
. *  c 

IhTEMCTIOY OF E E C T R O X I C  C-TREXT WITE 

BYPERSOXC WAVES IX SOLIDS 

I 209 WIlOd h l l 7 l l V d  

R A D I O  CORPOUTION OF LYERICA 

RCA Laboratories 
Princetoii,  Nzw Jcrsey 

Quarter ly  Progress Report No. 2 

for the period 

, January 1, 1964 t o  March 31, 1964 

Contract No. N+ 8-11120 

Report Date: Apr i l  10, 1964 

?repared for 

GEORGE C. MARSFALL SPACZ FLIGHT CENTER 
Huntsvil le,  Alabana 

., . b 

Report prepared by: R. F. Mayo 

Report approved by: R. W. Smith 

. 
L 

* * 
UJ 
0 
U a 
0 a 
<3 

- 

u 
I 
r 
P 

8 
E 
‘ Q -  
I 

https://ntrs.nasa.gov/search.jsp?R=19660004966 2020-03-16T21:21:41+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/85253431?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Since t..e l a s t  r e p o r t  considerab-2 progress has -een made w i t h  

t h e  conscruct ion of apparatus  for experimextal work, and some da ta  

have a l ready  been obtained. On t h e  t h e o r e t i c a l  s i d e ,  an  attempt has 

been nade t o  r e l a t e  t h e  r a d i a t i o n  e f f e c t s  i n  CdS wi th  phenomena seen 

ir. gal l ium arsenide  and indium antimoaide. It i s  hoped t h a t  a u n i f i e d  

t reatment  of t h e  e f f e c t s  of high e l e c t r i c  f i e l d s  or. these  m a t e r i a l s  

m y  be  produced. A prel imicary approach t o  a l a rge-s igna l  a n a l y s i s  

h a s  been made, and it i s  surmised that the cur ren t  s a t u r a t i o n  i n  CdS 

is probably due t o  e l e c t r i c ,  r a t h e r  than acous t ic ,  s a t u r a t i o n .  The 

a c o u s t i c  f l u x  assoc ia ted  w i t h  t h e  current  s a t u r a t i o n  e f f e c t  has  been 

oboervod experlsenta I ly ,  and frequency co;r.poilenLs have been seen which 

are unexpectedly low i n  frequency. 

. 
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I. . Discussion 
A s  w2s stated in the first Quarterly Xeport, the current saturzZTG:-- 

effects seen in cadaium sulphide were chosen as'one of the principal 

subjects f o r  study during this quarter. Associated with this saturation 

is the build-up of acoustic flux in the crystal. 
incokerent but occasionally coherect sinusoidal oscillations have been 

seen. Clearly a study of the acoustic activity in CdS under these 
conditions is vital to our understanding of the physical processes 
involved. 

Normally this flux is 

In addition, we suggest that there is the possibility of a connection 
between this fluctuation phenomenon and some other more recently discovered 
effects in indium antimonide and gallium arsenide. Because of the 

similarity in behavior the work on InSb and GaAs may be helpful in 
reaching an understanding of CdS. 

conductors separately, but first make some general remarks on the frequency 

dependence of the noise 03served. 

We deal below with these three semi- 

Propagating space-charge waves on the carriers in a semiconductor 
can cxist, but only at a plasma frequency high compared to the collision 

frequency. 
frequency sensitive, and that a good approximation to the frequency of 
least damping is: 

An analysis'') of these waves shows that the damping is 

where 

e = electron charge 
C 7  = conductivity 
p = mobility 

v = d.c. drift velocity of the carriers. 
0 

This relation also gives the frequency of maximum gain for acoustic 
amplification in cadmium sulphide as predicted by White!2> but we can see 

that Eqn. (1) has broader implications. 
drifting through the semiconductor, are excited by r-f power over a broad 

It predicts that if the electrons, 

2 



~ bar;d, ..L..*-- w,14CF:~er the source of the  exc i t a t ion ,  then  the  r - f  cu r ren t  w i l l  
~ 

have a peak a t  f requencies  around o as given by Eqn. (1). 
0' 

Alterna t ive ly ,  i f  the  cu r ren t  waves a r e  coupled t o  the  l a t t i c e  o r  

I t o  s o m  other  non-dispersive wave-propagating system, w e  can expect t he  
I 

combined system t o  have a peak i n  i t s  output near  w 

i s  p rec i se ly  what i s  predicted by White's ana lys i s ,  wi th  the  sound waves 

forming the  second system. 

This, of course,  
0' 

I Bearing these  genera l  observat ions i n  mind we now d i scuss  s e p a r a t e l y  

the  th ree  semiconductors under considerat ion,  

(a) Cadmium Sulphide . 

It has been found ( ' I J  (3) t h a t  a s soc ia t ed  wi th  the  c u r r e n t  

s a t u r a t i o n ,  t he re  i s  a buildup of incoherent acous t i c  energy i n  the  

c r y s t a l .  

by Eqn. (1). 

under test  i s  o s c i l l a t i n g  due t o  some i n t e r n a l  feedback mechanism. 

d e t a i l s ,  however, are by no means c l ea r :  

The spectrum of t h i s  s i g n a l  has a peak near  t he  frequency given 

It has been suggested t h a t  t h i s  i n d i c a t e s  t h a t  t he  c r y s t a l  . 
The 

F i r s t l y ,  i f  we consider  t h a t  t h e  c r y s t a l  s l a b  i s  a c t i n g  as a resonant  

cav i ty ,  a l b e i t  many wavelengths long, then, given enough time f o r  t h e  

o s c i l l a t i o n  t o  bui ld  up t o  s a t u r a t i o n  amplitude, one would expect t he  

c a v i t y  t o  opera te  a t  a s i n g l e  frequency. 

60 Mc/sec., t he  s i g n a l  was seen t o  d i e  away wi th  a time cons tan t  of about 

70 psecs .  I f  w e  were measuring the  Q of a c a v i t y  by watching t h e  decay of 

o s c i l l a t i o n s ,  we would apply t h e  formula, z = Q/wo, and obta in  Q = 26,000. 

Thus even wi th  a c a v i t y  a dozen wavelengths long, wi th  seve ra l  c l o s e l y  

spaced resonances, w e  would a n t i c i p a t e  t h a t  one would eventua l ly  dominate. 

W e  recognize,  however, t h a t  t h e  mode spacing may be small t h a t  t he  Q of 

ad jacen t  modes may not d i f f e r  grea t ly ,  and a small anharmonicity of t he  

c r y s t a l  r a y  couple modes. 

I n  a t y p i c a l  experiment(4) a t  

Secondly, t he  s i g n a l  seems t o  build up froin an  extremely high i n i t i a l  

l e v e l .  I f  t he  s i g n a l  i s  due t o  the  mechanism described by White e t  al . ,  

t hen  i t s  i n i t i a l  l e v e l  should be of the order  of kT&, provided t h a t  t h e  

frequency is high enough. 

c o i s e  can dominate and set t h e  i n i t i a l  l eve l .  W e  d i scuss  t h i s  i n  Sect ion I1 

, 

(At low frequencies,  photocurrent o r  contac t  

a 



. i n  r e l a t i o n  t o  our own exper,...--.,;). I n  t h e  experiments mentioned (4; , 
t h e  i n i t i a l  no ise  l e v e l  was somc 83 db. above kTaf ( re fer red  t o  t h e  

input  te rmina ls ) .  The outpat  noise  level  w s s  20-30 db below t h e  

s a t u r a t e d  olltput power. This s u r e l y  needs explanat ion.  

Corporation has  proposed a new e ~ p l a n a t i o n ' ~ )  f o r  t h e  non-ohmic behavior of 

CdS. 

101o-lO1l c.P.s.,  i . e . ,  i n  t h e  upper microwave region, r a t h e r  than t h e  

megacycle range as predicted by White's theory.  

cons iderable  i n t e r e s t  t o  us, s ince  it does not appear t o  r e q u i r e  e l e c t r o n  

I n  t h e  pas t  few months, Ik. E. W. Prohofsky, of the  Sperry-Rand 

Ee suggests  t h a t  i t  i s  due t o  phonons i n  t h e  frequency range 

H i s  theory i s  of 

bunching. 
present  t ransducer  techniques,  t o  detect  these  phonons i f ,  i n  f a c t ,  they  

a r e  being generated.  

10'' c. p. s .  r e v e a l s  t h e  following p o s s i b i l i t y :  

But, as Prohofsky poin ts  out,  i t  i s  very d i f f i c u l t ,  w i t h  

A cursory  examination of methods of looking for phonons a t  about 

A new type of photo-detector,  ca l led  t h e  "Lasecon", which can detect  
10 l i g h t  modulation a t  microwave frequencies,  t y p i c a l l y  those around 10 

c y c l e s  per second, was r e c e n t l y  developed a t  these  Laborator ies(6) .  

should t h e r e f o r e  be poss ib le  to i l luminate  a CdS c r y s t a l  i n  t h e  c u r r e n t -  

s a t u r a t e d  regime wi th  a l a s e r  beam and t o  d e t e c t  microwave modulation 

on t h e  r e f l e c t e d  l i g h t ,  

It 

S h ~ c k l e y ' ~ ) ,  i n  h i s  c l a s s i c  paper on I'hot" e l e c t r o n s ,  t r i e d  t o  

account f o r  non-ohmic behavior i n  germanium a t  moderately-high e l e c t r i c  

f i e l d s .  Using a "b i l lyard  b a l l "  model t o  descr ibe  t h e  electron-phonon 

c o l l i s i o n s ,  he pred ic ted  t h a t  t h e  break-point i n  t h e  V-I curve would 

occur a t  a f i e l d  i n  which t h e  e lec t ron  d r i f t  v e l o c i t y  would be 1.5 v . 
However, Smith has  shown from many experiments t h a t  t h e  break-point i n  

CdS occurs a t  v = v . 
does n o t  e x p l a i n  t h e  phenomenon, but it may be poss ib le  t o  modify the 

theory.  I n  CdS, t h e  phonons a r e  not of t h e  same type as i n  Ge. They 

are, i n  f a c t ,  Ilpiezons", o r  p iezoe lec t r ic  phonons, and e x i s t i n g  t h e o r i e s  

have not  been a b l e  t o  descr ibe  t h e  electron-piezon i n t e r a c t i o n  a t  cormal 

temperatures,  i .e.,  one cannot: compute t h e  coupl ing c o e f f i c i e n t ,  e / e  C, 

S 

Thus Shockley's theory,  a s  o r i g i n a l l y  formulated, 
d s  

2 
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from f i r s t  p r i n c i p l e s .  T;--- .Liculty h a s  been pointed out by Ashley. ( 8 )  

(b) G a l l i m  Arsenide 

Coherent o s c i l l a t i o n s  i n  tke cur ren t  passing through GaAs 

under h i g h - f i e l d  condizions have been observed by Gunn (I9) a t  I.B.M. 
They have a l s o  been seen a t  X . I . T .  

those of r e l a x a t i o n  o s c i l l a t i o n s  than sine wave o s c i l l a t i o n s .  Workers 

a t  RCA Laborator ies  have ye t  t o  reproduce these  r e s u l t s .  

been a b l e  t o  produce r a d i a t i o n  of an incoherent charac te r  under h i g h - f i e l d  

condi t ions .  (lo) 

The ~7aveforms produced seem more l i k e  

We have, however, 

Noise was detected over t h e  range 0.5 - 4.0 krnc/sec. oil 

c a l c u l a t i n g  t h e  frequency, w from Eqn. ( l ) ,  us ing t h e  experimental  

va lues  of f i e l d  and conduct ivi ty ,  a value of 14 kmc/sec. was obtained f o r  

T = 303" K. 
mobi l i ty  and could be lower. 

0, 

This value,  however, i s  based upon a field-independent 

Xevertheless,  t h e r e  are some d i s s i m i l a r i t i e s  between t h e  condi t ions  

I n  GaAs, the  threshold v o l t a g e  i s  much sharper  and i n  G a A s  and ia  CdS. 

t h e  c l e c r r o n  v e l o c i t y ,  assuming constant mobil i ty ,  i s  higher  than t h e  

v e l o c i t y  of sound. 

and i s  a l s o  p i e z o e l e c t r i c ,  al though l e s s  s o  than CdS. 

On t h e  o ther  hand GaAs i s  s t r u c t u r a l l y  s i m i l a r  t o  CdS, 

The point  w e  wish t o  make i s  that  t h i s  i s  a n  example of incoherent 

r a d i a t i o n  from a semiconductor a t  frequencies t o l e r a b l y  near  t o  t h a t  

p red ic ted  by Eqn. 

no a c o u s t i c  gain. It suggests  t h a t  such r a d i a t i o n ,  e.g.  i n  CdS, need not  

r e l y  on a c o u s t i c  wave a m p l i f i c a t i o n  f o r  i t s  ex is tence .  

i s  t h a t  i n  CdS t h e  e l e c t r o n  d r i f t  ve loc i ty  i s  c l o s e  t o  t h e  sound v e l o c i t y  

(l), but  under condi t ions where present  theory p r e d i c t s ,  

Nevertheless,  t h e  f a c t  

when t h e  r a d i a t i o n  i s  observed, i .e . ,  condi t ions  a r e  appropr ia te  €or  

a c o u s t i c  gain.  

T'nare is ,  however, another  s i m i l a r i t y  between GaAs and CdS which 

shoclld be considered. Smith and Moore i n  t h i s  laboratory have observed 

c u r r e n t  o s c i l l a t i o n s  i n  CdS under high-f ie ld  condi t ions  (c. f .Gunn's 

experiinents).  

phenone~a  have common r o o t s .  

experiinents i n  GaAs, s i m i l a r  t o  those w i t h  CdS. 

There seems t o  be a st rong p o s s i b i l i t y  t h a t  the  two 

We a r e  t h e r e f o r e  contemplating a c o u s t i c  

5 



(c) Indium .4nt~nonide 

Experiments i n  t h i s  laboratory by 1.I. C. S tee le  and 

R. 3. h r r a b e e  have detected microwave r a d i a t i o n  from InSb i n  t h e  
10-30 lcmc/sec region.  (12) 

A t  f i r s t  s i g h t ,  these  experiments ;>pear t o  have l i t t l e  i n  comnon 

w i t h  those on CdS and GaAs. 

perpecdicular  t o  t h e  e lectr ic  f i e l d .  Also ,  che presence of e l e c t r o n s  

- and holes  i s  required.  However, from conversations wi th  D r .  Steele, 

some i n t e r e s t i n g  poin ts  emerged. 

A magnetic f i e l d  i s  required,  p referab ly  

Under t h e  condi t ions  described, a H a l l  f i e l d  i s  generated i n  a 

d i r e c t i o n  perpendicular  t o  t h e  e l e c t r i c  and magnetic f i e l d .  

charge d i s t r i b u t i o n  i s  set  up i n  rhe c r y s t a l  and t h e  i n i t i a l  motion 

of t h e  e l e c t r o n s  i n  t h i s  d i r e c t i o n  i s  ha l ted  by t h e  space charge forces  

9n t h e  o ther  hand, i f  a ho le  and an e lec t ron  move together ,  there  i s  

no n e t  t r a n s f e r  of charge and t h e  space charge i s  not dis turbed.  

t h e  e l e c t r o n  i s  more mobile than t h e  hole, i t  i s  not  unreasonable t h a t  

A space 

Since 

t h e  n e t  mobi l i ty  or' t h e  p a i r  w i l l  be near t h a t  of t h e  hole  alone. (13) 

When a c a l c u l a t i o n  of e l e c t r o n  d r i f t  v e l o c i t y  was made, us ing t h i s  

assumption, i t  was found t o  be very  close t o  t h e  v e l o c i t y  of sound. 

Moreover, t h e  value of w was a l i t t l e  below 10 kmc/sec. 
(12) 

0 

These f i g u r e s  may be coincidental ,  but  i n  a d d i t i o n  Larrabee 

has  observed c u r r e n t  o s c i l l a t i o n s  i n  InSb c r y s t a l s ,  not  un l ike  those 

seen i n  CdS my Moore and Smith. 

i s  r e l a t e d  t o  a dimension of t h e  c r y s t a l .  

dependent on t h e  t r a n s i t  t i m e  along the c r y s t a l .  

roughly t o  a n  e l e c t r o n  t r a n s i t  t i m e  across  the c r y s t a l ,  i . e .  i n  t h e  

d i r e c t i o n  of t h e  H a l l  f i e l d .  

w i t h  t h e  kind permission of Larrabee and Stee le .  

I n  summary, t h e r e  appears t o  be a more than s u p e r f i c i a l  connection 

I n  both cases  t h e  frequency of o s c i l l a t i o n  

I n  CdS, i t  seems t o  be 

I n  InSb, it corresponds 

Any r e s u l t s  re levant  t o  CdS w i l l  b e  reported 

between previous ly  unre la ted  phenomena i n  CdS, GaAs,  and InSb. The 

. s i m i l a r i t y  i s  g r e a t e s t  between CdS and GaAs. 

6 



11. Experimenral Work 
Three CdS c r y s t a l s  of var ious  pur i ty  grades have been obtained. 

These have been s l i c e d  (see Photo I) t o  provide,  from each c r y s t a l ,  

samples 0 .5  mm and 5 mn th i ck .  

Department i s  heavy, s o  t h a t  de l ive ry  o f  c u t  samples i s  slow, but  t h i s  

(The l o s d  on our S o l i d - s t a t e  Processing 

s i t u a t i o n  is  being r e c t i f i e d ) .  

and the  cons t ruc t ion  of "amplif iers"  i s  under way. 

used t o  i n v e s t i g a t e  the dependence of s igna l s ,  coherent and/or  incoherent ,  

on such parameters as conduct ivi ty ,  crystal  length  and i n j e c t e d  s i g n a l  

l eve l ,  Sear ing i n  mind the  remarks made i n  Sect ion I. 

Transducers have j u s t  been de l ivered ,  

The s l i c e s  w i l l  be 

To expedi te  t he  experimental  work, one t ransducer ,  of unknown qua l i ty ,  

was obzained frorn another  source and used t o  tes t  the  c a p a b i l i t y  of t he  

l abora to ry  f a c i l i t i e s  i n  nuking indiuin bonds. (Photo 2 ) .  This t r i a l  

run seems t o  have been accomplished successfu l ly  and some i n t e r e s t i a g  

r e s u l z s  have been obtained wi th  t h i s  c rys ta l - t ransducer  combination. 

The t ransducer  was bonded wi th  indium t o  a CdS sl ice,  0.5 mm th ick .  

The c r y s t a l  was, i n  turn,  bonded t o  a t r a n s i s t o r  header t o  provide a 

hea t  s i n k  and a n  e l e c t r i c a l  contac t .  (Photo 2 ) .  

I n i t i a l l y ,  pulsed vol tages  o f  up t o  100 V (500 psec long) were 

app l i ed  t o  t h e  c r y s t a l ,  and the acous t ic  output from the  t ransducer  

w a s  observed on an  osc i l loscope .  

knee of t he  V - I  curve.  (Fig. 1). The experimental  c i r c u i t  i s  shown 

schematicall 'y i n  Fig.  2. 

ZLg. 3(a)  shows the  output  from the  t ransducer  a t  100 V, which w a s  

The appl ied  vo l t age  corresponded t o  the  

t h e  vol rage  a t  which the  c r y s t a l  current  s a tu ra t ed .  

t o  have ?ow-frequency components of considerable  amplitude, "s ingle  shot"  

photographs had t o  be taken i n  order t o  r e so lve  any d e t a i l s .  

Since the  noise  appeared 

F i g .  3(b) shows t h e  i n i t i a l  t r ans i en t s  i n  the  output  from the 

t ransducer .  

Fig. 3(c) shows the  output  during one complete pulse.  

7 



The low-frequency components i n t c r s s t e d  us g rea t ly ,  s i n c e  they  

cannot be e a s i l y  explained f ron  e x i s t l n g  t keo r i e s .  Accordingly, some 

experiments were performed wi th  d.c. vol tages  appl ied .  While t h i s  

eventua l ly  proved f a t a l  t o  t h e  c r y s t a l ,  sone i n t e r e s t i n g  r e s u l t s  were 

obtained.  (Figs. 3(d) ,  3(e),  3 ( f )  ). 

Fig.  3(d)  shows a s i n g l e  slow sweep of the osc i l loscope .  The 

t ime taken  f o r  one sweep w a s  1 second and i t  can be seen t h a t  t h e r e  

are  ccmponents of no ise  a t  2-3 cyc les  f ssc. 

Figs .  3(e) and 3(f) were taken under similar condi t ions ,  but with 

f a s t e r  sweep speeds. 

No components could be seen nuch above 1 megacycle per  sec., but 

no artempt had been made t o  tune out the ca?ac i tance  of t he  t ransducer  

and t h e  osci l loscope,  s o  t h i s  i s  probably not s i g n i f i c a n t .  Unfortunately 

the  c r y s t a l  f a i l ed  before  f u r t h e r  work could be done. 

Un t i l  these  experiments can b e  repeated and confirmed wi th  s imi la r  

c r y s t a l  sl ices,  w e  should be caut ious  i n  reading  t o o  much i n t o  then. 

Nevertheless they suggest tha t  the  current  s a t u r a t i o n  i n  CdS i s  due t o  

a racdoz, incoherent  c o l l i s i o n  process;and not  t o  a mechanism involving 

bunching of t h e  carriers as w e  now understand bunching. 

The f a i l u r e  of the c r y s t a l  and the r e s u l t a n t  change i n  the  V-I 
characteristic are i l l u s t r a t e d  by Fig. 1. Evident ly  overheating, due ' 

t o  t k e  d i s s i p a t i o n  of some 40 warts  p e r  cubic .cent imeter  had caused 

t h e  ger,eration of e l e c t r o n  t r a p s ,  and a t y p i c a l  t r ap -con t ro l l ed  cu r ren t  

curve(14) r e su l t ed .  

continuous vol rages  appl ied,  bu t  t h e  cur ren t  w a s  measured before  the  

c r y s c a l  had t i m e  t o  warm up appreciably.  

The experimental  po in ts  i n  Fig. 1 were taken wi th  

For comparison, some current-vol tage c h a r a c t e r i s t i c s  were taken by 

apply ing  saw-tooth vol tage  pulses  t o  the  c r y s t a l .  It was found t h a t  the  

c u r r e n t  was a f f e c t e d  by t h e  pulse  length, and increased wi th  it. We 
i n t e r p r e t  t h i s  by proposing t h a t ,  since the  t raps  take  a f i n i t e  t i m e  t o  

fill, 2nd ttds t i m e  is less than  the t r a n s i t .  t i n e ,  t he  number of f i l l e d  

t r a p s ,  and hence the  chance of trapping, w i l l  vary a f t e r  the vol tage  i s  

a 



a p p l i e d .  A s  t he  t r a p s  a r e  f i l l e d ,  t he  c h a x e  02 an e i e c t r o n  f a l l i n g  

i n t o  one i s  decreased, and t h e  cu r ren t  ix-;eases. 

When p lo t t ed  on log-log graph paper , (sce Fig. 4 ) ,  t he  cu r ren t  was 
found t o  be increas ing  roughly a s  V 7 / 4  . 

No de tec t ab le  output  could be seen from the t ransducer  a f t e r  

t he  c r y s t a l  had f a i l e d .  

through the  length of the  c r y s t a l  i n  the t rap-cont ro l led  regime, t h i s  

i s  not unreasonable. 

v 

smaller reg ion  near  one end, s ince  the  trapped space-charge w i l l  dep res s  

t he  vo l t age  inside t h e  crystal. 

Since t h e  f i e l d ,  and d r i f t  ve loc i ty ,  vary 

Ins tead  of t rave l ing  with a v e l o c i t y  g rea t e r  than 

throughout t he  c r y s t a l ,  t he  eleccrons w i i i  only do so  thrcugh a 
S 

(c . f .  space charge l i m i t e d  diode).  

I n  conclusion, i t  seems t h a t  t h e  behavior of t he  c r y s t a l  can be 

accounted €or reasonably we l l ,  and tha t  t h e  s igna l s  seen under cur ren t -  

s a t u r a t e d  condi t ions were not spurious,  e.g.  contact  noise .  We have 

th ree  main reasons f o r  be l iev ing  t h i s :  

I) 
va he. 

2) 

3) 

The noise  appeared a t  a threshold vol tage near  t h e  predicted 

No noise  could be seen on the Cnput vo l tage  p u l s e s .  

The noise  disappeared when the c r y s t a l  f a i l e d .  

Nevertheless,  our most urgent  p ro jec t  is t o  repeat  and confirm t h i s  

experiment with t ransducers  of known qua l i ty .  

An attempt w i l l  be made t o  de tec t  X-Band r a d i a t i o n  from a post  of 

cadmium sulphide located i n  an X-Band waveguide (Fig. 5 ) .  A sample i s  

being prepared which has a va lue  of LJ 

w i l l  a l s o  be made of t h e  microwave impedance a s  a func t ion  of appl ied  

d.c. e l e c t r i c  f i e l d .  (The waveguide mounting i s  p re fe r r ed  t o  the  cav i ty  

mentioned i n  the  f i r s t  Quarter ly  Report, as it  was found e a s i e r  t o  mount 

a t  about 8 kmc/sec. Measurements 
0 

samples i n  the  former). 

111. Analysis 

The usua l  analyses  2, 0.f e lec t ron-acous t ic  wave i n t e r a c t i o n  assume, 

for s impl i c i ty ,  a one-dimensional configurat ion.  This precludes the  

9 



exis tence  of an e x t e r n a l  r - f  c i r c u i t  and, indeed) in  these ana lyses  

t h e  t o t a l  r - f  cur ren t  i s  taken t o  be  zero. 

t h e  case,  and, i n  f a c t ,  the  r-f curren t  i n  the  ex te rna l  leads may be 

as important an  experimental  rreasure of t h e  s l ec t ron -acous t i c  a c t i v i t y  

as is  t h e  acous t i c  flux i;? the  transducer c i r c u i t .  The t o t a l  r - f  

cu r ren t  i s  est imated i n  the  f o l l o ~ r i n g  b r i e f  c a l c u l a t i o n  and the r e s u l t s  

a r e  discussed.  

a n a l y s i s  of t he  complex r - f  impedance of t he  a c t i v e  c r y s t a l .  

impedance c a l c u l a t i o n  w i l l  be pursued i n  d e t a i l  during the next Quarter. 

i n  p rac t i ce  t h i s  is  not  

I n  addi t ion ,  t he  ca l cu la t ion  forms the  bas i s  of an 

This 

The t o t a l  r - f  cu r ren t  densi ty ,  I, i s  the  sum of the  c a r r i e r  

c u r r e n t  dens i ty ,  J, and the  displacement cur ren t  dens i ty  a D /  h t .  
Thus 

I =  J +  a D / a t  ( 1) 
where J is  due t o  convection cu r ren t  and d i f f u s i o n  cu r ren t :  

J = p v - D k  a x  

H e r e p  i s  the  charge dens i ty  of t h e  mobile c a r r i e r s ,  v is  t h e i r  d r i f t  

v e l o c i t y  and Dn i s  the  d i f f u s i o n  coe f f i c i en t .  For a mobility-dominated 

flow , 
v =  $3 (3) 

I f  a t i m e  dependence of exp ( ju t )  i s  assumed and i f  t he  system is 

l i nea r i zed ,  them wi th  r - f  terms denoted by subscr ipt-one and d.c.  terms 

by subscr ip t -zero ,  one has t h a t  

The r - f  e l e c t r i c  displacement i s  given by Poisson's equation: 

Furthermore, t h i s  displacement i s  r e l a t ed  l i n e a r l y  t o  t h e  r - f  f i e l d  

i n t e n s i t y  by 
D, = €'E, 

10 



where the  e f f e c t i v e  d i e l e c t r i c  c o n s c a t  T ' E ~ L C S S  t o  t he  "cold" 

d i e l e c t r i c  cons tan t ,  Eo, i n  the  a b s e x e  of z lec t ron-acous t ic  i n t e r -  

ac t ion .  Thus Eq. ( 4 )  becomes 

where the  conduct iv i ty  i s  7 = pfi 

v = pEo. 

and the  d.c. d r i f t  v e l o c i t y  i s  

0 

, 
Since I i s  not a func t ion  of distance,  Eq. (7) must have a 1 

s o l u t i o n  of t h e  form 

Equation (9) contains  the  main point of t h i s  ca l cu la t ion .  It i s  

t h a t  t h e  t o t a l  r - f  cur ren t  i s  a function of the  per turbed d i e l e c t r i c  

c o n s t a n t , c ,  and s o  a measurement of t h i s  cur ren t  i n  the ex te rna l  

c i r c u i t  should exh ib i t  e f f e c t s  due t o  acous t i c  ampl i f ica t ion .  So f a r  

such measurements, made here  and elsewhere, have been inconclusive.  

I f  f u r t h e r  tests bear  out  t he  preliminary f ind ing  t h a t  no such acous t i c  

e f f e c t s  appear, then f u r t h e r  doubt i s  t o  be c a s t  on the l i nea r i zed  

theory  t h a t  has been t r a d i t i o n a l  i n  th i s  Troblem. 

I 

Furthermore, a l i n e a r  theory cannot p red ic t  t he  s a t u r a t i o n  l e v e l  

o f . t h e  acous t i c  e f f e c t s ;  the  sa tu ra t ion  l e v e l  i s  e s t ab l i shed  by non- 

l i n e a r i t y  somewhere i n  t h e  system. As was noted i n  the  f i r s t  Quarter ly  

Report ,  t he  non- l inea r i ty  may l ie  i n  t he  acous t i c  system or  i n  the  

e l e c t r i c a l  system. 

system. However, the  p o s s i b i l i t y  of acous t i c  s a t u r a t i o n  needs examination. 

A f i r s t  s t e p  i n  t h i s  d i r e c t i o n  is outlined i n  Appendix A, where the  

b inding  energy of CdS i s  computed from t he  Madelung energy and by a 

Born-Haber cyc le .  The r e s u l t s  agree a s  w e l l  a s  can be expected when 

I n t u i t i v e l y  one f e e l s  t h a t  i t  l i e s  i n  the  e l e c t r i c a l  

11 



.- 

van der Waals and polarization contributLais' are neglected. 
former computation may be extended to get sn indication of the 
non-linearity of the force function. 

The 

TV. Plans for the next quarter 
We plan to continue our study of the relationship between the 

current saturatfon phenomenon and acoustic signals in the crystals, 
both internally generated and injected via transducers. 
we hope to: 

Specifically, 

1) Study the relation between spontaneous current and acoustic 
signals to reach an understanding of these. 

2) Study the microwave properties of CdS to obtain direct 
evidence o'f the role of high-frequency phonons in current saturation 

and spontaneous oscillation. 
determination of the effects of sample geometry and microwave measure- 
ments of sample impedance with and without an acoustic driving signal.  

The program has been carefully chosen to complement but not  over- 

lap, the work of Smith and Moore in the Laboratory so that a maximum 

Contemplated experiments include 

of information is obtained in a short time. 
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A w e i i d i x  A 

The re l evan t  d a t a  a r e  t o  b e  found In Se i t z ,  "The Modern Theory , 

of Solids, ' '  McGraw-Hill, New York, i940. 
a) Hadelung computation. 

, The binding energy i s  given by 

a ah 

Madelung cons tan t  

1.64 f o r  zincblend o r  wur t z i t e  s t m c t u r e s  

charge of Zegat ive  ion  

charge of p o s i t i v e  ion  

l a t t i c e  opening 

2.52 A i n  CdS 

repu l s ive  f o r c e  cons tan t  . 
9 f o r  su lphides  

0 

Since  Cd and S a r e  d i v a l e n t  

= 3 3 . 3  e l e c t r o n  v o l t s .  

where q i s  t h e  e l e c t r o n i c  charge.  

b) Born-Haber cyc le .  
- 

ft 1. Energy t o  form Cd (g) froin Cd(S), where g denotes  gas, 

s s o l i d  and a minus s ign  on the energy meails energy suppl ied t o  the  

system. 

Cd(S) --+Cd(g) - 1 . 1 7  ev Heat of subl .  

Cd(g)+Cd+(g) -8.99 ev F i r s t  i on .  

Cd+(g)-+ Cd*(g) -16.8 ev Secoild ion .  

Cd (S) -> Cd*(g) -26.96 ev 

. 
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. 2 .  .Energy t o  form s - - ( g )  f r o n  S ( S )  

S(S) ->S(E;) -5.90 Ecat  o f  SL;’s;. 

S (g) -3 S- (g) i 2 . 5  tv F F ~ s ~  c r ’ f i n i ; ~ .  

S- (8 )  -2 S-- ( 2 )  -3 .25 ev S c c o a l  a f f i n i t y .  

S (s) -> S--  (g) -6.65 ev 

3 .  Heat of forxiation of CdS 

Cd(S) + S ( s )  -> CdS i 1.LS ev. 

Cdtt(g) -k S - - ( g )  -3- CdS i 35.0 ev. 

4 .  Binding energy 

The Sinding energy of 35.0 ev i s  i n  reazonable  agreement with t h e  

va lue  of 33 ev obtained from t h e  Kadelung c a l c u l a t i o n .  

A f i r s t - o r d e r  expansion of Equation (1) y i e l d s  t h e  compress ib i l i ty ,  

second- and higher-order s x p a n s i o x  yielc! t3.e a o c l i n e a r  terms. 

. 
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Figure Capti0r.s 

P’hoto 1 

Photo 2 

Fig.  1 

Fig.  2 

F ig .  3 

Fig.  4 

Fig.  5 

Crys ta l s  of CdS and transducers f o r  45 Mc. Note small  
thickness  (0.002”) of t he  transducer. 

Transducer and c r y s t a l  of CdS mounted on t r a m i s t o r  header .  

Current-Voltage c h a r a c t e r i s t i c s  of t h e  c r y s t a l ,  before  and 
a f t e r  f a i l u r e .  

Schematic of experimental  set-up. 

Transducer output  versus  time. 

C h a r a c t e r i s t i c s  of t he  f a i l ed  c r y s t a l .  

Sample mount f o r  CdS r-f impedance neasurements. 
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Kev to Figure 3 

F ig .  No. Voltage Applied ' Scopc Sens l rLvL ty  Sweep Speed 

3 (4 100 V Pulse  0.2 v / m  100 psecjcm 
3 ( 3 )  100 V Pulse  0 . 2  V/cx 10 pecjcm 

3 (c) 100 V Pulse  0.2 V/cm 100 pecjcm . 
3 (dl 300 V D . C .  0.05 V/cm 100 msecjcm 
3 (4 300 V D.C.  0.05 Vjcm 1 insecjcn 
3 ( 2 )  300 V D . C .  0.05 V/cm 100 ysec/cm 

For f u r t h e r  d e t a i l s  see the  t e x t .  
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