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ABSORPTION AND LUMINESCENCE EXPERIMENTS IN SEMICONDUCTOR SUPERLATTICES 

M .  Voos 

Groupe de Physique des ~ o ~ i d e s *  de ZrEcoZe NormaZe Supgrieure, 24 rue 
Lhomond, 75231 Paris Cedex 05, France 

R6sumB - Nous prBsentons i c i  des r B s u l t a t s  expBrimentaux obtenus rBcemment 2 
p a r t i r  de mesures opt iques  f a i t e s  s u r  des super-r6seaux semiconducteurs. Ces 
6tudes on t  donnB des informat ions  i n t s r e s s a n t e s  s u r  l e s  p r o p r i s t 6 s  Blectroni-  
ques de ces  systBmes B deux dimensions qu i  ont  ouver t  un nouveau champ de 
recherche en physique des semiconducteurs . 
Abstract  - We presen t  h e r e  some experimental r e s u l t s  obta ined recen t ly  on 
semiconductor s u p e r l a t t i c e s  from o p t i c a l  measurements. These s t u d i e s  g ive  
i n t e r e s t i n g  informat ions  on t h e  e l e c t r o n i c  p r o p e r t i e s  of these  two- 
dimensional systems which have opened up a new f i e l d  of i n v e s t i g a t i o n s  i n  
semi conductor physics  . 

I - INTRODUCTION 

Semiconductor s u p e r l a t t i c e s ,  which have been proposed by Esaki and Tsu / I / ,  c o n s i s t  
of t h i n  a l t e r n a t e  l a y e r s  of two semiconductors which, genera l ly ,  c lose ly  match i n  
l a t t i c e  $onstant .  I n  these  p e r i o d i c  s t r u c t u r e s ,  t h e  th ickness  of t h e  l aye r s  ranges 
from 10 A t o  a few hundred A about,  s m a l l e r  than o r  comparable t o  t h e  e l e c t r o n  mean 
f r e e  pa th ,  bu t  l a r g e r  than the  in te ra tomic  spacing. Thus, t h e  considered system i s  
two-dimensional, a t  l e a s t  i n  f i r s t  approximation, and quantum e f f e c t s  can be 
expected, changing the  e l e c t r o n i c  s t r u c t u r e  of t h e  h o s t  ma te r i a l s  and giving r i s e  
t o  unusual p r o p e r t i e s .  The d i f f e r e n t  band gaps Eg of t h e  h o s t  semiconductors c r e a t e  
a one-dimensional p e r i o d i c  p o t e n t i a l  i n  t h e  z d i r e c t i o n  perpendicular  t o  t h e  plane 
of the  l aye r s .  This leads  t o  t h e  c r e a t i o n  of an a r t i f i c i a l  p e r i o d i c i t y ,  which i s  
longer  than the  atomic spacing and i s  superposed t o  t h e  n a t u r a l  p e r i o d i c i t y  of t h e  
c r y s t a l .  This p o t e n t i a l  causes a f o l d i n g  of the  B r i l l o u i n  zone, r e s u l t i n g  i n  a 
s e r i e s  of quant ized subbands i n  both the  conduction and valence bands, a s  shown i n  
Fig. 1 .  One can consider  t h a t  t h e  c a r r i e r s  a r e  confined i n  quantum p o t e n t i a l  w e l l s  
and t h a t  t h e i r  motion is  quant ized i n  t h e  z d i r e c t i o n ,  the  conduction (valence) 
subbands such as  E l ,  E2.. . (Hi,  H2.. .) l y i n g  a t  h igher  (lower) energy than t h e  
bottom ( top)  of t h e  conduction (valence) band of the  h o s t  semiconductor. Tunneling 
i n t e r a c t i o n s  between success ive  p o t e n t i a l  wel ls  can g ive  r i s e  t o  an apprec iab le  
width of the  subbands i n  t h e  z d i r e c t i o n ,  corresponding t o  a c e r t a i n  d i spe r s ion  
r e l a t i o n  of the  energy as  a func t ion  of t h e  e l e c t r o n  wavevector k,. Besides,  the  
c a r r i e r  motion i s  not quant ized i n  t h e  x ,  y plane of t h e  l a y e r s ,  and each subband 
p resen t s  a l s o  a d i spe r s ion  r e l a t i o n  as  a func t ion  of k, and ky which approximates 
t h a t  of the  corresponding bulk  semiconductor i n  most s u p e r l a t t i c e s .  

Two types of s u p e r l a t t i c e s ,  I and 11, have been ex tens ive ly  inves t iga ted .  
G ~ A S - A ~ , G ~ ~ - ~ A S  s t r u c t u r e s  correspond /2/  t o  type I ,  and the  s i t u a t i o n  i s  schemati- 
c a l l y  descr ibed i n  Fig.1.  The GaAs conduction band edge i s  a t  lower energy than t h a t  
of A1,Gal-,As, whi le  i t s  valence band edge i s  a t  h igher  energy than  t h a t  of 
A 1  Gal-,As. The GaAs l a y e r s  a r e  thus p o t e n t i a l  we l l s  f o r  both e l e c t r o n s  and ho les  x 
which a r e  confined i n  these  l aye r s .  I n  InAs-GaSb s t r u c t u r e s  131,  which belong t o  
type I1 s t r u c t u r e s ,  the  InAs conduction band edge l i e s  a t  lower energy than  t h e  GaSb 
valence band edge, as schematized i n  F ig .2 (a ) .  The InAs and GaSb l a y e r s  se rve  a s  
p o t e n t i a l  we l l s  f o r  e l e c t r o n s  and h o l e s ,  r e spec t ive ly .  Elect rons  and ho les  a r e  spa- 
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t i a l l y  separa ted ,  bu t  photon absorpt ion o r  emission a r e  never theless  poss ib le  
because the  e l e c t r o n  and ho le  wavefunctions over lap.  Furthermore, experimental 
inves t iga t ions  have shown / 4 /  recen t ly  t h a t  HgTe-CdTe s u p e r l a t t i c e s ,  which belong a t  
f i r s t  s i g h t  t o  type I s t r u c t u r e s ,  have i n  f a c t  q u i t e  d i f f e r e n t  c h a r a c t e r i s t i c s  from 
those of GaAs-AlGaAs sys  terns. 

conduction 

band :qgp'p 

Figure 1 : Schematization of  a  semiconductor s u p e r l a t t i c e  cons i s t ing  here  i n  a l t e r -  
na te  l ayers  of GaAs and AlxGal-xAs. The t o t a l  th ickness  of the  s u p e r l a t t i c e  i s  
genera l ly  of the  o rder  of 1  urn, and t h a t  of t h e  s u b s t r a t e  is  t y p i c a l l y  500 pm. Also 
shown i s  the  v a r i a t i o n  of t h e  conduction and valence bands i n  such a  s t r u c t u r e  i n  
the  z d i r e c t i o n  perpendicular  t o  t h e  l ayers .  Several  conduction (E l ,  E2) and valence 
(HI, h l ,  H2, h2)  subbands a r e  represented he re ,  where H1 and H2 correspond t o  heavy- 
ho les ,  whlle h l  and h2 a re  l ight-hole  subbands. The s u p e r l a t t i c e  band gap i s  
Eo = El - H I .  

I n  a d d i t i o n  t o  the  s p a t i a l  separa t ion  of e l e c t r o n  and h o l e s ,  the re  i s  another impor- 
t a n t  d i f fe rence  between GaAs-A1,Ga ,As and Ids-GaSb s u p e r l a t t i c e s .  The e l e c t r o n  
e f f e c t i v e  mass i n  InAs (0.023 mo) );/ i s  much l i g h t e r  than i n  GaAs (0.066 mo) 151, 
which leads  t o  s t r o n g e r  tunnel ing i n t e r a c t i o n s  between InAs l ayers  than between 
GaAs l ayers .  Thus, i n  InAs-GaSb s t r u c t u r e s ,  even f o r  r a t h e r  l a r g e  values of t h e  
l ayer  thicknesses  (% 200 i), t h e  El subband has /3/  an appreciable  width AE1 i n  the  
z d i r e c t i o n ,  while AE1 i s  o f t e n  n e g l i g i b l e  i n  GaAs-AlxGal-xAs s u p e r l a t t i c e s .  
Furthermore, due t o  the  l a rge  heavy-hole e f f e c t i v e  mass i n  1 1 1 - V  compounds 
(% 0.3 mo) 151,  the  width of the  H1 subband i n  t h e  z d i r e c t i o n ,   AH^, i s  approximate- 
l y  equal  t o  zero. 

I t  i s  no t  poss ib le  t o  review here  a l l  the  o p t i c a l  s t u d i e s  performed on semiconductor 
s u p e r l a t t i c e s ,  and we w i l l  only descr ibe some of the  r e s u l t s  which have given in te -  
r e s t i n g  informations on t h e i r  e l e c t r o n i c  p roper t i e s .  We w i l l  focus on 
GaAs-A1,Gal-xAs and Ids-GaSb s u p e r l a t t i c e s ,  which a r e  t h e  most ex tens ive ly  i n v e s t i -  
gated s t r u c t u r e s ,  and we w i l l  a l s o  descr ibe b r i e f l y  some aspects  of HgTe-CdTe super- 
l a t t i c e s .  However, i t  should be noted t h a t  o t h e r  s u p e r l a t t i c e s ,  such a s  
In,Gal-,As-InP 161 and GaSb-AlSb / 7 /  systems f o r  example, a r e  now being invest igated.  



Figure  2 : Schematic energy diagram of an InAs-GaSb s u p e r l a t t i c e .  Ecl (Ec2) and 
Evl (Ev2) a r e  t h e  conduct ion  and va l ence  band edges of GaSb ( InAs) .  El  and H I  a r e  
r e s p e c t i v e l y  t h e  ground conduction and valence  subbands of t h e  s u p e r l a t t i c e .  Semi- 
conduct ing  ( a )  and semime ta l l i c  (b) s i t u a t i o n s .  

I1 - OPTICAL ABSORPTION AND LUMINESCENCE 

Absorption experiments done a t  helium tempera tures  i n  GaAs-A1xGal-xAs s u p e r l a t t i c e s  
grown by molecular  beam e p i t a x y  (MBE) have given s t r o n g  evidence f o r  c a r r i e r  con f i -  
nement i n  t h e  GaAs p o t e n t i a l  w e l l s  / 2 ,8 / .  Typica l  d a t a  a r e  shown i n  Fig .3  which 
p r e s e n t s  t r ansmis s ion  ( i . e .  abso rp t ion )  and e x c i t a t i o n  s p e c t r a  181. E x c i t a t i o n  
spec t roscopy ,  which g ives  t h e  same in fo rma t ions  a s  o p t i c a l  a b s o r p t i o n ,  c o n s i s t  i n  
scanning t h e  e x c i t i n g  l i g h t  wavelength from a dye l a s e r  whi le  t h e  d e t e c t i n g  spec t ro -  
meter  i s  s e t  a t  an  energy where t h e  sample e x h i b i t s  luminescence,  i . e .  h e r e  a t  
1.525 eV ( s e e  F ig .3 ) .  Peaks a r e  found a t  e n e r g i e s  corresponding t o  p o s s i b l e  t r a n s i -  
t i o n s  shown i n  t h e  i n s e t  of F ig .3  as  a r e s u l t  of photon abso rp t ion  by t h e  correspon- 
d ing energy l e v e l s  fo l lowed by r a p i d  r e l a x a t i o n  of t h e  e x c i t e d  c a r r i e r s  t o  t h e  
luminescent  l e v e l  where theyrecombinerad ia t ive ly .  I n  f a c t ,  t h e  peaks i n  F igs  3(b)  
and 3 (c )  a r e  c h a r a c t e r i s t i c  o f  l i g h t  abso rp t ion  by f r e e  e x c i t o n s  121, and,  t h e  
observed o p t i c a l  t r a n s i t i o n s  a r e  i d e n t i f i e d  i n  Fig .3  where t h e  n = l e  - hh peak,  
f o r  i n s t a n c e ,  is  a t t r i b u t e d  t o  abso rp t ion  by a f r e e  e x c i t o n  corresponding t o  t h e  
n = 1 e l e c t r o n  (El subband) and heavy-hole ( H I  subband) s t a t e s  shown i n  t h e  i n s e t .  
C a r r i e r  confinement i s  c l e a r l y  observed s i n c e ,  i n  bulk  GaAs, t h e  abso rp t ion  spectrum 
p r e s e n t s  121 on ly  a f r e e  e x c i t o n  peak a t  1.515 eV, namely a t  lower energy than  the  
t r a n s i t i o n s  s t u d i e d  h e r e .  The energy p o s i t i o n  of t h e  peaks i n  F ig .3  i s  i n  good 
agreement w i th  c a l c u l a t i o n s  o f  t h e  conduct ion  and va l ence  subband ene rg i e s  performed 
i n  a s imple  model where t h e  GaAs l a y e r s  correspond t o  non- in t e rac t ing  quantum we l l s  
hav ing  a f i n i t e  depth  121. Add i t i ona l  abso rp t ion  exper iments  121 i n  s i m i l a r  super-  
l a t t i c e s  demonst ra te  t h a t ,  when the  GaAs l a y e r  t h i c k n e s s  is  dec reased ,  t h e  f r e e  
e x c i t o n  peaks move t o  h i g h e r  ene rg i e s  and the  d i s t a n c e  between t h e s e  peaks increases ,  
a s  can  be expected  i n  a s imple  quantum w e l l  model. From such i n v e s t i g a t i o n s ,  t h e  
d i s c o n t i n u i t y  AEc (AE,) of t h e  conduct ion  (valence)  band a t  each i n t e r f a c e  h a s  been 
found 121 t o  be  equa l  t o  225 meV (30 meV) :or x % 0.2.  This was ob ta ined  by f i t t i n g  
t h e  energy p o s i t i o n s  o f  t he  observed t r a n s i t i o n s  i n  s e v e r a l  s u p e r l a t t i c e s  having 
d i f f e r e n t  GaAs l a y e r  t h i cknesses  t o  s imple  c a l c u l a t i o n s  corresponding aga in  t o  non- 
i n t e r a c t i n g  quantum w e l l s  of f i n i t e  depths  121. More s o p h i s t i c a t e d  t h e o r e t i c a l  inves- 
t i g a t i o n s  i n  t h e  envelope f u n c t i o n  approximation 191 of t h e  s u p e r l a t t i c e  band 
s t r u c t u r e  p rov ides ,  i n  f a c t ,  s i m i l a r  r e s u l t s .  Luminescence exper iments  have a l s o  
been performed i n  s u p e r l a t t i c e s  grown by MBE 181 and by me ta lo rgan ic  chemical vapor 
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depos i t ion  / l o / .  Fig .3(a)  g ives  t y p i c a l  r e s u l t s  obta ined 181 i n  the  same s t r u c t u r e  
a s  t h e  one used i n  t h e  absorpt ion experiments descr ibed previously .  From the  absorp- 
t i o n  and e x c i t a t i o n  s p e c t r a ,  t he  two luminescence l i n e s  i n  Fig .3(a)  a r e  ass igned t o  
the  recombination of f r e e  exc i tons  involving the  n  = 1 e l e c t r o n  s t a t e  and t h e  n  = 1 
heavy and l ight-hole  s t a t e s ,  r e spec t ive ly .  It i s  noteworthy t h a t ,  i n  such s t r u c t u r e s  
where the  impurity dens i ty  i s  low (NA - ND ". 10" - 10" ~ m - ~ ) ,  t h e  luminescence 
spectrum does no t  show in tense  l i n e s  involving impur i t i e s  whi l e ,  i n  bulk GaAs with 
a  s i m i l a r  impuri ty  concen t ra t ion ,  i t  i s  dominated / 1  I /  by e x t r i n s i c  recombination 
peaks, b u t  t h i s  d i f f e r e n c e  wi th  bulk  GaAs is  n o t  understood. 
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Figure 3  : Luminescence ( a ) ,  absorpt ion (b) and e x c i t a t i o n  s p e c t r a  (c)  of a  
GaAs;A10.3Ga0.7As s u p e r l a t t i c e  c o n s i s t i n g  of 25 GaAz l a y e r s  whose th ickness  i s  
188 A,  whi le  t h a t  of t h e  A10e3Ga0.7As l aye r s  i s  19 A .  I n  t h e  i n s e t  a r e  shown poss i -  
b l e  o p t i c a l  t r a n s i t i o n s  i n  such a  s t r u c t u r e .  Here n  = l e ,  2e corresponds t o  the  E l ,  
E2 subbbands, and n  = 1 hh, 2  hh,  1 l h ,  2 l h  correspond t o  t h e  H I ,  H z ,  h l  and h2 
subbands shown i n  F ig . ] .  I n  such a  s t r u c t u r e ,  o p t i c a l  t r a n s i t i o n s  a r e  allowed f o r  
An = 0. (After  Ref.8).  

Op t i ca l  absorpt ion experiments have been done i n  PE-grown InAs-GaSb s u p e r l a t t i c e s  
1121 f o r  l a y e r  th i cknesses  ranging from 15 t o  30 A about. They give  evidence f o r  t h e  
e x i s t e n c e  of a  s u p e r l a t t i c e  s t r u c t u r e ,  b u t  no f r e e  exc i ton  t r a n s i t i o n s  have been 
observed, which i s  not  s u r p r i s i n g  because t h e  s p a t i a l  s epa ra t ion  of e l e c t r o n s  and 
ho les  i s  no t  favorable  t o  the  format ion of f r e e  exc i tons  191. The absorpt ion edge, 
which i s  found t o  depend on t h e  l a y e r  th i ckness ,  determines t h e  s u p e r l a t t i c e  band 
gap Eo = El - H I .  By comparing these  d a t a  t o  t h e  t h e o r e t i c a l  v a r i a t i o n  of Eo with  
the  l a y e r  th ickness  c a l c u l a t e d  by t h e  LCAO method /13/ ,  one ob ta ins  Es ". 150 meV, 
where Es i s  the  d i f f e r e n c e  between t h e  InAs conduction band edge and t h e  GaSb valen- 
ce band edge a t  each i n t e r f a c e .  Besides ,  luminescence experiments have been perfor-  
med i n  InAs-GaSb s u p e z l a t t i c e s  1141 where t h e  InAs and GaSb l a y e r  th i cknesses  were 
r e s p e c t i v e l y  dl  = 30 A and d2 = 50 1. The observed s p e c t r a ,  which a r e  shown i n  
Fig .4 ,  l i e  around 250 meV, and a r e  t h e r e f o r e  a t  much lower energy than the  band gaps 
/5/ of bulk  InAs (410 meV) and GaSb (815 meV), i n d i c a t i n g  t h e  formation of subbands 
i n  the  s u p e r l a t t i c e .  I n  t h i s  system, LCAO c a l c u l a t i o n s  of t h e  s u p e r l a t t i c e  band 
s t r u c t u r e  /13,15/ give AE1 = 60 meV, while AH1 ". 0. Therefore ,  the  ho le  dens i ty  of 
s t a t e s  i s  a c t u a l l y  two-dimensional, bu t  t h a t  of e l e c t r o n s  i s  no t  s t r i c t l y  two- 
dimensional a s  a  r e s u l t  of t h e  non-zero width of El .  Taking i n t o  account t h e  a c t u a l  
e l e c t r o n  and ho le  d e n s i t i e s  of s t a t e s ,  a s  we l l  a s  the  ca lcu la ted  o p t i c a l  ma t r ix  
element which, i n  these  s t r u c t u r e s ,  depends /16/ on k,, t h e o r e t i c a l  f i t s  of t h e  main 
l i n e  i n  Fig.4 show t h a t  it i s  due, over t h e  whole temperature range i n v e s t i g a t e d ,  t o  
band-to-band recombination between f r e e  e l e c t r o n s  i n  the  El subband and f r e e  ho les  



i n  t h e  H1 subband. I n  a d d i t i o n ,  t he  s u p e r l a t t i c e  band gap, Eo, obta ined a t  2 K from 
such a f i t  i s  equa l  t o  262 meV, i n  s a t i s f y i n g  agreement wi th  the  t h e o r e t i c a l  value  
19,131 (280 meV). As can be  seen i n  Fig .4 ,  when T i s  reduced below 300 K ,  t he  lumi- 
nescence spectrum e x h i b i t s  a t a i l  o r  a bump on i t s  low-energy s i d e  which i n d i c a t e s  
the  e x i s t e n c e  of energy s t a t e s  i n  the  s u p e r l a t t i c e  band gap. They may correspond t o  
i m p u r i t i e s  whose behavior  i n  s u p e r l a t t i c e s  has  been s t u d i e d  t h e o r e t i c a l l y  by 
Bastard  1171. They may a l s o  a r i s e  1141, a s  observed i n  G a t l ~ - A l ~ G a l - ~  systems 1181, 
from i n t e r f a c e  d e f e c t s  looking l i k e  s u r f a c e  roughness and corresponding t o  th i ckness  
f l u c t u a t i o n s  w i t h i n  each l aye r .  However, a t  t h i s  s t a g e ,  it  does n o t  seem poss ib l e  
t o  determine which processes  a r e  r e spons ib le  f o r  t h i s  low-energy t a i l .  

PHOTON ENERGY hv ( m e V )  

Figure  4 : Luminescence s p e c t r a  observed i n  an Ids-GaSb s u p e r l a t t i c e  a t  d i f f e r e n t  
temperatures .  (Af t e r  Ref. 14) .  

I11 - MAGNETO-ABSORPTION EXPERIMENTS 

At f i r s t ,  i t  i s  important  t o  no te  t h a t  Esaki  e t  a l .  have suggested 13,131 t h a t  a 
semiconductor-semimetal t r a n s i t i o n  should  take  p!ace i n  InAs-GaSb s u p e r l a t t i c e s  when 
t h e  l a y e r  th icknezs  becomes of the  o r d e r  of 100 A. When t h e  l a y e r  th i ckness  i s  
sma l l e r  than 100 A ( F i g . 2 ( a ) ) ,  the  El subband, mainly l o c a l i z e d  i n  the  InAs l a y e r s ,  
i s  a t  h i g h e r  energy than  the  H1 subband, which i s  conf ined i n  t h e  GaSb l a y e r s .  
Therefore ,  t he  s u p e r l a t t i c e  band gap, Eo = El - Hi,  i s  p o s i t i v e  and corresponds t o  
a semiconducting s i t u a t i o n  which was s t u d i e d  i n  the  previous  s e c t i o n .  When the  
l a y e r  th i ckness  i s  i n c r e a s e d ,  El i s  lowered and Hi i s  r a i s e d ,  i n  f i r s t  apgroximation 
a s  i n  a s imple  quantum w e l l .  When t h e  l a y e r  th i ckenss  i s  l a r g e r  than  100 A about ,  
HI  i s  a t  h i g h e r  energy than El and El - HI i s  nega t ive  ( F i g . 2 ( b ) ) ,  t he  corresponding 
s t r u c t u r e  be ing  semimeta l l i c .  I n  such a simple model 1191, e l e c t r o n s  t r a n s f e r  from 

H1 t o  E l ,  namely from GaSb t o  InAs l a y e r s ,  and t h e  Fermi l e v e l ,  EF, l i e s  between E l  
and Hi, c l o s e  t o  H1 because of t h e  l a r g e  heavy-hole mass. 

I n t e r e s t i n g  informat ions  have been obta ined from f a r - i n f r a r e d  (FIR) magneto- 
abso rp t ion  experiments 120-221 performed i n  MBE-grown InAs-GaSb s u p e r l a t t i c e s  (S1, 
S2) whose InAs and GaSb th i cknesses  a r e  given i n  Table I. I n  t h e s e  experiments the  
f a r - i n f r a r e d  t r ansmiss ion  of  these  samples was s t u d i e d  a t  f i x e d  photon e n e r g i e s  a s  
a func t ion  of t h e  magnetic f i e l d  B, which was pe rpend icu la r  t o  t h e  p lane  of the  
l a y e r s ,  t h e  i n f r a r e d  r a d i a t i o n  be ing  n e a r  normal incidence t o  t h e  l a y e r s .  Figure  5 
g ives  t y p i c a l  t r ansmiss ion  s p e c t r a  i n  sample S1, showing t h a t  t h e  t r ansmiss ion  
s i g n a l  ve r sus  B e x h i b i t s  pronounced o s c i l l a t i o n s .  I n  Fig.6 a r e  shown, a s  a func t ion  
of B, t h e  i n f r a r e d  photon energy p o s i t i o n s  of t h e  t r ansmiss ion  minima ( i . e .  absorp- 
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t i o n  maxima) ob ta ined  from t h e  observed o s c i l l a t i o n s  (Fig .5)  

F igu re  5 : Transmission s p e c t r a  ve r sus  B f o r  d i f f e r e n t  i n f r a r e d  wavelengths 
( A f t e r  Ref. 20).  

As can be  deduced from s imple  t h e o r e t i c a l  ana lyses  120-221, t h e  photon e n e r g i e s ,  hv ,  
a t  which these  minima occur  depend almost l i n e a r l y  on B. E x t r a p o l a t i o n  t o  B  = 0  
r e s u l t s  i n  hv = 0  f o r  t h e  l i n e  no ted  C R ,  hv = - 39 meV f o r  t h e  l i n e s  l a b e l l e d  1 ,  2 ,  
3 . .  . , and hv = - 16 meV f o r  t h e  l i n e  noted  0'. The CR l i n e  (Fig.6) i s  a t t r i b u t e d  t o  
e l e c t r o n  cyc lo t ron  resonance ,  i . e .  t o  t r a n s i t i o n s  from the  l a s t  f i l l e d  t o  t h e  f i r s t  
empty Landau l e v e l  of E l .  The curves  converging t o  hv = - 39 meV a r e  ass igned t o  
i n t e rband  t r a n s i t i o n s  from H1 t o  El Landau l e v e l s  a t  k, = 0. The l i n e  0 '  i s  a s soc i a -  
t e d  t o  s i m i l a r  i n t e r b a n d  t r a n s i t i o n s  occu r ing  a t  t h e  s u p e r l a t t i c e  B r i l l o u i n  zone 
boundary i . e .  a t  k, = n / d ,  where d  i s  t h e  s u p e r l a t t i c e  p e r i o d i c i t y .  These in t e rband  
t r a n s i t i o n s  a r e  r ep re sen ted  i n  Fig .  7 (a )  which g ives  t h e  band s t r u c t u r e  of a  super- 
l a t t i c e  a long  k, wi th  and wi thou t  magnetic f i e l d  i n  t h e  s emime ta l l i c  model. As 
mentioned p r e v i o u s l y ,  t h e  El subband, which i s  below H I ,  has  a  f i n i t e  width  AEl , b u t  
t h a t  o f  HI i s  e s s e n t i a l l y  zero .  Under a  magnetic f i e l d ,  El and H I  e x h i b i t  bo th  a  
s e r i e s  of Landau l e v e l s  moving upward and downward, r e s p e c t i v e l y ,  when B i s  i nc rea -  
sed .  I t  i s  c l e a r  t h a t  each Landau l e v e l  of H1 should  g ive  r i s e  t o  a  s i n g l e  peak i n  
t h e  d e n s i t y  of s t a t e s  ( F i g . 7 ( b ) ) .  However, El i s  f l a t  a t  k, = 0  and k Z  = n l d ,  s o  
t h a t  t h e r e  should  be  two peaks i n  t h e  corresponding d e n s i t y  of s t a t e s  f o r  each 
Landau l e v e l .  I f  t he  s e l e c t i o n  r u l e s  f o r  i n t e rband  t r a n s i t i o n s  a r e  taken t o  be 
Ak, = 0  and AN = 0, where N i s  t h e  Landau index ,  two s e t s  of t r a n s i t i o n s  can be  
expected ,  a t  k, = 0  and .rr/d, r e s p e c t i v e l y ,  as  schematized i n  F i g . 7 ( a ) ,  where t h e  
i n t e rband  t r a n s i t i o n s  a t  k, = 0  a r e  noted  1 ,  2  and those  occur ing a t  kz  = n l d  a r e  
l a b e l l e d  0 '  , 1 ' .  

The Landau l e v e l s  and H ] , N  of El and Hi ,  r e s p e c t i v e l y ,  can be c a l c u l a t e d  us ing  
a  s imple  t h e o r e t i c a l  model /19-221. To o b t a i n  El , N ,  t h e  InAs conduction band non- 
p a r a b o l i c i t y  i s  t aken  i n t o  account on t h e  b a s i s  of t h e  s i m p l i f i e d  ve r s ion  of t h e  
Kane model 119-221, l ead ing  t o  t h e  fo l lowing  r e l a t i o n  : 



Figure 6  : Pos i t ion  of the  transmission minima a s  a  funct ion of the  i n f r a r e d  photon 
energy and B (+,e). The s o l i d  l i n e s  correspond t o  t h e o r e t i c a l  f i t s  as  descr ibed i n  
the  t e x t .  The curves noted 1,2 ... correspond t o  t r a n s i t i o n s  a t  k, = 0 from H i  
1 andau l e v e l s  up t o  El Landau l eve l s  with the same Landau index,  i . e .  N = 1 ,2 . .  . ; 
t h e  one noted 0 '  corresponds t o  s i m i l a r  t r a n s i t i o n s  a t  k, = ~ r / d  with  N = 0.  The 
i n s e t  shows schematical ly  the  geometry of the  experiment. (Af te r  Ref.21). 

where Eg i s  the  band gap of bulk InAs and i s  equal /5 /  t o  410 meV. DN i s  given by : 

Here wc = e ~ / m , *  i s  the  e l e c t r o n  cyclotron frequency i n  bulk InAs, m t  being i t s  band 
edge mass equal /5 /  t o  0.023 mo. Besides ,  a l l  the  energies  a r e  measured from the 
conduction band e d g ~  of  bulk InAs. Furthermore, HI ,N = HI - (N + 112) Muv, with 
o, = e ~ / m $  where m, = 0.33 mo i s  the  GaSb heavy-hole e f f e c t i v e  mass 151. 

For CR t r a n s i t i o n s ,  hv = El ~ + 1  - E ~ , N ,  N being such t h a t  EF i s  between E ~ , N  and 
El , N + l .  For interband t r a n s i t i o n s  a t  k, = 0 ,  hv = E l  N - HI , N  with the  previous 
s e l e c t i o n  ru les .  F i t s  of the  experimental da ta  t o  t h i s  simple model are  presented 
i n  Fig.6 and give the  values of El and H 1  a t  B = 0 which a r e  l i s t e d  i n  Table*l f o r  
samples S1 and S2. Also given i n  Table 1 i s  the  s u p e r l a t t i c e  e l e c t r o n  mass m which 
has been determined from the  CR data .  I t  i s  c l e a r  t h a t  m * i s  l a r g e r  than the  band 
edge mass of bulk InAs, and i t  has been shown 1201 t h a t  t h i s  i s  due t o  the  InAs 
conduction band non-parabolicity.  This demonstrates t h a t  e l ec t rons  a re  a c t u a l l y  
confined i n  the  InAs l ayers .  I n  a d d i t i o n ,  i t  should be noted t h a t  El - Hi i s  negat i -  
ve, a s  expected i n  a  semimetal l ic  s i t u a t i o n .  Using t h e  same model, the  interband 
t r a n s i t i o n s  a t  k, = ~ r / d  can be a l s o  ca lcu la ted ,  r ep lac ing  El  by El + AE1 i n  Eq.2. 
I n  Fig.6 a r e  presented t h e o r e t i c a l  f i t s  of the da ta  f o r  N = 0 ' .  They y i e l d  AE1 a t  
B = 0 whose value, obtained 121,221 from these s t u d i e s ,  i s  given i n  Table 1 f o r  both 
samples. Table 1 gives a l s o  t h e  values of E l ,  El and AE1 ca lcu la ted  by the  LCAO 
method /13,15/ showing t h a t  the experimental and t h e o r e t i c a l  r e s u l t s  compare favora- 
b l y  i n  both samples. 
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Figure  7 : ( a )  Schematic band s t r u c t u r e  of  a s emimeta l l i c  InAs-GaSb s u p e r l a t t i c e  
along kZ . The dashed curves a r e  wi thout  magnetic f i e l d ,  t h e  s o l i d  curves a r e  the  
corresponding Landau l e v e l s  under magnetic f i e l d ,  and EF i s  t he  Fermi l e v e l .  The 
t r a n s i t i o n s  shown h e r e  correspond t o  those  de f ined  i n  the  t e x t  and the  cap t ion  of 
Fig.6.  (b) Density of  s t a t e s  a s s o c i a t e d  wi th  the  El and Hi subbands under magne- 
t i c  f i e l d .  The hatched a r e a  corresponds t o  s t a t e s  occupied by e l e c t r o n s .  (Af t e r  
Ref.21). 

Table 1 : Thickness of t he  I d s  ( d l )  and GaSb (d2) l a y e r s  f o r  samples S 1  and S2. 
The experimental*and t h e o r e t i c a l  va lues  of E l ,  H i  and AE1, and the  measured e l e c t r o n  
cyc lo t ron  mass m a r e  a l s o  shown he re .  

The obse rva t ion  of  a nega t ive  energy gap i s  c o n s i s t e n t  with the  proposed semi- 
m e t a l l i c  n a t u r e  of  t h e s e  s u p e r l a t t i c e s  13,131, and t h e s e  s t u d i e s  have provided the  
f i r s t  exper imenta l  determinat ion i n  these  s t r u c t u r e s  of  t he  subband ene rg ie s  El and 
Hi, and a l s o  of AE1. I n  a d d i t i o n ,  t he  measurement of  AE1 demonstrates t h a t  t h e  
e l e c t r o n  system i n  such InAs-GaSb s u p e r l a t t i c e s  e x h i b i t s  a three-dimensional charac- 
t e r ,  d e v i a t i n g  t h e r e f o r e  from the  s t r i c t  two-dimensionality corresponding t o  un- 
coupled quantum we l l s .  F i n a l l y ,  i t  i s  perhaps worth mentioning t h a t  s i m i l a r  exper i -  
ments done i n  semiconducting InAs-GaSb s u p e r l a t t i c e s  e x h i b i t  only t r a n s i t i o n s  due t o  
cyc lo t ron  resonance. 

S i m i l a r  f a r - i n f r a r e d  magneto-absorption experiments have been done 141 r e c e n t l y  a t  
1.6 K i n  a M3E grown HgTe-CdTe s u p e r l a t t i c e  cong i s t ing  of 200 a l t e r n a t e  l a y e r s  of 
HgTe and CdTe whose th i cknesses  a r e  180 and 44 A, r e spec t ive ly .  The d a t a  have a l s o  
been i n t e r p r e t e d  i n  terms of in t e rband  t r a n s i t i o n s  from valence  t o  conduction sub- 



bands ,  and from these  i n v e s t i g a t i o n s  i t  has  been p o s s i b l e  t o  deduce t h e  super-  
l a t t i c e  band s t r u c t u r e  a long t h e  growth a x i s .  This band s t r u c t u r e  i s  shown i n  
F i g . 8 ( b ) ,  t h a t  o f  bu lk  HgTe and CdTe b e i n g  r ep re sen ted  i n  F i g . 8 ( a ) .  These s t u d i e s  
show, i n  p a r t i c u l a r ,  t h a t  t h e  cons ide red  s t r u c t u r e  i s  a  quas i -zero  energy gap semi- 
conductor ,  and provide  t h e  f i r s t  de t e rmina t ion  of t h e  o f f s e t  A between t h e  HgTe and 
CdTe valence  bands which i s  % 40 meV. 

' 8  
HgTe 

Figure  8  : ( a )  Band s t r u c t u r e  of  bulk  HgTe and CdTe. 
( b )  Band s t r u c t u r e  a long t h e  growth a x i s  of t h e  HgTe-CdTe s u p e r l a t t i c e  

i n v e s t i g a t e d  i n  Ref.4. E l ,  HH1, and h l  a r e  t h e  ground conduct ion ,  heavy-hole and 
l i g h t - h o l e  subbands.  LH1 i s  a  l i gh t -ho le  subband de r ived  from t h e  r th HgTe s t a t e s .  
( A f t e r  Ref. 4 ) .  

I V  - CONCLUSION 

This  s h o r t  review i s  c e r t a i n l y  n o t  exhaus t ive ,  b u t  d e s c r i b e s  b r i e f l y  some o p t i c a l  
s t u d i e s  which have been h e l p f u l  t o  unders tand t h e  e l e c t r o n i c  p r o p e r t i e s  o f  semi- 
conductor  s u p e r l a t t i c e s .  By choosing t h e  h o s t  semiconductors and t h e  l a y e r  t h i ck -  
n e s s e s ,  i t  i s  c l e a r  t h a t  one can grow a  tai lor-made m a t e r i a l  w i th  a  band s t r u c t u r e  
q u i t e  d i f f e r e n t  from t h a t  o f  t h e  b a s i s  semiconductors.  One can c e r t a i n l y  cons ide r  
t h a t  t h e s e  sys tems,  t o g e t h e r  w i th  modulation-doped h e t e r o j u n c t i o n s ,  c o n s t i t u t e  a  
new c l a s s  of two-dimensional systems which has  opened up a  very  a c t i v e  and impor- 
t a n t  f i e l d  o f  r e sea rch  i n  semiconductor physics .  
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