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CHAPTER I 

INTRODUCTION 

In several studies on semiconductors under avalanche conditions [1,2,3] 

the need for precise experimental data on the carrier mobility during 

the avalanche arose. This thesis is intended as a contribution to this 

field. The results concentrate on the period directly after the onset 

of the avalanche. The dependence of the mobility on the electric field 

is emphasized. Possible influences of increasing carrier concentrations 

will be discussed. 

It was decided to perform Hall effect experiments, because these 

might enable us to determine mobility and carrier concentration sepa

rately. Although these experiments are simple to perform in principle, 

it turned out that the avalanche effect introduced several complica

tions. 

Since the electric fieids needed for the generation of extra car

riers are fairly high, we had to use fast rising pulses, limited to a 

duration of about 100 ns in order to keep the heat dissipation in our 

samples within reasonable bounds. In fact, the dynamics of our exper

iments required rise times of the order of 1 ns. Care was taken to keep 

the applied transverse magnetic field as small as possible in order to 

reduce its disturbing influence on the spatial distribution of electric 

field and carrier concentration. 

The organisation of this thesis is as follows, 

In chapter II the relevant properties of n-type InSb are summa

rized. Consequences of the nonparabolic conduction band on the electron 

properties are mentioned. The most dominant scattering mechanisms at 

77 K are discussed. The avalanche phenomenon is described and the most 

important electric transport theories are briefly summarized. 

The fast pulse techniques which were used, led to special require

ments on sample geometry in order to obtain workable impedance levels. 

These requirements are discussed at the beginning of the first section 

of chapter III. In relation with the mechanica! properties of indium 

antimonide and the sample requirements, attention is paid in the same 

section to the sample preparation. All samples were characterized by 

means of Hall effect experiments in the ohmic regime (a.c. method), 



results of which are presented in the second section of chapter III. 

The work originates from previous investigations of van Welzenis 

[3] on the avalanche mechanism. Since he gave an elaborate description 

of the experimental techniques in his Ph.D. Thesis, we restrict our

selves in chapter IV to a brief review of the experimental set-up. 

One of the main problems when performing Hall effect experiments with 

fast rising pulses is the accurate determination of small voltage dif

ferences. For this purpose, a differential pulse transformer was de

veloped. Special attention will be paid to its properties, The chapter 

ends with some accuracy considerations on the Hall mobility determined 

from pulsed electric field experiments. 

Chapter V deals with the high electric field Hall effect results. 

For the description we have distinguished between experiments below 

the avalanche threshold and above this threshold. A detailed account 

of the time dependence of the measured voltages is given. Finally, 

the mobility data which constitute the main result of this thesis and 

which were obtained as a function of the applied electric field are 

compared with experimental and theoretical mobility values available 

in the literature. 

Chapter VI summarizes the conclusions, 
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CHAPTER Il 

PROPERTIES OF N-TYPE INDillM ANTIMONIDE 

The relevant properties of n-type lnSb at 77 K will be discussed 

in this chapter. lt starts with a description of the properties 

of the electrons due to the nonparabolic structure of the conduction 

band, and an evaluation of the most important scattering mechanisms. 

Next, the avalanche phenomenon is descriBed. For the material we 

used (n ~ 1020 m-3), the Fermi level is~ 20 meV below the con-
o 

duction band minimum at 77 K. Theoretical models describing the 

transport properties of the material under the influence of high 

magnetic fields or hign electric fields, will be briefly reviewed. 

2,1. Energy bands 

The bandstructure of lnSb has been calculated by Kane [4}. lt was 

shown by Hauser [5] by considering several approximations, that for 

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

a high degree of accuracy by 

2h2 k2 l - 1] 
= l eg [(1 + ~) 

m* e co g 

(2. 1) 

Here e is the bandgap and equals 225 meV at 77 K [6] and m* is 
g co 

the effective mass at the bottom of the conduction band. It is 

equal to 0.014 m [7], where m is the free electron mass. In this 
0 . 0 -

approximation, it is assumed that the spin-orbit splitting 8 of 
so 

the valence band is large with respect to the bandgap • Further-

more, the free electron contribution b2k2/2m to the energy is 
0 

neglected, because m >> m* • 
0 co 

As to the valence bands we only mention the well known existence 

·of the heavy hole and light hole bands, with effective masses of 

0.4 m
0 

[6] and 0.016 m
0 

{5] respectively. For details we refer to 

the literature {3,4,6,8]. 

lt should be noted that (2.1) implies a nonparabolic conduction band. 
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This has a remarkable inf luence on some of the properties of the 

conduction electrons [3]. 

One can introduce an energy dependent effective mass 

m* (s ) = (
2
sc + 1) m* 

c c s co g 
(Z.2) 

The electron velocity 

(2.3) 

where 

v e (€ /2 m* )~ = 1.2 x 106 m/s 
~ g co 

(2.4) 

becomes a saturating function 9f the electron energy. 

These equations imply an asymptotic behaviour of the mobility of 

the formµ ~ E- 1• 
n 

2.2. Soattering meohanisms 

Analysis of transport problems involves the solution of the 

Boltzmann or Kubo transport equation. In this connection it is 

necessary to know the important collision mechanisms in n-type 

InSb at 77 K. 

First, we present some general information on our n-type 

material in the ohmic regime at 77 K. A typical value of the 

electron drift mobility at 77 K is 55 m2 /Vs and the equilibrium 

electron concentration is about 1020 m-3. The equilibrium hole 

concentration is low, p ~ iolO m-3. The hole mobility equals 
0 

0.8 m2 /Vs and it was proved experimentally (9] that this value 

remains constant up to an electric field of 8 x 103 V/m and a 

magnetic field of 0.5 T. Even at the highest electric fields at 

which our experiments were carried out, it may be expected that the 

hole mobility is still one order of magnitude lower than the electron 

mobility. Thus, the influence of holes on the electrical conduction 

4 



properties will be negligible. For further details we refer to the 

extensive reviews of Kranzer [10] and Wiley [11]. 

In rather pure n-type InSb lattice scattering becomes dominant above 

50 K, as follows from the variation of the mobility with temperature 

[12,13]. The most important lattice scattering mechanism is polar 

optica! phonon (POP) scattering [14], which originates from the fact 

that the relative displacement of neighbouring indium and antimony 

ions can produce an electric polarization. Since the energy exchange 

per POP scattering event is rather large (bw
1 

~ 24.2 meV [15], where 

w
1 

is the longitudinal optica! phonon frequency, while kT ~ 8 meV 

at 77 K), a relaxation time·cannot be assigned to this scattering 

mechanism [16]. Moreover, POP scattering is strongly anisotropic and 

will influence the shape of .the.momentum dist~ibution fHnction, espe

cially at higher electric fields [17]. The POP scattering probability 

was originally derived by FrÖhlich [IB]: Fawcett, Boardman and Swain 

[19] gave the following self explanatory expression for the transition 

ra te: 

s (k., k' ) 

(2.5) 

with the number of optica! phonons of energy hw
1 

(2.6) 

where ~ 'is the volume of the crystal, Es and E
00 

are the statie and 

high frequency relative dielectric constants (according to [20], 

Es 17.88 and = 15.68), U(E - hw1) is a unit step function and 

G(k,k') is the overlap between the wave functions in the initial and 

final states. For the simple case of a parabolic band, with s-type 

functions only, G(k,k') = !. The first term in the square brackets 

represents the POP absorption and the second term the POP emission. 

The scattering rate for phonon absorption as a function of k turns 

out to be almost constant [21]; for E > hw
1

, the emission term domi

nates because N
0 

is small. In fig. 2.1 the scattering rates are given. 
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Fig. 2.1. Scattering rates for POP emission (POP-e), POP absorption 

(POP-a), impurity {imp} and acoustical phonon {ac) 

scattering in n-type InSb at ?? Kas a function of the 

normalized wave number nk//2 m* nw
1

: The nonpa:t'abolie co 
bandstrueture was taken into account. These results were 

given by Kranzer et al. [21] taking m~0 0.012 m
0

, n
0 

= 

102° m-3, eg= 225 meV, NI = 4 x 1020 m-3 and lt.D[ = ?.2 ev. 

A second lattice scattering mechanism, but with an almost elastic 

character is acoustic phonon scattering [14]. Its importance for 

n-type InSb at 77 K remains rather undecided for the following 

reasons. The strength of this interaction is proportional to t.ii 
where t.0 is the deformation potential. Various authors reported 

widely different values for f:.D. These are suIIDI!arized in table 2.1. 

It should be emphasized that for the values of f:.D below the dashed 

line acoustic phonon scattering can be neglected at low electric 

fields, whereas it may become of equal importance as POP scattering 

for f:.D values above that line. Because to a first approximation 
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this scattering mechanism is proportional to the square root of the 

electron energy I30], it may become important at higher electric 

fields, even for low values of ED. 

It is not. easy to see what causes the discrepancy among the 

reported values of ED. The simple summation used in method A 

(cf. table 2.1) is strictly speaking not correct, because of the 

different dependences of the scattering mechanisms on the electron 

energy [31]. Gershenzon et al. [32] calculated weighting factors 

for the various mechanisms in the µ- 1 summation. It turned out that 

the value of ED obtained from the simple summation was highly 

overestimated, and that a.difference between [ED[= 19 eV and 

[ED[ = 30 eV could be explained. 

Regarding the data obtained from method B we note that the 

experimental values were taken from Hall effect results [13,26,27]. 

However, these results are seldom accompanied by details of sample 

and contact geometry, although these may Be of great importance. 

In section 3.2.3 we will show how Hall effect results obtained from 

Tahle 2.1. Valuea of ED derived by several authors. The letters 

in the last column indicate the method that was used, 

A: uaing as an adjustahle parameter in µ~~ = 
µ-1 + µ-1 + -1 

irrrp aa µPOP 
B: fitting values calculated with Rode's iteration 

teahnique [28] to e:cperimental resuits 

C: based on pressure ·e:cperiments 

D: based on pseudo potential calculations 

Authors ref. ED(eV) E2(eV)2 D . method 

Demchuk and Tsidilkovskii [22,23] 30 f 900 A 

Zawadzki [24,25] 14.6 s 213 A 
H 

Nag and Dutta [26,27] 18 ::i:: 324 B • 1- - - - ------- - - - - - - -- - - - -
Kranzer and Gornik [ 13] 7.2 î 52 B 

Rode [28] 7.2 52 c 
~ 

Ehrenreich [ 14] 7.2 0 52 c ...:i 

Yee and Myers [29] 6.95 • 48 D 

-
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samples withnon ideal contact dimensions are influenced by these. 

Method C (based on pressure experiments) is one of the most 

direct approaches to the determination of the value of the deformation 

potential, because ED is defined as the energy shift per unit 

dilatation of the conduction band edge. It should be noted that the 

values obtained with this method compare very well with the theore

tical results of the pseudopotential calculation of ED (method D). 

From this discussion it is evident that we cannot consider the 

question of the value of the acoustic deformation potential to be 

settled. A further analysis will be necessary. In section 3.2.4 

we will return to this point. From the high electric field mobility 

results to be presented in chapter V, it will turn out that acoustic 

phonon scattering does not play an important role. So, for the time 

being, we prefer a low value for the acoustic deformation potential 

<IEDI < 10 eV). 

From the combination of the values for equilibrium electron concen

tration (~ 1020 m- 3) and electron drift mobility (~ 55 m2/Vs) in our 

material, we conclude that it should have an appreciable degree of 

compensation. In section 3.2.4 (cf. table 3.J) we give estimates of 

the donor and acceptor concentrations in our samples. As a result of 

these concentrations we may expect that a fair amount of impurity 

scattering should be present. This scattering mechanism is elastic. 

According to Kuchar et al. [33] the contribution of this scattering 

process is very well described by the Brooks-Herring formula [34]. 

From the results presented in fig. 2.1 it can be seen that the 

scattering rate decreases with increasing wave vector after an initial 

sharp rise. 

As a consequence of the avalanche process which sets in at high 

electric fields, interparticle scattering, viz. electron-hole ano 

electron-electron scattering, might become of importance~ In section 

5.4.3 we will return to this point. In subsection 5.5.2 the importance 

of impact ionization as an extra scattering mechanism will be dis

cussed in relation with our experimental results. 

Other scattering mechanisms, such as piezoelectric scattering and neu

tral impurity scattering, are of no importance as discussed by Kranzer 



[35]. Since the màxinÎum electric field we used is below the threshold 

for Gunn effect phenomena (~ 5 x 104 V/m) [62], we do not need to 

discuss intervalley scattering. 

2. 3. Avalanche 

The avalanche process in n-type InSb was extensively studied 

previously [3,36] with emphasis on the case of zero magnetic field. 

We therefore restrict ourselves to a brief description of this 

effect in order to introduce the relevant concepts. 

It is illustrative to start with the consideration of the 

magnetic field free case. Assume that an electron, accelerated for 

a sufficiently long time in a high electric field, has acquired a 

kinetic energy higher than the minimum ionization energy Ei,min' 

It then can make an ionizing collision; creating an extra electron 

in the conduction band and a hole in one of the valence bands. The 

probability for the creation of a light hole is small, because the 

minimum ionization energy required f or this process is higher than 

1 eV [36]. The minimum energy for creation of a heavy hole is 241 meV. 

For practical purposes it is of more importance to know the threshold 

value for avalanche of the applied electric field. lts experimental 

value is about 2 x 104 V/m. In principle this electric field thres

hold could be estimated from E. . and the distribution function. i,min 
For the phenomenological description of the avalanche process, 

we take the continuity equation as the starting-point. If we assume 

a homogeneous carrier distrióution in the sample and neglect 

diffusion, this equation can be written for the case of electrons, 

as [3,36] 

(2.7) 

with g(E) the generation rate which only depends on the electric 

field. The recombination through centres both in the volume and at 

the surface is represented by r(n - n
0

) and the radiative recombination 

by R(np - n
0

p
0
). For holes, we have an analogous equation (2.7). 

However, these carriers will not strongly contribute to the electrical 

transport, beeause of their low mobility, µ « µ (see section 2.2). 
p n 
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Therefore, we will not consider them in this context, It was 

theoretically derived and experi.mentally checked [3] that for 

E > 2 x 104 V/m, the carrier concentration as a function of time 

increases as a hyperbolic tangent: 

where 

and 

n(t) 
A [ B. {B 
-. -tahn -(t-t.) 
2R A 2 

1 

A = g - r + R n
0 

B = (A2 + 4rR n )~ 
0 

t. 
i 

B 
( 

B + A - 2 R n 1 ) 
ln + t

1 
B - A + 2 R n

1 

(2,8) 

(2.9) 

(2,10) 

(2' 11) 

and inidal condition n(t
1

) "n
1

• If after the increase of the carrier 

conce.ntration the field is decreased below the avalanche threshold, 

the generation rate becomes zero and the carrier concentration as a 

function of time decreases as a hyperbolic cotangent [36]: 

where 

n(t) = ~ [ 
2R 

B 
- cotanh 
A 

B 
( 

B + A - 2 R n 2 ) 
ln - + t 2 

B - A + 2 R n
2 

(2' 12) 

(2. 13) 

and initial condition n(t2) = n2, which is the carrier concentration 

just before the field was lowered. The recombination time t in ree 
which n(t) returns to 1.1 n

0 
is: 

t 2 • (2. t4) 

The generation rate and the recombination parameters can be 

10 



found from fittings of the theoretica! curves defined by (2.8) and 

(2.12) to the n(t) curve obtained from current vs. time and voltage. 

This is an elaborate method, wich was introduced by van Welzenis [3], 

to determine the generation rate experimetally. For an estimate one 

can use the simple method of McGroddy and Nathan [37] who write: 

g dl 1 

I dt t=O+ 
0 

(2. 15) 

where 

I I (t = O+) • 
0 

(2.16) 

Although there are some objections to this method (36], we will 

use it in section 5.4. 

For the determination of the mobility under avalanche conditions 

we used the Hall effect. For that reason some preliminary remarks on 

the influence of a transverse magnetic field on the avalanche pheno

menon should be made. Due to the high mobility of indium antimonide, 

high electric field regions at the ends of the sample can arise 

already at low magnetic fields, by short circuiting of the Hall 

electric fieltl at the end contacts. This may cause an inhomogeneous 

avalanche process [38,39]. In our Hall effect experiments, we have 

tried to reduce this disturbing effect by a suitable choice of the 

sample geometry (see section 3.1) and by limiting the magnitude of 

the applied magnetic field. Some tentative results of the influence 

of high magnetic fields (B > 0.1 T) on the generation rate are 

available in the literature [3,40-43] which might erroneously lead 

to the conclusion that g decreases with increasing magnetic field. 

The values may depend on the method used to derive the generation 

rate from the measurements; mostly [40-43], recombination was not 

taken into account. To our knowledge, the magnetic field dependence 

of the recombination parameters has not yet been extensively in

vestigated. However, the recombination could be seriously influenced, 

because a transverse magnetic field moves the electrons and holes 

to one of the sample surfaces. As a result, recombination can 

increase due to the enhancement of the surface recombination, 

11 



2.4. Transport theories 

2.4.1. Low electric fields 

Transport properties of homogeneous semiconductors in an electric 

field E and a transverse magnetic field B are usually described 

with the Boltzmann transport equation [44]: 

df(k,t)=~1 
dt Clt se 

q 
+ - (E + v x B) 

11 
Cle: 

where the electron velocity v = t Clkc, and f is the electron 

(2, 17) 

momentum distribution function, which only depends on k and t. 

In steady state we have: 

df (k, t) 
0 (2.18) 

dt 

A genera! way for writing the scattering term is 

~ 1 - f(k) J S(k,k' )d 3k' + J f(k') S(k' ,k)d3k', (2, 19) 
Clt se 

where S(k' ,k) is thl! transition rate ïn k-space which sho.uld be 

expressed in terms of relevant scattering processes (cf. section 2.2). 

The relaxation time approximation which is treated in most 

textbooks [31,44,45], is the simplest and most frequently used method 

for the solution of (2.18) in low electric fields (ohmic regime). 

However, due to the inelastic character of POP scattering (cf. section 

2.2), this method cannot be used in the case of indium antimonide 

at 77 K. Consequently, we will not consider theories based on this 

approximation. 

The effect of POP scattering in indium antimonide at 77 K is 

usually calculated using approximate solutions of the Boltzmann 

equation [16,30,45,46]. In more advanced theories, the distribution 

function is expanded in spherical harmonie functions with the 

direction of the applied electric field as polar axis [45]. After 

substitution in (2.18) the Boltzmann equation transfers from an 

12 



integro differential equation into a set of differential equations 

which can be solved with numerical iterative methods [26,35,46). 

Rode [46) calculated the drift mobility of n-type InSb at 77 K 

in zero magnetic field. He took ionized impurity scattering, POP 

scattering, acoustic deformation potential scattering (ED= 7.2 eV) 

and the nonparabolicity of the conduction band into account. When 

the drift mobility and the equilibrium electron concentration of a sam

ple are known, the total impu~ity concentration N1 can be deriv~d. 

Kranzer (35] and Nag and Dutta (26] calculated the transport 

parameters, i.e. the scattering factor, the Hall mobility and the 

transverse magnetoresistance, as a function of the magnetic field. 

Serious simplifying approximations were avoided and all relevant 

scattering mechanisms (see section 2.2) were included. The impurity 

concentration can be derived from fitting the theoretica! scattering 

factor (27) to the measured data. 

In classica! Boltzmann transport theory as considered in the first 

part of this section, the transition probabilities of the scattering 

processes are taken to be independent of the magnetic field. One of 

the consequences of the small electron effective mass in indium 

antimonide is, that already for',relatively low magnetic fields 

(~ 500 mT) quantum effects may appear since w T >> 1 and hw > kT 
c c 

(w is the cyclotron frequency and T is the mean free time between 
c 

collisions). Further details will be given in section 3.2.4. 

Although sophisticated methods for the solution of galvano

magnetic transport problems in the quantum regime exist (47-50), no 

results of immediate importance to the present work were reported. 

Arora and Peterson (51) paid attention to the transvevse and 

longitudinal magnetoresistance in the quantum regime. Only ionized 

impurity scattering and acoustic phonon scattering were considered; 

however, POP scattering was not studied. In contrast to the results 

of classical Boltzmann transport theory for µHB >> 1, it was found 

that the transverse magnetoresistance does not saturate as a function 

of the magnetic field and the longitudinal magnetoresistance is 

non zero. 
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2.4.2. High electric fieids 

Transport problems under high electric field conditions are quite 

often studied by considering the Boltzmann equation (cf. (2.17)). In 

the articles, to which we will refer in this subsection, the magnetic 

field influence is not taken into account. As a result we have to be 

careful with the comparison between experim~ntal mobility data 

obtained from Hall effect measurements, and theoretica! results. 

At low electric f ields there is a difference in magnitude between 

the Hall mobility and the drift mobility. A similar difference 

could also be present at high electric fields [30,52]. 
The objection, which was raised in the previous subsection 

against the relaxation time approximation for the solution of ~he 

Boltzmann equation, is even more important at higlL electric fields. 

The influence of POP scattering increases, hecause of the increasing 

importance of phonon emission (cf. subsection 2.2). As a result, 

the distribution function will (according to Dumke [17]) be peaked 

in the electric. field direction (streaming) and will hardly resemble 

a displaced Maxwell distribution. Consequently, results of the high 

field transport theories, based on a displaced Maxwellian distri

bution as first applied by Stratton (53], who was followed by many 

others (54-60], will not be discussed. 

In the regime of high electric fields, one often has to take 

recourse to iterative numerical methods for solving the Boltzmann 

equation. Kranzer et al. [21] calculated the drift velocity as a 

function of the electric field up to 2 x 104 V/m. The nonparabolic 

conduction band of InSb, ionized impurity, acoustic phonon (ED = 
7.2 eV) and POP scattering were taken into account. Stokoe and 

Cornwell [61] made analogous calculations extending the range of 

the electric field up to 9 x 104 V/m. They took intervalley 

scattering into account. It becomes important above ~ 5 x JQ4 V/m. 

Ionized impurity scattering and impact ionization we.re not considered. 

Monte ~arlo techniques provide an alternative method for 

solving high_ field transport problems. Results of Fawcett and Ruch 

(62] obtained in this way should only be used at high electric 

fields, since only POP scattering was taken into account. Curby and 

Ferry [63] included ionized impurity scattering and electron

electron scattering in similar calculations. The influence of inter-
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particle scattering was noticeable at high electron concentrations 

(n > 1022 m- 3) and resulted in a reduction of the asymmetry of the 

distribution function. The effect of the electron-hole generation 

itself was not taken into account. The low field mobility which they 

calculated is about 170 m2 /Vs (n = 1020 m-3), This is a high value, 
0 

in view of the fact that they take impurity scattering into account, 

The actual number of impurities used in the calculation was not 

stated. 

A first analytical approach to the problem was made by Thornber 

and Feynman [64]. The polaron model from the classical paper by 

FrÖhlich [18] was used. So far only parabolic bands and a drifted 

Maxwell distribution were included. 

An analytical method based on the Boltzmann equation to obtain 

the electron momentum distribution at zero temperature, was developed 

by Devreese and Evrard [65]. Recent worK of Devreese [66] in which 

this method is applied at 77 K and the reS'Ults of other calculations 

[21,61,62] mentioned before, will Be discussed in subsection 5.5.2 

in connection with our experimental mobility data. 
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CHAPTER III 

PREPARATION AND CHARACTERIZATION IN THE OHMIC REGIME 

Samples suitable for Hall effect experiments using fast rise 

time pulses, have to meet a number of requirements. A summary 

of these requirements is given in the first section of this 

chapter. Because of the fact that some of the requirements are 

controversial, a compromise has to be made. 

In subsequent subsections due attention will be paid to 

the procedures of sample preparation, because knowledge of 

these techniques is important in the discussion of the results 

on the measurements. Particularly, the attachment of well defin~d 

side contacts of rather small area turned out to be fairly diffi

cul t. Moreover, in our case we may expect that the dimensions of 

these contacts will influence the measured value of the Hall volt

age (cf. Appendix). 

Several experiments in the ohmic regime were performed on 

every sample. The properties of the contacts were checked by 

measuring the current voltage characteristics. From ~agneto

resistance measurements as a function of the angle between the 

current through the sample and the applied magnetic field, 

conclusions were drawn about the uniformity of the impurity 

concentration (see subsection 3.2.J). On samples that turned 

out to be sufficiently homogeneous, Hall effect measurements 

were carried out, from which mobility and carrier concentration 

were determined. 

3.1. Requirements 

Experiments in the avalanche regime should preferably be per

formed under constant voltage conditions [3]. The lowest output 

impedance of the pulse source that could Be realized was about 

7 ohm (see section 5.2). Evidently, the sample impedance had to be 

at least one order of magnitude larger, even in the case of streng 

avalanching. 

The available indium antimonide samples had low resistivity (of 
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the order of 7 x 10-4 Qm at 77 K). Consequently, in order to obtain 

high resistance samples, they must be long and have a small cross

section. On the other hand, the longer the sample the lower the elec

tric field at a given output voltage of the pulse source. 

The Hall voltage is proportional to the thickness of the sample 

and the applied magnetic field. Since it was required to use the 

lowest possible magnetic f ields for the Hall effect experiments under 

avalanche conditions (see section 2.3), it was necessary to use sam

ples with a rectangular rather than a square cross-section 

(l x a x b ~ 8 x 0.20 x 0.13 mm3 typical). 

It is well known that results of magnetoresistance and Hall ef

fect measurements on high mobility samples strongly depend on the 

length to thickness ratio of the sample and the position of the side 

contacts [67]. Corrections for this influence of the sample geometry 

can be made. Most of the available theories [68] require that the end 

contacts form equipotential planes. The' influence of the short cir

cuiting effect of the end contacts is negligibly small when the dis

tance between the side contacts and the end is larger than four times 

the thickness of the sample. In our samples which usually have a 

length to thickness ratio greater than 30, this requirement can eas

ily be met, if the side contacts are placed approximately in the 

middle of the bar. 

A side contact placed on a surface of a semiconductor sample will 

cause a disturbance of the local electric field pattern. The size of 

the smallest side contact that we were able to make, was of the same 

order of magnitude as the transverse dimensions of our needle-shaped 

samples, which results in a rather strong influence of the contact 

geometry on the Hall voltage [68]. As we have shown (cf. Appendix) we 

are able to make corrections, provided that the dimensions of the side 

contacts are accurately known. 

Side contacts on the sample should be placed opposite one another 

as accurately as possible, to minimize the "ohmic drop error" in the 

transverse voltage. In our case this was particularly important, be

cause of the desired sensitivity in low magnetic fields. 

Besides the geometrical requirements, the contacts should show 

a linear current voltage characteristic, have a sufficiently low re

sistance and be non injecting [3]. 
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In the context of sample requirements it seems appropriate to make 

some general remarks about the handling of n-type InSb. The material 

is notoriously brittle and the electrical parameters are sensitive to 

the history of physical handling [69]. This must be observed very 

carefully during sawing and other mechanical treatments. Also the 

thermal history of the sample is important. During preparation the 

samples had to be glued repeatedly on a lapping plate with pine resin, 

which melts at about 135° C. Moreover, the contacts had to be soldered 

to the samples. Care has to be taken to ensure that these unavoidable 

temperature treatments are as short as possible. Schmickl and HÜbner 

[70] reported an irreversible resistivity decrease of about 30% as 

result of a temperature treatment at 135° C for one hour. 

3.1.1. Sample prepa:t'ation 

Single crystalline n-type lnSb of high purity was obtained from 

two manufacturers. First the material from which van Welzenis [3] 

formerly gained his experimental results was used. This had been 

supplied by the Monsanto Chemica! Company. When it ran out, other 

material from M.C.P. Electronics could be obtained. All crystals 

were Czochralski grown and pulled in the <lil> direction. 

Before the actual preparation we had to decide on the sample 

dimensions according to the requirements mentioned in the previous 

section. For the smallest transverse dimension of the samples 

100 µm was taken as a lower limit. In this way the influence of 

surface effects could be kept within reasonable bounds [71]. 

Samples with a length of 8 mm were short enough to obtain the 

desired maximum electric field with the available maximum output 

voltage. Finally, the remaining transverse dimension was deter

mined from the required sample resistance as discussed in the 

preceeding section. 

Samples were prepared by standard semiconductor techniques 

like sawing, polishing and chemomechanical polishing. The specific 

techniques for the case of indium antimonide were already des-

cribed in detail [3], formerly. Therefore, we shall restrict ourselves 

here to a brief description emphasizing the improvements which were 

made. 
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The bar-shaped samples were sawn from the ingot with a single

or multi-wire saw; abrasive slurry containing 1 part carborundum 1200 

in 4 parts diala C oil was used. Because inhomogeneities in the impu

rity distribut.ion mostly occurred in the direction of growth of the 

crystal, the long axis of the samples was taken perpendicular to this 

direction. No additional considerations as to crystallographic orien

tation were taken into account. 

The subsequent treatment was polishing. It is known [72] 

that one must remove at least 30 µm of each side to reduce the 

surface damage caused by using the wire saw. The samples were 

polished until there remained 15 µm on each side above the 

desired dimensions. The available polishing instrument [31 was 

improved by sticking a polishing cloth *) on the polishing glass 

plate. When not too much abrasive slurry (1 part carborundum 1200 

in 2 parts diala C oil) was used, this prevented the carborundum 

pellets from rolling. A finer polishing'process proved unnecessary. 

Occasionally, it"was observed during polishing that parts 

of the Monsanto material were not completely monocrystalline and 

pieces broke away spontaneously. In the experiments only samples 

were used that had not shown effects of this kind during previous 

treatments. 

Finally, the last 15 µm of each side were removed by careful 

chemomechanical polishing by hand during 30 seconds on a velvet cloth 

wetted with a bromine methanol solution [73,74] (0.5% Br2 in metha

nol). For this treatment the bars had to be mounted with beeswax, in

stead of with pine tesin, because the former dissolves in the etch-

1nt. The probeless sides were treated first, The remaining sides 

Nere chemomechanically polished shortly before the application of 

the side contacts (next subsection). 

J.1.2. Contaating 

Contacting will be discussed chronologically, viz. starting with the 

process of making precisely defined contact interfaces, then the fas

tening of end and side contact wires to the sample will be described. 

*) In this case a Pellon Disc no. 31 of the fa. Winter, Hamburg, Germany was used. 
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In order to fulfil the requirement for precise definition of the 

side contacts (see section 3.1) metal strips were evaporated through 

a mask onto the sample. The mask was made of tantalum feil (thick

ness 15 µm). The feil contained two slits, mm apart and 106 µm 

wide• made by means of spark erosion. With a microscope the slits 

were placed perpendicular to the long axis of the sample according 

to the requirements discussed in section 3.1. 

Although goed experience was available in soldering contacts di

rectly on n-type InSb with Sn and a few percent Te [3], it was decided 

to use only Sn for the evaporation. This was done to avoid problems 

connected with simultaneous evaporation of both of these materials. 

Two different surface treatments were found to improve the attachment 

of the pure tin film. In the first plac~. shortly before placing the 

sample in the evaporation clock, the surface was chemomechanically 

polished in bromine methanol as was mentioned in the previous sub

section. This polishing treatment was followed by a rinse in pure me

thanol to inactivate the bromine and in isopropanol for degreasing. 

Next. the surface was cleaned in an oxygen glow discharge just before 

evaporation of the tin film. Subsequently a layer of silver was depos

ited without breaking the vacuum. The latter prevents oxidation of the 

tin and improves the interface properties with respect to wire attach

ment. The procedure was repeated for the opposite surface. 

A simple instrument was constructed for soldering thin wires to 

the sample, It consists of a pneumatically driven micromanipulator to 

handle the wire and a thin tantalum wire heater. The sample was fixed 

on a pedestal which was mechanically isolated to avoid transfer of vi

brations. 

Shortly before soldering end contacts, a small part was removed 

from both ends of the sample with a scalpel. In this way clean unoxy

dized surfaces at the ends of the sample were obtained to which the 

selder had a greater affinity, producing well defined end contacts. 

Silver wires (100 µm diameter) were soldered directly to the 

ends. It proved that on n-type InSb low resistance contacts with a 

linear current voltage characteristic could be produced by using 

Microcream *). A finished end contact is shown in fig. 3.1.a. 

*) Microcream consists of a homogeneous suspension of small metallic 
and 37% lead, in a rosin flux; it is a trade mark of Alpha Metals, 
California. 
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a 

b 

Fig. 3.1. Detailed photographs of sample H266; about seventy 

times real 

µm2. 

sample cross-section: 289 x 188 

a. The end contact wire is a 100 µm diameter Ag wire. 

b. Side contact wires are 20 µm diameter Ag wires. 

The contact strips are 106 µm wide and the distance 

between the contacts is 0.89 mm. 

At this stage of wire contacting the dimensions of the sample and 

the distance between the metal strips were determined by means of a 

calibrated. microscope. The accuracy was ± 2.5 µm. 

A small kink was bent in one of the end contact wires to take up 

the mechanica! stresses when the sample is cooled down to 77 K. The 

sample was suspended from the wires in a protective disk. The latter 

is a circular disk with a rectangular cut out in the center (cf. fig. 

4.2), made from printed circuit material. The wires were connected to 
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the disk using a solder *) with a melting point of 92° C. This tem

perature is lower than the melting temperature of Microcream (183° c). 
For several reasons it was not possible to use the usual 

semiconductor contact bonding techniques for the side contacts. 

Thermocompression and ultrasonic bonding are unsuitable for InSb, 

because this material is too brittle. Moreover, it turned out to 

be impossible to use these techniques on a sample which is sus

pended freely between its end contact wires. Therefore, it was 

decided to solder the side contact wires in the same way as the 

end contact wires. However, since the silver wires for the side 

contacts have a diameter of only 20 µm a good deal of practice 

was required to attach them exactly on the evaporated strips. 

A finished side contact is shown in fig; 3.1.b. 

Samples made in this way were relatively strong and could 

withstand transport. Even repeated cooling to liquid ni~rogen 

temperature cause~ no problems. The resistance of all contacts 

was sufficiently small and their linearity was found to be per

fect up to 200 mA. 

3.2. Galvanomagnetia measUl'ements 

Our most important reason to carry out galvanomagnetic experiments 

in the ohmic regime was to check whether our samples were suitable 

for Hall effect experiments at high electric fields in view of their 

spatial homogeneity. The results will be presented in the first 

subsection. Moreover, to characterize the samples, magnetoresistance, 

mobility and scattering factor were measured as a function of the 

magnetic field. In the subsequent subsections we will report on these 

entities. 

The sample holder for high electric field measurements, described 

in subsection 4.1.2, was also used for these low electric field 

experiments. The homogeneous magnetic field was measured with 1% accu

racy. The magnet could be rotated around the sample and the angular 

position of the magnet was determined within one degree. All measure-

*) CR 40, Doduco KG, Pforzheim, Genuany. 
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ments were carried out at 77 K with a low amplitude a.c. current 

(frequency 734 Hz). 

3.2.1. Homogeneity 

The angular dependence of the magnetoresistance should normally 

vary as sin2 I"• where Y' is the angle between current and magnetic 

field. _It is well known that deviation from this law results from 

inhomogeneity of the impurity distribution [75,76]. Indeed we have 

found severe deviations in many samples of a characteristic that 

suggested macroscopie inhomogeneities [76]. Samples showing such 

deviations were discarded for all further measurements. For sake of 

completeness we show an example in fig. 3.2. 
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Fig. 3.2. Angular dependenae of the magnetoresista:nae fora 

disaarded sample. 

Only samples for which the magnetoresistance differed less than 

10% from the sin2 law at 1.3 T, were accepted. According to the theory 

of Bate and Beer [76] this corresponds to a relative longitudinal 

carrier concentration variation per unit length of 2%/mm. 
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3.2.2. Magnetoresistanae 

Weiss [77] has shown that the influence of the sample geometry 

and inhomogeneities on magnetoresistance measurements as a function 

of the magnetic field can be considerable. In particular, in n-type 

InSb at 77 K which is known for its high mobility, these disturbing 

effects can completely mask the behaviour of the actual physical 

magnetoresistance. We do not expect an important influence of geome

try on the magnetoresistan.ce in our ·samples. The length to thickness 

ratio is large (in most cases more than 30) and the side contacts 

- between which the magnetoresistance is determined - are placed 

approximately in the middle of the sample (cf. section 3.1), 
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Consequently, even at the highest applied magnetic field the 

disturbing influence of electric field distortions near the end 

contacts on the magnetoresistance can be neglected [68), 

In fig. 3~3 the dependence of the transverse magnetoresistance 

as a function of the applied magnetic field is shown. The measure

ments were made between two pairs of side contacts on opposite sides 

of the sample for both polarities of the transverse magnetic field. 

At the lowest magnetic f ields ~ome spread can be observed in the re

sul ts due to the low accuracy of the measurements in that regime.-Up 

to 30 mT the transverse magnetoresistance shows an almost quadratic 

dependence on the magnetic field, in agreement with the classical 

Boltzmann transport theory [31,35). For higher fields the same theory 

predicts a saturation of the magnetoresistance, which was not observed. 
-

Instead, a linear dependence on the magnetic field was found for 

fields above 0.5 T. The same behaviour was observed in all samples. 

Results of longitudinal magnetoresistance measurements are 
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shown in fig. 3.4. After a small increase the longitudinal magneto

resistance starts to decrease and for fields higher than 0.45 T 

it becomes negative. These measurements were also made on both sides 

of the sample and for both polarities of the magnetic field. Classica! 

Boltzmann transport theory predicts the absence of longitudinal magne

toresistance. 

In subsection 3.2.4 the magnetoresistance will be discussed in 

more detail. 

3.2.3. Mobility and scattering factor 

In order to obtain data on the mobility? the scattering factor and 

the carrier concentration, we carried out Hall effect measurements. 

For the same reasons as put forwar-0 in the preceeding subsec

tions, we expect the Hall effect results to be influenced neither by 

the short circuiting effect of the end contacts nor by inhomogeneities 

in the impurity distribution of the samples. On the ether hand, the 

side contact geome'try should have considerable influence on Hall ef

fect results, because the contact dimensions are of the same order of 

magnitude as the transverse dimensions of the sample (cf. subsection 

3.1.2). Due to the short circuiting effect of these contacts, the 

measured Hall voltage will be too low [68]. Corrections will have to 

be carried out (cf. Appendix). In the following we will explicitely 

distinguish between corrected and uncorrected results. 

In fig. 3.5 the "uncorrected Hall mobility" µH and the corrected 

Hall mobility µHoo are shown ?S functions of the applied magnetic field 

for sample H266 (see table 3.1). For this sample the geometry correc

tion at 2 mT amounts toa factor of 1.28. The drift mobility µD which 

is derived from the Hall mobility and the scattering factor (to be 

discussed in the next subsection) is corrected for the influence of 

the side contact geometry. As can be seen the mobilities decrease 

with increasing magnetic field. All samples show this behaviour, which 

is not in agreement with classica! Boltzman transport theory: accord

ing to Kranzer's calculations [35,78], Hall and drift mobility should 

become constant for µH
00

B > 10. 

The "uncorrected scattering factor" rH as a function of the applied 

26 



0 AJH.., 0 H266 
80 0 

0 21-6-'76 
0 

0 

0 

0 
0 

JJH 0 
0 0 0 

60 PQ 
0 

0 

• 0 0 

-;;; 
> 

0 0 

,,.-
0 .!; • 0 

.~ 
î 

1.0 0 

J5 \> 
0 0 Il E 

i 

20 
i 

e 
0 

0 

0 -
10 lef lef 

magoetic field m 

Fig. 3.5. Magnetia field dependenae of the mobility. 

µ8 is the "uncorrected HaU mobility", 

µ800 is the Hall mobility corrected for the influence 

of the side contact geometry, 

µD is the drift mobility. 

0 

magnetic field, as given in fig. 3.6, shows a remarkable plateau be~ 

tween 0.1 Tand 0.5 T. There is a further decrease above 0.5 T. The 

corrected scattering factor rH
00 

shows the same behaviour, which is not 

predicted by classica! Boltzmann theory. 

A similar behaviour was reported by other investigators [79-81). 

According to Fujisada et al. [81) the structure in the curve may be

come less noticeable in the course of three months. The reason for 

this behaviour was not established. We failed to verify this effect 

in our sample H266, when we measured it more than a year later. In the 

next subsection we will discuss the scattering factor and mobility in 

the context of the other transport parameters. 
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Fig. 3.6. Magnetic fietd dependence of the scattering factor. 

r8 is the "uncorrected scattering factor", 

r!Joo is the scattering factor corrected for the infiuence 

of the side contact·geometry. 

In each cUJ>ve t;wo ptateaus can be distinguished at high 

fietds. The arrow marks the fietd above which the trans

verse magnetoresistance becomes proportionat to the mag

netic fietd and the tongitudinat magnetoresistance be

comes negative. 

3.2.4. Discussion 

It was found that, in contrast to the low field results, the transport 

properties of the selected samples above 0.5 T could not be interpret

ed in terms of classica! Boltzmann transport theory. As already men

tioned in subsection 2.4.1 we may expect quantum effects to occur when 

w T >> 1 and tw > kT. The first condition is fulfilled for B >> 20 mT 
c c 

and the second for B > 770 mT. The onset of quantum effects may there-

fore be expected above 0.5 T. First the magnetoresistance results will 

be discussed and next the results of the Hall effect measurements. 

The linear magnetic: field dependence of the transverse magnetoresis-
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tance above 0.5 T is in good agreement with previous experimental re

sults of Bate et al. [79], Sladek [82], Kinch [83] and Huff et al. 

[84]. The negative longitudinal magnetoresistance for magnetic fields 

higher than 0 •. 4 T has also been measured by several authors [85-87]. 

The interpretation of the magnetoresistance in the quantum regime 

in terms of the contribution of scattering mechanisms still poses a 

problem. As we have reported in subsection 2.4.1 there are no theo

retical results available for the case of the important scattering 

mechanism in n-type InSb at 77 K, viz. POP scattering. Incidentally, 

for the case of ionized impurity scattering some theoretical evidence 

for the existence of a negative longitudinal magnetoresistance has 

been reported [88]. For acoustic .phonon scat tering ( 1E:D1 = 10 eV) 

Arora and Peterson [51] calculated that the transverse magnetoresis

tance should be proportional to B and the longitudinal magnetoresis

tance should be negative. This does not necessarily mean that acous

tic phonon scattering competes with POP'scattering. 

Since the kink in the scattering factor curve at 0.5 T occurs at the 

same magnetic field value at which abnormal behaviour of the magneto

res istance was observed, we assume that both are caused by the same 

effect, which as suggested above may quite well be the onset of a 

quantum regime. The same applies to our results on mobility. 

Because we are concerned with quantum effects, the scattering 

factor should not be defined with respect to the Hall coefficient at 

the highest magnetic field, as usual. It may be more justified to take 

0.5 T as the magnetic field at which the scattering factor should be 

unity. At this magnetic field we already meet the classical condition 

µH
00

B >> 1 and we still have no disturbing influences. 

The results for all samples are summarized in table 3.1. The 

equilibrium electron concentration n
0 

is calculated at 0.5 T, where 

the scattering factor was assumed to be one. The Hall mobility µH
00 

and the scattering factor rH
00 

are corrected for the influence of the 

side contact geometry. They are determined at 2 mT. The results of 

the transverse magnetoresistance pt6)ltr are obtained at 15 mT. 

. As èan be seen from the mobility results µH and µH
00 

in table 

3.1, the correction at low magnetic fields for the influence of the 

side contact geometry is rather large. For instance for the thinnest 

sample (H283) it is about a factor 1.4 and even for the thickest sam-
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Tahle 3.1. Samples used in our measurements. All data were ob

tained from experiments in the ohmic regime at 77 K. 

The MCC-samples were made out of the same ingot, pur

chased from the Monsanto Chemical Company, the MCP

ingot was bought from M.C.P.-Electronics. 

Sample H266/MCC H268/MCC H283/MCC H289/MCP H290/MCP 

dimensions (mm) 

l 9.73 8.44 8.58 14.65 9.96 

a 0.289 0.235 0.216 0.250 0.918 

b 0.188 0.166 0.113 0.216 0.256 

n (I020m- 3) at 0.5T J.83 J.59 J.81 J. 36 J. 34 
0 

µH (m2 /Vs) 66 65 64 75 71 

µHoo (m2/Vs) 84 88 89 100 76 

µD (m2/Vs) 58 57 55 68 62 

rH J. 16 J. 14 J. 17 J. 11 1.14 

rHoo J.45 1.51 J. 57 1 .43 1.21 

/'ip 1 p(ö) tr(%) at lSmT 2.8 3.0 2.8 3.0 2.4 

NA c102om-3) J. 8 2.4 2.7 1.4 2.0 

ND ( l o20m-3) 3.7 4.0 4.5 2.7 3.4 

NI c102om-3) 5.5 6.4 7.2 4. J 5.4 

ple (H290) it is l.07. Since we will use the magnitude of the trans

port parameters for a further characterization of our samples, we 

have to be careful with this correction factor. lts magnitude strong

ly ciepends on the ratio of the width of the side contact and .the 
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thickness of the sample [6&]. In principle, it might have been pos

sible to check by means of Hall effect experiments on a series of sam

ples with increasing thickness whether the physical contact size coin

cides with the.optical size as determined with a microscope. This, of 

course, would. involve the use of the calculated correct ion factors. 

However, a very important condition for this investigation is that the 

starting-material from which samples with different thicknesses have 

been prepared, is identical. Thus for decreasing sample thickness the 

"uncorrected Hall mobility" µH and the "uncorrected scattering factor" 

rH should decrease. Moreover, the equilibrium electron concentration 

which is determined under the condition µH
00

B >> 1 where the influence 

of the side contact geometry is minimum, should be the same in each 

sample from the same ingot. These conditions are not fulfilled in the 

results shown in table 3.1. 

In subsection 3.2.1 we discussed the presence of a strong inho

mogeneous distribution of impurities in'most of our samples, which we 

have not used for further experiments. From this result we conclude 

that the scatter of the results of table 3.1 is more due toa differ

ent impurity concentration and a different degree of compensation in 

each sample rather than to the uncertainty in.the side contact geom

etry. 

According to Nag et al, [26] it should be possible to evaluate 

the acoustic deformation potential and the total impurity content 

NI from the results on scattering factor, magnetoresistance and drift 

mobility. Only one combination of values of ED and NI should fit si

multaneously all these quantities. However, since the underlying theo

retical models are based on complicated numerical methods for the so

lution of the Boltzmann transport equation, which are not at our dis

posal, we refrained from doing this. A coarse estimate for the im

purity concentration can be made from Rode's data [46] by comparing 

his results with the actual value of the drift mobility; NI is an 

adjustable parameter. On the basis of a value of 7.2 eV for ED' as 

used by Rode, we estimate NI <~NA+ N0). It is well known that for 

a compensated n-type semiconductor in which all shallow donors and 

acceptors are fully ionized and p
0 

<< n
0 

we can write N
0 

- NA~ n
0

• 

The results for NA' ND and NI which can be derived from these esti

mates, are summarized in the three bottom lines of table 3.1. 
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CHAPTER IV 

APPARATUS 

This chapter is divided into two sections, viz. measuring equipment 

and accuracy considerations. 

In the first section the various parts of the measuring system 

will be described on basis of a master block scheme. The most impor

tant item is a differential pulse transformer. This enabled us to de

termine differences between various pulses on a nanosecond time scale 

with an accuracy not attained before. 

In section 4.2 an estimate will be made on the maximum values 

to be expected for the systematic and random errors in the mobility 

data. 

4 .1. Genera?, experimentai set-up 

Three groups can be distinguished in the master block scheme (cf. 

fig. 4.1): pulse generation, sample holder and measuring circuit. 

Pulse generation comprises pulse shaping (special shapes 

also), control of the pulse amplitude and repetition frequency, 

pulse filtering and pulse transport. 

The design of the sample holder was aimed at constructing a 

circuit suitable for nanosecond pulse measurements at 77 K. More

over, it was desired that the electrical connections to the 

sample could be changed in a convenient way. 

The most important part of the measuring circuit is the 

sampling system. Diff erences between pulses were all determined 

with the differential pulse transformer mentioned above. With the 

circuit of coaxial switches the input signals for the transformer 

are selected. A minicomputer was used to digitize the analog 

voltages appearing at the output of the sampling system, to store 

large amounts of data and to convert the measured data to a trans

portable form for further processing in a larger computer. 
" - ·~ 

Moreover, it provided a convenient way of automatic time 

base control of the sampling system. 
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Fig. 4.1. MasteP bloek seheme. 

4.1.1. Pulse genePation and supplying system 

data 
Logging 
minicomputer 

time base 
con r 

MEASURING 
CIRCUIT 

A pulse generator of the charging line type was used, It differs 

from a conventional 50 ohm charging line pulse generator [89] in 

that the pulse forming network and the switch mount have a 25 ohm 

characteristic impedance. In the simplest case, viz. a rectangular 

pulse, the pulse forming network consists of two parallel open-ended 

50 ohm coaxial lines. The mercury wetted switch (Clare MH 90.001) 

withstands 300 ns wide, 1.8 kV, rectangular pulses in a 25 ohm 

load. This system produces relatively clean pulses with a rise 

time of 400 ps. 

In a previous section (section 2.3) the advantage of using a 

stepped pulse for studying transport properties under avalanche 

conditions was mentioned. This pulse form is easily achieved by 

connecting a 50 ohm open-ended coax in series with the 25 ohm 

coaxial line in the pulse forming network. After twice the transient 
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time of the 25 ohm coax, the amplitude of output pulse is 

lowered in proportion to the reflection coefficient of the 25 to 

50 ohm transition. 

The switching time of the pulse generator is in the order 

of several milliseconds which leads to a fair amount of time 

jitter in the order of several microseconds. Therefore, the 

trigger pulse of the sampling scope is directly derived from the 

output pulse. Because of the internal delay of the trigger circuit 

of the sampling scope, the main pulse is delayed for 100 ns, see 

fig. 4.l. This delay can be placed either in front of the sample 

holder or behind it. It was inserted between the pulse generator 

and the sample holder. In this way distortion by the measuring 

circuit of the pulses originating at the sample was minimized. 

The pulse supplying circuit has a characteristic impedance of 

25 ohm, viz. two parallel 50 ohm coaxial lines. 

Tunable waveform filters [90] which provide a smooth well

defined pulse shape, especially at the rising edge. are placed 

in each branch of the pulse delay circuit. The filters are placed 

half-way. In this way the filter input and output reflections will 

arrive at least 100 ns after the rising edge of the pulse. 

The majority of the coaxial lines are made from commercially 

available high quality 50 ohm Spir-0-line *), corresponding with 

RG 255/U. The connectors are of the GR-900 type and were care

fully adjusted to this coax. With this system using the 400 ps 

rise time pulse generator well shaped pulses with rise times 

down to 800 ps, depending upon the utilized waveform filters, 

can be produced. 

4.1.2. Sample holder 

The sample holder is an improved version of the one used by 

van Welzenis [3]. In the following the design of the sample 

holder is described in relation to the requirements. 

To obtain a time resolution better than one nanosecond and 

in order to make the samples easily interchangeable, each sample 

•) Spîr-O-line is a trade mark of Prodelin, Santa Clara, California, U.S.A. 
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was separately mounted on a disk which forms a stripline conf igu

ration in series with the inner conductors of the sample bolder. 

Potential measurements require high resistances; because of the 

pulsed voltages these must be mounted as close to the sample as 

possible. Of course, the dimensions of the sample bolder have to 

be such that it fits into a cryostat, which is placed between the 

poles of an electromagnet. 

In fig. 4.2 the lower part of the sample bolder is shown. It 

is important that the six coaxial conductors (nomina! length 90 cm) 

which are soldered vacuum-tight in a mounting block can vary freely 

in length when the sample bolder is cooled down to liquid nitrog~n 

temperature. The pulse supplying coax bas a characteristic impedance 

of 25 ohm, the impedances of the other coaxes are 50 ohm. 

To reduce the heat exchange with the environment at room 

temperature, thin-walled seamless stainless steel tubes were used 

for the inner and outer conductors of the coaxes. In order to 

reduce the skin effect damping at gigaherz frequencies, the conduc

tors were gold plated (5 µm). The inner conductor was centered 

by Stycast *) cylinders, completely filling up the space between 

the two conductors. For the 50 ohm coax Stycast LoK (sr = 1.6) 

was used; for the 25 ohm HiK (s = 4). The pulse supplying coax r 
ends at the top with a connector (resembling a GR-900) specially 

adapted to the 25 ohm level. A modified tee, GR 874-TL, provides the 

transition from the two parallel 50 ohm coaxial lines to 25 ohm. Vacu

um-sealed GR 874-CL8A connectors (see fig. 3.9 in [3]) were mounted 

on the remaining coaxes. 

In the lower part of the outer conductor a screw-in (see 

fig. 3.7 in [3]) can be inserted. In its simplest form it is 

just an extension of the inner conductor •. With a one ohm disk 

resistor {Pyrofilm 62D312) between inner and onter conductor one 

can measure the current. As constant voltage conditions were one 

of the requirements for the high field Hall effect experiment, 

cf. section 3.1, it should be possible to lower the 25 ohm output 

impedance presented to the sample. This was achieved by connecting 

the inner conductor of the 25 ohm coax with the inner conductor of 

one of the 50 ohm coaxes, A screw-in, consisting of a rod resistor 

•) Stycast is a trade mark of dielectric material sold by Emerson and Cuming, Ine., Canton, 
Massachusetts, U.S.A. 
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On page 36: 
Fig. 4. 2. LO!Jer part of the sample holder. 

1. inner eonductor 9. teflon sleeve 

2. outer eonductor 10. attaehing nut 
;;. styeast filling for a 11. vaeuum eone 

50 n eoax 12. styeast filling for the 

4. disk resistor 25 n eoax 

5. eontaet spring lJ. supporting disk 

6. rod resistor 14. mieaply ohmega disk 

7. brass sleeve 15. sample 

8. mounting bloek 16. strip line re sis tor 

(Allen-Bradley EB) in series with the inner conductor and a disk re

sistor was inserted into the 50 ohm coax. 

In fig. 4.3 a reflection diagram of one of the 50 ohm coaxes 

is shown. A fast tunnel-diode pulser (H.~.1105A/1160A, 20 ps rise 

time) was used as a source in a time domain reflectometer set-up. 

The effect of the connecting cable and .. the GR 874-CLBA ·connector can 

be clearly distinguished. The stainless steel coax of the sample hol

der shows no irregularities and has the correct impedance. 

The protecting disk, mentioned in subsection 3.1.2, can be 

screwed directly onto the inner conductors of the coaxes. After some 

experiments it was found that Micaply Ohmega *) was the most suit

able material to provide the electrical circuit near the sample. The 

photo-etched resistors in series with the sample, see fig. 4.2, must 

equal each other within 0.5% to make potential difference measure

ments of suf f icient accuracy possible; their nominal value is about 

10 k.Q, If the resistance layer was covered with Araldite they proved 

to be stable within 1°/ 00 , upon repeated cooling to 77 K. Moreover, 

the chances for mechanica! damage were minimized. An intrinsic rise 

time of 1.1 ns was measured. The resistance value was independent of 

the-applied pulsed voltage up to 400 volt. 

Because of the vulnerability of the side contacts the sample 

cannot be put into direct contact with the liquid nitrogen. To 

prevent icing the sample holder was filled with He gas, which 

*) Micaply Ohmega consists of a resistor layer (100 (l per square) on an epoxy-fibergla·ss 
substrate and a copper layer on top of it, from which a resistor-conductor network can be 
produced; it is a trade mark of the Mica Corporation, Culver City, California, U.S.A. 
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Fig. 4. J. Refleation diagram of ·one of the 50 ohm styaast filled 

aoaxes of the scortple holdEr. The aoax is terminated with 

a 50 ohm disk sarew-in (2). In front of the aoax a pieae 

of 50 ohm airline, GR 874-L20L and a sealed aonneator, 

GR 874-CLBA (1) aan be distinguished. 

also acted as a heat exchange medium. 

4.1.3. Differential pulse transformer 

The most difficult problem when performing Hall effect experiments 

with subnanosecond rise time and short duration voltage pulses is 

the accurate measurement.of small voltage differences. Generally, 

these fast signals are measured with' sampling scopes which 

transpose them on a low frequency time base before display. 

Available sampling scopes are not very adequate for measuring 
-

small voltage differences, however. The main reason is that both 

input signals must be measured separately and than subtracted. Small 

differences in the transfer coefficient or in the time delay of the 

two sampling channels can have a strong influence on the result. 
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Moreover, the resolution is rather limited by the fact that all 

signa! levels must stay within the linear range of the output 

amplifiers .. This means that one cannot simply increase the verti

cal sensitivity of both input channels, because it becomes im

possible to adjust their "zero levels" to the same value which 

is a prerequisite for correct subtraction. 

A better solution is to use a differential transformer in front 

of the sampling scope. However, conventional transformers, operating 

on the principle of mutual inductance, fail at frequencies of a few 

hundred megahertz [91]. The most important reason for this is that 

the permeabilities of available core materials become strongly 

frequency dependent in this frequency range, Transmission line 

transformers do not suffer from this problem, 

Several designs of wide band transformers were proposed by 

Ruthroff ,[92). They combine normal transformer action at low fre

quencies and transmissiori line behaviour at high frequencies, 

resulting in an overall improvement of the frequency response. 

It will be shown in this subsection that a "balun" • which provides 

a balanced drive from an unbalanced source, is also very suitable 

as a differential pulse transformer, if in- and output are ex

changed. Its response to pulses will be discussed and its sub

tracting accuracy considered. 

In fig. 4.4 the construction is shown schematically. Instead 

of coaxial wire bifilar wire is used to keep the dimensions small. 

Short lines must be used to minimize the high frequency losses. 

On the other hand, low frequency action requires a great number 

of turns [9J}. Therefore, a compromise has to be made. The number 

of windings of the single wire must equal that of the bifilar. 

Using conventional transmission line formulae it can be 

shown that if the input pulses v1 and v2 (see fig. 4.4) arrive at 

the same time at AB, and z1 = z2 = z0, the transformer input 

voltage VAB is given by 

Z' 
0 

(4. l) 

~here z0 ~nd z0 are the characteristic impedances of the connectors and 

the bifilar respectively. Thus, VAB is proportional to the differ-
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ence between both pulses. Because of the transmission line behav

iour v
0 

= VAB for not too wide pulses. The single -wire <together 

with the core material compensate the low frequency droop. At high 

frequencies the toroid effectively delays secundary voltage 

modes [91]. 

Owing to the unequal characteristic impedances of the bif ilar 

and the connectors, multiple reflections will occur. These will 

determine the rise time of the output pulse, if the transit time 

between both ends of the transformer is longer than the rise 

time of the input pulse. For a practical device, wound as show'n 

in fig. 4.4, an intrinsic rise time of 1.7 ns was measured. 

From the conventional transformer equations it can easily be 

found that low frequency droop is proportional to e-t/Ti. The time 

constant T1 = 4L/z0 , with L the inductance of the toroid windings. 

Fig. 4.4. Wiring diagram of the differentiaZ puZae tranaformer. 

Windinga are made of bifiZar wire (BifiZrex 130~ 

Zó = 45 ~) and a single wire around two ataaked 3E3 

aorea; 4 turna; at in- and output the windinga ape 

direatZy aonneated to 50 ohm aonneatora. 

For the design shown in fig. 4.4, it can be calculated that 

T1 = 15 µs. For a pulse width of 200 ns this results in a droop of 

less than 1%, which is almost unobservable. 

Some tests on the linearity of the transformer were performed 

in an experiment of which the arrangements are shown in the 

insert of fig. 4.5. As could be expected the linearity was perfect, 

as long as the ferrite core was not saturated by the induced 

magnetic field. In an analogous way as for the transmission at 
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Fig. 4.5. TransfoT'rrler test. 

Output wave form of the transformer aaaording to 

fig. 4.4 for two 1.7 ns rise time input puZses. 

The input signaZs diff er 20% from eaah other. The 

insert shows ·the bZoaksaheme of the experimentaZ 

arrangement. 

the transformer input (cf. (4.1)) the reflections could be calcu

lated. These are fairly large. There are two standard methods to 

avoid interference of these reflections with the main signals. One 

can either use delay lines to separate the reflections from the 

signals or, when this is not practical, for instance because con

siderable lengths of delay lines produce too much pulse distortion, 

attenuators before the inputs can be used to absorb·the reflections. 

In fig. 4.5 an example of the output waveform of the transformer is 

shown. 

According to the operating principle of the transformer the 

highest voltages will occur at the inputs. However, in none of our 

tests electrical breakdown was observed at the transition from the 

connectors to the bifilar (GR-874-PRL174A connectors were used). 
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In spite of the careful construction the inputs of the trans

former will never be identical. Therefore, the output voltage is 

expressed as 

(4.2) 

This is the equivalent of eq. (4.1), but here it is not supposed that 

z1 is exactly equal to z2• Thus, the difference hetween the signals 

can be written as 

(4.3) 

Because v0 , v1 and v2 are measured quantities this equation can be 

used to determine (V1 - v2). The coefficients in front of v0 and 

(V1 + V2) were determined experimentally witILa set-up analogous 

to that of the insert of fig. 4.5. The results were: 

2 a+6 = 1.5 ± 0.09 (4.4) 

and 

~ : ~ • O.OJ ± 0.002 • (4.5) 

In the discussion on the accuracy of the transformer we will 

distinguish two sources of error, viz. the inaccuracy of the :m~asur

ing equipment (the sampling scope) which causes random deviations 

and the inaccuracy of the coefficients (4.4) and (4.5) which influ

ences the results in"a systematic way. Using (4.3), (4.4) and (4.5) 

one can derive that the maximum relative systematic error in the 

difference (V1 - v2) can be written as a function of the sum and the 

difference of v
1 

and v2: 

( lv +_ vv21) . ± 0.06 + 0.003 v: 2 (4.6) 

To estimate the random error we assume that the signals could be 

measured within 3%; the noise contribution of the sampling scope 

is not taken into account. With these data and (4.3), (4.4) and 

(4.5) the maximum relative random error in (V 1 - v2) can be ex-
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pressed as 

(4. 7) 

As is seen from these last two equations the errors will in

crease as v1 and v2 become more equal to one another. This sets a 

lower limit to the detectable difference. Nevertheless, the use 

of the differential pulse transformer is a considerable improve

ment. For example, when v1 is about 10% larger than v2, the rela

tive systematic and random error are respectively about 12% and 

4%. On the other hand, when both signals would be measured di

rectly with a sampling scope and substracted, the resulting rela

tive random error would be appreciable larger, viz. 57%. 

4.1.4. Measux>ing oirauit 

In fig. 4.6 a simplified block scheme of the measuring circuit is 

shown. The potential differences between the side ·contacts of a 

sample were measured with the differential pulse transformer 

described in the preceeding subsection. The coaxial switches 

(HP. 8761 A/B) were specially selected for low reflection and 

distortion. Line stretchers were used to compensate for differ~ 

ences in transmission line length between sample and transformer, 

Multiple reflections were padded (see subsection 4.1,3) with 

20 dB attenuators in each input channel. 

Instead of setting the vertical amplifier of the oscilloscope 

differential 
Î~~former 

Fig. 4.6. SirrrpZified bZook soheme of the measux>ing circuit. 

ptape poo:h 

mini 
computer 
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to a greater sensitivity, pulse amplifiers (Keithley 109) were always 

placed between the transformer output and the samplers. This gave a 

considerable improvement of the signal to noise ratio. Since the maxi

mum safe input of a sampler is only 3 volt and the amplifiers satu

rate at an output voltage of I.4 volt, the sampling system is also 

protected against failures in the circuit in front of the transformer. 

A drawback however, is that the rise time of the pulses is severely 

enlarged by the amplifiers, which have an intrinsic rise time of 

about 3 ns. 

A sampling system with four identical input channels [93] 

was available (HP.14JB/l424A/2:1411A/2:1431A; rise time 35 ps); 

every channel can be displayed versus one of the ethers. In 

sampling systems the stepwise shift of the sampling gate opening 

time provides an equivalent time base. Samples of the input 

signal are displayed versus this equivalent time. In this 

respect it proves useful to introduce the concept of sampling 

time, which is defined as the interval in equivalent time reckoned 

from the start of the rise of the pulse. All results are shown 

with respect to this time scale, because this is the relevant 

time base. In the following chapter pulses will be shown versus 

this time. An xy-recorder (HP 7000 AM) could be connected to the 

oscilloscope. For digital recording of large amounts of data a 

Nova 2/10 minicomputer was available. In this way an accuracy of 

1% could be obtained after careful calibration. The sampling time 

was set by controlling the time base of the sampling system by 

means of a stabilized DC power supply. The output of this could 

be stepped up automatically with a trigger command from the com

puter. 

It was attem:pted to average all signals until the noise 

contribution was less than 1% of the signal. Computer control 

of the measurements was possible, and data were stored on a disk 

memory. IUD11ediately after each complete Hall effect measurement 

a first impression of mobility and carrier concentration could be 

obtained. In this way it was checked whether the apparatus had 

been working correctly. For more precise evaluation of the data, 

including hard copy plots, a B7700 computer of the computing 

centre of the Eindhoven University of Technology was available. 

44 



4.2. Aoouraay oonsiderations 

Hitherto no experimental data on carrier mobility during avalanche 

as a function of sampling time were published, The main reason for 

this is that it is rather difficult to perform accurate Hall effect 

measurements under avalanche conditions, especially at low magnetic 

fields when the Hall angle is less than 0,1 radian. Therefore, we 

were urged to estimate the maximum error in the measured applied 

voltage, the Hall voltage and the resulting mobility. Systematic 

and random errors will be discussed separately. 

A general expression for the maximum error of the mobility 

becomes rather involved, as there are too many variables, e.g. the 

applied magnetic field and the dimensions of the sample, Therefore, 

as an example, the diséussion will be restricted to a typical 

sample with dimensions of 10 x 0.25 x 0,25 mm3, cf. table 3.1. 

-Furthermore, it is assumed that: 

- two side contacts, 1 um apart, are placed in the middle of the 

sample and a third contact on the opposite face 

the applied electric field is 2 x 104 V/m and the magnetic 

field is such that the Hall angle equals 0.1 radian 

- the attenuators and resistances in series with the sample are 

calibrated with an accuracy of 2°/ 0 0; their contribution to the 

total error can thus be neglected 

the calibration error of the pulse amplifiers is of the order 

of 1%, which is taken into account 

- the total noise contribution is only about 1%, because of signal 

averaging, which is also considered 

as men~ioned before, voltage differences in longitudinal and in 

transverse direction were measured with the differential pulse 

transformer. 

With these assumptions in combination with (4.6) and (4.7) 

and taking into account the 1% accuracy of the sampling system 

as mentioned in the previous section, one can easily derive the 

error in the longitudinal voltage difference between two side 

contàcts. The result is a relative systematic error of 9% and 

a relative random error of 4%. 

In the discussion on tlie accuracy of tlie transforme:r in sub

sect ion 4.1 .3 it was pointed out that tlie relative measuring in-
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accuracy strongly increases when the pulses become more equal. There

fore, the Hall voltage is derived in the following way. The trans

former output voltage v
0

(+B) resulting from the voltage difference 

between two opposite side contacts for positive transverse magnetic 

field +B, can be expressed as (cf. (4.2)): 

v
0

(+B) = ~ (v - v ) + ~ (v + v2) , 
2 1 2 2 1 

(4.8) 

where v1 - v2 = v
1
R - VH. The "ohmic error drop" voltage v1R results 

from the misalignment of the sidecontacts and VH is the Hall 

voltage. In the analogous expression for the voltage v0 (-B~ for 

the opposite magnetic field direction, (v1 - v2) equals (vIR +va)· 
From (4.8) and its counterpart v0(-B) it is derived that the Hall 

voltage can be written as: 

(4.9) 

where the contribution of the secortd right hand side term of (4.8) is 

neglected. With this expression and with (4.4) and (4.5) we found 

that the relative systematic error is 6%. The absolute random error 

can be expressed as 

If for simplicity it is assumed that the two contacts are exactly 

opposite to one another, this results in a relative random error 

of 12%. 

Since the magnetic field is known with an accuracy of 1% and 

the dimensions and the position of the side contacts of the sample 

are known with an accuracy of 2%, it is finally found that the rela

tive systematic error of the mobility will be 15% and the relative 

random error 21%. 

These estimates are a worst case, of course. However, in 

general it can be said that the relative systematic and random 

error in the local longitudinal voltage will not change with the 

variation of the applied voltage as can be easily understood from 

(4.6) and (4.7). For the Hall voltage applies that the relative 

random error decreases when the applied electric field is lowered 
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below 2 x 104 V/m, because the mobility increases. At fields above 

2 x 104 V/m we found that the mobility is not strongly field depen

dent (cf. fig. 5.7). Therefore, the relative random error in the 

Hall voltage r.emains nearly constant in this range. 

It was shown [3] that even at low duty cycles of the high voltage 

pulses one should be very mindful of temperature rises of the sample. 

In all our experiments it was attempted to avoid such temperature 

rises by proper choice of pulse width and repetition rate. 
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CHAPTER V 

EXPERIMENTS AND RESULTS IN HIGH ELECTRIC FIELDS 

5.1. Introdwtion 

The first Hall effect measurements on n-type InSb under avalanche 

conditions were described by Glicksman and Steele [94] in 1958. 

The Hall coefficient ~ as a function of the applied electric field 

was measured in a magnetic field of 0.7 T. It showed a strong 

decrease for high electric fields. This was interpreted as experi

mental evidence for electron-hole creation by impact ionization 

across the bandgap. In later experiments [95] lower magnetic fields 

but still higher than 0.1 T were used. The electron drift velocity 

was found to saturate in the avalanche regime. This was tentatively 

explained by the fact that the inelastic electron-hole production 

process could serve as an energy sink. In subsection 5.5.2 we will 

return to this point. 

In 1963 the frequently cited results of Glicksmaa and Hicinbothem 

[I] for the electron drift velocity as a function of the electric 

field beca.me available. They were obtained by means of Hall effect 

experiments in a magnetic field of 26 mT. These data show an anomalous 

behaviour of the drift velocity prior to and in the avalanche regime;· 

a strong increase of the velocity is followed by a decrease. The de

pendence of the mobility or drift velocity on sampling time was in

vestigated neither by these authors nor by later investigators [2,3, 

40,96,97], although the avalanche evidently is a time dependent phe

nomenon (see section 2.3). We have studied the Hall effect on a nano

second time scale. 

It is well known [68] that the electric field pattern at the 

ends of a sample can be strongly distorted by the influence of a 

transverse magnetic field. Avalanche injections can originate from 

these regions [38]. For this reason, it was considered desirable to 

use very low magnetic fields in carrying out Hall effect measurements 

under avalanche conditions. In fact we succeeded in performing mea

surements with magnetic fields as low as 2 mT. 

Several Hall effect results for electric fields below 2 x·104 

V/m have been reported [1-3,81]. The lowest magnetic field that was 
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used in these publications was 26 mT [l]. It follows from our re

sults in the ohmic regime (cf. fig. 3.5) that the influence of the 

magnetoresistance becomes noticeable at 26 mT. Therefore, we did 

not restrict our experiments to the avalanche regime only. Moreover, 

this allowed us to link the results in the ohmic regime with those 

obtained under avalanche conditions. 

In section 5.2 the details .of the experimental conditions will 

be discussed and in the subsequent section the results of the 

mobility below 2 x 1olf V/m will be presented, The Hall effect results 

under avalanche conditions are presented in section 5,'4. Since the 

results on thin and thick samples differed (cf. subsection 5.4.1 resp. 

5.4.2) we concluded that the transverse dimensions of the sample are 

of great importance. This chapter ends with the presentation of elec

tron Hall mobility data up to the highest applied electric field (i.e. 

4.6 x 1olf V/m), corrected for the geometrical influence of the side 

contact dimensions (cf. Appendix). The mobility results will be com

pared with available experimental [1,2,81,98,99] and theoretical data 

[21,61,62,66]. 

5. 2. Expel'imental eonditions 

The apparatus for the Hall effect experiment at high electric fields 

was described in section 4.1. In almost all experiments a step 

shaped pulse was used (cf. section 2,3). This gives the possibility 

to measure at two different fields during one pulse. The part of the 

pulse with the largest amplitude was'100 ns wide. The pulse repetition 

frequency was always less than 30 Hz to avoid dissipation problems 

(cf. section 4.2). In these measurements we have used averaging 

techniques (cf. section 4.1.4). 

The 25 ohm pulse supplying coax (cf. fig. 4.1) should preferably 

be terminated in its characteristic impedance, to get maximum signal 

transfer. However, when avalanche occurs an even lower output 

impedance of the pulse generator as seen from the sample was necessary. 

The simplest way to attain this is by means of a low ohmic disk 

resistor between inner and outer conductor of the 25 ohm coax, 

However, this led to difficulties at the highest voltages, because 

of breakdown of the resistor layer of the disk. Therefore, the 
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lowest impedance that could be attained was 7 ohm, using a suitable 

rod/disk com.bination (cf. subsection 4.1.2) in one of the 50 ohm 

coaxes according to the scheme presented in fig. 5,1, 

10kQ IOkQ 

100 s 
111 m 

Fig. 5.1. EZeatriaal airauit a:Pou:nd the sample. The sample S was 

suapended from its wires in an ohmega-ply disk (af. 

subseation 3.1. 2). The 10 krl- series resistors were photo

etahed from the resistor Zayer on the disk. The 10 Q rod 

and 1 Q disk resistor net?Aork was realized by insertion 

of a sarew-in (af. subseation 4.1.2) in one of the 50 n 
aoa:x:es of the S'?'rt[Jle holder, The aurrent through the 

sample was determined by measuring the voltage drop over 

another 1 n disk resistor. 

It is known [100] that the avalanche can be very inhomogeneous 

in the presence of side contact probes. To reduce this undesirable 

effect, it is necessary that the series resistance of the side contact 

is very high with respect to the highest occurring sample resistance 

during the pulse. This highest sample resistance is attained at the 

moment that the electric field rises above the avalanche threshold: 

below the threshold the sample resistance increases by decrease of the 

mobility and above the threshold the sample resistance decreases by 

creation of extra carriers. In order to minimize this loading effect, 

we decided to use the minimum number of side contacts (three). 

After a number of tests, the final high field results were 

obtained with two thin and one relatively thick sample (cf. table 3.1). 

Prior to the pulsed measurements, these three samples were extensively 

tested in the ohmic regime (see section 3,2). 

The Hall voltage was determined from the voltage difference 

between two opposite side contacts for the two polarities of the 

50 



transverse magnetic field. It was checked that inversion of the 

electric field gave identical results. The electric field was varied 

between 103 V/m and 4.6 x JOq V/m and the magnetic field ranged 

from 2 mT to 100 mT. 

It was not attempted to eliminate the time delay introduced 

by the pulse amplifiers (cf. fig. 4.6) directly, by insertion of 

suitable extra delay lines. It was easier to take this into account 

in the computer calculations, 

5.3. Result8 bel<JIJ) the a:valanahe threshold 

All signals that are measured on the samples have the same time 

dependence as the applied electric field, when this is below the 

avalanche threshold, Therefore, it is not necessary to present these 

results as a function of sampling time.' Averages are taken over the 

stationary parts of the pulse. Mobility and electron concentration are 

calculated with the usual electron Hall effect formulae. 

The Hall mob~lity ~ as a function of the local electric field 

in the middle of the sample is shown in fig. 5.2. The results are 

obtained from two thin samples at various magnetic fields. They are 

not corrected for the influence of the side contact geometry (see 

Appendix). The Hall mobilities measured in the ohmic regime under 

steady state conditions are also included. Note that the results ob

tained from the pulsed measurements at fields above 1.5 x 103 V/m show 

a close correspondence with these points. The spread of the results is 

small and apparently less than the random error of 21% estimated in 

section 4.2. 

The influence of small magnetic fields on the mobility curve 

as a function of E is only slight (cf. the results for 10 and 15 mT 

in fig. 5.2). In higher magnetic fields (the highest is 0.1 T) the 

mobility curves deviate below 1.5 x IOq V/m. 

The results on the mobility corrected for the influence of 

the side contact geometry as a function of the electric field will 

be presented in section 5,5,1. They will be discussed in section 

5.5.2. 
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elecrnc field below the avalanche threshold. The points 

were obtained from tuJo samples at various magnetic fields. 

The a?TO!JB mark the corresponding Hall mobilities meä8U:red 

in the ohmic regime ( a. c. method). 

5.4. Results above the avalanche threshold 

5.4.1. Thin samples 

Due to the creation of electron-hole pairs the sample resistance de

creases with sampling time in the avalanche regime. As ~ resµlt tpe 

constant voltage conditions could be impaired. These constant voltage 

conditions are of great importance, since the mobility is a function 

of the electric field. Therefore, the Hall effect experiments were on

ly carried out if the applied electric field remained sufficiently 

constant. To check whether the results reproduced, two samples (viz. 

H268 and H283, see table 3.1), with approximately ~e same dimensions, 
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were used. For a further check, the Hall effects were also measured 

for several combinations of the polarities of the electric and 

magnetic fields. 

The Hall .effect results proved to be strongly connected with 

the time dependent aspects of the avalanche, Therefore 1 we will first 

discuss the dependence of the current on the (sampling) time and the 

transverse magnetic field. 

Typical pulse shapes of the current I and the applied voltage V 

are shown in fig. 5. 3. Wi.thout a magnetic field (curve a) the current 

first rises sharply and then increases more slowly, The height of the 

initial step
0

reflects the combined effect of the decrease of the 

mobility, the increase of the electric field itself and the initiation 

of the avalanche process. In the case under consideration the current 

does not saturate towards the end of the first part of the pulse. This 

indicates that at this stage the generation of extra carriers is not 

yet balanced by recombination processes. (see section 2.3). In the 

second part, i.e. the recombination part, of the pulse the field is 

below 2 ~ 104 V/m and the current decreases. 

If in addition to the electric field a transverse magnetic 

field of only 10 mT is applied (curve b in fig. 5.3 averaged over 

two magnetic field polarities) the same initial step in the current 

is observed. Apparently, the magnetoresistance is still very small. 

Moreover, the two current traces a and b remain identical during the 

first 10 ns of the current increase. This means that the generation 

rate g remains the same (cf. eq. 2.15). At later sampling times however, 

the current b saturates, This is an indication of an increased 

importance of the recombination, probably of the surface recombination. 

An additional indication for the increasing importance of the surface 

recombination could be the fact that for different polarities of th~ 

transverse magnetic field, the currents diff er at the end of the first 

part of the pulse. 

The result on the transverse voltage as shown in fig. 5,3 was 

obtained from measurements for two different polaritles of the 

magnetic field, However, this transverse voltage displayed a highly 

non stationary character. A fast initial negative step followed by a 

plateau of about 10 ns duration is observed. Thereafter, the signal 

increases as long as the current increases (compare the current curve 

b with the transverse voltage) and becomes stationary when the current 
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Fig. 5.J. An ereample of applied voltage, aurrent and transverse 

voltage VTR as a funation of sampling time (thin sample). 

The aurrent indiaated by ata'Ve a was measured in zero mag

netia field, for ata'Ve b the applied magnetia field was 

10 mT. The transverse voltage ~ obtained at the latter 

magnetia field. The applied eleatria field is the same 

in both aases. The small dips at about 130 ns and 145 ns 

in the applied eleatria field and aurrent were aaused by 

waveform filter input and output refleations {af, sub

seation 4. 1.1). 

On seaondary axes aurrent d.ensity and eleatria field 

are given. These should only be regarded as indiaations, 

beaause homogeneous aarrier distributions are presuppo

sed. 

does not change anymore. Towards the end of the second part of the 

pulse the transverse voltage becomes also stationary. It is even so, 

that an increase of the electric field results in an enhanced increase 

of the transverse voltage and ultimately even in a sign reversal 
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parameter (thin sample). The magnetia.field hlas 5 mT. Por 

the highest eleatria field the transverse voltage changes 

sign du.ring the first part of the pulse. The osaiUations 

superirrrposed on the transverse voltages, hlere aaused by 

interf erence of the 50 Hz line frequency and the 25 Hz 

pulse repetion frequenoy. Por other p.r.f.'s the osoilla

tions disa:ppeared aorrrpletely. 

(cf. fig. 5.4). This behaviour points to a strong coupling with the 

avalanche, of which the generation rate strongly depends on the 

electric field [3]. In the ,second part of the pulse, where the excess 

carriers are recombining. the signal acquires its original sign, as 

soon as the number of extra carriers is sufficiently low. 

The dependence on the magnetic field is also quite remarkable 
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(see fig. 5.5). At the lowest magnetic fields, there is still a sign 

reversal of the transverse voltage during the first part of the pulse. 

Towards the end of the second part of the pulse enough carriers have 

recombined (depending on the magnitude of the magnetic field), so that 

the signal regains its original sign. For the highest m.a.gnetic field 

the transverse voltage is hardly time dependent in the two parts of 

the pulse. The magnetic field influence on the current is shown in 

the same figure. As was already discussed in relation with fig. 5.3, 

the generation rate does not appear to depend noticeably on B. 
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Fig. 5. 5. A set of current and transverse vo"ltage traces as a func

tion of sampling time UJith the app"lied magnetic fie"ld as 

parameter (thin sample). The app"lied e"lectric field in 

the first part of the putse was 3. 2 x 104 Vim and in the 

second part 1.7 x 104 V/m. The time variation of VTR 

decreases with increasing magneÛc field. 
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. 
The local longitudinal electric field measured in the middle of 

the sample was also studied. Results for different polarities of 

the transverse magnetic field (B c 5 mT) are shown in fig. S.6. For 

one of the polarities a temporary difference is observed, which 

disappears when the excess carriers have recombined, as indicated 

by the current. For a constant applied voltage the difference dis

appears for magnetic fields above 10 mT; it also disappears for zero 

magnetic field. At constant magnetic field, the difference between 

the two signals increases when the applied voltage is increased. 

Several trivial reasons for the time dependence of the transverse 

voltage were examined. Firstly, disturbances caused by the differen

tial pulse transformer could be excluded, because no time dependence 

of the Hall voltage was observed for electric fields below the ava

lanche threshold, down to the lowest magnetic fields. 

Secondly, due to the enhanced carrier concentration under ava

lanche conditions side contact properties might change. This was in

vèstigated in an experiment in which an extra d.c. current was sup-
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plied through the side contacts, between which the transverse voltage 

was measured. In this way the net current through these contacts was 

varied. It turned out that the transverse voltage was not influenced 

by the polarity of the bias current and consequently still was time 

dependent and changing sign. 

In an attempt to relate these results to the Hall effect, we con

centrated on the behaviour of the transverse voltage during certain 

periods of the sampling time. Electron Hall mobilities were calculated 

at the beginning of the pulse where the carrier concentration has not 

significantly increased by avalanche. This was also done towards the 

end of the pulse where the carrier concentration has returned to the 

equilibrium concentration again. These tentative mobility results to

gether with mobility values obtained below avalanche are plotted in 

fig. 5.7 as a function of the local electric field. No discontinuities 
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Fig. 5.7. E~corpte of the eteatron Hati mobitity versus the etea

tria fietd. These mobitity resutts were aatautated at 

two different time intervats during the putse, viz. 
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at the beginning of the first part of the puZse where 

the aarrier aonaentration had not signifiaantZy inarea

sed through avatanahe 

- towards the end of the seaond part of the pulse where 

the aarrier aonaentration had returned to the equili
brium aonaentration. 

The arrow marks the HaU mobiiity dsterminad in the 

ohmia regime (a.a. method). 



can be observed in the ensuing curve. Moreover, it was found that the 

electron concentrations calculated from these results and the current, 

agreed very well with the equilibrium concentration obtained for the 

ohmic regime (see table 3.1). 

5.4.2. Thiak sample 

The aim of the experiments to be described in this subsection was 
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Fig. 5.8. Applied voltage, aurrent and transverse voltage as a 

funation of sampling time. The dPoop in the applied 

voltage was due to the too low resistanae of the fairly 

thiak sample (af. table 3.1). The time variation of 

VTR is markedly less than in the aorresponding oase of 

a thin sample (af. fig. 5.5). 
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to investigate whether the transverse voltages are influenced by the 

sample geometry. Sample H290 (see table 3.1) was made especially for 

this purpose. Since thick samples develop high Hall voltages, we 

were able to carry out the experiments down to very low magnetic 

fields (B ~ 2 mT). 

Typical results on the applied voltage, the current and the 

average transverse voltage are shown in fig. 5.8 for three values 

of the applied magnetic field. The applied voltage does not remain 

entirely constant but shows a small droop during the first part of 

the pulse due to the low sample resistance, 

It should be observed that in this case the influence of the 

magnetic field on the current is less than in the comparable case 

for thin samples (cf. fig. 5.5 and fig. 5.8), As suggested before, 

this might indicate the relative smaller influence of surface 

recombination on the carrier concentration under avalanche, 

The time dependence of the transverse voltage is markedly 

smaller than in the corresponding case for thin samples. In particular, 

no sign reversal has been observed even at the highest values of the 

.electric field (4.6 x 104 V/m) where appreciable avalanche occurs 

(n ~ 20 n
0
). However, the effect in the-loçal longitudinal electric 

field as described in the preceeding subsection is still observable. 

Within the experimental error, mobility values from this sample 

obtained in the same way as already described for thin samples, coin

cide with the results shown in fig. 5.7. 

5,4.3. Disaussion 

From the results described in the previous subsections, it is clear 

that the transverse voltage cèases to be proportional to the sample 

thickness as soon as significant deviations from the equilibrium con

centration occur. This rules out any explanation of the time depen

dence of the transverse voltage in terms of the Hall effect only. We 

have been unable to produce conclusive evidence that the pinch ef

fect plays a significant role as has been suggested by Morisaki [101). 

We did not observe an influence of an applied longitudinal magnetic 

field on the current. This is usually [102,103) regarded as a contra 

indication for the occurrence of the pinch phenomena. 
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We have considered the possibility that the time dependent 

part of the transverse voltage was connected with the short cir

cuiting action of the side contacts, since this action can possibly 

influence the _geometrical aspects. of the nucleation of the avalanche. 

Field calculations in which the short circuiting action and the 

influence of a transverse magnetic field were taken into account, 

have been performed for our samples by De Mey*) using an integral 

equation method [104]. However, it followed from his results that 

any resulting contribution to the transverse voltage would have 

the wrong sign. 

In the following we put forward a tentative explanation of the 

time dependence of the transverse voltage. Starting-point is the 

experimental fact already mentioned in subsection 5.4.1, that during 

the first ten nanoseconds of the first part of the pulse as well 

as towards the end of the second part of the pulse the transverse 

voltage can be interpreted without any äiff iculty as being due to 

the electron Hall effect only. During both periods the number of 

extra carriers due to avalanche is negligible. When extra carriers 

are present due to avalanche, the electrons and holes are deflected 

in the same direction by the action of the Lorentz force. One es

sentially gets the two carrier Hall effect, where the counteracting 

Hall electric force cannot simultaneously balance the magnetic de

flection of both carriers in view of the opposite forces exerted 

by the electric field on the two types of carriers. Consequently, 

in steady state, electrons and holes will flow in equal numbers in 

the direction of the magnetic field deflection. The equality of the 

two currents is required in order to make the net transverse elec

trical current zero. The magnitude of the transverse electric field 

is such that the necessary equality of transverse hole and electron 

flow is ensured. 

Electrons and holes are thus accumulated on the side of the 

sample towards which they are deflected by the magnetic field 

(Suhl effect [105]). Consequently, density gradients are set up 

which give rise to a kind of Dember field. For this reason the 

ultimate transverse voltage has a "Dember" as well as a Hall com

ponent. In our case these are of opposite sign. It will be clear 

•) The author is grateful to Dr. G. de Mey from the State University of Ghent (Belgium) for 
performing these calculations. 
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that this picture gives rise to a transverse voltage which is de

pendent on sampling time. This should be directly related to the 

time dependence of the current, because both effects are caused by 

the process of generation and recombination of extra carriers. If 

in the second part of the pulse, the applied electric field is 

stepped down below the avalanche threshold, no carrier generation 

occurs. The excess carriers recombine, the _"Dember voltage" de

creases to zero and the transverse voltage becomes equal to the Hall 

voltage. 

This inclusion of the diffusion effects of electrons and holes 

on the usual Hall effect as suggested above, was recently analyzed 

by Manifacier [106]. His results apply only to the ohmic regime. 

Nevertheless, we will use them to make an estimate of the "Dember 

voltage" in our case. His starting-point was an isotropic sample. 

He did not differentiate between Hall and drift mobilities and 

contact effects were not taken into account. Furthermore, he made 

the following assumptions: 

the phenomena are linear in the magnetic field which is considered 

to be small 

the recombination is only controlled by linear recómbination 

mechanisms 

- the effective surface recombination velocities for electrons and 

holes are equal for each surface. 

In his analysis direct radiative recombination across the bandgap 

is not taken into account. In our samples the influence of this 

recombination mechanism may be of considerable importance [3]. 

Manifacier gives the following expression for the transverse voltage, 

which in our case is equal to the sum of the Hall voltage and the 

"Dember voltage" (the notation was adapted) 

where 
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the Hall voltage, 
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D 

a q µ n+µ p 
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ambipolar diffusion coefficient, 

T =-~ 10-G s [107] 
0 

(5.2) 

(5.3) 

is the Shockley-Read lifetime and s and s are the surface recombi-
n p 

nation velocities for electrons and holes respectively. The latter 

are related to the surface directed current of excess carriers and 

their density at the surface. The remaining parameters have their usu

al meanings. The second term on the right hand side of (5.1) will 

cause a decrease of the transverse voltage as long 

This condition is fulfilled in our case, for µn >> 

assumed that s ~ s , because of the steady state. 
n p 

as s /s < µ /µ • 
n p n p 

µ , and it may be 
p 

From Lile [74] a 

value of 100 m/s for s was estimated. Because µ << µ the term 
n p n 

s s (µ n+µ p) 
qa n p n p 

2kT µ µ (ns +ps ) 
n p n p 

in (5.1) reduces to 

s s n 
qa n p 

2kT µ (ns +ps ) 
p n p 

-1 
Because q/(kTµ ) stands for D one should use the hole temperature 

p p 
here. Since holes are hardly heated up by the electric field, because 

of their low mobility (µ = 0.8 m2/Vs), we assume a temperature of 
p 

77 K. As an example we choose E = 3.6 x 104 V/m, B = 5 mT, n 5 n
0

, 

µn = 12 m2/Vs and.calculate VTR fora thin (H283) as well as a thick 

(H290) sample. The results are. presented in table 5.1 together with 

the measured data at 10 ns when n is still ~ n . It is seen that the 
0 

transverse voltage of a thick sample increases relatively less than 
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TabZe 5.1. Resuits of a caicuiation of ~R according to 

(5.1) for n 5 n
0

• The measured data of v,;'.R 

correspond to 

Sample a(mm) c 
VTR (Volt) 

H283 0.216 -0.37 

H290 0.918 - 1. 79 

10 ns when n f:d n . 
0 

v::R (Volt) 
m 

(VTR -

-0.47 

- 1.98 

c m 
VTR)/VTR 

21 

9 

(%) 

the transverse voltage of a thin sample. This was also experimentally 

observed (cf. fig. 5.8 and fig. 5.5). 

With the choice of our parameters we are not able to show that 

the transverse voltage can change sign, even not under the condition 

that µ f:d µ , because s f:d s • The second term in the denominator in 
n p n p 

(5.1), which turns out to be larger than the first term, is too large 

to accomplish a strong effect, because the sample thickness a is larg

er than the ambipolar diffusion length /T"l)1R1 100 µm. o a 
Of course the application of Manifacier's theoretica! results 

for the interpretation of the time dependence of the transverse vol

tage is not entirely correct. Moreover, in our case we m.ay not as

sume that sn is equal for each sample surface. The same applies to sp. 

In subsection 5.4.1 we already reported the marked influence of the 

surfaces on the current for both polarities of the magnetic field. 

Besides, we did not consider direct radiative recombination. This 

would be very complicated. The radiation produced by this type of re

combination in the bulk of the sample is expected to be reabsorbed 

[108]. Finally, in our discussion we did not account for the influ

ence of the side contacts. Actually, according to Esposito et al. 

[109] and Moss et al. [110] a Dember effect cannot be measured be-

tween perfectly ohmic contacts, because these implicate s ~ s oo 
n P 

which would mean that no excess carriers are present at the side 

contacts, no matter how the concentrations vary in the bulk of the 

sample. This can be also seen from (5.1). It remains questionable 

however, whether under the actual conditions prevailing during our 

avalanche experiment the contacts remained perfectly ohmic. 
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If our reasoning concerning the transverse gradient in the car

rier concentration is basically correct we could, in principle, ex

pect some effect on the longitudinal voltage as well, just as in the 

case of the well kno\.m photo electro magnetic effect. This would be 

due to the fact that transversally diffusing electrons and holes will 

move in opposite directions due to the Lorentz force in longitudinal 

direction of the sample. The observations shown in fig. 5.6 might 

point in this direction. 

Little is known of the magnetic field influence on hot electron 

distribution functions (cf. subsection 2.4.2) and the avalanche gen

eration rate (cf. section,2.3). Therefore, we refrain from a dis

cussion of the influence of the magnetic field on the transverse 

voltage. 

In summary, we believe that we are able to explain the transverse 

voltage under avalanche conditions qualitatively. As will be clear 

from the foregoing discussion an exact quantitative analysis will be 

very difficult. Nevertheless, it seems justified to conclude that the 

time dependence of the transverse voltage is caused by diffusion ef

fects of electrons and holes produced by avalanche. 

Because of our results discussed above we are not able to indicate 

whether the electron mobility is influenced by additional scattering 

mechanisms due to the presence of extra electrons and holes. Accord

ing to the predictions of Burkey and Matz (111] the èlectron energy 

loss rates arising from inelastic electron-hole scattering and elec

tron polar optical phonon scattering become comparable for hole den

sities of about 4 x 102 3 m-3. Electron-electron scattering redistri

butes among the carriers the momentum gained from the applied electric 

field. This type of scattering can be regarded as producing a second

order effect (112]. Our results do not contradict these theoretica! 

predictions. The influence of the generation process on the electron 

mobility will be discussed in subsection 5.5.2. 
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5.5. Hall mobilities 

5.5.1. Results 

For the lowest and highest magnetic fields, viz. 5 mT and 0.1 T, 

the maximum electric field at which we were able to determine the 

Hall mobility, turned out to be about 3.8 x 104 V/m. However, the 

factors which caused this limitation were different for these mag

netic fields. For the lowest magnetic field the plateau at the 

beginning of the first part of the transverse voltage pulse (cf. 

subsection 5.4.l) was found to become shorter with increasing 

electric field. This is due to strong generation of extra carriers. 

Above the maximum electric field the plateau could not be observed, 

because the rise time of the measuring circuit was limited by the 

pulse amplifiers to 5 ns. (cf. subsection 4.1.4). At the highest 

magnetic field the avalanche was reduced by the increase of the 

(surface) recombination (cf. subsection 5.4.1). However, in this 

case disturbing effects like inhomogeneous avalanche [38) and 

possibly Gunn effect instabilities [113] arose above the quoted 

electric field value of 3:8 x 104 V/m. 

In the following we present the results on the Hall mobility 

versus the electric field for sample H283, because in subsection 5.4.l 

all time dependent results were related to this sample. The data 

shown in fig. 5.9.a were calculated for the same conditions as those 

in fig. 5.7. In the context of fig. 5.2 we remarked that above 

1.5 x 10 4 V/m the Hall mobility curves converged. Fitting of straight 

lines through the mobility data at high electric fields yields two 

slightly different slopes for the low and the high magnetic field 

(cf. fig. 5.9.a), however. It should be noted that the sprea<l oZ the 

results at these high electric fields is still less than the random 

error of 21% estimated in section 4.2. Nevertheless, one should not 

attach too much importance to the second digit in the value of the 

slopes, it was only included to be able to distinguish the various 

slopes. 

After correction for the influence of the side contact geometry 

(cf. Appendix) the difference of the two slopes was increased as 

shown in fig. 5.9.b. Ás already remarked in subsection 3.2.4, one 

should be careful of course with the corrected results, because it 

66 



]1102 
N" 
É 
I 
=l. 

'~ 
'15 
0 
E 

~ 

I 

!\._ 
H283 

o B=5mT 
• B=0.1T 

10L 
102 

:!.._ 

H2B3 
o 8•5mT 
• B=O.lT 

.... ~ 

103 

slope (a) 
Q 0 

0 

(-0.76 Q 

Q • 

t' 
1 _____l___ ____ ····' ,, 1 

10" ro5 
local electric field (V/ml 

slope (b) 

local electric field (V/mJ 

Fig. 5.9. The "wiaorreated HaU mobiUty" resuits (a) and the 

aorreated Hall mobility results (bl versus the- eleatria 

field for two values of the magnetia field. The arrows 

mark the Hall mobilities meastWed in the ohmia regime 

(a.a. methodl. 

could not be established that the physical size of the side contacts 

equals the optical size. The ~orrection factor is larger for low 

magnetic fields than for·high magnetic fields and depends strongly 

on-the ratio of contact width and sample thickness. For µ8B < 0.3 

the correction factor is nearly constant (cf. fig. 1 in the Appen

dix). Therefore, the slope of the curve for E > 1.5 x 104 V/m 

and B = 5 mT hardly depends on the ratio of side contact width and 

sample thickness. On the other hand, for 1 < µ
8

B < 3, which corres

ponds wi.th Hall mobility values obtained in the same regime of 

electric fields but with B = O.l T, the correction factor is sensi

tive to variation of µHB (cf, fig. 1 in the Appendix). So, in 

this case the slope of the Hall mobility curves depends on the ratio 

of side contact wi.dth and sample thickness. In summary, above 

1.5 x 10 4 V/m we found that µ
800 

~ E-o. 74 for B = 5 mT and µ
800 

~ E-0,57 
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for B = 0.1 T. From now on we will only consider corrected Hall 

mobilities. 

The following observations apply to the results on three 

samples (cf. H268, H283 and H290 in table 3.J .)_ as far as they were 

obtained at magnetic fields of less than 15 mT. Firstly, the differ

ences in the Hall mooilities which can be observed at low electric 

fields (a.c. method) disappeared with increasing electric field. 

Secondly, above 1.5 x 10 4 V/m up to the highest electric field the 

dependence of the mobility on the electric field: µH
00 
~ E-o. 74 as 

quoted above for sample H283, was confirmed. Consequently, saturation 

of the electron Hall drift velocity as a function of the electric 

field, which was reported before [94], was not observed, as this 

would require µ ~ E-1. 

5.5.2. Discussion 

Firstly, our Hall mobility results will be compared with the other 

mobility results available from the literature. Subsequently, a 

comparison with existing theoretica! calculations will be given. 

In fi3. 5.10 the Hall mobility results of sample H283 for B = 5 mT 

and various other experimental results are collected. Table 5.2 

provides additional imformation on the pertaining experiments. It 

can be observed that our experimental curve lies above all the others. 

10 104 
electric field (V/mJ 

Fig. 5.10. Comparison of experimental high field mobility results 

at 77 K according to table 5.2. 
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curve ref. 

G-H [1] 

F-K-B [81] 

B-G [2] 

N-K [98] 

D-S-P [99] 

EXP 

Table 5,2. Same of the most representative data on the mobility 

results shown in fig. 5,10. 

type of sample dimensions magnetic mobility authors experiment l x a x b(mm-3) field (m 2/Vs) (mT) 

Glicksman and Hicinbothem Hall effect 2.53 x 0.45 x 0.356 26 69-75 

Fuj isada, Kataoka and Beer Hall effect 3.00 x 0.54 x 0.0276 100 71 

Bok and Guthmann Hall effect 9.0 x 1.5 x 0.5 30 52 

Neukermans and Kino time of flight 

Dargys, Sedrakyan and Pol!ela microwave 20 

our results Hall effect 8.58 x 0.216 x 0.113 5 89 

electron sampling 
concentration time 
00 19 m-3) (ns) 

4.7-6 150 

6.8 10 4 

5 750 

0.3 

18 10 



As far as Hall effect results are concerned (G-H, B-G, F-K-B) this 

may have the following causes. Firstly, our results are corrected 

for the influence of the side contact geometry, whereas those of the 

other authors were not, Secondly, we used lower magnetic fields as 

a result of which the influence of the magnetoresistance reduces. 

Thirdly, under avalanche conditions, we obtained our results from 

the first ten nanoseconds period of the pulse, while the authors 

cited used much larger sampling times (cf. table 5.2). In view of 

the strong time dependence of the transverse voltage discussed in 

the preceeding section this could lead to erroneous results. 

Furthermore, we notice the following dif f erences between our 

curve and the others. At high electric fields the slope of the 

F-K-B curve is -0.5 which was interpreted by the authors in terms 

of acoustic phonon scattering. A slight maximum could be observed 

in this curve. The remarkable behaviour-of the G-H curve at high 

electric fields must be due to some artifact. Between 1.5 x J04 V/m . 
and 3 x 104 V/m and for an applied magnetic field of 26 mT the 

slope of this curve is -0.55. In the case of the B-G curve, obtained 

with an applied magnetic field of 30 mT, the slope is -0.6. 

As can be noticed from table 5.2 also experiments of a different 

kind were performed. These yield the drift mobility. Dargys et al. 

[99) carried out a microwave conductivity experiment. This necessi

tated them to use high ohmic material. As this material had a low 

electron concentration, which was caused by strong compensation, it 

is not surprising that at low electric fields the mobility is low too. 

However, their experimental technique enabled them to extend the 

me~surements up to electric fields of 8 x IÓ 4 V/m. Above 4.5 x 104 V/m 

their results are in good agreement with the measurements of Neuker

mans and Kino [98] and constitute a nice extrapolation of our results 

(cf. fig. 5.10). 

In fig. 5.11 a comparison is made with the theoretica! calculations 

reported in the literature. It should be noted that these theories 

assume a zeró magnetic field and consequently yield drift mobili

ties. Table 5.3 provides additional information on the pertaining 

models. The calculation of the drift velocity as a function of 

the electric field up to the avalanche threshold by Kranzer et al, 

[21] shows that at low fields the value of the drift mobility is 
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mainly determined by ionized impurity scattering. lts influence 

decreases with increasing crystal momentum (cf. fig. 2.1). At higher 

fields POP scattering and nonparabolicity of the conduction band 

determine the slope of the drift mobility curve. This slope is in 

good agreement with the slope of our Hall mobility curve (cf. fig. 

5.11). However, our experimental curve lies above Kranzer's curve. 

This could be caused by the scattering factor rH
00 

= µH
00

/µD, the 

presence of the magnetic field, an over-estimate of the correction 

factor of the side contact geometry or differences in the material 

parameters (cf. table 3.1 and table 5.3). 

At the onset of avalanche our mobility curve does not display 

any remarkable features (cf. fig. 5.9): obviously, the influence 

of impact ionization scattering on the electron mobility must be 

relatively unimportant. This can be understood as follows [3] .. 

The average energy loss per second due to impact ionization is 

ge. . • For a field of 5 x 10 4 V/m the' ionization rate g is about i,m1n 
10 9 s-1 which results in ge .. Rt 1olO 11w

1
• Since at high 

i,min 
the POP scattering rate is about 1012 s- 1, the average energy loss 

per second due to this type of scattering is J0 12 flw1 • This is two 

orders of magnitude larger than ge. . • Impact ionization scattering 
i,min . 

may have an important effect on the electron distribution function. 

This was included in a theory by Devreese [66] based on the analytical 

solution of the Boltzmann transport equation [65]. The drift mobility 

was calculated with reference to our experimental conditions. In the 

case of a parabolic conduction band and under the assumption of POP 

scattering the calculation process for the electron distribution 

function did not converge from 1.7 x 10 4 V/m on. This can be inter

preted in terms of electron·"energy runaway" which is possibly en

dorsed by an estimate of van Welzenis [114] from which he concluded 

that above ~ 3 x 10 4 V/m the energy gaine between two POP events for 

an electron in a nonparabolic conduction band becomes larger than 

flw 1• Introduction of impact ionization in such a way that every 

electron with energy larger than e. . returns to lower energies, i.,min 
will prevent this "energy runaway". Amore elaborate calculation of 

Devreese in which above 1.7 x 104 V/m POP scattering, impact ioniza

tion scattering and nonparabolicity of the conduction band are taken 

into account, converges to the results shown as curve D in fig. 5.11. 

As can be seen there is considerable agreement with our experimental 
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curve ref. 

K-P-H-Z [21] 

D [66] 

F-R [62] 

s-c [61] 

EXP 

Table 5.3. List of the mobiZity caZculations the resuZts of 

which are shown in fig. 5.11. 

authors method scattering mech.anisms details 

Kranzer, PÖtzl, iterative ionized impurity and POP nonparabolic conduction band 
Hillbrand and Zimmerl N

1 
= 4 x 1020 m-3 µ =70-m 2/Vs n =lozom-3 

0 ' 0 

Devreese analytica! POP and impact ionizatio~ nonparabolic conduction band 
above l. 7 x 104 V/m 

Fawcett and Ruch Monte Carlo POP and intervalley nonparabol ic conduct ion band 

Stokoe and Cornwell iterative POP and intervalley nonparabolic conduction band 

our results = 89 m2/Vs, n = 1 .8 x 10 20 m-3 µo 
NI = 7.2 x 1020 g- 3 when ED= 7.2 eV 

1 



...,,__~_ ...... J .......... L .. 

1n2 103 104 
electric field (V/m) 

Fig. 5.11. Calaula::ted d:r>ift mobilitie8 a:nd own e.;,;perimental Hall 

mobility Pesults aaaoPding to tahle 5.3 as a funation 

of eleatPia field. 

curve at high electric fields, while the discrepancies occurring at 

low electric fields can easily be attributed to impurity scattering. 

At high electric fields above 2 x 10 4 V/m the results of 

Fawcett and Ruch's Monte Carlo calculation [62] area nice continu

ation of the K-P-H-Z curve. The results of Stokoe and Cornwell [61], 

calculated with the same iterative method used by Kranzer et al. 

[21] come quite close to the experimental curve. At low electric 

fields the F-R and S-C curves lie too high, because impurity scatter

ing was not taken into account. Above 5 x 10 4 V/m the change in the 

slope of the F-R and S-C mobility curves is due to the onset of the 

transfer of electrons to the low mobility <lJl> valley. This mecha

nism also causes a rapid decrease of the energy distribution function 

above 0.45 ev. 
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CHAPTER VI 

GENERAL CONCLUSIONS 

Although in the introduction of this thesis it was pointed out 

that the aim of the present work was to study the dependence of 

the electron mobility on the electric field up 'tO within the 

avalanche regime, we first give some conclusions on the results 

obtained from experiments in the ohmic regime. 

For the characterization of our samples we carried out 

magnetoresistance and Hall effect measurements in the ohmic 

regime (a.c. method) as a function of the applied magnetic field 

(cf. section 3.2). The influence of quantum effects on the trans

verse and longitudinal magnetoresistance was observed above 0.5 T. 

This was already reported before in the, literature [79,82-86]. More

over, we found that the curve describing the behaviour of the scat

tering factor shows a kink, which we attributed to quantum effects 

too. 

Hall effect experiments on a nanosecond time scale and in 

high electric f ields and low magnetic f ields were succesfully 

carried out. This was made possible by the use of a differential 

pulse transformer, constructed especially for this purpose, with 

an intrinsic rise time of 1.7 ns (cf. subsection 4.1.3). In fact 

we could even perform Hall effect measurements on our samples under 

avalanche conditions in a magnetic field of only 2 mT. This is 

considerably lower than the magnetic f ields which have been used 

hitherto by other authors [1,2]. 

It was found that for a constant applied electric field above 

the avalanche threshold and for a transverse magnetic field, the re

sulting transverse voltage becomes a function of the sampling time 

(cf. section 5.4). When the current increases as a function of sam

pling time the initially negative transverse voltage increases as 

well and even changes sign in thin samples when the avalanche is 

strong enough. This transverse voltage behaviour was qualitatively 

explained (cf. subsection 5.4.3). At the beginning of the pulse 

(i.e. within the first 10 ns) before the current starts to increase 

due to avalanche, the transverse voltage can be attributed to the 

Hall voltage. The increase of the transverse voltage during later 
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sampling times was ascribed to the fact that we measured the sum 

of the Hall voltage and a "Dember voltage". The latter is related to 

the presence of electron hole pairs which set up a transverse gradient 

in the carrier distribution. Because of this anomaly which arises la

ter in the pulse under avalanche conditions, we are not able to con

clude whether the electron mobility is influenced by interparticle 

scat tering. 

Up to 3.8 x 104 V/m we could determine electron Hall mobility 

data within 10 ns after application of the electric field pulse. 

This is much faster than previously reported (cf. table 5.2). 

Moreover, we used lower ms.gnetic fields. The Hall mobility curve 

thus obtained lies higher (cf. fig. 5.10) than previously published 

experimentally mobility curves. Apart from the differences in 

experimental conditions (sampling time, magnetic field, zero field 

mobility) we think that this also results from the correction for 

the influence of the side contact geome'try, whlch we carried out. 

Our mobility data agree qualitatively with the theoretical data of 

Kranzer's [21] which have been calculated up to 2 x 10 4 V/m and in 

which impurity scattering and POP scattering were taken into account. 

On the basis of high field transport theories by Stokoe and Cornwell 

[61], Fawcett and Ruch [62] and Devreese [66], we could interprete 

the mobility curve above 2 x 104 V/m in terms of the predominance 

of POP scattering. Impact ionization scattering appeared to have no 

direct influence on the mobility. The possibility that it prevents 

an "electron runaway" at high electric fields remains open. 
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APPENDIX Influenee of side contact geometry on the Hall 

voltage 

The Hall voltage measured on a sample of which the side contacts 

are point contacts, equals 

VH00 = EH x a , ( 1) 

where ~ is the Hall field and a is the sample thickness. In our 

case however, as is mentioned in subsection 3.1.2, the side contacts 

had a width w, which was often of the S'!lmeprder of magnitude as the 

sample thickness. These contacts, of which it was assumed that they 

formed equipotential planes, give rise to an inhomogeneous distribution 

of the electric field in the sample [68] which results in a consider

able influence on the Hall voltage. 

Our experimental results were corrected for this effect. 

Haeusler [68] has given the following expression for the geometry 

correction factor gH' in terms of ~ and µH
00

B : 

F 0 + Q. 
' i - Q. tanh2 1TW) 

1T 1T 2a 

' 
(2) 

1 - 1.168 ln (1 + 
llW e tanh 2a) 

1T tan e 

where VH
00 

is the Hall voltage in the case of point contacts, 

VH is the uncorrected Hall voltage, e = cotan µH
00

B, µH
00 

is the cor

rected Hall mobility and F is a hypergeometric series defined as 

a B a (a+I) B (B+I) 
F(a, B;y; z) + -z + ------- z2 + 

y y (y+I) 2 ~ 

a (a+I) (a+2) B(B+I) (B+2) 
z3 + • • • • (3) 

y (y+ 1) (y+2) 3 : 

It fellows from (2) and (3) that for high values of the magnetic 

field, corresponding with µH
00

B >> 1, VH = VHoo' As an example, in 
w fig. the correction factor gH for sample H283 (ä = 0,49, cf, table 

3.1) as a function of µHB = µH
00

B/gH is given. 
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1.2 

10 102 

Fig. 1. Correation faator g8 vs. µ!13 for sample H283. 
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SUMMARY 

During the past twenty years several investigations were made on the 

electron mobility in n-type InSb. From these the need for precise ex

perimental data on the carrier mobility in the avalanche regime arose. 

In this thesis Hall effect measurements on n-type InSb are described 

with the purpose of gaining insight into the behaviour of this trans

port parameter. The applied electric field was varied up to within 

the avalanche regime (maximum electric field: 4.6 x JO~ V/m). The 

measurements were carried out as a function of time in order to study 

dynamically the influence.of the avalanche on various phenomena. 

After the first chapter in which the purpose of the investiga

tions is formulated, chapter II summarizes the most important prop

erties of n-type InSb with reference to electrical transport. Firstly, 

the bandstructure is discussed, followed by a description of the scat

tering mechanisms which are relevant at'77 K and of the avalanche phe

nomenon. Finally, the important transport theories at low (ohmic re

gime) as well as at high electric fields are outlined. 

In the first part of chapter III the sample preparation is dis

cussed, particularly the attachment of side contacts. Since our sam

ples were fairly thin, it turned out to be impossible to make real 

point contacts. Therefore, we chose for side contacts with well de

fined dimensions which enabled us to correct our results for the in

fluence of side contact geometry; The second part of this chapter is 

devoted to the results of experiments in the ohmic regime needed for 

characterization of the samples. Their homogeneity was investigated 

by studying the magnetoresistance as a function of the angle between 

current and applied magnetic field. Electron mobility and concentra

tion were determined from Hall effect measurements. It turned out that 

above 0.5 T transverse and longitudinal magnetoresistance as well as 

the scattering factor and the mobility were influenced by quantum ef

fects. 

The experimental set-up for the high electric field measurements 

is described in chapter IV. In order to limit the energy dissipation 

in the sample the applied electric field was pulse shaped, the pulse 

width being ~ 100 ns. Because of the dynamics of the avalanche process 

the rise time of the pulses had to be shorter than ns. A differen

tisJ pulse transformer which is suitable for short rise time pulsed 
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voltages, is also discussed. The chapter ends with an estimate of the 

accuracy of the determination of the mobility. 

In chapter V the results obtained from Hall effect experiments 

with pulsed electric fields, are discussed. At the lowest fields the 

value of the mobility corresponds well with the value determined in 

the ohmic regime. In the avalanche regime, above 2 x 104 V/m, the 

transverse voltage becomes a function of time. This can be understood 

from a model in which the transverse voltage is regarded as the sum 

of the Hall volta~e and a "Dember voltage". The latter originates from 

the onset of gradients in the electron hole distribution in transverse 

direction. From the mobility values determined from the Hall voltage, 

it turns out that above 1.5 x 104 V/m POP scattering dominates. Above 

the avalanche threshold the influence of ionizing collisions on the 

mobility is slight. For lower electric fields the importance of impu

rity scattering increases. 

84 



SAMENVATTING 

Gedurende de afgelopen twintig jaar zijn er verschillende onderzoeken 

naar de elektronenbeweegbaarheid in n-type InSb verricht. Daaruit kwam 

de behoefte aan nauwkeurige experimentele gegevens over de ladingdra

gersbeweegbaarheid in het gebied van elektrische velden waarbij ava

lanche optreedt, naar voren. In dit proef schrift worden Halleffekt

metingen aan n-type InSb beschreven, die tot doel hebben inzicht in 

het gedrag van deze transportparameter te verkrijgen. Het aangelegde 

elektrische veld is daarbij gevarieerd tot in het gebied waar de 

avalanche optreedt (hoogste elektrische veld: 4.6 x 104 V/m). De me

tingen zijn als funktie van de tijd uitgevoerd om de invloed van de 

avalanche op de verschijnselen dynamisch te kunnen bestuderen. 

Na het eerste hoofdstuk, waarin het doel van dit onderzoek wordt 

geformuleerd, worden in hoofdstuk II de voor het elektrisch transport 

meest belangrijke eigenschappen van n-type InSb besproken. Allereerst 

komt de bandenstruktuur ter sprake, gevolgd door een beschrijving van 

botsingsmechanismes die bij 77 K relevant zijn en van het avalanche

verschijnsel. Tenslotte wordt een overzicht gegeven van de belang

rijkste transporttheorieën zowel bij lage (ohmse gebied) als bij hoge 

elektrische velden. 

In het eerste deel van hoofdstuk III wordt het vervaardigen van 

preparaten besproken, in het bijzonder het aanbrengen van zijkontak

ten. Aangezien de preparaten nogal dun zijn, bleek het niet mogelijk 

er echte puntkontakten op aan te brengen. Gekozen is voor kontakten 

van goed gedefinieerde afmetingen zodat onze meetresultaten voor de 

invloed van deze zijkontaktgeometrie konden worden gecorrigeerd. Het 

tweede deel van dit hoofdstuk handelt over de resultaten van experi

menten in het ohmse gebied ter karakterisering van de preparaten. 

Hun homogeniteit is onderzocht door het verloop van de magnetische 

weerstandsverande~ing als funktie van de hoek tussen stroom en aan

gelegd magneetveld te bestuderen. Elektronenbeweegbaarheid en -con

centratie zijn bepaald uit de resultaten van Halleffektmetingen. Ge

bleken is dat zowel de transversale en longitudinale magnetische weer

standsverandering als de scattering factor en beweegbaarheid boven 

O.~ T door quantumeffekten worden beïnvloed. 

De experimentele opzet van de metingen in hoge elektrische vel

den wordt in hoofdstuk IV beschreven. Om de energiedissipatie in de 
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preparaten te beperken was het aangelegde elektrische veld pulsvormig; 

pulsbreedte ,..,, 100 ns. Vanwege de dynamiek van de avalanche diende de 

stijgtijd van de pulsen korter dan 1 ns te zijn. Een differentiële 

pulstransformator, die geschikt is voor gepulste spanningen met een 

korte stijgtijd, wordt eveneens besproken. Het hoofdstuk eindigt met 

een schatting van de nauwkeurigheid waarmee de beweegbaarheid kan wor

den bepaald. 

In hoofdstuk V worden de resultaten die verkregen zijn uit Hall

effektexperimenten met pulsvormige elektrische velden, besproken. Bij 

de laagste velden komt de waarde van de beweegbaarheid goed overeen 

met de waarde die in het ohmse gebied bepaald is. In het avalanchege

bied, voor velden groter dan 2 x 104 V/m, is de spanning die in dwars

richting aan het preparaat gemeten wordt een funktie van de tijd. Dit 

kan begrepen worden vanuit een beeld waarin de dwarsspanning wordt ge

zien als de som van de Hallspanning en een "Demberspanning". Deze 

laatste ontstaat als gevolg van gradiënten in de elektronengatenver

deling in dwarsrichting. Uit de waarden van de beweegbaarheid afgeleid 

uit de Hallspanning, blijkt dat bij velden boven 1.5 x 104 V/m POP

botsingen domineren. Boven de avalanchedrempel is de invloed van ioni

zerende botsingen op de beweegbaarheid gering. Bij lagere elektrische 

velden neemt het belang van botsingen aan geladen onzuiverheden toe. 
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STELLrNGEN 

I 

De bewering van Staale en Tosima dat in eva~ençhe elektron-gatver

strooiing in n-typa InSb een belangrijke ~ol spee,t, is aan b~denking

eJ;J onderhevig 

M.C. Steele and S. Toaima, Jap. J. Appt. Pnye. ~ 381 (1963), 

II 

De in n-type Fbïe door Carver ~t al. waargenomen Hallspanningspulsen 

vertonen een afname met de tijd, De~e afname begint pas na een zeker 

tijdsverloop dat afneemt met toenemend elektrisch veld. Hun suggestie 

dat dit tijdsverloop de tijd weergeeft die de elektronen nodig hebben 

om een snelheid te bereiken waarbij bot~ingsionisatie kan optreden, is 

onjuist. 

G.P. Garver, B.B. Houston, J.R. Burke and D.K. Ferry, Solid State 

Corrmu.n. .§2_; JO 89 U9?6). 

III 

Do door Van Welzenis waargenomen oscillaties op de gemeten stroom door 

n-type InSb preparaten bij 77 ~ onder invloed van hoge elektri~che 

velden, zijn door hem ten onrechte met het tijdelijk Gunneffekt in ver

band gebracht. 

R.C. van Wûzenis, p:r>oefscht•i[t, Technische HogG:scnoo~ Eindhoven {19?2). 

IV 

De invloed van zijkontskten, aangebracht op het~geleiderpreparaten, op 

de resultaten van e~ektrische transportexperimenten wordt vaak onder

schat. 

V 

Het verdient aanbeveling om in leerboeken over vaste-stoffysica het 

Suh<effekt bij de beschrijving van het Halleffekt te betrekken. 



VI 

De grootte van de gemeten Hallfaktor kan indien geen gegevens over pre

paraat- en zijkontaktafmetingen vermeld zijn, aanleiding geven tot ver

keerde conclusies ten aanzien van de dominerende botsingsmechanismen. 

VII 

Op grond van de resultaten van Flokstra met betrekking tot de invloed 

van warmtegeleiding op de paramagnetische relaxatie, verdient het aan

beveling de eigenschappen van vaste-stofmasers die niet in direkt kon

takt staan met vloeibaar helium, nader te bestuderen. 

J. FZokstra, proefschrift, Technische Hogeschool Twente (1977). 

VIII 

Onder de aanname dat de ontwerpkosten per poort niet drastisch zullen 

dalen, kan men uit de gepubliceerde extrapolaties van de wereldproduk

tie van geïntegreerde circuits concluderen dat de betrokken industrie

ën een crisis tegemoet gaan. 

IX 

De aanwezig faciliteiten voor het stallen van rijwielen van bezoekers 

bij woningen staan in geen verhouding tot de van overheidsweg nage

streefde stimulering van het gebruik van dit vervoermiddel. 

x 
De trage wijze waarop het Wilhelmus doorgaans uitgevoerd wordt, is niet 

in overeenstemming met de alla breve maat waarin hêt oorspronkelijk ge

noteerd staat. 

Eindhoven, 14 november 1978 G.E. Alberga 


