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The possibility of determination of the number of localized capture centers of defects (relaxators) that cause low-frequency 
noise in a particular frequency range has been investigated. Here it is shown that a minimum number of relaxators is needed 
to generate 1/f type low-frequency noise only when relaxation times are arbitrarily distributed one-by-one in every two-octave 
range. The expression for estimation of the low-frequency noise level of the sample under test is presented. The presented expres-
sion for 1/f noise explains not only the noise level dependence both on the frequency and number of defects in the sample but 
also the observed noise intensity dependence on the mobility of free charge carriers. It is shown that the main source that causes 
low-frequency noise in homogeneous semiconductors is the charge carrier capture–emission process.
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1. introduction

The problem of 1/f noise in various electronic devices 
has been discussed over 80 years, and over 60 years 
in solid materials, but the origin of 1/f noise in vari-
ous materials is still open to discussion. In Ref. [1], it 
was stated that the 1/f noise and the 1/Δf [1–3] noise 
have the  same physical origin: they are caused by 
resistance fluctuations. The  correlation between 1/f 
noise and 1/Δf noise measurements show the  com-
plete correlation giving the direct confirmation that 
such noises are due to resistance fluctuations  [2, 3]. 
It was directly shown by the measurement of thermal 
noise modulation that the 1/f noise in homogeneous 
materials is due to its resistance R fluctuations ΔR(t) 
at equilibrium conditions [4]. In Ref. [3], it has been 
shown that the level of 1/f noise does not depend on 
the additional alternative current power, and the level 
of 1/Δf noise does not depend on the additional direct 
current power if the sample is not heated; in Ref. [3], 
it has also been shown that the 1/f noise in nonlinear 
elements (diodes or transistors) is due to the fluctua-
tions of transfer transconductance. The  problem of 

spectral density of the resistance fluctuation depend-
ence on frequency has been discussed for various 
materials in many works [5–18]. There are two main 
opposite points on the origin of 1/f noise: (i) the ob-
served 1/f noise is due to the generation–recombina-
tion noise or due to the charge carrier capture and 
emission in traps of defects  [8, 10, 12–14, 17, 19]; 
(ii) the  observed 1/f noise is caused by fluctuations 
in the mobility of free carriers in conducting mate-
rial [5, 6, 15, 21–24] due to charge carrier lattice scat-
tering. Though the 1/f noise level αmeas in many semi-
conductor materials can be approximately described 
by the relation [15, 21–23]
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where µmeas is the measured free charge carrier mobil-
ity, and µlatt is the mobility component due to lattice 
scattering with αlatt of the order 10–4, it does not im-
ply that the proportionality of noise intensity to μ2

meas 
means that the origin of low frequency is caused by 
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mobility fluctuations of free charges. Thus, upholders 
of mobility fluctuations on the basis of Eq.  (1) con-
firm that the 1/f noise observed in good homogeneous 
semiconductor samples is due to mobility fluctuations 
caused by lattice scattering [15, 20–24]. The main ar-
gument against the  mobility low-frequency fluctua-
tions of free charge carriers is that there is no reliable 
explanation of the noise spectrum. It is believed that 
the 1/f noise is caused by fluctuations in the scatter-
ing cross-section due to the action of acoustic lattice 
waves [25, 26]. Considering that the acoustic phonon 
lifetime in silicon is very short [27] (an average life-
time of thermal acoustic phonons is about 17 ps, and 
according to Ref. [28] the lifetime of acoustic phonons 
is in the range from 4.7 ns to 5 ps), they cannot cause 
the  low-frequency noise. It seems that the nature of 
both resistance and acoustic phonon intensity fluc-
tuations is the  same. If the acoustic phonons would 
modulate the charge carrier mobility, then the corre-
lation length must be at least about the  wavelength 
of low-frequency acoustic phonons, but experiments 
show that the  correlation length for the  1/f noise is 
smaller than 1 µm [29].

2. analysis of the possibility of mobility 
fluctuations of free charge carriers problem

Usually in order to explain the conductivity fluctua-
tions of homogeneous material the  conductivity σ 
and its fluctuations due to both charge carrier density 
n and their mobility µ fluctuations are presented in 
the following way:

σ = enμ, (2)

Δσ(t) = eμΔn(t) + enΔμ(t). (3)

As directly shown in Ref.  [4], the  low frequency 
conductivity fluctuations arise in thermal equilib-
rium conditions. Let us consider what low-frequen-
cy (long-time) electronic processes can appear in 
the  thermal equilibrium in the  investigated sample. 
A  large number of investigations on random tele-
graph signals (RTS) and generation–recombination 
processes show that in the  equilibrium free charge 
carriers take part in the  capture–emission process 
in the localized states of different defects in the sam-
ple volume and on its surface. Of course, this charge 
carrier retrapping process causes the  long-time free 
charge carrier number fluctuations Δn(t), and this 
process is additive. The  relaxation time distribu-
tion covers a very wide time interval from less than 
1 µs to more than 1 s [12]. As also shown in [30, 31], 
the relaxation times of the generation–recombination 

process for silicon single crystals are distributed in 
the time interval from 0.1 to 10–5 s. The charge carrier 
capture–emission process is thermally activated and 
does not change the  charge neutrality condition in 
the sample. The fluctuations of the number of charge 
carriers could be simply recalculated to the spectral 
density of sample resistance (or conductance) fluc-
tuations [32].

The question of the  mobility fluctuations of free 
charge carriers is more complicated. It is well known 
that the mobility in the thermal equilibrium is deter-
mined by the average relaxation time τr due to differ-
ent scattering processes of free charge carriers,
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where τlatt and τimp are average relaxation times due to 
lattice and various impurity scattering, respectively. 
From Eq. (4) it follows that τr is always smaller than 
any relaxation time component due to any scattering 
process. For example, the relaxation time for silicon 
does not exceed 2·10–13 s at room temperature  [33, 
34]. The same can be said about the relaxation time 
of the scattering cross-section. In the case when there 
is no charge carrier capture–emission process, there 
cannot be any mobility long-time modulation, be-
cause it is determined by the  statistical average re-
laxation time (constant). The  average parameters in 
the equilibrium do not fluctuate. Thus, at the thermal 
equilibrium the scattering processes cannot be an ini-
tial origin of the low frequency noise in materials. In 
the equilibrium, besides the charge carrier capture–
emission process, there can be migration of atoms 
and vacancies, but the latter processes are very weak 
at room and lower temperatures, and usually have no 
influence. Now let us see what will happen with mo-
bility fluctuations in the case of the  free charge car-
rier capture–emission process in the  localized states 
of defects. The number of filled and empty localized 
states changes during the  retrapping process, i.  e. it 
changes the  number of ionized and neutral defects. 
As mentioned, the relaxation time of the retrapping 
process is larger by many orders than that of the free 
charge scattering process. Thus, the  retrapping pro-
cess can be considered as a quasi-stationary process 
compared with the charge carrier scattering process. 
The fluctuations of the number of ionized and neu-
tral defects can in a certain degree induce the changes 
of the  average relaxation time for different scatter-
ing mechanisms. This process is not an additive one, 
contary to the case of charge carrier number fluctua-
tions. The  charge carrier capture–emission process 
in a complex way can change the resultant relaxation 
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time and mobility, depending on the material struc-
ture, doping density and density of defects, impurities 
and vacancies, also depending on the  temperature 
and pressure. So, there is a  very complex situation 
how mobility can fluctuate due to the charge carrier 
capture–emission process, but mobility can never 
be an initial source for the low-frequency noise, and 
Eq. (1) does not mean that lattice scattering is the ini-
tial origin of the 1/f noise.

In conclusion, it can be pointed that the  charge 
carrier capture–emission process modulates not only 
the total number of free charge carriers, but in a cer-
tain degree can modulate both their average relaxa-
tion time and mobility. These modulation phenom-
ena induce both the fluctuations of the power density 
of thermal noise and low-frequency noise.

3. what is the cause that the 1/f noise level 
in semiconductors is often proportional to 
the squared mobility of free charge carriers?

In this section the  results of resistance fluctuations 
will be presented on the basis of silicon material due 
to charge carrier number changes caused by the free 
charge carrier capture–emission process, and it will 
be shown that the low-frequency noise level propor-
tionality to the squared mobility for semiconductors 
is caused by the charge carrier capture–emission pro-
cess due to mobility decreasing with charge carrier 
density increasing by doping.

The resistance fluctuation spectral density due to 
the capture–emission process in M independent cap-
ture centers (relaxators) can be presented by their su-
perposition [12, 32]

, (5)

where ΔRi is the resistance change of the sample due 
to electron capture by the localized capture center i, 
τei is the average electron emission time, τci is the av-
erage electron capture time in the ith defect, and τri is 
the effective average relaxation time:
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In Ref.  [35], the  minimum number of relaxators 
(defects) has been estimated with relaxation times 
distributed in a wide time range needed for the gen-
eration of noise with the  1/f spectrum. It has been 
shown that this requirement is fulfilled when the re-
laxation times are arbitrarily distributed one-by-one 

in every two-octave range. For example, for the for-
mation of 1/f noise in the frequency range from 1Hz 
to 1 MHz only 15 capture states are needed. In order 
to obtain the 1/f law in the given frequency range in-
cluding the end points of that frequency range with 
high precision, the deviation from 1/f law must be 
smaller than 5%: it is a  usual accuracy requirement 
for low-frequency noise measurements. Thus, about 
two double octave overlaps both to lower and higher 
frequencies are additionally needed for the simulated 
frequency range. In this case the  noise spectrum is 
presented by the function g(f) for K = 1 (Fig. 1, a line 
with open dots). It is seen that this curve coincides 
with g0(f)  =  0.16/f for the  relaxation times distrib-
uted uniformly in the  logarithmic scale: τri  =  τ0/4

i. 
More detailed evaluations show that the  factor 0.2 
in Eq. (11) in Ref.  [35] must be changed to the fac-
tor 0.16. The  curve g(τ) for K  =  1 has only small 
waves or bumps compared with g0(f). So, the function 
g0(f) = 0.16/f can be used as a reference one for evalu-
ating Eq. (5) for a different number of defects generat-
ing the low-frequency noise.

Factor 0.16 also shows that in the  case of 
change ΔN  =  1 the  maximum value of variance is 

Fig. 1. Modelled low-frequency noise spectra with 
a  small number of widely distributed relaxation times 
τri. Function g0(f)  =  0.16/f (a linear dashed line in 
the  logarithmic scale) shows the  1/f noise spectrum 
when the relaxation times are distributed as τri = τ0/4

i, 
i. e. one-by-one in every double octave; other g(f) lines 
represent the noise spectrum when the number K of re-
laxators is arbitrarily distributed in the  range of every 
double octave.

〈(ΔN)2〉 = 1/4 [20]. When in every two-octave range 
there are K arbitrarily distributed independent 
relaxators, then g(τ) = 0.16K/f with very small devia-
tions from the 1/f law (Fig. 1). As pointed in Ref. [35], 
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the quantity K, but not the  total number of defects, 
must be used for the evaluation of the low-frequen-
cy noise level at the defined frequency. For example, 
the total number of defects in the sample responsible 
for the 1/f noise in the frequency range from f1 to f2 
can be expressed as Ntr = Klg(f2/f1)/lg4, where the ra-
tio lg(f2/f1)/lg4 corresponds to the number of double 
octaves in the measured frequency range. In the case 
when K relaxators are non-uniformly arbitrarily dis-
tributed in the logτ scale, one will obtain the low-fre-
quency noise spectra with bumps or waves about 1/f 
law or 1/f γ type spectra.

On the ground of this analysis, instead of the char-
acterization of the  1/f noise level in homogeneous 
materials by the  Hooge parameter α  [3, 13], Palen-
skis  [35] proposed a  general expression for the  1/f 
noise caused by the charge carrier capture–emission 
process accounting for additional resistance fluctua-
tion because of the  Debye screening effect of nega-
tively charged centers due to the electron capture

, (7)

where

α ≈ 0.16Kδ/N, (8)

K is the  average number of relaxators in the  sam-
ple with arbitrarily distributed relaxation times in 
every double octave, and δ is the  factor accounting 
for additional resistance fluctuation due to the  De-
bye screening effect; for Si it can be approximated as 
δ ≈ (1.3 + 6.5 · 1017/n)0.65 (here n in cm–3) when the de-
fects are localized in the volume of the sample [35]. In 
the case when defects are localized on the  surface of 
the  sample, number 6.5 in the expression for δ must 
be decreased by 2 times. When defects are localized 
in the surface oxide layer, then δ ≈ 1. From this study 
it also follows that the noise correlation length is very 
small, i. e. of the order of Debye screening length, which 
is in agreement with the correlation length evaluation 
(smaller than 1 µm) obtained by Kleinpenning [29].

The relation between the mobility and charge den-
sity for Si in the charge carrier density n range from 
1015 to 1019 cm–3 can be approximated as [33, 36]

μ = 92 + 1268/[1 + (n/1.3 · 1017)0.91]. (9)

This relation in the  range of charge carrier den-
sity between 5·1017  to 2·1018 cm–3 approximately 
gives the  proportionality µ2~1/n and α~µ2. In other 
charge carrier density ranges the  experimental pa-
rameter α values are very scattered [5, 6] considering 

that the  spectral density of noise is proportional to  
1/N2. Thus, the proportionality of the 1/f noise level to 
squared mobility appears as a presentation effect. Ex-
pressions analogous to Eq. (9) can also be written for 
Ge, GaAs and other homogenous semiconductors.

From Eq.  (7) it is seen that the 1/f noise level at 
the  constant defect density is proportional to 1/N2. 
Usually the  experimental testing of 1/f noise level 
dependence on the  total free charge carrier num-
ber N in the sample is being carried out by changing 
the volume of the sample. In homogeneous samples 
the ratio K/N with volume increasing is almost con-
stant: it gives an impression that the 1/f noise level is 
proportional to 1/N. Thus, Eq. (7) explains not only 
the 1/f noise level dependence on frequency but also 
its dependence both on the number of the free charge 
carriers and on the  number of capture centers, and 
the  observed proportionality to μ2

meas in a  particular 
range of the charge carrier density 1/n~µ2.

In Table  1, we compared the  1/f noise descrip-
tion parameters (when relaxators are localized in 
the  volume of the  sample) in the  frequency range 
between 1  Hz and 1  MHz for the  silicon sample 
10  µm  ×  10  µm  × 10  µm  =  10–9 cm–3 with the  free 
charge density n = 1017 cm–3: N = 108, and the num-
ber of Si atoms NA  =  5·1013 in the  sample (density 
nA = 5·1022 cm–3). Here Ntr is the total number of re-
laxators with arbitrarily distributed K relaxators in 
every double octave in the given frequency range. It 
is seen that for α = 10–3 averagely one capture cent-
er (relaxator) is sufficient for NA = 2.03·107 atoms of 
the sample material, and for α = 10–5 only one relaxa-
tor is sufficient for NA =  2.03·109. These data visibly 
demonstrate how the technology of sample formation 
must be high in order to obtain samples with small 
values of the parameter α.

In order to generate 1/f noise in the  frequency 
range from 1 Hz to 1 MHz, the relaxation times must 
be arbitrarily distributed in the  time interval from 
0.01 µs to 4 s.

Table 1. Relation between the parameter α and low-fre-
quency noise description quantities for Si.

α 10–3 10–4 10–5

δ 3.8 3.8 3.8
K 1.64·105 1.64·104 1.64·103

Ntr 2.46·106 2.46·105 2.46·104

NA/Ntr 2.03·107 2.03·108 2.03·109

N/Ntr 41 410 4100

Considering that there is some doubt on the pos-
sibility of relaxation time distribution in a very wide 
time range, let us see what values of relaxation times 
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can be observed in real samples. The average charge 
carrier capture time in homogeneous semiconductors 
is usually determined by relation [12, 37]

τ = (nνTσs)
–1, (10)

where vT is the average thermal velocity of free charge 
carriers at temperature T, n is the density of free charge 
carriers, and σs is the  charge carrier scattering cross-
section. The effective charge carrier capture cross-sec-
tions [31] evaluated on the basis of Eq. (10) for a high 
purity pSi crystal sample with a very weak shallow dop-
ing (p = 6·1011 cm–3) are presented in Fig. 2. It is seen 
that in many cases the obtained values are by many or-
ders smaller than the cross-section of atoms. Accord-
ing to  [12], the  states characterized by cross-section 
values less than 10–16 cm2 are related with defect states 
located in the interfaces and the oxide layer.

where φB is the  potential barrier height for the  dis-
torted potential in the region caused by defect states 
(Fig. 3).

Usually the exponent in Eq. (11) is assigned to the 
capture cross-sections:

σs = σs0/exp(φB /kT). (12)

In order to explain the results of the capture cross-
sections presented in Fig.  2, the  potential barrier 
height (Fig. 3) must be in the range from 0 to 0.35 eV. 
For the  charge carriers to take part in the  trapping 
process in the  defect region, their energy must be 
higher than EC + φB. So, the effective density of charge 
carriers (Fig. 3), which can take part in the trapping 
process, is

neff ≈ n exp(–φB /kT). (13)

Thus, the relaxation time is very large not due to 
very small capture cross-sections, but because the ef-
fective density of charge carriers neff, which can take 
part in the  trapping process in the  defect region, is 
smaller than the  density n obtained from the  Hall 
measurements.

Fig. 2. Charge carrier capture cross-section σs distribu-
tion in the energy gap over the valence band in a high 
purity pSi crystal. (The shaded region approximately co-
incides with the  values of the  cross-sections of atoms. 
The plotted cross-section data are taken from Ref. [31]. 
Here Etr is the charge carrier trap energy in the energy 
gap over the valence band top energy Ev).
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A  distortion of the  band energy can be due to 
the  formation of edge and screw dislocations in 
the  sample  [38, 39]. The  dislocations attract vari-
ous impurities, and below the potential barrier there 
can be many different capture states which are char-
acterized by relaxation times from 10 µs to 1 s [40]. 
In semiconductors with defect states in surfaces and 
interfaces the effective charge carrier capture time is 
presented as

τ = (nνTσs)
–1 exp(φB/kT), (11)

Fig. 3. Schematic large scale distortion of the energy gap 
due to various relict and formation defects, and the ef-
fective free charge carrier density neff dependence on en-
ergy for a non-degenerate semiconductor.
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4. summary

An analysis of the physical mechanisms of the  low-
frequency noise in homogeneous materials gives an 
impression of the  proportionality of the  resistance 
fluctuation spectral density to the inverse number of 
free charge carriers, which can be explained only as 
an inverse proportionality to the sample volume be-
cause the  ratio K/N hardly depends on the  volume 
for homogeneous material. The  minimum number 
of defects generating the 1/f noise law in a particular 
frequency range does not depend on the volume of 
the sample: the volume only determines the intensity 
of the 1/f noise. When some type of relaxators with 
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particular relaxation times by many times exceeds 
the average number of relaxators with other relaxa-
tion times, one can observe the Lorentzian type spec-
trum over the  1/f noise. The  present analysis shows 
that the charge carrier capture and emission process 
is the main source for the 1/f noise and the RTS noise. 
The proportionality of the 1/f noise level to squared 
mobility in a particular charge carrier density range 
cannot be interpreted as mobility fluctuations, be-
cause it appears as the effect of noise level presentation 
on mobility. Mobility fluctuations can in some cases 
appear as a secondary effect. Eqs. (5) and (7) explain 
the formation of the 1/f type noise spectrum and its 
level dependence on both the number of defects and 
the number of free charge carriers in the sample.
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santrauka
Atlikta detali homogeninių medžiagų žemadažnio 

(1/f) triukšmo analizė parodė, kad tiriamojo bandinio 
varžos fliuktuacijų spektrinio tankio atvirkštinis pro-
porcingumas laisvųjų krūvininkų skaičiui bandinyje 
gali būti vertinamas tik kaip atvirkštinis proporcingu-
mas bandinio tūriui. Matavimo ir skaičiavimo rezultatai 
rodo, kad žemadažnio triukšmo spektras vienareikš-
miškai gali būti išreikštas Lorenco pavidalo spektrais, 
įskaitant atsitiktinai pasiskirsčiusias relaksacijų trukmes 
labai plačiame intervale.

Įvertintas mažiausias relaksatorių skaičius, galintis 
sukurti 1/f pavidalo triukšmo spektrą tam tikrame daž-
nių intervale. Parodyta, kad krūvininkų judrio fliuktua-
cijos gali pasireikšti tik kaip antrinis reiškinys, atsiran-
dantis defektuose kintant sklaidos centrų skaičiui dėl 
krūvininkų pagavimo ir jų išlaisvinimo iš lokalizuotų 
centrų. Pateikta kiekybinė išraiška, leidžianti pagal iš-
matuotą žemadažnį triukšmą tam tikrame dažnių inter-
vale įvertinti aktyvių pagavimo centrų skaičių bandiny-
je, lemiantį išmatuotą triukšmą.


