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ABSTRACT

Wave Propapation in Nepative Resistance Media

When an electromagnetic wave enters a medium having an effective
negafive resistance, it may be expected to grow spatially. The conditions
under which such growih may be observed are examined, and an experimental
| regime chosen where it sh;uld be possible to observe these effects,

Such observations can throw light not only upon the negative resistance
travelling wave amplification process, but also upon the transport process
giving rise to the host negative resistance. The experimental work is
therefore divided between a study of a new neggtive differential
conductivity process recently discovered in n-Ge and a study of the
negative resistance travelling wave amplification process in GaAs.

The diagnostic measurements upon n-Ge provide new data relating to
the negative resistance process in that materialj data such as the ‘
maximum negative slope mobility of 300 cmz/V. sec. at T1°K (E //(100))
the threshold electric field for N.D.C. of 2.95 KV/ome (E / /<1oo> )y and
the ceiling frequency of 5 GHz beyond which N.D.C. dissappears, all
of which have been subsequently corroberated by other workers.

Observations of the emission spectrum from GaAs, when the amplified
electromagnetic wave begins to experience round trip gain within the
specimen cavity, have allowed some fairly detailed discussion to be
undertaken concerning the gature of the emission process, which rely upon
careful measurements of the spectral power and line width. Although the
maximum pulse power observed of 4 mW is low, such observations of emission
do provide a new mechanism by which microwéve power may be extracted from
& suitably biased material having a negative differential conductivity, -

Finally, ettention is directed towards some potentially profitable

areas for future work.
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1o HISTORICAL SURVEY : The Concent of Wave Propagation

in Nesative Resistance Media, and s Description of

Suitable Media

In this section both the background information and the
direction of thought which has stimulated the present work is
reviewveds During the course of this discussion we range over three
fields of work which are, at first sight, onl& linked by the loosest
of bondss These are ¢ firstly, the quest for a solid state analogue
of the travelling wave tube; secondly, the relevant portion of a
huge body of work upon the strong negative differential conductivity
existing in Ga-As; finally, we review the microwave emiséion from

n~Ge which was discovered at about the time of the commencement of

this work..

-1-



1e1 The Quest for Solid State Travelling VWave Amnlification

Fo£ a nusber of years now there has been a preoccupation amongst
many workers with the hope that it might fall to them to discover the
high frequency solid state amplifier which would finally replace the
travelling wave tube (TWT). Not umnaturally, most of the thinking
has been along the lines of a direct analogue to the TWT. Attention
has been focused upon semiconductiors because of the high electron drift
velocities which can be achieved whilst maintaining the accompanying
power dissipation within acceptable bounds.s The host of waves known
to propagate in semiconductors have each, it would seem, been subjected

(1)

to high electric fields in the search for amplification. Helicon waves,

(4)

AlfVen waves(z), helical waves(3), space charge and dipolar space
charge waves(S), spin waves(6), acoustic(7) and optic phon0n5(8), have
all been studied during this search.s Success has however been minimalj
the only real success being with the acoustic amplifier, and even here
upper frequency limits are so low thal transistor amplifiers still offer
superior performance.

In some cases the reason for this lack of success can be hinted at.
Most of the drift/wave interactions have a gain threshold which is
determined by the relative magnitude of the electron drift velocity and
the phase velocity of the wave as in the TWT. However many of the waves
cited (plasma waves in particular) accelerate in the presence of a
biasing electric field. Consequenily any attempt to achieve synchronism
between drifting electrons and an accompanying wave may be unexpectedly
difficult, necessitating very high power dissipation within the
semiconductor sample. Even if, at this stage, synchronism is achieved,

the free carriers have usually entered the hot electron regime, and the
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simple ocold eleotron model, so often employed in this work, is invalid.
It was within this context of dissillusionment with synchronous

instability that the present work commenced. One was forced to ask if

an alternativevclass of instabllity could be conceived of, and immediately
the possibility of wave probagation in a negative resistance mediwn was
Introduced. It is this intultively obvious amplification mechaniem with
which we shall be concerned here. A fundamental difficulty isy of course,
encountered when a suitable total negative resistance medium is Sought.,
(See upper diagram in Figure 1)e So far as the present author is aware,
the only such mechanism, proposed by Stocker(9), has only recently been
demonstrated experimentally(9a). However,.a number of materials are now

known which exhibit negative differential conductivity. (Lower

dlagram in Figure 1). It was therefore proposed that one of these
materials be biased into thelr region of negative differential conductivity,
when an incident wave will behave as if entering a material having a

total negative conductivity. | (This statement is examined in detail in
Section 2). The lower portion of Figure {1 shows schematically how a
suitably polarised oscillating field may be viewed as superimposed upon

the blasing field,

Similar lines of thought have been pursued by other workers, For
example, Midford and Bowers(1o) have launched a transverse electro-
magnetic wave through a silicon Impatt device, and Robinson and Kino(11>
have launched space charge waves in a Gumn device which was stable against
domain formation. Each of these seis of workers have achieved gain,
and the space charge wave amplifier has now been studied extensive1§12’13v14).

The present work has followed an intermediate path, focussing

attention upon the propagation of a transverse eleotric wave within two
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different materials (n-Ge and GaAs) which both exhibit a negative
differential conductivity. It is shown in subsequent sections that
wave amplification can be obtained in both materials. In addition
oscillation is demonstrated under suitable feed-back conditions, and it
is shown that the propagating transverse electromagnetic wave may be

employed as a diagnostic tool with which to study the negative

differential conductivity phenomenon.

1¢2 Nepative Differential Conductivity in Gallium Arsenide

| In 1961 Ridley and Watkins(15) first discussed the possibility
of negative resistance effects occurring in semicpnduotors. The thoughts
of these two authors together with those of Hilsum(16) concerning the
application of such effects laid the foundation for observations of
microwave emission to be made by Gunn(17> a few years later,

The proposed negative resistance mechanism was based upon a

combination of features of the electronic energy band structure which
can occur in semiconducting materials. Attention was focused upon the
details of the behaviour of eleotrons in a material having a light masg
conduction band edge and close to it, bui a little higher in energy, a
heavy mass minimum ( (ii) in Figure 24). Electrons in the lower light
mass minimuwn ( (i) in Figure 24), are then expected to exhibit a large
mobility in comparison to any in the upper heavy mass minimum, Hovever,
the energy separation of the lower and the upper minima (A€ ) is to be
such that at room temperature there are few if any electrons in the upper
minimum, Thus at room temperature the observed velocity field curve is
expected to be characterisod by electrons exclusively confined to the
band edge (Figure 2B).

* As the applied eleciric field is increased, the 1ipht electrons

gain energy rapidly from the electric fleld owing to their high mobility,
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(energy/carrier/ sac -‘}*Ez) and at quite modest electric fields it is
possible for the elecirons to assume a very high mean energy.
(1 5OO°K)(18) so that, although /) £ >>kT, the electrons may never-the-
less begin to transfer to the upper minimum. Let us assume that at
some defined field strength a catastrophic total electron transfer occurs,
Then the observed external velocity field curve must change from that
characteristic of the 1ight mass minimum ( (i) in Figure 2B) to one
characteristic of the heavy mass minimum ( (ii) in Figure 2B). The
averape velocity-field characteristic resulting from such a transfer is
shown dotted in Figure 2B and is seen to demand a reduction In current
density and therefore a region of finlte negative differential
conductivity (NDC) beyond a threshold field En  This, then,is the
immediate intuitive explanafion of the negative differential conductivity
to be exploited here, and is seen to be based upon a non-equivalent
intervalley scattering mechanism; ‘the transferred electron mechanism.
Galliun Arsenide is one of a number of materials* which may be
expected to have a suitable conduction baﬁd structure for observation of
the Ridley-Watkins-Hilsum negative differential resistances As shovm in
Figure 3, at the cenitre of the Brillouin zone we encounter the band edge
with a small effective mass of 0.067 m°(19) where m is the free electron
masse At the edges of the Brillouin zone in the 100> direction there are
three further conduction band minima, about 0.35 eV (20) above the
conduction band edge; These are thought to have a mass of 0,35 m, by
* Other materials in which the Gunn effect has been observed are 19110”‘]
InP (22), CdTe (23), GaAsP (24) alloys and InAs under sufficient .
uniaxial strain to prevent impact ionisation(zs). In the case of In?
it is now proposed that the mechanism is in faoct a "three level" variant
upon the Gunn effect(26). Nover-the-less it remains an electron

transfer phenomenon.




comparison with GaP which is a similar material but has the (100) minima
~ at the band edge where the& may be readily studied.

When Gunn first observed(17) microwave emission from GaAs it
was not immediately attribﬁted to the transferred electron mechanism.
However, there is now no doubt that Gunn's observations are due to
the Ridley-Watkins-Hilsum mechanism. Overwhelming justification for this
identification are for example, in the variations of the threshold field
with strain, temperature and alloying, and the class of materials from

(18)

which precisely similar emission is to be observed.

10261 The TMlectronic Transport Process

Rather than follow further the historical development of
the transferred electron mechanism we set out a more detailed account
of the relevant principles which underly it. Ve begin by describing
the transport process giving rise to the ingtability.

It is common %0 write the drift velocity (v) in terms of

an average over the contributions from various valleys, thus
s D
v(E) = a 4 0y (E)},li (E)

whefe Py is the mobility in tae ith valley containing ny froe
electrons, and E is the applied electric field intensity.

It is the behaviour of the eleciron system within the :'Lth
valley which fixes Py = vi/E o Their behaviour is summarized
by the Boltzmann equation. In a multi-valley system this is
conveniently written ag
32,00) (_b_f_l_(_13> . bfi(k)) . [21a0)

3t 3 /g (bt

Qb
Scattii Scattij
L8 B g0, [2f:) N
ol 3t dt .
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" where f (_l_c_) is the electron distribution function in valley i,
k being the electron wave vector. The second and third terms
here describe the effects of intra-valley and intervalley
sc:attering events respectively, and these remain to be described.

We consider scattering by phonons first of all. The contribution
Bfi'(k)
ot

' '
at all k¥ for vwhich k = k 1s equal to the phonon wave=-vector is

%o due to electron scattering from a state at k to states

> » .
) = £ z. £ () (1-2(") Bk ) NEE) - € (k)
3t 4 R

“how (k-X))

+ '-2;: Zk £() (1 =20 B (g k) (F+ DEEW) =€) - ol - 1)
) T ) ] ] 1
- 8L 2 (- 2 &) k) e ) S (e =€)

- b - k')

L SCORCE 2(s) 2o k) VS (€ - €() -Tale- 1)

 In these expressions f (k) the electron distribution function is
normalised so that /fi(k) d k = n;, number of electrons per unit

volume of the cxystal in the ith

valley. Bk, _}_c_') is a pezrameter
which specifiesA'the strength of scattering between the states at

vk and k'F. The first term on the right hand side describes electron
transfer to a higher energy state by absorption of a phonon, the
second describes electron transfer from a higher energy state by

stimulated and spontaneous phonon emission, the third describes

electron transfer to a lower eneray state by stimulated and




spontaneous phonon emission and the fourth describes electron -
transfer from a lower énergy state by absorption.

The expression can be approximated to

of (k)

-8 50, ) |[20) @ ) - £ §(ewh

-6 - B -x) +{ 2D - 200 e b £ (e

-Eex)-hwk-k)

In the case of inter-valley scattering all states k' lie
in a valley which is not equivalent to the one in which the state
k is found, whilst in the case of intra=valley scattering k snd
k. lie in the same valley. |

Intra=valley scattering is dominated in pure material by.

polar optic modes at low fielas(27)

and by acoustic phonons at higher
fields, the polar mode scattering having become weak owing to the
large (kx - g') range of k vectors now encountered. TFhaonons which
may provide k conservation in intra-valley scattering processes are
of course those lying near the centre of the Brillouin zone where

the optigal mode energy is approximately independent of the k vector

]
and By, (k k) is known in this approximation(21). Similarly the

scattering term for acoustic phonon scattering is kmown under |
simplifying assumptions of'isotropic Qalleys(za).

Inter-valley scattering can be neglected at low fields, the
intra-valley scattering within the central minimum being dominant.

At higher fields it becomes important, of necessity. The phonon




" involved in this process is determined by the symmetry of the initial
and final states(27a). If the satellite minima are at the edze of
the zone (as is believed to be the case) then the L.O. phonon is
involved, whilst, if the satellite valleys lie within the Brillouin
Zone both 1L.0., and L.A. phonon may participate in the scattering.
A similar symmetry argument is involved in determining the dominant
equivalent intervalley scattering process. Tonised impurity
scattering is weak for inter-valley scattering where the change
of k vector is large but may be luportant for intra-valley scattering.
It is however commonly neglected unless the material is exceptionally
impure.

Once the various scattering terms are known, it remains to

solve the Boltzmann equation in the steady state situation where

(9£/3t) = 0. It is at this point that the problem becomes
really difficulte The most common simplifying assumption has been
that electron-electron scattering ls dominant, establishing a
displaced laxwellian distribution fUnction(29). Cne then simply
solves the equations for the parameters of the distribution function.
More recently it has become possibie to carry out exact numerical
solutions of the Boltzmarn equation by the llonte Carlo technique(3o).
Here the path of a single electron is followed through k space over |
many scattering eventss By careful "book keeping" of the time spent
in each elemental volume of k space, the electron distribution
function and thence the mean electiron velocity is thus obtained.
Suffice it to say, that it is possible to obtain the electron
distribution function, and the electron drift velocity as a function
of electric field strength, by a numnber of methods. Such

calculations have provided a variety of results.s The most Tecent
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is that of Fawcelt et a1(31) which bears a close similarity to the
experimentally determined velocity field curve as shown in
Figure 4. The experimental results shown in Figure 4 were obtained

by a tine of flight technique'32),

This requires very high
resistivity material. (106 - 1080 cm). The negative

specimen contact was of gold but separated from the specimen by a
thin film of SiO, whilst the anode was a straight forward N+ tin
contact. A shoit pulse of electrons ejected by an electron beam

at the cathode was then timed as it travelled to the anode under
various biasing electric field intensities. In this way the electron
velocity.was obtained as a function of electric field intens;ty. |
These results are probably more reliable than those of a variety of
other workers owing to their freedom from interpretative probléms.
Fof example, Guan and Elliott(33) have made a measurement of sample
impedance in a time short compared with the dielectric relaxation

| times One is however, concerned to know the response of the highly
conducting contact region in such an experiment. Furthermore, if
the theoretical estimates of the negative mobility are correct the
measurement was already too slow by a factor of ten. Thus it is
‘not surprising that this measurement providéd a low apparent
negative slope mobility.

In conclusion then, theoretical estimates of the static
velocity field characteristics have been made which have, by and -
large, a common starting point, but differ in the means adopted for
elucidating a final solution. IExperimental work, on the other hand,
has also been performed which furnishes information concerning this
vital N.D.Ce characteristic. The best resulis of the two disciplinés,

theoretical and experimental, are seen to be in good agreement.,

=1 Q=




14262 Thoe Macrosconic Consecuvences of N.D.C.

Our objective iIn this section is to review contemporary
wnderstanding of the macrosconic behaviour of a specimen which has
the microsconic differential conductivity discussed in the previous
section.

a) Spatial Non Uniformity in Stable Snecimens

In one dimension Poisson's equation gives

dx €L €

for n type material. Here n is the local free electron
concentration, ¢ the electronic charge, éL the lattice dielectric
constant,y end n, is the density of ionized donors.

Looking for a time-independent solution we obtain from the

current continuity equation, 9 J/a x = O, the result
J = nev (E) = constant e oo (2)

Now, clearly, if at all points n = n_ in equation (1)y n, E, poend
consequently J_all become spatially independent to satisfy equation (2).
However, we know that at the contact the field is considerably

- below its value In the centre of the specimen. Thus it emerges

that, because of the contacts, n cannot equal n, at all points in

the specimen and that the boundary conditions therefore play a vital
role In determining the behaviour of any specimen. This was pointed

out long ago by Shockley(34)

(35),

and has been emphasised more

recently by Kroemer
Ve discuss first of all a sample biased so that at all

points within the specimen E <:Eb +» Let us consider a point "A"

(Figure 5a) inmediately inside the cathode where the electric field

-]l
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is still increasing in intensity away from the cathods. A% this

poini 4& in + ve , and thus from equation (1) nsn_. . In
_ dx 2 Y

equation (2) we see thet this is an acceptable solution,

Substituting (1) into (2) we see that

J:(éLﬂ +ne) V(E) *« o o (3)

PEIE

Thus as E increases with distance from the cathode,-gE decreases,
dx

and the system rapidly tends to a spatial uniform field distribution

with L= E;< Ey , where Iy is determined by J = n_ V(E;).

, We turn our attention now to a sample biased so that a
part of the specimen has a fleld in excess of the threshold
field By « Consider a point "B (Figure 5b) where E > I
Here the field, we suppose, 1s still increasing spatially towards

the mean applied field, for it remains necessary that

f E. dx = Total Applied Voltage .
However, in this case, increase of E necessarily now produces a falliny

B
V(E),and the tendency to equilibrium with L o6 isno longer found,

, dx
In order that J remain constant n must rise indicating, with the

 aid of equation (1), not & tendency to a uniform field distribution,
but a2 "run away" situation, in which the field increases ever more
rapidly spafially. This system is only brought under control
when the field enters a positive slope resistance region of the
velocity field characteristic at even higher electric field strengths.
This discussion has shown that a stable electrioc field
distribution within a sample having a N.D.C. cannot be of the
familiar uniform nature with a droop at each contact; this is only

found in positive conductivity media. McCumber and Chynoweth(36)




and Mahrous and Robson(37) have both calculated the spatial field
distribution. Doth of these authors neglect diffusion and the
first authors verify it to be unimportant to the conclusion. At
a later stage in this work (See Section 3.2.2), it will be
necessary to pursue thils calculation for both GaAs end n-Ge in
order to evaluate the spatisl distribution of the free carrier
concehtration within the specimen; neither of the foregoing

authors having evaluated this term.

b) The Development of Instability

In the foregoing discussion a time-independent solution
of the current continuity equation was specifically sought. lowever,
this steady-state distribution will be unstable if a small space
charge fluctuation, generated either by noise within the specimen
or switching transients outside the specimen grows in {times A
nurber of estimates of the “amount of negative resistance" which
can be tolerated whilst retaining stability have been made.
Perhaps the most attractive is that of loCumber and Chynoweth(36).
These authors calculate the sample impedance using the foregoing
equations and find the system unstable if

i) There is a negative resistance region within the
sample i.e. the dielectric relaxation time at the bilasing field is
negative and

ii) The product of the free carrier concentration N and
)

The critical N L product which defines the threshold of

(18)

. sample length L exceeds a critical value (NL> Coso

temporal»instahility is now well confirmed by experiment y though
empirical values of the product tend to be somewhat larger than
theory would suggeste.

A further rather interesting aspect of the approach

adopted by McCumber and Chynoweth(36) is related to a stable sample's
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terminal impedance. They find that a stable sample, may exhibit
terminal negative differential resistance over a snall renge of
frequencies centred upon the inverse of the electron transit time
through the sample. This fact has been exploited by Thim(43) in
making a low N L producf'amplifier.

¢) larpe Sirmal Instability

In unstable samples space charge fluctuations grow up
from noise to assume a characteristic large-signal form. Ridley(38),
who first proposed that the final form is a travelling high-field
domain, and Kroemer(39) have both contributed greatly to the
development of our understanding of domains, Ve confine our attention, ;
however, to the final picture which has emerged. |

The problem is once again one of solving Poisson's
equation together with the current continuity equation. Since the
objective is to find the large signal stable solution of these
equations we look for a solution in which the profile of Ridley's
domain is constant during propagation i,e. such that the higﬁ field
and the accompanying space charge profiles are functions only of
(x = v,t) = y . A suitable change of variable in the two starting
equafions then allows the new variable y to be eliminated ylelding a
differential equation relating the field and free carrier

(40)

concentrations This equation has been solved by Butcher under
the assumption of a field-independent diffusion constant. It emerges
that the velocity of the domain must equal the velocity of the
electrons outside the domain, end that the pesk domain field is
defined by a simple geometrical construction illustrated in

Figure 6. The two ghaded areas have to be equal in order that an

integral appearing in Butcher's solution should vanish as required.
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This latter condition clearly defines a "dynami&" characteristic of
peak domain field versus drift velocity, which is shown dotted
in Pigure 6.

The picture which we have of the stable domain is
therefore of a high field region propégating through a specimen at
the same velocity as the electron system at each side of it. Its
peak field is defined in relation to the electron drift velocity
end field outside the domain. The profile of the domain is shown
in Figure 7. Polsson's equation clearly demands that the
accompanying space charge modulation should be of the form shown which
is the origin of the common terminology: "dipold' domain.

Domains which approximate to this shape have been scen
(42)

by Gunn(41) and Heeks using minature capacitative probe techniques.
Less direct evidence of the exisience of domains is of course to be
found in the very existence of the transit mode of operation of
~unstable samples. In this mode of operation a "spikey" current wave
form is observed under conditions of constant voltage supply, these
spikes corresponding to Initiation and collapse of domains at

cathode and anode. The separation of the spikes is very closely
related to the length of the specimen indicating a transit effect,

Ve include one further consequence of domajin
propagation. It will be noticed from figure six that when tho -
current through a specimen biased beyond threshold is increased, the
domain field falls. Detailed calculations show that the domain
potential also falls, when the specimen current is increased, and
that this effect can be stronger than the positive resistance offect

of the remainder of the specimen yielding a terminal negative

resistance(21). The ensuing broad=band negative resistance has been
‘éxploited by Thim(43) as the basis for en amplifier, In that work tlc
Gunn sample was however a local negative resistance circuit element

. unlike the work to be described here‘at a later stage.
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103 NeDeCo dn n - Ge

In this section we describe those features of thé NeDsCs of
n - Ge which were knovwn at the time of the commencement of this work.

' Since that time some further publications(sz’ 53) have appeared which
include those of the present author. ' Discussion of this later work is
| postponed until the fiunal sections of Chapters 3 and 4 in order that the
contemporary work may be treated in context.

The first obseﬁations of current instebilities in n -~ Ge were
made by lleGroddy and Nathan(44) « These authors found instability ﬁnder
the following experimental conditions

a) Lattice temperature below 150K,

b) Electric field parallel 1007 or <1103 in the

zero stress regime.
In the < 1i0> orientation it was possible to change the threshold field
by applying a uniaxial stress also in the 1107 direction. Oscillation
frequencies ranged from a few hundred Miz to 2.8 GHz, and were charact}erised.
by & threshold NL product for oscillation of 2 x 10" cm 2,  Subsequent
work by lMcGroddy has shown that the N.L. product is "lell in excess of
21013 en 2 » (Private commmication).

In seeking the source of these instabilities, Elliott et a1(45)'
conducfed a series of fast pulse and potential probing experimenis. The
fast pulse experimenis were designed to make an observation of the sample
current and applied voltage bafore the electric field non-uniformity and
associated space charge was able to establish itself; that is before a
dielectric relaxation time had elapsede They revealed a terminal ¥ type
negative differential resistance, at 2’{°K and 77°K for electric fields in
excess of 3 KV/cm, and parallel to a {10027 crystalograephic axis. Towever,
owing to limited response of the circuitry employed, this data cammot

bo regarded as a quantitative measurement of the electric field dependence

- 'f16'




of the électron arift velocity*. Thus, this measurement establiches the

exlstence of N.I.C., with a threshold electric field strength of

3 XV/cm, but does not yield the value of the negative slope mobility.
Probing experiments(45), were used to study the spatial

field distribution within the sample as a function of time., These

indicated the existence of dipole domains at 27°K which nuclea;ed neax

1 toviards

to the cathode and propagated at a wvelocity of 1.3 = 107 cm sec
the znodes Thils observation is also consistent with the existence of a
bulk NeDeCe in n - CGo at 27%K. (electric field parallel « 1003 ) though

- of unkmown origin or magnitude. lieasurements of the velocity field
characteristic in n - Ge were made by Chang and Ruch(46) using the

"time of flight technique"(47>. In this method the response of a reverce
biased Schottky barrier/intrinsic/n - Ce structure to a 0.1 x 10-9 sec
pulse is studied as a function of {time. The pulse introduces a sheel

of electrons within the iIntrinsic layer and as this traverses it, a
terminal current flow is observeds The duration of this current pulse

is a measure of the electron drift velocity within the intrinsic layer.
Knowing the field strength within the I layer, the velocity field
relationshlp is thus obtained.

An N = type N.D.C., was observed for lattice temperatures betveen

33°K and 130°K and for current flow in the {1007 direction in the crystal.

At 33%K a slope mobility of 300 cmz/V.seo was evaluated with a threshold

field of 1.5 KN/bm, in contrast to the threshold of 3 KV/cm observed by

A similar experiment was performed in Gallium Arsenide by Gunn
and Elliott(45a). They found'a veloclty field characteristic which is
at considerable variance with more recent work of, for example,

Ruch and Kino(45b).

-17=
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Elliott et al(d'5 ). At 79°K a "measured slope mobility of - SOcmz/Vsec"
vas obtained for electric fields between 2.2 KV/cm and 4.3 KV/cn.
However, expei:hnental uncertainties lead the authors to state that they
"cannot ascertain that a negative differential mobility exists around
79°K. " ;A.gain threshold electric fields obtained ‘oj these authors are
- considerably lower than those of Elliott et a1(45).

The conduction band structure of n = Ge is shown in Fipure 8.
A uniaxial siress applied to Ge in any direction other than £ 100> couses
splitting of the (111 conduction band minima, which are degenerate in
the absence of strain. Similarly, the degeneracy of the higher
energy <1002 silicon like minima may be lifted by wniaxial stress applied
in other than a <111 direction. Ieasurements of the trensport
properties of n = Go under stress may therefore be used to ﬁrther elucidate
the distinctive features of the N.D.C. process. Following this philosophy
Smith, lleGroddy and Mathan have studied the current voltage characteristics
of a nuaber of specimens under a variety of orientations of current and
uniaxial stress(8>. With current flow in the 211 direction end siress
along the {111 direction, for example, the threshold field reduces from

an infinite value at zero stress, to a minimum value of 0.45 KV/cm and then

subsequently increases as the uniexial stress is steadily increased.
The effect of hydrostatic pressure upon the electronic energy bend
structure is clearly isotropic, bringing all the (1009 silicon like

minima down towards the < 111> minima, leasurements of the effects of

hydrostatic pressure upon the threshold field in a 100> direction at 77°1C

revealed that it increased with increasing pressure(49).

Thé source _of the NeD.C. in n- Ge has been the subject of come debate.
In their initial paper reporting observation of micro-wave emission from
n - Ge, MeGroddy et a1(44) and subsequently Chang and Ruch(46) and

Fawcett and Paige(5o) consider the possibility of electron transfer

-18-




; between <111 ) and <100) minima as the source of the N.D.C. ILater

‘ w&rk by lleltz and McGroddy(49) would seem to undermine this model since
their hydrostatic pressure measurements indicated that, as the {1002 and
<111> minima approach each other, the threshold electric field Increases.
A simple model of the transferred electron effect would suggest a decreaso
of threshold electric field as the valleys approach each other,

An alternative model suggested by Dumke(51) relies only upon non-.
parabolicity of the individual ¢ 111> minima. = In this calculation
electrons were allowed to rise to quite high energies within the <11 >
minima, as a consequence of the omission of the 100> minima which provids

Van energy ceillings Dumke finds that non-parabolicity alone can provide an
N.D.C. which arises from the increase of the effective mass with energy.

The introduction of an N.D.C. by application of a uniaxial stress
in Sﬁith's(48) work, on the other hand, is atiributed to transfer Letween
the now non =—equivalent ¢ 111> minima. Clearly, however, since an N,D.C.
is known to exist in the absence of uniaxial siress for current flow in a
{100> direction, this latter model is a gross simplification of a very
complex situation.

In a very recent llonte Carlo calculation, Fawcett and Paige(52)
have been able to account for nearly all the observed behaviour by
suitable choice of the various disposable parameters. However, becauce
the final behaviour is a consequence of the interplay of s number of

. similarly small effecté a detalled iﬁtuitive explanation remains complex.

The electron transfer mechanism is however of paramount importance,

=19-




Thus, in suamary, in 1969 N.D.C, was nown to exist in n - Ce
for current flow parallel to the < 100> direction, and for temperatures
below 150°K; The magnitude of the negative slope mobility had,
however, not been measured at 77°K(44) * and the threshold field was

variously reported as 2.2 KV/bm and 3 KV/bm (45).

It has already been pointed out that the measurement by Chang
and Ruch has been discounted by the authors, for in presenting their
result at this temperature they point out that the measured negative

mobility is much smaller than the experimental error.
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2 Viave Propagation in Conductines Media i

5 It was proposed in Section 1 that amplification may be achieved

by launching a (quasi) T.E.M. wave through a negative resistance mediwn.

In the absence of any materials having a total negative resistance,

it was suggested thal materials which exhibit negative differential
conductivity could possibly be employed, if biased into the region

of N.D.C. as shown schematically in Figure 1 of Section 1. é

In this section we examine this pronosed ammlification process

and the ideas developed here form a basis for the remainder of the work
to be described., Ve deal first with wave propagation in an infinite
uniform medium, then introduce successively, complexities arising i
from finite specimen geometry, non-uniformity, anisotropy, and
frequency dependence of the negative resistance process. Each of thliese

features will be seen to place its own constraints upon any experimental

system designed to observe wave amplification in a N.D.C. medium.

Consequently whenever a new observational system is introduced, in
subsequent sections, the conditions established here will be relied

upon in the choice of the experimental parameters.
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21 T.E.M, Wave Promagation in an Infinite Uniform Medium

From Maxwell's equations we have

INTAD = ~pod @AD - -yt (27 2)

where electric and magnetic field vectors are E and H respectively,
J is the current density Ps the permeability of free space (which is
relevant in all cases of present interest) and t is time. Y/\ and V,
are the vector operators curl and div. respectively.

Assuning that the wave is transverse electric, i.e. that the
electric vector lies in, for example, the x direction, vhich is

*
orthogonal to the direction of wave propagation, z, we obtain

2, E
FL. pd (22) .y (gm £ €, %)
P ° 3t dt °3t \ dt
where ¢ and QL are the conductivity and lattice dielectric constent
tensorse These will be assumed to be diagonal and time independent*.

If the wave has the form

E=E, exp [i (Cz)t-kz)J

then
- ep (1ow- € E)
i.e. 02k2 = e (1 - _Lo_’ ) o o o
w? L OJEL 60
Now, both the conductivity o, and the wave number k are in
*

These assumptions imply that z. A= f"z 0 « The material is

thus implicitly assumed to be free from space charge accumulation.

)




general complex, allowing respeciively for a current which legs the

electric field, and damping of the wave. By writing
o’ = 0’R + 1 Qi
k = kR + 1 ki

In (1) and separating real and imaginary parts we find that, from

the real parts, 1 /
2 . 2 2 2 2 2
1 j6¥ g ((éLw o34 0*p 00
o o+ + + +
R J2 | @ ec? 2 ec¢? € ¢t
(o} (o] [o]

The positive sign must be taken so that

1
kR" il_li 1 + % + (1+ diu)2+ j—i— & (3)
J? A CLEHM  eZely?

where kI.R is the real wave vector arising in the absence of all

. 12 w
the free carriers, i.e. Il = CL S

Using the imaginary part of equation (1) we also have

2
S S R Sl W
i e, Czk.a 2€ o g ‘

Hence,using (3),

- (o v 2 oﬁz 1/2
km/2 1 + —= + ( + L ) + 5 2)
€, € w € € w € cEc v
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Use of the following identity

e

w (( o ) o )
—_— o ] —— 1 + ot —— 1
€2e2u? €€ €€ efeln?

/ 2 :
% - % | ot
ELEOCJ GLQOO) eLeow
allows us to write
1/
K .ﬁf‘- + 1+ % 7 (1-:-——@.-—0?L 2+ ogR i
+ /-5 =T ELEw eL o 52620‘)2
L o

The lower sign must be taken here

The basic characteristic of T.E, wave propagation in an infinite
uniform medium are specified by equations (3) and (5) for the complex
wave number, and equation (4) which relates the signs of kR and ki.
I’g is the latter' equation which provides the basis for the gain process.
Ve see that, as the real conductivity goes from positive to negative,
thé relative signs of k‘R and ki change. Since loss is known to occur
in the everyday world of positive reslistance media, gain must be
asgociated with a negative conductivity; a conclusion which is bormngs

out by equation {4), for if kg > 0y <o then k, >o and

the wave assumes the form

EwE expi(wt=-(kg+ik) z)=E expi (wt-~- kRz)exp(+ |lc£.|z)

Ve note further that there is no damping of the wave when there is zero
real conductivity, whilst the real port of the wave vector tends to tlie

lattice limited value.
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2.2

Finite Specimen Geometry

2e2e1 Finite Snecimen Geometry in the Direction of

WWeve Pronacation

In this section we introduce a finite specimen geometry in
the propagation direction, as shown schematically in Figure 1.

It is immediately clear that in the absence of gain we have a

" Fabry Psrot structure,

The amplitude of radiation, transmitted through a Fabry

Pérot etalon thickness A is

kiA o o 2kﬁA
L =L e T“(1+2%e Cos (2 kp A) . .. )

where Lb is the incident amplitude from the caviiy's envirormental
noise spectrum, for example and T and r the surface transmission
and reflection coefficients. Ve now distinguish a number of
distinct operational regimes for such a structure with potential
internal gain. |

(1) 2?6 Fifc

Ir r2 62K1A<:1 s that is, there is no round trip gain in the

cavity

Lo L, 2 ot
t o ¢ o (6)
(1 - r2 e2k.A

i* Cos (2 LN a) )

and transmitted signals remain finite, though under some circumstances
they may e larger than the incident signal, The threshold for

this insertion gain is clearly defined by

I, 0l o Kih
—ee 1 =
T T 2 ZEA

at the frequency of peak gain., Insertion gain occurs then if




024 fpt 4 g 2

— RN

ki A > loge

This "kiA product" which defines the threshold for insertion
gain 1s more usefully expressed as an "NA product" using

equation (5) when the complex conductivity

o° = ne (4PR + i)Ji )
of the host negative resistance material is known. The
(free carrier concentration x A) product (NA product) is employed
in describing the stability of a specimen, and will be used
extensively throughout the remainder of this work *.

The surface reflection and transmission coefficients moy,
of course, be expressed in terms of the free space wave -~ vector
ko and the complex wave = vector within the material of tho
.Fabry Perot using Fresnelt's equations., Thus the exact insertion
gain In L*T/LOLO* is derived with the aid of equation (6)

and becomes

%

2)6-2 kiA 2

2 2
S 16 koz(kR + k, (1 +<1?) (A12 + B2 + c2 f D°)

_2 + D% - Cz)Cos(P

v2(1- 3 (4,3 + CD) + 2 [(32 - A

+ 25in @ (BC-A1D)] | e oo (8)

- It should be pointed out that owing to the free carrier contribution

to the surface reflection, and transmission coefficients the kiA and YA

products defined by equation (7) are not truly constants. They show a

dependence upon the free carrier concentration which is negligible for

lightly doped material. However, in more heavily doped material, owing

to the large free carrier contribution to r and T the NA product must be

treated with caution.
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after some menipulation

vhere

2 (kg + 11) A

A = e--2 kiA

b= kP k)
B = 2k k

¢ = 2k k ’
D = 2k K

The transmitted power is therefore determined by the parameters kR
ki, k, and A . Through equations (3) and (5), it can be
expressed in terms of 'ko, A , the free carrier concentration and
complex mobility.

At a later stage the insertion gain is computed for both
n - Ce and GalAs as a function of free carrier concentration using
these equations. The programme written for this purpose is given
in Appendix 1.

We have seen that when there is no round trip gain within
the cavity, the device may exhibit either insertion Jss or
insertion gain., In the latter case, the bandwidth of the amplifier
is determined by the magnifude of the intérnal reflection coefficient,
or, in other words by the strength of the feedback process.

Equation (6) indicates that the transmitted signal falls to

1 / /-2 of its peak amplitude when

2 2kKA A
Cos™T Vo x2 62 354 _ 04

2A r2 e2 kiA

g 1]




Hence, remembering that at present we specify no round trip gain
within the cavity, the bandwidth is, (in terms of the real

viave vector)

Vo .2 2k.A
'Z.\kr’%"g fl\\/_lcosﬂ\/?.re 1-0.4)
A ‘\ re i
(11) x2 Z5h o 4
r2 e2 kiA -

I 1  then equation (6) becomes invalid
whenever Cos (2 kRA) = 1 as a sun of the multiply refle¢ted waves
within the Fabry Pérot etalon. The sum has in fect become infinite,
indicating the commencement of oscillation. The threshold for

oscillation is thus given by

o e, [2) i
Using ecuation (5) this kiA product can again be expressed as an
YA product for a material of knowm complex mobility. Thus a second
NA product is defined which determines the threshold for oscillation;
NA';; kbso' The analogy to the NL product widely used to deline
the threshold of domein mode oscillation (NI ;;'cosc) is clear:
The NA product defines the threshold of electromagnetic instability
transverse to the applied electric field, whilst the conventional
YL product defines the threshold of space charge instability parallel
to the applied electric field. Once again we point out theit this
second NA product defined in equation (8) is only approximately a
constant, owing to the free carrier contribution to x.

Assuning that the system does not saturate, then at the
frequencies for vhich the phase angle IpA = -nfﬂ , we see from (6)

that Infinite output is predicted. However an infinitessimally

removed frequency for which Cos (2 khA) is marginally smaller than
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unity has a finite transmitied amplitude. The width of the
predicted spectral emission signal is then infinitely small, and
it is centred upon a normal mode of the Fabrey Pérot cavity.

(111) r2 2 Kit >1

When r2 62 kiA;>1 y ascuming that the system agoin does

not saturate, for all those frequencies for which the product
2 2k,A ’. pas . . .
r< ¢ Ti* Cos (2 ARA);>1 infinite transmission occurs. The edses

of this broad power spectrum will occur, as before, when

22 e2 kiA

Cos (szA) = 1,

Any real system must of course reach an equilibrium situation
.through some nonlinear process. In this situation, the rate of
supply and loss of microwave energy will have become equal.

Assuning that the rate of generation.of power is still a moximum
where the small signal condition Cos (2 kRA) = 1 is satisfied,
then the system reverts to that behaviour already ascribed to such
a regime; that is to an infinitelyvnarrow emission spectrum which
is centred upon a cavity mode or modes.

In this section the conclusions have been drawn that a
negative resistance amplifying medium having boundaries in the
direction of wave propagation may behave as

a) a circuit element having net insertion loss

b) an amplifier having a bandwidth determined by the product

r2 e2 kiA, and a threshold defined by an NA product.

¢) an oscillator which has an infinitely narrow spectral

enission line centred upon a normal mode of the cavity,
and having a threchold defined by an NA producti.
It is the object of the present work to observe each of

these classes of electromagnetic instability.
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2.2¢2 TMinite Snecirmen Ceometrv, in the Direction of

tha Annlied Flectiric Field

The concluslons which have been reached in thils section have,
thus far, been of a general natufe. However, it is now necessary
to draw conclusions which refer to the gspecific type of negative reciziince
process to be used. In section 1, the transferred electron effect
wasg introduced as a mechanism providing a suitable negative
differential conductivity (W.D.C.) for the present eiperiments.

Vle envisage a system in which a IC electric field biases a sample into
a region of W.D.C. Incident electromagnetic waves then sense the
negative slope bonductivity and behave as if incident upon a material
having a total negative resistance as indicated in Figure 3.

In Section 1, however, it was pointed out that a sample which
has a bulk W.D.C. became unstable to space charge fluctuations when
biased into the N.D.C. range. This is clearly a complication which
is to be avoided if possible, in order that experimental observations
of the electromagnetic . instability may be clear cut. This choice of
experimental regime stands in marked contrast to the large body
of work which has already been devoted to the N.D.C. process in Galds
(see Figure 2); we choose to impose space charge STABILITY by making
NI smaller than critical value for domain formation, and to extract
microwave . pover from the bulk N.D.Ce by allowing electromagnetic
instability in its place i.e. by making NA groater then the critical
value for electromagnetic ingtability. In additionvto the two
foregoing regimes in which microwave power may be extracted from
a sanple having a bulk N,D.C. there is, of course, a third one in which
both space charge and électromagnetic instability are
simultaneously presents Two of these regimes, regimes in which
electromagnetic instability is operative, are now examined in more

detail.



a) Snace Charss Stable Case

Space charge stability is achieved most readily by
imposing a low NL product upon the specimen. Under these
circumstances, the specimen does not, however, assume a uniform
(1)

spatial distribution of the biasing electric field Norcover

owing to both the electric field dependence of the free carrier

(2)

contribution to the total dielectric constant and the associated
accumulation and depletion layers, any such non‘uniformity of biasiny
electric fisld is reflected in a correspondingly non uniforn
"nicrowave path length" within the Fabry Pérot éavity. Thus, this
spatially non-uniform biasing electric field is of clear importence
t0 the present work.

We calculate the spatiel distribution of electric field
and free carrier concentration neglecting diffusion. The onigsion
of this term is justified Beth on the grounds that, in similar |
calculations, McCumber and Chynoweth(3) found it to be unimportant
everywhere except in regions of very rapid discontinuities, and mdd-esd
beeeuse—ef the uncertainty which surrounds the precise form which this
term should take(4).

The iterative procedure which we adopt commences at a
point adjacent to the metallic cathode contact. Here the semiconductor
has an electron concentration which is approximately equal to that
existing within the metals For a chosen specimen current density
Jc, an electron drift wvelocity V, and field E1, may therefore be
deduced.s An arbitrarily small increment in electron drift

velocity J7V is then chosen in order to initiate the iterative

procedure. Ve look for a stationary solution for which

-1

.J-- = - —=

9.
- | 3t
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The appropriate increment of free carrier concentration corresponding
to this increment of electron drift velocity is therefore established
through the current continuity equation. The average value of the
initial and final free carrier concentrations is used to define an
average field gradient within this drift velocity increment using

Poisson's equation.

EYV . L= (n=-n)e

where n, is the doping level which is assumed uwniforme The mzgnituds
of the spatial increment over which these steps occur is then
established using the electron velocity - field characteristic;

The velocity at the end of the spatial increment is

clearly

V2=v1 +(‘S\~V

Using the velocity field characteristic, an appropuviate
olectric field at the end of the spatial increment is

established E2. Now it is necessary that

BB +8 .4 x=E+(-n)2 .4 x
2 T e 1 o’ €

Hence the magnitude of the spatial increment is establlcled,

and all parameters E1, Ny V1 at this point within the

specimen are assigned.

A similar procedure allows further steps down the
:specimen to be taken successively. Reference to the computer
programme which is included as Appendix IT will show that a few
additional safety measures were necessary, in order that Increments
neither became %to0o large near threshold, or too small as the fres

carrier concentration tended to the equilibrium level,

JR—

i
|
|

i



This approach to the calculation of the spatial
distribution of electric field, and space charge within the specinen
makes no attempt to exploit the second boundary condition offered
by the anode. (In this and some other respects, this calculation

(5)).

resambles the work of, for example;&ﬂ;rous.and Robson lowever,
the effect of the anode is not felt by an electron until it enters
its vicinity, at which time a new variable is introduced; namoly
the geometry of the anode regions In the case of a step function
anode contacty at this point the electron concentration falls

well below the equilibrium metallic contribution, Y.D= (n - no)e
becomes large and positive, and the field is very rapidly returned
to low proportions. Results obtained using this computational
proceedure are to be found in Sections3.2.1 and 5.1.1.

b) Combined Smace Charse and Electromarmetic Instebilitv

In this section we consider a transit, domain mode,
Gunn specimen which has one large dimension normal to the biasing
electric field. The dynamics of domain formation and propagation
have already been reviewed in Section 1+2.2, Thus we are already
awvare of the spatially nonuniform electric field and free electrén
concentration profile within the specimen.

It remains to point out that in this, more complex, casc
& sinmple alternative view of the gain process is possible. In the
introductory section we have mentioned that owing to the dynamics
of the.domain within a Guun sample, it is possible to observe
terminal negative resistance over a broad band of frequencies. It
1s therefore sufficient to consider a T.E.l, wave propagating within
a composite diselectric which exhibits a terminal negative resistance
at the transmission line electrodes. These conditions alone indicate

that gain nust océur.‘ A similar argument has been used by
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Midford and Bowers(6) in their work upon T.E.M, wave propagation
in an extended Impatt device. IHore apain the detailed beh~viour
of the silicon 1loading the transmission line is complex, but gain
is implied because of the terminal negative resistance which it is
known to exhibit.

In concluding this section it is necessary to emphasise
the gross simplification which has been pursued here. The "space
charge stable" case would, for example, support a growing space
charge fluctuatiocn as shown by Robson and Kino(7) immediately en
electromagnetic wave was incident upon it. Space charge and
electromagnétic instabilities can clearly not be rigorously regardéd
as alternative separate mechanisms by which the negative resistorce
piocess can relax. They are all part of the same composite problenm
and a rigorous solution would have to treat them as such. Such a
solution was attempted, but proved prohibitively difficult becnuse
of the sheer complexity of the spatial non~uniformity existing within
the sample.

The conclusions of this section are never-the-less

intuitively reasonable. They are that the finite svecinen reomatry

in the direction of T.E.lM. wave provagaition introduces the posuibility
D &

of obtaining either amplification or oscillation depending on the
magnitude of an NA product. In the latter case oscillation occurs
~at a frequency defined by the 'A' dimension of the sample réther

than the 'L' dimension as in conventional Gunn samples. On the othew

hand the geomotry of the sample parzllel to the apnlied electric Tisl:

i1s very complex owing to spatially non-uniform eleciric field (which
arises as a direct consequence of employing meterials having an ¥.D.C.)
. It . also gives rise to two limiting regimes of operation, one in

‘which the space charge system is strongly unstable and one in vhich




it tends to stability. Any combination of the transverse snd
longitudinal regimes is clearly admissable., The studies of previous
workers have been confined to specimens with low NA products and
transverse dimensiéns which were very much smaller than one
wavelength at the frequency of operation. The Gunn specimen may
then be correctly regarded as a local microwave circuit element.

In contrast, in the present work, we look upon the specimen as a
distributed transmission system.

2.3 “Wave Polarisation

w

We have thus far considered T.E.N. wave propagation in an infinite

negative resistance medium, and have introduced the congiderable complexit.

which arise with a finite specimen geometry. Ve now introduce a further
conétraint upon the experimental system which stems from the use of o
NeD.Coe rather than a tofal negative resistance. Comment has already boen
macde concerning the necessity of biasing a sample having N.D.C. into the
appropriate region of the velocity-field characteristic as illustrated
in Figure 3. It is clear from {his diagram that an electromapnetic
wave will only sense the negative slops conductivity if the eleciric vector
of the wave is parallel to the biasing electiric flelds Thus, there is an
added polarisation re@uirement placed upon the experimental systen vhich
stems from the anisotropy of the slope conductivity which is introduced
by thé bilasing electric field. (Further anisotropy occurs for exanple
in n-Ge where the N.D.C. is only operative in some crystallographic
directions. However, this complexity is not referred to at this point).
It is of Interest to consider the effect of misalignment of the
electric vector of the wave and the biasing electric fields Such a
situation is clearly of more than passing interest, for the transverse
wave solutién of Section 2.1 was only obtained under the assumption of

spatial uniformity. Howevér, In Section 2.2 gross non-uniformity in the
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direction parallel to the biasing electric field was discovereds Thus
the profile of the wave, and in particular, the local orientation of the
electric vector may well not be in accord with a simple model.

- In Figure 4a the relative orientation of a D.C. biasing electric
field EO and an oscillatory field E1 are shown. Eo produces a velocliiy
V° according to the relation Vo = PeuorDd Eo’ Panor being the slone
of the chord on the velocity field diagram joining the point
(Vo’ Eo) to the origin. E, Cos & , the component parallel to the biasing
electric field produces an out of phase velocity V1 also parallel to
the biasing electric field. V, =p _ E, Cos & whero P._.is the
negative slope mobility.

t remains to discover the effect of E1 Sin €.,  Other worlers(s)
have pointed out that this mersly amounts to a re-orientation of the
biasing electric field, AND A SUITABLE DRIFT VELCCITY ALCKG IT.
(Providing the N.D.C., process is not a function of crystallographic

orientation).

Thus, referring to Figure 4b

Eo Tan]( = &, Sin ©
end equally
™ v L]
Vo .Lan‘[y =' 1
thus "
Eo —_— = E1 Sin O
\
o
it
v, = Sin ©

1 = JPozomd %1

The effectiveness of the net mobility at some angle © for amplification
of the oscillatory field is then readily established Ly sumaing ths

, two energy exchanges,
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- 2 - .
P (m,l Cos 8)° + L — (41.1 Sin 6)2

Thus gain ensues so long as
2 s
}1__ Cos™ © | > }ICFORD 3in~ ©

l}.;‘_|> Tan® ©

Feacan

This places a condition upon the orientation of an oscillatory
electric field relative to the biasing field, in order that energy may
be extracted from the D.C. field and supplied to the R.F. field. It can
be re-expressed in terms of the velecity field curve, for referring io

fipgure 4¢ it is seen that

43 BC

l}‘—' = 5p ° fesorn T o

2 €& , and it appears that @ may be

. 4B
Thus we require = > Tan
increased, for example, by increasing the blasing clectric field streagth.

Equally, it appears that © is minimal at the threshold field streagth.

2,4 Choice of Freouency of Oneration

Throughout the discussion thus far, it has been assumed that an
oscillatory microwave. field will interact with a suiltably biased sample
having an N.D.C. in a menner described by the (negative) slope mobility.

‘The problem of the interaction of a microwave . :‘u‘ield with a biasad

(9)

sample has already been considered by Gibson et al‘”’. In their work they

) o S . ~/
introduced phenomenological relaxation times "Um and ‘e deseribing

the momentun ;md energy relaxation tinmes :espectively. An immediate
concluslon which is intuitively satisfying may then be drawn that,

providing ¢ C u < 1, the momentum of the free carriers can respond to

the oscillatory accelerative field whilst, if o.;AgC < 1y the mean cnerey of

tho olootron distribution function will rot lag behind the oscillatory

-/} 2u



field which of course also supplies ener:y.

These concepts allowed measurements of microwave conductivity to
be readily interpreted; for example, at high frequencies (35 Gliz) anl
low temperatures the microwave conductivity can be much smaller thrn

the low frequency slops conductivity in n - Ge but tends to the correct

. value as a biasing electiric field is increased. This is attribuiztle

to the fact thatc017LI>4 at low field whilst as the electric‘field is
irecreased the reduction in ’mebwhich customarily accompanies hot carriexr
effects finally brings caifm below unity and D.C. and A.C. slope
conductivities into agreement.

The fres carrier system will of course in general lag behind the
osciliatory electric field, that is, behave inductively, reducing the
apparent lattice dielectric constant. Ir cu’ZfM is large and falls with
increasing electric field, so too will the inductive free carrier
contribution to the lattice dielecctric constant fall with inereasing
electric fileld.

\ﬁen O)?:Jé'>’ the free' carriecr "temperature" tends to lag behind
the oscillatory field, giving rise to two further.effects. The distribution
function can be cool when the microwave field is large and hot when the
microwave field»is smalle Thus the microwave mobility may appear
enomalously large if e ¥ < >1  end the dominant momentwn scattering
process increases in probability with increasing free carrier energy:

The microwave velocity is anomalously high for the applied microwave Tizld,
the distribution function ﬁot yet having heated up to its equilibrium valus
at which momentum scatterihg would be much stronger. It is 2lso cleer

from this argument that the peak electron velocity occurs at a point

in time which is now governed by BOTH the microwave field and the lagiing

- mean energy of the free electronse In consequence, the dielectric constont



rmust also be remarkably field dependent in such circumsiances, =nd can
in fact change sign and become capacitative.
leasurements have been made of the free carrier distribution

(10) .

function in the presence of high electric field in p = Ge

vhich indicate thet it is not only not a displaced IMawwellian(!!?, Lut

(12),

has additional complexities The subsequent discovery of thoe

NeD.C. in Gahs and InP introduced 2 strong incentive towards the removel

of tbe assumption of a displaced Méxwellian from theoretical de;criptions
of the transport process. A humber of improved computational techuiques

. (14)

energed in ansver to this problem: first a parameterised solution
which exploited certain features of the experimentally measured
distribution function. TFollowing this the lonte Carlo(15) and iterative

(16)

techniques were developeds The latter technique has been used to

calculate the high frequency reéponse of the N,D.C., process in Gals
without the assumption of relaxation timas(17). Hoviever, impressive
though this technique certainly is, the same qualitative conclusions emer;z.
Namely, that there is a frequency ceiling beyond which frequency dependent
effects oécur, reducing the N.D.C. to a positive differential conductivity.

We conclude then that the operational frequency must be chosen
sufficiently low for the negative differential mobility to be a true
description of the conductivity presented to an incident microwave
sigral.

In this section we have shown how a T.E.l. wave incident upon &
nmaterial having negative resistance may be expected to grow spatially.
Introducing boundaries, we discover that this mechanisnm may be exploited
to produce either amplification or oscillation., The behaviour iz 1o be
distinguished from the work already carried out by many researchers in

which the sample forms a local circuit element rather than a distributed

transmission system which contains the T.E.ll, wave,



Conzideration of the consequences of employing a N.D.Ce material
which is biased into the region of negative slope mobility, reveal thot
a further distinction can be drawn between samples in which travelling
domain formation is strong and those in which it is weake The forner
situation is regarded as one of hybrid or combined instability, and
the latter as one of electromagnetic instability. A further consequence
of using a N.D.C, rather than a total negative resistence phenomenon
" is that polarisation of the wave is seen to be of consequence, cince
it is essential that the electric vector of the wave fallswithin a certain
angular inclination to the biasing electric field. Finally, we have
seen that, in so far as any neggtive resistance process is a transport
“process involving electrons having a finite response time, an upper

frequency limit to negative conductivity 1s to be expected.
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3. Measurement of Nepative Mobility by a Bridpge Technique

In Séctions} a.'nd 4 experimental work is described which
is intended to exploit the diagnoétic potential of T.L.M. wave
propagation in negative resistance media. (See Section 1 and 2).
Accordingly, the work is carried out in n - Ge; the most racent

addition to the list of materials known to possess a bulk N.D.C.
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3.1 r=Tyne Germanium

The discussion in Section 1 has already indicated that very little
was known about the source of NeD.C., in n~-Ge at the time of commencement
of the work to be described heres Subsequently it has become fairly
widely accepted as an intervalley transfer process. The strength of
the piocess wes also unknown, (although it was clearly weak) as was its
frequency dependence. These were the major factors which motivated +he
initial choice Of this meterial; the fact that the origin of the process,ond
in particular its gtrength,wag largely unknown indicated that there weg
scope for experimental work of an exploratory or diagnostic nature,
whilst its weakness indicated that the spatially non-uniform electric

fields encountered in media with such a N.D.C. (see Section 2.3) may be
rendered less severe.

In Section 3,2 constraints which govern the choice of
experimental regim9 are discussed and in Section 3.3 the experimental
system is describeds In the final Section, 3.4, the results gained
using this technique are discussed, with particular reference to the
consequences of the non-uniform D.C. field distribution within samples,

and to subsequently published data relating to this N.D.C. procegs.

3.2 Concent and Planning of the Experimental Repime

In Section 2 the real and imaginary parts of the wave-vector of =
T.E.Ms wave propagating in a negative conductivity medium were derived
in terms of the complex conductivity. Thus the electric field dependence
of the transport process in n-Ge may be studied by measuring the
propagation congtant for T.E.M. waves within this material, as a
function of biasing electiric field. loreover, by measuring both real

and imaginary parts of the propagation vector, both the in phase and

=49




the out of phase comporients of the conductivify may be evaluated.
Thus attention is directed towards a bridge measurement in which
measurements of transmitted phase and amplitude of an incident sisgnal
may be used to obtain the compiete propagation vector, and hence
the complex conductivity.* |

The choice of many of the experimental features is dictated by

the rather severe, but vital, constraints enumerated in Section 2.

Wa therefore deal with these first.

3621 Stability of Swecimen
| It is clearly necessary that the specimen should not
oscillate during the course of the bridge measurement. Thus it

is necessary to maintain

Nedo < X o = 202 1014 electromagnetic stability
NI £C . = 2 1013 spacecharge stability
The symbols have the same significance as in earlier sections, and.
we use the value of Cosc obtained by lcGroddy and Nathan(z).

(See Section 1.3).

Kbsc is. an estimated value obtained by using the equations

of Section 2, and assuming that (a) the reflection at the specimen
surface is determined only by its permittivity relative to free spacc,
i.es assuming that there is no specimen surface coating or equivalent

microwave environmental mismatch, and (b) the negative mobility

It is of interest to notice that extensive measurements of
the transport properties in n-Ge have already been made using a dbridso
technique by Gibson et a1(1o). These will be introduced at a

later stage in this Section.
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In point of fact Kosc is defined for a 1 cm long specimen.
Specimens of other lengths would have somewhat different values of
Kosc‘ This feature has been pointed out in Section 23 it arises
because, although the product "N.A." certainly defines a well defined

gain for a specimen of given mobility and at a given frequency,

the boundary reflection loss from the cavity is itself also free

carrier concentration dependent. (Owing to the free carrier

contribution to the total effective dielectric constant of the
material)e Thus "N.A." defines a discrete gain, but the gain
necessary to establish round trip gain itself varies with froe
carrier concentration. Hence, the necessary value of N.A. for
oscillation to ;ccur is a weak function of free carrier concentration.
This feature is demonsirated in Figuré 1, where theoretical gain is
plotted against free carrier concentration for samples of two
different lengths, but otherwise similar characteristics, which

appear in the legend.~ The curves ars obtained using the equations

>deve10ped in Section 2. It will be observed that the curve "g r t",

which is a plot of the round trip gain within the cavity, passes
through unity gain, which is of ccurse the oscillation threshold,
at a free carrier concentration which when multiplied by the specinen
length is not constant from specimen to specimén. The curve "z t“
in these figures demonstrates that similar length dependence is found
in the N.A. product necessary for insertion amplification. In view
of the foregoing remarks, it is clear th;t the N.A., product can
only be used as a convenient approximate guide in sélecting an
experimental regime.

The stability requirements serve to define an aspect ratio
9f the specimen '% F%; 10; which contrasts sharply with
the geometry of normal Gunn devices. The aspect ratio

of conventional Cunn devices is very much closer to 0,2 - 2.0,
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as indeed it should be since it exploits space charge rather than
electromagnetic ingtadility.

This large aspect ratio of '% é? 10 is responsible for a
Arecurrent problem associated with the low specimen impedance, and in
particular the difficulty of matching it to a high voltage pulss
generator, Any attempt to increase specimen impedance by making
NeA. very much less thean Kssc will reduce the size of the desired
free carrier modulation of the microwave signal. Equally L must
be maintained as large as possible, consistent with stability,
in order that specimen impedence is maintained high.

3e2¢2 Non—nniformitv of Bissing Nlectric Field

Having inhibited space charge instability by choice of a
suitably low N.Le product, the discussion of Section 2 indicates
that a spatially non-uniform biasing electric field distribution is
to be expected Within the sample. Using the procedures described
in Section 2, this electric field distribution has been computed for
n-Ge using data which is tabulated in the legend of Figure 2.

In Figure 2 the theoretical results are presented. The
characteristic rise of the electric field to a uniform value within
about oﬁe micron of the metallic contact is seen for low current
densities, wheré even the highest fields 1lle in the positive
conductivity region of the velocity field characteristic., + highex
current densities, the behaviour at low fields near to the contact
remains qualitatively unchanged, whilst the behaviour once the
electric field exceeds the threshold value is quite different.

The figure demonstrates that the non=uniformity of the
- bilasing electric field is severe. Its consequences for the diagnostic
potential of the proposed bridge measurement are immediate. At low

fields, such that no pert of the specimen is in the N.D.C. region the
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ELECTRIC FIELD kv/cm

Vp= 115 1072 cm/sec

Vp 1.2 1072 cm/sec

/ | Vp =115 10™2cm/sec

107

106 105 104 10°3
DISTANCE (cm)

SPATIAL DISTRIBUTION OF ELECTRIC FIELD (SOLID LINE) AND FREE
ELECTRON CONCENTRATION (BROKEN LINE) IN Ge AT 77°K
CALCULATED USING THE VELOCITY FIELD CURVE OF FAWCETT
et al AND THE FOLLOWING DATA

FREE ELECTRON CONCENTRATION = 8 0" /cc FOR

ZERO APPLIED ELECTRIC FIELD

LATTICE DIELECTRIC CONSTANT Is

THRESHOLD FIELD = 3:5 kv/cm

FIG 3
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measurement remains valid. At higher fields, the microwave
energy is effectively distributed within a stratified medium; as
shown in Figure 4. In this figure we distinguish three major
stratas Region one, near to the cathode, has positive conductivity
and is therefore lossy. | It is, however, a small region according
to the data shown in Figure 2, being about one micron in total
thickness.

Region two is one of strong non-uniformity of the electric
field, and, in consequence, of the free carrier concentration and

the effective permittivity. Figure 3 shows the distribution of the

free electron concentration through the specimen. (In Section 5

we shall see that the concentration non-uniformity 1s much larger
in GaAs specimens in consequence of the larger magnitude of the NeD.C.)

Region two is a rogion in which energy 1s supplied to the wave rather

than being extracted from it as is the case in reglon one.

Region three is of considerable interest owing to its size.

In this region the velocity field curve may be saturated, or have a

'slight positive conductivity. Thus conductive losses in this very

-large region are either zero or very small.

T4 is thus clear that once the threshold field for N.D.C.

isvexceeded, the striation of the specimen will introduce an averaging

effect into the measurement made by the microwave probe. Any
negative mobility observed is, therefore, a minimum value, in contrast
t0 measurements below threshold, which are, in principle, directly
meaningfuls (In the latter case we ensure that field gradients near
to the contacts are unimportant by having specimens very much thicker

than the micron or so over which contact effects extend).
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34243 Freouency Limit

We turn now to the complexities of the transport process
comprised within the terms . and Ty The microwave . electric
fields are small in comparison to the bias field in the present
experiment, and therefore an incremental conductivity, appropriate
to a particular bias field, may be used in the equations of section two

for the complex wave-vector, It is well known that this conductivity

- will not necessarily be equal to the "slope'" conductivity, as defined

by the gradient of the velocity-field characteristic. Indeed, the
present experiment resembles the work of Gibson et a1(1) in which
the microwave conductivity of a positi&e resistance sample was

studieds Following the philosophy of that work, we conclude that

. in order that the T.E.M. wave may follow the N.D.C. both WYy <1

and coTg < 1 are necessary. (Here ?’M and T¢ are the momentum
and energy ralaxation times respectively). However, there is
currently little doubt that the N.D.C. in n-Ge is a transferred
electron effect(3), and recent work on the N.D.C. in GaAs has shown

that the frequehcy limitation(4) for observation of an N.D.C. lies

‘well below that suggested by a simple relaxation time approximation.

Thus, whilst an upper frequency limit for observation of growing waves

clearly exists, it 1s dangerous to imply its value from a simple model ‘

of the transport in n~Ge. Guidance in the choice of angular

frequency of the wave is therefore sought from other experimental dato.
A number of workers have shown that in the warm electron

regime, n-Ge shows significant " 1 effects" at 9 GHz (6) with

a lattice temperature of 17°K. In the hot electron, regime

the work of Koenig(7) suggests, (and we now believe) that

non=equivalent intervalley scattering becomes an important process.
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Thus the foregoing data may not be relevant to the N.D.C., repgime.
However, using Morgan's (5, 6) technique, Zuker et 81(8) have

shown that with a frequency of 2.85 GHz the microwave and slopo
conductivities are in agreement throughout the warm and hot carrier
regions. Therefore, in the light of this data, s frequency of

of 3 GHz or less is desirable in the present work, in order that
the measurement may be valid for all bias fields between zero and
the threshold for N.D.C.

3.3 Sumary of Experimental Constraints, Leading to a Finalised

Experimental Scheme

The foregoing discussion has served to focus attention upon a bridge
measurement 1o be performed at 77°K, in order that important diagnostic
measurements may be made upon the weak N.D.C. existing in nTGe at this
temperature. Under these conditions the problems of non unifomity are
minimale The frequency is to be 3 GHz or less, NeA:s £ 2,2 X 1014 c:m-'2
and N.L. €2 x 1013 cm-2 are required, and the specimen aspect ratio in two
of its dimensions is to be of the ordér of ten.

Further constraints are applied by @

1) the necessity of retaining a reasonably high specimen
impedance in order that high field pulses may bebapplied to it.
i1) problems of making the specimen "load" any chosen
microwave circuit.

iii) the necessity of having microwave snd biasing electric
fields parallel to each other, and the < 100> crystallographic
direction. |

Microstrip transmission line is chosen as the most convenient i
microwave environment for the specimen, which is compatible with the
foregoing restrictions. (see Figure 5) Vaveguide is too large at these
froquencies, whilst coaxial line camnot be used owing to the crystallo-

graphically directional properties of the N.D.C. in n-Ge.
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Je3e1 Microstrip Transmission Line

The properties of simple configurations of microstrip
transmission line are by now well understood(g). This transmission
line supports a T.E.M. wave, thus satisfying the polarisation
requirement, for the oscillatory microwave field is neoeséarily
parallel to a biasing field applied between live and ground planes.
It has no cut-off wavelength, so that the W dimension, in Figure 5,
can be made small. In consequence, the remaining unspecified
speoimén dimension (that dimension normal to both the biasing field
and the propagation direction) becomes small. We shall now demonstraote |
that this renders it possible to match the high field pulse source
into tge specimen whilst still allowing the specimen to offer a good
£111ling factor to the transmission line.

Tﬁe 6a1cu1ated'relqtionship between the microstrip impedance
and W/L is shown in Figure 6 for the case when the whole of the
half space above the earth plane is filled with a uniform dielectric
medium.  Approximately 75% of the microwave flux is concentrated

(10)

in the region between live and ground planes s &nd we therefore
propose filling only this region of the transmission line with Ge.
The high dielectric constant of Ge will of course increase the

fraction of microwave energy confined within the specimen volume.

Using the approximate aspect ratio of 10 already introduced,

we note that the specimen resistance is (see Figure 5)

pL _ 1 L |
spec A.W._ na W 9)4

-1 1 L 1

nlkL 10 w 0’1 |

=56~
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Where the resistivity - 1 s and the specimen width

neF

is W since it fills the area below the live plane.

Thus the specimen resistance is readily superimposed upon
the impedance data of Figure 6 for a variety of N.L./ﬁ.A. products,
a3 in Figure 7. It is clear from this data that a quite reasonable
specimen impedance, (3% ohms) a microstrip impedance of 50 ohms, and
a large microwave filling factor, in excess of 75% with N.A. = Kbsc
(i.0. at the point of insertion gain) can 211 be achieved
simultaneously in this geometry. This contrasts with experience
in waveguide where other workers have found difficulty in meintaining

simultaneously high filling factors and specimen impedances(1);

34342 The Experimental System

The complete experimental system is shown schematically in
Figuie 8. VWith the exception of the specimen mounted in microstriﬁ,
all of the elements are coaxial transmiésion line units, these being
the only ones available at this frequency. The phase shifter is in
fact a line stretcher, phase measurements being obtained by simply
measuring the overall physical length of the stretcher, and relating
this to the wave-length in this air cored coaxial line.

The trénsformation from coaxial to microstrip transmission
line is of course of some importance since this is an interface
between a balanced and unbalanced transmission line. The "Balun"
is made, following the prescription used successfully by other
workers(g); Howaever, 1t was found that this device could give risc
to mismatch reflectlons., In order to minimise the importance of any
such reflections, 20 dB attenuators were placed within the bridge in
such a waybas to optimise the single transit signal in relation to

any signal multiply reflected within the bridge circuit. Similarly,
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' inclusion of the circulator to isolate the bridge and R.F. source
proved essential for reliable measurements.

The high pass filter ( 600 MHz) allows the microwave power
to reach the detector diode and succeeding equipment, whilst
preventing the high field biasing pulse reaching the detector.

Thus any spurious effects, owing to the high field pulse accidentally
biasing the detector diode and thus changing its sensitivity, are
avoideds An intentional biasing faciiity which allows the diode
sensltivity to be optimised during the balancing of the bridge is
however included.

Having detected the envelope of the microwave radiation, and

‘then imposed subsequent stages of A.C. gain, there is clearly some
uncertainty concerning the D.C. level‘which corresponds to zero
microwave power, emergent from the balanced bridge. This proﬁlem
_1is overcome by the synchronising loop which locks a 100% modulation
of the microwave signal to the high field pulse in the manner shown
schematically in Figure 9. (An identical technique was used by
Gibson el a1(1) in their bridge measurements).

3¢3¢3 Snecimen Problems

Fabrication of the sbecimen and maintaining it at 77°K was
expected to provide no prodlem. The latter requirement was, in
fact, readily satisfied, by immersing the complete microstrip
assembly in 1liquid nitrogen slowly, in order to avoid thermal shocks
to the épecimen. ( When the bridge was balanced with no specimen in
the microsirip line, immersion of the microstrip line in a liquid
nitrogen bath did not disturd the bridge's balance ). However, in
- spite of careful cooling, considerable diffioculty was experienced in

forming contacts which were capable of withstanding the cooling cycle.
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It was found that the problems arose from the unusually large

contact area employed in the present experiment (0.5cm by 0.5 cn)

and the thermal mismatch between specimen and contact plate. The

problem was finally solved only when it was found that gold pleted
. Kovar could provide a good thermal match tb Ge., When this was used

as contact material, in é normal gold/ﬁermanium eutectic junction,

it‘provided an entirely satisfactory bond, capable of withstanding

numerous thermal cycling events.

3¢3e4 Moasurement

Measurements of the phase and amplitude settings required

to produce a balance during a high field pulse were made as a

function of applied electric field on a range of more than

thirty samples.

3¢4 Analysis of Results

In analysing these résults, it is clearly necessary to take account
of the immediate microwsve environment in which the sample is placed. The
theory of microstrip transmission line in an infinite dielectric medium
has already been mentioned,.and is fairly well established, Some work has
also been done in which the dielectric is restricted to an infinite sheet
of thickness L and positioned between live and earth planes. No work
is known of, in which the microstrip is loaded in the manner now proposed
and shown in Figure 5. It has therefore been necessary to treat this
configuration theoretically, in order that results may be analysed. This
\ work is relegated to Appendix IIT in order to maintain continuity ip the
~ present discussion.

The experimental results are conveniently plotted on a phase/amplitude
plane, each point upon this plane then corresponding to an observation
at a known electric field strength; Typical results are shown
in FPigure 10s The origin of this phase amplitude plane is clearly

arbitrary in as much as the length of the arms of the bridge is arbitrary.
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Hoﬁever, the zero field mobility is well known and may therefore be used
as a reference point for analysis of the experimental results.

Appendix III provides an expression for the microstrip impendance in
terms of the specimen dimensions and its (complex) mobility. Thus having
a known specimen geometry, the phase and amplitude of a signal
transmitted through the specimen may be evaluated for any assumed mobility.
(The correction required to bring the origin of the theoretical and
experimental phase/emplitude planes into coincidence is simply evaluated
using the zero field mobility.) It is therefore possible to analyse the
foregoing experimental results merely by guessing an initial mobility and
subsequent successive approximation onto the observed signal phase and
amplitude at each field strength.

A rather more elegant method of performing this analysis which includos
the shift of origin of the theoretical phase amplitude space is however used.
A set of values of the quadrature mobility (pi) and in phase mobility (Pr)
are used to compute a set of theoretical phase/hmplitude points end these
are plotted on a phase/amplitude plane with the same scale as the
experimental data. Points’of common ji, can be jbined, and similarly
points of common Ry can be joined forming a mesh. This mesh is then laid
upon the experimental data and moved over it until the zero field
experimental (phase/smplitude) point 1lies under the point on the mobility
mesh which is equal to the known zero field mobility. Each remaining
experimental (phase amplitude) point may then be read off directly as a
mobility using the overlay mobility mesh. The data obtained by
this anaiytic technique is shown in Figures 11 and 12. However,
it should be mentioned that considerable difficulty is encountered in
obtaining reliable, and reproducidle resultse This is often associated
with specimens failing to load the microstrip, so that the majority of the
microwave signal passed round the specimen rather than through it as is

Indicated in the microstrip analysis.
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The real part mobility versus field plot shown in Figure 11 may
clearly be integrated to providé a velocity field curve. Such an
integration has been performed yielding the results shown in Fipgure 13.
Comparison is made here with the theoretical velocity field curve obtained

(11)

by Paige y and other experimentally evaluated velocity field curves.
It will be seen that the present experiméntal data compares well with that
of other workers. The theoretical data is fitted to this data end its
approximate agreement is not therefore meaningful except in so far as it
validates the theoretical work,

The experimental values of Pr and Py can of course be used to
evaluate an effective specimen permittivity using the equations of
Section 2, see Figure 14, These results indicate not only a falling free
carrier contribution to the total dielectric constant, but also significant

capacitative free carrier effects. The former effect is to be expected

owing to the decreasing momentum relaxation time which accompanics

*
increasing free carrier energy owing to increasing electric field strength.

However, the capacitative behaviour indicates that even lower frequencies
should ideally have been employed in this measurement in order to avoid
frequency dependent effects. Such frequencies would however introduce
further problems of gpecimen design which are not easily negotiated,

In this section the in phase and quadrature moblilitles have been

evaluated and a velocity field curve deduced. The measurement has baeen

The experimental itemperature dependence of the mobility has been
1.66

found to be of order T for lattice temperatures of 709K and above.,

Acoustic phonon scattering may be.expected to provide a T'1'5 law,

(12),

which is in fact to be seen in pure material below 70°K

=)=




seen to be strictly valid only when the electric field at all points
within the specimen is below the threshold field for NeD.Cs In the
region of greatest interest, it provides only a minimum negative slope
mobility of =50 cmz/Vsec. However, the general form of the velocity
field curve is seen to be in acceptable agreement with other work, which
is not surprising since this curve is dominated by the reliable results
obtained below the threshold field rather than thgse above it., Calculation
of the effective dielectric constant reveals that some frequency dependent
effects are present in this measurement. This factor together with the
problem of arranging for the specimeh to adequately load the microstrip
transmission line limit the ultimate potential of this technique in the

case of n-Ge.




References

1.

2.

3.

4.

5/6.

Te

8e

S.

10,

11,

12,

A.

Je

We

E,

W,

H.

‘Jo

T,

T.

Je

A.

r,

E.

E,

F. Gibson, J. W. Granville, E. G. S. Paige

J.Phys.Chem.Sol. 19, 198 (1961)
C. McGroddy and M. I. Nathan

© IBM Jnl. Res. & Dev. 11, 337 (1967)

Fawcett and E. G« S. Paige '

Elect.lett. 3, No.11 (Nov. 1967)
G. S. Paige

IBM, Jnl. Res. & Dev. 13 (1969)
Fawcett and E. G. S. Paige

J. of Phys. C. 1801 (Sept 1971)
D. Rees

IBM Jnl. Res. & Dev. 13 (1969)
No Morgan and C. E. Kelly

Proc.Int.Conf.Phys.Semicond. Prague 70 and 151 (1960)

lorgan
Jo Phys.Chem.Sol. 8, 245 (1959)
Koenig '
Phys.Rev. 118, ¥o.5 (June 1960)
Zucker, V., Fowler and E. Conwell
JeAppl.Phys. 32, 2606 (1961)
F. Harvey ‘ _
Proc. IEE 1068 , Nos26, 129-140 (Maroh 1959)
Assadourian and E. Rimai

Proc. I.R.E. 1651-1657 (1952)
G. S. Paige

IBY Jnl. Res. Dev. 13, No.5, 562-567 (1969)
Ge S. Paige |

Progress in Semiconductors, 8, 99 (1964)




4. Observation of BEnission of T.E.M. Waves Generated within

an n~Ge Cavity, and their Diapnostic Potential

In the previous Section, an experimental evaluation of the complex
mobllity in n -Ge at 77°K with the biasing electric field parallel to the
&£ 100 direction, was presenteds It provided only a minimum value for the
negative slope mobility, owing to problems of spatial non-uniformity of
the biasing electiric field, and more importantly, it was difficult to
make the specimen intercept the incident microwave power effectively, in
spite of the care taken to obtain a large microwave filling factor.

One way in which the microwave. system may be forced to encounter the
specimen, would be for this ensergy to be generated within the specimen.
That is, to dispense with a bridge measurement, increase tﬁe N.A, product
beyond the threshold for oscillation, and study the emission spectrum. I
is intended that the N,L. product be retained below the critical value for
domain formation. Thus we deal here with "electromagnetio instability"
rather than "space charge instability" or "“hybrid instability".

(See Section 2).

Such observations stlll have diagnostio value, for the frequency of
oscillation, together with the specimen length, is clearly related to the
effective dielectric constant within the specimen. Similarly, if an
empirical N.A. product for oscillation is determined, this provides
information concerning the rate of growth of T.E.M, waves within the N.D.C.
medium. [Finally, and of equal importance, such an observation of microwave
emission would demonstrate the existence of a new method by which
microwave energy may be extracted from a bulk N.D.C.; an alternative

to the space charge instability which is usually exploited in the

Gunn effect,

b=




b Sld

NOILVENd 1dOHS 4O 3S7Nd Q1314 HOIH V. ONIENd WNY1D3dS NOISSING
ONIAYISGO "O4  WILSAS .dnN 1HOEY

. 7 L
: HiIQIM
NOILYINAOW 3590d Avi2d
ALISNILINI : 174 4
Yy YOLINOA
‘0°d D
ONAS
IVNOIS
YISATIVNY |l
1ndN]|
wWNYL1o3ds 357nd
| w314 dH
ZHW 009
©VM3ag




4.1 Experimental Concept

In Section 3, computed N.A. produots for oscillation were presented
in Figure 2, However, in these calculations, the negative mobilities
employed are close t6 the maximum value that may be expected, and are
ﬁherefore low frequency values. | The discussion of experimental constraints
placed a value of 3 GHz upon the upper frequency beyond which frequency
dependent effects, and thus, presumably, reduction of the N.D.C. is to

be expecteds Consequently, the value of A. must be such that

2 A> -gr 9
VﬂEL .310
in addition to the constraint placed upon N.A. for oscillation to
oOCCUule *

Beyond this congideration, the constraints upon speocimen design
are such as in the previous section.

The observatlon envisaged is simply one of the emission spectrum
and its dependence upon biasing electric field, free carrier
concentration, crystal orientation etc.

4.2 Experimental System - 97

40241 "Bright up" Techniqgue

Initial measurements were made using a simple "bright up"
techniqus, on a Hewlett-Packard spectrum analyser, and photographic
recordings The system 1s shown schematically in Figure 1. A
synchronising pre-pulse from the pulse generator was used to drive
The work in Section 3, and theoretical calculations for Gallium

Arsenide(1) indicate that any free carrier contribution to the lattice
dielectric constant, when biased into NeD.C., is likely to be small

or positive.
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_ & monostable multivibrator of variable output pulse width. This

was differentiated, clipped, and the trailing edge used to drive

a éecond variable width monostable multivibrator. In this way a

pulse which is suitable for intensity modulation of the cathode ray :
tube of the spectrum analyser, was readily obtained. The width -E
and delay of the intensity modulation pulse was adjusted so that it

fell within the high field pulse using thq oscilliscope monitor,

thus allowing the spectrum analyser to paint the display screen only
during the high field pulse. Since a maximum I.F. bandwidth of

1 MHz 1s provided on the spectrum analyser, a high field pulse

duration of about 5 micro-seconds is clearly necessary.

4¢2¢2 The Measurement and Results

In this measurement some care was necessary in discriminating
between spurious and genuine signals. Because of the sensitivity of
the spéctrum analyser ( =80 to =90 d.Bm.) i%t was particularly
susceptible to breakthrough from other microwave generators in the.
neighbourhood of the laboratory. Thus at each stage a control
photograph was taken with no high field pulse applied to the specimen.
In this way it was found possible to avoid confusion with sighals
received from sources outside the immediate experimental gear. i

Additional problems were encountered invthis measurement
which were atiributable both to spurious signals originating within
the high field pulse rack and to sparking at the specimen. This latter, !
first became evident when a specimen went open oircuit during a 'H
measurement, and yet emission was still observed. Subsequently |
measurements were at all times made of the specimen resistance before
and after a run, and dunmy runs performed with no.specimen in the
micro-stripe It will be clear that a degree of integration is possible
upon the photographioc film, by superposition of many sweeps through theAv

spectrum, The potential of this faocility was used to its maximum.
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FIGURE 2

Emission spectra from N-Ge at 77°K, with electric field applied in & <100 >
direction, The dispersion is such as to presenf 1GHz across the complete

spec‘tnim.

The upper photograph shows emission centred upon 3.33GHz, with a biasing

pulse of 9 volts.

The centre ‘photogra.ph shows the 3.33GHz emission renmoved when the high field

pulse is switched off,

The lower photograph with the 9 volt field i:ulse re-applied shows emission in
a spectral range centred upon' 2,65GHz and with a dispersion of 2GHz across the

complete spectrum.

The é.pplied field strength is obtained by multiplying the pulse voltage by

342 cm-1 .







Finaliy, we comment upon the problems of signal ambiguity
whioch arise with the Hewlett~-Packard spéctrum analyser., These
spring from the use of a local oscillator which, by mixing twice with
a high frequency signal can produce a signal which is easily confused
with a lower frequency signal which has mixed once with the local
oscillator. It is of course the well known problem of image
frequencies encountered in radio receivers, and has been solved in
all of the work in this and the next section by using a set of
sultable filterse At first, a set of waveguide sections, with
co-axial to waveguide transformers at each end were fabricated;
these providing a crude but convenient series of high pass filters.
Subsequently, a set of co-axial band pass filters were obtained
and used throughout the remainder of this project.

The photographic recording system was employed successfully
as a means of demonstrating the existence of emission from samples
" of 6 ohm —om n-Ge at 77°K, and having the electric bias field and
wave propagation vectors parallel to <1007 crystallographic axes.
Some typical results are shown in Figure 2. A great number of such
qualitative observatlions were made, providing ample evidence of the
existence of this new mode of microwave emission proposed in
Section 2. However, some improvement in the signal to noise level
and method of recording data is clearly desirable. Comments upon
the nature of the emission, and conclusions drawn, are therefore
postponed until a more suitable experimental technique has been

introduced.




4e3

Experimental System = 2

4e3e1 Intesrating "Latch and Hold" Detection

In an attempt {0 increase the ultimate sensitivity of the
detection system, relative to noise and to the spurious signal
Breakthrough level, an integrating latech and hold system was

developed. The integrating latch and hold system is now becoming

fairly well known(z) and is essentially a pulsed version of a phase

sensitive detector. It capitalises upon the fact that the required
signal 1s only occasionally present (i.es during the high field pulse).
and we know when these occasions occur. Thus, provided the unwanted
signals are neither always present (C.W. signals) nor locked to the
pulse recurrent frequency (P.R.F.) of the experimental system,
integration of those signals occuring during the high field pulse must
improve the ratio of fhe real signal to the breakthrough level
In its simplest form the latch and hold circuit is no more

than a switch which is closed during prescribed time intervals. ‘Vhen

closed the incoming signal 1s fed into a system which is capable of

-genging and storing its amplitude, in a characteristic time known as

the "learning time". When the switoch 1s opened, the stored
information is lost in a "decay time" whioch is in general required
to be as long as possible, and certainly very much longer than the
learning times The circult thus "latches onto" an instantaneous
voltage and holds it.

If information is likely to vary randomly from pulse to
pulse, and the P.R.F. can be made sufficiently high, the latch and
hold output signal may be integrated over many pulses providing
spurious signal rejection as required. It is in this latter role
as an integrating iatch and hold system that we perform the present

measurements. The oircuit which was built 1s shown in
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FIGURE 5

In this figure a latch and hold spectrum is displayed with a photograph of ,

the spectrum analyser screen display inset. In each case low frequencies are to
be found on the left of the display and high frequencies on the right,
Increasing amplitude of signal is plotted upwards on the spectrum analyser

screen but downwards on the latch and hold display,

It is seen that the signal to noilse ratio is remarkadbly improved in the latch
and hold display. The signal is a dummy signal centred upon 4GHz, with a
1GHz dispersion across the complete spectrum, in both the latech and hold and

the photographic display.






Figures 3a and 3b but is not entirely original work of the
present autﬁor. ‘

The experimental configuration is shown schematically
in Figure 4.

In Figure 5 experimental results Indicating the
effectiveness of the integrating latch and hold ecircuit, which waé
constructed, are provideds The small signal which is only just
visible by photographic techniques is shown clearly resolved by
+the integrating latch and hold system even when,as in this example,

a very small integration time constant of 12.2 seconds is used.

Some caution in choice of the rate at which the spectrum is
swept relative to the integration tiﬁe constant is necessary. The
criterion governing the sweep rate is clearly that the frequency range
swept in one integration time constant should not exceed the spoctral
resolution of the spectrum analyser. A ready check upon the choice
of spectral sweep rate relative to integration time is of course
provided by simply repeating the recording in the reverse direction
and looking for reproducibility of the spectrum.

4.3.2 The Measurement and Results

Reference has already been made to the fact that a spurious
signal having the seme PeR.F. as the expérimental system, or a C.V,
signal, are not rejected by the present systems Thus, it is necessary
not only to do control runs with no field applied to the specimen,
thus locating‘spurious external.G.W. signals, but also runs in which
the same amplitude high field pulse is applied to the micro-strip
system without a specimen in it. In the latter observation spurious
signals generated by the high field rack have on occasion been
discovered. These signals would otherwise have been attributed to

the N.D.C. in Ge, since on removing the driving pulse from the
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The first set of latch and hold spectra show the effect of increasing the
biasing electric field strength, applied in the < 100> direction to a Co

specimen at 7 %%, It will be seen that a spike at the low frequency (lest)

end of the spectrun is always present,

In the second set of latch and hold spectra the same simal is seen to exist
in the absence of any high field pulse, (upper trace) and is therefore spurious,
In the lower trace an additional signal is seen when a high field pulse is

applied to the empty transuission line. This also is therefore spurious.

Blectric field strengths are obtained by multiplying the indicated pulse

amplitudes by 666 cnt,
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specimen the spurious signals would disappear giving the appearance
of a genuine signal rather than a spurious external signal. In

the results shown in‘Figure 6, these two control runs will be seen
included. All results bresented here are for Ge at 77°K, with
eléctrio field parallel to the £ 100> axis. The specimen geometry
is 0.15 cm x 0.45 com x 0.45 cme  The electric field is parallel

to 0,15 cm dimension. Whilst some external spurious signals are
olearly evident with zero applied field, an additional slgnal is also
introduced by the high field supply even in the absence of any

| specimen, High field runs in the pfesence of a specimen on the
other hand have even more emilssion spectra. However, the obvious
immediate conclusion that the remaining spectra are generated by the
specimen is not tenable, for evidence of mixing within the specimen
was also obtained i.e. the specimen can behave as a microwave

mixer, generating new emission frequencies from the incident

microwave power, rather than as a microwave generator in its own

right. It was, therefore, generally necessary to remove microwave
signals generated by the pulse source by suitable screening, slowing
downAof pulse edges etc. (Similar mixing of external spurious
signals was not found Yo occur presumably because they were piclked
up directly at the specirum analyser, in contrast to the spurious
signals from the pulse source. These, it can roadily be
demonstrated, only reach the spectrum analyser by traveiling along
co-axial leads via the Ce specimen),

Having completely automated this experimental gear, a large
number of.spectra were readily accumulated (approximately 150 on
over a dozen specimens) each of which required % to 1 hour of

observation time. The specimen fabrication procedure is exactly
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FIGURE 7

The four latch and hold spectra are for' increasing pulse amplitudels and
show emission below the spectral centre frequency of 1GHz. The specimen ig
of N-Go at 77°% with the field applied in a <100)> direction. (A single
very tall spike, present in all spectra, Is spurious), The elsctric field
‘strength is obtained in each case by muliiplying the pulse amplitude by

105 ca™ 1,
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as in Sectlon 3.1 All the spectra cennot be included here,

rather, we now draw out the salient features of the experimental

observations.

Tmportance of Free Carrier Concentration and Specimen Geometry

Materials having three different free carrier concentrations

were employed in the worke

Material “A"

We commence with results obtained in thé most heavily doped .
material which had 2.5 x 10'4 free carriers/cc. Emission spectra
are presented in Figure Ty for a specimen having all edges parallel
to £100> crystallographic directions, and being 0.15 cm in length

parallel to the biasing eleciric field, and 0.45 cm in the remaining

_two directions. This free carrier ooncentration and geometry was

chosen with the objective of testing the conclusions reached in
Section three concerning the range of frequencies over which N,D.C,
may be observed; because the free carrier concentration is
relatively hiéh, the dimension YA" parallel to the direction of
propagation, may be quite short, fo:cing any emission stemming from
electromagnetic instability to a high frequency., The frequency

expected from the present specimen would be of order

c
- 2 Te5 Gz
2.0.5 \/EL ’

which of course is above the estimatgd ceiling value for N,D.C.,
obtained in Section 3, of about 5 GHz.'

It will be observed that thé emission which was detected
was not at 7.5 GHz but near 1 GHz. No amount of matching, misﬁatching,
or general adjustment of the microwave circuit could force the

specimen to operate at enything like the 7.5 CHz required by

[P
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the specimen geometry. This result will be used at a later stage
to confirm our ideas of a celling frequency for N.D.C. of arcund
5 GHz. However, first it is necessary to determine what mode of

operétion can give rise to emission in the 1 CHz range.

(1) Iongitudinal Specimen Stability

The specimen employed in obtaining the fairly typical
fesults of Figure 7, has been sectioned, end the actual effective
contaot separation, after the alloying process, found to be 0,95 mm,
Thus this specimen had an N.L. product of 2,38 x 1013 cm“z, which
is to be compared with an empirical N.L. product, obtained by
UcGroddy et al, which is "well in excess of 2 x 1013 om~2," This
specimen cannot therefore be classified as spaée charge stable on
the basis of these figures.

Evidence that these observations cannot be traced to a
simple transit mode of operation may be derived from the frequenc&
of operation. This is clearly in the 700 = 900 Mgz range. Now
the stable domain velocity 1s usually slightly less than the
electron's saturated drift velocity (1.2 x 107 cm/sec)e  Recent
measurements by HeGroddy et a1(4) with a capacitative probe, provide
a domain velocity of 1.14 x 107 cm/sec  at 77K (taken from the
gradient.of Figure 8 of this reference), which is thus approximately
in keeping with the accepted value of the saturated drift velocity.,

With a specimen length of 0,95 mm, a transit mode frequency of

‘ 7
approximately léééagglg— = 120 MHz is therefore implied. That

is, if the sample wers space charge unstable., This frequency is in
marked contrast with the observed frequency of emission betveern

700 and 900 MHz. For the domain mode of' operation to be responsible
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for such frequencies, one would have to invoke some mechanism of

domain quenching, whilst only 1/6th of the way across the sample,
and subsequent re-nucleation at the cathode, or the existence of
multiplq domains.

Domain quenching may occur, as discovered by McGroddy
et a1(4) owing to impact ionisation agross the energy gap., However,
a8 he also points out, this leads to lower rather than higher
frequencies of operation since the resultant space charge remains
to be extracted before re-nucleation of the domain may proceed.
Furthermore, the collapse of such high domain fields is inconsistent
with the present extremely low power levels detected. (see below)

Domain quenching by voltage starvation, as in the so
called quenched domain mode(G), requires sufficiently high R.F,
fields to reduce the mean specimen field well below the threshold
fie1d to the minimum sustaining fields (In 3.5 Ohm cm Gads 0,25 on
long Heeks et a1(7) found 0.5 En for example), More important than
the precise distance below the threshold field at which the minimum
sustaining field occurs, is the fact that our mean biasing field is,
for example, 1 KV/cm beyond the threshold field, This corresponds

to R.F. potential fluctuations of + 100 volts on a 50 Ohm line

‘(in a circuit which apparently has a low Q) about the pulsed

biasing potential of 400 volts. This R.F. power of 200 watts is to
be compared with the present observations in which the noise level
1s at -80 to 90 dBm, and signals are perhaps 10 dB up on this level, .

Domain quenching by elther mechanism 1s thus unlikely,

41) Transverse Specimen Stability

Having demonsirated that a simple domain mode of

opération is unlikely but not impossible, we compare the present

i,




TIGURE 8

The observation here is as for figure 7 but fo;(the renmoval of 5 cn
of open circuited co-axial line from one end of the specihen

transmission line. The same largs 32 spurious sigmal spike is soen af low
frequencles together with one additional owe which is 1¢balled. However

in spite of the use of similar flelds, no strong emission is now seen

in this frequancy range.
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results with the requirements for electromagnetic instability,
An approximate theoretical N.A. product of 2,2 x 1014 om™2 has
been introduced in Section 3 as the threshold of electromagnetic
In the present experiment the N,A. product is

instability.

2.5 x 10"4 x 0.5cm= 1,25 x 1014 cm.2, thus to the accuracy
of the theory, the specimen is on the threshold of electromagnetic

instability. However, the calculation does assume that microwave

reflection 6ccurs at germanium/éir boundaries, whilst in the
experiment this is clearly not the case, for the frequency of

observed emission (700 = 900 MHz) does not correspond with a cavity

dimensional resonance expected at approximately

= 7.5 Gz

C
/EL 2.0.5

It 1s apparent that having failed to become unstable
between its own boundaries at 8.3 GHz, the specimen has found one or
more, distant mismatches which provide sufficiently large reflection

coefficients for round trip éain to occur at a lower frequency., 1In
the results of Figure 7 the location of the mismatch is readily

found, "looking" from the specimen towards the spectrum analyser

each item presents a guaranteed 50 ohm load, Looking away from the

gpectrum analyser, however, we see an open circuit; which is thus,
not only the most 1ikely source of an external mismatch reflection,

'but the only possible source apart from coupling to the high field

pulse line, which should be minimal.
This conclusion 1s confirmed by the data of Figure §

in which the cavity is shortened by removing 5 c@ of open circuiteq

co—-axial 1ine which was attached to the open circuiteq end of the micro

strip transmission line. Ve note that the emission pattern ig

entirely changed. ’ ‘
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At 0.8 GHz the wavelength in co-axial line is approximately
20 cms. Bearing in mind that we are concerned with round trip
effects, the cavity of interest which includes the specimen, has
therefore been sﬁortened from approximately 10 cms {0 Hcms in effective
length in co-axial line. Thus, consistent with the observations, we
expect emission to have been moved to higher frequencies beyond the

present speciral range. Not only can this observation be regarded

Ay el w(%he foregoing description of the mode of operation, but
it aleo emphasises the fact that adequate mismatches can be produced
outside the specimen for low frequency operation. Our failure to
move this emission frequency beyond 2.3 GHz however clearly indicates
that these higher frequencies (5 - 7.5 GHz) do lie in the range
where frequency dependent effects have produced major reductions in

the strength of the N.D.C. if not annihilated it.

To summarise, the foregoing discussion of material A thus
indicates
. 1)  That the mode of emission is one in which the

specimen is a significant part (10%) of a larger microwave cavity,

wherp round trip galn occurs for T.E.M, waves.*

The present mode of operation is in many ways mid-way between work
done by Thim(s) on low N.L. product amplifiers, and the initial objective of
producing electromagnetic instability within the sample boundaries. In
the work of Thim a sample of GaAs having N.L. below the oritical value for
domain formation behaves as a LOCALISED negative resistance circuit element,
with the microwave flux flowing around the sample rather than through it.
Here the microwave flux is partially within the sample and partially outside
it; the sample is certainly not Insignificant in proportion relative to a
wavelength of radiation. (In practise of course, further contrast exists
in that ‘in the present work, OSCILLATION (not amplification) is achieved
with N.L. below its oritical value, and this is in germanium rather than
gallium arsenide). :

=15=




FIGURE 9

Latch and hold enission spectrum from N-Ge at 77°K, in which a spurious

~ony

signal spike occurs at the extreme left ol the spectrum., The remaining

spikes are genuina, The electric field strength is found by multiplying

the indicated pulse voltage by 143 et

e e e e i s A
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2) There is no detectable N¢D.C. at 8 GHz. If
an NeD.Co does exist at this frequency it is certainly much weaker

than that existing at lower frequencies. Thus the broad predictions

conoernihg the frequency dependence of this N.D.C. are confirmed.
Subsequent work by Professor Meyer(s) has similarly

failed to detect any N.D.C. in such material at 9 GHz, in the

£ 100> field direction and at 7T7°K.

Material "B"

We now describe further work in which the mode of
operation is forced into the regime of electraomagnetic instability,
by suitable choice of sample length in the propagation direction
and choice of free carrier concentration. To this end, we increase
the "A" dimension of the sample to allow a lower frequency of
operation, and reduce the‘conductivity of the sample material in
order to establish space charge stability. The work under "B" is
upon 16 ohms om material (at 300°K) having an impurity concentration

of 1.5 x 1014 cm-3.

An emission spectrum for a sample of 1,175 cms
in the propagation and {1002 directions and 0.07 cms in the < 100>
direction parallel to the applied biasing electric field is shown in
Figure 9. The N.L. product for this specimen is 1.05 x 10"3 en™?,
and it should thus now be stable against domain formation. Its N.A.

4 ou~2 which is in the estimated region of

product is 1.76 x 10!
threshold for electromagnetic instability. Moreover, the frequency
of the observed emission 3.0 to 3.2 GHz is consistent with this

mode of operation which would require a frequency of approximately



FIGURE 10

Latch and hold spectrum which has one spurious spike at 3.5 GHz,
Results are as for figure 9, but with the specimen shortened as

described in the text.
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This implication that the emission observed springs
from an electromagnetic. Instability is confirmed by shortening
the specimen to 1 cm in the propagation direction "A" . The
emission then observed is shown in Figure 10, where emission occurs
primarily in the spectral range 3-6‘to 3.8 GHz. (The large spike
at 3.5 CHz is shown by the zero field control run to be an external

spurious break through signal) and emission is to be expected at

L = 3,75 GHz
| FL 2% 1,0
At this stage the spegimen had an N.A. product ofr
1.5 x 1014 and was oscillating in the required fashion. With the
sample further shortened to 4.5 mm in the propagation direction no

emission was observed,

These obsefvations establish an empirical N.A. product
for oscillation which is very close to the estimated value, and in
turn therefore confirms the value of the negative slope mobility
(300 cm2/V.sec) used in deriving that estimate. The uncertainties
of the precise form of the effective microwave circuit, degree of
carrier accumulation throughout the region of N,D.C., validity of
the uniform mediunz model etc. render any attempt to press precise
quantitative conclusions from this data a little unwise. Rather,
we point out that this result for the slope mobility in the region
of N.D.C. was, when obtained, four times greater than the accepted
value of 80 cn>/Vesec. Since this data was obtained and published,
Neukerman® has obtained precisely this value of 300 em®/V.sec for
the negative slope mobility. Finally, these observations on the
10 Ohm om material constltute the first clear out observation of the'

form of eleotromagnetic instability initially postulated, in which

-7
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the'round trip gain path for a T.E.M. wave lies entirely within
the cavity formed by the specimen boundaries.

Material "“C!

The third material from which specimens wers
fabricated was 20 Ohm cm n-Ges No emission could be detected
from any specimens made out of this material. However, since these
specimens were limited to 0.5 cm in the "A" dimension, providing
en NoAs product of 3.37 x 10'3 cu™2 this merely confirms that N.A.
must be greater than this value for electromagnetic instability
to ocours (The data obtained on the 10 Ohm cm material places
an even higher threshold upon N.A.)

Having discussed the data obtained through studying
the importance of free carrier concentration and specimen geometry, |
we now introduce some other conclusions provided by the experimental
data already introduced.

Threshold Electric Field

- In Figure T a typical electric field dependence of
emission is demonstrateds A clear thresﬁold field for emission is
evident. Sectioning of the specimen revealed that the effective
contact separation was 0,95 mm indicating a threshold field for
emission of between 2,75 KV/cm, and 3.15 KV/em« The consensus
of many measurements indicate a thresho}d field for emission of
3.1 KV/cm': 0.15 KV/bm. It is evident from Figure 7 that the power‘
of the emission inoreases with fields Thus specimens which were
only marginally unstable would need biasing well beyond the threshold
field for NeD.Cs before the emission would exceed our finite

detection threshold. We therefore oonclude that the threshold

eleoctric field for N.D.C. is 4; 2.95 Kv/am. This result is

consistent with the previous section and is to be compared with



other measurements of the threshold electric field for N,D.C, which
are already published(to)an& which range from 2,2 KV/cm to 3 XV/cn
(no 1imits of accuracy given). It should also be compared with a
more recent carefullmeasurement by Neukerman and Kino(3) in which

" a threshold field of 3.35 KV/cm at 80%K is obtained. (This latter
work was carried out after the publication(9) of the resulis given’
here.) |

Temperature Dependence

No emission was observed when specimens were studied
at 300°K. Other temperatures were not studied owing to the associated
oryogenic requirements which could not be met by the present

experimental system.

Crystallograrhic Orientation Dependence

One specimen was made from 10 Ohm cm material in which
the field could be applied parallel to a (111> crystallographio
directlon, but no emission was observed either between specimen
boundaries in the desired mode of operation, or employing microwave
mismatches external to the specimen.

In summary, the work described in this section upon microwave
emission from n-Ge at 77°K hag, first of all, demonstrated the existence
of the proposed mode of electromagnetic instability. It has also
provided values of 3

1) the threshold electric field for N.D.C. (2,95 KV/em)

11) = the negative slope mobility (300 cmz/V gec. )

111)  the N.A. product for osoillation (1,10'% on™2)



The absence of an N.D.C. for biasing electric fields parallel

to a 111> direction has been confirmed; that is, in so far as the
absence of any phenomenon can be conclusively affirmeds Finally, the
freduency ceiling at which the N.D.C. was expected to become weaker
and eventually disappear (5 GHz) has also been substantially confirmed.
Conclusions (i) and (11) above, have recently been reproduced by
Neukerman et als3%hilst the frequency dépendence of the N.D.C. has,

in a measure, received corroboration from work carried out by

Professor Meyer in which he failed o find any N.D.C. in Ge at 9 GHz(5).
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5e Observation of Emission of T.E.M. Waves Generated within a

GaAs Cavity and some Characteristics of the Emission Spectrum

In this seoction, the new mode of microwave emission introduced
in Section 2 and demonstrated experimentally in Seotioﬁ 4 is further
exanineds In Sectlon 4, the emphasis was upon the demonstration of
a new phenomenon, and the diagnostic value which such work may have,
Here, the emphasis is upon the mode of microwave emission itself; its
potential power, its spectral distribution etc. We employ GaAs both
in order that the emission may be more powerful and because of its
importance as the current vehicle for Gunn device fabrication.

In Section 5.1, the oriteria which govern a successful experiment
in GaAs are oonsidereds In Section 5.2 experimental evidence of the
existence of this mode of miorowave emission in GaAs is presented when
N.L. is smaller than the critical value for domain formatioﬁ. Egtimates
of the microwave power, and some observations concerning the width of

spectral emission are included, together with other basic characteristics

of the emission process.
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5¢1 Choice of Experimental Regime

In Section 2, some of the constrainis which govern the choice
of an experimental regime were enumerated. We now oonsider them in
the context of a proposed experiment in GaAs.

Sete1 Specimen Stability

Initial work was carried out using specimens which were -

capable of electromagnetlc instability only; thus requiring
-2

NL. ¢ 5x 10" o

Neke > 2x 10'3 on 2

(1)

The former value is obtained from Bott et al‘'’/, The value of
the N.A. product is obtained using the uniform medium equations of
‘Seotion 2, and oomputed* mobility data of Rees et al(z) shown in
Figures 1 and 2, Figure 3 shows the predi&ted dependence of round
trip and insertion gain upon free carrier concentration at a
frequency of 4 GHz for a number of specimen lengths. (see Section 2)
The qualitative behaviour of these curves is just the same as for
n-Ce and will therefore not be laboureds Similar curves are

shown in Figure 4 for a higher frequency of 23 GHz, again derived
using the Figures 1 and 2. .In both Figures 3 and 4 a surface
reflection co-efficient defined by the effective permittivity of

the GaAs relative to that of air is employed.

No experimental information concerning the quadrature mobility
was available, whilst this computed in phase mobility was in fair

_agreement with experiment(7)



The foregoing stability requirements imply a specimen

aspeot ratio of

< 1072

>l

This stands in contrast to the aspeot ratio obtained for

n-Ges The slope mobilities which have been used for n-Ge and

' GaAs differ by only a factor of 10, thus rendering the N.A. products

computed for the two materials which also differ by a factor of
10, consistent.

It is the N.L. products which differ by a factor of 100 and
which are therefore inconsistent with the slope mobilities employed
here, However, both the slope mobilities and the N.L. products are
emperimental values for both materials. The resolution of this |
conflict may lie in the fact that observations of emission as a
funotion of N.L. product ocan clearly only place a maximum value
upon the N.L. product, beyond which oscillation can occur, ie.
observations of emission are incontrovertible, whilst observations
of no emission do not prove the impossibility of emission at such
lower N.L. products. Consistency may be achieved only thereforse
by reducing the N.L. product for n-Ge, and not by increasing the N.L.
produot for GaAs. The work reported in Section 4, in which
sjability of an n-Ge specimen was achieved by shortening it in the
A" dimension would however tend to confim the accepted value
of N'L'Ge'

A reduction in the mobility of n-Ge or an increase of the
slope mobility in G;As would again introduce consistency, Again
however, these quantities are by now well known for GaAs(3), and in

the case of n-Ge receive confirmation in the present work and

subsequent work of Neukerman(4).
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A third avenue towards consistency may lie In the diffusion
oconstantse If these oconstants were very different in the two
materials then in spite of their relative mobilities, the N.IL.
products could remain remarkably different. We accept both the
figures for the N.L. product and the slope mobility in the following

work upon GaAse
5,12 Non-uniformity of Biasing Flectric Field

We have seen in Section 2 that a spatially non-uniform
biasing electric field is to be expected in samples which are stable
sgainst space charge fluotﬁations. Using the equations of
Section 2, the results shown in Figuré 5 were obtained with the
following data

| i) Free carrier concentration = 8. O, 1014/'om3 (zero field)
1) Lattice dielectrio constant = 12

111) Threshold electric field = 3.5 KV/om

1v) The velocity field ourve obtained by Ruch and Kinold)

The results are qualitatively similar to those obtained for
n-Ge (Section 3, Figure 2) and therefore no comments are made
concerning its forme The results are in good agreement with
gimilar calculations by, for example, lMahrous and Robinson(5).
However, no publication has appeared in wﬁioh the acoompanying free
carrier distribution is included. In Figure 6, the accompanying
distributioﬁ of space charge within the specimen is presented for a
partiocular biasing eleciric field strength.

It will be seen that the space charge accumulation in CaAs
is very much greater than that predicted in n-Ge (Section 3,Figure 3).
This result emphasises the superiority of n-Ge as a material in which
to attempt diagnostioc measurements direoted at the underlying

transport process. It also serves to highlight the care which
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5¢2

. must be exercised in using the uniform medium caloulations already

disousseds These lead to the "N.A." product evaluated in
Seotion 5¢1.1. However, here we show that "N" may vary by
hundreds of percent within a sample of GaAs which is stable against

small space charge fluctuations.

Se¢1e3 Frequency Limit

Observations of microwave emission from a GaAs sample have
been made up to 10 GHz with little change in the power output(6),

Thus, at all lower frequencies, no reduction of the N.D.C. is

“assumed in the present work,

5¢1e¢4  Specimen Impedance

The micro-strip itransmission line system is retained in
the exﬁeriments to be desoribed here. This microwave environment
places a cons%raint upon the specimen geometry whioh has already
been described in Section 3+ Thus the consequent specimen impedance,

transmission line impedance and geometry are related as shown in

' Figure T when the aspect ratio of Section 5.1.1 is assumed, In

spite of the larger aspect ratlo, the impedance of the GaAs specimen
is seen to remain acceptidble. This is a consequence of the Lower
N.L. product, and lower CHORD mobility in GaAs at 300°K than that in

n-Ge at T7°K.

Obamervations of Microwave Imission from Cals

In the previous section a latch and hold system was desoribed

which was developed 1n.order to study the emiésion from n-Ge. Thé Gals

work described here uses that same experimental system and the same

experimental safeguards to pfevent observation of spurious signals.

~ However, the observations are now made at room temperature rather than

at T7°K as in the case of n=Ge (See Figure 8)
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FIGURE 9

Latch and hold emission spectrun obtained from GaAs at 300°K,

All spikes are genuine, The electric field strength is obhtained

by miltiplying by 125 cn” .
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The semi-insulating substirate of a slice of epitaxial Gals was
polished off, and silver tin contacts made to both faces of the remaining
material by alloying at a temperature of 350°C. The material was then
cut into long needle like specimens, and gold ribbon compression bonded
to one face, whilst the other was attached to the earth plane of the
* transmission line with a low melting point solder.

The first specimens studied had N.L. below the oritical value for
domain formation, the free carrier concentration being 1.7 x 1013 cm'3,
and L, the specimen length parallel to the biasing electric field, being
80 micronss Results shown in Figure 9 were obtained with a sample of
1.225 cm length in the propagation, "A", direction, providing an N.A.
product of 2,08 x 1013 cm'2. We shall use these results to demonstrate
the characteristices of the emission observed from a range of different |

samples,

Eleotric Field Dependence

For each of the emission specira shown, the mean biasing éleotrio
field is well in excess of the threshold field for N.D.C. in CaAs.
Inoreasing the bias field appears to have very little effect upon the
distribution of energy within the emission speotrum, though the general
level of power emitted increases. Reductlon of the electric field, on

the other hand, reveals a sharp threshold field below which there is no

. Observable emission.

Mode of Operation

The sample employed in the results of Figure 9 was shortened to
0¢915 om in the A direction, and at this stage no clear evidence of emission
could be obtainede Thus, it is clear that it is the "A" dimension rather
than the "L" dimeneion which is oruoial in ellowing instability. The
empirical requirement for this electiromagnetioc instability is therefore
1,55 x 102 £ N.A. < 2.08 x 1013 op~2

Which compares well with the estimate of Section 5,1,1.
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I'ree Carrier Concentration

In Figure 10 each specimen from which emission was observed is
plotted as a function of its free carrler concentration and length in
the "A" direction. For reference the rectangular hyperbola formed by
‘the stability condition NeA. = 2 x 1013 is also plotted. It will be
seen that in all cases emission is observed only from those specimens
having an "N.A" product which is greater than this critical value.

In one case emission is not observed when N.A.exceeds the critical
value, This is at a small value of A, and therefore would have been & |
high frequency sample, where the mobility has possibly decreased, requiring
"a longer N.A. for oscillation. Such a conclusion is supported by the
fact that a rather longer sample (in the A dimension) of the same frde
carrier conocentration material is seen in Figure 10 to have oscillated.

(A similar graph could not be plotted for n-Ge owing to the low
frequency range of operation available to this material).

Frequency of Emission

In Figure 11 the observed frequencies of emission are plotted as
Aa function of the spgoimen length in the "A"™ direction. Because of the
characteristic breadth of the emission spectrum each specimen is
 represented by a line whose length indicates the breadth of the spectirum,

For reference purposes, the line defined by

fa 2, L
JE 2
is also shown for which an effective permittivity of 16 is used., Vhilst
the general trend of these results seems in keeping with the mode of
operation already suggested, the breadth of the speotrum is more reminiscent
~of a noise amplifier than of a cavity in which there is a strong negative

resistance, Similar,'thOugh less marked spectral characteristics were
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also evident in the emission from n-Ge. An understanding of this

oharacterisfio feature of the emission is thus clearly essential to the

present work,

) At this stage we point out that because of the mode of experimental
observation, (latch and hold followed by integration) the spectral
width is uncertain., There are three sources of 'such speotra1 uncertainty
in this measuremente The first springs from the fact tﬁat this is a
pulsed measurement. Thus because the source is only‘switched on for 5)1
8ec no spectral line of less than 1/5 MHz oan exist or be resolved by the
system.

The second limitation arises because of the role played by the
spectrum analyser. This instrument mekes observations of the signal found
within the I.F. bandwidth, then moves to an adjacent frequency and makes
a similar observation. Thus each frequency is observed in turn, and the
rate at whioh the frequency spectrum is swept is so slow that there is
negligable change in the frequency of observation during a high field pulse.
Since the spectrum analyser sweep is not synchronised to the high field
pulse, and integration takes place over many pulses, the whole spectrum
is interrogated after a suitable period of time, However, within any one
pulse only one frequency channel having a width equal to the I,F, bandwidth
of 1 MHz can be studied, owing to the slow sweep rate. Thus a more
stringent limitation upon the frequency resolution than that imposed by

the pulse length is introduced by the spectrum analyser., A limit which

- on the one hand implies that no structure narrower than 1 Miz can now be

resolved, and on the other hand requires 1)1 Sec for a signal in a given
frequency channel o be properly observeds  Any mignal which is present
in a frequency channel for a shorter period is of course still observed,

but with a reduced sensitivity, energy having been spread into the édjacent
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. spectral range to be observed when, in subsequent pulses the analyser

interrogates those frequencies. Consequently in the present observation
the broad spectrum observed could be derived either from'a set of independent
oscillators throughout the frequency range each switched on for the
duration of the high field pulse. Alternatively one osoillator sweeping
across the 1 GHz range during the 5 M Sec high field pulse would produce
a signal in each 1 Mz freqpency gate, and therefore also produce a broad
spectrum, The two are indistinguishable because of the instrumental
response time.

Finally, because of the.pulse to pulse integration which is necessary
it is impossible to tell if a giveh 1 MHz freQuenoy gate recéives a signal
in each high field pulse, indicating pulse to pulse reproducibility.
The alternative possibility is of course that the device produées a diffefent

frequenocy with each high field pulses In summary therefore, it could be

that
a) All the frequencies, shown in Figure 9 for example, are
| simultaneously present throughout the high field pulse,
b) The emission spectrum is the same from pulse to pulse, but
changes with time during each high field ﬁulse.
o) The emission is different from pulse to pulse.

These three possibilities will be examlned in the following section using
a series of experiments specifically designed to distinguish between
thems They will be referred to as spectra of type a), b) or o) as thay

are considered, and the.emphasis will be upon evaluating the "short

»*
term spectral width"

The phrase "short term spectral width" is not of course intended to
imply a measurement of a frequenoy in anything approaching zero time.

Rather to focus attention upon the importance of progressively more rapid
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not change. (in the time domain signals at a given frequency would ocour

~ sensitivity of the spectrum analyser. This is obtained by using a
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observations. (made with a system having an appropriately increased

bandwidth), In the oase of spectrum a),the observed band width would

at all points within the field pulse). In the second case the spectrum
would get narrower, (and a given frequency would occur at a certain
time or times within the field pulse). Spectrum c¢)would present a
different speotrum for each pulse. (a given frequency being observed
from some pulses and not others). Finally of course as observation times
of 10'9 secs and less are approached the observed spectrum must undergo

instrumental broadening.
The tem will be used frequently in this sense throughout the | ;

remainder of this thesis.

Power Emitted

A crude estimate of the power emitited is possible, knowing the

continuous source of a similar frequency which is fed into the spectrum
analyser and latch and hold systems, via a variable attenuator, The
dummy signal was attenuated until 1t produced a displacement upon tha pen
recorder of the same magnitude as that obtained from the actual device,
Finally, the signal 1s reduced by further attenuation to become
commensurate with noise upon the spectrum enalyser soreen, The

attenuation necessary at this final stage is equal to the number of aB

by which the detected signal exceeds the known noise level of the spectrum
analyser. This procedure produced an estimated peak power of 1 micro watt
per megaoycle bandwidth.

Two comments are necessary regarding this estimate. They refer firat
to the units employed in the measurement, and second, to the comparison of a

ocontinuous dummy signal with a pulsed real signal,
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The argument is closely_allied to that of the previous paragraphs.
However, we now examine its impact upon measurements of power.

The units of power per unit bandwidth are necessary because of the
role played by the spectrum analyser. As we have seen this ingtrument

makes an observation of the signal recelved within a certain region of the

spectrum defined by the I.F. band widthe (1 MAz in the present

observation). Then, it moves to the adjacent region and makes a similar
observation there., Such a system cannot therefore diétinguish the following
two situations
1) Two 1 micro watt oscillators continually present one in
each spectral range, corresponding to an I.F. bandwidth,
Total power is then 1 micro watt plus 1 micro watt eqpals‘
2 micro-watt. (of. Spectrum of type a) defined earlier
in this sub-section)

2) A frequenoy agile 1 micro watt source which happens to
be in the lower spectral I.F. range when the spectrum
analyser is observing 1t, and also happens to be in the upper
gpectral I.F. range when that is being monitored. . Total
power 1 micro-watt NOT 2 micro-watts We conclude therefore
that the spectrum analyser can only measure the power within
the band width of its observation, in this case 1 Miz.

The second of the two possibilities cited above is lifted from the
plane of the improbable by the fact that the spectrum analyser is followed
by a latch and hold circuit which integrates throughout the high field pulse
and indeed over many high field pulses. I% would therefore "catch" any
signal eweeping through the I.F. band width whenever it occurred during
the pulse (C.F. spectrum of type two in previous sub section), Equally,

if the emission frequency varied from pulse to pulse, because of the latch
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and hold integration over many pulses, a signal could be observed in any
band width currently being monitored by the spectrum analyser,

(C.F. spectrum of type 3 in previous sub section).

Thus an observation of powers of order 1 micro watt per Miz band
width is fundamental.to the observatlonal system. It may not be
multiplied by the total frequenoy range over which emisslion is seen to
occur, nemely 1 Gz, to give a total apparent power of 1 milli-watt,. Thié
latter power is in fact the maximum power which this bbservation could
imply if emission at all the gpectral frequencies co-existed throughout
each high field pulse; - The actual power depends upon the correlation of

the adjacent MHz band widths, or, the real time dependence of the
power spectrum, ;

A second qualification 1s necessary regarding this estimate of the 4
power emitted. This follows from one of the foregoing possibilities
namely of an emission frequency which changes during the hipgh field pulse.
The high field pulse of 5 micro sec duration has been éhosen t0o be somewhat
longer than '/(I.F. band width) in order that the spectrum analyser may
respond to inocoming signals. However, if a narrow (§f << 1 Miz)

spectral 1ine 1s sweeping linearly across the 1 Glz spectral range shown

in Figure 9 in 5 micro sec, then the time spent in any 1 Miz frequency rangs

is only 5 x 10'9 sece Thus any signal detected by the spectrum analyser
is deteoted with a much reduced sensitivity. An estimate of this
reduction is readily obtained if the specirum analyser is likened %o a
tuned ocircuit of centre frequency 3 Gliz and band_pass half width of 1 1z,
The objective is then to caloulate the response of such a circuit to an
input oscillatory function which 1t "sees" for only 5 x 10'9 geconds,

The proposed equivalent circuit is shown in Figure 12,
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Taking the emf as Eoeiat gives

L4l 1 [1at - 8 o
L yrr+d fratag o

This equation has a "particular integral", I = I° e Lt

where

| IO-EO/(iwLé-R-i/C;u)

== 1Bw [Lw-w,) (Wwa)

2

Fﬂ

The complementary funotion is of the form ae™? where o is given by

ALy + R+ 2%2 Y=o

Thus

= A exp (6+ t) + A exp(e_T)

A Combining the particular integral and the complementary function we

obtain the general solution
I« A exp(6, t)+A_exp(0_t)

i E w exp(iwt)

L (w=w) (w=w)

Boundary conditions of zero ourrent and stored charge at zero time

applied to this equation for the current and ite integral for the

charge give




A - 0
g te -
+ - L (wew Nw =)

After some manipulation the solution is thus

Eo ~iew_expilwt '1w+ expri w t
L | (w_ =w)(w_ -wJ = (w+ - w-)(¢u+ -w)

I=R,P

ievexp it
(e w e w)

Writing'w'* -r w4 19, we obtain
RePu 1 E, _[1 e Sinc t | {,»04 +84 4 2%2 § 2
2 2 2 2
(v s w)®e 8% [(e=e)®+ § 2]

Iuw

- iwozwf-a} iS-""i'5‘3 +w25 2 -wa%z} + e-‘rtCos wot

: | N3 3 §2 _, 2 lwi |
| w0 b’ ww 2¢w W, ic” + (00 W, L}Z _w°2_82+ zwwl—}

The non-oséillatory power in the resistor at infinite time is glven by

RII = EOZ:QR/ [(au- w°)2 + 52} [(w-wo)Z . J'2]

L

Which is readily shown to be a maximum when
2 2
Ct)a - wo + J

and to fall to half maximum power when




Thus since the spectrum analyser represented by the tuned circuit

of Figure 12 has a centre frequenocy of 3GHz and band-width of 1 Miz

5 = 05x 108

w-3x109

o]
Tho power absorbed by the Tesistor at a time ¢ such that co_>> t~1>>d
is found to be
'I]zn'fi,jlxlzn . 2d%
%

_ t =¥ o°
Thus with the assumption that a narrow spectral line sweeps over the

1 GHz range of spectral emission shown in Figure 9 in 5 x 10'6 80C8.

(1.es the high field pulse duration) "t", the time spent in any 1 Miz

bandwidth is 5 x 10-9 secss  Therefore the observed power in a 1 Miz

.bandwidth of 1 micro-watt implies an actual power of approaching

1 milli-watt per MHz bandwidth. If however, the frequency emitted
during each pulse is constant, but varies from pulse to pulse
(spectrum of type 3) the actual power is 1 micro-watt.

 Finally, if all frequencies are simultaneously present in each

bulse, (spectrum type 1) then the power is again of order 1 mill-watt,

5¢3 Concluding Comments

In this section observations of microwave emission from GaAs have
been desoribed, which are demonstrated to be a consequence of amplification
of T.E.M., waves within the specimen cavity, Characteristic threshold
electric fields, and N.A. products occur as expected, However, the short
term spectral width and in consequence the power emitted remain uncertain.
If the spectra presented thus far represent the short term spectral width
(i.e, if the spectral width observed with an observational time of say 10-8

seos instead of § x 10-6 seos is identical) then, as we shall ehoﬁ in the

GG |




next seotion, some alternative explanation of the mechanism of
microwave generation is necessary. The following seotion is therefore
devoted to an examination of the spectral width and power, and, in turn

to achieving an understanding of the mechanism of microwave generation.
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6. The Mechanism of Microwave Generation s The Form of the

Fmission Spectrum

Foregoing sections have employed the concept of an active
"Fabry Pérot" etalon in which emission stems from round trip gain
of noise within a cavity, We now have to relate the spectrum to be
expected from such a system to that observed experimentally. This
problem is tackled from a theoretical standpoint initially. As a
result of this work, the relationship between the spectral power and
spectral width will emerge as of fundamental importance to an understanding
of the mechanism of microwave generation. In the latter half of this
Section experiments specifically designed to evaluate the short term
spectral width and power will be described. The three basic forms
of emission spectrum, which it has been pointed out in Seotion 5 cannot

be distinguished by the latch and hold equipment, will be distinguished

experimentally.
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6e1 Theoretical Relationship of Spectral Width and Power

In Seotion 2 we used a rather simple argument to predict a very
narrow emission spectrum from a Fabry Pérot etalon, having round trip gain.
The observations of emission from both n-Ge and GaAs have however been of
anything but a narrow emission spectrum. Indeed, the spectrum is much

more reminiscent of amplified noise than of a well defined spectral line.

We are therefore forced to consider the possibility of the observed
emission arising from a cavity filled with noise sources, but not having
round trip gain. ’

In this Section we first discuss the expected emission spectrum from
a linear array of elemental noise sources within a cavity. It will be

shown that the expected spectral width is not incompatible with that

observed experimentally particularly in the case of GaAs. However when

the power expected from such & system ia calculated, this will be shown

to be inoompatible with the experimental results. This Section concludes

~ that if

i) The actual spectral power were much lower than previous
~ observations suggested then the emission could come from a
‘ noise amplifying cavity.
11) The speoctral width were much smaller than previous
obsérvations sugéested then the emission could come from a
cavity oscillator 1.e. a cavity having internal round trip gain.
6ele1 Emiésion Spectrum from a Linear Array of Noisa.Sources

within a Cavity

We consider the emission from a linear array of uncorrelated

elemental noise sources within a cavity, The cavity is assumed not
to have round trip gain. The nolse sources are arrayed along the
device as shown in Figure 1. We avold the complexity of the
non-uniformity parallel to the applied electrioc field by assuming a

net resultant noise emission from the whole elemental height of

- the sample.
«100=




A source of radiatlon of amplitude A  is assumed, where

the temporal dependence 18 impliecit, and may be regarded as being

" carried in Ao. Then for a source at a point x along the cavity the

emitted signal in the positive x direotion is

A=A oxp(i k(a=x) )o To (1 + 1 elkay lka )

where k is the wave number of waves propagating through the N.D.C.
medium end T end T are the electromagnetio surface transmission and
reflection co-effioients. Assuming that no frequency has round trip

gain this becomes

1
1 k(a~x)
wdA o T
(0} (1_r2921ka

The total power emitted must be obtained by adding the powers
rather than amplitude of the uncorrelated elemental noise sources

along the x axis. The non oscillatory power emerging along + x_

" from an element &x

P o™2 k; 1(a-x) ot §x

(1122 LEe) (a2l 1k R

After some manipulation this cen be shown to reduce to

* - 2 k, #(a=x)
AA dx = P°§ e dx

where '

g - 4(k32 #kiz) I:(ka + k°)2 + kiz] ’(1 +°<2) (

324384 ¢2 + 2%) + 2(1 - < ®)(4,3 + D)

2 2, 2 42
+ 29 [(B -A +D -C)Cos¢+2sm4> (BC-A1D)]

.where T and B have been expressed in terms of kR
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e

- cent

ky and k, and
s - kga'kiz ' koz
B o= 2k,
c = 2Kk _ o
D - 2 kiko
ol = 9-2 kia,

The total power from this array of sources is then
A . a
* - ' -
P - Abtax = P §- o2k (a ) 4y

o
P.S
"0 -2k, 8

" T ("‘" 1)

providing there is no round trip gain within the cavity.

o

We assume ki is frequency independent and set e
as & typical value. The fairly charaoteristic values of kg, a,
and ko’ implied by the results of Figure 9 of Section 5 at the

re of the spectrum then yield a predicted spectral width of

RS QO

f e 2¢1

This result is very gimilar to the results obtained

| experimentally, partioularly when GaAs specimens are employeds It

‘would, in itself, seem to indicate that the emission observed is

much more likely to be associated with this type of noise

amplification process than with a round trip gain process. However,

there is a fundamental 1imit upon the amount of gain possible within

" the cavity before the onset of round trip gain 1i,e,

1% L é? 3
72
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In contrast, thermal noise is at a very much lower power level
than those power levels at which the present signals are observed;
thus we may contrast the 1 micro watt per MHz band width observed

with the room temperature nolse in a one MHz band width of

KP §2=1.37 10723, 300 10° . 41 10717 watt

There must therefore be some considerable doubt as to whether noisé

could be amplified to the observed power levels without round trip

gain, and the consequent onset of line narrowing in the

emission spectrum.

6e1e2 'The Power Spectrum from a Noise Amplifier

In this Section we estimate the power to be expected from a
noise amplifier, in relafion to the width of the associated épectrum;
The underlying method by whioh this problem is approached is derived
from some work by Gordon, Zeiger and.Townes(1). However, the
derivation of the fundémental equations is considerably simpler,'and |
thé mode of their application to the present problem‘ig of course
necessarily different.

We represent the'specimen within the transmission 1line by
the schematic diagram shown in Figure 2(a),

Noise powers P, Fyy P, are considered to enter the cavity

from the transmission lines a and b and from the cavity ﬁalls ¢
1 |} (]
respectively. | Similarly powers P, P~ and P leave the
cavity for transmission lines a and b and the cavity wall o respectively,

. ! ' '
In thermal equilibrium P% °<Pb - P; - Pa - PB, - PB - O
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Philosophy of the Analysis

When the system is not in equilibrium, having a negative
resistance medium within the cavity, the same noise ig generated

in a, b, and o, and powers Phav P%a' and P enter the cavity,

* ]
However, the powers leaving the cavity, Pa R Pb and Po ' have
now olearly inoreaseds The power leaving the cavity for transmission = -

] )
line b, Rb is clearly derived from Pﬁ and PB s providing that
a8 . a a

the switch to negative resistance has added é%’new noise sourceﬁ Then

’ '
P - P ' (] T + P ] T
ba aa ba.e. °a bo

where Tba and Tb; are the microwave #ransmission co-efficient for
ehergy entering the cavity from a or ¢ and leaving along b, These 
transmissionvcoefficienfs will be calculated in terms of various

Qs of the systems Since the emergent power is measured and the
noise power is known, it is possible to evaluate the systema Q.

Thus the emission spectral width i1s obtained as a function of the

emission power, as required,

Calculation of Transmission Coefficients

We may oclearly write

]
P - P w P o T + P T - P
ba ba aa ba a bO ‘ ba

loss of power to b + PB R
a

.Pa ]
a Loss of power to
' b and ¢

Loss of power to b
Loss of power to b ang a a

* We shall return to this assumption at g later stage., Ve
also assume that sfter entry no power is reflecteq back along its

port of eniry.
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since power entering the oavity from a, P, must finally leave the
a

cavity via ports b or co  Thus

Q2 Q. °
' ' Ta La,
P -P -P o +* P S— - P . o 1
b, LT S °, & b, o (1)

where Q, = 27 Stored energy in oavity/energy lost to port

o per cyole, Qr, is the loaded cavity Q in the absence of the

negative resistance, l.e0 %L --1‘5 -F%b +-% ’
a (v}

Qfx is the loaded Q, neglecting any pqwer loss to port x, 8o ge

.1 .1
a )
QL Qb Qb

and QL X 45 the loaded Q negleﬁting any loss of power to port x
when tﬁe cavity has a negative resistance medium within 1t.

Tt now remains to calculate the powers entering the cavity
from the respective portse Ve employ an equivalent circuit for
this purpose which is ehown in Figure 2V,

In Figure 20 we include the source of amplitude E, a source
»1mpedan°° Rs’ transmission lines of impedance Z° to the specimen
cavity and away from it and a load impedance Rje  The system would
in praotise be matched and we therefore set Ry w R w Z . This
complete equivalent cirouit is now readily transformed into
equivalent elements which all lie within the cavity as shown
in Figure 2d thus simplifying the problem, '

In equilibrium the net power entering the cavity frém the

source, P__ .. is equal to that dissipated in the cavity end load,

*
I 2
Psource =2 {R + i zo}

NE
2 2 3
(N2, + R + MZ) + J(ewl = = )

2 r+ M?zo}

2

P P



remembering that Rs - RL - Zo'

l 2
EI
A maximum power ofPo- p 1s available from the source when
2.4 2
2 o

matched. "E_—— is delivered to the source plus matched load
22
' )

but only a half of this is available fo the load. Thus the -

fraction of power entering the cavity is

2
Zsource NE o 4%,
P |l +r4¥2) ¢ gLt {R+Mz°} (2

4 szo (R + mzzo)
. 2
2, \2 1
(szo + R+ N2 )+ (ML 'wc‘

) cooL» 4
Now the unloaded Q is Qu =R " & CR
B 0

wyb
2 2
(N°z, + R + M2 )

and loaded Q is QL -

VRY

a.nd extermal Qs are Q'load - =
N Zo

' w5

Q ™
souroe NZZO

" Thus after some algebra

SOL\I‘OO\

1
Psource / {Qsource . @

P 1 2. 1fww - Yo
’ (/(2%))*2(%; @

So long as this system does not oscillate, equation 2 remains

)2 e oo (2

valid even if the dissipation within the cavity is negative.

Thus when the cavity has a negative resistance element within it. wa

have
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1/ 80UTCe
Psource . (Qsource ° QLA )
p 1\ a1fex _ws,\?
2Q 4 (W, o
Ly OA

since the Q of the source has clearly not been changed though

looking in at the port used by the source the remaining

BOUTC® ,ortainly appears to have changed to some new

Q Q
value QL source,
Tn the terms of the oirouit of Figure 2(a) therefore
1 ¢
P, /(%.QL )
-—fé - w 2 ¢ o o (3)
° (1 V, 1l _a
end
P, 1/(Qa ¢ Y a) |
PA - 5 2 ¢ oo (4)
° 1 1 0,
— @ o | emm— - SESesws
e
1 b
o, A% * Y, )
P - 2 2 7 * o0 (5)
9 1 ) 1(60 w°a>
% | Tile oo
(LA °x
substituting (3), (4) and (5) in Equation (1) therefore,
1/ b 1 b
Q, = /q
' KT L L
Pb-Pb'gP-Qb A c oo (8)

A A

|

2
a

a



where PB has been set equal to the thermal noise of KT per unit
bandwidth. Consequently all powers "P" are hereafter iﬁ wnits
of noise power per unit bandwidth.

WQ note that 3

b b
(1) 1If Q, = 9 there is no net noise exchange
a

between the cavity and the transmission line b,
which 1s of course correct.

(2) If QG—>® then at the frequenoy o = o
a

infinite power is emitteds This 1s of course the
threshold for oscillation at a cavity mode, and the
theory becomes invalid at this point,

(3) Equation 6 is equalent to equation 29 in Reference 1.

This equation relates the spectral power output and spectral

bandwidth as Tequired; the second point above 1s of course just

one extreme of this relationship.

Tn order to remove some of the unknown terms in Equation 6 we
‘integrate over frequency to find the power in a certain bandmidth,2D1.
If we consider operation below, say, 10 GHz, the slope mobility of
GaAs is largely frequency independent as shown by Figure 1 and 2
of Seotion 5. Thus we assume no suppressed frequency dependence in

Equation 6, and further that the power of interest is close to

the cavity reéonance, so that

o +D .
°A 1 | °A 1
2w W -
s ay =1L . 1 % tan™? °p
R T | w (%
A I'A OA 2Q
Iy

. A : ' 1
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W, A= )
where - A =~z A has been useds Hence
wo w . OJO
A A
woA"' D‘l
: 2Q -2Q
L, D . L, D
~_K_T___1__1__ -l A 1 -1 A “1\12Q,
q QLA 4 | °A
_wOA- D1 ; , ,
o oo (T)

Having an experimental observation of one micro-watt of microwave
power per Miz bandwidth from GaAs, we now caloulate for comparison
the power predicted in such a bandwidth. For a 1 MHz bandwidth we

have 10° = p, Ko
17 "o,

tangent function, (for Q; 1is kmown from the same experimental
a : ‘

- 3x 109. Thus expanding the inverse

observation to be small)

we have ¢
3 GHz + 10
L .
-2 w S S I
§p d?-a% o K byl B |
~ ¥6 R
3 GHz - 10
1 1 1
Writing - = T3 - 37 we have
A
3 GHz + 10"6
2w, KTWFQL , ' _ )
SP - SP av = A e o 0 (8) ‘
. -6 Qb P (P_ - QL) .

3 GHz = 10
From Equation 6, the speotral half power points occur when

2 - 2
L - A
ZQL ( w )
a .

o)




Thus the spectral width o :
0)0 - .
A'? = -Q—A - O’ 0 (L—QL' ) ' o 0o @ (9) ,
T T
and with Equation 8 o
2w, KT (W  -Qa4Y)

4 8 . oo (10)

Q, AY g

8 P1 ;0

On the basls of the refleotion co-efficient of a GaAs/air surface,
- Q, may be estimated as é; 3, end from the experimental work
(Section 5), the overall spectral width when the power was

estimated was % 1 Gz, vhilst o  was 2% 3 x 10° Ha

A
Thus
' 9 2 .
P, = P - 8? 4'2"*1@“'(3X10) ¢ o0 (103)
BA BA 1 Mz 3x 109 Q :
1 Mz 1 MHz L |
L35 x 1070 oy |
QL ' i
Now Pb cannot be larger than the total noise power generated |
&4 Mz _
in transmission line b in a 1 MHz bandwidth which is

1037 x 10723, 300 x 10°

w4+ 1071 watt and 1s therefore
negligible.

Clearly then, from (10a), powers of { micro-watt cannot be
predidted on the basis of this noise amplifier model, end an overall
speotral bandwidth of 1 GHz. Nor can any refuge be found in
questioning the earlier assumption that the negative resistance

process is noise free, for even if a huge electron noise temperature
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of 30,000°K is assumed and attributed to all noise generators in the
*
system, adequate powers are still not predicted.

We now reverse the computational procedure, and assume that

“the power in equation (10) is to be 10-6 watts as observed with

a épectrum analyser having a resolution of 1 MAz. The magnitude of

Q, indicates that Q, is ~ 3 ;
Thus,with Equation 10,
‘ . ""5 . .
§Y &2 -1-%9—-—'-;5 6 x 10% Hz e oo (11)
A L

‘ in contrast with the experimental value of 109 Hz, (For future

reference we note in passing that a power of 1 millewatt would imply
a line width of 60 Hz),
We oonclude that the spectral breadth and power cannot be

simultaneously accounted for by the noise amplifier model. Equally

_however, the Fabry Perot osoillator seems incompatible with the very

broad observed spectra. On the othér hand, the experimental data is
beybnd reproache The only loop-hole lies in the uncertainties
introduced in Section 5 concerning the interpretation of the latch anil
hold observations We now therefore proceed to further experimental

work; work which 1s specifically intended to distinguish between the

. ‘three foms of speotra which, as pointed out in Section 5, could not

- as w»

*

be resolved by the latch and hold system.

A second method of derivation is possible in which the power of

Equatioh 6 is integrated over a wider spectrum range and this total emitted

microwave power equated to the power generated within the sample volume

2
Jﬁ&'Lve Ecp d(vel) Here ¢v_ . 18 the negative slope conductivity,

and Epp,the microwave field emplitude,is set equal to 1 KV/ome This latter

figure is intended to represent a reasonable estimate of the possible

fluotuation amplitude. On calculating the speotral line width, again a

result which is incompatible with experihenf is obtained.
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FIGURE 3

Emission spectra with bilasing pulse amplitudes of 9.5 volts (top)
10 volts (middle) end 11.5 volts (lower), The centre frequency is
15{9 GHz, and the dispersion 1 GHz across the screen., Vertical

(Lozaritimic) sensitivity of 5 d3/cnm.






6.2 Experimental Investigation of the Nature of the Imission Spectrum

Interest in this Section is once again confined to specimens
havihg N.L. below the critical value for domain formation.

6421 Demonstration of Electric Field Dependence of

Emission Frequency

.We first exploit the higher powers available from GaAs than
n-Ge by using a less sensitive form of receiver; a panoramic

receivers, This recelver has a major advantage over the very

sensitive Hewlett Packard spectrum analyser employed thus far, inv |
that it has no local oscillator and intermediate frequency stages. .
Thus,.it does not have the usual problem of spurious image frequencies.
Furthermore, because it employs a YIG filter pre-selector any pulse

break-through inadvertently allowed merely saturates the filter and

no signal is observed rather than spurious responses being produced.
The disadvantage of this equipment is that outputs cannot be

taken away to a pen recorder, nor can "bright up" pulses be applied. {

Instead, photographic integration of the display at low ambient

screen intensity, has to be employeds In consequence the o

photographs presented here are poor, the general glow ffbm the tube
" phosphor having built up during the photographic display., The

remaining high field piilse source and specimen mounting in microstrip

transmission line remains unchanged from the previous sysfems
desoribéd.

In Figure 3 some emission spectra are shown from a specimen
of 5.3 x 1014 free ocarriers/cc. 2,45 mm in the "A" dimension and
8 microns in the "L" dimensions A number of shorter test samples
from the same epitaxial layer and therefore also 8 microns thiék

gave no emission. Thus the sample may certainly be regarded as
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space charge stables, It will be seen that the present longer
sample not only oscillates, but provides evidence of an increasing
spectral breadth with an inoreasing amplitude of high field pulse.

This observation demonstrates the electric field dependence
of the emission frequency and/or speotral width, If the voltaée
pulse is not flat, as is indeed the case, these two conclusions
reduce to‘one and the same, namely that the émission frequency
is electric field dependent.  Equally, if there is a variation of
the biasing electric field from pulse to pulse, these two again
reduce to a simple electrio field dependence of the emission frequencys
| Since the voltage swept out by the biasing pulse is much greater
than any pulse to pulse irreproducibility the former case is favoured. .

The source of the electric field dependence of the emission
frequenoy is readily located, for the effective dielectrio oconstant
is known to be eleotric field dependent. (See results of
Gibson et ;S?{r Sections é and 3, or Figures 1 and 2 of Section 5)..
Thus the "optical length" of the cavity will vary during a high field
pulse of varying amplitude, sweeping the normal modes of the cavity
aoross the frequenoy spectrum.

Other less direot sources of this observed electric field
dependence of the emission frequency are for example sample heating,
or the formation of a carrier accumulatlon layer, Furthermore, the
existence of both of these mechanisms cannot be denied, nor can they
be proved insignificant. However, each of these mechanisms must
finally effeot the emission frequeney through the permittivity. In
the case of lattice heating through repurcussions upon the relaxation
times, and therefore the electiron distribution function, whilst in
the case of the acowmlation layer through local variations in the

plasma frequenoy.
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TIGURE 4

Current and voltage pulses. The upper vollage pulse is displayed
with a sensitivity of 5V/c!, on a time scale of 200 n-sec/cm.

The current pulse is obtained with a sensitivity of 10 amp/cm.






The fact that no such effect has been observed when using
the latoh and hold system is possibly attributable to the small range
of electric field strengths over which this effeot is to be seen.

At higher field strengths, the spectrum appears uniformly broad
| irrespective of the precise magnitude of the high field pulse.

An alternative reason is to be found in the difference between
the two observational systemss If the present low brightneas/ |
photographic integration system is, as one would expect, very slow
to respond, it would favour the flat portions of the pulse where little
frequency sweeping is occurrings As the high field pulse is then
increased in amplitude the displacement of the emission spectrum
may be more readily discovereds Certainly differing response speeds
could account for different apparent spectral widths. The major
conclusion of this seotion has been demonstrated, namely that the
emission spectral breadth is electric field dependent, and a mechaniam
provided. = Some further supporting data which 1s of considerable
interest, proving qualitative support for these ideas is presented .
in the remainder of this section 6.2.1,

It will be recalled that at an earlier stage it was found
necessary to use slow iisiﬁg and falling edges on the high field
pulses to prevent spurious elgnal generations This feature, though
essential when employing the highly sensitive latch and hold system
" does, never the less, provide an ideal high field pulee, see Figure 4
for such spectral broadening to occure It remains however to show
conclusively that this is the source of the present spectral width,
that is, to distinguish between frequenoy sweeping and pulse to
pulse irreproducibility of the spectrum.

In order to improve the high field pulse rather more than

was possible merely by removing the slowing cirocuits already discussed,
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FIGURE 5

Vbl’cage pulse at sensitivity of 5V/cm and 200 nsec/cnm.






FIGURE 6

Upper (A) and lower (C) photographs are of the emission spectrum.

I¥ is masked to make photography possible, thus only the horizontal
axis contains information relating to the fréquency of emission, The
- Upper photograph (A) has a dispersion of 4.3 GHz across the screen
and centre frequency of 16.1 GEz. In the Lowexr case () the

dispersion is reduced to 0.1 CHz,

The centre picture (B) is of the panoramic receiver's sweep waveform.

It is recorded on a time scale of 10 milli sec/em.






a mercury weited relay was introduceds This system operates
upon precisely similar principles of pulse formation, by reflection i
of voltage steps within transmission lines, as those used in the

earlier pulse generator. It has the advantage of a higher speed pulse,

s

see .. Figure 5, but the disadvantage of a low, highly irregular, PeR.F.

Using the mercury wetted relay pulse generator similar but | |

somewhat narrower emission spectra were obtaineds The low P.R.F,

of this device made these spectra very difficulf to photograph.

However, the qualitative trend to a narrower spectrum would again

seem to favour a freqﬁenoy sweeping meohanism during each high

field pulse.
The irregular P.R.F. from this relay was found to be

essociated with the transistorised flip flop used to drive the

solenoid which moves the reeds It was found that, by driving this

relay from the 50 cps supply through a variac, this irregularity was

drastically reduced, (by some 103 times in mean pulse to pulse

jitter). Having made this step forward, the emission spectrum

shown in Figure 6(a) was obtained under the same conditions as in

Figure 4, but synchronising the panoramic receiver sweep to a 50 cps

pulse from a mercury wetied relay.

The apparent conclusion that the spectrum is momentarily
very narrow, and being swept by the high field pulse cannot, however,

be drawn from this result alones The reason is that the sweep

ramp (Figure 6(b)) of the panoramic receiver is very slow ond is

synchronised to the high field pulses Thus on the time scale of
the high fleld pulse, the panoramic receiver sweep is essentially
stationary and samples only.one frequency window, and the same one
in each successive pulse. (A window of width equal to the I.F.

bandwidth). Consequently any signal occurring WITHIN THE PULSE
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DURATION AND AT THIS FREQUENCY is superimposed upon the C.R.T,
display each time a pulse occurss Hence the very bright and
very narrow emission spectrums This explanation is confirmed
by Figure 6(c) in which a line of about 1vmm breadth corresponds
to a signal 1line width of % MHz resolved using a system ﬁaving a
video band-width of 3 MHz, This is of course impossible.

What this observation does do, is once again lend suppori
to the growing conQiotion that there is a high'degree of pulse to
pulse repfoducibility of the emlssion spectral freqpencies. Such
observationé would all therefore seem to support a conolusion that
frequency sweeping is ooccurring within the high field pulse, It
remains however to demonstrate this unequivocally, and then to

measure the short term spectral line width.

6622 Demonstration of Frequency Sweeping within a High

Field Pulse,and Power Measurement

The spectrum analyser is an instrument which is specifically
designed to provide high frequency resolution, and does mo at the

expense of ite time resolution. Hence, the spectrum analyser is

" not the ideal instrument with which to discover the time dependance

of the present emission spectrum.
The frequency distribution within a high field pulse of a
micro-second total duration is required. It is therefore necessary

to make time measurements with an accuracy of perhaps 10'7 g608.

| implying that a speotral resolution down to 10 Miz is to be goughte

A device which can be arranged to provide such an admixture of

*
resolutions in the time and frequenocy domains is the balanced mixer.

Df course there is no fundamental difference between this device

and a spectrum analyser with no frequenoy sweeping faoility.
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X Band Mixer






Balancing a pair of mixers 1s simply a technique for discriminating
egainst (local oscillator) noise. The incoming signal is divided in
‘half by a balanced coupling device such as a 3 dB coupler (Figure 7).
Outgoing sipgnals from such a device are then 90° out of phases, When
mixed with the local oscillator signal,Il.F. signals are developed which
are 180° out of phases Ioocal osoillator noise in each channel is however
in phase. By using diodes of opposite polarities im the two channels,
outputs are developed.whioh may be added to provide noise rejection and I.F.
gignal retention.
| A suitable cholce of the head amblifier bandwidth is then made to
allow the necessary time resolution of 1077 secs.
Balanced Mixer systems were assembled for operation at both X-band,
8 = 12 GHz, and J-band, 12 = 18 GHz. The X-band system is shovn
in Plate 1. In each case a manually tunable klystron was used as
“the local oscillator, and an I.F. amplifier of centre frequency
60 MHz and bandwidth 10 MHz.
The observation oconsists merely of viewing the output from
the balanced mixer and head amplifier when local oscillator and
 unknown signale are fed into the mixer. The system has in addition
o wave guide switching facility allowing a signal from a dumy source
to be mixed with the local oscillator in place of the real signal
Both the dummy source and the local oscillator are continuous wave
devices, although the dummy source can be 100% modulateds Thus,
it is possible not only to make observatlons of emission signals with
an improved time fesolution, but also to make power measurements by

" the following substitutional technique.
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FIGURE 8

X Band Balanced nixer output as a function of time, Tocal oscillator
frequency of 10.18 GHz I,F. amplifier centre frequency of 60 MHz.

Biasing pulse amplitude of 37 volts where threshold occurs ab 25 volts,

Teme  BASE e'i/u- fcc,eM






With the switch in "position 1", the pulsed signal from the
sample is mixed with the continuous wave local oscillator and the
amplitude of the detected signal measured. Meanwhile any power
~ from the dummy source is entering the power meter at this fime.
Putting the wave guide switch into its second position, a signal is
| again'detected as a result of mixing the 100% modulated dummy source
signal with the local oscillators The dummy signal is adjusted
to give the same detected amplitude as the realbsignal gave,

Finally, on switching back to position 1, and switohing off the
1004 modulation of the dummy sourse, a power measurement is made.
This is of course equal to the peak power delivered by the device.

Siﬁilarly, by reducing the dummy signal pulse power whilst
the wave guide switoh_was in 1ts second position until detection was
only just possible, then switching back to position one, the ultimate
~ system sensitivity could be obtaineds Both systems had sensitivities -
of =75 to =80 dBm.

X-Band Results

o'3 carriers/cc

Using a specimen of GaAs having 9.6 x 1
0.775 cm long in the “A" dimension and 50 microns in the "1" dimension,
‘ theAsignal shown in Figure 8 was detecteds This sample had already
been shown to oscillate in the required mode using the latch and
hold systeme The results here are of amplitude as a function of real

times It will be seen that twice during the high field pulse an

emission signal is obtained of frequency fklystron

+ 60 MHz being suppressed by the

-60 NHz =
10,12 GHz the signal at fklystron
appropriately tuned wave-meter. By adjusting the loocal oscillator
frequency this pair of signals oould be moved in time, and finally

oaused to merge near the centre of the high field pulse. Clearly,

-118=



FIGURE 9

In thj_.s series of photographs resulis are showm in pairs. Ai each
local oscillator feequency, a photosraph ;:u'.‘ the panoramlc receiver
frequency spectrum (right) and one of the mixer output in real time
(left) is provided, The former provides an indication of the

relative valuss of the signal and local oscillator frequencies, whilst
the latter shows any mixer signal output (single side-band operation)
which occurs during the high field pulse. The panoramic receiver

is on line sync. centre frequency 16.53 Gz dispersion 3 Gz across

screen,

It will be seen that as the local oscillator is moved progmassively
across the frequency spectrum the time al which & mixer signal

occurs within the high field pulse is changed.
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FIGURE 10

»v°1#a€9 bias pulse on sensitivity of 5V/cm and at a speed of 100 nsec/cm,






therefore, the frequency of emission changes during the high field
pulse, rather than from high field pulse to high field pulse., It
is therefore a spectrum of type 2 according to the‘terminology
Introduced in Section 5. The apparent duration of the sipgnal at

- f
fklystron 60 MHz is not of any significance because of its proximify

to the 1imit of temporal resolution for this system
(approx. 1/I.F. bandwidth). The peak pulse power measured was
300 mioré—watts on several rather poor specimens. This figure is
"‘ very‘close to the péwer egtimated in Section 5.2 after taking account
of the effects of frequency sweeping upon the speotrum analyser
sensitivity. |

J=-Band Results

Using a sample of GaAs, having a free carrier concentfatibn

'of 5.3 x 1014/60, 'a' dimension 2.45 mms and '1' dimension 8 microns, -

and known to oscillate in the required mode, the photographs shown

in Figures 9 and 10 were obtaineds Once again these show a pair of
emission signals in real time, occurring during the high field pulsé.‘
Each picture of emission is paired with a panoramic receiver spectrum,
in which the more powerful line is the local oscillator line. The
other line is the apparently steady emission line from the .sample,
which as has aiready been mentioned (Section 642.1) can be obtained
by using the line synchronized facility., It provides a useful
marker with which to relate the local oscillator frequency and
approximate sample emission frequencys In the series of

photographs shown, the loca} oscillator has been moved across the
frequency range in which the sample emission spectrum occurs. The
progressive merger of the two emission signals, already described

in the X-band results, is clearly shown, as the local osoillator

frequenocy is adjustede Furthermore, the frequenoy range over which

Al
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"field pulse amplitude is increased.

the 1ocai oscillator must be moved in order to sweep th9 deteocted
signal through the high field pulse, is quite as large as any
emission s?ectrum observed using the latch and hold system. - Thus
this frequency sweeping effect not only exists but cen acoount for
the magnitude of the speoctral width observed earlier.

The motion of the emission peaks indicates that the lowest
frequencies occur at the cenire of the pulse, and therefore at the :
highest voltages. This is consistent with the earlier observations
shown in Figure 3 of Section 6.2.1 where it will be seen that the
emiséion spectrun is extended towards lower frequencies as the high
It implies that as the eléctric
field strength rises the average effective dieleotric contant
increases. I; has already been pointed out that the high electric
field may affect the dielectric constant either directly through the

) *
hot carrier effeocts or indirectly through accumulation , or through

lattice heating, and its repercussions upon the carrier "temperature".

of fhese mechanisms, the former provides a positivé‘contribution'td
the dieleotric oconstant which, in theory gecreaees with Increasing
electric field(z’ 3). (See Figure 2, Section 5). The second
mechanism provides a local dielectric constant which inoreases with

the biasing electric field strength, owing to inoreasing carrier

accumulation. The final mechanism is neglected, on the basis that
no dependence of the speoiral width upon pulse duration was observed
even when the pulses were much shorter than an estimated themmal
relaxation time. Thus, it is clear that providing no unforseen

mechanism is important, it 1s the effects of carrier accumulation

Reference to Equation‘1 of Section 2 will:show how these terms

ocour in the expression for the effective permittivity,
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rather than hét electron effects which dominate the electrisc field
dependence of the mean effective dielectrio constant,

The plots of frequency as & function of specimen length in
Section 5 (Figure 11) indicate that the emission spectrum usually
tends to 1ie in a spectral range which implies effective dielectric
constants in excess of the lattice value as predicted by theory(3).
It is important that the effective dielectric constant should be in
excess of the lattice value for consistancy with the foregoing
comments; 1if there were a negative free carrier contribution to the

effeétive dielectric constant, no amount of carrier accumulation

could have explained the results of the previous paragraph, The

| increasing accunulation accompanying lnoreasing electric fields would

have increased the negative contribution to the dielectric constant
from the free carriers, so reduoing the total dielectric constant.

The dependence of the mean dielectric constant upon electric

~ field in GaAs is evidently not the same as that in n-Ge. . (See the

results of the bridge measuremenis of effective dielectric constant

in n-Ces Section 3). Hoﬁever, if the foregoing conclusion is

correct, that carrier accunulation is the dominant process in this
material, then the disparity is not surprising, accumulation effects
having been shown 1o be much weaker in n=Ge than CaAs (Ses Figure 3a
in Seotion 3 and Figure 6 in Section 5).

Finally, the peak pulse power measured using the J—Band
mixer was 4 milli-watts.

| We conclude that the emission frequency is being swept

during the high field pulse, (type 2 spectrum) and that this effect
is sufficiently large to account for the spectral breadths observed
using the latch and hold system. Discussion of the form of the

eleotrio field dependence of the emission, frequency has shown that
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the dominant effect is the electric field dependence of the | ]
-accumulation layer, and that the free carrler contribution to

the dielectric constant is capacitative in accordance with theory

and the results of Section 5. Finally, the peak pulse powers

observed by X- and J-Band systems are of the order of 1 milli-watt;
. and therefore consistent with the estimates made in Section 5.2
when the reduced sensitivity of the speotrum analyser to Type 2

spectra was aocounted for.

6+42¢3 Intrinsio Spectral Iine Width

Wo have concluded that the spectrum is being swept by the :
applied high field pulse, consequently the intrinsic line width |

|
remains uncertain. To measure this we use a modification of . g
|

§

the J-band balanced mixer system already describeds In this observdtion§
we mix the signal from the device with 1iself in one channel only. In L
so doing, the sum and difference frequencies are generated by all

those signals reaching the mixer diodes simultaneously (with the 'g

approximation that the diode is infinitely fast)e . The mixer

diode is then foliowed not by a head amplifier, as before, but by a

spectrum analyser.s Use of this latter instrument is possible in
spite of the foregoing femarks oconcerning the interrelation between
bandwidth and time resolution. This is because the self-mixing
-process effectively provides the "instantaneous" nature of the
measurements - What the gpectrum analyser cannot see of course is ‘
any variations in this mixing line width‘during the high field pulég,
since it has a band width of 1 MHz. It should also be noticed that
the 1line width determined here does not define the frequency of
operation to.the accuracy of that line width, It defines the line
width of a rapidly changing frequenocy whose actual value is not

determined at any time during the high field pulse.
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This measurement showed a iow frequenoy self mixed signal
extending up to 125 MHz when a Bpectrum analyser of =80 dBm
sensitivity was used; Self-mixed signals were however very weak
throughout the observable spectral range from 10 to 125 Iz, At
the low frequency end of the spectrum the signal was perhaps
10 dB above the noise level of the spectrum analyser, and it
decreased uniformly as high fféquenoies wére approached, where it
finally fell below the noise level, |

Even if a mixer efficienoy of only 1% is assumed, the present
down converted power of approximately 10'11 watts at 10 Miz would

‘imply that the mixing signals are well out invthe "skirts"‘of thé
4 milli-watte observed from this device at J=bands Thus we conclude
that the line width is much smaller than 50 Miz.

6.3 Summary of the Form of the Emission Spectrum

In Section 6.1 theoretical arguments were used to show the
inadequacy of a noke amplifier model to explain the power and spectral
width, measured in Section 5 using the latch and hold system. In
oonsequence it became necessary to make a further careful examination of
the emission spectrum with particular emphasis upon its width and power,
The following experimental work of Section 6.2.1 showed first that the
observed spectral width was electric field dependent, and thét this was
rolated to the electric field dependence of the free carrier dielectric

constants, Following this, further measurements with a mixer system (6.2.2)

- demonstrated the variation of the emission frequenoy during a high field

pulse, and revealed peak power levels in the region of 1 milli-watt.

The detailed behaviour of the frequency as a function of electric field
allowed the following conclusions to be drawn, The free carrier
‘accunulation is an important mechanism in determining the eleoiric field

t
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dependence of the speotral frequency and the free catriers are behaving
; 6apaoitatively. Finally, in Section 6.2.3 a first attempt has been
made to measure the intrinsic emission line-width. It has been shown
to be very much less than 50 MHz. Since this measurement was made upon
a fundamental frequenéy of & 15 GHz a fractional line width |
of -1/300 is c1eai~1y established, However in the absence of a true
line width, no comparison can yet be made with the line width of

60 MHz predicted (Section 6.1.2) for a hoise amplifiei operating at a
power level of 1 milli-watt per MHz bandwidth. For such a line.width

to be observed the device would of course have to be operated continuously

rather than pulsed.

124~




References

1o .

2,

3.

Jo Pe Gordon, H, J, Zeiger and C. H. Townes
Phys,Rev. 99, No.4, 1264-1274 (Aug 15, 1955).

Ao F, Gibson, J. W, Granville and E. G. S. Paige
JoPhyseChems Sol. ‘19, 198 (1961).

He D. Rees
IBM. Jnl. Res. Dev. 1 ’ (1969)0

-1 25-



Te Obéervations of Microwave Emission from GaAs Samples which

are Space Charge and Electromagnetically Unstable

In this section we present some observations of the microwave
emission from GaAs when both electromagnetic and spaoé charge systems
are unstable, The work in this area 1s, however, not persued
at length because Ono(1) and co-workers have recently reported some
measurements which fall into this category and because of the
similarity which we find between this regién end the low N.L. region

already describved. We therefors report here those initial measurements

which have been made, for the sake of completeness.
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FIGURE 1

Emission spectrum with vertical amplitude masked o make photography
possible, The (horizontal) centre frequency is 4 GHz and dispersion

8 GHz across the screen.

Biasing ﬁulse amplitudes of 45 volts, 48 volts, 50 volis are employed,

Commencing at the lower photograph of the page.

"On the second page, biasing pulse amplitudes are 52 volts, 55 volts
and 56 volts, again comumencing at the lower photograph of the page.









Te1 Experimental Technique and Results

The specimen is fabricated in the usual way, apart from the
live plane bonding proceedure. When alloyed contacts were made to ,é
these specimens, it was found that the material cleaved, owing to E
residual strain within the crystale The specimen was therefore mounted
between live and earfh planes uhdar pressure applied through a layer of
fairly uniform sorbo rubber. ’
The observational system is 1dentica1 to that desoribed in
. Section 6.2.1 using a Panoramio receiver, Results are shown in Figure 1l
for a specimen having 1 x 1015 carriers/bc an "A" dimension of
0.2844 cm, and an "L" dimension of 250 miocrons. The products NA and
NL are therefore both in excess of the critical values for their 35
respective modes of instability. ' | |
It will be seen that, like the results of Section 6 where N.L.
is less than the critical value for domain formation, frequencies are
moved downwards with increasing biasing electric field. (In the
photographs only the positions, and not the amplitudes of the spectral 1lines
are visible since 1t was found necessary to mask a large part of the
oathode ray tube screen in order to make any observation), This result

gua.uh'tc (27

ig consistent with the only gqualitative result included in the abstract
a1ready_mentioned(1); this is that a bilasing voltage change from

24 to 40 volts produced a change of emission frequency from 8.8 CHz to Te2 Gﬁz.é
It is pointed out that in this observation the frequency is much

hipgher than would be expected from a sample, 250 microns long, undergoing .

a simple domain mode 1nstab;1ity. On the other hand the frequency is

| much lower fhan would have been expected from g épecimen of only 0,284 cn

in the A dimension on the basis of the results summarised in Figure 11

of Section 5 which rolate to electromagnetic instability, However, since

e e i e E



the ambient free carrier concentration is now almost two orders of
magnitude greater, the effeoctive dielectric constant must be expected

(2)

to be very'much greater too. We therefore regard this rather
low'frequenoy of emission for such a short specimen as not inconsistent
with an electromagnetic instability and with the foregoing data, which
indicates that the free carrier contributioh to the dieléctric constanf
is capacitative. Beyond this the emlssion is seen to have very similar
characteristics to those already described in Seotions 5 and 6 in some
detail, Thus we conclude that the mode of operation is complicated,
neither space charge or electromagnetic instabilityralone being readily
capable of aocounfing for the observed frequency of emiésion. In fact,
. just the behaviour which might be expected in the hybrid range of
instability, CIearly hoquer, a definitive experiment identifying the

mode of operation and its characteristicg hag yet to be performed.
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8. Concluding Remarks

_ The work which has been described here commenceé with the 1dea.
that suitably polarised T.E.M. waves would exhibit amplification in
negative resistance materials. After devising experiments by which
this concept may be examined, experimental work upon n-Ge and GaAs wa;
undertaken and has been déscribed. The work upon n-Ge was directed
primarily towards a diagnostic evaluation of some of the unknown
parameters of the N.D.C. process in that material, though during the
course of this work the first observations of the predictéd electro~
magnetic instability were made. Observations which confirm the existence
of travelling (T.E.lM.) wave amplification in suitably biased negaiive |
differential conductivity media. ]

The diagnostic measurements made upon n-Ge, though imperfect for

many reasons, have been proved substantially correot‘by subsequent
publications of other workerse In particular the velocity field curve,
Figure 13 of Section 3, indicates very good agreement between the
1ntegrated results of the present experiment and othér contemporary data,
The more demanding measurement is of course that‘of the slope mobility.
In Seotion 3 the maximum negative slope mobility was found to'be in excess
of 50 om® volt sec whilst in Section 4 an alternative technique of
measurement indlcate that the maximum neéative mobility was 300 cmz/Vsec.
at 77°K; The latter figure has subsequently been confirmed by the
work of Neukerman. A threshold eleotrio field of 2,95 KV/om in the
<100 direction,a frequency ceiling for NXC of 5 GHz, and the absence of
NIC in the 111 direotion have also been indicated for n-Ge at 77°K

during the course of this work.
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In gallium arsenide more powerful miorowave emission was achieved,
and consequently a series of tests were underiaken which were designed
to elucidate some of the fundamental characteristics of the emission
spectrume  Although the breadth of the emission spectrum seemed to
imply that amplified noise was being obeerved, this conclusion was
not substantiated when the observed power was.compared with that to be
expected from a noise amplifier. lore detailed examination of the
gpectrum revealed that the emission spectrum was in fact more powerful
and narrower than initial measurements had indicated. Peak power levels
in excess of a milli-watt and line widths of less than 50 Iz were
'finally detected. Further work 1s, however, necessary in order to
measure the actual line-width. This having been done, some comparison
of power and line width is required using both the theoretical approach
introduced in Seotion 6 and a theoretical description of the device
when behaving as a saturated oscillator. The latter theory would be
formidable owing to problems of both non-uniformity and non-linearity
and has yet to be undertaken.

Finally we would mention the device aspects of the present work,
It was expected that the electromagnetic instability would have some
advantages over the space charge instablility as a mechanism by which to
extract miorowave energy from suitably bilased NIC media, These thoughts
wore based upon the fact that at a given frequency of operation, the
space-charge unstéble daQice is long in a direction parallel to the
biasing electrio fields The electromagnetic wunstable device however is
" thinly spread over a large contact areas The latter device therefore
has immediate edvantages from the point of view of heat dissipation.
Never-the-less the milorowave emission which has been obtained from GaAs
competitive with that obtained from space charge unstable

is not
“Gunn osoillators either in terms of peak power or efficiency. This could
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woell be overlooked since the present work is at a much earlier stage
of deVelbpment than is the oonventional Gunn oscillator, However, the
extreme sensitivity of the emission frequency to the biasing eiectric
field strength, which has been disoovered, does not lead one to expect
| that the device would be easy to use in an operational system.

The bossibility of using the present T.E.M., wave amplification process
as a fravelling wave amplifier at high frequencies (35 GHz) has not yet been - o
examined. This possibility opens up a whole field of work which could be
particularly réWarding since there is a demand for a solid state emplifier
operating in this frequency ranges Such an application also presents
a further atiractive problem; that of rendering the present reciprocal
amplification process non reciprocale Unless this can be achieved,*
a pulse entering the amplifier will produce an infinite train of amplifying
echoes whenever presented with a significant missmatch. That is, 1t will
osoillates More careful matching may prevent osdillation, but still
cause amplified signals to appear at the input port, which is an

undesirable featuré.

~ Clearly there is a considerable body of work yet to be done upon

this novel amplification process.

* It is possible that a solution is to be found in the similarity

of the present device to the maser which has already been exploited once.

(section 6)s In that device the identiocal problem has been encountered

-and solved.
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APPIIDIX I

Prozramme for calculetion of the insertion
gain of a biased sample of 1DC material.
The prosram:ning lancuage is a modified

veraion of Algol 60.
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APPIDIX IT

Programme for the calculation of the

spatial distribution of clectric field

and free electron concentration within

a biascd sample. The prozromaing
lonmuage is a nodified version of

Algol 60.

}
i
§




acb geom e v X
él

-

T
b in ls!’ooLeD. .
R T0sWi0e J0sdiv o'epSQdmawvw eli mxumae“betaearmimmm,.,ev

hGst heuabr"u..: Lpha s jews 0 8T "JDC"T""J,

esact raaa(..;opamwdo:.ep\,“aim»eo.gme..okmhuarr\t.im.rOuneta.

ratasalphasbetas canprev);

print5(< y
cm.'u/ wints at Lomp-

clLectiron density at x0
eLc*"r‘on ageviclty Or ge
il Tt veleoeityat =0

X 9&04d034°060 Kelvin

‘t o210 9/ C el o

Arnted/coce
}ivdosscn/sce

L (T

Glelectric constant = '”ﬁocpwq '
lirit on distarce = oy dmedem
lirit on field strength = Yoot imedky cm-
trarsition fleld = % e*c»x‘:v/ur..
Step on trancition deld = ¥osteped '
angte of tapepr = >.,..hcr,c~o~£
vidth at s"cep = 3sh0escmg
villey “eld = -i',eVaskv/cm-

rfietd (kv/em) distarce (cm)  clectron density (/c-c-) 3
ax(cm) grad (xv/ém/cm) integraced wltage: :

» -

?

b arn e.xm»pd? ary Limdevdoefietd[13k]:
exact read(el” : .o
ol J-1:13k do-
b exact ad(uel.d[j}m.[i )3
Com ~10Ld is read in kv per cms and drift velocity 1n unlts o f

ten to the saverrth cm pepr sccond;
Vd [.j]“Vd[JJ*‘"xo

vealphaswvios

T2r 3153+ while vd [ ]<v dos
omc«(vdig] va [ u)/( 1eLd[J.; fietalj 11);
deeaf 3=1] +{v=vd J"’l]) grad; - -
elilecli]+de;
J“5°8110'.9:
n[l.;;'(_]'(‘?o k()g”(b +v>-cp°-d°~"taIx('il"oug.)/i’O‘r Zrata )+

bolelal Ju w{VatD + '-'i"a":.'a ‘V*G,‘DG‘* O"'LQ he fad
fOim ) )/ (2 ) Hheta) m))"z 3% JEno% ro
>< 1 ~de/ (n[,i] m)/1.81n-9«~eps.
to L1
e"a, .



Lz div es-(n[:f.*‘s]“m)/ommw81.3 “93 | ,
comm a coaversiont Rgior 1s ivctuded hebe ~to put e inkv per cm;
L2y o ona_;ﬂ vh o../s‘.ep< abs (civ e)*‘lo-»("_]) do ;
'CA“'-U ( J)v o " T

eh.]*oi(l 1=1 45 1 g 1=1)]+de;

w{ilexi(T 1=1 Th 1 g i-1)) %
i ¢ .LJ’OL.‘L') th g tis o

i oxlilextin th g Lis -

'si"" 3@19 “1 WQ '{'let:d 3]<3[l-§ Si':’ »
r«d@.(vdfﬂ -\d [3-1]) (etclifHetdls™ 1]).
v«n“aae(o)JJ“ eLdLg])*vﬁLJA;'

ﬂ[l] - jO‘-"‘&'ta/(l x[i= 4]/ hi+<a v{thelta ))/V,
iF step< r step thald
Limiil-n1 )>»(n[i"1]"m )<O thed
pbeoin © - -

S$Cép « step<damp;

LRYE -
endsahnds
if abs((n [i]"m )/":1 X< 2'0"" thel
Q?an
gICP « Stet'r2 0;

a L2;

&N .
tep « r step/ (canpide1);

1F1>10 th b .
T s bg((n[ﬂ—.1‘1~10} Ynlil)<1~5 and eli- 1]<et

'f(e[r'g]iw then n de - et¥oota gleg
de-(et-e{i] )*betas
eli]ee v[il +des

a
Qp J«1,3+1 wh-del LU eli
g&"dc.»-(vd{,) \, L ) e
we cracs (ef.:u"‘f'lel, L
dx«(hO/..aﬂ( hota =X

x[i]«x[:LJ i %3 .

ens
ens
L abs{ln(eli] )L n(dx))< <50
then b opd(i]epali=1] -“dw(e[...] du/2)
gise 8 ¢ Li]«pd [1"13 se0}
L1 punch(59);
go Tft5(Q[l]a)([l]9ﬂ[1]oer(C:G/dX)’pd[i]);
i Lines>50 th punch O); v X
l«iL’i"l;
q L5
LLe
en
eq
vl ah
SoUsUSee>

---------



e

SR e e et e,

Z PLANE y
s S~
7

/
~F |opd118  dl-TF~ N

TN

& ‘ N\ Cu DHBHFL——
¢
FIG.la

%

W PLANE

B$aD C AE

]

FIG.Ib

CONFORMAL MAPPING OF THE MICROSTRIP HALF
WIDTH OF FIG. la INTO W SPACE IN FIG. Ib.




APPENDIX TIT

Heterogeneously loaded Microgtrip Transmission Line

It has already been pointed out that no analysis which deals with
the present dielectric geometry within a microstrip transmission line is
known to the authore The following analysis is based largely upon work
by Assadourian and Rimai(1), but includes some additionel features which
are necessary in order to degl with this heterogeneous dieleciric,
| The technique employed 1s quite standard. Calculation of the line
impedance is reduced to the problem of calculating the line capacity per
unit length "C", Now this is just one of a class of two dimensional |
potential problems which may be solved by transformation into a new,
more convenient, co-ordinate systeme. The oomplex'poteﬁtial function F(w)
is transformed into a new co-ordinate space in which the problem ig simplified.?
The solution is then expressed in terms of the new space co-ordinates and i
then transformed Back. ‘

We consider a strip of zero thickness width "bv" angd height "h" above
an infinite ground planes The plane through the transmission 1line normal
to the direction of propagation is divided in half about the synmetry
exis A, A see Figure 1a. Following Assadouriaé12t el a oonformal mapping

L w14+ Log (V) | v ee (1)

e | |
T%FA = 1+u+ s Log, (u2 + v2) ‘
cew (10)

I%? . v+ Tan~ (-% ) ?

is used which transforms the z half plane .in which the transmission

line exists into the W plane as shown in Figure 1b,



The real potential at any point in the W plane is clearly -

| P, - | b=t
¢(‘V)'¢1+%‘rﬁ"¢1+2711‘m1§ e oo (2)

where r and O are the co-ordinates in the W plane, and P 1 and {)2 are the
potentials of the lines A B and AB respectively,

The complex potential funciion correspdnding to ) 1s

F(W) _ 4)1 N J,(472 = ¢1)Log (u2 + \)‘2)% - 4)1 + 3(2&%&)1% 7

T

. 4)*' j ,’, where 'i/‘ is the function conjugate to ‘J and r is the

radius of a flux line in W space.

In the case of a homogeneously loaded transmission line Assadourian
evaluates the charge between A and B, QAB by teking € timesvthe change

in ‘pf over a oircuit of a conductor boundarys This may be justified

as follows,

- The flux of electrio field per unit length of a surface S perpendicular

to the UV plane is

.j.as-jﬂ) 1 ).'dﬁ' 32—‘;

by Gauss theorem, where i J and k are unit vector i and J being parallel
Ueand ¥ and Q is the charge per unit length enclosed by S,

Now 4) and?*f must satisfy the Cauchy Rieman equetions so long as 1> and
'l}/‘are analytic.

i 3

du - Tav

VAP Y

Qv dU



Thus 4WQ--(§%_1_-3U1\).<1§"

%"“Vz

where dt is a veotor along the equipotential contour of unit height.

Hence (@ - @ )
Qp = €€, 2_‘_\_,’1 (Log rp = Log ra)
€ € hE
0" o
= = Log (rB/%a) aé required
where E, = 2

In the case of heterogeneous loading of the transmission line we assume
that the specimen boundary lies along a flux line r = r e Then E
: : spec tang

is continuous across the specimen boundary, the flux lines remain
undistorted, and we may therefore define two independent systems in the
region of W space for which r & rspe c éndr > rspeo, An empirical
‘argument has led Schwartzmann(a) to the same conclusion. In dealing
with his form of hetrogeneously loaded microstrip he also divides the area

around the live plane into two separate capacitors one with dielectric
and one without. '

The total charge is now, remembgring that only half the

transmission line has been considered,



v 2, €, — Tog (/)
h Eoé o A _
- log r, = € -
2 g g Ty spec Log ra + (G spec 1)L°
A€y =
Now if B/h large
. -F'-B'- Q:IJ ﬂ
In Ra = o 13 RB 2 1+ =
R, B
Thus In 7 & 1+5p+In (1+78
a ch
Thus » oh Eo €

Total charge =

+ (€ - 1) In (E-P-‘?-‘Z)

s8pec

With equation 1b we see that if

With Tepoc 1, the expression for the total charge becomes

- 2hE €
0o O Nile) ||!!
2QABf——-—Tr 1+-—'2h+1n (1+2h)

(Gepec = 1) In (}L)




Now the capacitance per unit length, C = 29, /(Q2 - Q1)

... The characteristic impedance of the loaded transmission line is then

e (Wﬁwfwﬂ

o" o
a 2hE €
) b ~

E b
ZO- lé'fo—)- o/ (1 *ﬁz'%) espe°+1n (1+%E)

This is the required equation, expressing the loaded micrgstrip
transmission line impedance in terms of the spéoimen and microstrip
dimensions, and the complex specimen dielectric constant., It holds for

: *
the ocase where the specimen boundary lies along r = 1.

gpeg
The final expression contains a bracket ( p€ )%, the inverse of
the velooity of the electromagnetio wave in this hetrogeneously 1loaded

transmission 1ine. = This of course is unknown. However precisely this

» In faot gn'rspeo = 0,368 was found to provide a good "match" between

the speoimen boundary end the flux lines. The characteristic impedance

is then slightly modified and substitution in equation 3 then yields

1 1

. + b
1€ T b
'ZO*ILZ}E:L 1+%5 E-speo"'l‘n“"'gﬂ)



. this problem has been discussed(z) in the literature and a factor K

is. used to adjust the free spéce velocity ce  Thus

. - - 1
(pe)t RN FINVENT:

spec 1)

where € relates the hetrogeneous air/hielectric capacitances to‘the
capacitances that would occur if the air were replaced with the
_substrate dielectric. The loaded transmission line.impedance may

now therefore be readily evaluated.
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