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It is shown that the free charge carrier capture–emission process causes both the charge carrier density and mo-
bility fluctuations. In this report we present the calculation results in order to find how the capture–emission process 
affects the free charge carrier mobility and mobility fluctuations. The carrier mobility dependence on phonon, impu-
rity and carrier–carrier scatterings, and the mobility dependence on the electric field and the energy gap variation 
due to the doping level were taken into account. It is also shown that fluctuations of the charge carrier density and 
mobility due to the capture–emission process are completely correlated, and that their relaxation times are the same 
as for the charge capture–emission process. The general expression for estimation of active capture centre density in 
the volume of a homogeneous sample from the low-frequency noise measurements is presented.
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1. Introduction

Although investigations of the nature of flicker (1/f) 
noise have old traditions and deep roots going back 
many decades, the  origin of the  1/f noise is still 
subject to discussions. There are two main opposite 
points on the origin of 1/f noise: (i) the observed 1/f 
noise is due to the charge carrier capture–emission 
in traps of defects [1–7], (ii) the observed 1/f noise 
is caused by fluctuations in mobility of the  free 
charge carriers in the  conducting material due to 
charge carrier lattice (phonon) scattering [8–14].

An analysis of physical mechanisms of the low-
frequency noise in homogeneous materials, pre-
sented in papers  [15, 16], shows that a  vision on 
proportionality of the  resistance fluctuation spec-
tral density to the inverse number of the free charge 
carriers can be explained only as an inverse propor-
tionality to the sample volume because the ratio be-

tween the numbers of defects and free electrons in 
the  investigated homogeneous samples hardly de-
pends on the volume at all. The minimum number 
of active defects (relaxators) with relaxation times 
distributed in a wide time range needed for gener-
ating the 1/f noise law in a given frequency range 
has also been estimated, and this requirement is 
fulfilled when the  relaxation times are arbitrarily 
distributed one-by-one in every two-octave range. 
The profile of the 1/f spectrum does not depend on 
the volume of the sample: the volume only deter-
mines the intensity of the 1/f noise. When the num-
ber of relaxators of a particular type with particular 
relaxation times is many times greater than the av-
erage number of relaxators with other relaxation 
times, one can observe the  Lorentzian type spec-
trum over 1/f noise. The presented analysis shows 
that the charge carrier capture and emission pro-
cess is the main source for generating 1/f noise and 
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random telegraph signal (RTS) noise  [15, 16]. It 
was also shown that for some homogeneous semi-
conductors in a particular doping range the charge 
carrier density n gives such proportionality for 
the mobility μ: μ2 ~ 1/n. As a  result, the 1/f noise 
level increases as μ2, which was explained as mobil-
ity fluctuations [8–14] due to lattice scattering.

In this work we present the calculation data in 
order to show how the  capture–emission process 
also causes the free charge carrier mobility fluctua-
tions.

2. A simulation model and parameters

The calculation results of a  silicon sample with 
dimensions of 5 μm × 5 μm × 1 μm at lattice tem-
perature T = 300 K and at a small constant applied 
bias voltage (linear regime) will be presented. 
The  calculations have been performed by using 
a  drift-diffusion model based on the  Poisson’s 
equation for electrostatic potential and the  con-
tinuity equations for electrons and holes accord-
ing to the Synopsis TCAD Sentaurus program, in 
order to find how the  capture–emission process 
affects not only the  free charge carrier number 
fluctuations but also the  charge carrier mobil-
ity fluctuations. In these calculations the  carrier 
mobility dependence on phonon, impurity and 
carrier–carrier scatterings, mobility dependence 
on the  electric field and the  energy gap varia-
tion due to the doping level were also taken into 
account.

Low field charge carrier mobility µlow was calcu-
lated using the Matthiessen’s rule

, (1)

where μdop is the mobility due to scattering on ion-
ized impurities [17], μcc is the mobility due to carri-
er–carrier scattering (Brooks–Herring model [18]).

μdop = μm1
 exp(–pc / (na + nd)) + (μ0 – μm2

) /

[1 + (na + nd) / Cr]
α – μ1 / [Cs / (na + nd)]β, (2)

where μm1
  =  μm2

  =  52.2  cm2/Vs, μ1  =  43.4  cm2/
Vs, pc = 0, Cr = 9.68·1016 cm–3, Cs = 3.43·1020 cm–3, 
α = 0.68, β = 2.0 for electrons, and μm1

 = 44.9 cm2/
Vs, μm2

 = 0, μ1 = 29.0 cm2/Vs, pc = 9.23·1016 cm–3, 
Cr = 2.23·1017 cm–3, Cs = 6.10·1020 cm–3, α = 0.719, 

β = 2.0 for holes, na and nd are the acceptor and do-
nor density, respectively. Mobility μ0 is only due to 
phonon scattering and, therefore, it is dependent 
only on the lattice temperature T,

μ0 = μL (T/T0)
–γ, (3)

where, μL = 1417 cm2/Vs, γ = 2.5 for electrons, and 
μL = 470.5 cm2/Vs, γ = 2.0 for holes, T0 = 300 K.

, (4)

ϕ(η0) = ln(1+η0) – η0/(1+η0), (5)

. (6)

Here c1 = 1.56·1021  cm–1V–1s–1, c2 = 7.63·1019  cm–3, 
n is the density of electrons, p is the density of holes, 
effective density-of-states Nc  =  2.89·1019  cm–3, 
Nv = 1.819·1019 cm–3, F–1/2 is the Fermi integral.

For the calculation of charge carrier mobility μ 
dependence on the electric field E the Canali mod-
el [19] was used:

. (7)

Here vsat denotes the carrier saturation velocity equal 
to 1.07·107  cm/s for electrons and 8.37·106  cm/s 
for holes, b = 1.109 for electrons and b = 1.213 for 
holes.

Energy gap narrowing ΔEg dependence on 
the doping level was calculated using the Slotboom 
model [20],

ΔEg = Eref [ln((na + nd) / nref)

+ (ln((na + nd) / nref))2]1/2, (8)

where Eref = 9.0·10–3 eV, nref = 1017 cm–3.
For modelling of electron capture–emission 

process one trap level at 0.4 eV from the conduc-
tion band with a  capture cross section equal to 
10–14 cm2 was used. This trap is uncharged when 
unoccupied and carries the charge of one electron 
when it is occupied, i.e. the change of the density 
∆n of free electrons is equal to the density of ac-
tive traps ntr  =  ∆n, and that reveals the  appear-
ance of the additional negative ion density equal 
to ∆n.
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3. Simulation results and discussion

Now let us see what will happen with free charge 
carrier mobility in the case of the free charge carri-
er capture–emission process in traps. The number 
of filled and empty localized states of traps chang-
es during the  retrapping process, i.e. it changes 
the number of the ionized and neutral trap densi-
ties, which to a certain degree induce the changes 
of the  average relaxation times for different scat-
tering mechanisms and mobility: it depends on 
the  material doping density, density of traps (de-
fect states), impurities, and also on temperature. 
At first, we calculated the mobility μ1 of electrons 
without the capture of free electrons, and then ob-
tained the mobility μ2 with the capture, and evalu-
ated the change of the mobility ∆μ = μ1–μ2.

completely correlated, i.e. their correlation coeffi-
cient is equal to unity:

.     

(10)

Here the quantity with brackets <...> means a statis-
tical average.

The relative mobility change ∆μ/μ dependence 
on the free charge carrier density for different cap-
ture centre densities is shown in Fig. 3. At the given 
free charge carrier range the relative mobility vari-
ation is within the interval between 10–5 and 10–7. 
Comparison of mobility μ, its absolute (∆μ) and 
relative (∆μ/μ) change dependences on the  free 
charge carrier density in the  presence of the  ac-
tive trap density ntr = 3 · 1011 cm–3 are presented in 
Fig. 4. The mobility μ calculation data agree with 

Fig. 1. Mobility magnitude change ∆μ dependence 
on the free charge carrier density at three active trap 
densities ntr, cm–3: 1011; 3·1011; 1012 (T = 300 K).

Fig. 2. The  mobility change ∆μ dependence on 
the captured free electron density ∆n.

Fig. 3. Relative mobility change ∆μ/μ dependence 
on the free charge carrier density at three active trap 
densities ntr, cm–3: 1011; 3·1011; 1012 (T = 300 K).
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Usually, in order to explain the  conductivity 
fluctuations of homogeneous material, the  con-
ductivity σ fluctuations due to both charge carrier 
density n and their mobility µ fluctuations are pre-
sented in the following way:

. (9)

The change in mobility ∆μ dependence on 
the free electron density n at various active electron 
capture centre densities ntr is presented in Fig.  1. 
From Fig. 2 it is seen that for n >> ∆n the change 
of the mobility ∆μ is proportional to the captured 
density of electrons: ∆μ = a∆n (here a is the factor 
of proportionality). It gives that these quantities are 

∆μ
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m
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the experimental results presented in the work [21]. 
A slower relative mobility change ∆μ/μ compared to 
∆μ at larger free charge carrier densities is caused 
by mobility decreasing with free charge carrier den-
sity increasing. Figure 5 shows the relative changes 
of the conductivity, free charge carrier density, and 
mobility due to free charge carrier capture.

, (11)

where the parameter β = (∆μ/μ) / (∆n/n) is the con-
tribution of the  mobility fluctuations to the  total 
conductivity fluctuations due to charge carrier 
capture of the free carriers, and ∆N/N is the rela-
tive free charge carrier number changes due to 
capture of free carriers. For silicon at n ≤ 1018 cm–3 
the quantity β can be expressed as

β ≈ 0.19 log (1 + n/(3·1015)). (12)

The dependence of parameter β on the  free 
charge carrier density is presented in Fig. 6.

Fig. 5. Comparison of the relative changes of conduc-
tivity, charge carrier density and its mobility changes 
on the free charge carrier densities at the active trap 
density ntr = 3·1011 cm–3 (T = 300 K).

Fig. 4. Comparison of the mobility and dependenc-
es of its absolute (∆μ) and relative (∆μ/μ) changes 
on the free charge carrier density in the presence of 
the active trap density ntr = 3·1011 cm–3 at room tem-
perature (T = 300 K).
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Fig. 6. The dependence of the parameter β on the free 
charge carrier density (solid dots); the dashed curve is 
an approximation by Eq. (12).
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Considering that the  relative changes of both 
the free charge carrier density and mobility due to 
free charge carrier capture are completely correlat-
ed (Eq. (10)), the relative conductivity fluctuations 
can be presented as

In papers [15, 16], it has been shown that the ex-
pression of the  spectral density of the  resistance 
fluctuations caused by free charge carrier number 
N fluctuations due to the capture–emission process 
in independent localized capture states (relaxators) 
can be presented as

 
, (13)

where K  ≥  1 is the  average number of relaxators 
in the  sample with arbitrarily distributed relaxa-
tion times in every double octave; δ is the correc-
tion factor accounting for the additional resistance 
changes due to the Debye screening effect.

∆μ

(∆μ/μ) × 100

∆μ/μ
∆n/n

∆σ/σ
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Calculation results of the  mobility μ and its 
change ∆μ due to the charge carrier capture in silicon 
at different free charge carrier densities show that it 
is necessary to correct the factor δ in Eq. (13) by ac-
counting for the mobility changes due to the charge 
carrier capture–emission process. On the  basis of 
these investigations the parameter δ in Eq. (13) can 
be corrected as δ = (1+β)2. Thus, the low frequency 
noise level caused by charge carrier capture in local-
ized states of defects in the  bulk of homogeneous 
semiconductors can be described as

 
, (14)

where α ≈ 0.16 K (1+β)2/N. Thus, the smaller con-
tribution of the mobility fluctuation to the conduc-
tivity fluctuation at n < 1016 cm–3 due to the charge 
carrier trapping process compared to the  param-
eter δ obtained in  [15] can be explained: at these 
charge carrier densities the mobility is mainly de-
termined by phonon scattering, and the scattering 
due to negatively charged centres (due to Debye 
screening) is smaller, as it was pointed out in pa-
per [15] without taking into account the electron-
phonon scattering.

Table 1. Relation between the empirical parameter α 
and low-frequency noise description quantities for 
silicon.

α 10–3 10–4 10–5

Β 0.11 0.11 0.11
K 5·104 5·103 5·102

Ntr
a 5·105 5·104 5·103

NA/Ntr 1·108 1·109 1·1010

N/Ntr 20 200 2000
aNtr is estimated for the frequency range between 1 Hz and 1 MHz.

In Table  1, there is a  comparison of the  1/f 
noise description parameters in the  frequency 
range between 1 Hz and 1 MHz for a silicon sam-
ple of 10 × 10 × 10 µm = 10–9 cm–3 with the free 
charge density n = 1016 cm–3 (N = 107), Ntr = ntrV 
(here V is the volume of the sample) and the num-
ber of Si atoms NA  =  5·1013 in the  sample (den-
sity nA =  5·1022  cm–3). It is seen that for α  =  10–3 
in the  pointed frequency range, the  average of 
1  capture centre for NA  =  108 atoms of the  sam-
ple material is sufficient, and for α = 10–5 it is only 
1 capture centre for NA = 1010. These data visibly 

demonstrate what a high level technology of for-
mation of the samples is necessary in order to ob-
tain samples with small values of parameter α.

Thus, it can be stated that the  charge carrier 
capture-emission process not only changes the to-
tal number of free charge carriers, but to a certain 
degree also has an impact on the mobility.

4. Conclusions

The carrier mobility dependence on phonon, im-
purity and carrier–carrier scattering, and other 
factors have been studied in order to find the mo-
bility fluctuations due to the  free charge carrier 
capture–emission process in homogeneous semi-
conductors, based on a silicon crystal. It is shown 
that the  charge carrier retrapping process pro-
duces the changes of both the total number of free 
charge carriers in the sample and its mobility. It is 
also shown that charge carrier density and carrier 
mobility fluctuations due to the retrapping process 
are completely correlated, and that their relaxa-
tion times are the  same as for the charge carrier 
retrapping process. The expression for evaluation 
of the active retrapping centre density in the sam-
ple from the noise measurements is presented.

The presented Eq. (14) explains not only the 1/f 
noise level dependence on frequency but also its 
dependence both on the  number of free charge 
carriers and on the number of capture centres, and 
the observed proportionality to squared mobility in 
a particular range of the charge carrier densities.
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KRŪVININKŲ JUDRIO FLIUKTUACIJOS DĖL KRŪVININKŲ PAGAVIMO

V. Palenskis, J. Vyšniauskas, J. Glemža, J. Matukas

Vilniaus universiteto Taikomosios elektrodinamikos ir telekomunikacijų institutas, Vilnius, Lietuva

Santrauka
Naudojant Synopsis TCAD Sentaurus programą, 

apskaičiuotos krūvininkų judrio fliuktuacijos silicio 
kristale dėl krūvininkų pagavimo lokalizuotomis de-
fektų būsenomis, atsižvelgiant į judrio priklausomybę 
nuo sklaidos gardelės virpesiais ir krūvininkų abipu-
sės sklaidos, taip pat atsižvelgta į judrio priklausomybę 
nuo elektrinio lauko stiprio ir draudžiamosios energi-
jos tarpo kitimo dėl krūvininkų tankio.

Parodyta, kad dėl laisvųjų krūvininkų pagavimo 
susikuria net tik laisvųjų krūvininkų tankio, bet ir jų 
judrio fliuktuacijos. Šios fliuktuacijos yra visiškai kore-
liuotos, o jų relaksacijos trukmė lygi pagavimo reiški-
nio relaksacijos trukmei. Pateikta išraiška, kaip įvertin-
ti pagavimo centrų tankį pagal žemadažnio triukšmo 
galios spektrinį tankį.


