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c ' ! .  

Summary 

The possible device applications of ultrasonic amplification in piezo- 

electric semiconductors, particularly at ultra-high and microwave frequencies, 

are discussed. Power output, noise level, and efficiency are considered and 
the present situation in the construction of transducers for extracting r.f. 

power is surveyed. The phenomenon of current saturation in cadmium sulphide, 

e i c h  is thought to be a related effect, is also discussed. 
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l I. Introduction 
The i n t e r a c t i o n  between an e lec t ron  cu r ren t  and acous t ic  waves i n  a piezo- 

e l e c t r i c  semiconductor (CdS) was f i r s t  described by White") and h i s  co-workers. 

Their ana lys i s (2)  w a s  of a form fami l ia r  t o  workers i n  t h e  microwave tube f i e l d ,  

and D r a n ~ f e l d ' ~ )  gave a q u a l i t a t i v e  explanation of t h e  e f f e c t  i n  t rave l ing-  

wave-tube terms. It was sa id  t h a t  the e l ec t rons  d r i f t i n g  through t h e  semicon- 

duc tor  were bunched by t h e  e l e c t r i c  f i e l d  due t o  the  acous t ic  wave. I f  t h e  

d r i f t  v e l o c i t y  of the  e l ec t rons  is s l i g h t l y  g r e a t e r  than the  acous t ic  wave 

.* . veloc i ty ,  then t h e  bunches move forward i n t o  a region of dece le ra t ing  electric 
Quate(6) pursued t h e  ana- f i e l d ,  thereby giving up t h e i r  energy t o  the  f i e l d .  

logy f u r t h e r  and set up the  equations i n  the  coupled-mode formulation. 

A t  about the same t i m e ,  Smith(3) discovered a cu r ren t  s a t u r a t i o n  e f f e c t  

i n  Cadmium Sulphide. Sa tura t ion  began as t h e  d r i f t  ve loc i ty  of t h e  e l e c t r o n s  

approached the  acous t ic  wave ve loc i ty .  Rose(3) offered the  explanation t h a t  

under these  conditions s t rong  acoustic o s c i l l a t i o n s  would be set up, and the  

e l ec t rons  would be "trapped" i n  the  troughs of the  associated e l e c t r i c  wave. 

This theory has s ince  been cr i t i c i sed") ,  and w e  d i scuss  the phenomenon i n  more 

d e t a i l  below. 

One of t he  cons i s t en t  d i f f i c u l t i e s  encountered i n  t h i s  work, p a r t i c u l a r l y  

a t  high frequencies, has been the f ab r i ca t ion  of e f f i c i e n t  transducers f o r  the  

e x c i t a t i o n  of t he  u l t r a son ic  waves. The r e s u l t s  so f a r  achieved are given 

below. 

11. Gain. Power Output, and Noise 

The theory developed by White") leads  one t o  expect very considerable 

ga ins  per  centimetre of c r y s t a l  length and, i n  f a c t ,  f i gu res  of 150 db/cm. 

have been found. On the  o the r  hand, t h e  ac tua l  ove ra l l  gains of p r a c t i c a l  

devices have been of t he  order of only 40 t o  50 db. The bas ic  reason f o r  t h i s  

i s  t h a t  the  maximum output power i s  low and i s  not  very f a r  above the no i se  

l e v e l .  

t he  performance which may be expected from the  acoustic-wave ampl i f ie r .  

We g ive  some s impl i f ied  ca l cu la t ions  below which provide es t imates  of 

The d . c .  energy which i s  converted i n t o  r . f .  power i n  a traveling-wave 

tube is  the k i n e t i c  energy of t h e  d r i f t i n g  e l ec t rons .  An e l ec t ron  moving with 

the  v e l o c i t y  of sound i n  Cadmium Sulphide has  a ve loc i ty  of about 5 x 10 

metres/sec.  This corresponds t o  an energy of about 70 x 10 

Consequently, f o r  every ampere of d.c. cu r ren t  w e  have only 70 microwatts of 
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available power for conversion into r.f. Given reasonable efficiency, this 

implies saturated power output levels of the order of 10 microwatts. 

The noise power in the acoustic waves in the crystal comes from two 

sources. 
and also that induced by the current. 

There is the contribution kTAf from the acoustic modes themselves, 
The latter can be estimated as follows: 

If the electromechanical coupling is small: 

JJ* 
2 2w € . 2 . .  

By definition, 

IC2 = Electromechanical Coupling Constant 

Mechanical Energy Density i 
Electrical Energy Density. 

. * .  Electrical Power f - x Associated Mechanical Power. 
K2 

. * .  P = Mechanical Noise Power n 

- -  vS A - K2 /J/2 v A = K2 €EE* 
S 2w2€ 2 

where vs = velocity of propagation 

If we assume full shot noise, then /J/ = A 
where I = dc current density 

e = electronic charge. 

A = cross-sectional area. 
2 2eUf 

:. P = n -  
u' € 

As is shown in White's paper(2), the frequency of maximum gain is given by 

ev 'o- w2 = S 

kTCl 

3 



w . .- 0. , 

. 
We a l s o  have t h a t  

I = r E  

v = v  =pE, 
S D 

where vD = Electron D r i f t  Velocity. In se r t ing  these  values, w e  obtain:  - K2 kTAf. 'n 
That a c a l c u l a t i o n  of a shot-noise e f f e c t  should g ive  us a r e s u l t  ap- 

parently connected t o  r e e i e t o r  no i se  l e ,  a t  first oight, su rp r i s ing .  However, 
2 w e  should remember t h a t  the  semiconductor i s  i n  f a c t  a r e s i s t o r ,  and t h a t  K 

represents  t he  s t r eng th  of the  coupling between two transmission systems, oqe 

electrical, t he  o the r  mechanical. 

i s  given by kTAf. 

In  both of these  the  bas ic  no i se  spectrum 

Thus t h e  e f f e c t i v e  noise  power a t  t he  input t o  an acous t ic  ampl i f ie r  i s  

of t h e  o rde r  of kTAf, i f  w e  neglec t  the o the r  types of semiconductor noise.  

A t  room temperature, with a noise bandwidth of 100 Mc/s, t h i s  represents  

4 x 

the  maximum output power t o  be  more than about 70 db above t h e  input  no ise  

l eve l .  This does not  include a l l  possible sources of noise, and may be an 

over -opt imis t ic  f i g u r e .  Transducers f o r  U.H.F. a t  present have i n s e r t i o n  lo s ses  

of over 10 db and consequently overa l l  gains w i l l  be less than 50 db. 

Another important quant i ty  i s  the  jou le  hea t  l o s s  i n  the  c r y s t a l .  

microwatts, and thus f o r  a 1 kMc/sec. amplifier,  one cannot expect 

A t  1 

kMc/sec. t h i s  w i l l  be about 300 watts per cubic centimetre.  

i nc rease  with the  square of t h e  frequency, and i t  may be t h a t  t h i s  more than 

any o t h e r  d i f f i c u l t y  w i l l  prevent useful operation a t  h igher  frequencies.  

These lo s ses  w i l l  

111. Transducers 

During the  development of t he  acoustic amplifier,  t h ree  types of t rans-  

ducers have been used. Chronologically, these  are: 

(a) 

(b) 

A layer. of quartz bonded onto the  CdS c r y s t a l .  

A h igh- res i s tance  l a y e r  i n  t he  c r y s t a l  i t s e l f  obtained by d i f f u s i n g  

impur i t ies  i n t o  i t  . (7) 

(c) Thin-films of Cadmium Sulphide deposited on a s u b s t r a t e  and subse- 
quently hea t - t r ea t ed  t o  increase t h e i r  r e s i s t i v i t y  ( 8 , 9 )  

The f i r s t  type i s  s u i t a b l e  only f o r  low frequencies because of d i f f i -  

c u l t i e s  of construction and lo s ses  a t  t he  bond between the  quartz and the 

c r y s t a l .  

4 
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The second type e l imina tes  the  bond, but t h e  uniformity of t h e  d i f f u s i o n  

l a y e r  seems t o  be t h e  l imi t ing  f a c t o r ,  

improving this(8), and the  t h i r d  type of transducer seems t o  be superceding it 

a t  high frequencies.  

L i t t l e  a t t e n t i o n  has  been devoted t o  

Thin-film techniques with Cadmium Sulphide have been developed f o r  o t h e r  

applications,  and i t  w a s  n a t u r a l  t h a t  they should be applied t o  t h i s  problem. 

When deposited, the  c r y s t a l s  have t h e i r  axes aligned in t he  most s u i t a b l e  

d i rec t ion ,  but t he  heat-treatment i s  found t o  s p o i l  &he alignment somewhat. 

Q ~ a t e ' ~ )  has  attempted t o  use successive th in- f  i l m s  of d i f f e r i n g  prop- 

erties t o  obta in  an improved match between t h e  acous t ic  and electromagnetic 

waves. The p r inc ip l e  i s  t h a t  of t he  qaarter-wave transformers used f o r  radio- 

frequencies.  With such devices, decrease i n  the  i n s e r t i o n  loss has  t o  be 

traded f o r  decrease i n  bandwidth, but Quate's r e s u l t s  of 10 db l o s s  a t  600 

Mc/s. are the  bes t  so f a r  achieved. 

I V .  Osc i l l a t ions  and I n s t a b i l i t i e s  

-. 

The Cadmium Sulphide ampl i f ie r  with i t s  high gain, and considerable re- 

f l e c t i o n s  from the  output transducers, might be expected t o  be uns tab le  and 

t h i s  is  found t o  be t h e  case.  The nature of t he  o s c i l l a t i o n s  i s  not  c e r t a i n  

however. This may be seen from the  following consideration. 

Any non-equilibrium d i s t r i b u t i o n  of space-charge i n  the  c r y s t a l  w i l l  r e t u r n  

t o  a s t a b l e  configuration as f a s t  as t he  e l ec t rons  a r e  ab le  t o  move. 

S imi l a r ly  any mechanical s t r a i n  i n  the c r y s t a l  w i l l  tend t o  remove i t s e l f  by 

movements which w i l l  propagate with the  sound ve loc i ty .  Consequently, the  

condi t ion  t h a t  vD equal vs i s  appropriate f o r  coupling between any mechanical 

d i s turbance  and the e l ec t rons .  Further, i f  the e lec t rons  a r e  t o  be slowed 

down and con t r ibu te  energy to  the disturbance, then v must be s l i g h t l y  g r e a t e r  

than v . 
D 

S 
I n  general  then, when conditions are co r rec t  f o r  i n t e r a c t i o n  i n  the manner 

described by White, they are a l s o  r i p e  f o r  any i n t e rac t ion  between f i e l d  and 

e l ec t rons .  One must not a t t r i b u t e  a l l  the  observed e f f e c t s  t o  t h i s  t rave l ing-  

wave mechanism without more j u s t i f i c a t i o n .  

Two types of o s c i l l a t i o n s  i n  Cadmium Sulphide have been observed, one 

coherent, and the  o t h e r  apparently incoherent. 

The f i r s t  was observed by R.  W. Smith i n  t h i s  laboratory when i n v e s t i -  

g a t i n g  the non-ohmic behavior of Cadmium Sulphide. In  general, the cu r ren t  
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through a c r y s t a l  s a t u r a t e s  when the  e lec t rons  move with a d r i f t  v e l o c i t y  equal 

t o  the  sound ve loc i ty .  

seen i n  the  cu r ren t  through some crys ta l s ,  with frequencies of two o r  t h ree  

megacycles. 

by Smith and o the r s .  

When the  applied vol tage  w a s  swept, o s c i l l a t i o n s  were 

The mechanism of these  o s c i l l a t i o n s  i s  s t i l l  being inves t iga ted  

When a rec tangular  pulse with a f a s t  rise t i m e  was applied t o  the  c r y s t a l s  

it was seen t h a t  i n i t i a l l y  t h e  cu r ren t  reached i t s  ohmic value and then decayed 

with a t i m e  constant of a few microseconds. 

-. McFee") repeated t h i s  l a s t  experiment with an u l t r a s o n i c  transducer 

attached t o  t h e  c r y s t a l .  He found tha t  the  decay of t h e  cu r ren t  w a s  assoc ia ted  

with the  build-up of u l t r a son ic  f l u x  i n  t h e  c r y s t a l .  The output from t h e  

transducer had the  appearance of broad-band no i se  and, a f t e r  some i n i t i a l  

t r ans i en t s ,  seemed incoherent. 

Rose(3) of fe red  an hypothesis t o  explain t h e  sa tu ra t ion  e f f e c t  which 

suggested that,  a s  o s c i l l a t i o n s  b u i l t  up, t he  e l ec t rons  became trapped i n  t h e  

troughs of t h e  e l e c t r i c  waves. 

wave tubes, and t h i s  explanation seems incompatible with the  la ter  observations 

by McFee. A strong trapping e f f e c t  of t h i s  type would require, one would 

think, a strong single-frequency o s c i l l a t i o n .  

No such behavior has  been observed i n  t rave l ing-  

McFee suggests t h a t  t he  e lec t rons  a r e  slowed down by t h e i r  i n t e r a c t i o n  

with the  u l t r a s o n i c  waves i n  the  manner described by White. 

t he  TWT however, t he  e f f i c i ency  of the  i n t e r a c t i o n  seems remarkably high. 

amount of the  depar ture  from ohmic behavior i s  a measure of the  amount by which 

t h e  e l ec t rons  have been slowed down, and t h i s  can be q u i t e  considerable.  

Considered aga ins t  

The 

To summarize, the  i n s t a b i l i t i e s  seen a r e  not  completely understood and, 

u n t i l  they can be analysed and controlled, w i l l  be an embarrassment t o  any 

attempt t o  cons t ruc t  a usefu l  u l t r a son ic  ampl i f ie r .  

V. Other Possi'ble Devices 

(i) 

TWT, i t  i s  reasonable t o  seek the  equivalent c rossed- f ie ld  device. 
I n  c rossed- f ie ld  tubes, the source of r . f .  energy is  the  p o t e n t i a l  gained 

Since the  White ampl i f ie r  i s  i n  some respec ts  an analogue of the  

by t h e  e l ec t rons  a s  they move from the s o l e  t o  the  c i r c u i t .  I f  t he  anode 

vo l t age  i s  VA and the  cu r ren t  i s  Io, then the  maximum ava i l ab le  d . c .  power i s  

'AI0 * 

For a semiconductor, V w i l l  be t he  Ha l l - e f f ec t  vo l tage  and t h i s  i s  A 
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usually of the order of microvolts. 

output is very small, although it might be larger than in the White amplifier. 

Thus, once again, we find that the power 

The disadvantages of pulsed operation and the provision of a magnetic 

field do not at the moment make it: competitive with existing solid-state 

devices as a primary microwave source. 

(ii) The acoustic amplification might be used to reduce the loss of a 
delay line, if the stability problem could be solved. However, the low losses 

of existing materials do not make this seem worthwhile (e.g., Ruby - 0.8 db/ 
psec. at 300'K and 1 kMc/s., Quartz - 0.0345 db/psec. at 4'K and 3 kMc/s.). 
VI. Discussion 

9: 

There does not appear to be any imnediate prospect of producing a practi- 
Its basic cal solid-state traveling-wave tube on the lines of White's device. 

characteristics seem likely to be: 

(a) Low power output 

(b) High noise level 

(c) Pulsed operation only 

(d) Low efficiency 
(e) Unstable operation 

(f) Transducers a problem 

The first four are basic, but the last two are possibly connected. 

The high electromechanical coupling of Cadmium Sulphide makes it a very 

' 

useful material for transducers, and the work of Quate and Foster shows how 

its properties can be used to advantage. As a delay line, however, it does not 

seem to be preferable to quartz or ruby. 

While most of the difficulties enumerated above are alleviated at fre- 

quencies below U . H . F . ,  efficient solid-state devices already exist for these 

frequencies. We do not, at the moment, see any advantages over them in the 
White amplifier. 

The most interesting field for study appears to be the mechanism of the 

oscillations observed in Cadmium Sulphide near the knee of the current satur- 

ation curve. It is possible that these may be due to modes of oscillation other 
than those described by the "traveling-wave tube" model. 

V I I .  Plans for the Next Quarter 

The intention is to examine the current saturation phenomenon in more 
detail. 

L 
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An amplifier is being constructed to operate in the 30-40 & I s .  range. 

It will be used to gain experience of the experimental techniques involved, 

and to investigate the saturation phenomenon. 

a 
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