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Invited Paper

FLUCTUATIONS AROUND A NON-EQUILIBRIUM STATE

Pr. C.M. VAN VLIET
Department of Electrical Engineering

University of Florida and

Centre de Recherches de Hathfmatiques Appliqufies
Universit& de Kontr6al

This talk will be divided into two parts. First, we address the

problem of the form for thermal noise in a driven, nonr-equilibrium state,

sufficiently close to thermal equilibrium, in a non-linear device. In such

a system the Hamiltonian is divised into three parts, H H * H2

H. is the system Hamiltonian, HL~ the coupling to a thermal bath, and H2

tE.. coupling to an external field.

In a non-equilibrium state the noise is due to the energy

contained in HL As well as in H1so that one cannot properly distinguish'I between what is traditionally called thermal noise and shot noise. A

thermodynamic generalized entropy form (Massieu function) is derived from

HL and H2, leading to Gupta's result for the noise in a non-linear driven

state. As nonlinear device examles, we consider p-n junctions and tunnel

diodes, and we derive from Gupta's result the well known shot noise and

thermal noise formula# for these devices. The result will also be compared

with propositions concerning nonlinear device noise given by van der Ziel.

Secondly, we consider a non-e-quilibrium Harkov-Langevin farmn-

lation, due to Lax (1960, Revs of Mod. Phys.), Van Vliet (1965, Fluct.

phenomena in Solids ; 1966, Phys. Rev. ; 1971, J. Hath.Phys.)and Trmlay

et Al. (1960, Phys. Lett.). The main result for Narkov systems is contained

in the generalized Einstein relation, first derived by Van Vliet and Blak

(1956, Physics) s Cover (hA)N +~ i Cover (AU) - 1/2 S a D, where A mens

the fluctuating variables, K is the linearized regression tensor, and

where S is the spectrum of the Langevin forces while D is the generalized

7 . V
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diffusion tensor. In thermal equilibrium both terms on the left-hand-side

are equal and Covar (AA) takes the thermal equilibrium form 1/4 Ir1 S,

which can be related to the inverse second order entropy derivative tensor.

There is a small problem with magnetic field reversal, not hitherto

correctly considered in the literature, which will be discussed. Outside

thermal equilibrium the full generalized Einstein theorem is required and

considerable changes can occur. This is first illustrated for a photo-

conductor driven by a strong optical pump (Van Vliet, 1966). Carrier

density noise, with a strong super - Poisson character can be observed.

Next, we consider the Brillouin light scattering in a fluid with a small

temperature gradient (Tremblay et Al. 1980). Their treatment is shown

to be a particular case of the general formalism considered by Van Vliet

(1971). Solving the generalized Einstein equation for this case and

following Tremblay et Al., the asymetry of the Brillouin peaks is

obtained and explained.

As is noted, the two parts of this talk are disjoint. It is

conjectured that a connection could be fruitfully obtained if the recent

linear response theory forutlation by the author and coworkers (J.Math.
Phys. 1978, 1979, 192) could be extended to derive a fluctuation -

dissipation theorem as well as a gmeralized Einstein formula in the

presence of a field, using a generalized canonical density operator for

the driven n equilibrium state. Such a- extension is being contemplated,

but has not yet been carried out.

_ 1
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Invited Paper

NOISE IN CHAOTIC FLUID SYSTEMS

A. LIBCHABER

Ecole Normale Supgrieure

24 rue Lhomond

75231 PARIS CEDEX 05

We illustrate, in a Rayleigh - Benard experiment, the

various types of noise appearing in dynamical systems. Intermittent

noise,-pover law spectrum, exponential noise may appear depending

on the scenario leading to a chaotic behavior.

References

1. J.P. Eckuann, Rev. Mod. Physics 53, 643 (1981)

2. A. Libchaber, S. Fauv*, "welting, localization, chaos",
Kalia and Vashisbta Ed., Elsevier 1982.
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A new transform theorem linking spectral density and Allan variance.
C.M. Van Vliet, University of Florida, Gainesville, and Universit de
Montreal, Canada, and P.H. Handel, University of Missouri at St. Louis.

It is well known that neither the Wiener-Khintchine theorem, nor

MacDonald's or Milatz's theorem, can handle 1/f noise or "more patho-

logical" noises, since the correlation function as well as the variance

of the integrated time-dependent average, necessary for these theorems,

diverge. Thus, via these theorems no time domain description of 1/f

noise can be obtained. The situation improves, however, if use is made

of the Allan variance, defined as follows. Let m(t) be the stochastic

variable, e.g., an emission rate. Let 41) and 42) be defined as the

time integral in adjacent time intervals (t,t+T) and (t+T, t+2T).

(A2
The Allan variance a is then defined as

< 2.1 (1) (2))

where the angular brackets denote an ensemble average over a sufficient

number of adjacent time intervals. Note that for emission phenomena

o A is easily measured by counting techniques. This Allan variance

(time domain) is then linked to the spectrum S (49) of < Am2 > by the

"Allan variance theorem" proven by the authors1):

)(2

The inversion of the theorem proved to be an interesting problem in

the theory of Fredholm integral equations 2 ; it reads for the simplest

case that a consecutive Nllin-Laplace transform of the Allan variance

exists:

1 fcoe'spw dT A l 2

-- '.. S(w) - -~ J 1= 2 F :(p) -j [(?i)j . (3)

... i .. n + A 
-a ..

A+- .-
'
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Here a is in the domain of analyticity of r(p) dT T- p o ). If

only partial Mellin transforms exist, more complex formulas apply. In

the table below we give the transform pairs [and F(s) which is the

Laplace transform of the Allan variance] for white noise, Lorentzian

noise, and "pathological noises." It is seen that (a usually

exists! (i.e., is convergent for all T).

S.(W) F(s) w(T)
Poissom

sho o!, 2.. 2mds' (Mr) - m*T

General 2(0mI)T 2(AmbWl7' (AMI) -ermT
shot noise

IlI noise 2WCI4W 4COos 2)/a' 2CT'Ios2

Lorentzian 4Ba 2B[ 4a 2a
flicker noise B- -' i s-z - -

".P11hoo&Wa LANIA-1 L(I- -2-I-1 LT'(1 -2
- )

nois" O<A <4; ;2 X n(wA2) sa(fAI2)(A + l)

In counting experiments involving Poissontan shot noise,

Sm(w) - 2=0 , and I/f noise, S (w) - 2wC mO2/w, the relative Allan

variance is given by

< 
1 1

N(->T) > L + 2log2 . (4)

For T-, R(T)- *2Clog 2, the so-called flicker floor. Thus a measure-

ment of R(T) as a function of T gives the magnitude of the 1/f noise.

This important result is applied in a subsequent paper to determine

the 1/f noise inherent in *-particle emission.

1) C.M. Van Vlet and P. Handel, Physica 113A, 261-276 (1982).

2) C.M. Van Vliet, Annales des Sciences Mathesatiques du Quebec, in

press.

V L:



LA !F

13

STOCHASTIC MODEL OF THE BURST NOISE

M.gikulovi, J.Sikula, P.Valiina and V.Nev[n

Department of Physic, Technical University of Brno, Barvidova 85,

662 37 Brno, Czechoslovakia

In this paper it is assumed that the burst noise is induced by a primary process X(t)

which is represented by capturing or emission of a carrier by a trap which controls the

current through the defect. The secondary process Y(t) is then represented by the

current modulation. For a three-state primary process X(t) from the Kolmogorov's

equations the absolute distributions and the transition probabilities of the X(t) and

Y(t) processes are derived. The correlation function of the secondary process Y(t) is

then

BY(t) =AI*e a It +A2' e&2  for t> 0, (1)

where A, , A 2 are quantities determined by the transition intensities, a, , a2 are

the eigenvalues of the intensity matrix.

The spectral density of the Y(t) process is a superposition of two one-dimensional

generation-recombination processes:

SY(() A 3  + A (
+ w 2) (2)

(c + W2 )

where the coefficients A3 , A 4 are determined by the transition intensities.

A particular case where the carries make transitions between the trap and the valence

or conductivity band is discussed. Interband transitions are assumed to have zero intensity.

Experimental study of the temperature dependence of the spectra, density and the

amplitude distribution of the noise voltage is described. In a simplified case the current

fluctuation spectral density Si (w) can be expressed in the form

112
I+cosh(E- EF.)IkT I+w'r1  (3)

where 'DN is the burst noise current amplitude, Et and E. are the trap and quasi-

Fermi eneriv, respectively, r is the effective relaxation time.

oP1.71
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MICROSCOPIC SPATIAL CORRELATIONS

J.P. NOUGIER, M. GONTRAND, J.C. VAISSIERE

Centre d'Electronique do Montpellier
Universit6 des Sciences et Techniques du Languedoc,

34060 Montpellier c6dex, France.

The noise of devices is due to local noise sources, the effect

of which at the electrodes is taken into account through the impe-

dance field. Usually, the noise sources at two different points '

and TO are supposed to be uncorrelated, thus giving S~a, 7 , ' f)
-K (r, f)S (7-) where K(7', f) is the local noise source term. We

show in this paper that this is but an approximation, valid only for

studying the noise of long devices. Indeed, the noise sources are

correlated over short distances, and this should be taken into account

when modeling the noise of submicron devices. We could derive the

formal expression of S r (, r', f) at thermal equilibrium for the dif-

fusion noise in a non polar semiconductor with acoustical, optical

and intervally phonon scattering (typically silicon). Let A j,~ (7, t)

the fluctuating part of the current density at point r0 along the

direction a . The correlation function of A7+jot+

is given by le

2 20~ WS e (k (? Odk (1)

where v -PVkE(k ), v~ = .- oCk)cuh, (k)=jP k -)d~cj

P (Ik, k') is the transition rate between states k and k', f kIc) is the

thermal equilibrium distribution function. Eq.(l) shows thatC~,,0

can be considered as a superposition of Dirac functions at points

T- Vk k) wegtdTyf ) expE - 191/1(k)] , thus

giving a shape as indicated figure 1.

S&,, r, r ,f 4 cot27-fO9. C A(w 9) dO

has the same shape as CA 0 ? ).Obviously S5A* (r,' r O) is not a

I.A lot

7j
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Dirac function of r r. Numerical results will be presented

for p-type silicon.

C (fx a, ry a, cons tant, 0)

C~x-0 f e2' = constant)

Fig. I

Variations of CI , 9) versus B and versus
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SIMULATION OF DIFFUSION NOISE IN A DEVICE

B. BOITTIAUX, E. CONSTANT, A. GHZS

Centre Hyperfr~quences et Semiconducteurs
LA CNRS NO 287, UNIVERSITE DE LILLE 1.
Bit P3, 59655 VILLENEUVE D'ASCQ CEDEX, France

The advantage of Monte Carlo simulation technique is twofold

it is based on microscopic models of carrier dynamics thus yielding fluc-

tuations in a system and it gives macroscopic information with suitable

averages of the various estimators. By studying the self-consistent beha-

viour of the electrons in the structure, we obtain the I(V) characteristic

of the device, as usual, but we can also easily get the current fluctua-

tions and study the diffusion noise as well.

The individual motion of each simulated electron depends at any

time on the local electric field and on the various possible interactions

the carriers may undergo with the lattice and the impurities. Thirteen

interactions such as intervalley, polar and non polar optical and acoustic

phonons are considered in accordance with the energy and the wave vector

of the particle. The local electric field is calculated at each time step

by solving Poisson's equation as we known the instantaneous distribution

of the electrons in the device. So making use of the individual velocities

of the electrons we can deduce the instantaneous current in the structure

for each integration time step (i.e. every hundredth of a picosecond).

We may have access to the current noise spectral density by Fourier trans-

forming the current-current correlation function in a suitable time window.
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With this method, our purpose is to study the influence of

tlu operating temperature on the diffusion noise in a onedimensionnal

N I N GaAs device for various applied bias voltages, and to study the

noise in an heterojunction GaAlAs-GaAs device as well.

As an example, we present here a study of the N I N - GaAs

structure at room temperature. We draw attention on the fact that the

numeric values obtained here fit those calculated using Nyquist's theorem.

0.5 V Oy
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MONTE-CARLO PARTICLE MODELLING OF NOISE IN SEMI-CONDUCTORS

C Moglestue

GEC Research Laboratories

Hirst Research Centre

Wembley UK.

The two Important mechanisms of transport in semi-conductors is

the free flight of the carriers in the local field and their inter-

action with the host lattice. Because of fluctuations in the local

fields, particle velocities and frequency of the various scattering

events, noise will result. The Monte-Carlo particle model simulates

transport by following the transport histories of individual particles.

Noise will therefore result in this model. Superimposed on this

there will be model noise caused by the computational aspects such

as limitation in the number of particles followed and the finite

resolution of the solution of the Poisson equation. A correction

for model noise may not be straightforward. I
To make modelling feasible we make the same assumptions as were

used in Boltzmann transport theory: (i) scattering events take

place instantaneously, and (ii) the particles can be regarded as

classical and noninteracting during free flight.

The correlation in the current for one particle of times t and t + T

is, apart from constant factors <ak(t).Ak(t.T) where Ak represents

the deviation from the mean wave vector, and -cA> denotes a sumation

over all possible states, weighed against the probability of being

realised. The correlation current for N particles is proportional

to Ncak(t) .Ak(t*T)),.
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To solve Poisson's equation the region in which the particles

move is divided into a uniform rectangular tubular mesh with Nx N

x xycells In the x and y-direction of size hx and hy respectively, and

extend over the entire length L in the z-direction. The local

field is defined by the externally applied bias, the background

doping charge and the charge of the mobile carriers. Because of

the latter the local fields will fluctuate. Poisson's equation,

therefore, has to be solved at regular intervals 6T. We can only

follow the individuals of a subpopulation of Ns-VNxNY particles.

Here v represents the average number of such particles per cell

required for charge neutrality. These particles represent a charge

es-n hxhye/v (n is the density of real particles and e their charge

for the purpose of solving Poisson's equation and estimating the

current. Their correlation current contains Ns instead of N, the

noise current will thus be exaggerated by Lhx h/v.

Additional terms to the simulated noise current come from the mesh

and time intervals used when solving Poisson's equation, giving an

additional term Chxhy/xB/v where C is a function of 6T, and 8 is a

factor reflecting the actual shape of the domain simulated.

The temporal Fourier transform of our correlation current is near

constant for low frequencies, decreases like 1/f for frequencies

corresponding to that of scattering.

? By simulating the current through a rectangular block of Gaf, w

have verified our predicted dependency of the noise on the various

model parmters hxh7Nx v and 6T.

.*J61- . , , .

-.,+ . . r
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MASTER EQUATION FOR QUANTUM BROWNIAN MOVEMENT

Hermann Grabert, Institut fUr Theoretische Physik,

UniversitAt Stuttgart, Pfaffenwaldring 57, D-7000 Stuttgart

Peter Talkner, Institut fUr Theoretische Physik,

Universitit Basel, Klingelbergstrasse 82, Ch-4056 Basel

The problem to describe damping of a quantum system

arises in fields as diverse as quantum optics, nuclear

physics, and low temperature physics. In classical systems

effects of dissipation are frequently described in terms of

Langevin equations or stochastically equivalent Fokker-

Planck equations. These semi-phenomenological Fokker-Planck

models are very useful since one avoids to study the dynam-

ics of the "environment" in detail. If both thermal and

quantal fluctuations are of importance, the Fokker-Planck

equation has to be replaced by a quantum master equation.

Master equations have been used successfully, e.g.,

in quantum optics and spin relaxation theory. However,

this conventional theory of quantum arkov processes is

based on the weak coupling master equation which holds

only if y << o0 and y << kT, where y is a characteristic

damping constant, w. a natural oscillation frequency, and

T the temperature. Hence, the approach fails for strongly

damped systems, slowly moving systems, and systems at low

temperature.

Based on statistical mechanical considerations we haw

obtained a new master equation describing the irreversible

process of damped quantum systems. Our approach Is not

,-7
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subject to the above restrictions and it can be used to

study phenomena as, e.g.# low temperature Johnson noise,

the inversion resonance of molecules, or the tunnelling

of a trapped flux in a SQUID. For a Brownian particle

moving in a potential V(q) the master equation reads

p~t = f [ji,P(t)] _ )cBTYMX 2 q,Kfq,K 1 p0031

where H = p2/2m + V(q) is the Hamiltonian and
p eaH a(B-a) 

Kp =(0 tr e - H -  f do e p e- O a H

0

is the Kubo transformation. The master equation is shown

to obey the symmetry of detailed balance leading to a quan-

tum analogue of the reciprocity relations, and the fluctua-

tion-dissipation theorem is obtained. The dynamics of the
mean values is in accordance with Ehrenfest's theorem, and

the usual Fokker-Planck equation is recovered in the clas-

sical limit.

The approach is used to study the tunnel effect of a

bistable system at low temperatures.

~w

• .*, . -f,
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1/f NOISE IN BIPOLAR TRANSISTORS

-m6 -
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1/f Noise in Modulation-doped Field Effect Transistors

by Kuang-Hann Duh, A. van der Ziol'

We report here loy frequency noipe measurements in "normlly on" mdule,
tion-doped GaLAs transistors( Ik)DfTs )-3. The devices had a 1 umn gate and a 14
wamter distance between source and drain.

Figure 1 sbove the equivalent
saturated diode current leg, versus

3~ frequency for V4  0-1 V V - -0.2 V.
The backgrgwld equivalent siturated
diode current of the ? ircuit ums estl-
mated to be 5.14 x 10' aps so that the
device noise is orders of magnitude
la~rger than the background noise. We

* ~ i~mmaevaluated Iboge' s parameter a and found
a value of about 3 x 10- , comparable
to relativel.y noisy MSFIT@.

Figure 2 shovs leg versus the
drain voltage Vd at a frequency of hO0
HTz. The noise varies as i'atov Vd
and saturates when V4 saturates; this

\ -S agrees also with what is found for
NOSFU.

As said before, the 1/f noise
resembles that of a NOSPRI!. The top
n*Al~sAs layer under the gate is

6 i.. 4depleted of electrons, the electron.
Fig. 1. leg versus frequency for
MODFNT device at V4 - 0.1 V,j

are In the Ga~s channel, where they can Interact with trap. in the AlOaAx
layer near the interface by tunneling. The 1/f noise should therefore be of
the number fluctuat ion type. 'The results of Figure 2 fit very well with this
picture.

WeV. uae the trap density (NT )eff fr our data and fbund a value of
about 104c3 suiga tunneling parameter m: of 107 pd.l Since the
mangitude of the noise Is proportional to (Up )Off/s, 101 /cR3 is topgra~

When one eztrapolates the noise data at saturation to high frequencies, one
comes to the conclusion that the device should shbow thermal noise In the 10-30
MN& frequency range. We are looking into that possibility and hope to give a
report on the thermal noise of these devices at a later data.

*The research at Dept. of Electrical Digineering of the University ofjMinnesota we funded by NSF.

4 ~
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Fig. 2. Ieq versus VD for E)DFET device at f - 400 Hz, V- -0.2 V.

Plferences

1. D. Delasbeaudeuf and N. T. LAh, IEE Trans. 12. Devices M, 955, 1962.

2. T. Miamra, S. Kiyanizu, L Joshen and K. Elkomaka, Jap. J. Appl. Phas. 20,
L317., 191.

3. T. J. Druond, . Kopp, R. L Thorne, R. Fliher and R. Ibrkoc, A pI.
Phy's. Lett. 40, 8T9, 15d2.

4. H. 8. Park, A. van der ZIel and 8. T. Liu, Solid State .e.ctrosies,
Vol. -25, Do. 3, 213-217, 1982.
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ATOMIC IMPURITIES RELATED LOW-FREQUENCY

NOISE IN BIPOLAR TRANSISTORS

Mihai Mihaila

R & D Center for Semiconductors(ICCE)

Str. Erou Iancu Nicolae, 32B, 72996

Bucharest, ROMANIA
Acting as deep levels or, in sme cases, introducing surface states/14

the transition metallic inpurities(Au, Cu, Fe, etc) are capable to ge-

nerate both 1/f(2) and g - r noise/3/ in silicon. How these ispurities
affect the low - frequency noise of a bipolar transistor structure is

show in Fig.1, where the noise spectra of three ungettered(a,b,c) and

one gettered(d) devices are comparatively figured. Inpurities such as
Au and Cu were bserved through DEWS analysis in ungettered devices,
while no traces of impurities appeared in the gettered device. The

noise level of the ungettered devices deps mn whether dislocatins
are or not present in the emitter-base junction. Therefore, the effect

of metallic inpurities on the low - frequency noise can be accurately
evaluated in the absence of crystallographic defects only.

Studying the effect of Si 3 N, - PareadatiCn gettering cin the bipolar
transistor's noise, it has been found that the noise's evolution clo-
sely follows the introduction of lattice defects in the emitter's
area(Fig. 2). At an optimu annealing ture(3hrs), impurities with
atomic radius close to the silicon cie(1.173A) were oberved in ocm-
trol wafers using proton - inced X - ray analysis (Fig.3). DWp=ities

with greater atomic radius ware obeerved for ti lier/greater than

the optimum time. Different misfit stresses indmme by atmic ipuri-

ties can acooct for the generation of the lattice defects. It is thus
diciusly that besides the before - intim z mcomim, the atomic
impurities act as nuclei for the ptoosse-ixued defects which are in
their turn another source of fluctuations.

/l/ - B. GMA, A.G. NAOIBIM , Solid-State lectroice,23,1249(1980)
/2/ - & U10ISM, D. mWa, soid- State l=trco,23,1147(1980)

/3/ - G. WSIU, R.J.J. 5IL3ZS, Solid-State MElectrmon. ,25,273 (1982)

• .. .. .. ,mmm~num I-nd
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1/f NOISE IN BIPOLAR TRANSISTORS

C.T.Green and B.K.Jones
Department of Physics, University of Lancaster, Lancaster, UK

Noise and static characteristic measurements have been performed on

a"large number of BC413, low noise silicon NPN bipolar transistors. The

results are presented in two parts: a statistical analysis describing

the correlation between different pairs of experimental variables and a

detailed analysis of a few transistors which includes the temperature

dependence between 77 K and 335 K. An example of the statistical analysis

is shown in fig.l. The correlation shown is between the excess current

noise measured at 1 Hz and the reverse biased emitter base junction

leakage current, IEBO, measured at 1 V.

The measurements on the individual devices indicate that for these

transistors there is little excess voltage noise and the excess current

noise can be represented by a current source at the base-emitter junction.

The intensity of this source is proportional to I;2 where V is the non-

ideal base current in these devices The location of the noise is

found to be not in the base resistance C ) or the surface recombination

(2)
velocity Possible mechanism for the noise are discussed with the

evidence relating to each.

(1) H.Stoisiek and D.Volf, I= Trans. RD27 (1980) 1753-7.

(2) A. van der Ziel, Adv. in Electronics and Electron Physics 49 (1979)

225-297.

Work supported in part by lerranti Sm iconductaos and SUC.

C-.. ---.-.



32

I- - - - - ~*

03

DD

Lfl

d X

E3 0 D\

'0 0 C3

0~ 00 0 4t

U' 0o0

0- x



LA

33

Mobility-fluctuation 1/f noise identified in silicon P+NP transistors.
J. Kilmer, A. van der Ziel, and G. Bosman, Department of Electrical
Engineering, University of Florida, Gainesville.

The magnitude and location of mobility-fluctuation 1/f noise

sources have been identified by means of biasing a PNP transistor in

a common emitter configuration with first a high and then a low source

1)resistance . A computation of the noise from the standard equivalent

circuit shows that a low source resistor in the base lead Isolates the

collector noise sources, whereas a high source resistor isolates the

base noise sources. The results are shown in Fig. 1, where S refersLRO

to the noise observed with a low source resistance and S 1R to the

noise observed with a high u dce resistance; all noise is referred to

-49
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According to Kleinpenning2 ) and to van der Ziel3 , S p is

due to diffusion-fluctuation 1/f noise (linked to mobility-fluctuation

1/f noise by S lp 2 S /i 2). From Kleiupenning's expression ve
D, p p'p

computed cL > 2 1 0-6 . Values of this magnitude are of the order of

magnitude measured for room temperature according to Rosman et al4 ).

Interpreting in a similar way the base-current noise, we find for the

highly degenerate emitter a Hooge parameter 5 > 5 x 10-8 ; this lover

value is due to an impurity-mobility reduction factor of about 100.

We finally note that there is no indication of an emitter-base noise

source due to oxide surface traps, as occurring in transistors of a

5)former period

1) J. Kilmer, A. van der Ziel, and G. Bosman, Solid State Electr.,

in press.

2) T.G.M. Kleinpenning, Physics 98B, 289 (1980).

3) A. van der Ziel, Solid State Electr. 25, 141 (1982).

4) G. Bosman, R.J.J. Zijlstra, and A. van Rheenen, Physics 112B, 193

(1982).

5) W.H. Fonger, in Transistors I, RCA Labs, 1ew York (1956).
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F-1 CURRENT NOISE IN THE BULK

OF SHORT DIODES AND BIPOLAR TRANSISTORS

G. BLASQUEZ* and D. SAUVAGE**

** L.A.A.S. du C.N.R.S., 7, avenue du CoLonel Roche - 31400 TOULOUSE (F)
C.I.T. ALCATEL, Centre de VitLLarceaux, 91000 LA VILLE DES BOIS (F)

The existence of distributed 1/f curreht noise within the

intrinsic regions of the eitter and (or) the base of integrated

bipolar transistors is demonstrated from a careful analysis of noise

factor measurements.

At Low Level (when crowding and high injection phenomena are

negligible) this noise is approximately proportional to the collector

current and is independent from the emitter area as shown in figures 1

and 2.

By anaLogy with models attributing 1/f surface noise to carriers

trapping by interface states we assume that the 1/f buLk noise results

from a similar mechanism occuring in semiconductor deep traps.

In short diodes we show that the spectral density of minority

carriers follows an 1/f Law in an extended frequency range consistent

with experimental data.

Using this mechanism as a starting point, we propose a current

fluctuation model and we derive the explicit relationship of the spectral
density of the current noise as a function of trap characteristics,

geometrical parameters and biasing conditions.

This relationship accounts for observations carried out in

bipolar transistors. In addition it shows that 1/f noise may be

generated within quasi neutral regions of either the emitter or the
base.

- -.- - 4
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Low Frequency Noise Due to Emitter-Edge Dislocations

in npn Transistors

M. Mihaila, K. Amberiadis and A. van der Ziel

Electrical Engineering Department
University of Minnesota
Minneapolis, MN 55455

The effect of emitter-edge dislocations on the low-freq'tenc7
noise of bipolar transistors was studied via phosphorus surface
concentration. Five npn bipolar transistor batches with
phogphorus surface concentration ranging from (3.5 - 10) x
102Ocm-3 were manufactured on n-type, 4-6 ohm-cm, (111)
Czochralski silicon wafers. In order to reduce the effect of
metallic contaminants, all the wafers had undergone a preoxida-
tion gettering with Si3N4 on the back-side, in N2 + 1% 02, at
11000C, for 3 hrs. Different phosphorus surface concentrations
have been realized using different in situ oxidation times (prior
to phosphorus deposition) and a singl---pho-sphorus bubble rate.
The phosphorus surface concentration was determined by V/I and
junction depth measurements. The defects were delineated using
Sirtl etch and observed by interference contrast microscopy and
SEN.

The noise factor was measured at a collector current of 10 uA
and at a frequency of 10 Hz. Its dependence on the phosphorus
surface concentration is shown in Fig. P. A sudden and appre-
ciable increase in the noise level is observed for concentrations
greater than 4.3 x 1020cm- 3. This limit of concentration is
usually considered Ibe the limit above which misfit disloca-
tions are generated.l_ Although the selective etching is not
proper fqr misfit dislocation revealing, some areas of misfit
dislocation networks were observed inside the emitter surface.
It appeared from our observations that these dislocations did not
traverse the emitter-base junctions. emitter-ege dislocations
have been generated by the phosphorus diffusion and they were, by
far, the dominant defect observed on the control wafers. Their I
total density was evaluated in an area around the emitter at a
distance of 10 om from the emitter edge, and the results are pre-
sented in Pig. 2. L:ke noise, the defect density follows the
same evolution. Ijoreover, an abrupt change in defect density
from about 5 x 104 cm 2 to 106cm"2 is observed for concentrations
greater than 4.3 x 10 2 0 cm . From Pigs. l and 2 we can conclude
that the dislocations affect the noise considerably only when
their density is in excess of 106cm- 2 . It should be noted here
that in NOS devices the fixed interface charge is a function of
dislocation density when the density of dislocations is greater
than 106C-221.

t It is noted that In Pigs. 1 and 2 each point represents the
average of the measurements on one hundred transistors.

-
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Invited Paper

WHY IS NATURE FRACTAL, AND WHEN SHOULD NOISES BE SCALING?

Benoit B. Mandelbrot and Richard F. Voss

IBM Thomas J. Watson Research Center

Yorktown Heights, NY 10588

ABSTRACT: This talk proposes to restate certain themes from a book by

Benoit B. Mandelbrot ( The Fractal Geometry of Nature, W. H. Freeman,

1982), and to discuss the possible relevance and usefulness of these

themes to the study of scaling or "/f" noises.

As a preliminary, Mandelbrot's contention that the geometry of Nature

is largely fractal will be conveyed with the help of illustrations of totally

artificial mountains and clouds generated by Voss. Given the remarkable

resemblance of these and more recent scaling "fractal forgeries" to the

natural world, the first broad question to be considered is, why should

one have expected Nature to be fractal? The three main arguments in The

Fractal Geometry $f Nature are: A) Many analytical aspects of nature are

now known to be scaling: therefore, the corresponding geometric aspects

should also be scaling. Straight lines and planes are scaling, but they

are rarely found in nature. Fractal geometry offers nature a far richer

pallet. B) The prevalence of fractals can be accounted for directly, by

real space arguments. Many basic equations of physics are scale-free:

for example, the Euler equations of the flow of a nonviscous fluid. The

behavior of the solutions is bound to be dominated by the solutions'

...........m.um
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singularities. These singularities in turn reflect the symmetry of the

original equations and should be expected to be scaling geometric shapes.

It is natural to associate turbulence with nonstraight singularities, and

hence to trace it back to fractal singularities of fluid motion. This thesis

has recently been strongly buttressed by extensive computer simulations.

C) The prevalence of fractals can also be accounted for indirectly in a

phase space. When a system's time evolution has an attractor, the

attractor is in most cases .strange; which means that it is a fractal.

This fact was first established by H. Poincare, P. Fatou and G. Julia, for

self-mappings of the complex plane and will be illustrated by exhibiting

some fractals associated with the mapping z -+ z2 -m.

Against the background of the fractal geometry of nature, the second

broad question to be considered is that of the connections between

fractals and random time series or noises with a spectral density of the

form 1/f . The mathematical similarity is clear: whenever a spectrum can

be attached to a fractal (e.g. when the fractal is a vertical section

through a relief or a distribution of galaxies), this spectrum is of the

form 1/fB and the exponent B is a linear function of the fractal's fracta(

dimension. Therefore, the remaining issue is that of a possible physical

connection. A totally linear system would preserve a scaling, i.e.

fractal, geometry, but it could not generate it. However, recent work on

turbulence and strange attractor theory demonstrates that nonlinearity,

even in seemingly small amounts, can generate fractal structures.

*J

will present paper
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Invited Paper

TRANSITION PHENOMENA INDUCED BY MULTIPLICATIVE NOISE

Pr R. LEFEVER

1Jniversitg de Bruxelles

Service de Chimie Physique II
Code Postal n*231
1050 BRUXELLES

(Belgique)
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On the Distribution of the Level-Crossing Time-Intervals

of Random Processes

T. Munakata and D. Wolf

Institut fUr Angewandte Physik der UniversitNt Frankfurt a.M., FRG

Up to now the probability densities P0(T) and PI(T) of a random process

for the first downward crossing, resp. upward crossing, of a certain

level I within the infinitesimal time-interval (t+T,t+t+dT) given an

upward crossing of the level I in (t,t+dt) have not been found. Some

approximative solutions have been derived from integral equations or by

an excursion model in implicit form. In this paper a novel approach is

presented which yields explicit approximative solutions.

The treatment is based on the so-called 4-states model as outlined at

1982 IEEE ISIT Les Arcs (France) by the authors. The four signal states

Zi, i=1,...,4, characterized by their conditional probabilities Sit

resp. are defined as follows:

ZI: The process remains above the level I given an upward crossing in

(t,t+dt) at least until the time t+T.
Z2: The process is found below the level I at the time t+T given an up-

ward crossing of I in (t,t+dt) and just one subsequent downward

crossing.

Z The process is found above the level I at time t+T given an upward

crossing of I in (tt+dt) and at least one subsequent upward

crossing during the time-interval T.

Z The process Is found below the level I at time t+T given an upward

crossing of I in (t,t+dt) and at least two subsequent downward

crossings during the time-Interval T. S

The 4-states model is modified to a 6-states model by splitting the

states Z3 and Z4 into two states each, denoted as Z3-Z31+Z32 and

Z4=Z4 1+Z42, resp. The two additional states Z32 and Z42 with probabili-
ties S32 and S42, resp. introduce some relaxation times T1 and T2 ,resp.

Using the well-known Rice's functions Q(T) and W(T) and assuming

Po gS1 S1 P1 hS2 =- '-W- S2
+ 42

II
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one finds the differential equations

i= -gS, and i2 * gS1 - 'S2.

Pis given by the third order density of the process. Setting

S32  f T1W(t)dt and S42 = f [2 Q(t)-P0(t)]dt

one obtains the explicit approximative solutions

p(6 (,Tl =g(r,Tl) exp{- G(T,Tl)l
0t

j1 (TIT 2) = h(r,T2)expl- H(T,T2)} fg(t.Tl)exp{- G(t,Tl)4+H(t,T 2))dt
0

with

G(T,Tl) = fg(t,Tl)dt and H(T,T2) = f h(t,T2)dt
0 0

Tand T 2 are evaluated from the first moments of time-intervals be-

tween one level-crossing and the first or second successive level-

crossing, resp.

The theory was applied to Gaussian and Rayleigh random processes with

various power spectra and was verified by computer simulations. The

experiments show that the new approximations represent the measured
values with an excellent accuracy in wide ranges Of T and 1. Thus they

proabiitydenityforonedownward crossing in (t~t+dt) and the ad-

jacet uwar crosin in(t+'r,t+'r'dT), is illustrated by fig. 1 for a
Rayleigh process with fourth-order low-pass Butterworth spectrum and

aa

Fig. Ih
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FLUCTUATIONS IN DISSIPATIVE

STEADY-STATES OF THIN METALLIC FILMS

A.-M.S. Tremblay and F. Vidal
Dfpartement de physique
Universit6 de Sherbrooke
Sherbrooke, Qudbec, JlK 2R1

Canada

We present a realistic calculation of the high-frequency cur-

rent fluctuations induced by a steady electric field applied to a thin

metallic film. At low temperature and under appropriate conditions, these

additional fluctuations give a simple way to measure an inelastic relaxa-

tion time in the film, in a regime where it cannot easily be measured

otherwise because the usual transport coefficients and equilibrium fluc-

tuations are mainly determined by elastic scattering. Physically, the

additional fluctuations can easily be understood as arising from an ef-

fective electronic temperature rise determined by the balance between

the Joule heating rate and the energy relaxation rate, the phonons remai-

ning at the bath temperature. The detailed shape of the isotropic part

of the electronic distribution function is however not well described by

a local temperature.

Our study also elucidates the physical meaning of previous

sophisticated calculations of fluctuations in certain dissipative steady-

states by reproducing these results in detail with simpler methods. For

the problms we have studied, a local equilibrium extension of the Lan-

Sevin formalism at the hydrodynamic level works to only about 102

-A'-4
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accuracy when the isotropic part of the stationary distribution function

differs from a local equilibrium form. A Langevin type formalism however

remains valid and there exist formulae for the Langevin force correlation

which depend on the detailed shape of the stationary distribution function.

A quantitative experimental verification of our results would

be most important from the point of view of nonequilibrium statistical

mechanics. And if our prediction is valid, it could be generalized and

then profitably used in the following fields of condensed matter physics:

a) in nonequilibrium superconductivity, b) in low temperature refrige-

ration, c) in the problem of localization,

Reference:

1. A.-H.S. TREMLAY and F. VIDAL, Phys. Rev. B25, 7562 (1982)

I7
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CALCULATION OF VACANCY NOISE IN MONOCRYSTALLINE METALS

Wolfgang Michel and Hermann Grabert

Institut fUr Theoretische Physik

Universit~t Stuttgart, D-7000 Stuttgart 80

We study nonequilibrium voltage fluctuations in metal

films caused by the coupling between the electric current

and the vacancy diffusion mode which has a major impact on

the excess noise close to the melting point. Our approach

is based on a nonlinear Langevin model incorporating the

conservation laws and the fluctuation-dissipation theorem.

A phenomenological model describing low frequency exci-

tations in metals can be obtained by following the lines of

reasoning traced by Landau and Lifshitz in their theory of

fluctuations in fluid dynamics. For cubic crystals in the

isothermal and isobaric approximations the charge density

p and the vacancy density n obey the conservation laws

p -div J, = -div 3n where T - of + h is the electric

current and i - -Dngrad n + r is the vacancy flux. E is

the electric field, a the electric conductivity, and Dn the

vacancy diffusion constant. h and i are Gaussian random

forces with vanishing mean, and their correlations are giv-

en by <hi(it)hj(Vs)> - 2kTod1j6(t-s}d("- ,

<hi(Re"t)k (fa) > 0, <ki(,t)kj (4,a)> - 2nD 8 a(t-s)a (4-y
J Y n ij

The modes are coupled since the electric conductivity a de-

pends on the vacancy concentration n. This nonlinearity is

characterized by the parameter 0 - -(I/o)(So/bn).

- - The quantity of interest is now the noise voltage 8V(w)

D. :
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between two metal cross sections of area A. 6V is related

to the charge fluctuations dp by virtue of Poisson's equa-

tion, the dynamics of the latter being determined by the

Langevin model. In the presence of a steady electric cur-

rent J, the power spectrum consists of the familiar Johnson

noise and a frequency dependent excess noise

Sneq(w) - w(j28t/ozA")WI (Q), where N is the average num-
ber of vacancies, T - (dl/w'Dn ) is a characteristic time as-

sociated with the thickness d of the plate, and Q-(iv2 m/2)

is a scaled frequency. I (Q) can be determined analytically

for boundary conditions appropriate to monocrystalline thin

metal plates : I (0) - ff* (sinh&-sin) / (coshvT+cosVff).

For samples with a rectangular cross section the problem

can be reduced to one remaining integration. Its numerical

evaluation is depicted below for a quadratic cross section.

In both cases the excess noise spectrum has a character-\I
istic knee, the position of which allows for the determina-

tion of the formation and migration enthalpies of the

vacancies.

-1 .00 -------------------------

1-4.00-
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LIFETIME OF A METASTABLE STATE AT WEAK NOISE

Peter Talknert Dietrich Ryter, Institut fUr Physik

Klingelbergstrasse 82, CH-4056 Basel

In the study of various equilibrium and nonequilibrium

phenomena such as first order phase transitions, chemical

reactions, optical bistability and electronic systems, the

lifetime of a metastable state plays a decisive role: e.g.
it determines nucleation rates, chemical reaction rates,

the quality of optical switches and of electronic systems.
Often it determines the long time behaviour of the system.

We suppose that the metastable state is an attractor
(fixed point, limit cycle, strange attactor) of a deter-
ministic dynamical system K K(S) and that the domainl
of attraction can be left due to a weak perturbation with
Gaussian white noise of a strength bounded by 6 . In order

to evaluate the rate of these escapes we surround EL by
an absorbing boundary. Then the mean time t(6) of absorp-

tion, determining the lifetime of the state, is the solu-
tion of the boundary value problem

L t () = -l 1 &k C , t(x) = 0 for x C .

where L is the backward operator of the Markov process of

the perturbed system and where ; is the initial state of
the system. For weak noise (6->0) we give the asymptotic
solution of this equation: Apart from a thin layer near
the sepaiatrixU t(x) has the constant value T, and with-
in the layer it decreases to zero like a steep error func-
tion. The value of T is given by the ratio of a volume and
a surface integral involving an arbitrary solution w of
the stationary Fokker Planck equation

T .i 3 L .L" .. \d
' aii aS'Wwr D K6)k4

Maw~
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where r is a suitable local coordinate at the boundary

pointing into SL , and where Drr and Kr are the diffusion

and the drift in r-direction.

In general both w and the separatrix S must be known for
the further evaluation of T. Considerable simplifications

result if for £-DO there exists a stationary solution w of

the form

W M z(x)e

with z(x) and +(x) independent of L Then + (x) is a

Lyapunov function of the unperturbed dynamical system, and

both integrals can be evaluated by the method of steepest

descent at the respective minima of + . For the volume

integral this minimum is the attractor, and for the sur-

face integral it coincides with hyperbolic points of B on
-.. Clearly, the Arrhenius law now follows for T with

4(x) playing the role of a nonequilibrium free energy.
We note that 4 (x) may be interpreted as the action func-

tion of a Hamiltonian system and that one particular tra-

jectory determines the difference of + involved in T

There are important cases for which this trajectory is

easily identifyed, so that a numerical evaluation of both

4 and z is reduced to solving a set of ordinary differen-
tial equations with known initial conditions.

Results which were obtained by different methods are re-

covered as special cases.

7
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Stabilization by multiplicative noise

R. Graham and A. Schenzle

Fachbereich Physik, UniversitNt Essen,West Germany

Dynamical systems exhibiting a continuous instability as

a function of a certain control or bifurcation parameter

have found widespread interest. It is well known that

close to the threshold of instability such systems are

extremely sensitive to even small perturbations. In many

cases, one has only an indirect handle on the control

parameter, and it is then subject to inevitable random

fluctuations, with experimental control only over its

mean value and its variance. The question arises how

such random fluctuations of the control parameter Influ,

ence the behavior of the system near instability. Experi-

mentally, this question has been studied in various sysr..

tems. The results obtained established the following ex-

perimental facts:

(i) The transition, or instability, remained sharp after

noise was superimposed on the control parameter.

(ii) The threshold of instability was shifted to larger

values of the bifurcation parameter by the application

of noise. In other words, the noise acted to stabilize

the system for a certain regime of the bifurcation par&-

. ...
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meter.

In this paper we offer an explanation of the mechanism

by which the threshold is shifted by noise, but remains

sharp. The explanation proposed here turns out to be in-

timately related to the general question of how a phy-

sically given broad-banded multiplicative noise source

in a system with widely separated times scales should

be represented in stochastic c lculus. In order to ob-

tain explicit results, we study simple models with a

long-time scale T , associated with a continuous insta-I

bility, and a short-time scale T 4< T. The correlatlons

time -r of the fluctuations of the control parameter sa-c

tisfies T << . For our model we establish that thec

Gaussian broad-banded noise of the control parameter

acts like a Stratonovich noise source on the time scale

T ,if T S/T c - 0 for fixed spectral noise intensity Q.

In the opposite case Tc << T s for fixed spectral noise

intensity Q, the fluctuations of the control parameter

act like an It6 noise source on the time scale T , andI S
the threshold of instability is shifted to larger values.

All intermediate cases are also found to occur if T c and

TS are of comparable size. The experimental investiga-

tion of these different cases seems therefore feasible

and very interesting.

*.' ,," .. y
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1/f NOISE IN FET TRANSISTORS

mo

.7 7 7



Li

60

ENERGY [LVkLS O 8ULJ "EM RE4PONSI" FOR L.F. NOISE IN Si JFk:s.

K.Kandiah, A.E.R.b., Harwell, Didcot, OXON, U.K.

A previous pawer (I ) showed that point defects in the bulk, when

they are situated in the Debye region at the edge of the channel, are

the min sources of low frequency noise in JFETs. Determination of the

energy levels of the defects should lead to their identification and

help to eliminate these noise sources. Capacitance transient

spectroscopy (DI S) is a powerful method for measuring deep levels in

semiconductors. A limitation of the method is that the precision

deteriorates at defect concentrations lor than 10- 4 of the doping

level in the mterial.In any case it is preferable to determine the

characteristics of the defects in the device manufactured under normal

conditions rather than in specially prepared samples. This paper

analyses the noise as a function of teeperature, frequency and bias on

an individual defect and evaluates the energy level. Data from a large

number of such evaluations an various JFETs is presented.

Many n-channel JFlrs exhibit noise in the temperature range 77K to

350K and frequency range 10flz to 105Hz which is attributable to 4

classes of defects with energy levels in the range E%-.1Sv to midgap.

The defect density of each class is estimated to be about 1ol/a . in

good JF1ST. At least 2 other classes of defect are sen in sae

devices.

Factors affecting the precision of the calculated energy level will

be discussed. It will be shown that activation energies can be

determined with greater confidence with 4-terminal JFIs than with

3-terminal JFgfs. Precise deteminations are difficult 'Aen the effects

due to 2 classes of defect overlap. Ne have been able to find tony

A'-" ":
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devices in which a defect of one class dominated the spectrum without

appreciable interference from another defect.

Emission rates of carriers at defects,in the presence of an

electric field, are greater than that due to theriral emission owinq to

tunnelling. The noise peaks in a JFLT occur(1 ) only when the defect is

in a recmion of the channel where the field varies rapidly although the

magnitude of the field is not as larqe as that in same DUL1

measurents.

We have found a significant scatter in the calculated energy levels

of defecti belonginq to one class as evaluated from measurements on

different devices even when we only include the favourable situations.

The scatter is however no greater than that found in the literature for

the acceptor and donor levels of qold which have been extensively

docuented. e are inclined t. *he view that these differences are

inherent in the behaviour of deep levels as proposed by Lng,et al(2).

l'he presence of Impotant noise peaks in the teroerature range 77K

to lOOK and their strong dependance on bias onditions will be analysed

in the ontext of rblished work on .eneration-reconmbination noise of

donor and hot carrier effects.

(1) Kandiah K., Deighton 1.O. and Whiting F.B. lhe Characteristics

of Noise due to Individual Defects in 3 M .

Sixth Int. Conf. on Noise in Physical Sustais (1981)

(2) Lang D.V., Grimmiss H.G., Mpeier E., and Jaros K. Ce1lex

nature oE gold-related dwe levels in silicon.

Phys. Rev. B Vol 22, 1980, o 3917

..,•
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Thermal Noise at Weak Inversion and Limiting 1/f Noise in MOSFETs

K. H. Duh, A. van der Ziel
Electrical Engineerinq Department

University of Minnesota
Minneapolis, MN 55455

Consider a MOSFET at weak inversion the conductance g(Vo) for
unit length according to van Overstaeten et al (11

UWCd exp (Vg - Vg*) _ 1
g(Vo) = Aa exp n* 2 1 F] exp (-RVo)

where A = q/KT, *F the Fermi potential difference and

vgv 3 +2./oxVg* = VF + i +  */
FB 2 OF b ox*

n* = (Cox + Cd) / Cox

Here VFB is the flatband voltage, Ob the depletion change per
unit area at the surface potential Ts = 1.5 OF , Cox and C are the
oxide and the depletion capacitances per unit area, respecgively.
Cd is a weak function of applied voltage Vo through the surface
potential Ys and its value at Ys = 1.5 *F is denoted by C ; usually
one puts Cd = Cd throughout. The above expression is correct as
long as the effect of the surface state density Nss can be
neglected.

Consequently

Id 1 g(Vo)dVo  sat l-exp(-BVd)]

u. Cd 6where Isat- E W exp [-,n- (Vg - Vg*) 8 14PJ

is the saturated current, which is the Id value for BVd >4. Then

al 61 qI C
qIsat sat = sat ox

=max 3V - T (c x + Cd)

Futhermore
S f) 4KT Vd2

SId ( T 2 d g2(Vo)dVo - 2q Isat [l+exp(-RVd)]
L Id 0

as is found after some manipulations. At saturation the noise
thus corresponds to shot noise of Isat , even though the noise is,
in fact, thermal noise (Fig. 1). In the Strong Inversion case
the difference in noise only a factor 3/2. (21

.....................................................
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The limiting 1/f noise in MOSFFTs can be caused by the ther-
mal noise of dielectric losses in the oxide. Let the device have
a capacitance Cgs and let the oxide have an effective loss
tangent tanS, then the equivalent noise resistance due to these
dielectric losses will be

Rn tanSRn -- g gs

From Fig. 2, Cgs = 0.47 PF, at f= 100 Hz, Rn = 4MQ we get
tanS = 10-J. Rn = 3.7 x 108/f ohms.

The best way to observe this hypothetical limiting noise
would be to operate the device at saturation at very low inver-
sion. We saw that in that case the noise due to traps on the
surface oxide would be negligible. In the 1/f regime of Rn, Rn
should be independent of the drain current Id. FIg. 2 shows that
this is indeed the case. Because Rn is inversely proportional to
Cgs, the limiting 1/f noise is proportional to oxide thickness
and inversely proportional to the qate area. We can scale down
the oxide thickness to improve the noise performance.

References

[11 R. J. van Overstraeten, C. J. Declerk. and P. A. Muls, IEEF
Trans. Electron Devices, ED-22, 282 (19751.

(21 G. Reimbold and P. Guntil, Solid State Electron, in the press.
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Fig. 1 Low frequency noise Fig. 2 Noise resistance of p-channel

spectrum for p-channel MOSFET at low inversion.
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1/f NOISE IN MOS TRANSISTORS BIASED FROM WEAK TO STRONG INVERSION

by G. REIMBOLD, P. GENTIL, A. CHOVET

Institut National Polytechnique de Grenoble - Laboratoire de Physique
des Composants a Semiconducteurs (ERA-CNRS NO 659) - ENSERG, 23, rue
des Martyrs - 38031 - GRENOBLE CEDEX - France

Experimental results on low frequency I/f noise in MOS transistors(*)

are reported, for the whole range of gate bias from weak inversion regi-

me to strong inversion regime. The noise measurement procedure has

already been given in a previous paper [1. Measured values of SID/I6

versus VG at low drain voltage (10 :,drain current ; SID : power spec-

tral density of its fluctuations) exhibits a plateau in weak inversion

(Fig.1), i.e. for our measurements at VD = 20 mV drain currents from

1.8 nA to 125 nA, followed by a steep decrease in strong inversion.

Mobility fluctuation model is usually described by the Hooge's empi-
rical relation SI DD/ = SG/62 = SVD/Va = /Nf [2), [3]. Under this form,

this model seems unable to account for the experimental plateau because

N strongly varies with the gate voltage in the whole range of gate bias.

A more precise description could probably be done and would lead to an

0(VG).
But when using McWorther's model and taking into account all the

capacitive components of the small signal equivalent circuit, for an

n-channel MOS transistor, we obtain the following expression, valid for

every bias : I
SID/I - (C ox+CD+Css+(Bnl)'E 'T

K is independent of the bias, Cox, CD, Css and IBQnj are capacitances per

unit area (respectively : oxide capacitance, depletion capacitance, sur-

face state capacitance and capacitance related to the channel charge).

For weak inversion IOQnl << Cox + C0 + Css and SIo/16(VG) is a constant

if Css is low. For strong inversion IBQnI >" Cox + CD + Css and Si/1 I

decreases like 1/Q2. The results of such a theoretical modelisation are

given in Fig. I and show a good agreement with experimental measurements.

A :The measured plateau's levels for several low Nss transistors
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(Nss < 2 x~ 1010 eV-cf 2  with different oxide thicknesses and bulk do-

pings also agree with the relation SID/12 V~ (COX + CD).

At low temperature (77 K), the plateau disappears and is replaced by

a decreasing noise level, the slope of which depends on the quality of

the device. This result can be explain by an increase of Css when the

Fermi level approaches the conduction band [4). Such a decreasing level

must also be observed at 300 K for bad quality devices (high N55);

this is the reason why Aoki and al. [5) didn't get any plateau at 300 K

on their transistors with Nss - 3 to 4.5 x1lO" eV-1cm-2

()Devices supplied by Thomson CSF (St-Egr~ve, France) which supported
this work.

REFERENCES

[I] G. REIMBOLD, P. GENTIL, IEEE Trans. Elect.Dev., ED 29 (1982)

[2) F.N. HOOGE, Physica,83 B, 14 (1976)

[3] L.K.J. VANDAW4E, Solid St.Electron., 23, 317 (1980)

[4] E.H. NICOLLIAN, A. GOETZBERGER, Bell Syst. Tech. J.,16, 1055 (1967)

[5] M. AOKI, H. KATTO, E. YAMADA, J. Appl. Phys.,48, 5135 (1977).

Figure 1 : SID/ D(VG) in
the whole range from weak

to strong inversion regime, ,

at low VD. T -300 K, !I \
fu 15 Hz, Z/L-=200/15 A
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1/f noise in metal-nitride-oxide-silicon (MNOS) memory transistors

Herman E. Maes and Sabir H. Usmani

ESAT Laboratory - Katholieke Universiteit Leuven

Kardinaal Mercierlaan 94 B-3030 Heverlee - Belgium

1/f noise in MOSFET's has been the subject of research for a long

time. In spite of the many efforts in explaining the physical phe-

nomena behind this type of noise in NOS transistors, a generally

accepted theory is still lacking. In fact two models have been

developed which are based on different physical processes: the

carrier density fluctuation model based on the Mc Whorter theory of

tunnelling and the mobility fluctuation model based on the Hooge

empirical L-model. Recently a combination of the two models was

proposed for n-channel silicon gate MOS transistors (1).

Whereas 1/f noise behaviour in MOS transistors has received great

attention only scarce information is available on the 1/f noise in

MNOS memory transistors, although this transistor is a unique tool

for checking the validity of the above mentioned models. This paper

reports on an extensive study of 1/f noise in p-channel Aluminum

gate and n-channelpolysilicon gate JOS transistors. For this pur-

pose both hydrogen annealed MMS transistors (2) and unannealed

devices were used. The interface state density for the former devi-

ces is reduced to values close to Ix IO c1 c-2eV -1 whereas for the

unannealed devices this value lies around 7x10 cm -2eV-1 . One of I
the main reasons why the MNOS device is such an interesting device

for the 1/f noise study is that its Si-SiO2 interface can be degra-

ded by Write/Erase cycling so that its surface state density can be
to 12 -2 -1Ivaried in a continuous way from lxO to about 3x10 cm eV

So, in one and the same device the interface state density and the

channel mobility can be varied over a wide range, allowing a direct

check of the main features of the two 1/f noise models.

The conclusions from the detailed study which will be reported on

can be sumarized as follows:

1. 1/fl (1-1) in always observed both in p-channel and n-channel

; . " i MOS transistors, even after severe degradation. The effect of

.- ~-~ L
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hydrogen anneal is reflected in both a reduction of noise and sur-

face state density.

2. For transistors with the same geometry, p-channel and n-channel

devices show the same noise values.

3. The theoretical equation proposed for p-channel MNOS devices (3)

also gives excellent agreement for n-channel devices, even after

degradation.

4. The 1/f noise increases linearly with the- surface state density

as expected by theoretical prediction based on the Mc Whorter

model (3), see figure 1. The surface state density was obtained with

the charge pumping technique (4). The predictions of the mobility

fluctuation model are not at all confirmed in our experiments.

5. In both n-channel and p-channel transistors thesame type of

degradation effect on noise and surface state density upon cycling

is observed. Figure 2 shows the increase of both quantities as a

function of the stressing time for p-channel devices.

References:
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ORIGINS OF F-1 NOISE IN MO0S TRANSISTORS

G. BL&SQUEZ and A. DOUKABACHE

L.A.A.S. du C.N.R.S. 7, Avenue Colonel Roche 31400 TOULOUSE (France)

In MOST F -1noise is often attributed either to fluctuations
in the number of free carriers induced by interface states and oxide
traps (CLS-FS model) or to mobility fluctuations due to Lattice scatte-
ring (NVW modeL). In order to vatidete,thes* models experimental inves-
tigations have be"n carried out by several authors. In numerous cases,
the results obtained were not conctuslve and some doubts persist con-
cerning the origins of F-1 noise in MOST.

In order t.) eLucidate this question, MO0ST were irradiated
with X rays. In effect, it is well known that Low energy X rays increa-
se the oxide traps density and the dansity of interface states. However,
they do not damage the silicon Lattice. One cz conclude that X rays
are ineffective on 14W noise and that they must change CLS-FS noise.
rhen, one can, in principte, establish the difference between these two
types of noise.

The transistors used in this study were manufactured in our(ILaboratory. Their characteristics ere the foLLowing P type substrate,
impurity concentration WArn? x i16 At/ce3 ; width I 7OO0,length
L * 120 ,aum ; oxide thickness X0 = 2000 A* ; gate metaLLisation :chro-

aim;trans conductance gm%5 x 10-6 A/V electron mobl ty tLnV9OO cm2 IV.S.

The X ray generator was of the A equivoLt type from C.6.R.
It worked at 150 kV and delivered a dose rate equat to 250 rads/mn. Du.-
ring irradiation, transistors were short-circuited. The major parame-
tars measured in this experiment were :a) the voltage noise at the
drain terminal Sin the Linear region at drain voltage VD equal to
50 3W, b) the current voltage characteristics : ID(VD)P
ID(VG) ; c) the capacitance versus gate VOL~g M(V) and fi-
nally d) the tot surface recombination velocity sa1J.

The analysis of experimental results after irradiation at
doses ranging from 0 to 40 krads shows two distinct types of behaviour.
Unider two krads, rl noise, the slopes of the curves ID(Vs) and M(G)
are practically constant within experimental accuracy, while, the turn
on voltage VT decreases, so increases and the curves M(V) moves toward
negative gate voltage. Above two krads, ri, VT, a* increase, the slope
of ID(VG) decreases, and a gradual distorsion appears in the MCV) cur-
ves. In both cases, rl noise is proportionnal to VJ and (Vg. - V)2

These results can be interpreted as follows. At Low doses,
the principal effect of X rays is to induce a positive oxide charge and

-T 7
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recombination centers at the interface Si - Si02. These centers do not
modify the slope of the C(V ) curves because their density is too Low.
The HV model predicts SvD/V6C(VG -.VT)-! whiLe the CLS - FS model gi-
ves Sv /Vjc(VG - VT)-2. Then, the noise seems to be CLS - FS noise.
NevertgeLess, as noise is constant whiLe s8 increases there are at Least
two possibiLities : a) the physical mechanism generating noise is of
the CLS - FS type and the possible traps induced by Low dose X rays do
not have the necessary characteristics to give a significant increase
in F-1 noise, b) the noise is neither of the CLS - FS type nor of the
HV type.

At higher doses, X rays induce oxide traps and interface
states having a density of the order of the positive oxide charge. The
increases in noise could be the result of the CLS-FS mechanism or of
mobility fluctuations due to carrier trapping within oxide traps and
interface states. These two possibilities will be discussed in detaiL5
at the conference.

REFERENCE
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Invited Paper

CHAOTIC NOISE IN JOSEPHSON TUNNEL JUNCTIONS

John Clarke, Roger H. Koch, J. Martinis, and R. F. Miracky

Department of Physics and Materials and Molecular Research
Division, University of California, Berkeley, CA 94720

There has recently been considerable interest in physical systems

that are described by non-linear equations and that under appropriate

conditions exhibit chaotic behavior. In a chaotic regime, the solu-

tions to the governing equation of motion are aperiodic althouqh, in

the absence of external noise in the system, they are completely deter-

mined once the initial conditions have been chosen. Systems undergoing

chaos may therefore exhibit large levels of noise, and it is important

in the design of devices to choose parameters so that chaotic behavior

does not occur. We have studied in considerable detail the behavior

of Josephson junctions that become chaotic when they are coupled to an

appropriate external circuit. We have also simulated their behavior

on analog and digital computers.

The experimental configuration consists of a Josephson tunnel

Junction with critical current 10 and self-capacitance C shunted with

an external resistance R that has a self-inductance L. The behavior of

the system is determined by the dimensionless parameters oc a 2wl0R
2C/

0 os OL a 2wLI0/0o2 and i - I/Io; I is the bias current and * 0 h/2e

is the flux quantum. Chaotic effects are found for i > 1 when oc < 1

and 1 < :L < 25. The current-voltage (I-V) characteristics of Junc-

tions in this range of parameters exhibit numerous regions of stable

negative resistance. The voltage noise generated across the Junction

can be conveniently characterized by a noise temperature T, < Vf>/

2
. ..... :4k RB, where <V i is the mean square voltage noise in a bandwidth B.
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With the aid of the analog and digital simulations, we can divide the

observed noise levels into three general classes. First, there are re-

gions of bias current for which the noise temperature is below the sys-

tem noise temperature, TN: Here the junction is in a stable limit cycle

(possibly bifurcated). Second, there are a number of relatively broad

regions for which the noise temperature is typically of the order of

1,000K. In this region, the junction exhibits chaotic behavior.

Third, there are a number of narrow but extremely noisy peaks for

which the noise temperature may exceed 106K. This noise is generated

when the Junction switches randomly either between two stable subhar-

monic modes or between a stable subharmonic mode and a chaotic regime.

From simulations of this behavior, we have been able to show that the

switching is induced by Nyquist noise In the resistive shunt.

Many of the universal features of chaos are observed in these

junctions, for example, period-doubling sequences to chaos, and re-

gions of Pomeau-Manneville intermittency. The Josephson Junction has

proved to be a useful device in which to study chaotic behavior, since

its equation of motion is well known, and accurate comparisons can be

made with computer models.

f, (
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Invited Paper

Long Time Tail Relaxation Noise

Masuo Suzuki

Department of Physics

University of Tokyo, Tokyo 113, JAPAN

The purpose of the present paper is to explain the physi-

cal mechanism of the noise-induced long-time tail. The

critical slowing down or long-time tail in stochastic

processes is classified into three categories, namely (i)

deterministic, (ii) marginal and (iii) noise-induced long-

time tail. The value of the long-time exponent is determined

on the basis of the dynamical scaling theory for general

nonlinear stochastic processes as well as conditions for

the appearance of the noise-induced long-time tail.

(i) The deterministic critical slowing down is caused

effectively by the nonlinear deterministic part of the

relevant stochastic system.

(ii) The noise-induced long-time tail appears due to the

balancing of the noise term and nonlinear term in multipli-

cative stochastic processes.2 ) a
(iii) The marginal long-time tail occurs for the marginal

case between i) and (ii).

ln particular, we give an exact solution of a multipli-

cative stochastic process, so-called random growing-rate

model described by dx/dt - (y+n(t))x-sxm . where n(t) denotes

the Gaussian white noise. It is rigorously shown that the

moment <xP(t)> for possitive p shows a long-time tail of
94I*.". , ' ' - ,I
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the form <xP(t)> t-1/ 2 at y = 0.

This result can be extended to more general (unsolvable)

models, and the universality and scaling of the fluctuation

are confirmed.3)

We also discuss the fractional Brownian motions
4 )

corresponding to the Levy process or non-markovian noise.

In particular we present an interesting physical example of

fractional Brownian motions, namely string animals with

topological (or geometical) restrictions.5 }
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FLICKER NOISE IN NON-ELECTRIC SYSTEMS

B.Pellegrini, Istituto di Elettronica e Telecomunicazioni, Universit

di Pisa, Via Dlotisalvi 2, 56100 Pisa, Italy.

The island model yields an unitary theory of the flicker, burst and ge-

neration-recombination noises in the electrical systems 1'2 , together

with the diffusion-noise theory it removes any difference between car-

rler-number and -mobility fluctuations models (3 ), and it shows that a pu

re 1/f noise does not exist physically t4 ).

In this note we will show that the model may be easily extended to non-

electric system (NES) too. This is made possible by the general analysis

of the Ref.2 since it takes into account not only the electric drift but

also the diffusion of the particles occurring in any entity ensemble in

which the quantities retaining unchanged their meaning are the densiti-

es ne andJe of the entities and of their current, respectively, the che

mical potential ),their number Ne dnd current Ie relat~ve to the i-

slands. They are connected to the corresponding electric ones by the re

latonships n=n/q, 1 e=-J/q, U =-qu, N =-Q/q and ie=i-/q, where q and Q

are the electron and island charge, respectively. In NES, instead, the

electric potential v is null everywhere.

By taking into account such relationships in the analysis of Ref.2, one

obtains the corresponding equations for NES and in,particular,the rela-

xation time T , the current dipole vector AP. and the spectrum SN of

the particle-number fluctuations of the island in the form

Ne/ e  =Y ANl/e, S-4N T/(l+w 2 2  ()
e c- e e N e

where N Z N T (l_+ ) is the average entity number of the islands,

the - and + signs holding for fermions and bosons, respectively.

According to v-0, de now can not generate fluctuations Av between a

ny two probe points N' and M', whereas it can produce fluctuations

5.-,. - . : 
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SAfe" YA of the current crossing a "short-ctrcuit" (SC) connec-el -

ting N' and N', where A= 61'/6 I is the current gain, 61' being the

current crossing SC when the current 61 is injected in r and it is ex-

tracted from M'.

Finally the spectrum

i= f e e T ' )]DdxdXdX2, (2)

of the total current through SC, being analogous to the one obtained for

the electric systems(2 ), leads to the same subsequent developments and

results of their analysis.

The fluctuations in several NES, non-physical too, may be analysed by

means of preceding model.

1 - B.Pellegrini, Phys.Rev. 822, 4684 (1980)

2 - B.Pellegrini, Phys.Rev. 824, 7071 (1981)

3 - B.Pellegrini, Phys.Rev. B26, 1791 (1982)

4 - B.Pellegrini, R.Saletti, P.Terreni, and M.Prudenziati, Phys.Rev.

B.26, (15 December 1982)
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Theory of 1/f Noise in Metals

Yoshimasa Isawa

Research Institute of Electrical Communication
Tohoku University, Sendai Japan 980

We propose a new microscopic model explaining i/f noise

in metals at relatively high temperature above Debye

temperature but below the Fermi energy. The model is based

on the scattering of the diffusely propagating conduction

electrons due to surface acoustic phonon modes via randomly

distributed defects in crystal.

The electron-surface phonon interactionHe ap' has non-

zero contribution proportional to displacement of the defect

atom even when the momentum or the phonon is approached to

zero, since the potential due to defects deviates from the

one due to the periodically arranged lattice.

From the analytic continuation of the thermal Green's

function, we obtain the spectral density of He-sp as follows

S (f)- 2N(O)kBTeoth- E__V (1)e-sp ^B- Povs

where N(O) is the density of states per spin at the Fermi

energy, p 0 is the surface mass density, va is the strength of

the electron-surface phonon interaction and v. the velocity

of the surface phonon mode,A. Hence the energy fluctuation

of electron has a term proportional to f- at low frequency.

The spectral density of resistance is approximately given

by

SR(f)/R2-( 82 (f), (2)

O-sp

IV
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where R is the resistance of the sample, 1-R4 is the

temperature coefficient of the resistance and CV is the

specific heat of conduction electrons. If free electron

approximation is used, CV is given by, CV=ZW2k2TN(0), for

kBT<<EF . Then eq.(2) is written as

S (f) / R 2= 9(-y-)2  1 _ 3)
.w B X v PO

The SR(f) is inversely proportional to the system size,

which is consistent with the empirical formula by Hooge.

However eq.(3) does not inversely proportional to the total

number of mobile charge carrier but to the density of states

at the Fermi energy.

There are two types of defects in our model. One is native.

for example, impurities. The other is activated by temper-

ature rise, electron bombardment, irradiation of light or

any other changes of the external conditions. When an acti-

vation type of defect with the activation energy,Eg, is

dominant, SR(f)/R2 is proportional to e-Eg/kBT/T2 since vs

is proportional to the density of defects and .y=l/T. Hence

we can expect a peak value of 1/f noise as a function of

temperature. This is in qualitative agreement with the

recent experimental results of Eberhard and Horn.
)

1) F.N.Hooge: Phys.Letters.29A(1969)139.

2) J.W.Eberhard and P.M.Horn: Phys.Rev.Lett.39(1977)643.
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Unified Model for 1/f Noise in Semiconductors and Metals

Hisanao Sato

Central Research Laboratory, Matsushita Electric
Industrial Co., Ltd., Moriguchi, Osaka 570, Japan

The defect mechanism suggested for metalsl)has an advan-

tage in obtaining long time constants observed in semicon-

ductors2)in contrast with the phonon fluctuation hypothe-

sis. Therefore, we propose a model which assumes that the

fluctuation of the Fermi energy, which is caused by defect

fluctuations, is an origin of the conductivity fluctuation.

The 1/f spectrum is attributed to number fluctuations of

defects! ) It is shown that the model leads to results not

inconsistent with the Hooge-Vandamme experiment?
)

Volume effects in semiconductors are studied by assuming

trap density fluctuations. For n-type semiconductors with

acceptor-type traps the noise current spectral density

SI(f) is found to be

SI(f)/1 2=(1&nf)(ntf /n). (1)

Here, I is the steady current, 2 is the volume of the spec-

imens, n is the density of conduction electrons, nt is the

density of traps, I is a quantity related to relaxation

times of the trap fluctuations, and

ft= fl+exp(Et -EF)/kT]:1

where EF is the Fermi energy and Et is the energy of trap-

ped electrons. Eq.(1) can be applied to p-type semiconduc-

tore too, if n is replaced by the hole density. Eq.(1) in-

dicates that Si(f) depends strongly on the relative magni-

4 - ... . - - -
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tude of EF with Et.

Surface effects for semiconductors are examined with the

use of the depletion layer approximation. At the surface

of an n-type semiconductor film the depletion layer is

assumed, whose width W is calculated as a function of the

surface state density per unit energy Ds . The fluctuation

of Ds produces the fluctuation of W, which causes the re-

sistance fluctuation. Consequently, we obtain

SI (f)/I 2=2Y14(a+b)nDW2/abnaNf, (2)

where 1=dlnW/dlnD s , N=n, a is the width, b is the thick-

ness of the film, nD is the donor density, and ns is the

surface state density per unit surface area. It is shown

that nDW2 is independent of nD for small nD, while it is

proportional to 1/nD for large nD. Therefore, Si(f) given

by Eq.(2) exhibits the carrier density dependence similar

to that of Eq.(1).

For metals and degenerate semiconductors we find

Si(f)/I 2= ( '/N) (n def/n)g (3)

where n def is the defect density and 9 is a proportional-

ity constant between the number fluctuation of electronic

states and the defect number fluctuation.

References

1) P.Dutta, P.Dimon, and P.M.Horn: Phys. Rev. Lett. 43
(1979) 646.

2) K.A.Caloyannides: J. Appl. Phys. 45 (1974) 307.
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DERIVATION OF THE NYQUIST-1/F NOISE THEOREM

Peter H. Handel, Physics Department, University of

Missouri-St.* Louis, HO 63121 and McDonnell Doulas

Research Laboratories, St. Louis, NO 63166,

C. M4. Van Viet, University of Montreal, Canada, and

University of Florida-Gainesville, USA, and

A. Van Der Ziel,. University of Minnesota, Minneapolis,

and University of Florida-ainesville, USA

In the derivation of the Nyquist theorem, such as given, e.g., by

Callon and Weltoni, the eigenstates $, used (Eqs. 1,2,4) have well de-

fined energy. However, the eigenstates *a that describe the final

state of physical current carriers must include corrections due to the

infrared-divergent coupling of the carriers to photons and other in-

fraquenta, such as phonons, spin waves, electron-hole pairs on the

Fermi surface of a metal, hydrodynamic mode quanta, ae.:

+A/fP Oivcot+iY 7/

This form includes very small energy losses hve, resulting from

the spontaneous emission of Infrequanta. We have denoted by

P ve~~~/ the amplitude of the component with energy loss

'hcwhere fitg a 21/To is the energy resolution of the measurement

and To io Its duration. Here y are random phases ad hMis an upper

energy limit which does not exceed the thermal energy of the carriers.

The amplitudes are determined by the strength of the coupling aA to

infrequent&

- AU/2
/4-V t / 2

v~ n 0~

11 7 - wW 64 '
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and a(< I contains contributions from each individual system of

Infraquanta:

sn= (") phot + (aA) phon + (uA)spin + (aA)e-h + (aA) con (3)

where the last three contributions come from spin waves, electron-hole

pairs at the metallic Fermi surface, end configurational states or

hydrodynamical modes.

The matrix elements <En * B w jZQIK>, where Q is the elementary

charge times the sun of the coordinates of all current carriers along

the elecric circuit, will all gain the factor in rectangular brackets

in Eq. (1). Therefore, the spectral density of the current fluctua-

tions will also gain an additional factor

<(6 )2>. =- sW) ( I + 2 c0 PVA coe(vo 0 t + Y )(ve0)-1/2 1 , (4)

where Se(w) - 2g(w) coth (Iw/WkT) is the familiar Nyquist spectrum

and g(w) is the conductance. This means that the level of thermal

noise fluctuates around the Nyquist value with a 1/f spectrum both in

current and in voltage, but not in available power, due to the pre-

fence of quantum 1/f noise. A formulation of the quantum 1/f noise

4theory in term of path Integrals was recently given by ViLdom at al.

Work performed while at the University of Misouri-St. Louis.

1. ff. . Callon ad T. A. Walton, Phys. 9ay. 83, 34 (1951).

2. P. R. Miendel, ]Phys. Mbv. lett. 34. 1492, 1495 (1975).

3. P E. landl a el. lq~. h .9 2745(1930), .._j596,3727(1962)..
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4. A* M a, at al., evs & flj, 1475 (1982).
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ANY PA TICIE REPRESENTED BY A COHRENT STATE

EXHIBITS 1/f NOISE*

P. H. Handel, Physics Department, University

of Missouri-St. Louis, NO 63121, and

McDonnell Douglas Research Laboratories, USA

The electromagnetic field of a free electron is best described by

a coherent state.1 However, a coherent state does not have a definite

energy, and is therefore noutationary. Physically this means that

there will be quantum fluctuations in the probability distribution and

in the current distribution. The main purpose of the present paper Is

to prove that the spectrum of these fundamental fluctuations, which

are part of the definition of a charged particle, is a 1/f spectrum

with no lower frequency limit. This proof yields an equivalent foruu-

latlon of the quantum 1/f noise theory.2
-6

The proof is composed of three parts. In the first part we prove

that the autocorrelation function for the probability distribution in

time of a single field mode q In a coherent state of amplitude

Z+ with 15-12 <GC is
4 p

A(v) -- '- 11 + 2leVI2 cosmi,

where w - cq Is the frequency of the sode onasidered.

In the second part of the uVLtde a; of the oberet f leld of

%',
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the electron Is found to be proportional to q-3 /2 from lowest-order

(in a - 02/,Kc) perturbation theory.

In the third part, the eutocorrelation function for the electron

with Its field is calculated by taking the product of all auto-

correlation functious calculated for individual field nodes, again

with 3;+ W«, as calculated In the second part. The resulting auto-

correlation function Is essentially the Fourier transform of 1/f

multiplied by a/% - (137.%) '1. As in the diffraction of parcicles,

quantum 1/f noise is determined by the behavior of a single particle,

but can be observed only with a large number of particles .3

lNork performed while visiting the Tokyo Institute of Technology,

* Japan.

1. V. Chuag, Plays. Nov. 3140. 1110 (1965).

* 2. F. R. Handel, Flays. #ev. Lett. 34 1492, 1495 (1975).

* 3. P. 1. Handel, Plays. Rev. A£2 745 (1980).

4. P. a. Handel in Proc. 1 In t. Conf. on 1/f Noise, Orlando, Florida,

1960, C. M. van*Vliet Editor, Univ. of Florida Ginesville Press,

pp. 56, 42,

5. T. 5. Sherif end P. U. haudel, Rays. Re.A6 596 (1982).

6. F. RI. Mendel s&d D. Volf , Plays. Rav. £26. 3727 (1962).
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QUANTUM I/F NOISE 13011 FJ.ZOECTIIC COUPLING

P. H. Handel *, University of Missouri-St. Louis, 140 63121

and Mlcbonnell Douglas Research laboratories, St.* Loui, NO0 63166,

USA and T. Musha, Department of Applied Electronics,

Tokyo Institute of Technology, Japan

Qluantum I/f noise is a fundamental fluctuation of elementary

cross sections and process rates caused by interference between the

non-bremestrahiung component of the scattered beau and various com -

ponents which have suffered smell braestrahiung energy losses due to

emission of infrequanta with infrared-divergent coupling to the cur-

rent carriers. H ere we consider piezoelectrically coupled phonons as

Infrequent&.

{ The interaction Memiltonlan is given by

aI (2*&/qV)I/ 2 1V c c (a* a+)()

1A ~q

Hae c Is the annihilation operator for electrons and a. the sam for
t q

phonons; V is the speed of sound and V is the volues of the sample.

The dimensionless coupling constant1 I£ replaces here the fine struc-

ture constant a present in the electrodyamic coupling, and ca be

calculated in terms of an appropriately averaged piezoelectric

constant Q

1,c2 a 2(2)
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Here • is the charge of the electron, e is the static dielectric

constant, p the density of the crystal, and C a numerical constant of

order unity depending on the crystal structure. For exaple, for

zincblende structures C - (4/5)112 0.9. Ixaples of g-values ! are:

0.148 for ZnS, 0.018 for CdTe and 4.1 for CdS.

Proceeding exactly as in the case of phots2-4 we obtain the

spectrum of relative fluctuations In the scattering cross section a

<0>-2 s, (f) - S-A(f/fD) k f-I W1  (3)

where A - 24t1-I)2 /3k2, fU is the Debye frequency, ke - mv/I and N

is the number of carriers in the sample that yield independent noise

contributions. In essence A is the velocity vector chane squared, in

units of the speed of sound. If all carriers are considered indepen-

dent, our result is a very large 1/f noise, compared with the Hooge

formula prediction. Giant 1/f noise has indeed been observed in

piezoelectric.
5

5 Work performed at t*& Tokyo Institute of Technology, Japan.
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ev. A26. 3727 (1982).
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LOW-RQUENCY CURRENT NOISE AND INRNAL MOTCION

IN SOLIDS

Sh. N. ogan, K. 3. agaev
Institute of Radio ungineerIng and Electronics
USSR Academy of Sociensoscow, 103907,,USSR

The theory of the low-frequency fluctuations of charge

carri ers' mobility and conductivity caused by spontaneous

displacements of the defects in solids Is developed.It Is

shown that those relaxation mechanisms of the defects

which determine the low-frequency internal friction produ-

cc low-frequency current noise tooe&n example are point

defects with symetry lower than the point syinctry of the

crystal. Such defect can be in several states that differ

only by their orientation in the lattioe.As an alternating

strews Is applied the transitions between different eta,-

ten of these defects cause Internal friction( bnock's me-

chanism).2he invers Q-faotor Is given by

where nd is the concentration of the defects,! . teMpera-

ture, or- the relaxation (hopping) time93 Is of the order

of the elastic modulus times the atomic volue squared,

fte number of defects with each definite orientation

fluctuates around its sean veluesn4 T/sV being the crys-

tel volumes - the u=ber of different orlentatiome of a

defecto!hese fluctuations cause nonsoelar fluctuations of

of the resistivity since* for a given current direction 1

the carriers are scattered by defects of different one.n-
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tation in different uasoThe spectral density of resistivi-

ty fluctuations FSfij (71 .t I) and Ikl(' 2st) is given by

Here i. t i of the anisotrbpic part

of the resistivity with respect to the concentration of

defects with a definite orientation .e.e spectral densi-

ty of the voltage noise Is%( 2nd d2 .2o/ V(, .(3)

where I in the free path lengths Or - the scattering cross

section of the defects.oven for mmll rd this noise can be

higher than the Nyquist one and the noise caused by tmpe-

rature fluctuations*

If Tu oe(]/k*a) and the distribution In activation

energy B is mooth on the scale kT then an one hand the

Internal friction spectrum has a backgroud (W (Oaly slov.-

ly dependin on so and 2) and on the other hand a current

noise with 1/f spectrum is present.he effects are conneo-

ted t %~(E)/10 2  2 Ma I/ ' y~:~teat 8( )/0 212 d;/I['B) Qii m,- (4)

Q %#10 4 - 10-3 is usually observed in all metalse.aking

typical values of the parmeters oe obtais the coefficl.-

emt to (Tf)' In (4) of the order 1026-10"25cm3.mis is

precisely the mmgvpttude of the coefficient to (TV) " usu-

ally observed In 1/f noise In metal 2ilw.e

fbe spectral density of resistivity fluctuations caused

by the migration of the scattering centers randomly distri-

buted in a conductor of a finite volume Is also evluate.

. ... 5n
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QUANTUM NOISE
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INFLUENCE OF NOISE ON THE VOLTAGE.VERSUS CURRENT CHARACTERISTICS
OF AC-BIASED SQUID MAGNETOMETERS

J.E. Mutton, R.J. Prance and T.D. Clark (Departmnt of
Physics, University of Sussex, Sussex, England) 01
A. Widom (Department of Physics, Northeastern University,
Boston, U.S.A.).

Recently we showed1 that transitions between "winding number" (n)

states of a weak link ring are quantum mechanical in origin. With the

weak link ring operated in the AC "SQUID" magnetometer mode, this allows

us to make definite predictions concerning the AC response of such a

magnetometer. Here, we consider the voltage response (VOUT) of a tank

circuit-weak link ring combination driven on resonance at frequency

wR/2w by a current source IIN. We assume that each n-transition has a

linewidth r(- ring inductance A/weak link Ishunt' resistant R). Each

n-transition (with change of enclosed flux) leads to a back amf voltage

pulse in the tank circuit. This acts as a narrow band filter so the

effect of a succession of voltage pulses can be calculated from stand-

2ard circuit theory , provided the AC flux in the tank circuit coil is

linear in IIN between n-transitions. If these transitions commence at

a "critical" screening current Ic, then for Is k 
I c

VOUT - ZX IIN 7- " T0 ' i pulses over 1)1
one jcycle

where Z1 Is renormalized tank cricuit impedance T - A/R, a~ - ± 1 and

the tj's are the pulse times of the n-transitions.

In figure l(a) we show a theoretical VOUT versus fIN character-

istic for typical SQUID parameters, at a DC bias flux XDC - i6o (m

integer). Since the shape of this charactiristic depends critically

on the relative times. at which the n-transitions occur, such magneto-

A- 'moters will be extremely sensitive to externally injected flux noise,
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particularly at frequencies w Rta/2w. In figure l(b) we show the effects

of noise on these characteristics. The "noise" in this simulation is

generated using a Poisson distribution for the times at which transit-

ions occur. In figure 2 we show the experimental effects of high fre-

quency noise with frequency components n wR/ 2 u (4IXDC = mo, wR/2V =

430 MHz, flux sensitivity - 10"4%/Arz). For clarity we show here just

part of VOUT versus IN at different noise levels. We conclude that

the "voltage pulse" model of an AC SQUID magnetometer is correct and

that the shunt resistor invoked to explain SQUID characteristics is a

noise generated artifact.

References
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Intrinsic and Extrinsic Noise Sources in an R-SQUID

by

H. Seppa
Technical Research Center of Finland, Helsinki, Finland

and

R. J. Soulen, Jr.
National Bureau of Standards, Washington, DC, USA

Several noise sources make significant contributions to the total

noise measured in an R-SQUID circuit (the circuit consists of a series
0

connection of a resistor, and inductor and a Josephson junction). The

effect of each source must be modelled and verified if the R-SQUID is to be

accurately used as an absolute thermometer over the range 0.005 K to 1 K.

The experimental procedure used to measure the circuit noise consists

of repeatedly measuring the audio frequency of a signal generated by the

Josephson junction (biased by a radio frequency signal) and calculating the

variance.

The intrinsic thermal noise generated at audio frequencies by the

resistor and by the Josephson junction has been modelled and verified by

experiments and reported in a previous noise conference (1).

We treat herein the effects of two extrinsic noise sources, namely

madditive and *mixed-down" noise. The electronic system consisting of the

R-SQUID, cooled preamplifier, and room temperature electronics has an
overall gain and a finite amplitude signal-to-noise ratio (S/N). The

amplitude noise causes the frequency counter to false trigger and thus

makes a contribution to the measured variance. We have deyeloped a model

for the effect of this additive noise which accounts for the S/N, roll off

of the electronic filter, gate time of the frequency counter, the

PN 74"
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temperature of the Josephson junction circuit, and other Josephson junction

parameters. Experiments bear this model out to within 1% or better, and

the effect of additive noise may be reduced to the level of 0.1% under con-

trolled conditions.

External noise may enter the low temperature SQUID circuit via the

coaxial cable used to inject the rf bias. Noise at high frequency from the

room temperature portion of the coax is mixed down by the Josephson

junction into the audio frequency portion of the spectrum and thus makes a

contribution to the measured variance. The model we have developed has two

,ets of limiting conditions: in the first, the variance varies as J0
2 (X);

while in the second, the variance is proportional to J1
2(x). The parameter

x is proportional to the injected rf current, and Jo and j, are Besse]

functions of order zero and one respectively. Experiments are in very good

agreement with these predictions. This effect has ramifications for the

performance of the R-SQUID as well as for all rf-biased SQUIDs.

We have found that the thermal noise generated by the Josephson

Junction, the additive noise, and the mixed-down noise may be accurately

modelled and eliminated, thus leaving the Johnson noise of the resistor as

the desideratum of the experiment. The evidence suggests that noise ther-

mometry, free from these systematic effects to the level of 0.1%, is within our

grasp.

(1) R. J. Soulen, Jr. in Proc. Fifth Int'l Conf. on Noise. Ed. 0. Wolf

(Springer-Verlag, Berlin 1978) p. 249.

MOMI
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QUANTUM NOISE LIMIT CONSTRAINTS ON THE PERFORMANCE

OF DC SQUID LINEAR AMPLIFIERS

C. D. Tesch.
I.B.M. Thomas J. Watson Research Center

Yorktown Heights, New York 10508

DC SQUID linear amplifiers fabricated with Josephson tunnel junctions

appear to have the potential of approaching the quantum noise limit for an

arbitrary linear, phase preserving amplifier. However, in contrast to

other more conventional amplifiers, the detailed behavior of the DC SQUID

linear amplifier depends not only on the SQUID circuit parameters, but

also on the parameters of the linear circuit elements used to couple the

SQUID magnetometer to the input source, and the Input source impedance

itself. As a result, the optimization of the DC SQUID linear amplifier

must involve an analysis of the entire circuit. The behavior of the SQUID

magnetometer cannot be assumed to be independent of the rest of the

circuit as assumed in previous analyses. In this paper, the behavior of

the DC SQUID linear amplifier Is described In detail as a function of the

SQUID and normal circuit element parameters.

FIg. 1. Lumped circuit element model for the tuned amplifier.

.

.7,.
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I

Examples of an inductively coupled tuned amplifier appear in Fig. 1.

The input circuit contains the source Vi and the normal coupling coil Li .

The superconducting SQUID loop L contains a pair of Josephson

junctions. In most applications, the characteristic times of the input"

circuit are long compared to the Josephson period. As a result, the

subset of the differential equations describing the system which are linear

may be integrated. The resultant equations of motion for the quantum

mechanical junction phase drops are identical to those of an isolated

SQUID with inductance Le - L(1-e 2 ), where a is the coupling constant

between the SQUID and input loop inductances. Thus, the output signal

and noise voltages for the linear amplifier can be directly related to the

noise figures and forward transfer function of an isolated SQUID. The

well known DC SQUID characteristics are now used to compute the noise

temperature contours for the DC SQUID linear amplifier. In addition, the

quantum mechanical constraint on the noise temperature of a linear

amplifier can now be translated into a constraint on the noise figures of

the Isolated SQUID, [(SV/2LV,2)(LS/2)-Svi 2 4V, 2 ))1 /2 ) t. In this

expression, the output voltage and circulating current noise spectral

densities are Sv and SJ, the correlation spectral density Is Sj, and the

forward transfer function Is V .

b.s
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QUANTUM, TMEIM&L AND SNOT NOISE

IN JOSEPMNO-JUUCTIOE PARAISTIC AMIIPFUlS AND SID

V.V.Deilov, L.S.Iamin, LLKLikbarev, V.V.Kigulin and A.B.Zorin

Department of Physics, Moscow State University, Moscow 117234, USSRI

Using a consistent quantum-statistical approach, ye have calculated

the ultimate sensitivity limits of the Josephson -effect-based amplifi-

era, imposed by quantum, thermal and shot noise. For the low-frequency

amplifiers ("SQUIps"), both AC and DC types of the devices have been

considered, while for the microwave parametric amplifiers only the ex-

ternally-pumped-junction mode of operation has been anlyzed as provi-

ding the lowest noise.

For each device. two models of the Josephson junctions have been

used. The first one is the generalized Resistively-Smanted-Junctiounmo-

'I delvith the equilibrium source of thermal-and-quantum, fluctuations,

* which is quantitatively valid for the externally-abnted Josephson jun-

ctions. The'second model is given by the Merthamer equations [I]; it

describes additional shot-noise contribution to the junction fluctua-

tions, anid should be used for the unsinanted Josephson tunnel junctions.'I Within the frameworks of the both models, in both types of SQUIDs,
the minimum value of the generally accepted E21 figure of merit (MON,

the "output" energy sensitivity

has been show to be much less than the Planck's constant 5.This re-

sailt does not contradict the uncertainty principle, because ev turns

out not to be an adequate YON of $QUM*e as the linear alifiers.

More adequate YON for any l inear aml if ie: bas been shown to be
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which is essentially the amplifier output noise energy, reduced to its

input. In the classical limit, (0N)mi n is equal just to kBTN, where TN

is the noise temperature. For a SQUID, ON can be expressed as

oi(C ( C _2 ) I/ 2  (2)

N V 2 Vi
where c. and c. characterize the SQUID "back-action" noise and its1 IV

correlation with the output noise, correspondingly [3,43.

For both types of SQUIDs and for the nondegenerate microwave para-

metric amplifier, the minimum value of 6N turns out to be equal just

%/2, the limit originating from the quantum fluctuations in the device.

Nevertheless, in the degenerate mode of operation, 9N of any one of

the amplifiers can be made much less than the above "quantum limit"

even at operation temperatures much higher than 16/k., if only the

junction characteristic frequency oc is high enough, '$w 5:T. We have

shown that in SQUIDs such a degenerate mode can be achieved by a sim-

pie modification of the SQUID interferometer circuit.

1. N. R. Werthaer, Phys. Rev. vol. 147, p. 255 (1966).

2. M. B. Ketchen, I= Trans. Main. vol. 17, 387 (1981).

3. J. Clarke, C. Tesche, and R. P. Giffard, J. Low Temp. Phys. S
vol. 37, p. 405 (1981).

4. V. V. Danilov, K. K. Likharev, and 0. V. Snigirev, in: "SQUID'80"

ad. by R.-D. Rahlbola and H. LUbbig, Walter de Gruyter, Berlin, 1980,

p. 473.
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Vortex Density Fluctuations During Flux Flow in a Type II

Superconductor

H.Dirks, R.Dittrich and C.Heiden

Institut fUr Angewandte Physik der Justus-Liebig-Univer-

sitAt Giessen, D 63-Giessen

The electric field R produced by flux flow in a type-I1

superconductor is given by the product of density n and

velocity v of vortices times the flux quantum #, "

Fluctuations 83 there fore are associated in general with

those of n and/or v. There are different possibilities
for the generation of such fluctuations, a particular

one being stochastic relaxation events in the vortex
arrangement involving shear processes. Zxperimental

evidence for such a mechanism was obtained by measure-

ments on single crystalline niobium foils with low
critical current, on which suitable pinning structures

were deposited in

6Vnd form of lb3sn-films
using a lithogra-

phic proces[1,2]

Nb (Wf.Fig.1). Flue-
tuations of the lo-

0 cal electric field
were found to oc-

g! F i Y cur mainly in re-

-1 0 .1 gions with plastic S
rig.1 deformations of the

ortex lattioe .e.

regiae# viere
apart from velocity flututions, also t siets i•

vortex density are likely to o*ccr. -7 ,
In order to detect the associated fluctuatios of fl.ux
density 60, a small f lat pick-up *oil wasemad vbmse

....2 f" I WWI--
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position on the sample surface could be varied in a

controlled way. The amplified induced signal 6Vind. was

fed to an integrator, whose output then was proportional
to 6B(t).

Fig.2 shows 8B
2

6 3 0 obtained from
2such a measure-

ment using the

dipole like pin-

ning structure

1, 2- of Fig.1. Data
are for three

0_ _ _ _ _ _ _different trans-
-2 -1 -0 1 2

ylmml port currents I
and an average

B of 0,15 T. The local dependence of aB ist observed
tobe quite analogous to that of the electric component

26E . Time constants derived from 6E(t) and from 6B(t)
also are seen to obey similar dependences. It is there-

fore concluded, that the signals 83 and 6E have the

same origin thus providing a means to separate the con-

tributions an and 6v.

Measurements of aB as function of distance z between
4pick-up coil and samle surface also were performed.

From the profiles as2 (W1, information about the average
size of the area,in which a relaxation process takes
place, is obtained.

E1)K.Beckstette, H.Dirks, and C.Heiden, Phys.Letters
81 A,351 (1981).

(2]H.Dirks and B.3ifert, Appl.Phys.4 27,167(1982).
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NOISE SPECTROSCOPY OF A WEAK LINK CONSTRICTION RING

R.J. Prance, J.E. Mutton, H. Prance and T.0. Clark
(Physics Department, University of Sussex, Sussex,
England) and A. Widom and G. Negaloudis, (Physics
Department, Northeastern University, Boston, U.S.A.).

In the "single particle" (0 = Ilet4) view of a thick superconduct-

ing ring the phase * is quantised in units of 21. When the ring Is sub-

ject to an external flux ox, the energy storage is Just Wn(Ox)

(no - OX)
2/2A, where n (for n.2w) is the ring "winding numbern, Ais the

ring inductance and 0 - h/2e. A weak link in the ring leads to a

finite transition matrix element (*V2) betveen neighbouring n-states.

The Schroldinger equation for the resulting energy levels (bands in 4x)

is Wn(ex)Dn - 4fi/2(Dn+1 + Dn.l) = Eln, where Dn is the amplitude for

the ring to have a winding number n. In an angular representation

[*(O) 1 Dnetr43, this equation reads (1/2A)-i00 (3/ae) - OX3a(e) -

41 cos (0) = E*(e). The energy band solutions (Ek versus *x) of this

equation yield a screening current J = (-dEk/dfx) and a ring magnetic

moment polarizability X = A(dJ/dox). A more complete dscription of

the rng will include "photon excitations" of frequency a. - (l/Aeff C).

Here, l/Agff - 1/A + '/Aki n , where C and Akin are the capacitance and

kinetic inductance of the weak link. The Schr5dtnger equation then

becmes

(l/2A)t-ito(a/ae - x321(e,,M) + ,rko0(,m)

am- Cos e *(em.)- E*(O,)(1)

where i  is the matrix element for W photons to go into a photons

during a transition between winding number states.

We monitor the energy bands by coupling the ring to a tuned UIF

coil of inductance L. For a coil-ring coupling strength K, and coil

. ... bAg aa t - 4......

V_ _T

51. -
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noise temperature Tn, the flux noise in the coil is <A
2> kBTnL

[l + K2X] ( )1 . In figures la and 2a we show, as an example, <iAe> (i.e.

X) versus Ox for the first and third bands using an extremely sensitive

UHF radio receiver. Experimentally, we make band changes by means of

small adjustments of the receiver noise temperature. In figures lb and

2b we show the theoretical best fit curves for X versus Ox calculated

from equation (1). It is clear that this noise spectroscopy technique

provides a direct method of probing the energy levels of a macroscopic

quantum object.

References

1. A. Widom, G. Megaloudis, T.D. Clark and R.J. Prance, Il Nuovo
Cimento 69A, 128 (1982).
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*i%,ISi. LN-_ri ioUL Tv kkUT vl ~ U ' ii IN

Vystavkin A.N,.,Gubankov V.N.,Loshelets V.e.,Tarasov .
The broad bant voltage noise with sectral density 1. (W)) at

the input o the device with quadratic nonlinearity 1=s F will

cause [I output current noise spectral density Gi(W) z

The input noise spectrum with central frequency W& ani bancwi'th 464/
will be converted into ( o4-A) low frequency interval ant into
(2 4 -2I) , 2 + AMO )high frequecy interval.tor spectral density

of wite noise the low frequency part of converted spectrum will be

Gi (IV )=21 264( 4 -(V)/2 (2 . at Wu0 it gives Gi(U)=2l 2 r 4 /d1A

where is input noise intenuity. Lor u (W ) with components up to
&=0 the output noise spectral density will consist of two parts :

where =S/K d=e/(hRd )1d I=2el=2eA 1 Ud=u 4&p W were

chosen for the case of superconductor-insulator-superconductor (31S)

tunnel junction with responsivity equal to quantum limit. For tunnel

junction with Rn=IO Ohm, V =I0108-Ione may ca"lculate Gi(O)=FiE l 4,E.

which means that in SIS junction noise spectral density in the

reCion of the highest nonlinearity may exceed the input shot noise

density in several times. In i'g.Icurves I(¥) and U2 (V) at 20 kkzN

are hown for SIS junction. Noise curve is in good agreement with

the previous estimations. For the case of Fig.Ia the junction super-

current is partially depressed tj value I -4$ A an, In kiC.Ib super-

current is depressed to zero value by external magnetic field. The

Ic depression causes noise depression at small voltages.

Similar calculations may be carrie. on for Sol point contacts

superconductor-constriction-normal metal. For input shot noise in

the case Sme/iT ;c=IO-I4gF we may calculate the output addition to

noise 2S 2 Rki.AW -4eV /(ck 2 2)=C,66. 2or Johnson input noise the

output noise addition 232 ,euA se2/(kTo)-0.35. This means that shot

an- Johnson noise converted by nonlinearity exceec's approzimatel~y

twice the input noise density at low frequencies.

Experimental results of noise measurements in SoN contacts are

shown in iig.2. ior VC(/e the main noise source is Johnson noise.

Maxima of noise in the region of energy gap coinaides with d
2 V/d12

maxima.

I.Bunimovitch V.I.,dluctution processes in radio oceiversmoscow,

Uov.Xnaio91951 (in russian)

7WNW.
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CHAOTIC PUMENOK IN SJUMCONDUCTING QJAIITU InTEIPROHTERS

V. K. Kornev and V. K. Smenov

Department of Physics, Moscow State University, 117236, U.S.S.R.

Josephson junction is one of the simplest systems shoving chaotic

behavior, see, e.g., £I-31. A little bit more complex system, a single-

junction superconducting interferometer, seems more useful to study

the conditibns of the chaos exctation. Within the framework of the usu-

al RSJ model of the Josephson junction, the RF-driven interferometer

is described by the equation

+ +- 1 $si* + 0/l -p*. p1cosat . (I)

It is possible to change the degree of nonlinearity of the system by

changing the parameter 1, the normalized interferometer inductance.

At 1>>], the equation (1) reduvw- to highly nonlinear equation of a

single Josephson junction [I1. On the other hand, at 1-0 the system

becomes practically linear.

In our work, the regions of the parmters, for which the interfe-

roameter exhibits the chaotic behavior, have been found with the help

of a specially designed high-speed electronic analog similator [4].

In the limit I-, our results are in good agreement with the published

data for a single Josephson junction. Decrease of the parmter I loads,

however, to rapid suppression of the chaos. The most important obser-

vation is that at 1(1 chaos is absent completely fa az values of the

other parameters 0, Ps, t and a

The observed boundaries of the chaos excitation regions have been

found to be in complete agreement with a very simple criterion suggee-

ted by Dr. K. K. Likherev (private cmaication) for the forced e -

. . ,'. -
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linear-reactance oscillators. According to this criterion, chaos can

not occur if the differential reactance is positive during the forced-

oscillation process. For a single-junction interferometer, Eq. (1),

the condition takes the form

cos[#(t)] + 1-I> 0, (2)

so that it is alvays fulfilled at I0.

The meaning of the Likharev criterion is that only if the effective

reactance for small perturbations becomes negative, the avalanche-type

local processes become possible, leading to formation of the strange

attractor in the phase space of the system and thus to its chaotic

state.

REFERENCES

I. B. A. ruberman, J. P. Crutchfield and N. H. Packard, Appl. Phys.

Lett. vol. 37, pp. 750-52, October 1980.

2. D. D'Humieres, H. R. Beasley, B. A. fuberman and A. Libchaber,

"Chaotic States and Route to Chaos in the Forced Pendulum", preprint,

May 1982 (to be published in Phys. Rev. A).

3. R. Kautz, IIE Trans. Magn. vol. 19, March 1983.

4. V. K. Kornev and V. K. Semenov, IEE Trans. Hagn. vol. 19,

March 
1983.
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I

ANOMALO S HIGH NOIE IN JOBEPHON JUNCTION

Z.G*IVanoV A.Y.Spassov# B°HaTodo'ov

Institute of Electronics, Bulgarian Academy of Sciences

In several experiments with Josephson parametric am-

plifiers of SUPARAMP type the up-normal noise texperatures

1w le K were observed [ 1 Such high values can not be ex-

plained in terms of the known noise theories. The possible

source of this phenomenon is the existence of stobastic

oscillations in nonlinear deterministic systems, called

"chaos" [23.

The dynamic behavior of an electronic model of on-

biased Josephson Jusotion forced by harmonic s g l, a

model similar to SUPARAXP, was investigated. Mathematical

disoription of our electronic analog i adequate to re-

sistively-capacitively shunted Josephson junction model.

The spectru of the junction voltage in a broad

range of amplitude If and frequencyc of the external

signal Ir sincat was measued. Undr certain values of

Irf and cW a "chaos", defied a a br"a band noLs-rlse

in the output speotrua, occur (fo. ), The correlation

between "chaotic" states and 66l1 par .ter wore estab-

lished (1lg.2). The Inflmeoe CC JUMonC capacitance,

ebareao stetd by boru pa.mwrmet jb am the region
of emmteme af "chaos" was Inwo slated fi details.

raw the asmmiom nos-ise -8a be wel~im4

Latrineic nolinearlty at :a@***=a jametio fe results

• 4k;
SV, ,
.4 F

27"77" T" "MIR.1 t
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can be used to determine the Junction parameters and pump-

ing conditions in real SUPARLMPso

2 Fig.1 Spectrum of the volta-

- ge in case of harmonic (1)

- - - and stohastic (2) oscilla-

- - - -tionst.=1799 =0,5, i t?,4 --. 1 (1) and i,,=0.7A. (2) ;QG4

critical current; Vertical

10 dB/div, horizontal. 200

.8 P1.g*2 The region of

stohastic oscillations

VP 
in the ir Plane,

.6 .8 1.0

1. ToT&Uz', PoLoRiaharda, J*Appl-iPhyS.,~dg 1321 (1977)

2o NoPfdornen, A*Davidsoa, Appld'bts.Letteg Us
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SID AUUl~ AMI, IT'14 UJ~kt~jii'lvN vilt Jvj&.piMba4 k'ulxj

COAiTACT4 ?A.ALi,.TW AML do aTI4G.

Vystavkin A*.*,Gubankov V.o.1tarasov A.A

As it was mentioned at I] the Josephson point contact shot

noise intensity far eV> kT aepands on diftu-.in length,&*. if

, *L - contact lengththc elc~tros sone the voltage difference

without scattering and got aditional energy eV. This additionul

energy causes the effective carriers temperature itcreasewhich

means that noise temperature exceeds physical temperature and causes

the shot noise with spectral uensity S -2elo Yor the contacts with

mall electron momn free path the electrons obtain only a small part

of eVwhich causes the difference of noise spectral density from

Shottky formula. By the some as for semiconductors in [2] method

we m y receive for our contacts 1 -2eIg * in which g-2A AF.
It must be mentioned that after acceleration in electric field

electrons then give back their energy to crystal lattice that causes

not only electron gas heatIngbut also the heating of contact itself.

The heating meohanism in ideal Josephson junctions is describod in(

The temperature in the sidle of the junction [3 is a +3&

where T - physicul temperature. chis equation means thot temperature

In the middle of the Junction acbleves ,v7) K for UIO mY.

In our experiments we measured U2(l) for fwO kils. Depencencies

a aZ).U(1) are shown in rIg. f3r Josephson point cantact (,RC)
in I ana 11 curveseU_2(I) for R-30 010 at 4.2 1 - IlII curve , noise

calculation due to heating - IX curve , and shot noise calculation -Y

surve for this point contact. The heating noise (Y curve) gives the

higher values than In our experment .he absence of strong heating

Is prooved by the hysteresis lack in all our current-voltage curves.

The high temperature increase mast lead to essential norml resies-

tane icr sse which me not obseed In our empewimentsand this is g

the second proaf of the heating lack In JIG.

2M depenwenoe of S(%) f o different JFG Is shown In eft.2.

It A" simple interpetation - the sorea resistaneo Increase is

orted with eoseot lenth Increase am eoat tieo path dorese

inh lead. to pameter eareso The i ncrease and decreas
loads t t 0m ed ahetitIty from sontet to bridges doeere O dwa

to L imONo sh met insime boating ead Jome" noise in
sentnat with o ex.periueats where nwise doeeaes with %increas.
2his Is edditieaal se"Izmiem at the shot 201se mude! OPPlisabilItY.
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The ovident Uepernu.nce a4 g Qt, n contact ouidation time may
be made from comparison of regions I and 11 at I'ig.2. :' )luultion.

time 15 min g=O.IsI an. for a day oxidation time wmO.OI#O.I

42

Aft

30i
AA

Fj 12

elm ~ che S.2ytn ih oeho otat,,is

1.jih. frequenymlic 8.Joest.he woithJoeson)lur contuqe

bolinstulc afIziu sod nehsevJ.Apil.Phys.vv.48,ri3 197.3 LMa
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Invited Paper

1/f Noise in Biological Membranes

Denis Poussart

Department of Electrical Engineering

Universit4 Laval, Quebec., Canada

Experimental studies of the movement of ionic charges

accross biological membranes have shown the existence of

stochastic fluctuations of significant magnitude. Although

membrane noise was initially considered for its potential

effects on encoding of nervous information, more recently

it has been used as one of several probes into the the

basic mechanisms of conduction of these complex biological

devices.

Spectral analysis of such fluctuations, which can be

measured either in the form of voltage or current,

typically reveals several components: 1/f fluctuations,

which appear to reflect diffusion of charge carriers

through the restricted pathways of the membrane structure,

relaxation (Lorentzian-like) fluctuations which can be

linked to elementary 'gating' mechanisms of pathways,

'thermal' background, and instrumentation noise. Unfolding

the various components has been a difficult task,

considering that several carriers can be simultaneously

involved, that the accuracy of the spectral estimates is

hampered by limited stability of biological preparations,

and that the range over which some important physical

parameters (such as temperature) can be varied is quite
limited. Nethertheless membrane fluctuations have provided

some important data on the size and kinetics of membrane

events. The presentation surveys the various aspeots

involved in membrane noise analysis and outlines Its

applioation on a range of biologioal preparations.

-- -.

. . . : -- '. __ - =li l i i l l A! '
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Observations of low frequency current noise in niobium films-

electrodiffusion noise and the absence of 1/f noise.

J. H. Scofield and W. W. Webb

School of Applied and Engineering Physics

Cornell University

Ithaca. NY 14853

We have measured the low frequency current noise from 240 un thick

Nb film in the frequency range I oft < f < 400 Hz using an AC techni-

que. The power spectral density Sv(f) was found to be proportional

to f 3 / 2 at low frequencies, nearly flat between 1 Hz and 10 Hz and

then decreased as f-6 , I < B < 3/2 above 10 Hz. Passage of direct

current (current density -106 A/cm2 ) changed the film resistance in

a way suggestive of electrotransport, stabilizing after a few days at

10-201 below its initial value and recovering slowly after the DC field

was removed.

AC noise measurements made following extended exposure to the DC

bias showed noise power decreased by an order of magnitude at I wdis,

two orders of magnitude at I Hs, and below our sensitivity at higher A
frequencies. Excess noise present under these conditions is at least

two orders of magnitude below the 1/f noise predicted by Rooge's

formula1 and an order of magnitude below that given by the modified

formula of Fleetwood and Giordano. 2

The noise from longitudinal diffusion of hydrogen through the nio-

bium f ibI has been calculated and emared with the data. The low fre-

quency portion of the sro-bis noise and the calculated spectrum have

-i, " j
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the same f-3/ 2 dependence and differ by a factor of about five in

magnitude, within the uncertainty of estimating the hydrogen

concentration and diffusivity. At higher frequencies, the diffusion

noise is not readily calculable in our complicated geometry. The weak

low-frequency noise with a DC bias is not understood.

The zero-bias noise and resistance of one film has also been mea-

sured after heating it to 400C for several hours in a vacuum. We

found that the resistance no longer changed with a DC field and the

noise spectrum was similar to the very weak spectrum obtained earlier

on extended exposure to a DC field.

1. F. N. Hooge and L. K. J. Vandamme, Physics Letters 66A, 315 (1978)

2. D. N. Fleetwood and N. Giordano, Phys. Rev. B27, 667 (1983).

I I
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Systematic errors introduced by quantisation in the precise measurement

of noise amplitude by digital cross-correlation

C P Pickup

CSIRO Division of Applied Physics, Sydney, Australia 2070

In noise thermometry the most precise way of measuring a noise voltage

is to apply it to the paralleled inputs of two independent amplifiers whose

outputs are multiplied together or cross-correlated. Noise signals

contributed by the amplifiers are uncorrelated and, ideally, the averaged

output of the correlator is proportional to the mean square of the input

noise signal.

The inaccuracies common to analogue multiplier systems may be avoided

by sampling and digitising the outputs of the amplifier channels and

T performing the multiplications by high-speed digital circuits. The

statistical properties of noise signals suggest that a relatively small

number of accurately defined digitisation levels may suffice.

For a moderate number ± K levels the total number of possible products

is 4 K2 and it is practicable to compute numerically the expectation of the

output as the summation of each possible product multiplied by its

probability of occurrence obtained from a bivariate normal distribution
S

function.

The error due to quantisation is found not to depend on x, the ras value

of the noise signal being measured, but only on the ratio 0/A, where a is

the amplitude of the noise contributed by the amplifiers ( assumed equal in

amplitude but, of course, uncorrelated) and A is the spacing of the

quantisation levels.

, " .?., • -
---"'.,m~ mmm .- m , • " : °AvK..
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For a typical converter spanning ± 8 volts with a total of 32 levels (5

bits, A=0.5V) the following results are obtained for a range of rts input

amplitudes and amplifier noise.

x(V) V a=0.125 a-0.1875 a0O .2 C=0.3

0.6 0.36 0.36107423 0.36004915 0.36002288 0.36000001

0.8 0.64 0.64107423 0.64004915 0.64002288 0.64000001

1.0 1.00 1.00107423 1.00004915 1.00002288 1.00000001

1.2 1.44 1.44107423 1. 44004915 1.44002288 1.44000001

1.4 1.96 1.96107412 1.96004902 1.96002274 1.95999980

1.6 2.56 2.56106809 2.56004240 2.56001596 2.55999125

The effect of peak clipping is evident for larger values of x. In a

typical noise thermometer using this converter a might be as low as 0.2 and

a 6 bit converter with 64 total levels would be preferrable, with the 2x6

bit products conveniently obtainable from a simple FRW.

This numerical approach is expensive in terms of CPU time but allows

easy evaluation of the effects of irregularities in the level spacings andI
weighting of the extreme products to reduce clipping errors.

For uniformly spaced levels in the absence of clipping it is possible to

regard the uncorrelated amplifier noise an allowing an effective increase

in the resolution of the A/D conversion prior to multiplication and this

leads to the following formula which exactly describes the quantisation

errors shown in the above table.

R(2 ;2 OP-w

S2 
2
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NOISE IN DIODES AND TRANSISTORS
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DETERMINATION OF MICROWAVE NOISE AND GAIN PARAMETERS OF C-BAND
GaAs MESFET TROUGH NOISE FIGURE MEASUREMENTS ONLY.

E.Calandra, G.Martines, M.Sannino.

Gruppo CCTE del CNR - Istituto di Eiettroteenica ed EZettronica -

Universitd di Paler.o - Viale deole Sciene - 90128 Paermc - Italy.

Abstract

A measuring method for the simultaneous determination of transistor/

noise and gain parameters through noise figure measurements only is pre

sented, which offers several advantages with respect to conventional mea

suring methods even if they make use of up-to-date (microprocessor-based)

automatic noise and gain meters.

It is based on the Friis' formula:

F rs Fr ) (rs) + ( F' (S'2) - l)/G G(r)

(F , measured noise figurel F and G , noise figure and available gain ofm a

the device; r and S2' noise-source and device-output reflection coeffis
cients; F', second stage noise figure) and on an original method of remo

ving the second stage noise contribution which simultaneously provides the

device available gain. After that measurements of F are performed for sem

veral (redundant, i.e. more than two) values of F' and for several (redun

dant, i.e. more than four) values of r , a proper computer-aided data pro

cessing procedure furnishes the four noise and the four gain parameters of

the device under test. The required set of different values of the second

stage noise figure F' is easily obtained making use of a step attenuator

inserted after the transistor. I
The method, recently developed for bipolar junction transistors up to

4 GHz I,21, is applied here for the characterization of GaAs MESFETs

above 4 GEz, for which additional problems arise:

- the conditional stability typical of these devices can cause oscillations

under conjugate-matched operation. To prevent instability the tuning

network at the transistor output port is not used, as It is in cefventio

nal measuring systems, and the correct value of F' (S"i2 ' is derived by

*4 , con.putation from the measured values of F' (0) and S"
i
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- the low level of noise generated --- --

by the device requires higher ac (.6Gz

curacy in the measurement of F (do)
So

by evaluating also the noise of N

those stages of the measuring 9X'. 2 -- UJ--

stem usually considered lossless, _ MM i

as the input tuner used as admit3 5 10 2 30 0NA

tance transformer and the input Fig.1 - Ninimus noise figure and associated gain

bias network of the transistor; ofO243v~rancret( s.3.T 29OK

- due to the increased requirement in overall accuracy, appropriate crite

ria for the selection of the r 8values must be added to those already

suggested for the case of bipolar transistors 13,41.
In this paper are also reported:

-a detailed description of all the subsystems of the measuring set-up

that are used to measure F r.',1', to prevent (and monitor) osc
3 5 2

illations; to monitor power levels and prevent saturation, etc.*;

-step-by--step suggestions on how to carry out experiments and some ad

ditional measurements to check the correctness of the results;

- a discussion on accuracy;

- informations on the computer-aided data processing procedure;

- indications for a computer-controlled version of the measuring set-up.

As experimental verification, the noise and gain parameters of a GaAs

)GE5FEf (NE 24483) as function of the operating parameters (frequency,

drain current and temperature) are presented. A little example is shown

in Fig.l

ill m.Sannino, -Simultaneous determination of device noise and gain par&
meters through noise measurements ony, PoOc. IE , Oct. '80.

121 G.Nartines, M.Sannino, "Determination of microwave transistor noise
and gain parameter through noise-figure measurements only", IEEM
Trrma. bficvoue Thor Took., Aug. '82.131 G. Caruso, x. Sannino, "Computer-aided determination of microwave

two-port noise paramters", IEE Trwi.. on M2T, Sept.'178.
141 M.Sannino, -On the determination of device noise and gain parameters",

?ro.o. IEE, Sept.'79.
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Generation - Recombination Noise in Si JFETs

T.S.Nashashibi, N.A.Carter, and S.Taylor.

THORN EMI Central Research Labs. Hayes. Middx. England.

The theory of genetation - recombination noise (g-r) in Junction

Field-Effect Transistors (JFETs) is well known and has been outlined by

several authors (1,2). The noise is presumed caused by fluctuation of

the charged state of shockley-Read-Rall (SR) centres in the space

charge region of the device. We have measured the equivalent noise

voltage in low noise n-channel silicon JFETs operated in the saturation

region. Neasurements have been made in the frequency range 1OHz to

1OOkHz and in the temperature range 1OOK to 360K on devices from

several processing batches and with various bias conditions. The data

indicates that the dominant source of excess noise in the devices is of

the g-r type. Two distinct maxima appear in the noise-temperature

curve at 10Hz, one at 1651 and the other near room temperature. This

indicates the presence of two discrete energy levels deep in the gap.

Analysis of the data is presented and compared to the g-r theory. Also

comparison with DLTS measuremeuts on the same samples will be

presented.

1. Sah, C. T., Proc. 111, Vol.52, p.795- 14 , July 1964.

2. Lauritsen, P. 0., Solid Sate Zlectron, vol.8., p.41-51,1965.
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JIET GATE-CURRENT NOISE

J.D.Stocker and B.K.Jones
Dept. of Physics, University of Lancaster, Lancaster, UK

Noise generated within a junction field-effect transistor (JFET) can

be replaced by an equivalent series input voltage noise source and an

equivalent parallel input noise source. The voltage source represents

the noise sources which produce fluctuations in the channel. The current

source represents the fluctuations in the gate current.

The gate current noise has been studied over a frequency range

0.2 Hz-1O kHz using a capacitive feedback technique with a limit given

by an equivalent shot noise source of 5.0 x l 10 amps. The observed

current noise exhibits the white shot noise of the gate current. This

current is made up of two components, the gate-channel diode reverse

biased leakage current and the channel carrier impact-ionization current.

The devices were experimental versions of B9800 and BF818, biased

well above pinch-off. Impact ionization current appears when the electric

field across the pinch-off depletion region accelerates the carriers in

the channel sufficiently to generate electron-hole pairs. The minority

carrier of this pair is swept into the gate-channel depletion region to

give an extra gate current component() The gate current incresed

rapidly above 7 volts (Figure 1).

The current noise spectra are shown in figure 2. Where the current

is dominated by impact ionisation current the spectrum is white but an

excess component is observed for currents which are largely leakage.

RUIMES: (I) Charles L.NacDonald, Behavior of PET gate current,

Siliconix Incorporated Application Note, April 1969.

This work was supported in part by Thorn-DC and MM.
.' j ,
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ftise A*d Aet-alit-tanct of-m-ft

NW.. We end A. van der Z±01

3t-.Dept, U or Minnesota. MinneapoIs, SW 55k55, URA

Since the high electron mablitty transistor (E) Is an M.? the

noise io thermal noi*e in the channel. The only difference with a ImBVT

in that satuaration effects are treated differently. It ise smd that

the cbannel mobility p is constent up to a critical field strength

It and that ths drift velocity Uaq.3 saturates at the drain to the vvau

U c V2 at ". c This yields
cv c 

vc2
1;1d - v PC 2 (Vg-V.. 4  (ya-V "Vds27'd.l Ci

Solving for 1 da yields

sofg oaff

were C2 Is the capacitance per unit area, between gate anid channel.

The drain noise Is Identical with a MOMS?

2

ahedouu 2CIgY off d g off

A shanoal mne met Au2 , at betweeni % and Cx,+4%) gies rise to an

Induced gate current

s(%*Mu1* L ___ g 4
Sig - J -- r-- I j-y-)- L j ip) 1 3

0 o o 0

Cavaylag out the integration, taking am eqmr* seie. and integrating

with eseeect to she devie length L. yields (2) ad

@%(f) IOW do 2q() TOW vea (3a)s

*T -
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816.1d~f 4k~jwJu 3 (s) v3(z) 9-(- (3b)

where d.is the device capaitance at zero drains bias.

By vriting down the save equation

where AWNg) Is the a-c. amplitude of the channel voltage at x due to an

a.@. mf AV at the gete amd subtituting

AY(z) - AV%(x) + JO&V (x) +. (j"?AV2 (x).... (ha)

one can shom that the Sate conductance g is

_2uC2 _ AV ~(x ) (5

Solving AV (z) and carrying out the integration yields

1 1 _127 13+ 4j
_2C42 -Z _-U~o12 6 80 2140 360 (5a)

66 9 o 6 (s);Vf6 (&)

2

With the help of Iq* (2), (3a) and (5a) the .inim noise figure

Pd can Ie evaluated over a wide frequency range.

References: A. Van der 21.1 and 3. X. Wu, Solid State Electron.,

1963, in press (3 piapers).
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MICRO6COPIC ENERGY CONSERVING SIMULATION OF MULTIPLICATION NOISE

LIPPENS D., NIEWCHALSKI J.L., CONSTPANT 8.

To date, the multiplication process in avalanche devices

(Iqpatt-photodiode) have been mainly analyzed with continuous device

physics [1]. In very short avalanche regions, it has been demonstrated

[21 [3] that the threshold energies for ionization and the non statio-

nary hot carrier transport could affect the noise properties and,

therefore, the existing theories fail.

The aim of this paper is to propose a realistic simulation

of the impact ionization in precisely these ultra short avalanche

regions. The difficulty of incorporing the new features, which are not

taken into account in the previous theories was overcome by performing

an energy conserving comuter simulation. The motion of each carrier

(holes and electrons) is studied by considering the scattering process

and the ionizing collision which are assumed function of the energy of

each particle. When impact ionization occurs, the energy is reinitia-

lized to an energy close to the bottom of the conduction band. Moreover,

Poisson's equation is solved to provide the electric field acting on

the carriers. We use this method to determin% all the fluctuations due

to the ionization process.

Results of the program for som ewes have been compared to

previous analyses [1]. In fig. 1, the variations of the particle cur-

rent versus time for a p-i-n like diode (Nd - 10 15 
0 t/CK3 ) is schown.

The time saerie is of 100 pa and the sampling time of 5 x 10 - 2 ps. The DC

current multiplication is 10. In fig. 2, the teporal autocorrelatico

function of the particle current is given. The fluctuations are found

to decay in a time of the order of several picoseconds. Of particular

interest is the variance of the current fluctuations versus the multi-

plioation factor N. The results obtained are in good agreement with

existing theories [1].

This method will be aplied to ultra short multiplicative

structure < 0.1 t and will enable us to obtain cew insight into how

the carrier multiplication noise is influenced by the non stationary

ionization procesa.

Q~,
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2. !5A

Var iation of the particle

ifcurrent versus time1-i .- i.n Ga s di d
-oops (Nd-1015at./cm3 , L-O.2 1 m)

0 so loops

C iA2

4 Fig. 2

The autocorrelation function of

2 the fluctuations in this current

Fig. 3

The variance of the current'fluc-

tuations vs the multiplication

factor M

V

[II 8Z3 S.M., physics of semi cndauctor Devices. Wiley Intrsecisnc (81)

(21 mWKSZUK N.A. and iul, Solid State Electronics. Vol. 19 (1976).

131 VAN vLIn and al, 1333 on lectron devices. Vol. RD26 (1979).
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SOFT PHOTON ORIGIN OF 1/f NOISE IN ELECTRICAL CIRCUITS

H. Prance, R.J. Prance, T.D. Clark and J.E, Mutton
(Physics Department, University of Sussex, Sussex, England)
and A. Widom, G. Megaloudis, G. Pancheri and Y. Srivastava
(Department of Physics, Northeastern University, Boston, U.S.A.)

In the context of the quantum electronic Brownian motion problem,

Handel introduced the notion that soft photon emission can play an

important role in noise processes. In the mathematical formulation of

the general quantum Brownian motion problem 2, direct application can be

made to both quantum field theory and the quantum electro-dynamic

engineering of electrical circuits. Within the "no-recoil" methods of

quantum field theory, the Feynman diagrams for multiple photon emission

can be classified to all orders, in a e2 /hc given the inherent quantum

fluctuations in the electronic currents due to purely condensed matter

motions. In this paper we make the above statements concrete3 '4, using

a model of quantum electronic shot noise devices which is in common use.

Thus, if the renormalisation of the shot noise device conductance to

be considered is as depicted in figures la and b, and if Y(i) and y(c)

denote, respectively, the photon renormalised and purely condensed

matter admittances of a shot noise device, i.e. the conductance funct-

ions are defined

G(w) = ReY(w + iO+) (1)

and g(w) = Rey(w + iO+) (2)

then within the "no-recoil" approximation of quantum field theory we 4

show as our central result that

G(w) -t dP(Q)[(w/fa) - 1) g(w - 0). (3)

Here, dP(A) is the probability that the soft photon radiation

energy in figure lb lies in the interval hda. The renormalised coupling

41
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(0-function) due to coupling in m and the engineering radiative imped-

ances generally enter into dP(Q) in the form

dP(a) = O(I*)B (dj/n), Q.* << 1 (4)

where r* is the internal time scale of the device.

We provide two specific examples of the method by which we can

incorporate the soft photon renormalisation into the engineering con-

ductance of circuit elements. We consider first a single electron

tunnelling device and second a series of LCR resonant circuit. We

present preliminary experimental data on high 'Q' superconducting reson-

ant cavities which support our theoretical soft photon mechanism for

the generation of 1/f noise in electrical circuits.

References

1. P. Handel, Phys. Rev. Letters 34, 1492 and 1495 (1975).

2. J. Schwlnger, OQuantum Kinematics and Dynaics" (Benjamin, New
York, 1970).

3. A. Widom, G. Pancheri, Y. Srivestava, G. Megaloudis, T.D. Clark,
H. Prance and R.J. Prance, Phys. Rev. B 26, 1475 (1982).

4. A. Widom, G. Pancheri, Y. Srlvestava, G. Negloudls, T.D. Clark,
H. Prance and R.J. Prance, *Quantum Electrodynamic Circuit Soft
Photon Renormalisation of the Conductance in Electronic Shot Noise
Devices", accepted for publication in Physical Review.
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DIRECT CALCULATION OF THE SCHIODINGER FIELD

WHICH GENERATES QUANTUM I/F NOISE

P. H. Handel and T. S. Sherif, Department of Physics,

University of Missouri-St. Louis, NO 63121

The starting point of the quantum 1/f noise theory1 -5 was the

expression of the scattered wave

t w4, i(pr - Et)tI I + (A) 1/2 f 0 e/ iy e-1/2 d

in which the second term in rectangular brackets represents the

partial waves .with energy loss e due to bremstrahlung and is the

frequency resolution limited by the duration of the noise measurement

T: w = 2%S/T. Bremostrahlung means here emission of infraquanta of

any nature with infrarent-divergent coupling to the charge carriers,

such as photons, phonons, spin waves, electron-hole pairs at the Fermi

surface of a metal, hydrodynamic excitation quanta, etc. For the case

of photons &A E (2a/ex)(Ae/c) , where a - 1/137 is the fine structure

constant and Ae is the velocity change of the carriers in the scatter-

ing process, while c is the speed of light. The upper limit S1 of

energy losses is given by the kinetic energy of the carriers.

The present calculation starts from a solution of the

Schrodinger equation in the presence of both an electromagnetic

field - coo (wt + y) and an arbitrary scattering potential V(*)

(1/2 a) (-hV - e/c) 2 0 + V4 - iS (2)

\o ,-
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in terms of the Green's function G of the equation vith V - 0. This

formal solution is an integral equation which can be iterated. The

first approximation is the Born approximation, linear in V(r). Taking

a Fourier expansion of G in time, we obtain the scattering amplitudes

with simultaneous emission of n photons in terms of the atb-order

Bessel functions, and the scattered SchrodLnger field %, constructed

with the Green's function method. The current density corresponding

to this field is found to be

(e/")lsc 1 2 - (e/m)(Ial 2/1r2 ) I i + con wt +y ys i ,(3)

where p -eP )S /mcbw. Usre i s the momentum of the

scattered carriers, P0 their initial momntum, a their mess, and

a is the amplitude of the vector potential I in the field mode

of wave-vector t and polarization a. Although our result in Sq. (3)

is not identical to (e/m)'pll 2 given by Sq. (1), it yields exactly the

same autocorrelatLon function and w-1 spectral density as Sq. (1).

The only difference is the presence of a three-dimensional (Lattice

sun) in Sq. (3), while the original foarm (1) contains an equivalent

one-dimenslonal substitute. This verifies the applicability of Eq.

(1) as the basis of the quantum l/f noise theory while also pointing

out what the more exact expreesion is.

1. 1. 3. Handel, ihys. Rev. 1tt. 3 1491, 1495 (1975).

2. F. 1. Handel at I., Phys. Rev. A22 745(198O);26596,3727 (1982).
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1/f NOISE IN PHYSICAL AN!) CHEMICAL SYSTEMS
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MEASUREMENTS OF I/f NOISE IN JOSEPHSON JUNCTIONS

Roger H. Koch
IBM Research Center

Yorktown Heights, NY 10598, USA

The 1/f voltage noise across current-biased resistively-shunted Josephson junctions

has been investigated. Measurements verified that the fluctuating parameter was the

critical current and its spatial correlation length was less the about 1 micron. The

temperature dependence of the noise was also measured.

The junctions were fabricated for digital applications at IBM. They have a Pb-In-Au

base electrode, a circular 2.5 micron tunnel barrier formed during RF oxidation, and a

Pb-Bi counter electrode. The critical current was typically 20 microamps and shunt

resistance 3 ohms. The 1/f fluctuations are measured using an RF SQUID. A

magnetic field can be applied in the plane of the junction.

The magnitude of the I/f voltage noise across the junction was measured as a function

of bias current. The measured dependence was exactly that predicted by the RSJ I
model, in the limit of negligible quasipartice condunctance, when the dominate

fluctuating parameter Is the critical current.

The magnitude of the junction critical current In a magnetic field agrees well with the

predicted diffraction pattern for a circular junction. As the magnetic flux in the

barrier increases, the instantaneous phase dilffesece goe from being constant across

the junction to oedllatn rapidly a a fuactim of pitio. Whn the caacerIst c

... ,.
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scale of these oscillations becomes less than the spatial correlation length of the

critical current fluctuations, the total critical current noise summed over the entire

junction will rapidly vanish. The measured I/f noise does not vanish as the critical

current goes to zero, as predicted by the thermal fluctuation model. It scales well with

a model where the noise is not spatially correlated over distances greater than about I

micron or less.

The temperature dependence of the noise magnitude and slope on a log-log plot was

measured. The magnitude and slope at 10 Hz changed from 0-2°Apa2 /Hz and -.95

at 4.2 K to 5x 10~21Amp 2/Hz and -1.1 at 1.8 K. This behavior can be interpreted as

resulting from a process having a time constant of approximately a microsecond

multiplied by an exponential factor, Le. v- ir exp (Ei/kf), where N, has a pusman

distri -tion centered at about 2.6 meV and a FWHM of about I meV. These active-

don energies could be attmibted to ozide defect states In the tunnel barrier.

\S
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1/f Noise fluctuations in a-particle radioactive decay of 95
Americium 241. J. Gong, C.M. Van VMjet, W.H. Ellis, C. Rosman, and

P.R. Handel, Departments of Electrical Engineering and Nuclear
Sciences, University of Florida, Gainesville.

Alpha particles from 95An , decaying to 9 3 NP2 , with a half

life of 458 years at a peak energy of 5.48 MeV, were counted with a

reverse biased silicon surface barrier detector, followed by an

ND 575 analog to digital converter and an ND 66 multichannel analyzer.

The count was kept under 1000 counts/sec, so no dead time corrections

were necessary. The Allan variance oA2(T) was determined, as well as

the usual variance, for counting times of 1 to 1000 minutes. While

the usual variance fluctuated ("variance noise") at long-time intervals,

the Allan variance converged to a stable value when the nuber of

adjacent intervals was thirty to sixty. For the longer time intervals,

several measurement series had to be averaged by normalizing to an

average count of 18,000/min. The results thus obtained for the Allan

variance A2(T) and the relative Allan variance R(T) - cA2(T)/<>2 ,

where T is the count in an interval T, are shown in Figs. 1 and 2.
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The curves are fit to the theoretical expressions

dA2 (T) - i8,Oo T + (18,000)2 10 77 T2 , T in minutes;

R(T) - 1/18,000 T + 10- 7 , T in minutes.

The deviation from T, or T-1 behavior, respectively, indicates the

deviation from Poisson statistics, due to 1/f noise. According to

theory (see abstract on Allan variance theorem), the flicker floor is

R(%) - 2 Clog 2 - 10 - 7

where C is the relative magnitude of the emission 1/f noise.

SM(N ) - C O/2irwo, where no is the average counting rate. The results

are compared with Handel's theory of quantum 1/f noise1- 3) . According

to this theory we obtain a flicker floor of

1( 4c) - 4.(8.32x10- 7 )9log 2/e

where 9 is in NoV, C is a coherence factor, and e is the dielectric

constant of Am 02 (about 20). This matches the experimental data for

- 0.2. We believe these measurements are the first experimental con-

firmation of the bremtrahlung mechanism, causing 1/f noise due to

beats of the inelastically scattered wave packet components, an proposed

by Handel. It also indicates that radioactive decay is not the "example

par excellence" of Poisson statistics, an claimed by may textbooks.

1) P.R. Handel, Pbys. Rsv. Lts. 34, 1492 (1975).

2) P.R. Handel, thy.. ev. A22, 745 (1980).

3) LK. van VWiet, P.H. Handel, and A. van der Ziel, Phys. 108A, K
• 511 (1981.).
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NOISE IN ELECTROCHEMICAL SYSTEMS

C. GABRIELLI, F. HURT, M. KEDDAM

Groupe de Recherche n°4 du CNRS,"Physique des Liquides
et Electrochimie", associt & l'Unjversiti P. et M. Curie

4, place Jussieu, 75230 Paris Cedex 05

The stochastic behavior of a metal-electrolyte interface can be

analyzed by measuring the electrochemical noise-i.e. the random fluctua-

tions of the current (potential) flowing through the interface when the

potential (current) is maintained constant-.This allows a new approach

of the kinetics of the interfacial reaction mechanisms to be achieved.

New informations which would not be accessible (or only accessible with

difficulty) by deterministic techniques (current-voltage curves, tran-

sient response, impedances ...) should be obtained by this way.

In addition the measurement of the electrochemical noise avoids

interface alteration due to too large amplitude of a perturbating

signal inherent to any relaxation techniques. Hence a simple "listening"

of the system is performed without any external perturbation.

Measurement arrangement

The power spectral density (p.s.d.) of the electrochemical noise

v is measured through the crossspectrua * of the outputs x and y of

two identical amplification ehannels whose parasitic noises (n and ny)

are independent.(fig.1). The arrangement based on a Hewlett-Packard

5451C Fourier analyzer allows a 1 li-50 kih frequency range to be ana-

lysed. To obtain the original electrochamical noise the controller

(potentiostat or galvanostat) noise has to be taken into account.

U Zxagples

-. 1 The noise generated by the silver electrodepositim in perehlo-

~ -4- 4
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tic medium is given in fig. 2. The observed p.s.d. is interpreted by a

shot noise which can be related to nucleation-growth processes.

AMPLIFIERS PROGRAMMAOLC

(GAN i~, ANTOALASING
("IN FILT ERS

Fig. I Experimental arrangement used for Iesuring the voltage noise

v (n and n, are parasitic noises Senerated by the amplification chan-

nels).

*.ipapm.!1A - FPig. 2 :ltectro-
ta : *Oupen,.a lA crystallistion of

-4. . .. _ : *l)=mmeZSS~pA- silver in perchlo- I

tic solution. Power
spectral density of
the Voltage fluc-

- - tuaCionS for various
electrode areas at

-. 5. sA.cm' current
-u density.
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1/f Noise in Aqueous CuSO4 Solution

Toshimitsu Musha, Katsumi Sugita and Hitsutaka Kaneko

Department of Applied Electronics, Tokyo Institute of Technology

Nagatsuta, Midoriku, Yokohama 227, JAPAN

Conductance fluctuations of CuSO4 aqueous ionic solutions

through a hole (diameter is about 10 microns) made in a thin

diaphragm separating two compartments were observed over ion

concentrations from 5 x 1O-4 to iO-2 ol/1. It is found that the

power spectral density is approximately proportional to 1/f for

ion drift velocities smaller than a critical value which is of

the order of 10-3 a/s. Above this value the power spectral

density of the conductance fluctuation approaches a Lorentzian

form. The a-value of the I/f fluctuation is approximately

proportional to the ion concentration when the ion concentration

is larger than 10-3 mol/l as was already observed by Hooge and

Gaal. Below this critical value, however, the *-value approaches

a constant value of 2.5 x 10- . The observed dependence of the

a-value on the ion concentration is plotted in Fig.l. The fact

that the a-value is proportional to the ion concentration sugests

that, provided the conductance fluctuation is attributable to the

mobility fluctuation, the local ion mobility of water fluctuates

5: : .
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and the fluctuation has a spatial coherence length which is

independent of the ion concentration. This coherence length is

estimated to be equal to the mean distance between ions at the

critical ion concentration below which the observed *-value

becomes independent of the ion concentration. This value is 10

un.

10

10

> 1

10

10- -2 11010 10 10110

-CONCENTRATION (mol/I)
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ELECTRICAL RESISTIVITY FLUCTUATIONS IN KCL SOLUTIONS

J. de Goede, N. Roos, A. de Vos and R.J. van den Berg
Laboratory of Physiology and Physiological Physics,
University of Leiden, The Netherlands

In the search for the physical mechanism of 1/f noise in

electrolytes we investigated resistivity fluctuations in

aqueous and non-aqueous KCl solutions. In the frequency

range from 0.05-5000 Hz our samples do not show 1/f noise.

Instead the fluctuations in excess of thermal noise are

characterized by spectra which are flat at low frequencies.

Voltage fluctuations were measured under constant current

through single cylindrical glass micro-capillaries (length

= diameter) connecting two compartments, filled with the

same electrolyte. The shape of the observed spectral den-

sities depended on fluid flow induced either by an applied

electric field (electro-osmosis) or a pressure difference

(1,2). The noise is apparently due to concentration fluc-

tuations as the magnitude of the measured variances of theg
voltage fluctuations are in good agreement with the varian-

ces calculated from concentration fluctuations as the sole

noise source (3).

To explain the shape of the spectra we utilize a one-dimen-

sional model. The calculations are based on a linearized

convective diffusion equation for concentration fluctuations

in the charge neutrality approximation. The spectral den-

sities are averaged over the distribution of flow velocities

2 '44-

F, m ~ fm (m
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in our capillaries. We have made detailed comparisons be-

tween the calculated and experimental spectra. The agree-

ment is good indicating that this simple model already

contains the essential physics to explain our experimental

results.

References
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Invited PaEmr

PHASE AND FREQUENCY NOISES IN OSCILLATORS

J.J. GAGNEPAIN

Laboratoire de Phyeique et Mtrologie des Oscillateurs (LPIV) du C.N.R.S.
Associd ' UniversitU de Besanon-Pranche Comti

32, avenue de Z' Obervatoire - 25000 Besancon

SUMARY

The behavior of oscillators is perturbed by noise sources localized in sus-
taining circuits and buffer aplifiers, and in the resonator (or in the equivalent
delay line or phase shifter).

Among these differend sources can be distinguished internal and external noi-
ses, respectively generated in the oscillation loop and in the output circuits.

Also distinction is made between additional noise, which is directly added
to the signal, and parametric noise, which acts on the elements defining the fre-
quency or the phase of the oscillator.

These different noise sources are reviewed. Their influence on spectral purity
and stability of the oscillator is described. It is also shown how these sources
can be identified and localized from the output signal characteristics.

Fluctuations due to the resonator are closely studied.

Different types of oscillators (quartz oscillator, atomic clock, etc ... ) are I
examined, and the contribution of noise sources to the limitation of stability isdiscussed.

- -7'
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Invited Paper

IS THE 1/f NOISE PARAMETER 0 A CONSTANT?

L.K.J. Vandamme, Eindhoven University of Technology, 5600 MB Eindhoven,

Netherlands.

Recent experimental studies on 1/f noise will be reviewed. The vali-

dity of the empirical relation and the value of the parameter a will be

investigated. It has been demonstrated [1,2] that the conductance fluctu-

ates

SG a

In 1969 Hooge proposed this equation as an empirical relation for the 1/f

noise in homogeneous metal and semiconductor samples. N is the total number

charge carriers and a is a dimensionless constant of the order 10- 3 when

lattice scattering prevails. Only real 1/f spectra with the exponent be-

tween 0.9 and 1.1 will be considered here. The consequences of the validi-

ty of Hooge's empirical relation (1) for samples of a given material with

different N are: (i) Whatever the free charge carriers do, they do it indepen-

dently. (ii) The I/f noise in such samples is a bulk effect and not a sur-

face effect. Relation (1) holds for thin gold film [3) with a 3 210-

and N ranging over 3 decades. Further experimental evidence for the enpiri-

cal relation is given by Fleetwood et al. [4] for platinum samples with
107<N<104 and a -2x10 - 4

From a number of experiments it followed that the conductance fluctua-

tions are caused by mobility fluctuations and not by number fluctuations [5].

The next questions are then: Does 1/f noise parameter a depend on the kind

of scattering? Is a a universal constant for metals and semiconductors

at all te peratures? !
From observed a-values in Ge and GaAs semples having lattice and

impurity scattering it was demonstrated that a reduced mobility yields

reduced a-values [61. The results can be expressed as
2

latt (2)

Relation (2) follows from I/p * 1/p ap + 1/platt if the 1/f noise is

assumed in Plataccording to (1). Bere I is the mobility of free charge

carriers and Vsatt the mobility that would be present without Impurities.

a- turned out to be 2x10 at room temperature while a ranged between
-3 ~ -410 and 2x0. The a-value of 2x10 for platinum of Pleetwood et al. [41 $ <
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can be interpreted as att 3x10 by using their observed mobility
ratio W tt-. Further evidence for eq. (2) was found by Palena kis
and Shobliskas [7]. They demonstrated that the reduction in a proportio-

nal to (u/platt)2 is independent of the way in which the ratio I/latt
was realized: either with the help of temperature 77KT<4001 or by changing

the amount of impurities. alatt in their experiments was 9x107 4 for p-type
Si and 2x1073 for n-type in the whole temperature range.

Another demonstration of lattice scattering as the only source of
1/f noise is given by noise measurements oan thin bimuth films at room
temperature [8]. In thin layers the mobility is reduced by grainboundary
scattering and nearly in elastic surface scattering. Thin samples having
A reduced mobility show reduced a-values. Bischop and do Kuijper [9]
found agreement between calculated and experimentally observed G-values
for bimuth films of different thickness in the temperature range of 77K-300K.

At large electric fields the electrons are scattered mainly by optical
phonons. This hot electron effect reduces the mobility and the *-values in

a way similar to eq. (2) [5].
In consequence of eq. (2) a is not constant when several scattering

mechnimas are present simultaneously. So in the present situation we face
two problems: (i) Is alatt constant at room temperature? (ii) How does

a latt depend on temperature? The answer to the first question is that
-3often att is about 10 at room-temperature. Yet there are unexplained

exceptions.

Often a large scatter in a-values is observed even on nominally

*identical* samples. An explanation could be that in calculating a from
accurate noise measurements (200) we always have to use several parameters.
It if often doubtful if all parameters are sufficiently well known e.g.

homogeneity of doping, dimensions and quality of contacts, surface layers.
degree of adhesion between the film and the substrate etc. Non-homoganeous
samples and noisy contacts often result in eroneous high a-values. Surface
treatments and etching have a strong influence n the 1/f noise and cm
results in low a-values [10,11].

As to the question of temperature influence there are no unambiguous
answers. We observed a strong temperature dependence of a for p-type Si
of 30 Oom and p-type Ge of 13 Com although we assue mainly lattice scatte-
ring in the whole empra ur range. Dereasing a-values with decreasing
tomraure were also observed by Data end lorn (121 in thin metal film.

.lTee are other eziples where a is very weakly temperature dependent if
at all. [5,91.

• . - , '. .
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1/f NOISE IN RESISTORS AND THIN FILMS
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i/f noise in cermet and metanet resistors.

by A. VAN CALSTER, L. VAN DEN EEDE,
S. DR MOLDER and A. DE KEYSER

Laboratory of Electronics
Ghent State University
Sint-Pietersnieuwstraat 41
B-gO00 GENT, BELGIUM.

In this paper noise measurements are reported on screen printed

cermet and metanet resistors of equal geometry. The cermet thick

film resistors are screen printed with Dupont 1300 pastes. The

metanets are made of special designed Sprague pastes, and are only

a few hundred A thick. Both pastes are of great commercial impor-
tance, and are the basis of extremely reliable thick film resistor
networks. Nevertheless the electrical behaviour of these resistors

is yet not well understood. This is mainly due to the non homogeneous

structure of the fired resistor : conductive particles embedded in a

glassy matrix. Noise measurements combined with temperature coef-

ficient (TCR) measurements are designed to get a better insight in

the electrical behaviour of the resistors.

Because metanets are extremely low noise resistors, extra care

had to be taken to the noise measurement equipment, especially to

the grounding and shielding. The resistor noise is amplified by a
JFET amplifier. The amplified noise is sampled and the noise spectrum

is digitally calculated using a fast fourier transform. For low
resistor values an impedance transformer is placed in front of the

amplifier and for extremely low frequencies a digital cross correlation
technique is used [I. This allowed us to measure I/f noise in the

SNEW.
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frequency range of 1072 to 104 Hs

for resistors varyivg from 5 0 to 104 K 0.

Our noise measuremets may be divided into three parts.

First we examined the presence of contact noise. No significant

contract noise was found. In the second place we verified the square

dependence of the paste noise on the DC current. Within the measure-

sent accuracy this relation was confirmed. In the third place we

verified the 1/f behaviour of the noise spectrum of boty type of

resistors. Although both pastes behaved similar, there was a

remarked difference in noise level. The thin metanet resistor

( 400 A) showed a low ;noise index (NI) of -24 db for a 60 KIO

resistor, compared to a NI of -18 db of a 15 p a thick 60 1O

cemet resistor.

Until now no physical model is available to explain 1/f noise

in screen printed resistors. As i/f noise in thick film is believed

to be a volume effect [2), we tried to link 1/f noise with the

bulk transport properties. Generally it is assumed that the transport

properties are determined by the amorphous layer between the conduc-
tive particles. One normally assumes a variable range hopping

mechanism, leading to a TCR behaviour proportional to

TCR -.T /2 exp(To1)1/, (I )

which shows a minimum at a temperature Twin which is inverse

proportional to the density of localised states at the Fermi level

per unit energy in the amorphous layer. The TCR of the metanets

as well as the TCR of the cermts agreed very well with expression

(1). but the mtanets showed a much smaller T nin (163K) than the

cermets (270 K). Thus it may be concluded that most probabry the

current and the noise mechanism in both pastes are the same. A

possible link between the noise and the current mechanism is to

relate the i/f noise to the tunmel process involved in variable

.,'; '.,.
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hopping, which gives rise to a broad spectrum of time constants.

A second remarkable fact is that although metanets are much

thinner than cermets, metanets are less noisier than cermets.

This makes metanets more attractive from the point of view of

noise index.

[I]1 S. DEMOLDER, M. VANDHNDRIESSCHE and A.* VAN CALSTER,

"The measuring of I/f noise of thick and thin film resistors,"

J. Phys. E, 13 (1960), p. 1323.

1 21 S. DEMOLDER, A. VANl CALSTER and M. VANDENDRIESSCHK,

"Current Noise in thick and thin Film resistors",

Proceedings of European Hybrid Micro Electronics Conference,

Avignon (France) 1981, p. 19.

* DE KEYSER is with Sprague Electromag, De Merodestraat 2, B-%600 *

Rouse, Belgium.
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SmMoVal Of l/f Noise in EkCdTe by s]pttering

KIanli Zheng, Kuang-ann Duh and A. van der Z7el

Flicker noise or 1/f noise, is usually explained in terms of a wide
distribution of time constants. The theory can be formlated as follove. If
a noise current &I(t) has a single time constant T, then Its spectrum is

ShI(f) = J(A&xf T/(1+2T2 ) (i)

Let there be a normalized distribution in T of the form

g(r)dr - dnr/-o for T( < < T2)

1 0

- 0 otherwise,

where normli ation means that

J- 1 (2a)

Integrating over the time constant distribution yields

S(f) - (B/f) [t=' 1  tan - *-n(?) (3)

Where B is a constant. The high-frequency part of the spectrum may be
expressed as

8 1 f) - IB/(2tf)11-(2/w) tan-l(er)1 (3a)

and the low-frequency part of the spectrum my be written

sul1) - (B/) tar-1(W 1  (3b)

Sub and van der Ziel observed spectra of the form (3a) with a clear changeover
from 1/f to 1/f2 around wro'l.

We have observed spectra of the form (3b) in 0l-xCdKTe smples (x a 0.25)
that wre sputter-cleaned in a mercury dischrge sstem. Before the cleaning
procedure the pectra vore of the form Alt. throwhout. Figure 1 shows the
resulting after all spottering; the best fit 4pve -u.8 x 10-4 sec. Figure 2
gives the results of notber maple Ath a tim constant i after spattering
that m shout a tor 10 larger than Fig. 1.

We checked the ohmic contaets of the saple shown In Fig. I and towed that
they were very good. This to gorroborated tq the facts that the current

. be research at Dnpt. of Slectricl 8ineering of TMlverslty of Nineota "
s suported 1 -

40 '.'m ,"
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dependence at the noise ws as 12, an expected~ for true resistance fluc-
tuations, and that the noise vas independent of the polarity of the current;
poor ohmic contacts usually do not have an I2 dependence and the noise depends
on the polarity of the current.

The ample shown in Pig. 2 was not as homogeneous as the one shown in Fig.
1 and had grain boundaries. This may explain wV T~ is different for the two
saarples. The increased noise probably comes from tfie grain boundaries.

The time constant Tl of the sample of Fig. 2 dec reased strongly with
increasing sputtering time, whereas the same process decreased the parameter A
of the A/f spectrum. This my be associated with a reduction in grain
constant of the centers (parameter rl). When T, wen plotted versus the
thickness of the removed layer we obtained a linear relationship, which we
cannot fully interpret at present.

Apparently the sputtering cleans the centers with long time constants from
the surface, so that only centers with short time constants are left.

This Is the most clear-cut evidence so far that the 1/f noise in
Eft. T5CdO. 25Te is generated at the surface. Moreover, It proves the validity
otof Hrter's 1/f noise model for this material.

We believe that the noise left after sputtering is of the bulk type, such

as caused by bulk mobility fluctuations, because after the surface wes suf-
ficiently cleaned the noise did not change by further sputtering. After expo-
sure to air for 35 minutes, the noise spectrum Increased somwhat, presubly
because the factor B in (3b) changed.

0 90-PN

ie.~ -

Fig. 1 low frequency noise spectrum Fig. 2 Low frequency noise spectrum
for 1 0 .,OM T!* Device 02 at for %05 5t Device 03 (which
f a -IL',?uIO 7 Torr, r a 2m, bag gra4a bounidary) at T a 29T*K,

smeaurd points and theoretical P - 10- Torr, I - 2.1, measured
curves (solid ln), points @ad theoretical curves (solid

line).

Referencom

C. N.Lb and A. van der 11.1, Applied Faye. Lett. U.565(190)
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1/f Bolase in Silicon

N. B. Welesman, R. D. Black, and P. J. Bestle

Physics Dept., UIUC, 1110 W. Green St., Urbana, IL 61801 USA

We have found that in thick silicon wafers the value of the Hooge

coefficient In samples with low electric fields, no detectable non-phonon

scattering, and homogeneous carrier concentration is about 2.10- 6. In

thin silicon-on-sapphire wafers (SOS) the value is about 10- 4 . The

conductivity fluctuations In SOS and thick wafers are approximately

scalars. The statistics are Gaussian. At room temperature the magnitude

of the Hall noise Is slightly less than expected for pure nmber

fluctuations but the cross-spectru of the Hall noise and resistivity

noise has the sign and nearly the magnitude predicted for fluctuations in

the number of majority carriers. The likely model would involve

fluctuating occupancy of traps, which can be shown theoretically and

experimentally to give about the right ratio of nobility fluctuations to

amber fluctuations. At 1OOK the magnitude of the Hll noise fits a

simple carrier umber fluctuation model.

The noise spectra in SOS show smll reproducible deviations from a

1/f power law. These are correlated with the temperature dependence of

the noise msagnitude 1 ) in a smner similar to that found in mteal film by

Dtta et al. 2 ) (Similar correlations are found by us in carbon resistors

and may be calculated from data3 ) on thick film resistors.) hese

correlations indicate thermally activated rate limiting steps for the

sole generating processes. The absence of "a strong overall temperature

J-=4
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dependence of the noise magnitude Indicates that the thermally activated

transitions are between states which differ in energy by such les than

the typical activation energy (- 0.5 eV). We have not been able to

reconcile this fact with any theory in which the esl noise kinetics are

those of trappinlr-detrapping. Our data are consistent, however, with

models in which the slow processes are lattice rearrangements (e.g.

impurity diffusion, transitions in two-level defect states), particularly

near the surface. Such processes would affect the depths of fast traps

in SOS and could couple to the con4uctivity by other mechanisms in

metals.

1) M. . Weissman, R. D. Black, P. J. Bostle, and T. Ray. Phys. Rev. B,

in press.

2) p. Dutta, p. Dlino, and p. M. a. . Phys. Rev. Lett. 43, 646 (1979).

3) M. Prdeasiati, B. Norten, and A. Nasoero. Proc. Sixth lot. Conf. on 3

Noise in Physical System, ad. P. . 9. Meijer, 1. D. Nountain, R. M.

Soulen (Dept. of Comerce, Washington, D.C., 1981) p. 202. i ,.
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EXPERIMENTAL ESTIMATION OF THE TEMPERATURE FLUCTUATION IN A

CURRENT-CARRYING METAL MICROBRIDGE

S.Hashiguchl, Faculty of Engineering, Yamanashi University,

Kofu, JAPAN

A new method is devised to estimate the temperature fluctu-

ation in a current-carrying resistor. The experimental setup is

shown in fig.l. An indium microbridge sample ( Sv/V2 at 1Hz is

more than -70db ) is driven with a constant current source and

the voltage fluctuation across the sample is detected.

The thermal noise component (1-160kHz) is squared to pro-

duce the variance fluctuation, which contains both the resis-

tance and temperature fluctuations.

From the value of the relative resistance fluctuation &R/RO ,

the relative variance fluctuation AP/P0 , and their product

&RAP/RoP0 , the relative temperature fluctuation is calculated.

<(&T/T0)2> _ <(,R/Ro)2> + <(&p/Po )2> - 2<aRtP>/RoP0 .

The measured spectra are shown in figs.2 and 3. The tempera-

ture fluctuation is proportional to f-1.1, while the resistance

fluctuation to f-l. 2 and the variance fluctuation to f-l .. The

temperature fluctuation in the band of 10-4- 102 Hz is 0.13K2 ,
which is many orders of magnitude larger than the expected value

for the equilibrium temperature fluctuation in the sample used in

the measurement.

The correlation coefficient between the resistance and temper-

ature" fluctuations is also obtained. In the frequency range of

l0 4- 102Hz the correlation coefficient is about -0.6, which

means that about 60% of the resistance fluctuation is originated

from the temperature fluctuation.

References

1) S.Hashiguchi:'l/f Fluctuation and Temperature Fluctuation-
A Method to Estimate the Temperature Fluctuation-', Trans.
IECE of Japan, J64-C, 329-330, 1981.

2) S.Hashiguchi and T.Yoshoka:l/f Fluctuation and Temperature
Fluctuation--Oeterminatlon of the Spectrum of the Temperature

Fluctuation-', Trans.IECE of Japan, J65-C, 668-669, 1982.
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Fig.1 Measuring setupfor temperature fluctuation.
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Fig.2 Fluctuation spectra.
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Fig.3 Temperature fluctuation spectru.
Vertical bars indicate the range
of possible experimntal errors.
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1/f Noise in metal films of submicron dimensions. J. Kilmer, G. Bosman,
C.)!. Van Viet, and A. van der Ziel, Department of Electrical Engineer-
ing, University of Florida, Gainesville.

The 1/f noise of gold film, prepared by Dr. Z. Wolf of Cornell

University, was measured In the temperature range 10K - 300K. The Hooge

parameter OLB was determined f rom 8 (f)/12- a10, where N is the

number of valence electrons in the film. The results for Cdare shown

in Fig. 1.

S2

C

A Fisure 1

10 10 0

I. -_T (K) -

In the graphs there are three regions indicated. The high ton-

perature noise (region C) is believed to be "type 3" noise in the

Dutte-Horn terminology ;it is presumasbly caused by dislocations.

Regions A and 3 are attributed to mobility-fluctuation noise. Now-

ever, we believe that Noog.'. formula should be modified for metals and

degenerate semiconductors, since only the fraction n-a (2kT/s 1 . is

available for scattering fluctuations; here sc Is the Feral level as
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measured from the conduction band bottom (a more accurate expression

involves a ratio of Fermi integrals). Substitutiig the above into

Hooge's formula given S I f)112 - a treIfn, with - true(EF /2kT).

In region B, a ru is apparently close to constant. In region A,

atrue decreases presumably due to a freeze-out of Umklapp processes.

At 1OX, a reis of order 1077, a value compatible with Handel's

theory.

1) P. Dutta and P.K. Horn, Rev. of Mod. Physics 53, 497 (1981).
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1/f Noise in the Trichalcogenides NbSe3 and TaS3

R.S. Lear, T.t. Tritt, N.J. Skove and E.P. Stillwell

Department of Physics and Astronomy

Clemson University, Clemson, S.C. 29631 U.S.A.

The two quasi-one-dimensional trichalcogenides NbSe3 and TaS3

exhibit a high temperature metallic phase and a lower temperature

phase in which there is a charge density wave (CDW). Below the tran-

sition temperature, Tc, NbSe3 remains metallic but with fewer elec-

trons, while TaS3 becomes semiconducting. In each case there is a

loss of electrical conductivity on going to lower temperatures due

to the immobility of the CDW. We have measured the 1/f noise in each

of these materials as a function of temperature near T . The samples

are whisker-like filaments 2-3 mm in length with transverse dimensions

2-10 um. Above Tc the 1/f noise is similar to that in other metallic

whiskers, i.e. it follows Hooge's expression but with magnitude 4100

times that for films. Below the transition the noise is even larger.

The moat interesting result is that, at least for a range of values

of the sample current I, the noise is not proportional to 12 as it

is above the transition.

M " ... .
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RESISTIVITY DEPENDENCE OF 1/f NOISE IN METAL FILMS*

0. M. Fleetwood and N. Giordano

Department of Physics, Purdue University, West Lafayette, Indiana 47907

The 1/f noise of a number of different types of metal films has
been studied at room temperature. In Fig. 1 we show y S vNf/V 2 (where

S. is the noise power spectral density, N is the number of atoms, f is

the frequency, and V is the voltage1-3), as a function of resistivity,

p. The noise of nominally identical samples can vary by more than a

factor of ten, which is well outside the estimated experimental uncer-

tainties for the quantities which are thought to determine the noise'
2

In this talk we shall describe experimental results which suggest that

stresses within the film and/or between the film and its substrate may

be responsible, at least in part, for these variations. We note that

stress relaxation processes involve distributions of time constants/

energy scales similar to those expected for processes which cause I/f

noise.2  Returning to Fig. 1, it is seen that the minimum level of 1/f

noise of a given metal is a fairly well-defined quantity. This minimum

noise level exhibits a systematic resistivity dependence which cannot I
be accounted for by the semi-empirical formula developed by Hooge,

Vandame, and co-workers. 1,4 Rather, we find that it is well-described

by the formula
3 :

o V 
2

SV~min - Po] N (1

where 1.0 A a A 1.3,2,3 and o = 6 10 3 go-cm. A theoretical basis

for (1) is not clear at this time. This problem Is discussed further

' els where. 3,5

, , 
7
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om *~ O o Cu S
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FIG. 1. y SvNf/V2 at f *. 10 Hz as a function of resistivity for
several metals. ,3 The solid line lndicat~s the prediction
of Hooge's eqpirica] formula, 4 y * 2 x 10- , corresponding to
the case in which electro-hno t eg is the dominant
contribution to the resistivty. ' The dlashed line repre-
sent (1).
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1/ rNOIS3 IN ZnO VhRISTCRS

Andrse 3 sy

Department of Blectrical Engineering
Technical University of Rsessw

Rsessdw, Poland

The structure of nine oxide varistors conatitu-

tes of a numbe: of ZzO grains /10- 20 NA thick/ each

surrounded by thin insulating layer /30 - 100 1/ of

B3203 based oxides. The varistora can be considered as

an array of back-to-back Schottky barriers. The 1-U

obaacteristic of one such a back-to-back Schottky ba-

rrier unit in the ohmic region can be written as f01-

lows
1

ASA' ! qV
I ez(q /k )- - # (1)

where vR is the reombination velocity, vD the so cal-

led effective diffusion velocity, A the cross-section

area of the Junction, A the Rchardso re iont,

the barrier height, g the nube: of grains connected

In series across the distance between the Iwo aristor

eleotredes and U the voltage applied to the varaster.

In 3q. (1) only D depeads o mobility, that Is )]N,

Whor lA Is the aazim valve of the field in the de-

pieties regiom. In o ame V3u4TD. Inserting VD flue-

tuatien Into Zq. (1) It ean be shewn that the relative

power speetrel density at 1ft Current f3Zctuations In
VW VWtW AI

t;t i
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SI Re C
I 0(2)

1j2 4fAef U2D 2~

where a in the Hoog parameter 2 , Ro and C0 are the oh-

mic region resistance and capacitance of the varistor

respectively, f the frequency, Aeff the total cross-

- section of the barriers in a plane parallel to the

varistor electrodes, UD the diffusion voltage and ND

the concentration of donors In the ZnO grains. the i-

near relation of vs 0I was coAirmed by the ex-

perients /see Fig. 1/. The straight line in Fig. 1 was

drawn for g-22, hD - 6.1018 M' , - O,7 V estimated

all from the conduction mechanism Investigation and for

atassoued am equal to 10 "5 .

10 'ig. 1. 1/9 nOi-

F.SI2 (Hi') fzlHz so spectral den-

10 * smpte, 0 sity at f-1 Hs
A i I vs the ohmic ro-
0 tl 3

a" A~ Sion resistance

l-R o for 4 diffe-
a0

rent Slemens va-
* ristors SI141

17 05. Re is v-

1 1 -red by tempera-

-- Ro() ture.

.0 106 11 10 10' 1010
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CHAOTICS STATES AND ANORMALOUS NOISE IN RESONATORS

M. OLIVIER, J.J. GAGNEPAIN

Laboratoire de Physique et Mitrologie des Oacillateurs (LPMO) du C.N.R.S.
Associd d ' Universitd de Besangon-Franche Camti

32, avenue de ' Observatoire - 25000 Besangon

Resonating systems, like many physical systems, exhibit characteristics, which!
are not lirsar any more, when driven at high level. The nonlinearities induce reso-
nance frequency variations versus driving power (amplitude-frequency effect), distor'
sions of phase and amplitude responses. Coming along with those effects are bi or
multistability, harmonic and sub harmonic generation, hysteresis. Finally unstable
states, chaotic states, can take place.

In the present paper sub harmonic generation and chaotic states are studied
in the cases of resonators with high or low Q-factors.

A large increase of noise in the system is observed, as well for white pedestil
noise, as for sidebond noise. This last one show a spectrum with a frequency law cl~c-
to 1/f 2 . The statistical characteristics of these noises are analyzed, in order to
termine if they are pure random noises or rather random-like phenomena with quasi-
continuous spectrum.

Modelization of such nonlinear systems is presented first. Then the results
of measurements performed on real systems, quartz crystal resonators (high Q-factor);
and phase lock loop (low Q-factor) are given.

A
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Noise Phenomena in Ringlasers

H. R. Bilger

Oklahoma State University, Stillwater, OK 74078, U.S.A.

The ringlaser is one of the most remarkable versions of oscillators

at optical frequencies, where quantum-limited noise of the oscillation

frequency f0 is routinely achieved in the commercial application, the

laser gyro. Over a wide range of Fourier frequencies (at least up to

Miz), the quantum noise can be expressed as a white "power" spectral

density S~f of the fluctuating frequency af(t) = 4" 1 with the

value

Saf = 42 hfo3/Q2P = a (Hz2/Hz) 1)

[Q quality factor of (passive) laser cavity, P = power lost in cavity,

h = Planck's constant.]') Eq. 1) corresponds to an Allan variance

a2 . a/2r [ - sampling time) 2)

in the time domain. Linewidthsof the order of Af/f - 10- 1 7 follow from

eq. 1, quite surpassing practically achieved line-widths of H-masers

or Pessbauer lines, to give two examples.

A classic difficulty in measuring the frequency fluctuation of

highly stable oscillators is the reference oscillator, whose stability

enters in the overall discussion. Early measurements of the equivalent

linewidth2 ) had to be done over short time intervals, to avoidbroadening

due to drift. In the ringlaser where the closed feedback path occupies

a finite area, this problem is solved by exciting two or more counter-

rotating modes in the sam cavity. Thus, cavity fluctuations are com-

pensated in first order. Furtheimore, several elegant ways to bias the

resonant frequencies exist: Sapwac effect, Fresnl ,

- M .-
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nonreciprocal optical phenomena.

Besides white noise, generally low frequency excess noise is ob-

served.5 ) Currently a 6 m ring is studied in our lab, and data of com-

mercial gyros are analysed. The results can be expressed in an expan-

sion of power spectral density vs Fourier frequency f as
6 )

Saf(f) ho + hl f-1 + h_2 f-2 + 3)

or equivalently as an Allan variance,

a 2 . a 1 r-
1 +a +a, 4)

Of particular interest, besides ho = a, is the mgnitude h_1 of the

flicker noise in frequency. Over the past 1 1/2 decades, published data

show a gradual reduction of the flicker noise coefficient h_! and the

random walk noise coefficient h.2 (similar to developments in active

electronic devices). For the measurements to be presented the corner

frequency of flicker noise and white noise is of the order of 10-3 to

10"4 Hz, which allows the observation of quantum-limited noise over time

spans of the order of minutes to hours.
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ULTRA LOW NOISE GAAS MESFET MICROWAVE OSCILLATORS

J. GRAFFEUIL , A.BERT H M. CANIADE , A.ANANA J.F.SAUTEREAU

IN2TODUCTIONI

Phase noise often Limits the performance of today's micro-
wave communication systems. Indeed it degrades adjacent channeL sensi-
tivity.

Therefore, the high phase noise observed in GaAs MESFET
osciLLators makes them of Limited use. Indeed the singLe sideband phase
noise of a dielectric resonator stabiLized MESFET osciLLator (FET DRO)
at 10 Kiz offset from the carrier is hardLy Lower than - 90 *C at
12 GHz. As a comparison, commerciaLLy avaiLabLe Gunn diodes osciLLators
exhibit a phase noise better than - 100 dBC in the same conditions.
UnfortunateLy, they have a very poor efficiency and a bad Long term sta-
bi.Lity. On the other hand,. GaAs- FETs -are now common devices universaLLy
used in most microwave systems and FET's osciLLators may have up to
40 % of efficiency. Therefore, the designing of uLtra Low noise FET
DROD's has now become a major goaL.

2o ays of dgareasing the phas. noise in PAT DRO.

The high phase noise in a FET DRO is the resuLt of the car-
rier phase moduLated by the Low frequency excess noise (LF noise) in-
herentLy present in the device. Therefore, decreasing the phase noise
can be obtained either by decreasing the excess noise or the moduLation
sensitivity.

The Low frequency excess noise was therefore extensiveLy
anaLysed both theoreticaLLy and experimentaLLy. It was found that it
depends mainLy on the presence of traps and defects in the three major
regions of the device : LateraL regions including the air-semiconductor
interface, depLeted region and neutraL region beneath the oate. From
this anaLysis to be presented at the conference, it can be stated that
the device to be seLected for the osciLlator must have the Largest pos-
sible atze* (matnty concerning gate width). Moreover, to seLect the de-
vice 4*ong teyeraL tranttitorl processed with different techniques, LF
noise measuregents prior to designing the osciLLator, is the most effi-
cient and the easiest way.

*LAA&CNNt, Universit4 PauL Sabatitr, 7 Avenue du CotonoL Roche

31400 TOULOUSE (FRANCE) and GRECO nicroondes

THOeMON-CSF, OCR, Domins d CorbeviLLe 91401 ORSAY (FRANCE)
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The moduLation sensitivity can be decreased with an appro-
priate stabiLization of the osciLLator. UsuaLLy, a dieLectric resonator
is inserted in the feedback circuit. Among aLL the possibLe Locations
investigated for this resonator, we found that the more appropriate Lo-
cation for reducing the modutation sensitivity is to use the resonator
as a coi.pLing eLement between gate and source, drain being used as the
output.

State-of-the-art noise perfbimmaoe

An osciLLator was buiLt with a power device previousLy as-
sessed for its Low frequency noise. A dieLectric resonator was used as
previousLy indicated and provides an externaL quatity coefficient grea-
ter than 1000. The singLe sideband phase noise at 10 KHz offset was
found to be - 104 dBC at 12 6Hz. To our knowtedge, it is the best noise
performance so far reported for GaAs MESFET osciLLators.

As a resuLt, FET bROs can now compete successfuLLy with bi-
potar or Gunn diodes osciLeators and we beLieve that in a near future
they couLd be, competitors with very Low noise osciLLators as kLystrons.

so

id

-ISO.5

-(WOO

SingLe sideband phase noise of the optimized GaAs NESFET osciLtator
(f a 11 6Hz, p 12 mol) -

This work was supported by the "DIRECTION AFFAIRES ENIKX-
TRiaLLES et INTERNATIONALEI' Of the "DIRECTION CAER"L US TILRCON'
NUNICATIONS".



187

Reduction of the Low Frequency Noise

Sidebands in oscillators

H. B. Chen, A. van der Ziel and K. Amberiadis

Electrical Engineering Department

University of Minnesota

Minneapolis, MNi 55455

Low frequency noise in an oscillator normally produces two
l.f. noise sideband. around the center frequency wo of the
oscillator. it was shown experimentally that these noise side-
bands can be eliminated by using an oscillator circuit with an
odd-symmetrical characteristic. A simple theory based on the van
der PoU approach to oscillators can explain the observed results.

According to van der Polis the time varying output current
in an oscillator is represented by: p e

i =Ov -Ov 2 _ YV3 ()

where v is Xhe applied a.c. voltage. Van der Pol omitted the
term with v4 since it did not add any new feature in the ampli-
tude limiting action of the oscillator; we take it into account
since it plays a quite important role in the purity of the
spectrum of the oscillator (it increases the linevidth).

Any low-frequency noise voltage v. because of the term rv 2

in (1), produces noise sidebands wo ± On around the oscillator
frequency and so produces line broadening. In the same way an
impressed low-frequency signal of frequency u produces, because
of the term Bv 2 in (1), sidebands wo I up around the oscillator
frequency wo. Only if B - 0, that is if the device is operating
at an inflection point (d2 i/dv2 - 0), so that it provides an odd-
symmetrical characteristic, will the sidebands around wo be
missing. This property holds for any device that either has an
odd-symmetrical characteristic by ts own nature or in which the
odd-symmetrical characteristic is provided by the circuit.

In the experiment we demonstrated two things. First that the
low frequency noise in an oscillator produces two sidebands cen-
tered around the oscillator frequency u o and second that these
noise sidebands can be reduced by achieving odd-symmetrical
characteristics. This can be shown by using the oscillator of
Fig. 1. After the potentiometer adjustment the injected noise
(side-lobes at 210 Nz from the center frequency) and the circuit
noise are clearly reduced (Fig. 2). This results in improved
oscillator output purity (linewidth reduction).

4 7.' .... "; 2, ; #.

-- - . .• .



Li

188

iO01ft Fig. .1. Oscillator circuit using
IMA aONl 1500 .F an op-amp; the 10 Wy,

10 m 250: -210 Hz signal is the
IlaIt I, impressed low frequency

noise.

-roti~
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Fig. 2. Spectral intensity display of the output of the oscillator
of Fig. 1. before and after the potentiometer adjustment.
Injected noise and circuit noise are reduced considerably.
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Invited Paper

1./f, diffusion and thermal noise in GaUs devices

A. van der Zlel
E.E.Department, V of Minnesota, Minneapolis, MN 554&55,

USA

Thermal noise in GaAs resistors is essentially velocity fluctuation

noise. If Kubo' a theory is applicable, the velocity fluctuations noise

can be expressed as diffusion noise; if in addition the Einstein rela-

tions qD-kTu is valid, the diffusion noise can be expressed In the

Nyquiat fora. At the highest frequencies of operation 0 and Va mny be

frequency dependent.

Short n+-n--n+ Gaes diodes, operating in the near-ballistic regime,

show thermal noise, 1 (f)-kft, at moderate frequencies; here g is the

differential conductance. This relationship is valid up to a forward

b~.as up to sbout 0.3 Volts. Short +-P -n+ GaAs diodes have a strongly

non-linear characteristic and are only near-bllistic at high forward

bias (0.5 Volt); the characteristic is here due to collision limited

ambipolar injection through the potential minium at low forward bias

and due to nearbellistic, electron injection through the potential mini-

ma at high fbruard bias. The h. f. noise is thermal noise at low for-

w ard bias and thermal-like noise at moderate and high forward bias;

experimentally the situation is not quite clear because of the large

aenunt of 1/f noise present. Short p 4 -n--p. devices should have a

characteristic with a negative conductance regime at intermediate bias,

it is caused by a transition from near-ballistic abipolar current flow

at low-forward bias to collision-limited hold injection through the I
potential minimum at large forward bias. Paemable base transistors are

in fact solid state triodes end should have near-thazual noise.

Modulation-doped transistors behave as ordinary FM' and bose should

have thermal noise at higher frequencies.

Gas current limiters har* cee-Imasinal diffusion noise consisting

of a l/fl' branch at lower frequencies sod a lIf3/2  breanch at higher

frequsecis. lbs diffusion probably Ma along disoetion limes; the

diffusing particle* are ions, end the activation mwW ot th f_ "i

fusion process is Voltage-depeniet due to the Pele-Preabal attest. ft

low tesperatures the noise is 1/f noie. bat atusu of the

* voltwg dependence of the I/t3 2 soa" sem Io be retained.

4"~-7.
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Ktdulation-Soped lelm have l/f noise up to moderate frequencies; it is

probably caused by Interaction of electrons in the conducting channel

with traps in the uaioped QALA- L er seperating the n+-surfsae from

the coaducting channel. ?be Jlo-trequency lff noise in n+-n-n. diodes

to very smJ. " espete for mbility fluctuation l/t under nmear-

ballistic cndltioa. U, *&v-fwsqmq X/1 noise in n4---n. devices

is orders of mgnitied larger si probably bangs together with the mode

of currmo flw. it is expected that p,-ar-p devices Should have role-

tively low lI/ mise1 t merate bias. Ie so should be mpapsted for

permable base transistors.

I
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BEHAVIOUR OF VARIOUS Au-InP SCHOTTKY DIODES UNDER HEAT-TREATM4ENT

J.M. Peransin and M. Abdelali

Laboratoire do Physique Appliqude

U.S.T.L. 34060 Montpellier

Thermal aging experiments have been made on Schottky barriers

diodes. Gold contact are made on n-type bulk (100) wafers cleaned using

two etching procedure. The surface are etched few seconds in HCl-H 2 0

(5 : 100) or Br-CH 3OH (3 : 100) baths giving type A or type B samples.

The aim of our study is to link up the role of the interface prepara-

tion with device noise to find accurate correlations between noise and

the first order parameters (from I-V and C-V characteristics). At pre-

sent the relationships between the low frequency noise and the barrier

quality studied in Ga As diodes are obtained with large scattered va-

lues. To prevent additonal effects of various noise factors in separa-

te samples we have used only a sample in successive operations to alter

its contact properties. The process consists in annealing treatments at

temperature under 300*C.

In type A samples at room temperature the spectra contain a

dominant 1/f component continuously increasing with annealing time. The

noise density Si correlate to n and 0B variations with a good accuracy.

The analysis of noise peak shifts with temperature yield the energy le-

vels of various G-R centers in the depletion region. Initial masure-

ments give a donnor level located at Za - EC - T - 0,58 v. After a

first treatment two new trap levels located at 0,44 and 0,49 av are re-

corded in the spectrum. Further heat treatments give generally larger

NA-
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degradation for both n,0 B and noise. An unexpected behaviour of Si(Id)

can be observed at specified temperatures producing negative slopes.

Since it is assumed that the distribution of traps changes in the de-

pleted region and can contain peaks in the density along the junction.

The type B samples show a very different behaviour after a

similar heat treatment. Particulary the cut-off frequency of I/f noise

shows a minimum value during the heating cycles. The noise levels in-

crease with annealing time only after 60 an. This result is presented

in relation with the n and (6 variations. The measurements versus tem-

perature give several trap levels, three of them can be fitted to these

of samples A. Thus the surface preparation plays an important role in

the aging behaviour with a selective effect induced by the interfacial

layer on the noise performances.

24mn_

12 ran

10150 M0 2NO OK
Sample A noise density vs T after various heating cycles Id l4 = otA) I
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Noise Properties of Bulk-Barrier Diodes

Chr. Hanke

Lehrstuhl fUr Technische Elektronik, TU MUnchen

Bulk-Barrier Diodes or Camel-diodes /1,2/ have recently gained gro-

wing interest for the application as photodiodes , mixers and as

temperature sensors. This type of diode consists of a p+n p (n p ni-

structure, where the thin base region forms a built-in potential barrier

because it is always depleted of free carriers. The current transport

is similiar to that in a Schottky-diode. Due to the different doping-

levels in the emitter and collector the current-voltage characteristic

is asylmtrlcal.

E

E 1.E---- E)
.._ -- / Ev[uo

Ux

Fig. 1: Structure and band-diagram of a Bulk-Barrier Diode

Mesa-diodes were prepared from ionimplanted wafers. The noise-

performance of the diodes was measured with a low-noise transimpedance-

amplifier and a FIT-spectrum analyzer up to 50 kHz in the current range

from O,1uA to 100 uA in the forward and reverse direction.

The noise spectra show shot-noise in the upper frequency range.

In the lower part we measured 1/f -noise with 8-values from 0,6 to 0,75

depending an the magnituds of the forward or reverse current.

~V
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QMR21forward
m---rverse

10-1 J30.10-A 4=bias

10-12

101 10p 103 10' 106 f [Hz]

Fig.2: Typical noise spectra of a Bulk-Barrier Diode

I~(AI~i2 -forward

(io-" bias

10'9 10- --4- 3 [ A] 1
Fig.3: Current dependence of 1/f-noise at f = 1 k~z

gIn the 1/f-range the noise spectral density is proportional to 12.

With the same current a greater noise is measured if the diode is for-

ward biased. By that and by a rough estimation according to Hooqe' a

formula it can be excluded that the 1/f-noise is due to the series-

resistance of the diode.

Different noise theories for Schottky-diodes were applicated to

Bulk-Barrier Diodes and the results will be presented.

//J. K. Shannoni, Appl. Whys. Letters, Vol.' 35 (1) pp. 63-65, July 79

/2/HR. Nlader, IMU-3D, Vol. ED 29, November 82
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ON I/f NOISE IN REVERSE-BIASED PN-JUNCTION DIODES

T.G.M. Kleinpenning

Eindhoven University of Technology, Eindhoven, Netherlands.

During the last few years reverse-biased (HgCd)Te photodiodes

have found widespread application as infrared detectors (1). Reduc-

tion of the 1/f noise level is important in systems requiring high

sensitivity. Therefore an understanding of the 1/f noise in reverse-

biased pn diodes is necessary. In this paper calculations and experi-

ments of 1/f noise in such diodes will be presented.

The 1/f current noise spectral density S (f) is calculated for
I

two types of diodes: (i) the current is determined by diffusion in

the base and (ii) the current is determined by generation-recombina-

tion in the junction. The calculations are based on the assumption

that i/f noise is due to fluctuatlons in the free carrier mobility (2).

The results are found to be

diffusion dominated I = IoXp(qV/kT,-1] , I = Aqni (D/t) /N B

G-R dominated I Io[exp(qV/2kT)-] 1 ° -= Iw . (V-V)'

2caql °  2
.. r\ 2 ex jF

Here, a is an empirical constant in the range of 10-4_10 - 3 for Si, f

the frequency, T the minority carrier lifetime in the base, T, the

carrier lifetime in the junction, A the cross-section, W the depletion

layer width, n i the intrinsic concentration, N the dope concentration

in the base, D the diffusion coefficient minority carriers in the base,

and V the build-in potential.

Measurements were performed on silicon p -n diodes with A -

2.5xl0-7 m2 at 426 K. The results plotted in the figures as circles

agree with the calculated results for g-r current dominated diodes

. " (broken lines). The experimental 1/f noise curve fits the calculated

one by taking a 10 -  (here W 0.3 o, r 30 ns).
• *. .t:l ' +-.*
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Tobin et al. (3) have experimentally investigated I/f noise in

(HgCd)Te photodiodes. In the figures we have plotted their results for

a diffusion current dominated diode as dots. (See also fig. 5 in (3),

where normalised data are given). Calculated results are given by

solid lines.

Conclusions

- The 1/f noise in reverse-biased pn junction diodes can be interpre-

ted in terms of mobility fluctuations.

- The 1/f noise level at fixed reverse bias depends on saturation

current and lifetime. Low 1/f noise diodes should have low saturation

currents and high lifetimes. At fixed reverse bias the shot noise is

proportional to the saturation current. Consequently, the ratio of

1/f noise and shot noise depends on the lifetime only; it decreases

with increasing lifetime.

References
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(2) F.N. Hooge, T.G.M. Kleinpenning and L.K.J. Vandamme, Rep. Progr.
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(3) S.P. Tobin, S. Iwasa and T.J. Tredwell, IEEE ED-27 (1980) 43.
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'Diffusion and Flicker Noise in GaAs Current Limiters"

A. Peczalski and A. van der Ziel*
Department of Electrical Engineering

University of Minnesota

A one-dimensional diffusion noise is reported in GaAs current
limiters. The current limiters are ungated MESFETs with the
drain source spacing L of about 1 Pm. The devices are fabricated
by ion implantation of Si in a semi-insulating substrate. The
[-V characteristics show saturation at the bias voltage of about
1.3V. The current noise spectra of a current limiter are shown
in Fig. 1. The f-I/2 turning over to f-3/2 spectra indicate dif-
fusion noise. According to A. van Vlietl the turnover frequency
ft is given

ft D

The diffusion constant D can be calculated as 3 x 10-5cm 2/sec
which indicates the diffusion of ions along dislocation lines 2.
However, the details of the ion diffusion are not clear yet. The
Pool-Frenkel effect modifies the diffusion constant at high
electric field

D qV 1/2
D - DO expIEao A-) )/kT]

where E is dielectric constant, q is electron charge, k is
Boltzman constant. Assuming that the ions cause the number and
mobility fluctuation the f-1/2 branch of spectrum is

21/2=N'L(( V 2 Nep E

S, ... 2 L ./2 e 1) 2 exp ao exp - ,aV' 1/2

- A
, ,I-

S a..

* WT T_ L_

Fig. 1. Current Noise Spectra Fig. 2. Noise vs. Bias Volt ,'.
at 3000K at 770K

This research was supported by Army Research Office.
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and the f-3/ 2 branch becomes

S23/2 2 V- 22 Eaoxp( q 1/2

i = L L N ' 1 exp(- kaWEE) qLN, i 2kT

where N is number of ions, Ne denotes number of electrons, w is
angular frequency. The voltage V and temperature T dependence
given by these equations are in a good agreement with the experi-
mental data. The turn-over frequency and noise spectrum density
variation with temperature yield the value of Eao = 0.3 ± 0.1 eV
which is close to the activation energy related to a leakage
current in similar structures 3 . The voltage dependence of the
turn-over frequency and the noise spectrum gives a somewhat
higher correction to the activation energy than predicted by
Poole-Frenkel effect. This can be partially attributed to a non-
uniform field distribution. The non-uniform field distribution
and high field effect, e.g., transfer of electrons to satellite
valleys are probably responsible for decrease and saturation of
noise at high bias voltage. Although this is the first detailed
report on diffusion noise in semiconductor devices the f-i/2 and
f-3/ 2 noise spectra have been found in some other GaAs MESFET
structures.

At lower temperatures the ratio of total mobility v to the
mobility limited by ionized impurity scattering Pi increases.
That means that mobility fluctuation cancels the number fluc-
tuation and the diffusion noise decreases. At 770K a new noise
mechanism appears. It is flicker noise which increases as V4

(Fig. 2.). An independent experiment showed that the ohmic con-
tacts deteriorate in current limiters below 1000K. This indica-
tes that the flicker noise caused by contact increases very fast
with the bias voltage.

References
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1/f NOISE IN SCHOTTKY DIODES

B.Koktav , Z.Chobola, V.Musilov. J. ikula, P.Vaina

Department of Physics

Technical University of Brno, Barvitova 85,

Czechoslovakia

The noise of the Schottky diodes has recently been

dealt with by Hsu and Kleinpenning. In our last paper we

supposed in contrary to the mentioned papers that the noise

source is localized in a volume which is substantially smal-

ler than that of the metal-semiconductor junction. In the

present paper we suppose that the diode current has two com-

ponents, of which only one is the source of the noise. In

parallel to this source the junction dynamic resistance and

the load resistor are connected. A typical dependence of the

noise voltage spectral density SUL on the GaAs Schottky

diode forward voltage UF  measured across the load resis-

tor is in Fig..
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It is seen that at a diode voltage UFM the Si(UF) plot

has a maximum for which the condition of power match does

not generally apply. At low diode voltage, UF 4. UFM , the

spectral density SiL grows proportionally to the square

of the forward current. Although the U-I curve is expo-

nential within the entire region of the forward voltages,

the ideality factor being equal to 1.05 (the diode series

resistance is 7 ohms), the SiL (UF) plot shows a region

where increasing the forward voltage makes SiL decrease.

We attribute his effect to the existence of defects

in the M-S structure. In some cases we even found out the

burst noise.

In the paper we give the results of the noise vs. tem-

perature measurements which are in good agreement with the

proposed model. From the equivalent circuit it is also pos-

sible to calculate electrical parameters of the defect.

\I
e
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1/f NOISE USED AS A RELIABILITY TEST FOR DIODE LASERS

L.K.J. Vandamme1 ) and L.J. van Ruyven 2 )

1) Eindhoven University of Technology, Eindhoven, Netherlands.

2) SSL ELCOMA, Philips Research Laboratories, Eindhoven, Netherlands.

From Kleinpenning's [i] calculations and experiments on various

types of diodes we know that for qV > nkT the 1/f noise in pin-diodes
2obeys SV c (nkT) /qTIf, where n is the ideality factor and T the life-

time of carriers in the i-region. At large currents I the I/f noise

may be dominated by a contact contribution and then results in

S c 12 R 2/f where R is the contact resistance. A relation between
V c cthe 1/f noise and the diode laser lifetime can be expected. If the

noise is dominated by the optical active i-region, its intensity is

inversely proportional to the recombination time T in that region.

A shorter carrier life time can be due to a non-radiative paraliel re-

combination process, resulting in larger power dissipation to maintain

the same optical output. Higher temperatures reduce the device lifetime.

If the noise is dominated by poor contacts, SV is proportional to R C.

Again this defect goes hand in hand with larger power dissipation, and

consequently higher device temperatures, reduced device lifetime and

larger 1/f noise. A similar reasoning was held for the application of

1/f noise as a diagnostic tool for solar cells [2].

Here we report on experimental results of 1/f noise before and
after accelerated life te#t on AlGaAs lasers and on the correlation
between life test and 1/f noise. The double-heterostructure injection

lasers used in this investigation are Philips type CQL 1OA [3].

Accelerated life testing on the unencapsulated lasers was performed

in dry air at 60°C heat mink temperature at a CW optical output of

5 aW per facet during different operating times- ranging from 5

hours to 165 hours. The noise voltage measurements of the lasers were

carried out at room temperature at a forward current of I mA, and in

the frequency range of I Hz to I KHz.

The criteria from accelerated life tests to qualify a laser

diode as accepted or rejected are the following. (i) The degradation '

.,. ..
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parameter which is defined by the relative increase in the driving

current necessary to maintain an optical output of 5 mW and reduced
3to a standard time of 10 hours. (ii) The threshold current after

life test. (iii) The laser efficiency. (iv) The current voltage

characteristic and its changes after the life test. The second type

of criteria donot use accelerated life tests to qualify a laser diode.

They are (i) The observed I/f noise (ii) An optical criterion which

is the laser efficiency devided by the threshold current.

The experimental results obtained on 60 laser diodes of the same

type can be summarized as follows: (i) The set of lasers rejected on

accelerated life test criteria coincides with the set of lasers rejec-

ted on the noise criterion together with the optical criterion from

a measurement after the accelerated life test. (ii) The set of lasers

rejected on the second type of criteria obtained from measurements

before an accelerated life test coincide with the set rejected on the

first type of criteria after an accelerated life .test of 165 hours.

(iii) The average I/f noise of the accepted diodes after life test

as a function of life test time shows a minimum for a operating time

of about 10 h. (iv) Only one diode laser out of 60 was rejected due

to a poor contact resulting in SV a 12.

Conclusion: The observed I/f noise shows a strong correlation

with the outcome of the relialibility test for the electrical

properties of the diode laser.

1. T.G.M. Ileinpanning, Physica 98R, 289 (1980)

2. L.K.J. Vandauae, R. Alabedra and M. Zmeiti, Solid State Electro-
nics, acceptd for publicatin.

3. J.C.J. Finck, H.J.H. van der Laak and J.T. Schrama, Philips Tech.

3ev. 39, p. 37 (1900).
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NOISE IN Ge AVALANCHE PHOTODIODE AT )= 1,3 pm

R. ALABEDRA, B. ORSAL, M. SAVELLI, G. LECOY

Centre d'Electronique de Montpellier
Universit6 des Sciences et Techniques du Languedoc,

34060 Montpellier c6dex, France.

The purpose of this paper is the characterization of Ge ava-

lanche photodiode at = 1.3 ym The devices are manufactured

by C.I.T. Alcatel. The photodetectors are C.G. 4000, 4100 and

4200.

They are illuminated at A = 1.3 ym by GaInAsP/InP light

emitting diode DE 1000 of the same manufacturer. We give the curves

I versus V under obscurity and illumination conditions and also the

capacity versus applied voltage V. The curve of noise S (f) at obs-

curity showns 3 zones:

SAB : the shot noise;

• BC : burst and 1-/f noise;

.CD : multiplication noise.

The presence in BC zone of burst t'nd I/f noise is due to a

small inhomogeneity in the multiplication region which is showed by
i optical cartography of active surface at V = -26.4 volts. The low I

of multiplication noise in CD zone is given by:

Si(f) = 2 q In M obs M

where x U 3 because in germanium the Ionization coefficient P of

holes Is about 2 ( the Ionization coefficient of electrons. The non

multiplicated photocurrent at = 1.3 rm is the ome order of vohle

of the current at obscurity (Iobs m 0.7 x 10-6 A and I P o -0.6 x l0

A at V a -0.1 volt). h

. if in a first approximation we consider there Is no corroliolon

between the carriers, the noise when the device Is Illuminated Is - -
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the sum of two components: the noise at obscurity and the noise of

photocurrent. Also the noise curve is given by law:

51i(f) = 2 [q I inj abs + I ini pho I M x

We calculate the Noise Equivalent Power (N.E. P.) in taking

account the contribution of noise at obscurity. So the relation of

N. E.P. is given by: h M
N.E. P. Re2 q iniobs +ini po ) M

R eis load resistance; k Boltzmann constant; T enoise equivalent temn-

perature at input of the amplifier.

We calculate with this relation the optimum multiplication

coefficient M This parameter can reach with those devices a

value of only 6. The relation for M otw ith I os=I poand x = 3

is:

2M 2ITo 1/3
opt R* q Ioh

The main result of this work is that Germanium is not good

enought (f = 24'~ value of energy gap too small) for avalanche pho-

todetector at A=1.3 rim. It is possible with Hg CdT. avalanche

photodiode to obtain x =2.4 and M otbetween 20 and 30. WeI

now are studing two Hg CdT. P.1. N. photodetectors.

1-T
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Low Frequency Noise in InGaAs/InP-Photodiodes

J.Kimmerle,W.KuebartE.Kuehn,0.Hildebrand,K.Loesch* ,G.Seitz

Univ.Stuttgart, Phys.Inst.4, D 7000 Stuttgart 80, FRG
*

SEL Research Centre, D 7000 Stuttgart 40, FRG

InGaAs(P)/InP-photodetectors for long wavelength optical fibre

communication /1/ involve a heterojunction necessarily, since the

ternary (quaternary) material has to be grown on InP substrates.

With low frequency noise measurements (f1lM4Hz) we demonstrate

that this heterojunction influences the noise behaviour in photo-

diodes, even if the heterojunction is located outside the de-

pletion layer. As an example, for InGaAs/InP diodes with the pn-

junction located within the InGaAs layer, the following results

are obtained:

For low reverse bias, where the depletion region has not yet

reached the heterojunction (homodlode operation), the spectral

noise power density (SND) of the dark current is much smaller

than the expected shot noise value, as seen In fig.1,region a.

With increasing bias, the boundary of the depletion region

crosses the heterojunction interface (arrow in fig.1) and a

strong 1/f-noise sets in (fig.l,region b). The SNO is proportional

to the square of the excess dark current.

With illumination, this 1/f-noise is quenched, if the light is

absorbed in the InGaAs layer (wavelength ),.g4m, see fig.2),

whereas it is strongly enhanced, if absorption occurs in the lnP

close to the heterojunction (h-.94pm, fig.2).

Vr 4

Mow,
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These noise effects are related to the InGaAs/InP heterojunction.

They are discussed in terms of space charge effects and inter-

face states at the heterojunction, the latter acting as 1ff-noise

sources in analogy to observations at Schottky devices /2,3/.

100
region b 109 fig.1: SNO of a

I~ ~~ oflN nGaAs/InP diode

--- daJ 1urre1 vs. reverse bias,
ar measured at 3 kHz.

~ is-' UAt V , the boundary

f- of the depletion
102 region crosses the

0JV interface.
reio t 1o-3 dashed: expected

0 V 5 Vgl f V Vshot noise value
100Jo of the dark current.

0.3-reveme bias M

- SND -0.8
--- total current fig.2: SND of the

SM~ dark total current with
0 -2 0 . and without ll umii-& L-.:N .:: nation vs. wavelength

0.4 of incident light;

reverse bias: 6V

-0.2 frequency: 3 kHz
dashed: expected

0- shot noise value
am 1200o of the total current.

References:
A1/ G.E.Stilloan at Ml IEEE Trans.El.Dev. ED-29(9) .1355(1982)
/2/ A.van der Ziel Adv.El.El.Phys. 49 . 226(1979)
/3/ S.T.Hsu IEEE Trans.El.Dev. ED-17(7) , 496(1970)

EO-18(10). 8U2(1971)
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ON CURRENT NOISE LIMITED DETECTIVITD IN PHOTOVOLTAIC (PV) AND IN

POOCDCT (PC) DrIECTORS

T.G.M. Kleinpenning, University of Technology, Eindhoven, Netherlands.

The detectivity of photodetectors is limited by three types of

noise: (i) current noise in the detector, (ii) noise due to background

photons (photon noise), and (iii) noise in the electronic system

following the detector. The detectivity is defined as D*(A,f) -

vi i/NEP, where A is the detector area, NEP the noise equivalent power,

X the wavelength, f the frequency, and Af the bandwidth.

In this paper we present calculations for current noise limited

D" in PV and PC detectors. For a reverse-biased PV detector (V c 0)

where the dark current is dominated by diffusion, the detectivity at

peak wavelength A is found to be
c

Is 4

c IgC/qNC

time and diffusivity in the base, TD the etor teuperature, fc -

whVI/A kT the frequency where the e/f noise equals the shot noise,

V-0 for various T . The curves are calulated for typical rersand a the Sooge 1/f noise parameter (a,10-3 ). Fig. la showSA DAc) at

1, -: - - - ,101ai- and /- 1500 c/s. The detecti-

vities of some detectors are also shown. The photon noise limit is I
reached at TD 25s/J~(), with % in Va.

For intrinsic PC detectors at low frequencies ? is calculated as

e cof - nx/2hc) (rqpa1LJ U. +e fo/f) ~

where T is the lifetime of excited carriers, p their mobility, Rthe

dark iaeetresistince, and fc - €/4T.In fig. ,lb De( c) is shown for

f > fc and for various Ti. The curves are calculated for n - 1,

- aS, Vt mximum attainable values (i.e. 2m 1/qnit with AL

the intrinsic concentration), and thickness t - 2.0 Va. mote that for

~"1 Ptim performance the temperature To has to decrease with increasing

~~ wavelengt A. the frequency f0 is often found to be in the range of

, '

-. A .' ..7

- - , i,
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10 t Hzwhich is to beexpecd since G60 and mosy vlus.

10 IUK T-77K
A jHqdTa a igcdTe

101 L nb o InSb
U10(300) * *PbSe Vb

ScgarzuR(300 KL 16 0 I Oe-Au
At(300KX) 10

16 VPb8. (250 K)T-13 T-K10 0 Inab (77 K) IAe oaB0 HqWT. (77 K) X GeB
-I VPbca?. (77 K) T PbS ( OC

A ~ ZnAm (77 X) GeZ

*0 IK

12

'K - 12
1020

40 K

io8 77 X
1osI0 K 101C

30 K

to t10 ook
10 1080

Fig. Ia Fig. lbC

Maise limited DG'A ) of a pv detector (Ia) and of a PC detector (1b).

Broken lines: photon noise limited D* for two background temperatures

T-77 K and 300 K and for free optical vievF 2* sr. Solid lines: shot

noise limited D5 f or unbiased PV detectors (Ia) and current noise

limited DO for PC detectors (1b) at various TD.

rees iased

srf-ai/4ic 1/2w

Fig. 2a Fig. 2b --- log f

Frequency dependence of DO for a PY detector (2a) and for a PC detec-

tar (2b).
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NOISE IN OTHER PHYSICAL SYSTEMS
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A CURRENT NOISE INVESTIGATION ON STRESS RELAXATION
MECHANISMS IN THIN METAL FILMS.

G. Bertotti and F. Fiorillo

Istituto Elettrotecnico Nazionale Galileo Ferraris, Gruppo Nazionale
Struttura della Materia del C.N.R., 1-10125 Torino, Italy.

A current noise arising from lattice defect kinetics has

been recently put in evidence in continuous metal films. In particular,

a noise contribution from vacancies in thermal equilibrium /I/ and

from dislocations during plastic straining /21 has been recognized.

Since any conceivable mechanism of plastic flow in cry-

stalline materials necessarily involves the motion of lattice defects,

one can reasonably look for an application of the current noise tech-

nique to the general study of the mechanical properties of metal

films on substrates and, in particular, of the specific defect mechanisms

leading to stress relaxation. The case of an aluminum film deposited

on an oxidized silicon substrate is presented in this communication.

The basic mechanisms operating in the relaxation of the stress

built-up through a temperature change, via the metal-substrate ther-

mal expansion mismatch, are investigated. Information is gathered

by investigating the noise power P upon different experimental condi-

tions:

- P measured vs. temperature at a constant strain rate.In this case

a dramatic increase of the noise intensity above about 2000C is obser-

ved. Two relaxation mechanisms are correspondingly identified: a

low temperature one, characterized by the motion of the dislocation

lines in their glide plane, and a high temperature one, where stron-

gly correlated rearrangements of the dislocation structure take place,

presumably controlled by vacancy assisted dislocation climb.

- P measured vs. strain rate in a given temperature interval. This

*/ I permits one, on the basis of the non linear dependence of P on strain

-.~.~,.Km

$9 ___ .lwalk%
df 

_



lA

216

Heat€ log, etn Fig. 1- Effect on the noise power of
S- dislocation unlocking from impuri-

ties. Continuous line: noise beha-
vior upon continuous straining. Da-

. shed lines: straining is stopped at
a given temperature and restarted

CooI ng when saturation of locking atmos-
pheres around dislocations has oc-f curred.

as

I ' N~ Itue (

rate, to quantitatively evaluate the contribution of purely diffusive

(i. e. involving vacancies only) creep processes.

- P measured upon material annealing. This experiment shows that

in general the interaction of dislocations with foreign atoms plays a

comparatively minor role in stress relaxation. Only when the defor-

mation is stopped at a given temperature for a sufficiently long

time, dislocation locking by solute atmospheres can take place. On
restarting the deformation, a characteristic noise overshoot is

then observed, corresponding to the unlocking of the dislocation

lines.(fig. 1). Through this experiment information on the impurity-

dislocation mechanism of interaction is provided.

I / M. Celasco, F. Fiorillo and P. Mazzetti, Phys. Rev. Lett. 36.(1976)

38.

12/ G. Bertotti, M. Celasco, F. Fiorillo and P. Mazzetti, J. Appl. Phys.
50 (1979) 6948.

-dut
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Vacancy Noise in Metals

H. Stoll, Max-Planck-Institut fUr Netallforschung, Institut fUr Physik,

7000 Stuttgart 80, Fed. Rep. Germany

Fluctuations in the number of vacancies in thermal equilibrium in

metals at high temperature lead to resistivity fluctuations /1/. This

"vacancy noise" contains information about the average number N and

lifetimes T of the vacancies. An advantage of vacancy noise measure-

ments over other techniques is that they permit the determination, from

a single type of thermal equilibrium measurement, of both the formation

enthalpy HF and the migration enthalpy Hof the vacancies.

The power spectrum of the vacancy noise can be derived via a series of

statistically independent pulses for any sample geometry. Vacancy dif-

fusion to homogeneously distributed sinks and to the surface of a plate

or a sphere are treated as examples. The general form of the spectrum

and its dependence on the tem-

perature and on the formation

U) and migration enthalpies is

Aw -shown in Fig.1. The slope of

the high-frequency spectrum

depends on the vacancy sink

f NVIkT If- geometry (e.g. f2 for horoge-

neously distributed sinks,

Fig. 1: Dependence of vacancy noise f-3/ 2 for vacancy diffusion to

on temperature a surface).

In order to assess the possibility of measuring vacancy noise we cal-

culated the power spectrum of vacancies diffusing to the surface of a

typical 1.5 um thick gold film at 1123 K (Fig. 2). The vacancy noise

NY,
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spectrum is about 6 % of the Johnson noise of the specimen. Therefore

the Johnson noise must be sub-

1 ut.ctromignstion nain S m(f) stracted by means of a second

" measurement without current
lE ' n o sno ise,. SM passing through the sample.

raoution limit The statistical error of that

. -difference obtained from two

runs of 3600s each is also

02 legiven in Fig. 2. It is shown101010 0 s

frquenfic(Hzl that, with a current density

Fig. 2: Calculated power spectrum of of j = 5 * 109 Aim2, a vacan-

a typical gold thin film cy noise 6 times higher than

the statistical error of the measurement can be expected.

The practicability of measuring vacancy noise has been already demon-

strated in experiments on polycristalline alluminium /1/ and gold films

/2/. Although vacancy noise increases proportionally to the square of

the electrical current density J, the applicable current density is

limited by the 4 dependence of an additional noise component (Fig. 2)

which may be explained by resistivity fluctuations due to electromigra-

tion in the sample. As electromlgration is considerably reduced in

monocrystalline thin films, we suggest that in these films improved (S

vacancy noise measurments will be attained.

/1/ N. Celasco, F. Fiorillo, P. Mazzetti:

Phys. Rev. Lett. 36, 38-42 (1976)

/2/ H. Stoll: Dissertation, University of Stuttgart (1981)
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Contact Noise In Superionic Ceramics
by

Jaes J. Brophy
University of Utah

Salt Lake City, Utah 84112

Voltage fluctuations at electrodes to polycrystalline beta

alumina supertonic conductors have been observed in the frequency

range 1-1,000 Hz. Noise voltages exist in the absence of dc current

for both two- and four-terminal samples. In addition, both the
transverse and longitudinal current-dependent noise power are pro-

portional to the square of the dc current.

Sodium o" alumina samples 1 cm x O.S an x 0.2 cm shaped to pro-

vide either transverse or longitudinal potential electrodes use cur-

rent contacts consisting of a sodium nitrate-sodium nitrite eutectic

mixture. Sodium 0' polycrystalltne specimens less regularly shaped

are examined in the transverse 4-probe electrode configuration only.

Samples are baked for several hours above 8000 C to eliminate adsorb-

ed moisture, and all noise measuremmnts are carried out in the tem-

perature range 2500 C to 3000 C where the current contacts are molten.
Three potential probe electrode materials have been examined: sodium

eutectic, silver paste, and platinum foil pressed against the sample

surface.

The eutectic current contacts exhibit a non-linear current-

voltage characteristic which suggests a large dc resistance at
zero applied voltage compared to the sample resistance of 4 ohms. -

At temperatures above the melting point of the eutectic mixture,

dc currents can be maintained for extended periods with no indication

of polarization effects. The dc voltage at the potential probes is
a linear function of current through the current electrodes and the

conductivity calculated from the observed reistac and sample
dimensions (5 oem-cm) agrees with published values for sodium '"
alumina

E Z7
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Noise voltages are observed with a PM 113 ac-coupled pre-

amplifier, a tunable electronic filter and an ac voltmeter. The

system accurately measures the Nyquist noise of known resistors

placed at the sample position. Initial measurements have been

confined to the frequency range 1 Hz to 1,000 Hz by thermal in-

stability at low frequencies and amplifier noise at high frequencies.

Current is supplied to the samples through a noiseless 100,000 ohm

series resistor to reduce current fluctuations.

Noise voltages observed in the absence of current are many
orders of magnitude in excess of Nyquist noise of the bulk saple and
are dependent upon the electrode material at the potential probes.

The sodim eutectic mixture exhibits the lowet, and the silver paste

electrodes exhibit the highest noise levels. The spectral noise

density in all cases varies as f-3. The additional noise accompany-
ing the presence of dc current in the specimen shows the same fre-

quency dependence.

The observed spectral shape can be accounted for by a simple

model in which a distributed contact resistance is shunted by a dis-
tributed contact capacitance. This Implies that the contacts exhibit
1/f noise, which is not unexpected t viw of the polycrystalline

nature of these specimmns. The conductivity fluctuations indicated

by the current dependent noise indicates that a similar model my
apply to the bulk phumnomn as wll. Alternatively, noise my arise
from reaction p ses within the sale due to the basically non-

qilibrim nature of tee materials. The present results indicate S

that satisfactoy electrodes for noise masurmnts are available for
superionic conductors. It Is possible to obsmve bulk conductivity

fluctuations as wll as contact noise.

This research progrm is supported by the Office of Naval
Resesrch Steven V. Soith carried out the expe1Notal measuremnts.
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SPACE-TIME CORRELATION PROPERTIES OF THE

MAGNETIZATION NOISE AND MAGNETIC LOSSES

G. Bertotti

Istituto Elettrotecnico Nazionale Galileo Ferraris

1- 10125 Torino, ITALY

(Gruppo Nazionale della Struttura della Materia del C. N. R. )

The magnetization process in ferromagnetic materials shows an

intrinsic stochastic character. This is clearly put in evidence by

Barkhausen noise experiments and leads to describe the material

magnetization as a random sequence of strongly correlated

elementary magnetization changes, each corresponding to a sudden

and localized displacement of a Bloch wall segment separating

different magnitic domains.

The correlation properties of the elementary magnetization

jumps have been widely investigated in the time domain, in terms of

the Barkhausen noise power spectrum /1/, while space-time

correlation effects have been mainly analysed only for what concerns

the longitudinal propagation of the magnetic flux in the magnetization

direction, usually characterized in terms of the Barkhausen noise

longitudinal cross-spectrum /21. There is no doubt however that

also transverse correlation effects in the sample cross-section play I
an essential role in determining the magnetic behaviour of the

material /3.

The space-time behaviour of the magnetization rate (r, t) in a

given cross-section can be characterized, from a statistical point

of view, by its power spectrum OfftMw), which can be considered as

a generalization of the conventional Harkhausen noise power spectrum

0B(w) ( actually 013(w) a O(f-0,w) ). 01('0w) is expected to be

directly involved in all problems where transverse correlation

effects play an essential role. This is the case, for instance, when
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the problem of calculating the area of the hysteresis cycle, that is

the magnetic loss, is considered. Actually, the loss originates from

the decay through the Joule effect of the eddy currents induced in the

material by the magnetization changes, and basically depends on how

the eddy current patterns produced by the single elementary

magnetization jumps superpose, in space and time, in a given cross-

section. The general dependence of the loss P on the magnetization

rate i can be derived directly from Maxwell equations. The random

character of I(1, t) with respect to both VP and t is conveniently dealt

with in the Fourier space (,w), leading to the general loss expression

P= a2__L

where S represents the sample cross-section, while a and p are the

electrical resistivity and the reversible permeability of the material.

*f(7,w) can be explicitely calculated In the important case where

the magnetization process is described as a Markov process, leading

to a general characterization of transverse correlation effects and of

magnetic losses in terms of the basic physical quantities describing

the microscopic dynamics of the magnetization process.

/1 G. Bertotti, F. Fiorillo and M. P. Sassi, J. Magn. Magn. Mat.

23(1981) 136.

/2/ W. Grosse-Nobis and K. Jansen. in : Noise in Physical Systems,

ed. D. Wolf (Springer, Berlin, 1978). p. 204.

/3/ G.Bertotti, F.Ftorllo and M.P.kassi, J.Magn.Magn.Mat.

an(1o) 254.
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NOISE OF DIELECTRIC MATERIALS
O.Sikula, A.termikovd, P.Vagina, M.Kliment

Department of Physics

Technical University of Brno, Barvi~ova 85,

Czechoslovakia

Our experiments carried out on samples of polyethylene
terephtalate and softened polyvinylchloride showed that in

the noise spectral density vs. voltage plot appears an hys-

tereresis effect.

This is supported by the shape of the noise spectral

density Si vs. voltage U plot (Fig.1). When the volta-

ge growth (the slope of which is about 10 V/9) is stopped

(point A) the noise spectral density drops suddenly to a

lower value (point B). Reversing the slope of the ramp vol-

tage makes the spectral density drop to zero (point C) and

then rise again to a value more than one order of magnitude

PVC 4 J

. .A0
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higher (point D). To explain this phenomenon we assume

that the dipole arrays polarization is frozen at a voltage*

corresponding to the voltage U. and is released gradually

between the voltages UC and UD

At the point B the dielectric is in a steady electric

field and the spectral density is proportional to the squa-

re of the conductivity current Ic . Decreasing the total

current I m Ic - Ip makes the spectral density decrease,

so that the noise components due to the conductivity and po-

larization current are not independent.

At higher voltages than U the noise current exhibitsm
sharp bursts. Rather than to micro-breakdown we attribute

these bursts to abrupt changes of the orientation of the di-

pole arrays (quasi-domains) which are induced by the applied

electric field.

The spectral density vs. frequency plot at the point D

is of the generation-recombination type while at the point

A the noise is of the i/f type.

6 'el
I,
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Noise Analysis of laser light scattered by Nematic Liquid Crystals.

P. van der Meuen, R.J.J.ZijZetra, D. FrenkeZ and M. van Dort,

Rijkaoiiversiteit Utr.ahtFysioh Looratoriwn, afd. F. V.S.,

vincetonpZein 5, 3584 CC Utrecht, the Netherlands.

By using the technique of optical beat spectroscopy involving the

measurement of the spectral noise power of scattered light we can obtain

direct information about the dynamics of single crystalline nematics,in

particular the viscoelastic ratios. Lorentzian line broadening is

observed, from which the relaxation times can be determined. These

times are related to distortions of the director pattern which are due

to orientation fluctuations of the elongated molecules
2

Except for special and restricted optical configurations the expression

for the noise intensity of the scattered light is a sum of three

Lorentiians. These Lorentzians have halfbandwidths which are linear

functions of the inverse relaxation times. These times are connected

with two uncorrelated distortion modes of the nematic3 .

The problem now is to determine the two relaxation times separately,

which may differ only slightly in magnitude.

The Lorentzians, however, occur in the expression fc the noise intensity

with weighting factors associated with the optical configuration, O.f.

the scattering angle. By varying the scattering angle the weights are

chansged4 . Measuring the spectral noise power for a sufficient large set

of scattering anSles we are able to single out the two relaxation times,

with the help of ecmputer analysis.

141,
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Additional information about the statistical properties of director

fluctuations in nematic liquid crystals can be obtained by studying the

statistics of scattered laser light. In particular, by combiniug

measurements of the autocorrelation function of the intensity of

scattered light with measurements of the probability distribution and

time-interval statistics of scattered photons, one can ascertain to

what extent director fluctuations behave as a Gaussian-Lorentz process5

Experimental data on the statistical properties of director fluctuat-

ions in some simple nematogens close to the isotropic-nematic transition

will be presented.

1. van Eck, D.C. and Zijlstra, R.J.J., J. Physique 41 (1980) 351.

2. van Eck, D.C. and Zijlstra,. R.J.J. in Noise in Phyicat Sy~tstit.I

(Wolf, D., ed.; Springer-Verlag, Berlin, 1978) p.p. 270.

3. de Cennes, P.-G., The Physics of Liquid C2 stalts (Clarendon Press,

Oxford, 1974).

4van der Keulea, J.P., and Zijistra, R.J.J., J. Physique 43(1982)

5. J. Tiimsrms & L.J.J; Zijlstra, Physics $$A (1977) 600.

7,
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Noise in organic semiconductors

H.F.F. Jos, R.J.J. Zijletva and J. Ike

Rijk univeriteit Utrecht, Fyeiach Laboratoriwn, afd. F.V.S.

Prircetonp ein 5, 3584 CC Utrecht, the NetherZande.

Tetracyanoquinodimethane (TCNQ) forms crystalline organic conductors

with morpholinium derivatives. The organic conductors often show several

phases i.e. an insulating, a semi -conducting and a metallic phase. (I).

They are quasi-onedimensional conducting i.e. the conductivity is

anisotropic. The electrons (and holes) can move more freely along the +

stacks of TCNQ molecules than in other directions. Interest in the

crystalline organic semiconductor is stimulated by the occurence of

typical one dimensional effects and high conductivity (2).

It seemed worthwhile to study the properties of these materials in order

to obtain more insight in the conduction processes. We have studied

noise phenomena in semi-conducting TCNQ salts as a function of temperature.

In this regime of operating the morpholinium derivative, for example

methylbutylorpholinium, acts as a donor of electrons and the TCNQ as

an acceptor. We have found 1/f noise and generation-recombination noise. A
The latter is of great importance because it provides an unique method

for determining the number of charge-carriers (3), whereas in these

quasi-onedimensional conductors the interpretation of Hall-effect data

is ambiguous. Results of the low frequency (f <ltz) generation-

recombination noise levels S(O) and the relaxation times as a funtion

of temperature are discussed.

7 ~ 1~VTT~~;Al
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I. Torrance J.B., The Difference between Metallic and insulating

Salts of TCNQ., Aao. of Chem. Res. Vol. 12, 3 , (1979)

2. Chaikin P.M. from: Synthesis and Properties of Low-Dimensional

Materials, eds. J.S. Miller, A.J. Epstein. New York, Ac. of Science

128 (1978).
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NOISE IN SUBMICRON DEVICES

(invited paper)

J.P. NOUGIER

Centre d'Electronique do Montpellier
Universit6 des Sciences et Techniques du Languedoc,

34060 Montpellier c6dex, France.

The reduction of the size of semiconductor devices giveS rise

to specific problems, non encountered in "long" devices, due to

physical mechanisms involved when fast transient regimes (,410 - 12 s)

and/or small dimensions (< 1 ,m) are considered. The effect of

these mechanisms (overshoot velocity, ballistic transport, etc...)

have been investigated since a few years on first order characteris-

tics. Moreover, noise properties are also modified: although corres-

ponding studies have not yet been performed extensively till now,

many questions of great physical interest arise, which also may

have important consequences in VLSI devices.

In this paper, the most important features involved, in sca-

ling down the size of devices, are reviewed:

9 Parameters of minor importance in long devices can have signifi-

cant or even preeminent effects in short devices.

9 The relative effects of the various noise sources may not be the

same for long and short devices made of the same material (de-

creasing importance of the diffusion noise, effect of localized

defects, carrier-carrier scattering due to higher carrier densities,

etc..)

0 Non stationary effects should be taken into account (diffusion for

example)

0 The noise sources at two neighbouring points cannot be considered

as being uncorrelated

. Three dimensional effects occur even In one dimensional devices

... .. ;1 ,4
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*What is the effect of the finite time durationi of the collisions?

*Some very short devices may behave as discrete systems and not

continuous ones, with a great sensitivity to the microscopic struc-

ture (porus in membranes, inversion layers, superfattices,...)

*The statistics of very low populations (<30) is no more gaussian.

Most ot these questions have not yet receive any answer till

now.
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MICROWAVE ELECTIC7 AND MAGNETIC NOISE IN MAGNETIC

SEMICONDUCTORS IN HIGH ELECTRIC FIELD

V.Barelkis, A.Galdikas, I.MatuIoniene,

A.A.Samokhvaiov, V.V.Oslpov

The Institute at Semiconductor Physics of the A cad, of Sd. of

the Lithuania SSR, Vilnius, K.Pozhelos * 52, 232600, USSR

Magnetic noise (fluctuation of nmagnetization) in addition to

the electric one Is characteristic In magnetic semiconductors

Microwave electric as well magnetic noise, which reuldts fro

thermal motion of electron* and magnetic atoms may be used as

the diagnostic tool for the electron and magnion heatin determi-j

nation. Conductivity and magnetization dependence on electric

fiel InEuOand d~rSeindicates the possibility of electron

heating as well as magnon sitation In magnetic semiconductors

in high electric field [1]

There the experimental results of electric and magnetic nol-

so In microwave range (1o Gus) in EuO, CdCr 2 Se4, and

HgjCr 2 5e4 below Curie temperature In high electric Geld to pre-

sented.

The considerable Increase of the electric noise temperatu-

re T In EuO and HgCr 2 Se4, In high electric field E Is obser-

ved (Pig. 1). In CdCr 2 Se4 the T.depends on the electric Gold

only at lattice temperalures exceeding 100 K. These dalls show

that the current carriers are hasAed by the high electric Beld In

magnetic senicodiucftors

It w found that In HeC r2 ae, (Pig. 2) the electric Seld

13
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increases the magnetic noise temperature M,~(N 5 2
4

T "CT 7k -WX7
whereo(mlis the spectral density of the magnetization

fluctuations, -Imaginary part of magnetic susceptibiuty, k is

the Boltzmann constant. WO - angular frequency). The results

of the magnetic noise temperature measurements may be explai-

ned assuming that driftin electrons stimulate magnons with the

definite momentum and energy. I

1-,. TO(K

/ HgCP2jSe 4
P-/w S04 4.2 K IHrt3kta0/

4pcvoe / 0

IV

4. 1 2 3 EIAb 0 2 5EIn

1'lg. I. ves. E Pig. 2. 11 vos. E
I- paranet to E

-perpendicular to E

2.. A.A.Sameochvalov, V.V.Oaipav, A.TJVJe~r. V.T.Kllnnlkov,

P.GAmlnov. Zh. okspep. teor. Viz., Pleas 30. 68 (1979).

0.

j ....



237

is that of a two level system [23 and the corresponding noise spectrum

is [4j

Is1(0)]:o (2 2 / 1  UPl2 2 0__(2)_~5 iO(ai~ ~1 - n + in2 ) (I + 6)2 r 0 (2)

Here the electron temperatures are constant, hence, p is the chordal

mobility and l/IT 0 = - 1 + rwhere rn is the rate of change of the

distribution function due to Intervalley scattering.

Results for GaAs show that the low frequency noise (< 1 GRs) is dom-

inated by the Intervalley components except when almost all the electrons

are in one valley. The noise power rise* dramatically in the negative

differential resistance (ndr) region. The peak in high frequency noise

(> 1012 Hz) in the ndr region Is attrbuted to changes in electron temper-

ature and conductivity. Unlike silicon there is no maxima. In the noise

spectrum. This and other differences between noise In silicon and GaAs

are discussed. A comparison with the noise obtained by applying Nyquist' a

formula to each valley will be me. The effect of finite collision

duration will be studied.

[1l A. Cbatterjee and P. Dma, J. hppl. Plays. 53 5289 (1982).

[231. K. w an Mlet ad J. I. ssett In "Fluctuation Phenomena In
Solids", Academic Press (1965).

[33 P. J. Price, J. Appl. Plays. A1, 949 (1960).

(43 P. 1. landel end A. ven der 214, Solld-St. Ilectron. 25. 541 (1962).

(5) A. Chatterjee and P. Des. to be pulshed In Sold-St. IMectrenice.
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GENERATION-RECOMBINATION NOISE IN n-Si AT 77K
D. GASQUET, H. TIUANI, 3P. NOUGIER

CENTRE D'rLECTRONIQUE DE MONTPELLIER

UNIVERSITE DES SCENCES ET TECHNQUES DU LANGUEDOC
Place Eugism Bataillon - 34M MONTPELLIER CEDEX - FRANCE

Previous results (1) showed in n-Si below 110K, at low fre-

quency, noise temperaturesTn (E, 4 =0) too high to be explained only by dif-
fusion noise.

In this paper we give experimental results n -To= f(E,)).
At a given electric field, the curve T-To = f(O) at 77K, shows a cutoff fre-

quency around 3GIj' (fig.I). This phenomena can be explained by the fact

that all the carriers are not thermally ionised at this temperature and may be

ionised by impact ionisation or Pool-Frenckel effect. This is GR noise of hot
carriers. From these results we are able to get, the number of ionised carriers,

the mobility of carriers, and the diffusion coefficient, versus the electric

field. For getting these quantities, we fit the three parameters of the theo-
retical noise (sum of the diffusion and of the GR noises) to the experimental
results. No assumption is needed as concerning the detailed microscopic nature
of the noise.

(l)A. Van Der Z , L a, SJ K 1H. Park m 3P. Nogier.

S.S.E. Vol. 22 pp. 177-179

~t
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HOT CARRIERS NOISE IN n-TYPE InP

D. GASQUET, M. FADEL, J.P. NOUGIER

Centre d'Electronique do Montpellier
Universit des Sciences et Techniques du Languedoc,

34060 Montpellier c6dex, France.

The interest of high mobility semiconductors is now proved

particulary to realize high frequency devices.

Indium phosphide seems to be a good semiconductor for such

devices. Therefore it was interesting to study this material to obtain
+

noise and transport coefficients. We used n n n mesa diodes. The

active n layer had a thickness of 5 um and a doping of about
15 -3

2 x 10" cm . To study these devices in hot electron regime It was

necessary to know the electric field map to be sure that the field

was uniform. A simulation showed that electric field was uniform

until 6 kV/cm. So it was possible to measure the noise temperature

versus the electric field (Fig. 1). The study of this noise as a func-

tion of frequency showed, at room temperature a cut off frequency

of about 4 MHz due to G.R. noise. We fitted the experimental

datas with the theoretical curve using three parameters, the number

of ionized carriers, the cut off frequency, and the diffusion coef-

ficient, and we obtained the value of these parameters versus elec-

tric field. We found that the average number of ionized carriers was

independent of the electric field intensity and close to one. This

fact suggests the existence of a trapping level in the gap. Finally

we give for the first time the experimental diffusion coefficient

versus electric field.

%I
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Noise in near-ballistic n+nn+ and pn+ aU arsenide subiron

diodes. R.R. Schmidt, C Busman, C.M. Van Vliet, and A. van der Ziel,

Department of Electrical Engineering, University of Florida, Gaines-
ville, Florida, and L.F. Eastman and M. Hollis, School of Electrical
Engineerng, Cornell University, Ithaca, New York.

DC characteristics and noise measurements are reported for n +nn

and n pn near-ballistic devices, with n regions (p regions) of 0.4 i

(0.45 um), fabricated by molecular beam epitaxy at Cornell
1 ) . The

+ +
n nu mesa structures have a linear DC characteristic, though the sa-

ples are near-ballistic, in accord with calculations by Holden and

2)
Debney . The noise for these samples is extremely low, see the spec-

trum in Fig. 1. The Hooge parameter computed from these data is

0.

SFigure 1

40

\ 'ma

2 2 x lO- '. This extrely low value, compared to bulk gallium

arsenide listed by Nose et & 3 ) as 6 x 10 3 , indicates the near absence

of electron phonon collisions. At high frequencies the noise is thermal

noise of the resistance (0.75Q) within 7; this extremely low noise was

measured with a croos-correlation technique. The DC characteristic of

the n+pn+ devices was highly nolinear. It is beet represented in the

form of I/V versus V; 7ig. 2 gives the result for various temperatures.

" .,T . °. ".
- .. J, ,z

J4.
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For low bias the current is attributed to electrons passing

through the potential minimumi, ambipolarly governed by the holes in

the p region; because of the 1ow hole mobility, the current is

collision dominated for this region. For higher bias the injected

electrons exceed the hole density in the p region and ballistic flow

occurs; this conductance asymptote is independent of temperature. The

noise measurements confirm this interpretation. At low bias the noise

Is very high. The Hooge pareter at 300K is 3 x1 l0. At higher

bias the noise goes no longer as the square current, but grows slower.

We expect the noise to go down to the low ballistic noise of the

n +nn + samples for very high bias.* Pulsed noise measurements to confirm

this behavior are underway. S4aMe remarks will also be made on the

expected behavior of p +pp + and p + p + devices.

1) 1.1. Schmidt et &I, Solid State Electr., in press.

2) A.J. Hlolden and B.T. Dabney, Ilectr. Uts. 18, 558 (1982).

3) P.N. Hooge, T.J.G. Ileinpenning and L.K. van Dae, Rapt.. Progr.

In Physics 44, 479 (1981).

At -, 
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A NEW NOISE MODEL OF SUBMICrETER DUAL GATE MESFET

E. ALLAAANDO, G. SALMER, E. CONSTANT

Centre Hyperfrdquences et Semiconducteurs,
LA CNRS NO 287, Bat P4
Universit6 des Sciences et Techniques de Lille 1.
59655 VILLENEuVE D'ASCQ CEDEX, France

B. CARNEZ

THOMSON-C.S.F., D.C.M. - 91401 ORSAY, France

In the models available up-to now, the dual gate MESFET was
considered as two single gate FET's in cascode configuration. Such models
cannot provide accurate theoretical predictions, because they do not take
into account two main physical effects:

- the correlations between the noise current sources in gate 1
and 2 and in the drain circuits.

- the non stationnary electron dynamics effects during the
electron transit in the channel.

The model which we propose takes these effects into account.
The numerical resolution of carriers transport current continuity and
Poisson equations within the channel can be performed by means of a

"F deskshop computer. The carriers transport equations used are momentum
and energy relaxation equations obtained by integration of Boltzmann
equationi3

Noise is due to the carriers density fluctuations in the
channel : for each section of width &x in the channel, their spectral
density is proportional to the local electronic temperature T, and it is
assumed that T is only dependent on the average carrier energy [1]. The
contributions of these fluctuations to the gate and drain noise currents
are numerically added and correlation coefficients are evaluated. The
knowledge of the noise sources allows us to evaluate the noise figure by
using classical methods and taking into account the influence of parasi- k
tics elements (source and gate resistance for instance).

MAIN RESULTS

In order to prove the validity of our model, theoretical pre-
dictions are systematically compared with experimental results for seve-
ral different dual gate FET's between 6 and I8 Gus. The physical beha-
viour of the device has been studied in details, and especially, as it
is shown in figure 1, the comparative contributions of each section in
the channel to the equivalent external noise current sources and the va-
riations of the correlations coefficients with bias conditions. The noise
figure dependence upon operating conditions (frequency and d.c. bias) and
technological parameters (doping level, epitaxial layer thickness, gate
length...) in accurately evaluated. For instance, it is clearly shown,
in figure 2, that for submicrometer gate lengths, the noise figure does
not strongly depend on the gate bias, as it has been previously shown
for single gate FI's (1]. As it is also experimentally shown, the noise
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figure can be greatly reduced, when the signal is applied on the second
gate. This suggests to use a new kind of configuration to realize a con-
trolled amplifier.

This work was supported by the D.R.E.T. under contract

RWEPNEN* 
81/330.

1 B. CARNEZ. A. CAPPY, R. FAXIQUEDBEM3U, Z. OONSTANT and G. SALIUR
"Noise modeling in subsicrometer-gate PET's"
IEZE Trans. Electron. Devices, Vol. ED-28, nO 7, pp. 784-78g, June
1981. Aheayrt

Fla. I .Conrbufan of the diffhawat dtuzngi

JOStiU, to the drelb em ai me~l.

10

0 .1 S01Mw

Jj~toamieof b.ns.. lr maeofh d..ba



2471

F RI D AY AF TE R NOO0N

ROOM B

... .



iloo

249

1/f NOISE IN DIODES

~DIN



LI
Oi

250

Low frequency noise in Al XGa 1_xAs- GaAs two dimensional
electron gas devices and its correlation to deep levels

L.LORECK, H.DAMBKES, K.HEIME

University of Duisburg, Solid State Electronics Dep.,

KommandantenstraBe 60, D-4100 Duisburg 1, FRG

K.PLOOG, Max-Planck-Institut fUr Festkdrperforschung,

HeisenbergstraSe 1, D-7000 Stuttgart 80, FRG

G.WEIMANN, Forschungsinstitut der Deutschen Bundespost,

Am Kavalleriesand 3, D-6100 Darmstadt, FRG

AlxGa1_XAs - GaAs - heterostructures grown by molecular

beam epitaxy are the most important materials for very

high-speed two dimensional electron gas devices. Electrons

are transferred from the n-doped AlGaAs into the undoped

GaAs and form a quasi two-dimensional gas at the interface.

Since ionized shallow impurities are absent in the GaAs

layer a very high mobility especially at lower temperatures

results, which explains the high speed of the devices and

promises lower microwave noise.

Deep impurities reduce carrier concentration, degrade

transport properties and increase noise. Though several in-

vestigations of deep levels at GaAs-GAs-homostructures

have been reported /1/, little is known about AlGaAs-GaAs

heterostructures.

A powerful tool for characterizing deep levels (activation

energy, capture coefficient, concentration) is the mesu-

rement of generation - recombination (g-r) noise at low -
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frequencies. Therefore such measurements were carried out

and a set of deep levels was detected.

The heterojunctions had the following structures:

type I type II

22 nm GaAs undoped (p-) 20 rn GaAs undoped (p)

60 nm Al 2 2 Ga 7 8 As (n) 70 nm Al0 3Gao.As (n)

18 -317 3
(Si-doping 1x1O cm- ) (Si-doping 6xlO1 7cm 3 )

6 rnm AlxGa 1 _xAs undoped
1.1 /urn GaAs undoped (p)

s.i. - substrate s.i. - substrate

The test devices had two ohmic contacts with 6 - 60 um se-

paration. Low-frequency measurements in the range 1Hz to

25KHz were carried out by a computer-controlled spectrum-

analyser with dc-current applied to the device. To deter-

mine the deep level parameters the sample temperature had

to be varied. This was done within a range of 20K to 400K.

The measured data were processed and evaluated by a com-

puter program /2/. The results will be discussed and con-

pared with data obtained by other methods and other authors.
S

References
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1I/f NOISE IN PNN" DEVICES. INFLUENCE OF A MAGNETIC FIELD

by A. CHOVET, S. CRISTOLOVEANU, A. NOHAGHEGH, A. DANDACHE

Institut National Polytechnique de Grenoble - Lab. PCS (ERA CNRS no 659)
ENSERG, 23, rue des Martyrs - 38031 - GRENOBLE Cedex - FRANCE

We present and analyse experimental results on the 1/f noise of dou-

ble injecting structures (pnn° "long" diodes, see fig.1, working in the

"semiconductor regime"), together with the influence of a magnetic field

on the noise level.

Experiments have been performed on devices made with SOS (Silicon On

Sapphire) or germanium technologies. Integrated SOS diodes (*) were 0.6im

thick, with different lengths (10 to 50po), widths (50 to 200pm) and do-

pings (5.101 5cm"" to 101 7cm.') ; Ge structures (dimensions v m ) were

processed from low-doped ingot. If the length is greater than the carrier

diffusion length, the mean current is essentially controlled by a bulk

effect ; such long p nn (or p°in) devices are often named "magneto-

diodes" [1] because their forward current-voltage characteristics (I c V2)

are very sensitive to a transverse magnetic field B. In this respect, the

noise appears as a practical limitation of their sensitivity.

Several properties of the noise power spectral density are illustra-

ted in figs. 2 to 4. Quite generally, we observe 1/f noise below 10 kHz.

At B = 0, the noise Increases like I" ; fig. 2 also shows that the noise

strongly depends on the diode length. esidesthe noise is raised in low-

doped or narrower structures. Thus the noise variations qualitatively agree

with the modifications of the device resistance. The magnetic field in-

fluence also corresponds to such an effect : in SOS structures (fig.3),

for a constant current, the voltage is increased by 6 % and the noise by

approximately 50 % when the magnetic field B is reversed. In Ge magneto-

diodes (fig.4), noise variations are much more important due to their

highest sensitivity to B. Moreover the noise can be lowered by the magne-

tic field. This behaviour is quite different from the case of noise in

the pure magnetoconcntration effect (no injection) previously reported

(23 ; there,the 1/f noise under a magnetic field was shown to result from

surface recombination fluctuations..) Su lied by LETI/CEN Grenoble

-c'.m
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The 1/f noise of magnetodiodes appears to be more tightly related

to bulk effects. Several possible noise sources will be discussed, in-

cluding the influence of contact noise and of the non-uniform carrier

distribution.

[1) A. MOIIAGHEGH, S. CRISTOLOVEANI, J. de PONCHARRA, IEEE Trans. Elect.
0ev. ED 28, 237 (1981)
S. CR=SUOVEANJ, Phys. Stat. Sol. (a) 64, 683 and 65, 281 (1981)

(2] T. 011141, A. CHOVET, P. VIKTOROVITCH, J. Appl. PhyP. 5O, 5348 (1979).
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i/t NOiSB M(wiNTUDI 1iN iIN3-GRAXnD ALUMiNIUM PIMB

V.V.Pot.king I.S. Bakshe

Physical Department, Moscow State Uhiversity, Moscow, USSR

The paper deals with the analysis of influence exert-

ed on the magnitude of i/f noise by the size of grains

that make up thin continuous aluminiLu films. 170-n. thick

polycryst alline samples evaporated on glass substrates ha-

re been investigated. The rain sizes I were d ermined

by means of accidental secants on photoeo taken in a trans-

mission electron microscope. The values of parameter

defined as i

was obtained through the measurements of Sv(f') (where 9V

is the spectral density of voltals fluctuations, V is the

4T

'B

so fo00e0 o 8

X"M1110
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do voltage across the ample, V - the frequency of ober-

vations, Al - the total number of chap carriers). The

parameter at values approach Hooge constant .1e 2 . 10 -7

in samples considered ooarse-gralnoi(their average sse

being over 100 m). With the twofold diaishing of average

grain sie the noise magnitude increased by three orders

(Jig.1). Histogams of grain aise distributions (Fig.2)

indicated that the rise In noise magnitude correlated well

with the increased proportion of fine grains (E 4 50 un).

This fact was interpreted as an evidence of fluctuations

in structural defects scattering resistivity component. A

model has been elaborated for 1/f noise due to conduct-

ance modulation by bulk vacancy concentration fluatuat-

ions; 1/f spectrum is to be obtained in an usual wag as a

superposition of Lorentslan spectra 123. Temperature de-

pendence of spectral density in metals and noise magni-

tude decrese with annealing procedure [3,4J conforms to

the above model.

This work has been done in collaboration with G.P.

Zhigal skiy.

1. 1..Roos, T.G.M.Klelnpennins, L..J.Vmdame, Rp.
Proar. Phy. A&4 (1"1I) 47%

2. A.. van der 21~,61 Aft. BLOOMS, IXLetrn. lM.

(1979) 225.

4G.P.Ohlakddyt XS.Dksbeeq 3aioteeh. Moim. f
0 9W) "I1.
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ZERO-POINT LATTIGB VIBRATICKS IN 1/f NOISE IN METALS

V.V.Potemkin, Me.Gertzenstein, I.S.Bakshee

Physical Department, Moscow State University, Moscow, USSR

Temperature dependence of spectral density 5 of 1/f

noise in metal films corresponds to Arrhenius law u d

,-4within the range of 200- 4009 and tends to flatten-

ing at further lowering of temperature (1921. In conform-

ity with the other experimental data [1-3] activation cha-

racter of temperature dependence makes it possible to ac- (
count for the origin of 1/f noise in metals by the dyne-

mica of crystal structure defects. The present report is

concerned with the causes of spectral density deviation

from Arrhenius straight line at low temperature.

The origin of the noise is assumed to be affected by

certain processes, whose intensity Is proportional to the

energ of lattice vibrations. When temperature lowers, the

energy decreases and so does the noise power. At tempera-

ture approaching sere sero-point vibrations remain and

temperature dependence flattens.

The flattening shows that the origin of 1/f noise is

Veatly dependent on transit ons that have the same or

next to the sam energy in Initial nd final states this

also rules out meohanisme connected with fluctuation tran-

sition to a high-lying level.

It can be concluded [4,] that In the cae of vaeancy

migration deviations from Arrhouim law are to be wepeted

at tempratures estimted by i ~ 4)%h where TIs i,
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Debye temperature. Whereas the flattening takes place at
TZOLI + T-)TD in the case of dislocatio,, movoement [61.

Experimental dependence of I/t noise spectral density in

Au, Ag, Cu (17 and Al [21 deviates from Arrhenius strai-

ght line at T@'(O.Gi 4.2)1Tz. Thus, the low temperatur-

es features seen to be an evidence of that the noise is

caused here by point defects rather than dislooations.

I. J.W.bexrhard, P.M.Horn, Phys. Rev. M5 (1978) 6681.

2. G.P.Shigal'skly, 1.8. Baksbe, Radiotekh. Electron.

2 (1980) 771. .

3. A.P.Axdrushko, I.S.rakshee G.P.Zhigal'skiy, Isvestiya

Vysshih Uchebnyh Saveden y 5881, (Radiopb zika) 2

(1981) 498.

4. O.P.llynn, ,hys. Rev. 1=l (1968) 682.

5. V.S.Yakhot, Phys. Stat. Sol. (b) M8 (1971) 141.

6. P,eltbm, Phys. Stat. Sol. (b) . (1980) 301.
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