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SUMMARY 

Three  major areas of  r e sea rch   have   been   i nves t iga t ed .  They are: t h e  
improvement of l o n g - t e r m   r e l i a b i l i t y ,   t h e   p u r i f i c a t i o n   o f  mode p r o p e r t i e s ,  
and  the  achievement  of h i g h e r - t e m p e r a t u r e   o p e r a t i o n .   I n   r e l i a b i l i t y   s t u d i e s  
we observed a s l o w   i n c r e a s e   i n   c o n t a c t   r e s i s t a n c e   d u r i n g  room tempera ture  
s t o r a g e   f o r  lasers f a b r i c a t e d   w i t h  In-Au o r   I n - P t   c o n t a c t s .   T h i s   i n c r e a s e  is 
ac tua l ly   caused  by t h e   d i f f u s i o n   o f   I n   i n t o   t h e   s u r f a c e   l a y e r   o f  laser c r y s t a l s  
By u s i n g  a th ree - l aye red   s t ruc tu re   o f  In-Au-Pt o r  In-Pt-Au, we have  reduced 
t h i s  mode o f   d e g r a d a t i o n .   I n   c h a r a c t e r i z i n g   t h e  mode p r o p e r t i e s ,  we found 
t h a t   t h e  lasers emit i n  a h igh ly   l oca l i zed ,   f i l amen ta ry   manner .   Fo r   w ide -  
s t r i p e  lasers the   emis s ion   occu r s   nea r   t he   co rne r s   o f   t he   j unc t ion .  I n  o r d e r  
t o   ach ieve   s ing le -mode   ope ra t ion ,   s t r i pe   w id ths   on   t he   o rde r   o f  8-10 um are  
needed. We a l s o   f o u n d   t h a t  room tempera ture   e lec t ro luminescence  i s  p o s s i b l e  
n e a r  4 . 6  u m .  

I N T R O D U C T I O N  

I n  r e c e n t   y e a r s   t h e   t e c h n o l o g y   o f   f a b r i c a t i n g   l e a d - s a l t   d i o d e  lasers 
has   advanced   rap id ly .   Progress   has   been   s t imula ted   by   the  demand f o r  more 
r e l i a b l e   a n d  w e l l  b e h a v e d   d e v i c e s   f o r   c e r t a i n   a p p l i c a t i o n s .   F o r   i n s t a n c e ,  
d e l e t e r i o u s   c h a n g e s   i n  e l ec t r i ca l  and opt ica l   p roper t ies   have   been   overcome. ' ,*  
This  w a s  achieved by improv ing   t he   c rys t a l   g rowth   t echn ique ,   t he   d i f fus ion  
p rocess ,   and   above   a l l   t he   con tac t ing   me thod .  We have   found  tha t   contac t  reli- 
a b i l i t y  i s  the   dominan t   f ac to r   i n   de t e rmin ing   t he   l i f e t ime  of l e a d - s a l t   d i o d e  
l a s e r s .   B e s i d e s   l o n g  term r e l i a b i l i t y ,   b e t t e r   e m i s s i o n   c h a r a c t e r i s t i c s  are  
e s s e n t i a l   f o r   m o s t   a p p l i c a t i o n s .  We have   charac te r ized   s t r ipe-geometry  
pbl-xsn T e  d iode  lasers wi th   da ta   on   near - f ie ld   measurements .   In   th i s   paper ,  
the  tecffnology  needed  to   fabr icate   s imple  s ingle-mode,   s t r ipe-geometry lasers 
w i l l  be   d i scussed .  

Higher   t empera ture   opera t ion  is a n o t h e r   d e s i r a b l e   f e a t u r e   o f  w e l l  behaved 
lasers .  P r o c e s s e s   l e a d i n g   t o   t h e   f a b r i c a t i o n   o f  room temperature  PbSl-xSex 
l i g h t   e m i t t i n g   d i o d e s  w i l l  b e   d i s c u s s e d .  

C o n t a c t   R e l i a b i l i t y  

For  c w  o p e r a t i o n  a t  temperatures   approaching 40 K, w e  found   t ha t  a 
c o n t a c t   r e s i s t a n c e   o f  ohm-cm2 o r  less i s  necessary .   This  is a t t r i b u t e d  
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t o   t h e   l o w   t h e r m a l   c o n d u c t i v i t y   o f  1 ad sa l t  materials ( t y p i c a l l y  0.07 W/cm-K 
v e r s u s  3 . 0  W/cm-K f o r  G a A s  a t  77 K ) .  S i n c e   l e a d - s a l t   c r y s t a l s   h a v e   v e r y   h i g h  
e l e c t r o n   a f f i n i t i e s ,   l o w   r e s i s t a n c e   a n d  o h m i c   c o n t a c t   t o   t h e   n - t y p e   s i d e  of  
d i o d e s  can b e   o b t a i n e d   e a s i l y   b y   u s i n g   e i t h e r  Au, I n   o r  In-Au combinations.  
It i s  the   p - type   contac t   tha t   normal ly   causes   p roblems.  

5 

For  the  p- type  s ide  In-AuY4  In-Pt5  and In-Pt-Au6 s t r u c t u r e s   h a v e   b e e n  
r e p o r t e d  as producing   low  res i s tance   ohmic   contac ts .  More r e c e n t l y   o n l y  
In-Au combinations  have  been  used. 7,' We are n o t  aware of   any   sys temat ic  
s t u d i e s   o n   t h e   l o n g - t e r m   r e l i a b i l i t y   o f  In-Au c o n t a c t s .  However, we found 
t h a t   t h e y  are n o t   s t a b l e   i n   o u r   d e v i c e s .   D u r i n g   s t o r a g e  a t  room temperature  
o v e r   p e r i o d s   t h a t   r a n g e   f r o m   d a y s   t o   m o n t h s ,   t h e   r e s i s t a n c e   o f  In-Au c o n t a c t s  
can   i nc rease .   Such   i nc reases  are typica l ly   accompanied   by   increases  i n  cw 
t h r e s h o l d   c u r r e n t   d e n s i t i e s   a n d  laser emiss ion   f r equenc ie s ,   wh i l e  a t  t h e  same 
time laser  output   powers   t end   to   decrease .  

We f o u n d   t h a t   t h e   i n c r e a s e   i n   c o n t a c t   r e s i s t a n c e  i s  caused by t h e  
d i f f u s i o n   o f   I n   i n t o   t h e   s u r f a c e   l a y e r  o f  t he   p - type   s ide .   F igu re  1 shows a n  
e l e c t r o n   m i c r o p r o b e   a n a l y s i s   o f   I n   a n d  Pb c o n c e n t r a t i o n   p r o f i l e s   n e a r   t h e  
me ta l - semiconduc to r   i n t e r f ace   be fo re   and   a f t e r   deg rada t ion .  The samples 
were prepared   wi th  In-Au as the   p - type   con tac t .  The d e g r a d a t i o n  was acceler- 
a t e d   b y   h e a t i n g   t h e   s a m p l e   t o  100°C fo r   one   hour .   Th i s  t es t  c o n d i t i o n  i s  
e q u i v a l e n t   t o  room tempera ture   s torage   o f   approximate ly   one  week.  Both t h e  
degraded   and   the   cont ro l   samples  were angle-lapped a t  a 3' i n c l i n a t i o n   t o  
provide  a twenty-fold  improvement i n   s p a t i a l   r e s o l u t i o n   n o r m a l   t o   t h e   i n t e r -  
f a c e s .  

The t y p i c a l   e l e c t r o n  beam p e n e t r a t i o n   d e p t h  i s  about  1 t o  2 urn. The 
X-rays  generated  by  the E-beam ( t h e   s i g n a l   s t r e n g t h  shown i n   F i g .  1) are 
a b s o r b e d   p a r t i a l l y   b y   t h e   c o n t a c t  metals b e f o r e   b e i n g   d e t e c t e d .  Au and   P t  are  
gocd   absorbers   for   the   X-rays .  We c a l c u l a t e d   t h a t  70% of   the  X-rays genera ted  
i n   t h e   c r y s t a l  are  absorbed by Au i n  a d i s t a n c e   o f  0 . 2  pm. T h i s   e x p l a i n s   t h e  
s h a r p   c h a n g e   i n   t h e  Pb X-ray s i g n a l   n e a r   t h e   i n t e r f a c e   ( a n d   h e n c e   t h e  good 
a c c u r a c y   i n   i d e n t i f y i n g   t h e   i n t e r f a c e ) .  From F i g .  1 i t  i s  a l s o   n o t e d   t h a t  
f o r  a degraded  sample, traces o f   I n  were found i n   t h e   f i r s t  few pm o f   t he  
c r y s t a l   b e l o w   t h e   c o n t a c t .   S i n c e   I n  is  a donor i n   l e a d - s a l t  materials, a 
r e d u c t i o n   i n   h o l e  carr ier  c o n c e n t r a t i o n   n e a r   t h e   s u r f a c e  i s  expected.  We 
t h i n k   t h a t   t h i s  i s  t h e   r e a s o n   f o r   t h e   i n c r e a s e   i n   c o n t a c t   r e s i ~ t a n c e . ~  

F u r t h e r   s t u d y   r e v e a l e d   t h a t  Au o r   P t   a l o n e   c a n n o t   f o r m  a b a r r i e r  
a g a i n s t   I n   p e n e t r a t i o n ,   b u t  a combination  of Pt-Au d o e s . l , 2  It w a s  a l s o  
n o t i c e d   t h a t   t h e   r e l i a b i l i t y   o f   t h e  lasers depends   on   the   th ickness   o f   the  
Pt  and Au l a y e r s .  We found   t ha t   bo th   l aye r s   have   t o   be  a t  l eas t  0 . 2  urn 
t h i c k   i n   o r d e r   t o  form a b a r r i e r   a g a i n s t   I n   d i f f u s i o n .   A f t e r   d e p o s i t i n g   t h e  
Au a n d   P t   l a y e r s   o n   t h e   p - t y p e   s i d e   o f   t h e   d i o d e  a 10 um l a y e r   o f   I n  i s  added 
The   n- type   contac t   cons is t s   o f  a 0.2 pm l a y e r   o f  Au p l u s  5 urn of   In .  The 
p - t y p e   s i d e   o f   t h e   c r y s t a l   s u r f a c e  w a s  purpose ly   ox id ized  by exposure   t o  a i r  
b e f o r e   e v a p o r a t i n g   t h e   f i r s t   l a y e r   o f  Au. T h i s   i n c r e a s e s   t h e   h o l e  car r ie r  
c o n c e n t r a t i o n   n e a r   t h e   s u r f a c e   a n d   t e n d s   t o   s t a b i l i z e   t h e   c o n t a c t   r e s i s t a n c e .  
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Over a per iod  of   ten  months,   groups  of  PbS1-xS+ and Pbl-xS%Te lasers 
(made wi th   t h ree - l aye r   con tac t s   on   t he   p - type   s ide )   have   been   t e s t ed   fo r  
t he rma l   cyc l ing ,  room tempera ture   s torage   and  cw o p e r a t i o n .   F o r   u p   t o   s i x t y  
the rma l   cyc le s   and   f i ve   hundred   hour s   o f  cw o p e r a t i o n ,   n o   s i g n i f i c a n t   c h a n g e s  
i n   c o n t a c t   r e s i s t a n c e ,   t h r e s h o l d   c u r r e n t   d e n s i t y   o r   o p t i c a l   p r o p e r t i e s  were 
observed.  The tes t  r e s u l t s  are  summarized i n  Table 1. This  is a s i g n i f i c a n t  
improvement  over lasers t h a t   h a v e   b e e n   f a b r i c a t e d   i n   t h e   p a s t ,   w h o s e   p e r f o r -  
mance cou ld   deg rade   i n  a matter of  a few  days a t  room temperature .  

Mode Cont ro l  

Diode Lasers w i t h   b o t h   c o n t a c t   s t r i p e s   a n d   d i f f u s e d   j u n c t i o n   s t r i p e s  
have   been   s tud ied .   S ince   l ead - sa l t  materials gene ra l ly   have   ve ry   h igh  
e lec t r ica l  c o n d u c t i v i t y ,  lasers w i t h   c o n t a c t   s t r i p e s  w i l l  encounter  severe 
cur ren t   spreading   problems.  lo F o r   t h i s   r e a s o n ,   t h e  lasers d e s c r i b e d   h e r e  
were made w i t h   j u n c t i o n   s t r i p e s   b y   a n   i m p u r i t y   d i f f u s i o n   p r o c e s s .   B o t h  Sb 
and Cd were used as d i f fus ion   sources ,11 ,12   wi th  MgF2 and  Si02 as t h e   d i f f u -  
s ion  masks.  

I n  lasers with  125 pm wide   s t r ipes ,   t he   emis s ion   o r ig ina t ed   f rom  the  
c o r n e r s   o f   t h e   d i f f u s e d   p l a n a r   j u n c t i o n s .  The n e a r   f i e l d   p a t t e r n   e x h i b i t e d  
two peaks   wi th  a s e p a r a t i o n   a p p r o x i m a t e l y   e q u a l   t o   t h e   w i d t h   o f   t h e   s t r i p e  
(F ig .  2 ) .  T h i s  i s  c o n s i s t e n t   w i t h   t h e   t u n i n g   c u r v e   t h a t  w a s  observed  with a 
monochromator. By a d j u s t i n g   t h e   p o s i t i o n   o f  a c o l l e c t i o n   l e n s   i n   f r o n t  of t h e  
l a se r ,  each   f i l ament   could   be   imaged  separa te ly   on   the   en t rance  s l i t  o f   t he  
monochromator. A s  shown i n   F i g .  3 t h e  two f i laments   p roduced  two s e p a r a t e ,   b u t  
p a r a l l e l ,   t u n i n g   c u r v e s .  The f r e q u e n c y   d i f f e r e n c e  w a s  approximate ly   cons tan t  
a t  5 .3  cm-’. Th i s   d i f f e rence   cou ld   be   p roduced  by a 0.12 v a r i a t i o n   i n   t h e  
composition of t h e  Pbl-xSnxTe a c r o s s   t h e   1 2 5  um s t r i p e .  When t h e   d e t e c t o r  
was scanned   a long   t he   d i r ec t ion   pe rpend icu la r   t o   t he  p-n junc t ion   p l ane   and  
n e a r   o n e   c o r n e r   o f   t h e   s t r i p e ,   t h e   n e a r   f i e l d   p a t t e r n  showed only  one  peak. 
This   suggested  that   the   photon  confinement   perpendicular   to   the  junct ion w a s  
q u i t e  good f o r   t h e s e   i m p u r i t y - d i f f u s e d   j u n c t i o n s  . I 3  Proper  confinement 
p a r a l l e l   t o   t h e   j u n c t i o n  was then   expec ted   to   p roduce   s ing le- f i lament   opera-  
t i o n .  We estimate t h a t  a s t r i p e   w i d t h  on t h e   o r d e r   o f  10 um i s  needed  to  
achieve  s ingle-mode  operat ion.  

From F i g .  2 i t  i s  n o t e d   t h a t   t h e   s p o t   s i z e   o f   t h e   f i l a m e n t s  is q u i t e  
broad .   S ince  a s imple BaF2 l e n s  w a s  u s e d   i n   t h i s   e x p e r i m e n t ,   t h e   r e s o l u t i o n  
i s  set by a b e r r a t i o n .  By us ing   the   th i rd-order   approximat ion   of  a p e r f e c t l y  
c e n t e r e d   t h i n - l e n s   a b e r r a t i o n   t h e o r y ,  we e s t ima ted   t ha t   t he   image   o f   an  
i n f i n i t e l y   d i s t a n t   a x i a l   p o i n t   s o u r c e  would  be  approximately 4 4  urn. This  is 
i n  good ag reemen t   w i th   t he   spo t   s i ze   obse rved   i n   F ig .  2. I n   o r d e r   t o  see 
any f i n e   s t r u c t u r e ,  a d i f f r a c t i o n - l i m i t e d   l e n s   h a s   t o  be used.  
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OPERATING TEMPERATURE 

I n   a n   e f f o r t   t o   p r e d i c t   t h e   h i g h e s t   t e m p e r a t u r e   o f   o p e r a t i o n   f o r  lasers 
a t  long   wavelengths ,  w e  have made a n  empirical p l o t  as shown i n   F i g .  4 .  From 
t h i s   p l o t ,  i t  is s e e n   t h a t   t h e   l o n g e s t   w a v e l e n g t h   f o r  a room temperature  semi- 
conductor  laser is  2.5 pm. Although laser s o u r c e s  are d e s i r a b l e   f o r  many 
a p p l i c a t i o n s ,  room t empera tu re ,   l ong   wave leng th   i ncohe ren t   l i gh t   sou rces  are 
o f   i n t e r e s t   f o r   l o w   r e s o l u t i o ?  a p l i c a t i o n s ,  as w e l l  as f o r  l o w   l o s s   o p t i c a l  
f iber   communicat ion  systems.  14,1y The narrow  band  gap,   lead-sal t  materials 
are  s u i t a b l e   f o r   f a b r i c a t i n g  emitters i n   t h e  3-16 um spec t ra l   range .   Photo-  
luminescence16  and  cathodoluminescence17  have  been  observed a t  room tempera ture ,  
bu t   no t   e l ec t ro luminescence .  We r e p o r t   h e r e   t h e   f i r s t   r e c o r d e d   e l e c t r o l u m i -  
nescence   f rom  lead-su l f ide-se len ide  a t  room temperature .  

The d iodes  were f a b r i c a t e d   f r o m   h i g h   q u a l i t y   l e a d - s u l f i d e - s e l e n i d e  
s i n g l e   c r y s t a l s  grown  from the  vapor   phase.  A two-ste   diffusion-anneal ing 
process   produced a graded carr ier  concent ra t ion   reg ionE8  for   photon   conf ine-  
m e n t   t r a n s v e r s e   t o   t h e   j u n c t i o n .  No a t t e m p t  w a s  made t o   c o n f i n e   t h e  carriers 
o r   p h o t o n s   a l o n g   t h e   j u n c t i o n   p l a n e .   T h e s e   r e s u l t s   r e p r e s e n t  a f u r t h e r  
improvement in   the  two-step  diffusion-anneal ing  process   which  produced  low 
tempera ture   d iode  lasers  i n   l e a d - s u l f   i d e - s e l e n i d e .  l8 

High  tempera ture   spontaneous   emiss ion   spec t ra  were recorded as shown i n  
F i g .  5 .  N o t i c e   t h a t   t h e  330 ppm atmospheric  C 0 2  absorp t ion   band   near  4 . 2  urn 
a p p e a r s   i n   t h e  260 K and 300 K s p e c t r a   ( F i g s .   5 ( e )   a n d   5 ( f ) ) .  

The power o u t p u t   f o r   t h i s   ( l a s e r )   d i o d e   g e o m e t r y  is low,   on  the  order  of 
a few  hundred nW. T h i s  i s  a t t r i b u t e d   t o   t h e   h i g h   i n d e x   o f   r e f r a c t i o n  ( 4 . 6 )  
f o r   l e a d - s u l f i d e - s e l e n i d e ,   w h i c h   p r o d u c e s   s u b s t a n t i a l   i n t e r n a l   r e f l e c t i o n  a t  
the   s emiconduc to r -a i r   i n t e r f ace .  The c r i t i c a l  a n g l e   f o r   t o t a l   i n t e r n a l  
r e f l e c t i o n   ( i . e . ,   t h e   l a r g e s t   a n g l e   w h i c h   i n c i d e n t   r a d i a t i o n   c a n   s u b t e n d   w i t h  
the  normal  and s t i l l  ex i t  t h e   c r y s t a l )  is  12'. A l a r g e   f r a c t i o n   o f   t h e  
r a n d o m l y   o r i e n t e d   j u n c t i o n   r a d i a t i o n  i s  t o t a l l y   r e f l e c t e d   b a c k   i n t o   t h e  
semiconductor  and  absorbed. By u s i n g  a h e m i s p h e r i c a l   s t r u c t u r e   a n d   e x t r a c t i n g  
l i g h t   f r o m   t h e   t o p   s u r f a c e   r a t h e r   t h a n   t h e   s i d e ,  a f a c t o r  of 1000 improvement 
i n  power is  p o s s i b l e .   T h i s  w i l l  a l l o w   t h e s e   d i o d e s   t o  emit 200 pW a t  room 
temperature .  

CONCLUDING REMARKS 

In   conc lus ion ,  w e  found   t ha t   t he  s low d e g r a d a t i o n  of  c o n t a c t   r e s i s t a n c e  
f o r   l e a d - s a l t   d i o d e  lasers f a b r i c a t e d   w i t h  In-Au c o n t a c t s  i s  due   to   the   migra-  
t i o n   o f   I n   i n t o   t h e   s u r f a c e   l a y e r   o f   t h e   p - t y p e   s i d e   o f   t h e  lasers.  By u s i n g  
combinat ions  of  Au-Pt o r  Pt-Au as b a r r i e r s   t o   p r e v e n t   I n   m i g r a t i o n ,  we have 
s u b s t a n t i a l l y   i n c r e a s e d   t h e   l i f e t i m e   o f   t h e s e  lasers. For  laser  mode c o n t r o l ,  
w e  f o u n d   t h a t   n a r r o w   s t r i p e  (% 10  pm) diode lasers are needed  for  single-mode 
o p e r a t i o n .   F i n a l l y ,   f o r   h i g h   t e m p e r a t u r e   o p e r a t i o n ,  w e  have shown t h a t  
a l t h o u g h   l a s i n g   a c t i o n  a t  room temperature  is  p o s s i b l e   o n l y  up t o  2.5 pm, 
SPontaneoUs  emission a t  room tempera ture   has   been   observed   near  4.6 pm. 
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Table 1.  L a s e r   t e s t   r e s u l t s  
(Ten-month t e s t   p e r i o d )  

” 

R ( O h m - ~ m ~ ) X 1 0 ~  

I n i t i a l  I F i n a l  I n i t i a l  1 F i n a l  I n i t i a l  I F i n a l  

~ a t  1.1  Amp, T=20K d e n s i t y  
Remarks Total   Output Power Thrbkhold  Current d n t a c t   R e s i s t a n c e  

P(mW J (A/cm2) 

I #1 1 1.10 1 1.18 1 260 1 280 1 0.85 1 0.80 1 -500 hours C.W. 
ooera t ion  

PbS0.82Se0.  18 I .Thermal c y c l i n g  I 26 t imes 

#2 *Thermal   cyc l ing 2.6 3.2 380 365 0.91 0.87 
45 t imes 

86’”O. 1  qTe 

0.80 

0.73 

95 

125 

105 

135 

0.65 -300 hours C.W. 0.58 
o p e r a t i o n  

25 t imes 
*Thermal   cyc l   ing  

0.90 1 0.86 I -420  hours C.W. 
o p e r a t i o n  

.Thermal c y c l  i ng 
33 t imes 

w 
W 



\ 
\ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

Crystal Bulk f-" I 
(p-Type S i d e )  I 

1 
I 

- Contact 

I 
I 
I 
I 

rl 

-8 -4 0 4 

CRYSTAL'SURFACE 

40 



t 

0 200 4 00 600  800 1000 1200 

Distance ( m 1 

Figure  2.- Near f i e l d   p a t t e r n   i n   t h e   p l a n e   p a r a l l e l  to t h e   j u n c t i o n  
f o r  a 125 urn s t r i p e  laser. 
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Figure  3 . -  Tuning  curve  for  a 1 2 5  pm s t r ipe  laser. 
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Figure 4.- Empirical plot of the highest  observed  operating temperatures 
for  semiconductor  diode  lasers  at different wavelengths. 
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Figure 5.- Spontaneous emission spectra at different temperatures. 
A l s o  shown is  the 330 ppm atmospheric C02 absorption  band near 
4.2 pm in the 260K and 300K spectra. 
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