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Abstract 

Exploiting the characterlstlc that for certain 

polarhations net round trip acoust2cal gain exists within 

a field biased piezoelectric sem2conductor, an acoustoelectric 

oscillator, "Phonon Maser", has been constructed from photo- 

conductive Cadmium Sulfide. 

A theoretical analysis of 

starting first w2th a linear analys 

the system is 

is of ultrason 

undertaken, 

ic gain. 

Adopting a phenomenological point of view the analysis is 

then extended to the one dimenslonal cavity structure character- 

istic of a Phonon Maser. From this analysis the conditions 

of spontaneous oscillation are established and expressions are 

derived for the corresponding threshold frequency, threshold 

drift velocity, and the tuning response of the sy'stem. 

In addition a limited non-linear analysis of the system has 

been attempted. 

An experimental evaluation of the threshold response 

of the system is then reported and compared with the 

predictions of the linear, theoretical formulation. The 

agreement in most cases is very good, lending credibility 

to the theoretical formulation. 
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CHAPTER I 

In t roduc t ion  

1-1 H i s t o r i c a l  Development 

I n  t h e  s tudy of propagating high-frequency 

( u l t r a s o n i c )  e l a s t i c  waves i n  s o l i d s ,  a t t e n t i o n  i s  g e n e r a l l y  

d i r e c t e d  a t  an a n a l y s i s  of t h e  corresponding a t t e n u a t i o n  

and phase v e l o c i t y  i n  terms of t h e  fundamental p r o p e r t i e s  of 

t h e  medium. I n  genera l  t h e  study of a t t e n u a t i o n  d i v i d e s  

i t s e l f  broadly i n t o  an a n a l y s i s  of s c a t t e r i n g  and absorpt ion  

processes .  The a n a l y s i s  of phase v e l o c i t y ,  on t h e  o t h e r  

hand, i s  used most ex tens ive ly  i n  eva lua t ing  t h e  r e l e v a n t  

s t i f f n e s s  t e n s o r .  

I n  r e l a t i o n  t o  t h e  s tudy of a t t e n u a t i o n ,  t h e  

a n a l y s i s  of s c a t t e r i n g  processes  r e l a t e s  most d i r e c t l y  t o  

t h e  l a t t i c e  p r o p e r t i e s  of s o l i d s ,  such as :  (i) t h e  anharmon- 

i c i t y  of t h e  l a t t i c e  p o t e n t i a l  (and subsequent coupling of 

t h e  u l t r a s o n i c  wave t o  t h e  thermal phonon spectrum] and 

C i i )  t h e  i n f l u e n c e  and concent ra t ion  of c r y s t a l  d e f e c t s  

and d i s l o c a t i o n s .  The a n a l y s i s  of absorp t ion  processes ,  

on t h e  o t h e r  

phonon, (ii) 

hand, r e l a t e s  t o  such f e a t u r e s  a s :  (i) e lec t ron-  

phonon-magnon, and (iii) spin-phonon coupling 



mechanisms wi th in  a  s o l i d .  

Within th is  t o p i c a l  breakdown t h e  phenomenon of 

Phonon Maser a c t i o n  comes under t h e  heading of an e l ec t ron-  

phonon ( a c o u s t o e l e c t r i c l  i n t e r a c t i o n .  More s p e c i f i c a l l y  it 

r e l a t e d  t o  t h e  coupl ing between t h e  a c o u s t i c a l l y - a c t i v a t e d  

p i e z o e l e c t r i c  f i e l d  and t h e  conduction e l e c t r o n s  of a  

piezcelectric sexiccnductcr (and is aptly referred to as the 

piezo-acous toe lec t r ic  i n t e r a c t i o n ) .  

The p ioneer ing  work i n  t h i s  f i e l d  was i n i t i a t e d  

by J. J. Kyame (Ky-54) i n  a  t h e o r e t i c a l  d i s c u s s i o n  of t h e  

in f luence  of a  non-zero conduc t iv i ty  wi th in  a  p i e z o e l e c t r i c .  

H i s  p r i n c i p a l  conclusion was t h a t  t h e  r e s u l t i n g  d i s p e r s i o n  

r e l a t i o n s h i p  was complex, corresponding t o  a  piezo-acousto- 

e l e c t r i c  a t t e n u a t i o n  f a c t o r .  However, a t  t h i s  t ime t h e  

ex i s t ence  of p i e z o e l e c t r i c  semiconductors had no t  come t o  l i g h t  

s i n c e  most t e s t s  f o r  p i e z o e l e c t r i c i t y  were of a  s t a t i c  o r  

q u a s i - s t a t i c  na tu re .  For such measurements t h e  f i n i t e  conduct- 

i v i t y  of p i e z o e l e c t r i c  semiconductors e f f e c t i v e l y  shor ted  o u t  

any induced f i e l d s  and thus  masked t h e i r  p i e z o - e l e c t r i c  

c h a r a c t e r .  

Prompted by an anomalous the rmoe lec t r i c  response 

i n  ZnO (Hu-59) and a  pho tosens i t ive  a t t e n u a t i o n  dependence 

i n  CdS (Ni-60), A.R. Hutson (Hu-60) s e t  ou t  t o  t e s t  t h e  

p i e z o e l e c t r i c  response of t h e s e  two semiconductors. I n  an 



effort to quench their conductivity, Lithium carqpensators 

were added to ZnO while CdS was sulfux annealed. In 

each case their conductivities were lowered to less 

than 10"" CQ-cm1 -I, At this point resonance-antiresonance 

measurements were carried out resulting in the determination 

of their respective piezoelectric coefficients. The surpris- 

:.." --..m~..-$n... ..-- LL-& G-J-T. 17-n --a nap ------a ---- AIAY C I W L A ~ I U ~ A U I I  w a 3  LiiaL- UULLL ULAU allu LUO ~ L U V C U  AILWLC ~ L C ~ U -  

electrically active than quartz. Armed with this information, 

the next development came from A.R. Hutson and D.L. White 

(Hu-62) who carried out an extensive theoretical analysis 

of elastic wave propagation in piezoelectric semiconductors. 

Shortly thereafter it occurred to D.L. White that 

the same interaction mechanism responsible for ultrasonic 

attenuation in piezoelectric semiconductors could, by the 

inclusion of a D.C. electric field, be exploited to bring 

about ultrasonic gain. The basic criterion was that the 

component of the resultant drift velocity in the direction of 

wave propagation must be greater than the corresponding 

velocity of sound. Using CdS, this idea was subsequently 

tested and varified (Hu-61). Folowing the initial theoretical 

analysis of ultrasonic gain in piezoelectric semiconductors 

by D.L. White CWh-621, extensive theoretical and experimental 

interest was aroused: CSp-621, OW-631, (Sp-631, (Ec-631, 

(Sp-68 I, and (Gu-68 1 , ITwo good review papers on the topic 

are: (MF-661 and (Gu-691 .I 



S t  was poin ted  ou t  in  White 's  o r i g i n a l  paper (Wh-621 

t h a t  a l though g a i n  e x i s t e d  only  f o r  those  waves t r a v e l l i n g  

p a r a l l e l  t o  the e l e c t r o n  flow, the a t t e n u a t i o n  of t h e  r e v e r s e  

going wave was such  that  n e t  round t r i p  a c o u s t i c a l  g a i n  

e x i s t e d  f o r  a  band of f requencies .  Having t h u s  i d e n t i f i e d  

the medium a s  a c o u s t i c a l l y  a c t i v e  one has,  i n  analogy wi th  

the nntiral -S  ----- ----- lacov, the poss ib i l i ty .  cf s t r u c t u r i n g  2 p iezo -  
1 

a c o u s t o e l e c t r i c a l  o s c i l l a t o r ,  o r  more a p t l y  a  Phonon Maser. 

The a n a l y s i s  of such a  device  was f i r s t  formulated by V.L. 

Gurevich and B.D. Laikhtman (Gu-66) and s u c c e s s f u l l y  cons t ruc ted  

from CdS by D.L. White and W. Kang (Wh-66) a t  t h e  Be l l  Tele- 

phone Labora tor ies ,  New Je r sey .  Subsequent t o  t h i s  work a  

group a t  t h e  Royal Radar Establishment have undertaken a  

f u r t h e r  s tudy of t h e  phenomenurn using both CdS and ZnO: 

(Ma-67), (Ma-69), (Mr-69), (Mr-70), and (Hu-70). I n  a d d i t i o n  

some work was i n i t i a t e d  i n  t h e  Sovie t  Union by V . I .  Baibakov 

(Ba-68). 

1-2 Cont r ibut ions  of This Thesis  

Throughout v i r t u a l l y  a l l  of t h e  Phonon Maser work 

c i t e d  above no ex tens ive  e f f o r t  has  been made t o  develop a  

s a t i s f a c t o r y  t h e o r e t i c a l  formulat ion of t h e  phenomenon nor 

t o  c a r r y  o u t  any exhaustive eva lua t ion  of t h e  experimental  

response  i n  terms of such a  model. Furthermore, i n  v i r t u a l l y  

a l l  of t h e  systems s tud ied  t o  d a t e  a  pulsed,  r a t h e r  than 



continuous,  mode of opera t ion  has been used [in an e f f o r t  t o  

reduce t h e  thermal duty  c y c l e ) ,  In add i t ion ,  it has  been 

noted that i n  many of the systems s tud ied  t h e  r e s u l t i n g  

s i g n a l s  possessed a l a r g e  degree of u n r e l a t e d  harmonic con ten t ,  

serv ing  only  t o  complicate  t h e  t h e o r e t i c a l  i n t e r p r e t a t i o n .  

t h e s e  d e f i c i e n c i e s  i n  mind t h e  o b j e c t i v e s  of 

bzzn: 

t o  des ign  a  system capable of continuous 

opera t ion  a t  room temperature,  

t o  improve t h e  performance of  t h e  system by 

e l imina t ing  t h e  unre la ted  harmonic con ten t ,  

t o  c a r r y  o u t  a  thorough experimental  

eva lua t ion  of t he  s y s t m ,  

t o  develop a  s a t i s f a c t o r y  and comprehensive 

t h e o r e t i c a l  formulat ion r e p r e s e n t a t i v e  of 

t h e  system, and 

t o  compare t h e  experimental  response w i t h  

t h e  t h e o r e t i c a l  formulat ion.  

I n  achieving o b j e c t i v e s  (i) and (ii) s p e c i a l  

cons ide ra t ion  was given t o  t h e  des ign  of t h e  c r y s t a l  holder  

and t o  the p repara t ion  of t h e  CdS c r y s t a l s  themselves. 

S p e c i f i c a l l y ,  i n  achieving ob j  e c t i o n  C i i )  t h e  alignment and 

po l i sh ing  of t h e  c r y s t a l s  were c a r r i e d  o u t  under cond i t ions  

of high p r e c i s i c n  and g r e a t  c a r e  was taken t o  minimize any 



inhomogeneity i n  e i t h e r  t h e  Ohmic c o n t a c t s  t o  t h e  c r y s t a l  o r  

the bulk conductl 'vity.  The r e l e v a n t  d e t a i l s  o f ' t h e s e  consid- 

e r a t i o n s  a r e  g iven  i n  conjunct ion w i t h  s e c t i o n  4-2 and 

appendix I. 

I n  r e l a t i o n  t o  t h e  remaining o b j e c t i v e s  t h e  

d i scuss ion  of t h e  t e x t  t o  fo l low is, hopeful ly ,  s o  s t r u c t u r e d  

t o  be of some pedagogical m e r i t .  The sequence of t o p i c s  begins 

wi th  t h e  t h e o r e t i c a l  cons ide ra t ions .  These a r e  introduced by 

a novel development and d i scuss ion  of t h e  s tandard  l i n e a r  g a i n  

and d i s p e r s i o n  cond i t ions  f o r  a  s i n g l e  t r a v e l l i n g  wave i n  a  

p i e z o e l e c t r i c  semiconductor. Adopting a  l i n e a r  phenomenological 

p o i n t  of view t h e  a n a l y s i s  i s  then  extended t o  a  m u l t i - t r a n s i t ,  

r e f l e c t i n g  wave system c h a r a c t e r i s t i c  of an a c t i v e  a c o u s t i c a l  

c a v i t y  ( a  Phonon Maser).  From such an a n a l y s i s  t h e  threshold  

cond i t ions  f o r  t h e  o n s e t  of sus ta ined  a c o u s t i c a l  o s c i l l a t i o n  

a r e  e s t a b l i s h e d  and t h e  tuning ,  conduc t iv i ty ,  temperature,  

and e l e c t r i c  f i e l d  dependence of t h e  th resho ld  frequency a r e  

developed. A d e t a i l e d  des ign  a n a l y s i s  of both shear  and 

l o n g i t u d i n a l  maser s t r u c t u r e s  is  then  c a r r i e d  ou t  on t h e  t h r e e  

p i e z o e l e c t r i c  semiconductors: ZnO, CdS, and CdSe. 

To t h i s  p o i n t  i n  t h e  d i s c u s s i o n  t h e  a n a l y s i s  i s  

based upon a  l i n e a r  r e p r e s e n t a t i o n  of a  Phonon Maser. Sub- 

sequent ly  a  l i m i t e d  d i scuss ion  of two of i t s  non-linear 

f e a t u r e s  i s  then  given,  v i z :  t h e  D.C. a c o u s t o e l e c t r i c  c u r r e n t  and 



harmonic genera t ion .  Experimental d a t a  on t h e  th resho ld  

response of a  Phonon Maser a r e  then  presented and compared 

w i t h  t h e  p r e d i c t i o n s  of t h e  l i n e a r ,  t h e o r e t i c a l  formulat ion.  

S p e c i f i c a l l y ,  t h e  f u n c t i o n a l  dependence of t h e  th resho ld  

frequency and threshold  d r i f t  v e l o c i t y  a r e  analyzed i n  a d d i t i o n  

t o  t h e  threshold  frequency tuning  response.  I n  a l l  cases  

outs tanding  agreement i s  obta ined ,  

Conclusions a r e  then drawn and a r e a s  of f u t u r e  

i n v e s t i g a t i o n  a r e  ou t l ined .  



CHAPTER XI 

Phonon Plaser Theory: L inea r  Ana lys i s  

2-1 I n t r o d u c t i o n  

t h e o r e t i c a l  model Phonon based upon t h e  acousto-  

e l e c t r i c  i n t e r a c t i o n  i n  p i e z o e l e c t r i c  semiconductors .  I n  

t h e  d i s c u s s i o n  t o  be g iven  a l l  non- l inear  i n t e r a c t i o n s  have 

been neg lec ted .  Furthermore,  t h e  a n a l y s i s  i s  r e s t r i c t e d  t o  

those  f r e q u e n c i e s  f o r  which qR<1, where q i s  t h e  a c o u s t i c a l  

wave v e c t o r  a n d  !L i s  t h e  thermal  mean free path  of t h e  char.;e 

c a r r i e r s .  (For CdS t h i s  cor responds  t o  an upper frequency 

of about  4 0  G H z  a t  room tempera tu re . )  Within t h i s  l i m i t  we 

a r e  j u s t i f i e d  i n  t r e a t i n g  t h e  medium a s  a  continuum and i n  

assuming l o c a l  thermodynamic e q u i l i b r i u m .  

A t t e n t i o n  i s  g iven  f i r s t  t o  an a n a l y s i s  of p iezo-  

e l e c t r i c  i n s u l a t o r s  and then  g e n e r a l i z e d  t o  piezoelectric 

~ e m i c o n d u c t o r s .  The r e s u l t s  of t h i s  g e n e r a l i z a t i o n  a r e  then  

used,  i n  a  phenomenological f a s h i o n ,  t o  f o r m u l a t e  a  model of 

a Phonon I.lascr. 
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Plane Wave Propagation in a Piezoelectric Semiconductor 

The equations of state for a piezoelectric crystal 

follow rigorously from a thermodynamic analysis of anisotropic 

matter (Ny-601. The results of such an analysis are summarized 

in Fig. 2-1. Here all possible interactions between the 

mechanical, electrical, and thermal variables of the system 

are accounted for. The bold lines indicate those interactions 

which dominate, while the lighter lines identify those of 

secondary strength. The representative symbols are as defined 

under the List of Symbols and the bracketed numbers specify 

the rank of the corresponding tensor quantity. 

In what is to follow all thermal contributions will 

be ignored. Thus, with the aid of Fig. 2-1 (noting the 

direction of the arrows) one can write down representative 

equations of state for any variable in terms of a mechanical 

and electrical contribution. The two equations of interest 

are : 



Electrical 

Fig. 2-1: E l e c t r i c a l ,  Mechanical and Thermal I n t e r a c t i o n s  

Within a S o l i d  



Here, and i n  t h e  t e x t  t o  fol low,  t h e  a d i a b i a t i c  v a l u e  of t h e  

t ensor  components i s  assumed and t h e  convention of summation 

over  common i n d i c e s  i s  implied.  I n  a d d i t i o n  c .g.  s .  u n i t s  

a r e  used throughout.  

The format of t h e s e  equat ions  can be s i m p l i f i e d  

somewhat by appeal ing  t o  a s tandard  convention of index 

c o n t r a c t i o n ,  v i z :  11 + 1; 2 2  + 2; 33  + 3 ;  23 = 3 2  + 4; 

31 = 13 -+ 5; and 12 = 21 4 6 .  I n  t h i s  way equat ions  (2-1) 

and (2-2) reduce t o  t h e  c h a r a c t e r i s t i c  m a t r i x  form: 

For t h e  hexagonal, w u r t z i t e  ( 6  mm) c l a s s  of c r y s t a l s ,  of 

which C ~ S  i s  a member, t h e  c o n s t r a i n t s  of symmetry f u r t h e r  

reduce t h e  format of equat ions  (2-3)  and ( 2 - 4 )  t o  t h e  follow- 

ing e x p l i c i t  form (where 3 r e f e r s  t o  t h e  c - a x i s ) :  



(2-5) * 

Attention now will be given to the equations of 

motion and the dispersion relationships for plane waves prop- 

agating along the threeorthogonal symmetry axis of a wurtzite 

crystal. In incorporating Maxwell's equations into this analysis 
-% 

we will invoke the quasi-static approximation: VXE = o. This 

action serves to decouple the acoustoelectric wave solutions 

(which travel at the velocity of sound, s) from'the purely 

electromagnetic solutions (which travel at the velocity of light, 

c ) .  And as has been shown by A.R. Hutson and D.L. White (Hu-62), 

the corresponding error introduced into the acoustoelectric 

dispersion relationships is only of the order of s2/c2 - 10-I O. 

* The explicit value of the tensor components for CdS are given 
in Appendix I, with C66 = ~ ( C I I  - C12) 



For each of t h e  propagat ion d i r e c t i o n s  t h e r e  a r e  

t h r e e  p o s s i b l e  p o l a r i z a t i o n s ;  two shea r  and one l o n g i t u d i n a l .  

The r e s u l t i n g  n i n e  waves c o n s t i t u t e  t h e  p r i n c i p a l  a x i s  normal 

modes. 

If ,  f o r  t h e  moment, we r e s t r i c t  our  a t t e n t i o n  t o  

i n s u l a t i n g  p i e z o e l e c t r i c s ,  then  from P o i s s o n t s  equat ion ,  
-t 

Q * D  = 0 ,  and equat ion  (2-5) w e  a r e  able t o  g e n e r a t e  t h e  
-1 

fol lowing u s e f u l  i d e n t i t i e s  ( r e a l i z i n g  t h a t ,  a 2  = 0 ,  i f j  
ax,ax, 

f o r  p lane  waves] . J 

Now from Newton's second law we have, 



which when coupled w i t h  equat ions  (2-51 through (2-81 g i v e  

t h e  p r i n c i p a l  a x i s ,  normal mode wave equa t ions ,  a s  t a b u l a t e d  

by Table 2-1. 

From Table 2-1 i t  can be seen t h a t  f o r  most po la r -  

i z a t i o n s  t h e  v e l o c i t y  of sound i s  determined by t h e  cha rac te r -  

i s t i c  mechanical f a c t o r s :  

However, f o r  t h e  t h r e e  p o l a r i z a t i o n s  f o r  which t h e  d i sp lace -  

ment, u i s  along t h e  p o l a r  c -axis  t h e  v e l o c i t y  of sound 
i' 

i s  given by, 

where t h e  parameter,  
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is t o  be noted from equations C2-61 through C2-81 t h a t  t h e s e  

t h r e e  " p i e z o e l e c t r i c a l l y  a c t i v e "  modes are a l s o  accompanied 

by a  l o n g i t u d i n a l  e l e c t r i c  f i e l d :  

Indeed, it i s  t h e  p o l a r i z a t i o n  induced by t h i s  l o n g i t u d i n a l  

f i e l d  t h a t  b r i n g s  about  a  s t i f f e n i n g  i n  t h e  c r y s t a l  l a t t i c e  

and t h e  noted i n c r e a s e  i n  t h e  v e l o c i t y  of sound. 

I n  making t h e  t r a n s i t i o n  t o  conducting p i e z o e l e c t r i c s  

an a d d i t i o n a l  l o n g i t u d i n a l  f i e l d  i s  introduced v i a  t h e  non- 

zero  source term of Po i s son ' s  equat ion:  

This  i n  t u r n  i n f l u e n c e s  t h e  d i s p e r s i o n  r e l a t i o n s h i p  f o r  t h e  

a c t i v e  modes of t h e  c r y s t a l .  However, t h e  d i s p e r s i o n  r e l a t i o n -  

s h i p s  f o r  t h e  non-act ive modes, which a r e  i n s e n s i t i v e  t o  long- 

i t u d i n a l  f i e l d s ,  remain unaffec ted  . Thus, only  t h e  a c t i v e  

modes a r e  now of i n t e r e s t  t o  u s ,  

I n  analyz ing  t h e  a c t i v e  modes of a  p i e z o e l e c t r i c  

s ~ i c o n d u c t o r ,  t h e  e f f e c t s  of equat ion  (2-16) must be incor-  



poxated i n  a  s e l f  c o n s i s t e n t  manner, This i s  achieyed by 

t h e  i n c l u s i o n  of O h m ' s  law and t h e  c o n t i n u i t y  equat ion  f o r  

e l e c t r i c  charge.  Fox p l a n e  wave motlon along t h e  xi-axis 
a ( for  which: = 0, i#jl w e  then o b t a i n  t h e  fo l lowing s e t  

3 
of one dimensional equat ions .  

Here, u ,  i s  a  genera l i zed  displacement  r e p r e s e n t -  

a t i v e  of one of t h e  a c t i v e  modes, wi th  c ,  @, and E chosen 

accordingly ,  I n  a d d i t i o n  an e x t r i n s i c  N-type semiconductor 

has been assumed with:  n  r e p r e s e n t i n g  t h e  v a r i a t i o n  i n  

Y X  



of e l e c t r i c  charge; JJ t h e  e l e c t r o n  d r i f t  mobi l i ty ;  K Boltzmants  

cons tant ;  and T the a b s o l u t e  temperature.  O h m t s  law, equat ion  

(2-201, has  been genera l i zed  t o  accommodate d i f f u s i ~ n  c u r r e n t s  

and t h e  presence of an e x t e r n a l l y  app l i ed  D.C.  f i e l d ,  E o ,  

d i r e c t e d  i n  t h e  n e g a t i v e  x -d i rec t ion  [ t h i s  accounts  f o r  t h e  

nega t ive  s i g n ]  . 
It w i l l  be noted t h a t  t h e  complete set  of equa t ions  

i s  l i n e a r  except  f o r  t h e  product ,  nE, t h a t  appears  i n  equat ion  

(2-20). I n  t h e  a n a l y s i s  t o  fo l low t h i s  non-li-near term w i l l  

be ignored on t h e  assumption t h a t  it i s  smal l  i n  comparison 

t o  t h e  l i n e a r  terms.  Combining equat ions  (2-17)  through 

(2-21) we a r e  a b l e  t o  reduce t h e  s e t  of equa t ions  t o  t h e  

fol lowing coupled p a i r  i n  u  and n: 

where, 



and correspond, respectively, to the piezoelectric coupling 

coefficient, the Debye screening radius (squared), the 

dielectric relaxation time, and the electron drift velocity. 

For the plane wave analysis under consideration 

we have, 

which when substituted into equations (2-221 and (2-231, 

give: 



where, qo = u/so. 

The r e s u l t i n g  s ecu l a r  determinant ,  

g ives  a  second order  polynomial i n  k 2 .  To terms l i n e a r  i n  x 
w e  can approximate a l l  va lues  of k on t h e  r i g h t  of equat ion 

(2-31) by qo,  g iv ing :  

2 2 q i  R 2  (l+qoR 1 + (6rw) - iyrw 

( l + q t ~ ~ ) ~  + ( Y T U )  * I 
where, 
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Separa t ing  ou t  r e a l  and imaginary p a r t s  according 

we g e t  t o  terms l i n e a r  i n  X, 

Equat ions (2-35) and (2-36) summarize t he  i n f l u e n c e  

t h a t  f r e e  charge c a r r i e r s  have on t h e  a c t i v e  modes of a piezo- 

e l e c t r i c  semiconductor and compare d i r e c t l y  wi th  t h e  co r res -  

ponding equat ions  r epor ted  by V.L. Gurevich (Gu-69) I a s i d e  

from an e r r o r  of + i n  h i s  express ion  f o r  r ] .  A comparison 

wi th  t h e  o r i g i n a l  work by D , L ,  White CWh-62) i s  complicated,  

however, by t h e  use  of a  d i f f e r e n t  formula t ion  and t h e  u s e  of 

M.K,S, u n i t s ,  The r e s u l t s  a r e  n e v e r t h e l e s s  e q u i v a l e n t ,  As 

noted,  t h e  i n f l u e n c e  of charge c a r r i e r s  b r ings  about  an 

a t t e n u a t i o n  i n  t h e  wave i n  a d d i t i o n  t o  v e l o c i t y  d i s p e r s i o n .  
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I n  each  c a s e  t h e  r e s p e c t i v e  parameters a r e  a  f u n c t i o n  o f :  

f r e q u a c y ,  charge  d e n s i t y ,  d r i f t  v e l o c i t y ,  temperature,  and 

D.C,  e l e c t x i c  f i e l d  I a s  monitored by equa t ions  C2-24) - (2-27)]  . 
The unique f e a t u r e  t o  n o t e  i s  t h a t  t h e  a t t e n u a t i o n  

c o e f f i c i e n t ,  being l i n e a r l y  dependent on, y = 1 - v/so ,  

undergoes a  change i n  s i g n  when t h e  d r i f t  v e l o c i t y ,  v ,  

exceeds t h e  v e l o c i t y  of sound, s,. The n e t  r e s u l t  i s  a  
" 

t ransformat ion  from a c o u s t i c a l  a t t e n u a t i o n  t o  a c o u s t i c a l  

ga in .  I n  s h o r t ,  when v  > so t h e  d r i f t i n g  e l e c t r o n s  a r e  s o  

phase matched wi th  r e s p e c t  t o  t h e  t r a v e l l i n g  a c o u s t i c a l  wave 

t h a t  they  expend energy on t h e  wave i n  i n t e r a c t i n g  wi th  

t h e  p i e z o e l e c t r i c  f i e l d .  This  r e s u l t s  i n  a  t r a n s f e r  of 

momentum from t h e  d r i f t i n g  e l e c t r o n s  t o  t h e  a c o u s t i c a l  wave, 

and thus  a c o u s t i c a l  ga in .  For va lues  of v < so t h e  phase 

match i s  such t h a t  momentum i s  t r a n s f e r r e d  from t h e  a c o u s t i c a l  

wave t o  t h e  d r i f i t n g  e l e c t r o n s ,  and t h u s  a c o u s t i c a l  a t t e n u a t i o n .  

I t  i s  i n t e r e s t i n g  t o  n o t e ,  from equa t ion  (2-361, t h a t  r i s  

symmetrical ( a s i d e  from a  change i n  s i g n )  about t h e  va lue ,  

y = 0.  

From t h e  f u n c t i o n a l  form of equat ion  (2-36) it fo l lows 

t h a t  f o r  f i x e d  y t h e  frequency f o r  which t h e  g a i n  o r  a t t e n u a t i o n  

is maximized i s  given by: 



~t this frequency t h e  f u n c t i o n a l  dependence of r t a k e s  

the form, 

where w,, M , t h e  " d i f f u s i o n  frequency" is; 

Maximizing now equat ion  (2-38) w i t h  r e s p e c t  t o  y 

w e  o b t a i n ,  f o r  t h e  r e s p e c t i v e  d r i f t  v e l o c i t i e s  

the  fo l lowing extrema va lues  of r:  

F igure  2-2 i l l u s t r a t e s  t h e  f u n c t i o n a l  dependence of 
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Fig. 2-2: Functional Dependence of s (f ,y) and I ' ( f t y )  

((I = lo-* ( R - c m ) -  ', p = 280 (cm2/v-sec) . T = 



r (y,w) and s Cy,w) for shear waves in CdS (characterized by 

a temperature of 10•‹C, a conductivity of 10" (L?-ml -I, and 

a drift mobility of 280 (cm2/Y-sec] . The respective values 

of y chosen in the upper two figures correspond to two waves;. 

one travelling parallel and the other antiparallel to a 

common electric field. From the center plot it is important 

to note that, for a band of frequencies around the frequency 

of maximum gain, the gain exceeds the attenuation. Thus, 

in spite of the fact that gain is achieved in only one 

direction, the system nevertheless possesses net round trip 

gain. This is a consequence of the asymmetry of the gain 

curve about v = 0 (as noted by the bottom plot). Without this 

necessarily unique feature piezoelectric semiconductors would 

not undergo phonon maser action. 

Phenomenological Model of a Phonon Maser 

The transition from an acoustical amplifier, as 

discussed in the previous section, to that of an acoustical 

oscillator corresponds to introducing regenerative acoustical 

feed back into the system. In practice this is achieved by 

structuring the active medium into a one dimensional cavity. 

The analysis then proceeds in a manner suggested by the 

following sketch. 



H e r e  w e  cons ide r  an a c o u s t i c a l  s i g n a l ,  A I ,  normally 

i n c i d e n t  upon a b iased  c a v i t y  of l e n g t h ,  L ,  ( t h e  canted r a y s  

a r e  f o r  t h e  purposes of d iagramat ic  c l a r i t y  o n l y ) .  A t  t h e  

boundaries t h e  s i g n a l  i s  s u b j e c t  t o  complex t ransmiss ion  

and r e f l e c t i o n  c o e f f i c i e n t s  t ,  t' and r.  The r e s u l t a n t  

t r ansmi t t ed  s i g n a l  i n  then  made up of t h e  l i n e a r  superpos i t ion :  

Upon accounting f o r  t h e  r e l a t i v e  phase change, t h e  

a c o u s t o e l e c t r i c  and l a t t i c e  a t t e n u a t i o n ,  and t h e  i n f l u e n c e  

of t h e  boundaries ,  equat ion  C2-42 1 becomes, 



t 
where 

and TL is the intrinsic lattice attenuation coefficient. 

. The notation adopted here is: (+) designates those waves 

travelling parallel to the e1ectrj.c field, 
Eo (for which there 

is acoustical attenuation] and (-) designates those waves 

travelling antiparallel to the D.C. field (for which there 

is acoustical gain). 

If we restrict our analysis to those values of drift 

field for which: 

then equation (2-42)  forms a simple harmonic series that 

Converges to, 



X 

Maser i s  t h e  thermal n o i s e  of t h e  system and n o t  some e x t e r n a l  

s igna l ,  we d e f i n e  an ' ' i n t e r n a l  g a b  funct iont ' ,  

corresponding t o  t h e  feedback g a i n  of t h e  system. For  t h e  

e x p l i c i t  complex s t r u c t u r e  of r ,  

(where 8 i s  t h e  phase change a t  t h e  boundary) w e  o b t a i n  

and 

t a n  @ = s in (gL  + 2 8 )  

(r,+2rL) L-2lnr e - cos  (qL-t-2 8) 

The t r a n s i t i o n  now t o  an a c o u s t i c a l  o s c i l l a t o r  c o r r e s -  

ponds t o :  G -t 03, From equatson (2-501 t h i s  g e n e r a t e s  t h e  f o l -  

lowing th resho ld  c o n d i t i o n  f o r  the o n s e t  of o s c i l l a t i o n :  



i 

- to decouple equatlon (2-521 into the following two equations: 
F 

2 lnr - r (w,v) + 2r (u) - - -  
N L L 

Equations (2-53) and (2-54) form the basis of the analysis to 

follow and are essentially the same as those reported by 

V.L. Gurevich and B.D. Laikhtman (Gu-66). 

If we attempt to substitute the threshold conditions 

into equation (2-51) we obtain an indeterminate result for tan 

. However, realizing that r ( w )  and I' (w) are slowly varying 
N L 

functions of frequency in comparison to the trigonometric 

terms of equation (2-51) one can evaluate the indeterminate 

form, to a good approximation, by: 
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I n  c o n t r a s t  t o  t h e  previous  s e c t i o n ,  where only  

the one way a t t e n u a t i o n  c o e f f i c i e n t  w a s  cons idered ,  w e  s e e  

t h a t  f o r  t h e  Phonon Maser t h e  parameter of i n t e r e s t  i s  t h e  

net round t r i p  a t t e n u a t i o n  c o e f f i c i e n t :  

where, 

As i n  t h e  case  of t h e  one way c o e f f i c i e n t ,  r ,  t h e  n e t  round 

t r i p  c o e f f i c i e n t ,  TN, t a k e s  on an extrema v a l u e  (for  f i x e d  y)  

at, 

A t  t h i s  frequency equat ion  (2-56) reduces  t o :  



where once again  wD i s  t h e  " d i f f u s i o n  frequency" given by 

. I f  we now seek t h e  extrema v a l u e s  of equat ion  (2-60) wi th  

r e s p e c t  t o  v ,  we o b t a i n  ( fo r  t h e  r o o t  corresponding t o  t h e  

maximum n e t  round t r i p  ga in )  t h e  express ion:  

which occurs  a t  a d r i f t  v e l o c i t y  g iven  by: 

It w i l l  be noted from equat ion  (2-62)  t h a t  i n  t h e  l i m i t ,  



value :  

A s  w i l l  be d iscussed  i n  s e c t i o n  2-4 t h i s  s a t u r a t i o n  l i m i t  

r e s t r i c t s  t h e  maximum a t t a i n a b l e  opera t ing  frequency of t h e  

Phonon Maser. 

Le t  us  now r e t u r n  t o  a  p h y s i c a l  i n t e r p r e t a t i o n  of 

t h e  th resho ld  c o n d i t i o n s  f o r  spontaneous a c o u s t i c a l  o s c i l l a t i o n ,  

a s  e s t a b l i s h e d  by equat ions  (2-53) and (2-54). The f i r s t  of 

t h e s e  i s  j u s t  a  s ta tement  r e l a t i n g  t o  t h e  energy requirements  

f o r  spontaneous o s c i l l a t i o n ,  v i z :  t h a t  t h e  n e t  round t r i p  

g a i n ,  I',(o,v), be s u f f i c i e n t  t o  overcome t h e  i n t e r n a l ,  

-21nr 2PL ( w )  , and end l o s s e s ,  , of t h e  system. The second i s  

t h e  requirement  t h a t  t h e  th resho ld  frequency be one of t h e  

normal modes of t h e  c a v i t y .  It  fo l lows t h a t  t h e  Phonon Maser 

w i l l  go i n t o  spontaneous a c o u s t i c a l  o s c i l l a t i o n  a t  t h a t  normal 

mode of t h e  system n e a r e s t  t h e  frequency of maximum gain .  

To e l u c i d a t e  t h i s  p o i n t  l e t  u s  look a t  t h e  s t a t u s  of t h e  

system j u s t  below th resho ld .  

For  this we haye chosen a  shear  wave system s t r u c -  

t u r e d  from CdS and c h a r a c t e r i z e d  by a  temperature of 10•‹C, a 

c o n d u c t i v i t y  of l o w 4  ((R-cm)-', a  d r i f t  m o b i l i t y  of 280 cm2/ 

V-sec, a  t h i c k n e s s  of 150 p , a  r e f l e c t i o n  c o e f f i c i e n t  of 



0.918, and a d r i f t  v e l o c i t y  given by Y = 1.2  s o ,  F i g .  2-3 La) 

i s  the  r e s u l t i n g  frequency p l o t  of the t o t a l  a t t e n u a t i o n  

c o e f f i c i e n t  . 

'21nr The dashed l i n e  corresponds t o  t h e  end l o s s  t e r m ,  , and 

i s  taken a s  frequency independent.  S ince  t h e  n e t  g a i n ,  a t  

a l l  f r equenc ies ,  i s  l e s s  than  t h e  end l o s s e s  encountered 

t h e  system remains s u b c r i t i c a l  wi th  r e s p e c t  t o  spontaneous 

o s c i l l a t i o n .  

I n  e v a l u a t i n g  Fig. 2-3(a)  an e m p i r i c a l  l a t t i c e  l o s s  

t e r m  of t h e  form, 

has been employed, with:  a = 1.11 x l o F J 4  and @ = 1.51, 

f o r  shear modes @ l a - 6 9 ) .  The n e t  i n f l u e n c e  of rL on t h e  

t o t a l  round t r i p  a t t e n u a t i o n  p r o f i l e  i s  t o  h t e n s i f y  t h e  

a t t e n u a t i o n  a t  t h e  high frequency end and t o  lower t h e  



Fig. 2-3Cal: T o t a l  At tenuat ion  C o e f f i c i e n t  Versus Frequency 

f ,  = 5 . 8 7 M H z  

1 MHz IOMHz . 

Frequency: f, 

Fig. 2-3 (b) : Normal Mode Round T r i p  Gain 



A f i r s t  o r d e r  approximation of t h e  c o r r e c t i o n  

f a c t o r  can be obta ined  by so lv ing ,  t o  terms l i n e a r  i n  6 ,  

t h e  equat ion:  

ar, - = 0 
i . 3 ~  I" 

m 

Such an a n a l y s i s  g ives :  

(2-69) 

where: y-, y+, w o ,  and w,, a r e  given by equa t ions  (2-57),  

(2-581, (2-59) and (2-611 r e s p e c t i v e l y .  

F i g .  2-3 [b] i s  a  loga r i thmic  his togram p l o t  of t h e  

feedback g a i n  f u n c t i o n  Gun), evalua ted  a t  t h e  normal modes 

of the system. As i l l u s t r a t e d ,  t h e  p r i n c i p a l  e f f e c t  ( in t ro -  

duced by v i r t u e  of a c o u s t i c a l  feedback) i s  t h e  t ransformat ion  

from a  system possess ing  very  poor frequency d i s c r i m i n a t i o n ,  
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a s  indicated by t h e  broad minimum of Fig. 2-3 ( a ) ,  t o  one 

possess ing  a  ve ry  h igh  degree of s p e c t r a l  r e s o l u t i o n .  Thus 

i n  s p i t e  of t h e  dense mode spacing o n l y  one mode, namely t h e  

one n e a r e s t  t h e  frequency of maximum gain , ,  om, b reaks  i n t o  

spontaneous o s c i l l a t i o n  once t h e  d r i f t  v e l o c i t y  i s  increased  

t o  i t s  th resho ld  va lue :  v th .  

The d r i f t  velocity drprrldence o f ,  T, (omax , v ) ,  i s  

i l l u s t r a t e d  by F i g .  2-4(a) f o r  both  t h e  c o r r e c t e d  and 

uncorrec ted  frequency of maximum g a i n  ( i .e.  o  = w -  max m' 

W max = oo)  . Fig .  2-4 (b) g i v e s  t h e  corresponding dependence 

of t h e  frequency c o r r e c t i o n  f a c t o r ,  6 ( v ) ,  t h a t  appears  i n  

equat ion (2-67).  A s  i n d i c a t e d  by Fig .  2-4(a) n o t  only  i s  

t h e r e  a  t h r e s h o l d  d r i f t  v e l o c i t y ,  v th ,  bu t  a l s o  a  cut-off 

v a l u e ,  v  
c o t  

above which o s c i l l a t i o n  should cease .  

It w i l l  be noted from Fig .  2-4 (b)  t h a t ,  6 1 (v)  , a s  

given by equat ion  (2-69) ,  i s  a  good approximation t o  6 f o r  

va lues  of t h e  d r i f t  v e l o c i t y  near  vth. I t  w i l l  a l s o  be noted 

from Fig .  2-4 ( a )  t h a t  TT (umax,v) i s  markedly i n s e n s i t i v e  t o  

6 .  A s  a  consequence we a r e  a b l e  t o  d e r i v e  a  reasonable  

a n a l y t i c a l  express ion  f o r  v , by forming a  Taylor  expansion 
t h  

of r T ( a o r v )  about v  = so,  keeping on ly  t h e  l i n e a r  terms, and 

so lv ing  f o r  t h e  corresponding i n t e r c e p t  w i t h  t h e  end l o s s  term, 

.---, *Pr. Upon appeal ing  t o  equat ions  (2-601 and (2-661 we 

o b t a i n  t he  r e s u l t :  



Fig. 2-4(a l :  Maximized T o t a l  At tenuat ion  Versus D r i f t  Veloc i ty  
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F i g .  2-4 (b ) :  Threshold Frequency Cor rec t ion  Fac to r  Versus 

D r i f t  v e l o c i t y  



2-4 Design Analysis of a Phonon Maser 

In the design analysis of a Phonon Maser the para- 

meters of interest are: 

i the operating band width 

(ii) the D .C. power dissipation, and 

(iii) the conductivity and drift field requirements. 

Each of these parameters will now be investigated for both 

shear and longitudinal modes of maser action in ZnO, CdS, 

and CdSe. Throughout this analysis the operating (threshold) 

frequency, w will be approximated by wo. 
m' 

In establishing the upper and lower frequency limits 

of the operating band width we seek the roots of the maximized 

threshold equation: 

2 lnr - =  0 
L 

For the upper frequency limit we obtain, to a good approxim- 

ation: 



where w e  have made t h e  s u b s t i t u t i o n :  

For t h e  lower frequency limit we o b t a i n ,  t o  a .good approxim- 

a t i o n :  

where we have u t i l i z e d  equat ion  (2-62) and have ignored t h e  

B l a t t i c e  l o s s  term, 2uoo . 
I n  eva lua t ing  t h e  D.C. power d i s s i p a t i o n  pe r  u n i t  

volume, a t  t h r e s h o l d ,  we make use  of O h m ' s  law and t h e  

th resho ld  f i e l d  c o n d i t i o n s ,  



The r e s u l t i n g  equat ion  i s ;  

Upon employing t h e  r e s u l t s  of equa t ions  (2-25) and (2-70),  

equat ion  (2-761 t a k e s  t h e  fo l lowing e x p l i c i t  form: 

The h e a t  genera ted  by t h e  D.C. power d i s s i p a t i o n  

wi th in  t h e  c r y s t a l  imposes an a d d i t i o n a l  c o n s t r a i n t  on t h e  

system. Namely, a  temperature p r o f i l e  i s  s e t  up w i t h i n  t h e  

c r y s t a l  i n  accordance wi th  t h e  thermal  p r o p e r t i e s  of t h e  

m a t e r i a l  and i t s  a s s o c i a t e d  h e a t  s i n k .  The t o l e r a t i o n  of a  

given temperature d i f f e r e n t i a l  impl ie s  a  maximum al lowable 

power d i s s i p a t i o n ,  and t h u s  a thermal ly  l i m i t e d  upper 

frequency. 

For t h e  thermal a s p e c t s  of t h e  des ign  a n a l y s i s  w e  

w i l l  cons ide r  t h e  Phonon Maser t o  have a d i a b a t i c  edges and 

t o  be i n  c o n t a c t  w i t h  an i n f i n i t e  h e a t  s i n k  a t  each face .  

Upon so lv ing  t h e  s t eady  s t a t e  d i f f u s i o n  equat ion  w i t h  a 

homogenous source  term Q (Power/unit volume) one o b t a i n s  a  



s o l u t i o n  corresponding t o  a p a r a b o l i c  tempera ture  p r o f i l e  

a c r o s s  t h e  c r y s t a l ,  w i t h  a  maximum tempera ture  d i f f e r e n t i a l  

given by; 

where L i s  t h e  t h i c k n e s s  of t h e  c r y s t a l  and K t h e  corresponding 

thermal conductance. 

From equa t ion  (2-78) we  are a b l e  t o  c a l c u l a t e ,  f o r  

a  g iven  temperature d i f f e r e n t i a l  AT, t h e  corresponding power 

d i s s i p a t i o n  p e r  u n i t  volume, Q. Upon equat ing  t h i s  wi th  

equat ion  (2-77) we a r e  a b l e  t o  determine t h e  corresponding 

thermal ly  l i m i t e d  frequency,  fy(AT) .  

With t h e  a i d  of equat ions  (2-62),  (2-64),  (2-66),  

(2-70),  (2-72),  (2-74),  (2-77) and (2-78) a des ign  a n a l y s i s  

has  been c a r r i e d  o u t  on t h e  t h r e e  m a t e r i a l s :  ZnO, CdS 

and CdSe. The r e l a t i v e  m a t e r i a l  parameters  a r e  given i n  

Table 2-2.  Table  2-3 g i v e s  va lues  f o r  t h e  corresponding 

f p r i n c i p a l  maser parameters  whi l e  F i g u r e s  (2-5) through (2-10) 

6 
g i v e  t h e  d e t a i l e d  frequency dependence of t h e  v a r i o u s  f u n c t i o n s .  

I 
5; 
E 
B If one t a k e s  t h e  p o i n t  of view t h a t  t h e  most d e s i r e d  

f e a t u r e  i s  a  wide opera t ing  range ,  then  t h e  thermal ly  l i m i t e d  

' band width ( f o r  a  g iven  temperature d i f f e r e n t i a l )  se rves  a s  

a good f i g u r e  of m e r i t  i n  e v a l u a t i n g  t h e  v a r i o u s  systems. 
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Fig .  2 - 6 ( a ) :  ZnO-Shear; T h r e s h o l d  Power & D r i f t  V e l o c i t y  
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Fig. 2 - 9 ( a ) :  CdSe-Long; Threshold Power & Drift Velocity 
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I n  viewing t h e  r e s u l t s  of t h i s  a n a l y s i s  we conclude t h a t ,  

of t h e  six systems considered,  t h e  CdS l o n g i t u d i n a l  s t r u c t u r e  

i s  t h e  one most p r e f e r r e d .  (The d a t a  f o r  t h e  thermal  conduct- 

i v i t y  of ZnO is, however, ve ry  o l d  (1929) and i n  l i g h t  of 

new d a t a  t h i s  conclus ion  may be a l t e r e d . )  

2-5 Tuning Fea tu res  of a  Phonon Maser 

I n  t h i s  s e c t i o n  we w i l l  examine some of t h e  second- 

? a r y  o p e r a t i o n a l  f e a t u r e s  of t h e  Phonon Maser t h a t  a r e  assoc- 

i a t e d  wi th  t h e  normal mode c o n s t r a i n t :  

A s  w r i t t e n ,  we have e x p l i c i t l y  shown t h e  f u n c t i o n a l  depend- 

ence of t h e  v a r i o u s  terms,  v i z :  temperature T;  p r e s s u r e  P;  

l i g h t  i n t e n s i t y 1 ;  and e l e c t r i c  f i e l d  E .  

A s  acknowledged i n  t h e  previous  s e c t i o n  t h e  Maser 

goes i n t o  spontaneous o s c i l l a t i o n  a t  t h a t  normal mode, w n ,  

n e a r e s t  t h e  frequency of naxb.um gain ,  However, once 

o s c i l l a t i o n  i s  e s t a b l i s h e d  s l i g h t  v a r i a t i o n s  i n  any of t h e  

independent v a r i a b l e s  (T,P,I ,  o r  E )  produce a  s h i f t  i n  t h e  

normal mode frequency,  w i n  such a  manner t h a t  equat ion  
n' 



(2-79) cont inues  t o  be s a t i s f i e d .  The s p e c i f i c  meaning of 

t h e  term, " s l i g h t  ~ a r i a t i o n s ' ~ ,  r e s t s  upon t h e  r e s t r i c t i o n  

t h a t ,  

ITS 
fJJ 3 Aw S -7 = O 2L 

where Aw i s  t h e  s h i f t  i n  frequency and w l  is t h e  fundamental 

frequency of t h e  a c o u s t i c a l  c a v i t y .  Th i s  r e s t r i c t i o n  quaran- 

t e e s  t h a t  t h e  o s c i l l a t o r  i s  n o t  d r iven  t o  e i t h e r  of t h e  adja-  

c e n t  modes (a t r a n s i t i o n  t h a t  t a k e s  p l a c e  i n  a d iscont inuous  

f a s h i o n ) .  Within t h i s  l i m i t  t h e  Phonon Maser can be con t in -  

uously tuned by any of t h e  s t a t e d  independent v a r i a b l e s .  

With t h e  a i d  of equat ions  (2-35) and (2-79) we w i l l  

now undertake an a n a l y s i s  of t h e  f r a c t i o n a l  tun ing  c h a r a c t e r -  

i s t i c s  of a  Phonon Maser. S p e c i f i c a l l y  we w i l l  be i n t e r e s t e d  

i n  t h e  fo l lowing q u a n t i t i e s :  

(i) Conduct iv i ty  Tuning ( a t  c o n s t a n t  v o l t a g e )  

C i i )  Vol tage Tuning ( a t  c o n s t a n t  conduc t iv i ty )  



From t h e  form of equa t ion  (2-79) it i s  e v i d e n t . t h a t  temperature 

and p r e s s u r e  tuning  a r e  a l s o  p o s s i b l e ,  v i z :  

(iii) Temperature Tuning ( a t  c o n s t a n t  v o l t a g e )  

( i v )  Pressure Tuning 

Our i n t e r e s t  w i l l  l i e ,  however, i n  (i) and (ii) . 
I f  we r e s t r i c t  our  a n a l y s i s  t o  terms l i n e a r  i n  

x and approximate t h e  opera t ing  ( threshold)  frequency by 

w w e  o b t a i n  t h e  fo l lowing r e s u l t s  f o r  (i) and (ii) . 
0' 

Ci) Conduct ivi ty  Tuning Cat cons tan t  v o l t a g e )  
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( i i l  Voltage Tuning (at constant conductivity) 

2 2 V lll 111 + - 
2 

2 2 2  (4•‹3~+wD) 

Figures 2-11 [a) and (b) illustrate the corresponding 

detailed functional form of equations (2-85) and (2-86) for 

both shear and longitudinal structures in CdS, with: T = 10•‹C 

-1nr - 2.5 rn-1; p = 280 cm2/v-sec, a = 1.11 x 10-14, B = 1.51, - - L 

and with y+ and y - calculated with the aid of equation (2-70). 

2-6 The Open Circuit Acoustoelectric Voltage ' 

Due to the intrinsic piezoelectric nature of the 

Phonon Maser there is associated with each acoustical signal 

a corresponding phase locked electromagnetic signal. The 

intent of this section is to derive the relationship between 

the two signals. 

In the analysis to follow we will neglect any 

influence the external circuit may have on the operation of 

the Phonon Maser. This point of view is reasonable provided 
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t h e  A.C, power d i s s i p a t e d  i n  t h e  e x t e r n a l  c i r c u i t  i s  a small  

f r a c t i o n  of t h e  t o t a l  A.C. power ( e l e c t r i c a l  p l u s  a c o u s t i c a l )  

generated by t h e  maser. IAn a n a l y s i s  of t h i s  problem i s  

t r e a t e d  i n  p a r t  by E,L,  Adler and G.W. F a r n e l l  [Ad-661 .I 

Within t h i s  approximation w e  may view t h e  open c i r c u i t  

v o l t a g e  a s  made up of two p a r t s :  

where E and E+ a r e  r e s p e c t i v e l y  t h e  a c o u s t o e l e c t r i c  f i e l d s  - 
a s s o c i a t e d  wi th  t h e  forward and r e v e r s e  going waves. Upon 

appeal ing t o  t h e  d e f i n i n g  s e t  of equat ions  f o r  t h e  system, 

equat ions  (2-17) through (2-21),  we a r e  a b l e  t o  deduce t h e  

fol lowing express ions  f o r  t h e  a c o u s t o e l e c t r i c  f i e l d  E 

accompanying a  t r a v e l l i n g  wave of s t r a i n  S: 

Real iz ing  t h a t  S = aU/ax, t h e  i n t e g r a l  of equat ion  (2-89) becomes. 



8 
where 

and 

The limiting expression in each case corresponds to the 

approximate threshold conditions: om = oo, y- = 0, y+ = 2. 

Now in terms of the phenomenological model that we 

have adopted for the Phonon Maser, we have: 



where k = k - f k+. S u b s t i t u t i n g  t h e s e  r e s u l t s  i n t o  equat ion  

(2-891 w e  o b t a i n  a s  our  genera l i zed  expression:  ' 

I n  c a r r y i n g  o u t  t h i s  s u b s t i t u t i o n  we have made u s e  of t h e  

normal mode cond i t ion ,  equat ion  (2-541, and t h e  e x p l i c i t  wave 

v e c t o r  decomposition: k = q + i r .  I n  a d d i t i o n  we have neg- 

l e c t e d  t h e  l a t t i c e  l o s s  term, 2rL,  and have in t roduced t h e  

wave vec to r  d i f f e r e n c e  parameter:  

(Once again  t h e  l i m i t i n g  va lue  corresponds t o  t h e  approximate 

th resho ld  c o n d i t i o n s :  w = wo, y-  = 0, y+ = 2. )  From t h e  form 
m 

of equat ion  (2-95) it fo l lows t h a t  i n  g e n e r a l  both even and 

odd normal mode v a l u e s  of n  g i v e  r i se  t o  an a c o u s t o e l e c t r i c  

v o l t a g e .  W e  w i l l  look  s p e c i f i c a l l y  a t  two l i m i t i n g  cases .  



i Fixed Boundary Condit ions 

This  coxresponds t o  t h e  s i t u a t i o n :  r = 1, 0 = T .  

Using t h e  r e s u l t s  of equat ions  (2-901, C2-91) and (2-961 i n  

equat ion  (2-951 w e  o b t a i n  t h e  fo l lowing r e s u l t s ,  

(n - even) 

(n - odd) 

I n  c a r r y i n g  o u t  t h e  s u b s t i t u t i o n  a l i n e a r  expansion 

of t h e  exponent ia l  f u n c t i o n s  has  been used ( s i n c e  t h e i r  

arguments a r e  l e s s  than  u n i t y )  and t h e  a p p r o p r i a t e  express ions  

have been evalua ted  according t o  t h e  approximate th resho ld  

cond i t ions :  w = wg, y- = 0, y+ = 2. And as  i n d i c a t e d  t h e  n 

magnitude of t h e  open circuit v o l t a g e  has  been evalua ted  i n  

t e r m s  of t h e  magnitude of t h e  s t r a i n  a t  t h e  boundary I S  (0) I ,  v- 

v i a  t h e  approximation: S - i q  u. 
0 

It w i l l  be  noted t h a t  t h e  e f f e c t i v e  i n t e g r a t i o n  



l e n g t h  f o r  t h e  even modes i s  t h e  a c o u s t i c a l  wayelength, 

S 
= o/f , whereas, f o r  t h e  odd modes it i s  t h e  s c a l e d  sample 

0 
' 7 F  L l eng th ,  --$. 

(ii) F r e e  Boundary Cohdit iohs 

This  corresponds t o  t h e  s i t u a t i o n :  r = 1, 8 = 0. 

Within t h e  sane approximations a s  used f o r  t h e  f i x e d  boundary 

cond i t ions  we o b t a i n  t h e  fo l lowing  results. 

(n - even) 

(n - odd) 

Here we s e e  t h a t  t h e  r o l e  of t h e  e f f e c t i v e  i n t e g r a t i n g  l e n g t h  

has been interchanged wi th  r e s p e c t  t o  t h e  f i x e d  boundary 

cond i t ions .  

For purpose of comparison F i g .  3-12 i l l u s t r a t e s  t h e  

s p e c i f i c  r e l a t i v e  magnitude and frequency dependence of t h e  

four  l i m i t i n g  c a s e s  ( f o r  a C d S  shear  mode s t r u c t u r e  cha rac te r -  

i zed  by a m o b i l i t y  of 280 cm2/v-sec and l e n g t h  of 5 8 2 ~ ) .  
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CHAPTER 111 

Phonon Maser Theory: Some Non-Linear Features 

3-1 Introduction 

In this chapter a limited analysis of some of the 

non-linear features of the Phonon Maser system will be 

investigated. Of the possible sources of non-linearity 

attention will be restricted to the quadratic current density 

term arising out of the generalized expression for Ohm's Law, 

equation 2-20. Specifically, we have: 

where 



I n  t h e  l i n e a r  a n a l y s i s  of t h e  preceeding chap te r  
L 

J N . ~ .  
was set equal  t o  zero ,  I n  a t tempt ing  now t o  i n c o r p o r a t e  

this term an i t e r a t i o n  p o i n t  of view w i l l  be  t aken ,  A 

s i m i l a r  p o i n t  of view has  been taken by R. Mauro and W.C. 

Wang (Ma-70) i n  a c o l i n e a r  wave d i s c u s s i o n  of harmonic gener- 

a t i o n .  I n  t h e  ze ro  i t e r a t i o n  w e  s e t  J N V L  equa l  t o  zero  and 

o b t a i n  t h e  l i n e a r  r e s u l t s  a l r eady  cons idered .  I n  t h e  f i r s t  

o rde r  i t e r a t i o n  we use  t h e  zero o rde r  t r a v e l l i n g  wave 

s o l u t i o n s  t o  e v a l u a t e  t h e  non-l inear  term J N e L  , i .e . :  

I n  t h i s  way t h e  s e t  of non-l inear  equa t ions  t ransform t o  a  

l i n e a r ,  inhomogeneous s e t  (of known inhomogeneity).  I n  

p r i n c i p l e  t h i s  procedure could be extended t o  an nth l e v e l  

i t e r a t i o n ,  however, i n  t h e  a n a l y s i s  t o  f o l l o w  only  a f i r s t  

o r d e r  i t e r a t i o n  w i l l  be considered.  

Upon s u b s t i t u t i n g  t h e  r i g h t  and l e f t  t r a v e l l i n g  

b wave s o l u t i o n s  of equat ions  (3-5) and (3-6) i n t o  equat ion  
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(3-41 we obtain for the inhomogeneous term the following 

i decomposition: 

- - J1 + J z  + J3 + 5 4  + J5 + J 6  + J 7  + J 0  (3-7 ) 
Fi J ~ . ~ .  
i' 

where 



3-2 Second Harmonic Generation 

A s  i n d i c a t e d  by equat ions  (3-81 through (3-11) 

t h e  f i r s t  f o u r  terms of equat ion  13-71 correspond t o  source 

t e r m s  a t  twice t h e  th resho ld  frequency. I n  e v a l u a t i n g  t h e  

corresponding s t r a i n ,  e i e c t r i c  f i e i d ,  and s e i f  c o n s i s t e n t  

c u r r e n t  d e n s i t y  one seeks  t h e  p a r t i c u l a r  s o l u t i o n  t o  t h e  

inhomogeneous s e t  of equat ions .  (The g e n e r a l  s o l u t i o n  t o  

t h e  homogeneous s e t  corresponds t o  t h e  l i n e a r  a n a l y s i s  

a l r eady  cons idered . )  When t h i s  i s  done one o b t a i n s  t h e  

fol lowing genera l i zed  r e l a t i o n s h i p s  w i t h  r e s p e c t  t o  t h e  

va r ious  source  terms.  



In deriving these results we have utilized the 

representative travelling wave form; 

for which 

Without carrying out an explicit evaluation of 

equations (3-16) through (3-18) one can nevertheless apprec- 

iate the following generalizations. 

(i) All second harmonic signals correspond to 

forced waves and are thus phase locked to 

their fundamental counterparts. 

(ii) The principal contributions to the second 

harmonic strain, equation (3-181, come from 

the source terms J1 and J q  (since lk3 1 = 

lkb1 r: 0). 

(iii) In evaluating the second harmonic, open 

circuit voltage the contributions from J 3  

and J q  dominate. This conclusion is based on 

the realization that, aside from the influence 

of boundary conditions, the respective 



integrals of equation (3-171 are approximately 

equal to the coefficient of the harmonic 

terns times the wave length of the corresr 

ponding signal. And since X 3 J 1 4 > > X 1 J A 2  the 

contributions from J3 and JI, dominate. 

3-3 The D. C. Acoustoelectric Current 

Returning now to equation (3-7) we see that the last 

four terms constitute D.C. components. Specifically, upon 

combining equations (3-12) through (3-15) we obtain: 

-rNx 
+ e I R ~  (n - E+) + Re (n+E - j I cos (q . - +q+) x 

where we have used the decomposition, 



To obtain the average D.C. current density we now 

carry out a phase average over the length of the crystal, 

i.e. 

In doing so we generate terms of the form, 

which, to a good approximation, can be expanded to terms 

linear in I'L. If in addition we exploit the threshold 

conditions: 

and 

we generate the following expression for the D.C. acousto- 



e l e c t r i c  c u r r e n t  d e n s i t y .  
J 

J = 2pe[Re(n E*) + Re(n+E;)] 
D.C. - - 

-2pe s i n  O 
nn - 0 [{Re (n-E+) + R e  (n+E-) ? cos  0 

+{1m (n - E+)  + I m  ( n + ~ - )  1 s i n  0 

I n  t h i s  form t h e  f i r s t  term corresponds t o  t h e  

q u a d r a t i c  s e l f  i n t e r a c t i o n  of t h e  r i g h t  and l e f t  going compo- 

nen t s  of t h e  s t and ing  wave w i t h i n  t h e  Maser, whi le  t h e  second 

term corresponds t o  t h e  c r o s s  i n t e r a c t i o n  of t h e  two waves. 

Now f o r  a  r e a l  system, 0-0 ( f r e e  boundary c o n d i t i o n s )  and 

n>>l. Thus t h e  f i r s t  term of equat ion  (3-29) dominates,  

i.e. 

'D.c. 
2 p e I ~ e  (n - E*) - + Re (n+E;) 1 

Appealing now t o  t h e  l i n e a r  express ions  f o r  n  - , 
E*, - e t c . ,  we o b t a i n  t o  terms l i n e a r  i n  X: 



When the appropriate substitutions are made wk obtain the 

following result for the D.C. acoustoelectric current 

density: 

where we have used the identity, 

and the explicit expressions for I' given by equation (2-36). 

Equation ( 3 - 3 5 )  is the standing wave generalization of the 

I 
I familiar Wcinreich relationship for the D.C. acoustoelectric 

t 
i current associated with a travelling wave: (we-56), (MF-66). 



As p o i n t e d  o u t  the i n f l u e n c e  of  the c r o s s  i n t e r a c t i o n  of  the 

two waves i s  n e g l i g i b l e ,  r e s u l t i n g  in  an  e x p r e s s i o n  correspon-  

d i n g  t o  the s imp le  s u p e r p o s i t i o n  of two oppositely d i r e c t e d  

t r a v e l l i n g  waves. Coupling now e q u a t i o n  (3-351 w i t h  t h e  

l i n e a r  D.C. term, Jo, we o b t a i n  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  

t h e  t o t a l  D.C. c u r r e n t  d e n s i t y  w i t h i n  a Phonon Maser. 

The p h y s i c a l  o r i g i n  of  t h e  D.C. a c o u s t o e l e c t r i c  

c u r r e n t  s t e m s  from t h e  c o n s e r v a t i o n  o f  l i n e a r  momentum w i t h i n  

t h e  system.  S p e c i f i c a l l y ,  t h e  d r i f t i n g  e l e c t r o n s  l o s e  

momentum a t  t h e  expense of t h e  growing a c o u s t i c a l  s i g n a l  ( i . e . ,  

t h e  r i g h t  t r a v e l l i n g  wave).  This  l o s s  i n  momentum t r a n s l a t e s  

i t s e l f  i n t o  a D.C. c u r r e n t  p a r a l l e l  t o  t h e  growing wave (no t -  

i n g  t h e  n e g a t i v e  s i g n  of t h e  charge  c a r r i e r s ) .  For t h e  acous t -  

i c a l  s i g n a l  undergoing a t t e n u a t i o n ,  however, ( i . e . ,  t h e  l e f t  

t r a v e l l i n g  wave) momentum i s  t r a n s f e r r e d  from t h e  a c o u s t i c a l  

s i g n a l  t o  t h e  conduc t ion  e l e c t r o n s  r e s u l t i n g  i n  a D.C.  c u r r e n t  

a n t i p a r a l l e l  t o  t h e  a t t e n u a t i n g  wave ( n o t i n g  t h e  s i g n  of  t h e  

c a r r i e r s  once a g a i n ) .  S ince  t h e  growing and a t t e n u a t i n g  waves 

are a n t i p a r a l l e l  t o  each  o t h e r  t h e  two a c o u s t o e l e c t r i c  c u r r e n t s  

add t o g e t h e r  and a r e  d i r e c t e d  a n t i p a r a l l e l  t o  t h e  Ohmic te rm 

a s s o c i a t e d  w i t h  t h e  e x t e r n a l  b i a s  f i e l d .  A l l  t h e s e  f e a t u r e s  

a r e  r e f l e c t e d  i n  e q u a t i o n  (3-37) .  



From equa t ion  (3-371 w e  can draw t h e  fo l lowing  

conclus ions  about  t h e  I -Y response  of a  Phonon Maser. 

i Below t k r e s h o l d  t h e  system should behave i n  

an Ohmic f a s h i o n  s i n c e  I S  I = 0. 

( i i l  A t  and above t h r e s h o l d ,  I ' + > O ,  I'-<O, and 

I s ~ > o ,  r e s u l t i n g  i n  a d e c r e a s e  i n  t h e  c u r r e n t  

d e n s i t y  from i t s  Ohmic response .  

( i i i )  I n  p r i n c i p l e  t h e  s l o p e  of t h e  I-V curve  a t  

and above t h r e s h o l d  can be e i t h e r  p o s i t i v e  

or  n e g a t i v e  depending. upon t h e  v a l u e  of t h e  

f i e l d  d e r i v a t i v e  o f  t h e  second term wi th  

r e s p e c t  t o  t h e  f i r s t .  

(iv! Changes i n  acdc s t ruc tu re ,  r e s u l t i n g  i n  changes 

i n  I s I ,  w i l l  be r e f l e c t e d  by d i scon t inuous  

v a r i a t i o n s  i n  J. 



CHAPTER IY 

Experimental  Apparatus and Data P r e s e n t a t i o n  

4-1 In t roduc t ion  

I n  t h i s  chap te r  an experimental  s tudy  of a Phonon 

Maser i s  presented  and c o r r e l a t e d  wi th  t h e  t h e o r e t i c a l  

developments of t h e  preceding pages. The p r i n c i p a l  o b j e c t -  

i v e  is  a v e r i f i c a t i o n  of t h e  th resho ld  response  of t h e  system 

i n  terms of t h e  l i n e a r  formula t ion  of Chapter 11. I n  s h o r t ,  

t h i s  corresponds t o  a v e r i f i c a t i o n  of t h e  two equa t ions  

c o n s t i t u t i n g  t h e  th resho ld  c r i t e r i a :  

lnr 
T ~ ( w , v , G , T )  + 2rL(u )  - 2- L = o 

S p e c i f i c a l l y ,  a s tudy of t h e  th resho ld  frequency v e r s u s  

conduc t iv i ty ,  d r i f t  v e l o c i t y  and temperature i s  presented  

and compared wi th  those  express ions  r e s u l t i n g  from equat ion  

4 .  I n  a d d i t i o n  conduc t iv i ty  and v o l t a g e  tuning  d a t a  i s  



presented  and compared w i t h  t h e  corresponding express ions  

r e s u l t i n g  from equat ion  (4-21. F u r t h e r  t o  t h i s ,  some d a t a  

i s  presented  on the Incubat ion t ime of t h e  system and t h e  

temperature dependence of t h e  d r i f t  m o b i l i t y  and t h r e s h o l d  

frequency l i n e  width.  The p r i n c i p a l  non-l inear  f e a t u r e s  t o  

be presented  r e l a t e  t o  harmonic genera t ion  and t o  t h e  I-V 

response of t h e  system. 

A 1 1  t h e  d a t a  t o  be presented  correspond t o  a shea r  

mode system f a b r i c a t e d  from photoconductive CdS. (And f o r  

t h e  sake  of completeness t h e  d a t a  can be found i n  t a b u l a r  

form i n  Appendix 111.) 

A s  i n d i c a t e d  by t h e  a n a l y s i s  of s e c t i o n  2-6 most 

of t h e  f e a t u r e s  of t h e  th resho ld  a c o u s t i c a l  s i g n a l  a r e  

mir rored  by a corresponding phase locked a c o u s t o e l e c t r i c  

vo l t age .  Because of i t s  more t r a c t a b l e  c h a r a c t e r  t h e  l a t t e r  

was used e x c l u s i v e l y  i n  c o l l e c t i n g  t h e  d a t a  a t  hand. The 

s p e c i f i c  experimental  arrangement employed i s  i l l u s t r a t e d  

by t h e  schematic r e p r e s e n t a t i o n  of F igure  4-1 ,  and w i l l  now 

be d i scussed .  

The CdS c r y s t a l ,  having been prepared i n  accordance 

wi th  t h e  p r e s c r i p t i o n  of Appendix I, was clamped between two 

o p t i c a l l y  f l a t  e l e c t r o d e s ,  The anode c o n s i s t e d  of a copper 

d i s c  and t h e  cathode of t r a n s p a r e n t  conducting g l a s s  (Nesa 



Thermistor in copper electrode 

- - - 

Fig. 4-1: Schematic Representation of Experimental System 



$ g l a s s ) .  To c o n t r o l  t h e  temperature of  t h e  c r y s t a l  t h e  copper 

e l e c t r o d e  was so lde red  t o  a  t h e r m o e l e c t r i c  h e a t  pump which 

was i n  t u r n  s e r v o - s t a b l l l z e d  by a  t h e r m i s t o r  feedback system. 

An e f f e c t i v e  tempera ture  s t a b i l i t y  of under 1•‹C was maintained 

f o r  a  corresponding 3 w a t t  v a r i a t i o n  i n  t h e  power d i s s i p a t e d  

by t h e  Phonon Maser. I n  a d d i t i o n  it was p o s s i b l e  t o  manually 

v a r y  t h e  s t a b i l i z e d  temperature by as much a s  +30•‹C about t h e  

ambient va lue .  

The c o n d u c t i v i t y  of t h e  c r y s t a l  was determined by 

t h e  amount of l i g h t  i n c i d e n t  on t h e  c r y s t a l  face  through t h e  

t r a n s p a r e n t  e l e c t r o d e  and could be v a r i e d  through 4 o r d e r s  of 

magnitude [ loc6  t o  l o - *  (Q-cm)-'I. The l i g h t  source  i t s e l f  

c o n s i s t e d  of a  D.C. powered f i l a m e n t  p r o j e c t i o n  lamp. A low 

pass  f i l t e r  (A 2 5400 8) was i n s e r t e d  i n  t h e  beam t o  r e s t r i c t  

t h e  i n c i d e n t  i l l u m i n a t i o n  t o  l e s s  than  band gap energy. Due 

t o  t h e  r e s u l t a n t  low o p t i c a l  absorp t ion  c o e f f i c i e n t  (1 - 10 cm-') 

a  f a i r l y  homogeneous conduc t iv i ty  e x i s t e d  throughout t h e  

c r y s t a l .  

The D.C. b i a s  v o l t a g e  was supp l i ed  by a  mul t i -  

func t ion  u n i t  which could be used a l t e r n a t e l y  a s  an i n t e g r a t o r ,  

a  f i x e d  supply,  o r  a  summer. The p a r t i c u l a r  f u n c t i o n  employed 

depended on t h e  measurement being made. For  example t h e  

i summing f u n c t i o n  was employed i n  measuring t h e  v o l t a g e  tuning  
f 

, c h a r a c t e r i s t i c s  of t h e  Maser and the '  f i x e d  supply f o r  t h e  ii 



Maser t h e  i n t e g r a t i n g  mode was employed resi u l t i n g  i n  a  slow 

uniform sweep from zewo t o  100 v o l t s .  AS the v o l t a g e  sweep 
\ 

took p l a c e  the corresponding 1737 dependence was p l o t t e d  by 

t h e  X-Y r ecorde r .  The e l e c t r i c a l  c i r c u i t  was completed by 

a s e r i e s  induc to r  and a  shunt ing c a p a c i t o r  (designed t o  

i s o l a t e  t h e  A.C. and D.C. s i g n a l s )  and a  series 50 f2 r e s i s t o r .  

T h e  s e r i e s  r e s i s t o r  provided t h e  a p p r o p r i a t e  impedance match 

t o  t h e  spectrum ana lyze r  and r e s u l t e d  i n  a s i g n a l  l e v e l  

given by: 

Here Voec i s  t h e  open c i r c u i t  v o l t a g e  d iscussed  under 

s e c t i o n  2-6 and Zx and Z a r e  t h e  c r y s t a l  and s e r i e s  r e s i s t o r  
s 

impedance r e s p e c t i v e l y .  

To o b t a i n  an a c c u r a t e  frequency de terminat ion  of 

t h e  Phonon Maser s i g n a l  t h e  fo l lowing scheme was employed. 

Having i d e n t i f i e d  t h e  s i g n a l  of i n t e r e s t  wi th  t h e  spectrum 

analyzer  a  second s i g n a l  from a V.H.F .  o s c i l l a t o r  was i n t r o -  

duced and tuned u n t i l  it coincided e x a c t l y  wi th  t h e  Maser 

s i g n a l .  The V.H.F. o s c i l l a t o r  was s imultaneously fed  t o  a  

f requency counter  from which t h e  frequency d a t a  was obta ined .  

With t h e  spectrum ana lyze r  s e t  t o  high r e s o l u t i o n  an accuracy 

of 3 1 kHz could be obta ined  i n  t h i s  way. 



The remaining feature of the experimental arrange- 

ment was a voltage probe at the edge of the crystal. This 
. . 

consisted of a sharp C4lOpl stalnless steel point mechanically 

mounted to a high resolution micromanipulator. By positioning 

the point on the edge of the crystal at measured intervals 

(typically 25~1)  a profile of the voltage across the crystal 

use a high impedance ("10'~ Q) electrometer. In this way 

the influence of the blocking contact, associated with the 

CdS-stainless steel interface, could be neglected. (The 

ammeter was disconnected from the X-Y recorder in making 

this measurement and the position axis of the recorder was 

manually advanced in proportion to the advancement of the 

micromanipulator.) The voltage profile thus obtained gave 

one information relevant to the diffusion depth of the indium 

contacts and helped identify any blocking contacts. But most 

important, the non-uniform fields associated with the profile 

could be quantitatively integrated into an analysis of the 

threshold data. 

4-3 Data Presentation 

(i) Voltaqe Profile, I-V Response and Incubation Time 

Figure 4-2 (a) and 4-2 (b) are respectively examples 

of the I-V response and voltage profile of a Phonon Maser. 

In reference to the voltage profile of Figure 4-2(b)  the low 
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f i e l d  r e g i o n s  a t  t h e  f a c e s  of t h e  c r y s t a l  a r e  a s s o c i a t e d  

w i t h  t h e  indium d i f f u s i o n  process  employed i n  forming t h e  

ohmic c o n t a c t s ,  As i n d i c a t e d ,  f o r  t h e  time (10 min.) and 

temperature C500•‹C1 used,  an e f f e c t i v e  dep th  of 50 p i s  

obta ined .  One i s  caut ioned i n  i d e n t i f y i n g  t h i s  d i s t a n c e  a s  

t h e  d i f f u s i o n  dep th  of arndiurn i n t o  CdS, fox  i n  a d d i t i o n  t o  

t h e  d i f f u s i o n  of indium i n t o  CdS t h e r e  e x i s t s  t h e  p o s s i b i l i t y  

of t h e  d i f f u s i o n  of compensating i m p u r i t i e s  and indeed s u l f u r  

i t s e l f  o u t  of CdS. The l a t t e r  f e a t u r e ,  i n  p a r t ,  he lps  e x p l a i n  

t h e  e x i s t e n c e  of t h e  high f i e l d  r e g i o n s  a d j a c e n t  t o  t h e  low 

f i e l d  c o n t a c t  r eg ions .  I n  any event  t h e  e f f e c t i v e  d i f f u s i o n  

depth  becomes an important  cons ide ra t ion  a s  one a t t empts  t o  

make p r o g r e s s i v e l y  t h i n n e r  devices .  T h i s  fo l lows from t h e  

r e a l i z a t i o n  t h a t  both t h e  low f i e l d  c o n t a c t  r e g i o n s  and t h e  

ad jacen t  high f i e l d  r e g i o n s  correspond t o  domains of n e t  

a c o u s t i c a l  a t t e n u a t i o n  f o r  t h e  th resho ld  frequency de f ined  

now by t h e  genera l i zed  th resho ld  equat ions :  



Since an a d d i t i o n a l  l o s s  mechanism has  been introduced t h e  

p r i n c i p a l  e f f e c t  is  an i n c r e a s e  i n  t h e  th resho ld  v e l o c i t y  

(of t h e  a c t i v e  reg2on1 over t h a t  given by t h e  uniform f i e l d  

assumption. 

For t h e  two samples employed i n  t h i s  a n a l y s i s  t h e  

in f luence  of t h e  c e n t r a l  a c t i v e  r eg ion  dominated t h e  systems. 

However; fo r  c p t i ~ n i ~ m  agreement betwzcn sxper i i ien t  and theory  

t h e  in f luence  of t h e  f i e l d  p r o f i l e  had t o  be considered. 

The dashed l i n e s  of F igure  4-2(b) r e p r e s e n t  a  t y p i c a l  decomp- 

o s i t i o n  of t h e  p r o f i l e  i n  ca r ry ing  o u t  a series approximation 

t o  t h e  i n t e g r a l s  of equat ions  (4-4)  and (4-5). 

The l i n e a r i t y  of t h e  zero i n t e r c e p t  of t h e  I-V curve 

of F igure  4-2(a) i d e n t i f i e s  t h e  c o n t a c t s  a s  ohmic and a s  

can be seen, t h e  system i t s e l f  responds i n  a  l i n e a r  (ohmic) 

f a sh ion  f o r  sub-threshold f i e l d s .  A t  t h resho ld  t h e  c r i t e r i a  

of equat ions  (4-4)  and (4-5) a r e  met, r e s u l t i n g  i n  t h e  

spontaneous genera t ion  (from t h e  thermal background) of a  

sus ta ined  a c o u s t i c a l  s i g n a l .  A s  d i scussed  i n  Chapter I11 a  

corresponding D.C. a c o u s t o e l e c t r i c  c u r r e n t  i s  produced which 

i n  t u r n  i s  respons ib le  f o r  t h e  non-l inear  behavior of t h e  

I-V curve.  Indeed, t h e  d e v i a t i o n  from l i n e a r i t y  se rves  a s  

a  measure of t h e  s t r e n g t h  of t h e  corresponding a c o u s t i c a l  

s i g n a l  a s  i n d i c a t e d  by equat ion (3-371. Although we s h a l l  

be p r i m a r i l y  concerned wi th  t h e  behavior of t h e  system a t  

th resho ld  it i s  i n t e r e s t i n g  t o  no te  t h a t  i n  s p i t e  of a  



seemingly s t rong  s e l f  locking a c t i o n  t h e  frequency of opera t ion  

undergoes discont2nuous changes a s  t h e  d r i f t  f i e l d  i s  dr iven  

beyond the th resho ld  ~ a l u e .  Correspondingly t h e r e  a r e  

discontixluous v a r i a t i o n s  in t h e  I-V response  of t h e  system, 

a s  ind ica ted  by F igure  4-2(a l .  The g e n e r a l  tendency i s  f o r  

t h e  system t o  s h i f t  t o  lower f requencies  and t o  t a k e  upon a  

more complex harmonic s t r u c t u r e  a s  t h e  f i e l d  is increased 

beyond th resho ld .  

A t  t h resho ld  t h e  a c o u s t o e l e c t r i c  s i g n a l ,  a s  monitored 

by t h e  system of F igure  4-1,  g e n e r a l l y  c o n s i s t s  of two 

components: t h e  th resho ld  frequency, f  and i t s  f i r s t  
m' 

harmonic, Zf, F igure  4-3 (a )  and 4-3 (b) a r e  r e s p e c t i v e l y  a  

t ime and frequency d i s p l a y  of a c h a r a c t e r i s t i c  th resho ld  

s i g n a l .  F igure  4-3(d) i s  i n  t u r n  a  high r e s o l u t i o n  d i s p l a y  

of t h e  th resho ld  frequency and i l l u s t r a t e s  t h e  high s p e c t r a l  

p u r i t y  of a  Maser s i g n a l .  F igure  4-3(c) i s  a  time envelope 

d i s p l a y  corresponding t o  t h e  onse t  and e x t i n c t i o n  of 

o s c i l l a t i o n  and was obtained by f i r s t  b i a s i n g  t h e  Maser j u s t  

below th resho ld  and then applying a  square p u l s e  (through 

t h e  summing i n p u t  of t h e  power supply) of s u f f i c i e n t  amplitude 

t o  d r i v e  t h e  system s l i g h t l y  beyond th resho ld .  To o b t a i n  

t h e  r e a l  t ime d i s p l a y  t h e  r e s u l t i n g  a c o u s t o e l e c t r i c  s i g n a l  

was f2rst mixed w i t h  a s i g n a l  from t h e  V.H.F. o s c i l l a t o r  

(which d i f f e r e d  s l i g h t l y  i n  frequency] producing a  d i f f e r e n c e  

frequency (-10 MHzJ t h a t  f e l l  w i th in  t h e  band width of t h e  



Zero freq. 
marker 2f,= 128.772MHz 
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F I G ,  4-3 (c): I N C U P A T I O N  AND EXT~NCTIOII R E S P O ~ ~ S E  F I G ,  4-3 (D): L I N E  VIDTH OF THRESHOU) S I G N A L  



observing o s c i l l o s c o p e .  A s  i n d i c a t e d  by t h e  diagram a 

c h a r a c t e r i s t i c  incubat ion  time of 50 msecs was observed. 

The r ise time of the corresponding square  wave p u l s e ,  as 

monitored a c r o s s  t h e  c r y s t a l ,  was l e s s  than  1 msec, g iv ing  

c r e d i b i l i t y  t o  t h e  measurement. The observed 50 msec incuba- 

t i o n  time corresponds t o  1.52 x 10' t r a n s i t s  of t h e  a c o u s t i c a l  

s i g n a l  a c r o s s  t h e  c a v i t y  ( f o r  t h e  582p t h i c k  c r y s t a l  employed). 

(ii) Threshold Frequency Versus Current  Densi ty  (Conduct ivi ty)  

According t o  t h e  l i n e a r  a n a l y s i s  of s e c t i o n  2-3 

a unique r e l a t i o n s h i p  e x i s t s  between t h e  frequency of maximum 

g a i n  ( threshold  frequency)  and t h e  conduc t iv i ty  of t h e  c r y s t a l ,  

v i z  : 

where 



w i t h  y+ and y - eva lua ted  wi th  t h e  aid o f ,  

Thus f o r  a  given m o b i l i t y ,  temperature, t h i c k n e s s  and 

r e f l e c t i o n  c o e f f i c i e n t  t h e  th resho ld  frequency can be ca lcu-  

l a t e d  a s  a  f u n c t i o n  of conduc t iv i ty .  I m p l i c i t  i n  t h e  s e t  

of equa t ions  (4-6) through (4-9) ,  i s  t h e  under ly ing  assumption 

t h a t  a  uniform f i e l d  e x i s t s  a c r o s s  t h e  c r y s t a l  which i n  t u r n  

impl ie s  a  homogeneous conduc t iv i ty .  However, a s  a l r eady  

noted t h i s  i s  n o t  t h e  case .  To be r i g o r o u s  then ,  one must 

c a r r y  o u t  t h e  i n t e g r a l  of equat ion  (4-4). I n  doing s o  t h e  

l a t t i c e  l o s s  term of equat ion  (2-66) was used wi th  

a = 1.11 x 10"'~ and @ = 1 .51  (Ma-69). F u r t h e r ,  s i n c e  a  

unique c o n d u c t i v i t y  can no longer  be ass igned t o  t h e  c r y s t a l  

w e  a r e  forced  t o  choose the  c u r r e n t  d e n s i t y  a s  our independent 
t 

v a r i a b l e .  



8 4  

F i g u r e  4-4Cal and 4-4Cbl d i s p l a y  the t h r e s h o l d  

frequency - c u r r e n t  d e n s i t y  r e l a t i o n s h i p  a s  obta ined  from 

two s e p a r a t e  c r y s t a l s  of d i f f e r i n g  t h i c k n e s s ,  temperature,  

m o b i l i t y  and r e f l e c t i o n  c o e f f i c i e n t .  I n  c o l l e c t i n g  t h i s  

d a t a  t h e  fo l lowing procedures  w e r e  employed. The d e s i r e d  

c u r r e n t  d e n s i t y  was f i r s t  determined by c o n t r o l l i n g  t h e  

l i g h t  l e v e l  i n c i d e n t  on t h e  c r y s t a l  (with t h e  b i a s  v o l t a g e  

he ld  j u s t  below t h r e s h o l d ) .  With t h i s  e s t a b l i s h e d  t h e  b i a s  

v o l t a g e  was re tu rned  t o  zero  and then  s lowly inc reased  t o  

th resho ld  (def ined by t h e  appearance of  an a c o u s t o e l e c t r i c  

s i g n a l ) .  The corresponding c u r r e n t ,  v o l t a g e ,  th resho ld  

frequency, f i e l d  p r o f i l e ,  and v o l t a g e  and c o n d u c t i v i t y  

tuning c h a r a c t e r i s t i c s  were then  recorded.  

I n  c a r r y i n g  o u t  a p r o f i l e  compensated, t h e o r e t i c a l  

a n a l y s i s  of a  th resho ld  frequency - c u r r e n t  d e n s i t y  d a t a  

p o i n t  t h e  t h r e s h o l d  cond i t ion ,  equat ion  ( 4 - 4 ) ,  ( l e s s  t h e  end 

l n r  l o s s  term, - 2-) was f i r s t  p l o t t e d  a s  a  f u n c t i o n  of 
L 

frequency f o r  vary ing  v a l u e s  of m o b i l i t y .  I n  doing s o  a  

summation approximation t o  t h e  i n t e g r a l  was used, wi th  t h e  

f i e l d  p r o f i l e  measurement provid ing  t h e  necessary  i n p u t  d a t a .  

For each m o b i l i t y  v a l u e  t h e  minimum p o i n t  of t h e  curve 

suggested a  s p e c i f i c  va lue  f o r  t h e  end l o s s  term, a s  d i c t a t e d  

by equat ion  C4-42, and t h e  corresponding frequency r e p r e s e n t e d  

t h e  t h e o r e t i c a l ,  f i e l d  compensated t h r e s h o l d  frequency. 

Th i s  procedure was repea ted  f o r  a l l  d a t a  p o i n t s .  
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With the mobility and end loss term left as floating 

parameters, optimu~~ agreement was then sought between the 

experimentally observed threshold frequencies and the various 

mobility dependent, theoretical values [subject , however, 

to the constraint that a common end loss value apply to all 

data points]. The solid lines of Figure 4-4 (a) and 4-4 (b) 

are smooth curves joining the corresponding optimum fit, 

profile compensated theoretical points. 
I 

! 

P On the assumption now that each crystal can be 

characterized by a unique mobility (independent of conductivity), 

the credibility of the theoretical formulation can then be 

tested by the variance data of the mobilities as deduced 

by the above analysis; namely, the credibility will vary 

% inversely as the variance: < (p-1;) > . 
As indicated by the variance data of the 

following table, the theoretical formulation is strongly 

endorsed. In addition it is important to note that the 
- 

deduced mobilities, p, are consistent with those values 

generally associated with CdS (as enumerated by Appendix 11). 



Table  4 -1  

Deduced Maser Parameter  

Having e s t a b l i s h e d  a  mean m o b i l i t y  and end l o s s  

v a l u e  f o r  t h e  two c r y s t a l s ,  t h e s e  v a l u e s  were then  used i n  

t h e  uniform f i e l d  formula t ion  of equa t ions  (4-6)  through 

(4-9)  t o  g e n e r a t e  the  dashed curves  of F i g u r e s  4-4 ( a )  and 

1 4-4(b) .  Here aga in  t h e  c r e d i b i l i t y  of t h e  t h e o r e t i c a l  form- 
I 
I u l a t i o n  i s  r e i n f o r c e d  by t h e  r e l a t i v e l y  good agreement wi th  
Y 

t h e  experimental  d a t a .  

To t h i s  p o i n t  t h e r e  has  been no comment on t h e  

seemingly anomalous, low c u r r e n t  d e n s i t y  behavior  of c r y s t a l  

24.01.02.03, O f  a  number of p o s s i b l e  exp lana t ions ,  t h e  one 

t h a t  Is judged most l i k e l y  is t h a t  as t h e  c o n d u c t i v i t y  

( cu r ren t  d e n s i t y )  i s  lowered t h e  i n t r i n s i c  da rk  conduc t iv i ty  

begins  t o  p l a y  a  dominant r o l e .  And should t h e r e  be any 



inhomogeniety i n  t h e  2 n t r b s i c  conduc t iy i ty  b a y  a r e l a t i v e l y  

h igh  conductLvity regzon eyer a  smal l  f r a c t i o n  of t h e  c r o s s  

s e c t i o n a l  a r e a l  t h e n  t h a t  r eg ion  w i l l  dominate t h e  acousto- 

e l e c t r i c  behavlor  of t h e  system, r e s u l t i n g  i n  a s i g n a l  

f requency r e p r e s e n t a t i v e  of t h e  corresponding c o n d u c t i v i t y  

and independent of the o v e r a l l  c u r r e n t  d e n s i t y .  

(iii) Threshold V e l o c i t y  Versus Threshold Frequency 

A s  i n d i c a t e d  p rev ious ly ,  one i s  unable t o  a s s i g n  a  

unique conduc t iv i ty  t o  c r y s t a l s  possess ing  a non-uniform 

f i e l d  p r o f i l e .  I n  l i k e  manner t h e  concept of a  unique 

th resho ld  v e l o c i t y  l o s e s  i t s  meaning. However, t h i s  concept 

can be r e t a i n e d  i n  t h e  fo l lowing con tex t .  

With r e f e r e n c e  t o  t h e  c h a r a c t e r i s t i c  v o l t a g e  p r o f i l e  

of F igure  4-2(b) it has  been acknowledged t h a t  ( f c r  t h e  

frequency of o p e r a t i o n )  only  t h e  uniform c e n t r a l  r eg ion  

possesses  n e t  g a i n  a t  th resho ld .  The concept o f  a t h r e s h o l d  

v e l o c i t y  can then  be app l i ed  t o  t h i s  r e g i o n  and corresponds 

t o  t h a t  va lue ,  w i t h i n  t h e  c e n t r a l  r eg ion ,  f o r  which t h e  

corresponding n e t  g a i n  i s  s u f f i c i e n t  t o  compensate a l l  t h e  

c h a r a c t e r i s t i c  l o s s e s  ( l a t t i c e  and end l o s s e s )  i n  a d d i t i o n  

t o  those  incur red  by t h e  c o n t a c t  p r o f i l e s .  

F igures  4-5 (a) and 4-5 (br r e p r e s e n t  t h e  r e l e v a n t  

d a t a  f o r  t h e  two c r y s t a l s  employed. I n  e s t a b l i s h i n g  t h e  

d a t a  p o i n t s ,  t hose  m o b i l i t y  va lues  obta ined  by t h e  optimum 
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f i t  procedure of the previous  s e c t i o n  and t h e  e l e c t r i c  f i e l d s  

corresponding t o  t h e  uniform reg ion  of t h e  measured v o l t a g e  

p r o f i l e s  w e r e  used i n  eva lua t ing  t h e  corresponding c e n t r a l  

r eg ion  th resho ld  v e l o c i t i e s  : 

The s o l i d  l i n e  i s  a  smooth curve through a  s e t  of p o i n t s  

corresponding t o  a  t h e o r e t i c a l  de terminat ion  of t h e  c e n t r a l  

th resho ld  v e l o c i t i e s .  The v a l u e s  were c a l c u l a t e d  v i a  

equat ion  ( 4 - 4 )  i n  a  manner s i m i l a r  t o  t h e  optimum f i t  procedure 

of t h e  l a s t  s e c t i o n .  However, i n  t h i s  c a s e  t h e  d r i f t  v e l o c i t y  

of t h e  c e n t r a l  r e g i o n  served a s  t h e  unknown parameter ,  w i t h  

t h e  measured c o n t a c t  p r o f i l e s ,  t h e  measured t h r e s h o l d  f r e -  

quency, and t h e  mean m o b i l i t y  and end l o s s  va lues  of Table  

4 - 1  se rv ing  a s  i n p u t  d a t a .  I n  t h i s  way u n i q u e . v a l u e s  f o r  

t h e  corresponding c e n t r a l  th resho ld  v e l o c i t i e s  were obta ined .  

The dashed curves  of F igures  4-5 ( a )  and 4-5 (b)  correspond 

t o  t h e  uniform f i e l d  express ion  given by equa t ion  (4-9) .  

Again t h e  mean m o b i l i t y  and end l o s s  va lues  of Table  4 - 1  

were used. 

A s  i n d i c a t e d  by t h e  r e l a t i v e  agreement of F igures  

4-5 (a1 and 4-5 Cb) t h e  t h e o r e t i c a l  formula t ion  i s  once again  

s u b s t a n t i a t e d .  I n  a d d i t i o n  we s e e  t h e  inadequacy of t h e  

l i n e a r  i n t e r c e p t  approximation, t h a t  has  gone i n t o  equat ion  



(4-91, a t  t h e  low and high frequency ends of t h e  curve.  

( iv l  Threshold Frequency and Line Width Versus Temperature 

A s  an a l t e r n a t e  t e s t  of t h e  t h e o r e t i c a l  formulat ion 

t h e  r o l e  of t h e  temperature and c u r r e n t  d e n s i t y  ( conduc t iv i ty )  

v a r i a b l e s  were interchanged.  That is ,  wi th  t h e  c u r r e n t  d e n s i t y  

now held  cons tan t  t h e  temperature dependence of t h e  threshold  

frequency was monitored and compared wi th  t h e  t h e o r e t i c a l  

r e s u l t s  of equat ion (4-4) . Figure  4-6 (a) i l l u s t r a t e s  t h e  

r e l e v a n t  d a t a .  

I n  c o l l e c t i n g  t h i s  d a t a  a  cons tan t  c u r r e n t  d e n s i t y  

was maintained ( f o r  varying temperature and th resho ld  f i e l d s )  

by a d j u s t i n g  t h e  l i g h t  l e v e l  i n c i d e n t  on t h e  c r y s t a l .  Once 

again t h e  v o l t a g e  p r o f i l e  a t  th resho ld  was monitored f o r  

each d a t a  p o i n t  and used a s  inpu t  d a t a  i n  t h e  eva lua t ion  

of equat ion ( 4 - 4 ) .  The optimum f i t  procedure of s e c t i o n  (ii) 

was again  employed bu t  wi th  only t h e  mobi l i ty  l e f t  a s  a  

f l o a t i n g  parameter.  The end l o s s  va lue  of Table 4 -1  was used 

throughout.  A s  i nd ica ted  by Figure  4-6(a) s u b s t a n t i a l  agree- 

ment was obtained between experiment and theory ,  leading  once 

again t o  an endorsement of t h e  t h e o r e t i c a l  formulat ion.  

I n  execut ing t h e  optimum f i t  procedure t h e  temper- 

a t u r e  dependence of t h e  d r i f t  mobi l i ty  i s  deduced. The 

r e s u l t s  of t h i s  a n a l y s i s  a r e  i l l u s t r a t e d  by Figure  4-6(b) .  

This d a t a  agrees  q u a l i t a t i v e l y  wi th  t h a t  obtained by Kikuchi 
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and Tinuma CX(i~671, who c a r r i e d  o u t  a tempera ture  a n a l y s i s  

of one way a c o u s t i c a l  g a i n  in CdS and i n  l i k e  inanner deduced 

t h e  d x i f t  mobil i ty- temperature dependence, 

I n  c o l l e c t i n g  t h e  temperature- threshold d a t a  t h e  . . 

t h resho ld  frequency l i n e  wid th  was a l s o  monitored i n  an 

a t tempt  t o  g a i n  some i n s i g h t  a s  t o  i t s  o r i g i n .  The r e l e v a n t  

d a t a  i s  given by F i g u r e  4-7 (bl wi th  Figure  4-? {a) illustrz- 

t i n g  t h e  observed l i n e  widths  a t  t h e  limits of t h e  temperature 

range covered. The q u a l i t y  f a c t o r ,  Q,  was c a l c u l a t e d ,  i n  

each case ,  on t h e  b a s i s  of t h e  simple formula., 

w i th  Af corresponding t o  t h e  measured l i n e  width.  It  i s  

s t r o n g l y  suggested by t h i s  d a t a  t h a t  t h e  l i n e  width i s  r e l a t e d  

i n  some way t o  t h e  i n h e r e n t  thermal  f l u c t u a t i o n s  of t h e  

system. 

(v) Voltaqe and Conduct ivi ty  Tuning Response Versus Threshold 

Freauencv 

To t h i s  p o i n t  i n  t h e  a n a l y s i s  only  t h e  g a i n  r e q u i r e -  

ments of t h r e s h o l d ,  equat ion  (4-1) o r  (4-41, have been t e s t e d  

a g a i n s t  experimental  d a t a .  I n  t e s t i n g  t h e  remaining normal 

mode c r i t e r i o n ,  equat ion  (4-21 o r  (4-51, one seeks  t o  sub- 

s t a n t i a t e  t h e  v e l o c i t y  d i s p e r s i o n  i n h e r e n t  i n  t h e s e  equat ions .  



This  i s  most def i n i t i v e l j  

95 

achieyed y i a  the conductLvity and 

v o l t a g e  tun ing  response  of t h e  system, s i n c e  a knowledge of 

t h e  phase angle ,  8, and the harmonic number, n, a r e  n o t  

r e q u i r e d ,  a s  i n d i c a t e d  by the fo l lowing uniform f i e l d  

express ions  Cas de r ived  e a r l i e r  In s e c t i o n  2-51; 

The r e l e v a n t  d a t a  i s  given by F igures  4-8 ( a )  and 4-8 (b) , 

where t h e  experimental  p o i n t s  were obta ined  by f i r s t  e s t a b l i s h -  

i n g  a  th resho ld  s i g n a l  and then  c a r r y i n g  o u t ,  r e s p e c t i v e l y ,  
. . 

smal l  v a r i a t i o n s  i n  t h e  l i g h t  i n t e n s i t y  and then  i n  t h e  b i a s  

vo l t age .  

The changes i n  l i g h t  i n t e n s i t y  ( a t  f i x e d  b i a s  

v o l t a g e )  in t roduced v a r i a t i o n s  i n  t h e  conduc t iv i ty  of t h e  

c r y s t a l  and corresponding frequency s h i f t s  i n  t h e  th resho ld  

s i g n a l .  The magnitude of  t h e  l a t t e r  was measured by t h e  

spectrum ana lyze r  i n  i t s  h igh  r e s o l u t i o n  mode, I n  ca r ry ing  

o u t  a  r igorous  t h e o r e t i c a l  a n a l y s i s  of t h e  conduc t iv i ty  

tuning  d a t a  a  c o r r e c t i o n  f o r  t h e  measured v o l t a g e  p r o f i l e  
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was used, viz: 

d (lnw) - 1 L d (lnw) 
d(Ina) - L i d (lnoi) i 

The dashed line of Figure 4-8(a) corresponds to a set of 

straight lines joining the resulting theoretical points. 

The solid line of Figure 4-8(a) corresponds to the uniform 

field expression, equation (4-12), with y+ and y - evaluated 
with the aid of equation (4-9) and the data of Table 4-1. 

In obtaining the voltage tuning data of Figure 

4-8(b) the light level was held constant and a small variation 

in the bias voltage was introduced from a low frequency 

oscillator (-10 Hz) via the summing unit of the bias supply. 

Once again the corresponding frequency shift was monitored 

by the spectrum analyzer in its high resolution,mode. 

The theoretical analysis of the voltage tuning 

data is complicated not only by the presence of a non-uniform 

field but also by the fact that the conductivity becomes 

voltage dependent at and above threshold (as evidenced by 

the non-linear I-V curve of Figure 4-2Ca)). Consequently 

the voltage tuning parameter takes on the following general- 

ized form: 



Now it can be shown t h a t ,  t o  a  good approximation, 

t h e  presence of a  non-uniform f i e l d  has  l i t t l e  i n f l u e n c e  on 

t h e  v o l t a g e  tun ing  parameter (as opposed t o  t h e  c o n d u c t i v i t y  

tuning  parameter) .  Thus t h e  p r i n c i p a l  c o r r e c t i o n  i s  t h a t  

i n d i c a t e d  by equa t ion  (4-151, I n  c a r r y i n g  o u t  t h i s  c o r r e c t i o n ,  

' d ( l n a )  t h e  I-V curves,  a t  th resho ld ,  were used t o  e v a l u a t e ,  d(lnv).  

The dashed l i n e s  of F igure  4-8(bl  correspond t o  a s e t  of 

s t r a i g h t  l i n e s  jo in ing  t h e  correspondingly c o r r e c t e d  t h e o r e t -  

i c a l  va lues .  And t h e  s o l i d  l i n e  corresponds t o  t h e  s imple 

uncorrec ted ,  uniform f i e l d  express ion  of equa t ion  (4-13). 

Aside from one o r  two anomalous p o i n t s  a t  t h e  low 

frequency end of t h e  d a t a ,  t h e  agreement between experiment 

and theory  i s  g e n e r a l l y  q u i t e  good and l e a d s  t o  an endorsement 

of t h e  corresponding t h e o r e t i c a l  formula t ion .  



CHAPTER Y 

Conclus Pons 

5-1 Cnm.enfs on the Fabrication of a Phonon Maser 

In structuring a Phonon Maser from CdS the following 

fabrication sequence was undertaken. 

(i) The bulk CdS crystal was first aligned with 

respect to the desired crystallographic 

orientation and then cut into wafers (1-2 rnrn 

thick) . 
(ii) The wafers were then annealed in a S2 atmos- 

phere for 24 hours at 1000•‹C. 

(iii) An individual wafer was then mounted onto 

the polishing jig and again aligned (under 

maximum resolution) to the desired crystal- 

lographic orientation. 

Civ) The surface was then polished flat to within 

Cvl The wafer was then turned over and the second 

surface polished parallel to the first (to 

within one second of arc) and equally as flat. 



Cvil Ohmic c o n t a c t s  w e r e  then made t o  t h e  f a c e s  of 

t h e  pol i shed  waf ex, 

biil And f i n a l l y  t h e  wafer was d iced  i n t o  a  number 

of i n d z ~ i d u a l  u n i t s  C"4 mm2 l , 

I n  developing thXs procedure,  t h e  po l i sh ing  s t e p s  

posed the g r e a t e s t  problem. However, by employing s p e c i a l l y  

f a b r i c a t e d  lapping p l a t e s ,  a  unique wafer mounting technique,  

and an i n t e r f e r o m e t r i c  monitoring scheme t h e  problems encount- 

ered w e r e  even tua l ly  overcome. 

Another a r e a  of cons iderable  d i f f i c u l t y  was t h e  

a p p l i c a t i o n  of t r a n s p a r e n t  ohmic c o n t a c t s  t o  t h e  c r y s t a l  

f aces .  This  was even tua l ly  resolved  by doping t h e  s u r f a c e s  

wi th  Indium ( i n  an H2 environment).  

The d e t a i l e d  p r e s e n t a t i o n  of t h e  f a b r i c a t i o n  procedure 

(as  r epor ted  by Appendix I) corresponds t o  a sequence of s t e p s  

capable  of producing workable s t r u c t u r e s  and i s  t h e r e s u l t  

of much t r i a l  and e r r o r .  

Comments on t h e  Linear  Formulation 

I n  chap te r  IV d a t a  was presented i n  r e l a t i o n s h i p  

Cil t h e  tkreshold  frequency - c u r r e n t  d e n s i t y  

(conduct iv i ty)  dependence, 

( i i l  t h e  threshold  v e l o c i t y  - t h resho ld  frequency 

dependence, 



Gii )  the t h r e s h o l d  frequency - tempera ture  depend- 

ence,  

UvZ t h e  c o n d u c t i v i t y  tun ing  - t h r e s h o l d  frequency 

dependence, and 

(vl t h e  v o l t a g e  tuning  - t h r e s h o l d  frequency 

dependence, 

Correspondingly a  t h e o r e t i c a l  a n a l y s i s ,  based on t h e  l i n e a r  

formula t ion  of Chapter  I1 was undertaken.  On t h e  b a s i s  of 

t h e  r e s u l t i n g  h i g h  c o r r e l a t i o n  between t h e  exper imenta l  

and t h e o r e t i c a l  r e s u l t s  one i s  j u s t i f i e d  i n  adopt ing  t h e  

l i n e a r ,  phenomenological model a s  a reasonab le  r e p r e s e n t a t i o n  

of t h e  t h r e s h o l d  response  of a  Phonon Maser. 

I n  r e a l i t y ,  however, t h e  l i n e a r  fo rmula t ion  has  

been t e s t e d  f o r  a c t i v e  s h e a r  mode Phonon Maser s t r u c t u r e s  

only.  The a p p l i c a b i l i t y  of t h e  fo rmula t ion  t o  t h e  a c t i v e  

l o n g i t u d i n a l  s t r u c t u r e  i s  i n  p r i n c i p l e  sugges ted .  However, 

a  more d e t a i l e d  a n a l y s i s  of t h e  s t a b i l i t y  of such a  conf igur-  

a t i o n  needs t o  be undertaken t o  guaran tee  t h a t  t h e  p r i n c i p a l  

a x i s  l o n g i t u d i n a l  mode i s  indeed a c t i v a t e d  b e f o r e  some o f f -  

a x i s ,  quas i -shear  mode. Th i s  fo l lows  from t h e  r e a l i z a t i o n  

t h a t  i n  g e n e r a l  t h e  c-axis  l o n g i t u d i n a l  v e l o c i t y  i s  l a r g e r  

than an o f f - a x i s ,  quas i -shear  v e l o c i t y  and t h a t  g a i n  e x i s t s  

f o r  both  waves, Consequently it i s  p o s s i b l e  t h a t  t h e  quas i -  

shear  t h r e s h o l d  f i e l d  (or  more c o r r e c t l y  t h e  component of 

f i e l d  i n  t h e  quas i -shear  d i r e c t i o n )  i s  lower t h a n  t h a t  



corresponding t o  t h e  l o n g i t u d i n a l  mode, I f  s o  t h e  quasi-shear 

mode w i l l  be a c t i v a t e d  f i r s t ,  i d e n t i f y i n g  t h e  l o n g i t u d i n a l  mode 

a s  an u n s t a b l e  conf igura t ion .  It is  important  t o  p o i n t  o u t  

t h a t  t h i s  problem i s  n o t  a p p l i c a b l e  t o  t h e  a c t i v e  shear  mode 

s t r u c t u r e  u t i l i z e d  i n  t h i s  s tudy,  s i n c e  the ' co r respond ing  

v e l o c i t y  i s  a  minimum along t h e  p r i n c i p a l  a x i s  (Vr-71). That 

i s ,  t h e  a c t i v e  shea r  mode s t r u c t u r e  i s  a  s t a b l e  conf igura t ion .  

I n  a  f u r t h e r  d i scuss ion  of t h e  a c c e p t a b i l i t y  of t h e  

l i n e a r  formulat ion it i s  noteworthy t o  p o i n t  o u t  t h a t  through- 

o u t  t h e  a n a l y s i s  t h e  in f luence  of t r app ing  c e n t e r s  was 

ignored completely.  This  p o i n t  of view i s  j u s t i f i e d  by t h e  

apparent  success  of t h e  a n a l y s i s  and l e a d s  one t o  conclude 

t h a t  t r a p - f r e e  c r y s t a l s  were indeed obta ined .  The success  

i n  obtaining c r y s t a l s  s o  cha rac te r i zed  i s  a t t r i b u t e d  t o  t h e  

c a r e  taken i n  anneal ing t h e  c r y s t a l s  and t h e  v i r t u e s  of t h e  

oxygen desorp t ion  a s s o c i a t e d  with t h e  H2 - Indium d i f f u s i o n  

of t h e  Ohmic c o n t a c t s .  P a r t i c u l a r l y ,  it was noted t h a t  a  

s i g n i f i c a n t  t r app ing  concent ra t ion  wi th  introduced when Indium 

d i f f u s i o n  was attempted i n  t h e  absence of Hz. 

5-3 Comments on t h e  Non-Linear Analysis  

Upon r e a l i z i n g  t h a t  t h e  th resho ld  measurements were 

made on macroscopic s i g n a l s  ( s t a b i l i z e d  t h o u g h  i n t r i n s i c  

n o n - l i n e a r i t i e s l  and y e t  agreed favorably  wi th  t h e  l i n e a r  



formulat ion,  one i s  l e a d  t o  conclude t h a t ,  t o  f i r s t  o rde r ,  

t h e  n o n - l i n e a r i t i e s  have v i r t u a l l y  no in f luence  on: 

C i J  t h e  frequency determinat ion of t h e  th resho ld  

s i g n a l ,  o r  

C i i )  t h e  d i s p e r s i o n  of t h e  th resho ld  s i g n a l .  

However, a s  evidenced by t h e  experiment r e s u l t s ,  t h e  non- 

l i n e a r i t i e s  do p lay  a  r o l e  in :  

(iii) t h e  genera t ion  of second harmonics, 

( iv l  t h e  establ ishment  of a  non-l inear  I-V response,  

and, 

(v) g a i n  s a t u r a t i o n .  

Of t h e s e  l a s t  t h r e e  p o i n t s  (iii) and ( i v )  a r e  accounted f o r  

( i n  a  q u a l i t a t i v e  way) by t h e  non-l inear  a n a l y s i s  of Chapter 

111. However, t h e  a n a l y s i s  i n  no way sugges ts  g a i n  s a t u r a t i o n  

and it i s  n o t  obvious a t  t h i s  p o i n t  whether a  g a i n  l i m i t e d  

d i s p e r s i o n  r e l a t i o n s h i p  can be generated by t h e  i n c l u s i o n  of an 

inhomogeneous term i n  t h e  d e f i n i n g  s e t  of equat ions .  The 

ex i s t ence  of g a i n  s a t u r a t i o n  can, never the less ,  be argued 

from a t  l e a s t  two p o i n t s  of view: 

(i) Due t o  t h e  i n t r i n s i c  anharmonicity of t h e  phonon- 

phonon i n t e r a c t i o n  mechanism, t h e  l a t t i c e  

l o s s  term l? , w i l l  i n  genera l  be dependent 
L 

on s i g n a l  s t r e n g t h .  Consequently a s  t h e  acous- 

t i c a l  s i g n a l  grows t h e  l a t t i c e  l o s s e s  w i l l  

i n c r e a s e ,  r e s u l t i n g  even tua l ly  i n  an equ i l -  



ibrium situation. Xn addition as the lattice 

loss term increases the frequency of maximum 

gain will be shLfted downward in a manner 

suggested by equations C2-671 and (2-69). 

Both features are borne out by experjment 

An alternate or, perhaps more realistically, 

a competing xechani=, responsible for gain 

saturation stems from the realization that as 

the acoustical signal grows the conduction 

electrons become concentrated in the potential 

wells set up by the piezoelectric fields. 

The net result is a decrease in the effective 

conductivity of the sample. Upon extrapolating 

the linear results of equation (2-60) we see 

that to a first approximation 

Thus as the acoustical signal grows the 

effective conductivity decreases, resulting 

in a corresponding decrease in rN. In this 

way gain saturation is established. In addition, 

it follows naturally from equation (5-11 that 

associated with gain saturation is a down 

shift in the frequency of maximum gain. In 



this case  it i s  worthy t o  no te  t h a t ,  whereas, 

P, i s  p r c p o r t i o n a l  t o  t h e  e f f e c t i v e  conduct- 

b i t y ,  the frequency of maximum g a i n  i s  only 

p r o p o r t i o n a l  t o  t h e  square  r o o t  of a eff' 

Thus t h e  p r i n c i p a l  e f f e c t  a s s o c i a t e d  wi th  t h e  

p o t e n t i a l  bunching of t h e  conduction e l e c t r o n s  

i s  g a i n  s a t u r a t i o n ,  w i t h  the down s h i f t i n g  i n  -- 

frequency being of secondary important .  H e r e -  

i n  we again  have q u a l i t a t i v e  agreement wi th  

experimental  behavior.  

I t  i s  noteworthy a t  t h i s  p o i n t  t o  make re fe rence  

t o  two outs tanding  papers  by P.N. Butcher and N.R. Ogg, 

(Bu-68) and (Bu-69). Thei r  work c o n s i s t s  of a unique, 

one way t r a v e l l i n g  wave a n a l y s i s  of t h e  c u r r e n t  d e n s i t y  non- 

l i n e a r i t y  under cons ide ra t ion .  The t r a n s p o s i t i o n  of t h e i r  

formulat ion t o  t h e  two a n t i - d i r e c t e d  t r a v e l l i n g  waves, char- 

a c t e r i s t i c  of a Phonon Maser, i s  however, l e s s  than  s t r a i g h t  

forward (due t o  t h e  c r o s s  i n t e r a c t i o n  of t h e  two waves). 

Nevertheless ,  t h e i r  conclusions a r e  q u a l i t a t i v e l y  s i m i l a r  

t o  those  presented  above, v i z :  g a i n  sa tura- t ion  and a down 

s h i f t i n g  i n  t h e  frequency of maximum ga in  (brought about by 

the p o t e n t i a l  bunching of t h e  conduction e l e c t r o n s  and a 

corresponding dec rease  i n  a I .  
e f f  

Before concluding t h i s  s e c t i o n  t h e r e  remains one 

f u r t h e r  non-l inear  f e a t u r e  worthy of d i scuss ion .  The arguments 



o be presented ,  however, a r e  pure ly  s p e c u l a t i v e  a t  t h i s  t ime. 

Experimentally it i s  observed t h a t  once a  mode 

p a t t e r n  becomes e s t a b l i s h e d  (corresponding g e n e r a l l y  t o  t h e  

threshold  frequency and i t s  f irst  harmonic) t h e  conduc t iv i ty  

and/or d r i f t  f i e l d  have t o  be a l t e r e d  f a r  beyond t h a t  assoc- 

i a t e d  wi th  t h e  frequency s h i f t  t o  an ad jacen t  mode before  

t h e  system, i n  f a c t ,  a l t e r s  i t s  mode s t r u c t u r e .  The con- 

c l u s i o n  drawn from t h i s  behavior i s  t h a t  a  s t rong  mode locking 

a c t i o n  becomes e s t a b l i s h e d  and a  s i g n i f i c a n t  s h i f t  i n  t h e  

frequency of maximum ga in  i s  requi red  t o  br ing  about a  change 

i n  t h e  frequency s t r u c t u r e .  One p o s s i b l e  source  of t h i s  

locking a c t i o n  stems from a  s e l f  generated parametr ic  ampl i f i -  

c a t i o n  e f f e c t .  The argument proceeds a s  fo l lows.  

I f  i n  a d d i t i o n  t o  t h e  e x t e r n a l l y  app l i ed  D.C. b i a s  

f i e l d ,  E o ,  one a p p l i e s  an A.C. f i e l d ,  Elcoswlt ,  (Eo>>E1)  

then  t h e r e  w i l l  be generated counter -d i rec ted  t r a v e l l i n g  

waves f o r  each p r i n c i p a l l y - d i r e c t e d  wave (of frequency, w)  

provided, w l =  2w.  That such waves a r e  indeed generated 

fol lows r e a d i l y  from t h e  charge d e n s i t y - e l e c t r i c  f i e l d  product 

t h a t  appears  i n  t h e  expression f o r  t h e  c u r r e n t  d e n s i t y ,  v i z :  



Since  Eo>>EI such terms can be t r e a t e d  as source  terms i n  an 

i t e r a t i v e  c a l c u l a t i o n  simSlar t o  t h a t  of Chapter 111. However, 

a s e l f  c o n s i s t e n t  a n a l y s i s ,  f o r  a one way t r a v e l l i n g  wave, has 

been t r e a t e d  by V.M. Levin and L.A. Chernozatonskii  (Le-70) 

r e s u l t i n g  i n  t h e  conclusion t h a t  

where a i s  a p o s i t i v e  frequency dependent func t ion .  

The s i g n i f i c a n c e  of equat ion (5-4) becomes meaningful 

t o  t h e  topic of mode locking when one r e c a l l s  t h a t  t h e  e l e c t r i c  

f i e l d s  a s soc ia ted  wi th  t h e  non-l inear ,  second harmonic source 

terms, J g  and J4 , (equat ion (3-10) and (3-11) ) a r e  v i r t u a l l y  

s p a t i a l l y  independent. Herein then l i e s  t h e  o r i g i n  of t h e  

e f f e c t i v e  e x t e r n a l  f i e l d ,  Elcos2wt. Since such a f i e l d  reduces 

t h e  va lue  of E r equ i red  t o  mainta in  t h e  same  ga in  va lue ,  t h e  

o u t l i n e d  i n t e r a c t i o n  between t h e  fundamental s i g n a l  and i t s  

f i r s t  harmonic corresponds t o  t h e  r educ t ion  i n  t h e  t o t a l  

energy of the system r e s u l t i n g  i n  a p r e f e r r e d ,  s t a b l e  

conf i g u r a t l o n  . 
To be r igorous  t h e  i n t e r a c t i o n  o u t l i n e d  above must 

be t r e a t e d  i n  a s e l f  c o n s i s t e n t  manner, however, a s  ind ica ted  



t h e  necessary elements a r e  p resen t  t o  e s t a b l i s h  t h e  ex i s t ence  

of such a  phenomena. Indeed, 2 t  ts no t  un l ike ly .  t h a t  such an 

I n t e r a c t i o n  mechanism j s  r e l a t e d ,  $n some way, t o  t h e  out- 

s t a n d h g  s p e c t r a l  pur2ty  of tke maser s i g n a l  (as  documented 

by t h e  hlgh Q v a l u e s ) .  

5-4 Area of Future  Investigation 
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a  reasonable  t h e o r e t l c a l m o d e l  f o r  t h e  th resho ld  response of 

a  Phonon Maser. With t h i s  a s  a  s t a r t i n g  p o i n t  t h e  fol lowing 

a r e a s  of f u t u r e  i n v e s t i g a t i o n  a r e  worthy of cons ide ra t ion .  

(i) A s  i n d i c a t e d  i n  s e c t i o n  5-1 t h e  s tudy under- 

taken was r e s t r i c t e d  t o  an a c t i v e  p r i n c i p a l  

ax is ,  shear mode structure.  T o  e s t a b l i s h e d  t h e  

g e n e r a l  a p p l i c a b i l i t y  of t h e  t h e o r e t i c a l  form- 

u l a t i o n ,  an i n v e s t i g a t i o n  of t h e  a c t i v e  p r i n c i p a l  

a x i s  l o n g i t u d i n a l ;  t h e  a c t i v e  o f f - a x i s ,  quasi-  

l o n g i t u d i n a l ;  and t h e  a c t i v e  o f f - a x i s ,  quasi-  

shea r  mode s t r u c t u r e s  needs t o  be undertaken. 

I n  doing s o  t h e  ques t ion  of mode s t a b i l i t y  

needs t o  be resolved .  

( i i )  No a t tempt  was made t o  monitor t h e  a c o u s t i c a l  

s i g n a l .  Acknowledging f r e e l y  t h e  d i f f i c u l t y  

i n  doing so,  such information would 

never the less  provide an independent 



check of the theoretical formulation and also 

test the applicability of the open circuit 

voltage-strain relationship, equation (2-95), 

and the D.C. acoustoelectric current-strain 

relationship, equation (3-37). In addition 

the harmonic structure of the acoustical signal 
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linear features of the system. 

Ciiil In the experimental study undertaken only the 

frequency (and its related characteristics) 

were monitored. In attempting to monitor the 

wave vectors (though scattering experiments) 

a whole new area of fruitful investigation is 

opened up. In principle, further insight into 

the linear and non-linear features of the 

system should result. 

(iv) On the theoretical front the whole area of a 

proper non-linear analysis is open to investi- 

gation. Out of such an analysis should come 

a proper formulation of: 

[a] harmonic generation, 

Cb1 a non-linear I-Y response, 

Cc1 g a b  saturation, 

Cd) mode locking, and 

(el line width determination. 



The f o u r  a r e a s  presented  here a r e  by no means meant 

t o  be a complete survey and undoubtedly new a r e a s  w i l l  a r i s e  

as  one ' s  understanding of the P b n o n  Maser phenomenon i n c r e a s e s .  



Appendix I 

Phonon Maser Fabrication 

The material used in this study was vapor phase 

grown CdS that had been purchased from ~agle-Picher Industries, 

t Inc. It was received in the form of large ("10 c.c.) 

randomly shaped, single crystals of either A, 8 ,  or UHP grade. 

(For the sake of completeness the physical and electronic 

characteristics of vapor phase grown CdS are summarized in 

Appendix 11.) 

In preparing a CdS crystal capable of Phonon Maser 

action a number of distinct steps were undertaken. These 

will now be enumerated with discussion given to,the problems 

t 
encountered and the care required to produce a workable unit. 

i 
$ 

1-1 Aligning, Wafering and Annealing Procedure 

g In fabricating a Phonon Maser the large randomly I 

shaped crystal was first mounted onto a goniometer and aligned, 

? using X-ray diffraction, to a preferred crystallographic 

t Eagle-Picher Industries, Inc., P.O. B o x  1090 

Miami, Oklahoma, U.S.A., 74354. 



o r i e n t a t i o n .  Using a  wire  saw t h e  c r y s t a l  was then  c u t ,  

h t o  1-2 mrn t h i c k  wafers,  p a r a l l e l  o r  perpendicular  t o  t h e  

p o l a r  c-axis (corresponding r e s p e c t i v e l y  t o  a  shear o r  long- 

i t u d i n a l  maser s t r u c t u r e l .  

T o  enhance the d e s i r e d  e l e c t r o n i c  and p i e z o e l e c t r i c  

c h a r a c t e r i s t i c s  of CdS, t h e  wafers  were nex t  sub jec ted  t o  

an anneal ing process .  This  was i n i t i a t e d  by thoroughly clean- 

i n g  t h e  wafers  w i t h  an u l t r a s o n i c  c l e a n e r  i n  a l t e r n a t i n g  ba ths  

of ace tone  and methyl a l coho l .  The wafers  were then  sea led  

i n  an evacuated q u a r t z  tube  along wi th  a smal l  q u a n t i t y  of 

6 n ines  p u r i t y  s u l f u r .  The amount of s u l f u r  used was based 

on a  p a r t i a l  p r e s s u r e  of 0.17-0.18 atmospheres of S2 gas  a t  

1000•‹C. The q u a r t z  tube  and i t s  c o n t e n t s  were then  placed i n  

a  furnace  and he ld  a t  a  temperature of 1000•‹C f o r  2 4  hours.  

The e f f e c t s  of such an anneal ing process  on CdS have 

been s t u d i e d  by R.B. Wilson (WI-66), D.L. White, e t  a l .  

(Wh-65) , and M.K.  Parsons and F .L. Eng l i sh  (pa-67) , Their  

f i n d i n g s  i n d i c a t e  t h e  fo l lowing c h a r a c t e r i s t i c  changes i n  

CdS ; 

i an i n c r e a s e  i n  t h e  p i e z o e l e c t r i c  coupl ing 

c o e f f i c i e n t  r e s u l t i n g  from; 

[a] an improvement i n  t h e  s t o i c h i o m e t r i c  

r a t i o  of Cd and S i n  normally s u l f u r  d e f i c i e n t ,  

vapor phase grown CdS, 
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a decrease in the stacking fault density 

[characteristically responsible for 

reversing the polarity of the c-axis), 

a reduction in the electron trapping 

density, 

(ii) a decrease in the dark conductivity (which in 

the case of UHP crystals is reduced Frui-11 an 

initial value of 10" (R-an)" to a final 

value of low6); 

(iii) an increase in photoconductivity. 

These results are in agreement with the findings of 

this author and are correlated with greater success in obtain- 

ing Phonon Maser action in annealed crystals over crystals 

that were not annealed. 

As noted by Parsons and English (Pa-67) the magnitude 

of the S2 partial pressure was of fundamental importance to 

the success of the annealing process. If the partial pressure 

was too high, a decrease in the piezoelectric coupling coeffi- 

cient and an increase in resistivity inhomogeneity was 

observed. Whereas, if the partial pressure was too low, 

little change was observed over the un-annealed samples. 

1-2 Polishing 

Once annealed, the two faces of the wafers were 



crystalographic axis, These thee steps were of, utmost 

importance to the successful fabrication of a workable unit 

and were carried out with great care and precision as 

attested to by Figs. 1-1 and 1-2. That is,' Fig I-l(a) 

represents an overall flatness of XN,/2, Fig. I-2(b) an 
L 

overall parallelism of under 2 seconds of arc, and Figs. 

1-2 a crystalographic alignment to within 30 minutes of arc. 

In carrying out these steps a crystal wafer wss 

first mounted onto the head of a hgitecht polishing jig. 

The jig is constructed with a gimbal adjustment which allows 

one to align the surface to be polished at any angle with 

respect to the polishing plane. Utilizing this feature the 

mounted crystal was aligned once again via X-ray diffraction 

such that the desired crystalographic axis was perpendicular 

1 to the polishing plane. The precision to which this could 
1 

be done was limited by the spot size of the X-ray patterns 
I 
I 
I and was of the order of 30 minutes of arc. 

The polishing was carried out using diamond 

abrasive on a sequence of tin plates, each corresponding to 

t Logitech Ltd., 128 Bank St,, Alexandria, 

Dunbartonshiue, Scotland. 



Fig. 1-1 (a): Flatness Interference Pattern 

Fig. 1-1 (b): Parallelism Interference Pattern 



( i  ) Ti' Normal 

(hi) Norm01 (iv) Axis Definition 
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a decreas ing  p a r t i c l e  s i z e ,  The t in  p l a t e s  wexe cons t ruc ted  

from 4 n ines  p u r i t y  ma tev ia l  which were r o l l e d  i n  a  common 

d i r e c t i o n  t o  a  t h i c k n e s s  of 5/8", R o l l i n g  served t o  p r e f e r e n t -  

i a l l y  a l i g n  the t i n t s  p o l y c r y s t a l l i n e  s t r u c t u r e  i n  a common 

d i r e c t i o n ,  r e s u l t i n g  i n  a uniform wearing a c t i o n .  The lapping  

s u r f a c e  of a  p l a t e  was  then  ~ a c h i n e d  f l a t  and smooth 

on a l a t h e ,  s u b j e c t  t o  t h e  c r i t e r i u m  t h a t  t h e  l a t h e  grooves 

w e r e  t o  be  no deeper t h a n  t h e  corresponding p a r t i c l e  s i z e  

of t h e  a b r a s i v e  t o  be used. 

The p o l i s h i n g  sequence was g e n e r a l l y  i n i t i a t e d  wi th  

a p a r t i c l e  s i z e  of 15  microns from which one worked down 

through 9 ,  6 ,  3 ,  t o  1 micron. For CdS a  1 micron f i n i s h  on 

a t i n  p l a t e  l e f t  very  f i n e  s c r a t c h e s  which were v i s i b l e  t o  

t h e  unaided eye.  These were removed by a  s h o r t ,  f i n a l  po l i sh -  

ing  of 1 micron a b r a s i v e  on Pelon paper wi th  l i t t l e  d e t e r i o r -  

a t i o n  t o  t h e  f l a t n e s s  a t t a i n a b l e .  

Once t h e  c r y s t a l  had been po l i shed  t o  t h e  t h r e e  

micron l e v e l  t h e  s u r f a c e  was s u f f i c i e n t l y  smooth t o  o b t a i n  

i n t e r f e r o m e t r i c  d a t a  as t o  i t s  f l a t n e s s .  Such an i n t e r f e r o -  

m e t r i c  scheme was used throughout t h e  f i n a l  s t a g e s  of t h e  

p o l i s h i n g  sequence t o  guaran tee  t h e  f l a t n e s s  of t h e  f i n i s h e d  

su r face .  F i g ,  1-3 i s  a  schematic r e p r e s e n t a t i o n  of t h e  

i n t e r f e r o m e t e r  arrangement and F i g ,  I-lCa] i s  an example of t h e  

i n t e r f e r e n c e  p a t t e r n  obta ined .  
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F i g ,  1-3 : Flatness and Parallelism Interferometer System 
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I n  s e t t i n g  up t h e  i n t e r f e r o m e t e r  t h e  p o l i s h i n g  j i g  

was t r a n s f e r r e d  t o  a  suppor t  which placed t h e  c r y s t a l  f a c e  

next  t o  an o p t i c a l  f l a t  and a t  a  s l i g h t  a n g l e  w i t h  r e s p e c t  

t o  it. The o p t i c a l  f l a t  was of known f l a t n e s s ,  v i z :  ' h N a / l O ,  

and served a s  a s t andard  f o r  t h e  measurement. The c r y s t a l  

f a c e  was then i l lumina ted  w i t h  monochromatic l i g h t  by means 

of a  beam s p l i t t e r .  With t h e  spacing between t h e  o p t i c a l  

f l a t  and t h e  c r y s t a l  l e s s  than  t h e  coherence l e n g t h  of t h e  

l i g h t ,  a  l o c a l  i n t e r f e r e n c e  p a t t e r n  was s e t  up. This  could 

be viewed d i r e c t l y ,  however, a  t e l e s c o p e  was used s i n c e  it 

n o t  only  magnified t h e  p a t t e r n  bu t  a l s o  allowecl a  record  

t o  be taken v i a  a  camera at tachment  t o  t h e  eyepiece.  

I f  t h e  c r y s t a l  f a c e  was p e r f e c t l y  f l a t ,  t h e  s l i g h t  

ang le  between it and t h e  o p t i c a l  f l a t  would genera te  an i n t e r -  

f a c e  p a t t e r n  of a l t e r n a t i n g  l i g h t  and dark s t r a i g h t  l i n e s .  

The spacing between two a d j a c e n t  dark  l i n e s  would be i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  ang le  between t h e  two s u r f a c e s  and would 

correspond t o  h a l f  a  wavelength i n c r e a s e  i n  t h e  spacing a s  one 

moved along t h e  f a c e  of t h e  c r y s t a l ,  away from t h e  apex of t h e  

angle .  Any d e v i a t i o n  from t h e  s t r a i g h t  l i n e  p a t t e r n  r ep resen ted  

a  measureable degree  of non-f la tness  of t h e  c r y s t a l  f a c e .  

A s  can be  seen from F i g ,  I-1Cal this d e v i a t i o n  i s  of t h e  

o rde r  of ANa/2 f o r  t h e  o v e r a l l  c r y s t a l .  It i s  t o  be noted 

t h a t  whi le  t h e  f l a t n e s s  measurement u t i l i z e d  o p t i c a l  wavelengths,  

t h e  u n i t  w a s  u l t i m a t e l y  s u b j e c t  t o  a c o u s t i c a l  wavelencths which 



w e r e  t y p i c a l l y  2 0  t imes  longer .  Thus a s  an a c o u s t i c a l  system 

t h e  r e s u l t s  of F i g ,  T-1 (a) r e p r e s e n t  a  su r f  a c e  of high specu la r  

r e f l e c t i o n ,  t h a t  is ,  one possess ing  a h i g h  degree  of s p a c i a l  

coherence. 

Once t h e  f i r s t  s u r f a c e  of t h e  wafer had been po l i sh -  

ed t o  o n e t s  s a t i s f a c t i o n  t h e  c r y s t a l  was turned  over  and t h e  

second s u r f a c e  pol i shed  equa l ly  a s  flat and in additicn pzxzl- 

l e l  t o  t h e  f i r s t .  The degree  of p a r a l l e l i s m  n o t  on ly  inf luenced 

t h e ,  Q, of t h e  one dimensional  c a v i t y  b u t  a l s o  determined t h e  

proper  c r y s t a l o g r a p k i c  o r i e n t a t i o n  of t h e  second s u r f a c e .  

To o b t a i n  t h e  degree of p a r a l l e l i s m  d e s i r e d  one 

proceeded a s  fo l lows.  F i r s t  t h e  second c r y s t a l  f a c e  was 

pol i shed  t o  t h e  3 micron l e v e l  which, a s  a l r eady  noted provides  

a  reasonable  r e f l e c t i n g  su r face .  A l a s e r  was then  used t o  

o b t a i n  a  c rude  degree  of  p a r a l l e l i s m  by: 

( i )  d i r e c t i n g  t h e  beam a t  t h e  c r y s t a l  f a c e ;  

(ii) n o t i n g  t h e  d i s t a n c e ,  S ,  between t h e  two beams 

r e f l e c t e d  r e s p e c t i v e l y  from t h e  f r o n t  and back 

s u r f  aces;  

(iii) a d j u s t i n g  t h e  j i g  s o  a s  t o  move t h e  s p o t  r e f l e c t -  

ed from t h e  back s u r f a c e  a  d i s t a n c e ,  

6 S  = 0 .  40st, a long t h e  l i n e  jo in ing  t h e  

t 
AS i s  based on t h e  formula,  AS/S = l / n ,  where, n ,  i s  t h e  

index of r e f r a c t i o n .  
i 
t 



o r i g i n a l  spo t s ;  and then  

Civ1 r e p o l i s h i n g  the s w f a c e  t o  this new o r i e n t a t i o n .  

The s p o t  spacing q u i c k l y  converged t o  zexo i n  two o r  t h r e e  

c y c l e s  of t h e  above procedure and w i t h  a long o p t i c a l  p a t h  

t h e  degree  of p a r a l l e l i s m  obtained was good t o  w i t h i n  a few 

minutes  of a r c .  The p r e c i s i o n  o b t a i n a b l e  was u l t i m a t e l y  

l i m i t e d  by t h e  s p o t  s i z e  of the  laser bern. 

A t  t h i s  p o i n t  one r e s o r t e d  t o  an i n t e r f e r o m e t r i c  

measurement t o  improve t h e  r e s o l u t i o n .  The same arrangement, 

Fig. 1-3, was used except  now t h e  o p t i c a l  f l a t  was removed 

and one monitored t h e  l o c a l  i n t e r f e r e n c e  p a t t e r n  set up by 

t h e  f r o n t  and back s u r f a c e s  of t h e  c r y s t a l .  I f  t h e  two sur -  

f a c e s  were p e r f e c t l y  f l a t  and p a r a l l e l ,  t h e  i n t e r f e r e n c e  

p a t t e r n  would c o n s i s t  of a  completely dark  o r  l i g h t  image 

over  t h e  whole f a c e  of t h e  c r y s t a l ,  depending on whether it 

were an even o r  odd number of h a l f  wavelengths t h i c k .  

Devia t ions  from t h i s  i d e a l i z e d  cond i t ion  a r e  c h a r a c t e r i z e d  

by t h e  r i n g  p a t t e r n  of F ig .  I - l ( b ) .  

I n  e s t a b l i s h i n g  p a r a l l e l i s m  t h e  o b j e c t i v e  was t o  

p l a c e  t h e  c e n t e r  of t h e  r i n g  p a t t e r n  i n  t h e  c e n t e r  of t h e  

c r y s t a l  and t o  minimize t h e  number of r i n g s  i n  t h e  p a t t e r n  

Cfor each  new r i n g  rep resen ted  a  v a r i a t i o n  i n  t h i c k n e s s  of 

ANa/2 and t h u s  a  d e v i a t i o n  from p a r a l l e l i s m ) .  With t h e  r i n g  

p a t t e r n  i n  t h e  c e n t e r  of t h e  c r y s t a l  one could a t t r i b u t e  t h e  



remaining degree  of non-paral le l ism t o  t h e  non- f l a tness  

of t h e  two s i d e s .  That is, t h e  r i n g  s t r u c t u r e  r e s u l t e d  from 

t h e  c r y s t a l  being s l i g h t l y  convex, T h e  p a t t e r n  r ep resen ted  

by F i g ,  I-1Cbl i n d i c a t e s  a  s l i g h t l y  convex shape w i t h  a  non- 

p a r a l l e l i s m  of under 2 seconds of a r c  f o r  t h e  wors t  r eg ions .  

Throughout t h e  p o l i s h i n g  sequence it was mandatory 

t h a t  t h e  c r y s t a l  r e m a i n  rigidly bonded to the  head sf thc  

p o l i s h i n g  j i g  i n  o r d e r  t o  a t t a i n  t h e  degree  of f l a t n e s s  and 

p a r a l l e l i s m  d e s i r e d .  I n i t i a l l y  t h i s  was achieved by us ing  

.t. an ace tone  s o l u b l e  adhes ive  tradenamed Crystalbond 509 . 
To make t h e  bond, t h e  j i g  head and t h e  c r y s t a l  were hea ted  

t o  a  temperature of n o t  l e s s  than  170•‹F. A t  t h i s  temperature 

t h e  c r y s t a l  bond became f l u i d  and tacky and was e a s i l y  

t r a n s f e r r e d  t o  t h e  two items. Once coated w i t h  t h e  adhesive 

t h e  jig head and c r y s t a l  were mated and allowed t o  cool .  

The r e s u l t i n g  bond proved s u i t a b l e  r i g i d  and i n  a d d i t i o n  

was e a s i l y  r e l e a s e d  i n  an ace tone  b a t h ,  However, i n  s p i t e  

of i t s  many v i r t u e s  t h i s  m a t e r i a l  had t o  be abandoned. For  

it was e v e n t u a l l y  d iscovered  t h a t  i n  hea t ing  t h e  c r y s t a l  t o  

170•‹F, e l e c t r o n  t r app ing  l e v e l s  were in t roduced,  t h e  d e n s i t y  

of which i n  most cases  proved s u f f i c i e n t  t o  e x t i n g u i s h  t h e  

maser a c t i o n .  Subsequently,  t h e  fo l lowing co ld  bonding scheme 
, . . . . . ,  . . \ . .  . 

' t ~ b t a i n e d  from Aremco Products ,  I n c . ,  P.O. Box 145, 

B r i a r c l i f f  Manor, N.Y. 10510, U . S . A .  



was introduced which oyercame this problem. 

The j i g  head and c r y s t a l  were pa in ted  w i t h  a  

s o l u b l e  adhes2ve and allowed t o  dry .  &or  this, commercial 

f i n g e r n a i l  p o l i s h  was used.]  T h e  pa in ted  c r y s t a l  was then  

bonded t o  t h e  j i g  head by a  hard s e t t i n g  epoxy. Once cured,  

t h e  epoxy provided a  r i g i d  bond which could be removed 

l a t e r  i n  an ace tone  ba th .  (For, whi le  t h e  ace tone  had l i t t l e  

e f f e c t  on t h e  epoxy, it would n e v e r t h e l e s s  d i s s o l v e  t h e  

t h i n  l a y e r  of adhes ive  p a i n t ,  thereby r e l e a s i n g  t h e  c r y s t a l . )  

1-3 Appl ica t ion  of Ohmic Contacts  

T h e  remaining s t e p  i n  t h e  f a b r i c a t i o n  of a Phonon 

Maser was t h e  a p p l i c a t i o n  of ohmic c o n t a c t s  t o  t h e  two pol i shed  

f a c e s  of t h e  c r y s t a l .  With t h e  o b j e c t i v e  i n  mind of con t ro l -  

l i n g  t h e  c o n d u c t i v i t y  of t h e  c r y s t a l  v i a  i t s  photoconductive 

response,  t h i s  could be done i n  e i t h e r  of two ways. Namely, 

i f  t h e  f a c e s  were t o  be i l lumina ted  t h e  c o n t a c t s  must be 

o p t i c a l l y  t r a n s p a r e n t ,  whereas, i f  t h e  edges were t o  be 

i l lumina ted  they  could be opaque. The two o p t i o n s  w i l l  now 

be d i scussed  i n  d e t a i l ,  w i t h  t h e  s t a r t i n g  p o i n t  i n  each case  

being a c x y s t a l  t h a t  has  been thoroughly cleaned i n  a l t e r n a t -  

ing  ba ths  of ace tone  and methyl a locho l .  

For  edge i l l u m i n a t i o n  a  simply evapora t ion  of from 

5 0 0  t o  1000 8 of Indium was s u f f i c i e n t  t o  e s t a b l i s h  an ohmic 

c o n t a c t .  Indium was used because of i t s  a b i l i t y  t o  make a  



more t r u l y  ohmic c o n t a c t  w i t h  CdS than  any o t h e r  m e t a l l i c  

m a t e r i a l .  Nevextheless,  o t h e r  m a t e r i a l s  such  a s  Gallium and 

Aluminum [Pi-671 have been used with r easonab le  success .  

For the o p t i c a l l y  t r a n s p a r e n t  c o n t a c t s  t h e  procedure 

was somewhat more involved and was based on a modif ied 

technique r e p o r t e d  by Y .T. Sihvonen and D.R. Boyd (Si-60) . 
I n  t h i s  case  t h e  po l i shed  c r y s t a l  was p laced  w i t h i n  a pyrex 

t ube  along wi th  a smal l  q u a n t i t y  (-100 mgm) of Indium. The 

tube  was evacuated (10'~ mm of Hg) and then  f i l l e d ,  wi th  

H P  gas ,  t o  a p a r t i a l  p r e s s u r e  of 0 .5  atmospheres. Once f i l l e d ,  

t h e  tube  was then  s e a l e d  o f f .  (It i s  recommended t h a t  t h e  

tube  be of reasonable  l e n g t h  (-20 cm) and t h a t  it be sea led  

a s  qu ick ly  a s  p o s s i b l e  s o  a s  t o  minimize any hea t ing  and 

thus  a l t e r a t i o n  i n  t h e  p a r t i a l  p r e s s u r e  of t h e  encapsula ted  

H P  gas .  1 

Once s e a l e d ,  t h e  tube  was p laced  i n  a fu rnace  which 

had been preheated  t o  500•‹C. The tube  and i t s  c o n t e n t s  were 

maintained a t  t h i s  temperature f o r  10 minutes ,  then  removed 

and allowed t o  quench qu ick ly  t o  room temperature.  

The n e t  r e s u l t  of t h i s  procedure was t h e  product ion 

of an o p t i c a l l y  t r a n s p a r e n t  ohmic c o n t a c t  by t h e  d i f f u s i o n  

of Indium i n t o  the c r y s t a l  and t h e  format ion  of a h igh ly  

doped n-type s u r f a c e  l a y e r .  The purpose of t h e  H2 gas ,  over  

and above prevent ing  an evapora t ion  l a y e r  from forming, was 



1 2 5  

t o  e x p l o i t  i t s  chemical reducing  c h a r a c t e r  t o  c l e a n  t h e  c r y s t a l  

s u r f a c e  of oxygen (which i s  readZly absorbed by CdSL. This  n o t  

on ly  enhanced t h e  d i f f u s i o n  r a t e  b u t  a l s o  guaranteed a more 

uniform d i f f u s i o n  depth .  For t h e  t h e ,  temperature,  and H 

p a r t i a l  p r e s s u r e  s p e c i f i e d  t h e  d i f f u s i o n  depth ,  a s  monitored 

by t h e  f i e l d  p r o f i l e  of a b iased  c r y s t a l ,  was t y p i c a l l y  501~ 

and c h a r a c t e r i z e d  by a s u r f a c e  impedance of under 200  n/square.  

An important  f e a t u r e  t o  n o t e  i n  us ing  t h i s  procedure,  

i s  t o  avoid rubbing t h e  s u r f a c e s  of t h e  c r y s t a l .  For i n  s p i t e  

of i t s  t r a n s p a r e n t  appearance t h e r e  i s ,  n e v e r t h e l e s s ,  a very  

t h i n  l a y e r  of  Indium on t h e  s u r f a c e ,  which from exper ience  

was found t o  p lay  an important  ro le  i n  forming t h e  c o n t a c t  b u t  

unfo r tuna te ly  could be e a s i l y  removed. It  i s  even suggested 

t h a t  a t h i n  (-50 A )  evaporated overcoat ing  of Gold o r  Aluminum 

be app l i ed  t o  p r o t e c t  t h i s  l a y e r .  

Throughout most of t h e  work r e l a t i n g  t o  t h i s  t h e s i s  

t h e  d i f f u s i o n  c o n t a c t  schene was used because a more uniform 

s p a c i a l  c o n d u c t i v i t y  could be obta ined  by f a c i a l  i l l u m i n a t i o n  

over  edge i l l u m i n a t i o n .  

Having s u c c e s s f u l l y  formed an ohmic c o n t a c t  t h e  

edges of t h e  wafer w e r e  trimmed t o  remove a l l  shunt ing  

j e l e c t r i c a l  p a t h s ,  The r e s u l t a n t  wafer c o n s t i t u t e d  a u s a b l e  

phonon plaser. However, i n  most Cases the wafer was diced 



1 2 6  

i n t o  a number o f  smal le r  s e c t i o n s  c ~ 4  mm22 t o  produce several  

i d e n t i c a l  u n i t s .  I n  this way up t o  

produced from a s i n g l e  wafer with a 

3 0  u n i t s  C-4 mm2] w e r e  

y i e l d  approaching 1 0 0 % .  



P h y s i c a l  and E l e c t r o n i c  P r o p e r t i e s  of CdS 

The f o l l o w i n g  d a t a  i s  a  summary of t h e  p h y s i c a l  

and e l e c t r o n i c  p r o p e r t i e s  of  vapor  phase  grown CdS and 

are t aken  from t h e  compi l a t i on  p repa red  by M. Neuberger 

i ~ e - 6 9  j . 
Molecula r  weigh t  144.476 

D e n s i t y  4.820 gm/c.c. 

Hardness 3-3.5 Mohs 

Cleavage Axis  11, 0,Ol 

Symmetry hexagonal ,  w u r t z i t e  (6mm) 

L a t t i c e  spac ing  a = 4 . 1 3 6 8 1  

Phase  T r a n s i t i o n  33kbars  @ 300•‹K 
(Hex. t o  Cubic)  

Me l t i ng  P o i n t  1475 lS•‹C @ 100 A t m s .  

Sub l ima t ion  P o i n t  1350 O C  @ 1 atms. 

S p e c i f i c  H e a t  0.080 cal/gm•‹K @ 300•‹K 

Debye Temperature 286•‹K 

Thermal C o n d u c t i v i t y  0.2 watts/cm•‹K @ 300•‹K 

Thermal Expansion 
a long  a y a x i s  4.0 l o c 6  / O K  

a l ong  c -ax i s  2 . 1  10"~ /OK 



E l e c t r o n  M o b i l i t y  200-350 cm2/y-sec @ 3 0 0  K 

H o l e  M o b i l i t y  18-15 cm2/y-sec @ 3 0 0  K 

E l e c t r o n  E f f e c t i v e  Bass 0 .20  No 

E n e r g y  Gap 

Work F u n c t i o n  5 . 0 1  ev 

E l e c t r o n  A f f i n i t y  4.79 ev 

R e f r a c t i v e  Index 

n 
0 

2.506 @ X = 6000 2 
"e 2.491 @ X =. 6000 8 

I n v e r s i o n  P o i n t  5270 8 
(no = riel 

S t i f f n e s s  T e n s o r  (MC-69) 

C 
i j V a l u e  ( ~ 1 0 ' ~  dynes / cm2)  - 

P i e z o e l e c t r i c  T e n s o r  mC-69)  
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D i e l e c t r i c  T e n s o r  (NC-69) 

E 
' i 
h. 

€1 

V e l o c i t y  o f  Sound (MC-69) 

S 
0 

l o n g .  (// c - a x i s )  

s h e a r  (1 c - a x i s )  

V a l u e  (cm/sec) 

4 .41  x l o 5  

1 .76  x l o 5  



Appendix 1 x 1  

Data Tabulation 

The following data tables correspond to the 

experimental and theoretical analysis sf Chapier T'v'. 

Table 111-1 

Threshold Frequency Versus Current Density 

(Re: Fig. 4-4 (a)) 

X'tal 24.01.02.03 
L = 1200y, A = 7.38 mm2 
T - = 14OC 
u = 370 cm2/v-sec 

f (Exp't) 
n 

MHz 

f (Th. -corrected) 
n 

MHz 
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Table '111-2 

Tme s'ho'ld Fr equeh'c y' YeYS'u's C'uYr'en t' Deh's'l't y 

(Re': FTg': .4'--'4'(b]) 

ma/cm2 MHz MHz 



T a b l e  111-3 

T h r e s h o l d  Y e l o c i t y  V e r s u s  T h r e s h o l d  F r e t p e n c y  

5 .0  cm" 

crn2n-sec 

4 

v/so (Theory) f (Expttl 

MHz 

58 .973  
83 .573  

9 9 . 1 9 1  

1 1 7 . 0 6 6  

131 .948  

1 5 5 . 7 8 5  

1 8 7 . 0 1 8  



T a b l e  111-4 

Threshold V e l o c i t y  Versus Threshold Frequency 

(Re: Fig. 4 - 5 ( b ) )  .- 

-2 in r  - =  
L 6 .0  cm" 

fn (Exp't) 

MHz 

32 .299  

42.887 

5 6 . 6 7 3  

6 8 . 9 0 0  
82 .701  

96 .386  

1 1 9 . 3 0 2  

1 3 9 . 2 8 1  

1 7 1 . 3 7 2  

204 .930  

266 .184  

2 9 9 , 6 0 3  

3 7 0 , 3 0 7  

-. - 

V/S (Exp ' t) 

1 . 1 0 8  

1 .236  

1 . 1 5 6  

1 . 0 9 1  

1 . 0 7 4  

1 . 1 0 8  

1 . 1 6 9  

1 . 2 1 3  

1 . 3 5 6  

1 . 4 5 7  

1 , 4 9 3  

1 . 7 0 8  

1 . 3 3 2  

1 

v/so (Theory) 

1 . 2 3 4  

1 . 1 5 4  

1 . 1 4 3  

1 . 1 0 8  

1 . 1 2 0  

1 . 1 3 6  

1 . 1 6 4  

1 . 1 8 2  

1 . 2 6 4  

1.333 

1 . 4 6 4  

1 . 6 0 8  

1 . 7 7 0  



Table XU-5 

Tkeshold Frequency, Mobility, and Q Versus Temperature 

'Be: Figs. 4-6 and 4-7) 

4 

20 93.320 88.318 300 2.33~10 

93.323 87.069 290 2 . 0 7 ~ 1 0 ~  

T 

OC 

-20 

-10 

0 

10 

f (~h.-corrected) 

MHz 

93.512 

92.073 

90.835 

89.456 

f (Expl t) 

MHz 

90.346 

91.852 

91.824 

93.348 

lJ 

cm2/v-sec 

410 

370 

340 . 

320 

Q 

7 . 5 3 ~ 1 0 ~  

6.12~10 

4 . 5 9 ~ 1 0 ~  

3.73~10~ 



T a b l e  111-6 

C o n d u c t i v i t y  Tuning V e r s u s  T h r e s h o l d  F r e q u e n c y  

.(Re: Fig. 4-8 (a) ) 

fn (Exp't) 

MHz 

32 .299  

42.887 

50 .548  

68 .900  

85 .746  

99 .474  

1 1 7 . 8 8 6  

1 3 6 . 1 2 0  

171 .372  

204 .930  

I 

(lnw) (Exp ' t) 
d ( l n o )  ( l n o )  (Th. - c o r r e c t e d )  

d ( l na )  

- 1 . 4 7 ~ 1 0 - ~  

- 2 . 3 1 ~ 1 0 ' ~  

-3. 47x10c3 

- 3 . 1 5 ~ 1 0 - ~  

- 3 . 0 8 ~ 1 0 ' ~  

- 2 . 7 7 ~ 1 0 ' ~  

- 3 . 4 9 ~ 1 0 ' ~  

- 2 . 5 7 ~ 1 0 - ~  

- 2 . 7 4 ~ 1 0 ' ~  

-2 .73x1oC3 

- 2 . 5 9 ~  l o c 3  
- 2 . 2 3 ~ 1 0 - ~  

- 3 . 7 7 ~ 1 0 ~ ~  

- 3 . 3 4 ~ 1 0 ' ~  

- 3 . 0 7 ~ 1 0 - ~  

- 2 . 5 7 ~ 1 0 ' ~  

- 3 . 1 6 ~ 1 0 ' ~  

- 2 . 7 4 ~ 1 0 ' ~  

- 2 . 8 5 ~ 1 0 - ~  

- 2 . 7 3 ~ 1 0 - ~  



Table 111-7 

Voltage Tuning Versus Threshold Frequency 

[Re: Fig 4-8(b]  1 

MHz 

(lnw) (Th. -correc ted)  
d(lnV) 
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