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The following personnel contributed to the research work reported

here : L. Figueroa , C. Slayman , H . W. Yen , M .K.  Barnoski . A. Ya r iv
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SEC TION I

iNTRO DUCTION AM) SUMMARY

The go~t 1 o t t h i s  r esea rch  p r ogram i $ to de ’ve ’ iop u n i q u e  hy b i  Id

opt I ca 1— mic t O W ~ I V% ’ sen I conduc to r  d i v  1 ces w i t  Ii t ’l~ t I ni.i I opt  ~~~~~~ I — m i t t  ow.1v ’

i nt e r a ct  ton ch. i t ~ i~’t ~ r t st  I c’s I 0! se’ l ect ed  S V S t  1.11% •~pp I t  c~lt ions ~4lid t o

lilve ’S t t g a t e ’  V I I  i otis met hods o t achi CV ing t he e’ I I I e’ j e’ I i t  h i g h — f  F L ’ II LI t ’ I % c V

n iodul . i t  ion ~‘l $e’ t t ’OfldUi,’ t Ot  l . i s c t  s

rhe st udv o I u oct ton I ~Ise ’t  m ode’ I ~‘~~k tug W .I$ t o u t  I nued dcii  t u g  L i i i  s

q ueirt i i  & i. he’ I O t t  i t  h )  . Wi.’ opt ’ i~~ ~~d I he’ I .ist ’ r i n  t he’ ext  e rn~ I — ~ iv i t  v

c o n f i g u r a t i o n  us I ng •c p1 ccc o t opt I c.i I f i b e r .  Pump! ng in •c L i o n  laso t

w i t h  shor t  e lec t  r i  c’~.tI  pu t  se’s • t t  •t I re’que’ncy cot  respond tug to I ho round —

t r i p  t rans i t  t re qu ency ot  the  c i v  i t  v general ed  St able optical pu t st ’s.

An ,wtocor r e  l . t t  ton measurement  sy s t e m  t or d e t e r m i n i n g  the  w i d t h  0 1  t hi.

opt t ea l  pulse  was di’s igne’d .ind is  cu r r en t  I ’.’ he’ t u g  ~isse nit led

The ma~ or e’ t t o r t  o t  the  quat’ I t ’ r .18 t o  de ’vc ’ lop a s poc 1 • i l i  . i ’d

FET dev ice ’ and a C.cAs Gunn d iode .  The’ .~p e ’ci a l  i :t ’d l E t  was des igned  so

that t’ i t  icient.  o p t i c a l  coup l ing  Let the  ac t  ly e ’  r e gio i i  01 the de’~ i i c ’ v i  I I

cause a st rong opt  b a t  —ml e’ r o W a v e’ i n te ra c t  ion in  t h e  dcv t i e ’  t .~ 1 op t  i t a t

detect  ion • opt  i i ’ a I m l  ect ion 1 e tcking ,  and opt it  a I m i x i n g  purpose ’s -

L i quid  phase ept t . t x t  at  (LPE )  g rowth  was usi ’d t o  grow t h e ’ fle ’ ccss, I !  v

:.~As and Ca~ bA t o As 1 a V I ’ i s  Oil .1 semi  — ins ti l at t u g  GaAs s ubst i •it  ‘

~5 were ’ e’ t h I t . t i ’ L i ’ r I:  e’a to  en sur i .’ goo d quit l i t  ~ . A ‘1 o t  t o u r  nt i s

was needed to t • ihr  I cat e’ t he  special F E1’s - Thee ni,isks have’ been des i gnod

and procured • and t hi’ FETs are cur r en t  1 v be’ tug  t ahr I ca ted  . Pie 1 im i n ar v

r e s u l t s  showed t h a t  the’ d ov i c e s  exhibited reasonable’ c h,t I c t O r i s t  t i ’s

and that their p r o p e r t i e s  W e ’re quite uni f o r m  ove’ r t he’ cut ire’ wat ci

GaAs Cunn diodes arc also being fabricated . These’ diodes will  he

used to stud y t h e’ in t e r a c t  ton between the output  01 8fl i Ii~ e’e’ I iou I .1St’ 1

.*t ~~t t he’ hi gh — f  t e ’ id Gunn eletmain in  t he’ d lod e’. The’ ultimate ’ gt ’ .% 1 i s  L i ’

. i c I i l c’ve’ c l i  Ic  t en t  hi gh— sp e’e’et modul at ion ot  t h e’ m l  i’d ton 1 ase ’u out  put

S 

~~~~~~



— ‘ -. .— ~~~~~~~~
--

The Guns d iodes we re fabr i ca ted  on a two—laye r  s t r u c t u r e  that  was qu i te
simi la r  to the one used for the FET e with the exceptions that layer

t hickn.ss and doping concent r at i o n  were d i f f e r e n t . Several devices

were f ab r i ca t ed  and tested u s t n~ a curve tracer. I)ifierenttat negative

res i s tance  was observed in  a l l  the  diodes tes ted . Work on o p t i c a l  beam

~~dulat [on us i ng Cunn d iodes will be carried out next  q u ar t e r .

L
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S E t
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I [ t iN

R~:CEN l’ RESL’I :rS ON t m i ’ 1 t . ’ .~~:. i ’ i ’t . s i  t~~ N t R : ~ L ’ i i i N  I S I N t :
I N , I F & ’ I ’ l t iN I A~ ERS

I n  t hey 1 ,i s t  q ua t  t ‘ ‘l  l v  t ci ’ ,’ I t • w i  i le ’~’i I 1 t~’ , l  . 111 t \ t  c t i~, L ~ c c \~‘ t I I Ifli ’f l t  ii

st tidy  o t  mode’ l o c k I n g  i n  s t in t i c  i td i ie ’ t o t ~ I .i~’ i t  ~‘ w i t  ii  t ~•o cl i  t

e ’x t e’ i t i , i I e . i v i t v  e’ ,’ ia t i e~c i m , i t  i o i u ~ . . in  t h e ’  I i i ~~- t  , , l ~ .i ’ , .1 s j ’ I t i ’ i i i . i i  m I t l , ’ I

was used in con j unc t i ~‘mi  w i t  it I i i i ’ I a$e r I o t i ’ i  . t l i  “ — ~‘m— I , ’,u c \ (  c t mu , i l

c _ t v  i t \ ’ . I ,ist ’t  pet ~~~~ loss  t h i n  ~‘ i R i  r:~~
t ’ i w i i h  , i t  i n  i — ~~lL’ ‘~ ‘c t  i t  t o u t

r a t e - w er e ’  gi ’ t u e ’ I . i t  i’d by  nit ’d u l . i t  i t ,~ t h e ’ I , i~,t ’ t  c i i i  t c ut  s i  t i l t s , ’ i d _ i l l  ,i t  t h~

r t ’qut ’ncv  . I n  t he se ’couid 0, 1St , .i j ’ i  C O O  o t g I , h t t ’~l t u~Ic \ uutt .~ I t i mo , I i

I be ’ r was u s  ~‘d to  re - it I . ic~~’ t it  spl i t ’ r i  c a l  nut r t  , ‘i  re ’si ’ na t  ~‘t  - l ’it i s  a I I owe ’d

t he’ i’ . iv i t  v le ’ngt ii t o  be’ v i i i e’d ,~ ti i t e ’  e’,i~ . i l v  .it iel a Is , ’ s i  m i t t  & i ’d t h e ’

al  & gnme-nt p i~ ’ct ’~.. ’. . We ’ W e m  C . t t~ lc t o  m~’,i u l . i t e ’ t ile ’ l . t s t ’r o u t p u t  i i  l i i ’

t iL I e 9 i e ’i e ’ $  up to  e . . ’ 1~ ~ : } i . - c i t  i c i e - n t l v  w i t h  t ile ’ t , i s t ’t ~ . It i .isc ’d , ‘ u i I ~ ~. i i g i t t I v

. t h ~’’,’~ t t~r t ’sh~ Id

I lur  l u g  t i i i  qua  i L i ’ r • w c e’oltt I nue’d t lie ’ e’ x I ’ ’ t  I tflt ’llt w i t  h t I i i  o pt  i c ,t

I i  ber r c s o u i . t t  o t O  n t  I gut  at t o n  i, c ,is e’ two  .tb~’ve ’ . To t ’a so the  pi’ob l cm ol

I i tt a ’i  . i l  igiw ’ i ’ut t • we’ i m ’ t , ’~~cd L iii ’ I i b o t  I i  ~ t n i t ’ by  ets i mig a i ’ ie ’ t i  o f

st  I t  e o n  v a t  c~u .  An a r t  .*~ o t  pai’ . i l  l o t  V g i  ,‘, ‘vc ’~, s t ’ p . i i  . t t  i ’d by \ ~~ l ( i

w o r e  I orme -d on t lie’ w , l  1 ’ m  us i iig  t il e ’ p u o f  o r en t  t , i I  ct c i i i  U~ I ci~itn I quo .

we ’re ’ .ib ii’ t o  mount  s ov~’ r . i l  I i bt ’ m  s w i t  ii i l l  I I i ’l  t i l L  1 e’ng t i t s  on OUt ’ W , l  t o  F .

l ’i i , it  hi ’ i i  ho t s  W e ’ t e’ p a m  , i l  Id  w,ts  t ’ns u r e ’cI by  t ile ’ t ’t , ‘i ii ’ti V 
~~

• wh c ~i one’ ,‘ t he’ t t h e ’ i s  w,is a I i  e~im ’ ,j t O  t li e ’ I .i$e ’ i • .1 s I  nup I t ’ t I . t I I S  t a t  ion

0 t  t h e’ s i  I i e ’Ofl W . I t  e’i could bring the’ t ’st of the f i b er s  ve ry  e’ lo st ’ to

per f cc  t a I t  gnment . i i i  i ~ 1 c at ur e ’  a l t  , ‘ws t ito I e’ng t  ii o t t ic ’ o ~ t 0 1 1 1 , 1 1

c a v i t y  ot  t h e  I n l e ’ c t b o n  I , t s t ’ m t o  be ’ v , i t i c ’d e ’ ,t s t l v  by fli t ’\ t u g  I t . ’ t i i  ~‘ lit ’

f t  be’ r L i ’ .1110 1 t i e ’ r -

In  our  i h t ~e’~ b u s  e’~~i’ e’r in tent  $ on t hi ’ .le’t i~~~t m ’ , h t ’ l o c k i n g  o I I ui ~ cot  i

I , i S e ’ I S , the’ pe ’ u t  u r h a t  ion ult ’i’e’$ s a ly  t o  i t idei i ’ c ’ l o t i gi  I ud i ti.i l mode ’ coup I i

was p roy til e-el by .i si 11uSd Id at  nte’el ci t a t  i on  o I I he ’ I , I S  i ’ i  c u t  r c u t  —

re’ce- nt Iv  be’g_ i ~i t ’xpc ’r tn ie ’nt  i ng  w i t  ii .i d u  t e’i c ’flt  t 
~~~

‘ ‘  ol  pe’r t  c i t l ’ , i t  l o u .
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This was done by driving the lasers with short electrical pulses

at the cavity round—trip transit frequency . The technique of

using shor fi ;—pu lse excitation to mode lock a laser has been used

sue  c c ’S s t i i l l v  w i I h d y ’  l a st ’ rs • w h u ’ ro ii mode ’ — I etc kemi .1 r
4 

l . L s e ’i pu I s~~’ I r t i n

was used t o  s ynchrone tu ~ iv  d x c  j L i ’ th e  i l y c ’ and t i tus p rod t i c i ’ u l  t r a s h u o  r t

dy e ’  1,ise ’i p u i l s i ’s . I n  o u r  e x p e r i m e n t , w e’ used s hor t  i ’ l e ’e’t r i ~~~~ p u l s t ’~ t o

e x c i t e  t lit’ t fl~ e’c l  I t ’li I . t s or  anti ge’n e ’r at  e’ shor t  opt  i c , i l  p ut  Sc ’s at an

I —CHZ repel. i t  ion  rat  e ’ . liii.’ sho r t. e l e c t r i c a l  p u t  Se ’S w e ’r e ’  gone ’ F , I L  i’d by

,i s t o p —  Fe ’e’o ve ’ rv el i t ’de.’ v i  I i i  a I —~~Uz cent c r  I reel ut n o v  and a use’ fu  I hand

01 t OO ~I I4 . ’ . I~t Ie ’ d i  e l i t e ’ 0,1 11 p t i ’ v i d i ’ use fu  I l i a r m ot i  t i  powc’ r up t ~‘ 18 L I I , ’

when d r iv  e’n by a 1 -i.;U , s I nu so id .i  I s i gua I - The’ r e t  i ’ I c ’ , i t  s h o u l d  he

very elf ic t en t  t o  r mode.’ I o . k  i ng an i nj  oct  ion I ,lse ’ r - Pu f or t  un at  c i v  , I t ic

l a se r  pat ’ k~ige ’ and the ci  r cu i  t a round  the.’ I , i s e ’ i do not have h i t ’ band—

w i d t h  to acconimod alt.’ t ile ’ s har p  e’ 1 c c l  r i C a  I pet 1st ’ a ntI hence t h e  c i  I c c l  I y e ’ —

ne ’ss of  t h i s  se’ht ’mc’ is  1 u i  ted unless  a br o adband  c i  r cu i  I is useSI

The’ eXpe. ’ r i m en t  .i I ~i r r angenuent  is cssefl t  i a I l v  t i le ’  s ~ufle~ as I h at

~lt ’sc ’r 1bed in t h e  1,is t r o p o r t  w i t h  s l i g h t  meid i I i c at  io n s , as shown i t i

F igure  1 . The s t c ’p—rcco v e ’ry  ci [ti de was  p l a c e d  i n  5cr be ’s w i t  it t i ~ c ’ F t

inpu t  port of the  laser d r i v i n g  c i r c u i t  - i”i gu i c’ .~ shows a h e m p o r a l

dis p lay of  the last’ r out put  power .  l ilt ’ Ii hi.’ r cxli.’ m a  I re ’s~’n ,it.e ’ F o t  t he

laser was ~~ 3 cm l o n g ,  c o r r e s p o n d i n g  to a r o u n d — h r  i p  t r a n s i t  I rc ’q uc ’ticv

of ‘ I . I GUz - F t  gure .
~ & a) shows t he case ’  when t h e ’  I i  he’ r was n ot  p t o  pt r Iv

a t  igned to the I ,tst ’r ; opt i e’ .i I ou t p u t  r e ’semhtes  t h a t  o I ,i s i m p le ’

si nusoidal r m d u l a t  ion. F igure  ~ (b )  shows t h e ’  case’ wh en L iii.’ I i t ’e r was

w e l l  a l i gned to t lie l aser ;  cons ide r ab l e  s h a r pen i n g  o I t h e ’  out  pu t  was

obse rved . The pulse w i d t h  d i sp lave- d was d e t e c tor  l i m i t e d , i n d i c a t i n g  a

pul se’ w i d t h  o f  less than 150 pse’e ’ . I n  both  CJSt ’s , t h e  r f  i n p u t  power

and the  dc bias to the laser were’ rough l v  t lie’ same’. We a lso  not I i t ’d

th at the pulses  i’ t oti i t , ’ t ’d l’v t h i s  t e c h n i q u e ’ we’ re ’ I i ’s s no i s v  t han t hose

generated w i t h  s l i i i i~.oj d s l  c u r r e n t  m o d u l a t i o n .

The I asei r c av i t  v ~‘ son anc c can , i n ter e s t  i ng l  v enough , be cxc It. eel

t h r o u g h an o p t i c a l— c l e ’e’t r i c a i  feedback  loop .  For examp le ’ , w hen t lii.’

8
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l as er  i s  al  u g n e ~ t o  an e ’~~t e ’ r u i , i  I r i ’ s o u l a t o r , t he’ o u t p u t  de ’t~~c te ’d l i v

pho tod lode’ and d t 
~~~ 

1 avod on t he ’ ml  c t i rw ay e ’ p e e  t t u r n  , i t i . t  v / e  r v i  I I .1 1 w , i  vs

s t t ,~~ j  rc ’s~ ’u , t u c c ’  cor re-s pouud t u g  t e l t h e ’ r o u n d — I  r i p  t r , e n s  i t  I r e ’ q u i c ’ I i e v o f

t he’ c_ t v  i t  v . I t t he’ p tto t oi l ~. ‘d o S l i t  po  is  amp ) i i i c d  a t id  t od b . i ~ ~ I s  I I ,

r t i n p u t  15 5 1 1  s i t  ( li t ’ I , i s t i 01  t o U t  I - I lIt ’ s p i e l  i I ~ .. ~~~ t i i J  I V i o l  S i  I I

t ’nt uau t s . e ’ii r e s on a n c e ’  p e a k s  c on  e’spt ’nel t u g  t o  t h o - ., - I r e ’ i L u I i uC j i - s  ~, i t  I t  ~‘ t  ‘ s  I

phase  shi  I t  t ’ r  p o s i t  i v e ’ i e t s l l I , t s  k I i t s e’ n l c i  . ‘s . i ~ I i ’ S s ’ t l . L I R  0 p O i k S  can

spread  O v e ’ r a r an g e ’ e e l  ~c i~. l i u u i e j r o d  ~~~~~~ i t  .‘ i i  t h e ’ I ~~d t i , i t k i l  1 c c i i  I

used i s  no I at  i c e ’ l v  w ide ’b ,ind . We ’ .il Si ’  t nsi ’ r L  t ’ d , i  i i  ne si i oh  e h e ’t  i n t h u c ’
cod b ,i~ k t oo  p and ot is  C I V  i’d I tie ’ c ti ~i ii gos i n  t tie r e  I it  I vi  l it ’ I g li t o t I lie ’s c

peaks by v a r y i n g  t h e ’ t ’ l e . t r i c . i I  Ie ’Iug t II o t  t he’ f e e d b a c k  p a t t i .  l i i i . ’~
Ic ¼ h u b  quc m i g ht  be ,tn I rnpor I ant w .iv o I t u r n  i ug l a~ I UO 1 S t  (~~ e l f  —

p u t s_ i t  i o n )  to  a e l v _ t n h ~ t ge ’ by  ch a n g i ng  i t  i n t o  sI  , i b l t  .mel us~ ’t u I  n i o d u l  it  e d

laser  o u t p u t  -

An _ i u i t , ’e’ o r t s  L it  t on  tl i i ’ ,iS t i F i T l i t l t  s V st t ’iii u s  in g  l 1 h i . i S e — l h l t  e Iie ’d S i ’ t O i te i

harm onic  ge ne ’ r .11 t o n  is cur  r ent. l v  bi.’ lu g  .i~~ s t , i l ’  I e’d I o r  F e C , ’ I , I 1 115 1 I t t  I I Ut’

op t  i c a I p u l s e ’ w Id t i i .  ‘I’ ti e’ no ii t u e  a r lI e d i ui~: t o  he ’ ti s e’~I i s  a p j ~~~~ o I

t i l t ) 3 cr\ ’st  u i .  The ’ in c ident .  ang le  b r  p hi is e — n l . i t  ch od s~’oo n d — h i , i u  m o t i l e

gcne ’ra t i o n  i n  t h i s  c r v s l , i  I .a ~ .eO ( )  A was  e.’j l c u l , i t  e e l  I i ’  be’ ~ s i t  Ii

r c s p e ’e L i i he c u v s  ,i i ,ux i s .  W~ h ,tv~’ ~‘bt . a i ned .111(1 ~~ 11 shed a p i COe 0

I . i I O ~ ~ r v s t a 1 .  O p h i c u l  componen t s  such  u s mt ’ t s ’ r — d n t v e ’n ‘ i  s c i s i o t i

t r a n s l a t ion s t a g e , be’ ,um s p h t t c u s , nl~~F i o F S , ,und a r o l , i t  i o n  5 t a k ~e ’ I t ,

b e i n g  p r ocu red . Fut u r c  w o r k  w i t h  I i s o r  mode.’ l o c k i n g  s i  i i  be ’ o ‘ ‘i ,i i i i

l i i  glie ’r repel i t  i on  i re ’u l ue ’nc c’s and shor t  or  ~~U iSe ~s Id  I u s  and Is ’ s t  t id y t l i e ’

phase  l i t t e r  i n  o p t  f o a l  p u l s e ’s.
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SECTION 3

DESIGN AND FABRICATiON OF MODIFIE1) GaAs FETs

To achieve c i  f i c i e n t  o p t i c a l  i n j e c t i o n  l o c k i n g ,  m i x i n g, and

high—speed  d e t e c t i o n  us ing  GaAs FET a m p l i f i e r s  or o s c i l l a t o r s , we are.’

interested in i m p r o v i n g  the coupl ing  e f f i c i e n c y  of l i ght i n to  GaAs

FETs . A m o d i f i e d  FET s t r u c t u r e  was proposed and ana lyzed in our l a s t

q u a r t e r l y r e p o r t .  Th is d e v i ce ’  has a B u r r u s— t y p e  s t r u c t u r e , as shown

In Figure 3. The m a ter i a l  p r ep a r a t i o n  f o r  the device is to start with

a piece’ of Cr—doped GaAs semi—insulating substrate ’ and t o  grow s’.o.—

cessive ly an n~Ga
1 

A l A s (~‘s5—pm—thick) layer and an n—GaAs ( ‘ i — t i m — t h i c k )

layer. The GaAs layer is the active region of the FE~t and the Ga~ Al  As
layer acts as a buffer layer. For this device to work properly, t h er e

mus t be no current leaking through the Ga
1 

Al As lay er. This can be

done by leaving the Ga
1 

Al
~
As layer undoped so as to keep its

cond uct ivity low and by choosing an appropriate pelicentage of A l  such

that the Ga
1 

Al As layer becomes an ind irec t bandg ap mate r ia l t o

further reduce the carrier mobility. Furthermore , since the band gap

energy of Ga
1 

Al As Is higher t han  that of GaAs , the  hetero junction

also serves to confine charge carriers in the GaAs layer. Thus , t he.’

current leakage due to the presence of the Gu
1 

A I
~
As layer can bt’

kept at a minimum .

LPE crys tal growth and layer characteri zit Lou are’ very important

for this task. The layers were grown with the c o n v e n t i o n a l h o r i z o n t a l —

boat , s l i d ing—bar  t echn ique  and c h a r a c t e r i z e d  us i ng a f o u r — p o i n t  probe

and H a l l — e f f e c t  measurement  s e tup .  D a t a  measured fo r  seve ra l  Ga Al AsI — x  X

and GaAs layers are summarized in Tables I and 2.  T a b l e  I gives t he.’

carr i er concen t ra tion , mobility, rcsistivity, and s h e e t  r e s i s t a n c e’ h e i F

four different samples. lt is clear from the table’ that t h e .’ carrier

mobili ty dr ops signif i can t ly as the materia l turns i n t o indirect—g ~ p

(x ‘ 0.37) material. Also , it appears that , by usi ng high—puri ty

single— crystal source material , 
~~~~~~~~~ 

laye’rs with resistivit . it’s
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Tab le  I .  Ch t t r a ct e r t s tt c s  ot  LP E— Gz’ owu
Ga Al  As l ay e r s  ( ‘  ‘ t in )l -x  x

ALUMINUM CARRIER CARRIER RESIST IVITY SHEET
CONTENT CONCENTRATION MOBILITY RESISTANCE

N (CM ’ 3~ p (CM2/V -SEC) p (Il -- CM) R
~ 

Ill )

GROWN
WITH 0,4 6.13 X 1015 100 10.15 203 X 104
HIGH ___________ _______________ ___________ __________ ______________

PURITY
SOURCE 0,26 3.83 X 1016 1427 1.14 2.28 X 103

GROWN
WITH 0.4 1,18 X 1016 148 3.67 1,15 X 103
POLY - -__________  _________  -____________

CRYSTALLINE
SOURCE 0,36 3.31 )( 1015 796 2.33 4.65 X ~Q3

t’~ib l e ’ ...‘ - Cltarae ’t e. ’nis t .  t ea  ci)’ U’F Growii GaA s
Layers  t, ‘-I ti m)

CARRIER CARRIER RESISTIVITY SHEET
CONCENTRATION MOBIL ITY RESISTANCE

NO , N (CM ~ 3) p(CM2/V - SEC) p ~U —CM) R~ (I))

1 2.23 X lO~~ 2913 9,60 X ~
o—

~ 96.0

2 7 ,76 X io 16 2925 2,74 )( io ’ 2  274.0

3 1,19 x io 17 3573 1,46 X io’~2 -_
146,5

4 1,12 X io 16 3335 2,62 X io’ 2 262,0

14
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S.

highe r than 10 ~cm ca n be grown. Table 2 gives d a t a  f o r  a few n— GaAs

layers doped w i t h  Sn. The doping  concent ra t i on  var ies  between 7 x I O~~
and 2 x l O U /cm 3. E xce l l en t  m o b i l i t y  and r e s i s t i v i t y  were o b t a i ned

for  our  device  requi rement . S i n c e  a l l  t he  Ga 1) 6A I 0 4As l .iyers were not

intent tonally doped during growth , the  measured dop ing  cuncent  r a t  ions

of ‘3 x 10 15 /cm represent the  background leve l of ’ our  ept—system .

To f a b r i c a t e ’  the  d e vic e ’ shown in Fi gure ’ 3 w i l l  r equ i r e  a Set 01

f o u r  nina ks - S chemat lea c i t  t he  masks are shown in  F i g u r e 4. ‘I’hc’ I I  r s I

mask Is used t o  d e f i n e  ~ GaAs ~Ie’ I lye mesa so t hat  cur  rent  I e ’ak , igc , ir oun d

the g a t e ’ in t he GaAs layer  is min imized . The second utas k dc l  In c ’s  t lie

so u r e ’e.’ and d r a i n  e.’ lec t rodea  us ing  the. ’ l i f t — o t t  t e chn ique . Tu e.’ t Iii rd

mask d e f i n e ’s t h e ’  gate e l ec t rode , also by the l i t  t — c i f t  t e chn i que , and

the f o u rt h  mas k is t’or etching the  back side of  the  FET to open t h e

illumination window. Various registrat ton marks are put o n t o  the  masks

t e) ensure proper alignment throughout the processing steps.

During the last quarter , we proces sed sev era l  w a f e r s using the ’

following pre cedure. After t h e ’  layers were’ grown , the wafers we’re

cleaned and coated w i t h  Shi p ley  AZ I3SOJ p h o t o r e s ist .  The I t r a t  mask

was then used to d c - t i n e  the  ac t ive  mesa p a t t e r n .  This was fo l lowed by

chemical ly  e’tchlng the mesa p a h t e ~rn i n to  G aAs . The e ’t c han t  used was

Superoxol  (11 ,0., :NH 4
O H ) .  The e tching  ra te  o f  t h i s  process depend s

st rong ly on the  pH v a l u e  of Super oxol . A few measured va lue s  f o r

n—GaAs are listed be low:

pH Etch Rate’, tim/mm

8.0

8.5 5

9.0 8 to 10

15
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Since Superoxol is a selective etchant , the process s tops  at t h e ’

Ga0 6M0 4As s u r f a c e  and a GaAs mesa is formed . A second p l i o t or e . ’s l sL

coating is then applied to the w a f e r and exposed to genera t e . -  I l ie . ’  source ’

and d ra in  e. ’Iect r c ’dt-  p a t ter n s . The elc ’clrode ’s  . ire .’ l a i d  down by de p o s i t  L u g

th in  layers  of Au: Ce,  Ni , a~~I Au on to  t he.’ w a f e r .  A l  Le. ’ r re ’nlo v i rig l i r e . -

photoresist , the  samp le was heated at 450 °C under hyd rogen ,rtinosp l re.’rc’

for  45 sec to f o r m  Ohmic c o n t a c ts  at the  source and t ile d r a i n .  At

th i s  point , the devices are examined t a r  t h e i r  1— V u l i a r ; i e le . ’r ist  i cs us ing

a probe s t a t i o n  and a cu rve  t r a cer .  A t y p i c a l  c u r v e ’  f r om our  de . ’v i ccs  
S 

-

is shown in Fi gure 5. The s a t u rat i o n  v o l t a g e  cii t h e . ’  dev ice ’s  w i t h o u t

gate e l ec t rode  is 6 V , and the saturation current is 25 mA. We’ have

fuu ~d the c h a r a c t e r i s t i c s  of devices f rom the same w a f e r  to be q u i t e

u n i f o r m .  To put  the  gate e l e c t r o d e  on the  d e v i c e  by the l i f t — o I l  H

technique requi res another  p h o t o l i th o g r a p h y step .  The l i f t — o f f  t e c h n i que

requires tha t the photoresist pattern have sharp edges. Considerable

effort was put into determining the opt imu l t i m e  and tempera ture’ I or

photoresist  exposure , deve lopment , and p o s t — b ak iu g .  I”i gurc 6 (a)  sh o w s

the photoresist pa t t e rn  of the gate e lec t rode .  Note  t h e  sharpness  o f

the walls . Figure 6(b)  gives a Close—U I) c i t  one of the  corners . ‘I’Iie. ’

gate electrode is formed by evaporating Al to f o r m  a Sch o tt k y b a r r i e r .

In the next quar te r  we will  p e r f o r m  rf c h a r a c ter i z a t i o n  of the. ’ c o m p l e t e d

GaAs FETs and wil l  etch i l luminat ion windows i n to  thc back s ide  c i t  t hc

dev!ces. The optical—microwave i n t e r ac t ion  e f f i c i e n c y  w i l l  also be

determined .

17
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SECTION 4

DESIGN AND FABRICATION OF G aAs CUNN DlOl)E S FOR
OPTICAL MODULATION

The most common , and t he.’ eas iest , method of m o d u l a t i n g  an i n l e . ’ct i o n

laser Is by var~ ing t h e ’ c u r r e n t  t ha t got’s t h r o u g h  tire. ’ laser. h owever ,

t h i s  type  of modu la t ion  i s  l i m i t e . ’d as to h i g hest  ,ti ’ h i i e . ’vab l t ’  m o d u l a t i o n

f r e q u e n c y  because of the  pr cse ’u ce ’ of t h e relaxation oscillation in the. ’

laser. S t a t e — o f — t h e — a r t  semiconduc-t o r  l a se r s  can be.’ modulated e l f  I c i e . ’n t l v  I~

up to only a t’ew gigahertz with t h is method . A second drawback with

d i r e c t  m o d u l a t i o n  is that the.’ laser , even t houg ht it oscillate ’s at a

sing le long i t u d i n a l  mode under  dc e x c i t a t i o n , t end s to break i n t o

m u l t i — l o n g i t u d i n a l  mode o s c i l l a t i o n  when i t s  c u r r e n t  is  modula te. ’d .

Therefore , fo r  u l t r a h i gh f r e q u e n c y  m o d u l a t i o n , e x t e r n a l modu la to r s

migh t  be necessary.

This sect ion describes a scheme in w h i c h  t he  i n t e r a c t i o n  between

the t raveling high e l ec t r i c  f i e l d  Gunn domain and the laser beam is

used to achieve loss m o d u l a t i o n  of the laser  o u t p u t  at very  hig h I re.’—
( 1— 3 )

quencies.  The m o d u l a t i o n  f r e q u e n c y  ts dete.’rmiiied by t h e . ’  ope.’rai. t u g

f requency of the Gunn diode and is not l i m i t e d  b y t hc.- f r e q u e n c y  re. ’sponse

of the laser. Thus, this is a p r o m i s i n g  method f o r  the  e f f i c i e n t

high—frequency modulation of injection lasers and one t h a t  can p o s s i b l y

also be used f or the ac tive mode locking o f  i nj e ’c t  ion  l a ser s .

When a dc voltage is appl ied across a Gunn diode , hig h e l e c t r i c —

field domains are formed in the device under certain conditions. These

domains propagate between the two e lec t rodes  of a Cunn diode at a

saturated ve locity of V
D 

‘
~~ lO~ cm/sec .  The traveling domains lead to

a regular spiking of the device c u r r e n t  at a f r e q u e n c y  given  by

f V d /L , ( 1 )

where L is the length of the Cunn diode.
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We propose to use the i n t e r a c t i o n  between the  Cuon domain  and t h e

optical beam to pulse modulate a semiconductor l a s e r  or L EI) at v er y

hi gh f r equenc ies .  Some o t  t he.’ i m p o r t a n t  opt ie’ .tl  processes ins ide . ’  the. ’

Gun~i domain are.’ d i s c u s se d  be ho w . ‘t he ’ e ’ , n r r  i e r  den s i t  s’ w i t  k i n  a Coon I ’

domain  is h i g her than  t i n e  bae.’k gr ou n d  dop i rig dc -us i v . t a r  a h .nc k gr e m u iid —

doping concent r a t i on  cii 10 ’ 6/cm 3 . t he peak car  r i e.’r chens i 1 s I s  ap p  t a x i  —

mate ly 10 to 20 t i me s  t hat c i i  t. he.’ b ackg round . Titus  t h e  opt  i c .i I n b s o r p —

t ion due to t ccc ’ c a r r i e r s  is hig her  w i t h i n  L i r e . ’  donna i n  - A si nip b e ’

c a l c u l a t i o n  reveals t hat  the  inc rease .’  i n  abse rpt.  I s i fl  e’t i~~t I ici e ’iit 15 on

the  order  a t ’ 10 cni
1 . A ;e’cond e. ’t t e c t  oh t ile. ’ i u e .’r e’ase.’d c a r r i e r  eie ’ti s i t v

wi t h in  the  dom al ii is tha t the  r e a l  par t  ci t  t h ~ d I c ’ b ee t r i  e.’ csinst ant

w i l l  change . T h i s  leads to an i ncr ease  in  the  opt  i c. t  I re.’ I it’ d I V  i t . v I ron

the  domain.  Floweve r , s ince t lie’ change ’ in t lie index o I ref  r act  ion  .\n  is

on ly  about ~~~~~~~~~~ the  e f f e c t  is neg l i g ible. We behie. ’v e.’ t h a t  the.’ l a r gest

e f f e c t  w i l l  come f r o m  the  h igh  e . ’ l e c t r i c  f i e lds  w i t h i n  t h e . ’  domaIn .

Since , by the  we l  1—known Fr ,nu ~’, — Ke ’ i d y sh i  e t  f eet  , a large. ’ e. ’lc ’e t  n c  t I e ’  i i i

can skI ft the a b s o r pt i o n  ed ge of  a se.tni l e’oneiuct or (su ch as t~ . te \c i  ) to

lower energies , t he  absorption e.’e i e ’ l i i i ’ i e’nt. will increase.’ tar an op t  I c , t  I

beam with given wave length near the band gap c i t  t h e. ’ mat  e.-r i a 1. To

es tima te the change in a b s o r p t i o n ,  we c a l c u l a t e’ the  ia .n x mm uni  e. ’le.’ct U i c

field inside the doma in using the e.’xpr ession
4

/2eV n ~ l / 2

E ~~~~~~~~~~~~~~~ ,max \ c

where e is the  e l e c t r o n i c  charge , V is the  c r i t i c a l  v o l t a g e , n i s  the. ’

c a r r i e r  d e n s i ty , and L is the d i e l e c t r i c  constant ~~ GaAs . The’ c r i t i c a l

f i e l d  E a (V /L) in GaAs is ~ 1 x V/ cm . For a lO— ~tm — i o n g  e1O\’ I CC ,

V is t h e r e f o r e  ~3 V. Assumi ng a background d o p i n g  c o n cen t r a t io n

n 1O ’6 /cm 3, Eq. 2 y i e l d s  E 10~ V/ cm.  The.’ i” r an z— K e ’l d y s h  c t
. 
le’~~~ci max

is s ign i f i can t  In the  presence of  such a s t rong  e I e.’e ’t r Ic  t i e  Id - L’ s I ng

avai le dat a for  CaAs , we. ’ I I  mci t h a t  the change i n  a b s o r p t i o n
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coefficient , &i, can be as large as 500 cm ’ 1  near the  bandgap

w i t h  a f i e ld  ci t l0~ V / c m .  This  large  change. ’ an t i t u s  be u~ e.’d t o  p u l s e

modulate the  o u t p u t  f rom a G aAs i nj e c t  ton l~tser (or  En ) .

The e x p e r i m e n ta l  arr an ge. ’nicnL t o  be used j s sh le i Wnt  i n  1-igure  1.

A Cunn diode is placed p er p e n d i e .u l ar  t e l  t h e ’  i i i  ~e’ct j o f i  laser ca\  i t  v su c h a

t h a t  the  laser o u t p u t  w i l l  go t br oug h i tire. ’ Guun e.t Ic ic le’ . l’ht ’ I . n s e ’r w i l l  be

driven con t inuous ly , and the  Cunn d iode w i  I I  be.’ bi aseel ,nbeive.’ t i r e .’

thresho ld fo r  domain  format ion.  The domains  tr ave l between t1e. ’ ,woel .’

and the cathode. ’ at  a f requency d e t e . ’r m i n e .-d by Eq. 1 * W iien ~ t h e ’ opt  ical-

beam encounters a domain , the  st  ic ing  a b s o r p t i o n  c m l  titis region r e du c e .’s

the t ransmi t ted  power , and when the domain  d i sap p e a r s , t h e t r a n s n h i s s i c l n i

is high. 11 we assume tha t  th e . -  ab s o r p t i o n  c c m c ’f l i e  le ’t i t  is  SOt) cm I’

withi n the domain and 10 cm outs ide t he’ donia i i i , tint-n t he ext 1 n et  I t i n

ra t io I /1 is given by
on o f f  ‘ S

I

a ~~~~~~ (— l Od) 
a exp  (490d ) ,

‘o f f  ~~~ (—SO Od )

where d is the  t ransverse  dimension of the  Cunn diode’ ( t i l e  i n t e r a c t  ic’ii

length) expressed in cent  imete.-r s . The l i s t  a l  e x t i n c t ion r a t  his ve rsus

d ‘s shown in Table  3 indicates that e.’ft’icient ~~U ISe ’ n ic in j u l a t  ion c’ , rn  be.’

achieved w i t h  reasonable i n t e r a c t i o n  d i st a n c e ’ . fo enhance.’ t he.’ i n t e r —

action between the  o p t i c a l  beam and the  Gu un doma in , we.’ pre ipo se’ t o  C I S C

a waveguiding s t r u c t u r e  in the v er t  ica l  cii  re’e t  ion , as shown i n

Figure 8. The Cunn diode is coniposce.I c i t  two epi  t a x i  a I layers . GaAs

(v 2  urn ) and Ca
0 6A 10 , As ( -s -2  u rn)  on a s e m i — i n s u l a t i n g  GaAs sub s t  rate. ’.

The doping level  f o r  the a ct i v e  GaA s l aye r  is - ‘- iO ~~~/cm 3. l i n e ’ n . n s k  F o r

the active region was designed and procured d u r i n g  th i s  q u a r t e r .  Te’

achieve stable dc opera t ion , we use a t r a p e z o i d a l  lv  shaped act  i ce ’ re ’g i e m u

wi th  optimized geometr ical  parameters ,5 as shown in ~ l gure 9 ( a ) .  An

etched pa t te rn  in GaAs is show n in Fi gure.’ 9 ( b) .  We have f a b r i c a t e d
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Table 1 . Ext m e t  ion Rat  to Versus  1nt ~ ’ r  ,ne ’ t  t o n i  l.e. ’ug t ii ci t
a Cunn M o d u l a t o r

~~~~~~~~~~~~~~~~~~~~~ ION
INTER ACTION RATIO 1ON / 1OFFLENGTH

20 (Mm) 2.7 OR 4,31 dB

50 - 11.6 10,64 dB

70 30,8 14.89 dB

— 

100 , 734,3 27 .28 dB

150 1556,0 31,92 dB

200 18033.0 42.56 dB

2 1
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SECTION 5

PLANS FOR THE NEXT Q UARTER

‘
~I

In the next q u a rt e r , we w i l l  f i n i s h  the  au t o c or r e l at i o n  measurement

setup so that the true pulse width of the output of the injection laser

can be determined . We will attemp t to modulate the laser at higher

repetition frequencies and to improve the external cavity arrangment

by such means as using an etalon in the cavity and adding an antirefle. ’c—

t i e’in c o a t i ng  to the laser facet to keep the experimental parameters

manageable.  We w i l l  s tud y the  m a g n i t u d e  of  the  p hiise ) i t t e r  In t h u

op t i c a l  pulse and f i n d  ways of r educ ing  i t .

We w i l l  cont inue  t h e  f a b r i c a t i o n  of GaAs FETs and Gunn diodes.

RF cha rac t e r i s t i c s  of these devices will be measured so tha t  ap j i r o p r l a t e ’

microwave circuits can be designed for amplifier and oscillator

operations . Op tical—microwave interactions in these devices will then

be studied quan titat ive ly.
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