
 

On 1/f noise in ohmic contacts

Citation for published version (APA):
Vandamme, L. K. J. (1976). On 1/f noise in ohmic contacts. [Phd Thesis 1 (Research TU/e / Graduation TU/e),
Electrical Engineering]. Technische Hogeschool Eindhoven. https://doi.org/10.6100/IR109248

DOI:
10.6100/IR109248

Document status and date:
Published: 01/01/1976

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.6100/IR109248
https://doi.org/10.6100/IR109248
https://research.tue.nl/en/publications/e18c624c-8274-4404-9a2c-44a98d6bda94


ON 1/f NOISE IN OHMIC CONTACTS 

L.K.J. V ANDAMME 



ON 1/f NOISE IN OHMIC CONTACTS 

PROEFSCHRIFT 

TEA VERKRIJGING VAN DE GRAAD VAN DOCTOR IN DE 
TECHNISCHE WETENSCHAPPEN AAN DE TECHNISCHE 
HOGESCHOOL EINDHOVEN, OP GEZAG VAN DE RECTOR 
MAGNIFICUS, PROF.DR.P. VAN DER LEEDEN, VOOR EEN 
COMMISSIE AANGEWEZEN DOOR HET COLLEGE VAN 
DEKANEN IN HET OPENBAAR TE VERDEDIGEN OP 

VRIJDAG 12 NOVEMBER 1976 TE 16.00 UUR 

DOOR 

LODEWIJK KAREL JOZEF VANDAMME 

GEBOREN TE DE PANNE (BELGIE) 

DRUK; WIBRO HElMOND 



DIT PROEFSCBRIFT IS GOEDGEKEURD 

DOOR DE PROMOTOREN 

prof.dr. F.N. Hooqe 

en 

prof.dr.ir. R.J. Van OVerstraeten 



aan Hilde 

aan Tine en Ewout 



VOORWOORD 

Bij het gereedkomen van dit proefschrift wil ik mijn dank betuiqen aan 

de. medewerkers van de vakgroep Elektrotechnische Materiaalkunde, in 

het bijzonder aan Dr. Th.G.M. Kleinpenning voor het kritisch door

lezen van het manuscript en aan Mej. J.H.W.M. van der Linden voor 

het verzorgde tikwerk. 

De bibliotheekmedewerkers, in het bijzonder Ir. I. v. B:rUza, ben ik 

erkentelijk voor het verstrekken van moeilijk toeqankelijke literatuur. 

Tenslotte wil ik mijn vrollW Hilde bedanken voor het verzorgen van de 

illustraties in dit proefschrift. 



TABLE OF CON'l'BNTS 

CHAPTER I 

CHAPTER II 

INTRODUCTION 

MEASURING SET-UP 

§ 2.1. The noise measuring set-up 

§ 2. 2. The mechanical measuring set-up 

References Chapter II 

7 

15 

21 

25 

CHAPTER III THE EMPIRICAL RELATION < (D.R/R) 2> a.D.f/Nf 

CHAPTER IV 

CHAPTER V 

3.1. Introduction 

3.2. Validity conditions for the empirical 
relation 

26 

27 

§ 3.3. Experimental results 34 

* § 3.4. 1/f Noise in homogeneous single crystals 37 
O·f III-V compounds 

References Chapter III 

SINGLE SPOT CONSTRICTION DOMINATED CONTACTS 

§ 4.1. Introduction 

* § 4.2. On the calculation of 1/f noise of 
contacts 

39 

42 

44 

* § 4.3. 1/f Noise and constriction resistance of 52 

* 

* 

elongated contact spots 

§ 4.4. Temperature rise in electric contacts 57 

. References Chapter IV 59 

MULTISPOT CONTACTS 

§ 5.1. Introduction and definition of simple 
multispot contacts 

5.2. 1/f Noise measurements for characterizing 
multispot low-ohmic contacts 

§ 5.3. Charaaterization of impulse-fritting 
procedures of contacts by measuring 
1/f noise 

§ 5.4. Discussion about multispot contacts 

§ 5.5. Metal point contacts 

References Chapter V 

60 

63 

71 

76 

94 

101 

* publication 



CHAPTER VI 

* 

CONTACTS AFFECTED BY UNIFORM FILMS 

§ 6.1. Introduction 

6.2. 1/f Noise of point contacts affected 
by uniform films 

103 

105 

* § 6.3. 1/f Noise of InSb point contacts at 
77 K and 300 K 

112 

§ 6.4. Discussion of the film model and 
experimental method 

117 

§ 6.6. Pressure effects on the bulk properties 123 

§ 6.6. Complications owing to possible band 129 
bending 

References Chapter VI 131 

CHAPTER VII CONCLUSIONS 132 

SUMMARY 

SAMENVATTING 

LEVENSBERICBT 

* publication 

134 

136 

138 



CHAPTER I INTRODUCTION 

Point contacts are notorious for their 1/f noise. To facilitate 

investigations of point contacts, crossed rod contacts, among others 

are used. A crossed rod contact is represented in figure 1. 

V+ 6V 

Figur-e 1: The aPoeaed rod aontact 

A constant current is passed from one rod to the other through a 

contact area with radius a. OWing to conductivity fluctuations in the 

rods, the voltage across the rods fluctuates. By changing the contact 

force F, the spot radius a is changed and in this way the contact 

resistance R and the contact noise chanqe. This current noise is in 

excess of the thermal noise (Johnson, Nyquist). In general, the 

spectral noise density of this current noise has a frequency 

dependence of approximately 1/f. The 1/f noise is a general phenomenon 

and spectral density .estimates were obtained down to 10-7 Hz. [11. As 

early as 1925, the origin of .1/f noise is open to speculations [2]. 

The emphasis in this thesis will be on the complications that occur in 

contacts owing to many conducting spots in parallel and to uniform 

films. Models are developed, which are checked experimentally. In 

addition,exact calculations are presented for noise in channel-like 

constrictions and simplified calculations are carried out for the 

noise and the resistance of elongated contact area. From the present 

work it will be seen that the measurement of the contact noise can 

provid.e a characterization of the contact. It is even possible from 

contact resistance and noise measurements, to calculate contact 

details. 
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Reviews of iiterature concerning noise and 1/f noise in particular can 

be found in ref. [3-7]. Literature concerning contact physics are to 

be found in the completest bibliography on electrical contacts 

presented in a collection of supplements [8] and more recently in 

ref. [9]. In spite of the exhaustive series of papers, books and 

conference reports on noise [10-12] and on contacts [13-15], 

relatively little was done on 1/f noise in contacts. 

Theunissen [16] presented experimentlly obtained noise results of 

metal contacts. At that time there was no theoretical support for the 

interpretation of the experimental results. Bell [17] presented a 

contact noise calculation from which it follows that the spectral 

noise density S is proportional to R5 when he changes the spot radius 
V 

a. Hooge [18] presented an empirical relation for the 1/f noise in 

homogeneous samples subjected to uniform fields: 

( 1.1} 

where <(8R/R) 2
> represents the relative resistance fluctuations 

measured through band-pass filter with central frequency f and band

width 8f. The total number of mobile charge carriers in the sample 

is given by Nand a is a dimensionless constant of about 2x10-3• 

Hooge [19] adapted the contact noise calculation used by Bell. Good 

agreement was obtained between experimentally obtained noise of metal 

point contacts and model [20]. 

To define some terminology, the calculations for contact noise and 

resistance are repeated here. Assume a circular contact area with 

radius a, and simplified equipotentials as given in figure 2. The 

electric field is radially· and symmetrically distributed. The 

equipotentials are hemispheres concentric to the sphere with radius a. 

Figure 2: Simpl,e aontact mode~ 
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Applying the empirical relation . ( 1. 1) to a shell between two 

equipotentials leads to equation (1.3). The resistance and noise 

relations are given in the two columns below. 

Shell resistance 

(1. 2) 

Contact resistance of a half ----------------------------
constriction 

(1. 4) 

£~~~!£~-=!~~!~~:!-~!-!-~~~~:!~ 
constriction 

R = _£_ 
1Ta 

(1.6) 

~~£~!!_~~~~~-~~!~~X-~!-~~! 
shell resistance 

2 r a 
sr = -=-=-

n21Tidxf 

Contact noise of a half -----------------------
constriction 

s = 
R 

"" 
ap dx I 

2 

2 3 
a nf (21!X ) 

2 ap 

£~~£~-~~~!~-~!_!_!~~=!= 

=~!~!£:!:!2~ 

(1.3) 

(1.5) 

(1. 7) 

The relation which in this thesis will be called the simple relation 

is given by equation (1.7). The term single contact is used for 

contacts with. one conducting area, this in contrast to multispot 

contacts where the contact is formed by many conducting areas in 

parallel. Single contacts are denoted by simple contacts in 

Chapter IV to emphasize the contrast to the more exact contact models 

and calculations presented there. For a single contact it follows from 

the simple relation that the so-called 1/f noise intensity c (see 

relation (1.7)) is proportional to &3, which is equivalent to SR ~ R5• 

One experimentally found c vs R plot of P-type Si crossed rod contacts 

is presented in figure 3. 

The line IV corresponds well with the exact noise calculation in 

Chapter IV. The exact calculation of R leads to p/2a instead of p/1Ta 

in equation (1.6). If the contact resistance of a single contact is 

only due to a constriction resistance (resistance de passage, Enge

Widerstand) the point contact noise measurement is a check on the· 
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empirical 1/f noise relation (1.1). 

10j1 ~-L---L--~-L~-L~~-L--~~~-L---L~ 
10

2 
10

3 
10

4 
10

6 

CONTACT RESISTANCE 

Figure 3: Cu:r>Ve IV represents e:cpei'imental C vs R results for Si 
arossed rod aontaats. The line haa been aalaulated for 
p = 2 Qam and n = 1o15;ams. MuZtispot aontaats give plots 
like the one labe Ued V. They are treated in Chapter V. 
Fitm dominated aontaats give plots like VI~ they are treated 
in Chapter VI. 

The thesis is organized as follows: 

In Chapter II are presented the mechanical and electrical measuring 

set-ups. 
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In Chapter III the validity conditions of the empirical 1/f noise 

relation ( 1. 1) are discussed, Some experimental results for single 

crystals of InSb GaAs Gasb and GaP and for tungsten and manganin 

are described. 

Chapter IV contains an exact calculation method for 1/f noise in 

contacts. The calculation is based on the approach given by 

Butterweck and on the experimental 1/f noise relation (1.1). The 

results of the e£act calculation method applied to channel-like 

constrictions are compared with the simple relation, The calculation 

method is also applied to contacts with an elongated contact area. 

In Chapter V multispot contacts are studied. A picture of the samples 

used is given in figure 4. The.circular contacts on GaAs all have 

different diameters but the same patchiness under the apparent 

homogeneous contacts. In addition, poor metal-semiconductor contacts 

are treated using impulse-fritting, which changes the contact 

resistance and noise while the apparent contact area is constant. The 

fritting procedure is analyzed from measurements of noise and contact 

resistance. Furthermore, metal crossed rod contacts at high contact 

force are investigated. Some attention is paid to the related problem 

in mechanics of real (true) contact area. 

Figure 4: MetaZ-semiaonductor aontaats 'UJith different radii used in 
Chapter v. 

In Chapter VI crossed rod contacts covered with films are investigated, 

The mechanical measuring set-up plays an important part in these 

experiments. The investigated materials are Ge, Si, InSb and GaAs. 
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The results of the GaAs are omitted because of the non-linear current

voltage characteristics. 

Chapter VII gives the conclusions from experimental results and 

calculations. 

The aim of the present work presented was, first, to clarify the 

complications that occur in the C vs R plots and, secondly, to find 

further experimental evidence for the empirical relation (1.1). 

The two publications of Chapter V have a co-author. The sample 

preparation is described in the publication presented in § 5.2. The 

samplecwas prepared by R.P. Tyburg and eo-workers of the Philips 

Research Laboratories. The noise was measured and the model was 

developed and calculated by the author. The publication presented in 

§ 5.3 contains a part of the "afstudeerwerk" (graduation work) of 

Ir. L.H.F. Ortmans, which was carried out under the guidance of the 

author. 
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CHAPTER II MEASURING SET-UP 

§ 2.1. The noise measul'ing set-up 

The block diagram of the electrical measuring set-up is given in 

figure 1. Monitor 

r--R--------, 
I V I 
I I 
I ~T--r~ 

I 
I I 

~------------1 

ac Voltmeter 

Figure 1: Diag:Pam of the noise meas'U'l'ing set-up. 

A constant current I is passed through the sample R. This current is 

derived from a fresh battery or cell in series with a quality 

resistor Rv. A low noise a.c. pre-amplifier is connected to the 

sample. The amplified noise is then passed through a set of nine 

band-pass filters with the input terminals in parallel, The fixed 

central frequencies f
0 

range from 10 Bz to 100 kHz. The output 

signals to the input of an amplifier can be selected, Such an 

arrangement can be called a semi real-time spectrum analyser. The 

band-pass filters are 6th order Butterworth filters (3 sections) ,some 

with f:.f/f equal to 10% and others with f:.f/f equal to 100%, where Af 
0 0 

is the 3 dB bandwidth of the filter. The filters with central 

frequencies of 316 Hz and higher are passive filters, the others with 

lower f are active ones. 
0 

The filtered and amplified noise is passed through a squaring module. 

The squared signal is then passed through a low-pass filter giving a 

running-time average of the squared and filtered noise. A digital 

voltmeter and a recorder are used for displaying the signal. 

The dotted line in figure 1 represents the shielding case. Grounding 

and shielding practice are treated by Morrison [1]. 

The channel y1 of the oscilloscope is used as a noise monitor. In this 
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way hum, burst noise, low frequency oscillations and clipping of the 

pre-amplifier can easily be detected. The second channel y2 is used 

as monitor for the filtered and amplified noise. 

The two-channel a.c. voltmeter is used as time saver for a quick 1/f 

spectrum check. Two band-pass filters with the same relative bandwidth 

~f/f give the same r.m.s. voltage if a pure 1/f spectrum is passed 
0 

through the filters with the input terminals in parallel. 

Electronic current sources were not used. A low resistance R requires 

high currents, and batteries were used in series with a load resistor 

Rv. For the other samples lower currents from dry cells were used. 

Noise characteristics of batteries and dry cells can be found in refs. 

[2] and [3] By using wire-wound, metal-film or carbon-film resistors 

for Rv a constant current is established. Solid carbon composition 

resistors were avoided because of their appreciable 1/f noise. By 

replacing the sample by a wire-wound resistor of the same resistance, 

it can be checked whether the current is noiseless. 

One can advantageously use a four-terminal configuration of a bridge

shaped sample, which form is given in figure 2c in the next chapter 

(§ 3.3b). We assume no current constriction under the noise-sensing 

electrodes and hence no additional noise under these electrodes. The 

sample resistance R and the series resistance Rv must be taken much 

smaller than the input resistance Ri of the amplifier. Furthermore, no 

correlation between the spurious contact noise and sample noise is 

assumed. Then it follows from a simple analysis (first carried out 

by Brophy [4]) that the squared and averaged noise at the input of 

the pre-amplifier <(~v ) 2> as a function of the sample noise I 2 <(~R) 2 > 
a 2 

and the spurious contact noise <(~vc) > at the current carrying 

electrodes is 

;r2<(~R)2> 

(1+R/R ) 2 
V 

(2.1) 

An appreciable amount of spurious contact noise can be suppressed if 

R > SOR. 
V 

If the sample resistance is of the same order of magnitude as the 

-16-



input resistance Ri of the pre-amplifier, then a constant voltage 

over the sample can be used instead of a constant current through the 

sample. Then Rv and R in figure 1 are interchanged while now 50Rv < R. 

The fluctuating voltage across Rv is measured. If the sample 

resistance is at least 50 times as great as the small resistor R then 
2 2 2 2 V 

the fluctuating voltage measured <(61) >Rv equals I <(AR) > and hence 

the relative voltage fluctuation across the small series resistance 
2 2 <(AV/V) > is equal to <(AR/R) >. 

For low-resistance samples (R < 3000) a pre~amplifier with an input 

resistance of 10 kO is used. Samples with a resistance greater than 

3000 are measured with a low-noise Brookdeal amplifier (model 453). 

The former pre-amplifier has a 3 dB bandwidth ranging from 1 Hz to 

100 kHz and an equivalent input noise resistance Re of 30Q above 1 kHz. 

The latter has a 3 dB bandwidth ranging from 1 Hz to 1 MHz and an 

equivalent input resistance of 1 kQ above 300 Hz. The first stage of 

the pre-amplifier with Re equal to 300 is made up of eight selected 

input transistors in parallel (PNP type BC 214). Transistors in 

parallel reduce the noise because the noise power from each transistor 

will add, whereas the signals will add linearly. 

The systematic deviations (instrument errors) in the measured spectra 

due to the finite bandwidth of the band-pass filter can easily be 

estimated. Let us assume that the smooth spectrum has the form 

S (f) = Af-h 
V 

(2. 2) 

where h is independent of the frequency. This spectrum is then 

measured by a sharp band-pass filter with infinite attenuation outside 

the band-pass frequency, The central frequency, the low and the high 

cut-off frequencies are f , fL = f !IS and fh = f fi respectively, 
0 2 0 0 

where s > 1. Hence, we obtain f 
0 

= fL fh and fh = s fL and 

{fh-fL)/f
0 

= Af/f
0 

= {s-1)//S. Fors= 2 w~ have a so-called octave 

band-pass filter with a relative bandwidth Af/f
0 

of 70.7%. The 

frequently used 1/3 octave band-pass filter has Af/f = 70.7/3 = 23.6% . 0 

and s is about 1.125. The observed value ~v of the spectrum given in 

equation (2.2) for h = 1 is then 

-17-



fiB 
0 

lns 
{2. 3) 

From equation (2. 3) we see that 1/3 octave band-pass filters and 

:~~::r: ;~:: :::l~:=~e~a~i~~G~~~~:~::ls~~£~~1; ::(;~~1::d~::n for 

Sv (fo) • 

The observed value of a spectrum with h Y,. 1 using such a filter with 

Af -F 0 is then 

"' s (f ) 
V 0 

s (f ) 
V 0 2p(/S-tj/S) 

"' where p = (1-h)/2. From equation (2.4) it follows that Sv 

h = 0 (white noise) and for h = 2. 

{2.4} 

S for 
V 

Since the averaging is done in a finite time interval T, spectrum 

measurements have some statistical error (estimation error). Not only 

the observation time of the random signal but also the analyser 

bandwidth must be considered in predicting the accuracy that may be 

obtained in the measurement of a random signal. Bendat and l?iersol 

[5] showed that the statistical error in the spectrum is about 

inversely proportional to /t;;f.T for bf.T>.S. 

Closely related to error problems is the question of the sufficient 

value of the signal-to-noise ratio or the detection level. The 

background noise Svb consists of pre-amplifier noise and Johnson noise 

of the sample. By the term "signal" we denote here the spectrum Sv of 

the sample. The s~svb ratio is of special importance to metal samples 

and can lead to difficulties [6], [7], [8]. The 1/f noise can exceed 

the background noise only above a certain minimum power dissipated in 

the sample. However, the dissipated power cannot exceed a maximum 

value owing to the always existing thermal resistance from the heated 

sample to the ambience. The thermal resistance is the ratio of the 

temperature rise 6T of the sample above ambient temperature to the 

dissipated power in the sample. The pre-amplifier noise is often 

-18-



expressed in its equivalent noise resistance Re, which is inversely 

proportional to f below 100 Hz for good quality pre-amplifiers. Then 

the equivalent resistance above 100 Hz is constant and equals R
0

• The 

noise at the output of an amplifier with short-circuited input is 

represented by the Johnson noise of a resistance with value Re, which 

is amplified by the amplifier assumed to be noiseless. Assuming the 

sample R to be at 300 K, then the background noise Svb is represented 

by 

(2. 5) 

where k is Boltzmann's constant and T = 300 K. Using the empirical 

relation forS (1.1) the ratio F = (S +S ~)/Svb for homogeneous 
V n V ~ 

samples, with R<Ri can then be written as 

2 
1 + C4J p 

4kT{1+R /R)f n 
e o 

(2.6) 

where J is the current density in the sample, p the resistivity, and 

n the carrier concentration. 
2 is represented by J p. 

-3 The dissipated power density Pd(W cm ) 

8 -3 
For Al films in ref. [9] Pdmax was about 10 W cm and allowing a ~T 

0 6 -3 of 10 C, P dmax is only 3x10 W cm • A greater power density than 

108 W cm-3 can cause excessively high ~T values and hence burning out 

of the sample. Note that P dmax is not a constant. Metals can have 

higher Pdmax values than semiconductors have. Thin samples with 

relatively large surfaces on a substrate with good heat conducting 

properties are favourable to obtain low thermal resistance values. The 

heating is also proportional to the dissipated power per surface area 

for thin samples, and J 2
p in equation (2.6) is then replaced by 

-2 P 
0 

(W cm ) /t with t the sample thickness. 

For Au films Hooge and Hoppenbrouwers [10] used about Pd = 108 W cm-3 

and P = 300 w cm-2• 
0 

In figure 2 the ratio Fn-1 = s~svb is plotted versus frequency for 

several R /R ratios.If R is greater than R, the signal-to-noise ratio 
e e 

starts to level off at frequencies lower than the frequency at which 

Re becomes inversely proportional to f. At increasing frequencies, 

Fn-1 decreases following equation (2.6). 
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D 
> 

"' 

10 

-!lf"l!!=;;;=--~ 
11 

I 

.... "' 

FREQUENCY f0 (Hzl 

Figure 2: Some examples of the ratios of 1/f noise to baakground noise 
versus the oentral frequenay fo· The ourves are aalaulated 
forT 300 K, J2p = Pd = 100 W am-3, n = 1.2x1o16jam3 and 
Re Ro(1+f1/f0 ) where f1 is the frequenay at whiah the 1/f 
noise of the pre-amplifier equals its white noise. 

R /R 
0 f1(Hz) 

aurve 1 .0.01 from 10 to 100 
aurve 2 0.1 100 
curve 3 1 100 
curve 4 1 1000 
aurve 5 10 100 

Large signal-to-noise ratios can be obtained with semiconductor 

samples in uniform fields with n<1016!cm3 and R < R. e 
Measuring at much lower frequencies than f 1/(1+R/R

0
) does not lead to 

appreciably better signal-to-noise ratios. 

Measuring below room temperature on samples where Re > R, is 

advantageous, especially if n decreases with decreasing temperature. 

If a temperature decrease causes only increasing mobility,one does not 

succeed in increasing Fn. 
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The first criterion of a sufficient signal-to-noise ratio is that the 

pre-amplifier noise must be lower than the Johnson noise of the sample. 

Hence, low resistivity materials must be used in the form of long 

thin samples. 

The second criterion which must be fulfilled is a rule of thumb [11] 

by which the problems occurring with Pdmax are summarized. Homogeneous 

metal samples subjected to uniform fields must have a total number of 
13 mobile charge carriers which is lower than 10 • c must be greater 

than 2xlo-16• 

The best way to get rid of the problem of low signal-to-noise ratios 

is the point contact arrangement. Using the contact noise relation 

{1,7), a similar equation as given in {2.6) can be derived. Higher 

Fn values can be obtained for contacts owing to the small effective 

volume (number of charge carriers) and the higher values of allowable 

power densities Pdmax. 

Related to the problem of background noise is the accuracy obtained 

after subtraction of background noise from the noise when current is 

flowing through the sample.Subtracting svb from Sv+Svb leads to great 

relative errors in Sv when the two signals are of the same order of 

magnitude. A simple analysis shows that 

(2.7) 

where ~S/S is the relative error in the measured spectrum due to 

finite averaging intervals, and AS~Sv is the relative error after 

subtracting background noise. For Fn ~ 2 and AS/S a 10% the relative 

error is 30%, and for F n = 1. 2 subtraction of background noise 

becomes doubtful. 

§ 2. 2. The mechanical measunng eet-up * 

The importance of eliminating vibration during the measurements of 

resistance R versus force F on point contacts cannot be overemphasized 

especially in the case of film dominated contacts.The surface film 

* The author thanks Mr. H. Treur, Mr. J.A.F. Bongers and Mr. C.J.A. 

Martens of the workshop of the Department of Electrical Engineering 

for realising the mechanical measuring set-ups. 
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can prevent the formation of a constriction dominated contact between 

rods which are pressed together. Such surface films are easily 

punched by shearing forces. This irreversible damage is treated in 

§ 5.5e. Reproducible results on film dominated contacts with an 

acceptable scattering are Obtained when punching of the film is 

avoided. The mechanical measuring set-ups were mounted on a simple 

anti-vibration table with a characteristic frequency of about 5 Hz. 

This frequency was calculated from an observed static deformation of 

8 mm of the rubber supports. 

A commercially available chemical balance was modified for measuring 

the contact resistance versus contact force. Figure 3 shows a diagram 

of the balance. The loudspeaker coil L was suspended from one arm of 

the balance. The round magnet M of "ferroxdure" was adjusted for 

alignment with the movable coil L 1 the diameter of which was 25 mm. 

The force on the balance arm was exerted by a d.c. current I through 

the coil. This force was proportional to I.B.~ were B is the flux 

density of about 0.9 Tesla and~ the wire length of the coil (2.7 m}. 
-5 The range of forces was from 6x10 N to 6 N and the range of currents 

needed was about 20 \lA to 2 A. The longterm capacity of the balance 

was 1 N. 

Figur>e 3: Diagram of modified beam balanoe, 

The current passing through the coil was regulated very smootly by 

using a d,c. power supply in series with a diode which acted as a 

variable series regulator for the current. The cylinder A which was 
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one of the contact members was placed at the end of one arm. The 

cylinder B could be adjusted in the vertical direction in order to 

have a horizontal position of the balance arm for different diameters 

of rods. 

A calibration curve was obtained by measuring the weight which had to 

be added to the rod A to break the contact between the rods A and B 

at various coil currents. The balance housing shielded off air streams. 

To reduce spurious moments, the wires of the coil and of the sample 

left the balance at the fulcrum. The minimum variation in force 
-5 observed in a reproducible way (6x10 N) depends on the torsion 

constant of the beam fulcrum and copper wires of coil L and of 

cylinder A. 

A kinematical design was used in the range of great forces on the 

contact. The measuring set-up admits of measurements of contact 

resistance versus force' and of noise versus resistance at 300 K and 

at 77 K. According to the principle of kinematical design, a plate 

must have at least (6-n) points. in contact with a reference body if it 

is to have only n degrees of freedom relative to the reference body 

[ 12]. 

Figure 4 illustrates a kinematical design with zero degrees of 

freedom, The movable plate and the reference body both carry a rod, 

which is an electric contact member. The reference body carries two 

spherical balls. The movable plate carries a steel V-groove and a 

steel trihedal cavity on its surface. The movable plate is pulled 

against the reference body. One sphere rests in the cavity, the other 

sphere rests in the groove. Before the rods touch each other there are 

5 points of contact between the movable plate and the reference body. 

There are three contacts in the trihedral cavity and two in the 

V-groove.The plate constrained by five points ha~ one degree of freedom, 

which is a rotation about the axis passing through the centres of the 

constained balls. The position of the plate is finally completely 

determined when the crossed rods touch. Making this sixth point contact 

results in zero degrees of freedom. The sixth point contact is also 

the electrical point contact under investigation. So the rods touch 

without sliding after the electric contact is made. External shearing 

forces cannot affect the electric point contact unless by deformations 

of the steel spheres in the V-groove and trihedral cavity. 

The force by which the plate is pulled against the reference body can be 
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determined by strain measurements. The force is adjusted by turning a 

wheel of a gearbox. The rotation of the output shaft of the gearbox is 

converted into a small translation using a nut-and-bolt. This 

translation pulls the plate against the reference body. 

The reference body and the plate are put into a Dewar flask for 

measuring point contacts at liquid nitrogen temperature. 

The results obtaiaed with this measuring set-up are discussed in 

§ 6.2 and§ 6,3. 

trihedral 
ea vi ty 

movable 
plate 

Figure 4: Diagram iHustrating the kinematiaaZ. 
deaign prinaipZ.e. 
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CHAPTER III THE EMPIRICAL RELATION < {AR/R) 
2

> aAf/Nf 

§ 3.1. Introduction 

For homogeneous materials subjected tc;> uniform fields Bell [ 1 J tried 

to find a relation between 1/f noise and 1/N where N is the total" 

number of charge carriers in the sample. He did not succeed, however, 

since the data available at that time (1955) were few in number and 

unreliable. In 1969, Hooge [2] collected all the published data on 

well-defined homogeneous samples. The survey made of them suggested 

that for those samples it was possible to express the noise by an 

empirical relation (see also (1.1) page 8) 

((p.R)
2
) = <(AG)\ = CM_=!:! Af =~M_ 

\ R G f N f R.2 f 
(3. 1) 

where G and R are the conductance and resistance resp~ctively, c the 

1/f noise intensity, which is the relative.spectrum density at 1 Hz 

and a a dimensionless constant of about 2x1o-3 for all investigated 

metals and semiconductors.· The mobility of the charge carriers is 

\l, the distance between electrodes is 11, and -q is the charge o;f an 

electron. Experiments on gold [3] and epitaxial silicon [4] 

demonstrated that metals and semiconductors have the same 1/f noise 

intensity c for the same number of charge carriers.The validity of 

the empirical relation has been disputed for some materials but our 

measurements presented in § 3.3 and§ 3.4 show that relation (3.1) 

holds also for these materials. Most of Bilger's results from ion

implanted layers in Si can be interpreted by this relation by 

assuming realistic mobilities [5,.6]. In order to compare experimental 

results of other investigators with the empirical relation, the variant 

variant given in (3.1) is convenient. Several investigators only give 

the sample resistance R and its length 11, or the applied electric field 

E or the applied current I corresponding to a measured spectral power 

density of the fluctuating voltage sv. Therefore, other formulations 

of the empirical relation are helpful. From relation (1.1) and (3,1) 

it follows that the 1/f noise intensity c and Sv can be written as 

2 c = aqpR/R. 
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(3. 3) 

If relation (3.1), and hence (3.2) and (3.3),are applicable then the 

1/f noise is a bulk effect. No physical interpretation has been 

proposed so far for the whole empirical relation and the material 

independent a in particular. 

On the other hand, there is a school of though which believes in the 

surface origin of 1/f noise [7], [8], [9]. In MOST's a close relation 

between 1/f noise and measured surface state concentration has been 

established experimentally [10], [11], [12]. The improved model for 

1/f noise in MOST's .developed in ref. [11] predicts that the 1/f 

noise power is directly proportional to the density of surface states 

and inversely to the channel area. This inverse proportionality is 

also in agreement with the other school which believes that 1/f noise 

is a bulk effect. But the proportionality to the density of surface 

states seems clearly to illustrate that 1/f noise is a surface effect 

in such a device. 

Some validity conditions for the experimental relation are treated in 

§ 3.2. 

In point contacts the fields are non-uniform, which means that the 

simple application of the empirical relation is not all~ed. But its 

application on a micro-scale to homogeneous volume elements (see 

chapter IV) leads to results which are in agreement with experiments. 

In this way the empirical relation is used throughout this thesis. 

Therefore we must make sure by further experimental evidence that we 

can rely on the empirical relation ( § 3. 3 and § 3. 4) • 

§ 3. 2. VaUdity conditions for the empiriaal :r>elation 

The validity conditions for the empirical relation can be summarized 

as follows: 

The measured spectrum Sv equals o.V2/Nf if a constant current is 

passed through 

a) a homogeneous semiconductor or metal sample; 
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b) without current constrictions; 

c) the sample being provided with large low-noise contacts1 

d) while the conduction is determined by the majority of charge 

carriers. 

Some experimental results mostly obtained by other investigators will 

be presented here in which one or more of the validity conditions 

are not fulfilled and the empirical relation is not in agreement 

with experiments. Such results are apparent arguments against the 

empirical relation, The application of the empirical relation on 

small subvolumes in the next chapters will always imply that the 

validity conditions are fulfilled. Structures with non-uniform fields 

are devided into small subvolumes where the local fields are assumed 

to be uniform, making the empirical relation applicable. 

a. Homogeneous s!!Ples 

The calculated a from our experiments on polycrystalline InSb is 
-3 almost seven decades as great as 2x10 • 

The calculated value a v from the noise measurements on carbon sheet 

resistors is about 1.6x10
6 cm2/Vs, which is too high. 

0 
Very thin evaporated metal films (about 100 A) often show island 

structures. The calculated a values from noise data in ref. [13] on 

such gold samples are sometimes 1 to 5 decades too great. The 

deviations are due to the inhomogeneities on a microscopic scale. The 

thin contacts in such a granular structure cause local increases in 

the electric field, and on a microscopic scale the field in non

uniform. Such thin grain contacts lead to a mesh network of point 

contacts. 

In granular structures the experimentally obtained Sv can be 

proportional to R3 as in equation (3,3), Williams et al. [14] suggest 
4 an R dependence of Sv keeping I = 0.5 mA and ~ constant for all 

experiments. However, an R3 dependence is also possible owing to the 

scattering of their experimental values. An a = 2x1o-3 is calculated 

if the following conditions are fulfilled. Sv is assumed to be 

proportional to I 2• The mobility of charge carriers in Pt is chosen 
2 16 cm /Vs [15], The sample length is assumed to be 3.6 mm. 

From data given in figure 5 of reference [16] it follows that S tt R3 
V 
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for the thickest samples having th'e lowest R values. For more 

discontinuous films where pfilm deviates strongly from the bulk 

resistivity, S ~ R5 , which means that the simple interpretation of 
V 

such results in terms of the empirical relation is impossible. 

These examples are, however, no arguments against the empirical 

relation because the samples are non-homogeneous. 

bo Without current constrictions 

This condition is related to the one treated above. There it was shown 

that apparently homogeneous samples can have an aggregate structure of 

islands joined by narrow necks, so that part of the conduction follows 

a meandering path through metal islands and linking branches. 

The results of our experiments on an InSb sa~ple glued on to a glass 

substrate which showed cracks owing to a temperature shock, showed 

a slight increase in resistance and decades more noise as compared 

with the pre-shock situation. 

A simulation of current constriction was made on a rectangular carbon 

paper resistor. The noise and the resistance were measured as a 

function of the length of a straight-in trim cut. Such a trim cut on 

the current lines can increase the resistance by 5% but the noise by 

more than 30%, and this becomes worse for greater changes in 

resistance. 

If the samples are homogeneous, current constrictions can be caused 

by the boundaries of the sample. The electrode boundaries and the 

insulating plane boundary must cause a homogeneous field in order 

to permit the application of the empirical relation. In figure 2a 

this is not the case. If a metal electrode has a small projection, 

and the sample contacted with such an electrode has a greater 

resistivity than the electrode material, then patch fields occur at 

the projection, and hence more relative noise must be expected. We 

observed this effect at a carbon sheet resistor simulation. The 

relative noise measured between straight electrodes can be a factor 

2 lower than that measured after the painting of a small projection 

on the line shaped electrode. 

When a constant current is passed through two line electrodes and the 

noise is measured between two large inner electrodes then current 
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orowdinq may ocour under these metallic electrodes which results in 

more noise. 

A four-terminal confiquration carried out in a bridge-shaped sample 

as qiven in fiqure 2c can avoid this problem. Even the cruciform 

sample used in [17] is questionable on this point. Such a sample 

shows some resemblance with fiqure 2b. 

b 

Figure 2: a. Fo~e~eatrodB arrangement whiah ~eads to aurrent 
rJonstriationa. 

b. Siz-eleatrodB arrangement leading to current 
aonatnationa at the innel:' e~eatrodBs. 

rJ. Bridgeshaped samp~e leading to a unifom fie~d in the 
samp~e. 

2 c. Low-noise ohmic contacts with low specific resistivity pc(ncm ) 

The specific contact resistivity p 1ncm2) is the contact resistance of 
c 

a unit area of 1 cm2 not countinq the contstriction resistance. If 

metal-semiconductor contacts are film dominated pc will be rather 

high and the noise of the sample vanishes in its contact noise. 

By using an impulse-fritting mechanism the contacts can be made multi

spot leading to current constrictions under the contact. The noise and 

the contact resistance become lower but if one were to calculate an 

a value for such samples, this value would have nothinq to do with 

the real a. Frittinq procedures and multispot contact problems are 

treated in chapter V. 
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d. P-type majority carriers and N-type conduction 

Kleinpenning [18] investigated 1/f noise in thermo voltage and 

concluded that the fluctuations in the conductivity are due to 

fluctuations in the mobility, while the concentrations n and p do not 

fluctuate. The fluctuations of mobilities of electrons and holes are 

uncorrelated in space and energy. Under these conditions the 

fluctuations of the total conductance are the sum of the fluctuations 

of the conductions in 'the conduction band and in the valence band. 

In the case of P-type InSb with, for example, p = 10 ni where ni is 

the intrinsic charge carrier concentration, we must apply the 

empirical relation to the valence band and the conduction band 

separately.Expressing the noise as usual in a relative way,we obtain 

the following equation for C being the relative intensity of the np 
1/f noise caused by fluctuations in on and op, 

(3.4) 

and where C = a/pV which is the noise intensity calculated for the 
p 0 

majority concentration holes only. Here o and a are the conductivity 
n P 

of the conduction and the valence band respectively, and n and p are 

the free carrier concentrations, and V
0 

the volume of the sample. 

For intrinsic material with n
1 

= pi and a mobility ratio of 

a /a z100 we can use the single band expression following relation 
n P 

(3.1). For intrinsic material with a mobility ratio equal to 1 we 

must take the total concentration of 2ni to calculate N in relation 

(3.1). For a sample with a p majority concentration, with p/n = 10r 

while o fa s 0.1, the noise intensity c = c x1or. From equation p n np p 
(3.4) we see that c is inversely proportional to the total number of 

charge carriers which dominate the conductivity. In figure 3, C /C np p 
is plotted versus a /a for various p/n ratios. 

p n 
Such effects have been observed in MnO [19] • 

. e, Experimental resuJ.ts obtained on an MOS transistor 

An example where the application of the empirical relation outside 

its region of validity conditions leads to erroneous results is the 

MOST.our experiments demonstrate this. 

-31-



c. 
u 

.............. 
c. 
c: 

u 

2 
102 r-----_:_p/ n :10 

10 

apj 00 

Figu:t'6 3: The aalaulated ratio of the noise produced by electrons 
and holes to the noise aalaulated for holes only as a 
funotion of olcrn. 

A MOST* was biased in the ohmic region as is shown in figure 4 and 

the 1/f noise was measured in order to investigate if the results 

could be interpreted by the empirical relation. The gate voltage and 

the drain current were kept constant • From equation (3.2) we see 

that for samples with the same length, c is proportional to Cl).IR. 

Knowing and measuring C and R, we calculate an a11 eff value from 

the noise using equation (3.2). Assuming Cl= 2x10~3 we can compare 

).leff with an acceptable value for the mobility in the
2
bulk. Our 

MOST experiments resulted in an sv proportional to I and the noise 

precisely 1/f. By applying different gate-source voltages V the 
gs 

resistance R ds = V ds/I ds changed from 1. 1 kn to 4 kn. There is an 

ohmic behaviour for Rds as can be seen in figure 4. The drain source 

current Ids'the drain source voltage Vds and the gate source voltage 

* The author is indebted to Professor R.J. Van Overstraeten and 

Ir G. Broux of the Laboratorium, Fysica en Electronica van de Half

qeleiders, Universiteit Leuven, Belgie,for supplying the sample. 
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V range from 50 ).!A to 1000 pA, from 200 'tliV to 1 V and from -2.522 V 
qs 

to -9.478 V respectively. The measured 1/f noise intensity c was 
3 

proportional to Rds while relation (3.2) sugg-ests C .. R fpr homogeneous 

samples with apeff and £ constant. The channel length i of the 

p-channel MOST was 15 JJm and the channel width !.1 was 2 mm. 

160 
<( 

3- 120 
Ill ., 

80 

40 

100 200 300 400 500 
vds( mv) 

Figure 4: The sol-id Unes. pPesent:f;he Pegion of Ids vs Vas of the 
MOST on uihiah noise measu:Pements wePe aamed out. The 
gate sou:rae voltage foP aul"Ve 1 to c wePe -2.5 v .. -3 v .. 
-3.5 v,. -4 V and -5 v .. Pespeativety. 

3 
The proportionality c ~ Rds indicates that the interpretation of the 

experimental results must be complicated. Using equation {3.2) the 
-3 -4 2 

calculated tliJeff values are SxlO and 3X10 cm /Vs for Rds equal 

to 4 kQ and 1.1 kQ respectively. In both cases these tliJeff values 

suggest either too low a values or too low mobility values in the 
-3 

channel. Even for Rds = 4 kf.'l, a is about 2 decades lower than 2x10 

if the mobility is 200 cm2/vs. Then the question arises whether it is 
-3 

possible to obtain lower apeff values from 1/f noise than 2x10 x 

~ulk by assuming a concentration and mobility profile depending on 

the depth under the Channel surface. 

Let us assume that it is permissible to divide the channel into layers 

parallel to the current flow. Each layer has its own mobility and 

carrier concentration. This simple approach using the empirical 

relation for each layer leads to a noise expression for the whole 
th 

channel. The spectrum density of the conductance of the i layer 

can then be written as 
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(3.5) 

th 
where N i is the total number of charge carriers in the i layer 

th 
and g

1 
the conductance of the i layer 

(3.6) 

where dx is the thickness of the layer, "' the width and R- the length 

of the channel and hence of the layer. Assuming uncorrelated noise, 

the SUlllllla.tion over m layers leads to 

m 
2 

m 
2 

SG 
I J.lini aqR I J.!ini 

am i=l i•1 (3. 7) G2 ,. f"liYt 

(J1 
j.liniy 

m 
f.R-2 I J.lini 

i=1 

where G and R are the total channel conductance and resistance and t 

the channel depth. From (3. 7) it is clear that J.li = constant, leading 

to the second part df the empirical relation, viz. either a/N or 

aqJ.!R/R-
2

• A concentration profile alone does not lead to a reduction 

in the noise. 

If ni = constant, we see that the sum of squared J.li is always smaller 

than the. squared sum of J.li which leads to reduction of the noise. This 

trend is also found experimentally.· A mobility profile starting from 

a low J.1 at the surface of the channel alid a concentration profile 

decreasing with depth leads to reduced mobility 
m 2 /m 

J.leff = i~l J.l1niJ' i!l J.lini. However, J.lef~ is not small enough to 

explain deviations of about a factor 10 found experimentally. At most 

one finds Jleff of the order of magnitude of 0.05 ~ulk. 

§ 3.3. Experimental results on homogeneous samples 

Here we shall show that the empirical relation can be relied upon in 

homogeneous samples and that it can therefore be. applied in the 

following chapters. Debate about the surface of bulk nature of 1/ f 
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noise led to experiments with III-V compounds. Results obtained on 

InSb, GaAs and GaP homogeneous samples subjected to uniform fields 

are presented in s 3.4 below. 

We also investigated P-type GaSh* samples with a free charge 

concentration of about 1.Sx1o17;cm3 at 300 K. The noise intensity c 

was investigated by measuring samples of different volumes. tf the 

sample was etched and if immediately after etching thin copper wires 
-3 were soldered with Sn-Pb (60%/40%), a became 2x10 • The sample 

dimensions were 5000*800x150 ~m and the sample resistance was 26n; 

the maximum dissipated power was about 300 W/cm3• The sample was then 

reduced in volume to 3800x700x120 ~m, the a became Sxlo-3 at 300 K 
-3 -4 3 and 2x10 at 77 K. A further reduction of the volume to 1.6x10 /cm 

led to a = 2x1o-3 at 300 K. 

To check the theory of Clarke and Voss concerning thermally induced 

noise [20, 21], we investigated the a of manganin. Voss and Clarke 

suppose that 1/f noise is due to temperature induced conductivity 

fluctuations in the bulk of the sample. The temperature coefficient 

of the resistance plays a central part in their model. Hence,samples 

with a negligible temperature coefficient will show no 1/f noise. 

There was no detectable 1/f noise in the manganin films investigated 

by Clarke and Voss [21]. They used this result as a strong suggestion 

that the noise in the other metal films arises from temperature 

modulation of the resistance, However, from our experiments on 

manganin point contacts the usual value of a was obtained, although 

the temperature coefficient of manganin is at least 2 decades smaller 
-3 than that of other metals. From our experiments an a value of 0. 7x10 

22 3 was calculated using an electron concentration of 3.5x10 /cm • Our 

results demonstrate that the temperature coefficient does not play a 

major part in 1/f noise. So we conclude that 1/f noise is not 

temperature induced noise. 

* The author wishes to thank Dr. B.A. Boukamp for supplying the GaSb 

material and its characteristics, and Mr. C.J.H. Heijen and Mr. 

B.H. van Roy for their valued assUr.tance in preparing low-noise 

contacts on GaAs samples. 
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In a theoretical treatment, Kleinpenning has shown that 1/f noise 

and temperature induced resistance fluctuations can easily be confused 

[22] especially in metals. The excess noise, attributed to 

~rature fluctuations in the volume of metal samples, waa greater 

in samples on glass substrates than in samples on saphire substrates 

[23]. These experimental results are in agreement with the large 

temperature induced fluctuations in metals as calculated by 

Kleinpenning in ref. [22]. 

May and Aniagyei t24] did not succeed in measuring an o. lower than 20 

on a tungsten wire with a total number of electrons of about Sx1o16 • 
-3 From our experiments on tungsten point contacts an o. of about 1x10 

was calculated using 0.9 electrons/atom [15] and a mobility of 

20 cm3/vs [15]. Tungsten also obeys the empirical relation with an o. 
-3 of about 2x10 as can be seen in figure 1 from the part of curve 

representing single spot contacts. 
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FiguPe 1: The 1/f noise intensity C VePeus R for a tungsten point 
contact. The broken line represents the single aontaat with 
o. = lxlo-3 and the solid line shows whePe c « R represents 
a multispot aontaat beh@iour (Chapter V). 

From our experimental results on tungsten, manganin, Ga5b and the 

III-V compounds presented in § 3.4 we conclude that we can rely on 

the empirical relation. 
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§ 3. 4. 1// NOISE IN HOMOGENEOUS SINGLE CRYSTALS OF Ill-V COMPOUNDS 

L.K.J. VANDAMME 
Department of Electrical Engineering, Eindhoven University of Technology, Eindhoven, the Netherlands 

Received 5 August 1974 

I ff Noise has been measured on InSb, GaAs and GaP homogeneous rectangular single crystals. The noise is 
inversely proportional to the total number of mobile charge carriers. The proportionality factor Ct is approx. 
2 X 10-3 as in metals and other semiconductors. 

In 1969 Hooge [ 1] collected the data published 
on 1/f noise of well-defined homogeneous metal and 
semiconductor samples. The survey made of them sug
gested that the relativ.e noise expressed as 

<(~/R)2> = cr1 M (I) 

obeys the experimental relaxation 

C=a./N1 . (2) 

Here <(~/R)2) is the average squared relative resistance 
fluctuation observed in a band !:if centered at frequency 
[, R is the resistance, C a dimension less parameter 
characterizing the noise intensity of the sample, a a 
dimensionless constant of the value of approx. 
2 X J0-3, and N1 the total number of mobile charge 
carriers in the sample. However, the survey did not 
provide absolute evidence that (2) is correct for corn 
pound semiconductors. InSb in particular is always 
too high and Hooge [2] realized that a values of 
compound semiconductors might deviate considerably 
from 2 X w-3. In a letter entitled "1/[Noise: still a 
surface effect" Mircea, Roussel and Mitonneau [3] 
claimed that for 1/f noise in thin disk-shaped resistors 
made from GaAs n+ ·n-n+ high quality epitaxial mate
rial relation (2) does not apply. Our 1/fnoise investi
gations on rectangular homogeneous single crystals 
of InSb, GaAs and GaP were actuated by these facts. 
The aim of the investigations is to find our if relation 
(2) holds for III-V compounds, and if so whether a. 
has the numerical value of 2 X J.o-3. 

The InSb samples presented in table I were single 
crystals provided with soldered Sn contacts. The results 
at 77 K were obtained on crystals not adhering to a 
substrate. Single crystals adhered to glass substrates 
and dipped in liquid nitrogen were damaged by micro· 

cracks. This increased the resistance by only a few 
per cent but 1 ff noise increased by a factor 1 o4. The 
1/f noise in po1ycrystalline N-InSb was almost 10 7 
times too high compared with relation (2). Such 
samples are not given in table 1. 

The GaAs crystals were cleaved and lapped. Polish
ing was carried out by an oxychloride etching tech
nique described by Williamson [4]. Just prior to eva· 
poration of the metal contacts, GaAs was dipped in 
H2S04: H20: H202(3: I: l) to make the native oxide 
film thinner [ 5]. We could not make proper contacts 
if such a film was present. This film makes four-point 
probe measurements of the bulk resistivity with tungsten 
carbide tipped pins difficult. Electrical contacts were 
made following a technique described by Cox and 
Strack [ 6]. These contacts are ohmic at 300 K and 
77 K, also at small voltages, and have a low contact 
resistance. They have low noise if the contacts are 
alloyed at temperatures not exceeding 61 0°C. Alloyed 
In-Au contacts on P-type GaAs have sometimes shown 
ohmic behaviour but were never low-noise contacts 
and such samples are not given in table I. 

N-type GaP silicon doped samples with Au-Si 
contacts was provided by Philips Research Laboratories 
Eindhoven. Contact making procedures will by publis
hed soon by Van Opdorp and Tijburg. 

In table l the 1/f noise is characterized by an average 
Cvalue obtained from 2 to 6 measurements with dif
ferent constant currents. C has been measured in the 
frequency range of 10Hz to 10kHz. In this range all 
samples have a purely resistive impedance. 

Below a critical field strength of about 1 V/cm the 
spectra of InSb at 300 K and 77 K and GaAs at 77 K 
were purely 1/f. Above the critical field strength the 
noise spectra showed low frequency oscillations as 
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Table 1 
l/f noise in III-V compounds. 

concentration from 
dimensions 

Hall measurements 
(~tm) (cm-3) 

InSb 1.6 X 1014 1200 X 304 X 88 
N-type 

intrinsic at 
295 K ni = 1.6 X 1016 

1.6 X 1014 6900 X 300 X 52 

intrinsic at 
295 K ni = 1.6 X 1016 

InSb 1.2 X 1016 3600 X 200 X 200 
P-type 

intrinsic at 
295 K Pi= 1.6 X 1016 

GaAs 2.3 X 1016 2700X 15fJOX 198 
N-type 

GaAs 2.3 X 1016 3000 X 1600 X 220 
P-type 

2.3 X 1016 3000 X 1500 X 113 

GaP 2.9 X 1016 2000 X 1300 X 405 
N-type 
-------

has been reported by Stoisiek, Wolf and Queisser [7]. 
In conclusion, it follows from our experiments that 

the 1/f noise relation (2) with at values of approx. 
2 X J0-3 holds true for III-V compounds. 

We would thank Dr. R.G. van Welzenis for providing 
InSb samples and Ir. R.C. Peters (Philips Research 
Laboratories) for the GaP samples. It is a especial 
pleasure to thank Professor F.N. Hooge for many in
valuable comments during the investigations. 
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--------··----·-----

measured 1// noise 
intensity C c>=CNt remarks 
average values 

-------------------
2 x 10-•3 1 x 10-3 at 77 K 

2-point measurements 
below critical field 
strength of 1 V/cm 

8 X 10-IS 4 x 10-3 at 295 K 

9 X 10-14 1.6 x to-3 at 77K 
2-point measurements 
below critical field 
strength of 0. 7 V/cm 

1.6 X 10-15 2.7 X 10-3 at 295 K 

4 x 10-•s 7 x 10-3 at 77K 
2-point measurements 
below critical field 
strength of I V/cm 

1.6 x w-• s 3.7 X 10-3 at 295 K, ~'n > ~'p be-
having like n-type 

3 X 10-16 6 x 10-3 at 295 K 
2-point measurements 

---·--··--·-··-------

7.5 x 10-• 7 1.1 x 10-3 at 295 K 
4-point me3surements 

--·--------·· 

s x to-16 5 x 10-3 at 295 K 
4-point measurements 

3 x 10-16 9 x 10-3 at 295 K 
4-point measurements 
---------
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CHAPTER IV SINGLE SPOT CONSTRICTION DOMINATED CONTACTS 

§ 4.1. Introduation 

In § 4.2 three calculation methods are presented for calculating the 

1/f noise intensity. The calculation methods are applied to different 

constriction dominated contact models all consisting of a single 

circular contact. In the three calculation methods Hooge's empirical 

1/f noise relation is used. One of the calculation methods is based 

on a theoretical approach proposed by Butte.rweck (henceforth denoted 

by the Butte.rweck approach). In the Butterweck approach the noise 

between two electrodes is proportional to the integral r 1 grad.p J
4dv . Jv o 

integrated over the volume between the two electrodes, where ~0 is the 

potential for the case of a constant conductivity. 

The other two methods (denoted by the "adding shell approach" and the 

"·adding shell of equal resistance approach" are more intuitive and are 

only valid under certain conditions. These two methods consider the 

1/f noise produced in a shell between equipotentials under the 

assumption that the fluctuations in different shells are uncorrelated 

If the equipotentials are sphere-shaped or coaxial cylinders~ the 

three methods lead to the same results. 

The Butterweck approach applied to a contact model with realistic 

equipotential surfaces gives a firmer theoretical basis to Hooge's 

result for point contacts. It is demonstrated in § 4.2 that Hooge's 

experimental results are in good agreement with exact calculations, 

especially if c is expressed as a function of the resistance R. For 

·channel-like constrictions new expressions are presented in § 4.2. 

In § 4.3 the 1/f noise intensity of an elongated contact area is 

calculated using the adding shell approach. If the elongation ratio 

is less than 10, circular contacts with the same area as elongated 

ones are good approximations for elongated contacts as far as the 

resistance and the noise concerned. 

In § 4.2 it is shown that constriction dominated contact with equal 

notch edge give C ~ R3 even for channel-like constrictions. In § 4.3 

an analogous result is derived for contacts with equal elongation 

ratios. Constriction dominated contacts with a large range in notch 

edges or elongation ratios can show strong deviations of the simple 

C ~ R3 proportionality as is demonstrated in § 4.2 and § 4.3. 
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3 Enlargement of the contact gives C u R if all dimensions are 

multiplied by the same factor. In § 4.4 the temperature rise of a 

silicon contact above the ambient temperature is presented as a 

function of the contact voltage. 
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Abstract Results of different methods of calculating the 1/f noise intensity of contacts 
are presented. Four models of constriction .dominated contacts are considered each with 
one circular contact area. In two models the equipotential surfaces are oblate ellipsoids, 
the first model having an insulating hyperbOioid boundary and the second an insulating 
plane boundary, with a contacting spot. The other two model!; have spherical zone equi
potentials, one having a conic boundary, the other an insulating plane with a conducting 
spot. 
The last-mentioned model was calculated earlier by Hooge who used an approximation 
which we shall call the adding shell approach. Our results of the calculation methods for 
the various models are compared with his simple results. 

P ACS Code: 72.70 

The problems of the potential and current density 
distributions and the resistance of a constriction with 
a hyperboloid as a boundary were solved by Hohlbein 
[1]. The current density at the rim of the circular 
contact spot does not become infinite owing to the 
small rounding-off near the rim by a hyperboloid. In 
Holm's model [2] the current density becomes infmite 
at the rim, see Fig. 1. This leads to infinite noise, as 
was demonstrated by Honig [3]. He removed the 
difficulty due the infinite field at the rim of the spot by 
introducing a factor exp [ -{r</>0 )

2/Fn In this paper 
such difficulties does not appear because of the chosen 
hyperboloid boundary. Here we report calculations 
of the 1/ f noise on circular spot constriction models, 
leading to finite results. All calculations are based on 
Hooge's [ 4] empirical1/f noise relation. The calcula
tion on the constriction with hyperboloid boundary 
(henceforth denoted by hyperboloid model} is also 
based on the general relation regarding noise voltages 
of bulk resistors owing to random fluctuations of con
ductivity derived by Butterweck [5]. 
A constriction with a small rounding-off at the rim 
of the contact spot is a more realistic model than 

Holm's model with infinitely sharp rounding-off, be
cause such rounding-off is impossible owing to the 
atomic structure of solid bodies. If the contact is made 
by a small hole in a film on two touching parts, the 
radius of curvature p of the rounding-off can be chosen 
the thickness of the film. Such a contact leads to finite 
electric fields at the rim of the spot, hence we fmd 
finite values for the noise. Our calculations on the 
hyperboloid model also give the 1/ f noise for channel
like constrictions. 
The resistance and 1/ f noise are also calculated for 
a constriction model with conic boundary (to be called 
conic model}. The noise calculation is carried out twice, 
once using the adding shell procedure applied earlier 
by Hooge (6] and once the Butterweck approach, in 
order to demonstrate the equal results obtained by the 
two procedures if the equipotentials are spherical·zone 
shaped. 
A modified adding shell procedure is applied to Holm's 
model, using the ellipsoid equipotentials. This leads 
to finite results, and demonstrates the difference be
tween the Butterweck approach and the adding shell 
approach, provided theequipotentials are not spherical. 

-44-



90 L. K. J. Vandamme 

The 1/ I noise calculations on the hyperboloid, conic 
and Holm models are compared with Hooge's [6] 
results on a circular constriction model, which hence
forth will be called a simple contact. 
In the following the subscript 11 will be used for 

. quantities related to the hyperboloid model, because 
the hyperboloid boundary is characterized by 11o (in 
Fig. 1 11o = 0.5~ The subscript c wiU be used for quanti
ties related to the conic model and the subscripts a for 
the results of a simple model [6]. 
All contacts studied here are half constrictions. The 
extension to symmetric constrictions is simply effected 
by taking twice the resistance of a half constriction. 
For the normalized power density spectrum or relative 
1/ I noise intensity for a symmetric constriction ex
pressed as a function of an effective volume, twice the 
effective volume has to be taken, which gives half the 
relative 1/ I noise intensity. 

1. 1/f Noise CalculatiOIL'l oo the Hyperlloloid Model 

The constriction consists of two parts connected by 
a contact spot with radius a. A cross-section is shown 
in Fig. 1. The current I is in the direction of the z-ax,is, 
and some equipotentials and lines of current flow are 
marked by ~ and 11· respectively. The cartesian co
ordinates are y and z. The oblate spheroidal coordi
nates are e. 11 and ro, where (JJ is the edge between the 
y axis and a plane through the z axis. The distance 
between the foci of the set oblate ellipsoid equipoten
tials and hyperboloid surfaces of current flow is 2d. 
The diameter of the contact region is 2a and equals 
the transverse axis of the boundary hyperbola. The 
radius of the osculating circle is p and determines the 
degree of rounding-off. The narrowing of the con
striction can also be characterized by the notch edge 
2(J as given in Fig. l. 
From geometrical relations for a hyperbola follows 
that d=aVl+pfa and (J=arctgVPJii Introducing 
the oblate spherical coordinates (e. 11· ro) gives 

X "'-'dV(l + , 2
)(} -112

) COS 00 

y=dV(l+ext-112)sinw (1) 

Z=d,l1, 

where '~0 and O~ro<211.'. If only the upper part (half 
constriction) with z ~ 0 is considered within the hyper
boloid boundary, then 0 < 11o < 11 < 1. If two electrodes 
are characterized by e1 and , 2, all other bomofocal 
oblate ellipsoids are equipotentials. The ellipsoids 
characterized by a constant e value and the hyper-

z 

Fig. 1. Diagram of a constriction model with hyperboloid boundary 
Equipotentials in the hyperboloid model are drawn for ~ -1, ~ x 0.5 
and e=O. The hyperboloid boundary is given for 'f=llo=0.5. The 
transverSe axis of the boundary hyperboloid is 2a, and the distaru:e 

. between the foci is 2d. The radius of the osculating circle is p. The 
notch edge is 2(1. The average current I is Oowiog in the z axis 
direction. In the limiting case with p .... o one obtains Hofm's con
striction model 

boloids by a constant 11 value are given by (2) and (3), 
respectively, using the set of Eq. ( 1 ). 

x2+y2 z2 
d2(1 Hz> + ~ t • (2} 

x2 +1 z2 
d2(1-1j2) - d2112 = 1. (3) 

From geometrical properties of the hyperbola follows 
11o = VPTafvr+PTa. An elementary volume element in 
such curvilinear coordinates is given by 

dv=d3W+112)d11· d~ · dro (4) 

Assuming a to be greater than some correlation length, 
the Butterweck approach reduces to a volume integral 
of the fourth power of the electric field, which confirms 
a previous semi-empirical result [3]. The electric field 
is perpendicular to the oblate ellipsoidal equipotentials 
and follows the hyperboloids. The modulus of the 
electric field is given by [1] 

IEI- I·e 
2na2[1 + pfa-V p(l + pja)faJV('2 +112Xt + ' 2) (5) 
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For the noise produced between a circular electrode 1 
in the contact region at '=0 and a large spherical 
zone-shaped electrode 2 at ,_.oo, the fluctuation in 
voltage between the two electrodes is given by [ 5] 

((6Vu)2
) ;= ~0 J J J IEl4dv, (6) 

if there is a constant current I flowing from electrode 1 
to 2. M 0 is a volume integral of the spatial correlation 
function (6u(P, t) · ou(Q, t)) where 60'(P, t) and 6u(Q, t) 
are the fluctuations in the conductivity at time t in 
place P and Q, respectively. If the medium is homo
geneous with respect to tbe statistical noise properties, 
M0 is a constant. 
Hooge's empirical relation [4] gives the relative power 
density of tbe fluctuating resistance. If there is a con
stant current through a homogeneous sample this 
relation [ 4] for the fluctuating voltage across the 
sample becomes 

ruJf 
= NJ' (7) 

The relative 1/ f noise intensity is denoted by C. s. 
is the power spectral density of the random voltage. 
For small Llf, s. is defined as the mean square value 
of the band-pass filtered noise between the frequency 
f - Ll f /2 and f + Ll f /2. The total number of mobile 
charge carriers is N, o: is a dimensionless constant of 
about 2 x 10-3 [4], V is the (time) average voltage 
over the sample and ((LIV)2) is the squared average 
of that portion of the fluctuating voltage in the fre
quency range from f- Ll f /2 to f + /J f/2. 
In order to compare Butterweck's approach resulting 
in the variance of the voltage ((6V12) 2) with Hooge's 
relative 1/ f noise spectrum, 6Vu(t) has to be trans
formed into the frequency domain. 
Tbe auto-correlation function of 6Vu(t) is <p(-r)= 
(6V12(t) · 6V12(t +t)). Using the results in [5] for 
oV12(t), <p{t) becomes 

<p(t)= (~ J f>u(P, t) ·lgrad IP0(PWdvp 
Vp 

X J ou(Q, t +'r)lgrad cPo(Q)I 2dvQ) ' 
VQ 

where P and Q denote the coordinates at points P 
and Q, respectively, and 60'(P, t) denotes the small 
deviation. The potential due to the current I for 60'=0 
is denoted by cPo· To simplify <p{t) in analogy with [5], 
the correlation function in space and time is introduced 

(8) 

which allows us to write <p(t) in the form 

1 
q>(t)= Ji J J RpQ(t)lgrad c/10(P)I2 ·jgrad cpo(Q)I 2dvpdva. 

vv 
(9) 

Further simplification is obtained by the assumption 
that the spatial correlation length is small compared 
with the characteristic dimensions a and p of the 
configuration. The assumption of a correlation volume 
which is small as compared to the characteristic 
dimensions and the assumption of homogeneous sta
tistical noise properties, mean that the main contribu
tions to the integral in (9) originate from pairs of closely 
neighbouring points P and Q, which leads to the 
simplication 

1 
q>(t)= Ji M oft) J lgrad I/10(P)I4dvp 

V 

(10) 

with 

M 0(t)=M(P, t)~ J Rp2(r)dv2 • (11) 

Owing to the statistical homogeneity M0(r) is only 
a function of 1:. The power density spectrum S(f) is 
now obtained by applying the Wiener-Khintchine 
theorem 

(12) 

where M0(f) is the Fourier transform of M0(t). 
The physical origin of 1/ f noise is not yet understood, 
instead offabricatinga 1/ f noise spectrum, we postulate 
for M 0(/) a 1/ f dependence in the considered fre
quency range. Then 

M0(f)~K/f (13) 

and K can be determined by comparing equation (12) 
with Hooge's relation (7). In order to express K in the 
relation (7) we consider a cube with side B. After band
filtering within central frequency f and small band
width /Jf, (12) becomes 

S(/)LI/ =Lif,.;Vt'z/812 f. 

The 1/ f noise relation given in (7) becomes 

S(f)tJf =rxVl2LtJ/nB3 f, 

where n is the mobile carrier concentration. Both 
treatments of the same cube must give the same results, 
hence 

(14) 
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R• 
Fig. 2 The solid line gives c. versus R. in arbitrary units £or the 
constriction model with hyperboloid boundary. The values along 
the curve give p/a ratios, The dotted line represents C, versus R, 

We shall use this value for K in our 1/ f noise calcula
tions on the hyperboloid model From (4~ (5~ (12), 
(13~ and (14) follows the power density spectrum for 
a half constriction 

(15) 

It is convenient to integrate over w and ,: first and 
then over tJ, so that the integral in brackets denoted 
by Kbecomes 

K=n? [tn (1+t~0) _ 1 (1-tJo)]. (l6) 
2t~0 4 l+t~o 

Expressing d in a and p and using the solution of the 
integral given in (16~ the power density spectrum s, 
for the hyperboloid model using the Butterweck ap
proach becomes 

(17) 

The voltage V12 between the electrodes 1 and 2 equals 
I · Rq and the resistance Rq over such a half constriction 
(between electrodes 1 and 2) is 

R,=a/[4a(V1 +pfa- VP/a)J. (18) 

Rq and an approximative expression for R. are given 
in [1] and [7], respectively. Using (7) we can express 
the results in the noise intensity c, 

(19) 

The value of F If a, p) gives the effective volume where 
the produced 1/f noise seems concentrated. In first 
order approximation F 1(a,p) (for p/a<l) is propor
tional to a3

• 

The 1/ f noise is mainly produced at the rim of the 
spot. 
Equation (19) can also be expressed as a function of 
R~ so that C, becomes 

(20) 

Figure 2 shows c, versus Rq plot for a hyperboloid 
model, where pfa is in the range 0.01 to 50. The C, 
vs Rq plot is normalized on a C, and R. value with a 
pfa ratio of SO at the rigbthand top of Fig. 2 corre
sponding to a channel-like constriction. The c, vs R, 
values are calculated for a fixed value of p of the 
arbitrary unit constriction and a range of a values 
greater than the reference a of the arbitrary unit 
constriction with p/a =SO. The dotted line with slope 3 
represents Co vs R. of the Hooge modeL Deviations 
from the dotted line occur for channel-like constric
tions. 
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2. 1// Noise ml Resistance Calculations z 
oa a Conic Model 

The contact model used here consists of two cones 
connected by a sphere of radius a, as given in Fig. 3. 
The noiseless constant current I is flowing in the z
direction and the central angle of the two circular cones 
measured in radians is 11:-2/1. For the sake of simplicity 
the equipotentials are assumed to be sphere zones, 
which implies that the resistance of the sphere with 
radius a considered as the one electrode is neglected 
and that the other electrode is concentric with this 
sphere. 
The spherical coordinates r, 8 and w are used. Then 
the electric field becomes 

IE.I=aV/r2
, (21) 

where V is the voltage between the sphere with radius a 
and a spherical zone-shaped electrode with r-+oo. 
Adopting the Butterweck approach leading to (12), 
and using dv=rl ·sin 8 · dr · d8 · dw and (14) and (2n 
the 1/ f noise intensity C, for a half conical constric
tion becomes. 

rxa
4 
R; ~ 2--12 -- "' sin 8 · dr · d8 · dwl C,=-z J J J 6 · 

Ill} o o a r 
(22) 

The integral in brackets reduces to 2lt(l-sin fl)/5a 5
• 

Taking into account that the resistance is given by 

R.=u/2na(1- sin fJ) (23) 

the 1/ f noise intensity can be written as 

Ct.R3 
C,= S \ [2n(l sin P>r. 

nQ 
(24) 

The results obtained in (24) are the same as those 
obtained by adding the noise produced in the shells 
between equipotentials (henceforth referred to as add
ing shell approach). 
This calculation is based on the division of the con
striction into shells between spherical-zone shaped 
equipotentials. The resistance of the i'b shell R; is 
considered to be {! • dr/A., where A,=21tr2(l-sin Pl 
is the spherical-zone surface. The power density 
spectrum of the resistance ftuctuations of the itb shells 
S ~~, obeys Hooge's empirical 1/ f noise relation [ 4]. 
Then the power density spectrum of the resistance 
ftuctuations of the fb shell becomes 

2f3 

y 

Fig. 3. Diagram of a constriction with conical boundary. In tbe 
limiting case with P-+0 one obtains the simple hemispherical con
striction 

The total constriction resistance R, is then considered 
as the sum of all R; and the power density spectrum 
of the whole constriction denoted by SRc is considered 
to be the sum of uncorrelated spectra of all shells. 
In the limit the sum becomes an integral, and SR. 
becomes 

(26) 

Using the expression for R, and normalizing the power 
density spectrum S Re in (26) to a 1/ f noise intensity 
c< = f . s R) R;, leads to the same result as in (24). 

3. l/f Nu Calculations on tbe Hohn Model 

Holm's constriction model is to be considered as the 
limiting case of the hyperboloid model with p-+0 and 
hence p ..... o, a-+d, 170 -->1, and R~-+o/4a. 
The equipotentials in this model are hemi-ellipsoids 
and the hyperboloid boundary of the hyperboloid 
model is degenerated to an insulating plane with a 
conducting spot of radius a. 
Here we shall show that the procedure of adding shells 
between ellipsoid equipotentials give different results 
than the Butterweck approach on the hyperboloid 
model for p-+0. We still assume that the correlation 
length remains smaller than the characteristic dimen
sions a and p of the contact. The Holm model in our 
calculations can here be derived from Fig. 1, provided 
p-+0. The volume, VO> of an ellipsoid given by (2) is 

aR~ 
SR,= nfA~r· (25) 

(27) 
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The volume of a hemi-ellipsoid shell dJ-0 between two 
ellipsoid equipotentials is then given by 

d Vo = 2na3(1 + 3e2)d~/3 

with 

~=tan (nc/J0/2V), 

(28) 

(29) 

where t/10 is the local potential with respect to the 
actual equipotentials given by the parameter e. and 
V is the total potential difference across the half space 
between a circular electrode at e =0 and a hemi
spherical electrode at e --HX). Probably the first study 
on the functional relationship between the param
eters describing sets of quadratic surfaces and the 

temperature or voltage of these surfaces (if they are 
isothermal surfaces or equipotentials) was given by 
Lamee [8]. Following the adding shell procedure and 
assuming no correlation between fluctuating shells, 
leads to the power spectral density of the half con
striction SR which becomes 

(30) 

where r1 is the resistance of the i'h shell. From (30), 
which is the summed power spectrum of terms anal· 
ogous with (25), it seems necessary to calculate the 
resistance of each shell between two ellipsoid equi
po ten tials. 
However, we choose shells of equal resistance r1 by 
considering shells between ellipsoid equipotential 
surfaces having a fixed potential difference. Using (28) 
and (29) and replacing nt/10/2 V by U, the volume, d V0 p 

between such shells of equal resistance r1 is given by 

dV. = 2na
3
(cos

2
U +3sin

2
U) dU. 

01 3cos 4 U 
(31) 

The normalization of the 1/ f noise power density 
spectrum in (30) leads to C, which is the 1/ f noise 
intensity of the Holm model calculated by the adding 
shell approach for equal resistance shells. Thus C 
becomes 

c- t f ar; 
- (i~trr)2 i=tndVor' 

(32) 

where m is the number of shells between equipoteutials 
having a fixed potential difference. Taking into account 
that n and a are constants, (32) simplifies owing to 

the vanishing shell resistance. Thus C becomes 

0( 1 1 0( 1 
C=--x:::2L-=-x-. (33) 

n m dV01 n V0.rr 

In this way the calculation of r1 is not required. The 
reciprocal effective volume 1/Vo.rr in (33) is calculated 
in the limit for m-+oo and dU --.0 as an integral where 
o;;; u ;;!n/2, so that 

1 3 "'
2 

cos
4
U 

=(n/2)2 ufocos2U+3sin2U·dU. (34) 

The solution of this difinite integral which is partially 
given in [9] becomes n/4(1 + 0/(l + 0))/(1 + 0> and 
its value is about 0.47. So the relative 1/ f noise cal
culated by adding shells of equal resistance in the 
Holm model becomes 

c- cxx6x0.47 
- nn3a3 (35) 

which is finite. The Butterweck approach, however, 
leads to logarithmic divergent results if one ignores 
the problems encountered by assuming a correlation 
volume small with respect to the characteristic dimen
sions p and a for p ..... o. 

4. Discussion of the 1// Noise Calculations 
on Three Contact Models and Comparison 
with the Simple Contact 

The assumption of a small correlation volume to the 
characteristic dimensions made in the Butterweck 
approach to make (9) traceable, also means that 
lgrad t/1012 does not exhibit substantial variations owing 
to spatial displacements of the order of correlation 
length. This assumption of the small correlation 
volume resembles the implicit assumptions made in 
the adding shell procedure, where every electron is 
considered to be uncorrelated with regard to the other 
electrons. By applying to such a shell Hooge's relation 
we implicitely endeavour to insert thin sheets of 
perfectly conducting material in such a way that they 
coincide as nearly as possible with the actual equi
potentials enabling us to calculate the 1/ f noise of the 
whole conductor. It is well known [10] that computing 
the resistance in this way, the result is equal to or less 
than the actual resistance. To compute the upper limit 
of a resistance. we insert thin insulating sheets as near 
as possible along the actual lines of current flow, in 
such a way as to enable us to carry out the resistance 
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computation. The total conductance calculated by 
adding tubes in parallel is equal to or lower than the 
actual conductance. A combination of the adding shell 
and the adding tube approach on a microscopic scale 
of a correlation volume using Hooge's empirical bulk 
relation for each such subvolume does not equal the 
elegant and refined points discussed in [5]. Its results, 
however, does bear some analogy with the final result 
of the Butterweck approach. 
We shall now compare our results obtained by different 
calculation methods applied to different constriction 
models with Hooge's simple results obtained earlier 
[6]. He used hemispherical equipotentials and cal
culated the noise by the adding shell approach. The 
contact model used by Hooge can be derived from 
Fig. 3 as the limiting boundary condition of the conic 
model with p .... o. The results of Hooge [6] can also 
be derived by taking the limiting case of the conic 
model given in (23) and (24) for p .... o. So the resistance 
of a half constriction becomes R,-+R0 =fl/21Ul and 
cc .... C.=0.8n2«R!/~3 for P-+0. c. can also be ex
pressed as a function of a, viz. C=«/101Ul3n. The 1/f 
noise intensity c. is no function of pja because p was 
assumed to be zero. The comparison between C~ and 
c. for point-contacts with the same contact radius a 
is given in Fig. 4, where the ratio CJC. is shown versus 
p/a. In the region of p/a;;;! 10-2 the deviations are larger 
in comparison with the results given in Fig. 5. For 
p/a~lo-2 Cq is in Fig.4, about 6 times as large as 
c •. The deviations in c. from the exact Cqforp/a~lo- 2 

in Fig. 4 owing to the assumption of hemispherical 
surfaces, show that the effective volume is about 6 times 
as small as in the hemispherical approach. In the 
relations where c. is expressed as a function of R. 
owing to the substitution of 1/a in the c. vs a relation 
by too low a value RJR.,!R.~n/2 for p/a;:i! w-2~ the 
deviations in the effective volume and constriction 
resistance cancel each other, so that in Fig. 5, c.~ Cq 
for p/a~lo- 2 • Five constriction shapes are shown in 
Fig. 4 above the corresponding p/a ratios and the half 
notch edge scale p is given under the corresponding 
p/a scale. 
The ratio Cq/ c. for two constrictions with the same 
resistance (Rq=R.) is plotted versus p/a in Fig. 5. For 
p-+0 or lfo->0, C, is logarithmically divergent, but 
from Fig. 5 it is clear that the smallest realistic values 
for pfa of about 10-6 make C9 only about 5 times as 
large as c •. In the region for p/a~lo-2 both expres
sions give about the same results; such p/a values and 
lower ones can be obtained by the contacts of two 
cross-wise touching rods. For p/a<l0- 2

, CJC.~ 

~I -

,., --r- =·r= >r< h< 
h{ 

,.2 ~~r' J) 
PI• 

If ro· 21! 'Jl' 4'!t Go' 1ff 8lf 

Fig. 4. The 1/ f noise intensity of the hyperboloid model compared 
to Hooge's results for equal contact spot radii. The ratio c.1c. 
versus p/a is represented by the solid line. A p scale corresponding 
to the p/a scale gives the half notch edge. The five inserts give cross
sections of contacts with p/a values corresponding to the arrows 

Fig. 5. 1/ f Noise intensity comparisons of three contact models 
with the same resistance. The ratios C.,IC, and CJC, are given 
against pfa. 

In (211P/tl)- 1 and for pfa> 1, c,;c. is a rather strong 
decreasing function of pja. 
The region of pfa > 1 has some consequences for the 
noise of point-contacts formed by very small holes 
in a surface film covering cross-wise touching rods. 
Here p is about the surface film thickness. From (20) 
it follows that the power density spectrum SG of the 
fluctuations in the conductance of such a contact is 
proportional to R, · F 2(p, a). For small values of a, 
Rqoca- 312 and F 2(p,a)oca2

• Hence SG,oca112...,.0 for 
a->0. Using the simple contact model approach 
SG,ocR.oca- 1 ->co for a ....... o. The difference between 
the hyperboloid model and Hooge's results is of some 
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importance in multi-spot contacts. In such a contact, 
SG of all contact spots in parallel must be added if the 
spots are far apart from each other [11, 12]. This sum 
cannot reach infinity for hyperbolic models in contrast 
to the simple model. 
The ratio CcfC. for Rc=R. equals (1-sin/1)2

• It is 
interesting to compare such a conical constriction with 
the hyperboloid model of the same notch edge 
2/J(fJ=arctg vPJa). In Fig. 5, CcfC. for Rc=R. is 
plotted versus pfa. For p/a;;iO.l ({J;;i5.7 degrees) 
CcfC.~l. 
For the same a the noise intensity calculated by adding 
shells of equal resistance of ellipsoidal equipotentials 
gives 2.85 times more noise than a contact calculated 
by the hemispherical approach. 
The adding shell approach was used in [13] for cal
culating the 1/ f noise and constriction resistance of 
elongated contact spots, assuming equipotentials with 
rotational symmetry. 
The 1/ f noise intensity calculated by the Butterweck 
approach and the adding shell approach applied to a 
conductor of rotational symmetry leads to the same 
results. The current is flowing from an inner cylindrical 
electrode with radius a1 to a coaxial outer electrode 
with radius a2• Let the height of the medium between 
the two electrodes be h, its resistivity q, and its mobile 
charge carrier concentration n. Then the resistance 
between the two electrodes becomes (q·ln atfa2)/(27th) 
and the relative 1/ f noise intensity leads to 

a[1/af 1/aiJ 
n47th[ln a2/a 1]

2 
• 

It is easily seen that the adding shell approach and 
adding shells of equal resistance lead to the same 
results if these calculation methods are applied to 
spherical orcoaxial cylindric equipotentials. 

5. Conclusions 

The Butterweck approach applied to the hyperboloid 
model leads to finite noise over a wide range of notch 
edges. For great notch edges, the derived 1/ f noise 
relations predict the noise behaviour of channel-like 
constrictions. There is good agreement between noise 

intensity obtained by the Butterweck approach applied 
to the hyperboloid model with notch edges of about 
10 degrees or less and the results of Hooge for a 
constriction with the same resistance as that of the 
hyperboloid model. 
If the ratio of the characteristic dimensions p/a in a 
channel-like constriction remains for different a and 
p values, then C~ is proportional with R;. 
If the equipotentials are spherical or coaxial cylinders, 
then the 1/ f noise calculated by the Butterweck 
approach, the adding shell approach, or the adding 
shell of equal resistance approach all lead to the same 
result. 
Applying the adding shell procedure of equal resistances 
to the contact model with half ellipsoidal equipotentials 
(the Holm contact model~ a finite amount of 1/ f 
noise is found, 2.85 times higher than Hooge's results 
for the same contact radins a. The results obtained are, 
however, in good agreement with the noise calculated 
by the Butterweck approach on a hyperboloid model 
with a notch edge of about 20", and the same contact 
radius a. 
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§ 4.3. 1/f NOISE AND CONSTRICTION RESISTANCE 
OF ELONGATED CONTACT SPOTS 

Indexing terms: Electrical contacts, Noise 

Results are presented of calculations for the relative I// noise 
intensity C8 and constriction resistanc.e R • of a contact having 
an elongated area. It is found that contacts with an elongation 
ratio greater than 10 have lower R, and ((&R.)2 ) than circular 
contact spots having the same area. 

Introduction: The constriction resistances and.the 1// noise 
intensity of several types of contact have been studied by a 
number of authors. Holm1 • 2 studied the constriction resis
tanCe of circular, elliptic and multispot contacts, and Green
wood3 studied that of nonuniform distributions of arbitrary 
circular spots in :;:>arallel. Be114 and Hooge et al. 5 treated the 
1//noise of a circular contact spot, and some complications 
in the 1// noise/contact-resistance relation owing to contact 
fiJms or multispot circular contacts are given in References 7 
and 8. In the present letter, we report on the calculation of the 
constriction resistance R, and of 1// noise intensity c. of a 
single elongated contact spot. The subscript e will be used for 
quantities related to an elongated contact, and the subscripts 
a and r for circular contacts with radii a and r, respectively. 
A quantity related to a circular contact having the same area as 
the elongated contact with which it is compared will have the 
subscript s. The letters e, a, s and r are related to contac\ 
dimensions. 

2(a+e) 

a 

" \ a r:J ' 'J 
\~\ ' V:O ,/ // 
,, ...... __ - ------------.-7---~' 1/ 

"~,_ x equipotentiat surfaces(__ _..,':-' ''!::::.:::t-----..., -----___________ -:--~ ---- -------== ,;:" ..... ,/ 
V 

Large uniform base contact 

b 
Fig.1 
a Diagram of an elongated contact characterised by a radius a equal to half tbe 

short axis, and b;v half the long axis equal to a+e 
b Longitudinal sectiOn of the elongated contact showing the equlpotential surfaces 

with 0 0' as rotational axis of symmetry. The large base contact is a long 
distance from the relative small top contact (drawins not to scale) 
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Model and calculations of Re and Ce: Fig. la shows a diagram 
of an elongated contact consisting of a rectangular part of 
length 2e and breadth 2a and two semicircular parts with radius 
a. The geometry of the elongated contact is characterised by 
two parameters, a and e. Elongation ratio can be defined as 
(a+ e)/a = 1 + v. . To calculate Re and Ce analytically, a 
simplified set of equipotential surfaces is assumed inside the 
material. This assumption is justifiable by comparing the 
constriction-resistance results of detailed calculations1 with 
those resulting from our model. The equipotential surfaces 
assumed are indicated in Fig, lb. The axis through the points 
0 and· 0' is a rotation axis of symmetry. The resistance 
between the equipotential surface labelled V 0 and the 
elongated contact spot at the top of the material is neglected. 
Under these assumptions, R., is found after summation of the 
resistances of the shells between the equipotential surfaces: 

R - P s"' ~ - _e_ In (I+ v) - R F ( ) 
" - 2n x 2 +ex - 2na v - 11 1 V 

(1) 

" 
where p is the resistivity of the material and R11 pf2na is 
the constriction resistance of a circular contact spot of radius 
a on a semi-infinite material (half constriction). It. is seen 
that if v -+ 0, Re -+ R.,, as expected. 

It is interesting to compare results obtained from eqn. 1 
with the exact resu1ts calculated by Holm, 1 Rh, for an elliptic 
contact whose longitudinal and transverse axes have the same 
dimensions as those of the elongated contact R... Fig. 2 
pictures this ratio. For small elongation ratios, the 
differences between R,. and Re are mainly due to differences 
between the real and. assumed equipotential surfaces. For 
larger elongation ratios, the difference between theSe surfaces 

2 .--------,--------.--------, 

1.8 

10 102 1rf 
ELONGATION RATIO {a+e)/a 

Fig. 2 Ratio of constriction resistance& of elliptic contact spot 
Rh to elongated contact spot R,. given in Fig. 1 a, whose respective 
longitudinal and transverse axes are equal, as function of 
elongation ratio 
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becomes smaller, and hence also does·the Rb/R., ratio. Using 
our elongated-contact model, an elliptic integral of the first 
kind in Holm's solution is avoided, and a simple set of equi
potential surfaces is obtained, making the 1/1 noise calcula· 
tions of such an elongated contact straightforward. 

Again, under the assumptions made, the I If noise aj.n be 
calculated following the procedure used by Bell4 and adapted 
by Hooge et al., 5 using Hooge's empirical 1// noise rela
tion. 9 • Hl This means that the resistance fluctuations of the 
shells have to be summed up on a squared basis, since the 
fluctuations in the various shells . are uncorrelated. The 
relative resistance noise of the ith shell between two equi
potential surfaces is ((Ar,/r,)2

) = «lif/(Nd), where « is a 
dimensionless constant of about 2x I0- 3• N 1 is the total 
number of mobile charge carriers in the ith shell and A/ is 
the bandwidth of the bandpass filter centred at frequency f. 
Using the notation of relative 1// noise intensity Ce = 
((AR .. /R .. )2) //A/, we find 

« c. = -IO_n_a_3 -n 

x 
5 

6ln (1 + v)/v3
- 3/v2 + l/2v- 3/v2(l + v)-1/2v(l + v)Z 

(In (I +v))2 

= c. F 2(v) (2) 

where n is the concentration of mobile charge carriers and 
c. = rx/10na3 n is the relative 1// noise of a circular contact 

with radius a. Again, taking the limiting case v --~> 0, it is 
found that c.--~> Ca. 

Results: In Fig. 3, C./Ca against R.,/Ra is calculated to give an 
indication of c. against R. of an elongated contact spot in 
comparison with Ca against R. of a circular spot with the 

same radius a as for the elongated spot. The parameteJ 
equations of the curve can easily be derived using eqns. 1 and 
2, so that Fig. 3 represents F 2(v) against F 1(v). From Fig. 3 
we conclude that the Ce/R., relation of a spot with initial 
radius a, but extending in one direction (and thus becoming 
an elongated spot whose breadth remains 2a), no longer 
gives the simple C., oc R., 3 proportionality5 usual for constric
tion-dominated circular spots. For elongation ratios greater 
than 10, C., is approximately proportional to Re2

• In fritted 
contacts the situation of contact spot extension in preferred 
directions can occur.11 

A comparison of Re and c. with R. and c. for circular 
spots having the same area is presented in Fig. 4. The fact 
that the contact areas are equal gives ns2 = na2 + 4ea. Using 
eqns. 1 and 2, we find 

R.!R.=(l+4v/n)*F1(v) . (3) 

and 

(4) 

Eqns. 3 and 4 are represented in Fig. 4 as functions of the 
elongation ratio. c. is slightly greater than c., but R. becomes 
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8 

10 

1Ci 

to-2 

Re/Ra 
ur1 

Fig. 3 Ratio of relative 1/f noise intensifies C,/Ca as function 
of ratio of constriction resistances R.,/R8 

The values along the curve give the elongation ratios (a+e)fa 

rl 
~ 
a:: 
Cl 

10,~-------r------~~------~------~ 

:it~::::.... ___ _ 
t.f 

' J' 

ruL---~--L-------~------~----~~ 
1 10 10 

ELONGATION RATIO(a+e)/;1 

Fig. 4 Ratio of constriction resistance of elongated spot to that 
of circular.spot with same area, as function of elongation ratio 
(a+e)/a 
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ten times as small as R. for elongation ratios of about 10.4 

Elongated contact spots with (e+a)/a > 10 of the same area 
as circular contact spots are in favour for their lower constric
tion resistance and their lower absolute constriction-resistance 
fluctuations [((AR,)2 >f<(AR,)2 > < 1]. 

It is easily shown that similar spots with different areas, but 
the same elongation ratio 1 + v, give C, oc R, 3 • Let C, and 
R, be the relative 1/f noise and constriction resistance of a 
circular spot with a fixed reference radius r. Then R./R, = 
(r/a)F1(v) and C,/C, {r/a)3 F2 (v), where F 1(v) and F2 (v) 
are functions only of v, as can be seen in eqns. 1 and 2. 
Thus we find that 

C,/C, = (R./R,)3 F,.(v)/{F1 (v))3 , 

which is comparable with the usual proportionality Ca oc R. 3 

for single circular constriction-dominated contacts. 

Conclusion: Elongated contact spots with elongation ratios 
greater than 10 have lower constriction resistances and fluc
tuations in their constriction resistance than circular contacts 
of the same area, but with slightly larger C.,. If the elongation 
ratio is less than 10, circular contact spots with the same 
area as elongated ones are a good approximation for elongated 
contacts when we compare their constriction resistance and 
noise. 
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s 4.4. Tempera~ rise in eleatria aontaats 

The relation between electric potential and temperature in a current 

constriction is to be found in ref. [1-4]. The thermal and electric 

currents obey similar laws. Starting from the heat balance equation 

(4.1), it was proved that there is a simple voltage-temperature 

relation (4.2). The heat balance,is given by 

(4 .1} 

where 'AVT is the heat flow, 'A is the thermal conductivity (W cm-l K-l), 

VT is the temperature gradient and 3 and E are the electric current 

density and field strength, respectively. The voltage-temperature 

relation is given by 

T 

v2 
= a j J..pdT 

T 
a 

(4.2) 

where p is the resistivity and V the voltage across the point contact, 

T 
a 

the ambient temperature and Tm the maximum temperature in the 

contact. The temperature rise AT = Tm-Ta is easily calculated from 

(4.2) if the temperature dependence of A and pare known. For metals, 

one can use the Wiedemann-Franz law and replace Ap in equation (4.2) 

by LxT, where L is the Lorentz number which is about 2.4x1Q-B (V/K) 2• 

From (4.2) it follows that for metals 24 mv causes a AT of 10°C. 

For silicon contacta the same A vs T and p vs T relations are used as 

in ref. [4) and AT is calculated as a function of v. The results of 

these calculations are presented in figure 1 for Si with resistivities 

in the range from 30 Ocm to 0. 1 Ocm. 
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VOLTAGE ACROSS CONTACT<Vl 

Figure 1: ThB te11peruture rise in Si contaata as function of tlts 
contact voZtage for diffe:rent :resisti7Ylties. 
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CHAPTER V MULTISPOT CONTACTS 

§ 5.1. Introd:uation and definition of simpl-e mul-tiapot aontaats 

In this chapter a model of a multispot contact is developed. The 

resistance and the 1/f noise intensity are calculated. From the 

experimentally obtained C and R values the patchiness parameters k and 

a are calculated, where k is the number of spots and a the spot radius. 

Henceforth such spots are denoted by a-spots. A diagram of a patchy 

contact with k = 38 is given in figure 1. The electric conduction area 

is smaller than the apparent conducting area. This situation often 

occurs in metal-metal point contacts under high contact force (§ 5.5e). 

Patchy metal-semiconductor contacts can occur owing to imperfect 

technology(§ 5.2 and§ 5.3). Formulae for the contact resistance of 

an assembly of a-spots, were previously published by Holm [1] and 

Greenwood [2]. 

2b 

FigUX'e 1: A muUispot aontaat UJith a diameter 2b a0'1'!8istin{J of 
38(k = 38) spots spread uniformly, all having the radius a. 
The ratio of the average distance 21- to the spot diameter 2a 
is about 10 corresponding to a region-III aontaat of § 5.2. 
This is a simpl-e muUispot aontaat. 

In § 5.2 approximate resistance and noise focmulae are derived. The 

multispot contact consists of k uniformly distributed a-spots. Multi

spot contacts can be simplified in two limiting cases with high and 

low.patchiness density. If the electrical conducting area is more than 
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16% of the apparent contact area, this ~o-called region-! contact 

behaves like a single spot contact with an area of about the apparent 

contact area. For a relatively small number of k a-spots lying far 

apart the so-called region-III contact behaves like k parallel 

individual spots. Such a contact is denoted as a simple multispot 

aontaat. For simple multispot contacts k and a can be calculated from 

the experimentally obtained 1/f noise intensity and the constriction 

resistance of the contact. The problem of the interaction between 

spots is treated as a transition region II in § 5.2. 

In § 5.3 a reproducible contact treatment such as the electrical 

breakdown of an oxide or tarnish film between contact members (the 

so-called fritting process) is analyzed by using the 1/f noise 

measurements. The k and a values of the multispot contact are 

affected by an impulse-fritting process.The impulse-fritting mechanism 

is studied from the experimentally obtained 1/f noise intensity and 

constriction resistance after each impulse-fr±tting treatment. One can 

find out whether new conducting spots are created or existing spots 

are widened.A growing contact area of a multispot contact seems only 

to be the result of an impulse-fritting with more power than the 

cummulative power of the preceding impulse-frittings. It seems that 

fritting occurs at a critical energy density in the heated volume vc 

under the multispot contact area. This confirms the important part 

played by the softening of the contact material in the electrical 

breackdown of contaminating films as studied earlier by Tsuchiya and 

Tamai [3]. 

In § 5.4a some attention is paid to the criter~a of a region I, II or 

III contact as was used in§ 5.2. 

If the actual details of the patchy contacts are ignored and k and a 

are calculated from experimentally obtained c and R values, then k and 

a are a sort of effective values and will be denoted by keff and aeff' 

In § 5.4c we treat the problems of interpreting multispot contacts 

with different spot radii or clusters of spots in terms of keff and 

aeff as if one were to interpret such mutispot contacts as simple 

multispot contacts. 

Some attention is paid to the related problems of applied mechanics 
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such as the real contact area, surface roughness and mechanical 

breakdown of naturel films {see §. 5.6a to § :s. od) • 

In § :S.5e experimental results obtained with crossed rod contacts 

are presented. Especially in the case of contact forces metal contacts 

behave like simple multispot contacts. 
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§ 5. 2. 1 If noise measurements for characterizing 
multispot low- Ohmic contacts 

L. K. J. Vandamme 

Department of Electrical Engineering, Eindhoven University of Technology, Eindhoven, The Netherlands 

A. P. Tijburg 
Philips Research Laboratories, Eindhoven, The Netherlands 
(Received S December 1975) 

The patchiness of contacts can be determined from measurements of 1/ f noise and contact resistance on a 
number of contacts of different diameters made by the same method. If a contact consists of k conducting 
spots with average radius a, k and a can be determined if the distance between the spot centers is at least 
2.5 times the spot diameter. Using the developed multispot contact model, the results of the 1/ f noise 
analysis are in good agreement with multispot parameters obtained from microscopic investigations. 

PACS numbers: 72.70.+m, 73.40.Cg, 73.40.Jn, 72.80.Ey 

I. INTRODUCTION 

Metal contacts on semiconductors can be patchy be
cause of contraction of the metal into droplets, or be
cause of local alloying of the metal with the semicon
ductor. Fritted contacts and metal-metal contacts are 
often multispot contacts. Sokolov and Jf:Ienkrig1 studied 
qualitatively the influence of the patchiness of contacts 
on the specific contact resistance Pc (0 cm2). Further
more, some correlation has been found between Pc and 
the noise behaviour. 2- 4 Vossen5 studied failures in the 
thin-film metallization patterns using current noise 
measurements. Here we report on the application of 1// 
noise measurements for characterizing quantitatively 
multispot Ohmic contacts with low Pc· The 1// noise 
and resistance model for multispot contacts developed 
is applied to the experimental results of several sets of 
contacts. Each set consists of a dozen low-Ohmic con
tacts with different contact areas, and the same patchi
ness prepared on GaAs. The contact parameters ob
tained are in good agreement with those obtained from 
microscopic investigations. 

11. 1/f NOISE AND RESISTANCE MODEL OF MULTI
SPOT CONTACTS 

Figure 1 shows a model of a multispot contact con
sisting of a homogeneous assembly of I? conducting spots 
of radius a, uniformly distributed over the (~pparent) 
contact area 1rb2• The distance between two adjacent 
spot centers is 2l. Unl.ess k is extremely small, k 
equals approximately 1rb2/1rl2• 
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FIG. l. Diagram of a contact consisting of k circular spots 
with radius a. The radius of the (apparently) homogeneous 
metal contact is b and the average spacing between the centers 
of the uniformly distributed spots is 21 (drawing oot to scale). 

In th~ present model the multispot contact is con
sidered as k parallel constrictions and one single con
striction of the apparent contact region with radius b. 
Because the contacts under investigation have a low 
specific contact resistance Pc• the contact noise and 
resistance are mainly due to the constriction resistance 
and a negligible part is attributable to the J::!letal-semi
conductor interface layer. The contact under investiga
tion is much smaller than the base contact; only a half
constriction in the semiconductor is to be considered for 
the 1/f noise and contact resistance calculations. As
suming hemispherical equipotential surfaces and using 
k = b2/l2, the multispot contact resistance is calculated 

thus: 

R =i [I ~::2 + J:e ~:2 =~[( ~-~)i +1] > (1) 

where p is the resistivity of the semiconductor. The 
radii x are the radii of hemispherical equipotential sur
faces that are centered around each conducting spot with 
radius a. These radii range from a to l. The center of 
the circular contact area with radius b is also the cen
ter of the hemispherical equipotential surfaces with 
radii y, where y starts from b. If k ;;.to, it is found that 
R, the calculation of which is based on the hemispheric 
approximation Eq. (1), is only about a factor h lower 
compared with results of Holm's exact calculations. 6 

Assuming again hemispheric equipotential surfaces 
the 1/f noise is calculated, the reasoning being the sa.me 
as that adopted by Hooge and Hoppenbrouwers. 7 We then 
find 

{(AR)
2)=a{ir 4::3n t!r [ t-(¥Y] + 40::bsn} ~~ '(2) 

where a is an empirical constant of about 2 x 10-a M and 
n is the mobile charge carrier concentration. Combina
tion of Eqs. (1) and (2) yields an expression for the rela· 
tive 1/f noise intensity C: 

-64-



(3) 

Equations (1) and (3) can be simplified in a limiting re
gion (I) with l/a--1 and (m) with l/a-- oo, and in a trans-
ition region (11), see Table I. · 

TABLE I. Three approximations of the multi spot contact relations. 
----~----

Region I Region II Region Ill 
--~~------

Conditions l/(7<2,5 l/a>2.5and l/a>>2.5and' 

C vs R 

R vs b 

conducting area ratio k >(l/a) 3 k <(l/a)3 
k1ra 2f,rb 2 > 16% 

c 0.8~aR3 
(4) C a:Rito3 (l/a)5 C=~ o. 81r2ak2R3 

np3 5a2np np3 

R=_p_ (5) R ,_!!_ p pl2 
R=--1':<--

21Tb 7Tb 21rak 21ra b 2 

In region I, which is found to hold for l/a ~ 2. 5, C and 
R are functions of b only. Hence, no conclusions can be 
drawn about l, a, and k separately. The contact behaves 
like a single-spot contact with radius b. Equat_ion (4) 
follows from the combination of Eqs. (1) and (3), and 
Eq. (5) follows from Eq. (1) by taking l = b =a. 

In region ll, C is sensitive to changes in l/a, but R is 
almost a function of b only. R deviates from p/21Tb by 
at most a factor 2 if the spots cover at least 10% of the 
available area (a 2/l 2 = 0.1). But in that case the noise is 
found to be about a factor 100 higher. 

In region lll, C and R are not functions of l for given 
a and k values. Using the two C-vs-R relations of the 
third column, k and a can be calculated from C and R, 
provided we know that the multispot contact belongs to 
region m. The contacts in region m behave like con
tacts with k independent parallel spots. Such a contact 
(region m) has v'k times more noise than a single cir
cular spot contact of the same real conducting area. 

From the slope in the logC-vs-R and R-vs-b plots, 
it can be seen to which regions a series of contacts 
belongs. 
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Ill. SAMPLE PREPARATION 

Each sample to be .investigated contains a number ..of 
contact areas with radii (b) ranging from 22 to 1000 
!J.m. The samples were made from 0. 5-mm-thick n
type GaAs having· a free-carrier concentration of about 
2X1016 cm·3• First, a AuSi film was deposited on the 
GaAs by evaporation. Mter this the contact areas were 
defined by a photolithographic;: process. Alloying of the 
film in H2 at 450 "C and higher causes the formation of 
globules, thus creating a multispot contact area. The 
GaAs surface between the spots is subsequently oxidized 
in a heating cycle at 300° C in air. The globules (spots) 
in each contact area are interconnected by·a Ti-Au con
tact layer (500 A Ti, 2500 A Au), .without ma}ting Ohmic 
contact to the GaAs surface. In order to reduce the 
radial contact layer resistance and to facilitate wire 
bondi.Qg, the Au layer was thickened electrolytically to 
at least 3 IJ.m. The size of the globules and their spac,;, 
ing can be varied by varying the thickness of the AuSi 
film. For very large distances between the globules 
(region Ill) a mask was used containing a pattern of 
spots on a fixed stitch (l = 275 1J. m). From the repro
ducibility of the technology it can be concluded that l and 
a are the same for all contact areas on a given sample 
(region 11). ·Nonpatchy Ohmic contacts (region I) were 
obtained by alloying the AuSi film in H2 at 425 °C. 

IV. RESULTS 

A constant current between 200 and 5 mA was fed from 
one contact with radius b to the base contact, and R and 
C were measured; b was measured with a microscope. 
The C-vs-R and R-vs-b plots obtained by measuring a 
set of contacts on one and the same sample, for which 
we assume the same patchiness, demonstrate to which 
region(s) the multispot contacts belong. The C-vs-R 
and R-vs-b plots of three samples are given in Figs. 
2 and 3, respectively. The dots represent experimental 
results of the (nonpatchy) contacts with a resistivity of 
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FIG. 2. Relative 1/f noise intensity C vs contact resistance R 
of three types of multispot contacts on n-type GaAs. The lines 
labeled 1-3 are fitted to the experimental points. Curve 1 (e) 
with a behavior similar to a single-spot contact (l/a :52. 5). 
demonstrates region !. This contact set was made on n-GaAs 
with~0.07f!cmandn 2xtol6 cm·3. Curve2 (O)withl/a""5 
and a=l. 6 J.Lm demonstrates region IT and curve 3 (0) with l/a 
= 17. 7 and a 16 ~o~m demonstrates region Ill. The contact sets 
demonstrating regions II and ITI were made on n-GaAs with 
p=O.l3 ncm and n=1.5x1ots em-s • 
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FIG. 3. The corresponding R-vs-b plots of the three sets 
(types) of multispot contacts in Fig. 2. The lines labeled 1-3 
wer calculated using the multispot parameters l and a obtained 
from Fig. 2. 

0. 07. n cm and n 2 x 1016 cm -a. The two samples with 
patchy contacts were also made on n- type GaAs but with 
p = 0. 13 n cm and n = 1. 5 x 1016 cm·3• The squares and 
circles represent the experimental results of two 
samples having an average patchiness of l:::: 8 tJ. m and 
a:::: 1. 6 tJ.m on the one hand and l :::::275 tJ.m and a= 15 ).I. m 
on the other, as determined from microscopic investi
gations before depositing the Ti-Au contact layer. The 
lines labeled 1 and la in Figs. 2 and 3 predict the C-vs
R and R-vs-b relations for nonpatchy contacts (region 
I) on the samples of two different dopings used, and are 
calculated using Eqs. (4) and (5), respectively. The 
curves 1, 2, and 3 in Fig. 2 are the best fits to the 
measured C-R points using Eqs. (l) and (3). Curve 1 
is insensitive to the choice of l and a provided l/a 

< 2. 5 (region I). For curve 2 we used l = 8 ).I. m and a 
1. 6 ).I. m, and for curve 3, l = 284 ).1. m and a= 16 ).I. m. 

Consequently, patchiness parameters obtained from 
microscopic investigations and from curve fitting to C
vs-R plots are in good agreement. The three regions 
considered in our model are experimentally confirmed 
by lines labeled 1, 2, and 3 corresponding to regions I, 
11, and Ill. From the intersection point of the line 
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labeled 3 with the dotted line labeled la, the radius a of 
the conducting spots of the sample demonstrating re- · 
gion Ill can simply be calculated from a=p/rtRi, where 
R, is the contact resistance at the point of intersection. 
The intersection point of the extrapolated line labeled 2 
with the dotted line labeled 1 a gives the 1/f noise and 
the resistance of a single-spot contact with the same 
radius a of the conducting spots belonging to the contact 
sets demonstrating region n, and a can be calculated 
again by a =p/trRt. The curves in Fig. 3 are calculated 

by using the best-fit parameters determined from Fig. 
2. There is a systematic deviation of about a factor ~11 
between curves 1 and 2 and the corresponding experi
mental data. This is due to the hemi.spherical approach. 
For curve 3, in Fig. 3, corresponding to region III, this 

deviation of t1r is canceled because k:;;,. (b/l)2 for small 
k values and high l/ a ratios. 

Apart from the h deviation factor it can happen that 
the C-vs-R and R-vs-b points cannot be fitted by a 
single pair of l and a values. This is, for example, the 
case when the patchiness of the contact set is. not homo
geneous or when the conductive AuSi globules deviated 
too much from the circular shape or the spots are 
clustered instead of uniformly spread. Ohmic contacts 
dominated by excessively high Pc give C-R values under 
the lines labeled 1 and 1 a in Fig. 2 and must be treated 
as film-dominated contacts. 10• 11 In Eq. (10) of Ref. 10 
the denominator should read (1 + <J? )2 instead of (1 + <J? )5• 

The denominator (1 + <1?)5 in Eq. (11) of Ref. 10 is cor
rect, the numerator in Eq. (11) should contain a factor 
at instead of a. 

V. CONCLUSION 

Based on Hooge's empirical relation for bulk 1/f 
noise, a method was developed of determining quanti
tatively the patchiness of low-Ohmic metal semicon
ductor contacts by the 1/f noise and contact resistance 
of a set of contacts with the same patchiness but differ
ent contact radii b in case the Ohmic contact area is 
less than 16% of the geometrical contact area. In this 
region of 16% and over, multispot contacts behave as 
single-spot contacts as far as the 1/! noise and contact 
resistance are concerned. The correctness of the re
sults justifies the use of our simple multispot model 
for calculating the contact noise and resistance. 
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Abstract. Experimental investigations show that the 1// noise intensity C and the 
contact resistance R can be used to analyse contacts. The simply prepared contacts are 
fritted by discharging a capacitor, resulting in a multi-spot contact. A model relates C 
and R to a number of contact spots k with radius a. More impulse-frittings at increasing 
energies decrease C and R, thus enhancing the values of k and a. From experimental C vs R 
plots two regions are determined for GaAs: A fritting (a=constant) and A+B fritting 
(aock). Calculated values of k are in good agreement with the number of peaks or pits 
formed by etching the semiconductor surface. From experimental C vs W or R vs W 
curves, with W the cumulative impulse-fritting energy, the conclusion can be made that 
ka3 is proportional to W 

Index Headings: 1/f noise- Metal-semiconductor contacts Multi-spot contacts Im
pulse-fritting procedures A and B fritting 

pressed as 

where 

C=rx/N. 

Applied 
Physics 
© by Springer -Verlag 1976 

(l) 

(2) 

Making ohmic contacts to semiconductors is often 
difficult owning to, e.g., surface states and oxide films. 
Describing the metal-semiconductor interface is most
ly complicated. For a good ohmic contact it is im
portant to have small l/f noise. Even low ohmic 
contacts often produce much 1// noise. We will show 
that measuring 1/ f noise and resistance predict the 
quality of the ohmic contact and define its structure 
without damaging the contact. This enables us to 
follow the properties of the contact after each impulse
fritting. Fritting occurs when a capacitor is discharged 
on the metal-semiconductor contacts. The contacts 
are described by a number of k spots with a contact 
radius a. After each impulse-fritting k and a can be. 
estimated. 
From the very start of investigations on homogeneous 
samples submitted to homogeneous fields, Hooge 
Ll, 2J treated the l/f noise as a volume effect ex-

Here ((LI V/Vf> is the average squared relative voltage 
fluctuation, when there is a constant current flowing 
through the sample, rx a dimensionless constant with 
the value 2 x l0- 3,N the total numberofmobilecharge 
carriers, and A f the bandwidth of the bandpass filter 
centred at frequency f Experiments on metal point 
contacts [3, 4] showed that the l// noise of such 
contacts is physically the same as the volume 1// 
noise of homogeneous samples. For semiconductor 
point contacts Vandamme [5] explained the observed 
deviations from simple theory by taking into account 
the presence of a uniform oxide film. 

• Present address; Raadgevend lngenieursbureau J. F. de Kloet 
B.V., Oranjesingel 73, Nijmegen, Netherlands. 
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We demonstrate our measuring method with In and 
Sn contacts on homogeneous GaAs samples, but our 
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contact characterization method is not restricted to 
this compound. Our samples always showed devia
tions in the experimentally found C to be 106 to 101 0 

too high comparing with (2~ Such deviations cannot 
be explained by the presence of a uniform oxide film 
on the GaAs surface. Fritting punches the oxide film. 
Hereby the metal is directly connected to the semi
conductor in many spots (6]. It is our intention to pre
sent a measuring method by which k and a can be 
estimated. Moreover, we are able to describe impulse
fritting procedures for Gaf,s contacts at increasing 
energies as being proportional to ka3• 

1. Noise Relations for Multi-Spot Contacts 

We are interested 111 llat metal-semiconductor contacts. 
In our calculations, however, we nsed the results of 
two contacting spheres, since this will not make much 
difference. Assuming two equal contact members 
producing one circular contact area with radius a, 
the resistance of a simple point contact can be ex
pressed as 

R = (!/(na), (3) 

where (! is the resistivity of the material. 
The 1/ f noise of such a point contact is satisfactoriliy 
described by [3] 

(4) 

with n the concentration of the mobile charge carriers 
in the material. For k conducting spots each with a 
and a radius b of the mechanical bearing area the 

Fig. L (a) Model of a multi-spot point contact with k electric 
contact spots and radius a (not to scale). b is the radius of the 
mechanical bearing area. (b) Model of metal-semiconductor system 
having two metal-semiconductor contacts each contacting the semi
conductor with k spots with radius a (not to scale) 

contact resistance follows from Holm [7] under the 
conditions kna2 ~O.lnb2 (see Fig. la) and a uniform 
distribution of the spots 

R = (!/(kna). (5) 

Hoppenbrouwers and Hooge gave [ 4] an expression 
for the 1/ f noise intensity analogous to (4) under con
ditions given by Vandamme and Tijburg [12] 

C =1X/(n20kna3) = C!k2n2 R 3 /(201!{13}. (6) 

From (5) .and (6) we deduce the following explicite 
expressions for k and a · 

k2 = 20 (n~)(~Y, 

az ;o(n~)(;); 

(7) 

(8) 

k and a can thus be calculated from determining C 
andR. 
This multi-spot point contact is equivalent to the 
metal-semiconductor system of Fig. lb. Here we have 
two metal-semiconductor contacts, both making elec
tric contact with the semiconductor at k spots with 
radius a. When neglecting the noise of the semicon
ductor bulk outside the contact region, the noise of the 
whole system fluctuates similarly to the noise of the 
point contact of Fig. la. The noise and the resistance 
of the metal parts are neglected. 

2. Connection between Fritting and Noise 

The fritting mechanism was described by Holm [8] 
and Dietrich [9]. Fritting is the breakdown of a contact 
area covered with an insulating oxide film In the local
ly destroyed insulator film a channel is produced by 
the high electric field when discharging the capacitor. 
Creating more conducting spots while keeping the 
radius a constant is called A fritting. Widening of 
the channels while keeping the total number k con
stant is B fritting. It is difficult to produce pure A or B 
fritting experimentally. Mostly both processes act 

Table I. Relations between noise and resistance for tbe two types of 
frilting according to (5) and (6) 

Type of fritting 

A 
B 

Contact radius 
and number of spots 

a=constant 
k=constant 

Noise vs 
resistance 

CocR 
Ccx:R3 
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together. Such a mixed case we call A+B fritting. By 
measuring noise and resistance we distinguish between 
different kinds of fritting as can be seen in Table L 

3. Experimentallmpulse-Fritting ~edures and 
Results Obtained on GaAs 

Four our experiments we used P-GaAs with a bulk 
resistivity (J=1:1x w-l Qcm and concentration of 
mobile charge carriers p=3.7x 1017 cm- 3• The sam
ples had volumes of approximately 0.1 cm3• Hence, 
with (2) and taking a=2x 10- 3, we expect C~l0- 19 

for GaAs [10]. The etchant, contacting and fritting 
parameters can be seen in Table 2. Here we present 
the results obtained experimentally. 
After contacting, the 1-V characteristics were some
times linear. Mostly they showed asymmetric be
haviour, possibly caused by the oxide film. The first 
discharge of the capacitor at once resulted in ohmic 
behaviour. The resistance of the samples dropped to 
2-700. From this first impulse-fritting we measured 
C and R and repeated this process after each subse
quent impulse-fritting. AI! C-values were determined 
from 1/f spectra in the frequency range of 70Hz-

lO kHz. In this way we obtained 3 to 8 measuring 
points. From other contacts of the same type we 
obtained new series of points. All these points of the 
same contact type are presented in Fig. 2, resulting 
in one line starting from the top. The broken line 
follows from (4). The deviations from this line, which 
are 103 to 107 too high, demonstrate the presence of 
many contact spots. The impulse-fritting procedures 
result in a decrease in C of almost l(f and in R of 
more than 102• Though the three lines are collected 
from three types of contacts, they have the same shape. 
Since the proportionality in the C vs R plot lies be
tween the extreme cases R and R3 we have a mixed 
form, viz. A+ B fritting. The precise relation for low 
resistance CccR2 shows that obviously acck. High 
resistance values show a tendency to CccR, thus in
dicating A fritting. We did not find pure B fritting 
experimentally. 
In Fig. 3 the calculated values of k and a are pre
sented using (7) and (8). The A fritting regions are 
clearly demonstrated. We ignore Holm's theory [11] 
according to which the widening of the spots pro
ceeds in preferred directions. Thus we interpret our 
A+ B fritted spots as remaining circular and charac
terized by one single parameter a. From a and k we 

Table 2. History and results as given in Figs. 2-S of the investigated fritted multi-spot contacts on P-GaAs: a =7.7 x 10- 2 Gem, 
p=3.7 10" cm·' 

Etcbant 

Contacting 

Discharge capacitor 

Discharge voltage 

A-Fritting 
(see Fig. 3) 

a[nm] 
k 

A+ B Fritting a [ nm] 
(see Fig. 3) k 

[I'm'] 

V,= ~kna' [11m3
] 

Eq. (12) 

W/1'; [W s cm- 3
] 

Eq. (10) 

Contact type I( e) 

H 2SO.-HN03-H20 2 -H20 

Soldered In on Ga 
and As faces 

40-8(}-120-160-200-
240-280-320 V 
successively 

90 
40-300 

loo-400 
500-3000 

1.4-800 

0.2~400 

I X 1010 

The symbols e, 0, and • refer to the Figs; 2~5. 

Contact type li(D) 

HCI-HN03-H20 

Soldered In or Sn on Ga 
and As faces 

0.5-!4-8-12-24·36-48-60!'F 
successively 

300V 

130 
3(}-150 

150-600 
250-1500 

L5-1100 

0.25-900 

0.9x 1010 

For the highest k values of contact type I and IJ the conditions of using (7) and (8) are almost fulfilled [12]. 
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Contact type lll(•) 

H 2SOcH20 2-H20 

Soldered Sn both on Ga face 

4-8-12-24-36--48-4li'F 
successively 

300V 

210 
55 

250-700 
100-300 

7-500 

2-360 

0.7 X 1010 
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I 

I 

I 
I 

I 

10° 101 o 2 103 
CONTACT RESISTANCE R (0) 

Fig. 1 The relative J 1 f noise intensity Cas a function of the contact 
resistance R for fritted ohmic contacts on P-GaAs. The broken line 
is the theoretical line for a single-spot point contact. The sequence 
of the observed C and R values is given by the arrow direction 

calculated the total electrically conducting area Ac 

(9) 

We find a range of 1 j.lm2 <Ac< 103 j.lffi2• The soldered 
contact dots cover surfaces of approximately 2-5 mm2

• 

The highest Ac values are only 0.02--0.05% of the 
apparent contacting area. indicating that the con
ducting spots are relatively wide, apart if they are not 
clustered. In view of Vandamme and Tijburg's results 
[12], we can use (6) over the whole range. 
Besides the measurements described, we made micro
scope photographs from the etched surfaces analogous
ly to [6]. We counted the number of peaks on the Ga 
face or pits on the As face in these photographs. This 
has shown us that our model is correct. Their numbers 
(800-3000) correspond to the highest values calculated 
from the noise measurement. Of course, not all peaks 
or pits form conducting spots, when fritting occurs at 
low energies. 
Each C and R value in a series is the result of all 
previous irnpulse-fritting procedures. Therefore, it is 
reasonable to investigate the relation between C or R 

Fig. l The relation between the contact radius a and the number 
of contact spots k, Values calculated from (1) and (8). The sequence 
of the calculated values is given by the arrow direction 

~1o4r-----,r-----,----,----, 
Q: 

LLJ • u 
~101 
ta 
~ 
~ 
~ 
8o1~o--~--~~--~--~ 

10 101 102 103 104 

CUMULATIVE IMPULSE -FRITTING 
ENERGY W(milliwatt sec} 

Fig. 4. The relation between the contact resistance R and the 
cumulative impulse-fritting energy W for fritting series. The 
sequence of the observed R and W values is given by the arrow 
direction 

and the cumulative irnpulse-fritting energy W for a 
series 

(10) 

with 

(11) 

where C1 is the discharge capacitor and U1 the dis
charge voltage of the 1'h irnpulse-fritting procedure. In 
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u 
f1 
IJ) 

z 

~ 
UJ 
\!! I 

2~ 
s 
UJ > -12 
j:;'O 
<c( 
...J 
UJ 

'\cP 
100 10

1 

CUMULATIVE IMPULSE-FRITTING 
ENERGY W(milliwatt sec) 

Fig. 5. The relation between the 1/ f noise intensity C and the 
cumulative impulse-fritting energy W for fritting series. The se
quence of the observed C and W values is given by tbe arrow 
direction 

Figs. 4 and 5 we present the experimental R vs W and 
C vs W plots of fritting series of the three types of 
contacts. To explain these plots we use an assump
tion similar to the one Dietrich used (Ref. [9], 
Chapt. 8, pp. 98-100). A linear relation between the 
heated volume V.: under the contact area Ac and W is 
assumed 

V.:= 1kna3 cx:; W. (12) 

We find a calculated V.: range 0.1 J.l.lll3 <V.:< 103 r.tm3
. 

In Table 3 the proportionalities of (5) and (6) for the 
different fritting regions are given in the light of the 
assumption in relation (12). 
This assumption fits our experimental results in both 
R vs W and C vs W plots over the whole range. From 
these plots it follows that GaAs contact-fritting is 
governed by a critical energy density WfV.: of about 
1010 Ws cm- 3. If the energy density used is much lower 
than this critical value, no further fritting occurs and 
C and R are constant. At energies W.<2mWs no 

Table 3. Proportionalities of (5) and (6) for the fritting regions 

Fritting Contact radius Resistance vs Noise vs 
region and number energy energy 

of spots 

A a=constant Rocw-• cocw-• 
A+B aock Rocw-•1> cocw-• 
B k=constant Rocw·•J' Cocw-• 

fritting was observed. In our opm10n, Dietrich's 
R vs W plots of (Ref. [9], Fig. 30), having a slope of 
approximately 1/3, must be interpreted as one pure 
B fritting region. 

Conclusion 

1/ f noise measurements give important data for the 
description of multispot contacts. These contacts 
produce much 1/ f noise. Using a simple model, we 
can calculate the number of conducting spots k and 
the contact radius a. For our investigated contacts we 
discriminate the fritting mechanism in an A and an 
·A+ B fritting region. From our experimental R vs W 
and C vs W plots it is plausible that fritting is an 
effect of a heated volume under the contact surface Ac 
Fritting occurs only when a critical energy density is 
reached at the contact spots.-
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§ 5.4. Discussion about multispot contacts 

a. Notes on the model developed in§ 5.2 

We test our multispot resistance relation (1) in § 5.2 on page 64 by 

comparing it with Greenwood's result [2]. He obtained a resistance 

relation by making use of the "electrostatic analogy". The capacity of 

a set of coplanar discs with the positions and shapes of the contact 

spots is then calculated. The capacity problem is then returned to 

the original problem which gives the constriction resistance of the 

multispot contact. His resistance relation is the sum of tw.o terms: a 

size term and a position term. That relation is also applicable to 

contacts with unequal spots which are spread non~uniformly over the 

apparent contact area. In order to compare Greenwood's result with 

equation (1) in § 5. 2 we rewrite our equation ( 1) as the sum of a 

position term pr and a size term sr' thus: 

R S +P 
r r 

(5.1) 

where the spot size term and the position or interaction term are, 

respectively 

s 
r 

p 
r 

2 2 pl /Trb a p/'rrka (5.2) 

(5.3) 

If b and Z are constant and a changes, Pr is constant. However, the 

relative contribution of Pr to the total resistance R changes. Pr may 

be a small correction term for the resistance of the simple multispot 

contact (p/k~a) or P may be the dominant term for Z/a ratios smaller 
r 

than 5 (region I and region II contacts). Our results are in agreement 

with Greenwood's result that we obtained along completely different 

reasoning. 

What change in resistance and noise would one expect if the conducting 

area of a multispot contact with for example k = 76 becomes 625 times 

as small by a variation in a by a factor 25 ? The Z/a ratio changes 

from 1 to 25. From equations (1) and (3) in § 5.2 it follows that the 

resistance increases only a factor 3.75 and the noise intensity 
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increases, however, by a factor 7.9xto
4• Using Greenwood's resistance' 

relation, the resistance increases by a factor 4, which is in good 

agreement with our result. In both contact models the position term 

is constant in this experiment, because the distance between spot 

centres 2l and the radius b are constant. The size term, being the 

simple multispot resistance, increases for smaller a values, and is 

the dominant term for l/a = 25. If l/a changes from 1 to 25 in this 

experiment, then Br'Pr changes from 0.13 to 3.24, which demonstrates 

the dominant part played by either P or S . 
r r 

If for region I and II contacts the area of a contact is estimated 

from constriction resistance alone, the quantity found will not be 

the real area of contact but approximately the envelope of the 

conducting areas. With a simple multispot contact, the conducting area 

calculated by applying the resistance relation of a single spot 

contact is k times as great for that simple multispot contact. The 

problem of the calculation of the real electric contact area can be 

solved from the combination of 1/f noise and constriction resistance 

measurements. 

The conditions given in § 5.2 for the distinction of multispot 

contacts as region I, II and III are somewhat arbitrary. This is due 

to the fact that the interaction between spots works out differently 

in the resistance relation from in the 1/f noise intensity relation. 

In § 5.2 we considered the c versus R relation of the region-I multi

spot contact as if it were a single-spot contact with the same 

constriction resistance. From equations (1) and (3) in § 5.2 we find 

that C can be written as the product of the noise intensity c1 for a 

(half} constriction multiplied by a correction factor equal to 

c D/b((L/a> 5-1)+1] 

CI = [L/b(l/a-1}+1]5 

This factor increases for increasing k. Even for k = 100 and 

(5.4) 

l/a ~ 2.5, the correction factor is less than 5.3. The multispot 

resistance then seems due to a single-spot constriction resistance 

with radius b/1.47 if k = 10 and l/a = 2.5.For greater k and 

l/a = 2.5 the calculated radius becomes even closer to b. 
The conditions for region-III contacts (simple multispot contacts) 
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are also obtained by giving a maximum value to the correction factor 

in the noise-intensity relation. Now the correction factor is the 

ratio of noise intensity given by equation (3) in § 5.2 to the noise 

intensity of a simple multispot contact with the same k and a. The 

correction factor, which is always smaller than 1, is the following 

expression 

c a3k [l/b((l./al 5-1)+1] 

CIII = b3 [l/b(l/a-1)+1]2 
(5. 5) 

3 and is of the order of all fork =(Z/a) and Z/a >> 2.5. For 

k (Z/a) 2 and Z/a >> 2.5 the correction factor is about 1/4. 

Note that, although the model is rather simple and contains only three 

parameters (a, band Z), it describes rather well the c vs R values 

experimentally obtained. 

b. The c vs R relations for simple multispot contacts 

From equation (2) in § 5.2 of this chapter we find that the resistance 

fluctuation <(AR) 2
> for multispot contacts can be split into a 

position term Pn and a size term Sn just as was done in (5.2) and 

(5.3) for the resistance. Sn and Pn become, respectively 

(5. 6) 

(5. 7) 

It is easily seen that for simple multispot contacts Pn is small 

compared with S , while the same holds for P and S denoted in § 5.4a, n r r 
which means that the interaction terms vanish both in resistance and 

noise. Instead of following the reasoning developed in § 5.2, for 

region-Ill contacts we can simply add the conductance of all spots in 

parallel and the squared fluctuations of all spots. This leads to the 

same results as in § 5.2 for region-III contacts. A summary of results 

for different types of region-III contacts and single-spot contacts 

is given in table V-1. A single spot is calculated as in chapter I. All 

contacts are assumed to be constriction dominated and ohmic. The multi

spot contacts are assumed to consist of k uniformly distributed spots 
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'!'ABLE V-1 

Single spot ( k = 1) relations Simple multispot contact relations type of contact 

p1+p2 
R=~ (5.8) 

Pl+p2 
R = k(2'11'a) (5.17) different metals 

' i symmetric 
R • phra (5.9) R • P/(ktta) (5.18) I constriction 

' i l ' 
R m P/2'11'a (5.10) R = P/(k2'1Ta) (5.19) i 

I 
half constriction 

~(l/n1+(p2/p1)~/n2) 
i I 

~(1/nl + { P2/P 1) ~ /n2) ' Cm (5.11) c = (5.20) I different metals 
(1+p2/P1) 210'1Ta3 (l+P /P ) 2ktO'ITa3 i 

2 1 

I 
C • cY,/(20'!1'a3n) (5.12) c m a.; (k20 1Ta3n) (5. 21) I symmetric 

constriction 

C"' cY,/(101Ta
3
n) c • CL,/(k101TJn) (5.22) 

I! 
(5.13) 

I 
half constriction 

2 3 2 2 2 2 3 2 

c = 
<l'IT 0.8R (1/n1+!P2/P1) /n2 l 

(5.14) 
a(1/n

1
+( p

2
/p

1
) /n

2
)R · ~1T o.8k R (1/n1+<P::/P1 l /n2 l I differeat metali1 1 

3 5 c:- 3 :~. c-
Pi(l+P;/Pl)S 

I 
pl (1+p2/P1) 5(1+P;/P

1
) P1a I 

(5.23) 
(5.26) 11 

2 3 ~1T2k2R3 symmetric C=~ ref. [4] (!i.Ul c- ....5L!!_ ($. ~4) rd. [s] 
20np

3 
20ipn 

c ---3- (5.27) I 
constriction 

simple contact 20np 

ai0.8R3 
I 

~1T20.8k2R3 I 
c-~ (5 .28) c = 3 (5.16) 

2 
(5.25) c" 3 

half constriction 
np . sa pn np I 

I 

if a is constant c~R if k is constant c~R3 



with radius a. The single-spot relations are 9iven in the first 

column of the table and the multispot relations are given in the 

second column. 

Equations (5.23) and (5.26) in the table follow from equations (5.20) 

and (5.17}, depending on whether we substitute k or a in the 1/f noise 

equation (5.20) using equation (5.17). 

In contrast with constriction dominated multispot contacts, fi·lm 

dominated multispot contacts cannot be analyzed in terms of k and a 

by measuring the resistance and the 1/f noise. The difference is 

demonstrated as follows. The total conductance of a film dominated 

multispot contact is G = i~i Gi = kGi where Gi = crfa
2
/t with crf the 

film conductivity and t the film thickness. The 1/f noise intensity of 
2 such a multispot contact becomes e = a/k~a tnf where nf is the carrier 

concentration in the surface film. The total contact resistance 

becomes R "' p ft/kna2• So we have R a: 1/ka2 and e o: 1/ka2 and from 

these two equations k and a cannot be calculated. 

From equations (5.24) and (5.27) it follows that 'k and a can be 

calculated from e and R values for symmetric constrictions as occurring 

in our experiments of § 5. 3. TWo equations in k and a are obtained 

from which one can find k and a for an experimentally obtained e and 

R value. 

2 1 (~) (~ a =w ne p 
(5.29) 

k2 20 <ne1 (.e..) 3 =2 a R 
(5.30) 

'fT 

Using equations (5.25) and (5.28), similar relations for a2 and k 2 

for half constrictions are obtained. Such constrictions occur in metal 

semiconductor contacts, if the second contact is a large uniform base 

contact as in § 5.2 or in metal-metal contacts if the resistivity of 

one metal is negligible. 

a2 1 (~) (!) =-
5 ne p (5.31) 

k2 1 <ne) (.e..) 3 =-2--
~ 0.8 a R 

(5.32) 
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The application of equations (5.23) and (5.26) leads to relations for 

a2 and k
2 for dissimilar metal contacts. 

From the corresponding c vs R relations in equations (5.26), (5.14} 

and (5.27), {5.15) and (5.28), (5.16) in table V-1 it follows that 

for the same resistance 

cmultispot k2 c single-spot 

as was mentioned earlier for symmetric constrictions in ref. [5]. 

Hence only C vs R values above the line with slope 3 for a simple 

contact can be interpreted as a possible multispot contact. 

A series of simple multispot contacts (all consisting of an assembly 

of equal a-spots but all having different numbers of spots k) results 

in a c « R relation. This is shown by equations (5.18) and (5.21) 

where R « 1/k and C « 1/k. The C « R proportionality also follows from 

equations (5.23), (5.24) and (5.25). 

A preportionality c « R3 is obtained for multispot contacts consisting 

of a fixed'number of spots but having different spot radii, as is 

shown again by equations (5.18) and (5.21) where R « 1/a and C « 1/a3 • 

The C « R3 proportionality follows directly from equations (5.26), 

(5.27} and (5.28). In general, if for a simple multispot contact 

series the experimental c vs R plot shows a dependence as 

the conclusion can be drawn that for such a contact series 

m-3 
1::m k a:.a 

(5. 33} 

(5.34) 

Values of m smaller than 1 or larger than 3 might result from a 

contacting process during which the conducting channels coalesce into 

larger contact areas,so that k decreases with increasing a. 

Experimental evidence for m < 1 and m > 3 was sometimes found with the 

crossed rod contact. Shearing forces on simple multispot point 

contacts alwa~s resulted in coalescence into larger contact areas, 

where often situations were observed with m >> 3 or m << 0. 

What happens if a single contact with radius a
2 

is broken up into 1t 
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smaller spots with radius a1 so that krra~ "' 11a; and . a simple 

multi spot contact is obtained ? This means that k "'a-2 and m -1, 
-1 

so that a C « R proportionality may be expected. The results of 

such disintegration is shown in figure 2a. The resistance of this 

assembly will become lk times as small and the relative 1/f noise 

lk times as great (§ 5.2). In figure 2a some typical c vs R 

relations are shown for m • 3,2,1 and -1, representing multispot 
2 contacts series with constant k, k "'a, constant a and constant k11a , 

respectively. The arbitrarily chosen n and p are such that the noise 
-11 intensity c for a single contact equals 10 if R is equal to 0.10 • 

This means that np3 
= 9.8x1o

4
,which condition can easily be fulfilled 

in metals. 

In figure 2b is presented the relation between the exponent x in the 

k « ax proportionality and the exponent m in the corresponding 

experimental c « Rm plot. Point A on the x-axis corresponds to a 

coalescence where krra
2 

is constant. Point B corresponds to k constant, 

point c to k a: a, and point D at x ~ eo to a constant. 

For simple multispot contacts the 1/f noise and contact resistance 

measurements can be used as a tool to characterize the real electrical 

contact area in terms of k and a. 

Using equations (5.21) and (5.24), we find for symmetric constrictions 

that 

[ a.fyt20nCR)] l/2 (5.35) 

Instead of using equations (5.29) and (5.30) for the calculation of 

a and k of symmetric multispot contacts, k and a can be found by 

semigraphical determination. Drawing a line in figure 3 with slope 

through an experimentally obtained C-R point P above the C vs R 

line with slope 3 for a single contact, we obtain an intersection 

point Q. Using the resistance value at Q in equation (5.9) a is 

found. The square root af the deviation factor PS between the 

experimentally obtained c and the c predicted for a simple contact of 

the same resistance leads to finding the value of k. 
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c. The meaning of the effective keff and aeff values for unequal 

spots in parallel 

Constriction dominated large spots in parallel with one or more very 

small spots of·fer some difficulties in their interpretation. consider 

m spots of different. radii. The total conductance of such a contact is 

m 
G = L Gi 

i=1 
(5. 36) 

where Gi = 1/Ri is the conductance of the ith conducting spot. Ri is 

given by one of the equations (5.8) to (5.10) because the spots are 

assumed to be far apart. For small relative fluctuations it is easily 

seen that <(8Gi/Gil
2

> = <(8Ri/Ril 2
>. All constriction conductances Gi 

fluctuate uncorrelated, so the total fluctuation of the multispot 

conductance equals 

m 

:L (5.37) 
i=1 

Using equations (5.15}, (5.37) and the equality between small relative 

conductance and resistance fluctuations, we find the general relation 

for the 1/f noise of a symmetric multispot contact belonging to 

region III 

2 m 
cur L R 

i=l i 8f 

20np3G2 f 
(5. 38) 

where G is the total conductance of the multispot contact. For equal 

spots, equation (5.38) becomes equation (5.27). From equation (5.38) 

it is clear that one very small spot in parallel with an assembly of 

k-1 larger spots completely dominates the relative 1/f noise intensity 

(Ri + ®), but it has no influence on the total conductance (equation 

(5.36}). Remembering the graphical method for determining k and a in 

figure 3 too high a keff and too low an aeff value are the result. 

The deviation is due to the simple approach for the 1/f noise 

calculations made in equations (5.11) to (5.13) resulting in 
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<(AG.) 2> = 'IIC4Af/(20anp 2f). This becomes infinite for a+o and makes 
~ 

the sum in equations (5.37) and (5.38) infinite. Some unfulfilled 

physical conditions can lead to such divergent results. It is possible 

that Hooge's empirical relation is not applicable to an average number 

of electrons less than one. The electrical field strength cannot 

become infinite at the rim of the contact spot. The interatomic 

distance hinders a boundary to be infinitely sharp, hence the 

electrical field strength remains finite at the rim of the spot. A 

more physical model for very small conductance spots has been treated 

in § 4.2. For great notch edges 26 the constriction resistance 

becomes R = pp 112a-312 where p is the smallest curvature radius of the 

boundary hyperboloid. From § 4.2 we know that for such a constriction 

<(AG ) 2> + 0 for a+ 0. 
n 

Let N(a) be the distribution function of the spot radii, and 

ks = [ N(a)da 
0 

the total number of spots in the contact. Then the average value <a> 

of the radii (which plays an important part in equation (5,36)) can 

be written· as 

<a> 

r aN(a)da 
0 

[ N(a)da 
0 

r aN(a)da 
0 

s 
(5.39) 

From equation (5.38) it is clear that <a-1
> plays a major part in the 

noise due to LR .• The average value <a-1
>. can be written a~ 

~ 

-1 
<a > 

[ N(a)da 
0 

s 

Using equations (5.36), (5.38), (5.39) and (5.40) we obtain 
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pk 
s =--

1T 

Trk 
G = --1!. <a> 

p 

2' 

(~A~))= a<l/a? /J.f 

20mrk <a> 2 f 
s 

(5.41} 

(5. 42} 

(5. 43) 

Fork equal spots, <a> = a and <1/a> = 1/a, so that equation (5.43) s 
reduces to equation (5.21) in table V-1. Equation (5.43) can also be 

written as the noise of k equal spots in parallel with radii <a>, 
s 

multiplied by a correction factor X• which is always equal to or 
-1 greater than one,.where X = <a><a > 

(AG)2 <\G' > = xcks<a> (5.44) 

where Cks<a> is the relative noise intensity of a multispot contact 

with k equal spots with radii <a>, the multispot contact having a s 
resistance R equal to 

R = p/ 1rk <a> 
s 

It is easily seen from equations (5.29) and (5.30) that the effective 

k and a values of k spots having some distribution in a are 
s 

(5. 45) 

aeff = <a>x-1/2 (5.46) 

only if there is no wide distribution in the spot radii, so that X ~ 

can the 1/f noise measurements be used as a tool for the 

characterization of multispot contacts in terms of keff and aeff now 

corresponding to ks and <a>, respectively. 

As a first example we treat a multispot contact with a continuous 

distribution in spot radii N(a) as ~iven in figure 4 using one 
-1 

distribution parameter p. Then ~a>, <a > and X becomes 
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a (1+p) 

1 I o 
ak 

<a>= r __ s_ da =a 

s ao(1-p) 
2pa

0 
o 

a (l+p) 

-1 1 I 0 
k 

<a > = r __ s_ -da = _L_ ln J.!.:!:£L 
s ao(1-p) 

a2pa
0 

2pa
0 

(1-p) 

<l~ X = <a> a~ 

ln J.!.:!:£L 
(1-p) 

2p 

(5.47) 

(5.48) 

(5.49) 

X is drawn ia figure 5 as a function of p. From figure 5 we conclude 

that even for p = 0.96 such a homogeneous distribution produces only 

a small deviation factor of /:2 between the calculated keff and ks and 

between aeff and <a>. In this case X is between 1 and 2, which means 

that the relative noise of k spots with radii in the range from s 
a (1-p) to a (l+p) is always a little greater than that of k a -spot~ 

0 0 s 0 

while the constriction resistance of both multispot contacts is the 

same. 

Nlal 

Fi(!Ul'e 4: The simpZe x-ectangu'la.'l' 
distribution N(a). 

:, tx 
t8 .I 
t1 

tS 

t4 

Fi(!Ul'e 5: The corx-ection factor x 
as a function of the 
distribution p~ter p. 
Be 'l.o1,) the p sca'U> thli;re 
is a eor:r>eSJpona:lng !!feale 
of ama:larnin' 
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As a second example we treat the multispot contact where 

N(a) = k
0
o(a-a

0
)+k1o(a-a1)+k2o<a-a

2
) as fiven in figure 6. Here 

o(a-ai) are engineering delta functions (finitely narrow and of great 

height, so that the product of their height and width is unity). Then 

k , <a>, <1/a> and X becomes respectively s 

k2 
0 

X= k2 {l+y1l,;1+yll;;2) (l+yll;;l+y21;;2) 

s 

(5. 50) 

(5.51) 

(5.52) 

Using equations (5.45), (5.46) and (5.52), aeff and keff become 

l+y1/1,;1+y2r;2 

l+ylr;l+y/1;;2 
(5. 53) 

(5. 54) 

We see that X is always equal to or greater than 1 for positive values 

of ~,; 1 and ~; 2 • It is easy to prove that X ~ 1 also for every continuoua 

(positive) distribution function N{a). For Y
1 

= y
2 

=· 0 we see that 

ae = a and k ff= k k which is to be expected. The effective ff o ·e o s 
nUlllber keff is always greater than the mairi group number. k

0 
and even 

greater than ks.The effective radius aeff is smaller than <a> and 

can be close to a
0

• Three special cases will be treated to find out 

how strong such deviations in spot radii have consequences on the . 

simply calculated keff and aeff values. 

case 1: If y 1 = y 2 = y and ~,; 1 = ~,; 2 = 1; then equations (5.53) and {5.54) 

become 
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(5.55} 

(5.56) 

The deviation factor keff/k
0 

is pictures in figure 7 as a function of 

y with 1; as parameter. If y (1;+1/1;) is smaller .than 1, which means 

that the conductance is dominated by the main group k a , then 
0 0 

~ k • 
0 

Case 2: If y 2 = 0 and Y/1; 1 < 1 (which means a multispot contact with 

some smaller spots in parallel whose conductance remains dominated by 

the main group), then eqiations (5.53) and (5.54) become .it'espectively 

(5.57) 

(5.58) 

-1 . 
The ratios of (aeff/a

0
) and of keflk

0 
are pictured in figure 8. For 

the range of y 1 values in figure 8 the ratio k eflk 
0 

is about equal 

to keflks. If ~; 1 .y 1 is smaller than 1, then kef/ks is at most 12. In 

this case, from equation (5.44) follows for the noise 

(5.59) 

For r; 1 = 1 and v1 ~ O, which means adding more spots belonging to the 

main group, the factor k~(l+y 1;~; 1 ) (1+y1r; 1) reduces to k! which is to 

be expected. The ratio of the noise of a multispot contact with the 

main group k a -spots and an additional group of smaller y 1k , 
0 0 0 

a /r;1-spots, to the noise of a simple multispot contact with k a -
0 0 0 

spots is given in figure 9. 

Case 3: If y1 = 0 and v2 ~; 2 < 1 (which means a multisp9t contact with a 

subgroup of greater spots, whose conductance-remains dominated by the 

main group, then aeff"' a
0 

and kef£= k
0

• If y2 ~; 2 > 1, which means 

that the conductance becomes dominated by the subgroup of greater 
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Figure 6: Discr>ete distPibution N (a) of mriltispot 
par>ameters. 

s=s =s 1 2 

10-2 10-1 

Y=Y1 =Y 2 

Figur>e 7: The ratio of the effective number keff to k0 
as a function of the distPibution p~eters 
y and 1;. The total number ks is at most 20% 
greater than k0~ hence kefflko ::: kefflk8 • 

10_2 

yl 
Figure 8: The ratios of the effective keff and aeff 

values to k0 and a0 as a functiOn of the 
fraation y 1 of the subgroup of smaUer> spots. 
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10 10
2 

~~ 
Figw:'e 9: The ratio of the 1/f noise intensity for a 

multispot contact with k0~ ao-spots and Y1ko 
aolt1-spots to that of a multispot contact 
with k0~ a0-epots. 

Figu:t'e 10: Two unequal simple multispot contacts in 
series> consisting of k a-spots and yk ~a
spots 'l'espectively. 

Summarizing we can state that some additional small spots which do not 

effect the contact resistance, result in greater deviations between 

aeff and a
0 

and between kef£ and k
0 

than the deviations due to some 

additional large spots which do not effect the resistance. 

If the non-uniformity is due to clustering of equal-sized spots, no 

problems occur in the interpretation of k and a if the spots still 

behave as individual J!lpots. However, clusters of which the total 

area of the spots cover more than 16% of the area of the cluster have 

to be treated as region-I contacts given in § 5.2. Specially shaped 

clusters, for example, forming elongated contact areas can occur as is 

shown in § 5.5a. The single elongated contact has been treated in 

§ 4.3. 

-92-



(iv) The kef£ and aeff values for multispot contacts with a weak 

~~~~~~E!9n-1~9!~~:!!:~~E~~~I·--------------------------

Multispot contacts with k a-spots belonging to region II have a 

greater resistance and lower C value than the simple multispot contact 

with k a-spots (region III). If, using the simple equations (5.29), 

(5.30) or (5.31) and (5.32), one were to calculate the keff and aeff 

values of such a contact as if it were a si.mple multispot contact, too 

great an aeff value and too low a keff value would be found. These 

trends in keff and aeff are opposite to the trends found in § 5.4c 

(ii). In view of the results of region-! contacts, where keff ~ 1 and 

aeff = b, one can expect lower keff and greater aeff values for 

region-!! contacts. 

A cluster of very small region-II spots will have a weaker influence 

on and aeff than some very small region-Ill spots. 

d. Two simple multispot contacts in series consisting of k a-spots and 

yk z;;a-s29ts 

Consider the situation given in figure 10 showing two dissimilar multi

spot contacts in series. This situation occurs after contacting III-V 

semiconductors on the 1,1,1 and T,T,Tplane as was described in 

§ 5.3. The contact resistance can then be written as 

R = (p/2~a) (1+yz;;)/yz;;k {5.60) 

The 1/f noise intensity c of such a structure is assumed to be 

generated mainly in the contact regions; therefore, we neglect the 

contribution of the bulk outside this region. The noise can be given 
2 2 as the squared sum of <(~R1 ) > and <(~R2 ) >, where ~R1 and 8R2 are the 

fluctuations at each contact. We can now write: 

k2 2 R3 2 5 5 
c = ~ a • 16(y +y z;; ) 

20np 3 (l+yl;) 5 
(5.61) 

For great values of yz;;, the c relation becomes the simple half 

constriction equation (5.28). For y =I;= 1 we find the results of a 

symmetric constriction as in equation (5.24). 
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§ 5. 5. Meta't point contact8 

a. Surface roughness 

It has long been realized that, because metal surfaces are rough on a 

microscopic scale, the actual contact of two nominally cylindric 

surfaces occurs at only a finite number of asperity tips. The first 

investigator who realized that there was an effect of surface 

roughness on the electric contact area was Binder [6] (1912). The 

asperities resist deformation in a certain measure, and cause the real 

area of contact to be less than the nominal area. Support for Binder's 

findings comes from the work of Holm [1] (1922 till 1970). 

The phenomenon of surface films breaking down at the lightest loads 

was investigated, among others,by Bowden and Tabor [7] (since 1939} in 

a study of the related subject of friction. The mechanical breakdown 

is due to the fact that the metals are relatively soft, and the 

deformations relatively large, while the oxide films are hard and 

crack readily owing to shearing forces. The mechanical breakdown was 

learned from measurements of resistance and of the coefficient of 

friction. 

From contact resistance measurements alone there are no ways to decide 

whether a contact is film dominated or whether it is a multispot 

contact. Multispot contacts that are film dominated and multispot 

contacts that are constriction (punched film) dominated, both give 

an R ~ F-l proportionality due to the fact that a is constant and that 

k is proportional to F (§ 5.5b). So we cannot distinguish from the 

slope in the logarithmic R against F plot which situation really 

occur. Note that the single-spot resistance of the apparent contact 

area is slightly less than the multispot contact resistance; this is 

especially the case with an assembly of elongated spots (§ 4.3). For 

cracks in natural films the constriction resistance is about the same 

as for a single constriction over the whole apparent contact area. 

Mechanical evidence of such elongated cracks was shown by Tripp [B]. 

To obtain an assembly of elongated contact spots the cracks in the 

two films must match. 

The (im)possibility of characterizing the real area of contact from 

resistance measurements was also discussed by Greenwood [2]. The 
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electrical resistance d~pends not only on the area of metal-metal 

contact (size term) but also on the pattern (position term) of the 

spots. The inherent difficulty is that th.e size term is inversely 

proportional to a instead of to ~a2 • The resistance cannot give an 

unequivocal value for the true area unless the number of contacts is 

known. This was also demonstrated in § 5.4a and b. 

b. The true contact area 

The real electric contact area between surfaces equals the real 

mechanical contact area for film free surfaces. The general problem 

of the real mechanical contact area is of great antiquity and also 

of great current interest [11]. If the metals are covered with natural 

films, the electric contact area can be a small fraction of the 

mechanical contact area. The macroscopic mechanical contact area is 

subdivided into an even more scattered cluster of micro contacts. At 

lighter loads, contact will occur at a single spot on an asperity 

possibly covered with a punched film. Electric contacts must by their 

nature be mechanical contacts but, as soon as there are oxide or 

contaminant films, the converse is not true. From our 1/f noise 

experiments on metal-crossed rod contacts follows that contacts at 

a single-spot are rare if the contact resistance is less than 0.3Q. 

The effect of compressive and shearing forces on the surface films of 

metal contacts was treated by Cocks [9] using resistance measurements. 

Friction forces up to a certain critical value were generally exerted 

in the normally loaded contacts before any metallic contact appeared. 

Qualitative data on the mechanical breakdown of natural films vary 

greatly from one investigator to the other. This is due to the 

difference in specimen preparation and the different design of the 

mechanical measuring set-up. Spurious movements must be avoided as far 

as possible. As a result of these spurious movements the experiRental 

R vs F and c vs R plots often show a broad scattering. The scattering 

of the results is explained by postulating the existence of tiny 

punctures in the film which are formed during the measurement of the 

c vs R plot. 

A review of experimental methods for studying the real mechanical 
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contact area has been given by Abou-Aly [ 10] and Tabor [ 11]. In the 

last reference there is also a review of methods for studying 

surfaces; the mode of deformation of contacts with multiple. 

asperities is also treated. 

c. Mode of deformation for rough surfaces 

Holm [1] introduced the idea that, although the overall stresses are 

in the elastic range, the local stresses at the contact spot are so 

much higher that the elastic limit will be exceeded and the contact 

will yield plastically. There has been debate over the mode of 

deformation of the crushing asperities [11]. An objection to the 

concept of purely plastic deformation of the asperity tips was first 

advanced by Archard [12]. He pointed out that the asperities may flow 

plastically at first, but they must reach a steady state in which the 

l~ad is supported elastically. He went on to show that, although the 

simple Bertzian theory did not give the required proportionality 

between contact area and load, a generalized model in which each 

asperity was covered with micro-asperities and each micro-asperity 

was covered with smaller micro-asperities, gave closer approximations 

to k~a2«F as more stages were considered. Any elastic model in which 

the number of contacts remains the same will give k~a2«F213 • 
The essential part of the arqument is whether an increase in load 

creates new contacts or increases the size of the existing contacts. 

In the theoretical treatment of contacting rough surfaces by Greenwood 

and Williamson [14], it has been established that the mean contact 

area for each individual asperity is nearly independent of the load, 

i.e. the effect of increasing the load is to increase the number of 

contact spots rather than to increase the area of existing spots. 

The mechanical multispot area is proportional to the load, so that the 

number k is proportional to the load for plastic and elastic 

deformations. The mode of deformation can be described by the 

plasticity index W which depends on the standard deviation of the 

asperity heights a, the mean asperity of curvature radius ~, 

Young's modulus E and the hardness H of the softer component [14] 

and [15], and is given by 

(5.62) 
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Values below 1 indicate mainly elastic contact, values above 3 

indicate mainly plastic contacts. 

d. Discussion of 1/f noise experiments with respect to the related 

mechanical problem 

The relation between te electrical contact area and the load on a 

contact can be studied by C vs R and R vs F measurements. If the 

contact is free of natural films, the way in which the asperities are 

deformed can be studied. 

Experimental confirmation of the nearly proportional dependence of the 

number of asperities on the load was first obtained by Dyson and 

Hirst r13], who examined polished steel surfaces. They also found that 

the asperity diameters were of the order of 1 ~m and were virtually 

independent of load. From our 1/f noise experiments on crossed rod 

contacts we confirm the concept of constant a and increasing k with 

increasing contact force. From the experimental C vs R plots it is 

possible to conclude that there is a slight increase in a for the 

highest loads. This effect is very strong if tangential forces are 

used together with high normal loads. A resistance vs force experiment 

by Cocks [9] with a normal load and a tangential force confirms the 

effect of puncturing the natural film. 

Smooth clean gold contacts are often treated as single spot contacts 

[7], [9], [16] and [17]. Arguments for this come from measurements of 

the electrical resistance and from the laser interference microscopy. 

OUr gold plated metals appeared smooth and shiny but this does not 

mean that their surfaces were coplanar. From our experiments we 

conclude, however, that at appreciable loads, gold contacts behave 

like multispot contacts with relatively great a-spots. our contacts 

were not sputter-ion cleaned and not closed in a U.H.V. system as was 

the case with the samples of references [ 16] and [ 17]. 

Metal contacts of medium hardness show a multispot behaviour at 

appreciable loads when interpreting the c vs R relation. This is in 

agreement with conclusions made from friction and resistance 

measurements [ 7]. Such measurements show that at low loads most metal 

contacts behave as film dominated contacts. 
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However, from our experiments such contacts remain multispot contacts 

with relatively small a-spots and k values. This shows that 1/f noise 

measurements are a more sensitive tool than friction coefficient 

measurements for characterizing contacts. 

Rough hard metal contacts, such as used in our experiments with rough 

tungsten rods, tend to form a multispot contact with higher k-values 

as can be expected from our experiments. This simpl~ mechanical 

effect confirms the observations of Harada and Mano [18] and [19], 

that rough surfaces will puncture the film more easily than smooth 

surfaces. On the ground of our R vs F measurement on smooth and 

rough brass covered with a natural .film we agree with Mano and 

Harada, but also for very thin native films. 

Very soft metals covered with natural films should have multispot 

contacts considering .the simple mechanical effects, as can be seen 

from the C vs R results of Sn contacts in ref. [5]. 

In conclusion, friction measurements are not always a safe criterion 

of oxide breakdown. Friction coefficient measurements combined with 

resistance measurements can give a qualitative picture of the 

mechanical oxide breakdown. However, the combination of 1/f noise 

and resistance measurements can give a quantitative picture of the 

electrical contact area. Note the possibility that relatively low 

values of the film resistivity can erroneously be obtained by 

treating a multispot contact as,if it were a film dominated single 

contact. 

e. Experimental C vs R relations of soma metal contacts 

The effective keff and aeff from our experimental c and R values on 

static contacts give general credence to the qualitative aspects of 

mechanical contact models. For high resistances the proportionality 

C « R3 applies suggesting single contacts with areas several decades 

smaller than the load bearing area. 

For low R values, C is proportional to R suggesting multispot:contacts 

which can be considered to be contacts affected by punched films or 

they can be considered to be contacts between rough film free surfaces. 

An experimental C vs R plot is presented in figure 11. 

For the lowest resistance values, currents of 1A were used in order to 
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exceed the pre-amplifier background·noise. Figure 11 gives a picture 

which is typical of metal contacts measured in air if a broad range 

of forces on the contact is used. With brass point contacts it was 

demonstrated that multispot contacts having a resistance of about 
-2 1.Sx10 Q can easily be changed into multispot contacts with lower k 

and greater a values (coalescence of spots). Sueh an effect was 

caused by using tangential forces together with normal forces on the 

crossed rod contacts. A similar effect was obtained by using a 

contact cleaner. 

Figure 11: 

~~·~~~~~--~~~--~~ 
'/-.. . 

/)/ 
ol 

e I 

; 

CONTACT RESISTANCE R<tll 

E~erimental C vs R plots for smooth and rough brass. Dots 
rep:l'Gsent smooth surfaces. Triangles denote the 1'GsuUs 
on sandbLasted rods. Squa:l'Gs we:l'G obtained after using 
shearing and normaL foraes together on the aontaat. The 
dotted line represents the singLe aontaat. 

In table v-2, the calculated number of conducting spots and the spot 

radii are given for brass, gold, and tungsten contacts. 
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TABLE V-2 

m.ultispot single-spot 

Material 
.o. 

max keff smallest observed surface condition aeff(A} 
0 

spot (A} 

Gold 260 100 10 smooth 

Brass 200 25 30 smooth 

100 50 20 ' sandblasted I 

Tungsten 20 30 3 rough-etched 
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CHAPTER VI OON'I'ACTS AFFECTED BY UNIFORM FILMS 

§ 6 .1. Introduation 

In this chapter complications owing to films on the contacts will be 

treated. The film remaining after the sample is etched and cieaned is 

often denoted by native oxide film, physisorption or chemisorption 

film, tarnish film, contamination film, alien film, or natural film. 

The nature of the film is not studied here. This can be done by the 

analysis of the interaction between incident beams of ions, electrons 

or photons with the solid surface. If the film dominates the 1/f 

noise of the contact, it is possible to calculate from 1/f noise 

measurements an effective mobility for charge carriers flowing through 

such films. Further study of this film characterizing method is worth 

while. For example, the investigation of the conducting properties of 

the native oxide films left by using different types of etchants and 

sample preparations in semiconductor technology, can be done by 

applying this method. 

The experimental C vs R results on germanium and silicon crossed rods 

are presented in § 6.2. Rods of Si and Ge are often affected by a 

native oxide film. Two extreme situations are possible: 

(i) The contact resistance and the noise of low-resistivity Ge and 

Si are dominated by the oxide film resistance. In this case we find 

C o: R. 

(ii) Point contacts of high resistivity Si and Ge show constriction 

dominated contact resistance and noise with c « R3• 

The experimental results can be interpreted by taking into account 

the 1/f noise generated in the two contacting native oxide films. 

Apart from measuring noise vs resistance, we measured the resistance 

of the contact as a function of the force F, which proved the 

correctness of the point-contact model. 

In § 6.3 we consider 1/f noise on n- and p-type InSb point contacts at 

77 K and 300 K. P-type InSb with an impurity concentration of at most 

1o15 cm-3 increases in resistivity a 1000 times by decreasing the 

temperature from 300 K to 77 K. This drop is enough to change the 

contact from film dominated at 300 K to constriction dominated at 
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. 15 -3 
77 K. N-type InSb with an impurity concentration of 10 cm has 

only a resistivity increase of about 10 times when the temperature 

is changed from 300 K to 77 K• This is not enough to change the 

contact into constriction dominated at 77 K. Experimental 

investigations have been carried out to confirm the influence of the 

native oxide film by increasing its thickness by further oxidation. 

The calculations with the simple model of 1/f noise of point contacts 

affected by uniform films explains the experimental C-R plots and 

R-F plots. From the experimental C-R and R-F relations it can be 

concluded which situation actually occurs~ film dominated or 

constriction dominated. 

In § 6.4 some general remarks are ~ee on the simple model. Some 

problems that can occur owing to pressure effects ( § 6. 5) and band 

bending effects (§ 6.6) are briefly discussed. 
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§ 6.2. 1/f noise of point contacts 

affected by uniform films 
L K. J. Vandamme 
Department of Electrical Engineering, Eindhoven University of Technology. Eindhoven. Netherlands 
(Received 28 December 1973; in final form 25 June 1974) 

An experimental investigation has been carried out to confirm that contact noise of two crossed 
semiconductor bars with native oxide films in between can be understood as a volume 1// noise. 
Noise and contact resistance have been measured as functions of the force F on the crossed bars. F 
varies between 6 N and 6 X to-' N. From a simple model, an equation is derived which relates the 
1/f noise intensity C to the contact resistance R. The calculations are in agreement with the 
experimental C-R plots. Two extreme situations are possible: constriction dominated and film 
dominated. Which situation actually occurs can be seen in the C-R plot as well as in the R-F plot. 

I. INTRODUCTION 

A few years ago, all published data on 1/t noise of 
well-defined homogeneous metal and semiconductor 
samples· were collected by Hooge. 1

• 2 The survey sug
gested that for the samples the .relative noise, ex
pressed as 

((~V/V)2)u=C ~t/t, 

obeys the experimental relation, 

C:a/N, 

(1) 

(2) 

where V is the value of the voltage across the sample 
when there is a constant current flowing through the 
sample, N the total number of mobile charge carriers 
in the sample, and a a dimensionless constant of the 
value 2 X10"3

• If the homogeneous sample contains fewer 
than 1013 charge carriers, the 1/t noise can be mea
sured without any experimental difficulty. This means 
that homogeneous metal samples must have a volume of 
10"9 cm3 at most to show detectable 1/t noise. There
fore, we investigated 1/t noise on point-contact arrange
ments. For the 1/jnoise, a point contact has an effec
tive volume of the order of 2011a3

, where a is the radius 
of the contact spot. 3 Hooge and Hoppenbrouwers3

•
4 

showed that contact 1/t noise is not a special type of 
noise but that it is physically the same as bulk 1/f noise. 
We have measured the contact 1/t noise produced in the 
contact resistance between two crossed cylindrical bars 
under a known mechanical force. By varying the force 
we can change the effective vo.lume between 10"5 and 
10"11 cm3 and check Eq. (2) over almost six decades in 
N. Since the effective volumes that can be realized are 
small, the noise of the point contact is very high, which 
makes the preparation of the metal semiconductor con
tacts less critical, 
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There are often deviations between the measured 1/f 
noise intensity for semiconductor point contacts and 
vil.lues predicted by Hooge and Hoppenbrouwers. In our 
experiments point contacts of low-resi.,stivity semicon
ductors show deviations or' as much as a factor of 103 too 
high or 104 too low. Temperature or pressure depen
dence of the bulk properties or tunneling in the contact 
area cannot explain these deviations. They are explained 
here by the influence of a native oxide film. Our analysis 
leads to estimates of the concentration and the mobility 
of the charge carriers in the film. It is not our first in
tention, however, to present a method ·ror an accurate 
determination of these quantities. But we will show that 
realistic estimates explain the deviation in the 1/f noise. 

11. ADAPTION OF THE NOISE RELATIONS FOR 
CONTACTS CONTAINING UNIFORM FILMS 

The measurements have been made on crossed cylin
drical rods, but for the sake of simplicity we make the 
calculation for two contacting spheres, see Fig. 1. We 
assume smooth contact members, producing one circu
lar contact area; therefore, our model does not apply to 
rough surfaces athigh forces on.the contact where more 
contact spots are present. The total resistance R con
sists of a constriction (Pbutthra) and a film resistance 
(1Pmm/1ra2

). We introduce a parameter <J?, defined by 

(3) 

for the description of a contact affected by a uniform 
film. 11> determines whether a contact is constriction 
dominated (il> 0) or film dominated (<I>» 1). For all our 
experiments t« a holds and 

(4} 

If, by neglecting the film, one were to describe the 
measured resistance as a pure constriction resistance, 
then one would find an apparent contact radius a, accord
ing to 

(5) 

ap ==a/(1 +11>). (6) 

The 1/J noise in a point contact without film is satisfac
torily described by the relation3•4 

C=a/n20va3 =arR3/20np!.a (7) 

with n the concentration of free carriers in the rods. 
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Semiconductor 

2a 

Semiconductor 

FIG. 1. Model of a point contact consisting of two identical 
.semiconductor spheres with a uniform oxide film in between 
(not to scale): r, radii of the spheres; t, total thickness of the 
two contacting films; and a, radius of circular contact area. 

Following the same reasoning as in Ref. 3, we treat 
here a contact resistance affected by films. We assume 
1/f noise produced by the uniform films to be a bulk 
effect. If V is the voltage across the point contact with 
film, Vc is twice the voltage across half a constriction 
resistance iiJ the semiconductor, and Vmm is the voltage 
acrossJhe film, then 

{8) 

for uncorrelated fluctuations in the film and in the con
striction. The relative 1// noise in the homogeneous 
film can be written as in Eq. (1) with the C value of Eq. 
(2). From Eqs. (1), (2), (7), and (8) follows the total 
amount of the 1/f noise produced by a resistance 
affected by a homogeneous surface film. 

(9) 

The coocentration of free carriers in the uniform films 
is given by nmm• Rewriting Eq. (9) using the parameter 
$from Eq. (3) gives 

C- a (1 +2MPmm n"')W/p""ltnmm). (lO) 
- 20'111Ul3 \ (1 +$ 

The intensity qf the noise can be repi'esented as an ex
plicit function of the contact resistance without the 
parameter $ by applying Eqs. (3), (4), and (9). Here 
we write Cas an extension of Eq. (7) 

C _ ~R3 (1 + 2Mnby1t Pmm/nrum Ptmn) . (11) 
- 20noo1t ~lk (1 +. )5 

' 
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C is affected by both • and Pmml"rum• where R and a~ 
are affected by • only. For constriction-dominated con
tacts the additional factor equals unity over the whole 
.range of a values. For film-dominated contacts it takes 
values of 103 for hi~ values of a and 10-4 for low values 
of a. In th.e film-dominated case the intersection point 
in a C-R plot (Fig. 2) of relations (7) and relation (11) 
is determined by 

(a,)4 _ ..!J.Ewa.\3 ~ _ 1 (1:1ma.\s{n~~uu:)2 
\t ""' 20\PMt / nbun: - 20 IJ.tum} nmm ' 

where a, is the contact. radius at the intersection. 

(12) 

If Hooke's law applies, if the stresses are within the 
elastic iimit, and if Poisson's ratio is equal to 0. 3, the 
relation between the radius of a circular contact area 
and the force F is given by Hertz5 as 

a=0.88(Fr/E)113
, (13) 

where E is Young's modulus and r the radius of the 
spheres. If the ratio of Young's modulus of the native 
oxide film to. E of the substrate is equal to or greater 
than unity we can still use the solution to the Hertz prob
lem. 6 Hence from Eqs. (13) and (4) 

R = ..!::.IIII1L - 1 + fllm - • 
n._ ·~(Fr)·lts[ tp . (Fr)·l/s] 

0. 8811 E 0. 88P~~u1t E 
(14) 

From our model we obtained expressions for R, a,, and 
C shown in Eqs. (14), (G), and (11), respectively, which 
usually can be approximated by either the first or the 
second column of Table I, using Eqs. (3) and (4). 

TABLE I. Limiting cases of Eqs. (6), (14}, and (11). 

Constriction- Film-dominated 
dominated contact contact 
~ "' tPtnal aPt.uik < 0 • 01 ~ > 1 

Apparent contact a,-a 
radius 

Resistance vs R a;p-t/3 
force 

Noise vs C a: R3 
resistance 
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Ill. EXPERIMENTAL PROCEDURE AND RESULTS 

Apart from measuring noise vs resistance, we mea
sured the resistance of the contact at a function of the 
force, which proved the correctness of the model and 
the validity of the derived relations {see below). A cur
rent balance was used to make a contact between two 
crossed rods under a known force in the range 6xlo·5-

6 N. Contact noise measurements have been carried out 
on 25 different germanium and siliconp- and n-type 
samples with 6 Xl0-4 fa cm.;;: Pbun.;;: 102 fa cm. All rods 
were studied under the same range of forces, so that the 
contact areas were in the same range. Experimentally, 
low-resistivity samples showed a broader a~ range and 
a lower midvalue of the a~ range than high-resistivity 
samples. This is in agreement with Eq. (6). Especially 
for low-resistivity materials and small a values, the 
surface film governs the contact resistance and the in
tensity of 1/j noise. Over the whole range of applied 
forces iPmm is calculated'from Eq. (14} and the R-F 
plot,. in order to check whether the film is uniform. We 

consider the film as uniform when lPmm is constant 
within at least 50%. Three experimental C-R plots and 
corresponding R-F plots are represented in Figs. 2 and 
3; In each figure the curves correspond to three differ
ent bulk resistivities. 'l'he broken lines in Fig. 2 follow 
directly from Eq. (7). The resistance of the samples 
with Pbuik 14. 6 0 cm was varied by a factor of about 
200, which means that ap varies by the same factor. The 
midvaJ.ue of the ap range on the logarithmic scale is 9. 5 
j.l.m. The resistance of the samples with Pbun = 3. 410"3 

n cm varies by a factor of about 2000. The midvalue of 
ap is 0. 08 j.l.m. Having used the same mechanical setup, 
the dominating presence of the film was clearly demon
strated in the latter case. The solid lines in Fig. 2 
were calculated from Eqs. (3), (4}, and (11} and a!i
justed to fit the experimental data by assuming t = 100 A 
and drift mobility in the film of 0.1 cm2 /V sec for 
3.4Xl0"3-0cm material and of 0.02 cm2/Vsec for 0.93 
and 14. 6-Q cm material, and calculating lPmm from the 
observed data presented in Fig. 3 using Eq. (14). All 
experiments on Si and Ge result in pictures similar to 
Figs. 2 and 3. For the average Pmm we found '4x103 

n cm on germanium and 4 x 105 n cm on silicon, as sum
ing tt 50 A. The assumed thickness of the films (tf) is 
reasonable in view of Archer's results. 7 On the average 
we found 3X10"2 cm2/Vsec for Mm111 on germanium and 
3.X10"3 cm2/Vsec on silicon by curve fitting. These 
mobilities seem realistic in view of the paper of Hull 
and McMillan8 and Adlerts book9 if we assume great 
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disorder in the native oxide film. A reasonable value for 
the thickness must be assumed, because it cannot be 
determined independently. The additional factor of Eq. 
(11) is constant if we multiply the thickness of the film 
by a factor of x, divide Ptum by a factor of x, and multi
ply IJ.mm by a factor of XZ. 

1Q•6 

I 

I 

10"7 I 
I 

I 

10·' 

FIG. 2. The relative 1// noise intensity Cas a function of the 
contact resistance R for three germanium samples: p type, 
Pt.un= 14. 6 Cl cm, •; p type, Pbun= 0. 93 n cm, D; n type, Pt.u1t 
=3.4Xl0'"3 0cm Q The broken lines follow from Eq. (7). The 
solid lines follow from Eqs. (3), (4), and (11) using t=lOO A, 
1-'u\m= 0.1 cm2/V sec for n-type germanium, and 1-'utm= 0. 02 
cm IV sec for p-type germanium, and observed data repre-: 
sented in Fig. 3. 

IV. CONCLUSIONS 

Deviations of a factor of 103 too high or 104 too.. low 
between the experimentally/found 1/j contact noise and 
noise predicted py a simple relation of Hooge and 
Hoppenbrouwers can be understood if the influence of 
uniform native oxide fUms between contact members is 
taken into account. The presence of the film is demon-
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FORCE ON THE CONTACT F<N> 

10 

FIG. 3. The contact resistance R as a function of the force F 
for the same samples as in Fig. 2. Each line is the best fit 
through the points, according to Eq. (14) using an average val
ue of lPtum• 

strated simultaneously in R-F and C-R plots (Table I). 
Film-dominated point contacts cannot be used for the 
investigation of the bulk 1/f noise properties of a 
material. 
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§ 6. J. 1/f Noise of InSb Point Contacts at 7'l K and 300 K 

L.K.J. Vandamme, 

Eindhoven University of Technology, 

Department of Electrical Engineering, 

Eindhoven, Netherlands. 

A suitable method of studying contact resistance and noise is the use 

of two cross-wise touching rods. Using the crossed-rods geometry, a 

circular contact region is obtained with radius a. The radius is varied 

by a force F on the contact. The contact resistance R for a circular 

contact region between perfectly clean rods is a constriction 

resistance of about p/rra. Semiconductor samples in air are often 
0 

affected by.. uniform oxide films of about 30 A in thickness so that the 

contact resistance R consists of a constriction (p/rra) and a film 
2 resistance (pft/rra ). The resistivity of the rods and the oxide film 

are p and pf respectively. The thickness of the two contact films 
0 

together is t and about 60 A in most cases. 

The 1/f noise for homogeneous metal and semiconductor samples with low 

noise contacts can be expressed as <(8V) 2>/Af = v2c/f, where C obeys 

the experimental relation 1) C = a/N. The total number of mobile 

charge carriers in the sample is N and a is a dimensionless constant 

of about 2x1o-3 for metals and most semiconductors. 

For point contacts an expression for C was derived 2) using the 
2 3 3 experimental relation for homogeneous samples so that c = arr R /20np • 

The free carrier concentration in the rods is n. 1/f Noise of metal 

point contacts is not a particular type of 1/f noise but can be 

understood as volume 1/f noise 3). But with semiconductor point 

contacts there are often deviations of several decades between 

experiments and the predicted values of Hooqe and Hoppenbrouwers. 
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Experimental investigations 
4

) on differant germanium and silicon 

crossed rods have shown that two extreme situations are possible. 

(i) Si and Ge point contacts of medium and low resistivity rods 

are dominated by the oxide film giving R«F-213 and C«R. 

(ii) High resistivity Si and Ge rods are constriction dominated 

giving R«F-113 and C«R3• Our experimental results on Ge and Si can be 

interpreted quantitatively by taking into account 1/f noise generated 

in the two homogeneous contacting oxide films. Our model explains 

the experimental C vs R and R vs F plots. 

Here we report on new experiments with InSb rods to show that the same 

rods can give a constriction dominated or film dominated point contact 

depending on temperature. P-type InSb with an impurity concentration 

of at most 1015 cm-3 increases in resistivity by a factor of about 103 

by decreasing the temperature from 300 K to 77 K. This is enough to 

change a contact from film dominated at 300 K to nearly constriction 

dominated at 77 K both in C vs R and R vs F plots. N-type InSb with an 

· •ty tr t• of 1015 cm-3 has a · ti it i b 1 ~mpur~ concen a ~on res~s v y ncrease y on y 

a factor of about 10 when the temperature changes from 300 K to 77 K. 

This is not enough to change contacts from film dominated into 

constriction dominated at 77 K. For N and P-type InSb, the oxide film 

exists at both temperature but its influence on the C vs R relation 
2 

depends strongly on (n/nf) (~/~f). 

Our model for point contacts affected by uniform films 4) gives the 

following relation for C vs R and R vs F. 

2 3 3 -1 5 c = a'IT R {20np ) ( l+M) I ( 1+'l>) {1) 

R = p{1+'l>)/'1Ta {2) 

2 1/2 
where B = 20{n/nf) (~/~f) and~= pft/pa = t(B~/20Uf) /a. B is a 

parameter depending only on the conductivity parameters of the film 

and of the bulk. In a first approximation no pressure effects on the 

conductivity properties are taken into account so that B is constant 

over the whole range of forces on the contact. Without further 

knowledge of the film thickness t, B can be calculated from the film 
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dominated part in C vs R and'R vs F plots, giving ~f/t2 and pft 

respectively. ~ is a function ofF, defined by the ratio of the film 

resistance to the constriction resistance of the point-contacts and 

can be calculated from the film dominated part of the R vs F plot. The 

relation between the radius of a circular contact area and the force F 
5) 1/3 is given by Hertz as a = 0.88(Fr/E) , where E is Young's modulus 

and r the radius of the spheres or rods in our case. The typical cases 

of point-contact noise and resistance as given in equation (1) and 

equation (2) are shown in table I. 

TabLe I: T,ypiaal aases of noise and aontaat resistance of point

aontaats affeated by unifo:rm films. 

pondi tions 

noise vs 
volume 

noise vs 
:t:esistance 

!resistance 
\rs force 

constriction dominated nearly constriction film dominated 
dominated 

s:>s 5<8<104 B>104 

11><0.01 o.o1<i!><l 1!>>1 

C=ll/(201rna3) C!1'0.082aB5 I (B-1) 4 
e=o.j (1rnfa2t) 

(201Tna3) - 1 

C=o.1r 2R3/(20nP 3) c=a1T2R30.082B5/(B-1) 4 c=aq~~/t2 

(20np 3) -l 

R== _P_ [Frr1/3 -1/3 R== 't:.Pf ~[rJ-2/3 R«F for high F 0.881T E 1r0.77 E 

From the first and second columns of table I we see that the C vs R 

plots are more sensitive to changes in B than the R vs F plots. 

The noise relations in the second column are valid for at least one 

decade in i!> with a mid-value of i!> on a logarithmic scale of about 1/4. 

Misinterpretations in the calculation of a by a factor of 0.082B can 

be made by measuring point-contact noise under the conditions of B>102 

and ~mid=l/4. Under these conditions we have a slope of about 3 in the 

log c vs log Rplot over a factor of about 20 in R. For 1!>>1, the log 

C vs log R plots show an asymptotic behaviour to a slope 1, which 
2 enable us to calculate J.lf/t • But from the R vs F plot we can only 

obtain an order of magnitude for pft in the region of low forces on 

the contact. 

From the third column in table I we have equations with three film 

parameters p f' Jlf and t. If we make an estimation of the thickness 

-114-



of the two conducting films by using literature values for oxide films 

or by measuring t/2. by ellipsometry, we can calculate pf from the 
-3 R vs F plot. If for thin oxide films a remains 2X10 , we can 

calculate ~f from the C vs R plot. These values of ~f are reasonable 
6) 7) 8) on the ground of Adler's , Tauc's and Stuke and Brenig's books, 

if we assume great disorder in the thin films. 

Figure 1 shows the influence of the film thickness and the temperature 

change on the c vs R and R vs F plots. 

Curve 1 represents the 1/f noise and contact resistance of an InSb 

point contact at 300 K after further oxidation. 

Curve 2 pictures c vs R and R vs F at 300 K for a point contact of 
2 freshly etched rods, and Jlf is about 0.1 cm /(Vs) and pf about 4500 Qcm. 

The oxide film in curve 1 can be characterized by a slightly higher 

p f and lowe~ 1Jf" 

Curve 3 shows the observed C vs R and R vs F plots for the same rods as 

in curve 2, but at 77 K. The calculated values of pf from the 

asymptotic behaviour in the R vs F plot is about a factor 5 higher than 
-2 2 

at 300 K, and J.lf is about 2,Sx10 cm I Vs from the asymptotic 

behaviour in the C vs R plots. 

The straight lines have been obtained by curve-fitting the observed 

C vs Rand R vs F plots using equation (1) and equation (2). The dotted 

lines follow from equations (1) and (2) with ~ = 0, which means that no 

oxide film complications are taken into account. 

In conclusion we can say that in spite of complications due to films, 

1/f noise measurements of point contacts strongly confirm that 1/f 

noise is a bulk effect. Film dominated or constriction dominated point 

contacts affected by uniform films can be seen in the c vs R plots as 

well as in the R vs F plots. In film dominated cases, 1/f noise 

measurements of point contacts give realistic values of Jlf• 

1/f Noise and contact resistance measurements can be used to study 

oxide films if we have film dominated point contacts. Further 
0 

oxidation of oxide films to a total thickness of more than 100 A (=t) 
0 

. give higher p f and lower Jlf than the oxide films of about 30 A (=t/2). 
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Figu:.r.'e 1: Observed C vs R.and R vs F plots of P-type InSb point contact 
at 500 K and 77 K. The stPaight lines follow equations (1) 
and (2). The dotted Unes foUow the same equations with 
w = O~giving the limiting aonstPiation dominated point 
aontaat. 
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§ 6, 4. Disaussion of the film moi/el and e:r:perimental method 

The importance of careful experimentation has to be emphasized. The 

surface of the rods must be as smooth as possible to avoid 

mechanical damage of the native oxide film. Tangential forces must be 

kept low by the use of an adequate mechanical measuring set-up (§ 2.2); 

electrical breakdown (§ 5.3) must be avoided, by using low voltages 

over the contacts and by closing the contacts before applying the 

voltage. 

Three arguments to demonstrate the presence of the film are given. 

(i) The presence of the film can easily be demonstrated by the 

possibility of the electrical {§ 5.3} or mechanical (§ 5.5) breakdown 

of the film, or by further increase of the oxide layer {§ 6.3). 

(ii) The experimental 1/f noise intensity for film dominated 

contacts can be higher or lower than the intensity predicted by Hooge 

[1] for a simple contact of the same resistance. This is in contrast 

to multispot contacts, which always produce more noise than a simple 

contact of the same resistance, as was shown in Chapter IV. 

(iii) If a slope 3 in the log C vs log R plot is accompanied by the 

slope -1/3 in the log R vs log F plot, then one has a constriction 

dominated contact. If one finds a slope 1 in a log C vs log R plot 

together with a slope -2/3 in the log R vs log F plot, then the 

contact is film dominated. 

The uniform film model developed in § 6.2 and applied in § 6.3 ignores 

the problems of a non-uniform field distribution in the film region. 

OWing to current crowding at the rim of this contacting film, the 

calculated pfilm using the homogeneous field relations is equal to or 

greater than the actual film resistivity. The calculated Vf from noise 

measurements is equal to or smaller than the actual mobility in the 

film, ignoring the non-uniform field distribution in the film. 

The film thickness is assumed to be independent of the force on the 

* contact. Film thickness were measured by ellipsometry on a flat 

* The author thanks Dr. W.H.M. Visscher of the Department of Chemical 

Engineering for placing the ellipsometer at his disposal. 
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Si and InSb sample to check the order of manitude (5 nm) given in the 

Hterature. OUr results for the complex refractive index of the film 

on Si agreed with the index of Sio2• In the case of InSb the agreement 

was not complete. Ellipsomettic measuremants are very tedious and are 

accompanied with many pitfalls for the non-specialist, such as the 

complications of surface roughness, inhomogeneous surface films, 

improper alignment of the sample and the instrument, and a range of 

solutions for the thickness and the complex refractive index of the 

unknown natural film. Therefore, such thickness measurements were not 

carried out systematically. 

The relation for the 1/f noise of a point contact affected by a 

uniform film given by equation (1) in § 6.2 is based on the single 

charge carrier approximation for the noise in homogeneous films. The 

calculated pf is an effective mobility and seems to be a good 

approximation of a hopping mobility. If the majority carriers in the 

film determine the conductivity (see§ 3.3d), the calculated pf from 

noise measurements corresponds to the mobility of the majority 

concentration. However, if the majority carriers with low mobility 

do not determine the conductance, then the simply calculated mobility 

is between the low mobility of the majority concentration and the high 

mobility of the minority concentration as can be seen from chapter Ill. 

Figure 1 shows calculated plots of C vs R and corresponding R vs F 

plots for nine values of the parameter B. The ratio between conducting 

properties of the bulk and the film is given by 

(6 .1) 

6 B ranges from 1. 3x10 to 0. 5. The same range of forces is used and the 

film parameters p f' pf and t are assumed to be constant, the changes 

in B are caused by changes in p and n. 
4 If B is changed from 10 to higher values, while ~ > 1, we see that 

the film dominated C-R plots remain on the same line with slope 1. 

~Above the critical value for B equal to 104 bulk properties have no 

influence on the C-R and R-F plots. The R vs F plots are even less 

sensitive to changes in B in this region. This is shown by curves 1, 

2 and 3 in: f;cjure 1. 
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Figure 1: Ca'laulated C vs R and corresponding R vs F p'lots for 
different va'lues of B = 20(~/~f)(n/nf)2 = 20(~f/~)(pfjp)2 
= 20(p;tn)/(pnf)• 
The aurves have been aa'lau'lated for the fo'l'lowing parameters. 

B P (fl.am) n/n 'f 'f 

aurve 1 1.3xl06 3.4x10 -3 0.13 4x106 

aurve 2 2x10° 1.Jx10 -2 8x10-2 1.6xl06 

aurve 3 3.2x104 5, 4x10 -2 0.5x10-2. 6,3x10° 

aurve 4 5x103 0.21 3.2x10 -2 2.5x105 

aurve 5 8x102 o. 85 2x10-2. 105 

aurve 6 130 3.4 1.3x10-2. 4x104 

aurve 7 20 13 8x10-S 1.6xl04 

aurve 8 3.2 54 5x10-S 6.3x104 

aurve 9 0.5 210 3.2x10-3 2.5x103 

If B is in the region between 5 and 104 as in curves 4 to 7, where ~ 
is about 1/4, C-R plots become nearly constriction dominated with an 

asymptotic behaviour towards a slope 1 for the higher values of ~. In 

this region the R-F plot seems to be constriction dominated. In first 
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approximation the intensity is a constant factor too high and the 

slope is correct. The correct slope of 3 erroneously suggests that 

we have a siii\Ple contact. The noise, however, is a constant factor 

(K ) too high as will be shown in equation (6, 2). Using the same 
max 

range of forces, the maximum value of the R range remains about 

constant in curves 5 and 6 in figure 1, but the minimum value of R 

in curve 6 shifts towards higher values and hence the R range 

decreases. From the asYII\Ptotical behaviour in the C-R plot we can 
2 calculate ~e1t • From the R-F plots 5 and 6 we can only find an order 

of magnitude for pft in the region of low contact forces. The C vs R 

plots are more sensitive to changes in B than the R vs F plots. In 

this region of B, the slope of the log C vs log R plots depends on ~. 

It becomes greater than 3 in a small region and tends to 1 for high 

<I> values: this is demonstrated by curve 5 in figure 1. 

The contact is film dominated as far as the noise is concerned when 

B > 5, The contact is film dominated as far as the contact resistance 

is considered when~> 1. From§ 6.3 we know that~« s112• In most 

contacts the 0011\Plication of the film is of greater influence on the 

noise than on its resistance, which means that B >> <I> in most 

practical cases. 

In the rare situation that the contact have rather high values of 

<!>(<!> ~ 1/4) and low values of B, the influence of the film is seen 

in resistance and noise simultaneouSly. Such exceptional conditions 

uan be realized in tiny contacts consisting of a material with a high 

~ (N-type InSb) covered with a thick film having a low ~f' 

The slope of the C-R plot for constriction dominated point contacts 

with B s 5 can never exceed 3. This is demonstrated by curves S and 

9 in figure 1. For~ values lower than 0.1 the slope of the C-R plot 

remains 3 and only changes towards 1. It reaches this value for 

<I> ~ 2.5. In the case of B s 5 we can calculate from the C-R graph the 

a value characterizing the 1/f bulk noise of the s~le. This is 

demonstrated by the curves 8 and 9. 

The situation around B • 5 is shown in figure 2, where the correction 

factor K = (l+B<I>) I (1+<1>) 
5 of the simple noise relation is plotted 

against ~. The relation between <I> and B is demonstrated by the shift 

in the end points of the curves in figure 2. 
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RATIO <lJ OF THE Fl LM RESISTANCE TO THE CONSTRICTION RESISTANCE 

Figure 2: The ratios K of the 1/f noise intensity of a contact 
affected by a film to the intensity of a simple contact ~ith 
the same resistance R are sho~ versus the ratio ~ of the 
film resistance to the constriction resistance. The curves 
are calculated for the folt~ng parameters. 

B 

curve 1 56 370 7.5x10-3 

curve 2 25 250 5x10-S 

curve 3 11 170 3.3x10-'J 

curve 4 5 110 2.2x10-3 

curve 5 2.2 75 1.5x10 -3 

curve 6 1 50 10-3 

curve 7 0.45 33 6.7x10 -4 

curve 8 0.20 22 4.5x10 -5 

~~~f is 5x1o4~ pbulk = 1 nam~ t is constant~ and the range 
of contact radii is 0.1 ~ to 1000 ~m for aU curves. 

Below the critical value of B = 5 we have constriction dominated 

point contacts according to the first column of table I in § 6. 3, and 
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. the conducting properties of the film are of no interest, as 

demonstrated by curves 4 to S in figure 2 1 and by curves S and 9 in 

figure 1. 

Figure Z: The ratios ~ of the 1/f noise 
intensity of a aontaat affeated by a 
fUm to that of a simple aontact unth 
the same resistance R, as a function 
of the contaat radius a. The curves 
have been aaZcuZated for the foUolJYing 
quantities. 

'f' 

curve 1 1.6x106 10-1 flx1016 

curve 2 1.6x104 10-1 5xl016 

curve 3 1.2x104 1 Z.Bx1015 

curve 4 1.2x1o3 1 3.8xl015 

curve 5 103 10 3.2x1014 

~e 6 121 1 3.8x1015 

curve 7 106 10-1 5x1o16 

curve 8 10.2 10 z.2x1o14 

curve 9 1.02 10 z.2x1o14 

z t = 10 nm and p f = 10 nom. 
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The correction factor K of the simple noise relation of Hooge [1], 

has a maximum Kmax for B > 5 and this is ~ l.Figure 3 shows K versus 

a. The maximum value of K as function of ~ and the corresponding value 

of a is given by 

at 

K = 0.082 85/{B-1) 4 : 0.082 B if B > 100 max (6.2) 

~ = {B-5)/48 ~ 1/4 if B > 100 {6.3) 

For high values of B (B > 100) the maximum occurs at ~ = 1/4. 

The intersection points of the curves in figure 3 with the dotted 
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line represent the intersection points in the C vs R plot with the 

predicted line for a constriction dominated contact given in ref. [1]. 

The difference in the curves 4 and 5 is only due to a difference in 

the ~ range, and the maxima are about the same owing to similar B 

values, but these occur at about ~ • 1/4 as calculated in equation 

(6. 3). They are also represented in curves 6 and 7. This dangerous 

region arises over 1 decade in ~ with ~ = 1/4 as mid-value and 

results in C-R values with an apparent slope 3 as shown in curves 4 

and 5 in figure 3. If B is between 5 and 100, the region in the C-R 

plot with an apparent slope of 3 is broader and lower compared with 

the constriction dominated case (at most a factor 8.5 too high). This 

is shown by the curves 6 and 7 in figure 3. 

§ 6.5. Pressure effects on the bulk properties 

One reason for studying InSb point contacts in § 6.3 was to 

investigate pressure effects on the noise of point contacts. From the 

III-V compounds the compound InSb has the greatest pressure 

coefficient of the energy gap (v dE~dP) [2]. Thus intrinsic InSb 

has a strong hydrostatic pressure coefficient of the carrier 

concentration n and hence of p as is demonstrated in figure 4 after 

Narita and Masaki [3]. The pressure coefficient of the resistivity is 

highly due to the increase of the energy gap with pressure and 

indirectly to changes in m: and Ue· The resistivity Pp vs pressure P 

in figure 4 is in good agreement with resistivities vs pressures 

given in [4] and [5] if the impurity concentration of the InSb samples 

is below the intrinsic carrier concentration. For InSb at 300 K the 

intrinsic concentration ni is about 2x1o16 cm-3 [6]. In figure 4 

the transition from cubic InSb I to tetragonal InSb II occurs around 

27 Kbar, and this is marked by a steep decrease in resistivity. We 

shall demonstrate here that this strong pressure effect plays no part 

in the point contact experiments described in § 6.3. 

The forces applied in the experimental measurement (kinematical) set-up 
-2 2 ranges from 10 N to 10 N.In this range of forces the pressure in the 

contact never exceeds the transition pressure given in figure 4. 

Simple calculations are carried out using the resistivity pp vs P in 

the range of forces below the transition pressure. 
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Figure 4: The resistivity vs hyd:t'ostatia proessur>e foro intrinsic: InSb 
at room temperature (after Narita et al. [3]). 

The pressure in the contact region is changed by the force on the 

point contact. For the sake of simplicity, the region surrounding the 
'V 

contact area is assumed to be under uniform hydrostatic pressure P. 
'V 

We assume that the effective hydrostatic pressure P is a constant 

fraction fp of the average normal pressure on the surface of contact. 

In view of Hertz's relation between a and F on the contact [7], ~ 
becomes 

(6 .4) 

We consider the contact resistance to be the sum of a film resistance 

(pfth1a
2

) and a constriction resistance (pp/'lra) with Pp .. depending on P. 
In the entire half space, p is replaced by pb; this simplification is 

justifiable because for great distances from the contact spot there is 

only a small contribution to the total resistance. 

A second model can be chosen where the simple assumption is made that 

the region below the contact area (which contributes most to the 

constriction resistance) is also affected by a uniform effective 

hydrostatic pressure P increasing the local resistivity to Pp• Outside 

this region, Pp ~s assumed to be equal to p, Adequate choice of fp 

can bring the results obtained with each model into agreement. 

Following a similar reasoning for the 1/f noise, c vs R can be 
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derived from equation {11) in § ·6,2 or equation (1) in § 6.J by 

introducing pressure dependent values of the local carrier 

concentration np, the local bulk resistivity pp and the parameters 

BP and 4/P. 'l'he dependence of the carrier concentration ~ on the 

pressure is almost completely owing to changes in the energy gap and 

less to changes in the density of states [4]. 'l'he intrinsic carrier 

concentration ~ becomes [4] 

(6.5) 

where n is the intrinsic carrier concentration at 1 bar 
2 5 2 

(1 bar = 1 kg/cm ~ 10 N/m ) , and where v = (oE /oP) for T = 300 K is 
g 

the pressure coefficient of the bandgap E , and k the Boltzmann 
'V g 

constant. The bandgap at 300 K and P = 0 is E • The pressure go 
coefficient v at 300 K for InSb is 15.5 meV/kbar [4]. Equation (6.5) 

can be simplified by neglecting the pressure effect on the density 

of states. Then equation (6.5) becomes 

'V 
n = n exp (- Pv/kT) (6.6) 

p 

Considering figure 4, the pressure dependent resistivity p for 
p 

P < 20 kbar can be written as 

p = p exp(~V/kT) 
p 

(6.7) 

where p is the bulk resistivity for P = 0. Assuming the properties 

of the film to be independent of pressure, we can now give the 

pressure dependent parameters ~P and BP using the equations (6.1), 

(6,6) and (6.7) and equation {3) in§ 6.2 

~ exp (- ~v/kT} (6.8) 

'V 
BP = B exp (- 2Pv/kT) (6.9) 

where 41 and B are the values for v = o. 

Using equations (6.6} to (6.9) and (6.4) together with equations (4) 

and (11) of § 6.2, we calculate the R vs F and c vs R plots for the 
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noise and resistance of a point contact affected not only by a uniform 

film but also by pressure sensitive bulk material. In figure 5 the 

C vs R and R vs F plots are calculated for intrinsic InSb point 

contacts at 300 K under the assumption that P equals the normal 

pressure in the centre of the contact spot, which means that fp in 

eqUation (6.4) is 1.5. The R vs F plot shows a minimum due to 

increasing p at greater forces on the contact; this exponential 

increase in Pp dominates the increase in contact radius a. The 

contact is completely constriction dominated for forces greater than 

the force at which the minimum in the R vs F plot occurs. 

Further analytical treatment of the R vs F relation provides a 

criterion for the region of forces where this minimum occurs. 

Putting the first derivative of the resistance to the force to zero, 

we obtain a relation of the form 

(6.10) 

where A and D are pbsitive for all forces. This means that relation 

(6.10) can only be fulfilled for positive values of the expression in 

square brackets. This gives the region of forces where a minimum in 

the R vs F plot can be expected. 

( 
kT ) 3 (r)2 

F ) 0.4fpv • i (6.11) 

Taking T = 300 K, the radius of the rods r = 0.25 cm, a Young's 
5 2 modulus of 6X10 kg/cm , and v = 15 meV/kbar, we find F > 0.1 N for 

fp = 1. With respect to the pressure distribution [7,8] presented in 

figure 6 it seems more realistic to use f = 0.5, hence F > 0.8 N. 
p 

Here the contact resistance consists of a film ·resistance decreasing 

with F and a constriction term increasing with F owing to the strong 

pressure dependence of p. The contact resistance has its minimum when 

both contributions are equal. This means ~P = 1. Using equation (6. 8) 

leads to 

~ = ~ ln~ = ~ ln p ft 
min v v pa 

(6.12) 
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Figure 5: The aa~cu~ated R vs F and aowesponding C vs R p~ots for a 
aontaat affeated by a fiZm and by a pressure induaed 
inarease in the bu~k resistivity. 
The solid lines have been aa~cu~ted using the following 
parameters 

s = 2.1x1o5 

3 
pf = 1.7x10 Qam 

' -2 2 
llf = 10 am /Vs 

t = 6 nm 

E(InSb) = 6x1o10 Nm-2 

E (InSb) 0. 2 e1' 
go -2 

p = 1.3xl0 Qam 

v = 15.5 meV/kbar (InSb [4]) 
-2 

n/nf = 8. 2x10 
6 Jliv.f 1.6xlO 

The broken lines represent the R vs F and C vs R p ~ots for 
the same set of parameters~ taking no p:!?essure effect8 into 
account: fp = 0~ v = 0. 
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Figure 6: Phe p:r>essw>e ag and "r as functions of the depth under the 
contact area with radius a. The solid Lines describe the 
p:r>essw>e in the a:ffis of rotationaL symmetry for r = 0 [?]. 
The dotted line :r>epresents a~ for r = a [8]. The unit for 
p:r>essw>e is F/1II!J.2 and the un1.-t for depth is a. 

Using equations (6.1) and (6.9) and expressing P in F, we obtain the 

force at which a minimum can be expected in the R vs F plot. Using 

equations (6.4) and (6.12) leads to the minimum value in R vs Fat 

Fmin given by 

[ 
kT ln<P] 

3 
(-Er )

2 

Fmin 0.4fp\l • (6.13) 

An estimate of l)i i and Fmi can be made by estimating <P and applying 
m n n 

equations (6.12) (6.13). An estimate oft is to be made from the range 

of forces where a maximum may be expected (equation (6.11)) and from 

p ft. The value of p ft can be measured from the film dominated part 

in the R vs F plot. 

Fmin at which the R vs F plot shows a minimum, is in agreement with 

the predicted region for F given by relation (6.11). From equation 

(6.13) it is clear that Fmin is less sensitive to the film parameters 

pft, but depends greatly on the fraction ~· For the more realistic 

value of fp = 0.5 the minimum in the R vs F plot of figure 5 shifts 

po 35 N, which is just outside the region of forces used in § 6.3. 

The minimum in the calculated R vs F plot of figure 5 has never been 

-128-



observed experimentally. Neither have we observed the characteristic 

shape of the c vs R plot of figure 5. From this we conclude that 

pressure effects in InSb - and a fortiori in Ge and Si - are no 

reason for refining the model developed and used in § 6.2 and § 6.3. 

Owing to the facts that fp ~ 0.5, that the pressure distribution is 

non-hydrostatic,and that there ts a film present, we conclude that 

point contacts of cross-wise touching rods of InSb are not suited 

to study pressure effects on the bulk properties and on the noise. 

§ 6.6. Complications ~ing to possible band bending 

The noise and resistance measurements were carried out only if the 

current voltage characteristic of the contact was linear. Then it is 

possible to calculate ~f and nf for film dominated contacts.We never 

found more than a two-order of magnitude difference between nf and the 

free carrier concentration n in the bulk. 

The range in which band bending effects can occur are of the order of 

magnitude of a Debye length L0• Michikami [9] calculated the 

constriction resistance of electrical contacts for the general case 

where electrical conductivity varies with the depth from the contact 

surface. If L0 is smaller than a/10 and there is an accumulation layer 

on the surface, the constriction resistance is proportional to p/na 

with p the value of the bulk resistivity far from the surface. 

When using etchants on InSb resulting in an accumulation or depletion 

layer, one might expect differences in the c vs R and R vs F plots of 

point contacts. In our experiments to this effect no differences were 

observed. Consequently, band bending effects did not dominate the 

point contact noise and resistance. 

In our experiments on Si and Ge in 6.2 of which we studied the 1/f 

noise the greatest deviations were found in the C-R pJots of semi

conductors with the highest impurity concentrations and hence the 

smallest Debye lengths. Band bending complications in the R-F plot 

must be expected in samples with the largest Debye lengths. This is a 

confirmation of the statement that band bending plays no dominant 

part in our experiments. 

Another reason why band bending can be excluded is the linear current 

voltage characteristic of all point contacts of which we studied the 

1/f noise. 
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The non-linear and sometimes non-symmetric I-V curves often measured 

on point contacts of GaAs (wide-gap material) , suggest that for GaAs 

contact properties are largely determined by band bending. 
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CHAPTER VII CONCLUSIONS 

1/f Noise spectra were measured with higher order band-pass filters 

having large relative band widths (10% to 100%) .It is dem.onsuated 

in § 2.1 that a smooth 1/ f noise spectrum can be measured in this 

way if a small penalty inaccuracy (3,8% at most) is allowed. 

Hooqe's empirical relation holds for homogeneous samples subjected 

to uniform fields if the conduction is determined by the majority 

concentration. Some materials such as Wo, GaAs and InSb obey the 

empirical relation, although earlier investigations denied this. 

Even for metal alloys with very low temperature coefficients of 

resistance,as in manganin, the relation holds. Hence, 1/f noise is not 

caused by temperature induced resistivity fluctuations. 1/f Noise is 

a bulk effect (see chapter III). 

From the conclusions given above we have a firm basis from which to 

apply the empirical relation to configurations subjected to 

inhomogeneous fields. From exact calculations applied to channel-like 

constrictions it follows· that, if the ratios between the dimensions 

of a contact are constant, the relative 1/f noise intensity is 

proportional to the third power of resistance (C « R3). This is even 

true for contacts with an elongated contact area. If the contact 

resistance R is changed by changing the ratio of the characteristic 

dimensions, the proportionality c « R3 does not necessarily hold; 

There is agreement between the exact noise calculations and the simple 

relation. 

If the equipotentials are spherical or coaxial cylinders, the 1/f 

noise calculated by adding shells is the same. as calculated by the 

exact Butterweck approach. 

If the elongation ratio of ·the contact is less · tl)an 10, circular 

contacts with the same areas as the elongated ones are good 

approximations of elongated contacts as regards their constriction 

resistance and noise (see chapter IV) • 

In a particular case the combination of the contact noise and 

resistance measurements can be used to calculate multispot 

parameters of the contact especially if. less than 16% of the apparent 

contact area is covered with Conductin<J spots. 
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The method developed for characterizing contacts fails if the ratio 

of the real contact area to the apparent contact area is greater than 

16%. In this case the multispot contact behaves like a single .!?POt 

contact with an area equal to the envelope of the multispot contact. 

In the limiting case of low ratios of real contact area to apparent 

area the multispot contact relations lead to a resistance and noise 

relation from which the number and the radius of the contacting spots 

in parallel can be calculated. 

As an application of noise measurements, metal-metal crossed rod 

contacts and impulse-fritting procedures can be analyzed. 

From our noise analysis we find support for the general findings that 

metals make contact in many points. 

Experiments have confirmed the nearly proportional dependence of the 

number of contacting spots on the contact force (see chapter V). 

The influence of a film on the noise of a point contact can 

qualitatively be understood. 

In the case of a constriction dominated contact we can calculate 

from the log C vs log R graph with slope 3 the a value 

characterizing the 1/f bulk noise of the sample (see chapter VI). 
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SUMMARY 

In this thesis the results are presented of a study of the 1/f noise 

of contacts. 'l'he experimental data are interpreted in terms of an 

empirical relation for 1/f noise that holds for homogeneoUs samples. 

Mechanical measuring set-ups have been developed in order to 

facilitate investigations of crossed rod contacts. Contact resistance 

R versus contact force F and 1/f noise versus contact resistance can 

thus be measured in a reproducible way (chapter II). 

1/f Noise has been measured on Ge, InSb, GaAs, GaP and GaSb 

homogeneous rectangular single crystals to prove the correctness of 

Booge's empirical relation <{AR/R) 2
> = CAf/f = aAf/Nf. The 1/f noise 

intensity C is inversely proportional to the total number at mobile 

charge carriers N. The dimensionless factor a is approximately 2x10-3
, 

in metals and semiconductors (chapter I:ti). 

Using the empirical relation, different methods of calculating the 1/f 

noise intensity of contacts are presented. Four models of constriction 

dominated contacts are considered, each with one circular contact area. 

In two models the equipotentials are oblate ellipsoids, the first 

model having an insulating hyperboloid boundary and the second an 

insulating plane boundary with a contact spot. The other two models 

have spherical zone equipotentials, one having a conic boundary, the 

other an insulating plane with a contact spot. The last-mentioned 

model was calculated earlier by Booge who used an approximation. OUr 

results of the calculation methods for the various models are compared 

with his simple result. aalculations for the relative 1/f noise and 

constriction resistance R of a contact having an elongated area are 

carried out. It is found that contacts with an elongation ratio 
2 greater than 10 have lower Re and <(ARe) > than circular contact 

spots having the same area (chapter IV) • 

Experimental investigations show that the 1/f noise intensity c and 

the contact resistance R can be used to analyse contacts. If a contact 

consists of k contact &pots with the average radius a, k and a can be 

determined. Usinq the developed multispot contact model; the results 

of the 1/f noise analysis are in qood ag-reement with multispot 

parameters obtained from microscopic investig-ations. Simply prepared 

contacts were fritted by discharging a capacitor, resulting in a 

multispot contact. More impulse-frittings at increasing energies 
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enhance' the values of k and a,· thus decreasing the 1/f noise 

intensity and the contact resistance. Experimental investigations on 

rough and smooth metal crossed rod contacts at high contact forces 

have been carried out to demonstrate the multispot behaviour of 

such contacts and to study the real contact area (chapter V). 

Experimental investigations on smooth semiconductor crossed rod 

contacts have shown that a complication may arise owing to an oxide 

film occur:i::ing. Two extreme situations are possible: Si, Ge and InSI:l 

point contacts of medium and low resistivity are dominated by the 

oxide film giving R « F-213 (where F is the contact force) and C « R. 

High resistivity Si, Ge and InSI:l rods are constriction dominated 
-1/3 3 giving R a: F and c « R • Our experimental results on Ge, Si and 

InSb can be interpreted quantitatively by taking into account the 1/f 

noise generated in the two homogeneous contacting oxide films. Our 

model explains the experimental c vs R and R vs F plots (chapter VI). 
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SAMENVATTING 

De resultaten van het onderzoek naar fluctuaties in contactweerstanden 

zijn weergegeven in dit proefschrift~ De experimentele geqevens 

warden verklaard met. behulp van modellen welke qebaseerd zijn op een 

empirische relatie. 

Vaor het onderzoek aan het contact tussen gekruiste staven werd een 

meChanische meetopstelling gebauwd. Daarmee kan de weerstand R als 

functie van de contactkracht F reproduceerbaar gemeten worden 

(hoofdstuk II). 

De empirische relatie qeldt voor hamog·ene preparaten onclerwarpen aan 
2 homogene velden. De relatieve weerstandsfluctuatie <{6R/R) > is om-

gekeerd evenredig met het totaal aantal vrije ladinqsdragers N in het 

preparaat en eveneens omgekeerd evenredig met de centrale frequentie f 

van het bandfilter waarmee de spanningsfluctuaties over het contact 

gefilterd warden. Om de juistheid van Hooge • s empirische 1/f ruis 

relatie < (AR/R) 2> "' aAf/Nf te toetsen 1 hebben we 1/f ruis gemeten aan 

Ge 1 InSb 1 GaAs en GaSb 6enkristallen. De factor a is voor al deze 
-3 materialen ongeveer 2x10 net zoals voor Si en metalen 

(hoofdstuk III). 

Uitgaande van de empirische relatie hebben we op verschillende 

manieren gerekend in situaties met inhomogene velden, zaals bij 

contacten. Vier contact-modellen, elk met een cirkelvarmig contact

qebied werden doorgerekend. In twee modellen zijn de equipotentiaal~ 

vlakken platte ellipsoides. In de andere twee modellen rekenden we 

metbolvormige eqUipotentiaalvlakken. Een van deze laatste modellen 

werd eerder gebruikt door Booge. De resultaten van de 4 modellen 

zijn vergelek.en. Daarnaast hebben we nog een eenvoudige berekening 

opgezet voor de 1/f ruis en de contactweerstand van langwerpige 

contactqebieden (hoofdstuk IV) • 

Bet is experimenteel aanqetoond dat de 1/f ruis en de contactweerstand 

gebruikt kunnen warden om een contact te karakteriseren. Indien een 

contact uit k parallelle geleidende gebieden bestaat met een. gemiddel

de straal a, dan kunnen k en a berekend warden uit de gegevens van de 

ruismeting en de weerstandsmeting. De berekende k•s en a's zijn in 
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goede overeenstemming met de wa.&rden welke uit micrascopisch onder

zoek gevonden worden. Slechte metaal-halfgeleider contacten werden 

behandeld met kortstondige stroompulsen. Een dergelijke behandeling 

levert multi-spot contacten op. Meer stroomimpuls-behandelingen 

leiden tot grotere k en a en tot een afname van de contactweerstand 

en de contactruis. Experimenteel pnderzoek aan metaalpWltcontacten 

onder grote krachten brengt ook daar het multi-spot karakter naar 

voren1 in dit geval kan het ware contactoppervlak berekend worden 

(hoofdstuk V) • 

Bij het contact tussen gladde halfgeleiderstaven kan zich een compli

catie voordoen door de oxydehuid op de staafjes. Twee limietgevallen 

zijn mogelijk: Si, Ge en InSb contacten van staafjes met kleine 

soortelijke weerstand worden gedomineerd door de overgangsweerstand 

van de oxydehpid. Dit resulteert in de volgende evenredigheden 

R « F-213 en <(AR/R) 2
> ~ R. Het andere limietgeval hebben we wanneer 

de staafjes een hogere soortelijke weerstand hebben. Voor dit laatste 

geval gelden de volgende evenredigheden: R « F-l/3 en <(AR/R) 2
> « R3• 

De experimentele resultaten op Ge, Si en InSb kunnen kwantitatief 

gelnterpreteerd worden door ook rekening te houden met de 1/f ruis1 

welke in de twee rakende oxyde films gegenereerd wordt. Bet filmmodel 

verklaart de experimenteel gevonden relaties tussen contactruis en 

contactweerstand enerzijds en tussen contactweerstand en contactkracht 

anderzijds (hoofdstuk VI). 
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1/f Ruis van ohmse preparaten in inhomogene velden is hoger dan aangegeven 

door het totaal aantal vrije ladingsdragers. Dit is een gevolg van de 

ongelijkheid van Jensen. Als we weerstanden loodrecht op de stroomrichting 

trimmen levert dat een onnodige verhoging van de 1/f ruis op. 

J.Fabius, W.R.van Zwet; M.C.Syllabus 10: Grondbegrippen van de waarschijn

lijkheidsrekening.Mathematisch centrum Amsterdam (1970) p. 24-25. 

Dit proefschrift, Hoofdstuk IV. 

III 

Een nuttig gebruik van ruis is in vele gevallen mogelijk zoals blijkt uit een 

uitgebreid overzicht van Gupta met 117 referenties. Aan de door hem genoemde 

toepassingen kan warden toegevoegd: het karakteriseren van ohmse contacten. 

M.S.Gupta; Proc. of IEEE 63 (1975) 996-1010 • 

Dit proefschrift, Hoofdstuk V en VI. 

IV 

Bet reciprociteits-theorema kan als volgt uitgebreid warden tot tijdafhankelijke 

lineaire weerstandsnetwerken. Het onbelast gemeten spanningsspectrum over het 

klemmenpaar A als qevolg van een constante stroom door het klemmenpaar B is 

gelijk aan het spanningsspectrum gemeten over het klemmenpaar B als gevolg 

van een even grote stroom door het klemmenpaar A. 



V 

Indian R.Brown in 1827 zijn onderzoek had gepland zoals dit nu al te vaak 

gevraagd wordt, dan had hij willicht de Brownse beweging niet orttdekt. 

R.Brown; The Philosophical Magazine and Annals of Philosophy, N.S. 4 (21) 

(1828) p. 161-173. 

R.Brown~ The Philosophical Magazine and Annals of Philosophy, N.S. 6 (33) 

(1829) p. 161-166. 

VI 

Voor spanningsspectra die een gevolg zijn van weerstandsfluctuaties van een 

twee-dimensionaal homogeen preparaat met lengte t en breedte b, en onder

worpen aan een homogeen veld, geldt de volgende relatie: Sij/s
12 

= b/t, 

waarbij Sij het spectrum is tussen twee punten i en j op een afstand b, en 

s
12 

het spectrum is tussen lijnvormige stroomvoerende contacten op een afstand 

t met b s t. 

VII 

Bij de huidige stand van de techniek is de elektrische auto qua energiever

bruik gelijkwaardig met de benzine-auto die voldoet aan de zeer verguisde USA 

Clean air act van 1970. 

P.L.Dartnell; The Journal of Automotive Engineering, december (1973) p. 10-16. 

VIII 

onder bepaalde omstandigheden kan het meten van de soortelijke weerstand p met 

behulp van een 4-punts probe onmogelijk worden. De oxydehuid op GaAs is hier 

een duidelijk voorbeeld van. 

IX 

Kleinpenning stelt dat bij schaatsen de tijd t nodig om een afstand S af te 

leggen gegeven wordt door de volgende evenredigheid: t~slogs. Als wij een 

uitzondering maken voor de sprint, kan deze relatie uitgebreid worden tot 

topprestaties bij wielrennen, hardlopen, snelwandelen en zwemmen. 

Th.G.M.Kleinpenning; stelling X, Proefschrift Utrecht (1972). 



X 

Het gevaar dreigt dat ordening van de naaste omgeving bijdr~agt tot een snel 

toenemende chaos op grotere afstand. 

H .Peters: De wet van behoud van ellende , Amsterdam, Wetenschappelijke 

Uitgeverij (1973) p. 90-100. 

XI 

Het verdient aanbeveling in het Nederlands taalgebied een gezaghebbend 

instituut te stichten dat nieuwvormingen bestudeert, en aanbevelingen doet 

voor de vorming van Nederlandse woorden ten einde de druk van het Engels en 

het Frans te verminderen. 

J.Veering; Onze Taal !!_ (1-2) (1972) p. l-4. 

XII 

Het verkeersreglement zou de meest kwetsbare verkeersdeelnemers moeten 

beschermen. Het Nederlandse verkeersreglement met het onderscheid tussen 

langzaam en snel verkeer wat de voorrang van rechts betreft werkt discri

minerend, en bevordert de verkeersveiligheid voor het langzame verkeer niet. 

XIII 

Democratisering zonder kopieerapparaten is onmogelijk. 

L.K.J.Vandamme 12 november 1976 


