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We present a microscopic theory of the low-frequency voltage ri&isewn as “1f” noise) in um-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 predictingltb@lutenoise 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 mental settings will only be discussed briefly in the end of
the paper.

When electric current flows through a resistor, strong low- The present study is focused on a-i—n film of
frequency voltage noise superposed on the thermal Johnsoa-Si:H, wheren stands for a 40-nm-thick electron doped
Nyquist noisé? is generally observed. The spectrum of thatlayer, andi for an undoped layer of thicknest=0.91 um.
excess noise has shape close fg Wheref is frequency’ In  Then—i—n structure is grown by plasma enhanced chemi-
recent decades, the model, according to which tiienbise  cal vapor depositiotPECVD) on a highly conductive wafer
is produced by an ensemble of two-state systems havingf crystaline silicon. The contact layer on the top of the
broadly distributed activation energi¢éBDAE),*~® has en-  structure consists of a 30-nm-thick film of titanium followed
joyed a lot of success. However, the BDAE model addresselsy 30-nm-thick film of copper. The film has area
neither the origin of the two-state systems nor the noiséd=0.56 cnf. It is thermally annealed and then protected
mechanism, thus leaving the absolute noise intensity as anom light. We observe and analyze the voltage noise spectra
adjustable parameter. The lack of direct microscopic calculaat frequencies f=1-1¢ Hz and temperatures T
tions predicting the absolute noise intensity, while being a=340-434 K in the presence of electric current flowing per-
glaring theoretical gap as such, also fuels an old but stilpendicular to the plane of the film. Other details of our ex-
continuing debate over the question of what actually fluctuperimental setup are described in Ref. 10.
ates — the number of carriers or their mobifity.

In this work, we present a theoretical and experimental |||, EORMULATION OF THE THEORETICAL PROBLEM
investigation of 1f noise in hydrogenated amorphous silicon } o .
(a-Si:H). Our theory links the noise to the fluctuations of the ~NOW we turn to the theoretical derivation of the noise
number of carriers, predicts the absolute noise intensity, angPectrum under the above experimental conditions. The cen-
also allows us to extract novel and useful information aboufral and, presumably, quite general part of this derivation is
the defects in this important materidl. Sec. !V. Most of_the rest is specific @-Si:H and to the

This theory can be outlined as follows. HydrogenatedeXPerimental setting considered.
amorphous silicon has a significant number of deep defects Our goal is to compute voltage noise spectr8p(f) ex-
known as dangling bonds. Thermal fluctuations of the numPressed as
bers of electrons occupying the dangling bonds cause long-
range potential fluctuations, which give rise to fluctuations of
the local densities of carriers, which, in turn, lead to resis-
tance fluctuations, which, i_n the presence of current, manife%herev is the applied voltage and
themselves as voltage noise. It is the inclusion of the long-

Sv(f) J“

~yz =4], Cutcog2mfudt, @

range potential fluctuations into the above scheme that dis- (SR(1)SR(0))
tinguishes our treatment from many similar theoretical pro- Cv(t)= R 2
posals. 0

Here, R, is the average resistance of the film a#i(t) is

the equilibrium resistance noise. As ustigie link between

the resistance noise and the voltage noise is established ex-
The 1f noise ina-Si:H has been studied in the literature perimentally by observing th&,(f)V?.

in a variety of experimental settingsee, e.g., Refs. 7-15 The density of states of undopemdSi:H is shown in

and exhibited certain features, which depend on numerousig. 1(a). It is characterized by a band gap of 1.8 eV

details of each particular experiment. In this work we presenbetween the mobility edges, and E; in the valence and

a fully developed quantitative study of only one situation,conduction bands, respectively. The proximity of the

which corresponds to our own experiments. Other experitayers induces band bending in the undoped layer as shown

Il. EXPERIMENTAL SETUP

0163-1829/2003/682)/1252078)/$20.00 68 125207-1 ©2003 The American Physical Society



B. V. FINE, J. P. R. BAKKER, AND J. I. DIJKHUIS PHYSICAL REVIEW B58, 125207 (2003

)
—

FIG. 1. (a) Sketch of the density of states in
the center of the undoped layén) Band bending
profile. The gray stripe represents the “uniform
resistivity layer” defined in the textc) Cartoon
of a deep defect surrounded by medium-range
structural disorder. Notee¢p(t,r) fluctuates on a
much longer lengthscale and with much smaller
amplitude.
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:2 Figl'z 1(b)'2 Arr10undh the. 'cedr)ter dOf the di fiIlm located outside of the constant resistivity laygMote: the
o(2) = co— BZ, where thez axis is directed perpendicular above formula does not include large static component of the
to the film ECO=M+O.623 eV,u is the chemical random Coulomb potentidl

potential, and3=1.6 eV/um*. The differenceE,— n was - -
obtained experimentally as the conductivity activation en- When the local potentiab(t,r) fluctuates, the mobility

; - dge tracks it, i.e.E.(t,r)=E.o+e¢(t,r), wheree is the
hile the value of f I edg ~c c0 )
ggg’l\%’. lle the value off was found numerically(see electron charge. Sincg does not shift witheg(t,r), the

Since u is significantly closer tcE, than toE, , the re- density of conduction electrons reequilibrates following
v . . .
sistivity p is inversely proportional to the density of E.(t,r) on the timescale of electron drift from the uniform

conduction electrons n,. Keeping in mind that resistivity layer to then layers(and then to the contact lay-
ers. Because of the strong band bending, the drift takes less

Neccexp — (Ec—u)/kgT], than 10 s, i.e., the reequilibration is effectively instanta-
we obtain neous on the time scales of the noise studied
(27/f~10%-1 s). The resistivity can thus be rewritten as

p(z)=Xexp[Ec(z) — nl/ksT}, p(t,r) =X exp{[Et,r) — u]/kgT}. Assuming for a moment

which is strongly peaked arourm=0. HereX is a propor- [and proving latef that [e(t,r)|<kgT, we expandp(t,r)
tionality coefficient andkg is the Boltzmann constant. The = po+ ép(t,r), where
total film resistance can then be found as

1 p(0)] [wkgT po=Xexp[M},
KU?““” N5 o

and
To simplify the treatment we replace the actual profile of

ROZ

A

p(2) by a layer of constant resistivity,=p(0) spreading egp(t,r)

along thez axis between—z; and z; [see Fig. 1b)]. We Sp(t,r)=— < po- )
require the resistance of this constant resistivity layer to be B

equal toRy, which gives For p<<pq, the fluctuation of the total resistance is

1 7TkBT 1
=3\ g ©) SR(t)= A—zfvap(t,r)d%, (6)

typical value: 0.13um).
(typ Sum) where V is the space inside the constant resistivity layer.

IV. CORRELATION FUNCTION SubstitutingRy=2zrpo/A and SR(t) given by Eq.(6) into
o o o _ Eg. (2) and then using Eq5), we obtain
The resistivity within the “constant resistivity layer” still
fluctuates as a consequence of the fluctuations of the

e 2
screened Coulomb potentidi(t,r) created by deep defects Cv(t)z(m> f d3rf d3r'{(t,r)p(0r")).
B! 4T % 1%

Agi(t) r—ail (7)

b(t,r)=2, w%— >. @)
T elr—a s,

V. DESCRIPTION OF DEFECTS

Here Aq;(t) is the fluctuation of theth defect charge with
respect to its average valug,the position the defect the In order to evaluatée(t,r)¢(0r')), we have to describe

screening radius of that defect, aaet 12 the dielectric con- the deep defects in the undoped layeaeBi:H.*® Both the-
stant. The defects causing the potential fluctuations may beretical arguments and experimental evidence Bisdicat-
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ing that the concentration of defects in the undoped layewhereEgy andAEg are to be extracted from the experimen-
should be greater in the vicinity of the layers and then tal spectra. These are the only two adjustable parameters in
decay towards the center on the lengthscale of aboutur treatment. They will affect the spectral shape, but not the
0.5 um. Here, however, in order to simplify the theoretical integrated noise intensity.

treatment, we assume that the defect concentration across theThe fluctuation rate for th® "« D° transition i€*

entire undoped layer has a constant value, which we estimate

as®np=6x10%cm 3. (B fEEB_T“) fEfB_TE) 13
Each defect has four possible states: one zero-electron 7. (E,Ep) =wo(Ep)| € +§e ' (13
stateD ", two one-electron state3®, and one two-electron 0 B .
stateD . We assume a Gaussian probability distribution ~@nd for theD"—D ™ transition
e (Eg—1) (Eg—E")
1 5 =wo(Eg)|5 € & +e T |, (19
PE)= =z e ¢ (8) T (E\Ep)  I2

. where the attempt frequency is estimated from the detailed
for energyE of an electron occupying thB° state. Here palance condition as

Eo=wx—0.22 eV andAE=0.15 eV. EnergyE, as such, is

associated only with th®*—DP° transition. TheD%~D~ wo(Eg)=vy, o N(Eg). (15)

transition, which requires capturing the second electron b B el . .

the same defect, is characterized by eneBgy=E+ U, here,vth—\/EkBT/me is the_thermal veloc*lty of conduction

where U=0.2 eV is the correlation energy. Therefore, theelect_r%?s, Me th(3|lr5 effective mass i, ~0.4me=3.64
X107 28g), =10 B cn? the cross section of electron

corresponding probability distribution is 0
capture byD* or D° defect, and N (Eg)~N¢(Eg)ksT

(E'~Eg—U)2 the “concentration” of thermally accessible
p'(E')= e mEZ (9) electronic states with energies abovEg, N.(Eg)
V2TAE =N¢(Eco) V(Eg—Ecoteg)/e.  the  empirical  fit

- _ to the density of states above the mobility edge,
We shall treat theD " D? transitions independently from No(Eeo) =4Xx 107 eVt cm™3; ande,=0.02 eV. The typi-

the D%-D~ transitions, which is justified as long as ¢a| value ofwo(Eg) is then 16% s 1.
exp(— U/kgT)<1. Next we evaluate the screening radius. Since the screen-
The noise spectrum obtained later will depend onlying by the conduction electrons in the undoped layer can be
weakly on defect parameters,, E;, U, andAE, mainly  neglected in view of their very small concentration
through a weak dependence on one combination of them —10'°- 103 cm~3), two other screening mechanisms should
the density of defect states at the chemical potential. Thq’je considered, namem,) by then |ayer5 together with the
combination, in turn, is not very sensitive to the choic&gf  contact layers andii) by the defects in the undoped layer.
andU. We describe the first mechanism as a perfect screening by
Using the equilibrium descriptidf of the D*, D% and  metallic surfaces. In other words, we assume that a defect in
D~ states, we obtain the mean squared charge fluctuationse undoped layer is screened by the infinite set of its mirror

for the D ¥« D? transition images constructed with respect to the mirror planes located
at z= =d/2. Although the screening law due to this mecha-

) 1, E—u nism is not exponential, we obtain the best possible value for
(AG°(E))4=7 e secht kT ©) (100t entering Eq.(4) as the distance from the defect to

the point, where the screened potential is factor of
1 0 B » e=2.718 - - smaller than the bare Coulomb potential. We
wherec= 3 In 2. For theD"—D " transition have found numerically that, has angular dependence,
which is such that, for a defect located a=0,
rsx=Irsy=0.54d, andrg,=0.38. We then approximate the
. (11 screening radius due to this mechanism as

E'—u
——t
2kgT  ©

(qu(E’)>_=% e’ sect"r(

ra=(I'sxl syf s 3= 0.48. (16)
In order to escape from a deep defect, an electron should

reach the mobility edgE.. However, the activation barriers The second screening mechanism is similar to that of
Eg [indicated in Fig. Ic)] can vary as a result of the Thomas and Fermi. It can be described as follows: When the
medium-rangedisorder of the amorphous structuen a  potential fluctuates due to charge fluctuation on a given de-
lengthscale of 1-10 nmWe assume a Gaussian probability fect, the energieg and E’' of the neighboring defects be-
distribution for the values oEg: come shifted. In response, those neighboring defects change

their occupation numbers thus screening the potential of the

1 (Eg—Egg)? defect, which originally caused the fluctuation. The equilib-
P(Eg)=———exp — —2) , (12 rium description of this mechanigfresults in the screening
V2mAEg 2AEg radius
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/ €
Mg 4me? npw(T)’

1 ([~ ©
v(T)=m[fmp(E)dE+ ch (E")dE ] (18)

17

where

P(E)=p(E) secl"f(2k T c), (19
and
~ E'—u
p'(E")=p'(E") sect"r( kT +cl. (20

The value ofy(T) depends orT very weakly. The product

npv(0) should be recognized as the density of the defect

states at the chemical potential.

The equilibrium description of screening is applicable,

PHYSICAL REVIEW B58, 125207 (2003

where &, (7) is the integration region limited by condition
7. (E,Eg)<7, and&_(7) the integration region limited by
7_(E',Eg)<7. The screening radius due to the second
mechanism thus becomes

€
o2l 7)= \/47TeZan(T)b(T)' 22

For the slower fraction of defects,,(7) approaches
req%0.18,um, which is shorter thamg;=0.43 um. At the
same time, for the faster onasg, is very large, i.e., they are
predominantly screened by the first mechanism. We, there-
fore, approximate the combined effect of the two mecha-

nisms by using the following expression for the screening
radius

-1 -1 -1
rg (1)=rg +rgy (7).

The typical value of ¢ given by Eq.(23) isrz =0.2 um.

(23

when the sources of the Coulomb potential are static, and

thus all the defects can contribute to screening. However, if a

given defect fluctuates on time scalgits potential can only

be screened by other defects fluctuating on time scales n
slower thanr. To take this observation into account, we

simply multiply np in formula (17) by b(~), the fraction of

defects that fluctuate fast enough to take part in the screeni

of a defect characterized by the fluctuation timewe esti-
mate that fraction as

1 -
b(r)= m{ L+(T)D(E)P(Es)d EdEs

+J P’ (E")P(Eg)dE’ dEB}, (21
E_(7)

VI. EVALUATION OF THE NOISE SPECTRUM

Now we are in position to evaluatep(t,r) ¢(0,r’)) with

%(t,r) given by Eq.(4). Since an electron emitted by one

deep defect is most likely absorbed not by another defect but
by the contact layer, it is appropriate to assume that different

fects fluctuate independently, which implies that, for
i#], (Agi(t)Aq;(0))=0. Keeping also in mind that

(Aqi(1)Ag;(0))=(Ad?)exp —t/ ),

we take the disorder average &{t,r)¢(0r’), i.e., we re-
place the discrete summation by the integrations over the
relevant probability distributions. This gives

(24)

or’ —andEPE de E)F[r,r’, 7, (E,Eg)] (AQ(E)2 p( L )
(p(t,r)p(0r ))—67 sP(Eg) P(E)F[r,r', 7, (E,Eg)](AQ(E)?)  ex _T+(E,EB)

+f dE'p'(E") F[r.r’,r_(E’,EB)]<Aq(E’)2)—eXP( -

where
F{ |r—a|+|r —a
5(7')
E ,/’ 3
(r.rn= J [r—a||r'—a 2
r=r'|
~2mrg(T)exp — ) | (26)

The approximation in Eq26) can be justified by observing

that the main spatial dependence of the integraFfar,r’, 7)

has form exp{|r—r'|/r¢(7)), and then the natural choice

for the prefactor is=(0,0,7)=2nr (7) (obtained by direct
integration.

t
7_(E',Ep)

] , (25

From Eq.(25), the value ofe(t,r)| can be estimated as
e\(¢%(0,0))~e?e 1\ 2mnpv(T)kgTr* ~3.5 meV. Since
kgT~30 meV, the assumptioe¢(t,r)|<ksT made earlier
was adequate.

Finally, we evaluateC,/(t) by substituting Eq(25) into
Eq. (7), and then take the Fourier transfof) to obtain

Su(f)
2

2m%e’np "
(kg T)?AZ

dEgP(Es)

X fD[f,u(E,EB)]B(E)dE

+JD[f,7-(E’,EB)]E)'(E’)dE’], (27)
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where (see Ref. 18 In particular, the dependence of the prefactor
on the concentration of defects, is balanced by thej?
mra(1){4zr—3ry(7)+e 212204 3r (1) ]} dependence af,, which then enters? via Eq. (23).
D(f,m)= 14 47222 : Like in the BDAE model, the Xtlike spectral shape gen-

(28) erated by formuld29) is the result of the broad distribution
of the activation energieB(Eg), but, at the same time, for-
Recalling the approximations associated withthe as- mula (29) has also two new features, name(i), the 1T
sumption of the constant resistivity layéii) the assumption dependence of the prefactor afi) the energy-dependent
of the constant profile of defect concentratidiii,) the treat-  weightr3[ 7(Eg)] multiplying P(Eg). The second feature is
ment of the screening radius, ariv) the evaluation of particularly important for extracting the correct distribution
F(r,r',7) [EQ. (26)], we estimate that the integrated noise of P(Eg) from experimental data.
intensity obtained from Eq27) entails a factor of 2 theoret- For comparison with experiment in Sec. VII we will
ical uncertainty for the noise mechanism considered. need the integral 08,(f)/V? over all frequencies, which is
The complex appearance of Eg7) is due to the fact that equal toC,,(0). Theexpression foiIC,(0) can be obtained
it includes separate terms for the two transitidh$«— D° by substituting
andD%-D ™. Such a separation is necessary only because
the expressionél3), (14) for the activation times-, andr_ Lrd(n{4zr—3rg(r)+e 27/ 22: 4 3r (1) ]}
are slightly different from each other. This difference, how-
ever, vanishes if one assumes that the width of the distribuinstead ofD(f, ) into Eq.(27). The mathematical structure
tions “F')(E) andf)’(E’) is much smaller than the width of of thi'S expregsion is simjlar to Eq2.7) but otherwi§e not
P(Eg), i.e., XgT<AEg. very |IIum|nf_;1t|ng to be_ written epr|C|tI_y one more time. In-
The complicated form of the numerator in the right-handStéad, we give an estimate for the noise integral correspond-
side of Eq.(28) is the analytic result of the two integrations N9 t0 the thin film limit (29). We do it with one further
(7) over the volume of the “constant resistivity” layer. This Simplification. Namely, we replace[ 7(Eg)] in Eq. (29) by
expression reflects the competition between two lengthhe typical valuer =0.2 um and then obtain
scales: the half thickness of that layer) and the screening

radius (). In the “thin layer limit” z;<rg, the expression =Sy(f) 2m%enpri3

in the square brackets in E(R8) can be approximated by Yz = : (31
) : : > . e’kgTAE A

2z37/r s, whereas in the “bulk limit"z;>r¢ that expression

approaches Z; .

Although the bulk limitzy>r ¢ appears to be incompatible
with the assumption of independent defect fluctuatidobe
explained in Sec. VI, it is still instructive to give an ex-
pression for the noise integral in this case too. Combining the

3 limit zr>r4 with all other approximations used to derive Eq.
7o(Eg)rsl 7o(Eg) ]P(Eg)dEg (31), we obtain

Now we simplify Eq. (27) by taking limits
z1<rg, 2kgT<AEg, and substitutingy(T)=1/2AE (just
an approximate numerical faaowvhich gives

Su(f)  8w%e*np f

VZ " €kgTAEA 1+47%272(Eg) ’
@9 =Sy(f) Am*e*nprit 32
where o V2 U 2 TAEAZ
1 1 1 . . .
Eo = Eq= E Up to numerical prefactors, both approximatidfg) and
To(Ee)  7+(.Bg)  7-(i.Eg) (32) can be summarized as follows: the noise intensity is
E_ proportional to €/kgT)?, multiplied by the mean squared
-15 wo(EB)eXF{— B '“) amplitude of potential fluctuatione’npkgTri/e*AE, fur-
kT ther multiplied by the screening volume of a typical fluctua-

(30 tion r¥3, and, finally, divided by the volume of the space,

Our actual system is characterized only by the weaker inwhere the defects contributing to the potential fluctuations
equalitieszr<rg, 2kgT<AEg. Therefore, for comparison are located. In the thin layer limit that volume is roughly
with experiments we shall still use the original form@®y). ~ 2rsA, whereas in the bulk limit it is 2:A. The combination
At the same time, for the qualitative analysis, we will focusNpkgT/AE appearing in the estimate of the potential fluctua-
on Eq.(29), but all the conclusions will be fully applicable to tion should be identified with the concentration of “ther-
Eq. (27). mally active” defects, i.e., those defects that fall in the ther-
A remarkable feature of E¢(29), which can be traced mal energy window around the chemical potential.
back to Eq.(7), is that, even though the resistance noise is Now we give various estimates of the prefactor in
caused by the fluctuations in the number of conduction elecfront of the approximate 1/dependence of the spectrum.
trons, the resulting noise spectrum is independent of theiFor the thin film limit, we start from Eq.(29) and
equilibrium concentration. Furthermore, that spectrum ighen, assumingrd 7(Eg)]=r% , P(Eg)=1/(2AEg) and
only weakly dependent on all the defect parameters involvedq(Eg) = wo(Egg), obtain
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Sy(f) _ m2etnpri3 } @3 340 K (@ | (b) | 3.0
V2 @2AAEAE f 107 < g
For the bulk limit, the analogous expression is . o
210'10_402K F {0.4
SAf)_ 2o 1 (34 % \(C) E
5 = 5 —. 3 L . O.2l—wl
Ve @Az AEAEg f B oo | asak _ e
Equation(34) admits yet another remarkable simplifica- ' dl_ 0.0
tion, if one substitutes., given by Eq.(17) instead ofr . 1 () w
o ) . . 1071 - 1.03
[The equilibrium self-screening mechanism described by Eq. i 1 @
(17) should indeed be a proper description for the slower o
fraction of the defects, which means the lower frequency part '1 ' 11)2 ' ot 0 T
of the spectruni.In this case f [Hz] Eg [eV]
Su(f) — AE EN 1 (35) FIG. 2. (@) Noise spectra: erratic lines—experiment, smooth
V2 2AzmnpAEg f Npf’ lines —predictions of Eq(27). The spectra at 340, 362 and 402 K

are multiplied, respectively, by 8030% and 30 to make them dis-

where Np=2Azrnp is the total number of defects in the tinguishable. On the real scale all four spectra fall almost on the top

constant resistivity layerIn the above approximation, We  ¢'ccy other(b)-(d) Probability distributionP(Eg), the screening

assumed&EN,A_EB ) A'thO‘ﬂgh thi; r,GSl%"t looks similar to a radiusr g and the producIP(EB)rg as functions of the barrier energy
standard statistical factor, its origin is, in fact, far more COM-E_ counted fromu=0.

plex. It can be traced back to an accidental interplay between
the resistivity fluctuations and the screening mechanism,[.he refactor in front of ¥ would give. respectivel
Given the limitations of the “bulk limit,” it is unlikely that pr n W give, resp Y,
A . 9%x10 %2 3x10°! and 1x10 *— all in reasonable
formula (35) represents a clean limit in any realistic system. T . .
At the same time, for ~ 2z, this formula still gives a rea- agreement with experimen(s-or the estimate¢34) and(35)
- Ps oD we usedz;=0.13 um.]

sonable estimate. . S

It is, finally, interesting to observe that, for the . In Fig. 3 we present gnother test of our theory, which is
numbers characterizing our system, the Hooge'’s forfiula independent of the _ch0|ce dgo a_nd AEg. Namely, we
Sy(F)/V2= a/Ncf with coefficienta~ 103, would produce compare the theoretical and experimental values of the inte-
an estimate clc():se to that of EB5) [HeréN is the total grated noise intensities for the four temperatures indicated in

' C

number of conduction electroisThis simply reflects the Flg'l.'hzt(aaza.x erimental evaluation of the integrated intensity of
fact, that in our case the concentration of conduction elec- P 9 Y

trons is about thousand times smaller than the concentratic' 1£-like noise is a task notorious for its ambiguity. Fortu-

of defects. The exact ratio of these concentrations is strong| g}:éy’smegtl:; ﬁ;ee' g:)em?grwzg tla\,v:h?é(r:rzlﬁgmgnfsotfoalljls?ltjr:e
temperature dependent, as is the value oéquired to fit the P gent,

U L : following procedure.
hoise Intensity in our experiments. First, we obtained the lower ends of the error bars by

integrating the experimental noise spectra only in the fre-
Vil. COMPARISON WITH EXPERIMENT guency range of the actual experimental observations. Then,

Theoretical spectra computed from ER7) are compared the upper ends were obtained by making power law extrapo-
with the experimental ones in Fig(& (see also Ref. 24
The experimental spectra were obtained by subtracting the
zero-current noise from the total noise observed with
V=50 meV. They were consistent with the spectra reported
in Ref. 10, though the film was newly grown. All the
theoretical spectra were obtained with(Eg) shown in
Fig. 2(b) and characterized byEgy,=x+0.90 eV and
AEg=0.09 eV. The uncertainties of the fit f&zy andAEg
are 0.05 and 0.02 eV, respectively. Figure 2c shoy(Eg)
obtained by averaging{ =, (E,Eg)] and r{ r_(E’,Eg)]
overE andE’ at T=434 K. Finally, Fig. Zd) illustrates the SEERS SRS S -
role of ther3 weight by showingP(Eg)r3(Eg). If P(Eg) 340 360 380 400 420 440
were to be obtained by fitting the experimental spectra to the T
BDAE model'%he result would look like Fig. @), i.e., the FIG. 3. Integrated noise intensity for the four spectra presented
maximum would be shifted by about 0.1 eV in comparisonin Fig. 2. Empty dots represent experimental values, and the solid
with Fig. 2(b). black dots theoretical values obtained from Ezj). The error bars

With the above value oAEg, the estimate$33—35 for on the experimental points are obtained as described in the text.
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lations of the spectra beyond the frequency range of obseternative way to potential fluctuations. In particular, in
vation (up to 10 8 Hz for small frequencies and 4®z for ~ a-Si:H such a process may be associated with the diffusion
large frequencigs and then adding the integrals over the of hydrogen atom&® which can inhibit or expose the dan-
extrapolated tails to the lower end values of the error barsgling bonds. The parameters describing this process are not
Finally, the “experimental” points indicated in Fig. 3 were very well known. In our case, the mechanism involving the
chosen as the middle points of the above error bars. emission and the capture of conduction electrons by already
The theoretical points presented in Fig. 3 were obtaine@xisting defects appears to be sufficient, but, in general, cre-
for the full spectrum(27) as described in Sec. VI. One can ation and annealing of defects can lead to a comparable con-
also check that the estima(81) gives numbers, which are tribution to the integrated noise intensity.
not much different, e.g., 5610 ! for T=340 K and Summarizing this section, we would like to emphasise
4.4<10 Y for T=434 K. that all the above complications can still be treated on the
Given the large uncertainties of the extrapolation and théasis of formula7), but different ingredients for the evalu-
theoretical uncertainties indicated earlier, the factor of 2ation of the potential fluctuations will be required.
agreement between the theoretical and experimental points in
Fig. 3 should be considered as a successful consistency test IX. CONCLUSIONS

of the noise mechanism proposed. In conclusion, we have developed a microscopic theory of

1/f noise inn—i—n sandwich structures o0&-Si:H and
VIIl. POSSIBLE GENERALIZATIONS found a very good agreement between this theory and our
experiments. The noise mechanism proposed should be quite
general(in particular, in semiconductoxsit merely requires
the presence of charge traps in regions of poor screening.
present theory to the films with coplanar currérts?14:15 The full calculation of the actual noise spectrum necessarily
g]volves a fair amount of material specific details, which, to

and also to the bulk samples would encounter an essenti tent K th litv of treat  H
complication related to the absence of contact layers. In thigOMme extent, mask the generality of our reatment. However,
ne should remember, that our calculation is based on for-

case, the charge fluctuations of different defects become cof” . ;

related via emission and capture of the same electron. |H“.“'a (.7.)’ which appears to have quite a broad range of ap-
such a process, the potential fluctuation is simply translateB“Cab'“ty' : : o

in space from one defect to another, which means that, unless From a different perspective, our analysis mt_r.oduces a
the two defects have different screening radii, the total resistcW method of (_:ha.racterlzmg the deep defecta-&.H. Ir]
tance does not fluctuate at all. Our analysis in Sec. V repartlcula_r, our finding, thaEgo—Eco=0.27 eV, which is .
vealed one possibility for different defects to have diﬁerentSUbStam'a”y greater than .O'l eV__— the sc_:aleﬁ%)f potential
screening radi{as a function of their activation timgdHow- fluc_tuaﬂons seen in the drift m0b|!|ty_exper|me Srmay
ever, even with this possibility, the overall effect of the ab_|nd|cate that the defects are not distributed randomly in the

sence of contact layers should be a noticeable reduction &ackground of t_he medmm—range random potential t.)Ut’. n-
the noise intensity. stead, located in the regions _of greater local strain, i.e.,
The contact layers also play a role in the screening O]around the peaks of that potential.

: : . Our result also limits the spectral intensities due to all
defects. Without themand without then layer9 the first ) : ; .
i yer9 gher possible noise mechanisms to the difference between

Now we discuss briefly various modifications required in
order to generalize our treatment td hoise experiments in
other settings involvinga-Si:H. The application of the

screening mechanism considered in Sec. V is not operationg ; tal i d th tra. qi b
Therefore, the treatment of screening of the faster fluctuatin € expenmental spectra and the spectra given .y(m'
ven with the freedom of varyin§gg and AEg, this is a

defects becomes more difficult. .

The theory has to be further modified to include the holg/€"Y strong constraint.
conduction, if, as a result of doping, the chemical potential
moves in the middle or below the middle of the band gap. An
interesting situation may arise, when hole resistivity is equal We thank R. E. |. Schropp for providing us with the
to electron resistivity. In this case one should expect a drastisample, and A. Buchleitner, B. Farid, and M. Weissman
reduction of the noise intensity, because the change of eleder their helpful comments on the manuscript. The work of
tron resistivity induced by potential fluctuations will be com- B.V.F. was supported by the Foundation of Fundamental Re-
pensated by the change in the hole resistivity. search on Matte(FOM), which is sponsored by the Nether-

Analyzing experiments, one should also keep in mind thatands Organization for the Advancement of Pure Research
creation and annealing of charged defects represents an dNWO).
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