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Abstract 

The nature of l/f conductance fluctuations in solids is 
considered in models attributing this phenomenon to some kind 
of defect motion. stochastic changes in the state of the 
system "lattice - defects" are treated as a noise source 
affecting the number and/or the mobility of charge carriers 
and providing the l/f noise observed. In particular, the 
known model of two-level systems (TLS) as well as a more 
general approach of freely wandering defects within a 
randomized potential profile are discussed. Numerical 
estimations show that this noise model, previously 
established for metals, is relevant also for semiconductors. 
The most basic properties of the l/f conductance fluctuations 
in solids are described in this way: the bulk nature, the 
short range of spatial correlation, the detailed shape of the 
spectrum and the thermoactivation. Some well-known 
experimental data are interpreted: correlation between the 
l/f noise magnitude and the degree of crystal perfection, 
temperature dependence and field dependence in 
semiconductors, l/f noise in magneto-resistance. The 
possibility of characterization of defects by the noise 
spectroscopy is considered as well. 
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Preface 

This review presents an attempt to summarize some theoretical 
results of the author published in his earlier papers 
(partially in co-operation with Prof. Dr. A.V.Yakimov) 
concerning a possible role of mobile defects in producing 
low-frequency conductance fluctuations in solids. Some new 
results developed during author's visiting stay at the 
Eindhoven University of Technology in 1991-92 are also 
presented (see chapters 2 and 3). 
As far as several aspects are discussed only briefly one 
should refer for details to original articles cited in each 
chapter. 
Finally, it is a pleasure as well as a duty to acknowledge 
Prof. Dr. F.N.Hooge for permanent attention to this work and 
for helpful discussions on the problems considered. 

May, 1992 V.Orlov 
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1. Introduction 

The nature of the Ilf conductance noise in solids is still 

an actual problem. Some physical properties of this noise 

are well established by experiments [1-3]: 

- bulk nature (in many cases); 

- finite (rather small) spatial correlation length; 

- relation to the doping level (for semiconductors) and to 

the degree of crystal perfection. 

The last property is a strong point in favor of the models 

attributing Ilf noise to some kind of defect motion in the 

specimen of conducting samples [2-4]. Thus, this phenomenon 

is linked to slowly stochastic changes in the atomic 

micro-structure of the samples. A current flow displays 

these fluctuations only, as it is modulated by them. 

In this paper we discuss some important features of the Ilf 

conductance noise known from experiments and interpret them 

assuming defect motion as a noise source. 

We start with considering in Sec. 2 an ensemble of mobile 

defects wandering within a randomized potential profile and 

show that this chaotic migration results in conductance 

fluctuations with a spectrum that is approximately Ilf, and 

which is accounted for by the sum of Lorentzian spectra. 

The structure of such a spectrum and its temperature 

dependence are described in detail in Sec. 3. The 

thermoactivation of 

spectrum is taken 

Dutta-Horn relation 

the individual components of the 

into account [5]. The well-known 

for the local slope [5] is verified 

under a wide variety of conditions, including the case of a 

strongly irregular spectrum. 

We then consider in Sec. 4 how the defect migration may 

influence the conductance. The conductance change initiated 

by a microscopic displacement of a single defect is 

estimated on the basis of the known local-interference 

model [6]. Two possible modulation mechanisms are taken 
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into account which result in mobility andlor number 

fluctuations. Numerical estimations for the Ilf noise 

magnitude predicted by this model are also given. 

The anisotropy of conductance fluctuations found in some 

experiments [2,7] is explained in Sec. 5. Even the simplest 

model of rotating coupled defects allows us to obtain some 

rather universal balance equations (for two- and 

three-dimensional cases) which could quantitatively account 

for the noise correlation measurements in cross-shaped 

patterns [7]. The known experimental results [8-10] on the 

11f noise in the geometrical magneto-resistance are 

reconsidered in Sec.6 by taking into account the local 

anisotropy in conductance fluctuations caused by the defect 

motion. These results are not in contradiction to the 

mobility fluctuation model. 

Finally, 

dominant 

carriers 

analysis 

in Sec. 7, we suggest the way to determine the 

mechanism of conductance fluctuations of hot 

subjected to AC excitation. According to this 

the noise spectrum of the amplitude of the first 

harmonic of the sample current is highly sensitive both to 

the bias and the AC modulation amplitude. The dependences 

evaluated have specific forms for different noise sources. 

In particular, such an experiment could discriminate 

between number and mobility fluctuations. 
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2. Mechanisms for 11f spectra: 
two-level systems and related models for defect motion 

The low-frequency conductance noise in solids - including 

Ilf noise - can be explained by a defect motion in the 

specimen [1-4]. The relationship between the noise level 

and the degree of crystal lattice perfectness is well 

established by experiments, both for metals [3,5,6] and 

semiconductors [7,8] . 

The problem of the spectrum evaluation is sol ved 

theoretically only for one kind of defects - the two-level 

systems (TLS) [1,2]. The defect motions are thermally 

activated jumps between two metastable states separated by 

a potential barrier of the height E. These jumps are 

accompanied by stochastic changes in the electrical 

parameters of the defect, e.g. scattering cross section, 

and in this way affect the conductance [1-4]. 

Each TLS produces a random telegraph signal (RTS) with a 

characteristic time 1:(E) and a Lorentzian spectrum of 

width v - 1/1: [1,2]. Considering an ensemble of independent 

TLS'S with a distribution Wv - l/V we obtain a l/f 
spectrum [9,10]. Such a distribution of corner frequencies 

is provided by the broad distribution WE of barrier 

heights [I,ll]. 

Apparently, the selection of isolated double-pit states is 

a rough simplification [2]. Such a constraint often has no 

physical base, but it is an "ad hoc" assumption aimed to 

realize the l/f dependence. 

In reality the defect migration along the randomized 
potential profile displays not two but several states. 

ThUS, each free wandering defect of the ensemble produces a 

mul tylevel random process invol ving a wide set of 

characteristic times. 

To evaluate the spectrum of conduction fluctuations we 

consider an ensemble of double-pit states, each of them is 
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occasionally occupied by the walking defect (switched on) 

or vacant (switched off). The elementary conductance 

disturbance due to a chosen double-pit state is a clustered 

RTS (see Fig.2.1(b», also possessing a Lorentzian 

spectrum. This approach presents a discrete version of 

random walk in random environment (random random walk) 

(12,13) and implies the decomposition of the resultant 

noise into the contributions of separate sample subvolumes 

but not of separate defects. The spectrum evaluation is 

reduced to the known summation of Lorentzians (9,10). 

2.1. An elementary conductance disturbance 

Let us consider the ensemble of Nn interstitial mobile 

defects distributed within a sample volume V with the 

density nn and wandering through the crystal lattice. Each 

pair of neighboring states, which may be occupied by the 

mobile defect, will be treated now as a two-level system. 

The set of N such pairs presents the complete TLS 

ensemble. The value of N is of the order of the total 

number of lattice atoms and is essentially larger than 

number of the mobile defects: N » Nn [2,3). 

We suppose in addition that the potential profile is 

randomly disturbed because of the presence of other lattice 

defects that always exist in solids, including frozen in 

point defects (for instance, substitutional impurity 

atoms), Frenkel defects, dislocations, stable impurity 

clusters etc. As a result each mobile defect jump is 

accompanied by a stochastic change in the local electrical 

properties of the corresponding TLS and in this way affects 

the conductance. The mechanism of this influence will be 

discussed in details below in Sec. 4. 

Thus, each TLS contributes to conductance fluctuations only 

during the time that it is occupied by the defect, jumping 

between the two possible states. The occupation of the TLS 

by the defect and its release are rare random events, 

obeying Poissonian statistics. The corresponding 

conductance change attributed to a single (k-th) TLS is a 
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clustered random telegraph signal, see Fig. 2.1 (b), which 

may be expressed as follows: 

( 2.1) 

where Xk(t) is the well-known two-level RTS attributed to 

the transitions of any defect in the k-th TLS, while Yk(t) 

is a relatively slow RTS (see the dashed line in 

Fig.2.1(a») displaying two values: "Y=l" when the TLS is 

occupied and "Y=O" in the opposite case (flY
k 

= 1, 

k=l, 2, ... , N). The Yk -process accounts for presence of a 

defect within a given TLS and describes the gaps in the 

xk-process. 

The spectrum of the Xk process is well known to be a 

Lorentzian: 

1 D *v 
Sx(w) = x X 

1I w2 + v2 
x 

where 

D = (flG
k

)2 * ~ / (1 + ~ )2 x x x 

is the variance, ~x = "Xl/"XO the mean 
"xo mean times spent in "high" 

magnitude of k-th RTS and Vx = 

spectrum, depending on the 

"Xl and 
flGk the 
width of 

( 2 .2) 

(2.3) 

on-off ratio with 

and "low" states, 

"x~l + "~~ the 
potential barrier 

height E separating the two states of a particular TLS 

[1,2): 

( 2.4) 

where kB is Boltzmann's constant and T is the absolute 

temperature. 

The spectrum Sy(w) of the V-process also has a Lorentzian 

form. Let us evaluate its width v y ' The mean times during 

which the TLS is occupied by the defect or is vacant are 

denoted as "Yl and "YO' Let us consider the defect 
wandering to be uniform (the probability of finding a 

defect in any point in the sample is the same). When we 
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carry out an average over the sufficiently long time T, 

we find that every TLS is occupied during the same time 

t = TIN by each of the ND defects from the ensemble. oc 
Thus, the total (relative) time of any TLS occupation is 

equal to t; = NDtoc/T = Nt! N « 1. Consequently we 

obtain the mean on-off time ratio for Y-process: 

The spectrum width Vy of the Y-process is determined by the 
-1 

shortest duration: Vy '" 1: Y1' Analogous to eq.(2.3) the 

variance of the Y-process may be expressed 

(2.5) 

The spectrum Skew) of bGk(t) is derived as the convolution 

of the spectra of the factors in eq.(2.1). It is also a 

Lorentzian with variance 

(2.6) 

and width 

(2.7) 

Statistical independence of Xk and Yk processes is assumed 

in eqs.(2.6) and (2.7). 

Finally we obtain: 

D ND 11 

Skew) = x 
(2.8) 

1l N v2 + w2 

As it is mentioned above the process Yet) is a slow one 

compared to X(t): Vy~ Vx 

v 

Hence we obtain from eq.(2.7): 

2v x (2.9) 

Here the lower limit corresponds to the case of a very 

narrow Sy spectrum: v y « Vx while the upper limit is 

realized when Vy z vx ' 

Thus, gaping of the RTS widens its spectrum at most by a 

factor two. 
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2.2. Spectrum of the conductance fluctuations 

The resulting conductance fluctuations are caused by the 

TLS ensemble: 

N 
~G(t) = L ~Gk(t) 

k=l 
(2.10) 

At any moment there are only ND non-zero terms in this sum 

(coinciding with the number of the occupied TLS) and this 

set is renewed permanently due to the defect migration. 

Simplifying the problem we assume that: (i) mobile defects 

are identical, (ii) they are moving independently from 

each other and (iii) two-level systems occupied by defects 

do not interact. 

Going over to the frequency domain we obtain the spectrum 

of t.G(t): 

N 

'" L ~(w) 
k=l 

(2.11) 

which is a superposition of the spectra of separate terms 

in (2.10). A number of cross-spectra is neglected in 

reI. (2.11). They arise from scarce correlations between 

t.Gk processes produced by neighboring TLS (see Fig.2.2) and 

contribute only slightly to the resultant spectrum. 

Thus, the spectrum evaluation is reduced again to the 

well-known summation of Lorentzians. 

The distribution of the corner frequencies of the W v 
Lorentzians in (2.11) is determined by the WE distribution 

of potential barrier heights, see eqs. (2.4) and (2.9), 

similar to the normal TLS approach [1,2). Thus, the Wv 

distribution obtained from eqs. (2.1) - (2.9) is of the same 

shape as predicted by TLS-model [1,2) but differs in scale. 

In such a case the criteria of ref.[ll) are realized: the 

Ilf spectrum is provided by a broad (on the scale kBT) and 

smooth distribution of the heights of potential barriers 
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separating states available for wandering defects: 

From eqs.(2.8) and (2.11) we obtain the physical spectrum 

<6G2
>f of the conductance fluctuations: 

where 

and where D = 
1 

describes 

contribution to the conductance noise of a 

(2.12) 
f 

the averaged 

single defect 

transition. For reasons of simplicity the ~x value is taken 

equal to unity for all defects (otherwise the average value 

~ 1(1+~)2 presents a temperature dependent attenuation x x 
factor) . 

The total number of states N characterizing the system size 

is absent in this final expression. The number of 

independent fluctuators ND appears in eq.(2.12) only. This 

latter dependence will be discussed below in more details. 

In order to have the 11f spectrum covering ten decades, 

say, from 10- 4 Hz to 106 Hz at room temperature, a set 

of activation energies from E1= 0.42 eV to E2 =1.1 eV 

is required. These values are in good agreement with 

characteristic migration energies of impurities in the 

solid-state [14]. The Dutta and Horn relation between the 

local slope of the spectrum [11) and the temperature 

dependence of S6G has been verified in a large number of 

experiments [2,15] and clearly confirms the 

thermoactivation (2.4) of separate terms in the Ilf 

spectrum. Transformation mechanisms of the noise source 

into conductance fluctuations do not affect the resultant 

spectrum shape [4,16]. 

In particular, when all defects are permanently disposed 

within the isolated TLS, our approach is obviously reduced 

to the model [lJ. In terms of the parameters introduced we 
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obtain: N = ND ' "y = T, ~ = 1 and v = vx (Vy = 0). Hence 
the conductance fluctuation spectrum coincides with that 

derived in refs. [1,2]. 

The variance D1 remains the only uncertain value and will 

be specified below in Sec.4. 

2.3. Conclusions 

The conductance fluctuations in solids caused by the 

ensemble of freely wandering defects within a randomized 

potential profile are considered. A comparison with the 

simple TLS-approach [1,2] is presented. The latter implies 

that the defects are permanently disposed within a set of 

selected double-pit potential walls isolated from each 

other and is clearly shown to be a special case of our more 

general approach. The similarity in description is 

mentioned and gives rise to some analogies. In particular, 

the evaluation of spectrum suggested above is reduced to 

the known summation of Lorentzians [9,10]. 

On the other hand our method allows some extension both in 

the analysis and in practical applications. For instance, 

because of limitation on the average 

experiments the measured spectrum 

theoretical one (see eq.(2.11» and is 

time T in real 
IDeas 

differs from the 

time dependent. When 

the set of active TLS is renewed due to defect motion (see 

eq.(2.10) and text below) their contribution to the 

observed spectrum is changed during Tmeas. Such a 

redistribution of Lorentzians over the frequency range may 

explain a significant variance of noise power observed at 

each particular measuring frequency. It is well known that 

the variance of l/f noise will not decrease by prolongation 

of the measuring time. 

The known experiments [17,18] on noise in small devices may 

be reconsidered now as well. In particular, l/f noise 

breaking down into few Lorentzians, associated with a 

finite number of trapping centra [19,20] may be explained 

by a strong decrease in the number of available states for 
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wandering defects, resulting in a small set of 

characteristic times. 

The switching behavior found in the drain current of a 

small-area MOSFET by Uhren et al. [21] and similar to our 

Fig.2.1(b) acquires now a more natural explanation: the 

signal results from a single defect wandering in a number 

of nonactive (electrically equivalent) states producing 

gaps while the transitions within a single active TLS 

produce a two-level RTS. 

A wide variety of three- (an more) level RTS found in [19], 

[22], [23] do not contradict our model. However the data 

presented are not sufficiently complete to be interpreted 

in detail in frames of our approach. 
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(a): Xk(t) is a two-level RTS with the magnitude 

AGk , which is attributed to the transitions within the k-th 

TLS (if the defect is permanently disposed wi thin this 
TLS) ; 
Yk(t) is a two-level (0 and 1) RTS accounting for a defect 

presence (Yk =1) within given TLS; 

(b): AGk(t) process is presented as a product of 

processes mentioned above (see eq.(2.1» and describes an 
elementary conductance disturbance corresponding to a 
single double-pit state. Obviously, this process is 
non-zero only during the time when TLS is occupied by a 
defect. The gaps correspond to "empty" TLS. 

t 
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- --

bGk +1 (t) 

r--- - r- r-- - r- -

'-, r- ~ r ~ r- ~ t 

Fig.2.2. 

Illustration to a possible correlation between bG
k 

processes produced by neighboring TLS. bGk +1 pulse starts 

just after finishing of bGk pulse at the moment tl (some 

defect comes to the (k+l)-th TLS after it leaves the k-th 
TLS). At the moment t2 an reverse turn occurs. Other 

pulses shown in the figure are nonsynchronized. The 

resul ting correlation is rather weak because these 

synchronization events are seldom. 
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3_ The detailed noise spectrum structure 

and its temperature dependence 

Low-frequency noise spectra observed in experiments often 

deviate from the 1/f?- dependence. These spectra are 

described by mOdels implying the superposition of a finite 

number of relaxation spectra with Lorentzian shape [1-2]. 

Computer simulation is used to study the detailed spectrum 

structure. When the corner frequencies in a set of 

Lorentzians have random values this leads to considerable 

irregularity in the resulting spectrum, up to the absolute 

distortion of them [3]. This irregularity becomes smaller 

when the number of Lorentzians increases and/or when the 

values of corner frequencies are ordered (in both cases the 

w v 
distribution becomes more uniform). 

The temperature evolution of the resulting spectrum is 

studied assuming the thermoactivated behavior of the 

individual terms [4]. The known Dutta-Horn relation for the 

local slope [4] is verified under a wide variety of 

conditions, including the "hardest" case of the discrete Wv 

distribution. Even in this latter case the Dutta-Horn 

relation holds with a good accuracy and provides an 

universal tool for revealing the thermoactivated nature of 

the l/f? noise observed. The problem of whether individual 

Lorentzians are still visible in the resultant spectrum is 

discussed. 

3.1. l/f? spectrum as a superposition of a finite number 

of Lorentzian spectra 

It is known that a random process yet) with l/f?spectrum 

(flicker noise) can be synthesized as a superposition of 

several random processes xk(t): 
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N 
yet) = ~ xk(t) 

k=l 
(3.1) 

each of them possesses a spectrum of Lorentzian type: 

1 

'. f '" O. 
1l 

wi th the characteristic (corner) frequency 

variance Ok' 

When the "k values cover a broad range 

with a distribution w~ - 1/'" we obtain the 

for the resulting spectrum: 

N 
= L ~ (f) - l/f', 

k=l 

(3.2) 

and the 

("!1- '" "k'" "H) 
l/f dependence 

(3.3) 

The variance Ok is implicitly regarded above to be 

independent of "k' When this is not the case, the product 

0k*"k must be distributed according to 1/'" [5). 

When H the number of terms in the sum (3.1) is relatively 

small the distribution w" of corner frequencies becomes 

essentially nonuniform or even discrete. The mean density 

h of corner frequencies per decade may be considered as a 

parameter. The irregularity of the spectrum (3.3) will be 
characterized by its maximum deviation dmax from the 

approximating l/f' dependence (for instance, by least 

squares fitting). The latter value strongly depends on the 

densi ty h and on the regularity of the distribution of 

corner frequencies along the frequency axis. When the 

Lorentzians are distributed equidistantly with the density 

h=l per decade the maximum deviation d does not exceed max 
0.25 db [3,6). A violation of this regularity results in a 

considerable increase of the d value. max 
To illustrate this statement we present in.Fig.3.1(a) five 

spectra on a log-log scale over ten decades in frequency 

(10-6 Hz < v
k 

< 104 Hz). Each of them is obtained as the 

sum of ten Lorentzians with corner frequencies as uniformly 

distributed random values. Thus, the mean density h is 
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equal to unity. The results of the least-square fitting by 

the l/fl dependence are given in the subscript. Obviously, 

in all cases the mean slope <l> is close to unity, while 

~max values considerably exceed the above mentioned 

deviation 0.25 dB. The corresponding local slopes are 

strongly dependent on the frequency (see Fig.3.1(b»: 

o < l(f) < 2. These variations when found in experiments 

are sometimes interpreted as a sign of the presence of 

several noise sources of different nature. While it is 

clearly shown above that these spectrum features may be a 

simple result of superposition of Lorentzians. 

We have averaged over 100 spectra of the form (3.3) using 

random values of 17k • The results of approximate fits are 

presented in Tabl.3.1 for various densities h of the corner 

frequencies per decade. The rms deviations of the 

parameters from their mean values are also listed For 

comparison, we present the values of ~max as a function of 

h in Fig.3.2 for two cases: for Curve 1, the corner 

frequencies 

log-scale) , 

are distributed uniformly (equidistantly on the 

while for Curve 2, they are randomized. 

Obviously, the irregularity in the spectrum due to the 

random distribution of the corner frequencies (Curve 2) is 

relatively large, even when the 

frequencies is rather high (h ~ 10 per 

density 

decade) . 

of 

3.2. Temperature dependence of the spectrum 

corner 

Let us consider the individual components in the spectrum 

(3.3) as having a thermoactivated nature [4]: 

(3.4) 

where is the activation energy, kB is Boltzmann's 

constant, and T is absolute temperature. 

According to criteria given by reference [4] the necessary 

distribution of corner frequencies is provided when the WE 

distribution of activation energies depends only slightly 

on E over a rather broad range [E1 ,E2 ]. AS the temperature 
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increases, the values also increase according to 

eq.(3.4). Thus, each Lorentzian spectrum of the form (3.2) 

becomes broader and lower (in so far as the variance Dk is 

maintained), while the frequency range where Ilf behavior 

occurs in the combined spectra ( 3 . 3) becomes relatively 

more restricted: 

= 

In Fig. 3.3 (a) we illustrate a possible evolution of the 

combined spectrum in eq. (3.3) (h = 1) when the absolute 

temperature is increased by a factor of 1.4 (e. g., from 
o room temperature to 420 C ). The mean spectrum slope <7> 

is calculated in a limited frequency range, from FL= 1 Hz 

to F H= 104 Hz, corresponding to the usual experimental 

range. In this particular case the <7> value first 

increases from 1.29 to 1.39 and then decreases to 0.86 

(see inset in Fig.3.3(a». 

The change in the spectral density of several frequencies 

versus temperature is presented in Fig.3.3(b). These 

variations are essentially non-monotonous and reach 7 dB. 

Each increase is associated with a particular Lorentzian 

"passing" through a fixed frequency when the temperature is 

changed (see eq.(3.4) and the text below). 

Obviously, 

seem to 

such evolution pictures obtained in experiment 

be rather complicated and controversial. 

Nevertheless, some universal relations provided by the 

Dutta-Horn approach [4] are valid in all cases and could be 

used in the analysis distinguishing individual Lorentzians 

included. 

3.3. The Dutta-Horn relation and its application 

to strongly irregular spectra 

The problem of the temperature evolution of the spectrum of 

the form (3.2) was solved by Dutta-Horn [4]. According to 

[4] the arbitrary 

spectrum: 

WeE) distribution provides the 
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S(f,T) = 
kB T 

( WeE) + VIE) } 
2n f 

where E = -k T 
B 

In(fNo ) , and the term 

., IS 
( n 

kBT t n d 2n 

VIE) 2: n = 
n=l (2n) ! 2 dE2n 

accounts for a nonuniformity of the WeE) 

Here IS are the Euler numbers. n 

(3.5) 

WeE) ( 3 .6) 

distribution. 

In particular, when the WeE) distribution is approximately 

uniform (and the VIE) term is small) we obtain from (3.5): 

WeE) - f*S(f,T)/kBT (3.7) 

Thus, the measured spectrum shape allow to estimate the 

form of WeE) distribution. 

The local slope of the spectrum and its sensi ti vi ty to 

temperature changes ~(f,T) = d(lnS)/ d(lnT) are connected 

in the known way [4]: 

",(f,T) = 
d(lnS) 
--- = 1 - «(3 - l)/ln(f/v

O
) 

d(lnf) 
(3.8) 

Thus, the uniform distribution WeE) leads to "standard" 
-1 

dependencies of the spectrum both on the frequency: S - f 

('" = 1) and on the temperature: S - T (~= 1), see 

eqs.(3.5)- (3.8). If the frequency dependence of the 

spectrum deviates from the "standard" one it is necessary 

accompanied by a change in the temperature dependence. 

It should be pointed out that the basic Dutta-Horn relation 

(3.8) is obtained directly from eqs.(3.5) and (3.6) without 

any suggestions restricting the shape of the WeE) 

distribution. To prove the validity of the Dutta-Horn 

relation let us apply it to the strongly irregular spectrum 

shown in Fig. 3 . 4 (a) . The latter is obtained as a 

superposition of 5 Lorentzians covering 10 decades in 

frequency. The parameters of these Lorentzians (corner 

frequencies and variances) are listed in the inset. The 
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f*S(f) evaluation for WeE) distribution is shown in 

Fig.3 .4 (b). It is presented by superposition of peaks of 

the form: 

F(x) = X/(I + X)2 

where x = f/ilk (k = I, ... , 5). Each peak possesses a 

maximum at the frequency f = ilk and covers one decade. 

Obviously, such an estimation strongly deviates from the 

original WeE) distribution, which in this particular 

case consists of five Delta-functions. Nevertheless, even 

this rough approximation allows us to resolve the resulting 

spectrum in individual Lorentzians and to estimate 

correctly their corner frequencies v
k 

and relative 

magnitudes. Corresponding values of activation energies are 

found from the formula: 

It should be pointed out, that for a 

a corner frequency 

could be obtained: 

* il a relation 

single Lorentzian with 

analogous to eq. ( 3 . 8) 

2 * ~(f,T) = (f/il*) [ I + ~(f,T)] / In(il /ila) , (3.9) 

which differs only slightly from the Dutta-Horn relation in 
* * the limited frequency range: If - il I « il • 

The weak components in the resulting spectrum which are 

rather masked in Fig.3.4(b) could be resolved more 

effecti vely by calculation of the local slope ~ (f). This 

situation is illustrated in Fig.3.4(c): here the peaks at 

the frequencies il2 and il4 are resolved more clearly. 

Analogous results are presented in Figs. 3.5 (a) - 3.5 (c) 

for a more regular spectrum with 

decades. Despite of the visible 

spectrum shape both the estimated 

50 Lorentzians 

"uniformity" 

distribution 

per 10 

in the 

WeE) 

f*S(f) and the spectrum slope are considerably disturbed 

(see Figs. 3.5(b) and 3.5(c». 

The spectrum sensitivity to 

coincides with the prediction for 

the temperature change 

~(f,T) found from the 
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Dutta-Horn relation (3.8). Thus, ( 3.8) holds with a good 

accuracy even in the case, when ~ and ~ values strongly 

deviate from their "standard" levels. 

3.4. Physical interpretation and discussion 

As shown above (see Sec. 1 and 2) a random defect motion in 

solids leads to conductance fluctuations with a spectrum 

containing a set of Lorentzians. 

The proof of the Dutta-Horn relation in several experiments 

[7-9] clearly confirms the thermoactivated behavior of the 

individual terms in the 1/f~ spectrum both in metals and 

semiconductors. That the 1/f~ spectrum breaks down into a 

few Lorentzians is experimentally established in small 

(mezoscopic) devices [10,11]. 

Another noise source existing in semiconductors and having 

a similar 

recombination 

spectrum structure 

(GR) process. In 

is the 

order to 

generation

distinguish 

Lorentzian spectra associated with defect motion and with 

GR-noise the intensity of the individual components should 

be investigated as a function 

GR-processes it is characteristic 

when the Fermi level passes through 

of temperature. For 

that a maximum occurs 

a particular impurity 

level [12]. For defect motion this function is monotonic 

(see eqs.(2.3) and (2.4)). 

When the individual Lorentzians can not be resolved (the 

spectrum is only slightly disturbed, see, for instance, 

Fig.3.5(a)), a GR-noise contribution could be recognized by 

the check of criterion (3.8). A disagreement between the 

local slope and its expected value obtained from 

,the measured sensitivity to temperature, clearly indicates 

the existence of a GR-Lorentzian in this frequency region. 

Mechanisms which transform a noise source into conductance 

fluctuations (e.g. free carriers' mobility modulation due 

to the defect motion) may also be sensitive to changes in 

temperature. They affect the intensity of the spectrum, but 

not its slope (see [13,14] and Sec. 4 below). As a result 
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the measured dependence ~(f) may be shifted uniformly in 

the whole frequency range in comparison to the value 

expected from the Dutta-Horn relation (3.8). This should 

be kept in mind when analyzing experimental data. 
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Fig.3.1 (a). Sprectrum resulting from 
superposition of Lorentzians (log-log). 
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Fig.3.1 (b). Spectrum slope 
versus frequency 
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Tabl.3.1. Results of Approximate Fits Averaged over 100 
spectra of the Form (3.3) for Various Densities of the 
Corner Frequencies 

h <'1> (Jr <A max>' dB (JA max' dB 

0.5 1.032 0.246 7.671 2.445 
1.0 1.011 0.084 5.142 1.851 
2.0 1.016 0.048 3.004 1.322 
5.0 1.001 0.029 1.711 0.809 

10.0 1.000 0.020 1.299 0.516 
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Fig.3.3(a). Temperature evolution 
of the spectrum 
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Fig.3.2. Maximum distortion of the 1/f 
spectrum versus density h 
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Fig.3.3(b). Temperature evolution 
of the spectrum 
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Fig.3.4(a). Strongly irregular sprectrum 
(5 Lorentzians per 10 decades) 
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Fig.3.4(b). Spectrum * frequency 
(5 Lorentzians per 1 0 decades) 
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Fig.3.4(c). Spectrum slope 
(5 Lorentzians per 10 decades) 
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Fig.3.5 (a). More regular spectrum 
(50 Lorentzians per 10 decades) 
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Fig.3.S(b). Spectrum * frequency 
(50 Lorentzians per 10 decades) 
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Fig.3.S(c). Spectrum slope 
(50 Lorentzians per 1 0 decades) 
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4. Influence on the conductance 

(mobility and number fluctuations) 

The conductance change 6G
k 

caused by a microscopic 

displacement of a single defect has been calculated to 

estimate the magnitude of the Ilf noise (see eq.(2.12) and 

text below). The states of a moving defect before and after 

transi tion are not electrically equivalent when an other 

defect is presented in the vicinity e.g. a substitutional 

atom, a vacancy or an arrangement of point defects [1]. In 

that case each jump of a single defect produces a change in 

the sample conductance. In particular, the scattering 

amplitude may be affected by this displacement (6~ - model 

in terms of [2]). 

Such calculations were first carried out by Martin [3] and 

used by Pelz and Clarke [4] in order to determine the 

magnitude of Ilf noise (so called "Local-Interference" 

model). Similar estimations for rotating coupled defects 

were carried out independently by Kogan and Nagaev [5]. 

It should be pointed out that no significant disorder is 

required for this phenomenon to occur. Contrary to the 

known model of Universal Conductance Fluctuations (UCF) [6] 

the local-interference approach describes stochastic 

conductance modulation in relatively clean systems. Even 

the random distribution of impurity atoms in the sample 

volume (so called compositional 

Madelung [7, p.436]) provides 

disorder, according 

the conditions 

to 

for 

local-interference fluctuations. Thus, in particular each 

doped material containing moving defects will produce 

low-frequency conduction noise. 

The mobile defects are considered to be uniformly 

distributed and moved independently. Special attention will 

be paid to semiconductors in the following analysis because 

for metals the local-interference -fluctuation model is 

already well established [1,4,8,9]. 
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4.1. Conductance sensitivity to an elementary displacement 

of a single defect 

The stochastic change d~ 

of the moving defect first 

~D corresponding to this 

d~D 1 
= 

~D HD 

in the scattering cross section 

modulates the mobility component 

kind of scattering: 

d~ 

(4.1) 
<I 

Here <I is the mean scattering cross section of moving 

defects. 

Taking into account that: (i) scattering on moving defects 

does not dominate and (ii) other scattering mechanisms are 

"noiseless", we obtain: 

1 
= ( 4 • 2) 

~ 

Another possibility relevant for semiconductors is 

considered in [10]. Some kinds of defect motion (for 

instance, interstitial transitions between non equivalent 

si tes [10]) may be accompanied by a change in the defect 

charge and/or in the ionization probability and thus affect 

He the number of free carriers: 

(4.3) 

Here dE
i 

is the ionization energy of the defect, primes 

refer to the state after transition. 

In semiconductors both mechanisms may be active and 

simultaneously affect the conductance: 

= + 
(4.4) dG(t) d/l(t) 

G 

If this is not the case this combined" on+ o~ model" (in 

terms of ref. [2], see also [12]) may be reduced to "pure" 

on or o~ models. 
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4.2. The magnitude of the l/f spectrum 

Here we recall that all fluctuation terms mentioned above 

in eqs. (4.1) - (4.4) 

transition. Carrying 

ensemble we find the 

are related to a single defect 

out an averaging over the defect 

variance D1 , induced in Sec.2 (see 

eq.(2.12) and text below): 

= 

f < IlN; >/ N; -

1 (~/~D)2(1/N~ )<1l~2>/~2 -

on-model (4.5) 

o~-model (4.6) 

Number fluctuations induced by defect motion directly 

affect the conductance, see eq.(4.5), while for mobility 
2 fluctuations a transformation factor (~/~D) exists in 

eq. (4.6) describing the modulation efficiency. Obviously, 

this efficiency is proportional to n~ because of the 

dependence ~D - l/nD• Finally, we obtain from eqs.(2.12), 

( 4 . 5) and (4. 6 ) : 

- on-model, 

( 4.7) 

- o/J-model, 

Thus, the accumulation of mobile defects results in an 

increase of the relative l/f noise for both modulation 

mechanisms, see eqs.(4.7). This tendency is well confirmed 

by experiments. 

In this approach l/f noise is obviously considered as a 

bulk phenomenon, similar to Hooge's model [2). The main 

disagreement with Hooge's formula originates in the initial 

statement: independent contributions of different mobile 

defects instead of charge carriers are considered. At the 

same time, the noise magnitude related to one mobile defect 
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~ = f Nn <~G2>f I G2 

(analogous to the Hooge parameter a H) is not treated to be 

constant for different samples and materials but dependS on 

the type and kinetics of the mobile defects, i.e. on the 

physical structure and chemical composition of the sample. 

Hence, the relative noise value can be sensitive to some 

technological features of the fabrication process. 

The spatial correlation length in this approach does not 

exceed the distance at which charge carriers are influenced 

by the mobile defect transitions, i.e. a few Debye lengths. 

Disturbances of different charge carriers scattered by the 

same defect may be correlated (until the next collision). 

4.3. Numerical estimations 

Let· US evaluate the relative magnitude of the l/f noise 

predicted by the model developed. Considering the frequency 

range mentioned in the Sec. 3 (InC f Hlf L) '" 20) and going 

over to the Hooge parameter fl.H we obtain from eqs.(2.12) 

and (4.5): 

Obviously, this combination may be varied in 

depending on the concrete physical mechanism 

transition, see eq.(4.3), and on the ratio 

of the mobile defects to that of the 

particular, 

defect with 

considering charge variations 

variance <~N2> = 1, one finds: 
e 

(4.8) 

the wide range 

of the defect 

of the number 

carriers. In 

of the moving 

10 -2 on - model (4.9) 
n e 

where ne is free carrier density. 

An analogous relation appears from eqs.(2.12) and (4.6) in 

the 0/.1 - model: 



Taking into account 

anisotropic scattering 

relative change in 

<AfJ
2

>/fJ
2 

'" 0.3. 
on 
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2 
<ll.u > 

7 (4.10) 

calculations carried out for 

for in solid-state in refs.[3,12] 

the cross section we assume 

mobile defects does not affect The scattering 

appreciably the conductance when 

0.1 

Thus, we obtain from eqs.(4.10) and (4.11): 

ex 
H 

n e 
011 - model 

(4.11) 

(4.12) 

Considering the typical values of free-electron density 

1014 em-3 "n "1017 em -3, we conclude that the noise 
e 

magnitude may be varied in a sufficiently wide range by a 

change in the ratio ne/nD including the "traditional" value 
2*10-~ 
It should be pointed out that rel. (4.11) limits the top 

value for defect concentration. In particular, considering 

the most simple case of coupled defects [5,8] (each 

wandering defect acquires a charged neighbor at each step 

during its migration) with the mean scattering cross 

section fJ = 2*10-13 cm-3 we obtain for GaAs at room 

temperature [13, p.89]: n
D 

" 3*1016 cm-3 

When an intensive accumulation of defects occurs in the 

specimen (for instance, due to implantation or irradiation) 

the strong restriction (4.11) may be refuted and the upper 

limit for the Hooge parameter is increased with respect to 

eq.(4.10). 
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5. Anisotropy of conductance fluctuations 

Anisotropic conductivity fluctuations in solids have been 

found experimentally [1,2]. It is rather difficult to 

explain this property in terms of the bn model or b~lattice 

model. At the same time, the model of stochastically moving 

defects with asymmetric scattering properties naturally 

explains this phenomenon [2,3]. 

5.1. Balance equation for scattering cross sections 

Let us consider the case of rotating coupled defects, which 

may change their orientation due to the diffusive jumps of 

one pair-member [2,4]. Such jumps cause the change in the 

scattering cross section and thus affect the mobility of 

the charge carriers. 

For the cross-shaped pattern used in ref.[l] in each point 

of the central region two orthogonal flows of charge 

carriers exist. They are directed, for instance, along the 

x and y axes (the z direction is perpendicular to the 

sample plane). Reorientation of some k-th defect changes 

the projections of its scattering cross section Uk so that 

[ 5] : 

o (5.1) 

Since the defect transition is stochastic each term in 

(5.1) is a random telegraph process. They are coupled in a 

linear way. This balance holds at any moment for each 

dipole independently of its orientation. 

Let us determine the local correlation factor 

s xy = < (~Uk) * (AUk) > / v D D x y x y 
(5.2) 

where D = < (~Uk)2 > is the variance, and consider 
x,y x,y 

some consequences of rel.(5.1) concerning possible 

correlation between fluctuations in x and y directions. 
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a) The two-dimensional case. 

Dipole reorientation does not change the projection on the 

z axis (for example, transitions occur only in the sample 

plane). Then 

- local fluctuations in x and y directions are completely 

anti-correlated in each volume point ( Sxy = -1). 

b) 

The 

The three-dimensional 

dipole transition 

case. 

simultaneously affects the 

conductivity along all three axes. Supposing that there are 

no selected directions in the sample we obtain: 

o = 0 = 0 = 0 x y z 

variances of fluctuations coincide. Carrying out an 

average over the ensemble of independently transitioned and 

stochastically orientated dipoles we obtain [5]: 

local fluctuations in 

anti -correlated. Thus, the 

negative for most defects. 

orthogonal directions 

(l\O'k)x * (AO'k)y product 

are 

is 

c) The case of a preferred direction. 

Let us suppose fluctuations in the scattering cross section 

in z direction have a variance Dz ' different from the 

value D in the sample plane. Then, from eq.(5.1) we 

obtain: 

Here the factor 

fluctuations along 

plane: 

S 
z 

the 

describes 

z axis 

(5.3) 

the correlation between 

and those in the sample 
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According to eq.(5.3) the Sz value. this can be negative 

only. At the same time, the correlation factor Sxy may be 

changed in a wide range depending on the Dz/D ratio 

(with Sz as a parameter): 

-1 ~ S ~ 0 if D ~ D, and -1 ~ S ~ 1 if D
z 

> D. The xy z xy 
above mentioned case of coinciding variances (D

z 
= D, 

S = S = - 0.5) is also accounted for by rel.(5.3). xy z 
It should be pointed out that the results derived above are 

valid for any random values (or processes) coupled in a 

linear way, see eq.(5.1). Hence, the conclusions obtained 

are rather universal. 

5.2. Correlation in conductance noise 

Now we consider the influence of spontaneous defect jumps 

on the conductance. 

The conductance fluctuations in the x and y directions are 

evaluated as a superposition of contributions of all ND 

defects: 

Here ND is the number of coupled defects in the central 

(narrow) region of the cross-shaped sample, a k and b k are 

the weighting factors. 

The conductance variances in x and y directions, 

may coincide, Vx = 

of all defects due 

local anisotropy 

and 

v = V , after summing the contribution 
y 

their stochastic orientation. If so, the 

of conductance fluctuations can be 

discovered only by measuring the correlation factor pxy 
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between fluctuations l1Gx and l1G· y. 

v' 'Dx 'Dy * Pxy = < l1Gx l1Gy > 

ND 
= L a k b k «l1O"k)x (l1O"k)Y> + L a i b. «l1O"i)x (M.) > 

k=l i*j J J Y 

Here the last sum is equal to zero owing to the independent 

transi tions of different defects, while the first one is 

evaluated via the local correlation factor Sxy (see 

Sec.4): 
ND 

< l1G l1Gy > = v' D D S L a
k 

b k 
(5.4) 

x x y xy k=l 

Finally we find: 
Pxy = !'i' Sxy 

where 
ND 

!'i' = L akbk/L a 2 L b 2 

k=l k k k k 

is a geometrical factor. In case of a homogeneous defect 

distribution and uniform current flows one has: a k = bk ' 

and, hence, !'i' = 1. Thus, the correlation in conductance 

fluctuations is determined mainly by the local anisotropy 

in a single defect scattering cross section. 

In particular, considering the case (b) (the absence of 

selected direction) as the most plausible one we obtain 

from eq.(5.3) P = - 0.5. This value is very close to that 
xy 

observed in experiments [1,61. It is derived from highly 

general suggestions about the defect kinetics. other Pxy 
values, reported in [61, may be explained in terms of case 

(c) • 

conductance fluctuations originating from lattice 

scattering or number fluctuations will result in the value: 

Pxy = 1-

AS mentioned above both the mean sample conductance and 

fluctuation variances in x and y directions may coincide 

because of averaging over the ensemble of stochastically 



-50-

orientated defects. The mean mobility also remains to be 

scalar. Thus, measuring the correlation factor provides the 

unique possibility to demonstrate the anisotropic 

properties of local scattering by defects. 
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6. 11f fluctuations in magneto-resistance 

The experimental results [1-3] of 11f noise in geometrical 

magneto-resistance are shown to be not contradictory to the 

model of mobility fluctuations. These results may be 

explained by taking into account the local anisotropy of 

conductivity 11f fluctuations arising from the defect 

motion. 

The magnetic field applied perpendicular to a semiconductor 

disk sample, as shown in Fig.6.1 (the radial symmetry for 

the electric field), distorts current-flow lines and so 

reduces the mobility, 

and increases 

dependence [1-3] 

the sample resistance. The expected 

of the 11f noise on the magnetic field is 

presented in Fig.6.2: 

- the o~ model predicts a sharp decrease with a minimum at 

~ B = 1, followed by an increase (curve 1); 

- the on model predicts a constant value (curve 2). 

All results are normalized on the noise intensity at 

zero-magnetic field. 

In experiments [1-3] the llf noise is found to be 

independent 

as being in 

conclusion 

of the magnetic 

favor of the on 

is incorrect 

field. This fact is interpreted 

model only. As shown below this 

because the possibility of 

anisotropic mobility fluctuations was ignored in the 

analysis. 

Starting again from the motion equations 

carriers, shown in projections on the radial ( 

tangential ( ~ ) axes (see Fig.6.l), 

v 
'P 

for charge 

r ) and the 

(6.1) 

we assume, that the carrier mobilities ~ and ~ in these 
r ~ 
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orthogonal directions are subjected to fluctuations: 

+ l!. 11 (t). r,rp 

The mean mobility remains scalar: 11 
r = 11 rp = 11 , due to the 

dominant lattice scattering. 

A solution for the radial current may be obtained from 

eqs. (6.1) : 

j - IlB = 
(11 + l!.l1r_)_E ________ __ 

1 + (11 + l!.l1r) (11 + l!.l1rp) B2 

(6.2) 

The local fluctuations in the mobility I1B we derive by 

linearizing of the later expression: 

l!.I1B l!.l1r (11 B)2 
[ l!.~r l!.l1rp 

) = + (6.3) 
I1B 11 1 + (11 B)2 11 

a) If fluctuation terms in rel.(6.3) coincide: l!.11 = l!.11 = l!.11 
r rp 

(scalar mobility fluctuations), we obtain the well-known 

dependence [1-3] (see curve "1" in Fig.6.2): 

= 
11 

b) If mobility fluctuations are caused by defect motion, 

then anisotropy of scattering should be taken into account 

(see Sec. 5). 

The stochastic change l!.1J in the scattering cross section 

of the moving defect modulates the corresponding mobility 

component I1D attributed to this kind of scattering, and 

hence the total mobility 11 (see eq.(4.2)): 

Here 

- (11/I1D ) * 1/(1J ND)* l!.1J r,rp 
(6.4) 

is mean scattering cross section of moving 

defects; ND = nD V, the total number of such defects within 

the sample volume V; and nD, their concentration. 

Thus, the whole correlation description carried out for the 

scattering cross section in Sec. 5 may be extended here on 

the mobility fluctuations I1r and I1rp' The local correlation 
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factor S may be induced as well, analogous to rel.(5.2). 
rep 

In particular, when these fluctuations are anti-correlated 

the last term of eq.(6.3) vanished because of mutual 

compensation. Hence, the Ilf noise is mainly determined by 

the first term in eq.(6.3). 

summing up the contributions of all defects in the sample 

we obtain the spectrum of the resistance fluctuations [4]: 

Here the factor 

c = 
D 

}feB) 

f 

2 <111J > 

7 

(6.5) 

(6.6) 

F 
describing the average contribution of a single defect (see 

eq.(6.4) and also Sec. 4); 

}feB) 1 + 2Y(b) 

Y(B) = (11 B)2/[1 

[Y(B) - 1] (1 + Srep)' 
2 

+ (11 B) 1. 
(6.7) 

-I 
where R = (2rrW) PB In(r/rI ) is the disk resistance; Wand 

r, its thickness and radius; r
I

, the radius of the central 

hole; p = (qnIlB) , the resistivity of the disk material 

accounting for the magneto-resistive effect; n, the density 

of charge carriers and V
eff 

= 4rrW (r~2 - r-2 ) ln2 (r/r
1
). 

the effective sample volume. 

The relative change of the Ilf noise magnitude versus 

magnetic field is described by the factor }f(B), see 

expression (6.7), and strongly depends on the local 

correlation factor Srep (see Fig.6.2). 

particularly, curve "2" may be interpreted now as a result 

of completely anti-correlated mobility fluctuations in the 

r and I{) directions (at each sample point). On the 

contrary, curve "1" corresponds to the case when local 

fluctuations coincide: S = 1 (scalar fluctuations). For 
rl{) 

intermediate values of the correlation factor, 

-1 < S 
rl{) 

< 1, partial compensation occurs between local 

fluctuations 

compensation, 

field on the llf 

and 11111{) in eq. (6.3). The weaker the 

stronger the influence of the magnetic 

noise. In particular, for the most 
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s = -0.5 (see sec. 4) the maximum 
rep 

"3" from curve "2" does not exceed 1.25 

dB at IlB = 1. Hence, results [1-3] may be explained in 

terms of mobility fluctuations, if these are considered as 

anisotropic. 

In the introduction of this chapter we refereed to several 

authors [1-3] who interpreted the fact that the noise is 

independent of the magnetic field as evidence for on model, 

excluding any ojJ. models. Here we have shown that 

anisotropic mobility fluctuations can equally well explain 

the experimental findings. These fluctuations can arise due 

to the stochastic changes in the scattering cross section 

of mobile defects with asymmetric configurations. 
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Fig. 6.1. Corbino disc 
with reference frame. 
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Fig.6.2. Normalized 111 noise magnitude 
versus magnetic field strength. 
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7. AC effects in the llf noise of hot carriers 

AC excitation of a semiconductor sample in the non-Ohmic 

region is shown to be relevant for revealing the dominant 

llf noise source. The method implies an investigation of 

noise spectra of DC and AC components in the sample current 

at various modulation amplitudes and bias. The theory 

predicts a clear possibility to distinguish between number 

and mobility fluctuation models for semiconductors. 

studying the conductivity llf noise in homogeneous 

semiconductor samples under external influence is correctly 

considered as a way to discriminate between on and 011 

models [1]. The number of measurable parameters informative 

for revealing the llf noise source may be extended by AC 

excitation of the semiconductor sample biased previously in 

the non-Ohmic region [2]. 

The amplitude of the first harmonic in the current through 

the n-Si sample is considered. The fluctuation spectrum of 

this parameter is clearly shown below to be highly 

sensitive both to the bias and the AC excitation amplitude. 

The dependencies evaluated have a specific form for the 

different noise sources and are relevant for revealing the 

dominant llf noise source in the sample under test. 

Let us consider a semiconductor sample biased by the field 

EO to which we add the alternating field with amplitude El 

and frequency w 

E(t) = EO + El cos wt . 

If the frequency w is many orders lower than the'reciprocal 

relaxation times of energy and momentum of the charge 

carrier , we assume that the electron temperature and the 

drift mobility are instantaneous functions of the applied 

field. If the bias leads to saturation in carrier velocity 

then the conductance becomes non-Ohmic and the sample 

current contains, together with a DC component, a number of 
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harmonics of the excitation frequency: 

J(t) = qnV[E(t)] = J o + J 1COS wt + (7.1) 

Here VeE) = ~(E) E is the velocity of charge carriers and 

~(E) is their drift mobility. 

The DC current J o and the amplitude 

by fluctuations in the mobility or 

carriers: 

J 1 may be modulated 

in the number of free 

where = k = 1,,2, are relative 

fluctuations. 

Let us consider Matthiessen's rule for evaluation of the 

total mobility ~ from the partial components ~i related 

to different scattering mechanisms: 

-1 
~ = 

m-1 
L 

i=1 

-1 
~. 
~ 

(7.2) 

The subscript m refers to the mobility component with 11f 

fluctuations: 

= C I f m 

The others are considered as "noiseless". 

(7.3) 

Accounting for eqs. (6.1) - (6.3) we obtain the spectra in 

terms of o~ model: 

Here 

8 JOI J~ = ~O(EO,El) Cml f, 

(V(E) ~(E)I ~m(E)}o 

(V(E)}O 

(V(E) ~(E)I ~m(E)}1 

(V(E)}1 

(7.4) 

(7.5) 

are modulation sensitivities of DC (subscript "0") and AC 

(subscript "1") components of the current to the relative 
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fluctuations in the mobility ~m; braces denote the 

corresponding Fourier component. 

The field dependence of the spectra (6.4) is completely 

determined by the factors ~. In terms of on model the noise 

spectra S JO and 

field. 

are not sensitive to the applied 

We use the known approximation [3] for n-Si in the 

evaluations: 

(7.6) 

and low-field approximations for mobility components 

representing different scattering mechanisms (for acoustic 

phonons, ~ ac 
for ionized 

neutral impurities, ~N ): 

impurities, and for 

with the electron temperature Te obtained from the energy 

balance equation [4-5]: 

(7.7) 

Here T is the lattice temperature. 

The intensity of the impurity scattering is suggested to be 

low compared to the lattice scattering: ~O/~IO= ~O/~N = 

0.1. In such a case the contribution of impurity scattering 

does not affect appreciably the drift mobility (7.6). 

As a possible 

carrier density 

modifications 

source 

( on 

of o~ 

we consider fluctuations in the 

model) and, besides, 

model, attributing 

different 

mobility 

fluctuations to lattice scattering (component ~ac) [1,2] or 

to impurity scattering (components ~I and ~N) [6,7]. 

In the weak modulation case ( El « Eo) the factors ~ do 

not depend on El .The evaluated dependencies of the noise 

spectra normalized on the low-f ield value are plotted in 

Fig. 7.1 versus bias. 

The influence of mobility fluctuations on the DC component 

decreases with increasing bias for impurity scattering 
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mechanisms (more rapidly for ionized impurity). At the same 

time, such influence is nonmonotonic when the lattice 

scattering is treated as the noise source. 

The modulation intensity of the first harmonic amplitude is 

minimal at EO = 0.6 Et for o~I model and at EO= Et for o~N 

model. 

In the strong modulation case ( El 5 Eo ) the dependences 

of the ~ factors on the AC excitation amplitude El have 

specific forms for different noise sources. The results for 

modulation sensitivities ~l are plotted in Fig.7.2 at 

different bias values for o~ac and o~I models. 

We suggest an experiment, aimed to determine the dominant 

l/f noise source in a semiconductor sample. It is proposed 

to excite the sample biased in the non-Ohmic conductance 

region by the AC signal. The change in the noise spectra of 

DC component and of the amplitude of the first harmonic 

should be obtained by the variation of the bias or of the 

modulation magnitude. Such experimental changes should be 

compared with those predicted by the analysis. These 

dependences have specific forms for different noise 

sources. 

In particular the experiment would discriminate between on 

and o~ models. Moreover it would give the possibility to 

extract the contribution of lattice or impurity scattering 

to the mobility noise. 
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Fig.7.1. Weak modulation case: the noise 
spectra of DC (a) and AC (b) components 
(normalized on the low-field value) versus bias 

for different noise sources. 
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Fig.7.2. Modulation sensitivities of the 
AC component versus excitation amplitude 

for two noise sources: (a) fluctuations in lattice 
scattering; (b) fluctyations in inized impuruty scattering; 

E IE values are indicated at the curves. 
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8. Conclusions 

The model of the Ilf conductance noise in solids is 

reviewed. Random motions of a constant number of mobile 

defects are considered as the noise source. The spectrum of 

conductance fluctuations produced by defect migration is 

calculated as a superposition of many Lorentzian spectra 

with characteristic times related with a Boltzmann factor. 

The elementary conductance disturbance caused by a single 

defect displacement is estimated with the help of the 

local- interference model, previously established for 

metals. Several Ilf noise properties known from experiments 

are explained: the f- r _ dependence of the spectrum, the 

bulk nature, temperature dependence, small correlation 

range, anisotropic properties. 

Our model correctly describes the increase in the Ilf noise 

densitywhen defects are accumulated in the sample under 

test. 

The known Dutta-Horn relation for the local slope is 

verified under a wide variety of conditions, including the 

case of a strong irregular spectrum. The possibility to 

distinguish Lorentzian spectra associated with generation 

-recombination processes and defect 

demonstrated. 

motions is 

Local anisotropy of conductance fluctuations due to the 

asymmetrical scattering cross section of mobile defects is 

considered as well. The measured value of the correlation 

factor of current fluctuations in the cross-shaped pattern 

and the llf noise dependence on the magnetic field in 

Corbino disks are explained. 

Finally, we suggest an experiment on semiconductors with 

hot electrons subjected to AC excitation in order to 

distinguish between number and mobility fluctuations. 

Numerical estimations confirm the relevance of this noise 

source for semiconductors. Evaluations show that the noise 

magnitude can depend on the technology of the sample 
manufacturing. 
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Although our approach is certainly in qualitative, and in 

many cases quanti tati ve, agreement with the experimental 

data , there are a number of issues which are unsettled. In 

specific cases this model gives a reasonable good magnitude 

for the noise and showshow the noise varies when defects 

are added or removed, while the types of defects which are 

invol ved and the kinetics of their motion have only been 

partially identified. Further investigations can help to 

resolve these questions. In particular, the complexes 

having an asymmetrical configuration are of the interest. 

Attention should be paid to experiments demonstrating the 

direct link between the llf noise and the density of the 

mobile defects. 
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