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CHAPTER I
GENERAL INTRODUCTION

Interest in plasmaphysical effects in semiconductors received a strong stimulus at the 1964 International Conference on the Physics of Semiconductors
in Paris, where a special symposium was held on these effects [1]. At about
the same time a new solid state physics group was started at Eindhoven
University of Technology and it was decided that it would be interesting to
try to participate in the new developments that had become apparent at the
Paris conference. From a study of the then available literature it was concluded that one can divide the field into roughly two domains, viz. wave
phenomena like helicon and Alfvén waves and instabilities. We chose to
concentrate on the instahilities because they appeared to be less understood, and there were promising possibilities for the use of semiconductors
to generate microwave power. We started with investigations on the Gunueffect [2], which seemed the most promising, and which was regardedas a
plasma effect at that time. It turned out that this choice had been right,
in so far as the Gunn-effect very soon led to the development of semiconductor microwave generators, but this also caused overwhelming industrial
interest. So, by the time we had installed our laboratory most of the fundamental work had already been dorre. Also, it had become clear that the
Gunn-effect had nothing to do with plasmaphysical phenomena. Therefore it
was decided, by the middle of 1967, to shift the main interest to another
subject. This could be dorre very easily as we had parallelled the Gunueffect efforts on GaAs

with experiments on InSb, right from the start. The

reason for this, seemingly arbitrary, combination was that GaAs shows what
is known as an N-type J-E characteristic, while InSb was thought to have an
S-type characteristic (which is probably true insome special cases). The
type letter refers to the shape of the characteristic: in both cases there
is a region of negative differential mobility (N.D.R.). Ridley (3] had
shown that an N-type characteristic could lead to a voltage-controlled instability, while an S-type characteristic may result in a current-controlled
instability.
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Indium antimonide is very suitable for research on plasmas in semiconductors because it is relatively easy to produce a plasma in this material due
to the very high electron mobility at 77 K and the small bandgap. It was
(and is) therefore widely used for stich studies. Also, microwave emission
had been found to occur [87].
In a recent review on plasmaphysical effects in semiconductors [4],
Glicksman defines a plasma as the collective of positively and negatively
charged particles, the behaviour of which is determined by the spatial
correlation of the charges inside the containing volume. The correlation is
brought about by the electromagnetic interaction of the charges. A criterion for the existence of a plasma state is that local space charge fluctuations inside the collective should not be observable, to first order, outside the plasma. This means that the interaction between the charges must
be such that local fluctuations are effectively screened from the outer
world. If the screening length is much shorter than the dimensions of the
containing volume the collective is named a plasma. For the plasma in InSb
the screening length is about 10- 7 m (4], which is at least 3 orders of magnitude smaller than the dimensions of the samples that are used.
In a semiconductor we can have three kinds of plasmas [5]. For the first
kind there is one type of mobile charge carrier, neutralized by fixed impurity ions in the lattice. This is called an uncompensated plasma and it
is present in extrinsic material. When two types of mobile charge carriers
are present in almost equal densities we have a compensated plasma. This
may occur in intrinsic material or in extrinsic material that has been
strongly counterdoped. These two plasma types are equilibrium plasmas:
they need not be produced but exist in the material as grown or prepared.
It is possible to produce a compensated plasma of higher density in a
material like InSb, however. These non-equilibrium plasmas can be produced
by injection from contacts, illumination with infra-red radiation (quantum
energy larger than ~andgap), or by impact ionisation across the bandgap. The
first two methods result in plasmas with a non-uniform density distrihutien because of the localised source, only low-electric fields being needed, or none at all. The third method may result in a uniform high density
plasma throughout the sample, but high electric fields are needed for its
production. We chose to study the latter type, because the reported microwave emission phenomena (87] also required high electric fields.
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As a consequence of this choice we had to face the following problems.
The transport properties of InSb in high electric fields were not very well
known at that time, so we would have to try to improve that situation. The
plasma production mechanism, "impact ionisation" or "the avalanche effect"
as it is called, would have to be stuclied in detail to get some knowledge
about the initial plasma properties and the plasma density. How the microwave emission would fit into the picture could only be guessed at, but it
was thought that the emitted power might be correlated with the plasma density. At the experimental level we required fast-rising high-amplitude voltage pulses, because the high electric fields could not be applied continuously if one wanted to keep the sample intact. The power input per pulse
must be limited to such a value that the lattice temperature rise remains
negligible (< 0.5 K). The short times were needed to enable us to resolve
the dynamical behaviour of the avalanche. The high frequency techniques
needed in fast pulse transport had to be combined with the microwave techniques necessary for the detection of the microwave emission. Modern electronic measuring methods were a prerequisite. Complications were introduced
by the necessity to cool the samples to liquid nitrogen temperature. A general problem in semiconductor research is of course the preparation of
adequate samples. In our case we had to set up facilities toprepare very
thin bar-shaped samples of a brittle material.
We are now able to formulate our research objectives. We would like to
gain some understanding of the avalanche process and establish the numerical values of the parameters. We want to get a reasonable insight into the
high field transport problems, sufficient to describe the basic properties
of the plasma, along with the avalanche data. We hope to find the cause of
the microwave emission and its possible relation to the plasma properties.
We have restricted ourselves ton-type material. In chapter VII we will
discuss how far we succeeded in achieving these aims. Here it may suffice
to state that the first two objectives were attained reasonably well, but
that the microwave emission turned out to be a very complicated pror,lem,
probably not related to the plasma at all. Nevertheless, such an amount of
data was compiled and the experimental techniques grew to such a level of
sophistication, that we were able to suggest a possible explanation. The
full explanation of these phenomena seems to be within reach. One peculiar
thing to note is that the Gunn-effect re-appears in the discussion of the
phenomena (cf. sections 5.3., 5.7., 6.5.2., and 6.6.).

4

The thesis consists of seven chapters. In chapter II the properties of
the material InSb are discussed. Chapter III deals with experimental techniques, including sample preparation. High field transport is treated in
the second part of chapter IV, the first part of which contains data on the
potential distribution along the sample in avalanche. Chapter V is devoted
to the avalanche process and chapter VI to the microwave emission. Some
final remarks are made in chapter VII. We used SI units, without claiming
perfection.

CHAPTER II
SOME PROPERTIES OF InSb

In this chapter some of the available data on the material InSb are reviewed. Only those parameters that seem to be relevant to our experiments
are included. Most attention is given to semiconductor data, but some attention is also given to thermal conductivity.
The III-V compound InSb crystallises in the zincblende structure, with a
lattice constant of 0.6479 nm. At room temperature it is almost a degenerate
semiconductor, but at 77 K reasonably pure material behaves as a non-degenerate semiconductor. Some of its remarkable properties at the latter temperature will be described, with emphasis on low electric fields.

2.1. Bandstructure
In fig. 2.1. the prominent features of the bandstructure are shown.
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It was assumed that the spin-orbit splitting of the valenee band

~so

is

large compared to the bandgap E and the momenturn matrix element between
g

the conduction and valenee bands. The free electron contribution h 2 k 2 /2m

0

was neglected, because in all cases m* << m0 • The quantities m* are the
effective masses in the respective bands near k = 0 in the parabolic
approximation, m~ = m~ and m~ ~ 10 m~. The formula for Ev is not derived
2
3
1
from Kane's relations, because in that case E = - E would result. Rather,
V!

g

following Kane's argumentation, we describe this heavy hole band as an isotropie parabalie *) band with a curvature corresponding to the measured
heavy hole effective mass

m~

1

0.4 m [7]. The conduction band (c) and the
0

light hole band (v2) in the vicinity of k = 0 are spherically symmetrie but
non-parabolic. For the conduction band this was confirmed experimentally by
infra-red cyclotron resonance measurements [8]. The value of m~ near k 0
was found to be 0.0139 m0 • Higher in the conduction band the effective mass
is not defined in the usual way, because of the hyperbolic bandshape. It
was shown by Barrie [9] that for a spherically symmetrie band one can intro*) Actually the valenee band is six-fold degenerate at k = 0, this degeneracy is lifted by linear k.p

and spin-

orbit perturbation terms. One is left with three pairs of valenee bands, with maxima that are slightly offset
from k "' 0. Kane estimates that at k .. 0.003 .x kmax' the energy is 0.1 meV above that at k = 0, which is a

correction of minor içortance.
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introduce a k or energy dependent effective mass via
(2. 2)

On insertion of the dispersion relation (2.la) this leads to a linear depenm~
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An important consequence of the non-parabolic conduction band shape is that
the electron velocity is a saturating function of the electron energy. The
velocity is given by
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Other minima in the conduction.band occur at the edges of the Brillouin
zone in [111) and [100) directions (L and X points respectively) [10]. Of
these the next nighest minimum at the L point, about 0.50 eV
the central minimum, seems the most interesting

~

2

E

g

above

as far as intervalley
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scattering possibilities are concerned, although it has been remarked that
the coupling to the higher-lying X minima may be stronger than that to the
L minima [11]. We will return to this point in chapter IV.

2.2. Mobilities and Carrier densities
Only some general remarks will be made to introduce the salient features;
some more details can be found in chapter IV. The electron mobility for
vanishingly smal! electric fields is very high: for reasonably pure
material it is of the order of 50 m2 /Vs at 77 K [12]. This is the highest
mobility that is known in a semiconductor. The (heavy) hole mobility is
much lower, though still high when compared to mobilities in Ge and Si. We
will use the value reported by Neidig and HÜbner [13], who found
~h

= 0.8 m2 /Vs, a value that was independent of electric field (up to

8.10 4 V/m) and magnetic field (up to 0.6 T). The mobility ratiobis thus
seen to be about 60, again a high value. At higher electric fields the
electron mobility drops (see chapter IV), so then the relative importance
of the holes increases.
At high temperatures or high carrier densities electron-hole scattering
may become important. Intervalley scattering, between the central minimum
and the upper minima may be important at very high fields. These two
subjects will be discussed further in section 4.2.2.
The smal! energy gap and the resulting high mobility make it very easy
to produce electrons with a high energy, which can start an avalanche by
impact ionisation across the bandgap (see further chapter V). This is a
suitable method for producing a high-density electron-hole plasma in the
bulk of the specimen, one reason why InSb is widely used for semiconductor
plasma experiments.
From the variation of the mobility with temperature

[12], see fig.

2.3., it is seen that below 50 K impurity scattering dominates (slope ~
+ 3/2) while above this temperature there is mainly lattice scattering
(negative slope). Ehrenreich [14] demonstrated that polar optica! phonon
scattering (POP) is the most important lattice scattering mechanism in InSb.
In the same publication it is argued that the acoustic deformation potential
constant e0 is about 7.2 eV. This approximate value was confirmed by Kranzer
[15], who concludes from his mobility versus temperature measurements that
e0 must be smaller than 12 eV, Ehrenreich's value of

7~2

eV fitting in well
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Fig. 2.3. The mobility of n-type InSbas a function of temperature, after
Putley [12].
with the experimenta1 data. The va1ue of 30 eV for
authors [16] thus seems to be

E as quoted by severa1
0
erroneous. The contribution of the acoustic

1attice scattering to the total scattering rate is a1most negligible. Therefore a rather high degree of compensation is necessary to account for the
experimental mobility at 77 K, even in material that is regarded as fairly
pure.
Rode [17] has given a theory for the mobility of III-V compounds. He
takes POP

and ionized impurity scattering as well as the hyperbalie band-

structure into account. The (heavy) holes are regarded as ionized impurity
scattering eentres for the electrons, so the total impurity density is given
by NI

= N + NA + p • Knowing the actual mobility of the material one can
0
0
find the va1ue of NI from Rode's data by equating the theoretica! value to

the given one and using N as an adjustable parameter. For material with
1
= 1.6 x 10 20 m- 3 and ~ = 50 m2 /Vs it follows that NI~ 8 x 10 20 m- 3 •

n

0

0

All sha1low donors and accepters in InSb will be ionised at 77 K, because they are at a distance less than kT from the conduction respectively
the valenee band. It is we11 known that for a compensated n-type semiconductor in which all sha1low donors and accepters are fully ionized we can write
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for n

0

no

[18]

=!

! ],

[(ND- NA) + { (ND- NA)2 + 4 ni}

(2 .5)

Furthermore
n~

1

= n0

(2 .6)

p •
0

The intrinsic carrier concentratien ni is given experimenta11y by [19]

n~

= 1.8 x 10

44

[2~0r

it fo11ows that p
0

0

0

= 10

4

[t- 2~0) }·

n~ = 1.7 x 10 30 • When further n

ForT= 77 K one obtains
N +NA+ p

exp {- 0.296 x 10

10

m-

3

0

(2. 7)

= 1.6 x 10 20 m- 3

and N0 - NA ~ n 0 • Then, with. the value of

already given before, it follows that ND = 4.8 x 10 20 m- 3 ,

NA= 3.2 x 10 20 m- 3 and thus the degree of compensation NA/N0 = 0.7.
To estimate the relative density of light holes p 1h/phh we approximate
both valenee bands of interest (vl and v2) near k = 0 by a parabolic band.
The density of statesineach band is then proportional to

(m~) 312 •

It

follows that

(2.8)
The influence of the actual non-parabalicity of v2 on this result will be
rather slight. Yet,

t~e

light holes will contribute to the average hole

mobility, because the light hole mobility will be very high (v2 is the reflection of c). The measured average hole mobility will therefore be higher
than the theoretica! hole mobility calculated from the heavy hole band
alone. For practical purposes we will speak about holes plainly, meaning
heavy holes with a somewhat too high average mobility.

2.3. I-V aharaateristias
The general form of the I-V characteristics is sketched in fig. 2.4. Four
regions can be distinguished. At very low electric fields (< 10 2 V/m) the
behaviour is ohmic (region I). Because of the high mobility the electron
system easily gains energy from the external field and thus the average
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Fig. 2.4. Example of current-voltage characteristics of InSbat 77 K,
showing the four regions of different behaviour discussed
in the text. The kinks in the curve at high electric fields
are removed on application of a small transverse magnetic
field. Sampling time 50 ns.
electron energy rises (region II). In this case it is customary to speak of
warm electrons, because the average energy of the electron system is higher
than the thermal energy of the lattice. Because of this rise in energy the
POP scattering increases and the mobility decreases, and the I-V characteristic becomes sub-ohmic. For still higher electric fields these effects become even more pronounced (region III), and it is normal practice to speak
of hot electrans in this region. The distribution function is certainly not
Maxwellian. The polar character of the POP scattering, which is by now the
only operative mechanism, strongly faveurs small angle scattering. This results in a highly anisotropic distribution function, i.e. one that is strongly peaked in the direction of the applied electric field [20] . At an applied
field of about 2.10

4

V/m the number of high energetic carriers in the tail

of the distribution function, with energies higher than the optical phonon
energy at k = 0, becomes appreciable. For these carriers the POP scattering
decreases again, and one would expect the mobility to increase. This is
never seen in experiments, though. With very short times and very high electric fields [21,22] conduction band non-parabalicity and scattering to
higher valleys limits the mobility. With longer times the additional energy
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symbol

de scription

value

units

reference
#

static dielectric constant

17.88

1

h.f. dielectric constant

15.68

1

transv.opt.phonon.freq.
long.opt.phonon freq.

3.48xl0 13
3.67xl0 13

index of refraction

n

opt

rad/s

1

rad/s

2

3.96

3

opt.absorption coefficient
at e:=0.235 eV (À=5.37 ]Jm)
at e:=0.5

eV (À=2.5

a

9

]Jm)

9

lattice constant

a

0.6479

nm

4

interatomie spacing
density

b
p

0.280
5.78xl0 3

nm
kg/m 3

5

werk function

<!>

4.75

eV

8

798

K

5

me 1ting- point
thermal conductivity
heat capaci ty
specific heat capacity
linear expansion coefficient
elastic stiffness
constants

À

4

l.Oxl0 2

W/mK

1.38xl0 2

J/kg K

8 x 10 5
10-6

J/m 3 K

6.872xl0 10

N/m 2

6

10

2

6

3.117xl0 10

N/m 2

6

3.7xl0 3

m/s

6

3.75xl0 3
3.94xl0 3

m/s
m/s

6

3

m/s

6

K-1

3.753xl0

N/m

average longitudinal
sound veloeities
parallel to (111) plane
in [111] direction
in [110) .direction

3.82xl0

Table 2.1. Some material aonstants for InSb.
All data at 77 K.
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loss in paircreating ionising collisions may have to be taken into account.
Moreover, the avalanche effect will completely mask any mobility increase in
this latter case. The number of carriers increases very rapidly and consequently the current rises very strongly at almost constant voltage (region
IV). There are now two new scattering mechanisms to be considered, namely
electron-hole scattering and impact ionisation scattering. Our main interest
is in this avalanche region and we will return to these matters in chapter IV.

2.4. Various constants
Several other material constants of interest have been grouped in table 2.1.
They were taken from the reference sourees indicated. Some older data can be
found in the book by Hogarth et.al. [23].
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2.5. SampZe temperature
The experiments are usually interpreted in terms of a constant lattice
temperature of the sample. In this section we will discuss under what conditions this is a reasonable starting point. It bas already been remarked
in chapter I that the electric field had to be applied in pulsed form because of dissipation problems. A typical value of the electric field in
avalanche is 3 x 10 4 V/m. From fig. 2.4. it follows that in that case the
current density may be 10 8 A/m 2 • It will be clear that such a power input
of 3 x 10 6 MW/m 3 is disastrous if applied continuously, but even at low
duty cycles (short pulses at a low repetition rate) the average power input may be appreciable. Actually we are only interested in the sample temperature during the pulse when the measurements are taken. So it may seem
that when the temperature relaxation time 'TH of the sample is much longer
than the pulse width tw we have only a simple adiabatic heating problem to
solve. However, when the pulse repetition period t pr f is taken too short,
i.e. comparable to 'TH' the sample will accumulate thermal energy from pulse
to pul se and the average lattice temperature will rise. Al though we will
discuss these matters in some detail, it is not intended to solve the temperature distribution problem of the sample completely, which may be rather
complicated. However, it is not sufficient to estimate the average temperature and to neglect the instantaneous temperature during the pulse as is
done by several authors. As we are interested only in the gross features we
will make some rather rough assumptions that will enable us to estimate the
order of magnitude of the temperature rises and afford an insight into the
relative importance of the various parameters. The sample will be regarcled
as a homogeneous parallelepided with four long side faces exposed to some
"coolant", and two end faces that are intimately connected to metallic lead
wires. First we will try to get some idea about the thermal relaxation time
of the sample, then we will calculate the adiabatic temperature rise during
the pulse, and next we will estimate the time average. Finally, some general considerations and conclusions will be given.
The thermal relaxation time of the samples was determined by the following simple experiment. The sample was mounted as usual in its holder (see
chapter III) and inserted in one branch of a low frequency pulsed bridge
circuit. Long-duration !ow-power single pulses were used to drive the
bridge. At low-enough power we can set the resistance change of the sample
proportional to the lattice temperature change. The unbalance signa! of the
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bridge is now a direct measure for TL. In a linear case like this we can
introduce a thermal relaxation time 'TH and write
~

dTL
dQ
F-~-

(2.9)

where dQ/dt is the amount of power dissipated per unit volume. The solution
of this equation is simply
'TH dQ/dt
~V

(2.10)

The slope of a logarithmic plot of the unbalance signal of the bridge versus
time yields 'TH" The results for two samples are summarized in table 2.2.
It is seen that when He gas is used as coolant, as was the case during most
of the microwave emission experiments, the value of 'rH is very large. When
liquid N is used 'TH is much smaller, because of frequency limitations of
2
the rather primitive set up the numerical value could not be determined more
precisely than indicated. The large difference in the 'TH for He-gas and
direct liquid N (LN 2 ) cooling directly follows from the fact that the gas
2
is a much poorer coolant than the liquid. It is well known that the freeconvection heat-transfer coefficients for gas-solid and liquid-solid interfaces may differ by several orders of magnitude. If it is supposed that in
the He-gas case the heat is mainly carried away by conduction through the
lead-wires and not by free-convection, so that then the heat flow is mainly
longitudinal, while in the LN -case free-convection is the dominant cooling
2
process and the heat flow is almost radial, then the results of table 2.2.
can be qualitatively understood. Let us first discuss the He-gas case. The
cross-sectional area of the sample is about 16 times greater than that of
the lead wires. As the thermal conductivities of InSb and Pt are almost
equal (1 x 10 2 and 0.8 x 10 2 W/m K respectively) it is clear that when Pt
wires are used the temperature gradient will fall mainly along the lead
wires, and the gradient in the sample will be small. The thermal conductivity of Ag is about 5 times that of InSb, so in this case the differences in
cross-sectional areas and thermal conductivities partially compensate each
other.
To a first approximation the thermal relaxation time is proportional to
the squarec Óf the distance over which the temperature gradient exists. For
longitudinal flow we approximate this distance by half the total length
of sample plus lead wires, in our case about 6 mm. For radial flow in
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sample

#

L25

Ll08

length

(mm)

2.0

4.3

width

(mm)

0.22

0.275

height

(mm)

0.22
50

lead wires

].JIIl

0 Pt

0.275
50 ].Jm 0 Ag

TabZe 2.2.
ResuZts of some
simpZe the1'TrlaZ
reZa:x:ation time
measurements and
estimates for two
sampZes.

He-gas aooZing
TTH
measured

0.9

0.3

< 2 x 10- 3

<2xl0- 3

(3 x 10- 4 )

(1 x 10- 4 )

(s)

LN2 aooZing
TTH
measured

(s)

(estimated)

case of direct LN

cooling the distance is taken as about half the sample's
2
smallest cross-sectional dimension, that is about 0.1 mm. So the TTH in the
cooling is estimated to be a factor of (10- 1 /6) 2 % 3 x 10- 4
2
smaller than for He-gas cooling. In table 2.2. these estimates for the two
case of LN

samples are given as the numbers between brackets. These ideas about the
directions of the heat flow are seen to give a correct qualitative description of the problem.
The thermal relaxation time always remains several orders of magnitude
larger than the pulse duration tw' which was maximally 300 ns in our experiments. So it is reasonable to assume that the sample (lead wires included) is heated adiabatically during the pulse. We will calculate the adiabatic temperature rise under the following assumptions. The sample is initially at a temperature T

0

,

presumably 77 K. Electric energy is dissipated

uniformly throughout the sample at a rate dictated by the instantaneous
values of J and E, dissipation in the lead wires and contacts being neglected. Then with dQ/dt
dTL

dt

J x E
=

pC
V

=J

x E,

(2 .11)
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Fig. 2.5. Current, Voltage, Microwave Power and Adiabatic Temperature Rise
as a function of time during the pulse for sample L94. In this
case the variation of current and average emission level are
primarily determined by the lattice temperature rise. If the
average microwave power is plotted versus temperature rise the
resulting curve agrees very well with Poehler's results [24], if
the average lattice temperature is taken at 100 K.

or, while J x E

I x V/iP, wi th

<P

sample volume

t < t

T

0

+

~
V

f-

w I(t')V(t')dt'

(2 .12)

0

As I and V usually are not very much like analytica! functions of time the
integration has to be performed numerically. An extreme result of such a
calculation is shown in fig. 2.4. along with curves of current, voltage

= TL (tw) - T0 is 0.25 K.
In all cases where it was suspected that the adiabatic temperature rise

and microwave emission. A typical value of llT
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could be important a calculation according to (2.12)

was made using the

experimental data on I(t) and V(t). ·
Por LN 2 cooling (2.12) is sufficient to describe the temperature of
the sample because in this case TTH is much shorter than the time between
two pulses, which, for the pulse repetition frequencies used, is at least
10 ms. However, when He gas is used the situation is reversed and the sample accumulates heat from pulse to pulse. The temperature at the beginning
of the i-th pulse is now given by

T.1

T0

with t pr f

i-1
L (exp

~T

+

k=l

(2.13)

the time between pulses and

1

~T

)k

(- tprf/TTH ·'

pC

V

I (t') V (t') dt',

~

(2.14)

0

the maximum temperature rise per pulse.
The sum in (2.13) is a geometrical series. As the absolute value of the

= exp

ratio of this series x
tion converges to
T

T

+ ~T

0

00

(- tprf/TTH) is smaller than unity, the summa-

___x__

(2.15)

1 - x

T00 is thus the saturation value of the lattice temperature after a great
number of pulses. Table 2.3. lists some values of T00 • It should be realised that T00 is reached in less than 1 minute after the first pulse.

~
)

10

3

9

27.3

102

135

317
102

Table 2. 3.
Some values of T

00

1

78.5

83

0.25

77.1

78.5

83

•
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Fig. 2.6. I-V characteristics of sample Ll02 with small amounts of DC
power added to the pulse. Sampled at 50 ns after pulse initiation,
tprf = 33 ms, tw = 100 ns, TTH ~ 0.9 s with He-gas cooling. When
LN 2 cooling was used there was no effect and all curves coincided
with the PDG = 0 mW curve.

The table shows clear1y that when LT > 1 K the average temperature exceeds
the value of T appreciab1y. The effect of such temperature rises is drama0

tically exemplified by the I- V characteristics of fig. 2.6., where small
amounts of DC power were added to the pulse to simu1ate a higher T 0 • The
numbers in table 2.3. should be viewed with some precaution. In (2.13) it
is implicitly assumed that TTH is a constant. This is obviously not very
realistic when large temperature differences come into play. As the average
temperature of the lattice rises TTH may be expected to decrease; so T00
will be less tl'fan the tabulated values.
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In actual experiments there are some complications that will make the
problem much more difficult. For instanee when pinching or Suhl effect
occurs there are strong density and temperature gradients inside the sample.
The dissipation is far from homogeneous. Experimentally it was even found
that the sample melted and recrystallized locally along a pinch channel (25].
We also neglected some additional loss mechanisms that may be important.
Blackbody radiation may be neglected with respect to thermal conduction as
long as the surface temperature of the sample stays well below several
hundred K. The recombination radiation that occurs during avalanche may
carry away an appreciable amount of energy, because every photon produced
has an energy at least equal to the bandgap energy. To estimate this radiative loss we use the data of chapter V. In equilibrium the generation is
balanced by the recombination, and thus the number of recombinations is
equal to the number of generations. In chapter V it will be shown that the
dominant recombination mechanism in avalanching InSb is direct radiative recombination, and so for our estimate we will take all recombination as radiative. The absorption coefficient for bandgap radiation (5

~m)

is about

10 5 m- 1 , soit is reasonable to assume that only radiation that is produced
within 10

~

from the surfaces can escape'from the sample, if reflections

from the boundary are neglected. Taking high values for the electron density
n and the generation rate g, we find for the total radiated energy
gR = ng tw gg ~eff = 1.5 x 10- 2 ~J. This is only 0.15% of the total energy
input per pulse, which is of the order of 10 ~J, so this loss term is of no
importance.
Schmickl and HÜbner reported [26] that InSb slowly changes its properties after heat treatment. Such heating may occur during the soldering of
lead-wires to the sample or during experiments when the sample is driven far
into avalanche and ~T becomes large. By a special contacting procedure that
is described in the next chapter we avoided the first problem. The second
effect may be responsible for changes in sample behaviour that were somec
times found to occur in conneetion with extreme high field measurements.
It may be concluded that direct LN cooling should be used if possible.
2
Ag lead wires can be recommended instead of Pt ones. For pulse widths less
than 300 ns and pulse repetition frequencies less than 30 Hz there will be
no problems below the avalanche threshold. In avalanche, problems may arise
even with these low duty cycles and one should be very careful. In every
doubtful case a
in a

~T

~T

calculation or estimate should be made. If this results

> 0.5 K appreciable heating will occur.

CHAPTER III
EXPERIMENTAL TECHNIQUES

This chapter is divided into three sections, viz. sample preparation, theoretica! aspects, and measuring equipment.
The technology of sample preparation is often not described in great detail, although it is about one third of the experimental work and essential
for a good interpretation of the results of the measurements. The assistance
and facilities one has for preparation determine to a great extent the
possibilities in designing experiments. We will give a full account of how
the samples were made. A new method for contacting and simultaneous leadwire attachment, without heating the sample, will be described. We called
this method "bounding".
A short survey is given of several theoretica! aspects of fast pulse
techniques. Some remarks are made on skin effect.
The greater part of the measuring equipment, including the sample holders, is common to all the different experiments that were done. Therefore
we will give a description of the basic set-up in this chapter. Details for
specific measurements will be given in the appropriate sections of the following chapters.
Analog as well as digital data recording was used. Both methods will be
described briefly, and it will be explained why both types of data colleetien were necessary.

3.1. Sample preparatien
For our purposes bar-shaped samples were desired and in a few exceptional
cases platelets. Ohmic centacts to the ends of the bar and sametimes probe
centacts at the side surfaces were needed. We usually chose lengths between
2 and 15 mm for the samples, most of them being about 6 mm long. The crosssectional dimensions were dictated by the desired circuit performance. For
constant voltage operation the low field resistance of the sample had to
be much higher than the output impedance of the pulse generator. The latter
is 50 D but the impedance presented to the sample can be lowered to 5 D by
means of suitable resistor combinations mounted close to the sample
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(disc/rod screw-in, see subsectien

3.3.3). As the conductivity of n-type

InSb is rather high some very thin samples had to be made, a practical limit (25

~)

being set by one's skill in handling these ultra-thin needle-

like bars of the brittie material. A low surface recombination velocity is
very desirable. The diffusion recombination length is of the order of 10
~.

so the surface properties may have a great influence on sample behavi-

our when a dimension perpendicular to a surface is of the order of 50

~·

We did not consider the crystallographic orientation.
As InSb is a very fragile material, especially when shaped in bars with
a large length-to-width ratio, we wanted to mount the finished samples in
such a way that direct handling could be avoided. To this end they were
suspended by their lead wires above a rectangular cut-out in a disc of
printed circuit board, see figure 3.1.
The material has to be as pure as possible and in single crystalline
form. We used n-type material, bought from Monsanto Chemical Company. From
the ingot first slices and then bars were cut, that were subsequently
ground, polished and etched to the desired cross-sectional dimensions. After contacting and lead wire attachment the completed samples were soldered
to their protective disc. We will now describe each of the procedures in
detail.

3.1.1. Dimensioning
The bars were cut to the desired length with an ordinary scalpel. For grinding and lapping a modified version of a simple lapping instrument [27]
was used. This instrument was made in our workshop and the modifications
were that instead of one bar magnet and a spring, two antipoled magnetic
bars were used to keep the sample holder in place, and that a micrometer
clock was added to monitor the progress of the work. A plan-parallel glass
plate was inserted into the grinding well of the instrument and served as
the lapping plate. The sample was glued to a small stainless steel slide
with pine resin. This slide adhered magnetically to the sample holder of
the instrument and was kept in position by small rims. For every kind of
grinding or lapping eperation a separate set of stainless steel slide and
glass bottom-plate, that were prepolished upon one another, was used. The
samples were ground to within 30 um from the desired dimensions with 1
part carborundum 1200 in 1 part diala C oil.

Fig. 3.1.
Photocraph of sample L138 mounted on a micaply disc. About twice real size.
The end-contact wires are 100 wm

~

Ag wires, the side-contact wires are

25 wm ~Ag wires. Sample dimensions 210

x

130

x

6450 wm3.
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3. 1. 2. SOhJing
We used a precision multi-wire saw (C.E.M., Ets. Parvex, Dijon, France) to
cut the raw material. The ingot was mounted on a glass plate with pine resin. The glass plate was fixed to the sawing table of the machine in such a
way that the flat face (111) of the ingot was parallel to the tungsten
sawing wires. The 100
in 350

~m

~m

strong wires could be set 500

~m

apart, resulting

thick slices when 2 parts carborundum 1200 in 1 part diala C oil
I

was used as sludge. Usually a glass ring that was slightly higher than the
ingot was mounted closely around the sample. In this way the wires were
forced to cut the glass first, which resulted in a better leading of the
wires and thus in a nicer surface to the semiconductor slices. To produce
bars a slice was remounted on its face on a new glass plate; in this case
small glass bars were used as "wire leaders".
Polishing was done by hand with 7,5

~m diamond paste on a Winterbox *).

Some samples were further polished with 3.0 , 1.0 and 0.25

~m

diamond paste.

The last surface treatment was usually a chemical polish with 0.5% Br

in
2
methanolforabout 30 seconds [28]. In this case the samples were glued to
a holder with beeswax instead of pine resin, because the latter dissolves
in methanol.

3.1.3. Contacting and lead wire attachment
The oldest samples, with serial number below L20, had 100

~m

Pt wires

soldered to their ends with pure indium or tin. This often resulted in unreliable contacts, probably because of thin oxyde layers between the contact metal and the sample. The use of SnC1 2 flux gave some improvement, but
the cantacts remained troublesome. Next we tried alloyed contacts. The sample was put in a small groove in a block of graphite with small tin spheres
pressed against the contact places. Lead wires were pressed against the tin
spheres by means of a spring loaded and lightly-sooted glass plate. The
sooting was necessary to keep the tin from sticking to the glass plate after alloying. The complete jig was placed in an oven and heated in an inert
gas atmosphere, till the tin melted (250°C) and immediately cooled as quickly as possible. This resulted in electrically good contacts but the heating
operation caused other problems. These samples were not stable in time, they
slowly changed their resistance in accordance with the findings of Smickl
and HÜbner [26]. Recently Kreutz et.al. [29] showed that surface effects are
responsible forthese changes.
*) Winterbox is a trade mark of the fa. Winter, Hamburg, Germany. Their diamond paste is called diaplast and is

used with an- attendant special oil diaplastol.
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sample
#

surface

dimensions

contact

treatment material

(llm)

end

side

R300

contact

contact

(rl)

wires

wires

L8

655QX120X330

g p e

Sn

50 Pt

none

6.79

Lll

4400X 95X330

g e

Sn

50 Pt

none

4.49

L20

5700Xl20X330

g p e

Sn

50 Pt

none

8.1
5.41

L25

2000X220X220

g e

Sn

50 Pt

none

L34

5650X250X275

g e

Sn

50 Pt

50 Pt (b)

L49

6900X 52X300

g

Sn

50 Pt

none

21.6

L64

4300Xl07X310

Sn

50 Pt

none

5.8

L67

3500X 94X308

g P e
g p e

Sn

50 Pt

none

5.1

L92

2500X 45X 45

g

Sn

50 Pt

none

43.0

L93

4600X 70Xl00

g p

Sn

50 Pt

none

23.5

L94

3500X 15X275

g p

Sn

50 Pt

none

23.0

L98

5400Xl20X320

g p e

Sn

50 Pt

none

7.5

LlOO

1810X 40X 95

g p e

Sn

50 Pt

none

-

L102

3500x 94x308

g p e

Sn

50 Pt

none

4.34

Ll08

4300X275X275

g p

Sn

50 Pt

none

5.0

Ll27

7750Xl35X280

g p e

Sn

100 Ag

25 Ag (w)

8.85

Ll30

7750X135X280

g P e

Sn

100 Ag

25 Ag (w)

8.85

Ll31

5400Xl80Xl35

g p e

Sn

100 Ag

25 Ag (w)

6.35

25 Ag (w)

-

-

Ll32

3800Xl80X270

g p e

SnTe

100 Ag

Ll33

4600Xl50Xl66

g p e

SnTe

100 Ag

none

-

Ll35

14800Xl25X204

g p e

Sn Te

100 Ag

25 Ag (w)

Ll38

6450X210X130

g p e

Sn

100 Ag

25 Ag (w)

-

TabZe 3.1. List of the sampZes used in our measurements. AZZ these sampZes
were made out of the some ingot, purahased from the Monsanto ChemiaaZ Company. Manufaaturer's data at 77 K are \lo = 55.5 m2 /Vs
(HaZZ mobiZity), n 0 = 1.6 x 10 20 m- 3 , and p = 7.2 x 10- 4 nm.
0

surfaaes

g = ground ; p = poZished; e = etahed.

side-aontaats: b

=bounded; w =weZded. -
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Side contacts produced in this way were rather bulky, the contact dimensions
being comparable to the 3ross-sectional dimensions of the sample.
Therefore a new technique, called "bounding", was developed, which
enables one to do the contacting and lead wire attachment in one movement
without heating the sample. A small sphere of the contacting material, usually pure Sn but sometimes Sn

+

2% Te, is placed on the flat side of a

wedge-shaped hot-point covered with graphite. The addition of Te results in
better ohmic contacts on n-type material (Te acts as a donor). The sphere
is melted and a droplet of flux (SnC1 ) added, and then in one single move2
ment the droplet of tin is picked up with the lead wire and pressed onto the
cold sample that is held nearby. The tin immediately solidifies and solders
the wire to the sample. This is of course done under a microscope, and when
the required skill has been acquired very good contacts can be made relatively simply. When force is applied to the connection, the sample or the
lead-wire will break but not the bound. The contact resistance is low and
the low field I-V characteristic is a straight line with slope according to
the bulk resistivity of the InSb. This procedure was also used, with reasonable results, to make side contacts, although they were still rather large
(100 to 200 ~2 contact area). Later, side contacts were made by simply welding 25

~m

strong Ag wires to the sample in the following way. When the

sample had been provided with end contacts it was first mounted on its protective micaply *) mounting-slice. One of the lead wires was whisker shaped
to take up the stress when the sample was cooled to 77 K, see fig. 3.1. The
side-contact wires were also shaped, and soldered to the micaply, and the
free end was placed against the InSb surface at the desired contact place.
A regulated power supply was connected between one end-contact and the soldered end of a side-wire (current limited to 100 mA at a voltage of 23 V).
When the power supply was switched on a high current

(~

1 A) flowed during

a very short time because the regulation does not operate immediately.
Thereafter the current was limited to the low set-value so that the sample
could not be damaged. The short high-current spike is sufficient to cause
local heating at the metal semiconductor interface and welds the wire to
the sample. It is important to conneet the side wire to the negative side
of the power supply, in series with a 10 0 resistor, for best results on
n-type material [30]. These contacts give linear I-V characteristics for
currents up to 150 mA .

.,

' Micaply is a copper-clad glass/epoxy laminate, i t is a trade mark of the Mica corporation.
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The mechanica! dimensions of the sample and the positions of the side-contacts were determined with a calibrated microscope. The measurement error
was

~

5

~.

but systematic errors due to uncertainty in the position of the

end contacts may be as large as 250

~m.

3.1.4. Low field tests
Before being used in the high field set-up every sample was subjected to at
least two of the following tests.
The sample resistance was measured at room temperature and 77 K with an
accurate resistance bridge (E.S.I. Portametrie PVB 300). The measured value
at 77 K was compared with the value calculated from the dimensions and the
manufacturers data. The measured value was always 30 to 40% lower than the
calculated value. The reason for this difference remained obscure. During
these measurements the samples also had to withstand temperature shocks as
,they were simply immersed in the cold liquid together with their protective
discs.
Low field I-V characteristics could be made visible on the CRT of a
semi-automatic instrument made in our laboratory. With this instrume~t one
can also measure the ohmic or the differential resistance at any point on
the characteristic very simply. Samples that exhibited non-linearities in
the characteristic, taken between any two contacts, were rejected.
Probe measurements of the low-field potential-distribution were made on
several samples; This was done in a longitudinal direction, with current
(30 mA) flowing through the end-contacts, as well as relative to a sidecontact, with current flowing through the latter. In this way it was found,
for instance, that Au side-wires produced injecting contacts. See also
chapter IV for high-field potential-distribution measurements.
Samples with adequate side-contacts were subjected to a low-electric
field Hall-measurement at 77 K. A constant current of about 10 mA was used
at a transverse magnetic field of about 0.1 T. The latter choice allows us
to take the scattering factor in the mobility formula equal to 1, because
~B

>

1. The results showed considerable scatter. For a series of samples

with increasing thickness - the distance between Hall contacts being "a" the resulting values for n and 1/~ were plotted versus 1/a. These plots show
. that for a~

oo

the value of n ~ 1.4 x 10 20 m- 3 and the value of~ ~ SO m2 /Vs.

The manufacturer's data for the material that was used are, n
and Hall mobility ~H = SS m2 /Vs.

= 1.6

x 10 20 m- 3

27

This behaviour can be easily understood, because the contact dimensions of
bounded side-contacts are about 100

~m.

This becomes comparable to the cross-

sectional dimensions of the smaller samples. In that case the contact partially short circuits the sample in the longitudinal direction and will
seriously distort the field pattern. Samples with Ag wire welded side-contacts, which have a smaller contact dimension (about 25

~m),

generally gave

better results.
Some preliminary results of measurements of the photoelectromagnetic
effect under pulsed conditions at 77 K, showed that a supposedly better prepared surface had indeed a lower surface recombination rate than a less welltreated surface.

3.2. Theoretica! aspects
In this section some theorems and formulae that are frequently used in fast
pulse and high frequency work will be reviewed. The formulae are collected
and put in a convenient form for later reference. We will omit most derivations as these can be found in various standard textbooks [31] . One widespread misconception is noticed, and its consequences discussed briefly.

3.2.1. Fourier transfarms
It is well known that time periodic events can be translated from the time
domain into the frequency domain by means of Fourier-transformation. We will
use the following definitions for the Fourier-transform and its inverse:
+OO

f

g(w)

f(t) e

- iwt

dt,

(3. 1)

dt.

(3.2)

+co

f(t)

21T

f

g (w) e

+

iwt

We will need these transforms in various cases: e.g. to interpret spectrum
analyser results, in theories on the microwave emission, to understand the
interaction _between circuit and pulse shape. The time functions and corresponding Fourier transfarms for three pulse shapes, that are consecutively
better approximations to real pulse shapes, are given in table 3.2. The
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spectra extend to infinity by definition, but most of the energy is contained in the components of the first few lobes. The nulls of the rectangular and trapezoidal pulse spectra coincide, but those of the Gaussianrise pul se lie at s lightly lower frequencies. If, f"r practical purposes,
we define the "pulse bandwidth (P.B.W.)" as the frequency of the lOth
null, than the P.B.W. for the rectangular and trapezoidal pulse shapes
equals 10/tw, while it is smaller for the Gaussian-rise pulse. The main
parameter that determines the P.B.W. is the pulse width tw. It should be
noted that for the rectangular and trapezoidal pulse shapes the pulse rise
time doesnotenter the P.B.W., which is quite logical for the rectangular
pulse because its rise time is zero by definition. The Gaussian-rise pulse
comes closest to the waveforrns observed in practice: its P.B.W. is slightly influenced by the pulse rise time. Although the P.B.W. fora Gaussianrise pulse, with the same rise time, pulse width and amplitude as a trapezoidal pulse, is smaller than the P.B.W. of the trapezoidal pulse, the actual low frequency power that is needed is higher for the Gaussian-rise
pulse, because the amplitudes of the speetral components are larger.
For a single pulse the spectrum is a continuous distribution, but for a
periodic pulse the spectrum consists of an infinite nurnber of lines spaeed
at the pulse repetition frequency w f" Formally this means that g(w) is
ioo
pr
b
ó(w- nwpr f)' with n integer. The spectrum of a pulse
n-- 00
modulated continuous wave of frequency w is simply the superposition of two
multiplied by

1

pulse spectra displaced over +w

1

and -w

•
1

When a pulse of a certain shape is fed into a linear two-port network,
the output pulse can be calculated from the convolution of the network response function with the input pulse. For simple two-port networks, with only
one characteristic time-constant, one can define an intrinsic network risetime as the 10-90% rise time of the response function (i.e. response to unit
step input). There exists a simple relation between the network bandwidth
and its intrinsic rise time; that is, their product equals 0.35. It should
be stressed that this product rule applies only to networks and may not be
used to estimate the P.B.W. for a pulse with a given rise time. As most
pulses pass through some network, at least a length of transmission-line,
before being used, it usually is the bandwidth of this network that restricts the actual frequency spectrum. If the initial pulse rise time is much
shorter than the intrinsic rise time of the network it becomes reasonable
again to apply the product rule to the output pulse, which is of course the
actual pulse supplied to the load.
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TabZe 3.3. Some tPansmission Zine equations.
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aapaaitanae peP unit Zength. Mope detaiZs aan be found in [31].

When several networks are connected in cascade the resulting total output
risetime is usually calculated from the square root of the sum of the
squares of the individual network risetimes. From this rule it will be clear
that to transport a 0.5 ns risetime pulse without serious risetime degra-
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dation or other pulse waveform distortion a very braadband network is
necessary. Quite general coaxial transmission lines and components are
used, in some special cases also stripline.

3.2.2. Reflection and transmission
In table 3.2. some transmission line formulae

are collected. They are valid

for sine waves, but because of the superposition theorem they can also be
used for more complex waveforms. In particular one can use them for pulses.
This is the basis for a powerful technique, known as "time domain reflectometry" (T.D.R.), which can be used to analyse a network with regard to its
fast pulse characteristics [32] . The formulae for reflection and transmission can also be used for wave propagation in waveguides. It is customary
in this case to normalise all impedances to 2

0

to avoid problems with the

,

definition of the latter.
A small length of an otherwise uniform coaxial line, where the ratio b/a is
larger than in the rest of the line, acts as a series inductance (excess
inductance). Likewise, excess capacitance is produced when b/a is made smaller. The length of the disturbance must be smaller than

!

À for the lowest

frequency of interest. This situation occurs for instanee at the point
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x I0- 11 sr
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Table 3.4. Coaxial lines
Some practical data on coaxial lines for pulse transmission.
Values for Z

0

,

C

and~

are usually taken from tables [33].
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where the sample is put across the waveguide, resulting in excess inductance
(see next section). A small series inductance will show up as a small positive hump in the reflection from the system. Because of the finite bandwidth
of the system and the assumption of a small L, we may neglect jwL with respect to Z0 in the reflection formula (see table 3.4.). By writing the input
waveform as a Fourier sum of sine waves, so that jwVi = dVi/dt one can easily derive the following approximate relation for L [32):
(3.3)

L

where 9r is the amplitude of the humpand Vi(t) the input voltage. Likewise
a small shunt capacitance results in a negative hump and

c

2
9r·
(dV./dt)Z
1
0

(3.4)

Practical situations are usually more complex. Por instance, carbon resistors show lead-wire inductance, intrinsic inductance, and capacitance in
series and shunt capacitance. Moreover, the dimensions of the inserted element may not conform to the dimensions of the coaxial line which gives rise
to geometrical excess impedance. Usually one of the effects dominates, as
can be decided from a T.D.R. display, and one can try to compensate it by
adding reaetanee of the other kind.

3.2.3. Skin depth
We have tacitly assumed that the electric field penetrates the samples completely. Because of the high conductivity of the material and the high frequencies involved it may be worthwhile to check this assumption. Moreover,
the conductivity varies during the pulse and very strongly increases during
avalanche. The skin depth for semiconductors is given by [34],
(3.5)
with n = we/cr, ~ = permeability, e = dielectric constant, cr = conductivity,
and w = angular frequency. The dielectric constant is given by [35)

e(w)

Es - E~

E~ + ------~---------

1 - (w 2

+

iyw)/w 2
0

(3.6)
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where y is a damping constant, w the transverse optical phonon frequency.
0

When Y

= 0, w <

finds E

~

25 GHz, and with the numerical values from table 2.1., one

Es. The highest frequencies of interest in the pulse circuit are

of the order of 4 GHz, and we used X-band waveguide (10 GHz). We tabulated
the skin depth, for two values of the conductivity, at 1 , 4 and 10 GHz, in
table 3.5. It is seen that for samples of about 200 wm thickness there is
not much trouble in low electric fields (a= 1.5 x 10 3 D- 1 m- 1 ). As it
usually takes at least one nanosecond to arrive at avalanche conditions
(a= 3 x 10 4 D- 1 m- 1 ) we are fairly safe in that region as well. The skin

depth at 10 GHz under avalanche conditions needs serious attention, because
it is comparable to the sample dimensions insome cases (cf. table 3.1.).
It will certainly influence the results of microwave conductivity measurements.
Hartnagel [36] has considered the effect of surface conductivity on
skin depth. Actually it is a kind of average of the surface conductivity
that should be inserted in (3.5) and not the bulk value. However, when we
use Hartnagel's results (recalculated for 77 K) the correction in our case
proves to be negligible. In the paper quoted it is pointed out that, when
the conductivity is a function of distance from the interface, (3.5) is
not correct. Besides the surface conditions considered by Hartnagel there
may be another cause for such a dependence, namely an inhomogeneous distribution of the plasma density over the sample cross section. In view of the
foregoing conclusion about the correction this seems not a serious matter.
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3.3. Measuring equipment

3.3.1. Themaster bZoak saheme·
To realize the objectives listed in chapter I, we had to do combined or even
simultaneous measurements on the different phenomena. Therefore the same
basic set-up was used for all experiments. A great deal of versatility was
incorporated to allow for variations and specific demands. In this sectien
the general features, common to all experiments, will be described, and details pertaining to some specific measurement will be given in the appropriate sectien of one of the following chapters.
In fig. 3.2. the master block scheme is drawn. Four main groups are distinguished, i.e. pulse generation, sample mount, sampling and data legging,
and microwave and ancillary equipment. The microwave circuits will be discussed only in so far as they interact with the other equipment.
Pulse generation includes amplitude and repetition frequency control as
well as pulse shaping, delay and transport. The fast-rising short-duration
pulses can be measured in detail only with the aid of sampling techniques.
We had three sampling systems (oscilloscopes) at our disposal. To this block
also belengs the external time-base control. The sampling systems produce

Fig. 3.2. Themaster bZoak saheme.
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analog outputs that were used for data logging. In its simplest form this
consists of an X-Y recorder; in a more sophisticated version the data are
digitized and finally recorded on punched paper tape for computer evaluation. We 1 will now discuss each of the four main blocks.

3.3.2. Pulse generation
For the generation of the subnanosecond-risetime high-voltage pulses a generator of the charging-line type was used [37]. Essentially, this is a coaxial capacitor that is suddenly switched across an output load. The discharge generally takes the form of a train of rectangular pulses, a result
that is derived in many textbooks [31]. Usually an open-ended coaxial line
is used as capacitor, and called charging-line. A single rectangular pulse
per switch ciosure is obtained only when the characteristic impedance of
the charging-line Ze equals the characteristic impedance Z of the output
0

line. The amplitude or pulse height in this case is VbZ 0 /(Z 0

+

Ze)

=!

Vb'

where Vb is the initia! voltage on the charging-line. However, even in this
case there may be more than one pulse that has to be considered, because reflections from the load z1 will occur if z ~ Z . Sametimes it is desirabie
1
0
to have a pulse of more complicated shape: then the simple charging line
can be replaced by a more complex structure, now called a pulse forming
network. The pulse width is twice the transit time through the pulse forming network.
The rise time of the leading edge of the pulse is determined by the
"contacting-time" of the switch. The contacting-time can be defined as the
interval between first contact to full conduction of the switch. Using a
mercury-wetted relay capsule in a coaxial housing a rise time of about
300 ps is readily obtained. The "switching-time" of these relays, defined
as the time between activatien and first contact, is determined by the mechanica! inertia of the switching blade. It is several milliseconds, thus
limiting the maximum pulse repetition rate to a few hundred Hz. For our
purposes this was no difficulty. At voltages above about 100 V these mercury relays do not operate as ordinary switches any more,but rather as mechanically-triggered spark gaps. This of course influences the form of the
rising edge of the pulse. Usually, a somewhat langer rise time results. The
usual switches give no problems up to 2 kV, where arcing between conneetions or leakage over the glass envelope may start to occur. This can be
remedied by embedding the switch in silicone grease (after cleaning the envelppe)._ Some selected switches will than operate up to 6 kV.
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3

-

time(nsl

Fig. 3.3. Pulse waveform impravement as aresult of insertion of the wavefarm filter [Pl]. Curve 1 is without filter. Curve 2 is with
filter, risetime 500 ps, delay 500 ps.

So far the whole circuit was idealized, there were no discontinuities in the
characteristic impedance and the lines were lossfree. None of these conditions is of course fully met in practice. The mercury-wetted relays when
mounted in series with the inner conductor of a 50 n coaxial line introduce
excess inductance;

they would better fit a 90 n line [38]. This is one of

the main reasans for the strong ringing that is usually present during the
first few nanoseconds. The ringing period is usually about 500 ps, corresponding to a frequency of 2 GHz. It is therefore not observed by many investigators who use sampling systems with a bandwidth of 2 GHz or less. A
frequency of 2 GHz corresponds toa! À of 37.5 mm, which is about the tatal length of the switch.
In our case it was important to have a smooth and well-defined pulse
shape especially at the rising edge. Therefore a special wavefarm filter was designed [Pl], which is essentially a coaxial low-pass filter with
a gradual slope (slow pass) to give a maximally flat time delay characteris-
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tic. The effect of this filter is demonstrated in fig. 3.3.
The losses in the charging line result in two types of wavefarm distortion. In the first place there is a slow rise following the initial
step, for about 10 ns and secondly the fall time is larger than the rise
time. To get a lower output impedance than the usual 50

n of coaxial lines,

stripline [39] and triaxial [40] circuits were used to mount the switch.
Because of the higher losses of these types of transmission lines at GHz
frequencies, as compared to coaxial lines, the rise time is langer.
We will now discuss the pulse generation block scheme of fig. 3.4.

A

stabilized power supply, set at 2.1 kV and capable of delivering 30 mA, provides the primary D.C. power. By means of a servomotor-controlled potentiometer circuit a continuously variable voltage, between 0 and 2.1 kV, is obtained. The potentiometer consists of 3 identical multi-turns (helipot) on
one axis, connected as in fig. 3.5. (see next page). The remote control input can also be used for programming or automatic amplitude control. The
voltage is applied to the charging line or pulse forming netwerk through a
4

Mn

blocking resistor, mounted inside the pulser. The capacitance of nor-

mally-used 50

n

coax is about 100 pF/m. The time-constant that determines

the charging of the line is thus 0.4 ms/m, or 0.4 ms per 10 ns pulse-width.
Thus for a 100 ns wide pulse the charging line is charged to 99% of the
value set by the potentiometer within 20 ms. Thus the pulse repetition
frequency (P.R.F.) should not exceed 50 Hz in this case. The P.R.F. is determined by a simple, but stable, square-wave generator, which can generate
P.R.F. 's from 2 Hz down.

tri

rut_fl_

1V max

putseout

SL

0-1000V
....._.....;._ _, Rl 600ps
P.W: 2-1000 ns

Fig. 3.4. Pulse generation bleek seheme, showing the details of the bleeks
p~lse

generation and delay & filter of fig. 3.2.
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Fig. 3.5.
Potentiometer circuit for pro2.1 kV

ducing a continuousZy variabZe
voZtage up to 2.1 kV. Three
identicaZ ten-turns on one axis,
Beckman-HeZipot modeZ 943 G?O,
3 x 200 kfl.

Because the switching time is of the order of several ms it wil! not be surprising that there is appreciable time jitter on the starting-point of the
output pulse when viewed on a ns time scale. Therefore a trigger signal to
actuate other equipment, e.g. sampling scopes, is derived from the output
pulse itself. This trigger signal is attenuated to a low-enough level and
may be split into several simultaneous trigger signals. The switch and drive
circuitry, trigger tap-off and blocking resistor are mounted in a common
box, which also contains a P.R.F. generator (30-150 Hz), some charging lines
and a 300 V power supply. Thus, it is a self-contained pulser for amplitudes
up to 150 V, which is very handy when setting-up or for tests. The 4 GHz
!ow-pass filter (Microlab LA 40 N) connected directly to the output of the
pulse generator serves to remove all X-band power from the pulse, which was
necessary for the microwave emission experiments (see chapter VI). The 60 ns
delay, a special order unit from Phelps Dodge, is needed to compensate for
internal delays of the trigger circuits of the sampling oscilloscopes. In
this way the leading edge of the pulse can be put on screen. The waveform
filter was placed after the delay line because the rather large filter-reflections wil! now return to their origin after at least 120 ns, which is
usually more than the pulse width.
With the system described well shaped pulses of 600 ps rise time with an
amplitude up to 1 kV in 50 Q can be produced. We usually employed 100 ns wide
pulses, but sometimes also 10, 20, 50 or 300 ns wide ones. Later during our
research programme a high-voltage pulse generator capable of 3 kV pulses in
50 fl, withup to 35 ns width and about 2 ns rise time, became available. This
pulser was used for some special measurements: amplitude and P.R.F. control
were more complicated and less precise in this case. For pulse transport we
preferred to use type GR 874 L air line components.
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3.3.3. Sample-mounts
The sample-mount has to be rather versatile to serve the different measurement purposes. The sample is mounted in series with the inner conductor of a
coaxial fast-pulse circuit, exactly where the waveguide is crossed. The requirements for the coaxial circuit naturally conflict with those for the Xband waveguide. Problems arise at the interface of both systems. Furthermore
it was desirabie to be able to change samples quickly, or to change the circuitry around the sample in an easy way. The experiments had to be done at
77 K. Some campromises in performance have to be accepted if one wants to
take all these requirements into account, but we feel that these could be
kept within acceptable limits. The instrument was made separable at the
point where the sample has to be inserted, and this provided the desired
accessibility. The sample is fixed toa disc of printed circuit material,
as described in previous sections, see fig. 3.1., and this discis put between two flangelike extensions on the waveguide. To limit the heat-input
into the liquid nitrogen cryostat the coaxial lines and the waveguide were
made of thin-walled stainless steel tubing. Two instruments were used, one
with only 2, the other with 6, coaxial 1ines.
The lower part of the 6-lead instrument is shown in fig. 3.6. The micaply disc with the sample can be placed in the bottorn piece which is then
fixed to the rest of the assembly with four A1len-screws. The inner coaxtube is supported by teflon beads that were shaped for minimum disturbance
of the line according to Cruz [41]. The reflection coefficient of these
beads was measured and found to be only

+

0.007 (see also fig. 3.8.). Seve-

ral bottorn pieces were available, one 9 mm deep, one 18 mm deep, and a
third fixed with an absorbing 1oad. In each of the coaxia1 lines a so-called
"screw-in" can be installed. In its simplest form this is just an extension
of the inner conductor with a small gold low-inductive microwave contact
bellows at the end. More complex structures, with rod- and disc-resistors
and compensating elements, are also possible. This is illustrated in fig.
3.7. A number of tests were performed to evaluate the quality of the samplemounts. The coaxial system was swept-frequency tested from 1 to 4 GHz. The
sample was replaced by a 2 mm diameter brass rod in these tests. There is a
narrow reflection peak near 2 GHz and at 3 GHz the attenuation starts to
increase; for the rest, the transmission is flat within

+

3 db. The X-band

attenuation of the coaxial-leads was tested by installing a short-circuit
disc screw-in and measuring the return loss. The one-way attenuation of the
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On page 40:
Fig. 3.6. Lower part of the six-coax sample-mount
<Z)retaining screw

Q)inner coax
@outer coax

@bottom piece

{])supporting bead

@ vacuum cone
@ waveguide
@ screw-in, see
@ micaply disc

~mounting block

~disc-resistor

e.g. for current measurements
~microwave contact-bellows

fig. 3. 7.

@sample

Fig. 3.7.
Example of a screw-in. This one consista of a rad-resistor in series
and a disc-resistor in parallel with
the line

Q)teflon sleeve
~rod-resistor (Allen-Bradley EB)

@brass sleeve
{i)disc resistor (Pyrofilm 62D312)
([}microwave contact-bellows
(Servometer 2014)

coaxial leads is at least - 40 db. The waveguide system was also swept-frequency tested in X-band. With one of the short circuited bottorn pieces and
without a sample or dummy the response is flat all over X-band within 3 db.
The return loss of the absorbing bottorn is at least - 14 db, the average
value being about - 20 db.
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Quite extensive pulse response tests were made of the coaxial system.
Using a very fast tunnel-diode pulser (h.p. 1105A/1106A, 20 ps rise time)
as the souree in a time domain refl.ectometer set-up, reflection and transmission diagrams were made. Various dummy samples and special screw-ins
were used for these tests. Where the sample crosses the waveguide a large
discontinui ty occurs in the coaxial .geometry. The ratio b/a of the outer
and inner conductor "radii" is suddenly increased, which results in excess
geometrical inductance. With a dummy consisting of a single 50

~m

diameter

Pt wire the approximate value of this excess inductance was determined from
equation (3.3): it is about 9 nH. The intrinsic rise time of the coaxial
lines was determined from the reflection of a short-circuit screw-in, it is
about 450 ps. The excess inductance of the microwave contact-bellows was
determined with the aid of a micaply-disc on which a 50 n dise-resister was
soldered to the contact place. The bellows inductance is about 1 nH.
An instructive example of the numerous ether tests is given in fig.
3.8. A dummy sample consisting of a 50
another 50

~m

~m

Pt wire between two centacts and

Pt side-wire to a third contact was used (see insert in fig.

3.8). Reflection diagrams from number

coax, and transmission diagrams

from number 3 coax, were made, with two different screw-ins in number 4
coax. In the reflection diagrams the connecting cable, the sealed connector
and the teflon beads can be clearly distinguished. It is seen that the laboratory-made stainless steel coax is at least as goed as the connecting coaxial cable (RG/213 u). The inductive peak caused by the excess inductance
of the dummy is rather pronounced. For curve Rl the reflection coefficient
after the peak is - 0.35, corresponding to a lead of 24 n, the parallel impedance of coax 3 and 4. The after-peak level in curve R2 results in an
apparent lead impedance of 9 n, which is rather high even when the room
temperature resistance of the coaxial lines is taken into account. The
transmission diagrams show an interesting feature, and as the voltage
across the sample is usually measured in a closely analegeus way it is also
a rather important

feature. Curve Tl shows no pronounced peaks and ene is

therefore tempted to conclude that the excess inductances do net influence
the transmitted voltage seriously. However, curve T2 shows that this conclusion is far toe optimistic; a large peak shows up and the voltage
approaches its equilibrium value only after about 3 ns. This is readily
understood from the differential equation that describes the equivalent circuit. Neglecting the voltage drops across R , Rc and Rc '. because they are
4
3
3
small compared to the voltage drop across the 50 n in series, we can write
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Fig. 3.8. Pulse reflection and transmission diagramsof a dummy sample consisting of two 50

~ ~

Pt wires, mounted in the 6-coax sample-

mount. Measurements made at 300 K. One can clearly distinguish
the sealed connector at 1, the teflon leads at 2 and the "sample"
at 3.
The insert shows the equivalent circuit.
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R = 0.84 ~, R
0.64 ~, R = 0.43 ~,Re= 3.5 ~
1
4
3
oo for curves R
and T1; 1 ~ for curves R2 and T2
1
L
6 nH, L ~ 5 nH, L ~ 3 nH.
4
3
1
Reflection diagrams made with a 50 ~ load on ports 3 and 4.

R

Transmission diagrams made with a 50

~

load on port 4.

for the voltage at point 3:
dV

3

--+

(3. 7)

dt

with T 3 = L3/SO, T 4
across R4 . When R =

= L4/(R 4
oo

+

50 R/(R

+

50)) and Vs

the two time-constants ,

and ,

= the

voltage drop

are almast equal,

3
4
the last two termsin (3.7) cancel and no peak is seen (Tl). When R

=

l

however, T 4 becomes much larger than T 3 , the last term dominates and we
getastrong peak (T2). It is clear that one has to be very careful with

~

44

the interpretation of the observed pulse shapes. When all the numerical
values for the equivalent circuit elements are known, (3.7) can be used to
calculate Vs from the measured voltages v3 and v4 • In the usual situation,
when there is a sample insteadof a dummy, R corresponds to the sample
4
resistance Rs and Vs is the voltage across the sample. As Rs is usually
much larger than the value of R4 in fig. 3.8. the term with T 4 can be neglected. It should be realised that only a first order correction can be made
with (3.7). The circuit intheinput line (1) was neglected for instance,
the correction is based only on the observed voltages at 3 and 4.
The data on the series resistance Re of the coaxial lines given in the
caption of fig. 3.8. pertain to room temperatures. These are rather high values, but at 77 K they drop to about 0.25 ~. This resistance has to be taken
into account when the value of the 1 ~ disc-resistor, which is usually put
in-coax 4 to measure the current, is measured between the inner and outer
conductors at the connector on top, outside the cryostat. So far we have
taken a "coaxial" point of view, but how is the sample "seen" from the waveguide circuit?
The sample is mounted in the position of an inductive post across the
waveguide. A conductor connected between the waveguide walls at the same
location as the sample would add an inductive component to the waveguide
impedance. The sample, however, is not connected to the waveguide walls and
it is a semiconductor instead of a conductor. These facts make the situation
more complicated of course. The lead-wires are led through square holes in
the waveguide walls to the inner conductors of the coaxial lines. Besides
adding a capacitive component to impedance in the waveguide, some microwave power will leak out of the waveguide into the coaxial lines, where it
is absorbed. The field distribution in and around a semiconductor placed
across a waveguide was calculated by Bach_Andersen [165]. It is clearly
different from that of a good conductor. The term inductive post is thus
somewhat misleading. It is generally used, however, as an indication of the
position of the sample in the waveguide.
In most microwave emission experiments (see chapter VI) the samplemount was evacuated and refilled with He-gas. This was done to prevent
icing and reflection or absorption from LN 2 in the waveguide. The coaxial
lines are vacuum-sealed with araldite on an extra bead in the connector, as
shown in fig. 3.9. The lower part of the assembly is sealed by means of a
lapped cone (item 9 in fig. 3.6.) that is smeared with silicone grease (Dow
Corning high vacuum grease). Outside the cryostat a piece of waveguide with
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Fig. 3. 9.
Detail, showing the vacuum seal in
the coaxial connectors outside the
cryostat. Some slight changes were
made to a standard GR 874-CLBA
connector. An extra polystyrene
ring was inserted and sealed with
araldite (CIBA CY233/HY951). The
dimensions of the ring are, thickness 3.20 mm, inner radius 4.40 mm,
outer radius 11.10 mm.
The outer transition piece is sol-

CD

-w

dered vacuum-tight to the outer con-

Q)

ductor tube. The reflection coeffi-

©

cient, determined by T.D.R. measurements is - 0.02. An unchanged connector shows a reflection of+ 0.01.

{2)inner transition piece

@

---®
(J)

~araldite seals
~retaining rings

(!}extra polystyrene ring
~outer transition piece

(§)outer conductor tube
<Z)inner conductor tube
a longitudinal slit in its narrow wall provides a vacuum pump connection.
The waveguide system is sealed with a quartz waveguide window. The sweptfrequency tests were performed with the window and vacuum conneetion in place.

3.3.4. Sampling and Data logging
Normal oscilloscopes will seriously distort subnanosecond rise time pulses,
because of their limited frequency response (up to 500 MHz nowadays). Also
very high writing-rates are required to display the fast edges. Therefore
we used sampling techniques, which transpose the signal onto a low-frequency time-base before display. The input signal must be periodic. The input to
the instrument consists of a sampling gate that is opened for a very short
time during each successive répetition of the input signal. The opening of
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the gate is triggered in some way by the input signal, the exact time of
opening after the trigger is shifted stepwise for each repetition; thus
successive samples of the input signal are taken. The stepwise shift of the
gate opening-time provides an equivalent time-base and the samples are displayed versus this equivalent time. Besides real time and equivalent time
we will be using sampling time, denoted as ts' and which we will define as
the interval in equivalent time reckoned from the start of the rise of the
pulse. We had three sampling systems available, each with two channels
(h.p. 141B/1425A/1411A/1431A, 12 GHz; h.p. 141A/1424A/1411A/1432A, 4 GHz;
Tektronix 564/3S76/3T77, 1 GHz).
It is extremely important that the trigger signal is rigidly related
in time to the input signal. Therefore it is usually derived from the input
signal itself, along with a delay of the main signal, see subsection 3.3.2.
The delay is best inserted between the pulse generator and the sample-mount
because the scope then sees the actual waveform presented to the sample.
When the delay is introduced just before the scope input it may distort the
signal to be measured. Moreover, in the latter case a number of matebed delay lines is needed, one for each channel. Varying the amplitude of the main
signal causes variation of the trigger amplitude resulting in a shift of
the equivalent time-base. When data are wanted at a fixed sampling time,
e.g. for I-V characteristics, this may become a rather tricky problem. The
magnitude of this time-base shift is maximally about 300 ps: it can be
kept within acceptable limits by progressively attenuating the trigger signal as the main signal amplitude is increased. The trigger signal has to
be attenuated anyway to keep it below the safe input level for the oscilloscope trigger circuitry. To compensate for small differences in line length,
a line-stretcher was inserted in every channel just in front of the sampler.
One can easily reduce the time difference of the two signals on the screen
of the same sampling-scope to less than 100 ps, by adjustment of these linestretchers. In some cases a still smaller time difference was desired (see
section 5.6), or the time relations of the signals had to be established in
a special way (see subsection 6.5. 2.).
All our sampling oscilloscopes have two identical input channels and
one can display one input versus the other. A special feature of sampling
oscilloscopes is that one can fix the sampling time. This is used in making
I-V characteristics at a specified time after pulse rise. Sampling time can·
also be controlled externally, and to special order our h.p. scopes also
maintain this feature in X-Y mode. We used this external time-base control
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extensively bath in analog recording and digital data logging. In fact a
special time base control unit was made, see fig. 3.10. In analog recording
the internal time-base of an X-Y recorder (h.p. 7000 AM) was used and the
time-base for the scopes was derived from an X-axis slave potentiometer. In
digital data logging the time base was controlled by a stabilized DC-supply,
the output of which could be stepped-up automatically after each measuring
cycle. In all cases we used the X- and Y-output signals of the scopes for
measurements insteadof relying on the screen display. The accuracy of these
outputs is about 2%, after careful calibration. The digital data logging
system could run completely automatically, and it was used whenever vast
amounts of data were wanted for subsequent computer evaluation. Analog recording was used for overall pictures, like I-V characteristics, or when the
signal was too noisy for digitalisation, as was the case in most microwave
emission experiments. When only qualitative data were needed the screen of
the oscilloscope could be photographed.
All computer programmes were written in Algol and processed in the EL-X8
computer of the computer-centre of Eindhoven University. All data tapes were
first made to run through a control programme that also replaced obviously
wrong points with an estimate of the correct value. This was done in a twostep procedure. First, a low order polynominal was fitted to the data, all

Fig. 3.10. Block scheme of the sampling and data logging system. For the sake
of simplicity, a junction box connected between the sampling
scopes and all other equipment is not shown. Although it is not
apparent from the scheme it is of course also possible to mak?
X-Y plots of any two quantities by simply changing some intereo'nneè-tions.
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points that differed more than 10% from the polynominal value were corrected
to the latter. Secondly, second-order polynominals were fitted locally
through 7 consecutive data points. If the middle point of these differed
more than 3% from the polynominal it was corrected to the latter. All eerreetions were inspected for data falsification by the computer. Because of the
2% accuracy of the oscilloscope outputs there were usually only relatively
few corrections.

3.3.5. Mierowave and Aneittary equipment
For microwave detection we used broadband crystal diodes (h.p. 423A). Because they were connected to the 50 n input of the sampling scopes their
pulse response was quite good, but the sensitivity was of course rather low.
An input power of 1 mW resulted in an output voltage of about 10 mV. They
showed a square law characteristic over an input power range from 30
(detection threshold) to

~W

mW. Maximum input power was about 100 mW. For

more sensitive detection a low-noisc T.W.A. was available (Watkins Johnson
424-5) with about 34 db gain in X-band. The output saturation-level of this
amplifier is about + 13 dbm. Later, we also directly connected the output
of the waveguide to the sampling oscilloscope (12 GHz version): with the
T.W.A. in front broadband pulsed signals as low as 1 nW peak could he
measured. A broadband spectrum analyzer was also available (h.p. 8551 B).
The matching preselector unit (h.p. 8441 A) could be borrowed from the
electranies and electrotechnical department of Eindhoven University.
Magnetic fields could he applied with a laboratory electramagnet capabie of magnetic fields of 1.6 T in an airgap of 60 mm, with adequate homogencity (Brucker B-E25 CS) .The magnetic field strength was stabilized and
controlled with a Hall-effect probe mounted on one of the pole pieces. The
magnet could he rotated round a vertical axis: this rotation was electronically controlled and the angular position of the magnet was available in
analog form. A set of three pulse amplifiers (Keithley 109) was available
for amplification of very weak pulses. The amplification factor is 10 x and
the intrinsic risetime is < 3 ns. In some cases the use of these external.
amplifiers, instead of setting the vertical amplifiers of the oscilloscope
to a greater sensitivity, gave a considerable improvement of signal to noise
ratio. Several low-resistance values had to be measured very accurately: for
this purpose we had a portable DC bridge available (E.S.I. PVB 300) which
allows one to measure milliohms with more than 1% accuracy.

CHAPTER IV
HIGH FIELD AUXILIARY MEASUREMENTS

Besides the main measurements described in chapters V and VI some other
measurements were performed to provide additional data. We can distinguish two clearly distinct groups. Section 4.1. deals with potential
distributions to check the commonly-made assumption of a uniform electric
field. The other section, 4.2. is devoted to high field Hall effect. The
data presented are mainly of an experimental character, except for subsectien 4.2.1. which cernprises a brief discussion on high field transport.

4.1. Potential distribution
4.1.1. Introduetion
The aim of these measurements was to check whether the electric field
was uniform in the longitudinal direction. For low electric fields this
was done very simply with a moveable probe: see section 3.1.4. At intermediate and high electric fields into the avalanche region, this becomes
a more complicated technica! problem because of the combination of short
time intervals and low temperatures. Therefore fixed probes, i.e. side contacts to the sample, were used.
In most models of the avalanche in bulk InSb the electric field distribution is taken to be uniform. There were three strong reasons for checking
this assumption. Firstly some preliminary results on a Hall-effect sample
(Ll32) had shown a tendency to a non-linear potential distribution under
avalanche conditions. Secondly Ancker-Johnson and Dick [42] had shown
that injection occurred from centacts on n-type InSb, even if the
centacts were carefully prepared in a way previously supposed to produce
ohmic results. The hot-electron effects completely mask the effect of the
injection, so the latter is not observed in I-V characteristics. Thirdly,
Tosima and Ando [43] had put forward a theory on hot carrier double injection in n-InSb, showing that in avalanche a current-controlled negative
resistance may occur.
Therefore it was decided to_prepare some sampleswithall side contacts
I

(4 maximum) on the same side of the sample and measure the potential dis-
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#

(mm)

(mm)

(mm)

(mm)

(mm)

contacts

number of
field settings

E

+

remarks

- E

Ll27

1.80

3.15

4.75

7.75

7.75

Sn

6

2

4 and 5 combined

Ll30

1.16

3.42

5.27

7.64

7.64

Sn

-

-

4 and 5 combined
used only to produce fig. 4.5.

Ll31

0.80

3.00

4.30

5.40

5.40

Sn

-

2

4 and 5 combined

Ll32

0.52

0.70

2.62

3.80

3.80

SnTe

2

6

4 and 5 combined
1 and 2 opposite

Ll35

0.80

4.70

8.40

13.90

14.80

Sn Te

8

2

Mounted parallel to broad side of
waveguide. Perpendicular to usual
direction (cf. fig. 3.1.)

5

I

I

0

IIII
4

3

2

1

Table 4.1. Some additional data of the samples used for the high field potential distribution measurements.
See also table 3.1. for general data on the samples.
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tribution as a function of time under avalanche condtions withouth a
magnetic field.

4.1.2. Experimental methad
The general set-up has been described in chapter III. Forthese measurements
the 6-coax sample-mount was used with the automatic digital equipment. The
generator voltage, the current and the voltages of the 4 side-contacts

~ere

measured with three sampling scopes. The generator voltage was not needed
but could be used for monitoring purposes. It was measured through a tapoff (1:1000) in the coaxial input line between rise time filter and the
connector on the sample-mount. The pulse input coax was provided with a roddisc screw-in (see subsection 3.3.3.) that served two purposes. Firstly, it
lowered the apparent pulse generator output impedance so that constant voltage conditions were better approximated. Secondly, it improved the loading
conditions to the rise time filter. It al~o acts as a voltage divider of
course. This screw-in is represented by the 30

~

(rod) and 20

~

(disc) re-

sistors in the equivalent circuit shown in the insert of fig. 4.6. The sidecontact coaxes were fitted with compensated high resistance rod screw-ins
(see fig. 3.7.). The resistance of these rods at 77 K was either about 3
or about 18

k~

k~.

Low field DC measurements as well as high field pulsed measurements
were performed. In the high field measurements the six sampling channels were
scanned fora large-number of sampling times at some fixed pulse generator
amplitude. All data were collected on punched paper tape for subsequent
computer processing. Besides the Hall-effect sample (Ll32) already mentioned, four other samples were used. In table 4.1. some additional data
on the samples are listed; the general data have been given in table 3.1.

4.1.3. Results
The DC potential distributions were essentially straight for the main part
of the samples, but in some cases showed sone slight curvature near a current carrying contact. In these cases the deviation from linearity always
occurred at the same end of the sample irrespective of the polarity of the
applied voltage. It is thus most likely that it is caused by inhomogeneities in the material and not by injection. Only sample Ll31 had a non-linear potential distribution and showed signs of injection. The contacts on
this sample were made with pure Sn.
In figs. 4.1. and 4.2. two examples of the results of the pulsed measure-
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Fig. 4.1. PotentiaZ distribution as a function of distance and time for an appZied fieZd beZow the avaZanche threshoZd.
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Fig. 4.2. Potential distribution as a function of distance and time for an applied field above the avalanche threshold.

54

ments are shown. Fig. 4.1. is for an average applied electric field below
avalanche. In these cases straight lines could always be fitted to the
measured points. Thus, below avalanche the electric field is uniform. When
the applied field is raised above the avalanche threshold the potential di?tribution can no longer be represented by a straight line, as can be seen
in fig. 4.2.
The corresponding electric·field distribution bas a maximum in absolute
value somewhere near the middle of the sample and regions of lower absolute
value near the contacts: fig. 4.3. gives an example. This is independent of
the polarity of the applied voltage. Only 3 out of the 20 high field measurements show different behaviour. The two measurements on Ll31 for an
applied electric field of about - 4 x 10 4 V/m result in straight line potential distributions, and one measurement on Ll32 at about

+

3.4 x 10 4 V/m

shows an inverted electric field distribution with high fields near the contacts. If we neglect these 3 deviating results we can say that the general
behaviour is such that in avalanche we will have a non-uniform electric
field distribution. The field in the centre is about twice as large as that
near the contacts. The effect gets strenger as the field is increased.
The space charge distribution is always such that (ne-pe) is positive at
the cathode, zero near the centre, and negative at the anode: ne and pe are
the excess densities of electrans and holes. The absolute value of (ne-pe) is
5
very small compared ton e or p,
e (n e -p e )/ne being of the order of 10- • Fig.
4.4. is an example of the excess carrier density-difference distribution,

which should be equivalent to the space charge distribution.
With only 4 probes the potential distribution is of course measured
rather inaccurately. One has to be very careful in deciding whether a
straight line fits the experimental data sufficiently or not. This was done
in the following rigarous way. A straight line was fitted to the 4 points
measured at some fixed sampling time and to the origin, by the

l~ast

squares

method. Every measured point was surrounded with an "error rectangle" at a
fixed sampling time. If the straight line intersectèd all the error areas
then it was decided that it described the potential distribution

sufficient~

ly. Furthermore, for every line it was checked that the sum of the squares
of the relative deviations from the straight line of the four measured points
was smaller than 4 times the square of the relative error in the voltage, the
errors in the lengtbs being set equal to zero. As a last check, the average
of all these sums of squares was also compared with the relative error in the
voltage. Only when all these criteria resulted in rejection of the straight
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Fig. 4.3. Electric field distribution as a function of distance and time as derived from fig. 4.2. (first derivative with respect to distance).
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line assumption was it decided that the potential distribution could net be
adequately described with a straight line. In the latter case we can only
assume a third-degree curve for the potential as a function of sample
length, because even-degree curves lead to physically unacceptable electric
field distributions.
So fig. 4.2. was obtained by fitting third-degree polynominals to the
measurements by the method of least squares. Figs. 4.3. and 4.4. were derived from fig. 4.2. by taking the first and secend derivatives of the polynominal curve and multiplying it by (E/q) in the latter case. These figures should be regarcled only as a rough first approximation to the real
situation. The numbers on the abscissae should be regarcled as orders of
ma~nitude.

curves

For instance: the sign change in some of the electric field

at~=

7.75 mm is net real, it is caused only by the way in which

this field distribution was calculated.
The distribution is established within the first few nanoseconds after
pulse application. It seems that as time passes the non-linearity grows
weaker, but we did net fellow the events for longer than 100 ns. The nonuniformity appears when the average applied field is raised above the avalanche threshold. The effect is strenger for higher applied fields, but the
formation time does net depend on the applied field.
The accuracy of the lengths measurements has already been stated in
sectien 3.1.3. to be about 5

~m,

with a systematic error in the determina-

tion of the position of the end contacts.of up to 250

~m.

For the straight

line approximation decisions, described above, the accuracy of the voltage
measurements was taken to be + 10% of the measured value. From a very detailed run with over 1000 sampling-points we later determined the standard
deviation for lots of 10 subsequent points. It turned out that the average
standard deviation was less than 2% of the measured value at any side
contact.
Other sourees of error could be non-linearity of the side-channel red
resistors and injection from the probes. The voltage response of the red
resistors was checked by cernparing the output of a side channel with the
generator voltage. The sample was replaced with a dummy consisting of a
single wire, and the current measuring disc was given a value of 50 n. It was
found that the resistance of the rods is voltage dependent at 77 K. At higher
voltages the resistance decreases below its lew-voltage value. This m~ans
that all the voltages in fig. 4.2. are too high, because they were calculated
with t'·e lew-voltage resistance value of the rods. The higher the apparent
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voltage the larger the correction. We did not apply this correction, but it
would augment the non-linearity of the potential distribution. To inspeet
the side-contacts an I-V characteristic was made with current flowing
through such a side contact. The result is shown in fig. 4.5. The current
through the side centacts is usually less than 30 mA and it may be neglected with respect to the main current.
Another demonstratien of the non-uniformity of the electric field is
given in fig. 4.6. where the current is plotted as a function of the field
averaged over different portions of the sample. Although, the general shape
of the curves is the same, the electric field values are widely different.
These curves should not be confused with ordinary I-E characteristics; they
were obtained by measuring current and voltage simultaneously at some sampling time ts' and increasing ts step-wise. Therefore the apparent negative
differential resistance is not real; it is caused by the non-ideal waveshape
of the applied pulse and circuit effects. The over-all I-E characteristics,
with the electric field calculated from the applied voltage and the total
length of the sample, showed no special features. The characteristics for
positive and negative applied voltages were equal to one another within 6%.
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the potentiaZ at the indicated contact divided by the corresponding length. The line was calculated from the derivative of the
potentiaZ curve at contact 3. Note the large difference between
the Zine and the points for contact 3.
These are not I-E characteristics in the usual sense, as explained in the text. Sampling time increases step-wise along the
curves; first from Zeft to right and then upwards. Only the
first 10 ns are shown, at langer times the points begin to cluster, as a steady state is established.

4.1.4. Discussion
It was shown that even carefully prepared samples, which give no sign of
appreciable injection at electric fields below avalanche, have a non-uniform longitudinal electric field distribution in avalanche.
The phenomena can be described with the aid of the continuity equations .for electrans and holes, neglecting diffusion because of the short
times involved, and Poisson's equation for coupling the electric field
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distribution to the partiele densities. If we only regard pair-generation
by electrons, with the generation strongly dependent on the electric field,
g

= g(E);

and if we take trapping (r) and direct electron-hole recombina-

tion (R) into account (cf. section 5.5.) and neglect p 0 with respect to n 0
we have for the one-dimensional case
dn
dt

= g(E)n -

~
dt

=

rn

e

g(E)n - r'p

e

-

Rnn

( 4 .1)

e

- Rnp
· e

+ 1-1

p (lE
p ax

+

]..IPE ~x
a

(4. 2)

(4.3)

=

with the excess densities ne - n - n 0 and Pe
p - p 0 • The trapping constants for electrons and holes, rand r', are unequal in genera!.
At first sight it seems possible to solve these equations for n, p and
E. This is not practicable, however, for the following two reasons. Firstly,
the term g(E) makes it almost impossible to find an analytical solution, because of the strong dependenee of g on E (see chapter V). Furthermore,
slight deviations from zero of the r.h.s. of (4.3) have a tremenclous influence on the electric field distribution and therefore p and n must be
determined toa very high degree of accuracy to make (4.3) useful to calculate the electric field distribution, which is not feasible. For these reasons one frequently assumes quasi space charge neutrality, thus
(4. 4)

This means that one sets (ne - pe)

= 0 except when it appears multiplied by

a factor q/e:. With this assumption (4.3) may only be used to calculate a deviation of p or n from p or n , if the electric field distribution is known
0

0

already, and hence a solution of the equations for n, p and E is impossible.
A numerical solution, with an iterative method, also" seems impracticable for
the same reasons.
One can, however, arrive at some qualitative conclusions without actually solving the equations. Tosima and Ando [43] write for the electron
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drift velocity, ve' in the hot electron region (cf. fig. 2.4.),
( 4. 5)
where Eh is a constant that can be regarcled as a threshold field above
which the electrous become "hot". The exponent S is a function of E; for
E < Eh, S

=

l; for E >Eh, S < 1. Fora large part of the hot electron

region S equals about 0.5. This reasoning can be extended into the avalanche region, with S becoming smallerand smaller (cf. [22]). Neukermans
and Kino [21] used a generalized expression for the arnbipolar drift velocity
va. When the hole drift velocity, vh' is assumed to be independent of E,
one finds on insertion of (4.5.):

vep(3vh/3E) - vhn(3ve/3E)
V

a

p(3vh/3E) - n(3ve/3E)

vh

(n - p/S)

( 4. 6)

n

The interesting point in this equation is that one sees that as soon as
p

> Sn the arnbipolar drift velocity reverses its sign. This means that the

majority of the holes are forced to move in the same direction as the electrons. This velocity reversal effect was also confirmed experimentally by
Ando and Tosima [44].
We can now understand qualitatively what happens. Let us neglect the
pulse rise time and suppose that at t = 0 the applied field is above the
avalanche threshold. Generation of electron-hole pairs takes place throughout the sample and p increases. As soon as p has become larger than Sn we
get the velocity reversal effect and both electrous and holes are driven
to the anode. The holes move in an unnatural direction and will tend to
lag behind the electrons, and this results in the observed distribution of
(ne- pe). There will be slightly more holes near the cathode than near the
anode, although the latter is the hole-injecting contact. The generation during the first few nanoseconds can be approximated as an exponential increase n

= n0

egt, thus ne

= n 0 (egt

+ 1). With pe

= ne

and p 0 << n

0

one can

simply estimate the time that elapses before p becomes larger than Sn as
t(p

Sn)

.!.
g

1
!="SJ1

ln (

( 4. 7)
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For an electric field of 3.5 x 10 4 V/m, g will be about 10 8 s- 1 (see chapter V), and so for 6

= 0.5

one finds t

=7

ns. This is the right order of

magnitude: experimentally a time between 2 and 10 ns is needed before the
non-linear distribution is established.
When we compare our results with those of Ancker-Johnson and Dick [42],
who find an almost flat potential distribution in avalanche, we can make
the following remarks. Their measurements pertain to a sampling time of 350
ns. At such relatively long times diffusion effects may become important,
which tend to flatten density gradients. Our results are for times shorter
than 100 ns: at the longest times some tendency to flattening of the curves
could be observed. Moreover their samples clearly show injection from the
centacts below avalanche and this may compensate the velocity reversal
effect in avalanche to some extent.
In some cases we also observed some negative resistance at the onset of
avalanche, but we never found such strong effects as Tosima and Ando [44].
Our samples were longer than theirs, which according to their theory would
make the negative resistance less pronounced. Tosima and Ando used gold
wires bonded to the sample as probe contacts. As discussed in chapter III
we found that Au wire centacts strongly inject holes, so this may also have
influenced their results.
In conclusion, it seems that one is not justified in assuming a uniform
electric field distribution along the sample for the first 100 ns after
pulse application. It should be remarked however, that we do not regard our
results as fully conclusive. More detailed experiments are required, for
instanee with more probe centacts or a movable probe. Nevertheless, these
are the first measurements of the potential distribution along samples of
InSb in avalanche at nanosecond timescales, to our knowledge. Although the
small space charge is insignificant in itself the resulting non-uniform
electric field distribution may be of great importance for the interpretatien of avalanche measurements, as the generation rate is a very strong
function of the electric field. We will return to this item in chapter V.

4.2. HaLL effeat
4.2.1. Introduetion
For the interpretation of conductivity measurements in terms of carrier densities data on the mobilities are neèded. Not enough were available for InSb
under avalanche conditions. We therefore decided to do some Hall-effect ex-
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periments. The results will be compared with theories and results of other
investigators. Same complications that arise because of the rather special
conditions will be discussed. First we will briefly review the theoretica!
situation.

4.2.2. High field transport theory
Transport problems in semiconductors are aften attacked via the Boltzman
transport equatiun
d f (k)

dt

= .zi

qE . v

+

h

(lt

f

( 4. 8)

k '

where f is the distribution function, here supposed to be dependent on the
wavevector k and time only, m is the appropriate effective mass. For the
steady state df/dt

0 and the first problem'becomes to formulate 3f/3t in

=

terms of the scattering mechanism.
As discussed in chapter II the dominant scattering mechanism is polar
optical phonon scattering (POP). This is even more true in high electric
fields, because the average energy of the electrans is raised, making the
POP-scattering more effective [45]. The POP-scattering probability was
originally derived by FrÖhlich [46]. It can be written in the farm [47]:
4
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with the "coupling field" E given by
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s

and the ph on on accupation number Nq by
[ exp {hw /kT}

N
q
further,

I

c!J

- 1

r

(4.11)

I

is the volume, and U(s-hw ) the unit step function, whereas
I

G(k, k') is a function that describes the overlap between the wave functions
in the initial and final states. For a simple case - s-type states only G(k, k')

=

1, but when admixture of wave functions of different bands has to

be considered the result becomes more complicated [47, 48]. The first term
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in square brackets in (4.9) gives the absarptien of phonons, the secend term
the emission. For 8 > tw the emission term will usually dominate, because
1

Nq is small. All theories for high field transport in InSb at 77 K are based
on these formulae.
The well-known relaxation time approximation, where ene writes af/at =
(f-f0 )/T, cannot be used for InSb. In the first place a momenturn relaxation
time T cannot be defined, because the energy change per event is toe large
compared to the average energy of the carriers [49]. Secondly, it is presumed that (f-f ) is small, which is true only for small fields. When the
0
symmetrical part of f is dominant, as for instance, when f can be described
as a displaced Maxwellian, the method can still be used with some slight
alterations [45]. Neither of these two conditions is fulfilled, however.
The applied fields are high and the distribution function is known to be
strongly anisotropic [22, 50]. Therefore the theory of Stratton [51], which
for a long time has been the only available, has to be rejected. This theory
is based on the existence of a displaced Maxwellian distribution, which was
thought to arise because of very streng electron-electron interaction. Also
all theories or improvements based on the same or analogous assumptions must
be wrong (45, 52, 53, 54]. As far as we know no ether analytica! solutions,
valid for the whole range of fields,that do net suffer from these shortcomings, have been presented as yet. One will thus have to resort to numerical methods [22, 50].
At fields above the avalanche threshold some extra scattering mechanisms
may become important, viz. impact ionization scattering, intervalley
scattering, and inter-partiele scattering (mainly electron-hole scattering).
The POP scattering will also be influenced by the increase in average
carrier density: its effect is reduced because of the strenger screening
(55]. Because of the still fairly high impurity content of even the purest
available samples (cf.[17] and chapter II), one will also have to take the
impurity scattering into account in more refined theories. At high fields
this turns out to be a correction of about 5% [50].
Impact ionization scattering is relatively unimportant. Although the
energy change per event is rather large, i.e. L ~ 11 hw , the number of
1

1

ionizing collisions remains low compared to the number of POP events. For
instance, for E = 5 x 10 4 V/m the ionization rate g ~ 10 9 s- 1 (see chapter
V). Thus the average energy lossper second due to impact ionization
scattering is then g €. ~ 10 10 tw . The number of POP events is about 10 12
1

1
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per second (see fig. 4.7.), thus the average energy lossper second due to
POP scattering is about 10 12

hw ,
I

which is two orders of magnitude larger

than g Ei.
At fields above 5.25 x 10~ V/m intervalley scattering becomes important,
as shown by Fawcett and Ruch [22], and this will completely mask any contributions from other extra scattering mechanisms. Fawcett and Ruch did not
include extra screening in their calculations and accounted for transfer to
the L-type minima only; although, it has been remarked that coupling to the
higher-lying X-type minima may be strenger [11]. It was found that for
fields > 5.25 x 10~ V/m there exists a region with negative differential
mobility (NDM). Such a NDM mayalso result from the non-parabalicity of the
conduction band as calculated by Persky and Bartelink [56] . The existence of
this high field NDM was confirmed by the experiment of Neukermans and Kino
[21], whose results agree most closely with the intervalley NDM. The rnabilities resulting from these Monte Carlo calculations and the experimental results are included in fig. 4.10., where mobility data from different sourees are compiled.
Burkey and Matz [55] have shown thàt, in most practical cases, electronhole scattering can also be neglected with respect to POP-scattering. The
energy loss rates due to the two mechanisms become comparable at a pair
density of about 4 x 10 23 m- 3 , but such high densities are never attained
in our experiments. Other inter-partiele scattering mechanisms, such as
electron-electron scattering, are all less important than electron-hole
scattering and can thus also be neglected [57] .
There are two theories that only regard the phonon emission, These are
actually theories for the generation rate by impact ionization, but therefore the distribution function has to be calculated first. Chuenkov [58]
expands f in a series of Legendre polynominals. From the numerical calculations of Fawcett and Ruch [22] it is clear, however, that this approach
cannot lead to good results. The successive terms of the polynominal expansion are of the same order of magnitude and thus the Legendre series will
not converge.
A very manageable approximation has been presented by Dumke [20], who
recognised the fact that scattering over small angles is strongly favoured
over large angle scattering. This will be immediately clear from the term

1/lk- k'

1

2

in (4.9). This enabled Dumke to reduce the problem toa one-

dimensi.onal energy diffusion process. Consequently he finds n(E)
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insteadof f(p),
e:
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(4.15)
vis the electron velocity, which is a function of e: (see fig. 2.2.). The
smal! angle (e ~ 90°) and the large angle scattering times 'ei and 'et
are obtained directly from (4.9) by setting G = 1, N = 0 and integrating
q

over the proper parts of space. We recalculated 'ei and 'et with the
material constants given in chapter ri! The results are given in fig. 4.7.
The mobility that results from Dumke's theory was also calculated and the
result included in fig. 4.10.
In conclusion, it can be said that the high field distribution function
of InSb cannot be described by a simple analytica! expression. The best
solution seems to be to resort to numerical methods right from the start
and in this respect the two papers that were publisbed (22, 50] go a long
way towards solving the problem. It may be expected that in the near future the complete salution will become available.

4.2.3. Experiments and ResuZts
The experiments were done with the 6-coax sample-mount. Uncompensated rodresistor screw-ins (nomina! 2K5Q)
of an older type were used to measure
the side contact voltages. This made the side-channel waveforms very bad
during the first 10 ns, but as a fixed sampling time of 50 ns was used for
all the measurements this had no effect on the results. The side-channel
voltages were measured for four different configurations of the electric
and magnetic fields and the Hall voltage was calculated from the average
*) The aut.hor is grateful to J .J. Lodder and P.A. W. Tielemans for Performing these calculations, Dumke' s publica-

tion contains a few mistakes that are listed at the end of this chapter.
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tion of energy, calculated from formula (4.9) according to Dumke
[20]. The parameter values were chosen according to the data of
chapter II, and e*/e = 0.16, A= 2.62 x 10- 6 g s- 3 (constants
defined by Dumke). Correction was made for the finite temperature of the lattice (77 K) in the way indicated by Dumke.

of these four configurations. Except for the fast pulse arrangements the
measurement is an ordinary Hall-effect experiment. On the sample that was
used {L34) a low field Hall-effect check was also made. The results were
evaluated using the most elementary Hall-effect formulae (59].
The results for 5 values of the applied magnetic field are shown in
fig. 4.8. Our results for magnetic fields of 0.12 Tand 0.41 T are compared with the results of Bok and Guthmann (60], and Glicksman and Hicinbothem [61] in fig. 4.9. It is seen that we covered a larger range in electric field strengths. Also the much shorter sampling time should be noted.
The agreement between the various results is quite reasonable. Our results
seem to be systematically low compared to the others, but we used larger
transverse magnetic fields.
From these results in large transverse magnetic fields we tried to derive the mobility in zero magnetic field. When n

is given,the mobility in
0

'
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Fig. 4. 8. The measured vaZ.ue of R8 a versus the eZ.eat!'ia fieZ.d for five
vaZ.ues of the magnetia fieZ.d. Measured at 50 ns after puZ.se initiation. Lattiae temperature ?7 K.

zero magnetic field bélow the avalanche threshold can be determined from the
I-V characteristic. Por sample L34 this leads to )l(52/0) = 38.8 m2 /Vs and
Jl(l41/0) = 23.1 m2 /Vs, the numbers in brackets standing for the electric
field in 10 2 V/m and the magnetic field in 10- 1 T respectively. From fig.
4.8. we find Jl(52/4) = 21.0 .m 2 /Vs and ll(l41/4) = 14.4 m2 /Vs. From these .
figures one calculates a factor of 1.55 between the zero magnetic field and
the 0.4 T values. To obtain an estimate of the zero magnetic field mobility
in avalanche, we thus simply multiplied the curve measured at 0.4 T by a
factor of 1.55. The result is shown in fig. 4.10., along with the calculated
curves of Fawcett-Ruch [22], Kranzer et.al. [50], and Dumke [20], as well 3s
the experimental results of Neukermans ànd Kino [21].
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4.2.4. Discussion

It is seen that our estimate is always lower than the other curves. Befare
discussing the possible reasans for this fact we will make some remarks
about the other curves to establish their validity. The experiments of Neukermans and Kina agree very well with the Fawcett-Ruch theory in high fields.
It may therefore be concluded that in this region the latter theory is correct.
Apparently the influence of impurity scattering and increased screening in
the POP interaction, that were nat considered in the theory, is small.
At low fields the results of the Fawcett-Ruch theory are too high, because
impurity scattering was neglected. The results of Kranzer et.al., that were
calculated for a low-field mobility of 70 m2 /Vs, taking impurity scattering
into account, should be better in this range of fields. Here our estimate is
2

close to the "zero" field mobility of 50 m /Vs for the material that was
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Fig. 4.10. Zero magnetia fiel-d mobil-ity of n-type InSb at 7? K as a funation
of eZeatria fiel-d.
D = theory Dumke [20].
F-R= Monte CarZo aal-auZation Fawaett-Ruah [22].
K-H-P-Z = Monte CarZo aal-auZation Kranzer-HiZZbrand-PötzlZimmerZ [50], ~ 0 = 70 m2 /Vs.
N-K = e~eriments Neukermans-Kino [21]. square points.
EXP = own e~eriments, the 0.4 T aurve from fig. 4.8. extrapoZated
to E = 0 and mul-tipZied by 1.55, ~ 0 = 50 m2/Vs.
The round points were obtained from the ohmia aurrent rise before
avalanahe, as disaussed in the text. The thiak line is the estimate used to evaZuate other measurements throughout this thesis.
used (see chapter 111). The results from Dumke's theory are seen to yield
too-high mobility values over the whole range. This will be due partly to
the fact that impurity scattering (low fields) and intervalley scattering
(high fields) were neglected, and partly to the approximations made in the
theory.
There may be two reasons why our estimate results in too low-.mobility·
values. Firstly, the side-contacts to the sample were made by simply soldering 50

~m

0 Pt wires to the sample. This resulted in fairly large side-con-

tact areas compared to the cross-sectional dimensions. The sample is partly
short-circuited, over a distance of probably 250

~m,

at the side-contacts,

and this results in too-low values for RHcr. The magnitude of this effect
can be estimated from the quotient of the measured and the given zero field
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mobility, i.e. 45/50

= 0.9, about 10%. It should be remarked that the error

will first increase with the electric field, but will become smaller again
in avalanche. This is because of the changing ratio of sample and contact
area conductivity. Secondly

w~

used the simplest Hall effect formulae to

derive RHcr from the measureme~ts [59]. Although this may be correct in electric fields below avalanche, ~rovided that the magnetic field is high enough,
it becomes rather doubtful in the avalanche region. This is the reason that
we put RHT on the abscissin figs. 4.8. and 4.9., insteadof

~.

The electron-

hole plasma that is produced will be driven to one surface of the sample Suhl effect - and a non-uniform transverse density distribution will result.
It can be shown that a transverse distribution does not seriously influence the Hall-voltage as long as the density stays below the threshold for
degeneracy, and as long as the mobility is independent of the density. Bath
these conditions may be violated in the given situation. In the next chapter
we will see that in avalanche the average de~sity may become two orders of
magnitude higher than the equilibrium density. This would suffice to cause
degeneracy. If on top of this there is some compression by the Suhl-effect,
the density could rise locally above the threshold for electron-hole scattering to become important, i.e. 4 x 10 23 m- 3 [55], so the mobility would become a function of the density. Bath effects tend to lower the measured mobility. To test these assumptions one would have to measure or calculate the
transverse density distribution. The latter may now become feasible with the
data presented in this thesis: as a starting-point. Same idea of the distribution can be obtained by mea~urement of the absorption of 10 ~m radiation
(63] or by measuring the intehsity of the recombination radiation [64, 65],
bath as a function of position. The Neukermans-Kina experiment does not
suffer from these complications because a magnetic field is not needed and
the measurements are done at very short times so that only very little plasma has been produced. The round points in fig. 4.10. were also obtained
from magnetic-field-free measurements. The current, at constant applied
field, shows initially an ohmic step

(cf. fig. 5.4.), from which

calculated by assuming that n still equals n

0

~

can be

.

From section 4.1. we know that we should also pay attention to the
possibility of a longitudinal distribution. It is not at all clear how the
results for zero magnetic field presented in section 4.1. will change when
a large transverse magnetic field is applied. If the non-uniformity intro-
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duced by the magnetic field itself [62] is more important, it may be reasenabie to assume that the electric field is uniform in the central part of a
long sample. If, on the contrary, the mechanism that causes a non-uniform
field distribution in zero magnetic field is still important, and there
seems to be no reasen why it should not be operative, we may get a very
complicated situation. From Hall-effect measurements at different positions
along the sample, that are not further reported here, we do find rather
confusing results, indeed.
We conclude that our first estimate of the electron mobility in zero
magnetic field is acceptable at fields below avalanche, but becomes less and
less good at higher fields, where it is too low. Therefore another estimate
was made, indicated by the thick line in fig. 4.10., which is a gradual
transition from our low-field estimate to the Fawcett-Ruch curve. It is
this mobility field curve that was used to evaluate the avalanche measurements in the next chapter.

comments to W.P. Dumke [20]
1. In the formula for the interaction constant A a factor 1/41, whe~e $is the crystal volume is missing. As

this factor is also left out in equations (2) and (3) there is no effect on the final re sul ts for TE and

'p·
2. The square bracket in the formula for

À

(bel»w (7)) should embrace the term 1/DE Tp also.

3. In (16) a minus sign should be inserted befare the rhs.
4. In the text and in tableI it reads e*, this should be e*/e.
5. In (18) w must be squared.
0

6. The values quoted for the effective masses in table I are a factor of 10 too high.
7. The final resul ts given by Dumke are correct; apparendy the correct parameter values were used in the calculations.

CHAPTER V
AVALANCHE

5.1. Introduetion
When an electron in the

condu~tion

band of a semiconductor gets a kinetic

energy larger than a certain threshold energy
have a chance to lose

E.
l

> E (bandgap) it will
g

its energy in an ionizing collision with a bound

electron in the valenee band. Then an extra electron is lifted to the conduction band and a hole is freed in the valenee band. The same applies to
ionization by free holes, but as the electron mobility in InSb is much
higher than the hole mobility we will neglect ionization by holes. When the
lifetime of the extra electroJ is long enough

for it to gain sufficient

energy, it may in its turn make an ionizing collision. In this way the pair
-creating process becomes self-supporting, the number of quasi-free charge
carriers increases in some exponential way, and an avalanche is created.
When not limited by the external circuit or by a lifetime that decreases
as a function of carrier density, the current will increase indefinitely
at almost constant voltage. W]thout application of an external field only
the thermal energy is available, but this cannot lead to an avalanche because there is no energy gain mechanism. Thus external fields are neccesary.
Avalanche is a non-equilibrium phenomenon.
Besides bandgap ionization there is of course the possibility of ionization of deep-lying impurities in the bandgap. This would cause an avalanche
at lower energies. In this

ca~e

instead of a hole-electron pair, only an

electron is generated plus an immobile charged impurity. Therefore this type
of avalanche is less effective. Only half as many extra carriers are produced and the mobility will decrease because of enhanced impurity scattering.
We are interested in bulk avalanche breakdown. Quite a lot of work has been
clone on breakdown in p-n junctions [66]. The main difference with bulk phenomena is that in a p-n

junct~on

there exists a strong doping gradient and

non-uniform space charge fields on both sicles of the function area. Despite
of the interesting device applications of avalanche diodes [67], we will
not deal with them. Our bulk avalanche data could be useful for InSb avalanche diodes, however.
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The threshold electric field for avalanche in InSb is about 2.10 4 V/m at
77 K (zero magnetic field). The threshold increases with temperature, which
rules out another possible mechanism, i.e. Zener breakdown [66]. Moreover
the Zener breakdown-field is about 4 orders of magnitude higher than the
avalanche breakdown-field [4, page 310].
InSb at 77 K is a very suitable material for studying the avalanche
effect. The small bandgap results in a low value of the threshold energy Ei'
as compared to other semiconductors. The bandstructure and the energy distribution function at high fields are apparently the most important starting
points for a theory of avalanche breakdown. The bandstructure has been discussed in chapter II. In the next section the value of Ei will be derived
from these data. Another consequence of the bandstructure, namely the possihili ty of transfer to one of the upper valleys of the conductjon band instead of ionization across the bandgap will he discussed in section 5.3.
No analytica! description of the high-field energy distribution function of
the electrans is available (cf. section 4.2.). Therefore some approximation
is made in all theories. The most realistic approximation, to be briefly reviewed insection 5.4., seems to be the one by Dumke [20].
The generation is of course counteracted by recombination processes. In
section 5.5. a model is presented that takes these recombinations into
account. Experimental procedures and results are given in section 5.6. We
have mainly stuclied the zero magnetic field case, but some remarks on the
influence of large transverse magnetic fields are madeinsection 5.7., and
some preliminary results in large transverse magnetic fields are preseRted
in subsection 5.6.4.

5.2. ThreshoZd energy
The threshold energy for ionization across the bandgap Ei can be calculated from the bandstructure and the laws of conservation of energy and crystal momentum. This was first done for Ge, Si and GaAs by Hauser [68].
The conservation equations for the case of InSb are, in one-dimension
(5 •. 1)

(5. 2)

The subscripts I, F, e and h refer to the initia! and final state and the
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created electron and hole respectively. Further,

c.1

min

(5. 3)

So, (5.1) should be minimized with respect to the k's. 'Since, at a given k,
the energy of an electron is appreciably higher than the energy oi a hole we
can come close to the described minimum by assuming that both electrans have
k = 0 after the ionizing collision, i.e. kF = ke = 0 (cf. [69]). It then
follows from (5. 2) that kh =i ki and wi th ( cf. equation (2 .la))
t2 k2
I
~=EI (1 +EI/Eg)'

(5. 4)

c

we obtain a quadratic equation for EI' yielding
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c

(5. 5)

g

From (5.3) and with the data from fig. 2.1. we now conclude
1. 07 E

g

253 meV.

(5. 6)

This is the same value that is found from Hauser's formula, although he does
not take the non-parabalie conduction band into account. This may not be
very surprising as we have set kF = ke = 0. Thus the threshold energy for
bandgap ionization proves to be 11% larger than the bandgap. This is smaller
than the value 1.5 E predicted for direct bandgap matcrials with equal
g

electron and hole effective lmasses [70]. Soit is seen that the increase of
electron effective mass with energy, because of the non-parabalie bandstructure, is more than compensated for by the large ratio of hole to electren
effective mass at the band extrema.
5. 3. Gunn effect

Transfer of electrens to higher-lying minima, with a lower mobility, in the
conduction band gives rise to a region of voltage-controlled negative differential-mobility in the J-E characteristic, usually called NOM. (in the I-V
characteristic it is called NOR, negative differential resistance).
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Such a characteristic is called N-type after its shape, and it will result
in travelling high field domains [3]. The periadie nucleation, transfer and
annihilation of these domains results in a high frequency modulation of
the conductivity, that can be used for microwave generation. This mechanism
is well known as the Gunn effect [67, 166].
In InSb the bandgap is about twice as small as the energy separation between the lewest conduction band minimum and the next higher-lying minimum
at the L-point (see fig. 2.1.). Thus, transfer across the bandgap, with the
resulting carrier multiplication, is much more probable than intervalley
transfer. In general this will preclude the formation of NDR and so also
the Gunn effect.
Nevertheless, Smith el.al. reported a kind of Gunn effect from InSb (71].
They observed rnaving high field domains at times less than 1 ns after pulse
initiation, above a threshold field of about 6 x 10 4 V/m. In spite of the
high field the avalanche apparently has not developed to such an extend in
this short time that it can preclude the Gunn effect. Fawcett and Ruch
[22] have calculated a threshold field for NDM of 5.25 x 10 4 V/m. They took
only transfer to the L-type minima into account. Hilsum and Rees (11] have
argued that the coupling to the higher lying X-type minima may be strenger.
At this time the question, which type of minima are actually involved, has
not been answered. It is well known that the local field, for instanee in
the vicinity of impurity fluctuations, may be much higher than the average
field. Just at these disturbances the nucleation of Gunn domains could start,
and thus the experimental threshold value could be well below the calculated
one. Quite recently several ether investigators have also reported on Gunn
effect domains in InSb, during the very first few nanoseconds of pulse application (65 , 72]. The experimental values for the threshold field, averaged
over some portion of the sample, are between 4 and 6

·X

10 4 V/m. The time is

usually too short for a domain to traverse the sample, so a regular Gunn
effect is not produced.
The important point for this chapter is that the domain causes extra
generation. As the domain moves through the sample it leaves a large number
of excess electron-hole pairs behind. For avalanche measurements above, say
4 x 10 4 V/m,one will have to take this inhomogeneous rnaving domain avalanche
into account. We will return to this subject in the discussion, sectien 5.7.
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5. 4. Theory

There are two ways in which

a~

electron can gain an energy larger than the

impact ionisation threshold Ei. The first is by gaining sufficient energy
from the applied electric field, between two collisions. In this case the
electron has to traverse a path of length L without collisions such that
qEL

~Ei'

presuming that its initial energy is negligible compared to Ei.

This is the same mechanism as in simple electrical discharges in gases
(Townsend mechanism). It was

~irst

applied to semiconductors by Shockley

(73] who gives the following formula for the ionization coefficient
E./qEÀ}

(5. 7)

1

Cl.

qEI;diw

0

wi th I

=

(5. 8)

I

mean free path, and !iiw

I

the optica! phonon energy. Actually, the

exponential expresses the probability for an electron of traversing a path
L

=

Ei/qE without collisions. In the case of InSb it is more customary to

use the generation rate g, the number of ionising collisions per electron
per unit time, insteadof the ionization coefficient a. They are related by

(5.9)

g

If we set E

0

Ei/qÀ and g

0

=

a 0 vd then we can also write, insteadof (5.7),
(5 .10)

g

One can estimate g for this ptocess in the following simple way. Generally
we have
+ dk

n dt

= qE.

(5 .11)

By integration of this equation, the minimum free time for ionization Ts is
found to be
T

s

= iik./qE,
1

(5.12)

where ki is the wavevector of an electron with energy Ei. On insertion of the

78

relation between g and k for the non-parabalie conduction band of InSb,
equation (2.la), we find
T

s

=[ 2

m* g . ( 1
c

1

+

g.I g )]
1

g

~I qE.

(5 .13)

The probability for ionization is given by liTs times the probability that
the electron has not been scattered by a polar optica! phonon. The latter
chance is clearly exp (- T5 1TPOP), where TPOP is the mean free time for
POP-scattering. So we find
(5.14)
We have plotted gs versus E in fig. 5.1. For TPOP a constant value of 10- 12 s
was assumed (cf. fig. 4.7.).
Another way of gaining an energy gi is by accumulation through a number
of collisions. The non-ionizing collisions should be elastic in this case, or
the energy loss per cellision should be small compared to gi and small-angle
scattering predominant. The latter results in a very anisotropic energy distribution of the electrons, which is strongly peaked in the direction of the
applied electric field [20). This way of gaining energy is sametimes called
the "diffusion mechanism", because of the diffusion in energy space. One
could also call it "accumulation mechanism" of course. Just as for the
Townsend mechanism,we can make a simple estimate for the resulting generation
rate. The energy gain between two (POP) collisions is
dg

dit t.k.

(5 .15)

From (5.11) it fellows that t.k is given by
(5 .16)

The minimum time for accumulation of an energy gi is clearly

qE(dgldk)

(5 .17)

.On insertion of the dispersion relation for the conduction band (2.la),
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we find
E:.

(1 + '.? E:/E:

~

i

qE (2 E:/m*)

g

)!
(5 .18)

2

c

Actually, (5.18) should be ayeraged over all energies. Instead of performing
this rather tedious operation we simply replaced E: with the average energy,
E (E), at the given value of the electric field in (5.18). We tabulatedE (E)
from the data of Fawcett and Ruch (22). Analogous to (5.14), the generation
rate is given by
(5 .19)

This relation was also plotted in fig. 5.1.
In fig. 5.1. we see that at electric fields below 3.3 x 10 4 V/m the
Townsend mechanism seems to dominate, whereas at higher electric fields the
diffusion mechanism becomes the more important. As both curves are the re1

sult of an estimate, one should not attach too much importance to the precise

~

1011~--.---.---.---,---.,----,--.,----,---,-~

106!:--_L-__..,!,-...L__L_ _l--_
0

_j__~G~--.J_-~t;----'----;t,o

-

electric field (10 4VIml

Fig. 5.1._Two estimates of the generation rate as discuseed in the text.
gs =direct energy gain; (Townsend mechanism), equation (5.14).
gD .=. ene.rgy gain by accumulation, ( diJfusion mechanism), equation
(5.19).
For camparisen the theoreticat curve by Dumke [20] is atso drawn.

80

position of the intersectien point of the two curves. The important fact is
that the diffusion mechanism obviously dominates over an appreciable range
of electric field strengths. This strongly favours the simplified theoretica!
approach taken to the problem by Dumke [20]. We have discussed this theory in
subsectien 4.2.1. The result for the generation rate can be written as,
(cf. [20] equation (11)),

g(E)

l

T

N' ( Ti

at
+

(E)

}

( ) n(E) {À(E) DE - a} ~
Tat E
<.

(5.20)
E.

].

with N = total number of electrons, Ti= ionisation time, and n(E), À(E), a
and DE defined by equations (4.12) to (4.15). The fraction containing the
T's accounts for the fact that electrans with energy E > Ei can be taken out
of the ionization region in E-space either by impact ionization or by largeangle POP-scattering. We recalculated g = g(E) according to (5.20), using
Dumke's value forT.]. (2 x 10- 11 s), and slightly different parameter values
(cf. page 66 and table 2.1.). We made the correctionfora finite lattice
temperature of 77 K in the way given by Dumke. The resulting curve is included in all figures of the generation rate versus electric field, because
the experimental results turned out to agree most closely with this theory
(cf. fig. 5.13.). Our simple estimate of the generation rate, according to
(5.19), is seen to approach Dumke's curve in fig. 5.1. at high electric field
strengths.
Besides Dumke's one-dimensional energy diffusion approximation there are
two other theories for the generation rate. In chapter IV we have already mentioned Chuenkov's theory [58]. H~lter and Johnson [74] applied this theory
to InSb at 77 K and, by numerical evaluation, obtained a curve of g versus
E. As pointed out in chapter IV,we do notbelieve that this theory can yield
reliable values for g, because it is based on an expansion of the distribution function in Legendre polynominals that does not converge.
Curby and Ferry [75] calculated the generation rate as a function of
electric field by means of a technique known as the Monte Carlo method. This
is a computer simulation of the "random electron" as it travels through the
crystal and is scattered. From a large number of such scattering events it
is possible to calculate the "average" behaviour of the electron and the
distribution function. By considering impact ionisation as another scattering mechanism besides POP and ionised impurity scattering Curby and Ferry
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Fig. 5.2. Comparison of the theorical g{E) curves.
D

Dumke's one-dimensional energy-diffusion theory [20]

DF

Curby and Ferry's Monte Carlo calculation [75]

Ch

Chuenkov's theory [58], curve calculated by

H~lter

and

Johnson [74].

were able to calculate the numÎer of ionizing collisions per unit time and
thus the generation rate. Their results arealso included in fig. 5.2. The
Monte Carlo methad is a very p~werful methad [47, 76], and it can provide
very good numerical results. One can determine the relative importance of
different physical mechanisms by omitting one or the other from the calculations.
The three theories are compared in fig. 5.2. It is seen that Chuenkov's
result, as calculated by

H~lter

and Johnson, differs appreciably from that

of Dumke. The shape of the curve by Curby and Ferry differs from the Dumke
curve, but the numerical values are quite close.
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5. 5. PhenomenoZogiaaZ modeZ

The starting point for a description of the avalanche phenomena is the continuity equation. For the electrons·we can write:
dn (r,t)

(ln

dt

<lt

+ 'V • (n•v)

(5. 21)

In most discussions of the avalanche in InSb the second term on the r.h.s.
is neglected. This means that a uniform carrier distribution is supposed.
In view of the facts presented in chapter IV and section 5.3. we know that
this assumption may be quite incorrect. Nevertheless we will also discuss
the homogeneaus case first, because a lot of insight can be gained from it.
In conformity with the previous section we introduce a field dependent
generation rate g = g(E). The generation is counteracted by recombination
processes. We will consider monomolecular and bimolecular recombination.
Monomolecular recombination is usually associated with trapping: we will
describe it with a field independent parameter r. There seems to be only
one trapping level in n-type InSb, located about halfway the bandgap [77).
Thus it is reasonable to assume only one trapping constant that is associated with the probability for capture of a hole. This type of recombination
is proportional to the excess density of the carriers. Several authors have
given values for r [77, 78, 79, 80]. We have adopted a value for r of
r = 2 x 10 6 s- 1 • In most cases that we will consider gis much larger than
this value of r and we can neglect the latter.
The direct recombination is bimolecular and thus proportional to the
product of electron and hole densities. The most likely bimolecular recombination mechanism to occur in InSb is direct radiative recombination across
the bandgap. This is because of the small and direct bandgap. Recombination
radiation has frequently been detected in InSb [64, 65, 81). We will describe it with a parameter R. Dumke has given a theory for the radiative
recombination in semiconductors [82]. When this theory is applied to InSb'
one has to take into account that the bandgap is direct and that m* << m* .
c
v1
This greatly simplifies the problem and one can easily derive the following
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expression for R:

(5.22)

R

where < Pif > is the average transitjon probability between initial and final states in the conduction and valenee bands, m is the free electron mass,
n

is the index of refraction, m* the hole effective mass, E the bandgap
opt
v1
g
and ~ the permittivity. The other symbols have their usual meaning. From
Kane's bandstructure calculations for InSb [6] one can calculate the momenturn matrix element P, then 1Pifl 2

=

(m/1) 2 P2 • Here the non-parabalicity of

the conduction band is taken into account. One finds
The value of R according to (5.22) is 7.7 x 10- 14 m3 /s. This value will
be seen to agree very well with the average of our experimental results
(see fig. 5.14.). Dumke stresses that the experimental values for R may be
very erratic due to the strong reabsorption of the created phonons. This
should be especially so in a direct bandgap material like InSb, with a high
absorption coefficient at the band edge (see table 2.1.). Only radiation
that is created within a few absorption lengths from a surface could escape from the crystal. We can now write the generation-recombination term
of (5.21) as (cf. equation Cf.l)):
I

an
at

=

g(E)n - r n

e

- Rn n

(5.23)

e

5.5.1. Uniform case, constant electria field
For the uniform case, dn/dt

= 3n/3t,

and for a constant electric field

equation (5.23) can easily be solved, yielding:
n(t)

A

2 R

{ 1 tanh

C! B (t - ti))

+

1 },

(5. 24)

with

A- g and

r +

Rn

0

,

(5. 24a)
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1

(A 2

B

4 r R no)

+

1

t.

ïï ln [

1

(5.24b)

2

B + A - 2 Rn 1
B - A + 2 Rn
1

] + tl

(5.24c)

'

with the initia! condition
n(t )
I

n .
I

For n-type material p0 << n0 (see chapter II) and in many cases, i.e. as
soon as E > 2.5 x 10 4 V/m, it is also true that g >> r, Rn
4 r Rn

0

0

<< g and

<< g 2 • These conditions allow a simplification of (5.24),

(5.25)

(5. 25a)

t.

1

It can easily be verified that ti corresponds to the inflexion point of the
tanh-curve. This suggests another way of writing (5.24) or (5.25) by performing a time translation t'
finds for (5. 25)
n(t')

=

t - ti. Then, aftersome manipulation, one

g

(5. 26)

The measurements provide the values of current I and voltage V as a function
of time. Thus n(t) can be found from G(t)
n(t)

G(t) _Q,fllq a b,

= I(t)/V(t)

by
(5.27)

provided that 11 does not depend on time: a, b and _Q, are the sample dimensions.
When the electric field is kept constant one souree of variation of 11 is
removed. The mobility might also depend on the hole density p, but we believe that the densities that are involved here are still below the minimum
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density that is required for this mechanism to become effective. See also
the discussions on this item in chapter IV and the next section. For a constant

it follows from (5.26)

~

gt I

ln

=

[2

G(tI)
G(t .) - G(t 1 )

~nd

(5.27) that

l

(5.28)

1

Thus a plot of the r.h.s. of (5.28) versus t

1

should result in a straight

line through the origin with slope g. So, if ti can be determined with
sufficient accuracy, we can
from (5.26) by setting t

1

ded~ce

g from G(t). Once gis known, R follows

= -ti
(5. 29)

R

A still simpler way to determine g is to regard only such short times that
n has nat yet significantly departed from n

0

•

This essentially means that

all recombination terms in (5.23) are neglected. Then g follows from
(5.23) and (5.27) as
1

g

---cç-

[dGl
dt t=O+

[

l

d (lnG)
dt
tt=o+

(5.30)

where G is the conductance befare avalanche has started and (dG/dt)t=O+
0

the initial slope of the G(t)-cprve . It will be clear that (5.30) is only
an approximation. Most authors who have reported on g = g(E) for InSb so far
[83, 84, 65], have used a still further simplified version of (5.30). By
setting V constant, G in (5.30) can be replaced by I. The validity of these
approximations will be

discusse~

after the experimental results have been

given in the next section.

5.5.2. Non-uniform case, varying electric field
Even if one drops only the constant field condition, thus allowing E to be a
function of time, but still maintains the homogeneity requirements the problem gets much more complicated. There is no langer an analytica! salution
to (5.23), though it is still possible to find g(E) from measurements of
I(t) and V(t) provided that the values of r and R are known. With (5.27)
one calèulates n(t) and dn/dt and inserts these in (5.23), which gives g(t).
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After elimination of t between g(t) and E(t) one finds g(E). These calculations are of course done most easily with the aid of a computer. The procedure presupposes a knowledge of

~

= ~(E)

and a slow variation of E. The mo-

bility should only depend on time implicitly via E(t) and not be an explicit function of time. The rate of change of the electric field should be
such that ~ and g can follow the field variations and thus always have the
value corresponding to the instantaneous electric field value. This sets
an upper limit to dE/dt
dE
dt

(5.31)

« Min

A rough estimate can be made by setting ag/at and a~/at equal to g/Ti and
~/Tm respectively. Here Ti is the ionization time and Tm the momenturn relaxation time. lf we approximate g = g(E) by

=g

g(E)

exp {- (E /E) 2 },

1

with g and E constants we can find ag/aE, while
1

(5.32)

1

1

a~;aE

can be derived

from the data in chapter IV. It turns out that the first term in the r.h.s.
of (5.31) is dominant, thus it follows that
dE

dt

«

(5. 33)

With the data from the next section the result is that, for E = 5.10 4 V/m,
dE/dt << 10 15 V/ms. Por a 5 mm long sample this rneans that dV/dt << 5 x 10 12
V/s (5 kV/ns). We will suppose that this condition is fulfilled fortherest
of this section.
lf we maintain the constant applied field condition but allow non-uniform distributions of E and n there is usually no simple solution to (5.21)
plus (5.23). We will distinguish two cases, namely that of longitudinal gradients and that of purely transverse density gradients. Transverse and longitudinal refer to the direction of the applied electric field.
Longitudinal density gradients will cause space charge fields, because
the applied drift field forces electrons and holes in opposite directions.
Any disturbance may give rise to accumulation or depletion of carriers and
consequently to space charge fields. Por an adequate description the nature
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of the disturbance must be known; in particular

the electric field distri-

bution must be known very accurately because of the sharp dependenee of g
on E. We have met two cases where definite longitudinal gradients exist,
namely the phenomena described insection 4.1., and the Gunn effect in section 5.3. In neither of these cases is the field distribution known with
sufficient accuracy, at present, to allow calculations to be made.
Transverse density gradients need not be accompanied by electric field
gradients, because there is no transverse drift field. When there is only
a transverse density gradient it is still possible to find a solution to
(5.21). Por the special case that there exists cylindrical symmetry the
divergence term in (5.21) is zero on averaging over the cross-section. This
was used by HÜbner and Markus in their calculations on the z-pinch [78]. In
this case (5.23) reduces to:
~
at=

r n

0

+

(g - r

+

-z
R n )n - z(t) R(n) ,

(5. 34)

0

where the bars denote averaging over the cross-section and the contraction
ratio z is defined as [158]:

(5.35)

z (t) -

Before the pinching process has started z(t)

= 1 and the solution of (5.34)

is given by (5.24). When the pinching process has been completed z(t) has
attained a constant value

Z00

and the solution of (5.34) is again given by

(5.24) in which n is replaced by

n and

R by R'

=

Z00

R. It may be noted that

g(E) is not affected.
In table 5.1. we have listed some quantities that are of interest for
avalanche phenomena in InSb.

5.6. Experiments and Results
The actual avalanche measurements consisted of careful measurement of current
and voltage as a function of time, under as good as possible constant voltage conditions. The basic equipment was described in chapter III. We used
the 6-coax instrument. In the input channel a disc or a rod/disc screw-in
was inserted to lower the
sample. This is

~ecessary

pulse~

generator output impedance as seen from·the

to obtain constant voltage conditions.
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symbol

Ei

value

obtained from

description

section 5.2.

threshold energy

251.5
me V
4.0 x 10-20
J

for ionization
m~

ionization eff.mass

m~

(Ei)

eq. (2.3) 3.8 x 10- 32

v.

ionization velocity

V

(Ei)

eq. (2.4) 1.13X 10 6

L

ionization free path

E/qE

À

mean free path

vi 'pop

E

normalization field

E/qÀ

Eb

threshold field

experimental

b.E

energy ga in

qEX"

R

direct recombination coeff.

equation (5. 22)

7.7 x 10- 14 m3/s

r

Shockley-Read rec. coeff.

see page 82

2

~

~

0

~

kg
m/s

(E=3 .10 4V/m) 8.4

]lm

-!2

]lm

C•pop=lO

s) 1.13

eq. (5. 9) 2.2 x 10 5

V/m

(B=O) ~ 2 x 10 4

V/m

(E=3 .10 4V/m) 5.4 x 10-21

x 10 6

J

1/s

Table 5.1. Numerical values forsome quantities of interest for impact
ionization in n-type InSb.

The voltage was measured with an extra lead-wire on the sample. In some
cases the wire on the input-contact was doubled, in other cases a side-contact was used. In the latter case a rod screw-in was inserted in the voltage
channel (see fig. 3. 7). The current was derived from the voltage across a
nomina! 1 n microwave resistor in series with the sample (disc screw-in).
In table 5.2 the various measurement series are listed along with details
on the circuit used.
It is of course of paramount importance that voltage and current are
measured at the samesampling time (defined in chapter III). Therefore the
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sample
#

L42
L67
L87
L92

L93

number

pulse-

of

width

settings

(ns)

B

circuit

(T)

#

3

100

0.98

2

11

100

0

2

5

300

0

3

5

300

0.1

3

4

300

0.4

3

21

20

9

75

0

4

20

0.6

20

1.0

CD

2KS

@

0
3

6

75

1.0

3

22

225

0

3

20

0

4

3

35

0

4

2

225

0.1

3
3

2

225

0.5

L94

8

300

0.4

LlOO

6

325

0.2

4

325

0.4

6

325

0.6

5

325

0.8

5

325

1.0

G)

Q
1

Table 5.2. Some details of the avalanche measurements. Four different circuits were used. These circuits were realized by insertion of
different screw-ins in the sample-mount (cf. figs. 3.6. and 3.7.).
The sample, S, was mounted on a micaply disc (cf. fig. 3.1.).
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two signals were carefully synchronized. As described in subsectien 3.3.4.
the line lengths were chosen such that the time difference between any two
channels was less than 100 ps. For the avalanche measurements this was improved to less than 10 ps in the following way. By observing the I-V characteristic at very low applied voltages, which should be a straight line, the
line-stretchers in each channel were adjusted for optimum linearity. This
method proved very sensitive: a 3 mm displacement of one of the line-stretchers, which corresponds to a time shift in that channel of 10 ps, is observable.
The earlier measurements were done with analog data recording. Afterwards the current and voltage values were read from the recorded curve with
fixed time steps and the data put on punched paper tape. Later the measurements were put on tape directly and we had the computer produce graphs of I
and V versus time.
We will first describe the measurements in zero magnetic field, and at
the end of this section some preliminary results of experiments with transverse magnetic fields will be presented.
Examples of current and voltage waveforms are shown in fig. 5.3. and

~100
21,

2J

g
t~

L92
26-2-"69
G3

-V

0.5
I-

25

Fig. 5.3. Set of current and voltage traces versus time. Only two voltage
traces are shown, they correspond to the lowest and highest
current. The current is very sensitive to the voltage setting, as
is also demonstrated by the small reflection hump at about 60 ns.
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Fig. 5.4. Voltage and current versus time under avalanche conditions. Constant voltage circuit. The pulse width is unsufficient to see the
saturation of the rurrent, but one can see that the current begins
to increase more slowly towards the end. If we take
R = 8 x 10- 1 "m 3/s, we calculate the inflexion point, from (5.25a),
to lie at about ti
cussed in

=25

subsecti~n

ns in this case. The simple method, dis-

5.5.1., to derive g from the measurements is

demonstratea by the braken lines.

5.4. The current shows the characteristic behaviour that is observed in
avalanche under constant voltage conditions. At first there is an ohmic
rise foliowed by an exponential increase which, for the higher voltages, is
preceded by a plateau at the ' ohmic value that may last for up to 2 ns. The
exponential increase is caused by the generation of electron-hole pairs;
as time proceeds recombination becomes more and more effective and the
current saturates. This is npt due to circuit limitations, because we still
have a constant voltage circuit. That saturation is iudeed observed means
that the recombination process must be proportional to a higher power of
the density than the generation process; in accordance with (5.23). From
fig. 5.3. one sees that a srnall increase in applied voltage causes a large
increase in current saturation 1evel and a steeper increase in current, ·indicating that the generation rate depends strongly upon the electric field.
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5.6.1. SimpLe methods
In fig. 5.4., on the previous page, the method of calculating g from the
initia! exponential current rise, introduced by McGroddy and Nathan [83], is
shown. As discussed in subsectien 5.5.1. this is the simplest way to obtain
values for g, and up till now this has been the only method employed. In
fig. 5.5. results obtained in this way are compared with results of several
other investigators and with Dumke's theory. There is a qualitative agree-

• L92
& L93

<> uoo

23-1-'69
24-2-'69
5-3 -'69

<>

experiments

g-1

.QI

! 0 dt

Fig. 5.5. Comparison of generation rate measurements by various investigators, using the simpLe method. M-N MaGroddy and Nathan [83];
F-H =Ferry and Heinriah [84]; D-A =Diak and Anaker-Johnson [85].
FuLLy drawn Line: Dumke's theory [20], Points: own measurements.
The diamonds ~ere obtained jrom fig. 5.6., as described in the text.

=

ment between experiments and theory, but all the experiments result in lower
g-values than the theory. The experimental results for electric fields above
4 x 10 4 V/m should be regarded with some caution. Not only, does it become
increasingly difficult to maintain the constant electric field condition, but
also the measurement should be done at an ever shorter time. This is because
of the recombination. For example if g = 10 9 s- 1 , R = 8 x 10- 14 m3 s- 1 and
n I = n0 = 10 20 m- 3 , one finds from (5.25a) that t 1- = 4.7 ns_ This means that
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at 4.7 ns after pulse initiatien or, more precisely, after crossing the
avalanche threshold, one already has gn/Rn 2

=2

and the recombination

terms are no langer negligible.l At fields above 5.25 x 10 4 V/m one has to
reekon with the possible occurrence of Gunn domains, as discussed in sectien 5.3. Thus the qualitative agreement between theory and experiment may
be somewhat fortuitous in high electric fields. Moreover we know from chapter IV that a non-uniform field distribution may exist, and that it takes
several nanoseconds to establish a stationary distribution. Measurements
made befare this "settling" time may be erroneous; data taken at later times
will yield values for the

aver~ge

g at some average electric field.

Another early approach to the problem is the methad of Ancker-Johnson
[86], who produced sets of I-V characteristics with the sampling time as

:'!

I

L100
6-3-'69
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0.4

0.2
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10
-----.. electnc field

(10 4 V/m l

Fig. 5.6. Set of I-V characteristics with the sampling time ts as parameter.
i

The end points are determined by the maximum output of the pulse
generator. iVon constant voltage circuit.
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Fig. 5.7. Another set of I-V characteristics like fig. 5.6., but with the
constant voltage condition maintained more strictly. The curve for
ts
32 ns was drawn seperately for clarity. The broken line shows
the corrected curve when the voltage across the current measuring
resistor is subtracted from the total measured voltage. The kink
in the 32 ns curve begins to establish itselfat 12 ns, already.
An explanation in terms of the pinch effect seems therefore ruled
out [BB]. The kink disappears on application of a transverse
magnetic field.

=

parameter, at

subnano~econd

time scales. Examples of such sets are given in

figs. 5.6. and 5.7. For fig. 5.6. the constant voltage condition was
alleviated to allow higher currents to be attained. The avalanche time ta'
defined by Ancker-Johnson as the time that elapses between pulse application and a steady, almost vertical, rise of the characteristic [86], is
found to be proportional to the sample length. This is also apparent from
figs. 5.6. and 5.7.: for LlOO, which is 1.8 mm long, ta
which is 4.6 mm long, ta

~

~

2 ns, for L93,

8 ns. Although these pictures give a very nice

impression of the dynamica! behaviour during the first few nanoseconds,
and are a proof of one's ability to overcome the difficult technica! pro-
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blems involved (e.g. trigger shift due to varying pulse amplitude, see subsection 3.3.5.), one cannot extract very much quantitative physical information from them. For instance, one is tempted to draw a vertical line of
constant electric field in fig. 5.6. to calculate the generation rate g,
from the intersections of this vertical with the set of curves. Two values
for g, at very high electric fields, obtained in this way from fig. 5.6.
are included in fig. 5.5. They apparently result in quite acceptable g
values. Nevertheless, the procedure is incorrect, because it takes the pulse
a finite time to rise to its full height, and so the avalanche threshold is
passed at different times for different pulse heights. This means that the
history at each intersectioh-point has been different.

5.6.2. ln G methods
The complications discussed above led us to a more detailed consideration
of the problem. The first step is to measure not only the current but also
simultaneously the voltage ,as a function of time, for a fixed input pulse
amplitude. From these the conductance' G

= I/V

as a function of time is

calculated. Fig. 5.8. is a typical example of a curve obtained in this way.
The data were plottedon a !semi-log scale with regard to (5.30). Several
interesting features are nateworthy. The initial decrease of G can be
understood from the decrease in rr.obility as the field increases (cf. fig.
2.3.), but as soon as the avalanche threshold is crossed one expects G to
increase sharply. This is not seen in fig. 5.8., where E becomes larger
than 2 x 10 4 V/m for t ~ 2 ,ns, but instead G keeps on decreasing at first
and goes through a minimum before at t

~

4 ns the increase actually puts

through. We think that this delay could be due to the development of a
non-uniform field distribution along the sample, as discussed in section
4.1. For the rest of this section we will disregard the consequences of
this possibility; we only

~tress

once more that the given electric field

values refer to averages over the sample length. We will return to this
point in the discussion section 5.7.
The dip in the G-curve1is certainly not caused by circuit effects. In
the case of fig. 5.8. we chose a rather long rise time for the applied pulse,
i.e. 4 ns, and therefore the correction for circuit effects, with a formula
like (3. 7) and the data frbm fig. 3. 8.' is very small and can be neglected.
In other cases, with a shorter risetime pulse applied, correction leads to
higher electric field

valu~s

and slightly lower G values, at first, but the

correction is smaller than 2%-within twice the risetime. The general features
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as a function of time on a semi-Zog scaZe. The

numbers near the points represent the eZectric fieZd. The Zn G
method of determining g according to formuZa (5.30) is demonstrated by the broken Zine.

of the G(t)-curve are not affected. The further behaviour of the G(t)-curve,
after the dip, is completely as one would expect. At longer times the increase changes in a saturation because the recombination becomes more effective. From the slope of the ln G(t)-curve at the earliest possible time
after the increase has begun one can determine g according to (5.30), as
shown in fig. 5.8. The results of such calculations for a number of measurements are presented in fig. 5.9. The scatter of the points is caused by,
among other things, the different times at which the slopes had to be determined. Two lines were drawn, the upper one through points that were deter-·
mined at times shorter than 5 ns after pulse initiation, the lower one
through points that were determined at much longer times up to 20 ns. In the
latter case the recombination, which is not taken into account in (5.30),
may already be of importance. Correction for the recombination will result
in higher values for g. The upper curve is quite close to Dumke's theoretica! curve.
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So far no attempt has been made to extract data on the quadratic recombination parameter R from the measurements, and we have seen that the recombination may be very important. [f one can assess an accurate value for the
inflexion-point time ti it should be possible to find g and R from (5.28)
and (5.29). As long as the electric field remains constant and the mobility

~

does not depend on any other parameter, the actual value of

~

is not

needed. Fig. 5.10. shows an example of a plot according to (5.28) and the
resulting values for g and R. The values for g and R that could be determined in this way are includedl in figs. 5.13. and 5.14. The fact that i t
is possible to make graphs like fig. 5.10. proves that when Eis constant~
is also constant. In other words ~ is a function

of E only. In most cases

it proved impossible, however, to find a good value for ti, and thus we
looked for other means to solve the problem.

5.6.3. Numerical methods
After all the efforts to solve the problem in parts and with simple methods
we decided that it would be better to try to solve the equations (5.24)
numerically for g and R. Therefore n(t) was calculated from the measurements
with (5.27), using the mobility versus E estimate presented insection
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4. 2. 3. (fig. 4.10.). Next a function of the fonn (5. 24) was fi tted to the
data between times \

and t

2

,

where \

is the time at which the field

first reaches the constant average value, and t

the time up to which the

2

field could be kept constant. This curve fitting is actually a minimization
problem, and we used the general procedure miriimize *) developed by Lootsma
[89]. In this way the numerical values of the parameters g and R could be
obtained directly as output from the procedure. For r, the constant value
quoted insection 5.5., r

2 x 10 6 s- 1 , was assumed. Figs. 5.11. and 5.12.

show two of the resulting graphs from the computer.
The fit of the theoretica! line to the experimental points, between the two
verticals corresponding to t

1

and t

2

,

is very good indeed, in fig. 5.11. So

it is concluded that a fonnula like (5.24) gives a good description of the
phenomena. At the higher average field strength in fig. 5.12. the fit is
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Fig. 5.10. ExampZe of the simpZe methad todetermine g and R aaaording to
formuZae (5.43) and (5.44).
'*) Th is procedure was kindly put at our dispos al by Messrs. Wijnen and Ubbink of the department of Mathernaties of

the Eindhoven University of Technology.
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somewhat less good: there are systematic deviations. During the first part
of the rise a larger average g value would be required for a perfect fit.
We think that this may be due to a non-uniform avalanche as a result of
Gunn effect domains (see section 5.3. and subsectien 6.5.2., figs. 6.17. to
6.22.). The deviations in the top saturation level are nat significant: they

are caused by pulse top creep due to frequency dependenee of the pulse transmission lines.
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Fig. 5.13. The aolleated results for the generation rate, from tanh fits.
The theoretiaal aurve aaaording to Dumke is also shown for aomparison.

The results for g are collected in fig. 5.13. The qualitative agreement
with Dumke's theory is quite good. The qualitative agreement is better for ·
.L92 than for L93, which is probably connected with the fact that the average

R for L92 is larger than for L93. This fact is in accordance with the
reasoning in section 5.5. and the fact that L92 is smaller in cross-section than L93. Fig. 5.14. collects the results for R. Despite the fairly
large scatter of the values it seems clear that the best approximation is
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that R does not depend on E. The logarithmic average of all the values for
L93 comes very close to the theoretica! value according to (5.22), that for
L92 is about twice as large. The experimental values of HÜbner and Markus
[78], are very different from,ours, as can beseen in fig. 5.14. They find

t on E, which is in contradiction with Dumke's
i

an exponential dependenee of
theory [82].

We seem justified in concluding that our model and its physical interpretation in terms of recombination radiation is correct.
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Fig. 5.14. The collected results for the quadratic recombination parameter
R, from tanh fits (closed points). The two full lines are the
logarithmic average values for two samples.
L92: R = 15.4 x 10- 14 m3 /s
L93: R

=

7.1

x

10- 14 m3 /s

The theoretical value (Dumke [82])according to formula (5.22) is
R = 7.7 x 10- 14 m3/s
The open points are from determinations according to formula
(5.29), cf. fig. 5,10. The breken line is the R
reported by HÜbner and Markus [78].

=R(E)

dependenee
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5.6.4. PreZiminary resuZts in Zarge transverse magnetia fieZds
Now that the avalanche process in zero magnetic field is fairly well understood we may endeavour to include the complications that accompany the
application of transverse magnetic ·fields. We did not attempt to solve
these problems: this could be a subject for future research, but we may
furnish some starting-points.
Fig. 5.15. shows a set of I-V characteristics taken at a fixed sampling
time with the transverse magnetic field as parameter. These show that the
large transverse magneto-resistance shifts the avalanche breakdown field
to higher values. Also the current becomes noisier. From the work of Turner
and Welier (62] it is known that we may expect the electric field to be very
non-uniformly distributed.•What is usually measured and plotted along the
horizontal axis is the average field over the full length of the sample.
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Fig. 5.15. Set of I-V aharaateristias at a fixed sampZing time of 50 ns,
with the transverse magnetia fieZd as parameter.
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Fig. 5.16. Set of I-V characteristics with a constant transverse magnetic
field and sampling time ts as parameter.

This should be kept in mind when looking at plots like 5.15. The same nonuniformity may also account for the sampling-time dependent negative differential resistivity that we abserve sometimes.
In fig. 5.16. we gi ve an lexample of a set of I -V characteristics at a
constant transverse magnetic field of 0.8 T, with ts as parameter. The same
warning with regard to the interpretation of the electric field values indicated as for fig. 5.15. also applies to fig. 5.16. This picture should be
compared to fig. 5.6., which is for the same sample. It is seen that the
avalanche starts already at lower field strengths but is also weaker. The
avalanche process in large

t~ansverse

magnetic fields proceeds in a more

gradual way than in zero magnetic field.
Although it will be clear from the foregoing that it may not make much
sense, we nevertheless did some d(ln G)/dt determinations in a transverse
magnetic field of 0.1 T. We even corrected the resulting values fora

I
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Fig. 5.17.
ResuZts of generation
rate measurements in a
Large transverse magnetia
field. The points were
obtained wi th the Zn G
method and aorreated for
a field-independent reaombination with
R 8 x 10- 14 m3 /s. The
dashed Zine is a resuZt
of Ferry and Heinriah
[84], obtained with the
simpZe 1/I0 (di/dt) method
and not aorreated for reaombination. For aomparison Dumke's theoretiaaZ
aurve is aZso shown.
It shouZd be noted that
the theory has onZy been
worked out for B = 0.
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quadratic recombination, taking R = 8 x 10- 14 m3·/s. In fig. 5.17. these
results are compared with l/1 0 (dl/dt) determinations of Ferry and Heinrich
[84].

5.7. Disaussion
Of the three theories that we re proposed, cf. fig. S. 2. , Dumke 's theory
[20] is seen to agree most closely with the experimental results in figs.
5.5., 5.9. and 5.13. The qualitative agreement between experiment and theory
is quite close, but the experimenta1 g va1ues are always lower, by a factor
between 2 and 10, than the theoretica! values. This may seem a very large
discrepancy at first sight, but from fig. 5.13. for instance, it is clear
that a shift of the theoretica! curve over only 3 x 10 3 V/m would be suffi-
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cient to let theory and experiment coincide. Such a small field shift may be
comparable to the experimental error in some field measurements, but it is
:êather unlikely that this is tlte cause of the discrepancy, because all the
experimental results of the different investigators lead to deviations in
the same direction. So it seem!i that there is a more fundamental reason for
the difference between experiment and theory.
Dumke uses a parameter T., that he narnes the time for impact ionization.
1

I

It is the free time that is needed for an electron that has attained an
energy larger than ei, to ionize. It must be carefully distinguished both
from the time that is needed tel attain an energy ei and from the inverse
of the generation rate g, which are sametimes also called ionization times.
On the other hand i t will be
rate must be gmax

= 1/Ti.

c~ear

that the maximum attainable generation

This is the reason for the saturation of the g(E)-

curve at high electric fields, as can be se en in fig. 5. 2. or fig. 5 .13.
From the data quoted by Dumke we estimate Ti= 4 x 10- 11 s, which is twice
as great as the value given by Dumke. This brings the theoretica! generation rate down by a factor of 2.
Although Dumke's theory now coincides with the upper limit on the scattering of our data, the bulk

the experimental data still lies below the

o~

theoretica! curve. The most probable explanation, which was already indicated by Dumke, is that the approximation with a one-dimensional distri huI

tion is too coarse. The approximation was based on the predominanee of
small-angle scattering, but from fig. 4. 7

0

one can see that this is not so

pronounced as to justify the neglect of large-angle scattering. Moreover,
the small-angle scattering itself will, of course, not result in a purely
one-dimensional motion of the

~lectrons,

but in some distribution that is

sharply peaked in the field-direction. If we allow for some spatial spread
the drift velocity that can be calculated from Dumke's theory will decrease,
and this results in lower g values. From fig. 4.10. it is clear that the
uncorrected drift velocity according to Dumke is indeed too high. So this
seems a very reasonable explanwtion.
Our model of the generation-recombination processes is seen to describe
the phenomena very well, as

exe~plified

by fig. 5.11. The spread in the re-

sulting g values and the considerable spread in the resulting R values is
due to the sensitivity of these parameters to the details of the process.
From fig. 5.3. it is clear that the exact determination of the value of
the applied electric field may be very difficult. Furthermore the distrihutien Óf the plasma density wi11 be important, in particular for R, and here
1
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such uncertain factors as the surface recombination velocity enter the problem in the form of boundary conditions.
We can draw an interesting conclusion. lf one compares Rnne with rne
for ne « n 0 , it is found that the first term is larger than the second by
almost one order of magnitude. This means that one is not justified in neglecting the direct recombination in n-type InSb. Consequently, any theory
that uses a density independent lifetime for the excess carriers has to be
rejected. Actually, lifetime becomes a rather impractical concept.
lf one is interested only in the generation rate, the simple method of
McGroddy and Nathan [83] also yields good results at low electric fields.
At the lowest electric fields the results should be corrected for the linear
recombination, (Rn n + rn ). At fields above 4 x 10 4 V/m the method becomes
e o
e
questionable. At fields above 5.25 x 10 4 V/m all the methods described fail
because of the temporary appearance of Gunn domains (cf. section 5.3.).
When one is able to maintain the electric field at these very high values
for a time long enough for the non-uniformities caused by the Gunn domains
to have died out, one can determine g from the current saturation value.
This follows from (5.25) by letting t

+ ~.

so that n(oo)

+

g/R. For R one

could take the average, electric field independent, value determined at
lower fields.
Dick and Anker-Johnson have suggested a model for the avalanche processin n-type InSb in very high electric fields [65]. Astrong generation
in the high electric field in the Gunn domain is postulated. The electric
field outside the domain is above the threshold for avalanche in front of
the domain and below the threshold behind the domain. From simple calculations on the domains [P3], we conclude toa slightly different model, however. The domain field must be lower (% 1.5 x 10 5 V/m) than the estimates
given by Dick and Ancker-Johnson (% 5 x 10 5 V/m). The field outside the domain must he initially equal on both sides of the domain, and in most cases
it will be well above the avalanche threshold. Strong generation in the domain itself seems rather unlikely for the following reasons. In high fields
the generation rate is no longer so strongly dependent on the electric
field, so that the difference in generation rate inside and outside the domain need not be so large (cf. fig. 5.13.). Secondly, some fraction of the
electrons in the domain are upper-valley electrons with a larger effective
mass. Also, emission of a phonon would be required for these electrens to
ionize because the upper-valley is displaced in k-space with respect to the
valen_e band. However, when these upper-valley electrons are scattered back
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into the central valley they 1ay have an appreciabie kinetic energy which
they could very well use to ionize. So it may be expected that just behind
the domain, where a large number of these freshly "centralised" electrans is
available, there is an increased generation rate. This will lead to the phenomena observed by Dick and Ancker-Johnson.
In section 4.1. we discussed another possible non-uniform electric
field distribution, that may e,xist al ready at lower applied fields. It may
be somewhat surprising that

t~e

agreement between theory and experiment is

still so close, even without any non-uniformity being taken into account.
From fig. 4.4. we see, however, that in the quasi steady state the density
difference is never large, so it is reasonable to assume that n

~

p every-

where in the sample. As the electric field is largest somewhere in the middle
of the sample (cf. fig. 4.3.), we also expect the generation to bestrongest
there. This would re sult in a !plasma densi ty dis tribution that has a maximum
in the middle of the sample, and hence there the conductivity is enhanced.
~pparently,

this conductivity rise counteracts the mechanism that causes the

electric field distribution. There will also be diffusion currents that will
tend to break down the density gradients. The problem is: how to interpret
the measurements. What is measured is the generation rate averaged over the
sample as a whole, but to whidh electric field value does this average rate
correspond? It is clear that this field will be in between the maximum field
and the average field applied to the sample. It seems not unrealistic to
assume that it will not differ toa much from the latter field, with regard
to the fairly close fit between theory and experiment. It is not just a
simple matter to calculate the actual field value from the applied voltage
and the measured current. One 1will have to solve the complete density distribution problem, but for that one must be able to make a reasonable
assumption about g

=

g(E) first (cf. section 4.1.4.).

Transverse magnetic fields introduce a number of complications. First
of all, the electric field becomes seriously distorted with high field regions near the cantacts [62]. Most of the generation may take place in
these regions, resulting in a !kind of double injection. Because of the strong
magneto-resistance the mobility of the electrans is much lower than in zero
magnetic field so that the generation rate is expected to decrease; also,
the hole-drag will be less important. Toda [90] suggested that avalanche
in crossed fields might be caused by transverse impact ionisation in the
strong Hall electric field. The influence of the surface conditions will be
more pronounced -because the

p~asma

is driven to one of the surfaces (Suhl
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effect). To interpret what is measured will be a very big problem, because such uncertain factors as the surface recombination velocity enter in
a decisive way, and the problem is essentially two-dimensional.
Dick and Ancker-Johnson have drawn. conclusions with respect to the symmetry
properties of the distribution function from the fit of their data to different exponential laws in different electric field regions [85]. In particular, they conclude that at the highest electric fields their g(E)-curve
best fits a g exp {- (E /E) 2 } dependenee. From this i t would follow, accor1
I
ding to Chuenkov [58], that the diffusion mechanism for acquiring the ionization energy predominates and that the distribution function is symmetrie.
We do not agree with this reasoning. In the first place, their g(E) data
were obtained with the simple McGroddy-Nathan method, which leads to toolow g values at high electric fields. This invalidates any conclusions
drawn from a ft+ of the data to an exponent i al. Secondly, Fawcett and
Ruch (22] indicate that the asymmetrie parts of the distribution function
are very important up to the highest electric fields. In section 5.4. we
have discussed why we believe that the diffusion mechanism dominates over
a large range of electric fields. As noted before in this section the saturation of the generation rate with eléctric field is caused by the finite
time Ti that an electron of energy larger than ei needs to ionize.

CHAPTER VI
MICROWAVE EMISSION

6.1. Introduetion
"It is a ca:pital rrristake to theorise before one has data. Insensibly one
begins to twist facts to suit theories instead of theories tiJ suit facts".
('Sherlock Holmes in A Scandal in Boherrria).
After two brief

introduction~

in the experimental and theoretica! situa-

tions a review is given of the various effects. Section 6.2. deals with
acoustically oriented

Plasma effects are treated insection 6.3.,

effect~.

whereas noise theories are discussed in section 6.4. Section 6.5. contains
our experimental findings most of which have been unpublished to date. We
chose to study high-field M.E.*1s this seemed most clearly connected with
plasma phenomena. Moreover,the high-electric-field generating equipment
G~nn

was available from earlier

effect studies, whereas sensitive micro-

wave detection apparatus was not at hand.
6.1.1. Experiments
The first report on emission of microwave radiation from InSb came
from Larrabee and Hicinbothem in 1964 [87] . They placed rod-shaped samples
as an inductive post across a waveguide irnrnersed in liquid N2 . On the
application of an electric fteld of about 3.10 4 V/mand a magnetic field of
at least 0,3 T some noisy X-band microwave power could be detected at an average power density of about p.l

~W/MHz.

To attain the high average electric

field strength, the voltage was applied in the form of 1
repetition rate of 0.5 s-

1

•

~s-wide

pulses at a

M.E. was only found under avalanche conditions

so the presence of an electron-hole plasma seemed to be a prerequisite for
the emission to occur.
Soon after this first report Buchsbaum, Chynoweth and Feldmann [91], in
February 1965, published results on similar microwave emission phenomena
in C-band. However there

we~e

two very important differences, the average

electric field required for emission was one order of magnitude lower, i.e.
about 2.10 3 V/m, the average emitted microwave power density was several orI

*) Microwave emission will henceforth be abbrieviated to "M.E.".
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-

LOW FIELD

HIC.rl FIELD

E < 10~ V/m

E ~ 10~ V/m

low power, 1 nW/MHz typical,

-

sensitive narrow band or

medium power, 1

~W/MHz

average,

simple broadband detection

superheterodyne detection
-

B

~

0.2 T

-

maximum output for B j_ E

B not always required,
orientation of secondary
importance

-

monochromatic peaks in

-

power spectrum reported,

noisy character both in time
and frequency dow.ains

some structure in spectra
-

-

in some cases correlation

-

with acoustic phenomena

intensity with average plasma

reported

density

crystallografic orientation

-

an important factor
-

centacts and end surfaces

plasma not always essential

crystallografic orientation
not important

-

important
-

correlation of emission

treatment of side surfaces
important

-

avalanche plasma essential

TabZe 6.1. Comparison of severaZ aspeats of the M.E. in the two regionsof
eZeatria fieZd in whiah M.E. is found.
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ders of magnitude less, i.e. about 10 pW/30 MHz. Unless the electric field
is very inhomogeneously distributed across the sample it is highly improbatle that at these low electric field strengths an ;:valanche or inj eetion
plasma of any importance exists in the sample.
A host of reports from different laboratories all over the world followed. Most of the results could be grouped as high- or !ow-field effects,
according to the value of the applied average electric field. The
experimental findings were r~ther confusing and sometimes even contradictory. None of the several,proposed theories or explanations could
therefore really be proved. The most recent review was given by M. Glicks.man [92]. In table 7.1. the

~ost

important recurring aspectsin the two

electric field regions are c9ntrasted.
A few facts, common to all M.E. effects, should be mentioned. M.E. was
found from n-type as well as p-type material, the threshold fields in
p-type being somewhat higher,than those in n-type material. M.E. that has
much in comm9n with that in InSb has been reported to occur from n-type
InAs, a material that is highly analogous
ter of the applied electric

~ield

to InSb [93]. The pulsed charac-

is not fundamental to the effects. This

was shown in the case of low fields by Ferry et.al. who produced M.E. on a
DC basis by proper heat-sinking [94]. Bonek et.al. used a relatively slow
sawtooth waveferm in a low field experiment [95], which resulted ir
essentially the same M.E. as on application of rectangular pulses. We did
extensive tests on resistive ,dummies to see if there was a contribution to
the M.E. from our fast-rising high-voltage pulses. It is possible to separate the real M.E. from spurious effects, and we will discuss this subject
further in subsectien 6.5.2.
Many investigators report low frequency (30 MHz) current oscillations
or instahilities concurrent with the M.E. Some of these will be of acoustoelectric origin [96], others ,may be connected to magnetoresisti ve and
surface effects [96, 104]. We did not pay very much attention to these byeffects because usually our pulses were to short to observe them properly.
The average electric field as calculated from the applied voltage divided
by the sample length is not a very good criterion for an experimental classification of the results. The electric field may be very inhomogeneously
distributed in the sample, as exemplified by the following four cases. Thompson and Kino [97] have calculated the electric field distribution in samples
in a transverse magnetic fielid (cf. [62]). They find that already at low
applied average electric fields, well below the avalanche threshold, the
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distribution is not at all uniform. Very high fields develop in two diagonally opposed corners of the sample near the contacts. This calculation
was supported experimentally by electric field prohing tests. Moreover,it
was shown that the M.E. mainly originated in the high field regions. Nonuniform field distributions can also develop at discontinuities in the
sample, like cracks, corners or centacts [98]. Injection from centacts
that were previously considered as being ohmic can also introduce plasma
into the sample at low fields [42], again resulting in a non-uniform electric field distribution. Acoustic excitation may lead to acoustic domains
travelling through the sample [99]. The local electric field within the
domain may be so high that avalanche breakdown can occur. When the value
of the local electric field strength is taken into account the following
,improved classification of the experimental results can be given.

A Low fieZd effeats
Both the average and the local electric field are low, i.e. well below
the avalanche threshold (E

= 2.10~

V/m when B

= 0).

There may besome

injected plasma (low density) but no avalanche plasma. The reports by
Chynoweth et.al. [91,100] are an example of this class, as well as the
experiments by Voges [109].

B Quasi Zow fieZd effeats
Although the average electric field stays below the avalanche threshold
the local electric field is higher. Both injection and avalanche plasmas
may be present. In the latter case the M.E. is localized to the avalanche region. Examples are Seifert [101], Arizumi et.al. [102],
Thompson et.al .. [97], Musha et.al. [103], and Tacano et.al. [163].

C High fieZd effeats
The average electric field is above the avalanche threshold. The sample
behaviour is governed by the presence of an electron-hole plasma. The
M.E. is very noisy and the average output. level in a certain frequency
interval is considerably higher than in class B. Our own experiments are
in this class as is much of the workof Ancker-Johnson [104].
Most authors find a magnetic field neccesary for M.E. to occur. There are
however a few reports in which M.E. is claimed without any

ma~netic

field.

The cc.1ditions are always rather special: we mention five cases. Magnetic-

ll3

field-free M.E. is found from eutectic mixtures of InSb-NiSb [105, 106].
In p-type material it is found during secondary pulses very shortly after
the main pulse [107]. In n-type material it is found when high fields
exist in acoustoelectric domaiins travelling through the sample [ 102]. We
have found M.E. in n-type matdrial during the first few nanoseconds of
pulse application [P2], and

al~o

during the whole pulse duration [P3], these

cases will be treated in detail in sectien 6.5. As the magnetic field, especially when applied in a direction that is not parallel to the electric
field, influences almast all other parameters (e.g. mobility, plasma distribution) its direct relevanee to the M.E. effects cannot be easily distinguished. For the high field effects the magnetic field seems not to be
fundamental, but it greatly facilitates the occurrence of the M.E. In several (quasi) low field cases a magnetic field is essential. The role of the
magnetic field for high electric field M.E. will be discussed further in
sectien 6.6.

8.1.2. Theory
During the past 7 years a number of theories have been put forward to explain
t:he M.E. from InSb. Most of these theories have been rather unsuccessful,
because confrontation with the experimental facts was not or could not be
performed. This was due not only to the complexity of the problem and the
many unknown parameters, but also to confusing and incomplete experimental
c.ata. Only qui te recently has

it

become clear that there may be probably

more than one mechanism for th$ M.E. operative. The possibility that several
mechanisms could be operative $imultaneously or that one mechanism promotes
another is explicitly not excluded [108]. In some specific cases it is now
possible to give substantial experimental support to theoretical ideas.
Rather than trying to be complete we have made a selection from the available theories. As this selection has been made by the author it suffers from
his prejudices. Two additions to the theory that originated from our own
work [P3 , P4) will be treated in some detail.
One can distinguish different groups of theories, viz. acoustic theories, plasma theories and noise theories. We will review the M.E. phenomena
according to this classification.

6.2. Acoustic effects
The basic

i~ea

fQr this group of effects is that the M.E. is caused by some.
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kind of coupling with or excitation of acoustical phonons. This may be
straightforward acoustoelectric amplification or a more indirect interaction. Usually the applied electric field is rather low, but intermediate
fields have also been reported on. Transverse magnetic fields are very important as they directly influence the basic interactions. The crystallographic orientation is of great importance, the piezoelectric coupling constant is largest in the [110] direction for transverse waves, and it is largest in the [111] direction for longitudinal waves. As it takes some time
for the acoustic flux to build up, the associated M.E. usually occurs after
at least 0.5

~s.

It is not impossible, however, that the flux build-up it-

self may cause M.E. noise.
As we believe that our own experimental results are not explained by
some kind of phonon interaction, because they pertain to times of less than
300 ns from pulse initiation, we will not go into too much detail. However
it would be very incomplete to omit the acoustic theories altogether, as it
is by now well established that they can explain the greater part of low
and quasi-low field M.E.
In a piezoelectric crystal the equations descrihing the elastic and the
electric polarization properties respectively may be solved simultaneously
resulting in formulae for the so called piezoelectric interaction. White
[110] has given a macroscopie theory that shows that when the drift
velocity exceeds the sound velocity in the crystal a resonant transfer of
energy from the drifting carrier system to the acoustic phonon system can
occur, so called acoustoelectric amplification. Acoustic domains may bui1d
up which traverse the sample. In this way the average conductivity is
modulated, which leads to current or voltage modu1ation, depending on the
external circuit, this is called the acoustoelectric effect. These effects
are very well established in CdS which is strong1y piezoe1ectric. In InSb
these effects are less common, because the piezoelectric coup1ing constant
is an order of magnitude lower than in CdS. Mo·reover the mobility is so
high that the drift velocity for optimum gain is about 3 orders of
magnitude larger than the sound ve1ocity.
It was Turner [111] who pointed out that by application of a strong
transverse magnetic field the effective h.f. mobility could be reduced
considerably. This brings the drift velocity for optimum gain down to
va1ues that can easily be obtained experimentally. Turner's formula reads
(6.1)
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with v

0

velocity,

drift velocity for optimumgainat frequency w0 , vs
~

= mobility,

B~

sound

=

transverse component of magnetic field,

wK = nq~/E = dielectric relaxation frequency and w = qv S2 /~kT = diffusion

0
frequency. Strictly speaking this procedure is incorrect because the

acoustic wavelength may be of the same order of magnitude as the electron
mean free path in which case a quanturn mechanica! treatment should be
given. We will leave this difficulty aside for the moment and consider only
long wavelength phonons. It was further shown that the acoustoelectric
amplification becomes a braadband phenomenon, and there is appreciable gain
over a wide band of frequencies for some fixed value of the drift velocity
vd. In subsequent papers [112, 113] it was shown that the threshold curves
in the E-B plane for the acoustoelectric current oscillations and the M.E.
lie close tagether and have roughly the same shape. Also the dependenee on
magnetic field and crystallographic orientation is very similar. Turner
stresses that the M.E. threshold lies below that for the acoustoelectric
(A.E.) effect, which means that acoustic domains are not necessarily involved in the production of M.E. So we are led to distinguish between A.E.
amplification without domain)formation and the A.E. effect causing current
modulation by the periadie generation and destructien of acoustic domains
that traverse the sample. We will discuss the latter case first.

6.2.1. Acoustoelectric effect- with domains
As the A.E. effect in InSb was stuclied further [114] two branches of the
threshold curve in the E-B plane were found by Kikuchi [115]. They were
explained by Route and Kino [116] in a small-signa1 microscopie theory
on A.E. amp1ification in InSb. The first branch (I) occurs for 1ow magnetic
and intermediate e1ectric fie1ds and eerrespons to
phonon wave number and

~

q~

> 1, where q

is the

the carrier mean free path. So in this case the

acoustical wave1ength is shorter than

~

and a microscopie treatment is

imperative. The second branch (II) can be identified with

q~ <

1, so now

the interaction between the drifting carriers and the acoustica1 phonons
is collision-dominated and a macroscopie treatment should give good resu1ts
as we11: in fact the resu1ts conform to White's formu1ae, as one would
expect. It is obvious that the acoustic frequencies of branch I shou1d.be
at least one order of

magnit~de

higher than those of branch II.

About a year befare thisl theory was formu1ated, Arizumi et.a1. [117]
!

had found the same two modes! in the M.E. and interpreted them a1ong the
same lines by ana1ogy with theories on A.E. amp1ification in CdS [118].
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Fig. 6.1. The two branahes of aaoustiaally exaited miarowave emission, after
Arizumi et.al. [117].
Fig. 6.1. shows their results. There is an important difference from
Turner's case, because here acoustic domains are essential. The M.E. is maximum when the A.E. oscillating current is at a minimum and M.E. was also
found without a magnetic field [102]. The détected frequencies were around
4 GHz, the orientation was [110]. Seifert's results at 10 GHz [101] pertain to branch I interaction, and they seem to contradiet those of Arizumi
et.al. at first sight, because he finds maximum M.E. not coïncident with
the current minima. On closer inspeetion however it turns out that both
experiments can be reconciled by taking into account the carrier density
distribution, which is strongly inhomogeneous because of the acoustic
domains, according toa non-lineair theory of Tien's [119]. Furthermore,.
the frequency of maximum gain for branch I is about 4 GHz according to
Arizumi [117], and higher harmonies may be needed to get appreciable M.E.
at 10 GHz. Seifert also investigated [100] and [111] oriented samples.
Although the [100] direction is piezoelectrically inactive some effects
were found, which were ascribed to off-axis acoustic amplification. It is
worthwhile to draw the work of Zoroglu and Chang [120] into the discussion.
They did measurements on M.E. from bulk GaAs and concluded that it is due
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to electromechanical conversion of acoustic flux as the acoustic domain is
destroyed upon arrival at the anode. The same mechanism could be operative
in InSb which would be in accordance with Arizumi's results on InSb [102),
who finds maximum M.E. at thf anode.
Zoroglu and Chang show

t~at

the spectrum of the M.E. from GaAs can be

explained by parametrie down~conversion to subharmonies of the frequency
or maximum acoustic gain. As the excitation level rises more subharmonies
become involved and the speetral width of the M.E. grows. In the case of
InSb the spectrum is very broad and one could imagine that this effect
(down-conversion) and up-conversion by non-lineair gain [119) are co-responsible for this broadness.

6.2.2. Acoustoelectric amplification- without domains
The A.E. amplification at microwave frequencies for low applied electric
fields was stuclied by Jaenicke,Voges and Harth [121] and in more detail by
Voges [109). Starting from a linearized Boltzman transport equation,
Poisson's equation and a modified dielectric constant to account for
piezoelectric coupling, a dispersion-relation for the electron plasma is
derived. The growth rate of instahilities is stuclied by consiclering the
imaginary part of the complex wavevector. Although this treatment is incomplete and may lead to false results (see [122), page 58) Jaenicke et.al.
apparantly arrive at

reasona~le

results. The M.E. is attributed to the

I

electron plasma wave that aclompanies the acoustic excitation. It should
be stressed that in this cas

the plasma is uncompensated and has only one

mobile component i.e. the el$ctrons [5). This situation is completely
different from electron-hole plasmas, which are compensated, with both
components more or less mobile. Three amplification mechanisms are considered, viz. Landau amplification (this is called anti -Landau damping by
the authors), electron callision damping, and Doppler-shifted acoustic
cyclotron-resonance. At low electric fields the Landau mechanism is dominant [121] at high-enough electric fields the following resonance condition
controls the amplification.
(6.2)

The term-on the l.h.s. is the Doppier shifted acoustic frequency, this is
the frequency of the acoustic wave as observed in a reference frame that
moves at the· carrier drift

veloc~ty.

The r.h.s. is an integral multiple of
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the electron cyclotron frequency. When the condition is fulfilled resonant
acoustic phonon scattering takes place, resulting in greater energy extraction from the electron wave and subsequent growth of the latter. It may
seem strange at first that damping or rather energy extraction causes wave
growth. However, acoustoelectric amplification can be described as a resistive medium instability [123]. There are a number of experiments that support
the

idea that lew field M.E. is caused by these acoustic effects [167, 109].

We believe that the resonance type M.E. as found by Morisaki and Inuishi
[124] could also be explained in this frame.

6.2.3. Bekefi peaks
Bekefi et. al. found peaks in lew field M. E. intens i ty at 4. 2 K as a function
of magnetic field, which have remained unexplained until now [125]. Already
in 1968 Niederer *) had remarked that the Bekefi peaks could be numbered
according to m = w Iw , with w = cyclotron frequency and w = longitudinal
1
c
c
1
optical phonon frequency for k = 0. As more experimental data became available and when the conneetion with acoustoelectric effects was established
we were able to fit this idea into the picture [P4]. The essential features
are as fellows. In fig. 6.2. the results of Bekefi et.al. are shown along
with the new numbering of the peaks (on top). This numbering corresponds
to the Gurevich-Firsov magnetophonon resonance [126, 127]. Because of the
relatively streng magnetic field the electron energy levels in the conduction band are split into Landau levels. The given resonance condition expresses the fact that whenever the splitting between Landau levels equals
the optical phonon.energy tw , a resonant transfer of energy from the elec1
tron system to the phonon system is possible. In ether terms, the electrens
are scattered inelastically by optical phonons, and this scattering has a
resonant maximum when the energy that can be lost by an electron just equals
the optical phonon energy. Therefore, at resonance the optical phonon emission
is a goed energy sink for the electrons, which will lead to a cooling down of
the electron system. As the acoustic gain at the frequency of maximum acoustic
amplification is inversely proportional to Te, as can beseen from [llOJ.
this gain should increase at the points of resonance. So at resonance we
get enhanced A.E. gain. This effect has indeed been found experimentally
by Dolat and Bray for n-type InSbat 77 and 4.2 K [128]. When the M.E. is
explained by ene of the acoustic mechanisms discussed in the foregoing sections, ene can state that we have in fact explained the Bekefi peaks. It
should be realised that the temperature of the lattice is 4.2 K, which will
*) Internal report. department of Physics of the Eindhoven University of Technology.
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Fig. 6.2. The "Bekefi peaks" in low field microwave emission as a function
of magnetic field [125]. The numbering on top is different from the
original numbering by Bekefi et.al., and is explained in the text.

make the effects more pronounced, especially when the electrons are "hot".
The acoustic phonon lifetime at 4.2 K is also much longer than at 77 K. This
may be the reason for the rather low electric field values. The magnetic
field is parallel to the electric field, which is of no importance as far
as the Landau splitting is concerned, but which determines the character
of the acoustic interaction.
6.5. Plasma effects
Several instahilities can exist in a plasma, many of which could give rise
to the high frequencies encountered in the M.E. The term plasma is used because in all theories to be discussed in this section an electron-hole plasma
is required. This does not mean that these theories belong to the realm of
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p1asmaphysics. As a matter of fact, on1y the two stream instabi1ity theory
of Robinson et.a1. [129], and McNei11's gradient instabi1ity theory [134] use
thè typica1 plasma properties of the extra electron-hole pairs.

6.3.1. Generation rate instabiZities
Toda proposed two theories based on impact ionization generation rate instabilities. The first [130] is without a magnetic field; for the second
[131] a magnetic field is essential. In both cases a characteristic time
associated with the generation process causes the conductivity to lag bebind the applied electric Tield. If the time lag is sufficiently great an
instability results. In the magnetic-field-free case Toda takes the average
mean free time for impact ionization as the relevant time constant, while
in the other case it is essentially the dielectric relaxation time that is
used. Both time constauts are of the order of 10- 11 s, from which it follows
that the minimum instability frequency is about 10 GHz. As M.E. under avalanche conditions is observed well below 10 GHz and even with increasing
intensity as the frequency decreases, there is a serious disagreement between these theories and the experimental facts.

6.3.2. Gradient instabiZities
It was shown by T. Suzuki [132 ,133] that in a semiconductor plasma under
the influence of crossed electric and magnetic fields, carrier-density
waves may exist because of gradients transverse,to the applied fields. Such
gradients could be caused by the Lorenz force or by a difference in surface
recombination velocity. Similar calculations were performed by McNeill
[134], who restricts bimself to fields below avalanche. The plasma character is more explicit, however, because the basic equations are those of
magnetohydrodynamics. These theories do not explain the noisy character
of the emission: they essentialy predict a single frequency phenomenon.
Simultaneous excitations of a great number of modes which will give a broadband effect is possible, however.

6.3.3. Photoaonduative

mi~ng

The ava1anche plasma will produce an appreciable amount of recombination
radiation. Steele [135] suggested that the M.E. might be caused by photoconductive mixing of the different components of this radiation spectrum. The
quanturn energy of the radiation is approximately equal to the difference in
the quasi-Fermi levels of electrens and holes

~qf'

while the bandwidth is
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about (6 f - E )/h. In a dense enough plasma a kind of laser action may
q
g
so that a band of frequencies is amplified. For photoconductive

develop

mixing to occur it is necessaty that the amplified radiation be reabsorbed.
In a direct bandgap semiconductor, Iike InSb, strong reabsorption of recombination radiation is very likely to occur [82]. However,absorption
wil! only occur if the quanturn energy of the radiation is larger than 6qf
in the region under consideration. As 6qf increases with plasma density,
amplified radiation from high density regions wil! be strongly absorbed in
Iower density regions, but

vice-versa. Strong plasma density gradients

no~

wil! enhance the net result of the photoconductive mixing process. Such
gradients can arise in various ways, e.g. by pinching, inhomogeneous
avalanching or the Suhl effect. In the latter case a magnetic field is required. Steele finds as a condition for laser action to start that the
plasma density mustbeat least 4.10

22

m- 3 • This is a very high density and

one wil! have to watch for de&eneracy in the conduction band. Such high densities require some time to develop , so M.E. at very short times is not
explained.

6.3.4. Two stream instahilities
That a system consisting of a plasma beam that interacts with a resistive
medium or with another (count,rstreaming) beam can support waves or instahilities is well known in gas 'plasma physics [136]. The basic mechanism is
by now wel! understood. The beam (or one of the beams) can dissipate energy
into the resistive medium (or exchange it with the other beam) and disturbances that lower the beam energy may make the system unstable. The general
procedure is to write down Maxwell's equations and the equations of motion,
and then introduce a small dis,turbance of the steady state and linearize
i

the equations. By equating the' determinant of this set of linear equations
to zero, the so-called dispersion relation results. Same powerful mathematica! techniques are available to analyse the dispersion relation for
instabilities. In general there can be two types of instabilities. An
absolute instability occurs when the disturbance grows with time at every
point in space. With a convective instability the disturbance travels along
the system and grows while in !transit: the resisti ve instab i !i ties are
usually of this type. A review with special emphasis on semiconductor plasma's was given by Hartnagel [122].
Bers and McWorther [137] pointed out that before one can conclude that a
convective instability exists one has to make sure that there is no absolute
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instability, because the latter would dominate. They showed that in InSb
under avalanche conditions, thus with equal electron and hole concentrations,
an absolute instability should exist above a threshold magnetic field of
about 0.15 T, at an arbitrary small electric field. It should be remarked,
however, that the parameters they use form an inconsistent set. Under ava.lanche conditions, at a carrier density of 10 22 m- 3 , the electron mobility
no longer equals the zero field value of 50 m2 /Vs but is at least a factor
of 5 lower. The transverse magnetic field that is applied will result in
even lower values. Moreover, one can argue that at these densities the plasma becomes degenerate so that the basic assumptions from which the dispersion relation has been derived will break down.
Hasegawa discussed the resistive instability for electron-hole plasmas
in semiconductors, both for the case of parallel [138] and transverse
magnetic field [139]. The holes are regarcled as a motionless resistive
background through which the electrans move. Pines and Schrieffer [140]
took the finite mobility of the holes into account, which leads to a two
stream instability if the electron mobility is much larger than the hole
mobility. They concluded that the effect might just be observable in InSb
under avalanche conditions at 20 K, without a magnetic field. From this
conclusion it seems not very likely that a two stream instability could
provide an explanation for the M.E., which phenomenon was not known at the
time of publication of the Pines and Schrieffer paper. Nevertheless, there
now exists a theory that seems to explain some of the M.E. phenomena on
the basis of a two stream instability, be it with some specialisations. We
will now discuss the latter theory in some more detail.
In 1966 Robinson and Swartz [141] observed single frequency radiation in
layered pn structures, amidst the usual incoherent noise. They were able to
substantiate their first findings both experimentally [142] and theoretically [143, 144]. The coherence could generally be brought about by a small
groove in the "Suhl-surface" of the sample. Quite an extensive theoretica!
study of the different possible instahilities was made, from which it
turned out that a collision-induced two stream instability in a thin layer
plasma with transversely applied magnetic field could best explain the experimental findings [129]. Mostother instabilities, like the original
Pines and Schrieffer case, suffer from over large thermal damping effects.
The term collision-induced indicates that the instability can exists only by
virtue of collisions experienced by the electrons. These collisions introduce
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more degrees of freedorn into the problern, so that new solutions are
possible. The pertinent/dispersion relation in this case is given by Robinson [129]:

0

z:

a (w- kv

oa

)(0

2

a

a

1,
-

(6. 3)

2
wca
)

with a= carrier species (electrons or holes), wpa =plasma frequency for
species a, wca = cyclotron frequency for species a, v 0 a = steady state
velocity for species a, w = active frequency of the systern, k = wave nurnber,
= w - kv
- iv and v = collision frequency for species a. Diffusion
a
oa
a
a
effects were ornitted: they can be included as an extra term in the denornin-

0

In p-type material a thin-layer plasma can readily be produced
ator [143].
by electron injection frorn the contacts and cornpression against a surface by
a transverse rnagnetic field. In n-type material impact- or photo-ionization
is required. When experirnentl on p-type samples are confronted with this
theory agreement is found on !a nurnber of important points [145]. The existence of the effect seerns well established, and sorne of the high field
electron hole plasma M.E. phenornena can be explained. Noise ernission could
be understood as a lack of selectivity of the systern, in other words excitation of a great nurnber of modes sirnultaneously. This theory, however,
cannot explain all high field M.E. frorn electron-hole plasmas. One would
expect frorn this theory the spectrum of noisy M.E. to be centred on the
frequency of maximurn gain. This is not in accordance with the reported experirnental speetral density of the noise-type M.E. [146, 147]. More important still is the time of occurence of the radiation. For p-type material
the injected plasma must have time to build up; this requires the injected
electrons to traverse the sample. They will move at the arnbipolar drift
velocity which is alrnost equal to the hole drift velocity in this case,
about 0.8 x 10

4

rn/s. For a 5 rnrn long sample this takes 625 ns. More de-

tailed considerations and rneasurernents show that it takes about 200 ns to
fill a 5 rnrn long sample with a non-equilibrium electron-hole plasma, at an
applied average fie1d of 2.10 4 V/rn [148]. It even takes about 1 11s befere
a steady state is reached. As, ernission has been found frorn p-type samples,
at

E<

2 x 10 4 V/rn, at tirnes lthat we re even short er than this delay time

[149], there is clearly a dis!crepancy. In n-type material the situation is

more favourable because here the required minimum hole density can be
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acquired by impact ionization. In a transverse magnetic field of, say
0.2 T,we may expect very large electric fields to exist. Not only can we
have a large Hall electric field [90], but also will we have very large
electric fields near the contacts [62 ,97]. These high fields will result
in a very strong generation. The required thin-layer plasma with a hole
density of 3.10 20 m- 3 could be produced within a few nanoseconds. It
should be remarked that, contrary to p-type, the existence of the mechanism
has not been proved experimentally for n-type material. The very short-time
strong M.E. as reported by us in 1967 [P2] cannot be explained by this
plasma instability because it occurs during plasma build-up. Also, all
magnetic-field-free M.E. is not explained [102, 105, 106, 107, P2, P3].
6. 4. Noise theories
The noisy character of the high field M.E. suggests some statistica! process
for its cause. In that case the speetral distribution of the noise power is
of great importance in determining the character of the noise mechanism.
Several authors have reported enhanced M.E. from localized high-field regions where avalanche was taking place [150, 151, 152]. This suggests that
the noise is caused by the carrier generation-recombination processes in
the avalanche or that some other strongly electric field dependent mechanism is operative. We will discuss the three M.E. noise theories that have
been published.
King [153] sets up a set of non-isothermal transport equations, which
he then solves by an iterative method. Thermal generation of carriers is
considered by replacing the lattice temperature in the common expression
for the np product [19] by the hot-carrier temperature. This is clearly a
thermal noise process and notshot noise [154]. Next, it is postulated
that the threshold for M.E. is determined by some minimum density of hot
holes. A large transverse magnetic field is required to enable the holes
to get "hot". Consequently this theory cannot explain magnetic-field-free
M.E. King suggests that the thermal generation in his theory could be replaced by generation from impact-ionisation. This suggestion is incorrect.
The spectrum of the M.E. is said to be related to the hole-lifetime, without further specification. The shortest hole-lifetime reported so far is
2 x 10- 8 s [85].
The experimental results of George and Wallace [155] are inconsistent
with King's theory because they also find M.E. ·when B is parallel to E. They
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exclude hole injection as a cause for the phenomena and find that the M.E.
is correlated with localised high-field regions. A shot noise theory based
on localised carrier generation was subsequently put forward by Bers and
Wallace [150]. It is assumed ,that the factor by which the field in avalanching regions is higher thlan the average electric field, is a linear
function of the applied magneltic field. The magnetic field is thought to
enhance the generation rate; further details on the generation mechanism
are not given. Acoustic phonon scattering is taken as the dominant scattering mechanism. This is in contradietien to the generally-accepted view that
polar-optical-phonon scattering is dominant [17], as discussed insection
2.2. Wallace, George and Bers do not discuss the spectrum. Obviously a shot
noise type of speetral dependenee should be expected.

van Welzenis and Lodder put forward a theory for the noise-type M.E.
basedon generation-recombination (g-r) noise [P3]. The g-r noise is strongly enhanced by non-uniform plasma density distributions of various nature.
The term generation-recombination should be understood in a wide sense,
as, for instance, van der Ziel does [156]. Thus, not only generation by
ionization across the bandgap is meant but also other mechanisms that vary
the number of active carriers in the conduction band. In fact three g-r
mechanisms were considered. Firstly, of course, the generation by avalanche
counteracted by direct

radiat~ve

recombination of electron and holes as

described in chapter V. Secon~ly, for high-enough applied voltages, there
i

may be transfer of electrans to other minima in the conduction band. This
results in a temporary exclusion of electrans from transport, because the
mobility in the other minima is always much lower than it is in the central
minimum at k

=

0. This kind of trapping in a low mobility state provides

the recombination term: backscattering to the central minimum gives the
generation. The third g-r mechanism is somewhat unusual and particular for
the case under consideration. As discussed in chapter IV, the dominant
scattering mechanism in high electric fields is polar optical phonon
scattering. Dumke [20] has shown that due to the predominanee of small
angle scattering the electron velocity distribution becomes very anisotropic, i.e. strongly peaked in the direction of the applied electric field.
Under these conditions large angle scattering will result in a relatively
strong modulation of the current, because the electron is scattered to a
negative velocity state. It will take some time for the electron to regain
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a positive velocity. The recombination can now be visualized as trapping
in a negative velocity state and the generation as the inverse process.
Each of the g-r mechanisms can be described with an equation of the
form
dN

dt = G(N) - R(N)

(6.4)

where N is the total number of àctive carriers in the conduction band and

G and R are the generation and recombination. This equation is valid subject to the conditions that a quasi-stationary state exists, and that the
electron density n is uniform over the volume that is considered. Furthermore, only electrous are considered because of the large ratio of electron
to hole mobility. The conduction band minima and the valenee band maximum
are approximated by single levels, and non-degenerate statistics are supposed to apply. Electron and hole densities are taken as being equal. The
applied electric field is kept constant and no magnetic field is applied.
The three g-r mechanisms are independent, at least to first order, so for
each of them the problem is reduced to a single variabie two-level g-r
noise problem. It is easily shown that the current noise spectrum in this
case is given by [157]
2 1002
(6. 5)

I is the current through the sample and the subscript oo denotes the quasistationairy state. The characteristic time T for the three cases is given
by [P3],
avalanche
T
intervalley scattering: T
large angle scattering: T

= 1/g,
~

TLf/(1

(6 .6a)
+

(6 .6b)

Nr/NL)

(6 .6c)

h(Ë) Tet•

All three times depend strongly on the electric field. The g

= g(E)

depen-

denee (for B = 0) was amply discussed in chapter V. TLr is the scattering
time for scattering of electrous from the L-valley into the f-valley; Nr
and NL are the average numbers of electrous in the two valleys. The characteristic time for intervalley scattering noise, for fields amply above the
intervalley transfer threshold (5.25 x 10 4 V/m), was estimated in [P3] to
be of the order of 10- 13 s. This very short time combined with the fact that
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this mechanism can only be operative above the indicated threshold, leads to
the conclusion that the noise contribution from the intervalley scattering
mechanism may be neglected. L!arge angle scattering was introduced in chapter
IV, section 4.2.2.; h(E) is a function of the mean electron energy and
varies between 0 and 1. For an applied electric field of 4 x 10 4 V/m,
E ~

69 meV [22), and h(E) ~ 0.5. In this case the characteristic time for

large angle scattering noise,' with 'et~ 5 x 10- 12 s (see fig. 4.7.), turns
out to be 2.5 x 10- 12 s.
The current fluctuations excite the noise in the h.f. circuit in which
the sample is mounted, e.g. q waveguide. When the coupling is described in
I

terms of a frequency independent coupling factor f and the impedance Z(w)
presented to the sample, the power density spectrum is given by,

4 I;, f

z (w)
(6. 7)

This speetral distribution agrees very well with the experimental data of
Poehler et. al. [ 146) when for

T

the value for large angle scattering is

taken. The experiments of Poehler et.al. were done in a large transverse magnetic field, whereas the theory does not take a magnetic field into account.
This does not influence the form of the speetral dependence, but only the
intensity and the position of the turn-over point.
From the estimates made in [P3) it is clear that the available power
levels for a uniform sample in zero magnetic field are always too low to be
detectable. Only when the plasma distribution becomes non-uniform, may we
detect reasonable amounts of,microwave noise. In zero magnetic field an
inhomogeneity may occur when for high-enough fields the Gunn effect is
excited. This was used to explain the burst of microwave power at the very
beginning of the pulse [P2). We will discuss this item further insection
6.6., after presenting our experimental results.

6.5. Experimental results
From the start, our measuremènts were directed towards the high field
effects. We aimed at finding a relation between the average plasma density
in avalanche and the emitted microwave power. This led us to the use of
nanosecond pulses and

broadb~nd

detection. Most of the equipment was des-

cribed in chapter III; where needed we will give additional details.
As a consequence of this approach we discovered a special kind of M.E., a
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strong burst of noisy microwave power during the first few nanoseconds of
pulse application [P2]. This was also one of the first reports on high
field M.E. without a magnetic field. lt took a fairly long time, and also
required new experiments,extending the state of the art, to findan explanation for this "burst M.E.". van Welzenis and Lodder [P3] ascribe the burst
M.E. to a new type of noise - large angle scattering noise - that is typical for the situation in InSb. We believe that the same mechanism explains
the continuous M.E. with or without a magnetic field in high electric fields.
For the burst M.E. the noise is strongly enhanced by the non-uniform density
distribution caused by the temporary occurrence of Gunn-domains. The continuous M.E. also becomes observable only when a non-uniform density distribution exists. We think that this is the main role of the magnetic field.
In view of this theory the plasma density is indeed an important parameter,
but the density distribution is even more important. So we arrive at the
same problem as for the avalanche phenomena in the previous chapter. We
will describe some results on the continuous M.E. and then present the data
on the burst M.E. Most of these results have not been published before, for
lack of a reasonable interpretation. We may now try to explain the results
in the light of our noise theory.

6.5.1. Continuous microwave emission
Generally, we observed M.E. during the whole pulse only when E > Eb
and B > 0.2 T, where Eb is the avalanche threshold. The latter is dependent
on the magnetic field, as can beseen in fig. 6.3., and also in fig. 5.14.
The M.E. and the current through the sample are both always very noisy:
examples are shown in figs. 6.4. and 6.5. The conditions for these two
photographs were widely different. For fig. 6.4. the circuit behaved as a
constant current circuit. The noise on both signals is very strong, the M.E.
starts coïncident with the current rise and is present during the whole
pulse. In this case the microwave signal was detected with a braadband
diode (see section 3.7.). For fig. 6.5. we carefully maintained constant
voltage conditions. The noise on the current is now less apparent and the
current is also much lower. The current shows the characteristic tanh-rise
in avalanche: the pulse rise time in this case was 2 ns. The M.E. was detected only after braadband amplification with a low noise T.W.A. (see
section 3.7.) connected directly totheinput of the scope. The incoherent
noisy character of the M.E. signal shows that there is no correlation between this signal and the pulse waveform. It should be remembered that these

• Fig. 6. 4.
Current (upper tracej and microwave emission (lower trace) as a
function of time. Constant current circuit. P.R.F.: 30 Hz.
time:

10 ns/div.

current: 1.65 A/div.
M.E.:

5 mV/div.,d?:ode detection, X-band

L20 2-2-1968

Fig. 6.5.
C'urrent ( upper tracei) and microwave emission ( lower trace) as a
function of time. Constant voltage circuit. P.R.F.: 10 Hz.
time:

4 ns/div.

current: 0. 36 A/div.
I

M.E.:

200 mV/div.,no detection, X-band. Signal via T.W.A.
(+ 34 db) directly on scope.

L93 18-5-1971
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Fig. 6.3. Set of I-V characteristics with the transverse magnetic field as
parameter. Sampling time 50 ns.
I

pictures were produced by sampling the signals, the trigger signal was
derived from the applied pulse. The envelope of the M.E. signal is proportional to the M.E. power. It is seen to rise in the same fashion as the
current, when the current

clin~s

off the M.E. also decreases, but at a much

slower rate. The latter effect! is not quite understood but it is clearly
connected with the decay of the electron-hole plasma after the pulse has
ended.
In figs. 6.6. and 6.7. typical examples of the dependenee of the M.E.
and the current on the applied voltage with a constant transverse magnetic
field are shown. The sharp drop of the power emitted and the N.D.R. at the
highest applied voltages are pfobably due to heating-up of the sample. The
current becomes fairly strong and rather long pulses (300 ns) were used at a
30 Hz repetition rate. The circuit behaved neither as a constant voltage nor

as a constant current circuit.
The M.E. depends on a large number of parameters; e.g. voltage and
current, magnetic field, the angle 8 between electric field and B field, the
surface conditions,

temperatur~

etc. There have been many efforts to isolate

the influence of one of these parameters [104]. From fig. 6.3. it is clear
that it is impossible to keep the voltage constant when Bi is varied over
its full range. We therefore tried to keep the current constant, while varying Bi, by regulating the applied voltage. A result is shown in fig. 6.8.
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It is seen that at the settings given and the detector sensihvity employed there is a threshold at
B~ ~

B~

= 0.33

0.8 T, and a decrease for higher

B~

T. There is a maximum for
values. The samepattem with

different numbers is found at other control settings.
When the angle

e between

E and B is varied, while one of the other

parameters is kept constant, very complicated patterns may be obtained. Often
the input voltage is kept constant, but in this case a rather arbitrary trajectory may be foliowed in the I-V plane, making interpretation even more
difficult. Therefore we made polar diagrams, keeping the current constant.
A typical result is shown in fig. 6.9 .• lt is closely analogous to the results of Kohn (159], whoaseribes the low-angle peaks to the transverse
breakdown effect of Toda (90]. The low-angle peaks behave very similar to the
M.E. with B transverse. The angle where the low-angle peak is maximum is
almost inversely proportional to the value of B. At high B, therefore, the
two peaks begin to overlap and some M.E. is also seen in parallel fields.
If, instead of the current, we keep the conductance G
which means that the product

~n

= I/V

constant,

is kept constant, a polar diagram like

fig. 6.10. results. Although the general form of the diagram remains unchanged the relative amplitude of the various peaks is clearly dependent on
the parameter that is kept constant. The emission for positive 8 is always
stronger than that for negative 8. This is an indication of the importance
of the surface qualities of the sample, because the plasma is driven to

>

E
L49
20-12-'68
I •2.4A

ls=100ns

2

~---~~transverse magnet ie field

oo" 1Tl

Fig. 6.8. The miaPowave emission as a funation of tPansvePse magnetia field
stPength. Constant aurPent~ Simple bPOadband arystal deteation.

Fig. 6. 6.
MicPowave emission as a function of applied voltage with constant transverse magnetic field of 1 T.
horizontal: 54 V/div1 or 1.26

x 10 4

V/m/div.

The zero of the horizontal scale has been shifted
4 divisions to the left.

vertical:

12.6 mV/div.,cpystal detection + 34 db T.W.A.

Fig. 6. 7.
The current voltage charactePistic corresponding with fig. 6.6.
horizontal: 54 V/diy.or 1.26 x 10 4 V/m/div.
The zero of the horizontal scale has been shifted
4 divisions to the left.

vertical:

3. 2 A/div .

t :
s

200 ns
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0

L64
21-11-'68
B =0.6T

t,•200o/

l=6.6A
upper
face

M.E. (arbitrary units)

Fig. 6.9. Polair diagram of the microwave emission under constant current
conditions.

e is

the angle between E and B.

L64
21-11-'68
B=0.6T
G =15m mho

ts=200ns

upper
face

M.E. (arbitrary units)

Fig. 6.10. Polair diagram of the microwave emission with the conductance
kept_constant. 8 is the angle between E and B.
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different surfaces for positive and negative 8. Although the surfaces of
sample L64 were treated identically, it is well known that usually this will
nat result in the same surface qualities, especially for III-V compounds
like InSb [23, 152].
Another indication of the importance of the surface qualities is given by
fig. 6.11., where the M.E. versus time is shown for the 4 different polarity combinations of E and B . Initially the M.E. is larger when the plasma
is driven to the upper face of the sample but it decays rather soon, while
it is more steady for the lower face. At first sight, this result is in
contradiction to figs. 6.9. and 6.10.,because at t = 200 ns the M.E. for
the plasma near the upper face is weaker than when it is driven to the lower
face. The magnetic field is also weaker for fig. 6.11., however. As a matter
of fact, it is just above the threshold for M.E. at the given current setting.
Other samples show a different behaviour: L20, for example, gives about the
same M.E. in all four configurations. Sample L98 was specially prepared
with two different surfaces, one carefully polished and etched, the other
only roughly ground. It was found that the M.E. for this sample was strongest when the plasma was driven to the badly-prepared surface. This result

FACE

- t i m e (ns)

Fig. 6.11. The microwave emission as a function of time for four different
polarity combinations of eléctric field and transverse magnetic
field. Simple braadband diode detection.
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Fig. 6.12. Microwave emission as a function of sample conductance, with the
transverse magnetic field as parameter. Simple braadband diode
detection.
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seems to contradiet those of Heinrich and Kokoschinegg [160]. We believe
that the role of the surface conditions may be twofold . Firstly, they
provide the boundary conditions for the plasma density distribution. Secondly, the surface recombination may be of direct importance in the production
of the M.E.
In fig. 6.12. we plotted the average M.E. sampledat a fixed sampling
time of 200 ns, versus the conductance G with B as parameter. The M.E.
shows a maximum at G = 15 m mho, which is only weakly dependent on the
value of B . For other samples the value of G at the maximum M.E. may be
slightly different, but the shape of the curves remains the same. Sa there
seems to be an optimum G value for emission.
Usually we avoided reflections from the sample by proper padding, but
in some cases we intentionally let the reflections from the sample return
to the pulse generator, where they were re-reflected towards the sample. In
this way a series of pulses, all of the same width, can be applied to the
sample. If the secondary pulses are high enough to cause avalanche again,
we can also observe M.E. again. An example is shown in fig. 6.13. Because
the sample resistance in avalanche is below 50 Q the reflection at the
sample has negative sign; the re-reflection does not change the sign, sa the
secondary pulse has the opposite sign to the main pulse. In the case shown
in fig. 6.13. an extra 100 ns delay line was inserted between the pulse
generator and the sample mount. Variation of this extra delay down to zero
has no significant influence on the height of the M.E. pulse during the
secondary pulse. This seems to rule out the idea that the residue of the
plasma that is produced during the first pulse, and which needs some time
to vanish by recombination, helps or augments the M.E. in the secondary
pulse. Analogous experiments were done by Ancker-Johnson in p-type
material [149].
Although we were limited to X-band, which, because of the noisy character of the M.E., seemed a fairly narrow range, wetried to dosome speetral
analysis. We had a broadband spectrum analyzer available (see subsectien
3.3.5.), but with the small pulse widths and low repetition frequencies
that we had to use, we soon arrived at the limit of its usefulness [161].
Nevertheless by making photographs of multiple exposures on the variabie
persistenee screen (set to full persistence) we were able to extract some
simple but useful data. The photographic technique works as a kind of
optical sampling and averaging. Apart from a dip at 10 GHz, due to the
short circuit behind the sample, the spectrum is flat in X-band.
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Fig. 6.13. Microwave errrission' (lower trace) and current (upper trace) as a
function of time, showing emission in a re-reflected secondary
pulse.

'
We also made a set of 10 bandpass
filters covering the range from 8.4 to

12.4 GHz. With these filters one can also do a primitive kind of spectrum
analysis, but in addi ti on i t 'is possible to find out whether the spectrum
changes its shape during the pulse by sampling at different times. It was
found that the spectrum was yhe same as that determined with the spectrum
analyzer (and so flat) and that it did nat change in time (up to 300 ns).
Flat is a somewhat flattering expression here, because the M.E. power fluctuates very strongly and varfations of 10 db are quite normal.
We also detected lower frequency emission emerging from the current
measuring coaxial line. To separate the pulse and the M.E. very simple filters were used, merely consisting of a piece of waveguide (S, G, C or Xband) and two waveguide-coax transitions. Appreciable amounts of microwave
1

power could be detected in this way, but no X-band power. The latter is
probably toa strongly attenuated by the coaxial line.
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As described in chapter III, we could easily interchange the bottorn piece
containing the sample. There was no difference in the M.E. when using
the

!

À or

!

À bottoms, except for the position of the dip in the spectrum.

The M.E. with the absorbing bottorn was 3 db down with respect to the other
bottoms. Variation of pulse width and pulse repetition frequency has no influence on the M.E .. The effect is very unstable: with the samesample
variations of over a factor of 5 in average emitted power level between
various days were found.

6.5.2. Burst-emission
After the first report by van Welzenis and van den Dries in 1968 [P2]
there have been no other reports on this type of microwave emission. The
general aspects were discussed in the quoted publication; we will briefly
review the main topics. The burst always occurs very shortly after the
beginning of the pulse and only if the pulse is high enough. These statements will be further specified below. The effect is not caused by pulse
harmonies, as was proved by extensive tests with all kinds of filters in
the pulse input line. All our measurements on the burst emission were made
with a 4 GHz low-pass filter in the pulse line which guaranteed that all
detectable X-band power was removed from the pulse (cf. subsectien 3.2.2.).
Also, pulse repetition frequency and pulse width have no influence. The
pulse harmonies arrive earlier than the burst M.E., see page 137.
Originally, the burst was observed only for B

=

0: fig. 6.14. shows an

example. There are two peculiar things to be remarked in this case. The
risetime of the input pulse was 2 ns, and the sample was mounted parallel
to the broad side of the waveguide *) because of its great length (14 mm).
Later,we also observed burst emission in large transverse magnetic fields,
as exemplified by fig. 6.1S.,where one can also see some continuous
emission. When the magnetic field is increased from zero, the burst first
decreases and resolves into the continuous emission when the threshold of
the latter is crossed. At large values of

B~

the continuous emission de-

creases and the burst separates out again.
The spectrum is certainly among the most wanted data on the burst
emission. The normal methods of speetral analysis are all unsuitable for
analysing 10 ns wide microwave noise bursts at a 30 Hz repetition rate. We
developed a new method which uses the dispersion of waveguide [PS], and
which is not hampered by some of the drawbacks of the older methods.
*) This is perpendicular to the usual direction as depicted in fig. 3.1.

Fig. 6.l4.
Burst-emission (upper trace) and
current (lower trace) versus time.
time:
10 ns/div.
M.E.:

1 mV/div. (incl. T. W.A.)

current: 190 mA/div.
B.L=OT,

crystal detection + 34 db T.W.A.
L135 11-3-1971

Fig. 6.15.
Same as fig. 6.14. but

B~::::

1 T

current: 95 mA/div.

Fig. 6.16.
Burst-emission signal after
dispersion through 18.5 m long
line.
horizontal: 5 ns/div.
vertical:

arb. units

L102 1-7-1969
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Fig. 6.16. shows what happens when a burst like the one in fig. 6.14. is
sent through 18.5 m of waveguide: note the difference in time scales. Although the waveguide dispersioh method is very simple in principle, the
interpretation of results like fig. 6.16. is rather laborious. The dispersion is very non-linear and the system must be very carefully calibrated.
We were able to conclude that the spectrum of the burst emission in X-band
is the same as that of the continuous emission, and so, flat. This gives
grounds for supposing that both types of M.E. have the same origin.
Depending on the circuit, the burst may appear under different circumstances. In earlier measurements [P2] we were not able to maintain the
!

voltage at a high constant level for several nanoseconds. There is a high
peak on the voltage at the beginning of the pulse and the burst is almost
coïncident with this peak. It was not possible to determine a threshold
electric field for the burst *or to establish the time relations exactly.
Later, when techniques had advanced, we were able to operate a sample in a
constant voltage circuit up to 5.5 x 10 4 V/m. Then a series like figs.
6.17., 6.18. and 6.19. results. Fig. 6.19. shows the voltage pulse measured
at one of a pair of lead-wire$ at a contact to the sample. The other leadwire is used to apply the voltage. The rise time is about 2 ns. As this picture was made on a different sampling scope from figs. 6.17. and 6.18. the
zeroes of time are not on the same graticule line. If we set the zero of
'
time in fig. 6.17. and 6.18. at
the first graticule line then the zero of

time is at 0.8 divisions in fig. 6.19. This means that the trace in fig.
6.19. has to be shifted 2 ns to the left when one wants to compare times between the three scales. Now it can be seen (even better on an enlarged time
scale, of course) that the burst starts when the voltage has almost reached
its maximum value. The burst is exactly coïncident with the current rise.
This was ascertained in the following simple way. The current actually shows
an ohmic step coïncident with! the voltage rise. This ohmic step, which cannot be seen on fig. 6.17. because it is too small, but which is quite clear
on a more sensitive vertical scale, occurs exactly 2 ns before the rise in
fig. 6.17. If the 4 GHz !ow-pass filter is removed from the pulse input
line, pul se harmonies are coup! led into the waveguide and these must be coincident with the voltage rise and the ohmic current step. By careful adjustment of the line lengths in front of the sampler we made the detected
harmonies signal coincide

wi~h

the ohmic current rise. This was done at a

voltage well below the threshold for the burst emission. After re-insertion of the filter and an adequate increase in the voltage applied the pic-

138

tures of figs. 6.17., 6.18. and 6.19. were taken.
The burst emission is seen to be coïncident with the strong avalancherise of the current, i.e. 2 ns after the rising edge of the voltage. The voltage has just risen to its maximum value when the burst begins. The burst is
at its maximum when the current has risen to about one third of its final
value at about 4 ns after pulse initiation. The burst emission has a rather
sharp threshold: it suddenly appears when the average applied electric field
rises above a value of about 5 x 10 4 V/m and is strongly dependent on the
precise value of the electric field above threshold. The pictures shown in
figs. 6.17., 6.18. and 6.19. were takenfora field slightly above threshold, which was also the maximum attainable field in this case. After the
burst some continuous emission is seen, that is much weaker than the burst;
it is almost constant during the pulse and ceases rapidly after the pulse
has ended. This is the first time that continuous M.E. has been observed
at these timescales without a magnetic field. The detailed appearance of
the M.E. is very different from sample to sample, but the general features
that were described can usually be recognised. The continuous emission
tends to decrease during the pulse [P3] •
With some slight improvements on the pulse generator we were able to
attain still higher electric fields. This resulted in the series figs. 6.20.
to 6.22. Another sample of the same length but with a somewhat larger crosssection was used, so that the constant voltage condition could be maintained
less strictly. Note that the vertical scale in fig. 6.21. is 3.55 times
as large as the current scale in fig. 6.17. The modulations on voltage and
current occur for E > 4 x 10 4 V/m and are in antiphase with one another,
indicating a strong modulation of the conductance. This set of pictures
looks closely analogous to those of Tacano and Kataoka [88] except for the
large difference in timescales (a factor of 20). These authors conneet their
observations with the pinch-effect, but we do not believe that this is the
cause of the modulations in our case. The time at which the effect is ob- ·
served seems much too short for pinching to occur. This conclusion is supported by the results of Tacano and Kataoka from which there follows a
pinch time of at least 25 ns.
So there must be another reason for the modulation. With regard to the
threshold value, which is a threshold in electric field rather than in
current, another possibility seems to be the temporary appearance of Gunndomains (cf.

section 5.3.). That the apparent threshold field (4 x 10 4 V/m)

in this case is somewhat lower than the value calculated by Fawcett and

Fig. 6.17.
Microwave emission (upper trace)
and current (lower trace) versus
time. The two traces were carefully
synchronized.
time:

5 ns/div.

M.E.:

4 mV/div.(incl. T.W.A.)

CUPPent: 1.8 A/diV.
L93 18-5-1971

Fig. 6.18.
The M. E. trace from fig. 6.1 ?.
separately. No detection, signal
directly on scope after + 34 db
braadband amplification with low
noise T. W.A.

Fig. 6:19.
The voltage versus time corresponding to fig. 6.1?. The trace must be
shifted 2 ns (2 small divisions) to
the left to let the zero of time
coincide with that in fig. 6.1?.
horizontal: 5 ns/div.
vertical:

50 V/div.or
1.09 x 10 4 V/m/div.
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Ruch (5.25 x 10 4 V/m) [22] may be due to the fact that we measure the
average field whereas the local field may be higher due to inhomogeneities
[162]. Similar threshold values were reported by Dick and Ancker-Johnson
[65]. The domain velocity as estimated from the sample length (4.6 mm) and
the time period of the modulation is about 4.9 x 10 5 m/s, which is in very
close agreement with other reports [71, 65, 72]. The velocity increases
slightly with the applied voltage. It should be remarked that the Gunn
domains in this case may never grow to full size, so that the velocity
estimates and all other calculations based on fully-grown, stable domains
may be appreciably in error.
The M.E. from this sample was very weak as can be seen in fig. 6.22.
Nevertheless, one can abserve some emission and the general pattern corresponds to that discussed in conjunction with fig. 6.18.
6.6. Discussion
With reference to the introduetion to this chapter and to the classifications given there we may conclude the following. The general picture of the
M.E. can be cleared up considerably, but the complete explanation of the
effects still remain to be given. The majority of the low- and quasi-low
field effects seem

to be of acoustic origin. The review of section 6.2.

strengthens this view. M.E. at high electric fields and at short times, say
less than 100 ns, is most probably caused by some kind of noise mechanism.
The very noisy character of the M.E. itself, in many cases accompanied by
noise in the current or the voltage (cf.

fig. 6.4.), is the first indica-

tion in this direction. It is very likely that in some experiments the result of a mixture of several effects has been observed.
As in the previous section, we will restriet ourselves to the highfield short-time region. First we will briefly discuss some aspects of the
continuous M.E. and then we will see how the burst emission may be fitted
into the picture. Instead of giving a general discussion we will take the
theory of van Welzenis and Lodder [P3], discussed insection 6.4., as our
starting-point. We will assume that the ideas underlying this theory are
correct, and we will try to interpret our experimental data qualitatively
along the lines of this theory.
The important parameters in the theory are the number of carriers N and
the noise-time-constant T(see equation (6.5)). Also the distribution of the
carriers in the sample is of great importance [P3] . The problem is that
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experirnentally it is next to irnpossible to vary only one parameter and keep
all the others constant. Two exarnples rnay make this clear. For fig. 6.8. we
kept I constant while increasing B • This rneans that we also have to increase V (cf.
larger. Here

fig. 6.3.), thereby decreasing

~.

~

and consequently n has to be

and n are averages over the whole sample. In the intro-

duetion to this chapter it has already been rernarked that the distribution
of n and V will be very non-uniform when a large transverse rnagnetic field
is applied [62].

How T depends on B is not known, but certainly it will

not be independent. A sornewhat 1ess discouragirig exarnple is fig. 6.12., because here B is kept constant for a single curve. The conductance G is proportional to

~n.

Frorn chapter IV we know that

~

is a decreasing function of

E in the avalanche region (see fig. 4.8.). To increase G, we have to increase E, which rneans that n increases even more strongly. This partly explains the strong initial increase in the M.E., because T is also very
strongly dependent on E. Generally T decreases with E, which means that the
noise first increases strongly with E, but as soon as the turn-over point
(wT

= 1)

has shifted through the detected frequency interval we get a de-

crease. This could be the reason for the maximurn in the M.E. Also, the
stronger M.E. for a higher B can be understood, because a higher B requires
a larger E, and thus a lower

~

for the same G value, so that a much larger

n is necessary.
These two examples show that it is not easy to prove the validity of the
theory in detail,experirnentally. Nevertheless, some general remarks can be
made that support the ideas. There are, of course, the very noisy appearance
of the M.E. and the strong field dependence. We could observe M.E. only when
the electric field was above the avalanche threshold. This could be due to a
lack of sensitivity of our broadband (4 GHz) detection system, but the
threshold seerns quite sharp. So an increase in the number of carriers seems
necessary to allow us to observe the M.E., which does not mean that we require an electron-hole plasma. The plasma properties of the collection of
electrons and holes were not used in the theory.
From the fact that we also observe continuous M.E. without any magnetic
field (see figs. 6.18. and 6.22.) we conclude that a magnetic field is
not fundamental to the effect, but rather a complicating factor. The principal role of the magnetic field seems to be that it causes very inhomogeneous
distributions of electric field and carrier density, probably resulting in
double injection phenornena (cf.

section 5.7.). Also,the influence of the

surface qualities will be enhanced by a transverse rnagnetic field because

Fig. 6.20.
A set of voltage versus time
traces at almast constant voltage conditions, showing modulation due to temporary Gunn effect.
horizontal: 5 ns/div.
vertical:

50 V/div.

L133 2-6-19?1

Fig. 6. 21.
The set of current versus time
traces that corresponds to the
voltages in fig. 6.20.
horizontal: 5 ns/div.
vertical:

6.4 A/div.

Fig. 6.22.
Microwave emission versus time,
no detection, signal directly
on scope after + 34 db braadband amplification with T.W.A.
Trace corresponds to highest
voltage setting in fig. 6.20.
horizontal: 5 ns/div.
vertical:

0.4 mV/div. (incl.
T.P/ ..4,)
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it drives the carriers to one of the surfaces (cf.

figs. 6.10. and 6.11.).

The most helpful information can be obtained from the power density
spectrum. One would like to kn6w how this depends on the electric field E, so
as to campare the position of the turn-over point with the dependenee of T
on E. So far, spectra are know' only when a large transverse rnagnetic field
is applied also. This inhibits the acquisition of the desired data because
of the strongly non-uniform distributions discussed before. If we assume
that the M.E. noise is only

ge~erateè

in the high electric field regions in

the two diagonally opposed corners of the sample we can reasonably understand the available spectra. From equation (6.6a) and the data on the generation rate in chapter V we see that avalanche noise will never be important
in X-band, even if we take g
point is in the 4 GHz region,

gmax

=

,a

=

1/Ti. In the latter case the turn-over

strong M.E. is expected around and below

that frequency. The turn-over point for intervalley noise is usually too
high to be of importance, so we are left with the large-angle-scattering
noise. For high electric fields (6.5) and (6.6c) predict a flat X-band spectrum and a turn-over point at about 64 GHz (T ~ 2.5 x 10- 12 s). The flat Xband spectrum was found by us and others, as discussed in sectien 6.5.,
'

whereas Poehier et.al. [146] findaturn-over frequency of 40 GHz. In view
of the accuracy of the available data this is very close agreement.
We believe that the burst emission has the same crigin as the continuous
emission. This is because of the many similarities, apart from the difference in time scale, between these two types of M.E., viz. the noisy character, the spectrum and the strong dependenee on E. In subsection 6.5.2. the
simplest experimental

explanat~on

for the burst M.E. was ruled out, namely

coupling of pulse harmonies into the waveguide. Because of the very nonlinear I-V characteristic we have to consicter another possibility, i.e. frequency multiplication. If the p to 4 GHz cornponents in the fourier spectrum
of the pulse are tripled or doubled because of this non-linear characteristic, we get back the X-band components, that were so carefully filtered out
before. The same applies to noh-linearities of resistors in the circuit. The
latter were ruled out very simply by rernoving all resistors frorn the circuit:
the burst M.E. was unaffected., The 3 GHz harmonies of the pulse are already
very weak. From experiments on frequency multiplication [164], the conversion
loss factor is known to be at least - 10 db, and probably around - 30 db.
For the amounts of X-band

powe~

observed this would require very high levels

of the 3 or 4 GHzcomponentsin the pulse (> l mW), which is incredibly high.
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Another possibility might be that the burst is caused by the V•(n•v) term
in the continuity eguation (cf. equation (5.21) insection 5.5.). The
non-uniformity during the first few nanoseconds of pulse application could
very well lead to a strong enhancement of the noise. But in this case the
sharp threshold of the M.E. at about 5 x 10 4 V/m cannot be understood. The
latter and also the data of figs. 6.20. to 6.22. strongly suggest a
correlation of the burst M.E. with the temporary Gunn effect. There are two
ways in which the Gunn effect could enhance the noise in this case. Firstly,
the struggle for survival of a large number of domains, generated at random
through the sample, could result in additional noise. Secondly, the surviving domain causes very non-uniform field and density distributions. This
will strongly enhance the noise caused by the same mechanism that is possibly responsible for the continuous M.E. The high field in the domain is also
very helpful in this respect. As the domain dies out the main non-uniformity is removed, but there may still remain an appreciable non-uniform
distribution that dies out only relatively slowly (100 ns). This then makes
the continuous M.E. after the burst in figs. 6.18. and 6.22. observable.
Finally, it can be said that the available experimental data do not allow us
to draw definite conclusions. Generally the data can be fitted into our
noise theory [P3], but many details remain obscure. At least, the role of
some important parameters has been established (e.g. B), while the impertanee of other parameters, like TSt' has been revealed. It is hoped that
establishing the problems involved, and outlining the basic ideas, will
help us to come closer to unravelling these complex problems.

CHAPTER VII
CONCLUDING REMARKS

At the end of this thesis we want to see how far we succeeded in realizing
the plans set forth in chapter I. There are alsd a few new results to be
mentioned.
We succeeded in performing high field Hall effect measurements. The results
cernpare very well witholder measurements (see fig. 4.9.). We did the
measurements at shorter sampling times than were used previously, and we
enlarged the electric and

ma~netic

field ranges over which data are avail-

able. The qualitative agreement with theory is quite goed, but quantitatively there is a discrepancy between the interpretation of experiment in simple
terms and theory. This discrepancy begins to appear above the avalanche
threshold and becomes graduatly larger as we come further into the avalanche
region. At a field of 5 x 10 4 V/m the theoretica! value is about 2.5 times
as large as the experimental ene. We think that the difference is caused by
a faulty interpretation of

t~e

experimental data, which is toe simple and

does net take the transverse carrier density distribution - Suhl effect and its consequences into account. This problem remains to be solved. By interpolation between the various curves we were able to make a useful estimate of the mobility as a furietien of electric field in zero magnetic field.
More measurements as well as a further development of the interpretative
scheme are necessary. It also seems interesting (and possible) to get information about the hot electron distribution function from measurements of
I

the spectrum of the recombination radiation.
It was found that the longitudinal electric field distribution is far from
uniform above the avalanche threshold. The first measurements of the potential distribution on a sub-nanosecond timescale were presented. The phenomena were explained qualitatively by the streng hole drag, that leads to a
reversal of the ambipolar drift velocity. In spite of the streng dependenee
of the generation rate on

th~

electric field, the influence of the non-uni-

form distribution on the results of the avalanche measurements seems to be
fairly small. This is explained by the fact that one measures the average
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generation rate at some average electric field. More measurements, with an
improved probe, are desirabie. It would be even better if one had some
means to measure the local electron or hole density directly.
The desired understanding of the avalanche process was obtained. The results
of the avalanche measurements agree quite

clos~ly

with the theories of Dumke

[20, 82), as demonstrated in figs. 5.13. and 5.14. The relatively simple
generation theory of Dumke yields surprisingly good results. Thus the approximations made in this theory, of which the streng anisotropy of the distribution function is the most important, seem to be fairly realistic. A model
was presented that describes the generation and recombination processes from
a phenomenological point of view. An analytica! solution of the relevant
differential equation could be given only under the assumption of a constant
electric field. It was shown that this model describes the phenomena very
well (cf. fig. 5.11.). It seems worthwhile to try to apply the model to the
case of non-constant electric field also. In this way data at higher electric fields could be obtained.
We interpreted the recombination terms as due to trapping - linear term and direct radiative recombination - linear and quadratic terms. Our values
of the direct recombination coefficient, R, agree quite closely with Dumke's
theoretica! value (cf. fig. 5.14.), and are independent of the electric
field. It turns out that, even below the avalanche threshold, the net direct
recombination is usually larger than the net Shockley-Read recombination. In
avalanche, recombination via traps soon becomes negligible with respect to
radiative recombination. The avalanche process in large transverse magnetic
fields seems a very interesting subject, but it can only be attacked with a
reasonable chance on success after the plasma density distribution problems
have been solved.
A review has been given of the microwave emission phenomena in InSb. Much of
the low- and quasi-lew field effects are connected with acoustoelectric interactions. An explanation of the high-field phenomena was suggested that
attributes the M.E. to noise caused by the temporary "exclusion" of carriers
from charge transport by large-angle POP scattering [P3). A conneetion
between the avalanche process and the M.E. was not established, although it
is clear that the increase of carrier density strongly enhances the noise.
The g-r noise caused by bandgap ionization or recombination seems to be of
secondarv importance.

'

_j

145

Besides the burst emission reported earlier by us [P2] and for which we
have given some more details, now, for the first time, M.E. throughout the
first 100 ns without a magne~ic field was also reported. The burst emission
was qualitatively explained by taking into account the very non-uniform
plasma density distribution that is caused by the temporary appearance of
Gunn domains.
Although, many details still remain to be elucidated, it is felt that
the general features of the mechanisms are now qualitatively understood.
A general problem, that emer&es from all the discussions in the preceding
chapters, is the plasma density distribution. With the data presented in
this thesis as a starting-point it probably now becomes feasible to construct a model from which this density distribution can be calculated. The
most uncertain parameter thai remains is the surface recombination velocity.
It will not be simple to make measurements of this density distribution. One
can obtain some idea of the distribution of the holes from absorption experiments with 10

~m

wavelenrth infra-red light. In combination with elec-

trical probe measurements this may provide the desired information.

REFERENCES

1. Plasma Effects in Solids,
Symposium at the 7th International Conference on the Physics of Semiconductors, Paris 1964, Dunod, Paris

(1965).

2. GUNN, J.B., I.B.M. Joumal of Research & Development

~

(1964) 141.

See also,Int. Science and Technology (Oct. 1965) p43.
3. RIDLEY, B.K., Proc. Phys. Soc.~ (1963) 954.
4. GLICKSMAN, M., Solid State Physics 26 (1971) 275,
Academie Press, New York (1971).
5. BUCHSBAUM, S.J., and A.G. CHYNOWETH,
Int. Science and Technology (Dec. 1965) p40.
6. KANE, E.O., J. Phys. Chem. Solids l (1957) 249.
7. BAGGULEY, D.M.S., M.L.A. ROBINSON and R.A. STRADLING,
Phys. Lett. ~ (1963) 143.
8. JOHNSON, E.J., and D.H. DICKEY, Phys. Rev. ~ (1970) 2676.
9. BARRIE, R., Proc. Phys. Soc. 69 B (1956) 553.
10. CODERRE, W.M., and J.C. WOOLLEY, Can. J. Phys. 47 (1969) 2553.
11. HILSUM, C.,and H.D. REES, Electr. Lett.

~

(1970) 277.

12. PUTLEY, E.H., Solid State Physics in Electron. Telecommun. ~ (1960) 751.
13. NEIDIG, A., and K. HÜBNER, Verhandl. DPG (VI) ! (1969) 151.
14.
15.
16.
17.
18.

EHRENREICH, H., J. Phys. Chem. Solids ~ (1957) 131.
KRANZER, D., and E. GORNIK, Solid State Comm. ~ (1971) 1541.
TSILDILKOVSKII, I.M., and K.M. DEMCHUK, Phys.Stat.Sol. (b) 44 (1971)293.
RODE, D.L., Phys. Rev. ~ (1971) 3287.

LANDSBERG, P.T. (ed.), Solid State Theory, John Wiley & Sons, Inc.,
New York (1969) p277.
19. HOWARTH, D.J., R.H. JONES and E.H. PUTLEY, Proc.Phys.Soc. 70 (1957)124.
20. DUMKE, W.P., Phys. Rev. 167 (1968) 783.
21. NEUKERMANS, A., and G.S. KINO, Appl. Phys. Lett. 17 (1970) 102.
22. FAWCETT, W., and J.G. RUCH, Appl. Phys. Lett. ~ (1969) 368.
23. HOGARTH, C.A., Materials used in semiconductor devices,
Interscience Publishers, London (1965).
24. POEHLER, T.O., J.R. APEL and A.K. HOCHBERG,
Appl. Phys. Lett. ~ (1967) 244.
25. ANCKER-JOHNSON, B., and J.E. DRUMMOND, Phys. Rev.

~

(1963) 1961.

147

26. SCHMICKL, W., and K. H0BNER, Phys. Lett. 31 A (1970) 313.
i

27. BECK, A., J. Sci. lnstr. 42 (196S) 713.
28. SULLIVAN, N.V., and G.A. KOLB, J. Electrochem.

Soc.~

(1963) S8S.

29. KREUTZ, E.W., H. PAGNIA and W. WAIDELICH, Phys. Lett. 3S A (1971) 2SO.
30. SHOCKLEY, W., Electrans

a~d

Holes in Semiconductors,

D. van Nostrand Company, lnc., New York (19SO).
31. RAMO, S., and J.R. WHINNERY, Fields and Waves in Modern Radio,
John Wiley & Sons, Inc., New York (1964).
32. Hewlett-Packard Company,

~pplication

note 62, Time Domain Reflectometry.

33. Microwave Engineers Handbook, Renewed every year by the Microwave Journal
Horizon House, Inc., Dedham. Mass. 02026.
34. FREI, A.H., and M.J.O. STRUTT, Proc. lnst. Radio Engrs.
3S. MADELUNG, 0., Physics of ÜI-V Compounds, John Wiley

&

~

(1960) 1272.

Sons, Inc.,

New York (1964).
36. HARTNAGEL, H., Arch. Electr. Ubertr.
37. GLASOE, G.N., and J.V.
McGraw

LE~ACQZ,

~

(1966) 220.

M.I.T. Radiation Labaratory

Series~,

Hill, New York (1948).

38. ELLIOT, B.J., IEEE Trans. IM-17 (1968) 330.
39. BAUER, G., and H. HEINRICH, J. Sci. Instr.

l

(1968) 688.

40. ALFANO, R.R., and N. YURLIINA, Rev. Sci. Instr. :!.Q_ (1969) 166.
41. CRUZ, J.E., Microwaves

~(Dec.

1967).

42. ANCKER-JOHNSON, B., and C.L. DICK, Jr., Appl. Phys. Lett. lS (1969) 141.
43. TOSIMA, S., and K. ANDO, J. Phys. Soc. Japan 23 (1967) 811.
44. ANDO, K., and S. TOSIMA, J. Phys. Soc. Japan 2S (1968) 13S7.
4S. CONWELL, E.M., High Field Transport in Semiconductors,
suppl.

~Advances

in Solid State Physics, Academie Press, New York (1967).
~

46. FRÖHLICH, H., Advan. Phys.

(19S4) 32S.

!

47. FAWCETT, W., A.D. BOARDMAN and S. SWAIN,
J. Phys. Chem. Solids 31 (1970) 1963.
48. MATZ, D., Phys. Rev. 168 (1968) 843.
49. HOWARTH, D.J., and E.H. SQNDHEIMER, Proc. Roy. Soc. 219 A (19S3) S3.
SO. KRANZER, D., H. HILLBRAND, H. PÖTZL and 0. ZIMMERL, Acta Phys. Austr.
accepted for pub1ication (1972).
S1. STRATTON, R., Proc. Roy. Soc. 246 (19S8) 406.
S2. LICEA, I., Phys. Lett. 31 'A (1970) 306.
S3. LICEA, I., Phys. Stat. Sol. 39 (1970) 2SS.
S4. ALBA, E. de, and J. WARMAN, J. Phys. Chem. Solids 29 (1968) 69.
ss. BURKEY, B. C._, and '). MATZ, Phys. Rev. B 1 (1970) 47S3.

148

56. PERSKY, G., and D.J. BARTELINK, I.B.M. Joumal of Research & Deve1opment

.!l (1969) 607.
57. McLEAN, T.P., and E.G.S. PAIGE, J. Phys. Chem. Solids
58. CHUENKOV, V.A., Sov. Phys. Solid

State~

~

(1960) 220.

(1967) 35.

59. MORISAKI, H., and Y. INUISHI, Techn. Rep. of the Osaka Univ. 760 (1967)
107.
60. BOK, J., and C. GUTHMANN, Phys. Stat.

Sol.~

(1964) 853.

61. GLICKSMAN, M., and W.A. HICINBOTHEM, Jr., Phys. Rev.

~

(1963) 1572.

62. TURNER, C.W., and K.P. WELLER, IEEE Trans. ED-16 (1969) 787.
63. BENOIT, J., App1. Phys. Lett.

!I

(1970) 202.

64. OSIPOV, B.D., and A.N. KHVOSHCHEV, Sov. Phys. JETP

~

(1963) 833.

65. DICK, C.L.,Jr., and B. ANCKER-JOHNSON, Appl. Phys. Lett.

~

(1971) 124.

66. MONCH, W., Phys. Stat. Sol. 36 (1969) 9.
67. Several paperscan be found in IEEE Trans. ED-14 (1967).
68. HAUSER, J.R., J. Appl. Phys.

~

(1966) 507.

69. BEATTIE, A.R., J. Phys. Chem. So1ids

~

(1962) 1049.

70. WOLFF, P.A., Phys. Rev. ~ (1954) 1415.
71. SMITH, J.E.,Jr., M.I. NATHAN, J.C. McGRODDY, S.A. POROWSKI, and W. PAUL,
Appl. Phys. Lett.

~

(1969) 242.

72. HEINRICH, H., and E.A. MÜLLER, So1id State Comm.
73. SHOCKLEY, W., Solid State Electranies

~

74. H0LTER, 0., and R.R. JOHNSON, Phys. Rev.

~

(1971) 627.

(1961) 35.
~

(1969) 503.

75. CURBY, R.C., and D.K. FERRY, Phys. Lett. 35 A (1971) 64.
76. BOARDMAN, A.D., W. FAWCETT, and H.D. REES, Solid State Comm.
77. HOLLIS, J.E.L., S.C. CHOO, and E.L. HEASELL,
J. App1. Phys. 38 _(1967) 1626.

~

(1968) 305.

78. HÜBNER, K., and M. MARKUS, Proc. IX Int. Conf. Semiconductors,
Moscow (1968) p838.
79. BEAUDRY, M.D., E.V. GEORGE, and A.S. RATNER,
M.I.T. Quarterly Progress

Report~

(1968) 159.

80. HONGO, S., S. PANYAKEOW, J. SHIRAFUJI, and Y. INUISHI,
Jap. J. Appl. Phys. ~ (1971) 717.
81. MOORADIAN, A., and H.Y. FAN, Phys. Rev. 148 (1966) 873.
82. DUMKE, W.P., Phys. Rev.

~

(1957) 139.

83. McGRODDY, J.C., and M.I. NATHAN, J. Phys. Soc. Japan~ suppl. (1966) 437.
84. FERRY, D.K., and H. HEINRICH, Phys. Rev. 169 (1968) 670.
85. DICK, C.L.,Jr., and B. ANCKER-JOHNSON, Boeing Report Dl-82-0997 (1970).
86. ANCKER-JOHNSON, B., J. Phys. Soc. Japan~ (1967) 1156.

149

87. LARRABEE, R.D., and W.A. HICINBOTHEM, Jr., Plasma effects in Solids,
pl81, Symposium at the 7th International Conference on the Physics of
Semiconductors, Paris 1964,1 Dunod, Par is (1965).
88. TACANO, M.,and S. KATAOKA, J. Phys. Soc.

(1970) 1241.

Japan~

89. LOOTSMA, F.A., Boundary properties of penalty functions for constrained
minimization, Thesis, Eindhoven University of Technology, Eindhoven (1970).
90. TODA, M., and M.

GLICKS'~N,

Phys. Rev.

~

(1965) 1317.

91. BUCHSBAUM, S.J., A.G. CHYNOWETH, and W.L. FELDMANN,
Appl. Phys. Lett. ~ (1965) j67.
92. GLICKSMAN, M., I.B.M. Journalof Research & Development
93. FERRY, D.K., and A.A. DOUGAL, Appl. Phys. Lett.

!l (1969) 626.

(1965) 318.

~

94. FERRY, D.K., R.W. YOU:lG, and A.A. DOUGAL, J. Appl. Phys. 36 (1965) 3684.
95. BONEK, E., priv. comm.
96. TACANO, M., and S. KATAOKA, Appl. Phys. Lett.
97. THOMPSON, A.H., and G.S.

~

(1969) 345.

K~NO,

I.B.M. Journal of Research & Development

11 (1969) 616.

98. GEORGE, E.V., and G. BEKEFI, Appl. Phys. Lett.

~

(1969) 33.

99. SEIFERT, F., European Semiconductor Device Research Meeting, Munich
(March 1969) .
100. CHYNOWETH, S.J., A.G. BUCHSBAUM, and W.L. FELDMANN,
J. Appl. Phys. ~ (1966) 2l22.
101. SEIFERT, F., Electr. Lett .. .?__ (1969) 288.
102. ARIZUMI, T., T. AOKI, and K. HAYAKAWA, J. Phys. Soc. Japan 23 (1967) 1251.
103. MUSHA,.T., J. OHNISHI, and M. HIRAKAWA, Phys. Rev. Lett. 22 (1969) 1254.
104. ANCKER-JOHNSON, B., J. Appl. Phys. 39 (1968) 3365.
lOS. EVANS, A.G.R., and D. WALSH, Proc.
106. BONEK, E., A.G.R. EVANS,

a~d

IEEE~

(1968) 344.

D. WALSH, Proc. IEEE 57 (1969) 1233.

107. ANCKER-JOHNSON, B., Phys. ~ev.~ (1967) 1050.
108. DUNCAN, W., and J. LIVINGSTONE, Phys. Lett. 32 A (1970) 121.
109. VOGES, E., Akustoelektrische Verstärkung und Microwellenemission in
Indiumantimonid, Thesis, Technische

Universität Carolo-Wilhemina zu

Braunschweig, Braunschweig (1971).
110. WHITE, D.L., J. Appl. Phys.
111. TURNER, C.W., T. van

I

DUZER~

112. TURNER, C.W., J. Appl. Phys.

~

(1962) 2547.

and K. WELLER, Electr. Lett. 3 (1967) 162.
~

(1968) 4246.

113. TURNER, C.W .., I.B.M. Journalof Research

&

Development 13 (1969) 611.

114. BRAY, R., C.S. KUMAR, J.B. ROSS, and P.O. SLIVA,
J. Phys. Soc.

Japan~

suppl. (1966) 483.

150

115. KIKUCHI, M., H. HAYAKAWA, and Y. ABE, Jap. J. Appl. Phys.

~

(1966) 1259.

116. ROUTE, R.K., and G.S. KINO,
I.B:M. Joumal of Research & Development g (1969) 507.
117. ARIZUMI, T., T. AOKI, and K. HAYAKAWA, J. Phys. Soc. Japan~ (1968) 1361.
118. ROSE, A., R.C.A. Rev. 28 (1967) 634.
119. TIEN, P.K., Phys. Rev. !Zl (1968) 970.
120. ZOROGLU, D.S., and I.C. CHANG, J. Appl. Phys. ~ (1970) 2294.
121. JEANICKE, R., E. VOGES, and W. HARTH, Phys. Stat. Sol.~ (1970) 663.
122. HARTNAGEL, H., Semiconductor Plasma Instabilities, Heinemann Educational
Books Lts., London (1969).
123. SOLYMAR, L., J. Appl. Phys. 35 (1964) 3420.
124. MORISAKI, H., and Y. INUISHI,
Techn. Rep. Osaka University 760 (1967) 107.
125. BEKEFI, G., A. BERS, and S.R.J. BRUECK, IEEE Trans. ED-14 (1967) 593.
126. GUREVICH, V.L., and Yu.A. FIRSOV, Sov. Phys. JETP _!l (1961) 137.
127. GUREVICH, V.L., and Yu.A. FIRSOV, Sov. Phys. JETP 20 (1965) 489.
128. DOLAT, V., and R. BRAY, Phys. Rev. Lett. 24 (1970) 262.
ROBINSON, B.B., IEEE Trans.~ (March 1970) 200.
TODA, M., J. Appl. Phys. 37 (1966) 32.
TODA, M., J. Appl. Phys. 37 (1966) 37.
SUZUKI, T., IEEE Trans. ED-13 (1966) 202.
SUZUKI, T., J. Phys. Soc. Japan~ (1966) 2000.
McNEILL, P.R., University of Oxford,
Dept. Engineering Science Report (Febr. 1967).
135. STEELE, M.C., R.C.A. Rev. ~ (1966) 263.
136. SCHMIDT, G.,
Physics of high temperature Plasmas, chapter VII, Academie Press,
129.
130.
131.
132.
133.
134.

New York (1966).
137. BERS, A., and A.L. McWHORTER, Phys. Rev. Lett.

~

(1965) 755.

138. HASEGAWA, A., J. Phys. Soc. Japan 20 (1965) 1072.
139. HASEGAWA, A., J. Appl. Phys. 36 (1965) 3590.
140. PINES, D.,' and J.R. SCHRIEFFER, Phys. Rev. ~ (1961) 1387.
141. ROBINSON, B.B., and G.A. SWARTZ, J. App1. Phys. 38 (1967) 246.
142. ROBINSON, B.B., and G.A. SWARTZ, I. B.M. Journal of Rese.arch & Development

.!l

(1969) 601.
ROBINSON,
143.
B.B., R.C.A. Rev. 28 (1967) 366.
144. ROBINSON, B.B., and B. VURAL, R.C.A. Rev. 29 (1968) 270.
145. SWARTZ, G.A., and B.B. ROBINSON, J. App1. Phys. 40 (1969) 4598.

151

146. POEHLER, T.P., J.R. APEL, and A.K. HOCHBERG,
Appl. Phys. Lett. ~ (1967) 244.
147. ANCKER-JOHNSON, B., Proc. IEEE 56 (1968) 154.
148. ANCKER-JOHNSON, B., and

~m.P.

ROBBINS, J. Appl. Phys. 42 (1971) 762.

149. ANCKER-JOHNSON, B., Phys.l Rev . .!..§..±_ (1967) 1050.
150. BERS, A., and R.N. WALLAdE, Phys. Rev. Lett. 25 (1970) 665.
151. THOMPSON, A.H., and G.S. KINO, J. Appl. Phys.

~

(1970) 3064.

152. KOKOSCHINEGG, P. and H. HEINRICH, to be published in J. Appl. Phys.
153. KING, J.E., J. Appl. Phys. 40 (1969) 5350.
154. ROBINSON, F.N.H., Int. J. Electranies

~

(1969) 227.

155. GEORGE, E.V., M.I.T. Quarterly Progress Report 96 (1969) 131.
156. ZIEL, A. van der,
Fluctuation Phenomena in Semiconductors, Butterworth Scientific Publications, London (1959).
157. VLIET, K.M. van, and J.R. FASSET,
Fluctuation Phenomena in Solids, chapter VII, R.E. Burgess (ed.),
Academie Press, London (1965).
158. MARKUS, M., and K. HÜBNER, Phys. Lett. 29 A (1969) 392.
159. KOHN, A.N., Proc.

IEEE~

(1967) 695.

160. HEINRICH, H., and P. KOKOSCHINEGG, Appl. Phys. Lett.

!I

(1970) 155.

161. Hewlett-Packard Company, Application note 63, Spectrum Analysis.
162. BONEK, E., Leitfähigkeit von III-V Halbleitem im Gebiet heisser Elektronen, Thesis,

Technisc~e

163. TACANO, M., and S.
164. MACHI, Y., IEEE

Hochschule Wien, Wien (1971).

KATAO~A, J. Appl. Phys. 42 (1971) 4006.

Trans.~

(1969) 333.

165. BACH ANDERSEN, J., IEEE. Trans. MTT-16 (1968) 194.
166. Several papers on Gunn effect can be found, IEEE Trans. ED-13 (Jan. 1966).
167. JAENICKE, R., AND W. HARTH, Phys. Lett. A 30 A (1969) 71.

Pl
P2

van WELZENIS, R.G., and A.F.C. SENS, Rev. Sci. Instr. 42 (1971) 722.
van WELZENIS, R.G., and J.G.A.M. van den DRIES,
Appl. Phys. Lett.

P3

!l

(1967) 374.

van WELZENIS, R.G., and J.J. LODDER, to be published.

P4

NIEDERER, H.-H.J .M., and R.G. van WELZENIS, to be published.

PS

van WELZENIS, R.G., and D. DAUB, IEEE Trans. MTT-18 (1970) 280.

SUMMARY

During the last 8 years interest in plasmaphysical phenomena in solids has
strongly increased. Important stimulating factors are the promising prospects for applications in high frequency devices and the possibility for
research of plasmas without the need for complicated magnetic field configurations. From the rich choice of subjects we picked the investigation of the
electron-hole plasma that can be generated by impact ionisation in the semiconductor InSb (avalanche); also,because microwave emission had been reported
at the required high electric field strengths. The original idea was that the
microwave emission might be caused by a plasma instability. In chapter I the
backgrounds and the research objectives are discussed in more detail.
Since a number of !ow-field properties are needed for the description of
the behaviour at high fields we summarized the fermer in chapter II. The
electric field cannot be applied continuously,but has to be pulsed because
of dissipation problems. To enable us to study the dynamica! behaviour of the
avalanche as well, we chose pulses with a rise time of less than 1 nanosecond. Also, the preparatien of the samples that were used for the measurements is an important part of the experimental work. Por these reasens chapter III has been devoted to experimental techniques. Measurements of the
longitudinal potentlal distribution were performed to check the electric
field uniformity under avalanche conditions. From the result, described in
sectien 4.1., it is clear that a non-uniform electric field distribution
exists. This was explained qualitatively by the streng drag effect of the
much more mobile electrens upon the holes, which results in space charges
near the contacts. In the processing of the results of the avalanche measurements data on the electron mobility as a function of electric field were
needed. Not enough were available for InSb under avalanche conditions. In·
sectien 4.2. measurements of the high-field mobility are described. The interpretation of the measurements still presents some difficulties, but we
can establish a useful relation between mobility and electric field.
Chapter V deals with the avalanche. The results of the measurements confirm Dumke's theory. With a simple model of the generation and recombination
mechanisms a good description of the average plasma density as a function of
time can be given. It turns out that the direct recombination of an electron
with a hole in the valenee band is a very important mechanism. The average
of the .aeasured values of the relevant parameter is in close agreement with
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the theoretica! value (R

=

8 x 10- 14 m3 s- 1 ). The direct recombination is

independent of the applied electric field and it contains a term that is
quadratic in the excess

dens~ty.

The microwave emission turned out to be a very complicated phenomenon.
We tried to give a review in chapter VI. The various groups of phenomena are
explained by widely different theories. In section 6.5. we present our own
experimental results. The "burst" emission, also reported earlier by us, is
related to the temporary appearance of Gunn domains at high fields. Furthermore, microwave emission at

~igh

electric fields throughout the whole pulse

without a magnetic field is reported,for the first time. These results have
led to a suggestion for an explanation of the high-field emission as a special case of noise. The anisotropy of the dominant scattering mechanism, i.e.
polar optica! phonon scattering, plays an important role in this theory.
There seems to be no relation between this high-field emission and the
properties of the electron-hqle plasma.
I

SAMENVATTING

In de laatste 8 jaren is de belangstelling voor

pl~smafysische

verschijnselen

in de vaste stof sterk toegenomen. Belangrijke stimulerende factoren daarbij
zijn de veelbelovende vooruitzichten voor toepassingen in hoogfrequent componenten en de mogelijkheid voor het onderzoeken van plasma's zonder dat
daarbij ingewikkelde magneetvelden nodig zijn. Uit de veelheid van onderwerpen in dit gebied is gekozen voor het onderzoek van het door botsingsionisatie in de halfgeleider InSb te vormen electronen-gaten plasma (avalanche), mede omdat bij de daarvoor benodigde hoge electrische velden emissie
van microgolven was waargenomen. De oorspronkelijke gedachte was dat de
microgolfemissie verband zou kunnen houden met een instabiliteit van het
plasma. In hoofdstuk I zijn de verdere achtergronden en de doelstellingen
van het onderzoek geschetst.
Daar voor de beschrijving van het gedrag bij hoge velden een aantal
eigenschappen bij lage velden bekend moet zijn is in hoofdstuk II daarvan een
samenvatting gegeven. Vanwege dissipatieproblemen kan het electrische veld
niet continu worden aangelegd, maar moet dit gepulsd worden. Om ook het
dynamische gedrag van de avalanche verschijnselen te kunnen bestuderen zijn
pulsen met een stijgtijd van minder dan 1 nanoseconde gebruikt. Omdat verder
het vervaardigen van de preparaten waaraan gemeten werd een belangrijk deel
van het experimentele werk vormt, is hoofdstuk III aan de experimentele
technieken gewijd. Ter controle van de uniformiteit van het electrische veld
onder avalanche condities is het longitudinale potentiaalverloop gemeten.
Uit de in paragraaf 4.1. beschreven resultaten.blijkt dat er een niet-uniforme veldverdeling bestaat, welke kwalitatief verklaard kan worden door het
sterk meeslepen van de gaten door de veel beweegbaarder electronen, waardoor
ruimteladingen nabij de kontakten ontstaan. Voor de uitwerking van de resultaten van de avalanche metingen zijn gegevens over de electrenen beweegbaarheid_
als functie van het electrische veld nodig; deze waren niet voldoende beschikbaar. In paragraaf 4.2. worden metingen van de hoog-veld beweegbaarheid beschreven. Hoewel de interpretatie van de metingen nog enkele problemen
oplevert werd toch een bruikbaar verband tussen beweegbaarheid en electrisch
veld gevonden.
Hoofdstuk V behandelt de avalanche. De resultaten van de metingen bevestigen de theorie van Dumke. Met een model voor de generatie-en recombinatiemechanismen kan een goede beschrijving van het verloop van de gemiddelde
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plasma dichtheid als functie

v~n

de tijd gegeven worden. Het mechanisme

waarbij een electron direct recombineert met een gat in de valentieband
blijkt zeer belangrijk te zijn. Het gemiddelde van de gemeten waarden van
de desbetreffende parameter komt overeen met de theoretische waarde
(R

=

8 x 10- 14 m3 s- 1 ). De direkterecombinatie is onafhankelijk van het

aangelegde electrische veld en bevat een term welke kwadratisch is in de
excess dichtheid.
De microgolf emissie bleek 'een zeer complex verschijnsel. In hoofdstuk
VI is getracht een overzicht te geven. Voor de verschillende groepen van
verschijnselen kunnen zeer uiteenlopende verklaringen gegeven worden. In
paragraaf 6.5. worden de eigen experimentele resultaten gegeven. De reeds
eerder door ons gerapporteerde "piek-emissie" is gerelateerd aan het tijdelijk verschijnen van Gunn domeinen bij hoge velden. Verder werd

voor het

eerst microgolf emissie bij hog~ electrische velden gedurende de gehele
'
puls zonder magneetveld waargenomen. Deze resultaten hebben aanleiding gegeven tot een voorstel ter verklaring van de hoog-veld emissie als een bijzondere vorm van ruis. Hierbij speelt de anisotropie van het dominerende
verstrooiingsmechanisme, polaire optische fotonen strooiing, een belangrijke
rol. Er lijkt geen verband te bestaan tussen deze hoog-veld emissie en de
eigenschappen van het electronen-gaten plasma.
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Het in de natuurwetenschappen, en met name in de halfgeleiderfysica, frequent voorkomende begrip "mobility" wordt gewoonlijk vertaald met "beweeglijkheid". Op didactische gronden en ter vermijding van verwarring met
het in de medische wetenschappen gebruikte begrip motility verdient het
aanbeveling in het vervolg van "beweegbaarheid" te spreken.

II
Reeds bij zeer kleine excess ladingsdragersdichtheden wordt de directe
radiatieve recombinatie in n-type InSb, van redelijke zuiverheid, bij een
roostertemperatuur van 77 K, van dezelfde orde van grootte als de recombinatie via traps. Bij toenemende excess dichtheid is de directe recombinatie
al spoédig dominant. Dientengevolge zijn alle vergelijkingen waarin de recombinatie voorkomt minstens van de 2e graad en boet het begrip levensduur
van excess ladingsdragers sterk aan betekenis in.
(dit proefschrift, hoofdstuk V)

III
De interpretatie van de door Arizumi et.al. met behulp van een spectrum analyzer gemeten spectra van gepulst microgolfvermogen. wordt ernstig bemoeilijkt
door het feit dat noch aan de voorwaarden voor een "line spectrum" noch aan
die voor een "spectral intensity plot" is voldaan.
(Arizumi, T., T. Aoki, and K. Hayakawa, J. Phys. Soc.

Japan~

(1968) 1361)

(Hewlett Packard Company, Application note 63, Spectrum Analysis)

IV
Chuenkov ontwikkelt de distributiefunctie van "hete" electrenen in InSb in
een reeks van Legendre polynomen. Aangezien Fawcett en Ruch hebben aangetoond dat een dergelijke reeksontwikkeling niet convergeert, moet aan de
juistheid van de resultaten van Chuenkov's theorie ernstig worden getwijfeld.
(Chuenkov, V.A., Sov. Phys. Solid

State~

(Fawcett, W., and J.G. Ruch, Appl. Phys. Lett.

~

(1967) 35)
(1969) 368)

(dit proefschrift, hoofdstuk IV)

V

Op grond van de gevonden frequenties lijkt het erg onwaarschijnlijk dat de
door Mirianashvili en Nanobashvili gevonden oscillaties veroorzaakt worden
door een generatie instabiliteit van electronen-gaten paren, zoals door hen
wordt gesuggereerd. Het is meer waarschijnlijk dat het effect verklaard-kan
worden uit een competitie tussen het dichtheidsverhogende effect van de Lorentz kracht en de dichtheidsverlaging door oppervlakte recombinatie, volgens een door Ancker-Johnson besproken mechanisme.
(Mirianashvili, Sh.M., and D.I. Nanobashvili,
Sov. Phys. Semiconductors ~ (1968) 220)
(Ancker-Johnson, B., J. Appl. Phys. 39 (1968) 3365)

VI
De bewering van Tosima dat de botsings-ionisatie in n-type InSb afhankelijk
is van de afstand tot de kathode is gebaseerd op ,onjuiste argumenten. Niet
alleen wordt voor de ionisatie tijd ten onrechte de door Ancker-Johnson
ingevoerde avalanche tijd genomen maar tevens is de gebruikte waarde van de
electtonen drift snelheid één orde van grootte te hoog.
(Tosima, S., J. Phys. Soc. Japan 22 (1967) 1025)
(Ancker-Johnson, B., J. Phys. Soc. Japan~ suppl. (1966) 694)

VII
Men kan de dispersie in een.golfpijp gebruiken om, met behulp van snellepuls technieken, op elegante wijze het uitdijen van een golfpakketje te
demonstreren.

VIII
Voor een zinvol gebruik van computers bij de oplossing van complexe problemen, welke niet van louter rekenkundige of administratieve aard zijn, is
allereerst een inzicht nodig in de relaties tussen de descriptieve en
deductieve formalismen die nodig zijn om de verschillende aspecten van een
dergelijk probleem te behandelen. Dit heeft men zich tot dusverre onvoldoende gerealiseerd, hetgeen de ontwikkeling van enigszins "intelligente"
computersystemen in de weg heeft gestaan.
(Amarel, S., Proc. first annual symposium of the American Soc. for
Cybernetics, Gaithersburg 1967)
(Newell, A., hoofdstuk VI in Electronic Infomation Handling,
A. Kent, and O.E. Taulbee (editors), Spartan books, Washington 1965)

IX
Zowel vanwege de belangrijke besparingen van computertijd en gebruikerstijd
als vanwege de directe economische voordelen dient het gebruik van programmeerbare tafelrekenmachines in plaats van of naast een grote computer bevorderd te worden.
(Ree, J. van de, Ned. Tijdschr. Natuurk. 37 (1971) 436)

x
Teneinde de primaire doelstellingen van Universiteiten en Hogescholen te
laten prevaleren dient het aantal personeelsleden dat niet direct betrokken
is bij onderwijs en onderzoek, maar een meer indirecte dienstverlenende taak
heeft, tot een bepaald percentage van de direct betrokkenen beperkt te
blijven.

XI
Ter vorming van een juist begrip van de moderne natuur- en scheikunde bij de
leerlingen van het middelbaar huishoud- en nijverheidsonderwijs verdient het
aanbeveling om de in veel gebruikte leerboekjes gegeven definities van de
scheikunde als "de wetenschap welke zich bezighoudt met blijvende veranderingen in stoffen" en van de natuurkunde als "de studie van het omkeerbare
gédrag van lichamen" te herzien.
(Reinders, G., Waarnemen en Toepassen, Scheikunde voor de huishouding, 6e dr.
Idem, Natuurkunde voor de huishouding, 6e dr.
H. ten Brink's uitgeversmij. N.V., Meppel, 1970)

XII
Het feit, dat de organisatie van peuterspeelzalen vrijwel uitsluitend in
handen is van vrouwen, duidt op een achterstand in de emancipatie van de man.

XIII
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