RAPID COMMUNICATIONS

PHYSICAL REVIEW B, VOLUME 65, 241408R)

Localization, Coulomb interactions, and electrical heating
in single-wall carbon nanotubegpolymer composites
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Low-field and high-field transport properties of carbon nanotubes/polymer composites are investigated for
different tube fractions. Above the percolation threshilet 0.33%, transport is due to hopping of localized
charge carriers with a localization length-10-30 nm. Coulomb interactions associated with a soft gap
Acc~2.5 meV are present at low temperature closd toWe argue that it originates from the Coulomb
charging energy effect which is partly screened by adjacent bundles. The high-field conductivity is described
within an electrical heating scheme. All the results suggest that using composites close to the percolation
threshold may be a way to access intrinsic properties of the nanotubes by experiments at a macroscopic scale.
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Because of their structure, single-wall carbon nanotubegims are obtained with a thickness10 x m. The SWNT
(SWNT) are ideal mesoscopic one-dimensiortaD) sys-  content varies between a volume fractids0.1% to f
tems. As such, their electronic transport properties are con=8%. Electron microscopies show that the films do not
trolled by quantum size and charging effects. Most of thesgresent large heterogeneities at their surface or in the%ulk.
properties expected for 1D mesoscopic conductors have beemansport measurements are performed within a planar four-
observed on individual SWNT or bundles: Coulomb block- probe configuration with gold evaporated contaet20 um
ade and level quantizatidn_uttinger liquid characteristic, apart.
ballistic transport, etc. On the other hand, measurements on  As already discussed elsewhéréhe evolution of the
a macroscopic SWNT miat® show classical transport prop- room-temperature conductivity of the composite thin films
erties. In most of the cases, the conductivity is hopping likewith f is well described within the standard percolation
at low temperature suggesting localized charge carriers withtheory. The critical behaviosoc (f — f ) with a percolation
out any contribution of Coulomb interactions. Indeed, thethresholdf.=0.33+0.03% and a critical exponeg@=2.1
large number of tubes involved along the conduction path+0.1 is shown in Fig. 1. It is obeyed over two orders of
should be partly responsible for the disappearance of the menagnitude in reduced fraction at room temperature and at
soscopic and metallic characteristics. However the reasongyo K. Indeed, the low value of the threshdldarises from
for the loss of the Coulomb interaction effects are unclear. the very high aspect ratiflength over radius ratjoof the

In this paper, we propose to investigate these differencegpes, which is found to be close to some hundfediae
by studying the transport properties of SWNT/polymer com-cyitical exponent3=2.1 is in good agreement with the con-
posites thin films where we limit the number of tube-tubeyentional 1.94 exponent found for random 3D connectivity.
contacts by varying the SWNT content. In all samples, therpjs quasi-ideal percolation behavior confirms that the dis-
conductivity is hopping like with a localization length which persion of the conducting fillers in the matrix is good. In-
seems to be independent of the SWNT content. In contragieed, conduction is due to metallic SWRPTSince a perco-
with other W0rk§_6 Coulomb interactions associated with a|ation behavior is Obeyed, we expect that close to the

soft Coulomb gap opening play a dominant role in the low-threshold, very few metallic tubes contribute to the conduc-
temperature transport. We suggest that it originates from thgon pathway.

served at high electric field that we discuss in terms of elec-

trical heating of the conduction gas. All our results indicate 2 oL T

that close to the percolation threshold, some intrinsic prop- 28 X 300K

erties of the tubes can be reached at a macroscopic scale. 5 3 104_ ¢ 100K

Coulomb interactions are essential in these systems. This gd T ¢ 20K n

. . . . . o K - -

corroborates the use of the Luttinger liquid model for indi- )

vidual nanotubes. Still the mesoscopic character is lost be- % f 107 ]

cause of the large number of tubes involved. 8% o ]
The SWNT are produced by arc dischdrgéth a typical A 7

purity of about 70—90 %. Their characteristic diameter is in o1l '1 A "'1'0 '

the range 1.3—1.5 nm and most of them are embedded in Reduced fraction (f -f )/f

bundles with a typical size of 7-12 nm as shown by trans- ¢ c

mission electron microscopyTEM). SWNT/PMMA com- FIG. 1. Normalized conductivityr(T,f)/o(T,f=4%) versus

posites are formed by drop casting a sonicated solution ahe SWNT reduced volume fractiorf £ f.)/f. of the composite
SWNT, polymethylmetacrylatéPMMA), and toluene. Thin thin films atT=300 K, 100 K, and 20 K, respectively.
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FIG. 3. Variation of 100 ,;, deduced from the curves of Fig. 2
with the SWNT volume fractiorf. Inset: T, versus €—f.)/f..
T4, is constant belovwf =1%.

lomb interactiong? which open a soft Coulomb g&bAcg

at the Fermi level related to the slope of the resistivity curves
FIG. 2. Lower panel:Temperature dependence of the resistivity ks T12= 2.86%/ k€, wherex = kposct 4me’n(Eg) €7 is the ef-

versusT ~ 2 of some composite films with=0.15%, 0.2%, 0.35%, fective dielectric constanti,os~3 herg. The evolution of

0.4%, 0.5%, 0.6%, 0.9%, 1%, 2%, 4%, 4%, 6%, 6%, 8%, respecthe experimentall ;,, with f is given in the inset of Fig. 3.

tively, from top to bottomUpper panel:Temperature dependence Below f=1%, T,,~1000 K is almost constant. Whein

of the resistivity of a SWNT pressed pellef £100%) versus increases up to 8%rl,,, decreases down to 200 K asfl1/

T~Y4 The line shows agreement with Mott’s model. This scaling arises from the dilution of the SWNT in the

matrix wheren(Eg) =n°(Eg)f has to be considered instead
is not metallic like in the investigated temperature range. lof the pure SWNT DOSn°(Eg). The scaling parameter

) 2 1/20'
T K™

varies with temperatur@ according to gives a localization lengtlE~7.4 nm, in excellent agree-
ment with the previous result. It indicates that the localiza-
p=poexp(T,/T)* (1)  tion mechanism is intrinsic to the SWNT system indepen-

dently of thef fraction.

with a=1/2 below 30-50 K. This is the signature of local-  To our knowledge, whilew=1/4 hopping is widely re-
ized carriers hopping. The exponent becomes 1/4 at ported in the literature on SWNT mat, this is the first time
higher temperatures. The composite films can be comparetiat aa=1/2 regime is observed. It suggests that Coulomb
to a pressed pellet, i.e., an iddat 100% sample. As shown interactions are effective in dilute SWNT systems but not in
in the upper panel, the pellet resistivity perfectly obeys a a nondilute mat. Belowf=1% the constanf,, means a
=1/4 law even at low temperature, in agreement with pub-constant(soft) Coulomb gapAcc=2.5 meV. It decreases
lished data&:® The differenta exponents as well as the slopes down to 0.5 meV wheff increases up to 8%. We argue that
evolution in Fig. 2 mean that some additional mechanismshis Coulomb gap is due to the Coulomb charging energy
set in at low temperature in addition to the network connecinvolved in the transport process from one bungie tube
tivity effect. It is reflected by the shift of the conductivity to the neighboring one. The charging energy is responsible
from the critical dependence shown in Fig. 1 for1% at  for the Coulomb blockade phenomenon reported on isolated
T=20 K. It contrasts with more conventional percolating SWNT or bundles. Its order of magnitutdeis 1-3 meV, in
networks'! agreement with our value faxcg. When increasing in the

Hopping transport is frequently observed in SWNT composite, the bundlgsubeg come closer to each other and
mats>® In Mott’s model? (a=1/4), T,_,,,is related to the a mutual screening occurs, which reduces the charging en-
localization length¢ and to the density of state$E;) atthe  ergy. A crude estimate can be given using basic electrostatic
Fermi level. Assuming that the charge carriers originate frontheory. We compare the charging enefgy, of an isolated
the metallic tubes leads to a localization length8.2 nm  cylindric wire (an isolated bund)ewith the charging energy
for the pressed pellet. Indeed, the use of Mott's model here iE., of a coax(an isolated bundle surrounded by its neigh-
questionable. It requires a constant density of stdd¥S) at  borg: E¢,/E,=In(L/R)/In[(s+R)/R], whereL is the length
the Fermi level which is the case for metallic SWNT. It is of the bundle,R its radius, ands the bundle separation. A
also restricted to a single-phonon process. This conditiocharging energy oE.;~3 meV corresponds to an isolated
usually limits the validity of the model to low temperature. bundle withR=5 nm andL=2 um. Forf=10%, the av-
However, the Debye temperature of SWNT should be quiteerage separation between bundles is 18 nm assuming that
high'® and thus the single-phonon process is expected to esthey run parallel to each other. Within this simple model, a
tend to rather high temperatures. reduction of the charging energy by a factor 4 is thus ex-

As already noticed, the composite films show a differentpected in rough agreement with our results. Beliowl %,
temperature dependence of the resistivity, described by Eq.the bundles are sufficiently far from each other for such a
with a=1/2. This behavior indicates the presence of Cou-screening to be inefficient. Conversely, increasirfgrther
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FIG. 4. Nonlinearities of the conductivity E with the electric-
field strength for the composite film with=0.9% at different tem-
peratures. The lines are the results of the fit discussed in the text.
This sample is representative of the others.

FIG. 5. Low-field o and high-fieldJ/E conductivity versus
Terr Y?=(T+ BE) Y2 of the composite films withf =0.4, 0.9%,

and 4%, respectively3=0.035 Kcm/V for all samples. For each
leads to fully screened interactions in the case of the pelledet of curves, the ohmic conductivity(T=Tes) of Fig. 2 is rep-
(f=40% gives already a screening effect by a factor of 10 resented by small dots, while the isotherd&E are represented by
and thus restores Mott’s model. These results suggest thairge dots.

even in macroscopic composite films, intringif@noscopig

charging effects are still detectable close to the threshold. of states is low and that empty states exist close to the filled

Still localization is observed. The fact thét-7—-8 nmis states, which is indeed the case in metallic SWNT. It is
much larger than the tube diametéut much lower than the equivalent to a thermal effect and it can be associated with
mean free pathsuggests that localization does not occur atan “electric temperature®® Tq)qc:
the tube scale. It means also that intertube transfers are not
limiting in the investigated temperature ran§dossible ori- kgTelec—= veEQ, (2
gins of localization are the following.

(i) The charges are localized at the bundle boundarie¥heree is the electron charge is the localization length,
(transverse localizationThen ¢ gives an average diameter andy is a numerical factor close to 1. When applying high
of the bundles. Our result is of the correct order of magni_electric field at finite temperatur'é, both thermal and elec-
tude. trical heating play a role. The question of the effective tem-

(i) Localization occurs along the bundles by bundle-PeratureT; seen by the carriers is not easy to anstide
bundle (or tube-tubg contacts (longitudinal localization ~ Simplest assumption is thafes =T+ Tejec. Within this
Then the localization length is expected to depend on th&odel, the conduction mechanism remains the same at low
filling of the composites. This is not observed. or high field but the thermostat temperatUrdnas to be re-

(iii ) Localization is due to defects along the tubes or intoPlaced by the effective on€.;. The curves of Fig. 4 have
the bundles(bad matching of chirality, structural defects, been fitted according td/E = oo exp{—[T1,,/(T+ BE)]"3.
etc). We cannot disregard this possibility. However, RamanVe adjustg at each temperaturg. As can be seen, the
and TEM characterizations show that the SWNT are of higragreement is quite good. Unexpectedly, we find tjgat
quality. =0.035 Kcm/V is almost constant for all the curves. It sug-

Intrinsic localization is also reflected in the high-field gests that electrical heating really occurs. Typicallyie.
transport. Figure 4 shows also that large nonlinearities are-35 K when E=100 V/cm. Obviously at high fields,
observed in thé(V) characteristics of the film@hown here Tee>T andJ/E does not depend any more dnAccording
for f=0.9%) for moderate electric-field strengfh The ex-  to Eq.(2), B is related to a localization length. Using=1
periments were carried out using standard pulse current tecigives a lengtta~28 nm. This value is higher but still of the
niques. Nonlinearities are observed in all sample$he same order of magnitude #&-8 nm found from the tem-
nonlinear effects can reach up to six orders of magnitude geerature dependence of the zero-field conductivity. It sup-
low temperature for the smallest SWNT contents. Increasingports the use of the electric temperature concept.
the temperature drleads to smaller effects. Indeed, we have We have suggested previously that localization is intrinsic
checked that it is not due to self-heating. In localized systo the SWNT system and it does not depend.dfollowing
tems, such nonlinear effects can have different origfrt§:  this argument, we definitively fig=0.035 Kcm/V(i.e., the
injection of excess carriers, modification of the emissionlocalization lengthfor all samples and we plot the high-field
probability, modification of the conduction pathway, etc. We conductivity JJE as well as the ohmiglow field) one o
will not discuss these models, however they do not applwersusTqs; 2 on the same figure. The results are shown in
here mainly because our system consists of conductingig. 5 for f=0.4%, 0.9%, and 4%, respectively. For a given
samples with a small DOS and a large localization lengthf fraction, all the curvegisothermalJ(E) and o(T)] merge
Alternatively we suggest that the nonlinearities are due to amto a master plotcharacteristic of thé fraction. It defini-
energy redistribution of the carriers caused by the high electively confirms that localization is intrinsic and does not de-
tric field.*®° Such a redistribution requires that the densitypend on the way the SWNT are dispersed into the insulating
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matrix. It shows also that a unique transport mechanism is (iii) The connectivity of the nanotube network into the
responsible for both the low-field and the high-field conduc-matrix dominates the transport properties as soon as the tem-

tivity. perature is high enough to wash out the Coulomb gap.
In summary, this work shows the following in SWNT/ (i) Because of the specific DOS of metallic SWNT, high
PMMA composites. electric fields can redistribute the energy of the carriers,

(i) Transport is due to localized carriers originating from Which _Iea}fls F](? Iargeknonlinearitiﬁs of thév) chara(_:teris-l
the metallic SWNT with a characteristic localization length tics. Finally this work suggests that using composites close
of 8—28 nm due to bundle boundaries. to the percolation threshold may be a way to access intrinsic

(i) Coulomb interactions arising from the charging en_tube properties at a macroscopic level. This approach may be

ergy limit the transport at low temperature. These interaC_developed for other transport properties such as thermal con-

tions are partly screened by adjacent bundles. For a suffouctiviv:

ciently large dispersion of the SWNT, screening is We acknowledge P. Bernier for providing us with the

ineffective and the charging energy regime found in isolatedSWNT. This work was partly supported by the EEC
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