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Recebido em 20 de Setembro de 1981 

Departure f rom l i n e a r  p o l a r i z a t i o n  o f  l a s e r  modes was observed 

t o  be induced by a p p l i e d  u n i a x i a l  s t r e s s .  The induced p o l a r i z a t i o n  e l l i p -  

t i c i t y  was observed t o  be independent o f  i n j e c t i o n  c u r r e n t  b u t a  f u n c t i o n  

o f  a p p l i e d  s t r e s s  and o f  the  i n d i v i d u a l  l a s e r .  Non zero  e l l i p t i c i t y  was 

observed i n  some l a s e r s  even a t  t h r e s h o l d .  

Var iações na p o l a r i z a ç ã o  l i n e a r  dos modos de emissão de l a s e r s  

de i n j e ç ã o  podem ser  induzidas p e l a  a p l  icação de pressões u n i a x i a i s .  Ob- 

serva-se que a p o l a r i z a ç ã o  e1 í p t i c a  induz ida  é independente da c o r r e n t e  

de i n j e ç ã o  mas depende da pressão a p l  icada e das c a r a c t e r í s t i c a s  i n d i v i -  

dua is  de cada l a s e r .  ~ o l a r i z a ç ã o  e l  í p t i c a  d i f e r e n t e  de zero  pode ser  ob- 

servada mesmo no l i m i a r  de emissão est imulada.  

1. INTRODUCTION 

In most i n j e c t i o n  l a s e r s  t h e  modes o f  t h e  l a s e r  c a v i t y  a repre -  

dominan t l y  l i n e a r l y  p o l a r i z e d  w i t h  t h e  e l e c t r i c  f i e l d  p a r a l l e l  (TE) o r  
1- 3 

perpend icu la r  (TM) t o  t h e  j u n c t i o n  p lane  . I n  t h e  p resen t  paper we 

show t h a t  u n i a x i a l  p ressure  can induce t h e  mode p o l a r i z a t i o n  t o  become 

e l l i p t i c a l  w i t h  t h e  degree o f  e l l i p t i c i t y  be ing  a f u n c t i o n  o f  pressure 

and o f  t h e  i n d i v i d u a l  I a s e r  d iode.  

* Supported by TELEBRAS. 



Fig.1 - T y p i c a l  u n i a x i a l  p ressure  dependence o f  threshold of a homos- 
t ruc tu re  l a s e r .  

I n  a previous publ i c a t i o n 4  we reported on the v a r i a t i o n  o f  the 

threshold cur rent  of GaAs i n j e c t i o n  lasers  when subjected t o  un iax ia l  

pressure. There we showed t h a t  f o r  a laser  operat ing i n  a TE mode, the 

threshold cur rent  Ith increases w i t h  pressure P up t o  a c e r t a i n  po in t  

where the l as ing  mode changes t o  TM and then the threshold cur rent  de- 

creases w i t h  f u the r  increase i n  pressure. For a laser  operat ing i n  a TM 

mode the threshold j u s t  decreases w i t h  increasing pressure. These re -  

s u l t s  were explained i n  terms o f  v a r i a t i o n s  o f  the gains o f  TE and TM 

mdes caused by the s p l i t t i n g  o f  the heavy ho le  and l i g h t  hole valence 

band degeneracy o f  GaAs upon app l i ca t i on  o f  un iax ia l  pressure. 

t a l l y .  

I n  Fig.  1 we show a t y p i c a l  l thvs. P curve obtained experimen- 

The departure from l i n e a r i t y  o f  the threshold-pressure depen- 

dente above 400 atm. was suspected t o  be due t o  j u i i c t i on  damage by the 

pressure, as the experimental po in ts  could not  be retraced upon reducing 

the pressures. But i n  many o ther  lasers  we have studied since, we have 

observed such non l i n e a r  behaviour o f  the threshold curve which i s  per-  

f e c t l y  reve rs ib le  upon reducing the app l ied  pressure and the r e s u l t s  can 

be t raced and retraced many times over. 

This e l im inates  j unc t i on  damage as a poss ib le  cause f o r  the ob- 

served behaviour o f  I th i n  these lasers .  We have examined the proper t ies  

of these lasers  i n  t h i s  region i n  d e t a i l  and repo r t  them i n  t h i s  paper 

together w i t h  a poss ib le  explanat ion based upon the mod i f i ca t i on  o f  the 

eigenmodes o f  the laser  waveguide caused by the un iax ia l  pressure indu- 

ced changes i n  the r e f r a c t i v e  index tensor o f  GaAs. 



2. EXPERIMENTAL 

The l a s e r s  s t u d i e d  were s t r ipe- geomet ry  GaAs homostructure l a -  

se rs  made by z i n c  d i f f u s i o n  i n t o  a  Sn doped s u b s t r a t e  o r i e n t e d  i n  a  (1 11) 

p lane .  The approx imate p h y s i c a l  dimensions o f  t h e  l a s e r  d iodes were 380 

um long  by 630 um wide by 100 um t h i c k ,  w i t h  a  s t r i p e  w i d t h  o f  13 um. 

The exac t  dimensions o f  each d e v i c e  were measured w i t h  a  m i -  

croscope b e f o r e  a p p l y i n g  t h e  p ressure .  The exper imenta l  arrangement used 

t o  a p p l y  u n i a x i a l  pressure p e r p e n d i c u l a r  t o  t h e  j u n c t i o n  has been d e s c r i -  

bed b e f o r e 4,  except  t h a t  i t was adapted5 t o  o p e r a t e  a t  temperatures near 
O 77 K. To rn in imise h e a t i n g  e f f e c t s  t h e  l a s e r s  were opera ted  w i t h  100 ns 

c u r r e n t  pu lses  a t  a  low d u t y  c y c l e .  The r e s u l t i n g  l i g h t  o u t p u t  was c o l -  

l e c t e d  w i t h  a  lens, analysed w i t h  a  p o l a r i s e r  and de tec ted  w i t h  a  photo-  

m u l t i p l i e r .  DC o u t p u t s  p r o p o r t i o n a l  t o  t h e  amp l i tudes  o f  t h e  c u r r e n t  and 

l i g h t  pu lses,  needed t o  d r i v e  t h e  x  and y  channels o f  a pen- recorder ,  

were ob ta ined  u s i n g  sampling o s c i l l o s c o p e s  and box-car i n t e g r a t o r s .  A I 1  
o  

da ta  were taken w i t h  t h e  l a s e r s  o p e r a t i n g  near 85 K. 

3. RESULTS AND COMMENTS 

The t h r e s h o l d  c u r r e n t  and t h e  components o f  t h e  mode p o l a r i z a -  

t i o n  a long  t h e  TE and TM d i r e c t i o n s  were ob ta ined  by r e c o r d i n g  t h e  l i g h t  

o u t p u t  i n t e n s i t y  w i t h  TE and TM p o l a r i z a t i o n  as a  f u n c t i o n  o f  c u r r e n t .  

T h e i r  p ressure  dependence was determined by r e p e a t i n g  t h e  measurements 

w i t h  v a r i o u s  u n i a x i a l  pressures a p p l i e d  t o  t h e  l a s e r .  

As i s  shown i n  F i g .  2, f o r  l a s e r  M-9, t h e  r a t i o ,  TE/TM, o f  t h e  

mode component i n t e n s i t i e s  a long  TE and TM d i r e c t i o n s  was determined by 

s u b t r a c t i n g  t h e  spontaneous emiss ion i n t e n s i t y  v a l u e  a t  t h r e s h o l d  f rom 

the  TX and TM i n t e n s i t y  a t  some f i x e d  c u r r e n t  above t h r e s h o l d  and then 

d i v i d i n g  one by t h e  o t h e r .  I t  was v e r i f i e d  t h a t  t h i s  r a t i o  was t h e  same 

f o r  a l l  c u r r e n t s  above t h r e s h o l d  (up t o  a  c u r r e n t  where a  h i g h e r  o r d e r  

mode w i t h  a  d i f f e r e n t  p o l a r i z a t i o n  e l l i p t i c i t y  s t a r t e d  o s c i l l a t i n g ) .  i t  

should be noted t h a t  t h e  r e l a t i v e l y  wel l-marked t h r e s h o l d  c u r r e n t  i s  t h e  

same f o r  b o t h  t h e  TE and t h e  TM components. T h i s  f e a t u r e  and t h e  f a c t  

t h a t  t h e  TE/TM i n t e n s i t y  r a t i o  remains cons tan t  w i t h i n  a  c e r t a i n  rangeo f  

c u r r e n t  above t h r e s h o l d  were observed i n  a l l  t h e  measurements we c a r r i e d  



o u t  on v a r i o u s  l a s e r s .  These two f a c t s  t o g e t h e r  seem t o  r u l e  o u t  t h e  

p o s s i b i  l i t y  t h a t  we a r e  observ ing  two ( o r  more) modes hav ing  1 i near  po- 

l a r i z a t i o n s  o r thogona l  t o  one ano ther .  

Current 

F ig .2  - Typ ica l  cu r ren t  dependence o f  output  i n t e t i s i t y  frorn a  laser  rnea- 

sured through a p o l a r i z e r .  Both po la r i za t i ons  a re  shown; the r a t i o  bet -  

ween the outputs  a t  each p o l a r i z a t i o n  i s  constant once the unpolar ized 

spontaneous emission i 5  subtracted. This r a t i o  i s  d i f f e ren t  for  other va- 

lues o f  app l ied pressure. 

The v a r i a t i o n  o f  t h e  i n t e n s i t y  r a t i o  TE/TM and the  t h r e s h o l d  

c u r r e n t  w i t h  u n i a x i a l  pressure,  f o r  l a s e r  M-3  a r e  shown i n  F i g s .  3 (a )  

and 3 (b) r e s p e c t i v e l  y. 

STRESS (atm) 
Fig.3(a)  - Output p o l a r i z a t i o n  r a t i o  and threshold  as a  f unc t i on  o f  ap- 

p l i e d  un iax i a l  pressure. 



Fig.3íb) - Output polarization ratio and threshold as a function of ap- 

pl ied uniaxial pressure. 

We see t h a t  t h e  r a t i o  TE/TM and hence t h e  mode e l l i p t i c i t y  i n -  

creases w i t h  u n i a x i a l  p ressure .  

We t h i n k  t h i s  i s  caused by t h e  s teady s t a t e  ( o s c i l l a t o r )  e q u i -  

v a l e n t  o f  mode convers ion  i n  a t ransmiss ion  s t r u c t u r e 6 ,  where t h e  p res -  

su re  induced o f f - d i a g o n a l  terms i n  t h e  r e f r a c t i v e  index t e n s o r w o u l d t e n d  

t o  cause admix tu re  o f  TE and TM modes. The neare r  t h e  p ropaga t ion  cons- 

t a n t s  o f  these modes t h e  g r e a t e r  t h e  mode admix tu re  a t  a  g i v e n  pressure.  

I n  the  s teady s t a t e  case t h e  e f f e c t  o f  t h i s  mode convers ion  would mani- 

f e s t  i t s e l f  as an increased e l l i p t i c i t y  o f  t h e  eigenmodes o f  t h e  l a s e r  

c a v i t y .  A lso  s i n c e  t h e  t h r e s h o l d  o f  themode complementary (TE i n  our  

case) t o  t h e  l a s i n g  mode (TM i n  our  case) i s  h i g h e r  than t h e  t h r e s h o l d  

o f  t h e  l a t t e r ,  an admix tu re  t h a t  has an increased component o f  t h e  f o r -  

mer should have a h i g h e r  o v e r a l l  t h r e s h o l d .  We observe t h i s  e f f e c t  i n  

F i g .  3(b)  where t h e  decreasing t h r e s h o l d  rounds o f f  and then  increases 

w i t h  pressure.  

S i m i l a r  r e s u l t s  f o r  l a s e r  M-9 a r e  shown i n  F i g .  4.  

Here t h e  l a s e r  mode a l r e a d y  s t a r t s  o f f  a t  ze ro  p ressure  w i t h  a 

h i g h  degree o f  e1 l i p t i c i t y  (probably  due t o  i n t e r n a 1  s t r a i n s )  and t h e  

t h r e s h o l d  c u r r e n t  j u s t  increases w i t h  p ressure .  

Even tua l l y ,  w i t h  a s u f f i c i e n t l y  l a r g e  p e r t u r b a t i o n ,  t h e  case 

o f  complete power shar ing  between t h e  modes should be represented i n  t h e  

s teady s t a t e  case by a mode e l l i p t i c i t y  such t h a t  TE/TM i s  n e a r l y  u n i t y .  

F u r t h e r  inc rease  i n  t h e  p e r t u r b a t i o n  should n o t  a f f e c t  t h e  mode e l l i p t i -  

c i t y  and consequent ly  should n o t  a f f e c t  t h e  t h r e s h o l d  a l s o .  I n  F i g .  5 we 
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Figures  & ( a )  and 4 ( b )  - P o l a r i z a t i o n  r a t i o  and threshold  curve  f o r  a  l a -  

ser w i t h  l a r g e  e l l i p t i c i t y  a t  zero a p p l i e d  s t r e s s .  Th is  case nas rareand 

probably i n d i c a t e d  a  r e l a t i v e l y  l a r g e  in terna1  s t r a i n .  

show the r e s u l t s  obtained f o r  laser  M-12, where these cond i t i on  o f  mode 

and threshold s t a b i l i t y  a re  rea l i sed  a t  s u f f i c i e n t l y  h igh  pressures. 

Observations o f  the po la r i za t i ons  angles a t  which maximum and 

minimum i n t e n s i t i e s  occur and the va r i a t i ons  o f  these angles w i t h  applied 

un iax ia l  pressure lend f u r t h e r  support t o  our content ion  t h a t  the modes 

are e l l i p t i c a l l y  po lar ized.  T y p i c a l l y  f o r  a laser  which wi thout  app l ied  

pressure has a very small TE component, the p o l a r i z a t i o n  angle f o r  m in i -  



STRESS (atm) 
F i g .  5 - polar izat ion r a t i o  and threshold curve f o r  a laser on which 

the appl ied stress was large enough t o  obtain near u n i t y  p o l a r i z a t i o n  

r a t i o ;  as expected the threshold a150 became pressure independent. 

mum in tens i  t y  ( t ak ing  the TE a x i s  as 0' and the TM ax i s  as 90') i s  90° 

wi thout  appl ied pressure. Thi s angle i ncreases uni  forml y (though not  ne- 

cessar i  l y  l inea r l y )  wi t h  appl ied un iax ia l  pressure u n t i  1 i t reaches some 

value between 125' and 150° and then does not  change anymore fo r  h igher 

pressures. This l e v e l l i n g  o f f  o f  the minimum i n t e n s i t y  p o l a r i z a t i o n  an- 

gFe occurs a t  about the same app l ied  un iax ia l  pressure as f o r  the l e v e l -  

l i n g  o f f  o f  the TE/TM r a t i o  and the threshold cu r ren t .  The maximum i n -  

t e n s i t y  p o l a r i z a t i o n  angle accompanied the v a r i a t i o n  o f  the minimum i n -  

t e n s i t y  p o l a r i z a t i o n  angle and always remained a t  r i g h t  angles w i t h  the 

l a t t e r .  

4. CONCLUSIONS 

Although some p o l a r i z a t i o n  e l l i p t i c i t y  was shown t o  be expec- 

ted i n  the semiconductor laser  modes by Zachos et aZ . l ,  even from a sca- 

l a r  d i e l e c t r i c  constant considerat ions,  the values encountered here a re  

la rger  by orders of magnitude. 



T h i s  i n d i c a t e s  t h a t  p ressure  does induce o f f - d i a g o n a l  elements 

i n  t h e  d i e l e c t r i c  cons tan t  tensor ,  l e a d i n g  t o  mode convers ion  by  pho to-  

e l a s t i c  e f f e c t .  T h i s  was unexpected s i n c e  t h e  p ressure  was a p p l  i e d  i n  

t h e  (111) d i r e c t i o n  and pure u n i a x i a l  s t r e s s  i n  t h i s  d i r e c t i o n  does n o t  

produce o f f - d  iagonal  elements i n  t h e  d i e l e c t r  i c  cons tan t  t e n s o r 7 .  Howe- 

v e r  as shown by y a r i v 6  o f  t h e  TE and TM rnodes a r e  n e a r l y  d e g e n e r a t e d  i n  

t h e i r  p ropaga t ion  cons tan ts ,  as i s  t h e  case i n  h o r n o s t r u c t u r e  l a s e r s ,  

s u b s t a n t i a l  mode convers ion  can occur  even i f  t h e  o f f - d i a g o n a l  elements 

a r e  sma 

(111) d  

on t h e  

s t r e s s ,  

propaga 

1, suggest ing t h a t  i n  our  case. t h e  s t r e s s  i s  n o t  e x a c t l y  i n  t h e  

r e c t i o n .  Th is  a l s o  e x p l a i n s  why t h e  e l l i p t i c i t y  i s  so dependent 

n d i v i d u a l  l a s e r  s i n c e  t h e  d e v i a t i o n  f rom the  (111) u n i a x i a l  

t h e  a l r e a d y  e x i s t e n t  i n t e r n a 1  s t r a i n ,  and t h e  exac t  v a l u e  o f  t h e  

i o n  cons tan ts  d i f f e r e n c e  between t h e  TE and TM modes does v a r y  

f rom l a s e r  t o  l a s e r .  

The mode convers ion  i s  f u r t h e r  enhanced by t h e  feedback inhe-  

r e n t  i n  t h e  l a s i n g  process: a  t h e o r y  o f  t h i s  b e h a v i o u r i s  p r e s e n t l y  be ing 

developed and w i l l  be pub l i shed  s h o r t l y .  

F í n a l l y  i t  i s  wor th  observ ing  t h a t  i n  double h e t e r o s t r u c t u r e  

l a s e r s  where t h e  p ropaga t ion  cons tan t  d i f f e r e n c e  between TE and TM modes 

i s  r e l a t i v e l y  l a r g e ,  mode e l l i p t i c i t y  was o c a s i o n a l l y  observed by p a o l i 8  

b u t  as expected 

The au 

ce f o r  t e c h n i c a l  

and T.  Paol i f o r  

i s  much s m a l l e r  than t h e  one observed by us. 

t h o r s  would l i k e  t o  thank M.S.  S a r t o r i  and F.C. de P r i n -  

a s s i s t a n c e  d u r i n g  t h e  course o f  t h i s  work, and A. Yar i v  

f r u i t f u l  d i s c u s s i o n s  and comments r e l a t e d  t o  t h i s  work. 
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