
P o ly im ide  was sp in  coated on a c lean  GaAs wafer a t  5000 rpm fo r 1 

m in u te  th e n  baked a t  180®C fo r  1 h o u r. A la y e r  o f  low  m o le c u la r  
w e ig h t PMMA (15% in  c h lo ro b e n ze n e ) was spun on to p  o f  th e  
po ly im ide  a t  6000 rpm. The sam ples were then baked fo r a fu r th e r  

2 h o u rs  a t  180°C. The r e s p e c t iv e  po lym er th ic k n e s s e s  w ere 0.35 
and 1 ^m.

The mask p a t t e r n s  w ere exposed  u s in g  a 0.25 um d ia m e te r  

electrcffi beam. An exposure dose o f 350 pC/cm^  was used. This was 
p re v io u s ly  determ ined to  be the  optimum dose fo r r e l ia b le  l i f t ­

o f f  o f  t h i c k  germ anium  f i lm s .  I t  sh o u ld  a ls o  be n o ted  t h a t  350 
pC/cm2 i s  j u s t  g re a te r  than th e  g e l dose fo r polyim ide developed 

in  8:10  s o lu t io n .

The PMMA was developed fo r 1 minute in  1:1 IPA:MIBK so lu tio n  
a t  23°C. A th ic k  germ anium  f i lm  (0.8 /im) was th e n  th e rm a l ly  

evapo ra ted  and the  mask p a t te rn s  defined  using l i f t - o f f .  A th in  
n ic h ro m e  f i lm  was d e p o s i te d  b e fo re  th e  germ anium  to  p rom ote  

a d h e s io n  to  th e  polym er l a y e r .  I t  was found t h a t  l i f t - o f f  was 
more r e l i a b l e  when the sam ples were immersed in  acetone as soon 
a s  th e y  w ere  rem oved from  th e  vacuum sy s te m . At t h i s  p o in t  th e  
germ anium  f i lm  was s o f t  and e a s i l y  s c r a tc h e d  w ith  tw e e z e rs .
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MOP MASK FABRICATION
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1) Expose
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2) Develop and Metallise
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4) Remove Polyimide
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— Polyimide 

Substrate

-Metal

F ig . 5 .6  Schematic diagram o f  the MOP mask fab rication  process



However, when the  f ilm  was exposed to  atmosphere fo r more than  a 
few m inutes i t  became ex trem ely  d i f f i c u l t  to  s c ra tc h . When th i s  
happened th e  tim e  ta k e n  fo r  th e  s o lv e n t  to  d i s s o lv e  th e  PMMA 
in c re a s e d  and l i f t - o f f  o f te n  had to  be co m p le ted  u s in g  u l t r a ­
sonic a g i t a t io n .

A f te r  l i f t - o f f  th e  u n covered  p o ly im id e  was rem oved by 
d is so lv in g  i t  in  8:10  ace tophenonerxylene  s o lu t io n ;  e f f e c t i v e l y  
d e v e lo p in g  th e  p o ly im id e  r e s i s t .  When th e  mask p a t t e r n  was 

ex p o sed , th e  p o ly im id e  under th e  mask was c r o s s - l i n k e d  b u t ,  
because o f th e  r e l a t iv e ly  low dose , was not co m ple te ly  in so lu b le  
in  th e  p o ly im id e  d e v e lo p e r  ( s e e  f i g .  5 .3 ) . T h e r e f o r e ,  an  
un d ercu t, p a r t i c u la r ly  d e s ire a b le  in  MOP ion im p la n ta tio n  masks, 

was produced by d is so lv in g  th e  unexposed polyim ide and p a r t i a l l y  
d is so lv in g  the  po ly im ide  under the  germanium mask. Varying the  

developm ent tim e c o n tro lle d  th e  amount o f u n d ercu ttin g  ob ta ined .

F ig u re  5.7 c o n ta in s  th r e e  scanning  e le c tro n  m icrographs o f 
th e  p r o f i le s  ob ta ined  fo r th re e  d i f f e r e n t  developm ent tim es. The 
to p  m icrograph i s  o f a sample developed fo r 2 m inutes which was 

th e  tim e  ta k e n  to  c l e a r  th e  uncovered  p o ly im id e . T here  i s  no 
u n d e r c u t t in g  o f  th e  germ anium . The d ev e lo p m en t t im e s  fo r  th e  
c en tre  and low er m icrographs were 5 and 10 m inu tes re sp e c tiv e ly . 
These e x h i b i t  good u n d e rc u t p r o f i l e s .  Both o f  th e s e  would be 
id e a l  fo r  u se  a s  an io n  im p la n ta t io n  mask a s  th e r e  i s  no 
p o s s i b i l i t y  o f  th e  po lym er below  e i t h e r  mask becom ing c r o s s -  
lin k ed  by the  ion beam.

5.4.6 C hem ically  Produced MOP Masks v e rsu s  Plasma Etched

A s e t  o f  MOP m asks w ere f a b r i c a te d  u s in g  oxygen p la sm a  
e tc h in g  to  rem ove th e  uncovered  p o ly im id e . The e tc h in g  was 
c a r r ie d  o u t in  a low power ash er (lOW r f  power) a t  a p re ssu re  o f 

100 mTorr. Etch tim es were: 20 m inutes (the tim e  taken to  c le a r  
th e  s u b s t r a te )  and 30 and 40 m in u te s . F ig u re  5.8 shows th e  
p r o f i l e s  o b ta in e d  fo r  each  o f  th e s e  e tc h  t im e s  ( to p  to  bo ttom  

re sp e c tiv e ly ) . The 20 and 30 m inute e tch es  produced masks which 
do e x h ib i t  some u n d e rc u t t in g  b u t ,  in  b o th  sam p les  th e r e  was a 
polyim ide " t a i l "  extending beyond th e  germanium edge. This t a i l  
would be exposed to  the ion beam during  im p la n ta tio n , becoming
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2 Minutes Development

5 Minutes Development

10 Minutes Development

Fig . 5.7 SEM m icrographs o f MOP masks where the  polyim ide la y e r  
was developed for 2, 5 and 10 m inutes in  acetophenone:xylene.



1 jjm

20 Minutes Etch

30 Minutes Etch

40 Minutes Etch

Fig. 5.8 SEM m icrographs of MOP masks where the  polyim ide lay er 

was etched fo r 20, 30 and 40 minutes in  an oxygen plasma.



c r o s s - l i n k e d  and s u b se q u e n tly  d i f f i c u l t  to  rem ove. The sam p le  
which was etched  fo r 40 m inutes does n o t have th i s  polymer " ta i l "  
and would th e re fo re  be s u ita b le  fo r use as an im p lan ta tio n  mask.

MOP masks were fa b ric a ted  on 85 nm n^ GaAs e p i- la y e r s  using 
b o th  p la sm a  e tc h in g  (30 min) and c h e m ic a l d ev e lo p m en t (5 m in ). 
The w afers  were im planted a t  Edinburgh U n iv e rs ity  to  i s o la te  the  
m a sk e d  r e g i o n s  (2 .1 0 ^ ^  io n s /c m ^ ,  40 an d  80 keV ). A f t e r  
im p la n ta t io n  th e  MOP masks w ere rem oved by d is s o lv in g  th e  
p o ly im id e  p a r t in g  la y e r  in  b o i l in g  ace to p h en o n e . T h is  was 
e s s e n t i a l  a s  th e  p o ly im id e  had become s l i g h t l y  c r o s s - l in k e d  
d u r in g  th e  e x p o su re  o f th e  mask p a t t e r n s .  On some o c c a s io n s  

p a r t s  o f  th e  mask would rem ain  a f t e r  th e  p a r t in g  la y e r  was 
d i s s o lv e d .  However, t h i s  co u ld  r e a d i l y  be r e s o lv e d  by p la c in g  
th e  w afer in  an u ltr a s o n ic  bath  fo r  a few seconds. I f  th i s  a lso  
f a i l e d ,  a s  a l a s t  r e s o r t ,  th e  re m a in d e r  o f  th e  mask co u ld  be 
removed by g e n tly  swabbing the wafer w ith  a co tto n  bud.

When th e  m asks had been rem oved, th e  s u r f a c e  o f  th e  w a fe r 
m asked u s in g  th e  c h em ica l f a b r i c a t i o n  te c h n iq u e  was p e r f e c t l y  

c le a n .  H ow ever, on th e  w afer m asked by th e  d ry  e tc h e d  mask th e  

o u t l i n e  o f  th e  mask was l e f t  on th e  s u b s t r a t e .  T h is  in d ic a te d  
th a t  th e  sample had not been etched fo r long enough and th a t  th e  
p o ly im id e  t a i l s  h ad , a s  a l r e a d y  p re d ic te d ,  become c ro ss-lin k ed  
d u r in g  th e  im p la n ta t io n .  The o u t l i n e  p a t t e r n  was c o m p le te ly  
in s o lu b le  and could no t be removed even by u l t r a - s o n ic  a g ita t io n .

5 .4 .7  D iscu ssion

T h is  t e s t  showed t h a t  th e  m o d if ie d  MOP mask f a b r i c a t i o n  
techn ique  was more r e l ia b le  in  th a t  th e  masks were more re a d ily  
removed a f te r  im p lan ta tio n . The fa b r ic a t io n  tim e  was a lso  much 
s h o r t e r  u s in g  th e  new te c h n iq u e  s in c e  th e  p o ly im id e  cou ld  be 
d e v e lo p e d  a s  soon as  l i f t - o f f  o f  th e  germ anium  p a t t e r n  was 
c o m p le te d . Even n e g le c t in g  th e  pump-down t im e  o f  th e  vacuum 
s y s te m , th e  t im e  ta k e n  to  d ry  e tc h  th e  unco v ered  p o ly im id e  was 
e ig h t tim es  longer than the tim e taken  to  remove the  polymer by 
s o lv e n t .  The d ry  e tc h in g  p ro c e s s  would be much s h o r t e r ,  and 
b e t te r  p r o f i l e s  m ight have b ee i o b ta in ed , i f  high power RIE was 
used to  remove the  unwanted polymer la y e r . However, the  pump-down
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tim e o f the  sj^ tem  would s t i l l  make th i s  method longer than  th e  
m odified  method.

5 .5  C ircu it Crossovers Using Polyim ide Bridges

5 .5 .1  Introduction.

A f u r t h e r  a p p l i c a t i o n  f o r  n e g a t iv e  p o ly im id e  r e s i s t  was 
found in  the  f a b r ic a t io n  o f  c i r c u i t  crossovers.

In te rco n n ec tio n s  between d ev ices  on a ch ip  o fte n  have to  be 

made a c r o s s  p r e v io u s ly  d e f in e d  p a t t e r n s .  T h is  i s  n o rm a lly  
a c h ie v e d  by d e p o s i t in g  a d i e l e c t r i c  la y e r  over th e  e n t i r e  c h ip  

and th e n  in te r c o n n e c t in g  d e v ic e s  v ia  h o le s  e tc h e d  th ro u g h  th e  
d i e l e c t r i c  lay er [5.11]. This procedure re q u ire s  a masking and 

d ry  e tc h in g  s t e p  fo r  th e  f a b r i c a t i o n  o f  th e  v ia s  th e n  a n o th e r  
l i t h o g r a p h i c  s t e p  to  d e f in e  th e  in te r c o n n e c t io n s .  In  th e  

f o l lo w in g  s e c t io n s  a p ro c e s s  i s  d e f in e d  in  w hich p a r t s  o f  th e  
c i r c u i t  to  be c ro s s e d  a re  p r o te c te d  w ith  a la y e r  o f  p o ly im id e , 
p a tte rn e d  by e-beam lith o g rap h y . Although no d i r e c t  a p p lic a tio n  
fo r  c i r c u i t  c ro sso v e rs  was used in  the work of th i s  th e s i s ,  i t  i s  

l i k e l y  t h a t  th e  p ro c e s s  w i l l  be used  in  th e  f a b r i c a t i o n  o f  r in g  
o s c i l l a to r s  by o th e rs  in  the  group.

5.5.2 Jnteroonnactiiig T echn iques . _

A com parison between conven tional in te rco n n ec tio n s  and the 
poly im ide b ridg ing  technique i s  g iven  in  f ig u re  5.9.

In  f ig u r e  5.9a) th e  1 s t  and 2nd m e ta l l e v e l s  a r e  s e p a ra te d  

by a d i e l e c t r i c  la y e r ,  u su a lly  s i l ic o n  d iox ide. In te rco n n ec tio n s  
a re  made v ia  h o le s  d ry  etched through the d ie le c t r i c  la y e r . The 
2 nd l e v e l  m e t a l l i s a t i o n  h as  to  be th ic k  enough to  f i l l  th e  v i a  
h o le s  to  e n su re  t h a t  th e r e  i s  a c o n tin u o u s  c o n ta c t  b e tw een  th e  

m eta l in  the  hole and the  in te rc o n n ec tio n  i t s e l f .

A more e la b o ra te  p ro cess , bu t s im ila r  to  the  p rev ious one, 

i s  i l l u s t r a t e d  in  f i g  5.9b) [5 .1 2 ]. At th e  p o in t  w here a
c o n n e c tio n  i s  to  be made a h o le  i s  io n  m il le d  th ro u g h  th e  2nd 
le v e l  m e ta l l ic  la y e r ,  through th e  d ie l e c t r i c  la y e r and p a r t  way
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F ig . 5.9 S ch em atic  diagram  showing v a r io u s  tech n iq u es  fo r  

interconnecting d ev ices  on an integrated c ir c u i t .



in to  the  lower m e ta l l ic  la y e r  using a focussed ion beam. The ion 
beam scan  i s  th e n  red u ced  to  c o v e r o n ly  th e  c e n t r e  o f  th e  v ia .  

The f i r s t  le v e l m eta l i s  then  sp u tte re d  and p a r t ly  red ep o sited  on 
th e  v e r t ic a l  w a lls  form ing a s h o r t  c i r c u i t .  Although e f f i c i e n t  

c o n ta c t s  w ere r e p o r te d  u s in g  t h i s  m ethod th e  tim e  ta k e n  to  
p ro d u ce  each  s h o r t  c i r c u i t  was a lm o s t  4 m in u te s  fo r  3 x 3 pm 
dim ensions.

The p o ly im id e  b r id g in g  te c h n iq u e  i s  shown in  f ig u r e  5 .9 c ). 
A p o ly im id e  s t r i p e  s t r a d d l i n g  th e  p a r t  o f  th e  c i r c u i t  to  be 

c r o s s e d  i s  p a t t e r n e d  by  e l e c t r o n  beam l i t h o g r a p h y .  The 
in te r c o n n e c t io n s  can  th e n  be made by p a t te r n in g  th e  2 nd l e v e l  

m e ta l l ic  lay er over th e  po ly im ide b rid g e  in  another l i th o g ra p h ic  
s te p .  C le a r ly  t h i s  m ethod i s  a  l o t  s im p le r  th a n  th e  p re v io u s  

methods d esc rib ed , p a r t i c u la r ly  when e-beam lithog rap iiy  i s  being 
used fo r a l l  o th e r p a t te rn  d e f in i t io n  s te p s , as i t  only re q u ire s  

tw o s t r a i g h t  fo rw a rd  l i t h o g r a p h i c  s t e p s .  T here  i s  no need fo r  
d ry  e tch ing  or ion beam p ro cessin g .

5.5.3 Fabrication o f  Crossovers

When polyim ide i s  used as a n eg a tiv e  r e s i s t ,  the  developed 

l i n e s  have s lo p in g  w a l l s  a n g le d  from  45° to  60° dep en d in g  on 
exposure and developm ent c o n d itio n s . F igure 5.10 shows the  end 
p r o f i l e  of a polyim ide s t r i p e  (1 pm wide and 0.7 pm th ick) a f te r  

developm ent. The exposure dose was 1700 pC/cm^ and the  developer 
used  was 16:10 a ce ta p h e n o n e  :x y le n e . A d ev elo p m en t tim e  o f  90 
seconds was requ ired  to  c le a r  th e  s u b s tra te  o f unexposed r e s i s t .  

T his type o f p r o f i le  i s  id e a l fo r th e  fa b r ic a t io n  o f  c ro sso v ers  
because continuous m e ta l l ic  l in e s  can re a d ily  be p a tte rn ed  over 

th e  polyim ide edges using l i f t - o f f .

5 .5 .4  T est C ircu it

To t e s t  th e  e f f e c t i v e n e s s  o f  c ro s s o v e r s  f a b r i c a te d  u sin g  
p o ly im id e  b r id g e s  to  i n s u l a t e  c i r c u i t  l e v e l s  th e  t e s t  p a t t e r n  

^ o w n  in  fig u re  5.11a) was developed. C irc u its  were fa b ric a te d  
on s i l i c o n  w a fe rs  c o a te d  w ith  an in s u l a t i n g  la y e r  o f  s i l i c o n  
n i t r i d e .  The f i r s t  le v e l m e ta l l i s a t io n  was the  h o riz o n ta l b a rs  
c o n n ec te d  to  th e  tw o p ro b in g  p ad s  on th e  l e f t  hand s id e .  The
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Fig, 5.10 SEM m icrograph of a se c tio n  taken through a developed 

p o ly im ide  l in e .  The marker is  1 um.



St  l e v e l  m e t a l
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F ig . 5.11a) C i r c u i t  to  t e s t  th e  r e l i a b i l i t y  o f p o ly im id e  

b r id g e s .

F i g . 5 . l i b )  M ic ro g ra p h  o f  th e  t e s t  c i r c u i t  show n in  a) 

fa b r ic a te d  on a s i l ic o n  n i t r id e  coated  s i l ic o n  w afer.



b a rs  were p a tte rn ed  by e le c tro n  beam exposure o f low m olecu lar 
w e ig h t PMMA, fo llo w e d  by d ev e lo p m en t in  1:1 IPArMIBK and th e n  
m e t a l l i s a t i o n  (lOOnm Au) and l i f t - o f f .  P o ly im id e  (350nm) was 
th e n  s p in  c o a te d  o n to  th e  w a fe r and baked fo r  1 hour a t  180°C. 

N ext th r e e  s t r i p e s  w ere ex p o sed , tw o o f  w hich s t r a d d le d  th e  
p r e v io u s ly  p a t te r n e d  g o ld  l i n e s ,  u s in g  c ru d e  a l ig n m e n t to  th e  
c o r n e r s  o f  th e  p ro b in g  p ad s  (see  s e c t io n  4 . 2 .2  fo r  a l ig n m e n t 
te ch n iq u es), The unexposed poly im ide was removed by developing 

in  16 :1 0  a ce to p h e n o n e :x y le n e  fo r  1 m in u te . Two s e t s  o f  g o ld  
s t r i p e s  w ere th en  p a t te r n e d  a s  b e f o r e ,  one s e t  c r o s s in g  th e  

po ly im ide  bridges w hile the  o th er was deposited  d i r e c t l y  on to  
th e  s u b s t r a t e .  The d im e n s io n s  o f  th e  w ide and n a rro w  g o ld  

s t r i p e s  w ere 15 and 8 m ic ro n s  r e s p e c t iv e ly .  The p o ly im id e  
s t r i p e s  w ere  a p p ro x im a te ly  tw ic e  th e  w id th s  o f  th e  u n d e r ly in g  
gold s t r ip e s .  An SEM m icrograph o f  a completed t e s t  c i r c u i t  i s  
g iv e n  in  f ig u r e  5 .11b).

5 .5 .5  R e s u lt s

When th e s e  c i r c u i t s  w e re  t e s t e d ,  u s in g  an HP 414A 
se m ic o n d u c to r  p a ra m e te r  a n a l y s e r ,  i t  was fo u n d  t h a t  t h e  

r e s i s t a n c e  o f  a g o ld  s t r i p e  p a s s in g  over th e  th r e e  p o ly im id e  
b rid g e s  was not s ig n i f ic a n t ly  d i f f e r e n t  to  a s t r ip e  o f th e  same 
d im e n s io n  p a t te r n e d  d i r e c t l y  on to  th e  s u b s t r a t e .  In  f a c t  th e  

r e s is ta n c e  o f the crossover s t r ip e s  was sometimes le s s  than th a t  
o f  th e  l in e s  p a tte rn ed  on the  s u b s tra te .  This in d ic a te s  th a t  the 
r e s i s t a n c e  v a r i a t i o n s  o b se rv ed  w ere p r im a r i ly  due to  s l i g h t  
v a r ia t io n s  in  the s t r ip e  w id ths and were not a sso c ia te d  w ith  the  

po ly im ide  b ridge s tep s .

As a second t e s t ,  a v o l ta g e  was a p p l ie d  betw een  th e  

s u b s tr a te  and crossover s t r ip e s  and the  leakage c u rre n t through 
th e  po ly im ide  measured (HP 4145). I t  was found th a t  a n e g lig ib le  
c u r r e n t  o f  l e s s  th a n  10 nA p a sse d  betw een  th e  s t r i p e s  fo r  
p o te n t ia l  d if fe re n c e s  up to  50 v o l ts  (fig  5.12). No s ig n if ic a n t  

leakage c u rre n t was observed u n t i l  about 70V was ap p lied  acro ss  
th e  b r id g e .  Above 70 V th e  le a k a g e  c u r r e n t  ro s e  e x p o n e n t i a l ly  
to  a p p ro x im a te ly  1 mA w ith  100 V a p p l ie d .  Most o f  th e  b r id g e s  
te s te d  up to  100 V a t  the tim e  o f fa b r ic a tio n  showed no p h y sica l 
s ig n s  o f  breakdown although when th e  samples were r e te s te d  some
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F ig .5.12 Graph o f le a k a g e  c u r r e n t  v a p p l ie d  v o lta g e  a c ro s s  a 
po ly im ide  b rid g e . The polyim ide th ickness was 350 nm.

F ig .5.13 SEM m ic ro g ra p h  o f a d e v ice  a f t e r  100 V was a p p lie d  
between the  c ro sso v er connections and the  s u b s tra te  connections.



th r e e  w eeks l a t e r  m ost o f them b ro k e  down a t  a b o u t 80 V ( f ig  

5 .1 3 ). H ow ever, th e  low  v o l ta g e  ( l e s s  th a n  ab o u t 50V) le a k a g e  
c u rre n ts  were u n a lte red .

5.5 .6  D iscu ssio n

Polyim ide b rid g es  could be used in  in te g ra te d  c i r c u i t s  where 

in te r c o n n e c t io n s  need to  be made a c r o s s  p r e v io u s ly  p a t te r n e d  
a re a s  o f th e  ch ip . V oltages o f up to  50 v o l t s ,  which corresponds 

to  a f i e l d  o f  1.4 MV/cm in  th e  d e v ic e s  t e s t e d  ab o v e , can  s a f e ly  
be ap p lied  between the  crossovers  and underly ing  c i r c u i t s .  Hie 
leakage c u r re n t  even w ith  th is  high e l e c t r i c  f i e ld  i s  l e s s  than 
10 nA. I f  h ig h e r  v o l ta g e s  w ere r e q u ir e d  i t  would be e a sy  to  
f a b r ic a te  c ro sso v e rs  w ith  a th ick e r poly im ide in s u la tin g  la y e r .

This method o f dev ice  in te rco n n ec tio n  would be p a r t i c u la r ly  
a p p l i c a b le  to  p ro c e s s e s  in  w hich e l e c t r o n  beam l i th o g r a p h y  i s  
used  a s  th e  o n ly  p a t t e r n  d e f i n i t i o n  to o l .  B ecause o f  th e  

r e l a t iv e ly  low s e n s i t iv i ty  o f po ly im ide, i t  i s  u n lik e ly  th a t  the  
m ethod would have co m m erc ia l a p p l i c a t i o n s ,  b u t in  a r e s e a r c h  
environm ent i t  could be u se fu l, p a r t i c u la r ly  in  the  developm ent 

s ta g e .

Chapter 5 R eferences

[5.1] J.P . Donnelly, F.J. Leonberger, "M ultip le-E nergy  Proton
Bom bardm ent in  n'^ GaAs," S o lid  S t a t e  E l e c t r o n i c s ,  20, 183-189 

(1977).

[5 .2] J.M. Z avada, H.A. J e n k in s o n , R.G. W ilso n , D.K. Sad a n a ,
"D epth D i s t r i b u t i o n  and Damage C h a r a c t e r i s t i c s  o f  P ro to n s
Im planted in  N-Type GaAs," J .  i ^ ^ l .  Phys. 57, 2299-2301 (1985).

[5.3] J.C . Dyment, J.C . N o rth , L.A. D 'A saro , " O p tic a l  and
E le c t r ic a l  P ro p e r tie s  o f Proton-Bombarded P-Type GaAs," J .  Appl. 

Phys. 44, 207-213 (1973).

[5 .4] W.S. M ackie, PhD T h esis , Glasgow U n iv e rs ity  (1984).

101



[5.5] D.M. Tennant, "M etal on Polymer Ion Im p lan ta tio n  Mask," J . 
Vac. S c i .  T echnol. B l, 494-496 (1983).

[5.6] P. G rabbe, R.E. Howard, E.L. Hu, D.M. T e n n a n t, "M eta l on 

Polymer Masks fo r R eactive Ion E tching," Proc. 10th In te rn a tio n a l  
C o n fe ren ce  on E le c tro n  and Ion  Beam T echno l. M o n tre a l, Canada 
(E lec trochem ical S o c ie ty , Pennington NJ 1983).

[5 .7] W. P a t r i c k ,  W.S. M ackie, S.P. Beaum ont, C.D.W. W ilk in so n , 
"Polyim ide as a  N egative E lec tro n  R e s is t and i t s  A p p lica tio n  in  

C ro s so v e rs  and M eta l on Polym er Mask F a b r ic a t io n ,"  P ro c . 2 9 th  
I n t e r n a t i o n a l  Symposium on E le c t r o n ,  Ion  and P hoton  Beams, 

P o r t la n d ,  Oregon (1985). P ro c e e d in g s  to  be p u b lis h e d  in  J . Vac. 
S c i .  T ech n o l B (Jan  1986).

[5 .8] D.C. D 'A vanszo, "P ro to n  I s o l a t i o n  fo r  GaAs I n te g r a te d  
C ir c u i t s ,"  IEEE Trans. E lec tro n  D evices, H>-29, 1051-1059 (1982).

[5.9] S h ip ley  AZ P h o to re s is t  d ev e lo p er.

[5.10] "E-Beam Techniques in  M ic r o e le c tro n ic  F a b r ic a t io n ,"  G.R. 

Brewer p llO , Academic P ress  (1980).

[5.11] S .I . Long, B.M. W elch, R. Zucca, P.M. A sbeck , C.P. Lee, 
C.G. K i r k p a t r i c k ,  F.S. L ee, G.R. K a e l in , R.C. Eden, "H igh Speed 
GaAs In te g ra te d  C i r c u i t s ,"  Proc. IEEE 70, 35-45 (1982).

[5 .12] J .  M e ln g a i l i s ,  C.R. M u s il ,  E.H. S te v e n s , M. U t l a u t ,  E.M. 
K e llo g , R.T. P o s t ,  M.W. G e is , R.W. M o u n ta in , "F ocussed  Ion  Beams 
Applied to  In te g ra te d  C irc u it  ^ ^ s tru c tu r in g ," Ite f. 5 .7

102



CBAPTKk 6 DEVICES CN THIN Gafts SQBglMES

6 .1  Introduction

In  t h i s  c h a p te r ,  th e  f a b r i c a t i o n  p ro c e s s e s  r e q u i r e d  f o r  
producing d ev ices (MESFETs in  th i s  case) on a c tiv e  membranes o f  
GaAs, a r e  d e s c r ib e d .  P r e v io u s ly ,  WS M ackie had d e v e lo p e d  a 
p ro c e s s  fo r  f a b r i c a t i n g  GaAs m em branes [6 .1 ,6 .2 ] ,  b u t  a t  t h a t  

tim e i t  was no t p o ss ib le  to  consider making any dev ices  because a 
r e l i a b l e  i s o l a t i o n  te c h n iq u e  had n o t been  d e v e lo p e d . H ow ever, 
w ith  the  developm ent o f m etal on polymer ion im p la n ta tio n  masks 

fo r b o ra i is o la t io n  the  f a b r ic a t ic n  o f membrane dev ices  was made 
p o s s ib le .

Using th in  s u b s tr a te s ,  the  very  high  re so lu tio n  c a p a b i l i t i e s  

o f e l e c t r o n  beam l i th o g r a p h y  can be used to  f a b r i c a t e  d e v ic e s  
w ith  d im e n s io n s  much s m a l le r  th a n  can  be a ch ie v e d  on s o l i d  

s u b s t r a t e s .  A lth o u g h  th e  l e n g t h  o f  th e  g a t e s  w i l l  n o t  
n e c e s s a r i ly  be reduced by a  s ig n i f ic a n t  amount, the  so u rc e -d ra in  
sep a ra tio n  can be decreased  thus reducing the  p a r a s i t i c  channel 

re s is ta n c e .  The reason sm all gaps cannot be r e l ia b ly  fa b r ic a te d  

on s o l id  s u b s t r a t e s  i s  t h a t  th e  ex p o su re  l a t i t u d e  f o r  c l o s e l y  
sp aced  p a t t e r n s  i s  s m a l l  1 6 .3 ,6 .4 ] . I d e a l l y ,  a t e s t  e x p o su re  

would have to  be done every  tim e gaps o f le s s  than say 1 pm were 
to  be f a b r i c a t e d .  T h is  would n o t o n ly  be t im e  co n su m in g , b u t ,  
evm  when the  optimum exposure fo r the  t e s t  p a t te rn  was found, i t  
w ould be d i f f i c u l t  to  m a in ta in  e x a c t ly  th e  sam e e x p o s u re , 
d ev e lo p m en t, and p r e - e v a p o r a t i o n  e t c h i n g  c o n d i t i o n s  f o r  

fa b r ic a tin g  the  a c tu a l d ev ice s .

On th in  s u b s tra te s  on th e  o th er hand, th e  exposure l a t i tu d e s  
a re  w id er and c lo s e ly  sp aced  p a t t e r n s  a r e  much more r e l i a b l y  
p ro duced  [6 .3 ] . T h is  i s  b ecau se  th e  number o f  e l e c t r o n s  
backseat t e r  ed from the  s u b s tra te  i s  sm a ll, (compared w ith  s o lid  
s u b s t r a t e s ) ,  so  p r o x i m i t y  e f f e c t s  a r e  g r e a t l y  r e d u c e d .  
T herefo re , MESFETs w ith  source d ra in  sep a ra tio n s  o f say  100 nm 

and g a te  le n g th s  down to  10 nm co u ld  be f a b r i c a te d  w ith o u t  to o  
much d i f f i c u l t y .  W ith th e s e  v e ry  s m a l l  d im e n s io n s , e l e c t r o n s  

would have a reasonable  chance o f being tra n s fe re d  b a l l i s t i c a l l y  
betw een  c o n ta c t s ,  even a t  room te m p e ra tu re  [6 .5 ] . I t  h a s  been
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shown, using  Monte C arlo  p a r t i c le  s im u la tio n , th a t  such a dev ice  
w ould e x h i b i t  h ig h  d r a in  c u r r e n t s  and transconductance  v a lu e s , 
ty p ic a l ly  2-3 tim es g re a te r  than a long channel MESFET [6.6]. A 
h igh  re s o lu tio n  alignm ent technique had a lre ad y  been developed in  

the  departm ent which could be used fo r p o s itio n in g  the  g a te s  in  
th e  c e n tre  o f the  so u rc e -d ra in  gap to  an accuracy  o f 5 nm [6.7].

6.2 Chapter O utline

I f  io n  im p la n ta t io n  i s  to  be used to  i s o l a t e  d e v ic e s  on a 

membrane, fo r obvious reasons i t  would be fa r  b e t te r  to  c a r ry  o u t 
th e  i s o l a t i o n  s t e p  (and f i r s t  l e v e l  c o n ta c t  p a t te r n in g )  b e fo re  

the  membranes a re  fa b r ic a te d . I f  th i s  i s  done however, th e  e tch  
mask on th e  back  o f  th e  w afe r h as to  be a l ig n e d  in  su ch  a way 

th a t ,  when the  membranes a re  fa b r ic a te d , they  co incide  w ith  the  
i s o l a t e d  r e g io n s .  To a c h ie v e  t h i s  a back  to  f r o n t  a l ig n m e n t 

te c h n iq u e  was d e v e lo p e d , f i r s t  on s i l i c o n  w a fe rs  and th e n  on 
GaAs. I h i s  p rocess i s  d escribed  in  d e ta i l  in  t±ie nex t s e c tio n .

M o d if ic a t io n s  had to  be made to  th e  membrane f a b r i c a t i o n  

p ro c e s s  [6 .1 ,6 .2 ]  b ecau se  a d i f f e r e n t  so u rc e  o f  m a te r i a l  was 
used. T his m a te r ia l  was d i f f e r e n t  to  the  p rev ious batch  and as 

s u c h  d i f f e r e n t  e t c h i n g  r a t e s ,  e t c .  w e re  o b t a i n e d .  The 
f a b r i c a t i o n  p r o c e s s ,  in c lu d in g  th e  m o d i f ic a t io n s  i s  g iv e n  in  

s e c tio n  6.5.6. T ests  were c a r r ie d  out on com pleted membranes to  
f in d  o u t  i f  th e y  co u ld  w ith s ta n d  re p e a te d  l i t h o g r a p h ic  s te p s  

( s p in n in g , l i f t - o f f  e tc )  and to  e n su re  t h a t  ohm ic c o n ta c t  
a n n e a lin g  d id  n o t dam age th e  m em branes. I t  i s  shown t h a t  th e  

m em branes c o u ld  w i th s ta n d  r e l a t i v e l y  h a rs h  t r e a tm e n t  and t h a t  

a c tu a l dev ice  fa b r ic a t io n  was v ia b le  (se c t 6.6).

The p ro c e s s in g  s te p s  fo r  a r e a l  d e v ic e  a re  th e n  g iv e n . 
Devices were fa b r ic a te d  up to  the  p o in t where ohmic c o n ta c ts  were 

a n n e a le d  and t e s t e d  to  f in d  o u t i f  a c u r r e n t  c o u ld  be p assed  
th ro u g h  th e  a c t i v e  r e g io n s  o f  th e  m em brane. The r e s u l t s  o f  
th e s e  t e s t s  u n f o r tu n a te ly  s i g n i f i e d  th e  end o f  th e s e  membrane 

d e v ic e s ,  b u t  i t  i s  shown t h a t  hope fo r  f u tu r e  d e v ic e s  w ith  

d i f f e r e n t  m a te r ia l  s p e c if ic a t io n s ,  i s  s t i l l  h igh .
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6.3 Back to front Alignment

The f i r s t  back to  f ro n t a lignm ent experim ents were made on 
s i l i c o n  w a fe rs  c o a te d  on b o th  s id e s  w ith  s i l i c o n  n i t r i d e .  The 
s i l i c o n  n i t r i d e  was d eposited  by Chemical Vapour D eposition  (CVD) 

a t  the  SERC M ic ro fa b r ic a tio n  F a c i l i t y  a t  E d inbu rgh  U n iv e r s i ty .  
The w afers were app rox im ate ly  350 pm th ic k  w ith  60 nm o f  n i t r id e  

on both the  p o lish ed  (fron t) and the  unpolished  (back) su rfa c e s . 
These w afers were re a d i ly  a v a ila b le  in  the  departm en t where they  
were being used fo r s i l ic o n  n i t r id e  membrane f a b r ic a t io n  [6.8]. 
E s s e n t i a l l y  th e  a l ig n m e n t te c h n iq u e  in v o lv e d  e tc h in g  tw o (or 
more) w e lls  a l l  th e  way through th e  s i l ic o n  w afer and then  using  
th e s e  w e l l s  f o r  p o s i t io n in g  o f  th e  back  e tc h e d  w e l l s .  The 
procedure fo r back to  f ro n t a lignm ent is  g iven  in  the  fo llo w in g  

s e c t i o n s .  A s c h e m a tic  d iag ram  o f  th e  a lig n m e n t te c h n iq u e  i s  
shown in  f i g .  6.1.

6 .3 .1  Alignment T es t P a tte rn

The a l ig n m e n t t e s t  p a t t e r n  used in  th e s e  e x p e r im e n ts  i s  
shown in  f ig . 6.2. The two la rg e  re c ta n g le s  (620 pm square) a re  
th e  windows fo r  e tch in g  the  a lignm ent w e lls  through to  the  back 

o f th e  w afer. The m arkers in  th i s  case were c ro sse s  220 pm long 
by  15 pm w id e . I t  was th o u g h t t h a t  th e  m a rk e rs  would o n ly  e tc h  

sh a llo w  V -shaped  g ro o v e s  (s to p p in g  on th e  (111) p la n e s )  in  th e  
s i l i c o n  d u r in g  th e  e tc h in g  o f  th e  a l ig n m e n t w e l l s .  H ow ever, 
b ecau se  o f th e  a n i s o t r o p ic  n a tu re  o f  th e  s i l i c o n  e tc h  ( s e c t  

6 .3 .4 ) , i t  was found  t h a t  a r e l a t i v e l y  deep  p y ra m id a l w e ll  was 

e tc h e d  a t  th e  c e n t r e  o f  each  m ark e r. These w e l l s  w ere u sed  to  
t e s t  th e  a l ig n m e n t  o f  th e  back  e tc h e d  w e l l s .  The w indows and 

m a rk e rs  w ere exposed  u s in g  a fram e s iz e  o f  1.5 by 1.2 mm on 
w afers  m easuring 8 by 6 mm. The lo c a tio n  o f th e  exposure s i t e s  

r e l a t i v e  to  th e  l e f t  hand c o rn e r s  o f th e  w a fe r  w ere d e te rm in e d  
using  the  POSITION program desc rib ed  p re v io u s ly  ( s e c t  4.2).

6 .3 .2  R esis t Coating

A la y e r  o f  S h ip le y  AZ 1350J p h o t o r e s i s t  was s p in  c o a te d  on 

to  th e  f r o n t  s u r f a c e  (p o lish e d )  o f  th e  n i t r i d e  co v ered  s i l i c o n
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w afer. The r e s i s t  was spun fo r more than  30 seconds a t  4000 rpm 
to  ensure  th a t  a uniform  film  was c^ ta in ed . A fte r spinning th e  
w afer was baked a t  80 °C fo r  20 m inu tes. A la y e r o f r e s i s t  a lso  

had to  be app lied  to  p ro te c t  th e  back su rface  o f the w afer during  
e tch in g  o f th e  alignm ent w e lls . Spin coatin g  could no t be used 
because p lac in g  the  sample r e s i s t  s id e  down on the  vacuum chuck 
used  fo r  s p in n in g , would have r e s u l t e d  in  damage to  th e  
p r e v io u s ly  a p p lie d  r e s i s t  l a y e r .  T h e re fo re ,  th e  r e s i s t  was 

" p a in te d ” o n to  th e  back o f  th e  w a fe r u s in g  a s m a ll  s o f t  h a i r e d  
b rush . The sample was then baked fo r a fu r th e r  20 m inutes.

The a lig n m e n t t e s t  p a t t e r n  was exposed  w ith  a dose  o f  85 

pC/cm^ using a 250 nm d iam eter e le c tro n  beam and then developed 
f o r  60 seco n d s  in  n e a t  AZ d e v e lo p e r .  A f te r  dev e lo p m en t th e  
r e s i s t  was baked fo r  a t  l e a s t  30 m in u te s  a t  180 °C. T h is  p o s t  

developm ent bake was to  harden th e  r e s i s t  making i t  ccxnpletely 
in so lu b le  in  o rgan ic  so lv en ts  and in  the  the  s i l ic o n  n i t r id e  e tc h  
which fo llo w s.

6 .3 .3  S il ic o n  N itr ide  Etch

The s i l ic o n  n i t r id e  la y e r was etched in  b o ilin g  {hosphoric 
a c i d  u s in g  th e  p a t t e r n e d  r e s i s t  a s  a m ask  [ 6 .8 ] .  The 
c o n c e n tra tio n  o f the  acid  ( o r ig in a l ly  85 %) was a lte re d  by adding 

w a te r  u n t i l  th e  b o i l in g  te m p e ra tu re  was 146 °C. At t h i s  
te m p e r a tu r e  th e  e tc h  r a t e  o f  th e  n i t r i d e  was ab o u t 3.4 nm /m in. 
The e tc h in g  was c a r r i e d  o u t  in  a  f l a s k  f i t t e d  w ith  a r e f lu x  
condenser which kept the co n ce n tra tio n  o f the  ac id  and hence the  

b o ilin g  tem peratu re  co n stan t. The w afers were etched fo r about 
20 m inutes to  ensure th a t  a l l  o f the  n i t r id e  was removed. A fte r 
e tch in g  the  w afers were rin sed  in  de io n ised  w ater.

6 .3 .4  S i l ic o n  Etch

W e lls  w ere th e n  e tc h e d  th ro u g h  th e  s i l i c o n ,  u s in g  th e  

n i t r i d e  la y e r  w ith  th e  e tc h e d  windows a s  a mask [6 .8 ]. The 
s i l i c o n  e tc h  was b o i l in g  sodium  h y d ro x id e  s o l u t i o n ,  w ith  th e  

c o n c e n t r a t io n  a d ju s te d  to  g iv e  a b o i l in g  te m p e ra tu re  o f  121 
(a round  33 % by w eig h t) a t  w h ich  th e  e tc h  r a t e  was ab o u t 10 
pm/min. The sodium hydroxide so lu ticx i e tch es  the  s i l ic o n  (100)
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p la n e s  a b o u t 7 t im e s  f a s t e r  th a n  th e  (111) p la n e s ,  so th e  

r e s u l t i n g  e tc h e d  p i t s  a r e  p y ra m id a l w ith  s id e  w a l l s  a lm o s t  
p a r a l le l  to  th e  (111) p lanes. The sam ples were e tched  i n i t i a l l y  
fo r  30 m inu tes, then  a t  in te r v a ls  o f 2 m inutes u n t i l  th e  s i l ic o n  

had been etched  through to  th e  n i t r id e  lay er on th e  back (rough) 
su rfa c e . The sam ples were inspected  a f te r  each e tc h  by hold ing  
them  up to  th e  l i g h t  to  see  i f  th e  e tch e d  w e l ls  w ere v i s i b l e  
through the  n i t r i d e  f ilm  on the  back su rface  o f th e  w afe rs . When 

e tch in g  was com pleted the  sam ples were rin sed  in  d e io n ised  w ater 
and blow n d ry . In  t h i s  p a r t i c u l a r  e x p e r im e n t i t  was th e  
p o s i t i o n s  o f  th e  e tc h e d  w e l ls  w hich w ere im p o r ta n t  and n o t th e  
fo rm atio n  o f n i t r i d e  membranes.

A fte r th e  sodium hydroxide e tc h , the  sam ples were c leaned  in  
a m ix tu re  of co n cen tra ted  su lp h u ric  acid  and hydrogen perox ide . 
The a p p ro x im a te  r a t i o  o f  a c id  to  p e ro x id e  was a b o u t 20:7 . T h is  
p o s t  e tc h  c le a n  was to  rem ove any r e s id u a l  r e s i s t  from  th e  

sam p le s  a l th o u g h  m ost o f  th e  r e s i s t  had a l r e a d y  been  rem oved 
during  the  sodium hydroxide e tch . The sam ples were immersed in  

th e  c le a n in g  s o l u t i o n  fo r  a b o u t 10 m in u te s  and th e n  r in s e d  in  
d e io n ised  w ater and blown dry.

6 .3 .5  R esis t Coating For Back Etched Wells

A fte r  c le a n in g  AZ 1350J r e s i s t  was a g a in  c o a te d  on b o th  
s id e s  o f  th e  w a fe r  o n ly  t h i s  t im e  th e  r e s i s t  was s p in  c o a te d  on 
to  th e  back s u r f a c e  and " p a in te d "  on th e  f r o n t  s u r f a c e .  A f te r  
each r e s i s t  a p p lic a t io n  the  sam ples were baked fo r 20 m inutes a t  

80 °C.

6 .3 .6  A lignm ait

The p a t t e r n  f o r  th e  back  e tc h e d  w e lls  i s  shown in  f i g .  6.3 
T here  a re  12 s q u a re  w indow s (620 pm) c o rre sp o n d in g  to  th e  12 
m a rk e rs  on th e  f r o n t  o f  th e  w a fe r . The a l ig n m e n t o f  th e  back 

etched w e lls  to  th e  m arkers i s  as fo llow s

The sam p le s  w ere p la c e d  in  th e  SEM, w ith  th e  rough  s id e  o f  
th e  w a fe r to w a rd s  th e  e l e c t r o n  beam. A f te r  fo c u s s in g  on th e  
sp ec im en  w ith  a 250 nm d ia m e te r  beam , w hich w ould be used  fo r
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e x p o sin g  th e  w e l l  p a t t e r n ,  a lo w er beam s p o t  s i z e  (32 nm) was 
s e le c te d  and th e  f i r s t  a lignm ent w e ll was lo c a ted  and p o s itio n e d  
roughly  in  th e  c e n tre  o f the  m icroscope VDÜ screen . A sm all sp o t 
s i z e  was used  in  th e  lo c a t io n  o f  th e  w e l l s  to  m in im ise  th e  

ex p o su re  o f  th e  r e s i s t .  Once th e  w e l ls  had been  lo c a t e d ,  th e  

beam d iam eter was s e t  to  250 nm and the  e x ac t co o rd in a tes  o f  th e  
w e ll were determ ined  by con tin u o u sly  scanning th e  r a s te r  p a t te r n  
(1.5 X 1.2 mm fram e  s iz e )  shown in  f i g .  6.4. o v e r th e  w e l l .  The 
sam p le  was moved u s in g  th e  s ta g e  x and y s h i f t s  (and r o t a t i o n )  
u n t i l  the  w ell was p o s itio n ed  c e n t r a l ly  w ith in  the  r a s te r .  The x 
and y c o o r d in a te s  w ere re c o rd e d . The second  w e ll  was lo c a t e d ,  

a g a i n  a t  a s m a l l  s p o t  s i z e ,  and  th e  x and  y c o o r d i n a t e s  
determ ined  using the  scanned r a s te r  as befo re  on ly  no ad ju stm en ts  
were made to  th e  s tag e  ro ta t io n  fo r  the  second w e ll.

The windows fo r the back e tch  w e lls  were exposed using th e  
POSITION program to  c a lc u la te  th e  exposure s i t e s  r e la t iv e  to  th e  

tw o a l ig n m e n t w e l l s .  The s q u a re  window p a t t e r n s  w ere ex posed  
w ith  a fram e  s i z e  o f  1.5 x 1 .2  mm and a beam d ia m e te r  o f  250 nm. 

The r e s i s t  was d ev e lo p ed  in  n e a t  AZ d e v e lo p e r  and th e n  g iv e n  a 

p o s t developm ent bake a t  180 °C to  harden the  r e s i s t .

U sing th e  same te c h n iq u e s  a s  b e fo re  w indows w ere e tc h e d  
th rough the  n i t r i d e  la y e r . Then the  s i l ic o n  was etched using th e  
p a tte rn ed  n i t r id e  lay e r as a mask. E tching was stopped in  t h i s  
case  when th e  back etched w e lls  reached the  marker w e lls  e tched  
from the  f ro n t o f the  w afer.

6 .3 .7  R esults

F ig . 6.5a) i s  an SEM m ic ro g ra p h  o f  a p ro c e sse d  sa m p le , 
v ie w in g  from  th e  back o f th e  w a fe r . I t  can  be seen  t h a t  th e  
a lignm ent m arkers (the sm all squares w ith in  th e  w ells) a re  a lm ost 

c o n ce n tr ic  w ith  th e  back e tched  w e lls  over tite  e n t i r e  w afer. At 
a  h ig h e r  m a g n if ic a t io n  ( f ig  6.5b) i t  can be seen  t h a t  th e r e  i s  

only  a  s l ig h t  o f f s e t  between back etched  w e lls  and the  m arkers. 
When the  o f f s e t  was measured i t  was found th a t  in  the  y d i r e c t io n  
(even  in  th e  w orse  case ) th e  a l ig n m e n t was c o r r e c t  to  l e s s  th a n  
15 pm. In  th e  x d i r e c t i o n  i t  was found t h a t  th e r e  was no 
m e a su ra b le  o f f s e t ,  a t  th e  m a g n i f ic a t io n  used  fo r  m easu rem en t
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F ig . 6.4 S c h e m a tic  o f  th e  r a s t e r  p a t te r n  used  fo r  lo c a t in g  th e  
alignm ent w e lls . The c e n tr a l  reg ion  c o n s is ts  o f  a s in g le  p ix e l 

g ra tin g  w ith  10 p ix e l  p itc h  and the marker l i n e s  a re  sy m e tr ic a lly  

p o sitio n ed  about th e  c e n tre  o f  th i s  g ra tin g .



10 mm

Fig. 6.5a) SEM micrograph o f a t e s t  ch ip  observed from the back 
su rface  of the wafer. The marker w e lls  can be seen a t  the  c e n t r e  
o f  each back-etched well.

500j_im

F ig .  6.5b) SEM m ic ro g ra p h  o f  one o f  th e  back  e tc h e d  w e l l s .  The 
baak-etchad well i s  a lm ost concen tric  w ith  the  marker well e tched 

from the fron t of the  wafer.



(X80), over th e  w hole o f  th e  sam p le . A lig n m en t o f  + / -  20 pm 

in  e i t h e r  d i r e c t i o n  would be a c c e p ta b le  fo r  th e  e v e n tu a l  
f a b r ic a t io n  o f GaAs membrane d ev ice s .

6 .4  Back To F ro n t Alignment on GaAs Wafers

The p r i n c i p a l  o f  th e  back to  f r o n t  a lig n m e n t p ro c e d u re  
d e s c r ib e d  in  th e  p re v io u s  s e c t io n  was a p p l ie d  to  GaAs w a fe r s ,  
w hich w ere to  be used  in  th e  f a b r i c a t i o n  o f  m em brane d e v ic e s .  
V arious a l t e r a t io n s  were made to  the alignm ent p ro cess  because o f 

th e  d i f f e r e n t  n a tu re  o f the  GaAs e tches. The p r in c ip a l  changes 
w e re :-

-  The p a tte rn in g  o f gold m arkers in s tead  o f etched p i t s .

-  Waxing th e  w a fe r s  to  g l a s s  s l i d e s  d u r in g  e tc h in g  to  p re v e n t  
unnecessary  handling  d i f f i c u l t i e s

-  The use o f PM MA as an e tch in g  mask.

6 .4 .1  Procedure

GaAs m em branes have to  be f a b r i c a te d  on t h i n  (100 pm) 
s u b s t r a t e s  in  o rd e r  to  o b ta in  re a so n a b ly  sh ap ed  m em branes 
a p p ro x im a te ly  100 to  200 pm sq u a re  (see  s e c t  6.5.1). T herefore 
th e  a lig n m e n t t e s t s  w ere c a r r i e d  o u t on GaAs w a fe r s  w hich had 
been  th in n e d  down to  100 pm by m ech an ica l p o l i s h in g .  A f te r  
th in n in g ,  th e  c r y s t a l  d i r e c t i o n s  w ere d e te rm in e d  u s in g  th e  

scra tch ed  c ro ss  technique desc rib ed  in  se c t. 6.5.3. I t  should be 

n o ted  t h a t  i f  th e  [O il] d i r e c t i o n  on th e  f r o n t  s u r f a c e  o f  th e  
w afer turned  ou t to  be h o riz o n ta l say, the [O il] d ir e c t io n  on the  

back o f the  w afer would be v e r t i c a l .

The a l ig n m e n t t e s t  p a t t e r n  was b a s i c a l l y  th e  sam e a s  t h a t  
used in  the  t e s t  described  p rev io u sly . However, th e  windows fo r 

th e  a lignm ent w e lls  were now 200 x 20 pm s t r i p s  a lig n ed  p a r a l le l  
to  th e  [Oil] c r y s ta l  d ir e c t io n  (the same as was used in  membrane 
fa b r ic a tio n )  and the  marker c ro sse s  were rep laced  by dashed l in e s  

a s  shown in  f i g .  6.6.
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F ig , 6.6 D etailed  view  o f  one o f  th e  marker c ro s se s  used in  the  
a lig n n e n t t e s t  on GaAs v ^ fe rs .



6 .4 .2  Alignment Pattern

The GaAs w a fe rs  w ere s c r ib e d  and b ro k en  in to  8 x 6  mm 
sam ples which were cleaned in  tr ic h lo ro e th y le n e , acetone and then  
m ethanol. PMMA was sp in  coated on to  the  su rface  o f th e  w afer a t  
4000 rpm fo r  1 m in u te  and th e n  baked o v e rn ig h t .  The r e s i s t  
th ic k n e ss  was about 1 pm. The long bake was e s s e n t ia l  to  ensure  
th e  r e s i s t  adhered to  the  w afe r d u r in g  e tc h in g  (S ec t. 1 .4 .2 ).

The a lignm ent p a tte rn  was exposed by e-beam using a 250 nm 

d iam eter beam. When the  samples had been exposed they  were waxed 
on to  g la s s  m icroscope cover s l ip s  using w hite wax. Not on ly  was 

t h i s  u s e f u l  fo r  h a n d lin g  th e  f r a g i l e  w a fe r s ,  i t  m ean t t h a t  th e  
back su rfa ce  o f the  wafer did  no t need to  be p ro te c ted  by r e s i s t  

d u r in g  e tc h in g .  The a lig n m e n t p a t t e r n  was d ev e lo p ed  in  1:1 
MIBK:IPA (23 ®C) fo r  60 se c o n d s . When th e  p a t t e r n  had been  

d e v e lo p e d  th e  w a fe rs  w ere m e t a l l i s e d  u s in g  a t h in  s t r i p  o f  
a lu m in iu m  f o i l  to  s h ie ld  th e  a lig n m e n t w e ll  windows from  th e  
m eta l ev apora tion  source (fig . 6.7). The m arkers were m e ta l l is e d  
w ith  50 nm Au using a th in  nichrom e la y e r to  promote adhesion to  
th e  GaAs. At t h i s  s ta g e  th e  p a t t e r n  was n o t l i f t e d - o f f ,
o th e r w is e  th e  windows fo r  th e  a l ig n m e n t m arks would have 

d isappeared  when the  r e s i s t  was d isso lv ed . In s te ad , some w h ite  
wax was m e lte d  over th e  p a r t  o f  th e  w afer co v ered  in  g o ld ,  to  

p ro te c t  the  m arkers d u rirg  e tch in g .

6 .4 .3  Alignment w e lls

The alignm ent w e lls  were etched  using 1:8:1 H2S0^:H202:H20. 
The sam p les  w ere e tc h e d , i n i t i a l l y  f o r  5 m in u te s  and th e n  in  1 
m in u te  i n t e r v a l s  u n t i l  th e  w a fe r had been e tc h e d  a l l  th e  way 
th ro u g h . When e tc h in g  was c o m p le te  th e  w e l l s  w ere c l e a r l y  
v i s i b l e  from  th e  back  o f  th e  w a fe r (th ro u g h  th e  co v er s l i p  and 
wax) when the  sample was held up to  th e  l ig h t .

At th i s  s tag e  the  sample was immersed in  t r  ich lo ro e  th y len e  
( t r i c h )  fo r  ab o u t 2 m in u te s . T h is  was long  enough to  d i s s o lv e  
th e  wax over the  gold which had been evaporated  onto the  sample 
b u t no t s u f f ic ie n t ly  long to  d is so lv e  th e  wax holding th e  sample
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Windows for 
alignment wells

Markers
Masking strip

Evaporated gold

Fig. 6.7 Schematic showing how the a lignm ent well windows a re  
p ro tec ted  during  the  gold marker evaporation . Subsequently, th e  
m e ta l l i s e d  p a r t  o f  the wafer i s  p ro tec ted  w ith  white wax during 

the  e tch ing  o f  the a lignm ent w e lls .

F ig .  6.8 O p t ic a l  m ic ro g ra p h  showing th e  p o s i t i o n  o f  a b ack  
e tc h e d  w e ll  r e l a t i v e  to  t h e  g o ld  m ark e r  p a t t e r n .  The w e l l  i s  
w i th in  the  20 um l i m i t  w hich  was th o u g h t  to  be ad eq u a te  fo r  

device  f a b r i a c a t io n .



to  th e  co v er s l i p .  The sam ple  was removed from  th e  t r i c h  and 
p la c e d  in  a b eak e r o f  a c e to n e  to  d i s s o lv e  th e  PMMA and h ence  
a c h ie v e  l i f t - o f f  o f  th e  unw anted g o ld , le a v in g  th e  m ark e r 

p a t t e r n s .  N ex t, th e  sam ple  was rem oved from  th e  co v e r s l i p  by 
m e l t in g  th e  wax and s l i d i n g  th e  sam ple  in to  a b e a k e r  o f  t r i c h .  

When th e  re m a in in g  wax was d is s o lv e d  from  th e  w a fe r ,  i t  was 
r in se d  in  acetone then  m ethanol and blown dry in  n itro g en .

6 .4 .4  Alignment

PMMA was s p in  c o a te d  on th e  back s u r f a c e  o f  th e  w afe r and 
th e :  baked overn igh t. The same alignm ent procedure th a t  was used 
fo r  a lig n m e n t on th e  s i l i c o n  w afe r ( s e c t  6 .3 .6) was em ployed . 
However, s in ce  the  b o tto n  o f the  alignm ent w e lls  in  GaAs a re  n o t 
a s  r e g u la r  as  th o s e  in  s i l i c o n  more c a re  had to  be ta k e n  when 

a l i g n i n g  th e  w e l l  w i t h i n  t h e  sc a n n e d  r a s t e r .  When t h e  
c o o r d in a te s  o f  th e  a lig n m e n t w e l l s  had been d e te rm in e d , th e  

windows fo r the  back etched w e lls  were exposed. The w afers were 
e tc h e d  u s in g  th e  1 :8 :1  e tc h  a s  b e f o r e ,  u n t i l  th e  w e l l s  had gone 

a l l  th e  way th ro u g h  to  th e  wax. The sam p les  w ere  rem oved from  
th e  wax, c le a n e d  as  b e fo re  and th e n  o b serv ed  under an o p t i c a l  
m icroscope.

6 .4 .5  R esu lts

I t  was found th a t  the  a lignm ent o f the  back etched w e lls  to  
th e  m a rk e rs  was n o t a s  good a s  had been o b ta in e d  on th e  s i l i c o n  
w afers . An o p tic a l  m icrograph showing the ty p ic a l  lo c a t io n  o f a 

back etched w ell r e la t iv e  to  th e  gold marker p a t te rn  i s  shown in  
f ig  6.8. On average the  x and y d isp lacem ents were about 10 and 
20 pm re p e c tiv e ly . The reason  fo r th i s  can be a t t r ib u te d  to  th e  

problem s a sso c ia te d  w ith  determ in ing  the exac t co o rd in a te s  o f th e  
a lig n m e n t w e l ls .  H ow ever, th e  e r r o r s  w ere s t i l l  w i th in  th e  

accep tab le  l im i t s  fo r  the  fa b r ic a t io n  o f membrane d ev ices .

6 .5  GaAs Membrane F ab rication

6 .5 .1  Introduction

GaAs m em branes w ere f a b r i c a t e d  u s in g  a s l i g h t l y  m o d if ie d
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v e rs io n  o f the  p rocess developed in  th e  departm ent by WS Mackie 
[6 .1 ,6 .2], A schem atic  diagram o f  th e  m a te r ia l  requ irem en ts  fo r  
p ro d u c in g  m em branes i s  shown in  f i g .  6 .9 a ). The a l t e r n a t e  
GaAs/AlGaAs (60% Al) la y e rs  were used as e tch  s to p  la y e rs  du ring  
th e  membrane fa b r ic a tio n . Tb produce th e  membranes, a w ell was 
e tc h e d  from  th e  back  o f  th e  w a fe r to  w i th in  10 pm o f  th e  e tc h  
s to p  la y e rs  using  a f a s t ,  n o n -se le c tiv e  e tch . Then the  rem aining 
la y e r s  were removed using s e le c t iv e  e tch es  which e i th e r  etched  

GaAs and n o t AlGaAs or v ic e - v e r s a  u n t i l  o n ly  th e  to p  GaAs l a y e r  
re m a in ed  f ig .6 .9 b ) .

The p rev ious work done in  the  departm ent by, WS Mackie, had 
shown t h a t  th e  p r o p e r t i e s  o f  th e  f i r s t  n o n - s e le c t iv e  e tc h  
d e te rm in es  th e  shape of the f in a l  membrane. I t  was shown th a t  a 
20 X 200 pm e tch  window p a tte rn ed  on the  back o f the  w afer, w ith  
th e  long ax is  p a r a l l e l  to  the [O il] c ry s ta l  d i r e c t io n ,  re s u lte d  
in  a  membrane w ith  edges between 100 and 200 pm. Because o f th e  
ro u n d in g  o f  th e  e tc h  p r o f i l e  in  th e  [O il]  d i r e c t i o n  i t  was a l s o  
shown th a t  th e  w afer th ick n ess  has to  be between 100 and 1 2 C ^  to  
p rev en t the  membranes from becoming too  la rg e  an so very  f r a g i l e .

6 .5 .2  M aterial

The membrane m a te r ia l shown in  f ig  6.8a) was grown by M etal 
O rganic Vapour D eposition  (MOCW) a t  P le s s e y  R ese a rch  (C asw ell) 
L td. The th ic k n e ss  o f the received  w afer was about 450 jam so th e  

f i r s t  s t e p  to w a rd s  p ro d u c in g  m em branes was to  have th e  w a fe r 
th inned  down to  100 um. The w afers  were p o lish ed  down to  roughly  

200 pm  using coarse  A lox ite  800 g r i t  and then  down to  the  d e s ire d  
100 ^m w ith  0.3 ^m  alum ina [6.9]. I t  was e a s ie r  to  th in  down the  
e n t i r e  w afer (about 4 square c en tim e te rs ) and then  break i t  in to  
in d iv id u a l  c h ip s  (5 mm^) th an  to  b re a k  th e  sam p le  in to  s m a l le r  
p ie ce s  and than  do the  p o lish in g . T herefo re , th e  e n t i r e  membrane 
s to c k  e x i s t e d  a s  100 pm th ic k  w a fe r s  and had to  be p ro c e s s e d  a s  
such which meant th a t  th e re  were sane  handling  d i f f i c u l t i e s  w ith  

th e  f r a g i l e  w afers.
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a)

GaAs 100 nm
AlGaAs 350 nm

GaAs 320 nm

AlGaAs 1.04 >im

GaAs Buffer
SI GaAs Substrate

F ig  6.9a) S c h e m a tic  o f  th e  m a te r i a l  l a y e r s  used fo r  GaAs 

mambrane f e b r ic a t io n .  The lay er th ick n esses  were determ ined  from 

T a li  s t e p  m e a su re m e n ts  o f  th e  s e l e c t i v e l y  e tc h e d  l a y e r s .  The 

aluminium c o n c e n tra tio n  in the AlGaAs la y e r s  was nom inally  60 %*

Ekh stop layers

GaAs membrane

Etched well
b)

F ig . 6.9b) The membrane i s  formed by e tc h in g  a w e ll  from th e  

back o f  the w afer, then s e le c t iv e ly  etching the a ltern ate  AlC^As 

and GaAs layers u n til on ly  the top GaAs layer i s  l e f t .



6 .5 .3  C rystal O rientation

Before the  whole wafer was d iv ided  in to  in d iv id u a l ch ip s  the  
o r i e n t a t i o n  o f  th e  GaAs c r y s t a l  had to  be d e te rm in e d  to  e n s u re  
t h a t  th e  e tc h  w indows would be p a t te r n e d  in  th e  c o r r e c t  
o r i e n t a t i o n .  T h is  was done by rem oving a s m a l l  p ie c e  o f  th e  

w afer and m elting  some w hite  wax on to  the back su rfa c e  (the s id e  

from  w hich th e  w e l l s  would be e tc h e d ) . A c r o s s  was th e n  
sc ra tch ed  through th e  wax using the p o in t o f  a  p a ir  o f  tw eeze rs  

The w afe r was th e n  im m ersed in  th e  f a s t  GaAs e tc h  (1 :8 :1) g iv e n  
below. A fter e tch in g  fo r about 5 m inutes the  sam ple was removed 

from the  e tc h , th e  wax was d isso lv ed  in  t r  ic h lo ro e  th y len e  and th e  
r e s u l t in g  etched c ro ss  observed under an o p t ic a l  m icroscope. In  

one d i r e c t i o n  th e  bo tto m  o f  th e  e tc h e d  g ro o v e  w ould a p p e a r  
rounded. The d i r e c t io n  o f th i s  groove corresponds to  the  [O il] 

d i r e c t i o n  o f  th e  c r y s t a l .  In  th e  o th e r  d i r e c t i o n  [01Ï] th e  
bottom  o f the  groove would be f l a t  and an ab rup t edge between the  

bottom of th e  groove and th e  w e lls  o f the  groove would seen.

6 .5 .4 .Masking System

The bottom su rfa ce  o f the  w afers have to  be p ro te c te d  w ith  a 
mask which w i l l  be r e s i s t a n t  to  a l l  o f  th e  e tc h e s  used  d u r in g  
membrane f a b r i c a t i o n .  P r e v io u s ly  th e  mask was a g o ld  la y e r  
p a tte rn ed  by l i f t - o f f ,  covered w ith  a lay e r o f S h ip ley  AZ 1350J 

p h o to re s is t .  However, ano ther s u ita b le  masking system  was found 
a g a in  u s in g  g o ld  b u t  t h i s  t im e  PMMA was u sed  in s te a d  o f  
p h o to re s is t .  A 40 nm lay er o f gold was th e rm a lly  evaporated  on 

to  th e  back o f  th e  w a fe rs  u s in g  th e  s ta n d a rd  t h i n  l a y e r  o f  

n ich ro m e  to  en hance  i t s  a d h e s io n  w ith  th e  GaAs. Then a t h i c k  
la y e r  (1 pm) o f  PMMA (15% in  ch lo ro b e n ze n e ) was s p in  c o a te d ,  on 

to  th e  g o ld  and baked o v e rn ig h t  a t  180 °C. The 20 x 200 pm 
windows fo r  e tc h in g  th e  w e l ls  w ere exposed u s in g  a 250 nm 
e le c tro n  beam and then developed in  1:1 MIBK:IPA. T his opened pp 
windows in  th e  PMMA b u t, a t  th i s  s tag e , the  gold la y e r  below th e  

r e s i s t  was s t i l l  com plete. In  order to  open a window through th e  
g o ld  l a y e r ,  u s in g  th e  p a t te r n e d  PMMA as a m ask , th e  u n co v ered  

gold  was removed by e tch in g  in  an argon plasm a. However, s in ce  
th i s  s te p  req u ired  a dry  e tch in g  system and was th e re fo re  q u i te  
len g th y , th i s  method o f removing the  gold was abandoned in  favour
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o f  c h e m ic a l e tc h in g . I t  was found  [6.10] t h a t  a 15 s  e tc h  in  

K I : w a s  s u f f i c i e n t  to  rem ove th e  g o ld  la y e r  w ith o u t  any  
s ig n i f ic a n t  u ndercu tting  of th e  PMMA mask.

6 .5 .5  Etching

The e tch es  used in  the  p ro cess  a re  as fo llo w s .

1 :8 :1  H2S0 ^:H2 0 2 :H20  -  a  n o n s e le c t iv e  a n i s o t r o p ic  e tc h  w hich  
e tc h e s  GaAs a t  ab o u t 15 jam/m in  when th e  e tc h  i s  f r e s h l y  
made up , d e c re a s in g  to  l e s s  th a n  10 jim /m in  a s  th e  e tc h  
s o lu t io n  coo ls  [6.11].

9 5 :5  H202:NH^0H -  e tc h e s  GaAs a t  a r a t e  o f  a p p ro x im a te ly  2

^m /m in  b u t  th e  e t c h  r a t e  o f  A l^ G a ^ -x ^ ^  d e c r e a s e s  
e x p o n e n t i a l ly  w ith  Al c o n c e n t r a t io n  and fo r  x g r e a t e r  
th a n  0.3 th e  e tc h  r a t e  i s  n e g l i g i b l e  [6 .12 , 6 .13 ].

20% HF -  e tc h e s  A l^G a^.^A s a t  a r e a s o n a b le  r a t e  fo r  fo r  x 
g r e a t e r  th a n  0.5 b u t n o t  GaAs. The e tc h  r a t e  in c r e a s e s  
e x p o n e n t i a l ly  w ith  Al c o n c e n t r a t io n  and fo r  x=0.6 i s  

ab o u t 0.8 pm/m in  [6 .13 , 6 .1 4 ].

T hese a re  th e  e tc h  s o lu t io n s  w hich w ere used in  p re v io u s  
membrane experim ents in  the  departm en t which were c a r r ie d  o u t on 

MOCVD grow n m a te r i a l  from  th e  SERC I I I /V  g ro w th  f a c i l i t y  a t  
S h e ff ie ld  U n iv ers ity . However, i t  was found th a t  on the  P lessey  
MOCVD m a t e r i a l ,  th e  s e l e c t i v e  e tc h e s  had to  be m o d if ied  b e fo re  

r e l i a b l e  m em branes cou ld  be p ro d u ced . The d i f f e r e n c e s  w ere  
p ro b a b ly  due to  d i f f e r e n t  a lu m in iu m  c o n c e n t r a t io n s  in  th e  

d i f f e r e n t  w afers. Usir^ the m a te r ia l  supp lied  by P lessey , i t  was 

found 38:3 H202:NH^0H and 50% HP were the  b e s t so lu tio n s  to  use.

6.5.6 Memt^ane fatx’ica tio n

The s i z e  o f  th e  c h ip s  used  f o r  membrane f a b r i c a t i o n  w ere 
t y p i c a l l y  ab o u t 5 x 4  mm. 200 x 20 pm e tc h  windows w ere 
p a t t e r n e d  on th e  back o f  th e  w a fe r s  u s in g  th e  m asking sy stem  
d e s c r ib e d  above. The long a x is  o f  th e  w indow s w ere p a t te r n e d  
p a r a l l e l  to  th e  [O il]  c r y s t a l  d i r e c t i o n .  Two windows w ere
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p a t te r n e d  in  each  e x p o su re  fram e  (1.5 x 1.2 mm) so each  c h ip  
would have p o te n t ia l ly  up to  18 membranes.

A f te r  th e  e l e c t r o n  beam e x p o su re  o f  th e  PMMA, th e  s a m p le s  
were waxed on to  g la s s  m icroscope cover s l ip s  to  p r o te c t  th e  s id e  

o f  th e  w a fe r  w h e re  t h e  m e m b ra n es  w e re  e v e n t u a l l y  t o  be  
fa b r ic a te d . Then th e  PMMA was developed and th e  u nderly ing  gold  
la y e r  e tc h e d  to  p ro d u ce  th e  e tc h  m asks d e s c r ib e d  p r e v io u s ly .  
Before commencing th e  GaAs e tc h in g , the  ch ips were immersed in  
I  PA to  w et th e  PMMA r e s i s t ,  r in s e d  in  d e io n is e d  w a te r  and th e n  
tra n s fe r re d  im m edia te ly  to  the f i r s t  e tch  s o lu tio n .

When a sam p le  had been  e tc h e d  fo r  5 m in u te s  in  th e  1 :8 :1  
e t c h ,  i t  was re m o v e d ,r in s e d  in  d e io n is e d  w a te r  and b low n d ry . 
The depth of th e  e tched  w e lls  were then  measured using  an o p t ic a l  
m icroscope. By focusing  f i r s t  on the  w ell bottom and then on th e  
gold lay e r cxi th e  su rfa c e , th e  etched  depth could be de term ined  

from the  change in  h e ig h t o f the  m icroscope s tag e . T y p ic a lly  th e  
w e ll depths would be around 50 um a f te r  the  f i r s t  5 m inute e tch . 
B efo re  resu m in g  w ith  th e  e t c h i n g ,  th e  o v e rh an g in g  p a r t  o f  th e  

Au/PMMA mask ( f i g  6.10) was b ro k en  by im m ersin g  th e  s a m p le , 
upside  down in  a beaker o f IPA, in  an u l t r a - s o n ic  b a th . This was 

to  ensure th a t  d u rin g  fu r th e r  e tc h in g , the e tch  s o lu tio n  was no t 
p re v e n te d  from  g o in g  in to  th e  e tc h e d  w e l l s  by t r a p p e d  a i r  
bubbles. Removing th e  overhang a lso  f a c i l i t a t e d  th e  m easurem ent 
o f  th e  w e ll d e p th s .  S u b seq u en t e tc h e s  w ere fo r  2 m in u te s  o r 

l e s s ,  u n t i l  th e  depth  o f th e  e tched  w e lls  was about 90 ^  (10 ^  
from  th e  e t c h - s t o p  l a y e r s ) .  Once a g a in  th e  o v e rh a n g in g  mask 

m a te r ia l  was removed as befo re .

At th is  s ta g e  the  wafer was scrib ed  in to  in d iv id u a l c h ip s ,
1.5 mm s q u a re , e ach  c o n ta in in g  1 o r  2 e tch e d  w e l ls .  The w a fe r  
was removed from th e  cover s l i p  by m elting  the  wax, and c a r e f u l ly  
l i f t i n g  the sample w ith  tw eeze rs , ensuring  th a t  no wax g o t on to  
th e  masked s id e  o f  th e  w a fe r . The w a fe rs  o f te n  b ro k e  up in to  

in d iv id u a l  c h ip s  a s  th e y  w ere rem oved from  th e  c o v e r s l i p s  
b e ca u se  th e  s u b s t r a t e s  w ere so t h i n .  The in d iv id u a l  c h ip s  w ere  

then  waxed on p l a s t i c  s t r i p s  fo r  fu r th e r  e tch in g . These s t r i p s  
were r e s i s ta n t  to  the  HF e tch es  vh ich  fo llow .
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F ig . 6.10 The o v erh an g  caused  by th e  u n d e rc u t t in g  o f  th e  GaAs 
e tc h  needs to  be removed to  a llow  th e  e tc h  s o lu tio n s  to  flow  in to  

th e  p a r t i a l l y  e tc h e d  w e l l s .  T h is  i s  a c h ie v e d  by p la c in g  th e  

wafer in  an u l t r a s o n ic  b a th  fo r a few seconds.



The f i r s t  s e l e c t i v e  e tc h  was th e  95:5  e tc h .  Each c h ip  was 
e tc h e d  i n i t i a l l y  fo r  5 m in u te s  and th e n  in  1 m in u te  i n t e r v a l s  
u n t i l  th e  w e ll bottom appeared f l a t .  This happens when a l l  th e  
GaAs h a s  been rem oved and th e  f i r s t  AlGaAs la y e r  h as  been  

reached. U nfo rtunate ly , as m entioned e a r l i e r ,  th e  95:5 so lu tio n  
d id  n o t produce the  b e s t  r e s u l ts  on th e  P le ssey  m a te r ia l;  i t  was 

found t h a t  when th e  e tc h  s to p p ed  on th e  GaAs/AlGaAs i n t e r f a c e ,  
th e  AlGaAs s u rfa c e , in s tead  of being c lean  and m irro r l ik e ,  was 
brow n in  c o lo u r .  I t  was th e n  v i r t u a l l y  im p o s s ib le  to  e tc h  th e  
fo llow ing  AlGaAs l a y e r , even when 50% HF was u sed .

The reasons fo r  the  brown co lou r a t  the  su rface  o f the  f i r s t  
e tc h  s to p  la y e r was specu la ted  to  be th a t  the  in te r fa c e  between 
th e  GaAs and th e  AlGaAs was n o t a s  a b ru p t  a s  in  th e  S h e f f i e ld  
MOC\D m a te r ia l  used p rev io u s ly . T h e re fo re , th e  95:5 e tch  would 

see a  reg io n  o f AlGaAs w ith  low aluminium c o n ce n tra tio n  and th e  
e t c h  r a t e  would c o n s e q u e n tly  s lo w  down b u t n o t  s to p  e n t i r e l y .  

The brown co lour could be a r e s u l t  o f  o x id a tio n  o f th e  in te r fa c e  
la y e r  by th e  GaAs e tch .

The p ro b lem  was so lv e d  by u s in g  a p e ro x id e  /  ammonia e tc h  
w ith  a  h ig h e r  ammonia c o n c e n t r a t io n .  I t  was found t h a t  38:3 
s o l u t i o n  g ave  c le a n e r  s u r f a c e s  a t  th e  i n t e r f a c e ,  a lth o u g h  th e  
s u r f a c e  was s t i l l  n o t  p e r f e c t l y  m i r r o r  l i k e .  How ever, i t  was 

found th a t  th e  fo llow ing  AlGaAs la y e r  could be etched  un ifo rm ly  
in  BF when th e  38:3  s o lu t io n  was used  to  e tc h  th e  GaAs la y e r .  I t  
was alSD found th a t  m irro r l ik e  su rfa c e s  could  be obtained  v^en, 
■after each 38:8 e tc h , th e  sample ŵ as p laced  in  30% HQ fo r a few 

seconds. This pres'umably removed th e  oxide which had been formed 

d u r i i ^  th e  Ga.As e tc h .  The BCl e tc h  b e tw een  th e  GaAs and AlGaAs 
e t c h e s  w as e m p lo y e d  a s  s t a n d a r d  p r o c e d u r e  f o r  m em brane 

f a b r ic a t io n .

The AlGaAs la s e r s  were etched in  50% HF s in c e  ttte e tch  r a te  
u s in g  th e  p r e v io u s ly  used  20% HF was to o  s lo w . T h is  in d ic a te d  
th a t  Al ^concentration o f the  supp lied  m a te r ia l ,  in s te ad  o f  being 
th e  s p e c i f i e d  60 %, was in  f a c t  s i g n i f i c a n t l y  lo w e r . From th e  

e t c h  r a t e  o f  th e  1 pm AlGaAs la y e r  i t  was d e te rm in e d  from  
av l i a b l e  d a ta  16.13] , th a t  the  aluminium c o n c e n tra tio n  must have 

te e n  n e a re r  50 %.
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The e t c h  t im e s  f o r  e a c h  o f  t h e  e t c h  s t o p  l a y e r s  i s  
summarised below :-

F in a l 10 um of GaAs -  5 to  8 m inutes in  38:3 s o lu t io n .
1 s t  AlGaAs la y e r  -  2 1/4 min in  40% HF.

1 s t  GaAs la y e r -  45 sec in  38 :3 . (Then 5 seconds HCl).
2nd AlGaAs la y e r  -  30 sec in  50% HF.

The a l te r n a te  GaAs/AlGaAs la y e r s  were etched u n t i l  o n ly  th e  

top  GaAs la y e r  remained. Then the  sam ples had to  be removed from 
th e  p l a s t i c  s t r i p s .  T h is  co u ld  n o t be done by m e lt in g  th e  wax 

and l i f t i n g  the  sample from th e  s t r i p  as th e  membranes were too  
d e l ic a te  and would no t su rv iv e  such harsh  tre a tm e n t. T h e re fo re , 

each sample was p laced  face  down in  t r  ich lo ro e  thy lene  about 4 mm 
d e e p , w h ich  was s u f f i c i e n t  to  e n su re  t h a t  th e  p l a s t i c  s t r i p s  

f lo a te d  in  the  t r ic h .  When a l l  th e  wax had been d isso lv e d  by th e  
t r i c h ,  th e  sam p les  d ropped  to  th e  b o ttom  o f  th e  p e t r i  d i s h ,  

m em brane s id e  upw ards. They co u ld  th e n  be t r a n s f e r r e d  to  an 
a c te o n e  b a th  fo r  c le a n in g .  A f te r  a few  m in u te s  th e  c h ip s  w ere 

rem oved from  th e  a c e to n e ,  b r i e f l y  r i s e d  in  m e th a n o l, th e n  
c a r e f u l ly  blown d ry  in  a g e n tle  stream  of n itro g en .

6 .5 .7  Y ield

The success r a te  fo r  removing the  membranes from th e  p l a s t i c  
s t r i p s  was probably  about 60%. However, when i t  came to  a c tu a l ly  
t r y i n g  to  f a b r i c a t e  d e v ic e s  on m em branes i t  was found t h a t  th e  
y ie ld  was improved when c o n ta c ts  were p a tte rn ed  on to  th e  a rea  o f  

th e  membrane befo re  fa b r ic a t in g  the membrane (se c t 6.8.6).

6 .6  Lithography GO GaAs Membranes

6 .6 .1  In tro d u c tio n

U n til now the  on ly  lith o g rap h y  which had been done on th in  
GaAs m em branes was th e  h ig h  r e s o l u t i o n  work in v o lv in g  th e  

p a t t e r n i n g  o f  t h in  m e t a l l i c  ( u s u a l ly  AuPd) l i n e s .  In  o rd e r  to  
f a b r i c a t e  d e v ic e s  on a membrane how ever, c o m p le te ly  new 
l i to g r a g h ic  p rocesses had to  be te s te d .  For exam ple, th e  ohmic 
s o u r c e - d r a in  c o n ta c t  p ads need to  be th ic k e r  th a n  th e  m e t a l l i c
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p a tte rn s  p a tte rn ed  p rev io u s ly . T herefo re , th ic k e r r e s i s t  has to  
be spun over the  membranes in  o rder to  achieve r e l ia b le  l i f t - o f f .  
Whoi the  c o n ta c ts  a re  p a tte rn e d , th e  c o n ta c ts  need to  be annealed  

a t  a t  l e a s t  300 ®C. I t  was n o t known v h a t e f f e c t  th i s  would have 
on the  membranes.

In  th e  fo l lo w in g  s e c t io n s  i t  w i l l  be shown t h a t  th e  
membranes could stand up to  both  th ic k  c o n ta c t m e ta l l i s a t io n s  and 
h igh  tem p era tu re  annealing . In  f a c t ,  th e  membranes could stand  
up to  th e  r e p e a te d  r e s i s t  s p in n in g ,  m e t a l l i s a t i o n  and l i f t - o f f  
s t e p s  w hich  would be r e q u i r e d  f o r  th e  f a b r i c a t i o n  o f  an a c tu a l  

d ev ice .

6 . 6 . 2  Ohmic Contact M eta llisa tio n

In  an a c tu a l d ev ice , i t  was l i k e ly  th a t  coarse so u rc e -d ra in  
c o n ta c t  p a t t e r n s  would be p a t te r n e d  on th e  a c t i v e  s id e  o f  th e  
w afer b e fo re  fa b r ic a tin g  th e  membranes them selves. Then once th e  

membrane had been produced c lo s e ly  spaced so u rce -d ra in  c o n ta c ts  
would be p a t te r n e d  on th e  m em brane. H ow ever, to  t e s t  th e  

v i a b i l i t y  o f  p a t t e r n in g  th i c k  m e t a l l i c  l a y e r s  on a m em brane a 
p suedo  d e v ic e  p a t t e r n  was c r e a te d  on m em branes f a b r i c a t e d  a s  

d esc rib ed  above. No working d ev ices  could have been produced on 
t h i s  p a r t i c u l a r  sam ple  b e ca u se  no i s o l a t e d  re g io n s  had been 

defin ed  on th e  membrane beforehand (see s e c t  6.8.3).

Sample Holder

The f i r s t  s te p  was to  ta k e  a 1.5 mm membrane c h ip ,  w ith  

e i t h e r  one o r tw o c o m p le te  m em branes, and m ount i t  in  a  h o ld e r  
d e s ig n e d  fo r  h a n d lin g  th e s e  c h ip s  ( f ig  6 .11 ). A th in  l a y e r  o f  

poly im ide (10 % in  35:65 acetophenone:xylene) was ap p lied  to  th e  
recessed  p a r t  o f the ho lder using a p iece  o f f i l t e r  paper. This 

was to  a c t  a s  a g lu e  fo r  h o ld in g  th e  c h ip  in to  th e  h o ld e r .  
P o ly im id e  was chosen  b e c a u s e , when i t  i s  cu red  a t  180 °C i t  i s  

n o t r e a d i l y  d is s o lv e d  in  a c e to n e . T h e re fo re ,  even when th e  
sam p le  i s  im m ersed in  a c e to n e  fo r  s e v e r a l  m in u te s  to  a c h ie v e  
l i f t - o f f ,  th e  membrane ch ip  w i l l  s ta y  in  the  holder. The ho lder 
was p la c e d  on a h o t p l a t e  (100 °C ), once th e  c h ip  was i n s e r t e d ,  

to  d r iv e  o f f  most o f the  so lv en t from th e  polyim ide.
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F ig . 6.11 Copper manbrane c h ip  h o ld e r w ith a 100 um recess  and a 

1mm d iam eter hole which a llo w s th e  membranes to  be examined in  

tra n sm iss io n  mode.



R e sis t  Qpisning and M eta llisa tio n

A t h i c k  la y e r  (1 pm ) o f  low  m o le c u la r  w e ig h t PMMA (15% in  
chlorobenzene) was ap p lied  to  th e  membrane using  a sp in n er speed 
o f  5000 rpm. Hie r e s i s t  was baked fo r 2 hours a t  180 °C. A fte r 
baking, th e  p a t te rn  shown in  f ig .  6.12 was exposed using  a fram e 
s i z e  o f  a p p ro x im a te ly  0.4 x 0.3 mm and a beam d ia m e te r  o f  
0 .125 pm. The d o se  fo r  th e  th in  c o n ta c t s  to  th e  m em brane was 

450 pC/cm^ and fo r the  pads 250 pC/cm^. Hie r e s i s t  was developed 

in  1 :1  MIBKrIPA s o l u t i o n  (23 ®C) f o r  60 s e c o n d s .  A f t e r  
d e v e lo p m e n t, th e  ohm ic c o n ta c ts  w ere m e t a l l i s e d  w ith  th e  

AuGe/Ni/Au sy s te m  d e s c r ib e d  in  c h a p te r  2. The c o m p o s it io n  fo r  
th e  c o n ta c ts  was chosen so th a t  low tem p era tu re  annealing  (325°C) 

co u ld  be used  fo r  fo rm in g  low  r e s i s t i v i t y  c o n ta c t s .  The t o t a l  
c o n ta c t th ic k n e ss  was 0.1 pm. A fter m e ta l l i s a t io n  th e  sample was 
immersed in  a beaker o f acetone fo r 10 m inu tes to  achieve l i f t ­
o f f  o f the  unwanted m e ta l.

Fig 6.13 i s  an SEM m icrograph o f th e  m e ta ll is e d  membrane 
ta k en  in  t r a n s m is s io n  mode. The minimum gap  b e tw een  c o n ta c t s  

w hich  was o b ta in e d  was 0 .2  pm . T h is  had been  a c h ie v e d  w ith o u t 
any exposure t e s t s  or o p tim isa tio n  p rocedures being c a r r ie d  o u t 
b e fo re h a n d ; th e  e x p o su re  d ose  was ta k e n  to  be x l .5  o f  t h a t  o f  a 
s i m i l a r  p a t t e r n  on s o l i d  s u b s t r a t e s .  T h is  i l l u s t r a t e s  th e  

p o t e n t i a l  o f  f a b r i c a t i n g  c lo s e ly  sp aced  d e v ic e s  on m em branes 
although i t  should be remembered th a t  th e  d if f u s io n  le rg th  o f the  

Ge from  th e  c o n ta c t s  i s  ab o u t 0.2 pm (Chap 3) when a n n ea le d  on 

membranes a t  300 °C.

6.6 .3  C ontact Annealing

I t  was p o s s ib le  to  d e p o s it th ic k  m e ta l l ic  p a t te rn s  on to  a 
m em brane, b u t  w hat happens when th e  c o n ta c t s  a r e  s u b s e q u e n tly  
a n n e a le d ?  I t  was shown in  th e  x - r a y  m ic r o a n a ly s i s  e x p e r im e n ts  

th a t  membranes could w ith stan d  anneal tem p era tu res  up to  40CPC 
( s e c t  3 .3 .9 ). H ow ever, th e  edge d e f i n i t i o n  o f  th e  c o n ta c ts  
d e te r io ra te d  w ith  in c reased  a n n ea l te m p e ra tu re .  T h e re fo re , to  
m ain ta in  good p a t te rn  d e f in i t io n  fo r g a te  a lignm ent purposes, and 
to  red u ce  th e  l a t e r a l  s p re a d in g  o f  th e  c o n ta c t  m a t e r i a l ,  low  
tem peratu re  annealing  (300-320 °C) was chosen fo r th in  su b s tra te
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Fig, 6.12 The manbrane dev ice  p a t te rn  (exposed d i r e c t ly  onto the 
membrane). The d is ta n c e s  between c o n ta c ts  on th e  membrane v a r ie s  
from 0 .2  urn LÇ) to  1 urn.

10̂ m

Fig.  6.13 SBM m icrograph o f a m e ta ll is e d  membrane dev ice .



d ev ices .

6.6.4 Gate Patterning

The tw o la y e r  r e s i s t  used on s o l id  s u b s t r a t e s  f o r  g a te  

d e f in i t io n  (chap 4) was a lso  employed fo r th e  p a tte rn in g  o f  th e  
g a te s  on the  membrane sam ples. A lay er o f low m olecu lar w eight 

PMMA (185 000  -  4 % in  ch lo ro b e n ze n e ) was s p in  c o a te d  o n to  th e  
membrane ch ip  a t  a p in n e r  speed o f 6 000 rpm. A fte r baking th i s  

lay e r fo r  30 m inu tes a t  180 °C, a high m olecu lar w eigh t (350 000 
-  4 % in xylene) lay er was then sp in  coated a t  8 000 rpm and the  
combined la y e r was baked fo r 12 hours.

Ihe g a te  p a t te rn s  were exposed in d iv id u a lly  using a 50 x 38 
^  fram e s i z e  and a 16 nm s p o t  s i z e .  The a l ig n m e n t o f  th e  g a te  
to  the so u rc e -d ra in  gap was s im ila r  to  the  a lignm ent o f  th e  g a te s  

on s o l id  s u b s t r a t e  d e v ic e s .  The m a rk e rs  a t  e i t h e r  s id e  o f  th e  
g a te  were p a tte rn e d  and m e ta ll is e d  along w ith  th e  ohmic c o n ta c ts  
(see f ig  6.12). Once again , p r im a r i ly  due to  th e  l im ite d  number 
o f  sam p le s  a v a i l a b l e ,  no e x p o su re  t e s t s  w ere c a r r i e d  o u t to  
determ ine optimum doses fo r narrow g a te  f a b r ic a t io n . In s te a d , th e  
exposure dose req u ired  to  f a b r ic a te  g a te s  on s o lid  s u b s tr a te s  was 

d o ub led  to  g iv e  an e s t i m a te  o f  th e  r e q u i r e d  d o se  fo r  t h i n  

s u b s tra te s  (3000 pC /an^ fo r a 1 p ix e l wide l i n e ) . The two lay e r 

r e s i s t  was developed fo r  40 seconds in  1:3 MIBKrIPA, a t  23 ®C.

A fte r developm ent, the  su rface  o f the  GaAs exposed through 
th e  d ev e lo p ed  windows in  th e  r e s i s t  was c le a n e d  in  5 % ammonia 
so lu tio n  to  m su re  good adhesion between the  g a te  m etal and the 
se m ic o n d u c to r . The g a te  m e t a l l i s a t i o n  c o n s i s te d  o f  30 nm o f  
tita n iu m  and a 40 nm of alum inium . During th e  i n i t a l  few seconds 
o f  th e  t i t a n iu m  e v a p o r a t io n ,  any r e s id u a l  oxygen in  th e  vacuum 
cham ber i s  ab so rb ed  by th e  e v a p o ra t in g  m e ta l .  For t h i s  re a so n  

th e  t i t a n iu m  b o a t was s h u t t e r e d  fo r  ab o u t 10 seco n d s  a f t e r  th e  
m etal began to  evaporate  ( th is  was in d ic a ted  by a sudden r i s e  in  

cham ber p r e s s u r e ) .  S h u t te r in g  th e  T i f i l a m e n t  a l s o  m ean t t h a t  
th e  i n i t i a l  r a t e  o f  e v a p o r a t io n  was r e l a t i v e l y  h ig h  (ab o u t 3 

n ir/sec), which from prev ious experim en tal r e s u l t s  was d e s ire a b le  
fo r fa b r ic a t in g  g a te s  w ith  good Schottky c h a r a c te r i s t i c s .
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F o llo w in g  m e t a l l i s a t i o n ,  th e  w a fe rs  w ere im m ersed  in  
acetone  fo r a t  l e a s t  10 m in u tes , to  d is so lv e  the  PMMA and l i f t ­
o f f  th e  unw anted m e ta l .  L i f t - o f f  was a s s i s t e d  by d i r e c t i n g  a 

s tr e a m  o f  a c e to n e ,  from  th e  p l a s t i c  a c e to n e  c o n t a i n e r s ,  a t  th e  

w a fe r . The s tre a m  o f a c e to n e  was a n g le d  a t  a b o u t 20 °  to  th e  
p lan e  o f  the  wafer to  avoid e x e r tin g  unneccessary  p re ssu re  on th e  
f r a g i l e  m em branes. U sing t h i s  te c h n iq u e  i t  was p o s s ib l e  to  
remove a l l  o f the  unwanted m eta l from the membranes, leav in g  o n ly  
th e  p a tte rn e d  T i/A l g a te s .

F ig . 6.14 i s  an o p tic a l  m icrograph o f th e  com pleted d ev ice . 
I t  was shown t h a t  th e  GaAs m em branes co u ld  w i th s ta n d :  4 r e s i s t  

s p in n in g  s te p s  (2 s p in s  fo r  th e  tw o la y e r  g a te  r e s i s t ) , 3 l i f t ­

o f f  s t e p s  (1 f a i l e d )  as w e l l  a s  an a n n e a l o f  300 °C. From t h i s  
ex p erim en t, and from o th e rs  on o th e r membranes, i t  was c le a r  th a t  
th e  p o s s i b i l i t i e s  o f f a b r ic a t in g  working d ev ices  was s t i l l  f a i r l y  
h ig h .  In  f a c t  once th e  m em branes had been  rem oved from  th e  
p l a s t i c  s t r i p  (w here th e  m o st f a t a l i t i e s  o c c u re d ) , th e y  w ere  
ex trem ely  ro b u s t. I t  was on ly  c a re le s s  handling  and no t ro u tin e  

p ro cessin g  which would damage th e  membranes.

6 .7  Cracks Aroimd Membranes

I t  was found t h a t  on some o f  th e  GaAs membrane sa m p le s  
f a b r i c a t e d ,  c ra c k s  a p p ea red  round th e  ed g es  o f  th e  m em branes 
a f t e r  a few p rocessing  s te p s . These c racks appeared cxi the  s o l id  
p a r t  o f the  wafer about 10 ^  from th e  mesa edges. The o r ig in  o f  
th e se  cracks i s  no t c le a r  a lthough  i t  was e s ta b lish e d  th a t  o n ly  

th e  top GaAs (membrane) la y e r i s  a f fe c te d . This was d isco v e red  

when a membrane w hich had been  p a t te r n e d  w ith  s o u r c e - d r a in  
c o n ta c ts  ( f ig  6.12) was being te s te d . One o f th e  probing pads was 

l i f t e d  from the su rface  o f th e  GaAs vhen the  probes were r a is e d ,  
tak in g  w ith  i t  p a r t  of th e  membrane and th e  GaAs a c tiv e  la y e r  up 
to  th e  c ra c k . W ith th e  m a te r i a l  from  one s id e  o f  th e  c r a c k  
removed, o b serv a tio n  o f th e  sample under an o p t ic a l  m icroscope 
showed t h a t  th e  c ra c k  m ust have been  c o n f in e d  to  th e  to p  GaAs 

la y e r  as the  u n d erly irg  la y e rs  were obviously  s t i l l  com plete.

The o r ig i n  o f  th e s e  c r a c k s  may be due to  s t r e s s  in  th e  
membranes, b u t, i t  i s  no t c le a r  why th e  c racks should appear 10pm
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away from th e  membrane edges. B esides, during  th e  TEM exam ination  
o f  the  membranes p r io r  to  the  x -ray  m ic ro an a ly sis  experim en ts i t  
was o b se rv ed  t h a t  th e  s t r e s s e s  in  th e  m em branes w ere n o t  
ex cessiv e . T herefore  membrane s t r e s s  i s  u n lik e ly  to  be th e  o n ly  

o r ig i n  o f  th e s e  c ra c k s . I t  may be p o s s ib le  h o w ev er, t h a t  th e  
s t r e s s e s  a sso c ia te d  w ith  th e  membranes combined w ith  c r y s ta l  m is­
match s t r e s s  (between th e  GaAs and AlGaAs) would g iv e  r i s e  to  th e  
cracks observed around some o f  the  membranes.

C racks w ere m ore l i k e l y  to  ap p ea r when m em branes w ere  
f a b r i c a t e d  on w a fe rs  w ith  no m e t a l l i c  p a t t e r n s  p r e v io u s ly  

d eposited  on th e  GaAs a c tiv e  la y e r . T herefo re , in  a c tu a l d ev ice  
f a b r i c a t i o n  (w h e re  c o n t a c t s  a r e  p a t te n e d  b e fo re  mem brane 
f a b r i c a t i o n ) ,  th e  c ra c k s  d id  n o t p r e s e n t  a s  b ig  a p ro b lem  a s  
m ight have been expected.

6 .8  D evice F abrication

6 .8 .1  P rocess O utline

The s te p s  in v o lv e d  in  f a b r i c a t i n g  a c tu a l  d e v ic e s  on th e  

membranes a re  as fo llo w s :-

D eposit m arkers on the  a c t iv e  GaAs s id e  o f  th e  w afer.

P a tte rn  m eta l on polymer masks r e la t iv e  to  th e  m arkers.

Send the  sample fo r boron im p lan ta tio n  ( is o la t io n ) .

Remove th e  mask and p a t t e r n  t h e  c o a r s e  s o u r c e - d r a i n
c o n ta c ts .

Back to  f r o n t  a l ig n  then  form the  GaAs membranes.

P a tte rn  th e  f in e  source d ra in -c o n ta c ts  and anneal.

P a tte rn  th e  g a te s .

T es t.
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6 . 8 . 2  Markers.

The m arkers were p a tte rn ed  by e le c tro n  beam exposure o f  low 
m olecu lar w eight PMMA and l i f t - o f f .  A frame s iz e  o f  400 X 300 pm 

was used  b ecau se  t h i s  would b e s t  accom odate  th e  membrane w ith  
s u r ro u n d in g  pads in  th e  e v e n tu a l  d e v ic e . The m a rk e rs  w ere  
m e ta l l is e d  w ith  a 50 nm lay er o f g o ld , w ith  a th in  nichrom e la y e r  
to  promote adhesion to  the GaAs.

6 .8 .3  M etal (Xi Polymer Mask

The p a t t e r n  used fo r  th e  m e ta l  on po lym er (MOP) mask i s  

shown in  f i g .  6.15. MOP m asks c o n s i s t i n g  o f  350 nm p o ly im id e  
w ith  800 nm Ge were fa b ric a ted  using the technique desc rib ed  in  
c h ap te r  5. The w afers were then  s e n t to  Edinburgh U n iv e rs ity 's  

M ic r o f a b r ic a t io n  F a c i l i t y  f o r  boron  im p la n ta tio n . The sam ples 

were im planted w ith  a boron dose o f 2.10^^ ions/cm ^ a t  e n e rg ie s  
o f 40 and 80 keV. This was s u f f i c i e n t  to  co m ple te ly  is o la te  the  
a c t iv e  GaAs la y e r  of the sam ples.

When the  w afers were re tu rn ed  the  MOP masks were removed by 
d i s s o lv i n g  th e  p o ly im id e  la y e r  in  b o i l in g  a ce to p h e n o n e . The 
m eta l mask then  sim ply l i f t e d - o f f  the  su rfa ce . Any p a r ts  o f the  

mask w hich d id  n o t l i f t - o f f  w ere g iv e n  e x t r a  a s s i s t a n c e  u s in g  
u l t r a s o n ic  a g i ta t io n  (in cold acetophenone) or as a l a s t  r e s o r t  

th e  c o t to n  bud t r e a tm e n t  ( s e c t  5.4.6) was u sed . Once th e  m ask 
had been c o m p le te ly  removed th e  s u r f a c e  o f  th e  w a fe rs  was 
p e r f e c t l y  c le a n .  I t  was im p o s s ib le  to  t e l l  u s in g  an o p t i c a l  

m icroscope where the mask had been (although th e  o r ig in a l  m arkers 

were s t i l l  p re sen t) . However, when the  w afers were p laced  in  th e  
SEM, the  c o n tra s t  between the  im planted and un im planted reg io n s  

was v e ry  h ig h . An SEM m ic ro g ra p h  o f  a m asked a r e a  o f  th e  w a fe r  
i s  shown in  f i g .  6.16. The c o n t r a s t  b e tw een  im p la n te d  and 

u n im p la n te d  a r e a s  i s  s u f f i c i e n t l y  h ig h  t h a t  in  f u tu r e  d e v ic e s  
a lig n m en t to  masked areas o f th e  ch ip  may be considered .

6 . 8 . 4  Coarse Contacts Pattern

The co arse  ohmic co n tac t p a t te rn  was p a tte rn ed  on the  GaAs 
w a fe r ,  a l ig n in g  to  th e  m a rk e rs  so t h a t  th e  s o u r c e - d r a in  g a p s
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Fig 6.15 Metal on Polyner mask p a t te r n  fo r membrane i s o la t io n

F ig  6.16 SEM m ic ro g ra p h  showing th e  h ig h  c o n t r a s t  which i s  
ob ta ined  between implanted and un implanted GaPs,



would c o in c id e  w ith  th e  i s o l a t e d  s t r i p e s  o f  a c t i v e  GaAs ( f i g .  
6 .1 7 ). The m e t a l l i s t i o n  used was 80 nm AuGe (8 8 :1 2 ) , 12 nm Ni 
and a 20 nm lay e r o f Au, which was a  s u i ta b le  com position  fo r  low 

te m p e ra tu re  a n n e a l in g .  The c o n ta c t s  w ere n o t  a n n e a le d  a t  t h i s  
s tag e  however, s in ce  p rev ious experim en tal work had shown th a t  i t  

was d i f f i c u l t  to  f a b r i c a t e  m em branes i f  th e  c o n ta c t s  w ere  
annealed befo rehand .

6 . 8 . 5  Back to  Frcxit A lignm ait

A tte m p ts  to  u se  th e  back  to  f r o n t  a l ig n m e n t te c h n iq u e s  

d ev e lo p ed  e a r l i e r  w ere u n s u c c e s s fu l .  The re a s o n  fo r  t h i s  was 
t h a t  a new sp ec im en  h o ld e r  was b e in g  used in  th e  SEM. T h is  was 

o b s tru c ted  p a r t i a l l y  in s id e  the  SEM chamber, p o s s ib ly  a g a in s t  th e  
o b je c t iv e  len se  cap. T his  r e s u lte d  in  la rg e  e r r o r s  occuring  in  

th e  movement o f the  sample between exposures, p a r t i c u la r ly  in  th e  
x - d i r e c t i o n .  T h e r e f o r e ,  th e  te c h n iq u e  o f  a l ig n in g  th e  back  
etched w ells  w ith  two w e lls  e tched  from the  f r o n t  o f th e  w afer, 

could not be used.

Consequently, th e  method used fo r a lig n in g  the  back etched  

w e lls  to  the  boron is o la te d  a reas  was to  c a lc u la te  th e  d is ta n c e  
from  each  ex p o su re  s i t e  to  th e  n e a r e s t  ed g es  o f  th e  w a fe r  and 

th e n  tu rn  th e  w a fe r  over and expose th e  back  e tc h  w indow s 
accord ing ly . In  o rder to  ach ieve  reasonab le  accuracy  w ith  t h i s  

method, the w afers were f i r s t  d iv ided  in to  sm a lle r  ch ip s  w ith  say  
2 x 3  e p o su re  s i t e s  p e r c h ip . Using t h i s  te c h n iq u e  i t  was 
p o ss ib le  to  a lig n  th e  back etched  w e lls  to  w ith in  th e  re q u ire d  20  

pm o f the is o la te d  reg io n s .

6 . 8 . 6  Etching th e Back Etched W ells

The same methods desc rib ed  e a r l i e r  were used fo r e tch in g  the  

GaAs su b s tra te  and then th e  e tch  s to p  la y e rs  to  produce th e  GaAs 
membranes. When the  f i r s t  f a s t  e tch  had reached w ith in  10 pm o f  
be e tch  s top  la y e rs  the  sample was scrib ed  and then  broken in to  
in d iv id u a l ch ip s. These ch ips were then etched s e p e ra te ly . I t  

was found th a t  when th e se  sam ples were removed from th e  p l a s t i c  
s t r i p s  (see S ec t. 6.5.6), th e  number o f membranes which surv ived  

was s i g n i f i c a n t l y  h ig h e r  th a n  was o b ta in e d  b e fo re  when no

124



F ig . 6.17 C ourse  d e v ic e  o hm ic  c o n ta c t  p a t t e r n  f o r  d e p o s i t io n  
b e f o r e  th e  f a b r i c a t i o n  o f  th e  m em brane i t s e l f .  I t  can  b e  seen  

th a t  th e  c lo se ly  spaced c o n ta c ts  and alignm ent m arks o f  f ig  6.12  

have been e m itte d .



c o n ta c t s  had been p a t te r n e d  on th e  f r o n t  o f  th e  w a fe r b e f o r e  

fa b r ic a t in g  the membrane. I t  i s  l i k e ly  th a t  the  c o n ta c ts ,  which 
ex ten d  from  pads on th e  s o l id  p a r t  o f  th e  w a fe r on to  th e  
membrane i t s e l f ,  s t r e n g th e n  th e  membrane and h e n c e , make i t  
e a s ie r  to  remove them f ra n  th e i r  p l a s t i c  s t r ip s .

6 .8 .7  A nnealing

The com pleted membrane sam ples were mounted on to  th e  copper 
sample h o ld e rs  (f ig . 6.11) d e sc rib ed  p rev io u s ly . They were then  

annealed a t  325 fo r  1 m inute in  95:5 Ar:H2.

6 .8 .8  T estin g

When the sam ples had been annealed they  were te s te d  to  see 
i f  any c u r r e n t  co u ld  be p a sse d  th ro u g h  th e  a c t i v e  p a r t  o f  th e  
m em branes. The so u rc e  d r a in  p ad s  on th e  s o l id  s u b s t r a t e  w ere 
c a r e fu l ly  probed and th e  c u rre n t between them m easured. I t  was 
found th a t  w ith  an app lied  v o lta g e  o f  1 v o l t  the  c u rre n t between 

c o n ta c t s  was t y p i c a l l y  l e s s  th a n  1 pA a lth o u g h  h ig h e r  c u r r e n t s  
were ob tained  on some o f the  sam ples.

Fig. 6.18 i s  an o u tp u t p lo t  from th e  HP 4145A sem iconductor 
an an ly se r. I t  can be seen th a t  th e  c u rre n t through th e  membrane, 
a t  a g iven  v o lta g e , in c re a se s  as th e  m icroscope i l lu m in a tio n  on 
th e  p ro b in g  sy stem  in c r e a s e s .  T h is  i n d i c a t e s  t h a t  th e r e  a r e  
o p t i c a l l y  induced  c a r r i e r s  b e in g  g e n e r a t e d  on t h e  w a f e r .  
H ow ever, th e  i n t e r e s t i n g  p o in t  i s  t h a t  th e  c u r r e n t  m easu red  

between the  so u rce -d ra in  c o n ta c ts  i s  s i g n i f i c a n t l y  h ig h e r  (xlO) 
than the  leakage c u rre n t between is o la te d  pads. T h e re fo re , the  
c u r r e n t ,  even though  i t  i s  v e ry  s m a l l ,  m ust be f lo w in g  th ro u g h  
through the  a c tiv e  source d ra in  channel cxi the membranes.

The reason th e  c u rre n t was so sm all was o r ig in a l ly  thought 
to  be due to  poor e l e c t r i c a l  c o n ta c t  be tw een  th e  p a d s  and th e  

d e v ic e  cau sed  by th e  c ra c k s  w hich so m etim es a p p e a r  a t  th e  
mem brane edges (see  s e c t  6 .7 ). I t  was in  f a c t  shown t h a t  on 
sam ples w ith  no c rack s  (as observed under an o p t ic a l  m icroscope), 
c u r re n ts  o f up to  10 pA could be passed between the  so u rc e -d ra in  

c o n ta c t s  fo r  1 V a p p l ie d  ( f ig  6.18 up to  0.5 V).
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The w id th  o f  th e  a c t i v e  c h a n n e l b e tw een  c o n ta c t s  on th e  
membrane sam ples was 9 ^m , th e  same w idth as th e  a c t iv e  channel 
CXI the  so lid  s u b s tra te  dev ices fa b r ic a te d  on t h i s  m a te r ia l  (see 
s e c t  4 .3 .5 ). H ow ever, th e  maximum c u r r e n t  m easu red  b e tw een  

c o n ta c t s  on th e  mem brane d e v ic e s  was 1 0 ( wi t h 1 V a p p l ie d )  
b u t ,  f o r  a s i m i l a r  v o l ta g e  a p p l ie d  to  th e  s o l i d  s u b s t r a t e  
d e v ic e s ,  th e  c u r r e n t  b e tw een  c o n ta c t s  was ov er 100 pA. I t  i s  

t h e r e f o r e  r e a s o n a b le  to  assum e t h a t  th e  p in n in g  o f  th e  F erm i 
l e v e l  by th e  s u r f a c e  s t a t e s ,  in  th e  m em brane, was a lm o s t  
s u f f i c i e n t  to  œ m p le te ly  d e p le te  the  GaAs membrane o f c a r r i e r s .  
For a d e p le t io n  w id th  o f  50 nm ( h a l f  th e  th ic k n e s s  o f  th e  

m em brane), th e  d o p ing  c o n c e n t r a t io n  o f  th e  GaAs membrane was 
e s t im a te d  to  be 3.10^^ /cm ^ [6 .1 5 ]. U sing t h i s  v a lu e  o f  d o p in g  

co n ce n tra tio n  the  energy band diagram  was ev a lu a ted  [6.16] fo r  n+ 
GaAs on undoped AlGaAs (60 % A l). As th e r e  was no in f o r m a t io n  
a v a ila b le  on the AlGaAs la y e r , a background doping le v e l o f 10^^ 

(both p and n type) was assumed.

F ig u re  6.19 c o n ta in s  th e  e s t im a te d  band d ia g ra m s  fo r  GaAs 

(5.1017 /c m ^ ) , on undoped AlGaAs (Al=60 %) fo r  b o th  n” and p“ 
AlGaAs la y e r s . The su rface  d e p le tio n  (50 nm) was e s tim a ted  fo r a 
s u r f a c e  b a r r i e r  p o t e n t i a l  o f 0.6 V [6 .1 5 ] . I t  can  be seen  t h a t  

w ith  both a p“ and an n~ AlGaAs la y e r ,  th e  d e p le t io n  w idth a t  the  
GaAs s id e  o f  th e  GaAs/AlGaAs i n t e r f a c e  i s  r e l a t i v e l y  s m a ll  
com pared w ith  th e  d e p le t io n  from  th e  s u r f a c e  o f  th e  GaAs. In  

f a c t ,  a t  th e  i n t e r f a c e  o f  th e  GaAs/n"AlGaAs s t r u c t u r e  th e  
c o n d u c tio n  bends down s l i g h t l y  w hich  co u ld  le a d  to  a weak 
e l e c t r o n  a c c u m u la tio n  la y e r  a t  th e  i n t e r f a c e .  However, i f  th e  

AlGaAs la y e r  i s  rem oved, th e r e  w i l l  be s u r f a c e  d e p le t io n  from  
b o th  s i d e s  o f  t h e  GaAs ( s e e  i n s e t  F ig .  6 .19) w h ic h  w i l l  
d r a s t i c a l l y  red u ce  th e  w id th  o f  th e  c o n d u c tin g  c h an n e l in  th e  
membrane. This i s  e x ac tly  the  e f f e c t  which was observed when th e  
membrane dev ices were compared w ith  the  s o lid  s u b s tra te  d ev ices 

fa b r ic a te d  p re v io u s ly .

Due to  tim e and m a te r ia l l im i ta t io n s  i t  was no t p o s s ib le  to  
o b ta in  d i f f e r e n t  m a te r i a l  w ith  th e  c o r r e c t  d o p in g  and GaAs 
th ic k n e ss . I t  was a lso  decided to  abandon the  dev ices  fa b r ic a te d  
[jp to  th e  s tag e  o f m easurirg  so u rc e -d ra in  c u r r e n ts ,  because th e se  

c u rre n ts  were so low.
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6.9 Future of GaAs Membrane Devices

Although no t r a n s i s to r s  were fa b ric a te d  on GaAs membranes, 
th e  e x p e r im e n ts  c a r r i e d  o u t  showed p ro m is in g  s ig n s  fo r  th e  
f u t u r e .  The f a c t  t h a t  s e v e r a l  l i t h o g r a p h ic  s t e p s ,  in c lu d in g  

annealing  o f c o n ta c ts  could be done on th e  same membrane, showed 
t h a t  th e r e  a re  no f a b r i c a t i o n  d i f f i c u l t i e s .  Back to  f r o n t  
a lignm ent o f the  etched w e lls  to  p rev io u s ly  d e fin ed  m arkers was 
a lso  shown to  be s a t i s f a c to r y .

The o n ly  q u e s t io n  to  be an sw ered  i s  w h e th e r s u f f i c i e n t  

c u r r e n t  w i l l  f lo w  th ro u g h  th e  a c t i v e  c h a n n e ls  when a GaAs 
mem brane o f  s u f f i c i e n t  th ic k n e s s  and doping  i s  f a b r i c a t e d .  I f  

th e  c u r re n t  i s  s im ila r  to  what would be expected on an e p i ta x ia l  
l a y e r  on a s o l id  s u b s t r a t e  th e n  i t  sh o u ld  be p o s s ib l e  to  

fa b r ic a te  working d ev ices.
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CHAPTER 7 HIŒ EEfCERCN MOBILITY TRANSISTORS (HMT)

7 .1  Introduction

In  t h i s  c h a p te r  a b r i e f  d e s c r i p t i o n  i s  g iv e n  o f  th e  d e s ig n  
and fa b r ic a t io n  o f high e le c tro n  m o b ili ty  t r a n s i s t o r s ,  o th e rw ise  

known as HEMTs, MCDFETs (m odulation doped FETs) or TEGFETs (2-D 
E lec tro n  gas FETs). I t  was o r ig in a l ly  intended to  f a b r ic a te  v e ry  

sm a ll HEMTs on membrane s t ru c tu re s  tak ing  f u l l  advantage o f the 
h ig h  r e s o l u t i o n  c a p a b i l i t i e s  o f  e-beam  l i t h o g r a p h y ,  on t h i n  

s u b s t r a t e s ,  to  s h r in k  th e  d e v ic e  d im e n s io n s  to  t h e i r  l i m i t .  
However, r e s t r i c t io n s  on tim e and m a te r ia l  meant th a t  i t  was only  

p o s s ib le  to  begin to  s tu d y  HEMTs, th e  s ta r t in g  p o in t o f  which was 
a s o lid  s u b s tra te  d ev ice .

7.1.1 In troduction  to  HEMTs

I n t e r e s t  in  h ig h  e l e c t r o n  m o b i l i t y  t r a n s i s t o r s  o r ig in a te d  

a b o u t seven  y e a r s  ago when i t  was r e p o r te d  t h a t  th e  m o b i l i t i e s  
o b t a i n e d  in  m o d u la t io n  d o p ed  G aA s/A lG aA s h e to r o ju n c t io n  

in te r fa c e s  were more than  an o rder o f  m agnitude g re a te r  than  in  
bu lk  m a te r ia l  a t  low tem p e ra tu res  (2K) [7.1]. The h igh  m o b ility  

a r i s e s  because the c a r r i e r s  (e lec tro n s) in  such a s t r u c tu r e  a re  
sep a ra ted  from th e ir  p a re n t donor atom s. This i s  i l l u s t r a t e d  in  

f ig  7.1 which i s  a schem atic  re p re se n ta tio n  o f  a m odulation-doped 
h e te ro ju n c tio n . The s t r u c tu r e  c o n s is ts  of a doped AlGaAs la y e r 

grown on a high p u r i ty  undoped GaAs la y e r . Because th e  band gap 
o f  th e  GaAs la y e r  i s  s m a l le r  th a n  t h a t  o f  AlGaAs, e l e c t r o n s  a r e  

t r a n s f e r  ed from th e  doped m a t e r i a l  in to  th e  s m a l le r  b an d -g ap  
undoped m a te r i a l  ( f ig  7 .1 b )) . The m o b i l i ty  o f  e l e c t r o n s  in  th e  

undoped la y e r  i s  enhanced  due to  th e  r e l a t i v e l y  low  num ber o f  
io n ised  im p u r itie s  s c a t te r in g  c e n tre s  in  the GaAs la y e r .  S ince 

the  e a r ly  p ioneering  ex p erim en ts  on h e t e r o ju n c t io n s ,  e x tre m e ly  
h igh  m o b i l i t ie s  have been o b ta in ed . R ecently  in  a rev iew  a r t i c l e  

by D ingle [7.2] i t  i s  re p o rted  th a t  low tem peratu re  m o b i l i t ie s  o f  
o v er 2 .10^ cm^/Vs have been  a c h ie v e d . To o b ta in  t h i s  h ig h  

m o b i l i t y  v a lu e ,  th e  d e s ig n  o f  th e  h e te r o ju n c t io n  h a s  to  be 
o p t im is e d .  T h is  w i l l  be d is c u s s e d  in  s e c t  7 .1 .2 . I n t e r e s t  in  

u t i l i s i n g  th e  h ig h  m o b i l i t y  o f  m o d u la tio n  doped s t r u c t u r e s  
s t im u la te d  keen i n t e r e s t  in  f a b r i c a t i n g  v e ry  f a s t  FET d e v ic e s .
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h e te r o ju n c t io n  show ing th e  l o c a t io n  o f  th e  tw o  d im e n s io n a l  
e l e c t r o n  g as.



A fte r D ing le 's  f i r s t  re p o r t  [7.1] s e v e ra l re sea rc h  groups s t r iv e d  
to  produce such a d ev ice , bu t i t  was T Mimura o f F i j i t s u  Labs v^o 

rep o rted  the  f i r s t  HEMT dev ice  [7.3]. Since th en , th e re  has been 
a l o t  o f in t e r e s t  in  HEMTs and c u r re n t ly  th e  b e s t rin g  o s c i l l a to r  

r e s u l t s  show sw itch in g  speeds o f  9.4 ps [7.4]. S u rp r is in g ly , th e  
sw itch ing  speed of th i s  dev ice i s  o n ly  m a rg in a lly  b e t te r  than  the 

b e s t rep o rted  va lue  fo r  a GaAs MESFET (9.7 ps [7 .5]).

7 .1 .2 . D esign  C onsiderations

An in d i c a t i o n  o f  some o f  th e  d e s ig n  c r i t e r i a  f o r  h ig h  
e le c tro n  m o b ility  FETTs i s  g iven  in  t h i s  se c tio n . B a s ic a lly , the  

c a r r i e r  c o n c e n t r a t io n  in  th e  2-DEG (2-d im ensiona l e le c tro n  gas) 
depends upon th e  c o m p o s i t io n  o f  t h e  AlGaAs l a y e r  (w h ic h  

de te rm in es  the  b a r r ie r  h e ig h t a t  the  in te rfa c e )  and the  doping of 
th e  AlGaAs la y e r  [7 .6 ,7 .7 ] .  I t  i s  g e n e r a l l y  a c c e p te d  t h a t  an Al 

c o n c e n t r a t io n  o f 30 to  35 % i s  used  f o r  HEMT f a b r i c a t i o n  [7 .8 ] . 
The maximum m o b ility  i s  repo rted  to  be ob ta ined  when the sh ee t 

c a r r ie r  co n ce n tra tio n  i s  around 7-9 X 10^^ [7.9,7.10]. At h igher 
c a r r i e r  c o n c e n t r a t io n s  th e r e  i s  a r e d u c t io n  in  m o b i l i t y  due to  

i n t e r - s u b b a n d  s c a t t e r i n g ;  t h e  s e c o n d  su b b a n d  o f  th e  
q u a s i t r ia n g u la r  p o te n t ia l  w e ll ( f ig  7.1b)) becomes populated  when 

th e  sh e e t c a r r i e r  co n cen tra tio n  exceeds 7 X 10^^ cm“^ [7.6].

The incorpora ticm  o f  an undoped AlGaAs spacer la y e r ,  between 
th e  doped AlGaAs and the  undoped GaAs la y e r ,  has a lso  been shown 
to  enhance  th e  m o b i l i t y  o f  th e  2-DEG [7 .7 ,7 .1 0 ] . As th e  s p a c e r  
th ic k n e s s  in c r e a s e s  th e  m o b i l i ty  r i s e s  b e ca u se  th e  C oulom bic 

i n t e r a c t i o n  b e tw een  th e  e l e c t r o n s  and t h e i r  donor io n s  i s  
reduced. However, beyond a c e r ta in  th ic k n e ss  e le c tro n  tr a n s fe r  

becom es l e s s  e f f i c i e n t  r e s u l t i n g  in  a lo w er s h e e t  c a r r i e r  
c o n ce n tra tio n  in  the 2-EËG. A spacer th ic k n e ss  o f 5 nm has been 

show n to  be t h e  o p tim u m  v a lu e  f o r  h ig h  m o b i l i t y  a t  t h e  

Al ggGa 0"yAs-GaAs in te r fa c e  [7.11]. The background doping o f the  
GaAs l a y e r  a l s o  a f f e c t s  th e  e l e c t r o n  m o b i l i t y .  Drummond e t  a l
[7.12] rep o rted  m o b ility  v a lues o f 30 000 and 5400 cm^/Vs (78K) 

w ith  GaAs doping d e n s i t ie s  o f 10^^ and 10^^ /cm ^ re sp e c tiv e ly .
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7.2 HBIT Fabrication

7.2.1 D esign o f the BEHT S tru cture.

The s t r u c t u r e  o f  th e  p ro p o sed  HEMT d e v ic e  i s  shown in  f i g .  
7.2a) and the m erg y  band diagram  fo r th i s  s t ru c tu re  i s  shown in  

f i g .  7 .2b ) [7 .1 3 ] .  A GaAs c a p p in g  l a y e r  w as i n c l u d e d  t o  
f a c i l i t a t e  th e  f a b r i c a t i o n  o f  th e  S c h o ttk y  g a te  in  th e  d e v ic e .  

To a v o id  p a r a l l e l  c o n d u c tio n  in  th e  doped AlGaAs l a y e r  (w hich  
would have a d e trem en ta l e f f e c t  on the  m o b ility  [7.14,7.15]) th e  

HEMT s tru c tu re  was designed  in  such a way th a t  th e  d is ta n c e  Wp in  
f i g .  7.2b)) was z e ro . The AlGaAs la y e r  would th e n  be f u l l y  

d e p le te d  and no p a r a l l e l  c o n d u c tio n  co u ld  o c c u r . The th e o r y  
given  in  the paper by Schubert e t  a l [7.13] was used to  e s tim a te  

th e  d e p le tio n  w idths W^g and ( f ig  7.2b)) fo r a s e le c te d  doping 
c o n c e n t r a t io n  o f  10^®, an Al m ole f r a c t i o n  o f  35 %, a  GaAs 

capping lay e r th ick n ess  o f 15 nm and an undoped spacer th ic k n e ss  
o f 5 nm. These v a lu es  were Wd = 15nm and Wds = 26 nm v ^ ic h  i s  a 

t o t a l  dep leticx i w idth  o f 41 nm. A v a lu e  o f 40 nm was chosen fo r 
th e  th ic k n e s s  o f th e  doped AlGaAs l a y e r .  W ith  th e  l a y e r  

d im e n s io n s  and dop in g  c o n c e n t r a t io n s  used in  t h i s  d e s ig n ,  th e  
e s t im a te d  s h e e t  c a r r i e r  c o n c e n t r a t io n  in  th e  2-DEG w as 16.10^^ 

cm” ^. T his i s  h igher than  th e  co n ce n tra tio n  req u ired  fo r  maximum 
m o b i l i t y ,  b u t was ch o sen  to  g iv e  a h ig h e r  d r a in  c u r r e n t  in  th e  

HEMT dev ices .

7.2.2 M aterial Growth

The HEMT m a te r i a l  was grow n by th e  MBE g ro u p  in  t h i s  
Departm ent [7.16] on an undoped s u b s tra te .  No mag ne to r e s i  s tan c e  

m easu rem en ts  w ere made to  v e r i f y  th e  e x i s t a n c e  o f  a  tw o - 
d im ensional e le c tro n  g as (2-ŒG) [7.17], b u t the  m o b ili ty  o f  th e  

w a fe r was m easured  to  be 4000 cm ^/Vs a t  room te m p e ra tu re  and 
10000 cm^/Vs a t  77K. These m o b i l i t ie s  were h igher than  ty p ic a l  

m o b il i t ie s  (1000-2000 cm^/Vs a t  room tem perature) o f GaAs la y e r s  
w ith  s im ila r  doping grown fo r MESFET and o th e r a p p lic a tio n s . The 

e x is ta n c e  o f a 2-DEG was th e re fo re  assumed.
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2-Dimensional Electron Gas 
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Fig. 7.2a) S tru c tu re  o f  the  proposed HEMT m a te r ia l

GaAs cap
A — n+AlGaAs Undoped GaAs

'̂ 2-DEG

Fig. 7.2b) Energy band diagram o f  the HEMT s tr u c t u r e  shown in 

f i g .  a) .



7.2.3 F a b r ica tio n

Tbe HEMTs were fa b ric a te d  using th e  p ro cesses  and p a tte rn s  
d ev e lo p ed  fo r  GaAs MESFETs (ac d e s ig n ,  ch ap  4 ) . The o n ly  

d i f f e r e n c e  was in  th e  ohm ic c o n ta c t  m e ta l l i s a t io n .  A s tandard  
c o n ta c t  c o m p o s itio n  (100 nm AuGe and 5 % Ni) was d e p o s i te d  and 

the  c o n ta c ts  were annealed a t  400 °C. The reason  fo r t h i s  was to  
ensure th a t  d u ring  an n ea lir^  the  c o n ta c t m e ta l d i f f u s e s  through 

the  undoped capping lay er and in to  the  underly ing  AlGaAs la y e r . 
However, as th e  capping lay er was only  15 nm th ic k , i t  i s  l ik e ly  

th a t  the  low tem peratu re  annealing p ro cess  could  have been used 
fo r  th e  c o n ta c t  fo rm a tio n . The c o n ta c t  r e s i s t a n c e  m easu red  on 

TLM s t r u c tu r e s  on the device w afers was 10"^ ohm .cm ̂  which i s  a 
r e l a t i v e l y  h ig h  v a lu e . T h is  c o u ld  be due to  th e  h ig h  s h e e t  

r e s i s t a n c e  o f  1400 o h m /sq u are  ( c . f .  400 o h m /sq u a re  on MESFET 
m a te r i a l )  w hich was a ls o  d e te rm in e d  from  th e  TLM s t r u c t u r e s .  

D ev ices  w ere  f a b r i c a te d  i n i t i a l l y  w ith o u t re c e ss in g  the  g a te s . 
H ow ever, i t  was found t h a t  th e  q u a l i t y  o f  th e  S c h o ttk y  g a te  

c h a r a c te r i s t i c s  was poor, presum ably due to  oxide on the  su rface  
o f the  GaAs. In an a ttem p t to  improve th e  g a te  c h a r a c te r i s t i c s ,  

a v e ry  s h a l lo w  r e c e s s  was e tc h e d  u s in g  th e  p r o p r i e t r y  P le s s e y  
e tc h  w hich  sh o u ld  have l e f t  th e  GaAs s u r f a c e  o x id e - f r e e .  

H ow ever, b e c a u se  th e  GaAs cap p in g  la y e r  was so t h i n ,  i t  was n o t 
p o ss ib le  to  e tch  too fa r  or the  g a te  would have been d ep o sited  on 

the  AlGaAs la y e r  v^ ich  i s  known to  o x id ise  r a p id ly  in  atm ospheric 
c o n d i t io n s .  U n fo r tu n a te ly ,  i t  tu rn e d  o u t  t h a t  th e  sh a llo w  

re c e s s e d  g a te s  w ere no b e t t e r  th a n  th e  u n re c e s se d  g a t e s ,  so 
recessin g  was abandoned.

7.3 HHHT C h a ra cter istic s

The I/V  c h a r a c t e r i s t i c s  o f  a t y p i c a l  g a te  d e p o s i te d  on a 

HEMT s t r u c t u r e  i s  shown in  f i g .  7 .3 a ). I t  can  be seen  t h a t  th e  
r e v e r s e  breakdow n v o l ta g e  fo r  t h i s  g a te  i s  o n ly  a b o u t 2 v o l t s .  

The lo g ( I ) /V  c u rv e s  o f  th e  fo rw a rd  b ia s  g a te  was so e r r a t i c  i t  
was im p o s s ib le  to  d e te rm in e  th e  b a r r i e r  h e ig h t  and i d e a l i t y  

fa c to r  o f  t h i s ,  or any o th e r , Schottky c o n ta c ts  cxi HEMT m a te r ia l .

The dc o u tp u t  I/V  c h a r a c t e r i s t i c s  o f  a 0.12 pm g a te - l e n g th  
HEMT (34 pm g a t e - w id th ) i s  shown in  f i g .  7 .3b). I t  c an  be seen
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t h a t  th e  d e v ic e  s a t u r a t e s  re a s o n a b ly  w e ll  fo r  d r a in - s o u r c e  
v o l ta g e s  above 0.8 v o l t s .  T h is  i s  lo w er th a n  th e  s a t u r a t i o n  

v o l ta g e s  ( t y p i c a l l y  1 .5 -2  V) o b se rv e d  on MESFET d e v ic e s .  The 
tra n s c o n d u c ta n c e  o f  t h i s  d e v ic e  i s  140 mS/mm w hich  was th e  

h ig h e s t va lue  o f g^ m easured on any o f  th e  dev ices. Longer g a te -  
len g th  dev ices were fa b r ic a te d  (up to  0.4 pm), b u t ,  th e re  was no 

s ig n if ic a n t  c o r re la t io n  b e tw een  th e  d e v ic e  g a te  le n g th  and th e  
measured value o f g^.

The source re s is ta n c e  o f th e  34 ^m device shown in  f ig .  7.3b) 

was determ ined to  be 54 ohms, using a method d esc rib ed  by Fukui 
f o r  MESFET a p p l i c a t i o n s  [7 .1 8 ] . U sing t h i s  v a lu e  o f  Rg th e  

i n t r i n s i c  t ra n s c o n d u c ta n c e  o f  th e  HEMT can be c a l c u l a t e d  to  be 
190 mS/mm. T h is  i s  v e ry  c lo s e  to  th e  v a lu e  fo r  th e  maximum 

transconductance o f 218 mS/mm c a lc u la te d  fo r th i s  d ev ice  u sing  
th e  th e o ry  p re s e n te d  by Lee and Shur [7 .1 9 ]. S i m i l a r l y ,  th e  

maximum d ra in  c u rre n t fo r a 34 pm wide dev ice was c a lc u la te d  to  
be 8.7 mA. From th e  I/V  c u rv e s  o f  f i g  7.3b) fo r  a 34 pm c h a n n e l 

d e v ic e ,  i t  can be seen  t h a t  th e  d r a in  c u r r e n t  fo r  0 V g a t e - b i a s  
i s  around 6 mA. Ihe d if fe re n c e  in  d ra in  c u rre n t could be due to  

a lower than expected c a r r i e r  c o n ce n tra tio n  in  the 2-DEG. For a 
d r a in  c u r r e n t  o f  6 mA th e  s h e e t  c a r r i e r  c o n c e n t r a t io n  was 

c a lc u la te d  to  be 11.10^^ /cm ^ which i s  about 30 % low er than  th e  
expected value of 16.10^^ /o n ^ . The low er c a r r ie r  c o n c e n tra tio n  

co u ld  p a r t l y  be due to  a lo w er th a n  s p e c i f i e d  d o p in g  in  th e  
AlGaAs la y e r  or a s l i g h t  v a r i a t i o n  b e tw een  th e  s p a c e r  l a y e r  

s p e c i f i c a t i o n  and th e  a c tu a l  m a t e r i a l  p a ra m e te r s .  T h is  w ould 
a l s o  a cc o u n t fo r  th e  s l i g h t  d i f f e r e n c e s  in  th e  i n t r i n s i c  

transconductance v a lu e s .

7.4  D iscu ssion

High E le c tro n  M o b il i ty  T r a n s i s t o r s  w ere f a b r i c a t e d ,  b u t ,  
from  th e  dc c h a r a c t e r i s t i c s  o f  th e s e  d e v ic e s ,  no s i g n i f i c a n t  

im provem ent in  d e v ic e  p e rfo rm a n c e  was o b se rv e d . H ow ever, th e  
dev ice  transconductance and maximum d r a in  c u r r e n t  v a lu e s  a g re e  

re a s o n a b ly  w e ll  w ith  th e  c a lc u la te d  v a lu es  fo r t h i s  p a r t i c u la r  
d e s ig n . W ith  h in d s ig h t ,  a  d i f f e r e n t  ap p ro ach  sh o u ld  have  been  

adopted in  the design  o f the  HEMT m a te r ia l .  Since the  low f ie ld  
m o b ility  does not s tro n g ly  a f f e c t  dev ice  perform ance, th e  HEMT
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s t r u c t u r e  sh o u ld  have been  d e s ig n e d  to  m ax im ise  th e  c h a rg e  
t r a n s f e r  a c r o s s  th e  h e te r o ju n c t io n .  T h is  c o u ld  have been 
a c h ie v e d  u s in g  a t h i n n e r  undoped  s p a c e r  l a y e r  a n d / o r  by 
in c r e a s in g  th e  dop ing  o f  th e  AlGaAs l a y e r .  The h ig h e r  c a r r i e r  
c o n c e n t r a t io n  in  th e  2-DEG would le a d  to  h ig h e r  d r a in  c u r r e n t s  

which would improve th e  sw itch ing  speed o f th e  d ev ice  because the  
charging tim e o f th e  e f f e c t iv e  g a te  cap ac itan ce  i s  dependent on 
th e  c u r r e n t  [7 .1 9 ] . The th ic k n e s s  o f  th e  undoped GaAs cap p in g  
la y e r  w ould a l s o  have to  be m o d if ie d . The f o r m a tio n  o f  a good 
S c h o ttk y  c o n ta c t  g e n e r a l l y  r e q u i r e s  th e  rem o v a l o f  20-30  nm o f  
GaAs p r i o r  to  th e  m e ta l  e v a p o ra t io n . T h is  i s  e f f e c t i v e l y  to  
remove th e  re s id u a l su rface  oxide and leave  th e  GaAs su rfa c e  fre e  
from  c o n ta m in a t io n .  I f  t h i s  am ount o f  r e c e s s in g  i s  to  be 

a c h ie v e d  on HEMT s t r u c t u r e s ,  th e  GaAs c ap p in g  la y e r  sh o u ld  be 
in creased  to  approx im ate ly  50 nm.
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CHAPTER 8 CGNCmSlCNS

A low te m p e ra tu re  a n n e a lin g  p ro c e s s  was d e v e lo p e d  f o r  
form ing low r e s i s t i v i t y  ohmic c o n ta c ts  to  GaAs. The com position  
o f  th e  commonly used AuGe/Ni/Au c o n ta c t system was m odified  so 
t h a t  th e  optim um  a n n e a lin g  te m p e ra tu re  o f  th e s e  c o n ta c t s  was 

reduced from 420 to  300-320 °C w ith  no apparen t red u c tio n  in  
c o n ta c t  q u a l i t y .  A p ro c e s s  was a l s o  d ev e lo p ed  f o r  i s o l a t i n g  
d ev ices  using Borm icm im p la n ta tio n  using a novel techn ique fo r  
f a b r i c a t i n g  M etal on Polym er io n  im p la n ta t io n  m ask s. B oth o f  
th ese  p ro cesses  have a p p lic a t io n s  in  the  fa b r ic a t io n  o f  ex trem ely  
sm all d ev ices; th e  low tem p era tu re  annealing means th a t  c lo s e ly  

s p a c e d  c o n t a c t s  c a n  be  f a b r i c a t e d ,  r e d u c in g  t h e  r i s k  o f  
in te r d i f f u s io n  o f the c o n ta c t m a te r ia l  during annealing  and the  

borcxi i s o la t io n  technique e lim in a te s  th e  need fo r  mesa is o la t io n  
which i s  n o t p a r t i c u la r ly  s u i ta b le  fo r  very  sm all d ev ice s .

GaAs MESFETs were fa b r ic a te d  w ith  g a te  le n g th s  down to  0.055 
jiro which a re  the s m a lle s t rep o rted  d ev ices a t  t h i s  tim e . There 

was no s ig n if ic a n t  d e te r io r a t io n  o f  th e  dc o u tp u t c h a r a c te r i s t i c s  
o f  th e se  d ev ices , even a t  the  s h o r te s t  g a te  le n g th s . However, as 
th e  g a te  le n g th  d e c re a s e d ,  i t  was o b se rv ed  t h a t  th e  p in c h - o f f  
p r o p e r t i e s  o f  th e  d e v ic e s  g r a d u a l ly  d e t e r i o r a t e d .  I t  was 

s p e c u la te d  t h a t  t h i s  e f f e c t  was due to  th e  p o o r ly  d e f in e d  
i n t e r f a c e  a s s o c ia te d  w ith  th e  VPE m a te r i a l  on w hich  th e y  w ere 
grown. P re lim in ary  experim ents on MBE w afers and MOCVD w afers  
w ith  AlGaAs b u f f e r  l a y e r s  r e s u l t e d  in  d e v ic e s  w ith  im proved 
p in c h -o ff  p ro p e r tie s  b u t, fo r  v a r io u s  reaso n s, e x h ib ite d  in f e r io r  
d e v ic e  p e rfo rm a n c e . AC m easu rem en ts  o f  th e  s h o r t  g a t e - l e n g t h  
MESFETs w ere d i s a p p o in t in g ly  p o o r. I t  was found t h a t  no 

c o r r e la t io n  could be made between the  s-param eter m easurem ents 
and th e  p h y s ic a l  d im e n s io n s  o f  th e  d e v ic e s  t e s t e d .

Processing  techn iques were developed fo r the  f a b r ic a t io n  o f 

F ie ld  E f fe c t T ra n s is to r  d ev ices  on th in  GaAs s u b s tr a te s .  A ll th e  

s te p s  fo r  making such a dev ice  were c a r r ie d  out and shown to  work 
s a t i s f a c t o r i l y .  U n f o r tu n a te ly ,  when i t  came to  p ro d u c in g  an 
a c tu a l d ev ice , i t  was d iscovered  th a t  no c u rre n t could be passed 
through th e  membrane; t h i s  s ig n if ie d  th e  end o f  t h i s  work.
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HEMT d e v ic e s  w ere f a b r i c a t e d  on an MBE w a fe r grow n in  th e  
D epartm ent. Although th ese  d ev ices  d id  not produce p a r t i c u l a r ly  
e x c it in g  dc o u tp u t c h a r a c te r i s t i c s ,  they  d id  perform  c lo se  to  th e  
th e o r e t ic a l  p re d ic tio n s  fo r th e  p a r t ic u la r  s t ru c tu re  grown.

Looking a t  the  p ro je c t  as a whole, p ro cesses  were developed 
which have p a r t ic u la r  ^ p l i c a t i o n s  in  the  p roduction  v e ry  sm all 
d e v ic e s .  A lso , d e v ic e s  w ere f a b r i c a t e d  c lo s e  to  th e  c u r r e n t  
l i t h o g r a p h i c  l i m i t s  on s o l i d  s u b s t r a t e s .  H ow ever, due to  t im e  

l im i ta t io n s ,  i t  was not p o s s ib le  to  combine both th e  p ro c e ss irg  
and th e  l i th o g r a p h y  to  p ro d u ce  s m a ll  d e v ic e s  w hich  ta k e  f u l l  

advantage of the  low te m p e ra tu re  c o n ta c t  te c h n o lo g y  ( to  re d u c e  
th e  s o u r c e - d r a in  c o n ta c t  s e p a r a t io n )  and th e  boron  i s o l a t i o n  

techn ique (to  rep lace  mesa is o la t io n ) .

T h is  means t h a t  f u tu r e  work can  be p u rsu e d  a lo n g  s e v e r a l  
l in e s ,  th e  most obvious being th e  com bination o f th e  p ro cesses  

m en tio n ed  above w ith  th e  l i t h o g r a p h i c  te c h n o lo g y  to  p ro d u ce  a 
dev ice  o p tim ised  fo r high frequency a p p lic a tio n s . In th e  work o f  
t h i s  t h e s i s  i t  was p a r t i c u l a r l y  c l e a r  t h a t ,  a t  v e ry  s m a l l  

d im ensions, m a te r ia l  p a ram ete rs  w i l l  p lay  an im portan t ro le  in  
th e  p e rfo rm a n c e  o f  th e  d e v ic e .  M a te r ia l  s p e c i f i c a t i o n  sh o u ld  

th e re fo re  be c a re fu l ly  considered  fo r the  f a b r ic a t io n  o f  sub 0.1 
pm g a te - le n g th  MESFETs.

The HEMT d e s ig n  co u ld  be m o d if ie d  to  p ro d u ce  d e v ic e s  w ith  
h ig h e r  d r a in  c u r r e n t s  th a n  th e  d e v ic e s  f a b r i c a t e d  in  t h i s  
p r o j e c t .  These d e v ic e s  sh o u ld  e x h i b i t  h ig h  t r a n s c o n d u c ta n c e  
v a lu e s  and im proved r f  p e r fo rm a n c e , p a r t i c u l a r l y  a t  th e  s h o r t  
g a te - le n g th s  v ^ ich  can be d e fin ed  by e le c tro n  beam lith o g rap h y .

F in a l ly  work co u ld  be c o n tin u e d  on th e  f a b r i c a t i o n  o f  
d ev ices  on th in  a c tiv e  membranes. I t  has been shown by o th e rs  in  
th e  D epartm ent, s in ce  the  con clu sio n  of th i s  work, th a t  c u r re n t  
c a n  be p a s s e d  th r o u g h  a m e m b ra n e . T h is  m eans t h a t  t h e  
f a b r ic a t ic n  o f a  novel dev ice  i s  s t i l l  p o ss ib le . This should be 

o f  i n t e r e s t ,  n o t o n ly  b e ca u se  o f  th e  s m a ll  d im e n s io n s  a t  w hich  
such  a d e v ic e  co u ld  be f a b r i c a t e d ,  b u t  b ecau se  th e  e f f e c t s  o f  
th e  b u f f e r  la y e r  o f  c o n v e n t io n a l  d e v ic e s  would be rem oved 

ccm petely.
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