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F’u rt .h r tie t ~t t I t ’ .I E~~(’ l\ ~~ t ud  i e.~~ :tr e report i’d on nat i ve

e.’- . i d e  MO~ :1 rue t u r i ’ :;  w i t h  n u d  Wi t .hout t h e  i n e u r po r :~ i Ofl

i. i t  ~\~~~.) O 3. ‘t’he u n od i e  e x t d i t  ion e~ I U P  wa~; i f l V e~~t i~~:~ted

I ~I~L I ~~U e I ( ’ I (  t. t )  t y t t . p o in t  o f  v i e w . The t ) . \ l t I t ’  gr l .)Wt h
r I k • ( L a n i s n ~ i n v o l v in g  e l e e  t . ro l .vt  I c  oxld:i  t. ion of sandw i hes

el I t a&i d ~~~~ ~~~~~~~~~ ~t.U(I ~t’d b~’ U i f l l -~ G:t.\s as a s u b s t rat e .

~UI Lt - c i i ;p L W a s  ;ade t o  t O t ’ t ; I U i : I L . i.’ a ~ Li t ip l~ ’ e le.. ’ t  r i e~tI.

1 of  ( a .‘~~ - M~~I ti iodes w h i c h  t j  ts  r e a s on a b l y  we .11 w i t  h

t ’x i ’r i i u e t i t ; i l  C— V and G—V C h ’ l’~R t  e ri s t .  es. The

t1e~’e lopmen t o I’ f u r th e r  (a : \s  MOS t r ans  is  t OI’S t S r t ’ p ti I’ t ed

i n pr. r I. ~eu l ar  c1ut r~ t • st  orn ~ e ~~~~ t ~.flfl5 is  t o  L’ s w( r( ’

me asu red  .

F.inal. ly  , the d. c . emission of w h i  t e I i  ~‘:Lt f r o m  t h i n  P

~~~~ MOS ~ t. r u r t u  ~• t~~~ i s  rt ’pol’ t ~~ . T1~e spec t m l

- . 
(115 tX Lb Ut .  ton ~ ) I 1.1 1. emis~; lO f l  ~eerns t O  t nd i c ;t I e t h a t  e i t he r
a subst  an t  i a t  con t r ib ut  t on is  ob ta i ned by t he  rt ’eonib i n at  011

of electrons a l i t I  holes  in  t he amorphous (~~\ I do (whose energy

gap is larger t h a n  t h a t  of GaAs ) or by di ret’ I. recomb m a  L ion

of  hot charge carr ~ers in the spnce charge l a y e r .

-~~~~~~ - - - ~~~~~~~~~~ - .  -
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I yce 1 o loot me I ~ t e w a s  d i  st ’ t i s ’ .ed . It xx : i ; ;  s h e xv t i

. 1 1 1’ , ~ . ~~
‘ o~ ‘ ‘ ;  —~ iS ’\  ‘ k i t ’ \ . ;  1 a . t  I a ~~~‘ . t I I a I ~

‘ . . x  ~ ‘‘

tI t i t i  t t i t t ’ t ’ t l t t ’ i t t  rei -. t 115 e t  s t l t ’ l l  f t  l i : ’s ,

‘l’ti is tv~’nI ~ t i l t s new 14’ t ’ll  t ’X ~ I’ .510 t
1, t o  I i i r a  g t ’ o x ~ a i n  a
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composit ions are not . It seems probable t h a t  the growth

mechanism is dominant in these last two cases .

Use of a non—linear , least squares curve fitting

progriulune has made it possible to fit peaks to some of the

L.S .C .A. spectra f r o m  these studies. These have indicated

that the addiLional As observed close to the GaAs substrate is

probably in elemental form . Due to the overlap of the peaks
dUt ~ t ’.) e1enen~: ~iT As and As’~~ . n Galli~~a Arsonide (AV = 0 . 5 e V)
It !s diLfult to disti~x~,u;sh be txv t ~eu ~.he t o  t yp es w ~~~~-; s iacu
we had previously thought that only the Gallium Arsenide As

was present. However , assignment of t h i s  to elemental  As is
in agreement with recent results obtained from thermally grown

oxides on GaAsc2~
Using the  data shown in Figure 1, we have attempted to

estimate the amount of As present at the interface . The

f~gure obtained , 2 x lO~~ atoms/em 2 , ( i n t e g r a t e d  over the  —
whole width of the interface), probably represents an upper ‘
limit and could be an order of magnitude or more in error.

It does indicate , however , that there may well be sufficient

As atoms available to be responsible for the high interface

state densities reportedc3~

We have recently examined an anodically grown oxide film
0

on GaAs incorporating Az.. A GaAs sample with 200A of AZ

deposited onto the surface was anodised at irnA cm 2 . After

all the AZ was oxidised , as indicated by a change in slope of

the V/t curveç4) anodisation was continued for a further 30V

to produce an expected 6OO~ of native oxide . The sample was

then analysed using the E.S.C.A. depth profiling technique and

the results are shown in Fi gure 2 .  There are several features
of interest here .

( 1) The posi t ion of the AZ 2p peak in the E . S . C . A .
spectra was consistent  wi th  it being AQ. 203.

( i i )  The na t ive  oxide groxvs both on top of and

underneath the AZ 203 .  Th i s  was to be expected
if growth is due to both m et a l  ion and oxygen
migration through the f i l m ,

( i i i )  The composition of the native oxide film on top

____
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o f  t ~~~ Was  di I .f ’ ’i’x n t  to  t h a t  x tn d er n e at h
‘flie cO! :11)ostt  ion of ( lie  f l a t. i c ~ o x i ~ s~ f~ u n
ad ,I z x e e n  t. to t he  s t d st  r:; t o  was  s u:x I ~ ar t o  t lis t.

( ‘P50 L ’V e U  in  t h e  absence of A . llo wevo t’ tin.’
uia i  I ye O X I x L O  f l it : :  at  the  su r f ;n . ’~ was s ign I fi —
cant iv  mol’t As do lie  L e n t . Th is s u gg es t s

t h a t  su r f : 1 ¼ e i n t e r a c t io n  w i t h  t h e  e l e c t r o l y te
00 V O t _. U -  r C  1 l :t

( i v )  The amount o~ n a t i v i ’  ox id e  be low the A Q 2 0 3 was

amen ej ’i ’a t  or 0 h an  t h a t  on t he  s u r f a c e  . This

m ar  seati t l i n t  (~xv g e n  m i g ra t i o n  i n w a r d s  is the

la s t  or p rocess  d u r i n g  g r o :v th c  1)) 
H o wev er  account

nuts t also be t ak en  of disso tu t  ion at the  sur [ace
w h i c h  c o u l d  sign i [ jc a nt l  a f t e o t  t he  amount  of

native oxide ob s er v e d . As noted in (iii) above

sui’iac ’ e Lfects seeo to he of g ro at  im p o r t a n c e .

(v) The n a t i v e  o x i d e / A t ,. O... interfact’s were very broad .

In p a r t i c u l a r  A ”~2 O 3 was observed  :mli t he  way to the

s u r fa c e  o f  the film . This may mean t h a t  d u r i n g

aI led  i c g r o w t h  mig: ’at  ing meta l  ions can i n t e r c h an g e

w i t h  l a t t i c e  ions .

(vi ) The nature of the  nat  1v~ ox i d e/ G aA s  i n t e rf a c e
appe:tred very  s i m i l a r  to t h a t  obse rved  with no A~
p r e s e nt  . This  i s  quite cons is tent w i t h  the
SUggI!S t€ ’d g r o w t h :  t :i cchan  is1:i~ °~ wi~ere g rowth  in t h i s

region is du e t o  oxygen  migration inwards and oug h t

to be u n a f f e c  t e d  by t he  presence of AZ . The same
argumen t would appl y t o  exp l a i n  t h e  observed

com p o s it i o n  of t he  n a t  iv~’ ox i d e  f i l m  b e n e a t h  the
ito ted in ( i i i )  above .

The e f f ec t s  of v a r i a t i o n  it i  g rowth  cu r r e n t  d e n s i t y  h~~vt ’ not
bee n inves t  I~~d t f l L i  . Such stud  Les sh o ul  ( 1 i n d ic a t e  t he i m p o r t a n c e
or ~~h ierwi se  of sur t a c o  d i s s o l u t i on  e’ f f e ct s  s ince  a t  lower g r o w t h

rates t he s e  -diould b ecome r e l  at  i ve iv  more im p o r t an t

In conc lus ion , we fee l  tha t -  our kn ow I e C I ~~C of the anodie

oxidation proc ess for GaAs h a s  been s i g n i f i c a n t ly advanced  by t h e

— - -



1 0 1  i cat I on o I 1. . S . C . A . ‘1’lit ’ i~~~; o I Ui t v p  of an a l v  t i ca l

O ~ is  e x t  rome ly  i m p o r t  n u t .  i i i  order  t o  go i n  a f u r l  h i ’r u r .d~ - r —

st . t na  ag of m i  eree loo t ron i c dev L O t S and  a Pr  1 cat  i o n  p ro co o s s

V t  hone I h a t  v.e h a v e  hel ped 1 a der iot is  t r a t e  he a p p i  i c a t - u i t y
of one t e d i t :  i quo s h i  i e l i  has not  v e t  b t - t - : :  1 . 1  do v U~~OU in t hi - :

1
. 
it ’ iii .

I i’: . dl :. L a S

~ 1) 11 , }IAS1 -o \ ’ \ n u i I  h . ! . l~.’ h ’ \ G l l , . 1 o f  F t e ~’~~roehe!: .

, 12:3 , ~~~~ Lh~~ .

(2 )  R . L. FAIWOW . R. K . CU AN G  Sf lU  S. ~‘r~oc. KO\ ~~K I  , A p p i

Phys . Lt t t  . , 31, 7[;~ , 1P77

t~~ ) C . ii . Z d I S d L , L . J .  ~L5d1~~R nuL l P.! . L I L P . ‘I t h  i n t e r n a ti o n a l
C o n f e ren c e  on t h e  Phy s i c s  of S t ’r ;  c on du ct o r  m t  or

Px ’ inc e i  On , N ew Je rsey  , February , 1P77 .

(.1 ) i- .u r o p o a n  Research  O f f  l ot  Ikd’oi ’ t , N eii Pass i v a t  i o n

~~~~ ‘ th ous  of  Ga As ’ , J a n u a ry  19 ~‘ I , page  f~ .

( b ) P . A.  llRl~EZE and H .  L . II A II l’N AGI I. . ‘Art :e-~ses smnent  of th e
q ua l i t y  ot an o dic  oxides of daAs for VOS devi  ces ’’ , TI: in
So l id  Films ( i n  p r e s s ) .

2. 2 AN OD I SAT iC-N O~’ l i iP  (B . LIV INOSTONE )

Follow ~~t ; w or k  done  p r ev i o us l y  by 0 0 — W o r k e r S  On I IIC

an at  ion  of  in d i um  pnosp h  ide , 
( 0 )  m d  ~um p h o s p hi d e  wns  a r o d i  sod

u si n g v a r  I ou s C l e t ’ t r o l yt  (‘ C ’Or poS i t  IOnS . The has  i c ele c t  rel te

s o l u t i o n  x~ as 0. 3~ ( N i t 1 ) U ,1P0 1 w h i ch wa s  mi xe d  w i t h  propon 1 : 2

diol ( g l y c o l )  in  the  r a t io  of  1 : 2 respectivel y. This

e le ct  r e l y  1 e was  used p r e v i  easil y in  t h e  ano d i  sa t  ion of gal h u m

arson  i - ~~~~ a nd y i ~ hied a v er y  l o x  dt s~:a l u t  ion  r a t e  fo r  a less

c o r t e a n t  r at  ( ‘( I so lu t i on . The e le c t  ro l~ te c e a -p o s i t  t o n  was vn r ~ ad

by t h e  add i t .  I on of O j i  h er  g I vee  I or let s ic  so lu t  ion . A l l  t h e

arloi I - s i t  ions were pe r form ed u . ; I n g a con a t  an t  cu t ’ r o ut  supp ly on
3 — 8 x 10 1 7  n — t y p o  l’o l \ c r y st  a h l i n c  i n d iu n  p h e s p h i d e  a t  a ‘ o n s t a’.it

temoc ra are of 12°C.

The r e s u l t s  oP t  a i n ed  a re  shoit a i n  Fi  g t m i ’ e :3

( 1 )  wa n 0 . 3’! ( N il , )  li 2 PO 1 + g l~ col  i n  t h e  r a t i o  of  I 2 ,

- -- _ _ _
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more (NH 4) F[2P04 was added to give a ratio of 1 : 1 (2),

glycol was then added to bring the ratio back to 1 : 2 (3),

glycol was then added until the ratio became 1 : 10 (4),

(5) 50% H3 P04 + water and glycol in the ratio of 1 : 10, and

(6) 0.02M (NH4) 112 P04 + glycol in the ratio of 1 : 2.

As these and previous results show the anodisation of
indium phosphide is not as well defined a process as that of

GaAs when using aqueous electrolytes . The oxide tended to

break down at low v o l t ag e s  w i t h  bubbles  f o r m i n g  on the surface ,

presumably oxygen , for low ratios of glycol and solution. The

overpotential-time plot also showed a very non—linear growth for

low ratios but which became more linear and grew to larger

voltages without break down when the ratio was increased. The

most linear trace was obtained with phosphoric acid and glycol

solution but this also departed from linearity for large voltages.

The dissolution current density was found to be in the region of

lOOpA /cm 2 . This is much larger than that of GaAs but this

would be expected with aqueous solutions due to the high solubility

of phosphorus in water .

Further work is to be carried out on the anodisat ion of

InP to try and improve the growth of the ox ide and on electrical

measurements to obtain information on the quality of the oxides

formed by this method .

REFERENCES

(1) European Research Office Report , “New Passivation Methods

of GaAs ” , January 1976 , “Anodisation of InP” , A. Coiquhoun ,

page 6.

( 2 )  European Research Off ice  Repor t , “New Passivation Methods

of GaAs ”, January 1978, “Anodic oxi de f i lms on GaAs grown in
amxnoniuxn di—hydroge n phosphate ” , S.J. Hannah , page 8.

2.3 STUDIES OF THE OXIDE GROWTH MECHANISM U S1N (I
THIN FILM STRUCTURES (MRS . A.J. AL-.ADHAMY)

‘1’ ~~~ (3)It has been previously reported’ ‘‘‘ ‘‘ that both metal

and oxygen ions are mobile during anodic oxidation of A Z , Ta , W

L

and Nb; if the metal ions alone are mobile the new oxide will h~
formed at the oxide /electrolyt e interface on top of a
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3.1 C—V and G—V c har a c t t ’r i s t i o ~ of G:~As MOS diodes
(S .  J. llA;~~ A li  )
In order to b et t e r  appret’iatt ’ t h e  problems invo lved  in

producing  good sU r f a i ’t ’ ~s s S i v at i o n of GaAs i t  is desi rable  to
have a mathemat i cal model which  describes the p r e sen t l y  observed
e l e eL ~~iea l oL LI’ : t c L t ’ri~,t .  j OS U i  i. .t A a . ’.ii ~ ‘.5t~~1CCS .

S il i e °n ‘H’~ t 1 . c i - ~ t~. ~‘ t v e  su~~ ’ - .s lull :.‘ u n e t i  Ca :. t t . a i i s~

and conductance measu r~ tri~ nt s on ~t1O~ Ujoses to obtain i f l Lo r a . at i o f l

regarding surface state densities and surface potentials .

However , C—V curves obtained on GaAs MIS diodes incorporating

native oxides on d e p o s i t e d  in s u l a t o r s  do not exhibit t h e  type of

behaviour predicted by the  silicon model of Nicollian and
Goetzberge rY~ This has lead to some confusion as to t he

nature of the  Ga As interface , in p a r t i c u l a r  r ega rd ing  i n t e r f a c e
state densities and surface potential . 

4
An attempt has been made here to fit the experimental results

to a simple mode l which incorporates surface state capacitance

in a way similar to that of Nicollian et aiY~
The par~ icular case considered here is for anodic native oxide

on GaAs. C-V curves obtained for such MOS diodes are in Figures

1 (b) and 2(b) for n— and p—type  GaAs . These cha rac te r i s t i c s
show the f requency dispersion reported by many research in s t i t u t e s.
It appears that  the  p- type diodes behave bet ter  than  the n — t y p e .
However , low temperature me asurements for the diodes exhibit the

same characteristic lowering of the  “ accumulat ion ” level to almost
the same level as the depletion/inversion level. Obviously at

these low temperatures the surface potential is fixed for a large

change in applied voltage .

The model of Nicollian et al predicts that if the measuring

frequency is high enough the effect of the surface states becomes

negligible and the equivalent circuit of Figure 3 becomes simply

C0 in series with C~ .

For n—type GaAs the  “accumulation ” level falls flat at a

frequ ency of ‘
~~ lMii ~ and further i n C re as e  in frequency does not

af fect the capacit ance . It can now be assumed that the surface

states do not affe ct the measured capacitance (Cm ) and Cm is
. 

—~
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simp ly C0 in series w i t h  C1) .

A ssuming  now the  s ih l p l e  e q u i v a len t  ci  r e ni  t in  an a n a l y s i s

of t h i s  c i r c u i t  gives a COn d i  t ion t h a t  G
m/ (measured conduc t  : tuce

ove r angu in r f requency  ) has a max in t u m when

1
U) — 

H (C + C )
T T o

a~ d ‘.
‘
~ , = U
i . t / Q 1  max 2 (C T + C0)

when CT = CD 
+

U) 2 c~~5 2
and -

~~~~ 
_________________

1 + H 2 w 2 C ~Sc ss

and C -_ _ _

1 + H 2 0 ’- C
$5 SS

from which values of (I and H t he  surface state capacitance andss 55
its assoc I ated cap tu re/ em iss i o n  r e s i s t a nc e  may he fo und ~ ~ t D ~~

•1 
known .

CD may be found by me asuring C
~1 

at h igh  fr e q u e n c i e s , a s s u m i n g
C0,~, th e oxide capacitance is g iven  by Cm a t  low f r e q u e n c ies  and
high s t r ess  bias . Then :

_ Co CmCD - C0 - C

Values of Gm! were o b t ai ne d  using a Boonton Pridgo 7dC

and th e results for an n—type  samp le d i d  indeed  y i e l d  p eaks  , u s i n g

these results as shown in F igu r e  ‘1 , and assuming  C1) co no t  n u t  over

the range invest t gat ed gav e val u es  (‘ or (‘
,~~ and ~~~ . Tli~ s*’ v a lues

wer e then used to feed t ’n E’. c aIt  p r o gr a m  COfl t a f l i n g  t In ’ equ i v .~lt’n
c i rcui t of  Figure 3 . The o u t p u t  o I ’ t he E c a p  p 1’et~r a m  \v:c~ used
to predict the C—- V curve for t h e  ii oth ’ . Fi gure o( a) shows t h e

experimental C—V curve and F.i gu re 5 ( b )  show s 1. l i t ~ co m p u t e d  r e su lt

—. —
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It ~~~; seen t h a t  t i~~ ro i s  a general agi’&-e ~--e n t  , i u l a c c u r a c i t : ;  be i n g

t h o u g h t  t o  be m a i n ly  due to  c al i b ra t  i o a  of t h e  b r i d g e  a n d
i na d e . ju a t v  in  f e i ~~;at i on  a t  h i g h  f r e q uen c i e s , as it. is  t h i s  va 1 a t ’
w h i c h  g ives  CD .

‘l’h&’ results indicate that t h e surface p o ten t  i a l  of t he  d i o de

is almost fixed at a value near m i d — g a p  and t h e  C—V c u rv e  is not
due to t h e  v a r  t at io n of charges  in t he  semiconduc  toi’  sur t’ ace , bu t
is due m a ia l y to t h e  response of t h e  sur  face st a tes  (which are

i a~~ ~
‘ :1-.’ ’ t ..’ L ~.. 

‘ ‘  p i n a i n : ) ~ i t i; ~~~t q  ~; ac
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(1) E.lL . NICOLLIAN ~ A . (NJ~ TZBLRG ER , Bel l  Sy s t e m  Techn ica l
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3 .2 TEC IIN OLOdI CAL PE\ i LO1’~~dNTS FOR INT 1- :G}~ATED GaAs
MOS LO~;I C  (A . cOL~ U fl O UN)
Oxidatio n Sy s t e m

The anod ic  oxi dat ion s yst e m  has been st u d i e d  in some det aU .

Var ious d i f f e r e n t  elec t ro ly t e s  have been assessed , w i t h  the  mos t
p romis ing  two e l e c t r o l y t e s  be ing  t h e  AG~” so1ution 0’

~ and ammo~i i wii
d ihydrogen p h o s p hat e  ( O . 0 2 M  (N i l 1 ) 112P0 1 : Gly c o l  1 : 2 ) .

Electrically the o x i  des g rown  f rom t h es e  two e le ct r o l y t es  wer e
rat h er similar but  i t  was found  tha t -  the ( Nil 4 ) 112P01 ) e l e c t  r o lyt e  *

ten ds to form pores more easi ly and t h a t  phosphorus can be
incorporated in to the grown oxides .

AGW seems to be the  most u s e f u l  e le c tr o lv t  e found  so f u r ,
with the best conditions for growth being at a low c u r re nt  density

with the temperature ma in ta ined  at abou t 00 
— 5°C. The electrical

interface improves wi th  annealing with the optimum conditions

being about 10 mins.  at 350°C in N2 ambien t gasc2~ ~\na1 y s i s  ot ’

the oxide has been carr ied out us ing both ESC:\ an d : \U ( ihB analy sis

and has shown a reasonab ~y s h a r p  i n t e r f a c e  b etwe e n  U \~~~e and Cia As
(
~ 60—80 ~~) . A t y p i c a l  ESCA p r o f i l e  Is shown in  F i g u r e  &~ f o r

an oxide nomin a lly ~ O0:\ t h i c k .  From this profil e I t  appears  t h a t

the oxide close to the i n t e r  t a c o  is  a r s en i c  r i c h , . e . t h e  oxide

must be non—sto i ch ione t r i c  close to t he i ti te r face and t h i s  taa\  w e t  I
be the reason for a lar ge denl - ; i t y  of t r a p s  close t o the m t  or f a c t ’
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w h ich  ou r  r e s u l t s  seem to i n d i c a t e .  Variation of t h e  g rowth
cU r r e n  1 d e ns i t y  and p ost gr ow t h  t reat:’knt s ( such  as a nn ea 1 i n~~ )

have been used to t r y  and ad just  t h i s  ~‘re f  l i e  , hu t  so far we have

had only l i m i t e d  success,

Gre~’, l b  at low current  dens i t  it , s was  f o u n d  to  bt ’ advan tageous
but p r e se n t e d  a p rob lem due to  the  d i s s o l u t  ion r a t e  of t he  oxide

into the e lec t roly t e  which would then become faster than the

growth r a te .  This  problem was soi-~e~v h a t  over co~ae by coa t ing
the su r f a c e  w i t h  a l u m i n i u m  and then  a n o L i l s i n g  t h r o u g h  t h i s

L O  L t 1 ~ ( a ~~~~~ ;r I a ce  . Sc —~Su U Z. ca ra I e U L

Ar. 9O~ was  muc h lowei’ t h a n  t h at  of t he  Ga:\s n a t i v e  oxide and thus
a l lowed  ~r o wt h  at lower cur r en t  de u s i t

MCS ~ runs istors

Thu :tnod i.c oxide has been used as t h e  g a t e  insulator for

v a r i o us  t y p e s  of GaAs MOSFETs . F i r s t l y  in  xi c h a n n e l i n v er s i o n
type t r ans isto r s  where it was found t h a t o n l y  a very small

t r a n s c o n du c t a n ce  could be achieved . This  is probably due to
t r a p p i n~ of any inve r s ion  charge at or close to  t h e  i n t e r f a c e .

Resu l t s  f r o m  t h i s  type  of device have been pub l i shed  i n  ( 4 ) .

t u e  to the  problems encountered w i th  i nve r s ion  t y p e  MOSF’ETs ,
e f f o r t s  were concentrated on dep let ion type devices with t he

c u r r e n t  th rough  a channel  be ing  m o d u l a t e d  by the  dep l e t i o n  lay e r
wid th

T’~o d i f f e r e n t  f a b r i c a t i o n  methods were used b r  these devices

( a )  a m e thod  us ing the anodisa t ion  pr  cess to etch the  channel
of t h y  device and to produce a self—ali gned structure ,

( b )  a method  whe re the  channel  is f i r s t  chemically etched and
then subsequently anodised to produce a non sell—a l igned

structure which should be capable of increased enhancement

ope rat ion .

Metho ds  ( a )  and ( b )  are illustrated i a Figure 7 respect ivel y.

The transconductances  of these dep le t ion  type  devices  have been
qu i te  h i g h  and have approached the  t h e o r e ti c a l l y  expected values
for  the p a r t i c u l a r  valuf ’s of oxide t h i ckn e s s  w h i c h  were employed.
This i nd ic a t es  t ha t  the  dep le t ion  layer  w i d t h  and t h e r e f o r e  the
s u r f a c e  po t en t i a l  is be ing  modu la ted  as expected from the
c a p a c i t  ;I : lce/vo lt age  measurements .

Some microwave per formance  of these dev i ces has been reported .

—- — 
.
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however the smallest gat e structures that we have made wer e

around 6~m which is rather large for a microwave device .

Small er s t r u c t u res  would  r e q u i r e  more sophis t  icat ed  e q u i p m e n t

than is p re sen t l y  ava i  lable  in  t h e  l a bor a t o r y .

F u r t h e r  work iii this dir e ct ion s hou l d  be and is b e i n g  d i r e c t e d
towards double oxide gate s t r u c t u r e s  and stan 1 b r  geome t r tes  of

the devi ces.

MAOS t r a n s i s t o r s
The s e a rc h  f e ~ :t ~s’t  t er  ens - - N e  oX~~~ - n s; de u h~~e oxi

st. ru e  t UrO ~ L e a d  1 o t h e  d i S C ¼ ~ \ e i•y o cbs ~
‘
~~~~~ ‘ ~ t o  ca~~ ’ e I i t ’c t a I

the interface between the A~ 6O 3 and GaA s  n a t i v e  oxide  — both grown

an o d i ca l lv .  Th i s  e f t ’ect  ha s  boon u sed f o r  t h e  construction
of a memory t r a n s i s t o r  — te r ried  t h e  IIAOSI - ’ET ( M et a l  — A Q ,~O 3 —

n a t i v e  oxide — FL’i’ ) . T h i s  dev i ct ’ is a n o n - - v o l u t  I h e  memo ry l i ke
s i l i c o n  MNOS memory devices  , but  has Proved I 0 h i n v t ’ co n s i d e ra bl e
advan tages  over eq u iv a l en t  s i l ic on  d ev i c e s .

The devices h a v e  a l on g  c h a r g e  r e t e n t i o n  t ime  and can be
opera ted  w i t h o u t  s w i t c h  pros’ i dud that the gate  ox ide  f ie l d  d~ t ’s not
increase above a C t ’ r t  a in cr1 t I cal  Va Itto . The svs 1cm should  In ’
m d i  a tlon h arddue to t h e  wide  band  gaps  and f i tin 1 dcv ices should
have both fast read  and f as t  s w i t c h i n g  t ime s . F u r t h e r  work in
t h i s  d i r e c t i o n  sh ould  prove to  be rei~ar d i n g .
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3.3 N ON—l )E STRUCTIVE WH ITE LIGHT EMISSION FROM
GaAs MOS STRUCTUR E S (B.  13AYRAKT AH OGLU )

For f i e l d  e f f e c t  devices u s i n g  MOS s t r uc tu re s  the  oxide
L~~~~~~~~f lc ’ .~~~ , 1,a 1i~ L~r~, c -~~~~~~~~s t O  ~ d’ cV-:1:~ ~~~~~~~~~~~ ie :.~g~
currents . In GaAs technology , anodicalLy grown native oxide

0
thicker than 500A were  found  to s a t i s f y  t h i s  requirement  w i t h  i ts
e f f e c t i v e  r e s i s t i v i t y  r a n g i n g  f r o m  lO ’~ to lo 16 ~lcmc~~~ Leakage

currents of the  order of 1O 1 ° A / cm 2 can be made to f low t~irough
0

1000A thick oxide layers  at f i e l d s  of 2 x 10 6 V/ cm.  At h igher
f i e lds  n o n — d e s t r u c t i v e  “ f o r m i n g ” occurs with the flow of currents

up to 10 6 A/ c m 2 . Fields in excess of 4 x 10 6 V/ c m , on the  ot he r
hand , cause permanent  d i e l e c t r i c  breakdown in the  oxide layer
changing i t s  r e s i s t i v i t y  d r a s t i c a l l y .

However , anodic oxide f i l m s  on GaAs t h i n n e r  than t y p i c a l ly
2OO~ wer e found to allow large leakage currents  w i t h o u t  causing
d e s t r u c t i v e  breakdown . The maximum permissible current density

is a f u n c t i o n  of the  oxide t h i c k n e s s  and ~ an be as h igh  as several
0

A/ c m - for  oxides t h i n n e r  t h a n  iOOA . Light emission was observed
from reverse biased MOS s t ruc tures  us ing such thin anodic oxides
when t h e  leakage cur ren t  is t y p i c a l l y  IA/ cm 2 . Ligh t is f i rst
produced in granular form around the  per iphery  of the top metal
contact but becomes almost continuous when the leakage current

density is above 1OA/cm 2 . The light appears white and. is

clearly visible to the naked eye in dim light conditions .

MOS structures used in this investigation were produced on

both ii— and p—type GaAs with carrier concentrations ranging from

10 16  to 2 x lO~
8cr!r 3 . The growth of anodic oxides was achieved

in an AGW electrolyte~
1 or in O . 02M (NH 1 ) 112P01 mixed with propan

1 : 2 diol in the ratio of 1 2.  Growth of u n i f o r m  oxide layers
0

as t h i n  as h A  cover ing  t h e  who le  sur:f ace of GaAs was shown to be
possible in e i t he r  e lec t ro ly t e  g i v i n g  a h igh  degree of control over

tile oxide thickness .~~
3
~ The overpot ential—time (V— t) curves

were coit i nuous l y traced d u r i n g  a n o di s a t i o n  a n d  the overpotent ial

rise was used for the e s t i m a t i o n  of oxide t h i c k n es s .  The oxide
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I
h av e  i’s were d r I ecI in  an N ,, amb t e n t  i a t h e  t cml ’era t  nrc r ange  of
20°C — 350 0(’ and f i n a l l y  meta l  contacts were estabi [shed over I he

ox i de l a y er  b y evapor at  I ng m et a l  t h r o u g h  a s ta i nle s s  steel  mesh
Each m e t a l  ( ‘o u t s e t  was t yp ic a l l y  10 3 cm 2 in area  and r o ugh ly

c i r c u la r  in  shape . The reverse  s ide  of t h e  GaAs w at e r s  W C r~

covered w i t h  a p p r o p r i a t e  ohmic c o n t a c t  m e t a l s .

The r eve r st - — U [as  I — V  c h a r ac t e r i s t i cs  of t v n i c a l  MOS s t r u c t u r e s
are shown in Fl 

~~~~~~~~~~~ 
9 , produced on n — t y p e  G:u’-s Wi t -h d i f fe r en t

ca r r  [ c i ’  concea l  r a t  io n s  and di f f e r en t  top mac i al coat  ac t s  , as we l l
a ~ ~~ r ’ , i :L~ ~ es I I empe .~ t U : ‘ -

~ . ~~ I c  a a : . ~ - ~- c ~- .c  ~~~1 -

v o l t a g e, t he  c u r r en t is a lm o s t  h i n c ’a i ’ iy  dependen t  on t he  v o l t a g e

- I and the rt~si st a nce  of t l~e d e vice  in  t h i s  reg ion is on ly  a fu n e t  ion
of th e (k~~s hu lk  r e s ist  ai ico . The l ea ka g e  c u r r e n t  t h rough  t h e

• oxide l ayer  (produced on n — t y p e  G a A s )  becomes h ighe r  at the  sa~se
bias when the  top m et a l  con tac t  is itt ( ~~~. 3 .8eV ) than when it

is A Q 
~~~~~ 4 .2 5 e V ) or Au (~~~~, 

4 . 8 e V ) .  Consequent l y at a
• given b i a s  macre li gh t  is produced v;i th  s t r u c t u r e .’-; h a v i n g  top me t a l

c o n t a c t s  ~vi  t h lower wou ’ i-; f u n c t  ions  . Th e opp os i to  a rgum ent  is
true for devices  pz ’odts’ . ’d on p — t y p e  G aA s . The st :~b i  I i t y  of
t he  dev I ces  also depends st  rong ly on t he m e ta l  w o r L  f u n c t i o n  .
Devices  pro d uced on n— type GaAs with Au contacts tend  to
br eakdown niuch eaSier than those w i t h  r\ ~ or In , espc’ci ally if the

t_)

ox i de thickness is < b O A .

Fi gure 10 shows 3 s p e c t r a  ( 4 0 0 — S O O u m )  e ~ the 1 igh t o mi t t e d
from a t~~ a ca l  dt ’v ice W i t h  A top con ia c  t at d i f f e ren t  b i a s
condi  t m ‘a s  . A. ’; the  s p e c t r a  do n ot  sii i f t  Wi  ( h  t he  increase in

*These spect ra  were t a k e n  by Professor  IL L. i~ar t uag e 1  at Tohoku
Un ivers its- , ‘ada i  , Japan , durinc :  a p er i o d  of le ave  of absence t’rc’:u

t h e  Us I ver s  t t y  of Newcastle upon Tyne . The measui’ement .s were takc~
w i t h  s ma l l  w av e l en g t h  i n c r em e n ts , s tep  by s te p  , (by  d e t e r m i n i ng  the

Onu iss i o n  t n T . ens it y  for  each  s tep  over  an ex ten ded p er i o d  of s ev e ra l
m i n u t e s  in order to e l i n m i n a t  e t h e  noise f l u c tu a t i o n  of the

e x p e r i m e n t a l  s e t — u p .  The noise anpi  Ludes  ar e g i ve t i  in F ig ur e  It)

by the er ror  ha c. ’: . A Sb i m n a d z u — D a n s c h  and I ~snb ~-~onoch i’ocw) b r
type No: b~~- — ~~b - — 2 b , wa s  employed  to get  her  ~v i  th a res is ’ ance of 1OMP
and a V [b r a  (lug Reed E lect r e m ot er  b y T s h c d :u — R i e k o n  (‘l’l —~~- t?. ~ ) . The
ph otomul t iphi or used was IITV4 h~ of tin’ 1l:s -mama I su  Te l e v is ion

Company . A schema I i. c r e p r es o n t at  i on of t h e  set — u p  I s shown .i mm t h e

- 

in sert of Figure 10.
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b ias  and also l igh t emission is obse rved  ~ ven when  t he  oxide
0t h i c k m n ’ :~s is t h i c k e r  t h an  t he  t u n n e l l i n g  d i st a n c e  ( e . g .  > 100A)

plasmu n e x c i t a t i o n  is not  l i k e l y to be t h e  m e c h a n i s m  responsib le
f o r  t~:e l i gh t emission . ( t )  The shap e of t h e  spectra  suggests
t h at  t h e  ma in p a rt  of t h e  l i gh t  ern i ssion I s  in the  i n f r a re d
r e g i o n  o r i g i n a t i n g  poss ib ly  from the  b a n d — t o — b a n d  r econib ina t ion
r a d L a l i o n  i n  GaAs . R a d i a t i o n  w i t h  w a v e l e ng t h s  smal le r  than
70Oaa ~ can not ori g i n a t e  from the GaAs bulk  s ince  i t  corresponds
to ene rgie s larger than the energy gap of GaAs and t h e r e f o r e  can
en ;. ~~~ ~~: ~~- :  ~ 4 i n  r~~’ - ~ - : i d -  l a :  ~~~

. 
~~~ ~ he  ~~~~~~~~~~~~~~~~~ a ’’ L a y e r

b~ tween  ~ he ox i d e  and Ga_ As

I - V  c h a r a c t e r i s t i cs  of these t h in  oxide MOS s t ruc tures
i n d i c a t e  t h a t most of t he  applied bias is absorbed in the
d e p l et i o n layer  near  the  GaA s sur face  w i t h  t h e rm a l l y  generated
m i n o r i ty  c a r r i er s  f r o m  the semiconductor inversion layer leaking

t h r o u g h  the  oxide (see Figure  11). At h igher  bias  values a
large  number of m i n o r i t y  c arr i er s  becomes a v ai l a bI e  due to

a v a in n e h e  m u l t i p l i ca t i o n  in the  d e p l e t i o n  lay e r . Due to the
ed ge e f f e c t s  a v a l a n o i t i n g  f i r s t  occurs around the  edges of the  top
c o n t a c t .  I f  the leakage current  t h rough  the oxide is lower
t h a n  t h e  creation rate of m i n o r i t y  car r iers  an invers ion  layer  near
the  s u r f a c e  forms which  p ermi ts  some f u r t h er vol tage  drop across
the oxide layer  to be formed so t h a t  the  rac t a l  Fermi l evel is
moved w i t h  respect to the  conduc t ion  band eti ge of GaAs . The

L 
p r o b a b i l i t y  of maj o r ity  ca r r i e r  f l ow  f r om  the  meta l  to GaAs
becomes h igher  as the  meta l  Fermi level is closer or above the
conduetio~i band edge of GaAs . The light emission is believed

to occur when the majority carriers originating from the metal
combine w i th  the m i n o r i t y  carr iers  created by avalanche
multiplication. Since t h e  energy gap of the native oxide is

~ 
4.5eV ,~~~ electron—hole recombination occurring in tim e native

oxide have the pos s ib i l i t y  of producing li ght  w i t h  wave leng t h s
smal ler  t h a n  700am . The n e g a t i ve  r e s i s t ance  u s u a l l y  associa ted
with electron—hole recomb inat ion i_ s not observed w i t h  those devices ,
po ssibly  due to t h e  large series resistance of the depletion

layer.

Light emission was also observed if the native oxide was
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replaced by anodica l l y grown A2~2 0,~ or composite  o x L  des i . e .

AZ 2 0~ and th e  n a t i v e  ox id e of GaAs . The visible l i gh t
i n t e n s i t y  produced from such s t r u c t u re s  was found  to be somewhat
reduced as (n )ru l ) a I ’C( 1  to s t r u c t u r e s  u s i n g  native OXide on ly  at
s imi la r b i a s  c o n d i t i o n s .  F u r t her m o r e , t lu e  s t a b i l i t y  01’ dev ices
using A I~Q O 3 or composite oxides decrease s r ap id ly  if t h e
insu l a to r  l a y e r  becomes th icker  than  say l00~~. MOS st ructures

using thermally grown oxides or natural oxides , on t he  other hand ,

showed uns tab le  l i g h t  emission . The light could only be
>hs ‘ .~~~L ’ L I a t  ~~s - ’  I m e g  ; :. ‘ad : - ‘oaf le f lt  a r ea k d o - .eu ~v a - ;

alter an o p e rat i on  period of a few seconds.

The stability of light emission from anodic oxide MOS

s t r u c t u r es  was t e st e d  by opera t ing  two s i m i l a r  devices under d .c .

bias , one enibedded in high quality clear wax and one exposed to
a i r .  Ea ch device was l’abr :Lcat ed  on n — t y p e  GaAs w i th  a c a r r i e r

— 0
concentration of 2 .2 x lO tm6 cm ~ ano had 50A of na t i ve  oxide .
The m et a l  con tac t  was a 2000~\ thick In layer . A reverse bias

of — 1 7 . O V  was  a p p l i e d  to the  devices causing a current  of lOmA
to flow, in this condi t i o n  the  l igh t  emission could be observed
in t h e  darkness  with the naked eve. Both devices have been

ope rated so fa r  for  over 1500 luours w i t h o u t  any v i s ib le  c h a n g e

in t h e  colour or the  brightness of the  l igh t  emission . Fur the r
stability tests wore carried out on devices which are similar in

structure to those det cribed above , by opera t ing  them at 77K
arid also at 120°C for a 200 hour period . Again no noticeable

change of t h e i r  light emission properties was obtained.

It can be expected that such devices can be developed into

cheap li ght—emitting structures where it is not required to

produce the technically niore difficult p—n junction devices.
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