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The resistance fluctuation properties of a family of conducting polymer blendsapdige)/poly(methyl
methacrylatg are investigated as a function of conducting phase mass fraction. The blends exhitdisk/
according to Hooge’s empirical formula. The noise amplitude scales with the conducting phase mass fraction
and the resistance as expected by the percolation theory. The exponents of the scaling laws are within the
bounds of the extended random void model, derived in the continuous percolation scheme. Noise character-
ization proves to be a much more sensitive tool to local current heterogeneities than resistance. As a conse-
guence, sample preparation, sample holder design, and absence of defects are prominent criteria for convenient
noise amplitude estimation. Surface effects, contact noise, and influence of geometrical defects are studied and
analyzed.
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I. INTRODUCTION (©~100 nm dispersed in polgvinyl alcohol) which does

Transport properties of organic conducting blends mad not percolate even for the largest studied PANI content:

; C ©5.7 vol. %(Ref. 9.
of dopeql conductmg_ polymer_ pagniline) (PAN) and some We have thus performed a series of noise measurements
conventional insulating matrix have attracted much interest

because of the percolative nature at very low critical mas$" the same kind of PANCSA/PMMA films considered in

: . >Previous transport studi€s'! in order to get further insight
. 0,
fractu?n pc Of the conductive phase: 0.1% or even Iess'. Th'sl?nto the conducting processes of this system. Measurements
was first demonstrated more than ten years' agth matrix

. . consist of the power spectral densitySD of noise—i.e.,
poly(_methyl methacrylate(PMMA), using cosplutlon Pro” ihe repartion ofpnoise p?)wer in the f(rIZqL?ency domain. Spec-
cessing in solvenmm-cresol. Numerous experimental tech- tra are found to follow Hooge’s empirical formdfa
niques have been used to investigate this complex system
including electronic propertie@c and ac resistivity at vari- V2
able temperature, magnetoresistance, electron spin reso- S/ =ay—:, (2
nance, etg,>3 microstructurgby transmission electron mi- Nf

crr(c))sz?t[?é/§or atomic force microscof® and mechanical whereV is the voltage difference measured on the saniyile,
prop ’ the number of carriers f the frequency, and,; a numerical

The ke_y parameter governing transport in Conductlnglalue(Hooge’s parametgr Therefore the signal for a given
polymers is disorder. It is found at many length scales and '§ample is entirely determined by the value SffV2 at a

due_ to conjugation d_efects, ends of finite Iength pOIYm.ergiven frequency(1l kHz for the plots in the remainder of the
chains, uneven repartition of dopants, and partial crystallin

. . : " . papen This value is rigorously identical t6,/12 or Sz/R? if
ity. The latter creates mlcro_structural inhomogeneities whic he current or the resistance were measured instead of the
are thought to be responsible for, or at least correlated t

I " - cboltage.
gfrﬁtrg?'glmgﬂ:zogs&eggin mzcaﬁu?; PQNtIhiOFr)ﬁst::ilgl] We clearly observe that the noise amplitude follows the
ivega model for the nonn){onotonpi)c behavior of the thermaFcaIing law of Eq.(1); however, it has been necessary to
gependence of resistivity, which would be difficult to under- carefully analyze the various contributions to noise, as will
stand in the homogeneous view of Mott-Anderson disof?’der.be thoroughly detailled in the paper, to get reliable expo-

o . nents. The valua=2.19 seems to confirm that standard lat-
\1/—vr|]t?1 slsal\r;\h(/la:ehawor is observed when PEP8A) is blended tice percolatioff* is not well suited to describe transport in

. : PANI(CSA)/PMMA blends; this was first suggested by the
As a consequence of disorder and heterogeneity, thess%udy of dc resistivity p(p,T) as a function ofp and
conductors are expected to exhibit low-frequency exces?emperaturéoil Data Were, compatible with the extended
noise, of 1f noise. Moreover, percolation theories predict random void. mbdéP (see Sec. VI A for a descriptionvhich
that the _noise amplitudslis also a diverging quantity as the belongs to the class of contin.uous percolaﬂi%mpthe latter,
tcr?r gilﬁgtlgirowisbeovferf%tlom approaches the percolation percolation exponents di_ffer from those _of Iat_tice perco_lati_on
' because elementary resistors have a wide diverging distribu-
Soc (p=po)~. (1) tion of resistances. _ .
The paper is organized as follows. Section Il reports on
However, noise investigations in PANI blends cannot bethe experimental details of specimen preparation and noise
found in the literature, except for a system of PANI particlesmeasurements. In Sec. lll, the percolative behavior of the
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Metallic box

Acquisition board
NI-4551

OPA 627 FIG. 1. Block diagram of the experimental
setup designed for this study. The transistor used
for the low-noise-current source is JFEAN 54

| 57). Two low-noise amplifiers OPA 627, powered
by batteries, are inserted in the detection chain in
| order to increase the effective input impedance of
the acquisition board.

OPA 627

Sample +
gold pads

noise amplitude is described and the exponents given. Those order to increase the apparent impedance of the detection
results were obtained after modifications made to the initiabevice. Amplifiers are powered by batteries. The whole setup
sample holder design, in order to get rid of contact noiseis inserted as compactly as possible in a metallic box for
This effect leads to interesting information about sample surelectromagnetic shielding purpose. Once short-circuited, the
faces, which is presented in Sec. IV. It was also necessary tastrumental backgroung@white) noise of the setup is 7
eliminate some “defected” samples in the series. In order to< 1077 V2 Hz L.
justify the meaning of such a selection, intentional defects Sample holder and sample shapélms are punched so
were introduced in, then erased from, several samples whoskat samples all have the same lateral dimensions. The con-
average resistance and resistance fluctuatioogse were  tact between polymer film and electrodes is traditionally re-
subsequently measured. The procedure, results, and a simglkzed by mechanical pressure and without conducting paste
numerical simulation corroborating the analysis are exbecause the solvent of the paste could locally interact with
plained in Sec. V. In Sec. VI, we discuss experimental resultshe polymer and more specifically modify the doping. In or-
of the literature concerning conducting blends and showing @er to minimize the contact resistance, 100-nm-thick gold
wide dispersion, before concluding. pads are evaporated onto one side of the films and the elec-
trodes(generally gold wiresare pressed into contact on the
pads. Moreover, a four-probe design and the high impedance
IIl. EXPERIMENT of the voltmeter prevent current to flow through the contact
Polymer film The preparation of the composite films used'esistances. This method, extensively used in our previous
throughout this study has been reported in detail in Ref. 17ransport studies, was naturally extrapolated for voltage
Highlights are as follows. Pojgmeralding base is mixed Noise measurements. As will be explained in Sec. IV A, it
with the protonating agent: camphor sulphonic ag@$A),  reveals highly unsatisfactory, because such contacts, being in
at 0.5 molar ratio of dopant molecule to PANI mer. From theth® current path, act as noise sources, even if no current is
suspension of this mixture im-cresol at 0.5 wt% PAN| derived in the voltage measurement line. For this reason, we
content, the so-called soluble pagfter centrifugationis ~ had to design a specific sample holder, for which current
extracted and its concentration determined. This solution igljéction electrodes and voltage probes are not aligned.
mixed in various ratios with a 5 wt %n-cresol solution of ~ Therefore, samples are cut i shape(see Fig. 10 Gold
PMMA. Solutions are subsequently cast onto a glass platgads for voltage probes lie an*legs’—i.e., out of the main
and the solvant slowly evaporated at temperatures ofurrent path. The “legs” nevertheless contribute to noise, be-
50—60 °C, yielding highly flexible and transparent films, cause of their resistance, through thermal nois&Rigs
Their thickness ranges from 20 to g0n. This resistance should be minimized by proper legs dimen-
Measurement setupvoltage fluctuations are measured Sions. Length is 1.5 mm, width is 1 mm, and they are 4 mm
while current is kept constant. The most severe constraint ifPart. Electrodes are now four independent tips, each of them
designing the instrumental setup is the wide range of sampl@auiped with a spring.
impedances: from 100 to 10 M(Q. The block diagram of
the setup is drawn in Fig. 1. Traditionnal current sources

used for resistance measurements are too noisy for this ex- lll. PERCOLATION SCALING
periment. A low-noise-current source was built with a junc-
tion field-effect transistor JFET2N 54 57.18 The signal is The results reported in this section are obtained with de-

digitized and Fourier transformed by NI4551 boéktional  fectlessa-shaped samples, for which noise level is reliably
Instruments The maximum sampling rate of the board is thought to come from bulk resistance and not from contacts
204 ksample/s; thus the frequency range for analysis isr isolated defects.

10 Hz—-95 kHz. The input impedance of the board is QM In Fig. 2, the percolation threshold and the resistivity ex-
which is not large enough for our purpose. On each voltag@onent of percolatiohare determined by the linear fit of jn
line, a low-noise amplifier OPA 627 is inserted before entryvs In(p—p.), according to the scaling law
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FIG. 2. Log-log plot of resitivity as a function of PANI mass FlG 4. Scaling of relative noise amplltut,ﬁe,/y at 1 kHz vs
resistivity p. The slope of the fitting curve gives exponemnt

fraction p. Here p,=0.16% is the critical fraction or percolation —1 16=x/t
threshold, determined by optimization of the linear alignment. The™ ™ —Ha

slope -t=-1.89 gives the so-called resistivity exponent of
percolation. our exponents with those of the literature, experimental and

theoretical, will be done in Sec. VI after a detailed report of

- measurement conditions and artifacts.
pe(p-po) ®3)
t=1.89 at room temperature is close to what was found
previously*! The critical mass fraction is found to be. IV. CONTACT NOISE
=0.16%. In this section, all the experimental data come from mea-

The same value fqgc is used in Fig. 3 to plot the relative g, -oments made on rectangular samples with voltage probes
noise amplitudeS,/V at 1 kHz vs p—p. in a double- ;1o current path, as depicted in Fig. 1.
logarithmic representation. The noise exponent#2.19.

The scaling ofp andS,/V? (or identicallyS,/ p?) with the
same variablg—-p. induces A. Influence of film side

SyIV? o p*. (4) Whatever the measurement configuration, the PSD of any
sample looks like those in Fig. 5. The frequency dependance

For our data, it is shown in Fig. 4, witw=1.16. Obviously  follows Sy(f) o f~* with @=1.0+0.1. Herax does not depend
Eqg. (4) does not contain supplementary information oncegijther onp or on the applied bias voltage. The quadratic
percolation scaling has been checked. However, one of itéependance 08, at 1 kHz is shown in Fig. 6 for four dif-
practical interest is that the uncertainties in experimentajerent values ofp. On average over the tem values it is
quantity p are avoideq. In our case it can be seen that they g S,/(V) = V2 with B=1.9+0.2. Noise thus correspond to
samples Corrltzspzpndl_rllg =029 (p~10°Qcm and registance noise and can be characterized by the relative
Sy=1-2X10""V*Hz™) are not so well aligned in Figs. 2 a1y 5 /\2 at a given frequency. This is plotted as a func-
and 3 as comp_ared to ot_her points. In Fig. 4, conversel_y, theYon of p-p. in Fig. 7. In this figure, data have been divided
do collapse with the points corresponding to loveerlt is  into two groups, with very different behavior. For example,
probably the signature of a .su.restlmated vaIugpoB|m|— at p-p.=0.6%, S,/V? can be 10'7 or 103 Hz L, Each
larly, sample-to-sample variations observed gtp) and  group corresponds to films on which gold pads have been
S/(p) are partially due to slight differences in actymbal-  eyaporated on the same side, with respect to the solvent
ues. That is probably why th&,(p) plot andw value are  eyaporation process. The “down” sid®) was in contact
more often found in the literature than t8g(p) and x ex-  with the glass plate; the “up” side\) was the free surface
ponent. Nevertheless, it seems important to us to show howy which the solvent evaporates into ambient atmosphere. It
far the fit for « is acceptable. This will be again discussedshould be noted that the resistivity value of “up” and “down”
with respect to published results in Sec. VI B. Comparison of

0.17%

‘ —sv/vz; 1.89x1077* (p':-pc)'z“& 107 1
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F: L g 0BT ]
S 1078 %> [ 0.5% \N“‘“‘*N i
(;> 2] 1078 1%~ ]
10-17 \\W‘\\\ -4

. . ) 1078 . . )

0.01 0T 1 100 1000 10°

PP, (%) frequency (Hz)
FIG. 3. Log-log plot of relative noise amplitudg/V? at 1 kHz FIG. 5. Power spectral density of noise as a function of fre-

as a function of PANI mass fractign Herep.=0.16% as in Fig. 2. quency for four samples with decreasing PANI content1%,
The slope «=-2.19 gives the so-called noise exponent of 0.5%, 0.2%, 0.17% from bottom to top. The frequency dependence
percolation. is Sy(f) o« f~* with «=1.0+0.1 on average over tgnvalues.
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1078 L :
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1 10 Current (pA)
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) ] ] ) FIG. 8. Noise amplitude, at 1 kHz, in two- and four-probe con-
FIG. 6. Noise amplitude at 1 kHz as a function of bias voltagefigyrations for “up” and “down” sides of thp=0.2% sample. The
for four samples with decreasing PANI contgntl%, 0.5%, 0.2%,  pjas is expressed as a current because this quantity does not depend

0.17% from bottom to top. The bias voltage dependenc®/¥)  on R_ values, contrary to the voltage, in the two-probe case.
«VV# with 8=1.9+0.2 on average over tgnvalues.

width is large as compared to the film thickngdsmm vs

samples are identical and that none of the PSD deviates fropo ,m ca), the stream lines, parallel to film plane far from
the general rules recalled above. the pads, are strongly modified below the pads. The polymer

The absolute noise amplitude is thus the only feature tha (at least partially short-circuited by gold.
distinguishes the two sides. We therefore conclude thatfa 1/ The amount of noise generated by the gold-polymer inter-
noise source is present at the upper surfatéeasy of most  face naturally depends on the nature of the contact. The two
of the films. sides of a film are not expected to be equivalent for PANI

Contact resistanc®, is reexamined by comparison of concentration. The comparison of longitudinal and transverse
two- and four-probe resistivity measurements. It is found thatesistivity measurements shows slight difference, which ex-
for “down” samplesR. is at most 10% of the sample resis- cludes the presence of any “insulating” or depletion layer.
tance, whereas this ratio varies between 20% and 60% fd¥evertheless, AFM observations made on surface and cross
“up” Samp|es_ This observation is no |0nger true at very |0WseCti0nS show that the nature of PANI clusters is not identical
p values, for whichR, may be even larger for “down” than in both cases.|It has also been checked recently that x-ray
for “up” samples. This seems strongly correlated to the bePhotoemission spectroscogXPS) spectra differ from one
havior orSy(p) in Fig. 7, where the distinction between sides Side to the othéf: the absorption edges of Kspecific of
vanishes ap— p.. PANI) and S(specific of the dopant CSAare only visible for

The comparison between two- and four-probe configurathe “down” side. The nature of the very surface of the blend
tion is subsequently performed for noise measurement. Thi more favourable to good electrical contacts for the side
bias voltage dependence 8§ of samplep=0.2% is shown formerly in contact with glass. At the moment, there are no
in Fig. 8 for “up” and “down” sides in two- and four-probe thermodynamical bases that could justify this difference.
configurations. Excess noise observed with two probes oftudies about surface tension of doped PANI are #eth,
the “up” side exhibits a 1f/ frequency dependence amd  and the results are not easy to ascertain because water easily
bias voltage dependence. By flowing through contacts, th@dsorbs on PANI particles.

are not efficient to suppress contact noise. We performed the
B. Interpretation and suppression of contact noise experiment with a six-probe configuration. The two external

Our interpretation of former observations is as fo”ows'electrOdeS are still used for the current injeCtion and four

Gold pads act as equipotentials at the surface. Because théiternal electrodes for the voltage probe. If one indexes
probes 1-4, the correlation method consists in measuring the

o, ' cross correlation betweew, —V; and V,-V, instead of the

10.12: { : autocorrelation ofV;-V, in the standard case. The only
o F e S S 8. ] common part investigated by carriers is the sample section
Zomi v . between probes 2 and 3. None of the wires, connectors, or
< P Ty 2 ] amplifiers are common to both measures, and therefore their
g . udown_sam;s ] own noise, if any, vanishes in the cross correlation. As a

i ,,up,,sample: e oo _ma_tter of fact, for a_sar_nple exhibiting onv noise and a van-

1078 = . ishingly small contribution of contact noise, the correlation

p.c,’,"(%) 1 noise may reveal even lower. But contact noise is not sup-
) pressed by this method, because thg-sample and
FIG. 7. Same as Fig. 3 for the rectangular samples. The twd/s-sample interfaces are both part of the carrier common

different symbols correspond to samples for which gold pads hav@ath. This is additional evidence for the shunt effect of gold

been evaporated on different side, with respect to the solvent evappads.

ration process. For a singfevalue,S,/V? may change by a factor It seems thus of primary importance for the voltage probe

10* between two samples whose resistance is identical. not to disturb stream lines. Reducing the contact area is not
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FIG. 9. Log-log plot of relative noise amplitudg/V? at 1 kHz
as a function of PANI mass fractiomas Fig. 3. “Up” and “down”
samples are drawn with different symbols, but they no longer differ.
Samples represented ly are of the “down” group but exhibit
anomalously large noise amplitude and are considered as defected
ones, as explained in Sec. V.

FIG. 10. The three steps of the “experimental simulation” of the

the solution because the contact resistance will increase sufffect of intentional defect on resistance and noise. Step 1: the clean
sequently. Therefore we chose to keep a “macroscopic” Cor§_ample is cut perpendicularly to the streamlines over roughly half

tact area, aside from main stream lines, whencentishape its width, on the opposite side of thevoltage prothe 7 leg9y. Step
design described in Sec. Il 2: the damaged sample is cut in order to “erase” the defect—i.e.

An alternative geometry has already been used for noisﬁj"’“"’}”.e.I to the stream lines; the remaining part is thus "?'ef‘“‘?a' to
e initial sample, except that its section is halved. Step 3: similar to

measurement (?f polymer filnfS.In this WOI’!(, the sample is tep 2, leaving in priciple a clean sample, with a smaller section.
electropolymerized on an electrode designed as a Whef%rey areas depict gold pads

stone bridge. This efficient method would be much more

difficult to realize by cutting a self-standing film. ) i
In the recent literature, contact noise suppression is stifying effect of the fluctuation measurement. As seen before,

identified as a complex problem, not readily solved by the0iSe generated by such an isolated source has all the char-
four-probe voltage measureméatlt was, however, pointed acteristics of “good 17 noise” but its large magnitude re-
out a long time ag¥ that nonuniform(or “mutispot’) con- flects its extrinsic nature. On a resistor network, this will
tacts yield a noise amplitude strongly dependent on size ang@PPen if somewhere the local current becomes ”égfh higher
density of the “spots.” And our case is still more complicatedthan its average value, what is called current crowdnithe

and heterogeneous than the small metallic disks in contad@oXimity of some macroscopic insulating area will promote

with a uniform semiconductor considered in Ref. 24. current crowding. _ .
The raw results for the series af samples are shown in Close to the percolation threshold, the above description

Fig. 9. These are the data used for the determination of eX0S€S its simplicity, because heterogeneity is strong and the
ponentx (Fig. 3). The symbols have the same meaning as fodistribution of local currents naturally wide. That is con-

rectangular samples. But there are no more reasons to disti

firmed in the two next paragraphs reporting the “simula-
guish them. The same experiment as that depicted by Fig. $°nS” of a damage in a previously clean sample and com-

shows three collapsed curves and only one with a mucRang the noise level. These are physicaec. VA and
larger noise level x10% corresponding to the two-probe Numerical(Sec. V B experiments.
configuration for the “up” sampléA).

Three points(O) are put apart in Fig. 9. Despite their
being 7 shaped and belonging to the “down” group, these Six samplegtwo for eachp value: 0.7%, 0.4%, and 0.2%
samples exhibit an anomalously large valueSpfin perco-  have been tested according to the procedure depicted in Fig.
lation theory, it is known that the sample-to-sample variation10. The initial samples were chosen such that their noise
is a characteristic feature of the proximity to threshold. Ourlevel correspond to the expectation in agreement with the
observation is obviously not related to this effect, since itS,(p) curve. At each step, it was checked that the PSD fol-
occurs for the most conducting samples—i.e., far from thaows S, V2/f. Consequently the results are presented in Fig.
threshold and for the less noisy samples, in principle. 11 asS,/V? as a function oR.

The explanation of this observation is the subject of the One can see that the scenario is qualitatively identical for
next section and relies on the idea thasamples are sub- each sample. After step (the knife cuj, resistance slightly
jected to geometrical defectaccidental knife cugsduring increases by ca. 30%, whereas noise increases dramatically.
preparation. Quantitatively it is seen that the less resistive the sample, the

stronger the noise is enhanced. After ste@fect erasune
V. INELUENCE OF DEFECTS resistance approximately doubles with respect to its initial
value, which is expected because this section is approxi-

For the purpose of electrical noise phenomena, the notiomately halved, and so does noise, which is also expected
of a defect represents any unexpected source of excess noibecause the volume is also halved. The noise source intro-
which tends to mask the bulk noise, by virtue of the magni-duced by the cut disappears in the fixed sample. After step 3

A. Experimental simulation of intentional defects
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FIG. 11. Relative noise amplitude at 1 kHz vs resistance for two P
samples of each PANI contepE0.7% (<), p=0.4% (O), andp b) 10" —
=0.2% (O). The steps of the scenario described in Fig. 10 are 10‘2—';-.. : W
represented by solid lines joining identical symbols. Dashed lines L
join symbols representing cleaibottom ling and damagedtop :
line) samples; the&s,(R) dependences dramatically differ. 5
(proper section reductionthe evolution ofR andS, remains
standard.
Two dashed lined are drawn in Fig. 11. They join symbols

representing cleafi.e., in the initial state or after step and P

damaged(i.e. after step 1 samples, respectively. They

Loughly dlel§cr|be two very drl]ffererﬁ,(R) relatlonlshlps. The of the current distribution on a 2D square random resitor lattice on
0r|20nt_a ine(top) means thak E!nd_s\/ are no 1onger Cor-  ype fraction of conducting bond. A clean and two damaged series

related in the presence of a dominating noise source, even 4e compared. The defects are made by removing resistors midway

it is still true resistance noise. For some samples a seconghm electrodes on, respectively, 1/2 and 3/4 of the sample width.
and a third cut more or less parallel to the first one have been

added. There is no significant modification of the noise amity of red bonds, supporting all the current, increases. There
plitude, as if a maximum perturbation was reached by ds no means of discriminating the effect of a red bond and
single cut, and a single crack tip was a hottest spot for noisehat of any intentional defect introduced in a regular sample.
The bottom dashed line has no physical ground, because tfighat is why, at sufficiently lowp, the noise level is hardly
S/(R) relationships due to a change pinor a change in the modified by an extrinsic cause, conversely to langevhere
sample volume are not identical. Moreover, sample sizesuch an intentional defect introduces high current values
may differ and, thus, resistances are not directly comparabl@leep in the tail of the local current distribution.
Nevertheless, in strong contrast with the top line, this Using the ability, in random resistor networks, to express
pseudocorrelation indicates that the sources for resistanegeacroscopic resistance and noise as a function of momenta
and for noise are of the same nature—i.e., that the wholef current distributions(see Sec. VI A we explore the
bulk is concerned. above-mentioned effect by numerical simulation. This is

This experimental simulation shows how one can find twodone in a very crude way, with the simplest configuration: a
samples with overall identical electrical characteristiesis-  square lattice with 1024 bonds between electrodes and 128
tance, ohmicity, exhibiting 1f/ resitance noigebut a com-  bonds plus periodic boundary conditions in the perpendicular
pletely different noise level. That reveals some specific feadirection. Each bond is occupied with probabilipy by a
ture of the specimen, not representative of the bulk. Theesistor of resistance unity and empiysulating with prob-
discussion of Sec. IV can be integrated in this view, considability 1—p. Each resistor has a L PSD of noise.
ering that the very surface of the film, exposed to air during We solve Kirchhoff equations at each node, yielding to
the drying process, contains localized defects at the interfadde local potentia(AV=1 between bar electrodeand then
with gold pads electrodes: a very low surfacic density ofto the local current, on each bond of the backbonédead
contacts between PANI and gold. ends do not carry currentThe total current is of course

All these effects have been extensively used in inorganidependent op. The quantity of interest is thus the distribu-
semiconductors, using noise as a diagnostic tool for qualityion of relative local currents,=1,/1 from which are com-
and reliability of electronic devices. puted the second momeM,=3 2 proportional to resis-
tanceR and the fourth ond\/l4=2aii, proportional to the
noise amplitudess.

We have performed the calculation for 400 networks with

Our interpretation of the results of the previous experi-p ranging from 0.9=p, for the two-dimensional2D) square
ment roughly considers a simplified image in which one carlattice] to 0.7. It is renewed for different types of damaged
distinguish between “regularly heterogeneous” and “dedattice. The comparison is shown in Fig. 12 for one clean and
fected” samples. As mentionned at the beginning of Sec. two damaged series. The damage consists in removing con-
the proximity to percolation threshold makes this distinctionsecutive resistors, parallel to the main stream, midway from
less accurate. In a resistor network closgtothe probabil-  the two bar electrodes. The number of removed resistors cor-

FIG. 12. Dependence of the secof@ and fourth(b) moment

B. Numerical simulation of intentional defects
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TABLE I. Theoretical values of percolation exponents of resistivity and noise for various models: discrete
lattice, discrete lattice with dynamical disorder, random \&W) and its extended version, inverted random
void (IRV) and its extended version, and tunneling percolatibiR).

2D 3D
Model t K w t K w
Lattice 1.29 1.12 0.87 2.0 1.56 0.78
Disord. latt. 2D 3.1 2.6
RV 2D 4.10 3.16 25 5.05 2.02
Ext. RV 2P~ kb 0.87-47 2P o KD — o0 0.78-2.1
IRV 2D KD was 2D 458 2.29
Ext. IRV 2D KD wa 20 o0 KD — o0 0.78-3.0
TP t2P+N/x-1 KD+1 256N/ x+D71

responds to 1/2 and 3/4 of the sample width, respectively.smaller part of the bonds determines the noise of the entire
It is seen in Fig. 12 that the behaviorsMf, andM, with lattice, and therefore > 3.

respect to the introduction of defects are significantly differ- On a discrete lattice where elementary resistgrsare

ent. Changes iM, are hardly seen, and there is no evidencesubjected to uncorrelated fluctuations,, Cohn’s theorem

for the spreading of resistance values. Converdélyyvalues  states that the fluctuation of the macroscopic resistahise

are increased and spread. The effect is stronger for the more

severe 3/4 cut than for the 1/2 cut, and the difference be- OR= ) or il (5
tween the three series is emphasized for the largesiut a
blurred close t@.. _ _ Resistance itself is given by

Due to the small size of the simulations, they are not free
of finite-size effects. Looking at the resistivity exponent of R=>r,i2, (6)
percolation, the best fit is=1.2 instead of2>=1.3. Similarly .

the noise exponent extracted from the slopew2in a ] ) )
double-logarithmic plot oM, vs M, is w=0.75 instead of €XPressing the identity of the total Joule power and the sum
I?t:O 87 of Joule powers dissipated in ting's.
i:=0.87.

By this simulation, we again confirm that it is possible to ~ AS & consequence,
“build” two systems very close to each othé&ame p), 9.2
whose average resistances coincide but resistance fluctua- ~ . 2AR%, Zzaﬁ o glalls
tions strongly differ. It was not intended to mimic our mate- S(f) = R2 S r.i2)2
rials, which we suppose to contain a wide diverging distri- a
bution of local resistances. Nevertheless, the above |, he case of identical resistors, elementary fluctuations
observation on a simple binary system is expected to remaifgify
valid in the more complicated experimental case.

()

Let us finally note that we assume in this calculation that e 20D,
all resistors remain Ohmic whatever the local current. Con- s(f) = 2 (8)
sidering nonlinearity at high field could be a natural exten-
sion. and thus
i4
VI. GENERAL DISCUSSION AND CONCLUSION S(f) :g(f)z—“;, (9)
(X, i2)

A. Theoretical predictions of percolation

The above analysis of “defect noise” in Sec. V B is basedhe dependence with the conducting fractpheing realized
on percolation theory. ¥/noise in a percolating network was by the second term on the right-hand side of &).
first investigated by Rammat al?’ The 1/f spectral density The exponenk has been computét?® for a binary sys-
is not the result of percolation; it is assumed to be present dem on a square or cubic lattigsee Table ). In 2D, the
the scale of the elementary resistors. The specific feature @fffect of a dynamical disorder has been sh&o modify
the critical behavior is the relationship between the noiséhe noise exponents, not the resistance exponent, as ex-
amplitudeS and fraction of conducting bongs[Eq. (1)]. pected. In this work, excess disorder is introduced by the
The exponenik is not related to the exponegtthat de- competition of the breaking and recovering of elementary
scribes the number of bonds participating in the infinite clustesistors, which yield to a stationary state for convenient
ter, the one that carries current through the sample. A muchhoices of the probabilities of both events.
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TABLE Il. Experimental noise exponents in 3D composites. CB is carbon black.

Composites Exponents References
CB/Wax t=2.3,k=4.0,w=1.7 Chen and Chéu
AgPt/Tetrafluoroethylene w=1 far from p, Rudmanet al?
w=3 close top.
CB/wax t=2.1,k=3.6,w=1.7 Nandiet al®
Graphite/boron nitride w=1.47] to compression Wu and McLachFan
w=1.72 L to compression
CB/polyesterimide w=1.12 for high structure CB Dziedzic and Kolek
w=0.76 for low structure CB
CB/polymer t=6.4,w=0.5 Rubinet al9
CB/polymer w=0.77 Breezeet al
CB, graphite,../talc wax w=1.28-1.36 far fronp, Chiteme and McLachlan

w=0.36—-1.1 close t@.

aReference 33.
bReference 34.
‘Reference 35.
dReference 37.
€See Ref. 36.

fReference 38.
9Reference 32.
hReference 40.
iReference 39.

Computation of exponents was done &for the arche- can be derived® The bounds for extended 2D and 3D RV
type of continuous percolation—namely, the random voidand IRV models are given in Table I.

(RV) model and its inverted versiofRV) (Table ). In the Among experimental systems that exhibit nonuniversal
2D (3D) RV model° the resistors are the channels left be-exponents are “touching-particles” onespriori relevant to
tween the circularspherical voids randomly made in the ideal 3D IRV. Anomalous is not expected in this cag&able
initial continuous surfac¢volume). The resistance is deter- 1), because of the probability distribution of resistance of the
mined by the width of the channel, whose distribution is anarrowest channelgintersections of particl¢s However,
diverging power law. Consequently, as already known for theconsidering tunneling percolatiaiiP) in a random arrange-

t exponent of resistivity, a correction o andw is added ment of particles, the elementary resistances writer as
with respect to the corresponding lattice values. acexpl/x) (I'is the distance between particles gnthe typi-

Modification of exponents is a specific feature of physicalcal tunneling length The{r} distribution has the convenient
properties. Except conduction, it is also valid for fluid per- power law decay, due to the exponential decrease of inter-
meability or elastic constant§.Geometrical properties, like particle distance probability at lardelf the average distance
correlation length, are still described by the lattice values. is (I)=X\, the additive correction td is N/ y—1 (Ref. 31).

The computation of macroscopic resistariReinvolves  Resistance fluctuations are estimated within the same
evaluation of the average valdR), for a string ofL singly approximatior?? It is found that(sR%), «L?/x"1 and thus
connected bonds, which is dominated by the most reS|st|V(e,5R2> /<R>2:>c|_1 because(R), «LMx1. Consequentlyx is
one. The nature of the probability distribution of bond resis-,. 11 andw is written as shown in Table I.
tance is thus determining in this computation. The assump-
tion made in Ref. 30 is that, as the diametaf the channels _
approaches 0, its probability density has a finite limit. The B. Experimental exponents
exponents of Table | are derived from the relationship be- |n the previous paragraph, the wide dispersion of experi-
tween resistance and channel diametere3? for RV in  mental results has already been quoted. We want to discuss
3D, for instancg some aspects of this fact, focusing on 3D composite systems,

Observation of large deviations tfx, andw values from  which resemble our blends. A significant part of the pub-
theoretical prediction(in general experimental values are lished results is collected in Table II. The conductive loading
much larger; see Sec. VI)Bas led Balberg to revisit those s often carbon blackCB).
models, removing the assumption of a uniform distribution Due to our own observations about the influence of ex-
of e ase—0". Instead, the distribution is supposed to favor perimental conditions on the noise amplitude, we will pay
the smallere: for instance(and tractability, P(e) =€ with  particular attention to the methods used. In any case, the
0<w<1. Here(r) and(&r?) are also power laws of, so  voltage probes are at the surface of the material and cross the
that an analytical form for nonuniversal exponentand x ~ main current lines. The configurations are of the “rectangu-
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lar” type, not of 7 type. To our knowledge, the only use ofa  Two other recent publicatiof&*® deal with CB/polymer
nonconventional design was that already mentioned aboumixing. In the first oné? “extreme” values are found for
electropolymerized conducting polyméfsMany samples transport exponents: highesst6.4, lowestw=0.5. None of
are made of pressed pelletBat cylindery of compacted the extensions of continuous percolation models are able to
powders. In this case some of them are measured in thexplain the loww value. Considering the low structure of
two-probe configuratiof3:3"2° the other in the four-probe CB—i.e., the fact that CB units are almost compact and non-
configuration®* Electrical contacts are often made by a con-aggregated spheres—the authors justify the use of the tun-
ducting pasté&23437.39.405 solution nonconvenient for con- neling percolation mod&! that assumes a Hertz distribution
ducting polymers due to the solvent of the paste, and othefor the distances between adjacent particles. This microstruc-
wise by pressure of metallic electrodg€s® ture leads to a large value of the critical volume fraction:
The first report of a clear scaling &, according to Eqs. 39%. Nevertheless, the transport exponents of this mixing
(1) and (4) concerns a mixture of submicrometric carbon lead the authors to conclude that a “touching particle” model
particles(CB) with wax 32 Noise measurement is done by the (like IRV) is irrelevant and consequently that the percolation
four-probe method with pressed indium wires. The diver-is only electrical(tunneling, not geometrical. These results
gence atp,=10.8% is much strongeixk=4) than that pre- strongly contrast with those discussed in Ref. 40. In the lat-
dicted by the almost contemporaneous percolation theorier, a fuse effectdifferential dilation of CB and polymer
(k=2.56. Very close top,, for samples with resistance with raising T) is use to drive continuously the samples
higher than 1 MY, bursts are observed in the temporal signalthrough a metal-insulator transition. Whatever the CB con-
(popcorn noisg They are attributed to irreversible breaking tent(17.5%-35% above threshold17.0% a crossover tem-
of links and can be related to the deviation for the quadratiderature is found between a classical lattice percolation re-
dependance of noise versus bias in this concentration regiofime (W=0.77 and a quantum tunneling regime, at lover
Similar observations are reported on a 2D mixing of coppe@nd R, which is no longer described by a power law. The
particules in polymer, accompanied by light flasiesVe  scaling due to quantum effects is$y p?<~1/p, be it per-
never observed such an effect. colation or localization. In addition to these two regimes,
Comparable resultev=1.7) were obtained later by Nandi observed on the metallic side of the transition, a nonperco-
et al35 who also studied nonlinearity i, vs V2 at high bias  lative one is found in the insulating sidf®r the sample with
voltage. In the Ohmic regime, the exponents are very clos85% CB and S,xp® Although the “universal” crossover
to the previous onegTable Il), despite a difference in CB seems well ascribetsee Fig. 3 of Ref. 40) the scalings are
structuré® (leading top,=0.76% and measurement proce- only defined in a tiny range: 1/3 of a decade. This is at
dure(pressed circular brass electrodes in two-probe Conﬁguvariance to standard measurements for actual concentration
ration). At higherV, above an onset value whelRebegins to ~ changes, where, on average, the range covers three decades.
decreaseS, has a weaker dependance ¥rand R. In that The most recent and extended w¥rklso deals with CB
case it is foundv=0.5. (and other conductoysn talc wax. Measurements are made
The samew=1.72 is obtained in graphite/boron nitride in two-probe configuration. As in our case,andw are in-
compressed disRswhen the measurement direction is per- dependently extracted from data. The analyses developed in
pendicular to the disk axis. A lower valug=1.47 is ob- this paper are puzzling because eiglst andw's exponents
served in the other direction.exponents also exhibit aniso- are given for each blend. The authors distinguish two re-
tropy but to a lower extent and are moreover greater tffan  gimes, close to(index 1) and further(index 2 from p
This is tentatively attributed to a largédivergeny distribu- ~ (1.2%-3.5% depending on the conductive lpaas already
tion of local conductances, singevalues are explained by observed by Rudmaet al®* «; and «, may differ abruptly,
the continuous percolation. The exponent is not directly without a general rule concerning their ratio: 5.2 and 3.3 for
determined in this paper. raw CB, 0.9 and 2.6 for graphite. Nevertheless, it is always
In Ref. 34, the conductive fraction is definitely of metallic found that w; <w,, which is the opposite of Ref. 34.
type: Ag-10 at% Pt alloy. The resistance of blends in tetWhereas«'s are defined as usual froi8,/V? scaling, the
rafluoroethylene above percolation thresh@il%) is a  €xponents<™ are also extracted fron§,/V™ scaling (m
slowly decreasing function of temperature between 4 and*2) because the quadratic dependance on bias voltage is not
300 K. The PSD depends on frequencyfas®. The normal-  always verified 1<m=2). No meaning is suggested for the
ized noise amplitudéS,(f)/V2 at 10 Hz is studied as a func- interpretation of«™. The other fourx’s are obtained for
tion of R. In the concentration range 23%—29%, two scalingsamples of reduced volungeatio 1:13.5. They also dramati-
regimes are observed:= 1 far fromp,, w=3 close top,. In ~ cally differ from those for bigger samples and may be
the low-resistance regime, the authors claim thas com-  smaller or larger. This is contradictory with the basics of
patible with 3D lattice percolatiow=0.78, and they invoke noise resistance and not discussed. At variance from noise
the IRV model for the high-resistance regimes 3 is indeed  scaling, resistance has a more standard behavior and a single
the upper bound determined by Balb€rdor the 3D ex- tis found for each blend. As a consequence the consistency
tended IRV model, corresponding to the most diverging dis-of scalings(w=«/1) is lost. One should also point out that
tribution of local resistances. The values are not compatibléw) exponents are define over narrow ranges: 0.8-2)
with the effective-medium approximation of Piere¢ al**  decade inS, vs p—p. (R).
(see below in the case of good metallic contacts. It seems In the work by Pierrest al*! the scaling relation between
difficult to conciliate all the observations. Sy andRis assumed to be representative of the local mecha-
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nisms responsible for the noise. The composites of copper C. Conclusion
particles in polymer are assumed to have a conductive frac- ) ) o )
tion in the proximity of the percolation threshold, leading to  The review of experimental studies in 3D percolating sys-

a wide range of resistance and noise values. The data are i§ins reveals a wide dispersion of results and interpretations.
analyzed as a function of a concentration variable, but afPue to the absence of similar works onfnbise in conduct-
effective medium approximation involving two systems ing polymer blends, we cannot directly compare our findings
characterized byR;,S}i-; » is developed to account for the to previous ones. Based am exponent values, the closest
change between two regimes definedioy1.5 andv=1.0at ones seem to be high structure CB/polymer mixitft¥.

low and high values of resistance, respectively. The first caséhis is not unexpected, in the sense that “high structure”
corresponds to a Sharvin-type metallic junctigallistic re- implies a more ramified network as compared to “low struc-
gime) between copper particles. The second case describesare,” a synonym to globular arrangement.

noisy contact limited by a dirty oxide layer. To sum up, 1f noise investigations in PANCSA)/

A specific effect of our all-polymer mixture is the stability PMMA blends confirm the heterogeneous disordered nature
of relative geometry of both phases with respect to temperasf the mixings. They moreover reveal that several kinds of
ture, resulting in a constant value of percolation threshold atnhomogeneities may be present, in a much more sensible
T is varied. This contrasts with CB/polymer systems wherewvay than other transport measurements do. Beside the rami-
the relative volumic fraction evolves with. That is why, in  fied nature of the conducting network, already probed by the
our case, a variabl& noise measurement would deserve at-resistivity measurements as well as microstructural observa-
tention. The change of local conductance distribution With tions, it has been shown that the film surfaces are electrically
should also be reflected in a changenirand . different from the bulk and one from another, and that noisy

To our knowledge, there are no investigations of the therisolated defects may conceal the bulk behavior, even if resis-
mal dependence of noise exponents in conventional percolativity is not altered. Once these effects recognized and con-
ing systems. However, scaling laws are also found in theidered, the percolation scaling is well established on the
transport properties of inorganic doped semiconductors as entire explored range of PANI contents above percolation
function of carrier density. In a very recent pafethe noise  threshold and the consistency between transport percolation
of a 2D hole system in a GaAs quantum well was investi-exponentst, «, and w experimentally checked. Numerical
gated. Equatiori4) is remarkably obeyed whatever the car- values confirm that these blends pertain to the extended ran-
rier densityps (1.5 to 1.78< 10 cm™ and the temperature dom void class of percolating sytems.

(835—700 mK with a singlew=2.4. This is close tav=2.6
found in the 2D disordered lattice mod@llt thus suggests a

percolation phenomena, but the scaling variable<i&p§. ACKNOWLEDGMENT
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