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We i n v e s t i g a t e  p r o p e r t i e s  o f  t h e  f i e l d  spect rum o f  semiconductor  
lasers  w i t h  quantum w e l l  box ef fects .  The ana lys is  r e v e a l s  a s i g n i f i c a n t  
reduct ion o f  the  spectrum 1 inew id th  due t o  t h e  quantum we1 1 box ef fect .  
This p r e d i c t i o n  i s  s u c c e s s f u l l y  demonstrated exper imenta l l y  by p l a c i n g  a 
quantum w e l l  l a s e r  i n  a h i g h  magnet ic  f i e l d ,  i n  wh ich  L o r e n t z  f o r c e  as 
w e l l  as t h e  quantum w e l l  p o t e n t i a l  forms a quas i -ze ro -d imens iona l  
e l e c t r o n i c  system. Furthermore, changes i n  t h e  spontaneous e m i s s i o n  
spect rum o f  TE mode and TM mode a r e  observed  w i t h  t h e  i n c r e a s e  o f  t h e  
magnetic f i e l d ,  which r e s u l t s  from suppression o f  an iso t rop ic  p roper t ies  
o f  the  quantum we1 1 structure. 

E f f e c t s  o f  reduced d imens iona l i t y  o f  e l e c t r o n  motion a l t e r  var ious p roper t ies  
o f  semiconductor  lasers .  I n  1982, Arakawa and Sakaki proposed t h e  concept  o f  t h e  
quantum box l a s e r  as we1 1 as  t h e  quantum w i r e  l a s e r [ l ] .  I n  an i d e a l  quantum box 
structures, e lec t rons  and ho les  have high1 y l o c a l i z e d  wavefunctions and the  s t a t e  
space i n  each box i s  d i s c r e t e  as opposed t o  t h e  q u a s i  cont inuum o f  t h e  bu lk .  The 
c o n t r i b u t i o n  t o  g a i n  f r o m  each i d e a l  quantum box a r i s e s  f rom a p a i r  o f  two l e v e l  
systems. I n  t h i s  case, t h e  o v e r a l l  a c t i v e  l a y e r  would much l i k e  a gas l a s e r  i n  which 
t h e  quantum boxes are analogous t o  t h e  atoms i n  t h e  gar. 

I n  t h i s  paper, we i n v e s t i g a t e  t h e  f i e l d  spectrum proper t ies  i n  the quantum box 
1 aser t h e o r e t i c a l  1  y, and demonstrate i t s  reduct ion experimental 1  y  using a quantum 
w e l l  l a s e r  i n  a h igh  magnetic f i e l d s .  i n  which zero-dimensional e l e c t r o n i c  systems 
a r e  formed by  b o t h  L o r e n t z  f o r c e  and t h e  quantum w e l l  p o t e n t i a l  e f fects12-41.  
Fur thermore  change i n  t h e  spontaneous emiss ion  spect rum o f  TE mode and TM mode i s  
a1 so discussed. 

The l i n e w i d t h  o f  a  semiconductor l a s e r  i s  g iven  by t h e  expression[5] 
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where i s  t h e  spontaneous e m i s s i o n  r a t e  i n t o  t h e  l a s i n g  mode. P  i s  t h e  number o f  
photons i n  the  l a s i n g  mode. and o( i s  the  l i n e w i d t h  enhancement f a c t o r  r e s u l t i n g  from 
the s t r o n g l y  detuned gain spectrum I n  an ex te rna l -cav i t y  semiconductor l a s e r  t h e  
decreased s p a t i a l  o v e r l a p  o f  t h e  ga in  w i t h  t h e  f i e l d  decreases 6. and the  increased 
modal volume increases P  thereby reducing l inewidth. There i s  an a l t e r n a t i v e  way t o  
reduce t h e  l inewidth. That i s  a  mod i f i ca t ion  o f  the e l e c t r o n i c  s t a t e  through the  use 
o f  quantum s i z e  e f f e c t s  i n  t h e  a c t i v e  layer. 

To understand why t h i s  should happen, consider the  expression f o r d i n  terms o f  
o p t i c a l  ga in  g(n) and resonant r e f r a c t i v e  i ndex#(n) 

where LO i s  t h e  1  a s i n g  ,frequency. /lo i s  t h e  nonresonan t  c o n t r i b u t i o n  t o  t h e  
r e f r a c t i v e  index. and U ( g )  i s  t h e  d e r i v a t i v e  o f  t h e  r e f r a c t i v e  i n d e x  ( g a i n )  w i t h  
r e s p e c t  t o  c a r r i e r  d e n s i t y  n. I n  a  b u l  k  a c t i v e  1  a y e r  O( i s  t y p i c a l  1  y -5. t h e r e b y  
causing a  degradation o f  spec t ra l  p u r i t y  by a  f a c t o r  o f  26 t imes [see Eq.(l)]. That 
O( i s  nonzero and l a r g e  i n  semiconductor l a s e r s  r e s u l t s  from b ' b e i n g  s ign i f i can t .  

T h i s  happens f o r  two reasons. F i r s t .  t h e  l a s e r  g a i n  spect rum i s  h i g h l y  detuned. 
c a u s i n g  a  s t r o n g  c o n t r i b u t i o n  t o A ( n )  by  t h e  c a r r i e r s  a t  t h e  l a s i n g  frequency. 
Second. band f i l l i n g  causes t h e  g a i n  and r e f r a c t i v e  index  s p e c t r a  t o  s h i f t , i n  
f r e q u e n c y  when t h e  c a r r i e r  d e n s i t y  i s  d is tu rbed .  F o r  t h e s e  reasons, i n  Eq.(2) J i s  
s i z a b l e  (and i n  t u r n  so i s a )  and i t  g i v e s  a  measure o f  d i f f e r e n t i a l  changes i n  
t h a t  r e s u l t  from detuning and band f i  11 ing. 

On t h e  o t h e r  hand. i n  an i d e a l  quantum box l a s e r  t h e  s i t u a t i o n  w o u l d  be v e r y  
di f ferent.  I n  such a  dev ice  t h e  a c t i v e  l a y e r  would c o n s i s t  o f  an a r ray  o f  s t ruc tu res  
( the quantum box) hav ing a  c h a r a c t e r i s t i c  s i z e  o f  100 A(idea1 l y  o f  t h e  same shape 
and size).  E l e c t r o n s  and h o l e s  r e s i d i n g  i n  t h e s e  s t r u c t u r e s  w o u l d  have h i g h l y  
l o c a l i z e d  wave f u n c t i o n s  and t h e  s t a t e  space i n  each box w o u l d  be d i s c r e t e  as 
opposed t o  t h e  quas icon t inuum o f  t h e  bulk .  I n  t h e  i d e a l  quantum box l a s e r  t h e  
c o n t r i b u t i o n  t o  ga in  from each box would a r i s e  from a  p a i r  o f  two l e v e l  systems (one 
f o r  each e l e c t r o n  spin). The o v e r a l l  a c t i v e  l a y e r  w o u l d  be v e r y  much l i k e  a  gas 
l a s e r  i n  wh ich  t h e  boxes a r e  l i k e n e d  t o  t h e  atoms i n  t h e  gas. I n  a d d i t i o n  t o  a  
number o f  o t h e r  d i f f e r e n c e s .  & i n  t h i s  i d e a l  case w o u l d  be z e r o  p r o v i d e d  t h e  
emiss ion  l i n e  i s  symmet r i ca l  and t h a t  l a s i n g  occurs  a t  t h e  peak o f  t h e  e m i s s i o n  
l ine.  Fig. 1  shows a  c a l c u l a t e d  r e s u l t  o f  - 
a quantum box l a s e r  as a  f u n c t i o n  o f  
quan tum d i m e n s i o n s  L. T h i s  r e s u l t  
i n d i c a t e s  a  s i g n i f i c a n t  r e d u c t i o n  o f ~ (  
w i t h  the  decrease o f  the  each quantum box 
dimensions. Note t h a t  O( i s  a l m o s t  equa l  
t o  zero f o r  the  quantum dimensions l e s s  
t h a n  70 1. 

W 

Many o f  t h e  c h a r a c t e r i s t i c s  we I 

a s c r i b e  t o  t h i s  i d e a l  d e v i c e  seem 
una t ta inab le  a t  the  present time. Problems 
stem from t h e  t e c h n o l o g i c a l  d i f f i c u l t i e s  
i n v o l  ved i n  f a b r i c a t i n g  quantum boxes. A Fig.1 Ca lcu la ted  spec t ra l  1  inewidth 
means o f  t e s t i n g  the  ideas discussed above p l o t t e d  as a  f u n c t i o n  o f  t h e  
w i thou t  a c t u a l l y  f a b r i c a t i n g  quantum boxes t h e  quantumbox dimensions 



does ex is t ,  however. This  i s  t o  app ly  h igh  
magnet i c  f i e l d s  normal  t o  t h e  p l a n e  o f  a  
quantum we1 1 l a s e r .  By d o i n g  t h i s  we can 
a c h i e v e  con f inement  o f  c a r r i e r s  i n  two  
d i r e c t i o n s  v i a  t h e  L o r e n t z  f o r c e  and i n  
the  t h i r d  d i r e c t i o n  from t h e  quantum we1 1 
ca r r ie r .  Previously, we have employed t h i s  
technique i n  b u l k  a c t i v e  l a y e r s  t o  study 
q u a n t u m  w i r e  e f f e c t s  i n  
semiconductor. [ l ,4 ]  

I n  our  experiment we used an H i t a c h i  
GaAs/AlGaAs m u l t i p l e  quantum we1 1 l a s e r  
w i t h  s e l f - a 1  i g n e d  s t r u c t u r e  ( f i v e  3nm- 
t h i c k  GaAs quantum we1 1 s  separated by 5nm- 
t h i c k  b a r r i e r  l a y e r s ) .  The  r o o m  
tempera tu re  t h r e s h o l d  c u r r e n t  was 42 mA 
and t h e  l a s i n g  w a v e l e n g t h  was 792.0 nm. 
Measurement r e s u l t s  o f  t h e  f i e l d  spectrum 
f o r  each magnetic f i e l d s  are p l o t t e d  as a 
f u n c t i o n  o f  i n v e r s e  power i n  Fig.2. I n  
t h i s  case there  i s  an observable reduc t ion  
o f  t h e  l i n e w i d t h  as t h e  magnetic f i e l d  i s  
increased.  The r e d u c t i o n  i s  as l a r g e  as 2 
f u n c t i o n  o f  i nverse  power f o r  f o r  a  f i e l d  
s t reng th  o f  19T. We b e l i e v e  t h i s  reduc t ion  
i s  t h e  r e s u l t  o f  e m i s s i o n  f r o m  quantum 
b o x - l i k e  s t a t e s  i n  t h e  a c t i v e  l a y e r .  The 
r e d u c t i o n  i s  p r o b a b l y  d i  1  u t e d  b y  
s c a t t e r i n g  e f f e c t .  Ano ther  e f f e c t  t h a t  
cou ld  a l s o  weaken the  observable reduc t ion  
i s  t h e  presence o f  o ther  box s ta tes  i n  t h e  

INVERSE POWER (RELATIVE UNIT) 

Fig.2 Measured s p e c t r a l  1  i n e w i d t h  
p l o t t e d a s  a f u n c t i o n  o f  
i n v e r s e p o w e r  f o r  v a r i o u s  
magnetic f i e l d s  

0 
WAVELENGTH (nrn) 

e l e c t r a l  p rox im i ty  o f  t h e  s ta tes  which a re  ~ i ~ . 3  observed spontaneous spectrum 
responsib le  f o r  l a s i n g  action. This  would f o r  v a r i o u s  i n j e c t e d  c u r r e n t  
t e n d  t o  de tune  t h e  system and hence l e a d  a t  B=19T 
t o  f i e l d  spectrum l i n e w i d t h  broadening as 
discussed e a r l i e r .  

The presence o f  o t h e r  s t a t e s  was c o n f i r m e d  i n  measurements o f  1  umi nescence 
wh ich  were per formed on t h i s  d e v i c e  a t  165 K. A t  l o w  f i e l d  s t r e n g t h s  t h e  
1 uminescence had a s ing1  e peak. A t  h igh  f i e l d  strengths, however.the spectrum had 
t h e  d u a l  peak s t r u c t u r e  shown i n  fig.3. T h i s  f i g u r e  shows a sequence o f  s p e c t r a  
measured a t  a  f i e l d  s t r e n g t h  o f  19 T f o r  d i f f e r e n t  pump c u r r e n t s  t o  t h e  l a s e r .  I n  
the  spectra t h e  low-energy peak i s  exc i ted  f i rs t .  With increasing pump cur ren t  the  
second peak i s  exc i ted  and e v e n t u a l l y  p rov ides  t h e  ga in  necessary f o r  l a s i n g  ac t ion  
i n  t h i s  dev ice.  As t h e  f i e l d  was reduced t h e s e  peaks merged i n t o  one another. 
eventual  l y  becoming i n d i s t i n g u i s h a b l e  below 15T. The maximum separat ion o f  the  peaks 
was 26 meV a t  19T. A l t h o u g h  i t  i s  p o s s i b l e  t h a t  a d d i t i o n a l  s t r u c t u r e  i s  h idden  a t  
t h e s e  tempera tu res  b y  s c a t t e r i n g ,  we b e l i e v e  t h e s e  peaks can be i n t e r p r e t e d  as 
t r a n s i t i o n s  between Landau energy s ta tes  i n  the  conduction and valence bands o f  the 
quantum we1 1 s  (i.e.. s imulated quantum boxes states). 

Fur ther  conf i rmat ion f o r  the  quantum box e f f e c t  i s  obtained i n  the  spontaneous 
e m i s s i o n  spec t rum f o r  TE mode and TM mode. Fig.4 (a)(b) show t h e  spontaneous 
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emission spectrum f o r  TE mode and TM mode r e s p e c t i v e l y  f o r  var ious magnetic f i e l d s .  
Since the  i n j e c t e d  cur ren t  i s  l e s s  than 1% o f  the  th resho ld  current.  the  s t imu la ted  
emission e f f e c t  can be ignored. For no magnetic f i e l d ,  TE mode spectrum has a peak 
a t  a  wavelength corresponding t o  the  heavy ho le -e lec t ron  t rans i t i on ,  w h i l e  TM mode 
spectrum has a peak a t  a  w a v e l e n g t h  c o r r e s p o n d i n g  t o  t h e  l i g h t  h o l e - e l e c t r o n  
t rans i t i on .  This r e s u l t  i s  we1 1 known t o  be due t o  t h e  s e l e c t i o n  r u l e  o f  the  d i p o l e  
m a t r i x  element. On t h e  o t h e r  hand. w i t h  t h e  i n c r e a s e  o f  t h e  magnet i c  f i e l d ,  t h e  
spctrum con f igu ra t ion  changes and the  peak converge t o  the  same wavelength f o r  both 
modes. We b e l i e v e  t h a t  t h e s e  changes r e s u l t  f r o m  suppress ion  o f  a n i s o t r o p i c  
p roper t ies  o f  t h e  quantum w e l l  s t r u c t u r e  due t o  the h igh magnetic f i e l d .  

L 

" TM MODE 

r .. T = 1 6 5 K  B=20Tes[a 
3 
K '' 

t-- .. I- .. 
U 

W " W "  
(L .. 
V) 

WAVELENGTH [ n m )  WRVELENGTH [ n m )  
(a> (b) 

Fig.4 Spontaneous e m i s s i o n  spect rum o f  TE and TM mode f o r  
var ious magnetic f i e l d s  

I n  conclusion, we i n v e s t i g a t e  p roper t ies  o f  t h e  f i e l d  spectrum o f  semiconductor 
lasers  w i t h  quantum w e l l  box ef fects .  The ana lys is  r e v e a l s  a s i g n i f i c a n t  reduct ion o f  
t h e  spect rum l i n e  w i d t h  due t o  t h e  quantum w e l l  box e f f e c t .  T h i s  p r e d i c t i o n  i s  
successful 1 y  demonstrated experimental 1  y  by p l a c i n g  a quantum we1 1 1 aser i n  a h igh  
magnetic f i e l d ,  i n  which Lorenz f o r c e  as w e l l  as the  quantum w e l l  p o t e n t i a l  forms a 
quasi-zero-dimensional e l e c t r o n i c  system. Furthermore, change i n  t h e  spontaneous 
emiss ion  spect rum o f  TE mode and TM mode i s  observed  w i t h  t h e  i n c r e a s e  o f  t h e  
magnet i c  f i e l d ,  wh ich  r e s u l t s  f rom suppress ion  o f  a n i s o t r o p i c  p r o p e r t i e s  o f  t h e  
quantum we1 1 structure. 
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