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CHAPTER I 

INTRODUCTION 

Transport phenomena in a semiconductor are sametimes comparable with 

the effects occurring in a gaseaus plasma [5,32] The similarity is 

poor when there are only mobile charge carriers of one type, like in 

an extrinsic semiconductor. When both positive and negative charges 

are mobile, as the electroos and holes in an intrinsic semiconductor, 

the similarity is much better. Therefore the colleetien of carriers 

in such a semiconductor is sametimes called an electron-hole plasma. 

An important plasma effect, that also occurs in the electron-

hole plasma, is the compression of the plasma along the axis, due to 

a magnetic z-pinch. In this thesis we treat the influence of the com

pression of the electron-hole plasma on the behaviour of an InSb sample 

under avalanche conditions. 

In InSb at 77K an electron-hole plasma can be generated by impact 

ionization. The density of the plasma is governed by the magnitudes of 

the generation frequency and the recombination parameters. The genera

tion and recombination frequency have a different density dependence. 

The generation is proportional to the dens . The Auger recombination, 

which is dominant for high densities, is proportional to the third power 

of the density. Therefore, the balance between and recombi-

nation depends strongly on the plasma density, and compression effects, 

for instanee caused by pinching, can have a large influence on the 

generation-recombination behaviour of a sample. 

In experiments on the generation and recombination parameters of 

a material, a uniform density distribution in the sample is frequently 

assumed. This assumption will be valid when the measurements are per

formed in a time interval that is short compared with the pinch time 

or for very weak pinches. However, the magnitudes of the pinch time 

and the compression were usually not known accurately enough and there

fore the validity of this assumption could not be verified. Horeover, 

current and voltage oscillations were observed. These oscillations 

might be explained by the occurrence of pinch. 

Therefore we chose to investigate the influence of in 

further detail. This thesis originates from previous experimental 

investigations in our group, concerning generation-recombination [74], 



mobility [74,77] and potential distribution in a sample [76]. We use 

similar experimental methods. As these methods and the general properties 

of InSb are already described extensively in these references, we will 

treat these subjects only briefly. 

In chapter II ·the relevant properties of InSb are summarized. 

Some consequences of the nonparabalie conduction band on the electron 

properties are mentioned. The relevant scattering mechanisms in InSb 

are described. This chapter is chiefly intended as an introduetion to 

the material InSb. 

The experimental methods that were used are introduced in chapter 

III. In the first sectien we describe the circuit, used to generate 

voltage pulses of various shapes, and the measuring circuit. The sample 

preparadon is described in the secend section. Also the data on the 

samples that were used in our experiments are given in this section. 

Chapter IV is intended as a presentation of the tools, required 

for the pinch calculations in chapter V. We need transport equations 

and a fairly detailed knowledge on high field mobilities and generation 

and recombination frequencies. Unfortunately there are no theories 

available that treat these phenomena sufficiently accurate over the 

whole range of interest. It was beyend the scope of the present work 

to develop such a theory. Consequently, we derived mobility and gene

ration frequency from measurements. Macroscopie arguments are used to 

simplify the transport equations. We show that the electron mobility 

can decrease due to electron-hole scattering and discuss the measur

ability of the various parameters. 

In chapter V we will focus on the pinch effect. After a short 

description of this effect we present a critical review of existing 

theories and measurements. It will be shown that none of these tbeories 

gives a satisfactory description of the pinch effect in InSb. Only 

some numerical procedures that give acceptable results are available. 

Dur own calculation model, that is described in the third section, 

elaborates on these procedures. It assumes a cylindrical symmetry 

for our problem. Therefore, the transport equations of chapter IV 

are reduced to the cylindrical case. With these transport equations the 

time evolution of the ~ensity distribution is calculated, using an 

iterative numerical method. The results of these calculations are pre

sented in the last section,together with the results of our measurements. 

In cbapter VI we summarize the conclusions • 

2 



CHAPTER II 

PROPERTIES OF N-TYPE INDIUM ANTIMONIDE 

Some relevant properties of n-type InSb will be discussed in this 

chapter. It starts with a description of the of the con-

duetion electrous due to the non parabolic structure of the conduction 

band, foliowed by some material constauts and plasma parameters. Next 

we will a short description of the various scattering mechanisms. 

2.1. Energy bands 

The bandstructure of InSb has been calculated by Kane [52]. It was 

shown by Hauser [92] by consiclering several approximations that for 

energies up to 300 meV the conduction band can be approximated by: 

(2. I) 

Here E is the band gap and equals 225 meV at 77 K [100] and m* ~s 
g eo 

the effective mass at the bottorn of the conduction band. It is equal 

to 0.014 m
0 

[99], where m
0 

is the free electron mass. The spinorbit 

splitting 6 is assumed to be large with respect to the band gap and 

the free electron con tribution 11 2 k2 I 2 m to the energy is neglected 
0 

valenee band we only mention the well because m >> m* • As to the 
o eo 

known existence of the heavy hole and light hole bands, with effective 

masses of 0.4 m
0 

[100] and 0.016 m
0 

[92] respectively. For details we 

refer to the lirerature [52,74,99,100]. 

It should be noted that (2.1) implies a nonparabalie conduction 

band. This has a remarkable influence on some of the properties of the 

conduction electrons. One can introduce an energy dependent effective 

mass: 

m*(E) 
e c 

(2 E /E + I )m* 
c g eo (2.2) 

The electron velocity becomes a saturating function of the energy: 

! 
- I] 2 

(2.3) 
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* 1 where v = (E /2 m ) 2 = 1.2 x 106 m/s. These equations imply an 
oo g eo 

asymptotic behaviour of the mobility of the form ~ ~ E-1. 
e . 

In addition to the main valley of the conduction band there are also 

valleys on the boundaries of the Brillouin zone in the <111> and <100> 

directions ( minima at the L and X points respectively ). 

2.2. Material aonstants and plasma parameters 

In this section some relevant material constants of InSb at 77 K are 

given. From these constants we estimate some partiele veloeities and 

plasma parameters. The influence of the nonparabolicity of the conduc

tion band and the presence of the light hole band on the transport 

phenomena are neglected in these estimates. 

InSb has the zinebiende structure with a lattice constant of 

0.65 mm {101], a density of 5.78 x 103 kg/m3 [114] and a melting tem-

perature of 798 K [114]. lts thermal conductivity is 100 W/mK [109] 

and the heat capacity Cv=l.38 x 102 J/kgK [106] which gives, with the 

previously mentioned density, c = 7.98 x 105 J/m3K. The most impor-v 
tant lattice waves are the longitudinal polar optical phonons, which 

have an energy h w1 = 24.2 meV [113]. The static dielectric constant 

17.9 and the high frequency dielectric constant Em = 15.7 [91]. E s 
A typical value for the electron drift mobility is 55 m2/Vs for a 

low electric field. The electron mobility decreases for high electric 

fields to about 20 m2/Vs for a field of 2 x 10~ V/m and 10 m2/Vs for 

5 x 10~ V/m. This results in an average drift velocity of 4 x 105 m/s 

and 5 x 105 m/s respectively. The average scattering time 'e at a 

field of 2 x 10~ V/m, can be estimated from ~e = q •e/m:
0 

and gives 

'e 1.6 x 10-12 s. 

The measured hole mobility is 0.8 m2/Vs for fields up to 

8 x 103 V/m [38], which gives a scattering time Th= 1.8 x 10-1 2 s. 

Recently Ashmontas and Subachyus [84] claimed that the hole mobility 

decreases as a function of electric field. However, this has so far 

not been confirmed by other experiments or theories. Both electron and 

hole mobilities will be treated in more detail in section 4.2. 

A typical value for the equilibrium electron density in our mate-

rial is 1020 • This means that the equilibrium hole density is low, 

p ~ 1010 m-3. However, the average electron and hole densities can 
0 
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rise to values as high as 1023 m-3 when ionization occurs. 

Plasma effects become important for high densities. Extensive 

reviews on these effects in semiconductors were by Ancker-Johnson 

(5] and Glicksman (32]. Therefore we will only resume somerelevant 

parameters. Deviations of the charge neutrality are sereerred within 

the Debye shielding distance Àd = (t: kT /n q2 )~, which is 2.5 x 10- 7 m 

for the lowest densities. This Debye length is much smaller than the 

minimum sample dimensions (5 x 10- 5 m) that were used, thanks to the 

low temperature and high density. Therefore we can call the electron

hole gas a plasma. The number of particles in a sphere with radius Àd 

is rather low, NÀ = 7. An increase in the density even a lower 

NÀ. Such a plasma could be called a weakly Debye plasma. In a high 

temperature gaseous plasma the number of particles in the Debye 

sphere can be of the same order but is usually much 

Perturbations of the charge neutrality are shielded in a time 

determined by the electron plasma frequency w = (n q2 / s 
p 

1.1 x 10 12 rad s- 1 for n 1020 m-3. When there arenoholes only 

electromagnetic waves with a frequency can propagate through 

the plasma. Lower frequencies can propagate, when holes are present, 

due to the collective motions of electrans and holes. This rise 

to helicon and Alfvèn waves (5,32]. 

The electron cyclotron frequency 

rad.s-1 fora magnetic field of 0.1 T, 

The hole cyclotron frequency is 2.35 x 

w = q B I m * is I. 25 x JO 1 
c e 
typical for our experiments. 

1011 rad.s-1. The product~ B 

can easily exceed I for electrens but will remain lower for holes, at 

the magnetic fields of interest. 

The plasma frequency and the cyclotron frequencies are always 

much higher than the frequencies that are used in our experiments. 

Therefore these phenomena will not interfere with our measurements. 

2.3. Baattering 

The transport properties of a semiconductor can be described by the 

Boltzmann transport equations. In these equations a distinction ~s 

made between processes that are continuous in time and processes that 

are discontinuous on the time scal.es of interest. The continuous 

processes are caused by long range forces such as electric and mag-
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netic fields. The discontinuous processes, called scattering, are 

caused by short range interactions, such as the screened coulomb 

force of a single particle. 

A short description of the relevant scattering mechanisms is 

given in this section. Three different types of scattering can be 

distinguished. In intravalley scattering the scattered partiele 

remains in the same valley. This type of scattering is treated in 

more detail by Alberga [77] for InSb. Intervalley scattering occurs 

when an electron moves into another valley of the same band, and 

interband scattering when an electron jumps to another band. Genera

tion and recombination can be seen as a form of interband scattering. 

This subject is. treated in [82] in detail and we will digress on this 

matter in chapter 4 in relation with the Boltzmann transport equation. 

Intravalley scattering can be subdivided in several types. 

Ionized impurity scattering is an elastic coulomb scattering with a 

charged defect of the lattice. The influence of this scattering 

mechanism depends on the number of impurities and the energy of the 

scattered particle. It decreases with increasing partiele velocity. 

Electron-electron, electron-hole and hole-hole scattering are 

elastic coulomb collisions with other particles. Electron-electron 

and hole-hole scattering only redistribute the momenturn over the 

electron and hole gas respectively. The average momentumisnot changed 

and hence the influence on the partiele flow is small. Electron-hole 

scattering can become important for higher plasma densities. Due to 

the large difference in masses and veloeities of electrons and holes 

the electron-hole scattering can be seen as a collision of an electron 

with a nearly fixed impurity. Therefore this type of scattering will 

usually have a larger influence on the electrous than on the holes and 

little energy will be transferred. 

There are two types of scattering with the collective vibrations 

of the lattice. Scattering with acoustic phonons is nearly elastic 

while in the emission of a longitudinal polar optica! phonon an energy 

h w1 = 24.2 meV is lost. Therefore this POP scattering is strongly 

energy dependent and particles with less energy than the phonon energy 

can not scatter. Of course, absorption of an optica! phonon can occur 

too. Due to the low lattice temperature compared with the temperature 

of the optica! phonon (280 K) the number of optica! phonons will be 

low and thus a phonon absorption is not very probable. 

6 



In our material POP scattering and impurity scattering are ap

proximately equally important for electrans inlow electric fields, 

while for high electric fields thePOP scattering is dominant. When a 

high density electron-hole plasma is generated, electron-hole scatter

ing has to be regarcled as well. For heavy holes acoustic scattering is 

dominant. 

In intervalley scattering an extra set of minima of the conduction 

band, at the boundary of the Brillouin zone in the <111> directions, 

is used. The energy difference between those minima and the bottorn of 

the conduction band is 0.5 eV [87] and the effective mass is 0.2 m
0

• 

High energetic electrous can spill over to these minima, which leads 

to a decrease in average electron velocity and is the cause of the 

Gunn effect. 

When high energetic electrans scatter with electrans in the 

valenee band, the electron in the valenee band can be transferred to 

the conduction band leaving a hole in the valenee band, and interband 

scattering occurs. This process is called impact ionization. Due to 

the required energy it depends strongly on the electric field. The 

reverse process, where an electron collides with a hole and drops 

back to the valenee band, transferring its energy to another conduc

tion electron is also possible. It is called Auger recombination. The 

energy difference between conduction and valenee band can also be 

emitted as radiation. This gives the radiative recombination. A mixed 

form of Auger- and radiative recombination, where the energy is split 

between a photon and another electron, is possible too. When an elec

tron collides with a certain type of defect it can be captured by 

this imperfection and subsequently drop to the valenee band. This is 

the so-called Shockley-Read recombination. 

7 



CHAPTER III 

EXPERTMENTAL METHODS 

In this chapter the various parts of our measuring system will be 

described, following the general block scheme. Then the sample prepa

ration is described, foliowed by the testing procedure and sample data. 

3.1. Measuring method 

The measuring method that is used is in principle very simple. It is 

essentially the measurement of the current through and the voltage 

across the sample as a function of time. Sametimes the potenrial dis

tribution is measured too. The only real problems are the required 

putse supply 
I 

sampUng 

system 
I 

system 

l I 

sample mînicOfll!J.Jter 

holder 

{Î 17 t L__ 

I 
I graphî~ display : magnet 

I power supfty '--~ . dîgîtal plotter 

V v1 
\\ w X-'f recorder 

~l 
I 

/l sample 

11

1 -
77K 

Fig. 3. 1. Measuring configuration. 
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time resolution (about I ns) and the necessity to move a voltage probe 

at a temperature of 77 K. 

Three groups can be distinguished in our measuring configuration: 

voltage supply, sample holderand measuring circuit (fig. 3.1). 

To avoid heating of the sample the voltage across the sample can 

only be applied for a limited time. Therefore we use pulses with a 

length varying between 5 ns and I ~s depending on the amplitude of the 

pulse. 

For the measurements without a probe we used the sample holder 

desi~ned by Alberga [77]. The probe measurements are done with the 

apparatus described in [76]. With this probe apparatus only a trans

verse magnetic field could be used but with the other sample holder 

the magnetic field could be applied in.longitudinal direction too. 

The measurements were done with a four channel sampling system 

[79]. The measured data could be transferred to either an X-Y recorder 

or a minicomputer. 

3.1.1. Putse generation 

Voltage pulses of various shapes were produced with a 25 Q charging 

line pulse generator (81]. In the simplest case, fora rectangular 

pulse in a 25 ~ load, the pulse forming network consisted of two 

parallel open-ended coaxial lines, building the charging line 

(fig. 3.2a). 

Most experiments were done with a pulse repetition frequency 

of 29 Hz. This frequency was lowered to 3 Hz for the highest power 

inputs to enable the sample to cool down to 77. K between pulses. 

A lower P.R.F. was not feasible due to trigger problems with the 

sampling oscilloscope and because the measuring time would become too 

long. A repetition frequency of 30 Hz resulted in oscillations on the 

measured signals due to the occurrence of beating with the mains fre

quency. At 29 Hz this beating had a higher frequency and could be 

smoothed out. 

The switching time of the pulse generator is several milliseconds 

which results in a fair amount of time jitter. Therefore the sampling 

oscilloscope had to be triggered directly from the output pulse. Be

cause of the internal delay of the trigger circuit of this oscillo-

10 



power supply 

____,_.n ..... , - ".,,;", u,.- - ~ -

- trigger output 

R" 

- coaxial line ~ - putse filter --- resistor 

Fig. 3.2. Pulse foPming networks for various shapes. 

scope the signa! had to be delayed for at least 100 ns. This was 

achieved by transporring the input pulse to the sample holder with a 

25 ~ delay system consisting of two parallel 50 Q units. Each unit 

was composed of two lengths of delay line on both sides of a tunable 

waveform filter [73]. This filter provided a smooth, well defined, 

pulse shape, especially at the rising edge. In this way the filter 

reflections arrived at least 100 ns after the rising edge of 

the pulse. The risetime of the pulse, as observed by the sample, was 

usually about 0.8 ns, but could be increased to 1.5 ns with a longer 

filter. Sametimes a still longer risetime is required to avoid the 

occurrence of Gunn effect (chapter 4). This can be achieved by 

a small delay (~ 3 ns) to one of the parallel 50 Q supply lines. Al 

though it results in a bad rising edge this does not matter in this 

case. 

The maximum output voltage that could be supplied to a 25 Q load, 

was 1.5 kV. For long pulses (> 150 ns) with a low power it was some-
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times favourable to insert some small attenuation (6 or 12 dB) in 

the pulse supply lines to diminish the refleetions of the pulse filter. 

In the experiments on the reeombination behaviour a stepped pulse 

was needed with its first part above and its seeond part below the 

avalanche threshold (chapter 4). This pulse shape was easily achieved 

by connecting a 50 Q open-ended coax to the 25 Q charging line with 

a eoaxially mounted resistor R' (fig. 3.2b). After. twiee the transi-

tion time of the 25 Q coax the output pulse is lowered in proportion 

to the reileetion coefficient of the transition: 

v • = v r 1 - <R • + 25 m 1 <R • + 15 m 1 

Thus the resistor R' could be used to vary the amplitude of the second 

level of the pulse. 

In other experiments, to prove the existence of electron-hole 

scattering, a three level pulse was needed. This pulse shape was made 

by disconnecting one of the pulsé supply lines, terminating this line 

with aresistor R" and adding some delay to the other line (fig. 3.2c). 

The pulse in the disconnected line was reflected on the resistor and 

added to the pulse in the other line. In this way a third step was 

added to the total pulse with the same length as the first pulse and 

a position depending on the line length. This line length had to be 

ehosen in such a way that the third step fell inside the second step 

of the supplied pulse. The amplitude of the third step could be varied 

with the loading resistor R": 

V" = V' + 0. 5 [ (R" - 50 Q) I Ül." + 50 Q)] V • 

It should b.e noted that in this case the output impedance of the pulse 

system is 50 Q, Therefore another supply coax in the sample holder had 

to be used (section 3.1.2.). 

3.1.2. Samp~e airauit 

An extensive description of the two apparatuses used can be found in 

[76] and [77]. Therefore we restriet ourselves toa short description 

of the features of these sample bolders. 

The probe apparatus bas one 25 Q pulse supply line and two 50 Q 

12 



; 50 .n.. 50 .n.. 

25 .n.. 

Fig. 3.3. E~eetricaZ circuit around the sample. 

Dashed resistor optional. 

measuring lines for the fixed cantacts on the sample (fig. 3.3). Small 

resistor networks can be inserted in the termination of these coaxial 

lines. This was for instanee used to mount a disc shaped current roea

suring resistor of approximately I n. 
The observed souree impedance could be lowered by fitting a disc 

resistor in parallel with the sample in the pulse supply coax. Of 

course, this lewers the maximum output power of the pulse generator 

too. However, due to the short life of these resistors, when high 

voltages are applied, we ordinarily did not use them. In principle, 

it would have been possible to make a reflection free adaption to the 

25 Q pulse supply line for one value of the sample impedance. However, 

we did not bother about it because of the large changes in sample im

pedance. 

A movable resistive probe can be put on the sample. With this probe 

measurements could be performed on a mesh with intervals of 0.5 mm in 

longitudinal direction and 0.05 mm in transverse direction. The maxi

mum number of points is 20 for bath directions. The probe is equipped 

with a 10 kQ series resistor to minimize loading effects on the sample. 

The contact is made with a sharp needle that is pushed against 

the sample with a tiny spring. Sometimes the needie did not màke 

contact at once. In this case it was pecked through the oxide layer 

on the sample. This resulted in a good contact while the surface 

damage was still acceptable. As long as the sample remained immersed 

in liquid nitrogen there was no need to repeat this pecking at the 

same position. The positioning accuracy of the probe (JO )lm) and the 

13 



eleetrieal performance (risetime I ns) were suffieient for our pur

poses. 

In spite of its high resistance the probe still influeneed the 

proeesses in the samples, especially in the thinner samples. This was 

caused by the occurrenee of an inhomogeneous avalanche and could be 

detected as an increase in eurrent when the probe was put on the 

sample. Fortunately this influence was negligible in thick, low im

pedance, samples and in the lower part of the other samples, near the 

current measuring resistor. 

When the electric field was so high that Gunn domains were formed, 

these domains were usually nucleated in the neighbourhood of theprobe, 

making it virtuàlly impossible to observe them. Even in fields below 

the Gunn threshold, the measurements were sometimes disturbed by Gunn 

domains when the probe was lowered on to the sample. 

For fields below the avalanche threshold the probe functioned 

well for all kinds of samples. 

A transverse magnetic field can be applied to the sample, allowing 

Hall measurements to be made. Due to the size of the apparatus and the 

available magnet it was not possible to apply a field in another di

rection. 

The sample holder designed by Alberga [77] had the possibility to 

conneet one supply line of 25 n and five measuring lines to the sample. 

However, we only needed this apparatus for measurements in a longitu

dinal magnetic field and did not use these extra lines in most experi

ments. We used it also for other experiments without a probe. This 

saved time and liquid nitrogen, because the heat capaeity of this 

sample holder was much smaller. 

The samples are mounted on discs of epoxy printed circuit board, 

which fit in both apparatuses. These dises proteet the tiny, brittie 

samples and facilitate their handling. All necessary electrical 

conneetions with the sample are made via this dise, whieh can be 

easily attached to the measuring apparatus. 

3.1.3. Measuring circuit 

The signals from the sample were measured with a four channel sampling 

system. This system was built up from a series of standard Hewlett 
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Packard modules (HP 141B/1424A/2: 141lA/2: 1431A; risetime 35 ps) and 

a special multiplex a~d output frame [79]. 

Every channel of this system can be displayed versus another 

channel or versus the sampling time, on a small oscilloscope screen. 

To introduce the concept of sampling time we need a description of 

the operation of a sampling oscilloscope. A sampling oscilloscope does 

not monitor a signal continuously but only measures a value at one 

point of time, during 17 ps for our system. The time elapsed between 

the start of the pulsed signal or a trigger pulse and this point is 

called the sampling time and it is used to drive the internal time 

base of the oscilloscope. After each pulse the sampling time is 

usually increased to measure the relevant part of the signal. 

This sampling time can either be adjusted by an internal staircase 

generator or an external control voltage. In our case the scope was 

triggered from the pulse generator and therefore the sampling 

time is related to this trigger pulse, accounting for the delay in the 

pulse supply lines. 

The small screen of the oscilloscope is only used to get a global 

view of the occurring phenomena and in up the measurement. The 

signals can be fed to either a Data General Nova 2/10 minicomputer or 

a HP 7000 AM X-Y recorder for starage purposes. 

The X-Y recorder is used for sirnple measurements that need little 

processing while the computer is very useful for accurate rneasurements 

and when extensive processing is required. 

3.2. Sample preparation and data 

3.2.1. Requirements 

The sample dimensions follow from the fact that fast rise-time elec

trical pulses have to be used. Experiments in the avalanche 

should preferably be performed under constant voltage conditions [74]. 

The nomina! output impedance of the pulse generator was 25 Q. This 

could be lowered to approximately 7 Q at the expense of a loss in 

power (sect. 3.1.1.). Normally an impedance of 16.7 Q was used. 

Evidently the sample impedance had to be at least one order of magni

tude larger, even in the case of a strong avalanche. 
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The available indium antimonide samples had a low resistivity 

(of the order of 10-3 Qm at 77 K). Consequently the samples must be 

long and have a small cross-section. A long sample needs a higher 

voltage than a short sample to get the same electric field. The 

available output voltage of the pulse generator is proportional to 

the output impedance (as long as this impedance remains below 25 Q). 

Therefore the length of the sample has no influence ori the ratio of 

sample resistance and souree reaiatanee for a given maximum field. 

A long sample is favourable to minimize effects of the end contacts. 

We therefore usually made samples with a length of approximately 

10 mm, which is about the maximum length that is feasible. 

The cross-section of a sample can not be made smaller than about 

0.05 x 0.05 mm2 with our manufacturing techniques. However, for such 

a sample the influence of surface recombination becomes very high. 

A good campromise is a sample of 10 x 0.1 x 0.1 mm3. Such a sample 

has a low field resistance of about I kQ. 

For the pinch experiments samples of various cross-sections were 

needed. The maximum cross-section that is feasible is I x I mm2• 

The calculations on the pinch effect could only be made for 

cylindrical samples. Unfortunately it was not possible to produce 

such samples. The best approximation that could be made was an octago

nal sample with rounded edges. Especially for the smallest cross

sections, this resembied a cylindrical sample sufficiently. 

Besides the geometrical requirements, the cantacts should show 

a linear current voltage characteristic, have a sufficiently low 

resistance and be non injecting [74]. 

3.2.2. Sample preparation 

Single crystalline, undoped, n-type InSb was purchased from two manu

facturers as ingots of about 20 mm width and 4 mm thickness. 

Most experiments were done on the material supplied by Cominco. 

This material had, according to the manufacturers data at 77 K, an 

electron concentration n = 4.5 - 8.3 x tol9 m-3 and a Hall mobility 
0 

~ = 60- 74 m2 /Vs(samples labelled C and C in table 3.1). Other 
0 s 

experiments were done on two types of material supplied by Monsanto 

Chemica! Company. The first material had an electron concentratien of 
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4.2 x 1020 m-3 and a mobility of 37 m2 /Vs (samples Ma). The secoud 

material had an electron concentration of 1.6 x 1020 m- 3 and a mobil

ity of 55 m2 /Vs (samples~). This last material was also used by 

van Welzenis [74] and Alberga [77] in their experiments. 

All crystals were Czochralski grown, the Mansauto material in a 

<lil> direction and the Cominco material in a <211 direction. 

From the ingots samples were prepared by standard semiconductor 

techniques like sawing, polishing and chemomechanical polishing. The 

specific techniques for the case of InSb were already described in 

detail [74], formerly. We used basically the same techniques and hence 

restriet ourselves here to a brief description. 

Bar shaped samples were sawn from the ingots with a single- or 

multi-wire saw, using abrasive slurry containing one part carborundum 

1200 in four parts diala C oil. In this way samples with a square 

cross-section of either 0.35 x 0.35 mm2 or 0.85 x 0.85 were made. 

Because inhomogeneities in the impurity distribution mostly occur in 

the direction of growth of the crystal, the long axis of the sample 

was taken perpendicular to this direction. The Gominca samples were 

sawn with the longaxis in an <111> direction, but for the other samples 

the crystallographic orientation was not considered. 

Subsequently the samples were polisbed with the available in

strument [74] to get the required cross-section. At least 30 ~m had 

to be removed on each side to reduce the surface damage caused by 

using the wire saw. The samples were polisbed on a glass plate with a 

little abrasive salution (1 part carborundum 1200 in 2 parts diala C 

oil), using the minimal possible pressure. For this purpose the 

samples were mounted on small steel plates with pine resin. After

warcis another 15 ~m was removed using the same apparatus and slurry 

with a pelion disc no. 31 (fa. Winter, Hamburg, Germany) sticked on 

the glass plate. The carborundum pellets embedded themselves in this 

polishing cloth, which prevented them from rolling and resulted in 

a smooth sample surface. A finer polishing process was not required, 

thus reducing the number of mounting- and heating cycles of the 

sample. In principle, the whole polishing procedure could have been 

done with the polishing cloth but this resulted in tapered samples 

when larger amounts of material (> 100 ~m) had to be removed to get 

the required size. 

Tbe last 15 ~m of each side were removed by careful chemomechani-
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cal polishing during 30 seconds on a velvet cloth wettèd with a 

bramine solution (0.5% Br2 in methanol). For this treatment the bars 

had to be mounted with beeswax, because the pine resin dissolved in 

methanol. Also the beeswax dissolved slightly leading to somewhat 

rounded edges of the sample. However, this is only favourable because 

it prevents damage of the sample in subsequent handling. 

Octagonàl samples could be made by mounting a square sample on· 

an edge and polishing away the opposite edge. For this purpose the 

sample had to be supported in a small groove in the sample holder 

before it was fixed with pineresin (fig. 3.4a). 

sample 

glass. support plate 

Fig. 3. 4. a) Polishing plate for octagonal samples. 

b) Sample mount, showing protective glass plates. 

From the final bars, about 20 mm in length, two samples could be 

made. The bar was cut in two parts with a scalpel in a bath of ethanol. 

A small piece of the other end of the sample was removed. In this way 

samples with clean end surfaces were obtained, which facilitated the 

soldering of the end contacts. 

Silver wires (50 ~m diameter) were soldered with Microcre~ 
(63% tin and 37% lead as a suspension in a rosin flux, Alpha Metals 

Inc., Los Angetos, California). To this end the sample was mounted on 

a little pedestal, a small amount of Microcream was applied to the 

silver wire and subsequently the wire was placed on the sample with a 

micromanipulator. The Microcream was heated with a small tantalum wire 

heater until the silver wire was soldered in place. The whole process 

was observed through a microscope. 
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Finally the samples were glued on a glass plate with General 

Electric 7031 kit. In this way the brittle samples could be in direct 

contact with the boiling liquid nitrogen without being damaged. When 

the probe had to be used, thin glass plates were placed 

sample to prevent the probe from chipping off the edges 

It appeared that with other mounting methods, like 

the 

3.4b). 

the 

sample in plastic, the sample cracked during cooling down to 77 K. 

The glass plate was mounted in a disc of epoxy ei rcuit 

board and the contact wires were soldered to this disc. This gave an 

easy to handle unit. 

3.2.3. Sample selection 

After mounting, the samples were cooled down to liquid nitrogen tem

perature. The sample resistance was measured and the linearity of the 

current voltage characteristic was checked. Su~sequently the samples 

were allowed to warm up to room temperature. This process was repeated 

at least three times. Samples, with a non linear I-V characteristic or 

a resistance that varied more than a few percent after each cooling, 

were rejected. 

The homogeneity of some samples was checked in a low field mea

surement (100 V/m) with the probe apparatus. The Monsanto material was 

homogeneous, within our measuring accuracy. However, the Cominco 

material appeared to have an appreciable gradient in resistivity. 

Sometimes the resistivity varied by as much as a factor three between 

both ends of a sample. 

In avalanche this inhomogeneity disappeared. This can be seen in 

fig. 3.5. Here a series of probe voltages is given, which are mea

sured in the longitudinal direction of the sample with a constant 

space of l mm. It appears that, in the beginning of the pulse, the 

distance between two adjacent curves, which corresponds with the field 

in the sample, depends on the position at the sample. This dependenee 

disappears at the end of the pulse due to the generation of extra 

carriers. This means that the field distribution, and hence the resis

tivity distribution, becomes nearly homogeneous. 

The Cominco material was the only material that was available in 

sufficient amount. It had a higher resistivity than the other mate-
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rials and our measurements are chiefly done in the avalanche region. 

Therefore we mostly used this material. 

Hall measurements on this material were not performed because of 

the inhomogeneity of the material and the fact that these measurements 

are disturbed in the avalanche region [77]. Furthermore, Hall measure

ments and the production of Hall samples are very time consuming. 
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Sample Dimensions (mm) 
E < 102 V/m E = 2 x 104 V /m 

s M 77K 77K no. ~ w h 
R(Q) p(mQ m) R(rl) p(mQ m) 

256 ~ 9.40 0.11 0.11 563 0. 72 1680 2. 16 

313 + c 7.90 0.20 0.20 251 1.27 877 4.44 
s 

322 c 8.70 0.19 0.16 548 1.91 1650 5. 77 
s 

326 • c 9.00 0.10 0.11 729 0.89 2343 2.86 
s 

327 0 c 5. 35 0.14 0.15 451 1.77 1337 5.25 
s 

331 y 5.55 0.06 0.05 3121 1.69 9910 5.45 

332 0 c 10.70 0.24 0.24 770 3.44 1730 7. 72 
0 

333 c c 8.40 0.71 o. 71 23 1.38 60 3.60 
s 

334 ...:.. 8. IS 0.40 0.40 46 0.90 169 3.30 

335 c 8.30 0.71 0.71 52 3.16 99 6.01 

336 • c 9.90 0.24 0.24 456 2.20 1790 8.62 
0 

337 • c 7.90 0.58 0.58 66 2.81 167 7. 12 
s 

338 .... c 8.70 0.50 0.50 140 3.34 363 8.66 
0 

339 x c 7.85 0.15 0. IS 786 1.87 3270 7.78 
0 

340 x 8.20 0.50 0.50 455 1.39 137 4.17 

341 x 9.50 0.50 0.50 88 2.44 238 6.27 

342 c c 8.35 0.70 0.70 20 0.97 64 2.89 
0 

343 .... 9.30 0.30 0.30 107 1.04 39 3.68 

344 • c 9.30 0.70 0.70 47.5 2.50 141 6.15 
0 

345 ...:.. c 7.50 0.50 0.50 40 I. 11 125 3.46 
0 

346 .... 7.65 0.30 0.30 176 2.07 546 6.43 

348 c 9. JO 0.58 0.58 65 2.4 171 5.48 
s 

354 ...:.. M 10.50 0.38 0.38 29 0.40 77 1.06 
a 

356 0 M 10.00 0.09 0.09 542 0.44 1400 1.13 
a 

359 c M 10.15 0.78 0.78 8.2 0.49 16.8 1.01 
a 

361 • M 10.10 0.58 0.58 12.8 0.43 33.7 I. 12 
a 

362 .... M 9.80 0.18 0.18 129 0.43 350 1.16 
a 

Tabel 3.1. List of samples used in the measurements. 

The resistivities were derived from measured sample 

dimensions and resistance. 
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3.2.4. Sample data 

The data for the samples, used for the experiments presented in this 

thesis, are given in table 3.1. The second columnS gives the symbols 

used in the figures. In column M the manufacturer and sample shape are 

indicated. C
0 

denotes the octagonal and Cs the square Cominco samples, 

Ma and ~ denote the two types of square Monsanto samples. It should be 

noted that there is a rather large spread in average resistivity for 

the Cominco samples, due to the inhomogeneity of this material. The 

Monsanto samples have approximately the same resistivity. Deviations 

in this resistivity are probably caused by measuring inaccuracies. 
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CHAPTER IV 

SOME HIGH FIELD TRANSPORT PHENOMENA IN InSb 

In this chapter we introduce some of the equations, quantities and 

phenomena that are relevant to high field transport in InSb. Our uiti

mate aim is the calculation of the behaviour of an electron-hole 

plasma in InSb in a z-pinch configuration (cf. chapter 5.3). Therefore, 

we need macroscopie equations that describe the transport and generation

recombination effects in a plasma. It is beyoud the scope of our work 

to go into the details or solutions of the macroscopie equations, we 

refer the reader to the literature for the theoretica! background. 

Only when it is imperative in understanding the macroscopie transport, 

we will treat the microscopie process, as for instanee electron-hole 

scattering, in more detail. 

The macroscopie equations, the so-called momenturn transport and 

continuity equations, are introduced insection 4. 1. The scattering 

integrals in these equations can be identified with macroscopie 

quantities like mobility and generation-recombination. These quantities 

are treated separately in section 4.2 and 4.3 following the outline 

described in the next paragraph. 

The mobilities and the generation-recombination frequencies depend 

on the magnitudes of the electric and magnetic fields and on the plasma 

density. The experimental methods that can be used to obtain a value 

for these quantities, under various circumstances, are mentioned 

Some problems that arise in using these methods are discussed. We 

present some numerical data obtained from our measurements and from 

theories and measurements of others. Finally we give the expressions 

for mobility and generation-recombination frequency as a function of 

electric field and density, that are used in our calèulations in chapter S. 

The influence of the thermal movements of the electrous and holes 

on the transport is discussed in sectien 4.4. This results in an 

expression for the diffusion coefficient. For high lattice tempe

ratures ( >260K), thermal generation can become important. This effect 

is also treated in this section. 

In some cases the Gunn effect disturbs our measurements. Therefore 

we give a short description of this effect in section 4.5. 

In the last section we show that the momenturn transport equation 
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can be simplified. Generally a stationary farm of this·equation is used 

in semiconductor physics. It might be expected that this is not 

allowed when pinching occurs. However it appears that the so-called 

inertial terms in this equation are small compared with the scattering 

terms. Therefore we will neglect the farmer in further calculations and 

use the stationary equation. We also show that the influence of 

generation and recombination on the average momentum is small compared 

with the influence of the other scattering mechanisms. Therefore. 

the influence of generation and recombination on the mobility will be 

neglected. 

We would like to stress that the methodology described above is 

in principle an approximate approach. If we would approach the matter 

entirely formally then all the callision terms in the transport equa

tions should be evaluated under consideration of all the farces present 

and all the collisional processes which might be present. We chose for 

the more beuristic .approach since the formal procedure is too compli

cated to give hope for an answer in the complex experimental situation 

under consideration. Also, we can argue that several contributing 

collisional processes are likely to dominate the deformation of the 

distribution function and that some farces will be stronger than 

others. In this situation we need only to estimate these smaller terms 

to be able to argue their neglect in the equations and to calculate 

only those terms which remain dominant and thus govern the dynamics 

of the system. 

Of course, if a more formal treatment, which takes into account 

all processes at the same time, would be possible then this would be 

highly desirabie even if it was only possible for some limited cases. 

This could in fact be used to check the more apptoximate methods we use. 

In the present analysis we will focus on the pinch effect in 

InSb, so our treatment is directed towards the isolation and calculation 

of those terms which are likely to be dominant in this case. 

4.1. Introduetion of the t~anspo~t equationa 

The transport problems in a semiconductor or plasma can be solved by 

calculating the partiele distribution functions. In semiconductor 

physics a function f(~,k,t) is used that describes the distribution 
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of charge carriers in position and momenturn space. In plasma physics 

velocity space is used instead of momenturn space. For a semiconductor 

with a parabalie band there is no difference, because in this partic

ular case m*~ h k, where ~ is the group velocity of the wave 
p p 

packet, which can be associated with the velocity of a single particle. 

However for a nonparabalie band, as for instanee the conduction band 

of InSb the effective mass is energy dependent. We do not intend to 

calculate the exact shape of the distribution function nor to derive 

the mobility from this distribution function but we will rather 

evaluate the magnitude of the mobility from measurements. We are 

chiefly interested in macroscopie 

velocity and change in plasma 

that conneet the drift 

to the electric and magnetic 

fields and the plasma density. These equations will be introduced 

in the remainder of this section. 

Macroscopie quantities can be found from an average of the 

microscopie quantities over the distribution function. Using the 

conventional bracket notatien one has : 

<g(k)> = J g(k) f(~,k,t) dk j n(~,t) ( 4. 1) 

with 
.... -( -+-~ 

n(r,t) - J f(r,k,t) 

In plasma and semiconductor physics the Boltzmann transport equation 

is frequently used to describe the changes in distribution function: 

fi (3/3t f(~,k,t)) . 
c 

(4.2) 

The last term in this equation is the change of the distribution 

function caused by processes that are discontinuons on the time scales 

of interest, called collisions. There are two Boltzmann equations, 

one for the electrans and the other for the holes, which can be coupled 

through the callision term. In the following we only give equations 

for the electrons, the for the holes are analogous. 
_,. 

The term vk€ in 4.2 is h times the partiele velocity vp 

The force term F is by : F = - q (l + (1/h) V-+kE x B), 
p p 

when there are only electric and magnetic forces. For ease of notation 

we will denote the average partiele velocity or drift velocity by 
.... .... . 
V = <v >, l.TI 

-+ p -+ 
by F = <F >. 

p 

the equations. The average force will be denoted 

It is beyoud the scope of our work to solve the Boltzmann 
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equation. Theories on the solution of this equation can be found in the 

literature [103]. As stated before, weneed some equations that describe 

the macroscopie transport. In semiconductor physics a stationary 

solution of the Boltzmann equation is frequently used. This leads to 

the well known equation: 

- ~ (E + ; x B) - D/n grad n • (4.3) 

In plasma physics the so called inertial effects must be taken into 

account as well. We will show in sectien 4.6 that the semiconductor 

approach is still valid in our case, using the equations introduced 

in the following. 

A standard technique to obtain the macroscopie transport equations 

is to take the moments of the Boltzmann equation. With this technique 

the various terms of the Boltzmann equation are multiplied by a function 

of the momentum and subsequently integrated over the momentum space, 

In this way expressions are obtained containing some macroscopie 

quantities which can be interpreted as for instanee the partiele 

density or the average velocity. All problems are concentrated in the 

integral over the cellision terms. A theoretica! treatment of these 

cellision termscan be found in the literature [55,102,103,112,115,116]. 

In the following sections we give experimental values for some of these 

integrals and write them in phenomenological expressions. 

If g(k) is an arbitrary function of momentum, then the corresponding 

moment of the Boltzmann equation can be written as: 

fi f 

The third term in this equa~ion, 

in the cases we consider because 

- n <~k.(F g(k)) , can be simplified 
+ p 

~k.Fp = 0. This follows from: 

where a, B and y denote the three vector components. Therefore we can 
+ + 

write this third term as - n <Fp.Vk g(k)>. 
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The zeroth moment is found by taking g(k) 

continuity equation : 

I. This yields the 

l- ->- ->-
n 3l3t n(r,t) + v;.(n(r,t) <VkE>) l- f ->- ->- ->-n (3l3t f(r,k,t))c dk (4.4) 

The callision integral represents the contribution of the sourees and 

sinks of particles to the change in partiele density n. We will describe 

in section 4.3 how this callision term can be written in a phenomenolo

gical form, as an electric field dependent generation and a polynomial 

in n for the recombination. By substituting fi ~ for <VkE> in eq. 4.4 

and dividing by fi we find: 

3l3t n + div (n ~) g(E) n - G - G
1 

n - G n2 - G n3 
0 2 3 

(4.5) 

The first moment of the Boltzmann equation LS found for g(k) 

(4.6a) 

The third term in this equation contains the tensor Vk(VkE). This tensor 

corresponds with a kind of effective mass tensor with elements m~~· 
->-

which depend on k. For a parabalie band the elements of this tensor are 

m = ó m* and the third term of eq. 4.6a becomes - n fi2 <F > I m*. 
aS aS P 

When there is only an electric field in a sample with a spherical, non-

parabalie band <Fp.Vk(VkE)> reduces to - q li2 Ê I <maa>. This effective 

mass <maa> is in InSb usually somewhat higher than m!o· lts magnitude 

depends on the drift velocity of the electrons. It should be noted 

that <maa> is not equal to the effective mass m:(Ec) in eq. 2.2. The 

latter was derived from fik= m*(E) V->-kE (see [103]). 
e c 

The preserree of a magnetic field will give rise to further 

complications. As we will only need the effective mass explicitely in 

section 4.6, in estimates for the relative magnitude of the inertial 

terms, we will refrain from further detailed discussions of this problem. 

In other equations the effective mass is implicitely cantairred in the 

experimentaly determined mobility ~. In the estimates in section 4.6 we 

use a constant effective mass equal to m!o• implicitely assuming a 
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parabalie band. In this case we can write eq. 4.6a as: 

+ 
3/3t (nm*;) + ; div (nm~) + (nm~.grad) ; - nF + div P • 

J 
_,. _,. 

m* V (3/'at f) dk 
p c (4.6) 

_,. 
P is the kinetic stress tensor, with elements P 

0 
= n m*<v v 

0
>, 

_,_ a'"' pra pr'"' 
where v is the velocity of a partiele in coordinates moving with the pr 
drift velocity: ; =; - ;, This tensor governs the diffusion processes pr p 
in the plasma. The magnitude of this tensor is discussed in section 4.4. 

The integral represents the momentum change due to collisions. It can be 

associated with the mobility, which is the ratio between drift velocity 

and.driving electric field,~= ;/E. In anideal case this mobility would 

be independent of the electric field, partiele density and other terms in 

the momentum transport equation (4.6). Unfortunately this is not the case 

in InSb. Some aspects of the mobility are treated in section 4.2. 

In some cases, when the relaxation time approximation is valid [103], 

the scattering term can be written as: 

->- ->- n m*; J m* v ('a/'dt f) dk = - ---
P c T 

(4. 7) 

The macroscopie momentum relaxation term T is an average over the 

microscopie scattering terms. It depends usually on the shape of the 

distribution function and hence on the driving forces. Equation 4.7 

can be seen as a definition for T. When we substitute this equation in 

equation 4.6 and assume that the only important term on the left hand 

side of this equation is an electric field term n q E, we can find the 

well known·expression for the mobility: 

q T I m* (4.8) 

The magnitudes of the mobilities will be discussed in the next section. 

We show in section 4.6 that the inertial terms in eq. 4.6 can be 

neglected in our case. 
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4. 2. Mobility 

In this sectien we will treat some aspects of the carrier mobilities. 

A general theoretica! background can be found in the literature [SS, 

102, 103, 112, liS, 116]. The mobility usually depends on the magnitude 

of the electric field. This field dependenee is chiefly caused by the 

energy dependenee of the scattering terms and the nonparabolicity of 

the energy bands. Problems arise when there is more than ene field 

present, for instanee a small electric field transverse to a larger 

electric field. In this case the mobility corresponding to the small 

field is often used to calculate the transport in transverse direction, 

but this is not correct. The mobility is determined by the shape 

of the distribution function. which depends on the total force. 

Therefore, the mobility has to be calculated from the total field, 

and not from the different components of a field separately. This is 

also valid for other, non electric forces. The field dependent 

mobility must for instanee be used to calculate the diffusion coef

ficient in a high electric field. We therefore prefer the pressure 

coefficient K, which can be derived from the diffusion coefficient as 

K D/]1, because this coefficient does not depend directly on the 

electric field. It only depends on plasma temperature and density. 

The transport in a bulk semiconductor is usually dominared by 

one type of carriers only, the electron-hole plasma is an exception. 

Moreover, the carrier mobilities are chiefly determined by lattice and 

impurity scattering, electron-hole scattering is usually less important. 

Therefore it is feasible to measure or calculate the mobility for each 

type of •Carriers separately. We will discuss the electron mobility in 

subsectien 4.2.1 and the hole mobility in 4.2.2. Electron-hole 

scattering can become important for very high plasma densities. We 

will discuss the influence of this type. of scattering· in subsectien 

4.2.3. 

The transport in a semiconductor is also influenced by the 

presence of a magnetic field. This is discussed in subsectien 4.2.4. 
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4.2.1. Electron mobility 

Several theories were developed for the field dependent electron 

mobility in InSb. However, a theory that gives reliable values for 

the mobility for all electric fields of interest is not yet available. 

Kranzer et al. [54] used an iterative metbod to solve the 

Boltzmann equation. It appeared that, for the impurity content of our 

material polar optica! pbonon scattering is dominant for high electric 

fields ( >2 x l0
4V/m) while for low electric fields the impurity 

scattering is about equally important. Devreese applied bis analytica! 

solution of the Boltzmann equation [117] to our material. (see Alberga 

and Devreese [80]) It should be noted that the influence of impurity 

scattering is neglected in his calculations. The results of the 

calculations of Kranzer and Devreese can be found in fig. 4.1. 

The mobility can be measured in several ways. \fuen the electron 

concentratien is known, only the sample resistance has to be measured 

to find the mobility. This metbod is useful for electric fields below 

the avalanche threshold(sect. 4.3.1.) when the density remains constant. 

Unfortunately this density is usually not known. The standard technique 

to obtain both density ,and mobility is a Hall measurement. This was for 

instanee done by Alberga [ 77] in InSb for fields up to 4 x 104 V/m. 

However, it appeared that such a Hall measurement was problematic 

when avalanche occurred. With higher plasma densities the Hall voltage 

decreased and could even reverse sign. This is not predicted by the 

normal Hall theories. Although a qualitative explanation can be found 

a good quantitative theory is not yet available. 

Another technique to measure the mobility under avalanche conditions 

is the microwave metbod employed by Dargys et al. [88]. Their measured 

mobility for low electric fields is much lower than the mobility 

measured by others, because they had to use a material with a higher 

impurity content. 

The mobility can also be measured by injecting a bunch of minor

ity electrens in p-type material and measuring the ambipolar drift 

time. This was done by Neukermans and Kino [60]. Their results, for 

high electric fields, coincide with the measurements of Dargys et al. 

Because the impurity content of their material was much lower than the 

impurity content of the material used by Dargys, this proves that 

the impurity scattering is not very important for high electric fields. 
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Fig. 4.1. Results of various ele~tron mobility measurements and 

~al~lations. 

AL: Hall mobility measured by Alberga. 

B= 5 mT. Material : Monsanto Mb 

• : Hall measurement on sample 348. 

Material : C9minco Cs. B= 0.1 T. Probe apparatus. 

DA: Drift mobility measured by Dargys et al. 

Low resistivity material. Microwave method. 

NK: Drift mobility measured by NeUkermans and Kino. 

High resistivity, p-type material. Time of flight 

teohnique. 

EQ: Curve used in our oaloulations (eq. 5.35). 

DV: Drift mobility cal~lated by Devreese. 

Material without irrrpurities. AnalytieaZ method. 

KR: Drift mobility calculated by Kranzer ét al. 

The results of these three measuring methods and our own measure

ment are given in fig. 4.1. WedidaHall measurement with the probe 

apparatus and a magnetic field of 0.1 Tin sample 348. 

The expression for the mobility used in our calculation (5.35), 

was partially derived from these experimental data, as follows. For 

fields below the avalanche threshold we measured the field dependent 

resistivity of the samples. The low field value of the mobility was 
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used to calculate the drift mobility up to a field of 2 x lOqV/m from 

these measurements. For higher fields we first calculated a curve, 

using the data of Alberga [77], extrapolated towards the measurements 

of Neukermans and Kino [60]. This curve did notfit tagether at 

2 x JOqV/m with the curve for the lower field drift mobility because the 

data presented by Alberga were derived from a Hall measurement. They 

differed by a factor of 1.4, which corresponds with the scattering 

factor for a low electric field [77]. Therefore we divided the high 

field curve by a factor 1.4 to convert the Hall mobilities into drift 

mobilities. It should be noted that the data of Neukermans and Kino 

were nat derived from a Hall measurement and therefore our procedure 

will be wrong for high electric fields ( > 5 x lOqV/m). However, in this 

way a smooth curve was obtained over the whole range, without any sharp 

kinks. Therefore, we will also use our approximation in the high field 

reg ion. 

4.2.2. Hole mobiZity 

Unfortunately there are no satisfactory theories available for the 

field dependenee of the hole mobility. Only theories for the low field 

hole mobility at various temperatures and hole concentrations exist 

[SS, IJS]. A simple estimate indicates that, in a field of 5 x lOq V/m, 

a decrease in hole mobility should occur of about 10%. It was assumed 

that the only field dependent scattering mechanism was optica! pbonon 

scattering and that all dissipated energy had to be carried away by 

these phonons. A more sophisticated calculation, for the holes in the 

heavy hole band only, gives about the same result [83]. 

Measurements of the field dependenee of the hole mobility are 

rather difficult. They are usually disturbed by injection of mobile 

electrans and the occurrence of avalanche due to these electrons. A 

measurement of Steele and Clicksman [25] in low resistivity p-type 

InSb showed that the hole mobility was independent of the electric 

field for fields up to the avalanche threshold for holes (7 x lOqV/m). 

Neidig and HÜbner [38.] calculated the hole mobility from the measured 

ambipolar drift velocity in a magnetic field in n-type InSb. They 

showed that there was no indication of a field dependenee up to a 

field of 8 x J0 3V/m. For these reasous it is generally assumed that 
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the hole mobility is independent of the electric field. 

However, in a recent publication Ashmontas and Subachyus [ 84] 

claimed that there is a field dependenee of the hole mobility. 

They found that increasing the field to 5 x I0 4V/m resulted in a 

mobility decrease of about 30%. This was measured in high 

material. They stated that this decrease was not observed by previous 

werkers, as for instanee Steele and Glicksman, because of the 

impurity content in their material. The impurity content of the 

material used by Neidig and HÜbner was much lower, but their 

measurements have only been done in relative low fields. 

Because the field dependenee of the mobility is not known 

accurately enough, we used a constant hole mobility in most calcula

tions (eh. 5.3). However, we also did some calculations with a field 

dependent mobility to estirnate the influence of this field dependenee 

(ch.5.4). 

It should be noted that, when a rnagnetic field is present 

transverse to the current through an electron hole plasma, the total 

force experienced by the holes is usually much larger than the force 

observed by the electrons. This is caused by the fact that the Hall 

force partly compensates the rnagnetic force for the electrous but 

adds up to the magnetic force for the holes. 

4.2.3. Electron-hole scattering 

When a high density electron-hole plasma is generated, the electron 

mobility will decrease due to the scattering by the holes. Due to 

the low velocity of the holes the electron hole scattering can usually 

be regarcled as a scattering of an electron with a nearly fixed 

impurity. However, it should be noted that the influenee of electron 

hole scattering will disappear when the electrous have the same average 

velocity (t ~ t ) as the holes. This is for instanee the case for the 
e h 

radial veloeities in a pinched situation. 

Unfortunately it is not easy to measure the influence of electron

hole scattering in a direct way. Hall measurements can not be used in 

this case and we had no other means to measure the electron and hole 

densities independent of the mobility. This could for instanee be clone 

by optical prohing but this technique was not at our disposal. 
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Fig. 4.2. Drift mobilities for various average eleetron densities, 

showing the influenee of eleatron-hole seattering. 

The eurves are ealculated from resistivity measurements 

on sample 256 and no~alized at 2x104 V/m. 

However, we can prove the occurrence of electron-hole scattering 

in an indirect way. The influence of coulomb scattering decreases 

and the influence of POP scattering increases with increasing 

partiele energy. Therefore the dependenee of the mobility on the 

electric field (~(E)/~(0)) is changed by the electron-hole scattering. 

Hence we can prove the existence of electron-hole scattering from a 

measurement of the field dependent resistance of a sample for various 

plasma densities. These measurements can be performed with a triple 

pulse. In the first part of the voltage pulse a plasma is generated. 

Subsequently the plasma is allowed to stabilize in the secend part of 

the pulse, which lies below the avalanche threshold. At first there 

is a rapid decrease in density but after about 50 nanoseconds the 

recombination becomes slow (t ~ 0.2 ps). Moreover the pinched state 

will almast have vanished. The third part of the pulse is varied in 

amplitude and the field dependent resistance is measured with an 

almest constant density. The plasma density can be estimated in the 

high field region when we assume that POP scattering is dominant for 

fields higher than 2 x I04V/m and that the mobility is nat influenced 

by electron-hole scattering in this region. From this density and the 

field dependent resistance we can calculate the mobility. In this 

way the mobility curves of fig. 4.2 were obtained. It can be seen 
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that (in low electric fields) the mobility decreases when the density 

increases. The maximum average density that could be used was about 

2 x I021 m- 3 • The influence of electron-hole scattering will be 

strongly enhanced by pinching. Because the density distribution could 

not be measured our results are only qualitative. 

No theories were available on the field dependenee of the 

electron-hole scattering. However, the influence of electron-hole 

scattering ~s comparable with the influence of impurity scattering. 

Kranzer et al. [54] calculated the field dependent electron 

velocity in InSb both with and without impurity scattering. From these 

veloeities we calculated the electron rnobilities. By subtracting the 

reciprocal of these mobilities we found the reciprocal of the rnobility 

due to impurity scattering (cf. sect. 5.3 eq. 5.36). Although this 

metbod is not very accurate it is sufficient for our purposes. In 

our calculations (ch.5.3) we use an expression for the mobility due to 

electron-hole scattering which is derived from this impurity rnobility 

(5.37). It should be noted that the influence of irnpurity scattering 

is obtained for one impurity density only. The influence of electron

hole scattering will not be proportional to this impurity scattering 

due to screening. This was confirmed by calculations of Devreese [83]. 

4.2.4. Influenae of a magnetic field 

When a transverse magnetic field is applied to a bar shaped sample 

the electrous or holes are deflected from their course. 

This causes an accumulation of charge on one side of the sample and 

a Hall field is built up. In a stationary situation the force of the 

Hall field equals the average magnetic force. The Hall field is 

proportional to the rnobility and the electric field in longitudinal 

direction. The sign depends on the type of carriers. 

However, when the scattering rnechanisms are energy dependent this 

simple picture is no longervalid [112]. The Hall voltage is larger 

by the so called scattering factor rh, at a constant electric 

field. The current decreases due to the occurrence of magneto

resistance. Inhomogeneities in the sample conductivity also give an 

increase in resistance arising from the spatially varying Hall 

field. We will call both phenomena together physical magnetoresistance 
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to distinguish them from other types of magnetoresistance. Schoeider 

et al. [ 49 ] separated the magnetoresistance caused by a field 

dependent scattering time from the inhomogeneity magnetoresistance. 

The resistance change is about 30% in a magnetic field of 0.1 T [77] 

and decreases with increasing electron densities [491. 

When two types of carriers are present in a sample ambipolar 

magnetoresistance occurs, because both electroos and holes are pushed 

in the same direction by the electric field. This ambipolar drift 

of electroos and holes together gives a smaller Hall field. Therefore 

the drift veloeities are no longer directed longitudinal, which 

increases the sample resistance although the local mobilities are 

unaffected. 

A third form of magnetoresistance occurs due to the short cir

cuiting of the Hall field at the contacts, the geometrical magneto

resistance. In a long sample the influence of this type of magneto

resistance is negligible. 

A longitudinal magnetic field has little influence on the sample 

resistance [77]. However, when pinching occurs the longitudinal 

magnetic field is transverse to the radial drift velocity of the 

particles. Therefore these veloeities will be reduced by the normal 

transverse magnetoresistance. 

In our calculations on the pinch effect (5.35) the ambipolar 

magnetoresistance is included. The geometrical magnetoresistance is 

always neglected. The influence of physical magnetoresistance is only 

calculated in a few cases. 

4.3. Sourees and sinks 

The scattering processes, that lead to creation or annihilation of 

electroos and holes, are described in this section. A theoretica! 

treatment can be found in the literature [82, 85, 1101. We only 

describe the processes briefly. Then we explain why the generation 

can be written as a field dependent generation parameter multiplied 

by the density and the recombination can be written as a polynomial 

in the density. This results in equation 4;5. The measuring methods 

that can be used to obtain a value for these parametèrs are mentioned. 

Some problems arising with these measurements are discussed. To be 
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able to estimate the influence of generation and recombination on the 

mobility we also estimate the magnitude of the average change in 

momenturn in a generationor recombination process (cf. sectien 4.6). 

ID1en the mobilities are known and the densities are so low that 

electron-hole scattering is nat important, the average electron and 

hole densities can easily be found. A measurement of current and 

field is sufficient since j (n)Je + PJJh)qE with p "' n and 

thus n"' (j/ qE + n
0
vh)/()Je+)Jh). In a pulsed experiment the average 

density as a function of time is found. However, it is not le 

to determine the local densities in this way. It is usually assumed 

that these densities are homogeneous. 

The continuity equation (4.5) gives the change in the densities 

due to sourees, sinks and flow of the electron-hole plasma. In a 

homogeneaus situation the average densities equal the local densities. 

The divergence term disappears and we are left with a power series in 

n for the density change a/at n. In this case a polynomial bas to be 

fitted with 3/ót n as a function of n. This can be done with standard 

numerical techniques. 

We did some measurements with a single stepped pulse to determine 

the generation and recombination parameters. However, it appeared 

that these parameters could only be measured for very low densities, 

where the terms in n2 and n3 are not important. For higher densities 

parameters that ought to be positive became negative. This is 

probably caused by the occurrence of pinching, which gives an 

inhamogeneaus plasma distribution in the sample. In this case equation 

(4.5) has to be integrated over the sample cross-section to find the 

change in average density, the only value that can be measured. 

This gives 

with the compression factors 

_2 _3 
UT I n and z

3 
= n3 I n 
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Usually it is impossible to find the magnitudes of z
2 

and z
3 

and consequently the generation or recombination parameters can not 

be determined. Therefore the measurement must be organized in such a 

way that these compression factors stay close to one. Moreover the 

voltage across the sample bas to remain constant, because the gener

ation is field dependent. This is only possible for low densities 

in a very thin sample. 

It appeared to be hardly possible to measure, in one experiment, 

the generation and recombination parameters. Therefore we will treat 

them separately in the next two subsections. 

4.3.1. Generation 

When an electron in the conduction band bas a kinetic·energy, which is 

somewhat higher than the bandgap energy, it can transfer this energy 

to an electron in the valenee band. This electron jumps to the 

conduction band leaving a hole in the valenee band. This process is 

called impact ionization. It can result in a rapid avalanche-like 

increase in density. Owing to the bandstructure of InSb the hole 

can take over most of the momenturn of the ionizing electron without 

much energy. 

On the average, the momenturn of the scattered electrans is lost 

by the electron gas and gained by the hole gas. One expects this 

momenturn to have the opposite direction as the electric field, 

Therefore, in each scattering the total ionization momenturn (about 

3.7 x to-26kg m/s) is involved in the scattering term of the momenturn 

transport equation , 

As long as the number of holes remains small and hence the nurnber 

of electrans in the valenee band remains large, the nurnber of generations 

will be proportional to the nurnber of electrans in the conduction band, n. 

The process is governed by the electrans in the high energetic 

tail of the distribution function. Therefore, the generation frequency 

depends strongly on the electric field. At 77 K generation is only 

observable in InSb above an electric field of approximately 2 x I04V/m, 

the avalanche threshold. The nurnber of generations per second is thus 

(a/at n) g(E)n. gen 
The generation parameter can be measured in the following way. 
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Fig. 4.3. Generation rate as a function of electr":c 

e: Measured on sample 356. Material 

~ 
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356 

6 

EQ: Derived from measurement on inhomogeneous material 

This curve is used in our calculations on the pinch 

effect. 

WE: Calculated by van Welzenis fr>om an extended ShockZey 

mechanism. 

DU: Recalculated from the data of Dumke. 

A voltage pulse is applied to a thin sample (100 IJ m). The voltage across 

and the current through the sample are measured as a function of time. 

The average density is calculated from these data. The voltage pulse 

is kept so short that the average density does not exceed ten times the 

equilibrium density. Under these conditions the electric field remains 

almost constant and only the linear recombination term is important. 

Furthermore electron hole scattering is not yet important at this 

density and pinch does not yet occur. 

The density change is then given by 8/3t n = g(E)n - G
0 

- G
1
n. 

We can write this as a/at n = g(E)n-R (n-n) (sect. 4.3.2.). R
1 

is of 
1 0 

the order of I07s-~ as could be calculated from a recombination 

measurement. When we divide the previous equation by n we find that 

a/at log n = g(E) R
1
(l-n

0
/n). Thus we can easily calculate the 

generationfrequency from the time dependency of log n and use the 

re combination as a correct ion. Of course, a homogeneaus sample has to 
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be used for this measurement, otherwise the field, and hence the 

generation frequency, would depend on the position in the sample. The 

results of such a measurement are given in fig. 4.3 together with 

some theoretica! curves. These curves were calculated by van Welzenis 

[82], one from an extended Shockley mechanism and the other from the 

theory of Dumke [89]. In our calculations for the pinch effect (eh. 5.3) 

we use the following expression for the generation frequency: 

g(E) g exp (-E
1
/(E-E )) with 

0 0 
(4.9) 

11 -1 5 1.29 x 10 s , El : 1.65 x 10 V/mand E
0 

I. 5 x 1 Olf V /m. 

This expression does not fit exactly to our measurement in fig. 4.3, 

because the parameters were derived from former measurements with 

another, inhomogeneous, material (Cominco). However most pinch 

experiments were done on the latter material, and this expression gives 

a sufficient approximation for our purposes. 

4.3.2. Reaombination 

There are three different types of bulk recombination. Auger recombi

nation is the reverse process of the impact ionization. An electron in 

the conduction band collides with a hole and drops back to the valenee 

band, annihilating the hole. The excess energy is transferred to an 

electron in the conduction band. The final electron will have an 

appreciable moment, but the direction of this moment is random. 

Therefore, the electron gas does, on the average, not gain any momentum, 

only the average drift momenturn is lost, as in a normal collision. 

The magnitude of the Auger recombination depends on the densities of 

all the particles involved, two electrons and one hole, 

(a/at n)A = R n2(n - n ). uger A o 

The energy of the recombining electron can also be emitted as 

radiation. This radiative recombination is proportional to the electron 

and hole densities, (a/at n) d = R n (n- n ). A mixed form of ra • r o 
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radiative and Auger recombination is possible too. However, its magni

tude will be small compared with the normal Auger re combination [Jl8]. 

lt will have the same density dependenee as Auger recombination. We 

>vill neglect this type of recombination in our calculations. 

Shockley-Read recombination occurs when an electron drops to 

the valenee band via a recombination centre. In lnSb these eentres are 

situated in the middle of the energy gap [93] and are almast filled with 

electrous because the transition probability for a conduction electron 

to this centre is much higher than the transition probabi for an 

electron from these eentres to the valenee band. Therefore the process 

will be proportional to the number of holes in the valenee band, 

(a/at n)S-R = R8R(n - n
0
). 

The theoretica! values for these coefficients are approximately: 

RA 5 x lo-38 m6/s; Rr = 4 x Jo-16 m3/s; RSR = 2 x 106 s- 1 [82]. 

It should be noted that these processes become about equally important, 

RSR" n 2 RA, for a density of 6 x 1021 m-3 which is sixty times 

the equilibrium density. For densities the Auger recombination 

will dominate and for lower densities the Shockley- Read recombination. 

Radiative recombination will be of little importance. This is fortunate 

because this type of recombination can cause problems due to the 

reabsorption of emitted radiation, which decreases the effective 

recombination. 

The recombination coefficients will depend on the shape of the 

distribution function. This shape depends on the electric field, the 

temperature and for very high densities, on the electron density too. 

Therefore the recombination coefficients can be field, temperature and 

density dependent. Unfortunately there are few data available on this 

field dependence. However, there is an experimental indication that 

the linear recombination does not depend on the electric field [78]. 

Surface recombination becomes important for small samples. The 

contribution of the surface to the recombination in the sample can be 

found from the diffusion processes tmvards the surface 

R8 2 1r
2 D /d 2 [I JO], with the hole diffusion coefficient 

p -3 2 
5.3 x JO m /s. The density dependenee of the surface recombina-D 

p 
tion is the same as the density dependenee of the Shockley-Read 

recombination. Therefore we can combine them to a linear recombination 

coefficient R1 = R8 + RSR' The recombination coefficients can be 
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combined in a polynomial in n in the following way: 

G 
0 

which leads to equation 4.5. 

For low densities it can be easier to use a function of (n- n ). The 
0 

contribution of Rr n
0 

to G
1 

can be neglected for the equilibrium 

densities of interest (JQ20 m-3), and the recombination can be written 

as R
1
(n- n

0
) when G

2 
and G

3 
are negligible. 

There are several ways to measure the recombination parameters. 

We chose the following method: A plasma is generated in the first part 

of a stepped voltage pulse. The second part of the pulse has an ampli

tude that is less than the avalanche threshold and hence generation 

can be neglected here. Therefore the recombination parameters are 

measured in this part of the pulse. This works very well for low 

average densities. For the linear recombination a value is found of 

about 2 x 106 s-1 in a thick sample of 0.8 x 0.8 mm2 • In a sample of 

0.1 x 0.1 mm2 we found R
1 

= 2 x 107 

For higher densities several problems arise. The value derived for 

the linear recombination coefficient becomes negative and the measured 

total recombination becomes field dependent. This field dependenee was 

checked with a triple pulse. The plasma is generated in the first part 

of the pulse. In the second part of the pulse the plasma is allowed to 

recombine in various fields. Because of the field dependenee of the 

influence of the electron-hole 'scattering, conclusions from measurements 

in this part of the pulse are dangerous. Therefore the density was 

measured in the third part of the pulse, which had approximately the 

same amplitude for all measurements. Of course electron-hole 

scattering can still influence the measurement but a difference in 

density was found. This proves that the total recombination is field 

dependent, but not that the recombination parameters are field 

dependent. This field dependenee is caused by compression effects, 

due to pinching, as could be shown with our pinch calculations 

(cf. sectien 5.3). The compression factors z2 and z3 depend on the 

current and hence also on the electric field, which causes the field 

dependenee of the recombination. Hongo et al. [95] also found a field 

dependenee of the recombination, using a plasma that was created by 
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photo ionisation. They concluded that this was caused by detrapping 

of captured holes. However, they used a high electric field to measure 

the recombination parameters, which resulted Ln a high current through 

their samples. Therefore, we conclude that they also observed the 

influence of pinching. 
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A curious effect occurred for low electric fields. The average 

density appeared to increase in the first 50 ns of the recombination 

part of the pulse. This should indicate the occurrence of ~ generation 

process, which has to be absent here (fig. 4.4a). This effect can also 

be caused by pinching, as can be seen form our pinch calculations 

(cf. fig. 4.4b, c) and understood from the following discussion. 

In the generation part of the pulse a streng compression exists 

for high densities. When the supply voltage, and hence the field, is 

lowered the magnitude of compression will decrease. In a compressed 

situation electron-hole scattering will have a larger influence than 

without compression. In a low electric field electron-hole scattering 

can become·very important for high densities. In the recombination 

part of the pulse the average density and compression decrease as a 

function of time. Due to the decreased compression the influence of 

electron hole scattering decreases and therefore the mobility 

increases. This can cause an increase in current when the relative 

increase in mobility is larger than the relative decrease in density. 

This causes the apparent increase in density when electron-hole 

scattering and pinch are neglected in the interpretations of measure-

ments. 

Due to the pinch and electron-hole scattering it is virtually 

impossible to determine the parameters for Auger and radiative 

recombination in this way. 

However, the radiative and Auger parameters can be measured 

in another way. The plasma can be generated by two pboton absorption 

of high intensity co
2 

laser light. Subsequently the plasma decay is 

measured using a small current. This was done by Fosshm et al. [12, 

13, 14]. In their publications the influence of Auger recombination 

is neglected which will lead to a too high value for the radiative 

recombination coefficient. They found values for the radiative 

recombination coefficient varying from to-IS to 5 x 10-1 4 m3/s. Although 

pinching is prevented electron-hole scattering remains important for 

the low fields that are used. However, its influence was not taken into 

account by Fossum et al. 
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4.4. Thermal effects 

The kinetic stress tensor, P 0 = n m <v v a>, in the momenturn a..., pro. pr,_, 
transport equation gives the influence of the random movements of the 

electron-hole gas. These movements can be associated with the tempera

ture. We will assume that the viscosity is low and that the distribu

tion function for the random veloeities is isotropic. In this case 

only the diagonal terms are non zero [108]. 

{ 

n m <v 2> 
pro. 

0 

n m <v 2> 
prS 

' (1. f 6 

:t. 
The isotropy requires v 2 = v 2/3. The tensor P can now be pro. pr 
associated with a simple scalar, the pressure p. This pressure can be 

related to the temperature, p 1/3 n m v 2 = n kT, for a non degenerate 
pr 

distribution. 

When the electron gas becomes degenerate we have to use another 

expression for the pressure, viz p =(3/5)(3 rr2)
213 h2 nS/3 /m* [48]. 

In the momenturn transport equation the divergence of the kinetic stress 

tensor is used. Hence div f = grad p with grad p = kT grad n for the 

· · · d p = (3~2) 213 ~2 n213 grad n I m* non degenerate d1str1but1on and gra " n 

for the degenerate distribution. 

In our calculations we will use the pressure coefficient K, 

defined by grad p = qK grad n. This pressure coefficient is related 

to the diffusion coefficient as D = ~K. The pressure coefficient does 

not depend directly on the electric field, while the diffusion coef

ficient is field dependent through the mobility. Therefore, it is 

advantageous to use the pressure coefficient. For the non degenerate 

p·ressure we find: 

K kT I q ( 4. l 0) 

For the degenerate pressure we find: 

( 4. I I) 
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Problems arise when the velocity distribution is not isotropic, 

which can occur easily in semiconductor plasmas. In this case it is 

not possible to use an ordinary temperature . We are chiefly interested 

in pressure phenomena in radial direction. In a pinch experiment the 

electron distribution will be homogeneaus in ·longitudinal direction 

(cf. fig. 5.4). Therefore we will use a temperature that is defined 

by the random movements of the particles in radial direction. The exact 

magnitude of this temperature for the electrous and holes is not known. 

It will lie above the lattice temperature of 77 K, We expect that this 

temperature will be about 280 K. This is the temperature of the optical 

phonons which are responsible for the heat exchange between the lattice 

and the electron-hole gas. 

Osipov and Khvoshchev [104] found a higher temperature, 500 K. 

However, this could be caused by a rise of the lattice temperature in 

their samples (cf. sectien 5.1). 

In our samples the lattice temperature will remaio almost constant 

for the times of interest. Our calculations (eh. 5.3) showed that the 

maximum temperature rise was 5 degrees on the axis of the sample during 

one pinchtime. This temperature rise occurs in a thin sample (r = 0.1 mm) 

with a current of 3 A. A higher current results in a smaller temperature 

rise due to the decrease in pinch time. Therefore the temperature rise 

for the times of interest will remaio small. 

For long pulses, many times the pinch time, the lattice tempera

ture c~n rise appreciably, leading to thermal generation. We estimated 

the influence of this generation in the following way. The intrinsic 

density at a given temperature can be found from 

n~ ~ n.p. = 3.6 x 1041 T3 exp (-0.26/kT) m-6 [96]where kT is expressed 
1 1 1 

in eV. Thus, for a lattice temperature of 300 K, we find 

ni =pi= 2 x 1022 m-
3

• We assume that there is only Auger recombination. 

The thermal generation must then balance this recombination. Using the 
-38 6 

Auger parameter for 77K (5 x 10 m /s) and assuming that this parameter 

is independent of the temperature we find that: 

4 3 
gth 1.8 x 10 T exp (-0.26/kT) 8 -1. 

This gives g = 2 
th 

7 -1 
x 10 s for 300 K. For lower temperatures the 

thermal generation decreases rapidly. A temperature of 260 K gives 

only 3 x 106 s-1
, which is about equal to the linear recombination 
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parameters for a thick sample. Therefore thermal generation will not 

be observable below a lattice temperature of 260 K. 

4.5 Gunn 

Energetic electrous in the main valley of the conduction band can 

scatter to higher minima in this band. The mobility in these minima 

is lower than the mobility in the main valley. The number of electrous 

that scatter to these minima depends on the electric field. For a 

field above a certain threshold value there are so many electrans in 

these minima that the average electron velocity starts to decrease 

with increasing electric field. In this case it is possible to have 

the same current at two different electric fields. The field distribu

tion in a sample can then split in two parts, a high field domain and 

a low field in the rest of the sample. The domain moves with the 

average drift velocity. This effect was originally proposed by 

Ridley and Watkins [107]. It was for the first time observed by Gunn 

in GaAs [34]. Hence the name Gunn effect for this phenomenon. Gunn 

found oscillations on the current due to the formation of these 

domains. When a domain was present ~n the sample, the current was low 

while without a domain the current was high. This resulted in spikes 

on the current, every time a domain reached a contact and another 

domain was formed at the other contact. In a short sample this 

resulted in oscillations that were approximately sine shaped. Gunn 

also proved (with a capacitive probe), that these phenomena were 

caused by moving domains [35]. The Gunn effect was investigated by 

several workers [98]. The shape of the Gunn domains was calculated 

by Butcher et al. [23] . Owens and Kino [58, 59] showed that avalanche 

could occur within a Gunn domain in GaAs. They also found that this 

avalanche could inhibit the formation of new domains, when the 

density was sufficiently increased. For high avalanches the domain 

did not travel the whole sample length but was quenched due to the high 

plasma density. Although the Gunn threshold in InSb (~5 x 10 4 V/m) lies 

above the avalanche threshold, Gunn domains were observed in this 

material by Smith et al. [111]. However, the domains only lasted a 

short time and only one domain was created per pulse. Domains could 

he formed due to the fact that the avalanche process is rather slow 
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as compared with the creation time of the domain. When the Gunn 

threshold is reached in a sufficiently'short time (~.1 ns), a domain can 

be nucleated but does not travel far because of the high avalanche in 

the domain. These Gunn domains in InSb were also observed by Dobrovolskis 

et al. [36, 37]. 

The observation of Gunn domains in InSb was also mentioned by 

van Welzenis [74, 75]. However, he only observed oscillations on current 

and voltage and did nat examine the propagation of domains along the 

sample. 

A better explanation for these observations is the pinch effect. 

This was also recognized by van Welzenis [74], but discarded because 

of the difference in frequency (about a factor of 20) between his 

oscillations and the pinch oscillations óbserved by Tacano and 

Kataoka [69J. Howeve~ the sample dimensions were not regarded. When 

we calculate the pinch oscillation frequency for the samples used by 

van Welzenis from the data presented by Tacano and Kataoka we only 

find a difference of a factor two, which can be explained by the 

differences in material. 

We investigated these oscillations with the probe apparatus [76]. 

Moving domains were not observed, proving that these oscillations 

were not caused by the Gunn effect. We can demonstrate that these 

oscillations are caused by the pinch effect (cf. section 5.4). 

We observed another effect that could be explained by the 

occurrence of Gunn domains. Above a threshold value in the field the 

current sharply increased in the first part of the pulse. This was 

foliowed by a decrease of the current as a function of time until, 

after some time, the original current was reached again. For some 

fields this effect was nat stable, bath the normal and increased 

current were measured in subsequent pulses. This resulted in a 

double trace on the sampling oscilloscope. This effect is probably 

caused by the very strong avalanche in a Gunn domain. The domain only 

exists for the first few nanoseconds but the generated plasma must 

recombine, which lasts langer. Probe measurements were not usabie 

in this case. It appeared that the influence of the probe on this 

effect was too strong. Sametimes this effect was even triggered by 

the presence of the probe. 

The threshold field for this effect decreased when a magnetic 

field was applied. This resulted in a decrease in avalanche, and also 
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Fig. 4.5. Oeeurrence of Gunn effect in a transverse magnetic 

of 0.3 T. 

a) Voltage between cantacts 2 «ad 3. 

b) Voltage between cantacts 2 and 4. 

c) Current through the sample. 

The domain travels from contact 1 to the contaets 2 and 3 

in about 17 ns and leaves contact 4 25 ns. The average 

domain velocity (3.4x105m/s) corresponds with the electron 

drift velocity at the field outside the domain. 

a decrease in current rise, because domains could exist in a lower 

average electric field. In this case the domain is nucleated in a high 

field region near the end contact, which is caused by the shortcir

cuiting of the Hall field at the contact. Once the domain is nucleated 
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it can survive at a lower average electric field than the threshold 

field, only the domain length decreases. 

In astrong magnetic field (0. 3 T) the increase of the current 

occurred after a few nanoseconds (-JO) delay. In this case moving 

domains could he ohserved (fig. 4.5) with fixed contacts, using the 

apparatus and pulsetransformer of Alberga ·[77]. With these measure

ments we could prove the passage of a high-field domain between two 

contacts. It appeared that the resistivity bebind the domain was 

lower than the resistivity in frant of the domain. This indicated 

that there is an electron hole plasma bebind the domain. This plasma 

has to he formed inside the domain because the fields on both sides 

of the domain were below the avalanche threshold. 

The plasma density increased with decreasing magnetic field, 

because the electric Jield had to be increased to create a domain. 

In lower magnetic fields the observation of the domains became more 

and more obscured hy the avalanche. Sametimes several domains were 

formed at one time, one at an end contact and another at a side con

tact. In measurements without a magnetic field the passage of domains 

could not he observed, hecause of the short travelling distance and 

high avalanche. The effects without a magnetic field are similar to 

those with a magnetic field. They appear to he a continuation of tbe 

behaviour in a magnetic field. Therefore we believe that they are also 

caused by the Gunn effect. 

The occurrence of Gunn domains could be prevented by using volt

age pulses with a langer risetime. In this case the avalanche domi

nated the Gunn effect and an instabie pehaviour in the current was 

not observed. However, when the amplitude of the voltage pulses was 

so high that the Gunn threshold was reached in a sufficiently short 

time, in spite of the slow risetime, domains occurred again. 

Several shapes for the velocity-field characteristic above the 

Gunn threshold are possible. Above a certain field the velocity could 

rise again [75] which gives a triangular or flat topped domain as 

was calculated by Butcher et al. [23]. In another publication, 

Butcher et al. [24] showed that the velocity can also stay almast 

constant in high electric field. This results always in a triangular 

domain shape. The maximum field in these domains depends on the sample 

length and the average electric field, because the field outside the 
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domain must always have the same value and hence the remaining voltage 

bas to be supported by the domain. 

Therefore the shape of the domain can information about the 

velocity-field characteristic above the Gunn threshold. Unfortunately 

it is hardly possible to determine the domain shape in InSb. The 

domains will beshort (< 0.4 mm) and travel fast (4 x 10
5 

m/s) [75]. 

Therefore the time needed for a domain to pass a probe, is about I ns. 

When domains are nucleated in a lower electric field, or when they 

are triangular and not flat-topped, the domain size and hence the 

passage time will be even smaller. To be able to investigate the in

ternal structure of the domain a time resolution of at least 0.1 ns 

is required. This is not possible with our apparatus. 

Our measurements were too much disturbed by inhomogeneities in 

the material and the influence of the probe. When it became apparent 

that we would not be able to add essentially new information to the 

existing literature [36, 37, 111] we.decided not to continue this 

line of research. 

4.6. SimpZified momenturn transport equation 

In gas plasma physics all terms in the momenturn transport equation 

may be important. However, in semiconductor physics some terms are 

too small to have a significant influence on the time scales of 

interest. In this section we show which terms can be neglected in 

the momenturn transport equation when we want to perform a pinch 

calculation (cf. section 5. 3). \ve also show that the influence of 

generation and recombination on the mobility can be neglected. We 

want to do calculations on the pinch effect and the minimum observed 

oscillation time is always longer than I ns. We therefore assume that 

the minimum time for changes in spatial distribution or drift velocity 

~t is I ns. The spatial effects will always have a size ~x which is 

larger than 10 ~m. Therefore the maximum time derivative and gradient 

of, for instance, the momenturn are about nm*~/6t and nm*~/6x 

respectively. 

We w~ll separate the scattering part of equation 4.6 in three parts. 

The normal, nongenerating, scattering is described in paragraph 4.2. The 

generation part G and the recombination part R can be found in sections 
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4.3.1 and 4.3.2. We will use pressure coefficient K from paragraph 4.4. 

Now we can write equation 4.6 as: 

'd/ at (nm*\t) + ~ div (run~) + (nm~.grad) ~ - nF + qK grad n = 

C + G + R • (4.12) 

For 

2 x 

a force of 3.2 x lo-15 N, corresponding with an electric field of 

104 V/m, we find with p = 20 m2/Vs, R = 0.8 m2/Vs, m* = 0.014 
e ·n e 

m , ~ *= 0.4 m that T = 1.6 x to-12 s and Th= 1.8 x to-12 s. The 
o n o e 

drift veloeities are v = 4 x 105 m/s and vh = 1.6 x 104 m/s, which can 
+ _..e 

be found from v pF/q, in a homogeneous, stationary state. We can 

assume that these veloeities have about the same magnitude in an 

inhomogeneous, instationary state when all terms except nF and C are 

smal I. 

Thus in this case lel = nF = 3.2 x 10-15 n N, which was used to 

calculate the velocities. The first three terms of equation 4.12, 

sametimes called the inertial terms, are always small compared with the 

callision term C and can be neglected, as follows from the following 

inequalities. 

T 

l;t 

TV 

llx 

{ 
1.6 x J0-3 (el.) 

I. 8 x 10-3 (holes) 

{ 
6 •. 4 x w-2 (el.) 

2.9 x I0-3 (holes) 

For the non degenerate distribution qK =kT (sect. 4.4.) and thus 

nkT kT T kT 
llxC = m*vllx = Ft;x { 

3.3 x 10-2 (77 K) 

1.3 x to-l (3oo K). 

For the degenerate distribution qK = (3 w2)2/3fi2n2/3 /m* which gives, 

for an electron density n = 102 3 m-3, qK grad n/C < 0.6. Therefore 

it is not allowed to neglect this term for the highest densities. 

The maximum generation frequency is about 109 s-1 and the 
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momenturn lossper scattering is p. = 3.7 x lo-26 kg m/s (sect. 4.3.1.). 
~ 

This is small compared with the loss by the normal scattering: 

g(E)p.N 
~ ---·- < c I. 2 x 10-2 

The maximum recombination is n2 R ~ 109 s-
1 

(sect. 4.3.2.). In 
a 

recombination process the aver:'ge momenturn is lost, and this loss 1s 

also small compared with the loss by the normal scattering: 

~~, 
Ie 

n2 nmv 

c 

Therefore we can neglect the momenturn change due to generation and 

recombination in the momenturn transport equation. Hence, the mobility 

does not contain contributions of generation and recombination. 

Neglecting the small terms in eq. (4.8) we find qK grad n 

and thus 

or 

q (i+ -+ 
V X 

+ 
B - K (grad n)/n) m* ~ 

T 

.... .... + 
- ~ (E + v x B-K (grad n)/n}. 

+ 
nF 

( 4. 13) 
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CHAPTER V 

PINCH 

A current resulting from the flow of a colleetien of mobile charges 

will induce a magnetic field. Due to this field the charges experience 

an extra force perpendicular to their direction of motion. In a rylin

drical geometry with the current flowing along the z-axis, the magnetic 

field will be azimuthal and the Lorentz force radial. For both posi

tive and negative charges this force will be directed toward the axis. 

When only one type of carriers is mobile, for instanee in an extrinsic 

n-type semiconductor, an opposing electric Hall field will build up 

and the mobile charges will no langer drift in radial direction. How

ever, in a plasma with mobile positive and negative charges a contin

uons drift toward the axis can result. Bennett [15] bas shown that in 

this case a strong contraction of a gas plasma along the axis results. 

This is usually called the z-pinch in contrast to the theta pinch, 

where a time dependent longitudinal magnetic field induces an azimuth

al current, which also causes compression [108]. Although the theta

pinch can be observed in a semiconductor plasma [44, 45], it is of 

little interest for the present work. He therefore will not elaborate 

on the latter subject. 

In 1959 Glicl:sman and Stee le [26] discovered some phenomena ~n 

InSb that could be explained by assuming z-pinch. This arose the 

interest of several other workers resulting in a number of experiments 

and several theories which were not always compatible with one another. 

After a few years, when pinch and other plasma effects were considered 

to be reasonably well understood, review articles appeared by Ancker

Johnson [5] and Glicksman [30, 32, 33]. It turned oot that the pinch 

effect could not be applied for practical devices and that theory 

and experiments were too complicated to use the pinch to get a 

controlled high density semiconductor plasma. As a result the interest 

decreased and several problems remained unsolved. It was not known 

to what extent the generation and recombination measurements were 

influenced by pinching. In many experiments the influence of pinching 

was either underestimated or overlooked, resulting in incorrect 

conclusions. The oscillations occurring on current and voltage and the 
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influence of a longitudinal magnetic field were not satisfactory 

explained. 

For this reason we thought it worthwhile to investigate the 

influence of the pinch effect, on the behaviour of InSb samples under 

avalanche conditions, in more detail. We did some new experiments, 

developed a model and performed some calculations with this model. 

In the first section of this chapter we discuss the experiments done 

by other workers. In the second section a critica! review of the 

existing theories is given. Our own calculation model is described 

in section 5.3. The results of the calculations with this model are 

compared with the results of our measurements in section 5.4. 

5.1. Previous experimentaZ observations 

Pinch effect in semiconductors was for the first time observed as a 

peculiar behaviour of the current-voltage characteristic of InSb. It 

appeared that application of a longitudinal magnetic field cau'sed 

an increasing current in the avalanche region. Glicksman and Steele 

[26] suggested that this effect could be explained by the suppression 

of a pinched state due to the magnetic field. In later experiments the 

behaviour of this phenomenon as a function of time was observed by 

Chynoweth and Murray {86] and Glicksman and Powlus [27]. A current 

pulse was driven through a bar shàped sample of InSb. After the rise 

time of the pulse (20 ns) the voltage across the sample reached a 

maximum value, then the sample resistance decreased due to the occur

rence of avalanche and consequently the voltage decreased. Subsequent

ly the resistance and the voltage increased again which was attributed 

to pinching. Finally the voltage reached another maximum and .stabi

lized after a few strongly damped oscillations. The time between the 

first and second maximum in the voltage was called the pineh-time and 

we will use the same definition. Glicksman and Powlus [27] found a 

dependenee of this pineh-time on the current, but the influence of the 

sample dimeosion was not given. Tà.cano and Kataoka [69] investigated the 

dependenee of the pineh-time on both the current and the sample cross

section. 

In other experiments, without a constant· current, damped oscil-
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lations on both current and voltage were observed with a frequency of 

the same order ~s the recipr~cal pinch-time. 

Tacano and Kataoka [70, 72] these oscillations and 

attributed them to the occurrence of a sausage like instability of the 

column. Ancker-Johnson et al. [8, 10, 11] found similar 

oscillations in p-type InSb and attributed them to a magneto-thernlal 

asciilation of the pinch channel. The amplitude of the voltage oscilla

tions seemed to be unevenly distributed along the longitudinal direc

tion of the sample. They concluded that there was a sausage instability 

in the sample shaped as a standing wave with a wavelength of about 

twice the sample length. A sausage oscillation will, when the sausages 

are not propagating, have an approximately sine-shaped dependenee of 

the amplitude on the distance to an end contact. Moving sausages or a 

uniform oscillation of the resistivity of the sample will give a linear 

dependence. However, the presenred data were too scarce to be able to 

determine which type of oscillation was present. Therefore, this 

ment did not prove the preserree of a sausage instability. 

Oscillations on current and voltage were also observed by 

van Welzenis [74, 75]. He attributed them to the occurrence of Gunn 

domains (section 4.5). Dur experiments show that these oscillations 

are caused by the pinch effect, however. 

The influence of a longitudinal magnetic field was investigated 

by Ando and Glicksman [31] with a pulsed longitudinal magnetic field 

of a shorter duration than the current pulse. The current pulse was 

applied first and, after pinching had occurred, the magnetic field 

pulse was started. After a short time delay the voltage over the sample 

starred to decrease. The total time required to reach a stable value 

of the voltage depended on the magnitudes of the current and the 

magnetic field. This time increased with increasing current or de

creasing field. At the end of the magnetic field pulse the 

voltage increased again. The oscillations of the voltage across the 

end contacts disappeared in the presence of the magnetic field, but 

another type of oscillations was observed with side-wires placed on 

the edges of the sample. These contacts were placed in groups of four 

at a cross-section. The fase differences of these voltage oscil

lations at the different contacts indicated a rotaring plasma of 

helical shape. The same type of oscillations was found by Chen and 
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Ancker-Johnson [8,10] in p-type InSb with a constant longitudinal 

magnetic field. 

Several experiments were done to establish the occurrence of 

pinching. Toda [28] used a microwave probe to measure the plasma 

density distribution at the surface of a plate shaped sample. It 

appeared that the plasma was indeed concentrated in the centre of the 

sample. A longitudinal magnetic field had a homogeni~ing effect on the 

plasma. With a transverse magnetic field a concentration of the plasma 

on one side of the sample, caused by the Suhl effect, could be observed. 

Osipov and Kvoshchev [104] investigated the spatial and speetral 

distribution of infrared radiation from a plate shaped sample. They 

used rather long current pulses (> I ~s) of high amplitude (70- JOOA). 

The radiation appeared to originate from a narrow (200 ~m) strip along 

the middle of the sample. This indicates a strong compression of the 

plasma, but the size of the pinch cbannel could only be estimated due 

to the low spatial resolution (500 ~m) of their measuring equipment. 

In a longitudinal magnetic field the intensity of the radiation 

increased and the compression decreased. This increase of the intensity 

can be explained from the broadening of the pinch channel. The hot 

plasma approaches the walls of the sample and consequently the reab

sorption of the radiation in the sample, which is very strong in InSb, 

decreases and the intensity increases. This can also be demonstrated 

by pushing the plasma to one wall with a transverse magnetic field, as 

was done by Osipov to measure the spectrum of the radiation. Moreover 

the speetral distribution of the radiation was changed by this 

magnetic field, which was attributed to a decrease of the cooling of 

the radiation in the cold sample region between the pinch channel and 

the wall. It appeared that this spectrum resembied the spectrum of 

black-body radiation of 500 K closely. This indicates that the sample 

inside the pinch channel is heated to approximately 500 K, which is 

quite possible with the long pulses and high currents that were used. 

The radiation will be caused by both thermal radiation from the lattice 

and recombination radiation from the hot electrons. Pure recombination 

radiation at lower temperatures will produce a narrow spectrum at a 

wavelength of about 5 ~m as was measured by Granger [90] on an InSb 

sample at 77 K with shorter pulses (100 ns). 

Recombination radiation from an injected plasma in InSb at 4 K 

was measured by Shotov et al. [61-63]. At this low tempersture it was 
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possible to derive a plasma compression from the shift in the radia

tion spectrum at high currents. This shift can he explained by the 

àegeneration of the electron-hole gas, due to the high densities in 

the pinch, which causes the conduction band to be filled to higher 

energy levels, as was assumed by Shotov. However, an appreciable 

temperature rise of the sample in the pinch region would give a 

similar effect. 

~~en a high current is forced through a sample for a sufficiently 

long time the lattice in the pinch region can even melt. This was 

observed by Ancker-Johnson and Drummond [1, 2]. A pinch radius of 

approximately 30 vm was derived from the size of the recrystalized 

zone by visual inspeetion after cleaving the sample. 

Another way to prove the existence of a cornpression consists in 

measuring the inductance of a sample as was clone by Morisaki (56, 57]. 

He derived a pinch radius of 50 ~m. 

Boiko et al. [19, 20] argued that the above mentioned experiments 

do not prove that the cornpression is caused by the azimuthal magnetic 

field. It is only proved that there is an increased density in the 

middle of the sample which for instanee can be caused by heating of 

the sample and thermal generation in this region. Rowever, this does 

not mean that magnetic pinching is not'the actual cause, the azimuthal 

magnetic field can become so high that pinching has to occur anyhow. 

They stated that in a thin sample the current should rise due to an 

increasing surface recombination velocity, which was in fact observed 

in an InSb sample at 150 K. This effect can be explained as follows: 

The surface recombination is proportional to the excess electron 

density n-n
0

• Consequently, surface generation will occur when the 

electron density is lower than the equilibrium density n
0

• At 

sufficiently high temperatures, when there is an appreciable equilib

rium hole density, the plasma can be pulled away from the wall by a 

magnetic field. This can result in surface generation, which causes 

an increase in average plasma density in the sample and hence results 

in an increase in current. This increase will depend on the magnitude 

of the surface recombination velocity. 

In our apinion all these experiments described in this section 

give adequate proof for the occurrence of pinching in InSb. 
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5.2. Existing theories 

Several theories have been put forward for the pinch effect in semi

conductors. The first theories were basedon Bennett's calculations 

for a gas plasma. These were useful for adiabatic pinching in intrin

sic material. Later the influence of surface and bulk generation

recombination was accounted for. Other theories were based on the 

temperature rise of the lattice in the pinched region. This resulted 

in the introduetion of the thermal and magneto-thermal pinch. Finally, 

calculations were done on the stability of a pinched column against 

perturbations, in order to explain the observed oscillations. 

Most experiments on the pinch effect were done on InSb. Therefore 

we will summarize the dominant features of the pinch in InSb. This 

will enable us to evaluate the various theories for this material. 

In InSb at high densities and high electric fields generation and 

recombination will be very strong. Moreover the strong dependenee of 

the recombination on the density can cause a permanent inward flux of 

carriers. The pinch will therefore be dominated by these generation

recombination processes. The thermal contact of the plasma with the 

lattice is very good, due to POP scattering. Consequently the plasma 

temperature can not rise far above the optica! phonon temperature of 

280 K. In n-type material the region outside the pinch can not become 

fully depleted from carriers. The hole density can not become less 

than zero, and a smal! space charge would give very high electric 

fields. Therefore the electron density will not fall below the 

original electron density n
0 

and hence we can still expect avalanche 

to occur here. 

In the remaining part of this section we give a critica! review 

of the existing theories and evaluate their applicability to the case 

of n-type InSb. It will be shown ~hat, although several theories were 

developed for the pinch in semiconductors, the results are not satis

factory. The adiabatic model seems rather improbable and we do not 

expect thermal pinching to occur at short time scales. Nevertheless, 

these models were still used in recent publications, to explain the 

observed pinch oscillations. The only way to get an insight in the 

pinch process will be a calculation which accounts for all important 

processes. This can only be done by solving the differential equa

tions with a computer. Numerical solutions were given by several 
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authors [22, 40, 41, 48] but the publisbed results are too scarce to 

enable a good comparison with our own experiments. We want for 

instanee to know how strong the measurements of the generation and 

recombination parameters are influenced by pinching, but this can not 

be derived from the data. Also the possibility of thermal 

pinching on short time scales can not be derived from these calcula

tions. 

The sausage oscillations are not observed on the potential 

distribution of our samples. Moreover, it is not expected that the fre

quency of the sausage instahilities is strongly influenced by the 

sample dimensions. ·However, the observed pinch oscillations appeared 

to be approximately proportional to the thickness of the 

samples. Because the oscillation time appeared to be of the same order 

as the pinch time we expect that these phenomena have a common cause. 

This was confirmed by the computer calculations of Vladimirov and 

Gorshkov [22] and ourselves (section 5.3). 

5.2.1. Bennett 

Many theories on the pinch effect in semiconductors are based on the 

density distribution and cri ti cal current that were derived by Bennett 

[IS] fora gas plasma. Therefore we will first give a shorto description 

of the theory and the assumptions to this distribution. In the 

first place the problem is assumed to be cylindrical symmetrie. The 

current flows along the z-axis and there is no external magnet ie 

field. In this case the azimuthal field can be found from: 

2rrr B<jl (r) Jlo I (r) ' (5. I) 
z 

where I (r) is the total z-current inside a cylinder with a radius r. 
z 

The temperatures and densities of the electrons and ions are supposed 

to be equal. The kinetic gas pressure can be written as: 

p n kT -+ 
e e 

kT. 
1 

2 n kT • (5.2) 

Generation and recombination processes are neglected in the Bennett 

approximation and hence an inward flow of is impossible 
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H l th e s t a tionary state. The magnetic pressure must then be balanced 

by tl1e gas pressure. Using eq. (5.1) this results in: 

_ \l I (r) j (r) 
dp(r)/dr -jz (r)B<P (r) 

0 z z 
2 11 r 

( 5. 3) 

But 2 11 r j (r) = dl (r)/dr thus j (r) can be eliminated from eq. 5.3. 
z z z 

Integration by parts of the resulting equation to some radius R yields: 

R 

4 11
2 R2 p (R) - 4 11 J 2 

0 

11 r 

When the pressure vanishes at R, p(R) 

5. 4 : 

8 11 kT I R2 11 r n(r)dr 

0 

p(r)dr 
- lJ 

0 
r2 (R) 

z 
2 

(5. 4) 

0, ·we find from eq. 5.2 and 

(5.5) 

From this equation a critica! current for pinching can be introduced 

as: 

2 
I 

c 
16 11 kT N /lJ 

t 0 
(5.6) 

with N the total number of electrens ~n the plasma per unit length. 
t 

The current I ~s called the critica! current for the following reason. 
c 

If the plasma current I is larger than I , the magnetic pressure gains 
c 

upon the gas pressure and the plasma is compressed. This compression 

will continue until the adiabatic temperature rise is so large that 

eq. 5.6. is fulfilled again. If I is less than Ie the plasma will ex

pand and would totally disappear unless there is a decrease in tempera

ture. Therefore the actual current has to he equal to the critical 

current in a stable situation. 

HÜbner et al. [39] stated that there exists no critical current 

for pinching in an electron-hole plasma. This was based on the idea 

that each created electron-hole pair will experience a magnetic force, 

even for a small current through the semiconductor sample and hence a 

compression has to result. However, this is only possible thanks to 

the confinement of the plasma in a sample. In a sample of infinite 

dimensions the magnetic field would be too small to give a compression 

due to the low current density. However, in a finite sample the plasma 
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pressure at the walls can be larger than zero and a stable, compressed, 

situation can occur below • When the current exceeds the critica! 

éurrent tne pressure at the wall vanishes and without a temperature 

rise the plasma would implode. Therefore it is still meaningful to 

de fine as the critica! current. 

When we assume that the drift veloeities of the electrous and ions 

do not depend on the density we get: 

n q(Ji + 11· )E 
e ~ 

andwecanwrite eq. 5.3as: 

dn(x)/dx n x 
m 

n ,q 11 E , 

Jx n(x')x'dx' , 

0 

with x r/R and a = , nm is the density of the 

(5.7) 

electrans on the pinch axis. Bennett has derived the follmving solu

tion for the density distribution from eq 5.7: 

n(x) (5. 8) 

The total number of electrous per unit lengthof the column, Nt' is 

now: 
I 

J 2 

1T 

N R2 rr x n(x)dx 
t + a 

0 

The maximum number of electons is thus: 

With E I/q 11 N the critica! current, eq 5.6, is found again. 
t 

5.2.2. Intrinsic material 

(5.9) 

(5. I 0) 

In the first calculations on the pinch effect in semiconductors it was 

always assumed that the numbers of mobile positive and negative 

charges were equal. This implies intrinsic material. In this case the 
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region outside the pinch can be fully depleted like in a gas plasma. 

However, the calculations were meant for a plasma generated by impact 

ionisation in n-type InSb. In this extrinsic material we always have 

an appreciable number of fixed positive charges. Furthermore local 

balance between generation and recombination, G(r) - R(r) = 0, was 

assumed. Consequently the total number of carriers in the sample 

must remain constant. However, the assumption that G - R = 0 is usually 

not feasible. The balance between generation and recombination will 

depend on the local density and can not be maintained throughout the 

sample when compre s sion occurs . For intrinsic material thermal gener

ation will tend to restore disturbances of the equilibrium density and 

hence the balance is disturbed. In a plasma created by photo ioniz-

ation the generation is not necessarily density dependent, but the recom

bination will always be density dependent. The assumption that G - R = 0 

can be useful on time scales that are short compared to the generation 

and recombination times. In this case there is no need to consider 

carrier transport in radial direction in the stationary state and the 

gas pressure balances the magnetic pressure. Because the pinch times 

in InSb are usually longer then the generation and recombination times, 

this is not relevant to the case of InSb. 

Glicksman et al. [26, 27] and Chynoweth and Murray [86] used a 

sli ghtly different form for the equation for the critical current ~n 

their theories for the pinch effect, i.e.: 

I* 
c 

16 n kT 

~0 q V 
e 

(5. I I) 

This equation has the disadvantage. that there is a hidden dependenee 

of I* on the current through v . It is only valid for a specific 
c . e 

current, I = Ntqve, flowing through the sample. The value for the 

critical current is related to the value found from eq. 5.6 : 

I* I 2/I . 
c c 

Glicksman [29] assumed that the plasma was compressed with little 

energy los s to the lattice, which results in an adiabatic pinch. He 

used a so-called two phase approximation in his calculations. This means 

that the plasma is considered to be divided in two concentric regions. 

The density in the inner pinch region with radius r ~s constant. The 

density in the outer region is zero. This results in a very sharp 

density gradient in the boundary region. In order to fulfill the 
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pressure balance the current must flow in this region. This can occur in 

a highly conducting gas plasma, the so-called snow plough pinch, but is 

not very probable in a semiconductor. 

He calculates a pinch radius from the adiabatic temperature rise 

that is required to get a stable situation. 

T/T 
0 

(r /r)4/3 
0 

(5. 12) 

Here it is assumed that the plasma is compressed from a cylinder with 

radius r
0 

and a temperature T
0 

to a cylinder with radius r and tem

perature T, which can be found from eq. 5.6: 

(I/I ) 2 T/T 
c 0 

where I is the plasma current and I the critical current at the tern
e 

perature T. Using eq. 5.12 we find that: 
0 

r = (I /I)3/2 r 
c 0 

(5. 13) 

It must be noted that, due to his definition of the critical current, 

Clicksman finds the following expression: 

r = (I*/I)3/ 4 r 
c 0 

Clicksman [29] estimates the pinch time from the ambipolar velocity ~n 

radial direction. The results were in reasonable agreement with his 

measurements. A similar calculation was performed by Tacano and Kataoka 

[69] 

Using this somewhat crude model we can estimate a value for the 

pinch radius and the electron temperature. In a sample with a radius 

of 2 x 1Ó- 4m and an average density of 10 20 m- 3 (typical for InSb) we 

find from eq. 5.6 that at a temperature of 77 K, I 
c 

. 73 A. For a 

higher density, n = 1022 m-3, we find I 7.3 A. The latter density c 
can be abtairred in an electric field of about ,5 x 10 4 V/m, yielding 

a current of approximately 70 A. This would result in a temperature 

of about 7700 K and a pinch radius of 2 x 10- 7 m. However, in InSb the 

thermal contact of the plasma with the lattice is rather good, due to 
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POP scattering. Furthermore the energies involved in the compression 

process are small compared with the energy input from the electric 

field. Therefore, the compression energy will be dissipated and the 

adiabatic model is not valid. The temperature will not increase when 

the plasma is compressed and according to this theory the pinch would 

collapse. 

Schmidt [6] stated that the temperature of the electrans would 

become about 280 K, the temperature of the optical phonons, which seems 

a reasonable approximation. He assumes that the collapse of the pinch 

is prevented by the degeneracy of the electron gas. In his calculations 

he uses a similar two phase approximation as Glicksman. Of course it 

would have been better to use the Bennett distribution instead of the 

two phase approximation. Although this distribution was quoted by 

Glicksman [29] it apparently was not used in his calculations. 

Stefanovich [67] did use the Bennett distribution, but he assumed a 

constant electron temperature of 77 K. His model will therefore be 

valid only for currents below the critical current. The generation 

processes are only used to calculate the electron density but are 

omitted in the calculations for the pinch process. 

5.2.3. Surface generation 

A different kind of pinch can be found in semiconductors where surface 

generation is dominant. This is, for instance, the case for a sample 

where electron-hole pairs are created at the surface by illumination 

or thermal generation. Due to pinching the plasma is pulled away from 

the surface which results in an increased average density. This means 

that, in contrast to a plasma generared by avalanche, the resistance 

of the sample decreases. It was pointed out by Boiko and Vladimirov 

[17] that in order to get pinching at least one of the transverse 

dimensions of the sample has to be smaller than the ambipolar recombina

tion diffusion length (L =;u-T). To our apinion this is not necessary. 
a a 

When, for a thick sample, the ambipolar drift time is langer than the 

recombination time, pinching will occur but the pressure of the 

electron-hole gas remains lower than the magnetic pressure resulting 1n 

a continuous inward transport. However, it is advantageous to assume 

that ene of the dimensions is small because in that case the influence 
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of bulk recombination is small and can be introduced as a perturbation 

on the static distribution. Calculations of this type were performed 

by Boiko et al. [16-20] and Stefanovich [64-66] for plate shaped and 

cylindrical samples. 

5. 2. 4. ThermaZ pinch 

Ancker-Johnson et al. introduced the concept of thermal pinching 

[1-4,7]. They argued that due to the high power dissipation in a 

pinch channel the lattice temperature should increase appreciably. 

This would give rise to thermal generation in the pinch channel 

leading to a higher density and a still greater power dissipation in 

this They called this phenomenon thermal pinching. The thermal 

pinch could even cause melting of the crystal in the pinch region, 

which they in fact observed [1, 2]. They stated that for intermediate 

power dissipation per unit length of column, benveen 0.4 and 

2 kW/cm, there would be a mixed farm of pinch, the magneto-thermal 

pinch, and above 2 kW/cm a pure thermal pinch. They assumed that the 

pinch channel, due to the magnetic , was formed instantaneously 

after the onset of the electric field. This results in a rapidly 

increasing temperature until in a few nanoseconds the maximum tempera

ture on the axis is reached. Subsequently the density in the pinch 

channel increases, leading to a decreasing voltage at a constant cur

rent. This reduces the power input in the channel and after some time 

the temperature decreases somewhat giving a slightly lower density. 

This was their explanation for the observed increase in resistance 

(Glicksman [26]). The thermalpinch is basedon the idea that at a 

constant electron temperature for'currents above the Bennett critical 

current one gets a very small radius of the pinch channel. Our own 

calculations will show that this need not be true. Also the assumption 

that the magnetic pinch is instantaneous is not realistic. The pinch 

time will always be of the order of the ambipolar drift time in radial 

direction. A sample radius of 5 x 10-4 m, which is typical for Ancker

Johnson's experiments [1), and a current of 3.6 A [3], causing an 

average magnetic field of 3 x Io-3 T, and an electric field of 104 V/m 

results in an ambipolar velocity of about 103 m/s (v ll ll EB). This 
e h 

gives a drift time of 500 ns, just the time in which their processes 
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are said to occur. Thus the thermal pinch is not very probable in this 
case. 

Of course one may expect thermal pinching to occur at the end of 

very long pulses and high power inputs. However, this is beyond the time 

in which oscillations are observed. At a power input of 2 kW/cm [I] and 

a pinch radius of 3 x Jo-S m thermal processes will become important 

after 2 x 10-6 s when a lattice temperature of 260 K is reached. At a 

power input of 25 kW/cm, channel 8 of ref. [1], the melting temperature 

of the lattice (798 K) will be reached adiabatically in about 3 x 10-6 s. 

This is in good agreement with their pulse-length of 3.4 ~s. 

5.2.5. Injeated plasma's 

A plasma in a semiconductor can also be generated by injection of 

minority carriers through one of the end contacts. This was done by 

Ancker-Johnson et al. [4,7-JI] with electron injection in p-type InSb. 

A pinch in such a plasma can deplete an appreciable part of the sample 

from electrons, leaving only relative immobile holes. At high fields, 

when inj~ction is assisted by impact ionization through energetic 

electrons, avalanching will only take place in the pinch region, 

whereas in n-type material the avalanche would occur tbraughout 

the sample. The plasma in p-type material thus bears a greater 

similarity to an ordinary gaseaus plasma. 

However, a disadvantage of an injected plasma is that electrans 

will also be injected outside the pinch region. The radial electron 

drift velocity is much lower than the axial drift velocity. Consequently 

the pinch channel can get a conical shape. Oscillatory perturbations in 

the injection will propagate along the pinch channel. Although the 

appearance of this phenomenon will be sausage like it is not caused by 

the same mechanism that creates sausage like instahilities in a gaseaus 

plasma. The oscillations observed by Ancker-Johnson could be of this 

propagating type. 
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5.2.6. Ava~anche p~asma's 

Most experiments on pinch effect in semiconductors were done in impact 

ionization generated plasma's in n-type InSb. 

Paranjape [!OS] pointed out that bulk recombination causes a per

manent inward flow as long as the pinch exists. The quadratic 

recombination will decrease the average plasma density when pinching 

occurs, whi eh is the prime cause of the res istance increase. !1arkus 

and HÜbner [43] showed that the effective recombination increases by 

the compression factor . For cubic recombination, which will 

be dominant in InSb (cf. section 4.3), the effect will be even stronger. 

Unfortunately it is impossible in most cases to find an analyti-

ca! solution for the for this type of plasma. Only for a 

plate shaped sample with a dominant quadratic recombination and 

omitting the therrnal generation an analytical salution can be found 

[21]. However, this is still a static solution. The time development 

of the pinch can not he This dynamical behaviour can only be 

found from numerical calculations. This was done for the first time 

by HÜbner and Markus [40, 41]. They used a calculation scheme that is 

basically the same as ours (section 5.3.). Similar calculations were 

perforrned for InSbat room temperature by Schenk et al. [48]. 

Vladimirov and Gorshkov [22] also made computer calculations but 

details of their calculation process are not known. 

Another attempt was made by Holter [94], but due to unrealistic 

assumptions for the generation and recombination parameters his re

sults are not usable. He states that in the pinched state the effec-

tive mobility will be larger than without pinch. However, this 

conclusion is wrong due to sign errors in his equations. 

The major problem with these computer calculations is that too 

few points were published. For instance, the influence of sample 

dimensions and current on the pinch time were not Consequently 

a good camparisou between experiments and theory is not 
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5.2.?. Oscillations 

In experiments on the pinch effect in semiconductors, oscillations on 

current and voltage were ohserved (section 5.1.). Several theories 

were developed to explain these oscillations. Many authors assumed 

that the oscillations were caused hy sausage like instahilities of 

the pinch channel. Such instahilities can be ohserved in a normal gas 

plasma pinch. They can be visualized as a periodic narrowing and 

broadening of the pinch channel like in a chain of sausages, changing 

in time. These instahilities can he stahilized by a longitudinal mag

netic field of the same magnitude as the self magnetic field of the 

current. This stahilization is possible thanks to the high conductivity 

of the plasma. The magnetic field is trapped inside the ·pinch and has 

to be compressed in such an instahility. The magnetic field can diffuse 

out of the plasma in the magnetic diffusion time T r 2 cr ~ • The con-
m o 

ductivity of a semiconductor plasma, relative to its size r, is 

usually much lower than the conductivity of a gas plasma. Therefore, 

sausage instahilities in a semiconductor plasma might not he 

stahilized hy a magnetic field. However, the observed oscillations were 

stabilized by a magnetic field and hence it was concluded that the 

oscillations were caused by sausage instabilities, which to our apinion 

is doubtful. 

The possibility of oscillations in a plasma can be theoretically 

investigated by examining the stability of a plasma against a pertur

bation of the form f (r) exp (-i w t + i k z + i m Q>). The sausage mode 

is found for m ~ 0. Higher values of m give helical or kink instahili

ties. This method was used hy Ighitkanov and Kadomtsev [50, 51] for 

a pinch of the Bennett shape, a constant temperature and without an 

external magnetic field. Consequently the recombination and generation, 

causing a permanent inward drift of the plasma, were not used in this 

model. Tacano and Kataoka [71] did the same for an adiahatically 

compressed plasma. It appeared that sausage instahilities were possible 

in about the correct frequency range. 

The influence of generation and recombination processes was 

examined by Markus and HÜbner [46, 47]. They assumed that the genera

tion frequency was not changed by the perturhation. They found that 

the plasma was stahle for G - R 0. This was caused hy damping due 

to an induced electric field which was not considered hy Ighitkanov 

70 



nor by Tacano. The plasma appeared to be unstable against the m 0 

mode when G R # 0, caused by non conservation of carriers. The in

stability moved \?Îth approximately the electron drift velocity. 

However, we feel that a sausage instability in InSb is improbable. 

A narrowing of the pinch channel ><~Îll give an increased electric field 

in this region. Due to the strong, exponential, dependenee of the 

generation frequency on the electric field, the carrier density will 

rise in this region. This increases the pressure of the electron-

hole gas and opposes the formation of the sausage. Ho re. over our ex

periments in InSb indicate that during the oscillations the field 

distribution and hence the average carrier density are homogeneaus 

in longitudinal direction (section 5.3.). Furthermore, it is unlikely 

that the dependenee of the asciilation frequency on the sample cross

sectien can be explained with sausage instabilities. 

Another explanation was given by Chen and Ancker-Johnson [9]. 

Their theory was based on the magneto-thermal pinch. They predicted 

that oscillations should occur due to the coupling between a re

distribution of the carriers in the sample and the local power input 

in the plasma. However, the occurrence of magneto-thermal pinch is 

doubtful in InSb as was discussed in section 5.2.4. 

We suggest that the oscillations are caused by moving ionisation 

domains. These domains are nucleated at the sample walls and travel 

inwards to the pinch channel. This mechanism will be visualized in 

sectien 5.4. The same explanation was given by Vladimirov and 

Gorshkov [ 22]. 

Of course other oscillations in the plasma might occur, such as 

the helical instability (m = I mode) and helicon or Alfvèn waves. 

For the present work only the helical instability seems of interest. 

It could give an explanation for the observed inhibition of pinching 

by a longitudinal magnetic field. Although there are some theories 

on this helical instability [4, 30, 97], they are unfortunately not 

accurate enough to explain the process as a whole. 
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5.3. CalcuZation model 

We want to calculate the dynamica! behaviour of an impact ionized 

plasma in n-type InSb at 77 K. We will use a model that is similar to 

that of HÜbner and Markus [40, 41) or Vladimirov and Gorshkov [22] as 

well as Schenk et al. [48] for room temperature. A cylindrical sample 

of homogeneaus n-type material is assumed without injection from the end 

contacts. The processes are supposed to be cylindrical symmetrie 

(cf. sectien 5.4). The time seales for the pinch phenomena are supposed 

to be much longer than the momentum, energy and dielectric relaxation 

times. Therefore, the distribution funetion will always be quasistatic 

and inertial effects can be omitted. HÜbner and Markus did not use this 

assumption but used the momenturn transport equation to find the 

partiele velocities. 

The pinch equations will be solved by an explicit differential 

method. Our calculations differ from those of the other authors in the 

choiee of the parameters for generation, recombination and mobilities 

and the following additions. We want our model to resembie our 

experiments as close as possible. Therefore we do not use a constant 

voltage or current condition. We will use the output impedance of the 

pulse generator and the inductance of the sample leadwires to calcu

late the field in the sample using the circuit of fig. 5.2. We allow 

for a longitudinal magnetic field, which is so weak that we can take 

the mobilities independent of the magnetic field, and will suppose 

that the scattering factor rh = ). We will use an electric field 

dependent generation, bulk and surface recombination and will account 

for the influence of degeneracy of the electron-gas on the pressure 

coefficient·. An eleetrie field and density dependent electron mobility 

will be used. The latter was also aecounted for by Vladimirov and 

Gorshkov, 

In the remaining part of this seetion we will first rewrite the 

Maxwell equations in cylindrical coordinates and make the necessary 

simplifications. Then we will derive the velocity in radial direction. 

Next we will describe our model for the computer ealeulations. 
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5. 3. 1. L'faxwe ll equations 

the equations for the pinch effect we need to know the electric 

and magnetic fields in a sample. They can be founè from the Maxwell 

equations which can be written as (taking ~r = 1): 

div E = p/E 

curl B/)l 
0 

div B 
3/3t E E 

0 curl E + a/at B 
+ 
.J 

We suppose our problem to be cylindrical symmetrie. This 

0 

that 

there is no variation of the fields in azimuthal and longitudinal 

direction. We allow for a time dependent electric field and a constant 

external magnetic field in longitudinal direction. When we write the 

Maxwell equations in cylindrical coordinates (r, <j> and z) we fi.nd, 

omitting the terros in 3/3~ and 3/az: 

1/r a/ar (r E ) 
r q(pe n ) /E: (5. 14) 

e 

1/r a/ar (r B ) 0 r (5. 15) 

3/<Jt B 0 r 

a/at B 3/'dr E 
~ z 

(5. 16) 

a/at B -1/r a/ar (rE~) z 
(5. I 7) 

jr -s a/at E 
r 

(5. 18) 

j~ 1/lJ a/ar B s a/at E 
0 z dl 

(5. 19) 

jz 1 I (1J r) a/ar (r B<l>) - E 3/3t E 
0 z 

(5.20) 

This set of equations is still too complex to solve with a simple 

numerical method. Fortunately, it can be shown that sorne field cornponents 

can be negleered in the pinch process. We will try to make this plausible 

by a sample with a radius of 0.2 mm and an electric field of 

5 x 104 V/m. The observed cutrent is then 70 A and the observed pinch 
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time is approximately JO ns. The electron mobility is about JO m2 /Vs and 

the hole mobility is about l m2/Vs. The longitudinal electron and hole 

velocities, ver and vhr' are 5 x JOS and 5 x J0 4 m/s respectivily. The 

average electron density is 7 x 102 1 m-s. The resultant average azimuthal 

magnetic field in the sample is approximately 0.1 T. For an applied 

longitudinal magnetic field of 0.1 T this results in vh~ ~ 5 x J0 3 m/s 

and v ~ vh ~ v ~~ 5 x 104 m/s. er r eo/ 
We can now simplify eq. 5.14- 5.20 in the following way: 

I)From eq 5.15 it follows that Br c/r where cis a constant determined 

by the boundary conditions. Because Br has to remain finite on the 

axis, c has to be zero and hence Br = 0. 

2)It seems reasonable to assume that the time derivative of B~ has 

little influence on Ez (eq, 5.16). This will be true fora poorly 

conducting medium of not too large cross-section. When B~ changes 

with 0.1 Tin JO ns, which will he an upper limit, this results in a 

change in longitudinal electric field E of 2 x 103 V/m over the z 
sample radius of 0.2 mm. For our purposes this change is small enough 

compared with the applied field of 5 x 104 V/m. Another way of saying 

this is that the magnetic diffusion time T = r 2 o ~ is small compared m o 
with the time required for pinching. Using the values given above one 

finds T ; 7 x I0-10 s. We therefore assume that a/ar E = 0. m z 
However, for a more accurate calculation it could be necessary to take 

this inductive effect into account. 

3)We suppose that the external longitudinal magnetic field is constant. 

The changes in Bz' due to the azimuthal currents, will be small 

(eq. 5.J9). In our example vei/>= 5 x JQ4 m/s, which yields 

j~ = 6 x 107 A/m2 and a variatien of Bz of about 10-z T over the 

sample radius. We will neglect this contribution in comparisson with 

the applied field of 0.1 T, and assume that Bz is homogeneous: 

a/ar B = o. 
z 

When the average longitudinal magnetic field would change with Jo-2 T 

in 10 ns this would result in a field E~ of 102 V/m at the sample wall 

when E~(r=O) = 0, which can be found from symmetry. This would lead to 

a contribution to the azimuthal electron velocity of 103 m/s, which 

is small compared with the azimuthal electron velocity veq. = 5x]Q4 m/s. 

Therefore we assume that Eq. = 0. 

4)The influence of the displacement currents (sa/at Ê} will be small 

compared with the ohmic currents {Ea/at Ê << n q v Ê). The radial 
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current jr - E a/at Er will be small compared with the currents 

due toeach t~pe of carrier separately (jr<< n q ver p q vhr). 

This means that the time scales are long compared with the reciprocal 

of the plasma frequency. A change in electric field of 5 x 104 V/m 

in 10 ns would, with Er 18, give a current density of about 10 A/m2 . 

An electron density of 1020 m-3, which is the lowest density, and a 

velocity of 5 x 1011 m/s, which is about the radial velocity, give a 

current density of 8 x 10 5 A/m2 • Therefore the displacement currents 

can be neglected and we can assume that jr = 0 and hence n ver = p vhr. 

5)We can see from Poissons equation (div E = (pe - ne)/E) that in order 

to give a change in electric field of 5 x 104 V/m within 5 x Jo-5 m, 

which will be approximately the maximum field gradient in our samples, 

a density difference p - n = 10 18 m- 3 is needed. This is small 
e e 

compared with the actual electron density n, which is always larger 

than 1020 m- 3• This means that we can assume quasi neutrality for 

the field gradients of interest. It should be noted that the field 

gradients are stronger when Gunn effect occurs. Therefore, this 

quasi neutrality assumption is not valid in the boundary regions 

of Gunn domains. 

The validity of these assumptions has to be verified after the 

calculations have been done. The above mentioned simplifications result 

in the following set of equations, which will be used for our 

calculations. 

B 
r 

0 

0 

E~ 0 3/ór B 
z 0 atar E z 0 

(5.21) 

E and B are the applied electric and magnetic fields. Er can be z z 
derived from the fact that n must equal p vhr' However, can be 

eliminared from the equations for the veloeities as will be shown in 

section 5.3.2. Therefore the value for E needs not to be known 
r 

explicitely. The current density jz can be calculated from the trans-

port in the sample, jz p q vhz- n q vez' B~ must be zero on the 

sample axis for symmetry reasons. Therefore in the sample can be 

calculated from the current density j
2

• 
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5.3.2. Pinah equations 

The density distribution in a sample, as a function of time, can be 

found by solving the continuity equation (cf. section 4.1): 

The generation and recombination coefficients can be found in chapter IV. 

All transport equations for the partiele veloeities can be written in 

the form v. = ~(F) F. with i = r, ~ or z. The mobility ~(F) is only 
1 1 

determined by the magnitude of the field F and not by its direction as 

was described in chapter 4. Using the fields determined by the equations 

in the previous section we find from eq. 4.13 that : 

K 
V -~e (E - V B + _$ a/ar n + V B ) (5.22) er r ez ~ n e$ z 

vhr ).Jh (E - V B -~ a/ar p + vh B ) (5.23) r hz ~ p ~ z 

V ).1 (v B ) (5.24) 
e$ e er z 

vh<j> -Jlh (vhr B ) 
z 

(5.25) 

V -Jl (E + V B$) (5.26) ez e z er 

vhz ).Jh (E 
z 

+ V B ) 
hr $ 

(5. 27) 

The pressure coefficients K were introduced in section 4.4. The other 

symbols have their usual meaning. Note that the densities, the azimuthal 

magnetic field, the veloeities and the electron mobility depend 

implicitely on the radius r. 

We introduce the reduced density n = n/n • 
0 

neutrality we can write p = (n - I) n and a/at 
0 
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Furthermore we introduce the reduced (~*) and weighted (~+) ~obilities 

to simplify notation: 

~+ ~e + ~h n/Cn- I) 

Insection 5.3. I. we found that jr 0 and herree: 

n ver (n - I) V 
hr 

By eliminating Er from eqs. 5.22 - 5.29 we derive: 

V 
er 

* -~ [ (~ 
e 

+ ~ ) E B 
h z 

I + ~* 

V -V (n- 1)/n- V 
z hz ez 

j /q n 
z 

V B 
er cj> 

The azimuthal magnet ie field Bcj> can be found by integration 

eq. 5.21: 

r 

B cj> (r) ~/(2rrr) f 2rr r' V n q d r' - ~ I (r)/2rr r 
' z 0 z 

0 

(5. 28) 

(5. 29) 

(5. 30) 

(5. 31) 

(5. 32) 

of 

(5. 33) 

To be able to calculate the time dependent electron densities we need 

some boundary conditions. In the first place we assume that at the 

time t = 0 the density distribution is known. Usually n(r)t=o = n
0

, 

but other distributions can be used for prepinched plasma's. The den

sity at the surface can be found from the surface recombination 

velocity S. The electron velocity at the surface must compensate the 

loss of electrans at the surface: 

(v ) 
er surface 

S (n- n )/n 
0 

s (n- 1)/n . 

Because ~n our case n must be greater than or equal to n ' 0 

(5. 34) 

surface 
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generation can not occur and the velocity will always be directed 

towards the surface. The last boundary conditions can be found from 

symmetry considerations: (3/3r n) = 0 and v (0) = 0. 
r=o er 

5.3.3. CaZcuZation acheme 

We want to calculate the time evolution of the plasma density distribu

tion, starting from an initial distribution, with a digital computer. 

For this purpose we suppose our sample to be subdivided in a number 

of concentric cylindersof equal thickness d (fig. 5.1). In this 

logarithmic 

1 1near 

electron density 

Fig. 5.1. 

SchematiaaZ view of the division 

of a sample in severaZ ayZinders, 

and the approximation of the 

density distribution by average 

densities in the ayZinders. 

section we denote by n (r., t) the average reduced density in cylinder 
l 

number i, at time t. We will try to explain our model following the 

computer program that was used in the calculations. 

In the initialization step of the calculation several variables 

such as the generation and recombination parameters, sample thick

ness, longitudinal magnetic field, applied voltage and circuit data 

are set. The density distribution n (r, t=O), the current I (t=O) 

and the change in sample resistance AR/At(t=o} are initialized. 

The main calculation is performed in a number of cylces. In 

every cycle the changes of the electron density in the cylinders for 

a small time step At are calculated. From this density change we also 
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find the change in sample resistance 6R. After every calculation cycle 

the program returns to this point. 

In the first step of the calculation cycle the longitudinal elec

tric field across the sample is calculated from the current, the 

change in sample resistance, the estimated sample inductance and the 

5. 2. 

EZeatrical circuit, used 

in our caZculations on the 

pin eh 

output impedance of the pulse generator (fig. 5.2), using the following 

equation 

V(t+ilt) 
I(t)2 L ilR 0.36 L I(t)] 

+ + 
ilt V(t) ilt 

[ 

I(t) R 0.36 L I(t)l 
I + u + ----------

V(t) M V(t) j 

with V the souree voltage, V the voltage acrass the sample, L the wire 
s 

inductance and Ru the output impedance of the pulse generator. The 

mobility of the electrans was linearized as 

ll(t+bt) \.l(t) (V(t)/V(t+t>t)) • 54 

which results in the factor 0.36 in this equation. 

Subsequently the field dependent parameters g(E) and \.l (n, E) are 
e 

determined. In theory one should use the total force on the electrans 

ta calculate the generation frequency and mability. Hawever, far 

electrans the force fram the azimuthal magnetic field is nearly 

campensared by the radial electric field. Furthermare we assumed that 

the magnetic fields were so law that the physical magnetaresistance 

cauld be neglected (cf sectian 4.2.4). We will therefore suppose that 

these parameters anly depend on Ez. We derived the fallawing empirica! 

relation for the electron mobility (cf. section 4.2.1): 

\.l (E > 2 x I 04 ) 
e 

~ (-IJ log2 (E) + 91 log (E) - 186) 
j.J x 10 (5. 35) 
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where E is the value of the electric field E expressed in V/m and ~ 
z 

the mobility at a field of 2 x 10~ V/m, usually taken as 20 m2/Vs. 

This parameter ~ can be changed to estimate the influence of the 

mobility on the pinch processes. We estimated the contribution of 

impurity scattering to the mobility from the data of Kranzer [54], 

(cf. section 4.2): 

121 + 2.14 x lo-2 E- 2.39 x Jo-7 

(5.36) 

The hole mobility is assumed to be constant, vh = 0.8 m2/Vs. 

In the second step we calculate the currents I (r.) and the 
Z L 

magnetic fields B~(ri) in the cylinders (eq. 5.32 and eq. 5.33). The 

currents are calculated with an electron mobility that is obtained from 

the previously mentioned mobilities: 

1/v (n, E) 
e (5.37) 

Here it is assumed that the contribution of the electron-hole scat

tering has a similar form as the impurity scattering and can be 

adjusted to impurity scattering with parameter A, which is the quotient 

of the impurity density corresponding with the mobilities in eq. 5.36 

(4 x 1020 m-3) and the equilibrium electron density n • The exponent 
0 

mis used to account for screening. We usually take A= 5 and m = 0.7. 

Subsequently the veloeities at the cylinder walls are calculated 

from the magnetic and electric fields and the density differences 

between adjacent cylinders, using eq. 5.31. In the pressure coefficient 

for electrens K degeneracy is taken into account. When the degenerate 
e 

pressure exceeds the normal pressure n kT we use the degenerate 

expression, otherwise K 
e 

kT/q (cf. section 4.4). Because the elec-

trons and holes have the same average velocity in radial direction we 

use ve(E) insteadof )le(n, E) for the radial electron velocity. 

In step three the density and the radial velocity at the surface 

are calculated from eq. 5.31 and 5.34. An optimal time step is 

calculated, to minimize the calculation time at the desired accuracy. 

The time is chosen so short, that the density change in each cylinder 
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is small compared to the density in that cylinder. Usually the 

density change is limited to 10% of the density. An instability can 

occur when the density change in one time step, caused by the flux 

of carriers, is larger than the driving density differences between 

adjacent cylinders. Th is causes a densi ty oscillation between adjacent 

cylinders. To avoid this kind of instability the time step must be 

limited (~t < d2 /~K ). 
e 

In the fourth step the density change in the cylinder ~n(r., t) 
. l. 

in a time ót is calculated from the continuity equation (4.5). The 

divergence term is found from the fluxes into and out of the cylinder, 

which are calculated from the density at the cylinder walls and the 

radial velocity (eq. 5.31). 

The calculation of the density at a cylinder wall requires some 

attention. The calculated density in a cylinder is its average density 

(fig. 5.1). We therefore expect the density at the cylinder wall to 

lie between the average densities in the adjacent cylinders. It 

appeared that when the boundary density was chosen as the mean of the 

two adjacent densities, a numerical instability could occur. This was 

caused by a too high flux from the cylinder with the lower density, 

which drained this cylinder of all carriers. This instability had no 

physical meaning but was caused by the use of too thick a cylinder 

with respect to the occurring density gradients. In some cases the 

actual density on a cylinder wall is much lower than the mean 

density that was used in the calculations. This can result in a teo 

high transport in the calculations, from the cylinder with the lowest 

density, which can drain this cylinder of all carriers. Therefore, 

we used a density on the wall that was derived from the densities in 

the four nearest cylinders as: 

[ + ld) = [ ] + .((2a-I)
3 

\ n ri 2 n ri ui\ 2 + 0.5) , 

with 

The density calculated in this way proved to be a better approximation 

for the actual density on the cylinder wall and did not give rise to 

an instability. From the new density distribution we calculate the 

average density n and the compression factors z
2 

= ~ 2 /n2 and z
3 

= ~fn3. 
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Fig. 5. 3. Example of measured current3 electria field and apparent 

average electron density as a function of time in sample 

313. The arrow defines the pinch time. 

At this point we can also calculate the change in.sample resis

tance, the inductance and the temperature rise of the lattice. 

In the final step we can output the variables of interest and 

subsequently return to the next cycle. 

5.4. Results of measurements and calculationa 

A number of calculations and measurements on the pinch time and the 

oscillatory behaviour of InSb samples at 77 K were performed. The 

calculation scheme was described in the previous section, the sample 

82 



data and a description of the measuring system can be found in 

chapter II 

We used a rectangular pulse with a length varying from 20 to 

1000 ns. The effective output impcdanee of the pulse generator was 

16.6 0, The voltage across and the current through the sample were 

measured and the following behaviour was observed (fig. 5.3). 

During the risetime of the pulse, the current increased to the 

ohmic current and then started to rise due to the increasing density 

in the sample, caused by avalanche. At the same time the voltage 

decreased due to the loading of the pulse generator. Subsequently 

the current reached a maximum, started to deercase and finally 

stabilized after some strongly damped oscillations. These oscillations 

were also observed on the voltage, but had the opposite fase due to 

the output impedance of the pulse generator. To be compatible v7ith 

the measurements of other workers, we determined the pinch time, 

which is the period of the first oscillation on the voltage. However, 

this could not be done very accurately. The frequency of the further 

oscillations was not very constant, the period changed a little 

during the pulse and was usually somewhat shorter than the pinch time. 

Therefore, and because the number of oscillations was usually very low, 

it was not feasible to derive an oscillation frequency from a larger 

number of oscillations. 

A too long pulse or a too pulse repetition frequency proved 

to lead to a temperature rise of the sample by accumulation of thermal 

energy over many pulses. This could be observed as an increasing pinch 

time with an increasing pulse length or repetition frequency. This 

increase occurred a few minutes after the application of the first 

pulse. Therefore the pulse length was chosen only a few times langer 

than the pinch time, to avoid this heating of the sample. Due to the 

strong damping of the oscillations littl.e information "was lost by the 

use of these shorter pulses. The pulse repetition frequency was usually 

29 Hz but was lowered to 3 Hz for high currents in the thickest samples. 

Lower repetition frequencies were not feasible with the sampling system 

that was used (sect. 3.1. 1). The sample length was varied between 

I and 15 mm but there appeared to be no influence on the pinch time, 

only the amplitude and the damping changed. Therefore we used samples 

with a nominal length of 10 mm in our further experiments. 

The probe apparatus was used to check the homogeneity of the 
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Fig. 5. 4. Probe voltages as a funetion of time" measured at 1 mm 

intervals on sample 348. 

electric field in a sample. A result of such a measurement can be 

found in fig. 5.4. The different curves in this figure were measured 

with a constant spacing of 1 mm in longitudinal direction. At each 

point of time the voltage difference between adjacent curves appears 

to be almest constant. This proves that the field distribution in the 

sample is still homogeneous, when oscillations occur. Therefore these 

oscillations will not be caused by a sausage instability. This enables 

us to restriet ourselves in the calculations to processes that are 

homogeneaus in longitudinal direction. 

In the next sections we first cernpare the results of our measure

ment with the results of the c~lculations. Then we present some 

results of calculations that could not be checked by measurements, but 

which are important for the understanding of the occurring phenomena. 

Subsequently the time evolution of the pinch process and the cause of 

the pinch oscillations are described. 

The values for the parameters, used in the pinch calculations, are 

collectedintabel 5.1. It should be stressed that these values were 
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Parameter Value Parameter Value 

Mobilit;t Recombination 

]Je(n,E) eq. 5.35 - 5.37 G 2 x to2& m-3s-l 
0 

with \.l 20 m2/Vs G! 2.x 106 s-l 

A 5 G2 4 x 10-16 m3s-l 

m 0.7 G3 5 x 10-38 m6 

]Jh i 0.8 m2/Vs s 500 m/s 

Density Generation 

n 1020 m-3 g(E) eq. 4.9 
0 

Sample with go I. 29 x 1011 s-1 

1 i .01 m E 1.5 x 104 V/m 
0 

r .05 - .4 mm El J .65 x 105 V/m 

Souree Pressure 

V 300 - 1500 V K (n<!OOn ) .024 V 
s e o 

R 16.6 11 (n>JOOn ) eq. 4. 11 
u 0 

L J 10 nH ~ .024 V 

Tabel 5.1. Parameters used in the pinch caZculations. 

The vaZues were either determined jrom the experimental 

conditions or from the data in chapter IV. 

determined independently of the pinch model. They were partly determined 

from the data presented in chapter IV ( mobility, generation, recombina

tion and pressure ). The other values were obtained from the experimental 

.conditions. The values were only varied to get an insight in the 

influence of the various parameters on the pinch process (cf. sectien 

5.4.4). We did nottry to get a better resemblance between the 

calculations and measurements on the pinch effect by adapting the 

parameters. 

In the last two sections we describe the influence of the various 

parameters on the pinch time as well as the influence of a longitudinal 

magnetic field. 
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5.4.1. Comparison of experiments and calculations 

The current through the sample was varied from 2 to 70 A. The pinch 

time appeared to be approximately inversely proportional to the 

stationary current (fig. 5.5), which is the current at the end of the 

pulse, where the oscillations have damped out. 

Most samples were made from the Cominco material. The thickness 

of the samples was varied between 50 ~m and 700 ~m. The measured 

pinch times for the samples with a square cross-section are collected 

in fig. 5.5a. It appeared that the pinch time was roughly proportional 

to the sample thickness at a given current. The spread in these 

measurements is partly caused by the inaccuracy in the determination 

of the pinch time and possibly a slight temperature rise in some cases. 

Some of the curves in this figure consist of the points which were 

measured for two samples originating from the same initial bar of InSb. 

This sample pair had the same cross-section but due to the inhomogeneity 

of the material their resistivity could differ by a factor of two or 

three. However, no significant difference in the pinch time was found. 

This can be checked from fig. 5.5c, for the octagonal samples, where 

different symbols are used for the two samples made from the same bar. 

The results of the calculations for the pinch time can be found 

in fig. 5.5b. The general course of the calculated curves resembles 

the measured curves reasonably well. Only the dependenee of the pinch 

time on the current is somewhat steeper in the calculated curves. This 

can be caused by the omission of the physical magneto-resistance or 

the field dependenee of the hole mobility in our model or some other 

simplifications. It can also be due to the fact that the electron 

mobility, electron tempersture and initia! electron density are not 

exactly known. The influence of these parameters is described in 

section 5.4.4. 

The dependenee of the pinch time on the sample thickness is 

comparable in both experiment and calculations. In our measurements 

the period of the first oscillation of the current was usually shorter 

than the pinch time. This was also observed in our calculations. 

In our model calculations, cylindrical symmetry was assumed. 

Unfortunately cylindrical samples could not be made. To estimate the 

influence of the shape of the sample cross-section on the pinch time 

we made some octagonal samples by polishing off the edges of a square 
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Fig. 5. 6. Current as a funation of time. 

a) Sample 313. Cominao material. Square eross-seetion. 

bJ Calaulated from our pinch model. 

sample (sect. 3.2.2). These samples showed a somewhat shorter pinch 

time,IO - 30 % (fig. 5~5c). However, it was not clear- whether this 

was caused by the reduction of the area of the cross-sectien (about 

20%) or the reduction of the maximum transverse dimension (about 

30%). 

Another set of measurements was done on samples, made from the 

more homogeneaus Monsanto material. This material had a higher equi

librium electron density than the material used in the previously 

mentioned experiments (see table 3.1). Only samples with a square 

cross-sectien were used. There appeared to be little influence on the 
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pinch time in the high current region (fig. 5.5d). Only for currents 

approaching the current without avalanche a slight increase in pinch 

time was observed. 

The shape of the measured current as a function of time looks 

similar to the shape of the calculated current {fig. 5.6). There is 

only some difference in the frequency of the oscillations. This will 

be caused by the inaccuracy of the parameters, as was mentioned 

previously, and by the fact that the measurements were done on a 

sample with a square cross-section. In principle it would have been 

possible to change the oscillation frequency for the currents in 
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fig. 5.6 by adjusting the parameters, in order to give the calculated 

curves a closer resemblance to the measured curves. However, this 

would result in a larger deviation for other currents and is therefore 

not meaningful for the whole current range of interest. 

The stationary current as a function of the electric field can 

be found in fig. 5.7. This current is measured after the oscillations 

have disappeared and hence the sampling time depends on the value of 
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the current. Therefore this current-field characteristic differs from 

an ordinary characteristic which is measured at a constant sampling 

time. The ordinary characteristic would show kinks, caused by the 

pinch oscillations. 

The general behaviour of the measured curve is similar to the 

behaviour of the calculated curve (fig. 5.7). The differences between 

the measured and calculated curves are of the same order as the 
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differences between the curves for the different kinds of material. 

The amplitude and damping coefficient of the measured oscilla

tions could only be determined inaccurately. There appeared to be 

differences in the magnitude of these variables for samples with 

approximately the same cross-section. Also the general behaviour of 

these variables for different sample cross-sections was not very 

coherent, see fig. 5.8 and fig. 5.9. There are deviations between 

measurements and calculations but these are of the same order as the 

deviations between different measurement series. 

Unfortunately the pinch radius can not be measured, but we can 

make an estimate in the following way. The current density, expected 

without pinch, can be calculated from the generation and recombination 
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parameters and the measured current. When we assume that all current 

flows through the pinch channel, we can estimate the pinch radius from 

the area, required to support this current. However, this gives a 

rather crude estimate of the pinch radius. It depends on the choice 

of the recombination and generation parameters while the inward flux 

of particles and the electron-hole scattering are neglected. The thus 

estimated pinch radius is given in fig. 5.10 tagether with the cal

culated pinch radius. The general behaviour of the estimated radius 

is similar to the behaviour of the calculated radius, but there are 

diff~rences in the magnitude of the parame.ters. 

Although the calculated and measured curves do not coincide com

pletely, we believe that their similarity is sufficiently good to prove 

the occurrence of pinching. The main cause of the deviations are prob

ably uncertainties in the material parameters. 

5.4.2. FUPtheP oaZaulations 

Unfortunately, some of the results of the calculations could not be 

verified by measurement. It was not possible to determine the plasma 

distribution in a sample and also the average plasma density could not 

be measured accurately, in view of the uncertainties concerning 

electron-hole scattering. To get an insight in the magnitude of the 

compression we give some data on the calculated densities and com

pressionfactors in fig. 5.11. In the simulation program the square 

compression factor z
2 

= n2Jü2, the cubic compression factor z
3 

= n3fn3 

and the average density nwere calculated. From these data, a schematic 

distribution, using an adapted two phase model, was calculated. It 

consisted of two concentric cylinders. The radius of the inner cylinder, 

r , is the pinch radius which was already used in fig. 5.10. The 
p 

density n 1 is the average density in the pinch channel. The density n2 
is the average density in the outer region (fig. 5.11). 

The compression factors and average densities are also plotted, 

as a function of time, for some currents in a sample with a radius of 

0.1 mm (fig. 5.12). The curves correspond to the curves of current as 

function of time of fig. 5.6. The easiest comparison is obtained 

from the oscillation frequency. 

It should be noted that the behaviour of the cubic compression 
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factor is especially important. It shows that the influence of Auger 

recombination, which is proportional to this factor, can increase by 

as much as a factor of 1000 when compression occurs in a thick sample. 

The adiabatic temperature rise of the lattice in the centre of 

the sample appeared to be small. It was not more than a few degrees 

during one pinch time. In a sample with a radius of 0.4 mm, sustairring 

a current of 70 A at a field of 4 x 104 V/m, it took 0.6 ~s to reach 

a temperature of 260 K. At this temperature thermal generation can 

become important (cf. section 4.4). At shorter times thermal gener

ation does not have to be considered. The melting temperature of the 
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lattice would be reached in 1.8 ~s, when the plasma distribution would 

not change. In a thin sample (r = 50 ~m) the melting temperature of the 

lattice would be reached in 0.4 ~s for a current of 30 A. 

The inductance of the sample remained small, the maximum induc

tance was 3.5 nH for a sample with a radius of 0. I mm and a current of 

4 A. During the oscillations the inductance could be somewhat higher 

(4.5 nH in a sample with r = 0.4 mm). The change in the magnetic flux, 

d/dt(LI) remained also small. The maximum value was about 20 V which 

is 5% of the applied voltage. Therefore these inductive effects can be 

neglected. Furthermore, di/dt had the opposite sign as d/dt(LI). 

Therefore the change in magnetic flux in the sample only reduces 

the influence of the external inductances. 

Also the other terms, which were neglected in sect. 5.3, appeared 

to be small, usually smaller than a few percent of the dominant terms. 

However, in more accurate calculations it could be necessary to con

sider these terms too, especially the magnetic fields can become 

important. 

5.4.3. Description of the pinch process and oscillations 

The behaviour of the electron densities and other variables, found 

from our calculations, is plotted in fig. 5. 13-5.17. The calculations 

were done for a sample with a radius of 0.2 mm and a current of 35 A. 

The variables are plotted vertically on a sloped mesh, with the posi

tion in the sample horizontal and the time slanted. The spacing ~n 

horizontal direction is about 8.3 ~mand the time step is 0.5 ns. In 

this way a stereoscopie picture is obtained. It should be noted that 

the pictures for the density are s~etric with respect to the sample 

axis. The densities areplottedon a logarithmic scalê (fig. 5.13) 

as wellas on a linear scale (fig. 5.14) because different kinds of 

information can be derived from these pictures. As the radial ·velocity 

and the azimuthal magnetic field have opposite directions on two 

sides of the axis, in Carthesian coordinates the pictures for these 

values are antisymmetrie (fig. 5.15, 5.16). 

In fig. 5.17 the change in the density distribution is plotted 

relative to the final density distribution. The domain propagation, 

described in the following, is clearly visible in this picture. 
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The following behaviour can be seen from these pictures. When the 

electric field is applied, at time t = 0, the plasma density starts to 

increase homogeneously. In the mean time the magnetic field and hence 

the radial velocity increase, due to the increasing current. In the 

first few nanoseconds the radial velocity is highest at the sample 

wall. Because the sample walls do not generate, the plasma is swept 

away from the walls which results in a decrease in density in the 

region near the walls. During the subsequent nanoseconds this region 

broadens towards the sample axis, causing a more and more inhamogene

aus distribution. After about 10 ns the maximum density in the centre 

of the sample is reached. At this moment there is a strong recombina

tion in the centre, which is approximately balanced by generation and 

the inward flux of particles. In the outer region there is almast no 

recombination, because of the low density, all the generated electrans 

and holes are swept away by the magnetic field. The magnetic field is 

still so strong that the density in the outer region of the sample 

continues to decrease. Due to this decreasing density the flux towards 

the centre region diminishes which leads to a decrease in density on 

the axis. This results in a decrease in current and hence in a decrease 

of the azimuthal magnetic field and radial velocity. Therefore, the 

density in the region near the wall, which was almast stabilized in the 

high magnetic field, starts to increase again due to the decreased 

transport in radial direction. 

In the following nanoseconds the decrease in density in the centre 

and the increase in density in the wall region continues until the 

current starts to rise again. Subsequently the density near the wall 

decreases again and we notice a kind of rnaving density domain. This 

domain travels towards the sample axis and the density on the axis 

increases until the whole domain is absorbed. Then the density and 

current start to decrease again and a new domain is formed at the 

sample wall. This process continues until the density distribution 

stabilizes. 

The domain propagation is possible due to the low recombination 

in the, low density, outer region of the sample. These domains are 

responsible for the observed oscillations on current and voltage. 

Sausage shaped instahilities are not needed to explain these 

oscillations. 

The inward flux of particles remains very important. Our calcula-
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tions show that the recombination on the sample axis is about five 

times higher than the generation. The difference must be compensated 

by the inward flux. The recombination balances the generation at a 

radius of about 20 ~m, which is one tenth of the sample thickness. 

On a radius of 40 ~m the recombination is already ten times smaller 

than the generation. Therefore flux dominates the outer region too. 

Recombination is negligible in this region. 

The temperature rise appeared to be 20 K on the axis, while the 

sample wall remained on a temperature of 77 K. The inductance at the 

end of the pulse was 3.24 nH. 

5. 4. 4. Inf"luenae of various paPameters 

The influences of the variation of the parameters for generation and 

recombination, mobility, electron temperature etc. were investigated. 

It was not possible to calculate the variations for all sample 

dimensions and currents. This would have consumed too much computer 

time. For the same reasou simultaneons variation of the various 

parameters was not possible. Therefore we only calculated the influence 

of the variation of one parameter at a time for a sample with a radius 

of 100 ~m and a supply voltage of 700 V which gives a current of 15 A. 

The variatien of the parameters resulted some times in a variation of 

the current. Because for instanee the pinch time depends on the 

current the changes in pinch time and other variables are not indepen

dent of each other. In the following the results were corrected for 

the influence of the current change. 

The most interestins conclusion from these calculations is that 

the externally observable variables are hardly influenced by the mag

nitude of the recombination. Only the Auger recombination had a very 

small influence. The pinch time changed by about 0.2% when the Auger 

parameter was doubled. The changes in current, field, damping and 

amplitude had approximately the same magnitude. The change in the 

internal variables, as for instanee pinch radius, which could not be 

measured, was larger. The pinch radius increased with 20% and the 

average density in the pinch channel decreased by about 50% when the 

Auger parameter was doubled. This proves that the Auger recombination 

is very important for the internal processes in the pinch. Accordingly, 
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it is not allowed to neglect this process from the calculations, as 

might be expected frorn the small influence on the external variables. 

To be able to calculate the Auger parameter from a measurement in a 

pinched state, it will be imperative to know the density distribution. 

The other recombination processes showed only a very small influence 

on the internal variables. 

The generation parameter had only a weak influence on the current 

in the sample, the current increased by about 20% when the generation 

was doubled. The pinch time was hardly influenced, except through the 

current change. 

An increase of the influence of electron-hole scattering decreased 

the amplitude of the asciilation and increased the damping strongly. 

Pinch time and current were hardly influenced. 

The pinch time was about inversely proportional to both the 

electron and hole mobility. The current decreased a little for an 

increasing mobility, due to a decrease in pinch radius. When the mobi

ties are multiplied by a constant factor this results in a vertical 

shift of the pinch time versus current curves in fig. 5.4b. This could 

be used to fit one point of the calculations with the measurements but 

the slope of the calculated curve can not be adjusted. A field depend

ent hole mobility or the change of the field dependenee of the electron 

mobility does change the slope of the curves. The introduetion of a 

field dependent hole mobility [84] (sect. 4.2.2.) increased the pinch 

time with approximately 30% for a high current while the pinch time 

was not changed for a low current. 

The introduetion of physical magnetoresistance (sect. 4.2.4), 

proportional to the magnetic field, using ~p/p = 0.3 at 0.1 T, had 

approximately the same result as the field dependent hole mobility. 

If the density dependenee of the magnetoresistance [49] was accounted 

for, it turned out that the influence of magnetoresistance could be 

neglected. 

It should be noted that the influence of ambipolar magnetoresis

tance was already accounted for in the equations for the radial and 

longitudinal veloeities (eq. 5.31 and 5.32). 

An increase in partiele temperature with 100% led to an increase 

in pinch time of 20%. It was expected that the influence of the 

temperature would be larger for low currents near the critica! current 

for pinching, because the critica! current depends on the temperature. 
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This appeared to be true, the relative change in pinch time was 

approximately 50% for a current of 5 A. 

The influence of souree impedance, leadwire inductance and 

equilibrium electron density on current and time appeared to be 

small, less than 10% for a change of 100% in the independent variable. 

In principle it would be possible to mould the calculated curves 

Ln the shape of the measured curves by the parameters. However, 

because of the number of parameters it was not feasible to calculate 

these parameters by fitting the calculated curves to the measurements. 

Furthermore, the behaviour of the measured curves was not coherent 

enough, probably due to inhomogeneities in the material. 

5.4.5. of a longitudinal ld 

A longitudinal magnetic field appeared to have a strong influence on 

the current when pinching occurred. This can for instanee be seen from 
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the measured current as a function of time in different magnetic fields 

5.18). For low magnetic fields, up toabout 0.025 T nothing 

happens but in a field of 0 •. 05 T the oscillations smooth out. For 

higher magnetic fields the current at the end of the pulse increases 

until at a field of 0.15 Ta maximum current is reached. The decrease 

in current at about 25 ns after the start of the pulse, typical for 

pinching, has totally disappeared. For larger magnetic fields (> 0.2 T) 

the current decreases a little, probably due to the occurrence of 

longitudinal magnetoresistance. The current rise was coupled, by the 

output impedance of the pulse generator, to a decrease in electric 
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field in the sample. Therefore the decrease in resistivity is much 

strenger than the increase. in current. This can be seen from a current 

voltage characteristic (fig. 5.19). The increase in current at a 

constant electric field and hence the decrease in resistivity can be 

as much as a factor of ten. We feel that this decrease in resistivity 

can only be caused by an increase in the average plasma density. The 

only feasible explanation for this phenomenon is an almost total 

disappearance of the pinch compression. 

The current-field characteristic also shows that there is a 

current dependent threshold in the magnetic field. Below the thresholû 

the current is pinched and above the threshold the pinch is destroyed. 

The threshold field has about the same magnitude as the azimuthal 

magnetic field in the sample, caused by the current. 

Our measurements showed that the threshold field was almast 

inversely proportional to the sample thickness for a constant current. 

In one sample the threshold was proportional to the current. 

Unfortunately the observed strong influence of the magnetic 

field could not be found in our calculations (fig. 5.18b). The current 

increased a little when a longitudinal magnetic field was taken into 
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account but the oscillations did nat disappear. Furthermore, the 

magnetic fields required to produce a change in current were much 

higher. Because all significant processes, that can occur in a 

cylindrical symmetrie problem were taken into account, this indicates 

that these effects will be caused by deviations from the cylindrical 

symmetry. However, it was nat feasible to introduce these deviations 

in our calculations. This requires three dimensional calculations 

instead of the single dirneusion used in our present calculations. 

In the presence of the longitudinal magnetic field oscillations 

on the voltage along the sample were observed, using the apparatus 

and pulsetransformer of Alberga [77]. These oscillations were rather 

noisy and depended strongly on the magnetic field. Below the threshold 

for pinch suppression oscillations were not observed. The behaviour 

of the oscillations suggested the occurrence of a helical density wave 

in the sample. This was already observed by several other workers 

[4, 30, 31]. Glicksman [32], ascribed the oscillations to the occur

rence of the helical instability described by Hurwitz and McWorther 

[97]. This instability was expected to dominate the occurrence of 

pinching. However, it was not proved that this instability could 

destray a pinched state. 

An investigation of the coupling between the helical instability 

and the pinch would require insight in the internal flow processes in 

the sample. A mere observation of the external oscillations is not 

sufficient. Insight in the plasma flow could possibly be obtained 

by optical techniques but falls beyond the scope of our work. 

As already mentioned a proof that a helical instability can 

exist, was given by Hurwitz and McWorther. This is, however, not 

sufficient for our purposes. We want the influence of the helical 

instability on the pinch behaviour to be calculated. This would 

require extensive, time consuming calculations which were not 

feasib le. Therefore we refrained from further investigations on 

this subject. 
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CHAPTER VI 

CONCLUDING REMARKS 

This chapter summarizes the conclusions that can be drawn from the 

work described in this thesis, and gives some hints for further inves

tigations. The pinch effect ~s strongly connected with generation and 

recombination. Therefore it is not possible to consider these effects 

separately. Because the present work was focussed on the pinch effect, 

we first give some conclusions on the resemblance between a semicon

ductor plasma and a gaseaus plasma and on the behaviour of the pinch 

effect. Then we present the conclusions on generation-recombination 

and mobility and mention the influence of on the observabi-

of these phenomena. 

There are some differences between gaseous plasmas 

and the electron-hole plasma in InSb. The in a gaseaus plasma 

is chiefly determined by interpartiele scattering whereas the mobility 

in the electron-hole plasma is dominated by pbonon scattering and 

scattering by fixed charged impurities. This has some important conse

quences. In a gaseaus plasma the mobility depends strongly on the plasma 

but the conductivity is almast independent of the density. 

There is usually little heat dissipation and therefore the plasma tem

perature can become very high. The high field rnahilities in the elec

tron-hole plasma are, to a first approximation, independent of the 

plasma density. The thermal contact of the electron-hole plasma with 

the lattice is very good and the plasma temperature can remain low. 

The holes in the electron-hole plasma are a much lighter component 

than the ions in the gaseaus plasma. 

A pinch in a gaseous plasma is dominated by the plasma pressure 

and inertial effects. On the contrary, a pinch in an electron-hole 

plasma is dominated by generation, recombination and friction with 

the lattice. A magnetic field can usually be trapped in a gaseaus 

plasma. The conductivity of a semiconductor plasma is usually so low 

and the dirneusion so small that the magnetic field can diffuse out of 

the plasma in the time intervals of interest. 

Therefore, one must be very careful in applying theoretica! 

results for gaseous plasmas to an electron-hole plasma. Although the 

appearance of the pinch effect is similar in both types of plasmas, 
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the pinch is dominated by different terms in the transport equations. 

We developed a numerical model for the pinch behaviour of an InSb 

sample. This model proved to give a good description of the pinch 

behaviour, for a situation without an external magnetic field. The 

external observable phenomena could be explained with this model. 

Unfortunately, it was not possible to determine the plasma density 

distribution, and hence the correspondence with the internal variables 

could not be tested. There are too many parameters in the pinch model 

to make a calculation of these parameters from the observed phenomena 

meaningful, without knowledge on the density distribution. Moreover, 

for instanee the influence of the magnitude of the Auger recombination 

parameter on the external observable effects of the pinch appeared to 

be negligible, whereas its influence on the density distribution was 

very large. The influence of electron-hole scattering is strongly en

hanced by pinching. 

Therefore, it is advisable to search a metbod to measure the 

density distribution. The spatial resolution of an optica! metbod is, 

due to the required wavelength of the light, probably too low to find 

the actual density distribution but could yield information on the 

diameter of the pinch channel. This diameter can also he obtained from 

a measurement of the inductance of the sample [56,57]. With this addi

tional information it could become possible to determine some quanti

ties, like for instanee the density dependent electron mobility, the 

generation frequency or the recombination parameters from a measure

ment in a pinched situation. 

Our pinch calculations showed that the compression of the plasma 

could be rather strong. The quadratic compression factor z2 can become 

20 and the cubic compression factor z
3 

can rise to as much as 1000. 

This means that the influences of radiative and Auger recombination, 

which are proportional to and z
3 

respectivily, are stongly enhanced. 

The compression factors are smaller for thin samples but the influence 

of pinching is still observable for the thinnest samples we made 

(radius 25 ~m). 

It was proved that the oscillations on the current in the pinched 

state were not caused by the occurrence of a sausage instability, but 

by the inward movement of density disturbances. These disturbances 

were caused by a combined action of the generation-recombination 

processes and the radial compression. 
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The influence of a longitudinal magnetic field could not be 

explained with our model. This is probably caused by the fact that 

our pinch model assumes a cylindrical symmetry, whereas the magnetic 

field disturbes this symmetry. This can for instanee result in a 

helical instability [32,97]. Therefore our quasi one dimensional 

model is inadequate and a more dimensional model bas to be used. 

However, calculations with such a model will only be meaningful when 

the time development of the density distribution in the sample can be 

measured. There is an indication that the magnetic field results in a 

more homogeneaus density distribution. Therefore, application of a 

longitudinal magnetic field could be useful for measurements that are 

otherwise hampered by pinching, but first the homogenizing effect of 

the magnetic field bas to be established. 

We observed a decrease of the electron mobility due to electron

hole scattering when an electron-hole plasma was created. A quantita

tive measurement of this effect was hampered by the occurrence of 

pinching and the indeterminacy of the electron distribution. 

Unfortunately, theoretica! results on the influence of electron

hole scattering on the mobility for the electric fields of interest 

are not available. Moreover, the existing theories on the high field 

electron and hole mobilities as a function of electric field and plasma 

density are not yet sufficiently accurate to be useful in for instanee 

pinch calculations. These theories did not allow a satisfactory estimate 

of the electron temperature at high electric fields. 

Our measurements with the probe apparatus on the electron mobility 
4 up to a field of 2xl0 V/m campare rather well with the measurements 

of Alberga, when the magnitude of the magnetic field is accounted for. 

The generation frequency could only be measured during the start 

of the pulse, when the density is still low and appreciable pinching 

has not yet occurred. At the highest electric fields and thus for high 

generation frequencies, the available time for a measurement of the 

generation frequency becomes so short that an accurate determination 

is not possible. Moreover, Gunn effect disturbs the measurements in 

this region. 

Only the linear recombination parameter could be measured. The 

measurement of the radiative and Auger recombination was prevenred 

by the occurrence of pinching. 
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An elegant way to get round the problems with pinching is the 

generation of an electron-hole plasma with high intensity light from 

a co2 laser. When the density is measured optically, with a very small 

current, or with a very short current pulse, pinching is prevented. 

In this way the recombination parameters and the influence of electron-

hole could be determined. 

As final conclusion, we want to state that, for all measurements 

and calculations on semiconductors containing an electron-hole plasma, 

it is advisable to consider pinching as a possible souree of 

complications. 
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SUMMARY 

This thesis presents the results of an investigation of the influence 

of the pinch effect on the behaviour of an InSb sample under avalanche 

conditions. When a high electric field is applied to an InSb sample, 

an electron-hole plasma is created by impact ionization. The current, 

flowing thröugh this plasma, can cause a magnetic compression, the so 

called z-pinch. The avalanche behaviour of the sample is strongly 

influenced by pinching but the magnitude of this influence was not 

known. Therefore it was not feasible to determine the magnitude of the 

generation and recombination parameters. Moreover, oscillations on 

current and voltage were observed, which were presumably caused by the 

pinch effect, but this could not be proved with the existing theories. 

Therefore we decided to investigate the pinch effect in more detail. 

In our experimental observations we used voltage pulses with a 

short risetime and various shapes. The dynamics of the current through 

and the voltage across the sample could be measured on a nanosecond 

timescale. The voltage distribution along the sample could be determined 

with a movable resistive probe. Because of the large amount of data the 

measurements were performed with the aid of a microcomputer. From these 

measurements the field dependenee of the electron mobility and the 

generation frequency in our samples could be obtained. Only the linear 

recombination parameter could be measured, the measurement of the other 

parameters was prevented by pinching. We observed the influence of 

electron-hole scattering on the electron mobility but, because of 

pinching, we could only give qualitative results on this subject. 

Our prime interest was the investigation of the pinch effect. The 

experiments, described in the previous paragraph, were needed for this 

investigation. We wanted to prove that the oscillations on current and 

voltage were caused by the pinch effect. Therefore we measured the 

dependenee of the oscillation frequency on current and sample cross

sectien and geometry. From a critica! review of the existing theories 

and measurements it is shown that the existing theories do not give 

satisfactory results for the pinch effect in the electron-hole plasma 

in InSb. Hence a computer model for the pinch effect was developed. 

This model assumes a cylindrical symmetry. It accounts for electric 

and magnetic fields, field dependenee of generation and mobility, 

various kinds of recombination, electron-hole scattering and circuit 
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effects. Some parameters in this model were derived from our own 

measurements. 

The results of the model calculations proved to bear a close 

resemblance to the results of our measurements without a longitudinal 

magnetic field. This shows that the measured phenomena are iudeed 

caused by the occurrence of pinching. It was shown that the oscillations 

on the current were caused by the inward movement of density disturban

ces and not by a sausage instability as was formerly assumed. These 

disturbances are caused by a cornbined action of the generation and 

recombination processes and the radial compression. 

The influence of a longitudinal magnetic field could not be 

explained with our model. This is probably caused by deviations of 

the symmetry which are induced by the magnetic field, and 

thus our model no longer applies. 

The model calculations showed that the Auger and radiative recom

bination parameters can not be obtained from a measurement in a pinched 

state, if the distribution can not be measured simultaneously. 

Therefore, either the occurrence of pinching must be prevented or the 

density distribution has to be measured. 

The final conclusion from our investigations ~s that it is 

advisable to consider pinching as a possible souree of complications 

for most measurements and calculations on a semiconductor containing 

an electron-hole plasma. 
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Samenvatting 

In dit proefschrift worden de resultaten van een onderzoek naar de 

invloed van het pincheffekt, op het gedrag van een InSb-preparaat onder 

avalanchecondities, gepresenteerd. Wanneer een sterk elektrisch veld 

wordt aangelegd over een InSb-preparaat dan wordt door botsingaionisatie 

een elektronen-gaten-plasma gevormd. De stroom die" door dit plasma loopt 

kan een magnetische compressie tot gevolg hebben, de zogenaamde z-pinch. 

Het avalanchegedrag van het preparaat kan sterk worden heinvloed door 

de pinch, maar de grootte van deze invloed was niet bekend. Daardoor 

ontstonden complicaties bij de bepaling van de generatie- en recombi

natieparameters. Bovendien werden oscillaties op stroom en spanning 

waargenomen die vermoedelijk werden veroorzaakt door het pincheffekt. 

Dit kon echter niet afdoende worden verklaard met de bestaande 

theorieën. Daarom besloten we het pincheffekt nader te onderzoeken. 

In onze experimenten gebruikten we spanningspulsen met een korte 

stijgtijd en van verschillende vorm. Het dynamische gedrag van de 

stroom door en de spanning over het preparaat kon gemeten worden op 

een nanosecond~-tijdschaal. De spanningsverdeling langs het preparaat 

kon bepaald worden met een beweegbaar meetcontact. Vanwege de grote 

hoeveelheid gegevens werden de metingen uitgevoerd met behulp van een 

minicomputer. Uit deze metingen kon de veldafhankelijkheid van de 

elektronenbeweegbaarheid en de generatiefrequentie in onze preparaten 

worden verkregen. Van de recombinatieparameters kon alleen de lineaire 

parameter worden bepaald. De bepaling van de overige recombinatiepara

meters bleek onmogelijk door het optreden van pinch. We namen de invloed 

van elektron-gat-verstrooiing op de elektronenbeweegbaarheid waar, maar 

konden hierover slechts qualitatieve resultaten geven, wederom tenge

volge van de pinch. 

Onze voornaamste interesse was gericht op het onderzoeken van de 

pinchverschijnselen. De experimenten die beschreven zijn in de voor

gaande alinea waren nodig voor dit onderzoek. Wij wilden aantonen dat 

de oscillaties op stroom en spanning werden veroorzaakt door het pinch

effekt. Daarom bepaalden we de afhankelijkheid van de oscillatiefre

quentie van de stroom en van de preparaatdoorsnede en de preparaat

geometrie. Aan de hand van een bespreking van de bestaande theorieën 

en experimenten tonen we aan dat de bestaande theorieën nog geen 

bevredigende verklaring gaven voor het pincheffekt in het elektronen-
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gaten-plasma in InSb. Daarom werd een computermodel voor het pineh

effekt ontwikkeld. Dit model veronderstelt een cilindrische symmetrie. 

Het houdt rekening met elektrische en magnetische velden, veldafhanke

lijkheid van generatie en beweegbaarheid, diverse soorten recombinatie, 

elektron-gat-verstrooiing en circuiteffekten. Enige van de in dit model 

gebruikte parameters werden uit metingen afgeleid. 

De resultaten van de modelberekeningen bleken een goede gelijkenis 

te vertonen met onze metingen zonder een longitudinaal magneetveld. 

Hieruit concluderen we dat de gemeten verschijnselen inderdaad worden 

veroorzaakt door het optreden van pinch. We lieten zien dat de oscilla

ties op de stroom werden veroorzaakt door de naar binnen 

beweging van dichtheidsverstoringen en niet door een worstvormige 

instabiliteit zoals vroeger werd aangenomen. Deze verstoringen worden 

veroorzaakt door een samenspel van de generatie- en recombinatie

processen met de compressie in radiale richting. 

De invloed van een longitudinaal magneetveld kon niet worden 

verklaard met ons model. Dit wordt waarschijnlijk veroorzaakt door 

afwijkingen van de cilindersymmetrie die worden geïnduceerd door het 

magneetveld, waardoor ons model dus niet langer toepasbaar is. 

De modelberekeningen toonden aan dat de Auger- en radiatieve recom

binatieparameters niet kunnen worden verkregen uit een meting in een 

gepinchte toestand, als niet gelijktijdig de dichtheidsverdeling 

gemeten kan worden. Daarom moet men bij een meting van deze parameters 

ofwel het optreden van pinch voorkomen of de dichtheidsverdeling bepalen. 

De slotconclusie uit ons,onderzoek is, dat men er op bedacht 

dient te zijn dat pinch complicaties kan veroorzaken, bij de meeste 

metingen en berekeningen aan een halfgeleider die een elektronen

gaten-plasma bevat. 
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STELLINGEN 

behorende bij het proefschrift van W.C. de Zeeuw 

I. Door Osipov en Khvoshchev is in InSb bij 77 K de recombinatiestraling 

afkomstig van een elektronen-gaten-plasma in een gepinchte toestand 

onderzocht. De waargenomen spectra te verklaren door een rooster-

temperatuur van 500 K in het pinchkanaal aan te nemen. 

B.D. Osipov and A.N. Khvoshahev, Sov. Phys. Jetp. 833 (1963). 

2. In een Gunn-domein in InSb treedt een sterke avalanche op. Hierbij 

kan een vorm van botsingsionisatie optreden, waarbij het ioniserende 

elektron uit de Gunu-vallei afkomstig is en na de ionisatie het ene 

elektron indeGunu-vallei en het andere in de centrale vallei van de 

geleidingsband terechtkomt. 

3. Informatie over de beweegbaarheid van elektronen in InSb in elektrische 

velden boven de zogenaamde Gunu-drempel kan worden verkregen uit de 

vorm van de Gunn-domeinen. Voor de bepaling van deze vorm is een meet

opstelling met een tijdresolutie van minder dan 0. I ns nodig. 

4. Het verdient aanbeveling de invloed van helixoscillaties op het pineh

effekt in InSb nader te onderzoeken. 

Dit proefschrift, hoofdstuk V. 

M. Glicksman, Solid State 

(19?1). 

vol. 26, Academie Press, New York 

5. Door Alberga is een tekenomkeer van de Hall-spanning in. een n-type 

!nSb-preparaat onder avalanche-condities waargenomen. Daar de teken

omkeer vermoedelijk samenhangt met het Suhl-effekt is deze wellicht 

te voorkomen door gebruik te maken van een magneetveld dat oscilleert 

met een frequentie van ongeveer I GHz. 

G.E. Alberga, proefschrift, Technische Hogeschool Eindhoven (1978). 

6. Cyclo-hexyl-ammonium-koper-trichloride (C
6
H

11
NH

3
)CuC1 3 , kan worden 

beschreven door een systeem van ferromagnetische S i Heisenberg

ketens. In deze stof is vlak boven de ordeningstemperatuur een excess

bijdrage tot de magnetische soortelijke warmte (Cm) gemeten (Schouten 



et al.). Teneinde deze excess-bijdrage beter te kunnen onderzoeken 

verdient het aanbeveling Cm in een magnetisch veld te bepalen. 

J.C. Sahouten~ G.J. van der Geest~ W.J.M. de Jonge and K. Kopinga~ 

Phye. Lett. 78A, 398 (1980). 

7. In een beeldbuis kan een grote lichtintensiteit, als gevolg van 

ruimteladingseffekten, gepaard gaan met een vergroting van de spot. 

Bij een kleine afstand tussen kanon en scherm kan deze spot worden 

verkleind door in plaats van de gebruikelijke versnellende lens een 

zogenaamde multi-stage-lens toe te passen die de elektronen een 

hogere gemiddelde snelheid geeft. 

8. Omdat een mens grafisch gepresenteerde gegevens vaak eenvoudiger kan 

interpreteren dan numerieke, verdient het aanbeveling. in het basis

computeronderwijs meer aandacht te besteden aan deze vorm van computer

output. 

9. Bij de opkomst van de mini- en microcomputers zijn, tengevolge van 

uitbreidingen, diverse dialecten van Basic ontstaan. Teneinde de uit

wisseling van programma's te vergemakkelijken verdient het aanbeveling, 

uitgaande van deze dialecten, één nieuwe uitgebreide Basic-achtige taal 

te ontwikkelen. Deze taal moet dan zowel in een interpreterende als in 

een compilerende versie beschikbaar komen. 

10. De alfabetische·rangschikking van de toetsen op de zak-vertaalcomputers 

toont aan dat deze instrumenten nog niet als volwaardig vertaalhulp

middel gezien kunnen worden. 

11. Elektrisch scheren kost gewoonlijk minder energie dan het zogenaamde· 

"nat" scheren. 

12. In de rij van voorvoegsels die gebruikt worden om de machten van tien 

aan te geven vallen de "k" (kilo) en de "ll" (micro) uit de toon. 

Daarom verdient het aanbeveling de "k" te vervangen door "K" en niet 

de griekse "11", maar een latijnse letter, bijvoorbeeld de "u", te 

gebruiken. 

W.C. de Zeeuw Eindhoven, 13 maart 1981 




