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Long-range potential fluctuations and 1Õf noise in hydrogenated amorphous silicon
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We present a microscopic theory of the low-frequency voltage noise~known as ‘‘1/f ’’ noise! in mm-thick
films of hydrogenated amorphous silicon. This theory traces the noise back to the long-range fluctuations of the
Coulomb potential created by deep defects, thereby predicting theabsolutenoise intensity as a function of the
distribution of defect activation energies. The predictions of this theory are in very good agreement with our
own experiments in terms of both the absolute intensity and the temperature dependence of the noise spectra.
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I. INTRODUCTION

When electric current flows through a resistor, strong lo
frequency voltage noise superposed on the thermal John
Nyquist noise1,2 is generally observed. The spectrum of th
excess noise has shape close to 1/f , wheref is frequency.3 In
recent decades, the model, according to which the 1/f noise
is produced by an ensemble of two-state systems ha
broadly distributed activation energies~BDAE!,4–6 has en-
joyed a lot of success. However, the BDAE model addres
neither the origin of the two-state systems nor the no
mechanism, thus leaving the absolute noise intensity a
adjustable parameter. The lack of direct microscopic calc
tions predicting the absolute noise intensity, while being
glaring theoretical gap as such, also fuels an old but
continuing debate over the question of what actually fluc
ates — the number of carriers or their mobility.3

In this work, we present a theoretical and experimen
investigation of 1/f noise in hydrogenated amorphous silic
(a-Si:H!. Our theory links the noise to the fluctuations of t
number of carriers, predicts the absolute noise intensity,
also allows us to extract novel and useful information ab
the defects in this important material.16

This theory can be outlined as follows. Hydrogenat
amorphous silicon has a significant number of deep def
known as dangling bonds. Thermal fluctuations of the nu
bers of electrons occupying the dangling bonds cause lo
range potential fluctuations, which give rise to fluctuations
the local densities of carriers, which, in turn, lead to res
tance fluctuations, which, in the presence of current, mani
themselves as voltage noise. It is the inclusion of the lo
range potential fluctuations into the above scheme that
tinguishes our treatment from many similar theoretical p
posals.

II. EXPERIMENTAL SETUP

The 1/f noise ina-Si:H has been studied in the literatu
in a variety of experimental settings~see, e.g., Refs. 7–15!,
and exhibited certain features, which depend on numer
details of each particular experiment. In this work we pres
a fully developed quantitative study of only one situatio
which corresponds to our own experiments. Other exp
0163-1829/2003/68~12!/125207~8!/$20.00 68 1252
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mental settings will only be discussed briefly in the end
the paper.

The present study is focused on ann2 i 2n film of
a-Si:H, where n stands for a 40-nm-thick electron dope
layer, andi for an undoped layer of thicknessd50.91mm.
The n2 i 2n structure is grown by plasma enhanced chem
cal vapor deposition~PECVD! on a highly conductive wafer
of crystaline silicon. The contact layer on the top of t
structure consists of a 30-nm-thick film of titanium followe
by 30-nm-thick film of copper. The film has are
A50.56 cm2. It is thermally annealed and then protect
from light. We observe and analyze the voltage noise spe
at frequencies f 51 –104 Hz and temperatures T
5340–434 K in the presence of electric current flowing p
pendicular to the plane of the film. Other details of our e
perimental setup are described in Ref. 10.

III. FORMULATION OF THE THEORETICAL PROBLEM

Now we turn to the theoretical derivation of the noi
spectrum under the above experimental conditions. The c
tral and, presumably, quite general part of this derivation
Sec. IV. Most of the rest is specific toa-Si:H and to the
experimental setting considered.

Our goal is to compute voltage noise spectrumSV( f ) ex-
pressed as

SV~ f !

V2 54E
0

`

CV~ t !cos~2p f t !dt, ~1!

whereV is the applied voltage and

CV~ t !5
^dR~ t !dR~0!&

R0
2 . ~2!

Here,R0 is the average resistance of the film anddR(t) is
the equilibrium resistance noise. As usual,3 the link between
the resistance noise and the voltage noise is established
perimentally by observing thatSV( f )}V2.

The density of states of undopeda-Si:H is shown in
Fig. 1~a!. It is characterized by a band gap of 1.8 e
between the mobility edgesEv and Ec in the valence and
conduction bands, respectively. The proximity of then
layers induces band bending in the undoped layer as sh
©2003 The American Physical Society07-1
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FIG. 1. ~a! Sketch of the density of states i
the center of the undoped layer.~b! Band bending
profile. The gray stripe represents the ‘‘uniform
resistivity layer’’ defined in the text.~c! Cartoon
of a deep defect surrounded by medium-ran
structural disorder. Note:ef(t,r ) fluctuates on a
much longer lengthscale and with much smal
amplitude.
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in Fig. 1~b!. Around the center of the film
Ec(z)5Ec02bz2, where thez axis is directed perpendicula
to the film Ec05m10.63 eV,m is the chemical
potential, andb51.6 eV/mm2. The differenceEc02m was
obtained experimentally as the conductivity activation e
ergy, while the value ofb was found numerically~see
Ref. 17!.

Sincem is significantly closer toEc than toEv , the re-
sistivity r is inversely proportional to the density o
conduction electrons ne . Keeping in mind that

ne}exp@2~Ec2m!/kBT#,

we obtain

r~z!5X exp$@Ec~z!2m#/kBT%,

which is strongly peaked aroundz50. HereX is a propor-
tionality coefficient andkB is the Boltzmann constant. Th
total film resistance can then be found as

R05S 1

AD E r~z!dz'Fr~0!

A GApkBT

b
.

To simplify the treatment we replace the actual profile
r(z) by a layer of constant resistivityr05r(0) spreading
along thez axis between2zT and zT @see Fig. 1~b!#. We
require the resistance of this constant resistivity layer to
equal toR0, which gives

zT5
1

2
ApkBT

b
~3!

~typical value: 0.13mm!.

IV. CORRELATION FUNCTION

The resistivity within the ‘‘constant resistivity layer’’ stil
fluctuates as a consequence of the fluctuations of
screened Coulomb potentialf(t,r ) created by deep defects

f~ t,r !5(
i

Dqi~ t !

eur2ai u
expS 2

ur2ai u
r si

D . ~4!

Here Dqi(t) is the fluctuation of thei th defect charge with
respect to its average value,ai the position the defect,r si

the
screening radius of that defect, ande512 the dielectric con-
stant. The defects causing the potential fluctuations may
12520
-

f

e

e
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located outside of the constant resistivity layer.@Note: the
above formula does not include large static component of
random Coulomb potential.#

When the local potentialf(t,r ) fluctuates, the mobility
edge tracks it, i.e.,Ec(t,r )5Ec01ef(t,r ), wheree is the
electron charge. Sincem does not shift withef(t,r ), the
density of conduction electrons reequilibrates followi
Ec(t,r ) on the timescale of electron drift from the uniform
resistivity layer to then layers~and then to the contact lay
ers!. Because of the strong band bending, the drift takes
than 1027s, i.e., the reequilibration is effectively instant
neous on the time scales of the noise stud
(2p/ f ;1024–1 s). The resistivity can thus be rewritten
r(t,r )5X exp$@Ec(t,r )2m#/kBT%. Assuming for a moment
@and proving later# that uef(t,r )u!kBT, we expandr(t,r )
5r01dr(t,r ), where

r05X expF ~Ec02m!

kBT G ,
and

dr~ t,r !5
ef~ t,r !

kBT
r0 . ~5!

For dr!r0, the fluctuation of the total resistance is

dR~ t !5
1

A2EV
dr~ t,r !d3r , ~6!

where V is the space inside the constant resistivity lay
SubstitutingR052zTr0 /A anddR(t) given by Eq.~6! into
Eq. ~2! and then using Eq.~5!, we obtain

CV~ t !5S e

2kBTzTAD 2E
V
d3rE

V
d3r 8^f~ t,r !f~0,r 8!&.

~7!

V. DESCRIPTION OF DEFECTS

In order to evaluatêf(t,r )f(0,r 8)&, we have to describe
the deep defects in the undoped layer ofa-Si:H.18 Both the-
oretical arguments and experimental evidence exist19 indicat-
7-2
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ing that the concentration of defects in the undoped la
should be greater in the vicinity of then layers and then
decay towards the center on the lengthscale of ab
0.5 mm. Here, however, in order to simplify the theoretic
treatment, we assume that the defect concentration acros
entire undoped layer has a constant value, which we estim
as18 nD5631015 cm23.

Each defect has four possible states: one zero-elec
stateD1, two one-electron statesD0, and one two-electron
stateD2. We assume a Gaussian probability distribution

p~E!5
1

A2pDE
e

2
~E2E0)2

2DE2 ~8!

for energyE of an electron occupying theD0 state. Here
E05m20.22 eV andDE50.15 eV. EnergyE, as such, is
associated only with theD1↔D0 transition. TheD0↔D2

transition, which requires capturing the second electron
the same defect, is characterized by energyE85E1U,
where U50.2 eV is the correlation energy. Therefore, t
corresponding probability distribution is

p8~E8!5
1

A2pDE
e

2
~E82E02U)2

2DE2 . ~9!

We shall treat theD1↔D0 transitions independently from
the D0↔D2 transitions, which is justified as long a
exp(2 U/kBT)!1.

The noise spectrum obtained later will depend o
weakly on defect parametersnD , E0 , U, and DE, mainly
through a weak dependence on one combination of them
the density of defect states at the chemical potential. T
combination, in turn, is not very sensitive to the choice ofE0
andU.

Using the equilibrium description20 of the D1, D0, and
D2 states, we obtain the mean squared charge fluctuat
for the D1↔D0 transition

^Dq2~E!&15
1

4
e2 sech2S E2m

2kBT
2cD , ~10!

wherec5
1
2

ln 2. For theD0↔D2 transition

^Dq2~E8!&25
1

4
e2 sech2S E82m

2kBT
1cD . ~11!

In order to escape from a deep defect, an electron sh
reach the mobility edgeEc . However, the activation barrier
EB @indicated in Fig. 1~c!# can vary as a result of th
medium-rangedisorder of the amorphous structure~on a
lengthscale of 1–10 nm!. We assume a Gaussian probabil
distribution for the values ofEB :

P~EB!5
1

A2pDEB

expS 2
~EB2EB0!2

2DEB
2 D , ~12!
12520
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whereEB0 andDEB are to be extracted from the experime
tal spectra. These are the only two adjustable paramete
our treatment. They will affect the spectral shape, but not
integrated noise intensity.

The fluctuation rate for theD1↔D0 transition is21

1

t1~E,EB!
5v0~EB!Fe

2
~EB2m)

kBT 1
1

2
e

2
~EB2E)

kBT G ; ~13!

and for theD0↔D2 transition

1

t2~E8,EB!
5v0~EB!F1

2
e

2
~EB2m)

kBT 1e
2

~EB2E8)

kBT G , ~14!

where the attempt frequency is estimated from the deta
balance condition as

v0~EB!5v th s Nc~EB!. ~15!

Here,v th5A3kBT/me* is the thermal velocity of conduction
electrons, me* their effective mass (me* '0.4me53.64
310228g), s510215 cm2 the cross section of electro
capture by D1 or D0 defect, andNc(EB)'Nc(EB)kBT
the ‘‘concentration’’ of thermally accessibl
electronic states with energies aboveEB , Nc(EB)
5Nc(Ec0)A(EB2Ec01«c)/«c the empirical fit
to the density of states above the mobility edg
Nc(Ec0)5431021 eV21 cm23; and«c50.02 eV. The typi-
cal value ofv0(EB) is then 1013 s21.

Next we evaluate the screening radius. Since the scre
ing by the conduction electrons in the undoped layer can
neglected in view of their very small concentratio
(1010– 1013 cm23), two other screening mechanisms shou
be considered, namely,~i! by then layers together with the
contact layers and~ii ! by the defects in the undoped layer.

We describe the first mechanism as a perfect screenin
metallic surfaces. In other words, we assume that a defec
the undoped layer is screened by the infinite set of its mir
images constructed with respect to the mirror planes loca
at z56d/2. Although the screening law due to this mech
nism is not exponential, we obtain the best possible value
r s entering Eq. ~4! as the distance from the defect
the point, where the screened potential is factor
e52.718••• smaller than the bare Coulomb potential. W
have found numerically thatr s has angular dependenc
which is such that, for a defect located atz50,
r sx5r sy50.54d, and r sz50.38d. We then approximate the
screening radius due to this mechanism as

r s15~r sxr syr sz!
1/350.48d. ~16!

The second screening mechanism is similar to that
Thomas and Fermi. It can be described as follows: When
potential fluctuates due to charge fluctuation on a given
fect, the energiesE and E8 of the neighboring defects be
come shifted. In response, those neighboring defects cha
their occupation numbers thus screening the potential of
defect, which originally caused the fluctuation. The equil
rium description of this mechanism22 results in the screening
radius
7-3
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r
eq

5A e

4pe2 nDn~T!
, ~17!

where

n~T!5
1

4kBT H E
2`

`

p̃~E!dE1E
2`

`

p̃8~E8!dE8J , ~18!

p̃~E!5p~E! sech2S E2m

2kBT
2cD , ~19!

and

p̃8~E8!5p8~E8! sech2S E82m

2kBT
1cD . ~20!

The value ofn(T) depends onT very weakly. The product
nDn(0) should be recognized as the density of the de
states at the chemical potential.

The equilibrium description of screening is applicab
when the sources of the Coulomb potential are static,
thus all the defects can contribute to screening. However,
given defect fluctuates on time scalet, its potential can only
be screened by other defects fluctuating on time scales
slower thant. To take this observation into account, w
simply multiply nD in formula ~17! by b(t), the fraction of
defects that fluctuate fast enough to take part in the scree
of a defect characterized by the fluctuation timet. We esti-
mate that fraction as

b~t!5
1

4kBTn~T! H EE1(t)
p̃~E!P~EB!dEdEB

1E p̃8~E8!P~EB!dE8 dEBJ , ~21!

E (t)

e

12520
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whereE1(t) is the integration region limited by conditio
t1(E,EB),t, andE2(t) the integration region limited by
t2(E8,EB),t. The screening radius due to the seco
mechanism thus becomes

r s2~t!5A e

4pe2nDn~T!b~t!
. ~22!

For the slower fraction of defects,r s2(t) approaches
r

eq
'0.18mm, which is shorter thanr s150.43mm. At the

same time, for the faster ones,r s2 is very large, i.e., they are
predominantly screened by the first mechanism. We, th
fore, approximate the combined effect of the two mech
nisms by using the following expression for the screen
radius

r s
21~t!5r s1

211r s2
21~t!. ~23!

The typical value ofr s given by Eq.~23! is r s* 50.2 mm.

VI. EVALUATION OF THE NOISE SPECTRUM

Now we are in position to evaluate^f(t,r )f(0,r 8)& with
f(t,r ) given by Eq.~4!. Since an electron emitted by on
deep defect is most likely absorbed not by another defect
by the contact layer, it is appropriate to assume that differ
defects fluctuate independently, which implies that,
iÞ j , ^Dqi(t)Dqj (0)&50. Keeping also in mind that

^Dqi~ t !Dqi~0!&5^Dqi
2&exp~2t/t i !, ~24!

we take the disorder average off(t,r )f(0,r 8), i.e., we re-
place the discrete summation by the integrations over
relevant probability distributions. This gives
2

^f~ t,r !f~0,r 8!&5
nD

e2 E dEBP~EB!H E dEp~E!F@r ,r 8,t1~E,EB!# ^Dq~E!2&1expS 2
t

t1~E,EB! D
1E dE8p8~E8! F@r ,r 8,t2~E8,EB!# ^Dq~E8!2&2expS 2

t

t2~E8,EB!
D J , ~25!
s
where

F~r ,r 8,t![E expS 2
ur2au1ur 82au

r s~t! D
ur2auur 82au

d3a

'2pr s~t!expS 2
ur2r 8u
r s~t! D . ~26!

The approximation in Eq.~26! can be justified by observing
that the main spatial dependence of the integral forF(r ,r 8,t)
has form exp(2ur2r 8u/r s(t)), and then the natural choic
for the prefactor isF(0,0,t)52pr s(t) ~obtained by direct
integration!.
From Eq.~25!, the value ofuef(t,r )u can be estimated a
eA^f2(0,0)&'e2e21A2pnDn(T)kBTrs* ;3.5 meV. Since
kBT;30 meV, the assumptionuef(t,r )u!kBT made earlier
was adequate.

Finally, we evaluateCV(t) by substituting Eq.~25! into
Eq. ~7!, and then take the Fourier transform~1! to obtain

SV~ f !

V2 5
2p2e4nD

e2~kBT!2AzT
23E dEBP~EB!

3H E D@ f ,t1~E,EB!# p̃~E!dE

1E D@ f ,t2~E8,EB!# p̃8~E8!dE8J , ~27!
7-4
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where

D~ f ,t!5
tr s

4~t!$4zT23r s~t!1e22zT /r s(t)@2zT13r s~t!#%

114p2f 2t2
.

~28!

Recalling the approximations associated with~i! the as-
sumption of the constant resistivity layer,~ii ! the assumption
of the constant profile of defect concentration,~iii ! the treat-
ment of the screening radius, and~iv! the evaluation of
F(r ,r 8,t) @Eq. ~26!#, we estimate that the integrated noi
intensity obtained from Eq.~27! entails a factor of 2 theoret
ical uncertainty for the noise mechanism considered.

The complex appearance of Eq.~27! is due to the fact tha
it includes separate terms for the two transitionsD1↔D0

and D0↔D2. Such a separation is necessary only beca
the expressions~13!, ~14! for the activation timest1 andt2

are slightly different from each other. This difference, ho
ever, vanishes if one assumes that the width of the distr
tions p̃(E) and p̃8(E8) is much smaller than the width o
P(EB), i.e., 2kBT!DEB .

The complicated form of the numerator in the right-ha
side of Eq.~28! is the analytic result of the two integration
~7! over the volume of the ‘‘constant resistivity’’ layer. Thi
expression reflects the competition between two len
scales: the half thickness of that layer (zT) and the screening
radius (r s). In the ‘‘thin layer limit’’ zT!r s , the expression
in the square brackets in Eq.~28! can be approximated b
2zT

2/r s , whereas in the ‘‘bulk limit’’zT@r s that expression
approaches 4zT .

Now we simplify Eq. ~27! by taking limits
zT!r s , 2kBT!DEB , and substitutingn(T)51/2DE ~just
an approximate numerical fact! which gives

SV~ f !

V2 5
8p2e4nD

e2kBTDEAE t0~EB!r s
3@t0~EB!#P~EB!dEB

114p2f 2t0
2~EB!

,

~29!

where

1

t0~EB!
[

1

t1~m,EB!
[

1

t2~m,EB!

51.5 v0~EB!expS 2
EB2m

kBT D .

~30!

Our actual system is characterized only by the weaker
equalitieszT,r s , 2kBT,DEB . Therefore, for comparison
with experiments we shall still use the original formula~27!.
At the same time, for the qualitative analysis, we will foc
on Eq.~29!, but all the conclusions will be fully applicable t
Eq. ~27!.

A remarkable feature of Eq.~29!, which can be traced
back to Eq.~7!, is that, even though the resistance noise
caused by the fluctuations in the number of conduction e
trons, the resulting noise spectrum is independent of t
equilibrium concentration. Furthermore, that spectrum
only weakly dependent on all the defect parameters invol
12520
se
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s
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~see Ref. 18!. In particular, the dependence of the prefac
on the concentration of defectsnD is balanced by thenD

21/2

dependence ofr s2, which then entersr s
3 via Eq. ~23!.

Like in the BDAE model, the 1/f -like spectral shape gen
erated by formula~29! is the result of the broad distributio
of the activation energiesP(EB), but, at the same time, for
mula ~29! has also two new features, namely,~i! the 1/T
dependence of the prefactor and~ii ! the energy-dependen
weight r s

3@t(EB)# multiplying P(EB). The second feature is
particularly important for extracting the correct distributio
of P(EB) from experimental data.

For comparison with experiment in Sec. VII we wi
need the integral ofSV( f )/V2 over all frequencies, which is
equal toCV(0). Theexpression forCV(0) can be obtained
by substituting

1
4 r s

4~t!$4zT23r s~t!1e22zT /r s(t)@2zT13r s~t!#%

instead ofD( f ,t) into Eq. ~27!. The mathematical structur
of this expression is similar to Eq.~27! but otherwise not
very illuminating to be written explicitly one more time. In
stead, we give an estimate for the noise integral correspo
ing to the thin film limit ~29!. We do it with one further
simplification. Namely, we replacer s@t(EB)# in Eq. ~29! by
the typical valuer s* 50.2 mm and then obtain

E
0

`SV~ f !

V2 d f5
2p2e4nDr s*

3

e2kBT DE A
. ~31!

Although the bulk limitzT@r s appears to be incompatibl
with the assumption of independent defect fluctuations~to be
explained in Sec. VIII!, it is still instructive to give an ex-
pression for the noise integral in this case too. Combining
limit zT@r s with all other approximations used to derive E
~31!, we obtain

E
0

`SV~ f !

V2 d f5
4p2e4nDr s*

4

e2kBT DE AzT

. ~32!

Up to numerical prefactors, both approximations~31! and
~32! can be summarized as follows: the noise intensity
proportional to (e/kBT)2, multiplied by the mean square
amplitude of potential fluctuationse2nDkBTrs* /e2DE, fur-
ther multiplied by the screening volume of a typical fluctu
tion r s*

3, and, finally, divided by the volume of the spac
where the defects contributing to the potential fluctuatio
are located. In the thin layer limit that volume is rough
2r sA, whereas in the bulk limit it is 2zTA. The combination
nDkBT/DE appearing in the estimate of the potential fluctu
tion should be identified with the concentration of ‘‘the
mally active’’ defects, i.e., those defects that fall in the th
mal energy window around the chemical potential.

Now we give various estimates of the prefactor
front of the approximate 1/f dependence of the spectrum
For the thin film limit, we start from Eq.~29! and
then, assuming r s@t(EB)#5r s* , P(EB)51/(2DEB) and
v0(EB)5v0(EB0), obtain
7-5
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SV~ f !

V2 5
p2e4nDr s*

3

e2A DE DEB

1

f
. ~33!

For the bulk limit, the analogous expression is

SV~ f !

V2 5
2p2e4nDr s*

4

e2AzT DE DEB

1

f
. ~34!

Equation~34! admits yet another remarkable simplific
tion, if one substitutesr eq given by Eq.~17! instead ofr s* .
@The equilibrium self-screening mechanism described by
~17! should indeed be a proper description for the slow
fraction of the defects, which means the lower frequency p
of the spectrum.# In this case

SV~ f !

V2 5
DE

2AzTnDDEB

1

f
;

1

NDf
, ~35!

where ND52AzTnD is the total number of defects in th
constant resistivity layer.~In the above approximation, w
assumedDE;DEB .) Although this result looks similar to a
standard statistical factor, its origin is, in fact, far more co
plex. It can be traced back to an accidental interplay betw
the resistivity fluctuations and the screening mechani
Given the limitations of the ‘‘bulk limit,’’ it is unlikely that
formula ~35! represents a clean limit in any realistic syste
At the same time, forr s;zT , this formula still gives a rea-
sonable estimate.

It is, finally, interesting to observe that, for th
numbers characterizing our system, the Hooge’s formu23

SV( f )/V25a/NCf with coefficienta;1023, would produce
an estimate close to that of Eq.~35!. @Here NC is the total
number of conduction electrons.# This simply reflects the
fact, that in our case the concentration of conduction e
trons is about thousand times smaller than the concentra
of defects. The exact ratio of these concentrations is stron
temperature dependent, as is the value ofa required to fit the
noise intensity in our experiments.

VII. COMPARISON WITH EXPERIMENT

Theoretical spectra computed from Eq.~27! are compared
with the experimental ones in Fig. 2~a! ~see also Ref. 24!.
The experimental spectra were obtained by subtracting
zero-current noise from the total noise observed w
V550 meV. They were consistent with the spectra repor
in Ref. 10, though the film was newly grown. All th
theoretical spectra were obtained withP(EB) shown in
Fig. 2~b! and characterized byEB05m10.90 eV and
DEB50.09 eV. The uncertainties of the fit forEB0 andDEB
are 0.05 and 0.02 eV, respectively. Figure 2c showsr s(EB)
obtained by averagingr s@t1(E,EB)# and r s@t2(E8,EB)#
over E andE8 at T5434 K. Finally, Fig. 2~d! illustrates the
role of the r s

3 weight by showingP(EB)r s
3(EB). If P(EB)

were to be obtained by fitting the experimental spectra to
BDAE model,10the result would look like Fig. 2~d!, i.e., the
maximum would be shifted by about 0.1 eV in comparis
with Fig. 2~b!.

With the above value ofDEB , the estimates~33–35! for
12520
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d

e

the prefactor in front of 1/f would give, respectively,
9310212, 3310211 and 1310211— all in reasonable
agreement with experiments.@For the estimates~34! and~35!
we usedzT50.13mm.#

In Fig. 3 we present another test of our theory, which
independent of the choice ofEB0 and DEB . Namely, we
compare the theoretical and experimental values of the i
grated noise intensities for the four temperatures indicate
Fig. 2~a!.

The experimental evaluation of the integrated intensity
an 1/f -like noise is a task notorious for its ambiguity. Fort
nately, in our case, the power law extrapolations of all fo
noise spectra were convergent, which allowed us to use
following procedure.

First, we obtained the lower ends of the error bars
integrating the experimental noise spectra only in the f
quency range of the actual experimental observations. T
the upper ends were obtained by making power law extra

FIG. 2. ~a! Noise spectra: erratic lines—experiment, smoo
lines —predictions of Eq.~27!. The spectra at 340, 362 and 402
are multiplied, respectively, by 303, 302 and 30 to make them dis
tinguishable. On the real scale all four spectra fall almost on the
of each other.~b!-~d! Probability distributionP(EB), the screening
radiusr s and the productP(EB)r s

3 as functions of the barrier energ
EB counted fromm50.

FIG. 3. Integrated noise intensity for the four spectra presen
in Fig. 2. Empty dots represent experimental values, and the s
black dots theoretical values obtained from Eq.~27!. The error bars
on the experimental points are obtained as described in the tex
7-6
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lations of the spectra beyond the frequency range of ob
vation ~up to 1026 Hz for small frequencies and 108 Hz for
large frequencies!, and then adding the integrals over th
extrapolated tails to the lower end values of the error b
Finally, the ‘‘experimental’’ points indicated in Fig. 3 wer
chosen as the middle points of the above error bars.

The theoretical points presented in Fig. 3 were obtain
for the full spectrum~27! as described in Sec. VI. One ca
also check that the estimate~31! gives numbers, which are
not much different, e.g., 5.6310211 for T5340 K and
4.4310211 for T5434 K.

Given the large uncertainties of the extrapolation and
theoretical uncertainties indicated earlier, the factor o
agreement between the theoretical and experimental poin
Fig. 3 should be considered as a successful consistency
of the noise mechanism proposed.

VIII. POSSIBLE GENERALIZATIONS

Now we discuss briefly various modifications required
order to generalize our treatment to 1/f noise experiments in
other settings involvinga-Si:H. The application of the
present theory to the films with coplanar currents9,11,12,14,15

and also to the bulk samples would encounter an esse
complication related to the absence of contact layers. In
case, the charge fluctuations of different defects become
related via emission and capture of the same electron
such a process, the potential fluctuation is simply transla
in space from one defect to another, which means that, un
the two defects have different screening radii, the total re
tance does not fluctuate at all. Our analysis in Sec. V
vealed one possibility for different defects to have differe
screening radii~as a function of their activation times!. How-
ever, even with this possibility, the overall effect of the a
sence of contact layers should be a noticeable reductio
the noise intensity.

The contact layers also play a role in the screening
defects. Without them~and without then layers! the first
screening mechanism considered in Sec. V is not operatio
Therefore, the treatment of screening of the faster fluctua
defects becomes more difficult.

The theory has to be further modified to include the h
conduction, if, as a result of doping, the chemical poten
moves in the middle or below the middle of the band gap.
interesting situation may arise, when hole resistivity is eq
to electron resistivity. In this case one should expect a dra
reduction of the noise intensity, because the change of e
tron resistivity induced by potential fluctuations will be com
pensated by the change in the hole resistivity.

Analyzing experiments, one should also keep in mind t
creation and annealing of charged defects represents a

*Email address: fine@mpipks-dresden.mpg.de
1J. B. Johnson, Phys. Rev.32, 97 ~1928!
2H. Nyquist, Phys. Rev.32, 110 ~1928!.
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ternative way to potential fluctuations. In particular,
a-Si:H such a process may be associated with the diffus
of hydrogen atoms,16 which can inhibit or expose the dan
gling bonds. The parameters describing this process are
very well known. In our case, the mechanism involving t
emission and the capture of conduction electrons by alre
existing defects appears to be sufficient, but, in general,
ation and annealing of defects can lead to a comparable
tribution to the integrated noise intensity.

Summarizing this section, we would like to emphas
that all the above complications can still be treated on
basis of formula~7!, but different ingredients for the evalu
ation of the potential fluctuations will be required.

IX. CONCLUSIONS

In conclusion, we have developed a microscopic theory
1/f noise in n2 i 2n sandwich structures ofa-Si:H and
found a very good agreement between this theory and
experiments. The noise mechanism proposed should be q
general~in particular, in semiconductors!: it merely requires
the presence of charge traps in regions of poor screen
The full calculation of the actual noise spectrum necessa
involves a fair amount of material specific details, which,
some extent, mask the generality of our treatment. Howe
one should remember, that our calculation is based on
mula ~7!, which appears to have quite a broad range of
plicability.

From a different perspective, our analysis introduce
new method of characterizing the deep defects ina-Si:H. In
particular, our finding, thatEB02Ec050.27 eV, which is
substantially greater than 0.1 eV — the scale of poten
fluctuations seen in the drift mobility experiments,16—may
indicate that the defects are not distributed randomly in
background of the medium-range random potential but,
stead, located in the regions of greater local strain, i
around the peaks of that potential.

Our result also limits the spectral intensities due to
other possible noise mechanisms to the difference betw
the experimental spectra and the spectra given by Eq.~27!.
Even with the freedom of varyingEB0 and DEB , this is a
very strong constraint.
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