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The introductory chapter commences with a brief perspective,
continues with a description of the compound III-V semiconductors
and concluies with a survey of solid-state microwave devices including
current commercial and state-of-the-—art results.

The properties of indium phosphide are outlined in Chapter two
commencing with the preparation and physical properties, continuing
with a description of the band-structure and relata2d electrical
properties and includinzg a survey of scattering processes. Inter-
valley transfer is discussed leading to the three-level transfer
system ari the cancept of negative-differential mobility. The conse-
quential operation of devices is considered and the chapter concludes
with an outline of the Boltzmann transport equation and the solations
theresf by various means and a summary of non-linear effects in the
carrier transport theory. ’

Chapter three descrives measuremeént methods of the velocity-field
characteristic, and in particular the working equations and aralysis
of the exreriment to measure microwave-conductivity. Perturbing
mechanisms of doping inhowmogeneity and energy relaxation are considered
and other work on these reviewed. Namerical approximation techniques
in the experimental analysis are compared and developed, leading to a
complete analysis of experimental data and criteria to handle space-
charge suppression, Calculations of the effects of transient heating
of samples are produced, together with the effects of temperature
induced carrier-concentration variation which in the experiments was
saiall. The chapter concludes with a description of the experimental
apparatus, its calibration and predicts a microwave measurement

accuracy of 5%.
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The results of a computer simulation of the experiment and
analysis of theoretical data and derived results are presented in
Chapter four, where the various computer programmes are described.

It is demonstrated that the velocity-field characteristic may be
accurately recovered from data derived from it via the experimental
method, assumptions therein being justified numerically. This Chapter
concludes with a presentation of the interaction by microwave signals
with inductively mounted semiconducting obstucles in rectangular
waveguide. Some numerical calculations are descrited and presented.

Chapter five describes the calibration of the experimental
syster using gallium arsenide samples. The sample preparation,
mounting and biassing methods afe described. Results from these
experiments yielded salient values of threshold field, Ep = 4.9 kV em !
peak velocity, Vp = 2.1 107 cms—l, peak-to-valley ratio, r = 2.3,
These data are in reasonable agreement with results published elsewhere.

The sixth chapter describes the experimental detail relating to
the indium phosphide samples, discusses measurement of sample unifor-
mity and work at liquid nitrogen temperatures. The experimental
results are presented and variations with epilayer thickness, carrier
density, conductivity and temperature are described, this together
with possible space-charge growth reduction in thinner layers produces
figures 50% above the average in the velocity field characteristic
derived from Stg layers, rather than 10-20r.1ayers. Carrier density
increase from 7.2x10%% cn3 to 2.4x10™2 cn > led to threshold field
decrease from 10.7 kV cm-1 to 9.5 kV cm_1 and peak velocity decrease
from 2.6x10! cms ! to 2.3:107 cms-l, the negative differential mobility
being unaffected within the experimental standard deviation. The

results at 100°K indicated a lower  threshold field of 9.1 kV cm ¥

and a higher peak velocity of 4.4;107 cms .

(1)



Assumptions are then reviewed and comparison with other published
data made. Space-charge effects and relaxation effects are suggested
to produce the largest errors, also the results depend strongly on
material quality. No correction for relaxation effects is made since
it would be comparable to the overall experimental error, which was
of the order of + 154. Comparison with other published data is good,
especially bearing in mind the experimental differences, particularly
in the material used.

The peak-to-valley ratio was calculated to be in the range 2.15
£r€3.2 at 3OOOK. These results are used to make a calculation of
the efficiency of a notional LSA device. A sinusocidal mode efficiency
of 7.0% is predicted for operation at 3OOOK, squarewave efficiencies
being some four times this figure. No estimate of frequency dependence
is made.

Chapter seven forms the work's conclusion presenting the results
formally, briefly discussing perturbting effects and errors ;nd
considering the device efficiency calculations. The chapter concludes
with comments on further investigation into the semiconductor and
devices made using it. Work on material, fundamental experiments and

device operation and characterisation being associated to bring better

understanding of the features of the material and its application.
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Introduction.




1.1. HISTORICAL PiRSPECTIVE

The study of semiconducting materials and their properties was
begun early in the nineteenth century. Sample purity was a particular
problem associated with these early investigations and this continues
to be a major technological varrier in the study and analysis of
hitherto uninvestigated materials. During the first decades of this
century much work was done to characterise the differences between
metals and semiconductors, some of the most salient steps being
associated with the appreciation of crystal structure as a result of
improved manufacturing techniques. The effects of damage, defects
and doping with impurities began to be studied and descrited.

Work on the transistor led to an appreciation of scattering
processes and relaxation time effects, the inclusion of quantum=—
mechanical theory leading to refinements to the band~theory description
of semiconductors. Prior to the transistor, materials finding applica-
tion as semiconductor junction rectifies were studied in detail
principally selenium and the oxides of copper and lead. Interest
in transistors led to work on the elemental semiconductors germanium
and silicon. Silicon technology has been refined and extended to
include high~field and high-frequency device operation. Intsrest has
been diversified in the last decade to include a number of compound
semiconductors, notably those formed from groups III and V of the
periodic table of the elements. One of these, indium phosphide, is

the subject of study in this work.



l.2. THE GROUPS III-V COMPOUND SELICONDUCTORS

In groups IIIa and Va of the periodic table of the elements are
located the transition metals, not of direct interest in this context.
In the -b subgroups however we find the elements surrounding the
familiar group IVb elemental semiconductors germanium and silicon
(ref. Fig. 1A). The compounds of these surrounding elements are of
considerable interest us semiconductor materials. Those most usually
encountered are the phosphides, arsenides and antimonides of aluminium,
gallium and indium, together with a number of ternary compounds,
notably gallium indium arsenide, gallium indium phosphide and gallium
arsenide phosphide.

Some of the properties of these materials are shown at table 13 (1)
there compared with those of the group IVb elements. There are clear
gradations in the data on melting points, energy gaps, similarities in
interatomic spacing and large variations in carrier effective masses,
mobilities and temperature dependence of the carrier properties.

These reflect the interplay between the different mechanisms control-
ling carrier transport within the family of compounds.

Silicon and germanium find many applications as devices, especially
the former due to its superior thermal properties. Gallium arsenide
and indium phosphide in particular offer higher carrier mobilities and
higher saturation velocities, which have encouraged their exploitation
for certain applications. Negative differential mobiiity is peculiar
to these III-V compounds in usable states, hence further applications.
Gallium arsenide is used in Gunn diodes, Impatt diodes, field-effect
transistors, amplifiers, infra-red emitters and detectors, (being
especially valuable for optic-fibre communication since the wavelengths
of radiation are most convenient for fibre transmission) varactor

diodes and tunnel diodes. Other compounds, due to less developed
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technology have, as yet, found somewhat fewer applications.

Indium phosphide is used for transfered electron oscillator and
amplifier devices and also as an experimental field effect transistor
material, gallium antimonide finds application in tunnel diodes and
backward diodes as does indium antimonide; gallium arsenide phosphide
is used for high-power rectifying devices, although in general the
ternary compounds have smaller thermal conductiYities than the
binaries and hence their usefulness in high-power environments may
be limited. Electroluminescent devices are made from gallium phosphide
and two of the ternaries; gallium arsenide phosphide and gallium indium
phosphide. Tnere are other promising compounds, notably gallium nitride
with its large band gap of 3.5 eV giving basic electro-luminescent
output in the blue of the visible spebtrum, but also being dopable for
other visible wavelength emissions of various colours. State-of-the-art
results are continuously being improved and these will be discussed

briefly with respect to the microwave devices.

1.3. SOLID STATE MICROWAVE DEVICES

The feasibility of exploitation of bulk properties of materials
led workers to examine the III-V compounds, especially after Gunn (32)
had observed the effect (in 1964) now named after him. Gallium
arsenide was first appreciated in technological depth although attention
has now turned to the other materials in the search for improved
efficiency, higher frequency operation and possible high-power appli-
cations.

The microwave industry is an extensive user of solid-state devices,
since small, lightweight, rugged devices operated from light, compact,

low voltage d-c power supplies are attractive in many applications.



Devices are required to produce, amplify, mix, limit, modulate,
detect and switch signals. Thesé devices are incorporated into
modules used in assembly of systems for radar, communication,
electronic warfare, control and instrumentation. State-ol-the-art
results are necessarily better than commercially available performance
data, some of the latter are summarised for reference (2).

Silicon power transistors in the S and C bands offer 10W, 2 GHz
and 5W, 5 GHz, silicon Impatts S5W, 12 GHz (9%) whilst 1W CW 50 GHz
has been measured in the laboratory. Double drift silicon Impatts
‘have been measured at 11W 16 GHz (115), 4W, 36 GHz (4%) and 120 mV,
140 GHz, all CW figures. Gallium arsenide Impatts are more promising
up to 40 GHz as a result of superior material properties. Gallium
arsenide field-effect transistors are'offefing 8 dB gain with 3 dB
noise figure in the X band whilst gallium arsenide field-effect
transistor amplifieré are offered with 15 dB gain, 6 dB noise figure
in the S band and 10 dB gauin, 10 dB noise figure in the J band.
Gallium arsenide Gunn devices currently (1974 ) available offer 1W
(CW) and 30W (1% pulsed) in the X band, 300 mW (CW) and 10W (1% pulsed)
in the J band and 200 mW (CW) in the Q band. Recent experimental
results (3) indicate 150 mW, 54 GHz and 30 m¥, 70 GHz.

Indium phosphide transfered-electron oscillators are reported
to have given 0.45W, 19.5 GHz (3%) and 1%, 18 GHz (10%) pulsed, but
with poor switch-on characteristics. Field-effect transistors in this
material are reported to be capable of higher maximum operating
frequencies compared to gallium arsenide by some 30%, but with 14%
worse noise figures. Indium phosphide reflection amplifiers are now
being examined in the X and J bands and offer good noise performance

with noise figures of less than 10 dB; gains of up to 30 dB are

practicable over narros bandwidths. Material growth and doping



parameters need to be accurately defined to obtain such results,
indeed considerable effort is expended examining the manufacturing
techniques.

There are many applications where solid-state devices offer
advartages over vacuum tubes, but for particular environments and
applications the valwe is superior, shown by the considerable market
for travelling-wave-tubes, klystrons, backward-wave oscillators,
magnetrons and high-power, high—~frequency triodes. In fact one of
the main targets of semiconductor material and device research is
to produce higher powers more efficiently than the valves.

The aim of this work was to increase the available data on the
carrier-property of indium phosphide in the velocity-field charac-
teristic, and its measurement, since at the commencement of the work
(1970) little experimental data was available, theoretical predictions

only being reported and device performance little more than conjectured.
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201s PREPARATION AND PHYSICAL PROPZRTIES

Indium phosphide exhibits a vapour pressure of approximately
twenty six atmospheres (4) at its melting point (106200). This
enables the compound to be prepared by slow cooling of -the two compo-
nent solution providing a phosphorus atmosphere is maintained at
around five atmospheres; this is necessary since the liquid composition
at equilibrium with solid is only 35-40% phosphorus. Zone refining
is possible under these conditions. Single crystals are somewhat
difficult to prepare by the Czochralski method of 'pulling' a seed
due to the excess of indium in the liquid phase. The melt may be
encapsulated in a vitreous, non-reactive material such as boric oxide,
perhaps with an inert gas at high pressure. The horizontal Bridgemann-
Stockbarger method is more widely used, where a sealed crucible is
passed slowly through a zone of uniform temperature gradient spanning
the melting point; it is possible to obtain growth in particular
planes by seeding, and to produce dislocation free material using
subslow cooling rates (5).

The compound is self-sto’'chiometric and crystallises, (in common
with many other III-Vs) in a zincblende (sphalerite) structure. This
is composed of two interpenetrating sublattices, each face-centred
cubic, being separated by the vector [1,1,1] ag/4. This structure
has no inversion centre and as a consequence opposite directions are
not necessarily equivalent. This is particularly manifest in {ﬁli}
and {I‘ﬁ} planes. If there is a III atom at (000), then on {111}
the III atoms are held by cne bond, and the V atoms by three, the
reverse being true on {TTI}. Considerable variations in reactivity
are noted here, particularly when etching, also electrically - for
exarple in the formation of Schottky barriers (6).

The tetrahedrgl radii of the elements are 1.10% for phosphorus

and 1.44 8 for indium giving an interatomic separation of 2.542.



Views along principal crystal directions are shown at Fig. 2B,
together with the crystal surface meshes, verified by electron
diffraction studies.

The principal planes are composed as follows:

{I,0,0,g - alternate layers of III and V
il,l,l} -~ alternate layers of III and V
{1,1,0} - equal numbers of III and V

The crystal cleaves most easily along {116} in contrast with
other tetrahedral arrangements as in diamond, which cleave along
ﬁli}. This difference is due to the partial ionicity of the crystal,
since {}lﬁ is alternately composed of III amd V atoms and the elec-
trostatic attraction inhibits cleavage. Indeed the degree of {114
cleavage relates to the ionicity, and indium phosphide is the most
ionic of the group II1I-V compound semiconductors.

Some other physical properties are listed in Fig. 2A.

The compound may be doped either p- or n-type, the la{ter being
of greater use for devices owing to the larger electron mobility.
P-type dopants are commonly cadmium and zinc from group II. N-type
dopants may be from either group IV, germanium or tin, or group VI -
selenium, tellurium and chromium. The doping may be performed by
diZfusion into prepared crystals or directly during epitaxial growth.
Ion implantation as yet finds little application due to extensive crystal
damage. The growth of semi-insulating material can be accomplished by
doping with both p- and n-type dopants and relying on compensation
‘to produce the balance of carriers of very iow density. Conductivities
down to 10-8‘():cm“l are attainable by this method.

Diffusion data (18) indicates sub-lattice self diffusion of both
indium and phosphorus, their activation energies being 3.85 eV and

5.65 eV respectively. Should all sites be equivalent for diffusion
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the phosphorus activation energy would be smaller due to its smaller
atomic radius. Other dopants have smaller activation energies
indicating diffusion via lattice interstices, for example cadmium
Q.30 eV, gold 0.48 eV,

Contacts may be applied by two major techniques, alloying and
evaporating. The latter finds greater use due to bLetter control.
Gold contacts are evaporated where Schottky barriers are required,
silver-tin alloys where ohmic contacts are needed, sometimes on n'
layers to minimise contact resistance. Alloying of tin and silver-
tin alloys is simple, but fine control of position and contact dimen-
sions is difficult. However good ohmic contacts can be very easily
produced and this method was used in this work; it is described in

chapters five and six, where applicable to particular material samples.

2.2. ELECTRICAL PROPERTIES

2.2.1. Band Structure

The Brillouin zone is shown at Figure 2C (9), this is the standard
Sphalerite form. The symmeiry points are.also shown there; being eight
L points, six X points and one r point the significance of which is
important in assessment of the band structure and electronic properties.

The band structure is shown at Fig. 2D in the form reported by
James et al (10). Many workers (11 ) have studied the features by
various methods. The features are a central f' valley, of direct
band-gap position and a number of satellite valleys of Xalk types.

The exact positions of these in the zone have not yet been discovered
precisely, hence the effective number of each is not known exactly,
If they were all at the zone edgé then there would effectively be four

L valleys and three X valleys.

‘2
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The energy gap and its temperature dependence are also included
in Fig. 2D, as are the valley energy separations and effective masses.
In general these are the values to be used in the calculations
presented later, although recently (1973) some controversy has arisen
over the exact effective mass values in the higher valleys.

The carrier mobilities specified in Fig. 2D are the observed
experimental values, the band edge deformation potential is an

approximate figure derived from other data.

2.2.2. Crystal Ionicity

Indium phosphide is the most ionic of the III-V compound semi-
conductor group, this was mentioned in connection with cleavage planes.
This ionicity may be described using the concept of effective charge.
Consider an ionic III-V, the III ion has a charge +3 since all its
valence electrons will be with the V ion, which will have a charge -3.
Were the position to be entirely covalent (homopolar) then the III
charge would be -1 and the V charge +1 since each electron would
spend 5 of its time with each of the atoms. Any intermediate state
is a combination of both, and if an effective charge is assigned
according to Szigeti (12) then the times spent Ly an electron with
each atom are (13)

2 2 1 2 |
tA=b/1+b, tg = /1 +b (2.1)

where b = .Eé:_%;__
S+¢¢

qs* being the Szigeti effective charge from the expression

T _Ec@-Edo)  IMr ol
h] @)+ 21" 4mN, \2:2)

-
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which for indium phosphide gives

o)
x*
]

O.68qo

and

*A

0.27, tB = 0173

There is another definition of effective charge by Callan, this is
related t> the Szigeti definition by the optical dielectric constant

such that:

Q. * = a.* {.e_f.(i)i_z_ (2.3)
36((00)

this is used in the calculation of optic phonon scattering in section

2.3.5. and for indium phosphide 1is

-

The ionicity results in different dielectric constants at zero
and optical frequencies, the difference being proportional to the
jonicity; also the optic phonon frequencies are different for longi-
tudinal and transverse directions, these are related by the LST
relation (Lyddane,Sachs and Teller)

\
G _ { &c(o) ]"

W10 €r (©)

(2.4)

This agrees with the observed ratio of 1l.13 in indium phosphide.
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2.3. CARRIER NOBILITY

2.3.1, Theory

The concept ot mobility of carriers is an expression of' their
mean free time between collisions, together with the ettect of their

thermal velocity and etfective mass, the relations may be written:

q
M- (2.5)

and

(f = 'C&. U,

This drit't mobility rLb must be distingunished trom the Hall
mobility, which is the tigure for mobility derived from the Hall etftect

experiment. ‘The ditterence comes from the difference in averaging

processes in the definitions ot each quantity viz:

o v ? )
tl! (weighted average of ) (2.6)
f‘b (weighted average of T )

in general

ﬁ‘:ﬂ

and in particular for spherical energy surfaces and T a constant,

independent of other quantities:

Pa o dx g

b3
The thermal velocity is the average velocity of the carriers
considered over their distribution function. It is distinguished
from the drift velocity, which is that due to the etfect of fields,
and generally directionally related to the fields; the thermal
velocity being random. In conditions of moderate doping the thermal

energy distribution obeys Maxwell-Boltzmann statistics such that:
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an s 2 —my2
—_ '-_-4'1" m } U Q)KP —my [du (2.7)
n kT AkT

where n is the total population and T, the lattice temperiture.

Viriting <n)> tor the average value of the variable n we have:

+e0
US> = f w. Ahln'
—o0

putting u = v, the velocity, we have

+e0
m 3 - mu?
<U> = v = 41{__}\!.0({ l.do. 2.
* J TnkT Sy 209
-od
Using the integral relation
40
L (!
I oc”. x? ubi—ofzx'&.d\c = = (‘z)
" ¢ @)

we find that

1
h
Vth = zg—k.‘.—g (2.9)

mm
Using data values tor the r‘Vulley in indium phosphide we tind that

the thermal velocity is

Upp, = 3.64.10" cm. st 300°K

Urk. = 1.84.10" cm, st 71°K

From the Brillouin zone dimensions (Fig. 2C)

k = 2.4 10710 44
m

‘we may calculate the velocity for a tree electron at the edge as:

v = *k/m'e 3 m",_:\

hence: V = 4.106 cms_l.
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Comparing the value of the thermal velocity we see that the electrons
only occupy a traction ot the Brillouin zone by dint of thear
thermal energy.
The observed electronic mobility at low tields (i.e. 1in the r
. 2 . , *_ 8M&
valley) is 4600 cm /vs, this leads, from (Z2.95) to(m =0-01 .

't:* = 2.04 1o~t3

S and 2#-_- 1.8 J.O-b cm (30()01()

In the equilibrium conditions with no external tields applied
then the carriers absorb and emit phonons equally such that the
number ot phonons with wave vector E‘is, according to Bose-iinstein
statistics, given Ly:

N$ = &xp {%}«l - | (2.10)

When an electric field & is applied energy is supplied to the
carriers at a rate Psz , manifested vy Joule heating; this increases
the carrier energy and also the phonon emission rate. ror small tields
the perturbation may orten be analysed as a small dritt term t. 1n the

Maxwei1i1 Boultzmann aistrivution function Io sucn that:
5.-" &o(E*T) + § gi<<£o

At higner 11elds the errects are more complex and the inaividual
scattering mechanisms must be considered in depth and‘their ettects on
mobility assessed in order to examine the behaviour of carriers in
high fields. A brief survey ot scattering mechanisms will now be

presented.

2.3.2s Crystal Damage

If the'perfectly periodic crystal structure of the lattice is
disturbed by damage of any kind, the carriers will be influenced by

the aperiodicity near the damage site, they may be scattered by this.
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Little effect ic noted except at very low temperatures or high

dislocation densities (14), greater than 1014 m_2. Slow grown

crystels from fairly pure liquids have dislocation densities

typically (15) of 108 to 101° n ° or even less in extremely pure
systems. This density will be increased to g value producing
appreciable scattering by 104 plastic strain(16). Consequently

we may ignore this in indium phosphide at the temperatures of interest

as long as measures are taken to minimise damage in processing and

handling (17).

2.3.3., Impurity Scattering

These also affect the periodicity of the crystal lattice and may
be either neutral or ionised. Erginsoy (18) calculates the effect of

neutral impurities on the carrier mobility as limiting it such that:

2, - -}

p £ 1-88. 102 m*/éan emius . - (2.11)

which for indium phosphide will give (T valley)

e, el

This will have little effect save at very high doping densities of
neutral impurities - a situation unlikely to exist in material of
interest.

Ionised impurities have a greater effect since they are charged.
Conwell and Weisskopf (19) describe the limiting mobility as

_ 2 2w e? (k)™
IMI ™ g2 m*¥t Ni.Qa(x)

x = JJBTERT L
| %, Np°

(2.12)
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for an impurity density of lO15 cm-3 we find that the limiting mobility

values in each valley ares

- r L X
11%K 1.9 10° 8.4 10 8.4 10
6

4

I |

300°K 1.48 10 6.5 10° 6.5 10°  emeuls.

The mobility depends on the temperature to the +3/2, also there
is an effect from the logzrithmic term. Ionised impurities mey actually
conduct at low temperatures and Blood et al (20) experimentzlly assess

. oy . . . c
this transition to impurity conduction to take place at +5 K.

2.3.4. Carrier-Carrier Scattering

Should carriers collide with one another then thisscattering
effect will reduce their mobility. This effect will only be signifi-
cant unler two circumstances, either a very large population or a
large mobility difference in a population consisting of significant
numbers of both types of carrier. The former is unlikely in material
of interést since this is a degenerate condition. The latter could

be effective since the observed mobilities at low fields are

F¢= 4600 cmz/ﬁs sz 150 cmz/vs
and effective masses

+ ¥
me = 0.078 m me = 0.40 m

However there would have to be a significant hole population for
the electronic mobility to be reduced and this is unlikely in material
of interest except in a near intrinsic region at high temperatures.

In the saturated region where:

the hole population will be
n, = n 2/n and n.«Kn
A i’ A e
So the effect may be discounted in the range of interest.

2\



2.3.5. Scattering by Lattice Vibrations

In a periodic crystal lattice the atoms may vibrate about their
mean positions; these vibrations may interact with the carriers and
scatter them. For a slightly ionic, diatomic lattice the modes of
vibration are shown at Fi.. 2E, together with the critical frequencies
at symmetry points after measurements of Alfrey et al (21). Both
longitudinal and transverse, acoustic and optic modes may interact.

The acoustic modes have been described by Shockley et al (22,

who ascribe a mobility limit:

< Zq,ow%f' CU
= R
m* Ec kT (2.13)

Substituting values for indium phosphide we finds

r L X
77°K 2.5 10° 9.75 10° 9.75 10° cn® Jvs
300%K 9.5 10 3.2 104 3.2-16%

The temperature variation being —3/2 overall.,
The optic modes are more difficult to describe analytically, since
a relaxation time or critical lifetime is indefinable for polar modes

with T € TD, where TD is the Debye temperature: _

Ruwo
Y

For carriers with temperature less tkan TD the mobility decreases

(2.14)

as temperature increases, then increases as T approaches TD’ where
little change in mobility is observed. For temperatures greater than
TD mobility increases.

Howarth et al (23) and Ehrenreich (24,25) describe the mobility

for temperatures much greater than the Debye temperature as

3ok
,“\< 1710 T MgVa o ‘F‘(T_‘g.).e_x\o{::%_\l. (2.15)

2ﬂv.qfrwﬁ&
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the Function F is shown at Figure 2E. For indium phosphide this

. 0 4 2 -1 ‘-1
gives a result for temperatures greater than 480K of‘u £1.510 " cm~. v~ s
Hilsum (26) calculated the room temperature mobility of r valley electrons

2

limited by polar-optical scattering as 6800 cm vie , using these
room temperature values the mobilities of electrons in the other valleys

would be approximately

r L X
77°K 6.3 107 3.7 104 2.6 104 em® vE s
300°K 6.8 10° 5.5 10° 5.1 10°

Now we are able to compare these limits and estimate the important

mechanisms of scattering in each valley.

2.3.6. Summary of Scatterinz Processes

The three salient processes described above are ionised impurity,
acoustic and polar optic scattering. The calculations indicate that
in the r valley at room temperature polar optic phonons ﬂéve the
most effect on scattering, but at 77°K toth acoustic and impurity
scattering mechanisms influence the mobility. In the upper (L and X)
valleys polar-optic scattering dominates at all but the lowest temperatures.
These rough calculations are borne out by the work of Blood et al
(20) who find increasing mobility from room temperature‘to a maximum
value at 70°K, below this temperature a decrezase is observed due to

the effects of acoustic and impurity scattering. Calculations of the

mobilities for each valley give results as follows:

r' L X
o 2 -1 -1
17°K 37,700 14,000 12,000 e v.© s,
300%k 6,800 550 500

2%



The observed electronic drift mobility in the [ valley is

2 v1 sl and the temperature variation in the range

100°K to 400°K of the order of T_2°O. This different value of mobility

4,600 cm

indicates something of the insufficiency of the calculations presented
but these take no account of band non—-parabolicity and effective-mass
anisotropy, which are discussed in section 2.6.3. Ehrenreich (28)
made improvements to his calculations (24,25) to include non-parabolic
bands and screeaing effects and he obtained an upper limit of mobility
of 4700 cm® vt s—l, close to the observed value.

Hilsum (29) calculates a simple expression for mobility and carrier
concentration in the semiconductors commonly employed in devices, (Si,
Ge, GaAs, GaSb and InF, which he states to be:

M= (1+ JNDI\On).

(2.16)

which can be useful in estimation of the device operational parameters,
rather than following the lengthy calculations of individu;l scattering
processes. There is broad, not precise, agreement with the material
supplied for this work. The expression (2.16) bears comparison to

the work of Blood et al (20, who state the onset of metallic conduction
to be associated with a doping density of the order of 3.1016 cm_3.

Carriers may be scattered within a valley or between valleys

(either equivalunt or non-equivalent valleys). Considering the former,

since the electron remains in the valley the momentum change must be

small, of the order ofs

AP = o+ Vth

the interacting phonon must be of comparable momentum:

fk, = m* Vt

3 h



For low-frequency (dispersionless) acoustic phonons

Comparison of the energy exchange, phonon:carrier is:

{\(JOp _ ﬁ,(’.s\ff — C5m¥ Vel — SCS
kT; kTQ \13 H\*Ufi‘ U‘W\
[

now For indium phosphide Vi =~ 3.10 cms_1 and the sonic velocity

Csc= 5_105 cms_l, hence the energy exchange is of the order of 107
of the carrier energy. The momentum change may be larger.

For inter valley scattering the wave vector k is changed over a
substantial part of the Brillouin zone, corresponding to the valley
separation in k space. Thus the energy interchange may be considerable

almost the entire carrier energy for the most energetic optic phonons.

2.4. INTERVALLEY TRANSFER

2e4.1. Theory

Since there are a number of valleys within the band structure,
carriers may populate any of them according to the energy, temperature
etc., The distribution function will express these populations and
average values of variables calculated from it will be affected by the
relative numbers of carriers in each valley and the properties of
those particular valley states. Consequently any mechanism controlling
population arrangement or transitions will be most important in the
assessing of the properties of the carriers as a function of field,
energy, temperature etc.

The transfer of carriers may take place between identical or non-
identical valleys. These mechanisms are termed equivalent and non-

equivalent intervalley scattering respectively. The valleys can
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be considered to be coupled to each other, the constant of coupling

controlling the transition rate viz:

using the most usual argument. The transfer mechanism may be assigned
a relaxation time such that (30)

—2 %
= ) T LN (6 £y Rug) (Vg [ £ o (2.17)

{
’Cij ‘ J_Z'foswb- Nc\') : -
J

where Eo" ch and wij are the energy, density of states and tran-

sition frequency of the jth valle;. Nq is the number of phonons
according to equation (2.10). Calcula;ions of these transition rates
and relaxation times must be included with mobility calculations in
order to obtain the behaviour as a function of field in the velocity-
field characteristic,
Considering a set of two valleys, the lower a high-mobility, small

effective-mass environment and the upper a low-mobility, large

effective-mass environment. Let the separations be such that thermal

interference is negligible at tne temperatures of interest and the

vast majority of carriers populate the lower valley at low fields.

1

As the field is raised the carrier energy increases and some of the
population may now be energetic enough to transfer from lower to upper
valley. This process could continue until the majority of tke carriers
were populating the upper valley; the transfer rate and regime of
electric field values being dependent on the coupling constant between
the valleys and the availability of states for occupation in them.
Whilst the transfer was taking place there would be a regime of negative
differential mobility as illustrated in Fig. 2F.

The density of states is proportional to the number of valleys and

the effective masses therein. For gallium arsenide the data gives

23



FIG. 2F

Negative differential mobility -

(i) velocity. (ii). mobility.
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Valley type Number Eff mass density of states

3
J nj mj* r\J(m")*) 2
r 1 0.078 0.0218
x 3 1.25 4.2

Density of states ratio " :X is 1:193. For indium phosphide using

the data for isotropic valleys (recently challenged by Janes (58))

J nj mj* hJ(mj)slz
r 1 0.078 0.0218
L 4 0,4 1.012

X 3 0.4 0.759

giving density of states ratio [MsLsX = 1347:35.

This ratio controls the fraction of the population having the
ability to transfer and from the above figures demonstrates the lack
of constraint of upper states available in both these compounds.

The negative mobility would not be observed if tke lattice
temperature was too high or the valley energy difference too small
sinece in.either case there would be comparable probabilities of
occupation of both valleys; hence the 'effective' mobility would not
show the negative region. If the energy gap was very small then the
negative mobility would also be small since only a small energy
increase would be necessary to transfer carriers, alternatively if
the gap was much wider it would be more difficult for carriers to
overcome this barrier, but increased densities of states would enhance
the probability of upper valley capture-hence little negative mobility.

Should be coupling constant be very large then all the carriers
would transfer as soon as they had sufficient energy to populate the
upper valley. Transfer would occur over a large regime of electric
field values than for smaller coupling constant values. The negative

mobility would then be smaller. For the smaller values of coupling

constant the transfer would take place over a narrower band of electric
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field values but this advantage might be outweighed by the higher
velocities in the lower minimum leading in the limit to avalanche prior
to transfer even if the higher minima were nearer in energy than the
valence band.

It may be possible to discover a system in which these various
requirements are realised, then we would have a useful material as
far as the exhibition of negative mobility was concerned. One such

arrangement is the 'three level system' propounded by Hilsum et al (31).

2.4.2. The Three-Level System

This was suggested by Hilsum et al (31) who postulated an arrange-
went of three valleys as follows: the lowest exhibiting a small effective
mass, the intermediate a larger effective mass and loose coupling to
the lowest level and the highest exhibiting large effective mass and
tight coupling to both the lowest and intermediate levels. Thus the
transfer between lowest and intermediate valleys would be completed
over a small field range giving high negative-differential-mobility
and the peak velocity and tendency to avalanche would be minimised by
the uppermost level being tightly coupled to the other two.

There are a number of other factors influenced by the coupling
constant between the lowest and intermediate levels, if this is small
the transfer is slow and therefore relaxation effects may limit the
frequency performance of the material, but a smaller coupling constant
entails an increased diffusion constant, so_inhibiting the formation
of domains and therefore the possibility of using the more efficlent
limited space charge accumulation mode (LSA) may be viable.

There are a number of III-V semiconducting compounds in which the

band structure exhibits three different valleys. These are as follows:

da



mr m* ' E& Afq DSy
GaSb 0.047 0.25 0.40 0.72 0.08 0.33
InAs 0.022 0.25 0.40 0.35 1.25 1.35
InP 0.062 0.25 0.40 1.34 0.60 0.80
InSb 0.014 0.25 0.40 0.175 0.60 0.80

(note these were Hilsums (31) figures - some have since been more
accurately measured).

The correct energy dispositions are found in gallium antimonide,
indium arsenide and indium antimonide, but in these three cases the
valley energy separations are small, so that thermal interference
restricts any usefulness of negative-differential mobility. Only in
indium phosphide are the valleys separated by more than several kT
at room temperature. The relation A grx < E% is also found,
this inhibits avalanche breakdown. The only other compounds of possible
applicotion, bearing these limiting factors in mind, are certain
compositions of the ternary systems indium gallium antimonide and
indium arsenide phosphide, especially the latter, which was suggested
by Fawcett et al (133) in their discussion of optimum semiconductors

for microwave devices from a high drift-velocity criterion.

2.5+ NEGATIVE DIFFERENTIAL MOBILITY

2.5.1e Consequences of negative differential mobility

This negative mobility proper}y gives rise to the effect observed
and reported by Gunn (32) and named after him. This concerns the
formation of dipole domains of charge in samples of the material biassed
above the threshold field for exhibition of negative mobility. This

domain formation process is illustrated in Fig. 2G. Various
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theories (33,34,35,36) have been advanced to describe comain nucleation
including effects of local doping fluctuations, space-charge perturba-
tions and cathode contact properties.

These domains have been observed (37,38,39) and studied in indium
phosphide and velocity~field characteristics calculated from these
observations. This domain property has been exploited for direct dc
to rf conversion in microwave occillators and also as amplifying
elements (40,41). Considerable efforts have been expended on the study
of oscillators, some of the early reports (42), Observing pulsed
efficiencies of up to 7% in the X band. These results were extended
and improved by many workers to include work in the Q band (43,
improvements in heat-sinking and construction enabling useful CW
powers to be generated, (44 ) and work on contacts (45) producing
particularly high efficiency devices 21% at 11 GHz and 18% at 15 GHz (46).

The characteristics of bulk indium phosphide oscillators have been
examined by Paxman et al (47) who estimated the threshold field for
oscillation to be in the range T7-10 kV cm-l, and from the transit
velccity suggested operation based on an accumulation mode or quenched
domain modes. Other workers (46,49) have analysed the efficiencies
and limitations of the devices and Carroll (50) in his assessment of
materials suitable for exploitation as transfered-electron devices
cites other important criteria. He suggests the ratio of high-field
to low-field mobility should be as small as possible to maintain high
efficiency, indeed for the highest possible efficiency the high-field
mobility should be zero (saturated) rather tharn even slightly positive.
The power handling capacity is also dependent strongly upon the thermal
conductivity, this to a certain extent determines the device construcdtion

arrangements.
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2.5.2. Device Operation

A device in which a domain propagates exhibits a current wayeform
as shown in Fig. 2H, the different phases of domain life being clearly
visible there. The criteria governing the build up of 2 dipole domain
in a bulk sample are those of sufficient available charge, a long
enough sample for growth to occur within the transit-timej; and of
course a negative dielectric relaxation time. These factors may be

written in the relations
(>i
VT

for growth to be large, and

such that 7T, , the diclectric relaxation time is given tys

c |
Ty = (2.18)

9, |l
This limiting value for nOL is similar for both g2llium arsenide and

indium phosphide and is nbLaflOl2 cm-z. The cases of this product

being less than, or greater than the limiting value are both worthy
of consideration for device operation as-follows:

noL.<1012 cm'.-2 - no domains may form, but space-charge waves may

propagate, hence this regime may be used for stable linear amplifiers.
Connected to a resonant circuit the accumulation mode will cperate.
If.noL > 1012 cm72 -~ domains may form, Gunn oscillations operate
if connected to a constant voltage source. Connection to a resonant
circuit, multiple domains may propagate or domain quenching may operate
if fL > 107 cm,s._1 or complete domain inhibition is possible in the LSA

‘mode where fL > 2.107 cms'.-1 and 2.104<( no/f < 2 lO5 cms—§ Se
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These modes of operation are shown schematically on the mode
chart in Fig. 2J.

The efficiency of transfered-electron-devices is governed strongly
by the peak-to-valley ratio (r). Following the simple approach (52)
using the definition of square-wave and half~sinusoid efficiencies
we may calculate these efficiencies for various voltage ratios and
peak—to-valley ratios. Fig. 2K summarices these results and it may be
seen that considerable gains in efficiency may be derived by using
materials with higher peak~to-valley ratios. The three-level
system should have a higher ratio r than a corresponding two-level
system since tae third levelvprevents carriers achieving high energies
and therefore limits the transfer range of fields. This higher value
of r was one reason for the interest in indium phosphide. During
device manufacture various parameters are controllable, the quality
and uniformity of material, the doping density, device active length
and the shape and quality of coatacts. Methods of mounting and
packaging the active device control heat dissipation and surface

protection from corrosion and thence surface-state formation.

2.6. VELOCITY-FIZLD CHARACTZRISTIC

2.6.1. Boltzmann's Transport Equation

This is an equation which describes the behaviour of the electronic
distribution function F;(ﬁ) in k space, describing the changes which
may occur in its value at a point r in space. These changes are due to
diffusion of carriers, effects of applied fields and scattering of
carriers by any of the processes involved. These effects may be

described as follows(53)
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- by diffusions:

‘iK('r)‘ — “gl_< BF.s(CB
- d at

v, is spatial carrier velocity and the derivative is the concentration

K

gradient of the distribution function,

- by fieldss
- - ~% { QFK(C)
F*.S@“.g—~ £ {E+_c: ~5/\!’j} -—9:—““

o~

which describes how the fields drive carriers through the states k atr.

~-by scatterings:
o - > (C)\n
< ) = ~

where the sum denotes the effects of all the processes of scattering n,

acoustic and optic phonons, impurities etc. This term is the most
difficult to write analytically since it involves integrals over all

states k. Consequently the equation written in full ass

-

F"—g(f)‘d * \:g(d{q‘ i Z T [m - © (2.19)

is usually a non-linear integro-differential equation, even in the
equilibrium case shown. Assumptiions regarding the boundary conditions
of the problem and equations for electric fields and currents must
usually be employed. Solution of these determines the distribition
function and carrier properties.

However, interpretation of the Boltzmann equation in analytic form
is difficult without considerable data on the material being investigated.
The transport equations are often derived via appropriate integrations.
Some of the terms are collision-free and would appear in the anaiysis
of any gas, these are straight forward in derivation from Boltzmann's
equation. The collision terms by contrast are often too difficult to

analyse hence a phenomenological approach in terms of relaxation times

39



for momentum, energy and particles may yield a suitable set of terms.
Blotek jaer (54 ) offered a set of equations following these lines and
indeed criticised other worker's assumptions following these general
methods. Herbert (55) has developed an analysis from first principles

to calculate the intervalley coupling constants to assist the solution of

the Boltzmann equation.

2.6.2. Solutions of Boltzmanns equation

Since the direct analytic solution of the Boltumann equation is
frequently impossible, a distribution for carriers in each valley may
be assumed; usually in the form of a drifted Maxwellian distribution

due to tke similarity of the electrons with a classical gas.

‘ﬁds) = ay exp (b (k- k;)").

hj,&z b= £2 | ) (2.20)
Y 2k

OU'—
(Zﬂ"mj k —G

'I‘j is the electron temperature in the jth valley and

Ej is the displacement of the valley bottom in k space.
This assumption enables the solutions to be adjusted according to the
boundary conditions. The loss rates of energy and momentum to the
scattering processes are calculated and compared to the gains due to
the applied fields to obtain a solution.

Heinle (56) has published results of this type of solution (including
one for InAsO.ZPO.S)’ James (10) published similar work when little
upper-valley data was available. Hammar et al (57) and Hilsum et al (58)

used numerical solutions based on this type of approach.



An alternztive approach is to simulate the path of an election
in E~space which experiences alternate scattering and constant-
velocity q?ift processes. The times spent in each state k are summed
and hence the distribution obtained. This is the basis of the Monte
Carlo (59) method of calculation used by Fawcett et al (60,61)

Bauhahn et al (62)and Hillbrand (63,64). This avoids the assumptions
made in the use of the drifted Maxwellian distribution and makes no

a priori assumptions whatever. The difficulty here lies in the exact
determination of the probability parameters for individual scattering
processes.

A general comparison of results obtained by the aforementioned
workers is shown at Fig. 2L. Also included there are the effective
mass values employed in the calculations and the ML coupling constants
and number of levels considered. Perhaps the most likely to be
correct is due to Fawcett et al (60,61) since they used the most modern
data and analysis methods.

Thg X valley wgs found to be very unpopulated, even at high fields
(Fawcett et al (60) 6% occupation at 75 kV/cm contributing 3% to the
velocity), this led many workers to favour a two-level system, contrary
to the work of Hilsum who favoured that three-levels were involved
significantly in the transfer mechanism. Hammar et al (57) compared
the two-and three-level methods, and others (56,98,63,64) checked on
the effect of 'L coupling constant variations.

The variation of effective masses is shown at Fig. 2M after
Hilsum et al (58) together with the two-or three-level calculations
of Hammar (57). The coupling constant variations are perhaps the
most striking. Temperature variations calculated by James et al (10)
and Bauhahn et al (62) are shown in Fig. 2N, increased temperature
increasing the threshold-field and decreasing the peak velocity.

Variuvus non-linear effects will now be discussed.
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2.6.3. Non-linear Effects

The four main effects to be considered are anisotropy of effec-
tive mass, non-parabolicity of the central valley, energy relaxation
and diffusion effects.

Any departure from isotropic, parabolic energy surfaces within
minima in the conduction band affects the carrier properties.
Departures from spherical symmetry result in anisotropic effective
mass values and non-parabolicity results in a departure from the
simple E(K) relations previously assumed. James (65) has published
work on both these effects in indium phosphide. He criticised the
the accuracy of previous calculations (10,56,57,58,63) using the
approximations for non parabolicity due to Kane (66) on the grounds
that this approximation includes only the effects of nearby valence
bands, not the entire conduction band within the first Brillouin
zonej resulting in aprzlicability to only the bottom of the central
valley minimum. He presents calculations using the methods of
Herman et al (67), and produces a plot of the effective masses of
electrorsin the 'L and TX directions. These results are shown
in Fig. 2P. The effective mass in the central valley is therefore
anisotropic and the m;L value goes to infinity at an energy of

approx. 0.46 eV. This will result in anisotropic velocity-field

characteristic, with a higher threshold field than previously

the

calculated. James also calculates the r1_coupling constant and finds a

result disagreeing with Fawcett et al (60)s

8

4.11°€ & eV/em € 1.5 107

whereas Fawcett et al obtained a value

o = 249 10° oV/cm
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The energy relaxation time in indium phosphide has been studied
by Glover (68) by experiment and also from theoretical calculation.
He calculated the effects of polar optic scattering and intervalley
transfer and these effects are shown at Fig. 2Q, the experimental
determination is also shown there. He found a low field energy
relaxation time of 1.7 pS, which increased near threshold. This
value is above the simple mean free time calculated in eq. (2.17)
by an order and means that energy relaxation takes much longer than
the time of flight between collisions. Glover concludes that energy
‘relaxation is faster in indium phosphide than gallium arsenide, but
the behaviour near threshold is still uninvectigated.

The characteristic times 7T; may be regarded as the time taken
to randomise a component i. Thus the momentum and energy relaxation
times may not be less than the mean free time between collisions,
but may be equal to or greater than that value. The differences are
a measure of the type of collision process involved, and the sizes
of the momentum and energy exchanges in the process. A complete
system has both field-induced direcyional properties and random
properties and a complete description of it requires knowledge of both
momentum and energy, consequently both characteristic relaxation times
are required in this description.

The individual transfer processes in the material may each be
allocated characteristic times (54,69), which can be grouped into

particle, momentum and energy times as follows:

11
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Diffusion of electrons affects the domain formation properties,
due to the smoothing of space charge gradients. Hammar et al (70)
and Bauhahn et al (62) have produced calculations of the diffusion
constant as a function of field in indium phosphide. These are shown
at figure 2R. Hammar et al (70) produced calculations for both two-
and three-level systems, varying the 'L coupling constant in both
cases, also Bauhahn et al (62) presented calculation of a two-level

9

system with :ELifl 107 eV/cm at SOOOK. Various points of structure
are observed, especially in the three-level system with IE%ES lO6 eV/cm

a moderate value. The zero field value agrees with the classical

Einstein relation

b _ KT

b %

The field dependent value may be written

D(E) = L Z ni M i (2.21)
1 & n;
] J

giving D = 103 cm2/s
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where j is the sum over the valleys. This leads to a maximum diffusion
constant at == 12 kV/cm. The lower minimum is due to electrons emitting
polar-optical phonons and falling to lower energies. Larshak et al
(71) calculated a generalised relation for non-equilibrium condi‘ions,
which may be applied, but care should be taken over the inclusion of
all the scattering effects correctly.

A measurement of the field-dependent diffusion constant would Uue
an excellent method for checking the value of Earm_, however at present
no method exists for direct measurement.

Hauge (72) performed calculations of the effects of diffusion
in a material exhibiting electron-transfer derived negative mobility.
He concluded the possibility of static negative resistance and backward
(anode to cathode) travelling domains and depletion layers. In GaAs
he found the condition for SNR satisfied -~ albeit over a small field
range and possibly masked by other effects. Carroll (73) comments on
the relative importance of diffusion and dielectric relaxafion effects

that the former is more important for higher conductivities.



Chapter three.

Experimental method for the determingtion

of the velocity-field characteristic.




3o1. MEASUREVENT METHODS

Jelel. Transit-time and Space-charge Waves

For very high resistivity material where no space-charge effects
are apparent due to the extremely low doping it is possible to observe
the time-of-flight of an electron traversing a specimen under the
influence of a field. Ruch et al (74) used this to study gallium
arsenide by depositing a Schottky barrier on one face of a sample
and injecting pulses of electromsusing an electron beam. A laser
-could also be employed. A modification of this would be to induce
space charge waves in a sample and this was done by Fay et al (75)
on galliumr arsenide. Boers (76) used this to study indium phosphide,
the material being of resistivity 4.103 {lcm. Evans et al (77) have
extended this basic technique to lower resistivity thin layers by
modulating a beam with a microwave field (instead of switching it)

to obtain better time resolution.

3.1.2. Dipole-domain lleasurements

Boers (76,78 ) supplemented his results from space-charge waves by
measurements on domains. He plotted the field distributions and using
the equal area (33) rule modified from the work of Bastida et al (79)
calculated the velocity-field characteristic. The material used was
bulk, of resistivity 2 (.cm.and the pre-threshold measurements were
made using d.c.

Prew (80) has also produced an experimental determination of the

velocity-field characteristic from dipole-domain measurements.



He differed from Boers by using a point-contact probe rather than a
capacitative probe. One advantage of the former is the measurement

of static fields is possible, whereas dynamic effects only may be studied
with a capacitative probe technique. Prew produces measurements of
depletion ratios, where he disagrees with Boers as to their constancy,
and incorporates these into the final curve, this (together with the
others) is shown at Fig. 3A. Prew predicts a higher peak velocity

than Boers and a lower threshold field. The results of Prew's work

agree with the three-level calculation of Hilsum et al (58) and pre-
threshold measurements of Kaul et al (82), Boers (83) disagrees with

the use of the point-contact probe and comments that this may affect

the field distribution within the translating domain, thus distorting

the results. Prew (84 ) replied by describing the eflects and precautions
and answering comment on domain shapes. The two results are in dis-
agreement, although Prew later (Y1) supplemented this work by measure-
ments of domain charge and capacitance predicting an upper ‘limit to the

velocity~field characteristic still below that of Boers (83).

3.1.3. Microwave Heating Methods

There are two approaches using high-power mic;owave signals, the
measurement of the conductance via the reflection coefficient and the
modulation of the conductivity with a small d.c. current flowing.

'?.Lamet al (85) used both techniques on 0.6 Qlem epitaxial material
on semi-insulating substrates, their results are shown at Fig. 3A.

Since their experimental results agreed with the predicted curve from
James (10) calculation they concluded that a two-level transfer mechanism
operated and that the (=g  coupling constant was large. They also
suggest the absence of relaxation effects, and support their results

with measurements on gallium arsenide using the same equipment. They

operated a% 33 GHz and both methods produced results in agreement with
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each other.

Glover (Y6 ) reports measurements at 9.5 and 39 GHz on 1.4 Qlem.
materiai._ He used 'sandwiches' of n' n n+ material (similar to
those used in Gunn diode production) mounted as sections ot inductive
posts (87). He derives the field at the sample from the power
absorbed by it, rather than from the incident power as some other
workers have done. His results agree with the foregoing measurements
of T.Lam et al, except that the 9.5 GHz results produce a lower peak
velocity and also a lower negative differential mobility. He attri-
butes the variation in peak velocity to relaxation effects, and the
lower negative—~differential mobility to field inhomogeneities due to
space-charge eftects. Nielsen (80) also published measurements at

14 -

these frequencies on bulk material (10 cm_3) which are in fair
agreement with Glovers work.

In general the microwave methods give threshold fields greater
than those from domain measurements. Hilsum et al (89) discuss
the variation in results and comment on the fortuitous agreement
of the calculation made by James et al (10) using some incorrect
data and the experimental measurements (78,85,86,88). They suggest
that the assumed Maxwellian energy distribution underestimates the
number of high-energy electrons - leading to overestimates in the
threshold field. They also comment on the effect of band non-
parabtolicity, later corroborated by James (65/). They comment that
threshold fields of €9 kV/cm can only be fitted by a three-level

model, but those between Y and 11 kV/cm may be fitted by either.
They also cite the measurements of Boers ('/6) suggesting a peak
velocity of 3.10f cm/s at a high threshold field value of 13 kV/cm
aqd an extremely low valley velocity (7 10b cm/s) at 14U kV/cm, as
being unable to be titted to any existing model using currently

measured data.
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3ele4e Subthreshold llea-urements

The toregoing (80,52,33,86) experimental measurements ot the
velocity-field characterictic have included subthreshold measurements,
including the technique of using H shaped samples and probing the
field remote from the contacts. This was also used vy ilajerfield et
al (90) who obtain a threshold tield in the range 10.5-11.5 kV-cm-l,
considerably higher than measured by Kaul et al (82, as 6.8 + 0.6
kV.cm—l. The former authors report, however, that measurcnents on
certain cu'k samples gave apparent threshold fields in the runge
Te0=T.7 kV,cm-l, but in these the tield was not unitorm. The carrier

velocity at the threshold field was found to be 2.5 x 10( cm.s-l.

3.1.9. Selection of Experimental VMNethod tor this Work

The work reported in this thesis employed the technique of
modulating the d.c. conductivity with pulses of microwave power. This
method was particularly suitable for the Gunn diode type materizl,
which was available to the lavor:tory. The method was technologically
tairly straightforward, especially insofar as equipment was concerned.
The analysis developed by Glover (87) I considered superior to
alternative methods since it did not rely on calculation of the
electric field in the semiconductor via the incident power and
geometrical considerations, but rather via measurement of the absorbed
fraction of the microwave power. ''he analysis will be described,
tollowed by an evaluation of non-linear eftects. Experimental analysis
will then be developed and tinally the experimental apparatus will be
described and its capabilities considered.

It was intended +to compare the results of this work with work
by Hamilton on the same or similar indium phosphide slices, he

examining dipole domains and following the method ot Bastida et al ((Y)

to extract the velocity-tield characteristics. ‘I'he microwave method
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woula proviade the low field (apove threshold) inrormation ana the
dipole-domain messurements higher-field intormation; sub-—threshold
probing and the microwave method also correlating the exact threshold

field value.

3e2. MICROVAVE COHOUCTIVITY EXPERILENT

3.2.1. Assumptions

The concept of microwave conductivity is the result of the carrier
properties changing due to high fields. Considering an electron in a

periodic field in one dimension.

é( ) — o) v
—(mv)= C\,t: e;x‘o(Jot)—

o © ~
ot T (V)

v is the drift velocity, T, (v) is the momentum relaxation time,
in general a function of energy. We assume that the effective mass

remains conctant at m*, then the steady state solution will bes

v = WV YEo exb(4wob)
m* (| + 5wt,,,(u))

the current density may be written
J = jweEo exp juk +Z‘r\c\°uﬂ
n

n is the sum over the carrier concentration; using the two foregoing

equations we haves

57



n42 Tlv) Eoexp (foo)
n mx(\+'jwf%@»

J = Jweeoex‘g(jw‘t)

The summation being carried out over the carrier distribution,
which will be known from the solution of Boltzmann's transport
equation eq. (2.19), or a Monte-Carlo calculation assuming all
carrier scattering mechanisms are explicitly understood and their
effects calculable.

Considering the in-phase component and writings

l

= _Ms Tml(9) (3.1
m* 1+ w? W)

this being analagous to eq. (2.5) etc.

o= MM @ = Vol /%
If the applied field E;o is small then the distribution function is
approximately equal to that with the d.c. field only, also if
Wwrti(s) K| then T is equal to the d.c. value. However if
the EO field is large or cozfﬁ(U)is comparable to or greater than
unity then o 1is different from the d.c. value. This then is the

microwave conductivity.

3.2.2. Working Equations and Analysis

Certain assumptions are necessary for the formation of the working
equations for the microwave conductivity experiment, these will be

described.

S8



The r.f. frequency must be high enough so as to avoid space-
charge growth effects during the r.f. cycle. Glover (87) and

Braslau et al (91) state this limit to be

Q-L’f > 20 Qem. GHz (87), » 35 Qem. GHz (91) (3.2)

Braslau et al also state that the limit may be decreased by a factor
of 3 for homogeneous materizl samples. Using the criteria after
Glover and substituting the operating frequency of the equipment

(35 GHz ) we find:

o < 1.75 U'.cm",l, e> 0.57 Qem.

and for material of mobility /ioz 4600 cm2/vs this means a limit on

the number density of electrons (assuming n-type ).
. _ .
n & 2.4 10 oo’ (3.3)

this will allow Gunn diode type material to be investigated as was
intended. -
The r.f. frequency wust be low enough that energy-relaxaticn

effects will te negligible. This may be expressed via the relaxation

time expressions

(coztf') <L 1 (3.4)

the time T Dbeing the relaxation time for energy. In this case
Glover (68) suggests that T, = 1.7 pS, but increasing at threshold.

With the operating frequency as 35 GHz this results ins
2
(0Te¢) =0.14

which is not very much less than one, but the effects are not very
large from this analysis, approximately 16% (68), except that the
behaviour near threshold is, as yet, unknown. Discussion of these

effects are made in Section 3.3.2.
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Thece lost two criteria produce conflicting limits upon the choice
of r.f. frequency, if low resistivity material is to be investigated.

The electric field throughout a sample is uniform, this places
" restrictions on the dimensions of the sample compared to the waveguide
as also to doping profile inhomogeneity, which is discussed in Section
3.3.1.

Glover (87) and Marcuvitz (92) both quote less than 104 field
distortion if the sample dimensions of a post are less than 155 of the
waveguide width. Using WG22 for the experiments this restriction on

post diameter is
d € 1.06 om

which is easily obeyed. Holmes et al (93) report measurements of
conductivity on square posts and coanclude that it is possitle to equate

these to circular posts of the same area, thuss
d
4, = 2

(ds = side of square, 4 = diameter of circle).

Using thece last two criteria we find that the maximum dimension
of a square post is 0.$35 mm.

The static electric field gradients are sufficiently small so as
not to interfere with the local electronic concentration by space-

charge effects. Using Poisson's equation for a local population

excess An:

oF

o OX

m

An = =

o)

For less than 1% perturbation in the doping density, and for
-3

the smallest concentration of carriers likely to be used = 1014 cm

we find that

ok < 1.1 1000 v/m®

Ox

A e)



which is
SE

X

< 0.11 kv/cm/)A (3.5)

In a lOrA layer this would place a restriction on the static d.c.
transverse field of 11 kV/cm or an applied voltage of 11V. 1In the
czse of a layer mounted across the narrow dimension of the waveguide,
the d.c. field must be less than 400 kV/cm or an applied voltage of
110 kV. These limits produce no problems since the d.c. fields must
"be low to avoid undue heating.

With these assumptions we may now write

I(t) = J(&(t))

where the electric field is the sum of a d.c. component, an r.f.

fundamental and harmonics viz:
o
E(t) = E, + E_sinwt -1—-2 Kntosmnwt
n=2

assume that all harmonics above the first are negligible and that the

first is small so that,
h2<K 1 h = O, n 2> 3

we also assume that the d.c. term is much smaller than the r.f.

fundamental so that:

E, < Eo

then we may write the current as a function of the form:

J(t) = J(Eosinwt, E., h

1’ 2)

where Eosinot is the main variable and Ej and h, are perturbing

variables. This enables the expansion in the form of a Taylor series:
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0 h
b ¥ Ja)
J(a,b) = J(a) + |
n, BCL“
n=i
where a = Eosinot,
P = E1 + h2Eosin20t.

Assuming that the series will converge rapidly and defining the

average currents
2

1 —
B b)) - fow | T(E.smet, £, hy) dwt)
(o}

we may write the sum of the first s1x terms:

J(CO.EM\’\L) ——* jj—c‘(ﬁ + ‘—‘[
iy pvic

2 ‘ i - " '
+ B J T'ag + REE [Tanagab « BE | 3% 220
4-2 2T 4

Q

J (B

h E’ J &n2¢d¢

o

o

where: J = T(Eos'mgé)

g;(EOsm¢) ’
NEosing )
T" = T(Eosnp)
XEosni)
¢ = oot

If we now define the average conductivity as

—_—f —~ T Eo,Ec,f'\‘z '—J—(EO,_E')EW_)
U—(L':o) = T( 2)E

and we apply this to the series for J above, we find that the average

(3.6)

conductivity may be written:

2w 2T
& (B = Z'Tfa' i+ ﬁfjnd(ﬁ + hoE |TsR244d8 (3.7)
2w
o 0 o
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The definition of the conductivity as the average value of the currents
for opposite polarities of d.c. field removes terms due to rectifi-
cation and harmonic mixing, leaving the expression (3.7). If the

last two terms are numerically insignificant we may writes:
Ve
J l ry
O"‘(tc) - — J—_(l:‘o.S\f\?g)o\(#
2
o

This assumption is checked in section 4.1.2. and Glover (87) also
concludes that the two terms may be ignored. This equation may

be written as
7V&
_— Z l, _
F(e) = / T(Eosm$)as (5.6
o,

due to the symmetry of the function J(E,sing). This is a form of
SchlbBmilch's Integral equation, whose solution (94) is analytic and

unique (see Appendix 1).

2

o) zjﬁt(EoSlﬂ4>>.EOSIDcf,~.c\§b.

o

™M

T (3.9.)

If the function of J(E) may be derived then the velocity—field

characteristic may be related by

ve) = S8l op y(E) - J(E)-—»l‘;_—o

nqo

The data required may be analysed as follows; from measurements of

- absorbed power and conductivity. We have for the absorbtion of power:

¥
[
- jt—jf{(g,b>'g(z)t) OV at,
° Vv
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for a volume V, in time t, where r is a spatial vector. Assuming uniform

electric fields in our sample we may write
vlie
V4 —_
Wa(Eo) = E;; JI(EOS‘h¢>' l_:OS\hSé.C/l?é.
o

if the effects due to the perturbing agents h2 and E1 are also negligible.

Differentiating this we obtain:

2
M]: V . (J(EOSW)EOS\&ﬁ +J_(Eosn4’).$,m¢) (1,({;
d&, 210

noting that szgé = —(i (l,-cOSZQS) we find upon re—arrangement that:

/o &

dWo(Eo Wa(E) & V.G, ' '
P | Ky Lt [

o .

the second integral is numerically insigrificant, see section 4.1.2.,
and Glover (87), consequently we have, using the result of eq. (3.8)

-

for T (Eo):

dWo&) _ WalEd | L e &(e). (3.11)

dE, Eo 2

with the initial, low field condition beings

- - 1 2
\/\./a(Lo) Z_VEOO_;’

Eo—~>0

the simple okmic law. From this equation (3.11) a scheme may be devised

(see Section 4.2.) to calculate (G, Eo) from (&, WA) data.
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3.3. PERTURBING MECHANICLS

3.3.1. Doping Inhomogeneity

This has been studied by Glover (95) during the course of his
work on gallium arsenide. He specifies the doping dencsity as a

function of distance - nt(x). We may writes

I = M(X).q .U E(x,t)) + EE_QEiLfLE)
S (&) OX.

>J

current continuity requires that —— = hence integrating this

A X

we -find that

4 | _
J(t) = ﬂ/_oj'nz(x).v’. dx + € dE(
{ dt.

where E is the applied electric field, 1 is the sample length. Glover
performed calculations for various population functions ‘ﬂc(x) and found

that an 'effective density' ;k could be defineds

0
n = il ’n(x).c\x.
4 ! ¢
o

and that the experimentally determined peak to valley ratio r was a
function of “Q@9/§Q , and was degraded by wide variations in doping
density. The negative—differential mobility was also degraded. Results
are shown in Fig. 3B. This inhomogeneity of doping was one possible

cause for the variety of results of experimental work, especially

on higher resistivity material.
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Doping profile effects:

i) carrier_velocity (i) peaktovalley ratio.
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3.3.2. Relaxation Effects

In the course of his work on gallium arsenide Glover (96)
reported theoretical and experimental assessments of energy relaxation
effects and estimated the error in velocity-field characteristics
calculated from the results of microwave conductivity experiments.

He considered a simplified two-valley model and concluded that the
hysteresis of electron velocity due to energy relaxation overestimated
the velocity as the frequency increased. Curves are shown in Fig. 3C.

The peak velocity increases with frequency, whilst the valley
velocity remains substantially unchanged. Hence the apparent peak
to valley ratio and negative-differential mobility appear larger
than the d.c. values, the error being estimated as approximately
+15% at 35 GEz.

In indium phosphide Glover (86) concludes that energy relaxation
is of the same order as gallium arsenide or slightly faster‘tec=1 pS,
but he does not estimate his error. In his study of relaxation

times (68) he concludes T, < g , the former being approximately

%
T e Po

m
%o at low fields, electrons in [ valley.

This gives T, == 0.20 pS, equal to the mean free time as calculated
by (2.17). The measured relaxation (68) time is T = 1.77 pS,

(Fig. 2Q) but effects near the threshold field are still unclear, save
that relaxation effect is larger there. The error in the velocity-
field characteristic is certainly 10% or greater. Should the
coupling-constant be small and a three-level transfer operate, the

small value of .= would make transfer slow and T¢ larger than

o

for tighter coupling.
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FIG. 3C

Enerqy relaxation effects:

(i), electron velocity (i) average velocity
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3.3.3. Other liechanisms

Some other data is available concerning experiments to determine
semiconductor properties in waveguide using microwave techniques.
Champlin et al (97) report the effects of contact and surfaces on
the permittivity measured by an 'electrodeless' technique, viz. using
the reflection coefficient to derive the conductivity at microwave
frequencies. The method of modulating d.c. conductivity should not
be affected as much save that contact should allow conduction currenté
to propagate freely between the samples and the waveguide walls:
disturbances here would affect the fields and hence the absorbed
power, rather than the conductivity.

Tree et al (98) report a failure mechanism of indium phosphide
layers with tin-dot contacts exposed to pulses of high-power microwave
radiation. In devices which failed in a short—circuit mode they found
a metallic region a few microns wide between the contacts, where the
tin corncentration waé enhanced and the phosphorus concentration degraded.
They concluded that overheating in the vicinity of the anode had caused
local vapourisation of phosphorus and then the tin contact had migrated
alongz the indium-rich path, continuing until failure.

Bostock (Y9) re.orts measurements of the velocity-field
characteristic of gallium arsenide using the high-power microwave
technique, measuring the conductivity and deducing the electric field
from other parameters. Their results are in agreement with other

published data.
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3.4. NUMCRICAL APPROXTMATION TECHNIQULS

3.4.1. Power Series

Zucker et al (100) report that in the microwave conductivity

experiment the average current during the microwave pulse is:
2

7 - B[ T(E,smé)dd. (3.12)
L

and one can fit to this data:

—

i o )1+ (2]

ejeal
Sl

E. and o, being chosen to fit the data. Thiss

G- o (E)

which yieldss

J(Eio) = (6,-0w) E, tan“(%‘l>+62€o (3.13)

This is fairly straightforward to fit to the data and v(Eo) may be
simply calculated. They note that the estimation of Eo from low values
of absorbed power, (when using high resistivity material ) is inaccurate
and yields poor results, otherwise this is a reasonable method. This
was used and compared to the polynomial approximation next described.

It was a poor fit to the 'ideal' curve, but fitted to better than

I_S% to a real experimental result; although the applicability of this
approximation was limited to electric fields only up to twice threshold.

It fits the characteristics of Ge and Si better than InP and GaAs since

any negative conductance is less marked.



Let us write a polynomial approximation for J in powers of

electric field, up to the fifth order. Thens
—_ 2 32 b 4+ I8 E‘S)
J(E) = CE(I+bE + b,E "+ bE +D,E +b5E7) (3.14)

this is valid for E 2> 0. For validity when E < O then we must use
a series in Ez, however this will be sufficient for our needs.

The power absorbed is, as before,

+7K /.

-2;,\/—] j(Eo$\h¢>. Eosind.dé

substituting for J(E) in this equation, we haves

W(E ) = ALAS (7( + 4'b\Eo+37"b t°+_be +bT =+, 824, SE)
a9 T 2 3 8

—

writing the average conductivity O  and inserting this into the

general equation for hbsorbed powers

V- _2
Wa(Eo) = 50k,

Comparing these last two expressionss

— gb, 3b 3b She —% A
G (G, = ©; g e ===
( o) O(H—BNEO [ +‘57\JE+ ‘5’:°+3S7\“E:}3.15)

If we measure CT(EL) and calculate the terms in the series in (3.15)
we derive the coefficients b1 - b5 and hence we know CY(E;) according

to eq. (3.14). Hence we may calculate v(E) froms:

0'(503 -Eo
%9,

v(Eo)

H



We may calculate the terms in the series from the relations

—O_-j(EK) = 6, (I + };qk Ejk)

vizs <q;— o;) = (ak>(Ej)
where 0{;—-62> and (ak) are column vectors and

(Ej) is a square matrix of order k

!}
Ve S
Al
I
A
~
~
=
-
P

Thus3 (ak)

3.4.2. Tschebeychev Polynomials

The last approximation for J(E) gives no control over the
approximating function between the points chosen for manipulation of
the data. This may result in large errors between the points and
limited applicability Jjust outside the data range. Tschebychev
polynomials have superior approximating propertiecs (see Appendix 2)
and may be employed. Consider a set of Tschebychev polynomials of

electric field such thats

F(E) = i AT (€)

where Tk(E) is the polynomial of degree k and Ak is a multiplying
coefficient such that

+

I
2 [ 30 T
. T [ =%z

Substituting x = cosO 'I‘k(x) = coskO,
@)

_ 2 o KO.do
8, = f(Cos ). cos .
and L

y(x) = l/2a° + alTl(x) + ceee +l/2anTn(x)

;7]



Tk(x) is derived from the recurrence relations:

[l

Tk(x) cos(kcos-lx)

T (x)

1, tl(X) = X
- |
Tk+l(x) = 2ka(x, Tk_l(x)

Hence we may write for the average conductivity:
1 — —
(E,) = OS(an*'ajjh%>-f.”.”.” +-Q5T;U:J) (3.16)

preserving the same order as we had used in the power series of
eq. (3.14). Expansion of the polynomials yields:
& (E) 2

2
——g_—- = 5 + al(Eo) + 32(2E° -l) + 33(4E°
(o]

338
~3E_)

+ a4(8E04—8E02+1) + a5(16E05-20E03 + SEO)

Comparison of this series with that of equation (3.15) yields the
relationss
= 3 B.(a,=3a. -

b = 4/3.(232“884)

15
b, = /32 -(4a,-20a_)
3 30 (3.17)
8
b4 = /5 '(83-4)
- D
b5 = /64 (20a5)

1

also a_/2-a, + a,

Thus calculation of the Tschebychev coefficients a yielding a
good approximation to the function may be extended to the power series

coefficients.bk.
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3.4.3. Space-Charge Suppression Criteria

Considering an isotropic, homogeneous, semiconductor with a

propagating electromagnetic field, Maxwells equations are

__ 28
Vik T ot
VoH = oD
A H J 4 e

V.2 = O
V.o o= g
in addition we have the definitions for D, B and 0" such that
D SN S
Polir
RIS
E

1

Integrating this gives:

(s = Cs(0) exp (,_ %)

Tb is the dielectric relaxation time, and may be of either sign

according to the sign of the conductivity. Hence the perturbation
P.(0) may decay or grow.

Writing A% for a field perturbation and using the foregoing

relations for QS and G we then write

2 (48) = - L 2T (sE)

>t Y= (3.18)



We have for J(E)

J(E) = o—ge(\ + bE+ ... 5555) (3.24)
hence
43(E) (1S ()b, €
d—_ = 6; + Z(ﬂ‘\'l» n ) (3.19)
t: n=\

integrating equation (3.18) leads to
t

AE, = NE, exp - [ A1) 4
€ d& (3.20)

o]

Substituting eq. (3.19) in this and evaluating we find the integral

is (where E = Ecoswt)

!:(H‘ 3BLE + |5b+ € ) ‘“wb(25,5+35353+ (i‘f, ES>

+S\r£w(:(3:~zgz+ %E ) + 5mgwt( 5 3+ Sbs ES) .

2 4 6b5E5)

sin 4ok [Sba —% smS
p o0t (S2e7) «

as t>0 in the limit this becomes:

(1 + 2b,E + 3b2E2 + 4b.E° + 5b

3 4

since sin net — not

Hence the expression for the growth of a perturbation Z&Eo (3.20) is

. t(\ ¥ immbhE“)’

Nn=\

this may be vwritten

AE, = BE, exb - Ig

o

where T, is analogous to a dielectric relaxation time.



Where:

)
l o, —h
T e |+ nZ. (n+1)ba & (3.21)

the field perturbation will begin to grow at a rate set by To ,
if the frequency is high enough, the field will not grow at all, this

may be described by the condition OT, > 1, thus:

WE

s
o (| +Z (m+\)bhEn) < (3.22)
N =y

this is one condition of space charge suppression, which may be simply
checked during analysis of experimental data. This is an extension
to the simpler fbrm of dielectric relaxation consideration producing
the rules of thumb governing the choice of resistivity and freguency

specified in equation (3.2). In the linear cases

Oc < ‘ b =0, n2>1 -

simplif&ing to
~1
€£ > (27\') C’,oer)

inserting values for e in {Q cm, f in GHz and the dielectric constant

of indium phosphide we derive the inequality

Py > 180

which is an upper limit of the calculation computed graphically by
Braslau et al (91).

This only specifies a condition for no growth of space-charge in-
stabilities, should there be growth during an r.f. cycle, there must
also be decay, otherwise build-up will occur over a number of cycles.
Returning to eq. (3.18) we note that it yields growth or-decay according

T

p + We may write a condition such thats

to the sign of



@Xb<_ﬁ>_>. exp [~ i"—) < | (3.23)

P Ton

where tp and tn are the times spent in positive and negative mobility
regimes respectively, and T&W and @5N are the dielectric relaxation

times, Tye being positive and T, negative and expressed as:

_ c _
Tre = ——— 4 Ton = €
%oclfo }"P moﬂo [\JN
taking the logarithm of eq. (3.23).
€
N tp
ACDN Toe

Specifying an electric field E = Eosinwt, and the threshold field as

ET we have:

ET': EOSih?éo
o . _2 b
{:P 2 w Tu = Lo 2 w
hence substituting thefe in the inequality

¢o > ,CDP
T/ - Q&, Ton

We may subetitute the expressions for ’UbP;th, and assuming that

all parameters are equal over the entire cycles
2, S [ w]
7]72. - QSO /uP

This would give a condition if M, and M, retained their value over

the entire range of fields of interest, but since they are smooth

curves, not straight lines, then the average values should te employed:

2, > | joul
T-te | R

These are examined numerically for GaAs and InP in Section 4.2.

(3.24)
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3.5. TRANSIENT HEATING CALCULATIONS

3.5.i. Theory

The temperature of the bar samples of semiconductor mounted in the
waveguide may rise during the pulses of power and may not cool to
ambient in the period of no incident power, hence a temperature distri-
bution may be set up. The temperature was calculated using the
following method. Radiative and convective losses viere assumed
negligible, a fact which will only serve to overestimate the tempera-
ture, since we want to know the maximum rice, this is a reasonable
neglect. The bar was considered to be cornected at its ends to infinite
sinks at ambient temperature. The distribution will therefore be
symmetric about the bar centre. The differential equations governing

heating and cooling are respectively (101)
YT(xB 1 Sy _ 9,
O X2 ks ot 'a
S ¥Te) L STwE) O
Ox? ks at.

where &, is the thermal genceration rate and T is the temperature

increment above ambient such thats

Pabsorbed

& * “volume , Tx,t) = Tactual(x’t) -T

amb.

The time of heating is th and that of cooling tc, these being in

/.
general

t, = 200 nS | 50045 St -t 2mS

The solutions to the differential equations ares

X = 8° - 43022 \ ' . t - m—\z zt

K g



and

T(x,t +t ) = ——ZS!I’\ -——-.QX)b f(‘;nT(’t IT x‘tk) Srr\ dx

where T(x,tc+th) is the temperature distribution afier one complete
period of heating and cooling. Thais temperature distribution is
assumed not to affect the next heating pulse, such taat the temperature

at the end of this will be:
T(x,tc+2th) = T(x,tc+th) + T(x,t )

This will also slightly overestimate the temperature, but this should

not be serious since indium phosphide is a poor thermal conductor.
After a number of periods equilibrium will be reached such that

the temperature oscillates between two values differing by the heating

increment. The final maximum centre temperature will bes
T( z/2 Oo) + T .+ T(Z/Z (n+l)trnt )
’ amb ’ ) c

where equilibrium is reached after n cycles.

3.5.2. Results

A programme was writien to evaluate the problem, the distribution
being specified by Gauss Legendre Quadrature using 24 points (see
Appendix 3). The final distribution was found to be nearly parabolic
and is shown in Fig. 3D.

The centre of bar temperature was plotted for various power and
duty cycle values, these are shown in Fig. 3E. The time taken to
reach equilibrium was fcund to be approximately 200 mS in each case.
The maximum absorbtion of power would produce up to +250°K increase

in a small sample, but in most cases the centre temperature rise was

much less than this, being of the order of 30—50°K. The thermal
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Temperature profile of semiconducter bar

heated by pulsed microwaves.
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properties, Cp, kT’ kD were fairly constant over this range, certainly
not in errcr to merit a further recalculation or correction of the results.
The d.c. current should also be small to minimise heating. Using

the steady state solution for CW operations:

g
T™(x,00) = 2;9 x(1-x)
T

For an indium phosphide bLar mounted transversely in the waveguide

we find that the centre temperature difference is:

ATSK = 0.316 g, g, i fem 3

0

K 0.89

-2
AT &, &, W/em

where the generationrates are calculated per unit volume and per unit
area taking into account the WG22 narrow dimension. For typical d.c.
currents of less than 59VA this temperature rise was very small, being

less than loK.

3.5.3. Carrier Concentration Variations

The temperature increase may affect the carrier concentration by
two main mechanisms, ionisation of impurities and the movement of the
conduction band edge. The former is not important above 300°K since
in the material supplied all impurities were ionised below this
temperature, however at 77°K there was some freeze out, so that this
mechanism must be accounted for there. 9% in 2.4x1015 slice,4%% in
7.2x1014 slice, broadly agreeing with data in Blood et al (20).

Movement of the band edge would affect the population by changes

in the intrinsic concentration as followss:

I
Ni = (Nch exp —E?.) “
kT

2



From the condition of charge neutrality and the intrinsic relations

2
n, + NA =n. + ND, n.n. = Ni
and considering an n-type material with N, = O, we find thats

A

N z
D 4—NL
ng = 7 "“/’+ NG

substitution for Ni into this, and the relations for Nc and Nv’

N - 2R kT N = 2R AT )

yieldss

3
N 2 ‘HrkTg tait) {—‘
- 2 2 e s

!

(25T

(3.25)

If this value of n, is calculated and compared to ND there are two

regions of interest to us. If n, = ND then the material is said to

-

be saturated and the only carriers are electrons as far as our cases
are concerned. Should n_ > ND then the material is behaving partially
intrinsically and both types of carrier contribute to the conductivity.
In this case both the electron and hole properties must be included

in calculation or investigation of the velocity-field characteristic.

A computer programme was written to evaluate the effects and the
results indicated that the material would be saturated at temperatures
less than SSOOK. Even for the largest temperature rises the semi-
conductor does not behave intrinsically.

For an experiment at 77°K however the freeze out effect would
mean the possibility of a parabolic distribution with +10% increase
over the ambient concentration gt the centre. This would increase the
population by 2/3 of 104 and would decrease the measured peak to valley
ratio by approximately 10% according to the figures of Glover - see

Fig. 3B.
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3.6. EXPEXIMENTAL APPARATUS

3.6.1. Decszription

This is shown in Figure 3F in block diagram form. The magnetron
operates close to 35 GHz, it is driven by a modulator and is capable
of producing 200 nS pulses at pulse repetition frequencies between
500 and 2000 per second. The output of the magnetron is fed via a
four-port circulator, to protect the valve, to the main waveguide run.
The output power is monitored via a 44 dB cross coupler feeding a
thermistor and a power meter.

The sample holder is inserted in the main section, which is
terminated in a high-power load. Two 40 dB directional couplers
sample the power before and after the test section and form the basis
for the bridge circuit. Here the powers are combined via the isolators
and hybrid-tee junction to a crystal detector, the output of which is
monitéred via a sampling oscilloscope. The attenuator and phase
shifter A are used to establish convenient zero data, the rotary vane
attenuator and phase shifter B are used to measure the power absorbed by
production of a null crystal output.

The first 40 dB directional coupler and the 12 dB coupler form
the basis for comparison of incident and reflected powers in the main
run. The switch S is used to consign power from either forward or
Teverse directions to the calibrated attenuator C. This is used to
maintain a constant level on the second crystal detector, hence relative
power levels being easily obtained without calibration of the crystal.

Both the detecting crystals and also the d.c. bias circuit, which

will be described in Chapter 5, are monitored by a sampling oscillo-

scope (Tektronix 533 or 564).
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FIG. 3F

The experimental apparatus .
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The main waveguide run may be pressurised via an inlet near the
circulator. For very high powers sulphur hexafluoride was pumped
into the guide up to two atmospheres pressure. It has improved
dielectric breakdown characteristics compared to air (102) see Fig. 3G.
For low temperature experiments helium was employed, but due to its
poorer dielectric performance (103) compared to air, the power levels

were limited.

3.6.2. Calibration

Various tests were made to establish the performance of the systems.
Errors in power monitoring, pulse shape and duty cycle, guide wave-
length and frequency variaftions were measured.

The correlation between power monitored on the meter using the
thermistor, and that calculated from pulse shape, duty cycle etc.
were found to agree to :_2%, the main error teing rise time and fall
time of pulses. Typical pulse shapes are shown in Fig. 3H, together
with a null obtained showing the effect of chirp in the edges of the
pulse.

The guide wavelength and frequency were measured for various power
levels using a VSWR carriage and a cavity wavemeter. The results are
shown in Figure 3J. There was a variation of wavelength with power

amounting to 1_0.9% the salient values beings

PI(av) .xg ko Feale F‘W/m
oW 10.96 mm 8.66 mm 34.65 GHz 34.68 GHz
10W 10.76 mm 8.50 mm 35.30 GHz 35.30 GHz
mean 10.83 mm 8.59 mm 34.90 GHz 34.85 GHz
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The correlation between calculated and measured frequency was better
than + 0.4%.

Knight (104 ) tested the harmonic generation of this magnetron
and found the harmonic powers to be as shown below. I checked
that the measurable harmonic power of the first and above was less

than -60 dB approximately.

n harmonic power dB
2 -58
3 =117
4 -86
5 -89
6 > =97

The assumptions concerning harmonic content are clearly Jjustified
. -508 . N -7.7
h2 « 1, being 10 and hn = 0 n> 3 is obeyed since hn < 10 n> 3.

The output is monochromatic as far as the experiment is concerned.

3.6.3. Estimation of Accuracy

For the experiment described in §»3.2 the results required for
analysis are measurements of the d.c. conductivity and power absorbtion
of the post. The former will be described in 8§ 5 and the latter
outlined here.

The average power monitored on the power meter is multiplied by
the duty cycle, calculated from pulce shape, length and repetition
frequency, to obtain the pulse power. This can De checked against
relative readings using the calibrated attenuator (2) and the crystal
detector. Measurements of forward and reverse fractions of power are
calculated from this as well. The transmitted power can be monitored
and compared to the incident power at the post using the rotary vane

attenuator and hence the absorbed fraction calculated.

The error in caiculating the incident power derives from errors

90



in reading the meters and scales and combining these should be 25 or
less, as long as the correlation between power meter reédings and
pulse power monitor is good over the experimental range. The transmitted
fraction may be estimated to approximately 4% due to the datum
fluctuation over the frequency range inherent in the variation of power
during the experiment. Efforts to allow for this effect may improve
the accuracy of the calculation by approximately 2% .

Hence for mid power measurements with neither reflected, nor
absorbed fractions of the power less than 105 of the incident level

the calculation of absorbed power can be made to within 5% accuracy.
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Chapter four.

Computer simulation and analysis.




4.1. EXPERIMZNTAL SIMULATION

4.1.1. Programme Description

The equations derived in Section 3.2.1. leading to

Tz

FIE) =2] T (Eosmg). d¢ (3.8)
v

were derived with certain assumptions. These were checked using the
computer (ICL1906A) to examine an 'ideal' velocity-field charac—

teristic as follows:s

v(E) = = E<E;

)

)

T

\)"(E} = (\ —%,)FOET.QXF—(QQ(E—ET)) + ’lr: [\AOET E>/

-1

Er=10We' | po =31 eniv’s! #2256, 652 5015 cmy

This gives a peak velocity of 3x107 cms_l at 10 kV,cm-l and a

T

valley velocity of 1.2x10 cm.s—1 at high fields, the negative differen-

tial mobility is -1000 cm2,V-? sil just after threshold. This compared

well to the data published when the simulation was made in 1972; the
particular differences being no velocity sublinearity below threshold
and a singularity at threshold where the first derivztive is infinite.

The doping level of the 'ideal' sample was taken as 1015,cm-3 givings:

o; = 0.48 Ucrn_:l e, = 2.2 Ncm

assumed uniform within the samples. These values obey theejsumce-

charge control criteria and the affects of non-obeyance are ignored

in the resulis.
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Calculations were performed to investigate the accuracy of the
Taylor's series approximation and the numerical neglect of higher
terms. The effect of dec. and harmonic terms was programmed. The
calculations were continued to include the numerical significance of

the terms in the approximation of eq. (3.10).

4.1.2., Results
The current as an instantaneous function of time is shown at
Fig. 4A for typical field quantities. The effect of the threshold field
is clear, producing a reduction in current flow although the voltage
is incre:sed,.and the d.c. bizs current produces a perturbation from
the zero d.c. conditiorn.
The integral of this curve was performed numerically using a 401-

step Simpson Rule and compared with the value from the Taylor series:

2

:T-(EdE —[Io\({) + —_Ij O\C# 4 ﬁlE; jSmZg#c)u{)-(—

*_ijdtﬁ + C"ttfjs\

which we may write as

E 2 J R
) -f\zl- d -
AN ‘16 4’

J = Jl + J2 + J3 + J4 + J5 + J6

These r-sults are shown in Fig. 4C, and the typical 5/30 in
Fig. 4B. The error is less than 1% providing the d.c. to r.f. ratio
is 10°° or less. This is perfectly feasible. The harmonic term was

10 ~, comparing with the experimental value. The effect of inserting
a 1% harmonic (b, = 10—2) is to increase the error by at least <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>