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Previous analysis o f  the in teract ion o f  u l t rason ic  waves w i th  the homo- 

junct ion laser modes i s  extended t o  the case o f  double heterostructure 

lasers. For t h i s  s t ructure the ext ra  degree o f  freedom, provided by the 

choice o f  the ac t i ve  region thickness, allows t o  optimize the modulati- 

on bandwidth. I t i s  shown that  f o r  an optimal value o f  the ac t i ve  re-

gion thickness (0.26um), a bandwidth o f  about 8 GHz can be obtained. 

Estende-se uma anal i se  anter ior ,  da interação de ondas u l  trassõni cas com 

os modos de laser de homojunção, ao caso dos lasers de heteroestrutura 

dupla. Nesse caso, pode-se escolher a espessura da região a t i va  de ma-

nei ra  a o t  imizar a banda de modulação. Mostra-se que uma banda de 8GHz
pode ser obt ida com o va lor  otimizado da espessura da região ativa (0,26

um). 

1. INTRODUCTION 

It has been demonstrated that  the va r i a t i on  o f  the d i e l e c t r i c  constant 

produced by u l t rason ic  waves provides a means t o  d i r e c t l y  modulate the 

op t i ca l  frequency o f  a semiconductor l a ~ e r l - ~  -. I n  a previous paper4, he- 

rea f te r  ca l led  I, a deta i led analysis o f  t h i s  m o d u l a t i o n  method was 
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c a r r i e d  ou t  f o r  homostriicture lasers,  then the on l y  a v a i l a b l e  lasers. I n  

the present paper, t h i s  ana lys is  i s  extended t o  the double heteros t ruc-  

ture5"; these lasers, besides having the  known advantage o f  CW room tem- 

pera ture  operation, prov ide an ex t ra  degree o f  freedom since the t h i c k -  

ness o f  t he  a c t i v e  reg ion can be a r b i t r a r i l y  chosen. This thickness can 

be opt imized t o  maximize the modulation bandwidth, o r  any o ther  des i red 

parameter. The same pe r tu rba t i on  method used i n  I i s  a l ço  app l ied  here, 

a f t e r  so l v ing  f o r  t he  laser  modes. Because o f  the  spread o f  t he  o p t i c d l  

f i e l d  i n  the  neighbouring layers,  when the a c t i v e  region i s  extremely 

th in ,  the maximum modulation frequency does no t  increase monotonical ly  

as the  a c t i v e  region gets th inner ;  a maximum i s  reached f o r  a f e w  thou- 

sand angstroms o f  thickness, the  exact value depending on the aluminum 

content o f  the  neighbouring regions. 

2. ANALYSIS OF THE FREQUENCY MODULATION 

Let us assume that the i ndex o f '  r e f r a c t i o n  can be def ined as un i  form in  the 

a c t i v e  region w i t h  the value n,, and a l s o  uniforrn and i d e n t i c a l  on the 

two nelghbouring regions w i t h  a va lue nl. Also, we s h a l l  assume these 

neighbouring regions t o  be semi- in f i n i t e ,  which i n  p r a c t i c e  means tha t  

the o p t i c a l  f i e l d  does not  extend s i g n i f i c a n t l y  i n t o  the subst ra te  o r  

the  contac t ing  layers. Thus as shown i n  Fig. 1 we have 

where d i s  the th ickness o f  t he  a c t i v e  region (pure GaAs region) . 

I n  the ac tua l  case, small v a r i a t i o n s  of  t he  index o f  r e f r a c t i o n  both in-  

s ide  and ou ts ide  of  the  a c t i v e  region, due t o  temperature and c a r r i e r  

dens i ty  inhomogeneities, a re  small and neg lec t ing  them w i l l  not  s i g n i -  

f i c a n t l y  a l t e r  the  conclusions o f  t h i s  paper. 

As i n  I, we assume t h a t  the  e f f e c t  o f  sound waves i s  t o  add a small per-  

tu rba t i on  t o  the d i e l e c t r i c  constant propor t iona l  t o  the  instantaneous 





sound pressure a t  any po in t  o f  the laser. The sound waves w i l l  be assu- 

med t r a v e l l i n g  i n  the x- direct ion, so the d i e l e c t r i c  constant can be re  

presented by 

where 

and A i s  a constant proport ional t o  the peak sound pressure; E i s  the 
o 

vacuum d i e l e c t r i c  constant, c the sound velocity,ws the angular sound s 
frequency, and p/uo the r e l a t i v e  magnetic permeabi l i ty.  

Since f o r  any reasonable pressure A << E(') (21, the instantaneous s h i f t  

i n  the op t i ca l  frequency can be calculated by f i r s t  order perturbat ion 

theory, assuming a quas i- stat ic  approximation. As i n  I, t h e  perturbed 

mode frequency w i l l  be given by 

where dv/de 

uniform var 

op t i ca l  f i e  

i s  the der i va t  i ve  o f  mode frequency r e l a t i v e  t o  a spac ia l ly  
+ 

i a t i o n  o f  the d i e l e c t r i c  constant E('), and ~ ( z , t )  i s  the 

l d  of the unperturbed problem. Since the sound waves as de- 

f ined i n  ~ q . ( 2 )  do not depend on the y- and z -d i rec t ions ,on ly the  x de- 

pendente o f  the op t i ca l  f i e l d  should be considered because the y and z 

dependences cancel out  i n Eq. (4) . 

For the unperturbed problem o f  theslab waveguide, we assume an e l e c t r i c  

f i e l d  i n  the y- d i rec t ion  o f  the form 



w = ~ITV being the angular frequency o f  the radiat ion; k w / c = ~ ~ ~ ~ = 2 a / ~  

i s  the f r ee  space propagation constant, c the speed o f  l i g h t  i n  vacuum, 

X the free-space wave-length, and y a dimensionless wave number asso- 

c ia ted w i th  waves propagating i n  the z- direct ion. 

The so lu t ions f o r  odd and even modes are 

X(x) = 

where 

s i n  - 2 

c i/0sw] s i n  az 

cid 
C 0 5  - Isin 

and c, and c, are normalization constants. 

Cont inui ty o f  the f i e l d  a t  the two d i e l e c t r i c  interfaces ,gives the wel l  

knowna eigenvalue equations o f  the symnetric s lab waveguide: 

cot(cld/2) = -B/a f o r  odd modes . (8b) 

For a given set n l ,  n2, d, and h ,  we can obta in  the roots  cim (m =0,1,2, 

3...) by an i t e r a t i v e  method. We v e r i f y  tha t  Eq.(8a) always has at  least  

one so lu t ion corresponding t o  the fundamental mode m = 0. 

Eq.(8b) w i l l  only have a so lu t ion i f  the dimensionless parameter V = 
1 I [iZE -n2 

1 / 2 . ~  ir greater o r  equal t o  n/2. This value corresponds t o  ;i 



t h e  c u t o f f  o f  t h e  f i r s t  odd mode, wh ich  w i l l  be guided o n l y  i f  d l d c ,  

where 

S u b s t i t u t i n g  t h e  e l e c t r i c  f i e l d  express ion  g i v e n  by ~ ~ s . ( 6 )  and (12)  i n  

Eq. ( 4 ) ,  and a f t e r  c a r r y i n g  o u t  t h e  i n t e g r a t i o n s ,  we o b t a i n  t h e  per tu rbed  

mode f r e q u e n c i e s  i n  terms o f  a, 8,  and t h e  sound p ropaga t ion  c o n s  t a n  t 

kS = w s / c s :  

' e v e n  ( t )  = v. + Avevencos u ç t  , ( 1  O) 

odd odd 

+ - 
í?d cos U - u  s i n  u Cos2 s i n  u + 1 s i n u  + s i n  u +-  k- - 

2 
1 

dv 
= A - ( B d I 2  + u 2  U 2 u U 

Aveven d~ ) 

1 cid 
2 cos 9 . ( - cos -d+L s i n  -1 + 1 

2  Bd 2 cid 2 

+ Bd cos U-U s i n  u S i n 2  p& + - - -  s i n  u 1 s i n  u s i n  u -  (r+- 
2 

1 
dv ( B d I 2  + u

2  
u 2 u  u 

Avodd = A - 
ds ) 

cid 2 s i n  - . ( l s i n - -  - cid OlCz C O S - ) + 1  
2 Bd 2 ad 2 

+ where we have d e f i n e d  u = k s d / 2 ,  u  = u + cid and u- = u - cid. 

We v e r i f y  t h a t  when ks goes t o  z e r o ,  t h e  l i m i t  o f  AV i s  A d v / d e ,  w h i c h  

i s  t h e  maximum f requency s h i f t  o f  t h e  mode. 



3. APPLICATION TO GaAs A!2 DH LASERS 

We performed numerical ca lcu la t ion i n  the case o f  an A 2  Gal-x As/GaAs/ 

AR,c Gal-zAs double heterostructure laser w i th  x = 0.3. We used the mea- 

sured values9 o f  the re f rac t i ve  index a t  1 .]8 eV ( h  = 8984 8),n1 = 3.38 
and n, = 3.59. I n  t h i s  case the cu to f f  f o r  the f i r s t  order mode givenby 

E ~ .  (1'6) i s  dc = 0.37 um. This aluminum concentration qu i t e  corresponds 

t o  the maximum step o f  the r e f r ac t i ve  index normally used on 1asers.The 

eigenvalues a and al o f  Eqs. (8a), and (8b), were numerical 1 y solved by 
O 

computer f o r  O < d 5 1 um, and we dalculated the normalized s h i f t  o f  the 

op t i ca l  frequency mode AVIA (dv/ds) given by ~ q .  (10). Fig.2 shows the 

normalized op t i ca l  frequency s h i f t  o r  peak frequency modulation vs the 

sound wave number kS, o r  equivalent l  y sound frequency fS, f o r  same va- 

lues o f  d f o r  the fundamental mode (m-O). 

These curves show t ha t  the sound d u l a t e s  e f fec t i ve ly  the lasersfrequen- 

cy up t o  very high frequencies, i f  the ac t i ve  region i s  somewhere bet-  

ween 0.2 and 0.6 ym. Physically, t h i s  corresponds t o  the t i gh te r  con f i -  

nement o f  the op t i ca l  f i e l d ,  so tha t  up t o  severa1 GHz the sound pres- 

sure can s t i l l  be regarded as approximately constant over the f i e l d  re- 

gion. 

Another in terest ing po in t  i s  the d i f fe rence  i n  shape o f  curves l ( d = 0 . 1  

um) and 3 ( d  = 0.6 um). They cover about the same modulation range be- 

cause they correspond t o  op t i ca l  f i e l d s  approximately o f  same width; 

t h e i r  d i f f e r e n t  shape i s  caused by di f ferences i n  the shape o f  the op- 

t i c a l  f i e l d .  I n  the t h i n  ac t i ve  region, most o f  the op t i ca l  f i e l d  i s  

outside the region (exponential shape), whi le i n  the t h i c k  one most i s  

i n  the ac t i ve  region (sinusoidal shape). 

I n  Fig.3, i t  i s  represented the normalized frequency s h i f t  f o r  the fun- 

damental (even) and the f i r s t  order (odd) modes. Two character i s t i cs  are 

not iceable i n  the f igure.  F i r s t ,  tha t  the e f f ec t i ve  bandwidth i s  larger  

f o r  the fundamental mode; t h i s  i s  t o  be expected because, f o r  the same 

s ize o f  the ac t i ve  region, the f i r s t  order mode spreads further,thus in-  

creasing the averaging e f f ec t  over the sound pressure (Eq.4). A second 

charac te r i s t i c  i s  the f ac t  that  the curve crosses the abcissa a x i s  and 



SOUND WAVE NUMBER K, (pm-'1 

Fig.2 - Calculated op t i ca l  frequency s h i f t  as a funct ion o f  sound wave 

number, or  equivalent ly sound frequency, f o r a  AlxGal As/GaAs/AlZGal -xAs 
-x 

DH laser w i t h  x = 0.3, i n  the case o f  the fundamental mode (m=O). For 

the sound frequency scale, i t  i s  assumed a sound waye propagating w i th  

the ve loc i  t y  c S  = 5376 m/s correspondi ng t o  a (1 11) junct ion plane. Num- 

bers 1, 2, 3 and 4 correspond respect ively t o  0.1, 0.2, 0.6 and 1 pm, 

ac t i ve  region thickness. 
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Fig.3 - Calculated o p t i c a l  frequency s h i f t  as a f unc t i on  o f  sound  wave 

number o r  equ i va len t l y  sound frequency f o r  a A1xGa,~xAs/GaAs/A1~Gal-xA~ 

DH l ase r  w i t h  x = 0.3, f o r  d = 0.6 Vm. Curve (a) corresponds t o  the fun-  

damental mode (m=O), and curve ( b )  t o  t he  f i r s t  o rder  mode (m=l). Same 

assumption as i n  Fig.2 f o r  t he  sound frequency scale.  



goes negat ive.  This means t h a t  t he  modulation goes t o  an oppos i te  phase, 

t h a t  i s ,  when the  sound pressure i s  maximum on the center  o f  the  a c t i v e  

region, t he  average pressure as seen by the  modes ( ~ q . 4 )  i s  negative be- 

cause the  neighbouring h a l f  wavelengths o f  t he  sound wave have a b igger  

e f f e c t  than the  one i n  t he  center .  Th is  e f f e c t  i s  p a r t i c u l a r l y  l a rge  on 

the  f i r s t  o rder  mode because the  o p t i c a l  f i e l d  i s  zero a t  t h e  center ,  

t.hus reducing the  modulat ion e f f e c t  o f  the  pressure a t  t h a t  po in t .  

On ~ i g . 4 ,  we have ca l cu la ted  the  bandwidth k!"') vs the  a c t i v e  reg ion 

th ickness f o r  t he  fundamental and f i r s t  o rder  modes, where we have de- 

f i ned  the  bandwidth kiO-') ( o r  f1°'5)) a s  t h e  " a l u e  o f  k (o r  fs ) f o r  
S 

which the  o p t i c a l  frequency s h i f t  i s  d i v i ded  by two. The bandwidth shows 

a maximum o f  9.51 vm" a t  d = 0.26 pm f o r  the  fundamental mode and a ma- 

ximum o f  3.85 vrn-' a t  d = 0.6 v m  f o r  the  f i r s t  o rder  mode. For t he  o p t i -  

m i zed 

value, 

Us i ng 

l o c i t i  

va lue  d = .0.26 um which i s  smal ler  than the  f i r s t  ordermodecutof f  

t he  l ase r  w i l l  o n l y  support t he  fundamental mode. 

t h e  e l a s t i c  constants o f  GaAs (Ref. 10) , the l ong i t ud ina l  sound ve- 

es a r e  c S p l l ] =  5376 m/s and csPO0] = 4712 m/s f o r  sound waves 

propagating i n  d i r e c t i o n s  perpendicular  t o  the  (111) and ( 1 0 0 )  planes 

which gene ra l l y  correspond t o  t he  usual j u n c t i o n  plane i n  GaAsDH lasers. 

With these values, we found a maximum bandwidth o f  about 8 GHzand 7 GHz 

respec t i ve l y  f o r  a (1 11) and a (100) j u n c t i o n  planes, i n  the  case o f  the  

fundamental mode, which means t h a t  t he  o r i e n t a t i o n  o f  the  j u n c t i o n  p l a -  

ne should be taken into account i f  one wants t o  opt imize  the bandwidth. 

4. CONCLUSION 

Sound modulat ion o f  a DH lase r  has been t h e o r e t i c a l l y  demonstrated t o b e  

opt imized f o r  a c e r t a i n  va lue o f  t he  o p t i c a l  c a v i t y  th ickness.  Th is  op- 

t imized th ickness has been determined t o  be o f  t he  order  o f  .0.26 pm f o r  

t he  g iven values o f  nl, n,, and 1,corresponding t o  a v a i l a b l e  GaAs DHla- 

sers. 

The use o f  sound waves t o  frequency modulate a semiconductor laser  was 

shown t o  be even more e f f e c t i v e  f o r  double he te ros t ruc tu re  lasers  than 
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L A S E R  CAVITY THICKNESS d ( p m )  

Fig.4 - Sound wave number bandwidth as a funct ion o f  laser ac t i ve  region 

thickness. Curve (a) corresponds t o  the fundamental mode w i  t h  a maximum 

a t  0.26 ym, and curve (b) corresponds t o  the f i r s t  order mode wi t h  a ma- 

ximum a t  0.60 pm. For the l a t t e r  mode, the curve s t a r t s  above the cutoff  

(0.37 pm) indicated by an arrow. The bandwidth i s  def ined by the value 

f o r  which the op t i ca l  frequency s h i f t  i s  div ided by two. Same assump- 

t i o n  as i n  Fig.2 f o r  the sound frequency scale. 



f o r  homostructure ones. The added degree o f  freedom a l lows us t o  o p t i -  

mize the  l ase r  f o r  rnaximum modulat ion bandwidth which can reach 8 GHz 

f o r  the  alurninum concent ra t ion  chosen i n  the c ladd ing layers .  For d i f -  

f e r e n t  parameters (n,, n2,X) ,  the  opt imal  value o f  d can be d i r e c t l y  de- 

termined us ing the  opt imal  value o f  the  dirnensionless parameter V=1.100. 

I t should be noted t h a t  frequency rnodulat i on  i s  the  on l  y rnethod that does 

n o t  coupl e t o  the  " sp i k i  ng" r-esonance o f  the  laser ,  because i t does not  

change ne i  t he r  t he  e l e c t r o n  nor the  photon populat ions4'11.  Thus, f r e -  

quencies i n  t h e  GHz regions can be obtained wi thout  the  d i s t o r t i o n  found 

i n  o ther  rnethods o f  rnodulatíon. 
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