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Summary  of  Microwave  Emission  from  InSb: 
Gross Features  and  Possible  Explanations 

Abstract: This  paper  reviews the  experimental  observations of microwave  emission from  InSb  and  the  theories  proposed to explain 
these.  Two  sources for some of the  radiation,  the  acoustoelectric  interaction and a collision-induced  plasma  instability,  appear  reason- 
ably  well  established.  Experiments are  proposed to clarify a number of still  unanswered  questions. 

Introduction 
High frequency oscillations in  the current passing through 
semiconductors and related microwave emission have 
been observed under  many different conditions, as is 
evidenced by some of the experiments reported in this 
symposium. Much  attention  has been paid,  in particular, 
to studies of InSb, which show oscillations in  the range 
of some MHz''' up to at least 102 GHZ,~ . "  with a variety 
of experimental arrangements.  Some of these observations 
have been reviewed by Ancker-J~hnson.~'~ 

In this  paper we  will  review the experimental obser- 
vations and  the theories  proposed to explain them, and 
discuss two sources for  the radiation which we believe 
to be reasonably well established. In  the conclusion, 
some possible experiments will be suggested that may 
shed further light on  the large number of unresolved 
questions. 

Experiments 
There is no need to  attempt  to explain all of the obser- 
vations in terms of one' theoretical  model;  in  fact,  as 
we shall see, there  are several experiments which fit two 
quite different sources. We shall, however, summarize 
the experimental situation as it is known at  this time, 
as a framework for  our  further discussion. 

Both n-' and p-type' InSb have shown microwave 
emission. Most experiments have been done  at 77"K, 
but  there have  also been measurements at higher tem- 
peraturesl' (up toz9 250°K) and some studies at 4.2"K 
as  The various  observations may be divided 
into  two groups, the "low-field" with applied 
electric fields as low as 1 being sufficient to produce 
observable radiation;  and  the "high-field" s t~d ie s ,~ '  
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where at fields of 100 V/cm and higher, electron-hole 
pair production may also be occurring. Many of the 
studies  have been done with magnetic fields applied; 
a given intensity of radiation  appears  to require a certain 
minimum electric field for a given magnetic field. However, 
there  have been observations of radiation with no mag- 
netic field applied,50 but requiring substantially larger 
electric fields than those needed in the presence of a 
magnetic field. 

The power level produced by the InSb is generally 
low, in  the nanowatt range44 or below for low-field studies, 
and  in  the microwatt for  the high-field work. 
Since essentially none of the experimental configurations 
has achieved a high-efficiency coupling of the radiation 
to  the detection system, the  actual strength of the inter- 
action is not  known. Evidence for saturation or changes 
with power level probably arise from  thermal effects 
on the semiconductor so that this area-the strength 
of the interaction-is still one to be fully explored by 
experiment. 

A question which has been answered only in  certain 
circumstances is  that of the  actual electron and hole 
densities present in  the  InSb during the  radiation process. 
At high fields, impact  ionization and injection are occur- 
ring, so that a two-component mobile plasma is present; 
in  the case of the low field experiments with n-type InSb, 
the presence of holes is dficult to eliminate. In Wallace's 
experiments3* with contactless samples there  can be 
no contact injection; however, the geometry may en- 
courage  local  impact  ionization due to the combination 
of geometrical inhomogeneity and  the usual growth 
inhomogeneities, a factor which must be considered, 
as emphasized by Thompson  and  Kino.52 They note the 
substantial  enhancement of electric-field inhomogeneity 
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near the contact  in the presence of transverse or longi- 
tudinal magnetic fields, because of the large electron mo- 
bility. The studies  reported in  this meeting by George  and 
Bekefi53 show that  the presence of injecting contacts 
facilitates the radiation’s appearance, but these  studies 
are  not sufficiently quantitative to be used in testing 
several possible theories. 

The role of the magnetic field was deemed important 
in many of the early studies, in which effects were observed 
in transverse  magnetic fields5* or  in longitudinal  magnetic 
fields,55 and  in many cases at some  angle other  than 
0 or 90”. The facts that  the same type of “noise” radiation 
is observed in  the absence of magnetic  field^,^' and  that 
there is at least one t h e ~ r y ~ ~ ’ ~ ~  that predicts results in 
agreement with experiment and does not require  a mag- 
netic field in  the basic interaction, support  the suggestion7 
that  the magnetic field may not  be essential to the  radi- 
ation-producing mechanism. Some  component of trans- 
verse magnetic field  (difficult to avoid in  the best “lon- 
gitudinal” experiments because of contact effects and 
inhomogeneities) is sufficient to deflect a mobile plasma 
to  one surface, and concentration of the plasma may 
be the vital  function of the applied magnetic field. 

With regard to the observed frequencies, we note 
that most of the experiments have  reported that radiation 
exhibits a practically monotonic decrease in intensity 
with increase in f r e q u e n ~ y , ~ ‘ ~  although  there  have been 
some reports of A number of studies report 
“resonant”  radiation, in  the sense that “narrow band” 
radiation (Af/f 2 1%) is ob~erved.~‘ However, in most 
of these cases the narrowness of the  radiation  is measured 
in  terms of a  tuning magnetic field, rather  than directly 
in the frequency spectrum. In  their experiments Swartz 
and R o b i n ~ o n ~ ~ ’ ~ ’  perturbed the surface layer by a notch 
of about X/2 in length, and this agreed fairly well with the 
dispersion relation for  the waves they believe to be respon- 
sible for emission in their  material. The measurements 
of Platts  and  Ben“ also give some  measure of the wave- 
dispersion relation, indicating a group velocity comparable 
to  the electron drift velocity. Intriguing and still un- 
explained are  the observations of Bekefi, Bers and BrueckZ4 
at 4.2”K, with the structure showing a regular, linear 
dependence on  the magnetic field. 

There has been a  number of experiments attempting 
to relate the concurrent  observation of low-frequency 
(MHz) and microwave emission. In some cases there is 
evidence for  the presence of acoustoelectric domains 
in the  crystals32,36*46  and  for emission that occurs at 
the time one of the domains  strikes the  anode,37 even 
when the applied electric field has been cut off. We shall 
discuss the relation between the acoustoelectric inter- 
action  and  the  radiation  just below; it should  be  noted 
that  the time-dependence of the radiation  can assist 
in  separating out mechanisms, provided the  important 
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fact~rs-temperature,~~ lifetime, possible trapping effects- 
are sufficiently  well known. In  the work of van Welzenis 
and  van  den Dries:’ the emission was observed only 
during a small part of the time of pulse  application to 
the InSb, which the  authors believe was a time of plasma 
formation. However, in  strong transverse  magnetic 
fields, they failed to see emission accompanying the 
plasma formation process. 

Many of the observations involving magnetic fields 
have  shown rather  strong angular dependences of the 
emission intensity on  the magnetic-field orientation 
with respect to  the applied  current. However, in none 
of the experiments is it clear that such a dependence 
is a vital factor-although the orientation may have some 
influence on  the occurrence of impact  ionization, on 
the  rate of plasma transport to particular surfaces, on 
the gain of acoustic-wave interaction  with the electron 
flow, on  the spatial  variation of plasma density, and 
many other effects. Consequently, it is difficult, if not 
impossible, to draw definitive conclusions from such 
observations. In  order to do better, the influence of 
actual physical geometry and inhomogeneities must 
be removed from  the experiments. It is hoped that  future 
work will succeed in  this objective. 

Theories 
The  report3 of the observation of microwave radiation 
set off proposals of a variety of mechanisms to explain 
the experiments. However, in only a limited number 
of cases has  there been an  attempt to compare  the results 
of the  theory with experiment. The problem in so doing 
has been that  in many cases the experimental conditions 
have not been sufficiently  well defined to allow such 
comparison. Such parameters as  the densities of electrons 
and holes, their  spatial  variation and  the spatial  variation 
of the electric field in  the  InSb have not been known 
to  the experimentalists sufficiently  well, in many cases, 
to allow good tests of the theories. 

We will first briefly mention  a  number of interesting 
theories which have been proposed, and which would 
appear to us not to be involved in  the experimental 
observations. These include the two-stream excitation 
of helicons,61*62 the photoconductive mixing63 of ampli- 
fied spontaneous  radiation at  the  band gap, and  the 
proposed  impact-ionization  instability in  pure 
and crossed electric and magnetic fields.05 Little evidence 
is available to link any of these with the observed radiation. 

We have a second group of mechanisms that may 
not be so easily eliminated, since any or several of them 
may actually be involved either primarily or secondarily 
in producing the microwave emission. These  include 
helical instability in a longitudinal magnetic 
gradient-induced density in s t ab i l i t i e~ ,~”~~  a suggested 
form of surface relaxation involving the flow of plasma 



to the semiconductor ~ur face ,~   and  the several suggestions 
made recently that require  some  local 
and production of a mobile electron-hole  plasma, even 
in  the case where the average electric field is quite low. 
The occurrence of the helical instability is well documented, 
both  for injected and impact-ionization-produced plasmas, 
but  the frequencies are  in  the  MHz range, so that  the 
presence of high-frequency emission would require 
conversion by some  nonlinear operation  in  the semi- 
conductor.* The occurrence of local  breakdown in 
samples with low average electric fields in a  transverse 
magnetic field has been In this latter case, we 
still need to explain the source of the emission, but we 
would be able to use the same source for  both low- and 
high-field observations. 

In addition to those mechanisms just described, there 
are two which have been discussed and documented 
experimentally that would appear to be responsible for 
the bulk, if not  all, of the observed emission. These  two 
are  the acoustoelectric interaction6’ and  the  broad class 
of two-stream plasma waves,7Q where in  the  latter case 
a  growth  instability resulting from  the presence of col- 
lisions (collision-induced) seems to show good agree- 
ment51’59 between experiment and theory. The theory 
provides for  three geometries in which such waves may 
be observable: bulk plasma waves, surface plasma waves 
and,  in  the  third case, a thin layer of plasma. The last 
case seems to be that most likely to be responsible for 
the observed emission in Swartz and Robinson’s experi- 
ments. 

Experimental  and theoretical confirmation 
The acoustoelectric interaction in  InSb  has been studied 
by a  number of It has been shown in a number 
of recent  experiment^^"^^ that  the characteristics of 
two dependencies, that of the acoustoelectric oscillations 
(involving sound-wave carrying  domains) and  that of 
the microwave emission, on  the applied electric and 
magnetic fields are strikingly similar. This holds for 
both long and short-wavelength classes of interaction. 
These  observations  pertain to  the case of “low-field’’ 
emission, and they also  require that  the samples be  suffi- 
ciently long (of the  order of 1 cm) for  the gain to be 
large. At stronger electric fields (or magnetic fields), 
the increased gain could also allow growth of high- 

Lett. 22, 1254 (1969), have suggested that their  observed “low-field‘’ micro- 
* Note added in proof. T. Musha, J. Ohnishi and M .  Hirakawa, Phys. Reu. 

wave radiation is due to the helical instability in a short, small (about lOHm in 
diameter) filament of electron-hole plasma  near one non-ohmic contact. The 
functional dependence on the magnetic field of their  experimental values for 
the microwave frequency at threshold agrees with a previous theory for the 
helical instability, M. Glicksman, Phys. Reu. 124, 1655 (1961). The values 
Musha, et  ai. assume for the electron-hole plasma properties in order to 
provide quantifafive agreement are of a reasonable order,  hut  quite probably 
not accurate, just as the theory  they  use involves assumptions violated in 

628 their model. 

M. GLICKSMAN 

frequency acoustic waves through  round-trip  gainQ2 
in  shorter samples. Although the correlation is still semi- 
quantitative, it is sufficiently impressive to suggest that 
some of the observed radiation  must involve the acousto- 
electric interaction. What is not clearly ~ n d e r s t o o d ~ ~ ’ ~ ~  
at  the present time is which of a number of mechanisms 
for coupling out electric energy at  the microwave fre- 
quencies is involved. 

Similarly, the experiments of Swartz and Robinson5’ 
are examples of the  kind of approach  that should  be 
employed in trying to evaluate mechanisms for  the micro- 
wave emission. They are able to present a  number of 
points for testing of their  theory of a two-stream, col- 
lision-induced instability: the electron and hole densities, 
the magnetic field necessary for a given density, and 
the frequency and  the wave dispersion. Although quanti- 
tative data of this nature  are difficult to obtain, it is 
heartening to note  the increasing availability of such 
correlatable  information from several laboratories. It 
would then  appear  to be clear that  there  is a collision- 
induced instability producing powers of microwave 
emission of the  order of those observed by many  others, 
and  that  the noise-character (as  contrasted with the 
Swartz-Robinson “coherent” emission present in cases 
where there is a perturbation  on  the surface of an ap- 
propriate geometrical form  and size) may arise from 
the same source. A similar mechanism is the  one studied 
by Burke and  Kino33 with regard to lower-frequency 
surface waves. 

Suggestions  for  the  future 
Although  two mechanisms have been identified as being 
likely explanations for some of the observed emissions 
from InSb,  there  remain other possibilities, and a number 
of unanswered questions. The possibility that  inhomo- 
geneity may be involved in  the low-field work leaves 
available the  option  that  the two-stream instability may 
be operating in this case as well, although now arising 
from local plasma concentrations. To test  this, experi- 
ments on  the low-field emission should  be  performed 
under  conditions where the presence and  spatial distri- 
bution of local plasma  concentrations or injection can 
be definitely evaluated. 

The recent work of Nanney and GeorgeQ3 on BiSb 
alloys, and their  intriguing suggestion regarding electron- 
injection  spin  pumping of paramagnetic  impurity  states 
should be investigated with regard to its relevance to some 
of the “resonant” and magnetic-field-sensitive narrow 
band  radiation  that  has been observed in InSb, especially 
at  4.2”K. Deliberate  doping studies may prove worthwhile 
in testing such a suggestion. 

In summary, experimental investigation of carrier 
densities, homogeneity, the effect of magnetic field orien- 
tation  on these, the dispersion relation in  InSb of the 
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microwave  and  other-frequency  energy  present,  contact 
effects and the  influence  of  paramagnetic  impurities 
should help to further  clear  up a field of  research  which 
has  attracted  much  interest  because  of its puzzles. The 
currently  active  attack on a number  of  these  problems 
is promising  evidence  for  future progress. The  continuing 
need  for  good  coupling  between  the  experimental  work 
and a theoretical  treatment is paramount.  The  likelihood 
that  the  experiments will provide insight is questionable 
when  they are not inspired  by or being  directly  used 
in a theoretical  analysis, at least at this  stage  of  our  re- 
search on this subject, now some five years  old. 
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